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АНОТАЦІЯ 

Михайлюк Т.І. Водорості та ціанобактерії біологічних ґрунтових кірочок: 

різноманіття, філогенія, таксономія, екологія, поширення. – Кваліфікаційна 

наукова праця на правах рукопису за сукупністю наукових статей. 

 

Дисертація на здобуття наукового ступеня доктора біологічних наук за 

спеціальністю 03.00.05 – Ботаніка. – Інститут ботаніки ім. М.Г. Холодного НАН 

України, Київ, 2021.  

 

Дисертаційна робота є завершеним оригінальним дослідженням, 

присвяченим комплексному вивченню водоростей та ціанобактерій біологічних 

ґрунтових кірочок окремих екосистем Європи (приморських дюн, лісів та 

гіпергалінних відвалів України і Німеччини), пустель, напівпустель і лісів 

Південної Америки (Чилі) та тундрових екосистем полярних регіонів 

(Свальбард і Антарктичні острови), з висвітленням їх різноманіття, філогенії, 

таксономії окремих груп, екологічних особливостей та поширення. Особливу 

увагу приділено філогенії і таксономії Klebsormidiophyceae (Streptophyta) як 

домінуючих представників у біокірочках помірної зони. Роботу виконано із 

використанням класичних та сучасних молекулярно-філогенетичних методів 

(інтегративний підхід), застосованих до ідентифікації водоростей і 

ціанобактерій.  

Біологічні ґрунтові кірочки (біокірочки) – комплексні мікроекосистеми, 

що розвиваються на поверхні ґрунту та включають бактерії, ціанобактерії, 

водорості, мікроскопічні гриби, лишайники, мохи, протисти, безхребетні. 

Ґрунтові біокірочки є початковою (піонерною) стадією формування ґрунтів; 

вони стабілізують поверхню ґрунту, покращують вологоутримуючу здатність, 

фізико-хімічні якості та сприяють підвищенню родючості. Ґрунтові біокірочки 

поширені у всіх кліматичних зонах Землі в умовах, де ріст вищих рослин 

лімітований несприятливими факторами середовища. Незважаючи на активні 

дослідження біокірочок, низка питань все ще чекає свого вирішення. Зокрема, 
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недостатньо відомостей по біогеографії кірочок, залежності видового складу їх 

організмів від екологічних і географічних факторів, багато територій та 

екотопів все ще досліджені недостатньо, майже всі відомості про видовий склад 

водоростей та ціанобактерій біокірочок отримані на основі морфологічного 

вивчення, молекулярно-філогенетичні методи оцінки їх біорізноманіття 

увійшли у практику відносно недавно, існують значні прогалини у таксономії 

водоростей та ціанобактерій біокірочок. 

Метою роботи було дослідити видове різноманіття водоростей та 

ціанобактерій ґрунтових біокірочок різноманітних за кліматичними і 

екологічними умовами регіонів, використовуючи інтегративний підхід 

(комплекс морфолого-культуральних та молекулярно-філогенетичних методів); 

виявити особливості екології та поширення водоростей і ціанобактерій, 

вивчити філогенію та провести таксономічні ревізії окремих таксонів, 

приділяючи особливу увагу представникам Klebsormidiophyceae як домінуючим 

організмам, що формують біокірочки в умовах помірної зони.  

Загалом, у біокірочках окремих регіонів та екосистем, виявлено 313 видів 

водоростей та ціанобактерій (Chlorophyta – 160 видів, Streptophyta – 30, 

Ochrophyta – 48 (Xanthophyceae – 26, Eustigmatophyceae – 4 та Bacillariophyceae 

– 18), Cyanobacteria – 75). Виявлено переважання зелених водоростей при 

значній ролі ціанобактерій в біокірочках балтійських та чорноморських дюн, 

ціанобактерій – приморських екосистем Азовського моря, зелених водоростей 

при майже повній відсутності ціанобактерій – лісів Німеччини, зелених 

ульвофіцієвих водоростей, витривалих до засолення – штучних гіпергалінних 

екосистем Німеччини, унікальних представників роду Klebsormidium – у 

біокірочках напівпустель та лісів Чилі, жовтозелених водоростей – полярних 

регіонів.  

Біокірочки прибережних дюн Європи характеризуються переважанням 

зелених водоростей при значному різноманітті ціанобактерій, при цьому роль 

деяких вологолюбних представників вища у вологіших та прохолодніших 

умовах Балтійських островів (загалом 86 видів), натомість у біокірочках 
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чорноморських дюн (60 видів) виявлено більше галофільних видів. Біокірочки 

приморських екосистем мису Казантип (54 види), що розвиваються на 

ракушняковому піску та глинистих осипах, мають своєрідний видовий склад і 

характеризуються високим різноманіттям та переважаючою роллю 

ціанобактерій. Видовий склад водоростей і ціанобактерій біокірочок 

приморських дюн визначається, перш за все, текстурою піску (за 

гранулометричним аналізом), а також його хімічним складом (переважно 

електропровідністю, рН, вмістом карбонатів і фосфору), крім того, 

кліматичними особливостями регіону. На прикладі водоростей та ціанобактерій 

біокірочок балтійських дюн показано, що використання інтегративного підходу 

дозволяє уточнити ідентифікацію низки домінуючих та рідкісних таксонів, які в 

цілому склали близько 15% виявлених видів. На прикладі біокірочок лісів 

центральної Німеччини, в яких переважають зелені водорості (52 види), 

показано, що рівень лісового порядкування суттєво впливає на склад 

водоростей біокірочок, які стають значно різноманітнішими, ймовірно у зв’язку 

з порушенням рослинного покриву через рубки та насадження. У біокірочках 

штучно створених гіпергалінних екосистем Німеччини (30 видів) відзначено 

високе різноманіття Ulvophyceae. Більшість виявлених таксонів водоростей і 

ціанобактерій (60% видового складу) відомі як представники, що є 

витривалими до засолення, серед них відзначено 18 нових філогенетичних 

ліній. Серед чотирьох рослинно-кліматичних зон Чилі (86 видів), біокірочки 

пустелі Атакама найбідніші та складені одноклітинними представниками. 

Біокірочки інших локалітетів (найрізноманітніші у сухих лісах) створені 

унікальними видами Klebsormidium, описаними як нові для науки таксони. 

Біокірочки полярних регіонів (82 види на Свальбарді та 49 – Антарктичних 

островах) мали різноманітний видовий склад евкаріотичних водоростей, 

представлених низькою рясністю, та були багаті на представників 

Xanthophyceae.  

На основі інтегративного підходу виявлено нові таксони в межах класу 

Klebsormidiophyceae (Streptophyta) – роди Interfilum та Streptosarcina. Таким 
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чином, окреслено загальну філогенію класу, що містить організми, домінуючі у 

ґрунтових біокірочках помірної зони. Наразі клас включає 5 родів: 

Klebsormidium, Interfilum, Hormidiella, Streptosarcina та Entransia, серед яких 

представлені як таксони з нитчастою сланню, так і з пакетоподібною та 

розгалуженою. Центральну філогенетичну лінію класу розділено на 7 основних 

суперклад (A, B, C, D, E, F, G), що відповідають роду Interfilum (суперклада A) 

та різним філогенетичним лініям Klebsormidium (решта суперклад). 

Запропоновано штами, що можуть слугувати референтними для 8 видів 

Klebsormidium, описано 7 нових видів та 2 різновидності Klebsormidium з 

філогенетичної клади G, які були виділені з біокірочок Європи, Африки, 

Південної та Північної Америки. Переважний розвиток Klebsormidium з клади 

G у екотопах Південної півкулі змушує переглянути уявлення про 

Klebsormidium як водорість-космополіта.  

Вивчення ділення клітин класу показало, що воно відбувається за 

механізмом, близьким до споруляції. Формування різних морфотипів пов’язано 

з формою клітин, текстурою клітинної оболонки, механічними взаємозв'язками 

клітин та впливом середовища. Виявлено нову філогенетичну лінію серед 

Streptophyta (рід Streptofilum), що характеризується унікальним клітинним 

покривом (субмікроскопічні органічні лусочки своєрідної волоскоподібної 

будови). Враховуючи відокремлене філогенетичне положення та унікальність 

клітинної будови, дана лінія може претендувати на ранг нового класу серед 

Streptophyta. 

На основі дослідження штамів рідкісних та цікавих у флористико-

екологічному сенсі зелених водоростей та ціанобактерій, описано 7 видів з 

родів Parietochloris, Tetradesmus, Aliterella, Oculatella, Cyanocohniella, 

проведено емендацію та епітипіфікацію 5 видів (Actinochloris, Eremochloris, 

Xerochlorella, Crinalium) та запропоновано 4 номенклатурні комбінації 

(Heterochlamydomonas, Xerochlorella, Timaviella).  

Молекулярно-філогенетичними методами показано широке, ймовірно 

космополітичне, поширення в межах обох півкуль видів родів Bracteacoccus, 
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Watanabea, Elliptochloris, Edaphochlorella, Xerochlorella, Pleurastrosarcina, 

Interfilum. З іншого боку, поширення кількох видів Klebsormidium з 

філогенетичної суперклади G, на основі наших даних, переважно відбувається 

в межах Південної півкулі. 

Загалом, описано 2 роди, 18 видів і 2 різновидності водоростей та 

ціанобактерій, здійснено емендацію та епітипіфікацію 16 видів та 

запропоновано 6 номенклатурних комбінацій. 

 

Ключові слова: водорості, ціанобактерії, біологічні ґрунтові кірочки, 

різноманіття, молекулярна філогенія, таксономія, Klebsormidiophyceae, 

екологія, поширення 

 

 

SUMMARY 

Mikhailyuk T.I. Algae and cyanobacteria of biological soil crusts: diversity, 

phylogeny, taxonomy, ecology, distribution. – Qualifying scientific work, collection 

of scientific manuscripts. 

 

The thesis for the Degree of Doctor of Biological Sciences for speciality 

03.00.05 – «Botany». M.G. Kholodny Institute of Botany, National Academy of 

Sciences of Ukraine. Kyiv, 2021. 

 

The thesis represents complete original investigation devoted complex study of 

algae and cyanobacteria from biological soil crusts of some ecosystems of Europe 

(maritime sand dunes, forests and hypersaline tailing piles of Ukraine and Germany), 

deserts, semi-deserts and forests of South America (Chile) and tundra ecosystems of 

Polar Regions (Svalbard and Antarctic islands). The investigation was focused on 

biodiversity, phylogeny and taxonomy of some groups of algae and cyanobacteria as 

well as ecological peculiarities and distribution. The main attention was paid to the 

phylogeny and taxonomy of Klebsormidiophyceae (Streptophyta) as dominating 
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representatives in biocrusts of temperate climatic zone. The thesis was completed 

using classical and modern molecular-phylogenetic methods (an integrative 

approach) applied for identification of algae and cyanobacteria.  

Biological soil crusts (biocrusts) are complex microecosystems developed on 

soil surface and included bacteria, cyanobacteria, algae, microscopic fungi, lichens, 

mosses, protists and invertebrates. Soil crusts are the first (pioneer) stage of soil 

formation. They can stabilize the soil surface; improve water retention and soil 

structure, increase soil fertility. Soil biocrusts distribute in all climatic zones of the 

Earth, in conditions where the growth of higher plants are limited by unfavorable 

environmental factors. Despite active investigation of biocrusts some questions are 

still unresolved: information concerning biogeography of soil crust organisms and 

influence of ecological factors on their species composition and diversity are limited; 

some regions are little investigated. Almost all available data on microalgal and 

cyanobacterial biocrust species composition have been obtained through 

morphological studies. Molecular phylogenetic methods have just begun to be 

applied to the study of the biocust organisms biodiversity. Taxonomy of some groups 

of algae and cyanobacteria inhabiting in biocrusts are still problematic. 

The aim of our thesis was:  

 to investigate species composition of algae and cyanobacteria from soil 

biocrusts of climatically and ecologically different regions, using an 

integrative approach (the complex of morphological, cultural and molecular-

phylogenetic methods);  

 to reveal the peculiarities of ecology and distribution of algae and 

cyanobacteria;  

 to study the phylogeny and complete taxonomic revisions of some algal and 

cyanobacterial groups paying the main attention to the representatives of 

Klebsormidiophyceae as organisms forming biocrusts in temperate climatic 

zone. 

Totally, 313 species of algae and cyanobacteria were found in biocrusts of 

some regions and ecosystems (Chlorophyta – 160 species, Streptophyta – 30, 
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Ochrophyta – 48 (Xanthophyceae – 26, Eustigmatophyceae – 4 and 

Bacillariophyceae – 18), Cyanobacteria – 75). Predominance of green algae together 

with considerable role of cyanobacteria was indicated in biocrusts of sand dunes of 

Baltic and Black sea coasts; cyanobacteria was the most abandoned in biocrusts of 

coastal ecosystems of the Sea of Azov; green algae were leading group together with 

almost complete absence of cyanobacteria in biocrusts of German forests; 

Ulvophyceae (Chlorophyta) tolerant to saline environment were abandoned in 

artificial hypersaline ecosystems of Germany; unique taxa of Klebsormidium were 

dominating in biocrusts of semi-deserts and forests of Chile; Xanthophyceae were 

numerous and abandoned in polar regions. 

Soil biocrusts of coastal sand dunes of Europe were characterized by 

predominance of green algae and considerable abundance of cyanobacteria. The role 

of some hydrophilous taxa was higher in humid and cool conditions of Baltic islands 

(totally 86 species), whereas more halophilic species were found in biocrusts of Black 

sea coast (60 species). Biocrusts of maritime ecosystems of cape Kazantip (54 

species), which developed on the conquina beach and clay screes, had specific 

composition and characterized by high diversity and prevailing role of cyanobacteria. 

Sand texture (granulometric composition) and sand chemical peculiarities (mainly 

electrical conductivity, pH, carbonate content and the total phosphorus content) as 

well as climate peculiarities of the respective region are the main factors influenced 

the cyanobacterial and algal community structure of biocrusts in coastal dunes. Using 

an integrative approach allows more precise identification for some dominating and 

rare species (about 15% of the composition) of biocrust algae and cyanobacteria from 

Baltic dunes. 

Investigation of biocrusts from forests of central Germany (52 species) with 

domination of green algae showed that the level of forest management essentially 

influenced algal species composition which starts to be more diverse perhaps because 

of disturbing of soil and plant cover through cutting and planting. High diversity of 

Ulvophyceae (Chlorophyta) was registered in biocrusts of potash tailing piles from 

central Germany. The most part of green algae and cyanobacteria (60% of species 
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composition, totally found 30 species) from these artificial hypesaline ecosystems are 

known as salty-tolerant representatives, among them 18 new unique phylogenetic 

lineages were found.  

Among four investigated vegetation and climatic zones of Chile (86 species), 

biocrusts of the Atakama Desert (arid climate) is characterized by the lowest species 

richness and composed with unicellular algae and cyanobacteria. The biocrusts of 

other localities (the most diverse is in the dry forests, Mediterranean climate) formed 

by unique Klebsormidium species described as new for science taxa. The biocrusts of 

Polar Regions had diverse species composition of eukaryotic algae (82 species were 

registered in biocrusts of Svalbard and 49 species were found on Antarctic islands) 

represented by low abundance (the crusts formed by lichens and mosses), and 

considerable diversity of Xanthophyceae which typical for cold regions. 

It was confirmed based on an integrative approach that Interfilum is a 

representative of Klebsormidiophyceae (Streptophyta); new genus Streptosarcina 

with two species was described as well. Thus, general phylogeny of the class which 

includes algae dominating in the biocrusts of temperate zone was determined. Now 

the class contains 5 genera: Klebsormidium, Interfilum, Hormidiella, Streptosarcina 

and Entransia, among them taxa with filamentous as well as packet-like and 

branched thalli are present. The central phylogenetic lineage of the class was divided 

on 7 main superclades (A, B, C, D, E, F, G), which correspond to the genus 

Interfilum (superclade A) and different phylogenetic lineages of Klebsormidium 

(other superclades). The reference strains were proposed for 8 Klebsormidium 

species; 7 new species and 2 varieties of Klebsormidium from phylogenetic 

superclade G isolated from biocrusts of Europe, Africa, North and South America 

were described. Prevalent development of clade G Klebsormidium in terrestrial 

ecosystems of South hemisphere forces to revision of the genus concept as alga 

cosmopolitan in distribution.  

The study of cell division of the Klebsormidiophyceae showed that vegetative 

cells divide by mechanism close to sporulation. Formation of different morphotypes 

depends on shape of cells, texture of cell walls, mechanical interactions between cells 
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and the influence of environmental conditions. New phylogenetic lineage among 

Streptophyta (genus Streptofilum) with unique cell coverage (submicroscopic organic 

scales of specific piliform shape) was discovered. The lineage may pretend on the 

rank of a new class among Streptophyta taking into consideration separate 

phylogenetic position and uniqueness of cell structure.  

 Investigation of the strains of rare and interesting algae and cyanobacteria 

revealed to describe 7 new species (from genera Parietochloris, Tetradesmus, 

Aliterella, Oculatella, Cyanocohniella), provide emendation and epitypification of 5 

species (Actinochloris, Eremochloris, Xerochlorella, Crinalium) and propose 4 

taxonomical combinations (Heterochlamydomonas, Xerochlorella, Timaviella).  

Investigation of the biocrust diversity using molecular phylogenetic methods 

showed wide, possibly cosmopolitan, distribution within both hemispheres some 

species of green algae: Bracteacoccus, Watanabea, Elliptochloris, Edaphochlorella, 

Xerochlorella, Pleurastrosarcina, Interfilum. While distribution of some species of 

clade G Klebsormidium is realized mostly within South hemisphere.  

Totally 2 new genera, 18 species and 2 varieties of algae and cyanobacteria were 

described, emendation and epitypification were provided for 16 species and 6 

taxonomical combinations were proposed. 

Key words: algae, cyanobacteria, biological soil crusts, diversity, molecular 

phylogeny, taxonomy, Klebsormidiophyceae, ecology, distribution 
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ПЕРЕЛІК ОСНОВНИХ УМОВНИХ ПОЗНАЧЕНЬ 

SAG – колекція культур водоростей університету м. Геттінген, Німеччина 

UTEX – колекція культур водоростей університету Техасу (США)  

CCAP – колекція культур водоростей та протистів (Великобританія)  

BCCO (Чехія) – колекція ґрунтових водоростей та ціанобактерій при 

Біологічному центрі колекції організмів, Чеська Академія наук 

IBASU-A – колекція культур мікроводоростей Інституту ботаніки ім. М.Г. 

Холодного НАН України 

ACKU – колекція культур водоростей Київського університету імені Тараса 

Шевченка, Україна  

KW – гербарій Інституту ботаніки ім. М.Г. Холодного НАН України 

18S rRNA, SSU – ядерний ген, що кодує малу субодиницю рибосомальної РНК 

евкаріот 

16S rRNA – ядерний ген, що кодує малу субодиницю рибосомальної РНК 

прокаріот 

ITS – internal transcribed spacer, внутрішній транскрибований спейсер евкаріот 

16S-23S ITS – внутрішній транскрибований спейсер прокаріот 

rbcL – хлоропластний ген, що кодує великий ланцюг ферменту рибульозо-1.5-

біфосфат-карбоксилази/оксигенази 

psbA/rbcL – міжгенна ділянка (спейсер), що межує з геном rbcL 

ML – maximum likelihood, метод максимальної правдоподібності 

NJ – neighbor joining, метод приєднання сусідів 

ME – minimum-evolution, метод мінімума еволюції 

MP – maximum parsimony, метод максимальної економії 

AIC – Akaike information criterion, інформаційний критерій Акаіка 

NCBI – Національний центр біотехнологічної інформації, Генбанк 

1N та 3N BBM – середовище Болда зі стандартною та потроєною кількістю 

азоту 

BG-11 – середовище для ціанобактерій 

ПЛР – полімеразна ланцюгова реакція 
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BLAST – Basic Local Alignment Search Tool, програма пошуку схожості між 

біологічними послідовностями  

CBCs – Compensatory Base Changes, компенсуючі заміни нуклеотидів 

hemi-CBCs – напів-компенсуючі заміни нуклеотидів 

a.s.l. – above sea level, над рівнем моря 
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ВСТУП 

Обґрунтування вибору теми дослідження. Біологічні ґрунтові кірочки 

(біокірочки) – комплексні мікроекосистеми, що розвиваються на поверхні 

ґрунту, досягаючи товщини від кількох міліметрів до кількох сантиметрів. До 

складу біокірочок входять різноманітні організми, включаючи бактерії, 

ціанобактерії, водорості, мікроскопічні гриби, лишайники, мохи, протисти, 

безхребетні. Матрикс біокірочки формують нитчасті ціанобактерії родів 

Microcoleus, Scytonema, Leptolyngbya, Phormidium, Nostoc, Calothrix та ін., 

евкаріотичні нитчасті водорості (Klebsormidium, Zygogonium, Prasiola), 

протонема та ризоїди мохів. Інші організми (бактерії, мікроскопічні гриби, 

одноклітинні та пакет-формуючі водорості) заселяють утворену ретикулярну 

структуру, заповнюючи порожнини та забезпечуючи прихистком і живленням 

різноманітних представників Protista та безхребетних тварин.  

Ґрунтові біокірочки є початковою (піонерною) стадією формування 

ґрунтів. Вони стабілізують поверхню ґрунту через зв’язування разом піщаних 

зерен та часточок, покращують вологоутримуючу здатність ґрунтів. Через 

накопичення та перетворення органічної речовини, покращують фізико-хімічні 

якості ґрунтів та сприяють підвищенню їхньої родючості (Belnap & Lange, 

2001). Дають “помешкання” та “харч” для гетеротрофних мікроорганізмів, 

таким чином грають важливу екологічну роль у первинній продукції та 

кругообігу речовин у ґрунті; закріплюють “рухливі” ґрунти та піщані дюни, 

сприяючи їхньому заростанню (Weber et al., 2016). 

Ґрунтові біокірочки поширені у всіх кліматичних зонах Землі в умовах, де 

ріст вищих рослин лімітований несприятливими факторами середовища: в 

аридних та напіваридних екосистемах, холодних регіонах – полярних та 

альпійських високогір’ях, екстремальних мікромісцезростаннях помірної зони – 

ксерофітних степах, лісових стежках, стінах яруг, прибережних піщаних дюнах 

та ін., а також порушених місцезростаннях – місцях пожеж, шахтних відвалах 

тощо. Загалом біокірочки вкривають близько 12% земної поверхні (Rodriguez-

Caballero et al., 2018). Особливо вагоме значення вони мають в екосистемах з 
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аридним кліматом, вкриваючи до 85-95% поверхні незадернованих пісків 

пустель Азії та Африки (Lange et al., 1992; Büdel et al., 2009).  

Незважаючи на активні дослідження біокірочок, низка питань все ще 

чекає свого вирішення. Зокрема, недостатньо відомостей по біогеографії 

кірочок, залежності їхнього видового складу від екологічних і географічних 

факторів. Думка про те, що біокірочки формує обмежена кількість організмів за 

провідної ролі космополітної ціанобактерії Microcoleus vaginatus, не пройшла 

випробування часом. Дослідження засвідчують значно різноманітніший 

видовий склад водоростей та ціанобактерій ґрунтових біокірочок та суттєву 

залежність їхньої таксономічної структури від низки факторів середовища. 

Багато територій та екотопів (Африка, Північна та Південна Америка, 

Австралія, полярні та гірські регіони, приморські дюни) все ще досліджені 

недостатньо. Найкраще вивчені біокірочки аридних областей, тоді як 

відомостей стосовно біокірочок помірних зон суттєво менше. Майже всі 

відомості про видовий склад водоростей та ціанобактерій біокірочок отримані 

на основі морфологічного вивчення; молекулярно-філогенетичні методи оцінки 

їх біорізноманіття увійшли у практику відносно недавно. Все ще існують значні 

прогалини у таксономії водоростей та ціанобактерій біокірочок. 

Отже, флористико-систематичне, еколого-географічне та молекулярно-

філогенетичне вивчення водоростей та ціанобактерій, як основного структурно-

функціонального компоненту біокірочок є актуальним як з фундаментальної, 

так і з прикладної точки зору.  

Зв’язок роботи з науковими програмами, планами, темами. 

Дисертаційна робота виконувалася відповідно до наукової тематики відділів 

ліхенології та бріології, а також фікології, ліхенології та бріології Інституту 

ботаніки ім. М.Г. Холодного НАН України, зокрема, держбюджетних тем 

«Таксономічне різноманіття та флорогенетичні зв’язки лишайників, 

мохоподібних та наземних водоростей гранітних відслонень Українського 

кристалічного щита» (№  держреєстрації 0102U006747), «Лишайники, 

мохоподібні та наземні водорості лісових екосистем: різноманіття, екологія, 
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таксономія, молекулярна філогенія» (№  держреєстрації 0113U000003), 

«Продромус альгофлори, бріофлори та ліхенобіоти України» (№  

держреєстрації 0118U003009), а також у рамках міжнародних проектів 

“Molecular phylogenetic and morphological revision of terrestrial streptophycean 

green algae” (2007-2009, INTAS Fellowship for Young Scientists, Ref. Nr 06-

1000014-6216), “Morphological characters of the cosmopolitan green algal genus 

Klebsormidium are relevant as adaptative traits for survival in alpine soil crusts” 

(2011, DAAD, Section: 322, Codenumber: A/11/05271), “Biological soil crusts from 

sand dunes of maritime ecosystems” (2012–2015, 2016, 2019, Georg Forster 

Fellowship for Experienced Researchers and Renewed research stays, Alexander von 

Humboldt Foundation), стипендій університетів м. Росток (Німеччина) та м. 

Інсбрук (Австрія). 

Мета і завдання дослідження. Мета роботи: дослідити видове 

різноманіття водоростей та ціанобактерій біологічних ґрунтових кірочок 

різноманітних за кліматичними і екологічними умовами регіонів, 

використовуючи інтегративний підхід; виявити особливості екології та 

поширення водоростей і ціанобактерій у біокірочках, вивчити філогенію та 

провести таксономічні ревізії окремих таксонів, приділяючи особливу увагу 

представникам Klebsormidiophyceae як домінуючим організмам, що формують 

біокірочки в умовах помірної зони.  

Для досягнення поставленої мети були визначені такі завдання: 

1. Дослідити видове різноманіття водоростей та ціанобактерій 

біокірочок недостатньо вивчених та різноманітних за кліматичними і 

екологічними умовами регіонів: прибережних піщаних дюн, лісових екосистем 

та гіпергалінних відвалів Європи, пустель, напівпустель та лісів Південної 

Америки, екосистем полярних регіонів. 

2. Встановити специфіку таксономічної структури альгоугруповань 

біокірочок, що розвиваються у різних екотопах в умовах помірного, 

субтропічного, тропічного та полярного клімату. 
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3. Виявити особливості видового складу водоростей та ціанобактерій 

досліджених біокірочок в залежності від впливу окремих екологічних та 

кліматичних факторів. 

4. Вивчити молекулярно-філогенетичні особливості окремих штамів 

водоростей та ціанобактерій біокірочок і уточнити ідентифікацію певних видів 

(криптичні таксони) на основі інтегративного підходу.  

5. Оцінити закономірності поширення водоростей та ціанобактерій у 

біокірочках різних географічних регіонів і екосистем. 

6. Використовуючи власні та колекційні штами, провести 

таксономічну ревізію представників класу Klebsormidiophyceae (Streptophyta) як 

домінуючих організмів біокірочок помірної зони.  

7. Дослідити морфологічні, філогенетичні та ультратонкі особливості 

штамів рідкісних та недостатньо вивчених представників водоростей і 

ціанобактерій з метою уточнення їх систематичного положення та проведення 

таксономічних ревізій. 

Об‟єкт дослідження – водорості та ціанобактерії біологічних ґрунтових 

кірочок. 

Предмет дослідження – різноманіття водоростей та ціанобактерій 

біокірочок різних за кліматичними і екологічними умовами регіонів, 

особливості екології та поширення, філогенія і таксономія.  

Методи дослідження – польові, камеральні, морфологічні, методи 

культур, світлової мікроскопії, трансмісійної електронної мікроскопії, 

молекулярно-філогенетичні, порівняльно-флористичні, статистичного аналізу. 

Наукова новизна одержаних результатів. Уперше проведено комплексне 

дослідження водоростей та ціанобактерій ґрунтових біокірочок екологічно та 

географічно різних екосистем помірної зони Європи, рослинно-кліматичних зон 

Чилі та тундрових екосистем полярних регіонів. Виявлено особливості 

видового складу водоростей і ціанобактерій у біокірочках цих регіонів: 

переважання зелених водоростей при значній ролі ціанобактерій на балтійських 

та чорноморських дюнах, ціанобактерій – у приморських екосистемах 
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Азовського моря, зелених водоростей при майже повній відсутності 

ціанобактерій – у лісах Німеччини, зелених ульвофіцієвих водоростей, 

витривалих до засолення – у штучних гіпергалінних екосистемах Німеччини, 

унікальних представників роду Klebsormidium – у напівпустелях та лісах Чилі, 

жовтозелених водоростей – у полярних регіонах. Вперше проведено 

дослідження з використанням інтегративного підходу водоростей та 

ціанобактерій біокірочок морських прибережних екосистем Європи (на 

прикладі Балтійського, Чорного та Азовського морів). Виявлено, що видовий 

склад водоростей і ціанобактерій біокірочок дюн визначається текстурою та 

хімічним складом (переважно електропровідністю, рН, вмістом карбонатів і 

фосфору) піску, а також кліматичними особливостями регіону. На прикладі 

водоростей та ціанобактерій біокірочок балтійських дюн показано, що 

використання інтегративного підходу дозволяє уточнити ідентифікацію низки 

домінуючих та рідкісних таксонів, які в цілому склали близько 15% виявлених 

видів. На прикладі лісів Німеччини показано, що рівень лісового менеджменту 

суттєво впливає на склад водоростей біокірочок, які стають різноманітнішими, 

ймовірно у зв’язку з порушенням рослинного покриву через вирубки та 

насадження. Уперше вивчено штучні гіпергалінні екосистеми Німеччини 

(відвали після видобутку поташу) з використанням інтегративного підходу, що 

призвело до виявлення 18 нових філогенетичних ліній. Уперше проведено 

вивчення з використанням інтегративного підходу водоростей і ціанобактерій 

біокірочок чотирьох рослинно-кліматичних зон Чилі: пустель, напівпустель, 

сухих та вологих лісів. Доповнено відомості щодо вивчення евкаріотичних 

водоростей біокірочок полярних регіонів (Свальбарду та Антарктичних 

островів) і показано їхній багатий видовий склад. На основі інтегративного 

підходу виявлено нові таксони в межах класу Klebsormidiophyceae 

(Streptophyta) – роди Interfilum та Streptosarcina. Окреслено загальну філогенію 

класу, що нині включає 5 родів та водорості як з нитчастою сланню, так і з 

пакетоподібною та розгалуженою. Центральну філогенетичну лінію класу 

розділено на 7 основних суперклад. Відкрито та охарактеризовано групу 
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Klebsormidium з філогенетичної суперклади G, відзначено її переважне 

поширення у біокірочках Південної півкулі, що змушує переглянути уявлення 

про Klebsormidium як водорість-космополіт. Вперше доведено, що ділення 

клітин Klebsormidiophyceae відбувається за механізмом, близьким до 

споруляції; запропоновано схеми, що пояснюють формування таломів різної 

морфологічної структури в межах класу. Виявлено нову філогенетичну лінію 

серед стрептофітових водоростей, описану як рід Streptofilum, що 

характеризується унікальним клітинним покривом, складеним 

субмікроскопічними органічними лусочками своєрідної будови. Загалом, 

описано як нові для науки 2 роди, 18 видів і 2 різновидності водоростей і 

ціанобактерій, здійснено емендацію та епітипіфікацію 16 видів та 

запропоновано 6 нових номенклатурних комбінацій, виявлено 15 таксонів, 

нових для флори України.  

Практичне значення одержаних результатів. Матеріали, одержані в 

результаті дослідження (стосовно філогенії і таксономії Klebsormidiophyceae), 

використані при підготовці фундаментальних зведень «Algae of Ukraine: 

diversity, nomenclature, taxonomy, ecology and geography» (V. 4, 2014), «Флора 

водоростей України» (т. 12, вип. 2, 2016) та «Atlas sinic a řas ČR 2» (České 

Budéjovice, 2018), а також враховані у колективних монографіях «Лишайники, 

мохоподібні та наземні водорості гранітних каньйонів України» (2011) та 

«Молекулярна філогенія і сучасна таксономія наземних спорових рослин» 

(2013). Вони будуть враховані при складанні «Продромусу альгофлори України» 

(в процесі підготовки) та можуть бути використані при підготовці визначників 

зелених водоростей і ціанобактерій України і Західної Європи. Результати 

роботи наразі використовуються в учбовому процесі в університеті м. Росток 

(Німеччина), а також при підготовці PhD студентів в Інституті ботаніки, при 

викладанні курсів «Молекулярна філогенія рослин і грибів» та «Культивування 

водоростей з основами біотехнології». Біля 300 особисто виділених штамів 

водоростей зберігаються в колекції університету м. Росток (Німеччина), 30 

увійшли до колекцій SAG (Німеччина), BCCO (Чехія) та IBASU-A (Україна). 
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Вони можуть бути використані для відбору об’єктів біотехнологічних 

досліджень і в учбовому процесі у вищих навчальних закладах. 240 власноруч 

отриманих нуклеотидних послідовностей (18S/16S  рРНК та регіон ITS, rbcL) 

водоростей та ціанобактерій поповнили міжнародну базу NCBI та слугують 

референтними послідовностями при ідентифікації водоростей і ціанобактерій. 

Особистий внесок здобувача. Дисертаційна робота є самостійним 

дослідженням автора. Обґрунтування теми дисертації, визначення напрямків і 

методів роботи та узагальнення даних і їхня науково-теоретична інтерпретація 

здійснені безпосередньо здобувачем. Польові дослідження, камеральне 

опрацювання матеріалу культурально-мікроскопічними та філогенетичними 

методами, аналіз та узагальнення даних щодо водоростей і ціанобактерій 

біокірочок приморських регіонів (Німеччина, Україна) виконані автором 

особисто або при його активній участі. При співпраці за флористико-

екологічними проектами по вивченню різноманіття водоростей біокірочок лісів 

та гіпергалінних відвалів Німеччини, рослинно-кліматичних зон Чилі та 

полярних регіонів автор брав активну участь в опрацюванні матеріалу 

культурально-мікроскопічними методами, ідентифікації видів, аналізі 

філогенетичних даних, а також узагальненні матеріалів та науково-теоретичній 

інтерпретації результатів. При співпраці за проектами щодо таксономії 

представників Klebsormidiophyceae (Streptophyta), зелених та жовтозелених 

водоростей і ціанопрокаріот автором проведені культурально-мікроскопічні та 

філогенетичні дослідження, взято участь у підготовці матеріалу та інтерпретації 

результатів електронно-мікроскопічних досліджень, проведено аналіз та 

узагальнення даних особисто або при активній участі. У публікаціях, виданих у 

співавторстві, здобувач є активним членом творчого колективу, права 

співавторів не порушені. 

Апробація результатів дисертації. Основні результати дисертаційної 

роботи були апробовані на засіданнях відділів ліхенології та бріології і 

фікології, ліхенології та бріології, сектору нижчих рослин і вченої ради 

Інституту ботаніки ім. М.Г. Холодного НАН України, семінарах в 
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університетах міст Росток, Геттінген (Німеччина) та Інсбрук (Австрія), а також 

доповідалися на численних наукових зібраннях: 9th Bonn Humboldt Award 

Winners’ Forum (16-20 жовтня 2019 р., Бонн, Німеччина), Advances in modern 

phycology: VI International Conference (15-17 травня 2019 р., Київ, Україна), 17th 

Scientific Conference of the Phycology Section of the German Botanical Society (11-

14 березня 2018 р., Берхтесгаден, Німеччина), XIV з’їзд Українського 

Ботанічного Товариства (25-26 квітня 2017 р., Київ, Україна), European 

Geosciences Union, General Assembly 2017 (23-28 квітня 2017 р., Відень, 

Австрія), European Geosciences Union, General Assembly 2016 (17-22 квітня 2016 

р., Відень, Австрія), 15th Scientific Conference of the section of Phycology of the 

German Botanical Society (23-26 лютого 2014 р., Штральсунд, Німеччина), 

BioSyst.EU 2013. Global Systematics (18-22 лютого 2013 р., Відень, Австрія), 

Network Meeting of the Alexander von Humboldt Foundation (20-22 березня 2013 

р., Гановер, Німеччина), «Advances in Modern Phycology» V International 

Conference (23-25 травня 2012 р., Київ, Україна), 9-th International Phycological 

Congress, Informal Workshop «Freshwater green algal systematics» (2-8 серпня 

2009 р., Токіо, Японія), «Algal Culture Collections 2008» (9-10 червня 2008 р., 

Обан, Велика Британія), International Symposium «Biology and Taxonomy of 

green algae V» (25-29 червня 2007 р., Смоленіце, Словаччина), International 

Conference «Algae in terrestrial ecosystems» (27-30 вересня 2005 р., Канів, 

Україна), XVII International Botanical Congress (17-23 липня 2005 р., Відень, 

Австрія), Biology and Taxonomy of Green Algae IV (24-28 червня 2002 р., 

Смоленіце, Словаччина).  

Публікації. Основні положення дисертаційної роботи відображено в 42 

наукових публікаціях, серед яких 15 статей опубліковано у виданнях, що 

входять до першого (Q1) та другого (Q2) квартилів за галуззю знань, яка 

відповідає темі наукового дослідження, відповідно до класифікації SCImago 

Journal and Country Rank або Journal Citation Reports. Серед решти публікацій, 8 

статей у інших виданнях, індексованих у міжнародних наукометричних базах 
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даних, розділ колективної монографії та 18 публікацій – у матеріалах наукових 

форумів. 

Структура та обсяг роботи. Дисертаційна робота складається із вступу, 

списку публікацій автора, анотації, трьох розділів основної частини та 

висновків. Повний обсяг дисертації становить 571 стор. 
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Abstract Biological soil crusts (BSCs) are known as
Becosystem-engineers^ that have important, multifunctional
ecological roles in primary production, in nutrient and hydro-
logical cycles, and in stabilization of soils. These communi-
ties, however, are almost unstudied in coastal dunes of the
temperate zone. Hence, for the first time, the biodiversity of
cyanobacterial and algal dominated BSCs collected in five
dunes from the southern Baltic Sea coast on the islands Rügen
and Usedom (Germany) was investigated in connection with
physicochemical soil parameters. The species composition of
cyanobacteria and algae was identified with direct determina-
tion of crust subsamples, cultural methods, and diatom slides.
To investigate the influence of soil properties on species com-
position, the texture, pH, electrical conductivity, carbonate
content, total contents of carbon, nitrogen, phosphorus, and
the bioavailable phosphorus-fraction (PO4

3−) were analyzed
in adjacent BSC-free surface soils at each study site. The data

indicate that BSCs in coastal dunes of the southern Baltic Sea
represent an ecologically important vegetation form with a
surprisingly high site-specific diversity of 19 cyanobacteria,
51 non-diatom algae, and 55 diatoms. All dominant species of
the genera Coleofasciculus, Lyngbya, Microcoleus, Nostoc,
Hydrocoryne , Leptolyngbya , Klebsormidium , and
Lobochlamys are typical aero-terrestrial cyanobacteria and al-
gae, respectively. This first study of coastal sand dunes in the
Baltic region provides compelling evidence that here the
BSCs were dominated by cyanobacteria, algae, or a mixture
of both. Among the physicochemical soil properties, the total
phosphorus content of the BSC-free sand was the only factor
that significantly influenced the cyanobacterial and algal com-
munity structure of BSCs in coastal dunes.

Keywords Cryptogamic crusts .Biocrusts . Sanddunes . Soil
algae . Cyanobacteria . Diatoms . Phosphorus

Introduction

Coastal dunes are unique ecosystems in the transition zone
between terrestrial and marine environments, where interac-
tions between geology, climate, and vegetation create highly
dynamic environments [1, 2]. These eolian and sand-driven
landforms are formed by the interaction of wind and waves,
and exhibit, related to their temporal and spatial dynamics,
intrinsic values as important and unique habitats. Additionally,
coastal dunes provide an essential source of natural sand re-
plenishment and serve as protective barriers against coastal
flooding and erosion [1, 3]. Coastal dune systems are harsh
environments with a wide variety of environmental stresses
such as strong wind and substrate mobility, scarcity of nutri-
ents and soil water, occasionally extremely high temperatures
near surface, intense radiation, flooding, and salt spray [1, 4].
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Under these conditions, the growth and the development of a
closed vascular plant cover are limited, and only specialized
organism communities can be established, which include bio-
logical soil crusts (BSCs).

BSCs are soil particle-associated communities of
cyanobacteria, algae, microfungi, lichens, liverworts, mosses,
and bacteria in different proportions, living within or immedi-
ately on top of the uppermost millimeter of soil thereby
forming coherent layers at the soil surface [5]. BSCs are dis-
tributed worldwide in all climatic zones [e.g., 6–8], and as
multifunctional communities, they have important ecological
roles. They stabilize the soil surface [9], increase the content
of soil organic matter and the nitrogen concentration through
photosynthesis and nitrogen fixation [10, 11], influence nutri-
ent cycling [12], modulate hydrological processes [13], and
consequently, influence the establishment and performance of
vascular plants [14].

BSCs are highly diverse communities. There are hundreds
of different species of cyanobacteria and algae which can be
found in association with BSCs [15]. Especially, large fila-
mentous cyanobacteria as well as filamentous algae are im-
portant for the development of BSCs, because their filaments
and stickymucilaginous sheaths glue soil particles together. In
contrast, due to their limited biomass, unicellular
cyanobacterial and algal species are usually of secondary im-
portance in the formation of BSCs. Most of these unicellular
species are green algae which can reach high species numbers
in soil crusts [5]. Furthermore, Bacillariophyceae are also typ-
ical components to be found in BSCs [16, 17].

The distribution of all BSC-associated organisms and their
further development result from complex interactions with the
prevailing environmental factors. Microclimatic conditions
(e.g., temperature and moisture), soil texture, pH, and carbon-
ate content are only some of the abiotic factors that alter BSCs
[18, 19]. However, these pedo-climatic and biogeochemical
factors vary from site to site, sometimes over orders of mag-
nitude, and thus, disclosing their effect on the BSC commu-
nity structure still requires site-specific studies over a wide
range of terrestrial habitats.

Most of the knowledge that exists about the distribution,
adaptations, and functions of crust organisms is derived
from studies on BSCs in semiarid and arid environments,
where they can be a main component of the vegetation [20,
21]. Taking into account the crucial ecological functions of
BSCs in terrestrial ecosystems, it is surprising that BSCs in
habitats of temperate regions with more humid conditions
are only fragmentarily investigated [see also 22]. One of
these habitats is the coastal dune system. The limited liter-
ature about BSCs in coastal dunes worldwide indicates that
they contribute to the stabilization, enrichment of nutrients,
and the establishment of higher plants in these ecosystems
[9, 23–25]. However, BSCs in coastal dunes of the temper-
ate region are still almost unstudied.

Consequently, the aim of the present study was, for the first
time, to comprehensively investigate BSCs in coastal dunes of
the temperate zone on the German Baltic Sea islands Rügen
and Usedom, with a special focus on the diversity of
cyanobacteria and algae as well as on the influence of abiotic
parameters.

The main questions of this study were the following:

1. Which species occur in these specific coastal dune BSCs
and which are dominant?

2. Do certain soil properties influence the species composi-
tion of the BSCs in coastal dunes?

Material and Methods

Study Area

BSCs were investigated in coastal dunes on the two larg-
est islands of Germany, Rügen, and Usedom (926 and
445 km2, respectively). Rügen and Usedom are located
at the southwestern shore of the Baltic Sea belonging to
the German federal state of Mecklenburg-Western Pomer-
ania (Fig. 1). Both islands are influenced by an oceanic
continental transitional climate. The mean annual tempera-
ture is 8–8.5 °C with the lowest mean temperature of −3–
1 °C in January and highest mean temperature of 19–
20 °C in August. The mean annual precipitation varies
between 500 and 600 mm, with February being the month
with lowest mean precipitation and July that with the
highest mean precipitation, 30–40 and 50–70 mm, respec-
tively (measurement period of all climatic factors: 1961–
1990; [26]).

BSCs were investigated along a transect at the three
study sites Glowe, Prora, and Baabe on Rügen and the
two study sites Karlshagen and Zempin on Usedom,
stretching from the northeast coast of Rügen in a south-
eastern direction to the northwest coast of Usedom
(Fig. 1). The investigated coastal dune systems differed
in their morphological characteristics, vegetation cover,
and degree of degradation. The dunes in Glowe and
Prora had a width between 4 and 8 m, while in Baabe,
Karlshagen, and Zempin, the dunes reached widths be-
tween 15 and 20 m. Moreover, the two latter systems
were with 4 m twice as high as the three other dunes.
All dune systems were partly fenced except the one in
Prora. Hence, this latter dune was highly degraded due to
human trampling and showed only little vegetation with
a dominance of Festuca sp. The other dune systems had
undestroyed and dense vegetation mainly consisted of
Ammophila arenaria (L.) Link. In addition, Hippophae
rhamnoides L., Artemisia campestris L., Artemisia
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maritima L., Leymus arenarius (L.) Hochstetter, Rosa
rugosa Thunberg, Tussilago farfara L., Dianthus sp.,
Carex sp., Pinus sylvestris L., and single species of
Fabaceae and Asteraceae were also present in different
proportions at the dune systems. The bare sandy ground
(ground without vegetation of higher plants) between the
higher plants was covered by green cyanobacterial and
algal crusts. At each dune, a plot with an area of 2×2 m
was randomly chosen, and the coverage of BSCs in

relation to the bare ground estimated. In Glowe, 40 %
of the dune plot was bare ground of which 40 % was
covered with BSCs. In Prora, 80 % of the dune plot was
bare ground of which 10 % was covered with thin BSCs.
In Baabe, 25 % of the dune plot was bare ground of
which 30 % was covered with BSCs. In Karlshagen,
25 % of the dune plot was bare ground of which 95 %
was covered with BSCs, and in Zempin, 40 % of the plot
was bare ground of which 70 % was covered with BSCs.

Fig. 1 The islands Rügen and Usedom, and the investigated dune study sites (c) belonging to the federal state ofMecklenburg-Western Pomerania (b) in
the northeastern part of Germany (a)

180 K. Schulz et al.
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Sampling

Two random cyanobacterial and algal BSC samples and two
adjacent BSC-free soil samples were collected at each study
site on 8 October 2013. Sampling of BSCs was carried out by
pushing a spatula gently below the crust in order to take as
sparse amounts of surrounding soil as possible. The spatula
with the crust was then lifted, and the sample was carefully
transferred in a small paper box for subsequent analysis of the
diversity of cyanobacteria and algae. These samples of BSCs
had a surface area of approximately 6×6 cm. With a shovel, a
BSC-free soil sample next to the BSCs (max. 40 cm distance)
of approximately 5×5×5 cm was taken and filled into a small
freezing bag for nutrient analysis. An additional soil sample of
approximately 10×10×10 cm was taken and filled into a big
freezing bag for the determination of other soil properties. In
total, ten BSCs and ten soil samples were collected. In the
laboratory, the samples were air-dried and stored in the dark
until further analysis.

Cultivation and Determination of Cyanobacteria
and Non-diatom Algae

For the determination of cyanobacteria and non-diatom
algae enrichment cultures and unialgal cultures were
used. To obtain enrichment cultures, small amounts of
material (c. 2×2 mm) were taken randomly out of the
crust and placed on the surface of solid 1 N Bold’s
Basal Medium (1 N BBM) made with 1.5 % agar in
Petri dishes [27]. Afterward, the samples were exposed
at room temperature under a photon fluence rate of ap-
proximately 30 μmol photons m−2 s−1 (light source:
Os r am Day l i gh t Lumi l ux Coo l Wh i t e l amps
(L36W/840); Osram) and a 16:8 h light-dark cycle.
The identification of cyanobacterial and algal taxa
started after a growth phase of 2 to 4 weeks. Because
for the identification of cyanobacteria and algae knowl-
edge of developmental stages of certain species and gen-
era is necessary, enrichment cultures were purified into
unialgal strains, using 1 N BBM for cyanobacteria and
3 N BBM (BBM modified by the addition of triple
nitrate concentration; [28]) for algae. These cultures
were kept under the same cultivation conditions as the
enrichment cultures.

Cyanobacteria and non-diatom algae were determined
morphologically under an inverted light microscope (Olym-
pus IX70, oil immersion) at 1000-fold magnification. The
identification was mainly based on Ettl and Gärtner [29] as
well as on Komárek and Anagnostidis [30–32] for algae
and cyanobacteria, respectively (further references about
the identification of cyanobacteria and algae are given in
Online Resource 1).

Determination of Diatoms

For the identification of diatoms, combusted slides were pre-
pared. 0.5–0.6 g of crust material were filled in 5 mL glass
vials with 4 mL of distilled water. These glass vials were
strongly shaken. Immediately after shaking, 100 μL of over-
laying water was gently dripped on glass cover slips, which
were dried on air, combusted in a muffle oven (Elektra M26)
at 550 °C for 35 min and after cooling mounted onto glass
microscope slides using Naphrax®.

Diatom species were morphologically identified using a
light microscope (Zeiss Axioplan, oil-immersion Plan-
Apochromat objective, aperture 1.4) with 1000-fold magnifi-
cation based on Krammer and Lange-Bertalot [33, 34],
Krammer [35], Witkowski et al. [36], Lange-Bertalot [37],
Lange-Bertalot et al. [38], and Hofmann et al. [39]. In the
slides, the proportion of each single diatom taxa within the
total Bacillariophyceae community was estimated indepen-
dent from cyanobacteria and non-diatom algae of the crust
samples with a scale ranging from 1 (very rare) over 2
(rare/occasionally), 3 (regular), 4 (subdominant), to 5
(dominant).

Direct Determination of Dominant Cyanobacterial
and Non-diatom Algal Taxa

In addition to the culture approach and the diatom slides men-
tioned above, the dominant BSC phototrophic microorgan-
isms were directly identified in freshly collected, undisturbed
samples. For direct determination of cyanobacterial and non-
diatom algal taxa in BSCs, three subsamples of crust material
(c. 1×1 cm) were rewetted in tap water for 20 min.
Cyanobacteria and non-diatom algae were morphologically
identified under an inverted light microscope (Olympus
IX70) with 400-fold and/or 1000-fold magnification, depend-
ing on size of soil particles within the crust samples. The
portions of occurring cyanobacterial and non-diatom algal
taxa were estimated using a scale ranging from 1 (very rare)
over 2 (rare/occasionally), 3 (regular), 4 (subdominant), to 5
(dominant). In contrast to the numbers of species, which were
identified in enrichment cultures, mostly only a small propor-
tion of cyanobacteria and non-diatom algae were found direct-
ly in crust material. Thus, all cyanobacterial and non-diatom
algal taxa, which were not found directly in crust material but
were identified in the enrichment cultures, got 1 as dominance
level, because they appeared to occur very rarely in the inves-
tigated BSCs.

Analyses of Soil Substrates

All soil analyses were done according to standard protocols
[40]. Prior to the analyses, the air-dried soil samples were
sieved <2 mm. For determination of the particle size
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distribution, the soil was treated with hydrochloric acid (HCl),
hydrogen peroxide (H2O2), and tetrasodium diphosphate
(Na4P2O7). For the determination of the sand subfractions
(coarse 2–0.63 mm, medium 0.2–0.63 mm, fine 0.063–
0.2 mm), 10 g of soil was transferred on a set of analytical
sieves with decreasing mesh size which were rinsed with tap
water. The sieves together with the remaining sand were dried
at 105 °C and weighed before and after removal of the sand
fractions. An automated sedimentation/decantation analysis
(Sedimat 4–12, UGT GmbH, Müncheberg, Germany) was
used to determine the percentage of silt (0.002–0.063 mm)
and clay (<0.002 mm) fractions in an additional subsample
of 10 g of soil. The pH was measured in a 1:2.5 soil/water
solution by adding 10 g of soil to 25 mL of distilled water.
This suspension was thoroughly mixed twice during 1 h, and
the pH was measured with a glass electrode (pH Meter 540
GLP, WTWGmbH, Weilheim, Germany). The electrical con-
ductivity was measured in a soil extract, prepared from a sus-
pension of 10 g of soil and 100 mL of distilled water, which
was mechanically shaken for 1 h and filtered through folded
filters (Microprocessor Conductivity Meter LF196, WTW
GmbH, Weilheim, Germany). For gas-volumetric determina-
tion of the carbonate content, the soil was finely ground to
<1 mm using a Pulverisette 2 ball mill (Fritsch GmbH, Idar-
Oberstein, Germany). The CO2 released following the addi-
tion of HCl (37 %) was measured in a Scheibler apparatus and
used for the calculation of the carbonate content.

Prior to elemental analyses, the air-dried soil samples
were ground with a ball mill to <1 mm. Total carbon
(TC) and total nitrogen (TN) were determined with a
CHNS-Analyzer (VARIO EL, Elementar Analysensysteme,
Hanau, Germany) using 30 mg of soil together with 30 mg
of tungsten trioxide (WO3) as catalyst, which were packed
together in tin-foil and transferred into the analyzer for
high-temperature combustion. Total phosphorus (TP) was
determined by mixing 0.5 g of soil with 2 mL of nitric
acid (HNO3) and 6 mL of HCl for microwave-assisted
digestion at 200 °C (Mars Xpress, CEM GmbH, Kamp-
Lintfort, Germany). The digest was filled up with ultrapure
water to 100 mL, and the P concentration in this solution
was determined by atomic emission spectroscopy at
214.914 nm with inductively coupled plasma (ICP-AES,
JobinYvon 238 Ultrace, Instruments S.A. GmbH,
Grasbrunn, Germany). Bioavailable phosphorus (PO4

3−)
was determined photometrically using the malachite-green
method by mixing 1.5 g of soil with 37.5 mL of ultrapure
water. This suspension was incubated for 22 h at room
temperature, mechanically shaken for 1 h and filtrated.
The filtrate was mixed with 3 mL of sulfuric acid
(H2SO4; 24 %), 5 mL of malachite-solution, and 5 mL of
molybdate solution and filled up with ultrapure water to
50 mL. The PO4

3− concentration was determined spectro-
photometrically at 623 nm.

Statistics

All multivariate analyses of the data were performed using the
statistic program Canoco for Windows 4.5. For the statistical
analyses of species data (Table 1), the mean values of two
BSCs for each study site were used. The frequency data of
diatoms and the frequency data of cyanobacteria and non-
diatom algae have two different reference systems, because
of the different methods used for investigation and identifica-
tion of diatoms and all other algae and cyanobacteria. For that
reason, the diatom data were excluded from statistical analy-
ses. However, the species data and the soil properties data of
the dune study sites were analyzed with a direct gradient anal-
ysis. The direct gradient analysis was used to show similarities
and differences in the crust communities at the five dune sites
and to investigate the variations of species composition in
relation to environmental factors. The longest gradient of the
first unmodified detrended correspondence analysis (DCA)
was 1.7; hence, a redundancy analysis (RDA) was performed.
The RDAwas run with focus scaling on inter-sample distance
and centering and standardization by species. Species scores
were post-transformed through divisions by standard devia-
tion. The Monte Carlo permutation test with 499 performed
permutations was used to test a significant influence of envi-
ronmental factors on the obtained data distribution.

Results

Species Composition

In total, 125 cyanobacterial and algal taxa were found in as-
sociation with BSCs in coastal dunes using a combination of
direct determination, culture approach, and diatom slides
(Tables 1 and 2). Nineteen species of cyanobacteria in 13
genera were determined (one species of Chroococcales, eight
species of Nostocales, ten species of Oscillatoriales). Further-
more, 38 species of Chlorophyta in 27 genera (26 species of
Chlorophyceae, 12 species of Trebouxiophyceae), seven spe-
cies of Streptophyta in four genera (one species of
Chlorokybophyceae, five species of Klebsormidiophyceae,
one species of Zygnematophyceae), and 61 species of
Heterokontophyta in 28 genera (four species of
Xanthophyceae, two species of Eustigmatophyceae, 55 spe-
cies of Bacillariophyceae) were identified.

Cyanobacteria and Non-diatom Algae

The total species number of cyanobacteria and non-diatom
algae was smallest in the BSCs of Glowe (28 species) and
largest in the BSCs of Karlshagen (40 species) (Fig. 2). All
investigated BSCs had more non-diatom algal taxa than
cyanobacterial species. Additionally, in terms of cyanobacteria,
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Table 1 Complete list of cyanobacterial and non-diatom algal species found in ten BSCs from five coastal dune study sites on Rügen and Usedom and
the estimated abundance of the single taxa in the investigated crusts

Glowe Prora Baabe Karlshagen Zempin

Species BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

Cyanophyceae

Calothrix cf. elenkinii Kossinskaja 1 1

Chroococcus helveticus Nägeli 1

Coleofasciculus sp. 1 4

Hassallia sp. 1 2

Hydrocoryne sp. 4 1 5

Leptolyngbya edaphica (Elenkin) Anagnostidis & Komárek 1 1 1 1 1 1 3

Leptolyngbya cf. henningsii (Lemmermann) Anagnostidis 3 1 1 1

Leptolyngbya cf. notata (Schmidle) Anagnostidis & Komárek 3 4 1 1 3

Lyngbya sp. 3 5 1 3

Microcoleus vaginatus Gomont ex Gomont 2 1 5 4 1 1 2 3 1

Nodosilinea sp. 1 1 1 2 1 1 1 1 1

Nostoc cf. commune Vaucher ex Bornet & Flahault 3 3

Nostoc cf. edaphicum Kondrateva 1 1 2 2 4 2 1 4

Nostoc cf. linckia Bornet ex Bornet & Flahault 1 1 1 1

Nostoc sp. 1 1

Phormidium cf. corium Gomont ex Gomont 1

Pseudophormidium hollerbachianum (Elenkin) Anagnostidis 1 1 1 1

Tolypothrix cf. tenuis Kützing ex Bornet & Flahault 2 2

Trichocoleus sp. 2 1 1 1 1

Chlorophyceae

Actinochloris sphaerica Korschikov 1

Acutodesmus obliquus (Turpin) Hegewald & Hanagata 1 1 3 1 1 1 1

Bracteacoccus cf. minor (Chodat) Petrová 1 1

Bracteacoccus sp. 1 1 1 1 1 1 1 1

Carteria cf. crucifera Korshikov ex Pascher 1 1

Chlamydomonas cf. callunae Ettl 1

Chlamydomonas cf. moewusii Gerloff 2

Chlamydomonas cf. reisiglii Ettl 1

Chlorococcum cf. oleofaciens Trainor & Bold 1 1

Chlorolobion lunulatum Hindák 1 1 1 1

Chloromonas cf. augustae (Skuja) Pröschold, Marin, Schlösser & Melkonian 1

Chloromonas actinochloris Pröschold, Marin, Schlösser & Melkonian 1 1 1

Chloromonas cf. reticulata (Goroschankin) Wille emend. Pröschold, Marin,
Schlösser & Melkonian

1 1

Graesiella emersonii (Shihara & Krauss) Nozaki, Katagiri, Nakagawa,
Aizawa & Watanabe

1

Lobochlamys cf. culleus (Ettl) Pröschold, Marin, Schlösser & Melkonian 1 1

Lobochlamys spec 1 3 4 1

Monoraphidium cf. pusillum (Printz) Komárková-Legnorová 1 1 1 1 1 1 1 1 1

Neochloris cf. gelatinosa Herndon 1

Podohedra bicaudata Geitler 1

Scenedesmus sp. 1 1 1

Spongiochloris cf. incrassata Chantanachat & Bold 1 1

Spongiochloris cf. minor Chantanachat & Bold 1 1

Spongiochloris spongiosa (Vischer) Starr 1
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the BSCs of Glowe and Prora (both seven species) had half as
many species as the BSCs of Baabe, Karlshagen, and Zempin
(12 to 14 species). For non-diatom algal species, the BSCs of
Prora and Karlshagen (28 and 29 species) exhibited larger
species numbers than those of Glowe, Baabe, and Zempin
(20 to 22 species) (Fig. 2).

The most common species, which occurred in almost all
investigated BSCs, were the cyanobacteria Nodosilinea sp.,
Leptolyngbya edaphica (Elenkin) Anagnostidis and

Komárek, Microcoleus vaginatus Gomont ex Gomont and
Nostoc cf. edaphicum Kondrateva and the algae
Bracteacoccus sp., Monoraphidium cf. pusillum (Printz)
Komárková-Legnorová, Acutodesmus obliquus (Turpin)
Hegewald and Hanagata, Chlorella vulgaris Beyerinck,
and Klebsormidium flaccidum (Kützing) Silva, Mattox and
Blackwell (Table 1). In contrast, some cyanobacteria and
non-diatom algae were only found in BSCs from one of
the five study sites (Table 1).

Table 1 (continued)

Glowe Prora Baabe Karlshagen Zempin

Species BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

BSC
1

BSC
2

Tetracystis sarcinalis Schwarz 1 1 1 1 1

Tetracystis sp. 1 1

Trebouxiophyceae

Chlorella chlorelloides (Naumann) Bock, Krienitz & Pröschold 1 1 1

Chlorella vulgaris Beyerinck 1 1 1 1 1 1 1

Chloroidium ellipsoideum (Gerneck) Darienko, Gustavs, Mudimu, Menendez,
Schumann, Karsten, Friedl & Pröschold

1 1

Dictyosphaerium sp. 1

Diplosphaera chodatii Bialosukniá 1 1 1

Elliptochloris subsphaerica (Reisigl) Ettl & Gärtner 1 1 1 1 1

Geminella interrupta Turpin 1

Koliella sp. 1

Leptosira cf. erumpens (Deason & Bold) Lukesová 1

Myrmecia cf. biatorellae Petersen 1

Pseudochlorella sp. 1

Pseudococcomyxa cf. simplex (Mainx) Fott 1 1 1

Stichococcus bacillaris Nägeli 1 1 1 1 1 1

Chlorokybophyceae

Chlorokybus atmophyticus Geitler 1

Klebsormidiophyceae

Interfilum paradoxum Chodat & Topali 1 1 1 1 1

Klebsormidium crenulatum (Kützing) Ettl & Gärtner 1 5

Klebsormidium flaccidum (Kützing) Silva, Mattox & Blackwell 4 1 3 4 4 2 2 2

Klebsormidium cf. nitens (Meneghini) Lokhorst 1 1 1 1

Klebsormidium cf. subtile (Kützing) Tracanna ex Tell 1 2 1

Zygnematophyceae

Cylindrocystis crassa De Bary 1 1 1

Xanthophyceae

Pleurochloris meiringensis Vischer 1 1

Bumilleriopsis cf. peterseniana Vischer & Pascher 1

Xanthonema cf. bristolianum (Pascher) Silva 1 1 1 1 1 1

Xanthonema exile (Klebs) Silva 1 1

Eustigmatophyceae

Eustigmatos magnus (Petersen) Hibberd 1 1 1 1

Vischeria helvetica (Vischer & Pascher) Hibberd 1 1

1 very rare, 2 rare/occasional, 3 regular, 4 subdominant, 5 dominant
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Table 2 Complete list of diatom species found in ten BSCs from five coastal dune study sites on Rügen and Usedom and the estimated abundance of
the single species of all diatom taxa in the investigated crusts

Glowe Prora Baabe Karlshagen Zempin

Species BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2

Achnanthes coarctata (Brébisson) Grunow 5 5 5 3 2 3 1 1

Actinocyclus sp. 1 1

Amphora cf. indistinct Levkov 1

Amphora indistinct Levkov 1 1

Caloneis amphisbaena (Bory de Saint Vincent) Cleve 1

Catenula adhaerens (Mereschkowsky) Mereschkowsky 1 1

Cocconeis cf. neothumensis Krammer 1 1

Cocconeis neothumensis Krammer 1 1

Cocconeis placentula Ehrenberg 1

Cocconeis placentula var. euglypta (Ehrenberg) Grunow 1

Cocconeis scutellum var. scutellum Ehrenberg 1 1

Cocconeis sp. A 1 1 1

Cocconeis sp. B 1 1 1

Cocconeis sp. C 1

Cocconeis sp. D 1

Epithemia cf. turgida (Ehrenberg) Kützing 1

Fallacia cf. florinae (Møller) Witkowski 1

Fallacia cf. tenera (Hustedt) Mann 1

Fallacia clepsidroidesWitkowski 1 1 1 1 1

Fallacia tenera (Hustedt) Mann 1 1

Fistulifera cf. pellicolosa (Brébisson) Lange-Bertalot 1

Fragilaria martyi (Héribaud-Joseph) Lange-Bertalot 1 1

Fragilaria s.l. A 1

Fragilaria s.l. B 1

Fragilaria s.l. C 1

Fragilaria s.l. D 1

Fragilaria s.l. E 1

Fragilaria schulzii Brockmann 1

Hantzschia abundans Lange-Bertalot 4 4

Hantzschia amphioxys (Ehrenberg) Grunow 4 2 5 2 5 3 3 1

Hantzschia sp. 2

Luticola cf. cohnii (Hilse) Mann 1 2 2 1

Luticola cohnii (Hilse) Mann group 1 3 3 1 1 4 5 1

Luticola sp. 1

Mayamaea atomus var. atomus (Kützing) Lange-Bertalot 1

Muelleria sp. 2 1

Navicula cf. paul-schulzii Witkowski & Lange-Bertalot 1

Navicula cf. syvertsenii Witkowski, Metzeltin& Lange-Bertalot 1

Navicula vimineoides Giffen 1 1 1 1

Opephora burchardtiae Witkowski 1 1

Opephora cf. minuta (Cleve-Euler) Witkowski 1

Opephora sp. 1

Pennate A 1

Pennate B 1

Pennate C 1

Pinnularia aff. intermedia (Lagerstedt) Cleve 3 3 1 2 1 1

Biological Soil Crusts from Coastal Dunes at the Baltic Sea 185

39



Diatoms

The total number of diatom species at a single study site
ranged from 14 species in the BSCs of Zempin to 26 species
in the BSCs of Karlshagen (Fig. 2). Diatom species, which
were present in nearly all dune BSCs were Achnanthes
coarctata (Brébisson) Grunow, Hantzschia amphioxys
(Ehrenberg) Grunow, Pinnularia intermedia (Lagerstedt)
Cleve, Planothidium sp., and species of the Luticola cohnii
(Hilse) Mann group (Table 2). Additionally, there were also
several diatom species, which occurred only in the BSCs from
one study site (Table 2).

In comparison with cyanobacteria and non-diatom algae,
the diatoms were not dominant in BSCs, but several species
showed a higher abundance than others. Six highly abundant
diatom species could be identified, which represent typical
aero-terrestrial species and showed differences between BSCs
of the study sites (Fig. 3 and Table 2). The most abundant
diatom species was Pinnularia intermedia, followed by
Hantzschia amphioxys. The two diatom species Achnanthes
coarctata and Hantzschia abundans were only abundant in
BSCs from the Rügen sites. In addition, Staurophora sp.

was abundant only in BSCs of Baabe. In the BSCs from
Zempin, Pinnularia intermedia was identified as the only
abundant species (Table 2).

Dominant Species

In total, nine dominant cyanobacteria and algae were identi-
fied in the investigated BSCswith six species of cyanobacteria
(Microcoleus vaginatus, Hydrocoryne sp., Nostoc cf.
edaphicum, Coleofasciculus sp., Leptolyngbya cf. notata,
and Lyngbya sp.) and three species of algae (Klebsormidium
flaccidum, Klebsormidium crenulatum, and Lobochlamys sp.)
(Fig. 4). There were five BSCs dominated by cyanobacteria
and three BSCs dominated by algae, and two BSCs showed a
mixed dominance of cyanobacteria and algae (Table 1). Each
crust was different in terms of the dominant species even at the
same study site. However, the two soil crusts of Karlshagen
were only dominated by cyanobacteria. The algal species
Klebsormidium flaccidum and Lobochlamys sp. were only
dominant in BSCs of Rügen. Except the one Klebsormidium
crenulatum dominated crust of Zempin, all investigated BSCs
of Usedom were dominated by cyanobacteria (Table 1).

Physicochemical Soil Properties

The soil texture classification according to the German
texture classification system [41] revealed for all sites the
texture class BSandy sand^ (Ss). The further differentiation
revealed the subclasses Bmedium sand^ for the samples
from Glowe and Prora, Bfine sandy medium sand^ for
the sample from Baabe and Zempin, and Bfine sand^ for
the sample from Karlshagen (Table 3). However, in the
samples of Baabe and Zempin, the subfractions medium
sand and fine sand were visually very similar, and thus,
the soil texture was close to the border of the respective
adjacent texture subclass. Generally, it appeared that the

Table 2 (continued)

Glowe Prora Baabe Karlshagen Zempin

Species BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2 BSC 1 BSC 2

Pinnularia borealis var. borealis Ehrenberg 1 2

Pinnularia cf. intermedia (Lagerstedt) Cleve 2 1 1 1

Pinnularia intermedia (Lagerstedt) Cleve 5 5 3 2 5 4 5 4 5

Placoneis clementis (Grunow) Cox 1

Planothidium cf. lemmermannii (Hustedt) Morales 1

Planothidium delicatulum (Kützing) Round & Bukhtiyarova 1 2 1 1 2 1 1 1

Planothidium lemmermannii (Hustedt) Morales 1 1 1 1 1 1

Planothidium sp. 1 2 1 1 1 2 1 1 1

Staurophora sp. 2 3 4 1

1 very rare, 2 rare/occasional, 3 regular, 4 subdominant, 5 dominant

Fig. 2 Total species number of cyanobacteria, non-diatom algae, and
diatoms in two BSCs for each of the five coastal dune study sites on
Rügen and Usedom. Numbers in bars indicate the species numbers
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texture became finer and the specific surface of the min-
eral part of the BSCs larger in a northwestern to south-
eastern direction, except for the site Zempin. The pH was
neutral at all investigated sites, ranging from 7.1 (Zempin)
to 7.5 (Karlshagen). The electrical conductivity and the

carbonate content decreased from Glowe (41.5 μS cm−1;
11.1 %) to Zempin (15.5 μS cm−1; 0.7 %), but there were
only slight differences between Baabe, Karlshagen, and
Zempin (Table 3).

The elemental contents of the soils showed the lowest TC
(0.67 g kg−1) in Karlshagen and the highest TC (10.79 g kg−1)
in Glowe (Table 3). TN was more uniform among the study
sites, ranging from 0.09 g kg−1 in Zempin to 0.21 g kg−1 in
Baabe with the values for Glowe (0.13 g kg−1), Karlshagen
(0.13 g kg−1), and Prora (0.14 g kg−1) in between and very
similar. The soil sample from Karlshagen had the lowest TP

Fig. 4 Dominant cyanobacterial
and non-diatom algal species of
BSCs from coastal dune study
sites on Rügen and Usedom.
Cyanobacteria and algae in
culture (a, b, d, f–k, o, p, r, s) and
direct in crust material (c, e, l–n,
q): Microcoleus vaginatus (a–c),
Hydrocoryne sp. (d, e), Nostoc cf.
edaphicum (f, g), Coleofasciculus
sp. (h, i), Leptolyngbya cf. notata
(j, k), Lyngbya sp. (l–n),
Klebsormidium flaccidum (o),
Klebsormidium crenulatum (p,
q), and Lobochlamys sp. (r, s).
Scale bars at 10 μm

�Fig. 3 Abundant diatom species of BSCs from five dune study sites on
Rügen and Usedom. Achnanthes coarctata (a–j), Luticola cohnii-group
(k–ad), Hantzschia abundans (ae–af), Pinnularia intermedia (ag–az),
Hantzschia amphioxys (ba–bf) and Staurophora sp. (bg–bl). Scale bar
at 10 μm
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(0.09 g kg−1), and that fromGlowe had the highest TP content
(0.31 g kg−1). In contrast, the PO4

3− concentration and the
calculated solubility of TP (PO4

3−-P as percentage of TP)
were largest in Karlshagen (5.18 mg PO4

3−kg−1=1.881 % of
TP) and smallest in Glowe (0.64 mg PO4

3−kg−1=0.067 % of
TP). The TP content and its solubility were similar in Baabe
and Zempin, and the soil sample from Prora showed more TP
than the latter two samples; however, a smaller portion of this
was soluble as PO4

3− (Table 3).

Species Composition and Soil Properties

The species compositions of cyanobacteria and non-diatom
algae in ten dune BSCs as well as the relationship of these
species compositions with the soil properties from the five
dune study sites were analyzed with an RDA. The RDA
separated all dune study sites from each other and indicated
a significant correlation between the species composition of
the BSCs and the TP in the soil (p<0.026) in our data set
(Fig. 5). On the first axis, which explains approximately
51 % of the variance within the species composition of the
sites, Karlshagen, Zempin, and Baabe are on the left side of
the RDA plot closer to each other compared to Prora and
Glowe on the right side of the plot (Fig. 5). This arrange-
ment of Baabe, Karlshagen, and Zempin as one group and
Glowe and Prora as a second group was found to be statis-
tically significant (p<0.018). The direction of the arrows in
the plot indicates at which study site the parameter has a

greater influence. Except TP, all other analyzed factors
showed no significant correlation with the species composi-
tion of BSCs from the dune study sites (p>0.346) in our
data set (Fig. 5). However, the soil parameters electrical
conductivity, carbonate content, and particle size distribution
are also arranged along the first axis, indicating that they
might have an influence on the species composition of the
BSCs as well, but exhibited no statistical significance in the
presented data set. Total carbon (TC) is also arranged along
the first axis in the RDA plot but was not considered for the
interpretation, because it is strongly co-correlated with the
carbonate content at the study sites (R2=0.993).

Discussion

Species Composition and Dominant Species

BSCs can host a variety of many different species. Several
studies on cyanobacterial and algal composition of BSCs in
different ecosystems revealed a diversity of cyanobacteria and
algae ranging from just a few up to over one hundred species
[42–44]. Overall, in the present study, 125 cyanobacteria and
algae were identified in association with BSCs of dunes from
the Baltic Sea coast. Compared to former studies on BSCs in
coastal dunes, which described 1 to 11 cyanobacterial and
algal species, our study showed a remarkable high diversity
of cyanobacteria and algae [23, 25]. Studies on BSCs in drier

Table 3 Physical and chemical properties of BSC-free surface soils of the coastal dune study sites on Rügen and Usedom used in this study

Glowe Prora Baabe Karlshagen Zempin
Coordinates 54° 34.196′ N

13° 27.486′ O
54° 28.525′ N
13° 34.360′ O

54° 21.759′ N
13° 42.954′ O

54° 08.256′ N
13° 49.683′ O

54° 04.172′ N
13° 58.035′ O

Clay (%) 0.9 0.7 0.7 0.1 0.6

Silt (%) 2.6 2.7 1.3 2.9 3.0

Fine sand (%) 12.8 2.5 22.6 89.2 16.7

Medium sand (%) 83.2a 89.0a 75.0b 7.8c 79.7b

Coarse sand (%) 0.5 5.2 0.3 0 0

pH (H2O) 7.17 7.22 7.29 7.53 7.05

Electrical conductivity (μS cm−1) 41.5 32.5 21.0 17.0 15.5

CaCO3 (%) 11.1 5.6 1.5 0.8 0.7

TC (g kg−1) 10.79 5.42 2.25 0.67 0.79

TN (g kg−1) 0.13 0.14 0.21 0.13 0.09

TP (g kg−1) 0.31 0.23 0.11 0.09 0.16

PO4
3− (mg kg−1) 0.64 3.04 2.76 5.18 4.32

PO4
3−-P (% TP) 0.067 0.432 0.820 1.881 0.882

TC total carbon, TN total nitrogen, TP total phosphorus, PO4
3− bioavailable phosphorus, PO4

3− -P calculated solubility of TP
a Soil texture class: medium sand
b Soil texture class: fine sandy medium sand
c Soil texture class: fine sand
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regions, for instance, of Mexico [17], South Africa [21], and
Central Europe [45] indicated 66, 88, and 45 cyanobacterial
and algal species, respectively. Hence, our recorded species
number is more comparable with investigations made in other
environments than coastal dunes.

BSCs of dunes of the Baltic Sea in the present study
contained a common suite of species, with abundant
non-diatom algae and cyanobacteria, as well as diverse
diatom floras. Although cyanobacteria are often most
abundant in BSCs [16, 21], the investigated dune BSCs
showed higher numbers of non-diatom algae compared
to cyanobacteria. However, former studies on BSCs also
identified more algae than cyanobacteria [17, 42, 44].
Hence, the high non-diatom algal diversity found in
the present s tudy is in agreement wi th other
investigations.

Nevertheless, it could be possible that the number of
cyanobacterial and algal species was still underestimated.
Previous studies showed that a combination of several
independent techniques is necessary for a comprehensive
evaluation of the species diversity in BSCs, because algae

are often underestimated with direct determination, while
cyanobacteria are difficult to detect with a culture ap-
proach [e.g., 45, 46]. In the present study, three dominant
cyanobacteria (Coleofasciculus sp., Lyngbya sp. and
Hydrocoryne sp.), as detected by direct microscopy, were
only rarely found in the enrichment cultures and could not
be cultivated. To overcome these problems, many re-
searchers started to combine the morphological identifica-
tion of species with molecular analyses [21, 25]. But, even
the molecular techniques still sometimes fail to detect
some cyanobacteria and algae [47, 48].

In contrast to cyanobacteria and non-diatom algae, dia-
tom species are typically identified with the help of spe-
cific diatom slides [49]. With 55 species, the diatom flora
of the investigated BSCs was surprisingly high, compared
to most other biodiversity studies on BSCs, where the
number of diatom species often varied between no and
up to ten species [17, 23, 50]. Nevertheless, studies on
BSCs in the 1980s in xeric habitats of North America
also revealed with 20 and 24 taxa considerable diatom
richness and a widespread distribution of diatoms in soils
[16, 51]. In these studies, specific diatom slides were pre-
pared for their identification, a quality approach which
seems to be neglected in current investigations. Whether
all the recorded diatom species in the present study repre-
sent, indeed, components of BSCs remains an open ques-
tion. Diatoms and other microalgae are known to be air-
transported over hundreds of kilometers [52]. Especially
near beaches, marine and brackish water diatoms can be
wind-blown during stormy conditions [53]. Hence, it could
not be excluded that some of the diatom species found
were wind (sea-spray) or wave transported and hence only
temporary guests in the coastal dune BSCs.

The community structure of BSCs at the sampling date
is normally characterized by the organisms, which are
identified directly in soil crust material [45]. In most
cases, filamentous soil cyanobacteria and algae dominate
BSCs, because they play a major role in the development
of these micro-systems [49]. Consequently, it is not sur-
prising that most of the investigated dune BSCs were
dominated by filamentous cyanobacterial and algal species.
The most important cyanobacterial genera for the soil crust
formation in the Baltic Sea dunes were Coleofasciculus,
Lyngbya, Microcoleus, Nostoc, Hydrocoryne, and
Leptolyngbya . Fi lamentous algae of the genus
Klebsormidium were essential as well. In addition, one
unicellular algal species of the genus Lobochlamys showed
dominance in one of these dune BSCs. All the dominant
filamentous cyanobacterial and algal genera present in the
investigated BSCs of coastal dunes are most common and
widespread genera with a broad ecological amplitude,
which frequently occur in terrestrial habitats of dry regions
(for comparison, see [15]).

Fig. 5 RDA based on the cyanobacterial and non-diatom algal species
composition of ten BSCs (mean of two BSCs for each study site) and the
soil properties from five coastal dune study sites on Rügen and Usedom.
Study sites with open circles represent one group which is statistically
significant different from another group build of study sites with filled
circles (p<0.018). Soil properties without statistical significance are
shown with dotted arrows (p>0.346), and those with statistical
significance with bold arrows (p<0.026). Percentage at the axis
indicates the variance within the species data explained by each axis for
the distribution of the study sites in the plot. TP total phosphorus, PO4

3−

bioavailable phosphorus, PO4
3−-P calculated solubility of TP, TN total

nitrogen, TC total carbon, CaCO3 calcium carbonate, PSD particle size
distribution, EC electrical conductivity
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Influence of Abiotic Parameters on Species Composition

BSCs develop through the interaction of cyanobacterial and
algal filaments and sheaths with soil particles. The consider-
able physiochemical heterogeneity of soils results in a number
of specific microenvironments, which might have effects on
the species composition of newly developing soil crusts. In
this first investigation of BSCs of coastal dunes, a statistically
significant influence of the total phosphorus (TP) concentra-
tion in the sand on the species composition of cyanobacteria
and algae at the study sites (p<0.026) was found (Fig. 5).

Phosphorus (P) is one of the essential elements for growth
of phototropic organisms but in most cases not easily bioavail-
able for organisms because it is bound in unweathered min-
erals [54]. The addition of easily soluble P (NaH2PO4 +
Na2HPO4) to developing BSCs in virgin soils at newly degla-
ciated areas of the high Andes, Peru, allowed the phototrophs
to grow sooner and faster, and to reach a higher percentage
areal cover than treatments just receiving nitrogen (N) or the
control [55]. Thus, there is strong evidence that P limitation
may be an important factor controlling initiation and develop-
ment of BSCs in such areas [55]. These and our finding could
be a hint to consider P as a factor that influences the establish-
ment and species composition of cyanobacteria and algae of
BSCs in coastal dunes. However, future studies are necessary
to test this hypothesis, because it cannot be proven with the
available data only.

Furthermore, it seems unlikely that a single environmen-
tal factor is responsible for the differences in BSC commu-
nity structures. Except the amount of TP in the sand, no
other tested factor showed a statistically significant correla-
tion with the species composition in the present study
(p>0.392). This might be due to the small number of sam-
ples and analyzed environmental factors as well as to the
lack of replicates. However, electrical conductivity, carbon-
ate content, and particle size distribution were also arranged
along the first axis in the RDA plot (Fig. 5) indicating that
these factors might have an influence on the composition of
cyanobacteria and algae of BSCs as well. Electrical con-
ductivity and carbonate content have been shown previous-
ly to influence the species composition of BSCs [56]. In
addition, an influence of soil texture on the development
and composition of BSCs has also been reported, and some
authors even hypothesize that soils with higher silt and clay
content promote the succession and species richness of
BSCs [21, 56]. This can of course not been tested in coast-
al dunes, as they are wind- and wave-driven deposits of
sand with only minimal proportion of silt and clay. How-
ever, the investigated dunes differed in their sand
subfractions as well as in the presence of cyanobacteria.
BSCs of dunes consisting of finer sand material showed a
higher diversity of cyanobacteria with many Nostocales
species. In contrast, BSCs developed on coarser sand were

dominated by large and highly mobile cyanobacteria
(Coleofasciculus sp. and Microcoleus vaginatus). Belnap
and coauthors [5, 13] noted that less stable sediments and
very sandy soils (>90 %) are generally dominated by
cyanobacteria. In contrast to this general statement, in the
present study, BSCs were also dominated by algae or a
combination of both. Other studies also identified filamen-
tous algae as dominant species in BSCs on sandy sub-
strates, including coastal dunes [9, 25, 57].

Almost all studies on BSCs where a dominance of algae
was recorded were conducted in the temperate zone [9, 18, 23,
45]. As Büdel [15] summarized, BSCs with a dominance of
algae appear to be limited to soils in temperate regions. Nev-
ertheless, this statement is only valid concerning the domi-
nance of algae. Although algae are not dominant in dry re-
gions, they are successful colonizers of BSCs as they are pres-
ent in high species numbers [21, 42].

In conclusion, BSCs of dunes of the Baltic Sea coast
represent an ecologically important and abundant, but so
far unstudied, vegetation form. The high biodiversity of
cyanobacteria and algae, particularly diatoms, as BSC com-
ponents was surprising. The diverse diatom flora found in
dune BSCs emphasizes the use of specific diatom slides, an
easy method for a comprehensive recording of the diatom
richness in future studies. From all the tested physicochem-
ical parameters, only TP could be identified as factor shap-
ing site-specific species composition of cyanobacteria and
algae. But, there is additional evidence that electrical con-
ductivity, carbonate content, and soil texture might influ-
ence the coastal dune BSCs as well. More in-depth inves-
tigations are needed for a better understanding of crust
composition and development in coastal dunes and the role
of TP in these processes. Therefore, a wide set of BSC
samples as well as environmental factors should be ana-
lyzed especially to prove the influence of the TP and other
soil parameters.
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ABSTRACT
Most of the data on biodiversity, ecology and biogeography of microalgae and cyanobacteria are based on classical
morphological approaches. However, morphological identification of these microorganisms is often possible only to higher
taxonomic ranks such as genus, because of low morphological diversity and high variability along with the presence of
cryptic taxa. This study compared the species composition of cyanobacteria, and green and streptophyte microalgae,
isolated from biological soil crusts (BSCs) of maritime sand dunes (Baltic Sea, Germany) and identified through culture-
dependent morphological methods combined with molecular phylogenetic data. Phylogenetic analyses (based on SSU rRNA
and ITS-1,2 for microalgae, or the SSU-LSU ITS region for cyanobacteria) provided unambiguous identifications of 20
strains (37.7% of all strains investigated) to species level; the identifications had to be corrected after preliminary
morphological determination of eight strains. For 27 strains (50.9%), identification with molecular markers was possible
only to genus or group of closely related species, because a modern taxonomic revision of these taxa is preliminary,
incomplete or non-existent. Identification to genus was problematic for six strains (11.3%). This combination of morpho-
logical and molecular methods (integrative approach) resulted in the discovery of rare, taxonomically or ecologically
interesting taxa, and in the description of a new species of Tetradesmus (T. arenicola sp. nov.), a new combination for
Chlamydomonas callunae (Heterochlamydomonas callunae comb. nov.), epitypification of the rare alga Actinochloris
sphaerica and emendation of the recently described Eremochloris sphaerica. A microscopic culture-dependent method
and an integrative approach provided similar results concerning the cyanobacterial and algal diversity of BSCs of Baltic sand
dunes in general. However, this investigation using an integrative approach allowed us to precisely identify species of several
important taxa (the most common and dominant species) in the community structure of BSCs, and also certain rare
representatives.
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Introduction

Biological soil crusts (BSCs) are complex microecosys-
tems comprised of many different organisms including
bacteria, fungi, algae, protists, lichens, mosses and inver-
tebrates. BSCs are widely distributed in all climate zones
where the growth of higher plants is limited by unfavour-
able environmental factors such as low water availability
(Belnap & Lange, 2001; Weber et al., 2016). The many
important ecological functions of BSCs include biogeo-
chemical cycling of nutrients and organic matter, food
chains, soil stabilization and improvement of soil struc-
ture and fertility, especially in drylands (deserts, savannas,
xerophytic steppes, maritime sand dunes) and disturbed
regions (burn or post-mining areas, etc.). BSCs are cur-
rently being intensively investigated in geological, hydro-
logical and ecophysiological contexts (Belnap & Gillette,
1998; Evans & Belnap, 1999; Evans & Lange, 2001;
Karsten et al., 2010; Karsten & Holzinger, 2012, 2014;
Wu et al., 2013; Büdel & Colesie, 2014) as well as in the

context of their biodiversity, ecology and biogeography
(Johansen & Rushforth, 1985; Lukešová, 2001; Flechtner
et al., 1998, 2008; Kaštovská et al., 2005; Büdel et al., 2009,
2016; Mikhailyuk et al., 2015; Seppelt et al., 2016;
Rosentreter et al., 2016; Borchhardt et al., 2017).
However, some questions concerning BSCs are still
unresolved.

Many datasets on the composition of cyanobac-
teria and algae in BSCs are now available, although
knowledge concerning their biogeography and their
occurrence as a function of ecological factors remains
insufficient. Some regions (Africa, North and South
America, Australia, polar and mountain habitats) are
still little investigated (Büdel et al., 2016), and most
importantly, almost all available data on microalgal
and cyanobacterial BSC species composition have
been obtained through morphological studies.
Molecular phylogenetic methods have just begun to
be applied to the study of the biodiversity of BSC
organisms (Büdel et al., 2009, 2016). Using an
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integrative approach, which includes microscopic and
molecular phylogenetic, culture-dependent and cul-
ture-independent methods, provides the most
detailed possible information about the true biodiver-
sity of BSC microalgae and cyanobacteria.

There is a similar situation of a general lack of com-
prehensive investigations based on molecular analysis
for studies on the biodiversity of many other ecological
groups of microalgae inhabiting soils, tree bark, stone
substrates, caves, etc. However, in recent years, several
publications have appeared that combine complex
molecular phylogenetic investigations with classical
morphological methods (integrative approach) for
a deeper understanding of biodiversity questions
(Büdel et al., 2009; Wong et al., 2010; Zammit et al.,
2011; Balzano et al., 2012; Flechtner et al., 2013;
Hallmann et al., 2013; Kulichová et al., 2014; Patzelt
et al., 2014; Brinkmann et al., 2015; Hodač et al.,
2015). Nevertheless, the morphological identification
of many microalgal groups is still quite challenging
because of a general lack of characteristicmorphological
features, and hence light-microscopy techniques are
often inadequate. In addition, microscopic identifica-
tion is, at best, usually possible only to higher taxonomic
ranks such as genera or species complexes, not to species
level, although this is generally accessible by methods of
molecular phylogeny.

Species lists from the above-mentioned publica-
tions based on molecular phylogenetic methods or
an integrative approach mainly include taxa that
were identified only to the level of genus or species
complexes. Kulichová et al. (2014), for example,
reported 29 algal taxa found on tree bark in
Slovenia and Italy. Only four of these taxa (13.8%)
were identified to species level, although with some
uncertainty (e.g. cf.-taxa), while the other taxa were
assigned only to class or genus. Similarly, Balzano
et al. (2012) investigated the biodiversity of plank-
tonic phytoflagellates in the Pacific and Arctic oceans,
and were able to identify only five of the 21 listed taxa
(23.8%) to species level. In the study of Hodač et al.
(2015) on green microalgae of calcifying biofilms
from karstic streams in Germany, the authors pro-
vided a more optimistic picture: 20 of 34 taxa (58.8%)
were determined to species level, while the identifica-
tion of a further 13 taxa was possible to a group of
related species (cf.-species). Therefore, molecular
phylogenetic methods, which are necessary to resolve
problems of correct algal identification, were recog-
nized as a powerful instrument for floristic and taxo-
nomic investigations, although still with some
limitations.

The aim of our investigation was an evaluation
and comparison of the species composition of cyano-
bacteria and green and streptophyte microalgae iso-
lated from BSCs of maritime sand dunes on the Baltic
Sea islands Rügen and Usedom in Germany. The

strains were obtained and tentatively identified on
the basis of culture-dependent morphological meth-
ods (Schulz et al., 2016), and now have been analysed
with molecular phylogenetic markers. The results of
comparisons of morphological characters of the algal
and cyanobacterial strains investigated and phyloge-
netic data, as well as taxonomic decisions concerning
rare and interesting finds, are provided below. The
advantages, problems and perspectives of this inte-
grative approach to the study of the biodiversity of
algae and cyanobacteria are discussed.

Materials and methods

Strains, culture conditions, light microscopy

The material for the present study consisted of 53
unialgal and cyanobacterial cultures, isolated from
BSCs collected from sand dunes on the Baltic Sea
coast at five localities on Rügen and Usedom islands,
Mecklenburg-West Pomerania, Germany. Study area,
sampling sites, isolation procedure and culture con-
ditions have been described in a previous paper
(Schulz et al., 2016). The strains are kept in
a culture collection at the University of Rostock,
and some of them (see below) were deposited in the
SAG (Culture Collection of Algae at Göttingen
University).

Some additional strains were isolated from similar
BSC habitats (maritime sand dunes), to include other
localities in the present study: four strains from the
Baltic Sea coast at Warnemünde and Heiligendamm,
Mecklenburg-West Pomerania, Germany, and one
strain from the Black Sea coast at the Danube Delta
Biosphere Reserve, Kiliya District, Odessa region,
Ukraine. Three strains originating from the SAG
and UTEX collections were also investigated, for
comparison with original isolates.

Purified strains were maintained on 3N BBM with
vitamins for microalgae (Starr

& Zeikus, 1993) and on BG-11 medium for cya-
nobacteria (Stanier et al., 1971), all at 20°C and 25
µmol photons m–2 s–1 (Osram Lumilux Cool White
lamps L36W/840) in a light/dark cycle of 12:12 h L:D.
Morphological examinations of unialgal cultures were
performed using Olympus BX51 and BX53 light
microscopes with Nomarski DIC optics (Olympus
Ltd, Hamburg, Germany). Photomicrographs were
taken with digital cameras (Olympus UC30 and
LC30) attached to the microscopes, and processed
by the Olympus software cellSens Entry.
Morphological identification of the BSC organisms
was based mainly on Ettl (1983), Lokhorst (1996)
and Ettl & Gärtner (2014) for green and streptophyte
microalgae, and on Kondratyeva (1968), Komárek &
Anagnostidis (2005) and Komárek (2013) for cyano-
bacteria, as well as on numerous monographs and
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papers devoted to taxonomic revisions of the taxa of
interest (Table 1). Species lists based on morphologi-
cal identification of algae and cyanobacteria from
BSCs of Rügen and Usedom were published by
Schulz et al. (2016).

DNA isolation, PCR and sequencing

Genomic DNA of cyanobacterial and algal strains was
extracted using the DNeasy Plant Mini Kit (Qiagen
GmbH, Hilden, Germany) according to the manufac-
turer’s instructions. Nucleotide sequences of the SSU
rRNA gene together with the SSU-LSU ITS region for
cyanobacteria or the ITS-1-5.8S-ITS-2 region for micro-
algae were amplified using a Taq PCR Mastermix Kit
(Qiagen GmbH), and the primers SSU-4-forw and
ptLSU C-D-rev (Marin et al., 2005) for cyanobacteria,
and EAF3, ITS055R (Marin et al., 1998, 2003) together
with algal-specific primers G800R, G730F and G500F (T.
Pröschold, personal communication) for green and
streptophyte algae. Amplifications were performed in
a T-Gradient ThermoBlock thermocycler (Biometra,
Göttingen, Germany). The PCRs were performed using
conditions described in our previous paper (Mikhailyuk
et al., 2018). PCR products were cleaned using a Qiagen
PCR purification kit (Qiagen GmbH) according to the
manufacturer’s instructions. Cleaned PCR products were
sequenced commercially by Qiagen Company using the
primers SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9,
Wil 16 and ptLSU C-D-rev (Wilmotte et al., 1993; Marin
et al., 2005) for cyanobacteria and G800R, N82F, 536R,
920R, 1400R, 920F, 1400F,GF, ITS2F and ITS05R (Marin
et al., 1998, 2003; Pröschold et al., 2005) for microalgae.
The resulting sequences were assembled and edited using
Geneious software (version 8.1.8; Biomatters). They were
deposited in GenBank under the accession numbers
MH688842–MH688856 and MH703734–MH703778.

Phylogenetic analyses and ITS-2 secondary structure

Sequences of the isolates were compared to those
from reference strains at NCBI (http://www.ncbi.nlm.
nih.gov), using BLASTn queries (Altschul et al., 1997)
to search for the closest relatives. For the comparison,
nucleotide sequences of representatives of: the
orders Synechococcales (52 sequences) and Nostocales
(37), Cyanobacteria; classes Chlorophyceae (115),
Trebouxiophyceae (82) and Ulvophyceae (33),
Chlorophyta; along with Klebsormidiophyceae (24),
Streptophyta were used. Multiple alignments of the
nucleotide sequences of the SSU rRNA gene were made
using the Mafft web server (version 7; Katoh & Toh,
2008), followed by manual editing in the program
BioEdit (version 7.2). Alignments for the phylogeny of
the SSU-LSU ITS region of cyanobacteria or the ITS-1,2

region of microalgae were performed manually in
BioEdit, taking into account the secondary structure of
the RNA. The models of the secondary structure of the
SSU-LSU ITS region of cyanobacteria or the ITS-2 region
of the microalgae were constructed according to pub-
lished data (see Table 1 for references). Helices were
folded with the online software mfold (Zuker, 2003)
and viewed in the online tool PseudoViewer (Byun &
Han, 2009). The evolutionary model that was best suited
to the database usedwas selected based on the lowest AIC
value (Akaike, 1974) and calculated inMEGA (version 6,
Tamura et al., 2013). Phylogenetic trees were constructed
in the programMrBayes 3.2.2 (Ronquist & Huelsenbeck,
2003), using an evolutionary model GTR + G + I, with
5 000 000 generations. Two of the four runs of the
Markov chain Monte Carlo were made simultaneously,
with the trees taken every 500 generations. Split frequen-
cies between runs at the end of the calculations were
below 0.01. The trees selected before the likelihood
rate reached saturation were subsequently rejected.
The reliability of tree topology was verified by
maximum-likelihood analysis (ML), using the program
GARLI 2.0, and the bootstrap support was calculated
with 1 000 replicates.

The results of the SSU rRNA phylogeny were used
for molecular identification of algae and cyanobac-
teria to genus level, as recommended by Leliaert et al.
(2014). Data for the ITS phylogeny based on the
secondary structure were used for identification at
the species level. Models of the secondary structure
of ITS-2 were prepared and analysed for strains of
Eremochloris and Tetradesmus, using recommenda-
tions by Coleman (2000). Compensatory base
changes (CBCs), base-pair indels (mismatches, dele-
tions, single or unpaired bases) and the positions of
conservative regions of ITS-2 were estimated using
recommendations by Demchenko et al. (2012).

Results

SSU rRNA phylogeny

Phylogenetic analyses of the SSU rRNA of cyanobacteria
and green algae found in the BSC communities are pre-
sented in Figs 1–4 and Supplementary figs S1, S2. Forty-
three original strains of Synechococcales, Oscillatoriales,
Nostocales, Chlorophyceae, Trebouxiophyceae and
Ulvophyceae were included in the phylogenetic analyses.
These isolates, together with 10 strains of
Klebsormidiophyceae (involved in the ITS-1,2 analysis,
see below), were represented by 41morphospecies, which
equaled 64.1% of the taxa list published by Schulz et al.
(2016).

Numerous strains of the Oscillatoriales clustered
in clades corresponding to the genera Hormoscilla
Anagnostidis & Komárek (Gomontiellaceae),
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Table 1. Comparison of morphological identification of respective strains from BSCs of Baltic sea sand dunes with
phylogenetic data.

Strain
Morphospecies, published in

Schulz et al., 2016
Species after

phylogenetic revision Remarks on species identification
Taxonomic revisions,

references

Complete coincidence of morphological and molecular identification to species level

Ru-1-1 Chlorococcum cf. oleofaciens
Trainor & Bold

Chlorococcum
oleofaciens

The SSU rRNA and ITS-1,2 sequences of
original strain are close to authentic
strain ofCh. oleofaciens (SAG 213-11).

Kawasaki et al., 2015

Ru-0-4
Us-7-10
Us-s-7-4

Chlorella vulgaris Beyerinck Chlorella vulgaris The SSU rRNA and ITS-1,2 sequences
of all original strains are close to

authentic strain of Ch. vulgaris (SAG
211/11b).

Krienitz et al., 2004; Bock
et al., 2011

Ru-1-2
Ru-1-3
Us-2-4
Us-7-7

Klebsormidium flaccidum
(Kützing) Silva, Mattox &

Blackwell

Klebsormidium
flaccidum

The ITS-1,2 sequences of all original
strains are close to authentic strain

of K. flaccidum (SAG 2307).

Mikhailyuk et al., 2015

Us-6-7 Klebsormidium crenulatum
(Kützing) Lokhorst

Klebsormidium
crenulatum

The ITS-1,2 sequences of original
strain are close to authentic strain of

K. crenulatum (SAG 37.86).

Mikhailyuk et al., 2015

Ru-6-3 Elliptochloris subsphaerica
(Reisigl) Ettl & Gärtner

Elliptochloris
subsphaerica

The SSU rRNA sequence of the
original strain and sequence of
conserved regions of SSU rRNA,

which are proposed for
identification on species level

(helices E23_1/E23_2, 43 and 49),
are close to authentic strain of
E. subsphaerica (SAG 2202).

Darienko et al., 2016

Ru-s-3-4 Actinochloris sphaerica
Korschikov

Actinochloris sphaerica The strains identified as Actinochloris
sp. cluster in Chloromonadinia clade
(Flechtner et al, 2013), but our strain
together with SAG 23.93 (identified
as A. sphaerica, isolated from soil,
Germany) fell into Moewusinia as
sister lineage to authentic strain of
Radiosphaera dissecta (Korshikov)

Starr (Macrochloris dissecta
Korshikov) UTEX 121. SAG 23.93
and our isolate have identical SSU
rRNA and close ITS-1,2 sequences
and represented the same species,
which differ from UTEX 121.

Epitypification of A. sphaerica is
proposed here.

Korshikov, 1953

Us-1-5 Chlamydomonas cf. callunae Ettl Heterochlamydo-
monas callunae
(Ettl) comb. nov.

The strain fell in the clade of
Heterochlamydomonas

(Reinhardtinia). Taxonomic revision
of the group was not proposed, but
morphological characters of Ch.
callunae showed that it should be

transferred to Heterochlamydomonas
Cox & Deason. Comparison with
authentic strain SAG 68.81 showed
high morphological and phylogenetic
similarity with our strain and with

other species of
Heterochlamydomonas. Taxonomic
combination is proposed here.

Ettl, 1976, 1983

Coincidence of morphological and molecular identification to the group of closely related species

Ru-s-4-3 Chloromonas actinochloris
Pröschold, Marin, Schlösser &

Melkonian

Chloromonas cf.
actinochloris

The strain is close to authentic strain of
Ch. actinochloris (SAG 1.72), but
represented a separate lineage.

Pröschold et al., 2001;
Matsuzaki et al., 2013

Ru-8-1 Klebsormidium cf. nitens
(Kützing) Lokhorst

Klebsormidium cf.
nitens

The strain is close to authentic strain of
K. nitens (SAG 13.91), but
represented another lineage.

Mikhailyuk et al., 2015

Us-s-6-2 Hormoscilla pringsheimii
Anagnostidis & Komárek

Hormoscilla cf.
pringsheimii

Preliminary revision showing
phylogenetic position of the family
and its characters was made, but
phylogeny inside the group and
generic and species concepts were
not proposed. Our isolate essentially
differs from authentic strain SAG
1407-1 according SSU rRNA and

SSU-LSU ITS sequences.

Bohunická et al., 2015

(Continued)
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Table 1. (Continued).

Strain
Morphospecies, published in

Schulz et al., 2016
Species after

phylogenetic revision Remarks on species identification
Taxonomic revisions,

references

Ru-s-3-5 Carteria cf. crucifera Korschikov ‘Carteria’ cf. crucifera Original strain is close to other strains
of Crucicarteria, but it represents
a separate lineage, perhaps another

species of the genus, differed
ecologically. Taxonomic revision of

the group was preliminary.

Nozaki et al., 1994, 1997

Ru-6-12 Microcoleus vaginatus Gomont ex
Gomont

Microcoleus cf.
vaginatus

Microcoleus vaginatus group contains
several species, revision of which

was not proposed.

Strunecký et al., 2013

Us-2-2 Nostoc cf. edaphicum Kondratieva Nostoc cf. edaphicum Several genetically close strains
identified as N. edaphicum, but the
type of the species and species
concept inside the genus are

unknown.

Miscoe et al., 2016; Hrouzek
et al., 2013

Coincidence of morphological and molecular identification, but the taxa require further revision

Us-1-6
Ru-1-9

Tetracystis sarcinalis Schwarz ‘Tetracystis’ cf.
sarcinalis

The strain is close to authentic strain of
Tetracystis sarcinalis (SAG 19.94)
(Reinhardtinia), but the type of
genus Tetracystis Brown & Bold

(T. aeria Brown & Bold, SAG 89.80)
is in Moewusinia. Perhaps these
strains represent a separate genus.

The material needs further
investigation.

–

Ru-6-15 Spongiochloris cf. minor
Chantanachat & Bold

‘Spongiochloris’ sp. Original strain fell to the clade that
contained authentic strain of

Spongiochloris excentrica Starr (SAG
280-1) which is morphologically
close to S. minor. However, type
species of Spongiochloris Starr

(S. spongiosa (Vischer) Starr, UTEX
1) is in Stephanosphaerinia. A new

genus should be described.

–

Us-7-12 Chlorella chlorelloides (Naumann)
Bock, Krienitz & Pröschold

(=Dictyosphaerium chlorelloides
(Nauman) Komárek & Perman)

Xerochlorella cf.
olmiae Fucíková, P.
O. Lewis & L.A.

Lewis

The SSU rRNA sequences of original
strain is close to authentic strain of
Xerochlorella olmiae (UTEX B 2993),

species identification was not
possible because ITS sequence of
authentic strain is not available.

Perhaps Dictyosphaerium-
morphotype is typical for the genus,
but this should be proved by further

investigations.

Fučíková et al., 2014b

Coincidence of morphological and molecular identification to the genus level

Ru-6-5
Ru-6-4

Lobochlamys sp. Lobochlamys sp. The strains formed a separate lineage
within Lobochlamys Pröschold,
Marin, Schlösser & Melkonian
(Oogamochlamydinia), perhaps

representing one species.

Pröschold et al., 2001

Ru-6-16 Diplosphaera chodatii Bialosuknia Diplosphaera sp. Some taxa were revised in the
Diplosphaera/Stichococcus group,

but there was no general taxonomic
revision.

Neustupa et al., 2007; Eliáš &
Neustupa, 2009; Hodač

et al., 2016

Ru-s-3-3 Myrmecia cf. biatorellae Petersen Myrmecia sp. The group was determined as a
separate lineage, but not revised in

details.

Neustupa et al., 2011

Us-7-5 Nostoc cf. linckia Bornet ex Bornet
& Flahault

Nostoc sp. Despite a lot of papers describing new
species, the structure of the genus
and species concept are not resolved.
Perhaps close to our strain Us-2-2,

but morphologically different.

Miscoe et al., 2016; Hrouzek
et al., 2013; Singh et al.,

2016

Us-1-4 Hassalia sp. Hassalia sp. The group is not revised in general, but
some taxa were described

Flechtner et al., 2002; Hauer
et al., 2014; Hentschke

et al., 2016
Ru-0-3 Tolypothrix cf. tenuis Kützing ex

Bornet & Flahault
Tolypothrix sp.

Correct morphological identification to the genus level only

Ru-s-4-5
Us-s-7-3

Bracteacoccus cf. minor (Schmidle
ex Chodat) Petrová

Bracteacoccus
aggregatus Tereg

The SSU rRNA and ITS-2 sequences of
original strains are close to authentic
strain of B. aggregatus (G2-3=UTEX

B 2972).

Fučíková et al., 2012

(Continued)
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Table 1. (Continued).

Strain
Morphospecies, published in

Schulz et al., 2016
Species after

phylogenetic revision Remarks on species identification
Taxonomic revisions,

references

Ru-6-8 Chloromonas cf. reticulata
(Goroschankin) Gobi

Chloromonas sp. The species was originally identified as
Ch. chlorococcoides Ettl & Schwarz

(synonym of Ch. reticulata
(Pröschold et al., 2001)), but it is
phylogenetically distant from both

species.

Pröschold et al., 2001;
Matsuzaki et al., 2012,

2013

Ru-6-11
Us-2-1

Nodosilinea sp. Nodosilinea cf.
epilithica Perkerson

& Casamatta

Our isolates are close to authentic
strain of N. epilithica (Kovacik 1990/
52). But revision of the genus is

incomplete, perhaps includes more
species.

Perkerson et al., 2011

Ru-10-1 Klebsormidium flaccidum Klebsormidium
fluitans (F.Gay)

Lokhorst

Our isolate is close to authentic strain
of K. fluitans (SAG 9.96).

Rindi et al., 2011;
Mikhailyuk et al., 2015

Ru-10-2
Ru-10-3

Klebsormidium cf. subtile
(Kützing) Mikhailyuk, Glaser,

Holzinger & Karsten

Klebsormidium sp. Our isolates form a separate clade
distant from authentic strain of

K. subtile (SAG 384-1).

Us-4-2 Klebsormidium
crenulatum

Klebsormidium
mucosum (Petersen)

Lokhorst

Our isolate is close to authentic strain
of K. mucosum (SAG 8.96).

Ru-6-6 Chloroidium ellipsoideum
(Gerneck) Darienko, Gustavs,

Mudimu, Menendez,
Schumann, Karsten, Friedl &

Proschold

Chloroidium sp. The SSU rRNA and ITS-1,2 sequences
of original strain are quite close to
authentic strains of Ch. ellipsoideum

(SAG 3.95) and Ch. angusto-
ellipsoideum (Hanagata & Chihara)

Darienko, Gustavs, Mudimu,
Menendez, Schumann, Karsten,

Friedl & Proschold (SAG 2115), but
represented a separate lineage.

Darienko et al., 2010

Ru-6-2 Tetradesmus obliquus (Turpin)
Wynne (=Acutodesmus

obliquus (Turpin) E. Hegewald
& Hanagata)

Tetradesmus arenicola
sp. nov.

The SSU rRNA and ITS-2 sequences of
original strain and four other strains
isolated from BSC of Germany and
Ukraine are close to authentic strain
of Acutodesmus bajacalifornicus (L.
A. Lewis & Flechtner) E. Hegewald,
Bock & Krienitz (BCP-LG2-VF16),
but represented a separate lineage.
This alga was described here as

a new species (see below).

Hegewald & Wolf, 2003;
Lewis & Flechtner, 2004;

Sciuto et al., 2015

Incorrect morphological identifications for both genus and species levels

Ru-6-13 Bracteacoccus sp. Pseudomuriella
aurantiaca

(Vischer) Hanagata

The SSU rRNA and ITS-1,2 sequences
of original strain are close to

authentic strain of P. aurantiaca
(SAG 249-1, CCAP 249/1).

Fučíková et al., 2011

Ru-s-4-2 Stichococcus bacillaris Nägeli Pseudostichococcus cf.
monallantoides

Moewus

The SSU rRNA sequence of the original
strain is close to authentic strain of
Pseudostichococcus monallantoides

(SAG 380-1), but ITS-1,2 sequences of
both strains are essentially different, the
strains are different ecologically as well.

Moewus, 1951; Hodač et al.,
2016

Ru-1-5 Pseudophormidium
hollerbachianum (Elenkin)
Anagnostidis (=Plectonema

boryanum Gomont
f. hollerbachianum Elenkin)

Leptolyngbya cf.
boryana (Gomont)
Anagnostidis &

Komárek

The group was determined as a
separate lineage and distinguished as
Leptolyngbya sensu stricto, but not

revised in details.

Osorio-Santos et al., 2014

Ru-0-2 Leptolyngbya cf. notata
(Schmidle) Anagnostidis &

Komárek

Stenomitos sp. The group was revised, but without clear
determination on species level,

phylogenetic position was determined
for S. rutilansMiscoe & Johansen only.

Miscoe et al., 2016

Us-6-3 Leptolyngbya edaphica (Elenkin)
Anagnostidis & Komárek
(=Plectonema edaphicum

(Elenkin) Vaul.

Timaviella sp. The genus with two species was
recently described, but our isolate

perhaps represents a separate species

Sciuto et al., 2017

Us-6-4
Us-1-3

Leptolyngbya cf. henningsii
(Lemmermann) Anagnostidis

Phormidesmis sp. Incomplete revision, described species
Phormidesmis priestleyi (Fritsch)
Komárek, Kaštovský, Ventura,

Turicchia & Šmarda is polyphyletic,
species concept of the group was not

proposed.

Komárek et al., 2009;
Osorio-Santos et al., 2014

(Continued)
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Microcoleus Desmazières ex Gomont, and an unde-
scribed ‘Microcoleus’-like lineage, which represents
a separate genus (Fig. 1). Original strains of
Synechococcales were distributed among clades formed
by the genera Leptolyngbya Anagnostidis & Komárek,
Phormidesmis Turicchia, Ventura, Komárková &
Komárek, Stenomitos Miscoe & Johansen, Timaviella
Sciuto & Moro and Nodosilinea Perkerson & Casamatta
(Fig. 1). Strains of the Nostocales were included in clades
corresponding to the genus Nostoc Vaucher ex Bornet &
Flahault and to the family Tolypothrichaceae (identified
as species of Tolypothrix Kützing ex Bornet & Flahault
and Hassallia Berkeley ex Bornet & Flahault)
(Supplementary fig. S1).

Chlorophyceae strains were distributed among clades
of the Volvocales: Reinhardtinia (genera ‘Tetracystis’ and
Heterochlamydomonas), Oogamochlamydinia (Loboch-
lamys Pröschold, Marin, Schlösser & Melkonian),
Chloromonadinia (Chloromonas Gobi), Moewusinia
(Actinochloris Korschikov), Stephanosphaerinia (Chloro-
coccum Meneghini), Crucicarteria (‘Carteria’); and
Sphaeropleales: Bracteacoccus Tereg, Radiococcaceae

sensu Fučíková et al. (2014a) (‘Spongiochloris’),
Pseudomuriella Hanagata, Selenastraceae (Chlorolobion
Korshikov), Coelastrella Chodat, Tetradesmus Smith
(Figs 2, 3). Trebouxiophyceae strains were distributed
among clades of Diplosphaera/Stichococcus (identified
as Diplosphaera Bialosuknia), and the genera
Pseudostichococcus Moewus, Chlorella Beyerinck,
Myrmecia Printz, Xerochlorella Fucíková, P.O. Lewis &
L.A. Lewis,ChloroidiumNadson, Eremochloris Fucíková,
P.O. Lewis & L.A. Lewis, and Elliptochloris Tschermak-
Woess (Fig. 4). One original strain of Ulvophyceae clus-
tered in a clade formed by the genus Desmochloris
Watanabe, Kuroda & Maiwa (Supplementary fig. S2).
Strains of cyanobacteria and green algae were redefined,
after phylogenetic analyses, as species of the genera men-
tioned (see Table 1).

Two strains from the public collection: SAG 68.81
Chlamydomonas callunae and SAG 23.93 Actinochloris
sphaericawere analysed for comparisonwith our isolates.
These strains were clustered in the clades Reinhardtinia
and Moewusinia (Volvocales, Chlorophyceae), respec-
tively, close to our isolates Us-1-5 and Ru-s-3-4.

Table 1. (Continued).

Strain
Morphospecies, published in

Schulz et al., 2016
Species after

phylogenetic revision Remarks on species identification
Taxonomic revisions,

references

Us-1-1
Us-7-3

Trichocoleus sp. ‘Microcoleus’ sp. Our isolates are morphologically
similar to Trichocoleus sociatus

(West & G.S. West) Anagnostidis
strain (SAG 26.92), but reference

strains of Trichocoleus Anagnostidis
are in Synechococcales. Our isolates
and SAG 26.92 should be identified

as ‘Microcoleus‘ species.

Mühlsteinová et al., 2014

Ru-6-10 Monoraphidium cf. pusillum
(Printz) Komárková-Legnorová

Chlorolobion sp. The SSU rRNA sequence of original
strain fell into group defined as

genus Chlorolobion Korshikov. The
taxonomy of the whole

Selenastraceae is still not revised.

Garcia da Silva et al., 2017

Ru-1-8 Graesiella emersonii (Shihara &
Krauss) Nozaki, Katagiri,

Nakagawa, Aizawa & Watanabe

Coelastrella
aeroterrestrica

Tschaikner, Gärtner
& Kofler

The SSU rRNA and ITS-1,2 sequences
of original strain are close to

authentic strain of C. aeroterrestrica
(SWK-1_2). On the other hand
sequences of several strains of
Chlorella emersonii Shihara &
Krauss are close to the original
strain as well. The group needs

further revision.

Tschaikner et al., 2008;
Kaufnerová & Eliáš, 2013

Us-s-7-5 Pseudochlorella sp. Eremochloris sphaerica
Fucíková, P.O.

Lewis & L.A. Lewis

The SSU rRNA and ITS-2 sequences of
original strain are close to authentic
strain of E. sphaerica (BCP-MX
219VF22=UTEX B 2994). Both

strains have similar, quite prominent
morphology which was not shown

in original paper.

Fučíková et al., 2014b

Ru-s-3-2 Neochloris cf. gelatinosa Herndon Desmochloris cf.
halophila (Guillard,
Bold & Mc Entee)
Watanabe, Kuroda

& Maiwa

The SSU rRNA and ITS-1,2 sequences of
original strain are close to authentic
strain of D. halophila (CCAP 6006/1),
but represented a separate lineage. This

alga might be described as a new
species, but it seems that group is more
diverse (another close strain SAG 2397

was found) and more strains are
necessary for final decision.

Darienko et al., 2009
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Fig. 1. Molecular phylogeny of Synechococcales and Oscillatoriales based on SSU rRNA sequence comparisons.
A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum
Likelihood bootstrap support (BP); bold branches are supported in both analyses (Bayesian values > 0.9 and bootstrap
values > 60%). Strains in bold represent newly sequenced cyanobacteria, strains marked with an asterisk are authentic.
Clade designations follow Osorio-Santos et al. (2014), Miscoe et al. (2016), Patzelt et al. (2014), Bohunická et al. (2015), and
Strunecký et al. (2013).
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Fig. 2. Molecular phylogeny of Volvocales based on SSU rRNA sequence comparisons. A phylogenetic tree was inferred by
the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); bold
branches are supported in both analyses (Bayesian values > 0.9 and bootstrap values > 60%). Strains in bold represent newly
sequenced algae, strains marked with an asterisk are authentic. Clade designations follow Nakada et al. (2008).
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ITS phylogeny and ITS-2 secondary structure

The ITS sequences were included in deeper phyloge-
netic analyses using the ITS secondary structures.
These analyses were provided mostly for genera with
recent taxonomic revisions based on phylogenetic
data, and defined phylogenetic relationships:
Nodosilinea and Timaviella (Sinechococcales),
Chlorococcum, Bracteacoccus, Pseudomuriella, Coela-
strella, Tetradesmus (Chlorophyceae), Chlorella,
Chloroidium (Trebouxiophyceae), Desmochloris
(Ulvophyceae) and Klebsormidium Silva, Mattox &

Blackwell (Klebsormidiophyceae) (Figs 5–8,
Supplementary figs S3–S9). Several of the strains
investigated were assigned to clades formed by
known, well-defined species: Nodosilinea epilithica
(Authors of species are provided in Table 1)
(Supplementary fig. S3), Chlorococcum oleofaciens
(Fig. 5), Bracteacoccus aggregatus (Supplementary fig.
S7), Pseudomuriella aurantiaca (Supplementary fig.
S5), Coelastrella aeroterrestrica (Supplementary fig.
S6), and Chlorella vulgaris (Supplementary fig. S8).
Other strains formed separate lineages within
Tetradesmus (the closest species was Acutodesmus

Fig. 3. Molecular phylogeny of Sphaeropleales based on SSU rRNA sequence comparisons. A phylogenetic tree was inferred
by the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); bold
branches are supported in both analyses (Bayesian values > 0.9 and bootstrap values > 60%). Strains in bold represent newly
sequenced algae, strains marked with an asterisk are authentic. Clade designations follow Fučíková et al. (2014a) and Sciuto
et al. (2015).
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Fig. 4. Molecular phylogeny of Trebouxiophyceae based on SSU rRNA sequence comparisons. A phylogenetic tree was
inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support
(BP); bold branches are supported in both analyses (Bayesian values > 0.9 and bootstrap values > 60%). Strains in bold
represent newly sequenced algae, strains marked with an asterisk are authentic. Clade designations follow Fučíková et al.
(2014b), Hodač et al. (2015), and Darienko et al. (2016).
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(Tetradesmus) bajacalifornicus, Fig. 6), Chloroidium
(the closest species were Ch. ellipsoideum and Ch.
angusto-ellipsoideum, Fig. 7), and Desmochloris (the
closest species was D. halophila, Fig. 8).

Ten strains of Klebsormidium were distributed
among three main lineages: clades C, F and
E (Supplementary fig. S9). Seven strains could be
assigned to clades formed by known species, and were

Figs 5–8. Molecular phylogeny of: Fig. 5. Chlorococcum (Chlorophyceae), Fig. 6. Tetradesmus, Fig. 7. Chloroidium
(Trebouxiophyceae) and Fig. 8. Desmochloris (Ulvophyceae) based on ITS-1,2 or ITS-2 (Tetradesmus) rRNA sequence
comparisons. Phylogenetic trees were inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and
Maximum Likelihood bootstrap support (BP); bold branches are supported in both analyses (Bayesian values > 0.9 and
bootstrap values > 60%). Strains in bold represent newly sequenced algae, strains marked with an asterisk are authentic.
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therefore identified as follows: Klebsormidium flacci-
dum, K. crenulatum, K. mucosum and K. fluitans.
Other strains were included in lineages with an
unknown species designation (Klebsormidium sp. in
clade E) or formed lineages close to known taxa
(Klebsormidium cf. nitens in clade E).

The ITS-2 sequence of Tetradesmus strain Ru-
6-2 was compared with several other related strains
isolated from BSCs of German and Ukrainian sand
dunes. All these isolates together formed a separate
clade (Fig. 6). The ITS-2 sequences of all analysed
strains were identical with the exception of WD-7-1
which differed by two base pairs. ITS-2 secondary
structure of these Tetradesmus isolates differed
from the authentic strain of the phylogenetically

closely related species A. bajacalifornicus (BCP-LG
2-VF-16) by three hCBCs (compensatory base
changes), one mismatch and three differences in
loops, as well as from the morphologically similar
species T. obliquus (UTEX 72) by one hCBCs, three
mismatches, single or unpaired bases and six dif-
ferences in loops (Fig. 9).

For precise identification of the recently described
Eremochloris sphaerica, an authentic strain of this spe-
cies (UTEXB 2994) was investigated and a model of the
ITS-2 secondary structure is presented (Fig. 10). The
ITS-2 of the isolate Us-s-7-5 differed from the authentic
strain in several mismatches, deletions of base pairs, and
two hCBCs.

Morphological identification

Morphological observations on the strains studied are
presented in Figs 11–61 and Supplementary figs S10–
S38. Of the 53 strains investigated, 25 were unambigu-
ously identified to the species level: Leptolyngbya eda-
phica, Pseudophormidium hollerbachianum (=Plecto
nema boryanum f. hollerbachianum), Hormoscilla pring-
sheimii, Microcoleus vaginatus, Chloromonas actino-
chloris, Tetracystis sarcinalis, Actinochloris sphaerica,
Graesiella emersonii, Tetradesmus obliquus (=Acuto
desmus obliquus), Stichococcus bacillaris, Diplosphaera
chodatii, Elliptochloris subsphaerica, Chloroidium ellipsoi-
deum, Chlorella vulgaris, Chlorella chlorelloides
(=Dictyosphaerium chlorelloides), Klebsorm-idium flacci-
dum andK. crenulatum. Themorphological characters of
these strains corresponded completely to the descriptions
of the respective taxa (Kondratyeva, 1968; Lokhorst,
1996; Komárek & Anagnostidis, 2005; Komárek, 2013;
Ettl & Gärtner, 2014). Identification of the rare alga
Actinochloris sphaerica was confirmed by comparison
with another strain of this species, SAG 23.93 (Figs 28–
33). Chlorella chlorelloides was initially identified as
Dictyosphaerium chlorelloides and is characterized by
a prominent Dictyosphaerium-like morphology, due to
remnants of mother-cell walls and the pyrenoid consist-
ing of several starch grains (Figs 56, 57).

Nineteen strains were tentatively identified,
although with some uncertainty, mainly because of
unclear morphological characters of the respective
taxa: Leptolyngbya cf. notata, Leptolyngbya cf. hen-
ningsii, Nostoc cf. edaphicum, Nostoc cf. linckia,
Tolypothrix cf. tenuis, Chlamydomonas cf. callunae,
Chloromonas cf. reticulata (=Chlamydomonas cf.
chlorococcoides), Chlorococcum cf. oleofaciens,
Spongiochloris cf. minor, Neochloris cf. gelatinosa,
Monoraphidium cf. pusillum, Bracteacoccus cf.
minor, Myrmecia cf. biatorellae, Klebsormidium cf.
nitens and Klebsormidium cf. subtile. A rare and
morphologically distinct strain identified as Carteria
cf. crucifera (Figs 34, 35) was, however, ecologically
different from the respective species (Ettl, 1983). The

Fig. 9. ITS-2 secondary structure of the investigated strains
of Tetradesmus. The structure of T. arenicola is presented,
with the differences from the closely related species
T. bajacalifornicus, BCP-LG2-VF-16 (white circles) and
T. obliquus, UTEX 72 (black circles). Variation between
different strains of T. arenicola is shown with white
squares.
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identification of Chlamydomonas cf. callunae was
confirmed by comparison with the authentic strain
of this species, SAG 68.81 (Figs 16–19).

Nine strains were identified only to genus level
because of a lack of distinct morphological characters
for species identification (Nodosilinea sp., Hassalia
sp. and Bracteacoccus sp.) or morphological inconsis-
tency with known species (Trichocoleus sp.,
Lobochlamys sp. and Pseudochlorella sp.). This last
species was compared with an authentic strain of
the recently described, phylogenetically close species
Eremochloris sphaerica, UTEXB 2994 (Figs 53–55),
and showed close morphological similarity to this
representative.

Discussion

Comparison of morphological versus phylogenetic
markers

Phylogenetic analyses of SSU rRNA sequences deal
mostly with the phylogeny of cyanobacteria and
green and streptophyte algae, as in the studies of
Nakada et al. (2008), Rindi et al. (2011), Fučíková
et al. (2014a, 2014b), Hauer et al. (2014), Osorio-
Santos et al. (2014), Bohunická et al. (2015), Hodač
et al. (2015), Sciuto et al. (2015) and Darienko et al.
(2016, 2017). Table 1 summarizes the data used for
comparison of morphological identification of the
respective BSC strains with phylogenetic data. Some
notes on final identifications and on taxonomic

revisions based on this integrative approach are pro-
vided as well.

The data obtained during the comparisons are
divided into several groups. The first group includes
the results with complete coincidence of morpholo-
gical and molecular identification to species level.
These results were obtained exclusively for genera
with recent taxonomic revisions, resolved phyloge-
netic relationships within genera, clear species con-
cepts, and mostly using ITS phylogenies:
Chlorococcum oleofaciens (Figs 2, 5), Chlorella vul-
garis (Figs 4, Supplementary fig. S8), Klebsormidium
flaccidum, and K. crenulatum (Supplementary fig.
S9). The identification of Elliptochloris subsphaerica
was confirmed using the SSU rRNA data (Fig. 4),
because of the absence of the ITS region in the
original sequence. However, the resolution based on
SSU rRNA sequences is high in the genus
Elliptochloris, and some conserved regions of this
gene are reported as suitable for species identification
(Darienko et al., 2016).

Strain Us-1-5 was identified as Chlamydomonas
callunae and clustered in the clade of Heterochlamy
domonas Cox & Deason (Reinhardtinia, Fig. 2).
Morphological characters of C. callunae showed that it
should be transferred to Heterochlamydomonas (Ettl,
1976, 1983), and hence our morphological identification
was generally correct. We compared our isolate with the
authentic strain of Chlamydomonas callunae SAG
68.81 and found that they were close phylogenetically
and morphologically (Figs 2, 16–23). Therefore, we

Fig. 10. ITS-2 secondary structure of investigated strains of Eremochloris. The structure of E. sphaerica (Us-s-7-5) is
presented, with the differences from the authentic strain UTEX B 2994 (MH703778, white circles).
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Figs 11–26. Micrographs of strains of cyanobacteria and green algae. Fig. 11. Us-1-3 Phormidesmis sp. Fig. 12. Us-6-3
Timaviella sp. Fig. 13. Ru-6-11 Nodosilinea cf. epilithica. Fig. 14. Us-1-1 ‘Microcoleus’ sp. Fig. 15. Us-s-6-2 Hormoscilla cf.
pringsheimii. Figs 16–23. Heterochlamydomonas callunae: SAG 68.81 (Figs 16–19) and Us-1-5 (Figs 20–23): flagellated cells
(zoospores), uneven flagella indicated (Figs 16, 17, 20, 21), adult vegetative cells (Figs 18, 19, 22), large vegetative cells with
dissected chloroplast in optical section (left) and in surface view (right) (Fig. 19), zoosporangium (Fig. 23). Figs 24, 25. Ru-
1-9 ‘Tetracystis’ cf. sarcinalis: surface view (Fig. 24), optical section (Fig. 25). Fig. 26. Ru-1-1 Chlorococcum oleofaciens.
Arrows indicate nuclei, large arrows indicate flagella, arrowheads indicate contractile vacuoles. Scale bars: Figs 11, 14, 15,
18, 19, 22, 23, 10 μm; Figs 12, 13, 16, 17, 20, 21, 24-26, 5 μm.
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propose to transfer Chlamydomonas callunae to
Heterochlamydomonas (see below).

Identification of Actinochloris sphaerica represents
a special case, because a revision of the genus based

on phylogenetic data is still lacking. Available data on
Actinochloris sp. isolated from a desert BSC in North
America are given by Flechtner et al. (2013). This strain
has an Actinochloris-like morphology, but clustered in

Figs 27–44. Micrographs of strains of green algae. Figs 27–33. Actinochloris sphaerica: Ru-s-3-4 (Fig. 27) and SAG 23.93
(Fig. 28–33): optical section (Figs 28, 32), surface view (Figs 29, 33), young cell originated from zoospore (Fig. 30), akinete
(Figs 32, 33). Figs 34, 35. Ru-s-3-5 ‘Carteria’ cf. crucifera. Figs 36–41. Tetradesmus arenicola sp. nov.: Prim-13-1 (Figs
36–38, 41) and WD-7-1 (Figs 39, 40): old cell with carotenoids (Fig. 41). Fig. 42. Ru-1-8 Coelastrella aeroterrestrica. Figs 43,
44. Ru-6-10 Chlorolobion sp. Thin arrows indicate nuclei, thick arrows indicate pyrenoids, arrowheads indicate contractile
vacuoles. Scale bars: Fig. 27, 10 μm; Figs 28–44, 5 μm.
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Figs 45–61. Micrographs of strains of green algae. Fig. 45. Ru-6-15 ‘Spongiochloris’ sp. Figs 46–55. Eremochloris sphaerica:
Us-s-7-5 (Figs 46–51) and UTEX B 2994 (Figs 53–55): young cells (Figs 46, 47); optical section (Fig. 48); surface view (Fig.
49); sporangium (Fig. 51), surface view (left, narrow spaces between chloroplast lobes are visible) and optical section (right)
of the same cell (Fig. 54); surface view of cell with shorter chloroplast lobes (Fig. 55). Fig. 52. Ru-s-4-2 Pseudostichococcus
cf. monallantoides. Figs 56, 57. Us-7-12 Xerochlorella cf. olmiae. Figs 58–61. Ru-s-3-2 Desmochloris cf. halophila: optical
section (Fig. 59), surface view (Fig. 60), old cell with Hormotila-like mucilage outgrowth (Fig. 61). Thin arrows indicate
nuclei, thick arrows indicate pyrenoids. Scale bars: 45, 53–55, 58–61, 10 μm, 46–52, 56, 57, 5 μm.
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the clade Chloromonadinia, Chlorophyceae (see Fig. 2).
The isolate of the present study, together with the pub-
licly available strain SAG 23.93, are representatives of
the sister chlorophycean clade Moewusinia. Both SAG
23.93 and the new isolate Ru-s-3-4 showed identical
SSU rRNA and similar ITS-1,2 sequences (which dif-
fered by only four nucleotides), and they also corre-
sponded morphologically to the original description of
Actinochloris sphaerica (Korshikov, 1953). SAG 23.93
and Ru-s-3-4 form a sister lineage to the authentic
strain of Radiosphaera dissecta (Macrochloris dissecta)
UTEX 121 (Fig. 2). This latter species was proposed as
a synonym of Actinochloris sphaerica or a species close
to Actinochloris terrestris (Ettl & Gärtner, 2014). It is
obvious that all these taxa are closely related; however,
Korshikov (1953) mentioned that they differ in the
pyrenoid morphology and the presence/absence of
multiple peripheral contractile vacuoles. The phylogeny
developed in the present study indicated that the strains
of Actinochloris Korshikov represent, at least, different

species (Fig. 2). An authentic strain of Actinochloris
sphaericawas not proposed by Korshikov (1953); there-
fore, we propose strain SAG 23.93 as the epitype of this
species, as a step toward improving the taxonomy of
terrestrial green algae (see below).

The second group of data represented coincidence
of morphological and molecular identification to the
group of closely related species, because the original
sequences formed sister lineages to authentic strains
of the following species: Chloromonas cf. actinochloris
(SSU rRNA phylogeny, Fig. 2) and Klebsormidium cf.
nitens (ITS-1,2 phylogeny, Supplementary fig. S9).
Isolates of cyanobacteria from the Homontiellaceae,
Hormoscilla cf. pringsheimii (Fig. 1) and of the chlor-
ophycean alga ‘Carteria’ cf. crucifera (Fig. 2) could
not be unambiguously identified to species level
because of the lack of detailed taxonomic revisions
using phylogenetic data, such as for the
Gomontiellaceae (Bohunická et al., 2015).
Furthermore, the SSU-LSU ITS sequences of the
authentic strain of Hormoscilla pringsheimii (SAG
1407-1) and the original isolate are quite different.
The BSC isolate Ru-s-3-5 of the present study is
morphologically similar to the freshwater species
‘Carteria’ crucifera, but is obviously ecologically dif-
ferent, and a revision of this group is in the prelimin-
ary stages (Nozaki et al., 1994, 1997). Strain Ru-6-12
clustered in a clade formed by isolates of Microcoleus
vaginatus (Oscillatoriaceae, Fig. 1), but this group
obviously contains several species (Strunecký et al.,
2013), although a revision has not been proposed.
Strain Us-2-2 clustered in a clade with several isolates
identified as Nostoc edaphicum (Supplementary fig.
S1); however, no taxonomic revision of this group
exists and hence the identification is not clear.

The third group of data represents coincidence of
morphological and molecular identification, but the
taxa require further revision. Strain Us-1-6 was iden-
tified as a morphospecies of Tetracystis sarcinalis and
the sequence of this strain agreed with that of the
authentic strain of the respective species (SAG 19.94,
Fig. 2). However, the generic name of these represen-
tatives has to be changed because the type species of
Tetracystis (T. aeria) is in a different lineage
(Moewusinia, Nakada et al., 2008, see Fig. 2).

The sequence of strain Ru-6-15 identified as
Spongiochloris cf. minor clustered in the lineage deter-
mined as Radiococcaceae, Sphaeropleales (Fučíková
et al., 2014a, see Fig. 3), but the type of the genus
Spongiochloris (S. spongiosa) is located within the
Stephanosphaerinia, Volvocales (Nakada et al., 2008,
see Fig. 2). The authentic strain of Spongiochloris
excentrica, which is morphologically close to Ru-6-15,
clustered in the clade Radiococcaceae (Sphaeropleales)
as well, but represented a sister lineage (Fig. 3).
Consequently, the morphologically defined genus

Figs 62–66. Drawings of interesting green algae. Figs 62,
63. Eremochloris sphaerica, UTEX B 2994: cells in surface
view (Fig. 62) and in optical section (Fig. 63). Figs 64–66.
Proposed new species Tetradesmus arenicola, Prim-13-1:
lemon-shaped single cells (Fig. 64), cenobia (Figs 65, 66).
Scale bars: 10 μm.
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Spongiochloris is polyphyletic, and its members belong
to different orders of Chlorophyceae.

Strain Us-7-12, identified as Chlorella chlorelloides,
clustered in a clade with a recently described genus
from desert BSCs, Xerochlorella Fucíková, P.O. Lewis
& L.A. Lewis (Trebouxiophyceae) (Fučíková et al.,
2014b) (Fig. 4). Initially, isolates in the present study
were identified as Dictyosphaerium chlorelloides, and
then transferred to Chlorella following a taxonomic
revision (Bock et al., 2011). The presence of several
sequences identified as Dictyosphaerium Nägeli in this
clade (see Fig. 4) showed that the Dictyosphaerium-like
morphotype is typical for members of the genus
Xerochlorella. However, this information is not pro-
vided in the diagnosis of this genus (Fučíková et al.,
2014b) and hence a successful morphological identifi-
cation of these representatives is impossible.
Unambiguous species identification of the
Xerochlorella isolate Us-7-12 is also impossible, because
of the lack of an ITS sequence for the authentic strain in
NCBI (the group was revised on the basis of SSU rRNA
and rbcL phylogenies).

The fourth group of data represents coincidence of
morphological and molecular identification to the genus
level. Determination of species on the basis of phyloge-
netic data is currently not possible for these taxa. The
situation is typical for groups with incomplete or no
recent taxonomic revisions (see Table 1): Lobochlamys
sp. (Oogamochlamydinia, Chlorophyceae, Fig. 2);
Diplosphaera sp. and Myrmecia sp. (Trebouxiophyceae,
Fig. 4); and Nostoc sp., Hassalia sp. and Tolypothrix sp.
(Nostocales, Supplementary fig. S1). For Lobochlamys,
a revision based on phylogenetic data was conducted by
Pröschold et al. (2001), although this genus probably
includes a wider diversity of species than previously
described.

The fifth group contains taxa with correct mor-
phological identification to genus level only. This
group typically represents species for which identi-
fication is limited due to a lack of prominent mor-
phological characters. A typical example is the
taxonomic revision of the genus Bracteacoccus,
which revealed several cryptic species (Fučíková
et al., 2012). The ITS-2 phylogeny showed that
isolates of the present study identified as
Bracteacoccus cf. minor actually belong to the mor-
phologically and phylogenetically closely related
species B. aggregatus (Supplementary fig. S7).
A sequence of a strain identified as Chloromonas
cf. reticulata formed a separate lineage within
Chloromonadinia, but far distant from the respec-
tive species (Fig. 2). Sequences of two strains of
Nodosilinea are close to the morphologically
unclear Nodosilinea epilithica according to the
SSU rRNA and SSU-LSU ITS data (Figs 1,
Supplementary fig. S3). The ITS phylogeny pro-
vided a more precise identification of three strains

of Klebsormidium (Supplementary fig. S9), which
have a generally uniform morphology combined
with a high level of morphological plasticity,
which is typical for the genus (Rindi et al., 2011;
Mikhailyuk et al., 2015).

The ITS-1,2 phylogeny of strains of Tetradesmus
and Chloroidium provide interesting examples,
because they formed clearly separated lineages in
the trees corresponding to new cryptic species inside
the respective genera (see Figs 6, 7). Recent taxo-
nomic revisions of the genus Tetradesmus
(=Acutodesmus) indicated that the morphospecies
T. obliquus (=Acutodesmus obliquus, Scenedesmus
acutus Meyen) includes several cryptic species
(Lewis & Flechtner, 2004; Sciuto et al., 2015). The
morphology of strain Ru-6-2 and four additional
strains also isolated from sand-dune BSCs corre-
sponded to the description of this morphospecies
(Tsarenko, 1990; Ettl & Gärtner, 2014). The SSU
rRNA phylogeny pointed to a high similarity of
strains in the present study, compared to cryptic
species described from desert BSCs, such as
Tetradesmus bajacalifornicus (Fig. 3). However, the
ITS-2 data (Fig. 6) indicated that the new isolates
represent a sister lineage to T. bajacalifornicus. The
ITS-2 secondary structures showed some differences
from both T. bajacalifornicus (three hCBCs, one mis-
match and three differences in loops) and T. obliquus
(one hCBC, three mismatches, single or unpaired
bases, and six differences in loops). These differences
are important in the context of modern taxonomy,
and justify the description of a new species (see
below).

The sixth group represents strains with incorrect
morphological identifications for both genus and spe-
cies levels. Some of these strains belong to taxa with
unclear morphological characters (cryptic genera and
species): Pseudomuriella aurantiaca, originally identi-
fied as Bracteacoccus sp. (Fig. 3, Supplementary fig. S5);
and Pseudostichococcus cf. monallantoides (Fig. 4),
mentioned in the morphological species list as
Stichococcus bacillaris. A similar incorrect identification
occurred in Synechococcales: Leptolyngbya cf. boryana
was identified as the morphologically similar
Pseudophormidium hollerbachianum. Both these taxa
were originally described as different forms of
Plectonema boryanum: f. boryanum and f. holler-
bachianum. The first taxon was transferred to
Leptolyngbya as the type of the genus, and the second
was included in Pseudophormidium (Komárek &
Anagnostidis, 2005). According to the SSU rRNA phy-
logeny, the strain studied is representative of the clade
Leptolyngbya and closely related to L. boryana (Fig. 1).
Two strains of another cyanobacterium, ‘Microcoleus’
(Oscillatoriales), were misidentified due to their mor-
phological similarity to the genus Trichocoleus
(Synechococcales). A similar misidentification occurred
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with the public strain SAG 26.92, which represents
a separate lineage inside Oscillatoriales (see Fig. 1).
Some original strains of Synechococcales were morpho-
logically similar to the morphospecies Leptolyngbya
notata, Leptolyngbya edaphica (=Plectonema edaphi-
cum) and Leptolyngbya henningsii. The sequences of
these strains clustered in clades described as the new
synechococcalean genera Stenomitos, Timaviella, and
Phormidesmis according to the SSU rRNA phylogeny
(Fig. 1). Incomplete taxonomic revisions of these genera
do not allow us to determine the suitable species names
for these taxa (Komárek et al., 2009; Miscoe et al., 2016;
Sciuto et al., 2017).

A molecular-taxonomic revision of the
Selenastraceae is progressing, but not yet complete
(Garcia da Silva et al., 2017), and hence the identifica-
tion ofMonoraphidium-like taxa is still problematic on
both species and genus levels. Isolate Ru-6-10, identified
as the polyphyletic taxon Monoraphidium pusillum,
clustered in the clade defined by Chlorolobion (Garcia
da Silva et al., 2017, Fig. 3), but the designation of the
species is still unclear. Strain Ru-1-8, identified as
Graesiella emersonii, appeared in the clade formed by
Coelastrella species (Chlorophyceae) in a close relation-
ship to the recently described Coelastrella aeroterres-
trica (Tschaikner et al., 2008) (Fig. 3). The ITS-1,2
phylogeny of this group showed the same result
(Supplementary fig. S6). Several strains of Chlorella
(Graesiella) emersonii from the SAG and CCAP collec-
tions formed sister lineages in the SSU rRNA and ITS-
1,2 phylogenies to Ru-1-8, as well as to the authentic
strain ofC. aeroterrestrica. Furthermore, some strains of
‘Chlorella’ (Graesiella) emersonii (SAG 2334) even
formed lineages outside the Coelastrella clade, accord-
ing to the SSU rRNA phylogeny (Fig. 3). Consequently,
the phylogenetic relationships of C. aeroterrestrica and
the polyphyletic morphospecies ‘Chlorella’ (Graesiella)
emersonii (sometimes also identified as ‘Chlorella’ fusca
Shihira & Krauss) should be re-evaluated.

Strain Us-s-7-5, identified as Pseudochlorella sp.,
clustered in the clade of the recently described
genus Eremochloris, Trebouxiophyceae (Fig. 4).
This strain has an unusual morphology and does
not correspond to any known algal taxon.
Eremochloris was described as a cryptic genus
with unclear morphology (Fučíková et al., 2014b).
For identification of Us-s-7-5, the ITS-1,2
sequences of the authentic strain E. sphaerica
UTEX B 2994 were obtained along with the ITS-2
secondary structure (Fig. 10). The ITS-2 sequences
of UTEX B 2994 and Us-s-7-5 are very similar and
differed only in a few mismatches, deletions of base
pairs, and two hCBCs, which can be considered
intraspecific variation. Therefore, Us-s-7-5 was
identified as E. sphaerica. The two strains are very
similar morphologically as well, and hence the data

presented serve to improve the morphological diag-
nosis of the species (see below).

The strain Ru-s-3-2, identified according to mor-
phological data as Neochloris cf. gelatinosa
(Chlorophyceae), appeared in the clade with rare
algae from genus Desmochloris (Ulvophyceae). This
strain was misidentified because of the similar mor-
phology of adult vegetative cells and zoospores to the
genus Neochloris, Chlorophyceae (Ettl & Gärtner,
2014). However, more detailed observations, espe-
cially on old cultures, showed distinct differences
from Neochloris and some similarity to representa-
tives of the Ulvophyceae. The SSU rRNA and ITS-1,2
phylogenies indicated that strain Ru-s-3-2 formed
a sister lineage to the authentic strains of
Desmochloris halophila and D. mollenhaueri (Fig. 8)
and thus, possibly represents a separate species. The
morphology of Ru-s-3-2 is different from known
Desmochloris species. However, the presence of
a strain of D. cf. halophila (SAG 2397) isolated from
karstic streams (Hodač et al., 2015) in close relation-
ship to Ru-s-3-2 indicated that this group is probably
more diverse than previously considered, and addi-
tional strains are necessary for final identification.

Rare algae found in BSCs from sand dunes of the
Baltic Sea

During the present study, several rare cyanobacteria
and algae were found in the BSCs. Hormoscilla cf.
pringsheimii (Us-s-6-2) is such a cyanobacterial
taxon, typical for terrestrial habitats (Bohunická
et al., 2015). It is characterized by short filaments
with narrow cells, spherical in cross section (Fig.
15). This cyanobacterium belongs to the unusual
family Gomontiellaceae, which unites rare and insuf-
ficiently investigated taxa (Bohunická et al., 2015),
and possibly strain Us-s-6-2 represents a new species
because it differs in essentials from the authentic
strain of Hormoscilla pringsheimii, according to phy-
logenetic data (see Fig. 1).

‘Tetracystis’ cf. sarcinalis (Ru-1-9, Us-1-6), also an
interesting finding, is a typical alga for BSCs of
German sand dunes (Schulz et al., 2016). It forms
diads and sarcinoid packets surrounded by layered
mucilage. This taxon is characterized by the cup-
shaped perforated chloroplast with a prominent pyr-
enoid consisting of two halves of starch and the
presence of two contractile vacuoles (Figs 24, 25).
This alga has so far been found in Croatian soils
(Ettl & Gärtner, 2014) as well as on the walls of
buildings and monuments in Spain (Uher et al.,
2005). An assumed close relationship of T. sarcinalis
with Neochlorosarcina Watanabe (Reinhardtinia), but
not with other species of Tetracystis (Moewusinia),
was previously expressed by Andreyeva (1998) on the
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basis of morphological characters. The isolates of the
present study are morphologically and genetically
quite similar to the authentic strain, but with some
differences, which might justify the proposal of a new
species.

‘Carteria’ cf. crucifera (Ru-s-3-5) is a rare and
unusual finding for terrestrial habitats, because mem-
bers of the Crucicarteria are mostly typical for fresh-
water bodies, although a few species inhabit soil as
well (Nozaki et al., 1994). Ru-s-3-5 is characterized by
the cruciform papilla typical for this group, H-shaped
chloroplast, anterior stigma, and posterior nucleus
(Figs 34, 35). Phylogenetic data (Fig. 2) showed that
this strain perhaps represents a new species.

‘Spongiochloris’ cf. minor (Ru-6-15) is unique
because of its phylogenetic position outside the
Stephanosphaerinia, indicating that Spongiochloris is
a polyphyletic genus. Ru-6-15 is characterized by
multinucleate cells, wall-less zoospores and a typical
net-like chloroplast with a central pyrenoid consisting
of two to four starch plates (Fig. 45). The phylogen-
etically closely related S. excentrica and many other
species of Spongiochloris have pyrenoids with the
same structure (Ettl & Gärtner, 2014), while the
type of the genus, S. spongiosa, is characterized by
a pyrenoid consisting of multiple starch grains.
Therefore, Spongiochloris is perhaps polymorphic on
a morphological level as well. More detailed investi-
gations are necessary to clarify the taxonomic posi-
tion of these two Spongiochloris-like genera.

Monoraphidium-like algae are typical of freshwater
habitats (Tsarenko, 1990), although several species
are also found in BSCs of Baltic Sea sand dunes as
representative and abundant taxa (Schulz et al.,
2016), such as Podohedra bicaudata Geitler,
Chlorolobion lunulatum and Monoraphidium cf.
pusillum. The SSU rRNA sequence of this last isolate
showed that it is actually a species of Chlorolobion
(see Fig. 3). Morphological investigation of this strain
clearly showed a naked pyrenoid (Figs 43, 44), which
is typical for Monoraphidium Komárková-Legnerová
(Marvan & Komárek, 1984; Krienitz et al., 1986) and
was recently reported for many strains of
Selenastraceae (Garcia da Silva et al., 2017).

The strain identified as Pseudostichococcus cf.
monallantoides (Ru-s-4-2) exhibits a Stichococcus-
like morphology. Despite a previous identification of
this strain as a trivial Stichococcus bacillaris, a more
detailed investigation showed an unusual, poly-
morphic cell shape (Fig. 52) and some characters
that may be associated with budding, which is also
found in this group (Eliáš & Neustupa, 2009).

Xerochlorella cf. olmiae is an ecologically interest-
ing finding in BSCs of Baltic Sea sand dunes, after its
recent description from desert soil of the USA as
a cryptic genus and species (Fučíková et al., 2014b).
The isolate of the present study shows a prominent

Dictyosphaerium-like morphology and was initially
identified as Chlorella chlorelloides (Dictyosphaerium
chlorelloides). The presence of several other strains
identified as Dictyosphaerium in the respective clade
of the SSU rRNA phylogeny confirmed our observa-
tion (Fig. 4), although the true Dictyosphaerium
(and Dictyosphaerium-like C. chlorelloides) is nested
inside Chlorellales (Bock et al., 2011). The isolate of
the present study is also characterized by the pre-
sence of a pyrenoid (Figs 56, 57), a morphological
feature lacking in the description of Xerochlorella
olmiae (Fučíková et al., 2014b). Unfortunately, iden-
tification to species level was impossible because of
the lack of ITS sequences in databases. It is obvious
that this interesting group requires additional revi-
sion, with deeper investigation of morphological
characters.

Desmochloris cf. halophila (Ru-s-3-2) was a rare
finding in the BSCs of these sand dunes. This taxon
is characterized by multinucleate spherical or wide-
ellipsoid cells with a richly dissected, striated chlor-
oplast with one or several pyrenoids surrounded by
several starch grains and biflagellate wall-less zoo-
spores (Figs 58–61). All these characters are similar
to the morphology of Neochloris (our preliminary
identification). However, a more detailed investiga-
tion showed that Ru-s-3-2 formed large saccular cells
with mucilaginous Hormotila-like outgrowths in old
culture. The large cells produced autospores in pack-
ets which realized via gelatinization of the cell wall.
Ru-s-3-2 is morphologically different from the
known species D. halophila and D. mollenhaueri
(Darienko et al., 2009), and probably represents
a new species.

Proposed taxonomic changes of some investigated
taxa of BSC green algae

Heterochlamydomonas callunae (Ettl) Mikhailyuk &
Demchenko comb. nov. (Figs. 16–19)

Basionym: Chlamydomonas callunae Ettl, 1976, Beih.
Nova Hedwigia 49: 571, pl. 123, fig. 2.
Type locality: Soil on floor of degraded pine forest
with a rich cover of Calluna vulgaris, Schönhengst,
Czech Republic.
Epitype (here designated): The authentic strain SAG
68.81 is permanently preserved in a metabolically
inactive state (cryopreserved in liquid nitrogen) in
the Sammlung von Algenkulturen, University of
Göttingen, Germany.

Emended description
Flagellated cells obovoid, truncated in upper part and
narrowed and rounded in basal part, (5.0) 6.5–8.7 ×
(2.0) 4–4.7 μm. Cell wall dense, without papilla.
Flagella equal to or slightly longer than cell length.
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During flagella formation, stages with slightly uneven
flagella observed. Chloroplast parietal, smooth or dis-
sected in 2–3 lobes. Pyrenoid single, spherical, sur-
rounded by several starch grains, in the lateral,
middle or upper part of cell. Stigma quite large,
ellipsoid, anterior. Nucleus posterior. Two apical con-
tractile vacuoles. Flagellated cells lose the flagella,
increase in size and form spherical uninucleate coc-
coid stigma-less cells with chloroplast richly dissected
and striated on the surface, and a large central pyr-
enoid surrounded by many small starch grains. Adult
cells spherical, with two contractile vacuoles, sur-
rounded by delicate mucilage, 11–16.5 μm in dia-
meter. Asexual reproduction by zoospores formed
in sporangia with 2–4 cells (flagellated cell described
above). Sexual reproduction not observed.

Comments
The epitype strain corresponds to the diagnosis of
Chlamydomonas callunae concerning the flagellated
cells, although the diagnosis completely lacks informa-
tion about the adult spherical cells. It seems that the alga
corresponds to a Palmellopsis-like representative, with
adult cells in the palmelloid stage and rapid formation
of mobile zoospores after a transfer to fresh medium.
Therefore, the flagellated cells of SAG 68.81 represent
zoospores. On the other hand, the alga also corresponds
morphologically to Heterochlamydomonas, due to the
specific obovoid and apically truncated flagellated cells,
and the morphology of the chloroplast, stigma and
pyrenoid. The flagellated cells of SAG 68.81 have
slightly uneven flagella during their formation, which
also corresponds to the main character of
Heterochlamydomonas. Our strain of H. callunae (Us-
1-5) is morphologically similar to SAG 68.81, but is
characterized by the formation of a denser mucilage
envelope and a more prominent Palmellopsis-like
stage. We also observed a larger number of zoospores
in the sporangia (2-4-8-16) in Us-1-5 than is typical for
the authentic strain. Both strains have closely similar
sequences of SSU rRNA and ITS-1,2 (1 nucleotide
difference each in SSU rRNA and ITS-2), and a more
variable ITS-1 (8 nucleotide differences).

Actinochloris sphaerica Korschikov, 1953,
Protococcineae: 69, fig. 12 (Figs 28–33)

Type locality: Pool with decaying leaves and soil,
Kharkov, Ukraine.
Epitype (here designated): The strain SAG 23.93 (pro-
posed here as the authentic strain of Actinochloris
sphaerica), permanently preserved in a metabolically
inactive state (cryopreserved in liquid nitrogen) in the
Sammlung von Algenkulturen, University of
Göttingen, Germany.
Comments: The epitype strain completely corre-
sponds to the diagnosis of A. sphaerica (Korschikov,

1953). The main morphological characters of the
species (richly dissected asteroid chloroplast, large
pyrenoid surrounded by many small starch grains,
many nuclei and many peripheral contractile
vacuoles, zoospores surrounded by cell wall) men-
tioned in the original description (Korschikov, 1953:
69) are typical for strain SAG 23.93, proposed here as
the epitype. The epitype strain was isolated from
sandy loam soil of a winter barley field,
Brandenburg, Güterfelde/Potsdam, Germany. This
habitat is ecologically similar to the type locality and
is part of the same geographic region (Europe).

Eremochloris sphaerica Fučíková, P.O. Lewis & L.A.
Lewis, 2014b, Phycol. Res. 62: 304, fig. 1: f-i. emend.
Mikhailyuk & Demchenko (Figs 53–55, 62, 63)

Type locality: Mexico, Baja California, desert soil.
Authentic strain: UTEX B 2994.

Emended description
Cells spherical or slightly ovoid, adult vegetative
cells (15.0) 18.3–23.3 (29.4) μm in diameter, unin-
ucleate. Chloroplast parietal, dissected on (3) 4–6 (8)
clear, curved or undulated lobes. In some young
cells, chloroplast with cruciform appearance in opti-
cal section. Chloroplast lobes of adult cells often
long and covering entire inner cell surface, in this
case spaces between lobes are visible as thin lines in
surface view. Pyrenoid single, prominent, covered
with several starch grains. Asexual reproduction by
(4) 8–16 spherical autospores, 5.0–7.2 μm in dia-
meter. Young cells spherical, with simple chloroplast
that is further dissected in lobes. Sexual reproduc-
tion not observed.

Comments
This alga is morphologically distinct, despite the for-
mer statement that it is a cryptic representative with
morphologically unclear characters (Fučíková et al.,
2014b). The strain isolated from a Baltic Sea sand
dune (Us-s-7-5) and identified as the same species
is the first report of this alga after its description and
in temperate Europe. It is interesting that
Eremochloris sphaerica has been found in different
climatic and geographic regions, although in ecologi-
cally similar habitats: maritime sand dunes (Europe)
and sandy desert soils (North America).

Tetradesmus arenicola Mikhailyuk & P. Tsarenko
sp. nov. (Figs 36–38, 41, 64–66)

Cenobia 2–4-celled or cells mostly solitary in culture.
Cenobia with different shapes, having volumetric
coiled or linear, alternative and opposite shape.
Cells lemon-shaped with pointed ends, fusiform or
crescentic to wide-ellipsoid or subspherical, with
small protrusions typically at one or both cell poles.
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Adult cells in cenobia (17.1) 19.4–29.4 (32.6) μm in
length, (6.7) 7.8–8.3 μm in width, single cells (11.1)
14.4–25.0 (30.6) μm in length, (6.7) 8.3–16.7 (18.0)
μm in width. Cells uninucleate, with parietal chlor-
oplast with wavy edges and single pyrenoid sur-
rounded by two starch grains. Old cells spherical
and filled with drops of orange oil. Reproduction by
autospores, formed in sporangia by 2–4 spores.
Sexual reproduction not observed.
HABITAT: Biological soil crusts from maritime sand
dunes.
TYPE LOCALITY: Black Sea coast, Danube Delta
Biosphere Reserve, Kiliya District, Odessa Region,
Ukraine.
ICONOTYPE: Fig 64–66.
HOLOTYPE (here designated): AKW-32377, culture
material of authentic strain Prim-13-1 (SAG 2564)
preserved in 4% formaldehyde, Algotheca of the M.
G. Kholodny Institute of Botany of the National
Academy of Sciences of Ukraine.
AUTHENTIC STRAIN: Prim-13-1 was deposited in the
Sammlung von Algenkulturen, University of
Göttingen, Germany, under number SAG 2564, and
in the Culture Collection of the M.G. Kholodny
Institute of Botany of the National Academy of
Sciences of Ukraine under number IBASU-A-522.
OTHER STRAINS: Ru-6-2, Hg-6-1, WD-1-6, WD-7-1
were isolated from the same habitat on the Baltic
Sea coast, Germany and maintained in the
Department of Applied Ecology and Phycology,
University of Rostock, Germany.
ETYMOLOGY: arenicola = from the Latin word arena,
meaning sand (referring to type habitat).

Comments
The proposed new species is morphologically similar
to the classical aquatic species Tetradesmus obliquus
and the newly described cryptic terrestrial species
Acutodesmus (Tetradesmus) bajacalifornicus and A.
(Tetradesmus) deserticola (L.A.Lewis & Flechtner)
E. Hegewald, Bock & Krienitz. The habitat of the
terrestrial species (biological soil crusts on surface of
sandy desert soil) is similar to the habitat of the
proposed new species, although the type localities
are distant from each other (North America versus
Europe). The new species differs from the aquatic
T. obliquus in its development in terrestrial habitats.
It differs from T. bajacalifornicus, which has a naked
pyrenoid, in having a pyrenoid with a prominent
two-halved starch envelope; and from both cryptic
terrestrial species by the random formation of colo-
nies in culture as well as by the ITS-2 sequences. The
new species is present in natural material as volu-
metric coiled coenobia (Figs 36–39) or single lemon-
shaped cells.

Identification of BSC microalgae and cyanobacteria
using an integrative approach: advantages,

difficulties and perspectives

Using an integrative approach essentially facilitates and
improves the identification of microalgal morphologi-
cal characters that are cryptic, insufficiently clear, or
variable. Molecular phylogenetic analysis allowed us to
provide correct and unambiguous identifications for 20
strains (37.7% of all strains investigated) of algae and
cyanobacteria to species level (Chlorococcum oleofa-
ciens, Elliptochloris subsphaerica, Pseudomuriella aur-
antiaca and others). Identifications were corrected
after preliminary morphological determinations for
eight of the strains studied. However, for 12 (22.6%)
of the strains, identification was only possible to the
level of genus or group of closely related species,
because modern taxonomic revisions of the underlying
taxa are still lacking (Leptolyngbya cf. boryana, Hassalia
sp., Diplosphaera sp. and others). Identification to
genus level was problematic for six strains (11.3%,
‘Spongiochloris’ sp., ‘Carteria’ cf. crucifera and others).
Identification to species level was impossible for 15
strains (28.3%) because these genera include more spe-
cies than have been described using molecular-
phylogenetic methods (Microcoleus cf. vaginatus,
Timaviella sp., Lobochlamys sp., Klebsormidium sp.
and others). Some of our morphospecies should per-
haps be accepted as correctly identified taxa; however, it
is impossible to confirm their identification because
detailed taxonomic revisions of the respective taxa
using morphological and molecular data have not
been undertaken (Phormidesmis sp., preliminarily iden-
tified as Leptolyngbya cf. henningsii; or Myrmecia sp.,

Table 2. Identification of dominant (d) and the most com-
mon species (c) of cyanobacteria and algae from BSC of
Baltic sand dunes based on morphological methods and an
integrative approach.

Morphological identification
(Schulz et al., 2016)

Identification using an
integrative approach (present

study)

Leptolyngbya cf. notata (d) Stenomitos sp.

Nodosilinea sp. (c) Nodosilinea cf. epilithica

Microcoleus vaginatus (d and c) Microcoleus cf. vaginatus

Coleofasciculus sp. (d) no data

Lyngbya sp. (d) no data

Nostoc cf. edaphicum (d and c) Nostoc cf. edaphicum

Hydrocoryne sp. (d) no data

Leptolyngbya edaphica (c) Timaviella sp.

Lobochlamys sp. (d) Lobochlamys sp.

Bracteacoccus sp. (c) Pseudomuriella aurantiaca

Monoraphidium cf. pusillum (c) Chlorolobion sp.

Tetradesmus obliquus
(=Acutodesmus obliquus) (c)

Tetradesmus arenicola sp. nov.

Chlorella vulgaris (c) Chlorella vulgaris

Klebsormidium flaccidum (d and c) Klebsormidium flaccidum and
K. fluitans

Klebsormidium crenulatum (d) Klebsormidium crenulatum
and K. mucosum
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identified as the morphospecies Myrmecia cf.
biatorellae).

Data on identification of strains using an integrative
approach considerably refined our knowledge of the
species composition of cyanobacteria and algae from
BSCs of Baltic sand dunes (Table 2). Molecular-
phylogenetic methods resulted in the finding of a class
(Ulvophyceae, Chlorophyta), which was not mentioned
in our previous study based on classical morphological
methods (Schulz et al., 2016) because of the previous
incorrect identification of the rare alga Desmochloris cf.
halophila (see Table 1). The dominant and most com-
mon species of cyanobacteria and algae that play
a general role in the community structure of BSCs
from Baltic sand dunes, as well as the results of their
identification based on an integrative approach are
provided in Table 2. Twelve of the 15 taxa mentioned
as dominant and the most common species in the BSCs
were further investigated, using an integrative
approach. Three dominant species of the BSCs studied
were not further investigated because of the lack of the
respective strains. Some of the dominant cyanobacteria
in BSCs are problematic for culturing and molecular-
phylogenetic investigation (Büdel et al., 2009, 2016).
Herein, taxonomic names are specified for eight species
(53.3% of the list). The dominant taxa Klebsormidium
flaccidum and K. crenulatum were identified correctly
based on morphological data. However, some strains of
these species were later redefined (according to mole-
cular-phylogenetic data) as representatives of other,
morphologically close species (Klebsormidium fluitans
and K. mucosum). Using an integrative approach
allowed us to find several interesting and rare algae,
previously identified as trivial taxa (species of
Eremochloris, Xerochlorella, Chlorolobion, Desmo
chloris, Tetradesmus, etc.). Therefore, the microscopic
culture-dependent method and an integrative approach
provided similar results concerning the cyanobacterial
and algal diversity of BSCs of Baltic sand dunes in
general. However, investigation based on an integrative
approach allowed us to considerably refine the knowl-
edge of the species composition of taxa, and further
determine the community structure of BSCs and rare
representatives.

Molecular identification of algae is also compli-
cated because of the absence of standard rules and
criteria for taxa delimitation, especially to species
level. Several molecular markers are used for algal
identification and description: mostly the nuclear
SSU rRNA, ITS region, and sometimes the LSU
rRNA, plastid rbcL, Rubisco spacers (psaA, psbA),
matK, tufA and others, or mitochondrial cox1, cox3
and cob (Leliaert et al., 2014). Identification of some
taxa to species level was not possible in the present
study because of the lack of ITS or other marker
sequences in public databases. In addition, standard
rules for species delimitation do not exist even if the

same molecular markers are considered; for exam-
ple, using different barcode regions of ITS-2 for
species delimitation (e.g. Demchenko et al., 2012;
Caisová et al., 2013; Rybalka et al., 2013).
Therefore, identification of microalgae to species
level is only possible if a modern species concept
for the different groups can be developed and pub-
lished in the future. On the other hand, developing
standard rules among various algal groups might in
principle be difficult because the algae are
a polyphyletic group (Leliaert et al., 2014).

Some BSC strains should be recognized as taxa
that are impossible to identify using only morpholo-
gical characters because of their uniformity and high
variability: Bracteacoccus, Pseudomuriella, some
Tetradesmus, and Klebsormidium, which were recog-
nized initially as cryptic species (Lewis & Flechtner,
2004; Fučíková et al., 2011, 2012; Rindi et al., 2011).
Other taxa such as Desmochloris cf. halophila are
difficult to identify because of high morphological
parallelism between unrelated algal groups. On the
other hand, molecular-taxonomy studies often ignore
morphological markers. Although the modern
approaches are excellent tools for the delimitation
and description of microalgal and cyanobacterial
taxa, it is still necessary to pay attention to morpho-
logical data as well. Despite a high number of cryptic
algal and cyanobacterial taxa in nature, some repre-
sentatives described as cryptic are morphologically
well defined (Eremochloris, possibly Xerochlorella;
Fučíková et al., 2014b). The majority of recent data
on biodiversity, ecology and biogeography of BSC
microalgae and cyanobacteria are based on classical
microscopic and morphological approaches (see
Büdel et al., 2016). Therefore, morphological and
molecular phylogenetic approaches should be con-
ducted together, to permit further progress in the
knowledge of microalgae and cyanobacteria as key
components of BSCs.
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ABSTRACT: The article summarizes the results of a study on terrestrial algae of Cape Kazantip, 

conducted during the summer of 2012, on the territory of the Kazantip Nature Reserve and its 

environs. Samples of biological soil crusts from the coquina beach and clay scree, as well as 

lithophytic algal communities, were studied by direct light microscopy with subsequent culturing. 

For a number of strains of cyanobacteria and eukaryotic algae, phylogenetic analyses based on the 

nucleotide sequence of the 16S/18S rRNA gene, as well as the 16S-23S ITS region/ITS-1,2 were 

performed. The data clarified species identity and taxonomic position, and were to make a few 

interesting floristic records, supplementing the algal flora of Ukraine with new taxa of the genera 

Oculatella Zammit, Billi et Albertano, Timaviella Sciuto et Moro, Roholtiella Bohunická, Pietrasiak 

et Johansen, Bracteacoccus Tereg, Interfilum Chodat. In total, 73 species were identified from the 

divisions of Cyanoprokaryota (35), Chlorophyta (23), Streptophyta (5), and Ochrophyta (10). 

Litophyton and soil crusts differed markedly in species diversity, taxonomic structure, and the 

dominant algal complex. Only 30.1% of the identified species were found in both types of habitats, 

while 41 species occurred in rock communities. Here, a high diversity of cyanobacteria, especially 

representatives of the order Nostocales and the group Gloeocapsa s. l., as well as Trebouxiophyceae 

and Ulvophyceae among green algae, were recorded. On limestone, in the chasmoendolitic 

communities, dominant species were G. punctata Nägeli and Ctenocladus circinnatus Borzi, while 

on the rock surface Desmococcus olivaceus (Pers. ex Ach.) J.R. Laundon and Trentepohlia sp. 

dominated. In the hypolithic communities on quartz, filamentous cyanobacteria prevailed. In 

biological crusts on the coquina and clay, 54 species were identified. Cyanobacteria were leading 

both in the number of species (42.6% of the total diversity) and in quantitative development. Species 
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of genera Microcoleus Desmazières ex Gomont, Coleofasciculus Siegesmund, Johansen et Friedl, 

Hassallia Berkeley ex Bornet et Flahault, Nostoc Vaucher ex Bornet et Flahault, Scytonema Agardh 

ex Bornet et Flahault, and some others dominated in the crusts studied. Chlorophyta (33.3%), among 

which the proportion of representatives of the class Chlorophyceae increased markedly, were the 

second in species diversity, but their abundance were low. Only once Klebsormidium mucosum  

(J.B. Petersen) Lokhorst (Streptophyta) dominated in a crust on the clay scree. Crusts from the 

coquina had higher species richness of cyanobacteria and algae (45 species, an average of 13.5 

species per sample) as compared with clay screes (24/9.6). Among species discovered in the present 

study, only 13.7% were previously cited for this territory.  

KEY WORDS: cyanoprobacteria, microalgae, terrestrial communities, lithophyton, soil crusts, 

Cape Kazantip, new records, Ukraine, 16S/18S rRNA, 16S-23S ITS region/ITS-1,2 

 

INTRODUCTION 

Sustainable and stable functioning of any ecosystem depends on maintaining the 

biogeochemical cycles, species diversity, and productivity (Chapin et al., 1997). Algae that 

live in non-aquatic habitats, especially under conditions of water deficiency, which severely 

limits the development of higher plants, are interesting both from the theoretical and 

applied point of view. In such dry habitats, the main primary producers are biological crusts 

consisting of cryptogams. In addition, species inhabiting ecologically harsh habitats often 

have unique physiological and biochemical characteristics and so their strains are of great 

interest in biotechnology (Biological…, 2003, 2016; Elbert et al., 2012; Varshney et al., 

2015).  

In Ukraine, interest in the study of biological crusts has arisen relatively recently 

(Kostikov et al., 2001). Data on terrestrial algae of Crimea mainly concern protected areas 

(Vinogradova, 1989; 1994; Prikhodkova, 1992; Kostikov and Darienko, 1996; Darienko, 

2000). The lithophilic algae were studied in the Karadag Nature Reserve (Voytsekhovich et 

al., 2009), as well as the photobionts of lichens (Voytsekhovich, 2008, Voytsekhovich and 

Beck, 2016). Algae biodestructors of cultural monuments were studied in Massandra and 

Livadia castles (Darienko et al., 2008).  

Data on terrestrial algae of Kazantip Nature Reserve are still scarce. Previously, 

studies covered only marine algal flora of the Kazantip Peninsula. An overview of these 

studies and an annotated list of phytobenthos (with the exception of diatoms) are given by 

Sadogurskiy et al. (2006). Later, studies of the microphytobenthos of the reserve were 

conducted with particular attention to diatom algae (Bondarenko, 2012а, b, 2013, 2017). 

Preliminary information on the taxonomic composition and peculiarities of epigean and 

lithophytic communities were published earlier (Mikhailyuk, 2014), as well as some results 
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of molecular phylogenetic studies revealed taxa new for Ukraine (Mikhailyuk et al., 2016) 

and for science (Vinogradova et al., 2017). 

The aim of the present article is to provide updated data on the species composition of 

terrestrial algae of Cape Kazantip with particular attention to their phylogeny and ecology. 

 

MATERIALS AND METHODS 

The material for the present study were collected in terrestrial habitats of Cape Kazantip 

(the territory of the Kazantip Natural Reserve and the spit near Lake Aktash) in summer 

2012. In total, 14 samples were collected and processed, including 5 samples of lithophytic 

algae (epi- and chasmoendolithic communities on limestone outcrops, and hypolithic 

communities on quartz debris) and 9 samples of biological soil crusts from the conquina 

beach and clay scree. Algal biofilms from limestone and quartz were collected together 

with the substrate and placed in paper envelopes. Fragments of crusts (about 6 × 6 cm in 

size) were collected with a scalpel, if possible, intact, and transferred to paper boxes or 

Petri dishes. In the laboratory, the samples were dried and stored in the dark. Further 

processing of samples, including cultural, and morphological and molecular phylogenetic 

studies, were conducted in the Laboratory of Applied Ecology and Phycology, University 

of Rostock (Germany). 

First, a small amount of crust were placed in Petri dishes with Bold (1N BBM) 

agarized medium (Bischoff and Bold, 1963). Cultures were grown under standard 

laboratory conditions, with 12-hour cycles of light and dark phases and photon fluence rates 

of 25 µmol photons • m-2 • s-1 at +20 ± 5 ºС. The species composition of cyanobacteria and 

algae were studied by direct microscopy, in enrichment and unialgal cultures. Unialgal 

cultures were isolated using a stereomicroscope Olympus ZS40 (Tokyo, Japan) and purified 

from other organisms through multiple passages. Purified strains were maintained under the 

same conditions in media 3N BBM (Bischoff and Bold, 1963) and BG-11 (Stanier et al., 

1971). The studies were carried out using Olympus IX70 and BX51 light microscopes with 

Nomarsky differential interference optics (DIC). Photomicrographs were taken with digital 

cameras ColorView II and Olympus UC30 attached to microscopes, and processed by 

software analySIS and cellSens Entry. 

For a number of strains of cyanobacteria and green algae, molecular phylogenetic 

analyses based on nucleotide sequence of the 16S/18S rRNA gene, as well as the 16S-23S 

ITS region of cyanobacteria or ITS-1,2 of green algae were performed. Genomic DNA 

were extracted using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) 

according to the manufacturer’s instructions. Nucleotide sequences of the 16S/18S rRNA 

gene together with 16S-23S ITS/ITS-1,2 region were amplified using a set of Taq PCR 

Mastermix Kit (Qiagen GmbH) in a thermocycler T gradient Thermoblock (Biometra, 
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Germany) under the conditions described in our previous paper (Mikhalyuk et al., 2016). 

For cyanobacteria, primers SSU-4-forw and ptLSU C-D-rev (Marin et al., 2005) were used, 

for green algae a combination of standard – EAF3, ITS055R (Marin et al., 1998, 2003) and 

algal specific primers – G800R, G730F and G500F (T. Pröschold, pers. comm.). PCR 

products were cleaned using a Qiagen PCR purification kit (Qiagen GmbH) according to 

the manufacturer’s instructions. Cleaned PCR products were sequenced commercially by 

Qiagen Company using primers SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16, 

and ptLSU C-D-rev for cyanobacteria (Wilmotte et al., 1993; Marin et al., 2005) and 

G800R, N82F, 536R, 920R, 1400R, 920F, 1400F, GF, ITS2F, and ITS05R (Marin et al., 

1998, 2003; Pröschold et al., 2005) for green algae. The resulting sequences were 

assembled and edited using Geneious software (version 8.1.8; Biomatters). They were 

deposited in GenBank under the accession numbers given in Figs 3–10. 

For comparison with the original strains, the nucleotide sequences of cyanobacteria 

and green algae from the NCBI as well as BLASTn queries (http://blast.ncbi.nlm.nih.gov) 

to search for the closest relatives were used. Multiple alignment of the nucleotide sequences 

for phylogeny based on the 16S/18S rRNA gene were made using MAFFT web server 

(version 7, Katoh & Standley 2013) followed by manual editing in the program BioEdit 

(version 7.2). Alignment for the phylogeny of the 16S-23S ITS/ITS-1,2 region were 

performed manually in BioEdit, taking into account the secondary structure of the RNA in 

the region. The evolutionary model that is best suited to the used database were selected on 

the basis of the lowest AIC value (Akaike, 1974) calculated in MEGA (version 6, Tamura 

et al., 2013). Phylogenetic trees were constructed in the program MrBayes 3.2.2 (Ronquist 

and Huelsenbeck, 2003), using an evolutionary model GTR + G + I, with 5,000,000 

generations; for Klebsormidiales the model K2 + G was choosen. Two of the four runs of 

the Markov chain Monte Carlo were made simultaneously, with the trees, taken every 500 

generations. Split frequencies between runs at the end of the calculations were below 0.01. 

The trees selected before the likelihood rate reached saturation were subsequently rejected. 

The reliability of tree topology were verified by maximum-likelihood analysis (ML), using 

the program GARLI 2.0, and the bootstrap support were calculated with 1,000 replicates. 

The identification were based on a number of monographs (Ettl, 1978; Кomárek and 

Fott, 1983; Lokhorst, 1996; Komárek and Anagnostidis, 2005; Kovalenko, 2009; Komárek, 

2013; Ettl and Gärtner, 2014; Škaloud et al., 2018), as well as some articles on the phylogeny 

of certain taxa (Fučíková et al., 2012; Kaufnerová and Eliáš, 2012; Darienko et al., 2015, 

2017; Kawasaki et al., 2015; Sciuto et al., 2017, etc.). The dominating species were 

identified by the results of direct microscopy, the relative abundance of the species were 

assessed according to the Starmah scale (Algae..., 1989). The frequency of occurrence (F) 

were determined as the ratio of the number of samples in which the species were recorded 

to the total number of samples studied. 
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For cyanoprokaryotes, we followed the classification system of Komárek et al. (2014) 

with some changes that appeared after its publication (Guiry and Guiry, 2018). Eukaryotic 

algae are given according to the system adopted in the compendiums, “Soil Algae of 

Ukraine” (Kostikov et al., 2001) and “Algae of Ukraine” (2009, 2011) taking into account 

changes in the modern interpretation of Chlorophyta s. l. (Guiry and Guiry, 2018). 

 

RESULTS AND DISCUSSION 

 

In the terrestrial habitats of Cape Kazantip, 73 species from four algal divisions were 

identified. Cyanoprokaryotes (47.9%) and green algae (31.5%) lead in species diversity; the 

percentage of other divisions ranged 6.8–13.7% (Table 1).  

 
TABLE 1: Taxonomic structure of terrestrial algae of Cape Kazantip 

 

Number of species, units/% 
Taxon (division, class, order)* 

Litophyton Soil crusts In total 

Cyanoprokaryota 22/53.7 23/42.6 35/47.9 

Cyanophyceae 22/53.7 23/42.6 35/47.9 

Chroococcales 6/14.6 1/1.9 7/9.6 

Synechococcales 8/19.5 10/18.5 12/16.4 

Oscillatoriales 1/2.4 3/5.6 3/4.1 

Nostocales 7/17.1 9/16.7 13/17.8 

Chlorophyta 15/36.6 18/33.3 23/31.5 

Chlorophyceae 3/7.3 8/14.8 8/11.0 

Trebouxiophyceae 9/22.0 10/18.5 12/16.4 

Ulvophyceae 3/7.3 0/0 3/4.1 

Streptophyta 1.2/4 5/9.3 5/6.8 

Klebsormidiophyceae 1.2/4 5/9.3 5/6.8 

Ochrophyta 4/9.8 8/14.8 10/13.7 

Xanthophyceae 0/0 1/1.9 1/1.4 

Eustigmatophyceae 0/0 2/3.7 2/2.7 

Bacillariophyceae 4/9.8 5/9.3 7/9.6 

In total, units/% 41/100 54/100 73/100 

* Since the taxonomy of many groups of algae is still under revision, the taxonomic 

structure of algoflora is discussed here using the most well-established taxonomic categories 

of the highest rank: orders in cyanoprokaryotes and classes in eukaryotic algae. 

82



Mikhailyuk  et al. 

318 

The taxonomic structure of the investigated flora were quite diverse. Among the orders 

of cyanoprokaryotes, Nostocales (17.8%) and Synechococcales (16.4%) rank top in species 

number; among the classes of eukaryotic algae – Trebouxiophyceae (16.4%) and 

Chlorophyceae (11.0) The generic spectrum of terrestrial algoflora include 50 genera, two-

thirds (66%) of which are represented by 1 species. The genera Nostoc Vaucher ex Bornet 

et Flahault, Leptolyngbya Anagnostidis et Komárek (8.2% of identified species), and 

Klebsormidium Silva, Mattox et Blackwell (5.5%) were the most diversely represented in 

the studied habitats.  

The occurrence of most species were low: 21 of them (28.8%) were found in one 

sample only. The most common in the studied habitats were Microcoleus vaginatus1 (F = 

78.6%), Timaviella edaphica, Stichococcus bacillaris, Hantzschia amphioxys (F = 57.1%), 

and Bracteacoccus cf. minor, Nannochloris sp., Desmococcus olivaceus, and Elliptochloris 

subsphaerica (F = 42.9% for each).  

Lithophyton and biological soil crusts differed markedly in species diversity, 

taxonomic structure, and the dominant complex (Table 2). Only 22 species (30.1% of the 

total) were found in both types of habitats. In cultures isolated from limestone and quartz 

samples, 41 species had been identified; of these, more than half (53.7%) were 

cyanobacteria, followed by green algae (36.6%), and Ochrophyta species represented by 

diatoms (9.8%). Streptophytes played an insignificant role in the taxonomic structure of the 

lithophyton (2.4%); the representatives of Xanthophyceae and Eustigmatophyceae were not 

found. 

At Cape Kazantip, macroscopical growth of lithophytic algae occurred both on the 

surface and in microcracks of rocks. Epilitic communities usually occupied shaded lower 

portions of limestone boulders, often facing the sea. Chasmoendolithic communities, 

inhabiting microcracks, exist in less variable and, accordingly, more favorable conditions. 

Ecological differences affected the composition of algal groups: we found 15 species in 

epilithic communities, and 32 species as chasmoendoliths. The dominant community 

complex was also different: Gloeocapsa punctata and Ctenocladus circinnatus (Fig. 1, i–l) 

abundantly developed in limestone cracks, while Desmococcus olivaceus (Fig. 1, f) and 

Trentepohlia sp. (Fig. 1, m, n) formed macroscopic growth on rock surfaces. The latter two 

species are typical aerophiles, known as the main components of the overgrowths of stones 

and tree bark in the temperate zone (Hoffmann, 1989; Nienow, 1996). Gloeocapsa punctata 

is a subaerophytic species typical for wet rocks (Kovalenko, 2009). Ctenocladus 

circinnatus is known from coastal ecotopes and other terrestrial habitats, mainly with 

increased salinity (Blinn, 1971; Liu et al., 2016), as well as in chasmoendolithic 

communities (Arino et al., 1996).  

                                                            
1 The names of the authors of taxa are in Table 2.  
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The lithophyton also includes the hypolithic algal communities inhabiting the lower 

surface of fragments of quartz scattered on the clay slopes of the cape. This group is a 

transition between edaphone and lithophyton. This habitat is characterized by wet and 

moderately shaded conditions. Nine species of algae were found here, most of which 

(55.6%) are cyanobacteria. Oculatella uсrainica (Fig. 2, c) is noted as the species 

abundantly growing in cultures.  

In general, the characteristic features of the lithophytic communities of Cape Kazantip 

represent high diversity of cyanobacteria, especially representatives of the order Nostocales 

and the Gloeocapsa s. l. group, as well as species of Trebouxiophyceae and Ulvophyceae 

among chlorophytes (Table 1). The predominance of representatives of these taxonomic 

groups is typical for the lithophytic communities of the temperate zone (Mikhailyuk, 2013). 

As is known, biological soil crusts are formed in habitats free of vascular plants or if 

the plant cover is poor. These can be arid ecosystems, shores of water bodies with a 

migratory coastline, and the landscapes in which active erosion processes takes place 

(Büdel, 2002; Biological…, 2003, 2016). The last 2 examples refer to Cape Kazantip, 

where biological soil crusts were taken from the surface of conquina beach and clay 

outcrops. The main role in their formation belonged to cyanobacteria and eukaryotic algae. 

In total, 54 species from four divisions were identified (Table 1). The most diverse groups 

were cyanobacteria (42.6%) and green algae (33.3%), among which the proportion of 

Chlorophyceae significantly increased. They are represented by mostly common soil 

species (Kostikov et al., 2001).  

The biological soil crusts from the surface of the conquina beach were more diverse 

(45 species, on average, 13.5 species per sample) compared to clay outcrops (24 species, on 

average, 9.6 species per sample). The taxonomic structure of algae also showed some 

differences. The percentage of diatoms (16.6%) and streptophytes (12.5%) on the clay 

surface is twice as high as in biological soil crusts than on conquina (8.8 and 6.7%, 

respectively). Chlorophyta, on the contrary, on conquina (35.6%) were more diverse than 

on clay (29.2%), mainly due to representatives of the class Trebouxiophyceae. However, in 

general, the composition of species found in biological soil crusts was largely similar: 

62.5% of algae from clay outcrops were also found on the conquina beach (Table 2). 

In most cases, cyanobacteria dominated in the studied biological soil crusts. Most 

often, it was Microcoleus vaginatus (Fig. 1, a, b) – a common crust-forming key species 

occurring in terrestrial conditions around the world (Biological…, 2003, 2016). It was 

accompanied by other filamentous cyanobacteria: Scytonema ocellatum, Hassallia 

byssoidea (Fig. 1, e), Timaviella edaphica (Fig. 2, d), and Oculatella uсrainica (Fig. 2, c). 

Sometimes, Nostoc commune and N. edaphicum formed macroscopic thalli. 

Coleofasciculus chthonoplastes (Fig. 1, c, d) joined the dominating complex on the saline 

areas of the Aktashsky spit. The streptophyte Klebsormidium mucosum (Fig. 1, h) appeared 

onle once as the dominant species in the biological soil crust from the clay outcrop.  
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FIG. 1: Micrographs of cyanobacteria and algae dominant in terrestrial algal communities of Cape 

Kazantip: a, b – Microcoleus vaginatus, morphology of various strains; c, d – Coleofasciculus 

chthonoplastes; e – Hassallia byssoidea; f, g – Desmococcus olivaceus; h – Klebsormidium mucosum; 

i–l – Ctenocladus circinnatus; m, n – Trentepohlia sp. Scale 10 µm 
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FIG. 2: Micrographs of new to the flora of Ukraine, rare and noteworthy species of cyanobacteria and 

algae identified in the terrestrial habitats of Cape Kazantip: a, b – Gloeocapsopsis magma; c – 

Oculatella ucrainica; d – Timaviella edaphica; e, f – "Pseudophormidium" battersii; g – Roholtiella 

edaphica; h – Chlorococcum oleofaciens; i – Bracteacoccus cf. xerophilus; j – Interfilum paradoxum; 

k – Nannochloris sp.; l – Luticola nivalis; m–o – Achnanthes coarctata. Scale 10 µm 
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TABLE 2: Species composition of terrerstrial algae of Cape Kazantip  

 
Lithophyton Soil crusts  

Taxon L1 L2 Q 1 2 
CYANOPROKARYOTA 

CHROOCOCCALES 
*Chondrocystis dermochroa (Nägeli) Komárek et Anagnostidis + +    
*Chroococcus lithophilus Ercegovic  +    
*Chroococcus minor (Kütz.) Nägeli     + 
*Gloeocapsa atrata Kütz.  +    
*Gloeocapsa punctata Nägeli  d    
*Gloeocapsopsis crepidinum (Thuret) Geitler ex Komárek  +    
Gloeocapsopsis magma (Brèbisson) Komárek et Anagnostidis + +    

SYNECHOCOCCALES 
Leibleinia gracilis (Rabenhorst ex Gomont) Anagnostidis et Komárek    +  
Leptolyngbya cf. lagerheimii (Gomont) Anagnostidis et Komárek     + 
Leptolyngbya cf. nostocorum (Bornet ex Gomont) Anagnostidis et 
Komárek 

    
+ 

*Leptolyngbya foveolara (Gomont) Anagnostidis et Komárek    +  
Leptolyngbya fragilis (Gomont) Anagnostidis et Komárek  +   + 
Leptolyngbya henningsii (Lemmermann) Anagnostidis  +   + 
Leptolyngbya hollerbachiana (Elenkin) Anagnostidis et Komárek  +    
Oculatella kazantipica O.M. Vynogr. et Mikhailyuk     + 
Oculatella ucrainica O.M. Vynogr. et Mikhailyuk   + + d 
Phormidesmis molle (Gomont) Turicchia, Ventura, Komárková et 
Komárek 

  
+ + 

 

*"Pseudophormidium" battersii  (Gomont) Anagnostisdis  + +    
Timaviella edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk + + + + d 

OSCILLATORIALES 
*Coleofasciculus chthonoplastes (Thuret ex Gomont) Siegesmund, 
Johansen & Friedl 

    d 

Microcoleus vaginatus Gomont ex Gomont  + +  d d 
Phormidium cf. corium Gomont     + 

NOSTOCALES 
Calothrix cf. elenkinii Kossinskaja  +    
Calothrix parva Erceg.  +    
Desmonostoc muscorum (C. Agardh ex Bornet et Flahault) Hrouzek et 
Ventura 

    
+ 

*Hassallia byssoidea Hassall ex Bornet et Flahault    + d 
Nostoc cf. calcicola Brèbisson ex Bornet et Flahault  +    
Nostoc cf. commune Vaucher ex Bornet et Flahault     d 
Nostoc cf. microscopicum Carmichael ex Bornet et  Flahault  +   + 
Nostoc edaphicum Kondratyeva +  +  d 
Nostoc punctiforme Hariot    + + 
Nostoc sp.   +    
Roholtiella edaphica Bohunická et Lukesová     + 
Scytonema ocellatum Lyngbye ex Bornet et Flahault     + d 
Tolypothrix cf. fasciculata Gomont    +  + 

CHLOROPHYTA 
CHLOROPHYCEAE 

Bracteacoccus cf. minor (Chodat) Petrová  + + +  + 
Bracteacoccus cf. xerophilus Fuciková, Flechtner et Lewis  +   +  
Chlorococcum oleofaciens Trainor et Bold      + + 
Chlorosarcinopsis arenicola Groover et Bold      + 
Coelastrella terrestris (Reisigl) Hegewald et Hanagata     + 
Coelastrella  sp.      + 
Lobochlamys sp.     + + 
Pseudomuriella sp.   +  + + 
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TREBOUXIOPHYCEAE 
Chlorella vulgaris Beij.     + 
Chloroidium ellipsoideum (Gerneck) Darienko et al.   +   + 
Coccomyxa simplex Mainx  +    + 
Desmococcus olivaceus (Pers. ex Ach.) Laundon  d + +  + 
Diplosphaera cf. chodatii Bial. emend. Vischer   +   + 
Elliptochloris subsphaerica (Reisigl) Ettl et Gärtner   + + +  
Gloeocystis sp.   +   
Leptosira erumpens (Deason et Bold) Lukešova      + 
Nannochloris sp.  +  + + 
Neocystis sp.      + 
Stichococcus sp.  + +  + + 
Trebouxia sp.  +    

ULVOPHYCEAE 
Ctenocladus circinnatus Borzi   d    
Pseudendoclonium sp.    +    
Trentepohlia sp. d +    

STREPTOPHYTA  
KLEBSORMIDIOPHYCEAE 

Interfilum paradoxum Chodat et Topali     + 
Klebsormidium cf. flaccidum (Kütz.) P.C. Silva et al. +   +  
Klebsormidium mucosum (Petersen) Lokhorst    d  
Klebsormidium cf. nitens (Kütz.) Lokhorst     + 
Klebsormidium cf. subtile (Kütz.) Tracanna ex Tell    + + 

OCHROPHYTA  
XANTHOPHYCEAE 

Heterococcus sp.    +  
EUSTIGMATOPHYCEAE 

Eustigmatos magnus (Petersen) Hibberd     + 
Vischeria helvetica (Vischer et Pascher) Hibberd     + 

BACILLARIOPHYCEAE 
Achnanthes coarctata (Brèb.) Grunow      + 
Hantzschia amphioxys (Ehrenb.) Grunow  +  + + 
Luticola cohnii (Hilse) D.G. Mann + +    
Luticola nivalis D.G. Mann  +  + + 
Luticola ventricosa (Kütz.) D.G. Mann    + + 
Mayamaea atomus (Kütz.) Lange-Bertalot     +  
Orthoseira roeseana (Rabenh.) O‘Meara +     
In total 15 32 9 24 45 

L e g e n d s . Lithophyton: L – limestone: L1 – epiliths; L2 – chasmoendoliths; Q – quartz, hypoliths. 

Biological soil crusts: 1– clay scree; 2 – coquina beach. 

Note. Species whose original strains have been studied by molecular phylogenetic methods are marked in 

bold; d – species dominating in algal communities;  – species previously identified at Cape Kazantip 

(Sadogurskaya et al., 2006). 

 

In general, the predominance of cyanobacteria and their leading role in biological soil 

crusts are characteristic for arid regions (Lange et al., 1992; Büdel et al., 2009), while the 

dominance of eukaryotic algae, in particular, representatives of the genus Klebsormidium, 

is more typical for the biological soil crusts of temperate regions with humid climate 

(Lukešová and Komárek, 1987; Hoppert et al., 2004; Glaser et al., 2018). Klebsormidium 
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was represented in the studied habitats rather diversely (4 species were found), but, with the 

only exception described above, they occurred always as separate filaments.  

Filaments of cyanobacteria and eukaryotic algae, found often together with moss 

protonema, form a scab net inhabite by single-celled algae from different taxonomic 

groups. These algae, as a rule, do not dominate and thus sporadically occurred.  

A particularly high variety of such forms arecharacteristic for biological soil crusts on 

conquina, probably due to its porous structure, light color, and greater availability of 

nutrients. All this contributed to the active development of green algae from the genera 

Chlorococcum Meneghini, Chlorosarcinopsis Herndon, Elliptochloris Tschermak-Woess, 

Leptosira Borzì, Stichococcus Nägeli and some others. Several species of diatoms have also 

been identified; Hantzschia amphioxys, Luticola nivalis (Fig. 2, l), and L. ventricosa quite 

often occurred in the biological soil crusts both on conquina and clay. 

A comparison of the original data on terrestrial cyanobacteria and algae of Kazantip 

Cape with the literature (Sadogurskaya et al., 2006; Bondarenko, 2012a) showed that only 

10 species of cyanobacteria (13.7% of our records) were previously identified in this area. 

Apparently, this is due to the fact that the studies cited above were focused on marine algae 

of Cape Kazantip coast, while we investigated terrestrial algae and cyanobacteria. Thus, 

only a limited number of species inhabiting the rocky coast of the cape were repeatedly 

found. Most of these species are represented of Chroococcales (85.7% of our records were 

cited by Sadogurskaya et al. (2006), as well as some typical halotolerant and terrestrial 

species. We also found an interesting representative of false-branching homocytic 

cyanobacteria, characteristic for saline terrestrial habitats: “Pseudophormidium” battersii 

(Fig. 2, e, f), the taxonomic identity of which is not yet clear (see below).  

Twenty-six strains isolated from the Cape Kazantip terrestrial habitats were studied by 

molecular phylogenetic methods, which made it possible to clarify their taxonomic position 

and to conduct more accurate species identification (Figs 3–10). Among them, 14 strains of 

cyanobacteria entered the molecular clades formed by representatives of the genera 

Microcoleus Desmazières ex Gomont (Oscillatoriales), Timaviella Sciuto et Moro, 

Oculatella Zammit, Billi et Albertano, “Phormidesmis” Turicchia, Ventura, Komárková et 

Komárek (Synechococcales, Fig. 3), Nostoc, Hassallia Berkeley ex Bornet & Flahault/ 

Tolypothrix Kützing ex É. Bornet & C. Flahault, and Roholtiella Bohunická, Pietrasiak et 

Johansen (Nostocales, Fig. 4). The most interesting floristic records are Roholtiella 

edaphica (Fig. 2, g), a new genus and species for the flora of Ukraine, as well as Oculatella 

ucrainica (Fig. 2, c) and O. kazantipica, new species for science, which we discussed in 

detail earlier (Mikhailyuk et al., 2016; Vinogradova et al., 2017). Another interesting record 

is the strain KZ-16-2 (Fig. 2, e, f), which joined the “Phormidesmis” clade. Based on the 

morphological features, we initially identified this strain as the marine cyanobacteria 

Plectonema battersii Gomont (Fig. 7); it was found earlier in the marine littoral of Cape 

Kazantip (Sadogurskaya et al., 2006). As a result of the revision of the order Oscillatoriales 
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(Anagnostidis and Komárek, 1988), this taxon is attributed to the genus Leptolyngbya, and 

later (Anagnostidis, 2001) transferred to the genus Pseudophormidium (Forti) Anagnostidis 

& Komárek. On the phylogenetic tree (Fig. 3), strain KZ-16-2 was clearly of belonging to 

the order Synechococcales forming highly supported clades with Antarctic strains classified 

as “Phormidesmis” and “Pseudophormidium”. Despite some morphological similarity with 

mentioned genera, according to our observations and literature data (Sciuto et al., 2017), 

this clade represents a separate, not yet described cyanobacterial genus. 

 

 

FIG. 3: Molecular phylogeny of Synechococcales and Oscillatoriales (cyanobacteria) based on 

comparison of the nucleotide sequences of the 16S rRNA gene. A phylogenetic tree was inferred by 

the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap 

support (BP); bold branches are supported in both analyses (Bayesian values > 0.9 and bootstrap 

values > 60%). The original sequences of strains are underlined, strains marked with asterisk are 

authentic. Clades definition is according to Miscoe et al. (2016) and Sciuto et al. (2017) 
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FIG. 4: Molecular phylogeny of Nostocales (cyanobacteria) based on the comparison of the 

nucleotide sequences of the 16S rRNA gene. A phylogenetic tree was inferred by the Bayesian 

method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); 

PP values lower than 0.8 and BP lower than 50% not shown. The original sequences of strains are 

underlined, strains marked with asterisk are authentic. Clades definition is according to Hauer et al. 

(2014) 

 

Another member of the genus, Plectonema s. l., which is often found in terrestrial 

habitats, including Cape Kazantip, was preliminary identified by morphological features as 

P. edaphicum (Elenkin) Vaulina (Fig. 2, d). The taxonomic position of this species was 

recently discussed and clarified (Vinogradova and Mikhailyuk, 2018). Phylogenetic 

analysis based on the 16S rRNA gene sequence comparison (Fig. 3) showed that the  

P. edaphicum original strains form a well-supported clade with species of the genus 
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Timaviella (Sciuto et al., 2017); therefore, for P. edaphicum, a new nomenclature 

combination was proposed: Timaviella edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk 

(Vinogradova and Mikhailyuk, 2018). In our next publication we will provide more detail 

of our findings of the representatives of the genus Timaviella. 

 

 

 

FIG. 5: Molecular phylogeny of Chlorophyceae (Chlorophyta) based on comparison of the 

nucleotide sequences of the 18S rRNA gene. A phylogenetic tree was inferred by the Bayesian 

method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); 

PP values lower than 0.8 and BP lower than 50% not shown. The original sequences of strains are 

underlined, strains marked with asterisk are authentic. Clades definition is according to Nakada et al. 

(2008) 
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FIG. 6: Molecular phylogeny of Trebouxiophyceae (Chlorophyta) based on the comparison of the 

nucleotide sequences of the 18S rRNA gene. A phylogenetic tree was inferred by the Bayesian 

method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); 

PP values lower than 0.8 and BP lower than 50% not shown. The original sequences of strains are 

underlined, strains marked with asterisk are authentic. Clades definition is according to Hodač et al. 

(2016) 
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Two strains, morphologically corresponding to Microcoleus vaginatus (Fig. 1, a, b), 

entered the clade of Microcoleus (Oscillatoriales), but genetically they are not identical, 

including the sequence of the region 16S-23S ITS. As it was shown earlier, the clade 

Microcoleus, although it contains morphologically close strains, is probably a complex of 

species, the final revision of which has not yet been presented (Strunecký et al., 2013). The 

statement that it is impossible to accurately identify one or another species based on 

molecular data due to the lack of a final taxonomic revision is also true for the analyzed 

strains of the genera Nostoc (Miscoe et al., 2016; Singh et al., 2016) and Hassallia (Hauer 

et al., 2014; Hentschke et al., 2016). 

 

 

 

FIG. 7: Molecular phylogeny of Ulvophyceae (Chlorophyta) based on comparison of the nucleotide 

sequences of the 18S rRNA gene. A phylogenetic tree was inferred by the Bayesian method with 

Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); PP values 

lower than 0.8 and BP lower than 50% not shown. The original sequences of strains are underlined, 

strains marked with asterisk are authentic. Clades definition is according to Darienko et al. (2017) 

 

The analyzed 8 strains of green algae entered clades of the genera Chlorococcum, 

Bracteacoccus Tereg, Coelastrella Chodat (Chlorophyceae, Fig. 5), Coccomyxa Schmidle, 

Diplosphaera Bialosuknia/Stichococcus, ‘Nannochloris-like’ algae (Trebouxiophyceae, 
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Fig. 6) and Ctenocladus Borzì (Ulvophyceae, Fig. 7). For representatives of the first four 

genera, additional phylogenetic analyses of the sequences ITS-1,2 or ITS-2 were carried out 

in order to clarify the species affiliation of the Kazantip strains. As a result, most of them 

represented common species: Chlorococcum oleofaciens, Coelastrella terrestris, and 

Coccomyxa simplex (Kaufnerová and Eliáš, 2013; Darienko et al., 2015; Kawasaki et al., 

2015, Figs 9, 10).  

Strain KZ-2-2-6, assigned to the genus Bracteacoccus (Fig. 2, i), combined in a 

subclade with a recently described noteworthy species, B. xerophilus (Fučíková et al., 

2012). Morphologically, they are similar: both have small-sized cells reminding members 

of the genus Pseudomuriella Hanagata. However, genetically, although B. xerophilus and 

strain KZ-2-2-6 are close, they show differences, such as in the conservative part of the 

ITS-2. Apparently, both strains represent different species. Interestingly, B. xerophilus 

strains were isolated from biological soil crusts of North American deserts; the species 

forms a deep diverging line in the phylogeny of Bracteacoccus. Probably, the 

Bracteacoccus strain, isolated from Cape Kazantip, also represents the xerophilic species 

characteristic of arid soils. 

The strains included in clades of ‘Nannochloris-like’ algae and representatives of 

Diplosphaera/Stichococcus are common terrestrial algae, which are not identified to species 

level, and often only to the generic level, because taxonomic revisions of these taxa based 

on molecular data have not yet been performed (Henley et al., 2004; Hodač et al., 2016). 

Interestingly, the strain KZ-2-2-4 (Fig. 2, k) was originally identified by morphological 

features as Mychonastes homosphaera (Skuja) Kalina & Puncochárová (= Chlorella 

homosphaera Skuja, Chlorella minutissima Fott et Nováková, Chlorophyceae, 

Chlorophyta). This species is common in the terrestrial habitats of Ukraine (Kostikov et al., 

2001); we also repeatedly cited it in our publications (Mikhailyuk et al., 2011; Mikhailyuk, 

2013). However, molecular data showed that the strain KZ-2-2-4 belongs to the group of 

‘Nannochloris-like’ algae from the class Trebouxiophyceae. 

The strain of ulvophycean alga turned to be representative of noteworthy species 

Ctenocladus circinnatus (Ulvales, Figs 1, i–l, 7). In the past, this species was found in 

Ukraine epilythically on a boulder in a damp spruce forest in the Carpathians (Massjuk, 

1998), and, which however is doubtful, in the reservoirs of the Dnieper cascade (Kostikova 

et al., 1989). Molecular data showed that C. circinnatus is quite common in terrestrial 

saline habitats of southern Ukraine: the salt marshes of the Azov-Sivash National Nature 

Park (Kherson Region), and the coast of Kuyalyk Estuary. It also was reported on quartz 

crystals in Zmeiny Island (Odessa Region) (Darienko and Pröschold, 2017; Fig. 7, strains 

Ulvo-16, 17, 24, 25). Previously, all these findings were identified as the species of the 

genus Dilabifilum Tschermak-Woess (Vinogradova and Darienko, 2008a, b; Darienko, 

2012). 
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Four strains of streptophytes, according to molecular data, are representatives of 

Klebsormidiophyceae (Fig. 8), both common (Klebsormidium cf. nitens), and noteworthy 

(K. mucosum and Interfilum paradoxum). K. mucosum (Fig. 1, h) is a rare species for 

Ukraine, mostly occurring in biological soil crusts of arid habitats: on sand and steppe soils 

(Kostikov et al., 2001; Borisova et al., 2016). Concerning I. paradoxum (Fig. 2, j), 

formally, our record is new for the flora of Ukraine (Borisova et al., 2016); however, it is 

likely that this species was often found here, but it was misidentified as I. terricola  

(J.B. Petersen) Mikhailyuk, Sluiman, Massalski, Mudimu, Demchenko, Friedl & 

Kondratyuk.  

 

FIG. 8: Molecular phylogeny of Klebsormidiophyceae (Streptophyta) based on comparison of the 

nucleotide sequences of the ITS-1,2. A phylogenetic tree was inferred by the Bayesian method with 

Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP); PP values 

lower than 0.8 and BP lower than 50% not shown. The original sequences of strains are underlined, 

strains marked with asterisk are authentic. Clades definition is according to Rindi et al. (2011) 

 

A main descriptive feature of these taxa is the presence of dense remnants of the 

maternal envelopes in I. paradoxum and, conversely, their complete coverage by mucilage 

with the formation of a noticeable mucous envelope of the scattered structure in I. terricola 

(Mikhailyuk et al. 2008). The material from Cape Kazantip morphologically fully 

corresponded to I. terricola; however, the result of molecular analysis unambiguously 

identified it as I. paradoxum. Probably, the morphological features proposed to distinguish 

these two species should be revised in the future.  
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FIG. 9: Molecular phylogeny of Chlorococcum (a) and Coelastrella (b) (Chlorophyceae, 

Chlorophyta) based on the comparison of the nucleotide sequences of the ITS-1,2. A phylogenetic 

tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum 

Likelihood bootstrap support (BP); PP values lower than 0.8 and BP lower than 50% not shown. The 

original sequences of strains of cyanobacteria are underlined, strains marked with asterisk are 

authentic 

 

CONCLUSIONS 

 

The study of terrestrial algae at Kazantip Cape (the Sea of Azov, Ukraine) using direct 

microscopy and culture methods provided the first information on the species composition, 

the dominant species, and the peculiarities of various algal communities. Molecular 

phylogenetic analysis helped to clarify tne taxonomic position and to provide correct 

identification of 26 Kazantip strains. This information also helped to make a number of 

interesting floristic records, supplementing the flora of Ukraine with new taxa of the genera 

Oculatella Zammit, Billi et Albertano, Timaviella Sciuto et Moro, Roholtiella Bohunická, 

Pietrasiak et Johansen, Bracteacoccus Tereg, and Interfilum Chodat. Molecular data reveal 

new taxa among the strains previously identified through culture-dependent morphological 

methods.  
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FIG. 10: Molecular phylogeny of Bracteacoccus (Chlorophyceae) (a) and Coccomyxa 

(Trebouxiophyceae, Chlorophyta) (b) based on the comparison of the nucleotide sequences of the 

ITS-2. A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities 

(PP) and Maximum Likelihood bootstrap support (BP); PP values lower than 0.8 and BP lower than 

50% not shown. The original sequences of strains of cyanobacteria are underlined, strains marked 

with asterisk are authentic 

Seventy-three species were identified from the divisions of Cyanobacteria (35), 

Chlorophyta (23), Streptophyta (5), and Ochrophyta (10). Lithophyton and biological soil 

crusts differed markedly in species diversity, taxonomic structure and the dominant algae 

complex. Only 30.1% of the identified species were found in both types of habitats. Only 

Forthy-one (41) species were found in rock communities. In biological soil crusts on the 

conquina and clay, 54 species were identified. Cyanobacteria were leading both in the 

number of species (42.6% of the total diversity) and in quantitative development. Species 

of genera Microcoleus Desmazières ex Gomont, Coleofasciculus Siegesmund, Johansen et 

Friedl, Hassallia Berkeley ex Bornet et Flahault, Nostoc Vaucher ex Bornet et Flahault, 

Scytonema Agardh ex Bornet et Flahault, and some others dominated in the biological soil 

crusts studied. Chlorophyta (33.3%) was the second in species diversity, but their 

abundance was low. Among species discovered in the present study, only 13.7% were 

previously cited for this territory.  
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The combined approach in the study of terrestrial algal communities of Cape 

Kazantip significantly increased the value of the obtained floristic data, and discovered a 

number of new and noteworthy taxa of microalgae and cyanobacteria, which expanded our 

knowledge of terrestrial algae of the Ukraine. 
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Реферат. Вивчено видове різноманіття водоростей, що утворюють ґрунтові кірочки на 

поверхні піщаних дюн, на березі Чорного моря в околицях с. Приморське Кілійського р-ну 

Одеської обл. (Україна). Зразки відбирали на трьох ділянках узбережжя: Катранівській косі, 

Жебріянській бухті та Жебріянському пасмі. Дві останні ділянки належать до території 

Дунайського біосферного заповідника. Зразки досліджено методом прямого мікроско-

піювання з наступною постановкою культур. Всього ідентифіковано 60 видів з відділів 

Chlorophyta (32 види), Cyanoprokaryota (16), Streptophyta (7) та Ochrophyta (5). У дослід-

жених кірочках домінували ціанобактерії і стрептофітові водорості родів Microcoleus 

Desmazières ex Gomont, Coleofasciculus M.Siegesmund et al., Nostoc Vaucher ex Bornet & 

Flahault, Hassallia Berkeley ex Bornet & Flahault, Klebsormidium P.C.Silva et al. та ін. Для 

низки штамів ціанобактерій і евкаріотичних водоростей був проведений філогенетичний 

аналіз за ділянкою нуклеотидної послідовності гена 16S/18S рРНК, а також регіону 16S-23S 

ITS/ITS–1,2. Це дозволило уточнити їх видову приналежність і систематичне положення, а 

також здійснити низку цікавих таксономічних та флористичних знахідок. У результаті 

описано нові для науки рід і види (Streptosarcina arenaria Mikhailyuk & Lukešová та 

Tetradesmus arenicola Mikhailyuk & P.Tsarenko; 2 роди (Nodosilinea R.B.Perkerson & 

D.A.Casamatta і Pleurastrosarcina H.J.Sluiman & P.C.J.Blommers),  4  види  відмічені  як  нові  

для  флори  України (Nodosilinea epilithica Perkerson & Casamatta, Pseudomuriella  aurantiaca 
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(W.Vischer) N.Hanagata, Pleurochloris meiringensis Vischer і Pleurastrosarcina  terriformae  
Darienko et al.). Порівняння результатів цього дослідження з отриманими щодо ґрунтових 
кірочок приморських піщаних дюн мису Казантип (Азовське море) і двох островів 
Балтійського моря (Німеччина) показало, що основними факторами, які визначають 
видовий склад водоростей, є склад і текстура піску, а також кліматичні особливості регіону 
дослідження. 

К л ю ч о в і  с л о в а : ціанобактерії, водорості, біологічні ґрунтові кірочки, піщані дюни, 

Чорне море, Україна,  16S/18S  рРНК,  регіон  16S-23S  ITS/ITS–1,2 

Вступ 

Біологічні ґрунтові кірочки (БҐК) відіграють важливу роль в екосистемах, 
де водний дефіцит лімітує розвиток вищих рослин, а основними 
продуцентами виступають ціанобактерії та водорості. БҐК сприяють 
утриманню вологи у ґрунті, зменшують її ерозію і забезпечують 
надходження вуглецю та азоту (Belnap et al., 2016). В аридних областях 
БҐК займають значні площі і характеризуються якісною і кількісною 
перевагою ціанобактерій. Відомо, що в пустелях і напівпустелях вони 
формують до 70% рослинного покриву (Büdel et al., 2016). У помірних 
широтах БҐК не настільки поширені, вони трапляються у 
місцезростаннях, де в них є конкурентна перевага перед судинними 
рослинами. Прикладом таких місцезростань є піщані дюни. Показано, 
що характер і структура водоростевих кірочок на поверхні піску та 
піщаних ґрунтів дуже близькі до БҐК аридних регіонів, проте 
домінантами в них поряд з ціанобактеріями часто виступають 
евкаріотичні водорості (Hoppert et al., 2004; Schulz et al., 2016). 

Піщані дюни – специфічні місцезростання рослин. Вони характе-
ризуються суттєвим дефіцитом вологи, органічних речовин, мікро- та 
макроелементів (особливо лімітовані азот, фосфор і калій), нагадуючи 
цим екосистеми пустель (Maun, 2009). Пісок, як субстрат, 
характеризується високою пористістю, що призводить до його низької 
вологоутримуючої здатності і значної варіабельності температури 
поверхні протягом доби та в різні сезони року. Прибережні піщані дюни 
є відкритими місцезростаннями, які зазнають активного впливу сонця, 
вітру, а також моря, тому їхня поверхня характеризується високою 
інсоляцією, температурою, сухістю та певним ступенем засолення 
субстрату (Maun, 2009). Сукупність цих факторів призводить до 
формування специфічної розрідженої рослинності піщаних дюн, одним 
з невід’ємних компонентів якої є БҐК. 

Дослідження водоростей та ціанобактерій БҐК прибережних 
піщаних дюн є досить спорадичними і висвітлені в низці робіт (Boyko et 
al., 1984; Van den Acker, Jungerius, 1985; De Winder, 1990; Kostikov, 
Rybchinskiy, 1995; Pluis, 1990; Smith et al., 2004; Andreyeva, 2005). Нами 
вони вивчалися на приморських дюнах Балтійського (Німеччина) та 
Азовського (Україна) морів (Mikhailyuk et al., 2016, 2018a, b, 2019b, c, 2020; 
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Schulz et al., 2016; Vinogradova et al., 2017; Mikhailyuk et al., 2019a; Rybalka 
et al., 2020). 

Дунайський біосферний заповідник (ДБЗ) в Одеській обл. України був 
створений з метою збереження унікальних природних комплексів дельти 
Дунаю, яким властиве високе біорізноманіття. Характерною ознакою 
території заповідника є процес безперервного дельтоутворення, який 
супроводжується появою нових ділянок суходолу – кіс, островів і т.ін. 
(Khromov, Likhosha, 2003). Їхній вік коливається від кількох тисячоліть до 
кількох десятиліть. На сході заповідник частково охоплює узбережжя 
Жебріянської бухти, яка являє собою затоку Чорного моря. Над бухтою 
розташоване піщане Жебріянське пасмо – залишок древньої смуги 
морських дюн. У минулому тут були напівпустельні ландшафти; наразі 
пасмо переважно вкрите штучними насадженнями сосни з розрідженим 
трав’яним покривом. У північно-східній частині бухти-затоки знаходиться 
Катранівська коса – вузька піщана смуга, що простягається в море на 
кілька кілометрів. Ця територія не є заповідною. 

Альгофлористичне вивчення дельти Дунаю продовжується вже кілька 
десятиліть, але його ціллю завжди були водні об’єкти (Algae…, 2006, 2009, 
2011, 2014). Відомості про наземні водорості Одеської обл. дуже обмежені 
(Prikhodkova, 1992; Kostikov et al., 2001; Vinogradova, 2016). У ДБЗ та його 
околицях фікологічні дослідження наземних екосистем не проводили.  

Метою нашої роботи було вивчення різноманіття водоростей БҐК, що 
розвиваються в приморських екотопах Кілійської дельти Дунаю, з 
особливою увагою до їхньої систематики та екології.  

Матеріали та методи 

Місця дослідження, відбір проб. Матеріалом для дослідження були зразки 
БҐК, які розвивалися на поверхні піщаних дюн приморських ділянок ДБЗ і 
його околиць (Кілійський р-н, Одеська обл.). Зразки відбирали в районі            
с. Приморське на Катранівській косі, Жебріянскому пасмі та по берегу 
Жебріянської бухти. Схема відбору проб на території ДБЗ та його околиць 
представлена на рис. 1. Ґрунтовий покрив вивчених ділянок утворений на 
алювіальних наносах кварцитовим піском з незначною домішкою 
ракушняка. Завдяки періодичному впливу моря на ґрунті виникають плями 
локального засолення. Рослинний покрив розріджений, на підвищених 
ділянках утворений переважно псамофітними ценозами; трапляються 
злаково-полинові асоціації, іноді – мохові дернини на піску. В депресіях, 
де періодично застоюється вода, формуються ценози засолено-лучної 
рослинності. На Жебріянському пасмі, завдяки штучним насадженням 
Pinus pallasiana D.Don., також є елементи лісової рослинності (Danube…, 
2003).  
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Рис. 1. Карта-схема дельти Дунаю з 

місцями відбору зразків БҐК 
 

Фрагменти БҐК відбирали скальпелем, по можливості, у не-
пошкодженому стані вміщували в паперові коробочки або чашки Петрі.         
В лабораторії зразки висушували та зберігали в темряві. Одночасно з 
відбором альгологічного матеріалу були відібрані проби піску для фізико-
хімічного аналізу. Визначали структуру (процент крупно-, середньо-, 
дрібнозернистого піску, глини й мулу) та клас ґрунту за гранулометричним 
складом, рН, електропровідність, а також процентний вміст CaCO3. 

Процедура аналізу ґрунтових зразків детально описана раніше (Schulz et 
al., 2016).  

Умови культивування, виділення штамів, світлова мікроскопія. 
Подальшу обробку відібраних зразків проводили в лабораторії 
прикладної екології та фікології університету м. Росток (Німеччина). Для 
отримання накопичувальних культур фрагменти БҐК висівали на 
поверхню агаризованого середовища Болда (1N BBM) (Bischoff, Bold, 
1963). Культури вирощували в стандартних лабораторних умовах: з              
12-годинним чергуванням світлової та темнової фаз при освітленні                   
25 мкмоль фотонів · м-2 · с-1 і температурі 20 ± 5 ºС. Дослідження 
накопичувальних культур починали на третій тиждень культивування. 
Альгологічно чисті культури виділяли, використовуючи стереомікроскоп 
Olympus ZS40 (Токіо, Японія), з подальшим очищенням від інших 
організмів шляхом багаторазових пересівів. Очищені штами 
ціанобактерій культивували на середовищі BG-11 (Stanier et al., 1971), 
евкаріотичних водоростей – на середовищі 3N BBM (Bischoff, Bold, 1963) 
за вказаних вище умов. Ідентифікацію та морфологічне вивчення 
виділених культур здійснювали за допомогою світлових мікроскопів 
Olympus IX70 і BX51 з диференційною інтерференційною оптикою 
Номарського (DIC). Мікрофотографії були отримані з використанням 
приєднаних до мікроскопів камер ColorView II і Olympus UC30 і 
опрацьовані за допомогою програмного забезпечення analySIS і cellSens 
Entry. 
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Молекулярні дослідження. Для низки штамів ціанобактерій і зелених 
водоростей був проведений філогенетичний аналіз за ділянкою 
нуклеотидної послідовності гена 16S/18S рРНК, а також регіону 16S-23S 
ITS ціанобактерій або ITS-1,2 зелених водоростей. Геномна ДНК 
екстрагована за допомогою спеціального набору DNeasy Plant Mini Kit 
(Qiagen GmbH, Hilden, Germany) з використанням інструкцій його 
виробника. Нуклеотидні послідовності гена 16S/18S рРНК разом з 
регіоном 16S-23S ITS/ITS-1,2 ампліфіковані за допомогою набору Taq 
PCR Mastermix Kit (Qiagen GmbH) у термоциклері T gradient Thermoblock 
(Biometra, Germany) в умовах, описаних нами раніше (Mikhailyuk et al., 
2016). Для ціанобактерій використовували праймери SSU-4-forw і ptLSU 
C-D-rev (Marin et al., 2005), для зелених водоростей – комбінацію 
праймерів EAF3 і ITS055R (Marin et al., 1998, 2003) та альгоспецифічних 
праймерів G800R і G500F (Darienko et al., 2019). Продукти ПЛР були 
очищені з використанням набору Qiagen PCR purification kit (Qiagen 
GmbH) згідно до інструкцій його виробника. Очищені продукти ПЛР 
секвеновані на комерційній основі компанією Qiagen з використанням 
праймерів SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16 і ptLSU 
C-D-rev (Wilmotte et al., 1993; Marin et al., 2005) для ціанобактерій; 
G800R, 536R, 920F, 920R, 1400R, 1400F, GF, GR і ITS2F (White et al., 
1990; Lane, 1991; Goff, Moon, 1993; Hoef-Emden, Melkonian, 2003; Marin et 
al., 2003; Darienko et al., 2019) для зелених водоростей. Отримані 
послідовності зібрані та відредаговані за допомогою програмного 
забезпечення Geneious (версия 8.1.8; Biomatters) і депоновані в GenBank 
під інвентарними номерами MT885329, MT887222, MT887223, MT885332–
MT885334, MT901369–MT901381. 

Для кількох штамів жовтозелених водоростей, виділених з БҐК дельти 
Дунаю та узбережжя Балтійського моря (Німеччина), проаналізовані 
послідовності гена rbcL на базі університету м. Геттінген. Робота з цими 
штамами детально описана в статті, присвяченій жовтозеленим водоростям 
приморських піщаних місцезростань (Rybalka et al., 2020). Інформація про 
використані праймери та умови секвенування наведена в більш ранній 
роботі (Rybalka et al., 2009). 

Для порівняння з оригінальними штамами були використані 
нуклеотидні послідовності ціанобактерій та евкаріотичних водоростей з 
бази даних GenBank, а також програма BLASTn (http://blast.ncbi.nlm.nih.gov) 
для пошуку близьких послідовностей. Множинне вирівнювання нуклео-
тидних послідовностей здійснено за допомогою веб-сервера MAFFT 
(версія 7, Katoh, Standley, 2013) з наступним редагуванням вручну в 
програмі BioEdit (версія 7.2). Вирівнювання для філогенії по ділянці 16S-
23S ITS/ ITS-1,2 виконано вручну в BioEdit, з урахуванням вторинної 
структури РНК даного регіону (див. нижче). Еволюційна модель, яка 
найбільше підходить до наявних сукупностей даних, була обрана за 
найменшим індексом AIC (Akaike, 1974), вирахуваним у програмі MEGA 
(версія 6, Tamura et al., 2013). Філогенетичні дерева побудовані в 
програмі MrBayes 3.2.2 (Ronquist, Huelsenbeck, 2003) з використанням 
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еволюційної моделі GTR+G+I з 5,000,000 генерацій. Два прогони з 
чотирьох марківських ланцюгів за методом Монте-Карло виконані 
одночасно з деревами, що відбиралися кожні 500 генерацій. Розділення 
частот між прогонами в кінці обчислення становило менше 0,01. Дерева, 
відібрані до того, як показник правдоподібності досяг насичення, були 
пізніше відбраковані. Надійність топології дерев підтверджена аналізом 
максимальної правдоподібності (ML), виконаним у програмі GARLI 2.1. 

Для моделювання та візуалізації вторинної структури ділянки 16S-
23S ITS ціанобактерій або деяких спіралей 18S рРНК і ITS-2 зелених 
водоростей використані онлайн сервіси mfold (Zuker, 2003) та 
Pseudoviewer (Byun, Han, 2009). 

Ідентифікація видів, систематичне положення, статистичний аналіз. 
Види ідентифікували з використанням визначників і монографій 
(Tsarenko, 1990; Komárek, Anagnostidis, 2005; Kovalenko, 2009; Komárek, 
2013; Ettl, Gärtner, 2014), а також статей, присвячених питанням філогенії 
деяких проблемних груп (Fučíková et al., 2011, 2012, 2014; Darienko et al., 
2019; Barcytẻ et al., 2018; Pröschold, Darienko, 2020; та ін.).  

Систематичне положення виявлених видів ціанопрокаріот наведено 
за Кomárek et al. (2014), з урахуванням пізніших таксономічних 
перетворень (Guiry, Guiry, 2020). Евкаріотичні водорості подані за 
системою, прийнятою у зведеннях «Водорості ґрунтів України» (Kostikov 
et al., 2001) та «Algae of Ukraine» (2006, 2009, 2011, 2014) з урахуванням 
змін у сучасному трактуванні Chlorophyta s.l. (Guiry, Guiry, 2020).  

Домінуючі види виявляли за результатами прямого мікроско-
піювання, відносну рясність виду оцінювали за шкалою Стармаха 
(Algae..., 1989). Частоту трапляння (F) визначали як відношення кількості 
зразків, у яких був виявлений вид, до загальної кількості вивчених 
зразків. Порівняння видового складу водоростей БҐК досліджених 
піщаних дюн з іншими локалітетами проводили з використанням 
коефіцієнта флористичної спільності Сьоренсена-Чекановського (Shmidt, 
1980). Для з’ясування кореляції видового складу водоростей і параметрів 
ґрунту проведено статистичний аналіз PerManova. Його виконано в 
програмі R Version 3.6.1, з командою Adonis з пакету Vegan, із 
використанням індексу відмінності Брая-Куртіса та залученням тест 
пермутації з 1000 пермутацій.  

Результати та обговорення 

За результатами прямого мікроскопіювання та культурального вивчення 
БҐК приморських дюн ДБЗ і його околиць було ідентифіковано 60 видів з  
4 відділів і 8 класів водоростей (табл. 1). Представники відділу Chlorophyta 
становлять більше половини (53,3%) видового складу, на другому місці 
ціанобактерії – 26,7%. Відділи Streptophyta (11,7%) і Ochrophyta (8,3%) 
представлені менш різноманітно у вивчених місцезростаннях. На рівні 
класів водоростей переважали Cyanophyceae (26,7%), Trebouxiophyceae 
(28.3%) та Chlorophyceae (25,0%).  
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Таблиця 1. Видовий склад водоростей біологічних ґрунтових кірочок приморських дюн 

Дунайського біосферного заповідника (ДБЗ) та його околиць (1 – Катранівська коса, 2 – 

Жебріянське пасмо, 3 – Жебріянська бухта), Казантипського природного заповідника 

(КПЗ) та островів Балтійського моря (Рюген: 4 – Глове, 5 – Прора, 6 – Баабе; Уздом: 7 – 

Карлсхаген, 8 – Цемпін)  

ДБЗ Балтійські отрови  

Рюген Уздом 

 

Таксон* 

1 2 3 

K
П
З 

4 5 6 7 8 

CYANOBACTERIA 

CHROOCOCCALES 

Chroococcus helveticus Nägeli +  +      + 

Chroococcus minor (Kützing) Nägeli    +      

SYNECHOCOCCALES 

Leptolyngbya cf. boryana (Gomont) Anagnostidis 

& Komárek 

      +  + 

Leptolyngbya fragilis (Gomont) Anagnostidis & 

Komárek 

   +      

Leptolyngbya henningsii (Lemmermann) 

Anagnostidis 

   +      

Leptolyngbya cf. lagerheimii (Gomont) 

Anagnostidis & Komárek 

   +      

Leptolyngbya cf. nostocorum (Bornet ex Gomont) 

Anagnostidis & Komárek 

   +      

Nodosilinea epilithica Perkerson & Casamatta + + +  + + + + + 

Oculatella kazantipica O.Vinogradova & 

Mikhailyuk 

   +      

Oculatella ucrainica O.Vinogradova & Mikhailyuk    Д      

Phormidesmis sp. + +     Д + + 

Stenomitos sp.  + +     Д Д Д 

Timaviella edaphica (Elenkin) O.Vinogradova & 

Mikhailyuk 

+ +  Д      

Timaviella sp.     + + + + Д 

OSCILLATORIALES 

Coleofasciculus chtonoplastes (Thuret ex Gomont) 

M.Siegesmund et al. 

Д   Д      

Coleofasciculus sp.      + Д    

Hormoscilla pringsheimii Anagnostidis & Komárek         + 

Lyngbya cf. aestuarii Liebman ex Gomont + + +       

Lyngbya sp.     Д Д    

Microcoleus autumnalis (Gomont) Strunecky et al.  + Д       

Microcoleus vaginatus Gomont ex Gomont Д Д Д Д + Д + Д + 

Microcoleus sp.      + + + + 

Phormidium cf. corium Gomont    +   +   

Phormidium cf. paulsenianum J.B.Petersen  +        

NOSTOCALES 

Calothrix cf. elenkinii Kossinskaja       + +  
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Desmonostoc muscorum (C.Agardh ex Bornet et 

Flahault) Hrouzek et Ventura 

   +      

Hassallia byssoidea Hassall ex Bornet & Flahault + +  Д      

Hassallia sp.        + + 

Nostoc cf. commune Vaucher ex Bornet & Flahault + + Д Д    Д Д 

Nostoc edaphicum Kondrateva + Д Д Д + + + Д Д 

Nostoc cf. linckia Bornet ex Bornet & Flahault + + +  +  + + + 

Nostoc cf. microscopicum Carmichael ex Bornet et 

Flahault 

   +      

Nostoc punctiforme Hariot + + + +      

Nostoc sp.       +  + 

Roholtiella edaphica Bohunická et Lukesová    +      

Scytonema ocellatum Lyngbye ex Bornet & 

Flahault 

 +  Д      

Tolypothrix cf. fasciculata Gomont    +      

Tolypothrix sp.       +   

Wollea sp.       Д Д  

CHLOROPHYTA 

CHLOROPHYCEAE 

Actinochloris sphaerica Korschikov  +    +    

Bracteacoccus aggregatus Tereg     + +    

Bracteacoccus bullatus Fucíková, Flechtner & 

L.A.Lewis 

  +       

Bracteacoccus cf. minor (Schmidle ex Chodat) 

Petrová 

 + + +      

Carteria cf. crucifera Korshikov ex Pascher      +  +  

“Chlamydomonas” cf. hydra H.Ettl  + +       

Chlamydomonas cf. moewusii Gerloff        +  

Chlamydomonas cf. reisiglii H.Ettl      +    

Chlorococcum oleofaciens Trainor & Bold    +  + +   

Chlorolobion lunulatum Hindák +    + +  + + 

Chlorolobion sp.      +    

Chloromonas actinochloris T.Pröschold et al.   +   +   + 

Chloromonas cf. augustae (Skuja) Pröschold et al.      +    

Chloromonas sp.     + +    

Chlorosarcinopsis arenicola Groover & Bold    +      

Coelastrella aeroterrestrica Tchaikner et al.       +   

Coelastrella terrestris (Reisigl) Hegewald et 

Hanagata 

   +      

Coelastrella  sp. +   +      

Heterochlamydomonas callunae (Ettl) Mikhailyuk 

& Demchenko 

       +  

Heterotetracystis sp. +  +       

Lobochlamys cf. culleus (Ettl) Pröschold et al.       +  + 

Lobochlamys sp.  +  + Д Д +   
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Monoraphidium cf. pusillum (Printz) Komárková-

Legnorová 
  +  +  + + + 

Pseudomuriella aurantiaca (W.Vischer) 

N.Hanagata 
+ + +  + + + + + 

Pseudomuriella sp.    +      

Radiosphaera sp.   +       

Spongiochloris cf. incrassata S.Chantanachat & 

Bold 
  +    +  + 

Spongiochloris spongiosa (Vischer) R.C.Starr       +   

Spongiochloris sp.       +  +  

Tetracystis pampae R.M.Brown & Bold +         

Tetracystis cf. sarcinalis R.M.Brown & Bold      + + +  

Tetracystis sp.        +  

Tetradesmus arenicola Mikhailyuk & P. Tsarenko +  +  + Д + + + 

Tetradesmus sp.       + + + 

TREBOUXIOPHYCEAE 

Chlorella vulgaris Beyerinck   + + + + + + + 

Chloroidium ellipsoideum (Gerneck) Darienko et al.   + +    +  

Chloroidium sp.      +    

Coccomyxa simplex Mainx    +  + + +  

Desmococcus olivaceus (Persoon ex Acharius) 

J.R.Laundon 

   
+      

Diplosphaera chodatii Bialosuknia  + + + +    + 

Diplosphaera sp.  +    +    

Elliptochloris subsphaerica (Reisigl) H.Ettl & 

G.Gärtner 
+ + +  + +   + 

Eremochloris sphaerica Fucíková et al.        +  

Geminella interrupta Turpin         + 

Gloeocystis cf. vesiculosa Nageli  +        

Koliella sp.      +    

Leptosira cf. erumpens (Deason & Bold) Lukešová  +  +    +  

Myrmecia cf. biatorellae J.B.Petersen  + +      + 

Myrmecia sp.   +   +    

Nannochloris sp.  +  +      

Neocystis cf. curvata (P.A.Broady) I.Kostikov et al.  +        

Neocystis sp.    +      

“Parietochloris” cf. cohaerens (R.D.Groover & 

Bold) Watanabe & G.L.Floyd 

  +       

“Parietochloris” cf. ovoidea Mikhailyuk & 

Demchenko 

 
+ + 

      

Pleurastrosarcina terriformae Darienko et al.  +        

Podohedra bicaudata Geitler        +  

Pseudostichococcus cf. monallantoides L.Moewus       +   
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Stichococcus cf. bacillaris Nageli   +  + +  + + 

Stichococcus sp.     +      

Trebouxia cf. aggregata (Archibald) G.Gärtner   +       

Xerochlorella dichotoma (H.P.Ling & R.D.Seppelt) 

Mikhailyuk & P.M.Tsarenko 
       +  

Xerochlorella minuta (J.B.Petersen) Mikhailyuk & 

P.M.Tsarenko 
 + +  +    + 

ULVOPHYCEAE 

Desmochloris cf. halophila (Guillard, Bold & 

McEntee) Watanabe et al. 

 
   +     

STREPTOPHYTA 

CHLOROKYBOPHYCEAE 

Chlorokybus atmophyticus Geitler  +      +  

KLEBSORMIDIOPHYCEAE 

Interfilum paradoxum Chodat & Topali + + + + + + + + + 

Klebsormidium crenulatum (Kützing) Lokhorst + Д Д  +    Д 

Klebsormidium flaccidum (Kützing) P.C.Silva et al. Д + Д  Д Д Д + + 

Klebsormidium fluitans (F.Gay) Lokhorst     +     

Klebsormidium mucosum (J.B.Petersen) Lokhorst        Д  

Klebsormidium cf. nitens (Kützing) Lokhorst    + + + +   

Klebsormidium cf. subtile (Kützing) Mikhailyuk  

et al. 
+  + +  +  +  

Klebsormidium sp.     +     

Streptosarcina arenaria Mikhailyuk & Lukešová +         

ZYGNEMATOPHYCEAE 

“ Cylindrocystis” cf. brebissonii (Ralfs) De Bary + + +       

Cylindrocystis crassa De Bary     + +   + 

OCHROPHYTA 

EUSTIGMATOPHYCEAE 

Vischeria helvetica (Vischer & Pascher) 

D.J.Hibberd 
   +   + +  

Vischeria magna (J.B.Petersen) Kryvenda et al. 
   +   + + + 

XANTHOPHYCEAE 

Bumilleriopsis cf. peterseniana Vischer & Pascher         + 

Heterococcus sp. 1   +       

Heterococcus sp. 2  +        

Pleurochloris meiringensis Vischer   +   +  +  

Xanthonema cf. bristolianum (Pascher) P.C.Silva     + + + + + 

Xanthonema exile (Klebs) P.C.Silva     +   +  
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BACILLARIOPHYCEAE 

Achnanthes coarctata (Brébisson ex W.Smith) 

Grunow 
+  + + + + + + + 

Hantzschia abundans Lange-Bertalot     +  +   

Hantzschia amphioxys (Ehrenberg) Grunow + + + + + + + + + 

Luticola cohnii (Hilse) D.G.Mann     + + + + + 

Luticola nivalis (Ehrenberg) D.G.Mann    +      

Luticola ventricosa (Kützing) D.G.Mann    +      

Pinnularia intermedia (Lagerstedt) Cleve     + + + + + 

Pinnularia сf. intermedia (Lagerstedt) Cleve       + + + 

Staurophora sp.      + +  + 

* Напівжирним шрифтом відмічені види, оригінальні штами яких були вивчені молекулярно-

філогенетичними методами.  

Д  види, домінуючі в альгоугрупованнях. 
1 Список видів островів Балтики складено за нашими попередніми публікаціями (Schulz et al., 2016; 

Mikhailyuk et al., 2019a, c). Із діатомових включено лише невелику частину видів із наведених у 

Schulz et al., 2016. Це види, які найбільш рясно розвивалися у кірочках (за даними мікроскопічного 

вивчення зразків та накопичувальних культур). 

 
Родовий спектр альгофлори приморських дюн складали 49 родів, з 

яких переважна більшість (83,7%) була представлена одним видом. Сім 
родів (Microcoleus Desmazières ex Gomont, Bracteacoccus Tereg, 
Diplosphaera Bialosuknia, Myrmecia Printz, Parietochloris Watanabe & 
G.L.Floyd та Heterococcus Chodat) мали по 2 види кожний. Найбагатшими 
родами у досліджених місцезростаннях були Nostoc Vaucher ex Bornet & 
Flahault (4 види) і Klebsormidium P.C.Silva, Mattox & W.H.Blackwell                    
(3 види).  

Показники трапляння виявлених видів коливалися в значних межах. 
Двадцять два види (36,7%) були виявлені тільки в одному зразку, причому 
їхня частка була неоднаковою в різних відділах: найрідкіснішими були 
жовтозелені водорості, усі вони знайдені лише раз. Найпоширенішими              
у досліджених місцезростаннях виявилися представники роду 
Klebsormidium: K. flaccidum (F = 90%) і K. crenulatum (F = 80%). Ці види, а 
також Microcoleus vaginatus (F = 60%) входили в домінуючий комплекс 
БҐК на всіх вивчених ділянках. Також субдомінантами в деяких пробах 
виступали види Nostoc – N. cf. commune і N. edaphicum, а також Microcoleus 
autumnalis і Coleofasciculus chthonoplastes. Часто траплялися Lyngbya cf. 
aestuarii (F = 80%), Nodosilinea epilithica, Nostoc edaphicum (F = 70%                      
для кожного), Diplosphaera chodatii та Hantzschia amphioxys (F = 60,0% для 
кожного).  

Вивчені ділянки мали деякі відмінності щодо видового багатства і 
систематичної структури альгофлори піщаних дюн (табл. 1). Якщо 
співставити загальну кількість видів, виявлених на кожній з ділянок, із 
середньою кількістю видів на зразок, то виходить наступний розподіл: 
Катранівська коса – 28/18, Жебріянське пасмо – 37/15 та Жебріянська 
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бухта – 38/16,5. Таким чином, БҐК з Катранівської коси відрізнялися 
найбільшим видовим різноманіттям на зразок. Вірогідно, це пов’язано з 
тим, що тільки на цій ділянці їх відбирали не лише серед розрідженої 
псамофітної рослинності, але й у пониженнях з ознаками засолення. В 
систематичній структурі альгофлори коси ціанобактерії відігравали 
провідну роль (46,4%), частки зелених (25%) і стрептофітових (21,4%) 
водоростей були суттєво нижчими. Серед Chlorophyta переважали види 
класу Chlorophyceae (85,7%). Відділ Ochrophyta (7,1%) був представлений 
лише діатомеями; жовтозелені водорості в зразках БҐК із цієї ділянки не 
виявлені. Домінантом приморських БҐК на косі була матоутворююча 
ґрунтова ціанобактерія Microcoleus vaginatus і широко поширений у 
наземних місцезростаннях Klebsormidium flaccidum, до яких у місцях із 
плямами засолення в якості субдомінанту приєднувався галофіл 
Coleofasciculus chtonoplastes. Решта видів розвивалася в незначних 
кількостях. Згадані особливості пов’язані з більш суворими умовами, 
порівняно з іншими вивченими ділянками. Вузька смуга піску, оточена 
морем, з пологим ландшафтом і вкрита лише розрідженою трав’яною 
рослинністю, в більшій мірі, ніж континентальні ділянки, зазнає впливу 
прямої сонячної радіації, температурних коливань, водного дефіциту й 
повітряно-крапельного та хвильового засолення. Як відомо, переважання 
ціанобактерій у систематичній структурі кірочок і їхня домінуюча роль у 
БҐК характерні для аридних місцезростань, які відчувають дефіцит вологи 
(Büdel, 2002). 

На підвищеному Жебріянському пасмі ціанобактерії, залишаючись 
досить різноманітними (37,8%), поступилися першим місцем у 
систематичній структурі альгофлори зеленим водоростям (43,2%). 
Streptophyta (13,5%) та Ochrophyta (5,4%) відігравали супутню роль, 
Цікаво, що, на відміну від попередньої ділянки, значну частку відділу 
зелених водоростей (68,8%) представники класу Trebouxiophyceae. 
Домінантом БҐК на піску під соснами, де трав’яна рослинність була 
відсутньою і спостерігалися лише слабкі ознаки розвитку мохів, у деяких 
випадках був також Microcoleus vaginatus, проте часто в цій ролі виступала 
стрептофітова водорість Klebsormidium crenulatum. Відмічено досить 
рясний развиток ціанобактерії Nostoc edaphicum; також незначні скупчення 
ниток Microcoleus autumnalis і Hassallia byssoidea. Решта видів траплялися 
в БҐК у незначних кількостях.  

На дюнах Жебріянської бухти БҐК формували переважно зелені 
водорості (53,8%), частка ціанобактерій була вдвічі меншою (23,1%), а 
Streptophyta (12,8%) і Ochrophyta (10,3%) представлені майже однаково. 
Цікаво, що на цій ділянці внесок класів Chlorophyceae (47,6%) і 
Trebouxiophyceae (52,4%) у систематичну структуру був близьким. У 
домінуючий комплекс прибережних БҐК входили ціанобактерії Microcoleus 
vaginatus, M. autumnalis, Nostoc edaphicum, N. cf. commune та види 
Klebsormidium (K. flaccidum і K. crenulatum). Присутність у складі домі-
нантів стрептофітових водоростей свідчить про менш напружені екологічні 
умови порівняно з піщаною косою.  
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Спільними для всіх трьох ділянок були 14 видів, з яких 50% складали 
ціанобактерії. Якщо оцінювати специфіку видового складу БҐК кожної з 
ділянок за часткою видів, які були відмічені тільки на одній з них, то їхній 
відсоток є найменшим на Катранівській косі: з 28 видів тільки 5 (17,8%) не 
знайдені на інших досліджених ділянках (див. табл. 1). Серед загальної 
кількості видів, виявлених на кожній з двох інших ділянок (Жебріянському 
пасмі та узбережжі Жебріянської бухти), приблизно рівні частки (32,4 і 
33,3% відповідно) складали види, знайдені тільки на одній з них.                      
У переважній більшості це зелені водорості, деякі Streptophyta, а також 
види Xanthophyceae. Серед них є рідкісні та нові таксони, про які 
детальніше буде сказано нижче.  

Двадцять три штами, виділені з БҐК приморських дюн ДБЗ, були 
вивчені молекулярно-філогенетичними методами, що дозволило уточнити 
їхнє систематичне положення та провести точнішу видову ідентифікацію. 

Так, три штами ціанобактерій увійшли до молекулярних клад, 
сформованих представниками родів Microcoleus (Oscillatoriales), 
Nodosilinea R.B.Perkerson & D.A.Casamatta (Synechococcales) та Nostoc 
(Nostocales, рис. 2). 

Найбільший флористичний інтерес являє знахідка представника 
нового для України роду Nodosilinea (рис. 4, а). Морфологічний опис 
виділеного штаму та результати філогенетичного аналізу за нуклеотидною 
послідовністю гена 16S рРНК опубліковані раніше (Mikhailyuk et al., 2016). 
Додаткові дослідження нуклеотидного складу ділянки 16S-23S ITS 
показали, що наш штам має високу схожість з референтним штамом виду 
N. epilithica Kovácik 1998/7 (рис. 5, а). 

Порівняння вторинної структури інформативних геліксів цієї ділянки 
(не наведено) нашого та референтного штаму показало лише незначні 
відмінності. Nodosilinea epilithica було описано за матеріалами, виділеними 
з біологічних плівок, виявлених на стіні будинку в Італії, а також з 
обростання вологої кам’яної стіни фонтанчика для пиття в Греції, тому 
спочатку його вважали субаерофітним епілітом (Perkerson et al., 2011). 

Пізніше з’явилися дані, що суттєво розширили екологічні і, особливо, 
географічні рамки цього виду. Nodosilinea epilithica виявили в Арктиці 
(Центральний Свалбард, Норвегія) на субстратах антропогенного 
походження (Raabova et al., 2016), а також у культурах, виділених із 
каштанового ґрунту сухих степів Волгоградської обл. Росії (Temraleeva, 
Dronova, 2016). 

Близькі за молекулярною структурою штами знайдені в БҐК 
високогірних холодних пустель Західних Гімалаїв (Čapková et al., 2016). 
Нами цей вид був також виділений з БҐК дюн Балтійського узбережжя 
Німеччини (Mikhailyuk et al., 2019b). Як видно з рис. 2 і 3, німецькі штами 
(Ru-6-11 и Us-2-1) та український штам N. epilithica мають високий 
ступінь подібності за послідовністю 16S рРНК і ділянкою 16S-23S ITS. 
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Рис. 2. Молекулярна філогенія Cyanoprokaryota (Synechococcales, Oscillatoriales і 

Nostocales) на основі порівняння нуклеотидних послідовностей гена 16S рРНК. 

Філогенетичні дерева на рис. 2–8 побудовані Байєсівським методом зі значеннями 

Байєсівської ймовірності (Bayesian Posterior Probabilities (PP), справа) та підтримки 

бутстрепу при аналізі максимальної правдоподібності (Maximum Likelihood bootstrap 

support (BP), зліва). Вказані тільки значення PP вище 0,8 і BP вище 50%. Послідовності 

штамів, що належать до даного дослідження, відмічені напівжирним шрифтом, автентичні 

штами – зірочкою 
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Рис. 3. Молекулярна філогенія Chlorophyceae (Chlorophyta) на основі порівняння 

нуклеотидних послідовностей гена 18S рРНК  
 
Що стосується евкаріотичних водоростей, то вивчені проби з ДБЗ та 

його околиць дозволили описати нові для науки таксони і зробити низку 
цікавих флористичних знахідок. Штами зелених водоростей класу 
Chlorophyceae увійшли до молекулярних клад Chloromonadinia, 
Reinhardtinia, Oogamochlamydinia, Monadinia (Volvocales), а також 
Bracteacoccus, Pseudomuriella N.Hanagata і Tetradesmus G.M.Smith 
(Sphaeropleales, рис. 3). 
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Рис. 4. Нові для флори України та рідкісні види ціанобактерій і водоростей з біологічних 

ґрунтових кірочок Дунайського біосферного заповідника: а – Nodosilinea epilithica; б – 

Pseudomuriella aurantiaca; в, г – Tetradesmus arenicola (одноклітинна стадія у культурі (в) та 

об’ємні скручені 4-клітинні ценобії в природних пробах (г); д, е – Pleurastrosarcina 

terriformae; ж, з – Xerochlorella minuta; и, й – Streptosarcina arenaria; к–р – Pleurochloris 

meiringensis (український штам (н) у порівнянні зі штамом з піщаних дюн Балтійського 

моря (Ru-s-4-1, к–м, о–р), вегетативні клітини (к, л, н), зооспорангій (м), зооспори (о), 

гемізооспори (п), стара вегетативна клітина з шаруватим слизом (р). Стрілки вказують 

стигму. Масштаб: 10 мкм (а–н, р), 5 мкм (о, п) 
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Рис. 5. Молекулярна філогенія на основі порівняння нуклеотидних послідовностей ділянок, 

що містять регіон ITS: Nodosilinea, 16S-23S ITS (а), Chloromonas, ITS-2 (б), Microglena, ITS-

1-5.8S рРНК-ITS-2 (в) та Pseudomuriella, ITS-1-5.8S рРНК-ITS-2 (г) 
 
Дослідження нуклеотидної послідовності ділянки ITS деяких із цих 

штамів дозволило визначити їх до виду: "Chlamydomonas" cf. hydra, 
"Tetracystis" pampae і Pseudomuriella aurantiaca (рис. 5, б–г), а також 
описати новий вид Tetradesmus arenicola (Mikhailyuk et al., 2019b). 

Штам Chloromonas Gobi має філогенетичну подібність (18S рРНК 
філогенія) із кількома видами цього роду, які входять до групи власне 
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Chloromonas (core Chloromonas згідно з роботою Barcytė et al. (2018), у т.ч. 
з типовим штамом морфологічно близького виду "Chlamydomonas" hydra 
(рис. 3 та 6, з). Філогенія за ділянкою ITS-2 показала, що цей штам утворює 
окрему лінію (рис. 5, б). На жаль, порівняння з послідовністю ITS-2 
"Chlamydomonas" hydra неможливе через відсутність цих даних, тому ми 
визначили даний штам як "Chlamydomonas" cf. hydra. Він є рідкісним, в 
Україні був знайдений у лісовому ґрунті Канівського природного 
заповідника (Костіков та ін., 2001) та в забрудненій калюжі в Києві 
(Lilitskaya, 2004). 

"Tetracystis" pampae досить часто трапляється в ґрунтах України 
(Kostikov et al., 2001, рис. 6, и). Він зареєстрований у Поліссі, Лісостепу, 
рідше – у Карпатах і Криму. Крім факту молекулярного визначення даного 
представника, цікаво, що він, ймовірно, належить до нещодавно 
перевідкритого роду Microglena Ehrenberg (Demchenko et al., 2012). Хоча 
на даний момент до цього роду відносяться прісноводні та солону-
ватоводні види з монадною організацією клітини, його різноманіття, 
ймовірно, ширше. Він може включати кріофільні Chlamydomonas-подібні 
представники (Liu et al., 2006; Eddie et al., 2008) і деякі наземні види, що 
традиційно відносять до роду Tetracystis R.M.Brown & Bold (Fulnečková et 
al., 2012; Demchenko et al., 2013).  

Pseudomuriella aurantiaca ймовірно є широко поширеним видом з 
неявною Bracteacoccus-подібною морфологією (рис. 9, б), був описаний як 
Muriella aurantiaca Vischer і пізніше перенесений у Pseudomuriella 
N.Hanagata на основі молекулярних даних (Fučíková et al., 2011). 

Формально є новим для України видом і родом, хоча, на нашу думку, 
траплявся й раніше в ґрунтах та наземних місцезростаннях і частково 
визначався як морфологічний вид Muriella terrestris J.B. Petersen (Kostikov 
et al., 2001; Mikhailyuk et al., 2011; Darienko, 2012). 

Представник Tetradesmus попередньо був визначений (Tsarenko, 1990) 
як широко поширений вид T. obliquus (Turpin) M.J.Wynne (= Acutodesmus 
obliquus (Turpin) Hegewald & Hanagata). Подальше вивченя цього штаму і 
кількох штамів з приморських дюн Балтійського моря (Німеччина) з 
використанням комплексного підходу дозволило описати новий для науки 
вид – Tetradesmus arenicola Mikhailyuk & P.Tsarenko (Mikhailyuk et al., 
2019b, рис. 4 в, г). 

У накопичувальній культурі водорість утворювала скручені 4-клітинні 
ценобії (рис. 4, г), які при подальшому культивуванні часто розпадалися на 
окремі клітини (рис. 4, в). Вже після опису нового таксону нами було 
знайдено повідомлення про знахідку морфологічно подібної водорості в 
ґрунтах Данії (Petersen, 1932), Знахідка була визначена як сумнівний вид 
Scenedesmus tetradesmiformis (Wolosz.) Chodat із приміткою, що згаданий 
вид є мешканцем планктону, тоді як виявлена нами водорість розвивалася 
за наземних умов. Тепер ми цілком можемо припустити, що вона належить 
до описаного нами виду з роду Tetradesmus, який є характерним для 
ґрунтів Європи.  
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Рис. 6. Рідкісні та цікаві флористичні знахідки ціанобактерій та водоростей з біологічних 

ґрунтових кірочок Дунайського біосферного заповідника: а, б – Chroococcus helveticus 

(фарбування слизової обгортки метиленовим синім (б); в – Timaviella edaphica; г – 

Phormidium cf. paulsenianum; д – Hassallia byssoidea; е, ж – Heterotetracystis sp. (покраска 

слизу метиленовим синім (ж); з – “Chlamydomonas” cf. hydra; и – “Tetracystis” pampae 

(поодинокі клітини (вгорі) та тетради (знизу); й – Bracteacoccus bullatus; к – Leptosira cf. 

erumpens; л – Trebouxia cf. aggregata. Стрілки вказують стигму. Масштаб: 10 мкм (а, б, е–л), 

5 мкм (в, г) 

 

123



Михайлюк Т.І. та ін. 

 

44 

Цікавою також є знахідка представника роду Bracteacoccus. Хоча нам 
не вдалося отримати послідовність ITS для оригінального штаму, наведене 
молекулярне дерево на основі 18S рРНК (рис. 3) дозволяє визначити його 
як Bracteacoccus bullatus. Автентичний штам цього виду був виділений з 
ґрунтів Німеччини, інші досліджені штами свідчать про його широке 
поширення в наземних місцезростаннях Євразії, Північної Америки та 
полярних регіонів (Свалбард і Антарктида) (Fučíková et al., 2012). В 
Україні вид був виявлений двічі – у ґрунтах під насадженнями Robinia 
pseudoacacia L. в Дніпропетровській і Запорізькій областях (Mamaeva et al., 
2018; Maltsev et al., 2020). Цей вид є криптичним, тобто мало відрізняється 
морфологічно від інших представників Bracteacoccus із середніми 
розмірами клітин (рис. 10, й), тому точна його ідентифікація можлива лише 
з використанням молекулярних методів.  

Точне визначення штамів, що увійшли до клад Reinhardtinia і 
Oogamochlamydinia (згідно до роботи Nakada et al., 2008), на даний момент 
неможливе. Перший з них, ймовірно, являє собою один з видів роду 
Heterotetracystis E.R.Cox & T.R.Deason (рис. 3; 6, е, ж), таксономічна 
ревізія якого на основі комплексного підходу поки що не здійснена. Види 
цього роду є рідкісними знахідками в ґрунтах України, переважно з 
гірських регіонів (Kostikov et al., 2001). Штам із клади Oogamochlamydinia, 
попередньо визначений нами як Lobochlamys sp. (рис. 3), очевидно, є новим 
для науки родом, для опису якого необхідні поглиблені дослідження. 
Згадана клада Chlorophyceae з прісноводно-наземною екологією на 
сьогодні включає 6 чітко окреслених родів (Watanabe, Nakada, 2018) і 
наявність нових, ще не описаних ліній, вказує на те, що її різноманіття ще 
не вичерпане. 

Досліджені штами зелених водоростей класу Trebouxiophyceae 
віднесені до родів Diplosphaera, Nannochloris Naumann, "Parietochloris", 
Leptosira Borzi, Trebouxia Puymaly, Xerochlorella Fučíková, P.O.Lewis & 
L.A.Lewis та Pleurastrosarcina H.J.Sluiman & P.C.J.Blommers (рис. 7).  

Представники перших двох родів є звичайними широко поширеними 
наземними водоростями. Завдяки нещодавній таксономічній ревізії 
Stichococcus-подібних водоростей (Pröschold, Darienko, 2020) один зі 
штамів Diplosphaera вдалося визначити до виду Diplosphaera chodatii            
(рис. 8, й), тоді як для другого поки що точне визначення неможливе – 
Diplosphaera sp. Визначення іншого широко поширеного представника, 
Nannochloris sp., є проблематичним через відсутність відповідної 
таксономічної ревізії на основі молекулярних даних (рис. 7). 

Цікавою є також знахідка Leptosira (рис. 6, к) і "Parietochloris"              
(рис. 8, д–ж). Ці водорості не є тривіальними, представники 
"Parietochloris" мають бути віднесені до роду Lobosphaera Reisigl (Neustupa 
et al., 2011). Проте відповідні ревізії цих таксонів поки що не проведені, 
тому точне визначення до виду на основі молекулярних даних неможливе. 
Цікавою є знахідка "Parietochloris" cf. ovoidea, оскільки цей вид був 
описаний нами з гранітних відслонень півдня України відносно нещодавно 
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(Mikhailyuk et al., 2003) і вважається рідкісним. Однак відсутність даних 
щодо послідовності ITS автентичного штаму не дозволяє бути впевненим у 
його визначенні.  
 

 
 

Рис. 7 . Молекулярна філогенія Trebouxiophyceae (Chlorophyta) на основі порівняння 

нуклеотидних послідовностей гена 18S рРНК 
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Trebouxia cf. aggregata (рис. 6, л) була ідентифікована за послі-
довністю 18S рРНК, оскільки у нашому сиквенсі ділянка ITS відсутня. Цей 
вид є цікавою флористичною знахідкою. Більшість видів Trebouxia – 
типові фотобіонти лишайників, деякі види також зрідка трапляються у 
вільноживучому стані (Voytsekhovich et al., 2011). Trebouxia aggregata на 
території України була виявлена у степовій зоні: в ґрунтах та тріщинах 
мармурових колон античного м. Ольвія (Kostikov et al., 2001) і на гранітних 
відслоненнях, де розвивалася як хазмоендоліт та епіфіт слані лишайника 
(Mikhailyuk et al., 2011).  

Штам, визначений нами як Xerochlorella minuta (рис. 4, ж, з), також є 
цікавою знахідкою. Фактично він є широко поширеним наземним видом 
Dictyosphaerium minutum J.B.Petersen (= D. chlorelloides (Nauman) Komárek 
& Perman), виявленим раніше в українській флорі. Детальне вивчення 
нещодавно описаного монотипного роду Xerochlorella (Fučíková et al., 
2014) засвідчило, що він є раніше описаним ґрунтовим видом 
Dictyosphaerium minutum (Mikhailyuk et al., 2020). 

Також було встановлено, що D. minutum не є генетично спорідненим з 
морфологічно подібним прісноводним видом D. chlorelloides, з яким його 
раніше об’єднали (Komárek, Perman, 1978) і перевели до роду Chlorella 
Beyerinck на основі вивчення лише одного прісноводного штаму (Bock et 
al., 2011). Цей вид був неодноразово виявлений в наземних місце-
зростаннях України (як D. chlorelloides): на кам’янистих відслоненнях 
Національного природного заповідника «Кам’яні Могили» (Darienko, 
Hoffmann, 2003) і Національного природного парку «Подільські Товтри» 
(Darienko, 2008), а також на гранітних відслоненнях долин річок Південний 
Буг, Тетерев та Рось (Mikhailyuk et al., 2011; Mikhailyuk, 2013).  

Найцікавішою знахідкою серед требуксієфіцієвих водоростей є 
Pleurastrosarcina terriformae – новий рід і вид для флори України. 
Водорість має пакетоподібну морфологію і попередньо була визначена як 
вид роду Apatococcus F.Brand (рис. 4, д, е). 

Молекулярно-філогенетичний аналіз за геном 18S рРНК показав 
близьку спорідненість штаму з рідкісним родом Pleurastrosarcina, а 
нещодавня таксономічна ревізія цих водоростей дозволила провести 
ідентифікацію до виду (Darienko et al., 2019). Нам не вдалося отримати 
якісну послідовність ITS для оригінального штаму, проте філогенія на 
основі 18S рРНК (рис. 5) дозволяє визначити його як P. terriformae. 

Вторинна структура гелікса V9, рекомендованого як одна з 
консервативних ділянок 18S рРНК (Darienko et al., 2019), нашого штаму та 
автентичного P. terriformae – ідентичні. Ці водорості є рідкісними 
представниками, типовими для аридних наземних місцезростань. 
Pleurastrosarcina terriformae було знайдено в БҐК пустель Чилі (Південна 
Америка), а також у ґрунті прибережної зони в Хорватії (Darienko et al., 
2019). Наша знахідка цього виду в БҐК піщаних дюн також підтверджує 
аридний характер цього місцезростання.  
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Рис. 8. Домінючі та з високою частотою трапляння ціанобактерії і водорості в ґрунтових 

біологічних кірочках Дунайського біосферного заповідника: а – Lyngbya cf. aestuarii; б – 

Nostoc cf. edaphicum; в – Nostoc cf. commune; г – Microcoleus vaginatus; д, е – Parietochloris 

cf. ovoidea (вигляд з вузького полюсу клітини, видно дволопатевий хлоропласт (е); ж – 

Parietochloris cf. cohaerens; з – Myrmecia cf. biatorellae; и – Myrmecia sp.; й – Diplosphaera 

chodatii; к – “Cylindrocystis” cf. brebissonii. Масштаб 10 мкм 
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Рис. 9. Молекулярна філогенія Streptophyta на основі порівняння нуклеотидних 

послідовностей гена 18S рРНК 

 
Вивчені штами стрептофітових водоростей віднесені до родів 

“Cylindrocystis” Meneghini ex De Bary та Klebsormidium, один із штамів 
описаний як новий рід Streptosarcina Mikhailyuk & Lukešová. Згідно з ITS 
філогенії, штам Klebsormidium виявився представником найчисленнішої 
клади Е (Mikhailyuk et al., 2015) та, ймовірно, є широко поширеним видом 
Klebsormidium cf. subtile (рис. 10).  

Штам кон’югуючої водорості морфологічно дуже близький до 
Cylindrocystis brebissonii (рис. 11, к). Проте молекулярне дослідження 
кон’югуючих водоростей, а також робота щодо арктичних представників 
роду Cylindrocystis (Gontcharov, Melkonian, 2010; Barcytẻ et al., 2018) 
показали, що даний вид – це прісноводна водорість, характерна також для 
льодовиків. Ґрунтові представники, морфологічно близькі до C. brebissonii, 
утворюють монофілетичну лінію, що є окремим, поки не описаним родом 
(рис. 9). 
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Рис. 10 . Молекулярна філогенія Klebsormidiales на основі порівняння нуклеотидних 

послідовностей регіону ITS-1-5.8S рРНК-ITS-2  

 

Водорість, морфологічно близька до Interfilum Chodat, що утворювала 
міцні пакети (рис. 4, и, й), виявилася незалежною лінією всередині класу 
Klebsormidiophyceae (рис. 10). Поглиблене дослідження цього та кількох 
інших штамів дозволило описати новий рід Streptosarcina з двома видами – 
S. arenaria і S. costaricana Mikhailyuk & Lukešová (Mikhailyuk et al., 2018b). 
У ДБЗ був виявлений перший згаданий вид, крім цього місцезростання він 
також знайдений у піщаному ґрунті Словаччини. 

Штам кокоїдної жовтозеленої водорості виявився ідентичним двом 
іншим штамам з БҐК піщаних дюн узбережжя Балтійського моря 
(Німеччина) за послідовністю гена rbcL (рис. 11). Морфологічно ці 
штами також виглядали досить однотипно. Український штам вирізнявся 
тим, що вегетативні клітини водорості утворювали нещільні пакето-
подібні скупчення (рис. 4, н), тоді як клітини німецьких штамів 
розташовувалися поодинці (рис. 4, к, л). Філогенія на основі гена rbcL 
показала, що ці штами є цікавим видом – Pleurochloris meiringensis               
(рис. 11), новим для флори України. 

Морфологічні ознаки вегетативних клітин досліджених штамів і 
будова зооспор цілком відповідають його діагнозу (Ettl, Gärtner, 2014). 
Зооспори були індуковані в культурі одного з досліджених штамів              
(Ru-s-4-1) шляхом вирощування на безазотному середовищі та 
витримування культури в темряві протягом кількох днів. Вони мали два 
нерівних субапікальних джгутики, Cryptomonas-подібну морфологію, два 
пластинчастих хлоропласти, один з яких зі стигмою (рис. 4, м, о).  
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Рис. 11. Молекулярна філогенія Xanthophyceae на основі порівняння нуклеотидних 

послідовностей гена rbcL 

 
Ці ознаки зооспор, а також агрегації вегетативних клітин українського 

штаму є типовими для P. meiringensis (Ettl, Gärtner, 2014). Іноді в культурі 
утворювалися гемізооспори – дрібні нерухомі клітини зі стигмами (рис. 4, 
п). Єдина відмінність досліджених штамів від видового діагнозу – це 
наявність шаруватого слизу в старій культурі (рис. 4, р). Проте, ймовірно, 
присутність/відсутність слизу не є філогенетично важливою ознакою при 
розділенні родів і видів, що було показано та обговорено раніше на 
прикладі зелених водоростей (Darienko et al., 2015). Описано цей вид зі 
Швейцарії (плівка у розщелині скелі), пізніше виявлений у ґрунтах 
Швейцарії, Хорватії, Італії (Ettl, Gärtner, 2014). Очевидно, він є досить 
поширеним видом, а обмежена кількість знахідок, можливо, пояснюється 
неправильним визначенням як Botrydiopsis Borzì, Gloeobotrys Pascher або 
окремих стадій у життєвому циклі Mischococcus Nägeli (Vinogradova, 
Mikhailyuk, 2009; Mikhailyuk et al., 2011). Попередні відомості щодо 
українського та німецького штамів цьго виду були опубліковані в іншій 
нашій роботі (Rybalka et al., 2020). 

Цікаво порівняти результати даного дослідження з матеріалами, 
отриманими при вивченні БҐК приморських дюн мису Казантип в 
Азовському морі (Mikhailyuk et al., 2018a) та двох островів Балтійського 
моря (Schulz et al., 2016; Mikhailyuk et al., 2019a, b). Важливо, що в усіх 
трьох випадках дослідження були методично уніфіковані та проведені з 
використанням комплексного підходу. Мис Казантип і ДБЗ розташовані на 
півдні України, в степовій зоні, клімат тут помірно континентальний, 
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засушливий, із середньорічною кількістю опадів 400 і 350 мм відповідно, а 
найменшою в літній період. Острови Уздом та Рюген у Балтійському морі 
біля берегів Німеччини характеризуються більш вологими і прохолодними 
умовами: клімат океанічний континентальний перехідний, середньорічна 
кількість опадів 500–600 мм, найменша – в лютому. В усіх трьох випадках 
БҐК розвивалися на приморських дюнах, але структура та хімічний склад 
піску мали деякі відмінності (табл. 2).  

 
Таблиця 2. Деякі фізико-хімічні параметри піску з приморських дюн вивчених ділянок 

ДБЗ (1 – Катранівська коса, 2 – Жебріянське пасмо, 3 – Жебріянська бухта), мису Казантип 

(пересип Акташського озера) та островів Балтійського моря, Німеччина (Рюген: 4 – 

Глове, 5 – Прора, 6 – Баабе; Уздом: 7 – Цемпін, 8 – Карлсхаген) 

 

ДБЗ о-в Рюген о-в Уздом 
Показник 

1 2 3 

Мис 

Казантип 4 5 6 7 8 

рН 6,9 6,3 6,5 6,4 7,2 7,2 7,3 7,1 7,5 

Электропровідність 

(мкСм см -1) 
41,1 61,9 37,3 188,3 41,5 32,5 21 15,5 17 

CaCO3 (%) 3,2 5,3 2,4 83,5 11,1 5,6 1,5 0,7 0,8 

Крупнозернистий 

пісок (%) 
0,1 0,2 0 59,1 0,5 5,2 0,3 0 0 

Середньозернистий 

пісок (%) 
89,5 90,4 89,6 33,4 83,2 89 75 79,7 7,8 

Дрібнозернистий 

пісок (%) 
9,8 9,1 9,9 3,6 12,8 2,5 22,6 16,7 89,2 

Мул і глина (%) 0,6 0,3 0,5 3,9 3,5 3,4 2 3,6 3 

Клас за грануло-

метричним складом  
Середній пісок 

Середній 

піщаний 

крупний 

пісок 

Середній 

пісок 

Дрібний 

піщаний 

середній 

пісок 

Дріб-

ний 

пісок 

 
На узбережжі Чорного та Балтійського морів субстратом для БҐК 

слугував середньозернистий кварцевий морський пісок. На м. Казантип 
прибережні пляжі вкриті ракушняковим піском із часточками більшого 
розміру, що виникли в результаті руйнування древніх кальцитів і мушель 
молюсків. Як видно з табл. 2, кислотність субстрату в усіх випадках була 
близькою до нейтральної, але рН піску українських ділянок зміщена у бік 
слабкокислої реакції. За електропровідністю, вмістом CaCO3 та грануло-
метричним складом піски Казантипу різко відрізняються від двох інших 
територій: вони складаються з більших часточок, значно засоленіші та з 
високим вмістом карбонатів.  

Характеристики піску ДБЗ (середні значення зернистості, електро-
провідності та вмісту карбонатів) найбільше схожі з такими о-ва Рюген 
(локалітети Глове і Прора). Пісок о-ва Уздом та одного з локалітетів 
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Рюгена (Баабе) дрібнозернистий, характеризується низькою електро-
провідністю та вмістом карбонатів. Ми проаналізували систематичну 
структуру і співставили списки знайдених видів БҐК, щоб виявити 
можливий вплив згаданих відмінностей на їхній склад.  

Систематична структура водоростей БҐК узбереж, що порівнюються, 
представлена в табл. 3. У всіх випадках вона включає чотири відділи: 
Cyanoprokaryota, Chlorophyta, Streptophyta та Ochrophyta.  

Таблиця 3. Систематична структура водоростей біологічних ґрунтових кірочок 

приморських дюн дельти Дунаю, мису Казантип та островів у Балтійському морі біля 

берегів Німеччини 

Кількість видів, % 
Таксон 

Дельта Дунаю Мис Казантип Балтійські острови 

CYANOPROKARYOTA 26,7 44,4 23,3 

Chroococcales 1,7 2,2 1,2 

Synechococcales 6,7 15,6 5,8 

Oscillatoriales 8.3 6,7 7,0 

Nostocales 10,0 20,0 9,3 

CHLOROPHYTA 53,3 35,6 50,0 

Chlorophyceae 25,0 15,6 27,9 

Trebouxiophyceae 28,3 20,0 20,9 

Ulvophyceae 0 0 1,2 

STREPTOPHYTA 11,7 6,7 11,6 

Chlorokybophyceae 1,7 0 1,2 

Klebsormidiophyceae 8,3 6,7 9,3 

Zygnematophyceae 1,7 0 1,2 

OCHROPHYTA 8,3 13,3 15,1 

Eustigmatophyceae 0 4,4 3,3 

Xanthophyceae 5,2 0 4,7 

Bacillariophyceae 3,4 8,9 8,1 

Усього видів, од. (%) 60(100) 45(100) 86/100 

 
Незважаючи на те, що територіально та за кліматичними показниками 

ДБЗ і Казантип значно ближчі між собою, ніж з островами Балтійського 
моря, за систематичною структурою водоростей чорноморські БҐК мають 
більше спільного з німецькими. Це стосується провідної ролі зелених 
водоростей (на м. Казантип перше рангове місце займали ціанобактерії), 
вищого різноманіття стрептофітових, присутності в спектрі жовтозелених 
водоростей (див. табл. 3), а також домінуючих в БҐК видів водоростей. 
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Так, на м. Казантип це виключно ціанобактерії (види родів 
Microcoleus, Coleofasciculus M.Siegesmund et al., Hassallia Berkeley ex 
Bornet & Flahault, Nostoc, Scytonema C.Agardh ex Bornet & Flahault та ін.), 
тоді як на дюнах ДБЗ і Балтійських островів, крім ціанобактерій, 
домінантами були також стрептофітові (Klebsormidium) і деякі зелені 
(Lobochlamys T.Pröschold et al., Tetradesmus) водорості (див. табл. 1). 
Спільними для балтійських та чорноморських дюн виявилися також деякі 
види водоростей, ймовірно, типові для кварцевого піску – нещодавно 
описаний вид Tetradesmus arenicola, цікаві види – Nodosilinea epilithica, 
Actinochloris sphaerica, Chlorolobion lunulatum, Monoraphidium cf. pusillum, 
Pseudomuriella aurantiaca, Xerochlorella minuta, Klebsormidium crenulatum і 
Pleurochloris meiringensis. 

Порівняння видового складу водоростей БҐК піщаних дюн усіх 
досліджуваних локалітетів з використанням коефіцієнта флористичної 
спільності Сьоренсена-Чекановського показало, що всі вони згрупувалися 
за територіальною приналежністю (рис. 12).  

Острови Балтійського моря та ДБЗ утворили окремі кластери, 
подібність яких проявляється на рівні 38,5%; м. Казантип виявився 
найсвоєріднішим.  

Таким чином, склад водоростей БҐК ДБЗ, згідно з даним аналізом, 
проявляє більшу подібність з віддаленими Балтійськими островами, ніж з 
територіально близьким мисом Казантип. Причиною цього, ймовірно, є 
особливості складу та структури піску. Цікаво, що видовий склад 
водоростей окремих локалітетів Балтійських островів також показав 
схожість за тим самим принципом: один з кластерів утворений Баабе (о-в 
Рюген), Карлсхаген і Цемпін (о-в Уздом) з дрібнозернистим піском, який 
характеризується низькою електропровідністю і вмістом карбонатів, 
другий – утворений Пророю та Глове (о-в Рюген) із середньозернистим 
піском і вищими значеннями електропровідності та вмісту карбонатів (див. 
рис. 12). Ця тенденція подібності видового складу водоростей БҐК 
Балтійських дюн вже відмічалася раніше (Schulz et al., 2016).  

Статистичний аналіз кореляції видового складу водоростей БҐК і 
параметрів піску досліджених піщаних дюн показав, що статистично 
достовірною є кореляція між класом піску за гранулометричним аналізом і 
середньорічною кількістю опадів/середньорічною температурою регіону 
дослідження (табл. 4). Деяку кореляцію також проявляє рН піску, але 
статистична достовірність цього параметру в нашій вибірці низька.  

Отже, за нашими даними, на розподіл водоростей у БҐК приморських 
піщаних дюн впливають характеристики і склад піску, а також географічні 
особливості регіону дослідження. 
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Рис. 12. Дендрит флористичної спільності видового складу біологічних ґрунтових кірочок 

приморських дюн Дунайського біосферного заповідника (1 – Катранівська коса; 2 – 

Жебріянське пасмо; 3 – Жебріянська бухта), мису Казантип та островів Балтійського моря 

(Рюген: 4 – Глове, 5 – Прора, 6 – Баабе; Уздом: 7 – Карлсхаген, 8 – Цемпін), побудований на 

основі коефіцієнта флористичної спільності Сьоренсена-Чекановського. Значення 

коефіцієнта (%) вказані біля гілок 

 

Таблиця 4. Аналіз PerManova по виявленню кореляції видового складу водоростей і 

параметрів ґрунту досліджених регіонів  

Показник Df SumsOfSqs MeanSqs F.Model R2 Pr (> F) КД 
Клас піску за 
гранулометричним 
складом  

3 0,6773 0,22577 4,53 0,51392 0,001 *** 

Середньорічна 
кількість опадів/ 
середньорічна 
температура 

1 0,34071 0,34071 6,8365 0,25853 0,001 *** 

рН 1 0,10287 0,10287 2,064 0,07805 0,096 ° 

Електропровід-

ність 
1 0,09735 0,09735 1,9533 0,07387 0,14  

Інші параметри 2 0,09968 0,04984 0,07563    

Всього 8 1,3179 1     

П р и м і т к а .  Коди достовірності (КД): *** p < 0.001, ** p < 0.01, * p < 0.05, ° p < 0.1. 

Заключення 

Вивчено видове різноманіття водоростей, що утворюють біологічні 
ґрунтові кірочки на поверхні піщаних дюн, на березі Чорного моря в 
околицях с. Приморське Кілійського р-ну Одеської обл. (Україна). Зразки 
відбирали на трьох ділянках узбережжя: Катранівській косі, Жебріянській 
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бухті та Жебріянському пасмі, дві останні ділянки належать до території 
Дунайського біосферного заповідника. Всього було ідентифіковано 60 
видів з відділів Chlorophyta (32), Cyanoprokaryota (16), Streptophyta (7) і 
Ochrophyta (5). У досліджених кірочках домінували ціанобактерії та 
стрептофітові водорості родів Microcoleus, Coleofasciculus, Nostoc, 
Hassallia, Klebsormidium та ін. Для низки штамів ціанобактерій та евкаріо-
тичних водоростей був також проведений філогенетичний аналіз за 
ділянкою нуклеотидної послідовності гена 16S/18S рРНК, і регіону               
16S-23S ITS/ITS-1,2. Це дозволило уточнити їхню видову приналежність і 
систематичне положення, а також здійснити низку цікавих таксономічних            
і флористичних знахідок, поповнивши альгофлору України новими 
таксонами. Зокрема, два з них описані як нові для науки рід і види 
(Streptosarcina arenaria та Tetradesmus arenicola), 2 роди (Nodosilinea і 
Pleurastrosarcina) та 4 види – нові для флори України (Nodosilinea 
epilithica, Pseudomuriella aurantiaca, Pleurochloris meiringensis і 
Pleurastrosarcina terriformae). Кілька таксонів є рідкісними та цікавими 
водоростями: Heterotetracystis sp., Tetracystis pampae, “Chlamydomonas” cf. 
hydra, Bracteacoccus bullatus, Trebouxia cf. aggregata, Parietochloris cf. 
ovoideus та Xerochlorella olmiae.  

Порівняльний аналіз із залученням результатів вивчення БҐК 
приморських піщаних дюн мису Казантип в Азовському морі та двох 
островів Балтійського моря (Німеччина) показав, що найбільш подібними 
за видовим складом водоростей виявилися локалітети, складені кварцевим 
піском – дюни Дунайскої дельти та островів Балтики, тоді як дюни мису 
Казантип, складені ракушняковим піском, найсвоєрідніші. Основними 
факторами, які визначають видовий склад водоростей біологічних 
ґрунтових кірочок приморських дюн, є склад та текстура піску, а також 
кліматичні особливості регіону дослідження. 

 
Робота підтримана фондом Олександра фон Гумбольдта, Німеччина 

(Alexander von Humboldt Stiftung, Deutschland) та Німецьким науковим 
фондом (DFG), приоритетна програма 1991 ‘Taxon-OMICS’ (Project RY 
173/1-1). 
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The species composition of algae from biological soil crusts (biocrusts) on the surface of sand 

dunes (Black Sea coast, Primorske, Izmail District, Odesa Region, Ukraine) was investigated. 

Samples were collected from three coastal localities: Katranivska Spit, Zhebryianska Bay and 

Zhebryianska Ridge. The latter two localities are in the territory of the Danube Delta Biosphere 
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Reserve. The samples were investigated by direct microscopy, followed by a culture approach. 60 

species from Chlorophyta (32), Cyanobacteria (16), Streptophyta (7) and Ochrophyta (5) were 

identified. Representatives of the cyanobacterial genera Microcoleus Desmazières ex Gomont, 

Coleofasciculus M.Siegesmund, J.R.Johansen & T.Friedl, Nostoc Vaucher ex Bornet & Flahault, 

Hassallia Berkeley ex Bornet & Flahault, and streptophytes from the genus Klebsormidium 

P.C.Silva, Mattox & W.H.Blackwell dominated in the studied biocrusts. Phylogenetic analyses 

based on 16S/18S rRNA as well as 16S-23S ITS/ITS-1,2 regions were undertaken for some strains 

of cyanobacteria and eukaryotic algae. As a result, species identification and their position in 

respective phylogeny was refined, as well as aiding the discovery of some interesting and rare 

species. New genera and species were described (Streptosarcina arenaria Mikhailyuk & Lukešová 

and Tetradesmus arenicola Mikhailyuk & P.Tsarenko); with two genera (Nodosilinea 

R.B.Perkerson & D.A.Casamatta and Pleurastrosarcina H.J.Sluiman & P.C.J.Blommers) and four 

species reported for the first time for the flora of Ukraine (Nodosilinea epilithica Perkerson & 

Casamatta, Pseudomuriella aurantiaca (W.Vischer) N.Hanagata, Pleurochloris meiringensis 

Vischer, Pleurastrosarcina terriformae Darienko, W.J.Kang, Orzechowski & Pröschold). 

Comparison of the results from this study with similar investigations at Cape Kazantip (Sea of 

Azov, Ukraine) and at two islands of the Baltic Sea (Rügen, Usedom, Germany) revealed that sand 

composition and texture, as well as climate type of the respective region, are the main factors 

determining species composition of algae and cyanobacteria in biocrusts of maritime  dunes. 

K e y  w o r d s :  cyanobacteria, eukaryotic algae, biological soil crusts, sand dunes, species 

composition, taxonomy, ecology, 16S/18S rRNA, 16S-23S ITS/ITS-1,2, secondary structure, 

Danube Delta, Black Sea, Ukraine 
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Abstract. Biological soil crusts (BSCs) are highly impor-
tant communities in drylands and disturbed areas worldwide,
where the higher vegetation is sparse, with a diverse mi-
croalgal community as the key component. They perform
important ecological functions, such as stabilization of soil
and nutrient enrichment. In temperate regions BSCs are also
common, but generally less studied. Changes in land use and
land use intensity strongly influence biodiversity per se and
ecosystem processes, as can be seen particularly in densely
populated regions like Europe. However, systematic studies
on the effect of land use gradients, i.e., forest management
intensity, on BSCs have been missing up to now. To close
this knowledge gap and enhance the understanding of man-
agement effects on BSCs from pine and beech forests un-
der different management regimes, key primary producers of
these communities (eukaryotic microalgae and cyanobacte-
ria) were studied. Phototrophic microorganisms were identi-
fied morphologically and categorized as either coccal taxa,
which typically occur in high diversity, or filamentous taxa,
which have the potential to initiate BSC formation. In to-
tal, 51 algal species were recorded, most of them from the
phylum Chlorophyta, followed by Streptophyta and Stra-
menopiles, and only 1 cyanobacterial taxon. The most abun-
dant crust-initiating filamentous algae were three species of
Klebsormidium (Streptophyta), a ubiquitous genus regularly
occurring in BSCs because of its broad ecophysiological tol-
erance. Increasing management intensity in the forests re-
sulted in a higher number of algal species; especially the
number of coccal taxa increased. Furthermore, the propor-
tion of inorganic phosphorus showed tendencies towards a

negative correlation with the number of algal species. Thus,
management of forests has an impact on the diversity of pho-
totrophic organisms in BSCs, which might in turn affect their
biogeochemical P cycling.

1 Introduction

Biological soil crusts (BSCs) occur as important vegetation
on all continents on Earth, predominantly in arid and semi-
arid habitats, but also in temperate regions (e.g., Belnap et
al., 2001; Weber et al., 2016). In semiarid and arid environ-
ments, BSCs were studied, for example, in deserts of Israel
and the USA but also in polar regions (Borchhardt et al.,
2017; Flechtner et al., 1998; Kidron et al., 2010). In temper-
ate regions, dunes with sparse vascular plant vegetation or
disturbed areas in open sites (e.g., former mining sites) typ-
ically promote the development of BSCs (T. Fischer et al.,
2010; Langhans et al., 2009; Lukešová, 2001; Schulz et al.,
2016; Szyja et al., 2018).

Even though there is a rising interest in BCSs as global
players in terrestrial nitrogen fixation (Elbert et al., 2012), re-
ports on BSCs from forests are very rare (Seitz et al., 2017).
Under mesic conditions, BSCs have to compete with highly
competitive vascular plants, which strongly limit their devel-
opment. In forests, light limitation and the occurrence of lit-
ter additionally restrict the development of BSCs on the for-
est ground. Therefore, any disturbance of the higher vege-
tation changes the competitive situation, allowing the devel-
opment of BSCs. Disturbances occur frequently in temper-
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ate forests. They include litter-free spots at hillslopes, tree
falls, pits of wild boars, and molehill-like humps, as well as
human-induced disturbances such as skid trails and clear-cut
areas. An increase in tree falls after storm events is a grow-
ing problem in Europe, especially with a rise in the number
and strength of storms potentially caused by the global cli-
mate change (Schwierz et al., 2010). In places where a sub-
stantial disturbance of intact forest ecosystems had occurred
BSCs typically represent pioneer vegetation for the colonial-
ization of bare soil. BSC organisms initiate the biological in-
troduction of carbon and nutrients into soil, promoting the
regrowth of vascular plants (Seitz et al., 2017) and erosion
protection after heavy disturbance and destruction of intact
forest ecosystems.

Destruction of BSC cover caused by land use has nu-
merous negative effects such as an increase in soil erosion,
changes in water regime, and C and N losses from the top-
soil (Barger et al., 2006; Belnap, 2003). Studies dealing with
the effect of land use on BSCs were mainly conducted in arid
and semiarid regions. These studies showed strong negative
effects of intensive livestock grazing on BSC cover due to
trampling and reported a subsequent BSC recovery period of
up to 27 years (Concostrina-Zubiri et al., 2014; Gomez et al.,
2004; Williams et al., 2008). Also, ploughing in Australian
sand plains reduced the BSC cover dramatically (Daryanto
et al., 2013). In contrast to reports from arid areas there are
no studies on the effect of land use in temperate regions, nor
on the effect of land use activities other than grazing or hu-
man activities on BSCs. Further, reports on how disturbances
in continuous vegetation might promote the development of
BSCs are missing.

BSCs can be characterized as “ecosystem engineers” since
they form water-stable aggregates, which have an impor-
tant ecological role in primary production, nitrogen cycling,
mineralization, water retention, and stabilization of soils
(Castillo-Monroy et al., 2010; Evans and Johansen, 1999;
Lewis, 2007). While the role of BSC in the C- and N-cycle
is well documented, little is known about their role in P cy-
cling. Recent studies indicated that the number of microalgal
species in BSCs can be related to the soil P content (Bau-
mann et al., 2017; Schulz et al., 2016). Nevertheless, the ef-
fect of environmental factors that shape BSC communities
and in turn affect soil characteristics is still unstudied.

Together with the macroscopic lichens and bryophytes,
cyanobacteria and eukaryotic microalgae represent the most
important phototrophic components of BSCs (Belnap et
al., 2001). Eukaryotic microalgae, essential components of
biocrust communities as major contributors to C fixation
(Büdel et al., 2016; Szyja et al., 2018), are still the least stud-
ied phototrophs in BSCs. BSC microalgae can be divided
into two functional groups: (i) filamentous and (ii) single-
celled, i.e., coccoid. Filamentous green algae are major BSC-
forming taxa that stabilize soil particles by gluing them to-
gether due to the excretion of sticky mucilage. They usually
occur in high biomass but low diversity. Coccoid algae are at-

tached to the soil particles or other algae and typically occur
in high diversity but low biomass (Büdel et al., 2016).

Filamentous cyanobacteria, especially representatives
from the genus Microcoleus, are often dominant pho-
totrophic organisms in BSCs from drylands and dunes of
temperate regions (Garcia-Pichel et al., 2001; Schulz et al.,
2016). They are described as important members of BSC
communities due to their ability to produce sticky mucilage
sheaths and extracellular polymeric substances, thus forming
a network between soil particles (Gundlapally and Garcia-
Pichel, 2006). In temperate regions, this key function is of-
ten carried out by the filamentous eukaryotic algae, such as
Klebsormidium, Xanthonema, or Zygogonium (Fischer and
Subbotina, 2014; Lukešová, 2001; Pluis, 1994).

In a previous study, we indicated that the BSC’s algal rich-
ness is related to P cycling (Baumann et al., 2017). The data
implied that BSCs were involved in the transformation of in-
organic P to organic P compounds, thus playing a key role in
the biological P cycling in temperate soils. However, BSC al-
gal species richness was only considered as a sum parameter;
detailed information on species occurrence is still missing.
Therefore, in the present study we focused on the identifica-
tion of algal species and the effect of silvicultural manage-
ment intensity on algal species richness in BSCs collected
from the same plots as Baumann et al. (2017) and additional
sampling sites. The correlation of BSC algal richness with
C, N, and P content, and in particular different P fractions,
was investigated in order to uncover the link between bio-
geochemical cycles and BSC alga species. The aim of the
present study was to characterize for the first time algal com-
munity in the BSCs from disturbed sites in temperate forests
of different silvicultural management intensities.

2 Material and methods

2.1 Study site

BSC samples were collected in June 2014 and 2015 from
the plots of the “German Biodiversity Exploratories” project
with natural protected forests and managed forest (age-class
forest) (M. Fischer et al., 2010). Forest plots were located
in the Schorfheide-Chorin Biosphere Reserve in northeast-
ern Germany; the plots differed in the dominant tree species:
Scots pine (Pinus sylvestris L.) or European beech (Fagus
sylvatica L.). Samples were taken from the disturbed areas
where BSCs developed on the litter-free bare soil (for illus-
tration, see Fig. 1). The top millimeters of soil, where BSC
had been visually detected as a green cover, were collected
on a spatula. After transportation to the lab the upper 2 mm of
BSC were separated from the adhering soil underneath with
a razor blade before being stored dry in paper bags. In total,
31 BSCs were collected from 13 pine and 18 beech plots,
of which 23 were managed and 8 were natural forest plots
(Table 1).
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Table 1. General information on study sites: sample location, main tree species, management status, silvicultural management index (SMI),
water content and pH from bulk soil analyses, and proportion of inorganic P as % of total P. n.d.: not determined; * Taken from Baumann et
al. (2017).

proportion
main tree water of inorganic

plot latitude longitude species managed SMI content pH P (%)*

SW_01 52.900847 13.846367 pine yes 0.351 12.08 3.64 20.8
SW_02 52.951729 13.778028 pine yes 0.329 14.36 3.60 n.d.
SW_03 52.920707 13.643002 pine yes 0.334 11.69 3.47 n.d.
SW_04 52.917347 13.847311 pine yes 0.136 13.89 3.50 n.d.
SW_05 53.057034 13.885366 beech yes 0.211 13.89 3.42 22.8
SW_06 53.057034 13.885366 beech yes 0.211 13.89 3.42 18.6
SW_07 52.907443 13.841688 beech yes 0.319 17.85 3.67 17.0
SW_08 52.907443 13.841688 beech yes 0.319 17.85 3.67 14.9
SW_09 53.107348 13.694419 beech no 0.082 18.61 3.73 20.3
SW_10 53.107348 13.694419 beech no 0.082 18.61 3.73 18.5
SW_11 53.191797 13.930338 beech no 0.059 20.67 3.38 13.7
SW_12 53.191797 13.930338 beech no 0.059 20.67 3.38 n.d.
SW_13 53.044587 13.810103 beech no 0.017 16.43 3.56 17.2
SW_14 53.044587 13.810103 beech no 0.017 16.43 3.56 35.0
SW_15 53.091096 13.637843 pine yes 0.381 9.91 3.70 9.2
SW_16 53.090294 13.633704 pine yes 0.281 12.38 3.66 7.5
SW_17 52.917914 13.752174 pine yes 0.276 15.81 3.38 16.7
SW_18 52.914542 13.737553 pine yes 0.330 6.06 3.72 9.4
SW_19 53.076583 13.863986 pine yes 0.335 8.40 3.57 n.d.
SW_20 53.088606 13.635384 pine yes 0.357 8.99 3.66 12.8
SW_21 52.915588 13.740451 pine yes 0.218 13.02 3.44 12.3
SW_22 52.895826 13.852147 pine yes 0.217 13.30 3.47 n.d.
SW_23 52.895826 13.852147 pine yes 0.217 13.30 3.47 n.d.
SW_24 52.940022 13.782612 beech yes 0.161 16.82 3.62 n.d.
SW_25 52.940022 13.782612 beech yes 0.161 16.82 3.62 n.d.
SW_26 52.914769 13.862365 beech yes 0.250 15.66 3.68 25.2
SW_27 52.914769 13.862365 beech yes 0.250 15.66 3.68 33.3
SW_28 52.900977 13.928326 beech yes 0.229 18.85 3.72 14.8
SW_29 52.900977 13.928326 beech yes 0.229 18.85 3.72 n.d.
SW_30 53.051266 13.844995 beech no 0.070 14.08 3.71 n.d.
SW_31 53.051266 13.844995 beech no 0.070 14.08 3.71 n.d.

2.2 Culturing, identification, and richness of algae

Solid 3N-Bolds Basal Medium (1.5 % agar) with vitamins
(Starr and Zeikus, 1993) was used for the establishment of
enrichment cultures. Several 7–10 mm2 BSC pieces were
cleaned with forceps to remove all roots and leaves, in or-
der to avoid the growth of fungi and bacteria, and were
placed on the surface of an agar plate under sterile conditions.
Plates were incubated at 20 ◦C, 30–35 µmol photons m−2 s−1

(Osram Lumilux Cool White lamps L36W/840) under a
light/dark cycle of 16:8 h L:D. The plates were regularly in-
spected and colonies were identified after 4 to 6 weeks’ incu-
bation, using a light microscope (BX51, Olympus) with No-
marski differential interference optics and 1000×magnifica-
tion. Photomicrographs were taken with an Olympus UC30
camera attached to the microscope and processed with the
cellSens Entry software (Olympus). For direct observation of

BSC samples, pieces of BSC were rewetted with tap water,
put on a glass slide, and analyzed with the above-mentioned
microscope at 400× magnification. Mucilage of algae was
stained with an aqueous solution of methylene blue.

Morphological identification of algae and cyanobacteria
was based on the standard syllabus (Ettl and Gärtner, 1995)
and more recent taxonomic publications on certain algal
groups (Darienko et al., 2010; Kostikov et al., 2002; Mikhai-
lyuk et al., 2015). Phototrophic microorganisms were identi-
fied as Cyanobacteria, Chlorophyta, Streptophyta, and some
Stramenopiles (Eustigmatophyceae). Diatoms were regularly
found in direct observations but were excluded from the anal-
yses as the mentioned enrichment cultivation was not suitable
for this group of microalgae (e.g., Schulz et al., 2016).

Since the enrichment cultivation did not provide clear in-
formation on the abundance of each identified taxon, we used
the total number of algae and cyanobacteria species per sam-
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Figure 1. General overview of managed pine forest (a), natural
beech forest (c) and close-up of the respective biological soil crusts
(BSC): BSC on bare soil in a managed pine forest (b); BSC on a
root plate of a fallen tree in a natural beech forest (d).

ple, also known as species richness, as the measure of alpha
diversity. As a measure of beta diversity, the similarity be-
tween the plots was shown by presence/absence of individ-
ual species, combining the total number and the identity of
all algal taxa observed. Furthermore, the identified algae and
cyanobacteria were categorized based on their life form (fil-
amentous or coccal), since different life forms differ in their
ecological function. The proportion of filamentous algae in
the total number of algae was used for statistical analyses.

2.3 Environmental variables

The natural and managed forest plots were characterized
by different silvicultural management intensity. In natural
forests, no management was conducted, meaning that fallen
trees were left in place and no trees were cut. In managed
age-class forests, the forest stands were regularly disturbed
by tree cuts, removal of dead trees, and usage of skid trails.
To evaluate the effect of management, the silvicultural man-
agement index (SMI) was used. This index takes into account
the tree species, forest stand density and age, as well as the
aboveground living and dead wood biomass (Schall and Am-
mer, 2013). High stand density is reflected by a high SMI;
therefore, natural forests have a lower SMI than managed

forests, and a pine stand has a higher SMI than a beech stand
(Schall and Ammer, 2013).

To assess potential links between BSC organisms and
environmental parameters, the species’ richness, pres-
ence/absence of individual algal species, and proportion of
filamentous algae were related to the following environmen-
tal parameters: dominant tree species (pine or beech), silvi-
cultural management intensity (SMI), pH, and water content
of the bulk soil (Table 1, for all 31 samples). Additionally,
for a subset of 19 BSC samples, data on total C, N and P
content and organic and inorganic P compounds, for labile,
moderately labile and stable P, were included. Element data
were presented in detail by Baumann et al. (2017), and are
thus not presented in this paper.

2.4 Statistical analyses

All statistical analyses were done using the R version 3.3.0
(R Development Core Team, 2009) statistical software. Anal-
ysis of variance (ANOVA) was conducted to reveal the effect
of environmental parameters on algal and cyanobacteria rich-
ness, and proportion of filamentous species; the best predic-
tors for their variance were selected by backward elimination
stepwise regression analysis based on the BIC (Bayesian in-
formation criterion) using the “step” command in R. The cor-
relation between environmental parameters was determined
by Pearson correlation (“cor” and “cor.test” commands in R).

To reveal correlations of single environmental parameters
with the presence or absence of individual algal species, Per-
MANOVA (with the “adonis” function in R, Anderson, 2001)
was applied using the Bray–Curtis dissimilarity index (Bray
and Curtis, 1957), including a permutation test with 1000
permutations. The adonis function allows application of non-
Euclidean distance metrics and handles both categorical and
continuous predictors. For analysis of co-correlation of en-
vironmental factors, Pearson correlation was used. To test
significant differences of environmental factors between tree
species, an unpaired two-tailed t-test was performed. Differ-
ences with a p-value below or equal to 0.05 were taken as
significant.

3 Results

3.1 Algae identification

In total 51 different algae species and one cyanobacterium
were detected in enrichment cultures of all 31 BSC samples.
Stichococcus bacillaris was the most ubiquitous taxon, ob-
served in 27 out of 31 samples, followed by Coccomyxa sim-
plex and Klebsormidium cf. subtile in 26 and 23 out of 31
samples, respectively. All other algal species were detected
in less than 50 % of the BSC samples; 22 algal species were
observed exclusively in one sample (Fig. 2). The richness of
algae (total species number) at each plot ranged from 3 to 14
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Figure 2. Occurrence of each algal species in biological soil crusts from forest sites (n= 31).

Figure 3. Filamentous and examples of coccal algae from for-
est BSCs: algae with strong filaments: A-Xanthonema cf. exile,
B-Microcoleus vaginatus, C-Klebsormidium cf. flaccidum; coc-
cal algae: D-Chloroidium ellipsoideum, E-Eustigmatos magnus, F-
Coccomyxa simplex; algae with short or easily disintegrated fila-
ments: G-Stichococcus bacillaris, H-Interfilum paradoxum; scale
bar= 5 µm.

species with a mean of 8 and a standard deviation of 2.6 (a
complete species list is provided in Supplement Table S1).

The phylum Chlorophyta made up 81 % of all detected
algal species, followed by Streptophyta (11 %) and Stra-
menopiles (6 %). Cyanobacteria were rare in these BSCs:
only one species, Microcoleus vaginatus, was observed in
only one sample.

The identified algal species were differentiated accord-
ing to their life form (Fig. 3). Five species with strong fil-

aments (Klebsormidium cf. flaccidum, K. cf. subtile, K. cf.
nitens, Xanthonema cf. exile, Microcoleus vaginatus) and
two species with short or easily disintegrating filaments (In-
terfilum paradoxum, Stichococcus bacillaris) were found. In
each BSC at least two different filamentous taxa were de-
tected, indicating their importance for the BSC formation.
Genus Klebsormidium seemed to be highly important for
BSCs in forest since it was registered in every BSC sample
(Table S1).

3.2 Correlation of algae richness with plot
characteristics and nutrient content

The gravimetric water content of the bulk soil was negatively
correlated with the SMI; the pH was neither correlated with
the water content, nor with the SMI nor with the dominant
tree species (Table 2). The N content was positively corre-
lated with the C content, and N as well as C content were
independent of the SMI and pH. Total P and the proportion
of inorganic P were independent of the C and N content, as
well as of pH and SMI (Table 2).

The richness of algal species and the proportion of fila-
mentous algae in BSCs only correlated with SMI, water con-
tent and proportion of inorganic P (Table 3). The remaining
tested parameters (C and N content, total P, proportion of
organic P, pH, dominant tree species, and soil horizon) were
excluded by stepwise model simplification based on the BIC.
This means that these factors had no measurable effect on the
algal species richness or on the proportion of filamentous al-
gae. The SMI was positively correlated with the species rich-
ness, meaning that a higher SMI resulted in a higher species
richness (Fig. 4); especially the proportion of coccal algae
was increased. BSCs with higher algal richness tended to
have lower proportions of inorganic P.
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Table 2. Significant Pearson correlation coefficients to reveal correlations between environmental factors, which might affect or be affected
by the richness of algae. This co-correlation analysis should support the correct interpretation of potential important factors for the alga
community. SMI – silvicultural management index; n.s. – not significant.

main tree water Ct Nt Pt
species SMI content pH content content content

SMI −0.6
water content 0.77 −0.59
pH n.s. n.s. n.s.
Ct content n.s. n.s. n.s. n.s.
Nt content n.s. n.s. n.s. n.s. 0.94
Pt content n.s. n.s. n.s. n.s. n.s. n.s.
proportion of inorganic P n.s. n.s. n.s. n.s. n.s. −0.78 0.6

The presence/absence of individual algal species in BSCs
significantly correlated with the dominant tree species (15 %
explained variance) and with the soil water content (10 % ex-
plained variance). The SMI and proportion of inorganic P ex-
plained each 5 % of the variance, but this was not significant
(Table 3). Therefore, we concluded that the dominant tree
species and the soil water content affect the composition of
algal species in BSCs.

4 Discussion

4.1 Species composition and abundance

In total, 51 microalgal species and one cyanobacterium were
identified in all sampled BSCs (Fig. 2), which is a similar or
slightly lower species richness compared to the other reports
on BSCs from temperate regions at open sites (Langhans et
al., 2009; Schulz et al., 2016), but similar or higher compared
to the previous reports on algae from forest bulk soil (Khay-
bullina et al., 2010; Novakovskaya and Patova, 2008; Starks
et al., 1981). Nevertheless, the given number most probably
underestimates the real algal richness, since our results are
based on the enrichment cultivation followed by morpho-
logical identification. Enrichment cultivation promotes the
growth of only culturable algae, which represent only a small
part of all phototrophic microorganisms in BSCs (Langhans
et al., 2009). A recent paper, comparing metagenomic data of
a polar BSC with data based on enrichment cultivation and
morphological identification of the algae, showed that only
about 10 % of the metagenomic data could be confirmed by
morphological identification (Rippin et al., 2018). Further-
more, it is not always possible to distinguish dormant from
currently active microalgae. However, direct observation of a
BSC sample under the microscope gives at least a first hint of
the dominant active organisms. With this approach we could
confirm that all filamentous algae were abundant and vital in
the BSC samples. The morphological identification of algae
has known challenges: for example, sibling species have sim-
ilar characteristics but are genetically distant (Potter et al.,

1997). To overcome these limitations, researchers proposed
combining molecular and morphological methods of identi-
fication, since molecular techniques alone can also fail to de-
tect some taxa, as a result of unsuccessful DNA extraction,
inappropriate primers, etc. (Büdel et al., 2009; Garcia-Pichel
et al., 2001).

All observed algal species are known to be terrestrial taxa;
most of them were already reported from other BSCs (Büdel
et al., 2016, and references therein; Ettl and Gärtner, 1995).
Chlorophyceae were the most abundant phylum, which is
typical for temperate regions (Büdel et al., 2016). Especially
most of the unicellular taxa belong to the Chlorophyta (gen-
era such as Chlamydomonas, Chloromonas, Chlorococcum,
and Tetracystis). A high richness of Chlorophyta is character-
istic of humid habitats and typical for forest soils (Hoffmann,
1989).

Cyanobacteria were represented by only one species.
While they are often reported as predominant species in
BSCs of arid regions such as Israel and drylands of the USA
(Garcia-Pichel et al., 2001; Kidron et al., 2010), cyanobac-
teria are less abundant in temperate regions (Gypser et al.,
2016; Langhans et al., 2009; Pluis, 1994) and even rare
in acidic soils, which corresponds to the forest plots of
our Schorfheide-Chorin study site (Hoffmann et al., 2007;
Lukešová, 2001; Lukešová and Hoffmann, 1996). It seems
that cyanobacteria play only a minor role in forest ecosys-
tems, with consequences for the taxa’s ecological traits. For
example, the ability for nitrogen fixation in phototrophic or-
ganisms was only reported for cyanobacteria and never ob-
served in eukaryotic algae. In forest ecosystems, litter and
other decomposable biomass might have provided sufficient
mineral nitrogen compounds, which could have led to the ab-
sence of nitrogen-fixing organisms in these systems in con-
trast to nitrogen-poor habitats such as dunes or deserts where
cyanobacteria are dominant (Langhans et al., 2009; Schulz et
al., 2016).

The filamentous alga Klebsormidium was found in nearly
all BSCs of our study, whereas species with similar strong
filaments (Microcoleus and Xanthonema) were only found
occasionally. Filamentous algae can be regarded as key play-
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Figure 4. Plot of algae richness in BSCs from forests over the sil-
vicultural management index (SMI). Natural forest has a low SMI,
managed forests a high SMI; the line indicates the best linear fit
(slope: 13.6, p < 0.001 (ANOVA)).

ers in BSC communities, because of their BSC-initiating
potential by building tight networks among soil particles
(Büdel et al., 2016). In some forest BSCs, moss protonema
can exert a similar function, due to their filamentous na-
ture (Weber et al., 2016). However, in the forest ecosys-
tems of Schorfheide-Chorin the green algae Klebsormidium
seems to be the most important BSC-initiating alga. This
genus can tolerate a wide range of environmental factors and
has a cosmopolitan distribution in numerous terrestrial habi-
tats (Karsten et al., 2016; Rindi et al., 2011, and references
therein). Its presence in other terrestrial habitats, such as nat-
ural rocks in lowlands and mountainous areas (Mikhailyuk
et al., 2008), caves (Vinogradova and Mikhailyuk, 2009),
sand dunes (Schulz et al., 2016), tree barks (Freystein et
al., 2008), acidic post-mining sites (Lukešová, 2001), urban
walls (Rindi and Guiry, 2004), and building facades (Bar-
berousse et al., 2006), is well documented. As many other
terrestrial algae, Klebsormidium is tolerant to light exposure
during dehydration (Gray et al., 2007). This is a typical situ-
ation, which BSC algae have to cope with, since the increase
in light intensity in the morning is often associated with de-
hydration (Raanan et al., 2016). A recent study in central
Europe, however, observed that Klebsormidium is sensitive
to increasing light during cellular water loss (Pierangelini et
al., 2017). The distribution of Klebsormidium in nearly all
BSC samples from Schorfheide-Chorin forest may be ex-
plained by a lower solar radiation and lower evaporation rates
in forest ecosystems compared with the open habitats (e.g.,
inland dunes) where besides Klebsormidium other filamen-
tous algae are dominant (Langhans et al., 2009; Pluis, 1994).
Also, the forest soil is rather acidic (pH min: 3.23, pH max:
3.86; Table 1), which supports a dominance of Klebsormid-
ium (Škaloud et al., 2014). Thus, the low light availability,
low water evaporation, and acidic soil conditions plausibly
explain the presence and the dominance of Klebsormidium
as a potential BSC-initiating algal taxon in nearly all BSCs
from Schorfheide-Chorin forest plots.

Three morphospecies of the genus Klebsormidium were
identified in the investigated samples (Fig. 2). All three mor-
phospecies were reported from other aeroterrestrial habi-
tats in central Europe (Glaser et al., 2017; Mikhailyuk et
al., 2015). Klebsormidium exhibits morphological features,
which can be easily recognized. However, the identification
down to species level is difficult due to the high morphologi-
cal plasticity (Lokhorst, 1996). And still, in times of molecu-
lar identification, the debate on species definition in the genus
Klebsormidium is ongoing (Mikhailyuk et al., 2015; Rindi et
al., 2017). Therefore, the definition of clades within Kleb-
sormidium was and still is a helpful tool to differentiate be-
tween morpho- or geno-types (Rindi et al., 2011). Studies
comparing these Klebsormidium clades from different local-
ities observed global ubiquity on the one hand, and local en-
demism on the other (Ryšánek et al., 2014). Clade compo-
sition seems to differ depending on the habitat: Klebsormid-
ium cf. flaccidum (B/C clade) was abundant in both closed
and open habitats, whereas K. cf. nitens and K. cf. subtile (E
clade) were predominantly distributed in forest BSCs (Glaser
et al., 2017; Mikhailyuk et al., 2015). In our study, how-
ever, BSCs from forests contained more often Klebsormid-
ium cf. subtile and K. cf. nitens than K. cf. flaccidum. In des-
iccation experiments the recovery rates of these clades were
similar (Donner et al., 2017a, b). It is still open which of
the environmental factors cause the observed habitat prefer-
ences of the different clades. Additional ecophysiological ex-
periments including potential environmental factors, such as
light regimes, desiccation frequency, and duration, as well as
soil parameters such as pH, in combination with transcrip-
tomic approaches might explain these conspicuous habitat
preferences of Klebsormidium clades.

4.2 Correlation with SMI

The silvicultural management index (SMI) was used to es-
timate the forest management intensity. It takes into account
the tree species, forest stand age and density. However, inten-
sively managed forest did not necessarily inherit more dis-
turbed sites suitable for the BSC development. In contrast,
BSC development is limited in forests with high density (typ-
ical for intensively managed forest stands). However, man-
aged forests have a higher risk for complete stand loss, be-
cause of either regular clear-cut or strong storms; it is more
likely to lose a large part of pine stands with high density
compared to natural beech forest.

The richness of algal species as well as the proportion of
coccal algae were positively correlated with the silvicultural
management index (SMI; Fig. 4). This means that more al-
gal species were discovered in BSCs from managed than
from natural forest ecosystems. This finding agrees with con-
clusions of high algal richness on disturbed or cultivated
soils (Gollerbakh and Shtina, 1969; Hoffmann, 1989). The
SMI reflects the effect of management practice on the dom-
inant tree species and the stand density. Most biodiversity
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Table 3. Effect of environmental factors on algae richness, filamentous algae proportion (both estimated by ANOVA) and presence or
absence of individual algal species (estimated by PerMANOVA) quantified by the percentage of explained variance. The significance level is
indicated by a – p < 0.001, b – p < 0.01, c – p < 0.05, and d – p−< 0.1. ns – not significant; (+) indicates positive correlation, (−) negative
correltaion.

algae proportion of presence or absence of
richness filamentous algae individual algal species

SMI 30.5 %b (+) 37.7 %a (−) 5.6 % n.s.
water content 15.7 %c (−) 14.0 %b (+) 9.6 %c

proportion inorganic P 11.0 %d (−) 29.1 %a (+) 5.8 % n.s.
main tree species 0.9 % n.s. 0.3 % n.s. 14.7 %a

exploratory studies on forest-soil microorganisms observed
a stronger effect of the dominant tree species than of the SMI
on the microbial community (Goldmann et al., 2015; Kaiser
et al., 2016; Purahong et al., 2014); only one study on lit-
ter decaying fungi and bacteria indicated a significant differ-
ence between natural and managed beech forests (Purahong
et al., 2015). Kaiser et al. (2016) discussed that the different
tree species influence soil bacteria by shifting the pH in soil;
hence, tree species was designated as the main predictor for
bacterial community composition. However, the bulk soil pH
did not differ significantly between beech and pine forest in
Schorfheide-Chorin (Table 1); hence, the algae in BSCs were
not affected by this abiotic parameter. Therefore, we rejected
an effect of the SMI via the pH on the BSC algal species
richness in Schorfheide-Chorin.

However, the SMI combines other potential factors, which
could explain its positive correlation with the richness of al-
gal species as well as the proportion of coccal algae. Wa-
ter and light availability might have affected BSC microal-
gae due to forest stand density and tree species. Forest plots
in Schorfheide-Chorin were dominated by either beech or
pine trees, which affect the light regime differently: in beech
forests the canopy shade changes over the year, with usu-
ally higher solar radiation on the ground in winter and spring
than in summer, while in pine forests no such light fluctua-
tions occur. Also, the stand density, another parameter of the
SMI, could affect the light regime on the ground: higher den-
sity would result in less photosynthetic active radiation for
photosynthetically active soil microorganisms. The radiation
is often coupled with evaporation of soil moisture (Raanan et
al., 2016); hence, the stand density could have an indirect ef-
fect on the BSC organisms via an altered water regime. Thus,
the SMI was expected to affect the algal richness in BSCs
via lower light availability and lower evaporation rates. This
assumption is well supported by the two-way analysis of wa-
ter content and SMI. Nevertheless, it should be noted that the
water content was measured in the bulk soil, which might dif-
fer from the one of BSCs. For future studies on microalgae
in BSCs it would be important to examine also the incident
light on the ground as well as the BSC water content.

Although the SMI positively affected the algal richness,
the presence or absence of individual algal taxa was not
correlated with the SMI, but with the main tree species.
Broadleaf litter has a higher quality in terms of a more fa-
vorable C : N and C : P ratio compared to coniferous litter
(Cleveland and Liptzin, 2007; McGroddy et al., 2004). It
might have been that the community in the pine forest pro-
moted algal species which could cope with a suboptimal
C : N : P ratio. But as mentioned above, both light regime
and water availability differ between the two forest types and
could also have contributed to the observed differences in the
occurrence of algal species.

4.3 Correlation with C, N, and P

BSCs have different important ecological functions, such as
the enhancement of the nutrient content in the top soil layer
(Baumann et al., 2017; Evans and Johansen, 1999). To assess
the relationship between BSC community and biogeochem-
ical cycling in BSCs, the content of total C, N, and P and
additionally the different P fractions (organic, inorganic, la-
bile, and stable fractions) were correlated with algal richness.
Although a correlation between the richness of algae and the
total C, N, and P content was not observed, the presence of
BSCs clearly led to an increased content of total C, N, and
P and in particular a higher proportion of organic P (Bau-
mann et al., 2017). These results indicate that algal species
are functionally redundant, and that a BSC community with
low species richness still has a functional role in increasing
C, N, and P content. A more detailed analysis of the P frac-
tions gave a slightly different picture: the proportion of in-
organic P was positively correlated with the proportion of
filamentous algae and showed a tendency to a negative cor-
relation with the richness of BSC algae. Soluble inorganic
phosphate can be assimilated by organisms, and it originates
either from the weathering of P-containing minerals, des-
orption of mineral-bound phosphates, or the mineralization
of organic matter (Mackey and Paytan, 2009). Thus, a low
amount of inorganic P could indicate a high uptake rate of
BSC organisms, and thus a more closed P cycle due to the
higher algal richness (Baumann et al., 2017).
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5 Conclusions

BSCs are able to coexist with continuous forests, because
natural and human-induced disturbances regularly provide
free space (e.g., tree fall, skid trails) for BSCs to develop.
For the first time, algal richness in BSCs from such dis-
turbed sites in temperate forests under different management
intensities were described. The rather acidic forest soil sup-
ported a clear dominance of streptophycean Klebsormidium
morphotypes as the main BSC-initiating filamentous algae,
while cyanobacteria played a negligible role. Higher forest
management intensity resulted in a higher richness of algae,
especially in a higher proportion of coccal taxa. It is reason-
able to assume that the silvicultural management intensity in
forests affects the algal richness due to the higher forest stand
density in managed forests, which changes the light and wa-
ter regime. Increasing algal richness in BSCs was supposed
to enhance biogeochemical cycling of nutrients, but this hy-
pothesis could not be proven. Nevertheless, the fraction of
inorganic P showed tendencies towards a negative correla-
tion with BSC algae, especially with filamentous species.
Consequently, the present study gives the first hint of a re-
lation between the biogeochemical cycles in BSCs and algal
species. This relation should be studied in more detail, e.g.,
by gene expression analyses to understand whether and how
algae in BSCs influence the cycling of P. Also, forthcoming
studies should include other BSC-associated organisms, such
as fungi and bacteria, to identify key players and the ecolog-
ical role of BSCs in the P cycle.

Data availability. Data are publicly available and stored in BExIS
(available at https://www.bexis.uni-jena.de/PublicData/PublicData.
aspx?DatasetId=20686, last access: 6 July 2018; Koenig-Ries et al.,
2011).

The Supplement related to this article is available online
at https://doi.org/10.5194/bg-15-4181-2018-supplement.

Author contributions. KG, KB, PL, and UK designed the experi-
ments and collected soil samples. KG, KB, and TM carried out the
lab work. KG prepared the manuscript with contributions from all
co-authors.

Competing interests. The authors declare that they have no conflict
of interest.

Special issue statement. This article is part of the special issue “Bi-
ological soil crusts and their role in biogeochemical processes and
cycling”. It is a result of the BIOCRUST3 conference, Moab, USA,
26 to 30 September 2016.

Acknowledgements. The authors would like to thank Nadine
Borchhardt for her help during BSC sampling. Water content and
pH data were provided by Ingo Schöning, Theresa Klötzing, and
Marion Schrumpf (Max Planck Institute for Biogeochemistry, Jena,
Germany). Special thanks go to Elena Samolov for her contribution
to English corrections.

We thank the managers of the three Exploratories, Martin Gorke,
and all former managers for their work in maintaining the plot
and project infrastructure, Christiane Fischer for giving support
through the central office, Michael Owonibi for managing the
central database, and Markus Fischer, Eduard Linsenmair, Dominik
Hessenmöller, Daniel Prati, Ingo Schöning, François Buscot,
Ernst-Detlef Schulze, Wolfgang W. Weisser, and the late Elisabeth
Kalko for their role in setting up the Biodiversity Exploratories
project. The work has been funded by DFG Priority Program
1374 “Infrastructure-Biodiversity-Exploratories” (subproject
Crustfunction – KA899/28-1 and LE903/12-1). Fieldwork permits
were issued by the responsible state environmental offices of
Baden-Württemberg, Thuringia, and Brandenburg (according to
§72 BbgNatSchG). Tatiana Mikhailyuk thanks the Alexander von
Humboldt Foundation for financial support.

Edited by: Bettina Weber
Reviewed by: two anonymous referees

References

Anderson, M. J.: A new method for non-parametric mul-
tivariate analysis of variance, Austral. Ecol., 26, 32–46,
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x, 2001.

Barberousse, H., Tell, G., Yéprémian, C., and Couté, A.: Diver-
sity of algae and cyanobacteria growing on building facades in
France, Algol. Stud., 120, 81–105, 2006.

Barger, N. N., Herrick, J. E., Van Zee, J., and Belnap, J.: Im-
pacts of Biological Soil Crust Disturbance and Composition on
C and N Loss from Water Erosion, Biogeochem., 77, 247–263,
https://doi.org/10.1007/s10533-005-1424-7, 2006.

Baumann, K., Glaser, K., Mutz, J.-E., Karsten, U., MacLennan,
A., Hu, Y., Michalik, D., Kruse, J., Eckhardt, K.-U., Schall, P.,
and Leinweber, P.: Biological soil crusts of temperate forests:
Their role in P cycling, Soil Biol. Biochem., 109, 156–166,
https://doi.org/10.1016/j.soilbio.2017.02.011, 2017.

Belnap, J.: The world at your feet: desert biological soil crusts,
Front. Ecol. Environ., 1, 181–189, 2003.

Belnap, J., Büdel, B., and Lange, O. L.: Biological soil crusts: char-
acteristics and distribution, in: Biological soil crusts: structure,
function, and management, Vol. 1, edited by: Belnap, J. and
Lange, O. L., 3–30, Springer-Verlag, Berlin, Heidelberg, 2001.

Borchhardt, N., Schiefelbein, U., Abarca, N., Boy, J., Mikhai-
lyuk, T., Sipman, H. J. M., and Karsten, U.: Diversity
of algae and lichens in biological soil crusts of Ardley
and King George islands, Antarctica, Antarct. Sci., 29, 1–9,
https://doi.org/10.1017/S0954102016000638, 2017.

Bray, J. R. and Curtis, J. T.: An ordination of the upland forest com-
munities of southern Wisconsin, Ecol. Monogr., 27, 325–349,
https://doi.org/10.2307/1942268, 1957.

Büdel, B., Darienko, T., Deutschewitz, K., Dojani, S., Friedl, T.,
Mohr, K. I., Salisch, M., Reisser, W., and Weber, B.: Southern

www.biogeosciences.net/15/4181/2018/ Biogeosciences, 15, 4181–4192, 2018

152

https://www.bexis.uni-jena.de/PublicData/PublicData.aspx?DatasetId=20686
https://www.bexis.uni-jena.de/PublicData/PublicData.aspx?DatasetId=20686
https://doi.org/10.5194/bg-15-4181-2018-supplement
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1007/s10533-005-1424-7
https://doi.org/10.1016/j.soilbio.2017.02.011
https://doi.org/10.1017/S0954102016000638
https://doi.org/10.2307/1942268


4190 K. Glaser et al.: Algal richness in BSCs in forests

african biological soil crusts are ubiquitous and highly diverse
in drylands, being restricted by rainfall frequency, Microb. Ecol.,
57, 229–247, https://doi.org/10.1007/s00248-008-9449-9, 2009.
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Abstract: Potash tailing piles caused by fertilizer production shape their surroundings because of the
associated salt impact. A previous study in these environments addressed the functional community
“biocrust” comprising various micro- and macro-organisms inhabiting the soil surface. In that previous
study, biocrust microalgae and cyanobacteria were isolated and morphologically identified amongst
an ecological discussion. However, morphological species identification maybe is difficult because of
phenotypic plasticity, which might lead to misidentifications. The present study revisited the earlier
species list using an integrative approach, including molecular methods. Seventy-six strains were
sequenced using the markers small subunit (SSU) rRNA gene and internal transcribed spacer (ITS).
Phylogenetic analyses confirmed some morphologically identified species. However, several other
strains could only be identified at the genus level. This indicates a high proportion of possibly
unknown taxa, underlined by the low congruence of the previous morphological identifications to our
results. In general, the integrative approach resulted in more precise species identifications and should
be considered as an extension of the previous morphological species list. The majority of taxa found
were common in saline habitats, whereas some were more likely to occur in nonsaline environments.
Consequently, biocrusts in saline environments of potash tailing piles contain unique microalgae and
cyanobacteria that will possibly reveal several new taxa in more detailed future studies and, hence,
provide new data on the biodiversity, as well as new candidates for applied research.

Keywords: biocrust; salinity; potash mining; microalgae; cyanobacteria; integrative approach

1. Introduction

Biological soil crusts (biocrusts) are multidimensional communities consisting of various micro-
and macro-organisms, which inhabit the first millimeters of the soil [1]. They include microalgae
and cyanobacteria, as well as protists, heterotrophic bacteria, and fungi, and in later successional
stages, also lichens and mosses might grow [1]. As ecosystem engineers, biocrusts increase the soil
stability; alter hydrological cycles; and provide nutrients via primary production, aerial N-fixation,
dust trapping, and bio-weathering [2,3]. Biocrusts occur in all climate zones worldwide; they have their
greatest impacts where vascular plant growth is limited due to extreme abiotic stressors [2]. In drylands,
biocrusts cover large areas, thus creating biodiversity hot spots in these hostile environments [2],
and can reach a stable climax state [4]. However, biocrusts are vulnerable against disturbances, such as
trampling [5–8], and endangered by climate change [9]. This stresses the relevance of biocrust research,
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along with the great interest on their multifunctional ecosystem services in the growing field of applied
biocrust research [10–14].

Microalgae and cyanobacteria in biocrusts are well-adapted to their harsh, mainly arid
environments [15]. Cyanobacteria and filamentous algae are key organisms in biocrusts and excrete
sticky extracellular polysaccharides (EPS). EPS are important in promoting the cohesion of biocrust
inhabitants and the connection to soil particles and act as water-holding biomolecules in drought
tolerance [16]. Overall, desiccation stress in biocrusts has been intensively studied, with the focus on a
variety of organisms such as green algae [17,18] and cyanobacteria [19,20] to address the large-scale
ecological aspects [21,22], as well as the (eco-)physiological processes [23,24].

Similarly, the salt tolerance of cyanobacteria [25,26], as well as of algae, in marine habitats [27,28]
is well-studied. Cells under saline conditions are exposed to water deprivation analogous to drought
conditions but, also, show differences in some physiological processes [25,28]. In contrast to the total
absence of water, salt-stressed cells can still be in contact with liquid water yet be subjected to a
diminished water potential. The loss of intracellular water due to the high osmotic potential outside
the cell can be hindered by inorganic and organic osmolytes. These compatible solutes increase the
osmotic potential within the cell and thereby prevent water loss. In addition, the toxic Na+ ions are
exchanged for the nutrient K+ to maintain the cellular ion balance. Due to their increased production
of some commercially relevant secondary metabolites under salt stress, certain microalgae such as
Dunaliella salina are of interest for large-scale biomass production [29,30]. Hypersaline wastewater
from the potash industry can be used for this purpose [31].

Halophilic microbial communities have been addressed in a variety of studies, such as microbial
mats in hypersaline lakes [32–34] and lagoonal mats [35,36], as well as benthic communities in solar
saltern plants [37–39]. In these hypersaline aquatic habitats, photosynthetic organisms were found
in salinities even higher than 30%, such as the green alga Dunaliella [40,41] and the cyanobacteria
Geitlerinema, Phormidium and Komvophoron [42]. Further, several studies have described the biodiversity
of algae and cyanobacteria in saline terrestrial habitats [35,42–53]. Most of them focused on natural
saline habitats.

Anthropogenic salinization, however, is increasingly affecting aquatic [54], as well as terrestrial [55,56],
ecosystems on a global scale. In Europe, one of the main drivers of anthropogenic salinization is the potash
industry for fertilizer production [57]. The valuable components (KCl and MgSO4) of the mined potash salt
are separated from the residue NaCl. Potash tailing piles, as a consequence, consist of highly saline
overburden (mostly of NaCl). In central Germany, in particular, potash tailing piles, reaching a height
of 200 m, shape the landscape. Rainfall dissolves the deposited salt and washes out highly saline pile
wastewaters, which, in one potash tailing pile in Germany, contained dissolved concentrations up to
320 g/L (very close to saturation; predominantly Na+ and Cl−) [58]. Without a base seal, this process
leads to a salinization of the surrounding ecosystems.

As a result, unique salt-affected ecosystems emerge, inhabited by adapted costal flora and fauna,
despite a distance of about 400 km inland from the coast. Halophyte plant communities, with members
such as the sea aster (Tripolium pannonicum) and glasswort (Salicornia sp.), have been well-studied close
to these tailing piles [59–61]. However, higher plants occur only in the surroundings of potash tailing
piles and do not inhabit the pile body itself, due to the extreme salinity of the overburden. Little is
known about biocrusts in the surroundings of such hypersaline potash tailing piles. Eilmus et al. [62]
found a rich prokaryotic community directly on the bare material of a German potash tailing pile,
whereas our previous study described diverse communities of both cyanobacteria and eukaryotic
microalgae in biological soil crusts between the less-saline vegetation line and the hyper-saline bare
pile bodies of several potash tailing piles across Germany [63]. In this previous study, we found species
numbers comparable to those in less-saline regions, which underlined the significance of research
on those specific terrestrial habitats. However, that study was based on morphological observations
only. Investigations on biocrust algae in saline terrestrial inland habitats using modern molecular
phylogenetic approaches are still rare.
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Morphological methods based on light microscopy have a long tradition and continue to be
essential for microalgal and cyanobacteria species identification. However, the phenotypic plasticity of
unicellular algae due to culture conditions, age, and reproductive stages complicate identifications.
In particular, salinity has an impact on the morphology of algal cells [64]. In addition, microalgal and
cyanobacteria cells often lack distinct morphological traits, which limits the use of light microscopy
for accurate species identification. This limitation often results in a high proportion of identifications
only to the family or genus level [65]. Sommer et al. [63], for example, identified only 32% of their
microalgal strains from saline potash tailing piles to the species level.

To accurately identify algal strains, an integrative approach should be considered. This approach
combines classical morphological methods with modern molecular phylogenetic analyses. It was
introduced by Komárek [66] for cyanobacteria, followed by Pröschold and Leliaert [67] for green
algae, and has been increasingly used in microalgal [65,68–73], as well as cyanobacterial [35,74–77],
research. Some recent reviews stressed the advantages and challenges of this approach [78–81].
Still, some limitations on microalgal and cyanobacteria identification remain, such as a lack of identified
sequences in databases; nevertheless, the combination of the mentioned methods highly improves the
quality of the species lists, thereby providing precise phylogenetic, and not biodiversity, information.

Revisiting morphologically identified strains with molecular methods can lead to the finding of
new species or rare taxa that would have been overlooked by using only light microscopy [65,72,82].
Particularly in extreme habitats, the probability of finding yet undiscovered species is high [83] due to
the unique ecological niches inhabited by adapted organisms. In the extreme habitats of potash tailing
piles, there might well be a high potential of discovering previously unknown, highly specialized
cyanobacteria and microalgae.

The aim of our study was to complement the information on biocrust microalgal and cyanobacterial
cultures from the surroundings of saline potash tailing piles as a continuation of the previous
morphological observations [63]. Therefore, common conserved markers for the small subunit
ribosomal ribonucleic acid (SSU rRNA) gene, as well as the variable internal transcribed spacer
(ITS), were used to elucidate the identity and phylogenetic classification of these green algae and
cyanobacteria. Using the integrative approach, we assumed that we would be able to generate more
detailed phylogenetic information compared to the morphological observations alone.

2. Materials and Methods

2.1. Algal and Cyanobacteria Isolates and Their Maintenance

In total, 76 original strains were analyzed in this study. A total of 66 strains, including 52
green algae and 14 cyanobacteria strains isolated from the surroundings of potash tailing piles in
Germany, were published earlier. This paper included the respective site descriptions, samplings, and
isolation procedures [63]. In addition, ten unpublished green algae strains isolated from two of the
sampling sites (TT and NN) of the previous publication [63], as well as from another location at the
Teutschenthal tailing piles (TTF, Figure 1), were included in this study. The latter site was situated
in the nearest environment to the tailing piles in an abandoned lignite mine (Figure 1). Rainwater
dissolves some salt from the tailing pile. These strongly saline brines frequently flood the former
mining area. Thin biocrusts were found between the brine channels and the bordering vegetation
(Figure 1c). The sampling procedure and isolation of the unialgal strains were performed as described
previously [63].
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(c) between the vegetation and tailing pile leachate water channels. 
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Germany). Isolates were morphologically evaluated using an Olympus BX51 light microscope with 
Nomarski DIC optics (Olympus Ltd., Hamburg, Germany), and photomicrographs were taken with 
the digital camera Olympus UC30 attached to the microscope and processed with the cellSense Entry 
imaging software (v. 2.1, Olympus Soft Imaging Solutions, Münster, Germany). The morphological 
species list of green algae and cyanobacteria isolates from potash tailing pile areas was published by 
Sommer et al. [63]. 

2.2. DNA Extraction, PCR, and Sequencing 

The SSU region, as well as the ITS1-5.8S-ITS2 region (hereafter, ITS-1,2 regions), and in particular 
groups, the ITS-2 region for green algae and the SSU-LSU rRNA (large subunit rRNA) intergenic 
spacer for cyanobacteria were used as molecular markers. The cells of green algae and cyanobacteria 
were disrupted by shaking with 1.25–1.55-mm glass beads in combination with a threefold freezing 
and thawing cycle (liquid N, heating block 65 °C). The DNA was extracted with the NucleoSpin Plant 
II mini kit (Macherey Nagel, Düren, Germany) following the instructions. PCR was performed as 
described by Mikhailyuk et al. [86] using the primers EAF3 and ITS055R for green algae [87,88] and 
SSU-4-forw and ptLSU C-D-rev for cyanobacteria [89]. Sanger sequencing was conducted by GATC 
Sequencing Services (Eurofins Genomics Germany, Ebersberg, Germany) using the primers EAF3 
and 1400R [87], N920R [88], 536R [90], 920F and 1400F [91], and GF and GR [92] for green algae and 
SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16, and ptLSU C-D-rev [89,93] for cyanobacteria. 

Figure 1. The potash tailing pile in Teutschenthal, Germany. (a) The plain in front of the tailing pile
represents an abandoned lignite mine, which is regularly flooded by highly saline tailing pile leachate.
(b) Biocrusts close to the Teutschenthal tailing pile between the vegetation and tailing pile body and
(c) between the vegetation and tailing pile leachate water channels.

Unialgal cultures were maintained on solidified 3N-BBM+V [84] and cyanobacteria cultures on
BG-11 [85], both media enriched with 3% NaCl. Cultures were kept at 20 ◦C with a light/dark cycle of
16:8 h with 30-µm photons m−2 s−1 (Osram Lumilux Cool White lamps L36W/840, Munich, Germany).
Isolates were morphologically evaluated using an Olympus BX51 light microscope with Nomarski DIC
optics (Olympus Ltd., Hamburg, Germany), and photomicrographs were taken with the digital camera
Olympus UC30 attached to the microscope and processed with the cellSense Entry imaging software
(v. 2.1, Olympus Soft Imaging Solutions, Münster, Germany). The morphological species list of green
algae and cyanobacteria isolates from potash tailing pile areas was published by Sommer et al. [63].

2.2. DNA Extraction, PCR, and Sequencing

The SSU region, as well as the ITS1-5.8S-ITS2 region (hereafter, ITS-1,2 regions), and in particular
groups, the ITS-2 region for green algae and the SSU-LSU rRNA (large subunit rRNA) intergenic spacer
for cyanobacteria were used as molecular markers. The cells of green algae and cyanobacteria were
disrupted by shaking with 1.25–1.55-mm glass beads in combination with a threefold freezing and
thawing cycle (liquid N, heating block 65 ◦C). The DNA was extracted with the NucleoSpin Plant
II mini kit (Macherey Nagel, Düren, Germany) following the instructions. PCR was performed as
described by Mikhailyuk et al. [86] using the primers EAF3 and ITS055R for green algae [87,88] and
SSU-4-forw and ptLSU C-D-rev for cyanobacteria [89]. Sanger sequencing was conducted by GATC
Sequencing Services (Eurofins Genomics Germany, Ebersberg, Germany) using the primers EAF3
and 1400R [87], N920R [88], 536R [90], 920F and 1400F [91], and GF and GR [92] for green algae and
SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16, and ptLSU C-D-rev [89,93] for cyanobacteria.
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2.3. Phylogenetic Analyses

Bioinformatics steps were performed using the software Geneious 8.1.9 (Biomatters Ltd., v. 8.1.9,
Auckland, New Zealand), if not stated differently. The sequences of the isolates were compared
to identified taxa in the Gene Bank database using BLASTn [94]. Top BLAST hits, as well as some
additional sequences, were downloaded (Supplementary Table S1) and aligned with the original isolates.
The MUSCLE algorithm [95] was used with a maximum of eight iterations. The alignments were cut
and checked for errors manually. Bayesian phylogenic trees were calculated with the MrBayes [96]
add-in by using the GTR+G+I evolutionary model run for 5,000,000 generations and taking the trees
every 500 generations. Of the four runs of the Markov chain Monte Carlo, two were run separately,
with split frequencies at the end of the runs below 0.01. Maximum-likelihood (ML) analyses were
performed to verify the Bayesian results, using GARLI [97] with 1000 bootstrap replicates. Phylogenetic
consensus trees were edited in the MEGA-X 10.1 software [98] and finalized with PowerPoint (Microsoft
Office, Standard 2013, Redmond, WA, USA).

Taxa were named after current taxonomically accepted species or genus names stated in
AlgaeBase [99] using the respective references (Table 1). Subsequently, the original habitats of
all strains were classified as follows: aquatic (frequent presence of water, e.g., marine, freshwater,
brackish water, bog water; both planktonic and benthic, or in microbial mats); terrestrial (in the
absence of permanent water, e.g., on soil, bark, leaves, stones, facades, in biocrusts, or other
nonaquatic biofilms); and endophytic/phycobiontic (e.g., phycobionts in lichens or endophytes
in macrophytes, hereafter endophytic). The symbols are colored according to the salinity of the habitats
(blue = nonsaline, e.g., freshwater and soil; orange = saline, e.g., marine, brackish and saline soil;
black = other extreme conditions, e.g., acidity, heat, and radioactivity; and grey: unknown).

3. Results

3.1. SSU rRNA Gene Phylogeny

The 76 original strains were distributed among the Chlorophyta (62) and cyanobacteria (14).
All green-algal strains belonged to the phylum Chlorophyta; the phylum Streptophyta was absent.
Of the Chlorophyta, 32% (20 isolates) fell into the Chlorophyceae. The majority of these original
strains (11 isolates) were placed in the order Chlamydomonadales (Figure 2). We found lineages in the
Moewusinia (genus Alvikia and two separate lineages close to the genera Spongiococcum/Actinochloris and
Axilosphaera/Eubrownia), Chlorogonia (separate lineage close to Chlorogonium), and Chloromonadinia
(Chloromonas), as well as an independent lineage formed by the genus Borodinellopsis. In the second
order present, the Sphaeropleales (nine isolates, 14%; Figure 3), the strains clustered in the lineages
formed by the genera Bracteacoccus and Tetradesmus.
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) habitats. 1 Identical to Bracteacoccus minor NN-4-1-CC (MT991529),
NN-4-1-H (MT991530), NN-4-1-D2 (MT968390), TTF-1-1-M (MT991533), TTF-2-1-A (MT991534), and
TTF-2-1-J (MT991535).

Twenty-two percent (14 isolates) of the original strains belonging to Chlorophyta were distributed
among the Ulvophyceae (Figure 4). They clustered in the order Ulvales, Desmochloris-clade (genera
Desmochloris and Halochlorococcum), as well as in the order Ulotrichales, Planophila-clade (genus
Planophila) and Acrosiphonia-clade (a separate lineage close to the clade with “Ulothrix” and Chlorothrix
species). The majority of strains (45% of the Chlorophyta strains) fell in the Trebouxiophyceae
(28 isolates, Figure 5) and were distributed among the genera Chloroidium, Watanabea, Diplosphaera,
Pseudostichococcus, Pseudochlorella, Chlorella, and Nannochloris. Fourteen percent (two isolates) of the
cyanobacteria isolates (Figure 6) clustered in the Nostocales (genus Cyanocohniella), and 86% (12 isolates)
fell in the Synechococcales (genus Nodosilinea and an unresolved clade labeled “Phormidesmis”).
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3.2. ITS Phylogeny

In order to define the original strains more precisely (to the species level), ITS-1,2 phylogenies
of several Chlorophyta and cyanobacteria genera were calculated. Some original strains of
the Sphaeropleales, Chlorophyceae, and Trebouxiophyceae clearly clustered in clades formed
by known species: Bracteacoccus minor (Figure 7a), Pseudostichococcus monallantoides, Diplosphaera
chodatii (Figure 8a), Chloroidium saccharophilum (Figure 9a), and Pseudochlorella signiensis (Figure 9c).
A Tetradesmus strain clustered within the strongly supported group formed by several species
perhaps representing the same taxon (“Scenedesmus” rubescens, “Scotiellopsis” reticulata, and Tetradesmus
dissociatus (Figure 7b).
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1-1-M (MT991533), TTF-2-1-J (MT991535), TT-3-1-J (MT991531), NN-4-1-D2 (MT968390), and NN-4-
1-H (MT991530). 

Figure 7. Molecular phylogeny of Sphaeropleales genera based on ITS-1,2 sequencing. (a) Bracteacoccus
(only ITS-2) and (b) Tetradesmus. The phylogenetic tree was calculated by the Bayesian method,
including posterior probabilities (PP) with additional maximum likelihood bootstrap values (BP);
branches are supported by both methods in bold (BP > 60% and PP > 0.9). Authentic strains marked
with an asterisk, original strains from this study in bold. 1 Identical to Bracteacoccus minor TTF-1-1-M
(MT991533), TTF-2-1-J (MT991535), TT-3-1-J (MT991531), NN-4-1-D2 (MT968390), and NN-4-1-H
(MT991530).
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Bayesian method, including posterior probabilities (PP) with additional maximum likelihood 
bootstrap values (BP); branches are supported by both methods in bold (BP >60% and PP > 0.9). 
Authentic strains were marked with an asterisk, original strains from this study in bold. 1 Identical to 

Pseudostichococcus monallantoides WT-3-1-H (MT991551) and WT-3-1-P1 (MT991552). 2 Identical to 

Pseudostichococcus monallantoides TTF-2-1-BB (MT991550). 

Figure 8. Molecular phylogeny of Trebouxiophyceae genera based on ITS-1,2 sequencing.
(a) Pseudostichococcus and Diplosphaera and (b) Chlorella. The phylogenetic tree was calculated by
the Bayesian method, including posterior probabilities (PP) with additional maximum likelihood
bootstrap values (BP); branches are supported by both methods in bold (BP >60% and PP > 0.9).
Authentic strains were marked with an asterisk, original strains from this study in bold. 1 Identical
to Pseudostichococcus monallantoides WT-3-1-H (MT991551) and WT-3-1-P1 (MT991552). 2 Identical to
Pseudostichococcus monallantoides TTF-2-1-BB (MT991550).
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Authentic strains were marked with an asterisk, original strains from this study in bold. 1 Identical to 
Pseudochlorella signiensis TSN1 (MT968421) and TSN3 (MT991546). 

Some original strains clustered with strains of known species but formed distant sister lineages 
to the authentic strains possibly representing other taxa: Chlorella cf. pituita (Figure 8b) and 
Desmochloris cf. halophila (Figure 10b). Many other original strains were placed in separate lineages 
from the reference strains of known species and may represent still unknown species. This was the 
case in the Trebouxiophyceae: Chloroidium (the closest species was C. lichinum, Figure 9a) and 
Watanabea (closest species W. reniformis, Figure 9b), as well as the Ulvophyceae: Planophila (the closest 
species was P. laetevirens, Figure 10a). In the Acrosiphonia-clade of the Ulvophyceae, two original 
strains (cf. Chlorothrix) formed a strongly distinct separate branch without closely related reference 
strains, which may represent a new genus (Figure 10c). 

Figure 9. Molecular phylogeny of the Trebouxiophyceae genera based on ITS-1,2 sequencing (2).
(a) Chloroidium, (b) Watanabea, and (c) Pseudochlorella. The phylogenetic tree was calculated by the
Bayesian method, including posterior probabilities (PP) with additional maximum likelihood bootstrap
values (BP); branches are supported by both methods in bold (BP > 60% and PP > 0.9). Authentic strains
were marked with an asterisk, original strains from this study in bold. 1 Identical to Pseudochlorella
signiensis TSN1 (MT968421) and TSN3 (MT991546).

Some original strains clustered with strains of known species but formed distant sister lineages to
the authentic strains possibly representing other taxa: Chlorella cf. pituita (Figure 8b) and Desmochloris
cf. halophila (Figure 10b). Many other original strains were placed in separate lineages from the
reference strains of known species and may represent still unknown species. This was the case in
the Trebouxiophyceae: Chloroidium (the closest species was C. lichinum, Figure 9a) and Watanabea
(closest species W. reniformis, Figure 9b), as well as the Ulvophyceae: Planophila (the closest species
was P. laetevirens, Figure 10a). In the Acrosiphonia-clade of the Ulvophyceae, two original strains
(cf. Chlorothrix) formed a strongly distinct separate branch without closely related reference strains,
which may represent a new genus (Figure 10c).
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The combined SSU rRNA and SSU-LSU ITS phylogeny of the genus Nodosilinea 
(Synechococcales, cyanobacteria, Figure 11b) showed that two original strains clearly clustered with 
the species N. bijugata; the other four strains formed lineages close to the species Nodosilinea signiensis 
and the unidentified strain Nodosilinea KIOST-1. The SSU-LSU ITS phylogeny of a Nostocales isolate 
showed closeness to the Cyanocohniella and Aliinostoc species, rendering a paraphyletic position of 
Cyanocohniella (Figure 11a). 

Figure 10. Molecular phylogeny of selected genera of the Ulvophyceae based on ITS-1,2 sequencing.
(a) Planophila, (b) Desmochloris, and (c) Acrosiphonia-clade. The phylogenetic tree was calculated by the
Bayesian method, including posterior probabilities (PP) with additional maximum likelihood bootstrap
values (BP); branches are supported by both methods in bold (BP > 60% and PP > 0.9). Authentic
strains marked with an asterisk, original strains from this study in bold.

The combined SSU rRNA and SSU-LSU ITS phylogeny of the genus Nodosilinea (Synechococcales,
cyanobacteria, Figure 11b) showed that two original strains clearly clustered with the species N. bijugata;
the other four strains formed lineages close to the species Nodosilinea signiensis and the unidentified
strain Nodosilinea KIOST-1. The SSU-LSU ITS phylogeny of a Nostocales isolate showed closeness to the
Cyanocohniella and Aliinostoc species, rendering a paraphyletic position of Cyanocohniella (Figure 11a).
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from morphological diagnoses of some species. Thirty-one strains were identified only to the genus 
level or higher because of morphological inconsistencies with known species or the absence of clear 
morphological characters. The list of these morphological species is included in Table 1 and has been 
published previously [63]. 

Figure 11. Molecular phylogeny of selected genera of the cyanobacteria. (a) Cyanocohniella based on
SSU-LSU ITS sequencing and (b) Nodosilinea based on combined SSU and SSU-LSU ITS sequencing.
The phylogenetic tree was calculated by the Bayesian method, including posterior probabilities (PP)
with additional maximum likelihood bootstrap values (BP); branches are supported by both methods
in bold (BP > 60% and PP > 0.9). Authentic strains marked with an asterisk, original strains of this
study in bold.

3.3. Morphological Observations

The morphology of the original strains was examined and is presented on Figures 12–18.
Forty strains were unambiguously identified to the species level using morphological characters solely.
Five strains were tentatively identified because of unclear morphological characters or differences
from morphological diagnoses of some species. Thirty-one strains were identified only to the genus
level or higher because of morphological inconsistencies with known species or the absence of clear
morphological characters. The list of these morphological species is included in Table 1 and has been
published previously [63].
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flagellated, spindle-shaped, or ovoid and characterized by the presence of two or more pyrenoids 
[103]. Young cells of our isolates had Chlorogonium-like morphology (Figure 16b) and had one 
pyrenoid and a posterior nucleus; however, mature cells became ovoid to nearly spherical, never a 
spindle shape (Figure 16a,c). Consequently, our isolates may represent a new taxon. 

Several strains belonged to the Ulvophyceae. In the order Ulvales, the isolate T-4-I-1 fell in the 
genus Desmochloris (Figure 4 and Figure 14a), which includes two species: D. mollenhauerii and D. 
halophila [112]. The original strain of this study was clearly separated from D. mollenhauerii and was 
placed in an intermediate position to the type of species of D. halophila. Thus, we identified our strains 
as Desmochloris cf. halophila, which may represent a new species for the genus. 

 
Figure 12. Photomicrographs of Trebouxiophyceae isolates. (a,c): Pseudostichococcus monallantoides 
WT-3-1-A (a) young cells and (c) mature cells forming a filament (arrow)), (b) Pseudostichococcus 
monallantoides SY-1-2-X, and (d) Diplosphaera chodatii SY-1-2-K with cubic cell packages. Scale bars: 10 
µm. 

Figure 12. Photomicrographs of Trebouxiophyceae isolates. (a,c): Pseudostichococcus monallantoides
WT-3-1-A (a) young cells and (c) mature cells forming a filament (arrow)), (b) Pseudostichococcus
monallantoides SY-1-2-X, and (d) Diplosphaera chodatii SY-1-2-K with cubic cell packages. Scale bars:
10 µm.
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Figure 13. Photomicrographs of Trebouxiophyceae isolates (2). (a–c) Chloroidium saccharophilum OD-
1-1-C with a smooth chloroplast; (d,e) Chloroidium sp. OD-1-1-K with lobed chloroplast (d) mature 
cell, (e) autospore, and mature cells; (f-j) Pseudochlorella signiensis TSN-1 (f) young cells, (g) 
autosporangium, (h) autospores, and (i) cells with sharp pyrenoids; (j) mature cells in cell aggregate; 
(k) Nannochloris sp. TT-3-1-F; and (l–n) Watanabea sp. NN-1-1-E (l) autosporangium, (m) mature cells 
with parietal chloroplast, and prominent pyrenoid. Arrow labels: A = autospore, N = nucleus, and P 
= pyrenoid. Scale bars: 10 µm. 

Several other isolates within the Desmochloris-clade were placed in the interesting and 
insufficiently described genus Halochlorococcum (according to the SSU rRNA gene phylogeny, Figure 
4). Seven species are known in this genus [114]. Even though the genus was recently re-established 

Figure 13. Photomicrographs of Trebouxiophyceae isolates (2). (a–c) Chloroidium saccharophilum
OD-1-1-C with a smooth chloroplast; (d,e) Chloroidium sp. OD-1-1-K with lobed chloroplast
(d) mature cell, (e) autospore, and mature cells; (f–j) Pseudochlorella signiensis TSN-1 (f) young cells,
(g) autosporangium, (h) autospores, and (i) cells with sharp pyrenoids; (j) mature cells in cell aggregate;
(k) Nannochloris sp. TT-3-1-F; and (l–n) Watanabea sp. NN-1-1-E (l) autosporangium, (m) mature
cells with parietal chloroplast, and prominent pyrenoid. Arrow labels: A = autospore, N = nucleus,
and P = pyrenoid. Scale bars: 10 µm.
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after having an invalid status for a long time [114], only the SSU rRNA gene sequences of three species 
(H. dilatatum, H. porphyrae, and H. moorei) were available in the database, which did not allow 
specification of the original isolates to the species level. This stresses the need for a general revision 
of the genus Halochlorococcum. 

Four original strains of another ulvophyte fell in the genus Planophila, forming a distinct separate 
lineage between the two known species P. bipyrenoidosa and P. laetevirens (according to the ITS-1,2 
phylogeny, Figure 10a). This result strongly indicates that these strains represent a new species. 

 
Figure 14. Photomicrographs of Ulvophyceae isolates. (a) Desmochloris cf. halophila TT-4-1-I, (b) cf. 
Chlorothrix NN-1-1-M a corrugated cell wall, (c,d) Halochlorococcum sp. TT-4-1-O (d) single cell with 
lateral pyrenoid surrounded by two starch grains, and (e): Planophila sp. G2C with an unlobed 
chloroplast and one pyrenoid. Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm. 

Figure 14. Photomicrographs of Ulvophyceae isolates. (a) Desmochloris cf. halophila TT-4-1-I,
(b) cf. Chlorothrix NN-1-1-M a corrugated cell wall, (c,d) Halochlorococcum sp. TT-4-1-O (d) single cell
with lateral pyrenoid surrounded by two starch grains, and (e): Planophila sp. G2C with an unlobed
chloroplast and one pyrenoid. Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm.
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Figure 15. Photomicrographs of Chlamydomonadales isolates. (a,b) cf. Spongiococcum TT-3-1-M; (c–e) 
Borodinellopsis sp. NN-2-D (c) juvenile cell and (d) mature cell with lobed chloroplast; and (f-h) 
Borodinellopsis texensis NN-4-1-E (f) zoospores, (h) single cell with prominent nucleus, and one 
pyrenoid surrounded by several fine starch grains. Arrow labels: N = nucleus and P = pyrenoid. Scale 
bars: 10 µm. 

Figure 15. Photomicrographs of Chlamydomonadales isolates. (a,b) cf. Spongiococcum TT-3-1-M;
(c–e) Borodinellopsis sp. NN-2-D (c) juvenile cell and (d) mature cell with lobed chloroplast; and (f–h)
Borodinellopsis texensis NN-4-1-E (f) zoospores, (h) single cell with prominent nucleus, and one pyrenoid
surrounded by several fine starch grains. Arrow labels: N = nucleus and P = pyrenoid. Scale bars:
10 µm.
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Figure 16. Photomicrographs of Chlamydomonadales isolates (2). (a–c) cf. Chlorogonium SY-1-2-T (a) 
mature cells and (b) zoospore; (d–f) Chloromonas sp. WT-3-1-F (d) young cell, (e) zoosporangium, and 
(f) mature cell with apical cell wall bulge (arrow); and (g,h) cf. Axilosphaera NN-1-1-Q, arrows 
indicating slightly open spaces between chloroplast lobes ((g) adult cells in tetrad and (h) young cell. 
Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm. 

A unique case consists of two original strains from the Ulotrichales. According to the ITS-1,2 
phylogeny, these strains were placed in the Acrosiphonia-clade (Figure 4), forming a significant new 

Figure 16. Photomicrographs of Chlamydomonadales isolates (2). (a–c) cf. Chlorogonium SY-1-2-T
(a) mature cells and (b) zoospore; (d–f) Chloromonas sp. WT-3-1-F (d) young cell, (e) zoosporangium,
and (f) mature cell with apical cell wall bulge (arrow); and (g,h) cf. Axilosphaera NN-1-1-Q, arrows
indicating slightly open spaces between chloroplast lobes (g) adult cells in tetrad and (h) young cell.
Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm.
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branch close to the genera Pseudothrix, Chlorothrix, Urospora, and “Ulothrix” (Figure 10c). Urospora is 
a filamentous, uniseriate marine algae and has a multinucleate gametophyte [116], whereas the 
gametophyte thallus of Pseudothrix is initially uniseriate and develops into multiseriate filaments 
[117]. Mature cells of Ulothrix and Chlorothrix are uniseriate and uninucleate [127]. Thus, our isolates 
showing uniseriate and uninucleate filaments (Figure 14b) were morphologically most similar to 
Ulothrix and Clorothrix. The genus Ulothrix, however, is placed in the Planophila-clade of the 
Ulotrichales [69] (Figure 4), represented by strains identified as Ulothrix zonata (SAG 38.86, UTEX 
745). Thus, we tentatively named our isolates (NN-4-1-M and NN-4-1-B) cf. Chlorothrix. 

Several different cultures were found in the Trebouxiophyceae. Five original isolates clustered 
within the genus Chloroidium (Figure 5). One of them (OD-1-1-C) was clearly identified as Ch. 
saccharophilum, since its ITS-1,2 sequence was identical to the authentic strain of this species (SAG 
211-9a, Figure 9a). The other isolates formed two separate lineages together with the unidentified 
strain, originating from sand dunes of the Baltic Sea coast (Ru-6-6). These lineages are close to 
Ch.lichinum, as well as to Ch. ellipsoideum, and may represent new species. 

 
Figure 17. Photomicrographs of Sphaeropleales isolates. (a–d) Bracteacoccus minor (a) young cells, 
TTF-2-1-M and (b,c) TTF-2-1-A (b) surface view of disc-shaped chloroplasts; (c) several nuclei are 
visible in the cell; (d) mature cell with multiple chloroplasts, NN-4-1-CC, (e) and Tetradesmus cf. 
dissocuatus TT-3-1-G, a large mature cell before division containing several nuclei and a central 
pyrenoid. Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm. 

Three other trebouxiophycean isolates clustered with Watanabea and formed a separate lineage 
closely related to the type strain of W. reniformis (SAG 211-9b). The chloroplast of W. reniformis does 
not show a pyrenoid [70], whereas the isolates of this study clearly did (Figure 13m). Another species 
in this clade, W. borsynthenica, in turn, has a pyrenoid [70]. However, the latter is clearly different 
from our isolates regarding the ITS-1,2 phylogeny, which leads to an unclear status of the original 
isolates. 

Figure 17. Photomicrographs of Sphaeropleales isolates. (a–d) Bracteacoccus minor (a) young cells,
TTF-2-1-M and (b,c) TTF-2-1-A (b) surface view of disc-shaped chloroplasts; (c) several nuclei
are visible in the cell; (d) mature cell with multiple chloroplasts, NN-4-1-CC, (e) and Tetradesmus
cf. dissocuatus TT-3-1-G, a large mature cell before division containing several nuclei and a central
pyrenoid. Arrow labels: N = nucleus and P = pyrenoid. Scale bars: 10 µm.

177



Microorganisms 2020, 8, 1667 22 of 39

Microorganisms 2020, 8, x FOR PEER REVIEW 27 of 37 

 

stages in green algae, as well as hormogonia or necridia in cyanobacteria, should be investigated in 
detail. 

 
Figure 18. Photomicrographs of cyanobacteria isolates: (a,b) Nostocales and (c–h) Synecchococcales. 
(a,b) Cyanocohniella sp. SY-1-2-Y, (c) Nodosilinea cf. signiensis NN-3-1-CD, (d) “Phormidesmis” sp. NN-
3-1-CA, (e) “Pseudophormidium” battersii NN-3-1-D, (f) Nodosilinea cf. signiensis NN-2-1-EE, (g) 
Nodosilinea bijugata OD-1-1-T, and (h) “Pseudophormidium” battersii NN-3-1-B. Black scale bars: 10 µm 
and white scale bars: 20 µm. 

4.3. Congruence and Divergence of Phylogeny and Habitat Characteristics Regarding Salinity 

Several species or genera identified in this study are already known to live in salt-affected 
habitats and, thus, are most probably adapted to saline conditions. It is not surprising that we 

Figure 18. Photomicrographs of cyanobacteria isolates: (a,b) Nostocales and (c–h) Synecchococcales.
(a,b) Cyanocohniella sp. SY-1-2-Y, (c) Nodosilinea cf. signiensis NN-3-1-CD, (d) “Phormidesmis” sp.
NN-3-1-CA, (e) “Pseudophormidium” battersii NN-3-1-D, (f) Nodosilinea cf. signiensis NN-2-1-EE,
(g) Nodosilinea bijugata OD-1-1-T, and (h) “Pseudophormidium” battersii NN-3-1-B. Black scale bars: 10 µm
and white scale bars: 20 µm.
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4. Discussion

4.1. Morphological vs. Molecular Species Determination

Table 1 shows a comparison of the results from our study to the previously published morphological
species list [63]. Several of the original isolates were previously correctly identified to the species level
based solely on morphology. Usually, these taxa have distinct morphological features that can be
recognized quickly. As an example, Borodinellopsis texensis is characterized by a prominent asteroid
chloroplast, central pyrenoid, and the formation of cell packages (Figure 15f–h), and Diplosphaera
chodatii is identified by the characteristic cubic cell packages, cell diameter, and the absence of coated
pyrenoids (Figure 12d) [100].

Some strains were correctly identified to the genus level or morphological species complexes.
For example, several strains of the morphologically prominent genus Chloroidium, initially identified as
Ch. ellipsoideum, were redefined as the morphologically close species Ch. saccharophilum and Chloroidium
sp. The cells of this genus can be easily recognized by their ellipsoid shapes and characteristic
chloroplast structures (Figure 13a–e) [68]. Previous identifications of the small-celled Nannochloris
sp. were also confirmed by the integrative approach. However, the group of Nannochloris-like algae
is problematic for identification in general and requires taxonomic revision, including strains from
ecologically different environments [101,102].

Several strains with Tetracystis/Chlorococcum-like morphology finally fell in different but related
lineages in the Moewusinia (Chlorophyceae; Axilosphaera, Spongiococcum, Alvikia, and Chlorogonium),
confirming the general polyphyly of this morphotype [103]. The strain that was morphologically
identified as Radiosphaera negevensis (Moewusinia) due to the presence of almost spherical mature
cells and typical asteroid chloroplasts was redefined as the Chloromonas sp. (Chloromonadinia).
This disagreement in identification may occur due to the high level of morphological parallelism
between nonrelated lineages of Chlorophyceae, previously discussed by Mikhailyuk et al. [65]. Possibly,
the same explanation can be applied to the strains cf. Chlorothrix (Acrosiphonia-clade, Ulotrichales,
and Ulvophyceae), which were originally identified as Ulothrix species (Figure 4, Planophila-clade).
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Further, the identification of some cryptic taxa characterized by simple morphology was corrected
based on the integrative approach. Several strains that were initially identified as morphologically
different Stichococcus species were unambiguously identified as a single species in the newly revised
genus Pseudostichococcus [119] (Figure 8a), namely P. monallantoides. Likewise, some strains of
Bracteacoccus minor were initially morphologically identified as several small-celled Bracteacoccus
(including B. minor) and Pseudomuriella species (Figure 7a).

The Parietochloris strains that were morphologically identified due to their specific structure
of the pyrenoid envelope, chloroplast morphology, and general appearance of young and mature
cells [100], however, were redefined as the recently revised genera Pseudochlorella and Watanabea [70,121].
Members of the same class (Trebouxiophyceae), these genera are related and, consequently,
have similar morphology.

The strains morphologically identified as Spongiochloris excentrica (Chlorophyceae) mostly clustered
in a completely different class (Ulvophyceae) in clades corresponding to the genera Desmochloris and
Halochlorococcum. This may have occurred due to morphological similarities between the two classes:
a high similarity of the spongiomorph chloroplast and the pyrenoid morphology, as well as the
multinucleosis of vegetative cells in some stages of their life cycles. These morphological parallelisms
have been discussed in a recent publication [65]. Halochlorococcum is poorly investigated [114] and
absent from widely used identification books and guides [100], which underlines the difficulty of
identifying this genus morphologically.

The strain TT-3-1-G was also identified as Spongiochloris excentrica on the basis of morphological
features [100]; however, following the phylogenetic analysis, it clustered in another chlorophycean
genus. This genus, Tetradesmus, is morphologically completely different from Spongiochloris. Our strain
formed large multinucleate cells (see Figure 17e) that actually resemble Spongiochloris. These cells may
represent a specific stage in the life cycle of Tetradesmus (before division and autospore formation)
rather than a general phenotype.

The strains morphologically identified as Nostoc sensu lato and Leptolyngbya sensu lato, to give
an example for cyanobacteria, were redetermined to be species of the newly described genera
Cyanocohniella [76] and Nodosilinea [122], which still belong to the same orders (Nostocales and
Synechococcales, respectively). Altogether, the molecular approach resulted in more precise
identification and should be considered as an extension of the previous morphological species list.

As explained above, some of these misidentifications resulted in the splitting of one taxon into
several morphologically identified taxa. This can be explained by two factors: age of cultures and
phenotypic plasticity. Cultures of different ages may have shown differences in cell morphology.
Young cells may be smaller and, for example, in the case of Halochlorococcum sp., are more likely to
resemble Chlorella. Older cells may have been larger and potentially showed more morphological traits
that were attributed to another taxon. Likewise, young cells of Planophila sp. did not form characteristic
cell packets but showed a Chlorella-like morphology (Figure 14e), leading to the mismatch between the
morphological approach and the molecular results.

Differences in morphology also appear with different culture conditions, such as temperature,
light, and salinity. This effect is termed phenotypic plasticity. Some recent studies have revealed
that phenotypic plasticity of several terrestrial green algae can be caused by different levels of
salinity [119,124].

Some morphologically identified species from the potash tailing pile sites [63] could not be
addressed with the methods used here. One example is the genus Pseudendoclonium, a filamentous
branched green alga in the Ulvophyceae, which was frequently found in biocrusts of the tailing pile
environments [63]. This genus is a widely distributed halotolerant alga and has also been identified as
Dilabifilum in some studies [43,51,125]. In the previous study, the genus Planophila was represented by
five morphologically identified species [63], e.g., characterized by dense cell aggregates. However,
the present study identified only one species, which was single-celled (Figure 14e). Sequencing other
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morphotypes of this genus was not successful. Thus, our approach was not feasible for these isolates.
For these reasons, the taxa identified in this study do not comprise a complete species list.

In sum, the integrative approach confirmed some of the morphological taxa, redefined others more
precisely, and excluded a few strains due to methodological issues. Consequently, the results should
be considered as an extension and revision of the species list published previously [63], underlining
the general advantages of an integrative approach.

4.2. Taxa with Unclear Phylogenetic Positions

In the Chlamydomonadales, the genus Borodinellopsis was isolated quite often from our samples
(four isolates, Figure 15c–h). Two original strains were clearly identified as Borodinellopsis texensis.
Another two original strains formed a sister branch to this species (Figure 2). This lineage may represent
another species of Borodinellopsis, either B. oleifera, which is morphologically characterized by the
presence of oil drops [126], or a new taxon. However, no reference sequence of B. oleifera was available.
Thus, more detailed morphological observation is necessary to reach a definitive conclusion.

Several strains were found among the Tetracystis/Chlorococcum-like isolates in the Moewusinia-clade,
identified as cf. Axilosphaera, cf. Spongiococcus, and Alvikia sp. The isolate NN-1-1-Q (cf. Axilosphaera,
Figure 16g,h) clustered with Eubrownia and Axilosphaera vegetata. Even though the latter represents
the closest relative, the isolate analyzed in this study differed from these reference strains regarding
the SSU rRNA gene sequence, indicating a possibly new taxon. Ettl and Gärtner [100] described
Axilosphaera vegetata as morphologically similar to Borodinellopsis but distinguished by the absence of
the larger cell complexes in Axilosphaera, which, in turn, are common for Borodinellopsis. We observed
the isolate NN-1-1-Q in dyads or tetrads only (Figure 16g), which showed parietal cup-shaped and
richly dissected chloroplasts (Figure 16g,h). The chloroplast of Axilosphaera is described as parietal
cup-shaped and dissected, becoming almost asteroid in mature cells, which is similar to the cup-shaped
and dissected chloroplasts of the sister lineage Eubrownia [105]. Two other Moewusinia isolates fell
in new lineages (Figure 2). The isolates cf. Spongiococcum (SY-4-1-C and TT-3-1-M), which showed a
Tetracystis-like morphology and a spongiomorph chloroplast with a prominent pyrenoid (Figure 15a,b),
as well as the isolate Alvikia sp. (TTF-2-1-Da), which showed a Chlorococcum-like morphology, possibly
representing new taxa. For final clarification, more thorough investigations are required.

The original isolates TT-3-1-Q, SY-1-2-T and TSN3f, placed in the Chlorogonia, were unique,
since they were clearly separated from the closest Chlorogonium species. The genus Chlorogonium is
flagellated, spindle-shaped, or ovoid and characterized by the presence of two or more pyrenoids [103].
Young cells of our isolates had Chlorogonium-like morphology (Figure 16b) and had one pyrenoid and
a posterior nucleus; however, mature cells became ovoid to nearly spherical, never a spindle shape
(Figure 16a,c). Consequently, our isolates may represent a new taxon.

Several strains belonged to the Ulvophyceae. In the order Ulvales, the isolate T-4-I-1 fell
in the genus Desmochloris (Figures 4 and 14a), which includes two species: D. mollenhauerii and
D. halophila [112]. The original strain of this study was clearly separated from D. mollenhauerii and was
placed in an intermediate position to the type of species of D. halophila. Thus, we identified our strains
as Desmochloris cf. halophila, which may represent a new species for the genus.

Several other isolates within the Desmochloris-clade were placed in the interesting and insufficiently
described genus Halochlorococcum (according to the SSU rRNA gene phylogeny, Figure 4). Seven species
are known in this genus [114]. Even though the genus was recently re-established after having an
invalid status for a long time [114], only the SSU rRNA gene sequences of three species (H. dilatatum,
H. porphyrae, and H. moorei) were available in the database, which did not allow specification of
the original isolates to the species level. This stresses the need for a general revision of the genus
Halochlorococcum.

Four original strains of another ulvophyte fell in the genus Planophila, forming a distinct separate
lineage between the two known species P. bipyrenoidosa and P. laetevirens (according to the ITS-1,2
phylogeny, Figure 10a). This result strongly indicates that these strains represent a new species.
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A unique case consists of two original strains from the Ulotrichales. According to the ITS-1,2
phylogeny, these strains were placed in the Acrosiphonia-clade (Figure 4), forming a significant new
branch close to the genera Pseudothrix, Chlorothrix, Urospora, and “Ulothrix” (Figure 10c). Urospora is
a filamentous, uniseriate marine algae and has a multinucleate gametophyte [116], whereas the
gametophyte thallus of Pseudothrix is initially uniseriate and develops into multiseriate filaments [117].
Mature cells of Ulothrix and Chlorothrix are uniseriate and uninucleate [127]. Thus, our isolates
showing uniseriate and uninucleate filaments (Figure 14b) were morphologically most similar
to Ulothrix and Clorothrix. The genus Ulothrix, however, is placed in the Planophila-clade of the
Ulotrichales [69] (Figure 4), represented by strains identified as Ulothrix zonata (SAG 38.86, UTEX 745).
Thus, we tentatively named our isolates (NN-4-1-M and NN-4-1-B) cf. Chlorothrix.

Several different cultures were found in the Trebouxiophyceae. Five original isolates clustered
within the genus Chloroidium (Figure 5). One of them (OD-1-1-C) was clearly identified as
Ch. saccharophilum, since its ITS-1,2 sequence was identical to the authentic strain of this species
(SAG 211-9a, Figure 9a). The other isolates formed two separate lineages together with the unidentified
strain, originating from sand dunes of the Baltic Sea coast (Ru-6-6). These lineages are close to
Ch.lichinum, as well as to Ch. ellipsoideum, and may represent new species.

Three other trebouxiophycean isolates clustered with Watanabea and formed a separate lineage
closely related to the type strain of W. reniformis (SAG 211-9b). The chloroplast of W. reniformis does
not show a pyrenoid [70], whereas the isolates of this study clearly did (Figure 13m). Another species
in this clade, W. borsynthenica, in turn, has a pyrenoid [70]. However, the latter is clearly different from
our isolates regarding the ITS-1,2 phylogeny, which leads to an unclear status of the original isolates.

In the Sphaeropleales, the original strain TT-3-1-G clustered in the genus Tetradesmus. It was close
to the authentic strains of four species: “Scenedesmus” rubescens, “Scotiellopsis” reticulata, Tetradesmus
dissociatus, and “Scenedesmus” littoralis, forming a highly supported cluster in the SSU rRNA gene
and ITS-1,2 phylogenies (Figures 3 and 7b). Indeed, the SSU rRNA gene and the ITS sequences
were very similar (differing in only one nucleotide) and, also, in their ITS-2 region, which is used
for species delimitation within the genus [128]. Thus, it is obvious that this cluster, including our
original strain, most likely represents one distinct species. The findings of another study confirm the
genetic similarity here [111]. However, there are some nomenclatural uncertainties, since the status of
the oldest species name in that clade (Halochlorella rubescens) was recently declared as invalid [129].
Despite the genetic identity and a generally similar morphology of these four strains, they showed some
minor, though characteristic, morphological differences: Scenedesmus rubescens forms cell packets [130],
and Tetradesmus dissociatus shows characteristic thread-like remnants of the sporangial walls. We also
observed some specific multinucleate stages in our original strain TT-3-1-G (Figure 17e), which may
have caused its previous misidentification (see above). Therefore, further investigations are required
for the final decision concerning this clade. Accordingly, we named the original isolate as Tetradesmus
dissociatus, since it is the only valid species name available in this group.

The two cyanobacteria isolates in the Nostocales clustered with the rare and recently described and
revised genus Cyanocohniella [75,76]. However, both the SSU and SSU-LSU intergenic spacer phylogeny
showed a paraphyly of Cyanocohniella and the genetically close genus Aliinostoc (Figures 6 and 11a).
Therefore, the identification remains unclear. Moreover, both genera may require further revision.

Several original isolates from the Synechococcales with unclear Leptolyngbya-like morphology
(Figure 18c,f,g) clustered within the genus Nodosilinea, which was defined recently [122], followed by the
description of several new Nodosilinea species [123,131,132]. Some of our isolates fell in clades formed
by known species (Figure 11b) and identified as N. bijugata and N. cf. signiensis. The original isolate
OD-2-1-H, however, was placed in a distinct clade with an unidentified reference strain (KIOST-1),
indicating its unclear status.

Six other original isolates belonging to Synechococcales and characterized by prominent, deeply
constricted green, pale-green, and brown trichomes, as well as narrow cells (Figure 18d–h), were ordered
into another clade containing sequences labeled as Phormidesmis and Pseudophormidium. However,
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a recent review addressed the genus Phormidesmis [133], which clearly represents another lineage.
Previous studies that found strains of the same clade termed it “Phormidesmis” [65,72], which stresses its
unclear status and, as discussed above, may represent an undescribed genus [72]. Clearly, identification
of our strains is not possible.

Overall, our study showed a high proportion of unclear and possibly new taxa. For 24% of the taxa
found in this study (16 isolates), identification even to genus level was doubtful or not possible from
the integrative approach. This is twice as high as in a similar study on biocrusts in Baltic Sea coastal
dunes, where the authors found unclear genera in 11% of their isolates [65]. Another recent study on
microbial mats in hypersaline wind-tidal flats found that even 35% of the isolated cyanobacteria could
not be assigned to the genus/family level [35]. This underlines the lack of knowledge in hypersaline
environments, which is in congruence with our findings on biocrusts in the highly saline potash tailing
pile environments.

The methods used in our study were not sufficient to formally describe the new taxa. Therefore,
deeper analyses are needed. One crucial molecular method is the comparison of ITS secondary
structures that clearly delimit the borders between species of both green algae and cyanobacteria.
In addition, the morphology should be analyzed in detail. The original strains of this study were
cultured on a solidified saline medium, which could result in changes in morphology. Phenotypic
plasticity under saline conditions is known for several species [134]. To overcome this possible
limitation, several growth media with or without added salt should be used, both solidified and liquid.
In addition, the morphology of all reproductive stages, such as zoospores, gametes, or resting stages in
green algae, as well as hormogonia or necridia in cyanobacteria, should be investigated in detail.

4.3. Congruence and Divergence of Phylogeny and Habitat Characteristics Regarding Salinity

Several species or genera identified in this study are already known to live in salt-affected habitats
and, thus, are most probably adapted to saline conditions. It is not surprising that we identified
many strains of Ulvophyceae, since this class mostly contains salt-tolerant marine species, such as the
eponymous macrophyte genus Ulva. However, in terrestrial habitats, members of this class are mostly
less common than the predominant Chlorophyceae and Trebouxiophyceae. Only a few studies have
treated nonmarine Ulvophyceae, which were recently rearranged in the broad revision of Darienko
and Pröschold [69].

The Ulvophyceae Desmochloris halophila was originally found in mixohaline water [113].
Other strains assigned to that genus/species also originated from salt-affected habitats [65,135].
Another Ulvophyceae, a close relative to the original strains of Halochlorococcum sp.,
was Halochlorococcum dilatatum (SAG 12.90), which was originally isolated from a rock pool in
Helgoland, Germany. Rock pools have fluctuating salinities, which may strongly increase due to
evaporation and reach hypersaline concentrations. The two other reference strains, H. porphyreae and
H. moorei, were also found in marine environments [115,117]. Mettlig [136] classified the group as a
genus, including soil algae; however, no record from a terrestrial environment was published thereafter.
Thus, the findings of our study indicate the first record of Halochlorococcum in a biocrust.

The clade Tetradesmus, including “Scotiellopsis” reticulata, “Scenedesmus” rubescens, “S.” littoralis,
and T. dissociates, is an interesting case in the Sphaeropleales concerning salinity. The reference strain
“Scotiellopsis” reticulata (CCALA 474) was found in the sand on the coast of the Black Sea [137], and the
type strain of “Scenedesmus” littoralis originated from coastal waters and tolerates up to 2% NaCl [138].
“Scenedesmus” rubescens was described based on a strain isolated from a culture of marine brown
algae [130]. The reference strain Tetradesmus dissociatus is the only exception, since it was isolated from
cornfield soil [139].

The order Chlamydomonadales also contains salt-tolerant species such as Borodinellopsis
texensis, which was found in a sea salt farm (strain JM002, Figure 2) and in a hypersaline
ecosystem [43]. The isolate Alvikia sp. (TTF-2-1-Da), interestingly, clustered with species found in
saline environments [105] but not in terrestrial habitats. In contrast, the sister clade with Spongiococcum
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and Actinochloris included terrestrial isolates from nonsaline environments. Thus, our isolate may
somehow represent a linkage between these clades as the first record from a salt-affected terrestrial site.

In the cyanobacteria, the closest reference to the two original strains, Cyanocohniella sp.,
was originally isolated from beach mats of the North Sea, The Netherlands [75]. In the sister
genus Aliinostoc, some strains are known from other saline habitats, such as saline-alkaline lakes or
mangroves [140]. In the “Phormidesmis” cluster, almost all of the respective reference strains were
originally isolated from salt-affected habitats but of different types. These references originated from
microbial mats in saline lakes [141,142] and from the coast of the brackish Sea of Azov [72]. Two strains
of “Pseudophormidium” were isolated from the unusual habitat of salt-excreting leaves of the mangrove
Avicennia schaueriana [143]. In sum, the original isolates belonging to the taxa discussed above match
the saline habitat preferences of their closest phylogenetic relatives.

In contrast, several genera were identified that are more common in nonsaline environments.
The Trebouxiophyceae comprises a wide variety of microalgae, including marine and freshwater, as
well as numerous terrestrial taxa. In the genus Watanabea, most species were described from either
aquatic, e.g., Watanabea reniformis (SAG 211-9b), or terrestrial habitats; there is no record from saline
terrestrial environments yet known. Interestingly, several strains have been isolated from highly acidic
environments [70,144]. Thus, the original isolates of this study underline the presence of extremophiles
within the genus Watanabea and represent a unique finding in a saline biocrust.

A study focusing on Nannochloris-like algae described a new genus of marine/saline
Nannochloris-like strains, namely Picochlorum, whereas freshwater Nannochloris-like strains formed a
second cluster [101]. The respective strains of our study did not fall into the marine Picochlorum but,
rather, in the freshwater Nannochloris.

The Trebouxiophyceae genus Chlorella is among one of the best-known genera of microalgae,
but its phylogenetic status has long remained unresolved. A recent study addressed the question of
the existence of true marine Chlorella species and, indeed, found three marine isolates belonging to
this genus, namely Chlorella vulgaris [145]. The original isolate of this study, however, clustered with
Chlorella pituita. The epitype strain of Chlorella pituita, though, was isolated from freshwater [97].

Consequently, we found several isolates that represent taxa that are typically found in saline
habitats or that have some close relatives that inhabit such environments. Other taxa were more typical
for nonsaline habitats. To withstand the harmful saline environment, salt-tolerant microalgae evolved
protective mechanisms such as the excretion of extracellular polysaccharides (EPS) and the production
of intracellular organic osmolytes. However, the biocrust as a multidimensional layer potentially
provides shelter for less salt-tolerant organisms. Species adapted to salty conditions may form a barrier
layer for sensitive species by EPS excretion. Thus, both tolerant as well as nontolerant taxa may appear
in salt-affected biocrusts, although intolerant taxa may not survive outside the shelter of the biocrust
community. Further, we cannot state whether the species lived under their optimum conditions or at
the edge of their salt tolerance. Competitive pressure in less saline soils in these environments may
lead to a migration of taxa to more saline soils on the edge of their tolerance. Future eco-physiological
studies on the isolated microalgae and cyanobacteria strains should address their plasticity towards
salinity by thoroughly identifying the tolerance range, as well as the optimum salinity.

Moreover, the mechanisms of salt tolerance are closely linked to drought tolerance, a trait that is
generally necessary for microalgae outside the aquatic environment, such as in a biocrust. Though there
are some differences in the effect, as well as the protective mechanisms of these two stressors,
common terrestrial microalgae that are already adapted to water deprivation have a good potential
to withstand saline conditions as well. This is in congruence with our findings of several common
terrestrial algae and cyanobacteria, such as Pseudostichococcus [119], Bracteacoccus, Chloroidium [68], and
Nodosilinea [122], in biocrusts of potash tailing pile environments.
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5. Conclusions

Many taxa of already known salt-tolerant green algae and cyanobacteria were found in biocrusts
of extremely saline potash tailing pile habitats using an integrative approach. Several strains were
the first record of that taxon in a biocrust. However, there was a high proportion of original isolates
with unclear taxonomic positions, indicating new species or genera. Thus, biocrusts in potash tailing
pile areas revealed unique communities of microalgae and cyanobacteria. Studies in other saline
terrestrial habitats were often based on morphology, and new species could have been overlooked in
these cases. Comparing our results to the previous morphological observations on the original isolates,
our findings should be considered as an extension and improvement of the morphologically based
species list. However, more detailed research is needed for deeper analyses of the newly found lineages.
Consequently, our findings illustrated the benefits of an integrative approach but also underlined the
limits of the molecular methods used in this study for describing new species.

The original stains examined in this study reflected a highly diverse and unique community of
biocrust algae and cyanobacteria from potash tailing pile environments, which may be specialized
for these extreme habitats. Their phylogenetic identification is an important but very first step in the
ongoing research and will be crucial for the interpretation of subsequent eco-physiological experiments.
Assessing the salt tolerance of the isolates is a necessary next step in understanding the ecology of
microalgae and cyanobacteria in these specialized biocrusts. In the future, they may be of interest for
the young field of applied biocrust research. Since biocrusts are multifunctional communities that are
involved in several ecological processes, such as soil formation and surface stabilization, they could
potentially be used to cover potash tailing piles [146]. The microalgae and cyanobacteria identified in
this study represent candidates for artificial biocrust formation due to their origin in unique habitats
close to the tailing piles and the high proportion of possibly new taxa.
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Abstract: Biocrusts are associations of various prokaryotic and eukaryotic microorganisms in
the top millimeters of soil, which can be found in every climate zone on Earth. They stabilize
soils and introduce carbon and nitrogen into this compartment. The worldwide occurrence of
biocrusts was proven by numerous studies in Europe, Africa, Asia and North America, leaving
South America understudied. Using an integrative approach, which combines morphological
and molecular characters (small subunit rRNA and ITS region), we examined the diversity of
key biocrust photosynthetic organisms at four sites along the latitudinal climate gradient in Chile.
The most northern study site was located in the Atacama Desert (arid climate), followed by open
shrubland (semiarid climate), a dry forest region (Mediterranean climate) and a mixed broad
leaved-coniferous forest (temperate climate) in the south. The lowest species richness was recorded in
the desert (18 species), whereas the highest species richness was observed in the Mediterranean zone
(40 species). Desert biocrusts were composed exclusively of single-celled Chlorophyta algae, followed
by cyanobacteria. Chlorophyta, Streptophyta and cyanobacteria dominated semiarid biocrusts,
whereas Mediterranean and temperate Chilean biocrusts were composed mostly of Chlorophyta,
Streptophyta and Ochrophyta. Our investigation of Chilean biocrust suggests high biodiversity of
South American biocrust phototrophs.

Keywords: biocrust; Chile; eukaryotic algae; cyanobacteria; integrative approach; climate gradient

1. Introduction

Biological soil crusts (biocrusts) are top-soil communities composed of many groups of
organisms: bacteria, cyanobacteria, microalgae, microfungi, mosses, lichens, liverworts, protists
and invertebrates [1]. Closely connected to soil particles these communities provide vital ecological
functions in soil ecosystems—they promote nutrient cycling, increase soil stability, reduce evaporation
and increase soil moisture [2]. On a global scale, biocrusts contribute between 40% and 85% to biological
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N fixation by terrestrial organisms and with 15% to the global net terrestrial primary production [3].
Biocrusts are often pioneer communities in ecosystems degraded by natural or manmade activities (e.g.,
habitats affected by fire events or glacier retreat, mining areas, etc.), where they induce soil formation
and facilitate the restoration of native vegetation [4,5].

One of the crucial factors for the ecosystem’s stability and productivity is the variety of
taxa in a natural community. Since phototrophic microorganisms have different, species-specific
ecophysiological requirements, i.e., different tolerances against environmental factors, with higher
biodiversity the community will have broader tolerance to various abiotic conditions. In addition,
a higher number of species can simultaneously provide multiple functions in a biocrust, which will
result in the more productive community [6,7]. Hu et al. [8] found that artificial single-species biocrusts
were not as effective in soil aggregation as the multispecies crusts. Higher diversity of organisms
promotes the resilience of biocrusts to environmental changes without losing the potential to recover
to an initial state, which in turn increases the ecosystem’s resilience and recovery potential [9].

Biogeographical distribution of species depends on several factors: population size, the efficiency
of distribution mechanisms and the availability of suitable habitats. Microalgae and cyanobacteria can
be transported to varying distances by air or by moving animals (birds, insects, etc.), yet an efficient
dispersal in aero-terrestrial conditions also depends on the resistance of species to survive unfavorable
conditions during transport (e.g., desiccation and intensive UV radiation [10]). Aero-terrestrial
cyanobacteria and algae have numerous water-holding mechanisms, such as the production
of intracellularly accumulated desiccation-protective metabolites (e.g., polyols) or extracellular,
thick gelatinous layers and mucilaginous extracellular polymeric substances (EPS), which guarantee
more efficient dispersal compared to their aquatic counterparts [10,11]. The availability of favorable
habitat conditions is another crucial factor for the occurrence and future role of a taxon in a community.
The life-history causes specialists to be niche- and habitat-limited, while generalists are mainly limited
by the efficiency of dispersion [12]. Once established in the favorable habitat well-adapted taxa will be
the most abundant and mostly predated in the biocrust community, thus these key taxa become the
major contributors to nutrient and energy flows in this (micro) ecosystem. On the other hand, rare
taxa, which are most of the time in a dormant state or growing extremely slowly, will be present in a
lower number and will be exposed to reduced predation pressure [13].

Biocrusts are present in every climate zone on Earth [14]. They are the dominant vegetation
type in regions where higher plants are limited by low water contents and/or nutrient supply, such
as semiarid and arid areas. Distribution of biocrusts on a global scale depends mainly on water
availability and the topography of a habitat. While biocrusts represent typical vegetation of dryland
areas, which occupy 41.3% of the Earth’s surface [15], these communities can also be found in other
regions such as temperate sand dunes and disturbed habitats [14,16–18].

Even though biocrusts are present in every climate zone, these communities are unequally studied
on a global level. Most information on biocrust organisms comes from Europe, North America,
Asia and Australia. However, biodiversity hotspots, such as Africa and South America, are only little,
or not investigated at all. Büdel et al. [19] showed a strong discrepancy between continental size and
research focused on biocrust algae. Studies focused on selected geographical areas made Europe
and Antarctica have higher species’ richness than South America. Biocrust-forming prokaryotic and
eukaryotic algae are almost unstudied in South America. According to Büdel et al. [19], only one algal
and 40 cyanobacterial species were reported from South American biocrust communities, compared to
43 algal and 65 cyanobacterial species reported from polar biocrusts of Antarctica.

First records of “cryptogamic vegetation” in Chile were studies by Schwabe [20] and Forest &
Weston [21], which focused exclusively on the diversity of cyanobacteria and were limited to the
arid locations in northern Chile. The first report of eukaryotic algae in Chilean soil was a study by
Patzelt et al. [22]. The authors investigated the hyperarid core of the Atacama Desert and the semiarid
areas in the vicinity of the Nature Reserve Santa Gracia. This study presented detailed molecular
identification of cyanobacteria but did not provide any information on the eukaryotic algae that were
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found. Several new cyanobacteria were recently described from the Atacama Desert: Kastovskya,
Symplocastrum, Myxacorys, Trichocoleus and Oculatella species [23–27]. The most recent is a study by
Jung et al. [28] which investigated the diversity of hypolithic and edaphic cyanobacteria in two study
areas, hyperarid Pan de Azúcar and the semiarid area of the Nature Reserve Santa Gracia; the authors
reported 21 cyanobacterial species and the new species Aliterella chasmolithica [29].

To which extent the biocrust flora of South America is understudied was shown by the
comprehensive publication of Büdel et al. [19] who reviewed 39 scientific papers on a diversity
of biocrust algae found globally. Out of reported 360 species of eukaryotic algae, the only taxon
found in South America was Zygogonium ericetorum. A new species and new varieties of rare green
alga Pleurastrosarcina were described recently from a biocrust of National Park Pan de Azúcar and
Nature Reserve Santa Gracia [30]. The first insight into the diversity of biocrust cyanobacteria and
algae along the climatic gradient in Chile was provided by Baumann et al. [4]. This study, however,
was based on the identification of organisms on morphological traits only. In a more recent study
by Samolov et al. [31] four new species and two varieties of the filamentous genus Klebsormidium
(Streptophyta) were described based on 19 strains isolated from the Chilean biocrusts. Klebsormidium
is one of the key taxa in biocrusts worldwide [19,32].

Since all previous studies of terrestrial cyanobacteria and eukaryotic algae were focused exclusively
on the arid area of the Atacama Desert, the objective of present study was to document in detail the
diversity of key biocrust photosynthetic microorganisms in study areas which follow the precipitation
gradient along the Pacific coast of Chile. We hypothesized that the precipitation gradient shaped the
biocrust photosynthetic microorganism communities, i.e., the drier the habitat the lower the species
richness. For the first time, Chilean biocrust cyanobacteria and eukaryotic algae were analyzed and
identified based on both morphological and molecular characters.

2. Materials and Methods

2.1. Study Site

Biocrust samples were collected from all four study areas of the EarthShape priority program
funded by the German Research Council (DFG) [4]. The sampling locations were situated within a
north–south precipitation gradient, with National Park Pan de Azúcar (PA) in the arid north at 651 m
above sea level (ASL), Nature Reserve Santa Gracia (SG) in the semiarid zone at 706 m ASL, National
Park La Campana (LC) in the Mediterranean climate zone at 726 m ASL and National Park Nahuelbuta
(NB) at 770 m ASL in the temperate-humid zone of Chile (Figure 1).
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Figure 1. Map of the study locations in Chile with climate graph for each location. Shown are the
monthly average values of diurnal temperature (◦C) represented with red line, and precipitation (mm)
represented with blue bars; months are represented numerically. Source: climatecharts.net, EarthShape
weather data collection.

Prominent latitudinal precipitation gradient along the Pacific coast of Chile caused distinct climate
and vegetation zones. From the cold coastal Atacama Desert in the North with 14.7 mm·y−1 in Pan de
Azúcar (PA) mean annual precipitation gradually increases towards the south, reaching 934.3 mm·y−1

in Nahuelbuta (NB). Located in the semiarid area Santa Gracia (SG) receives 83.4 mm·y−1, while
Mediterranean La Campana (LC) receives 314.5 mm·y−1 [4]. The aridity in PA and SG is alleviated
by the coastal fog which stretches inland via fluvial channels [33] and increases water deposition by
1.4 L m−2 d−1 in PA and 3.0 L m−2 d−1 in SG [34].

Higher vegetation reflects the precipitation gradient along the Chilean coast. Vegetation in desert
PA is scarce, limited by a strong water deficit. The landscape is dominated by biocrusts, which cover
up to 40% of soil and by sporadic small bush vegetation. In semiarid SG, vegetation is composed of
drought-deciduous shrubs, cacti and biocrusts. Biocrusts, which cover up to 15% of the soil surface,
were under strong mechanical disturbance by livestock grazing and trampling. As the mean annual
precipitation increases, it promotes the development of higher plants, which in turn has a negative
effect on the areal coverage of biocrusts. In both Mediterranean LC and temperate, forested NB,
biocrust covered only up to 5% of soil surface. In these areas, biocrusts are limited to locations
where the dominant plant cover is disrupted by natural or manmade disturbances (data presented in
Bernhard et al. [35]).

Desert biocrusts of PA were composed of predominantly chlorolichens and green algae,
with cyanobacteria being present sporadically, and bryophyte being absent from the community.
Biocrust communities in semiarid SG were showing a prevalence of chlorolichens compared to
bryophyta. Cyanobacteria were the dominant component in these communities when compared
to eukaryotic algae. Compared to other biocrusts along the precipitation gradient, Mediterranean
LC communities were predominantly composed of eukaryotic algae, followed by cyanobacteria and
bryophyta; chlorolichens represented a very low portion of the community. In the temperate region
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of Nahuelbuta higher plants dominate the landscape, biocrusts are dominated by bryophyta and
eukaryotic algae, while the species’ richness of N-fixing cyanobacteria decreases. In these communities
no chlorolichens were present (data are shown in Bernhard et al. [35]).

Biocrust material was collected during sampling campaigns in January and March 2016. Samples
were collected according to the sampling procedure described in detail in Schulz et al. [36]. In short,
two biocrust samples from each study site were taken from the upper, topsoil layer (<5 mm) by pushing
a spatula gently below the biocrust. The spatula with the biocrust was then lifted, and the sample
was carefully transferred into a small paper box. These samples had a surface area of approximately
6 × 6 cm and a thickness of <5 mm. The collected material was air-dried for the transport, then kept in
the laboratory at room temperature in the dark. Biocrust material was used for the establishment of
enrichment cultures within three weeks after the sampling.

2.2. Cultivation of Strains and Morphological Identification

In order to identify biocrust-forming photosynthetic organisms, an integrative approach was
applied. Small amounts of biocrust material (approximately 1 × 1 cm) were inoculated on solid 3N
Bold’s Basal Medium (3 N BBM) with 1.5% Difco agar (Fisher Scientific, Schwerte, Germany) [37]
to promote the growth of eukaryotic algae. The same inoculation method was applied for the
establishment of enrichment cultures on the solid BG11 agar plates, to promote the development of
cyanobacteria from the biocrust community. Diatoms were not investigated in the present study since
the applied methods of cultivation and identification (light microscopy) were not appropriate for this
algal group (e.g., Schulz et al. [36]).

Enrichment cultures were incubated at room temperature, under a photon fluence rate of
approximately 30-µmol photons m−2 s−1 (light source: Osram Daylight Lumilux Cool White lamps
(L36 W/840); Osram, Munich, Germany) and a 16:8 h light–dark cycle [36]. After 4-week cultivation
single colonies of algae or cyanobacteria could be observed, which were then transferred to new
3-N BBM or BG11 [38] agar plates to establish pure clonal cultures; the unialgal or unicyanobacterial
cultures were cultivated under the same conditions.

Morphological characters of every isolated biocrust alga or cyanobacterium were examined with
a stereoscopic microscope Olympus SZX16 and Olympus BX51 light microscope with Nomarski
DIC optics (Olympus Optical Co., Ltd., Tokyo, Japan) at 1000-fold magnification (oil immersion).
Photomicrographs were taken with digital camera Olympus UC30 (Olympus Soft Imaging Solutions,
Münster, Germany) attached to the microscope and processed with the Olympus cellSens Entry
software (v. 2.1, Olympus Soft Imaging Solutions, Münster, Germany). Morphological identification
of eukaryotic algae was based on Ettl & Gärtner [39] and the latest scientific literature on specific
taxa; morphological identification of cyanobacteria was based on Komárek & Anagnostidis [40] and
Komárek [41] as well as latest scientific literature on specific cyanobacterial taxa.

2.3. DNA Extraction, PCR

DNA of selected algal strains was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Nucleotide sequences of small subunit
(SSU) rRNA gene together with ITS-1-5.8S-ITS-2 region of Chlorophyta and Streptophyta were
amplified using a set of Taq PCR Mastermix Kit (Qiagen, Hilden, Germany), a complex of EAF3,
ITS055R [42,43] and algal-specific primers G500 F and G800R [30]. The PCR was conducted according
to Mikhailyuk et al. [44]. The PCR products were cleaned with the SureClean Plus purification kit
(Bioline, Luckenwalde, Germany) according to the manufacturer’s instructions. Cleaned PCR products
were sequenced commercially by Qiagen Company (Hilden, Germany) using primers EAF3, 536R, 920F,
1400R, GR and GF [43,45–47]. The resulting sequences were assembled and edited using Geneious
software (v. 8.1.8; Biomatters). They were deposited at GenBank under the accession numbers
MT735190-MT735212 and MT738691-MT738694.
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Total genomic DNA of cyanobacterial isolates was extracted by the cetrimonium bromide (CTAB)
method followed by phenol-chloroform-isoamyl alcohol purification adapted for biocrusts [48].
A nested PCR approach was chosen for a first PCR with the primer set 27F1 and 1494Rc followed by a
subsequent second PCR with the primer set CYA361f and CYA785r for cyanobacteria [49], with an
annealing temperature of 61 ◦C. The obtained PCR products were cleaned by using the NucleSpin®Gel
and PCR Clean-up Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany). Cleaned PCR products
were sequenced by Seq-It GmbH & Co. KG (Kaiserslautern, Germany), and the sequences were
submitted to GenBank (Accession No. MT702999-MT703004).

2.4. Phylogenetic Analyses

Sequences of the algal and cyanobacterial isolates were compared to those from reference strains
in NCBI (http://www.ncbi.nlm.nih.gov) using BLASTn queries [50] to find the closest relatives; the
NCBI database was searched for algae on 22 January and for cyanobacteria on 17 February 2020.
When possible we used sequences of authentic algal and cyanobacterial strains, on which the formal
taxonomic description of a specific species was based. We included also edaphic cyanobacteria from
SG and PA described by Jung et al. [51] for our analysis. Multiple alignments of nucleotide sequences
of the SSU rRNA were made with the Mafft web server (v. 7 [49]), followed by manual editing in
the program BioEdit (v. 7.2). Alignments for the phylogeny of the ITS-1,2 were performed manually
in BioEdit, taking into account the secondary structure of the RNA in the region. The evolutionary
model that was best suited to the database used was selected based on the lowest AIC value [52] and
calculated in MEGA (version 6 [53]). Phylogenetic trees were constructed in the program MrBayes
3.2.2 [54], using an evolutionary model GTR + G + I, with 5,000,000 generations. Two of the four runs of
the Markov chain Monte Carlo were made simultaneously, with the trees, taken every 500 generations.
Split frequencies between runs at the end of the calculations were below 0.01. The trees selected before
the likelihood rate reached saturation were subsequently rejected. The reliability of tree topology was
verified by maximum-likelihood analysis (ML), using the program GARLI 2.0 [55], and the bootstrap
support was calculated with 1000 replicates.

3. Results

3.1. Diversity of Algae—Identification Based on Morphology and Molecular Phylogeny

The total species list of algae includes 63 taxa belonging to infrakingdom Chlorophyta, phylum
Chlorophyta (45 species among classes Chlorophyceae (23) and Trebouxiophyceae (22)), Streptophyta
(13 species, classes Klebsormidiophyceae (11) and Zygnematophyceae (2)) and Ochrophyta (5 species,
classes Xanthophyceae (3) and Eustigmatophyceae (2)). This list was obtained based on the
culture-dependent approach in combination with morphological traits (Table 1). Some of these
strains were additionally analyzed using molecular markers.
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Table 1. Species composition of eukaryotic algae from biological soil crusts of Chile.

Species Localities
NB LC SG PA

Chlorophyta—45 species
Chlorophyceae—23 species

Bracteacoccus bullatus – 1 − −

Bracteacoccus medionucleatus − 1 − −

Bracteacoccus sp. 1 1 − −

Chlamydomonas cf. pseudoelegans − 1 − −

Chlamydomonas sp.1 1 − − −

Chlamydomonas sp.2 − 1 − −

Chlorococcum cf. minimum − 1 − −

Chlorococcum cf. minutum − 1 − −

Chlorococcum cf. oleofaciens − 1 − −

Chlorococcum echinozygotum − 1 − −

Chlorococcum sp.1 − − 1 1
Chlorococcum sp.2 1 − − −

Chlorosarcinopsis cf. gelatinosa − − 1 −

Fasciculochloris sp. − 1 1 −

Heterochlamydomonas cf. inaequalis − 1 − −

Heterochlamydomonas sp. − − 1 −

Ixipapillifera sp. − 1 − −

Lobochlamys segnis 1 1 − −

Macrochloris sp. 1 − − −

Neospongiococcum cf. excentricum 1 − − −

Oogamochlamydinia gen. sp. − 1 − −

Pseudomuriella aurantiaca 1 − − −

Tetracystis intermedia − − 1 −

7 14 5 1

Trebouxiophyceae—22 species
Chlorella sp. 1 1 − −

Chloroidium sp. − − − 1
Coccomyxa simplex 1 − − −

Desmococcus sp. − − 1 −

Diplosphaera chodatii 1 1 1 1
Edaphochlorella mirabilis − − 1 −

Elliptochloris perforata − − − 1
Elliptochloris subsphaerica 1 1 1 −

Gloeocystis cf. vesiculosa 1 1 − −

Gloeocystis sp. − − − 1
Keratococcus raphidioides − 1 − −

Leptosira cf. erumpens − 1 − −

Lobosphaera incisa 1 1 − 1
Myrmecia cf. astigmatica − − − 1

Myrmecia cf. bisecta 1 1 − −

Myrmecia sp. 1 − − 1
Neocystis cf. brevis 1 − − −

Parietochloris cf. pseudoalveolaris 1 − − −

Stichococcus sp. − − − 1
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Table 1. Cont.

Species Localities
NB LC SG PA

Trebouxia sp. − − − 1
Watanabea borystenica − 1 − −

Xerochlorella minuta − 1 − −

10 10 4 9

Streptophyta—12 species
Klebsormidiophyceae—10 species

Interfilum massjukiae 1 − − 1
Interfilum sp. 1 1 − − −

Interfilum sp. 2 − 1 − −

Klebsormidium chilense − 1 − −

Klebsormidium delicatum var. americanum 1 − − −

Klebsormidium delicatum var. deserticum − − 1 −

Klebsormidium deserticola − − 1 −

Klebsormidium fluitans 1 − − −

Klebsormidium nitens − 1 − −

Klebsormidium sp. 1 − − −

Klebsormidium sylvaticum 1 − − −

6 3 2 1

Zygnematophyceae—2 species
Cylindrocystis brebissonii − 1 − −

Cylindrocystis crassa − 1 − −

− 2 − −

Ochrophyta—5 species
Xanthophyceae—3 species

Botrydiopsis cf. constricta − 1 − −

Botrydiopsis cf. intercedens − 1 1 −

Xantonema exile − 1 − −

− 3 1 −

Eustigmatophyceae—2 species
Vischeria magna 1 − 1 −

Vischeria vischeri − 1 1 −

1 1 2 −

Species whose original strains were studied by molecular phylogenetic methods are marked in bold. Abreviations:
sp.—species, cf.—(lat. conffere) compare with.

Phylogenetic analysis of SSU rRNA included 21 strains of algae from classes Chlorophyceae
and Trebouxiophyceae.

Chlorophyceae strains were distributed between the two main groups: Chlamydomonadales:
genera Lobochlamys (Oogamochlamydinia), Fasciculochloris and Heterochlamydomonas
(Reinhardtinia), Ixipapillifera (Chloromonadinia), Tetracystis (Dunaliellinia); and Spaheropleales
(genus Bracteacoccus).

Lobochlamys strains corresponded to L. segnis and formed a separate lineage inside
Oogamochlamydinia which was impossible to identify as known genus or species. Strain 4SG-4 could
represent a species of Fasciculochloris, but it was distant from the authentic strain F. boldii. One of the
Heterochlamydomonas strains was close to H. inaequalis, another one formed a separate lineage inside
this genus. A Tetracystis strain from Dunaliellinia was close to the authentic strains of T. intermedia and
T. pulchra. Bracteacoccus strains corresponded to B. bullatus and formed a separate unidentified lineage
inside the genus (Figure 2).
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Figure 2. Molecular phylogeny of Chlorophyceae based on SSU rRNA sequence analysis.
A phylogenetic tree was inferred by the Bayesian method with Bayesian posterior probabilities
(PP) and maximum likelihood bootstrap support (BP); branches supported in both analyses (Bayesian
values > 0.9 and bootstrap values > 60%) are labeled. Strains marked with an asterisk are authentic
strains; strains in bold represent newly sequenced algae.

Trebouxiophyceae strains were distributed among the genera Watanabea, Coccomyxa,
Elliptochloris, Parietochloris, Myrmecia, Stichococcus, Gloeocystis and Edaphochlorella (Figure 3).
Watanabea, Coccomyxa, Elliptochloris and Edaphochlorella strains were close to the authentic strains of
W. borystenica, C. simplex, E. perforata and E. mirabilis. Barcoding region of SSU sequence of Elliptochloris
strain (PA-1–3) was identical to authentic strains of E. perforata [56], and hence it was identified as
respective species. Parietochloris, Myrmecia, Stichococcus, and Gloeocystis strains showed unresolved
positions inside respective genera, and indicated taxonomic revisions which were not proposed so far.
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Phylogenetic analyses of ITS region were performed for the genera Bracteacoccus, Coccomyxa and
Watanabea (Figure 4), for which respective taxonomic revisions based on ITS phylogeny were proposed.
These deeper analyses allowed us to identify strains to species level as B. bullatus, C. simplex and W.
borystenica. ITS region of Tetracystis strain was the most similar to T. intermedia with few nucleotide
differences (3 nucleotide differences in ITS1 and 2 nucleotide differences in ITS2), therefore it was
possible to identify the strain as the respective species. Comparison of ITS sequence of Edaphochlorella
strain with the authentic strain of E. mirabilis showed a few nucleotide differences in ITS2, which was
located outside of the barcoding region [56]. Therefore, the identification of this strain as E. mirabilis
was confirmed.
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Figure 4. Molecular phylogeny based on ITS region: (a) Bracteacoccus (ITS 2), (b) Coccomyxa (ITS 2) and
(c) Watanabea (SSU–ITS 1, 2). Phylogenetic trees were inferred by the Bayesian method with Bayesian
posterior probabilities (PP) and maximum likelihood bootstrap support (BP); branches supported in
both analyses (Bayesian values > 0.9 and bootstrap values > 60%) are labeled. Strains marked with an
asterisk are authentic strains; strains in bold represent newly sequenced algae.

Representatives of class Klebsormidiophyceae were analyzed based on ITS 1, 2 phylogeny
together with the sequences of Chilean strains presented in Samolov et al. [31]. Twenty-three
Klebsormidiophyceae strains included 4 representatives of the genus Interfilum and 19 strains of
the genus Klebsormidium (Figure 5). Eight strains, which belong to clade E, were identified as
Klebsormidium sp., K. fluitans and K. nitens. Eleven strains were representatives of clade G. They
were described as new species and varieties: K. deserticola, K. chilense, K. sylvaticum, K. delicatum var.
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americanum and K. delicatum var. deserticum [31]. Interfilum strains were clustered with isolates of
I. massjukiae as well as formed two separate lineages, which did not correspond to any known species.
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Figure 5. Molecular phylogeny of Klebsormidiophyceae based on ITS-1,2 sequence analysis.
A phylogenetic tree was inferred by the Bayesian method with Bayesian posterior probabilities
(PP) and maximum likelihood bootstrap support (BP); branches supported in both analyses (Bayesian
values > 0.9 and bootstrap values > 60%) are labeled. Strains marked with an asterisk are authentic
strains; strains in bold represent newly sequenced algae.
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The analysis of only morphological characters of Chilean biocrust algae enabled the determination
of 12 taxa to the species level: Bracteacoccus medionucleatus, Chlorococcum echinozygotum, Pseudomuriella
aurantiaca, etc. Since morphological characters of certain strains were insufficient for precise
identification, 15 strains were tentatively identified: Chlamydomonas cf. pseudoelegans, Chlorococcum cf.
minimum, Chlorococcum cf. minutum, Chlorococcum cf. oleofaciens, etc. Identification of some of these
taxa was confirmed by molecular phylogenetic method.

Strains, which lacked distinctive morphological characters for the identification to the species
level, were identified to genus level only: Chlamydomonas sp.1, Chlamydomonas sp.2, Chlorococcum
sp.1, Chlorococcum sp.2, Fasciculochloris sp., Taxonomic revisions based on molecular phylogeny for
these taxa are still missing. Morphological characters of isolated algae from investigated localities are
presented in Figures 6–9.
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Figure 6. Micrographs of selected algae and cyanobacteria forming Pan de Azúcar biocrusts: (a) 

Trebouxia sp., (b) Lobosphaera incisa, (c) Myrmecia astigmatica, (d) Gloeocystis sp., (e) Diplosphaera chodatii, 
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Figure 6. Micrographs of selected algae and cyanobacteria forming Pan de Azúcar biocrusts:
(a) Trebouxia sp., (b) Lobosphaera incisa, (c) Myrmecia astigmatica, (d) Gloeocystis sp., (e) Diplosphaera
chodatii, (f) Chloroidium sp., (g) Elliptochloris perforata, (h) Phormidesmis sp. Scale bars: 5 µm.
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Figure 7. Micrographs of selected algae and cyanobacteria forming Santa Gracia biocrusts:
(a) Botrydiopsis cf. intercedens, (b) Chlorococcum sp.1, (c) Vischeria magna, (d) Klebsormidium delicatum
var. deserticum, (e) Diplosphaera chodatii, (f) Heterochlamydomonas sp., (g) Tetracystis sp., (h) Nodosilinea
epilithica. Scale bars: 5 µm.
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Figure 8. Micrographs of selected algae forming La Campana biocrusts: (a) Cylindrocystis crassa,
(b) Xantonema exile, (c) Chlorococcum cf. oleofaciens, (d) Xerochlorella minuta, (e) Lobochlamys culleus,
(f) Klebsormidium nitens, (g) Myrmecia cf. bisecta, (h) Vischeria vischeri. Scale bars: 5 µm.
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Figure 9. Micrographs of selected algae forming Nahuelbuta biocrusts: (a) Chlorococcum sp.2, (b) 
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Figure 9. Micrographs of selected algae forming Nahuelbuta biocrusts: (a) Chlorococcum sp.2,
(b) Neocystis cf. brevis, (c) Gloeocystis cf. vesiculosa, (d) Klebsormidium sylvaticum, (e) Klebsormidium
fluitans, (f) Coccomyxa simplex, (g) Interfilum sp., (h) Chlamydomonas sp.1. Scale bars: 5 µm.

Preliminary list of green algae from investigated biocrusts identified using morphological methods
was published in Baumann et al. [4]. Using molecular methods as well as more detailed morphological
investigation allowed us to redefine some taxa: Gloeocystis sp. (preliminary determined as Coenochloris
signiensis), Elliptochloris perforata (E. bilobata), Bracteacoccus sp. (Nannochloris sp.), Neocystis cf. brevis
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(Neocystis sp.), Parietochloris pseudoalveolaris (P. alveolaris), Tetracystis intermedia (T. compacta), several
new taxa of clade G Klebsormidium described and published in Samolov et al. [31] (Klebsormidium sp.).

3.2. Diversity of Cyanobacteria—Identification Based on Morphology and Molecular Phylogeny

Species list of cyanobacteria includes 24 species which belonged to orders Chroococcidiopsidales
(1 species), Nostocales (5), Oscillatoriales (8), Pleurocapsales (1) and Synechococcales (9). This list was
obtained by the culture-dependent method and integrative approach for identification of cyanobacteria
(Table 2).

Table 2. Species composition of cyanobacteria from biological soil crusts of Chile.

Species Localities
NB LC SG PA

Chroococcidiopsidales—1 species
Chroococcidiopsis sp. − − − 1

– – – 1

Nostocales—5 species
Nostoc cf. edaphicum − − 1 −

Nostoc cf. punctiforme − 1 1 −

Nostoc sp. 1 1 − − −

Nostoc sp. 2 − 1 − −

Nostoc sp. 3 − − 1 1

1 2 3 1

Oscillatoriales—8 species
Microcoleus sp. − − 1 −

Microcoleus vaginatus 1 − 1 1
Oscillatoria cf. tenuis − − 1 −

Phormidium sp. − − 1 −

Pseudophormidium cf. hollerbachianum − − − 1
Myxacorys sp.1 1 − − −

Myxacorys sp.2 − − 1 −

“Trichocoleus” sociatus − 1 1 −

2 1 6 2

Pleurocapsales—1 species
Pleurocapsa minor − − − 1

– – – 1

Synechococcales—9 species
Leptolyngbya henningsii − 1 − −

Leptolyngbya sp. − − 1 −

Leptolyngbya tenuis − 1 − −

Nodosilinea epilithica − − 1 −

Phormidesmis sp. − − − 1
Stenomitos sp. 1 − 1 − −

Stenomitos sp. 2 − 1 − −

Stenomitos sp. 3 − − 1 −

Trichocoleus cf. badius − − 1 1

– 4 4 2

Species whose original strains were studied by molecular phylogenetic methods are marked in Bold.

Some strains were additionally analyzed with molecular markers. Phylogenetic analysis of SSU
region included 16 strains of cyanobacteria from the orders Nostocales, Oscillatoriales, Pleurocapsales
and Synechococcales (Figure 10).
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Figure 10. Molecular phylogeny of Cyanobacteria based on SSU rRNA sequence analysis.
A phylogenetic tree was inferred by the Bayesian method with Bayesian posterior probabilities (PP) and
maximum likelihood bootstrap support (BP); branches supported in both analyses (Bayesian values >

0.9 and bootstrap values > 60%) are labeled. Strains in bold represent newly sequenced cyanobacteria;
underlined strains represent Chilean strains together with strains of edaphic cyanobacteria described
by Jung et al. [51].

Some strains were already mentioned in Jung et al. [51]. Nostocales strains were clustered with
species of Nostoc, Oscillatoriales strains fell in the clade formed by isolates identified as Trichocoleus
sociatus and Microcoleus vaginatus. Pleurocapsales strain was clustered close to the isolate of Pleurocapsa
minor. Synechococcales strains fell in clades of Nodosilinea and Stenomitos. Nodosilinea and
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Trichocoleus strains were close to authentic strains of N. epilithica and T. badius, therefore they were
identified as respective species. Two strains identified by us as T. sociatus were clustered together with
a group of Oscillatorialean strains (“Trichocoleus sociatus” group). The group potentially corresponds to
Microcoleus sensu lato because it was situated outside of the Synechococcales to which Trichocoleus
belongs (see Mühlsteinová et al. [24]). Strains of Nostoc and Stenomitos had unresolved positions
since taxonomic revisions of these genera is still in progress, therefore, it is impossible to assign these
strains to known species.

Based on morphological characters we identified 4 cyanobacterial strains to the species level as
Leptolyngbya henningsii, Leptolyngbya tenuis, Microcoleus vaginatus and Nodosilinea epilithica. In cases
where the identification to species level was not possible based on morphology we identified 5 strains
tentatively as Nostoc cf. edaphicum, Nostoc cf. punctiforme, Oscillatoria cf. tenuis, etc. Thirteen strains
were identified to the genus level: Chroococcidiopsis sp., Nostoc sp., Microcoleus sp., Phormidium sp.,
Myxacorys sp., etc.

Preliminary list of cyanobacteria from investigated biocrusts identified using morphological
methods was published in Baumann et al. [4]. Using molecular methods as well as more detailed
morphological investigation allowed to redefine some taxa: Nostoc sp. 1 and sp. 2 (preliminary
determined as Nostoc commune) and Trichocoleus badius (T. desertorum).

3.3. Biocrust Community Composition and Species Richness

With regard to the culture-based community composition and species richness assessment, desert
biocrusts from Pan de Azúcar (PA) were composed exclusively of Chlorophyta representatives, with a
clear dominance of Trebouxiophyceae (9 species) over Chlorophyceae (1 species). In semiarid Santa
Gracia (SG) and Mediterranean La Campana (LC) communities were dominated by representatives of
Chlorophyta (9 species in SG and 24 species in LC) and Streptophyta (2 species in SG and 5 species in
LC), followed by Ochrophyta (3 species in SG and 4 species in LC) (Figure 11).
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Figure 11. Species richness diagram of biocrusts collected at the 4 sampling locations: PA (Pan de
Azúcar), SG (Santa Gracia), LC (La Campana) and NB (Nahuelbuta).

In both SG and LC biocrusts Chlorophyceae (5 species in SG versus 14 species in LC) outnumbered
Trebouxiophyceae (4 species in SG versus 10 species in LC). While LC biocrusts had a higher
diversity of Xanthophyceae (3 species), SG had a slightly higher diversity of Eustigmatophyceae
(2 species). Nahuelbuta (NB) biocrusts were composed of Chlorophyta, Streptophyta and Ochrophyta
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representatives. In this biocrust community, 17 Chlorophyta species were members of classes
Trebouxiophyceae (10 species) and Chlorophyceae (7 species). Temperate NB biocrusts had the highest
diversity of Streptophyta representatives (6 species) when compared to other biocrusts we analyzed.

Cyanobacterial representatives in PA biocrusts were members of Chroococcidiopsidales (1 species),
Nostocales (1), Oscillatoriales (2), Pleurocapsales (1) and Synechococcales (2). SG biocrusts were
composed of Nostocales, Oscillatoriales and Synechococcales. The highest diversity was observed in
Oscillatoriales (6 species), followed by Synechococcales (4) and Nostocales (3). LC communities
had a high diversity of Synechococcales (4 species), followed by Nostocales (2) and 1 species
from Oscillatoriales. Biocrusts from NB were formed by Oscillatoriales (2 species) and one
Nostocales representative.

The total number of algal species was lowest in Pan de Azúcar biocrusts (11 species) and highest
in the biocrusts from La Campana (33 species). A higher number of algal species was found in the
Nahuelbuta biocrusts compared to Santa Gracia (24 and 14 species).

The total number of cyanobacterial species was lowest in NB (3), followed by LC and PA biocrusts
(7). The highest number of cyanobacterial species was observed in SG (12) biocrusts.

Single-celled or packet-like (coccoid) eukaryotic algae (Table 1) dominated all Chilean biocrusts.
The only filamentous algae were representatives of genera Klebsormidium (Streptophyta) and
Xanthonema (Ochrophyta). Klebsormidium representatives were found in all biocrust communities,
except in the desert ones (PA); Xanthonema exile was present in LC biocrusts only.

Filamentous cyanobacterial species dominated biocrust communities from LC, SG and NB,
representatives of genera Microcoleus, Myxacorys, Leptolyngbya and Stenomitos. Only arid PA
communities were dominated by thallus-forming, colonial cyanobacteria such as representatives
of genus Nostoc and Chroococcidiopsis (Table 2). A species, which was present in all investigated
biocrusts, was Diplosphaera chodatii.

4. Discussion

In the present study, we are showing for the first time a comprehensive analysis on the biodiversity
of biocrust-forming microalgae and cyanobacteria in four climate zones in Chile, identified by an
integrative approach, which takes into account both morphological and molecular traits. It should be
taken into account that in our study community composition and species richness assessment is based
on the culture-dependent approach, which can underestimate algal and cyanobacterial diversity in
natural communities. The culture-depended approach can potentially lead to the overestimation of algal
and cyanobacterial species, which can grow fast in culture. It can also lead to underestimation or even
failing to detect uncultivable species, which could be dominant elements in natural biocrusts [19,36].

Biocrust communities we analyzed were predominately composed of algae from the classes
Chlorophyceae and Trebouxiophyceae, followed by Klebsormidiophyceae, which corresponds to
previous studies on biocrusts from Europe, Asia, Africa, North America, Australia and Polar Regions of
Russia presented by Büdel et al. [19]. Algal species richness in Chilean biocrusts (45), when compared
to Australia (3) or Antarctica (44) as presented in Büdel et al. [19], reflects the general lack of information
on the diversity of biocrust algal globally.

Depending on their morphology and functional traits, biocrust algae can be divided into
biocrust-forming, filamentous and biocrust-associated, coccal taxa. Chilean biocrust algae are
phylogenetically diverse, the majority were unicellular or strains which form colonies with densely
packed cells. The coccal biocrust algae can be attached to filamentous forms, soil particles or they
can live epiphytically on the thallus of biocrust lichens or mosses [19,36]. Chilean unicellular algae
were present in lower biomass in biocrusts, but their diversity exceeded the diversity of filamentous
representatives. This observation was consistent with the previous analysis of biocrust communities
worldwide [19].

We found several algal species, which were new to South America and even represented completely
new species. The data set shown thus proves our presumption that algal species described from South
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America are strongly underestimated compared to Europe or North America due to less sampling
activities. For example, all filamentous algae in Chilean biocrusts belonged to the genus Klebsormidium
and they were present in all biocrust samples, except the desert PA communities. Most isolated
Klebsormidium strains were representatives of clade G, which was originally designated as desert
clade [57]. With the newly isolated Klebsormidium clade G strains, it was possible to describe four
new species, including representatives from the Mediterranean and temperate areas of Chile [31].
The discovery of South American strains from Klebsormidum clade G broadened the ecological
distribution of this clade to semiarid, Mediterranean and temperate climate zone. This example
shows that studies in South America have the potential to discover new microalgal species even in a
well-known genus such as Klebsormidium.

Another interesting finding was a microalga (strain LC006-5), which could represent a new lineage
inside Oogamochlamydinia (confirmed by molecular methods). This isolate should be investigated
taxonomically much deeper to clarify if it represents a new species or even a new genus. This example
emphasizes the necessity for additional thorough taxonomic studies to reliably describe the biodiversity
of microalgae in South America.

Several species in the Chilean biocrust belong to just recently described or revisited taxa.
For example, Ixipapillifera is a newly erected genus of flagellated algae with specific X-shaped
papilla. Members of this genus are typically found in soil (I. deasonii) or freshwater habitats [58].

Another interesting finding is the widely distributed Xerochlorella minuta recently revised in
Mikhailyuk et al. (2020) [59]. This alga, usually known as Dictyosphaerium minutum, is a typical
component of biocrusts; it prefers xerophytic habitats, which vary from Polar Regions to maritime
sand dunes and hot deserts.

Two strains isolated from biocrusts of LC were identified as Watanabea borystenica, a rare and
interesting genus [60]. The authentic strain of this terrestrial algal species was just recently described
and isolated from acidic soil deposited after coal mining in Sokolov mining district, Czech Republic [60].
According to the type locality, W. borysthenica can inhabit open habitats with intensive solar radiation
and unfavorable water regime. Chilean strains are the first record of Watanabea genus being part of
a Mediterranean biocrust community. This finding indicates that in South America it is possible to
find species, which are rare in Europe and were found so far in ecologically disturbed habitats like
extremely acidic soils.

4.1. Differences in Community Composition of Biocrust Algae and Cyanobacteria along the Precipitation
Gradient

We expected the effect of the precipitation gradient to be reflected in the algal and cyanobacterial
species composition of Chilean biocrusts. Indeed, we observed clear differences between the four
regions. In the arid PA, biocrusts dominate the landscape since they can cover up to 40% of soil
surface [35]. The other sampling regions are dominated by higher vegetation, limiting the area covered
by biocrusts to up to 15% in SG and 5% in LC and NB.

Comparing the biocrust communities from the four regions, from the arid north to mesic south,
the following pattern was observed: all algae in PA were either single-celled or colony-forming,
whereas non-filamentous cyanobacteria were only detected in PA. Since PA is a desert area with
nearly no rain, where fog or dew act as the only regular water sources, biocrust communities of this
very specific region were separately discussed. However, scarce water input of this site enabled the
development of early to climax biocrusts dominated by chlorolichens and algae, over cyanobacteria.

In the other three regions along the precipitation gradient, rain events occur, thus biocrusts could
develop well. Therefore, filamentous algae and filamentous cyanobacteria were present in biocrusts in
all other regions.

In semiarid SG, filamentous cyanobacteria were prevailing over algae, contrary to Mediterranean
LC biocrusts, which were predominantly composed of eukaryotic algae, followed by filamentous
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and colonial cyanobacteria. The dominance of algae over cyanobacteria in the temperate forest NB
biocrusts was observed in European communities [18,61] as well.

While filamentous cyanobacteria dominated biocrusts in the semiarid region, eukaryotic
filamentous algae had the highest richness in the temperate region. Low amount of cyanobacteria in NB
biocrusts is common for forest ecosystems and can be attributed to unfavorable soil pH and limited light
conditions [18,62]. The dominance of better adapted filamentous algae from the genus Klebsormidium
over filamentous cyanobacteria in NB and partly also in LC communities is in accordance with
reports of Glaser et al. [18], where Klebsormidium was reported to “replace” cyanobacteria as a
biocrust-forming alga.

4.2. Pan de Azúcar Biocrusts as an Example for an Extreme Biocrust Habitat

PA biocrusts corresponded to the communities observed in the Namibian fog desert. Just like in
Africa, the Chilean biocrusts were devoid of cyanolichens [35], with cyanobacterial members confined
to hypolithic habitats [51,63]. Jung et al. [28] described “grit crust”, a transitional form between rock
cover and soil crust in a classical sense. Grit crusts are communities consisting of fungi, cyanobacteria
and algae, formed on top of singular grit-sized quartz and granitoid stones, which cover and connect
the grit-sized rocks. Hypolithic habitats increase the possibility of fog and dew-water condensation and
shield the organisms from damaging solar radiation [64]. Lange et al. [65] concluded that cyanobacterial
presence in a habitat is restricted by the liquid water availability, whereas algae can use high air
humidity (i.e., fog) to be metabolically active.

Single-celled species formed loose aggregates (Myrmecia sp.) or the cells were protected by thick
gelatinous structures (Gloeocystis sp.) from water loss. Like all algae from the former Radiococcaceae
group, Gloeocystis sp. is characterized by well-developed mucilaginous layers, which protect single
cells from desiccation. These layers can absorb water from scarce rain events or even high air humidity
caused by the coastal fog in PA. Colony- or packet-forming algae, like Interfilum massjukiae, create
layered structures where upper layers, usually exposed to harsh environmental conditions, protect
underlying cells [66]. I. massjukiae was originally described from Crimea Mountains as an epilith [67]
and later found as a phycobiont of lichens [68]. Colony- or packet-like morphotype is considered as an
adaptation of algal cells to retain cellular water under dry conditions [69], which corresponds to the
desert habitat of PA.

Cyanobacteria found in PA biocrusts include coccoid Chroococcidiopsis sp., which was reported as
a constituent of biocrust communities worldwide [55] as well as a member of hypolithic communities
in Chile [70–72] Jung et al. [51] reported representatives of genus Chroococcidiopsis in both edaphic
and hypolithic PA communities. Cyanobacteria from this genus synthesize extracellular polymeric
substances, which provide an effective defense mechanism against desiccation [19]. In addition,
Chroococcidiopsis representatives are known to accumulate scytonemin, a UV-sun-screening compound
extracellularly [73]. Although not studied in detail, other biocrust algae and cyanobacteria are expected
to synthesize and accumulate high concentrations of UV-sunscreens to cope with the extremely high
radiation conditions of the Atacama Desert [74]. Pleurocapsa minor is a coccoid, packet-like cyanobacteria,
which was found in both edaphic and hypolithic PA communities [51]. Representatives of genus
Pleurocapsa, were present in biocrusts of Namib [75] and dominating the biocrust communities in
semiarid areas of Spain [76]—both with low precipitation similar to PA.

Filamentous cyanobacterial representatives Microcoleus vaginatus, Pseudophormidium cf.
hollerbachianum, Phormidesmis sp. and Trichocoleus badius contribute to the physical stability of PA
biocrusts. Trichocoleus badius is an interesting and poorly studied cyanobacterium which genus is
typical for desert habitats [24]. The filaments are acting as supporting structures in the desert soil,
which reduce the mobility of loose soil particles and promote colonization of non-motile, single-celled
or colonial algae and cyanobacteria, such as Nostoc. Heterocystous Nostoc contributes to nitrogen
fixation and priming of soil [76].
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5. Conclusions

The present study is one of the few studies in South America, which provides comprehensive
information on the biodiversity of microalgae and cyanobacteria isolated from biocrusts along a
longitudinal climate gradient in Chile. It should be taken into account that our study is based on the
culture-dependent approach, which can underestimate the algal and cyanobacterial diversity present
in natural communities. The data indicate that some rather cosmopolitan biocrust key taxa such as
Microcoleus vaginatus occur in South American biocrusts as well. On the other hand, newly identified
taxa like new Klebsormidium-species suggest potentially much higher biodiversity in the Chilean
biocrusts than documented in this study. Taxonomic revision for some of the new isolates is needed for
an accurate biodiversity estimation. This study pointed out that biocrusts in South America represent
micro-ecosystems with the potential to discover new and ecologically interesting microalgal species.
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In the present study the biodiversity of biological soil crusts (BSCs) formed
by phototrophic organisms were investigated on Arctic Svalbard (Norway). These
communities exert several important ecological functions and constitute a significant
part of vegetation at high latitudes. Non-diatom eukaryotic microalgal species of BSCs
from 20 sampling stations around Ny-Ålesund and Longyearbyen were identified by
morphology using light microscopy, and the results revealed a high species richness
with 102 species in total. 67 taxa belonged to Chlorophyta (31 Chlorophyceae and
36 Trebouxiophyceae), 13 species were Streptophyta (11 Klebsormidiophyceae and
two Zygnematophyceae) and 22 species were Ochrophyta (two Eustigmatophyceae
and 20 Xanthophyceae). Surprisingly, Klebsormidium strains belonging to clade G
(Streptophyta), which were so far described from Southern Africa, could be determined
at 5 sampling stations. Furthermore, comparative analyses of Arctic and Antarctic
BSCs were undertaken to outline differences in species composition. In addition, a
pedological analysis of BSC samples included C, N, S, TP (total phosphorus), and pH
measurements to investigate the influence of soil properties on species composition. No
significant correlation with these chemical soil parameters was confirmed but the results
indicated that pH might affect the BSCs. In addition, a statistically significant influence of
precipitation on species composition was determined. Consequently, water availability
was identified as one key driver for BSC biodiversity in Arctic regions.

Keywords: chlorophyta, streptophyta, ochrophyta, precipitation, pH-value, soil properties, Spitsbergen

INTRODUCTION

Biological soil crusts (BSCs) represent a community of various organisms associated with soil
particles within and on top of the upper few millimeters of the soil. Algae, cyanobacteria, lichens,
bacteria, microfungi, and bryophytes in different proportions form a thin layer on the soil surface,
where filamentous algae, and cyanobacteria stick together with soil particles by their mucilaginous
sheaths and excreted extracellular polymeric substances (EPS) (Belnap et al., 2001). These EPS
consist of sticky polysaccharides and proteins, and are typically released by abundant BSC green
algae, such as members of the genera Coccomyxa and Klebsormidium, which leads to adhesion
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to soil particles (Barberousse et al., 2006). Some of the
EPS adhesives exhibit strong intrinsic mechanical properties
(Mostaert et al., 2009), and their producers were frequently
observed in BSCs of Antarctica (Pfaff et al., 2016).

The composition and development of BSCs can be very
different and hence, various types are distinguished by
macroscopic as well as microscopic characteristics (Belnap
et al., 2001; Büdel et al., 2009; Williams et al., 2016). BSC types of
Arctic Svalbard and Livingston Island, Antarctica were recently
described based on visible features, such as the presence/absence
of functional groups, their dominance and topography (Williams
et al., 2016). The establishment and development of these
cryptogamic communities is influenced by several biotic as well
as abiotic parameters like pedological properties, climatic factors,
and intervention by animals and humans (Elster et al., 1999;
Büdel et al., 2009; Langhans et al., 2009; Pushkareva et al., 2016).
BSCs are pioneer communities and have important ecological
functions in soil stabilization against water and wind erosion
(Van Den Ancker and Jungerius, 1985; Eldridge and Greene,
1994; Belnap and Gillette, 1998), change in hydrology as water
retention (reviewed in Belnap, 2006; Breen and Lévesque, 2008),
primary production and nitrogen fixation (Evans and Lange,
2001; Belnap, 2002; Bhatnagar et al., 2008; Zhang et al., 2009),
biogeochemistry as well as geomorphology (Evans and Belnap,
1999) and in nutrient cycles (Wu et al., 2013; Baumann et al.,
2017). Furthermore, BSCs have positive influence on the seed
germination and plant growth because they enrich nutrients in
the soil (Belnap et al., 2001; Evans and Lange, 2001; Harper and
Belnap, 2001; Belnap, 2003; Breen and Lévesque, 2008; Ghiloufi
et al., 2016).

BSCs are distributed worldwide in all climatic zones and occur
mostly in extreme and nutrient-poor habitats, such as hot and
cold, semiarid and arid areas, and can be the only vegetation in
these landscapes (Belnap and Lange, 2003). Colesie et al. (2014)
reported BSCs in continental Antarctica and Borchhardt et al.
(2017) in maritime Antarctica. The latter authors also provided
for the first time a comprehensive species list of microalgae
and lichens of BSCs. Furthermore, a comparative geo-ecological
study described various BSC types of Antarctic Livingston Island
and Arctic Svalbard, but without any information on biodiversity
(Williams et al., 2016). BSCs are generally poorly studied in the
Polar Regions until now (Green and Broady, 2001), and a recent
review by Pushkareva et al. (2016) summarized all information
on Arctic BSCs and concluded that much more studies on the
biodiversity of BSCs at high latitudes are needed because of
ongoing climate change. In addition, a considerable high areal
coverage of BSCs (up to 90%) on Svalbard was recently reported
by Williams et al. (2016) which indicated that BSCs might be the
prevailing vegetation type at such high latitudes. It is assumed
that the BSC composition as well as their distribution will shift
or BSCs will even be displaced by invasive species due to climate
change in the Polar Regions (Frenot et al., 2005; Pushkareva et al.,
2016). Consequently, deeper investigations on the biodiversity of
Polar BSCs are urgently required andwill enable better prediction
of future vegetation development at high latitudes.

Therefore, in the present study two major scientific questions
were addressed. Firstly, the microalgal diversity of Arctic

BSCs was investigated. Secondly, local habitat differences
were analyzed with a major focus on soil characteristics and
precipitation, as these factors might have a strong effect on
microalgal species composition in BSCs.

MATERIALS AND METHODS

Study Sites
Svalbard is an archipelago located in the North Atlantic sector
of the Arctic Ocean which ranges from 74◦ to 81◦ north
latitude and from 10◦ to 35◦ east longitude, and the capital
Longyearbyen is administered by Norway. This group of islands
has a mild climate compared to regions at the same latitudes
because the West Spitsbergen Current (WSC) transports warm
Atlantic water masses into the Arctic Ocean along the West
coast of Svalbard. The expedition took place in August 2014 and
BSC samples were collected at 20 sampling stations around the
two research areas Ny-Ålesund (78◦55′26.33′′N, 11◦550′23.84′′E)
and Longyearbyen (78◦13′10.18′′N, 15◦39′7.19′′E) (Figure 1,
Table 1). The mean temperature in summer is 8◦C for Ny-
Ålesund and 5◦C for Longyearbyen and −14◦C (maximum
−35◦C) for both localities in winter. The annual precipitation
differs between both sampling areas, with an average of 471 mm
in Ny-Ålesund and a frequency of 198 precipitation days, while
Longyearbyen with 205 mm rain and snow fall at 199 days is
much drier. About 70% of precipitation typically falls between
October and May, when these areas are usually completely
covered by snow (Norwegian Meteorological Institute)1.

Svalbard’s bedrock consists mainly of carbonate rock (Tedrow,
1977) with sandy-textured surface soil in the upper 5 cm (A-
horizon). The values of soil pH range from slightly acidic to
alkaline and the electrical conductivity was generally low with
<100µS cm−1 (Mann et al., 1986).

BSC Algal Isolation and Culture Conditions
Samples were taken using the lower part of a Petri dish with
a diameter of 6 cm, which was manually pushed about 1.5 cm
into the BSC. Using a spatula the Petri dish with the sample
inside was removed from the remaining BSC, closed with the lid
and sealed with a stripe of Parafilm. From these BSC samples,
enrichment cultures, subcultures and later algal isolates were
all established on solid 1.5% DifcoTM Agar (Becton Dickonson
GmbH, Heidelberg, Germany) made with Bold’s Basal Medium
and vitamins modified by tripled nitrate concentration (3N-
BBM+V) (Starr and Zeikus, 1993). All cultures were kept at
15◦C, 30µmol photons m−2 s−1 under a 16:8 h light:dark
cycle (Osram Daylight Lumilux Cool White lamps L36W/840)
because these parameters guaranteed suitable growth conditions
which was ascertained in previous investigations. This can be
explained by the assumption that most marine and terrestrial
algae in the Arctic are rather migrated from the North Atlantic
and hence, have relatively high temperature requirements (10–
20◦C) for growth and photosynthesis. In addition, a study
on vegetation mats of Svalbard revealed an increase by about
5◦C during summertime within the communities (Coulson

1https://www.met.no
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FIGURE 1 | Map of sampling areas for collecting biological soil crusts. (A) The two investigated sampling localities on Svalbard, (B) sampling area around Ny-Ålesund,
(C) sampling area around Longyearbyen. Numbers of sampling stations are explained in Table 1.

et al., 1993) which shows that the culture conditions were
comparable to the environmental conditions. The Agar plates
were regularly inspected (twice a week) for the appearance of
vital non-diatom eukaryotic algae, and positive colonies were
transferred with a metal needle to a new agar plate using
a stereo microscope (ZS40, Olympus, Tokyo, Japan) with a
magnification of 400x. The growth of the colonies was frequently
monitored and several subcultures were generated by further
serial transfers under sterile conditions for purification, until
no contamination with other algae or fungi was verified and
unialgal cultures could be established. Using this time-consuming
approach, finally 74 unialgal strains were isolated and are now
kept in the Culture Collection at the University of Rostock.
The isolated strains were identified to the species or at least the
genus level using a light microscope (BX51, Olympus, Tokyo,
Japan) with a magnification of 1,000x. The identification was
mainly based on the identification key of Ettl and Gärtner
(2014), and species as well as generic names were checked with
Guiry and Guiry (2016)2 with regard to the current taxonomy.
In addition, further identification literature is mentioned in
Table S1. Mucilage as one identification feature was visualized
with one drop of an aqueous solution of methylene blue (1.5%),
and light micrographs were taken with an Olympus UC30
camera attached to the BX51 microscope and processed with
the software cellSens Entry (Olympus, Tokyo, Japan). Moreover,
hand drawings were made on morphological features for some
algal species (Table S1).

β-Diversity
According to Whittaker (1960) β-diversity reflects the ratio
between regional and local species diversity, and hence is a
measure of change in species composition between habitats
or variations of environmental conditions, such as moisture
gradients or temperature. For this purpose, the species number
was compared individually for each habitat. β-diversity is high
if the species number common to both habitats is low and vice
versa. Consequently, β-diversity maximum is reached if no single

2http://algaebase.org

species common to both habitats exists, and β-diversity is at
minimum if species composition of both habitats is identical.
The following formula (Whittaker, 1972) was used for ß-diversity
calculation using the presence-absence data of species:

β = (S1 − c)+ (S2 − c)

S1 is the total number of species recorded in the first habitat,
S2 is the total number of species recorded in the second
habitat and c is thew number of species common to both
communities.

Jaccard Index and Sørensen Index
Both the Jaccard index (Jaccard, 1902) and Sørensen index
(Sørensen, 1948) are a similarity coefficient, which measures the
similarity of species composition sets. In order to calculate the
Jaccard index the size of the intersection is divided by the size of
the union of the sample set. The indices scales are defined from 0
to 1. The similarity is higher if the value is closer to 1. The Jaccard
index (SIJ) and the Sørensen index (SIS) were calculated with the
following formulas:

SIJ = a (a + b + c)−1

SIS = 2a (2a + b + c)−1

a is the number of species common to both communities, b is the
total number of species recorded in the first habitat and c is the
total number of species recorded in the second habitat.

Analyses of Soil Properties
The pedological variables were analyzed using the soil
underneath the sampled BSCs. Determination of soil pH
was performed electrometrically using a glass electrode in
0.01 M CaCl2 with a soil: solution ratio of 1:2.5. Total carbon
(C), total nitrogen (N), and total sulphur (S) contents of the
soils were determined with a Vario EL elemental analyzer
(Elementar Analysensysteme GmbH, Hanau, Germany). The
total phosphorus (P) content was extracted from 0.5 g dry
soil material by microwave-assisted digestion with aqua regia
solution (3:1 hydrochloric acid—nitric acid) (Chen and Ma,
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TABLE 1 | Sampling stations on Arctic Svalbard.

Station Station name Abbreviation Coordinates

number

1 Brandal foreland BV 78◦56.285′′N 11◦49.769′′E

3 Daerten Dae 78◦51.009′′N 11◦47.532′′E

4 between Daerten and
Stenahytten

D-S 78◦51.240′′N 11◦43.571′′E

5 between Stenahytten
and Kjsvika

SH-Kj 78◦54.009′′N 11◦30.550′′E

6 Geopol Geo 78◦56.973′′N 11◦28.594′′E

7 between Geopol and
Kongsfjorden coast

Geo-Ko 78◦57.485′′N 11◦31.651′′E

8 London, Blomstrand
Island

Lon 78◦57.769′′N 12◦04.871′′E

9 Gorilla, Blomstrand
Island

Gor 78◦58.401′′N 12◦11.857′′E

10 past Zeppelin 1 Zepp1 78◦55.099′′N 11◦57.865′′E

11 past Zeppelin 2 nZepp2 78◦54.933′′N 11◦58.780′′E

13 Zeppelin tower Zepp 78◦55.280′′N 11◦56.872′′E

14 beneath outback
plateau

Hintpl 78◦54.434′′N 12◦00.156′′E

15 station Ny-Ålesund NA 78◦55.399′′N 11◦55.475′′E

18 Björndalen BD 78◦13.167′′N 15◦18.777′′E

20 Eindalen Ei 78◦10.784′′N 15◦43.099′′E

21 Eindalen entrance EiE 78◦11.180′′N 15◦45.662′′E

22 Mountain,
observatory, pit 7

Berg 78◦08.910′′N 16◦02.889′′E

23 Tordalen TD 78◦10.433′′N 15◦53.413′′E

24 Adventsdalen AD 78◦10.205′′N 16◦01.336′′E

25 Adventsdalen, camp ADC 78◦10.292′′N 16◦00.574′′E

Station numbers 1–15, sampling area around Ny-Alesund; Station numbers 18–25,

sampling area around Longyearbyen. For comparison see also the map of Figure 1.

2001). Water-extractable P was determined at a solid:solution
ratio of 1:50 for 1 h at 20◦C. The P concentrations in both extracts
(aqua regia and water) were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) (Optima 8300
PerkinElmer LAS GmbH, Rodgau, Germany).

Multivariate Statistics
The multivariate analysis of the BSC data were conducted using
the statistical programs PRIMER 6 and 7. Non-metric multi-
dimensional scaling (MDS, Kruskal and Wish, 1978) was based
on square root transformed data and Bray-Curtis similarity
and the significance of similarity was tested by using ANOSIM
permutation test (Clarke and Green, 1988; Clarke, 1993). This
test calculates a global measure R which ranges between 0
and 1 and constitutes some degree of discrimination between
treatments. R = 0 means no differences between the BSC
sampling stations based on the respective species composition.
R = 1 means that the sampling stations differ from each
other. The stress value represents the quality of the graph
(0 = perfect, 0.05 = good, 0.2 = poor). The MDS plot is
dimensionless and visualizes the relationship of each data point
to another. Distances between points represent the similarity

and the difference, respectively, of all identified taxa. Principle
component analysis (PCA, Kent and Coker, 1992) was based
on square root transformed, normalized data and Euclidean
distance matrix, and visualized comparison of the two sampling
localities by chemical soil properties and precipitation data.
BEST test showed environmental factor which correlated with
species composition. MARGINAL test as well as SEQUETIAL
test resulted from distance-based linear models (DistLM) were
done to test relationships between BSC species composition and
each soil parameter.

RESULTS

Species Composition, Diversity and
Localities
In total, 102 algal species were identified in the BSCs of
Arctic Svalbard, with 67 species belonging to the Chlorophyta,
of which 31 species were Chlorophyceae, and 36 species
Trebouxiophyceae. Thirteen species were identified as
Streptophyta, with 11 members of the Klebsormidiophyceae and
2 of the Zygnematophyceae, while 22 species were determined
as Ochrophyta, 2 Eustigmatophyceae, and 20 Xantophyceae
(Figure 2, Table 2). Species names, light micrographs, hand
drawings and further information are summarized in an algae
catalog (Table S1).

BSC algal species numbers varied between 9 and 27 taxa per
sampling station (Figure 2). At most sampling stations species
number ranged between 9 and 14 taxa. Species richness of five
sampling stations around Ny-Ålesund (D-S, Gor, NA, Hinter,
AD) was about double as high.

In addition, the proportion of taxonomic groups was also
variable. All investigated BSCs contained Chlorophyceae as well
as Trebouxiophyceae while Zygenematophyceae were confined to
only 2 sampling stations and Eustigmatophyceae to 3 stations.
Moreover, Xanthophyceae were determined in all BSCs except 3
sampling stations. Interestingly, BSCs from “Zepp” and “Berg”
hosted exclusively Chlorophyceae and Trebouxiophyceae.

However, the composition differed and 3 common taxa were
found. The most abundant algal species, which were found in
at least 10 sampling stations, were Coccomyxa simplex Mainx,
Coccomyxa sp., Mychonastes homosphaera Fott and Novákova,
and Stichococcus bacillaris Grintzesco and Péterfi. It should be
pointed out that none of the more common species could be
identified in all sampled BSCs.

Surprisingly, Klebsormidium strains belonging to clade G
(Streptophyta) were for the first time determined in the Arctic
at 5 sampling stations which were mainly located around
Longyearbyen (Figure 2, Table S1). Species of Klebsormidium
usually are very difficult to distinguish by morphology and hence
genetic analysis are necessary. However, members of clade G
exhibit unique morphological features (Rindi et al., 2011), for
example, they form thin filaments (4.5–8µmwide) with short but
compact cells and small pyrenoid.

For the Ny-Ålesund and Longyearbyen data set a β-diversity
value of 64 was calculated and the Jaccard index as well
as Sørensen index were lower than 0.4 (Table 3) pointing to
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FIGURE 2 | Total species number of green algae (Chlorophyceae, Trebouxiophyceae, Klebsormidiophyceae, Zygenematophyceae), Eustigmatophyceae and
Xanthophyceae in all sampled biological soil crust communities on Arctic Svalbard. Abbreviations of the sampling stations refer to those in Table 1.

differences in species numbers between both sampling areas
which was additionally visualized by a frequency histogram
(Figure S1).

The MDS analysis showed significantly no grouping
by sampling localities regarding the species compositions
(Figure 3). ANOSIM test resulted in global R-value of 0.267 with
a significance of p = 0.008 which confirmed that significantly
no differentiation between the BSC species composition from
sampling stations around Ny-Ålesund and Longyearbyen
existed.

Soil Properties
The pH value ranged from extremely acidic (4.2) to slightly
alkaline (7.4), with predominance of neutral to slightly alkaline in
the tested areas. The soil organic matter content ranged from the
level of mineral soils in BSCs from “NA” (calculated soil organic
matter content: <3%) to the level of peaty soils (>50% soil
organic matter) in “BV” (calculated soil organic matter content:
70%). BSCs from “Zepp1” had the highest S content (about
1%) whereby the median value of the S content was 0.1%. The
TP ranged between low contents of 112.8mg kg−1 in samples
from “Geo” and high contents of 782.8mg kg−1 in samples
from “BV.” In “BV” nearly half of the TP (381.3mg kg−1) was
water-extractable and thereby easily plant-available (Table 4).

Additionally, the soil properties of BSCs-free topsoil in “NA”
were analyzed in order to compare bare soil and sediment
underneath BSCs and thus, to investigate influences of these
communities. These BSCs-free soil was characterized as reference
by soil organic matter accumulation already (calculated soil
organic matter content about 17 vs. 3% in the BSC covered soil)
and an increased P content (Table 4).

Species Composition and Soil Properties
The relationship between species composition of each sampling
station and the respective soil properties were analyzed
statistically. PCA showed no clear clusters (Figure 4) and
ANOSIM permutation test calculated a global R-value of 0.299

and a p-value of 0.019. The direction of the vectors in the
plot visualized at which sampling station the parameter had a
greater influence. The BEST test ascertained the environmental
parameter which had an influence on the species composition
and revealed correlation with precipitation. Both MARGINAL
test and SEQUETIAL test confirmed this result by a significant
p-value of 0.011. No further correlations with the other analyzed
factors could be determined but a p-value of 0.061 indicated that
a relationship between pH value and species composition might
exist.

Comparison between Arctic and Antarctic
Species Composition and Diversity
Data sets of Antarctic BSC algal species reported by Borchhardt
et al. (2017) were used for statistical analyses in order to
compare species composition of both Polar Regions. The authors
identified 106 taxa in maritime Antarctica and calculated β-
diversity value of 61–67. These results showed very similar
algal species richness and diversity of BSC to data presented in
the present study. A comparison of both species lists revealed
40 common taxa in overall 112 species. The MDS analysis
including datasets of Arctic as well as Antarctic BSCs visualized
no significant grouping by Polar Regions (Figure 5). ANOSIM
test calculated global R-value of 0.092 which indicated that
no differentiation between the BSC species composition from
Svalbard and maritime Antarctica existed. However, lack of
significance could be confirmed because the significance level of
sample statistic was p= 0.283.

DISCUSSION

BSCs host a variety of different organisms (reviewed in Belnap
et al., 2003; Weber et al., 2016). Compared to former literature,
the data presented in this study point to a surprisingly high
species richness of microalgae in BSCs of Arctic Svalbard
(102 species). Studies on terrestrial microflora are rare in
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TABLE 2 | Species list of all identified algae associated with sampled biological
soil crusts on Arctic Svalbard.

Species “Ny-Alesund” “Longyearbyen”

CHLOROPHYCEAE

Bracteacoccus aggregatus x

Bracteacoccus sp. x

Chlamydomonas sp. x x

Chlorococcum lobatum x

Chlorococcum cf. minutum x

Chlorococcum sp. x

Chloromonas sp. x x

Chromochloris zofingiensis x

Coelastrella aeroterrestrica x x

Coelastrella rubescens x x

Coelastrella cf. rubescens x x

Coelastrella sp. x

Coenobotrys cf. gloeobotrydiformis x

Coenochloris sp. x

Coenocystis oleifera var. antarctica x x

Desmodesmus abundans x x

Fasciculochloris cf. boldii x

Gloeocystis sp. x x

Gungnir mantoniae x

Heterotetracystis akinetos x

Heterotetracystis intermedia x

Hormotilopsis sp. x

Lobochlamys cf. culleus x x

Lobochlamys sp. x

Macrochloris cohaerens x

Mychonastes homosphaera x x

Pseudodictyochloris multinucleata x x

Sporotetras polydermatica x x

Tetracystis cf. fissurata x

Tetracystis sp. x x

Uvulifera sp. x

TREBOUXIOPHYCEAE

Chlorella chlorelloides x

Chlorella vulgaris x x

Chlorella cf. vulgaris x x

Chlorella sp. x x

Chloroidium ellipsoideum x x

Chloroidium sp. x

Coccomyxa simplex x x

Coccomyxa subglobosa x

Coccomyxa sp. x x

Desmococcus olivaceus x x

Desmococcus sp. x

Dictyosphaerium dichotomum x

Elliptochloris bilobata x x

Elliptochloris subsphaerica x

Elliptochloris sp. x

Gloeotila scopulina x

Heterochlorella luteoviridis x

(Continued)

TABLE 2 | Continued

Species “Ny-Alesund” “Longyearbyen”

Koliella sempervirens x

Muriella terrestris x

Muriella sp. x

Muriella sp. I (Broady) x

Myrmecia bisecta x

Myrmecia sp. x

Neocytis cf. brevis x x

Neocystis sp. x

Parachlorella cf. kessleri x

Pseudochlorella cf. signiensis x

Stichococcus allas x x

Stichococcus cf. allas x x

Stichococcus bacillaris x x

Stichococcus chlorelloides x x

Stichococcus exiguus x

Stichococcus cf. exiguus x

Stichococcus minutus x x

Stichococcus cf. minutus x

Stichococcus sp. x x

KLEBSORMIDIOPHYCEAE

Interfilum cf. massjukiae x

Interfilum sp. x x

Klebsormidium cf. crenulatum x

Klebsormidium cf. dissectum x x

Klebsormidium cf. flaccidum x x

Klebsormidium cf. klebsii x

Klebsormidium cf. montanum x x

Klebsormidium cf. nitens x x

Klebsormidium cf. subtile x

Klebsormidium sp. x x

Klebsormidium sp. (G-Clade) x x

ZYGNEMATOPHYCEAE

Actinotaenium sp. x

Cylindrocystis crassa x

Eustigmatophyceae

Eustigmatos vischeri x x

Eustigmatos cf. vischeri x

XANTHOPHYCEAE

Botrydiopsis intercedens x

Botrydiopsis arhiza x

Botrydiopsis cf. constricta x

Chlorellidium cf. tetrabotrys x

Chloridella sp. x

Heterococcus sp. x x

Monallantus brevicylindrus x

Nephrodiella cf. phaseolus x

Pleurochloris meiringensis x x

Pleurochloris pseudopolychloris x x

Pleurochloris polychloris x

Pleurogaster lunaris x x

Tribonema viride x

(Continued)
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TABLE 2 | Continued

Species “Ny-Alesund” “Longyearbyen”

Tribonema vulgare x

Tribonema sp. x

Xanthonema cf. debile x x

Xanthonema solidum x x

Xanthonema cf. solidum x

Xanthonema exile x

Xanthonema sp. x x

Information about the two sampling areas refers to those in Table 1. x: Presence of the

respective algae species.

TABLE 3 | Diversity indices.

“Ny-Alesund”–“Longyearbyen”

β-diversity 64

Jaccard index 0.22

Sørensen index 0.36

The scales of Jaccard index and Sørensen index are defined from 0 to 1 (0 = no similarity,

1 = highest similarity).

comparison to aquatic investigations (Elster et al., 1999) and
also BSCs are generally poorly studied in the Polar Regions
(Green and Broady, 2001). Previous studies reported different
species numbers of microalgae in BSCs which ranged from
only few to about 100 taxa depending on habitat. A study
about the algal species composition of continental Antarctica
reported only 10 chlorophytes in soil samples (Broady and
Weinstein, 1998) although they were not associated with a
BSC community. In contrast, 78 eukaryotic algal species in soil
(Zidarova, 2008) and 106 species in BSCs (Borchhardt et al.,
2017) of maritime Antarctica were reported. Kim et al. (2008)
identified 23 eukaryotic algal species and (Kaštovská et al., 2005)
33 taxa in soil samples from Arctic Svalbard partly covered
by vascular plants and mosses which point to a rather low
diversity. In addition, Elster et al. (1999) found 84 eukaryotic
soil algae in the Arctic desert of central Ellesmere Island, Canada
which is similar to the data presented in this study. However, a
comparison of both species lists revealed less matches, only 33
taxa (29 green algae, 4 xanthophytes) were determined in both
study sites.

The proportion of xanthophyte species was 5 fold higher
(20 species) in the present study compared to the reported
number in BSCs from coastal dunes at the Baltic Sea (Schulz
et al., 2016, 4 species). This conspicuous biogeographic pattern
for xanthophytes was already indicated by Büdel et al. (2016),
who assumed that the species richness of xanthophytes increases
with cooler habitats. These authors mentioned members of
Botrydiopsis, Tribonema, Xanthonema, and Heterococcus as most
common species which all occurred in the Arctic BSCs of the
present study. Lower species numbers of xanthophytes were
determined in the Arctic desert of Canada (4 species, Elster
et al., 1999) andMaritime Antarctica (7 species, Borchhardt et al.,
2017).

FIGURE 3 | MDS plot based on square root transformed data and Bray-Curtis
similarity. Comparison of the two sampling localities by their species. The
stress value represents the quality of the graph (0 = perfect, 0.05 = good,
0.2 = poor). Abbreviations of the sampling stations refer to those in Table 1.

Unfortunately, some aspects are impeding detailed
comparison with previous studies. On one hand more
investigations on the biodiversity of BSCs at high latitudes
are needed and on the other hand sometimes only species
numbers without taxonomic information were provided and
thus verification was not possible. Furthermore, identification
by morphology is often difficult and depends on experience,
methods, equipment and taxonomic state of the organisms,
or cryptic species. Therefore, we suggest to use an integrative
approach including several methods such as direct microscopy
and cultivation with different media and additionally genetic
analyses. Metagenomic approaches for Arctic BSCs were not
conducted yet, because of still unsolved problems with optimum
primers and available sequences in database. On the other hand
comprehensive data based on morphology exist in the literature
which enabled a comparison with our results.

Fortunately, a direct comparison of species richness and
biodiversity of Arctic as well as Antarctic BSCs could be
performed because the identifications were done by the same
authors using exactly the same methods. These analyses revealed
approximately equal β-diversity based on very similar species
numbers (Arctic: 102, Antarctic: 106) and therefore, we conclude
that the species richness of BSCs in the Polar Regions are
congruent. Moreover, MDS as well as ANOSIM analysis showed
no significant grouping by Polar Regions which indicated that
many BSC taxa (40 species) are bipolar distributed. Some of
these bipolar taxa are also known as cosmopolitans, for example,
member of Chlamydomonas, Coccomyxa, and Klebsormidium
(Ettl and Gärtner, 2014).

Surprisingly, Klebsormidium sp. (Streptophyta) belonging to
G clade (according to Rindi et al., 2011) was found at 5
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TABLE 4 | Chemical properties of sampled soil underneath biological soil crusts on Arctic Svalbard.

Sampling station Precipitation [mm a−1]a pH value C [g kg−1] N [g kg−1] S [g kg−1] TP [mg kg−1] Water-extractable P [mg kg−1]

AD 205 4.9 98.8 6.6 2.5 581.3 20.4

ADC 205 7.0 38.2 2.5 0.7 753.0 87.3

Berg 205 6.1 26.0 1.9 0.8 461.9 4.5

BD 471 5.9 111.6 3.6 0.6 543.2 48.6

BV 205 4.7 403.6 19.9 3.0 782.8 381.3

Dae 471 4.9 20.7 1.5 0.6 365.7 10.6

D-S 471 6.9 108.5 3.4 0.6 334.2 8.4

Ei 205 4.2 74.9 2.9 2.9 281.6 0.1

EiE 205 6.8 331.6 9.6 4.9 395.0 4.4

Geo 471 7.2 88.6 1.5 0.6 112.8 2.4

Geo-Ko 471 7.4 101.4 3.6 1.7 155.3 7.7

Gor 471 5.0 90.5 5.0 1.4 315.3 17.7

Lon 471 7.2 104.7 3.2 0.6 359.8 24.8

NA 471 6.3 17.0 1.4 0.5 169.1 5.5

NA without BSCs 471 6.5 101.4 3.6 1.7 173.4 7.0

nZepp2 471 6.0 27.2 1.8 1.2 286.5 12.1

SH-Kj 471 7.2 183.1 11.0 3.3 1418.7 21.2

TD 205 5.5 296.2 12.1 6.4 515.9 108.1

Hintpl 471 7.2 109.4 5.1 1.4 522.1 58.6

Zepp 471 5.2 385.4 14.3 4.5 438.5 174.4

Zepp1 471 6.2 346.9 10.6 10.8 101.1 12.6

Precipitation data for the sampling regions are also given. Abbreviations of the sampling stations refer to those in Table 1.
a Information from Norwegian Meteorological Institute.

C, carbon; N, nitrogen; S, sulfur; TP, total Phosphorus.

FIGURE 4 | PCA plot based on square root transformed, normalized data and
Euclidean distance matrix. Comparison of the two sampling localities by
chemical soil properties and precipitation data.

sampling stations on Arctic Svalbard. In general, the genus
Klebsormidium is distributed worldwide as a typical member of
BSC communities, and exhibits a high level of morphological
plasticity which is shown as differences in ultrastructure and cell

wall texture (Mikhailyuk et al., 2014). Due to this peculiarity,
the delimitation of species by morphology usually is very
difficult and therefore, genetic analysis are necessary. In contrast,
the G lineage is genetically relatively isolated from all other
Klebsormidium species and additionally, also distinguished from
the other lineages by a unique morphology. Therefore, it is
possible to unambiguously identify members of G clade using
light microscopy only. Most interesting, species belonging to G
clade were so far mainly found in BSCs of hot dryland regions of
South Africa (Rindi et al., 2011; Karsten et al., 2015; Mikhailyuk
et al., 2015). All these authors characterized members of clade
G as African group and Ryšánek et al. (2015) confirmed that
an investigation of 200 Klebsormidium strains from Europe, Asia
and North America revealed no single species belonging to clade
G. South Africa, where the strains of clade G were isolated for the
first time, constitutes a xerophytic habitat which is characterized
by very low annual precipitation of 56 mm with only 0–14
monthly rainfall days and hence by the occurrence of desiccation-
tolerant microalgae such as Klebsormidium clade G members
(Karsten et al., 2015). Statistical analysis of the biogeography
of several Klebsormidium species from different regions showed
clear separation of the African from the remaining groups and
hence very high dissimilarity (Mikhailyuk et al., 2015). For
the first time in the present study 5 clade G Klebsormidium
strains could be identified in samples mainly collected around
Longyearbyen which has also low annual precipitation (205mm),
and hence can be characterized as dry Tundra climate ET
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FIGURE 5 | MDS plot based on square root transformed data and Bray-Curtis
similarity. Comparison of the Arctic and Antarctica by their species. The stress
value represents the quality of the graph (0 = perfect, 0.05 = good,
0.2 = poor). Abbreviations of the sampling stations refer to those in Table 1.

according the climate classification by Köppen andGeiger (1930–
1939). A study on the biodiversity of Klebsormidium taxa along
elevational gradients of the Alps demonstrated that members of
all known lineages (B, C, D, E, and F) could be morphologically
and genetically verified except members of clade G (Mikhailyuk
et al., 2015). Data of this investigation indicated that the key
driver for the occurrence of Klebsormidium clade G is rather
water availability than the temperature which coincides with our
results.

Although the species composition of all sampled BSCs
from Svalbard highly varied, our results showed no significant
differences between the two investigated localities Ny-Alesund
and Longyearbyen. Therefore the biodiversity data might be
representative for a larger area of Arctic Svalbard.

No correlations between BSC species composition and
analyzed chemical soil properties could be outlined, although
Schulz et al. (2016) reported the TP content as the main driver for
the BSCmicroalgal species composition collected at coastal dunes
of the Baltic Sea. This might be explained by generally higher P
contents and dominant optimal soil pH for high bioavailability
of P (Table 4) in these Arctic soils, which suggest a sufficient
P supply instead of P limited growth. A comparison with the
soil TP concentrations measured by Schulz et al. (2016) showed
noticeable lower values, with TP contents ranging between 90
and 310mg kg−1 soil with a median value of 110mg kg−1.
In contrast, our analysis resulted in about 3 fold higher TP
contents (median of 366mg kg−1) with a remarkable maximum
value of 753mg kg−1. Mann et al. (1986) analyzed soils from
different locations around Kongsfjorden which corresponded to
the sampling stations “Geo” and “London” located near Ny-
Ålesund. The TP contents of the soil directly underneath the

BSCs in the present study revealed about 10-fold increased P
amounts compared to the bulk topsoil data presented by Mann
et al. (1986). Our TP concentrations are confirmed by results
of Beraldi-Campesi et al. (2009), who also described increased
P contents under BSCs of the Colorado Plateau highlands and
the Sonoran Desert lowlands (USA) compared to the bulk soil
without BSCs, as well as by increased P concentrations with
BSC growth (Wu et al., 2013). Chemical data of soil underneath
BSCs presented in this study revealed noticeable higher contents
of organic matter, which might be promoted by decreased
decomposition activity of soil organic matter in Arctic climate
conditions, which is confirmed by observations in Arctic and
Antarctic BSCs (Williams et al., 2016).

The determined pH values varied between 4.2 and 7.4 but
significant correlation with BSC algal species composition was
not confirmed statistically. However, Kaštovská et al. (2007)
reported that the abundance of microalgae increased with
lower pH, and data of statistical analysis presented in our
study showed a p-value very close to significance threshold
which might indeed reflect such a relationship between pH
and species composition. It should be pointed out that our
results were based on presence-absence data, and that pH
might affect more the abundance of organisms than species
richness.

Only precipitation could be identified as one key factor which
controlled BSC species composition and it is known that the
availability of water is an important environmental factor for
the occurrence of soil algae (Hoffmann, 1989; Ohtani et al.,
1991; reviewed in Broady, 1996; Adams et al., 2006). Borchhardt
et al. (2017) also showed that soil moisture content of various
Antarctic microhabitats affected the specific species composition
in BSCs.

Another abiotic factor, which controls BSC composition,
might be substrate and soil texture. Results by Kaštovská et al.
(2005) and Schulz et al. (2016) indicated that the soil particle
size influenced the abundance as well as diversity of BSC
organisms.

The discrepancy of missing correlation between species
compositions and environmental factors (except water
availability) can be explained by the heterogeneity of the
studied habitats. Both microclimatic (e.g., diurnal variations)
and macroclimatic factors (e.g., precipitation and temperature)
might affect species diversity. However, more studies are
needed to evaluate which environmental factors control species
composition and biodiversity in Arctic BSCs. These results in
combination with the provided species lists would offer a basis
for understanding the functions of BSCs which constitute the
main vegetation of Arctic Svalbard.
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Abstract: In the present study the biodiversity of the most abundant phototrophic organisms forming
biological soil crust communities were determined, which included green algae, diatoms, yellow-green
algae and lichens in samples collected on Ardley and King George islands, Maritime Antarctic. The
species were identified by their morphology using light microscopy, and for lichen identification thin
layer chromatography as also used to separate specific secondary metabolites. Several sources of
information were summarized in an algae catalogue. The results revealed a high species-richness in
Antarctic soil crust communities with 127 species in total. Of which, 106 taxa belonged to algae
(41 Chlorophyta, nine Streptophyta, 56 Heterokontophyta) and 21 to lichens in 13 genera. Moreover,
soil crust communities with different species compositions were determined for the various sampling
locations, which might reflect microclimatic and pedological gradients.
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Introduction

Biological soil crusts (BSCs) represent an association of
diverse organisms and soil particles that vary in size as well
as composition. They are formed by cyanobacteria, algae,
lichens, bacteria, microfungi and bryophytes in different
proportions. These organisms live within the upper few
centimetres of the soil and also form a thin layer on the soil
surface, where the mucilaginous sheaths and excreted
extracellular polymeric substances (EPS) produced by
filamentous cyanobacteria and algae stick the soil particles
together (Büdel & Colesie 2014, Weber et al. 2016).
However, coccoid microorganisms are also important in
the development of BSCs and are mainly represented by
high species numbers of green algae (Belnap et al. 2001).
Members of the green algal genus Coccomyxa Schmidle
are frequently observed in BSCs of Antarctica (Pfaff et al.
2016) and diatoms and Xanthophyceae are also present in
BSCs (Flechtner et al. 2008).

Biological soil crusts represent pioneer communities that
have important ecological functions in soil stabilization to
reduce wind and water erosion (Belnap & Gillette 1998), in
hydrological processes for water retention (Belnap 2006), in
primary production and nitrogen fixation (Evans & Lange
2001), in biogeochemistry, in geomorphology (Evans &
Belnap 1999), and in nutrient cycles (Wu et al. 2013,

reviewed in Büdel & Colesie 2014). These cryptogamic
communities also have a positive influence on the
establishment and growth of vascular plants (Harper &
Belnap 2001).

These communities are heterogeneous and vary in their
species compositions. Different types exist, which can be
macroscopically distinguished by colour and morphology
as well as microscopically by both the taxa occurring and
species numbers (Weber et al. 2016, Williams et al. 2016).
The establishment and development of BSCs is based
on the substrate and controlled by climatic factors
(Elster et al. 1999). These cryptogamic communities are
distributed worldwide in all climate zones and occur
mostly in nutrient-poor and extreme habitats, such as hot
and cold semiarid or arid areas (Büdel & Colesie 2014).
They are found both in Arctic Svalbard (Williams et al.
2016) and Continental Antarctica (Colesie et al. 2014).
However, BSCs have been generally poorly studied in the
Polar Regions, particularly in Antarctica, until now
(Green & Broady 2001).

Studies on Antarctic terrestrial vegetation have been,
thus far, mainly focused on bryophytes and lichens (Peat
et al. 2007), although the ice-free soil also contains
different taxa of algae (Broady 1996). The soil algae of
Antarctic edaphic communities were reviewed in Broady
(1996), but those associated with BSCs in Maritime
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Antarctic are almost unstudied (Green & Broady 2001).
Colesie et al. (2014) recently investigated BSCs in the
Darwin Mountains region, Continental Antarctica, and
found low BSC coverage of the soil surface (0.8–3.3%)
with species-poor crusts composed of few green algal
lichens, cyanobacteria and several species of green algae.
However, there remains a lack of knowledge on the algal
component of BSCs in Antarctica.

Here, we present the results of a study that investigated
the biodiversity of algae and lichens of BSCs collected on
KingGeorge Island andArdley Island,MaritimeAntarctic,
revealing the composition and proportion of green algae,
diatoms, xanthophytes and lichens found in these BSCs.

Materials and methods

Study sites

Ardley Island and King George Island belong to the
South Shetland archipelago in the Southern Ocean
(Fig. 1). The South Shetland archipelago (61°–63°S,
54°–63°W) is separated from the Antarctic Peninsula by
the Bransfield Strait and from SouthAmerica by theDrake
Passage. This area has the mildest climate of the Antarctic
region because it constitutes the most northerly part of the
continent and it is strongly influenced by the Antarctic
Circumpolar Current. The meteorological data from the
Russian Bellingshausen Station at Collins Harbour, King
George Island, indicate an annual mean air temperature
of -2.5°C and mean precipitation of 701.3mmyr-1

(measurement period: 1948–2011, Kejna et al. 2013).
In February 2014, BSCs were collected at three

different sampling sites. Two were located on Ardley

Island (‘Ardley’ 62°12'45.91''S, 58°55'53.31''W to
62°12'49.02''S, 58°56'13.32''W and ‘Ardley Palaeo’
62°12'46.55''S, 58°56'48.98''W) and one on the Fildes
Peninsula, King George Island (‘AB01’ 62°13'18.93''S,
58°57'17.37''W), which has the largest ice-free areas
in the Maritime Antarctic (Fig. 1). These three sampling
stations roughly follow an age gradient. ‘Ardley’ forms
part of the slopes at Ardley Island itself, believed to
have never been glaciated throughout the Holocene
(Mäusbacher 1991). ‘AB01’ is well dated due to its direct
vicinity to the Yanou and Gaoshan lakes (6000–7000 yr BP,
Watcham et al. 2011). ‘Ardley Palaeo’ lies on a raised
storm beach built up by isostatic uplift and is dated
to 4400–2300 yr BP (Boy et al. 2016). ‘Ardley’ is a BSC
that grows along a tributary to Ardley Lake, which
meanders on the partially frozen soils, leading to
temporary bogs and by this to saturated water conditions.
In contrast, ‘Ardley Palaeo’ BSC developed on a
raised storm beach, which typically has larger pebbles as
precursors of soil development, exhibits a well-drained
soil with low water retention capacity and hence is
relatively dry. In both cases, BSCs were found as
‘cushions’ with little connection to the soil itself. On
‘AB01’ the substratum is glacier till, and soil development
is clearly visible as are connections of biota to the soil,
especially by bryophytes. This site, due to an almost
top-slope position, has to rely on precipitation, but water
retention potential is far better than in the storm beach site.
The logged temperature regime in 5 cm soil depth at
‘Ardley Palaeo’ and ‘AB01’ (February 2012 to February
2014) revealed comparable conditions between the two
sites, while ‘AB01’ was slightly more extreme (Tmin: -15°C,
Tmax: 8°C, yearly average: -2.35°C) than ‘Ardley Palaeo’

Fig. 1. Maps of the biological soil crust sample sites. a. The three sample sites on Ardley Island and King George Island, b. the
South Shetland Islands, c. Antarctica.
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(Tmin: -13°C, Tmax: 6.5°C, yearly average: -2.25°C) and had
a roughly two weeks shorter period of temperatures > 0°C
in the soil between the end of November and late March
(early April for ‘Ardley’).

Strain isolation and culture conditions

The collected BSCs were used for a comprehensive
screening of all occurring eukaryotic algae and lichens.
Subsamples of the BSCs were incubated in defined media
to establish enrichment cultures. All cultures and later
algal isolates were grown on solid 1.5% Difco Agar
(Becton Dickinson, Heidelberg, Germany) made with
Bold’s Basal Media and vitamins (Starr & Zeikus 1993)
modified by tripled nitrate concentration (3N-BBM+V).
They were kept at 15°C, 30 µmol photons m-2 s-1 under a
16:8 h light:dark cycle (Osram Daylight Lumilux Cool
White lamps L36W/840). The enrichment cultures were
regularly screened for algal growth and colonies

transferred with a metal needle to a new agar plate using
a stereo microscope (ZS40, Olympus, Tokyo, Japan) with
a magnification of 400x. For further purification the
growth of the colonies was frequently monitored and
several subcultures were generated under sterile
conditions. After the purification step no contamination
with other algae or fungi was detected. Sixty-six strains
were isolated and are held in the culture collection at the
University of Rostock. Using a light microscope (BX51,
Olympus, Tokyo, Japan) with a magnification of 1000x
the isolated strains were identified to the species or at least
the genus level. Identification was mainly based on the
identification key of Ettl & Gärtner (2014). Other
identification literature is presented in Table S1 found at
http://dx.doi.org/10.1017/S0954102016000638. Mucilage,
as one identification feature, was visualized with an
aqueous solution of methylene blue. Furthermore, light
micrographs were taken with an Olympus UC30 camera
attached to the microscope and processed with the
software cellSens Entry (Olympus, Tokyo, Japan).
Additionally, hand drawings were made of the
morphological features for some algal species (Table S1).

Identification of diatoms

In addition to the light microscopy, combusted
permanent slides were prepared and used for the
identification of diatoms. Based on their siliceous cell
walls, identification is also possible after the cell death,
as species-specific features, such as cell shape, pores,

Fig. 2. Percentage proportion of microalgae and lichens in
the three biological soil crust samples from the Maritime
Antarctic.

Table I. Diversity indices. Jaccard index and Sørensen index are defined
from 0 to 1 (0 = no similarity, 1 = highest similarity).

‘Ardley’–‘Ardley
Palaeo’

‘Ardley’–‘AB01’ ‘Ardley
Palaeo’–‘AB01’

Algae
β-diversity 67 62 61
Jaccard index 0.134 0.155 0.136
Sørensen index 0.236 0.269 0.239

Lichens
β-diversity 14 12 12
Jaccard index 0.171 0.185 0.111
Sørensen index 0.294 0.313 0.200

Total
β-diversity 81 74 73
Jaccard index 0.142 0.161 0.132
Sørensen index 0.248 0.277 0.234

Fig. 3. MDS plot based on square root transformed data and
Bray–Curtis similarity. Comparison of all three sample sites
by species composition (microalgae and lichens). An MDS
plot is dimensionless and visualizes the relationship of each
datapoint to another. Distances between points represent the
similarity/difference between all identified taxa. The stress
value represents the quality of the graph (0 = perfect,
0.05 = good, 0.2 = poor). A: ‘Ardley’, B: ‘Ardley Palaeo’,
C: ‘AB01’, ABC: all species from all sample sites, AB: species
from ‘Ardley’ and ‘Ardley Palaeo’, AC: species from ‘Ardley’
and ‘AB01’, BC: species from ‘Ardley Palaeo’ and ‘AB01’.
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Table II. List of all identified algae species associated with biological soil
crust samples from the Maritime Antarctic. x = presence of the
respective algae species. Species authorities can be found in Table S1.

Species ‘Ardley’ ‘Ardley
Palaeo’

‘AB01’

Chlorophyceae
Chlamydomonas sp. x
Chlorococcum sp. x
Chloromonas sp. x
Chlorosarcina sp. x x x
Chlorococcum lobatum x
Chlorococcum cf. infusionum x
Chlorococcum sp. x x x
Desmodesmus abundans
(Chlorella fusca)

x

Gloeocystis sp. x
Lobochlamys cf. culleus
(Chlamydomonas culleus)

x

Mychonastes homosphaera
(Chlorella homosphaera,
C. minutissima)

x x

Mychonastes cf. homosphaera
(C. homosphaera,
C. minutissima)

x

Neocytis cf. brevis
(Nephrodiella cf. brevis)

x x x

Neocystis sp.1 x
Neocytis sp.2 x x x
Neocystis sp.3 x
Poloidion sp. x x
Pseudodictyochloris
multinucleata

x x

Radiococcacea gen. sp. x
Radiococcus cf. signiensis x
Radiococcus sp. x

Trebouxiophyceae
Chlorella chlorelloides
(Dictyosphaerium
chlorelloides)

x

Chlorella vulgaris x
Chlorella sp. x
Coccomyxa simplex x
Coccomyxa sp. x x x
Desmococcus olivaceus x
Desmococcus sp. x
Diplosphaera chodatii x
Diplosphaera cf. mucosa x
Elliptochloris bilobata x x
Muriella sp. x
Myrmecia bisecta x
Myrmecia macronucleata x x
Parietochloris cf. alveolaris
(Ettlia cf. alveolaris)

x

Stichococcus allas x
Stichococcus cf. allas x
Stichococcus bacillaris x
Stichococcus chlorelloides x x
Stichococcus sp. x
Trochiscia granulata x

Klebsormidiophyceae
Interfilum sp. x
Klebsormidium cf. bilatum x
Klebsormidium cf. dissectum x x
Klebsormidium cf. flaccidum x x x
Klebsormidium cf. subtile x
Klebsormidium cf. montanum x x
Klebsormidium cf. nitens x

Klebsormidium sp.1 x
Klebsormidium sp.2 x x

Xanthophyceae
Chlorellidium sp. x
Chlorocloster cf. inaequalis x
Chlorellidium cf. tetrabotrys x
Heterococcus sp. x
Pleurochloris
pseudopolychloris

x

Xanthonema sp. x
Eustigmatophyceae

Eustigmatos cf. vischeri x
Bacillariophyceae

Aulacoseira sp. x
Cocconeis californica var.
kerguelensis

x

Cocconeis fasciolata x
Cocconeis melchioroides x
Cocconeis pinnata var. mattsii x x
Diadesmis cf. vidalii x x
Eunotia ralitsae x x
Eunotia sp.1 x
Eunotia sp.2 x
Gomphonema olivaceum x
Gomphonema sp. x
Gomphonemopsis sp. x
Hantzschia sp. x
Luticola caubergsii x
Luticola nivalis x
Luticola cf. nivalis x
Melosira dickiei x
Navicula cf. perminuta x
Navicula sp. x
Nitzschia sp. x x
Orthoseira roeseana x
Pinnularia cf. acidophila x x x
Pinnularia borealis x x x
Pinnularia borealis var.
scalaris

x x x

Pinnularia divergentissima x
Pinnularia cf. divergentissima x
Pinnularia microstauron x
Pinnularia cf. microstauron x
Pinnularia obscura x x
Pinnularia cf. obscura x x
Pinnularia cf. subantarctica var.
elongata

x

Pinnularia sp. x
Planothidium linkei x
Psammothidium germanii x x
Psammothidium manguinii x x
Psammothidium cf.
oblongellum

x x

Pseudogomphonema
kamtschaticum

x

Pseudogomphonema cf.
kamtschaticum

x

Stauroforma exiguiformis x
Stauroforma cf. exiguiformis x
Thalassiosira gracilis var.
expecta

x x

Thalassiosira gracilis x
Diatom sp.1 x
Diatom sp.2 x
Diatom sp.3 x
Diatom sp.4 x
Diatom sp.5 x
Diatom sp.6 x
Diatom sp.7 x
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ribs, spines and marginal ridges, are still visible.
Approximately 0.5 g of crust material was mixed with
c. 4ml distilled water and strongly shaken for 10min.
Subsequently 100 µl of the overlaying water was
transferred onto glass cover slips using an Eppendorf
pipette and air dried. This step was repeated a second
time. Afterwards, the cover slips were combusted in a
muffle oven (Elektra M26) at 550°C for 35min, cooled
down and put onto slides with Naphrax as a mounting
medium. Light micrographs were taken at a
magnification of 1000x using a light microscope (BX51,
Olympus, Tokyo, Japan) with an Olympus UC30 camera
attached and the cellSens Entry program (Olympus,
Tokyo, Japan). Additional light micrographs were
acquired with a Zeiss Axio Imager. M2 with an
implemented AxioCam HRc (Zeiss, Oberkochen,
Germany). The literature used for diatom identification
is detailed in Table S1.

Identification of lichens

For identification of lichens, morphology and anatomy
were studied using a stereomicroscope and compound
microscope. The nomenclature of Antarctic lichen species
followed the identification key of Øvstedal & Lewis Smith
(2001). Herbar specimens of lichen species are held in the
private herbarium of U. Schiefelbein. Characteristic lichen

substances were used as chemotaxonomical markers and
analysed by thin layer chromatography (TLC) in solvent
system A according to the standard approach of Orange
et al. (2001).

β-diversity

The β-diversity is ameasure of change in species composition
between habitats or variations of environmental conditions,
such as temperature or moisture gradients. For this purpose,
the number of species is considered unique to each habitat.
The β-diversity is high if the number of species common to
both habitats is low and vice versa. The following formula
(Whittaker 1970) can be used for the calculation using the
presence-absence data:

β= S1- cð Þ + S2- cð Þ; (1)

where S1 is the total number of species recorded in the first
habitat, S2 is the total number of species recorded in the
second habitat and c is the number of species common to
both communities.

Jaccard index and Sørensen index

The Jaccard index (1902; SIJ) and Sørensen index (1948;
SIS) are similarity coefficients that measure the similarity

Fig. 4. Total number of green algae species (Chlorophyceae, Trebouxiophyceae, Klebsormidiophyceae, Bacillariophyceae,
Eustigmatophyceae and Xanthophyceae) in the three biological soil crust communities from the Maritime Antarctic samples.
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of sets. In order to calculate the SIJ, the size of the
intersection is divided by the size of the union of the
sample set. The indices scales are defined from 0 to 1,
where the closer to 1, the higher the similarity. The SIJ
and SIS are calculated using the following formulae:

SIJ = a a + b + cð Þ-1; (2)

SIS = 2a 2a + b + cð Þ-1; (3)

where a is the number of species common to both
communities, b is the total number of species recorded
in the first habitat and c is the total number of species
recorded in the second habitat.

Multivariate statistics

The species composition found at the different localities
was compared using the multivariate analysis of the
statistical program PRIMER 6. Non-metric multi-
dimensional scaling (MDS; Kruskal & Wish 1978)
was based on square root transformed data and Bray–
Curtis similarity. An MDS plot is dimensionless and
visualizes the relationship of each datapoint to another.
The significance of similarity was tested by using the
ANOSIM permutation test (Clarke &Green 1988, Clarke
1993). This test calculates a global measure R, which
ranges between 0 and 1 and constitutes some degree of

discrimination between treatments. If R = 0 there are no
differences between the sample stations based on their
species composition. If R = 1 the sample stations differ
from each other. The stress value represents the quality of
the graph (0 = perfect, 0.05 = good, 0.2 = poor).

Results

Total species composition, diversity and localities

The BSCs of the King George and Ardley islands were
exclusively composed of both various microalgal groups
and lichens, although they were dominated by the species-
richness of algae (78–87%) (Fig. 2).

The total community β-diversity for all BSC samples
ranged from 73–81, and similarity was very low (SIJ< 0.2,
SIS< 0.3). It should be emphasized that the total
biodiversity indices values for ‘Ardley’–‘AB01’ were
noticeable higher relative to the other comparisons
(Table I).

The MDS analysis resulted in three clearly
separated clusters that showed conspicuous grouping by
sample site (Fig. 3). The BSC species composition of the
three sample sites were significantly different as confirmed
by the ANOSIM test with a global R of 1, p = 0.001 and
a stress value of 0.

Species composition and diversity of algae

Overall, 106 algal species were found in the BSC
communities of the Ardley and King George islands. Of
these, 41 species belonged to Chlorophyta (21 species
were Chlorophyceae, 20 species were Trebouxiophyceae).
Nine species were identified as Streptophyta and 56
species were determined as Heterokontophyta; it should
be noted that 49 of these species were diatoms
(Table II, Fig. 4). Species names, light micrographs,
drawings and further information are summarized in
an algae catalogue (Table S1 found at http://dx.doi.org/
10.1017/S0954102016000638).

Nine species from six genera were found in all of the BSC
samples: Chlorosarcina sp., Chlorococcum sp., Coccomyxa
sp., Klebsormidium cf. flaccidum (Kützing) Silva, Mattox &
Blackwell, Neocytis cf. brevis (Vischer) Kostikov &
Hoffmann, Neocytis sp., Pinnularia cf. acidophila Hofmann
& Krammer, Pinnularia borealis Ehrenberg, Pinnularia
borealis var. scalaris (Erenberg) Rabenhorst.

‘Ardley’ contained 53 species including 30 taxa that
were only found at this sampling station. The species
composition was dominated by diatoms (26 species).

There were 44 species identified in the BSC samples
from ‘Ardley Palaeo’ of which 25 taxa were only found at
this site. The most abundant species belong to diatoms
(21 taxa) and Chlorophyceae (17 taxa).

Table III. List of all identified lichen species associated with biological
soil crust samples from the Maritime Antarctic. x = presence of the
respective lichen species.

Species ‘Ardley’ ‘Ardley
Palaeo’

‘AB01’

Cladonia borealis S. Stenroos x x
Cladonia chlorophaea (Flörke ex

Sommerf.) Spreng.
x

Cladonia gracilis (L.) Willd. x x
Cladonia squamosa (Scop.) Hoffm. x
Himantormia lugubris (Hue) I. M. Lamb x x
Lecidea sp.1 x
Lecidea sp.2 x
Lepraria alpina (B. de Lesd.) Tretiach &

Baruffo
x x

Lepraria straminea Vain. x x
Melanotopelia sp. (new species) x
Ochrolechia frigida (Sw.) Lynge x x x
Pertusaria pseudoculata Øvstedal x
Placopsis parallina (Nyl.) I.M. Lamb x
Psoroma hypnorum (Vahl) Gray x x x
Rinodina olivaceobrunnea (C.W. Dodge)

G.E. Baker
x x

Sphaerophorus globosus (Huds.) Vain. x
Stereocaulon alpinum Laurer x
Stereocaulon glabrum (Müll. Arg.) Vain. x
Usnea antarctica Du Rietz x
Usnea aurantiaco-atra (Jacq.) Bory x
Usnea sphacelata R. Br. x
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There were 45 species, including 25 habitat-specific
species, identified from ‘AB01’. Diatoms (16 species) and
Trebouxiophyceae (14 species) were the most abundant in
these BSCs.

A comparison of the total species numbers for
each sample site showed no distinct differences.
However, ‘Ardley’ had the highest number of species, c.
nine species more than both of the other sites. There
were high numbers of microalgal species that were
unique to each sample site. Therefore, a comparison
of the common species gave very low values (5–9 species
per two sampling sites). All of the BSC com-
munities were dominated by diatoms, with very similar
species numbers but differing in the proportion of green
algae taxa.

The β-diversity of the algal composition for the three
sample sites varied between 61 and 67 (Table I). Again the
similarity between the BSCs was low (SIJ< 0.2, SIS< 0.3;
Table I). However, the similarly between ‘Ardley’–‘AB01’
was higher than the others (Table I).

Species composition and diversity of lichens

There were 21 lichen species from 13 genera identified
from all BCSs (Table III). Interestingly, only Ochrolechia
frigida and Psoroma hypnorum were found at all
sample sites.

The BSCs from ‘Ardley’ contained 15 lichen taxa; of
which, seven species were only determined at this site.
Nine lichen species, including four habitat-specific
species, were identified from ‘Ardley Palaeo’. Five
species were present in ‘AB01’; of which, only two
species were exclusively found at this site.

The incidence of common lichen species was very low,
especially in the samples from ‘AB01’ and ‘Ardley Palaeo’
(two common species).

The β-diversity ranged between 12 and 14; however, it
should be noted that only two common lichen species existed
in the BSC samples from ‘Ardley Palaeo’–‘AB01’ (Table I).
The similarity indexes were very low (SIJ<0.2, SIS≤0.3).
Moreover, both values for ‘Ardley Palaeo’–‘AB01’ were
noticeable lower than the others (Table I).

Discussion

This study revealed a remarkably high biodiversity of
microalgae and lichens in BSC communities collected on
the King George and Ardley islands (127 species). Studies
have reported wide ranging species numbers for algae in
BSCs, ranging from only a few to c. 100 taxa, depending
on the habitat. Büdel et al. (2009) identified 30 eukaryotic
algal species in the Namib Desert, while Schulz et al.
(2016) determined 106 species from coastal sand dunes at
the Baltic Sea. Similar studies on algae associated with

BSCs in the Polar Regions are missing. Nevertheless,
there are some data from surveys on terrestrial or soil
algae at high latitudes. Soil samples from Arctic Svalbard
partly covered by vascular plants and mosses contained
33 (Kaštovská et al. 2007) or 23 (Kim et al. 2008)
eukaryotic algal species, pointing to a rather low
diversity. Elster et al. (1999) identified 84 eukaryotic soil
algae in the polar desert of central Ellesmere Island,
Canada. In soil samples from Continental Antarctica,
only ten chlorophytes and one diatom taxon were found
(Broady & Weinstein 1998), and these species were not
associated with a BSC community. Zidarova (2008)
reported 286 algal species in samples from Livingston
Island, Maritime Antarctic. However, this species-
richness can be explained by sampling from all available
habitats, including soil, lakes, ponds and rocks. In the soil
samples alone, 78 eukaryotic algal species were identified;
of which, 66 taxa were diatoms (Zidarova 2008). When
compared with all the available literature, the data found
during this study point to a surprisingly high species-
richness of terrestrial eukaryotic algae (106 species)
associated with BSCs in the Maritime Antarctic.

The proportion of diatom species in the BSCs was very
high (49 species) in comparison to the number of the other
algal taxa. Diatoms are not always systematically studied
in BSC samples, depending on the expertise and interests
of the investigators, and hence making comparisons with
published data can be difficult. In Continental Antarctica
only one (Broady & Weinstein 1998) to two diatom
species were found (Souffreau et al. 2013), while ten
species occurred in the soil of the Arctic desert of central
Ellesmere Island (Elster et al. 1999). Flechtner et al.
(2008) demonstrated notably few diatom species (n = 8)
in a study of BSCs in western North America, while
Schulz et al. (2016) prepared specific diatom slides for
their identification, a quality approach which seems to be
neglected in many investigations of BSCs, and reported
55 diatom species in BSCs from sand dunes along the
Baltic Sea coast. These data confirm those of the present
study. Whether all the recorded diatom species associated
with the Antarctic BSCs represent actual components of
BSC communities is unknown. Diatoms and other
microalgae are known to be transported through the air
over hundreds of kilometres in the Arctic region (Darby
et al. 1974). This is especially apparent near beaches,
where marine and brackish water diatoms can be wind-
blown during stormy conditions (Lee & Eggleston 1989).
Therefore, it cannot be excluded that some of the
identified diatom taxa were transported by wind
(sea-spray) or waves and therefore only temporary
visitors in the Antarctic BSCs. However, in the current
study, material from the whole BSC was used and thus
lower parts of BSC were included.

The lichen diversity (21 species) of the King George
and Ardley islands represent a subset of the 110 species
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reported by Sancho et al. (1999) in their survey of all
habitats on Livingston Island. Floristic studies from
Victoria Land also revealed a high lichen diversity of 29
(Seppelt et al. 2010), 54 (Cannone & Seppelt 2008) and
even 59 species (Green et al. 2015). There are indications
that the species-richness of lichens varies based on
latitudes, and hence it was suggested to subdivide
Maritime and Continental Antarctica into different
phytogeographical regions (Peat et al. 2007).

In summary, the data presented show a high species
diversity of microalgae and lichens associated with BSCs,
which differed between the sample sites. The sites could
therefore be distinguished by a specific species composition.
Interestingly, ‘Ardley’ revealed a higher similarity to ‘AB01’
(King George Island) for algae diversity. However, the
similarity of ‘Ardley Palaeo’ to ‘AB01’ was lower for lichen
diversity. This striking difference can be explained by
(micro)habitat-specific conditions. It is known that algae
and lichens found in soil prefer different substrates and that
the availability of water is an important environmental
factor for their occurrence. The habitats investigated in this
study differed by substrate, topography and moisture.
Consequently, the data presented indicate that the species
composition of BSC communities in Maritime Antarctic is
controlled bymicro-environmental conditions.Moreover, it
provides the first overview of BSC-associated algal and
lichen taxa in the southern Polar Regions.
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ÌÎËÅÊÓËßÐÍÀ Ô²ËÎÃÅÍ²ß
² ÑÓ×ÀÑÍÀ ÒÀÊÑÎÍÎÌ²ß ÍÀÇÅÌÍÈÕ

ÂÎÄÎÐÎÑÒÅÉ

Ð Î Ç Ä ² Ë  4

ÌÎËÅÊÓËßÐÍÀ Ô²ËÎÃÅÍ²ß, ÒÀÊÑÎÍÎÌ²ß
² Á²ÎËÎÃ²ß ÍÀÇÅÌÍÈÕ ÂÎÄÎÐÎÑÒÅÉ ÏÎÐßÄÊÓ
KLEBSORMIDIALES (KLEBSORMIDIOPHYCEAE,

STREPTOPHYTA)

Ïîðÿäîê Klebsormidiales º öåíòðàëüíèì ñåðåä íàçåìíèõ ñòðåïòîô³òîâèõ
âîäîðîñòåé ³ îõîïëþº 4 ðîäè – Klebsormidium P.S. Silva, Mattox et Blackwell,
Interfilum Chodat et Topali emend. Mikhailyuk, Sluiman, A. Massalski, Mudimu,
Demchenko, T. Friedl et S.Y. Kondr., Hormidiella M.O.P. Iyengar et Khantamma
òà Entransia E.O. Hughes, ó ö³ëîìó äî ñêëàäó ÿêèõ âõîäÿòü 28 âèä³â (Mi-
khailyuk et al., 2008; Rindi et al., 2008, 2011; Guiry, Guiry, 2012). Ö³ ïðåäñòàâ-
íèêè â³ä³ãðàþòü çíà÷íó ðîëü ó íàçåìíèõ åêîñèñòåìàõ, îñê³ëüêè â á³ëüøîñò³ º
øèðîêî ïîøèðåíèìè íàçåìíèìè âîäîðîñòÿìè, ùî êîëîí³çóþòü ð³çíîìàí³òí³
ñóáñòðàòè – ´ðóíò, ñêåë³, êîðó äåðåâ, ìåðòâó äåðåâèíó, ñò³íè áóä³âåëü, ïàð-
êàíè, øòó÷í³ ñóáñòðàòè òîùî (Starmach, 1972; Ìîøêîâà, 1979; Ettl, Gärtner,
1995; Hindák, 1996; Lokhorst, 1996; Êîñò³êîâ òà ³í., 2001; Mikhailyuk et al.,
2003; Mikhailyuk et al., 2008; Rindi et al., 2008, 2011). Äåÿê³ âèäè çäàòí³ ðîç-
ìíîæóâàòèñÿ ó ìàñ³ òà óòâîðþâàòè ïîâñòèñò³ àåðîô³òí³ ìàêðîñêîï³÷í³ ðîçðî-
ñòàííÿ àáî â³ä³ãðàâàòè îäíó ç ïðîâ³äíèõ ðîëåé ó ôîðìóâàíí³ íà´ðóíòîâèõ ê³-
ðîê (Ãîëëåðáàõ, Øòèíà, 1969; Ìîøêîâà, 1979; Êîñòèêîâ, Ðûá÷èíñêèé, 1995;
Lokhorst, 1996; Biological ..., 2001; Mikhailyuk et al., 2003; Rindi, Guiry, 2004;
Büdel et al., 2009, 2010; Karsten et al., 2010 òà ³í.), òàêèì ÷èíîì ñòâîðþþ÷è
àñîö³àö³¿, â ÿê³ âõîäÿòü áàãàòî ³íøèõ âèä³â îäíîêë³òèííèõ âîäîðîñòåé.

Äåÿê³ âèäè êëåáñîðì³ä³àëüíèõ âîäîðîñòåé âèçíàí³ êîñìîïîë³òíèìè òàêñî-
íàìè ç øèðîêèì ãåîãðàô³÷íèì ïîøèðåííÿì, çäàòí³ ³ñíóâàòè â ð³çíîìàí³òíèõ
óìîâàõ, âêëþ÷àþ÷è åêñòðåìàëüíî õîëîäíå òà æàðêå ñåðåäîâèùå (Hoffmann,
1989; Lokhorst, 1996; Biological ..., 2001; Rindi et al., 2011), ïðîòå ÷àñòèíà âèä³â
ìåøêàº ó àìô³á³àëüíèõ ³ âîäíèõ á³îòîïàõ, äåÿê³ – ð³äê³ñí³ ïðåäñòàâíèêè
(Chodat, Topali, 1922; Starmach, 1972; Ìîøêîâà, 1979; Hindák, 1996; Lokhorst,
1996; Cook, 2004; Novis, 2006). Êëåáñîðì³ä³àëüí³ âîäîðîñò³ º îäíèìè ç ï³îíåð³â
çàðîñòàííÿ áåçïë³äíèõ ñóáñòðàò³â (Ãîëëåðáàõ, Øòèíà, 1969; Áîéêî è äð., 1984;
Hoffmann, 1989; LukeÓová, 2001), âîíè â³äîì³ ÿê àãåíòè á³îëîã³÷íîãî âèâ³òðþ-
âàííÿ êàì’ÿíèñòèõ ïîð³ä, á³îäåñòðóêö³¿ êóëüòóðíèõ ïàì’ÿòîê (John, 1988;
Darienko, Hoffmann, 2003; Mikhailyuk et al., 2003; Uher et al., 2005; Rindi, Guiry,
2004; Mikhailyuk, 2008; Uher, 2008; Âîéöåõîâè÷ òà ³í., 2009; Macedo et al., 2009
òà ³í.) òà ³íäèêàòîðè íàâêîëèøíüîãî ñåðåäîâèùà (Rindi, Guiry, 2004).

Ñòðåïòîô³òîâ³ âîäîðîñò³ (àáî Charophyceae s. l.) – îäíà ç íàéö³êàâ³øèõ
ãðóï, îñê³ëüêè âîíè º éìîâ³ðíèìè ïðåäêàìè âèùèõ ðîñëèí (Graham et al.,
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1991; Kranz et al., 1995; Van den Hoek et al., 1995; Bhattacharya, Medlin,
1998; Êîñò³êîâ òà ³í., 2001; Lewis, McCourt, 2004; Becker, Marin, 2009; Wod-
niok et al., 2011). Ïîðÿäîê Klebsormidiales, ùî ÿâëÿº ñîáîþ îäíó ç ã³ëîê ïðè
îñíîâ³ äåðåâà Streptophyta, íàäçâè÷àéíî ö³êàâèé â åâîëþö³éíîìó â³äíîøåí-
í³. Àäæå äîñë³äæåííÿ öèõ îðãàí³çì³â, ³ìîâ³ðíî, äàñòü ìîæëèâ³ñòü ïðîëèòè
ñâ³òëî íà åâîëþö³þ áàçàëüíèõ ë³í³é Streptophyta â ö³ëîìó, à òîìó ³ êðàùå
çðîçóì³òè ïåðåõ³ä â³ä âîäîðîñòåé äî íàçåìíèõ ðîñëèí.

4.1. ²ÑÒÎÐ²ß ÂÈÂ×ÅÍÍß ÏÐÅÄÑÒÀÂÍÈÊ²Â
KLEBSORMIDIALES

Çåëåí³ íèò÷àñò³ âîäîðîñò³, ùî íàëåæàòü äî ïîðÿäêó Klebsormidiales, â³äî-
ì³ ùå ç ñåðåäèíè XIX ñò. Òàê, ó 1843 ð. Ô.Ò. Êþòö³íã îïèñàâ ð³ä Hormidium
Khtz., ÿêèé, ïðîòå, àâòîð ðîçóì³â ó øèðîêîìó ñåíñ³, âêëþ÷àþ÷è äî íüîãî íèò-
÷àñò³ âîäîðîñò³ ð³çíîìàí³òíèõ ãðóï, çîêðåìà, òàêîæ âèäè ñó÷àñíèõ ðîä³â
Prasiola C. Agardh òà Ulothrix Khtz. (Khtzing, 1843). Ó ï³çí³øèõ ðîáîòàõ àâòîð
äîäàâ çíà÷íó ê³ëüê³ñòü íîâèõ âèä³â äî öüîãî ðîäó, õî÷à ð³ä ïðîäîâæóº ³ñíóâà-
òè ÿê çá³ðíèé òàêñîí (Khtzing, 1845), à íàäàë³ â ³íø³é ïóáë³êàö³¿ (Khtzing,
1849) çâåäåíèé ó ñåêö³þ ðîäó Ulothrix, ùî îá’ºäíóº íàçåìí³ âèäè. Íàïðèê³íö³
XIX ñò. äåÿê³ â÷åí³ ï³ä íàçåìíèìè ïðåäñòàâíèêàìè ðîäó Hormidium ðîçóì³ëè
âèêëþ÷íî âèäè ïðàç³îëîâèõ âîäîðîñòåé (Gay, 1888; Hansgirg, 1888, 1892), ùî
õàðàêòåðèçóþòüñÿ ç³ð÷àñòèì õëîðîïëàñòîì ç öåíòðàëüíèì ï³ðåíî¿äîì. Óò³ì ó
1896 ð. Ã. Êëåáñ îïèñàâ öåé ð³ä ÿê íèò÷àñò³ âîäîðîñò³, ùî ìàþòü ïðèñò³ííèé
õëîðîïëàñò ³ ðîçìíîæóþòüñÿ ôðàãìåíòàö³ºþ íèòîê ³ äâîäæãóòèêîâèìè çîî-
ñïîðàìè. Òàêèì ÷èíîì, Ã. Êëåáñ çàïðîïîíóâàâ íîâå ðîçóì³ííÿ ðîäó Hormi-
dium, ÿêå øèðîêî âèêîðèñòîâóâàëè àëüãîëîãè ïðîòÿãîì XX ñò. (Klebs, 1896).

Ó 1968 ð. Ê.Ð. Ìåòòîêñ çàïðîïîíóâàâ çáåðåãòè öþ íàçâó â ðîçóì³íí³
Ã. Êëåáñà (Hormidium G.A. Klebs 1896) ÿê òàêó, ùî â³äïîâ³äàº ñó÷àñíîìó ðî-
çóì³ííþ îáñÿãó öüîãî ðîäó (Mattox, 1968). Ó òîé æå ÷àñ Á. Ôîòò ïîêàçàâ
íåïðàâîì³ðí³ñòü âèêîðèñòàííÿ çàçíà÷åíîãî ³ìåí³ äëÿ âîäîðîñòåé, îñê³ëüêè
â 1840 ð. ï³ä íèì áóâ îïèñàíèé ð³ä îðõ³äåé (Fott, 1960), ùî, çã³äíî ç ïðèí-
öèïîì ïð³îðèòåòó, ïîòðåáóâàëî çàì³íè òà óïîðÿäêóâàííÿ â³äïîâ³äíî¿ íîìåí-
êëàòóðè. Ê³ëüêà çàïðîïîíîâàíèõ ³ìåí (Chlorhormidium Fott, Hormococcus
Chodat, Pseudulothrix Pascher) áóëî â³äêèíóòî ÿê íåçàêîíí³ àáî íåïðèäàòí³
(îñê³ëüêè çàì³íÿëè Hormidium sensu Khtzing) ³ çàïðîïîíîâàíî íîâå – Kleb-
sormidium P.S. Silva, Mattox et Blackwell, ÿêå âèçíàíî íàéàäåêâàòí³øèìè äëÿ
óçàêîíåííÿ Hormidium sensu G.A. Klebs (Silva et al., 1972).

Klebsormidium ìîðôîëîã³÷íî íàéáëèæ÷èé äî ðîä³â Ulothrix ³ Stichococcus Nä-
geli, òîìó â ìîðôîëîã³÷íèõ ñèñòåìàõ çàâæäè éîãî ðîçãëÿäàëè ñåðåä çåëåíèõ
íèò÷àñòèõ âîäîðîñòåé, â ìåæàõ ïîðÿäêó Ulothrichales (Chlorophyceae, Chloro-
phyta) (Starmach 1972; Ìîøêîâà, 1979; Hindák, 1996). Äîñë³äæåííÿ óëüòðàñòðó-
êòóðè òà ìîëåêóëÿðíî¿ ô³ëîãåí³¿ âèä³â öüîãî ðîäó ïîêàçàëè, ïîïðè çíà÷í³
ìîðôîëîã³÷í³ â³äì³ííîñò³, áëèçüê³ñòü ¿õ äî õàðîâèõ âîäîðîñòåé (Floyd et al.,
1972; Pickett-Heaps, 1972; Stewart, Mattox, 1975; Lokhorst, Starr, 1985;
Kranz et al., 1995; Turmel et al., 2002 òà ³í.). Òàê, Klebsormidium ñòàâ ïðåäñòàâíè-
êîì êëàñó Charophyceae (Chlorophyta) ó ñêëàä³ ïîðÿäêó Klebsormidiales (Mattox,
Stewart, 1984; Bold, Wynne, 1985; Ettl, G@rtner, 1995; Kranz et al., 1995; Lokhorst,
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1996; Êîñò³êîâ òà ³í., 2001) àáî îêðåìîãî êëàñó Klebsormidiophyceae â ìåæàõ
Chlorophyta (Van den Hoek et al., 1995) ÷è Charophyta (Lewis, McCourt, 2004) òà
ë³í³¿ Streptophyta, ùî îá’ºäíóº õàðîô³ö³ºâ³ âîäîðîñò³ òà âèù³ ðîñëèíè (Marin,
Melkonian, 1999; Sluiman et al., 2008; Becker, Marin, 2009).

Ïîðÿä ç Klebsormidium òðàäèö³éíî ðîçì³ùóâàëè òàêîæ äåÿê³ ìîðôîëîã³-
÷íî òà åêîëîã³÷íî ïîä³áí³ íèò÷àñò³ âîäîðîñò³ – Stichococcus, Koliella HindBk,
Raphidonema Lagerh. (Ettl, G@rtner, 1995; Van den Hoek et al., 1995; Êîñò³êîâ
òà ³í., 20012), ùî ìàþòü ñï³ëüí³ ç Klebsormidiales óëüòðàñòðóêòóðí³ îçíàêè
(Pickett-Heaps, 1974, 1976; Lokhorst, Star, 1998). Ïðîòå ïîäàëüø³ ìîëåêóëÿðí³
äîñë³äæåííÿ öüîãî íå ï³äòâåðäèëè, íàòîì³ñòü ïîêàçàëè, ùî çãàäàí³ âîäîðî-
ñò³ ñë³ä ðîçãëÿäàòè â ìåæàõ êëàñó Trebouxiophyceae (Chlorophyta) (Handa et
al., 2003; Lewis, McCourt, 2004; Neustupa et al., 2007; Sluiman et al., 2008).

Ìîëåêóëÿðíî-ô³ëîãåíåòè÷íèìè äîñë³äæåííÿìè ïîêàçàíî, ùî 2 ðîäè
³íøèõ íèò÷àñòèõ âîäîðîñòåé – Hormidiella òà Entransia, òàêîæ º ïðåäñòàâ-
íèêàìè Klebsormidiales. Ð³ä Hormidiella (Iyengar, Kanthamma, 1940, öèò. çà:
Lokhorst et al., 2000) îïèñàíèé â 1940 ð. ç ´ðóíò³â ²íä³¿. Ìîðôîëîã³÷íî ïî-
ä³áíèé äî óëîòðèêñîâèõ âîäîðîñòåé, òðàäèö³éíî éîãî ðîçãëÿäàëè ó ïîðÿäêó
Ulothrichales (Chlorophyceae, Chlorophyta) (Starmach, 1972; Ìîøêîâà, 1979;
Hind<k, 1996). Ï³çí³øå, âñë³ä çà Klebsormidium, öåé ð³ä áóâ ïåðåíåñåíèé äî
Klebsormidiales (Charophyceae) (Ettl, G@rtner, 1995), äå éîãî ïîëîæåííÿ áóëî
ï³äòâåðäæåíî ó çâ’ÿçêó ç äåòàëüíèì öèòîëîã³÷íèì ³ ìîëåêóëÿðíî-ô³ëîãåíåòè÷-
íèì âèâ÷åííÿì îäíîãî ç éîãî âèä³â – H. attenuata Lokhorst (Lokhorst et al.,
2000; Sluiman et al., 2008). Ð³ä Entransia îïèñàíèé ó 1948 ð. ç âîäîéìè
(Hughes, 1948). Çàâäÿêè õëîðîïëàñòó îðèã³íàëüíî¿ áóäîâè òà ðîçâèòêó íèòîê
ñåðåä æàáóðèíü, óòâîðåíèõ çèãíåìîâèìè âîäîðîñòÿìè, âêàçàíèé ð³ä ââàæà-
ëè ïðåäñòàâíèêîì Zygnemataceae (Conjugatophyceae, Chlorophyta) (Transeau,
1951, öèò. çà: Cook, 2004). Ïîäàëüø³ ìîëåêóëÿðíî-ô³ëîãåíåòè÷í³, öèòîëîã³-
÷í³ òà ìîðôîëîã³÷í³ äîñë³äæåííÿ òèïîâîãî âèäó öüîãî ðîäó – E. f³mbriata
E.O. Hughes, ÷³òêî âèçíà÷èëè éîãî ì³ñöå çà ìåæàìè êîíüþãóþ÷èõ âîäîðîñ-
òåé, ó ñïîð³äíåíîñò³ äî Klebsormidium (McCourt et al., 2000; Karol et al.,
2001; Turmel et al., 2002; Cook, 2004; Sluiman et al., 2008).

Íà öåé ÷àñ äî ïîðÿäêó Klebsormidiales ïðèºäíàíî ùå îäíó íàçåìíó âîäî-
ð³ñòü – ð³ä Interfilum, ÿêèé îïèñàíî ç³ ñòîÿ÷î¿ âîäîéìè â 1922 ð. ÿê õëîðîêî-
êîâó âîäîð³ñòü (Chlorococcales, Chlorophyta) (Chodat, Topali, 1922). Òðèâàëèé
÷àñ éîãî ðîçãëÿäàëè ÿê ìîíîòèïíèé ð³ä øèðîêî ïîøèðåíèõ íàçåìíèõ âîäî-
ðîñòåé ³ â³äíîñèëè äî ïîðÿäê³â Ulothrichales (Starmach, 1972; Ìîøêîâà, 1979;
Hindák, 1996) òà Gloeotilales (Chlorophyceae) (Ettl, G@rtner, 1995). Äîñë³äæåí-
íÿ ìîðôîëîã³¿, óëüòðàñòðóêòóðè òà ìîëåêóëÿðíî¿ ô³ëîãåí³¿ öüîãî ðîäó äàëè
çìîãó âêëþ÷èòè äî éîãî ñêëàäó ³íøó øèðîêî ïîøèðåíó íèò÷àñòó íàçåìíó
âîäîð³ñòü (Geminella terricola J.B. Petersen (Petersen, 1932)), îïèñàòè íîâèé âèä
ðîäó (Interfilum massjukiae Mikhailyuk, Sluiman, A. Massalski, Mudimu, Demchen-
ko, T. Fr³edl et S.Y. Kondr.) òà âèçíà÷èòè éîãî ì³ñöå ó ïîðÿäêó Klebsormidiales
ÿê íàéáëèæ÷îãî òàêñîíà äî ðîäó Klebsormidium (Mikhailyuk et al., 2007, 2008).

Òàêèì ÷èíîì, äî ïîðÿäêó Klebsormidiales íà öåé ÷àñ íàëåæàòü 4 ðîäè âî-
äîðîñòåé, êîæåí ç ÿêèõ õàðàêòåðèçóºòüñÿ áàãàòîþ ³ñòîð³ºþ âèâ÷åííÿ. Ïðåä-
ñòàâíèê³â ïîðÿäêó ó ìîðôîëîã³÷íèõ ñèñòåìàõ ðîçãëÿäàëè ó ñêëàä³ ð³çíèõ ïî-
                                         

2 Ïðèïóùåíî, ùî äåÿê³ âèäè ðîäó Stichococcus º ñïîð³äíåíèìè ç Klebsormidium.
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ðÿäê³â ³ êëàñ³â âîäîðîñòåé. Ïðèâîäîì äî ïåðåíåñåííÿ öèõ ðîä³â äî ñòðåïòî-
ô³òîâèõ âîäîðîñòåé ñëóãóâàëè ïåðåâàæíî äîñë³äæåííÿ óëüòðàñòðóêòóðè äæãó-
òèêîâèõ ñòàä³é, âåãåòàòèâíèõ êë³òèí, óëüòðàòîíêèõ ìåõàí³çì³â ä³ëåííÿ êë³òèí
òîùî (Stewart, Mattox, 1975; Lokhorst, Starr, 1985; Van den Hoek et al., 1995;
Lokhorst, 1996; Lokhorst et al., 2000; Mikhailyuk et al., 2005 òà ³í.). Ï³çí³øå ö³
âèñíîâêè, îòðèìàí³ íà îñíîâ³ âèâ÷åííÿ óëüòðàñòðóêòóðè, áóëè ï³äòâåðäæåí³
äàíèìè ìîëåêóëÿðíî¿ ô³ëîãåíåòèêè (Kranz et al., 1995; Karol et al., 2001;
Turmel et al., 2002; Mikhailyuk et al., 2008; Sluiman et al., 2008).

4.2. ÏÐÎÁËÅÌÈ ÒÀÊÑÎÍÎÌ²¯ KLEBSORMIDIALES

Îäí³ºþ ç ïðîáëåì òàêñîíîì³¿ ãðóïè º òå, ùî ¿¿ ïðåäñòàâíèêè áóëè îïè-
ñàí³ â ñêëàä³ ³íøèõ òàêñîíîì³÷íèõ ãðóï. Çà ìîðôîëîã³÷íèìè îçíàêàìè, ÿê³
âèêîðèñòîâóþòü ó êëàñè÷íèõ ñèñòåìàõ, ö³ âîäîðîñò³ äóæå ð³çí³ ³ íå ôîðìóþòü
â³äîêðåìëåíî¿ ãðóïè. Õî÷à á³ëüø³ñòü âèä³â Klebsormidiales – íèò÷àñò³ âîäî-
ðîñò³, âêëþ÷åííÿ ðîäó Interfilum äî öüîãî ïîðÿäêó óð³çíîìàí³òíèëî éîãî
ìîðôîëîã³þ, îñê³ëüêè ÷àñòèíà âèä³â ìàº êîêî¿äíèé òèï ñëàí³ (ç ïîãëÿäó êëà-
ñè÷íî¿ ìîðôîëîã³¿), äåÿê³ âèäè ôîðìóþòü ñàðöèíî¿äí³ ïàêåòè òà óòâîðþþòü
òàê çâàíó ïëåâðîêîêî¿äíó ñëàíü. Êð³ì òîãî, ó îðèã³íàëüíîìó îïèñ³ Interfilum
paradoxum (Chodat, Topali, 1922) âêàçàíî, ùî éîãî êë³òèíè ìàþòü äâîñòóëêîâ³
îáîëîíêè, ÷åðåç ùî öåé ïðåäñòàâíèê ïåâíèé ÷àñ ïåðåáóâàâ ó ñêëàä³ ðîäó
Radiophilum Schmidle (Ìîøêîâà, 1979). Íèæ÷å ïîêàçàíî, ùî êë³òèííà îáî-
ëîíêà Interfilum ñóö³ëüíà ³ ëèøå âèãëÿäàº äâîñòóëêîâîþ ÷åðåç çàëèøîê ìàòå-
ðèíñüêî¿ îáîëîíêè, ùî íå â³äîêðåìëþºòüñÿ â³ä äî÷³ðíüî¿. Íèæ÷å òàêîæ íà-
âåäåí³ ìîðôîëîã³÷í³ òà öèòîëîã³÷í³ îçíàêè, ùî îá’ºäíóþòü âñ³õ ïðåäñòàâíè-
ê³â Klebsormidiales ³ ðåïðåçåíòóþòü ¿õ ÿê ºäèíó ïðèðîäíó ãðóïó.

Âîäíî÷àñ òàêèé «çá³ðíèé» õàðàêòåð ïîðÿäêó âêàçóº íà òå, ùî, éìîâ³ðíî,
äîíèí³ ÷àñòèíà éîãî ïðåäñòàâíèê³â ïåðåáóâàº ó ñêëàä³ ³íøèõ ãðóï âîäîðî-
ñòåé, à ìîæëèâî, é ïðîñòî ùå íå â³äêðèòà. Çîêðåìà, íàçåìí³ ì³ñöåçðîñòàííÿ,
â ÿêèõ ìåøêàþòü ïåðåâàæíà á³ëüø³ñòü âèä³â Klebsormidiales, ââàæàþòü ùå
íåäîñòàòíüî âèâ÷åíèìè â àëüãîëîã³÷íîìó â³äíîøåíí³, îñîáëèâî ó òðîï³÷íèõ
òà åêâàòîð³àëüíèõ ðåã³îíàõ (L\pez-Bautista et al., 2008; Rindi et al., 2009 òà ïî-
ñèëàííÿ â íèõ). Öåé ôàêò óòðóäíþº âèâ÷åííÿ ô³ëîãåí³¿ òà ðîäèííèõ çâ’ÿçê³â
ó ìåæàõ Klebsormidiales. Çîêðåìà, ÿêùî ðîäè Klebsormidium òà Interfilum äóæå
áëèçüêî ñïîð³äíåí³ ³ íàâ³òü ïîñòàº ïèòàííÿ ïðî òå, ÷è íå º âîíè ïðåäñòàâíè-
êàìè îäíîãî ðîäó (Mikhailyuk et al., 2008; Rindi et al., 2011), òî Hormidiella òà
Entransia – äîñèòü â³ääàëåí³ òàêñîíè ÿê â³ä âèùå çàçíà÷åíèõ, òàê ³ ì³æ ñî-
áîþ (Sluiman et al., 2008). Öå ìîæå áóòè ïîâ’ÿçàíå àáî ç òèì, ùî áëèçüêî
ñïîð³äíåí³ äî íèõ ðîäè º «âèêîïíèìè», àáî ¿õ ùå íå çíàéäåíî ó ïðèðîä³. ßê
ïîêàçàíî íèæ÷å, îñòàííº ïðèïóùåííÿ º ö³ëêîì ³ìîâ³ðíèì.

Íàðåøò³, ñóòòºâà ïðîáëåìà â ðîçðîáö³ òàêñîíîì³¿ ïðåäñòàâíèê³â ïîðÿä-
êó – â³äíîñíà ïðîñòîòà òà îäíîòèïí³ñòü ¿õ ìîðôîëîã³¿, ùî º ñòàíäàðòíîþ ïðî-
áëåìîþ áàãàòüîõ òàêñîí³â íèò÷àñòèõ âîäîðîñòåé. Ñë³ä çàçíà÷èòè, ùî äëÿ äå-
ÿêèõ íèò÷àñòèõ âîäîðîñòåé, íàïðèêëàä åäîãîí³ºâèõ àáî çèãíåìîâèõ, íàä³éí³
òàêñîíîì³÷í³ îçíàêè íà ð³âí³ âèä³â çàáåçïå÷óâàëè ñòàä³¿, ïîâ’ÿçàí³ ç³ ñòàòåâèì
ïðîöåñîì, – ìîðôîëîã³ÿ çèãîò, îñîáëèâîñò³ æèòòºâèõ öèêë³â òîùî (Ðóíäèíà,
1988; Þíãåð, Ìîøêîâà, 1993), òîä³ ÿê ó êëåáñîðì³ä³àëüíèõ âîäîðîñòåé ñòàòåâèé
ïðîöåñ âèÿâëåíî ëèøå ó ê³ëüêîõ ïðåäñòàâíèê³â ³ äîñòîâ³ðíî íå ï³äòâåðäæåíî
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(Lokhorst, 1996; Lokhorst et al., 2000). Íàòîì³ñòü, îçíàêè, ïîâ’ÿçàí³ ç âåãåòàòèâ-
íîþ ñëàííþ Klebsormidiales, ó á³ëüøîñò³ â³äçíà÷àþòüñÿ øèðîêîþ ì³íëèâ³ñòþ,
ùî íå ñïðèÿº ÷³òêîìó ðîçìåæóâàííþ îêðåìèõ âèä³â ³ ïîáóäîâ³ ´ðóíòîâíî¿ ìîð-
ôîëîã³÷íî¿ ñèñòåìè ïîðÿäêó (Lokhorst, 1996; Òkaloud, 2006; Rindi et al., 2011).

4.3. ÌÀÒÅÐ²ÀËÈ ² ÌÅÒÎÄÈ ÄÎÑË²ÄÆÅÍÍß

Ìàòåð³àë íàøîãî äîñë³äæåííÿ ñêëàëè øòàìè âîäîðîñòåé ç ãðîìàäñüêèõ
êîëåêö³é êóëüòóð – SAG (Sammlung von Algenkulturen Göttingen University,
Í³ìå÷÷èíà), CCAP (Culture Collection of Algae and Protozoa, Âåëèêîáðèòà-
í³ÿ), ACKU (Algal Collection of Kyiv University, Óêðà¿íà), äåÿêèõ ïðèâàòíèõ
êîëåêö³é òà íàø³ âëàñí³ ³çîëÿòè (òàáë. 4.1). Óñüîãî áóëî âèâ÷åíî 97 øòà-
ì³â âîäîðîñòåé ðîä³â Interfilum, Klebsormidium, Stichococcus, Gloeotila Khtz., Ge-
minella Turpin, Ulothrix, Pseudopleurococcus J. Snow em. Vischer, Hormidiella.
Êð³ì ìîðôîëîã³÷íîãî îïðàöþâàííÿ îòðèìàíî 89 ïîâíèõ ïîñë³äîâíîñòåé
ä³ëÿíêè ITS ðÄÍÊ òà 20 ÷àñòêîâèõ ³ ïîâíèõ ïîñë³äîâíîñòåé ãåíà 18S
ðÄÍÊ.

Êóëüòóðè âîäîðîñòåé âèðîùóâàëè ïåðåâàæíî íà àãàðèçîâàíîìó òà ³íîä³
ð³äêîìó ïîæèâíîìó ñåðåäîâèù³ Áîëäà ç ïîòð³éíîþ ê³ëüê³ñòþ àçîòó òà â³òà-
ì³íàìè (3N BBBM + vitamines) (Starr, Zeikus, 1987), çà ñòàíäàðòíèõ ëàáîðà-
òîðíèõ óìîâ (òåìïåðàòóðà +18 °Ñ, ñâ³òëîâèé ðåæèì – ñâ³òëî : òåìðÿâà –
14 : 10, ³íòåíñèâí³ñòü îñâ³òëåííÿ (á³ë³ ôëóîðåñöåíòí³ ëàìïè) – áëèçüêî
25 ìêìîëü ôîòîí³â ⋅ ì—2 ⋅ ñ—1). Ì³êðîñêîï³÷í³ äîñë³äæåííÿ ïðîâåäåí³ ïåðå-
âàæíî íà áàç³ óí³âåðñèòåòó ì. Ãåòò³íãåí, Í³ìå÷÷èíà (â³ää³ë åêñïåðèìåíòàëü-
íî¿ ô³êîëîã³¿ òà êîëåêö³¿ êóëüòóð âîäîðîñòåé – EP SAG), íà ñâ³òëîâîìó ì³-
êðîñêîï³ Olympus BX60 (Òîê³î, ßïîí³ÿ) ç ³íòåðôåðåíö³éíîþ îïòèêîþ
(Nomarski DIC optics). Êóëüòóðè âîäîðîñòåé äîñë³äæåí³ â ìîëîäîìó (2–3
òèæí³), ñåðåäíüîìó (1–1,5 ì³ñ) òà ñòàðîìó ñòàí³ (3–4 ì³ñ). Ì³êðîôîòîãðà-
ô³¿ âèãîòîâëåí³ íà âêàçàíîìó ì³êðîñêîï³ ç ïðèºäíàíîþ êàìåðîþ ColorView
III camera (Soft Imaging System GmbH, Ìþíñòåð, Í³ìå÷÷èíà) òà îïðàöüî-
âàí³ çà ïðîãðàìîþ Cell^D (Soft Imaging System GmbH). Ñëèç âîäîðîñòåé
ôàðáóâàëè ìåòèëåíîâèì ñèí³ì.

Ôîðìó òà ðîçòàøóâàííÿ ì³òîõîíäð³é ó êë³òèíàõ äîñë³äæóâàëè (ç ëþá’ÿç-
íîãî äîçâîëó ïðîô. Ó. Êàðñòåíà) íà áàç³ óí³âåðñèòåòó ì. Ðîñòîê, Í³ìå÷÷èíà
(â³ää³ë ïðèêëàäíî¿ åêîëîã³¿ (Applied Ecology) ³ öåíòð ì³êðîñêîï³¿ (Cell
Imagine Centre)), çà äîïîìîãîþ ïðèæèòòºâîãî ôàðáóâàííÿ êë³òèí Mitotreker
Green. Ôàðáîâàí³ êë³òèíè äîñë³äæóâàëè íà ì³êðîñêîï³ Olympus IX70 (Òî-
ê³î, ßïîí³ÿ) ç ëþì³íåñöåíòíîþ ëàìïîþ òà ëàçåðíîìó ñêàíóâàëüíîìó êîí-
ôîêàëüíîìó ì³êðîñêîï³ Leica TCS SP2 AOBS.

Äîñë³äæåííÿ óëüòðàñòðóêòóðè êë³òèí ïðîâåäåíî íà áàç³ óí³âåðñèòåòó
ãóìàí³òàðíèõ ³ ïðèðîäíè÷èõ íàóê, Êåëüöå, Ïîëüùà (êàôåäðà áîòàí³êè), ç
âèêîðèñòàííÿì òðàíñì³ñ³éíîãî åëåêòðîííîãî ì³êðîñêîïà Tesla BS 500. Äëÿ
TEM âîäîðîñò³ ç ìîëîäèõ àãàðîâèõ êóëüòóð ô³êñóâàëè ïðîòÿãîì 1 ãîä ó
3%-ìó ðîç÷èí³ ãëþòàðàëüäåã³äó â 0,1 M ôîñôàòíîìó áóôåð³ ïðè pH 7,1 ³
ê³ìíàòí³é òåìïåðàòóð³. Â ïîäàëüøîìó ñë³äóâàëè ïðîòîêîëó, äåòàëüíî îïè-
ñàíîìó â ïîïåðåäí³õ ðîáîòàõ (Massalski et al., 1995).
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Ò à á ë è ö ÿ  4.1.  Êîðîòêà õàðàêòåðèñòèêà äîñë³äæåíèõ øòàì³â âîäîðîñòåé

Íîìåð øòàìó â êîëåêö³¿

ãðîìàäñüê³é îñîáèñò³é
Ïîõîäæåííÿ øòàìó Íàçâà òàêñîíà, ïðèì³òêà

LUK314 ×åñüêà Ðåñïóáë³êà, âóã³ëüí³ â³äâàëè, ´ðóíò Interfilum sp.
SAG 2102 Êàðàäàçüêèé ÏÇ, Óêðà¿íà, ï³ðîêëàñòè÷í³

â³äñëîíåííÿ
I. massjukiae; òèï (Mi-
khailyuk et al., 2008)

SAG 338-1 Ëîíäîí (îêîëèö³), Âåëèêà Áðèòàí³ÿ, ´ðóíò
áóêîâîãî ë³ñó

I. paradoxum, åï³òèï
(Mikhailyuk et al., 2008)

SAG 4.85 Òèðîëü, Áðèêñåí, ²òàë³ÿ, ´ðóíò I. paradoxum
SAG 2100 Âèñîê³ Àðäåíè, Áåëüã³ÿ, ´ðóíò äóáîâîãî

ë³ñó
I. terricola, åï³òèï (Mi-
khailyuk et al., 2008)

SAG2101 ÐËÏ «Ãðàí³òíî-ñòåïîâå Ïîáóææÿ», Óê-
ðà¿íà, ãðàí³òí³ â³äñëîíåííÿ

Interfilum sp.

LUK304 Ñëîâà÷÷èíà, âóã³ëüí³ â³äâàëè, ç ïîâ³òðÿ I. terricola
LUK305 Àíòàðêòèäà, ðàéîí, â³ëüíèé â³ä ëüîäîâîãî

ïîêðèâó, ´ðóíò
I. terricola

LUK306 ×åñüêà Ðåñïóáë³êà, ´ðóíò I. terricola
LUK308 Øâåö³ÿ, ðàéîí ³ç çàìîðîçêàìè, ´ðóíò I. terricola
TR 17 2 ÏÇ «Õîìóò³âñüêèé ñòåï», Óêðà¿íà, ãðàí³òí³

ñòàòó¿
Interfilum sp.

SAG 36.88 Òåêîà, Íîâà Çåëàíä³ÿ, ´ðóíò Interfilum sp.
LUK313 Ñëîâà÷÷èíà, ï³ùàí³ ´ðóíòè Interfilum sp.
LUK317 ×åñüêà Ðåñïóáë³êà, ï³ùàí³ ´ðóíòè Interfilum sp.

SAG 2147 ×åñüêå Ñòðåäîãîð³, âåðøèíà Áîðåê Õ³ëë,
×åñüêà Ðåñïóáë³êà, ´ðóíò

Interfilum sp.

Biof 4 1 Ìàñàíäð³âñüêèé ïàëàö, Êðèì, Óêðà¿íà,
êàì’ÿíèñòèé ñóáñòðàò

Klebsormidium cf. flac-
cidum

Lira 7 3 Ðîñ³ÿ, ç äîùîâî¿ âîäè K. cf. flaccidum
ACKU 800 TR 26 1 Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë., Óêðà¿-

íà, ãðàí³òí³ â³äñëîíåííÿ
K. cf. flaccidum

TR 44 1 Òàì ñàìî K. cf. flaccidum
SAG 7.91 Êîëèøí³é ÑÐÑÐ, ïð³ñíà âîäîéìà (?) K. cf. flaccidum
ACKU 450 TR 34 1 ì. Æèòîìèð, Óêðà¿íà, ãðàí³òí³ â³äñëîíåííÿ Klebsormidium sp.
ACKU 801 TR 42 1 Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë., Óêðà¿-

íà, ãðàí³òí³ â³äñëîíåííÿ
Klebsormidium sp.

Bacota 1 ÍÏÏ «Ïîä³ëüñüê³ Òîâòðè», Óêðà¿íà, â³ä-
ñëîíåííÿ âàïíÿêó

Klebsormidium sp.

ACKU 451 TR 22 1 ì. Æèòîìèð, Óêðà¿íà, ãðàí³òí³ â³äñëîíåííÿ Klebsormidium sp.
ACKU 379 TR 24 1 ÐËÏ «Ãðàí³òíî-ñòåïîâå Ïîáóææÿ», Óê-

ðà¿íà, ãðàí³òí³ â³äñëîíåííÿ
Klebsormidium sp.

TR 35 1 ì. Æèòîìèð, Óêðà¿íà, ãðàí³òí³ â³äñëîíåííÿ Klebsormidium sp.
SAG 2307 KL 1 Í³ìå÷÷èíà, ãëèíèñòèé ´ðóíò ïîëÿ ï³ä áóðÿ-

êîì
K. flaccidum

SAG 335-5 Íåâ³äîìå, ïð³ñíà âîäîéìà (?) K. flaccidum
SAG 335-7 Ñìåëåíä, Øâåö³ÿ, ïð³ñíà âîäîéìà (?) K. flaccidum
SAG 12.91 Çàïîâ³äíèê Ñîéîâ³öå, ×åñüêà Ðåñïóáë³êà,

âîäîéìà(?)
K. flaccidum

SAG 5.96 KL 44 Ïîïïåëü (îêîëèö³), Áåëüã³ÿ, áåðåã ñòðóìêà K. bilatum
SAG 7.96 KL 24 Ñòåâåðäåí (îêîëèö³), Í³äåðëàíäè, êîðà

äóáà
K. elegans, òèï (Lok-
horst, 1996)

TR 13 1 ÐËÏ «Ãðàí³òíî-ñòåïîâå Ïîáóææÿ», Óê-
ðà¿íà, ãðàí³òí³ â³äñëîíåííÿ

K. cf. bilatum
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Ïðîäîâæåííÿ òàáë. 4.1

Íîìåð øòàìó â êîëåêö³¿

ãðîìàäñüê³é îñîáèñò³é
Ïîõîäæåííÿ øòàìó Íàçâà òàêñîíà, ïðèì³òêà

SAG 2155 KL 2 Êîë äó Áóññåíã, Âîñãåñ, Ôðàíö³ÿ, âîëîãèé
ï³ùàíèé ´ðóíò ë³ñîâî¿ äîðîãè

K. dissectum, íåîòèï
(Lokhorst, 1996), íå
â³äïîâ³äàº ä³àãíîçó

SAG 335-1a Áàðëîó, Ìåä³ñîí, ÑØÀ, ó ïð³ñí³é âîä³ K. nitens
SAG 335-1b Òàì ñàìî K. nitens
SAG335-2a » » K. nitens
SAG335-2b » » K. nitens
SAG 13.91 Òåêîà, Íîâà Çåëàíä³ÿ, ´ðóíò K. nitens
SAG 37.91 îêîëèö³ Ïóíî, Ïåðó, îç. Ò³ò³êàêà K. flaccidum

Biota-
14621.10.54

ÏÇ Ðî÷åðïàí, Ï³âäåííà Àôðèêà, ´ðóíòîâ³
ê³ðêè

Klebsormidium sp.

TR 2 1 Êàðàäàçüêèé ÏÇ, Óêðà¿íà, åï³ô³ò íà ëè-
øàéíèêàõ

Klebsormidium sp.

ACKU 447 TR 38 Õìåëüíèöüêà îáë., Óêðà¿íà, ´ðóíò ó ñî-
ñíîâîìó ë³ñ³

Klebsormidium sp.

ACKU 799 TR 41 1 Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë., Óêðà-
¿íà, ãðàí³òí³ â³äñëîíåííÿ

Klebsormidium sp.

TR 31 2 Àâñòðàë³ÿ, ´ðóíò Klebsormidium sp.
SAG 2116 Íåâ³äîìå Klebsormidium sp.
SAG121.80 Íîéãàóñ (îêîëèö³), Í³ìå÷÷èíà, êîðà áóêà K. flaccidum
SAG 38.91 Â³òçåíõàóçåí, Í³ìå÷÷èíà K. flaccidum
SAG 52.91 îñòð³â Ìîðñ, Äàí³ÿ, ïëàíòàö³ÿ K. nitens
SAG 2065 Ðîñê³ëä, Äàí³ÿ, ïëàíòàö³ÿ ÿëèíîê Klebsormidium sp.
SAG 2107 Ç³íãñò, Í³ìå÷÷èíà Klebsormidium sp.
SAG 2109 Òàì ñàìî Klebsormidium sp.

TR 18 2 Àâñòðàë³ÿ, ´ðóíò Klebsormidium sp.
SAG 2108 Ç³íãñò, Í³ìå÷÷èíà Klebsormidium sp.
SAG 2112 Ãåòò³íãåí, Í³ìå÷÷èíà, ÷åðåïèöÿ ç äàõó Klebsormidium sp.
SAG106.80 Ôðàíö³ÿ, ïð³ñíà âîäîéìà(?) K. flaccidum

Biota-
15051.6

Íåóäàìì, Ï³âäåííà Àôðèêà, ´ðóíòîâ³
ê³ðêè

Klebsormidium sp.

TR 11 1 ÍÏÏ «Ïîä³ëüñüê³ Òîâòðè», Óêðà¿íà, â³ä-
ñëîíåííÿ âàïíÿêó

Klebsormidium sp.

Namibia 5 4 Íàì³á³ÿ, ñò³íè áóä³âåëü Klebsormidium sp.
SAG 9.96 KL22 Ð³éñåíõîóò, Í³äåðëàíäè, øïóíòîâà ñò³íêà,

çîíà çàïëåñêó, îçåðî ç ëóæíèì ðÍ âîäè
K. fluitans, íåîòèï
(Lokhorst, 1996)

SAG 33.91 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Ãàííåë K. flaccidum
CCAP335/17 Òàì ñàìî K. subtile
SAG 335-4 Êîëèøíÿ ×åõîñëîâà÷÷èíà, âîäîéìà(?) K. flaccidum
CCAP335/18 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Õàéëå K. subtile
SAG 31.91 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Ãàííåë K. nitens
CCAP335/15 Òàì ñàìî K. scopulinum
CCAP335/16 » » K. scopulinum
CCAP335/13 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Õàéëå K. fluitans
CCAP335/12 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Ãàííåë K. fluitans
SAG 32.91 Òàì ñàìî K. nitens
CCAP335/14 Êîðíâîë, Âåëèêà Áðèòàí³ÿ, ð. Õàéëå K. fluitans
SAG 384-1 Ïîðò Áàððîó, Àëÿñêà, ÑØÀ, ç³ ñí³ãó K. subtilissimum
SAG 6.92 Ôðàíò³øêîâ³ Ëàçí³, ×åñüêà Ðåñïóáë³êà K. nitens
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Çàê³í÷åííÿ òàáë. 4.1

Íîìåð øòàìó â êîëåêö³¿

ãðîìàäñüê³é îñîáèñò³é
Ïîõîäæåííÿ øòàìó Íàçâà òàêñîíà, ïðèì³òêà

Crimea 1 Êàðàäàçüêèé ÏÇ, Óêðà¿íà, ï³ðîêëàñòè÷í³
â³äñëîíåííÿ

K. cf. crenulatum

SAG 37.86 Ï³âäåííèé Òèðîëü, Áð³êñåí, ²òàë³ÿ, ´ðóíò K. crenulatum,  ïîïå-
ðåäíüî áóâ âèçíà÷åíèé
ÿê Ulothrix tenuissima

SAG 8.96 KL63 Âàëêåíñâààðä, Í³äåðëàíäè, ´ðóíò á³ëÿ
ð³âíÿ âîäè ð. Äîììåë

K. mucosum

Biota-
14613.5e

Ï³âäåííà Àôðèêà, Êåáåñ, ´ðóíòîâ³ ê³ðêè Klebsormidium sp.

Biota-
14614.7

Ï³âäåííà Àôðèêà, Ãðóò Äåðì, Íàìàêâà-
ëåíä, ´ðóíòîâ³ ê³ðêè

Klebsormidium sp.

Biota-
14615.5a

Ï³âäåííà Àôðèêà, Êåðåãåï Âëàêòå, Íàìà-
êâàëåíä, ´ðóíòîâ³ ê³ðêè

Klebsormidium sp.

Biota-
14614.18.24

Ï³âäåííà Àôðèêà, Ãðóò Äåðì, ´ðóíòîâ³
ê³ðêè

Klebsormidium sp.

Biota-
14614.18.18

Ï³âäåííà Àôðèêà, Ãðóò Äåðì, Íàìàêâà-
ëåíä, ´ðóíòîâ³ ê³ðêè

Klebsormidium sp.

LUK318 ×åñüêà Ðåñïóáë³êà, âóã³ëüí³ â³äâàëè, ´ðóíò Klebsormidium sp.
Biota-
14621.10.47

ÏÇ Ðî÷åðïàí, Ï³âäåííà Àôðèêà, ´ðóíòîâ³
ê³ðêè

Klebsormidium sp.

Biota-
14621.6

Òàì ñàìî Klebsormidium sp.

Biota-
14621.10.44

» » Klebsormidium sp.

Kleb_pseud
_my 1

Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë., Óê-
ðà¿íà, ãðàí³òí³ â³äñëîíåííÿ

cf. Gloeotila

Kleb_pseud
_Op 4

Í³ìå÷÷èíà, Ãåòò³íãåí, øòó÷íèé êàì’ÿíèñ-
òèé ñóáñòðàò

cf. Gloeotila

SAG 36.98 Êîñòà-Ðèêà, êîôåéíà ïëàíòàö³ÿ, ´ðóíò Pseudopleurococcus spe-
ciosus

CCAP 329.1 Áðàçèë³ÿ, êñåðîìîðôíèé ë³ñ, ´ðóíò Hormidiella attenuata, òèï
(Lokhorst et al., 2000)

TR 4 1 Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë., Óê-
ðà¿íà, ãðàí³òí³ â³äñëîíåííÿ

Klebsormidium sp.

LUK 70 Ã³ëåòòå, Âàéîì³íã, ÑØÀ, ðåêóëüòèâîâàí³
øàõòí³ â³äâàëè

Klebsormidium sp.

SAG 8.91 Âèñîê³ Òàòðè, Ñëîâà÷÷èíà, ïëàíêòîí
îç. Ñòðáñêå Ïëåñî

Geminella interrupta

SAG 20.91 Ñ. Åñòðåëà, Ïîðòóãàë³ÿ, âîäîéìà G. terricola, íå â³äïî-
â³äàº ä³àãíîçó

SAG 9.97 Òàì ñàìî G. interrupta
SAG 9.91 Òðåáîí, ×åñüêà Ðåñïóáë³êà, ñòàâîê Ãðà-

÷îâ³ñòå, ë³òîðàëü
G. interrupta

SAG 20.84 Âåëèêà Áðèòàí³ÿ, îç. Â³íäåðìåð Geminella sp.
SAG 379-3a Íåâ³äîìå Stichococcus mirabilis,

íå â³äïîâ³äàº ä³àãíîçó

Ïðèì³òêà: Îñîáèñò³ êîëåêö³¿: KL – Ã.Ì. Ëîêõîðñòà; LUK – À. Ëóêºøîâî¿ (×åõ³ÿ); ³íäåêñ
«1» – Ò. Ìèõàéëþê (Óêðà¿íà); ³íäåêñ «2» – Ò. Äàð³ºíêî (Óêðà¿íà); ³íäåêñ «3» – Ë. Ãàéñ³íî¿ (Ðîñ³ÿ);
³íäåêñ «4» – Î. Ìóä³ìó (Í³ìå÷÷èíà); Biota – ïðîåêòó «BIOTA Southern Africa» (Büdel et al., 2010).
Ñêîðî÷åííÿ: ÏÇ – ïðèðîäíèé çàïîâ³äíèê; ÐËÏ – ðåã³îíàëüíèé ëàíäøàôòíèé ïàðê.
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Ìîëåêóëÿðíî-ô³ëîãåíåòè÷í³ äîñë³äæåííÿ ïðîâåäåí³ íà áàç³ óí³âåðñèòå-
òó ì. Ãåòò³íãåí, Í³ìå÷÷èíà (â³ää³ë åêñïåðèìåíòàëüíî¿ ô³êîëîã³¿ òà êîëåêö³¿
êóëüòóð âîäîðîñòåé – EP SAG). Äëÿ àìïë³ô³êàö³¿ 18S ðÄÍÊ âèêîðèñòàí³
ïðàéìåðè NS1 òà 18L, äëÿ ITS-1-5.8S-ITS-2 ðåã³îíó – AL1500af ³ LR1850.
Ñåêâåíóâàííÿ âèêîíàíî ç ïðàéìåðàìè äëÿ 18S ðÄÍÊ – 895R, 1122F, 370R,
34F òà 1263R, äëÿ ITS-1-5.8S-ITS-2 ðåã³îíó – 1800F, 5.8SbF, 5.8SbR ³
ITS4m. Ïðîöåäóðè ³çîëÿö³¿ ÄÍÊ, àìïë³ô³êóâàííÿ, ñåêâåíóâàííÿ, åëàéíìåíò
òà ô³ëîãåíåòè÷íèé àíàë³ç ïîä³áí³ äî îïèñàíèõ ïðîöåäóð ó ïîïåðåäí³õ ðîç-
ä³ëàõ, à òàêîæ äåòàëüíî ðîçãëÿíóò³ ó íàøèõ ïóáë³êàö³ÿõ (Mikhailyuk et al.,
2008; Rindi et al., 2011).

4.4. Ì²ÑÖÅ KLEBSORMIDIALES Ó ÑÈÑÒÅÌ² ÂÎÄÎÐÎÑÒÅÉ

Ñó÷àñí³ ìîëåêóëÿðíî-ô³ëîãåíåòè÷í³ äàí³ ÷³òêî ï³äòâåðäæóþòü ðîçòàøó-
âàííÿ ïîðÿäêó Klebsormidiales ñåðåä ñòðåïòîô³òîâèõ âîäîðîñòåé, òîáòî â
áëèçüê³é ñïîð³äíåíîñò³ ç ïîðÿäêàìè Zygnematales, Charales, Coleochaetales,
Chaetospaeridiales, Chlorokybales, Mesostigmatophyceae òà âèùèìè ðîñëèíà-
ìè (ðèñ. 4.1). Âèäè ðîä³â Stichococcus, Koliella, Raphidonema, Gloeotila, ùî
ìàþòü ñï³ëüí³ ç Klebsormidiales óëüòðàñòðóêòóðí³ îçíàêè, ïîâ’ÿçàí³ ïåðåâàæ-
íî ç ä³ëåííÿì âåãåòàòèâíèõ êë³òèí (â³äêðèòèé ì³òîç, ïåðñèñòåíòíå òåëîôà-
çíå âåðåòåíî, öèòîê³íåç ÷åðåç óòâîðåííÿ ê³ëüöåâî¿ áîðîçíè òà ôîðìóâàííÿ
ïîïåðå÷íî¿ êë³òèííî¿ ïåðåãîðîäêè, ïîçáàâëåíî¿ ïîð) (Pickett-Heaps, 1974;
1976; Lokhorst, Star, 1998; Van den Hoek et al., 1995), óâ³éøëè äî ð³çíèõ
êëàä êëàñó Trebouxiophyceae (Chlorophyta).

Îñîáëèâî ö³êàâîþ âèÿâèëàñÿ ñèòóàö³ÿ ç³ Stichococcus chloranthus Raths,
ùî ìàº ãîëèé ï³ðåíî¿ä, íå õàðàêòåðíèé äëÿ ïðåäñòàâíèê³â ðîäó (Pickett-
Heaps, 1974). Ïåâíèé ÷àñ öåé âèä ââàæàëè ðåàëüíèì êàíäèäàòîì äëÿ âêëþ-
÷åííÿ äî Klebsormidiales (Êîñò³êîâ òà ³í., 2001). ßê ïîêàçàâ ô³ëîãåíåòè÷íèé
àíàë³ç, öåé ïðåäñòàâíèê ïîòðàïèâ äî Trebouxiophyceae òà ïðèºäíàâñÿ äî
³íøèõ âèä³â öüîãî ðîäó (ðèñ. 4.1). Ïîäàëüøå ìîëåêóëÿðíî-ô³ëîãåíåòè÷íå
âèâ÷åííÿ äåÿêèõ òîíêîíèò÷àñòèõ Stichococcus-ïîä³áíèõ ïðåäñòàâíèê³â ðîäó
Klebsormidium (K. marinum (Deason) P.S. Silva, Mattox et Blackwell) òà ìîð-
ôîëîã³÷íî áëèçüêèõ äî íèõ øòàì³â ïîêàçàëî ¿õ ÷³òêó ïðèíàëåæí³ñòü äî ðîäó
Stichococcus (Neustupa et al., 2007), íåçâàæàþ÷è íà íàÿâí³ñòü ï³ðåíî¿ä³â
Klebsormidium-ïîä³áíî¿ áóäîâè.

Íàìè òàêîæ ïðîàíàë³çîâàí³ âîäîðîñò³, ùî ïîºäíóâàëè ìîðôîëîã³÷í³
îçíàêè Stichococcus ³ Klebsormidium. Äâà øòàìè, âèä³ëåí³ ç ãðàí³òíèõ â³äñëî-
íåíü ïî áåðåãàõ ð. Ðîñü (Óêðà¿íà) òà àíòðîïîãåííèõ ñóáñòðàò³â ì. Ãåòò³íãåí
(Í³ìå÷÷èíà) (òàáë. 4.1), ìàëè êë³òèíè áëèçüêî 3 ìêì çàâòîâøêè, àëå ïðè
öüîìó óòâîðþâàëè äîñèòü äîâã³ íèòêè, çäàòí³ äî äåç³íòåãðàö³¿, òà ì³ñòèëè
÷³òêèé ï³ðåíî¿ä, îáëÿìîâàíèé êðîõìàëüíîþ îáãîðòêîþ, çà ñâîºþ áóäîâîþ
áëèçüêîþ äî Klebsormidium (ðèñ. 4.2, 1, äèâ. âêëåéêó). Ïîïåðåäíüî ö³ âîäî-
ðîñò³ áóëè ³äåíòèô³êîâàí³ ÿê cf. Klebsormidium pseudostichococcus (Heering)
H. Ettl et G. Gärtner. Ïðîòå çà íóêëåîòèäíîþ ïîñë³äîâí³ñòþ ãåíà, ùî êîäóº
18S ðÄÍÊ, âêàçàí³ ³çîëÿòè âèÿâèëèñÿ áëèçüêî ñïîð³äíåíèìè ç âèäàìè Sti-
chococcus òà Gloeotila (Trebouxiophyceae) (99 % ïîä³áíîñò³ (99 % ïîêðèòòÿ),
ç³ S. bacillaris N@geli òà G. cf. protogenita Khtz., çã³äíî ç ïîøóêàìè çà ïðîãðà-
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Ðèñ. 4.3. Ô³ëîãåíåòè÷íèé àíàë³ç çà ÿäåðíèì ãåíîì, ùî êîäóº 18S ðÄÍÊ (àíàë³ç ìàêñè-
ìàëüíî¿ ïðàâäîïîä³áíîñò³ (Maximum-likelihood)) âèä³â Interfilum (íàçâè íàâåäåíî æèðíè-
ìè ë³òåðàìè) òà ³íøèõ ïðåäñòàâíèê³â ñòðåïòîô³òîâèõ ³ çåëåíèõ âîäîðîñòåé, äåÿêèõ âè-
ùèõ ðîñëèí (Mikhailyuk et al., 2008).
Òîâñò³ ë³í³¿ – âíóòð³øí³ ã³ëêè, ùî ï³äòðèìàí³ áàéºñ³âñüêèì àíàë³çîì (Bayesian analysis) ç ³ìîâ³ð-
í³ñòþ >0,95. Öèôðè íàä ³ ï³ä ã³ëêàìè – çíà÷åííÿ ï³äòðèìêè (>70 %) çà äèñòàíö³¿ «íàéáëèæ÷îãî
ñóñ³äà» (neighbor-joining distance) òà àíàë³çó ìàêñèìàëüíî¿ åêîíîì³¿ (maximum parsimony). Íîìåðè
ïîñë³äîâíîñòåé ó ãåíîáàíêó (accession numbers) íàâåäåíî ï³ñëÿ íàçâè òàêñîíà òà íîìåðà øòàìó

ìîþ BLAST). Òàêèì ÷èíîì, î÷åâèäíî, íèò÷àñò³ âîäîðîñò³ ç ä³àìåòðîì êë³-
òèí ìåíøå 4 ìêì íå º ïðåäñòàâíèêàìè Klebsormidiales, íåçâàæàþ÷è íà áëèçü-
ê³ ìîðôîëîã³÷í³ îçíàêè.

Âêëþ÷åííÿ ðîäó Interfilum äî Klebsormidiales ïîêàçàëî éîãî íàäçâè÷àé-
íî áëèçüêó ñïîð³äíåí³ñòü ç Klebsormidium òà ïàðàô³ëåòè÷í³ñòü îñòàííüîãî.
ßê âèäíî ç ðèñ. 4.3, ô³ëîãåí³ÿ çà ãåíîì, ùî êîäóº 18S ðÄÍÊ, íå ìàº äîñòàò-
íüî¿ ðîçä³ëüíî¿ çäàòíîñò³ äëÿ ðîçìåæóâàííÿ ð³çíèõ âèä³â Interfilum ³ Klebsor-

262



4.5. Klebsormidiales – â³äîêðåìëåíà ãðóïà âîäîðîñòåé …

107

midium. Ïðè öüîìó âèäè ðîä³â Hormidiella òà Entransia äîñèòü â³ääàëåí³ ÿê ì³æ
ñîáîþ, òàê ³ â³ä ïîïåðåäí³õ äâîõ ðîä³â. Ö³êàâîþ çíàõ³äêîþ º íàøå ïîïåðåäíº
äîñë³äæåííÿ îäíîãî ç³ øòàì³â êîëåêö³¿ SAG, âèä³ëåíîãî ç ´ðóíò³â Êîñòà-Ð³êà
(Öåíòðàëüíà Àìåðèêà). Çà ïîñë³äîâí³ñòþ ãåíà, ùî êîäóº 18S ðÄÍÊ (÷àñòêî-
âèé ñåêâåíñ), øòàì âèÿâèâñÿ áëèçüêî ñïîð³äíåíèì ç Hormidiella attenuata
Lokhorst, ïðîòå íå ³äåíòè÷íèé öüîìó âèäó (96 % ïîä³áíîñò³ (99 % ïîêðèòòÿ),
çã³äíî ç ïîøóêîì çà ïðîãðàìîþ BLAST). Öÿ âîäîð³ñòü ìàº áóäîâó ïðîòîïëàñ-
òà, ïîä³áíó äî òàêî¿ ³íøèõ ïðåäñòàâíèê³â Klebsormidiales (õàðàêòåðíà ìîðôî-
ëîã³ÿ ï³ðåíî¿äà, õëîðîïëàñòà, ïîçèö³ÿ ÿäðà), ïðîòå õàðàêòåðèçóºòüñÿ çàãàëü-
íîþ ìîðôîëîã³÷íîþ áóäîâîþ íèòîê, äîñèòü â³ääàëåíîþ â³ä ðîäó Hormidiella:
íèòêè ëåãêî ðîçïàäàþòüñÿ äî ïîîäèíîêèõ êë³òèí ³ ìàþòü îçíàêè ãàëóæåííÿ ³
óòâîðåííÿ ïëåâðîêîêî¿äíî¿ ñëàí³ (ðèñ. 4.2, 2, 3, äèâ. âêëåéêó). Öåé øòàì
î÷åâèäíî º íîâèì òàêñîíîì âîäîðîñòåé, ÿêèé çà äåòàëüíîãî äîñë³äæåííÿ
ïîïîâíèòü ïîðÿäîê Klebsormidiales ³ ñêîðîòèòü ãåíåòè÷íó â³äñòàíü ì³æ
Entransia, Hormidiella òà Interfilum/Klebsormidium-ãðóïàìè.

Äóæå ö³êàâèìè º åâîëþö³éí³ ïèòàííÿ ñòîñîâíî Klebsormidiales: íàñê³ëü-
êè éîãî ïðåäñòàâíèêè ðîäèííî ïîâ’ÿçàí³ ç âèùèìè ðîñëèíàìè ³ ÿêà ãðóïà
ñåðåä ñòðåïòîô³òîâèõ âîäîðîñòåé º ¿õ áåçïîñåðåäíüîþ ïðåäêîâîþ ôîðìîþ.
Ïèòàííÿ äóæå íåïðîñò³, ³ äèñêóñ³¿ íà öþ òåìó òî÷àòüñÿ âæå íå ïåðøèé äå-
ñÿòîê ðîê³â. Ïåâíèé ÷àñ ââàæàëè, ùî ð³ä Coleochaete BrPb. ÷åðåç áëèçüê³
öèòîëîã³÷í³ îçíàêè (çîêðåìà óòâîðåííÿ ôðàãìîïëàñòà ï³ä ÷àñ ä³ëåííÿ êë³-
òèí) º íàé³ìîâ³ðí³øèì ïðåäêîì ìîõîïîä³áíèõ (Graham et al., 1991), ô³ëî-
ãåíåòè÷í³ äàí³ òàêîæ ï³äòâåðäèëè öå ïðèïóùåííÿ (Kranz et al., 1995). ²íø³
æ äàí³ ïîêàçàëè, ùî Coleochaete ³ Klebsormidium ãåíåòè÷íî ð³âíîâ³ääàëåí³
â³ä âèùèõ ðîñëèí (Lokhorst, 1996). ª ðîáîòè, ÿê³ âêàçóþòü íà íàéá³ëüøó
ãåíåòè÷íó áëèçüê³ñòü Charales, òîáòî ñïðàâæí³õ õàðîô³ò³â, äî âèùèõ ðîñëèí
(Bhattacharya, Medlin, 1998; Karol et al., 2001; Lewis, McCourt, 2004; Becker,
Marin, 2009). À íåùîäàâíî ç’ÿâèëàñÿ äóìêà, ùî Zygnematales, ÿê ³ Coleo-
chaetales, ìîæíà ðîçãëÿäàòè ÿê ³ìîâ³ðíèõ ïðåäê³â âèùèõ ðîñëèí (Wodniok
et al., 2011). Òîæ ÿñíîñò³ ç öüîãî ïèòàííÿ íåìàº, àëå á³îëîã³ÿ ñòðåïòîô³òî-
âèõ âîäîðîñòåé â áóäü-ÿêîìó ðàç³ º ö³êàâèì ³ âàæëèâèì åòàïîì ó ðîçóì³íí³
åâîëþö³¿ âèùèõ ðîñëèí òà âèõîäó ¿õ íà ñóõîä³ë.

4.5. KLEBSORMIDIALES – Â²ÄÎÊÐÅÌËÅÍÀ ÃÐÓÏÀ ÂÎÄÎÐÎÑÒÅÉ
 Ç² ÑÏ²ËÜÍÈÌÈ ÌÎÐÔÎËÎÃ²×ÍÈÌÈ, ÓËÜÒÐÀÒÎÍÊÈÌÈ

ÒÀ Á²ÎÕ²Ì²×ÍÈÌÈ ÎÇÍÀÊÀÌÈ

Ñï³ëüíèìè îçíàêàìè, ùî ïîºäíóþòü óñ³õ ïðåäñòàâíèê³â Klebsormidiales,
íàñàìïåðåä º îçíàêè, õàðàêòåðí³ òàêîæ äëÿ ³íøèõ ñòðåïòîô³òîâèõ âîäîðî-
ñòåé. Öå óí³êàëüíà áóäîâà äæãóòèêîâèõ êë³òèí, ÿê³ ïðåäñòàâëåí³ çîîñïîðàìè.
Âîíè ãîë³, àñèìåòðè÷í³, ïîçáàâëåí³ ñòèãì, ìàþòü 2 ñóáàï³êàëüí³ äæãóòèêè,
ôîðìóþòüñÿ ïî îäí³é ó êë³òèí³ òà â³äð³çíÿþòüñÿ óí³êàëüíèì àñèìåòðè÷íèì
öèòîñêåëåòîì ç áàçàëüíèìè ò³ëàìè, ùî çâ’ÿçàí³ ç áàãàòîøàðîâîþ ñòðóêòó-
ðîþ (MLS) (Mattox, Stewart, 1984; Van den Hoek et al., 1995; Lokhorst et al.,
2000). Äî ñï³ëüíèõ öèòîëîã³÷íèõ îçíàê öèõ ïðåäñòàâíèê³â ñë³ä â³äíåñòè òàêîæ
ïîä³áíèé ïðîöåñ öèòîê³íåçó: â³äêðèòèé ì³òîç, ïåðñèñòåíòíå òåëîôàçíå âåðå-
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Ðèñ. 4.4. Óëüòðàñòðóêòóðà êë³òèí ð³çíîìàí³òíèõ ïðåäñòàâíèê³â ñòðåïòîô³òîâèõ âîäîðîñ-
òåé òà âèùèõ ðîñëèí.
Ðèñóíêè âèêîíàí³ íà îñíîâ³ ÒÅÌ ì³êðîôîòîãðàô³é òà ³íòåðïðåòàö³éíèõ ä³àãðàì ³ç íàøèõ ñïîñòåðå-
æåíü (âåãåòàòèâíà êë³òèíà Interfilum sp.) ³ ð³çíèõ ïóáë³êàö³é: âåãåòàòèâíà êë³òèíà Mesostigma viride
Lauterborn (Melkonian, 1989, figs 2–4, 9, 14), çîîñïîðà òà âåãåòàòèâíà êë³òèíà Chlorokybus atmophyticus
Geitler (Rogers et al., 1980, figs 7, 8, 13), çîîñïîðà Chaetosphaeridium globosum (Nordst.) Kleb. (Van den
Hoek et al., 1995, fig 19, 15), âåãåòàòèâíà êë³òèíà Klebsormidium mucosum (Lokhorst, Starr, 1985, fig. 1),
çîîñïîðà Coleochaete pulvinata A. Braun (Sluiman, 1985, figs 4, 5), âåãåòàòèâíà êë³òèíà Coleochaete sp.
(Van den Hoek et al., 1995, fig. 19.23, II), ÷àñòèíà âåãåòàòèâíî¿ êë³òèíè Micrasterias fimbriata Ralfs (Tourte,
1972, fig. 4), ÷àñòèíà âåãåòàòèâíî¿ êë³òèíè Nitella flexilis (L.) C. Agardh (Silverberg, Sawa, 1973, fig. 11);
÷àñòèíà êë³òèíè ìåçîô³ëà ëèñòêà Nicotiana tabacum L. (Àëüáåðòñ è äð., 1994, ñ. 36); ï – ïåðîêñèñîìà

òåíî, óòâîðåííÿ ê³ëüöåâî¿ áîðîçíè òà ôîðìóâàííÿ ïîïåðå÷íî¿ êë³òèííî¿
ïåðåãîðîäêè, ïîçáàâëåíî¿ ïîð (Pickett-Heaps, 1974, 1976; Van den Hoek et
al., 1995; Lokhorst, Star, 1998), õî÷à ö³ îçíàêè, ÿê óæå çàçíà÷àëîñÿ âèùå, íå
º óí³êàëüíèìè ³ âëàñòèâ³ òàêîæ ³íøèì êëàñàì çåëåíèõ âîäîðîñòåé, çîêðåìà
íèò÷àñòèì ïðåäñòàâíèêàì Trebouxiophyceae (Sluiman et al., 2008). Ñóòòºâîþ
â³äì³íîþ Klebsormidiales íà óëüòðàòîíêîìó ð³âí³ â³ä á³ëüø ïðîñóíóòèõ
ñòðåïòîô³òîâèõ (Zygnematales, Charales, Coleochaetales) º ä³ëåííÿ êë³òèí áåç
ó÷àñò³ ôðàãìîïëàñòà òà ôîðìóâàííÿ ïîïåðå÷íèõ êë³òèííèõ ïåðåãîðîäîê áåç
ïîð (Van den Hoek et al., 1995).

Òèïîâîþ óëüòðàòîíêîþ îçíàêîþ Klebsormidiales, ³íøèõ ñòðåïòîô³òîâèõ,
à òàêîæ ïðåäñòàâíèê³â âèùèõ ðîñëèí º âåëèêîãî ðîçì³ðó ïåðîêñèñîìè (ì³ê-
ðîò³ëà), ùî ðîçòàøîâàí³ ïîáëèçó ÿäðà, ì³òîõîíäð³é òà õëîðîïëàñò³â ³ ôîð-
ìóþòü õëîðîïëàñòíî-ì³òîõîíäð³àëüíî-ÿäåðíî-ïåðîêñèñîìíèé ñòðóêòóðíèé
êîìïëåêñ (ðèñ. 4.2, 4–7, äèâ. âêëåéêó; 4.4; 4.9, 5; 4.11) (Êîñò³êîâ òà ³í.,
2001; Ìàññàëüñüêèé, 2002à; Massalski, Kostikov, 2005). Ïîä³áí³ êîìïëåêñè
âèÿâëåí³ ó âåãåòàòèâíèõ êë³òèíàõ Klebsormidium (Stewart et al., 1972; Silver-
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berg, 1975; Lokhorst, Starr, 1985; Morison, Sheath, 1985; Honda, Hashimoto,
2007), Interfilum (Mikhailyuk et al., 2008), Hormidiella (Lokhorst et al., 2000),
Mesostigma Lauterborn (Melkonian, 1989), Chlorokybus Geitler (Rogers et al.,
1980), Coleochaete (Stewart et al., 1972; Sluiman, 1985, Van den Hoek et al.,
1995), Nitella C. Agardh (Silverberg, Sawa, 1973), Micrasterias C. Agardh (Tour-
te, 1972) ³ ôîòîñèíòåçóþ÷èõ êë³òèíàõ âèùèõ ðîñëèí (Raven et al., 2005; Proc-
tor et al., 2007). Ââàæàþòü, ùî òàêå ðîçòàøóâàííÿ ïåðîêñècîì ó êë³òèíàõ º
åâîëþö³éíî ïðîãðåñèâíîþ îçíàêîþ ³ çàáåçïå÷óº øâèäê³ ïðîöåñè îáì³íó
ì³æ îðãàíåëàìè êîìïëåêñó â ïðîöåñ³ ôîòîäèõàííÿ (Raven et al., 2005). Ö³-
êàâî çàçíà÷èòè, ùî íàâ³òü ñêëàä ôåðìåíò³â ïåðîêñèñîì ñòðåïòîô³òîâèõ âî-
äîðîñòåé òà âèùèõ ðîñëèí äîñèòü ïîä³áíèé (ì³ñòÿòü ãë³êîëàòäåã³äðîãåíàçó òà
ãë³êîëàòîêñèäàçó), òîä³ ÿê ñêëàä ôåðìåíò³â ³íøèõ çåëåíèõ âîäîðîñòåé â³äð³ç-
íÿºòüñÿ â³ä ñêëàäó ôåðìåíò³â âèùèõ ðîñëèí (ì³ñòÿòü ëèøå ãë³êîëàòäåã³ä-
ðîãåíàçó) (Gross, 1993). Âêàçàí³ á³îõ³ì³÷í³ îçíàêè º òàêîæ ï³äòâåðäæåííÿì
ãåíåòè÷íî¿ áëèçüêîñò³ ñòðåïòîô³òîâèõ âîäîðîñòåé òà âèùèõ ðîñëèí.

Ïèòàííÿ ùîäî ê³ëüêîñò³ òà êîíêðåòíîãî ðîçòàøóâàííÿ ì³òîõîíäð³é â
êë³òèíàõ Klebsormidiales îñòàòî÷íî íå ç’ÿñîâàíî. Òàê, çíà÷íà ê³ëüê³ñòü îïó-
áë³êîâàíèõ ì³êðîôîòîãðàô³é ïîêàçóº ðîçòàøóâàííÿ ì³òîõîíäð³àëüíèõ ïðî-
ô³ë³â íà ïîîäèíîêèõ çð³çàõ, ùî óòðóäíþº ³íòåðïðåòàö³þ ¿õ îá’ºìíîãî ðîç-
ì³ùåííÿ. Ñïðîáà ñòâîðåííÿ îá’ºìíî¿ ìîäåë³ âåãåòàòèâíî¿ êë³òèíè Klebsor-
midium (Ìàññàëüñüêèé, 2002à,á) íà îñíîâ³ îïóáë³êîâàíèõ ÒÅÌ-ì³êðîôîòî-
ãðàô³é âêàçóº íà íàÿâí³ñòü äâîõ ³ á³ëüøå ì³òîõîíäð³é, ÿê³ ðîçì³ùóþòüñÿ
óçäîâæ âíóòð³øíüî¿ ïîâåðõí³ õëîðîïëàñòà ³ ïðèëÿãàþòü äî íüîãî. Íàø³ ïî-
ïåðåäí³ äîñë³äæåííÿ ì³òîõîíäð³é Klebsormidium òà Interfilum çà äîïîìîãîþ
ïðèæèòòºâîãî ôàðáóâàííÿ êë³òèí òà äîñë³äæåííÿ ìàòåð³àëó ï³ä ëàçåðíèì
êîíôîêàëüíèì ³ ëþì³íåñöåíòíèì ì³êðîñêîïàìè âêàçóþòü íà ä³éñíå ðîçòà-
øóâàííÿ ì³òîõîíäð³é ó áåçïîñåðåäí³é áëèçüêîñò³ äî õëîðîïëàñòà. Ïðè öüî-
ìó ó êë³òèíàõ Interfilum ì³òîõîíäð³¿ ù³ëüíî îãîðòàþòü êðàé õëîðîïëàñòà,
ïîâòîðþþ÷è éîãî ëîïàò³ (ðèñ. 4.2, 5, äèâ. âêëåéêó). Ó á³ëüø âèäîâæåíèõ
êë³òèíàõ Klebsormidium ì³òîõîíäð³¿ îáëÿìîâóþòü ÿäðî ³ ïîäîâæóþòüñÿ äà-
ë³, ù³ëüíî ïðèëÿãàþ÷è äî êðà¿â õëîðîïëàñòà (äèâ. ðèñ. 4.2, 4, 6, 7). Ö³êàâî,
ùî âèãîòîâëåíà íàìè íà îñíîâ³ ÒÅÌ-ì³êðîôîòîãðàô³é ðåêîíñòðóêö³ÿ âåãå-
òàòèâíî¿ êë³òèíè Interfilum sp. (äèâ. ðèñ. 4.9, 5) ïðàêòè÷íî ïîâòîðþº òó ñàìó
êàðòèíó ðîçòàøóâàííÿ ì³òîõîíäð³é. Îòæå, ìîæíà ç óïåâíåí³ñòþ ñòâåð-
äæóâàòè, ùî ì³òîõîíäð³¿ ä³éñíî º ÷àñòèíîþ îêðåìîãî ñòðóêòóðíîãî êîìïëåê-
ñó, ùî âêëþ÷àº òàêîæ õëîðîïëàñò, ÿäðî òà ïåðîêñèñîìó. Ê³ëüê³ñòü ì³òîõîí-
äð³é ó êë³òèíàõ öèõ âîäîðîñòåé âèçíà÷èòè ñêëàäíî. Øâèäøå çà âñå º ê³ëüêà
÷åðâîïîä³áíèõ ì³òîõîíäð³é, ùî ðîçì³ùóþòüñÿ âïîðÿäêîâàíî – íàâêîëî ÿä-
ðà òà âçäîâæ ëîïàòåé õëîðîïëàñòà.

Ìîðôîëîã³÷íà áóäîâà ïðîòîïëàñòà ïðåäñòàâíèê³â Klebsormidiales äîñèòü
ïîä³áíà, îñîáëèâî ó ðîä³â Klebsormidium òà Interfilum. Âîíè ìàþòü ïëàñòèí-
÷àñòèé ïðèñò³ííèé õëîðîïëàñò, ùî, ÿê ïðàâèëî, çàéìàº â³ä ïîëîâèíè êë³-
òèíè äî 70–80 % ¿¿ îá’ºìó, ìàº ãëàäåíüêèé àáî ëîïàòåâèé êðàé, â ÿêîìó
ëåæèòü ïîîäèíîêèé ï³ðåíî¿ä. Ò³ëî ï³ðåíî¿äà îáëÿìîâàíî îäíèì-ê³ëüêîìà
(äî áàãàòüîõ) ðÿäàìè äð³áíèõ êðîõìàëüíèõ ãðàíóë, ðîçòàøîâàíèõ ïàðàëåëü-
íî ïîâçäîâæí³é îñ³ êë³òèíè. Òàêà ñòðóêòóðà êðîõìàëüíî¿ îáãîðòêè ï³ðå-
íî¿äà çàáåçïå÷óºòüñÿ òèì, ùî éîãî ò³ëî ïðîíèçàíå ê³ëüêîìà (äî áàãàòüîõ)
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ïîîäèíîêèìè, ïàðàëåëüíî ðîçòàøîâàíèìè òèëàêî¿äàìè (ÿê³ ³íîä³ óòâîðþþòü
ïåòë³). Ïîä³áíà ñòðóêòóðà ï³ðåíî¿äà õàðàêòåðíà òàêîæ äëÿ Entransia, õî÷à ó
îñòàííüî¿ ê³ëüêà ï³ðåíî¿ä³â ì³ñòÿòüñÿ ó õëîðîïëàñò³, ùî ìàº ãëèáîêî ðîçñ³-
÷åíèé, ç âèäîâæåíèìè ëîïàòÿìè, êðàé (Cook, 2004). Ö³êàâî, ùî êðîõìàëü-
íà îáãîðòêà Hormidiella attenuata ìàº ïîä³áíó áóäîâó, ïðîòå çàáåçïå÷åíó
ïðîõîäæåííÿì ïàðàëåëüíèõ òèëàêî¿ä³â ëèøå íà ð³âí³ ñàìî¿ îáãîðòêè, äå
âîíè çàâåðòàþòüñÿ ³ äàë³ ó ò³ëî ï³ðåíî¿äà íå ïðîõîäÿòü (Lokhorst et al., 2000).

Ïîä³áíà ñòðóêòóðà êðîõìàëüíî¿ îáãîðòêè ï³ðåíî¿äà õàðàêòåðíà òàêîæ
äëÿ ³íøèõ ñòðåïòîô³òîâèõ âîäîðîñòåé – Chlorokybus (Rogers et al., 1980),
Coleochaete (Sluiman, 1985), äåÿêèõ êîí’þãóþ÷èõ âîäîðîñòåé (äèâ. ðèñ. 4.4)
òà íàâ³òü àíòîöåðîòîâèõ ìîõ³â (Cook, 2004). Ïîëîæåííÿ ÿäðà ó ïðåäñòàâíè-
ê³â Klebsormidiales òàêîæ ïîä³áíå, ïîñåðåäèí³ êë³òèíè, íàïðîòè ï³ðåíî¿äà.
Ó âèäîâæåíèõ êë³òèíàõ ÿäðî ëåæèòü ó öèòîïëàçìàòè÷íîìó ì³ñòêó, ðîçì³-
ùåíîìó ì³æ äâîìà òåðì³íàëüíèìè âàêóîëÿìè (á³ëüø³ñòü âèä³â Klebsormidi-
um) àáî ìåæóº ç îäí³ºþ âåëèêîþ âàêóîëåþ (Entransia). ßêùî êë³òèíè êîðîò-
ê³ (á³ëüø³ñòü âèä³â Interfilum, Hormidiella, äåÿê³ Klebsormidium), òî âåëèê³ âà-
êóîë³ íå óòâîðþþòüñÿ.

4.6. ÌÎÐÔÎËÎÃ²ß KLEBSORMIDIALES:
ªÄÍ²ÑÒÜ ÏÐÎÖÅÑ²Â Ä²ËÅÍÍß ÊË²ÒÈÍ ²  ÔÎÐÌÓÂÀÍÍß ÑËÀÍ²

Ó Ð²ÇÍÈÕ ÏÐÅÄÑÒÀÂÍÈÊ²Â

Ïîïðè âñ³ ïåðåë³÷åí³ ïîä³áí³ ðèñè áóäîâè ïðîòîïëàñòà êë³òèí Klebsor-
midiales íà óëüòðàòîíêîìó òà ìîðôîëîã³÷íîìó ð³âíÿõ, çàãàëüíà ìîðôîëîã³ÿ
öèõ ïðåäñòàâíèê³â äîñèòü ð³çíîìàí³òíà, ùî ³ ñëóãóâàëî ïðè÷èíîþ äëÿ â³ä-
íåñåííÿ ¿õ äî ð³çíèõ òàêñîíîì³÷íèõ ãðóï. Îñîáëèâî ð³çíèòüñÿ çàãàëüíà
ìîðôîëîã³ÿ äâîõ áëèçüêèõ ðîä³â – Interfilum (êîêî¿äíà ñëàíü, äâîñòóëêîâ³
êë³òèíí³ îáîëîíêè (Chodat, Topali, 1922), óòâîðåííÿ ñàðöèíî¿äíèõ ïàêåò³â
(Mikhailyuk et al., 2008)) òà Klebsormidium (òèïîâà íèò÷àñòà ñëàíü, ùî ó äå-
ÿêèõ âèä³â çäàòíà äî äåç³íòåãðàö³¿, ñóö³ëüíà êë³òèííà îáîëîíêà (Starmach,
1972; Ìîøêîâà, 1979; Hindák, 1996; Lokhorst, 1996)). Íàø³ äåòàëüí³ ñïîñòå-
ðåæåííÿ ê³ëüêîõ øòàì³â Interfilum ä³éñíî ï³äòâåðäèëè íåîäíîð³äí³ñòü îáî-
ëîíêè öèõ âîäîðîñòåé òà äåÿê³ îçíàêè, ïîä³áí³ äî äâîñòóëêîâîñò³ (ðèñ. 4.6,
5, 7, 8; 4.10, 7, 8, äèâ. âêëåéêó; 4.9, 1, 4). Ïðîòå çà òàêî¿ áóäîâè êë³òèííà
îáîëîíêà íå º ñïðàâä³ äâîñòóëêîâîþ, à ëèøå âèãëÿäàº ÿê òàêà. Öåé âèãëÿä
ïîâ’ÿçàíèé ç îñîáëèâ³ñòþ ä³ëåííÿ êë³òèí âîäîðîñòåé, íàâåäåíèé ùå ó ïåð-
øîîïèñ³ I. paradoxum Chodat et Topali (Chodat, Topali, 1922). Ï³ä ÷àñ ä³ëåí-
íÿ êë³òèíè ïðîòîïëàñò ¿¿ ðîçêîëþºòüñÿ íà äâà äî÷³ðí³, êîæåí ç ÿêèõ ôîð-
ìóº âëàñíó êë³òèííó îáîëîíêó âñåðåäèí³ ñòàðî¿ ìàòåðèíñüêî¿ îáîëîíêè
(ðèñ. 4.5, 1á). Ï³ä ÷àñ ðîñòó ìîëîäèõ êë³òèí ìàòåðèíñüêà îáîëîíêà ðîçðè-
âàºòüñÿ, ðîçøèðþºòüñÿ ÷è îñëèçíþºòüñÿ. Òàêèé òèï ïîä³ëó êë³òèí, êîëè
ìàòåðèíñüêà îáîëîíêà íå áåðå ó÷àñò³ â óòâîðåíí³ îáîëîíîê äî÷³ðí³õ êë³òèí,
à ïåðåòâîðþºòüñÿ íà îáîëîíêó ñïîðàíã³ÿ, õàðàêòåðíèé äëÿ ñïîðóëÿö³¿
(Sluimann et al., 1989; Màñþê, 1993, 1997; Ìàñþê, Äåì÷åíêî, 2001; Massjuk,
Demchenko, 2001; Yamamoto et al., 2007), ÷åðåç ùî Interfilum ñïî÷àòêó ³ áóâ
â³äíåñåíèé äî õëîðîêîêîâèõ âîäîðîñòåé.
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Ðèñ. 4.5. Ìîðôîëîã³ÿ êë³òèííîãî ïîä³ëó ó Klebsormidiales:

1 – ä³ëåííÿ êë³òèí ó I. paradoxum (Chodat, Topali, 1922): à – çàãàëüíèé âèãëÿä êë³òèí ³ íèòîê, á –
ñõåìà ïîä³ëó êë³òèíè; 2 – ñõåìà ïîä³ëó êë³òèí ó çåëåíèõ íèò÷àñòèõ âîäîðîñòåé ç ïñåâäîíèòêàìè:
Geminållà (à) ³ Cylindrocapsa (á) (Ìàñþê, 1993); 3 – ñõåìà ïîä³ëó êë³òèíè ó Klebsormidiales, ùî ïðî-
ïîíóºòüñÿ íàìè (Mikhailyuk et al., 2008): à–â – ïîä³ë êë³òèí ó Interfilum (á – óòâîðåííÿ ïîîäèíîêèõ
êë³òèí, â – óòâîðåííÿ êë³òèííèõ ïàêåò³â ³ êóá³÷íèõ àãðåãàò³â êë³òèí), ã, ä – ïîä³ë êë³òèí ó Klebsor-
midium (ä – óòâîðåííÿ Í-ôðàãìåíò³â îáîëîíîê, ãîëîâêè ñòð³ëîê âêàçóþòü ì³ñöÿ ðîçðèâó ìàòåðèí-
ñüêî¿ îáîëîíêè); 4–8 – ÒÅÌ-ì³êðîôîòîãðàô³¿ ïîïåðå÷íèõ ïåðåãîðîäîê ó íèòêàõ Entransia (4) (Cook,
2004) ³ Klebsormidium (5–8), ùî ï³äòâåðäæóþòü òàêèé ïîä³ë (5 – 31TR, 6 – 34TR, 7, 8 – SAG 5.96).
Ñòð³ëêè âêàçóþòü íà òðèêóòí³ ïðîì³æêè ì³æ îáîëîíêàìè êë³òèí. Ë³í³éêà – 2 ìêì
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Äîñë³äæåííÿ ïðîöåñó ä³ëåííÿ êë³òèí âîäîðîñòåé ð³çíî¿ ìîðôîëîã³÷íî¿
ñòðóêòóðè, îäíàê, ïîêàçàëî, ùî ïîä³áíà ñõåìà ïîä³ëó õàðàêòåðíà íå ëèøå
äëÿ âîäîðîñòåé ç êîêî¿äíèì òèïîì ñëàí³, à é äëÿ äåÿêèõ íèò÷àñòèõ (Ettl,
1988a, b; Màñþê, 1993). Êëþ÷îâ³ â³äì³íè ïîëÿãàþòü ó òàêîìó: ìàòåðèíñüêà
îáîëîíêà íå ñêèäàºòüñÿ (ÿê ï³ä ÷àñ ñïîðóëÿö³¿), ïåâíèì ÷èíîì òðàíñôîð-
ìóºòüñÿ ³ ïðîäîâæóº ñëóãóâàòè îïîðîþ äëÿ äî÷³ðí³õ êë³òèí; ïðîòîïëàñò ä³-
ëèòüñÿ íå â ð³çíèõ ïëîùèíàõ (ÿê ó êîêî¿äíèõ âîäîðîñòåé), ïåðåâàæíî, â
îäí³é, óòâîðþþ÷è ëàíöþæîê êë³òèí; ðåçóëüòàòîì ïîä³ëó º íå ðåïðîäóêòèâ-
í³ êë³òèíè (ñïîðè ÷è ãàìåòè), à ìîëîä³ âåãåòàòèâí³ êë³òèíè (Màñþê, 1993).

Çà ö³ºþ ñõåìîþ óòâîðþþòüñÿ íèòêè ó çåëåíèõ âîäîðîñòåé ðîä³â Gemi-
nella, Cylindrocapsa Reinsch, Binuclearia Wittr. òà ³í. (ðèñ. 4.5, 2). Íèòêà òàêî¿
áóäîâè ñóòòºâî â³äð³çíÿºòüñÿ â³ä íèòêè, óòâîðåíî¿ â ðåçóëüòàò³ êëàñè÷íîãî
âåãåòàòèâíîãî ä³ëåííÿ (ïðîöåñ ä³ëåííÿ ïðîòîïëàñòà ëèøå çà ðàõóíîê óòâî-
ðåííÿ ïîïåðå÷íî¿ ïåðåãîðîäêè, ìàòåðèíñüêà îáîëîíêà ïðè öüîìó ðîçòÿãó-
ºòüñÿ òà º ÷àñòèíîþ îáîëîíîê äî÷³ðí³õ êë³òèí (Sluimann et al., 1989; Mà-
ñþê, 1993)), çâåòüñÿ «ãàïëîíåìîþ» (Màñþê, 1993) ³ ïî ñóò³ º íå íèò÷àñòîþ
ñëàííþ áàãàòîêë³òèííî¿ âîäîðîñò³, à íèòêîïîä³áíîþ êîëîí³ºþ îäíîêë³òèí-
íèõ îðãàí³çì³â (Sluimann et al., 1989). «Ïîâåä³íêà» ìàòåðèíñüêî¿ îáîëîíêè
çà òàêîãî ïîä³ëó ìîæå áóòè ð³çíîþ, â³ä öüîãî ³ çàëåæèòü çàãàëüíèé âèãëÿä
ñëàí³. Òàê, ó Geminella ìàòåðèíñüê³ îáîëîíêè îñëèçíþþòüñÿ, ôîðìóþ÷è
ñëèçèñòó ï³õâó, â ÿê³é ëåæàòü äî÷³ðí³ êë³òèíè, à ó Cylindrocapsa çáåð³ãàþòü-
ñÿ, ðîçøèðþþòüñÿ, ¿õ íàñòóïí³ ãåíåðàö³¿ ôîðìóþòü ñèñòåìó òîâñòèõ øà-
ðóâàòèõ îáîëîíîê íàâêîëî êë³òèí òà ÷³òê³ Í-ïîä³áí³ ôðàãìåíòè îáîëîíîê
(ðèñ. 4.5, 2).

Interfilum ìàº îïèñàíèé âèùå òèï êë³òèííîãî ä³ëåííÿ, ðåçóëüòàòîì ÿêî-
ãî º ôîðìóâàííÿ íèòêîïîä³áíî¿ ñëàí³. Ìàòåðèíñüêà îáîëîíêà ðîçðèâàºòü-
ñÿ, àëå ÷àñòî íå â³ää³ëÿºòüñÿ â³ä äî÷³ðíüî¿ êë³òèíè, ôîðìóþ÷è íà í³é øà-
ïèíêó, ÷åðåç ùî ³ ñêëàäàºòüñÿ âðàæåííÿ äâîñòóëêîâî¿ îáîëîíêè. «Ïîâåä³í-
êà» ìàòåðèíñüêî¿ îáîëîíêè â ìåæàõ ðîäó Interfilum ìîæå áóòè ð³çíîþ. Òàê,
ó I. paradoxum âîíà ðîçðèâàºòüñÿ, ÷àñòêîâî îñëèçíþºòüñÿ òà â³ää³ëÿºòüñÿ â³ä
äî÷³ðí³õ êë³òèí, ôîðìóþ÷è òàê çâàí³ íèòî÷êè ì³æ êë³òèíàìè, ùî ðîçõî-
äÿòüñÿ, óòâîðþþ÷è ëàíöþæîê (çâ³äñè íàçâà ðîäó: «inter» ç ëàò. – «ì³æ»,
«filum» – «íèòêà»). Ó I. terricola (B. Petersen) Mikhailyuk, Sluiman, A. Mas-
salski, Mudimu, Demchenko, T. Friedl et S.Y. Kondr. (=Geminella terricola) ìà-
òåðèíñüêà îáîëîíêà îñëèçíþºòüñÿ, óòâîðþþ÷è ñëèçèñòó ï³õâó íàâêîëî êë³-
òèí, ùî ôîðìóþòü êîðîòê³ íèòêè ÷è ä³àäè. Êë³òèíè Interfilum, êð³ì òîãî,
çäàòí³ ä³ëèòèñÿ â ê³ëüêîõ ïëîùèíàõ, ó äåÿêèõ âèä³â (I. massjukiae) öÿ îçíàêà
ãåíåòè÷íî çàêð³ïëåíà. ßêùî òàêèé ïîä³ë ñóïðîâîäæóºòüñÿ ÷àñòêîâèì çáå-
ð³ãàííÿì ìàòåðèíñüêèõ îáîëîíîê íàâêîëî êë³òèí, òî óòâîðþþòüñÿ ñàðöè-
íî¿äí³ ïàêåòè, êóá³÷í³ àãðåãàòè êë³òèí, à òàêîæ ðîçãàëóæåíà ïëåâðîêîêî¿äíà
ñëàíü (ðèñ. 4.5, 3à, â).

Ùî æ ïîâ’ÿçóº Interfilum, êë³òèíè ÿêîãî ôîðìóþòü íåñïðàâæíþ íèòêó,
ç Klebsormidium, ó ÿêîãî âîíè ä³ëÿòüñÿ êëàñè÷íèì âåãåòàòèâíèì ä³ëåííÿì?
Íàø³ ñïîñòåðåæåííÿ çà çíà÷íîþ ê³ëüê³ñòþ øòàì³â Klebsormidium, à òàêîæ
äàí³ ë³òåðàòóðè âêàçóþòü íà äåÿê³ îçíàêè, ùî äàº çìîãó ñòâåðäæóâàòè íàÿâ-
í³ñòü êë³òèííîãî ä³ëåííÿ çà òèïîì Interfilum ó ìåæàõ ðîäó Klebsormidium. Òàê,
íàø³ åëåêòðîííî-ì³êðîñêîï³÷í³ ôîòîãðàô³¿ äåÿêèõ øòàì³â ÷³òêî ïîêàçóþòü
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íàÿâí³ñòü òðèêóòíèõ ïðîì³æê³â ì³æ îáîëîíêàìè âåãåòàòèâíèõ êë³òèí (ðèñ.
4.5, 5–8, ñòð³ëêà). Öå íàâîäèòü íà äóìêó ïðî òå, ùî êîæíà êë³òèíà ìàº
âëàñíó îáîëîíêó, àëå îáëÿìîâóº ¿õ äîäàòêîâî ÿêàñü ñï³ëüíà îáîëîíêà, ùî
ìîæëèâî ïîõîäèòü â³ä áàãàòüîõ ãåíåðàö³é ìàòåðèíñüêèõ îáîëîíîê, ïîä³áíî,
íàïðèêëàä, äî Cylindrocapsa. Ó òîâñòîíèò÷àñòèõ âèä³â Klebsormidium (íàïðè-
êëàä, K. crenulatum (Kütz.) Lokhorst) òàê³ òðèêóòí³ ïðîì³æêè ïîì³òí³ íàâ³òü
íà ñâ³òëîîïòè÷íîìó ð³âí³ (ðèñ. 4.12, 2, äèâ. âêëåéêó). Äîêàçîì òàêîæ ñëó-
ãóþòü Í-ïîä³áí³ ôðàãìåíòè îáîëîíêè, ùî ÷àñòî ñïîñòåð³ãàþòüñÿ ó êóëüòó-
ðàõ Klebsormidium (Lokhorst, 1996 òà ïîñèëàííÿ â í³é). ¯õ íàÿâí³ñòü ÿêðàç
ñâ³ä÷èòü ïðî äèñêîíòèíóàëüí³ñòü îáîëîíêè öèõ âîäîðîñòåé, ùî íåìîæëèâî
çà âåãåòàòèâíîãî ä³ëåííÿ, çà ÿêîãî óòâîðþºòüñÿ ñóö³ëüíà îáîëîíêà âñ³º¿ íèòêè.

Òàêèì ÷èíîì, íà íàø ïîãëÿä, íèòêà Klebsormidium ÿâëÿº ñîáîþ óòâî-
ðåííÿ òèïó ãàïëîíåìè, òîáòî ëàíöþæîê êë³òèí, îáëÿìîâàíèé áàãàòüìà ãå-
íåðàö³ÿìè ù³ëüíî ñòèñíóòèõ ìàòåðèíñüêèõ îáîëîíîê. Äî ðå÷³, íà åëåêòðîí-
íî-ì³êðîñêîï³÷íîìó ð³âí³ îáîëîíêà äåÿêèõ âèä³â Klebsormidium âèãëÿäàº
äóæå øàðóâàòîþ (Lokhorst, 1996, figs 251–253), ùî ìîæå ñâ³ä÷èòè íà êî-
ðèñòü öüîãî ïðèïóùåííÿ. Ö³êàâî çàçíà÷èòè, ùî ïîä³áíà øàðóâàò³ñòü îáî-
ëîíêè òàêîæ íàìè âèÿâëåíà ó I. massjukiae, ó ÿêîãî ìàòåðèíñüêà îáîëîíêà
íå îñëèçíþºòüñÿ, à çáåð³ãàºòüñÿ, óòðèìóþ÷è ïàêåòè êë³òèí (äèâ. ðèñ. 4.11,
3). Ó çâ’ÿçêó ç öèì ìè ïðîïîíóºìî ñõåìó ôîðìóâàííÿ íèòêè ó Klebsormidi-
um, çîáðàæåíó íà ðèñ. 4.5, 3 ã, ä. Çã³äíî ç ö³ºþ ñõåìîþ, ôîðìóâàííÿ
Í-ôðàãìåíò³â îáîëîíêè òàêîæ âèãëÿäàº ö³ëêîì çàêîíîì³ðíèì: äâ³ ñóì³æí³
êë³òèíè ðîñòóòü, òèñíó÷è íà ïîïåðå÷íó ñò³íêó ì³æ íèìè, ùî äóæå ¿¿ óù³ëü-
íþº (íà åëåêòðîííèõ ôîòîãðàô³ÿõ ïîïåðå÷íèõ êë³òèííèõ ïåðåãîðîäîê K. mu-
cosum (J.B. Petersen) Lokhorst âèäíî äóæå óù³ëüíåíèé øàðóâàòèé òÿæ (Lok-
horst, 1996, figs 251–253)), íàòîì³ñòü ðîçòÿãóþòü ïîâçäîâæí³ ñò³íêè, ùî
ïðèâîäèòü äî ¿õ ïîòîíøåííÿ ³ ðîçðèâó. Òàê óòâîðþºòüñÿ Í-ïîä³áíèé ôðàã-
ìåíò îáîëîíêè ³ â³äáóâàºòüñÿ òèïîâà äåç³íòåãðàö³ÿ íèòîê Klebsormidium äî
êîðîòêèõ íèòî÷îê ÷è ïîîäèíîêèõ êë³òèí, ÿê³ ìàþòü âëàñí³ îáîëîíêè, òîìó
ïðîäîâæóþòü ñâîº ³ñíóâàííÿ.

Îòæå, øàïèíêîïîä³áíèé çàëèøîê ìàòåðèíñüêî¿ îáîëîíêè Interfilum º
ãîìîëîã³÷íèì Í-ïîä³áíîìó ôðàãìåíòó îáîëîíêè Klebsormidium. Îñòàíí³é
ÿâëÿº ñîáîþ äâà øàïèíêîïîä³áí³ çàëèøêè ìàòåðèíñüêî¿ îáîëîíêè ñóñ³äí³õ
êë³òèí, çâ’ÿçàí³ ì³æ ñîáîþ çà ïåðåâàæíîãî ïîä³ëó êë³òèí Klebsormidium â
îäí³é ïëîùèí³ òà ôîðìóâàííÿ ëàíöþæêà êë³òèí. ²íîä³ Í-ïîä³áí³ ôðàãìåí-
òè îáîëîíîê ìîæíà ñïîñòåð³ãàòè â êóëüòóðàõ Interfilum (ðèñ. 4.6, 10, äèâ.
âêëåéêó), òîä³ ÿê äåÿê³ øòàìè Klebsormidium ç ëåãêîþ äåç³íòåãðàö³ºþ êë³òèí
ôîðìóþòü øàïèíêîïîä³áí³ ôðàãìåíòè (ðèñ. 4.2, 11, äèâ. âêëåéêó).

Íà êîðèñòü íàâåäåíî¿ âèùå ñõåìè ïîä³ëó êë³òèí ó ìåæàõ Klebsormidium/
Interfilum ñâ³ä÷èòü òàêîæ íåùîäàâíå äîñë³äæåííÿ ÿïîíñüêèõ ó÷åíèõ ñòîñîâ-
íî ìåõàí³çì³â êë³òèííîãî ïîä³ëó ó âîäîðîñòåé, íèòêè ÿêèõ ëåãêî äåç³íòåã-
ðóþòü äî êîðîòêèõ ôðàãìåíò³â – Nannochloris Naumann ³ Marvania Hindák
(Yamamoto et al., 2007). Çà äîïîìîãîþ åëåêòðîííî-ì³êðîñêîï³÷íèõ ³ öèòî-
õ³ì³÷íèõ ìåòîä³â ïîêàçàíî, ùî â îñíîâ³ ïîä³ëó êë³òèí öèõ âîäîðîñòåé ëå-
æèòü òèï, áëèçüêèé äî ñïîðóëÿö³¿, òîáòî ïîáóäîâà âëàñíî¿ îáîëîíêè êîæ-
íèì äî÷³ðí³ì ïðîòîïëàñòîì. Ïðè öüîìó ï³ä ÷àñ ïîä³ëó êë³òèí ó Nannochloris
ìàòåðèíñüêà îáîëîíêà îñëèçíþºòüñÿ, à çà áðóíüêóâàííÿ ó Marvania ÷àñòêî-
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âî ðîçðèâàºòüñÿ òà çáåð³ãàºòüñÿ, ñòâîðþþ÷è áàãàòîøàðîâ³ îáîëîíêè íàâêî-
ëî êë³òèí. Çðîáëåíî âèñíîâîê, ùî ñàìå òàêèé ìåõàí³çì ïîä³ëó ñïðèÿº ëåã-
êîìó â³ää³ëåííþ êë³òèí â³ä íèòêè òà óòâîðåííþ îäíîêë³òèííîãî ñòàíó. Âè-
ñëîâëåíî ïðèïóùåííÿ, ùî òàêèì ñàìèì ñïîñîáîì â³äáóâàºòüñÿ ïîä³ë ó ³í-
øèõ âîäîðîñòåé ç ëåãêî äåç³íòåãðóþ÷èìè íèòêàìè, íàïðèêëàä ó Stichococcus
(Yamamoto et al., 2007).

Âîäíî÷àñ ìîæëèâî â³äøóêàòè ³ êîíòðàðãóìåíòè ñòîñîâíî çàçíà÷åíîãî
ïðèïóùåííÿ. Òàê, ó êëàñè÷í³é ë³òåðàòóð³ âêàçóºòüñÿ íà ôàêò ôîðìóâàííÿ
Í-ôðàãìåíò³â îáîëîíîê ó Klebsormidium òà îïèñàíîãî âèùå ñïîñîáó ïîä³ëó
êë³òèí. Ïðîòå ö³ ôàêòè ïîÿñíþþòüñÿ ³ñíóâàííÿì ³íøîãî òèïó ðîçìíîæåí-
íÿ ó Klebsormidium – àïëàíîñïîðîóòâîðåííÿ (Ìîøêîâà, 1979; Morison,
Sheath, 1985; Lokhorst, 1996). Ïðè öüîìó íàãîëîøåíî ³ íà ³ñíóâàíí³ êëàñè÷-
íîãî âåãåòàòèâíîãî ä³ëåííÿ êë³òèí ó öèõ âîäîðîñòåé. Òàê, çîêðåìà, çàóâà-
æóºòüñÿ, ùî Í-ôðàãìåíòè îáîëîíîê ÷àñòî òðàïëÿþòüñÿ ó âèä³â Klebsormidi-
um ç òîâñòèìè ãðóáèìè îáîëîíêàìè (K. mucosum, K. crenulatum, K. bilatum Lok-
horst), òîä³ ÿê ó âèä³â ç òîíêèìè í³æíèìè îáîëîíêàìè ¿õ íåìàº (K. flaccidum
(Kütz.) Silva, Mattox et Blackwell, K. nitens (Menegh.) Lokhorst). Öå í³áèòî
ñâ³ä÷èòü íà êîðèñòü òîãî, ùî ð³çí³ âèäè Klebsormidium ïåðåâàæíî ðîçìíî-
æóþòüñÿ îäíèì ç öèõ ñïîñîá³â – àïëàíîñïîðîóòâîðåííÿì ÷è âåãåòàòèâíèì
ä³ëåííÿì (Lokhorst, 1996). Íà íàø ïîãëÿä, ïîä³áíó äèôåðåíö³àö³þ â ìåæàõ
Klebsormidium ìîæíà ïîÿñíèòè ³íàêøå: ó ÷àñòèíè âèä³â ìàòåðèíñüêà îáîëîí-
êà ïåðåâàæíî çáåð³ãàºòüñÿ íàâêîëî äî÷³ðí³õ êë³òèí, ôîðìóþ÷è òîâñòó øà-
ðóâàòó ñï³ëüíó îáîëîíêó, íàñë³äêîì ðîçðèâó ÿêî¿ º Í-ïîä³áí³ ôðàãìåíòè. Ó
³íøèõ âèä³â ìàòåðèíñüê³ îáîëîíêè çäåá³ëüøîãî îñëèçíþþòüñÿ, òîìó, ÿê
ðåçóëüòàò, ñï³ëüíà îáîëîíêà òîíêà, îñëèçíåíà ³ ïîì³òíèõ Í-ôðàãìåíò³â íå
ôîðìóº. Äîêàçîì öüîãî º íàÿâí³ñòü ñëèçó íàâêîëî ëåãêîäåç³íòåãðóþ÷èõ íè-
òîê øòàì³â Klebsormidium, áëèçüêèõ äî K. nitens ³ K. flaccidum, ùî ñïîñòåð³-
ãàëîñÿ íàìè (ðèñ. 4.2, 8–10, äèâ. âêëåéêó) òà â³äîìî ç ë³òåðàòóðè (Lokhorst,
1996). Ö³êàâî, ùî çì³íà óìîâ ³ñíóâàííÿ ìîæå çì³íþâàòè ³ öþ ñèòóàö³þ. Òàê,
ó K. flaccidum â³äñóòí³ Í-ôðàãìåíòè îáîëîíîê, ÿêùî âîäîð³ñòü ðîñòå íà
ð³äêîìó ïîæèâíîìó ñåðåäîâèù³ (Lokhorst, 1996). Ïðîòå âîíè óòâîðþþòüñÿ,
ÿêùî êóëüòóðà çðîñòàº íà àãàðèçîâàíîìó ñåðåäîâèù³ (ðèñ. 4.13, 11, 13, äèâ.
âêëåéêó). Çãàäàíå ñåðåäîâèùå ³ì³òóº æîðñòê³ø³ íàçåìí³ óìîâè, îáîëîíêè âî-
äîðîñòåé ïðè öüîìó ïîòîâùóþòüñÿ, ùî ³ ñïðèÿº óòâîðåííþ Í-ôðàãìåíò³â.

Çàãàëîì, íà íàø ïîãëÿä, äîêàçîì òîãî, ùî íèòêà Klebsormidium ³ìîâ³ð-
í³øå º êîëîí³ºþ îäíîêë³òèííèõ âîäîðîñòåé, í³æ áàãàòîêë³òèííèì îðãàí³ç-
ìîì, ñëóãóº íå ëèøå ôàêò ¿¿ ëåãêî¿ äåç³íòåãðàö³¿, à é â³äñóòí³ñòü ïîð ó ïî-
ïåðå÷íèõ ïåðåãîðîäêàõ (Lokhorst, Starr, 1985; Van den Hoek et al., 1995),
òîáòî â³äñóòí³ñòü çâ’ÿçêó ì³æ îêðåìèìè êë³òèíàìè. Ðàçîì ç òèì, õî÷à íàø³
ñïîñòåðåæåííÿ âèÿâèëè ëèøå òàê³ òåíäåíö³¿ ä³ëåííÿ êë³òèí ³ ôîðìóâàííÿ
íèòêè, íå ìîæíà ïîâí³ñòþ çàïåðå÷óâàòè ³ éìîâ³ðí³ñòü íàÿâíîñò³ âåãåòàòèâ-
íîãî ä³ëåííÿ ó ìåæàõ ðîäó Klebsormidium.

²íøèìè, ñï³ëüíèìè ó Klebsormidium òà Interfilum îçíàêàìè, ïîâ’ÿçàíèìè ç
êë³òèííèìè îáîëîíêàìè, º íàÿâí³ñòü ñëèçó âîëîêíèñòî¿ ñòðóêòóðè. Öÿ îçíàêà
õàðàêòåðíà äëÿ á³ëüøîñò³ âèä³â Interfilum ³ äåÿêèõ âèä³â Klebsormidium
(ðèñ. 4.2, 8–10; 4.6, 7, 8; 4.10, 7, 8, äèâ. âêëåéêó; 4.11, 5, 6). Ñï³ëüíîþ
îçíàêîþ º òàêîæ çäàòí³ñòü êë³òèí äî ä³ëåííÿ ó ê³ëüêîõ ïëîùèíàõ ³ äî óòâî-
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ðåííÿ ïàêåò³â êë³òèí òà ã³ëîê. Öÿ îçíàêà ðîçâèíåíà ó Interfilum (äèâ.
ðèñ. 4.6, 9; 4.9, 2, 3; 4.10, 1–4, 10–12), à äëÿ Klebsormidium õî÷à ³ º íåòèïî-
âîþ, ïðîòå ³ â ë³òåðàòóð³ (Lokhorst, 1996), ³ çà íàøèìè ñïîñòåðåæåííÿìè
(ðèñ. 4.15, 5–7, 9, äèâ. âêëåéêó), ïðîÿâëÿºòüñÿ ó äåÿêèõ ïðåäñòàâíèê³â. Ö³-
êàâî çàçíà÷èòè, ùî â ë³òåðàòóð³ öåé ôåíîìåí ó ìåæàõ Klebsormidium òàêîæ
ïîâ’ÿçóâàëè ç ïðîðîñòàííÿì àïëàíîñïîð, ùî çàëèøèëèñÿ ó àïëàíîñïîðàí-
ã³¿, ó íîâó íèòêó (Lokhorst, 1996).

Ïåðåë³÷åí³ îçíàêè, çóìîâëåí³ ñòðóêòóðîþ îáîëîíêè òà ä³ëåííÿì êë³òèí,
ìîæóòü ñïîñòåð³ãàòèñÿ òàêîæ ó Entransia òà Hormidiella. Òàê, ö³ ïðåäñòàâíè-
êè çäàòí³ äî äåç³íòåãðàö³¿ íèòîê ³ ôîðìóâàííÿ Í-ôðàãìåíò³â îáîëîíîê
(Cook, 2004; íàø³ ñïîñòåðåæåííÿ (ðèñ. 4.2, 14, äèâ. âêëåéêó)). Íà åëåêòðîí-
íî-ì³êðîñêîï³÷íèõ ôîòîãðàô³ÿõ E. fimbriata E.O. Hughes ÷³òêî âèäíî òðèêó-
òí³ ïðîì³æêè ì³æ îáîëîíêàìè âåãåòàòèâíèõ êë³òèí: öå ñâ³ä÷èòü íà êîðèñòü
òîãî, ùî íàâêîëî ïðîòîïëàñòà êîæíî¿ äî÷³ðíüî¿ êë³òèíè ôîðìóºòüñÿ âëàñíà
îáîëîíêà (Cook, 2004; figs 6, b, c; 7, g, h; äèâ. ðèñ. 4.5, 4). Ïîïåðå÷í³ ïåðå-
ãîðîäêè â íèòêàõ Entransia òà Hormidiella òàêîæ ïîçáàâëåí³ ïîð, îòæå, íà
íàø ïîãëÿä, âñ³ ïðåäñòàâíèêè ïîðÿäêó Klebsormidiales ìàþòü ïîä³áíó ñõåìó
ïîä³ëó êë³òèí, ÿêà ó êîæíîãî îêðåìîãî ðîäó ðîçð³çíÿºòüñÿ äåòàëÿìè, ùî ³
ñïðè÷èíÿº ð³çíèé ìîðôîëîã³÷íèé âèãëÿä öèõ ïðåäñòàâíèê³â.

4.7. Ð²Ä HORMIDIELLA: ÌÎÐÔÎËÎÃ²×Í²
ÒÀ ÅÊÎËÎÃ²×Í² ÎÑÎÁËÈÂÎÑÒ², Ð²ÇÍÎÌÀÍ²ÒÒß

Hormidiella (ðèñ. 4.2, 12–14, äèâ. âêëåéêó) – òèïîâî ´ðóíòîâà âîäî-
ð³ñòü, ùî ìåøêàº âèêëþ÷íî â òðîï³÷íèõ ðåã³îíàõ. Õàðàêòåðèçóºòüñÿ ïðîñ-
òèìè îäíîðÿäíèìè íèòêàìè, ùî ïðèêð³ïëþþòüñÿ äî ñóáñòðàòó çà äîïîìî-
ãîþ äîáðå âèðàæåíî¿ ñòîïè. Âåðõ³âêîâà êë³òèíà ïîä³áíà äî ³íøèõ êë³òèí
ñëàí³ àáî â³äð³çíÿºòüñÿ â³ä íèõ. Ìîðôîëîã³÷íà áóäîâà âåãåòàòèâíèõ êë³òèí
ó ö³ëîìó ïîä³áíà äî òàêî¿ Klebsormidium, õî÷à º äåÿê³ îñîáëèâîñò³: êë³òèíè,
ÿê ïðàâèëî, ãëèáîêî ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê, ó äîðîñëèõ
íèòêàõ – êîðîòê³, ä³æêîïîä³áí³, õëîðîïëàñò ïîÿñêîïîä³áíèé, âèïîâíþº
âåñü êë³òèííèé îá’ºì, âåëèê³ âàêóîë³ â êë³òèíàõ â³äñóòí³. Ðîçìíîæåííÿ â³ä-
áóâàºòüñÿ ôðàãìåíòàö³ºþ íèòîê, àïëàíîñïîðàìè òà äîðçèâåíòðàëüíèìè çîî-
ñïîðàìè ³ç ñóáàï³êàëüíèìè äæãóòèêàìè. Îñòàíí³ ôîðìóþòüñÿ â êë³òèíàõ
(êð³ì áàçàëüíî¿ òà ó äåÿêèõ âèä³â – âåðõ³âêîâî¿) ïî îäí³é, ïîçáàâëåí³ ñòèãì,
âèõîäÿòü ÷åðåç îòâ³ð ó çîîñïîðàíã³¿; ï³ñëÿ çóïèíêè çîîñïîðè ôîðìóþòü ï³-
äîøâó ç áîêó ðîçòàøóâàííÿ äæãóòèê³â (Ìîøêîâà, 1979; Ettl, Gärtner, 1995;
Hindák, 1996; Lokhorst et al., 2000). Ó îäíîãî ç âèä³â – H. bharatiansis Subra-
hmanyan, âèÿâëåíèé ñòàòåâèé ïðîöåñ òèïó ãåòåðîãàì³¿ (Subrahmanyan, 1976).

Óëüòðàòîíê³ îçíàêè ðîäó âèâ÷åí³ íà ïðèêëàä³ H. attenuata. Âîíè â ö³-
ëîìó óçãîäæóþòüñÿ ç òàêèìè äëÿ ³íøèõ ñòðåïòîô³òîâèõ âîäîðîñòåé: íàÿâí³
âåëèê³ ïåðîêñèñîìè, ùî ìåæóþòü ç ì³òîõîíäð³ÿìè 3 òà ÿäðîì; äæãóòèêîâèé
                                         

3 Ó ñòàòò³ Ã.Ì. Ëîêõîðñòà òà ñï³âàâò. (Lokhorst et al., 2000) ÿê ó òåêñò³, òàê ³ â ï³äïè-
ñàõ äî ðèñóíê³â (figs 20, 21, 23) óêàçàíî íà êîíòàêò ïåðîêñèñîìè ç äèêò³îñîìàìè, õî÷à,
íà íàø ïîãëÿä, îñòàíí³ ñòðóêòóðè ñë³ä áóëî âèçíà÷èòè ÿê ì³òîõîíäð³¿, ïðî ùî ñâ³ä÷àòü
÷³òê³ ïëàñòèí÷àñò³ êðèñòè, ÿê³ âèïîâíþþòü ö³ ñòðóêòóðè (figs 13, 15).
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àïàðàò õàðàêòåðíî¿ óëüòðàòîíêî¿ áóäîâè – áàçàëüí³ ò³ëà çâ’ÿçàí³ áàãàòîøà-
ðîâîþ ñòðóêòóðîþ (MLS); äâà äæãóòèêîâ³ êîð³íö³, îäèí ç íèõ ì³ñòèòü âåëè-
êó ê³ëüê³ñòü ì³êðîòðóáî÷îê, òîáòî öèòîñêåëåò àñèìåòðè÷íî¿ áóäîâè, ä³ëåííÿ
êë³òèí â³äáóâàºòüñÿ ê³ëüöåâîþ áîðîçíîþ (Lokhorst et al., 2000). Êðîõìàëüíà
îáãîðòêà ï³ðåíî¿äà ñêëàäàºòüñÿ ç ê³ëüêîõ êðîõìàëüíèõ ãðàíóë, ðîçì³ùåíèõ
â îäèí øàð, êîìïàêòíî, ïðè öüîìó ¿¿ óëüòðàòîíêà áóäîâà â³äð³çíÿºòüñÿ â³ä
òàêî¿ á³ëüøîñò³ ñòðåïòîô³òîâèõ âîäîðîñòåé – ïîîäèíîê³ òèëàêî¿äè, ïðîíè-
çóþ÷è îáãîðòêó ï³ðåíî¿äà, çàâåðòàþòüñÿ, òîìó éîãî ìàòðèêñ çàëèøàºòüñÿ
ãîìîãåííèì.

Ââàæàþòü, ùî Í-ôðàãìåíòè îáîëîíêè â³äñóòí³ ó ïðåäñòàâíèê³â öüîãî
ðîäó (Ìîøêîâà, 1979; Hindák, 1996; Lokhorst et al., 2000), ïðîòå íàø³
ñïîñòåðåæåííÿ íàä àâòåíòè÷íèì øòàìîì H. attenuata ïîêàçàëè, ùî ³íîä³
Í-ôðàãìåíòè òðàïëÿþòüñÿ (ðèñ. 4.2, 14, äèâ. âêëåéêó). Î÷åâèäíî ïîõî-
äæåííÿ öèõ óòâîð³â ³ õàðàêòåð ä³ëåííÿ êë³òèí öèõ ïðåäñòàâíèê³â òàêèé ñà-
ìèé, ÿê ó Klebsormidium òà Interfilum (äèâ. ðîçä. 4.6), íà êîðèñòü öüîãî ñâ³ä-
÷èòü òâåðäæåííÿ ïðî òå, ùî êë³òèíè H. attenuata çãðóïîâàí³ ïî 2–4 (Lok-
horst et al., 2000). Ó öèòîâàí³é ïóáë³êàö³¿ ç îïèñîì öüîãî âèäó âêàçàíî, ùî
éîãî âèðîùóâàëè íà ð³äêîìó æèâèëüíîìó ñåðåäîâèù³, à íàø³ ñïîñòåðå-
æåííÿ ïðîâåäåí³ íà òâåðäîìó ñåðåäîâèù³. Öå ñïðè÷èíèëî ïîòîâùåííÿ òà
îãðóá³ííÿ êë³òèííèõ îáîëîíîê âîäîðîñò³, ùî ñïðèÿëî óòâîðåííþ Í-ôðàã-
ìåíò³â îáîëîíêè.

Âñüîãî äàíèé ð³ä íàë³÷óº 3 âèäè – H. parvula M.O.P. Iyengar et Khan-
tamma (òèï ðîäó), H. bharatiansis ³ H. attenuata, ÿê³ â³äð³çíÿþòüñÿ øèðèíîþ
íèòêè, ê³ëüê³ñòþ ï³ðåíî¿ä³â, áóäîâîþ ê³íöåâèõ êë³òèí. H. bharatiansis –
íàéñâîºð³äí³øèé ÿê çà áóäîâîþ, òàê ³ çà íàÿâí³ñòþ ñòàòåâîãî ïðîöåñó, òîìó
³ñíóº äóìêà, ùî öåé âèä íå º ïðåäñòàâíèêîì í³ ðîäó Hormidiella, í³ ïîðÿäêó
Klebsormidiales (Lokhorst et al., 2000). Îñîáëèâî ñâîºð³äíà îçíàêà âèäó –
íàÿâí³ñòü íåð³âíèõ äæãóòèê³â ó çîîñïîð ³ ãàìåò, ùî éìîâ³ðíî ñâ³ä÷èòü ïðî
ïðèíàëåæí³ñòü öüîãî ïðåäñòàâíèêà äî ³íøî¿ ãðóïè âîäîðîñòåé (Subrahma-
nyan, 1976). Ìîëåêóëÿðíî-ô³ëîãåíåòè÷í³ òà äåòàëüí³ öèòîëîã³÷í³ äîñë³äæåí-
íÿ ïðîâåäåí³ ëèøå ç H. attenuata, âîíè ÷³òêî ï³äòâåðäèëè ¿¿ ïîëîæåííÿ â ìå-
æàõ Klebsormidiales. Àâòåíòè÷íèõ øòàì³â äâîõ ³íøèõ âèä³â, ó òîìó ÷èñë³ òè-
ïîâîãî, íå ³ñíóº, ùî óíåìîæëèâëþº îñòàòî÷íèé âèñíîâîê ïðî îá’ºì öüîãî
ðîäó íà ñüîãîäí³.

Äåòàëüí³ äîñë³äæåííÿ øòàìó SAG 36.98, âèä³ëåíîãî ç ´ðóíò³â Êîñòà-
Ðèêà (äèâ. ðîçä. 4.4), î÷åâèäíî äîäàñòü íîâîãî ïðåäñòàâíèêà, áëèçüêîãî äî
öüîãî ðîäó. Ö³êàâî çàçíà÷èòè, ùî âñ³ âèùå çãàäàí³ âèäè ðîäó Hormidiella ³
íîâèé òàêñîí º ìåøêàíöÿìè òðîï³÷íèõ ðåã³îí³â, îòæå éìîâ³ðíî ãåîãðàô³÷-
íå ïîøèðåííÿ öèõ ïðåäñòàâíèê³â ïîâ’ÿçàíå ç òåïëèì êë³ìàòîì. Äî ðå÷³,
ìîðôîëîã³÷í³ îçíàêè âåãåòàòèâíèõ êë³òèí Hormidiella (êë³òèíè êîðîòê³, íå-
íà÷å ñòèñíóò³, íèòêè ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê) º îçíàêàìè
êñåðîô³òíîñò³ (äèâ. ðîçä. 4.11, 4.12).
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4.8. Ð²Ä ENTRANSIA: ÌÎÐÔÎËÎÃ²×Í²
ÒÀ ÅÊÎËÎÃ²×Í² ÎÑÎÁËÈÂÎÑÒ², Ð²ÇÍÎÌÀÍ²ÒÒß

Entransia (ðèñ. 4.6, 1–4, äèâ. âêëåéêó) – ð³äê³ñíà ïð³ñíîâîäíà âîäî-
ð³ñòü, ïîêè â³äîìà ëèøå ç Ï³âí³÷íî¿ òà Öåíòðàëüíî¿ Àìåðèêè. Õàðàêòåðèçó-
ºòüñÿ ïðîñòèìè îäíîðÿäíèìè íèòêàìè, öèë³íäðè÷íèìè êë³òèíàìè, êîæíà ç
ÿêèõ ìàº ïðèñò³ííèé õëîðîïëàñò. Ðàí³øå ¿¿ ââàæàëè ïðåäñòàâíèêîì Zygne-
matales ÷åðåç õëîðîïëàñò ñâîºð³äíî¿ áóäîâè (ãëèáîêî ðîçñ³÷åíèé íà äîâã³
ïàëüöåïîä³áí³ ëîïàò³) òà çðîñòàííÿ ñåðåä æàáóðèíü ³íøèõ ïð³ñíîâîäíèõ
íèò÷àñòèõ âîäîðîñòåé. Ó õëîðîïëàñòàõ Entransia ì³ñòèòüñÿ çàâæäè ê³ëüêà ï³-
ðåíî¿ä³â, êðîõìàëüíà îáãîðòêà ÿêèõ ñêëàäàºòüñÿ ç áàãàòüîõ ãðàíóë, ùî º òè-
ïîâèì äëÿ âñ³õ Klebsormidiales (Cook, 2004). ßäðî Entransia ì³ñòèòüñÿ ï³ä
õëîðîïëàñòîì, íà öèòîïëàçìàòè÷íèõ òÿæàõ, ïîñåðåäèí³ âåëèêî¿ âàêóîë³.
Ðîçìíîæåííÿ â³äáóâàºòüñÿ ôðàãìåíòàö³ºþ íèòîê, àïëàíîñïîðàìè òà çîî-
ñïîðàìè. Çîîñïîðè ïîä³áíî¿ äî Klebsormidium áóäîâè ôîðìóþòüñÿ ïî îäí³é
ó êë³òèí³, âèõîäÿòü ÷åðåç ïîðó â îáîëîíö³ ñïîðàíã³ÿ. Çîîñïîðè ïðîðîñòàþòü
ó ìîëîä³ íèòêè, ÿê³ ïðèêð³ïëþþòüñÿ äî ñóáñòðàòó çà äîïîìîãîþ ëèïêî¿
ñóáñòàíö³¿, çà ñâî¿ìè îáðèñàìè ÷³òê³øî¿, í³æ ïîä³áíà ñòðóêòóðà ó Klebsormi-
dium, âåðõ³âêîâà êë³òèíà ìîëîäî¿ íèòêè, ÿê ïðàâèëî, ìàº øèï (Cook, 2004).

Óëüòðàòîíê³ îçíàêè ðîäó, â ö³ëîìó, ïîä³áí³ äî òàêèõ ³íøèõ Klebsor-
midiales. Çîêðåìà óëüòðàòîíêà áóäîâà ï³ðåíî¿äà öèõ âîäîðîñòåé ïîä³áíà äî
áóäîâè ï³ðåíî¿äà Klebsormidium, â³äîìå òàêîæ ÷àñòå ôîðìóâàííÿ Í-ïîä³á-
íèõ ôðàãìåíò³â îáîëîíîê ó Entransia (Cook, 2004). Ö³êàâîþ îñîáëèâ³ñòþ º
ôîðìóâàííÿ ñåðåä íèòêè êë³òèí, çíà÷íî êîðîòøèõ, í³æ òèïîâ³. Ö³ êë³òèíè
øâèäêî â³äìèðàþòü, ïåðåòâîðþþ÷èñü íà ñâîãî ðîäó íåêðèäè. Ïî öèõ ìåðò-
âèõ êë³òèíàõ â³äáóâàºòüñÿ ôðàãìåíòàö³ÿ íèòêè, ùî ââàæàºòüñÿ ïðèñòîñó-
âàííÿì âîäîðîñòåé äî øâèäêîãî ðîçìíîæåííÿ (Cook, 2004). Ö³êàâèì ñïî-
ñòåðåæåííÿì òàêîæ ñë³ä ââàæàòè óòâîðåííÿ âåëèêèõ îòâîð³â ó ïîïåðå÷íèõ
êë³òèííèõ ñò³íêàõ äåÿêèõ êë³òèí. Ö³ îòâîðè ñïîëó÷àþòü äâ³ ñóñ³äí³ êë³òèíè
ì³æ ñîáîþ, ÿê ïîì³÷åíî, ÷åðåç íèõ ìîæóòü ì³ãðóâàòè ÿäðà ³ç îäí³º¿ êë³òèíè
â ³íøó (Cook, 2004). Öå óí³êàëüíå ÿâèùå ïîòðåáóº ñïåö³àëüíèõ äîñë³äæåíü,
îñîáëèâî ïðîöåñó ä³ëåííÿ êë³òèí ó Entransia. Âîäíî÷àñ õàðàêòåð áóäîâè
îáîëîíêè ö³º¿ âîäîðîñò³ òà íàÿâí³ñòü Í-ôðàãìåíò³â îáîëîíîê âêàçóº íà òå,
ùî, éìîâ³ðíî, ä³ëåííÿ êë³òèí Entransia â³äáóâàºòüñÿ çà òèì ñàìèì ìåõàí³ç-
ìîì, ùî ó Interfilum òà Klebsormidium.

Ð³ä ïðåäñòàâëåíèé âñüîãî 2 âèäàìè – E. fimbriata (òèï ðîäó) òà E. di-
chloroplastes Prescott (Guiry, Guiry, 2012). Îáîº âèäè – ð³äê³ñí³ âîäîðîñò³.
E. fimbriata áóëà çíàéäåíà ê³ëüêà ðàç³â ï³ñëÿ ¿¿ îïèñó; îòðèìàííÿ êóëüòóð
öüîãî âèäó äàëî çìîãó âèâ÷èòè äåòàëüíî ¿¿ ìîðôîëîã³÷í³ òà óëüòðàòîíê³
îçíàêè (Cook, 2004). Ðàçîì ç òèì ³íøèé âèä – E. dichloroplastes – íå áóâ
çíàéäåíèé ï³ñëÿ îïèñó (Prescott, 1966), éîãî ïðèíàëåæí³ñòü äî çãàäàíîãî
ðîäó ïîòðåáóº ï³äòâåðäæåííÿ. Ìîëåêóëÿðíî-ô³ëîãåíåòè÷í³ äîñë³äæåííÿ,
ïðîâåäåí³ ç êóëüòóðîþ E. fimbriata, ïîêàçàëè ñàìîñò³éí³ñòü ðîäó òà éîãî
ïðèíàëåæí³ñòü äî Klebsormidiales (Karol et al., 2001; Turmel et al., 2002).
Entransia ìîæíà ââàæàòè íàéñâîºð³äí³øèì ïðåäñòàâíèêîì Klebsormidiales
ÿê çà ìîðôîëîã³÷íîþ, òàê ³ åêîëîã³÷íîþ õàðàêòåðèñòèêîþ.
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4.9. Ô²ËÎÃÅÍ²ß ÄÂÎÕ ÁËÈÇÜÊÈÕ ÐÎÄ²Â –
 INTERFILUM ² KLEBSORMIDIUM:  ÏÐÎÁËÅÌÈ ÐÎÇÄ²ËÅÍÍß,
ÌÎÐÔÎËÎÃ²×Í² ÎÇÍÀÊÈ, ÙÎ ÌÀÞÒÜ Ô²ËÎÃÅÍÅÒÈ×ÍÅ
ÇÍÀ×ÅÍÍß,  ÅÂÎËÞÖ²ÉÍ² ÒÅÍÄÅÍÖ²¯ Â ÌÅÆÀÕ ÃÐÓÏÈ

Ô³ëîãåíåòè÷íèé àíàë³ç íóêëåîòèäíî¿ ïîñë³äîâíîñò³ ä³ëÿíêè ITS ðÄÍÊ
(ðèñ. 4.7), àíàë³ç çà ãåíîì rbcL (íå íàâåäåíèé), à òàêîæ îá’ºäíàíèé àíàë³ç
çà îáîìà öèìè ÷àñòèíàìè ÄÍÊ (ðèñ. 4.8) ïîêàçàëè ðåçóëüòàòè, ùî äîáðå
óçãîäæóþòüñÿ ì³æ ñîáîþ òà âèÿâëÿþòü áëèçüêó òîïîëîã³þ (Rindi et al.,
2011). Îñíîâíîþ ð³çíèöåþ ì³æ íèìè º äîñèòü âèñîêà ðîçä³ëüíà çäàòí³ñòü ó
ìåæàõ ðîäó Interfilum ï³ä ÷àñ àíàë³çó çà ITS ³ çíà÷íî íèæ÷à çà rbcL, òîä³ ÿê
ó ìåæàõ ðîäó Klebsormidium ñèòóàö³ÿ ïðîòèëåæíà – âèñîêà ðîçä³ëüíà çäàò-
í³ñòü çà rbcL ³ çíà÷íî íèæ÷à – çà ITS, ùî îñîáëèâî ïðîÿâëÿºòüñÿ â ìåæàõ
êëàäè Å (ðèñ. 4.7, 4.8). Îá’ºäíàíå ìîëåêóëÿðíå äåðåâî çà ITS ðÄÍÊ òà rbcL
ïîêàçàëî ïåðåâàæíî òîïîëîã³þ â ìåæàõ êëàäè Å, õàðàêòåðíó äëÿ äåðåâà çà
rbcL, ³ ïðè öüîìó çáåðåãëî îñíîâíó òîïîëîã³þ çà ITS, ùî ñòîñóºòüñÿ êëàäè
À (Interfilum) (ðèñ. 4.7, 4.8).

ßê âèäíî ç íàâåäåíèõ ìîëåêóëÿðíèõ äåðåâ, âêëþ÷åííÿ Interfilum ïîêà-
çàëî, ùî ð³ä Klebsormidium º ïàðàô³ëåòè÷íèì (Mikhailyuk et al., 2008; Rindi
et al., 2011). Òîìó çàêîíîì³ðíî ïîñòàº ïèòàííÿ ïðî íåîáõ³äí³ñòü íîìåíêëà-
òóðíèõ çì³í ñòîñîâíî öèõ 2 ðîä³â. ²íàêøå êàæó÷è, âðàõîâóþ÷è òå, ùî
Interfilum – öå îêðåìèé ð³ä, ³ìîâ³ðíî ñë³ä ðîçä³ëÿòè Klebsormidium íà ê³ëüêà
ðîä³â ³ îïèñóâàòè êîæíó âèä³ëåíó êëàäó ÿê îêðåìèé ð³ä. Îäíàê ç îãëÿäó íà
ìîðôîëîãî-ãåíåòè÷íó áëèçüê³ñòü óñ³õ äîñë³äæåíèõ øòàì³â, ìîæëèâî, ñë³ä
îá’ºäíàòè Interfilum ³ Klebsormidium â îäèí ð³ä (Rindi et al., 2011) 4.

²ñíóº òàêîæ òðåòÿ äóìêà ñòîñîâíî âèêëàäåíîãî. ßêùî âçÿòè äî óâàãè,
ùî îäíà ç ãðóï ïàðàô³ëåòè÷íîãî òàêñîíà º ïðåäêîâîþ ôîðìîþ, ÿêà äàëà
ïî÷àòîê äðóãîìó òàêñîíó (ùî ³ ñïðè÷èíÿº öþ ïàðàô³ë³þ), ³ ðåàëüíî ³ñíóº ó
ïðèðîä³ îêðåìî, ó òàêîìó ðàç³ ïàðàô³ëåòè÷íèé òàêñîí ñë³ä ââàæàòè ö³ëêîì
ïðèðîäíèì (Zander, 2008, 2010; Hörandl, Stuessy, 2010). Îòæå, ñë³ä ïðèïóñ-
òèòè, ùî ãðóïà âèä³â, ñïîð³äíåíà ç Klebsormidium flaccidum (êëàäè Â ³ Ñ),
î÷åâèäíî, ³ º ïðåäêîâîþ ùîäî Interfilum (ðèñ. 4.7, 4.8). Ïðè öüîìó Interfilum
ñë³ä ââàæàòè á³ëüø ñïåö³àë³çîâàíèì äî íàçåìíèõ óìîâ ðîäîì, ó ìåæàõ
ÿêîãî çàêð³ïëþºòüñÿ çäàòí³ñòü äî ôîðìóâàííÿ ñàðöèíî¿äíî¿ òà ïëåâðîêî-
êî¿äíî¿ ñëàí³. Òàêèé òèï ñëàí³ ïîøèðåíèé ñåðåä áàãàòüîõ íåñïîð³äíåíèõ
ãðóï íàçåìíèõ âîäîðîñòåé ³ ïîâ’ÿçàíèé ³ç ïðèñòîñóâàííÿì ¿õ äî ïîñóøëè-
âèõ óìîâ íàçåìíîãî ñåðåäîâèùà (Nienow, 1996).

Ö³êàâî, ùî Interfilum-ïîä³áíà ìîðôîëîã³ÿ (ïîîäèíîê³ êë³òèíè òà ïàðè
êë³òèí åë³ïñî¿äíî¿ àáî ÿéöåïîä³áíî¿ ôîðìè, ç õëîðîïëàñòîì, ðîçñ³÷åíèì íà
5–8 ëîïàòåé) òðàïëÿºòüñÿ ó ê³ëüêîõ íåçàëåæíèõ ãðóïàõ Klebsormidium: ÿê ó
éìîâ³ðíî ïðåäêîâ³é äî Interfilum êëàä³ Â (ðèñ. 4.13, 8, äèâ. âêëåéêó), òàê ñàìî
íåçàëåæíî âèíèêàº ó êëàä³ Å – ï³äêëàäà Å4 (ðèñ. 4.15, 1, 2, 4, äèâ. âêëåéêó).
Ñë³ä çàçíà÷èòè, ùî ö³ ãðóïè îá’ºäíóþòü âèäè, ñõèëüí³ äî äåç³íòåãðàö³¿ ñëàí³.

                                         
4 Ö³êàâî, ùî â ðàç³ îá’ºäíàííÿ öèõ 2 ðîä³â áóäå çáåðåæåíî íàçâó «Interfilum» ÿê ðà-

í³øó (Chodat, Topali, 1922; Silva et al., 1972).
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Ðèñ. 4.7. Ô³ëîãåíåòè÷íèé àíàë³ç çà ä³ëÿíêîþ ITS 1, 2 ðÄÍÊ (àíàë³ç ìàêñèìàëüíî¿ ïðàâ-
äîïîä³áíîñò³ (Maximum-likelihood)) øòàì³â Interfilum ³ Klebsormidium (Rindi et al., 2011).
Öèôðè á³ëÿ ã³ëîê – çíà÷åííÿ ï³äòðèìêè (>60 %, àáî 0,8) çà äèñòàíö³¿ «íàéáëèæ÷îãî ñóñ³äà» (neigh-
bor-joining distance), àíàë³çó ìàêñèìàëüíî¿ åêîíîì³¿ (maximum parsimony) òà áàéºñ³âñüêî¿ éìîâ³ðíîñò³
(Bayesian Posterior Probabilities). A–G – îêðåì³ êëàñòåðè

Ðèñ. 4.8. Ô³ëîãåíåòè÷íèé àíàë³ç (àíàë³ç ìàêñèìàëüíî¿ ïðàâäîïîä³áíîñò³ (Maximum-likeli-
hood)) øòàì³â Interfilum òà Klebsormidium çà ä³ëÿíêàìè ITS 1, 2 ðÄÍÊ ³ ãåíîì rbcL (Rindi
et al., 2011).
Óìîâí³ ïîçíà÷åííÿ äèâ. íà ðèñ. 4.7
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Êð³ì òîãî, òàêèé ñòàí ó ïåðøîìó âèïàäêó º íåòèïîâèì ³ òðàïëÿºòüñÿ
çð³äêà çà ñèëüíîãî ñòàð³ííÿ êóëüòóðè, ó äðóãîìó âèïàäêó – ö³ëêîì çàêî-
íîì³ðíèé ³ õàðàêòåðíèé äëÿ äîðîñëèõ êóëüòóð âîäîðîñòåé. Ïðîòå ó ìîëî-
äîìó â³ö³ çãàäàí³ ïðåäñòàâíèêè Klebsormidium ìàþòü ìîðôîëîã³þ, òèïîâó
äëÿ öüîãî ðîäó (ðèñ. 4.15, 3, äèâ. âêëåéêó).

Ïèòàííÿ ïðî òå, ÿê³ ìîðôîëîã³÷í³ îçíàêè âêàçàíèõ ðîä³â óâàæàòè çà ò³,
ùî ìàþòü ô³ëîãåíåòè÷íå çíà÷åííÿ, º íåïðîñòèì. Òðàäèö³éíî âèêîðèñòîâó-
þòü òàê³ ìîðôîëîã³÷í³ îçíàêè: øèðèíó òà äîâæèíó íèòêè, ôîðìó êë³òèíè,
òåêñòóðó êë³òèííî¿ îáîëîíêè, íàÿâí³ñòü/â³äñóòí³ñòü ñëèçîâî¿ îáãîðòêè, íà-
ÿâí³ñòü/â³äñóòí³ñòü äâîðÿäíèõ ôðàãìåíò³â íèòêè òà íåñïðàâæíüîãî ã³ëêóâàí-
íÿ, òåíäåíö³þ äî ôðàãìåíòàö³¿ íèòêè, ôîðìóâàííÿ Í-ôðàãìåíò³â îáîëîíêè,
áóäîâó õëîðîïëàñòà òà ï³ðåíî¿äà (Starmach, 1972; Ìîøêîâà, 1979; Ettl, Gärtner,
1995; Hindák, 1996; Lokhorst, 1996; Novis, 2006). Äåÿê³ àâòîðè äîäàëè á³ëüøå
ìîðôîëîã³÷íèõ îçíàê, ïåðåâàæíî òèõ, ÿê³ ñïîñòåð³ãàþòüñÿ ï³ä ÷àñ ðîñòó
âîäîðîñòåé ó êóëüòóð³: ôîðìóâàííÿ ïîâåðõíåâîãî âîäîâ³äøòîâõóâàëüíîãî
øàðó íèòîê íà ð³äêîìó ñåðåäîâèù³, òèï ðîçìíîæåííÿ, ùî ïåðåâàæàº (çîî-
ñïîðè ÷è àïëàíîñïîðè), ôîðìà ïîðè â ñïîðàíã³àëüí³é ñò³íö³, ÷åðåç ÿêó
çâ³ëüíÿþòüñÿ çîîñïîðè, òèï ïðîðîñòàííÿ çîîñïîð òà ³í. Óò³ì öèìè ñàìèìè
àâòîðàìè äîâåäåíî âèñîêó ïëàñòè÷í³ñòü á³ëüøîñò³ ç ïåðåë³÷åíèõ îçíàê ³
íåìîæëèâ³ñòü âèêîðèñòàííÿ ó òàêñîíîì³¿ (Lokhorst, 1996; Òkaloud, 2006;
Rindi et al., 2008).

Çàñòîñóâàííÿ ìîëåêóëÿðíî-ô³ëîãåíåòè÷íèõ ìåòîä³â äî âèâ÷åííÿ Kleb-
sormidium òà Interfilum äàëî çìîãó âñòàíîâèòè, ùî ô³ëîãåíåòè÷íå çíà÷åííÿ
ìàº ëèøå ê³ëüêà îçíàê, ïåðåâàæíî ïîâ’ÿçàíèõ ç³ çäàòí³ñòþ äî óòâîðåííÿ
ñàðöèíî¿äíî¿ ñëàí³, áóäîâîþ õëîðîïëàñòà òà åêîëîãî-ãåîãðàô³÷íèìè îñîá-
ëèâîñòÿìè âèä³â. Äåòàëüíî öÿ ³íôîðìàö³ÿ íàâåäåíà ó òàáë. 4.2. Âîäíî÷àñ
ô³ëîãåíåòè÷íå çíà÷åííÿ äåÿêèõ ³ç çàïðîïîíîâàíèõ îçíàê ìîæíà ï³ääàòè
êðèòèö³. Òàê, çîêðåìà, ëîïàòåâèé êðàé õëîðîïëàñòà õàðàêòåðíèé äëÿ ïðåä-
ñòàâíèê³â ê³ëüêîõ êëàä, çàëåæíî â³ä â³êó êóëüòóðè òà óìîâ êóëüòèâóâàííÿ –
Â, D, E3, E4. Îçíàêè, ïîâ’ÿçàí³ ç ãåîãðàô³÷íèì ïîøèðåííÿì òà åêîëîã³ºþ
âèä³â, íåäîñòàòíüî äîñë³äæåí³ íà öåé ÷àñ, ³ ñèòóàö³ÿ ç íèìè ìîæå çì³íèòè-
ñÿ ó ðàç³ âèâ÷åííÿ á³ëüøî¿ ê³ëüêîñò³ çðàçê³â ³ç ùå íå äîñë³äæåíèõ ðåã³îí³â é
á³îòîï³â.

Ó ö³ëîìó, îñíîâíîþ ïðîáëåìîþ ðîçä³ëåííÿ òàêñîí³â ó ìåæàõ 2 ðîä³â º
íàäçâè÷àéíî âèñîêèé ñòóï³íü ìîðôîëîã³÷íîãî ïàðàëåë³çìó. Â ìåæàõ êîæíî¿
ìîëåêóëÿðíî¿ êëàäè â³äáóâàºòüñÿ íåçàëåæíå âèäîóòâîðåííÿ, çà ÿêîãî ïî-
âòîðþþòüñÿ áëèçüê³ ìîðôîòèïè âîäîðîñòåé. Ïðè öüîìó º êëàäè, ùî ìàþòü
îäíîòèïíó ìîðôîëîã³þ, çîêðåìà F, G, D, òîä³ ÿê ó êëàäàõ Â, Ñ, Å íàÿâí³
ê³ëüêà ìîðôîëîã³÷íî ïîä³áíèõ ë³í³é (ðèñ. 4.13–4.15, äèâ. âêëåéêó). Îñîá-
ëèâî ïðîáëåìíîþ º êëàäà Å, â ÿê³é ãåíåòè÷íà â³äñòàíü ì³æ îêðåìèìè ï³ä-
êëàäàìè íèçüêà, ïðîòå íàÿâíå ïåâíå ìîðôîëîã³÷íå ð³çíîìàí³òòÿ. Î÷åâèäíî,
åâîëþö³éí³ ïðîöåñè â ìåæàõ ö³º¿ êëàäè äîñèòü àêòèâí³ íà öåé ÷àñ ³, ìîæ-
ëèâî, íèí³ ìè ñïîñòåð³ãàºìî åòàïè âèäîóòâîðåííÿ (Rindi et al., 2011). Ãåíå-
òè÷íà æ â³äñòàíü ì³æ îêðåìèìè ï³äêëàäàìè íèçüêà òàêîæ óíàñë³äîê òîãî,
ùî â ìåæàõ Klebsormidium òà Interfilum äîñòîâ³ðíî íå âèÿâëåíèé ñòàòåâèé
ïðîöåñ, ÿêèé çíà÷íî çá³ëüøóº ãåíåòè÷íå ð³çíîìàí³òòÿ ïîïóëÿö³¿ ÷åðåç ðå-
êîìá³íàö³þ ãåí³â.
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Ò à á ë è ö ÿ  4.2. Ìîðôîëîã³÷í³ îçíàêè Klebsormidium òà Interfilum, àñîö³éîâàí³ ç
ìîëåêóëÿðíî-ô³ëîãåíåòè÷íèìè êëàäàìè òà ï³äêëàäàìè (Rindi et al., 2011)

Îçíàêà
Ìîëåêóëÿðíà

êëàäà/ï³äêëàäà
Âèä âîäîðîñò³

Êë³òèíè ïîîäèíîê³ àáî ôîðìóþòü ìàëîêë³òèíí³
íèòî÷êè, ç òåíäåíö³ºþ äî óòâîðåííÿ á³ëüø-ìåíø
ñêëàäíèõ êë³òèííèõ êîìïëåêñ³â

A Óñ³ âèäè ðîäó Interfilum

Ïîøòðèõîâàíà ñëèçèñòà îáãîðòêà, øàïèíêî-
àáî íèòêîïîä³áí³ çàëèøêè ìàòåðèíñüêèõ êë³-
òèííèõ îáîëîíîê

A Interfilum spp. (ç äåÿêèìè
âèêëþ÷åííÿìè)

Ïàêåòîïîä³áí³ êë³òèíí³ àãðåãàòè òà äâîðÿäí³
ðîçãàëóæåí³ íèòêè, ÿê³ ³íîä³ äåç³íòåãðóþòü

A1 Interfilum massjukiae

Ì³öí³, ïàêåòîïîä³áí³ êë³òèíí³ àãðåãàòè, ùî, ÿê
ïðàâèëî, íå äåç³íòåãðóþòü

A4 Interfilum sp.

Íèòêè òîâñò³ (â³ä 10 äî 20–23 ìêì), ç òîâñòîþ
áîðîäàâ÷àñòîþ êë³òèííîþ îáîëîíêîþ

F Klebsormidium crenulatum,
Klebsormidium mucosum

Õëîðîïëàñò ðîçñ³÷åíèé íà 5–8 (³íîä³ á³ëüøå)
÷³òêèõ ëîïàòåé

A Óñ³ âèäè ðîäó Interfilum

Õëîðîïëàñò ç êðåíóëüîâàíèì àáî íåïðàâèëüíî ðîç-
ñ³÷åíèì êðàºì

B Klebsormidium sp.

Õëîðîïëàñò ³ç ñåðåäèííîþ ðîçñ³÷êîþ, ðîçä³ëåíèé
íà ÷îòèðè àáî ê³ëüêà ëîïàòåé

D Klebsormidium bilatum,
Klebsormidium elegans

Õëîðîïëàñò íàï³âê³ëüöåïîä³áíèé (Ulothrix-ïîä³á-
íèé), âèñòèëàº á³ëüøó ÷àñòèíó êë³òèííî¿ ïåðèôåð³¿

F Klebsormidium crenulatum,
Klebsormidium mucosum

Õëîðîïëàñò ÷îòèðèëîïàòåâèé G Klebsormidium sp.
Ï³ðåíî¿ä ìàëåíüêèé, îáëÿìîâàíèé ê³ëüêîìà
êðîõìàëüíèìè ãðàíóëàìè

G Klebsormidium sp.

Ïîøèðåí³ ïåðåâàæíî ó ïð³ñíîâîäíèõ ì³ñöåçðîñòàí-
íÿõ, âêëþ÷íî ç òèìè, ùî ìàþòü êèñëó ðåàêö³þ âîäè

E1 Klebsormidium acidophilum

Ïîøèðåí³ ïåðåâàæíî â á³îëîã³÷íèõ ê³ðêàõ æàð-
êèõ ïóñòåëüíèõ ðåã³îí³â

G Klebsormidium sp.

Ïîøèðåí³ ïåðåâàæíî â ì³ñöåçðîñòàííÿõ Ñõ³äíî¿
ªâðîïè

B Klebsormidium sp.

Ïîøèðåí³ ïåðåâàæíî â ì³ñöåçðîñòàííÿõ Çàõ³äíî¿
ªâðîïè

C Klebsormidium flaccidum

Óæå ï³ñëÿ íàïèñàííÿ öüîãî ðîçä³ëó àâòîðè îòðèìàëè äîäàòêîâó ³íôîð-
ìàö³þ ñòîñîâíî ô³ëîãåí³¿ â ìåæàõ ãðóïè Klebsormidium/Interfilum. Òåñòó-
âàííÿ íàÿâíî¿ ô³ëîãåíåòè÷íî¿ ³íôîðìàö³¿ ç âèêîðèñòàííÿì ìîëåêóëÿðíèõ
ñèãíàòóð (áàðêîäó – íàéêîíñåðâàòèâí³øî¿ ä³ëÿíêè ITS2 ðÄÍÊ) çà ìåòîäè-
êîþ, çàïðîïîíîâàíîþ ó ê³ëüêîõ ðîáîòàõ (Coleman, 2009; Moniz, Kaczmar-
ska, 2009; Bock et al., 2011), ïîêàçàëî, ùî âàð³àáåëüíîþ º ä³ëÿíêà ITS1, ÿêà
³ ñïðè÷èíÿº íàâåäåíèé âèùå ðîçïîä³ë çà êëàäàìè (äèâ. ðèñ. 4.7, 4.8), òîä³
ÿê ì³íëèâ³ñòü êîíñåðâàòèâíî¿ ä³ëÿíêè ITS2 º íà äèâî íèçüêîþ (T. Pr`s-
chold, ïåðñîí. ïîâ³äîìë.). Çã³äíî ³ç çàñòîñîâàíîþ ìåòîäèêîþ áàðêîäóâàííÿ,
îòðèìàíà òîïîëîã³ÿ ô³ëîãåíåòè÷íèõ äåðåâ (ðèñ. 4.7, 4.8) â³äîáðàæàº øâèä-
øå çà âñå â³äì³ííîñò³ íà ïîïóëÿö³éíîìó ð³âí³, í³æ íà âèäîâîìó. Ùî æ ñòî-
ñóºòüñÿ âèäîâîãî ð³âíÿ, òî, â³äïîâ³äíî äî îòðèìàíèõ ïîïåðåäí³õ äàíèõ, In-
terfilum òà Klebsormidium íàïåâíî º ïðåäñòàâíèêàìè îäíîãî ðîäó, à ê³ëüê³ñòü
âèä³â ó ö³é ãðóï³ çíà÷íî íèæ÷à, í³æ ââàæàëè ðàí³øå ³ í³æ óêàçóþòü íàâå-
äåí³ ìîëåêóëÿðí³ äåðåâà (ðèñ. 4.7, 4.8), îñîáëèâî ñåðåä ïðåäñòàâíèê³â ç ïî-
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øèðåííÿì ó ìåæàõ ªâðîïè (T. Pröschold, ïåðñîí. ïîâ³äîìë.). Ö³êàâî, ùî
ãåíåòè÷íî ð³çíîìàí³òí³øèìè âèÿâèëèñÿ ïðåäñòàâíèêè ç ´ðóíòîâèõ ê³ðîê
Ï³âäåííî¿ Àôðèêè (êëàäà G, ðèñ. 4.7, 4.8). Öå ìîæå ñâ³ä÷èòè íà êîðèñòü
òîãî, ùî çàçíà÷åí³ âîäîðîñò³, ìîæëèâî, ïîõîäÿòü ³ç çîí ç æàðêèì êë³ìàòîì,
äå ¿õ âèäîâå ð³çíîìàí³òòÿ âèùå çà òàêå ïîì³ðíèõ çîí, êóäè ö³ âîäîðîñò³ ïî-
òðàïèëè íå òàê äàâíî. Òîìó ìîæíà ïðèïóñòèòè, ùî íèçüêå ãåíåòè÷íå òà
âèùå ìîðôîëîã³÷íå ð³çíîìàí³òòÿ ïðåäñòàâíèê³â ³ç ïîì³ðíèõ çîí ïîÿñíþ-
ºòüñÿ àêòèâíèìè åâîëþö³éíèìè ïðîöåñàìè â ìåæàõ ãðóïè âíàñë³äîê îñâî-
ºííÿ íîâèõ òåðèòîð³é. Ö³êàâî, ùî öåé âèñíîâîê ïåâíîþ ì³ðîþ óçãîäæóºòü-
ñÿ ç äåÿêèìè ïîïåðåäí³ìè â³äîìîñòÿìè ñòîñîâíî ïîøèðåííÿ âèä³â Klebsor-
midium ó ð³çíèõ ì³ñòàõ ªâðîïè (Rindi, Guiry, 2004), ÿê³ âêàçóþòü íà òå, ùî
ö³ âîäîðîñò³ òÿæ³þòü äî çðîñòàííÿ ó òåïëèõ ³ ñóõèõ ðåã³îíàõ. Íà êîðèñòü
öüîãî ñâ³ä÷àòü ³ åêîô³ç³îëîã³÷í³ äîñë³äæåííÿ øòàì³â Klebsormidium ç Àëüï³é-
ñüêèõ âèñîêîã³ð’¿â, ÿê³ ïîêàçàëè, ùî âîíè ïî÷èíàþòü íàðîùóâàòè á³îìàñó
ëèøå â³ä òåìïåðàòóðè +5 °Ñ (U. Karsten, ïåðñîí. ïîâ³äîìë.).

Îäíàê íåùîäàâíî â ë³òåðàòóð³ ç’ÿâèëàñÿ ïðîòèëåæíà äóìêà ñòîñîâíî
ïîíÿòòÿ âèäó â ìåæàõ Klebsormidium. Òàê, çà äàíèìè äåòàëüíîãî äîñë³äæåí-
íÿ øòàì³â öüîãî ðîäó ç ìîëåêóëÿðíî¿ êëàäè Å (ðèñ. 4.7, 4.8) (çàñòîñîâàíî
îá’ºäíàíèé ITS/rbcL-àíàë³ç), â ¿¿ ìåæàõ ³ñíóº âåëèêà ê³ëüê³ñòü (íå ìåíøå
10) ïðèõîâàíèõ âèä³â, ùî ìàþòü ïîä³áíó ìîðôîëîã³þ, ïðîòå ÷³òêî (çà äóì-
êîþ àâòîð³â) â³äð³çíÿþòüñÿ ãåíåòè÷íî (Òkaloud, Rindi, 2011). Ïîð³âíÿííÿ
äàíèõ ìîëåêóëÿðíî¿ ô³ëîãåí³¿ ç ìîðôîëîã³ºþ òà åêîëîã³ºþ äîñë³äæåíèõ
øòàì³â ïîêàçàëî ô³ëîãåíåòè÷íó çíà÷óù³ñòü ê³ëüêîõ îçíàê, çà ÿêèìè ìîæ-
ëèâî â³äð³çíèòè ïðèõîâàí³ âèäè: íàÿâí³ñòü âîäîâ³äøòîâõóâàëüíîãî øàðó
íèòîê íà ïîâåðõí³ ð³äêîãî ñåðåäîâèùà, áóäîâà àïåðòóðè çîîñïîðàíã³ÿ òà
åêîëîã³÷íà ïðè÷åòí³ñòü (çðîñòàííÿ íàçåìíî, ó ïðèðîäíèõ óìîâàõ (´ðóíòàõ
÷è íà êàì’ÿíèñòèõ â³äñëîíåííÿõ) ÷è íà øòó÷íî ñòâîðåíèõ ïîâåðõíÿõ (ïåðå-
âàæíî öåìåíò³) àáî ó ïð³ñíèõ âîäîéìàõ).

Òàêèì ÷èíîì, ºäíîñò³ äóìîê ñòîñîâíî ïîíÿòòÿ âèäó òà åâîëþö³¿ â ìåæàõ
ãðóïè Klebsormidium/Interfilum íà öåé ÷àñ íåìàº. Õî÷à â ö³ëîìó ô³ëîãåíåòè÷íà
êàðòèíà ¿õ ïðîÿâëÿºòüñÿ ÷³òêî ³ îñîáëèâèõ ñóïåðå÷íîñòåé íå âèêëèêàº, ³í-
òåðïðåòàö³ÿ ö³º¿ ³íôîðìàö³¿ äîñèòü ð³çíà, òîìó ³ñíóþòü äóìêè ÿê ïðî âèñîêå
ãåíåòè÷íå òà âèäîâå ð³çíîìàí³òòÿ â ìåæàõ ãðóïè (Òkaloud, Rindi, 2011), òàê ³
ïðî çàãàëüíó ãåíåòè÷íó îäíîòèïí³ñòü ³, ÿê íàñë³äîê, äîñèòü íèçüêå âèäîâå
ð³çíîìàí³òòÿ, îñîáëèâî ñåðåä ïðåäñòàâíèê³â ³ç ïîì³ðíèõ çîí (Ò. Pr`schold,
ïåðñîí. ïîâ³äîìë.; Rindi et al., 2011 (÷àñòêîâî)).

4.10. Ð²Ä INTERFILUM: ÌÎÐÔÎËÎÃ²×Í²
ÒÀ ÅÊÎËÎÃ²×Í² ÎÑÎÁËÈÂÎÑÒ², Ð²ÇÍÎÌÀÍ²ÒÒß,

Ô²ËÎÃÅÍÅÒÈ×Í² ÇÂ’ßÇÊÈ

Interfilum – ÷³òêî îêðåñëåíà ìîíîô³ëåòè÷íà ãðóïà, áëèçüêî ñïîð³äíåíà
ç Klebsormidium, îñîáëèâî ç ìîðôîëîãî-ãåíåòè÷íîþ ãðóïîþ «Flaccidum»
(ðèñ. 4.7, 4.8, êëàäà À). Ïðåäñòàâíèêè ðîäó ìàþòü òàêîæ çíà÷íó ê³ëüê³ñòü
ñï³ëüíèõ ìîðôîëîã³÷íèõ ³ öèòîëîã³÷íèõ îçíàê (äèâ. ðîçä. 4.5, 4.6), ïðîòå
õàðàêòåðèçóþòüñÿ ³ ïåâíèìè óí³êàëüíèìè îñîáëèâîñòÿìè.
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Ðèñ. 4.9. Îñîáëèâîñò³ áóäîâè âèä³â ðîäó Interfilum:
1 – I. paradoxum, øòàì SAG 338. 1; 2, 3 – I. massjukiae, øòàì SAG 2102; 4 – I. terricola, øòàì
SAG 2100; 5 – ðåêîíñòðóêö³ÿ ÒÅÌ-ì³êðîôîòîãðàô³¿ Interfilum sp., øòàì SAG 2102. Ïîêàçàí³ íèòî÷-
êî- òà øàïèíêîïîä³áí³ (ñòð³ëêè) çàëèøêè ìàòåðèíñüêèõ îáîëîíîê. Ë³í³éêà – 10 ìêì

Îñíîâíîþ õàðàêòåðíîþ îçíàêîþ Interfilum º òå, ùî â³í í³êîëè íå ôîð-
ìóº íèòîê ó êëàñè÷íîìó ðîçóì³íí³, äëÿ íüîãî òèïîâèìè º ïîîäèíîê³ êë³òè-
íè, ä³àäè, ïàêåòè, ó äåÿêèõ âèä³â – áàãàòîêë³òèíí³ êóá³÷í³ àãðåãàòè òà ðîç-
ãàëóæåíà ïëåâðîêîêî¿äíà ñëàíü (ðèñ. 4.6, 5–9; 4.10, äèâ. âêëåéêó; ðèñ. 4.9).
Êîðîòê³ íèòî÷êè, ùî ñêëàäàþòüñÿ ç ê³ëüêîõ êë³òèí, òðàïëÿþòüñÿ ëèøå ÿê
âèíÿòîê, ³íîä³ òàêîæ ìîæíà ñïîñòåð³ãàòè ëàíöþæêè êë³òèí, ç’ºäíàí³ ñï³ëü-
íèì ñëèçîì àáî çàëèøêàìè êë³òèííèõ îáîëîíîê («íèòî÷êàìè») (ðèñ. 4.6, 5;
4.9, 1). Ó çâ’ÿçêó ç öèì, ÿê ïðàâèëî, êë³òèíè Interfilum íå öèë³íäðè÷í³, à
åë³ïñî¿äí³, ÿéöåïîä³áí³, ñôåðè÷í³ òà íàï³âñôåðè÷í³. Íà â³äì³íó â³ä á³ëüøî-
ñò³ âèä³â Klebsormidium, ïðåäñòàâíèêè Interfilum ìàþòü ðîçâèíåí³ ñëèçîâ³
îáãîðòêè ç õàðàêòåðíîãî äëÿ ñòðåïòîô³òîâèõ âîäîðîñòåé âîëîêíèñòîãî ñëè-
çó (ðèñ. 4.6, 7, 8; 4.10, 7, 8; 4.11, 5). ßê ïðàâèëî, ö³ âèäè ôîðìóþòü ïîîäè-
íîê³ êë³òèíè òà ä³àäè, ³íîä³ ïàêåòè êë³òèí, ùî ëåãêî äåç³íòåãðóþòü ïðè îñ-
ëèçíåíí³ êë³òèííèõ îáîëîíîê. Ïðîòå ÷àñòèíà âèä³â ðîäó ñëèçó íå ìàº, ¿õ
êë³òèíí³ îáîëîíêè òîâñò³, øàðóâàò³ (ðèñ. 4.11, 3). Äëÿ òàêèõ âèä³â õàðàêòåðíî
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Ðèñ. 4.11. Îñîáëèâîñò³ óëüòðàñòðóêòóðè ïðåäñòàâíèê³â Interfilum:
1–3 – I. massjukiae (SAG 2102); 4, 5 – Interfilum sp. (SAG 2101); 6 – I. paradoxum (SAG 338-1); 7 –
I. terricola (SAG 2100). Ñêîðî÷åííÿ: ch – õëîðîïëàñò; cw – êë³òèííà îáîëîíêà; p – ï³ðåíî¿ä; s –
êðîõìàëüí³ çåðíà; n – ÿäðî; nu – ÿäåðöå; mb – ïåðîêñèñîìà; g – êîìïëåêñ Ãîëüäæ³; mu – ñëèç.
Ë³í³éêà – 1 ìêì (2–5, 7), 2 ìêì (1, 6)

óòâîðåííÿ ì³öíèõ ïàêåò³â, àãðåãàò³â êë³òèí ³ ïëåâðîêîêî¿äíî¿ ñëàí³ (äèâ.
ðèñ. 4.9, 2, 3; 4.10, 1–4, 10–12). Çàëèøêè ìàòåðèíñüêèõ îáîëîíîê ó Interfi-
lum ïðåäñòàâëåí³ øàïèíêî- àáî ê³ëüöåïîä³áíèìè ñòðóêòóðàìè, Í-ïîä³áí³ çà-
ëèøêè ôîðìóþòüñÿ äóæå ð³äêî (äèâ. ðèñ. 4.6, 7, 8, 10; 4.9, 1, 4; 4.10, 7, 8).

Â³äîì³ òàêîæ õàðàêòåðí³ îçíàêè Interfilum ñòîñîâíî áóäîâè ïðîòîïëàñòà.
Òàê, óñ³ âèäè ðîäó ìàþòü ïëàñòèí÷àñòèé õëîðîïëàñò, ùî çàéìàº ïîëîâèíó
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êë³òèííîãî îá’ºìó ³ ïðèëÿãàº äî îäíîãî ³ç áîê³â êë³òèíè. Õëîðîïëàñò ðîçñ³-
÷åíèé íà ê³ëüêà (5–8) âåëèêèõ ëîïàòåé àáî ìàº äð³áíîëîïàòåâèé êðàé, ó
ñòàðèõ êë³òèíàõ, ïðîòå, êðàé õëîðîïëàñòà ìîæå çãëàäæóâàòèñÿ (ðèñ. 4.6, 6,
9; 4.9, 1, 3, 4; 4.10, 3, 5, 6, äèâ. âêëåéêó). Ï³ðåíî¿ä Interfilum õàðàêòåðíî¿
äëÿ ïîðÿäêó Klebsormidiales áóäîâè, äîñèòü êîìïàêòíèé, îáëÿìîâàíèé 1–2
ðÿäàìè äð³áíèõ êðîõìàëüíèõ ãðàíóë (ðèñ. 4.6, 5, 6, 9; 4.9, 1, 3, 4; 4.10, 3, 5, 6).
Íà òâåðäîìó æèâèëüíîìó ñåðåäîâèù³ ïðåäñòàâíèêè ðîäó óòâîðþþòü ãîìî-
ãåíí³ ãëàäåíüê³ êîëîí³¿ (ó îäíîêë³òèííèõ âèä³â) àáî êëàñòåðïîä³áí³ (ó âè-
ä³â, ùî ôîðìóþòü ïàêåòè òà àãðåãàòè êë³òèí).

Ðîçìíîæóºòüñÿ Interfilum ëèøå ä³ëåííÿì âåãåòàòèâíèõ êë³òèí íà äâ³ çà
ñõåìîþ, äóæå ïîä³áíîþ äî ñõåìè ñïîðóëÿö³¿ (Chodat, Topali, 1922; Fritsch,
John, 1942) (äèâ. ðèñ. 4.5, 3). Çîîñïîðè ó öüîãî ïðåäñòàâíèêà íå âèÿâëåí³.
Äîñë³äæåííÿ óëüòðàñòðóêòóðè âåãåòàòèâíèõ êë³òèí Interfilum ïîêàçàëî òè-
ïîâó äëÿ Klebsormidiales áóäîâó – âåëèê³ ïåðîêñèñîìè, ùî ìåæóþòü ç
õëîðîïëàñòîì, ÿäðîì ³ ì³òîõîíäð³ÿìè; ï³ðåíî¿ä ïåðåòèíàºòüñÿ ê³ëüêîìà
ïàðàëåëüíèìè òèëàêî¿äàìè (³íîä³ ôîðìóþòü ïåòë³) òà îáëÿìîâàíèé äð³á-
íèìè êðîõìàëüíèìè ãðàíóëàìè; êë³òèííà îáîëîíêà ïîçáàâëåíà ïîð (äèâ.
ðèñ. 4.4; 4.11).

Ô³ëîãåíåòè÷íèé àíàë³ç çà íóêëåîòèäíîþ ïîñë³äîâí³ñòþ ä³ëÿíîê ITS 1,
2 ðÄÍÊ ïîêàçàâ äîñèòü çíà÷íó ðîçä³ëüíó çäàòí³ñòü ó ìåæàõ ðîäó Interfilum.
ßê âèäíî ç ðèñ. 4.7, âñåðåäèí³ êëàäè À ÷³òêî ðîçð³çíÿþòüñÿ îñíîâí³ ï³äêëà-
äè À1–À4. Ï³äêëàäà À2 âêëþ÷àº âèäè, ùî õàðàêòåðèçóþòüñÿ îäíîêë³òèí-
íèì ñòàíîì ³ ôîðìóþòü ÷³òê³ ñëèçèñò³ îáãîðòêè; âîíà ì³ñòèòü åï³òèïîâ³
øòàìè 2 â³äîìèõ âèä³â Interfilum – I. paradoxum (òèï ðîäó) òà I. terricola. Ö³
äâà ïðåäñòàâíèêè äîñèòü ïîä³áí³, ðîçð³çíÿþòüñÿ òèì, ùî êë³òèííà îáîëîí-
êà I. terricola ³íòåíñèâíî îñëèçíþºòüñÿ, âíàñë³äîê ÷îãî öÿ âîäîð³ñòü çäàòíà
ôîðìóâàòè ñëèçèñò³ ï³õâè íàâêîëî êë³òèí ³ ÷³òê³ ñëèçèñò³ øàïèíêè, ùî ïî-
õîäÿòü â³ä ìàòåðèíñüêî¿ êë³òèííî¿ îáîëîíêè (äèâ. ðèñ. 4.6, 7, 8; 4.9, 4).
Êë³òèíí³ îáîëîíêè I. paradoxum íå çäàòí³ äî òàêîãî ³íòåíñèâíîãî îñëèçíåí-
íÿ, âîíè ÷àñòêîâî ðîçðèâàþòüñÿ, àëå íå çàâæäè ïîâí³ñòþ â³äøàðîâóþòüñÿ
â³ä êë³òèíè, ôîðìóþ÷è õàðàêòåðí³ «íèòî÷êè» ì³æ îêðåìèìè êë³òèíàìè âî-
äîðîñò³ (ðèñ. 4.6, 5; 4.9, 1). I. terricola, ùî áóâ îïèñàíèé ÿê Geminella
terricola (Petersen, 1932), ìè ïåðåíåñëè äî ðîäó Interfilum ÷åðåç ãåíåòè÷íó òà
ìîðôîëîãî-öèòîëîã³÷íó ïîä³áí³ñòü äî ïðåäñòàâíèê³â öüîãî ðîäó (Mikhailyuk
et al., 2008). Äâà âèäè õàðàêòåðèçóþòüñÿ äîñèòü áëèçüêèìè ìîðôîëîã³÷íèìè
îçíàêàìè, âîíè áëèçüê³ òàêîæ ãåíåòè÷íî, òîìó ö³ëêîì ³ìîâ³ðíî, ùî º ð³ç-
íîâèäàìè îäíîãî âèäó. Ê³ëüêà ³íøèõ øòàì³â Interfilum, ùî òàêîæ âõîäÿòü
äî âêàçàíî¿ ï³äêëàäè, ïåâíî, º ð³çíîâèäàìè âèùåîçíà÷åíèõ âèä³â. Çàóâà-
æèìî, ùî øòàì SAG 2101, âèä³ëåíèé íàìè ç ãðàí³òíèõ â³äñëîíåíü ï³âäíÿ
Óêðà¿íè (Ìèêîëà¿âñüêà îáë.), çäàòåí òèì÷àñîâî ôîðìóâàòè ïàêåòè êë³òèí ó
êóëüòóð³ (ðèñ. 4.6, 9), ÿê³, ïðîòå, ÷åðåç îñëèçíåííÿ êë³òèííî¿ îáîëîíêè ö³º¿
âîäîðîñò³, ëåãêî äåç³íòåãðóþòü äî îäíîêë³òèííîãî ñòàíó. ²íàêøå êàæó÷è,
çäàòí³ñòü äî ä³ëåííÿ êë³òèí ó ê³ëüêîõ ïëîùèíàõ õàðàêòåðíà ³ äëÿ îäíîêë³-
òèííèõ âèä³â, ùî áóëî ïîì³÷åíî ðàí³øå (Chodat, Topali, 1922). Ñë³ä òàêîæ
çàçíà÷èòè, ùî ÷åðåç ³ñòîòíó ³íòåðãåíîìíó âàð³àáåëüí³ñòü ð³çí³ êëîíè åï³òè-
ïîâîãî øòàìó I. terricola – SAG 2100 (Ê650 òà Ê644), âèÿâèëèñÿ ãåíåòè÷íî
äîñèòü ðîçð³çíåíèìè (äèâ. ðèñ. 4.7) (Mikhailyuk et al., 2008).
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Ï³äêëàäà À3 òàêîæ îá’ºäíóº ïðåäñòàâíèê³â ç îäíîêë³òèííîþ ìîðôîëî-
ã³ºþ òà çíà÷íèì îñëèçíåííÿì êë³òèííèõ îáîëîíîê. Íà â³äì³íó â³ä ïîïåðåä-
í³õ âèä³â Interfilum êë³òèíè öèõ ïðåäñòàâíèê³â çíà÷íî äîâø³ – 10–12(17) ìêì
(ó øòàì³â ïîïåðåäíüî¿ êëàäè – 6–9(11) ìêì). ×åðåç âèäîâæåí³ êë³òèíè
çàëèøêè ìàòåðèíñüêî¿ êë³òèííî¿ îáîëîíêè ó öèõ âîäîðîñòåé ÷àñòî ìàþòü
âèãëÿä ê³ëüöÿ, à íå øàïèíêè, ê³ëüê³ñòü ëîïàòåé õëîðîïëàñòà çá³ëüøóºòüñÿ
äî ôîðìóâàííÿ êðåíóëüîâàíîãî êðàþ (ðèñ. 4.10, 5, 6, äèâ. âêëåéêó). Âêàçà-
íèé ïðåäñòàâíèê ³ìîâ³ðíî º íîâèì âèäîì ÷è ð³çíîâèäîì â³äîìèõ âèä³â
Interfilum.

Ï³äêëàäè À1 òà À4 âêëþ÷àþòü øòàìè âîäîðîñòåé, îáîëîíêè ÿêèõ ³íòåí-
ñèâíî íå îñëèçíþþòüñÿ, âîíè äîñèòü ì³öí³, øàðóâàò³; êë³òèíè öèõ ïðåä-
ñòàâíèê³â ä³ëÿòüñÿ â ê³ëüêîõ ïëîùèíàõ, ôîðìóþ÷è ïàêåòè òà êóá³÷í³ àãðå-
ãàòè. Êëàäà À1 ì³ñòèòü åï³òèïîâèé øòàì îïèñàíîãî íàìè âèäó – I. mas-
sjukiae, ÿêèé óòâîðþº ïàêåòè òà ðîçãàëóæåíó ïëåâðîêîêî¿äíó ñëàíü, ùî
³íîä³ äåç³íòåãðóº äî îêðåìèõ êë³òèí (äèâ. ðèñ. 4.9, 2, 3; 4.10, 1–4). Øòàì
SAG 2147 º îêðåìîþ ë³í³ºþ âñåðåäèí³ Interfilum, â³í ÿâëÿº ñîáîþ ùå íåâ³-
äîìèé âèä ÷è ð³çíîâèä, õàðàêòåðíèìè îçíàêàìè ÿêîãî º ôîðìóâàííÿ äóæå
ì³öíèõ ïàêåò³â òà àãðåãàò³â êë³òèí, áåç æîäíèõ îçíàê äåç³íòåãðàö³¿ íàâ³òü
ï³ñëÿ çàãèáåë³ ïðîòîïëàñòà âîäîðîñò³ (ðèñ. 4.10, 10–12, äèâ. âêëåéêó).

Ó ë³òåðàòóð³ º òàêîæ â³äîìîñò³ ïðî ê³ëüêà ð³çíîâèä³â I. paradoxum, êë³-
òèíè ÿêèõ ä³ëÿòüñÿ ó ê³ëüêîõ ïëîùèíàõ ³, ïîºäíóþ÷èñü íèòêîïîä³áíèìè
ñòðóêòóðàìè, ôîðìóþòü ñ³ò÷àñò³ óòâîðåííÿ (Fritsch, John, 1942; Eherenhaus,
Vigna, 2008). Ùîäî I. paradoxum var. reticulatum F.E. Fritsch et R.P. John, âè-
ä³ëåíîãî ³ç ´ðóíò³â Âåëèêî¿ Áðèòàí³¿, îñîáëèâèõ ñóìí³â³â ó éîãî òàêñîíîì³÷-
í³é ïðèíàëåæíîñò³ íå âèíèêàº çàâäÿêè äåòàëüíèì äîñë³äæåííÿì ³ âè÷åðï-
íèì ³ëþñòðàö³ÿì. Âðàõîâóþ÷è çäàòí³ñòü âèä³â Interfilum ä³ëèòèñÿ ó ê³ëüêîõ
ïëîùèíàõ, óòâîðåííÿ ïîä³áíèõ îá’ºìíèõ ñ³ò÷àñòèõ ñòðóêòóð ö³ëêîì ³ìîâ³ð-
íå, õî÷à ìè ¿õ ³ íå ñïîñòåð³ãàëè. Ðàçîì ç òèì ³íøå ïîâ³äîìëåííÿ ïðî íîâèé
ð³çíîâèä Interfilum (I. paradoxum var. regulare Eherenhaus et Vigna) ç ïëàíêòî-
íó îçåðà â Àðãåíòèí³ äîñèòü ñóìí³âíå, îñîáëèâî ÿêùî âðàõîâóâàòè á³îòîï,
â ÿêîìó öÿ âîäîð³ñòü áóëà âèÿâëåíà, òà íàâåäåí³ àâòîðàìè ³ëþñòðàö³¿ (Ehe-
renhaus, Vigna, 2008, fig. 2).

Âèäè ðîäó Interfilum – øèðîêî ïîøèðåí³ íàçåìí³ âîäîðîñò³, âèÿâëåí³
ç ´ðóíò³â, êàì’ÿíèñòèõ â³äñëîíåíü, êîðè äåðåâ òîùî (Ettl, G@rtner, 1995;
Ìèõàéëþê, 1999; Êîñò³êîâ òà ³í., 2001; Darienko, Hoffmann, 2003; Mikhai-
lyuk et al., 2003 òà ³í.), ìîæëèâà ¿õ çíàõ³äêà òàêîæ ³ç àìô³á³àëüíèõ á³îòîï³â
(Chodat, Topali, 1922). Âîíè íåùîäàâíî âèÿâëåí³ ³ ÿê ôîòîá³îíòè ëèøàé-
íèê³â ðîäó Micarea Fr. (Voótsekhovich et al., 2011), ùî º äîñèòü óí³êàëüíèì
ÿâèùåì, îñê³ëüêè ñòðåïòîô³òîâ³ âîäîðîñò³ ñåðåä ôîòîá³îíò³â ïðåäñòàâëåí³
ïîîäèíîêèìè çíàõ³äêàìè (Âîéöåõîâè÷ è äð., 2011à, á). Óæå ³ç íàâåäåíîãî
ìàòåð³àëó âèäíî, ùî ãåíåòè÷íå òà ìîðôîëîã³÷íå ð³çíîìàí³òòÿ Interfilum º
âèùèì, í³æ çàçíà÷àºòüñÿ â ë³òåðàòóð³. Ïîäàëüøå äîñë³äæåííÿ öüîãî ðîäó,
îñîáëèâî íàçåìíèõ ì³ñöåçðîñòàíü òðîï³÷íèõ ðåã³îí³â, ³ìîâ³ðíî, ùå çá³ëü-
øèòü éîãî.
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4.11. Ð²Ä KLEBSORMIDIUM: ÌÎÐÔÎËÎÃ²×Í², ÃÅÍÅÒÈ×Í²,
ÅÊÎËÎÃ²×Í² ÎÑÎÁËÈÂÎÑÒ², Ð²ÇÍÎÌÀÍ²ÒÒß

Klebsormidium – ïàðàô³ëåòè÷íèé òàêñîí, ïðîòå äîñèòü ÷³òêî îêðåñëå-
íèé ç ìîðôîëîã³÷íîãî ïîãëÿäó. Îá’ºäíóº íèò÷àñò³ âîäîðîñò³ (íèòêè íåïî-
ëÿðí³), õî÷à ÷àñòèíà ïðåäñòàâíèê³â çäàòíà äî ëåãêî¿ äåç³íòåãðàö³¿ íèòîê ³
ïåðåõîäó â îäíîêë³òèííèé ñòàí, îäíàê ó ìîëîäîìó â³ö³ âñ³ êóëüòóðè âèä³â
ðîäó ôîðìóþòü íèòêè (ðèñ. 4.12–4.15, äèâ. âêëåéêó). Âîäíî÷àñ, ÿê ïîêàçà-
íî âèùå (äèâ. ðîçä. 4.6), íèòêè Klebsormidium, íà íàø ïîãëÿä, íå º ñïðàâæ-
í³ìè, à øâèäøå çà âñå ÿâëÿþòü ñîáîþ êîëîí³þ îäíîêë³òèííèõ îðãàí³çì³â,
ñêð³ïëåíèõ çàëèøêàìè ìàòåðèíñüêèõ êë³òèííèõ îáîëîíîê. ßê ðåçóëüòàò ôîð-
ìóâàííÿ íèò÷àñòî¿ ñëàí³ êë³òèíè Klebsormidium ìàþòü, ÿê ïðàâèëî, öèë³íä-
ðè÷íó ôîðìó (ðèñ. 4.12–4.15, äèâ. âêëåéêó), õî÷à ³ â öüîìó âèïàäêó º âè-
íÿòêè (ðèñ. 4.13, 8; 4.15, 1, 4). Äëÿ Klebsormidium õàðàêòåðíî ä³ëåííÿ êë³òèí
â îäí³é ïëîùèí³, àëå âèïàäêè óòâîðåííÿ äâîðÿäíèõ íèòîê ³ ïñåâäîã³ëêó-
âàííÿ â³äîì³ ç ë³òåðàòóðè (Lokhorst, 1996) ³ áóëè çíàéäåí³ òàêîæ íàìè (ðèñ.
4.15, 5–7, 9). Ïðåäñòàâíèêè öüîãî ðîäó íå ôîðìóþòü ïîòóæíèõ ñëèçîâèõ
îáãîðòîê, õî÷à ëåãêå îñëèçíåííÿ îáîëîíîê ñïîñòåð³ãàëîñü ó ïåâíèõ, ïåðå-
âàæíî, òîíêîíèò÷àñòèõ òà ëåãêî äåç³íòåãðóþ÷èõ âèä³â (Lokhorst, 1996), âè-
ÿâëåíå ³ ñåðåä äîñë³äæåíèõ íàìè øòàì³â (ðèñ. 4.2, 8–10, äèâ. âêëåéêó).
Çàëèøêè ìàòåðèíñüêèõ êë³òèííèõ îáîëîíîê ó Klebsormidium ïðåäñòàâëåí³
Í-ôðàãìåíòàìè (ðèñ. 4.12, 3, 6, 10, 11; 4.13, 4, 9, 11, 13; 4.14, 3, 8), âò³ì ó
ïðåäñòàâíèê³â ç Interfilum-ïîä³áíîþ ìîðôîëîã³ºþ ìîæíà ñïîñòåð³ãàòè ³ øà-
ïèíêîïîä³áí³ ñòðóêòóðè (ðèñ. 4.2, 11).

Õëîðîïëàñò ó ìåæàõ ðîäó Klebsormidium, çàçâè÷àé, îäíîòèïíèé – ïðè-
ñò³ííèé, ïðèëÿãàº äî îäíîãî ç áîê³â êë³òèíè, ì³ñòèòü îäèí ï³ðåíî¿ä. Îäíàê
ó ð³çíèõ ãðóïàõ òàêà áóäîâà äîïîâíþºòüñÿ äåÿêèìè îñîáëèâîñòÿìè: ð³çíèé
ñòóï³íü ðîçâèíåíîñò³ (çàïîâíþº â³ä 30 (ðèñ. 4.13, 12) äî 80 % (ðèñ. 4.12, 1,
2) ïåðèôåð³¿ êë³òèíè), ðîçñ³÷åíîñò³ (â³ä ãëàäåíüêîãî êðàþ (ðèñ. 4.13, 11–
13) äî äð³áíîêðåíóëüîâàíîãî (ðèñ. 4.13, 6, 7) ³ ëîïàòåâîãî (ðèñ. 4.12, 7, 8;
4.13, 1–5)). Òàê ñàìî âàð³þº ³ òèï ï³ðåíî¿äà – â³ä îêðóãëîãî êîìïàêòíîãî,
îáëÿìîâàíîãî îäíèì øàðîì äð³áíèõ êðîõìàëüíèõ ãðàíóë (ðèñ. 4.14, 5, 6;
10–12) àáî ê³ëüêîìà çåðíàìè (ðèñ. 4.12, 5–7) äî âåëèêîãî, åë³ïñî¿äíîãî,
îòî÷åíîãî áàãàòüìà ïàðàëåëüíèìè ðÿäàìè ãðàíóë (ðèñ. 4.12, 1, 2; 4.13, 3,
12; 4.14, 7, 9).

Íà òâåðäîìó æèâèëüíîìó ñåðåäîâèù³ ïðåäñòàâíèêè çàçíà÷åíîãî ðîäó
óòâîðþþòü ð³çíîìàí³òí³ êîëîí³¿ – ïåðåâàæíî õâèëÿñò³ òà ãîðáêóâàò³ (ó âè-
ä³â ç á³ëüø-ìåíø ì³öíèìè íèòêàìè), ãëàäåíüê³ (ó ëåãêîäåç³íòåãðóþ÷èõ âè-
ä³â), êëàñòåðïîä³áí³ (ó âèä³â, ùî ìàþòü äóæå ïîêðó÷åí³ íèòêè àáî õàðàêòå-
ðèçóþòüñÿ ÷àñòèì óòâîðåííÿì äâîðÿäíèõ íèòîê òà ïñåâäîã³ëêóâàííÿì). Íà
ð³äêîìó æèâèëüíîìó ñåðåäîâèù³ ñïîñòåð³ãàºòüñÿ ïîä³áíà êàðòèíà – êîí-
ãëîìåðàòè ì³öíèõ íèòîê ó ð³äèí³, ïëàñò³â÷àñò³ êîíãëîìåðàòè àáî ãîìîãåí-
íèé ïîðîøêîïîä³áíèé íàë³ò. Ó îñòàííüîìó âèïàäêó ÷àñòî ôîðìóºòüñÿ òà-
êîæ âîäîâ³äøòîâõóâàëüíèé øàð íèòîê íà ïîâåðõí³ ñåðåäîâèùà (Lokhorst,
1996).

Ðîçìíîæóºòüñÿ Klebsormidium ä³ëåííÿì âåãåòàòèâíèõ êë³òèí íà äâ³, íà
íàø ïîãëÿä, çà ñõåìîþ, ïîä³áíîþ äî ä³ëåííÿ Interfilum (Mikhailyuk et al.,
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2008; äèâ. ðîçä. 4.6), ïðîòå â ë³òåðàòóð³ ïàíóº êëàñè÷íà äóìêà ïðî ñïðàâæíº
âåãåòàòèâíå ä³ëåííÿ ó öüîãî ðîäó (Màñþê, 1993; Van den Hoek, 1995; Lok-
horst, 1996; Êîñò³êîâ òà ³í., 2006). Íàÿâíå òàêîæ áåçñòàòåâå ðîçìíîæåííÿ
çîîñïîðàìè (â³äîìå íå äëÿ âñ³õ âèä³â, äëÿ ïåâíèõ ïðåäñòàâíèê³â âàæêî âè-
êëèêàòè â êóëüòóð³), ùî ìàþòü õàðàêòåðíó áóäîâó äëÿ Klebsormidiales (ãîë³,
äîðçèâåíòðàëüí³, ç äâîìà ñóáàï³êàëüíèìè äæãóòèêàìè, áåç ñòèãì), òà ³íîä³
àïëàíîñïîðàìè, ùî ïðîðîñòàþòü ó ìåæàõ ñïîðàíã³ÿ, óòâîðþþ÷è ïñåâäîã³ë-
êó (Lokhorst, 1996).

Ñòàòåâèé ïðîöåñ ó öüîãî ðîäó ñïîñòåð³ãàâñÿ îäèí ðàç íà ïðèêëàä³
K. flaccidum (Wille, 1912; öèò. çà: Lokhorst, 1996). Ïðîòå çàçíà÷åíå ïîâ³äîì-
ëåííÿ º ïåâíîþ ì³ðîþ ñóìí³âíèì ³ ïîòðåáóº ï³äòâåðäæåííÿ, îñê³ëüêè àâòîð
ñïîñòåð³ãàâ ñèìåòðè÷í³ ãàìåòè ç³ ñòèãìîþ – àáñîëþòíî íå ïîä³áí³ çà áóäî-
âîþ äî äæãóòèêîâèõ êë³òèí Klebsormidiales. Íà äóìêó Ã.Ì. Ëîêõîðñòà, äî-
ñë³äæåíî íå Klebsormidium, à îäèí ç âèä³â Ulothrix (Lokhorst, 1996). Ïîâ³-
äîìëåííÿ ïðî íàÿâí³ñòü àê³íåò ó Klebsormidium (Morison, Sheath, 1985) òà-
êîæ º ñóìí³âíèì. Õî÷à ó ñòàðèõ êóëüòóðàõ ñïîñòåð³ãàþòüñÿ êë³òèíè ç òîâñ-
òîñò³ííèìè îáîëîíêàìè, âèïîâíåíèìè ïðîäóêòàìè àñèì³ëÿö³¿, àëå ìîðôî-
ëîã³÷íî òà öèòîëîã³÷íî âîíè íå â³äð³çíÿþòüñÿ â³ä âåãåòàòèâíèõ êë³òèí, òîìó
¿õ íå ìîæíà ââàæàòè àê³íåòàìè ó êëàñè÷íîìó ðîçóì³íí³ (Lokhorst, 1996).
Óëüòðàñòðóêòóðà âåãåòàòèâíèõ ³ ðåïðîäóêòèâíèõ êë³òèí Klebsormidium òèïî-
âà äëÿ äàíîãî ïîðÿäêó òà îïèñàíà íàìè âèùå (äèâ. ðîçä. 4.5) (Stewart,
Mattox, 1975; Lokhorst, Starr, 1985; Van den Hoek et al., 1995).

Ô³ëîãåíåòè÷í³ àíàë³çè çà íóêëåîòèäíîþ ïîñë³äîâí³ñòþ ä³ëÿíêè ITS
ðÄÍÊ òà îá’ºäíàíèé àíàë³ç ITS – rbcL (äèâ. ðèñ. 4.7, 4.8) ïîêàçàëè 5 ÷³òêî
â³äîêðåìëåíèõ ìîëåêóëÿðíèõ êëàä ó ìåæàõ ðîäó Klebsormidium (Â-Ñ, D, E,
F òà G). Íèæ÷å íàâåäåíî ìîðôîëîã³÷íèé îïèñ ïðåäñòàâíèê³â öèõ ãðóï,
åêîëîã³÷í³ îñîáëèâîñò³ òà â³äïîâ³äí³ñòü ¿õ â³äîìèì íà öåé ÷àñ âèäàì óêàçà-
íîãî ðîäó.

Ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Crenulatum/Mucosum» (êëàäà F) (ðèñ. 4.12,
1–6, äèâ. âêëåéêó) îá’ºäíóº ëèøå 4 äîñë³äæåí³ øòàìè ³ õàðàêòåðèçóºòüñÿ
íàé÷³òê³øèìè ìîðôîëîã³÷íèìè îçíàêàìè ñåðåä óñ³õ ãðóï Klebsormidium: äîâ-
ãèìè, ì³öíèìè (ÿê ïðàâèëî, áåç òåíäåíö³¿ äî äåç³íòåãðàö³¿), òîâñòèìè íèò-
êàìè (íàéòîâùèìè ñåðåä âèä³â ðîäó, ïîíàä 15–20 ìêì) ³ òîâñòèìè ãîðáêó-
âàòèìè, øàðóâàòèìè îáîëîíêàìè. Âåãåòàòèâí³ êë³òèíè öèõ âèä³â â ìîëî-
äîìó â³ö³ öèë³íäðè÷í³ (³íäåêñ ôîðìè5 1–1,5), àëå ï³ä ÷àñ ñòàð³ííÿ êóëüòóðè
íàáóâàþòü õàðàêòåðíî¿ äëÿ ö³º¿ ãðóïè ôîðìè – êîðîòêîöèë³íäðè÷í³ äî âó-
çüêèõ (³íäåêñ ôîðìè 0,5–1), ñèëüíî ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ êë³òèííèõ
ïåðåãîðîäîê, íèòêè ïðè öüîìó ìîæóòü íàáóâàòè ÷îòêîïîä³áíî¿ ôîðìè, ÷àñ-
òî ïåðåïë³òàþòüñÿ, ôîðìóþ÷è êîñè. Õëîðîïëàñò âèä³â ãðóïè ïîòóæíèé, çà-
éìàº 70–80 % ïåðèôåð³¿ êë³òèíè, ìàéæå ê³ëüöåïîä³áíèé, Ulothrix-ïîä³á-
íèé, ç äåë³êàòíî ðîçñ³÷åíèì (êðåíóëüîâàíèì) êðàºì, îñîáëèâî â ìîëîäèõ
êóëüòóðàõ6. Ï³ðåíî¿ä äóæå âåëèêèé, îáëÿìîâàíèé áàãàòüìà ðÿäàìè äð³áíèõ
                                         

5 ²íäåêñ ôîðìè – â³äíîøåííÿ äîâæèíè êë³òèíè äî ¿¿ øèðèíè.
6 Ñàìå ÷åðåç ïîä³áí³ñòü õëîðîïëàñòà äî òàêîãî âèä³â Ulothrix Ê. mucosum ïåâíèé ÷àñ

ïåðåáóâàâ ó ñêëàä³ öüîãî ðîäó (ÿê U. verrucosa Lokhorst (Ettl, Gärtner, 1995)); ï³çí³øå, íà
îñíîâ³ âèâ÷åííÿ éîãî óëüòðàñòðóêòóðè, áóëî äîâåäåíî, ùî öå Klebsormidium (Lokhorst,
Starr, 1985).
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êðîõìàëüíèõ ãðàíóë. Ñëèç ó öèõ ïðåäñòàâíèê³â â³äñóòí³é àáî ³íîä³ òðàïëÿ-
ºòüñÿ ì³ñöåâî, á³ëÿ ê³íö³â íèòîê, ôîðìóþòüñÿ äóæå ÷³òê³ øàðóâàò³ Í-ôðàã-
ìåíòè îáîëîíîê. Íà ð³äêîìó æèâèëüíîìó ñåðåäîâèù³ âîäîðîñò³ ôîðìóþòü
ì³öí³ êîíãëîìåðàòè äîâãèõ íèòîê, íà òâåðäîìó – ÷³òê³ äð³áíîõâèëÿñò³, ãîðá-
êóâàò³ êîëîí³¿.

Äâà â³äîì³ âèäè Klebsormidium íàëåæàòü äî çàçíà÷åíî¿ ãðóïè – K. cre-
nulatum ³ K. mucosum, ÿê³ â³äð³çíÿþòüñÿ ïåðåâàæíî ð³çíîþ òîâùèíîþ íèòîê
(18–20 ìêì ó ïåðøîãî ³ ïîíàä 20 ìêì ó äðóãîãî âèäó). Ô³ëîãåíåòè÷í³ àíà-
ë³çè çà îáîìà ä³ëÿíêàìè ÄÍÊ (ITS òà rbcL) ïîêàçàëè ïåâíó â³äñòàíü ì³æ
øòàìàìè, ³äåíòèô³êîâàíèìè ÿê ö³ âèäè (ðèñ. 4.7, 4.8), ïðîòå ÿê ãåíåòè÷íî,
òàê ³ ìîðôîëîã³÷íî âêàçàí³ òàêñîíè äóæå áëèçüê³ (ðèñ. 4.12, 1–6). Øòàìè
âîäîðîñòåé, âèêîðèñòàí³ ó íàøîìó äîñë³äæåíí³ (SAG 6.96 ³ SAG 8.96) áóëè
âèä³ëåí³ Ã. Ëîêõîðñòîì, ³ ¿õ ìîðôîëîã³ÿ â³äïîâ³äàº îïèñàì öèõ âèä³â òà ¿õ
ñó÷àñíîìó ðîçóì³ííþ (Starmach, 1972; Ìîøêîâà, 1979; Ettl, G@rtner, 1995; Hin-
d<k, 1996; Lokhorst, 1996). Íà æàëü, øòàì SAG 6.96 áóëî âòðà÷åíî (T. Friedl,
ïåðñîí. ïîâ³äîìë.), àëå ³íøèé êîëåêö³éíèé øòàì – SAG 37.86 (ðàí³øå ³äåí-
òèô³êîâàíèé ÿê Ulothrix tenuissima Khtz.) ìîðôîëîã³÷íî òà ãåíåòè÷íî ö³ëêîì
â³äïîâ³äàº K. crenulatum (ðèñ. 4.12, 1–4). Ó ìàéáóòíüîìó ìîæëèâå çá³ëü-
øåííÿ âèäîâîãî ð³çíîìàí³òòÿ ãðóïè çà ðàõóíîê ³íøèõ âèä³â äàíîãî ðîäó,
ùî ìîðôîëîã³÷íî â³äïîâ³äàþòü öèì ïðåäñòàâíèêàì – Klebsormidium flacci-
dum f. aquatica (Heering) Nizam. et Gerloff, Klebsormidium lamellosum Y.X. Wei
et Hu, Klebsormidium montanum (Skuja) Shin Watan. (Starmach, 1972; Ìîøêî-
âà, 1979; Watanabe, 1983; Ettl, G@rtner, 1995; Hind<k, 1996; Wei, 1984; Hu,
Wei, 2006), àëå øòàìè âêàçàíèõ âèä³â ïîêè ùî â³äñóòí³ â êîëåêö³ÿõ.

Áåçóìîâíî, âèäè ö³º¿ ãðóïè º êñåðîô³òíîþ ë³í³ºþ â ìåæàõ ðîäó Kleb-
sormidium. Öå ïîì³òíî íàâ³òü ³ç çîâí³øíüîãî âèãëÿäó ïðåäñòàâíèê³â – òîâñ-
ò³ øàðóâàò³ êë³òèíí³ îáîëîíêè ³ ñêðó÷óâàííÿ íèòîê ó êîñè, òîáòî ôîðìó-
âàííÿ êîíãëîìåðàò³â êë³òèí. Íå ëèøå ö³ îçíàêè, à òàêîæ ïðîâåäåí³ åêîô³-
ç³îëîã³÷í³ åêñïåðèìåíòè ³ç øòàìîì K. crenulatum, âèä³ëåíèì ³ç àëüï³éñüêèõ
íà´ðóíòîâèõ ê³ðîê, ïîêàçàëè éîãî âèñîêó ôîòîô³ç³îëîã³÷íó ïëàñòè÷í³ñòü ³
òîëåðàíòí³ñòü äî âèñóøóâàííÿ (Karsten et al., 2010). Äîñë³äæåííÿ çì³í óëüò-
ðàñòðóêòóðè öüîãî øòàìó ï³ä ÷àñ âèñóøóâàííÿ ïîêàçàëî, ùî òàê³ îñîáëèâî-
ñò³ äîñÿãàþòüñÿ ÷åðåç åëàñòè÷í³ñòü ïîïåðå÷íèõ êë³òèííèõ ñò³íîê ³ çáåðå-
æåííÿ íåóøêîäæåíèìè îñíîâíèõ êë³òèííèõ îðãàíåë ó ïîâí³ñòþ âèñóøåíèõ
êë³òèíàõ, ùî ñïðèÿº øâèäêîìó â³äíîâëåííþ ó âîëîãèõ óìîâàõ (Holzinger et
al., 2011). Âçàãàë³ ââàæàþòü, ùî âèäè ãðóïè «Crenulatum/Mucosum» ó ìåæàõ
Klebsormidium ìàþòü æèòòºâó ñòðàòåã³þ êîíêóðåíò³â (â³îëåíò³â) (Karsten,
Holzinger, 2012). Ç öèì ìîæíà ö³ëêîì ïîãîäèòèñÿ, âðàõîâóþ÷è äîì³íóâàííÿ
ïðåäñòàâíèê³â ãðóïè íà êàì’ÿíèñòèõ â³äñëîíåííÿõ (Âîéöåõîâè÷ è äð., 2009;
Mikhailyuk et al., 2003; Mikhailyuk, 2008) ³ â ´ðóíòîâèõ ê³ðêàõ ð³çíèõ ïðèðîä-
íèõ çîí Óêðà¿íè (Êîñò³êîâ òà ³í., 2001).

Ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Desertus» (êëàäà G) (ðèñ. 4.12, 6, 7) òàêîæ
ìàº äîñèòü ÷³òê³ ìîðôîëîã³÷í³ îçíàêè, ÿê³ ïåâíîþ ì³ðîþ íàãàäóþòü ïðåäñòàâ-
íèê³â ïîïåðåäíüî¿ ãðóïè. Ãðóïà «Desertus» – íàéö³êàâ³øà ñåðåä Klebsormi-
dium, îñê³ëüêè ÿâëÿº ñîáîþ íîâó ë³í³þ öüîãî ðîäó ³ âêëþ÷àº ùå íå îïèñàí³
òàêñîíè (Rindi et al., 2011). Âêàçàí³ âîäîðîñò³ õàðàêòåðèçóþòüñÿ òàêèìè
îçíàêàìè: íèòêè äîâã³, ïðîòå ñõèëüí³ äî äåç³íòåãðàö³¿ àáî ôðàãìåíòîâàí³ äî
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êîðîòêèõ íèòî÷îê, òîíê³ ÷è ñåðåäíüî¿ òîâùèíè (4)5,5–8 ìêì, äóæå âèêðèâ-
ëåí³ ³ ïîêðó÷åí³ òà ñèëüíî ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê, ÷åðåç
ùî çäàþòüñÿ ÷îòêîïîä³áíèìè, êë³òèíí³ îáîëîíêè ñåðåäíüî¿ òîâùèíè.

Êë³òèíè öèõ âîäîðîñòåé ó ìîëîäîìó â³ö³, ÿê ïðàâèëî, êîðîòêîöèë³íä-
ðè÷í³ äî âóçüêèõ (³íäåêñ ôîðìè – 0,5–1,3(1,7)), êë³òèíè âèãëÿäàþòü íåíà-
÷å ñòèñíóòèìè ç áîêó ïîïåðå÷íèõ ïåðåãîðîäîê (ðèñ. 4.12, 13, 15). Óò³ì ó
ñòàðèõ êóëüòóðàõ âîíè âèòÿãíóò³, öèë³íäðè÷í³ äî åë³ïñî¿äíèõ (³íäåêñ ôîð-
ìè 1,2–2(2,9)) (ðèñ. 4.12, 9). Òàêà çì³íà ôîðìè êë³òèí º íåòèïîâîþ äëÿ
Klebsormidium, îñê³ëüêè, ÿê ïðàâèëî, ó ïðîöåñ³ ñòàð³ííÿ êë³òèíè àáî íå çì³-
íþþòü ñâîº¿ ôîðìè, àáî ñòàþòü êîðîòøèìè, ó öüîìó æ âèïàäêó – íàâïàêè,
âîíè ïîäîâæóþòüñÿ. Íà íàø ïîãëÿä, òàêà òåíäåíö³ÿ ïîâ’ÿçàíà ç ïåðåâà-
æàííÿì ïåâíèõ ô³ç³îëîã³÷íèõ ïðîöåñ³â ó êë³òèíàõ ð³çíîãî â³êó. Âèäîâæåí³
êë³òèíè â ìîëîäèõ êóëüòóðàõ Klebsormidium ïåðåâàæíî¿ á³ëüøîñò³ ãðóï çà-
ñâ³ä÷óþòü àêòèâí³ ðîñòîâ³ ïðîöåñè â öåé ïåð³îä òà ¿õ ïåâíå ïðèãàñàííÿ ó
äîðîñëèõ ³ ñòàðèõ êóëüòóðàõ. Ó ïðåäñòàâíèê³â äàíî¿ ãðóïè, î÷åâèäíî, íàä-
çâè÷àéíî àêòèâí³ ïðîöåñè ä³ëåííÿ êë³òèí ó ìîëîäîìó â³ö³, òîìó âîíè äóæå
êîðîòê³, òîä³ ÿê â ñòàðèõ êóëüòóðàõ ö³ ïðîöåñè óïîâ³ëüíþþòüñÿ, ÷åðåç ùî
êë³òèíè ìàþòü ÷àñ äëÿ ðîñòó ðîçòÿãóâàííÿì, íàáóâàþ÷è öèë³íäðè÷íî¿ ôîðìè.

Íà íàø ïîãëÿä, òàêà òåíäåíö³ÿ çì³íè ôîðìè êë³òèí ïðîòÿãîì îíòîãå-
íåçó º ïðèñòîñóâàííÿì ö³º¿ ãðóïè Klebsormidium äî àðèäíèõ óìîâ ³ñíóâàí-
íÿ – ó ´ðóíòîâèõ ê³ðêàõ ïóñòåëü ³ íàï³âïóñòåëü ç âîëîãèìè òà ïîñóøëèâè-
ìè ïåð³îäàìè, ùî ÷åðãóþòüñÿ. Òàê, ç íàñòàííÿì âîëîãîãî ïåð³îäó êë³òèíè
âîäîðîñòåé íàäçâè÷àéíî àêòèâíî ä³ëÿòüñÿ, íàðîùóþ÷è ìàêñèìàëüíó ê³ëü-
ê³ñòü á³îìàñè çà êîðîòêèé ïåð³îä. Çà ïîñòóïîâîãî çìåíøåííÿ âîëîãè öåé
³íòåíñèâíèé ïîä³ë óïîâ³ëüíþºòüñÿ ³ êë³òèíè «ìàþòü ÷àñ» íà ð³ñò ó äîâæèíó.
Ç íàñòàííÿì ïîñóøëèâèõ óìîâ, î÷åâèäíî, êë³òèííèé ïîä³ë ïðèïèíÿºòüñÿ,
êë³òèíè ëèøå ïîñòóïîâî ïîäîâæóþòüñÿ.

Íà êîðèñòü öüîãî ïðèïóùåííÿ ìîæå ñëóãóâàòè òàêîæ ñâîºð³äíà ôîðìà
õëîðîïëàñò³â âîäîðîñòåé. Çàçâè÷àé âîíè êîðèòîïîä³áí³, ç ãëàäåíüêèì êðà-
ºì, çàïîâíþþòü 50–70 % ïåðèôåð³¿ êë³òèíè, àëå äîñèòü ÷àñòî â ìîëîäèõ
êóëüòóðàõ ÷³òêî ðîçä³ëåí³ íà 4 ëîïàò³ (ïðî ùî âæå ïîâ³äîìëÿëîñÿ ÿê ïðî
õàðàêòåðíó îçíàêó ïðåäñòàâíèê³â ãðóïè, äèâ. òàáë. 4.2). Ïîÿâà ÷îòèðèëîïà-
òåâîãî õëîðîïëàñòà ó Klebsormidium âêàçóº íà ï³äãîòîâêó êë³òèíè äî ïîä³ëó
(Lokhorst, Starr, 1985), òîìó íàÿâí³ñòü õëîðîïëàñò³â òàêî¿ áóäîâè ó ìîëîäèõ
êóëüòóðàõ ìîæå ñâ³ä÷èòè ïðî àêòèâí³ñòü ïðîöåñ³â ä³ëåííÿ êë³òèí. Îñê³ëüêè
äëÿ ïðåäñòàâíèê³â ö³º¿ ãðóïè ïîä³áí³ ïðîöåñè íàäçâè÷àéíî õàðàêòåðí³ â
ìîëîäîìó â³ö³, ÷îòèðèëîïàòåâó áóäîâó õëîðîïëàñòà ìîæíà òàêîæ ââàæàòè
îäí³ºþ ç òèïîâèõ îçíàê çàçíà÷åíèõ âîäîðîñòåé. Ï³ðåíî¿ä âèä³â ãðóïè «De-
sertus» ìàëåíüêèé, êîìïàêòíèé, îáëÿìîâàíèé ëèøå ê³ëüêîìà êðîõìàëüíè-
ìè ãðàíóëàìè. Ñëèç ó öèõ ïðåäñòàâíèê³â â³äñóòí³é, Í-ôðàãìåíòè îáîëîíîê
÷³òê³ ó ïåâíèõ øòàì³â àáî íåÿâí³ â ³íøèõ. Íà ð³äêîìó æèâèëüíîìó ñåðåäî-
âèù³ âîäîðîñò³ ôîðìóþòü ïëàñò³â÷àñò³ ñêóï÷åííÿ íèòîê, íà òâåðäîìó –
äóæå íåçâè÷àéí³ äëÿ Klebsormidium, êëàñòåðïîä³áí³ àáî âóçëóâàò³ êîëîí³¿,
ÿê³ íàáóâàþòü òàêî¿ ôîðìè ÷åðåç çíà÷íó âèêðèâëåí³ñòü íèòîê. Êîëîí³¿ ëåã-
êîäåç³íòåãðóþ÷èõ âèä³â, ÿê ïðàâèëî, ãîìîãåíí³.

Ïðåäñòàâíèêè âêàçàíî¿ ãðóïè, íà íàø ïîãëÿä, º äîñ³ íå â³äîìèìè âè-
äàìè Klebsormidium. ßê âèäíî ç ðèñ. 4.7, ó ìåæàõ êëàäè G, ³ìîâ³ðíî, ìîæíà
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ðîçð³çíèòè ê³ëüêà âèä³â. Îñîáëèâî ÷³òêó ãðóïó ôîðìóþòü øòàìè 14613.5å,
14614.7 ³ 14615.5à, ÿê³ õàðàêòåðèçóþòüñÿ ëåãêîþ äåç³íòåãðàö³ºþ íèòîê ³ ôîð-
ìóâàííÿì êîðîòêèõ ¿õ ôðàãìåíò³â. Äîñèòü â³äì³ííèì º øòàì LUK 318,
ÿêèé äåç³íòåãðóº äî îêðåìèõ êë³òèí ³ ìàº íàéìåíø³ â ãðóï³ ðîçì³ðè – 5,3–
5,5 ìêì çàâòîâøêè. ²íø³ ê³ëüêà øòàì³â ìàþòü äîâîë³ äîâã³, ñèëüíî ïîêðó-
÷åí³ íèòêè ³ º òàêîæ ê³ëüêîìà îêðåìèìè âèäàìè, õàðàêòåðí³ îçíàêè ÿêèõ
ïîòð³áíî ùå â³äøóêàòè.

Ãðóïà íàäçâè÷àéíî ö³êàâà çà åêîëîã³÷íîþ õàðàêòåðèñòèêîþ, îñê³ëüêè
ïåðåâàæíà á³ëüø³ñòü øòàì³â, ùî ¿¿ ðåïðåçåíòóþòü, âèä³ëåí³ ³ç ´ðóíòîâèõ ê³-
ðîê ïóñòåëü Ï³âäåííî¿ Àôðèêè (Büdel et al., 2009; 2010). Ö³êàâî, ùî ³ç çà-
çíà÷åíèõ ê³ðîê, çàçâè÷àé, áóëî âèä³ëåíî ïîíàä 10 øòàì³â ðîäó Klebsormidi-
um ³ ëèøå 2 ç íèõ (14621.10.54 ³ 15051.6) óâ³éøëè äî êëàäè Å, á³ëüø³ñòü æå
ïîòðàïèëà äî êëàäè G. Ïðîòå îäèí ³ç øòàì³â êëàäè – LUK 318, áóâ âèä³ëå-
íèé ³ç ´ðóíò³â âóã³ëüíèõ â³äâàë³â ×åõ³¿. Ìè òàêîæ çíàõîäèëè Klebsormidium,
ìîðôîëîã³÷íî ïîä³áíèé äî ö³º¿ ãðóïè, ç ãðàí³òíèõ â³äñëîíåíü ïî áåðåãàõ
ð. Ðîñü (Áîãóñëàâñüêèé ð-í Êè¿âñüêî¿ îáë.). Íàÿâí³ òàêîæ çíàõ³äêè ìîðôîëî-
ã³÷íî ïîä³áíèõ Klebsormidium ³ç ´ðóíò³â ÑØÀ (øòàì LUK 70, äèâ. òàáë. 4.1).

Îòæå, ö³ âîäîðîñò³ áåçïåðå÷íî õàðàêòåðí³ äëÿ àðèäíèõ ðåã³îí³â, ïðîòå
³íîä³ òðàïëÿþòüñÿ ³ â ïîì³ðí³é çîí³. Íà íàø ïîãëÿä, öÿ ë³í³ÿ òàêîæ º êñå-
ðîô³òíîþ, ïðî ùî ñâ³ä÷èòü ³ ì³ñöåçðîñòàííÿ, ç ÿêîãî âèä³ëåí³ âîäîðîñò³, ³
¿õ ìîðôîëîã³ÿ. Êîðîòê³, íåíà÷å ñòèñíóò³ êë³òèíè òà äóæå ïåðåòÿãíóò³ íèòêè
á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê, ÷îòêîïîä³áíèé ¿õ õàðàêòåð íàãàäóþòü ïðåä-
ñòàâíèê³â ãðóïè «Crenulatum/Mucosum», àëå ó çíà÷íî çìåíøåíîìó ðîçì³ð³,
áåç òîâñòèõ êë³òèííèõ îáîëîíîê. ²ñòîòíà âèêðèâëåí³ñòü íèòîê öèõ âèä³â ³
ñõèëüí³ñòü äî ôîðìóâàííÿ êîíãëîìåðàò³â íèòîê òàêîæ º ïðèñòîñóâàííÿì äî
íåñïðèÿòëèâèõ ïîñóøëèâèõ óìîâ (Karsten, Holzinger, 2012). Íà ô³ëîãåíåòè-
÷íîìó äåðåâ³, ïîáóäîâàíîìó çà ïîñë³äîâíîñòÿìè ä³ëÿíêè ITS ðÄÍÊ, ãðóïè
«Crenulatum/Mucosum» òà «Desertus» òàêîæ º ñåñòðèíñüêèìè, õî÷à ³ áåç íà-
ëåæíî¿ ï³äòðèìêè (äèâ. ðèñ. 4.7). Ïðîòå ô³ëîãåíåòè÷íèé àíàë³ç çà ïîñë³äî-
âí³ñòþ rbcL ³ êîìá³íîâàíèé àíàë³ç ITS/rbcL öüîãî íå ï³äòâåðäèëè, íàòî-
ì³ñòü ïîêàçàëè çíà÷íó â³ääàëåí³ñòü êëàäè G â³ä ³íøèõ ãðóï (äèâ. ðèñ. 4.8)
òà éìîâ³ðí³ñòü òîãî, ùî âîíà ðåïðåçåíòóº ³íøèé ð³ä Klebsormidiales (F. Rin-
di, ïåðñîí. ïîâ³äîìë.).

Ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Âilatum/Elegans» (êëàäà D) (ðèñ. 4.13, 1–5,
äèâ. âêëåéêó) ïðåäñòàâëåíà ëèøå 3 øòàìàìè ó íàøîìó äîñë³äæåíí³. Äàí³
âîäîðîñò³ ðåïðåçåíòóþòü äîñèòü ÷³òêî îêðåñëåíó ãðóïó ç ïîä³áíîþ ìîðôî-
ëîã³ºþ: íèòêè ì³öí³, äîâã³, äîñèòü òîâñò³ (çàâòîâøêè äî 9–10 ìêì), äåùî
ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê, ³íîä³ ÷îòêîïîä³áí³ é ñïëåòåí³ â
êîñè; îáîëîíêè ì³öí³, êë³òèíè â ìîëîäîìó â³ö³ öèë³íäðè÷í³ äî çäóòèõ, áî÷-
êîïîä³áíèõ (³íäåêñ ôîðìè – 1,5–1,7(2,6)), ó ñòàðèõ êóëüòóðàõ – êîðîòø³,
êîðîòêîöèë³íäðè÷í³ òà êîðîòêîáî÷êîïîä³áí³ (³íäåêñ ôîðìè – 1–1,5(1,7));
ñëèç â³äñóòí³é àáî ³íîä³ ñïîñòåð³ãàºòüñÿ ì³ñöåâî, á³ëÿ ê³íö³â íèòîê,
Í-ôðàãìåíòè òðàïëÿþòüñÿ ÷àñòî, ÷³òêî âèðàæåí³. Õëîðîïëàñò öèõ ïðåäñòàâ-
íèê³â ñåðåäíüî¿ âåëè÷èíè çàéìàº 60–70 % ïåðèôåð³¿ êë³òèíè, ÿê ïðàâèëî,
ðîçñ³÷åíèé íà ê³ëüêà âåëèêèõ ëîïàòåé – â³ä 4 äî 7–10; ï³ðåíî¿ä äóæå âå-
ëèêèé, îáëÿìîâàíèé ê³ëüêîìà ðÿäàìè äð³áíèõ êðîõìàëüíèõ ãðàíóë. Íà ð³ä-
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êîìó æèâèëüíîìó ñåðåäîâèù³ âîäîðîñò³ ôîðìóþòü ì³öí³ êîíãëîìåðàòè äîâ-
ãèõ íèòîê, íà òâåðäîìó – ÷³òê³, äð³áíîõâèëÿñò³, ãîðáêóâàò³ êîëîí³¿.

Äî ö³º¿ ãðóïè íàëåæàòü 2 â³äîì³ âèäè Klebsormidium – K. bilatum ³ K. åle-
gans Lokhorst, ÿê³ ðîçð³çíÿþòüñÿ ïåðåâàæíî çà áóäîâîþ õëîðîïëàñòà, à ñàìå
ñòóïåíåì éîãî ðîçñ³÷åííÿ. Òàê, õëîðîïëàñò K. bilatum ðîçñ³÷åíèé íà 4 âåëè-
ê³ ëîïàò³ (ðèñ. 4.13, 3–5, äèâ. âêëåéêó), K. ålegans – íà ê³ëüêà, 7–10, ëîïà-
òåé (ðèñ. 4.13, 1, 2). Ïðîòå ìîðôîëîã³ÿ õëîðîïëàñòà ìîæå âàð³þâàòè ó öèõ
âèä³â ³ ëîïàò³ ñïîñòåð³ãàþòüñÿ íå çàâæäè. Ô³ëîãåíåòè÷í³ àíàë³çè çà îáîìà
äîñë³äæåíèìè ä³ëÿíêàìè ÄÍÊ òàêîæ ïîêàçàëè çíà÷íó ïîä³áí³ñòü 2 øòàì³â,
ùî ðåïðåçåíòóþòü ö³ âèäè (SAG 5.96 ³ SAG 7.96) (ðèñ. 4.8). Ñë³ä çàçíà÷èòè,
ùî SAG 7.96 º àâòåíòè÷íèì øòàìîì K. ålegans, à SAG 5.96 – ³çîëüîâàíèé
àâòîðîì öüîãî âèäó (K. bilatum) ç äóæå áëèçüêîãî ì³ñöåçðîñòàííÿ, ùî ³ òè-
ïîâå (àâòåíòè÷íèé øòàì, íà æàëü, íå çáåð³ãñÿ) (Lokhorst, 1996). ²íøèé ³çî-
ëÿò, TR 13, âèä³ëåíèé íàìè ç ãðàí³òíèõ â³äñëîíåíü ï³âäíÿ Óêðà¿íè (äèâ.
òàáë. 4.1) â ö³ëîìó ìàº ïîä³áíó äî öèõ øòàì³â ìîðôîëîã³þ, õàðàêòåðèçóºòü-
ñÿ 4-ëîïàòåâèì õëîðîïëàñòîì. Çã³äíî ç äàíèìè ô³ëîãåíåòè÷íîãî àíàë³çó çà
ITS ðÄÍÊ, öåé øòàì â³äð³çíÿºòüñÿ â³ä ³íøèõ áåç ñóòòºâî¿ ï³äòðèìêè, â ìå-
æàõ âàð³àáåëüíîñò³ îäíîãî âèäó (äèâ. ðèñ. 4.7). Òàêèì ÷èíîì, ³ìîâ³ðíî, öÿ
êëàäà ïðåäñòàâëåíà ëèøå îäíèì âèäîì.

Çà åêîëîã³÷íîþ õàðàêòåðèñòèêîþ ïðåäñòàâíèêè ãðóïè «Âilatum/Elegans»
ìåøêàþòü ó ´ðóíò³ òà íàçåìíèõ á³îòîïàõ, îñîáëèâî ïîøèðåí³ â Çàõ³äí³é
ªâðîï³, çâ³äê³ëÿ ³ îïèñàí³ (Lokhorst, 1996). Âèÿâëåíèé íàìè ïðåäñòàâíèê
äàíî¿ ãðóïè (øòàì TR 13) º ïåðøîþ çíàõ³äêîþ öèõ âîäîðîñòåé â Óêðà¿í³.
Â³äïîâ³äíî äî íàøèõ ñïîñòåðåæåíü çà øòàìîì TR 13, äîñë³äæóâàí³ âîäîðî-
ñò³ çäàòí³ ðîçâèâàòèñÿ â ìàñ³ ³ óòâîðþâàòè ïîâñòèñò³ íàë³òè â íàçåìíèõ ì³ñ-
öåçðîñòàííÿõ. Îäíàê ëèøå çà çàãàëüíèì âèãëÿäîì ïðåäñòàâíèê³â ãðóïè
«Âilatum/Elegans» â³äð³çíèòè íåïðîñòî, îñê³ëüêè âîíè äîñèòü ïîä³áí³ äî äå-
ÿêèõ âèä³â ç ³íøèõ ãðóï, «Flaccidum» òà «Nitens».

Ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Flaccidum» (êëàäè Â ³ Ñ) (ðèñ. 4.13, 6–13,
äèâ. âêëåéêó). Ïðåäñòàâíèêè ãðóïè ÷³òêî îêðåñëåí³ ç ãåíåòè÷íî¿ ïîçèö³¿,
ïðîòå ìàþòü ìîðôîëîã³þ, äîñèòü ïîä³áíó äî ìîðôîëîã³¿ âèä³â ³íøèõ ãðóï.
Ãðóïà îá’ºäíóº øòàìè ³ç ñåðåäíüîþ òîâùèíîþ íèòîê 6–8(12) ìêì. Íèòêè
äîâã³, ó äåÿêèõ øòàì³â ì³öí³, ó ïåâíèõ ëåãêî äåç³íòåãðóþòü äî îäíîêë³òèí-
íîãî ñòàíó; â ñòàðèõ êóëüòóðàõ â óñ³õ øòàì³â äåç³íòåãðóþòü äî êîðîòêèõ íè-
òî÷îê. Íèòêè íå ïåðåòÿãíóò³ àáî ïåðåòÿæêè íåçíà÷í³, êë³òèíè, ÿê ïðàâèëî,
öèë³íäðè÷í³, ³íîä³ äåùî çäóò³, á³ëüø-ìåíø îäíàêîâ³ ïðîòÿãîì æèòòºâîãî
öèêëó (³íäåêñ ôîðìè 1–1,7(2,5)). Ñëèç â³äñóòí³é àáî ôîðìóº òîíêèé øàð
íàâêîëî íèòîê ëåãêîäåç³íòåãðóþ÷èõ âèä³â. Í-ôðàãìåíòè îáîëîíîê ÷³òê³ ó
îäíèõ øòàì³â ³ íå÷³òê³ àáî â³äñóòí³ â ³íøèõ. Õëîðîïëàñò âêðèâàº 50–70 %
êë³òèííî¿ ïåðèôåð³¿, ç ãëàäåíüêèì, ³ððåãóëÿðíî-ëîïàòåâèì àáî äð³áíî- ³
áàãàòîðîçñ³÷åíèì êðàºì. Ï³ðåíî¿ä â óñ³õ øòàì³â âåëèêèé, îáëÿìîâàíèé áà-
ãàòüìà ðÿäàìè êðîõìàëüíèõ ãðàíóë. Íà àãàðèçîâàíîìó ñåðåäîâèù³ ö³ ïðåä-
ñòàâíèêè ôîðìóþòü õâèëÿñò³ êîëîí³¿, ó ëåãêîäåç³íòåãðóþ÷èõ øòàì³â – êî-
ëîí³¿ ç ãîìîãåííèì êðàºì; ó ð³äêîìó ñåðåäîâèù³ – ãîìîãåííèé àáî ïëàñò³-
â÷àñòèé íàë³ò.

Íàéá³ëüø ìîðôîëîã³÷íî ïîä³áíîþ ãðóïîþ äî îïèñàíî¿ º äîñèòü ïðîá-
ëåìàòè÷íà ãðóïà ñåðåä Klebsormidium – «Nitens». Òàáë. 4.3 ³ëþñòðóº çàãàëüí³

289



Ð î ç ä ³ ë  4.  Ìîëåêóëÿðíà ô³ëîãåí³ÿ, òàêñîíîì³ÿ ³ á³îëîã³ÿ íàçåìíèõ âîäîðîñòåé …

134

Ò à á ë è ö ÿ 4.3. Ïîð³âíÿííÿ ìîðôîëîã³÷íèõ îçíàê Klebsormidium ãðóï «Flaccidum» òà «Nitens»

Îçíàêè â ìåæàõ ìîðôîëîãî-ãåíåòè÷íèõ ãðóï
Îçíàêà

«Flaccidum» «Nitens»

Ôîðìà íèòîê Ì³öí³, äîâã³, íå ïåðåòÿã-
íóò³ (àáî íåçíà÷íî) á³ëÿ
ïîïåðå÷íèõ ïåðåãîðîäîê,
ëåãêî äåç³íòåãðóþ÷³ ó äå-
ÿêèõ øòàì³â

ßê ïðàâèëî, ëåãêîäåç³íòåãðóþ÷³ (îñîá-
ëèâî â ñòàðèõ êóëüòóðàõ), àëå äîâã³ ³
ì³öí³ ó äåÿêèõ øòàì³â (÷àñò³øå ò³ëüêè
â ìîëîäèõ êóëüòóðàõ), ïåðåâàæíî ïåðå-
òÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê

Øèðèíà íèòîê Ñåðåäíÿ (6–8 ìêì), ³íîä³
äî 12 ìêì

ßê ïðàâèëî, òîíê³ äî ñåðåäí³õ (4,5–
5,5(7,8)) ìêì, àëå äîñèòü òîâñò³ ó äå-
ÿêèõ øòàì³â (äî 8,8–10 ìêì)

Ôîðìà ìîëîäèõ êë³-
òèí

Öèë³íäðè÷í³, íåçäóò³ Öèë³íäðè÷í³ ³ âèòÿãíóòî-öèë³íäðè÷í³,
íåçäóò³

Ôîðìà ñòàðèõ êë³òèí Öèë³íäðè÷í³, ³íîä³ äåùî
çäóò³

Ïåðåâàæíî êîðîòêîöèë³íäðè÷í³ òà ³çî-
ä³àìåòðè÷í³, ³íîä³ öèë³íäðè÷í³, åë³ïñî-
¿äí³, ÿê ïðàâèëî, çäóò³

H-ïîä³áí³ ôðàãìåí-
òè îáîëîíîê

×³òêî âèðàæåí³ àáî íå÷³-
òê³, ³íîä³ â³äñóòí³

Â³äñóòí³ àáî íå÷³òê³, ³íîä³ ÿñêðàâî
âèðàæåí³

Ñëèçèñòà îáãîðòêà Â³äñóòíÿ àáî óòâîðþº òîí-
êèé øàð íàâêîëî äåÿêèõ
êë³òèí

Íàÿâíà ÿê òîíêèé øàð óçäîâæ íèòêè,
³íîä³ íàâêîëî ëèøå äåÿêèõ êë³òèí àáî
ïîâí³ñòþ â³äñóòíÿ

Ï³ðåíî¿ä Âåëèêèé, îáëÿìîâàíèé áà-
ãàòüìà øàðàìè äð³áíèõ
êðîõìàëüíèõ ãðàíóë

Ìàëåíüêèé, êîìïàêòíèé, îáëÿìîâàíèé
îäíèì-äâîìà øàðàìè äð³áíèõ êðîõìàëü-
íèõ ãðàíóë, ³íîä³ ñåðåäí³é, ç ê³ëüêîìà
øàðàìè

Ðîçðîñòàííÿ íà àãàðè-
çîâàíîìó ñåðåäîâèù³

×³òê³ õâèëÿñò³ àáî õâèëÿñò³
ç ãîìîãåííèìè êðàÿìè

Ãëàäåíüê³ êîëîí³¿, õâèëÿñò³ ç ãîìîãåí-
íèìè êðàÿìè, ³íîä³ ÷³òêî õâèëÿñò³

Ðîçðîñòàííÿ íà ð³ä-
êîìó ñåðåäîâèù³

Ãîìîãåíí³, ç ïëàñò³âöÿìè Ãîìîãåíí³, ç ïëàñò³âöÿìè ³ ïîâåðõíå-
âèì øàðîì íà ñåðåäîâèù³, ð³äêî – ó
âèãëÿä³ ì³öíèõ ïðèäîííèõ òóô³â

Åêîëîã³÷í³ îñîáëè-
âîñò³

Íàçåìí³, àëå äåÿê³ øòà-
ìè – ïð³ñíîâîäí³

Íàçåìí³, õàðàêòåðí³ äëÿ âîëîãèõ ì³ñ-
öåçðîñòàíü, òà ïð³ñíîâîäí³

õàðàêòåðí³ îçíàêè îáîõ öèõ ãðóï. ßê âèäíî ç òàáë. 4.3, ãðóïè ìàþòü äîâîë³
ð³çí³, ³íîä³ íàâ³òü ïðîòèëåæí³ ìîðôîëîã³÷í³ îçíàêè, àëå, ÿê ïðàâèëî, ç äå-
ÿêèìè âèêëþ÷åííÿìè. Òàê, ïðåäñòàâíèêè ãðóïè «Flaccidum» – íàçåìí³ âî-
äîðîñò³, ìàþòü äîâø³, òîâù³ ³ ì³öí³ø³ íèòêè, áåç ÿâíèõ ïåðåòÿæîê á³ëÿ ïî-
ïåðå÷íèõ ïåðåãîðîäîê, ç öèë³íäðè÷íèìè êë³òèíàìè, âèðàæåíèìè Í-ôðàã-
ìåíòàìè îáîëîíîê, â³äñóòí³ì ñëèçîì ³ âåëèêèì ï³ðåíî¿äîì. Âèäè ç ãðóïè
«Nitens» – ïð³ñíîâîäí³ òà íàçåìí³ âîäîðîñò³, ñõèëüí³ äî ðîçâèòêó ó âîëîãèõ
óìîâàõ. Âîíè ìàþòü òîíø³, êîðîòø³, ñëàáø³ íèòêè, ÷àñòî ñõèëüí³ äî äåç³í-
òåãðàö³¿, ÿê ïðàâèëî, ç ïåðåòÿæêàìè á³ëÿ ïîïåðå÷íèõ êë³òèííèõ ïåðåãîðîäîê,
¿õ êë³òèíè öèë³íäðè÷í³ ó ìîëîäîìó â³ö³, àëå ó áàãàòüîõ øòàì³â ñòàþòü ³çîä³à-
ìåòðè÷íèìè àáî êîðîòêèìè â äîðîñëèõ ³ ñòàðèõ êóëüòóðàõ, Í-ôðàãìåíòè
îáîëîíîê ÷àñò³øå â³äñóòí³ àáî ìàþòü øàïèíêîïîä³áíèé âèãëÿä, êë³òèíè ÷àñ-
òèíè øòàì³â, ùî ëåãêî äåç³íòåãðóþòü, îáëÿìîâàí³ òîíêèì øàðîì ñëèçó; ö³
âîäîðîñò³ ïåðåâàæíî ìàþòü äóæå êîìïàêòíèé, ÷³òêî îêðåñëåíèé ï³ðåíî¿ä,
îáëÿìîâàíèé îäíèì-ê³ëüêîìà ðÿäàìè äð³áíèõ êðîõìàëüíèõ ãðàíóë.

Îòæå, ïðåäñòàâíèêè çàçíà÷åíèõ ãðóï äîñèòü ÷³òêî ðîçð³çíÿþòüñÿ â ö³-
ëîìó, àëå ïðè öüîìó íàÿâí³ âèêëþ÷åííÿ ³ç çàãàëüíèõ ïðàâèë, òîìó, ÿê ðå-
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çóëüòàò, ÷àñòî äîñèòü âàæêî ³äåíòèô³êóâàòè êîíêðåòíèé øòàì, îñîáëèâî
ÿêùî â³í ðåïðåçåíòóº íå÷³òê³ àáî ïåðåõ³äí³ ìîðôîëîã³÷í³ îçíàêè. ªäèíèé
ñïîñ³á îòðèìàííÿ äîäàòêîâî¿ ³íôîðìàö³¿ – ðåòåëüíå ñïîñòåðåæåííÿ êóëü-
òóðè ó ð³çíîìó â³ö³ àáî, çâè÷àéíî, ïðîâåäåííÿ ìîëåêóëÿðíîãî àíàë³çó.

Ó ìåæàõ ãðóïè «Flaccidum» ÷³òêî ðîçð³çíÿþòü äâ³ ï³äãðóïè, ïðåäñòàâëå-
í³ äâîìà îêðåìèìè êëàäàìè (Â òà Ñ) ó ô³ëîãåíåòè÷íèõ àíàë³çàõ çà íóêëåî-
òèäíèìè ïîñë³äîâíîñòÿìè ITS ðÄÍÊ òà rbcL (äèâ. ðèñ. 4.8). Ö³êàâî, ùî ö³
ï³äãðóïè âèä³ëÿþòüñÿ ïåðåâàæíî çà ãåîãðàô³÷íèì ïðèíöèïîì – êëàäà Â
ì³ñòèòü øòàìè, âèä³ëåí³ ³ç íàçåìíèõ ì³ñöåçðîñòàíü Ñõ³äíî¿ ªâðîïè (Óêðà¿-
íà, Ðîñ³ÿ), êëàäà Ñ – Çàõ³äíî¿ ªâðîïè (Í³ìå÷÷èíà, Øâåö³ÿ, ×åõ³ÿ)7. Âèÿâ-
ëåí³ ïåâí³ íåçíà÷í³ ìîðôîëîã³÷í³ â³äì³ííîñò³ öèõ ãðóï. Òàê, çàõ³äíîºâðî-
ïåéñüê³ øòàìè (êëàäà Ñ) õàðàêòåðèçóþòüñÿ çäåá³ëüøîãî, ãëàäåíüêèì êðàºì
õëîðîïëàñòà òà äîñèòü äîâãèìè íèòêàìè (øèðèíà 6–7,6(8) ìêì, ³íäåêñ ôîð-
ìè 1,0–1,4(2,4)), Í-ôðàãìåíòè ¿õ îáîëîíîê ÷àñòî ïåðåáóâàþòü íå íà ê³íöÿõ
íèòêè, à â ¿¿ ñåðåäèí³, ì³æ äâîìà ñóñ³äí³ìè êë³òèíàìè. Õàðàêòåðíîþ îçíà-
êîþ ñõ³äíîºâðîïåéñüêèõ øòàì³â (êëàäà Â) º äîñèòü áàãàòîðîçñ³÷åíèé õëî-
ðîïëàñò. Ó ìåæàõ ö³º¿ ï³äãðóïè âèä³ëÿþòü ùå 2 íåâåëèê³ ãðóïè, ÿê³ äîñèòü
÷³òêî (ïðàâäà, áåç íàëåæíî¿ ï³äòðèìêè) ïîêàçàí³ íà ITS-äåðåâ³ (äèâ. ðèñ. 4.7).
Îäíà ç íèõ (øòàìè Biof 4, Lira 7, TR 26, TR 44) âêëþ÷àº ëåãêîäåç³íòåãðóþ-
÷³ øòàìè (øèðèíà íèòêè 6,6–8 ìêì, ³íäåêñ ôîðìè 1–1,5(1,8)), ³íøà (ðåø-
òà øòàì³â êëàäè Â) ì³ñòèòü ïðåäñòàâíèê³â ç ì³öíèìè íèòêàìè (øèðèíà
(6,8–8,6(12) ìêì, ³íäåêñ ôîðìè 1–1,4(2,2)), ÿê³ äåç³íòåãðóþòü ëèøå ó ñòà-
ðèõ êóëüòóðàõ, ç âèðàæåíèìè Í-ôðàãìåíòàìè îáîëîíîê òà áàãàòîðîçñ³÷å-
íèì õëîðîïëàñòîì.

Ö³êàâèì ïèòàííÿì º ì³ñöå ðîçòàøóâàííÿ íà ô³ëîãåíåòè÷íèõ äåðåâàõ
òèïîâîãî âèäó ðîäó Klebsormidium – K. flaccidum. Ç ðèñ. 4.7 ³ 4.8 ïîì³òíî,
ùî øòàìè, ïîïåðåäíüî ³äåíòèô³êîâàí³ ÿê öåé âèä, ìîæíà çíàéòè â ê³ëüêîõ
ì³ñöÿõ ãðóï «Flaccidum» òà «Nitens». Ç ïðèâîäó âèçíà÷åííÿ ä³éñíîãî éîãî
ïîëîæåííÿ º ê³ëüêà äóìîê. ßê ïîêàçàëà ïðàêòèêà, ïîð³âíÿííÿ ìàòåð³àëó ç
òèïîâèì ä³àãíîçîì öüîãî âèäó ìàëî ùî ïðîÿñíÿº, îñê³ëüêè â³í äóæå êîðîò-
êèé, íå÷³òêèé ³ íåïîâíèé (Khtzing, 1849), ùî ÷àñòî õàðàêòåðíî äëÿ àëüãî-
ëîã³÷íèõ ðîá³ò ñåðåäèíè XIX ñò. Òàê ñàìî ìàðíèìè º ñïðîáè ïîð³âíÿííÿ
ç òèïîâèì ìàòåð³àëîì äàíîãî âèäó («Strassburg Febr 1846» leg. A. Braun
(L sheet 939.67-905), Lokhorst, 1996), ÿêèé ñêëàäàºòüñÿ âñüîãî ç ê³ëüêîõ íè-
òîê âîäîðîñò³, îôîðìëåíèõ ÿê ãåðáàðíèé çðàçîê. Òàêèé ìàòåð³àë íåìîæëè-
âî âèêîðèñòàòè í³ äëÿ ìîëåêóëÿðíîãî àíàë³çó, í³ äëÿ ìîðôîëîã³÷íîãî äî-
ñë³äæåííÿ, ùî ´ðóíòóºòüñÿ íà âèâ÷åíí³ æèâîãî ìàòåð³àëó (Rindi et al.,
2011). ª ïðîïîçèö³ÿ â³ä³áðàòè ìàòåð³àë ç òèïîâîãî ì³ñöåçðîñòàííÿ (ç ÿêîãî
â³í áóâ îïèñàíèé â 1849 ð. – âóëèö³ ì. Ñòðàñáóðã (Ôðàíö³ÿ)). Âò³ì öüîãî
ì³ñöåçðîñòàííÿ ìîæå âæå íå ³ñíóâàòè àáî âîíî òðàíñôîðìîâàíå ³ íåìîæ-
ëèâî îòðèìàòè ãàðàíò³þ, ùî âèÿâëåíèé ïðåäñòàâíèê áóäå ñàìå òèì âèäîì,
ÿêèé îïèñóâàâ ó ñâ³é ÷àñ Ô.Ò. Êþòö³íã.

Òîìó íàì çäàºòüñÿ àäåêâàòí³øèì ³íøèé øëÿõ: íà îñíîâ³ ðîá³ò ïîïåðåä-
íèê³â, à ñàìå Ã.Ì. Ëîêõîðñòà (Lokhorst, 1996), ÿêèé çðîáèâ ïîâíå ³ ñó÷àñíå
                                         

7 Ïðîòå äîñë³äæåííÿ íèçêè øòàì³â Klebsormidium ç àëüï³éñüêèõ ´ðóíòîâèõ ê³ðîê (Àâñò-
ð³ÿ) ïîêàçàëî íàÿâí³ñòü øòàì³â, ãåíåòè÷íî òà ìîðôîëîã³÷íî ïîä³áíèõ äî ïðåäñòàâíèê³â
êëàäè Â (Mikhailyuk et al., 2012). Îòæå, öÿ ãåîãðàô³÷íà äèôåðåíö³àö³ÿ òàêîæ íå º ÷³òêîþ.
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òàêñîíîì³÷íå îïðàöþâàííÿ ºâðîïåéñüêèõ âèä³â ðîäó Klebsormidium, ñë³ä
ïðèéíÿòè ñàìå éîãî ðîçóì³ííÿ áàãàòüîõ âèä³â óêàçàíîãî ðîäó, çîêðåìà ³ òè-
ïîâîãî âèäó K. flaccidum. Îñê³ëüêè çáåð³ãñÿ îäèí ³ç øòàì³â K. flaccidum, âè-
ä³ëåíèé Ã.Ì. Ëîêõîðñòîì, KL1 (SAG 2307), éîãî ìîæíà âèêîðèñòàòè ÿê
åï³òèïîâèé ìàòåð³àë öüîãî âèäó. Ì³ñöå øòàìó – ó êëàä³ Ñ, ÿêà ³ ðåïðåçåí-
òóº, íà íàø ïîãëÿä, òèïîâèé K. flaccidum.

ßêùî ââàæàòè, ùî ïîøèðåííÿ K. flaccidum îáìåæóºòüñÿ òåðèòîð³ºþ Çàõ³ä-
íî¿ ªâðîïè, òî â ìåæàõ Óêðà¿íè â³í ìàº áóòè â³äñóòí³é. Îäíàê ôëîðèñòè÷í³
äàí³ çàñâ³ä÷óþòü ³íøå: âîíè ðåïðåçåíòóþòü K. flaccidum ÿê íàéòèïîâ³øîãî
ïðåäñòàâíèêà óêðà¿íñüêî¿ íàçåìíî¿ àëüãîôëîðè (Ìîøêîâà, 1979; Ðàçíîîáðà-
çèå ..., 2000; Êîñò³êîâ òà ³í., 2001). Ìîæëèâî, âèäè öüîãî ðîäó íå º íàñò³ëüêè
êîñìîïîë³òè÷íèìè, ÿê ââàæàëè ðàí³øå, ³, ïîïðè ìîðôîëîã³÷íó ïîä³áí³ñòü,
³ìîâ³ðíî, ð³çí³, ãåîãðàô³÷íî òà åêîëîã³÷íî â³ääàëåí³ ãðóïè ÿâëÿþòü ñîáîþ
ð³çí³ òàêñîíè. Êð³ì òîãî, äîñë³äæåí³ íàìè øòàìè âèä³ëåí³ ïåðåâàæíî ç
êàì’ÿíèñòèõ â³äñëîíåíü (äèâ. òàáë. 4.1), òîìó ïåâíî «ñïðàâæí³é» K. flaccidum
íà òåðèòîð³¿ Óêðà¿íè òðàïëÿºòüñÿ ó ´ðóíò³. Äëÿ ç’ÿñóâàííÿ öüîãî ïèòàííÿ íå-
îáõ³äí³ äîäàòêîâ³ äîñë³äæåííÿ óêðà¿íñüêèõ øòàì³â Klebsormidium.

Ñõ³äíîºâðîïåéñüê³ øòàìè ç ëåãêîäåç³íòåãðóþ÷èìè íèòêàìè (Biof 4, Lira
7, TR 26, TR 44) ìàþòü ìîðôîëîã³÷íó õàðàêòåðèñòèêó, áëèçüêó äî õàðàêòå-
ðèñòèêè K. dissectum (Gay) Lokhorst 8 (Starmach, 1972; Ìîøêîâà, 1979; Ettl,
G@rtner, 1995; Lokhorst, 1996; Hind<k, 1996) (ðèñ. 4.13, 10, äèâ. âêëåéêó).
Ìîæëèâî, ñàìå öüîãî, òàêîæ øèðîêî ïîøèðåíîãî ïðåäñòàâíèêà îòîòîæíþ-
âàëè ðàí³øå ç K. flaccidum. Òàê, ñåðåä ïåðåë³÷åíèõ âèùå øòàì³â, ùî íàëå-
æàòü äî ö³º¿ ï³äãðóïè, Biof 4 ³ Lira 7 ìàþòü äîñèòü ì³öí³ íèòêè, ùî ðîçïà-
äàþòüñÿ ëèøå â ñòàðèõ êóëüòóðàõ. Ðåøòà øòàì³â ãðóïè Â (SAG 7.91, Bacota,
TR 34, TR 42, TR 24, TR 22, TR 35) ç áàãàòîðîçñ³÷åíèì êðàºì õëîðîïëàñòà
òà äîñèòü ì³öíèìè íèòêàìè, éìîâ³ðíî, º íîâèì âèäîì ÷è ð³çíîâèäîì (ðèñ. 4.13,
6–9), îñê³ëüêè ãåíåòè÷íà â³äñòàíü ì³æ öèìè ï³äãðóïàìè â ìåæàõ êëàäè Â,
ïîïðè ìîðôîëîã³÷í³ â³äì³ííîñò³, äîñèòü íåçíà÷íà (äèâ. ðèñ. 4.7, 4.8).

Ç îãëÿäó íà íåçíà÷íó ãåíåòè÷íó â³äñòàíü ì³æ îáîìà êëàäàìè (Â ³ Ñ) ãðó-
ïè «Flaccidum» ³ äîñâ³ä ïîïåðåäíüîãî áàðêîäóâàííÿ (äèâ. ðîçä. 4.9), ³ìîâ³ð-
íî, äâ³ âèä³ëåí³ ãðóïè º ïîïóëÿö³ÿìè îäíîãî âèäó, ðîçä³ëåíèìè òåðèòîð³àëü-
íî – ó ìåæàõ Çàõ³äíî¿ òà Ñõ³äíî¿ ªâðîïè (T. Pröschold, ïåðñîí. ïîâ³äîìë.).

Çà åêîëîã³÷íîþ õàðàêòåðèñòèêîþ, ïðåäñòàâíèêè ãðóïè «Flaccidum» ìåø-
êàþòü ïåðåâàæíî â íàçåìíèõ á³îòîïàõ, õî÷à íàÿâíà ³íôîðìàö³ÿ ³ ùîäî
ê³ëüêîõ øòàì³â, ³çîëüîâàíèõ ³ç ì³ñöåçðîñòàíü ïîáëèçó âîäîéì (äèâ. òàáë. 4.1).
Ìè ââàæàºìî öþ ãðóïó ïîì³ðíî âîëîãîëþáíîþ, ïðèñòîñîâàíîþ äî á³ëüø-
ìåíø âîëîãèõ íàçåìíèõ ì³ñöåçðîñòàíü. Çà íàøèìè ñïîñòåðåæåííÿìè, çà-
çíà÷åí³ âîäîðîñò³ çäàòí³ ôîðìóâàòè ù³ëüí³ ðîçðîñòàííÿ íà çàò³íåíèõ ãðà-
í³òíèõ â³äñëîíåííÿõ ð³çíèõ çîí Óêðà¿íè, áóäó÷è âèäàìè-äîì³íàíòàìè
(Mikhailyuk et al., 2003; Mikhailyuk, 2008). Ëèøå çà ìîðôîëîã³÷íèìè îçíà-
êàìè ïðåäñòàâíèê³â ãðóïè «Flaccidum» íå çàâæäè âäàºòüñÿ ³äåíòèô³êóâàòè
áåçïîìèëêîâî. Òàê, äåÿê³ ñõ³äíîºâðîïåéñüê³ øòàìè ç áàãàòî ðîçñ³÷åíèì
õëîðîïëàñòîì ëåãêî ñïëóòàòè ç âèäàìè ãðóïè «Âilatum/Elegans» (ïîä³áíà
                                         

8 Ç K. dissectum, îäíàê, ìîæíà îòîòîæíèòè òàêîæ ê³ëüêà øòàì³â, ïðåäñòàâëåíèõ ó
ãðóï³ «Nitens» (êëàäà Å).
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íàøà ïîìèëêà áóëà äîïóùåíà ó ñòàòò³, ïðèñâÿ÷åí³é âîäîðîñòÿì êàíüéîíó
ð. Òåòåð³â (Mikhailyuk, 2008)) àáî «Nitens». Ö³êàâå òàêîæ åâîëþö³éíå çíà-
÷åííÿ ãðóïè «Flaccidum», îñê³ëüêè ñàìå âîíà î÷åâèäíî º ïðåäêîâîþ â³äíî-
ñíî äî ðîäó Interfilum. Ñë³ä çàçíà÷èòè, ùî äåÿê³ ñõ³äíîºâðîïåéñüê³ øòàìè ç
ðîçñ³÷åíèì õëîðîïëàñòîì ó ñòàð³é êóëüòóð³ ïåðåõîäÿòü ó ìàéæå îäíîêë³òèííèé
ñòàí, ïðè öüîìó äóæå íàãàäóþòü âèäè Interfilum (ðèñ. 4.13, 8, äèâ. âêëåéêó);
ùîïðàâäà, ïðåäñòàâíèê³â, ùî ³ì³òóþòü Interfilum, ìîæíà çíàéòè ³ ñåðåä ãðó-
ïè «Nitens» (ðèñ. 4.15, 1, 2, 4, äèâ. âêëåéêó).

Ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Nitens» (êëàäà Å) (ðèñ. 4.14, 4.15 1–4, äèâ.
âêëåéêó). Öÿ ãðóïà º íàéñêëàäí³øîþ äëÿ ðîçóì³ííÿ â ìåæàõ ðîäó Klebsormi-
dium, õî÷à ³ ðåïðåçåíòîâàíà â íàøèõ àíàë³çàõ íàéá³ëüøîþ ê³ëüê³ñòþ øòàì³â
(äèâ. ðèñ. 4.7, 4.8). Ïðî çàãàëüí³ ìîðôîëîã³÷í³ îçíàêè ãðóïè áóëî óêàçàíî â
ïîïåðåäíüîìó ðîçä³ë³, äîäàìî ëèøå, ùî âîíè äîñèòü âàð³àáåëüí³ â ìåæàõ
ãðóïè, à òàêîæ ïåâíà ê³ëüê³ñòü ¿¿ ïðåäñòàâíèê³â º âèíÿòêîì ³ç çàãàëüíèõ
ïðàâèë. Çàãàëîì ó ìåæàõ ãðóïè «Nitens» ìîæíà âèä³ëèòè 5 ìîðôîòèï³â âî-
äîðîñòåé, ùî äîñèòü ÷³òêî ð³çíÿòüñÿ ìîðôîëîã³÷íî: «acidophilum», «nitens-ty-
pical», «pseudoflaccidum», «pseudointerfilum/dissectum», «fluitans». Ïðîâåäåí³ ìî-
ëåêóëÿðíî-ô³ëîãåíåòè÷í³ àíàë³çè ëèøå ÷àñòêîâî óçãîäæóþòüñÿ ç ìîðôîëî-
ã³÷íèìè äàíèìè. Òàê, àíàë³ç çà íóêëåîòèäíîþ ïîñë³äîâí³ñòþ ä³ëÿíêè ITS
ðÄÍÊ ïîêàçàâ äóæå íèçüêó ðîçä³ëüíó çäàòí³ñòü ó ìåæàõ êëàäè Å (äèâ.
ðèñ. 4.7), ôàêòè÷íî âèä³ëèâøè ëèøå îäíó ï³äêëàäó Å4. Îá’ºäíàíèé àíàë³ç
ITS-rbcL çàñâ³ä÷èâ íàÿâí³ñòü 6 îêðåìèõ ï³äêëàä (Å1–Å6) (äèâ. ðèñ. 4.8),
äåÿê³ ç ÿêèõ óçãîäæóþòüñÿ ç ïåâíèìè ìîðôîòèïàìè, õàðàêòåðíèìè äëÿ ö³º¿
ãðóïè Klebsormidium. Ñë³ä çàçíà÷èòè, ùî ITS-äåðåâî ôàêòè÷íî ìàº ò³ ñàì³
ï³äêëàäè â ìåæàõ êëàäè Å, àëå ãåíåòè÷íà â³äñòàíü çà ö³ºþ ä³ëÿíêîþ ÄÍÊ
íàñò³ëüêè íèçüêà ì³æ øòàìàìè ãðóïè «Nitens», ùî âêàçàí³ ï³äêëàäè íàä-
çâè÷àéíî íå÷³òê³ ³ íå ìàþòü âèñîêî¿ ï³äòðèìêè.

Ìîðôîòèï «acidophilum» (äèâ. ðèñ. 4.14, 1–4) îá’ºäíóº âèêëþ÷íî ïð³ñ-
íîâîäíèõ ïðåäñòàâíèê³â, ÿê³ õàðàêòåðèçóþòüñÿ òîíêèìè àáî ñåðåäíüî¿ òîâ-
ùèíè íèòêàìè ³ âèäîâæåíî-öèë³íäðè÷íèìè êë³òèíàìè (øèðèíà íèòîê
5,0–6,4(6,8) ìêì, ³íäåêñ ôîðìè 1,5–2,2(3)). Ó á³ëüøîñò³ øòàì³â íèòêè
äîñèòü ì³öí³, ôîðìóþòü ÷³òê³ Í-ôðàãìåíòè îáîëîíêè, ó ³íøèõ – ëåãêî
ôðàãìåíòóþòüñÿ ïðîòÿãîì óñüîãî æèòòºâîãî öèêëó àáî ó ñòàðèõ êóëüòóðàõ.
Öåé ìîðôîòèï ïåðåâàæíî ïîâ’ÿçàíèé ç ï³äêëàäîþ Å1 (äèâ. ðèñ. 4.8). Á³ëü-
ø³ñòü äîñë³äæåíèõ øòàì³â öüîãî ìîðôîòèïó – ç ð³÷îê Âåëèêî¿ Áðèòàí³¿,
àëå äî ï³äêëàäè Å1 (àíàë³ç çà ïîñë³äîâí³ñòþ rbcL (íå íàâåäåíèé)) âêëþ÷åíî
òàêîæ ê³ëüêà øòàì³â, âèä³ëåíèõ ç ð³÷îê Àâñòðàë³¿ (Rindi et al., 2011). ×àñòè-
íà öèõ øòàì³â, ùî ìàþòü ëåãêîäåç³íòåãðóþ÷³ íèòêè, îòîòîæíåí³ ç K. dis-
sectum, ³íø³ îïèñàí³ ÿê íîâèé âèä – Ê. acidophilum Novis (òèïîâèé øòàì –
DQ028578), ÿêèé ìåøêàº ó ð³÷êàõ ç êèñëîþ ðåàêö³ºþ âîäè (Novis, 2006).

Ìîðôîòèï «pseudointerfilum/dissectum» (ðèñ. 4.15, 1–4) º äóæå ö³êàâèì,
îñê³ëüêè ö³ âîäîðîñò³ ³ì³òóþòü ïðåäñòàâíèê³â ðîäó Interfilum: ¿õ íèòêè
ôðàãìåíòóþòüñÿ äî îäíîêë³òèííîãî ñòàíó, êë³òèíè ïðè öüîìó ÷àñòî ìàþòü
åë³ïñî¿äíó ôîðìó ³ õëîðîïëàñò, ðîçñ³÷åíèé íà ê³ëüêà ëîïàòåé (øèðèíà 5,5–
6,6 ìêì; ³íäåêñ ôîðìè 1,1–1,7(2,8)). Íàâ³òü çàëèøêè ìàòåðèíñüêèõ îáîëî-
íîê ó öèõ øòàì³â ÷àñòî ìàþòü âèãëÿä Interfilum-ïîä³áíèõ øàïèíîê, êë³òèíè
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äåÿêèõ øòàì³â îòî÷åí³ òîíêèì øàðîì ñëèçó, àëå íå òàêèì ïîòóæíèì, ÿê ó
âèä³â Interfilum (ðèñ. 4.15, 3). Ïðè öüîìó ïðîòÿãîì æèòòºâîãî öèêëó, ÿê
ïðàâèëî, â ìîëîäèõ êóëüòóðàõ, ö³ øòàìè ôîðìóþòü ÷³òê³ íèòêè, õàðàêòåðí³
äëÿ Klebsormidium ³ àáñîëþòíî íå òèïîâ³ äëÿ Interfilum. Íà æàëü, äàí³ ñòîñî-
âíî åêîëîã³¿ ÷è ãåîãðàô³¿ öèõ øòàì³â äîñèòü îáìåæåí³ (äèâ. òàáë. 4.1).
Ìîðôîòèï «pseudointerfilum/dissectum» ÷àñòêîâî ï³äòðèìóºòüñÿ îáîìà íàâå-
äåíèìè ô³ëîãåíåòè÷íèìè àíàë³çàìè, ôîðìóþ÷è ï³äêëàäó Å4, ïðîòå ÷àñòèíà
øòàì³â, ùî íàëåæèòü äî íüîãî, àáî âèõîäèòü çà ìåæ³ ï³äêëàäè (íà ITS-
äåðåâ³), àáî âõîäÿòü äî ï³äêëàäè Å2 (íà ITS-rbcL-äåðåâ³) (äèâ. ðèñ. 4.7, 4.8).

Ö³êàâî, ùî øòàì, ãåíåòè÷íî äóæå áëèçüêèé äî îäíîãî ç³ øòàì³â îïèñó-
âàíî¿ ãðóïè (SAG 2065), âèä³ëåíî ç ´ðóíòîâèõ ê³ðîê Àëüï (Àâñòð³ÿ). Åêîô³-
ç³îëîã³÷í³ äîñë³äæåííÿ øòàìó ïîêàçàëè, ïîïðè éîãî ³ñíóâàííÿ â äîñèòü
æîðñòêèõ ã³ðñüêèõ óìîâàõ, íàäçâè÷àéíó éîãî ÷óòëèâ³ñòü ³ â³äñóòí³ñòü âèòðè-
âàëîñò³ äî âèñóøóâàííÿ (Karsten, Holzinger, 2012), ùî ìîæëèâî ïîâ’ÿçàíî ç
ïåâíîþ ì³êðîåêîí³øåþ, ÿêó öåé ïðåäñòàâíèê çàéìàº â ´ðóíòîâèõ ê³ðêàõ.
Çàçíà÷åíèé øòàì ïîïåðåäíüî áóëî ³äåíòèô³êîâàíî ÿê K. dissectum. Ó ïðèí-
öèï³, ìîðôîëîã³÷í³ îñîáëèâîñò³ ìîðôîòèïó «pseudointerfilum/dissectum» ö³ë-
êîì â³äïîâ³äàþòü îñíîâíèì îçíàêàì K. dissectum, à ðîçì³ðí³ õàðàêòåðèñòèêè
óçãîäæóþòüñÿ ç øèðîêèì ðîçóì³ííÿì óêàçàíîãî âèäó (Ettl, Gärtner, 1995;
Hindák, 1996). Ïðè öüîìó âóæ÷à òðàêòîâêà K. dissectum (Starmach, 1972;
Ìîøêîâà, 1979; Lokhorst, 1996) ïåðåäáà÷àº ëåãêîäåç³íòåãðóþ÷³ âèäè ðîäó ç
øèðèíîþ íèòêè â³ä 7 ìêì. Òîìó ÿêùî ñë³äóâàòè òàêîìó ðîçóì³ííþ öüîãî
âèäó, òî éîãî øâèäøå ìîæíà îòîòîæíèòè ç³ ñõ³äíîºâðîïåéñüêèìè ëåãêîäå-
ç³íòåãðóþ÷èìè øòàìàìè ãðóïè «Flaccidum» (äèâ. âèùå). Äî ðå÷³, ñàìå òàêà
òðàêòîâêà K. dissectum óçãîäæóºòüñÿ ç òèì, ùî öå íàéáëèæ÷èé òàêñîí äî
K. flaccidum (Ìîøêîâà, 1979; Lokhorst, 1996).

Ìîðôîòèï «nitens-typical» (ðèñ. 4.14, 5, 6, äèâ. âêëåéêó) õàðàêòåðèçóº
íàéòîíøèõ ïðåäñòàâíèê³â ðîäó Klebsormidium. ¯õí³ íèòêè ôðàãìåíòóþòüñÿ
äî êîðîòêèõ íèòî÷îê ³ îêðåìèõ êë³òèí, ïî÷èíàþ÷è ç ìîëîäèõ êóëüòóð (øè-
ðèíà íèòêè 4,8–5,4(5,6) ìêì, ³íäåêñ ôîðìè 1,0–1,8(2)), ÷àñòî âîíè îòî÷å-
í³ òîíêèì øàðîì ñëèçó, ïðè öüîìó Í-ôðàãìåíòè îáîëîíîê íå óòâîðþþòüñÿ
àáî óòâîðþþòüñÿ çð³äêà, ÿê âèíÿòîê. Õëîðîïëàñòè öèõ øòàì³â äóæå í³æíî ³
õàðàêòåðíî êðåíóëüîâàí³ ïî êðàþ. Íà æàëü, íåçâàæàþ÷è íà òàêó ÷³òêó
ìîðôîëîã³÷íó õàðàêòåðèñòèêó, øòàìè öüîãî ìîðôîòèïó íå ôîðìóþòü îêðå-
ìèõ ï³äêëàä, à âõîäÿ÷è äî ï³äêëàäè Å2, çì³øóþòüñÿ ç ³íøèìè øòàìàìè,
ïåðåâàæíî ìîðôîòèï³â «pseudointerfilum/dissectum» òà «pseudoflaccidum»
(äèâ. ðèñ. 4.7, 4.8), õî÷à ìîðôîëîã³÷íî âîíè, áåç æîäíîãî ñóìí³âó, íàëåæàòü
äî âèäó K. nitens, îñîáëèâî â ðîçóì³íí³ Ã.Ì. Ëîêõîðñòà (Lokhorst, 1996).
Øòàìè ìîðôîòèïó ìåøêàþòü ó ïð³ñíîâîäíèõ ³ íàçåìíèõ ì³ñöåçðîñòàííÿõ.

Îäèí ³ç øòàì³â ìîðôîòèïó «nitens-typical» (SAG 2155) îãîëîøåíî íåî-
òèïîì K. dissectum (Lokhorst, 1996; Rindi et al., 2011). Õî÷à öåé ïðåäñòàâíèê
çâè÷àéíî õàðàêòåðèçóºòüñÿ îñíîâíîþ îçíàêîþ K. dissectum – ëåãêî-
äåç³íòåãðóþ÷èìè íèòêàìè, â³í íå â³äïîâ³äàº ä³àãíîçó öüîãî âèäó â ðîçó-
ì³íí³ ñàìîãî àâòîðà íåîòèïó (Lokhorst, 1996), îñê³ëüêè ìàº çíà÷íî òîíø³
íèòêè (çàâøèðøêè (4,5)4,8–5,1(5,5) ìêì). Ïîïðè çíà÷íó ìîðôîëîã³÷íó âà-
ð³àáåëüí³ñòü ³ ïëàñòè÷í³ñòü ö³º¿ ãðóïè Klebsormidium, ìè íå ââàæàºìî, ùî
ìîæëèâ³ íàñò³ëüêè çíà÷í³ çì³íè êóëüòóðè âîäîðîñò³, ³ â³äíîñèìî öþ ðîçá³æ-
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í³ñòü äî éìîâ³ðíî¿ ïîìèëêè ï³ä ÷àñ ïåðåñ³âàííÿ êóëüòóðè àáî åòèêåòóâàí-
íÿ. Ðàçîì ç òèì, çã³äíî ³ç øèðîêèì òðàêòóâàííÿì K. dissectum (Ettl, Gärtner,
1995; Hindák, 1996), ÿêå ïåðåäáà÷àº øèðèíó íèòêè â³ä 4,5 ìêì, çàçíà÷åíèé
øòàì ìîæå áóòè ³äåíòèô³êîâàíèé ÿê öåé âèä.

Ìîðôîòèï «pseudoflaccidum» (ðèñ. 4.14, 10–12) îá’ºäíóº øòàìè ç äîâãè-
ìè íèòêàìè ñåðåäíüî¿ òîâùèíè (5,3–7,6(8) ìêì), ÿê³ ñõèëüí³ äî äåç³íòåãðà-
ö³¿ ó ñòàðèõ êóëüòóðàõ. Ó ìîëîäîìó â³ö³ âîíè, ÿê ïðàâèëî, ìàþòü âèäîâæåí³
öèë³íäðè÷í³ êë³òèíè, ÷èì íàãàäóþòü Ê. flaccidum, ç â³êîì êë³òèíè âêîðî÷ó-
þòüñÿ ³ ñòàþòü êîðîòêîöèë³íäðè÷íèìè, ³çîä³àìåòðè÷íèìè (³íäåêñ ôîðìè
0,7–1,5(2)) òà ³ñòîòíî ïåðåòÿãíóòèìè á³ëÿ ïîïåðå÷íèõ êë³òèííèõ ïåðåãîðî-
äîê. Õëîðîïëàñò çäåá³ëüøîãî ç ãëàäåíüêèì êðàºì, ì³ñòèòü äóæå ÷³òêèé, êîì-
ïàêòíèé, îêðóãëèé ï³ðåíî¿ä, îáëÿìîâàíèé îäíèì ðÿäîì êðîõìàëüíèõ ãðàíóë.
Ïðåäñòàâíèêè öüîãî ìîðôîòèïó ïåðåâàæíî ëîêàë³çóþòüñÿ â ìåæàõ êëàäè Å2,
çì³øóþ÷èñü ç³ øòàìàìè ìîðôîòèïó «nitens-typical», äåÿê³ âõîäÿòü äî ï³äêëà-
äè Å1, çäåá³ëüøîãî ïðåäñòàâëåíî¿ ìîðôîòèïîì «acidophilum», àáî ôîðìóþòü
îêðåì³ ï³äêëàäè – Å5 òà Å6. Ö³êàâî, ùî ³íîä³ òàêèé ìîðôîòèï ìîæóòü ìàòè
øòàìè ³íøèõ ìîðôîòèï³â ãðóïè «Nitens» («acidophilum», «nitens-typical»,
«fluitans») íà ïåâíèõ ñòàä³ÿõ ñâîãî ðîçâèòêó, õî÷à ³íø³ çáåð³ãàþòü éîãî ïðî-
òÿãîì óñüîãî æèòòºâîãî öèêëó. Çà åêîëîã³÷íîþ õàðàêòåðèñòèêîþ âîíè òàêîæ
äîñèòü ð³çíîð³äí³ – â³ä ïð³ñíîâîäíèõ äî íàçåìíèõ âîäîðîñòåé.

Ìîðôîòèï «fluitans» (ðèñ. 4.14, 7, 9) ïðåäñòàâëåíèé ëèøå îäíèì øòà-
ìîì íà ìîëåêóëÿðíèõ äåðåâàõ, ÿêèé ôîðìóº ï³äêëàäó Å3 (ðèñ. 4.8). Öåé
øòàì º íåîòèïîì K. fluitans (SAG 9.96, Lokhorst, 1996; Rindi et al., 2011).
Âîäîð³ñòü ìàº äîñèòü òîâñò³ ì³öí³ íèòêè (øèðèíà 7,1–8,5(10,2) ìêì, ³íäåêñ
ôîðìè 1,2–1,4), ÿê³ ð³äêî äåç³íòåãðóþòü, ÷åðåç ùî â êóëüòóð³ íà ð³äêîìó
æèâèëüíîìó ñåðåäîâèù³ âîíà ôîðìóº ì³öí³ êîíãëîìåðàòè íèòîê (ïðèäîíí³
òóôè). Öþ îçíàêó ââàæàþòü òàêñîíîì³÷íî âàãîìîþ (Lokhorst, 1996) ³ õàðàê-
òåðíîþ äëÿ òîâñòîíèò÷àñòèõ âèä³â Klebsormidium ãðóï «Crenulatum/Muco-
sum» ³ «Âilatum/Elegans». Ñàìå íà ïðåäñòàâíèê³â îñòàííüî¿ ãðóïè, à òàêîæ
íà ïåâí³ øòàìè ãðóïè «Flaccidum» ³ ñõîæ³ ö³ âîäîðîñò³. ßê íå ïàðàäîêñàëü-
íî, àëå íàéìåíøå ñï³ëüíîãî âîíè ìàþòü ç³ øòàìàìè ãðóïè «Nitens», äî ÿêî¿
íàëåæàòü. ² ð³÷ íå ëèøå ó íàÿâíîñò³ òîâñòèõ ì³öíèõ íèòîê ó öèõ ïðåäñòàâ-
íèê³â, à é ó áóäîâ³ õëîðîïëàñòà ³ ï³ðåíî¿äà – õëîðîïëàñò ÷àñòî äð³áíî ÷è
ãðóáî ðîçñ³÷åíèé, ï³ðåíî¿ä âåëèêèé, îáëÿìîâàíèé áàãàòüìà ðÿäàìè äð³áíèõ
êðîõìàëüíèõ ãðàíóë, – öå îçíàêè, òèïîâ³ äëÿ ãðóï «Âilatum/Elegans» ³ «Flac-
cidum». Ïðîòå íà ïåâíèõ ñòàä³ÿõ ðîçâèòêó ìè ñïîñòåð³ãàëè îêðåì³ íèòêè
äàíèõ ïðåäñòàâíèê³â ç îçíàêàìè ìîðôîòèïó «pseudoflaccidum».

Äîñë³äæåííÿ ´ðóíòîâèõ ê³ðîê Àëüï (Àâñòð³ÿ) ïîêàçàëî, ùî ïðåäñòàâíè-
êè, ãåíåòè÷íî ³ ìîðôîëîã³÷íî áëèçüê³ äî Ê. fluitans, ïåðåâàæàþòü â íèõ
(Mikhailyuk et al., 2012), òîæ öÿ ãðóïà î÷åâèäíî ì³ñòèòü âèäè, ùî äîì³íó-
þòü ó íàçåìíèõ åêîñèñòåìàõ, ÿê³ õàðàêòåðèçóþòüñÿ âîëîãèìè óìîâàìè (íåî-
òèïîâèé øòàì Ê. fluitans âèä³ëåíèé ç àìô³á³àëüíîãî åêîòîïó (Lokhorst, 1996),
äèâ. òàáë. 4.1).

Çàãàëîì, íà íàø ïîãëÿä, ìîðôîëîãî-ãåíåòè÷íà ãðóïà «Nitens» åâîëþ-
ö³éíî ìîëîäà, òîìó, éìîâ³ðíî, ïðîöåñè âèäîóòâîðåííÿ º àêòèâíèìè ó íàø
÷àñ. Íà ñüîãîäí³ íåìîæëèâî ÷³òêî ðîçìåæóâàòè îêðåì³ âèäè âîäîðîñòåé,
îñê³ëüêè ïîì³òí³ ëèøå òåíäåíö³¿ ôîðìóâàííÿ ³ â³äîñîáëåííÿ äåÿêèõ ï³äãðóï
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ó ìåæàõ ãðóïè «Nitens». Ó òàêîìó ðàç³ íàäçâè÷àéíî âàæêî ïðèéíÿòè ïåâíå
òàêñîíîì³÷íå ð³øåííÿ. Ñèòóàö³ÿ óñêëàäíþºòüñÿ òàêîæ ïåâíîþ ê³ëüê³ñòþ
øòàì³â ó ìåæàõ ö³º¿ ãðóïè, ùî «³ì³òóþòü» ìîðôîëîã³þ ïðåäñòàâíèê³â ³íøèõ
ãðóï. ×àñòî íà ìîðôîëîã³÷íîìó ð³âí³ âèçíà÷èòè ïîëîæåííÿ çãàäàíèõ øòà-
ì³â áóâàº äóæå ñêëàäíî àáî âçàãàë³ íåìîæëèâî.

Ðàçîì ç òèì ³ñíóº äóìêà, ùî çàçíà÷åíà ãðóïà Klebsormidium ì³ñòèòü 14
ïðèõîâàíèõ âèä³â, ÿê³ ÷³òêî ðîçìåæîâóþòüñÿ ãåíåòè÷íî (çàñòîñîâàíî
îá’ºäíàíèé àíàë³ç ïîñë³äîâíîñòåé ITS-rbcL) (Škaloud, Rindi, 2011). Òîïî-
ëîã³ÿ ìîëåêóëÿðíèõ äåðåâ â óêàçàíèõ ðîáîòàõ ö³ëêîì ïîâòîðþº òîïîëîã³þ,
íàâåäåíó íàìè (äèâ. ðèñ. 4.8), ïðîòå âèÿâëÿº ÷³òêó, íà äóìêó àâòîð³â, äèôå-
ðåíö³àö³þ â ìåæàõ ï³äêëàä: Å1 ì³ñòèòü 2 îêðåì³ ãåíåòè÷í³ ãðóïè, ùî ðåïðå-
çåíòóþòü ïðèõîâàí³ âèäè; Å2 – 6 ãðóï; Å4 – 2 ãðóïè, òà âèÿâëÿº îäíó äî-
äàòêîâó ãðóïó, íå ïðåäñòàâëåíó íà äåðåâ³, ïîáóäîâàíîìó íàìè. Ïðè öüîìó
ï³äêëàäè Å3, Å5 òà Å6 ì³ñòÿòü ëèøå ïî îäí³é ãðóï³ òà â³äïîâ³äíî ïî îäíîìó
âèäó. Çãàäàí³ àâòîðè íå îáãîâîðþþòü ñòàòóñ âèÿâëåíèõ ãðóï ÿê îêðåìèõ
ïîïóëÿö³é îäíîãî âèäó ÷è âíóòð³øíüîâèäîâèõ òàêñîí³â, à ðîçãëÿäàþòü ¿õ ÿê
îêðåì³ âèäè. ßê çàçíà÷åíî âèùå (äèâ. ðîçä. 4.9), àâòîðè âêàçóþòü íà íåìî-
æëèâ³ñòü ðîçìåæóâàííÿ âêàçàíèõ ïðèõîâàíèõ âèä³â íà ìîðôîëîã³÷íîìó ð³â-
í³, ïðîòå ââàæàþòü, ùî ö³ ãðóïè ÷³òêî êîðåëþþòü ç åêîëîã³÷íèìè õàðàêòå-
ðèñòèêàìè äîñë³äæåíèõ øòàì³â. Òàê, îêðåìî âèä³ëÿþòü ïð³ñíîâîäí³ ãðóïè,
ãðóïè, ùî ìåøêàþòü íàçåìíî íà ïðèðîäíèõ (ó ´ðóíò³ ÷è àåðîô³òíî) ³ íà
øòó÷íèõ (ïåðåâàæíî íà áåòîí³) ñóáñòðàòàõ. Àâòîðè ââàæàþòü, ùî òàêà ìîð-
ôîëîã³÷íà îçíàêà, ÿê øèðèíà íèòêè, ùî øèðîêî âèêîðèñòîâóºòüñÿ â òàê-
ñîíîì³¿ Klebsormidium, íå ìàº ô³ëîãåíåòè÷íîãî çíà÷åííÿ ³ øâèäøå çà âñå
çàëåæèòü â³ä åêîëîã³÷íèõ óìîâ. Çîêðåìà, âèäè, ùî ìåøêàþòü ó íåéòðàëü-
íîìó ÷è ëóæíîìó ñåðåäîâèù³, ìàþòü øèðø³ íèòêè, í³æ âèäè, ùî çðîñòà-
þòü ó êèñëîìó ñåðåäîâèù³.

Öåé ö³êàâèé âèñíîâîê çâè÷àéíî ïîòðåáóº ïîäàëüøîãî ï³äòâåðäæåííÿ,
àëå ñë³ä çàóâàæèòè, ùî â³í ïåâíîþ ì³ðîþ êîðåëþº ç äàíèìè Ô.Ì. Íîâ³ñà
ùîäî âèâ÷åííÿ Klebsormidium ç ïð³ñíèõ âîäîéì ç ð³çíîþ ðåàêö³ºþ âîäè
(Novis, 2006).

Àâòîðè ðîçãëÿíóòîãî ïîâ³äîìëåííÿ, êð³ì òîãî, îòîòîæíþþòü ìîðôîëîãî-
ãåíåòè÷íó ãðóïó «Nitens» ç Ê. flaccidum (Škaloud, Rindi, 2011), ùî ìîæëèâî
ëèøå ó ðàç³ ïðèéíÿòòÿ øèðîêîãî ðîçóì³ííÿ öüîãî âèäó (Starmach, 1972;
Ìîøêîâà, 1979; Ettl, Gärtner, 1995; Hindák, 1996). ßêùî æ ïðèòðèìóâàòèñÿ
ïîãëÿä³â Ã.Ì. Ëîêõîðñòà (Lokhorst, 1996), òî Ê. flaccidum ñë³ä àñîö³þâàòè ç
ï³äêëàäîþ «Flaccidum», äî ÿêî¿ âõîäèòü îäèí ³ç øòàì³â, äîñë³äæåíèé öèì
àâòîðîì òà ³äåíòèô³êîâàíèé ÿê çàçíà÷åíèé âèä (SAG 2307, äèâ. òàáë. 4.1).

Íà íàø ïîãëÿä, ãðóïà «Nitens», ó ö³ëîìó, º íàéâîëîãîëþáí³øîþ ñåðåä
Klebsormidium, îñê³ëüêè äåÿê³ ¿¿ ïðåäñòàâíèêè – öå ïð³ñíîâîäí³ âîäîðîñò³,
³íøà ÷àñòèíà – øòàìè ç âîëîãèõ íàçåìíèõ ì³ñöåçðîñòàíü, õî÷à é òóò º ïå-
âí³ âèíÿòêè, ïðî ÿê³ éòèìåòüñÿ íèæ÷å. Ñåðåä ïðåäñòàâíèê³â ãðóïè º òàê³,
ùî çäàòí³ ôîðìóâàòè ïîòóæí³ ðîçðîñòàííÿ ³ áóòè äîì³íàíòàìè (øòàìè,
ñïîð³äíåí³ ç Ê. fluitans), õî÷à á³ëüø³ñòü – ñóïóòí³ âèäè, ÿê³ ìè ñïîñòåð³ãàëè
ï³ä ÷àñ âèâ÷åííÿ ´ðóíòîâèõ âîäîðîñòåé Êàí³âñüêîãî çàïîâ³äíèêà (×åðêàñü-
êà îáë.), ãðàí³òíèõ â³äñëîíåíü ð³çíèõ ðåã³îí³â Óêðà¿íè, ´ðóíò³â ÍÏÏ «Ãó-
öóëüùèíà» (²âàíî-Ôðàíê³âñüêà îáë.) òîùî (Äåì÷åíêî è äð., 1998; Mik-
hailyuk et al., 2003; Mikhailyuk, 2008; Ìèõàéëþê, Äàð³ºíêî, 2011).
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4.12. ÌÎÐÔÎËÎÃ²×Í² ÂÈÄÈ KLEBSORMIDIUM,
ÙÎ ÍÅ ÂÊËÞ×ÅÍ² ÄÎ ÎÏÐÀÖÞÂÀÍÍß.
«ÀÍÎÌÀËÜÍ²» ÔÎÐÌÈ KLEBSORMIDIUM

Çâè÷àéíî íàøå îïðàöþâàííÿ íå îõîïëþº âñ³ ìîæëèâ³ ìîðôîëîã³÷í³
âèäè Klebsormidium, òîìó ïîäàëüø³ äîñë³äæåííÿ ç âêëþ÷åííÿì á³ëüøî¿ ê³ëü-
êîñò³ çðàçê³â ³ç íîâèõ á³îòîï³â ³ ãåîãðàô³÷íèõ ðåã³îí³â, ³ìîâ³ðíî, äàñòü â³ä-
ïîâ³ä³ íà íèí³ çàêðèò³ ïèòàííÿ. Òàê, êð³ì ðîçãëÿíóòèõ âèùå âèä³â º ö³ëà
íèçêà ð³çíîâèä³â K. flaccidum òà ³íøèõ âèä³â, ÿê³ ââàæàþòü âèçíàíèìè òàê-
ñîíàìè (Guiry, Guiry, 2012), àëå ³íôîðìàö³ÿ ùîäî íèõ äóæå îáìåæåíà, à
øòàìè â³äñóòí³ ó ñâ³òîâèõ êîëåêö³ÿõ. Íàïðèêëàä, äåÿê³ ïð³ñíîâîäí³ ïðåä-
ñòàâíèêè, ìîæëèâî, ñë³ä ââàæàòè âèäàìè ðîäó Ulothrix (K. flaccidum f. aqua-
tica, K. rivulare (Kütz.) M.O. Morison et Sheath, K. subtile (Kütz.) Tracanna ex
Tell, K. subtilissimum (Rabenh.) P.S. Silva, Mattox et Blackwell) àáî Gloeotila
(K. scopulinum (Hazen) H. Ettl et G. Gärtner, K. tribonematoideum (Skuja) Hin-
dák), à î÷åâèäíî, é îòîòîæíèòè ç ïåâíèìè ïð³ñíîâîäíèìè ³ âîëîãîëþáíè-
ìè ïðåäñòàâíèêàìè äóæå ð³çíîð³äíî¿ ãðóïè «Nitens». ²íø³ íåäîñòàòíüî îïè-
ñàí³ âèäè, ìîæëèâî, º ñèíîí³ìàìè â³äîìèõ âèä³â Klebsormidium (K. flaccidum
f. tumidum (Heering) H. Ettl et G. Gärtner – ³ìîâ³ðíèé ñèíîí³ì K. dissectum;
K. flaccidum var. lubricum (Chodat) H. Ettl òà K. sterile (Deason et H.C. Bold)
P.S. Silva, Mattox et Blackwell – áëèçüê³ äî K. nitens; K. klebsii (G.M. Sm.)
P.S. Silva, Mattox et Blackwell, Ê. flaccidum var. crassum (Chodat) H. Ettl et
G. Gärtner – äî Ê. flaccidum; K. lamellosum ³ K. montanum – äî Ê. mucosum
÷è Ê. ñrenulatum). Òîíêîíèò÷àñò³ âèäè äàíîãî ðîäó (K. pseudostichococcus),
íàïåâíî, º ïðåäñòàâíèêàìè ðîä³â Stichococcus àáî Gloeotila, çîêðåìà äëÿ
K. marinum öå óæå äîâåäåíî (Neustupa et al., 2007).

Íàäçâè÷àéíî ö³êàâèìè, íà íàø ïîãëÿä, º ôîðìè Klebsormidium, íàçâàí³
íàìè àíîìàëüíèìè (ðèñ. 4.15, 5–9, äèâ. âêëåéêó). Äî íèõ ìè â³äíîñèìî
ê³ëüêà äîñë³äæåíèõ øòàì³â, ìîðôîëîã³ÿ ÿêèõ º äóæå ÿñêðàâîþ ³ äåÿêîþ ì³-
ðîþ ïîä³áíîþ, ïðîòå ãåíåòè÷íî ö³ ïðåäñòàâíèêè ñïîð³äíåí³ ç àáñîëþòíî
³íøèìè ç ìîðôîëîã³÷íî¿ òî÷êè çîðó øòàìàìè. Òîìó âîíè º ñâîãî ðîäó âè-
íÿòêàìè íà ô³ëîãåíåòè÷íèõ äåðåâàõ. Ïðèêëàäàìè òàêèõ øòàì³â º TR 24
(âõîäèòü äî ãðóïè «Flaccidum», êëàäà Â), TR 18 (ãðóïà «Nitens, ï³äêëàäà E4,
ïåðåâàæíî ìîðôîòèï «pseudointerfilum/dissectum») òà Biota-14621.10.54 (ãðóïà
«Nitens», ï³äêëàäà E2, ùî ì³ñòèòü ìîðôîòèïè «nitens-typical» òà «pseudoflacci-
dum») (äèâ. ðèñ. 4.7, 4.8). Ñï³ëüí³ ìîðôîëîã³÷í³ îçíàêè öèõ øòàì³â (äîñèòü
øèðîê³, äîâã³, ïåðåòÿãíóò³ á³ëÿ ïîïåðå÷íèõ ïåðåãîðîäîê, âèêðèâëåí³ íèòêè;
ì³öí³ êë³òèíí³ îáîëîíêè; êîðîòê³, íåíà÷å çàòèñíóò³, çäóò³ êë³òèíè; ÷àñòèé
ïîä³ë êë³òèí ó ê³ëüêîõ ïëîùèíàõ ç óòâîðåííÿì äâîðÿäíèõ íèòîê, ïàêåò³â ³
ïñåâäîã³ëîê) (äèâ. ðèñ. 4.15, 5–9), ÿâíî º îçíàêàìè êñåðîô³òíîñò³ òà ïðè-
ñòîñîâàíîñò³ äî ïîñóøëèâèõ óìîâ. Ïîä³áí³ ìîðôîëîã³÷í³ îçíàêè ìîæíà
ñïîñòåð³ãàòè ó ïðåäñòàâíèê³â êñåðîô³òíèõ ãðóï Klebsormidium – «Crenula-
tum/Mucosum» òà «Desertus» (ðèñ. 4.12), ïðîòå ö³ øòàìè, çã³äíî ç ìîëåêóëÿ-
ðíî-ô³ëîãåíåòè÷íèìè äàíèìè, äî íèõ íå íàëåæàòü, à âõîäÿòü äî á³ëüø âî-
ëîãîëþáíèõ ãðóï. Ö³êàâî, ùî îçíà÷åí³ øòàìè ç àíîìàëüíîþ ìîðôîëîã³ºþ
áóëè ³çîëüîâàí³ ç ä³éñíî àðèäíèõ ì³ñöåçðîñòàíü – ´ðóíòîâèõ ê³ðîê ç ïóñ-
òåëü Àôðèêè, Àâñòðàë³¿ òà ç ïîâ³òðÿ ñòåïîâî¿ çîíè Óêðà¿íè (äèâ. òàáë. 4.1).
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²íàêøå êàæó÷è, âîíè íåñóòü ìîðôîëîã³÷í³ ðèñè, ùî â³äïîâ³äàþòü óìîâàì ¿õ
ì³ñöåçðîñòàíü, àëå ïðè öüîìó ãåíåòè÷íî ñïîð³äíåí³ çîâñ³ì ç ³íøèìè çà
åêîëîã³ºþ òà ìîðôîëîã³ºþ ãðóïàìè.

ßñêðàâèì ïðèêëàäîì ìîæå áóòè ïîð³âíÿííÿ ìîðôîëîã³¿ øòàìó TR 18 ç
Àâñòðàë³¿ ç ãåíåòè÷íî áëèçüêî ñïîð³äíåíèìè øòàìàìè ï³äêëàäè Å4 (ðèñ. 4.15,
1–5, äèâ. âêëåéêó). Ìîæíà ïðèïóñòèòè, ùî òàêà ìîðôîëîã³ÿ ó öèõ øòàì³â
íå çàêð³ïëåíà íà ãåíåòè÷íîìó ð³âí³, à º ëèøå ïåâíîþ ì³ðîþ íåñïàäêîâîþ
ì³íëèâ³ñòþ. Îäíàê ö³ øòàìè âèä³ëåí³ ç ¿õ ì³ñöåçðîñòàíü ïîíàä 5 ðîê³â òî-
ìó, ³ ïðîòÿãîì öüîãî ÷àñó ¿õ êóëüòèâóâàëè íà ñòàíäàðòíèõ ñåðåäîâèùàõ ðà-
çîì ç ³íøèìè øòàìàìè. Ïîñòàº ïèòàííÿ: ÿê âîíè çáåðåãëè ìîðôîëîã³þ,
ÿêà º â³äîáðàæåííÿì ïðèñòîñîâàíîñò³ äî ¿õ ïðèðîäíèõ ì³ñöåçðîñòàíü, ÿêùî
³íôîðìàö³ÿ ïðî öå íå ì³ñòèòüñÿ ó ãåíàõ? Öÿ ãðóïà âîäîðîñòåé, íåçâàæàþ÷è
íà äîâãèé ïåð³îä ¿¿ âèâ÷åííÿ, âñå ùå ì³ñòèòü äóæå áàãàòî çàãàäîê.

4.13. ÅÂÎËÞÖ²ß ² ÃÅÎÃÐÀÔ²×ÍÅ ÏÎØÈÐÅÍÍß
ÏÐÅÄÑÒÀÂÍÈÊ²Â ÏÎÐßÄÊÓ.  ÅÊÎËÎÃÎ-Ô²Ç²ÎËÎÃ²×Í²

ÎÑÎÁËÈÂÎÑÒ² ÃÐÓÏÈ ßÊ ÊËÞ× ÄÎ ÒÀÊÑÎÍÎÌ²¯
KLEBSORMIDIALES

Ïðåäñòàâíèêè ïîðÿäêó Klebsormidiales – åâîëþö³éíî ïðîãðåñóþ÷à ãðó-
ïà, ïåðåâàæíî ñïðÿìîâàíà íà åêñïàíñ³þ íàçåìíèõ ì³ñöåçðîñòàíü. ßêùî
ïðåäñòàâíèêè ðîä³â Hormidiella òà Entransia õàðàêòåðèçóþòüñÿ îáìåæåíèì
ãåîãðàô³÷íèì ïîøèðåííÿì, ÷àñòèíà ¿õ ïðèóðî÷åíà ëèøå äî òðîï³÷íèõ ðåã³-
îí³â, òî Klebsormidium òà Interfilum – øèðîêî ïîøèðåí³ ðîäè, çíàõ³äêè ÿêèõ
ìîæëèâ³, î÷åâèäíî, íà âñ³é çåìí³é êóë³, â³ä ïóñòåëü ³ òðîï³÷íèõ ðåã³îí³â äî
Àðêòèêè òà Àíòàðêòèêè (Rindi et al., 2011). Îñîáëèâî ö³êàâèìè º çíà÷íà
åêñïàíñ³ÿ òà äîì³íóþ÷à ðîëü öèõ ïðåäñòàâíèê³â ó íàçåìíèõ ì³ñöåçðîñòàí-
íÿõ, äå âîíè âäàëî êîíêóðóþòü ³ç çåëåíèìè õëîðîô³ö³ºâèìè é òðåáóêñ³ºô³-
ö³ºâèìè âîäîðîñòÿìè.

Ùî äàº òàê³ ïåðåâàãè öèì ïðåäñòàâíèêàì, àäæå ó ¿õ ô³ç³îëîã³¿ â³äîì³ ä³éñ-
íî «ñëàáê³ ì³ñöÿ», çîêðåìà, ìîæëèâ³ñòü ðîñòó ëèøå ó âóçüêîìó ä³àïàçîí³ ñî-
ëîíîñò³ ñåðåäîâèùà, ìîæëèâ³ñòü àêòèâíîãî ðîñòó ëèøå ïî÷èíàþ÷è â³ä +5 °Ñ
äëÿ áàãàòüîõ øòàì³â, â³äñóòí³ñòü ó êë³òèíàõ òàêèõ âàæëèâèõ äëÿ ³ñíóâàííÿ ó
íàçåìíèõ óìîâàõ ñòðåñ-ìåòàáîë³ò³â, ÿê ïîë³îëè, òà ³í. (Karsten, Rindi, 2010;
Karsten et al., 2010). Ìîæëèâî, êëþ÷åì äî ðîçóì³ííÿ òàêî¿ óñï³øíîñò³ Kleb-
sormidiales òà Streptophyta â ö³ëîìó º îñîáëèâîñò³ ¿õ óëüòðàñòðóêòóðè, à ñàìå
íàÿâí³ñòü êîìïëåêñó îðãàíåë, ùî âêëþ÷àº ì³òîõîíäð³¿, õëîðîïëàñò, ïåðîêñè-
ñîìó òà ÿäðî. Ó ðîçä. 4.5 ïîêàçàíî ô³ç³îëîã³÷í³ ïåðåâàãè êë³òèí, ÿê³ ìàþòü
ïîä³áíèé êîìïëåêñ îðãàíåë. Àäæå ñàìå öåé êîìïëåêñ ÷àñòêîâî çáåð³ãñÿ òà
ðîçâèíóâñÿ ó âèùèõ íàçåìíèõ ðîñëèí (Raven et al., 2005; Proctor et al., 2007).

Ïèòàííÿ åâîëþö³¿ òà ãåîãðàô³÷íîãî ïîøèðåííÿ äàíèõ âîäîðîñòåé âñå
ùå ïåðåáóâàþòü ó ñòàí³ ðîçðîáêè, õî÷à ïåâí³ ö³êàâ³ àñïåêòè ìîæíà âæå
ïðîêîìåíòóâàòè. Çà ðåçóëüòàòàìè ïîïåðåäí³õ äîñë³äæåíü ðîä³â Klebsormidi-
um òà Interfilum ùîäî áàðêîäóâàííÿ òà âèÿâëåííÿ ìîëåêóëÿðíèõ ñèãíàòóð ¿õ
òàêñîí³â, ³ìîâ³ðíî, åâîëþö³éíî ñòàðøîþ º ãðóïà ïðåäñòàâíèê³â Klebsormidium
³ç òðîï³÷íèõ ðåã³îí³â, òîä³ ÿê ïîì³ðí³ øèðîòè âîíè àêòèâíî îñâîþþòü ó
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öåé ÷àñ (T. Pröschold, ïåðñîí. ïîâ³äîìë.; äèâ. ðîçä. 4.9). Òîæ ìîæëèâî ïðè-
ïóñòèòè, ùî ð³çíîìàí³òòÿ äàíîãî ïîðÿäêó ó òðîï³÷íèõ ðåã³îíàõ íàïåâíî
çíà÷íî âèùå, í³æ íèí³ â³äîìî. Íà êîðèñòü öüîãî âêàçóþòü çíàõ³äêè íàé-
áëèæ÷èõ äî Klebsormidium òà Interfilum òàêñîí³â – ðîäó Hormidiella (äèâ.
ðîçä. 4.7), ñàìå ç òðîï³÷íèõ ðåã³îí³â, à òàêîæ ó ö³ëîìó «òåïëîëþáíà» ñïðÿ-
ìîâàí³ñòü ö³º¿ ãðóïè, ïðî ùî ñâ³ä÷àòü ôëîðèñòèêî-åêîëîã³÷í³ òà åêîëîãî-
ô³ç³îëîã³÷í³ äàí³ (Rindi, Guiry, 2004; Karsten et al., 2010).

Óñòàëåíå óÿâëåííÿ ïðî ð³ä Klebsormidium ÿê êîñìîïîë³òíèé òàêñîí, î÷å-
âèäíî, çà äåòàëüíîãî éîãî âèâ÷åííÿ áóäå çì³íåíî. Âæå íà ñüîãîäí³ âèäíî
ïåâíó ãåîãðàô³÷íó ïðè÷åòí³ñòü ó ìåæàõ ãðóïè (âèä³ëåííÿ îêðåìî¿ ë³í³¿ àôðè-
êàíñüêèõ òàêñîí³â, äèôåðåíö³àö³ÿ ãðóïè «Flaccidum» íà ï³äãðóïè ç³ ñõ³äíèì
òà çàõ³äíèìè àðåàëàìè òîùî). ×óäîâîþ ³ëþñòðàö³ºþ ñóòòºâî¿ ãåîãðàô³÷íî¿
äèôåðåíö³àö³¿ Klebsormidium º äîñë³äæåííÿ âèäîâîãî ñêëàäó á³îëîã³÷íèõ ´ðóí-
òîâèõ ê³ðîê, â ÿêèõ öåé òàêñîí º îäíèì ³ç âàæëèâèõ êîìïîíåíò³â. Òàê, â³äî-
ìî, ùî ñêëàä âîäîðîñòåé ´ðóíòîâèõ ê³ðîê, íåçàëåæíî â³ä êë³ìàòó ðåã³îíó,
á³ëüø-ìåíø ñòàëèé, îñê³ëüêè ñêëàäåíèé òàêñîíàìè, àäàïòîâàíèìè äî åêñò-
ðåìàëüíèõ íàçåìíèõ óìîâ (West, 1990; Sant’Anna, Pavia Azevedo, 1991;
Rosentreter, Belnap, 2001). Ïðîòå äîñë³äæåííÿ ´ðóíòîâèõ ê³ðîê âèñîêîã³ð’¿â
Àëüï (Àâñòð³ÿ) ïîêàçàëè ïåðåâàæàííÿ ïðåäñòàâíèê³â âîëîãîëþáíî¿ ãðóïè
«Nitens» ñåðåä Klebsormidium (Mikhailyuk et al., 2012), òîä³ ÿê îäíèì ³ç äîì³-
íàíò³â ´ðóíòîâèõ ê³ðîê ï³ùàíèõ ê³ñ òà îñòðîâ³â Äí³ïðà (Óêðà¿íà) âèÿâëåíî
êñåðîô³òíèé Ê. mucosum (Áîéêî è äð., 1984; Êîñòèêîâ, Ðûá÷èíñêèé, 1995), à
ãðóíòîâ³ ê³ðêè ïóñòåëü Ï³âäåííî¿ Àôðèêè ñêëàäàþòü ìàéæå âèêëþ÷íî òàê-
ñîíè ç îêðåìî¿ êñåðîô³òíî¿ ë³í³¿ – ãðóïè «Desertus» (Rindi et al., 2011). Ïî-
äàëüø³ äîñë³äæåííÿ Klebsormidiales ³ç çàëó÷åííÿì ìàòåð³àë³â ³ç ð³çíèõ ðåã³î-
í³â çåìíî¿ êóë³ òà ð³çíèõ á³îòîï³â, íà íàø ïîãëÿä, äàäóòü çìîãó âèÿâèòè çíà-
÷íó ãåîãðàô³÷íó òà åêîëîã³÷íó äèôåðåíö³àö³þ â ìåæàõ ö³º¿ ãðóïè.

Àêòèâí³ åêîô³ç³îëîã³÷í³ äîñë³äæåííÿ ïðåäñòàâíèê³â ðîäó Klebsormidium,
ðîçïî÷àò³ íèí³, äàþòü âñå á³ëüøå ö³êàâî¿ ³íôîðìàö³¿ ñòîñîâíî öèõ âîäîðîñ-
òåé. Çîêðåìà, íåùîäàâíî â ¿õ êë³òèíàõ â³äíàéäåíî àì³íîêèñëîòó, ùî çàáåçïå-
÷óº çàõèñò ïðîòè ä³¿ óëüòðàô³îëåòîâèõ ïðîìåí³â (àáñîðáóº ¿õ) (Micosporine-
like Amino Acid – MAA). Òàêîãî ðîäó ðå÷îâèíà â³äîìà äëÿ äåÿêèõ ãðóï íà-
çåìíèõ çåëåíèõ âîäîðîñòåé, ö³àíîáàêòåð³é òà ëèøàéíèê³â, à òàêîæ ÷åðâîíèõ
ìîðñüêèõ ìàêðîô³ò³â, ùî æèâóòü íà ì³ëêîâîääÿõ (Karsten et al., 2005). Ïðî-
òå ó Klebsormidium âèÿâëåíî ¿¿ óí³êàëüíèé ð³çíîâèä (U. Karsten, ïåðñîí.
ïîâ³äîìë.). Çãàäàí³ âèùå ïîïåðåäí³ åêîô³ç³îëîã³÷í³ äîñë³äæåííÿ ðÿäó øòàì³â
Klebsormidium ïîêàçàëè ö³êàâ³ ðåçóëüòàòè, ùî óçãîäæóþòüñÿ ç åêîëîã³÷íèìè
îñîáëèâîñòÿìè äàíèõ âîäîðîñòåé, çîêðåìà çíà÷íó ô³ç³îëîã³÷íó ïëàñòè÷í³ñòü ³
òîëåðàíòí³ñòü äî âèñóøóâàííÿ ó êñåðîô³òíîãî K. crenulatum (Karsten et al.,
2010; Holzinger et al., 2011) ³ âèñîêó ÷óòëèâ³ñòü äî íåñòà÷³ âîëîãè ó øòàì³â
âîëîãîëþáíî¿ ë³í³¿ «Nitens» (Karsten, Rindi, 2010; Karsten, Holzinger, 2012).

Ç îãëÿäó íà çíà÷íó ìîðôîëîã³÷íó ïëàñòè÷í³ñòü êëåáñîðì³ä³àëüíèõ âî-
äîðîñòåé òà âèñîêèé ð³âåíü ìîðôîëîã³÷íîãî ïàðàëåë³çìó ì³æ ïðåäñòàâíè-
êàìè ð³çíèõ ë³í³é, ³ìîâ³ðíî, ñàìå çà äàíèìè åêîô³ç³îëîã³¿ öèõ ïðåäñòàâíè-
ê³â ìîæíà ïîÿñíèòè ¿õ óñï³øí³ñòü ó ïðèðîä³ òà âñòàíîâèòè íåîáõ³äí³ îçíà-
êè, ùî ìîæóòü áóòè âèêîðèñòàí³ â òàêñîíîì³¿ ãðóïè âîäîðîñòåé, ÿêà ïåâ-
íîþ ì³ðîþ º ïðåäêîâîþ â³äíîñíî âèùèõ íàçåìíèõ ðîñëèí.
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MOLECULAR PHYLOGENY, TAXONOMY AND BIOLOGY
OF TERRESTRIAL ALGAE OF ORDER KLEBSORMIDIALES

(KLEBSORMIDIOPHYCEAE, STREPTOPHYTA)

The order Klebsormidiales (Streptophyta) contains the genera Klebsormidium,
Interfilum, Hormidiella and Entransia, which mostly represent widely distributed
terrestrial and freshwater algae. The history of investigation of these taxa reaches
XIX century, when the genus Hormidium (=Klebsormidium) was described; the ta-
xonomic position of other genera was determined during XX and XXI centuries.
These algae were originally placed to different orders of the Chlorophyta – Ulo-
thrichales, Gloeotilales, Zygnematales, Chlorococcales. Ultrastructural data, later
confirmed by molecular-phylogenetic investigations, shown their place to be
among the streptophycean algae.

The taxonomy of Klebsormidiales is problematic because of probability that
some taxa are still regarded in other groups of green algae or not found in nature
as well as high morphological plasticity and morphological uniformity. The 18-S
rDNA phylogeny demonstrates the group to be monophyletic and related to
Coleochaetales, Charales and other streptophycean algae and higher plants. But
morphologically similar genera such as Stichococcus, Koliella, Raphidonema and
Gloeotila are phylogenetically distant from Klebsormidiales and belong to the
Trebouxiophyceae. Klebsormidium and Interfilum are closely related within the
order, but Hormidiella and Entransia are distant from each other and from previ-
ous genera.

All representatives of Klebsormidiales have many common ultrastructural
characters (structure of flagellated cells, process of cytokinesis, presence of comp-
lex of cell organelles including peroxisomes) and morphological features (chloro-
plast and pyrenoid structure, position of nucleus, mucilage structure etc.). We
think that the scheme of cell division and thallus formation by way similar to
sporulation are common characters among all representatives of the order. Some
differences in details of cell division in various taxa of Klebsormidiales cause
formation of morphologically different types of thallus: filaments, unicells, chains
of cells connected by «threads», sarcinoid packets, and pleurococcoid thallus.
The evidence of such type of cell division is presence of H-, cap- or ring-like
fragments of the cell wall as well as cell wall ultrastructure.

Hormidiella and Entransia represent taxa with small species diversity; the
geographical range of the first one is limited to tropical areas, the second one is a
rare freshwater alga known from North America. Klebsormidium and Interfilum
are closely related paraphyletic taxa which include a greater diversity of terrestrial
and freshwater algae. Species concept, number of taxa within the Klebsormidiales
and phylogenetically significant morphological characters are debatable questions
for the moment. On the one hand there is the possibility of integration of Klebsor-
midium and Interfilum and reducing the existing species into a few number of
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taxa. On the other hand, existence of high cryptic species diversity within Kleb-
sormidium has been suggested.

Characteristic peculiarities of Interfilum are the following: the presence of a
clear mucilage envelope in most taxa, cap-, ring- or thread-like remnants of the
mother cell wall and formation of a unicellular or sarcinoid thallus. The species
of Interfilum are terrestrial algae. Besides three known species which clearly differ
according to ITS rDNA phylogeny (I. paradoxum, I. terricola and recently de-
scribed I. massjukiae), Interfilum probably includes several undescribed taxa –
with elongated unicells and strong cubical cell aggregations.

Klebsormidium, characterized by formation of filaments, divides into five
clear clades according ITS/rbcL phylogeny which corresponds to morpho-genetic
groups assigned by us. Xerophytic lineages of Klebsormidium are represented by
groups «Crenulatum / Mucosum» and «Desertus». The first one unites taxa with
the thickest filaments; two known species (K. crenulatum and K. mucosum) are
close according morphological and genetic data. The group «Desertus» is a new
lineage among Klebsormidium, which mostly unites strains from arid regions.
They are characterized by strongly curved filaments, short cells, four-lobed chlo-
roplasts, compact pyrenoids and unique change of cell shape during ontogenesis.
Group «Âilatum / Elegans» represents two genetically and morphologically close
species (K. bilatum and K. ålegans) with rather thick, strong filaments and vario-
usly dissected chloroplasts.

Groups «Flaccidum» and «Nitens» are rather morphologically similar. The
first one represents mostly terrestrial species typical for temperate regions with
filaments of average width and different level of disintegration. It is possible to
distinguish two subgroups within the «Flaccidum» group which include strains
from East and West Europe. Perhaps the Western-European lineage includes the
type species of the genus – K. flaccidum. However, according to an alternative
opinion the type of the genus is necessary to deduce from morphologically close
group «Nitens». The position of other widely distributed species – K. dissectum
within the genus is debatable as well. Group «Nitens» is evolutionarily young,
therefore the processes of species formation is still active in it. Phylogenetic trees,
especially ITS rDNA phylogeny, show low resolution within this clade. The algae
of the «Nitens» group represent a humid lineage, the following five main mor-
photypes are separated among them: «acidophilum» (freshwater algae), «pseudo-
interfilum/dissectum» (unicells, average width of filaments), «nitens-typical» (thin,
unicells), «pseudoflaccidum» (K. flaccidum-like, but with isodiametric cells), «flui-
tans» (long, strong, rather thick filaments).

Klebsormidiales is obviously an evolutionarily young group. General cosmo-
politism of the group, widely established in the literature, will be probably con-
tradicted after detailed investigation of geographical distribution of the algae. Be-
cause of considerable morphological plasticity and a high level of morphological
parallelism of Klebsormidiales taxa, new ecophysiological data may help explain
their success in nature and provide necessary characters which may be used in
taxonomy of this group of algae which may represent the ancestors of higher
plants.
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Рис. 4.6. Морфологічні особливості Entransia та Interfilum:
1—4 — Entransia fimbriata, різноманіття будови вегетативних клітин; 5 — Interfilum paradoxum, штам 
SAG 338.1 (стрілками показані залишки материнських клітинних оболонок); 6, 7 — Interfilum terricola, 
штам SAG 2100 (7 — фарбування метиленовим синім (стрілки показують шапинкоподібні залишки 
материнських оболонок, головка стрілки — кільцеподібні)); 8, 9 — Interfilum sp., SAG 2101 (8 — фар-
бування метиленовим синім (стрілки показують шапинкоподібні залишки материнських оболонок)); 
10 — Interfilum sp., SAG 36.88, фарбування метиленовим синім, стрілка вказує на Н-подібний фраг-

мент оболонки. Лінійка — 20  мкм (1—4), 10 мкм (5—10)
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Рис. 4.10. Морфологічні особливості різних представників Interfilum:
1—4 — Interfilum massjukiae, штам SAG 2102 (1—3 — будова дорослої слані, 4 — вигляд молодої 
культури); 5—8 — Interfilum sp., штам LUK 317 (7, 8 — фарбування метиленовим синім, видно 
шапинкоподібні залишки материнських оболонок: 7 — оптичний переріз, 8 — вигляд з поверхні); 
9 — Interfilum sp., штам LUK 313; 10—12 — Interfilum sp., штам SAG 2147 (12 — оболонки клітин, що 

загинули). Лінійки — 10 мкм
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Рис. 4.12. Морфологічні особливості представників Klebsormidium морфолого-генетичних 
груп «Crenulatum / Mucosum» та «Desertus»:

1—4 — K. crenulatum, штам SAG 37.86 (3 — Н-подібний фрагмент оболонки, 4 — вигляд з поверхні, 
стрілка вказує на трикутний проміжок між оболонками клітин); 5, 6 — K. mucosum, штам SAG 8.96 
(6 — Н-подібний фрагмент оболонки); 7, 8 — K. sp., штам Biota 14614-18.18; 9—13 — K. sp., штам 
Biota 14621-6 (9 — клітини у старій культурі, 10, 11 — Н-подібні фрагменти оболонок, 12 — деталі 
будови хлоропласта в молодій культурі, 13 — нитки в молодій культурі); 14 — K. sp., штам LUK318; 
15 — К. sp., штам Biota 14614-18.24; 16 — K. sp., штам 4 TR (стрілки вказують на лопаті хлоропласта). 

Лінійка — 10 мкм
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Рис. 4.13. Морфологічні особливості представників Klebsormidium морфолого-генетичних 
груп «Вilatum / Elegans» і «Flaccidum»:

1, 2 — K. elegans, штам SAG 7.96; 3—5 — K. bilatum (3, 4 — штам SAG 5.96 (4 — Н-подібний фраг-
мент оболонки); 5 — 13 TR; 6—10 — східноєвропейські штами групи «Flaccidum» (6—9 — штами з 
міцними нитками: 6, 8, 9 — TR 42 (8 — Interfilum-подібні клітини у старій культурі, 9 — Н-подібний 
фрагмент оболонки), 7 — Bacota); 10 — штам з легкодезінтегруючими нитками, TR 44); 11—13 — 
західноєвропейський штам групи «Flaccidum», SAG 12.91 (11, 13 — Н-подібні фрагменти оболонок у 

середині ниток). Лінійка — 10 мкм (1—3, 6, 8, 10—12), 5 мкм (4, 5, 7, 9, 13)
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Рис. 4.14. Морфологічні особливості представників Klebsormidium морфолого-генетичної 
групи «Nitens»:

1—4 — морфотип «acidophilum» (1—3 — штам CCAP 335.12, 3 — Н-подібний фрагмент оболонки, 
4 — штам ССАР 335.16); 5, 6 — морфотип «nitens-typical», штами SAG 335-2b (5) і SAG 2155 (6); 7—9 
— морфотип «fluitans», штам SAG 9.96 (8 — Н-подібний фрагмент оболонки); 10—12 — морфотип 
«pseudoflaccidum» (10 — штам SAG 33.91; 11, 12 — штам TR 41. Лінійка — 10 мкм (1, 2, 4—7, 6—11), 

5 мкм (3, 8, 12)
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Рис. 4.15. Морфологічні особливості представників Klebsormidium морфолого-генетичної 
групи «Nitens» та «аномальні» форми:

1—4 — морфотип «pseudointerfilum/dissectum» (1 — штам SAG 2109, 2, 3 — SAG 2108; 4 — SAG 2107; 
5—9 — «аномальні» форми Klebsormidium (5 — штам TR 18, 6, 7 — TR 24, 8 — Biota-14621.10.54, 9 — 

TR 31. Лінійка — 10 мкм
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2.1.2. Філогенетичні взаємозв’язки центральних родів Klebsormidiphyceae – 
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a b s t r a c t

Members of the genus Klebsormidium have cosmopolitan distribution and occur in a very wide range of
freshwater and terrestrial habitats. Due to its simple filamentous morphology, this genus represents a
taxonomically and systematically complex taxon in which phylogenetic relationships are still poorly
understood. The phylogeny of Klebsormidium and closely related taxa was investigated using new ITS
rRNA and rbcL sequences generated from 75 strains (isolated from field samples or obtained from culture
collections). These sequences were analyzed both as single-marker datasets and in a concatenated data-
set. Seven main superclades were observed in the analyses, which included sixteen well-supported
clades. Some species of Klebsormidium, including the type species Klebsormidium flaccidum, were poly-
phyletic. Interfilum was recovered with high statistical support as sister taxon to a clade of Klebsormidium
formed mainly by strains identified as K. flaccidum. Whereas some clades could be easily associated with
described species, this was not possible for other clades. A new lineage of Klebsormidium, isolated from
arid soils in southern Africa and comprising undescribed species, was discovered. Several morphological
characters traditionally used for taxonomic purposes were found to have no phylogenetic significance
and in some cases showed intra-clade variation. The capacity to form packet-like aggregates (typical of
Interfilum), features of the morphology of the chloroplast and the type of habitat were the main phyloge-
netically relevant characters. Overall, Klebsormidium and Interfilum formed a more diverse algal group
than was previously appreciated, with some lineages apparently undergoing active evolutionary radia-
tion; in these lineages the genetic variation observed did not match the morphological and ecological
diversity.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Green algae with a thallus formed by uniseriate filaments are
among the most widespread and ecologically versatile photosyn-
thetic eukaryotes. Organisms with this type of morphology occur
in almost all aquatic and terrestrial environments and belong to
five major green algal lineages (Chlorophyceae, Klebsormidiophy-
ceae, Trebouxiophyceae, Ulvophyceae and Zygnemophyceae;
Lewis and McCourt, 2004).

Klebsormidium P.C. Silva, Mattox et Blackwell is a cosmopolitan
genus of filamentous green algae to which 20 species are currently
ascribed (Guiry and Guiry, 2010). Species of Klebsormidium are
common in the microalgal vegetation of many terrestrial and
freshwater environments, occurring in habitats as diverse as

streams and rivers (Printz, 1964; John, 2002), margin of lakes
(Lokhorst, 1996), bogs (John, 2002), soil (Ettl and Gärtner, 1995),
natural rocks in plains and mountainous areas (Mikhailyuk et al.,
2003), tree bark (Handa et al., 1991), acidic post-mining sites and
water bodies (Lukešová, 2001; Sabater et al., 2003), golf courses
(Baldwin and Whitton, 1992), sand dunes (Smith et al., 2004),
biotic crusts of hot deserts (Lewis, 2007), bases of urban walls
(Rindi and Guiry, 2004) and building façades (Barberousse et al.,
2006). Species of Klebsormidium consist of uniseriate filaments de-
void of differentiated or specialized cells. Each cell has a parietal
chloroplast containing a pyrenoid and encircling half to 3/4 of
the cell wall; reproduction takes place by biflagellate asymmetrical
zoospores devoid of stigma that are produced singly in unspecial-
ized cells, from which they escape through a pore (Silva et al.,
1972; Lokhorst, 1991; Sluiman et al., 2008). The distinctness of
Klebsormidium from similar genera of green algae was highlighted
by TEM observations of cell division and zoospore ultrastructure
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(Floyd et al., 1972; Marchant et al., 1973; Lokhorst and Star, 1985).
Stewart and Mattox (1975) established the placement of Klebso-
rmidium in the Charophyceae, noting the presence of ultrastruc-
tural characters typical of this class (a persistent interzonal
mitotic spindle, two laterally inserted flagella, a single broad band
of microtubules associated with the flagellar basal bodies). These
authors also based on Klebsormidium the new family Klebsormidi-
aceae and the new order Klebsormidiales, using characters specific
to this taxon (centripetal cleavage furrow, little change in chromo-
some to spindle pole distance during anaphase, persistent chromo-
somal microtubules at telophase, and absence of plasmodesmata).
The circumscription of the Klebsormidiales has changed over time
as new data became available (Lokhorst, 1991; Van den Hoek et al.,
1995; Sluiman et al., 2008) and is not yet fully clarified; it has been
established that species of two other filamentous genera, Entransia
Hughes and Hormidiella Iyengar et Khantamma, are the closest
known relatives of Klebsormidium (Karol et al., 2001; Sluiman
et al., 2008). Molecular data have confirmed conclusions based
on ultrastructure and have robustly established the position of
Klebsormidium and related taxa in the streptophytan lineage (Kranz
et al., 1995; Karol et al., 2001; Turmel et al., 2002; Qiu et al., 2006).
In more recent treatments this group has been regarded as an inde-
pendent class, the Klebsormidiophyceae (Van den Hoek et al.,
1995; Lewis and McCourt, 2004; Becker and Marin, 2009).

The reconstruction of the phylogenetic relationships in Klebso-
rmidium and closely related taxa is problematic. Until recently
the taxonomy of these algae was based on morphological data,
which offer only a limited set of characters. Width and length of fil-
aments, shape of cells, texture of the cell wall, presence/absence of
a mucilaginous envelope, presence/absence of cell doublets or false
branches, formation of H-shaped pieces, shape of the chloroplast
and shape and size of the pyrenoid are the characters most
commonly used for identification of field-collected specimens of
Klebsormidium (Hazen, 1902; Printz, 1964; Ramanathan, 1964; Ettl
and Gärtner, 1995; Lokhorst, 1996; Rifón-Lastra and Noguerol-
Seoane, 2001; John, 2002). Some authors (Lokhorst, 1996) have
attached more taxonomic significance to characters observable in
liquid cultures, such as: presence/absence of a superficial hydrore-
pellent layer; tendency to fragment into short unattached
filaments; type of reproduction (zoosporogenesis only or zoosp-
orogenesis in combination with aplanosporogenesis); ease of
inducibility of release of zoospores; shape of release aperture in
lateral wall of zoosporangial cell (large and distinct or small and
indistinct); and germination pattern of zoospores (unipolar and
bipolar or unipolar only). It is known, however, that several char-
acters exhibit great phenotypic plasticity and may vary dramati-
cally in relation to environmental conditions and physiological
state of the specimens examined (Lokhorst, 1996; Dřímalová and
Poulíčková, 2003; Škaloud, 2006; Rindi et al., 2008). It is presently
unclear how morphological characters have evolved and which
characters must be considered phylogenetically significant. In this
regard, unfortunately, our understanding of the evolutionary his-
tory of the group is too limited to be of any assistance. No fossil re-
cord is available for Klebsormidium (a situation that is general to
the green algae, with the exception of a few groups provided with
calcified cell walls, e.g. McCourt et al., 1996; Verbruggen et al.,
2009). Therefore, it is unknown what was the morphology of the
ancestral klebsormidialean alga and what character states should
be considered ancestral.

Molecular studies focused on phylogeny at genus and species
level have become available recently and have led to several unex-
pected discoveries (Novis, 2006; Mikhailyuk et al., 2008; Rindi
et al., 2008; Sluiman et al., 2008). Sluiman et al. (2008) demon-
strated that Entransia fimbriata Hughes and Hormidiella attenuata
Lokhorst are the closest relatives to Klebsormidium currently
known. The topology of the ITS rRNA tree presented by these

authors is in disagreement with the morphological parsimony
trees presented by Lokhorst (1996). Rindi et al. (2008), whose anal-
yses included the largest taxon sampling of Klebsormidium strains
currently available, found great difficulties in mapping morpholog-
ical characters with phylogenetic significance on their rbcL trees.
Recently, Mikhailyuk et al. (2008) showed that Interfilum Chodat
et Topali is closely related to Klebsormidium, but they were not able
to clarify the relationships between these genera. Species of Inter-
filum consist of unicells, packet-like aggregates or filaments of cells
united by thin mucilaginous envelopes or strands of cell wall mate-
rial (Chodat and Topali, 1922; John, 2002; Mikhailyuk et al., 2008).
This finding revolutionised the concept of morphological evolution
in Klebsormidium and close relatives, revealing that this group
encompasses a wider range of morphological forms than previ-
ously appreciated. Overall, these studies indicate that our under-
standing of the genetic diversity and phylogeny of this algal
group is still very incomplete and that new data are required.

In the present study, 29 new rbcL sequences and 66 new ITS
rRNA sequences of Interfilum and Klebsormidium are added to the
body of molecular data previously available. Sequences of these
markers are also analyzed for the first time in a concatenated data-
set. Our results extend considerably the taxon sampling and pro-
vide robust phylogenies that advance substantially our
understanding of the relationships of these algae. These data will
be of fundamental importance for future reassessments of the clas-
sification of the order Klebsormidiales.

2. Materials and methods

2.1. Collections, taxon sampling and vouchering

Samples of Klebsormidium and Interfilum were isolated by the
authors or external collaborators or obtained from culture collec-
tions (Supplementary Table 1). For the new samples isolated in
the course of this study, the following morphological characters
were examined in freshly isolated cultures: habit of filaments; ten-
dency to fragmentation; width and length of cells; shape of cells;
formation of H-shaped pieces; thickness and texture of the cell
wall; formation of a mucilaginous envelope; shape of the chloro-
plast; shape and size of pyrenoid; macroscopic habit on agar; mac-
roscopic habit in liquid culture. For strains isolated in previous
studies and included in the phylogenetic analyses, information
on the morphology is available in Lokhorst (1996), Novis (2006),
Mikhailyuk et al. (2008), Rindi et al. (2008).

2.2. Culture conditions and microscopic observations on new strains

Cultures of strains isolated in this study were maintained on
agar slants with Bold’ Basal Medium with vitamins and triple ni-
trate (Starr and Zeikus, 1987) at 18 �C under a 14:10 h L:D regime
at a photon irradiance of about 25 lmol photons m�2 s�1 from
white fluorescent bulbs. Microscopic observation was performed
using an Olympus BX60 microscope (Olympus Europa Holding,
Hamburg, Germany) with Nomarski DIC optics or with a Mik-
med-2 bright field microscope on cultures not older than 5 weeks.
Micrographs were taken with a ColorView III camera (Soft Imaging
System GmbH, Münster, Germany) in connection with the Cell^D
imaging software (Soft Imaging System GmbH, Münster,
Germany).

2.3. DNA extraction, PCR and sequencing

DNA was extracted from strains of Klebsormidium and Interfilum
as detailed in Supplementary Table 1. PCR and sequencing of the
rbcL gene were performed at the University of Alabama following
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the methods of Rindi et al. (2008). PCR and sequencing of the ITS
rRNA were performed at the Georg-August University Göttingen
following the methods of Mikhailyuk et al. (2008).

2.4. Sequence alignment and phylogenetic analyses

Phylogenetic analyses were performed separately on the two
markers sequenced and on a concatenated ITS rRNA-rbcL dataset.
Besides the new sequences produced in this study, most of the rbcL
and ITS sequences available in GenBank were included in the align-
ments and used for the analyses. The rbcL alignment was con-
structed by eye using MacClade 4.05 (Maddison and Maddison,
2002); it consisted of 1149 basepairs, corresponding to the posi-
tions 61-1209 of the complete sequence of Chlorella vulgaris
AB001684 (Wakasugi et al., 1997). No indels were created in the
alignment. For rbcL, several preliminary analyses were performed
in order to establish the best rooting method, following the recom-
mendations of Verbruggen and Theriot (2008). Overall, these anal-
yses showed a limited effect of the choice of the outgroup,
providing identical topologies and very similar support values in
all cases (including midpoint rooted trees devoid of designated
outgroups). We present here trees in which species of Klebsormidi-
um and Interfilum were treated as ingroup taxa, rooted using as
outgroups Chlorokybus atmophyticus AY823706, E. fimbriata
AF203496 (sequence obtained from strain UTEX2353) and a newly
produced sequence of H. attenuata CCAP329/1 (HQ613235). Based
on the information currently available (Karol et al., 2001; Turmel
et al., 2002; Sluiman et al., 2008) these taxa are the closest known
relatives of Klebsormidium, and therefore represent the most logical
choice as outgroups. The ITS alignment consisted of 517 basepairs
of the ITS-1 and ITS-2 regions that could be aligned unambigu-
ously. To guide the alignment of the sequences, we used the sec-
ondary structure models of Mikhailyuk et al. (2008) (which were
in turn based on those of Sluiman et al., 2008) and the correspond-
ing alignment used by these authors. The newly generated se-
quences for the present study did not necessitate modification of
the secondary structure models developed by Mikhailyuk et al.
(2008). For the ITS dataset, it was chosen to perform the analyses
only on Klebsormidium and Interfilum using midpoint rooting. The
reason was that, as noted previously by Sluiman et al. (2008),
alignment of complete ITS-1 and ITS-2 regions of all klebsormidia-
lean taxa including E. fimbriata UTEX2353 and H. attenuata
CCAP329/1 proved to be problematic due to the high level of diver-
gence of the unpaired inter-helix domains of these two species; it
was therefore chosen not to use them. Despite different rooting
methods, the analyses performed separately on the two markers
showed a congruent phylogenetic signal and recovered equivalent
topologies. In consideration of this, it was decided to join in a con-
catenated dataset 42 taxa for which both ITS and rbcL could be se-
quenced successfully. The concatenated dataset rbcL-ITS consisted
of 1665 basepairs.

Phylogenetic inference was based on Neighbor Joining (NJ),
Maximum-Likelihood (ML) and Bayesian (BI) analyses. NJ was per-
formed using PAUP⁄ 4.0b10 (Swofford, 1998). For the rbcL and ITS

rRNA datasets, NJ analyses were based on Maximum-Likelihood
corrected distances. The parameters used to set the distances were
obtained with ModelTest 3.7 (Posada and Crandall, 1998) under
the Akaike Information Criterion (AIC). For the combined rbcL-ITS
dataset, the analysis was based on uncorrected p-distances. For
rbcL and the combined rbcL-ITS dataset, the model-based analyses
(ML and BI) were performed on partitioned datasets, applying sep-
arate models to each partition. Three partitions were used for rbcL
(first, second and third codon position); four partitions were used
for the combined dataset (the three codon positions of rbcL and
the whole ITS). Recent studies in which partitioning strategies
were selected after tests based on the Bayesian Information Crite-
rion (Verbruggen et al., 2010) indicated that the partition of pro-
tein-coding organellar genes in first, second and third codon
position is a recommendable strategy, and we therefore decided
to adopt it for our rbcL dataset. ML was performed using Treefinder
(version October 2008; Jobb, 2008). The models and parameters se-
lected by Treefinder under the corrected Akaike Information Crite-
rion (AICc) were applied in the analysis. For NJ and ML, nodal
support was assessed by non-parametric bootstrap analysis
(Felsenstein, 1985) with 1000 resamplings.

BI was performed using MrBayes 3.04 (Huelsenbeck and Ron-
quist, 2001). Two parallel runs of four Monte Carlo Markov Chains
(one cold and three incrementally heated) were conducted for
2000,000 generations, with tree sampling every 100 generations.
Priors and probability proposals set as default in MrBayes were
used. The stationary distribution of the runs was verified before
to stop the analysis; it was assumed that the stationary distribu-
tion was reached when the average standard deviations of split
frequencies between the two runs was lower than 0.01. The
burn-in phase was assessed by plotting the number of generations
against the likelihood scores and determining where the analysis
reached stationarity; 100,000–400,000 generations were discarded
as burn-in, and the remaining samples were used to construct the
majority-rule consensus trees. In the rbcL and rbcL-ITS analyses,
separate models were applied to each partition by setting number
of substitution types, gamma shape parameter and proportion of
invariable sites in accordance with the results of ModelTest.
The parameters were unlinked and allowed to vary across
partitions.

3. Results

Details of the characteristics of the datasets analyzed are pre-
sented in Table 1. For each dataset analyzed, analyses performed
with different methods of inference provided similar topologies,
usually with limited differences in nodal support. The rbcL gene
and the ITS rRNA showed congruent phylogenetic signals and iden-
tical groups were recovered in the two phylogenies. However, most
internal nodes did not receive significant statistical support in any
analysis for any dataset.

The results of the ITS and rbcL analyses are shown in Figs. 1 and
2, respectively; the results of the analyses on the concatenated
dataset are shown in Fig. 3. Seven main superclades (indicated

Table 1
Summary of the characteristics of the datasets analyzed.

ITS rRNA rbcL

Parsimony-informative characters 114 (22%) 296 (26%)
Parsimony-uninformative characters 42 (8%) 40 (3.5%)
Constant characters 361 (70%) 813 (71%)
Average uncorrected p-distance 5% 8.5%
Range of uncorrected p-distance 0.2–10.9% 0.2–16%
Taxa with maximal uncorrected p-distance Interfilum terricola LUK305 Klebsormidium cf. flaccidum Lira7 Klebsormidium sp. 14621.6

Klebsormidium sp. 14613.5e
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Fig. 1. Phylogram inferred from Maximum-Likelihood analysis of the ITS rRNA in the Klebsormidiales, with bootstrap support (BP) and Bayesian Posterior Probabilities (PP)
indicated at the nodes. From left to right and from top to bottom the support values correspond to Neighbor Joining BP, Maximum-Likelihood BP and Bayesian PP. BP values
lower than 60% and PP lower than 0.8 are not shown.
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with letters: A, B, C, D, E, F, G) were recovered in all phylogenies
with moderate to high support. Additionally, in the ITS phylogeny
four highly supported clades were identified within superclade A
(indicated as A1, A2, A3 and A4 in Fig. 1) and in the rbcL phylogeny

six highly supported clades were recognized within clade E (indi-
cated as E1, E2, E3, E4, E5 and E6 in Fig. 2). Two clades were also
observed within the superclade F. All strains for which both mark-
ers could be sequenced occurred in corresponding superclades in

Fig. 2. Phylogram inferred from Maximum-Likelihood analysis of the rbcL gene in the Klebsormidiales, with bootstrap support (BP) and Bayesian Posterior Probabilities (PP)
indicated at the nodes. From left to right and from top to bottom the support values correspond to Neighbor Joining BP, Maximum-Likelihood BP and Bayesian PP. BP values
lower than 60% and PP lower than 0.8 are not reported. The tree was rooted using the sequences of Hormidiella attenuata, Entransia fimbriata and Chlorokybus atmophyticus
specified in the Section 2.
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the two phylogenies. Morphological data of the strains belonging
to these superclades/clades and habitat information are summa-
rized in Table 2, and micrographs of a selection of the strains can
be found in Figs. 4 and 5.

Superclade A corresponded taxonomically to the genus Interfi-
lum and was recovered with high support in both phylogenies.
More strains could be sequenced for ITS than for rbcL, and within
this superclade ITS showed generally higher resolution. Four
well-supported clades were found in the ITS phylogeny. The two
most derived ones were referable to described morphological spe-
cies (A1 to I. massjukiae Mikhailyuk et al., and A2 to I. paradoxum
Chodat & Topali/I. terricola (J.B. Petersen) Mikhailyuk et al.). A3
and A4, the two earliest-diverging clades, could not be identified
unambiguously, and may represent undescribed taxa. The separa-
tion of these four clades was supported by morphological differ-
ences (Table 2; see also Mikhailyuk et al., 2008).

Superclade A was sister with moderate support to a lineage
formed by superclades B and C. A sister relationship between
superclades B and C was recovered with very high support in both
the ITS and rbcL analyses. Superclade B was composed of unidenti-
fied Klebsormidium strains isolated mainly from terrestrial habitats
in eastern Europe (Ukraine and Russia). These strains showed mor-
phological similarity to K. flaccidum (Kützing) P.C. Silva, Mattox &
Blackwell, but they differed from it in some characters (in particu-
lar the morphology of the chloroplast) and could not be identified
unambiguously. Superclade C included strains identified as K. flac-
cidum obtained from culture collections, isolated from different
types of habitats mainly in western Europe.

Superclades D and E were recovered as sister taxa with moder-
ate to high support in both phylogenies. Superclade D was formed
by strains identified as (or morphologically resembling) K. bilatum
Lokhorst and K. elegans Lokhorst. The strains K. bilatum SAG5.96

Fig. 3. Phylogram inferred from Maximum-Likelihood analysis of the concatenated dataset rbcL-ITS rRNA in the Klebsormidiales, with bootstrap support (BP) and Bayesian
Posterior Probabilities (PP) indicated at the nodes. From left to right and from top to bottom the support values correspond to Neighbor Joining BP, Maximum-Likelihood BP
and Bayesian PP. BP values lower than 60% and PP lower than 0.8 are not reported.
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Table 2
Synopsis of the morphological features of the clades of Klebsormidiales recovered in the phylogenetic analyses. For some clades, the information is partially or primarily based on
data published in other studies (Lokhorst, 1996; Novis, 2006; Mikhailyuk et al., 2008; Rindi et al., 2008).

Clade Taxon with
nomenclatural priority

Other taxa
belonging to clade

Habitat Morphology

A1 Interfilum massjukiae Cracks in surface of
natural rocks and soil;
so far known only from
eastern Europe

Cells aggregated in groups of 2–4, sometimes forming large
multicellular cubic aggregations, uni- and bi-seriate branched
filaments. Cells widely ellipsoid to rounded or hemispherical,
(6) 7–11 lm long, (5) 6.4–9 lm wide; terminal cells in branched
filaments 10–15 lm long; cell walls thick, without mucilage.
Chloroplast parietal, plate-shaped, dissected in 5–8 lobes. Pyrenoid
surrounded by one to several layers of starch. Cell division in three
planes. Remnants of mother cell wall (if observed) with cap-like habit.
Reproduction exclusively by fragmentation

A2 Interfilum paradoxum Interfilum terricola Soil and terrestrial
habitats, rarely
freshwater

Cells single or in pairs, sometimes forming short filaments or chains of
cells. Cells ellipsoid, widely ellipsoid, oviform to rounded or
hemispherical, (6) 7–10 (11) lm long, (4.5) 5.5–7 (7.5) lm wide,
surrounded by clear mucilage envelope with striation. Chloroplast and
pyrenoid with morphology similar to I. massjukiae. Remnants of
mother cell wall well-developed, cap-like or forming threads between
cells. Reproduction exclusively by fragmentation

A3 Interfilum sp. Soil Cells single or in pairs, sometimes forming short filaments. Cells
ellipsoid, stretch-oviform to cylindrical, sometimes curved, (7) 9–13
(18) lm long, (4) 5–6 (7) lm wide. Chloroplast and pyrenoid with
similar morphology to other species of Interfilum. Habit of mucilage
envelope similar to I. paradoxum and I. terricola. Remnants of mother
wall well-developed, cap-like. Reproduction exclusively by
fragmentation.

A4 Interfilum sp. Soil Cells aggregated in strong groups of 4–16 and more cells. Cells widely
ellipsoid to rounded or hemispherical, (5) 6–7.5 (9) lm long, (3) 4.5–6
(7) lm wide; cell walls thick, without mucilage. Chloroplast and
pyrenoid with the same morphology as for the clades A1–A3. Cell
division in three planes. Reproduction exclusively by fragmentation.

B Klebsormidium sp. Possibly
Klebsormidium
dissectum?

Mainly natural rocks
and soil, but also
freshwater; so far
recorded from eastern
Europe.

Filaments long or easily disintegrated, (6) 6.8–8 (12) lm wide, not or
slightly constricted; some strains showing fast and vigorous
fragmentation; cells cylindrical, sometimes slightly swollen, (0.7)1.5–
1.8 times as long as wide; cell doublets present in some strains; cell
wall thin to moderately thickened; H-pieces absent or present;
chloroplast covering 1/2–2/3 of the cell wall, with margins crenulated
or irregularly dissected; pyrenoid large, surrounded by several layers
of starch. In liquid media forming superficial hydrorepellent layer and
submerged tufts; on agar forming waved colonies or colonies with
homogeneous margins; reproduction appears to take place only by
filament fragmentation

C Klebsormidium
flaccidum

Soil and freshwater
habitats; so far
recorded mainly from
western Europe

Filaments long, 6–8 lm wide, not or slightly constricted; cells
cylindrical, 1–1.4(2.4) times as long as wide; cell doublets absent; cell
wall thin to moderately thickened; H-pieces absent or present (if
present, not clear and located in the middle parts of the filaments);
chloroplast covering 1/2–2/3 of the cell wall, with margins usually
smooth, pyrenoid large, surrounded by several layers of starch. In
liquid media forming superficial hydrorepellent layer and submerged
tufts; on agar forming waved colonies; asexual reproduction by
zoosporogenesis, easily inducible; release aperture small and
indistinct; germination unipolar and bipolar

D Klebsormidium bilatum/
Klebsormidium elegans

Humid soils,
particularly at margin
of water bodies; bark at
the base of trees,
natural rocks.

Filaments long, generally robust but sometimes easily dissociating
when old, 7–9(10.2) lm wide, sometimes growing in rope-like
aggregates; cells cylindrical to barrel-shaped, 1–1.5(2.2) times as long
as wide; cell doublets may be present or not; cell wall thin to
moderately thickened; H-pieces present, prominent; chloroplast
covering half to 3/4 of the cell wall, with a median incision in the
margin, dissected in four or more lobes; pyrenoid large, surrounded by
several layers of starch. In liquid media forming submerged tufts; the
superficial layer may be present or not; on agar, forming wavy colonies
with small waves; asexual reproduction absent or present, if present it
takes place by zoosporogenesis and aplanosporogenesis;
zoosporogenesis not easily inducible; release aperture small, not easily
visible; germination unipolar

E1 Klebsormidium
acidophilum

Probably
Klebsormidium
scopulinum and
Klebsormidium
subtile

Freshwater, including
low pH habitats; rivers,
streams.

Filaments long, either easily dissociating or not, 5–7(9) lm wide,
without constrictions; cells stretch-cylindrical to cylindrical and
slightly swollen, 1–3 times as long as wide; cell walls thin to
moderately thickened; H-pieces absent or present; chloroplast
covering approximately half of the cell wall, with smooth or slightly
lobed margins; pyrenoid medium-sized, surrounded by a layer of
starch. In liquid media forming a mixture of long and short filaments;
on agar forming homogeneous growths with rough surface;
reproduction only by filament fragmentation.

E2 Klebsormidium nitens Probably Soil, freshwater, Filaments either long or short, (4)5–6.5(9) lm wide; tendency to
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and K. elegans SAG7.96 were originally isolated by Lokhorst (1996)
and therefore represent authentic cultures for these two species.

Superclade E was an heterogeneous assemblage of strains with dif-
ferent morphologies, collected from many different habitats and

Table 2 (continued)

Clade Taxon with
nomenclatural priority

Other taxa
belonging to clade

Habitat Morphology

Klebsormidium
klebsii

natural rocks, artificial
surfaces including
bases of urban walls.

fragmentation variable between strains, but usually strong; cells
cylindrical, constricted, (0.5)1–1.5(3) times as long as wide; cell wall
thin to moderately thickened; H-pieces usually absent, but present in
some strains; chloroplast covering 1/2–2/3 of the cell wall, with
smooth margins, delicately lobed in some strains; pyrenoid small,
usually surrounded by a layer of starch. In liquid culture forming
submerged tufts and superficial layer, but the development of the
superficial layer varies considerably between strains; on agar forming
smooth colonies or wavy growths with homogeneous margin; asexual
reproduction by zoosporogenesis, either easily inducible or not;
release aperture large, well discernible; germination unipolar

E3 Klebsormidium fluitans Freshwater and margin
of freshwater bodies;
humid soil

Filaments long, not easily dissociating, 7–8.5(10.2) lm wide; cells
cylindrical to square or slightly swollen, 1–1.5 times as long as wide;
cell wall thin, thickened in old cells; H-pieces present; chloroplast
covering 1/2–3/4 of the cell wall, with margins smooth, sometimes
slightly lobed; pyrenoid medium-sized, surrounded by several layers
of starch.In liquid culture, submerged tufts present, superficial layer
either present or absent; on agar, forming growths with rough surface;
zoosporogenesis easily inducible; release aperture small, not easily
visible; germination either unipolar or bipolar

E4 Klebsormidium sp. Primarily epilithic;
particularly common at
the bases of urban
walls

Filaments long in field specimens and young cultures, sometimes with
slight contrictions, 5–9 lm wide; in mature cultures they may either
remain long or disintegrate to short filaments and unicells, 5.5–8 lm
wide, with cells cylindrical, more or less swollen or ellipsoid, 0.5–2
times as long as wide; cell doublets present in some strains; cell wall
thin to moderately thickened; H-pieces absent; chloroplast covering 1/
2–2/3 of the cell wall, either entire with smooth margins or lobed;
pyrenoid medium-sized, surrounded by a layer of starch. In liquid
culture forming submerged tufts, which may become completely
fragmented; superficial layer absent in most strains but present in
some; on agar, forming homogeneous colonies with smooth surface;
reproduction only by filament fragmentation.

E5 Klebsormidium sp. Tree bark and wooden
surfaces

Filaments long, easily dissociating or not dissociating, 6–7 lm wide;
cells cylindrical, 1–2 times as long as wide; cell doublets absent; cell
wall medium- thickened; H-pieces absent; chloroplast covering 1/2–2/
3 of the cell wall, with smooth margins; pyrenoid surrounded by a
layer of starch.In liquid culture, forming submerged tufts and
superficial layer; submerged filaments may become more or less
fragmented; on agar, forming homogeneous growths with rough
surface; reproduction only by filament fragmentation

E6 Klebsormidium
subtilissimum

Not known in detail;
the specimens
sequenced were
originally isolated from
snow in Alaska

Filaments long, but easy disintegrated, curved, 5–6 lm wide, slightly
constricted; cells cylindrical, (1)1.5–1.7 times as long as wide; cell wall
moderately thickened; H-pieces present; chloroplast covering 1/2–2/3
of the cell wall, with smooth margins; pyrenoid small, surrounded by a
layer of starch. In liquid media forming a mixture of long and short
filaments; on agar forming wavy colonies with homogeneous margin.

F1 Klebsormidium
crenulatum

Possibly
Klebsormidium
lamellosum and
Klebsormidium
montanum

Soil, especially sandy;
margin of water
bodies; base of tree
trunks; natural rocks.

Filaments long, strong, thick, (9)13–15(18) lm wide, sometimes
growing in rope-like aggregates; cells cylindrical, becoming barrel-
shaped and narrow-square in old filaments, 0.5–1(1.5) times as long as
wide; cell doublets occasionally present; cell wall initially thin,
becoming thick and corrugated in old filaments; H-pieces common,
prominent; chloroplast girdle-shaped, almost ring-like, covering most
of the cell wall, with longitudinal margins smooth or slightly lobed;
pyrenoid large, surrounded by several layers of small starch grains.In
liquid media forming only submerged tufts, on agar forming rough,
waved colonies with moss-like habit; asexual reproduction absent or
not easily inducible; if present, it takes place by either zoosporogenesis
or aplanosporogenesis; release aperture irregular and not easily
observable; germination unipolar.

F2 Klebsormidium
mucosum

Soil, margin of water
bodies

Morphology very similar to K. crenulatum, but with thicker filaments,
(13)15–20(23) lm wide. In liquid media forming only submerged
tufts; on agar forming rough, waved colonies with moss-like habit;
reproduction only by filament fragmentation.

G Klebsormidium sp. Arid soils, mainly in
biotic crusts of warm
desertic areas

Long filaments with tendency to disintegration, becoming completely
disintegrated in some strains, curved, strongly constricted, bead-like,
4.5–8 lm wide; cells short or square, elongated in old filaments, 0.5–1
(3) times as long as wide; cell wall thin to moderately thickened; H-
pieces present or absent; chloroplast with smooth margin, often four-
lobed; pyrenoid small, surrounded by a few starch grains. In liquid
media forming mixture of short and long filaments; on agar forming
cluster- and knot-like colonies. Reproduction only by filament
fragmentation
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geographical regions. This superclade had no statistical support
and very limited resolution in the ITS analyses, but a better resolu-
tion was obtained in the rbcL analyses in which six well-supported
clades (E1, E2, E3, E4, E5, E6) were recovered (Fig. 2). Clade E1 was
formed by strains from culture collections identified as K. fluitans
(F. Gay) Lokhorst, K. nitens (Meneghini) Lokhorst and K. scopulinum
(Hazen) Ettl & Gärtner, and GenBank sequences of specimens from
New Zealand identified by Novis (2006) as Klebsormidium acidophi-
lum Novis and K. dissectum (F. Gay) Ettl & Gärtner. Clade E2 con-
sisted of a morphologically heterogeneous group of specimens,
identified as Klebsormidium nitens, Klebsormidium flaccidum or not
identified at species level. This clade included also Klebsormidium
dissectum SAG2155; although not explicitly designated as neotype,
this culture was isolated by Lokhorst (1996) from the locality that
this author designated as neotype locality (Col du Bussang, France).
A small clade (E3) was sister to clade E2 with high support; it con-
sisted of Klebsormidium fluitans SAG9.96 (neotype culture of this
species, Lokhorst, 1996) and an epilithic urban strain identified
by Rindi et al. (2008) as K. flaccidum. For three other clades, the

relative positions were not resolved. One of these (E4) was formed
by strains obtained from bases of urban walls by Rindi et al. (2008)
and strains of unknown origin deposited in the SAG culture collec-
tion; this was the only clade that was recovered with high support
in the ITS phylogeny too (Fig. 1). Another clade (E5) was formed by
a strain of K. flaccidum from SAG (121.80) and an unidentified
strain collected from a wooden building in Florida (described by
Rindi et al., 2008). Sequences of K. subtilissimum (Rabenhorst) P.C.
Silva, Mattox et Blackwell obtained from culture collections
formed an additional clade (E6), whose relationships with the
other lineages were not resolved.

Superclade F was formed by strains referable to two well-chara-
terized morphological species, Klebsormidium crenulatum (Kützing)
Lokhorst and K. mucosum (Boye Petersen) Lokhorst; its position
could not be determined with certainty. In the ITS phylogeny, it
was sister to superclade G (Fig. 1); in the rbcL phylogeny it was sis-
ter to the lineage formed by superclades A–C (Fig. 2). However, the
statistical support of these relationships was low (Figs. 1 and 2)
and the two topologies cannot be considered to be in conflict.

Fig. 4. Morphology of strains of Klebsormidiales belonging to the superclades A–E. (A) Interfilum massjukiae SAG2102 (clade A1). (B) Interfilum paradoxum SAG338.1 (clade
A2). (C) Interfilum sp. LUK317 (clade A3). (D) Interfilum sp. SAG 2147 (clade A4). (E) Klebsormidium sp. TR42 (superclade B). (F) Klebsormidium flaccidum KL1 (superclade C). (G)
Klebsormidium bilatum SAG5.96 (superclade D). (H) Klebsormidium fluitans CCAP335.13 (clade E1). Scale bar = 20 lm.
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Finally, a new and previously unknown lineage (superclade G)
was revealed in our analyses. This lineage appeared relatively iso-
lated from all other klebsormidialean taxa and no clear sister group
was identified. It was formed by strains of Klebsormidium isolated
mainly from biotic crusts of arid soils in South Africa. Morpholog-
ically, the strains belonging to this group were mainly character-
ized by the thin filaments and the four-lobed chloroplasts
(Table 2).

The results obtained for the concatenated dataset (Fig. 3) re-
flected the topology of the rbcL analyses and provided stronger
support for all relationships that had been recovered in the sin-
gle-marker analyses. The same seven superclades were recovered
with higher support; in particular, the sister relationship between
superclade A and the lineage formed by superclades B and C
showed a considerable increase in support. The most internal
nodes, however, could not yet be resolved. The positions of superc-
lades F and G remained unresolved.

4. Discussion

4.1. Characteristics of the datasets analyzed

The larger taxon sampling of the phylogenies presented here re-
sulted in an increased statistical support and better resolution in
comparison with previous investigations. This is also the first study
on Klebsormidium and Interfilum in which two different molecular
markers are combined and analyzed in a concatenated dataset.
Not unexpectedly, in the combined dataset the nodal support is
higher than in single-marker analyses; it is well established that
an increase in the number of genes or characters improves the
quality of phylogenetic inference (Sanderson and Shaffer, 2002).
The phylogenetic signals of rbcL and ITS show excellent correspon-
dence, recovering similar topologies and retrieving identical
superclades and clades. These markers have comparable substitu-
tions rates and are among the most popular for phylogenetic

Fig. 5. Morphology of strains of Klebsormidiales belonging to the superclades E–G. (A) Klebsormidium dissectum SAG 2155 (clade E2). (B) Klebsormidium fluitans SAG9.96
(clade E3). (C) Klebsormidium sp. SAG2065 (clade E4). (D) Klebsormidium sp. SAG121.80 (clade E5). (E) Klebsormidium subtilissimum SAG384.1 (clade E6). (F) Klebsormidium
crenulatum SAG37.86 (clade F1). (G) Klebsormidium mucosum SAG8.96 (clade F2). (H) Klebsormidium sp. 14614.18.18 (superclade G). Scale bar = 20 lm.
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inference at the species and genus level.When used in combination,
they have been very effective and have contributed to the solving of
major taxonomic problems (Hayden et al., 2003); it is in fact sur-
prising that relatively few studies on freshwater and terrestrial
green algae have used them in conjunction (e.g., Sakayama et al.,
2005; Yamada et al., 2008; Xue et al., 2009). In terms of topology,
the position of superclade F (sister to superclade G for ITS, sister
to a lineage formed by superclades A–C for rbcL) is the only differ-
ence observed between the two phylogenies. However, the rela-
tionships of this superclade are poorly resolved by both rbcL and
ITS, and the analyses on the concatenated dataset do not represent
a significant improvement. Therefore, the position of superclade F is
presently considered uncertain, and clarification requires further
studies incorporating a larger number of molecular markers. Inter-
estingly, even though the ITS and rbcL phylogenies are congruent,
for certain superclades some differences in terms of substitution
rate and phylogenetic resolution were observed between these
markers. For superclade E, in particular, rbcL showed better resolu-
tion than ITS, recovering six different well-supported clades (E1, E2,
E3, E4, E5, E6) that were not resolved by ITS (with the exception of
E4). The combined analyses reflected the rbcL results and resolved
the six clades with increased support, presumably because the
higher length of rbcL (1149 bp versus 517 bp of ITS) makes the phy-
logenetic signal of this marker prevailing. The limited resolution of
ITS was due to the low substitution rate in this superclade. Only 22
of 513 characters (equivalent to 4%) were parsimony informative,
whereas 460 (=89%) were constant; uncorrected p-distances ranged
between 0.1% and 2.5% (Klebsormidium sp. 15051.6 vs K. nitens SAG
31.91), with an overall average of 1.1%. It should be noted that rbcL
showed also a low substitution rate in this lineage (highest uncor-
rected p-divergence was 5%, between Klebsormidium fluitans
SAG9.96 and K. subtilissimum SAG384.1; overall average 2.3%).
These results indicate that superclade E is a morphologically and
ecologically dynamic group of relatively recent evolutionary origin,
in which the genetic variation does not yet match morphological
and ecological diversity. This group appears to be still in the process
of active radiation and species boundaries are not yet well delin-
eated. A direct implication emerging from these results is that in
fast-evolving lineages of green microalgae phylogenetic inference
and taxonomic conclusions should not be based on a single molec-
ular marker. For the Klebsormidiales, the addition of sequences of
further molecular markers will be necessary to clarify the relation-
ships that could not be resolved by ITS and rbcL, especially in the ba-
sal nodes. Due to their proximity to land plants, we suggest that the
Klebsormidiales are also a suitable group to test the usefulness of
several chloroplast markers that have been recently used for DNA
barcoding in vascular plants (Kress et al., 2005; Lahaye et al.,
2008; Fazekas et al., 2008; Seberg and Petersen, 2009).

4.2. Phylogenetic relationships and taxonomic implications

Our analyses revealed new lineages and provided stronger sup-
port for several relationships observed in previous studies. In partic-
ular, the paraphyly ofKlebsormidium caused by Interfilum (whichwas
recovered in the ITSphylogenyofMikhailyuket al., 2008, butwithout
statistical support) was established with robust support. Two
lineages of particular interest are superclade B and superclade G.

For superclade B, Klebsormidium sp. SAG7.91 was the only strain
sequenced in previous investigations (Mikhailyuk et al., 2008;
Rindi et al., 2008). Morphologically, the strains of Klebsormidium
forming this group show considerable similarity to K. flaccidum
and K. dissectum (as characterized by Lokhorst, 1996), but they
are set apart by the morphology of the chloroplast with margins
crenulated or irregularly dissected. The combination of morpho-
logical characters observed for these strains does not correspond
with any known species of Klebsormidium and will require the

description of one or more new species. Interestingly, from a bio-
geographic point of view this clade shows a marked association
with eastern Europe (all strains sequenced were isolated from Uk-
raine and Russia, mainly from granite outcrops). Biogeography of
small-sized organisms is a hotly debated topic (Finlay et al.,
2006; Foissner, 2008), and it is extremely difficult to demonstrate
endemicity or restricted distribution in terrestrial microalgae. This
is particularly true for this study, because about 80% of the strains
used have been isolated from Europe and the taxon sampling from
other continents is currently too limited to draw strong generaliza-
tions. However, the fact that all the 11 strains belonging to superc-
lade B originate from the same region is possibly not a coincidence.

The strains of Klebsormidium forming superclade G represent an
unknown evolutionary lineage revealed in this study. These strains
are characterized by a combination of morphological characters
not found in any known species of Klebsormidium (filaments
curved and strongly constricted, cells bead-like, chloroplast
four-lobed with a small pyrenoid surrounded by a few starch
grains, formation of cluster- and knot-like colonies on agar). This
lineage includes several undescribed species, for which we are
planning to propose formal descriptions in a forthcoming paper.
These strains are unique in terms of habitat, since they are mostly
associated with biotic crusts of arid soils in subdesertic regions of
southern Africa (described in detail by Jürgens et al., 2010). It
would be interesting to clarify their relationships with strains iso-
lated from biotic crusts of North American deserts (Lewis and
Flechtner, 2002; Lewis, 2007), in order to understand how many
times the physiological attributes required to colonize arid habitats
have evolved in Klebsormidium. Unfortunately our analyses do not
allow clarification of the position of superclade G in relation to the
other superclades; this lineage, however, appears relatively distant
from the others (as is also suggested by the high uncorrected p-
distances from all other strains of Interfilum and Klebsormidium
sequenced). If future studies support the position of superclade G
as the earliest-diverging lineage in the order, a very interesting
evolutionary scenario would emerge. This would suggest a split
of two early Klebsormidium lineages that colonized habitats with
different characteristics: arid desertic and subdesertic habitats
(the superclade G) and more or less humid habitats (a lineage that
has diversified and developed into all other taxa).

The phylogenetic relationships revealed in this study have ma-
jor implications for the taxonomy and classification of the Klebsor-
midiales. A taxonomomic reassessment and development of a
species concept are not among the aims of this study, as we are
planning to address these questions in future investigations; it
seems inevitable, however, that a major taxonomic rearrangement
will be required. The most important problem is the correct char-
acterization of Klebsormidium flaccidum, the type species of Klebso-
rmidium, as its definition affects the circumscription of the whole
genus. In our phylogenies, strains identified morphologically as K.
flaccidum are polyphyletic and occur in five different clades/
superclades (B, C, E2, E3, E5). At present it is impossible to assign
the type specimen to any of these clades, as the original description
(Kützing, 1849) does not provide sufficient information to link
unambiguously the species with any of them. The ideal solution
would be to sequence the type specimen, but unfortunately this
is not possible (the type material consists of only few filaments
embedded in a drop of mud; Willem Prud’homme van Reine, per-
sonal communication). Therefore, the designation of an epitype
specimen based on a subjective choice will almost certainly be nec-
essary. Due to the paraphyly of Klebsormidium caused by Interfilum,
the choice of the new type will affect the classification at genus le-
vel and will either require the separation of one or more new gen-
era or the reduction of Interfilum to a subgenus of Klebsormidium.

Linnaean names should be attached unambiguously to all clades
and superclades recovered in our analyses. This appears straight-
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forward for some clades but it might prove complicated for others,
and it will require the description of some new species (certainly
for the superclades B and G, possibly for the clades E4 and E5). A
number of species of Klebsormidiumwere unavailable for this study
(K. fragile (Kützing) Wagner & Zaneveld, K. drouetii Wagner &
Zaneveld, K. klebsii (G.M. Smith) P.C. Silva, Mattox & Blackwell, K.
lamellosum Wei & Hu, K. montanum (Hansgirg) S. Watanabe, K.
pseudostichococcus (Heering) Ettl & Gärtner, K. subtile (Kützing)
Tracanna ex Tell and K. tribonematoideum (Skuja) Hindák). A com-
prehensive revision of the classification of the Klebsormidiales will
only be possible after sequences of these species have become
available.

4.3. Evolution of morphological characters

Most green algal lineages have a long and complex evolutionary
history, in which many morphological characters were gained and
lost multiple times. For some taxa, this may make it problematic to
detect morphological characters with phylogenetic significance.
This problem is exacerbated in taxa with a simple morphology,
especially when strong morphological plasticity is evident (Leliaert
et al., 2009; Rindi et al., 2009). Our results document this type of
difficulty for Klebsormidium. Many morphological characters,
including some considered of great taxonomic value, have evolved
separately in different clades/superclades and therefore are phylo-
genetically irrelevant; in fact, some of them show different charac-
ters states even between different strains of the same clades.
Examples of such characters include tendency to fragmentation,
presence of H-shaped cell wall pieces, presence of water-repellent
superficial layer of filaments in liquid culture and germination pat-
tern of zoospores. However, our results suggest also a set of char-
acters that appear to have phylogenetic significance; the characters
that represent unique synapomorphies associated with particular
clades/superclades are summarized in the Table 3. Characters re-
lated to the gross morphology represent the most obvious, since
the capacity to form threedimensional aggregations with packet-
like habit is limited to species of Interfilum (superclade A). Charac-
ters related to the morphology of the chloroplast seem also to be
phylogenetically valuable. In Klebsormidium the chloroplast is usu-
ally a parietal plate with smooth margins, encircling a half to 2/3 of
the cell wall and containing one pyrenoid surrounded by a variable
number of starch grains (Printz, 1964; Ettl and Gärtner, 1995;
Lokhorst, 1996). This is the habit observed in most of the strains

that were sequenced in this study. However, variously lobed or
dissected chloroplasts are found in several strains, and it is possible
to observe variations that are unique to individual superclades (A,
B, D, F, G; Table 2). Further, the distinctly lobed chloroplast in E.
fimbriata, one of the closest relatives of Klebsormidium, indicates
that this is a feature that was already present in the common
ancestor of Entransia and Klebsormidium. The type of habitat may
also be a character that deserves more attention than it has been
so far appreciated, since some clades seem to be associated with
certain habitats. For example, in our phylogenies strains of Klebso-
rmidium isolated from biotic crusts in subdesertic areas of southern
Africa were clustered in superclade G. In the same way, clade E1
consists of freshwater strains, some of which were isolated from
low pH habitats (K. acidophilum; Novis, 2006). Species of Klebsormi-
dium have been reported from low pH habitats in many regions
(Lukešová, 2001; Verb and Vis, 2001; Sabater et al., 2003; Lear
et al., 2009; Urrea-Clos and Sabater, 2009) and it would be interest-
ing to verify whether acidophilic strains from different regions are
closely related or not. To answer these and other questions an ex-
tended sampling that was not possible for this study will be
required.

4.4. General aspects and conclusions

Our results highlight some points of general relevance with re-
gard to diversity and evolution of terrestrial green algae. They
show that the Klebsormidiales span a broader range of genetic,
morphological and ecological diversity than previously believed.
The demonstration of the paraphyly of Klebsormidium caused by
Interfilum expands the morphological concept of this algal group,
which so far was considered to include only uniseriate filamentous
forms. Interfilum represents a further example of how widespread
the sarcinoid or packet-like growth habit is among terrestrial green
algae. It is clear that this habit is particularly suited to an aeroter-
restrial lifestyle, since it is characteristic of some of the most wide-
spread species (López-Bautista et al., 2007) and has evolved
separately in several lineages of green algae (Friedl and O’Kelly,
2002; Watanabe et al., 2006; Lemieux et al., 2007; Rindi et al.,
2007; Mikhailyuk et al., 2008), but it is not clear what features
make it so advantageous. In consideration of this, it cannot be ruled
out that new lineages of Klebsormidiales with morphologies cur-
rently unknown for this order (e.g., unicellular, or branched fila-
mentous) will be discovered in the future. The discovery of

Table 3
Summary of morphological characters that represent shared derived characters associated with individual clades or superclades.

Character Superclade/
clade

Species

Unicellular or few-celled morphology with tendency to formation of more or less
complex aggregations

A Species of Interfilum

Mucilage envelope with striations and cap-like or thread-like remnants of mother
cell wall

A Interfilum spp. (some exclusions)

Thallus forming packet-like aggregations and bi-seriate branched filaments that may
occasionally disintegrate

A1 Interfilum massjukiae

Thallus forming strong, not easily disintegrated packet-like aggregations A4 Interfilum sp.
Filaments thick (mostly > 10 lm, up to 20–23 lm in old filaments) with walls rough

and corrugated in old specimens
F Klebsormidium crenulatum, Klebsormidium mucosum

Chloroplast dissected on 5–8 (sometimes more) clear lobes A Species of Interfilum
Chloroplast with margins crenulated or irregularly dissected B Klebsormidium sp.
Chloroplast with a median incision, divided in several lobes D Klebsormidium bilatum, Klebsormidium elegans
Chloroplast girdle-shaped (Ulothrix-like), encircling most of the cell wall F Klebsormidium crenulatum, Klebsormidium mucosum
Chloroplast four-lobed G Klebsormidium sp.
Pyrenoid small and surrounded by a few starch grains G Klebsormidium sp.
Distribution in freshwater, including low pH habitats E1 Klebsormidium acidophilum
Distribution primarily in biotic crusts of hot subdesertic areas G Klebsormidium sp.
Distribution associated primarily with eastern Europe B Klebsormidium sp.
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superclades G and B indicates that the Klebsormidiales have still
major surprises in store and that the diversity and distribution of
this order are still poorly understood. The complex of species cur-
rently belonging to Klebsormidium are among the most widespread
and earliest-described terrestrial algae (Kützing, 1849). The fact
that even such a common group still offers the opportunity of
unexpected discoveries suggests that our knowledge of the diver-
sity of terrestrial green algae is far from complete; therefore, the
fundamental importance of new surveys of natural history com-
bining morphological and molecular data cannot be stressed en-
ough. Special attention should be devoted to unusual and
extreme habitats or little-explored geographical regions, where
new, hiterto unknwon evolutionary lineages may be discovered.
We suggest that for the Klebsormidiales acidic water bodies, sites
affected by several types of chemical pollution, high mountain
habitats, polar soils and rocks and tropical regions offer the best
promises for the discovery of new taxa.
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Representatives of the closely related genera, Inteij‘ilum and Klebsormidium, are characterized by unicells, dyads or packets in
Interfilum and contrasting uniseriate filaments in Klebsormidium. According to the literature, these distinct thallus forms originate
by different types of cell division, sporulation (cytogony) versus vegetative cell division (cytotomy), but investigations of their
morphology and ultrastructure show a high degree of similarity. Cell walls ofboth genera are characterized by triangular spaces
between cell walls of neighbouring cells and the parental wall or central space among the walls of a cell packet, exfoliations and
projections of the parental wall and cap-like and H-like fragments of the cell wall. In both genera, each cell has its individual cell
wall and it also has part of the common parental wall or its remnants. Therefore, vegetative cells ofInterfilum and Klebsormidium
probably divide by the same type of cell division (sporulation-like). Various strains representing different species of the two
genera are characterized by differences in cell wall ultrastructure, particularly the level ofpreservation, rupture or gelatinization of
the parental wall surrounding the daughter cells. The differing morphologies of representatives of various lineages result from
features of the parental wall during cell separation and detachment. Cell division in three planes (usual in Interfilum and a rare
event in Klebsormidium) takes place in spherical or short cylindrical cells, with the chloroplast positioned perpendicularly or
obliquely to the filament (dyad) axis. The morphological differences are mainly a consequence of differing fates of the parental
wall after cell division and detachment. The development of different morphologies within the two genera mostly depends on
characters such as the shape of cells, texture of cell walls, mechanical interactions between cells and the influence of environ-
mental conditions.

Key words: Interfilum, Klebsormidium, molecular phylogeny, morphological characters, sporulation-like type of cell division,
Streptophyta, ultrastructure

Introduction on comparisons ofmorphology, ultrastructure, molecu—
lar phylogenetics, ecophysiology and biochemistry
have been used in recent taxonomic revisions of var—
ious groups of green and streptophycean algae
(Proschold et al., 2001, 2011; Karsten et al., 2005;
Yamamoto et al., 2007; Elias et al., 2008; Mikhailyuk
et al., 2008; Skaloud & Peksa, 2008; Darienko et al.,
2010; Bock et al., 2011; Neustupa et al., 2011;
Demchenko et al., 2012). Oflen, careful morphological
and ultrastructural investigations undertaken several
decades ago 0(orshikov, 1938; Lokhorst, 1996;
Lokhorst et al., 2000; Ettl, 1983; Tschermak—Woess,
1980a, b) have partly been confirmed by modern phy-
logenetic data (e.g. Proschold et al., 2001; Elias et (11.,

Correspondence to: Tatiana Mikhailyuk. 2008; Sluiman et al., 2008; Skaloud & Peksa, 2010;

E-mail: t—mikhailyuk@ukr.net Rindi et al., 2011; Demchenko et al., 2012).

Over the past few decades, newly obtained molecular
phylogenetic data have often conflicted with traditional
systems based on algal morphology (Proschold &
Leliaert, 2007; Friedl & Rybalka, 2012). Genetic data
are presumed to reflect the real phylogenetic relation—
ships between organisms and to shed light on their
origin during evolution. Hence, morphology has
become less significant in taxonomic and floristic stu—
dies, but detailed morphological (including ultrastruc—
tural) investigations can often help to interpret
molecular results such as unusual phylogenetic posi—
tions of some organisms. Polyphasic approaches based
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Combining data obtained by different methods (mor—
phology, ultrastructure, molecular phylogeny) is impor—
tant in algal taxonomy.

The Klebsormidiales (Streptophyta) contains the
filamentous genera Klebsormidium P.S. Silva,
Mattox & Blackwell, Hormidiella M.O.P. Iyengar &
Khantamma and Entransia E.O. Hughes (Sluiman
et al., 2008). Klebsormidium are typical filamentous
algae, with cells dividing vegetatively (Floyd et al.,
1972; Pickett—Heaps, 1972; Sluiman et al., 1989; Van
den Hoek et al., 1995; Honda & Hashimoto, 2007;
Katsaros et al., 2011). The Klebsormidiales also
includes the genus Interfilum Chodat which is char—
acterized by unicells and the formation of short fila-
ments, dyads, packets or branched pleurococcoid
filaments (Mikhailyuk et al., 2008). According to the
original description, Intelfilum paradoxum Chodat &
Topali is an easily disintegrating filamentous alga,
with cells surrounded by bipartite cell walls, dividing
by vegetative cell division, forming chains of cells
connected by ‘threads’ of unknown nature (Chodat
& Topali, 1922). The cells divide by a process similar
to sporulation; the remnants of parental walls form
cap—like structures on the cells or thread—like struc—
tures between them, so cell walls appear bipartite
(Mikhailyuk et al., 2008).

We conducted a detailed morphological and ultra—
structural investigation of representatives of
Interfilum and Klebsormidium, with emphasis on the
protoplast and cell wall, the ‘behaviour’ of the cell
wall during cell detachment, and the morphology of
cell division, in an attempt to understand how different
morphologies develop in two closely related genera.

Materials and methods

Strains and culture conditions

About 100 strains ofIntelfilum and Klebsormidium from the
Sammlung von Algenkulturen, University of Gottingen,
Germany (SAG: Friedl & Lorenz, 2012; www.cpsag.uni-
goettingende), the Culture Collection of Algae and
Protozoa (CCAP, Gachon ct al., 2007; www.ccap.uk), the
collection from the project ‘Biota of South Africa’ (Bfidel
et al., 2009), the collection of Klebsormidium strains from
Alpine soil crusts (Karsten et al., 2010; Holzinger et al.,
2011; Kaplan et al., 2012; Karsten & Holzinger, 2012),
some of our own isolates, and samples of field material
were used for this study. Information about these strains is
included in previous papers (Mikhailyuk et al., 2008; Rindi
et al., 2011; Karsten et al., 2013). Information about the 30
strains presented here is summarized in Supplementary
Table 1.

All cultures were grown on solid 1.5% agar or liquid
modified Bold’s Basal Medium (3NBBM with vitamins;
Starr & Zeikus, 1993), and kept at 20°C and 30735 umol
photons m72 3’1 under a light/dark cycle of 16:8 h LID.
Osram Daylight Lumilux Cool White lamps (L36W/840;
Osram, Munich, Germany) were used as light sources.
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Light, fluorescent and laser scanning confocal
microscopy, morphological characterization and vital
staining

Young (273-week-old) and old (273-month-old) cultures of
Klebsormidium and Interfilum, as well as field-collected
material, were morphologically characterized using
Olympus BX60 and Olympus 1X70 light microscopes
(Olympus Europe Holding, Hamburg, Germany) with
Nomarski differential interference optics. The morphology
of algae was documented with the attached Olympus
ColorView III and II cameras (Soft Imaging System GmbH,
Miinster, Germany) using the imaging software CellAD and
analySIS (Soft Imaging System GmbH). An Olympus 1X70
microscope equipped with a fluorescent lamp was used for
investigation ofmitochondria. A Leica TCS SP2 AOBS laser
scanning confocal microscope (Leica Microsystems,
Germany) was used for chloroplast morphology and
mitochondria.

Mucilage was stained with an aqueous solution of methy-
lene blue at different concentrations. For mitochondrial
observations, cells were stained overnight with about 0.75
pg MitoTracker Green FM (Molecular Probes, Eugene,
Oregon, USA) dissolved in 100 pl medium (3NBBM) with
algal cells. The autofluorescence of chlorophyll was used to
observe chloroplast structure (excitation at 488 nm, emission
at 61(P660 nm).

Transmission electron microscopy

Samples from different phylogenetic clades according to
Rindi et al. (2011) (clade A: SAG 338.1, SAG 2100,
SAG 2101, SAG 2102; clade B/C: KUEl and ASIB
V100; clade D: PITl and SAG 5.96; clade E: SAG
2417, BOT3, SAG 2416, STRl; clade F: SAG 2415;
clade G: 14613.5e) were fixed for transmission electron
microscopy (TEM) using chemical fixation protocols
according to Massalski et al. (1995) or Holzinger et al.
(2009). For TEM, ultrathin sections were prepared, coun-
terstained with uranyl acetate and Reynold’s lead citrate,
and investigated in Zeiss LIBRA 120 or Tesla BS 500
transmission electron microscopes at 80 kV. Images were
captured with a ProScan 2k SSCCD camera (Proscan
Electronic Systems, Lagerlechfeld, Germany) and further
processed using Adobe Photoshop software (Adobe
Systems Inc., San Jose, California, USA).

Phylogenetic data

The phylogenetic positions of the strains were obtained from
earlier publications (Mikhailyuk et al., 2008; Rindi et al.,
2011; Kaplan et al., 2012; Karsten & Holzinger, 2012;
Karsten et al., 2013; Kitzing et al., 2014). Phylogenetic
data for five Klebsormidium strains (HOH2, BRE, ASIB
V100, PITl , STRl) were obtained by T. Proschold according
to methods described in Karsten et al. (2013). Phylograms
inferred from Maximum Likelihood analysis of the ITS
rRNA in the Klebsormidiales published by Rindi et al.
(2011) were used for designation of phylogenetic lineages
within Interfilum and Klebsormidium.
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Results pleurococcoid thalli (Figs 1—9). The protoplast struc-
ture of the two genera was similar. Cells had one
parietal chloroplast with smooth, undulating or var-

Representatives of different lineages of Interfilum iously dissected edges (Figs 1, 2, 4, 7—9) and a

Light microscopy

and Klebsormidium formed unicells, dyads, packets, central pyrenoid surrounded by several or many
cubic aggregates, and short and long uniseriate fila- starch grains (Figs 1, 2, 4). The nucleus was located
ments, as well as biseriate parts and branched oppOSite the pyrenoid (Fig. 7).

Figs 1—9. Diversity ofmorphotypcs in Interfilum and Klebsormidium. Fig. 1. Interfilum paradoxum (SAG 338.1): unicells and dyads
connected by ‘threads’. Fig. 2. Interfilum sp. (SAG 2101), unicells. Fig. 3. Interfilum sp. (SAG 36.88), short filaments. Figs 4, 5.
Interfilum massjukiae (SAG 2102), packets and branched filaments. Figs 6, 7. Unbranched long filaments in Klebsormidium cf.
flaccidum (Biof—4) (Fig. 6), and Klebsormidiumflaccidum (ASIB V100) (Fig. 7). Figs 8, 9. Unicells and dyads in Klebsormidium cf.
dissectum (TR 44) (Fig. 8) and Klebsormidium sp. (SAG 2108) (Fig. 9). Arrows indicate nuclei. Scale bars 10 um.
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Investigation of the Intelfilum cell wall by light
microscopy and mucilage staining showed the pre—
sence of cap- and ring-like structures as well as exfo—
liations of the parental wall, forming bridges between
cells (Figs 10—13). H-like fragments of the cell wall
were found occasionally (Fig. 14). Spaces between
neighbouring cells were observed in packet—forming
strains (Fig. 15). All these characters were related to

398

the presence of individual walls in each cell and a
parental wall.

Klebsormidium observed with light microscopy
showed the rare presence of biseriate parts of fila-
ments, packet— and branch-like structures in some
strains, especially in old cultures (Figs 16—19). Cap-
like structures (Figs 20, 21), H-like fragments of cell
walls (Figs 22, 23, 25, 27, 28), and exfoliations of

Figs 10—21. Morphology ofInterfilum and Klebsormidium cell walls, ability ofKlebsormidium cells to divide in several planes, and
formation ofbranches. Figs 10, 11. Exfoliated parental walls forming ‘threads’ between cells (white arrows). Figs 12, 13. Cap-like
(black arrows) and ring-like (black arrowheads) structures. Fig. 14. Stained H-like cell wall fragment in Interfilum (white arrowhead).
Fig. 15. Spaces between cells in Interfilum packets (double black arrows). Figs 16-19. Biseriate parts of filaments, and packet- and
branch-like structures in Klebsormidium. Figs 20, 21. Cap-like structures ofKlebsormidium (black arrows). Material illustrated is as
follows: Figs 10, ll, Interfilum paradoxum (SAG 338.1); Figs 12, 13, Interfilum terricola (SAG 2100); Fig. 14. Interfilum sp. (SAG
36.88); Fig. 15, Interfilum sp. (SAG 2147); Fig. 16, Klebsormidium cf. subtile (BRE); Fig. 17, Klebsormidium nitens (SAG 2417);
Fig. 18, Klebsormidium sp. (TR 18); Fig. 19, Klebsormidium sp. (TR 24); Figs 20, 21, Klebsormidium cf. subtile (HOH2). Scale bars
10 um.
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Figs 22—31. Structure ofKlebsormidium cell wall on morphological level. Figs 22, 23, 25, 27, 28, 30, 31. H-like fragments of cell
wall (white arrowheads). Figs 24, 26. Exfoliations ofparental wall (black arrows). Fig. 29. Triangular spaces between daughter- and
mother-cell walls (white arrows). Material illustrated is: Figs 22—24, Klebsormidium sp. (14621-6); Fig. 25, Klebsormidium cf.
flaccidum (TR 42); Fig. 26, Klebsormidium cf. subtile (BRE); Fig. 27, Klebsormidium cf. flaccidum (SAG 12.91); Fig. 28,
Klebsormidium cf. subtile (HOH2); Fig. 29, Klebsormidium crenulatum (SAG 37.86); Figs 30, 31, K. crenulatum (field-collected
material). Scale bars 10 um.

parental walls (Figs 24, 26), as well as triangular
spaces between walls of neighbouring cells (Fig. 29),
were frequently present. These structures were most
obvious in field—collected material ofKlebsormidium,
which showed dense cell walls (Figs 30, 31).

Confocal laser scanning andfluorescence microscopy

Images obtained with confocal laser scanning and
fluorescence microscopy showed that Inteifilum and
Klebsormia’ium strains contained the same type of var—
iously lobed plate-shaped chloroplasts (Figs 32—35).

Vital staining of cells of both genera revealed the pre—
sence of several polymorphic mitochondria, which
were located around the nucleus and along the chlor-
oplast lobes (Figs 36—42).

Transmission electron microscopy

TEM investigations showed a similar pyrenoid ultra-
structure in both genera (Figs 43—45, 48, 52, 53).
Starch grains formed one or several layers around
the pyrenoid body, arranged in parallel rows. Several
to many parallel single thylakoid membranes
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Figs 32—42. Confocal laser scanning and fluorescence micrographs ofInterfilum and Klebsormidium. Figs 32—35. Autofluorescence
of chloroplasts of different strains (confocal micrographs). Figs 36—42. Vital staining of mitochondria, arrows indicate position of
nucleus (Figs 36738, 40742: fluorescence micrographs; Fig. 39: confocal micrograph). Material illustrated is: Figs 32, 42, Interfilum
terricola (SAG 2100); Fig. 33, Klebsormidium sp. (14621.6); Fig. 34, Klebsormidium sublile (CCAP 335.17); Figs 35, 40, 41,
Klebsormidium Sp. (SAG 2107); Figs 3673 8, Klebsormidiumfluitans (CCAP 335.12); Fig. 39, Klebsormidium cf.flaccidum (TR 42).
Scale bars 10 um.

penetrated the pyrenoid body, which determined the
orientation of the starch grains. One peroxisome
was located between the chloroplast and the nucleus
(Figs 43, 44, 48). Mitochondrial profiles were located
close to the chloroplast (Fig. 43).

Depending on the lineage, the [nterfilum cell wall
differed ultrastructurally. Unicellular species
(Interfilum terricola (B. Petersen) Mikhailyuk,
Sluiman, A. Massalski, Mudimu, Demchenko,
T. Friedl & S.Y. Kondr. or I. paradoxum) had
homogeneous cell walls with a fibrous mucilage

layer (Fig. 46). Species forming cell packets (I. mass-
jukiae Mikhailyuk, Sluiman, A. Massalski, Mudimu,
Demchenko, T. Friedl & S.Y. Kondr.) were character-
ized by layered cell walls without mucilage (Fig. 47).

The cell walls of Klebsormidium strains showed
triangular spaces between the cell walls ofneighbour-
ing cells (Figs 49, 50, 52, 54), as well as projections
and exfoliations of the parental walls formed during
cell detachment (Figs 56—5 8), and gelatinous parental
walls similar to the cap—like structures of Inteifilum
(Figs 55, 58). All these characters indicate
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Figs 43—50. Transmission electron micrographs of vegetative cells and cell wall structure of Interfilum and Klebsormidium. Figs
43—45. Pyrenoid structure and position ofperoxisome, nucleus and mitochondria in Interfilum cells. Figs 46, 47. Cell wall structure
of Interfilum (homogeneous cell wall with mucilage (Fig. 46) and multilayered cell wall without mucilage (Fig. 47)). Fig. 48.
Pyrenoid structure and position of peroxisomc, nucleus and mitochondria in Klebsormidium cell. Figs 49, 50. Cross-cell wall
structure of Klebsormidium; arrows indicate triangular spaces between the cell walls of daughter cells and the mother cell wall.
Material illustrated is: Fig. 43, Interfilum paradoxum (SAG 338.1); Fig. 44, Interfilum terricola (SAG 2100); Figs 45, 46, Interfilum
sp. (SAG 2101); Fig. 47, Interfilum massjukiae (SAG 2102); Fig. 48, Klebsormidium crenulatum (SAG 2415); Figs 49, 50,
Klebsormidium bilatum (SAG 5.96). Abbreviations: Chl, chloroplast; CW, cell wall; cCW, cross-cell wall; ML, mucilage layer; P,
peroxisome; Nu, nucleus; S, starch grain; M, mitochondrion; Py, pyrenoid. Scale bars 1 pm.

discontinuity ofthe Klebsormidium cell wall, and thus
the presence of individual walls in each cell and par-
ental wall. Cross-walls ofKlebsormidium were bi- or
multilayered, lacked plasmodesmata, and often
showed different thicknesses within the same filament
(Figs 51—53).

Ultrastructural analysis of cell walls in different
lineages ofKlebsormidium indicated overall similarity,

but also some differences in detail (Figs 59—66).
Samples from clades B/C KUEl and ASIB V100
(Figs 59, 60) exhibited bilayered outer cell walls
covered by a clearly distinguishable mucilage layer.
The outer cell walls were ~ 0.16 pm thick in KUEl
and ~ 0.22 pm in ASIB V100, which together with
the mucilage layer was ~ 0.4—0.5 mm in thickness
(Figs 59, 60). The cell cross-walls were sometimes
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Figs 51—58. Transmission electron micrographs ofdifferent Klebsormidium strains. Fig. 51. Central nucleus and parietal chloroplast
clearly visible. Fig. 52. Chloroplast contains pyrenoid, the outer cell wall exhibits clear layering with a corrugated outer surface, and
the triangular space between the outer cell wall and the cross-wall is marked with a white arrow. Fig. 53. Pyrenoid with numerous
starch grains, triangular space is marked with a white arrow. Fig. 54. Triangular space (white arrow) between the outer cell wall and
the cross-wall. Fig. 55. Double-layered outer cell wall. Fig. 56. Terminal cell, showing the projections of the mother-cell wall (black
arrows). Fig. 57. Two cells still not fully separated, showing the projections of the mother-cell wall (black arrows). Fig. 58. Initiating
separation of two cells, the mother-cell wall is already separated (black arrows). Material illustrated is: Figs 51754, Klebsormidium
crenulatum (SAG 2415); Fig. 55, Klebsormidium dissectum (SAG 2416); Figs 56, 57, Klebsormidium nitens (SAG 2417); Fig. 58,
Klebsormidium cf. nitens (STRl). Abbreviations: Chl, chloroplast; CW, cell wall; cCW, cell cross—wall; Nu, nucleus; Py, pyrenoid;
V, vacuole. Scale bars Figs 51753, 5658, Figs 54755: 1 mm; d, e: 500 nm.
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separated in KUEl, while in ASIB V100 they were
rather thick and multilayered (Figs 59, 60).
Representatives of clades D and G, PITl and
14613.5e (Figs 61, 62) showed bilayered outer cell
walls with the outer layer less obvious in 14613.5e.
The cell walls in PITl were ~ 0.17 pm thick, and in
14613.5e ~ 0.2 pm. In both strains, triangular spaces
between the cross-walls and the outer cell wall were
detectable (Figs 61, 62). The cross-walls were
layered in 14613.5e, while they appeared rather
smooth in PIT1. The thickest outer cell walls, in a
Klebsormidium strain from clade F (K. crenulatum
(Kiitzing) Ettl & Gartner, SAG 2415), were up to
~06 pm thick, clearly layered and corrugated (Fig.
63). The cross-walls were also layered and clearly

separated from the outer cell walls (Fig. 63). In many
cases, triangular spaces between the outer cell walls
and the cross-walls were visible (Figs 52—54). In
contrast, Klebsormidium samples from clade E
(K. nitens (Meneghini in Kfitzing) Lokhorst (SAG
2417), K. cf.fluitans (Gay) Lokhorst (BOT3) and K.
dissectum (Gay) Ettl & Gartner (SAG 2416), Figs
64—66) had rather thin cell walls, reaching 0.26 pm
thickness in SAG 2417, 0.15 pm in BOT3 and 0.17
pm in SAG 2416. The cross-walls were thin and
clearly separated fiom the outer cell wall in SAG
2416 (Fig. 66). Triangular spaces were observed
only in BOT3 (Fig. 65). Layering of the cell walls
and a mucilage layer were observed in all strains of
clade E (Figs 64—66).

Figs 59—66. Transmission electron micrographs of different Klebsormidium strains; each image shows the left comers of two
neighbour cells in a median section. The outer cell walls (CW) and cross-walls (CCW) separating the two cells are visible. Fig. 59.
Klebsormidium cf.flaccidum (KUEl). Fig. 60. Klebsormidium cfiflaccidum (ASIB V100). Fig. 61. Klebsormidium sp. (14613.5e).
Fig. 62. Klebsormidium cf. bilatum (PITl). Fig. 63. Klebsormidium crenulatum (SAG 2415). Fig. 64. Klebsormidium nitens (SAG
2417). Fig. 65. Klebsormidium cf.fluitans (BOT3). Fig. 66. Klebsormidium dissectum (SAG 2416). Abbreviations: Chl, chloroplast;
CW, cell wall; cCW, cell cross-wall; ML, mucilage layer; V, vacuole; arrows point to triangular spaces between the cell cross-walls on
the edges. Scale bars 500 nm.
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Discussion

Protoplast structure ofInterfilum and Klebsormidium

According to our observations and to previously
published data, protoplasts of Interfilum and
Klebsormidium are characterized by common mor—
phological and ultrastructural features: similar struc—
tures of the chloroplast and pyrenoid, position of the
nucleus in a cytoplasmic bridge between the two
terminal vacuoles, fibrous mucilage structure, shape
and position ofthe single peroxisome, and mitochon-
dria (Stewart et al., 1972; Silverberg, 1975; Lokhorst
& Star, 1985; Morison & Sheath, 1985; Honda &
Hashimoto, 2007; Mikhailyuk et al., 2008). The pro—
toplast structure of some related streptophycean
algae, e.g. members of Entransia, Hormia’iella,
Chlorokybus Geitler and Coleochaete Brébisson, is
mostly similar as well (Rogers et al., 1980; Sluiman,
1985a; Lokhorst et al., 2000; Cook, 2004). Some
conjugating green algae (Holzinger et al., 2009) and
Anthocerotae mosses (Cook, 2004) have similar pyr-
enoid starch envelope structure. A large single per-
oxisome located between the chloroplast and
the nucleus is also characteristic of Mesostigma
Lauterbom, Chaetosphaeridium Klebahn,
Chlorokybus, Coleochaete and Hormidiella (Rogers
et al., 1980; Sluiman, 1985a; Melkonian, 1989; Van
den Hoek et al., 1995; Lokhorst et al., 2000).
Multiple peroxisomes of other shapes, closely adja—
cent to the chloroplast, are found in Nitella C.
Agardh (Silverberg & Sawa, 1973), Micrasterias C.
Agardh ex Ralfs (Tourte, 1972), photosynthetic cells
of Polytrichum (Proctor et al., 2007) and vascular
plants (Raven et al., 2005). The peroxisome, nucleus,
chloroplast and mitochondria form a specific struc—
tural complex, which has been suggested to be a
diagnostic feature for streptophycean green algae
(Massalski, 2002; Massalski & Kostikov, 2005).
The close arrangement of these organelles in the
cell is considered to be an evolutionarily progressive
character, because it guarantees rapid metabolic
exchange processes during photorespiration (Raven
et al., 2005). In addition, the enzyme composition of
peroxisomes of streptophycean algae and embryo—
phytes is similar, and differs from other algae
(Gross, 1993). The structural complex plays an
important role in cell division of streptophycean
algae (see below). It is likely that the presence of
this structural complex reflects the evolutionary suc—
cess of this algal group (worldwide distribution in
terrestrial ecosystems; Rindi et al., 2009), and hence
is partially retained in embryophytes (Raven et al.,
2005; Proctor et al., 2007).

Mitochondria are probably components of the
structural complex as well. There are abundant TEM
data on mitochondrial profiles in sections of
Klebsormidium cells (Stewart et al., 1972;
Silverberg, 1975; Lokhorst & Star, 1985; Morison &
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Sheath, 1985; Honda & Hashimoto, 2007), but little
information about their spatial organization is avail—
able. Our data indicate that the location of mitochon—
dria is always similar and strictly ordered. This spatial
distribution may support the proposal that streptophy—
cean algae contain a structural complex consisting of
the peroxisome, nucleus, mitochondria and chloro—
plast. Small differences in mitochondrial location
among different strains mostly depend on the cell
shape and details of chloroplast morphology.

Structure ofcell walls andpossible origin ofcell wall
remnants

Originally Interfilum was described as a genus with
bipartite cell walls, closely related to the genus
Radiofilum Schmidle (Chodat & Topali, 1922).
Detailed morphological investigations by Fritsch &
John (1942) showed that each Intelfilum cell has its
own integral cell wall, which is formed inside the
parental wall during cell division. The parental wall
ruptures in the middle during cell growth and detach—
ment, resulting in cap—like structures closely asso—
ciated with daughter cell walls. The origin of cap—,
ring— and thread—like structures from parental wall
remnants was shown in the present study and in a
previous publication (Mikhailyuk et al., 2008).

Some cell wall structures observed here in
Klebsormidium (H—like and cap—like structures, exfo—
liations and projections ofthe parental wall, triangular
spaces between the parental wall and the cell walls of
neighbouring cells) indicate that the cell wall is het—
erogeneous and includes daughter walls with closely
adhering remnants of the parental wall. The H-like
fragments represent structures homologous to the
cap—like remnants characteristic of Interfilum: two
cap—like structures connected by their tops. H—like
fragments are observed in some filamentous algae
with bipartite (Microspora Thur., Tribonema Derbes
et Solier) or separated (consisted of daughter and
parental walls) cell walls (Binuclearia Wittrock,
Cylindrocapsa Reinsch) (Sluirnan et al., 1989;
Massjuk, 1993; Sluiman, 1985b; Van den Hoek
et al., 1995), and probably in Klebsormidium as
well. Cap—like structures characteristic of Interfilum
were recently reported in some strains of
Klebsormidium by Skaloud & Rindi (2013).

H-like fragments of cell walls are well known in
Klebsormidium (Starmach, 1972; Moshkova, 1979;
Ettl & Gartner, 1995; Van den Hoek et al., 1995;
Lokhorst, 1996), but their origin has not been
explained satisfactorily. Lokhorst (1996) indicated
that H—fragments are remnants of the parental wall,
but did not explain how they are formed in an alga
with vegetative cell division (only cross—walls are
formed during this kind of cell division, as described
below, without formation of separate daughter cell
walls). Some proposed explanations indicate
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occasional formation of akinetes or hypnospores in
Klebsormidium (Moshkova, 1979; Morison & Sheath,
1985). In this case, the cell protoplast forms its own
cell wall, and the resting cell remains enclosed inside
the parental wall. However, according to other authors
aflebs, 1896; Lokhorst, 1996), specialized resting cells
are not formed in Klebsormidium because cells neigh—
bouring H—fragments are usually not distinguishable
(judging by the presence and location of cellular orga—
nelles) fiom other vegetative cells of the filament. Jane
& Woodhead (1941) reported that field—collected fila—
ments of Ulothrix Kutzing and Klebsormidium contain
many H—fiagments of cell walls. Detailed microscopic
investigation of the filaments showed that their cell
walls are discontinuous, with distinct inner and outer
layers. Microchemical tests revealed that these layers
differ in chemical composition: whilst the inner layer
consists ofcellulose, the outer layer represents an inter—
mediate stage in the degradation of cellulose to muci—
lage. Consequently, it is possible to interpret these
layers as the daughter cell wall and gradually degrading
remnants of the parental wall.

Formation ofpackets, biseriateparts offilaments and
branches in Interfilum and Klebsormidium

Some Inteifilum strains are able to form packets, cubic
cell aggregations and branched pleurococcoid thalli.
Cells divide in several planes and remain enclosed
within widened parental walls; the central space
between cells of a packet observed in this study indi—
cates that each daughter cell has its own cell wall.

The formation of packets, biseriate parts of a fila—
ment and branching have rarely been reported in
Klebsormidium (Ettl & Gartner, 1995; Lokhorst,
1996). The latter author interpreted these structures
mostly as the formation and further germination of
aplanospores, which formed one per cell and often
remained inside the sporangial wall. Germination of
the aplanospores led to the formation of branches or
cell complexes. Lokhorst (1996) expressed some
doubts concerning this interpretation, but proposed
that this ability of Klebsormidium might be the first
step in the development of definite side—branching.

Some examples ofthis branching are actually caused
by germination of cells originating from zoospores
(hemizoospores/aplanospores) inside a sporangial
wall. Germination of these cells inside the sporangium
leads to the formation ofyoung filaments growing from
a parental filament. This type of pseudobranching is
clearly visible in some published figures (Lokhorst,
1996, figs 36, 75, 97, 186; Skaloud, 2006, fig. 8).
Pseudobranches originating from reproductive cells
are evident in micrographs of Entransia fimbriata E.
0. Hughes (Cook, 2004, figs. 5e, 1), which is closely
related to Klebsonnidium. This observation provides
clear evidence that small branches can originate from
reproductive cells, as the tip (characteristic of

germinating zoospores of E. fimbriata and absent in
Klebsormidium) is clearly visible on the branches.

However, the formation of biseriate parts, packet—
like structures and some other kinds of branches in
Klebsormidium has another origin, i.e. the division of
vegetative cells occurs in several planes. This beha—
viour was observed in the present study and has been
reported in the literature (Ettl & Gartner, 1995, fig.
203d; Lokhorst, 1996, figs 188, 203, 207, 224). It
seems that the cells divide in the same way as
packet—forming strains of Interfilum.

It is known that the division ofchloroplasts, together
with the closely adhered peroxisome, occurs before
division in vegetative cells of Klebsormidium and
some other streptophycean algae (Coleochaete)
(Floyd et al., 1972; Pickett—Heaps et al., 1972;
Lokhorst & Star, 1985; Van den Hoek et al., 1995;
Honda & Hashimoto, 2007). Furthermore, the septum
dividing two protoplasts forms at the same position in
the cell where cleavage of these organelles had
occurred: the central part of the chloroplast and the
centre of the structural complex, where the pyrenoid
is located. Therefore, the site of septum formation is
strongly correlated with the chloroplast position.
Chloroplasts ofKlebsormidium are usually located lat—
erally, near longitudinal walls of cylindrical cells and
parallel to the filament axis. Chloroplasts are maxi—
mally exposed to light in this position. Therefore, a
septum dividing two daughter cells is formed in the
plane perpendicular to the filament axis (Fig. 67a),
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Fig. 67. Scheme of cell division in Klebsormidium and
Interfilum. a: division of cylindrical Klebsormidium cells,
with formation of normal filament; b: division of almost sphe-
rical or wide-ellipsoid Intelfilum cells, with formation of a
packet; c: division of deformed Klebsormidium cell, with for-
mation ofbiseriate part and packet-like structure. Arrows indi-
cate the site of septa formation and plane of cell division.
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resulting in a chain of cells. Cells of packet—forming
members of Inteifilum range fiom nearly spherical to
broadly ellipsoid. Chloroplasts in the cell dyad are
usually located perpendicular to the dyad axis. This
part of the cell wall is the longest, and the chloroplasts
are maximally exposed to light. The septum is formed
similarly to that in Klebsormidium, but parallel to the
dyad axis and perpendicular to the previous cross—wall
(Fig. 67b). A four—celled packet is formed as a result.

Therefore, the location of the chloroplast (or struc—
tural complex) and, partly, the shape of the cell deter—
mine the plane of cell division in Interfilum and
Klebsormidium. Interestingly, some fundamental rules
concerning cell division in embryophytes indicate that
the plane of cell division is correlated with the shape of
a cell: new cell walls normally form perpendicularly to
the axis of growth of a cell (Dupuy et al., 2010).
Therefore, the cross—dividing walls are normally
formed in long cells, and longitudinal walls in short
cells. Division in several planes does not occur in
Inteifilum strains with long cells. Occasional formation
ofbiseriate parts was observed in Klebsormidium with
short cells, i.e. K. crenulatum (Lokhorst, 1996) and K.
montanum alansgirg) S. Watanabe (Ettl & Gartner,
1995). We usually observed these structures in old
cultures of Klebsormidium, when the cells became
shorter. Sometimes the formation of biseriate parts of
filaments is related to the deformation of cells, causing
a curvature ofthe filament. The chloroplast has too little
space for lateral dislocation in short or deformed cells,
and hence sometimes turns from the short lateral wall to
the longer cross—wall, or locates obliquely. The septum
forms according to the usual rule, but perpendicularly
or obliquely to the filament axis (Fig. 670), in this case
forming biseriate parts, packet—like structures or
branches. Cell division in several planes in both
Inteifilum and Klebsormidium shows clearly that
many of the properties ofdividing plant cells are influ—
enced physically or mechanically (Dupuy et al., 2010).

Type ofcell division in Interfilum and Klebsorrnidiurn

Various modes of cell division of algae have been
described. However, at present two main types of
division can be distinguished among green algae
with rigid cell walls: sporulation (cytogony, eleuther—
oschisis) and vegetative cell division (cytotomy, des—
moschisis) (Ettl, 1988a, b; Sluiman et al., 1989). The
mechanism of cytokinesis of the two types differs
substantially and leads to the formation of different
division products: specialized reproductive cells
(spores or gametes) or young vegetative cells.

The fundamental morphological characters distin—
guishing sporulation and vegetative cell division are
distinctive features in the formation of daughter cell
walls. The cross—wall is always formed de novo, but
longitudinal cell walls of parental cells are preserved
and become part of the daughter cell wall during
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vegetative cell division (Ettl, 1988a, b; Massjuk,
1993; Van den Hoek et al., 1995). Therefore, the cell
wall ofa thallus is integral, since each cell is part ofthe
multicellular organism. Pores with plasmodesmata are
often characteristic of cross—walls of multicellular
algae, in which separate cells are united in an inte—
grated organism (Van den Hoek et al., 1995). The
main characteristic of sporulation is the formation of
cell walls by each cell independently within the par-
ental (sporangial) wall (Ettl, 1988a, b; Sluiman et al.,
1989). The protoplast of the parental cell divides into
several parts, each forming its own cell wall during
sporulation. The wall of the parental cell is trans—
formed in different ways: it may degrade, releasing
the cells to form unicellular organisms, or remain
intact, holding the cells in colonies and forming extra—
cellular structures. The cell walls are discontinuous
and the cells are not connected by plasmodesmata,
although they are united in multicellular complexes
that represent colonies of unicellular organisms
(Sluiman et al., 1989).

The type of cell division of many algae is easy to
attribute to sporulation because it leads to the forma—
tion of a typical unicellular state. Cell division of
packet—forrning (sarcinoid morphotype) and filamen-
tous algae traditionally was regarded as vegetative cell
division (Fritsch, 1935; Smith, 1955). However, the
morphological classification created by Ettl (1988a, b)
and supported with some ultrastructural characters by
Sluiman et al. (1989) determined that cell division of
many filamentous and sarcinoid algae is actually a
kind of sporulation. A complex of ultrastructural and
morphological features (mostly accompanied by the
presence of partially reduced flagellar structures in
daughter cells, specific origin of the septum plasma
membrane and a post—cytokinetic circumferential
deposition pattern of extracellular material) were
used as diagnostic characters indicating cell division
via sporulation. The ultrastructural characters of the
above—mentioned spores are completely reduced in
some algae. The last character (circumferential
deposition of the new cell wall) is the most important,
as it indicates the formation of a daughter cell wall
within the parental wall and attributes cell division to
the sporulation type. Cell division of some packet—
forming (Chlorosarcinopsis Herndon, Tetracystis R.
M. Brown & H.C. Bold, Trebouxia Puymaly) and
filamentous algae (Geminella Turpin, Binuclearia,
Cylindrocapsa, Nannochloris Naumann, Marvania
F. Hindak, Microspora, Stichococcus Nageli,
Oedogonium Link ex Him) was determined to be
sporulation on the basis of these characters (Sluiman,
1985b; Sluiman & Reyrnond, 1987; Sluiman &
Lokhorst, 1988; Sluiman et al., 1989; Yamamoto
et al., 2007). The next conclusion derived fiom this
classification was a fundamentally different concept
of thallus organization in these algae: colonies of
unicellular organisms (packets or pseudofilaments)
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and their vegetative cells are spores, according to their
origin (Ettl, 1988a, b; Sluiman et al., 1989).

Although this classification system of cell division
is generally accepted (Van den Hoek et al., 1995),
there are also contradictory arguments (Massjuk,
1997, 2000; Massjuk & Demchenko, 2001), i.e. that
the products of the cell division are not spores or
gametes, but rather vegetative cells. A wider concept
ofvegetative cell division was proposed later: ‘During
vegetative cell division the parental cell wall does not
rupture or gelatinize, but is used for organization of
daughter cell walls, which leads to the formation of
vegetative (somatic, not specialized reproductive)
cells and growth of thallus’ (Massjuk, 2000). This
concept has some debatable points as well. Although
parental cell walls in pseudofilamentous algae usually
represent support for the daughter cell and are
involved in the formation of a thallus, they degrade
via rupture or gelatinization and transform into rem-
nants (Sluiman, 1985b; Sluiman & Reymond, 1987;
Yamamoto et al., 2007).

The cell division of packet—like and pseudofilamen—
tous algae is a transitional type between sporulation and
vegetative cell division. The mechanism of this cell
division must be attributed to sporulation: the daughter
cell wall forms within the parental wall, and the par—
ental wall represents different stages of degradation.
The products of cell division (somatic cells, not spores
or gametes) reflect vegetative cell division. The paren—
tal cell wall is partially retained after this cell division
and participates in the formation of the thallus. In our
opinion, the best definition of cell division within
packet—like and pseudofilamentous algae is ‘des—
moschisis’sensu Groover & Bold (1969), as previously
proposed by Massjuk (2000). However, this term is not
generally accepted in modern phycological literature,
and is considered a synonym ofclassical vegetative cell
division (Sluiman et al., 1989).

Although cell division in Interfilum initially was
determined to be vegetative cell division (Chodat &
Topali, 1922), Fritsch & John (1942) reported a spor—
ulation—like type of formation of daughter cell walls.
The latter authors even considered I. paradoxum to be a
colonial member of the Chlorococcales. The characters
ofInterfilum cell walls obtained in the present study are
arguments for the formation of daughter cell walls
within parental walls. Therefore, a sporulation—like
type of cell division is characteristic for Interfilum.

Vegetative cells ofKlebsormidium divide by vegeta—
tive cell division according to the traditional point of
view (Floyd et al., 1972; Pickett—Heaps, 1972; Lokhorst
& Star, 1985; Sluiman et al., 1989; Van den Hoek et al.,
1995; Lokhorst, 1996). The cell cross—walls form by
cleavage furrow and lack plasmodesmata (Lokhorst &
Star, 1985; Van den Hoek et al., 1995; Lokhorst, 1996).
However, different kinds of remnants of parental cell
walls and triangular spaces between parental walls and
cell walls of neighbouring cells are structures

characteristic of the sporulation—like type of cell divi-
sion, and are homologous to structures observed in
Interfilum. Therefore, the type of cell division within
the two genera must be the same. In addition, the
presence of cross—walls with an H—like appearance
(Microspora—type) is an argument for cell division by
the sporulation—like type (Sluiman et al., 1989).

Transformation ofparental wall andprobable
structure ofthalli in Interfilum and Klebsorrnidium

Gelatinization ofparental walls leads to the formation
of a mucilage envelope and disintegration of the thal—
lus to the unicellular state. The cell walls of these
Interfilum strains are usually thin and homogeneous
because they represent a daughter cell wall.
Preservation of parental walls around daughter cells
caused the formation ofdensely layered walls, retain-
ing cellular packets. The cell walls of these Interfilum
strains are thick and layered, because they consist of a
daughter cell wall and several generations ofparental
walls and their remnants. Partial rupture of the paren—
tal walls leads to the formation of cap—, ring— and
thread—like structures. The left part of the scheme
(Fig. 68b—g) shows that different routes of transfor—
mation of Interfilum parental walls lead to the forma—
tion of a specific thallus structure.

Vegetative cells ofKlebsormidium usually divide in
one plane, with subsequent formation of filamentous
thalli. The scheme of a filament typical for other algae
with the sporulation—like type of cell division
(Geminella, Binuclearia, Cylindrocapsa; Massjuk,
1993; Van den Hoek et al., 1995) was chosen as a
model ofKlebsormidium filaments. The parental walls
ofKlebsormidium are partially preserved around two
daughter cells during cell division (Fig. 68a). Further
division of these cells proceeds in the same way, i.e. a
chain of cells surrounded by many generations of
parental walls is formed (Fig. 68a, h, j). Generations
of parental walls are transformed in different ways
(ruptured or gelatinized) because of the pressure of
growing cells and remnants over time. This model
corresponds to some characters of a Klebsormidium
thallus and explains the formation of H— and cap—
fragrnents of the cell wall. The different widths of
cross—walls within the same filament of
Klebsormidium is a further confirmation of this
scheme; i.e. the cell walls are thin and bilayered
between fieshly divided cells, and thick and multi-
layered between groups of dividing cells.

The morphological diversity within Klebsormidium
reflects different routes of further transformation of
parental walls. The preservation of these parental
walls around daughter cells leads to the formation of
dense filaments, often with H—fragments (Fig. 68h).
The mechanism for the formation of an H—fragrnent is
as follows: the cell cross—wall is pressed from opposite
sides by two growing neighbouring cells, and the
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Fig. 68. Scheme showing different routes of transformation of the Interfilum and Klebsormidium parental-cell wall, leading to
formation ofdifferent morphotypes. a: preservation ofparental wall, cylindrical cells divided mostly in one plane; b: gelatinization or
rupture of parental wall; c: preservation of parental wall, almost-spherical cells divided in several planes; d: formation of unicells
connected by ‘threads’; e: formation of unicells with cap- and ring-like structures; f: formation ofpackets and branched thallus; g:
gelatinization ofparental wall and formation ofunicells with cap-like structures; h: preservation ofparental wall, formation of strong
filaments; i: formation of H-like fragments; j: partial gelatinization of parental wall; k: formation of short filaments, dyads and
unicells; l: occasional division in several planes, formation ofpacket-like structures and biseriate parts. Arrowheads indicate sites of
rupture ofparental wall.

layers of parea cell walls are compressed.
Longitudinal cell walls, in contrast, are stretched and
become thinner. The filaments are ruptured first in the
middle of the longitudinal walls, and the cross—wall is
preserved and forms an H—fiagment (Fig. 68i). H-
fragments are usually formed within the thickest
cross—walls, i.e. between groups of dividing cells.

A second route of transformation of the
Klebsormidium parental wall leads to gelatinization
and formation of a delicate mucilage envelope around
the filament (Fig. 68j). The filament can easily disin—
tegrate into short filaments, and the unicells are some—
times morphologically similar to unicellular strains of
Inteifilum. These Klebsormidium strains sometimes
form H-fiagments, but this phenomenon is observed
rarely because their parental walls are thin and delicate,
and gelatinization of cross—walls leads to easy separa—
tion ofcells. Biseriate and packet—like parts offilaments
occur occasionally in Klebsormidium because of an
atypical position ofthe chloroplast in the cell (Fig. 681).

Investigations ofthe ultrastructure ofKlebsormidium
cell walls of different phylogenetic lineages showed a
high structural similarity, with some differences in
details. These details are the width and degree of lami—
nation of the cell walls, as well as the presence or
absence of mucilage. Therefore, the diversity of struc—
tures and textures of Klebsormidium cell walls

probably represents two main types: (1) dense filaments
without mucilage (mostly characteristic of representa—
tives of xerophytic lineages, i.e. clades D, F and G
according to Rindi et al., 2011; Fig. 69), and (2) fila-
ments with gelatinized cell walls that easily transform
into short filaments or into the unicellular state (char—
acteristic of mesophytic and hydrophytic lineages, i.e.
clades E and partially B and C; Fig. 69).

In summary, the data presented here indicate a high
similarity in the morphology and ultrastructure of
vegetative cells and cell walls of Inteifilum and
Klebsormidium, and this similarity is in concordance
with results of a recent phylogenetic analysis (Rindi
et al., 2011). The different morphology of these gen—
era is mostly a consequence of the different ‘beha—
viour’ of parental walls after cell division and
detachment, as well as of the shape of the vegetative
cells. Therefore, the presence of different morpho—
types within the two genera depends on shape of
cells, mechanical interactions between cells and the
influence of environmental conditions.

Structure ofcell wall andpossible type ofcell division
in other green and streptophycean algae

Cell walls of two other genera of Klebsormidiales,
Entransia and Hormidiella Iyengar & Kanthamma,
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Fig. 69. Schematic phylogenetic tree inferred from Maximum Likelihood analysis of the ITS rRNA in the Klebsormidialcs, with
bootstrap support (BP) and Bayesian posterior probabilities (PP) indicated at the nodes; from left to right the support values
correspond to Neighbour Joining BP, Maximum Likelihood BP and Bayesian PP (Rindi et al., 2011, fig. 1). Right part of the figure
shows schematic pictures of representatives corresponding to each clade.

exhibit similar characters to those found in Inteifilum
and Klebsormidium. Triangular spaces between
daughter and parental walls are visible in TEM micro—
graphs ofvegetative cells ofE.fimbriata (Cook, 2004,
figs. 60, 7g). H—fragments of the cell wall are charac—
teristic for this species (Cook, 2004). H—fragments are
unknown for H. attenuata Lokhorst (Lokhorst et al.,
2000), but we observed these structures in strain
CCAP 329/1 cultivated on agar medium (data not

shown). Consequently, cell division in Entransia and
Hormidiella seems to be similar to that in Interfilum
and Klebsormidium.

Triangular spaces between cells and the clear par—
ental wall surrounding cell packet are visible in TEM
micrographs of another streptophycean alga,
Chlorokybus atmophyticus Geitler (Lokhorst et al.,
1988, fig. 5). This species was mentioned as the sole
representative among species formerly assigned to
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Charophyceae that shows a type of cell division inter—
mediate between vegetative cell division and sporula—
tion (Sluiman et al., 1989).

Investigation of species of Coleochaete cultivated
under conditions simulating the terrestrial habitat (on
solid medium and on sand grains) showed the forma—
tion ofpacket—like cell aggregates instead of the typi—
cal radial thalli (Graham et al., 2012). Cell packets are
formed because of preservation of the parental walls
(Graham et al., 2012, fig. 30). It seems that vegetative
cells of Coleochaete divide by the sporulation—like
type because of the presence of the parental wall.
However, the ultrastructural characters of cytokinesis
in Coleochaete are completely different (formation of
the cell plate in a phragmoplast) fiom those seen in the
members of Klebsormidiales or Chlorokybales (clea—
vage furrow) (Lokhorst et al., 1988; Van den Hoek
et al., 1995). These data show that a transition
between two fundamentally different thallus struc—
tures or morphotypes (radial plate and sarcinoid
packet) occurs in nature more often than was pre—
viously thought, and depends on environmental con—
ditions. In general, the formation of cell packets and
cubic aggregations is typical for many terrestrial
algae, and is related to a reduction of the cell surface
area subject to evaporation (Nienow, 1996; Karsten
et al., 2010). The example of Coleochaete shows that
the formation ofa packet—like morphotype might be an
adaptation to terrestrial conditions.

The tendency for cells to easily transition to divide
in three planes and form packet—like cell aggregates
is probably typical for the sporulation—like type of
cell division. This phenomenon was observed within
the clade ‘Prasiola’, including taxa with pseudofila—
mentous (Stichococcus) and pleurococcoid packet—
like thalli (Desmococcus F. Brand, Diplosphaera M.
N. Bialosuknia) (Préschold & Leliaert, 2007; Friedl
& Rybalka, 2012). Various morphotypes among dif—
ferent lineages of algae are not the result of their
multiple origins, but result from tiny morphological
changes that dramatically influence their gross
morphology.
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BIODIVERSITY OF KLEBSORMIDIUM (STREPTOPHYTA) FROM ALPINE BIOLOGICAL SOIL
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Forty Klebsormidium strains isolated from soil
crusts of mountain regions (Alps, 600–3,000 m
elevation) were analyzed. The molecular phylogeny
(internal transcribed spacer rDNA sequences)
showed that these strains belong to clades B/C, D, E,
and F. Seven main (K. flaccidum, K. elegans,
K. crenulatum, K. dissectum, K. nitens, K. subtile, and
K. fluitans) and four transitional morphotypes (K. cf.
flaccidum, K. cf. nitens, K. cf. subtile, and K. cf.
fluitans) were identified. Most strains belong to clade
E, which includes isolates that prefer humid
conditions. One representative of the xerophytic
lineage (clade F) as well as few isolates characteristic
of temperate conditions (clades B/C, D) were found.
Most strains of clade E were isolated from low/
middle elevations (<1,800 m above sea level; a.s.l.) in
the pine-forest zone. Strains of clades B/C, D, and F
occurred sporadically at higher elevations (1,548–
2,843 m a.s.l.), mostly under xerophytic conditions
of alpine meadows. Comparison of the alpine
Klebsormidium assemblage with data from other
biogeographic regions indicated similarity with soil
crusts/biofilms from terrestrial habitats in mixed
forest in Western Europe, North America, and Asia,
as well as walls of buildings in Western European
cities. The alpine assemblage differed substantially
from crusts from granite outcrops and sand dunes in
Eastern Europe (Ukraine), and fundamentally from
soil crusts in South African drylands. Epitypification
of the known species K. flaccidum, K. crenulatum,
K. subtile, K. nitens, K. dissectum, K. fluitans,

K. mucosum, and K. elegans is proposed to establish
taxonomic names and type material as an aid for
practical studies on these algae, as well as for
unambiguous identification of alpine strains. New
combination Klebsormidium subtile (K€utzing)
Mikhailyuk, Glaser, Holzinger et Karsten comb. nov.
is made.

Key index words: biodiversity; distribution; ecology;
epitypification; Klebsormidium; molecular phylogeny;
morphological characters; phenotypic plasticity

Abbreviations: a.s.l., above sea level; ITS, internal
transcribed spacer; ML, maximum likelihood; SAG,
Culture Collection of Algae at G€ottingen University,
Germany

Biological soil crusts are essential elements of
extreme terrestrial habitats, where the growth of
higher plants is limited by a complex of unfavorable
abiotic factors. These communities represent com-
posite micro-ecosystems that mainly include bacteria,
cyanobacteria, algae, fungi, lichens, liverworts, and
mosses, in varying proportions depending on the
environmental conditions (Belnap and Lange 2001,
B€udel 2002). Biological crusts can stabilize soil sur-
faces by gluing together sand grains and soil parti-
cles, thereby acting as the first (pioneer) stage of soil
formation before settlement of higher plant propa-
gules. In addition, these cryptogamic crusts form
water-stable aggregates that have important ecologi-
cal roles in primary production, nutrient cycling, and
water retention of soils (Evans and Johansen 1999,
Lewis 2007). Biological soil crusts are present in all
terrestrial habitats worldwide, where the growth of
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vascular plants is limited by low water availability and
extremes of temperature (Belnap and Lange 2001).

The algal species composition of cryptogamic
crusts in different regions is astonishingly similar
and typically includes taxa that are adapted to
extreme environments, mostly cyanobacteria (West
1990, Sant’Anna and Azevedo 1991, Rosentreter and
Belnap 2001). However, some studies have indicated
that the climatic conditions of some regions influ-
ence the composition of crusts. Biological soil crusts
from deserts of North America (temperate zone)
include many green algae (Johansen et al. 1982),
whereas significant parts of cryptogamic crusts from
Antarctica are composed of prasiolacean green
algae (Green and Broady 2001). Filamentous strept-
ophycean green algae (Zygogonium K€utzing and Kle-
bsormidium P.C. Silva, Mattox & Blackwell) dominate
the soil crusts of temperate Europe (Luke�sov�a and
Kom�arek 1987, Hoppert et al. 2004), while diatoms
and conjugating green algae are the main compo-
nents of soil crusts in the tundra zone (Skuja 1964).

The Alps constitute an extreme habitat for photo-
synthetic organisms, including terrestrial algae, due
to their harsh climatic and environmental condi-
tions: wide seasonal and diurnal temperature fluctua-
tions, occasional frost in summer, strong impact of
wind causing drought and abrasion, and rarefied
atmosphere, as well as high levels of insolation
including intense ultraviolet radiation that increases
with elevation (L€utz and Engel 2007). Investigation
of algae present in alpine soil crusts is important
because of their possible adaptation to withstand the
extreme environmental conditions that are typical
for mountains, and because of their essential role in
alpine terrestrial ecosystems. Nevertheless, data on
the composition and ecology of these algal assem-
blages are sparse in comparison with the knowledge
of soil crusts from arid and polar regions (T€urk and
G€artner 2001, Karsten and Holzinger 2014).

Investigations of the species composition, distribu-
tion, and ecology of algae from alpine soils began
in the 1960s (Pitschmann 1963, Reisigl 1964, 1969,
Trenkwalder 1975, Vinatzer 1975). The information
was completed and summarized by Reisigl (1964)
and later by T€urk and G€artner (2001) and Ettl and
G€artner (1995, 2014). Some data on the species
composition and characteristics of alpine soil algae
are included in the contributions of G€artner (2004),
Tschaikner et al. (2007, 2008) and Tschaikner
(2008). As a result, new species of terrestrial algae
from different genera (especially Heterococcus Cho-
dat, Myrmecia Printz, Leptosira Borzi, Botrydiopsis Bor-
zi, Trochisciopsis Vinatzer, Coelastrella Chodat, and
others) were described, and some data on the ecol-
ogy and distribution of known taxa were provided
(Ettl and G€artner 2014). T€urk and G€artner (2001)
provided information about the species composition
of algae of biological soil crusts in the Alps, which
contain abundant filamentous streptophycean and
xanthophycean algae, along with cyanobacteria.

Members of the filamentous green alga genus Kle-
bsormidium (Klebsormidiophyceae, Streptophyta) are
one of the essential components of soil crusts.
These algae are widely distributed in terrestrial habi-
tats worldwide (Hoffmann 1989, Lokhorst 1996,
Rindi et al. 2008, 2011). The reasons for the ability
of Klebsormidium to survive and develop high bio-
mass under extremely dry, insolated, hot, or cold
terrestrial conditions are not completely under-
stood, but more recent publications indicate a high
potential for acclimation to fluctuations in water
availability, temperature, and solar radiation (Holz-
inger and Karsten 2013, Karsten and Holzinger
2014, Kitzing et al. 2014). A recent transcriptomic
approach revealed that all prerequisites for living in
a terrestrial habitat (e.g., ROS protection mecha-
nisms, and up-regulation of enzymes involved in the
biosynthesis of the raffinose family of oligosaccha-
rides for osmotic protection) are present in Klebso-
rmidium crenulatum (K€utzing) Lokhorst (Holzinger
et al. 2014). The presence of these prerequisites was
further supported by a genome-sequencing study of
Klebsormidium flaccidum (K€utzing) P.C. Silva, Mattox
& W.H. Blackwell (Hori et al. 2014). However, the
taxonomy of Klebsormidium is problematic because of
high morphological uniformity and plasticity as well
as, probably, a high degree of hidden cryptic diver-
sity (Rindi et al. 2008, 2011, �Skaloud and Rindi
2013). Despite the many investigations on morphol-
ogy, ontogeny, ultrastructure, and phylogeny of Kle-
bsormidium (Stewart and Mattox 1975, Lokhorst and
Star 1985, Lokhorst 1996, �Skaloud 2006, Rindi et al.
2008, 2011, Sluiman et al. 2008, �Skaloud and Rindi
2013, �Skaloud et al. 2014, Ry�s�anek et al. 2015 and
references therein), unambiguous identification of
species in the genus remains difficult. Species delim-
itation within Klebsormidium and even the phyloge-
netic position of the type species, K. flaccidum, are
still under debate (Rindi et al. 2011, �Skaloud and
Rindi 2013, �Skaloud et al. 2014). The type material
of most of the known Klebsormidium species is repre-
sented by herbarium sheets (Lokhorst 1996, Rindi
et al. 2011), and it is urgently necessary to provide
epitypification and designation of the various taxa
based on algal strains that are deposited and accessi-
ble in culture collections.
Our investigation is part of a broader study on

the ecology and ecophysiological performance of
Klebsormidium as a component of alpine biological
soil crusts of the Tyrolean Alps (Karsten et al. 2010,
2013, Holzinger et al. 2011, Kaplan et al. 2012, Kar-
sten and Holzinger 2012, 2014, Kitzing et al. 2014),
highlighting its biodiversity using an integrative
approach. We isolated strains of Klebsormidium from
biological soil crusts collected in mountain regions
at different elevations (Tyrolean Alps, Austria and
Italy, between 600 and 3,000 m a.s.l.), to undertake
morphological identifications, to evaluate their
genetic diversity, and finally to correlate the biodi-
versity with the elevational and ecological/biogeo-
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graphic distributions. Another goal was the epitypifi-
cation of some well-described Klebsormidium species,
to link names to type material, as an improved base-
line for future taxonomic studies on original and
newly isolated material.

MATERIAL AND METHODS

Collection sites, strain isolation and culture conditions. Most of
the 40 strains of Klebsormidium were isolated from samples of
the top 5 mm of alpine biological soil crust collected at dif-
ferent locations in Tyrol (Austria, Italy) during spring 2009; a
few samples were collected as biofilms covering rock surfaces
or artificial stone substrates. Two strains were isolated in
2007, and five isolates were provided by Prof. Georg G€artner,
University of Innsbruck, Austria. The strain number, origin,
and habitat of all the Klebsormidium isolates are provided in
Table S1 in the Supporting Information.

Klebsormidium from the field samples were purified and
established as unialgal cultures by the procedure of Tschaik-
ner (2008). All Klebsormidium cultures were cultured on solid
(1.5% agar) and liquid modified Bold’s Basal Medium (Starr
and Zeikus 1993) and kept at 20°C and 30–35 lmol pho-
tons � m�2 � s�1 under a light:dark cycle of 16:8 L:D. Osram
Daylight Lumilux Cool White lamps (L36W/840; Osram,
Munich, Germany) were used as light sources. The cultures
are kept in duplicates in the culture collections of the Univer-
sity of Innsbruck, Institute of Botany, Functional Plant Biol-
ogy and at the University of Rostock, Institute of Biological
Sciences, Applied Ecology and Phycology.

Other Klebsormidium strains involved in the investigation. Epi-
typification of known Klebsormidium species was undertaken to
link names to their respective type specimens, thus allowing
consistent species identification of strains isolated from alpine
soil crusts. Eight strains from the Sammlung von Algenkultu-
ren, University of G€ottingen, Germany (SAG: Friedl and Lorenz
2012, www.epsag.uni-goettingen.de) were used for comparison
with the alpine isolates. Comprehensive information on these
strains was previously presented by Rindi et al. (2011).

Light microscopy and morphological characterization. Young (2-
to 3-week old) and old (2- to 3-month old) cultures of all Kle-
bsormidium strains were characterized morphologically using
an Olympus IX70 light microscope (Olympus Europa Hold-
ing, Hamburg, Germany) with Nomarski differential interfer-
ence optics. Filament morphology was documented with a
ColorView II camera (Soft Imaging System GmbH, M€unster,
Germany) using the imaging software analySIS (Soft Imaging
System GmbH). The identification keys of Starmach (1972),
Moshkova (1979), Ettl and G€artner (1995), Hind�ak (1996)
and Lokhorst (1996) were used to identify the taxa prior to
the morphological studies. Filament and cell shape and size,
morphology of chloroplasts and pyrenoids, presence of H-like
fragments of cell wall and mucilage, growth habit on solid
and in liquid medium, as well as modifications of all these
characters during the life cycle were documented.

DNA isolation, PCR, sequencing, and phylogenetic analyses of the
Klebsormidium strains. Genomic DNA was extracted using
the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Ger-
many). Internal transcribed spacer (ITS) rDNA was amplified
in a thermocycler (T gradient Thermoblock, Biometra, Ger-
many) according to Luo et al. (2006) using the Taq PCR
Mastermix Kit (Qiagen GmbH) with the primers (EAF3 and
ITS055R) published by Marin et al. (2003); PCR products
were purified using the Qiagen PCR purification kit (Qiagen
GmbH), following the instructions provided by the manufac-
turer; purified PCR products were sequenced with an ABI
3730 sequencer using the primers 1400F, ITS2F, GF, and GR

(Marin et al. 2003, Pr€oschold et al. 2005). Nucleotide
sequences were deposited in GenBank under the accession
numbers given in Figure 1 and Table S1. Sequences of strains
marked with an exclamation point in Figure 1 were previ-
ously published by Rindi et al. (2011), but without 5.8S
rDNA. These sequences were completed or corrected by one
of us (TM) and were resubmitted to GenBank. The new
accession numbers of these sequences are given in Figure 1.

Forty-nine sequences of Klebsormidium and Interfilum Cho-
dat strains were used for comparison with strains from alpine
soil crusts. These sequences were published by Sluiman et al.
(2008), Rindi et al. (2008), and �Skaloud and Rindi (2013).
Multiple alignments of the newly determined ITS1 and ITS2
rDNA sequences and other sequences selected from the Gen-
Bank databases were made using ClustalW and then cor-
rected manually using Bioedit software (Hall 1999). The
resulting alignments of the 89 Klebsormidium and Interfilum
strains were a concatenated data set (611 bp) of ITS-1
(365 bp) and ITS-2 (246 bp) rDNA sequences according to
other researchers working on these genera (Rindi et al. 2008,
2011, �Skaloud and Rindi 2013).

To determine the evolutionary model that best fit the data
set, the program MEGA version 6 (Tamura et al. 2013) was
used. For maximum likelihood (ML), the GTR model with
the proportion of invariable sites (I), and the gamma shape
parameter (G) resulted in the lowest Akaike Information Cri-
terion (Akaike 1974). For Bayesian analyses, GTR+G had the
lowest Bayesian Information Criterion.

The unrooted phylogenetic tree was constructed in MrBa-
yes 3.2.2 (Huelsenbeck and Ronquist 2001, Ronquist and
Huelsenbeck 2003) using the GTR+G model with 5,000,000
generations. Two runs of four Monte Carlo Markov Chains
were calculated simultaneously, with trees sampled every 500
generations. Split frequency between the runs was below 0.01
at the end of the calculation. The trees sampled before the
likelihood scores reached saturation were discarded after-
ward. The robustness of the tree topology was confirmed by
ML (GTR+I+G) performed in GARLI 2.0 (March 2011), and
bootstrap support was calculated with 1,000 replicates.

Statistical analyses. Statistical analyses were done in R soft-
ware (Version 3.1, R Development Core Team 2009). To visu-
alize the dissimilarities in the composition of Klebsormidium
clades between different habitats, the non-metric multidimen-
sional scaling (nMDS) plot was calculated based on the Bray–
Curtis dissimilarity index (Bray and Curtis 1957). Goodness
of fit was estimated based on the threshold recommended by
Clarke and Ainsworth (1993). The distribution patterns of
Klebsormidium clades along the elevation gradient were visual-
ized by boxplots, also calculated with R software.

RESULTS

Eleven distinct morphotypes were identified
among the alpine Klebsormidium strains studied.
Seven morphotypes represented known Klebsormidi-
um species, according to their morphology: K. flacci-
dum K. elegans Lokhorst, K. crenulatum, K. dissectum
(F. Gay) H. Ettl & G. G€artner, K. nitens (K€utzing)
Lokhorst, K. subtile (K€utzing) Tracanna ex Tell and
K. fluitans (F. Gay) Lokhorst. Four morphotypes
were impossible to identify unambiguously with ref-
erence to known species, because they were transi-
tional morphological forms between described
species. These isolates were identified as follows: K.
cf. flaccidum (transitional morphotype between
K. flaccidum and K. dissectum), K. cf. nitens (K. nitens
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FIG. 1. Molecular phylogeny (unrooted) of Interfilum (I.) and Klebsormidium (K.) based on ITS-1 and ITS-2 rDNA sequence compari-
sons. Phylogenetic tree was inferred by Bayesian method with Bayesian Posterior Probabilities (PP) and maximum likelihood (ML) boot-
strap support (BP) indicated at nodes. From left to right, support values correspond to Bayesian PP and ML BP; BP values lower than
50% and PP lower than 0.8 not shown. Strains marked in bold are sequences of Klebsormidium strains from alpine soil crusts. Strains
marked with asterisk (*) are proposed as epitypes. Strains marked with exclamation mark (!) are resubmissions of corrected or completed
sequences previously published by Rindi et al. (2011). Clade designations follow Rindi et al. (2011).
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and K. dissectum), K. cf. subtile (K. nitens and K. sub-
tile), and K. cf. fluitans (K. subtile and K. fluitans).

Klebsormidium is characterized by a high level of
morphological plasticity, and hence we often found
different morphotypes over the course of repeated
observations on the same strain, reflecting different
culture ages and developmental stages. The repre-
sentatives with thin or medium-sized filaments had
in general a high level of variability. This variation in
what are considered informative taxonomic charac-
ters, such as cell length and filament width and the
degree of its disintegration, influenced the general
appearance of Klebsormidium filaments. Descriptions
and images of morphotypes of alpine Klebsormidium
strains are presented in Table 1 and Figures 2–4.

The Bayesian phylogenetic tree of ITS rDNA
sequences is presented in Figure 1. Six previously
described clades are shown on the tree: A, B/C, D,
E, F, and G. The ITS phylogeny did not clearly dif-
ferentiate between clades B and C. Clade E, which
included the majority of strains, had weak statistical
support and limited resolution of some subclades.

Forty of the strains from alpine soil crusts were dis-
tributed among the main phylogenetic lineages of
Klebsormidium: clades B/C, D, E, and F. An exception
was clade G, which is composed mostly of strains iso-
lated from arid regions. The majority of alpine strains
(31, 77.5%) were included in clade E, which contains
the largest number of taxa (Fig. 5): K. dissectum,
K. nitens, K. cf. nitens, K. subtile, K. cf. subtile, K. flui-
tans, and K. cf. fluitans. Many fewer strains were dis-
tributed among clades B/C (6 strains, 15.0%), D (2
strains, 5.0%) and F (1 strain, 2.5%). Clade B/C uni-
ted two morphotypes: K. flaccidum and K. cf. flacci-
dum. Clades D and F included one morphotype each:
K. elegans and K. crenulatum, respectively.

The distribution of Klebsormidium morphotypes
and lineages along the elevation gradient showed
some clustering (Fig. 6). Strains from the largest
clade E were distributed evenly over the elevations
sampled. However, a closer look revealed that strains
of the K. dissectum and K. cf. fluitans morphotypes
were collected only at lower elevations, whereas
K. nitens occurred at middle elevations, and morpho-
type K. cf. nitens at high elevations. Four of six mem-
bers of clade B/C, along with all strains of clades D
and F, were collected at high elevations (Fig. 6).

DISCUSSION

Distribution of alpine Klebsormidium strains among
different phylogenetic clades and along elevation gradi-
ents. The phylogeny presented in Figure 1 corre-
sponds well with the ITS phylogeny of Klebsormidium
and Interfilum published by Rindi et al. (2011) and
with the ITS-rbcL phylogeny from more recent publi-
cations (�Skaloud et al. 2014, Ry�s�anek et al. 2015).
However, clade A (Interfilum), which usually appears
as a sister group to clade B/C, is distant from other
Klebsormidium clades (B/C, D, E, F, and G). As the

largest number of strains isolated from the alpine
habitats were representatives of clade E it formed
the base of biodiversity for the alpine Klebsormidium
strains (77.5%). In addition, this group also united
the largest number of Klebsormidium morphotypes
(Fig. 5). Clade E is the most common group world-
wide, and is typical for terrestrial habitats of Europe,
North America, and Asia (Ry�s�anek et al. 2015).
Alpine strains were found in all known Klebsormidi-
um lineages, with the exception of clade G. This
clade consists mostly of strains isolated from arid
regions such as in Africa (Rindi et al. 2011), and
hence did not contribute to the Klebsormidium biodi-
versity of the Alps. More recently, however, several
strains of Klebsormidium from acidic soils in Europe
were added to clade G (�Skaloud et al. 2014).
Although the number of samples is too small for a

proper correlation analysis, at least some conspicuous
trends among the Klebsormidium morphotypes/clades
and their elevational distributions were apparent
(Figs. 6 and 7). Representatives of clades B/C, D,
and F were collected mainly from soil crusts at high
elevations near the pine-forest line and above on
alpine meadows and in the nival belt. In contrast,
strains from clade E were mostly found at low and
middle elevations in the forest zone. In total, 20 Kle-
bsormidium strains from clade E (64.5%) were isolated
<1,800 m a.s.l. within the zone of pine forests, and 11
strains (35.5%) were found above this level. There-
fore, despite their morphological and ecological plas-
ticity, strains of clade E in general may be more
typical of humid and shaded habitats globally (e.g.,
�Skaloud and Rindi 2013), such as pine forest. Strains
of clades B/C, D, and F appear to be more adapted
to xerophytic habitats characteristic of higher eleva-
tions exposed to greater amounts of solar radiation.
Comparing distribution patterns of Klebsormidium

phylogenetic clades from alpine soil crusts to terrestrial hab-
itats from other regions. We compared our biodiversity
data on the alpine Klebsormidium isolates with those
from other regions to verify our proposed ecological
preferences of Klebsormidium strains from different
phylogenetic lineages, as well as to reveal species
composition patterns in terrestrial habitats of the
Alps. We selected studies that reflected the most
comprehensive Klebsormidium biodiversity of some
terrestrial habitats, using an integrative approach.
Although the monograph of Kostikov et al. (2001)
contains only morphological data, it was very helpful
because of the detailed descriptions of easily identi-
fiable species (K. crenulatum / K. mucosum (J.B. Pete-
resen) Lokhorst complex).
The results of our analysis are presented in Fig-

ure 8. Differences in species composition of Klebso-
rmidium in alpine soil crusts appear related more to
different habitats (forest or meadows) than to eleva-
tions (see Fig. 7). Therefore the assemblage of Kle-
bsormidium from alpine soil crust was divided into
two groups, according to their site of collection in
either forest or meadows. The species composition
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TABLE 1. Description of Klebsormidium morphotypes from alpine soil crusts collected at different elevations.

Morphospecies Strain
Elevation
m a.s.l. Description

K. flaccidum ASIB V100 2,363 Filaments long, (7.8)8.1–8.5(9.3) 9 (7.3)10.7–14.3(17.8) lm, with
tendency to disintegration, not or slightly constricted; cells cylindrical,
(1)1.3–1.5(1.8) times as long as wide; cell wall moderately thickened;
H-pieces present rarely; chloroplast covers 1/2–2/3 of the cell inner
surface, with smooth margins, pyrenoid large, surrounded by several
layers of starch grains. In liquid media forming superficial
hydrorepellent layer and submerged tufts; on agar forming undulating
colonies

K. cf. flaccidum SIE1 1,548 Similar to K. flaccidum, but with much stronger tendency to
disintegration, especially in old culture, cells (6.5)7–8.3(11.7) 9
(4.0)5.7–12.1(13.2) lm, chloroplast usually with crenulated or
irregularly dissected margins, appears to be intermediate between
K. flaccidum and K. dissectum morphospecies

SIE3 1,548
KUE1a 2,435
KUE2 2,435
STU1 2,866

K. elegans PIT1 2,843 Filaments long, robust, (8)8.5–9.5(9.8) 9 (5)7.3–11.8(16.7) lm,
sometimes growing in rope-like aggregates; cells cylindrical to
barrel-shaped, (1.1)1.2–1.7 times as long as wide; cell wall moderately
thickened; H-pieces present, prominent; chloroplast covering half to
3/4 of the cell inner surface, with a median incision in the margin,
dissected in four or more lobes; pyrenoid large, surrounded by several
layers of starch grains. In liquid media forming submerged tufts; on
agar forming rough undulating colonies

PIT3 2,843

K. crenulatum AH1
(SAG 2415)b

2,350 Filaments long, strong, thick, (9.2)10–11.5 9 (6.4)7.1–12.9(16.8) lm
wide, sometimes growing in rope-like aggregates; cells cylindrical,
becoming barrel-shaped and sub quadrate in old filaments, 0.5–1(1.5)
times as long as wide; cell doublets occasionally present; cell wall
initially thin, becoming thick and corrugated in old filaments;
H-pieces common, prominent; chloroplast girdle-shaped, almost
ring-like, covers most of the cell inner surface, with longitudinal
margins smooth or slightly lobed; pyrenoid large, surrounded by
several layers of starch grains. In liquid media forming only submerged
tufts, on agar forming rough, undulating colonies

K. dissectum BOT2
(SAG 2417)c

609 Filaments moderately long, but easily disintegrated, especially in
mature and old cultures, (6)6.4–8.6(9.3) 9 (5.9)8.9–15.5(16.7) lm,
slightly or distinctly constricted; cells cylindrical, often slightly swollen,
in unicell stage ellipsoid or ovoid, (1.1)1.5–1.8(2.5) times as long
as wide; cell wall moderately thickened; H-pieces usually absent;
chloroplast covers 1/2–2/3 of the cell inner surface, with margins
crenulated or irregularly dissected; pyrenoid somewhat large,
surrounded by several layers of starch grains. In liquid media
forming superficial hydrorepellent layer and submerged tufts; on
agar forming homogeneous colonies with crenulate margins

BOT4 609

K. nitens OBE1d 1,046 Filaments short, thin, (4.5)5–5.9(6.7) 9 (6.3)7.2–13.6(19.5) lm;
easily disintegrated to unicells; cells cylindrical, constricted,
1.3–1.5(3) times as long as wide; cell wall thin; H-pieces usually
absent; chloroplast covers 1/2–2/3 of the cell inner surface, with
delicately lobed margins; pyrenoid small, surrounded by a layer of
starch grains. In liquid culture forming submerged tufts and
superficial layer; on agar forming smooth colonies

OBE2 1,046
RAU1 1,074
STR1 1,280
UEB 1,680

K. cf. nitens PAT 2,145 Similar to K. nitens, but filaments thin to medium width,
(5.3)5.6–6.8(7.8) 9 (6.3)7.2–10.9(13.6) lm; sometimes unicellular
stage with ellipsoid cells and lobed chloroplast resembling
Interfilum species

AH2
(SAG 2416)e

2,350

OBG 2,350
K. subtile STU3 649 Filaments long, with some tendency to fragmentation, medium width,

in young culture cells are long and cylindrical, in mature and old
cultures the cells become isodiametric (length/width—(0.8)1–1.3(1.8)),
(5.4)6.0–6.8(7.6) 9 (4.7)5.8–10.3(13.1) lm, filaments are slightly
bead-like, constricted near cross walls, H-like pieces sometimes
present; chloroplast covers 2/3 of the cell inner surface, with
smooth or waved margins; the pyrenoid is small, round, compact,
surrounded by a layer of starch grains. In liquid culture forming
submerged tufts and superficial layer; on agar forming smooth colonies

RAU2 1,074
BIR 1,953
HOH1 2,207
HOH2 2,207
PIT2 2,843
VOE5f 2,866

K. cf. subtile STR2 1,280 Similar to K. subtile, but filaments often fragmented and usually in
mature culture have long, filaments and unicells, from thin to
medium in width, (5.4)5.8–6.8(7.2) 9 (4.0)5.6–10.8(11.9) lm

STR3 1,280
SIE2g 1,548
MUT 2,650

(continued)
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of Klebsormidium from different terrestrial habitats
(soil, stones, and tree bark) under cover of mixed
forests in Washington and Ohio (United States),
Czech Republic and Wales (Western Europe), and
Japan (Asia) is similar to that of alpine soil crusts
from the forest zone, with a conspicuous dominance
of representatives of clade E. Algal biofilms growing
on building walls in different cities of Western Eur-
ope are similar as well, because they consist solely of
clade E strains. Although Klebsormidium communities
from alpine meadows are more diverse, those close
to forest ecosystems include a high number of
strains from clade E. This phylogenetic lineage
includes several groups of freshwater Klebsormidium
strains (clade E1 according to Rindi et al. 2011, or
clades 5, 6, 8, 9, 13, and 14 according to �Skaloud
and Rindi 2013). Some ecophysiological data on E
clade strains indicate a high sensitivity to desiccation
(Karsten and Rindi 2010, Karsten and Holzinger
2012). Therefore, it is reasonable to assume that this
group of Klebsormidium species is, in general, adapted
to more hydrophilic habitats, because it is widely dis-
tributed in humid and shaded habitats of Western
Europe, North America, and Asia, as well as at mid-
dle elevations in the Alps, especially in forest belts
where adequate humidity is always available.

Biofilms from granite outcrops of steppe slopes
and from sand dunes of the Ukraine showed a dif-
ferent composition of Klebsormidium species: a pre-
dominance of strains from clade B/C, with a strong
contribution of clade F in the assemblage (Fig. 8;
Kostikov et al. 2001, Mikhailyuk et al. 2011). Mem-
bers of clade F undoubtedly represent a xerophytic

adapted lineage of Klebsormidium, according to their
characteristic morphological and ultrastructural fea-
tures (thick cell walls, narrow cells, and a tendency
of filaments to fold in braids, which aids in self-pro-
tection by preventing excessive water evaporation)
along with a high desiccation tolerance (Karsten
et al. 2010, Holzinger et al. 2011, Kaplan et al.
2012). It is possible that representatives of clade B/
C are more xerophytic than strains of clade E,
regardless of the morphological similarity of this
genetically separated lineage. Particularly the more
xerophytic clades of Klebsormidium (B/C, F) have a
wider distribution in terrestrial habitats of open
landscapes of the Ukraine, due to the more conti-
nental (drier) climate and more insolated condi-
tions on steppe slopes and sand dunes. Recently, it
was reported that clade B/C does not include acido-
philic strains, which were found in all other lineages
of Klebsormidium (�Skaloud et al. 2014).
The soil crusts from savannas and deserts of

South Africa have a unique assemblage of Klebsormi-
dium species that may reflect the specific climatic
conditions of these habitats (B€udel et al. 2009, Rin-
di et al. 2011). Most of these strains of Klebsormidium
belong to the unique and recently discovered phylo-
genetic lineage clade G. This lineage is xerophytic
as well, as its representatives have morphological
similarities to species of clade F (thick cell walls and
narrow cells, and strongly curved filaments arranged
in ball-like aggregations and cluster-like colonies).
Strains of clade E, typical of rather humid condi-
tions, are found in the savannas and deserts of
South Africa only sporadically.

TABLE 1. Continued

Morphospecies Strain
Elevation
m a.s.l. Description

K. fluitans VOE2 649 Filaments long, strong, sometimes with tendency to disintegration,
(6.5)7.5–8.8(10.7) 9 (6.6)7.1–11.5 (17.4) lm; cells cylindrical
to isodiametric, slightly swollen, (0.6)0.9–1.4 times as long as wide;
cell wall of medium thickness; H-pieces present; chloroplast covers
1/2–3/4 of the cell inner surface, with margins smooth or delicately
crenulated; pyrenoid medium-sized, surrounded by several layers
of starch grains. In liquid culture submerged tufts present; on agar
forming growths with rough surface

VOE3d 649
VOE4 649
VOE7 649
VOE8 649
ASIB V103h 2,363
ASIB V108 2,363

K. cf. fluitans BOT1 609 Similar to K. fluitans, but in culture abundant thick filaments often
present together with thin filaments similar to K. subtile morphotype,
cell width (5.4)6.4–7.8(8.8) lm

BOT3d 609
RAU3d 1,074

aStrain KUE1 was previously identified as transitional morphotype between K. flaccidum and K. dissectum, based on morphologi-
cal characters (Karsten et al. 2013).

bStrain AH1 (SAG 2415) was previously identified as K. crenulatum, based on morphological characters (Karsten et al. 2010,
Holzinger et al. 2011) and rbcL phylogeny (Kaplan et al. 2012).

cStrain BOT2 (SAG 2417) was previously identified as K. nitens, based on rbcL phylogeny (Kaplan et al. 2012).
dStrains OBE1, VOE3, BOT3 and RAU3 were previously identified as K. fluitans, based on ITS phylogeny (Kitzing et al. 2014).
eStrain AH2 (SAG 2416) was previously identified as K. dissectum, based on morphological characters (Karsten and Holzinger

2012).
fStrain VOE5 was previously identified as a transitional morphotype between K. subtile and K. subtilissimum, based on morpho-

logical characters (Karsten et al. 2013).
gStrain SIE2 was previously identified as a transitional morphotype between K. nitens and K. dissectum, based on morphological

characters (Karsten et al. 2013).
hStrain ASIB V103 was previously identified as K. fluitans, based on morphological characters (Karsten et al. 2013) and ITS phy-

logeny (Kitzing et al. 2014).
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The nMDS plot (Fig. 9) clearly confirms the
expected similarity of the Klebsormidium species com-
position among alpine soil crusts from forest habi-
tats of Western Europe, North America, and Asia
(stress = 0.06). The Klebsormidium assemblages of
alpine soil crusts from meadows and from forests in
the U.S. occupy a transitional position between
those of alpine soil crusts in Western Europe, North
America, and Asia, and those of open landscapes in
Eastern Europe. The species composition of African
Klebsormidium points to a very high dissimilarity com-
pared with all other habitats, due to the presence of
members of clade G (Fig. 9).

Klebsormidium is a cosmopolitan genus, and its
members seem to be easily dispersed via air trans-
port (Hoffmann 1989, Ettl and G€artner 1995, 2014,
Lokhorst 1996, Rindi et al. 2011). Ecological differ-
entiation has been described for some genetic lin-
eages and clades (Rindi et al. 2011, �Skaloud and
Rindi 2013), showing that not geographic, but
rather ecological factors determine the distribution
of members of the genus, because no endemic lin-

eages could be detected (Ry�s�anek et al. 2015). How-
ever, it appears that ecological and geographic
factors are interdependent, as climatic peculiarities
determine the characteristics of a habitat. Although
geographic barriers do not affect the distribution of
microscopic organisms (Finlay et al. 1996, Finlay
2002), the geographic position determines environ-
mental conditions. Our analysis indicates the influ-
ence of both parameters (geographic and
ecological) on the distribution of Klebsormidium spe-
cies in soil crusts. The composition of Klebsormidium
assemblages from shaded or open habitats (e.g., for-
ests or steppes, savannas) in different geographic
regions exhibits similarities due to the influence of
comparable microclimatic conditions. Despite state-
ments that the species composition of organisms
forming soil crusts (lichens, mosses, and algae) in
different regions is similar because of adaptation to
extreme environments (West 1990, Sant’Anna and
Azevedo 1991, Rosentreter and Belnap 2001, T€urk
and G€artner 2001), our data showed that a key
genus of soil crusts, Klebsormidium, contains different

FIG. 2. Morphotypes of
Klebsormidium from alpine soil
crusts: (a–c) K. flaccidum (ASIB
V100), (d–f) K. cf. flaccidum
(KUE1), (g–j) K. elegans (PIT3),
(k–n) K. crenulatum (SAG 2415).
(a, b, d, e, g, i, m) Filaments of
young (2–3 weeks old), and (c, f,
h, g–l, n) filaments of old (2–
3 months old) cultures; scale
bars: 10 lm.
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FIG. 3. Morphotypes of
Klebsormidium from alpine soil
crusts: (a–d) K. dissectum (SAG
2417), (e–g) K. nitens (OBE1 (e),
STR1 (f, g), (h–j) K. cf. nitens
(PAT (h), AH 2(SAG 2416) (i),
OBG (j)). (b, e, f, j) Filaments of
young (2–3 weeks old), and (a, c,
d, g–i) filaments of old (2–
3 months old) cultures; scale
bars: 10 lm.

FIG. 4. Morphotypes of
Klebsormidium from alpine soil
crusts: (a–d) K. cf. subtile (STR2
(a), SIE2 (b–d), (e–h) K. subtile
(VOE5 (e), HOH2 (f, g), PIT 2
(h)), (i, j) K. cf. fluitans (BOT3),
(k, l) K. fluitans (VOE2 (k), ASIB
V103 (l). (a, c–e, j–i, k) Filaments
of young (2–3 weeks old) and (b,
f, j, l) filaments of old (2–
3 months old) cultures; scale
bars: 10 lm.
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genetic lineages with different ecological features,
depending on the local environmental conditions.
Identification of alpine strains, problems of species

delimitation, morphological plasticity. The phylogenetic
analysis of Klebsormidium alpine isolates (Fig. 1)
showed that only a small number of the described
morphotypes clearly corresponded to known taxa.
Alpine strains assigned to the K. flaccidum and K. dis-
sectum morphotypes, along with one strain of
the K. subtile morphotype showed high similarity to
the respective epitypes (see below). Two strains of
the morphotypes K. elegans and K. crenulatum were
included in clades D and F, respectively, but each
formed a separate subclade. Strains belonging to
the morphotypes K. fluitans, K. nitens, and K. subtile

(in part) appeared in several subclades of E, far dis-
tant phylogenetically from the corresponding epitype
strains. Data concerning the polyphyletic position of
these morphotypes were partially reported in previ-
ous papers (Rindi et al. 2011, �Skaloud and Rindi
2013, �Skaloud et al. 2014). Some of our alpine
strains represented transitional morphotypes (K. cf.
flaccidum, K. cf. nitens, K. cf. subtile, and K. cf. flui-
tans) that do not clearly correspond to existing mor-
phological species. The strains of the K. cf. flaccidum
morphotype belonged to clade B/C, but formed sep-
arate subclades (Fig. 1). Morphotypes of K. cf. nitens,
K. cf. subtile, and K. cf. fluitans were all distributed
within clade E, in no clear order, but with a gradual
transition from one morphotype to another (Fig. 1).

FIG. 5. Total number of
Klebsormidium strains found in
alpine soil crusts, assigned to
phylogenetic clades and
morphotypes.

FIG. 6. Distribution of alpine
Klebsormidium strains along
elevation gradient and among
phylogenetic clades and
morphotypes.
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Some alpine strains of Klebsormidium were men-
tioned in other publications, where they were identi-
fied based on morphology or ITS/rbcL phylogeny
(see Table 1). While most identifications could be
confirmed, two strains BOT2 (SAG 2417) and OBE1
were different: K. nitens as described by Kaplan
et al. (2012) represents K. dissectum, and K. fluitans
as described by Kitzing et al. (2014) is a member of
K. nitens. This misidentification is related to the
absence of reference strains for most species of Kle-
bsormidium. Identification based purely on molecular
data, as in the above papers, without comparison to
morphology is problematic. Therefore, a compre-
hensive taxonomic revision of Klebsormidium, com-
bining molecular, morphological, and ecological
data is needed.
Recent data of other authors showed the exis-

tence of a high number of cryptic Klebsormidium spe-
cies within clade E (�Skaloud and Rindi 2013), as
determined on the basis of ITS-rcbL phylogeny and
some ecological preferences. Sequences of several
strains published by these authors are included in
our phylogenetic tree. Alpine strains formed sepa-
rate subclades and corresponded to some cryptic
species according to �Skaloud and Rindi (2013), but
were distributed among other, previously known
strains in no clear order (Fig. 1). Therefore, it is

FIG. 7. Boxplots showing median, 25%–75% percentiles and
range of distribution of Klebsormidium phylogenetic clades in
alpine soil crusts along elevation gradient.

FIG. 8. Comparison of distribution pattern of phylogenetic clades within Klebsormidium collected from alpine soil crusts (“Alps, forest”
and “Alps, meadows”) and other sites. “Europ. cities, walls” refers to algal crusts from building walls of Western European cities (Rindi
et al. 2008); “Washington, forest,” “Ohio, forest,” “Connecticut, forest,” “Czech Rep., forest,” “Wales, forest” and “Japan, forest” are terres-
trial habitats under mixed forest of northern temperate zones of United StatesA, Western Europe and Japan (Ry�s�anek et al. 2015); “Uk-
raine, granite” stands for algal crusts from granite outcrops in Ukraine (Mikhailyuk et al. 2011); “Ukraine, dunes” refers to soil crusts
from dunes along Dnieper River Dnipro sand dunes in Ukraine (Kostikov et al. 2001); “Africa, drylands” to soil crusts from South African
drylands (B€udel et al. 2009, Rindi et al. 2011).
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difficult to reach a definite conclusion on the taxo-
nomic position of some alpine isolates, or on their
ecological preferences, because they are distributed
among taxa identified by other authors as cryptic
species characteristic of artificial subaerial substrates
or freshwater habitats (�Skaloud and Rindi 2013).
We agree with the statement of these authors that
the morphological, genetic, and ecological variabil-
ity in clade E members is difficult to address
because of high plasticity with respect to these
parameters.

We compared our data with those of an early pub-
lication (Reisigl 1964) on the diversity of Klebsormidi-
um from alpine soils, which was later cited by T€urk
and G€artner (2001) and Ettl and G€artner (1995,
2014). Four morphotypes of Klebsormidium (Types 1,
2, 3, and 4) referred to Hormidium flaccidum
(K€utzing) A. Brown were found in alpine soils at
elevations between 3,457 and 3,739 m a.s.l. (Reisigl
1964). Reisigl used a wide species concept for
H. flaccidum and mentioned a high morphological
plasticity in culture as well as taxonomic problems
with the genus. Although a precise evaluation of
Reisigl’s data is difficult because of the brief descrip-
tions and the absence of illustrations of the four
morphotypes, most probably all of these morpho-
types belonged to clade E, as they consisted of thin
filaments (~5.5 lm diameter). Another species,
K. montanum (Hansgirg) S.Watanabe, found in soil
in South Tyrol, Italy (Ettl and G€artner 1995, 2014)

represents a morphotype very similar to the K. cre-
nulatum/K. mucosum complex.
Epitypification of known Klebsormidium spe-

cies. Identification of Klebsormidium species remains
difficult for several reasons including incomplete
species descriptions without illustrations in the 19th
century (K€utzing 1845, 1849, Rabenhorst 1857, Gay
1891, 1894) and further changing species concepts
as a result of the studies of several generations of
scientists (Klebs 1896, Mattox 1968, Silva et al. 1972,
Starmach 1972, Tell 1976, Moshkova 1979, Ettl and
G€artner 1995, 2014, Hind�ak 1996, Lokhorst 1996,
Novis 2006, Sluiman et al. 2008, Rindi et al. 2011).
For example, the type species of K. flaccidum was
described as Ulothrix flaccida K€utzing with a short
diagnosis where data about filament structure,
dimensions and shape of cells, presence of nucleus
and locality were provided (K€utzing1849). Actually,
it was described as a green terrestrial alga with fila-
ments of average width in comparison with U. nitens
K€utzing (thinner filaments) and U. crenulata K€utzing
(thicker filaments), both described at the same
time. Later much more data were added to the spe-
cies diagnosis, including chloroplast and pyrenoid
structure, presence/absence of H-like fragments of
cell wall, details of asexual reproduction, macro-
scopic growth habit, ecological features, and
distribution (Klebs 1896, Starmach 1972, Moshkova
1979, Ettl and G€artner 1995, 2014, Hind�ak 1996,
Lokhorst 1996, Sluiman et al. 2008, Rindi et al.

FIG. 9. nMDS plot based on
Bray–Curtis dissimilarity index
visualizes differences in
composition of Klebsormidium
clades, based on absolute
numbers in alpine region and
other terrestrial habitats. For
explanation of symbols, see
legend of Figure 8; stress = 0.06.
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2011). However, even more recent publications
exhibit many contradictions concerning the charac-
terization of Klebsormidium species. For example,
width of filaments of K. flaccidum is 5.5–6 lm in
Starmach (1972), (5.6) 6.5–7.4 lm in Lokhorst
(1996), but much broader in Moshkova (1979),
Ettl and G€artner (1995, 2014), and Hind�ak (1996)
(5–14 lm).

For taxa assigned to Klebsormidium, we propose
using species’ protologues as well as Lokhorst
(1996) to designate epitypes. Lokhorst (1996) pro-
vided the most comprehensive morphological treat-
ment of Klebsormidium species in Western Europe,
based primarily on cultured material. His work is
valuable because Lokhorst (1996) designated holo-
types, lectotypes, or neotypes of all Klebsormidium
species that he investigated. Unfortunately, Lok-
horst’s monograph does not refer to any strain
numbers, and type material cannot be used to study
morphological plasticity and molecular phylogeny
(Rindi et al. 2011, �Skaloud et al. 2014) or even to
identify species (Pr€oschold and Leliaert 2007, Friedl
and Rybalka 2012). According to Article 9.8 of the
ICN (McNeill et al. 2012), “An epitype is a speci-
men or illustration selected to serve as an interpre-
tative type when the holotype, lectotype, or
previously designated neotype, or all original mate-
rial associated with a validly published name, is
demonstrably ambiguous and cannot be critically
identified for purposes of the precise application of
the name to a taxon.” For Klebsormidium species, as
for many other species of microalgae (e.g., Dari-
enko et al. 2010, Bock et al. 2011, Demchenko et al.
2012, Rybalka et al. 2013), epitypification is neces-
sary to unambiguously link names to sequenced
specimens. In most cases, the strains isolated and
investigated by Lokhorst (1996) are proposed as epi-
types, except for K. subtile that he did not treat. For
each recognized species, we usually accept Lok-
horst’s (1996) heterotypic synonyms.

Klebsormidium flaccidum (K€utzing) Silva et al.
(1972). Taxon 21:643.

Basionym: Ulothrix flaccida K€utzing (1849: 349),
Species Algarum.

Synonyms: see Lokhorst (1996: 17).
Type locality: Stony road in Strasbourg (France).
Emended description: Lokhorst (1996) Cryptogamic

Studies 5: 17–20, figs. 31–68.
Lectotype: L 939.67-905, annotated as “Strassburg

Febr 1846,” leg. A. Braun, designated by Lokhorst
(1996).

Epitype: Strain SAG 2307 designated here to sup-
port the lectotype specified above and the authentic
strain of K. flaccidum that is permanently preserved
in a metabolically inactive state (cryopreserved in
liquid nitrogen) in the SAG.

Comments: Klebsormidium flaccidum has a simple
morphological appearance and therefore could be
identified as strains of several genetic lineages of
Klebsormidium (clades B, C, or E; Rindi et al. 2011,

�Skaloud et al. 2014). The herbarium type material
and the incomplete original diagnosis cannot be
used to clarify the situation with this species. There-
fore, the designation of an epitype specimen based
on a subjective choice is the only feasible solution
for a reassessment for this species (Rindi et al. 2011,
�Skaloud et al. 2014). We propose a strain of K. flac-
cidum isolated by Lokhorst and now preserved in
the SAG collection (SAG 2307) as the epitype. SAG
2307 was isolated from clayey soil in a field of beets
near Niederkruechten (Germany), original number
KL 1. It does not conflict with the original descrip-
tion, is ~400 km from the type locality (K€utzing
1849), and generally corresponds to the emended
description. Minor differences include the slightly
wider filaments, 7.8(8.8) lm (in the emended
description—(5.6)6.5–7.4 lm). The epitype strain
rarely has H-like fragments of cell walls in agar cul-
ture and has a prominent starch envelope com-
posed of several layers of small starch grains
surrounding the pyrenoid (the starch envelope of
the pyrenoid is visible in Lokhorst’s micrographs
(Lokhorst 1996, figs. 44, 45), although the descrip-
tion mentions “without distinct starch envelope”).
Klebsormidium crenulatum (K€utzing) Lokhorst in

Lokhorst and Star (1985). J. Phycol. 21:474.
Basionym: Hormidium crenulatum K€utzing

(1845:193), Phycol.Germ.
Synonyms: Klebsormidium crenulatum (K€utzing) H.

Ettl & G. G€artner nom. inval.; see also Lokhorst
1996 (p. 30).
Type locality: On wet and warm wall of a bath

house, Padua (Italy).
Emended description: Lokhorst (1996). Cryptogamic

Studies 5: 30–34, figs. 181–219.
Lectotype: L 939.67-834, annotated as “1/280” Ho-

rmidium crenulatum, Patavii, leg. G. Meneghini, desig-
nated in Lokhorst and Star (1985).
Epitype: Strain SAG 37.86 designated here to sup-

port the lectotype specified above and the authentic
strain of K. crenulatum that is permanently preserved
in a metabolically inactive state (cryopreserved in
liquid nitrogen) in the SAG.
Comments: Strain SAG 37.86 was isolated by H.

Trenkwalder (original number T 93) from a soil
from Brixen, South Tyrol (Italy) and was previously
identified as Ulothrix tenuissima K€utzing. Strain SAG
6.96, isolated by Lokhorst (original number KL 64)
is no longer available. The phylogenetic analysis
provided by Rindi et al. (2011) showed a close rela-
tionship between the two isolates. Strain SAG 37.86
does not conflict with the original description and
type locality (K€utzing 1845) and generally corre-
sponds well with the emended description, but dif-
fers in having slightly thicker filaments, reaching
16.6(17.8) lm (the original description gives the
maximum width as 14.0(15.8) lm). The taxonomic
combination Klebsormidium crenulatum (K€utzing) H.
Ettl & G. G€artner (Ettl and G€artner 1995) is invalid,
because of priority rules.
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Klebsormidium subtile (K€utzing) Mikhailyuk, Glaser,
Holzinger et Karsten comb. nov.

Basionym: Ulothrix subtilis K€utzing (1845). Phy-
col.Germ.: 197 pro parte.

Synonyms: Stichococcus subtilis (K€utzing) Klercker,
Hormidium subtile (K€utzing) Heering, Chlorhormidium
subtile (K€utzing) Starmach, Ulothrix subtilissima Rab-
enhorst, Ulothrix subtilis var. subtilissima (Rabenhorst)
Rabenhorst, Ulothrix subtilis spp. subtilissima (Raben-
horst) Hansgirg, Hormiscia subtilis (K€utzing) De
Toni, Hormiscia subtilis var. subtilissima (Rabenhorst)
Hansgirg, Hormidium subtilissimum (Rabenhorst)
Mattox & Bold, Chlorhormidium subtilissimum (Raben-
horst) Fott, Klebsormidium subtilissimum (Rabenhorst)
P.C.Silva, Mattox & Blackwell, Klebsormidium subtile
(K€utzing) Tracanna ex Tell nom. inval.

Type locality: In a mill-course.
Emended description: Filaments long, with some ten-

dency to fragmentation, sometimes curved, thin or
medium in width, in young culture cells are long
and cylindrical, in mature and old cultures some-
times isodiametric, (5.1)6.0–6.6(7.0) 9 (4.7)5.8–
10.3(11.5) lm (length/width—1.0–1.8), filaments
are slightly bead-like, constricted near cross walls, H-
like pieces of cell walls sometimes present; chloro-
plast covering 2/3 of the cell inner surface, with
smooth or undulating margins; the pyrenoid is
small, round, compact, surrounded by a layer of
starch grains. It forms submerged tufts and a super-
ficial layer in liquid culture, and smooth or slightly
undulating colonies on an agar plate.

Epitype (designated here): Strain SAG 384-1 (pro-
posed here as the authentic strain of K. subtile) is
permanently preserved in a metabolically inactive
state (cryopreserved in liquid nitrogen) in the
SAG.

Comments: K. subtile is morphologically and ecolog-
ically close to K. subtilissimum (Rabenhorst) P.C.
Silva, Mattox et Blackwell. Both these taxa may rep-
resent a single species inhabiting water bodies or
humid terrestrial habitats. They were initially
described as representatives of Ulothrix K€utzing
(K€utzing 1845, Rabenhorst 1857). As K. subtile was
described earlier than K. subtilissimum (as Ulothrix
subtilis K€utzing 1845), the former name has priority.
Strain SAG 384-1, initially identified as K. subtilissi-
mum, is proposed as the epitype for K. subtile. Strain
SAG 384-1 was isolated by R.A. Lewin from snow
(United States). It does not conflict with the origi-
nal description (K€utzing 1845), the description in
Tell (1976) and thus generally corresponds to the
emended description. The combination Klebsormidi-
um subtile (K€utzing) Tracanna ex Tell (Tell 1976, p.
535) is invalid because although the basionym is
listed in this study, a complete and direct reference
to its author and place of valid publication includ-
ing page reference and date is missing (see Article
41.5 of the ICN (McNeill et al. 2012)).

Klebsormidium nitens (K€utzing) Lokhorst (1996).
Cryptogamic Studies 5:13–17, figs. 1–30.

Basionym: Ulothrix nitens K€utzing (1849: 349). Spe-
cies Algarum.
Synonyms: see Lokhorst (1996:13–14).
Type locality: In plate with another terrestrial alga

Palmella cruenta (J.W. Smith) C. Agardh collected in
Italy.
Lectotype: L 939.67-828, annotated as “Cum Palmel-

la cruenta in cubicula culta,” leg. G. Meneghini, des-
ignated by Lokhorst (1996).
Epitype: Strain SAG 13.91, designated here to sup-

port the lectotype specified above. This authentic
strain of K. nitens is permanently preserved in a met-
abolically inactive state (cryopreserved in liquid
nitrogen) in the SAG.
Comments: The K. nitens morphotype is present in

several lineages of clade E (Fig. 1), but most of the
investigated strains with this morphotype can be
grouped in E2 (Rindi et al. 2011, �Skaloud and Rindi
2013). Strains of clade E2 were proposed as good
candidates for designation as K. nitens (�Skaloud
et al. 2014). We propose as the epitype strain SAG
13.91 that belongs to E2 (Rindi et al. 2011), and its
morphological and ecological features correspond
with the diagnosis of K. nitens as emended by Lok-
horst (1996). SAG 13.91 was isolated by E.A. Flint
from Tekoa soil (New Zealand), original number
No 60/74. It does not conflict with the original
description (K€utzing 1849) and generally corre-
sponds to the emended description. SAG 13.91 is
also genetically close to Lokhorst’s strain of K. nitens
(KL 37), which was lost (Rindi et al. 2011).
Klebsormidium dissectum (F. Gay) H. Ettl et G.

G€artner (1995). Syllabus der Boden-, Luft- und
Flechtenalgen:601.
Basionym: Stichococcus dissectus Gay (1891). Recher-

ches d�evelop. classific. algues vertes: 78, pl. X: figs.
96–97, pl. XI: 98–100.
Synonyms: Klebsormidium dissectum (F. Gay) Lok-

horst nom. inval., K. dissectum (F. Gay) T. Mrozinska
nom. inval., see also Lokhorst (1996: 24).
Emended description: Lokhorst (1996) Cryptogamic

Studies 5: 24–25, figs. 110–129.
Neotype: prepared from cultures initiated from a

soil sample collected from a forest track near Col
du Bussang (France). 12.09.1992, leg. Lokhorst (L),
designated by Lokhorst (1996).
Epitype: Strain SAG 2417 is designated here to sup-

port the neotype specified above and proposed as
the authentic strain of K. dissectum. It is perma-
nently preserved in a metabolically inactive state
(cryopreserved in liquid nitrogen) in the SAG.
Comments: Strain SAG 2155 isolated by Lokhorst

from the neotype locality (original number KL 2)
cannot be used as the epitype, because it does not
correspond to emended description of K. dissectum.
SAG 2155 morphologically and genetically corre-
sponds to K. nitens (Rindi et al. 2011). Perhaps, this
strain was mislabeled. We propose a strain SAG
2417 that was isolated by U. Karsten (originally
labeled BOT2) from the concrete basement of a
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greenhouse in the Botanical Garden of Innsbruck
(Austria) as the epitype of K. dissectum. It does not
conflict with original description (Gay 1891) and
generally corresponds to the emended description
(Lokhorst 1996). It differs in having slightly thinner
filaments, reaching 8.6(9.3) lm (in emended
description—to 9.3(10.2) lm). The taxonomic com-
bination Klebsormidium dissectum (Gay) Lokhorst
(1996) mentioned by Lokhorst (1996, p. 24) is inva-
lid because of priority rules.

Klebsormidium fluitans (F. Gay) Lokhorst (1996).
Cryptogamic Studies 5:20–23, figs. 69–109.

Basionym: Stichococcus fluitans Gay (1894) Bull. Soc.
Bot. France 40: CLXXIV, fig. 1.

Synonyms: see Lokhorst (1996: 20).
Emended description: Lokhorst (1996) Cryptogamic

Studies 5: 20–23, figs 69–109.
Neotype: prepared as a herbarium sheet from a for-

mer culture derived from material collected from
sheet-piling of Westeinderplassen Lakenear Rijsenh-
out (the Netherlands), 17.11.1992, leg. Lokhorst
(L), designated by Lokhorst (1996).

Epitype: Strain SAG 9.96, designated here to sup-
port the neotype specified above and proposed here
as the authentic strain of K. fluitans that is perma-
nently preserved in a metabolically inactive state
(cryopreserved in liquid nitrogen) in the SAG.

Comments: Strain SAG 9.96 was isolated by Lok-
horst from the neotype locality (original number
KL 22). It does not conflict with the original
description (Gay 1894) and generally corresponds
to the emended description. It differs in the
absence of pseudobranching in the current state of
culture, and in having a prominent starch envelope
composed of several layers of small starch grains sur-
rounding the pyrenoid (the starch envelope of the
pyrenoid is visible in Lokhorst’s micrographs 102–
104, although the description states: “without starch
envelope”).

Klebsormidium mucosum (J.B. Petersen) Lokhorst in
Lokhorst and Star (1985). J. Phycol. 21:474.

Basionym: Hormidium mucosum Petersen (1915). K.
Dan. Vidensk. Selsk. Biol. Skr. 7. Raekke, Naturv.
Math. 12: 340, 376, text-figs. 21, 22, pl. III: figs. 38–40.

Synonyms: see Lokhorst (1996:34).
Emended description: Lokhorst (1996) Cryptogamic

Studies 5: 34–37, figs. 220–254.
Type locality: On naked clay soil of road in planta-

tion at Rø, Bornholm (Denmark).
Lectotype: C, annotated as “Hormidium mucosum n.

sp. Road in plantation at Rø, Bornholm, on naked
clay soil, 12.10.1912”; designated by Lokhorst and
Star (1985).

Epitype: Strain SAG 8.96 designated here to sup-
port the lectotype specified above and is the authen-
tic strain of K. mucosum, that is, permanently
preserved in a metabolically inactive state (cryopre-
served in liquid nitrogen) in the SAG.

Comments: Strain SAG 8.96 was isolated by Lok-
horst (original number KL 63) from soil near the

water level of the river Dommel near Valkenswaard
(the Netherlands). It does not conflict with the ori-
ginal description (Petersen 1915) and generally cor-
responds to the emended description. The only
difference is the slightly thinner filaments, not
exceeding 20.0 lm (in original description—up to
23.3 lm).
Klebsormidium elegans Lokhorst (1996). Cryptogamic

Studies 5:28–30, figs. 149–180.
Heterotypic synonym: K. bilatum Lokhorst
Original description: Lokhorst (1996) Cryptogamic

Studies 5: 28–30, figs. 149–180.
Holotype: prepared from a herbarium sheet of a

former culture derived from an algal coat growing
on bark on the foot of an oak tree, near Staverden
(the Netherlands). 24.11.1992, leg. Lokhorst. (L),
designated by Lokhorst (1996).
Epitype: Strain SAG 7.96 designated here to sup-

port the type specified above and proposed as the
authentic strain of K. elegans is permanently pre-
served in a metabolically inactive state (cryopre-
served in liquid nitrogen) in the SAG.
Comments: Strain SAG 7.96 was isolated by Lok-

horst from the type locality (original number KL
24) and generally corresponds to the original
description. The only difference consists of the
slightly thinner filaments—(7.8)8.1–9.3(10.0) lm
(in original description—(8.4)9.3–10.2(13.0) lm).
Klebsormidium bilatum is proposed as a synonym of
K. elegans because the ITS and rbcL sequences as
well as the morphological characters of the strain
isolated by Lokhorst (SAG 5.96) are close to the
proposed epitype strain (see Rindi et al. 2011 and
present paper). The rbcL sequences of both strains
(SAG 7.96 and SAG 5.96) are identical, but ITS 2
sequences have differences in one nucleotide.
Other species of Klebsormidium, poorly described or

doubtful taxa. The remaining species of Klebsormidium
are morphologically similar to the above-mentioned
taxa, and hence may be synonyms of these, but need
additional research. Klebsormidium klebsii (G.M.
Smith) P.C. Silva, Mattox & Blackwell is probably a
synonym of К. flaccidum; K. lamellosum Y.X.Wei &
H.Hu and K. montanum (Hansgirg) S. Watanabe are
morphologically similar to К. crenulatum; K. sterile
(Deason & Bold) P.C. Silva, Mattox & Blackwell is
close to K. nitens. Species of Klebsormidium with extre-
mely thin filaments (K. pseudostichococcus (Heering)
H. Ettl & G. G€artner, K. tribonematoideum (Skuja)
Hind�ak and K. scopulinum (Hazen) H. Ettl & G.
G€artner) probably belong to the genera Stichococcus
N€ageli or Gloeotila K€utzing (Lokhorst 1996). Another
species with thin filaments (K. marinum (Deason)
P.C. Silva, Mattox & Blackwell) was transferred to Sti-
chococcus as S. deasonii Neustupa et al. (2007). Klebso-
rmidium drouetii H.P. Wagner & J.S. Zaneveld and
K. rivulare (K€utzing) M.O. Morison & Sheath are
insufficiently described and doubtful taxa, and the
latter may be a species of Ulothrix (Lokhorst 1996).
K. fragile (K€utzing) H.P. Wagner & J.S. Zaneveld and
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K. catenatum (Dangeard) Guiry are invalidly
described taxa (http://ucjeps.berkeley.edu/CPD;
Guiry and Guiry 2015). Different intraspecific taxa of
K. flaccidum are now restricted to synonyms of mor-
phologically related species: f. aquatica (Heering) Ni-
zamuddin & Gerloff to K. mucosum, f. tumidum
(Heering) H. Ettl & G. G€artner to K. dissectum, var.
crassum (Chodat) H. Ettl & G€artner to K. flaccidum,
and var. lubricum (Chodat) H. Ettl & G. G€artner to
K. nitens (Lokhorst 1996).
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Habitat-specific composition of morphotypes with low genetic diversity in the
green algal genus Klebsormidium (Streptophyta) isolated from biological soil
crusts in Central European grasslands and forests
K. Glaser 1, A. Donner 1, M. Albrecht1, T. Mikhailyuk2 and U. Karsten1

1University of Rostock, Institute of Biological Sciences, Applied Ecology and Phycology, Albert-Einstein-Strasse 3, D-18059
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01001 Kiev, Ukraine

ABSTRACT
Terrestrial filamentous green algae of the widely distributed, cosmopolitan genus Klebsormidium
(Klebsormidiophyceae, Streptophyta) are typical components of biological soil crusts (BSCs). These communities
occur in all climatic zones and on all continents, where soil moisture is limited or where there has been disturbance.
BSCs form water-stable aggregates that have important ecological roles in primary production, nitrogen fixation,
nutrient cycling, water retention and stabilization of soils. Although available data on Klebsormidium are limited, its
functional importance in BSCs is regarded as high. Therefore, in the present study Klebsormidium strains were isolated
from BSCs sampled from various grassland and forest plots of different land use intensities in Central Europe, as
provided by the Biodiversity Exploratories, and its intraspecific genetic diversity was evaluated. Previous phylogenetic
analyses revealed a relationship between sequence similarity and habitat preference with a higher genetic diversity than
expected from a morphological classification. We isolated and sequenced 75 Klebsormidium strains. The molecular
phylogeny based on the ITS regions showed that all strains belong to either the previously described clade B/C or clade
E. This classification was supported by morphological characteristics: strains assigned to clade B/C were identified as
Klebsormidium cf. flaccidum or Klebsormidium cf. dissectum, and strains from clade E as K. nitens or Klebsormidium cf.
subtile. Within one clade the strains showed low sequence divergences. These minor differences were independent of
the sampling region and land use intensity. Interestingly, most of the strains assigned to clade E were isolated from
forest sites, whereas strains from clade B/C occurred equally in grassland and forest sites. Therefore, it is reasonable to
assume that habitat with its microenvironmental conditions, and not biogeography, controls genetic diversity in
Klebsormidium.
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Introduction

Members of the filamentous green algal genus
Klebsormidium can be found worldwide in biogeo-
graphic regions ranging from temperate to tropical,
and from cold to hot environments (Hoffmann,
1989; Broady, 1996; Lokhorst, 1996; Rindi et al.,
2008; Neustupa & Škaloud, 2010). Klebsormidium
occurs in aquatic, terrestrial, urban and disturbed
habitats, and in biological soil crusts (BSCs) (Ettl &
Gärtner, 1995; Lukešová, 2001; Rindi et al., 2008;
Mikhailyuk et al., 2015; Schulz et al., 2016).

Members of Klebsormidium are typical components
of BSC communities, where they occur at the surface
(epidaphic) or just below the surface (endedaphic) of
these microsystems. BSCs have been reported from all
continents, in arid and semi-arid hot and cold habitats
as well as in other climatic zones, where limiting water
availability is one of the key environmental factors or
where there has been ecosystem/soil disturbance
(Belnap et al., 2001). Klebsormidium and other green

algae, as well as cyanobacteria, bacteria, fungi, lichens
and bryophytes, form an intimate association with soil
particles within, or immediately on top of, the upper
fewmillimetres of soil (Belnap et al., 2001; Büdel, 2005).
Here the BSCs form water-stable aggregates that have
important ecological roles in primary production, water
retention and soil stabilization (Evans & Johansen,
1999; Lewis, 2007; Wei et al., 2015). Global carbon
fixation equivalent to 6% of terrestrial vegetation and
about 40% of global biological N fixation has been
attributed to the activities of these communities
(Elbert et al., 2009).

The worldwide distribution of Klebsormidium can
be explained by its ability to cope with high fluctua-
tions of temperature, water availability, pH and solar
radiation (Elster et al., 2008; Karsten et al., 2010;
Kaplan et al., 2012; Holzinger and Karsten, 2013;
Škaloud et al., 2014; Kitzing & Karsten, 2015).
Species of Klebsormidium typically exhibit a rather
uniform morphology consisting of uniseriate fila-
ments without differentiated or specialized cells.
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Each cell has a parietal chloroplast containing a pyr-
enoid and encircling more than half of the cell wall;
reproduction takes place via biflagellate asymmetrical
zoospores, with no stigma, that are produced singly
in unspecialized cells, from which they escape
through a pore (Silva et al., 1972; Lokhorst, 1996;
Sluiman et al., 2008). Traditionally, Klebsormidium
species were identified by morphological characteris-
tics, such as cell width, length of filaments and shape
of pyrenoids (Mikhailyuk et al., 2015, and references
therein), or the presence of a hydro-repellent layer in
liquid media, as well as by special characters of the
zoosporangia and pattern of zoospore germination
(Printz, 1964; Lokhorst, 1996; Ettl & Gärtner, 2013).
Nevertheless, morphological species identification in
Klebsormidium remains difficult and challenging
because in many cases strains with intermediate char-
acteristics can be found (Rindi et al., 2008). The
definition of clades within Klebsormidium improved
the assignment of genotypes (Rindi et al., 2011),
however, the species concept of Klebsormidium is
still under revision (Škaloud & Rindi, 2013; Škaloud
et al., 2014; Mikhailyuk et al., 2015).

Members of this genus have developed various
physiological, biochemical and ultrastructural
mechanisms to withstand numerous environmental
stressors, which include photoprotection (e.g. forma-
tion of UV-sunscreen compounds), photochemical
quenching, high osmotic values to avoid water loss
and in some groups flexibility of secondary cell walls
to maintain turgor pressure even in water-limited
situations (Karsten & Holzinger, 2014, and references
therein). These characteristics allow Klebsormidium
to survive changes in prevailing environmental fac-
tors. Changes in environmental conditions are not
only a result of the intrinsic characteristics of the
respective habitat, but can also be caused by anthro-
pogenic influences such as mechanical disturbance,
nutrient inputs and intensive land use due to
enhanced agriculture and forestry. Land use is a
major driver in biodiversity changes (Sala et al.,
2000). The Biodiversity Exploratories are a German
Science Foundation funded project for large-scale and
long-term research into functional biodiversity
(Fischer et al., 2010). They provide a broad set of
standardized field plots with different land use inten-
sities in grassland and forests in three regions of
Germany. These plots enabled sampling of BSCs in
habitats with different land use intensities, from
which Klebsormidium strains were isolated and
genetically characterized.

Determining Klebsormidium diversity is challen-
ging because of high morphological plasticity and
uniformity (Rindi et al., 2008; Mikhailyuk et al.,
2015). Molecular methods to support identification
have been widely used in the classification of mem-
bers of Klebsormidium (Sluiman et al., 2008). Several

clades were recognized within Klebsormidium based
on sequences of the ITS regions and rbcL (Rindi
et al., 2011). Rindi et al. (2011) reported six main
clades (B, C, D, E, F and G) which were recovered in
all phylogenies, and this clade structure was later
confirmed by other studies (Škaloud & Rindi, 2013;
Ryšánek et al., 2014; Škaloud et al., 2014; Mikhailyuk
et al., 2015). However, unambiguous identification of
species in the genus Klebsormidium, as well as their
relationship with these clades, remains difficult
(Mikhailyuk et al., 2015). Previous studies observed
higher genetic diversity for ITS than was expected
based on morphological data (Rindi et al., 2011;
Škaloud & Rindi, 2013). Recently, the hidden cryptic
genetic diversity of Klebsormidium was estimated as
globally ubiquitous with some local endemism
(Ryšánek et al., 2014, 2016a). The observed genetic
variation within Klebsormidium could partly be
explained by various environmental factors, especially
by the habitat differentiation of particular genotypes
(Ryšánek et al., 2014). The latter authors also identi-
fied a large number of new lineages. Klebsormidium
strains in clade E are considered to prefer humid
conditions, while those of clade F are representative
of the xerophytic lineage (Mikhailyuk et al., 2015).
Certain Klebsormidium clades seem to prefer either
open or closed habitats, and pH preferences of
Klebsormidium strains are reflected within the phylo-
genetic tree (Škaloud et al., 2014; Ryšánek et al.,
2016b). All these studies clearly indicate a correlation
between cryptic diversity and environmental factors.
Therefore, the main expectation of the present inves-
tigation was that there would be high genetic diver-
sity within strains of Klebsormidium isolated from
BSC communities in grassland and forest plots with
different habitat characteristic and land use regimes
in Central Europe. The main aim was to outline the
cryptic and intraspecific genetic diversity of
Klebsormidium as a function of the habitat, and to
document whether and how changes in land use
intensity will influence population structure in BSCs.

Materials and methods

Study sites and sampling

Biological soil crust (BSC) samples were collected in
2011 and 2012 as part of the DFG priority pro-
gramme 1374 Biodiversity Exploratories (Fischer
et al., 2010). Forest and grassland sites were sampled
in three regions of Germany, Schwäbische Alb,
Hainich-Dün and Schorfheide-Chorin. The distance
between the Schorfheide-Chorin and Hainich-Dün
Biodiversity Exploratories and between Hainich-Dün
and the third site, Schwäbische Alb, is about 400 km.
The three Biodiversity Exploratories differ in their
soil characteristics (e.g. soil organic matter
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(Baumann et al., 2016), pH (Herold et al., 2014)) and
microclimatic conditions (e.g. precipitation
(Schorfheide-Chorin, 520–580 mm; Hainich-Dün,
600–800 mm; Schwäbische Alb, 1000–1100 mm;
www.dwd.de)).

The Schwäbische Alb Biosphere Reserve in
Southern Germany covers >85 000 hectares of sub-
montane to montane plateaus. Extensive grasslands,
grazed by sheep for centuries, cover limestone soils
across rolling hills and are interspersed with large
forests and arable lands. The Hainich-Dün National
Park is a low mountain range in the west of
Thuringia. It covers >16 000 hectares, consisting
mainly of varied forests including almost unspoiled
woodland, interspersed with extensively managed
grasslands formerly grazed by sheep, the more fertile
intensive grasslands being under pressure for conver-
sion to arable land. The lowland Schorfheide-Chorin
Biosphere Reserve in Northeast Germany covers
>129 000 hectares, and the characteristic postglacial
geomorphological structures result in diverse habitats
with various forest and grassland types. The sampled
forest and grassland plots represent different land-use
systems ranging from near-natural to intensively used
plots. Grassland plots were categorized into pastures,
mown pastures, and meadows differing in fertiliza-
tion, grazing and number of cuts per year. The forest
plots were either natural sites or age-class forests in
different states. In every region grassland and forest
plots were visited (110 in total). BSCs from the top
2 cm of soil surface were collected and stored dry in
paper bags until isolation.

Culturing

Solid 3N-Bolds Basal Medium (1.5% agar) with vita-
mins (Starr & Zeikus, 1993) was used for enrichment
cultures. Several 7–10 mm BSC pieces were cleaned
with forceps to remove all roots and leaves to avoid
the additional growth of fungi and bacteria and
placed on the surface of an agar plate under sterile
conditions. Plates were incubated at 20°C, 30–35
µmol photons m−2 s−1 (Osram Lumilux Cool White
lamps L36W/840) under a light/dark cycle of 16:8 h
L:D. The Petri dishes were regularly inspected for
green filaments. Klebsormidium species are often
selected by this treatment and can be identified
based on characteristic cell and chloroplast morphol-
ogy. Using sterilized toothpicks single filaments from
each observed Klebsormidium colony were trans-
ferred, using a stereo microscope (ZS40, Olympus,
Tokyo, Japan), from the raw culture to new agar
plates, which were then incubated under the same
conditions as described above. Klebsormidium gener-
ally grows much faster on moist agar than other
terrestrial green algae or fungi, therefore single fila-
ments from the youngest part of the respective colony

can easily be re-isolated and transferred to a new agar
plate until the successful establishment of a unialgal
culture. In most cases this protocol is quite successful,
and has been developed for Klebsormidium from
alpine BSCs (Karsten et al., 2010). Nevertheless, uni-
algal status was checked regularly and carefully using
a light microscope. Unialgal Klebsormidium strains
were grown in test tubes filled with solid 3N-Bolds
Basal Medium (see above) under the conditions
described above to produce sufficient biomass for
DNA extraction. Seventy-five isolates were picked
and kept in unialgal cultures.

All strains were inspected and the morphology of
15 strains with high genetic divergences were
described in detail, using a light microscope (BX51,
Olympus) with Nomarski differential interference
optics. Light micrographs were taken with an
Olympus UC30 camera attached to the microscope
and processed with the software cellSens Entry
(Olympus).

DNA extraction, PCR, PCR purification and
sequencing

Genomic DNA was extracted from the clonal
Klebsormidium strains using the DNeasy Plant Mini
Kit (Qiagen GmbH, Hilden, Germany) following the
instructions of the manufacturer. DNA was amplified
using the Taq PCR Mastermix Kit (Qiagen GmbH)
with the primers EAF3 (Marin et al., 2003) and
ITS055R (Marin et al., 1998). Thirty PCR cycles
were run at the following conditions: initial denatura-
tion for 3 min at 96°C, cyclic repeated denaturation
for 1 min at 96°C, annealing for 2 min at 55°C and
elongation for 3 min at 68°C followed by a final
elongation of 7 min at 68°C. The PCR products
were purified using the Qiagen PCR purification kit
(Qiagen GmbH) following the instructions provided
by the manufacturer. The purified PCR products
were commercially sequenced by Qiagen using the
primers GF and GR (Marin et al., 1998). The ITS
rDNA was sequenced from 75 strains. Sequences
were deposited in GenBank under the accession
numbers LK392518–LK392592.

Phylogenetic analyses

Twenty-three sequences of Klebsormidium and
Interfilum strains were used for comparison with
75 sequences of the newly isolated Klebsormidium
strains. Multiple alignments of the newly deter-
mined ITS1, 5.8S and ITS2 rDNA sequences and
other sequences selected from GenBank were con-
ducted using the Muscle algorithm implemented in
Geneious (version 8.1.8; Biomatters). The evolution-
ary model that best fits the data set was chosen
based on the lowest AIC (Akaike, 1974) calculated
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with the software MEGA version 6 (Tamura et al.,
2013). The unrooted Bayesian tree was constructed
in MrBayes 3.2.2 (Ronquist & Huelsenbeck, 2003)
using the GTR+G+I model with 5 000 000 genera-
tions. Two runs of four Monte Carlo Markov Chains
were calculated simultaneously, with trees sampled
every 500 generations. Split frequency between the
runs was below 0.01 at the end of the calculation.
The trees sampled before the likelihood scores
reached saturation were discarded afterwards.

Secondary structures

For determination of secondary structures the ITS2
regions were aligned and helices identified according
to previously published secondary structures (Caisová
et al., 2013; Škaloud & Rindi, 2013; Kitzing et al.,
2014). The helices were folded with the online soft-
ware mfold (Zuker, 2003); for visualization the online
tool Pseudoviewer (Byun & Han, 2009) was used.

Statistical analyses

All statistical analyses were performed using R software
(R Development Core Team, 2009). To determine the
dissimilarities between the compositions of the
Klebsormidium communities from different locations
around the world, non-metric multidimensional scaling
using the Bray–Curtis Index (Bray & Curtis, 1957) was
performed. The relative abundances of Klebsormidium
clades from study sites worldwide were taken from the
literature and compared with the current study
(Kostikov et al., 2001; Büdel et al., 2009; Mikhailyuk
et al., 2011, 2015; Ryšánek et al., 2014, 2016a, b).

An analysis of variance (ANOVA) was conducted
using the command aov in R (Chambers et al., 1992) in
order to test for significant effects of habitat, land use and
sampled region on the presence and absence of
Klebsormidium species; P < 0.05 was regarded as
significant.

Results

Sampling and isolation

Klebsormidium strains were successfully isolated from
almost half of the BSC samples (35 of 62 forest and 19
of 48 grassland plot samples) from the Biodiversity
Exploratories (Table 1). In total, 75 unialgal cultures
(= strains) were successfully established from various
grassland and forest sites and morphologically and
genetically characterized (Table S1).

Occurrence of Klebsormidium

Klebsormidium was regularly observed in forest as
well as in grassland sites; the presence of

Klebsormidium was independent of the habitat
(ANOVA; P > 0.05). The presence or absence of
Klebsormidium species was not linked to the
sampled regions, application of fertilizers or the
different land-use categories in the grassland sites
(ANOVA: P > 0.05; Table 1).

Morphological variation

The morphological classification of some selected
strains is congruent with the phylogenetic tree
(Figs 1–11): long, firm filaments with average width
of 7.3 to 8.7 µm were identified as Klebsormidium
(cf.) flaccidum and all sequences of these strains were
positioned in clade B/C. Also within clade B/C were
those strains identified as Klebsormidium cf. dissec-
tum. These isolates were characterized by cell width
and appearance similar to K. flaccidum but with dis-
integrated filaments. In contrast, strains identified as
Klebsormidium nitens typically exhibited short and
thinner filaments (cell width 4.9 to 6.7 µm). The
sequences of these strains are all positioned within
clade E. The resolution of relationships among clade
E sequences was low but they were morphologically
identified as Klebsormidium cf. subtile with partly

Table 1. Number of visited plots categorized by the habitat
type (grassland/forest) and land-use type. The number of
plots where Klebsormidium was detected is given together
with the number of strains and their clade affiliation (accord-
ing to the phylogenetic tree; Fig. 11).
Habitat/land use
type

Number of visited
plots/Number of

plots with
Klebsormidium

Number of strains
(phylogenetic clades)

Schwäbische Alb
Grassland/
meadows

15/4 6 (clade B/C)

Grassland/
mown
pastures

5/1 1 (clade B/C)

Grassland/
pastures

2/0 –

Forest 18/8 4 (clade B/C)
12 (clade E)

Hainich
Grassland/
meadows

2/2 1 (clade B/C)

Grassland/
mown
pastures

2/1 – a

Grassland/
pastures

5/4 – a

Forest 16/12 6 (clade B/C)
15 (clade E)

Schorfheide-
Chorin
Grassland/
meadows

6/4 2 (clade B/C)
2 (clade E)

Grassland/
mown
pastures

2/0 –

Grassland/
pastures

9/3 5 (clade B/C)

Forest 28/15 2 (clade B/C)
19 (clade E)

aStrains were lost during cultivation steps.
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disintegrated filaments of average width (7.3–7.9 µm)
(Figs 3–5, 11).

Genetic variation

The ITS and 5.8S rDNA sequences could be assigned
to Klebsormidium clades B/C and E following the
system proposed by Rindi et al. (2011) (Fig. 11),
except that as the divergence between clades B and
C was low, we refer to clade B/C (Ryšánek et al.,
2014; Mikhailyuk et al., 2015).

In most cases, multiple strains from the same plot
belonged to the same clade with two exceptions: strains
from the plots AEW35 and HEW42 represented both
clades. The phylogenetic tree differentiated between
clades B/C and E, but resolution was low within clade
E. Most of the strains within each clade differed only by
one or two bases in the ITS sequences.

Analysing the secondary structure, we found the
same landmarks in the ITS2 region (Fig. 12) pro-
posed by Caisová et al. (2013) for four orders of
the Chlorophyta (Sphaeropleales, Oedogoniales,

Chaetopeltidales, Chaetophorales), with minor dif-
ferences in the core region (Škaloud & Rindi, 2013;
Kitzing et al., 2014). All the sequence variation was
located within the helices, mostly in the loops
(Fig. 12). Various positions within or very close
to the loop were identified where a certain base
was only present in one clade. For example, in
the stem of helix 1 cytosine was only found in
clade B/C and adenosine only in clade E.
Nevertheless, only one of those changes was
detected within the barcode regions (Coleman,
2009; Demchenko et al., 2012). This particular
base change cannot be regarded as a hemi-CBC
(compensatory base change) because it was
observed within a mismatch position in the
Klebsormidium clades.

Distribution pattern

The distribution of the Klebsormidium clades showed a
clear pattern depending on the habitat (Fig. 13).
Interestingly, almost all strains assigned to clade E
were isolated from forest sites with one exception
(SEG 13; Fig. 11). Strains in clade B/C were isolated
from both habitats in similar numbers (12 from forest,
15 from grassland sites). In contrast, the sampling
region seemed not to be related to the position of the
isolate within the Klebsormidium clades. The clade
composition of the present study was compared with
previously published data in an nMDS analysis
(Fig. 14). The composition of the Klebsormidium clade
in the forest sites from our study was similar to studies
conducted in closed habitats and the same applies to the
grassland sites, which were similar to studies conducted
in open habitats elsewhere. In general, the results of
studies from closed habitats were clustered whereas
those from open habitats were more variable.

Discussion

The occurrence of Klebsormidium in at least half of
the samples confirms that members of this genus are
common in BSC algal communities in temperate
regions of Europe, as previously suggested, but not
experimentally proven, by Ettl & Gärtner (2013). This
genus has been reported to have a cosmopolitan dis-
tribution in numerous terrestrial and freshwater habi-
tats (Rindi et al., 2011, and references therein). Its
presence in other terrestrial habitats such as natural
rocks in plains and mountainous areas (Mikhailyuk,
2008), caves (Vinogradova & Mikhailyuk, 2009), sand
dunes (Schulz et al., 2016), tree bark (Freystein et al.,
2008), acidic post-mining sites (Lukešová, 2001), golf
courses (Baldwin & Whitton, 1992), bases of urban
walls (Rindi & Guiry, 2004) and building facades
(Barberousse et al., 2006) is well documented.

Figs. 1–10. Micrographs of 10 selected Klebsormidium
strains, which were morphologically assigned to four mor-
photypes. Klebsormidium nitens: Fig. 1 HEW 1-2 Fig. 2
AEW 33-3; Klebsormidium cf. subtile: Fig. 3 SEW 35-6
Fig. 4 SEW 25-3 Fig. 5 AEW 13-2; Klebsormidium cf.
dissectum: Fig. 6 AEG 12-1 Fig. 7 AEW 23-1 Fig. 8 HEG
3-1; Klebsormidium cf. flaccidum: Fig. 9 SEG 31-3 Fig. 10
HEW 42-5; identification is based on Mikhailyuk et al.
(2015, and references therein); scale bar corresponds to
10 µm.
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Fig. 11. Molecular phylogeny of Interfilum (I.) and Klebsormidium (K.) based on ITS1, ITS2 and 5.8S rDNA sequence
comparisons. Bayesian tree showing the phylogenetic position of the newly sequenced Klebsormidium strains (bold) within
the genus Klebsormidium. The clade designation (A–G) followed the suggestion of Rindi et al. (2011). Probabilities below
0.6 are not shown. Strains that were morphologically assigned are marked with an asterisk Figs. 1–10.
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In the present study, the occurrence of
Klebsormidium was independent of land use intensity
in grassland sites. Why soil fertilization did not affect
the occurrence of Klebsormidium is probably because
the total soil nitrogen content did not differ between
fertilized and unfertilized plots (Stempfhuber et al.,
2014). Different land-use categories (meadow, mown
pasture and pasture) did not influence the occurrence
of Klebsormidium. Previous studies within the
Biodiversity Exploratories also observed that the cho-
sen land-use gradient does not affect soil microorgan-
isms (Nacke et al., 2011; Domonell et al., 2013; Glaser
et al., 2015) although an effect on multicellular organ-
isms (e.g. higher plants) was reported (Allan et al.,
2014). The ability of Klebsormidium species to tolerate
a wide range of environmental factors might

contribute to the lack of effect of land use intensity
on the occurrence of this genus.

Members of the genus Klebsormidium exhibit a
rather uniform morphology and hence morphological
identification remains challenging. Molecular meth-
ods are widely used in taxonomic and phylogenic
studies of Klebsormidium (Rindi et al., 2011;
Škaloud & Rindi, 2013; Mikhailyuk et al., 2015).
The morphological assignments were congruent
with the sequence data for the same strains, although
minor differences in some sequences were detected.

In the present study a surprisingly low genetic
diversity was found among all strains of
Klebsormidium belonging to clades B/C or E,
although the number of sequences (75) exceeded or
was comparable to previously published data

Fig. 12. Secondary structure of a consensus sequence from the ITS2 region obtained from the B/C clade of the
Klebsormidium strains isolated in this study (construction followed the proposed structure of Kitzing et al., 2014). The
four helices are numbered by roman numerals. Single base changes in the Klebsormidium strains from clade E are labelled
with white circles, and conserved bases are in grey. Plus symbol shows an insertion, minus a deletion. Black lines indicate
the barcode regions proposed by Coleman (2009).

194 K. GLASER ET AL.
368



(Škaloud & Rindi, 2013; Ryšánek et al., 2014, 2016a;
Škaloud et al., 2014; Mikhailyuk et al., 2015).
Mikhailyuk et al. (2015) isolated 40 strains of
Klebsormidium from alpine BSC communities of the
Central Alps along elevational gradients from 600 to
3000 m above sea level (a.s.l.), and also investigated
ITS sequence diversity. The molecular phylogeny

indicated that these strains from biogeographically
adjacent sampling locations exhibited rather high
genetic diversity and hence could be assigned to
clades B/C, D, E and F. Most strains belonged to
clade E, which included isolates that prefer humid
conditions and hence were isolated from low to mid-
dle elevations (<1800 m a.s.l.). One representative of

Fig. 13. Distribution of the newly isolated Klebsormidium strains belonging to (a) clade B/C and (b) to clade E according to
Biodiversity Exploratory and habitat; light grey – grassland sites, dark grey – forest sites. The first letter of the abbreviation
accounts for the sampled region: A – Schwäbische Alb, H – Hainich-Dün, S – Schorfheide-Chorin.

Fig. 14. nMDS plot based on Bray–Curtis dissimilarity index visualizes the dissimilarities in the clade composition of
Klebsormidium strains from this study compared with data from the literature (Kostikov et al., 2001; Büdel et al., 2009;
Mikhailyuk et al., 2011, 2015; Ryšánek et al., 2014, 2016a, b); open symbols reflect data from open habitats (grasslands),
while closed symbols represent data from closed habitats (forests). Stress=0.1.
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the xerophytic lineage (clade F) as well as a few
isolates characteristic of temperate conditions (clades
B/C, D) were isolated mainly from higher elevations
(>1800 m a.s.l.) (Mikhailyuk et al., 2015). One expla-
nation for the conspicuously low genetic diversity of
the present study is the fact that the ITS region is
relatively conserved and thus may not differentiate
Klebsormidium lineages. It is possible that the appli-
cation of a different phylogenetic marker, like the
plastid spacers between atpE and trnM or between
ndhK and ndhC would resolve higher cryptic diver-
sity (Rindi et al., 2011; Ryšánek et al., 2014, 2016b).
For example, Škaloud & Rindi (2013) investigated the
ecological differentiation of cryptic Klebsormidium
species within clade E (K. subtile/K. nitens complex)
which contains a number of morphologically similar
strains. These authors reported 14 subclades in their
phylogenetic analysis based on a concatenated ITS
rDNA + rbcL data set of about 70 strains, as well as
a strong correlation between the lineages recovered
and habitat preference (natural terrestrial substrata,
anthropogenic terrestrial substrata, aquatic habitat).
Our research sites, the Biodiversity Exploratories,
differ in their soil characteristics and microclimate
conditions and hence according to Škaloud & Rindi
(2013) a much higher degree of genetic differentia-
tion within Klebsormidium was expected as a func-
tion of the different environmental conditions.
However, it seems that the habitat conditions in the
Biodiversity Exploratories are not so different in
terms of ecological requirements of Klebsormidium,
which has been described in previous ecophysiologi-
cal studies as a generally euryoecious genus (Karsten
& Holzinger, 2014, and references therein). Also the
dispersal of Klebsormidium through the atmosphere
is possible because filaments can easily disintegrate
and the cells are highly tolerant of desiccation
(Škaloud, 2006; Holzinger & Karsten, 2013). Living
cells of Klebsormidium have been isolated from air
samples (Sharma et al., 2007; Sahu & Tangutur,
2015).

The analyses of the secondary structure of the ITS2
region from the newly isolated Klebsormidium strains
allowed the identification of several base positions
which were unique to either clade E or B/C.
Compensatory base changes (CBC), according to the
barcode concept of Coleman (2009), could not clearly
be identified within the two clades of the BSC
Klebsormidium strains originating from the
Biodiversity Exploratories. Most of the base changes
occurred in highly variable loops of the helices or
beyond the designated barcode regions. Nevertheless,
a kind of ‘barcode’ in the lateral loop of helix 3 could
be proposed to distinguish clades E and B/C, and this
could theoretically also be applied to the other
Klebsormidium clades based on the sequences pub-
lished so far (GenBank December 2015).

In the present study Klebsormidium from clade E
was nearly exclusive to BSCs of forest habitats,
whereas members of clade B/C were detected in
similar numbers in BSCs of the forest and grassland
sites. Grassland sites are open habitats and conse-
quently BSCs have to face a higher radiation and
lower soil moisture compared with BSCs from forest
sites. The habitats also differ in their soil pH: forest
sites always have a lower soil pH (3.5–5.1) than the
grassland sites (5.3–6.7). Other studies also reported
that the most common Klebsormidium strains belong
to clades E or B/C, and clade E has been described as
the most cosmopolitan clade (Novis & Visnovsky,
2011; Ryšánek et al., 2014; Mikhailyuk et al., 2015).
Clade B/C seems to be dominant in polar regions and
on the surface of limestone (Ryšánek et al., 2016a). In
contrast, Klebsormidium clade G has rarely been
found, except in BSCs of South African drylands
where it occurs more often (Büdel et al., 2009; Rindi
et al., 2011; Karsten et al., 2016). Nevertheless, clade
G members have also been found in Europe (Škaloud
et al., 2014). Figure 14 compares the clade composi-
tion of Klebsormidium strains between different habi-
tats using the data from the present investigation and
those from other study sites worldwide. Closed habi-
tats, such as forest sites, were more similar to each
other, whereas the open habitats (drylands, grasslands
and polar samples) show more dissimilarities between
each other and in particular with most of the closed
habitats. The reason for this conspicuous pattern was
mainly the strong dominance of clade E in forest
sites, whereas the open habitats seem to support
other clades also, in particular clade B/C
(Mikhailyuk et al., 2015; Ryšánek et al., 2016a). This
observation implies a better adaptation of strains
belonging to clade B/C to open habitats. Organisms
living in open habitats have to deal, for example, with
higher solar radiation and more frequent desiccation
events compared with shaded habitats. Also differ-
ences in the pH might promote a certain clade. A
recent study indicated that members of clade E are
more tolerant to low pH than members of clade B
(Ryšánek et al., 2016b). Further, previous studies
showed that some lineages of the Klebsormidium E
clade are habitat -specific (Rindi et al., 2011). As
already mentioned, Mikhailyuk et al. (2015) charac-
terized clade E members as a typical humid lineage,
whereas clade B/C representatives are moderately
xerophytic. These data are confirmed by controlled
desiccation experiments which point to different tol-
erances based on physiological and ultrastructural
features (Holzinger & Karsten, 2013; Karsten &
Holzinger, 2014). In contrast, a better adaptation of
the Klebsormidium B/C clade to higher UV radiation
compared with clade E could not be confirmed
(Kitzing & Karsten, 2015). In terms of desiccation
tolerance, it remains an unresolved question if all
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strains from open habitats are ecophysiologically bet-
ter adapted to the environmental conditions than
strains originating from shaded habitats (Kaplan
et al., 2012; Karsten & Holzinger, 2012, 2014).

In the present study we undertook a broad survey of
the genetic diversity ofKlebsormidium strains originating
from forest and grassland BSC communities in Central
Europe and discovered low genetic differentiation within
this genus. Sexual reproduction has never been reported
for this genus, and hence only vegetative spore formation
and cell division are documented in Klebsormidium.
Nevertheless, we could clearly see a preference of clade
E for closed habitats, whereas clade B/C was equally
distributed in open and closed habitats. Comparing the
results with published sequences confirmed the sugges-
tion that genetic diversity within the genus
Klebsormidium is more related to habitat than to geo-
graphic distance (Škaloud & Rindi, 2013; Ryšánek et al.,
2016a). The ecological reason for this observation is still
an open question, since ecophysiological studies per-
formed so far have not explained the preferences of
certain clades for open or closed habitats. Low genetic
differentiation and asexual reproduction can neverthe-
less be associated with high ecological success, since
Klebsormidium has such a wide biogeographic distribu-
tion in BSC communities.
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A B S T R A C T

Seven new species and two varieties of Klebsormidium were described using an integrative approach on the base
of 28 strains from the poorly studied phylogenetic superclade G. These strains originated from the unusual and
exotic habitats (semi-deserts, semi-arid shrublands, Mediterranean shrub and deciduous vegetation, temperate
Araucaria forests, peat bogs, dumps after coal mining, maritime sand dunes etc.) of four continents (Africa, South
and North America, and Europe). Molecular phylogenies based on ITS-1,2, rbcL gene and concatenated dataset of
ITS-1,2–rbcL, secondary structure of ITS-2, morphology, ecology and biogeography, micrographs and drawings
of the investigated strains were assessed. Additionally, phylogeny and morphology of 18 Klebsormidium strains
from other lineages isolated from the same localities (different vegetation types of Chile and maritime sand
dunes of Germany) were investigated for the comparison with representatives of clade G. Clade G Klebsormidium
is characterized by distant phylogenetic position from the other Klebsormidium lineages and prominent mor-
phology: four-lobed chloroplasts and mostly short swollen cells in young culture, compact small pyrenoids,
curved or disintegrated filaments, unusual elongation of cells in old culture, formation of specific cluster- and
knot-like colonies on agar surface, especially prominent in strains isolated from desert regions, from which the
group probably originated. Comparison of Klebsormidium diversity from different biogeographic regions showed
that the representatives of clade G are common algae in regions of the southern hemisphere (South Africa and
Chile) and rare representatives in terrestrial ecosystems of the northern hemisphere. Further investigation of
mostly unstudied territories of the southern hemisphere could bring many surprises and discoveries, leading to a
change of the present concept that Klebsormidium is cosmopolitan in distribution.

1. Introduction

Klebsormidium Silva, Mattox et Blackwell (Klebsormidiophyceae,
Streptophyta) is a cosmopolitan, widely distributed filamentous green
alga which inhabits extremely diverse terrestrial and fresh-water ha-
bitats (Hoffmann, 1989, Lokhorst, 1996, Rindi et al., 2008, 2011;
Škaloud et al., 2014; Mikhailyuk et al., 2015; Ryšánek et al., 2015;
Büdel et al., 2016). Representatives of this genus are known since the
19th century when they were discovered and described as Hormidium
Kützing (Kützing, 1843). Since then this algae were intensively

investigated by generations of scientists (Kützing, 1845; 1849; Klebs,
1896; Mattox, 1968; Fott, 1960; Silva et al., 1972 and others). The
knowledge about Klebsormidium was increased by numerous new facts
about morphology, diversity, phylogeny, ultrastructure, ecology, phy-
siology, biogeography etc. (Stewart & Mattox, 1975; Lokhorst, Starr,
1985; Turmel et al., 2002; Mattox, Stewart, 1984; Lokhorst, 1996;
Sluiman et al., 2008; Karsten et al., 2010; 2013; Holzinger et al., 2011;
Kitzing et al., 2014; Mikhailyuk et al., 2014; Donner et al., 2017 and
references therein). Klebsormidium is one of the most well-known, re-
cognizable and ubiquitous alga in the world (Lokhorst, 1996, Rindi

https://doi.org/10.1016/j.ympev.2018.12.018
Received 19 June 2018; Received in revised form 10 December 2018; Accepted 13 December 2018

⁎ Corresponding author at: Applied Ecology and Phycology, Institute of Biological Sciences, University of Rostock, Albert-Einstein-Strasse 3, D-18059 Rostock,
Germany.

E-mail address: elena.samolov@uni-rostock.de (E. Samolov).

Molecular Phylogenetics and Evolution 133 (2019) 236–255

Available online 18 December 2018
1055-7903/ © 2018 Elsevier Inc. All rights reserved.

T

375



et al., 2011; Škaloud & Rindi, 2013). The interest for this taxon is
constantly increasing because of its phylogenetic position as a basal
lineage of the Streptophyta (Kranz et al., 1995; Turmel et al., 2002;
Sluiman et al., 2008; Hori et al., 2014) and its importance for the un-
derstanding of the origin of higher plants and evolutionary tendencies
within the Streptophyta, but also because of its wide distribution and
vital ecological role in terrestrial ecosystems. Klebsormidium can de-
velop in high biomass on soil as well as on different natural and arti-
ficial substrates in aeroterrestrial conditions (Hoffmann, 1989; Rindi
et al., 2009; Büdel et al., 2016; Ettl & Gärtner, 2014). It contributes to
the formation of biological soil crusts and aeroterrestrial biofilms,
which provide refuge for other algae creating micro-ecosystems. These
micro-ecosystems play a key role in overgrowing of barren substrates,
formation and stabilization of soils, and improvement of soil characters
such as fertility and soil hydrology (Belnap & Lange, 2001; Weber et al.,
2016).

Despite long period of investigation and considerable amount of
accumulated data, taxonomy of this genus is still, at least partly, un-
resolved. Several modern studies were devoted to the phylogeny, epi-
typification and genetic diversity of Klebsormidium (Rindi et al., 2011,
2017; Škaloud & Rindi, 2013; Škaloud et al., 2014; Mikhailyuk et al.,
2015; Ryšánek et al., 2015, 2016). Major problems concerning Kleb-
sormidium taxonomy are related to the uniform morphology and ab-
sence of clear morphological characters to divide separate lineages,
followed by a considerable morphological plasticity and morphological
parallelism inside the genus (Rindi et al., 2011). Klebsormidium includes
6 main phylogenetic lineages (superclades B, C, D, E, F and G) which
are inseparable from the genus Interfilum Chodat (superclade A), with
which the relationship is still undefined (Mikhailyuk, 2008; Rindi et al.,
2011). The genus Klebsormidium includes at least 20 species (Guiry &
Guiry, 2018), though it might be more diverse according to the modern
molecular phylogenetic data (Škaloud & Rindi, 2013; Ryšánek et al.,
2015). One of the most sampled, diverse and widely distributed Kleb-
sormidium clades in nature is superclade E, which is characterized by
the highest level of morphological variability and plasticity (Škaloud &
Rindi, 2013; Ryšánek et al., 2015). The superclade E is also the most
uniform and homogenous according to the ITS phylogeny (Rindi et al.,
2011; Škaloud & Rindi, 2013). Different terrestrial habitats are char-
acterized by various Klebsormidium lineages (Ryšánek et al., 2015;
Mikhailyuk et al., 2015). These studies reflect that the distribution of
clade members follows the model of moderate endemicity, which
considers that both ecological factors and geography determine its
distribution (Ryšánek et al., 2015, 2016; Van der Gast, 2014).

Despite numerous data about Klebsormidium our knowledge is based
mainly on the material collected within Europe, except some sporadic
investigations in North America, Asia, Australia and the Polar Regions
(Wei, 1984; Wagner & Zaneveld, 1988; Novis, 2006; Ryšánek et al.,
2015). The first study of Klebsormidium from the southern hemisphere,
based on molecular phylogenetic data, was within the long-term project
BIOTA Southern Africa devoted to the biodiversity along 2000-km-long
transect (see www.biota-africa.org; Büdel et al., 2009, 2010). A unique
phylogenetic lineage of Klebsormidium, named as superclade G, was
discovered from biological soil crusts of the Namib dryland region
(Rindi et al., 2011). The uniqueness of this lineage was in its con-
siderable genetic distance from the other Klebsormidium lineages, un-
commonness of the exotic habitat and locality (biological soil crusts of
arid and semi-arid regions of South Africa) as well as a significant
morphological peculiarity of the strains (Rindi et al., 2011, Mikhailyuk
et al., 2013). Hypothesis regarding biogeographic differentiation within
the genus and the possibility of finding new endemic lineages in future
appeared after the discovery of clade G (Rindi et al., 2011). But in later
investigations clade G was complemented by few strains isolated from
European habitats (Škaloud et al., 2014). These findings implied that
real geographical barriers for the distribution of some Klebsormidium
representatives are absent, therefore its diversity within specific habi-
tats could be driven by ecological preferences rather than by

biogeography (Ryšánek et al., 2015).
Recent investigations of biological soil crusts from different climate

zones in Chile (South America) (Fiore-Donno et al., 2018) allowed us to
isolate several new Klebsormidium strains which also belong to the clade
G. The available collection of clade G Klebsormidium is based on the
South American cultures, strains from South Africa, complemented by
several isolates from terrestrial habitats of Europe and North America.
The number of cultures (28 strains), and variability of habitats and
localities (four continents within both southern and northern hemi-
spheres) are sufficient for in-depth phylogenetic investigation of this
group. As mentioned before members of clade G are representatives of
the new taxa of Klebsormidium since they were found in unstudied and
often uncommon habitats. This statement is reasonable for European
strains as well, as they were isolated from swamped soils and dumps
after coal mining characterized by very low pH, and from maritime
sand dunes. All strains of clade G Klebsormidium are characterized by
unique morphological characters which are not typical for other de-
scribed Klebsormidium taxa (Rindi et al., 2011, Mikhailyuk et al., 2013).
Therefore it allows us to present descriptions of several new species
within Klebsormidium clade G, with potential ecological and biogeo-
graphic preferences.

2. Methods

2.1. Study areas, sampling and strains

For the present study 46 unialgal cultures of Klebsormidium were
isolated from different terrestrial habitats worldwide, of which 28
strains belong to the phylogenetic clade G (see below) and represent
main focus of our study. The strains were isolated from unusual habi-
tats: biological soil crusts from semi-deserts (South Africa) and semi-
arid shrublands (Chile, South America), Mediterranean shrub (South
Africa) and deciduous vegetation (Chile), Araucaria forests (Chile),
maritime sand dunes under sparse pine forest (Germany, Europe), re-
cultivated dumps after coal mining (USA, North America; Czech
Republic, Germany, Europe) and peat bogs under spruce forest (Czech
Republic). African strains were previously isolated during the project
BIOTA Southern Africa (Büdel et al., 2009, 2010), all other strains were
established more recently in the frame of different projects (see Ac-
knowledgements; Lukešová (2001).)

The other 18 non-G clade Klebsormidium strains were used for
comparison with the G-clade material in focus. These strains were
isolated from biological soil crusts from Chile (8 strains) and sand dunes
along the Baltic Sea coast of Germany (10 strains). The information on
studied strains, study areas and habitats are provided in Table 1 and
Suppl. Table S1; images of study areas are presented in Fig. 1.

Sampling procedure, cultivation conditions and isolation of strains
were described in detail in previous papers (Büdel et al., 2009; Schulz
et al., 2016; Lukešová, 2001). The majority of strains is kept in the
culture collection at the University of Rostock, proposed authentic
strains of new taxa (see below) were deposited in the Culture collection
of soil algae and cyanobacteria of the Institute of Soil Biology, a
member of BCCO (Biology Centre Collection of Organisms), České Bu-
dějovice, Czech Republic). Authentic strains were permanently cryo-
preserved in metabolically inactive state and stored as holotypes.
Herbaria of these strains (made from material maintained in liquid
culture, in age 2–3 weeks) were deposited in Algotheca of the M.G.
Kholodny Institute of Botany of the National Academy of Sciences of
Ukraine (AKW-M49 – AKW-M57) and used as isotypes.

2.2. Culture conditions, light microscopy

The strains were maintained on solid medium (1.5% agar with 3 N
BBM and vitamins) (Starr & Zeikus, 1993) at 20 °C with 25 µmol pho-
tons·m−2·s−1 (Osram Lumilux Cool White lamps L36W/840) under a
light/dark cycle of 12:12 h L:D. Morphological examination of unialgal
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cultures was performed using a stereoscopic microscope Olympus
SZX16 and Olympus BX51 light microscope with Nomarski DIC optics.
Photomicrographs were taken with digital cameras Olympus DP26 and
Olympus UC30 attached to the microscopes and processed by the
Olympus cellSens Entry software. Cultures were examined in young
stage (2–3 weeks-old) and in old stage (3 months and more). Zoospore
formation was induced by transferring the cultures into liquid BBM
without nitrogen – 0 N BBM and keeping them under dark conditions
for several days, as well as by transferring culture to a 1% glucose so-
lution and keeping them in darkness at a temperature of about 10 °C, as

suggested in other investigations (Lokhorst, 1996; Škaloud & Rindi,
2013; Rindi et al., 2017).

Some of our data obtained during previous projects and published in
Rindi et al. (2011) were used for morphological comparison of in-
vestigated clade G strains with other Klebsormidium lineages. Morpho-
logical data used are summarized in Suppl. Table S2.

2.3. DNA isolation, PCR and sequencing

Genomic DNA of investigated strains was extracted using the

Fig. 1. General view on localities from which strains of clade G Klebsormidium were isolated. (A) South Africa, Northern Cape Koeroegab Vlakte, Biota Observatory
S18. (B) South Africa, Kuboes, fairy circles and biological soil crusts patches. (C) South Africa, Cape Peninsula, Roscherpan Biota Observatory S29, dark patches of
biological soil crusts. (D) Chile, Santa Gracia Natural Reserve, semi-arid shrubland vegetation. (E) Chile, La Campana National Park, vegetation with participation of
Jubaea chilensis. (F) Chile, Nahuelbuta National Park, Araucaria forest; (G) Germany, Bad Prerow, Baltic sea coast, maritime sand dunes under sparse pine forest. (H)
USA, Wyoming, dump after coal mining, 4 years after recultivation, shortgrass prairie dominated by sagebrush. (I) Czech Republic, Sokolov mining district, dumps
after coal mining, soil crust dominated by different Klebsormidium species on bare soil surface.
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DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. Nucleotide sequences of the ITS-1–5.8S
rRNA–ITS-2 region were amplified using a set of Taq PCR Mastermix Kit
(Qiagen GmbH), algal-specific primer G730F (T. Pröschold, personal
communication), and standard primer ITS055R (Marin et al., 1998).
Nucleotide sequences of partial rbcL gene were obtained using specific
primers for Klebsormidiophyceae rbcL-KF2, rbcL-KR2, and KF590
(Škaloud & Rindi, 2013; Ryšánek et al., 2015). The PCR were made
using conditions published in Mikhailyuk et al. (2018) and Škaloud &
Rindi (2013). PCR products were cleaned with the Qiagen PCR pur-
ification kit (Qiagen GmbH) according to the manufacturer’s instruc-
tions. Cleaned PCR products were sequenced commercially by Qiagen
Company using primers 1400F, GF, ITS2F, and ITS05R (Marin et al.,
1998; 2003; Pröschold et al., 2005) for ribosomal operon and rbcL-KF2,
rbcL-KR2, and KF590 for rbcL gene. The resulting sequences were as-
sembled and edited using Geneious software (version 8.1.8; Bio-
matters). They were deposited at GenBank under the accession numbers
MH971175–MH971211 and MH986616–MH986646.

2.4. Phylogenetic analyses

89 sequences of Klebsormidium and Interfilum strains were used for
comparison with strains of clade G Klebsormidium. These sequences
were published by Sluiman et al. (2008), Rindi et al. (2008, 2011),
Skaloud & Rindi (2013), and Mikhailyuk et al. (2019). Multiple align-
ments of the nucleotide sequences of the ITS-1,2 as well as rbcL were
made using Mafft web server (version 7, Katoh & Standley, 2013) fol-
lowed by manually editing in the program BioEdit (version 7.2). The
evolutionary model that was best suited to the used database was se-
lected on the basis of the lowest AIC value (Akaike, 1974) and calcu-
lated in the program MEGA (version 6, Tamura et al., 2013). The un-
rooted phylogenetic trees were constructed in the program MrBayes
3.2.2 (Ronquist & Huelsenbeck, 2003), using an evolutionary model
GTR + G + I, with 5,000,000 generations. Two out of the four runs of
Markov chain Monte Carlo were made simultaneously, with the trees,
taken every 500 generations. Split frequencies between runs at the end
of calculations were below 0.01. The trees selected before the reached
saturation likelihood rate were subsequently rejected. The reliability of
tree topology verified by the maximum likelihood analysis (ML,
GTR + I + G) were made using the program GARLI 2.0 (Zwickl, 2006),
and bootstrap support was calculated with 1000 replicates.

2.5. Analysis of the ITS-2 secondary structure, p-distance

The models of the secondary structure of ITS-2 region together with
5.8S–LSU rRNA stem were predicted for the investigated strains of clade
G using the model of authentic strains of K. fluitans (Gay) Lokhorst (SAG
9.96) proposed by Kitzing et al. (2014). Helices were folded with the
online software mfold (Zuker, 2003) and visualized in the online tool
PseudoViewer (Byun & Han, 2009). Compensatory base changes
(CBCs), base-pair indels (mismatches, deletions, single or unpaired
bases), were estimated for the helices I-III as the most conservative part
of ITS-2 (Demchenko et al., 2012).

Genetic distances between Klebsormidium clade G and E, and among
strains of clade G were calculated in the program MEGA using p-dis-
tance and uniform rates.

3. Results

3.1. Molecular phylogeny based on ITS-1, 2 and rbcL gene, identification

The phylogenetic analysis of ITS-1,2 revealed that the newly se-
quenced isolates together with the published sequences of
Klebsormidium from clade G formed 7 separate lineages (Fig. 2), which
corresponded to the described new species (see below). The phyloge-
netic trees of rbcL gene and concatenated dataset of ITS-1,2 – rbcL

mostly showed similar topology (Figs. 3 and 4). The main differences of
the phylogenies were larger genetic distances between different strains
within clade G in ITS-1,2 phylogeny in comparison with rbcL phylo-
geny. Therefore clades sequences of newly described K. delicatum Mi-
khailyuk et Lukešová sp. nov. and K. deserticola Mikhailyuk sp. nov. on
ITS-1,2 and ITS-1,2 – rbcL phylogenetic trees (Figs. 2 and 4) formed
subclades which corresponded to new varieties of K. delicatum (see
below), whereas phylogeny based on rbcL gene did not show these
subclades (Fig. 3).

Strains isolated from South Africa formed 3 separated lineages in-
side clade G (new species K. africanum Mikhailyuk sp. nov., K. karooense
Mikhailyuk sp. nov. and K. vermiculatum Mikhailyuk sp. nov.) and
mixed clade (K. deserticola) with a strain from Chile and two strains
from deserts of USA (isolated during Biotic Crust Project in arid regions
of the southwestern USA (Lunch et al., 2013)) (Figs. 2–4). Other Chi-
lean strains formed one separate lineage (K. chilense Mikhailyuk et
Samolov sp. nov.), a mixed lineage with a strain from German sand
dunes (K. sylvaticum Mikhailyuk et Samolov sp. nov.), and a joined
lineage formed mainly by European strains, four strains from Chile, and
a strain from USA (K. delicatum).

We compared genetic distances of Klebsormidium within different
clades on the base of dataset used in the present paper. All strains
within clade E were characterized by higher genetic distances of rbcL
gene than ITS-1,2 (rbcL: 3%; ITS: 1.3%). In contrast, strains of clade G
showed opposite situation: higher genetic distances of ITS-1,2 than rbcL
(rbcL: 3.4%; ITS: 4.3%). Genetic distances between different
Klebsormidium species of clade G, based on both markers, supported the
proposal of 7 new species. Two lineages have tendencies to from further
subclades, but with a remarkable lower p distance (Table 2).

Several Klebsormidium strains from other clades (B-F) were found
together with clade G Klebsormidium during our investigation of dif-
ferent vegetation communities of Chile (8 strains) and sand dunes of
German Baltic Sea coast (10 strains). These strains were examined using
ITS-1,2 and rbcL gene for comparison with clade G Klebsormidium
(Suppl. Table S1 and Suppl. Figs. S1–S3). Chilean strains clustered in
clade E and were identified as K. nitens (Kützing) Lokhorst, K. fluitans
and Klebsormidium sp. German strains were more diverse and dis-
tributed among all known clades: 1 strain was placed in clade B (K. cf.
flaccidum (Kützing) Silva, Mattox & Blackwell), 1 strain was in clade C
(K. flaccidum), 1 strain was assigned to clade D (K. elegans Lokhorst), 3
strains were in clade F (K. crenulatum (Kützing) Lokhorst, K. cf. crenu-
latum and K. mucosum (Petersen) Lokhorst), and 4 strains were clustered
in clade E (Klebsormidium sp.).

3.2. Comparison of ITS-2 secondary structures

The secondary structure of ITS-2 of clade G Klebsormidium was
evaluated together with 5.8S–LSU rRNA stem of all investigated isolates
(Fig. 5). Secondary structures of ITS-2 of all strains were identical in
5.8S–LSU rRNA stem. We analyzed helices I-III as the most conservative
part of ITS-2, helix IV was extremely variable in all strains. The main
differences of ITS-2 secondary structure were localized in helices I and
II, helix III is quite conservative with differences in some strains only.
Several CBCs and hemi-CBSs as well as deletions of base pairs, mis-
matches, unpaired or single bases were determined among investigated
strains. All data were summarized in the Table 2.

3.3. Morphology and reproduction

All investigated strains of clade G Klebsormidium were filamentous
algae with strong and long filaments, or easily disintegrated to short
filaments which even became unicellular sometimes. Strains with easily
disintegrating filaments usually formed smooth or slightly rough co-
lonies. Long filaments of G-clade Klebsormidium were strongly curved
and associated in aggregates, therefore these strains formed rough
cluster-like and knot-like colonies. All investigated clade G
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Klebsormidium strains were characterized by prominent morphology.
Young cultures had mostly narrow or short cylindrical swollen cells
with dense cell wall and prominent constrictions near cross walls. Old
cultures of clade G Klebsormidium looked completely different: cells
elongated, barrel- or bean-like, often curved or asymmetrical. Strains
with easily disintegrating filaments often formed ellipsoid unicells,
morphologically similar with cells of Interfilum. All investigated
Klebsormidium strains form clade G had a parietal, plate-shaped chlor-
oplast that occupied half of inner cell surface, with central incision and
consequently four lobes, typical for young cultures with actively di-
viding cells. Chloroplasts in cells after division or in mature and old
filaments were usually with waved or smooth margin. Pyrenoids were
small, compact, surrounded by several starch grains, oriented in par-
allel rows. Nucleus was situated in the opposite to the pyrenoid. Big
terminal vacuoles were usually observed in old elongated cells. H-like
fragments of cell wall were registered for some strains. Mucilage was
usually absent or it formed thin layer around some cells. Young cultures
of some strains with disintegrated filaments formed very delicate mu-
cilage envelope, which disappeared in adult cultures. Morphological
characters of all investigated strains of clade G Klebsormidium were
presented in Figs. 6–10 and Suppl. Table 3.

Investigated strains of clade G Klebsormidium reproduced by vege-
tative cell division in one plane (sporulation-like type) and fragmen-
tation of filaments. Zoospore formation was induced in all investigated
strains, but without positive result.

4. Discussion

4.1. Phylogeny, ITS-2 secondary structure and species delimitation of clade
G Klebsormidium

Phylogenetic analyses provided in the present study on the base of
ITS-1,2, rbcL gene and concatenated dataset of ITS-1,2 – rbcL sequences
showed congruent results, mostly corresponding with the phylogenies
of Klebsormidium and Interfilum published by Rindi et al. (2011), Ška-
loud & Rindi (2013), Ryšánek et al. (2015), and Škaloud et al. (2014).
Clade G forms an independent lineage among other Klebsormidium
clades with high statistical support. It is quite distant from other clades
as it was indicated earlier (Rindi et al., 2011). Klebsormidium strains
inside clade G were distributed among 7 lineages, all with high statis-
tical support in all our analyses, thus they were proposed as separate
species (see below).

Some lineages (described as species K. delicatum and K. deserticola)
form additional subclades clearly visible on ITS-1,2 and ITS-1,2 – rbcL
phylogenetic trees. But rbcL analysis did not support these subclades. It
was stated before that the rbcL gene is more variable than ITS in
Klebsormidium, therefore it provides better resolution for the phylo-
geny and species delimitation inside the genus than the rapidly evol-
ving ITS (Rindi et al., 2011, Ryšánek et al., 2015). Our analyses of clade
G Klebsormidium showed opposite situation: higher resolution on the
base of ITS-1,2 and lower resolution on the base of rbcL. This particular
character of clade G was already implied on phylogenetic trees pub-
lished in Rindi et al. (2011), Karsten et al. (2013), Škaloud et al. (2014),
and others. Calculated uncorrected p-distance of ITS-1,2 and rbcL for

Fig. 2. Molecular phylogeny of Klebsormidium and Interfilum based on ITS-1,2 sequences. Phylogenetic tree was inferred by Bayesian method with Bayesian Posterior
Probabilities (PP) and maximum likelihood (ML) bootstrap support (BP) indicated at nodes. From left to right, support values correspond to ML BP and Bayesian PP;
BP values lower than 50% and PP lower than 0.9 not shown. Strains marked with bold are newly sequenced isolates, with asterisk are proposed authentic strains of
newly described taxa. Clade designations follow Rindi et al. (2011).
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different strains of clade G compared to clade E confirmed this result. It
is visible that genetic distances of ITS-1,2 among strains of clade E are
very low, lower than distances of rbcL gene. But strains of clade G are
characterized by opposite situation, it seems that ITS-1,2 is more vari-
able in this case than rbcL.

To get better resolution we compared ITS-2 secondary structures of
all clade G Klebsormidium strains using the CBC approach proposed by
Coleman (2000, 2009). ITS-2 of all analyzed clade G strains was quite
uniform, although some differences (CBCs, hemi-CBCs, mismatches or
deletions of base pairs) were found (see Table 2). The differences
among group of strains assigned to newly described taxa vary from 2
CBCs to 1 hCBCs. CBC-concept stated that organisms without any CBC
in conservative ITS-2 regions do not necessarily belong to the same
biological species (Coleman, 2000). Moreover it is known that some
lineages of green algae are characterized by low number of CBCs. For
example, it was found that CBCs in the ITS-2 were not diagnostic at the
species level for some orders of green algae (Chaetophorales, Chaeto-
peltidales, Oedogoniales etc.) (Caisová et al., 2013). The re-
presentatives of Klebsormidiophyceae are also characterized by quite
uniform ITS-2 with low amount of CBCs between different lineages
(Rindi et al., 2011; Škaloud & Rindi, 2013; Škaloud et al., 2014). For
example, no CBCs were found among different clades inside clade E
which is characterized by strong ecological differentiation (Škaloud &
Rindi, 2013). rbcL gene was proposed in these studies as a more suitable
marker for species delimitation (Rindi et al., 2011; Škaloud & Rindi,
2013; Ryšánek et al., 2015; Škaloud et al., 2014). rbcL analysis provided
in the present study showed that all 7 lineages have high statistical
support, since this result is completely congruent with ITS-1,2 and

combined ITS-1,2 – rbcL phylogenies, we propose the description of 7
new species of Klebsormidium (see below).

Subclades of some lineages (corresponded to new species K. deli-
catum and K. deserticola) formed on the base of ITS-1,2 phylogeny could
also represent separate taxa. We proposed 2 additional varieties of K.
delicatum which differ by 1 CBC or 1 hCBC (see Table 2). Strong con-
gruence with ecological and morphological characters for these groups
support this statement (see below). Nevertheless, we propose to keep
the lineage representing K. deserticola as one taxon since two subclades
differ only by one mismatch in ITS-2 (see Table 2) which does not
justify assignment to a separate taxon.

4.2. Morphological characters of Klebsormidium from clade G

All analyzed strains of clade G Klebsormidium are characterized by
prominent morphology which clearly differentiates these algae from
other lineages of the genus. Macroscopic colonies of clade G
Klebsormidium mostly have cluster- or knot-like appearance that differs
from the other lineages with waved colonies typical for Klebsormidium
(see Fig. 6A–D). This specific colony structure, especially typical for the
strains isolated from arid habitats, is formed due to the strongly curved
filaments which form aggregations. Formation of cell aggregations is a
common character for many algae with terrestrial life style, as it pro-
vides self-protection against strong insolation and water loss (Nienow,
1996; Graham et al., 2012; Karsten et al., 2014; Mikhailyuk et al.,
2014). It could be possible that members of this Klebsormidium group
share similar adaptive traits to hot and dry environment.

Typical chloroplasts of clade G Klebsormidium with central incision

Fig. 3. Molecular phylogeny of Klebsormidium and Interfilum based on rbcL sequences. Phylogenetic tree was inferred by Bayesian method with Bayesian Posterior
Probabilities (PP) and maximum likelihood (ML) bootstrap support (BP) indicated at nodes. From left to right, support values correspond to ML BP and Bayesian PP;
BP values lower than 50% and PP lower than 0.9 not shown. Strains marked with bold are newly sequenced isolates, with asterisk are proposed authentic strains of
newly described taxa. Clade designations follow Rindi et al. (2011).
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and four lobes is often observed in young cultures. It could be related to
the cell division which starts with the division of chloroplast in the
central part of the cell (Floyd et al., 1972; Lokhorst & Star, 1985; Honda
& Hashimoto, 2007). Presence of such kind of chloroplasts may be as-
sociated with a very dynamic and fast cell division observed in young
cultures of clade G Klebsormidium. After the cell division as well as in
the older cultures chloroplasts usually have smooth edges.

Cultures of clade G Klebsormidium look completely different in
various developmental stages. Young cultures are characterized by the
presence of filaments with short-cylindrical, swollen cells (cell length/
width ratio is 0.5–1.4) and four-lobed chloroplasts. Old cultures are
built of filaments with elongated cells (cell 2.0–2.5 times longer than
wide) and compressed chloroplasts with smooth edges (see Suppl.
Table 3). Representatives from Klebsormidium clades B, C, D, E and F
showed slightly shortening of cells while aging – cells length/width
ratio in young cultures varies from 0.8 to 3.2 and in old cultures 0.5–1.8
(see Suppl. Table 2). These small morphological changes are expected,
since young culture is characterized by active processes of growth
which are being suppressed as the culture is aging. But strains of clade
G Klebsormidium show completely different “behavior” – they are
characterized by mainly short cells in young culture, which are getting
strongly elongated in old culture. Cells of some lineages of clade G are
elongated in young cultures (cell length/width ratio 1.1–2.4), a char-
acteristic typical for the algae isolated from the localities in temperate
or Mediterranean climatic regions, with easily disintegrating filaments.
But cells of these strains in old cultures start to be longer anyway (cell

length/width ratio 1.5–2.8–3.3, see Suppl. Table 3).
It seems that these alterations of cell morphology reflect adaptation

of clade G Klebsormidium to the arid environment: fast cell divisions
during limited wet periods in order to increase biomass rapidly results
in short-celled filaments, and slow growth with cell elongations during
the long dry periods. Described characters are typical for every clade G
strain, but they are most prominent in strains isolated from semi-deserts
and less clear in strains from regions with temperate or Mediterranean
climate. Moreover, short swollen cells typical for the clade G
Klebsormidium is a feature observed in other xeric Klebsormidium
lineages as well, for example K. mucosum and K. crenulatum (clade F)
isolated from open and dry habitats: sand dunes, steppes, grasslands
(Karsten et al., 2010; Holzinger et al., 2011; Mikhailyuk et al., 2015).
Narrow cells could provide lower cell surface which would be ad-
vantageous character in hot and dry habitats.

Another typical character of clade G Klebsormidium is a very com-
pact pyrenoid surrounded by several starch grains oriented in parallel
rows. Klebsormidium from other clades usually have prominent pyr-
enoids with several layers of many small starch grains oriented in
parallel rows (Lokhorst, 1996; Lokhorst & Star, 1985; Mikhailyuk et al.,
2014). The typical characters related to pyrenoid and chloroplast
morphology of clade G Klebsormidium were also registered in other
studies (Škaloud et al., 2014).

Comparison of morphological features of clade G strains with
known Klebsormidium taxa showed that characters described are rather
unique and that these strains cannot be assigned to any of the known

Fig. 4. Molecular phylogeny of Klebsormidium and Interfilum based on concatenated dataset ITS-1,2 and rbcL sequences. Phylogenetic tree was inferred by Bayesian
method with Bayesian Posterior Probabilities (PP) and maximum likelihood (ML) bootstrap support (BP) indicated at nodes. From left to right, support values
correspond to ML BP and Bayesian PP; BP values lower than 50% and PP lower than 0.9 not shown. Strains marked with asterisk are proposed authentic strains of
newly described taxa. Clade designations follow Rindi et al. (2011).
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taxa of the genus (Moshkova, 1979; Hindák, 1996; Lokhorst, 1996; Ettl
& Gärtner, 2014). This can be explained by the ecologically and geo-
graphically unusual habitats from which these strains originated. As
Klebsormidium species were described mostly from Europe and tempe-
rate zone of North America, with some small exclusion like K. acid-
ophilum Novis described from New Zealand, K. lamellosum Wei et Hu
from China, and K. drouetii Wagner et Zaneveld from Antarctica (Wei,
1984; Wagner & Zaneveld, 1988; Novis, 2006). Therefore this group
represents several undescribed species as it was mentioned before in
Rindi et al. (2011).

Although morphology of clade G Klebsormidium is in general quite
prominent, differences among separate lineages inside clade G, de-
scribed by us as separate species (see below), are not completely clear.
Several lineages are characterized by long filaments with different level
of disintegration and some differences in cell shape (K. africanum, K.
karooense, K. deserticola, K. sylvaticum). Other lineages include taxa with
short filaments and unicells (K. vermiculatum, K. chilense, K. delicatum).
The last representative is also characterized by thin filaments (with
exclusion of K. delicatum var. americanum Mikhailyuk et Lukešová var.
nov.). But overlaps in morphology and sizes occur quite often among
described species. Therefore attention should be paid mainly on habi-
tats and localities of clade G Klebsormidium during species identifica-
tion, and less on morphological peculiarities.

4.3. Ecology and distribution of clade G Klebsormidium

Representatives of Klebsormidium from clade G were discovered
during investigation of strains from South Africa isolated in the course
of the project BIOTA Southern Africa (Rindi et al., 2011) and previously
identified as Klebsormidium cf. flaccidum (Büdel et al., 2009). Further-
more, these strains were interpreted as a group considerably distant
from the other Klebsormidium clades, and ecologically restricted to arid
soil environments such as warm and arid deserts, and sub-desert areas
(Rindi et al., 2011). Later on, the group was widened due to the dis-
covery of several strains isolated from European habitats characterized
by low pH (Škaloud et al., 2014; Ryšánek et al., 2016). Presently the G
clade group includes strains originating from four continents: Africa,
Europe, South and North America, from semi-desert regions as well as
from places with Mediterranean and temperate climate, specific forests
and various vegetation types, maritime sand dunes, natural and artifi-
cial habitats with low soil pH, etc.

For a deeper understanding of ecology and biogeography of G-clade
Klebsormidium we analyzed results of several studies focused on the
biodiversity and occurrence of Klebsormidium representatives from dif-
ferent clades isolated from the biological soil crusts of Chile (present
study), South Africa (Büdel et al., 2009, Rindi et al., 2011), maritime
sand dunes of Germany (Schulz et al., 2016; Mikhailyuk et al., 2019 and
present study), and habitats with low soil and water pH which mainly
included European1 strains (Škaloud et al., 2014). A summarizing dia-
gram showing the diversity of representatives of each Klebsormidium
clade in all mentioned studies is presented on Fig. 11. It is interesting
that terrestrial habitats of the southern hemisphere (Africa and South
America) are rich in clade G Klebsormidium (more than 50% of the
whole Klebsormidium diversity), followed by the clade E re-
presentatives. Thus clade G Klebsormidium could be the key alga in these
habitats, found not only in the soils of desert regions, but also in other
ecosystems characterized by temperate and Mediterranean climate (see
Table 1).

Terrestrial habitats of northern hemisphere (Europe) showed pre-
sence of all Klebsormidium clades, with the highest diversity of clade E
Klebsormidium, and the insignificant number of strains from clade G
(not more than 10% of whole diversity). Other studies focused on the
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diversity of Klebsormidium representatives isolated from the river sand
dunes of Ukraine, surfaces of artificial substrates in European cities,
soils in forests of USA, Czech Republic, Japan, UK, soil crusts of
Tyrolean Alps (Austria and Italy), grassland and forest plots of different
land use intensities in Central Europe (Biodiversity Exploratories) did
not provide any data about clade G representatives (Kostikov et al.,
2001; Rindi et al., 2008; Ryšánek et al., 2015; Mikhailyuk et al., 2015;
Glaser et al., 2017). Some reports on finding Klebsormidium similar to
clade G representatives are presented in studies devoted to algae from
natural granite outcrops of Ukraine (Mikhailyuk et al., 2011;
Mikhailyuk, 2013; Mikhailyuk et al., 2013) and soil crusts of Svalbard
(Borchhardt et al., 2017), but these data require confirmation since

phylogenetic data were not provided. Thus, clade G Klebsormidium are
rare algae in terrestrial habitats of the Northern hemisphere. It is in-
teresting that they originated from unusual habitats of these territories,
such as soils with low pH (peat bogs or re-cultivated dumps after coal
mining), and maritime sand dunes.

The majority of strains of clade G Klebsormidium were isolated from
arid regions, from which this algal group possibly originated. Some
specific morphological characters of these algae regarding their adap-
tation to arid conditions (see above) support this assumption. These
characters are especially prominent in strains isolated from semi-desert
regions of Africa and South America. Isolates from arid regions belong
to four phylogenetic lineages, three of which include exclusively desert

Fig. 5. Comparison of ITS-2 secondary structure of clade G Klebsormidium strains. The structure of K. africanum (Biota 14614.18.18) is presented with the differences
to another species. Variable bases or base pairs are shown with circles, triangles and boxes (see the legend above). Positions marked with asterisk are variable in
different strains of the same species.
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algae. The most interesting lineage is the clade described in the present
study as K. deserticola, which consists of strains from desert ecosystems
of South Africa, Chile and USA. Strains from desert regions of USA were
isolated and investigated during Biotic Crust Project (Lunch et al.,
2013). The hypothesis that these algae are representatives of clade G
was stated earlier in Rindi et al. (2011). Strains of clade G Klebsormi-
dium from habitats with Mediterranean climate are also specific, they
form two independent lineages including algae from African fynbos (K.
vermiculatum) and South American forest with participation of “Honey -
palm” trees Jubaea chilensis (Molina) Baill. Representatives of clade G
isolated from habitats with temperate climate form one separate lineage
(K. sylvaticum), probably adapted to humid and shaded conditions, as
well as to soils with low pH which is typical for forests. Strains of this

lineage were isolated from South American forest formed by Araucaria
araucana K. Koch and maritime sand dunes of Germany covered by
sparse pine forest.

Phylogenetic lineage described as K. delicatum unites three sepa-
rated subclades which are characterized by differences in morphology,
ecology and biogeography. We propose description of three varieties of
this species, taking into consideration genetic differences especially
prominent in ITS phylogeny. Two lineages unite algae isolated from
territories with temperate climate, Europe (K. delicatum, type variety)
and North and South America (K. delicatum var. americanum) as well as
soils characterized by low pH (swamp and forest soils or dumps after
coal mining). The third lineage unites algae from semi-deserts of Chile
(K. delicatum var. deserticum Mikhailyuk et Samolov var. nov.).

Fig. 6. Morphology of clade G Klebsormidium. (A–D) colonies of algae on agar surface: (A, B) K. deserticola (Biota 14614.2), (C) K. flaccidum (Ru-1-2), (D) K. mucosum
(Us-4-2). (E) General view of curved filaments (K. deserticola, Biota 14614.7). (F–J) K. africanum (Biota 14614.18.18), filaments in young (F–I) and old (J) culture.
(K–N) K. karooense (Biota 14614.18.24), filaments in young culture. Scale bars: (A–D) 500 μm, (E–N) 10 μm.
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Considerable influence of pH on distribution of different terrestrial
algae (Hoffmann, 1989) as well as on Klebsormidium was registered
earlier (Škaloud et al., 2014; Ryšánek et al., 2016). It is interesting that
arid habitats from which some species of clade G Klebsormidium origi-
nated are characterized by neutral or slightly alkaline pH (see Table 1).
But habitats with Mediterranean and temperate climate are determined
by low pH and respectively acidic soils. Adaptation to low pH was
found in different Klebsormidium lineages (Škaloud et al., 2014). Three
different lineages typical for acidic soils (K. sylvaticum, K. delicatum and
perhaps K. delicatum var. americanum) were found within clade G
Klebsormidium. All these lineages include strains isolated from different
habitats and localities, always associated with acidic soils.

A comprehensive diversity of clade G Klebsormidium was not

explored by now, hence our data are preliminary. Our investigation
clearly shows that new findings are possible even among ubiquitous
algal taxa when studying unusual, biogeographically distant habitats. It
testifies that our knowledge about algal diversity, despite long period of
investigation, is still incomplete (Rindi et al., 2009). This is particularly
true for many unstudied regions in the southern hemisphere, which
may change even our concept of the well-known and widely distributed
algal genus Klebsormidium.

4.4. Proposed taxonomic revision

Klebsormidium africanum Mikhailyuk sp. nov. (Figs. 6F–J, 9A and B).
Diagnosis: Filaments long, strongly curved, (7.8)8.0–8.5(9.0) μm

Fig. 7. Morphology of clade G Klebsormidium. (A–D) K. vermiculatum, filaments in young (A, B (Biota 14621.10.21), C (Biota 14621.6)) and old culture (D (Biota
14621.6)). (E–I) K. deserticola, filaments in young (E–G (Biota 14615.5a), H (Biota 14614.7)) and old culture (I (Biota 14613.5e)). (J–M) K. sylvaticum (filaments in
young (J, K (NH-18.1), L (Z-7-3), and old culture (M (NV-1)). Scale bars: 10 μm.
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wide, with constrictions near cross walls. Colony on agar surface
cluster- and knot-like. Vegetative cells of young and mature filaments
short-cylindrical to cylindrical, (6.9)8.0–9.5(11.3) μm long (length/
width ratio (0.8)1.1–1.3). Vegetative cells of old filaments elongated-
cylindrical or elongated-doliiform, up to 17.0–22.5 μm long (length/
width ratio 2.0–2.5). Cell wall dense, smooth, H-like fragments are rare.
Chloroplast parietal, plate-shaped, with central incision and conse-
quently four lobes in young culture, with more lobes or smooth margin
in mature and old culture. Pyrenoid small, compact, surrounded by
several starch grains. Vegetative reproduction by cell division in one
plane (sporulation-like type) and fragmentation of thalli.

Zoospores and sexual reproduction was not observed.
Morphologically similar to other species related to clade G

Klebsormidium with long filaments, especially to K. karooense, but it
differs by cylindrical cells in young culture as well as by ITS-1,2 and
rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: South Africa, Grootderm, Karoo Namib, Succulent

Karoo, semi-desert, cyanobacterial crusts on the soil surface,
28°36′44.42″S, 16°39′15.59″E.

Holotype (designated here): The authentic strain Biota 14614.18.18
(BCCO 30_2910) is permanently cryopreserved in metabolically in-
active state in the Culture collection of soil algae and cyanobacteria at
the Institute of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Biota
14614.18.18 is deposited in Algotheca of the M.G. Kholodny Institute of

Fig. 8. Morphology of clade G Klebsormidium. (A–C) K. delicatum, filaments in young (A (Luk-68), C (Luk-318)) and old culture (B (Luk-68)); (D–F) K. delicatum var.
deserticum, filaments in young culture (D, F (4SG-1), E (4SG-6)). (G–I) K. delicatum var. americanum (filaments in young (G (NH-216), H (Luk-70), and old culture (I
(Luk-70)). (J, K) K. chilense, filaments in young culture (LC006-44). Scale bars: 10 μm.
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Botany of the National Academy of Sciences of Ukraine (AKW-M49).
Iconotype (designated here in support of the holotype): Fig. 9A and

B.
Authentic strain: Biota 14614.18.18 was deposited in BCCO,

Institute of Soil Biology, České Budějovice, Czech Republic under
number BCCO 30_26910.

Etymology: africanum = from Africa (referring to the type locality).
Klebsormidium karooense Mikhailyuk sp. nov. (Figs. 6K–N, 9C).
Diagnosis: Filaments long, strongly curved, (7.0)7.6–8.0(9.0) μm

wide, constricted near cross walls. Colony on agar surface cluster- and
knot-like. Vegetative cells of young and mature filaments narrow-cy-
lindrical to short-cylindrical, (3.1)3.6–6.0(6.3) μm long (length/width
ratio 0.5–0.7). Vegetative cells of old filaments short-cylindrical or
elongated-doliiform, up to 15.2 μm long (length/width ratio 1.0–1.8).
Cell wall dense, smooth, H-like fragments are rare. Chloroplast parietal,
plate-shaped, with central incision and consequently four lobes in

young culture, with smooth margin in mature and old culture. Pyrenoid
small, compact, surrounded by several starch grains. Vegetative re-
production by cell division in one plane (sporulation-like type) and
fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar to other species related to clade G

Klebsormidium with long filaments, especially to K. africanum. It differs
by very narrow cells in young culture as well as by ITS-1,2 and rbcL
sequences.

Habitat: soil and biological soil crusts.
Type locality: South Africa, Grootderm, Karoo Namib, Succulent

Karoo, semi-desert, cyanobacterial crusts on the soil surface,
28°36′44.42″S, 16°39′15.59″E.

Iconotype: Fig. 9C.
Holotype (designated here): The authentic strain Biota 14614.18.24

(BCCO 30_2911) is permanently cryopreserved in metabolically

Fig. 9. Drawings of clade G Klebsormidium. (A, B) K. africanum (Biota 14614.18.18), filaments in young (A) and old (B) culture. (C) K. karooense (Biota 14614.18.24),
filaments in young culture. (D, E) K. vermiculatum (Biota 14621.10.21), filaments in young (D) and old culture (E). (F, G) K. deserticola (Biota 14615.5a), filaments in
young (F) and old culture (G). (H, I) K. sylvaticum (NH-18.1), filaments in young (H) and old culture (I). (J) K. chilense (LC006-44), filaments in young culture. Scale
bars: 10 μm.
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inactive state in the Culture collection of soil algae and cyanobacteria at
the Institute of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Biota
14614.18.24 is deposited in Algotheca of the M.G. Kholodny Institute of
Botany of the National Academy of Sciences of Ukraine (AKW-M50).

Iconotype (designated here in support of the holotype): Fig. 9C.
Authentic strain: Biota 14614.18.24 was deposited in BCCO,

Institute of Soil Biology, České Budějovice, Czech Republic under
number BCCO 30_2911.

Etymology: karooense = from Karoo (referring to the type locality).

Fig. 10. Drawings of clade G Klebsormidium. (A, B) K. delicatum (Luk-68), filaments in young (A) and old culture (B). (C, D) K. delicatum var. americanum (Luk-70),
filaments in young (C) and old culture (D). (E, F) K. delicatum var. deserticum (4SG-1), filaments in young (E) and old culture (F). Scale bars: 10 μm.

Fig. 11. Comparison of distribution pattern of
phylogenetic clades within Klebsormidium collected
from different regions of South and North hemi-
sphere: different plant formations of Chile (present
study), South Africa (Büdel et al., 2009, Rindi et al.,
2011), maritime sand dunes of Germany (Schulz
et al., 2016; Mikhailyuk et al., 2019 and present
study) and habitats with low soil and water pH,
Europe (Škaloud et al., 2014).
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Klebsormidium vermiculatum Mikhailyuk sp. nov. (Figs. 7A–D, 9D
and E).

Diagnosis: Filaments typically short, usually composed of 3-5-10
cells, curved, constricted near cross walls, bead-like, 6.3–7.0(8.5) μm
wide. Long filaments are rare in young culture. Colony on agar usually
have smooth surface, occasionally slightly cluster-like. Vegetative cells
of young and mature filaments are narrow, short-cylindrical to cy-
lindrical, swollen, (3.0)4.0–6.7(7.3) μm long (length/width ratio
0.5–1.2), with constrictions near cross walls. Vegetative cells of old fi-
laments elongated, cylindrical or doliiform, up to 12.8 μm long (length/
width ratio 1.0–1.5). Cell wall dense, smooth; H-like fragments are rare.
Chloroplast parietal, plate-shaped, with central incision and conse-
quently four lobes in young culture, with smooth margin in mature and
old culture. Pyrenoid small, compact, surrounded by several starch
grains. Vegetative reproduction by cell division in one plane (sporula-
tion-like type) and fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar to species related to clade G Klebsormidium

with disintegrated filaments, especially to K. delicatum and K. chilense; it
differs, however, by the width of the filament, specific type locality as
well as by differences in ITS-1,2 and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: South Africa, Roscherpan Nature Reserve, Fynbos,

cyanobacterial crusts on the soil surface, along dripping zone of shrubs,
32°36′03.05″S, 18°18′20.16″E.

Holotype (designated here): The authentic strain Biota 14621.10.21
(BCCO 30_2912) is permanently cryopreserved in metabolically in-
active state in the Culture collection of soil algae and cyanobacteria at
the Institute of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Biota
14621.10.21 is deposited in Algotheca of the M.G. Kholodny Institute of
Botany of the National Academy of Sciences of Ukraine (AKW-M51).

Iconotype (designated here in support of the holotype): Fig. 9D and
E.

Authentic strain: Biota 14621.10.21 was deposited in BCCO,
Institute of Soil Biology, České Budějovice, Czech Republic under
number BCCO 30_2912.

Other strains: Biota 14621.6, Biota 14621.10.44, Biota 14621.10.47
and Biota 14621.10.26 were isolated from the same locality.

Etymology: vermiculatum = from from Latin word vermiculatus –
vermiform (referring to specific shape of short filaments).

Klebsormidium deserticola Mikhailyuk sp. nov. (Figs. 7E–I, 9F and G).
Diagnosis: Filaments long, strongly curved, (5.9)6.3–7.8(8.2) μm

wide, constricted near cross walls, with clear tendencies to disintegra-
tion. Colony on agar cluster- and knot-like. Vegetative cells of young
and mature filaments are narrow-cylindrical to short-cylindrical, (2.6)
3.7–10.4(11.0) μm long (length/width ratio 0.6–1.3). Vegetative cells
of old filaments cylindrical and elongated-doliiform, up to up to
18.2–25.0 μm long (length/width ratio 1.5–3.0). Cell wall dense,
smooth, H-like fragments present. Chloroplast parietal, plate-shaped,
with central incision and consequently four lobes in young culture and
with smooth margin in mature and old culture. Pyrenoid small, com-
pact, surrounded by several starch grains. Vegetative reproduction by
cell division in one plane (sporulation-like type) and fragmentation of
thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar to other species related to clade G

Klebsormidium from semi-desert areas, especially with K. karooense and
K. africanus. It differs, however, by disintegrating filaments, shape of
cells, as well as by differences in ITS-1,2 and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: South Africa, Koeroegap Vlakte, Karoo Namib, Nama

Karoo, semi-desert, cyanobacterial crusts on the soil surface,
28°13′35.92″S, 17°01′32.40″E.

Holotype (designated here): The authentic strain Biota 14615.5a
(BCCO 30_2913) is permanently cryopreserved in metabolically

inactive state in the Culture collection of soil algae and cyanobacteria at
the Institute of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Biota
14615.5a is deposited in Algotheca of the M.G. Kholodny Institute of
Botany of the National Academy of Sciences of Ukraine (AKW-M52).

Iconotype (designated here in support of the holotype): Fig. 9F and
G.

Authentic strain: Biota 14615.5a was deposited in BCCO, Institute of
Soil Biology, České Budějovice, Czech Republic under number BCCO
30_2913.

Other strains: isolated from desert habitats of 3 continents: Biota
14613.5e, Biota 14614.7, Biota 14614.2 (South Africa, Koeboes and
Grootderm, Karoo Namib, Succulent Karoo, semi-desert), SG03-7.2
(Chile, Santa Gracia Natural Reserve, semi-arid shrubland vegetation),
BCP-CNP2-VF35, BCP-TAA2-JRJ3 (southwestern USA, arid regions).

Etymology: deserticola = from Latin words deserta – deserts and
colo – inhabit (referring to the type locality).

Klebsormidium sylvaticum Mikhailyuk et Samolov sp. nov.
(Figs. 7J–M, 9H and I).

Diagnosis: Filaments long, constricted, slightly curved, (6.3)
6.7–6.9 μm wide, constricted near cross walls. Colony on agar cluster-
and knot-like. Vegetative cells of young and mature filaments short-
cylindrical to cylindrical, (4.5)6.4–9.2 μm long (length/width ratio
1.0–1.4). Vegetative cells of old filaments short-cylindrical to elon-
gated-ellipsoid, up to 18.7 μm long (length/width ratio 1.3–2.8). Cell
wall dense, smooth, H-like fragments usually absent. Chloroplast par-
ietal, plate-shaped, with central incision and consequently four lobes in
young culture and with smooth margin in mature and old culture.
Pyrenoid small, compact, surrounded by several starch grains.
Vegetative reproduction by cell division in one plane (sporulation-like
type) and fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar to other related clade G Klebsormidium with

long filaments, especially to K. delicatum var. americanum. It has some
similarity with K. africanum, K. karooense and K. deserticum, but differs
in details of morphology, habitat and type locality as well as by dif-
ferences in ITS-1,2 and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: Chile, Nahuelbuta National Park, Araucaria temperate

forest, biological soil crusts, 37°47′30.30″S, 73°00′08.24″W .
Holotype (designated here): The authentic strain NH-18.1 (BCCO

30_2914) is permanently cryopreserved in metabolically inactive state
in the Culture collection of soil algae and cyanobacteria at the Institute
of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain NH-18.1 is
deposited in Algotheca of the M.G. Kholodny Institute of Botany of the
National Academy of Sciences of Ukraine (AKW-M53).

Iconotype (designated here in support of the holotype): Fig. 9H and
I.

Authentic strain: NH-18.1 was deposited in BCCO, Institute of Soil
Biology, České Budějovice, Czech Republic under number BCCO
30_2914.

Other strains: NV-14 and NV-16 were isolated from the same lo-
cality; Z-7-3 was isolated from biological soil crust, maritime sand
dunes under sparse pine forest, Baltic Sea coast, Bad Prerow,
Mecklenburg-Vorpommern, Germany.

Etymology: sylvaticum = from Latin word silvaticus − growing in
the forest (referring to the type habitat).

Klebsormidium delicatum Mikhailyuk et Lukešová sp. nov.
(Figs. 8A–C, 10A and B).

Diagnosis: Filaments usually short, easily disintegrating to very
short 3–5-celled filaments, unicells and diads, constricted near cross
walls, (4.6)5.0–5.5(6.0) μm wide. Long filaments rare, in young culture.
Colony on agar surface usually smooth or slightly cluster-like.
Vegetative cells of young and mature filaments cylindrical to ellipsoid,
(6.4)7.6–10.7(14.3) μm long (length/width ratio 1.5–2.1), with
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constrictions near cross walls. Vegetative cells of old filaments elon-
gated-cylindrical or elongated-doliiform, up to 15.8–19.5 μm long
(length/width ratio 2.6–3.3). Cell wall dense, smooth, H-like fragments
are rare. Chloroplast parietal, plate-shaped, with central incision and
consequently four lobes in young culture and with smooth margin in
mature and old culture. Pyrenoid small, compact, surrounded by sev-
eral starch grains. Vegetative reproduction by cell division in one plane
(sporulation-like type) and fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar with other species related to clade G

Klebsormidium with disintegrating filaments, especially with K. chilense,
K. vermiculatum and K. delicatum var. deserticum, but it differs by the
width of the filament, specific low-pH habitats, type locality as well as
by the differences in ITS-1,2 and rbcL sequences.

Habitat: soil and sand with low pH.
Type locality: Europe, Czech Republic, Slavkovský les, peat bog

Krásno, under spruce forest, meliorated area, 50°63′30.85″N,
12°45′37.47″E.

Holotype (designated here): The authentic strain Luk-68 (BCCO
30_2904) is permanently cryopreserved in metabolically inactive state
in the Culture collection of soil algae and cyanobacteria at the Institute
of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Luk-68 is
deposited in Algotheca of the M.G. Kholodny Institute of Botany of the
National Academy of Sciences of Ukraine (AKW-M54).

Iconotype (designated here in support of the holotype): Fig. 10A and
B.

Authentic strain: Luk-68 was deposited in BCCO, Institute of Soil
Biology, České Budějovice, Czech Republic under number BCCO
30_2904.

Other strains: Luk S12 was isolated from the same locality, Luk-318
and Luk S66 were isolated from dumps after coal mining, Sokolov
mining district, Czech Republic and Weissacker Berg, near Cottbus,
Germany respectively.

Etymology: delicatum = from Latin word − delicatus − thin, fine
(referring to thin easily disintegrating filaments).

Klebsormidium delicatum var. deserticum Mikhailyuk et Samolov var.
nov. (Figs. 8D–F, 10E and F).

Diagnosis: Filaments short, 3–5–10-celled, easily disintegrating to
unicells and diads, constricted near cross walls, bead-like, (5.3)
6.0–7.0(8.5) μm wide. Colony on agar with rough surface. Vegetative
cells of young and mature filaments narrow- or short-cylindrical to el-
lipsoid (3.7)5.8–7.6(9.3) μm long (length/width ratio 0.5–1.3), with
constrictions near cross walls. Vegetative cells of old filaments cylind-
rical to ellipsoid, up to 21.0 μm long (length/width ratio 1.6–2.0). Cell
wall dense, smooth, H-like fragments rare. Chloroplast parietal, plate-
shaped, with central incision and consequently four lobes in young
culture and with smooth margin in mature and old culture. Pyrenoid
small, compact, surrounded by several starch grains. Vegetative re-
production by cell division in one plane (sporulation-like type) and
fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar with other species related to clade G

Klebsormidium with disintegrating filaments especially with K. vermi-
culatum and K. delicatum, type variety (differs by type locality, width of
filaments and habitat), there are similarities with K. chilense, but it
differs by some morphological characters, type locality as well as by the
ITS-1,2 and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: Chile, Santa Gracia Natural Reserve semi-arid

shrubland vegetation, soil crust, 29°45′28.58″S, 71°09′58.24″W.
Holotype (designated here): The authentic strain 4SG-1 (BCCO

30_2907) is permanently cryopreserved in metabolically inactive state
in the Culture collection of soil algae and cyanobacteria at the Institute
of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain 4SG-1 is

deposited in Algotheca of the M.G. Kholodny Institute of Botany of the
National Academy of Sciences of Ukraine (AKW-M55).

Iconotype (designated here in support of the holotype): Fig. 10E and
F.

Authentic strain: 4SG-1 was deposited in BCCO, Institute of Soil
Biology, České Budějovice, Czech Republic under number BCCO
30_2907.

Other strains: 4SG-6 and SG03-12.2 were isolated from the same
locality.

Etymology: deserticum = from Latin word deserta − deserts (re-
ferring to the type locality).

Klebsormidium delicatum var. americanum Mikhailyuk et Lukešová
var. nov. (Figs. 8G–I, 10C and D).

Diagnosis: Filaments long and short, disintegrating to unicells and
diads, constricted near cross walls, swollen, (6.8)7.1–7.8(8.4) μm wide.
Long filaments quite often, in mature and old culture. Colony on agar
with rough surface. Vegetative cells of young and mature filaments are
short-cylindrical to cylindrical, swollen, (4.7)6.7–10.1(11.9) μm long
(length/width ratio 0.8–1.4), with constrictions near cross walls.
Vegetative cells of old filaments cylindrical, elongated-cylindrical and
doliiform, up to 17.8–22.2 μm long (length/width ratio 2.3–2.8). Cell
wall dense, smooth, H-like fragments present. Chloroplast parietal,
plate-shaped, with central incision and consequently four lobes in
young culture and with more lobes or smooth margin in mature and old
culture. Pyrenoid small, compact, surrounded by several starch grains.
Vegetative reproduction by cell division in one plane (sporulation-like
type) and fragmentation of thalli.

Zoospores and sexual reproduction were not observed.
Morphologically similar to other species related to clade G

Klebsormidium with disintegrating filaments, especially with K. sylva-
ticum and K. delicatum, type variety, it differs by the width of the fila-
ments, habitat and type locality, as well as by the differences in ITS-1,2
and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: USA, Wyoming, Bell Ayr Mine, recultivated dump

after coal mining, soil, 44°05′24.4″N, 105°22′06.3″W.
Holotype (designated here): The authentic strain Luk-70 (BCCO

30_2908) is permanently cryopreserved in metabolically inactive state
in the Culture collection of soil algae and cyanobacteria at the Institute
of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain Luk-70 is
deposited in Algotheca of the M.G. Kholodny Institute of Botany of the
National Academy of Sciences of Ukraine (AKW-M56).

Iconotype (designated here in support of the holotype): Fig. 10C and
D.

Authentic strain: Luk-70 was deposited in BCCO, Institute of Soil
Biology, České Budějovice, Czech Republic under number BCCO
30_2908.

Other strains: NH-216 was isolated from biological soil crust under
Araucaria temperate forest, Nahuelbuta National Park, Chile.

Etymology: americanum = from America (referring to the type lo-
cality).

Klebsormidium chilense Mikhailyuk et Samolov sp. nov. (Figs. 8J and
K, 9J).

Diagnosis: Filaments usually short, easily disintegrating to unicells
and diads, constricted near cross walls, (4.5)5.5–6.3(7.3) μm wide.
Colony on agar usually with rough surface. Vegetative cells of young
and mature filaments are cylindrical to ellipsoid, (4.5)6.3–8.8(11.8) μm
long (length/width ratio 1.-1.8), with constrictions near cross walls.
Vegetative cells of old filaments elongated cylindrical to ellipsoid,
swollen, up to 15.8–19.3 μm long (length/width ratio 2.3–2.6). Cell
wall dense, smooth, H-like fragments absent. Chloroplast parietal,
plate-shaped, with central incision and consequently four lobes in
young culture and with more lobes or smooth margin in mature and old
culture. Pyrenoid small, compact, surrounded by several starch grains.
Vegetative reproduction by cell division in one plane (sporulation-like
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type) and fragmentation of thalli.
Zoospores and sexual reproduction were not observed.
Morphologically similar to other species related to clade G

Klebsormidium with disintegrating filaments, especially to K. delicatum
and K. delicatum var. deserticum, has some similarity with K. vermicu-
latum, but differs by some details of morphology, type locality as well as
by the differences in ITS-1,2 and rbcL sequences.

Habitat: soil and biological soil crusts.
Type locality: Chile: La Campana National Park, deciduous

Mediterranean vegetation with Jubaea chilensis, soil crust,
32°57′16.46″S, 71°4′15.19″W.

Holotype (designated here): The authentic strain LC006-44 (BCCO
30_2909) is permanently cryopreserved in metabolically inactive state
in the Culture collection of soil algae and cyanobacteria at the Institute
of Soil Biology, České Budějovice, Czech Republic.

Isotype (designated here): Herbarium of authentic strain LC006-44
is deposited in Algotheca of the M.G. Kholodny Institute of Botany of
the National Academy of Sciences of Ukraine (AKW-M57).

Iconotype (designated here in support of the holotype): Fig. 9J.
Authentic strain: LC006-44 was deposited in BCCO, Institute of Soil

Biology, České Budějovice, Czech Republic under number BCCO
30_2909.

Other strains: LC006-25, LC006-28 were isolated from the same
locality.

Etymology: chilense = from Chile (referring to type locality).
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Sarcinoid aeroterrestrial green algae were isolated
from three arid locations in Ukraine and the Czech
Republic. Although gross morphology suggested an
affinity with Desmococcus (for taxonomic authorities,
see Table S1 in the supplementary material), the cel-
lular morphological characteristics were reminiscent
of those of Geminella terricola. However, the pres-
ence of a complex of ultrastructural features indi-
cated that these isolates were members of the
streptophyte lineage in the green plants. 18S rDNA
sequence phylogenies provided evidence of a close
relationship with Klebsormidium in the Streptophyta,
while the position of Desmococcus was within the
Trebouxiophyceae. In the internal transcribed
spacer (ITS) rDNA phylogeny, the sarcinoid isolates
were closely related with strains of G. terricola and
Interfilum paradoxum. Strains of that clade were
morphologically united by a specific type of cell
division that involves the association of persistent,
cap-shaped remains of the mother cell wall with
daughter cells. Consequently, these strains were
assigned to a redefined genus Interfilum, and a new
species, I. massjukiae, was described to accommo-

date one of the sarcinoid isolates. As the position of
the genus Geminella was in the Trebouxiophyceae,
the streptophyte G. terricola was transferred to Inter-
filum, as I. terricola comb. nov., but the ITS rDNA
analyses proved inconclusive to resolve its affinities
with other species of Interfilum due to intragenomic
polymorphisms. The species of Interfilum had a
closer relationship with K. flaccidum than with other
species of Klebsormidium. The latter genus may not
be monophyletic in its present circumscription.
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The identification of filamentous and sarcinoid
green algae generally presents a challenge for most
algal systematists and ecologists due to the scarcity
of visual characters that are available for diagnostic
purposes and the less than perfect taxonomies that
are available for these groups. Recent molecular
studies have led to the recognition that there is ram-
pant morphological homoplasy in these groups and
that only a tiny proportion of the genetic diversity
that is revealed by DNA sequencing can be captured
by microscopic observation of cellular and reproduc-
tive features. The general lack of understanding of
the taxonomic diversity in these groups not only
creates difficulties when attempting to accurately
assess the species richness of habitats that they dom-
inate, such as soil and other terrestrial habitats, but
also leads to a significant underestimation of the
number of species of coccoid and sarcinoid algae
that exist. Relatively new technologies, such as sepa-
ration of PCR amplified rDNA from heterogenous
environmental samples with denaturing gradient gel
electrophoresis (DGGE), have shown considerable
promise to help reveal more of the genetic diversity
of microbial and microalgal communities, and the
results of these analyses can be useful pointers for
microscopists to identify morphological diagnostic
markers that were previously overlooked (Head
et al. 1998, Diez et al. 2001, Sigler et al. 2003).
However, despite the increasing popularity of and
dependency on molecular genetic methods to
catalogue the taxonomic diversity of microalgae,
discoveries of new taxa by careful observations of
experienced microscopists still occur.

An example of new green microalgae that were
discovered recently by careful microscopical screen-
ing of natural samples are aerophytic organisms that
were isolated from rock outcrops of the steppe zone
and Mountain Crimea in Ukraine, and from soil in
the Czech Republic. While showing morphological
similarity in cellular structure to the filamentous
green alga G. terricola, their sarcinoid packets
were reminiscent of those typically produced by
Desmococcus. To assess their taxonomic affinities and
phylogenetic relationships within the green algae
more accurately, we undertook a detailed study
involving LM and TEM as well as rDNA sequence
analyses. The results of these studies represent the
main subject of this paper. They led to the conclu-
sion that the three new sarcinoid isolates as well as
an isolate of G. terricola are representatives of the
genus Interfilum. The two Ukrainian isolates had pre-
viously been assigned to a new genus Massjukia (as
M. desmococcoidea, Mikhailyuk et al. 2005). Ultrastruc-
tural and rDNA sequence evidence indicated that
Interfilum belongs to the streptophycean lineage in
the green algae, with a close relationship with Klebso-
rmidium, Hormidiella, and Entransia. These conclu-
sions applied also to strains from the SAG culture
collection that represented I. paradoxum and to an
unidentified strain of the genus. To accommodate

these new observations in a new taxonomic frame-
work, the diagnosis of the genus Interfilum and that
of the type species I. paradoxum were emended, and
one of the new isolates was assigned to a new
species, I. massjukiae sp. nov. Finally, the diagnosis
of G. terricola was emended, and this species was
transferred to Interfilum as I. terricola comb. nov.

MATERIALS AND METHODS

Culture strains. Two isolates with sarcinoid growth habit
isolated from subaerial outcrops in Ukraine, a third sarcinoid
isolate from soil in the Czech Republic, and a new isolate
representing G. terricola (see Table S1 for details about the
localities) were the focus of this study. The four strains have
been accessioned by the SAG culture collection as strains SAG
2101, SAG 2102, SAG 2147, and SAG 2100. The strains
representing G. terricola and the two sarcinoid strains from
Ukraine are also available from the ACKU culture collection at
Kyiv University (Table S1). For comparisons at the morpho-
logical and molecular levels, additional strains representing the
genera Interfilum, Klebsormidium, and Geminella were used as
listed in Tables S1 and S2 (in the supplementary material).

Culture conditions, microscopy, ultrastructure. The cultures
were maintained in agar slants with Bold Basal Medium with
vitamins and triple nitrate (Starr and Zeikus 1993) at 18�C
under a light:dark (L:D) regime of 14:10 and a photon fluence
rate of �25 lmol photonsÆm–2 Æ s–1 from white fluorescent
bulbs. Microscopic observation was accomplished using an
Olympus BX60 microscope (Tokyo, Japan) with Nomarski DIC
optics and with a LOMO Mikmed-2 bright field microscope (St.
Petersburg, Russia) on cultures not older than 5 weeks.
Micrographs were taken with the Olympus BX60 microscope
with an attached ColorView III camera (Soft Imaging System
GmbH, Münster, Germany) and processed with the Cell^D
image programme (Soft Imaging System GmbH). Mucilage of
algal cells was stained with an aqueous solution of methylene
blue.

For TEM, colonies were removed with a spatula from the
surface of 1- to 2-month-old agar cultures, fixed for 1 h in 3%
glutaraldehyde in 0.1 M phosphate buffer at pH 7.1 at room
temperature, and processed further according to Massalski
et al. (1995).

DNA extraction, PCR amplification, and sequencing. The strains
for which rDNA sequences were determined in this study are
listed in Tables S1 and S2. DNA was extracted from the strains
listed in Tables S1 and S2 using the Invisorb Spin Plant Kit
(Invitek, Berlin, Germany) as recommended by the manufac-
turer after cells were broken in a 2 mL microcentrifuge tube
three-fourths filled with 425–600 lm glass beads using a
MiniBeadBeater (BioSpec Products, Bartlesville, OK, USA) at
38,000–50,000g for 30–50 s. Nuclear-encoded 18S rDNAs were
amplified using primers NS1 and 18L (Hamby et al. 1988), and
for amplification of the ITS-1, 5.8S, and ITS-2 regions, primers
NS7m and LR1850 (Friedl 1996) were used. For some strains, an
rDNA region containing the 18S, ITS-1, 5.8S, and ITS-2 regions
was amplified using the primers NS1 and LR1850 (Friedl
1996). In case of a culture contaminated with fungi, the PCR
products were cloned (see below), and the clone sequences
checked for their algal origin using the BLASTn search tool
(http://www.ncbi.nlm.nih.gov/BLAST/). As an alternative, a
PCR primer that preferentially binds to a region at the 3¢-end
of algal 18S rDNAs, LR 1650 (5¢-TCACCAGCACACCCAAT-3¢),
combined with primer NS1 was used to amplify the algal 18S
rDNA, or primer combination AL1500af (Helms et al. 2001)
and LR1850 to amplify the algal ITS-1–5.8S–ITS-2 regions. The
PCRs took place in a 50 lL volume containing 2 U of Bioline-
DNA-polymerase in 1 · PCR buffer (Bioline, Luckenwalde,
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Germany), 2 lL 2 mM MgCl2, 100 lM of dNTP mix, the two
primers (each 2 lL 0.5 lM), and �30 ng of the extracted DNA.
PCR conditions were as follows: initial denaturation for 5 min
at 95�C followed by 30 cycles of denaturing at 94�C for 30 s,
annealing at 52�C for 30 s, and extension at 72�C for 120 s. A
final extension at 72�C for 10 min completed the PCR. The size
and yield of the PCR products were analyzed by electrophoresis
in a 1% agarose gel stained with Gelstar� (Lonza, Basel,
Switzerland). The positive PCR products were pooled, purified
using the NucleoSpin-Extract-Kit (Macherey-Nagel, Düren,
Germany), and eluted in 30 lL elution buffer provided by
the kit. For cloning, the purified PCR products were ligated
into the PCR� 2.1-TOPO�-vector-system (Invitrogen, Kar-
lsruhe, Germany) and cloned in E. coli TOP 10. Plasmid DNA
was extracted from positive clones with the NucleoSpin-
Plasmid-Kit and was used as template for sequencing reactions.
Cycle sequencing was performed using the Dye Terminator
Cycle Sequencing Kit v3.1 (Applied Biosystems, Foster City, CA,
USA) with the following PCR conditions: initial denaturation
for 1 min at 96�C followed by 35 cycles of denaturing at 96�C
for 30 s, annealing at 50�C for 45 s, and extension at 60�C for
180 s. For the 18S rDNA sequencing, a set of nested standard
primers (Elwood et al. 1985) was used, for the ITS-1–5.8S–
ITS-2 regions the primers 1800F (Friedl 1996), 5.8SbF
(5¢-CGATGAAGAACGCAGCG -3¢), 5.8SbR (5¢- CGCTGCGTT-
CTTCATCG-3¢), and ITS4 (White et al. 1990). When no clear
sequences of the ITS-1–5.8S–ITS-2 regions were obtained from
sequencing the PCR products, they were cloned, and �15
positive clones were sequenced. Sequencing reactions were
separated on an ABI Prism 3100 (Applied Biosystems) auto-
mated sequencer. The sequences were assembled using the
programme SeqAssem (Hepperle 2004). All sequences deter-
mined in this study were deposited in GenBank (accession
numbers EU434016-EU434040, Tables S1, S2).

Sequence alignment. To assess the phylogenetic position of
three new sarcinoid isolates, G. terricola SAG 2100 and the two
strains of I. paradoxum available from the SAG culture collec-
tion their 18S rDNA sequences were compared to a broad
selection of corresponding sequences from members of the
Streptophyta and Chlorophyta. This analysis also included
newly determined sequences for Geminella and Desmococcus as
well as other trebouxiophyte green algae (Table S2). The
selection of sequences was based on a phylogenetic tree
comprising an expanded sample of >1,500 rDNA sequences
from green algae and embryophytes, which is available in
the 18S rDNA sequence database maintained in the ARB
program (version 05.05.26, Ludwig et al. 2004, http://
www.arb-home.de). This database was updated with all cur-
rently available 18S rDNA sequences from streptophyte green
algae and Chlorophyta. The newly determined sequences were
added to the database using the parsimony interactive tool in
ARB. The alignment was refined by comparing the sequences
with their next relatives from the ARB database based on their
pairing across a helix using secondary structure models as
implemented in ARB. This program generates an MP tree
from all sequences and all positions in the database as its
reference tree, using a filter based on 50% base frequency
across all species. A subset of these sequences comprising a
total of 55 representatives of streptophyte green algae, embry-
ophytes (8 sequences), prasinophyte green algae, Trebouxio-
phyceae, and two glaucophytes (as outgroup taxa) were then
downloaded from the ARB database for further analyses using
the 50% base frequency filter. The sequence alignment was
1,711 nucleotides long, of which 678 positions were variable
and 474 parsimony informative. Because in the 18S rDNA
phylogeny the sarcinoid isolates, G. terricola SAG 2100 and
strains of Interfilum paradoxum were nested within a clade
otherwise comprising strains and species of Klebsormidium and
no resolution was found within that clade due to only minor

sequence differences, their ITS-1–5.8S–ITS-2 rDNAs were
compared with corresponding sequences of Klebsormidium
and phylogenetically analyzed. For the ITS rDNA data set,
secondary structure models for ITS-1 and ITS-2 of the new
sequences were constructed. Using these models, the new
sequences were then aligned to the alignment of Klebsormidium
ITS rDNAs of Sluiman et al. (2008) (EMBL, http://www.ebi.
ac.uk, accession no. ALIGN_001122). The ITS rDNA data set
also included four sequences newly determined for K. flacci-
dum and an unidentified Klebsormidium strain (Table S2). This
data set comprised the ITS-1 and ITS-2 rDNA regions for a
total of 24 taxa and was 551 nucleotides long, of which 121
positions were variable and 78 parsimony informative. The SSU
and ITS alignments used in this study are available from EMBL
Align (http://www.ebi.ac.uk), accession numbers ALIGN
001255 and ALIGN 001256.

Phylogenetic analyses. The 18S and ITS rDNA sequence data
sets were subjected to minimum-evolution (ME), maximum-
parsimony (MP), and maximum-likelihood (ML) approaches
with the programmes PAUP* version 4.0b10 (Swofford 2001)
or MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001,
Ronquist and Huelsenbeck 2003). For the model-based
approaches ME and ML, a likelihood ratio test using MODEL-
TEST version 3.7 (Posada and Crandall 1998; Akaike informa-
tion criterion [AIC]) was performed to determine the model
that fits the observed data best. For the 18S rDNA data set, the
selected model was Tamura and Nei (TrN+I+G; Tamura and
Nei 1993) with estimations of nucleotide frequencies
(A = 0.2525, C = 0.2205, G = 0.2759, T = 0.2511), a rate matrix
with six different substitution types, assuming a heterogeneous
rate of substitutions with a gamma distribution of variable sites
(number of rate categories = 4, shape parameter a = 0.5801)
and a proportion of invariable sites (pinvar) of 0.3734. For the
ITS-1,2 rDNA data set, the selected model was a general-time-
reversible model (GTR+G; Tavaré 1986) with estimations of
nucleotide frequencies (A = 0.2005, C = 0.3066, G = 0.3048,
T = 0.1881), a rate matrix with six different substitution types,
assuming a heterogeneous rate of substitutions with a gamma
distribution of variable sites (number of rate categories = 4,
shape parameter a = 0.3402) without a proportion of invari-
able sites (pinvar = 0). For the distance analyses, two different
methods were used, that is, NJ (Saitou and Nei 1987) in
connection with the ‘‘HKY85 model’’ (Hasegawa et al. 1985)
and ME (Rzhetsky and Nei 1992). ME distance trees were
constructed with DNA distances set to ML, and a heuristic
search procedure with 10 random input orders and tree-
bisection-reconnection branch swapping (TBR) were employed
to find the best tree. Best scoring trees were held at each step.
In MP analyses, the sites were weighted (rescaled consistency
index [RI] over an interval of 1–1,000). The heuristic search
for the best tree was the same as in ME analyses. Bootstrap
resampling was performed on NJ trees with 2,000, for ME (only
ITS rDNA data set) and MP with 1,000 replications. Due to
CPU time constrains, bootstrapping in ME analyses was not
possible for the 18S rDNA data set. For the ML method, two
approaches were used. The ML trees shown in Figures 6 and 7
(with -ln likelihoods of 12755.4585 and 1733.9832) were
calculated with PAUP using best-fit models as determined
above and used as input for three additional rounds of ML
analyses to search for trees with smaller -ln likelihoods, but
trees with better likelihood scores were not obtained. The
other approach was Bayesian analysis performed in MrBayes
with a GTR+I+G model (rate matrix with six different substi-
tution types, number of rate categories = 4, and with the
nucleotide frequencies, shape parameter a, and pinvar esti-
mated from the data). Four Markov chains and 2,000,000
generations sampling every 100 generations were used with the
first 25% of the sampled trees discarded, leaving 15,000
trees. Posterior probabilities were then calculated from two
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independent runs using the 50% majority-rule consensus of the
kept trees.

RESULTS

Morphology and ultrastructure. Isolates SAG 2101,
SAG 2102, and SAG 2147 were characterized by the
ability to form cell packages (Figs. 1, 2). In strains
SAG 2102 and SAG 2147, large sarcinoid aggrega-
tions as well as long uni- and biseriate filaments were
expressed prominently, particularly in cultures older
than 3 weeks (Figs. 1, e, f, h; 2g). Strain SAG 2101,
however, only rarely formed single packets and short
biseriate filaments (Fig. 2, a, b, f) as unicells (Fig. 2,
b, d, e) or short uniseriate filaments (Fig. 2c) pre-
vailed. Vegetative cells of the sarcinoid strains had a
very similar size and morphology (Figs. 1, 2). A sin-
gle parietal, plate-shaped chloroplast was positioned
to one side of the cell and had lateral incisions
resulting in 5–8 lobes (Figs. 1, c, d, g; 2, a, b, f, g).
The center of the chloroplast contained one pyre-
noid, surrounded by 8–10 small elongated starch
grains, which were oriented parallel to the longitudi-
nal axis of the cell and were sometimes arranged in
layers (Figs. 1, a, c, d, g; 2, b, f). Cells contained a
single nucleus situated opposite the pyrenoid
(Fig. 1c). Various stages of cell division and the for-
mation of cell packages were observed in cultures of
different ages. Briefly, the protoplast divided into
two parts, each forming a new cell wall within the
mother cell wall. Then the latter ruptured in the
middle (aequatorially) and split into two equal
halves. The mother cell halves became separated
during expansion of the daughter cells. As a result,
the daughter cells were capped by the mother cell
wall ‘‘halves’’ (Figs. 1b; 2, c–e). Sometimes the
mother cell wall halves further disintegrated due to
the continuous growth of the daughter cells, result-
ing in a ring-like structure around the daughter cell
(Fig. 3d). Sarcinoid packages were formed when this
process was repeated during subsequent division
cycles and successive division planes were perpendi-
cular to the previous ones. In cell packages, the
remains of the mother cell walls mostly remained
closely associated with the daughter cell walls, result-
ing in an integrated wall structure without interven-
ing spaces and in which no remains of the mother
cell wall were visible (Fig. 1, c and d). Only in cases
when the cell packages started to disintegrate were
wall remains visible as tiny wedges (Fig. 1b), espe-
cially after methylene blue staining (Fig. 2, c–e). In
strain SAG 2101, the remains of mother cell walls
appeared to gelatinize because methylene blue
stained the mucilaginous remains of the mother cell
wall more intensely than the thin mucilage envelope
of the daughter cells (Fig. 2, c–e). The layer of muci-
lage on daughter cells was �0.3–0.5 lm thick and
had a pattern of radiating striations (Fig. 2, c–e). No
mucilage was discernable in strains SAG 2102 and
SAG 2147.

In G. terricola strain SAG 2100 vegetative cells had
a morphology that was virtually identical to that
observed in the three sarcinoid isolates (Fig. 3).
However, the cells were sometimes more elongated,
oviform, or slightly cylindrical (Fig. 3, a, b, c, g). In
long cells, sometimes two prominent terminal vacu-
oles were visible, with the nucleus situated in a cyto-
plasmatic bridge located between the vacuoles
(Fig. 3g). The cells had a thin (�1–3 lm) mucilagi-
nous envelope in which, as in SAG 2101, a pattern
of radial striations was visible (Fig. 3, c, d, f). Cells
formed uniseriate short filaments that readily disin-
tegrated into diads and unicells (Fig. 3). The pro-
cess of cell division appeared to be the same as in
the sarcinoid strains except that division occurred
only in one plane. Mother and daughter cell walls
adhered so closely to one another that the cell wall
appeared as a single integrated structure (Fig. 3, a
and b). Remains of mother cell walls appeared as
small wedges at the sides of cell (Fig. 3, a and b) or
after methylene blue staining (Fig. 3, c–f, h). The
mucilaginous material formed after gelatinization of
these walls was striated (Fig. 3, c, d, f).

I. paradoxum strains SAG 338-1 and SAG 4.85 had
a cellular morphology that was virtually identical to
that of the sarcinoid isolates SAG 2101, SAG 2102,
and SAG 2147 and G. terricola SAG 2100 (Fig. 4). As
in G. terricola, cells of I. paradoxum divided in one
plane only, forming short uniseriate filaments that
often disintegrated into diads or unicells (Fig. 4).
However, a unique feature of these strains was that
the remains of the mother cell wall did not adhere
closely to the daughter cells. Instead, remains of
mother cell walls were often separated from the
daughter cells, giving rise to anastomosing struc-
tures that connected daughter cells (Fig. 4, b–d, f–
h), or were simply discarded (Fig. 4, a, e, j). Cells of
I. paradoxum were surrounded by a thin (�0.5–
1 lm) mucilaginous envelope with a radial structure
after staining with methylene blue (Fig. 4, e and i).
There were only minor differences between I. para-
doxum strains SAG 338-1 and SAG 4.85, that is, in
the size and shape of the cells (Fig. 4f).

EM. The ultrastructure of vegetative cells of the
two sarcinoid strains SAG 2101 and SAG 2102, and
the weakly filamentous G. terricola SAG 2100 and
I. paradoxum SAG 338-1 were observed to be virtually
identical (Fig. 5). The chloroplast was located at
one side of the cell, covering half of the cell’s
volume (Fig. 5, a and f). The pyrenoid matrix was
traversed by an array of parallel thylakoid bands,
which sometimes formed loops (Fig. 5, a, d, g).
Between the nucleus and chloroplast, a microbody
(peroxisome) was located that had a slightly curved
bacilliform shape in cross-sections (Fig. 5, b, d, f, g).
The mitochondrion was single, curved, and slightly
branched. It was associated with the chloroplast, the
nuclear envelope, and perhaps the microbody
(Fig. 5, d, f). The strains differed slightly in the cell
wall ultrastructure: vegetative cells of strain SAG
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2102 had a thick cell wall with a unique layered-
lacunar structure without a mucilage envelope
(Fig. 5, a and c), whereas the cell walls of the other
strains had a homogeneous structure and were sur-
rounded by a clear mucilage envelope with radial
striations (Fig. 5, e and f).

Phylogenetic analysis of rDNA sequences. Compari-
sons of 18S rDNA sequences suggested a close rela-
tionship of the three new sarcinoid isolates and G.
terricola SAG 2100 with strains of Interfilum and

Klebsormidium. The 18S rDNA sequences of strain
SAG 2101, G. terricola SAG 2100, I. paradoxum SAG
338-1 and SAG 4.85 were identical, apart from the
presence ⁄ absence of a group I intron in some
sequences (see below). Comparison of this invariant
exon region with the 18S rDNA of the sarcinoid
strains SAG 2102 and SAG 2147 revealed two and
five differences, respectively. All six strains had no
more than 3–7 base differences when compared
with the 18S rDNA regions of Klebsormidium spp.

Fig. 1. Morphology of strain SAG 2102 (Interfilum massjukiae sp. nov.). (a) Cell packets in young culture. (b) Disintegrating cell pack-
age with remains of the mother cell wall (arrows). (c, d) Cell packages with details of cell morphology showing location of nucleus directly
opposite the pyrenoid (arrows in c) and lobed chloroplast with pyrenoid surrounded by numerous starch grains (arrows in d). (e, f) Large
sarcinoid aggregations and uni- and biseriate filaments in a 3-week-old culture. (g, h) Interpretative drawings showing cell packages and
chloroplast morphology in a young culture (g), and sarcinoid and filamentous aggregation of cells (h). Scale bars, 10 lm.
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Interestingly, there were no more than one or three
synapomorphic sequence differences between the
six strains and Klebsormidium spp. In the six strains,
an A was located in a loop in the V5 region of the
18S rRNA secondary structure model (Wuyts et al.
2000, Ueno et al. 2007), that is, at pos. 1619 of the
SAG 2102 18S rDNA sequence, corresponding with
a G in all Klebsormidium spp. Strains of Klebsormidium
other than K. flaccidum were characterized by a
double-sided compensatory base substitution (CBS)
in stem E32-1 of the V4 region (at pos. 1068 and
1097 of the SAG 2102 18S rDNA sequence) where a
C-G pair was exchanged for a U-A.

Phylogenetic analyses of the 18S rDNA sequences
(Fig. 6) showed that two of the three sarcinoid iso-
lates, SAG 2102 and SAG 2147, and I. paradoxum
SAG 338-1 (representing a group of identical exon
sequences, that is, from strains SAG 2100, SAG
2101, and SAG 4.85) formed a clade together with
strains of Klebsormidium in the Streptophyta. The
clade received high support in bootstrap and Bayes-
ian analyses, and Entransia fimbriata and Hormidiella
attenuata were resolved as closest relatives. Two

strains of Desmococcocus (SAG 1.92, SAG 25.92),
which have a similar growth habit as the three
sarcinoid isolates, were positioned within the Tre-
bouxiophyceae. The Desmococcus strains shared a sin-
gle origin and were a sister-group of two strains of
Stichococcus bacillaris, SAG 335-3 and SAG 379-1b. In
contrast to strain SAG 2100, identified as G. terricola,
which was a member of Streptophyta, all other
Geminella strains including two that represented
G. interrupta, the type species of the genus (SAG
9.91 and SAG 9.97), were placed within a lineage in
the Trebouxiophyceae. This lineage also contained
strain SAG 20.91, previously assigned to G. terricola.
A sequence accessioned in GenBank as AF387153
reportedly representing ‘‘Microspora stagnorum’’ SAG
51.86 was also placed within the trebouxiophyte
clade representing Geminella; it was almost identical
to our newly determined sequence of Geminella sp.
SAG 20.84 (GenBank accession EU434025). Interest-
ingly, the latter strain had been sequenced previ-
ously (GenBank accession AF387157), but that
sequence was positioned firmly within the Klebsormi-
dium clade of the Streptophyta (Fig. 6). Microscopic

Fig. 2. Morphology of strains SAG 2101 and SAG 2147 (Interfilum sp.). (a–f) SAG 2101. (g) SAG 2147. (a, b) Cell packets and unicells
in a 3-week-old culture. Note chloroplast with lobes and central pyrenoid (b, right half). (c–e) Diads and unicells in different optical sec-
tions after staining with methylene blue showing cap-like remains of mother cell wall closely associated with daughter cells (arrows) and
gelatinized cell walls with striations. (f) Interpretative drawing of cell packages in a young culture showing chloroplast morphology. (g)
Sarcinoid packets and cubic aggregations in a 3-week-old culture. Note lobed chloroplast with central pyrenoid. Scale bars, 10 lm.
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analysis of strain SAG 51.86 revealed features that
are characteristic for Klebsormidium (e.g., the chloro-
plast shape and parallel arrangement of starch
grains around the pyrenoid), which is at variance
with the position of its sequence within the Tre-
bouxiophyceae. We therefore resequenced strain
SAG 51.86, and a comparison of its 18S rDNA
sequence (GenBank accession EU434028) con-
firmed a close relationship with Klebsormidium spp.
(Fig. 6). This finding suggested that the earlier

sequences, AF387157 and AF387153, had been
wrongly assigned to SAG 20.84 and SAG 51.86.

Group I introns at E. coli position 516 were pres-
ent in the SSU rDNAs of all three sarcinoid strains,
SAG 2101, SAG 2102, SAG 2147, and I. paradoxum
SAG 338-1 but were absent in G. terricola SAG 2100
and I. paradoxum SAG 4.85. The 516 intron
sequence of SAG 2101 was identical with that of I.
paradoxum SAG 338-1. The corresponding intron of
strain SAG 2102, however, was longer (432 bp) than

Fig. 3. Morphology of Geminella terricola (Interfilum terricola comb. nov.) strain SAG 2100. (a–b) Single vegetative cells and diads with
ellipsoidal-ovoid shape. Note lobed chloroplast with central pyrenoid and remains of mother cell walls as projections at the sides of cell
(arrows). (c–f) Diads and unicells after staining with methylene blue in different optical sections. Cap-like (arrows) and ring-like (d, arrow-
head) gelatinized and striated remains of mother cell walls are closely associated with daughter cells. (g–h) Interpretative drawings. (g)
Single vegetative cells and details of cellular morphology. (h) Diad of cells after methylene blue staining revealing the cap-like remains of
the mother cell wall (arrows). Scale bars, 10 lm.
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in SAG 2101 ⁄ SAG 338-1 and SAG 2147 (401 bp and
378 bp). This was due to different lengths in the
terminal loops of the P2, P5, P8, and P9.2 regions
of the secondary structure model (Cech et al.
1994). Interestingly, the SAG 2102 intron was almost
identical in its primary structure with that of the
corresponding intron from K. nitens SAG 335-2b
(AM490844), except for length differences located

in the P2 and P9.2 regions. The results of a phyloge-
netic analysis of green algal 516 introns will be pub-
lished separately, but preliminary studies showed
that the introns occurring in strains SAG 2101, SAG
2102 and I. paradoxum SAG 338-1 formed a robust
clade together with the position 516 introns in
Klebsormidium (H. J. Sluiman, unpublished). The
516 introns found elsewhere in the green algae, that

Fig. 4. Morphology of Interfilum paradoxum strains SAG 338-1 and SAG 4.85. (a–e, g–j) SAG 338-1. (f) SAG 4.85. (a) Unicells and diads
with exfoliated mother cell walls (arrows) and details of cellular morphology. (b, c) Cells connected by remains of mother cell walls
(arrows) in a four-celled filament in different optical sections. (d) Diad of cells with exfoliated remains of mother cell wall (arrow). (e)
Diad of cells stained with methylene blue. Note remains of mother cell wall (arrow). (f) Elongated vegetative cells connected to each
other by mother cell wall remains (arrows). (g–j) Interpretative drawings of single vegetative cells, diads connected by mother cell wall
remains, details of cellular morphology (g, h, i), and a discarded remain of the mother cell wall (j). Cells shown at (i) were stained with
methylene blue. Scale bars, 10 lm.
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is, in certain Trebouxiophyceae and Chlorophyceae,
were relatively unrelated.

Phylogenetic analyses of the ITS-1 and ITS-2
rDNAs revealed five distinct clades (Fig. 7). The
‘‘Interfilum clade’’ was formed by the three sarcinoid
isolates (SAG 2101, SAG 2102, SAG 2147), G. terrico-
la SAG 2100, and strains representing I. paradoxum
and Interfilum sp. The other clades were formed by

strains assigned to K. flaccidum, K. mucosum ⁄ crenulatum,
K. bilatum ⁄K. elegans, and a larger clade comprising
all other remaining species of Klebsormidium. Inter-
estingly, in the unrooted phylogeny, K. flaccidum did
not group with other Klebsormidium spp., but with
the Interfilum clade. In G. terricola SAG 2100 and the
sarcinoid isolate SAG 2101, intragenomic variation
in the ITS-1 and ITS-2 rDNA regions was detected.

Fig. 5. Transmission electron micrographs of vegetative cells of strains Interfilum massjukiae sp. nov. SAG 2102, Interfilum sp. SAG 2101,
Interfilum terricola comb. nov. SAG 2100, and I. paradoxum SAG 338-1. (a–c) SAG 2102. (a) Portion of cell showing the pyrenoid whose
matrix is traversed by parallel thylakoids and associated starch grains. Note the absence of extracellular mucilage. (b) Section showing a
microbody situated between the chloroplast and the nucleus. (c) Section showing a cell wall without mucilage and exhibiting a layered-
lacunar structure. (d, e) SAG 2101. (d) Section showing a chloroplast containing a pyrenoid whose matrix is traversed by parallel thylakoid
bands and loops and the chloroplast-nucleus-microbody-mitochondrion (CMNM) complex. (e) Cell wall with mucilage (right) and portion
of protoplast with nucleus, Golgi body, and mitochondrial profiles. (f) SAG 338-1. Overview of vegetative cell in cross-section showing pyre-
noid, CMNM complex, and cell wall with mucilaginous envelope. (g) The CMNM complex in strain SAG 2100. ch, chloroplast; s, starch
grains; p, pyrenoid; m, mitochondrion; mb, microbody; n, nucleus; nu, nucleolus; cw, cell wall; mu, mucilage envelope; g, Golgi body.
Scale bar, 1 lm (b–e, g) or 2 lm (a, f).
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Fig. 6. Maximum-likelihood phylogeny of 18S rDNA sequences of species of Interfilum (shown in bold), Klebsormidium, other represen-
tatives of streptophyte green algae, embryophytes, Geminella, Desmococcus, other members of the Trebouxiophyceae, and some prasinophyte
green algae. Thick lines mark internal branches that were supported by Bayesian analysis with posterior probabilities >0.95. Numbers
above and below (italicized) branches represent bootstrap support values (if >70%) from neighbor-joining distance and maximum-
parsimony analyses, respectively. Sequences representing the embryophytes included Cucurbita pepo AF206895, Cyperus albostriatus
AF168838, Ginkgo biloba D16448, Haplomitrium hookeri U18504, Pinus wallichiana X75080, Sphagnum palustre Y11370, and Welwitschia mirabilis
D85299. The tree is rooted with the glaucophytes C. paradoxa and G. nostochinearum.
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As we failed to obtain unambiguous sequences by
direct sequencing, we cloned the ITS-1, 5.8S, and
ITS-2 region PCR products of both strains. For the
sarcinoid strain SAG 2101, three types of sequences
(ITS variants, named K366, K370, and K371) were
detected, which exhibited differences at only three
positions. However, in G. terricola SAG 2100, the two
detected, ITS variants (named K644 and K650) dif-
fered considerably, that is, by 15 sequence positions.
The ITS-1, 5.8S, and ITS-2 region sequences among
the sarcinoid isolate SAG 2101, G. terricola SAG
2100 K650, and the two I. paradoxum strains had no
more than six positions that were different. Conse-
quently, in the phylogenetic analyses, these
sequences formed a distinct subclade within the
Interfilum clade, which, however, received only mod-
erate bootstrap support, but which was distant from
the other sequences of the Interfilum clade in all
analyses. ITS variant K644 of G. terricola SAG 2100
branched off as next sister to that clade, followed by
the sarcinoid strains SAG 2102, I. sp. SAG 36.88,
and SAG 2147. The branching order of these three
strains was the same in all different analyses,
although it was not supported by boostrap tests and
in Bayesian analyses; only the ME distance analysis
showed strain SAG 2102 instead of G. terricola SAG
2100 K644 as the next sister with the Interfilum
subclade. The basal position in the Interfilum clade
of strain SAG 2147 was well supported in all
analyses. The Klebsormidium sequences formed two
separate clades, that is, one by the four K. flaccidum
sequences with only little within-group variation,
and a well-supported clade comprising the remain-
ing Klebsormidium strains. Within the latter, three
well-supported subclades were resolved: a clade
formed by K. crenulatum and K. mucosum; another by
the species pair K. bilatum-K. elegans; and an unre-
solved group comprising six sequences representing
K. dissectum, K. fluitans, K. nitens, K. subtilissimum,
and one unidentified isolate. The topology of the
Klebsormidium part of the ITS phylogeny was essen-
tially the same as reported by Sluiman et al. (2008).
The absolute genetic distances among sequences of
the Klebsormidium spp. clade ranged from 1 to 44;
those between the four K. flaccidum strains, from 1
to 7; and the range of differences observed within
the Interfilum clade, from 1 to 20.

DISCUSSION

This study has provided microscopical and molec-
ular evidence that the three new sarcinoid isolates,
the weakly filamentous G. terricola SAG 2100, as well
as culture strains assigned to the genus Interfilum
are all closely related and are members of the
streptophycean lineage in the green plants, with a
clear affinity to the Klebsormidiales. This finding is
in concordance with characteristic ultrastructural
features that the four strains that have been studied
at the TEM level so far (SAG 2100, SAG 2101, SAG

2102, and SAG 338-1) share with various streptophy-
cean algae, namely, the presence of a large single
microbody in vegetative cells typically located
between the nucleus and the chloroplast, and a
branched mitochondrion closely associated with the
chloroplast and the microbody. This chloroplast-
mitochondrion-nucleus-microbody (CMNM) com-
plex is characteristic of vegetative cells of various
streptophycean algae (Kostikov et al. 2001, Massalski
2002, Massalski and Kostikov 2005), including Klebso-
rmidium (e.g., Stewart et al. 1972, Silverberg 1975,
Lokhorst and Starr 1985, Morison and Sheath
1985), Mesostigmatophyceae (Melkonian 1989),
Chlorokybophyceae (Rogers et al. 1980), Coleo-
chaetophyceae (Stewart et al. 1972, Sluiman 1985,
Van den Hoek et al. 1995), Charophyceae (Silver-
berg and Sawa 1973), Zygnemaphyceae (Tourte
1972), and embryophytes (e.g., Raven et al. 2005).
Thus, the CMNM complex appears to be a reliable
character at the cellular level to identify strepto-
phyte green algae. In addition, there was also a
complex of certain light microscopical features of
the protoplasts seen in the new sarcinoid isolates, G.
terricola SAG 2100, and the studied strains of Interfi-
lum that are shared with Klebsormidium spp. (see
below); its phylogenetic significance is supported by
the ITS rDNA analyses that show a very close rela-
tionship with species of Klebsormidium.

Definition and phylogeny of the genus Interfilum.
Isolates SAG 2101 and 2102 were initially identified
as species of Desmococcus (Mikhailyuk et al. 2003),
but the position of this genus (represented by
strains SAG 1.92 and SAG 25.82 in our 18S rDNA
analysis) is clearly in the Trebouxiophyceae. This
necessitates the identification of a suitable genus in
the Streptophyta to which isolates SAG 2101, SAG
2102, and SAG 2147 could be assigned. While the
18S rDNA analyses failed to provide the resolution
necessary to clarify relationships with specific strains
of Interfilum, analyses of the more variable ITS rDNA
regions have revealed the relationships of the three
sarcinoid isolates and G. terricola SAG 2100 with
strains of Interfilum. The seven studied strains
formed a well-supported clade that is considered to
represent the genus Interfilum, albeit in a broader
sense than originally described by Chodat and To-
pali (1922). The oldest validly described taxon and
type species in this clade is I. paradoxum, which pre-
dates Petersen’s G. terricola (Petersen 1932), repre-
sented here by strain SAG 2100, by 10 years. Our
phylogenetic analyses of 18S rDNA sequences have
established that the genus Geminella is not a taxon
of the Streptophyta because strains assigned to the
type species, G. interrupta, are clearly placed in the
Trebouxiophyceae. Consequently, strain SAG 2100
cannot be accepted as a species of Geminella. Several
morphological characters are shared between the
newly isolated strains and the type of Interfilum,
I. paradoxum, namely, an almost identical chloroplast
and pyrenoid structure, and a peculiar type of
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formation of daughter cells within the mother cell
wall that typically results in cap- or ring-like struc-
tures (Figs. 2, c–e; 3, c–f; 4, a, d–f). In addition, the
general ultrastructural features of all these strains
are very similar. We therefore assign the three sarci-
noid isolates, SAG 2101, SAG 2102, and SAG 2147,
as well as the weakly filamentous SAG 2100 to the
genus Interfilum notwithstanding the fact that there
are certain morphological differences with the type
species I. paradoxum, namely, the sarcinoid growth
habit and the absence of exfoliated mother cell
walls. The monotypic genus Interfilum as described
by Chodat and Topali (1922) includes usually
unbranched or slightly branched uniseriate filamen-
tous green algae composed of chains of nearly
spherical cells that have bipartite cell walls, are con-
nected by thin threads, and are surrounded by a
mucilaginous sheath that displays radial striations
upon staining with methylene blue. The validity of
Chodat and Topali’s description of I. paradoxum was
confirmed in a later study by Fritsch and John
(1942) who found it in liquid cultures derived from

soil, and by our observations on strains SAG 338-1
and SAG 4.85. In the latter strains, it was observed
that the remains of mother cell walls, which initially
formed hemispherical ‘‘caps’’ closely associated with
daughter cells, became gradually detached and
sometimes formed a short, thin structure that con-
nected the daughter cells for some time. There is
little doubt that these structures are the same as
those described as ‘‘threads’’ by previous authors.
Fritsch and John (1942) described the interconnect-
ing threads as mucilaginous, but it seems likely that
mother cell wall material also contributes to the for-
mation of these structures. Contrary to the previous
reports, we only observed unbranched chains of
cells. We obtained clear evidence of the bipartite
nature of the cell walls, as shown in Chodat and
Topali’s figure 2(B).4, and Fritsch and John’s
figure 4, F–J. However, this is different from ‘‘true’’
bipartite cell walls in algae where the cell wall con-
sists of two halves with one half formed by the
mother cell and the other by the daughter cell. In
Interfilum, the daughter cell walls are formed within

Fig. 7. Unrooted maximum-likelihood phylogeny of ITS-1,2 rDNA sequences of strains and species of Interfilum and Klebsormidium. The
three studied sarcinoid isolates, I. terricola comb. nov., and I. massjukiae sp. nov. are shown in bold. Thick lines mark internal branches that
were supported by Bayesian analysis with posterior probabilities >0.95. Numbers above lines are bootstrap values from neighbor-joining
(left) and minimum-evolution (right) distance analyses; numbers below lines (italicized) are from maximum-parsimony analyses. Only
bootstrap values >70% have been recorded.
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and closely associated with the mother cell wall.
After cell division and upon daughter cell release,
the mother cell wall splits in two halves; thereby
each daughter cell receives one half of the mother
cell wall, which results in cap- or ring-like structures
on the daughter cells. We suggest naming this type
of cell wall ‘‘pseudobipartite.’’ On the basis of the
information currently available, we propose an
emended diagnosis of the genus Interfilum.

Interfilum Chodat and Topali (1922) emend.
Mikhailyuk, Sluiman, A. Massalski, Mudimu, Dem-
chenko, T. Friedl et, S. Y. Kondr.

Thalli cellulis unis, cellulis paribus, cellularum
laxis seriebus vel sarcinoidalibus aggregationibus
compositi. Cellulae ellipsoideae, oviformes, hemi-
sphaericae vel sphaericae. Parietes cellulares crassae,
cum vagina mucilaginosa in speciebus nonnullis.
Cellulae filis subtilibus, desquamatione cellulae
matris parietis orientibus, connexae. Chloroplastus
unicus, parietalis, laminaris, lateralibus incisuris
lobatus, dimidium cellulae complens. Pyrenoides
unicum, ellipticum, in chloroplasti centro locatum,
parvis amylaceis granis, vulgo parallelis, circum-
cinctum. Nucleus unicus, centralis, pyrenoidi oppos-
itus. Cellulae filiae in cellulae matris pariete
productae. Paries divisione cellulari in dimidiis
fracta; cellulae filiae ambae dimidia parietis, pileata
vel annulata, accipientes. Fragmentatio sola repro-
ductio cognita.

Type species: I. paradoxum Chodat and Topali
(1922), p. 66, Figs. 1A, 2B.

Epitype: The strain SAG 338-1 permanently pre-
served in a metabolic inactive state (cryopreserva-
tion in liquid nitrogen) in the Sammlung für
Algenkulturen der Universität Göttingen (SAG),
Göttingen, Nikolausberger Weg 18, Germany.

Taxonomic assessment of G. terricola. The morpho-
logical features of strain SAG 2100 are in full agree-
ment with Petersen’s diagnosis of G. terricola
(Petersen 1932), and hence there is little doubt that
this strain represents this species. Petersen (1932)
commented that G. terricola is morphologically
similar to other Geminella species. Their common
characters include the formation of uniseriate
unbranched filaments surrounded by a common
mucilage envelope and a plate-shaped chloroplast
with one pyrenoid. Three years later, however, Pet-
ersen (1935) stated (without presenting supporting
reasons) that G. terricola might actually represent a
form of Klebsormidium (‘‘Hormidium’’) flaccidum.
Although we do not know what led to this change
of mind, it is interesting that in retrospect Peter-
sen’s second thoughts were justified. Additional fea-
tures of G. terricola observed here were the structure
of starch envelope of the pyrenoid, the chloroplast
morphology, and the pseudobipartite nature of the
cell wall. Similar cap-like structures were recently
found in a strain assigned to G. terricola that was
isolated from Belgian forest soil (Hoffmann et al.
2007) and are a feature that unites this species with

I. paradoxum. The close affiliation of G. terricola SAG
2100 and I. paradoxum as members of the Strepto-
phyta is further supported by cytological and rDNA
sequence data (this study). In contrast, the type spe-
cies of the genus Geminella, G. interrupta, repre-
sented in our analyses by strains SAG 8.91, SAG
9.91, and SAG 9.97, forms an independent lineage
within the Trebouxiophyceae, together with a num-
ber of other Geminella strains, including SAG 20.91,
which previously was assigned to G. terricola (Fig. 6).
The latter strain, however, does not exhibit the spe-
cies characteristic features that are displayed by
strain SAG 2100; hence, it is concluded that the cor-
rect identity of SAG 20.91 is not G. terricola. Also, in
the studied strains assigned to G. interrupta as well
as in SAG 20.91, no cap- or ring-like structures are
seen.

It is proposed that G. terricola is transferred to the
genus Interfilum as I. terricola comb. nov.

Interfilum terricola (B. Petersen) Mikhailyuk,
Sluiman, A. Massalski, Mudimu, Demchenko,
T. Friedl et, S. Y. Kondr.

Basionym: G. terricola Petersen (1932), p. 39,
Fig. 21.

Epitype: The strain SAG 2100 permanently pre-
served in a metabolic inactive state (cryopreserva-
tion in liquid nitrogen) in SAG, Göttingen,
Nikolausberger Weg 18, Germany.

An attempt to resolve the affinities of I. terricola
with species I. paradoxum by comparing ITS-1,2
rDNA sequences proved inconclusive due to intrage-
nomic polymorphisms. Two ITS rDNA variants,
K650 and K644, were detected in the same strain
SAG 2100, and the differences between the two vari-
ants resulted in different positions in the ITS phy-
logeny. The sequence of variant K650 and those of
I. paradoxum SAG 338-1 and SAG 4.85 were virtually
indistinguishable, while variant K644 of the same
strain was clearly very distinct (Fig. 7). The level of
intragenomic rDNA variation within a species is nor-
mally low, due to a homogenization process known
as concerted evolution (Elder and Turner 1995).
The efficiency of concerted evolution is influenced
by the degree to which sexual reproduction occurs.
Sexual processes have not been observed in any
member of the Klebsormidiales, which therefore are
assumed to propagate and multiply solely by asexual
(vegetative) means. The high intragenomic variation
demonstrated for I. terricola strain SAG 2100 may be
attributed to the absence of sexual recombination,
possibly in combination with a low growth rate.
Despite the virtual identity of one variant of I. terricola
SAG 2100 with strains of I. paradoxum, there is a
morphological character that distinguishes both spe-
cies, namely, the absence in I. terricola of any signs
of exfoliated cell walls in the vegetative cells, thread-
like connections (anastomoses) between cells in
short chains, and discarded cell wall halves. We
therefore regard I. terricola SAG 2100 as represent-
ing a species clearly distinct from I. paradoxum.
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Taxonomy of sarcinoid strains of Interfilum. Strains
SAG 2102 and SAG 2147 share the ability to form
sarcinoid cell packages with strain SAG 2101, but it
is less pronounced in the latter. The ability to form
sarcinoid stages seems to be correlated with the
absence of mucilage that envelopes cell walls: in
strain SAG 2101 as well as I. paradoxum and I. terricola,
mucilage is present around the cell walls, and cell
packages are absent or poorly developed. Con-
versely, mucilage is lacking in SAG 2102 and SAG
2147, strains that form prominent sarcinoid stages.
Strain SAG 2102 is characterized by the formation
of large cubic packages, a phenomenon that is far
more pronounced than in SAG 2101. This finding is
congruent with strain SAG 2102 being phylogeneti-
cally separated from I. paradoxum, I. terricola, and
strain SAG 2147 by the ITS rDNA sequence analyses
and 2–5 sequence positions in the 18S rDNA. As
this prominent sarcinoid growth habit is a feature
that uniquely distinguishes SAG 2102 from I. para-
doxum and I. terricola, it is proposed to designate this
strain to a new species of Interfilum, I. massjukiae.

Interfilum massjukiae Mikhailyuk, Sluiman, A.
Massalski, Mudimu, Demchenko, T. Friedl et, S. Y.
Kondr.

Cellulae latiellipsoideae, rotundae vel hemisphae-
ricae, (6.0) 8.5–9.8 (11.9) lm longae, (5.1) 6.8–8.1
(9.8) lm latae; cellulae apicales in filamentis ramo-
sis 10.2–14.5 lm longae. Cellulae binae, trinae qua-
ternaeque aggregatae. Thalli latis cubicis
multicellularibus aggregationibus, filamentis unise-
riatis vel filamenti biseriatis compositi. Paries cellu-
laris crassa, sine vagina mucilaginosa. Chloroplastus
unicus, parietalis, laminaris, in latere parietis loca-
tus, cum 5–8 lobis. Pyrenoides unicum, in chloro-
plasti centro locatum, 8–10 parvis elongatis
amylaceis granis, ad longitudinem cellulae parallelis,
circumcinctum. Nucleus unicus, pyrenoidi oppos-
itus. Cellularum divisio in directiones tres. Cellulae
filiae in cellula matre orientes, ambae dimidia parie-
tis accipientes; dimidia parietis pileata residua
producentia. Reproduction thallorum fragmentati-
one; reproductio sexualis incognita.

Cells widely ellipsoid to rounded or hemispheri-
cal, length (6.4)–6.8–10.7 lm, width (5.1)–6.4–
8.6 lm, terminal cells in branched filaments up to
10.2–14.5 lm long; cells aggregated in groups of
2–4, sometimes forming large multicellular cubic
aggregations as well as uni- and biseriate branched
filaments. Cell walls thick, without mucilage. Chloro-
plast single, parietal, plate-shaped, positioned at one
side of the cell wall, dissected in 5–8 lobes. Pyrenoid
single, located in the center of the chloroplast, sur-
rounded by 8–10 or more small elongated starch
grains orientated parallel to the longitudinal axis of
the cell. Nucleus single, situated opposite the pyre-
noid. Cell division in three planes, resulting in
daughter cells being formed within the mother cell
wall and each receiving one half of the mother cell
wall, which remains closely associated with the

daughter cell wall (resulting in cap-like remains of
mother cell wall). Reproduction by fragmentation
of thalli; sexual reproduction not observed.

Holotype: A fixed sample of strain SAG 2102 has
been deposited at the Herbarium of University of
Göttingen (GOET) as No. SAG 2102 (GOET) and is
designated as type material. Figures 1, a–h, illustrate
this material.

Epitype: Strain SAG 2102 permanently preserved
in a metabolic inactive state (cryopreserved in
liquid nitrogen) in SAG, Nikolausberger Weg 18,
Germany.

Iconotype: Figures 1, d, f–h.
Type locality: Cracks and surface of pyroclastic

outcrops, mountain range ‘‘Karagach,’’ Karadag
Nature Reserve (Crimea, Ukraine).

Etymology: The species is named after renowned
Ukrainian phycologist Prof. Dr. Sc. Nadiya Pro-
khorivna Massjuk in recognition of her contribu-
tions to the taxonomy of various algal groups, as
well as the education of a generation of students in
Ukrainian cryptogamic plants.

Distribution: Presently known only from the type
locality.

I. massjukiae SAG 2102 differs morphologically
from SAG 2101 and SAG 2147 in the absence of a
mucilaginous envelope and in a tendency to form
biseriate branched filaments. Preliminary TEM stud-
ies have revealed differences in the structure of the
cell walls; that is, in strain SAG 2102 a sublayer with
a lacunar or alveolate substructure that may support
the formation of sarcinoid cell packages is present,
whereas SAG 2101 (with a reduced ability to form
prominent cell packages) has a homogenous cell
wall structure, like I. paradoxum and I. terricola. It is
expected that a more detailed morphological and
ultrastructural study that also should include strains
SAG 2147 and SAG 36.88 will reveal additional diag-
nostic features of the three sarcinoid isolates. Strains
SAG 2147 and SAG 36.88 may represent separate
new species of Interfilum distinct from I. massjukiae
and I. terricola ⁄ I. paradoxum. Preliminary investi-
gations have shown that SAG 36.88 stands apart by
its elongated and almost cylindric cells, differences
in chloroplast structure, and lack of sarcinoid
stages.

Cell division in Interfilum. A common feature of
all species of Interfilum is that the daughter cell walls
are formed within the mother cell wall followed by
the formation of a cap- or ring-like structure associ-
ated with the daughter cells. This feature is reminis-
cent of a type of cell division known as sporulation
(as variously defined, e.g., by Sluiman et al. 1989,
Massjuk 1993, 1997, Massjuk and Demchenko 2001,
Yamamoto et al. 2007), although there may be dif-
ferences regarding the function and structure of the
division products, and sequence of division stages
(Ettl 1988a,b, Massjuk 1993). This type of cell
division in Interfilum may be seen as transitional
between typical ‘‘sporulation’’ and ‘‘vegetative cell
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division’’ (in the sense of Sluiman et al. 1989 and
Massjuk 1993). The term ‘‘desmoschisis’’ as pro-
posed by Massjuk (1993, 1997) may not be
appropriate because ‘‘desmoschisis’’ is also used to
describe a process known as ‘‘vegetative cell
division’’ (Zellteilung = Cytotomie = desmoschisis, Ettl
1988a,b, Sluiman et al. 1989). When daughter cells
form within a persisting mother cell, their growth
requires the mother cell walls to be at least partially
eliminated or to be transformed in a similar way as
during sporulation. In green algae this transforma-
tion can be achieved in different ways: gelatinization
of walls, which gives rise to the formation of muci-
lage envelopes, or widening and retention of the
mother cell wall, which, after successive division
cycles, leads to thick multiple-layered cell walls
(Starmach 1972, Hindák 1996). In Interfilum two
ways of transformation of mother cell walls appear
to be realized (Fig. 8: 1): gelatinization and rupture
(Fig. 8a) or preservation and rupture (Fig. 8b). The
first process leads to short filaments and easily disin-
tegrating packets, and single cells, and is exempli-
fied by I. paradoxum, I. terricola, as well as strains
SAG 2101 and SAG 36.88. These have a mucilage
envelope, and their cell walls appear homogenous
at the ultrastructural level. The second process (Fig.
8b) leads to packets, that is, a tight cubic aggrega-
tion of closely adhering cells, and to biseriate fila-
ments, and is exemplified by I. massjukiae and strain
SAG 2147. There is no mucilage envelope and, in I.
massjukiae, the ultrastructure of the cell wall reveals
a layered-lacunar texture. The latter may have origi-
nated from many generations of mother cell walls
that were compressed during successive cell division
cycles, as also visible on TEM micrographs of the
related genus Klebsormidium (Lokhorst 1996, figs.
251–253). Interfilum shares with Klebsormidium a ten-
dency that cell division can take place in three
planes, leading to the development of sarcinoid cell
packages. Biseriate filaments or sarcinoid packages
have been observed in K. montanum, K. crenulatum,
and K. mucosum (Ettl and Gärtner 1995, Lokhorst
1996, T. I. Mikhailyuk unpublished). Our interpreta-
tion is that the type of cell division in these cases is
fundamentally similar between both genera, namely,
protoplast division and daughter cell wall formation
taking place within the mother cell wall (Fig. 8: 2).
As shown for Interfilum here, in Klebsormidium the
nonelastic mother cell wall ruptures in the central
region during the process of growth of daughter
cells, but it remains closely associated with the
daughter cell walls (Fig. 8: 2). This may lead to
either a layered-lacunar dense cell wall consisting of
many generations of mother cell walls (visible at the
ultrastructural level; Lokhorst 1996) or one resem-
bling the pseudobipartite cell walls that are formed
in Interfilum. Rupture of the mother cell wall leads
to H-pieces, which often can be observed at the
ends of filaments in many species of Klebsormidium
(Fig. 8c). Similar H-pieces are also known for other

representatives of streptophycean algae, namely,
Entransia (Cook 2004) and the sarcinoid strepto-
phyte alga Chlorokybus atmophyticus (Rieth 1972).

Relationship of Interfilum and Klebsormidium. Cer-
tain morphological characters that are shared among
the various strains of Interfilum appear to be charac-
teristic of members of the Klebsormidiophyceae and
even other streptophycean algae. These characters
include a plate-shaped chloroplast occupying half of
the cell volume, a starch envelope surrounding the
pyrenoid consisting of numerous single grains
arranged almost in parallel, and a position of the
nucleus opposite to pyrenoid. The same morphologi-
cal features apply to ‘‘Microspora stagnorum’’ strain
SAG 51.86 (T. I. Mikhailyuk, unpublished obser-
vation), which corroborates its placement in the
Interfilum ⁄Klebsormidium clade in the 18S rDNA
phylogeny (Fig. 6). Therefore, it is concluded that

Fig. 8. Diagrammatic summary of the types of cell division
characteristic for Interfilum and Klebsormidium and their distinct
developmental pathways. (1) Formation of short disintegrated fil-
aments and cell packet formation (Interfilum). (2) Formation of
long filaments (Klebsormidium). (a) Rupture and later gelatiniza-
tion of mother cell walls while remaining closely associated with
daughter cells. (b) Rupture and preservation of the mother cell
wall while remaining closely associated with daughter cells. (c)
Close association of preserved mother cell walls with daughter
cells followed by their rupture at the equatorial plane of the
daughter cells resulting in H-shaped wall pieces. Arrowheads
mark sites of rupture.
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strain SAG 51.86 has been wrongly identified as
‘‘Microspora stagnorum’’; it actually represents a species
of Klebsormidium. Interestingly, it represents a species
isolated from freshwater. We anticipate further ITS
rDNA sequence analyses to reveal its phylogenetic
position relative to aeroterrestrial members of the
genus.

In the ITS rDNA phylogenies, the four sarcinoid
isolates, I. terricola SAG 2100, and I. paradoxum
appeared to be more closely related with K. flacci-
dum than with any other species of Klebsormidium
(Fig. 7). In an attempt to further clarify the rela-
tionship between Interfilum and Klebsormidium, and
in particular to determine whether the two genera
are monophyletic or paraphyletic, we included
Entransia fimbriata and Hormidiella attenuata in the
analyses. A previous study (Sluiman et al. 2008) has
shown that these taxa are the closest known relatives
of Klebsormidium, and that, by virtue of a certain
degree of similarity between their ITS rDNA
sequences, they can serve as outgroups to resolve
the phylogeny of Klebsormidium. The ITS rDNAs
were aligned according to the alignment of Sluiman
et al. (2008), which only included putative pre-
served secondary structure elements, resulting in a
data set of 272 aligned bases. Phylogenetic analyses
recovered a tree topology (not shown), which, when
rooted with E. fimbriata and H. attenuata as outgroups,
showed again the sister group relationship of
K. flaccidum and Interfilum, and the distribution of
Klebsormidium species over the same four clades as
reported by Sluiman et al. (2008) and shown in
Figure 7, albeit with low support for internal
branches. A number of alternative topologies were
tested with the Paired Sites test suite as imple-
mented in the program Treefinder (Jobb 2008)
(results not shown). These included trees in which
(a) Interfilum was sister to all Klebsormidium
sequences (nonrejection of which would support
the monophyletic status of each genus), (b) Interfilum
was sister to K. flaccidum only (nonrejection of
which would indicate that Klebsormidium is paraphy-
letic), and (c) some changes in the branching order
within the Klebsormidium clade. None of these alter-
native trees was rejected by these tests, which leads
to the conclusion that the currently available ITS
rDNA data set is not able to resolve unequivocally
whether Klebsormidium is paraphyletic and Interfilum
is monophyletic, or whether both genera represent
two closely related but distinct monophyletic enti-
ties. The taxonomic and phylogenetic relationships
of these genera and of Klebsormidiophyceae in gen-
eral may become clearer when a broader range of
samples, both geographically and taxonomically,
and information from other genetic markers will
become available for analysis.
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Fortpflanzungszellen bei Grünalgen (Chlorophyta). Arch.
Protistenk. 135:17–34.

Ettl, H. 1988b. Zellteilung und Sporulation als wichtige
Unterscheidungsmerkmale bei Grünalgen (Chlorophyta).
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XEROCHLORELLA (TREBOUXIOPHYCEAE, CHLOROPHYTA)?1
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Several strains of terrestrial algae isolated from
biological soil crusts in Germany and Ukraine were
identified by morphological methods as the widely
distributed species Dictyosphaerium minutum
(=Dictyosphaerium chlorelloides). Investigation of the
phylogeny showed their position unexpectedly outside
of Chlorellaceae (Trebouxiophyceae) and distantly
from Chlorella chlorelloides, to which this taxon was
attributed after revision of the genus Chlorella based on
an integrative approach. SSU rRNA phylogeny
determined the position of our strains inside a clade
recently described as a new genus of the cryptic alga
Xerochlorella olmiae isolated from desert biological soil
crusts in the United States. Investigation of the
morphology of the authentic strain of X. olmiae showed
Dictyosphaerium-like morphology, as well as some other
characters, common for our strains and morphospecies
D. minutum. The latter alga was described as terrestrial
and subsequently united with the earlier described
aquatic representative D. chlorelloides because of their
similar morphology. The revision of Chlorella
mentioned above provided only one aquatic strain
(D. chlorelloides), which determined its position in the
genus. But terrestrial strains of the morphospecies were

not investigated phylogenetically. Our study showed
that the terrestrial D. minutum is not related to the
morphologically similar D. chlorelloides (=Chlorella
chlorelloides, Chlorellaceae), and instead represented a
separate lineage in the Trebouxiophyceae, recently
described as genus Xerochlorella. Therefore, revision of
Xerochlorella is proposed, including nomenclatural
combinations, epitypifications, and emendations of two
species: X. minuta and X. dichotoma. New characters of
the genus based on investigation of morphology and
ultrastructure were determined.

Key index words: Chlorophyta; Dictyosphaerium; epi-
typification; integrative approach; phylogeny; taxon-
omy; ultrastructure; Xerochlorella

Abbreviations: AIC, Akaike information criterion;
KW, Herbarium of the M.G. Kholodny Institute of
Botany of the National Academy of Sciences of
Ukraine; ML, maximum likelihood; SAG, Culture
Collection of Algae at G€ottingen University, Ger-
many; UTEX, Culture Collection of Algae at the
University of Texas at Austin

Development of modern taxonomy of microalgae
proceeds on the basis of wide usage of molecular-
phylogenetic methods. These methods are powerful
tools to determine with high accuracy relationships
between organisms, their phylogenetic position
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among the numerous groups of algae, and to iden-
tify morphologically cryptic taxa (Leliaert et al.
2014). Since many microalgae are organisms with a
very limited number of morphological characters
for taxonomic purposes (because of simple mor-
phology and life cycle, high adaptive and morpho-
logical plasticity, etc.) molecular-phylogenetic
methods often are the main or even only tool to
delimit taxa. Therefore, algal identification based
on molecular markers (including culture indepen-
dent methods, environmental, and next generation
sequencing) represents the current state of the art
approach (De Clerck et al. 2013, Leliaert et al.
2014, Zimmermann et al. 2015, B€udel et al. 2016).

Despite fast development of new methods and
their wide practical application, the main part of
accumulated knowledge of algae of different taxo-
nomic groups, such as their diversity, distribution,
ecology is still based on the classical morphological
approach developed during the middle of 19th cen-
tury (Friedl and Rybalka 2012, De Clerck et al.
2013, Ettl and G€artner 2014, B€udel et al. 2016 etc.).
Many algal species were originally described based
on field material or algal cultures, both of which
were later lost in many cases. The type information
of these species was usually preserved as line draw-
ings. Further investigation of lost type material by
genetic methods is possible only by designating a
reference strain as an epitype, with morphological
and ecological characters as well as geographical dis-
tribution corresponding as close as possible to the
original description of the respective taxon.

The so-called integrative approach (combination
of classical algal cultivation and microscopy with
new molecular-phylogenetic methods) is a feasible
instrument to combine morphological and genetic
information, particularly for biodiversity studies
(Darienko et al. 2015). There exists now many
papers devoted to taxonomic revisions of green,
streptophycean, xanthophycean, eustigmatophycean
algae, cyanobacteria, etc., using such an integrative
approach (Neustupa et al. 2011, Rybalka et al. 2013,
Bohunick�a et al. 2015, �Skaloud et al. 2016, Dar-
ienko et al. 2017, Kryvenda et al. 2018, Mikhailyuk
et al. 2018, Darienko and Pr€oschold 2019 etc.).

Incompleteness of the algal genetic database
sometimes leads to the fact that some newly discov-
ered lineages may be described as new taxa. But in
fact these algae were found and described by classi-
cal methods many years ago. The reasons for this
problem are also the simplicity and plasticity of
microalgal morphology. Using an integrative
approach including molecular-phylogenetic and fol-
low-up detailed morphological investigations of
these taxa may show such disagreements.

An example of such taxonomical disagreement
is the recently described desert green algal genus Xero-
chlorella (Fu�c�ıkov�a et al. 2014). This is an authospore-
forming alga with small spherical cells (max 10 µm in
diameter) and inconspicuous Chlorella-like

morphology. More detailed investigation of an authen-
tic strain of this monotypic genus as well as several
newly isolated strains led to the conclusion that Xero-
chlorella is identical to the widely distributed terrestrial
species Dictyosphaerium minutum, described more than
80 years ago by classical methods (Petersen 1932, Ettl
and G€artner 2014). Therefore, this paper is devoted to
the respective taxonomic revision of the genus Xero-
chlorella based on an integrative approach.

METHODS

Strains, culture conditions, light microscopy, ultrastructure. As
material for the present study, four unialgal original strains
were used. These strains were isolated from terrestrial habitats
(biological soil crusts from maritime sand dunes or forest soil)
in Europe (Germany and Ukraine). The isolation procedure
and culture conditions were described in a previous paper
(Schulz et al. 2016). For comparison, an authentic strain of the
recently described Xerochlorella olmiae, UTEX B 2993 (isolated
from desert soil crust [USA]) was used. DNA sequences were
compiled from GenBank of other Dictyosphaerium-like strains
phylogenetically related to Xerochlorella. Short information
about all strains and sampling sites are provided in Table 1.

Purified unialgal strains were maintained on solid medium
(1.5% agar with 3N BBM and vitamins; Starr and Zeikus 1993)
at 20°C with 25 lmol photons � m�2 � s�1 (Osram Lumilux
Cool White lamps L36W/840) under a light/dark cycle of
12:12 h light:dark. Morphological examination of these unial-
gal cultures was performed using Olympus BX51 and Zeiss
Axiovert 200 M light microscopes with Nomarski DIC optics.
Photomicrographs were taken with digital cameras [Olympus
UC30 (Tokyo, Japan) and Zeiss Axiovision (release 4.7, Ober-
kochen, Germany)] attached to the respective microscopes and
processed by software cell Sens Entry and Zeiss Axiovision.

Samples were fixed for transmission electron microscopy
(TEM) using a standard chemical fixation protocol (2.5% glu-
taraldehyde, 1% OsO4 in 10 mM caccodylate buffer, pH = 6.8)
according to Holzinger et al. (2009). Samples were dehydrated
in increasing ethanol concentrations, transferred to modified
Spurr’s resin and heat polymerized. For TEM, ultrathin sections
were prepared, counterstained with uranyl acetate and Reynold’s
lead citrate, and investigated using a Zeiss LIBRA 120 transmis-
sion electron microscope at 80 kV. Images were captured with a
TRS 2k SSCCD camera and further processed using Adobe Pho-
toshop software (Adobe Systems Inc., San Jos�e, CA, USA).

DNA isolation, PCR and sequencing. Genomic DNA of all
investigated strains was extracted using the DNeasy Plant Mini
Kit (Qiagen GmbH, Hilden, Germany) according to the manu-
facturer’s instructions. Nucleotide sequences of the SSU rRNA
gene together with ITS-1-5.8S-ITS-2 region were amplified using
a set of Taq PCRMastermix Kit (Qiagen GmbH) and a complex
of EAF3 and ITS055R as well as algal-specific primers G800R
and G500F. PCR reactions were made in a thermocycler T gradi-
ent Thermoblock (Biometra, Analytik Jena, Germany) under
conditions described in a previous paper (Mikhailyuk et al.
2018). PCR products were cleaned using a Qiagen PCR purifica-
tion kit (Qiagen GmbH) according to the manufacturer’s
instructions. Cleaned PCR products were sequenced commercially
by Qiagen Company using primers G800R, 536R, 920F, 1400R,
1400F, GF, GR, and ITS2F. Sequences of all primers used in the
study with respective references are included in the Table 2. The
resulting sequences were assembled and edited using Geneious
software (version 8.1.8; Biomatters). They were deposited in Gen-
Bank under accession numbersMN267182 –MN267185.

Phylogenetic analyses. DNA sequences of our isolates were
compared to those from reference strains at NCBI using
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BLASTn queries (http://blast.ncbi.nlm.nih.gov). For compar-
ison with original strains, we used nucleotide sequences avail-
able in GenBank (NCBI) of representatives of the
Trebouxiophyceae, with selected Chlorophyceae as the out-
group. Multiple alignment of the nucleotide sequences of the
SSU rRNA was made using MAFFT web server (version 7;
Katoh and Standley 2013) followed by manually editing in the
program BioEdit (version 7.2). Alignment for the phylogeny
of the ITS-2 region was performed manually in BioEdit, taking
into account the secondary structure of the RNA (see below).

The evolutionary model that is best suited to the database
was selected on the basis of the lowest AIC value (Akaike
1974) and calculated in MEGA (version 6; Tamura et al.
2013). Phylogenetic trees were constructed in the program
MrBayes 3.2.2 (Ronquist and Huelsenbeck 2003), using an
evolutionary model GTR + G + I, with 5,000,000 genera-
tions. Gaps were treated as missing character. Two of the
four runs of Markov chain Monte Carlo were made simulta-
neously, with the trees, taken every 500 generations. Split
frequencies between runs at the end of calculations were

TABLE 1. Summarized information about strains and sequences of Xerochlorella used in the present study (newly obtained
sequences are marked with Bold)

Original species
name

Strain label/cul-
ture number Collection information

Species desig-
nation SSU rRNA

ITS-1–5.8S
rRNA–ITS-2

Xerochlorella
olmiae

UTEX B 2993 Mojave National Preserve, San Bernardino Co.,
California, USA, Desert soil crust 35°27.1130

N, 115°40.5500 W, Louise A. Lewis (2003)

Xerochlorella
minuta

MN267184

Xerochlorella
olmiae

BCP-EM3VF21 Mojave National Preserve, San Bernardino Co.,
California, USA, Desert soil crust 35°27.1130

N, 115°40.5500 W, Louise A. Lewis (2003)

Xerochlorella
minuta

KF693788 –

Dictyosphaerium
sp.

UTEX SNO65 Antarctic (?)a Xerochlorella
minuta

GQ502290

Dictyosphaerium
sp.

CCAP 222/3 Moss epiphyte, Signy Island, South Orkney
Islands, Antarctica, Broady (1975) as
Dictyosphaerium chlorelloides (formerly listed as
Dictyosphaerium minutum)

Xerochlorella
minuta

GQ502289

Dictyosphaerium
minutum

CCAP 222/3 Moss epiphyte, Signy Island, South Orkney
Islands, Antarctica, Broady (1975) as
Dictyosphaerium chlorelloides (formerly listed as
Dictyosphaerium minutum)

Xerochlorella
minuta

FR865691

Dictyosphaerium
sp.

CCALA 333 Slovakia, Vysoke Tatry, peat bog, periphyton
Ruzicka, 1962, listed as Dictyosphaerium
tetrachotomum Printz

Xerochlorella
minuta

GQ487247 –

Dictyosphaerium
chlorelloides

Us-7-12 Baltic sea coast, sand dunes, soil crust, Zempin,
Usedom, Mecklenburg-Vorpommern,
Germany, 54°04.1720N; 13°58.0350E, T.
Mikhailyuk, 2013

Xerochlorella
minuta

MH703761

Dictyosphaerium
chlorelloides

SEW-9-1 Soil crust, beech forest, Germany, 53°02.6740N;
13°48.6170E, K. Glaser and T. Mikhailyuk,
2014

Xerochlorella
minuta

MN267183

Dictyosphaerium
chlorelloides

Prim-17-2 Black Sea coast, sand dunes, Danube Delta
Biosphere Reserve, Zhebryianska bay, Kiliya
District, Odessa Region, 45.486662736 N;
29.633074533 E, Demchenko and T.
Mikhailyuk, 2013

Xerochlorella
minuta

MN267182

Dictyosphaerium
dichotomum

Hg-2-3
SAG 2582

Baltic sea coast, sand dunes, soil crust,
Heiligendam, Mecklenburg-Vorpommern,
Germany, 54.146102096 N, 11.86013389 E, T.
Mikhailyuk, 2013

Xerochlorella
dichotoma

MN267185

aInformation concerning this strain is from NCBI, but the information from UTEX catalogue is different: Chloromomas rosae,
Litchfield Island, Antarctic, red ice, Collection: B. Bidigare (3/26/90), Isolation: R.W. Hoham.

TABLE 2. List of primers used in the study for amplification and sequencing.

Primer name Sequence [50->30] Reference

EAF3 TCGACAATCTGGTTGATCCTGCCAG Marin et al. (2003)
ITS055R CTCCTTGGTCCGTGTTTCAAGACGGG Marin et al. (1998)
G500F GAATGAGTACAATCTAAACCCCTTAAC Darienko et al. (2019)
G800R CATTACTCCGGTCCTACAGACCAACAGG
536R GWATTACCGCGGCKGCTG Lane (1991)
920F GAAACTTAAAKGAATTG Hoef-Emden and Melkonian (2003)
1400F CTGCCCTTTGTACACACCGCCCGTC
1400R GGTAGGAGCGACGGGCGGTGTGTAC Marin et al. (2003)
GF GGGATCCGTTCCCGTAGGTGAACCTGC Goff and Moon (1993)
GR GGGATCCATATGCTTAAGTTCAGCGGGT
ITS2F GCATCGATGAAGAACGCAGC White et al. (1990)
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below 0.01. The trees selected before the likelihood rate
reached saturation were subsequently rejected. The reliabil-
ity of tree topology verified by the maximum likelihood
analysis (ML, GTR + I + G) was made using the program
GARLI 2.0, and bootstrap support was calculated with 1,000
replicates.

Analysis of the ITS-2 secondary structures, genetic similar-
ity. Models of the secondary structure of ITS-2 together with
5.8S-LSU rRNA stem were predicted for all investigated
strains of Xerochlorella. Helices were folded with the online
software Mfold (Zuker 2003) and visualized in the online tool
PseudoViewer (Byun and Han 2009). ITS-2 secondary struc-
ture of CCAP 222/3 was predicted based on of two published
sequences with different length (GQ502289 and FR865691).
A part of 5.8S-LSU stem and neighboring core of UTEX
SNO65 are unknown (because of short sequence
(GQ502290) and therefore could not be analyzed. Compen-
satory base changes (CBCs and hemi-CBCs) as well as mis-
matches, deletions, single, or unpaired bases were estimated
using recommendations published in Demchenko et al.
(2012).

Genetic similarity of SSU and ITS rRNA between investi-
gated strains was calculated in the program MEGA using p-
distance and uniform rates, and was expressed in percent.

RESULTS

Molecular phylogeny based on SSU rRNA gene and ITS-
2. The phylogenetic analysis of SSU rRNA
sequences revealed that the newly sequenced origi-
nal isolates as well as original sequence of UTEX B
2993 clustered together with the authentic strain of
Xerochlorella olmiae (BCP-EM3VF21 = UTEX B 2993),
as well as with several strains from CCAP, UTEX,
and CCALA initially identified as Dictyosphaerium
species (Fig. 1). All of these strains formed a highly
supported Xerochlorella clade sister to the clades Lobo-
sphaera and Coccobotrys, based on similar, almost
identical SSU sequences, with exception of Hg-2-3
which formed a separate, highly supported lineage
inside the Xerochlorella clade. This strain differed
also morphologically (see below).

To obtain better resolution within the Xerochlor-
ella clade, a phylogenetic analysis of the ITS-2
region of all investigated strains with Lobosphaera as
outgroup was performed (Fig. 2). The tree con-
firmed also two main lineages inside the Xerochlor-
ella clade: strains designated as X. minuta comb.
nova (see below) and the morphologically differ-
ent strain Hg-2-3 identified as X. dichotoma comb.
nova.
Comparison of ITS-2 secondary structures, p-distan-

ce. To evaluate borders between different species
inside the Xerochlorella clade the secondary structure
of ITS-2 of all investigated strains was evaluated.
Comparison of ITS-2 secondary structure of strains
referred to X. minuta (see below) showed generally
high similarity (Fig. 3). The most striking differ-
ences were localized in helices II and IV, while the
5.8S-LSU rRNA stem was identical in all strains. But
many more differences in ITS-2 secondary structure
were found between these strains and the strain Hg-
2-3 (Fig. 4). All differences were localized in helices

I, II, and IV. Results of analysis of secondary struc-
tures of all strains are summarized in Table 3. No
compensatory base changes (CBCs) between strains
referred to X. minuta were found, while differences
between these strains varied from 1 to 3 hemi-CBCs,
1–4 mismatches and 2–8 nucleotide differences, all
of which were localized in loops or ITS-2 core
(Fig. 3, Table 3). Differences between secondary
structures of ITS-2 of all X. minuta strains and Hg-2-
3 were more prominent: 3–4 CBCs, 4–6 hemi-CBCs,
9 deletions, 2–3 mismatches, and 25–28 nucleotide
differences in loops or ITS-2 core (Fig. 4, Table 3).
Pairwise comparison of SSU and ITS rRNA

sequences of all strains investigated within the Xero-
chlorella clade showed a close similarity among all
isolates referred to X. minuta (see below; Table 3).
The identity of nucleotides of SSU and ITS rRNA of
these strains varied from 99.5% to 99.9%. But strain
Hg-2-3 considerably differed from those mentioned
strains: the identity of nucleotides of the respective
region varied from 97.5% to 97.8%.
Morphology and reproduction. The investigated

strains represented unicellular green algae. Cells
were small, ovoid to wide ellipsoid and almost
spherical, (4.3)5.0–6.7(7.5) 9 (2.5)4.3–6.0(7.0) lm,
uninucleate (Fig. 5). Cells of the strain Hg-2-3 were
slightly larger, (4.5)6.1–8.1(9.6) 9 (3.9)5.7–7.8
(8.6) lm. Chloroplasts were single, parietal, cup-
shaped, occupied half or 2/3 of the cells inner
surface, with smooth or slightly waved margins. Pyre-
noids were single, spherical to widely ellipsoid, in
the middle of the chloroplast, surrounded by several
starch grains. Nuclei were situated opposite the pyr-
enoid.
Cultures included single cells as well as cells uni-

ted in colonies (Fig. 5, a and e). Colonies formed
due to remnants of mother cell walls, which slightly
gelatinized, but preserved in culture (Fig. 5c). Frag-
ments of mother (sporangial) cell wall originated
from sporangia with two autospores had semilunar
shape (Fig. 5f). Sporangia with four autospores
formed cruciform remnants (Fig. 5, b–d). Cells
attached to the edges of remnants by their narrow
ends. Therefore, semilunar (two-celled) or cruci-
form (four-celled) Dictyosphaerium-like colonies were
formed in the cultures (Fig. 5, a–g). A lot of rem-
nants were distributed in culture without any cells,
because autospores and young cells usually easily
detached from remnants (Fig. 5c). These types of
colonies and unicells were observed in the strains
Us-7-12, SEW-9-1, Prim-17-2, and the authentic strain
of Xerochlorella olmiae UTEX B 2993.
Strain Hg-2-3 formed similar colonies (Fig. 5j),

but also much bigger cell aggregations especially
prominent in older cultures. Large Dictyosphaerium-
like colonies formed due to tighter attaching cells
to the fragments of sporangial walls than in other
strains. Cells attached to the remnants formed spo-
rangia and later their daughter cells released, but
remained attached to remnants of sporangial walls.
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FIG. 1. Molecular phylogeny of Trebouxiophyceae (Chlorophyta) based on the comparison of the nucleotide sequences of the SSU
rRNA gene (1776 base pairs). A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and
Maximum Likelihood bootstrap support (BP); PP values lower than 0.8 and BP lower than 50% not shown. Strains in bold represent newly
sequenced algae. Clades were named according to Fu�c�ıkov�a et al. (2014) and Bock et al. (2011b). Scale bar: 0.02 substitutions/site.

DICTYOSPHAERIUM -LIKE MORPHOTYPE 675

463



FIG. 2. Molecular phylogeny of Xerochlorella (Trebouxiophyceae, Chlorophyta) based on the comparison of the nucleotide sequences of
the ITS-2 region (687 base pairs). A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) and
Maximum Likelihood bootstrap support (BP); PP values lower than 0.8 and BP lower than 50% not shown. Strains in bold represent newly
sequenced algae. Scale bar: 0.02 substitutions/site.

FIG. 3. Comparison of ITS-2 secondary structure of Xerochlorella minuta strains. The structure of the reference strain (UTEX B 2993) is
presented with the marked differences to other strains of the species. Variable bases or basepairs are shown with circles, boxes, and trian-
gles.
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Therefore, subsequent division led to large colonies
with cells attached to pseudodichotomous branch-
ing remnants of mother walls (Fig. 5, h, i, k–o).

Small and large colonies of all strains were usually
surrounded by a delicate layer of mucilage. Muci-
lage was visible after negative staining with Indian
ink. The thickness of mucilage varied from 2.1 to
5.0 lm in the different strains (Fig. 6). Individual
mucilages envelopes surrounding cells were also
observed (Fig. 6, a–d).

Reproduction by autospores was observed with
two or four autospores formed in sporangia. Sporan-
gial walls ruptured, but remained in culture forming
semilunar or cruciform remnants. Young cells usu-
ally attached to the remnants by their narrow ends,
but also often detached and laid separately. The

culture usually represented a mixture of unicells,
remnants of mother cell walls and Dictyosphaerium-
like semilunar, cruciform or pseudodichotomous
branching colonies depending on the strain
(Fig. 5).
Ultrastructure. The ultrastructure was investigated

in strains Us-7-12 and Hg-2-3. Generally it was simi-
lar (Fig. 7). The chloroplast was always located at
one side of the cell covering half or 2/3 of cells’
inner surface and had a smooth or waved edges.
The pyrenoid was surrounded by several (5–6)
starch grains. The pyrenoid matrix was transversed
by two to three thylakoid membranes. The nucleus
was located opposite the pyrenoid (Fig. 7, f and j).
Several mitochondrial profiles were observed in the
cells, they were mostly located close to the

FIG. 4. Comparison of ITS-2 secondary structure of Xerochlorella species. The structure of X. dichotoma (reference strain Hg-2-3) is pre-
sented with the differences to X. minuta (reference strain UTEX B 2993). Variable bases or basepairs are shown with circles.
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chloroplast (Fig. 7, b, e, f, i and j). Cells were sur-
rounded by a cell wall, and a delicate mucilage
envelope was visible on some cells (Fig. 7i). A lot of
remnants of cell walls were observed in the samples
(Fig. 7, a–e).

DISCUSSION

Phylogeny, SSU and ITS rRNA genetic similarity, ITS-2
secondary structure and species delimitation within
Xerochlorella. Phylogenetic analysis based on SSU
rRNA sequences mostly corresponded with the phy-
logeny of the Trebouxiophyceae by Fu�c�ıkov�a et al.
(2014), Darienko et al. (2016), Hoda�c et al. (2016),
�Skaloud et al. (2016), and others. All investigated
strains formed a highly supported clade assigned to
the genus Xerochlorella with the closest genera Coc-
cobotrys and Lobosphaera (Fu�c�ıkov�a et al. 2014).
Therefore, all investigated strains should be identi-
fied as Xerochlorella species. ITS-2 phylogeny showed
that Xerochlorella represents two main lineages:
strains CCAP 222/3, UTEX SNO65, SEW-9-1, Us-7-
12, Prim-17-2 together with the authentic strain
UTEX B 2993 corresponded to the type species
X. olmiae (X. minuta comb. nova, see below), while
strain Hg-2-3 represented another species identified
initially as Dictyosphaerium dichotomum (Xerochlorella
dichotoma comb. nova, see below).

Comparison of ITS-2 secondary structure and
pairwise comparison of SSU and ITS rRNA
sequences confirmed the presence of two lineages
in Xerochlorella. All strains corresponding to X. min-
uta are characterized by minor differences (1–3
hemi-CBCs and missing CBCs). Comparison of these
strains with Hg-2-3 (X. dichotoma) showed conspicu-
ous differences as reflected in 3–4 CBCs and 4–6
hemi-CBCs depending on strain. Therefore, the
presence of CBCs in ITS-2, essential differences
according SSU and ITS-2 phylogeny as well as in
morphology clearly indicate that this genus includes
now two species: X. minuta and X. dichotoma.
Definition of the genus Xerochlorella. Xerochlorella is

a monotypic genus of green algae (Trebouxio-
phtyceae), which was recently described based on
SSU rRNA and rbcL phylogenies and morphological
investigation of two strains (Fu�c�ıkov�a et al. 2014).
The alga was found during investigation of desert

biological soil crusts (Mojave National Preserve, San
Bernardino Co., California, USA). It is characterized
by simple Chlorella-like morphology, small spherical
or oviform cells and a chloroplast without pyrenoid.
The chloroplasts of young cells have smooth margins,
later dissects on two lobes and then on several sepa-
rate chloroplasts. This representative formed a sepa-
rate lineage in the phylogeny of Trebouxiophtyceae.
The lineage also included the strain CCAP 222/3, iso-
lated by P.A. Broady from Antarctic soil and depos-
ited in a culture collection under the name
Dictyosphaerium minutum. But this strain is non-
authentic, since the genus Dictyosphaerium forms
another phylogenetic lineage within Trebouxio-
phyceae (Chlorellales) and Dictyosphaerium-like mor-
phology was not typical for strains isolated from
desert soil. Therefore, the new genus Xerochlorella was
proposed. Fu�c�ıkov�a et al. (2014) mentioned in their
paper that X. olmiae was possibly found earlier and
perhaps described based on classical methods. But
simple morphology does not allow to determine this
taxon using light microscopy. Therefore, “. . .. know-
ing the limitations of the morphological approach,
we prefer to establish a new taxon supported by an
authentic strain, even though some of our newly pro-
posed taxa could fit some of the uncertain historical
morphogenera” (Fu�c�ıkov�a et al. 2014).
The investigated strains (Us-7-12, SEW-9-1 and

Prim-17-2) were characterized by Dictyosphaerium-like
morphology and were preliminary identified as Dic-
tyosphaerium chlorelloides (=Dictyosphaerium minutum)
based on the “Syllabus der Boden-, Luft und Flecht-
enalgen” (Ettl and G€artner 2014). This taxon was
mentioned as Chlorella chlorelloides in some earlier
papers (Schulz et al. 2016, Borchhardt et al. 2017a,
b) taking into consideration the revision of Bock
et al. (2011a), in which D. chlorelloides was assigned
to the genus Chlorella. But molecular-phylogenetic
data obtained later indicated that our strains do not
belong to Chlorella and Chlorellales (Mikhailyuk
et al. 2019), instead assignment to Xerochlorella was
proposed. Prominent Dictyosphaerium-like morphol-
ogy of the here investigated strains and the pres-
ence of several other strains preliminary identified
as Dictyosphaerium in the Xerochlorella clade (see
Fig. 1) indicated that the generic concept of Xero-
chlorella should be revised.

TABLE 3. Comparison of different strains of Xerochlorella by CBC approach and genetic similarity of SSU and ITS rRNA

UTEX B 2993 CCAP 222/3 UTEX SNO65 Us-7-12 SEW-9-1 Prim-17-2 Hg-2-3

UTEX B 2993 -/3/-/-/6 -/3/-/3/4 -/3/-/1/2 -/3/-/-/2 -/1/-/-/5 3/5/9/2/25
CCAP 222/3 99.8 -/2/-/3/3 -/3/-/1/8 -/2/-/-/5 -/4/-/-/7 3/4/9/2/26
UTEX SNO65 99.5 99.6 -/3/-/4/4 -/2/-/3/2 -/4/-/3/5 4/4/9/3/28
Us-7-12 99.8 99.8 99.6 -/1/-/1/4 -/2/-/1/3 4/4/9/3/27
SEW-9-1 99.8 99.8 99.5 99.9 -/4/-/-/7 4/4/9/2/26
Prim-17-2 99.9 99.8 99.5 99.8 99.8 3/6/9/2/28
Hg-2-3 97.7 97.6 97.4 97.7 97.8 97.5

1: CBCs/hCBCs/deletions/mismatches/differences in loops or ITS-2 core; 2: genetic similarity of SSU and ITS rRNA (%)
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Dictyosphaerium morphotype among green
algae. The genus Dictyosphaerium (type species: Dic-
tyosphaerium ehrenbergianum) unites mostly aquatic
taxa characterized by a specific morphology: small

Chlorella-like cells are attached to variously branched
mucilaginous stalks originating from remnants of
mother (sporangial) cell walls (Kom�arek and Per-
man 1978). As a result colonies of different sizes

FIG. 5. Morphology of Xerochlorella species: (a–g) X. minuta: (a–d) UTEX B 2993, (e, f) Us-7-12, (g) Prim-17-2. (h–o) X. dichotoma, Hg-2-
3. (a, c, e) General view on culture material with small 2-4-celled colonies, fragments of sporangial walls and unicells. (b, f, g, j) Small 2-4-
celled colonies. (h, i, k–o) Large colonies originated due to successive cell division from small two-celled (i, k, l) and four-celled colonies
(m–o); initial fragments of sporangial walls showed with arrows. Scale bars: 10 lm. [Color figure can be viewed at wileyonlinelibrary.com]
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surrounded by mucilage are formed. A molecular-
phylogenetic investigation of Dictyosphaerium showed
that the Dictyosphaerium-like morphotype is poly-
phyletic (Krienitz et al. 2010). Therefore, a position

of Dictyosphaerium inside Parachlorella clade, Chlorel-
laceae (Bock et al. 2011b) was determined. Many
morphospecies of Dictyosphaerium and Pseudodic-
tyosphaerium were transferred to the genera Chlorella

FIG. 6. Negative staining of Xerochlorella species: (a–e) X. minuta, mucilage envelopes of different thickness around cells, fragments of
sporangial walls and small 2-4-celled colonies: (a, b) UTEX B 2993, (c, d) Us-7-12, (e) Prim-17-2. (f–k) X. dichotoma, Hg-2-3, mucilage
envelopes around colonies. Scale bars: 10 lm. [Color figure can be viewed at wileyonlinelibrary.com]
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(Bock et al. 2011a) and Mychonastes, Chlorophyceae
(Krienitz et al. 2011). Numerous new genera inside
Chlorellaceae (Mucidosphaerium, Bock et al. 2011b;
Heynigia and Hindakia, Bock et al. 2010; Maras-
phaerium, Compactochlorella, Masaia and Kalenjinia,
Krienitz et al. 2012) were described based on Dic-
tyosphaerium-like algae. Recent investigation of
strains with a Dictyosphaerium-like morphology from
water bodies of China showed high phylogenetic
and morphological diversity of these representatives
inside Parachlorella clade (Chlorellaceae; Song et al.
2018). Perhaps several new genera of

Dictyosphaerium-like algae will be described in the
future.
Reports of Dictyosphaerium sensu lato in terrestrial

habitats are quite limited. The typical aquatic spe-
cies Dictyosphaerium pulchellum (=Mucidosphaerium pul-
chellum) was found in soil occasionally (Ettl and
G€artner 2014). Dictyosphaerium dichotomum was
described from terrestrial habitats of Antarctica
(Ling and Seppelt 1998). The widely distributed
D. chlorelloides (=D. minutum) is typical for aquatic
and terrestrial habitats (Kom�arek and Perman 1978,
Tsarenko 2011, Ettl and G€artner 2014).

FIG. 7. Transmission electron micrographs of vegetative cells of Xerochlorella species: (a–d) X. minuta, Us-7-12, (e–j) X. dichotoma, Hg-2-
3. General view on culture with cells connected by fragments of sporangial walls (a), single cells (b–h, j) and sporangium with delicate
mucilage envelope (i). Sp, fragments of sporangial walls, Ch, chloroplast; Py, pyrenoid; S, starch grains; N, nucleus; Cw, cell wall; Mu,
mucilage envelope; M, mitochondrium. Scale bars: 5 lm (a) or 1 lm (b–j).
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Dictyosphaerium terrestre (Fritsch and John 1942)
described from soil of Great Britain is a doubtful
taxon and perhaps does not belonged to autospores
forming Dictyosphaerium sensu lato (Tsarenko and
John 2011), because reproduction by zoospores was
found (Ettl and G€artner 2014).

It should be noted that initially Dictyosphaerium
minutum was described from soil of Denmark (Peter-
sen 1932). It was later transferred to the earlier
described species of the aquatic taxon Dic-
tyosphaerium chlorelloides because of a very similar
morphology (Kom�arek and Perman 1978). Later
investigation of Dictyosphaerium based on an integra-
tive approach (Bock et al. 2011a) showed that an
aquatic strain characterized by a morphology typical
for Dictyosphaerium chlorelloides should be assigned to
the genus Chlorella, and CB 2008/110 was selected
as reference strain of Chlorella chlorelloides. But
strains from terrestrial habitats identified as
D. chlorelloides/D. minutum were not analyzed in this
study (Bock et al. 2011a). The new Xerochlorella
clade includes several strains determined as species
of Dictyosphaerium found mostly in terrestrial habitats
of Europe and Antarctica (see Fig. 1 and Table. 1).

The morphological investigation of the authentic
strain Xerochlorella olmiae UTEX B 2993 showed char-
acters typical for Dictyosphaerium chlorelloides/D. min-
utum: the presence of remnants of mother cell walls
in culture and formation of typical 2–4-celled Dic-
tyosphaerium-like colonies as well as the presence of
pyrenoid in cup-shaped chloroplast. Dissection of
the chloroplast on several parts as noted in Fu�c�ıkov�a
et al. (2014), is due to early stages of autospore for-
mation. The absence of pyrenoid and remnants of
the mother cell walls in culture might be explained
by the specific state of the respective culture during
their investigation which is visible from published
micrographs (Fu�c�ıkov�a et al. 2014, fig. 1, a–e).

All other strains presented on our phylogenetic
trees and attributed to Xerochlorella (CCAP 222/3,
CCALA 333, UTEX SNO65) are characterized by
Dictyosphaerium-like morphology. CCAP 222/3 was
initially identified as Dictyosphaerium minutum and
comprehensively described in Broady (1982).
CCALA 333 was identified as another Dictyosphaerium
species, D. tetrachotomum, but a micrograph of the
species in the collection catalogue showed four-
celled colony typical for D. minutum (http://ccala.b
utbn.cas.cz/en/dictyosphaerium-tetrachotomum-
printz). UTEX SNO65 is problematic because it is
not available or mislabeled (see Table 1), but
according NCBI data this taxon was identified as
Dictyosphaerium sp. and isolated from Antarctica
(https://www.ncbi.nlm.nih.gov/nuccore/GQ502290).
Based on all of this information, it is clear that the
terrestrial species D. minutum is not related to the
aquatic taxon D. chlorelloides despite close morphol-
ogy. Furthermore, the genus Xerochlorella (type species
X. olmiae) is in fact synonymous to the widely dis-
tributed terrestrial species D. minutum discovered

more than 80 years ago (Petersen 1932). This taxon is
not a species of Dictyosphaerium or Chlorella (Chlorel-
laceae), but represents a separate phylogenetic lineage
inside the Trebouxiophyceae. Therefore, the validity
of the genus Xerochlorella, which unites terrestrial Dic-
tyosphaerium-like algae, should be accepted. Assuming
Xerochlorella as a separate genus, we complemented its
diagnosis by new data and proposed respective
nomenclatural combination, emendation, and epitypi-
fication (see below). Chlorella umbelloidea described by
Tell (1973) from soil of Argentina is morphologically
and ecologically very similar to D. minutum, as already
mentioned by Kom�arek and Perman (1978). There-
fore, we additionally propose to consider this taxon as
a synonym of Xerochlorella minuta.
The morphologically different strain Hg-2-3 was ini-

tially identified as Dictyosphaerium dichotomum (Ling
and Seppelt 1998, Ettl and G€artner 2014). Our strain
has all characters typical for this representative: for-
mation of large 8-16-32(64)-celled colonies sur-
rounded by mucilage, pseudodichotomous
branching of fragments of sporangial walls, typical
morphology of single cells. The reproduction of Hg-
2-3 is usually realized by two autospores, but occasion-
ally by four autospores, the same as indicated by Ling
and Seppelt (1998). Large colonies originated due to
successive cell division from small two-celled (Fig. 5,
i, k and l) and occasionally four-celled colonies
(Fig. 5, m–o). Phylogenetic analysis showed this
strain to belong to the Xerochlorella clade, but with a
separate lineage. Therefore, we assume that this
strain represents a separate species of Xerochlorella.
Thus the respective taxonomic combination and epi-
typification of this taxon is proposed (see below).
Morphological characters of Xerochlorella. Morpho-

logical parallelism is a phenomenon widely dis-
tributed among algae. Perhaps morphological
similarity of the freshwater Chlorella chlorelloides
(Chlorellaceae) and the terrestrial Xerochlorella min-
uta (separate lineage in Trebouxiophyceae, Tre-
bouxiophyceae incertae sedis; Guiry and Guiry
2019) is an example of such morphological paral-
lelism. But also some morphological characters
specific for each taxon were found. A pyrenoid sur-
rounded by 2(4) starch grains is typical for repre-
sentatives of Chlorellaceae including Chlorella
chlorelloides (Bock et al. 2011a, Ettl and G€artner
2014). TEM micrographs of the investigated Xero-
chlorella strains showed the presence of a pyrenoid
surrounded by several (5–6) starch grains (see
Fig. 7). Similar structure of pyrenoid with numerous
starch grains was also observed by Broady (1982,
figs. 66–67) in Dictyosphaerium minutum (now X. min-
uta) isolated from Antarctica. A similar pyrenoid
structure was found in D. chlorelloides, isolated from
granite outcrops of the South of Ukraine (Mikhai-
lyuk and Demchenko 2005).
Another typical morphological character of Xerochlorella

is its specific structure of mother (sporangial) cell wall
fragments, which form a Dictyosphaerium-like morphology.
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Cells of Dictyosphaerium-like algae from the Chlorellaceae
are connected to thin mucous strands, which originated
frommother (sporangial) cell wall fragments (Bock et al.
2011a). Analogical structures of Xerochlorella completely
maintain the initial semilunar or cruciform shape of rup-
tured sporangial walls and do not turn to mucous strands.
This was already mentioned in the first description of
D. minutum (Petersen 1932) and during observation of
this species by Broady (1982). Ling and Seppelt (1998)
also noted as one specific character of D. dichotomum:
“mother cell wall fragments do not change into mucous
strands as is often the case inDictyosphaerium” (p. 59).

The presence of a common mucilage envelope sur-
rounding colonies in Xerochlorella is a disputable
question. Mucilage envelope and colonies were not
observed by Fu�c�ıkov�a et al. (2014) in X. olmiae
strains. Petersen (1932) did also not observe com-
mon mucilage envelope in Dictyosphaerium minutum,
although mentioned slight gelatinization of cell
walls. Kom�arek and Perman (1978), however, noted
different development of a mucilage envelope in
D. chlorelloides: from implicit or slight mucilage to
prominent strong envelope sometimes with clear
individual envelopes surrounding cells. A common
mucilage envelope of 3 lm thickness after negative
staining with ink was indicated for D. dichotomum
(Ling and Seppelt 1998, figs. 13, 20). Our observa-
tions showed also different phenotypic expression of
a common mucilage envelope in strains of X. minuta
as well as the presence of individual envelopes sur-
rounding cells (see Fig. 6). Negative staining of
strain Hg-2-3 confirmed the presence of a clear com-
mon mucilage envelope with a thickness of 2.1-
3.0 lm. Therefore, members of Xerochlorella have a
common mucilage envelope with different thickness
depending on environmental conditions. This muci-
lage envelope is usually thin, delicate, homogeneous,
and start to be visible after negative staining by ink.
Ecology and distribution of Xerochlorella. Terres-

trial Dictyosphaerium (Xerochlorella minuta) are widely
distributed species. Ettl and G€artner (2014) noted
its wide distribution in Europe (Denmark, Great Bri-
tain, Iceland, former USSR) and Asia and some
findings in Antarctica. This taxon was mentioned in
main check-lists and hand books as widely dis-
tributed terrestrial alga (Kom�arek and Fott 1983,
Andreyeva 1998, Tsarenko and John 2011). We
found it repeatedly as terrestrial alga from granite
outcrops of the South of Ukraine (Mikhailyuk and
Demchenko 2005, Mikhailyuk et al. 2011) as well as
in biological soil crusts from sand dunes of Ger-
many and Ukraine (Mikhailyuk et al. 2019), forests
of Germany (Glaser et al. 2018) and polar regions
such as the Antarctic Peninsula and Arctic Svalbard
(Borchhardt et al. 2017a,b).

Molecular-phylogenetic data were obtained from
Xerochlorella minuta strains isolated from terrestrial
and amphibian (swamp) habitats of Western and East-
ern Europe (Germany, Ukraine, Slovakia), North
America (USA), and Antarctica (see Table 1). These

data prove that all investigated strains are genetically
very close despite distant geographical regions and
different ecological conditions (from swamps and
moist soils to maritime sand dunes, habitats in hot
and cold deserts). All these strains can be considered
as representatives of different populations of the same
species. Therefore, it is reasonable to assume that
X. minuta, due to its small cell size and possible high
tolerance to temperature and lack of water, can be
easily distributed by wind (or other vectors) over long
distances which is typical for terrestrial algae (Sharma
et al. 2007, Ry�sanek et al. 2015). Despite the fact that
this species was originally described from Western
Europe we propose the American strain (authentic
strain of Xerochlorella olmiae; see below) as reference
strain of X. minuta.
The other species of Xerochlorella, X. dichotoma, was

originally described from soils of Antarctica. Cul-
tures were used for species description, but all
strains were lost during transportation of the mate-
rial from Antarctica to Australia (Ling and Seppelt
1998). We do not know other findings of this taxon
next to the type locality. Our strain, identified as
X. dichotoma, was isolated from maritime sand
dunes, Germany (Table 1). Despite the fact the type
locality of X. dichotoma is situated far away from the
Baltic Sea, we assume that strains from both regions
are representatives of the same species, and hence
expect the same cosmopolitan biogeographical dis-
tribution as for X. minuta. But it is obvious that
X. dichotoma is a rare species. Based on all this infor-
mation we propose the here investigated strain as
reference of X. dichotoma, taking into consideration
its complete morphological similarity with the origi-
nal species description (formation of large colonies
surrounded by mucilage, pseudodichotomous
branching of fragments of sporangial walls, typical
morphology of single cells), close ecological charac-
teristic (sand vs. sandy soils) and cosmopolitan dis-
tribution of the genus Xerochlorella.
Proposed taxonomic changes. Xerochlorella Fu�c�ıkov�a,

P.O. Lewis & L.A. Lewis (2014). Phycological Research
62:304, fig. 1, a–e. emend. Mikhailyuk & P.M. Tsar-
enko
Emended diagnosis: Cells solitary or in colonies sur-

rounded by delicate mucilage envelopes. Cells ovoid
to wide ellipsoid and almost spherical, thin-walled,
uninucleate, connected to fragments of mother
(sporangial) walls with their narrow ends (Dic-
tyosphaerium-like morphology). Chloroplasts single,
parietal, cup-shaped, with pyrenoid surrounded by
several starch grains. Asexual reproduction via auto-
spores. Autospores released by rupture of sporangial
wall and further preservation of fragments with con-
nected cells. Sexual reproduction not observed.
Type species: Xerochlorella minuta (J.B. Petersen)

Mikhailyuk & P.M. Tsarenko comb. nova
Xerochlorella minuta (J.B. Petersen) Mikhailyuk &

P.M. Tsarenko comb. nova (Figs. 5, a–g; 6, a–e; 7,
a–d)
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Basionym: Dictyosphaerium minutum J.B. Petersen
(1932) Bot. Tiddskr. 42:37, fig. 19.

Synonyms: Chlorella umbelloidea Tell, Xerochlorella
olmiae Fu�c�ıkov�a, P.O. Lewis & L.A. Lewis, as “olmae”
(according to Art. 60.8 of the ICN [Turland et al.
2018], the original spelling “olmae” is corrected to
“olmiae”).

Emended diagnosis: Cells solitary or in small 2-4-
celled (sometimes to 16-celled) colonies surrounded
by delicate mucilage envelope (2.1–5.0 lm thick-
ness). Cells small, ovoid to wide ellipsoid and almost
spherical, (4.3)5.0–6.7(7.5) 9 (2.5)4.3–6.0(7.0) lm,
connected to semilunar or cruciform fragments of
mother (sporangial) walls with their narrow ends.
Chloroplasts single, parietal, cup-shaped, occupied
half or 2/3 of cells inner surface, with pyrenoid sur-
rounded by several (5–6) starch grains. Asexual
reproduction via 2–4 autospores released by rupture
of sporangial wall. Zoospore formation and sexual
reproduction not observed.

Type locality: soil, beech copse, Hammer Bakker,
Denmark.

Lectotype (designated here): fig. 19 in Petersen
1932.

Epitype (designated here): culture material of the
strain UTEX B 2993 preserved as specimen
CONN00178617 (Fu�c�ıkov�a et al. 2014) that is sup-
ported by the lectotype.

Reference strain: UTEX B 2993
Comments: The reference strain completely corre-

sponds to the diagnosis of Dictyosphaerium minutum
(Petersen 1932). The species diagnosis was supple-
mented by the details of pyrenoid structure and
refined dimensional ranges for cells. The reference
strain was isolated from desert biological soil crust
(Mojave National Preserve, San Bernardino Co., Cal-
ifornia, USA) and represented the authentic strain
of Xerochlorella olmiae (Fu�c�ıkov�a et al. 2014). This
habitat is ecologically similar, but geographically dis-
tant from the type locality (soil, Denmark). But
since Xerochlorella species are widely distributed over
the world, as was shown in the present study, and
strain UTEX B 2993 is phylogenetically close to
European strains, it is proposed as a reference
strain.

Xerochlorella dichotoma (H.P. Ling & R.D. Seppelt)
Mikhailyuk & P.M. Tsarenko comb. nova (Figs. 5,
h–o; 6, f–k; 7, e–j)

Basionym: Dictyosphaerium dichotomum H.P. Ling &
R.D. Seppelt (1998). Arch. Hydrobiol. Suppl. 124
(Algol Stud. 89):57, figs. 13–17.

Emended diagnosis: Cells solitary or in large (2-4)-8-
16-32-(64)-celled colonies surrounded by delicate
mucilage envelope (2.1–3 lm thickness). Cells con-
nected to semilunar or cruciform fragments of
mother (sporangial) walls with their narrow ends.
Subsequent cell divisions form pseudodichotomous
branching. Cells small, ovoid to wide ellipsoid and
almost spherical, (4.5)6.1–8.1(9.6) 9 (3.9)5.7–7.8
(8.6) lm. Chloroplasts single, parietal, cup-shaped,

occupied half or 2/3 of cells inner surface, with pyr-
enoid surrounded by several (5–6) starch grains.
Asexual reproduction mostly via 2, occasionally via 4
autospores, released by rupture of sporangial wall.
Zoospore formation and sexual reproduction not
observed.
Type locality: sandy soil, Stevenson Cove, Casey,

Antarctica.
Lectotype (designated here): figs. 13-17 in Ling &

Seppelt (1998).
Epitype (designated here): preserved specimen

160223-7, fixed for TEM embedded material of the
strain Hg-2-3 (SAG 2582) (Department of Botany,
Innsbruck University). Additionally, KW-A-32502,
preserved culture material of reference strain Hg-2-3
(SAG 2582), Algotheca, Herbarium of the M.G.
Kholodny Institute of Botany of the National Acad-
emy of Sciences of Ukraine (KW).
Reference strain: Hg-2-3 was deposited in the Samm-

lung von Algenkulturen, University of G€ottingen,
Germany, under number SAG 2582.
Comments: The reference strain completely corre-

sponds to the diagnosis of Dictyosphaerium dichoto-
mum (Ling and Seppelt 1998). The species
diagnosis was supplemented by the details of pyre-
noid structure and refined dimensional ranges for
cells and colonies. The strain was isolated from bio-
logical soil crusts on maritime sand dunes, coast of
the Baltic Sea, Heiligendamm, Mecklenburg-Vor-
pommern, Germany. This habitat is ecologically sim-
ilar, but geographically distant from the type locality
(sandy soil, Antarctica). But since Xerochlorella spe-
cies are widely distributed over the world, as was
shown in the present study, the strain from Europe
is proposed as reference.
Proposed nomenclatural changes for Dictyosphaerium

chlorelloides. During this investigation some inac-
curacy on the taxon Dictyosphaerium chlorelloides
(=Chlorella chlorelloides) was detected. Taxonomic
combination D. chlorelloides provided Brachionococcus
chlorelloides as basionym, published by Naumann in
1919 with figures (holotype), belonging to the work
from 1921 (Kom�arek and Perman 1978, p. 252). Nau-
mann’s work was cited in this reference list as pub-
lished in 1919. The same information was repeated in
the paper that provided taxonomic combination of
Ch. chlorelloides, without any notion of Naumann’s
work in the reference list (Bock et al. 2011a). Bra-
chionococcus chlorelloides is mentioned among Internet
sources as taxon published in Naumann (1919)
together with figures (http://ucjeps.berkeley.edu/
ina/). However, investigation of the respective litera-
ture showed that Naumann’s paper was submitted in
1919, but in fact volume 16(2) of Arkiv f€or Botanik
was published in February 1921. The errors in cita-
tion of the basionym do not preclude valid publica-
tion of new combinations (Art. 41.6 of the ICN;
Turland et al. 2018). Therefore, this inaccuracy was
corrected and all previous taxonomic combinations
of Brachionococcus chlorelloides were kept (see below).
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Chlorella chlorelloides (Naumann) C. Bock, Krienitz
& Pr€oschold

Basionym: Brachionococcus chlorelloides Naumann
(1921). Ark. Bot. 16(2):15, figs. 8–9.

Synonym: Dictyosphaerium chlorelloides (Naumann)
Kom�arek and Perman (1978)
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ABSTRACT
Xanthophyceae (Stramenopiles) are common microalgae in soil habitats, but not commonly known from 
maritime sandy habitats. Here we studied the genetic diversity of nine new isolates of Xanthophyceae 
from coastal habitats using two chloroplast-encoded markers. The isolates exhibited only three mor
photypes. The sequence comparisons uncovered a respectable phylogenetic diversity, including novel 
infraspecific genotypes, among the isolates. The phylogenetic analyses of full rbcL gene sequences 
identified eight of the isolates to five named species based on monophyletic origins and short genetic 
distances with defined taxonomic reference strains. One strain, representing a coccoid species, was 
within a so far unrecognised lineage of Xanthophyceae. In four clades of the rbcL phylogeny, the coastal 
isolates were most closely related to strains from Antarctic soil habitats. Comparisons of the psbA/ 
rbcL spacer region sequences, a highly variable molecular marker, uncovered a fine-scale structuring 
within a species which was consistent with habitat preferences. The new maritime isolates exhibited 
genotypes distinct from those of the same species from other habitats. It suggests that the environment 
selects for specific genotypes in these pioneering algae.
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INTRODUCTION

Terrestrial eukaryotic algae are widely distributed at the air/ 
substrate interfaces of various substrates with environmental 
conditions often challenging for colonisation (Hallmann et al. 
2013, 2016; Rindi 2011). In the near-surface environment, 
terrestrial algae contribute considerably to various ecosystem 
processes as primary producers, mainly as the photoauto
trophic drivers of biological soil crusts (Büdel et al. 2014). 
Soil biocrusts (BSCs sensu Rodriguez-Caballero et al. 2018; 
Weber et al. 2016) are an essential vegetation form worldwide 
and they are especially notable in arid regions where water 
availability limits vascular plant growth (Belnap et al. 2016). 
But in temperate areas with more humid conditions, e.g. 
Europe, biocrusts may have critical ecological functions as 
well (Büdel et al. 2014). Cyanobacteria and green algae dom
inate BSC algal communities. But diverse stramenopile algae, 
i.e. Xanthophyceae and diatoms, also inhabit soil biocrusts 
(Büdel et al. 2016). Those BSCs from colder climates such as 
high alpine regions (Peer et al. 2010; Reisigl 1964; Rippin et al. 
2018a, 2018b) or Antarctic soils (Borchhardt et al. 2017; 
Broady 1976; Cavacini 2001) mostly have various filamentous 
and coccoid members of Xanthophyceae. Together with some 
other eukaryotic algae, the Xanthophyceae may belong to the 
least studied phototrophic component of biocrusts (Büdel 
et al. 2016). The class Xanthophyceae is a group of heterokont 
algae, phylum Heterokontophyta or Ochrophyta (van den 

Hoek et al. 1995; Yoon et al. 2009). It forms an independent 
lineage within the Stramenopiles, i.e. the PX-clade within the 
SI clade of Yang et al. (2012). Although Xanthophyceae are 
a rather common group of terrestrial algae, their diversity and 
geographic distribution are still poorly known. 
Xanthophyceae in terrestrial ecosystems are assumed to func
tion as important pioneers in near-surface soil environments 
that become freshly exposed to colonisation or disturbed by 
human activities (Ott et al. 2015). Previously, filamentous 
Xanthophyceae from various terrestrial soil surface environ
ments in different geographic regions were the focus of DNA- 
sequence-based studies that provided a high taxonomic reso
lution at and below the species level (Rybalka et al. 2009, 
2013).

Coastal sandy habitats are known for being highly dynamic 
aeolian landforms, but they are stable when wet, providing 
voids between the sand grains and surfaces for algal colonisa
tion. Almost devoid of organic matter, the fine quartz-rich 
sand provides a substrate poor in nutrients. Most of the 
nutrients derive from seawater or groundwater withdrawals. 
The sandy habitat also provides environmental stresses by 
sharp fluctuations in pore water salinity, determined by 
groundwater discharge, occasional flooding, and sea spray 
(Martínez et al. 2004; Miller et al. 2009; Schulz et al. 2016). 
Coastal sandy habitats represent vulnerable ecosystems, which 
are being rapidly lost and degraded throughout the world 
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(Martínez et al. 2013). Coastal dunes experience multiple 
natural as well as anthropogenic threats such as sea-level 
rise, storm surges, storms and hurricanes, invasive plants, 
artificial stabilisation, nitrogen deposition, human trampling, 
and vehicle activity (Martínez et al. 2013). BSCs are typical for 
many coastal dunes. In the sandy near-surface environment, 
terrestrial filamentous algae act as pioneers to stabilise dune 
blowouts (e.g. Schulz et al. 2016; Smith et al. 2004). Only 
recently, Schulz et al. (2016) provided the first information 
about the taxonomic composition of BSCs in coastal habitats, 
i.e. those of the Baltic Sea coast.

Xanthophytes in the studied coastal habitats represented 
two growth forms: filaments and coccoid unicells. Those 
simple growth forms may actually represent a still uncovered 
phylogenetic diversity. However, Schulz et al. (2016) recog
nised only morphospecies of Xanthophyceae by using identi
fication keys based on morphological features (e.g. Ettl 1978; 
Ettl & Gärtner 2014). Yet, previous studies have already 
recovered the extensive plasticity of morphological traits in 
filamentous and coccoid Xanthophyceae, making them inade
quate for distinguishing species (Maistro et al. 2007, 2009; 
Rybalka et al. 2009, 2013; Zuccarello & Lokhorst 2005). 
A recent study assessing phylogenetic diversity of algal isolates 
originating from coastal BSCs did not treat the 
Xanthophyceae (Mikhailyuk et al. 2019). Therefore, the goal 
of the current study was to examine the phylogenetic and 
species diversity of Xanthophyceae from sandy maritime habi
tats. We investigated the coastal isolates at a high taxonomic 
resolution for genetic differences with their counterparts of 
the same species originating from other terrestrial habitats.

MATERIAL AND METHODS

Culture and observation

The nine new isolates of Xanthophyeae studied here were 
isolated from biocrusts of maritime sandy habitats from five 
locations on the coast of the Baltic Sea, Germany, and one 
location on each of the coasts of the North Sea, Netherlands, 
and the Black Sea, Ukraine (Table 1, Figs S1-S8). The sites at 
the Baltic Sea, Rügen Island, were the same as those investi
gated previously (Schulz et al. 2016). Filamentous green algae 
or cyanobacteria dominated in the Baltic Sea and the Black 
Sea biocrusts. Samples from the North Sea site, i.e. the barrier 
island Schiermonnikoog, were from the same location as 
described by Kremer et al. (2008), i.e. in front of an artificial 
sand dike. In this area, flooding by seawater is occasional, 
resulting in a marked salinity. Groundwater discharge from 
the island aquifer provides constant water saturation and 
stabilises the fine sands against wind erosion. Vegetation 
emerges in a zone 200–400 m in front of the sand dike 
(Bakker et al. 2005). The procedure for isolating and main
taining the algae was as previously described (Rybalka et al. 
2009). Briefly, air-dried biocrust material was re-wetted with 
water or liquid culture medium. Liquid medium with ampi
cillin (100 mg l−1) and amphotericin B (2.5 mg l−1) was 
applied to suppress growth of cyanobacteria. Algal colonies 
started from small pieces of biocrust (c. 2 × 2 mm) sprinkled 
onto Petri dishes containing agar and enriched with mineral 

nutrients. The nine new coastal biocrust isolates are publicly 
available from the SAG culture collection (Sammlung von 
Algenkulturen at Göttingen University, Germany, www.epsag. 
uni-goettingen.de) with strain numbers listed in Table 1.

An Olympus BX60 microscope (Tokyo, Japan) with 
Nomarski DIC optics equipped with a ProgRes® C14Plus digital 
camera (JENOPTIK Optical Systems, Jena, Germany) was used 
for microscopy of the cultured algae (see  Figs 1–3). They were 
from cultures 3–4 weeks old.

Molecular marker analyses

Full-length sequences of the chloroplast-encoded rbcL gene 
and the psbA/rbcL spacer were amplified in one piece using 
a modification of the PCR approach of Andersen & Bailey 
(2002), i.e. with PCR primers and cycling parameters as 
described in Rybalka et al. (2009). The spacer lies upstream 
of the rbcL gene, i.e. between the psbA and rbcL genes. After 
purification with the MSB Spin PCRapace Kit (Stratec, Berlin, 
Germany), sequencing of amplicons was performed with pri
mers as described previously (Andersen & Bailey 2002; 
Rybalka et al. 2009, 2013). Sequencing reactions were sepa
rated using an Applied Biosystems 3500 Genetic Analyser 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). 
Assembling sequences into contigs was done with the 
SeqAssem software (Hepperle 2004). Newly determined 
sequences are available from DDBJ/EMBL/GenBank databases 
under accession numbers MK792446 – MK792452, and 
MK804166 – MK804170. In course of this study, several 
reference sequences for coccoid Xanthophyceae were also 
established under accession numbers MK909754 – 
MK909757, MK909573, and MK909574.

For calculating phylogenies, the newly determined full 
rbcL sequences, extracted with the editor AliView (Larsson 
2014), were added to a dataset comprising full-length 
rbcL sequences representing all major clades of 
Xanthophyceae (Maistro et al. 2009). Alignment was performed 
with the online version of MAFFT v7 (Katoh et al. 2017), with 
manual refinements in AliView. Two sequences from 
Phaeophyceae (Stramenopiles), i.e. Fucus vesiculosus Linnaeus 
NC016735 and Ectocarpus sp. AY372978, were employed as the 
outgroup. The final dataset used for phylogenetic analyses com
prised of 83 rbcL gene sequences was 1341 nucleotides long and 
had 524/453 variable/parsimony informative sites. The maxi
mum likelihood (ML) phylogeny in Fig. 4 was the basis for 
discussion of phylogenetic relationships of the new isolates. 
Phylogeny was inferred with the ML approach using IQ-TREE 
(Nguyen et al. 2015) with branch support assessed from stan
dard nonparametric bootstrap (500 replicates). Additional 
branch support was assessed with the ultrafast bootstrap 
approximation (2000 replicates; Hoang et al. 2017) implemen
ted in IQ-TREE. The GTR + F + I+ G4 model was selected by 
IQ-TREE to describe the best substitution pattern. Additional 
support for internal nodes was assessed with the ML approach 
using RAxML v8.2.12 (Stamatakis 2014), as available from 
CIPRES Science Gateway (Miller et al. 2010), and minimum 
evolution distance approach (ME; Rzhetsky & Nei 1992) using 
MEGA X (Kumar et al. 2018; Stecher et al. 2020). In RAxML 
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runs, rapid bootstrap analysis used 450 replicates. For the ME 
distance approach, the GTR+G + I model best described the 
substitution pattern, and bootstrap approximation was assessed 
using 1000 replications in MEGA X. Phylogenies and bootstrap 
support on internal nodes were visualised using the ITOL 
online tool (Letunic & Bork 2019). The highly variable psbA/ 
rbcL spacer sequences were aligned using MAFFT v7 (Katoh 
et al. 2017) with manual refinements using the sequence editor 
BioEdit v7.2.6 (Hall 1999) and in PAUP* 4.0a167 (Swofford 
2003). Variable sites in the spacer alignment (Fig. 5) were 
visualised using PAUP* 4.0a167.

RESULTS

Microscopic observation

The nine new xanthophyte isolates from sandy coastal habi
tats exhibited three morphotypes (Figs 1–3, Table 1). 
Unbranched filaments with cylindrical vegetative cells and 
bipartite cell walls, which yielded H-shaped pieces, were the 
characteristic features shared by four isolates (Table 1). Their 
filaments readily disintegrated into shorter filaments or uni
cells. The features defined the strains as members of the 
morpho-genus Xanthonema (Fig. 1). Sarcinoid or pseudofila
mentous arrangement of vegetative cells, as typical for 

Heterococcus Chodat, characterised one more isolate (Fig. 2, 
Table 1). Unicellular coccoid vegetative cells of spherical 
shape defined four more isolates (Table 1). A mucilage envel
ope which varied in thickness depending on the age of the 
culture surrounded those cells (Fig. 3). No clear assignment to 
a morpho-genus of coccoid Xanthophyceae was possible for 
the four isolates. Three strains frequently produced zoospores 
(SAG 2571, SAG 2574, and SAG 2575), but not strain SAG 
2569 under the same culture conditions. Thus, the latter 
coccoid isolate presumably represented a species different 
from the former isolates.

Phylogenetic position and species identification

Phylogenetic analyses assigned the three morphotypes to 
five independent clades in the Xanthophyceae rbcL gene 
phylogeny (Fig. 4). Strains of the morpho-genus 
Xanthonema P.C.Silva belonged to two independent well- 
supported clades, Xanthonema and Xanthonema 2 (Fig. 4). 
These clades correspond to two separate genera. In phylo
genetic analyses, the morpho-genus Xanthonema is split 
into three independent clades, out of which only the 
Xanthonema clade represents the genus because it includes 
the epitype strain of the type species, X. exile (Klebs) P.C. 

Table 1. The nine new coastal Xanthophyceae isolates, marked by an asterisk (*) and their closest relatives, their morphotype, species identification, strain number, 
habitat, and geographic origin.

Morphotype Species strain Habitat Geographic Origin

filamentous, unbranched Xanthonema exile SAG 2573* sand dune Baltic Sea, Rügen Island, Baabe (Germany; 54.3625 N, 13.715833 E)

SAG 2578* sand dune Baltic Sea, Riedensee (Germany; 54.142778 N, 11.668889 E)

SAG 2286e lagoon 
mudflat

Baltic Sea, Rügen Island, Vitter Bodden (Germany; 54.56629 N, 13.126545 E)

SAG 2185 soil surface Antarctica, Prinzess Elizabeth Land, Vestfold Hills (68.575107 S, 77.97843 E)

SAG 2186 soil surface Antarctica, Ross Island, Cape Bird (77.52474 S, 166.960313 E)

X. bristolianum SAG 2570* sand dune Baltic Sea, Rügen Island, Baabe (Germany; 54.3625 N, 13.715833 E)

SAG 2285e snow detritus High Tatra mountains (Slovakia; 49.2666 N, 20.250199 E)

CCAP 836/5 terrestrial Switzerland (?)

SAG 2180 soil surface Rivne (Ukraine; 50.620281 N, 26.251087 E)

SAG 2576 soil surface Holosiivskyi National Park, Kyiv (Ukraine; 50.390542 N, 30.507408 E)

SAG 2577 soil surface Mühlhausen (Germany; 51.130242 N, 10.381150 E)

SAG 2579 soil surface Tractemyriv landscape park, Kyiv (Ukraine; 49.924444 N, 31.336389 E)

X. mucicola SAG 2568* slack dune North Sea, Schiermonnikoog Island (The Netherlands; 53.4859 N, 6.1356 E)

SAG 60.94 soil surface Potsdam, Güterfelde (Germany; 52.364280 N, 13.185689 E)

CCALA 518 freshwater Baltic Sea, Darss peninsula, forest ditch (Germany)

SAG 2192 soil surface Antarctica, King Georg Island (62.168908 S, 58.463538 W)

SAG 2194 soil surface Antarctica, Southern Victoria Land (76.184995 S, 157.133787 E)

A14 snow detritus Alps, Antelao glacier (Italy; 46.463889 N, 12.273611 E)

pseudofilamentous, 
sarcinoid

Heterococcus 
leptosiroides

SAG 2572* sand dune Baltic Sea, Darss peninsula, Prerow (Germany; 54.459722 N, 12.541667 E)

SAG 2420e soil surface Antarctica, Gneiss Point (77.399095 S, 163.745499 E)

coccoid, unicellular Pleurochloris meiringensis SAG 2571* sand dune Baltic Sea, Rügen Island, Glowe (Germany; 54.570000 N, 13.458056 E)

SAG 2574* sand dune Black Sea, Danube Biosphere Reserve (Ukraine; 45.491530 N, 29.624146 E)

SAG 2575* sand dune Baltic Sea, Rügen Island, Prora (Germany, 54.475278 N, 13.572778 E)

SAG 860–3a rock surface Alps, Aare Valley (Switzerland; 46.721329 N, 8.1817284 E)

SAG 813–1 soil surface Alps, Stabelchod (Switzerland; 46.659018 N, 10.238201 E)

unidentified 
xanthophyte

SAG 2569 slack dune North Sea, Schiermonnikoog Island (The Netherlands; 53.4859 N, 6.1356 E)

SAG 5.90 soil surface Antarctica, Cape Bird, Ross Island (77.530240 S, 166.990356 E)
eepitype strain; aauthentic strain 
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Silva SAG 2286 (Rybalka et al. 2009). Strain SAG 2181, 
positioned between the Xanthonema and Xanthonema 2 
clades in the phylogenetic analyses (Fig. 4), is a member 
of the Xanthonema 3 clade of Rybalka et al. (2009). The 
coccoid strains were also in two clades distant from each 
other. The one clade represented Pleurochloris meiringenis 
Vischer because it included the authentic strain of 
P. meiringensis SAG 860–3 (Fig. 4), and clade monophyly 
was well supported. The other coccoid isolate, strain SAG 
2569; however, shared a monophyletic origin with strain 
SAG 5.90 assigned to Chlorellidium tetrabotrys Vischer & 
Pascher (Fig. 4). The new isolate of the morphology typical 
for Heterococcus Chodat, strain SAG 2572, was placed into 
a clade representing strains and species of Heterococcus. It 
shared a sister-group relationship with the clade of coccoid 
xanthophytes that included Chlorellidium strains which, 
however, received only insignificant bootstrap support 
(Fig. 4).

The presence of short internal branch lengths in the 
rbcL phylogeny of the new isolates with defined reference strains, 
congruent with the highly supported monophyly of isolates and 
references, provided species identifications for the coastal isolates. 
The monophyletic origin of the two strains, SAG 2573 and SAG 
2578, with epitype strain SAG 2286, identified the former as 
Xanthonema exile (Fig. 4, Table 1). Both strains shared full 
rbcL gene sequences (1467 nucleotides long) that were identical 
to the epitype strain except for a single position. The coastal isolate 
SAG 2570 was in another monophyletic clade that included epi
type strain SAG 2285 which represents X. bristolianum (Pascher) 
P.C.Silva. (Fig. 4, Table 1). The coastal isolate had its full rbcL gene 
sequence identical with that of the epitype strain. Therefore, it was 
identified as that species. The coastal isolate SAG 2568 shared 
a monophyletic origin with reference strain SAG 60.94 
X. mucicola within Xanthonema 2, and this was identified as 
a new isolate of the same species (Fig. 4). The coastal isolate shared 
a full rbcL gene sequence identical to the reference strain except for 

two positions. The name ‘X. mucicola’ has previously been sug
gested for the latter strain, to replace the invalid combination 
Heterothrix mucicola Ettl. However, the combination 
X. mucicola has not been formally described (Rybalka et al. 
2009). We refer to the new coastal isolate as X. mucicola. 
Interestingly, the so-far unidentified strain A14 of Tartari & 
Forlani (2008) shared an identical rbcL sequence with reference 
strain SAG 60.94 over its entire length. Therefore, it is identified as 
X. mucicola (Table 1). Because its available sequence (accession 
number AJ874708) is only partial, it has not been included in the 
phylogenetic analyses here. Within the Heterococcus clade, mono
phyletic origin of coastal isolate SAG 2572 with authentic strain 
SAG 2420 of H. leptosiroides Pitschmann was well supported (Fig. 
4). Therefore, the isolate was identified as H. leptosiroides. The 
three new coccoid isolates, strains SAG 2571, SAG 2574, and SAG 
2575, with identical rbcL sequences, shared a highly supported 
monophyletic origin with authentic strain SAG 860–3 of 
P. meiringenis (Fig. 4). Consequently, species identity of the three 
coastal isolates is P. meiringenis. There were no more than nine 
rbcL sequence differences with the authentic strain. The other 
coccoid isolate, SAG 2569, was the only coastal isolate which had 
no well supported monophyletic origin with a defined reference 
strain. Its closest relative, strain SAG 5.90 (Fig. 4), has been 
assigned to C. tetrabotrys Vischer & Pascher based only on mor
phology. However, both strains were separated by a relatively large 
internal branch length from authentic strain SAG 811–1 of 
C. tetrabotrys (Fig. 4). The common origin of those three strains 
received only low support (Fig. 4); consequently, neither strain 
represents C. tetrabotrys, and are still unidentified.

Infraspecific structuring

rbcL phylogeny resolved closer relationships of the new coastal 
isolates to strains that originated from other habitats. Remarkably, 
in four clades the closest relatives to the coastal isolates were strains 
isolated from Antarctic soil habitats (Fig. 4, Table 1). In 

Figs 1-3. The three morphotypes of new isolates of Xanthophyceae from maritime sandy habitats. Scales = 10 µm. 
Fig. 1. Unbranched filaments of Xanthonema bristolianum strain SAG 2570. 
Fig. 2. Sarcinoid pseudofilaments of Heterococcus leptosiroides strain SAG 2572. 
Fig. 3. Coccoid unicells of Pleurochloris meiringensis strain SAG 2574. Note thin envelope of mucilage surrounding cells, two autosporangia in the left half of the 
image.
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Xanthonema, closest relatives of the three X. exile strains from 
coastal habitats was a pair of X. exile strains that originated from 
ice-free soil surfaces in Antarctica. In Xanthonema 2, i.e. within 
X. mucicola, the coastal isolate also had a pair of strains originating 
from Antarctica as closest relatives (Fig. 4, Table 1). Also, in 
Heterococcus the coastal isolate of H. leptosiroides and a strain 
from Antarctic soil surface were closest relatives. Finally, also in 

the coccoid strains’ clade with Chlorellidium, the coastal isolate 
had a strain from a soil surface in Antarctica as its closest relative 
(Fig. 4, Table 1). In contrast, the new coastal isolates of 
X. bristolianum, X. mucicola, and P. meiringensis were closest 
relatives of strains originating from habitats of temperate regions, 
i.e. soil or rock surfaces, snow detritus, and a coastal freshwater 
habitat in Central Europe (Fig. 4, Table 1). To further investigate 
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Fig. 4. Maximum-likelihood phylogeny of full rbcL gene sequences from the nine new coastal isolates and other members of Xanthophyceae. An orange background 
marks strains of maritime origins. Highlighted phylogenetic clades are those which encompass the new isolates, their closest relatives, and their closest taxonomic 
reference strains (marked in blue letters). Different coloured clades indicate different morphotypes, i.e. filamentous unbranched (yellow-brown), pseudofilamentous- 
sarcinoid (violet), and coccoid unicellular (green). A background of darker colour marks strains that belong to the same species within the clades; they represent five 
named species. Asterisks (*) indicate the independent origins of coccoid Xanthophyceae. Collapsed into triangles are those clades of Xanthophyceae to which the 
new coastal isolates are not closely related. Taxa represented by triangles are listed in Table S1.
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the relationships of the new coastal isolates at higher resolution, 
comparisons of the highly variable psbA/rbcL spacer sequences 
were employed. Though the coastal isolates’ spacer aligned well 
with those of strains from other habitats, they were also clearly 
distinct from them (Fig. 5, Table 1). In X. exile, X. mucicola and 
H. leptosiroides the spacer comparisons confirmed that the coastal 
strains had their next closest relatives from Antarctica (Fig. 5). 
Moreover, sequence comparisons discerned groups of strains with 
identical spacer sequences which were related to habitats. In both 
P. meiringensis and X. exile the coastal habitat strains exhibited 
identical spacers (Fig. 5). X. exile and X. mucicola, there was a pair 
of strains from Antarctic soil surfaces with identical spacers. In 
X. bristolianum there was a group of four strains with identical 
spacers that originated from soil surfaces in Central Europe (Fig. 
5). Remarkably, those groups of identical sequences were inde
pendent of geographic distance. The coastal habitat strains were 
from locations as distant as the Baltic Sea and the Black Sea coast 
(Table 1, Fig. S8). The Antarctic strains originated from localities 
over 6000 km apart and separated by a large ice shield. The Central 
European soil surface strains originated from various locations 
across Europe corresponding to a geographic distance of about 
2500 km (Fig. S8).

DISCUSSION

Studies of terrestrial algae do not commonly link the 
Xanthophyceae to maritime environments. In this study, how
ever, new culture isolates of terrestrial xanthophytes from 
sandy habitats along the coasts of Central Europe, i.e. the 
Baltic Sea, the barrier island Schiermonnikoog in the North 
Sea, and a site at the Black Sea coast, were studied. Already, 
a relatively small selection of just nine xanthophycean strains 
from coastal habitats exhibited a respectable phylogenetic 
diversity, including novel infraspecific genotypes. Previous cul
ture-based studies of environmental material may have 

overlooked xanthophytes or mistaken them for green algae 
due to their similar colour (Ott et al. 2015). Examples may be 
the xanthophyte strains SAG 2568 and SAG 2569 from the 
barrier island Schiermonnikoog. Previous studies employing 
various methods have focused on microbial mats on the bea
ches of Schiermonnikoog (Bolhuis et al. 2013; Dijkman et al. 
2010; Kremer et al. 2008). However, no microscopic xantho
phycean algae other than species of Vaucheria forming macro
scopic aggregations were reported (e.g. V. birostris J.Simons; 
Simons 1974). Additional culture efforts are needed to re- 
evaluate habitat preferences and distribution patterns of 
xanthophytes. Culture-independent deep sequencing using 
markers capable of resolving species should complement the 
culture efforts (e.g. ITS2 rDNA; Rybalka et al. 2013). There are 
only a few culture-independent studies for the Xanthophyceae; 
none of them identified distinct species but identified the 
group as a whole because the markers used were not variable 
enough (Beraldi-Campesi et al. 2012; Lawley et al. 2004; Simon 
et al. 2015). In the Xanthophyceae, an adaptation to maritime 
habitats may be more common than has been assumed. 
Previously, strain A14 of X. mucicola, isolated from an alpine 
snowfield, had considerable tolerance to higher salt (NaCl; 
Tartari & Forlani 2008). The new coastal isolate X. mucicola 
SAG 2568 was a close relative of the former strain. 
Investigations into ecophysiology of Xanthophyceae and 
other terrestrial microalgae are essential for better understand
ing of microalgal distributional patterns, but they have been 
almost entirely lacking for Xanthophyceae.

Our psbA/rbcL spacer sequence comparisons uncovered 
a fine-scale infraspecific structuring (within a species) consistent 
with habitat preferences. The new xanthophyte isolates from 
maritime habitats in five species had genotypes distinct from 
those of the same species from other habitats (Fig. 5, Table 1). 
We suggest that the particular (harsh) environment selects for 
specific genotypes of the pioneering algae that can cope with the 

Fig. 5. Comparisons of the highly variable psbA/rbcL spacers of the five species of Xanthophyceae to which the new coastal isolates were assigned. Only differences 
from the first sequence, which is from a coastal isolate, are shown. Numbers above the first sequence indicate the positions of the differences ordered to the un- 
gapped first sequence. Strains from coastal habitats are on a grey background, those from Antarctic soils on a blue background. Boxed are strains from temperate 
soils. Asterisks (*) mark taxonomic reference strains. Numbers in parentheses () are spacer lengths. P, 3ʹ-partial sequence.
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particular conditions of coastal habitats. Instability of the sandy 
substrate, exposure to strong UV radiation, desiccation by wind 
at the substrate surface, rapidly fluctuating osmotic effects of salt 
spray, and submergence in seawater or rainwater, certainly pro
vide challenging conditions for algal life in those maritime 
habitats. Adaptation to such conditions, combined with rather 
simple morphology, may also facilitate successful dispersal of 
live xanthophyte cells over long distances, e.g. by wind currents 
with cells attached (glued) to sand grains. This explains the same 
genotype occurring across vast distances (Fig. 5, Fig. S8). In 
a previous study, four strains of an unidentified Xanthonema 
species originating from Antarctica (SAG 2183, SAG 2184, 
SAG2190, and SAG 2191) shared almost identical psbA/ 
rbcL spacers (except for a single nucleotide position), with strain 
CCAP 808/3 from an Alaskan snowfield (Rybalka et al. 2009). 
Here we report three more examples of identical psbA/ 
rbcL spacers in widely disjunct Xanthophyceae, i.e. for 
Pleurochloris meiringensis and Xanthonema bristolianum in 
Europe, as well as X. exile and X. mucicola in Antarctica (Table 
1, Fig. S8). Thus, even a vast distance over an extended ice plain 
was not a significant dispersal barrier for these xanthophytes. 
Environmental conditions may determine the genotypic fine- 
scale structuring of pioneering terrestrial xanthophytes in the 
absence of significant dispersal limits.

For species identification, the highly variable psbA/rbcL spacer 
sequences provided much resolution where the rbcL phylogenetic 
analyses supported the close relationships among xanthophyte 
strains (Rybalka et al. 2009). Spacers of coastal strains aligned 
well with the corresponding sequences of defined taxonomic 
reference strains (Fig. 5). This substantiated species assignment 
for eight of the nine new isolates to five species of Xanthophyceae 
(Fig. 5, Table 1). However, there was no significant alignment 
possible between the spacers of the coccoid coastal isolate SAG 
2569 and its closest relative, strain SAG 5.90. Following the mole
cular phylogenetic species concept as outlined in Rybalka et al. 
(2009), both strains cannot represent the same species. They 
remain unnamed because the next closest taxonomic reference, 
authentic strain C. tetrabotrys SAG 811–1, was not even close to 
the former two in the rbcL phylogeny (Fig. 4). Likely, both strains 
represent two species of coccoid Xanthophyceae which have not 
been formally described. To provide meaningful species and gen
eric taxonomic descriptions, other coccoid Xanthophyceae have to 
be assessed for their phylogenetic positions, but this is beyond the 
scope of our study. Presently, phylogenetic analyses resolve four 
major clades of independent origins for coccoid xanthophytes 
(Fig. 4; Maistro et al. 2009). For example, coccoid forms exhibiting 
a Botrydiopsis-like morphology, and thus assigned to Botrydiopsis, 
represent an assemblage of unrelated strains. The phylogenetic 
analyses distributed them over five lineages which likely represent 
distinct genera (Fig. 4). A clarification of the taxonomy of coccoid 
Xanthophyceae with newly defined genera and species is urgently 
needed.

To conclude, our findings support the view that 
Xanthophyceae in terrestrial habitats (e.g. soil surfaces) may 
be phylogenetically more diverse and also more commonly 
distributed than previously assumed. Xanthophyceae may 
serve as pioneering colonisers that help to stabilise initial 
and still dynamic terrestrial habitats. They can adapt to 
a broader range of adverse terrestrial habitats, including 

those with a maritime influence. Ecological conditions mean 
essential drivers of species diversification in these microalgae.

ACKNOWLEDGEMENTS

TM acknowledges the Alexander von Humboldt Foundation for financial 
support (Georg-Forster research fellowship at the University of Rostock) and 
Ulf Karsten for provision of laboratory facilities and his support of collecting 
samples from the Baltic Sea coast. We thank Maike Lorenz for provision of 
well-curated algal strains from the SAG culture collection and accession of 
the new Xanthophyte isolates. Henrike Ledel and Hella Timmermann are 
acknowledged for the purification of Xanthophyceae strains, and Gabriele 
Curdt-Hollmann for assistance in sequencing strains of Xanthophyceae. We 
thank Ladislav Hodač for provision of an isolate of Xanthonema from soil, 
and the Culture Collection of Algae and Cyanobacteria at the Institute of 
Botany, Třeboň, Czech Republic, for provision of strain CCALA 518.

FUNDING

This work has been funded by the German Science Foundation (DFG) 
Priority Program 1991 ‘Taxon-OMICS’ (Project RY 173/1-1, extended to 
NR).

ORCID
Nataliya Rybalka http://orcid.org/0000-0002-3250-3679
Tatiana Mikhailyuk http://orcid.org/0000-0002-7769-2848
Tatyana Darienko http://orcid.org/0000-0002-1957-0076
Thomas Friedl http://orcid.org/0000-0002-4070-776X

REFERENCES

Andersen R.A. & Bailey J.C. 2002. Phylogenetic analysis of 32 strains of 
Vaucheria (Xanthophyceae) using the rbcL gene and its two flanking 
spacer regions. Journal of Phycology 38: 583–592. DOI: 10.1046/j.1529- 
8817.2002.t01-1-01144.x.

Bakker J.P., Veeneklaas R.M., Jansen A. & Samwel A. 2005. A new green 
beach on Schiermonnikoog. De Levende Natuur 106: 151–155. [in 
Dutch].

Belnap J., Weber B. & Büdel B. 2016. Biological soil crusts as an organizing 
principle in drylands. In: Biological soil crusts: an organizing principle in 
drylands (Ed. by B. Weber, B. Büdel & J. Belnap), pp. 3–13. Springer, 
Cham, Switzerland. DOI: 10.1007/978-3-319-30214-0_1.

Beraldi-Campesi H., Arenas-Abad C., Garcia-Pichel F., Arellano-Aguilar 
O., Auqué L., Vázquez-Urbez M., Sancho C., Osácar C. & Ruiz- 
Velasco S. 2012. Benthic bacterial diversity from freshwater tufas of 
the Iberian Range (Spain). FEMS Microbiology Ecology 80: 363–379. 
DOI: 10.1111/j.1574-6941.2012.01303.x.

Bolhuis H., Fillinger L. & Stal L.J. 2013. Coastal microbial mat diversity 
along a natural salinity gradient. PLOS One 8: e63166. DOI: 10.1371/ 
journal.pone.0063166.

Borchhardt N., Schiefelbein U., Abarca N., Boy J., Mikhailyuk T., 
Sipman H.J.M. & Karsten U. 2017. Diversity of algae and lichens in 
biological soil crusts of Ardley and King George Islands, Antarctica. 
Antarctic Science 29: 229–237. DOI: 10.1017/S0954102016000638.

Broady P.A. 1976. Six new species of terrestrial algae from Signy Island, 
South Orkney Islands, Antarctica. British Phycological Journal 11: 
387–405. DOI: 10.1080/00071617600650451.

Büdel B., Colesie C., Green T.G.A., Grube M., Lázaro Suau R., Loewen- 
Schneider K., Maier S., Peer T., Pintado A., Raggio J. et al. 2014. 
Improved appreciation of the functioning and importance of biologi
cal soil crusts in Europe: the Soil Crust International Project (SCIN). 
Biodiversity and Conservation 23: 1639–1658. DOI: 10.1007/s10531- 
014-0645-2.

Büdel B., Dulić T., Darienko T., Rybalka N. & Friedl T. 2016. 
Cyanobacteria and algae of biological soil crusts. In: Biological soil 
crusts: an organizing principle in drylands (Ed. by B. Weber, B. Büdel 

Rybalka et al.: Genotypic and phylogenetic diversity 7
482

https://doi.org/10.1046/j.1529-8817.2002.t01-1-01144.x
https://doi.org/10.1046/j.1529-8817.2002.t01-1-01144.x
https://doi.org/10.1007/978-3-319-30214-0_1
https://doi.org/10.1111/j.1574-6941.2012.01303.x
https://doi.org/10.1371/journal.pone.0063166
https://doi.org/10.1371/journal.pone.0063166
https://doi.org/10.1017/S0954102016000638
https://doi.org/10.1080/00071617600650451
https://doi.org/10.1007/s10531-014-0645-2
https://doi.org/10.1007/s10531-014-0645-2


& J. Belnap), pp. 55–80. Springer International Publishing, Cham, 
Switzerland. DOI: 10.1007/978-3-319-30214-0_4.

Cavacini P. 2001. Soil algae from northern Victoria Land (Antarctica). 
Polar Bioscience 14: 45–60.

Dijkman N.A., Boschker H.T.S., Stal L.J. & Kromkamp J.C. 2010. 
Composition and heterogeneity of the microbial community in 
a coastal microbial mat as revealed by the analysis of pigments and 
phospholipid-derived fatty acids. Journal of Sea Research 63: 62–70. 
DOI: 10.1016/j.seares.2009.10.002.

Ettl H. 1978. Bd. 03: xanthophyceae. 1. Teil/Part 1. In: Süßwasserflora von 
Mitteleuropa (Ed. by H. Ettl, J. Gerloff & H. Heynig), pp. 530. Springer 
Spektrum, Stuttgart, Germany. ISBN 978-3-8274-2137-1.

Ettl H. & Gärtner G. 2014. Syllabus der Boden-, Luft- und Flechtenalgen. 
2. Auflage. Springer Spektrum, Berlin, Heidelberg. DOI: 10.1007/978- 
3-642-39462-1.

Hall T.A. 1999. BioEdit: a user-friendly biological sequence alignment 
editor and analysis program for Windows 95/98/NT. Nucleic Acids 
Symposium Series 41: 95–98.

Hallmann C., Hoppert M., Mudimu O. & Friedl T. 2016. Biodiversity of 
green algae covering artificial hard substrate surfaces in a suburban 
environment: a case study using molecular approaches. Journal of 
Phycology 52: 732–744. DOI: 10.1111/jpy.12437.

Hallmann C., Stannek L., Fritzlar D., Hause-Reitner D., Friedl T. & 
Hoppert M. 2013. Molecular diversity of phototrophic biofilms on 
building stone. FEMS Microbiology Ecology 84: 355–372. DOI:  
10.1111/1574-6941.12065.

Hepperle D. 2004. SeqAssem. A sequence analysis tool, contig assembler 
and trace data visualization tool for molecular sequences. Win32- 
Version. Distributed by the author at http://www.sequentix.de/.

Hoang D.T., Chernomor O., von Haeseler A., Minh B.Q. & Vinh L.S. 2017. 
UFBoot2: improving the ultrafast bootstrap approximation. Molecular 
Biology and Evolution 35: 518–522. DOI: 10.1093/molbev/msx281.

Katoh K., Rozewicki J. & Yamada K.D. 2017. MAFFT online service: multiple 
sequence alignment, interactive sequence choice and visualization. Briefings 
in Bioinformatics 20: 1160 -1166. DOI: 10.1093/bib/bbx108.

Kremer B., Kazmierczak J. & Stal L.J. 2008. Calcium carbonate 
precipitation in cyanobacterial mats from sandy tidal flats of the 
North Sea. Geobiology 6: 46–56. DOI: 10.1111/j.1472- 
4669.2007.00128.x.

Kumar S., Stecher G., Li M., Knyaz C. & Tamura K. 2018. MEGA X: 
molecular evolutionary genetics analysis across computing platforms. 
Molecular Biology and Evolution 35: 1547–1549. DOI: 10.1093/mol
bev/msy096.

Larsson A. 2014. AliView: a fast and lightweight alignment viewer and 
editor for large datasets. Bioinformatics 30: 3276–3278. DOI: 10.1093/ 
bioinformatics/btu531.

Lawley B., Ripley S., Bridge P. & Convey P. 2004. Molecular analysis of 
geographic patterns of eukaryotic diversity in Antarctic soils. Applied 
and Environmental Microbiology 70: 5963–5972. DOI: 10.1128/ 
AEM.70.10.5963-5972.2004.

Letunic I. & Bork P. 2019. Interactive Tree Of Life (iTOL) v4: recent 
updates and new developments. Nucleic Acids Research 47: W256– 
W259. DOI: 10.1093/nar/gkz239.

Maistro S., Broady P.A., Andreoli C. & Negrisolo E. 2007. Molecular 
phylogeny and evolution of the order Tribonematales 
(Heterokontophyta, Xanthophyceae) based on analysis of plastidial 
genes rbcL and psaA. Molecular Phylogenetics and Evolution 43: 
407–417. DOI: 10.1016/j.ympev.2007.02.014.

Maistro S., Broady P.A., Andreoli C. & Negrisolo E. 2009. Phylogeny and 
taxonomy of Xanthophyceae (Stramenopiles, Chromalveolata). Protist 
160: 412–426. DOI: 10.1016/j.protis.2009.02.002.

Martínez M.L., Hesp P.A. & Gallego-Fernández J.B. 2013. Coastal dune 
restoration: trends and perspectives. In: Restoration of coastal dunes (Ed. 
by M.L. Martínez, J.B. Gallego-Fernández & P.A. Hesp), pp. 323–339. 
Springer, Berlin, Germany. DOI: 10.1007/978-3-642-33445-0_20.

Martínez M.L., Psuty N.P. & Lubke R.A. 2004. A perspective on coastal 
dunes. In: Coastal dunes: ecology and conservation (Ed. by M. 
L. Martínez & N.P. Psuty), pp. 3–10. Springer, Berlin, Germany. 
DOI: 10.1007/978-3-540-74002-5_1.

Mikhailyuk T., Glaser K., Tsarenko P., Demchenko E. & Karsten U. 2019. 
Composition of biological soil crusts from sand dunes of the Baltic Sea 
coast in the context of an integrative approach to the taxonomy of 
microalgae and cyanobacteria. European Journal of Phycology 54: 
263–290. DOI: 10.1080/09670262.2018.1557257.

Miller M.A., Pfeiffer W. & Schwartz T. 2010. Creating the CIPRES 
Science Gateway for inference of large phylogenetic trees. 2010 
Gateway Computing Environments Workshop (GCE). 1–8. DOI:  
10.1109/GCE.2010.5676129.

Miller T.E., Gornish E.S. & Buckley H.L. 2009. Climate and coastal dune 
vegetation: disturbance, recovery, and succession. Plant Ecology 206: 
97. DOI: 10.1007/s11258-009-9626-z.

Nguyen L.-T., Schmidt H.A., von Haeseler A. & Minh B.Q. 2015. IQ- 
TREE: A fast and effective stochastic algorithm for estimating 
maximum-likelihood phylogenies. Molecular Biology and Evolution 
32: 268–274. DOI: 10.1093/molbev/msu300.

Ott D.W., Oldham-Ott C.K., Rybalka N. & Friedl T. 2015. Chapter 11 - 
Xanthophyte, eustigmatophyte, and raphidophyte algae. In: 
Freshwater algae of North America, 2nd ed. (Ed. by J.D. Wehr, R. 
G. Sheath & J.P. Kociolek), pp. 485–536. Academic Press, Boston, 
Massachusetts, USA. DOI: 10.1016/B978-0-12-385876-4.00011-6.

Peer T., Türk R., Gruber J.P. & Tschaikner A. 2010. Species composition 
and pedological characteristics of biological soil crusts in a high alpine 
ecosystem, Hohe Tauern, Austria. eco.mont 2: 23–30. DOI: 10.1553/ 
eco.mont-2-1s23.

Reisigl H. 1964. Zur Systematik und Ökologie alpiner Bodenalgen. 
Österreichische Botanische Zeitschrift 111: 402–499. DOI: 10.1007/ 
bf01372910.

Rindi F. 2011. Terrestrial green algae: systematics, biogeography and 
expected responses to climate change. In: Climate change, ecology 
and systematics (Ed. by J.A.N. Parnell, M.B. Jones, S. Waldren & T. 
R. Hodkinson), pp. 201–228. Cambridge University Press, Cambridge, 
UK. DOI: 10.1017/CBO9780511974540.010.

Rippin M., Borchhardt N., Williams L., Colesie C., Jung P., Büdel B., 
Karsten U. & Becker B. 2018a. Genus richness of microalgae and 
cyanobacteria in biological soil crusts from Svalbard and Livingston 
Island: morphological versus molecular approaches. Polar Biology 41: 
909–923. DOI: 10.1007/s00300-018-2252-2.

Rippin M., Lange S., Sausen N. & Becker B. 2018b. Biodiversity of 
biological soil crusts from the polar regions revealed by 
metabarcoding. FEMS Microbiology Ecology 94: fiy036–fiy036. DOI:  
10.1093/femsec/fiy036.

Rodriguez-Caballero E., Belnap J., Büdel B., Crutzen P.J., Andreae M.O., 
Pöschl U. & Weber B. 2018. Dryland photoautotrophic soil surface 
communities endangered by global change. Nature Geoscience 11: 
185–189. DOI: 10.1038/s41561-018-0072-1.

Rybalka N., Andersen R.A., Kostikov I., Mohr K.I., Massalski A., 
Olech M. & Friedl T. 2009. Testing for endemism, genotypic 
diversity and species concepts in Antarctic terrestrial microalgae 
of the Tribonemataceae (Stramenopiles, Xanthophyceae). 
Environmental Microbiology 11: 554–565. DOI: 10.1111/j.1462- 
2920.2008.01787.x.

Rybalka N., Wolf M., Andersen R.A. & Friedl T. 2013. Congruence of 
chloroplast- and nuclear-encoded DNA sequence variations used to 
assess species boundaries in the soil microalga Heterococcus 
(Stramenopiles, Xanthophyceae). BMC Evolutionary Biology 13: 39. 
DOI: 10.1186/1471-2148-13-39.

Rzhetsky A. & Nei M. 1992. A simple method for estimating and testing 
minimum-evolution trees. Molecular Biology and Evolution 9: 945. 
DOI: 10.1093/oxfordjournals.molbev.a040771.

Schulz K., Mikhailyuk T., Dreßler M., Leinweber P. & Karsten U. 2016. 
Biological soil crusts from coastal dunes at the Baltic Sea: cyanobac
terial and algal biodiversity and related soil properties. Microbial 
Ecology 71: 178–193. DOI: 10.1007/s00248-015-0691-7.

Simon M., Jardillier L., Deschamps P., Moreira D., Restoux G., 
Bertolino P. & López-García P. 2015. Complex communities of 
small protists and unexpected occurrence of typical marine lineages 
in sDOIw freshwater systems. Environmental Microbiology 17: 
3610–3627. DOI: 10.1111/1462-2920.12591.

8 Phycologia
483

https://doi.org/10.1007/978-3-319-30214-0_4
https://doi.org/10.1016/j.seares.2009.10.002
https://doi.org/10.1007/978-3-642-39462-1
https://doi.org/10.1007/978-3-642-39462-1
https://doi.org/10.1111/jpy.12437
https://doi.org/10.1111/1574-6941.12065
https://doi.org/10.1111/1574-6941.12065
http://www.sequentix.de/
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1111/j.1472-4669.2007.00128.x
https://doi.org/10.1111/j.1472-4669.2007.00128.x
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1128/AEM.70.10.5963-5972.2004
https://doi.org/10.1128/AEM.70.10.5963-5972.2004
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1016/j.ympev.2007.02.014
https://doi.org/10.1016/j.protis.2009.02.002
https://doi.org/10.1007/978-3-642-33445-0_20
https://doi.org/10.1007/978-3-540-74002-5_1
https://doi.org/10.1080/09670262.2018.1557257
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1007/s11258-009-9626-z
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/B978-0-12-385876-4.00011-6
https://doi.org/10.1553/eco.mont-2-1s23
https://doi.org/10.1553/eco.mont-2-1s23
https://doi.org/10.1007/bf01372910
https://doi.org/10.1007/bf01372910
https://doi.org/10.1017/CBO9780511974540.010
https://doi.org/10.1007/s00300-018-2252-2
https://doi.org/10.1093/femsec/fiy036
https://doi.org/10.1093/femsec/fiy036
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.1111/j.1462-2920.2008.01787.x
https://doi.org/10.1111/j.1462-2920.2008.01787.x
https://doi.org/10.1186/1471-2148-13-39
https://doi.org/10.1093/oxfordjournals.molbev.a040771
https://doi.org/10.1007/s00248-015-0691-7
https://doi.org/10.1111/1462-2920.12591


Simons J. 1974. Vaucheria birostris n.sp. and some further remarks on 
the genus Vaucheria in the Netherlands. Acta Botanica Neerlandica 
23: 399–413. DOI: 10.1111/j.1438-8677.1974.tb00958.x.

Smith S.M., Abed R.M.M. & Garcia-Pichel F. 2004. Biological soil 
crusts of sand dunes in Cape Cod National Seashore, 
Massachusetts, USA. Microbial Ecology 48: 200–208. DOI:  
10.1007/s00248-004-0254-9.

Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis 
and post-analysis of large phylogenies. Bioinformatics 30: 1312–1313. 
DOI: 10.1093/bioinformatics/btu033.

Stecher G., Tamura K. & Kumar S. 2020. Molecular evolutionary genetics 
analysis (MEGA) for macOS. Molecular Biology and Evolution 37: 
1237–1239. DOI: 10.1093/molbev/msz312.

Swofford D.L. 2003. PAUP*. Phylogenetic Analysis Using Parsimony 
(*and Other Methods). Version 4. Sinauer Associates, Sunderland, 
Massachusetts, USA.

Tartari A. & Forlani G. 2008. Osmotic adjustments in a psychrophilic alga, 
Xanthonema sp. (Xanthophyceae). Environmental and Experimental Botany 
63: 342–350. DOI: 10.1016/j.envexpbot.2007.11.009.

van den Hoek C., Mann D.G. & Jahns H.M. 1995. Algae: an introduction 
to phycology. Cambridge University Press, Cambridge, UK. DOI:  
10.1017/S0025315400030794.

Weber B., Büdel B. & Belnap J. (eds.). 2016. Biological soil crusts: an 
organizing principle in drylands. Springer, Cham, Switzerland. DOI:  
10.1007/978-3-319-30214-0.

Yang E.C., Boo G.H., Kim H.J., Cho S.M., Boo S.M., Andersen R.A. & 
Yoon H.S. 2012. Supermatrix data highlight the phylogenetic relation
ships of photosynthetic Stramenopiles. Protist 163: 217–231. DOI:  
10.1016/j.protis.2011.08.001.

Yoon H.S., Andersen R.A., Boo S.M. & Bhattacharya D. 2009. 
Stramenopiles. In: Encyclopedia of microbiology, 3rd ed. (Ed. by 
M. Schaechter), pp. 721–731. Academic Press, Oxford, UK. DOI:  
10.1016/B978-012373944-5.00253-4.

Zuccarello G.C. & Lokhorst G.M. 2005. Molecular phylogeny of the 
genus Tribonema (Xanthophyceae) using rbcL gene sequence 
data: monophyly of morphologically simple algal species. 
Phycologia 44: 384–392. DOI: 10.2216/0031-8884(2005)44[384: 
MPOTGT]2.0.CO;2.

Rybalka et al.: Genotypic and phylogenetic diversity 9
484

https://doi.org/10.1111/j.1438-8677.1974.tb00958.x
https://doi.org/10.1007/s00248-004-0254-9
https://doi.org/10.1007/s00248-004-0254-9
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1016/j.envexpbot.2007.11.009
https://doi.org/10.1017/S0025315400030794
https://doi.org/10.1017/S0025315400030794
https://doi.org/10.1007/978-3-319-30214-0
https://doi.org/10.1007/978-3-319-30214-0
https://doi.org/10.1016/j.protis.2011.08.001
https://doi.org/10.1016/j.protis.2011.08.001
https://doi.org/10.1016/B978-012373944-5.00253-4
https://doi.org/10.1016/B978-012373944-5.00253-4
https://doi.org/10.2216/0031-8884(2005)44[384:MPOTGT]2.0.CO;2
https://doi.org/10.2216/0031-8884(2005)44[384:MPOTGT]2.0.CO;2


 

3.2. Рідкісні ціанобактерії в біокірочках: філогенія, таксономія, екологія 

 

3.2.1. Нові види з родів Cyanocohniella, Aliterella та Oculatella 

(Сyanobacteria) 

 

485



SHIFTING BOUNDARIES: ECOLOGICAL AND GEOGRAPHICAL RANGE EXTENSION
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The polyphasic approach has been widely applied
in cyanobacterial taxonomy, which frequently led to
additions to the species inventory. Increasing our
knowledge about species and the habitats they were
isolated from enables new insights into the ecology
of newly established genera and species allowing
speculations about the ecological niche of taxa.
Here, we are describing three new species belonging
to three genera that broadens the ecological
amplitude and the geographical range of each of
the three genera. Cyanocohniella crotaloides sp. nov.
is described from sandy beach mats of the
temperate island Schiermonnikoog, Netherlands,
Oculatella crustae-formantes sp. nov. was isolated from
biological soil crusts of the Arctic Spitsbergen,
Norway, and Aliterella chasmolithica originated from
granitic stones of the arid Atacama Desert, Chile.
All three species could be separated from related
species using molecular sequencing of the 16S
rRNA gene and 16S–23S ITS gene region, the
resulting secondary structures as well as p-distance
analyses of the 16S–23S ITS and various
microscopic techniques. The novel taxa described in

this study contribute to a better understanding of
the diversity of the genera Cyanocohniella, Oculatella,
and Aliterella in different habitats.

Key index words: 16-23S ITS; Atacama Desert;
polyphasic approach; Schiermonnikoog; Spitsbergen

Abbreviations: a.s.l, above sea level

Cyanobacteria are considered the most ancient
and ecologically important group of oxygenic pho-
tosynthetic microorganisms that has significantly
influenced the history of the Earth (Whitton 2012).
Nevertheless, their taxonomic resolution has been
historically challenging due to taxonomically unin-
formative characteristics and the nescience about
their ecological niche. For example, the sole use of
micromorphological features obtained by micro-
scopy as applied in the past is currently considered
insufficient for the definition of genera and species
(Taton et al. 2003, Kom�arek 2006, Engene et al.
2010). Instead, phylogenies based on the 16S rRNA
gene and 16S–23S ITS region, including secondary
structures, are currently widely used for generic defi-
nitions as they are more reliable (Kom�arek et al.
2014). Recently, the p-distances between aligned
ITS sequences were used as additional evidence for
species recognition and this has been so far
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consistent with recognition of near-cryptic to cryptic
taxa (e.g., Shalygin et al. 2019, V�azquez-Mart�ınez
et al. 2018, Gonz�alez-Resendiz et al. 2019). There-
fore, cyanobacterial taxonomy is now combining
molecular, ecological, and morphological data, thus
forming the so-called ‘polyphasic approach’ (Johan-
sen and Casamatta 2005). This approach has widely
been established leading to an extensive revision of
the classification system during the last decade
(Kom�arek et al. 2014).

In 2012, for example, based on phylogenetic and
morphological evidences, Zammit et al. (2012) sepa-
rated the genus Oculatella from the filamentous,
non-heterocytous genus Leptolyngbya, one of the
morphologically most poorly defined genera due to
their faintly differentiated trichome morphology.
The morphotype of the genus Oculatella was first
reported in 1988 by Albertano and Grilli-Caiola and
later described as Leptolyngbya ‘Albertano/Kov�a�cik-red’
(Kom�arek and Anagnostidis 2005). This seems sur-
prising since the Leptolyngbya isolate is actually
unique compared to other Leptolyngbya species,
based on the rhodopsin-like reddish inclusion at
the tip of mature apical cells (Albertano et al.
2000), a feature that has now become the main
characteristic of the whole genus Oculatella (Zammit
et al. 2012). Only a few other species within the
genus Oculatella have been described since the first
description (Osorio-Santos et al. 2014, Vinogradova
et al. 2017).

The type species Oculatella subterranea has been
reported from caves in the Mediterranean region,
including Italy, Spain, Malta, and Israel (Albertano
and Grilli Caiola 1988, Zammit et al. 2008a,b, 2011,
2012, Martinez and Asencio 2010, Osorio-Santos
et al. 2014). Subsequent species were described
from arid soils in Greece, the Atacama Desert, and
the Mojave Desert (O. neakameniensis, O. atacamensis,
O. mojaviensis, O. coburnii), a waterfall in Utah
(O. cataractarum), a German lake (O. hafneriensis; see
Osorio-Santos et al. 2014 for these species), a sea
cave in Kauai (O. kauaiensis; Miscoe et al. 2016),
and maritime sand dunes (O. kazantipica,
O. ucrainica; Vinogradova et al. 2017). The wide vari-
ety of habitats leads to the question of the ecologi-
cal range of the genus Oculatella.

A comparable situation is found in the recently
established genus Cyanocohniella within the family of
the filamentous and heterocytous Aphani-
zomenonaceae with C. calida as the only species
(Ka�stovsk�y et al. 2014). This species was isolated
already in 1863 from thermal springs of Karlovy
Vary (Carlsbad), Czech Republic, and was initially
described as Mastigocladus laminosus f. nostocoides.
Later, the strain got lost and was re-isolated and
finally described as C. calida (Ka�stovsk�y et al. 2014).
Due to its origin from thermal water >55°C, the spe-
cies and potentially the whole genus was considered
thermophilic (Ka�stovsk�y et al. 2014). Interestingly,
the species shows one of the most complex life

cycles known for cyanobacteria, ranging from a Pseu-
danabaena/Leptolyngbya-like stage over a Nostoc-like
stage to a Chlorogloeopsis-like stage causing problems
during microscopic investigations of environmental
samples.
In contrast to morphologically distinct heterocy-

tous cyanobacteria, coccoid unicellular species such
as the recently established genus Aliterella lack even
more morphological characters (Rigonato et al.
2016). This genus comprises the three aquatic spe-
cies A. atlantica, isolated from the water column of
the Atlantic close to south-east Brazil, A. antarctica,
found in a green turf alga from coastal Antarctica
(Rigonato et al. 2016), and finally A. shaanxiensis
isolated from water samples of a freshwater inland
lake in Shaanxi, China (Zhang et al. 2018).
Trying to determine whether a cyanobacterial spe-

cies is strictly assigned to a specific habitat and/or
geographical range is part of understanding its ecol-
ogy. However, in the past this could only be ques-
tionably achieved for a specific species as it was
possible that it might also be found in a completely
different geographic location or habitat which just
had not been investigated yet. Recently, the sup-
posed endemicity for originally geographically iso-
lated species such as the Antarctic species Wilmottia
murrayi (Struneck�y et al. 2011) has been challenged
based on sequences of the genus with high 16S
rRNA genetic identities (99–100%) from China,
USA, Spain, Bolivia, New Zealand, and Ireland
(Pessi et al. 2018). In contrast, for other species
such as Kastovskya adunca (M€uhlsteinov�a et al. 2014)
from soils of the Atacama Desert the concept of
endemicity and even substrate specificity can still be
applied.
Aiming for a better understanding of the three

cyanobacterial genera Aliterella (unicellular, aqua-
tic), Oculatella (filamentous, non-heterocytous,
mostly terrestrial or subaerial habitats), and Cyano-
cohniella (filamentous, heterocytous, thermophilic),
the present study reports and describes a new spe-
cies for each of the three genera, extending their
ecological and geographical range. Using molecular
sequencing of the 16S rRNA gene and 16S–23S ITS
gene region, the resulting secondary structures and
p-distance analyses of the 16S–23S ITS as well as var-
ious microscopic techniques, we describe three new
species: Aliterella chasmolithica sp. nov. from chas-
molithic biofilms of the Atacama Desert, Cyanocoh-
niella crotaloides sp. nov. from algal mats occurring in
front of the dune dyke at the North Sea barrier
island Schiermonnikoog and Oculatella crustae-for-
mantes sp. nov. from biological soil crusts from the
Arctic Spitsbergen.

MATERIALS AND METHODS

Sampling sites. Spitsbergen: Soil samples of the top centime-
ter were taken by Laura Briegel–Williams during August 2014
at Arctic Spitsbergen (Fig. 1A) within an area called Geopol
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(78°56058.38″ N, 11°28035.64″ E) where polygon formation
dominates skeletal soils. The biome is polar tundra with
4.5°C as the average temperature and 471 mm average pre-
cipitation occurring mainly from October to May when the
snow cover is complete (based on data from the Norwegian
Meteorological Institute). High coverage rates of cryptogams
dominated by cyanobacteria were reported for this location
(Williams et al. 2017) with Leptolyngbya antarctica, Microcoleus
vaginatus, and several Nostoc species as well as the Oculatella
strain PJ S28 (Jung et al. 2019a) described here.

Barrier Island Schiermonnikoog: Samples were collected in
May 2018 at mats from the lowest part of the supratidal to the
upper part of the intertidal zone of the sandy beaches
(53°28023.62″ N, 6°8032.47″ E) of the North Sea barrier island
Schiermonnikoog (Fig. 1B). The beach has a typical hydrologi-
cal zonation with an upper saline plume, terrestrial groundwater
discharge from the island aquifer, and a saltwater wedge (Robin-
son et al. 2007). The climate can be described as warm temper-
ate with 8.6°C as the mean average temperature and 806 mm
average precipitation (based on Climate-Data.org). The sandy
tidal sediments located at the north-western part of the island
are well-sorted grains between 100 and 200 µm diameter and
consists mainly of quartz, feldspars, heavy minerals, and <1%
carbonates arising from seashells; they are infested by microbial
mats that cover an area of more than 7 km2 (Kremer et al.
2008). Among the ephemeral seasonal microbial community,
phototrophic organisms such as Coleofasciculus chtonoplastes, Lep-
tolyngbya aestuari, Spirulina sp., Phormidium sp., and several Nodu-
laria species were found to be the most dominant organisms
(Bauersachs et al. 2011). The mats are influenced by seawater
during high tide as well as by rain, storms, floods, upwelling
freshwater, and ice covers. They sporadically lead to the destruc-
tion of the microbial mats that form throughout the year.

Atacama Desert: The National Park Pan de Az�ucar is situ-
ated in the northern part of the Atacama Desert, Chile
(Fig. 1C), and represents a fog oasis. The climate can be con-
sidered as arid with 16.2°C as the mean average temperature
and 14.7 mm of mean average precipitation (Baumann et al.
2018) with fog and dew as the main regular water sources
(Lehnert et al. 2018). The samples were taken in July 2017,
15 km away from the coast (26°06039.62″ S, 70°32054.51″ W)
where no vegetation was observed as described in Jung et al.
(2019b). From this area, only a few cyanobacteria such as Kas-
tovskya adunca, Pleurocapsa minor, Chroococcidiopsis sp., Pseu-
dophormidium sp., Nostoc sp., and others have been reported to
appear in the desert soil or aridisol and as hypolithic and
chasmoendolithic biofilms attached to exposed granite and
quartz boulders (Jung et al. 2019b). The chasmoendolithic
Aliterella strain PJ S15 discussed here was isolated from gran-
ite boulders (Jung et al. 2019b).

Culture conditions. The three strains Cyanocohniella sp. PJ
S45, Oculatella sp. PJ S28, and Aliterella sp. PJ S15 were iso-
lated by the procedure described in detail by Jung et al.
(2019a). In short, solidified Bold’s Basal Medium (BBM; Bis-
chof and Bold 1963) was used for enrichment cultures which
were incubated in a culture cabinet at 15–17°C under a light:-
dark regime of 14:10 h at a light intensity of about 20–
50 lmol photons � m�2 � s�1 for at least 4 weeks as described
in Langhans et al. (2009). The cultures were inspected sev-
eral times a week for the appearance of cyanobacteria and
colonies were transferred with a sterile metal needle to BG11
medium agar plates (Stanier et al. 1971). This was repeated
until unialgal cultures were achieved. Subcultures were gener-
ated by further serial transfers under sterile conditions to
exclude contamination with other cyanobacteria, green algae,
or fungi until unialgal isolates could be established.

Morphological characterization. The morphology of the three
isolates was checked weekly using light microscopy with oil

FIG. 1. Overview map of sampling sites. (a) Geopol at Spitsber-
gen in the Arctic. (b) the Dutch North Sea with barrier island
Schiermonnikoog. (c) National Park Pan de Az�ucar within the Ata-
cama Desert of Chile. Maps were created using snazzymaps.com.
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immersion and a 630-fold magnification (Axioskop; Carl
Zeiss) and AxioVision software (Carl Zeiss).

Fifty images were taken from each strain and trichome
diameters as well as the length and widths of the cells were
measured for 100 cells with ImageJ 1.47v. In the case of Cya-
nocohniella sp., cell sizes are given for the Nostoc-like stage
because this represents the dominant growth form of the
strain. The percentage of apical cells with a red tip from Ocu-
latella sp. PJ S28 was determined using presence or absence
of a red tip.

In addition, confocal laser scanning microscopy (CLSM)
was applied to investigate the position of the thylakoids. For
this, small portions of the isolates were transferred to a drop
of water on an objective slide before inspected with a CLSM
microscope (LSM 700; Carl Zeiss). The CLSM was equipped
with diode lasers and photomultiplier parameters were
adjusted to achieve the maximum signal from the autofluo-
rescence using beams of 639 nm wavelengths, oil immersion,
and a 630-fold magnification. Emitted wavelengths were col-
lected using a band-pass filter 530/30. Cyanobacterial natural
fluorescence was collected using a 590-nm-long pass filter.
Stack series comprising 30 single images with a distance of
1 µm were scanned through the samples of the cross sections
and their maximum projection was converted into 2-D pic-
tures using ImageJ 1.47v software.

DNA extraction, amplification, and sequencing. Genomic DNA
of each strain was extracted from unialgal cultures as
described by Jung et al. (2019b). Nucleotide sequences of the
16S rRNA gene together with the 16S–23S ITS region (1,700–
2,300 bases) were amplified as described by Marin et al.
(2005) using the primers SSU-4-forw and ptLSU C-D-rev. The
PCR products were cleaned using the NucleSpin� Gel and
PCR Clean-up Kit (Macherey-Nagel GmbH & Co. KG) follow-
ing the DNA and PCR clean up protocol. The cleaned PCR
products were sent to Seq-It GmbH & Co. KG (Pfaffplatz 10,
67655 Kaiserslautern, Germany) for Sanger sequencing with
the primers SSU-4-for, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil
16, and ptLSU C-D-rev (Wilmotte et al. 1993, Marin et al.
2005, Mikhailyuk et al. 2016). The generated sequences were
assembled and manually edited where appropriate using the
software Mega X (version 10.0.5; Kumar et al. 2018). The
sequences were submitted at NCBI GenBank and can be
found under the accession numbers MN243147 (Oculatella
crustae-formantes PJ S28), MN243143 (Cyanocohniella crotaloides
PJ S45), and MN243145 (Aliterella chasmolithica PJ S15).

Molecular characterization. The sequences were BLASTed
against the GenBank database in order to find the most similar
sequences which were subsequently incorporated into each
alignment. One alignment for each strain with Gloeobacter vio-
laceus PCC 7421 as root was prepared applying the ClustalW
algorithm for all alignments in Mega X. Finally, 110 nucleotide
sequences for the phylogenetic comparison of Oculatella sp. PJ
S28 (1,164 bp), 52 for Cyanocohniella sp. PJ S45 (1,264 bp), and
54 for Aliterella sp. PJ S15 (1,285 bp) were used. Ambiguous
regions within each alignment were adjusted or removed man-
ually allowing smaller final blocks and gap positions within the
final blocks. The evolutionary model that was best suited to the
used database was selected on the basis of the lowest AIC value
and calculated in Mega X. Phylogenetic trees were constructed
with Mega X using the evolutionary model GTR+G+I model of
nucleotide substitutions for the alignment which was previously
determined as best model calculated by Mega X for each align-
ment. The Maximum Likelihood method (ML) with 1,000
bootstrap replications was calculated for each alignment with
Mega X as well as Bayesian phylogenetic analyses with two runs
of eight Markov chains were executed for one million genera-
tions with default parameters with Mr. Bayes 3.2.1 (Ronquist
and Huelsenbeck 2003).

In some cases, the 16S phylogeny of cyanobacteria can
appear ambiguous for differentiating species, which was
recently demonstrated for, for example, the genus Desertifilum
(Gonz�alez-Resendiz et al. 2019). As an additional concept,
percent dissimilarity among aligned 16S–23S ITS regions was
displayed by calculating 100 9 uncorrected p-distance in
Mega X (Erwin and Thacker 2008, Shalygin et al. 2019,
Gonz�alez-Resendiz et al. 2019). The idea behind that is to
have a discontinuity between percent dissimilarity of popula-
tions in the same species (average ~1.0% or less, all pair-wise
comparisons <3% dissimilarity) and populations representing
separate species (>7% dissimilarity; Gonz�alez-Resendiz et al.
2019). When differences are between 3% and 7%, the cut-off
is not clear and a decision can be based on the other criteria
such as 16S phylogeny or morphology.

Models of the secondary structure of 16S–23S ITS region
of Oculatella sp. PJ S28 (D1-D1’, Box-B, V2, and V3 helices),
Cyanocohniella sp. PJ S45 (D1-D10, Box-B, and V3 helices), and
Aliterella sp. PJ S15 (D1-D10 and Box-B helices) in comparison
with several known species were built according to the mod-
els proposed in respective papers (Osorio-Santos et al. 2014,
Ka�stovsk�y et al. 2014, Vinogradova et al. 2017, Zhang et al.
2018). Helices were folded with the online software Mfold
(Zuker 2003) and visualized in the online tool PseudoViewer
(Byun and Han 2009).

Toxin characterization. Extracted genomic DNA of the
three strains was used to test potential ability of the cyanobac-
teria to synthesize mycrocystin and nodularin. The primer
pair HEPF/R targeting the mcyE/ndaF gene was used (Jung-
blut and Neilan 2006) as described by Gehringer et al. 2012.

Strains, herbarium specimens, and accession numbers. The
three cyanobacterial strains were deposited at the German
Collection for Microorganisms and Cell Cultures DSMZ
Braunschweig, Germany, as well as the culture collection SAG
of G€ottingen, Germany. The generated sequences were
deposited in GenBank and can be found under the accession
numbers MN243147 (Oculatella crustae-formantes PJ S28),
MN243143 (Cyanocohniella crotaloides PJ S45), and MN243145
(Aliterella chasmolithica PJ S15). From the cultures, herbarium
specimens were prepared. Species were described following
the rules and requirements of the International Code of
Nomenclature for algae, fungi, and plants (Turland et al.
2018). Furthermore young (3 weeks old) cultures were pre-
served in 4% formaldehyde, in 15-mL glass bottles. Preserved
material was then deposited in the Herbarium Hamburgense,
Hamburg, Germany.

RESULTS

Each of the three investigated cyanobacterial
strains was found to be unique based on its ecology,
morphology, distribution, phylogeny, p-distance
analysis of the 16S–23S ITS, and secondary struc-
tures. Because the combination of diacritical fea-
tures associated with these species did not
correspond with any described species of each of
the three genera, we here named the three strains
as the new species Aliterella chasmolithica sp. nov.,
Oculatella crustae-formantes sp. nov., and Cyanocoh-
niella crotaloides sp. nov.
Cyanocohniella crotaloides P. Jung, Mikhailyuk,

Emrich, Dultz et B€udel sp. nov. (Fig. 2, Table 1).
Description: Populations of Cyanocohniella cro-

taloides sp. nov. show a polymorphic life cycle. The
adult and main form resembles those of Nostoc-like
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thallus structures with curved, constricted filaments
that are embedded in a nonlamellated, fine and col-
orless sheath. The cells are round to spherical, 2.1–
3.7 µm in diameter, with parietal thylakoids, and
rarely with intercalary oval to spherical heterocyts.
Young filaments or motile hormogonia show a Pseu-
danabaena/Leptolyngbya-like morphology with con-
stricted cells that are cylindrical and 1.5–3.1 µm
wide. The apical cells of these filaments are longer
than wide, 1.5–3.1 µm, and oval to conical. Mature
filaments resemble a Chlorogloeopsis-like morphology
with cells of different sizes in one trichome formed
by cell division in two planes. The cells are spheri-
cal, oval, or irregularly shaped and vary from 2.6 to
5 µm. The filaments are ensheathed in a visible,
firm, and colorless sheath with apical and multiple
intercalary hormocytes. Akinetes are formed in this
stage and stayed attached to the filaments as single
cells or in series with a brownish color. The cells are
spherical to oval, 2.8–6.3 µm in diameter. The spe-
cies tested negatively for nodularin/microcystin
genes.

Habitat: Beach mats.
Etymology: ‘Crotaloides’ according to the rat-

tlesnake-like habit of the Chloreogloeoposis-like stage
where variable cell types and cell sizes are combined
and look like a rattle.

Type locality: -NETHERLANDS. Schiermonnikoog
island, North Sea: beach mats formed of fine sands,
elev. 2 m, 53°28023.62″ N, 6°8032.472″ E, collected
on 24.05.2018, and isolated by P. Jung.
Holotype: The preserved holotype specimen is

available via the Herbarium Hamburgense, Ham-
burg, Germany (HBG024670). It was prepared from
the living strain which was the source of 16S, ITS,
and 23S rRNA gene sequence deposited as Gen-
Bank accession number MN243143.
Reference strain: The reference strain is available

via the culture collection DSMZ Braunschweig
(DSM 109255) and the culture collection SAG of
G€ottingen, Germany (SAG 2592).
Phylogenetic relations and secondary structure of

the 16S–23S ITS: A total of 52 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Cyanocoh-
niella clade in the Cyanobacteria (Fig. 2A). ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. Cyanocohniella cro-
taloides sp. nov. is highly related to C. calida (99.9%)
with one nucleotide difference in the 16S rRNA
(Table S1 in the Supporting Information), but
shows great differences (12.7%) in the p-distance of
16-23S ITS rRNA gene (Table S2 in the Supporting
Information). The species shows major differences

FIG. 2. Phylogenetic tree and micrographs of Cyanocohniella crotaloides sp. nov. (A) Phylogenetic position of Cyanocohniella crotaloides sp.
nov. based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML boot-
strap support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the num-
bers of substitutions per site. (B) Chlorogloeopsis-like stage with brownish akinetes and different cell sizes in one trichome and multiple
branching. (C) Nostoc-like stage with Pseudanabaena/Leptolyngbya-like hormogonia that are marked with an Asterix. (D) CLSM image
showing the Nostoc-like stage. (E) germination of akinates. (F) Chlorogloeopsis-like stage. (G) Chlorogloeopsis-like stage with brownish akinetes.
(H) Pseudanabaena/Leptolyngbya-like motile hormogonia. [Color figure can be viewed at wileyonlinelibrary.com]
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in the secondary structures (Fig. 3) with three
helices that are quite similar, especially D-D1’ and
Box B. Main differences are in the loops, but there
are also several in paired regions (D1-D1’ and V3).
The V3 helix is shorter than in C. calida.

Differentiation against other species: The newly
isolated strain Cyanocohniella crotaloides PJ S45 has
smaller cells than Cyanocohniella calida during
almost all life stages. Also, the apical cells of the
Leptolyngbya/Pseudanabaena-like stage are only
slightly conical in contrast to the conical tips of
C. calida. Akinetes mainly stay attached in uni- to
multiseriate strings to the Chlorogloeopsis-like fila-
ments and are only rarely found singularly, whereas
those of C. calida are detached from the main fila-
ments as cell rows or single units. It can also be
separated from Komarekiella atlantica because the lat-
ter forms rounded macrocolonies, abundant hetero-
cytes, and quadratic cells during the hormogonium
stage.

Oculatella crustae-formantes, P. Jung, Briegel-Wil-
liams, Mikhailyuk et B€udel sp. nov. (Fig. 4, Table 2).

Description: The species has single filaments with-
out false branching that are 0.8–1.6 µm wide with a
firm sheath. The trichomes and single cells are 0.5–
1.1 µm wide (0.7 µm in average)/1.2–2.9 µm long,
frequently granulated, and constricted at the cross
walls with a parietal organization of the thylakoids.
Apical cells are longer than broad, 0.6–2.5 µm
wide/1.5–7.7(9.5) µm long with the typical orange
‘eye-spot’ in the very tip of the apical cells of mature
filaments. The species tested positively for nodu-
larin/microcystin genes.
Habitat: Biological soil crusts
Etymology: ‘crustae-formantes’ after the presence of

the species among a cyanobacterial-dominated bio-
logical soil crust
Type locality: -NORWAY. Arctic, Spitsbergen, Geo-

pol, elev. 64 m, 78°56058.38″ N, 11°28035.64″ E,

TABLE 1. Morphological comparison of Cyanocohniella species.

Cyanocohniella calida Cyanocohniella crotaloides sp. nov.

Color Blue-green Blue-green
Filaments Hypervariable, mainly Nostoc-like,

rarely with heterocytes
Hypervariable, mainly Nostoc-like,
rarely with heterocytes

Hormogonia Pseudanabaena/Leptolyngbya-like,
motile

Pseudanabaena/Leptolyngbya-like,
motile

Akinetes Single or in series, spherical to oval,
often with yellowish cell walls,
4–8(10) lm in diameter

Single or in series attached to
Chlorogloeopsis-like filaments,
spherical to oval, often yellowish,
2.8–6.3 lm in diameter

Necridia Absent Absent
Development: Young filaments Cell form Pseudanabaena/Leptolyngbya-like,

cylindrical, (1) 1.5(2) lm wide,
with intercalary cells (1)1.5–2.5 lm
long

Pseudanabaena/Leptolyngbya-like,
cylindrical, 1.5–3.1 lm wide

Constriction None or slightly at cross walls Marked
Sheath None or fine, colorless to yellowish None or fine, colorless
Apical cells Longer than wide 1.5–2.5 lm, oval to

conical, no calyptra
Longer than wide 1.5–3.1 lm, oval
to slightly conical, no calyptra

Adult filaments Cell form Nostoc-like, oval to spherical
(2)3.0–4.5(5) lm in diameter,
intercalary oval to spherical heterocytes
5–6(7) lm, one- to two-celled apical
hormocytes

Nostoc-like, round to spherical
2.1–3.7 lm in diameter,

Constriction Marked, attenuated toward apices Marked
Sheath Unlamellated, slightly attenuated

toward apices
None or fine, colorless

Apical cells Similar in form to common cells Similar in form to common cells
Mature filaments Cell form Chlorogloeopsis-like, cells spherical, oval,

or irregularly shaped, 2–7(8) lm in
diameter, with cells irregularly arranged
in ensheathed filaments, sometimes
evidencing cell division in two planes,
partly biseriate, with heterocytes rarely
present, one- to two-celled apical
hormocytes

Chlorogloeopsis-like, cells spherical,
oval, or irregularly shaped,
2.6–5 lm in diameter, with cells
irregularly arranged in ensheathed
filaments, sometimes evidencing
cell division in two planes, partly
biseriate, with heterocytes rarely
present, apical, and intercalar
hormocytes

Sheath Colorless to slightly yellow, usually thin,
unlamellated

Colorless, usually thin, unlamellated

Apical cells Similar in form to common cells similar in form to common cells
Habitat Thermal water (47°C), Karlovy Vary,

Czech Republic
Beach mat, Schiermonnikoog,
Netherlands
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collected by L. Briegel-Williams in 2015, and iso-
lated by P. Jung.

Holotype: The preserved holotype specimen is
available via Herbarium Hamburgense, Hamburg,
Germany (HBG024671). It was prepared from the
living strain which was the source of 16S, ITS, and
23S rRNA gene sequence deposited as GenBank
accession number MN243147.

Reference strain: The reference strain is available
via the culture collection DSMZ Braunschweig
(DSM 109267) and the culture collection SAG of
G€ottingen, Germany (SAG 2593).

Phylogenetic relations and secondary structure of
the 16S–23S ITS: A total of 111 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Oculatella
clade in the cyanobacteria (Fig. 4A). The ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. Oculatella crustae-for-
mantes sp. nov. falls within the Oculatella clade
(95.6%–98.8%) at a separated position (Fig. 4A,
Table S3 in the Supporting Information). Addition-
ally, dissimilarity of >16.2% could be detected
among the 16S–23S ITS genes of all tested Oculatella
species (Table S4 in the Supporting Information).
Secondary structures of main informative helices of

16S–23S ITS showed general similarity with known
species, but also some variability (Fig. 5): multiple
differences in paired regions and loops of D1-D1’,
Box B, and V2 helices. The V3 helix is longer than
in known species and characterized by multiple
insertions of base pairs in the middle part.
Differentiation against other species: Oculatella

crustae-formantes sp. nov. differs by having smaller
minimum widths (0.7 lm in average) than all other
known species (minimum widths varying from 0.8 to
1.6 lm) and never shows false branching or multi-
ple filaments in one sheath.
Aliterella chasmolithica, P. Jung, Schermer, Mikhai-

lyuk et B€udel sp. nov. (Fig. 6, Table 3).
Description: Microscopic irregular or rounded

colonies with variable number of cells (up to 32–64
cells or more), usually aggregated into irregular,
extended, compact multicolonial groups, sometimes
solitary cells. Mucilage unstratified, colorless, and
firm surrounding cells and colonies. Cells mostly
irregular to rounded, 1.5–3.2 lm long, 1.5–2.4 lm
in diameter with parietal thylakoids. Cell contents
blue-green, slightly granulated, or sometimes homo-
geneous. Thylakoids parietal. Reproduction by sim-
ple binary cell division in three or more planes. The

FIG. 3. Secondary structure of the main informative helices of region 16S–23S ITS of Cyanocohniella species. All differences between
strains are presented in comparison to the authentic strain of C. calida (CCALA 1049). Variable bases are shown with arrows, places of
insertions/deletions of base pairs are marked with arrowheads, homological base pairs among both species are indicated by dotted lines.
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species tested negatively for nodularin/microcystin
genes.

Habitat: Chasmolithic in boulders of granite.
Etymology: ‘chasmolithica’ after the chasmolithic

occurrence of the species within fissures and cracks
of granite stones and rocks.

Type locality: -CHILE. Atacama Desert: Pan de
Az�ucar National Park, elev. 409 m, 26°06’39.62” S;
70°32’54.51” W, collected on July 23, 2017, and iso-
lated by P. Jung.

Holotype: The preserved holotype specimen is
available via Herbarium Hamburgense, Hamburg,
Germany (HBG024669). This was prepared from
the living strain which was the source of 16S, ITS,
and 23S rRNA gene sequence deposited as Gen-
Bank accession number MN243145.
Reference strain: The reference strain is available

via the culture collection DSMZ Braunschweig
(DSM 109265) and the culture collection SAG of

FIG. 4. Phylogenetic tree and micrographs of Oculatella crustae-formantes sp. nov. (A) phylogenetic position of Oculatella crustae-formantes
sp. nov. based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML
bootstrap support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the
numbers of substitutions per site. (B) CLSM image, (C–E) filaments with sheaths and yellow ‘eye-spot’ at the tip of mature filaments.
[Color figure can be viewed at wileyonlinelibrary.com]
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G€ottingen, Germany (temporary strain number SAG
NA2019.003).

Phylogenetic relations and secondary structure of
the 16S–23S ITS: A total of 54 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Aliterella
clade in the Cyanobacteria (Fig. 6A). The ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. A. chasmolithica sp.
nov. joins a clade of uncultured bacterial OTUs
(97.6–98.8% similarity) in close vicinity to the three

known Aliterella species: A. atlantica (93.7%),
A. antarctica (96.5%) and A. shaanxiensis (97.2%;
Fig. 6A, Table S5 in the Supporting Information).
Furthermore, dissimilation of >12.8 % could be
observed within the 16S–23S ITS genes of Aliterella
strains during p-distance calculations (Table S6 in
the Supporting Information). The secondary struc-
ture of the main informative helices of 16S–23S ITS
(Fig. 7) shows some differences in paired regions
and loops of the upper part of D1-D1’ helix as well
as lower and upper part of Box B helix.
Differentiation against other species: The

described species Aliterella chasmolithica can be distin-
guished from A. atlantica, A. antarctica, and
A. shaanxiensis by a smaller cell size. It can further
be distinguished from A. shaanxiensis by more
rounded cells.

DISCUSSION

According to the polyphasic approach, the concept
of cyanobacterial genera and especially species
descriptions should comprise a unique phylogenetic
position, distinct morphological separation, as well as
related ecological factors (Kom�arek et al. 2014).
Nowadays, genera are rather unambiguously defined
as a collection of species that forms a monophyletic
clade (e.g., Gonz�alez-Resendiz et al. 2019). However,
the discussion about ‘what constitutes a species?’
based on genetics started even before Stackebrandt
and Goebel (1994) suggested that strains with <97.5%
16S rRNA sequence similarity should be considered as
separate species, while those with less than 95% simi-
larity should likely be considered as separate genera.
Stackebrandt (2006) changed the cut-off points to

higher values which was even more strictly sup-
ported by the cut-offs proposed in Yarza et al.
(2014; 98.7% for species, 94.5% for genera). Many
recent studies have shown that cyanobacterial spe-
cies have distinct morphological features even above
a similarity level of 97.5% (Osorio-Santos et al.
2014, Gonz�alez-Resendiz et al., 2019, Konstantinou
et al. 2019) and some authors even suggest a cut-off
level for, for example, genera within the Nostocales
of 98% similarity and for species of <99% (Ka�stovsk�y
et al. 2014). An additional and recent example for
comparable cut-off levels in pleurocapsalean
cyanobacterial species is the newly described
cyanobacterium Odorella benthonica that shows
99.92% similarity to Pleurocapsa minor JQ070059 and
is separated by striking morphological and ecologi-
cal differences (Shalygin et al. 2019). For these rea-
sons the p-distance dissimilarity analysis of the ITS
appears as a valuable addition to the molecular
setup that has been applied since a few years at least
for cryptic taxa (e.g., Gonz�alez-Resendiz et al. 2019).
Nevertheless, similarity cut-off levels always represent
only a part of the evidence to separate genera or
species.

FIG. 5. Secondary structure of the main informative helices of
region 16S–23S ITS of some terrestrial Oculatella species. All dif-
ferences between strains are presented in comparison to the
authentic strain of O. neakameniensis (Kovacik 1990/54). Variable
bases are shown with arrows, places of insertions/deletions of
base pairs are marked with arrowheads, homological base pairs
among different species are indicated by dotted lines.
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The assignment of such a new species or genus to
a specific ecological niche or substrate can be seen
as an extension of the polyphasic approach, but it
will remain not more than a careful assumption in
most cases. Nevertheless, the idea of a distinct habi-
tat or substrate specificity developed from well-
known cases of a number of genera can clearly show
restrictions to marine, thermic, or even terrestrial
locations. For example, some freshwater aquatic
genera such as Dolichospermum, Aphanizomenon, Cylin-
drospermopsis, and Woronichinia were not found out-
side the freshwater habitat niche. There is also a
series of species such as the subaeric Komarekiella
atlantica that are restricted to the tropics
(Hentschke et al 2017). This might be linked to
their inability to survive freezing (Neustupa and
�Skaloud 2008) or to the knowledge that other
strains prefer or even exclusively occur under arid
conditions such as Gloeocapsopsis sp. AAB1 (Azua-
Bustos et al. 2014) or Spirirestris rafaelensis (Flechtner
et al. 2002). This is still challenging even for already
established genera and species and should be stated
carefully because the inventory of cyanobacterial
species is by far not complete as this study demon-
strates. Especially genera that comprise only one or
a few species with a putative ecology could hold

some surprises because future studies will easily be
able to add further species to a genus that might be
from opposing habitats.
Cyanocohniella. Ka�stovsk�y et al. (2014), for

example, already considered an unresolved ecology
of the genus Cyanocohniella by pointing out that
C. calida might be found all over the world, analog
to Mastigocladus laminosus (Petersen 1923, Miller
et al. 2007, Finsinger et al. 2008), since both species
are sharing the same type of habitat, namely, ther-
mal springs. Our finding of C. crotaloides sp. nov. as
a highly related species from the North Sea demon-
strates that the genus does not seem to be a purely
thermophilic clade. However, a certain thermotoler-
ance would probably still be given also in C. cro-
taloides sp. nov. because it appears in algal beach
mats which are regularly exposed to the sun. Quartz
sand in combination with reflections from water
puddles could easily reach temperatures beyond
50°C at least during the summer months. It remains
speculative whether this assumed thermotolerance
gives C. crotaloides sp. nov. a competitive advantage
over other taxa within microbial mats described as
highly diverse (Bauersachs et al. 2011). Testing this
hypothesis might be challenging since C. crotaloides
sp. nov. is very unstable in its morphology, with a

FIG. 6. Phylogenetic tree and micrographs of Aliterella chasmolithica sp. nov. (A) Phylogenetic position of Aliterella chasmolithica sp. nov.
based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML bootstrap
support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the numbers
of substitutions per site. (B) CLSM image of Aliterella sp. nov. (C) and (D) compact and irregular thallus composed of numerous colonies
or solitary cells with colorless and firm mucilaginous envelope. [Color figure can be viewed at wileyonlinelibrary.com]
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life cycle (Fig. 2, B–H) that is among the most com-
plex ones observed in all of the cyanobacteria which
makes the taxon difficult to identify especially in
environmental samples. The various stages of both
Cyanocohniella species can easily be mixed up with
Pseudanabaena, Nostoc, and Chlorogloeopsis species. In
contrast, Cyanocohniella crotaloides sp. nov. can easily
be distinguished from C. calida by its multiseriate
brownish akinetes that remain attached to the
Chlorogloeopsis-like filament and contribute to the rat-
tle-like appearance (Fig. 2B). The morphologically
similar cyanobacterium Komarekiella atlantica was
described in 2017 by Hentschke et al. It grew on
the bark of trees, wood, and concrete in the Brazil-
ian Atlantic rainforest and Hawaii and shares the
complex life cycle. This species differs from C. calida
and C. crotaloides by its rounded macrocolonies,
abundant heterocytes, and the quadratic cells dur-
ing the hormogonium stage. Interestingly, K. atlan-
tica is phylogenetically more related to Goleter and
Roholtiella than to Cyanocohniella (Fig. 2), although
the two genera are morphologically alike. In con-
trast, both Cyanocohniella species are rather closely
related (Table S1; 99.9%) with only one nucleotide

difference in the 16S rRNA and large dissimilarities
within the 16S–23S ITS regions as demonstrated by
p-distance calculations (Table S2; 12.7%). Further-
more, the secondary structures (Fig. 3) such as sev-
eral different bases in the paired region of the D1-
D1’ and V3 helices as well as a shorter V3 helix in
comparison to C. calida support the definition of
C. crotaloides sp. nov. as a new species within the
genus.
Oculatella. Since its separation from the Lep-

tolyngbyaceae in 2012 by Zammit et al. (2012) until
today, 11 species have been described belonging to
the genus Oculatella. Although the morphological
characteristics, which allow a differentiation between
the species, are rather cryptic, the 16S rRNA enables
further distinction (e.g., Osorio-Santos et al. 2014).
The single Oculatella species is worth taxonomic
recognition and a further split, as it allows insights
into its pattern of speciation, a rare exception
regarding investigations of the biogeography within
one cyanobacterial genus. The genus comprises very
rare if not endemic species such as O. atacamensis,
O. kauaiensis, O. cataractarum, and O. hafneriensis
(Osorio-Santos et al. 2014), besides others that are

TABLE 3. Morphological comparison of Aliterella species.

A. atlantica A. antarctica A. shaanxiensis A. chasmolithica sp. nov.

Thallus Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or rarely isolated
ensheathed cells

Colony shape Mostly irregular,
sometimes rounded

Mostly irregular,
sometimes rounded

Mostly irregular,
sometimes rounded

Mostly irregular, sometimes
rounded

Number of
cells in
colony

Variable (up to 32–64
cells or more)

Variable (up to 32–64
cells or more)

Variable (up to 32–64 cells
or more)

Variable (up to 32–64 cells
or more)

Mucilage Firm surrounding cells
and colonies, colorless

Firm surrounding the
cells and colonies,
colorless to brownish

Firm surrounding cells and
colonies, colorless

Firm surrounding the cells
and colonies, colorless to
brownish

Cell size 3.0–4.8 lm long
(mean = 3.7 lm), 2.0–
3.3 lm diameter
(mean = 2.7 lm)

3.4–5.8 lm long
(mean = 4.5 lm), 2.5–
4.6 lm in diameter
(mean = 3.5 lm)

2.8–3.7 lm long
(mean = 3.3 � 0.3 lm,
n = 40), 2.0–2.7 lm in
diameter
(mean = 2.2 � 0.2 lm,
n = 40)

1.5–3.2 lm long
(mean = 2.6 � 0.4), 1.5–
2.4 lm in diameter
(mean = 1.9 � 0.2)

Length/
Diameter

1.1–2 (mean = 1.4) 1.0–1.7 (mean = 1.3) 1.3–1.7 (mean = 1.5) 0.7–2.0 (mean = 1.3 � 0.2)

Cell shape Cylindrical with rounded
ends, sometimes
irregular

Cylindrical with rounded
ends or, less frequently,
near spherical, or
irregular

Cylindrical with rounded
ends

Cylindrical with rounded
ends or, less frequently,
near spherical, or
irregular

Cell content Granulated, sometimes
homogeneous

Granulated, sometimes
homogeneous

Slightly granulated,
sometimes homogeneous

Granulated, sometimes
homogeneous

Color Blue-green Blue-green Blue-green Blue-green
Thylakoids Irregular with a higher

concentration in the cell
periphery

Irregular with a higher
concentration in the cell
periphery

Parietal Parietal

Reproduction Simple binary cell
division in three or
more planes

Simple binary cell
division in three or
more planes

Simple binary cell division
in three or more planes

Simple binary cell division
in three or more planes

Habitat Marine planktonic,
Atlantic Ocean

On polar coastal
ornithogenic soil,
Antarctica

Freshwater planktonic,
China

Chasmoendolithic in
granite, Atacama Desert
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FIG. 7. Secondary structure of the main informative helices of region 16S–23S ITS of Aliterella species. All differences between strains
are presented in comparison to the authentic strain of A. atlantica (CENA 595). Variable bases are shown with arrows, places of inser-
tions/deletions of base pairs are marked with arrowheads, homological base pairs among different species are indicated by dotted lines.
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more frequently occurring with a broader geograph-
ical extension such as O. subterranea (Kom�arek and
Anagnostidis 2005, Zammit et al. 2012). However,
the newly described O. crustae-formantes sp. nov. is
the first report of an Oculatella species from a con-
siderable cold habitat in the high Arctic. This
demonstrates that the movement of propagules of
Oculatella species across great distances (via e.g.,
water, wind, migratory birds), which subsequently
leads to speciation seems to be not as rare as specu-
lated by Osorio-Santos et al. (2014). Besides its
remote origin and ecology, O. crustae-formantes sp.
nov. can be separated from all other species within
the genus by its small cell size with filament widths
that rarely exceed 1.6 µm (Fig. 4, B–E; Table 2).
Phylogenetically it forms a separate lineage in Ocu-
latella, with highest similarity of 16S rRNA to
O. ucrainica (Table S3, 98.8%). Separation of this
strain is also supported by high dissimilarity values
of the 16S–23S ITS gene region (Table S4). P-dis-
tance analysis also indicates that the initial species
concept within the genus Oculatella might be too
narrow since the dissimilarity percentage among
O. kazantipica, O. ucrainica, O. atacamensis,
O. coburnii, and O. neakameniensis are below the
threshold of 3%. The secondary structure of infor-
mative helices of 16S–23S ITS (Fig. 5) shows differ-
ences in paired regions and loops of D1-D1’, Box-B,
and V2 helices and multiple insertions of base pairs
in the middle part of V3 helix.
Aliterella. The presence of an Aliterella species

within naturally occurring cracks and fissures of
granite boulders from the Atacama Desert clearly
points to the fact that the genus is not strictly aqua-
tic. During the phylogenetic analysis, A. chasmolithica
sp. nov. showed highest similarities to the uncul-
tured bacterium YF912 (Table S5; 89.8%) which was
isolated from a natural carbonate surface in the
Yunnan stone forest of China. Our strain clusters
together with the latter and a few other uncultured
bacterial strains in distance to the described species
A. shannxiensis, A. antarctica, and A. atlantica which
could indicate a split in the genus between aquatic
and terrestrial/lithophilous species. Rigonato et al.
(2016) as well as Zhang et al. (2018) already stated
that it is likely that the genus could have a broad
ecological amplitude which might be clarified dur-
ing future discoveries of further species that belong
to this genus. However, both author teams proposed
the new monotypic family Aliterellaceae within the
order Chroococcidiopsidales to accommodate this
genus, which is supported by our data. This can be
compared to the novel and highly related Sinocap-
saceae which was suggested incertae sedis recently,
with Sinocapsa zengkensis CHAB 6571 (Aliterella antar-
tica CENA 408 had the maximum similarity with
94%; Fig. 6) as the only member since the order
Chroococcidiopsidales is currently not monophyletic
(Wang et al. 2019). Besides its ecology, A. chasmolith-
ica sp. nov. also differs from the three described

species mainly by a smaller cell size (Fig. 6, B–D;
Table 3). The secondary structure of the main infor-
mative helices of 16S–23S ITS (Fig. 7) shows some
differences in paired regions and loops of D1-D1’
and Box B helices.

CONCLUSIONS

The three new cyanobacterial species Cyanocoh-
niella crotaloides (Schiermonnikoog Island, Nether-
lands), Oculatella crustae-formantes (Spitsbergen,
Arctic), and Aliterella chasmolithica (Atacama Desert,
Chile) described here contribute to the overall
understanding of the three recently established gen-
era and are broadening the ecological amplitude of
each of them. The new species allow new insights
into the identities of several uncultured cyanobacte-
rial sequences available in the GenBank database,
which are likely belonging to these three genera.
We would like to encourage future descriptions of
even cryptic taxa that lack well-developed morpho-
logical characteristics by comparing also the p-dis-
tance dissimilarity as a holistic approach since this
helps to aim for a more complete species inventory
and to understand the ecology as well as the bio-
geography of cyanobacterial genera.
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Introduction

The genus Oculatella Zammit, Billi & Albertano, which 
is morphologically similar to the genus Leptolyngbya 
Anagnostidis & Komárek, was separated from the latter 
on the basis of differences in sequence of  the 16S rRNA 
gene and the secondary structure of the 16S-23S ITS 
region (Zammit et al., 2012; Osorio-Santos et al., 2014). 
The name of the genus is due to the photosensitive reddish 
eyespot (oculus) at the tip of mature apical cells, clearly 
visible in a light microscope. Recently, we reported the 
discovery on the Sea of Azov coast morphotypes of 
thin filamentous cyanobacteria possessing mentioned 

autapomorph and with nucleotide sequence of the 16S  
rRNA gene completely corresponding to Oculatella 
(Mikhailyuk et  al., 2016). A new detailed analysis of 
these strains, based on the phylogeny of the 16S rRNA 
gene concatenated with the 16S-23S ITS region, as well 
as secondary structures of the most informative helices 
of the 16S-23S ITS, showed that our strains differ from 
all known Oculatella species. Further morphological 
observations and molecular study of the isolated 
strains revealed that in the crusts of seaside habitats, 
in fact, there are two species, each having a number of 
differences from known representatives of this genus. 
In parallel, studying samples of cyanobacterial crusts 
from several areas of the cretaceous outcrops in Kharkiv 
Region, we also found morphotypes of Oculatella, 
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Abstract. Here we describe two new species of Oculatella Zammit, Billi & Albertano from terrestrial habitats of Ukraine:  
O. ucrainica sp. nov. and O. kazantipica sp. nov. The strains were isolated from biological crusts collected at the Sea of Azov 
conqina beach, and both clay slopes and chalk outcrops in the Kharkiv Region. Five strains evaluated in this study phenotypically 
and phylogenetically differed both among each other and from other species of this genus. On the phylogenetic tree based on 
16S rRNA gene sequence comparison, original strains joined already known species of Oculatella forming isolated lineages, one 
of which joined the group of drought-resistant terrestrial species (O. ucrainica), while another (O. kazantipica) grouped together 
with terrestrial O. neakameniensis Kováčik et Johansen and aquatic O. hafneriensis Kováčik et Johansen. The phylogeny based 
on the 16S rRNA gene concatenated with the 16S-23S ITS region, as well as secondary structures of the most informative helices 
of the 16S-23S ITS confirmed new species designation. Filaments of O. ucrainica are narrower (1.5–3.0 μm), and trichomes 
are wider (1.3–2.7 μm) comparing to O. kazantipica (its filaments are 1.3–7.5 μm wide, trichomes 1.1–1.7 μm wide). The new 
species also differ from one another in sheath morphogenesis, appearence of trichomes, and cell length. Oculatella ucrainica 
morphologically and phylogenetically is close to desert species O. coburnii Pietrasiak et Johansen, differing in the higher degree 
of sheath formation, wider trichomes, apical cells without irregular outgrowth, and by composition and secondary structure of 
16S-23S ITS region. O. kazantipica is similar to O. hafneriensis and O. neakameniensis, from which it differs in more abundant 
sheath, false branching, granulations at cross walls, longer intercalary cells, and by composition and secondary structure of its  
16S-23S ITS region.  
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LIBRA 120 transmission electron microscopes at 80 kV. 
Images were captured with a TRS 2k SSCCD camera 
and further processed using Adobe Photoshop software 
(Adobe Systems Inc., San José, California, USA).

DNA isolation, PCR, sequencing and phylogenetic 
analysis

DNA of the cyanobacterial strains was extracted 
using the DNeasy Plant Mini Kit (Qiagen GmbH, 
Hilden, Germany) according to the manufacturer's 
instructions. Nucleotide sequences of the 16S rRNA 
gene together with 16S-23S ITS region were amplified 
using Taq PCR Mastermix Kit (Qiagen GmbH) and 
primers SSU-4-forw and ptLSU C-D-rev (Marin 
et al., 2005) in a thermocycler Tgradient Thermoblock 
(Biometra, Germany) under the conditions described 
in our previous paper (Mikhailyuk et  al., 2016). PCR 
products were cleaned using a Qiagen PCR purification 
kit (Qiagen GmbH) according to the manufacturer's 
instructions. Cleaned PCR products were sequenced 
commercially by Qiagen Company using primers 
SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 
16 and ptLSU C-D-rev (Wilmotte et al., 1993; Marin 
et  al., 2005). The resulting sequences were assembled 
and edited using Geneious software (version 8.1.8; 
Biomatters). They were deposited in GenBank under 
the accession numbers MG652616-MG652620. 

For comparison with five original strains, we used 
63 nucleotide sequences of representatives of the 
order Synechococcales available in GenBank (NCBI*). 
Sequence of Oculatella hafneriensis Kováčik et Johansen 
used in the study was provided by Jeffrey R. Johansen 
(John Carroll University, University Heights, USA) 
during personal communication and deposited by us in 
GenBank under the accession number and authorship 
of mentioned person. Sequence of O.  hafneriensis 
previously deposited in GenBank (DQ085093) has some 
doubtful parts and lacking the 16S-23S ITS region. 

Multiple alignment of the nucleotide sequences 
for phylogeny based on the 16S rRNA gene was made 
using Mafft web server (version 7, Katoh and Standley, 
2013) followed by manual editing in the program 
BioEdit (version 7.2). Alignment for the phylogeny of 
the 16S-23S ITS region was performed manually in 
BioEdit, taking into account the secondary structure of 
the RNA in the region. The evolutionary model that is 
best suited to the used database was selected on the basis 
of the lowest AIC value (Akaike, 1974) calculated in 
MEGA (version 6, Tamura et al., 2013). Phylogenetic 

* See the Electronic Supplement in the online version of the article: 
https://ukrbotj.co.ua/archive/74/6/509

which we managed to isolate into culture. It turned out 
that one of these strains morphologically, as well as by 
a number of molecular markers, completely coincides 
with the three strains from the seacoast.

The paper reports on two new species of Oculatella 
from the terrestrial environments of Ukraine described 
using combined molecular and morphological data.

Materials and methods

Isolation of the strains, culture conditions, light and 
transmission electron microscopy

The strains in this study were isolated from the 
samples of biological soil crusts collected on the coast of 
the Sea of Azov in Kazantip Nature Reserve (Leninsky 
District, the Crimea) and at the chalk outcrops in 
Dvorichansky District of Kharkiv Region (Table 1). 
Sampling and processing of collected material were 
described in details in our previous paper (Mikhailyuk 
et al., 2016).

All strains were maintained on 1N BBM (Bischoff 
and Bold, 1963) and BG-11 (Stanier et  al., 1971) 
agarized media at 12 : 12 light : dark photoperiod at 
+20 ± 5ºС. Morphological examinations of cultures 
of cyanobacteria starting from 2 weeks and up to 6 
months of cultivation were performed using Olympus 
BX51 light microscope with Nomarski DIC optics. 
Photomicrographs were taken from live material 
with digital camera Olympus UC30 attached to the 
microscope and processed by software cellSens Entry.

Reference cultures of newly described species (KZ-
5-4-1 and KZ-19-s-2) were deposited in the culture 
collection of University of Göttingen, Germany (SAG 
2563, 2567). All other Oculatella strains are maintained 
in the algal culture collection at University of Rostock, 
Germany. For each newly described Oculatella species, 
a herbarium accession was prepared. Young (3–4 
weeks) cultures of reference strains were preserved in 
4% formaldehyde in a 15 mL glass bottle. The preserved 
material was then deposited in the Herbarium of the 
M.G.  Kholodny Institute of Botany, NAS of Ukraine 
(KW-A 32375-32376).

Samples were fixed for transmission electron 
microscopy (TEM) using a standard chemical fixation 
protocol (2.5% glutaraldehyde, 1% OsO

4
 in 10 mM 

caccodylate buffer, pH 6.8) according to Holzinger et al. 
(2009). Samples were dehydrated in increasing ethanol 
concentrations, transferred to modified Spurr´s resin 
and heat polymerized. For TEM, ultrathin sections 
were prepared, counterstained with uranyl acetate 
and Reynold's lead citrate, and investigated by a Zeiss 
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clade (Fig. 1). More detailed phylogenetic analysis on 
the base of 16S rRNA gene sequence concatenated with 
the 16S-23S ITS region reflected differences in gene 
identities of the original strains. One of the seaside strains 
(KZ-19-s-2) grouped in subclade with O.  hafneriensis 
Kováčik et Johansen and O. neakameniensis Kováčik et 
Johansen, while the other three together with "chalky" 
strain joined the group of drought-resistant terrestrial 
species of Oculatella inhabiting arid to semi-arid desert 
soils: O.  atacamensis Osorio-Santos et Johansen, 
O.  mojaviensis Pietrasiak et Johansen and O.  coburnii 
Pietrasiak et Johansen (Osorio-Santos et  al., 2014). 
The four strains (KZ-5-4-1, KZ-7-1-4, KZ-12-1 and  
Vin-4-4-1) represent a new species O.  ucrainica sp. 
nov. (see below); the fifth strain (KZ-19-s-2) despite 
closeness to O. neakameniensis and O.  hafneriensis 
formed a highly supported separate lineage which 
corresponded to another new species described here as 
O. kazantipica sp. nov. (see below).

Comparison of the main helices of 16S-23S ITS 
secondary structure of our isolates and phylogenetically 
close species (Fig.  3) showed general similarity of all 
Oculatella strains especially in structure of D1-D1' and 
Box-B helices. Our newly described species differ 
from close known taxa by one unique base in D1-
D1' and Box-B helices (O.  ucrainica) and by two 
unique bases in D1-D1' helix and one unique base 
in Box-B helix (O.  kazantipica). V-3 helix is quite 
similar in all compared taxa, but has the most unique 
base composition in O. hafneriensis (15 unique bases). 
O.  neakameniensis differs as well by unique structure 

trees were constructed in the program MrBayes 3.2.2 
(Ronquist, Huelsenbeck, 2003), using an evolutionary 
model GTR + G + I, with 5,000,000 generations. 
Two of the four runs of Markov chain Monte Carlo 
were made simultaneously, with the trees, taken every 
500 generations. Split frequencies between runs at the 
end of calculations were below 0.01. The trees selected 
before the likelihood rate reached saturation were 
subsequently rejected. The reliability of tree topology 
verified by the maximum likelihood analysis (ML) 
were made using the program GARLI 2.1. Models of 
the secondary structure of 16S-23S ITS region of the 
original strains were built according to published data 
(Osorio-Santos et al., 2014). Helices were folded with 
the online software mfold (Zuker, 2003) and visualized 
in the online tool Pseudoviewer (Byun, Han, 2009).

Results and discussion

The study of enrichment cultures of the samples of 
biological crusts from the coast of the Sea of Azov 
and chalk outcrops in Kharkiv Region revealed that 
thin filaments with reddish eyespot in mature apical 
cells occur quite common: we found them in 57% of 
the samples from the sea coast and 69% from chalks. 
Morphological evaluation of selected original strains 
(Table 2) confirmed taxonomical designation into 
the genus Oculatella. Phylogenetic analysis based on 
16S rRNA gene sequence comparison supported this 
matching. Our strains, morphologically attributed 
to genus Oculatella, on the phylogenetic tree joined 
already known species of this genus, forming an isolated 

Table 1. Sampling sites for the Oculatella strains reported in this study

Strain ID Location GPS-coordinates
Sampling

date
Site description

KZ-5-4-1

The coast of the Sea of Azov, vicinities of 

Kazantip Nature Reserve, spit of  

Aqtash Lake

45°43′85″ N 35°85′25″ E 08.08.2012

Coquina beach, 10 m from the water's edge, 

cyanobacterial-algal crusts with dominance 

of Nostoc edaphicum Kondrat.

KZ-7-1-4

The coast of the Sea of Azov, vicinities of 

Kazantip Nature Reserve, spit of  

Aqtash Lake

45°43′85″ N 35°85′25″ E 08.08.2012

Coquina beach, 10 m from the water's edge, 

cyanobacterial-algal crusts with dominance 

of Nostoc edaphicum and Hassalia sp.

KZ-12-1
The coast of the Sea of Azov, Kazantip 

Nature Reserve, Sharabay Bay
45°46′76″ N 35°84′04″ E 10.08.2012

Clay slope with sparse steppe vegetation, 

hypolithic under quartz fragments together 

with other cyanobacteria and algae

KZ-19-s-2
The coast of the Sea of Azov, Kazantip 

Nature Reserve, Shyrokaya Bay
45°47′04″ N 35°85′47″ E 07.08.2012

Coquina beach, cyanobacterial-algal crusts 

with dominance of Microcoleus vaginatus 

Gomont ex Gomont

Vin-4-4-1
Vicinities of village Petro-Ivanivka, the 
Verkhnia Dvorichna River right bank, 

steep chalk slopes, 121 m above sea level
49°55′32″ N 37°40′45″ E 28.05.2012

The middle part of the slope, growths on 
the soil with mosses, cyanobacterial-algal 
crusts with dominance of Hassalia sp. and 

Nostoc sp.
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Fig. 1. Molecular phylogeny of Synechococcales based on 16S rRNA sequence comparisons. A phylogenetic tree was inferred by 
the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP) indicated at 
nodes. From left to right, support values correspond to Bayesian PP and Maximum Likelihood BP; BP values lower than 50% 
and PP lower than 0.8 not shown. Strains marked with underline are newly sequenced cyanobacteria. Clade designations follow 
Osorio-Santos et al., 2014 and Miscoe et al., 2016*

*  Sequence of Oculatella hafneriensis used in the study was provided by Jeffrey R. Johansen (John Carroll University, University Heights, USA) 
via personal communication.
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Fig. 2. Molecular phylogeny of genus Oculatella based on 16S-23S ITS sequence comparisons. A phylogenetic tree was inferred 
by the Bayesian method with Bayesian Posterior Probabilities (PP) and Maximum Likelihood bootstrap support (BP) indicated 
at nodes. From left to right, support values correspond to Bayesian PP and Maximum Likelihood BP; BP values lower than 50% 
and PP lower than 0.8 not shown. Strains marked with underline are newly sequenced cyanobacteria
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of V-3 helix in the base part due to one unique base 
difference. Our new species have V-3 helices similar to 
O. coburnii, but differed by one base in the basal loop 
(O.  ucrainica and O. kazantipica) and by one unique 
insertion (O. kazantipica). V-2 helix of O.  ucrainica 
was identical with the helices of all terrestrial species 
of Oculatella. O.  kazantipica had V-2 helix similar to 
O. hafneriensis but differed by 3 unique bases.

Revealed morphotypes differ both among the two new 
species and from other species of Oculatella (Table  2, 
Figs 4, 5). As can be seen from the table and figures, 
the width range of the filaments in O. kazantipica (1.3–

7.5 μm) is significantly higher than that of O. ucrainica 
(1.5–3.0  μm); it relates to the different nature of the 
sheath formation in these species. In old cultures of both 

species, the sheath became broader and stronger, but in 
O. ucrainica the extension of the filament is because the 
sheath somewhat retreated from the trichome, whereas 
in O.  kazantipica the sheath gradually expanded, 
sometimes becoming lamellar. The new species also 
differ one another in appearance and trichome width. 
Trichomes of O.  ucrainica are broader (1.3–2.7  μm), 
clearly constricted and rarely with granulations at 
cross walls. In contrast, O.  kazantipica trichomes 
unconstricted or weakly constricted but usually with 
granulations at crosswalls; the width of the trichome 
(1.1–1.7 μm) is smaller, but the length of the cells (4.7–

7.5 μm) exceeds that of the first species (Table 2).
From the type species О. subterranea Zammit, Billi 

et Albertano both new species differ by the blue-green 

Fig.  3. Secondary structure of the main informative helices of region 16S-23S ITS of newly described species (Oculatella 
ucrainica (ucr) and O. kazantipica (kaz)) and comparison with the most close known species of Oculatella (O. neakameniensis 
(nea), O. coburnii (cob) and O. hafneriensis (haf)). Variable bases are shown with arrowheads, places of insertions/deletions of 
base pairs are marked with arrows, unique bases are indicated with asterisk 
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"aquatic" species, but in the trichome width it exceeds 
all known species of genus Oculatella. Morphologically 
O. ucrainica is the most similar to O. coburnii: common 
features are constrictions at cross walls and length 
of intercalary cells. It is interesting that O.  ucrainica 
represents the sister lineage to O.  coburnii in 16S-23S 
ITS phylogeny (Fig.  2) and shows most similarties in 
the secondary structure of 16S-23S ITS region (Fig. 3). 
TEM investigation of O.  ucrainica strains showed 
4–6 parietal thylakoids in vegetative cells and dark 
granules near cross walls (Fig.  6). The ultrastructure 
with parietal arrangement of thylakoids are typical for 
both other species of Oculatella (Zammit et al., 2012; 
Osorio-Santos et  al., 2014) and representatives of 
Synechococcales.

The appearance and dimensional features of 
O.  kazantipica differ from other species of this genus 
to a lesser degree: the distinctive characters are the 
upper limit of the filament width, and the clearly 
visible granulations at cell walls; they are also present 
in O.  cataractarum. Morphologically O.  kazantipica is 
most similar to O. hafneriensis and O. neakameniensis: 

color, much longer intercalary cells, and the shape and 
dimensions of apical cells. Ukrainian species also differ 
from already known representatives of the genus by 
the appearance and width of trichomes, the length of 
intercalary and apical cells. 

In their ecology, both new species are terrestrial 
xerophytes. On the marine beach, where they were 
initially revealed, the biota is exposed to high solar 
radiation and salinity of the environment; water stress 
is mitigated by the proximity of the sea. For chalk 
outсrops, where O.  ucrainica is common, the main 
limiting factor is the lack of moisture. It is logical to 
assume that morphologically and in molecular features 
Ukrainian species would be closer to the "desert" 
group of Oculatella (O.  atacamensis, O.  coburnii, 
O.  mojaviensis, O.  neakameniensis) than to species 
from aquatic habitats (O.  cataractarum Bohunická 
et Johansen, O.  hafneriensis, O.  kauaiensis Miscoe 
et Johansen). A comparative analysis of the main 
morphological features of Oculatella species (Table 2) 
shows that the width of the filaments of O.  ucrainica 
is indeed similar to the "desert" and differs from 

Table 2. Morphological comparison of Oculatella ucrainica sp. nov. and O. kazantipica sp. nov. with known* Oculatella species**
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O. atacamensis 1.8–4.1 common rare 1.5–2.3 weak sometimes – 1.5–7.4
1.4–2.1 /
2.5–9.9

Soils and 
under quartz 

rocks in desert

O. coburnii 1.7–2.8 common rare 1.4–1.8 clear absent – 1.8–4.8
1.4–1.8 /
2.4–5.4

Granitic soil 
in hot desert

O. mojaviensis 2.0–2.6 common rare 1.6–2.2
absent/

weak
sometimes + 1.5–5.0

1.4-2.0 /
2.4-6.8

Dolomitic soil 
in hot desert

O. neakameniensis 1.2–4.1 common absent 1.2–1.7
absent/

weak
sometimes – 1.5–5.4

1.1–1.7 /
2.3–7.7

Semi-arid 
volcanic soil

O. kazantipica
(1.3)1.5 –

5-7.5
common rare

1.1–1.3–
1.7

absent/
weak

frequently –
(2)–2.3–
4.7(7.5)

1.3–1.5 / 
(4)5–7(8.7)

Conquina 
beach

O. ucrainica
(1.5)2.5 –

(3.0)
common rare

(1.3)–
1.7–2.5 

(3.0)
clear sometimes –

(1.3)1.7–
3.7(4.7)

1.3–1.7 
(2.3)/(2.3) 

3.3–6.7 (7.7)

Conquina 
beach, chalk 

outcrops 

O. cataractarum 1.3–1.7 rare rare
0.8–1.3–

(1.7)
absent/

weak
frequently –

(1.4)–
1.6–6.8–

(8.7)

/2.1–7.7–
(12.8)

Dripping 
sandstone 

rocks

O. hafneriensis 1.4–2.4 common absent 1.1–1.9
absent/

weak
sometimes – 1.0–4.4

1.0–1.7 /
2.0–5.8

Lake benthos

O. kauaiensis 1.2–1.7 common absent 0.9–1.4
absent/

weak
absent – 1.0–4.4

0.9–1.5 /
1.3–7.8

Sea cave

* We did not include O. subterranea in the comparative table because of obvious morphological and ecological differences with 
our strains. ** After Osorio-Santos et al., 2014.
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Fig. 4. Micrographs of new species of Oculatella; O. ucrainica sp. nov.: a–d – young filaments of strains KZ-5-4-1 
(a–c) and KZ-12-1 (d) with clear photosensitive granules in terminal cells, e – old filament with narrow sheath  
(KZ-5-4-1); O.  kazantipica sp. nov. (KZ-19-s-2): f–h  – young filaments with clear photosensitive granules in 
terminal cells and narrow sheath (g), i–k – old filaments with wide and slightly lamellar sheaths. Scale 5 μm 
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Fig.  5. Drawings of new species of 
Oculatella. O.  ucrainica sp. nov. (KZ-
5-4-1): a  – young filaments, b  – old 
filament; O.  kazantipica sp. nov. (KZ-
19-s-2): c  – young filaments, d  – old 
filament. Scale 5 μm 

Fig. 6. Transmission electron 
micrographs of Oculatella 
ucrainica: a, d – longitudinal 
section of filaments, b, c  – 
cross sections of filaments; 
a–c  – strain KZ-5-4-1, 
d  – strain KZ-12-1. Strains 
are characterized by parietal 
thylakoids and the presence 
of granules (marked G). 
Scale 1 μm 
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of coquina, clay and chalk outcrops, and hypolitically 
under pieces of quartz. 

Ty p e  l o c a l i t y :The coast of the Sea of Azov, 
vicinities of Kazantip Nature Reserve, Aqtash Lake spit. 

I c o n o t y p e : Figs 4 a–c, e, 5 a, b.
H o l o t y p e  here designated: KW-A 32375, 

Herbarium of M.G.  Kholodny Institute of Botany of 
NAS of Ukraine.

R e f e r e n c e  s t r a i n : KZ-5-4-1 (SAG 2563).
Additional strains: KZ-7-1-4, KZ-12-1, Vin-4-4-1.
Additional sampling localities: the coast of the Sea of 

Azov, Kazantip Nature Reserve, Sharabay Bay. Kharkiv 
Region, Dvorichansky District, vicinities of Petro-
Ivanivka village.

E t y m o l o g y : ucrainica = from Ukraine.

Oculatella kazantipica O.M. Vynogr. et Mikhailyuk 
sp. nov.

D i a g n o s i s :  Morphologically and phylogenetically 
it is the most similar to O. hafneriensis and 
O. neakameniensis, from which differs in higher degree of 
sheath formation, false branching, granulations at cross 
walls and longer intercalary cells, and by composition 
and secondary structure of 16S-23S ITS region.

Thallus a thin film penetrating into the agar, 
spreading diffusely from the center of thallus, blue-
green. Filaments weakly waved, rarely with false 
branching or more than one trichome in common 
sheath. Sheath nearly obligate, first thin and tightly 
attached, (1.3)1.5–1.9 µm wide, in old cultures firm, 
gradually expanded, sometimes lamellate, 5–7.5 µm 
wide, colorless. Trichomes olive-green, (1.1)1.3– 
1.7 µm wide, unconstricted to slightly constricted at 
the cross walls (especially in young cultures) often 
flanking with granules, lacking necridia, not attenuated 
to the end. Cells consistently longer than wide, with 
nongranular cytoplasm, with parietal thylakoids clearly 
visible in the light microscope, (2)2.3–4.7(5) µm long, 
in old cultures up to 7.5 µm long. Mature apical cells 
elongated-conical, longer than vegetative cells, 1.3– 
1.5 µm wide, (4.0)5.0–7.0(8.7) µm long, with a reddish-
orange spot in the apex of the cell. D1-D1′ helix of the 
16S-23S ITS region 64 nucleotides long, with a large 
subterminal bilateral bulge of 9 nucleotides. V2 helix 15 
nucleotides long, with a terminal loop of 7 nucleotides. 
Box-B with 34 nucleotides, with 6 nucleotides in the 
terminal loop. V3 helix region with 53 nucleotides, 
with a unilateral bulge on the 5′ side of the helix at 
nucleotides. 

common features are trichome width, lack of 
constrictions at cross walls, shape and dimensions of 
apical cells. O. kazantipica phylogenetically is close to 
both mentioned above species (Fig.  2) and represents 
similar secondary structure of 16S-23S ITS region, 
especially close to unique V-2 helix of O.  hafneriensis 
(Fig. 3). O. neakameniensis is a terrestrial species isolated 
from semiarid volcanic soil (Greece) and therefore 
ecologically similar to our isolate. The phylogenic 
position of O. hafneriensis between terrestrial species is 
surprising because this species is inhabiting fresh waters  
and occupies basic phylogenetic position among other 
aquatic representatives in Osorio-Santos et al. (2014). 
But O. neakameniensis, O. hafneriensis and our isolate 
KZ-19-s-2 are close biogeographically because were 
isolated in Europe and differ from other known species 
found from tropical islands, North and South America. 
O. hafneriensis were originally described from benthos of 
a temperate lake in Austria (Osorio-Santos et al., 2014).

Taxonomic descriptions

Oculatella ucrainica O.M. Vynogr. et Mikhailyuk  
sp. nov.

D i a g n o s i s : Morphologically and phylogenetically 
is the most similar to O. coburnii, from which differs in 
the higher degree of sheath formation, wider trichomes, 
apical cells without irregular outgrowth and by 
composition and secondary structure of 16S-23S ITS 
region.

Thallus flat, thin, spreading diffusely from the center, 
penetrating into the agar, blue-green. Filaments flexuous, 
(1.5)1.9–2.5(3.0) µm wide, mostly unbranched. Sheath 
very common, nearly obligate in older cultures, thin and 
tightly attached when young, later distinctly widened, 
colorless. Trichomes motile only in young state, olive-
green, (1.3)1.7–2.3(2.7) µm wide, clearly constricted at 
cross walls (especially in young cultures) and sometimes 
with granules, lacking necridia, not attenuated to the 
end. Cells isodiametric to longer than wide, (1.3)1.7–
3.7(4.7) µm, with nongranular cytoplasm and parietal 
thylakoids clearly visible in the light microscope. Mature 
apical cells bluntly conical, longer than vegetative cells, 
1.3–1.7(2.3) µm wide, (2.3)3.3–6.7 (7.7) µm long, with 
a reddish-orange spot in the apex of the cell. D1-D1′ 
helix of the 16S-23S ITS region 64 nucleotides long, 
with a large subterminal bilateral bulge of 9 nucleotides.
V2 helix with only 8 nucleotides. Box-B with 34 
nucleotides, with 6 nucleotides in the terminal loop.  
V3 helix with 52 nucleotides, with a unilateral bulge on 
the 5′ side of the helix.

H a b i t a t : isolated from biological crusts dominated 
by Nostoc edaphicum and Hassalia sp. on the surface 
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H a b i t a t : coquina beach exposed to direct sunlight, 
in biological crusts with dominance of Microcoleus 
vaginatus at seaside.

Ty p e  l o c a l i t y : The coast of the Sea of Azov, 
Kazantip Nature Reserve, Shyrokaya Bay.

I c o n o t y p e : Figs 4 f–k, 5 c, d.
H o l o t y p e  here designated: KW-A 32376, 

Herbarium of M.G.  Kholodny Institute of Botany of 
NAS of Ukraine.

R e f e r e n c e  s t r a i n : KZ-19-s-2 (SAG 2567).
E t y m o l o g y : kazantipica = from the Cape 

Kazantip.

In contrast to previous studies, which reported 
Oculatella as a rare genus (Osorio-Santos et al., 2014), 
we found this genus in over half of our soil crust samples 
from the Sea of Azov coast and chalk outcrops in 
Kharkiv Region. Recent studies suggest that Oculatella 
might be even more widely distributed as it was found 
in biological soil crust in Iran (Dulić et  al., 2017). 
From the isolated strains, we described two new species 
after detailed investigations of their morphology, 
phylogeny, and ultrastructure. Both, the morphological 
and phylogenetic characterstics, indicate that the 
new strains represent new species. This is strengthen 
by the ecology and biogeography of the new strains, 
both different to the previously describted Oculatella 
species. It is interesting that type populations of these 
new species were found on small territory of Kazantip 
Nature Reserve and vicinities similar to the earlier 
described species O. coburnii and O. mojaviensis found 
also on a limited territory, in desert soils of California, 
USA. Moreover, the terrestrial species O.  kazantipica 
is morphologically and genetically close to the fresh-
water European taxon O. hafneriensis. 
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Виноградова О.М.1, Михайлюк Т.І.1, Глазер К.2, 
Хольцингер А.3, Карстен У.2 Нові види роду Oculatella 
(Synechococcales, Cyanobacteria) з наземних місцезростань 
України. Укр. бот. журн., 2017, 74(6): 509–520.
1 Інститут ботаніки ім. М.Г. Холодного НАН України 
вул. Терещенківська, 2, Київ 01004, Україна 
2 Університет м. Росток, Інститут біологічних наук 
Альберт Ейнштейн штрассе, 3, Росток D-18057, 
Німеччина
3 Університет м. Інсбрук, кафедра ботаніки 
Штернвартештрассе, 15, Інсбрук A-6020, Австрія

Описані нові для науки види з роду Oculatella Zammit, 
Billi & Albertano: O. ucrainica sp. nov. та O. kazantipica 
sp. nov., виділені з біологічних кірочок, відібраних на 
ракушняковому пляжі біля Азовського моря (АР Крим), 
а також на крейдяних та глинистих схилах у Харківській 
області. Комплексне дослідження п'яти отриманих 
штамів Oculatella показало, що фенотипично та 
філогенетично вони відрізняються від усіх відомих видів 
цього роду. На філогенетичному дереві, побудованому 
на основі порівняння послідовностей генів 16S рРНК, 
штами нових видів приєднались до вже відомих видів 
Oculatella, які утворювали окремі лінії, при цьому один 
з них (O. ucrainica) увійшов до групи засухостійких 
наземних видів, а інший (O. kazantipica) потрапив до 
однієї клади з терестріальним видом O. neakameniensis 
Kováčik et Johansen та озерним O. hafneriensis Kováčik 
& Johansen. Філогенетичний аналіз за ділянкою 16S 
рРНК, зв'язаною з регіоном 16S-23S ITS, а також 
вторинні структури найінформативніших хеліксів 
16S-23S ITS підтвердили виділення нових видів, які 
морфологічно також чітко відрізняються. Нитки  
O. ucrainica вужчі (1,5–3,0 мкм), а трихоми ширші (1,3–
2,7 мкм), ніж у O. kazantipica (нитки 1,3–7,5 мкм шир., 
трихоми 1,1–1,7 мкм шир.), є відмінності у морфогенезі 
піхов, перетягнутості трихомів та довжині клітин.  
Oculatella ucrainica найбільш подібний до пустельного виду 
O. coburnii Pietrasiak & Johansen, від якого відрізняється 
інтенсивністю формування піхов, ширшими трихо-
мами, відсутністю неправильного виросту на кінцевих 
клітинах, а також конфігурацією вторинної структури 
регіону 16S-23S ITS. Oculatella kazantipica близька до  
O. hafneriensis та O. neakameniensis, від яких відрізняється 
за морфологією піхов, наявністю несправжнього 
галуження, грануляціями біля поперечних перегородок, 
більшою довжиною інтеркалярних клітин, та деталями 
будови вториннної структури регіону 16S-23S ITS. 

Ключові слова: Synechococcales, Oculatella ucrainica,  
O. kazantipica, нові види, біологічні корочки, Україна, 
молекулярна філогенія, 16S рРНК, 16S-23S ITS, 
вторинна структура

Виноградова О.Н.1, Михайлюк Т.И.1, Глазер К.2, 
Хольцингер А.3, Карстен У.2 Новые виды рода 
Oculatella (Synechococcales, Cyanobacteria) из наземных 
местообитаний Украины. Укр. бот. журн., 2017, 74(6): 
509–520.
1 Институт ботаники им. Н.Г. Холодного НАН Украины 
ул. Терещенковская, 2, Киев 01004, Украина 
2 Университет г. Росток, Институт биологических наук 
Альберт Эйнштейн штрассе, 3, Росток  D-18057, 
Германия
3 Университет г. Инсбрук, кафедра ботаники 
Штернвартештрассе, 15, Инсбрук A-6020, Австрия

Описаны новые для науки виды из рода Oculatella 
Zammit, Billi & Albertano: O. ucrainica sp. nov. и  
O. kazantipica sp. nov., выделенные из биологических ко-
рочек, отобранных на ракушечниковом пляже у Азов-
ского моря (АР Крым), а также на меловых и глинистых 
склонах в Харьковской  обл. Комплексное исследова-
ние пяти полученных штаммов Oculatella показало, что 
фенотипически и филогенетически они отличаются 
от всех известных видов этого рода. На филогенетиче-
ском дереве, построенном на основе сравнения после-
довательностей генов 16S рРНК, штаммы новых ви-
дов присоединялись к уже известным видам Oculatella, 
образующим отдельные линии, при этом один из них  
(O. ucrainica) вошел в группу засухоустойчивых назем-
ных видов, а другой (O. kazantipica) попал в одну кладу с 
наземным видом O. neakameniensis Kováčik et Johansen и 
водным O. hafneriensis Kováčik & Johansen. Филогенети-
ческий анализ по участку 16S рРНК, связанному с реги-
оном 16S-23S ITS, а также вторичные структуры наибо-
лее информативных хеликсов 16S-23S ITS подтвердили 
выделение новых видов, которые морфологически так-
же хорошо различимы между собой. Нити O. ucrainica 
ýже (1,5–3,0 мкм), а трихомы шире (1,3–2,7 μm), чем у  
O. kazantipica (нити 1,3–7,5  мкм шир., трихомы 1,1–
1,7 мкм шир.), отличия также касаются морфогенеза вла-
галища, перешнурованности трихомов и длины клеток. 
Oculatella ucrainica наиболее сходен с пустынным видом  
O. coburnii Pietrasiak & Johansen, от которого от-
личается интенсивностью формирования влага-
лища, более широкими трихомами, отсутстви-
ем неправильного выроста на конечных клетках, 
а также конфигурацией вторичной структуры ре-
гиона 16S-23S ITS. Oculatella kazantipica близка к  
O. hafneriensis и O. neakameniensis, от которых отличается 
морфологией влагалища, наличием ложного ветвления, 
грануляциями у поперечных перегородок, большей дли-
ной интеркалярных клеток и деталями строения вторич-
ной структуры региона 16S-23S ITS. 

Ключевые слова: Synechococcales, Oculatella ucrainica, 
O. kazantipica, новые виды, биологические корочки, 
Украина, молекулярная филогения, 16S рРНК, 16S-23S 
ITS, вторичная структура 
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Table E1. List of species and strains used for the 16S rRNA and 16S-23S ITS sequence comparisons

Species Strain
Accession number1

16S rRNA 16S-23S ITS region

Oculatella ucrainica sp. nov. KZ-5-4-1, SAG 2563 KY098843 MG652620

Oculatella ucrainica sp. nov. KZ-7-1-4 KY098844 MG652619

Oculatella ucrainica sp. nov. Vin-4-4-1 MG652618

Oculatella ucrainicasp. nov. KZ-12-1 MG652617

Oculatella kazantipica sp. nov. KZ-19-s-2, SAG 2567 MG652616

Oculatella hafneriensis Hindak 1982/12 MG6526212

Oculatella atacamensis ATA3-4Q-CV5 KF761582

Oculatella atacamensis ATA2-1-CV24 – KF761575

Oculatella mojaviensis CMT-3BRINC87 KF761572

Oculatella mojaviensis CMT-3BRINC84 – KF761571

Oculatella coburnii WJT66-NPBG6A KF761586

Oculatella coburnii WJT36-NPbg13 – HM018687

Oculatella neakameniensis Kovacik 1990/54 EU528672

Oculatella neakameniensis Kovacik 1990/37 – EU528671

Oculatella sp. LLi18 DQ786166

Oculatella kauaiensis HA4348 LM1 KF417431

Oculatella subterranea VRUC135 X84809

Oculatella cataractarum GSE-PSE-MK52-07L KF761583

Leptolyngbya sp. Uher 2000/2452 HM018689

Leptolyngbya frigida ANT.L52.2 AY493575 –

Leptolyngbya frigida ANT.L70.1 AY493574 –

Pseudanabaenales cyanobacterium WJT40-NPBG3 KJ939003 –

Leptolyngbya sp. GSE-PSE28-08A HM018691 –

Leptolyngbya compacta GSE-PSE28-08A HQ132933 –

Phormidium sp. PMC301.07 GQ859651 –

Schizothrix arenaria HA4233-MV5 JN385286 –

Leptolyngbya antarctica ANT.LG2.5 AY493603 –

Leptolyngbya antarctica ANT.L18.1 AY493607 –

Leptolyngbya antarctica ANT.L67.1 AY493572 –

Leptolyngbya laminosa ETS-08 FM210757 –

Leptolyngbya tenerrima AF218368 UTCC 77 –

Leptolyngbya boryana PCC 6306 EF429289 –

Leptolyngbya boryana CCAP 1446/2 HF678483 –

Leptolyngbya foveolarum VP1-08 FR798945 –

Leptolyngbya sp. HA4236-MV8 KJ939018 –

Pseudophormidium sp. WJT71-NPBG25 KJ939062 –

Pseudophormidium sp. ATA5-5-1-KO9 KC311902 –

Alkaline mapantanalense CENA531 KF246497 –

Alkaline mapantanalense CENA530 KF246496 –

Phormidesmis priestleyi ANT.L66.1 AY493581 –

Phormidesmis priestleyi ANT.LG2.4 AY493580 –

Phormidesmis sp. WJT36-NPBG15 KJ939033 –

Leptolyngbya sp. HA4254-MV3 KJ939090 –

Leptolyngbya sp. HA4230-MV4 KC525093 –

Leptolyngbya frigida ANT.L52B.3 AY493612 –

Leptolyngbya frigida ANT.L64B.1 AY493577 –

Leptolyngbya tenuis PMC304.07 GQ859652 –

Pseudanabaena tremula UTCC 471 AF218371 –

Pantanaline marosaneae CENA539 KF246503 –

Pantanaline marosaneae CENA521 KF246488 –

Nodosilinea epilithica Kovacik 1998/7 HM018677 –

Nodosilinea epilithica Kovacik 1990/52 HM018679 –

Leptolyngbya margaretheana 1T12 FR798934 –

Nodosilinea nodulosa UTEX 2910 KF307598 –

Nodosilinea conica SEV4-5-c1 EU528667 –

Nodosilinea sp. Prim-5-5 KY098847 –

Nodosilinea bijugata Kovacik 1986/5a EU528669 –

Oscillatoria neglecta AM M-82 AB003168 –

Leptolyngbya subtilissima EcFYyyy700 KC463197 –

Phormidesmis priestleyi ANT.LACV5.1 AY493586 –

Phormidesmis priestleyi ANT.LPR2.5 AY493620 –

Pseudophormidium sp. ANT.LPE.3 AY493587 –

Trichocoleus desertorum ATA4-8-CV2 KF307604 –

Trichocoleus badius CRS-1 EF429297 –

Pseudanabaena minima GSE-PSE20-05C HQ132935 –

Limnothrix redekei CCAP 1443/1 AJ580007 –

Phormidium mucicola IAM M-221 AB003165 –

Gloeobacter violaceus PCC 7421 NR074282 –
1Accession numbers marked with Bold are newly sequenced cyanobacteria.
2 Sequence of Oculatella hafneriensis used in the study was provided by Jeffrey R. Johansen (John Carroll University, 
University Heights, USA) via personal communication and submitted by us to NCBI.
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New record of the rare genus Crinalium Crow (Oscillatoriales, Cyanobacteria) 
from sand dunes of the Baltic Sea, Germany: epitypification and emendation of 
Crinalium magnum Fritsch et John based on an integrative approach 

TATIANA MIKHAILYUK1,2,3*, OKSANA VINOGRADOVA1, ANDREAS HOLZINGER2, KARIN GLASER3, 
ELENA SAMOLOV3 & ULF KARSTEN3

1 M.G. Kholodny Institute of Botany, National Academy of Sciences of Ukraine, Tereschenkivska Str. 2, Kyiv 01004, Ukraine
2 Department of Botany, Functional Plant Biology, University of Innsbruck, Sternwartestrasse 15, A-6020, Innsbruck, Austria
3 University of Rostock, Institute of Biological Sciences, Department of Applied Ecology and Phycology, Albert-Einstein-Strasse 3, 
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Abstract

Representatives of the Gomontiellaceae (Oscillatoriales) are rare and hence unstudied cyanobacteria with unusual mor-
phology, distributed in terrestrial and aquatic habitats all over the world. Investigation of the group based on an integrative 
approach is only beginning, and to understand the actual biodiversity and ecology, a greater number of cultivated strains is 
necessary. However, some ecological traits of these cyanobacteria (e.g. low population densities, the absence of conspicuous 
growth in nature) led to methodological difficulties during isolation in culture. One species in the family Gomontiellaceae, 
Crinalium magnum Fritsch et John, is characterized by prominent wide and flattened trichomes, and represented by the non-
authentic strain SAG 34.87. Detailed previous investigation of this strain clearly showed its morphological discrepancy with 
the original description of C. magnum and the genus Crinalium in general. The new isolate from maritime sand dunes of the 
Baltic Sea coast (Germany), however, revealed morphological characters completely corresponding with the diagnosis of C. 
magnum. Phylogenetic analysis based on 16S rRNA sequences indicated a position of the new strain inside Gomontiellaceae. 
Both morphology and ultrastructure of the strain are congruous with characters of the family. Epitypification and emendation 
of C. magnum are proposed since the ecology and habitat of the original strain are congruent with the type locality of this 
rare species (sand, Irish Sea coast, North Wales, UK). We expanded the description of C. magnum by details of the filament 
development and specified dimensional ranges for trichomes and cells, as well as by new data about the transversely striated 
structure of mucilaginous sheath.

Key words: Crinalium magnum, epitypification, Gomontiellaceae, integrative approach, mucilaginous sheath,16S rRNA, 
16S-23S ITS, phylogeny, TEM

Introduction

The morphologically peculiar cyanobacterial genus Crinalium Crow is still poorly known. It belongs to the family 
Gomontiellaceae, with all the morphological features characteristic for its members: an unusual form of trichomes 
in the cross-section, very short cells, and a peculiar arrangement of thylakoids (Komárek & Anagnostidis 2005). Its 
main diacritical features are flattened trichomes, oval in cross-section. The genus (with type species C. endophyticum 
Crow) was described from mucilaginous colonies of Aphanocapsa Nägeli inhabiting wet rocks on a river-bank in 
North Wales (Crow 1927). Currently, Crinalium is represented by four species (Guiry & Guiry 2019), which are all 
free-living except the endogloeic C. endophyticum. Crinalium glaciale Broady et Kibblewhite (1991) was recorded in 
cryoconite pools on Antarctic glaciers. Two species described from biological soil crusts covering costal sand dunes 
include C. magnum Fritsch et John (1942) from the Irish Sea coast in Great Britain and C. epipsammum Winder, Stal 
et Mur (1990) from the Northern Sea coast in the Netherlands. The latter is the only representative of the genus, which 
was comprehensively described based not only on morphological, but also on ultrastructural, biochemical and genetic 
data (Winder et al. 1990).
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 In spite of its characteristic appearance and a rather large dimension for a cyanobacterium, Crinalium is a rarely 
occurring genus. Documented records of C. endophyticum, C. epipsammum and C. glaciale mainly relate to their type 
localities. Recent records of C. endophyticum in periphyton of highly polluted river in Israel (Barinova et al. 2004) and 
epiedaphic colonies on a margin of a drying pond in India (Jaiswal 2017) seem doubtful. Findings of C. magnum are 
more diverse in terms of ecological range and geographical distribution, but also quite infrequent. Information about its 
occurrence in modern compendiums and electronic databases is surprisingly incomplete. For example, in both editions 
of the “Freshwater algal flora of the British Isles” (Whitton et al. 2003: 61; John et al. 2011: 81) the genus Crinalium 
is only represented by C. endophyticum and, unconfirmed, C. epipsammum (“Several samples from the east coast of 
England and Scotland appear to be similar but detailed studies are needed.”). For inexplicable reasons, C. magnum 
was not included in the flora, although this taxon was described from the vicinity of Llandudno in North Wales (John 
1942), which is 20 miles away from the type locality of C. endophyticum (Crow 1927). In the “Süsswasserflora von 
Mitteleuropa” C. magnum was mistakenly related to a “species outside Europe” as “known from India and Argentina” 
(Komárek & Anagnostidis 2005: 569). 
 In AlgaeBase (Guiry & Guiry 2019) information about the biogeographical distribution of C. magnum is incomplete. 
Type locality of this species is not given. In the section “Detailed distribution with sources”, the following is indicated: 
“Europe” (from Winder et al. 1990, which is a mistake since the paper describes C. epipsammum), South America: 
Argentina (Tell 1985), Brazil (De-Lamonica-Freire & Heckman 1996), South West Asia: India (Gupta 2012)”. 
 The description of C. magnum was based on the observations from a soil culture (Fritsch & John 1942), but 
the type material was not preserved. The strain SAG 34.87 is the only known cultured representative of this species. 
However, according to Bohunická et al. (2015) a comprehensive analysis of members of the family Gomontiellaceae, 
including information of cell dimensions, filament length and circular shape in cross-section testify that the strain 
SAG 34.87 does not correspond to either the original diagnosis of C. magnum (Fritsch & John 1942) or to the genus 
Crinalium in general (see below). It could be possible that the strain SAG 34.87 belongs to Hormoscilla Anagnostidis 
et Komárek species rather than Crinalium. 
 During the investigation of biological soils crusts from sand dunes of the Baltic Sea coast (Germany) that yield 
several interesting taxa (Mikhailyuk et al. 2019), a cyanobacterium was discovered that was characterized by wide, 
flattened, ribbon-like trichomes and very short cells, which morphologically corresponding to Crinalium magnum. 
This new strain was isolated in culture and conducted a complex investigation, including the morphology of trichomes, 
the ultrastructure of cells, and molecular-phylogenetic analysis. The obtained material allowed us to improve the 
description of the species and to conduct its epitypification. Since the type species was unavailable for genetic analysis, 
the strain Hg-6-6 was selected as the epitype supported by molecular phylogenetic data.

Materials and methods

Strain isolation and culture conditions
The strain mentioned in the study was isolated from the samples of biological soil crusts collected from the coastal 
sand dunes in Heiligendamm (Mecklenburg-Vorpommern, Germany, GPS data: 54.14486164 N, 11.8534391 E). 
The material was collected 25.10.2013; the strain was isolated in December 2013. The crust was dominated by 
Klebsormidium crenulatum (Kützing) Lokhorst. Fragments of the crust (approximately 6 × 6 cm in size) were collected 
by cutting the soil crust and transferred into a Petri dish; the samples were air-dried and stored in the dark. 
 A small amount of crust was placed in Petri dishes with Bold Basal agarized (1.5%) medium (1N BBM; Bischoff 
& Bold 1963). Cultures were grown under fluorescent light (25 μmol photons • m-2 • s-1) with a 12:12 light: dark 
photoperiod at +20 ± 5 ºС. An unicyanobacterial culture was obtained using the stereomicroscope Olympus ZS40 
(Tokyo, Japan), and purified from other organisms by multiple transfers. The purified strain was maintained under the 
same conditions on agarized (1.5%) BG-11 medium (SigmaAldrich; Stanier et al. 1971). Additionally purification of 
the strain from fungal contamination was performed using fungicide cycloheximide (100 mg/L of BG-11 medium) 
with following transferring on pure agarized BG-11 medium. 
 The isolated culture (Hg-6-6) is kept in the algal culture collection at the University of Rostock, Germany; the 
strain was also deposited in SAG, University of Göttingen, Germany (SAG 2581) and culture collection of the M.G. 
Kholodny Institute of Botany of the National Academy of Sciences of Ukraine (IBASU-A-693). From the culture, a 
herbarium specimens were prepared—a young (3 weeks old) culture was preserved in 2% and 4% formaldehyde, in a 
15 ml glass bottles. Preserved material was then deposited in the Algotheca of the M.G. Kholodny Institute of Botany 
of the National Academy of Sciences of Ukraine (AKW-32501). 
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Light and transmission electron microscopy
Morphological examinations started with 2 week-old cultures and continued during the 6 months of cultivation; old 
cultures (aged 8 months and more) were also studied to provide details on the development of the filaments. The 
study was performed using an Olympus BX51 light microscope with Nomarski DIC optics. Photomicrographs of 
living material were taken with digital camera Olympus UC30 attached to the microscope, and processed by software 
cellSens Entry. Average values of the dimensional measurements (xa) were calculated using Microsoft Excel. Mucilage 
was stained with both drawing ink and an aqueous solution of methylene blue.
 Samples were fixed for transmission electron microscopy (TEM) using a standard chemical fixation protocol 
(2.5% glutaraldehyde, 1% OsO4 in 10 mM caccodylate buffer, pH=6.8) according to Holzinger et al. (2009). Samples 
were dehydrated in increasing ethanol concentrations, transferred to modified Spurr’s resin and heat polymerized. For 
TEM ultrathin sections were prepared, counterstained with uranyl acetate and Reynold’s lead citrate, and investigated 
in Zeiss LIBRA 120 transmission electron microscope at 80 kV. Images were captured with a TRS 2k SSCCD camera 
and further processed using Adobe Photoshop software (Adobe Systems Inc., San José, California, USA). 

DNA isolation, PCR, sequencing and phylogenetic analysis, secondary structure of RNA
DNA of the cyanobacterial strain was extracted using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) 
according to the manufacturer’s instructions. Nucleotide sequences of the 16S rRNA gene together with 16S-23S ITS 
region were amplified using Taq PCR Mastermix Kit (Qiagen GmbH), and primers SSU-4-forw and ptLSU C-D-rev 
(Marin et al. 2005) in a thermocycler Tgradient Thermoblock (Biometra, Germany) under the conditions described in 
a previous paper (Mikhailyuk et al. 2016). PCR products were cleaned using a Qiagen PCR purification kit (Qiagen 
GmbH) according to the manufacturer’s instructions. Cleaned PCR products were sequenced commercially by Qiagen 
Company using primers SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16, and ptLSU C-D-rev (Wilmotte et al. 
1993; Marin et al. 2005). The resulting sequence (16S rRNA gene, partial sequence; 16S-23S ITS region, complete 
sequence; and 23S rRNA gene, partial sequence) was assembled and edited using Geneious software (version 8.1.8; 
Biomatters); it was deposited in GenBank under the accession number MK211234. 
 In order to find the closest relative to our strain, nucleotide sequences of the Synechococcales and Oscillatoriales 
representatives available in GenBank, as well as the BLASTn queries (http://blast.ncbi.nlm.nih.gov) were used. 
Multiple alignment of the 16S rRNA gene nucleotide sequences were made using MAFFT web server (version 7, 
Katoh & Standley 2013), followed by the manual editing in program BioEdit (version 7.2). The evolutionary model 
that fitted best to the used dataset was selected based on the lowest AIC value (Akaike 1974) calculated in MEGA 
(version 6, Tamura et al. 2013). 
 The phylogenetic tree based on the Bayesian inference analysis was computed in MrBayes 3.2.2 (Ronquist & 
Huelsenbeck 2003) using an evolutionary model GTR + G + I with 5,000,000 generations. For the Bayesian analysis 
two runs of the four Markov Chain Monte Carlo were made simultaneously, with the trees taken every 500 generations. 
Split frequencies between runs were below 0.01 at the end of calculations. The trees selected before the likelihood rate 
reached saturation were subsequently rejected. The tree topology was verified by the maximum likelihood analysis 
(ML) made with the program GARLI 2.1., and the neighbor-joining analysis (NJ) based on sequence differences with 
uniform rates in 1,000 bootstrap replications, calculated with MEGA (version 6, Tamura et al. 2013). Genetic distances 
inside the family Gomontiellaceae were calculated in the program MEGA using uniform rates.
 Models of the secondary structure of 16S-23S ITS region of the cultured strains of Crinalium and Hormoscilla 
were built according to the model proposed in Hašler et al. 2014. Helices were folded with the online software Mfold 
(Zuker 2003) and visualized in the online tool PseudoViewer (Byun & Han 2009).

Results

Molecular phylogeny and secondary structure of 16S-23S ITS region
Phylogenetic analysis based on 16S rRNA sequence comparison showed that the investigated original strain Hg-6-6 
joined the clade of the family Gomontiellaceae (Fig. 1). All members of this clade including several environmental 
sequences showed close similarity and formed a separate highly supported lineage within Oscillatoriales. The isolate 
Hg-6-6 represented a separate lineage within Gomontiellaceae, among other strains of the genera Hormoscilla and 
Crinalium. Pairwise comparison of 16S rRNA gene sequences of different Gomontiellaceae strains, Hormoscilla, 
Crinalium, and Starria Lang, as well as outgroup taxon Komvophoron hindakii Hašler et Poulíčková, showed a close 
similarity of representatives of the family (Table 1). The identity of nucleotides of 16S rRNA gene of the two related 
genera strains Hormoscilla and Crinalium varied from 99.0 to 100%.
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FIGURE 1. Molecular phylogeny of Synechococcales and Oscillatoriales based on 16S rRNA sequence comparisons. A phylogenetic tree 
was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP), Maximum Likelihood and Neighbor Joining bootstrap 
support (BP). From left to right, support values correspond to Neighbor Joining, Maximum Likelihood BP and Bayesian PP; BP values 
lower than 50% and PP lower than 0.8 not shown. Strain in bold represents newly sequenced cyanobacteria. Clade designations follow 
Osorio-Santos et al. (2014) and Bohunická et al. (2015).
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 Secondary structures of the main informative helices (D1-D1’, Box-B and V-3) of region 16S-23S ITS of 
newly sequenced strain Hg-6-6 and publically available sequences of strains Hormoscilla pringsheimii (SAG 
1407-1 (KJ140105), CCALA 1054 (KP412629) and Us-s-6-2 (MH688842)) and Crinalium epipsammum (PCC 
9333(CP003620)) showed general similarity especially prominent among Hormoscilla strains (Fig. 2). Helices of 
Crinalium strains were characterized by increase of internal (V-3) and terminal loops (Box-B) and elongation/shortening 
of the upper part of helix D1-D1’ due to numerous insertions or deletions of base pairs.

TABLE 1. Percent identity of the 16S rRNA gene (1053 positions) of the cultured representatives of the family Gomontiellaceae 
in comparison with the closest relative.

Taxa, strains 1 2 3 4 5 6 7 8

1 Crinalium magnum Hg-6-6

2 “Crinalium magnum” SAG 34.87 SAG 34.87 99.3

3 Crinalium epipsammum SAG 22.89 99.3 100

4 Crinalium epipsammum PCC 9333 99.2 99.9 99.9

5 Hormoscilla pringsheimii SAG 1407-1 99.3 99.2 99.2 99.1

6 Hormoscilla pringsheimii CCALA 1054 99.1 99.1 99.1 99.0 99.9

7 Hormoscilla cf. pringsheimii Us-s-6-2 99.2 99.7 99.7 99.6 99.1 99.0

8 Starria zimbabweensis SAG 74.90 96.4 96.6 96.6 96.5 96.7 96.7 96.7

9 Komvophoron hindakii clone K9 3P8 91.1 91.5 91.5 91.5 91 90.8 91.2 90.5

Morphological observations 
Thick filaments in a colorless sheath were found in an enrichment culture of the sand dune biological soil crust. 
The cyanobacteria formed bright blue-green spots, several millimeters in diameter on the agar surface. Preliminarily 
identified as a species of Lyngbya Agardh ex Gomont, closer examination revealed the flattened shape of the trichomes, 
oval in cross-section. Therefore, this isolate was identified as a representative of the genus Crinalium. Comparison of 
morphological features of our strain with known taxa of this genus showed close similarity to C. magnum (see below). 
Morphological characters of the investigated strain, in comparison to the other species of the genus, were summarized 
in Table 2.
 Due to the isolation of the C. magnum strain Hg-6-6, the possibility to study the characteristics of the development 
of filaments and the details of cell morphology was given. Single filaments, developing on the surface of the agar, 
gradually formed irregular clusters and bright blue-green colonies with a smooth surface. Depending on the age, the 
length of the trichomes varied from several tens to hundreds of microns (Figs 3 A, B, H–K). In young cultures they 
were relatively long; with aging trichomes disintegrated into either fragments containing a small number of cells or 
even single cells. Filaments were straight or bent, strap-shaped (Figs 3 C–E), and oval in cross-section (Fig. 3 I). 
Trichomes were bright blue-green, flattened from the sides, slightly constricted at the non-granulated cell walls, not 
getting narrow at the ends, 5–7 μm thick (хa = 6.37μm), (9.5) 10–16 (18) μm wide (xa = 13.76). Cells were always 
shorter than the trichome width, 2–4 μm long (хa = 2.86 μm). Terminal cells were rounded, sometimes with slightly 
thickened cell wall (Figs 3 F, G).
 Mucilaginous sheath appeared colorless, poorly visible without staining (Figs 3 J, K). After staining with drawing 
ink it became apparent as 5–8 μm thick envelope, with uneven but distinct margins (Figs 4 A–C). Staining with an 
aqueous solution of methylene blue showed a distinctive structure: exopolysaccharide (EPS) layer around the trichomes 
formed wide, transversely striated envelope (Figs 4 D–I). The EPS envelope completely covered the trichomes, and 
its striped appearance was not due to the folded surface of the sheath. Mucous microfibrils radiated from the cell wall, 
perpendicular to the trichome plane (Fig. 4 E), and were arranged in rows closely associated with the cross cell walls 
(Fig. 4 I).

Ultrastructure 
TEM of the strain Hg-6-6 revealed thylakoids arranged both peripheral and parallel to the cell wall, organized as 
helically twisted tangles in the cytoplasm (Figs 5 A–F). The cell wall had an uneven surface and contained rows of 
junctional pores. They were located circumferentially and closely associated with the cross walls from both sides (Fig. 
5 C). Inclusions observed in the cells were identified as carboxysomes and cyanophycine granules (Figs 5 B, D–F).
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FIGURE 2. Secondary structure of the main informative helices of region 16S-23S ITS of cultured strains of Hormoscilla and Crinalium. 
All differences between strains are presented in comparison with authentic strain of H. pringsheimii (SAG 1407-1). Variable bases are 
shown with arrows, places of insertions/deletions of base pairs are marked with arrowheads, homological base pairs among different 
strains are indicated with dotted lines.
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FIGURE 3. Light micrographs showing an overview of living filaments of Crinalium magnum strain Hg-6-6. A, B. Irregular clusters 
with trichomes varying in length. C–E. Trichomes lying in two planes. F, G. Details of trichomes and terminal cells with a thickened outer 
margin. H–K. Fragmentation of trichomes in old cultures (6 and more months). Arrows mark the sheath. Scale bars: 10 μm

523



MIKHAILYUK ET AL.172   •   Phytotaxa 400 (3) © 2019 Magnolia Press

FIGURE 4. Staining of mucilage envelope of Crinalium magnum Hg-6-6. A–C. Staining with drawing ink showed difluent mucilage 
envelope. D–I. Staining with methylene blue showed striated structure of mucilage. E. Separate cells in lateral position with mucous 
microfibriles radiated from the cell wall. H, I Trichome in optical section (H) and in surface view (I) with increased portion showed 
mucous microfibrils arranged by rows along cross cell walls. Scale bars: 10 μm
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FIGURE 5. Ultrastructure of C. magnum strain Hg-6-6. A. Longitudinal section of the trichome showing its general organization. B, 
D–F. Portions of filaments showing typical arrangement of helically twisted, swirl-like thylakoids and cell inclusions. C. Junctional pores 
(arrows) closely associated with the cross walls. Cx, carboxysomes; Cy, cyanophycin granules. Scale bars: 1 μm 

Discussion

Placement of Crinalium magnum in the molecular phylogeny of Gomontiellaceae
Molecular phylogenetic analyses based on the 16S rRNA gene revealed close relationship of the strain Hg-6-6 to 
the other representatives of the family Gomontiellaceae. It once again confirmed the monophyly of this family, with 
the genus Komvophoron as a sister group and its placement inside Oscillatoriales (Hašler et al. 2014; Bohunická et 
al. 2015, see Fig. 1). Recently it was also found that representatives of the Gomontiellaceae are closely related with 
Chamaesiphon Braun (Kurmayer et al. 2017) that was also shown on our phylogenetic tree (see Fig. 1).
 However, the position of Crinalium strains on the phylogenetic tree raises a question of relationship between the 
genera (namely Crinalium and Hormoscilla). In our research, the original strain of C. magnum Hg-6-6 forms a separate 
lineage and is nested among strains of both genera. Bohunická et al. (2015) also noted a high molecular similarity of 
the mentioned genera despite clear morphological differences (flattened versus non-flattened trichomes). The pair-wise 
nucleotide identity of the 16S rRNA gene of Crinalium strains SAG 34.87, SAG 22.89 and Us-s-6-2, and Hormoscilla 
strains SAG 1407-1 and CCALA 1054 was 99%. Strains SAG 34.87 and SAG 22.89, representing “Crinalium magnum” 
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and C. epipsammum, showed 100% similarity (Bohunická et al. 2015; Table S3). Despite the fact that calculated levels 
of pairwise similarity are much higher than that required for the separation of genera (Stackebrandt & Goebel 1994), 
the authors came to the conclusion that clear morphological and ecological differences between Hormoscilla and 
Crinalium “provide a solid basis for retaining their taxonomic resolution in the framework of a polyphasic approach” 
(Bohunická et al. 2015: 1045). The inclusion of Hg-6-6 here confirmed that the strains of both genera are closely 
related (see Table 1). Therefore, generic borders inside Gomontiellaceae are still unclear and perhaps generic concept 
should be clarified in future with more strains included in the analysis. On the other hand perhaps 16S rRNA is not 
sufficient marker for some closely related cyanobacterial taxa, therefore other genetic markers should be used in order 
to resolve relationships within Gomontiellaceae.
 For better resolution secondary structures of the main informative helices of 16S-23S ITS region of Hormoscilla 
and Crinalium were used (see Fig. 2). These structures are also characterized by similarity. Although some differences 
are visible among representatives of two genera, Hormoscilla and Crinalium, due to numerous insertions/deletions of 
base pairs in the last genus. Unfortunately secondary structure of RNA of authentic strain of Crinalium epipsammum 
(SAG 22.89) was not analyzed since 16S-23S ITS fragment is not publically available. Therefore perhaps analysis of 
secondary structure of 16S-23S ITS region of all available strains of Gomontiellaceae will give more information for 
better understanding generic borders of two genera. 
 Hg-6-6 is genetically (and morphologically, see below) distant from the strain SAG 34.87, which was previously 
identified as C. magnum (see Fig. 1). Some doubts concerning morphological and genetic data regarding the strain 
SAG 34.87 were already expressed in Bohunická et al. (2015) and discussed below.

Morphology and ultrastructure of Crinalium magnum
The morphological characters of strain Hg-6-6 completely correspond with the diagnosis of C. magnum (Fritsch 
& John 1942; see Table 2). They share the same cell dimensions, characteristics of the filaments (both short and 
long, ensheathed, sheath closed at the apices) and trichomes (not narrowed at the ends, slightly constricted at the 
ungranulated cell walls, terminal cells with slightly thickened outer margin). Morphology of the strain SAG 34.87 
previously identified as C. magnum essentially differs from the species description, in terms of the cell size and shape, 
and morphologically resembles a Hormoscilla species (Bohunická et al. 2015). However, genetically this strain is 
close to Crinalium epipsammum, which contradicts the morphological data (e.g. non-flattened trichomes) (see Fig. 
1, Bohunická et al. 2015). Anyway, strain SAG 34.87 is genetically distant from Hg-6-6, hence it represents another 
taxon which is not related (morphologically or genetically) to Crinalium magnum. 
 Morphological observations of C. magnum Hg-6-6 supplemented the description of this species by details of the 
filament development and refined dimensional ranges for the trichomes and cells (see Table 2). The present study 
provides new information concerning the EPS envelope, which is also interesting in the context of the genus as 
a whole: the presence of the sheath in Crinalium was doubted since the publication of Crow (1927). Indeed, the 
protologue described very briefly: “Trichomes … vaginate, sheath thin…” (Crow 1927, p. 165). However, in the cited 
paper one can find additional details concerning the sheath: “…each filament consists in the adult state of trichome and 
sheath … the sheath is thin but clearly defined, membranous, slightly brownish… the thickness of the sheath being less 
than 1 μm” (Crow 1927: 161–162). Unfortunately, the quality of the figure with a “…portion of filament with trichome 
broken, showing sheath” (Crow 1927: 164, Fig. 2 B) is extremely poor. This was the reason both Geitler (1932: 981) 
and Elenkin (1949: 1847) doubted the presence of a sheath in Crinalium. The description of Crinalium given in 
“Süsswasserflora” (Komárek & Anagnostidis, 2005: 568) also states: “Sheaths lacking, or form very fine and diffluent 
gelatinous layer enveloping the trichome”. At the same time, in the description of C. magnum var. colloncurense 
Guarrera (also cited in Süsswasserflora) filaments in mucilaginous envelopes which formed mucous masses on rocks 
are described (“Filamentos… unidos por contacto de las vainas individuales formando masas gelatinosas…” (Guarrera 
et al., 1995: 290).
 Actually, three from the four known species of the genus have ensheathed filaments (see Table 2). In protologues 
of C. magnum and C. glaciale it was noted that the sheath was visible only after staining. In both cases, drawing ink 
was used for the visualization of sheath. In this study we observed the presence of EPS layer around trichomes (similar 
to the ones shown in Fig. 8 (A) in Fritsch & John 1942) even without staining. As seen from the micrographs, the sheath 
of filaments both unstained (Figs 3 J, K) and stained with drawing ink (Figs 4 A–C) look homogenous. Staining with 
methylene blue revealed a thick and transversely striated sheath in C. magnum (Figs 4 D–I). It is known that sheath 
with microfibrils radiating from the cell wall surface is typical for immotile trichomes (Komárek & Anagnostidis 2005: 
27). The sheath structure of C. magnum strain Hg-6-6, and the fact that no signs of motility in the material studied here 
suggests immotility of this species. However, Fritsch & John (1942: 393) claimed the opposite: “the isolated threads 
being usually buried in the sand of the moist culture”; so further study is necessary. 
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 TEM of the strain Hg-6-6 revealed ultrastructural pattern typical for representatives of the family Gomontiellaceae, 
mostly because of specific helically twisted, swirl-like thylakoids (Komárek et al. 2014; Bohunická et al. 2015). We 
also found junctional pores closely associated with the cross walls, their organization into multiple parallel rows is 
a unique feature of the family (Bohunická et al. 2015). TEM micrographs from this article (Bohunická et al. 2015, 
Figs 2 e, f) also showed EPS excretion from the cells of Hormoscilla pringsheimii Anagnostidis et Komárek to some 
extent similar to the striated sheath of C. magnum Hg-6-6 observed by us on LM level (see Figs 4 D–I). As can be 
seen from these figures, mucous microfibrils radiate from the cell wall perpendicularly to trichome plane, and they are 
arranged in rows closely associated with cell cross walls (see Fig. 4 I). Thus, it is possible to assume that junctional 
pores may be responsible for the EPS excretion and formation of the striated sheath. Function of junctional pores is 
still a disputable question (Bohunická et al. 2015). Observations via light microscopy of the secretion process in two 
species of Oscillatoriales and Nostocales provided direct evidence that the junctional pore complex is the actual site 
of mucilage secretion (Hoiczyk & Baumeister 1998). As was recently shown using TEM phylogenetically related to 
Gomontiellaceae species of Chamaesiphon are also characterized by presence of numerous pores in cell wall excreting 
mucilage (Kurmayer et al. 2017).

Ecology and distribution of Crinalium magnum
Initially, C. magnum was characterized as a species confined to sandy soils (John 1942); the following findings 
strongly expanded its ecological range. C. magnum was cited from India where it was recorded in red soil (Mitra 
1951), rice fields (Sanyal et al. 2012), thermal springs (Pathan 2014), stagnant water (Jaiswal 2017), and even in the 
soil of cyanide damps where it occurred as an abundantly growing taxon (Karthikeyan 2016). This species was also 
found in the phytoplankton of a shallow lake in Argentina (Guarrera et al. 1972) and in a rain pool in Brazil (Heckman 
1998). In Antarctica, C. magnum was reported from mineral soils and growing epiphytically on mosses of the Victoria 
Land (Broady 1986). At first glance, these data show a species with wide ranges of both ecological tolerance and 
geographical distribution. Unfortunately, most findings of C. magnum in the mentioned papers are limited to its name 
and did not provide any descriptions, figures or molecular data, therefore it is impossible to assess their reliability. 
 Our record of this species fully complies with the type locality of C. magnum characterizing it as an inhabitant 
of epipsammon. Our finding is quite close to the type locality, ecologically and geographically since C. magnum was 
described from marine coastal sand dunes in North Wales, UK (John 1942). 
 The introduction of molecular analyzes in the practice of studies of cyanobacterial diversity will help to accurately 
identify the limits of ecological tolerance of this species. Recent molecular investigation of Gomontiellaceae showed 
that different taxa of the group are quite common in environmental samples from terrestrial habitats all over the world 
(Bohunická et al. 2015). On the other hand, they are characterized by low population densities and usually do not 
produce high biomass in nature, therefore they are frequently overlooked on a morphological level. The same reasons 
cause technical difficulties during the isolation of these species and the establishment of cultures. Moreover, cultivated 
strains of the genera Crinalium and Hormoscilla are quite sensitive and slow-growing, which makes Gomontiellaceae 
rare and challenging cyanobacteria to study.

Proposed taxonomic treatment
Crinalium magnum Fritsch et John 1942, Annals of Botany, New Series 6 (23): 371–395, Fig. 8 (A), Emend. O.M. 
Vynogr. et Mikhailyuk (Figs 3–5)

Emended diagnosis: Filaments solitary or in irregular clusters, straight or curved, band-shaped. Sheath hyaline, 
colorless, poorly visible without staining, thick, closed at the apex, with an uneven edge, 5–8 μm wide, transversely 
striated due to mucous microfibrils radiating from the cell wall perpendicular to trichome plane (visible after staining 
with methylene blue). Trichomes bright blue-green, flattened from the sides, oval in cross-section, vary in length from 
20–40 μm up to 300–500 μm, (9.5) 10–16 (18) μm wide, 5–7 μm thick, not attenuated at the ends, slightly constricted 
at the cross-walls. Cells always shorter than wide, 1/4–1/9 times as long as wide, 2–4 μm long (х a = 2.86 μm). Apical 
cells rounded, sometimes with a slightly thickened cell wall. Thylakoids partly arranged parietally also form helically 
twisted tangles in the whole cytoplasm. 
 Type locality: in firm sand, with or without a certain amount of humus; sand dunes on the coast of the Irish Sea 
near Llandudno, North Wales, UK.
 Lectotype (designated here): Fig. 8 (A) in Fritsch et John 1942.
 Epitype (designated here): AKW-32501, culture material of epitype strain Hg-6-6 (IBASU-A-693) preserved in 
4% and 2% formaldehyde, Algotheca of the M.G. Kholodny Institute of Botany of the National Academy of Sciences 
of Ukraine.
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 Epitype strain: Hg-6-6 was deposited in SAG, University of Göttingen, Germany, under number SAG 2581 and 
in the Culture Collection of the M.G. Kholodny Institute of Botany of the National Academy of Sciences of Ukraine 
under number IBASU-A-693.
 Comments: The epitype strain completely corresponds to the diagnosis of Crinalium magnum (Fritsch & John 
1942). The species diagnosis was supplemented by the details of filament development and refined dimensional ranges 
for trichomes and cells, as well as new information concerning mucilaginous sheath structure. The epitype strain was 
isolated from biological soil crusts on maritime sand dunes, coast of the Baltic Sea, Heiligendamm, Mecklenburg-
Vorpommern, Germany. This habitat is ecologically very similar to the type locality and is part of the same geographical 
region (Europe).
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ABSTRACT: In biological soil crusts from coastal sites of Ukraine a number of interesting 

cyanobacterial morphotypes were recorded. Characterization of seven original strains using 

molecular, morphological, and ecological information revealed that they belong to newly described 

genera of the orders Synechococcales (Oculatella Zammit, Billi et Albertano and Nodosilinea 

Perkerson et Casamatta) and Nostocales (Roholtiella M. Bohunická, Pietrasiak et Johansen). In 

phylogenetic analyses using sequences of the 16S rRNA gene, all Ukrainian strains could be 

assigned to clades of the corresponding genera with a high degree of support in the Bayesian and 

Maximum Likelihood analyses. However, their species-level identification has been successful only 

for one strain of the genus Roholtiella. The phylogeny based on the 16S rRNA gene concatenated 

with the 16S-23S ITS region of the original strain and 12 published strains of Roholtiella showed 

that the Ukrainian strain is closely related to R. edaphica Bohunická et Lukešová. Its rRNA 

secondary structure of the Box-B and V3 helices of the 16S-23S ITS region, and of nucleotide 

sequences flanking them, in main features correspond to R. edaphica. Original strains of genera 

Oculatella and Nodosilinea were quite similar to each other by the nucleotide sequences of the 16S 

rRNA gene. But, phylogenetic trees based on the 16S-23S ITS region of both original and published 

strains of these genera indicated that our isolates might represent new species as they form highly 

supported distinct clades. The findings of three new genera for the flora of Ukraine demonstrate the 

importance of using modern approaches for the assessment of real diversity of cyanobacteria in 

nature. 

KEY WORDS: Cyanobacteria, new records, Ukraine, Oculatella, Nodosilinea, Roholtiella, 

16S rRNA, 16S-23S ITS, secondary structure. 
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INTRODUCTION 
 

Phycofloristic studies in Ukraine, covering the representatives of all taxonomic groups of 

algae, have been going on for over a century, accumulating a substantial amount of data 

concerning their species diversity, taxonomic composition, habitat, and geographical 

distribution (Algae …, 2006, 2009, 2011, 2014). As for the cyanobacteria, they have been 

subjects of numerous floristic, taxonomic, and hydrobiological studies carried out in all 

natural botanical areas of the country in a wide range of habitats (inland water bodies and 

soils, Ukrainian sectors of the Black Sea and the Sea of Azov). A total of 64 taxa (33 

species and 31 varieties and forms) new to science were described from the territory of 

Ukraine. Due to the efforts of the well-known Ukrainian cyanophycologist N.V. 

Kondratyeva and her colleagues, high-quality identification manuals of Cyanophyta of 

Ukraine were published (Kondratyeva, 1968; Kondratyeva et al., 1984) promoting further 

versatile research of this group in Ukraine. By 2005, 626 species (781 infraspecific taxa) of 

cyanobacteria from 77 genera were recorded. These data are undoubtedly very valuable and 

may be considered as a worthy result of the "botanical" period in the study of blue-green 

algae in Ukraine. However, now we must follow the new paradigm of cyanobacterial 

systematics and use new methods and approaches for the study of their diversity in the 

nature. 

The combination of the polyphasic approach, new molecular markers, and 

monophyletic species concept promoted a breakthrough in the taxonomy of cyanobacteria 

that resulted in the description of a significant number of new taxa (Nübel et al., 2000; 

Abed et al., 2002; Taton et al., 2003; Gugger et al., 2005; Rajaniemi et al., 2005; Casamatta 

et al., 2006; Siegesmund et al., 2008; Bohunická et al., 2011; Zammit et al., 2012, and 

others). It causes dramatic changes in taxonomic structure of cyanoprocaryotes and paves 

the way for a new classification system, a preliminary version of which has recently been 

published (Komárek et al., 2014). To date, about 50 new genera of cyanobacteria were 

described using methods of molecular phylogeny (www.algaebase.org). Many of them 

include species that changed their generic affiliation because of new taxonomic 

combinations; in other words, these genera have been already known for the flora of 

Ukraine. For example, the genus Coleofasciculus Siegesmund, Johansen et Friedl was 

described as a result of a complex study and revision of the genus Microcoleus Gomont 

(Siegesmund et al., 2008). Its type species C. chthonoplastes (Gomont) Siegesmund, 

Johansen et Friedl is common in hyperhaline environments of Ukraine (Vinogradova, 

2012). However, there are a number of genera and species not previously known to science. 

These include, among others, the genera Nodosilinea Perkinson et Casamatta 2011, 

Oculatella Zammit, Billi et Albertano 2012, and Roholtiella Bohunická, Pietrasiak et 

Johansen 2015. Conducting research on biological soil crusts distributed in seaside 

ecotopes of Ukraine and Germany, we revealed representatives of these genera at the coast 

of the Azov and Black Seas. In the present paper we describe our findings.  
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MATERIALS AND METHODS 

 

Strains used in this study were isolated from the samples of biological soil crusts collected 

on the coast of the Sea of Azov near Kazantip Nature Reserve (Leninsky District, the 

Crimea) and the Black Sea near the Danube Delta Biosphere Reserve (Kiliya District, 

Odessa Region). In addition, for comparison, we used the original strains isolated from the 

biological soil crusts collected in dunes along the Baltic Sea coast in Germany 

(Mecklenburg-Vorpommern) (Table 1). 

 

TABLE 1: Sampling sites for the strains reported in this study 

 

Strain Site description Date 
Nodosilinea morphotype 

Prim-5-5 The Black Sea coast, sand dunes above the beach area, sparse herbaceous 

vegetation, tender greenish crust formed by cyanobacteria with minor share of 

eukaryotic algae  

 

01.09.2013 

Ru-6-11 The coast of the Baltic Sea, island of Rügen, sand dunes, sparse herbaceous 

vegetation, well-developed biological soil crusts dominated by Microcoleus 

vaginatus Gomont ex Gomont and Klebsormidium flaccidum (Kütz.) P.C. Silva, 

K.R. Mattox et W.H. Blackwell  

 

08.10.2013 

WD-4-2 The coast of the Baltic Sea, Warnemünde, sand dunes above the beach area, 

sparse herbaceous vegetation, biological crust with the dominance of mosses 
05.03.2013 

Us-2-1 The coast of the Baltic Sea, Usedom Island, sand dunes, sparse herbaceous 

vegetation, dense dark blue-green crusts with the dominance of Cyanobacteria 
08.10.2013 

Oculatella morphotype 
KZ-5-4-1 The coast of the Sea of Azov, vicinities of Kazantip Nature Reserve, spit of 

Aqtas Lake, coquina beach, 10 m from the water's edge, cyanobacterial-algal 

crusts with dominance of Nostoc edaphicum Kondrat. 

 

08.08.2012 

KZ-7-1-4 The coast of the Sea of Azov, vicinities of Kazantip Nature Reserve, spit of 

Aqtas Lake, coquina beach, 10 m from the water's edge, cyanobacterial-algal 

crusts with dominance of Nostoc edaphicum and Hassalia sp. 

 

08.08.2012 

Roholtiella morphotype 
KZ-5-4-5 The coast of the Sea of Azov, vicinities of Kazantip Nature Reserve, spit of 

Aqtas Lake, coquina beach, 10 m from the water's edge, dense crusts with 

dominance of Nostoc edaphicum 

 

08.08.2012 
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Biological soil crusts fragments (approximately 6 × 6 cm in size) were collected as 

intact as possible with a scalpel and transferred to a paper box or a petri dish. In the 

laboratory, samples were dried and stored in the dark. Further processing of samples, 

including cultural, morphological and molecular phylogenetic studies, were conducted in 

the Laboratory of Applied Ecology and Phycology, University of Rostock (Germany). 

Isolation of the strains, culture conditions, and light microscopy. A small amount of 

crust was placed in Petri dishes with Bold (1N BBM) agarized medium (Bischoff and Bold, 

1963). Cultures were grown under fluorescent lights (25 µmol photons • m-2 • s-1) with a         

12 : 12 light : dark photoperiod at +20 ± 5 ºС. Unialgal cultures were obtained using the 

stereomicroscope Olympus ZS40 (Tokyo, Japan), and purified from other organisms 

through multiple passages. Purified strains were maintained under the same conditions in 

media 1N BBM and BG-11 (SigmaAldrich, Stanier et al., 1971). Morphological 

examinations of young (2–4 weeks) and old (2–6 months) cultures of cyanobacteria were 

performed using Olympus IX70 and BX51 light microscopes with Nomarski DIC optics. 

Photomicrographs were taken with digital cameras ColorView II and Olympus UC30 

attached to microscopes, and processed by software analySIS and cellSens Entry. 

DNA extraction, PCR, and sequencing. Genomic DNA of the cyanobacterial strains 

was extracted using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) 

according to the manufacturer’s instructions. Nucleotide sequences of the 16S rRNA gene 

together with 16S-23S ITS region (1700 to 2300 bases) were amplified using a set of Taq 

PCR Mastermix Kit (Qiagen GmbH) and primers SSU-4-forw and ptLSU C-D-rev (Marin 

et al., 2005) in a thermocycler T gradient Thermoblock (Biometra, Germany). The PCR 

comprised 30 cycles: initial denaturation at 96 °C for 3 min, the cyclic repeating 

denaturation 1 min at 96 °C, annealing 2 min at 55 °C, elongation fragment – 3 min at              

68 °C, followed by a final elongation of the fragment – 7 min at 68 °C. PCR products were 

cleaned using a Qiagen PCR purification kit (Qiagen GmbH) according to the 

manufacturer’s instructions. Cleaned PCR products were sequenced commercially by 

Qiagen Company using primers SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16 

and ptLSU C-D-rev (Wilmotte et al., 1993; Marin et al., 2005). Nucleotide sequences of 

used primers and appropriate references are presented in Table 2. The resulting sequences 

were assembled and edited using Geneious software (version 8.1.8; Biomatters). They were 

deposited in GenBank. 

Phylogenetic analysis. For comparison with original strains, we used 58 nucleotide 

sequences of representatives of the order Synechococcales and 67 of Nostocales available 

in GenBank (NCBI). Multiple alignment of the nucleotide sequences of the 16S rRNA gene 

was made using Mafft web server (version 7, Katoh and Standley, 2013) followed by 

manually editing in the program BioEdit (version 7.2). Alignment for the phylogeny of the 

16S-23S ITS region was performed manually in BioEdit, taking into account the secondary 
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structure of the RNA in the region. The evolutionary model that is best suited to the used 

database was selected on the basis of the lowest AIC value (Akaike, 1974) and calculated in 

MEGA (version 6, Tamura et al., 2013). Phylogenetic trees were constructed in the 

program MrBayes 3.2.2 (Ronquist and Huelsenbeck, 2003), using an evolutionary model 

GTR + G + I, with 5,000,000 generations. Two of the four runs of Markov chain Monte 

Carlo were made simultaneously, with the trees, taken every 500 generations. Split 

frequencies between runs at the end of calculations were below 0.01. The trees selected 

before the likelihood rate reached saturation were subsequently rejected. The reliability of 

tree topology verified by the maximum likelihood analysis (ML) were made using the 

program GARLI 2.1 (March, 2011). 

 

TABLE 2: Nucleotide sequences of used primers  
 

Primer name Sequence References 

SSU-4-forw GATCCTKGCTCAGGATKAACGCTGGC Marin et al., 2005 

ptLSU C-D-rev GCCGGCTCATTCTTCAAC Marin et al., 2005 

Wil 6 GCCAGCAGCCGCGGTAA Wilmotte et al., 1993 

Wil 12 GYAACGAGCGCAACCC Wilmotte et al., 1993 

Wil 14 TGTACACACCGCCCGTC Wilmotte et al., 1993 

Wil 5 CTGCTGCCTYCCGTA Wilmotte et al., 1993 

Wil 9 GGGGTATCTAATCCC Wilmotte et al., 1993 

Wil 16 AAGGAGGTGATCCAGCCGCA Wilmotte et al., 1993 
 
 

Construction of rRNA secondary structure. The model of the secondary structure of 

16S-23S ITS region of the original strain of Roholtiella was built according to published 

data (Bohunická et al., 2015). Helices were folded with the online software Mfold (Zuker, 

2003) and visualized in the online tool Pseudoviewer (Byun and Han, 2009).  

 

RESULTS AND DISCUSSION 

 

A morphological study of isolated strains allowed us to assume that they refer to the three 

recently described genera of the orders Synechococcales (Oculatella and Nodosilinea) and 

Nostocales (Roholtiella) studied by the polyphasic approach (Fig. 1). Each genus has 

distinct generic apomorphies which could also be confirmed our strains. Next we will 

discuss our findings of new genera in details.  
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FIG. 1: Micrographs of investigated strains representing cyanobacterial genera new for flora of the 

Ukraine. Nodosilinea sp.: a – general view of filaments, b, c – nodules appeared due to cell division 

in several planes; Oculatella sp.: d – mature filaments with clearly visible sheaths, e, f – filaments 

from young culture with granulations at cross-walls, arrows note red photosensitive inclusion; 

Roholtiella edaphica: g – general view of filaments, h – formation of arthrospores at the end of 

trichome (arrow), i – heteropolar trichomes with heterocytes (arrow). Scale 5 μm 

 

Genus Nodosilinea Perkerson et Casamatta 2011 (Fig. 1, a–c) 

This genus was described on the basis of phylogenetic studies of the order 

Synechococcales (Perkerson et al., 2011). The group of strains morphologically identified 

as Leptolyngbya but phylogenetically distinct formed strongly supported clade within 

Synechococcales. All of these strains had common morphological synapomorphy: the 

ability to form nodules along the length of the filament. Such a feature was known only in 

the recently described marine species Leptolyngbya nodulosa Z. Li et J. Brand 2007; this 

species was chosen as a type species of Nodosilinea (Perkerson et al., 2011). At present, 

four species are assigned to the genus including two species formerly known as 

representatives of Leptolyngbya (N. nodulosa (Z. Li et J. Brand) Perkerson et Casamatta 

and N. bijugata (Kong.) Perkerson et Kovácik), and two newly described species.                    
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We revealed similar nodule-forming morphotypes in biological soil crusts from the 

seashore of the Black and Baltic Seas. Their description is given below. 

Thallus blue-green, form a thin mat diffusely spreading from the center of dish and 

penetrating deep into agar. Filaments tortuous, usually unbranched, sometimes with false 

branching, in low-light conditions form nodules. Sheath is always present, delicate, 

colorless, attached to trichomes. Trichomes cylindrical, immotile, (1.1)1.3–1.7(2.1) µm 

wide, slightly constricted at the cross-walls, without necridia, without meristematic zones, 

with cells dividing over the entire length of the trichome, on nodules portions cells 

apparently divide more that in one plane. Hormogonia form frequently. Cells round-

cylindrical, with peripheral thylakoids, without granulation, isodiametric to longer then 

wide, 1.7–2.6 µm long, usually shorter, their length is usually equal to or greater than the 

width. End cells rounded. 

In the cultures of original strains we observed morphological features peculiar to the 

genus Nodosilinea: formation of nodules and cell division in several planes. Their generic 

status has been confirmed also by phylogenetic analysis based on the 16S rRNA gene 

sequence (Fig. 2). In general, the resulting tree of the order Synechococcales corresponds to 

the results of other authors who have studied phylogenetic relationships within the order 

(Perkerson et al., 2011; Mühlsteinová et al., 2014; Osorio-Santos et al., 2014; Patzelt et al., 

2014, and others).  

Our strains, morphologically attributed to genus Nodosilinea, on the phylogenetic tree 

joined already known strains and species of this genus, forming an isolated clade (Fig. 2). 

As can be seen from the figure, the original strains of Nodosilinea, both Ukrainian and 

German, were quite close to each other in the nucleotide sequence of 16S rRNA. 

Species identification of this Ukrainian strain has not yet been completed. 

Morphologically, it differs from the known species of Nodosilinea. We failed to resolve 

this problem by phylogenetic analysis of the 16S-23S ITS region because the resulting 

nucleotide sequence of the Ukrainian strain was too short and did not include most of the 

analyzed region. 

Genus Oculatella Zammit, Billi et Albertano 2012 (Fig. 1, d–f) 

The genus was described as a result of a polyphasic study of subaerophytic strains of 

similar morphology isolated from ancient hypogea in Italy and Malta. Molecular and 

phylogenetic analyses based on 16S rRNA nucleotide sequences revealed a cluster, 

separated on a generic level; all investigated strains had a high level of genetic similarity 

(99% or more). Genus Oculatella has three autapomorphies distinguishing it from all other 

genera: purple-red coloration of the cells and trichomes, the obligatory presence of the 

orange photosensitive structure at the tip of the mature end cells of the trichome, and 

subaerophytic mode of life in low-illuminated subterranean environments (Zammit et al., 

2012). Holotype of the genus, Oculatella subterranea Zammit, Billi et Albertano,                 

was previously known as Leptolyngbya «Albertano/Kováčik red» 1997 (Komárek, 2005).  
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FIG. 2: Molecular phylogeny of Synechococcales based on 16S rRNA sequence comparisons.              

A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) 

and Maximum Likelihood bootstrap support (BP) indicated at nodes. From left to right, support 

values correspond to Bayesian PP and Maximum Likelihood BP; BP values lower than 50% and PP 

lower than 0.8 not shown. Strains marked in bold are newly sequenced cyanobacteria. Clade 

designations follow Osorio-Santos et al., 2014 and Miscoe et al., 2016 
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Thus, at first, genus Oculatella was positioned as a representative of hypogean biota of 

the Mediterranean. However, its narrow ecological specialization was refuted by a 

comprehensive study of 37 strains genetically related to Oculatella but lacking red-purple 

coloration and isolated from diverse aquatic and terrestrial habitats of three continents and a 

Pacific island (Osorio-Santos et al., 2014). Based on a monotypic species concept, authors 

described seven new species of Oculatella, including four species inhabiting desert soil, 

and three from more humid environments. Thus, at the present time, the unique feature of 

genus Oculatella remains a reddish photosensitive spot at the end of the trichome. 

Precisely, this trait was revealed in the strains isolated from the biological soil crusts from 

the Sea of Azov coast. Their description is below. 

Thallus blue-green, as a thin film on the surface agar. Filaments wavy, unbranched, 

(3.0)4.3–6.5 µm wide. Sheaths occur frequently, especially in old cultures, relatively wide, 

sometimes with more than one trichome. Trichomes blue-green, not attenuated to the end, 

1.1–1.8(2.5) µm wide, slightly constricted (in young cultures) or unconstructed, sometimes 

with granulations. Necridia absent. Cell length exceeds width (in young cultures – very 

little) (2.5)3.0–6.5 µm, cytoplasm homogenous, thylakoids clear, parietal, visible under 

light microscope. Young trichomes weakly motile. Mature end cells conical, 3.2–7.1 µm 

long, with a reddish-orange spot in the apex of the cell. 

Morphologically and phylogenetically (in 16S rRNA, Fig. 2), our strains completely 

correspond to genus Oculatella (Zammit et al., 2012; Osorio-Santos et al., 2014). Original 

strains of Oculatella became identical in nucleotide sequence of the gene 16S rRNA; they 

joined the already known species of this genus, forming an isolated single clade with high 

support. Morphologically and in the sequence of the 16S-23S ITS region (not shown), 

Ukrainian strains differ from all known species of this genus, probably representing a new 

species of Oculatella. Nevertheless, a detailed description of potential new Oculatella 

species is beyond the scope of the current manuscript. 

 

Genus Roholtiella Bohunická, Pietrasiak et Johansen 2015 (Fig. 1, g–i) 

The genus was described after a complex study of 16 strains of morphologically, 

clearly separated heterocytous cyanobacteria from various habitats in the Czech Republic, 

Russia, and the USA. This extremely interesting genus combines the features, which 

traditionally were used for delimitation of the families of Nostocales. They include 

abundant mucilage around the colonies, clearly constricted trichomes and formation of the 

chains of arthrospores without connection to heterocytes (Nostocaceae), trichomes with 

cylindrical cells and false branching (Scytonemataceae) and heteropolar trichomes tapering 

to the end (Rivulariaceae). After the introduction of molecular methods in taxonomical 

studies of cyanobacteria, the strains possessing the above features sometimes appeared on a 
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phylogenetic tree in one clade (Rajaniemi et al., 2005; Johansen et al., 2014). These are 

often perceived as the result of wrong identification of the strains whose sequences were 

placed in Genbank. The problem was recognized but only the discovery of heteropolar 

filaments with false branching phylogenetically close not to Calothrix C. Agardh but to 

Tolypothrix Kütz., and description of the genus Calochaete Hauer, Bohunická et 

Mühlsteinová 2013 confirm that in nature genotypes do exist, morphologically unexpected 

for traditional cyanotaxonomy (Bohunická et al., 2015). We isolated heteropolar false 

branched specimens of cyanobacteria from the biological crusts occurring at coquina beach 

at the Sea of Azov. Morphological description of the original strain of Roholtiella follows. 

In culture thallus olive-green to brownish-green and reddish brown, flat, grows in the 

agar, sometimes stains it brown or brown-red color, sometimes with erect bundles of 

filaments; in old cultures its uneven surface resembles Nostoc thalli. Filaments short to 

moderately long, usually with a single false branching, izopolar or heteropolar. Sheath thin, 

sometimes extended, closed at the ends or diffluent, open when releasing arthrospores, 

colorless to reddish or reddish-brown. Trichomes constricted at the cell walls, distinctly and 

gradually tapering towards the end, slightly swollen at the base, at the widest point cells are 

5.3–7.1(8.9) µm wide. Cells barrel-shaped up to nearly spherical or spherical compressed, 

cell content homogenous or granulated, olive-green to reddish, usually short, sometimes 

isodiametric or somewhat elongated, 2.9–6.4(7.9) µm long. End cells round conical or 

rounded, 2.9–6.4 µm wide, 3.6–7.5 µm long. Heterocytes were observed only terminal, 

hemispherical, with pale-yellow content, 4.3–5.3 µm wide, 3.6–4.3 µm long. Hormogonia 

short, with cells 5.3–6.4 µm wide, 3.6–5.7 µm long. Arthrospores in chains, 5.3–6.8 µm 

wide, 4.3–5.3 µm long, released from the end of filament by dissociation.  

Comparison of original strain with published species of the genus Roholtiella              

(Table 3) shows its filaments by appearance, structure and coloring of the sheath; 

dimensional ranges are most similar to type species of Roholtiella: R. edaphica Bohunická 

et Lukešová.  

Strains of this species have been isolated from a variety of soils (including soil of 

dump recultivating after coal mining, and steppe and forest soils) of Europe (Czech 

Republic), Asia (Russia: Bashkortostan) and North America (USA). According to the 

protologue, R. edaphica differs from all other species of the genus by a marked swelling of 

the trichome near the basal heterocyte; this feature was rarely recorded in our cultures. A 

similar feature is also listed in the description of R. mojaviensis Pietrasiak et Johansen 

(“trichomes … Calothrix-like with basal heterocyte at the slightly widened base” 

(Bohunická et al., 2015, p. 93). However, R. mojaviensis is characterized by a bright blue-

green coloration of the thallus, shorter, narrower, and more consistently tapering trichomes 

differing it from both all other species and original strain. The  last  differs  from  all known 
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TABLE 3: Morphology and ecology of original strain KZ-5-4-5 and known species of 

Roholtiella (Bohunická et al., 2015)  
 

Morphology and cell dimensions (width/length, µm) 
Species 

Sheath Cells End cells Heterocytes Arthrospores 
Ecology 

R
oh

ol
ti

el
la

 

K
Z

-5
-4

-5
 

Colorless 

to reddish 

or reddish-

brown 

Barrel-

shaped to 

spherical 

compressed, 

5.3–7.1(8.9)/ 

2.9–6.4(7.9) 

Round-

conical or 

rounded, 

2.9–6.4/ 

3.6–7.5 

Terminal 

hemispherical, 

4.3–5.3/ 

3.6–4.5 

Spherical 

compressed, 

5.3–6.8/ 

4.3–5.3 

Coquina 

beach    

on the 

seashore 

R
. e

da
ph

ic
a 

 

B
oh

un
ic

ká
 e

t L
uk

eš
ov

á 

Colorless, 

slightly 

pinkish, 

orange,  

red to red-

brown 

Barrel-

shaped to 

spherical 

compressed, 

6.2–12.3/ 

1.6–8.2(9.0) 

Conical, 

round-

conical to 

rounded, 

4.1–4.9/ 

3.2–5.5 

Terminal 

spherical, 

hemispherical or 

elongated 

rounded, inter-

calary shortly-

barrel-shaped, 

4.8–8.0(10)/ 

2.8–7.5 

 

6.1–11.1/ 

4.6–9.3  

 

Temperate 

climate soil  

R
. m

oj
av

ie
ns

is
 

P
ie

tr
as

ia
k 

et
 J

oh
an

se
n Colorless 

to slightly 

pinkish 

Cylindrical, 

barrel-shaped 

or spherical 

compressed,

5.7–9.6/ 

1.6–7.3 

Round-

conical or 

conical,  

2.8–5.2/ 

3.2–6.4 

Terminal 

hemispherical or 

slightly conical, 

intercalary 

shortly-barrel-

shaped, 

4.7–7.4/3.2–6.8 

Nearly 

spherical,  

5.6–7.9/4.1–

9.0 

Sandy, 

gravelly soil 

in desert 

R
. b

as
hk

ir
io

ru
m

 

G
ai

si
na

 e
t B

oh
un

ic
ká

  

Colorless 

Barrel-

shaped to 

spherical, 

6.6–9.8/ 

2.1–8.5 

Round-

conical, 

3.3–6.9/ 

3.6–7.2 

 

Terminal 

hemispherical, 

intercalary 

cylindrical, 

4.1–8.2 /2.5–7.4 

Spherical 

compressed to 

nearly 

spherical,  

6.2–10.5/  

4.9–9.0 

 

Soil on the 

bank of river 

R
. f

lu
vi

at
il

is
  

Jo
ha

ns
en

 e
t G

ai
si

na
  

Colorless, 

orange to 

reddish 

Barrel-

shaped,  

7.9–9.8/ 

2.8–10.8 

Spherical or 

conical,  

3.9–6.9/ 

4.1–6.4 

Terminal 

hemispherical, 

intercalary 

round-

cylindrical, 

4.7–7.4/3.2–6.8 

Spherical 

compressed to 

nearly 

spherical,  

6.1–10.4/3.9–

10.0 

In small 

streams or in 

hydro-

terrestrial 

communities  

on their edge 
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species of Roholtiella in ecology of the habitat. All known strains of Roholtiella were 

isolated from environments with low salinity (Table 3), and our strain originates from the 

biological crust found at a conquina beach exposed to sea waves and sharp seasonal 

fluctuations of the surf line. The final resolution to the question of taxonomic status of the 

original strain needs a molecular phylogenetic study. 

 

 
 

FIG. 3: Molecular phylogeny of Nostocales based on 16S rRNA sequence comparisons.                         

A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) 

and Maximum Likelihood bootstrap support (BP) indicated at nodes. From left to right, support 

values correspond to Bayesian PP and Maximum Likelihood BP; BP values lower than 50% and PP 

lower than 0.8 not shown. Strain marked in bold is newly sequenced cyanobacterium. Clade 

designations follow Hauer et al., 2013, 2014 
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Phylogenetic analysis of heterocytous cyanoprocaryotes of order Nostocales based on 

the 16S rRNA gene nucleotide sequence (Fig. 3), which includes our original data, is 

generally consistent with the phylogeny of the order (Casamatta et al., 2006; Hauer et al., 

2013, 2014; Bohunická et al., 2015; Berrendero et al., 2016, etc). Our strain, 

morphologically corresponding to genus Roholtiella, joined the clade of this genus. This 

clade is part of a larger clade uniting terrestrial species of Nostocaceae, as was also shown 

by Bohunická et al. (2015). Thus, phylogenetic analysis confirmed generic affiliation of the 

original strain.  

For species identification of this strain, we used data on the 16S rRNA gene sequence 

concatenated with the 16S-23S ITS region. This fragment is considered more informative 

than just a sequence of 16S rRNA gene; it allows distinguishing clades, which are 

morphologically and ecologically different but have a level of 16S rRNA similarity over 

97.5% (Osorio-Santos et al., 2014).  

As is known, in bacteriology, when comparing the sequences of 16S rRNA, a level of 

similarity below 97.5% means another species, and all above this threshold is considered 

uninformative (Johansen and Casamatta, 2005).  

However, as has been shown in the study of intrageneric phylogenetic relationships 

among different groups of cyanobacteria, in certain cases, the level of similarity in 16S 

rRNA may be higher than this threshold but the clades with clear differences are considered 

as separate species (Řeháková et al., 2007; Osorio-Santos et al., 2014; Bohunická et al., 

2015). For example, strains of Roholtiella had over 97.9% similarity, which did not prevent 

the description of four new species. Their autapomorphies include differences in the 

structure of some conservative areas of the 16S-23S ITS region (Bohunická et al., 2015). 
The nucleotide sequence of the 16S-23S ITS region of the original strain of Roholtiella 

contained operons without tRNA genes. It is possible to obtain the nucleotide sequence 

having operons containing either two tRNA genes or no tRNA genes within the same strain 

of genus Roholtiella (Bohunická et al., 2015). Therefore, in the molecular sequence 

analysis of the 16S-23S ITS region we used only lacking tRNA genes sequences of the 

known species of Roholtiella. Phylogenetic analysis based on the 16S rRNA gene sequence 

concatenated with the 16S-23S ITS region of the original and 12 published strains of 

Roholtiella (Fig. 4) revealed that the Ukrainian strain joins the cluster corresponding to the 

species R. edaphica and is a sister taxon to the reference strain CCALA 1063.  

We performed the analysis of the secondary structure of the informative helices of the 

16S-23S ITS region (operon without tRNA gene) for original strain KZ-5-4-5 and three 

strains of R. edaphica: CCALA 1063 (USA, reference strain), CCALA 1060 (Russia), and 

CCALA 1062 (Czech Republic). 
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FIG. 4: Molecular phylogeny of genus Roholtiella based on 16S-23S ITS sequence comparisons.  

A phylogenetic tree was inferred by the Bayesian method with Bayesian Posterior Probabilities (PP) 

and Maximum Likelihood bootstrap support (BP) indicated at nodes. From left to right, support 

values correspond to Bayesian PP and Maximum Likelihood BP; BP values lower than 50% and PP 

lower than 0.8 not shown. Strain marked in bold is newly sequenced cyanobacterium. Clade 

designations follow Bohunická et al., 2015 

 

The configuration of the Box-B helix of the Ukrainian strain is very similar to all other 

strains; they differ in only two nucleotides in the internal and terminal loops (Fig. 5). Strain 

CCALA 1062 is also significantly different from the others in having a larger size of the 

inner loop of the Box-B helix. The secondary structure of the V3 helix of R. edaphica is 

quite variable (Fig. 5). The V3 helix of the original strain is identical to those of the 

reference strain of R. edaphica (CCALA 1063). But the V3 structure of CCALA 1063 is 

similar to other strains only at the bottom and is fundamentally different in the upper part in 

number and composition of the nucleotides. Unfortunately, Bohunická et al. (2015) did not 

show the secondary structure of the 16S-23S ITS region of reference strain CCALA 1063 

and did not discuss this feature.  

Therefore, we can only state the fact of high variability of 16S-23S ITS region within 

R. edaphica. Authors wrote that all four species of Roholtiella are easily identified by the 

nucleotide sequence of the flanking regions of Box-B and V3 helices of the 16S-23S ITS: 

their structure is unique in each of the species, playing the role of genetic autapomorphia. 

The sequences of these regions for different strains of R. bashkiriorum and R. mojaviensis 

were constant, but for strains of R. edaphica were slightly variable (Bohunická et al., 2015, 

Fig. 5): sequences for strains CCALA 1055-1060 and CCALA 1062 differ in two 

nucleotides in positions 133 and 345 (Table 3).  

A comparison of the variable fragments of flanking regions of the Box-B and V3 

helices of original strain with published data shows that Roholtiella KZ-5-4-5 is most 

similar to the strains of R. edaphica. 
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FIG. 5: Secondary structure of the main informative helices of region 16S-23S ITS of Ukrainian 

strain Roholtiella (KZ-5-4) in comparison with strains of the most similar species  

R. edaphica. Marked bases (by circles) and base pairs (by boxes) are variable  

 

 

From 11 variable sequences 6 are identical, but in 5 positions (129, 144, 186, 228 and 

345) we found differences in 7 nucleotides. Our strain has also some similarities with              

R. mojaviensis: five full matches, the differences in eight nucleotides of the six positions. 

Interestingly, the species from more humid habitats, R. fluviatilis and R. bashkiriorum, 

differ from Roholtiella KZ-5-4-5 in 10 of the 11 studied fragments (Table 4). 

Thus, according to morphological features and results of phylogenetic analysis based 

on the 16S rRNA gene concatenated with the 16S-23S ITS region, the Ukrainian strain of 

Roholtiella can be identified as R. edaphica. A comparison of the variable fragments of 

flanking regions of the Box-B and V3 helices of 16S-23S ITS from original and published 

strains of this species revealed some discrepancies. Variability of the original strain perhaps 

lies in the range of variability of R. edaphica (in accordance with its present concept), but 

actually it is the “border case” which must be resolved in future studies. 
 

547



Mikhailyuk et al. 

 

316 

TABLE 4: Short variable fragments or separate nucleotides of flanking regions of the Box-

B and V3 helices of 16S-23S ITS for original strain KZ-5-4-5 and known species of 

Roholtiella 

Position number of aligning variable fragments * Species,  

strains 129 133 136 141 144 148 155 186 228 339 345 

R. fluviatilis, 

CCALA 1058 

T C TAC G TT A AA TTAT– –AA – TTGTTTAA 

R.bashkiriorum, 

CCALA 1057, 

1059 

G C CAA G CA G AC AGAA– AAA – ––TGAATT 

R. mojaviensis, 

CCALA 1055, 

1056 

C C ARA C CT G G– TAATR –AA – T–TGTTTA 

R. edaphica, 

CCALA 1055-

1060 

A C AAA C CT G G– TATTG TTT C A–TGTATW 

R. edaphica, 

CCALA 1062 

A G AAA C CT G G– TATTG TTT C A–TGTATT 

R. edaphica, KZ-

5-4-5 

C C AAA C TT G G– TATTT AAA C A–TGTATA 

*According to Bohunická et al., 2015, fig. 5, p. 94. Differences between original data and published variable 

sequences of R. edaphica are shown in bold and underlined. 

 

CONCLUSIONS 
 

A complex study of cyanobacterial strains isolated from biological soil crusts collected at 

the seashore of the Black Sea and the Sea of Azov reveals three genera from orders 

Synechococcales (Oculatella Zammit, Billi et Albertano, Nodosilinea Perkerson et 

Casamatta) and Nostocales (Roholtiella Bohunická, Pietrasiak et Johansen) first cited for 

the Ukraine. In phylogenetic analyses using sequences of the 16S rRNA gene, all Ukrainian 

strains joined the clades of the corresponding genera with a high degree of support in the 

Bayesian and Maximum Likelihood analyses. However, their species-level identification 

has been successful only for one strain of the genus Roholtiella. The phylogeny based on 
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the 16S rRNA gene concatenated with the 16S-23S ITS region of the original strain and             

12 published strains of Roholtiella showed that the Ukrainian strain was closely related to 

R. edaphica Bohunická et Lukešová. Its secondary structure of Box-B and V3 helices of the 

16S-23S ITS region, and the nucleotide sequences flanking of them, corresponds to                  

R. edaphica in main features. Original strains of genera Oculatella and Nodosilinea were 

quite similar to each other by the nucleotide sequences the 16S rRNA gene. But, 

phylogenetic trees based on the 16S-23S ITS region of both original and published strains 

of these genera indicated that the newly described strains might represent new species as 

they form highly supported distinct clades. Additional investigation of morphology as well 

as sequence and secondary structure of 16S-23S ITS are necessary for description of these 

strains as new species. Finding three new genera for flora of the Ukraine using methods of 

molecular phylogeny demonstrates the importance of modern approaches for the 

assessment of the real diversity of cyanobacteria in nature. 
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ABSTRACT: The paper aims to solve some of the confusions in modern interpretations and 

generic affiliation of two terrestrial cyanobacteria originally described as Plectonema puteale f. 

edaphicum Elenkin and P. boryanum f. hollerbachianum Elenkin. The first taxon was recombined 

soon after its validation as Plectonema edaphicum (Elenkin) Vaulina. Many authors recorded this 

taxon from various soils, sometimes as a dominant in xerophytic algal communities. It was also 

found in two caves near Haifa. We discuss here the nomenclatural history of the genus Plectonema 

s.l., with special reference to its above-mentioned representatives, and provide a comparison of their 

morphological characteristics based on published sources. It is demonstrated that, in the process of 

the taxonomic revision of the order Oscillatoriales and resulting nomenclatural changes, a 

discrepancy arose between the “classical” interpretation of these taxa and their interpretation in the 

Süsswasserflora von Mitteleuropa (Komárek and Anagnostidis, 2005). Based on the analysis of 

literature data and original research, authors argued that both taxa described by Elenkin are found in 

nature. These ecologically similar terrestrial cyanobacteria have clearly expressed morphological 

features, which help in their identification. Phylogenetic analysis using sequences of the 16S rRNA 

gene of original strains of these taxa made it possible to clarify their taxonomic affiliations. Strains 

isolated from biological crusts and identified by morphological features as Pseudophormidium 

hollerbachianum (Oscillatoriophycideae) and Leptolyngbya edaphica (Synechococcophycideae) in 

phylogenetic reconstruction both clustered in the clade of the Leptolyngbyaceae. According to SSU 

rRNA phylogeny, the strain Ru-1-5, morphologically identified as P. hollerbachianum, is a 

representative of the clade Leptolyngbya and is closely related to L. boryana. Therefore, the name 

Leptolyngbya hollerbachiana (Elenkin) Anagnostidis et Komárek 1988 (instead of  

P. hollerbachianum) better corresponds to the phylogeny of this phenotype. The sequences of  

L. edaphica strains isolated from terrestrial habitats joined a well-supported clade of the newly 
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described genus Timaviella Sciuto et Moro (Sciuto et al., 2017). Based on this finding, we propose a 

new nomenclatural combination: Timaviella edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk comb. 

nov. 

KEY WORDS: terrestrial cyanobacteria, Plectonema, Leptolyngbya, Pseudophormidium, 

taxonomy, nomenclature, SSU rRNA phylogeny, new combination, Timaviella edaphica 

 

INTRODUCTION 

 

In recent decades, cyanobacterial taxonomy and systematics have undergone radical 

revision affecting taxa of all ranks (Komárek, 2010; Komárek et al., 2014). Now, due to the 

application of a polyphasic approach combining molecular phylogenetic analysis, 

phenotypic characterization, and nomenclatural checking, the revisions cover a wide range 

of taxa. This forces field phycologists to be in constant readiness to revise their ideas about 

the system of cyanoprokaryotes. Most of the classic genera of cyanobacteria were 

recognized as polyphyletic and were divided into several (more often many) new genera; 

hundreds of species and forms changed their names and position in the classification 

system (Komárek and Anagnostidis, 1988, 1989, 1990, 1995; Anagnostidis, 2001). In many 

cases, the understanding of their diacritical features has also changed. These changes were 

included in the issues of the “Süsswasserflora von Mitteleuropa” devoted to 

Cyanoprokaryota (Komárek and Anagnostidis, 1999, 2005; Komárek, 2013). However, 

during the processing of such a large array of taxa of species and infraspecific rank, it is 

impossible to avoid inaccuracies and even errors, leading to nomenclatural confusion. We 

propose to consider the case of such a misunderstanding, discovered when we tried to 

clarify situation with some terrestrial representatives of the genus Plectonema s. l.  

 

Background  

 

The genus Plectonema (with a false branching as main diacritical character) was 

established by Thuret in 1875. Gomont (1892) in his monograph on Oscillatoriaceae 

revised this genus, at that time included eight recognized species mainly from aquatic 

habitats, and referred it to the tribe Lyngbyeae (filaments with one trichome). Now, 

Plectonema Thuret ex Gomont (in somewhat modified interpretation) is accepted in the 

modern system of cyanobacterial genera (Komárek et al., 2014). Since the revision of 

Gomont, species composition of this genus underwent significant changes. Geitler (1932) 

compiled the descriptions of 29 species of this genus, including 10 tropical and 5 marine. 

Elenkin (1949) implemented the most profound intrageneric revision of Plectonema 

critically analyzing all available data on European species. The author described a number 
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of forms, which later were recognized as separate species. An important contribution of 

Elenkin in the knowledge of the ecological range of this genus was the involvement of data 

of his student Hollerbach, who performed a special study of soil algae as a PhD thesis. In 

particular, Hollerbach isolated from the soil representatives of five species of Plectonema 

previously known from aquatic habitats. In three cases (P. phormidioides, P. notatum, and 

P. gracillimum) cultural material mostly corresponded to the protologues. Describing the 

morphotypes similar to P. puteale and P. boryanum, Hollerbach made a number of 

observations but did not draw nomenclatural conclusions. Elenkin used his observations for 

describing new infraspecific taxa: P. puteale f. edaphicum Elenkin and P. boryanum f. 

hollerbachianum Elenkin. Both of them differed from the typical forms of these species by 

smaller dimensions and habitat (soil). They also differed sharply from each other both 

morphologically and by the mode of growth in aquatic cultures (Fig. 1, Table). Plectonema 

puteale f. edaphicum “… formed on the glass walls of the flasks above the cultural medium 

level thin felt films dirty blue-green to dark brown in color” (Elenkin, 1949, p. 1784).  

Plectonema boryanum “… developed ... almost exclusively on the walls of the flasks below 

the level of the solution in the form of dense films, dull dark blue-green or slightly olive in 

color” (Ibid., p. 1788). As for the false branching, which differ in the mentioned species 

(filaments of Plectonema puteale “rarely pseudobranched, pseudobranches short”, and in  

P. boryanum “richly pseudobranched, pseudobranches long, geminate), we can assume that 

the new forms do not have deviations from the type since Elenkin did not say anything 

about it. The drawings of Hollerbach given by Elenkin confirm this conclusion (Fig. 1). 

Descriptions of the new terrestrial forms were included in the “Identification Manual 

of the Freshwater Algae of the USSR. Blue-Green Algae” (Hollerbach, 1953). Later, they 

entered identification manuals of Cyanophyta of Poland (Starmach, 1966) and Ukraine 

(Kondratyeva, 1968) but in a different taxonomic status: f. hollerbachianum Elenkin 

remained the infraspecies taxon of P. boryanum, for the f. edaphicum a new nomenclature 

combination of species rank was proposed.  

Plectonema puteale f. edaphicum quite often occurred in various soils; this fact 

contributed to a better knowledge of its morphology and biology. Vaulina, the PhD student 

of Hollerbach, working on the study of soil algae of Belarus repeatedly found 

representatives of this taxon in soils of different types, which enabled her to study them in 

detail in culture. Based on her own observations, and referring to the opinion of Shtina 

(1955, p. 441; cit. from Vaulina, 1959), who studied this form in the soils of the Kirov 

Region of Russia, the author proposed a new nomenclature combination Plectonema 

edaphicum (Elenkin) Vaulina. The paper (Vaulina, 1959) contains a brief Latin diagnosis 

and a much more expanded and detailed description in Russian illustrated by drawings both 

of Hollerbach from Elenkin, 1949 (Fig. 1, A) and Vaulina (Fig. 2).  
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FIG. 1: Original drawings of Hollerbach from Elenkin, 1949: А – Plectonema puteale f. edaphicum 

Elenkin; В – Plectonema boryanum f. hollerbachianum Elenkin 

 

The description of the new species largely coincides with the original description of 

Hollerbach (Elenkin, 1949, p. 1784). However, there are some differences, obviously 

because Vaulina worked with both liquid and soil cultures. The author expanded the range 

of the cell width and length, and described how pseudobranches arise in cultures of 

different types (Vaulina, 1959, p. 20): “filaments ... with a rare false branching, which is 

mostly expressed by rupture of trichomes, bloating of the sheath and approaching the 

opposite ends of trichomes for each other” (Fig. 2, 1–5). “However, in filaments immersed 

in liquid medium at the bottom of the flask, branching can be quite abundant” (Fig. 2, 6–8). 

Unfortunately, these details were given only in Russian, which later, obviously, led to a 

distorted interpretation of this species (see below).  
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FIG. 2: Plectonema edaphicum (Elenkin) Vaulina: 1–5 – filaments from soil culture; 6–8 – false 

branching in liquid culture (after Vaulina, 1959) 

 

 

The most characteristic feature of the new species is the appearance of the sheath: thin 

and light gray in young filaments, in old they become thick, dark gray, or gray-brown to 

dark brown, with a sharply outlined almost black-brown outer layer, sometimes swollen. 

Both Hollerbach and Vaulina noted that trichomes inside the sheath are almost invisible. 

The color of the sheath determines the peculiar brownish shade of the P. edaphicum thallus. 
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Starmach (1966, p. 695, fig. 1022) took the description and drawings of P. edaphicum 

from Vaulina, 1959. Kondratyeva supplemented the protologue with width of the filaments, 

and used drawings of both Hollerbach and Vaulina (Kondratyeva, 1968, p. 224, fig. 116,  

1, 2). She noted that this species was not recorded in Ukraine but can be found.  

Due to the edaphic mode of life and characteristic appearance of the filaments,  

P. edaphicum is fairly well revealed in cultures. The mention in the popular identification 

manual of Kondratyeva also contributed to its “recognizability”. In Ukraine this species 

was recorded in various soils of the Forest-Steppe (Massjuk et al., 1983; Mikhailyuk, 

2000), and especially, of the Steppe zone including solonets (Prikhodkova and 

Vinogradova, 1988; Prikhodkova, 1992; Kostikov et al., 2001). In Mountain Crimea  

P. edaphicum also occurred in terrestrial habitats; in particular, it was among dominants of 

gray-brown gravelly soil (Vinogradova, 1989). In other republics of the former Soviet 

Union, this taxon was found in soils of various types, including as the dominant in 

xerophytic algal communities (Melnikova, 1975; Basova, 1978); outside the USSR, it was 

poorly known. Novichkova-Ivanova (1980) cited P. edaphicum for the sand desert of Tar in 

Sindh province (Pakistan). Vinogradova repeatedly found it in the cultures from numerous 

terrestrial habitats of Israel ranging from rendzina in the Upper Galilee to the loess of the 

Central Negev and the rocky outcrops of the Makhtesh Ramon and Timna in the south 

(Vinogradova et al., 2000, 2004). The species was also found on the walls of two caves 

near Haifa, both on dry and wet sites (Vinogradova, 1999). Based on the literature data and 

our experience of soil phycologists, we can assert that morphospecies P. edaphicum occurs 

in diverse terrestrial ecotopes, including under conditions of excessive solar radiation, water 

deficiency, increased salinity, and extremely lowlight intensity.  

It should be noted that in some publications one could find a “corrected” spelling 

version of the name Plectonema edaphicum, which is given as “Plectonema edaphica”. 

The authors, who “corrected” the grammatical gender of the epithet, in contrast to Elenkin 

who received the classical education obviously did not know that compound words of 

Greek origin ending in -ceras, -dendron, -nema, -stigma, and -stoma (and some others) are 

not feminine but neuter. This is also enshrined in Art. 62.2 (c) of the ICN (Turland et al., 

2018). For this reason, the name Plectonema is neuter and needs epithets in the form of the 

neuter gender (for example, edaphicum). 

Unfortunately, most of the data on species diversity and the distribution of soil algae, 

accumulated during the Soviet period, remained almost unknown to foreign colleagues. For 

example, in AlgaeBase the general distribution of P. edaphicum is limited to Israel 

(Vinogradova et al., 2000). Taxonomic publications of Soviet algologists are better known; 

many of the taxa described by them are included in European compendiums and, then, in 

electronic databases. However, in the case of P. puteale f. edaphicum there was a certain 

nomenclature collision: in AlgaeBase it is indicated as a basionym for three taxa 
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(Plectonema edaphicum, Pseudophormidium edaphicum, and Leptolyngbya edaphica) of 

which the latter two are designated as taxonomically recognized. Since, according to 

Principle IV of the ICN (Turland et al., 2018), a taxonomic group of a certain volume, 

taxonomic position, and rank can bear only one correct name, the situation described above 

(two taken  names of the same rank based on a single basionym) is impossible from a 

nomenclature point of view. It seems to be an obvious confusion; so we tried to figure out 

how it happened.  

 

Nomenclature history of Plectonema edaphicum  

As is known, the accumulation of taxonomically important information on 

ultrastructural, genetic, biochemical, ecophysiological features of cyanoprokaryotes 

required a revision of the classical system of Cyanophyta. The most successful attempt of 

such revision was undertaken in preparation for a new edition of the Süsswasserflora von 

Mitteleuropa (Anagnostidis and Komárek, 1985, 1988; Komárek and Anagnostidis, 1986, 

1989). In particular, a revised system of Oscillatoriales included 43 genera classified into 

six families (Anagnostidis and Komárek, 1988). Taxa, previously membering Plectonema 

s.l., after revision were placed into four genera from three families. Genus Plectonema 

Thuret ex Gomont, representing a newly established subfamily Plectonematoideae of the 

family Oscillatoriaceae, included five species with wide obligatory and richly 

pseudobranched filaments, trichomes 8–25 µm wide, and discoid cells. Three species were 

included to genus Pseudoscytonema, subfamily Ammatoideoideae of the same family. 

Another group of species (12) was identified as genus Pseudophormidium (Forti) 

Anagnostidis et Komárek (basionym Plectonema section Pseudophormidium Forti). The 

main diacritical feature of the new genus is obligatory and common false branching of 

filaments; in other characters, it is similar with Phormidium and other genera of family 

Phormidiaceae (Anagnostidis and Komárek, 1988, p. 409). Plectonema puteale f. 

edaphicum became the basionym of Pseudophormidium edaphicum (Elenkin) Anagnostidis 

et Komárek. Nomenclature references include Elenkin, 1949 and Kondratyeva, 1968. This 

directly links the new combination with Plectonema edaphicum (Elenkin) Vaulina. 

Nineteen former Plectonema taxa (including P. boryanum f. hollerbachianum as 

Leptolyngbya hollerbachiana) were referred to a newly established genus Leptolyngbya 

Anagnostidis et Komárek (subfamily Leptolyngbyoideae).  

In the decade following the revision of 1988, new molecular, ultrastructural, and 

ecophysiological data appeared entailing a revision of the systematic position of many taxa. 

At the final stage of preparation of the second issue of volume 19 of the “Süsswasserflora 

…”, devoted to Oscillatoriales, the valid publication of nomenclatural transfers of species 

and generic names was done. Two hundred and eight nomenclatural combinations were 

published (Anagnostidis, 2001). Among them were the taxa we discussed here. 

Leptolyngbya hollerbachiana was newly recombined in Pseudophormidium holler-
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bachianum (Elenkin) Anagnostidis (basionym P. boryanum f. hollerbachianum). 

Pseudophormidium edaphicum became Leptolyngbya edaphica (Elenkin) Anagnostidis et 

Komárek (basionym Plectonema puteale f. edaphicum Elenkin). These recombinations had 

no taxonomic explanations or descriptions; the latter are given only for new taxa of species rank. 

The Oscillatoriales issue of the Süsswasserflora was published in four years (Komárek 

and Anagnostidis, 2005). In this book, nomenclature of the abovementioned species follows 

Anagnostidis, 2001. However, their descriptions and interpretation sharply differed from 

basionyms, although the names of Hollerbach and Elenkin are cited among authors of taxa.  

We read (Komárek and Anagnostidis, 2005, p. 222): 

“Leptolyngbya edaphica (Hollerbach ex Elenkin) Anagnostidis et Komárek in 

Anagnostidis 2001 (fig. 274) 

Plectonema puteale (Kirchner) Hansgirg f. edaphicum Elenkin 1949; Lyngbya 

lagerheimii f. edaphica (Hollerbach) Elenkin 1949 incl.; Leptolyngbya hollerbachiana 

Anagnostidis et Komárek sensu auct. post. (Albertano et al., 1991); non Plectonema 

edaphicum (Hollerbach) Vaulina 1959 sensu Vaulina”.  

Bold text corresponds to the standard nomenclature citation of a misapplied name: 

“Plectonema edaphicum (Hollerbach) Vaulina, excl. pl.” In other words, from the cited 

remark, we can conclude that Anagnostis and Komarek believed that Vaulina (the author of 

a combination of species rank) erroneously attributed representatives of a different species 

to this taxon. According to the Article 7.3. of the ICN (Turland et al., 2018), a new 

combination is typified by the type of the basionym, so the combination of Vaulina is 

homotypic with the name Leptolyngbya edaphica, regardless of the understanding of this 

taxon by Vaulina. It should also be noted that the incorporation of Lyngbya lagerheimii f. 

edaphica (Hollerbach) Elenkin in L. edaphica, because of morphological characters, seems 

somewhat doubtful: its unconstricted trichomes in colorless narrow sheathes are very 

different from the species under discussion and, by the way, these features did not 

correspond the description cited above.  

Also not clear is the mention of L. hollerbachiana from Albertano et al., 1991. The 

paper discusses the effect of light on the ultrastructure of several strains of cyanobacteria 

isolated from the hypogeans. TEM images of the strain designated as L. hollerbachiana 

demonstrate parietal thylakoids, the central polyphosphate body, carboxysomes, necridia, 

and weak constrictions at cell walls. In the paper, we did not find the data on the 

morphology of this strain, except for the constant presence of sheath. 

So, what happened to the P. edaphicum sensu Vaulina excluded from L. edaphica? 

Continue to read the Süsswasserflora (Komárek and Anagnostidis, 2005, p. 380): 

“Pseudophormidium hollerbachianum (Elenkin) Anagnostidis 2001 (fig. 535). 

Plectonema boryanum f. hollerbachianum Elenkin 1949; Plectonema edaphicum 

(Elenkin) Vaulina 1959 sensu Vaulina; not Elenkin nec Hollerbach; Leptolyngbya 

hollerbachiana (Elenkin) Anagnostidis et Komárek 1988.”  
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As we understood, the text in boldface corresponds to the standard nomenclatural 

citation “Plectonema edaphicum sensu Vaulina, non (Hollerbach) Vaulina, excl. typo”, 

implying that Vaulina mistakenly applied the basionym (basionyms?) of Elenkin and 

Hollerbach to the samples she had studied that actually belonged to Pseudophormidium 

hollerbachianum (Elenkin) Anagnostidis (= Plectonema boryanum f. hollerbachianum 

Elenkin). 

Thus, the Hollerbach-Elenkin forma edaphicum and the species recombined from it by 

Vaulina (the PhD student of Hollerbach) are declared different taxa. It is curious that 

illustrations of Leptolyngbya edaphica (Komárek and Anagnostidis, 2005, p. 221, fig. 274) 

were taken after Hollerbach from Kondratyeva (1968, sub Plectonema edaphicum). Figures 

of P. hollerbachianum were given after Vaulina (1959) and Starmach and Sieminska 

(1979), with the note that in both cases the authors cited it as P. edaphicum (Ibid., p. 380, 

Fig. 535). As mentioned above, Starmach (1966) included in his monograph both taxa we 

discussed here, so he could hardly make a mistake signing the figure. Original drawings of 

Hollerbach from Elenkin (1949) illustrated P. boryanum f. hollerbachianum, the basionym 

of P. hollerbachianum, were ignored in Komárek and Anagnostidis, 2005. 

We tried to understand the reasons for revising two well-known terrestrial taxa 

described by one author. Since the new interpretation concerns morphological features, we 

compared them according to published data taking protologues from Elenkin, 1949 as a 

starting point (Table). As can be seen from the table, for most of the characters (the 

appearance of the sheath, the width of the filament, rarely occurring false branching, the 

weak constrictions of the trichome, the shape and length of the cells) the descriptions of P. 

puteale f. edaphicum by Hollerbach, P. edaphicum by Vaulina and L. edaphica by 

Anagnostidis and Komárek coincide. The last taxon differs from that given by Hollerbach 

and Vaulina (which are almost identical to each other) in the appearance of the thallus, and 

from P. edaphicum in somewhat smaller upper limits of the length and width of the cells 

(Table). 

But if we compare the descriptions of P. hollerbachianum, its basionym and  

“P. edaphicum (Elenkin) Vaulina 1959 sensu Vaulina”, which is referred to  

P. hollerbachianum, the differences between P. edaphicum and the other two taxa are 

obvious. They concern the color and structure of the sheath, the frequency and appearance 

of pseudobranches, the degree of trichome constriction, and the shape and length of 

intercalary cells (Table). Regarding the latter, we do not understand how the cylindrical 

(according to protologue) cells of P. edaphicum correspond to the monoliform cells from 

the description of P. hollerbachianum; by the way, the original drawing of Hollerbach  

(Fig. 1, B) demonstrates them very clearly. 

In our opinion, the analysis of the table indicates the erroneousness of the statement  

a) about a different interpretation of P. puteale f. edaphicum by Hollerbach and Vaulina, 

and b) about the identity of P. hollerbachianum and P. edaphicum (Elenkin) Vaulina. We 

have no doubt, that in nature there are two separate taxa which Elenkin described on the 
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basis of Hollerbach’s observations. These ecologically close inhabitants of edaphon and 

lithophyton have clearly expressed morphological features enabling both to identify each of 

them in nature and culture, and to distinguish them between each other. Our assumptions 

were recently supported by convincing proof.  

In the study of biological soil crusts from coastal ecotopes (Schulz et al., 2016; 

Mikhailyuk et al., in press), we had the opportunity to conduct a comprehensive study of 

the taxa under discussion, which were among the most common in the studied habitats. 

They were isolated in culture and, since the strains Ru-1-5 and Us-6-3 corresponded well to 

the descriptions of P. hollerbachianum and L. edaphica in Komárek and Anagnostidis, 

2005 they were identified as these species. However, the results of SSU rRNA phylogeny 

(Fig. 1 in Mikhailiuk et al., in press) did not confirm their taxonomic affiliations. The 

analysis showed that both strains belong to the subclass Synechococcophycideae.  

First, this means that the use of the name Pseudophormidium for this morphotype is 

incorrect in principle, since this genus belongs to the family Microcoleaceae of the subclass 

Oscillatoriophycideae. According to SSU rRNA phylogeny, the strain Ru-1-5, 

morphologically identified as P. hollerbachianum is representative of the clade 

Leptolyngbya: on the phylogenetic tree it formed highly supported clade with the strains 

Leptolyngbya foveolarum VP1-08 and L. boryana UTEX D 488 (Ibid., Fig. 1). It should be 

noted that in phylogenetic reconstructions of other authors (Osario-Santos et al., 2014; 

Miscoe et al., 2016; Sciuto et al., 2017), the strains designated as Pseudophormidium also 

clustered in the clade Leptolyngbyaceae, so the question of the taxonomic affiliation of this 

genus needs revision. Before this question will be answered, we propose to use the name 

Leptolyngbya hollerbachiana (Elenkin) Anagnostidis et Komárek 1988 (basionym 

Plectonema boryanum f. hollerbachianum Elenkin) instead of Pseudophormidium 

hollerbachianum.  

The strain Us-6-3, phenotypically corresponding to L. edaphica, as well as to other 

original strains of this morphospecies from various terrestrial habitats, join the clade of the 

newly described genus Timaviella Sciuto et Moro (Sciuto et al., 2017), although it does not 

belong to the T. karstica Sciuto et Moro and T. circinata Sciuto et Moro (Fig. 1 in 

Mikhailyiuk et al., in press). On the basis of the foregoing discussion, we propose a new 

nomenclature combination: 

 

Timaviella edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk comb. nov.  

Basionym: Plectonema puteale (Kirchner) Hansgirg f. edaphicum Elenkin 1949. 

Monogr. Alg. Cyanoph., Pars. Spec. 2: 1783, fig. 541. 

Synonyms: Plectonema edaphicum (Elenkin) Vaulina 1959; Plectonema edaphicum 

(Hollerbach) Vaulina in Kondratyeva, 1968; Pseudophormidium edaphicum (Elenkin) 

Anagnostidis et Komárek 1988; non Leptolyngbya edaphica (Hollerbach ex Elenkin) 

Anagnostidis et Komárek 2005).  
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CONCLUSIONS 

 

Analysis of the nomenclatural history, morphological characters and results of SSU rRNA 

phylogeny of two representatives of terrestrial false-branching cyanobacteria initially 

described as Plectonema puteale f. edaphicum Elenkin and P. boryanum f. 

hollerbachianum Elenkin made it possible to clarify their taxonomic affiliations. It is 

demonstrated that, in the process of the taxonomic revision of the order Oscillatoriales and 

resulting nomenclatural changes, a discrepancy arose between the “classical” interpretation 

of these taxa and their interpretation in the Süsswasserflora von Mitteleuropa (Komárek 

and Anagnostidis, 2005). The analyses using sequences of the 16S rRNA gene provide 

evidence that original strains identified by morphological features as Pseudophormidium 

hollerbachianum (Oscillatoriophycideae) and Leptolyngbya edaphica (Synechococco-

phycideae), in phylogenetic reconstruction both clustered in the clade of the 

Leptolyngbyaceae. According to SSU rRNA phylogeny, the strain Ru-1-5, morphologically 

identified as P. hollerbachianum is representative of the clade Leptolyngbya and is closely 

related to L. boryana. Therefore, the name Leptolyngbya hollerbachiana (Elenkin) 

Anagnostidis et Komárek 1988 instead of P. hollerbachianum better corresponds to the 

phylogeny of this phenotype. The sequences of L. edaphicum strains isolated from 

terrestrial habitats joined a well-supported clade of the newly described genus Timaviella 

Sciuto et Moro. Based on this finding, a new nomenclatural combination, Timaviella 

edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk comb. nov. is proposed. 
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ВИСНОВКИ  

 

Отримані у процесі дослідження результати поповнили відомості щодо 

видового різноманіття водоростей та ціанобактерій біокірочок недостатньо 

вивчених та різноманітних за кліматичними і екологічними умовами регіонів 

світу. Застосування інтегративного підходу до вивчення біорізноманіття 

дозволило отримати достовірні дані щодо поширення окремих таксонів у 

біокірочках, їх екологічної причетності, виявити рідкісні види та описати нових 

представників, провести таксономічні ревізії недостатньо вивчених груп 

водоростей і ціанобактерій.  

Ці результати дають підстави сформулювати наступні висновки. 

 

1. Загалом, у біокірочках окремих регіонів та екосистем, виявлено 313 видів 

водоростей і ціанобактерій (Chlorophyta – 160 видів, Streptophyta – 30, 

Ochrophyta – 48 (Xanthophyceae – 26, Eustigmatophyceae – 4 та 

Bacillariophyceae – 18), Cyanobacteria – 75): на балтійських дюнах – 86 

видів, чорноморських дюнах – 60, приморських екосистемах Азовського 

моря – 54, у лісах Німеччини – 52, штучних гіпергалінних екосистемах 

Німеччини – 30, у пустелях, напівпустелях та лісах Чилі – 86, тундрових 

екосистемах Свальбарду та Антарктичних островів – 82 і 49 видів 

відповідно.  

2. В ході дослідження було описано 2 роди – Streptosarcina і Streptofilum 

(Streptophyta), 18 видів і 2 різновидності зелених водоростей та 

ціанобактерій (з родів Parietochloris, Tetradesmus (Chlorophyta), 

Klebsormidium, Interfilum, Streptosarcina, Streptofilum (Streptophyta), 

Aliterella, Oculatella, Cyanocohniella (Cyanobacteria)), здійснено емендацію 

та епітипіфікацію 16 видів (Actinochloris, Eremochloris, Xerochlorella 

(Chlorophyta), Klebsormidium, Interfilum, Hormidiella (Streptophyta), 

Crinalium (Cyanobacteria)) та запропоновано 6 номенклатурних 

комбінацій (Heterochlamydomonas, Xerochlorella (Chlorophyta), 
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Klebsormidium, Interfilum, (Streptophyta), Timaviella (Cyanobacteria). 

Виявлено 15 нових для флори України видів.  

3. Виявлено переважання зелених водоростей при значній ролі 

ціанобактерій у біокірочках балтійських та чорноморських дюн, 

ціанобактерій – приморських екосистем Азовського моря, зелених 

водоростей при майже повній відсутності ціанобактерій – лісів 

Німеччини, зелених ульвофіцієвих водоростей, витривалих до засолення 

– штучних гіпергалінних екосистем Німеччини, присутність унікальних 

представників Klebsormidium – у біокірочках напівпустель та лісів Чилі, 

значне різноманіття жовтозелених водоростей –  полярних регіонів.  

4. На прикладі приморських екосистем України та Німеччини встановлено, 

що основними факторами, які впливають на видовий склад та структуру 

угруповань водоростей і ціанобактерій біокірочок дюн, є текстура піску 

(за гранулометричним аналізом), а також його хімічний склад 

(електропровідність, рН, вміст карбонатів і фосфору), крім того, 

кліматичні особливості регіону.  

5. Застосування інтегративного підходу значно уточнює інформацію 

стосовно видового складу водоростей та ціанобактерій біокірочок. На 

прикладі балтійських дюн показано уточнення видової ідентифікації для 

15% списку, отриманого на основі морфологічних методів, та можливість 

виявлення цілої низки рідкісних і нових таксонів, попередня 

ідентифікація яких вказувала на звичайні види. Завдяки інтегративному 

підходу виявлено 18 нових філогенетичних ліній серед водоростей і 

ціанобактерій біокірочок гіпергалінних відвалів Німеччини. 

6. На основі інтегративного підходу доведено, що рід Interfilum є 

представником Klebsormidiophyceae (Streptophyta), а також описано новий 

рід Streptosarcina. Таким чином, окреслено загальну філогенію класу, що 

нині включає 5 родів: Klebsormidium, Interfilum, Hormidiella, 

Streptosarcina та Entransia, а також таксони як з нитчастою сланню, так і з 

пакетоподібною та розгалуженою. Центральну філогенетичну лінію класу 
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розділено на 7 основних суперклад (A, B, C, D, E, F, G), що відповідають 

роду Interfilum (суперклада A) та різним філогенетичним лініям 

Klebsormidium (решта суперклад). 

7. Відкрита нова філогенетична лінія роду Klebsormidium – суперклада G, 

що включає переважно представників, поширених у Південній Африці та 

Чилі. Klebsormidium з суперклади G характеризуються специфічною 

морфологією та віддаленим філогенетичним положенням щодо інших 

ліній даного роду. На основі ревізії групи описано 7 нових видів та 2 

різновидності, які були виділені з біокірочок чотирьох континентів 

(Європи, Африки, Південної та Північної Америки). Виявлено, що ці 

таксони є типовими водоростями у ґрунтах Південної півкулі та 

рідкісними представниками у Північній півкулі, що змушує переглянути 

уявлення про Klebsormidium як водорість-космополіта, для поширення 

якої не існує географічних бар’єрів.  

8. На основі аналізу морфологічних та ультратонких ознак особливостей 

ділення клітин представників класу Klebsormidiophyceae (Streptophyta) 

доведено, що ділення відбувається за спільним механізмом, близьким до 

споруляції. Формування різних морфотипів у даних водоростей залежить 

від особливостей закладання поперечної клітинної стінки в одній чи 

кількох площинах, що пов’язано з формою клітин, текстурою клітинної 

оболонки, механічними взаємозв'язками клітин та впливом оточуючого 

середовища.  

9. Виявлено нову філогенетичну лінію серед Streptophyta, що 

характеризується унікальним клітинним покривом (субмікроскопічні 

органічні лусочки своєрідної волоскоподібної будови), яку описано як рід 

Streptofilum. Враховуючи відокремлене філогенетичне положення та 

унікальність клітинної будови, дана лінія може претендувати на ранг 

нового класу серед Streptophyta. 

10. Молекулярно-філогенетичними методами показано широке, ймовірно 

космополітичне, поширення в межах обох півкуль видів родів 
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Bracteacoccus, Watanabea, Elliptochloris, Edaphochlorella, Xerochlorella, 

Pleurastrosarcina, Interfilum. З іншого боку, поширення кількох видів 

Klebsormidium з філогенетичної суперклади G, на основі наших даних, 

переважно відбувається в межах Південної півкулі.  
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ВІДОМОСТІ ПРО АПРОБАЦІЮ РЕЗУЛЬТАТІВ 

 

Основні наукові результати дисертації опубліковані у фахових виданнях, 

віднесених до першого і другого квартилів (Q1 і Q2), відповідно до 

класифікації SCImago Journal and Country Rank або Journal Citation Reports 

 

1. Mikhailyuk T., Sluiman H., Massalski A., Mudimu O., Demchenko E., Kondratyuk 

S., Friedl T. (2008). New streptophyte green algae from terrestrial habitats and an 

assessment of the genus Interfilum (Klebsormidiophyceae, Streptophyta). J. Phycol., 

44, 1586–1603. doi:10.1111/j.1529-8817.2008.00606.x (Ідея та концепція роботи 

належить здобувачеві, здобувачем проведено культивування штамів, визначення, 

морфологічне опрацювання, аналіз і узагальнення результатів (частково), 

написано текстову частину (частково)). 

2. Rindi F., Mikhailyuk T., Sluiman H.J., Friedl T., López-Bautista J.M. (2011). 

Phylogenetic relationships in Interfilum and Klebsormidium (Klebsormidiophyceae, 

Streptophyta). Mol. Phyl. Evol., 58(2), 218–231. doi:10.1016/j.ympev.2010.11.030 

(Ідея та концепція роботи належить здобувачеві (частково), здобувачем 

проведено культивування штамів, визначення, морфологічне опрацювання, 

молекулярно-філогенетичні дослідження (частково), взято участь у обговоренні 

результатів та написанні роботи (частково)). 

3. Mikhailyuk T., Holzinger A., Massalski A., Karsten U. (2014). Morphology and 

ultrastructure of Interfilum and Klebsormidium (Klebsormidiales, Streptophyta) with 

special reference to cell division and thallus formation. Eur. J. Phycol., 49(4), 395–

412. doi:10.1080/09670262.2014.949308 (Здобувачем проведено культивування 

штамів, визначення, морфологічне опрацювання, аналіз і узагальнення 

результатів, написано текстову частину роботи та оформлено матеріали для 

публікації). 

572

https://www.tandfonline.com/doi/full/10.1080/09670262.2014.949308


4. Mikhailyuk T., Glaser K., Holzinger A., Karsten U. (2015). Biodiversity of 

Klebsormidium (Streptophyta) from alpine biological soil crusts (Alps, Tyrol, 

Austria, and Italy). J. Phycol., 51(4), 750–767. doi:10.1111/jpy.12316 (Ідея та 

концепція роботи належить здобувачеві, здобувачем проведено культивування 

штамів, визначення, морфологічне опрацювання, молекулярно-філогенетичні 

дослідження (частково), аналіз і узагальнення результатів, написано текстову 

частину та оформлено матеріали для публікації). 

5. Schulz K., Mikhailyuk T., Dreßler M., Leinweber P., Karsten U. (2016). Biological 

soil crusts from coastal dunes at the Baltic Sea: cyanobacterial and algal biodiversity 

and related soil properties. Microb. Ecol., 71, 178–193. doi:10.1007/s00248-015-

0691-7 (Здобувачем взято участь у зборі зразків, виконано їх культивування, 

морфологічне визначення, виділення штамів, аналіз і узагальнення результатів 

(частково), взято участь у їх обговоренні, написанні текстової частини 

(частково)). 

6. Borchhardt N., Baum C., Mikhailyuk T., Karsten U. (2017). Biological Soil Crusts 

of Arctic Svalbard – Water Availability as Potential Controlling Factor for 

Microalgal Biodiversity. Frontiers in Microbiology, 8, Article 1485. 

doi:10.3389/fmicb.2017.01485 (Здобувачем проведено визначення та 

морфологічне опрацювання матеріалу (частково), взято участь в узагальненні 

результатів, їх обговоренні, редагуванні текстової частини). 

7. Borchhardt N., Schiefelbein U., Abarca N., Boy J., Mikhailyuk T., Sipman H.J.M., 

Karsten U. (2017). Diversity of algae and lichens in biological soil crusts of Ardley 

and King George islands, Antarctica. Antarctic Science, 29(3), 229–237. 

doi:10.1017/S0954102016000638 (Здобувачем проведено визначення та 

морфологічне опрацювання матеріалу (частково), взято участь в узагальненні 

результатів, їх обговоренні та редагуванні текстової частини). 

8. Glaser K., Donner A., Albrecht M., Mikhailyuk T., Karsten U. (2017). Habitat-

specific composition of morphotypes with low genetic diversity in the green algal 

genus Klebsormidium (Streptophyta) isolated from biological soil crusts in Central 

European grasslands and forests. Eur. J. Phycol., 52(2), 188–199. doi: 

573



10.1080/09670262.2016.1235730 (Здобувачем проведено визначення та 

морфологічне опрацювання матеріалу (частково), молекулярно-філогенетичні 
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