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AHOTANIA
Muxaiiniox T.1. BogopocTi Ta 1nianoO6akTepii 010JI0TMYHUX IPYHTOBHUX KIPOYOK:
pI3HOMaHITTS, (iIOTeHis, TaKCOHOMIs, €KOJIOTis, momupeHHs. — Ksamidikamiiitna

HAyKOBa IMpals Ha MpaBax pyKOMUCY 3a CYKYIHICTIO HAYKOBHUX CTATEH.

JHucepranis Ha 3100yTTS HAyKOBOTO CTYIEHSI JOKTOpa O10JIOTIYHMX HAayK 3a
cnemianpHicTiO 03.00.05 — boranika. — [acTutyT 60Taniku im. M.I'. Xonoanoro HAH

VYkpainu, Kuis, 2021.

HucepTariiiina poboTa € 3aBepUICHUM OPUTIHAIBHUM  JOCIIKEHHSM,
MIPUCBSIYCHUM KOMITJIEKCHOMY BUBYEHHIO BOJIOPOCTEH Ta IiaHOOAaKTEpiil O10JI0TTUHUX
IPYHTOBHX KIPOYOK OKpEMHX eKocucTeM €Bponu (MPUMOPCHKHUX MIOH, JICIB Ta
rineprajiHHUX BiABaJiB YKpainu 1 Himewuwnu), mycrenb, HamiBIYyCTeNlb 1 JICIB
[liBnennoi Awmepuku (Uuml) Ta TYHIPOBUX €KOCHUCTEM TIOJIIPHUX PETIOHIB
(CBanbbapa 1 AHTapKTHUYHI OCTPOBH), 3 BHUCBITJIGHHSIM iX PI3HOMAHITTA, (iIOTeHii,
TaKCOHOMIi OKPEeMHX TPYI, €KOJOTIYHUX 0coOIMBOCTEl Ta momupeHHsa. OcobnuBy
yBary mnpujaiieHo Qutorenii 1 takconomii Klebsormidiophyceae (Streptophyta) sik
JOMIHYIOUMX TPEJICTaBHUKIB Yy OioKipoukax mMoMipHOi 30HU. POOOTYy BHKOHAHO i3
BUKOPUCTAHHIM KJIACHUYHUX Ta CYYaCHHUX MOJICKYJSIPHO-(IJTOTEHETHUYHUX METOMIIB
(lHTeTpaTUBHMM  MiAXix), 3acTOCOBAaHUX N0 iAeHTUdIKAIii BOgOpOCTEH 1
1[1aHOOAKTEPIH.

Bionoriuni rpyHTOB1 Kipouku (O10KIpOYKH) — KOMIUIEKCHI MIKPOEKOCHUCTEMH,
[0 PO3BUBAIOTHCA Ha TMOBEPXHI IPYHTY Ta BKIIOYAIOTH OakTepii, IiaHOOaKTepii,
BOJIOPOCTI, MIKPOCKOIYHI TpUOH, IUIIAMHUKKA, MOXH, MPOTUCTH, Oe3XpeOeTHI.
[pyHTOBI GiOKIpOUKH € MOYAaTKOBOI (IIIOHEPHOI) CTaxicl0 (pOpMyBaHHS IPYHTIB;
BOHHU CTaOUTI3yIOTh MOBEPXHIO TPYHTY, MOKPAITYIOTh BOJIOTOYTPUMYIOUY 37aTHICTD,
(i3uKO-XiMiUHi AKOCTI Ta COPUSIOTH ITiIBUIIEHHIO POAKOYOCTI. [pyHTOBI GioKipoUKH
MOIIMPEHI Y BCIX KIIMAaTHYHUX 30HAX 3eMJl B YMOBax, Ji€ PICT BHUIIMX POCIHH
JIMITOBAaHUM HECTPUSTIMBUMU (pakTOpamu cepenoBuia. He3Bakarouum Ha aKTHBHI

I[OCJ'[iI[)KCHHSI 6iOKipO‘IOK, HHU3Ka IIMTaHb BCC IIC 4CKAa€ CBOI'O BI/IpiH_IeHHSI. 30erMa,



HEJ0CTAaTHRO BiOMOCTeH 1o Oioreorpadii Kipoyok, 3aIe:KHOCTI BUAOBOTO CKIALy iX
OpraHi3miB BiJ eKojoriyHux 1 reorpadiuHux ¢akTopiB, Oarato TepuUTOpid Ta
€KOTOIIIB BCE IIIe JOCITIIKEH1 HEA0CTaTHRO, MaikKe BC1 BIJOMOCTI PO BUAOBUN CKIIA]
BOJIOPOCTEN Ta IlaHOOakTepid OIOKIpOYOK OTpUMaHI Ha OCHOBI MOP(OJIOTTYHOTO
BUBYCHHS, MOJIEKYJAPHO-(PIIOTEHETUYHI METOAU OI[IHKA iX Ol10p13HOMAHITTS
YBIMIUIM y TPAKTUKY BIJHOCHO HEAABHO, ICHYIOTh 3HAuUHI NMPOTAJINHHU Y TaKCOHOMIT
BOJIOPOCTEH Ta 1iaHOOaKTePiil 010KIPOYOK.

Metoro pobotu Oyno AOCTIAMTH BHUJOBE PI3HOMAHITTA BOAOPOCTEH Ta
1[iIaHOOaKTepid TPYHTOBHX OIOKIPOYOK PI3HOMAHITHHUX 32 KIIMaTUYHUMHU 1
€KOJIOTTYHUMH yMOBAaMH PETIOHIB, BUKOPUCTOBYIOYM I1HTETPATHUBHHUM  MiJIXiJ
(xomrIeKe MOP(OTIOTO-KYIbTYpPaTbHUX T4 MOJICKYJISIPHO-(PIJIOTEHETUYHUX METO/IB);
BUSIBUTH OCOOJMBOCTI €KOJOTli Ta TMOIIMPEHHS BOJOPOCTEH 1 MiaHOOAKTEpiid,
BUBUMTH (IJIOTEHII0O Ta TMPOBECTH TAKCOHOMIYHI peBi3ii OKpPEeMHUX TaKCOHIB,
npuaLIsIoun oco0auBy yBary npencraBHukam Klebsormidiophyceae sk nominyrounm
oprasizmam, 1o GopMyrTh 010KIpOUKH B yMOBaX MOMIPHOi 30HHU.

3aranom, y 610KipouKkax OKpEMHX PETiOHIB Ta €KOCUCTEM, BUSBICHO 313 BUIIB
Bogopocteii Ta 1ianoGakrepiii (Chlorophyta — 160 Buamis, Streptophyta — 30,
Ochrophyta — 48 (Xanthophyceae — 26, Eustigmatophyceae — 4 ta Bacillariophyceae
— 18), Cyanobacteria — 75). BusBieHo mnepeBakaHHS 3€JICHHX BOJOPOCTEH IpHU
3HAYHIN poii 1iaHOOaKTepiid B OloKipoyKax OalTIMChKUX Ta YOPHOMOPCHKHUX IIOH,
1[1aHO0AaKTepId — MPUMOPCHKUX €KOCHCTEM A30BCHKOTO MOPS, 3€JICHHX BOJIOPOCTEH
Ipyu Maike TMOBHIM BIACYTHOCTI IflaHOOakTepiit — miciB HimeyunHH, 3e1eHUX
yJIbBO(DIIIEBUX BOAOPOCTEH, BUTPUBAIMX JI0 3aCOJEHHS — IUTYYHUX TiNeprajiiHHUX
exocucreM HimewyunHw, yHikanpHUX mpeacTaBHUKIB poxy Klebsormidium — y
O10KipoYKax HaIiBIyCTeNb Ta JiciB Ywii, KOBTO3EJIEHUX BOJAOPOCTEH — MOJSPHHUX
pETiOHIB.

Biokipouku mnpubepexHux II0H €BPONU XapaKTepU3YIOThCA IEepPEBaXKAHHIM
3€JICHUX BOJIOPOCTEH MPU 3HAYHOMY PI3HOMAHITTI IIaHOOAKTEPiH, IPH I[LOMY POJb
JESKUX BOJIOTOJIOOHMX MPEACTAaBHUKIB BHIIA Yy BOJIOTIMIMX Ta MPOXOJOAHIMIMX

yMmoBax banrtiiickkux OCTpoOBiB (3arajom 86 BHUIIB), HATOMICTh y Ol0KIpOUYKax



YOPHOMOPCHKUX JIt0H (60 BHUIIB) BUSBIEHO Oiibliie ranopiabHUX BHUIIB. Biokipouku
MpUMOPChKUX ekocucteM Mucy Kazantun (54 Buau), 1m0 pPO3BUBAIOTHCA Ha
PaKyIIHAKOBOMY MICKY Ta TJIMHUCTUX OCHIIaX, MAlOTh CBOEPIIHUN BUIOBHUM CKIAN 1
XapaKTepU3yIOTbCS  BUCOKUM  PI3BHOMAHITTSAM Ta  MEPEeBaXKalouol0  POJLIIO
miaHoOakTepid. BwumoBuit ckimam BogopocTed 1 IiaHOOakTepiit  010KIpOYOK
NPUMOPCHKUX JIIOH BHU3HAYa€ThCS, TMepHl 3a BCE, TEKCTYpor TIicKy (3a
IrpaHyJIOMETPUYHUM aHaJi30M), a TaKOXX HOro XIMIYHUM CKJIQJOM (I€peBaKHO
eJleKTponpoBigHicTio, pH, BMmicTOM KkapOonatiB 1 ¢ocdopy), KpiM TOTO,
KJIIMAaTHYHUMH OCOOJIMBOCTSIMU perioHy. Ha mpukiasi BogopocTeit Ta 1ianoO0akTepii
010KIpOYOK OaNTIMCHKUX JIOH MOKA3aHO, 1110 BUKOPUCTAHHS 1HTETPATUBHOTO MIAXO0LY
JI03BOJISIE YTOYHUTH 1A€HTU(IKAIII0 HU3KH TOMIHYIOUHX Ta PIAKICHUX TAaKCOHIB, SIKI B
uiiomMy ckianu Omm3pko 15% BusiBnenux BuniB. Ha mpukiami Oi0Kipo4oK JICIB
neHtpanbHoi HimeudnHH, B SKHX NEpeBaXkalOTh 3elieHI BoaopocTi (52 Buan),
MOKa3aHo, M0 PIiBEHb JIICOBOTO TOPSAKYBaHHS CYTTEBO BIUIMBAE Ha CKJaj
BOJIOpOCTEN OI0KIPOYOK, SIKi CTAIOTh 3HAYHO PI3HOMAHITHIIIUMU, UMOBIPHO Y 3B’SI3KY
3 TIOPYIICHHSM POCIMHHOTO MOKPUBY uUepe3 pyOKH Ta HacaKeHHS. Y O10Kipouykax
ITYYHO CTBOpPEHUX TinepraiiHHux ekocucreM Himeuumnu (30 BuIIB) BiJ3HAUYEHO
Brucoke pizHomaHiTT Ulvophyceae. BinbiricTh BUSBIEHHMX TAaKCOHIB BOJIOPOCTEH i
miaHoOakrepid  (60% BUIOBOrO CKJIamy) BIIOMI SK TPEJACTaBHUKH, IO €
BUTPUBAIMMH JI0 3aCOJICHHSI, cepell HUX BiJ3Ha4eHO 18 HOBHX (LIOTeHETHYHHUX
minid. Cepen 4OTUPHOX POCIMHHO-KIIMAaTHYHUX 30H Yumi (86 BuaiB), 610KIpOUYKH
nycteni ATakama HaMOIIHIN Ta CKJIaJ€HI OJHOKIITUHHUMH TPEICTAaBHUKAMHU.
Biokipouku 1HIIMX JOKaJIITEeTIB (HAWPI3HOMAHITHINII y CYXUX JIicaXx) CTBOpPEHI
yHikanpHuMu Bugamu Klebsormidium, omucaHumu sIK HOBI ISl HayKH TaKCOHHU.
biokipouku mosnsipHux perioniB (82 Buau Ha CBanmbOapai Tta 49 — AHTapKTUYHHX
OCTpOBax) MajM pPI3HOMaHITHUM BHUIOBUH CKJIaJl €BKapIOTHYHHUX BOJOPOCTEH,
MpEICTaBICHUX HU3bKOIO psCHICTIO, Ta Oynmu Oarati Ha MpeICTaBHUKIB
Xanthophyceae.

Ha ocHOBI1 iHTErpaTUBHOTO MiJIXOy BHUSBICHO HOBI TAKCOHU B MeXaxX KJacy

Klebsormidiophyceae (Streptophyta) — pomu Interfilum Tta Streptosarcina. Takum



YHHOM, OKPECIIEHO 3arajibHy (DiJIOTEHII0 KJ1acy, 10 MICTUTh OpPraHi3MH, IOMiHYOUl Yy
IPpYHTOBUX OlOKipoukax momipHOi 30HU. Hapasi knac Bxiatoyae S5  poOJiB:
Klebsormidium, Interfilum, Hormidiella, Streptosarcina ta Entransia, cepen sikux
MpEACTaBICH] SK TaKCOHW 3 HHUTYACTOIO CJIAHHIO, TaK 1 3 IMaKETOMOJI0HOI0 Ta
posranyxeHoto. LlenTpanpHy (UIOTeHeTHYHY JIIHIIO0 KJIacy PO3/1JIEHO HAa 7 OCHOBHUX
cynepkian (A, B, C, D, E, F, G), mo BianosigaroTk poay Interfilum (cymepkiama A)
ta pisuuM  ¢QimorenetnunuM  JiHisM - Klebsormidium  (pemra  cymepkian).
3anpomnoHOBAaHO IITaMH, IO MOXYTh CIyryBaTH pedepeHTHUMH Al 8 BHIIB
Klebsormidium, ommcano 7 HoBux BuiB Ta 2 pisHoBuaHocTi Klebsormidium 3
¢binorenetnunoi kiaau G, ski Oynu BuaieHi 3 Oiokipodok €Bpomnu, Adpukw,
[TiBnennoi Ta IliBaiunoi Amepuku. [lepeBakuuii po3sutok Klebsormidium 3 xiamn
G y exoromax IliBmeHHOI ™WiBKYyJl 3MYyLIye MEPErJsSHYTH YSABJIECHHA IIPO
Klebsormidium sik BotopicTh-KOCMOTIONITA.

BuBueHHsi [ineHHA KIITHH KIJacy I[OKas3ano, IO BOHO BIAOYBaeThCcs 3a
MEXaHI13MOM, OJU3bKUM 70 criopyJisiii. @opMyBaHHS pi3HUX MOP(HOTHIIB OB’ SI3aHO
3 (hOpMOTO KIIITHH, TEKCTYPOIO KIITUHHOT 00OJIOHKH, MEXAaHIYHIUMHU B3a€MO3B'I3KaMHU
KJIITUH Ta BIUIMBOM CEpeloBHINA. BUsABIEHO HOBY (IIOT€HETUYHY JIIHIIO CEpel
Streptophyta (pim Streptofilum), mo xapakrtepu3yeTbcsi yHIKQIBHUM KIITHHHUM
MOKPUBOM (CYOMIKPOCKOITIYHI OpTraHivyHl JYyCOYKH CBOEPIHOI BOJIOCKOMOAIOHOT
OynoBu). BpaxoByroun BiokpemiieHe (PiIOreHETHYHE TOJIOKEHHS Ta YHIKaJIbHICTh
KJIITUHHOI OyJ0BH, JIaHa JIHIS MOXE MPETeHAYBAaTH Ha PaHT HOBOTO KJacy cepen
Streptophyta.

Ha ocHOBI pociimkeHHS IITaMIB PIAKICHUX Ta LIKaBUX Yy (PIOpUCTUKO-
€KOJIOTIYHOMY CEHC1 3€JICHHMX BOJOpPOCTEH Ta IiaHOOaKTepiil, omucaHo 7 BUMAIB 3
poniB Parietochloris, Tetradesmus, Aliterella, Oculatella, Cyanocohniella,
poBeAeHO eMeHzamio Ta emrtumidikamito 5 BuaiB (Actinochloris, Eremochloris,
Xerochlorella, Crinalium) Ta 3anpomonoBano 4 HOMEHKJIATYpHI KOMOIHAIII]
(Heterochlamydomonas, Xerochlorella, Timaviella).

MonekynapHO-()UIOTeHeTHYHIMH METOJIaMHU  TOKa3aHO IIMHPOKEe, WMOBIPHO

KOCMOIIOJTITHYHE, TIOMUPEHHS B MeXax 000X IMiBKYJIb BUAIB pojiB Bracteacoccus,



Watanabea, Elliptochloris, Edaphochlorella, Xerochlorella, Pleurastrosarcina,
Interfilum. 3 inmoro Ooky, mnomwupenHs kiabkox Bumie Klebsormidium 3
dinoreneTnuHoi cynepkiaau G, Ha OCHOBI HallIMX JAHUX, IEPEBAKHO BIOYBAETHCS
B Mekax [liBIeHHOI MiBKYIII.

3aranomM, omumcaHo 2 poau, 18 BumiB i 2 pi3HOBHIHOCTI BOJOPOCTEH Ta
1iaHoOaKTepid, 3AIMCHEHO eMeHjalilo Ta emitumidikamio 16 BuaiB  Ta

3aMpornOHOBAaHO 6 HOMEHKJIATYpPHUX KOMOIHAIIIH.

KuarwuoBi cjoBa: BojgopocTi, miaHoOakTepii, 610J0TIYHI TPYHTOBI KIPOUKH,
pi3HOMaHITTS, MoJeKyJsipHa  (inorenis, Takconomis, Klebsormidiophyceae,

€KOJIOT1s1, TTOIINPEHHS

SUMMARY
Mikhailyuk T.l. 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



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:

e 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);

e 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,



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



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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IBASU-A — koisekilis KyabTyp MikpoBogopoctet I[nctutyty Ootaniku im. M.T.
Xonognoro HAH Ykpaiau

ACKU - xonexkmis kyasTyp BogopocTeil KuiBchbkoro yHiBepcutety imeHi Tapaca
[IleBuenka, Ykpaina

KW — rep6apiii [actutyty 60taniku im. M.I'. Xonognoro HAH Ykpainu

18S rRNA, SSU — saepuwmii TeH, 110 KoAy€e Mainy cyooannauiio pudocomanbioi PHK
€BKapioT

16S rRNA — spepHuil reH, mo koaye Many cydomaunuiiro pudocomanbHoi PHK
poKapioT

ITS — internal transcribed spacer, BuyTpimHiii TpaHCKpUOOBaHUH Crielicep eBKapioT

16S-23S ITS — BHyTpimHIN TpaHCKpHOOBaHU crieiicep MpoKapioT

rbcL — xnoporutactHuil reH, Mo KOMy€e BEIMKHUH JaHIIOT GepMeHTy pudyi»030-1.5-
6idocdar-kapOoKcHIa3n/OKCUTeHa3!

psbA/rbcL — mixkrenna nisistHKa (crieiicep), o Mexye 3 TeHoM rbcl

ML — maximum likelihood, MmeTon MakcuManbHOT MPaBaOMOAIOHOCTI

NJ — neighbor joining, meToxa npuenHanHs cyciiB

ME — minimum-evolution, MmeTo MiHiMyMa €BOJIFOLIi1

MP — maximum parsimony, MeTos MaKCMMaIbHOI €EKOHOMIT

AIC — Akaike information criterion, inpopmariiiiauii Kputepii Akaika

NCBI — Hartionanpuamii ieHTp 010TexHoI0T14HO1 iHGopMaitii, ['enbank

IN 1a 3N BBM — cepenoBuiie bonma 31 cTaHgapTHOIO Ta MOTPOEHOK KUIBKICTIO
azoTy

BG-11 — cepenoButiie s miaHoOaKTepiid

[1JIP — moniMepa3Ha JIaHIIIOTOBA PEaKIIis



BLAST - Basic Local Alignment Search Tool, mporpama momryky cX0OCTi Mix
010JIOTTYHUMH MOCI1TOBHOCTSIMU

CBCs — Compensatory Base Changes, koMmneHCcyro4i 3aMiHA HYKJICOTHIIB

hemi-CBCs — HariB-KOMIICHCY Ol 3aMiHA HYKJICOTH/IIB

a.s.l. — above sea level, nan piBHeM Mopst
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BCTYII

OOrpyHTyBaHHS BHMOOPY TeMH AO0CJHiI:KeHHsI. bioloTiuH1 IPYHTOBI KipOYKU
(610KIpOYKHM) — KOMIUIEKCHI MIKPOEKOCHUCTEMH, II[0 PO3BUBAIOTHCS Ha TMOBEPXHI
IPYHTY, JOCSTal04Y¥ TOBIIMHH BiJl KUIBKOX MUTIMETPIB 10 KUIBKOX CaHTUMETPiB. Jlo
Ckiaay OIlOKIpOYOK BXOJATH PIZHOMAHITHI OpraHi3MH, BKJIIOYAIO4M OakTepii,
1iaHoOaKkTepii, BOJAOPOCTI, MIKPOCKOIYHI TpUOH, JIUIIAWHUKH, MOXH, MPOTHUCTH,
Oe3xpebeTHi. Marpukc OiokKipoukd (GOpPMYIOTh HHUTYACTI IlaHOOaKTepii poIiB
Microcoleus, Scytonema, Leptolyngbya, Phormidium, Nostoc, Calothrix Ta in.,
eBkapioTnuni HuTdacti Bomopocti (Klebsormidium, Zygogonium, Prasiola),
NpOTOHEMa Ta pu30iAu MoxiB. I[HmI oprani3mu (OGakTepii, MIKPOCKOIIYHI TIpulH,
OJIHOKJIITUHHI Ta MakeT-(OpMYI0dl BOJOPOCTI) 3aCENSIIOTh YTBOPEHY PETUKYISIPHY
CTPYKTYpPY, 3aMIOBHIOIOUN MOPOKHUHU Ta 3a0€3Meuyl0Yd MPUXUCTKOM 1 KUBJICHHIM
pI3HOMAaHITHUX NpeJCTaBHUKIB Protista Ta 6e3xpedeTHUX TBApHUH.

IpyHTOBi GiOKIpOUKH € I0YaTKOBOIO (MOHEPHOIO) CcTamicro (GopMyBaHHS
IpyHTIB. BOoHM cTa01i3ylI0Th MOBEPXHIO IPYHTY Yepe3 3B’A3yBaHHsS Pa3oM MilIaHUX
36peH Ta YacTOYOK, MOKPAIIYIOTh BOJIOTOYTPUMYIOUY 3AaTHICTH IPYyHTIB. Yepes
HAKOMUYEHHS Ta MEPETBOPEHHS OPraHiuHOI PEYOBUHU, MOKPAIIYIOTh (Di3UKO-XIMiUH1
SKOCTI TPYHTIB Ta CIPHSIOTH MiJBUINEHHIO XHBOI pomrouocti (Belnap & Lange,
2001). Marote “moMerikanHs” Ta “Xapu” Ui TeTepOTPOPHUX MIKPOOPTaHi3MiB,
TaKUM YHMHOM TPalOTh BAXJIMBY €KOJOTIYHY pOJb Yy TEPBUHHIA MPOIYKII Ta
Kpyroo0iry pe4oBUH y IPYHTI; 3aKpIIUIIOIOTh “pyXJIMBI” IPYHTH Ta MILIAHI JIIOHH,
cipusitoun ixapoMy 3apoctannto (\Weber et al., 2016).

[pyHTOBI G10KipOYKHM MOMIKMPEH] y BCIX KIIMATHYHKUX 30HaX 3eMJIi B yMOBaX, JIE
PICT BUIIMX POCIHMH JIMITOBAaHMA HECHPHUSITIMBUMH (DaKTOpaMu CepeloBHINA: B
apUIHUX Ta HaMiBapUIHUX EKOCUCTEMaX, XOJIOAHMX pEerioHax — MOJIAPHUX Ta
ANBIINACHKUX BUCOKOTIP SIX, EKCTPEMAIbHUX MIKPOMICIIE3POCTaHHSIX MOMIPHOI 30HU —
KCEpO(ITHUX CTEMax, JIICOBUX CTEXKKaX, CTIHAX SPYr, IPUOEPEKHUX MIIAHUX JIOHAX
Ta 1H., @ TAKOXK MOPYIICHUX MICIIE3POCTAHHIX — MICIISIX TMOXKEXK, IMAXTHUX BlBajiax
Tomro. 3aranoM OiOKIpOYKH BKpHBarOTh Oym3bko 12% 3emuoi moBepxHi (Rodriguez-

Caballero et al., 2018). Oco611B0O Barome 3HAYEHHS BOHH MalOTh B €KOCHCTEMAX 3



apuIHUM KJIIMaToM, BKpuBaro4u A0 85-95% moBepxHi He3aJepHOBAHUX IIICKiB
nycrenb A3ii Ta Appuku (Lange et al., 1992; Biidel et al., 2009).

He3Bakaroun Ha akTHUBHI JTOCHITKEHHS O10KIpOYOK, HU3Ka MHUTaHb BCE IIIE
YeKae CBOTO BHUpIMIECHHSA. 30KpemMa, HEAOCTaTHhO BioMocTel Mo Oioreorpadii
KIPOYOK, 3aJIEKHOCTI IXHHOTO BHJIOBOTO CKJIJy BiJl €KOJOTIYHUX 1 reorpadiuHux
¢dakropis. JlymKa mmpo Te, 1110 610Kipouku popMye 0OMeKeHa KUIbKICTh OPTaHI3MiB 3a
IIPOBIIHOI POJIi KOCMOIIOMITHOI miaHoOakTepii Microcoleus vaginatus, He mpoiimia
BUNPOOYBaHHS 4acoM. JloCHmi/DKeHHS 3acBiAYYIOTh 3HAYHO PI3HOMAHITHIIIUHN
BHUJIOBUI CKJIJ BOJOPOCTEH Ta I1aHOOAKTEpiid IPYHTOBUX OIOKIPOYOK Ta CYTTEBY
3aJIeKHICTh iXHBOI TAKCOHOMIYHOI CTPYKTYpU BiJI HU3KH (DAKTOpIB CeperoBHIIA.
baratro Teputopiii Ta exoromiB (Adpuka, IliBHiuna Ta IliBnenna Awmepuka,
ABcTpanis, MOJsSpHI Ta TIPChbKI PErioHH, MPUMOPCHKI JIOHHM) BCE M€ TOCHTIIHKEHI
HeZocTaTHRO. Haiikpamie BHBYEHI OIOKIpOYKM apUAHUX 0OJacTeil, Tomi fK
B1JIOMOCTEHl CTOCOBHO OIOKIpOYOK MOMIPHHX 30H CYTT€BO MeHuie. Maibke Bci
B1JIOMOCTI TIpO BUJOBHH CKJIaJ] BOJAOPOCTEH Ta IfilaHoOaKTepiii 010KipOYOK OTpHUMaHi
Ha OCHOBI MOP(}OJIOTIYHOTO BUBYCHHS; MOJICKYJISIPHO-(DIIIOTEHETUYHI METOAH OI[IHKU
iX O10p13HOMAHITTS YBIMILIM Y IPAKTUKY BIAHOCHO HEJaBHO. Bce 111e i1CHY0Th 3HauyH1
MPOTAIMHU y TAKCOHOMIT BOJIOPOCTEH Ta 1iaHo0akTepii 610KipOvOK.

Omxe, GIOPUCTHKO-CUCTEMATUYHE, EKOJIOTO-reorpadidyHe Ta MOJICKYJSPHO-
¢binoreHeTHYHE BUBUEHHS BOJAOPOCTEH Ta IiaHOOAKTepil, SIK OCHOBHOTO CTPYKTYpPHO-
(YHKIIIOHAJILHOTO KOMIIOHEHTY O10KIpOYOK € aKTyaJlbHUM sIK 3 (yHJIaMEHTAIbHOI,
TaK 13 IPUKIAAHOI TOUKHU 30DY.

3B’130k po0OTH 3 HAYKOBHMH TMporpaMamMu, IUIAaHAMH, TeMaMH.
HucepTaiiiiina podoTa BUKOHYBajlacs BIJIMOBIIHO 10 HAyKOBOi TEMAaTHUKH BIJJILIIB
JiXeHosorii Ta Opiosorii, a TakoX (Qikoyorii, JixeHosorii Ta Opionorii [HCTUTYTY
6otaniku iM. M.I'. XomogHoro HAH VYxkpainu, 30kpema, IepkOIOIKETHHX TeM
«TakcoHOMIUHE  PI3HOMAHITTS Ta  (PIOPOreHETUYHI 3B’SI3KM  JIMIIAWHUKIB,
MOXOIOJIOHMX Ta HA3eMHHX BOJOPOCTEH TpaHITHUX BIACIOHEHb Y KPaiHCHKOTO
kpuctamiyHoro murta» (Ne  gepxpeectpamii  0102U006747), «JIumaiinuku,

MOXOMNO/IIOHI Ta Ha3eMHI BOJOPOCTI JIICOBUX EKOCHUCTEM: PI3HOMAHITTS, €KOJIOTis,
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TaKCOHOMis, MoJeKysipHa ¢imorenHisn» (Ne  mepxkpeectpamii  0113U000003),
«IIpogpomyc  amsroduiopu, Opiodmopu Ta  JixeHodiotn  YkpaiHu»  (Ne
nepxkpeectparii 0118U003009), a Takoxk y paMkKax MIKHApOJAHHUX MPOEKTIB
“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), ctunenaiii yuiBepcuretiB M. Poctok (Himeuunna) ta M.
[HcOpyK (ABCTpis).

Mera i 3aBaaHHsi jgochil:keHHs. Mera poOOTH: JIOCHITUTH BHJIOBE
PI3HOMAHITTS BOJAOPOCTEM Ta 1iaHOOAKTepil OI0JOTIYHUX TPYHTOBUX KIPOUOK
PI3HOMAHITHUX 332  KIIMAaTUYHUMH 1 E€KOJONIYHMMHM yMOBAaMH  PETiOHIB,
BUKOPUCTOBYIOUM I1HTETPATUBHHUM TIAX1A, BUABUTH OCOOJMBOCTI €KOJIOTiI Ta
MOIIMPEHHSI BOJIOPOCTEN 1 IlaHOOakTepid y O10KIpouykax, BUBUUTH (PUIOTEHIIO Ta
MPOBECTH TAKCOHOMIYHI PeBi3il OKpEMUX TaKCOHIB, MPUIUISIIOYH OCOOIMBY yBary
npencrapaukam Klebsormidiophyceae sik noMinyrounM oprasizmam, o (GpopMyrTh
010KIpOYKHU B YMOBAX IMOMIpPHOI 30HHU.

JIst moCATHEHHS MOCTaBJIEHOT METH OyJIM BU3HAYCHI TaKl 3aBIaHHS:

1. Jocmigut BUIOBE PIZHOMAHITTA BOJOPOCTEM Ta IlaHOOAKTEpiit
O10KIpOYOK HEIOCTaTHbO BHUBYEHHMX Ta pI3HOMAHITHUX 32 KIIMaTUYHUMHU 1
€KOJIOTIYHUMH YMOBAaMH PETIOHIB: MPUOEPEKHUX MIMIAHUX JIOH, JTICOBUX €KOCUCTEM
Ta TiNeprajiHHUX BiaBaliB €BpomM, MyCTeNlb, HamiBOycTeldb Ta JiciB IliBgeHHOT
AMepUKH, eKOCUCTEM TOJIIPHUX PETI1OHIB.

2. BceranoButu cnenndiky TaKCOHOMIYHOT CTPYKTYPH albrOyTPYINOBaHb
OIOKIpOUOK, 110 PO3BUBAIOTHCS Yy PI3HUX EKOTOMax B YMOBax IOMIPHOTO,

CyOTpOIIYHOTO0, TPOIIIYHOTO Ta MOJIIPHOTO KJIiMAaTy.



3. BusBut 0c00JIMBOCTI BUOBOTO CKJIQTy BOJOPOCTEH Ta IliaHOOAKTEpiit
JOCIIJIKEHUX OIOKIpOYOK B 3aJIEKHOCTI BIJl BIUIMBY OKPEMHX €KOJOTIYHUX Ta
KJIIMaTUYHUX (HaKTOPIB.

4. BuBunté MomnekynspHoO-(PiIOreHeTHYHI 0COOJMBOCTI OKPEMHUX IITaMiB
BOJIOPOCTEN Ta 11aHOOAKTEp1id OI0KIPOYOK 1 YTOUYHUTH 1ICHTU(IKALIII0 IEBHUX BU/IIB
(KpuUNITUYHI TAKCOHU) HA OCHOB1 IHTETPATUBHOTO MiIXOY.

S. OuiHUTHA 3aKOHOMIPHOCTI MOILIMPEHHSI BOJIOPOCTEN Ta L1aHOOAKTEepid y
010KipoYKax pi3HUX reorpadiyHUX PETiOHIB 1 EKOCUCTEM.

6. BukopucTtoBytoun BIacHi Ta  KOJEKIMHI  IITaMH, MPOBECTU
TAaKCOHOMIYHY peBi3iro mpeacraBHuKiB kinacy Klebsormidiophyceae (Streptophyta) six
JOMIHYIOYHMX OpPraHi3MiB 010KIpOYOK TOMIPHOI 30HH.

7. Hocninutu Mop¢onoriyni, ¢piIoreHeTUYH1 Ta YIbTPATOHKI OCOOIMUBOCTI
MTaMiB PIAKICHUX Ta HEJAOCTaTHHO BHUBYCHHX IIPEACTABHUKIB BOJAOPOCTEH 1
1[1aHOOAKTep1i 3 METOI YTOYHEHHS iX CHCTEMATHYHOIO IMOJOXEHHS Ta MPOBEICHHS
TaKCOHOMIYHHUX PEeBi3il.

06 ’exm OocniodxiceHHs — BOAOPOCTI Ta I1aHOOAKTepli O610JOTIYHUX TPYHTOBHUX
KIPOYOK.

Ilpeomem Oocniddicennss — PIZHOMAHITTA BOJOPOCTEH Ta IiaHOOAKTepin
OIOKIpOUOK PI3HMX 3a KJIIMAaTUYHUMU 1 €KOJOTIYHMMH YMOBaMH pPETIOHIB,
0COOJIMBOCTI €KOJIOTI{ Ta MOMIUPEHHS, (DLTOTEH1s 1 TAKCOHOMIS.

Memoou oocniddcenHss — TOJIBOBI, KaMepajabHl, MOPQOJIOTIUHI, METOIU
KYJIbTYp, CBITJIOBOI MIKpPOCKOIIi, TpPaHCMICIHHOI EJEKTPOHHOI MIKPOCKOIII],
MOJIEKYJISIPHO-(1JI0T€HETHYHI, TOP1BHAJIbHO-(PJIOPUCTUYHI, CTATUCTUYHOTO aHAII3Y.

HaykoBa HOBH3HA 0/Iep:KaHUX pe3yJibTaTiB. YIiepIie MpoBeIeHO KOMIUICKCHE
JOCTIIKEHHST BOJAOPOCTEH Ta 1iaHOOAKTepild IPYHTOBUX OIOKIPOYOK EKOJOTIYHO Ta
reorpaiuHo pi3HUX €KOCUCTEM MOMIPHOI 30HU €BPONH, POCIUHHO-KIIMATUYHUX 30H
Yuni Ta TYHAPOBUX €KOCHCTEM IMOJSIPHUX perioHiB. Bussieno ocoOnuBocTi
BHUJIOBOTO CKJIaJy BOJOPOCTEM 1 MiaHOOakTepii y OI10OKIpOYKax IHMX pErioHiB:
TepeBakaHHS 3€JICHUX BOJIOPOCTEH MPpH 3HAYHIN POl 11aHOOAKTEpil Ha OAITIMCHKUX

Ta YOPHOMOPCHKHX [IOHAX, I[laHOOaKTepidi — y MPUMOPCHKUX EKOCHUCTeMax
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ABOBCBKOTO MOps, 3€JIEHUX BOJIOPOCTEH TpU Maike TMOBHIA BIJICYTHOCTI
mianoOaktepii — y mgicax HimeuuuHu, 3eieHUX yIbBOQILIEBUX BOJAOPOCTEH,
BUTPUBAIMX JI0 3aCOJICHHS — y MITYYHHX TiMEprajiHHuX ekocuctemax HimewuwnHwu,
yHIKaJIbHUX MpeacTaBHuKIB poay Klebsormidium — y mamiBmycressx Ta micax Ywi,
’KOBTO3EJICHUX BOJOPOCTEH — y TOJSPHUX peErioHax. Brepmie mnpoBeaeHo
JNOCHIP)KeHHS 3 BHKOPUCTAaHHSM IHTETPATUBHOIO MIJXOQy BOJOpOCTEH Ta
1iaHoOakTepid OlOKIPOYOK MOPCHKUX MpUOEpeKHUX eKocucTteM €Bpornu (Ha
npukiani bantiiicekoro, YopHoro ta A30BCHKOTO MOpiB). BusiBiieHo, 110 BUIOBHIA
CKJIaJ] BOJOPOCTEH 1 IiaHOOaKTepiii O10KIpOYOK JIOH BU3HAYAETHCA TEKCTYPOKO Ta
XIMIYHUM CKJIaJIoM (TIepeBa)KHO eJIEKTPOIpoBinHicTIO, pH, BMicToM kapOOHATIB i
docdopy) micky, a TaKoXK KIIMaTUYHUMHU OCOOJMBOCTSAMU perioHy. Ha mpuximani
BOJIOPOCTEN Ta MiaHOOaKTepiid OIOKIpOYOK OadTIMChKUX [IOH [IOKa3aHOo, W10
BUKOPHUCTAHHS IHTETPATUBHOTO MiJIXO0y JO03BOJISIE YTOUYHUTH 1IEHTU(IKAIIIO HU3KU
JOMIHYIOUMX Ta PIAKICHUX TaKCOHIB, SIK1 B IIUIOMY CKJIaJid 0u3bk0o 15% BUsIBIEHUX
BuaiB. Ha mpukmnazi micie HimeyunHnn mokaszaHo, 10 PiBEHb JIICOBOTO MEHEKMEHTY
CYTT€BO BILUIMBA€E Ha CKJIAJ BOJIOPOCTEN OIOKIPOUOK, SIKI CTAaIOTh PI3HOMAHITHIIITUMH,
HMOBIPHO y 3B’SI3Ky 3 MOPYIICHHSIM POCIMHHOTO TIOKPHBY Yepe3 BHUPYOKH Ta
HACa/DKEHHA. YTIeplie BUBYEHO IITYYHI TimeprajiHHi ekocuctemu HiMmeuunHu
(BimBanyM micisi BUAOOYTKY MOTAILY) 3 BUKOPUCTAHHSAM 1HTETPATUBHOTO MiAXOAY, 1110
NpU3BEJIO 10 BUSIBICHHS 18 HOBUX (DIIOTEHETHMYHUX JiHINA. Ymepiine MpoBeneHO
BUBYCHHS 3 BUKOPHCTAHHSIM 1HTETPATUBHOTO MIIXO0y BOJOPOCTEH 1 IiaHOOAKTEpin
O10KIpOYOK YOTHPHOX POCIMHHO-KIIMATUYHUX 30H Ywmii: mycrenb, HamiBIYyCTElb,
CyXUX Ta BOJOrMX JiciB. JIOMMOBHEHO BiIOMOCTI IOJO BUBYEHHS E€BKAPIOTHMUYHUX
BOJIOPOCTEN O10KIpOYOK TOJIIpHUX perioHiB (CBanbbapay Ta AHTApKTUYHHUX
OCTpPOBIB) 1 TOKa3aHO iXHIW OaraTuii BUAOBUH ckiaa. Ha OCHOBI iHTErpaTHBHOTO
miX0My BHSBJIEHO HOBI TakcoHM B Mexkax kiacy Klebsormidiophyceae
(Streptophyta) — pomu Interfilum ta Streptosarcina. OkpeciieHo 3arajibHy (QiIOTEHit0
KJIacy, 110 HUHI BKJIIOYA€ 5 POAIB Ta BOJOPOCTI SIK 3 HUTYACTOIO CJIAHHIO, TaK 1 3
MaKeTONnoAI0OHOI0 Ta posranyxkeHoro. LleHTpanbHy (QiI0TeHETHYHY JIHIIO KiIacy

pO3/iJIECHO HAa 7 OCHOBHHUX cCymepkiaa. BiakpuTro Ta oxapakTepu30BaHO TPYILy



Klebsormidium 3 ¢imorenernunoi cynepkiaanu G, BiA3HaueHO i mepeBakHE
nomupeHHst y 01okipoukax [liBaeHHOI MiBKYJ1, IO 3MYIIY€E TNEPETNIIHYTH YSIBICHHS
npo Klebsormidium six BomopicThb-KOCMONOJIT. Bmepiie moBeaeHo, IO AiICHHS
writua ~ Klebsormidiophyceae BinOyBaerbess 3a  MexaHi3MOM, OJM3BKUM  JI0
CHOPYJISALT; 3allPOMIOHOBAHO CXEMH, 10 MOSCHIOIOTH (POPMYBaHHS TAJOMIB Pi3HOT
MOP(QOJIOTIYHOI CTPYKTYPH B Mexkax Kiacy. BusBiieHO HOBY (DiJIOTEHETHYHY JIIHIIO
cepen  cTpentodiTOBHUX BoAopocTel, ommcany sk pig  Streptofilum, 1o
XapaKTepU3YEThCS YHIKaJIbHUM KIIITUHHUM MIOKPHUBOM, CKJIQJICHUM
CyOMIKpOCKOMIYHUMH OPTraHiYHUMHU JIyCOYKaMU CBO€pIAHOI OyAoBU. 3araiiom,
OMKCAaHO K HOBI JJs Hayku 2 poau, 18 BuAiB 1 2 pPi3HOBHIHOCTI BOAOpOCTEH i
1iaHoOakTepid, 3AIMCHEHO eMeHjaalmio Ta emrtumdikamico 16 BumiB  Ta
3aMpoNnoOHOBAaHO 6 HOBMX HOMEHKIJIATYpHMX KOMOIHAIlM, BHUSBIECHO 15 TaKCOHIB,
HOBUX Uit priopu YKpaiHu.

IIpakTuyHe 3HAYEHHS OJEP:KAHMX pe3yJabTariB. Matepianu, ojepxaHi B
pe3ynbTaTi mociipkeHHs (ctocoBHO dinorenii i Takconomii Klebsormidiophyceae),
BUKOPUCTaHI TpU MATOTOBI (yHAaMeHTanbHUX 3BeneHb «Algae of Ukraine:
diversity, nomenclature, taxonomy, ecology and geography» (V. 4, 2014), «®Dnopa
Bojopocteit Ykpainm» (T. 12, Bum. 2, 2016) ta «Atlas sinic a fas CR 2» (Ceské
Budéjovice, 2018), a Takox BpaxoBaHi y KOJEKTHBHUX MOHOrpadisx «JIumraiHuKH,
MOXOMOAIOHI Ta Ha3eMHI BOJOPOCTI TpaHITHUX KaHbHOHIB Ykpainu» (2011) Tta
«MonekynsapHa ¢ijgoreHis 1 cydyacHa TaKCOHOMisl HA3eMHHMX CIIOPOBHX POCIIHHY
(2013). Bonu 6ynyTh BpaxoBani npu ckiananHi «lIpoapomycy anbrodiaopu Ykpainm»
(B mporeci MiATOTOBKM) Ta MOXYTh OyTHM BUKOPHMCTaHI1 MpPH MiJArOTOBII BU3HAYHUKIB
3eNIeHUX BOJOpOCTeN 1 1iaHoOakTepid Ykpainu 1 3axigHoi €Bpomnu. Pesynbratu
poOOTH Hapasi BUKOPUCTOBYIOThCS B Yy4OOBOMY mpolieci B yHiBepcuteTi M. PocTok
(Himeuumnna), a takoxx npu miarotoBui PhD crynentiB B IHCTUTYTI OOTaHiKM, HpU
BUKJIJIaHHI KypciB «MonekymsipHa (isoreHist pociut i rpubiB» ta «KynbTHUBYBaHHS
BOZiopocTeld 3 ocHOBaMHu OioTexHosorii». bimg 300 ocoOucTO BUIIICHHX IIITaMiB
BOJIOpOCTEN 30epiraroTbcs B KOJekilli yHiBepcurery M. Pocrok (Himewuwnna), 30

yBiinom 1o xonekuit SAG (Himeuunna), BCCO (Yexis) Ta IBASU-A (Ykpaina).
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Bouu MoxyThb OyTHM BHKOPUCTaHI JJsl BiIOOpPY OO0’€KTIB O10TEXHOJIOTIYHHX
JOCJTIJDKEHb 1 B y4OOBOMY MPOIIEC] Y BHUIUMX HAaBUAJIbHUX 3akianax. 240 BiacHOpyY
OTpUMaHMX HyKJIeoTHIHHX mociigoBHocTer (18S/16S pPHK Ta perion ITS, rbcl)
BOZIOPOCTEN Ta IiaHOOakTepi momoBHWIM MikHapoaHy 6azy NCBI Tta cmyryrorts
pedepeHTHUMH MOCITIIOBHOCTSIMU MpH 1iAeHTU]IKaLlli BOAOPOCTEH 1 IliaHOOaKTepiit.

OcoOuctuii BHecok 3a00yBauda. J[lucepramiiiHa poOoTa € CaMOCTIHHUM
JOCIIJKEHHAM aBTopa. OOrpyHTYBaHHS TE€MU JucepTallli, BA3HAYEHHS HANpsSIMKIB 1
METO/1iB pOOOTH Ta y3arajJbHEHHS JaHUX 1 IXHA HAYKOBO-TEOPETUYHA IHTEpHpeTalis
3niiicHeH1 Oe3mocepenHbo  3700yBaueM. [lonboBI  JOCHIKEHHS, KaMmepalbHe
OTIPAIIOBAHHS MaTepially KyJbTypaJbHO-MIKPOCKOMIYHUMHU Ta (PLIOreHeTUYHUMHU
METOJaMH, aHaji3 Ta Yy3arajJlbHEHHS JaHUX IIOJ0 BOJAOPOCTEHM 1 IiaHOOaKTepin
O10KIpOUOK MpPUMOpPCHhKUX perioHiB (Himeuunna, VYkpaiHa) BHUKOHAaHI aBTOPOM
ocobucto abo mpu ioro akTuBHIKW yuacti. [lpum cmiBopami 3a  (GIOPUCTHKO-
€KOJIOTITYHUMU MPOEKTAMH MO0 BUBUECHHIO PI3HOMAHITTSI BOAOPOCTEH O10KIPOUYOK JIICIB
Ta TrineprajiHHuX BiABamiB HiMeyunHH, POCIMHHO-KIIMATHYHUX 30H Ywii Ta
MOJSIPHUX PETIOHIB aBTOp OpaB aKTUBHY YydYacTh B ONpAIfOBaHHI Marepiaiy
KYJIbTYypaJbHO-MIKPOCKOIIIYHUMHA ~ METOAAaMH,  iAeHTU(ikamii  BHUIIB, aHami3i
(bITOreHEeTUYHUX JaHUX, a TAKOX y3arajJbHEHHI MaTepialiB Ta HAYKOBO-TEOPETUYHIN
iHTepriperamii pe3ynabrariB. [lpu cmiBmpami 3a TPOEKTaMH IIOAO0 TaKCOHOMIT
npencrapaukiB  Klebsormidiophyceae (Streptophyta), 3emenux Ta >KOBTO3EICHHX
BOJIOPOCTEH 1 11aHOMIPOKAPIOT aBTOPOM MPOBECHI KYIbTypadbHO-MIKPOCKOIIYHI Ta
(17I0reHeTUYHI JOCIIPKEHHS, B3STO y4acTh y MIATOTOBLI MaTepialy Ta IHTepIpeTalii
pEe3ybTaTIiB  €JIEKTPOHHO-MIKPOCKOIYHUX JOCIIKeHb, IPOBEACHO aHami3 Ta
y3arajlbHeHHs JJaHUX 0cOOHUCTO abo MpH aKTUBHIN ydacTi. Y MmyOJiKalisiX, BUIaHUX Y
CIIBaBTOPCTBi, 3/100yBay € aKTHBHUM YJEHOM TBOPYOTO KOJICKTHBY, IIpaBa
CITIBaBTOPIB HE MOPYIIEHI.

Amnpo0auisi pe3yiabraTiB aucepranii. OCHOBHI pe3ylbTaTU IUCEPTALIHHOT
pobotu Oynu ampoOoBaHI Ha 3aciaHHSAX BIAAUIIB JIXEHOJOrii Ta Opiojorii i
¢ikoJiorii, JIXEHOJIOT1I Ta OpioJorii, CEKTOPYy HMKYUX POCIHMH 1 BYEHOI paju

Incturyty Ootaniku im. M.I. Xomomnoro HAH Vkpainu, cemiHapax B



yHiBepcurerax mict Poctok, ['ertinren (Himeuunna) ta [HcOpyk (ABcTpisi), a TaKoxK
JOMOBIANIMCA Ha YHCIIEHHHX HaykKoBuX 3i0panmsx: 9th Bonn Humboldt Award
Winners’ Forum (16-20 >xoBtas 2019 p., bonn, Himeuunna), Advances in modern
phycology: VI International Conference (15-17 tpasust 2019 p., Kuis, Ykpaina), 17th
Scientific Conference of the Phycology Section of the German Botanical Society (11-
14 OGepe3nss 2018 p., bepxrecramen, Himewumna), XIV 3’i3g VYxkpaiHcbkoro
boraniunoro ToBapuctBa (25-26 xBiTHa 2017 p., KuiB, VYkpaina), European
Geosciences Union, General Assembly 2017 (23-28 xBitas 2017 p., Binens,
Asctpis), European Geosciences Union, General Assembly 2016 (17-22 kBitas 2016
p., Binens, ABctpist), 15th Scientific Conference of the section of Phycology of the
German Botanical Society (23-26 motoro 2014 p., Hltpanscynn, HimeuunHa),
BioSyst.EU 2013. Global Systematics (18-22 miororo 2013 p., Bigenb, ABctpis),
Network Meeting of the Alexander von Humboldt Foundation (20-22 6epe3us 2013
p., I'anoBep, Himeuumna), «Advances in Modern Phycology» V International
Conference (23-25 tpasus 2012 p., KuiB, Ykpaina), 9-th International Phycological
Congress, Informal Workshop «Freshwater green algal systematics» (2-8 cepmas
2009 p., Tokio, Smownis), «Algal Culture Collections 2008» (9-10 gepBus 2008 p.,
O06an, Benuka bpuranis), International Symposium «Biology and Taxonomy of
green algae V» (25-29 uyepBus 2007 p., Cmonenine, CrnoBauuuna), International
Conference «Algae in terrestrial ecosystems» (27-30 Bepecus 2005 p., Kanis,
Vkpaina), XVII International Botanical Congress (17-23 numus 2005 p., Binens,
Asctpist), Biology and Taxonomy of Green Algae IV (24-28 ueprHs 2002 p.,
Cwmounenine, CioBadunHa).

ITyoaikanii. OCHOBHI MOJOXKEHHS JAUCEpTaliiiHOI poOOTH BigoOpaxeHo B 42
HAyKOBUX IMyOmikamisix, cepen sikux 15 crareit omyOiikoBaHO Yy BHIIAHHAX, IIIO
BXoaiaTh 70 mepmoro (Q1) ta mpyroro (Q2) kBapTWIiB 3a Taly33l0 3HaHb, sKa
BIJIMOBI/Ia€ Te€MI HAYKOBOTO JOCHIHKeHHS, BiAmoBigHO 10 kiacudikamii SClmago
Journal and Country Rank a6o Journal Citation Reports. Cepen perru myOmmikariii, 8

cTaTedl y IHIIMX BUAAHHSX, 1HAEKCOBAHMX Y MIXHAPOJHUX HAYKOMETPUYHHUX 0azax
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JaHUX, PO3ALT KOJIEKTUBHOI MOHOTpadii Ta 18 mybumikaliii — y MaTepiaiax HayKOBHUX
dbopymiB.

Ctpykrypa Ta o0csar podotu. Jlucepraiiiiina po0oTa CKIaIaeThes 13 BCTYIY,
CIUCKY TyOJiKaIlii aBTOpa, aHOTallii, TPhOX PO3AUTIB OCHOBHOI YacTHHU Ta

BUCHOBKIB. [IoBHMIT 00csT nucepratii ctaHoBUTH 571 cTop.



PO3A1JI 1. PIBHOMAHITTS, ®IJIOI'EHIA, EKOJIOI'TA TA HIOIIUMPEHHSA
BOJIOPOCTEM I HIAHOBAKTEPIN Y TPYHTOBHUX BIOKIPOUKAX
OKPEMUX HASEMHHUX EKOCUCTEM TA PETTOHIB

1.1. BogopocTi i niaHo0akTepii 0i0JJOTiYHUX I'PYHTOBUX KIiPOYOK NMPHOEPEKHNX

mimaaux 10H baariicokoro mops (HiMeuuunna)

1.1.1. AnaJji3 pi3HOMAHITTS BOAOPOCTel i HiaHOOaKTepii 0ioT0TiYHHX
IPYHTOBHX Kipo4ok npudepe:kHux 110H baariiicbkoro mops (Himeuunna) y

3B’fI3KY 3 XapaAKTePUCTUKAMH MICKY
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Abstract Biological soil crusts (BSCs) are known as
“ecosystem-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 Riigen
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 (PO,>") were analyzed
in adjacent BSC-free surface soils at each study site. The data
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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 - Sand dunes - 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].


http://dx.doi.org/10.1007/s00248-015-0691-7
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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 sticky mucilaginous 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 Riigen
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, Riigen, and Usedom (926 and
445 km?, respectively). Riigen 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, 3040 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 Riigen and the
two study sites Karlshagen and Zempin on Usedom,
stretching from the northeast coast of Riigen 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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Fig.1 The islands Riigen and Usedom, and the investigated dune study sites (¢) belonging to the federal state of Mecklenburg-Western Pomerania (b) in

the northeastern part of Germany (a)

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 2x2 m
was randomly chosen, and the coverage of BSCs in

@ Springer

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.
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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 x6 cm. With a shovel, a
BSC-free soil sample next to the BSCs (max. 40 cm distance)
of approximately 5x5x5 cm was taken and filled into a small
freezing bag for nutrient analysis. An additional soil sample of
approximately 10x10x10 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. 2x2 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 pmol photons m > s~ (light source:
Osram Daylight Lumilux Cool White lamps
(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 Gértner [29] as
well as on Komarek 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 uL 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. 1x1 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

@ Springer

35



36

182

K. Schulz et al.

distribution, the soil was treated with hydrochloric acid (HCI),
hydrogen peroxide (H,0,), and tetrasodium diphosphate
(Na4P,0O4). 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, Miincheberg, 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, WTW GmbH, 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 CO, released following the addi-
tion of HCI (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 <I 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 (WOs) 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 (HNO;) and 6 mL of HCI 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
214914 nm with inductively coupled plasma (ICP-AES,
JobinYvon 238 Ultrace, Instruments S.A. GmbH,
Grasbrunn, Germany). Bioavailable phosphorus (PO4>")
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
(H>SOy4; 24 %), 5 mL of malachite-solution, and 5 mL of
molybdate solution and filled up with ultrapure water to
50 mL. The PO,* concentration was determined spectro-
photometrically at 623 nm.
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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 RDA was 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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Table1 Complete list of cyanobacterial and non-diatom algal species found in ten BSCs from five coastal dune study sites on Riigen and Usedom and

the estimated abundance of the single taxa in the investigated crusts

Glowe

Prora

Baabe

Karlshagen Zempin

Species BSC BSC BSC BSC BSC BSC BSC BSC BSC BSC

1

1

1

1

1 2

Cyanophyceae
Calothrix cf. elenkinii Kossinskaja
Chroococcus helveticus Nageli
Coleofasciculus sp. 1
Hassallia sp.
Hydrocoryne sp.
Leptolyngbya edaphica (Elenkin) Anagnostidis & Komarek 1
Leptolyngbya cf. henningsii (Lemmermann) Anagnostidis
Leptolyngbya cf. notata (Schmidle) Anagnostidis & Komarek
Lyngbya sp.
Microcoleus vaginatus Gomont ex Gomont
Nodosilinea sp.
Nostoc cf. commune Vaucher ex Bornet & Flahault
Nostoc cf. edaphicum Kondrateva
Nostoc cf. linckia Bornet ex Bornet & Flahault 1
Nostoc sp.
Phormidium cf. corium Gomont ex Gomont
Pseudophormidium hollerbachianum (Elenkin) Anagnostidis
Tolypothrix cf. tenuis Kiitzing ex Bornet & Flahault
Trichocoleus sp.

Chlorophyceae
Actinochloris sphaerica Korschikov
Acutodesmus obliquus (Turpin) Hegewald & Hanagata 1
Bracteacoccus cf. minor (Chodat) Petrova
Bracteacoccus sp. 1
Carteria cf. crucifera Korshikov ex Pascher
Chlamydomonas cf. callunae Ettl
Chlamydomonas cf. moewusii Gerloff
Chlamydomonas cf. reisiglii Ettl
Chlorococcum cf. oleofaciens Trainor & Bold
Chlorolobion lunulatum Hindak 1
Chloromonas cf. augustae (Skuja) Proschold, Marin, Schldsser & Melkonian
Chloromonas actinochloris Proschold, Marin, Schlosser & Melkonian

Chloromonas cf. reticulata (Goroschankin) Wille emend. Proschold, Marin,
Schlosser & Melkonian

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

Lobochlamys cf. culleus (Ettl) Proschold, Marin, Schldsser & Melkonian

Lobochlamys spec 1
Monoraphidium cf. pusillum (Printz) Komarkova-Legnorova 1
Neochloris cf. gelatinosa Herndon

Podohedra bicaudata Geitler

Scenedesmus sp.

Spongiochloris cf. incrassata Chantanachat & Bold

Spongiochloris cf. minor Chantanachat & Bold

Spongiochloris spongiosa (Vischer) Starr

—_ = = W
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Table 1 (continued)

Species

Glowe Prora Baabe Karlshagen Zempin

BSC BSC BSC BSC BSC BSC BSC BSC BSC BSC
1 2 1 2 1 2 1 2 1 2

Tetracystis sarcinalis Schwarz
Tetracystis sp.
Trebouxiophyceae
Chlorella chlorelloides (Naumann) Bock, Krienitz & Proschold
Chlorella vulgaris Beyerinck

1 1 1 1 1
1 1

Chloroidium ellipsoideum (Gerneck) Darienko, Gustavs, Mudimu, Menendez, 1 1

Schumann, Karsten, Friedl & Proschold
Dictyosphaerium sp.
Diplosphaera chodatii Bialosuknia
Elliptochloris subsphaerica (Reisigl) Ettl & Gértner
Geminella interrupta Turpin
Koliella sp.
Leptosira cf. erumpens (Deason & Bold) Lukesova
Myrmecia cf. biatorellae Petersen
Pseudochlorella sp.
Pseudococcomyxa cf. simplex (Mainx) Fott
Stichococcus bacillaris Nageli
Chlorokybophyceae
Chlorokybus atmophyticus Geitler
Klebsormidiophyceae
Interfilum paradoxum Chodat & Topali
Klebsormidium crenulatum (Kiitzing) Ettl & Gértner
Klebsormidium flaccidum (Kiitzing) Silva, Mattox & Blackwell
Klebsormidium cf. nitens (Meneghini) Lokhorst
Klebsormidium cf. subtile (Kiitzing) Tracanna ex Tell
Zygnematophyceae
Cylindrocystis crassa De Bary
Xanthophyceae
Pleurochloris meiringensis Vischer
Bumilleriopsis cf. peterseniana Vischer & Pascher
Xanthonema cf. bristolianum (Pascher) Silva
Xanthonema exile (Klebs) Silva
Eustigmatophyceae
Eustigmatos magnus (Petersen) Hibberd
Vischeria helvetica (Vischer & Pascher) Hibberd

—_ A = =
—_
w
N
~
[\
[\
[\

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

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
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Komarek, Microcoleus vaginatus Gomont ex Gomont and
Nostoc cf. edaphicum Kondrateva and the algae
Bracteacoccus sp., Monoraphidium cf. pusillum (Printz)
Komarkova-Legnorova, Acutodesmus obliquus (Turpin)
Hegewald and Hanagata, Chlorella vulgaris Beyerinck,
and Klebsormidium flaccidum (Kiitzing) 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).
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Table2 Complete list of diatom species found in ten BSCs from five coastal dune study sites on Riigen and Usedom and the estimated abundance of
the single species of all diatom taxa in the investigated crusts

Glowe Prora Baabe Karlshagen Zempin

Species BSC1 BSC2 BSC1 BSC2 BSC1 BSC2 BSC1 BSC2 BSC1 BSC2

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) Kiitzing 1

Fallacia cf. florinae (Moller) Witkowski
Fallacia cf. tenera (Hustedt) Mann
Fallacia clepsidroides Witkowski
Fallacia tenera (Hustedt) Mann

—_— = =

Fistulifera cf. pellicolosa (Brébisson) Lange-Bertalot 1
Fragilaria martyi (Héribaud-Joseph) Lange-Bertalot 1 1

Fragilaria s.1. A 1

Fragilaria s.1. B 1

Fragilaria s.1. C 1

Fragilaria s.1. 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 (Kiitzing) 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
Opephora burchardtiae Witkowski

Opephora cf. minuta (Cleve-Euler) Witkowski

—_— e —

Opephora sp.

Pennate A !
Pennate B 1

Pennate C 1

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

Glowe

Prora Baabe Karlshagen Zempin

Species BSC 1

BSC2 BSC1 BSC2 BSC1 BSC2 BSC1 BSC2 BSC1 BSC2

Pinnularia borealis var. borealis Ehrenberg

Pinnularia cf. intermedia (Lagerstedt) Cleve

Pinnularia intermedia (Lagerstedt) Cleve 5
Placoneis clementis (Grunow) Cox

Planothidium ct. lemmermannii (Hustedt) Morales

Planothidium delicatulum (Kiitzing) Round & Bukhtiyarova
Planothidium lemmermannii (Hustedt) Morales

Planothidium sp. 1
Staurophora sp.

2

- » N -
—
—_

1 very rare, 2 rare/occasional, 3 regular, 4 subdominant, 5 dominant
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 Riigen sites. In addition, Staurophora sp.

70+
60
8 so] 26
2 20 25
g 40{ | 24 14
B
g 28
£ 20 22
] 29
2 21
10
Glowe Prora Baabe  Karlshagen Zempin
ODiatoms O Non-diatom eukaryotic algae B Cyanobacteria

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
Riigen and Usedom. Numbers in bars indicate the species numbers
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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 BSCs with 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 Riigen. 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 “Sandy sand” (Ss). The further differentiation
revealed the subclasses “medium sand” for the samples
from Glowe and Prora, “fine sandy medium sand” for
the sample from Baabe and Zempin, and “fine 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
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<« Fig. 3 Abundant diatom species of BSCs from five dune study sites on
Riigen 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 ym

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

Fig. 4 Dominant cyanobacterial
and non-diatom algal species of
BSCs from coastal dune study
sites on Riigen and Usedom.
Cyanobacteria and algae in
culture (a, b, d, f-k, o, p, r, s) and
direct in crust material (c, e, I-n,
q): Microcoleus vaginatus (a—c),
Hydrocoryne sp. (d, e), Nostoc cf.
edaphicum (f, g), Coleofasciculus
sp. (h, i), Leptolyngbya cf. notata
(> K), Lyngbya sp. (I-n),
Klebsormidium flaccidum (o),
Klebsormidium crenulatum (p,
q), and Lobochlamys sp. (r, ).
Scale bars at 10 pm
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carbonate content decreased from Glowe (41.5 puS cm
11.1 %) to Zempin (15.5 uS cm™'; 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 gkg ") in Karlshagen and the highest TC (10.79 gkg )
in Glowe (Table 3). TN was more uniform among the study
sites, ranging from 0.09 g kg in Zempin to 0.21 g kg ™' in
Baabe with the values for Glowe (0.13 g kg '), Karlshagen
(0.13 g kg "), and Prora (0.14 g kg ') in between and very
similar. The soil sample from Karlshagen had the lowest TP
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Table 3  Physical and chemical properties of BSC-free surface soils of the coastal dune study sites on Riigen and Usedom used in this study

Glowe Prora Baabe Karlshagen Zempin
Coordinates 54°34.196' N 54°28.525'N 54°21.759'N 54° 08.256' N 54°04.172'N
13°27.486' O 13° 34.360' O 13°42.954' 0 13°49.683' O 13° 58.035' O
Clay (%) 0.9 0.7 0.7 0.1 0.6
Silt (%) 2.6 2.7 13 2.9 3.0
Fine sand (%) 12.8 2.5 226 89.2 16.7
Medium sand (%) 83.2° 89.0° 75.0° 7.8° 79.7°
Coarse sand (%) 0.5 52 0.3 0 0
pH (H,0) 7.17 722 729 7.53 7.05
Electrical conductivity (1S cm ) 41.5 32.5 21.0 17.0 15.5
CaCOs (%) 11.1 5.6 15 0.8 0.7
TC (gkg ™) 10.79 542 225 0.67 0.79
TN (gkg ) 0.13 0.14 0.21 0.13 0.09
TP (gkg ) 0.31 0.23 0.11 0.09 0.16
PO, (mgkg ) 0.64 3.04 2.76 5.18 432
PO, -P (% TP) 0.067 0.432 0.820 1.881 0.882

TC total carbon, TN total nitrogen, TP total phosphorus, PO,”~ bioavailable phosphorus, PO, -P calculated solubility of TP

#Soil texture class: medium sand
®Soil texture class: fine sandy medium sand

¢ Soil texture class: fine sand

(0.09 gkg "), and that from Glowe had the highest TP content
(0.31 g kg 1. In contrast, the PO,>~ concentration and the
calculated solubility of TP (PO, -P as percentage of TP)
were largest in Karlshagen (5.18 mg PO,> kg '=1.881 % of
TP) and smallest in Glowe (0.64 mg PO, kg '=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 PO,> (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 (»<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 (R*=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
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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 Riigen 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, PO,
bioavailable phosphorus, PO,’ -P calculated solubility of TP, TN total
nitrogen, 7C total carbon, CaCOj calcium carbonate, PSD particle size
distribution, £C electrical conductivity

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 study is in agreement with 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
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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 algaec 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. Filamentous 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]).
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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 (NaH,PO, +
Na,HPO,) 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 Biidel [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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Composition of biological soil crusts from sand dunes of the Baltic Sea coast in
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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;
Wau et al., 2013; Biidel & Colesie, 2014) as well as in the

context of their biodiversity, ecology and biogeography
(Johansen & Rushforth, 1985; LukeSova, 2001; Flechtner
et al., 1998, 2008; Kastovska et al., 2005; Biidel 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 (Biuidel 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 (Btidel 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
(Budel et al., 2009; Wong et al., 2010; Zammit et al.,
2011; Balzano et al, 2012; Flechtner et al, 2013;
Hallmann et al., 2013; Kulichova et al., 2014; Patzelt
et al, 2014; Brinkmann et al, 2015; Hoda¢ et al,
2015). Nevertheless, the morphological identification
of many microalgal groups is still quite challenging
because of a general lack of characteristic morphological
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. Kulichova 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 Hoda¢ 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 Riigen 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 Riigen 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 Gottingen
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 Warnemiinde 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
umol photons m™* s (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 & Gartner (2014) for green and streptophyte
microalgae, and on Kondratyeva (1968), Komarek &
Anagnostidis (2005) and Komarek (2013) for cyano-
bacteria, as well as on numerous monographs and



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 Riigen 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-1-5.85-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.
Proschold, personal communication) for green and
streptophyte algae. Amplifications were performed in
a T-Gradient ThermoBlock thermocycler (Biometra,
Gottingen, 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 ITSO5R (Marin
et al., 1998, 2003; Proschold 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
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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 used was selected based on 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 & Huelsenbeck,
2003), using an evolutionary model GTR + G + I, with
5000000 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 reccommended 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 41 morphospecies, 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 &  Komdrek  (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

Ru-1-1

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

Ru-1-2
Ru-1-3
Us-2-4
Us-7-7
Us-6-7

Ru-6-3

Ru-s-3-4

Us-1-5

Ru-s-4-3

Ru-8-1

Us-s-6-2

Complete coincidence of morphological and molecular identification to species level
The SSU rRNA and ITS-1,2 sequences of

Chlorococcum cf. oleofaciens
Trainor & Bold

Chlorella vulgaris Beyerinck

Klebsormidium flaccidum
(Kutzing) Silva, Mattox &
Blackwell

Klebsormidium crenulatum
(Kitzing) Lokhorst

Elliptochloris subsphaerica
(Reisigl) Ettl & Girtner

Actinochloris sphaerica
Korschikov

Chlamydomonas cf. callunae Ettl

Chlorococcum
oleofaciens

Chlorella vulgaris

Klebsormidium
Sflaccidum

Klebsormidium
crenulatum

Elliptochloris
subsphaerica

Actinochloris sphaerica

Heterochlamydo-
monas callunae
(Ettl) comb. nov.

original strain are close to authentic
strain of Ch. oleofaciens (SAG 213-11).

The SSU rRNA and ITS-1,2 sequences

of all original strains are close to
authentic strain of Ch. vulgaris (SAG
211/11b).

The ITS-1,2 sequences of all original

strains are close to authentic strain
of K. flaccidum (SAG 2307).

The ITS-1,2 sequences of original
strain are close to authentic strain of
K. crenulatum (SAG 37.86).

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).

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.

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.

Kawasaki et al., 2015

Krienitz et al., 2004; Bock

et al., 2011

Mikhailyuk et al., 2015

Mikhailyuk et al., 2015

Darienko et al., 2016

Korshikov, 1953

Ettl, 1976, 1983

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

Chloromonas actinochloris
Proschold, Marin, Schlosser &

Melkonian

Klebsormidium cf. nitens
(Kutzing) Lokhorst

Hormoscilla pringsheimii

Anagnostidis & Komdrek

Chloromonas cf.
actinochloris

Klebsormidium cf.
nitens

Hormoscilla cf.
pringsheimii

The strain is close to authentic strain of

Ch. actinochloris (SAG 1.72), but
represented a separate lineage.

The strain is close to authentic strain of

K. nitens (SAG 13.91), but
represented another lineage.

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.

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

Mikhailyuk et al., 2015

Bohunicka et al., 2015

(Continued)
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Strain

Morphospecies, published in
Schulz et al., 2016

Species after
phylogenetic revision

Taxonomic revisions,

Remarks on species identification references

Ru-s-3-5

Ru-6-12

Us-2-2

Us-1-6
Ru-1-9

Ru-6-15

Us-7-12

Ru-6-5
Ru-6-4

Ru-6-16

Ru-s-3-3

Us-7-5

Us-1-4

Ru-0-3

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

Carteria cf. crucifera Korschikov

Microcoleus cf.
vaginatus

Microcoleus vaginatus Gomont ex
Gomont

Nostoc cf. edaphicum Kondratieva Nostoc cf. edaphicum

‘Carteria’ cf. crucifera  Original strain is close to other strains

Nozaki et al., 1994, 1997
of Crucicarteria, but it represents
a separate lineage, perhaps another
species of the genus, differed
ecologically. Taxonomic revision of
the group was preliminary.
Microcoleus vaginatus group contains Strunecky et al., 2013
several species, revision of which
was not proposed.

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

Several genetically close strains
identified as N. edaphicum, but the
type of the species and species
concept inside the genus are
unknown.

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

Tetracystis sarcinalis Schwarz ‘Tetracystis’ cf.

sarcinalis

Spongiochloris cf. minor
Chantanachat & Bold

‘Spongiochloris’ sp.

Chlorella chlorelloides (Naumann) Xerochlorella cf.
Bock, Krienitz & Proschold
(=Dictyosphaerium chlorelloides

(Nauman) Komdrek & Perman)

O. Lewis & L.A.
Lewis

olmiae Fucikovd, P.

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.

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.

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.

Fucikova et al., 2014b

Coincidence of morphological and molecular identification to the genus level

Lobochlamys sp. Lobochlamys sp.

Diplosphaera chodatii Bialosuknia Diplosphaera sp.

Mpyrmecia cf. biatorellae Petersen Mpyrmecia sp.

Nostoc cf. linckia Bornet ex Bornet
& Flahault

Nostoc sp.

Hassalia sp. Hassalia sp.
Tolypothrix cf. tenuis Kiitzing ex

Bornet & Flahault

Tolypothrix sp.

The strains formed a separate lineage Préschold et al., 2001
within Lobochlamys Proschold,
Marin, Schlosser & Melkonian
(Oogamochlamydinia), perhaps

representing one species.
Some taxa were revised in the
Diplosphaeral/Stichococcus group,
but there was no general taxonomic
revision.

Neustupa et al., 2007; Elia§ &
Neustupa, 2009; Hoda¢
et al., 2016

The group was determined as a Neustupa et al., 2011
separate lineage, but not revised in

details.

Despite a lot of papers describing new Miscoe et al., 2016; Hrouzek
species, the structure of the genus et al., 2013; Singh et al.,
and species concept are not resolved. 2016
Perhaps close to our strain Us-2-2,
but morphologically different.
The group is not revised in general, but Flechtner et al., 2002; Hauer
some taxa were described et al., 2014; Hentschke
et al.,, 2016

Correct morphological identification to the genus level only

Bracteacoccus
aggregatus Tereg

Bracteacoccus cf. minor (Schmidle
ex Chodat) Petrova

The SSU rRNA and ITS-2 sequences of Fucikova et al., 2012
original strains are close to authentic
strain of B. aggregatus (G2-3=UTEX

B 2972).

(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

Ru-6-11
Us-2-1

Ru-10-1

Ru-10-2
Ru-10-3

Us-4-2

Ru-6-6

Ru-6-2

Ru-6-13

Ru-s-4-2

Ru-1-5

Ru-0-2

Us-6-3

Us-6-4
Us-1-3

Chloromonas cf. reticulata
(Goroschankin) Gobi

Nodosilinea sp.

Klebsormidium flaccidum

Klebsormidium cf. subtile
(Kiitzing) Mikhailyuk, Glaser,
Holzinger & Karsten

Klebsormidium
crenulatum

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

Tetradesmus obliquus (Turpin)
Wynne (=Acutodesmus
obliquus (Turpin) E. Hegewald
& Hanagata)

Chloromonas sp.

Nodosilinea cf.
epilithica Perkerson
& Casamatta

Klebsormidium
fluitans (F.Gay)
Lokhorst

Klebsormidium sp.

Klebsormidium
mucosum (Petersen)
Lokhorst

Chloroidium sp.

Tetradesmus arenicola 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),

sp. nov.

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

(synonym of Ch. reticulata
(Préschold et al., 2001)), but it is

phylogenetically distant from both

species.

Our isolates are close to authentic
strain of N. epilithica (Kovacik 1990/

52). But revision of the genus is

incomplete, perhaps includes more

species.

Our isolate is close to authentic strain

of K. fluitans (SAG 9.96).

Our isolates form a separate clade

distant from authentic strain of
K. subtile (SAG 384-1).

Our isolate is close to authentic strain

of K. mucosum (SAG 8.96).

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.

but represented a separate lineage.
This alga was described here as
a new species (see below).

Incorrect morphological identifications for both genus and species levels

Bracteacoccus sp.

Stichococcus bacillaris Nigeli

Pseudophormidium
hollerbachianum (Elenkin)
Anagnostidis (=Plectonema

boryanum Gomont
f. hollerbachianum Elenkin)

Leptolyngbya cf. notata
(Schmidle) Anagnostidis &
Komarek

Leptolyngbya edaphica (Elenkin)
Anagnostidis & Komarek
(=Plectonema edaphicum

(Elenkin) Vaul.
Leptolyngbya cf. henningsii
(Lemmermann) Anagnostidis

Pseudomuriella
aurantiaca
(Vischer) Hanagata

Pseudostichococcus cf.
monallantoides
Moewus

Leptolyngbya cf.
boryana (Gomont)
Anagnostidis &
Komarek

Stenomitos sp.

Timaviella sp.

Phormidesmis sp.

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).

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.

The group was determined as a

separate lineage and distinguished as

Leptolyngbya sensu stricto, but not
revised in details.

The group was revised, but without clear

determination on species level,

phylogenetic position was determined
for S. rutilans Miscoe & Johansen only.

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

perhaps represents a separate species

Incomplete revision, described species

Phormidesmis priestleyi (Fritsch)
Komarek, Kastovsky, Ventura,

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

proposed.

Préschold et al., 2001;
Matsuzaki et al., 2012,
2013

Perkerson et al., 2011

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

Darienko et al., 2010

Hegewald & Wolf, 2003;
Lewis & Flechtner, 2004;
Sciuto et al., 2015

Fucikova et al., 2011

Moewus, 1951; Hodac¢ et al.,
2016

Osorio-Santos et al., 2014

Miscoe et al., 2016

Sciuto et al., 2017

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

(Continued)
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Morphospecies, published in
Schulz et al., 2016

Species after

Strain phylogenetic revision

Taxonomic revisions,

Remarks on species identification references

Us-1-1
Us-7-3

Trichocoleus sp. ‘Microcoleus’ sp.

Ru-6-10 Monoraphidium cf. pusillum

(Printz) Komérkova-Legnorova

Chlorolobion sp.

Coelastrella
aeroterrestrica
Tschaikner, Girtner
& Kofler

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

Nakagawa, Aizawa & Watanabe

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

Lewis & L.A. Lewis

Desmochloris cf.

halophila (Guillard,

Bold & Mc Entee)

Watanabe, Kuroda
& Maiwa

Ru-s-3-2 Neochloris cf. gelatinosa Herndon

Our isolates are morphologically Miihlsteinové et al., 2014
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.

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.

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.

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.
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.

Garcia da Silva et al., 2017

Tschaikner et al., 2008;
Kaufnerova & Elids, 2013

Fucikova et al., 2014b

Darienko et al., 2009

Microcoleus Desmaziéres 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 & Komarek,
Phormidesmis 'Turicchia, Ventura, Komdarkovd &
Komdrek, 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 Kiitzing 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 Proschold, Marin, Schlosser & Melkonian),
Chloromonadinia (Chloromonas Gobi), Moewusinia
(Actinochloris Korschikov), Stephanosphaerinia (Chloro-
coccum  Meneghini), Crucicarteria (‘Carteria’); and
Sphaeropleales: Bracteacoccus Tereg, Radiococcaceae

sensu Fulikova 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,
Mpyrmecia Printz, Xerochlorella Fucikova, P.O. Lewis &
L.A. Lewis, Chloroidium Nadson, Eremochloris Fucikova,
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
sphaerica were analysed for comparison with 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.
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NR112218 Crinalium epipsammum SAG 22 .89
NR102461 Crinalium epipsammum PCC 9333 Gomon-
KM019982 Hormoscilla pringsheimii SAG 1407-1  [tiellaceae
KP412629 Hormoscilla pringsheimii CCALA 1054
MH688842 Us-s-6-2 Hormoscilla cf. pringsheimii
MH688843 Us-1-1 "Microcoleus' sp. I 3
MH688844 Us-7-3 "Microcoleus” sp. Microcoleus
"Microcoleus" steenstrupii(AF355381, KC311866)
EF654090 "Microcoleus" paludosus SAG 1449-1a
AY493627 Phormidium murrayii ANT.LACVS.2
Coleofasciculus (NR125521, EF654051)
_|——— Chroococcidiopsis (KC311897, KC311895)
- Anagnostidinema (AY423710, KT315937)
EF654080 "Trichocoleus sociatus" SAG 26.92
JN230340 Microcoleus vaginatus CCALA 145
MH688845 Ru-6-12 Microcoleus cf. vaginatus
KCB33976 Microcoleus vaginatus ISBAL M22 Microcoleus
JN230339 Microcoleus vaginatus JR6
JN230332 Phormidium autumnale JR20
KJ939015 Leptolyngbya boryana UTEX B 488
o MH688846 Ru-1-5 Leptolyngbya cf. boryana i;e;;rt?ly ngbya
FR798945 Leptolyngbya foveolarum VP1-08 T
— Pseudophormidium (KJ939062, KC311902)
MH688848 Us-6-4 Phormidesmis sp.
KJ939033 Phormidesmis sp. WJT36-NPBG15
MH688847 Us-1-3 Phormidesmis sp. Phormidesmis
KJ939038 Phormidesmis sp. WJTE6-NPBG16
= — AY493581 Phormidesmis priestleyi ANT.L66.1
MH688849 Ru-0-2 Stenomitos sp.
GQB859652 " "Leptolyngbya" tenuis PMC304.07
KF417430 Stenomitos rutilans HA7619-LM2*
— AF218371 Pseudanabaena tremula UTCC 471
— Kovacikia (KU161669, KU161670)
LT634150 Timaviella karstica GR13*
HQ132933 "Leptolyngbya' compacta GSE-PSE28-08A
MH688850 Us-6-3 Timaviella sp. Timaviella
= GQ859651 Phormidium sp. PMC301.07
a LT634149 Timaviella circinata GR4™
s | eptolyngbya" frigida (AY493575, AY493574)
JN385286 Schizothrix arenaria HA4233-MV5
e Oculatella (HMO18687, EU528672)
— Trichocoleus (KF307604, EF429297)
MH688851 Us-2-1 Nodosilinea cf. epilithica
KY283067 Nodosilinea epilithica ACSS| 169
MH688852 Ru-6-11 Nodosilinea cf. epilithica
HM018677 Nodosilinea epilithica Kovacik 1998/7*
EU528669 Nodosilinea bijugata Kovacik 1986/5a*
— KF307598 Nodosilinea nodulosa UTEX 2910
el P O Mid@ sMS "' AY 493620, AY493586)

NRO74282 Gloeobacter violaceus PCC 7421 | outgroup

0oL ToTY T 000

Stenomitos

o —000000ITO0OO3ISOM

Nodosilinea

0.02

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), Bohunicka et al. (2015), and
Strunecky et al. (2013).
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MH703750 Ru-1-9 "Tetracystis" cf. sarcinalis
MH703755 Us-1-6 "Tetracystis" cf. sarcinalis
. KMO020029" Tetracystis" sarcinalis SAG 19.94 *
LC086340 Chlamydomonas typica SAG61.72"
AB511834 Chlamydomonas reinhardti UTEX 90 *
FR865600 Chlamydomonas debaryana CCAP 11/63
_Ij AB244242 Heterotetracystis akinetos UTEX 1675
AB244240 Fasciculochloris boldii UTEX 1451 Reinhardtinia
—— AB218713 Neochlorosarcina sempervirens SAG 214-1
r MH703756 Us-1-5 Heterochiamydomonas callunae
- MH703776 Heterochlamydomonas callunae SAG 68.81*

N h KMO020120 Heterochlomydomonas lobata SAG 38.72

AF367857 Heterochlamydomonas inaequalis UTEX 1705 *
KMO020118 Heterochlamydomonas rugosa SAG 45.86
AJ410465 Oogamochlamys gigantea SAG 44 .91 *
AJ410461 Lobochlamys culleus SAG17.73* OoanmochiEmytinis
AJ410456 Lobochlamys segnis SAG 52.72*
MH703734, MH703735 Ru-6-4, Ru-6-5 Lobochlamys sp.
| [[AJM 0448 Chioromonas reticulata SAG 29.83*

JN903986 Chlcromonas macrostellata SAG 72.81
AJ410449 Chloromonas chlorococcoides SAG 15.82 *
AJ410452 Chloromonas augustae SAG 5.73 *
AJ410445 Chloromonas actinochloris SAG 1.72 * .
U57695 Chloromonas actinochloris UTEX 578 SN
FR865577 "Chlamydomonas" rotula CCAP 11/33
MH703737 Ru-s-4-3 Chloromonas cf. actinochloris
MH703736 Ru-6-8 Chloromonas sp.
AY271674 Actinochioris sp. BCP-LG3VF20
== Monadinia (FR854 385, KM020018)
== Polytominia (AB001038, FR865616)
KMO020104 Macrochlioris radiosa SAG 213-2a*
! MH703751 Ru-1-1 Chlorococcum oleofaciens
AB983608 Chlorococcum ofeofaciens SAG 213-11*
AB983616 Chlorococcum microstigmatum UTEX 1777 *
- | [ AB983621 Chlorococcum rugosum UTEX 1785 * Stephanosphaerinia
KMO020107 Chlorococcum vacuolatum SAG 213-8*
AB983623 Chlorococcum nivale UTEX 2225 *
|_|: U63107 Spongiochioris spongiosa UTEX 1 *
AB218695 Chlorosarcinopsis aggregata UTEX 779 *
[ AJ628976 Chlorococcum elkhartiense UTEX 293
L KMO020134 Radiosphaera negevensis SAG 87.80
— JN903990 Tetracystis aeria SAG 89.80 *
— U41173 Chlorococcum hypnosporum UTEX 119*
AJ781311 "Chlamydomonas" noctigama SAG 33.72 Moewusinia
KM020135 Spongiococcum tefrasporum SAG 29.95 *
MH703777 Actinochloris sphaerica SAG 23.93
MH703738 Ru-s-3-4 Actinochloris sphaerica
AB936278 Radicsphaera dissecta UTEX 121*
—— DB86501 Cartena crucifera NIES 421
ABB88624 Carteria cerasiformis NIES 425 *
U70596 Carteria olivieri UTEX LB 1032 Crucicarteria
FR865758 Carteria eugametos CCAP 8/3 *
MH703739 Ru-s-3-5 Carteria cf. crucifera
KF673367 Bracteacoccus minor SAG 221-1*
_EY846383 Monoraphidium pusiflum Pic 8/18 P-7w | outgroup

FR865726 Tetradesmus obliquus CCAP 276/49

0.01

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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JX513879 Coelastrella aeroterrestrica SWK1-2*
KF673372 Graesiella emersonii SAG 2337
MH703752 Ru-1-8 Coelastrella aeroterrestrica
FRB865674 Graesiella emersonii CCAP 211/55
JX513881 Coelastrella striolataCAUP H 3602 *
JX513884 Coelastrella rubescens CCALA 475 *
JX513882 Coelastrella terrestris CCALA 476
AB012848 Coelastrella oocystiformis SAG 277-1*
Scenedesmus(AB037098, X81966)
HQ246318 Acutodesmus' bajacalifornicus BCP-MX15VF11

Coelastrella

FR865726 Tetradesmus obliquus CCAP 276/49
=1 [ AY510462 " Acutodesmus” deserticola BCP-SNI-2*
ABO037088 "'Scenedesmus' acuminatus Hegewald 1986-2
ABO37093 Tefradesmus distendus Hegewald 1975-267
AB037092 Pectinodesmus pectinatus An 111A
— HQ246317 Flechtneria rotunda BCP-SEV3VF4
FR865732 Pectinodesmus regularis CCAP 276/53
Desmodesmus (KF673371, JQ922412)
— KF673368 Graesiella emersonii SAG 2334
AJ300526 Monoraphidium neglectum SAG 48.87
X91263 Podohedriella falcata SAG 202-2
MH703743 Ru-6-10 Chlorolobion sp.
AJ300527 Chiorolobion braunii SAG 2006
AY846376 Monoraphidium pusillum MDL1/12-5
Y 17817 Monoraphidium terrestre SAG 49.87
X91268 Pseudomuriella aurantiaca SAG 249-1*
KF673365 Pseudomurieffa engadinensis SAG 211-3 *
MH703741 Ru-6-13 Pseudomuriella aurantiaca
HM852439 Pseudomuriella schumacherensis UTEX 2252*
MH703740 Ru-s-4-5 Bracteacoccus aggregatiis
MH703758 Us-s-7-3 Bracteacoccus aggregatus
r— KFG673367 Bracteacoccus minor SAG 221-1*
JQ259946 Bracteacoccus occidentalis BCP-EM3-VF15
GQY85406 Bracteacoccus aggregatus (cohaerens)UTEX 1272
JQ259930 Bracteacoccus buflatus SAG 2032 *
U63099 Eracteacoccus giganteusUTEX 1251 *
U63101 Bracteacoccus aenus UTEX 1250 *

MH703742 Ru-6-15 "Spongiochloris" sp.
_|__( KMO20085 Deasonia sp. SAG 2475
KM020086 Spongiochloris excentrica SAG 280-1*
_Ir AF388378 Radiococcus polycoccus SAG 217-1c
JNB30516 Folliculania texensis UTEX 1241 *

sy Chromochloris (GU827477, KF673375)

—]

] Chlorolobion

Pseudomuriella

Bracteacoccus

Radiococcaceae

U41173 Chiorococcum hypnosporumUTEX 119
AJ410445 Chloromonas actinochlonis SAG 1.72 *

0.01

MH703744,MH703772-MH703775 Ru-6-2,Hg-6-1,WD-7-1,WD-1-6,Prim-13-1" Tetradesmus
arenicola sp. nov.

Selenastraceae

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 Fuc¢ikova et al. (2014a) and Sciuto

et al. (2015).

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
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MH703747 Ru-6-6 Chloroidium sp.
FM946012 Chloroidium ellipscideumSAG 3.95 * Chloroidium
FM946019 Chloroidium angusto-ellipsoideum SAG 2115*
FM946000 Chioroidium saccharophifum SAG 211-9a*
Apatococcus (JX169826, JX169825)
S ymbiochloris(GU017650, GUO17646)
Leptosira(Z68695, Z68696)
—L_ Z47209 Myrmecia bisectalB T74-SAG 2043 *
AY762602 Lobosphaera incisaSAG 2007 *
MH703746 Ru-s-3-3 Myrmecia sp.
M62995 Myrmecia israefensis Myrmecia
Z47208 Myrmecia astigmaticalB T76
Z28971Myrmecia biatoreflae UTEX 907
Asterochloris (KP318695, KP318693)
Trebouxia(Z21553, EU123942)
_L— HG972970 Elliptochloris antarctica SAG 62.90*
DQ530055 Elliptochioris bifobata SAG 245.80*
HM754416 Elliptochloris philistinensis LCR-CG5 *
— FJ217360 Elliptochloris marinaZC105*
MH703745 Ru-6-3 Elliptochioris subsphaerica
FJ648518 Elliptochloris subsphaerica SAG 2202*
= Coccomyxa(HG972974, FN298926)
KF693809 Eremochloris sphaetica UTEX B 2994 *
| 4[KF693?94 Eremochloris sphaerica BCP-MX227VF18
MH703757 Us-s-7-5 Eremochloris sphaerica
AB055867 Stichococcus chodatii UTEX 1177
KF873370 Diplosphaera mucosaSAG 48.86 *
KM020116 Diplosphaera sp.SAG 49.86
MH703748 Ru-6-16 Diplosphaera sp.
DQ275461 Stichococcus jenerensis SAG 2138 *
Desmococcus(AJ431572, KM020049, DQ275460)
KMO020066 Pseudostichococcus monaflantoides SAG 380-1*
MH703748 Ru-s-4-2 Pseudostichococcus cf. monallantoides
Koliella (AM412750, AJ311640)
KM116464 Pseudochlorelfa signiensis SAG 7.90*
X63520 Pseudochlorella pringsheimii SAG 211-1a*
Coenochloris/Gloeocystis(JX 169834, FR865740)
Marvania(KM020037, KM020038)
Nannochloris (AB080303, AB080302)
Pumiliosphaera (KM020039, AJ439399)
MH703753,MH703760,MH703759 Ru-0-4,Us-7-10,Us-s-7-4 Chlorella vuigaris
FM205832 Chlorella vulgaris SAG 211-11b*
FM205834 Chlorella sorokiniana SAG 211-8k * Chliorella
HQ111432 Chlorella chlorelloides CCAP 211/116*
HQ111431 Chlorella pulchelloides CCAP 211/118*
GQ502289 Dictyosphaetium sp. CCAP 222/3
KF693788 Xerochiorella oimiae BCP-EM3VF21 *
GQ502290 Dictyosphaerium sp. UTEX SNOG5
B MH703761 Us-7-12 Xerochlorella cf. olmiae
Coccobotrys (KM020111, KM020110)
Parietochloris(M63002, EU878373)
E JX070625 Chioropyrula uraliensis CAUP H 8401 *
Leptochlorella(HE984579, KF693810)
—{ Neocystis (JQ920367, JQ920362)
Dictyochloropsis(GU017649, GUO17656)
_ _|—_AJ410461 Lobochlamys culleus SAG 17.73 ouGroUR
—_ FRB865528 Chloromonas rosae CCAP 11/112

Lobosphaera

Elliptochloris

Eremochforis

Pseudostichococcus

Xerochlorelfa

0.01

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 Fuéikovd et al.
(2014b), Hodac et al. (2015), and Darienko et al. (2016).
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AB983626 Chlorococcum oleofaciens SAG 213-11*
AB983628 Chlorococcum oleofaciens UTEX 2224
MH703751 Ru-1-1 Chlorococcum oleofaciens
AB983630 Chlorococcum oleofaciens UTEX 2227
KX147360 Chlorococcum microstigmatum UTEX 1777*
AB983638 Chlorococcum rugosum UTEX 1785*
—— ABO983643 Macrochioris rubrioleum CCCryo 340b-08

Ch. oleofaciens

5 0.05

MH703744 Ru-6-2 Tefradesmus sp.

MH703775 Prim-13-1 Tetradesmus sp.*

MH703772 Hg-6-1 Tefradesmus sp. T. arenicola sp. nov.

MH703774 WD-1-6 Tetradesmus sp.

L MH703773 WD-7-1 Tetradesmus sp.

—HQ246450 "Acutodesmus" bajacalifornicus ZA1-7

—HQ246448 "Acutodesmus" bajacalifornicus ZA1-2 ‘Acutodesmus’

——AY510469 "Acutodesmus bajacalifornicus BCP-MX7-VF7 | Pajacalifornicus

— AY510468 "Acutodesmus" bajacalifornicus BCP-LG2-VF 16*

, E KP645233 Tetradesmus obliquus UTEX 393
AJ249508 Tefradesmus obliquus UTEX 72

HG514430 Tetradesmus obliquus SAG 22.81

— HG514418 Tetradesmus obliquus SAG 276-10

AY510471"Acutodesmus' deserticola BCP-SNI-2*

T. obliquus

6 0.01

FM946015 Chloroidium ellipsoideum SAG 2143

FM946017 Chioroidium ellipsoideum SAG 2111

_[ FM946019 Chioroidium angusto-eliipsoideum SAG 2115"| o gn qusto-
FM946020 Chicroidium angusto-ellipscideum SAG 2144 | ellipsoideum

—— MH703747 Ru-6-6 Chloroidium sp.

FM946011 Chloroidium engadinensis SAG 812.1*

FM946000 Chloroidium saccharophilum SAG 211.9a*

FM946012 Chloroidium ellipscideum SAG 3.95*
4[ Ch. ellipsoideum

7 0.02

. [ FM882216 Desmochioris halophila CCAP 6006/1"
HE610118 Desmochioris halophila UTEX 2073
MH703754 Ru-s-3-2 Desmochloris cf. halophila
FM882217 Desmochloris mollenhaueri CCAP 6006!2‘] D incllorhaiicn
FM882218Desmochioris mollenhaueri CCAP 6006/3|
AJ000206 Blidingia minima

D. halophila

8 0.02

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.

(Tetradesmus) bajacalifornicus, Fig. 6), Chloroidium Ten strains of Klebsormidium were distributed
(the closest species were Ch. ellipsoideumn and Ch.  among three main lineages: clades C, F and
angusto-ellipsoideum, Fig. 7), and Desmochloris (the = E (Supplementary fig. S9). Seven strains could be
closest species was D. halophila, Fig. 8). assigned to clades formed by known species, and were
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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.

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
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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-
S$38. 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 and K. crenulatum. The morphological characters of
these strains corresponded completely to the descriptions
of the respective taxa (Kondratyeva, 1968; Lokhorst,
1996; Komérek & Anagnostidis, 2005; Komarek, 2013;
Ettl & Girtner, 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
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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).

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), Fudikova
et al. (2014a, 2014b), Hauer et al. (2014), Osorio-
Santos et al. (2014), Bohunicka et al. (2015), Hoda¢
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
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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 um; Figs 12, 13, 16, 17, 20, 21, 24-26, 5 um.
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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 um; Figs 28-44, 5 um.

propose to transfer Chlamydomonas callunae to  on phylogenetic data is still lacking. Available data on
Heterochlamydomonas (see below). Actinochloris sp. isolated from a desert BSC in North

Identification of Actinochloris sphaerica represents ~ America are given by Flechtner et al. (2013). This strain
a special case, because a revision of the genus based  has an Actinochloris-like morphology, but clustered in
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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 pum, 46-52, 56, 57, 5 um.
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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 um.

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 & Girtner, 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
sphaerica was 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 ct. 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 ~ (Bohunicka 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 (Strunecky 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 (Fucikova
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



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 Fucikova, P.O. Lewis
& L.A. Lewis (Trebouxiophyceae) (Fuc¢ikova 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 Négeli 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 (Fucikova 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
Proschold 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 (Fucikova
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
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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 & Gértner, 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 (Komarek &
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 (Komarek 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 of Monoraphidium-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 of C. 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 (Fucikova 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 & Girtner,
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 (Hodac 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 (Bohunicka
et al., 2015). It is characterized by short filaments
with narrow cells, spherical in cross section (Fig.
15). This cyanobacterium belongs to the unusual
tamily Gomontiellaceae, which unites rare and insuf-
ficiently investigated taxa (Bohunickd 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 & Gairtner, 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



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 & Girtner, 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 Komarkova-Legnerova
(Marvan & Komadrek, 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 (Elid§ & Neustupa, 2009).

Xerochlorella ct. 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 (Fucikova et al., 2014b).
The isolate of the present study shows a prominent
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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 (Fucikova 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, Schonhengst,
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
Gottingen, Germany.

Emended description

Flagellated cells obovoid, truncated in upper part and
narrowed and rounded in basal part, (5.0) 6.5-8.7 x
(2.0) 4-4.7 pm. 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 pm 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
Gottingen, 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, Giiterfelde/Potsdam, Germany. This
habitat is ecologically similar to the type locality and
is part of the same geographic region (Europe).

Eremochloris sphaerica Fu¢ikova, 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) um 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 pm 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 (Fucikova 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.



Adult cells in cenobia (17.1) 19.4-29.4 (32.6) pum in
length, (6.7) 7.8-8.3 um in width, single cells (11.1)
14.4-25.0 (30.6) um in length, (6.7) 8.3-16.7 (18.0)
um 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
Gottingen, 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).

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.

Identification using an
Morphological identification integrative approach (present
(Schulz et al., 2016) 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)

Nostoc cf. edaphicum (d and c)

Hydrocoryne sp. (d)

no data
Nostoc cf. edaphicum

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 ¢)  Klebsormidium flaccidum and
K. fluitans
Klebsormidium crenulatum
and K. mucosum

Klebsormidium crenulatum (d)
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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.,

71



72

286 T. MIKHAILYUK ET AL.

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 (Biidel 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;
Caisova 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; Fucikovd 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;
Fucikova 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
Biidel 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 Bohunicka, 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. 1., as well as Trebouxiophyceae
and Ulvophyceae among green algae, were recorded. On limestone, in the chasmoendolitic
communities, dominant species were G. punctata Nageli 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 Desmazi¢res 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, 2012a, 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 X 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 (IN 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 pmol photons * m?« s™" at +20 + 5 °C. 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. Proschold, 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
G8O00R, N82F, 536R, 920R, 1400R, 920F, 1400F, GF, ITS2F, and ITSOSR (Marin et al.,
1998, 2003; Proschold 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 +1, 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; Komarek and
Fott, 1983; Lokhorst, 1996; Komérek and Anagnostidis, 2005; Kovalenko, 2009; Komérek,
2013; Ettl and Girtner, 2014; Skaloud et al., 2018), as well as some articles on the phylogeny
of certain taxa (Fucikova et al., 2012; Kaufnerova and Elis, 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 Komarek 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. 1. (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 12.4 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.
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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 Komarek (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 vaginatus' (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).

! 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 algac were found here, most of which
(55.6%) are cyanobacteria. Oculatella ucrainica (Fig. 2, ¢) 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. 1. 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
(Biidel, 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 ucrainica (Fig. 2, c).
Sometimes, Nostoc commune and N. edaphicum formed macroscopic thalli.
Coleofasciculus chthonoplastes (Fig. 1, ¢, 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 algaec dominant in terrestrial algal communities of Cape
Kazantip: a, b — Microcoleus vaginatus, morphology of various strains; ¢, d — Coleofasciculus
chthonoplastes; e — Hassallia byssoidea; f, g — Desmococcus olivaceus; h — Klebsormidium mucosum;

i—l — Ctenocladus circinnatus; m, n — Trentepohlia sp. Scale 10 pym
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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; ¢ —
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.; | — Luticola nivalis; m—o — Achnanthes coarctata. Scale 10 pm
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TABLE 2: Species composition of terrerstrial algae of Cape Kazantip

Taxon

Lithophyton

Soil crusts

L1 [ 12 ]Q

1

[ 2

CYANOPROKARYOTA

CHROOCOCCALES

*Chondrocystis dermochroa (Nigeli) Komarek et Anagnostidis

*Chroococcus lithophilus Ercegovic

+

*Chroococcus minor (Kiitz.) Négeli

*Gloeocapsa atrata Kiitz.

*Gloeocapsa punctata Nageli

*Gloeocapsopsis crepidinum (Thuret) Geitler ex Komarek

Gloeocapsopsis magma (Brebisson) Komérek et Anagnostidis

+ |+ ||+

SYNECHOCOCCALES

Leibleinia gracilis (Rabenhorst ex Gomont) Anagnostidis et Komarek

Leptolyngbya cf. lagerheimii (Gomont) Anagnostidis et Komarek

Leptolyngbya cf. nostocorum (Bornet ex Gomont) Anagnostidis et
Komarek

*Leptolyngbya foveolara (Gomont) Anagnostidis et Komarek

Leptolyngbya fragilis (Gomont) Anagnostidis et Komarek

Leptolyngbya henningsii (Lemmermann) Anagnostidis

+

Leptolyngbya hollerbachiana (Elenkin) Anagnostidis et Komarek

Oculatella kazantipica O.M. Vynogr. et Mikhailyuk

Oculatella ucrainica O.M. Vynogr. et Mikhailyuk

Phormidesmis molle (Gomont) Turicchia, Ventura, Komarkova et
Komarek

*""Pseudophormidium" battersii (Gomont) Anagnostisdis

Timaviella edaphica (Elenkin) O.M. Vynogr. et Mikhailyuk

OSCILLATORIALES

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

Microcoleus vaginatus Gomont ex Gomont

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

(=%

Nostoc cf. calcicola Brébisson ex Bornet et Flahault

Nostoc cf. commune Vaucher ex Bornet et Flahault

Nostoc cf. microscopicum Carmichael ex Bornet et Flahault

Nostoc edaphicum Kondratyeva

Nostoc punctiforme Hariot

+ ||+ [~

Nostoc sp.

Roholtiella edaphica Bohunicka et Lukesova

+

Scytonema ocellatum Lyngbye ex Bornet et Flahault

(=%

Tolypothrix cf. fasciculata Gomont

CHLOROPHYTA

CHLOROPHYCEAE

Bracteacoccus cf. minor (Chodat) Petrova

+

Bracteacoccus cf. xerophilus Fucikovi, 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 Gértner + + +
Gloeocystis sp. +
Leptosira erumpens (Deason et Bold) LukeSova +
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 (Kiitz.) P.C. Silva et al. + +
Klebsormidium mucosum (Petersen) Lokhorst d
Klebsormidium cf. nitens (Kiitz.) Lokhorst +
Klebsormidium cf. subtile (Kiitz.) Tracanna ex Tell + +
OCHROPHYTA
XANTHOPHYCEAE
Heterococcus sp. | | | | + |
EUSTIGMATOPHYCEAE
Eustigmatos magnus (Petersen) Hibberd +
Vischeria helvetica (Vischer et Pascher) Hibberd +
BACILLARIOPHYCEAE
Achnanthes coarctata (Bréb.) Grunow +
Hantzschia amphioxys (Ehrenb.) Grunow + + +
Luticola cohnii (Hilse) D.G. Mann + +
Luticola nivalis D.G. Mann + + +
Luticola ventricosa (Kiitz.) D.G. Mann + +
Mayamaea atomus (Kiitz.) Lange-Bertalot +
Orthoseira roeseana (Rabenh.) O‘Meara +
In total 15 32 9 24 45

Legends. 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; Biidel 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
(LukeSova and Komarek, 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 Borzi, Stichococcus Nageli and some others. Several species of diatoms have also
been identified; Hantzschia amphioxys, Luticola nivalis (Fig. 2, ), 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 Desmaziéres ex Gomont (Oscillatoriales), Timaviella Sciuto et Moro,
Oculatella Zammit, Billi et Albertano, “Phormidesmis” Turicchia, Ventura, Komarkova et
Komarek (Synechococcales, Fig. 3), Nostoc, Hassallia Berkeley ex Bornet & Flahault/
Tolypothrix Kiitzing ex E. Bornet & C. Flahault, and Roholtiella Bohunicka, 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, ¢) 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 Komarek, 1988), this taxon is attributed to the genus Leptolyngbya, and
later (Anagnostidis, 2001) transferred to the genus Pseudophormidium (Forti) Anagnostidis
& Komarek. 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.

1/80— HMO18691 Timaviella obliquedivisa GSE-PSE28-08A*
KYOT8771 Timaviella sp. WMT-WPT-NPA
MHE88850 Timaviella sp. Us-6-3
LT634149Timaviella circinata GR4* Timaviella
MK211231,MK211228 Timaviella edaphica KZ-7-1-2 KZ-23-2
LT634150 Timaviella karstica GR13*
Y078773 Timaviella radians GSE-UNK-TR*
Pegethrix (KYOTB763, KY0T8768)
KY078770 Drouetiella fasciculata GSE-PSE-MK29-0TA"
MG652616 Oculatella kazantipica KZ-19-5-2
MGE52620 MGE52619 MGE52617 Oculatella ucrainica KZ-5-4-1*
HMO018687 Oculatella coburnii WJT36-NPbg13 KZ-7-1-4 KZ-12-1| 0culatella
DQ085093 Oculatella hafneriensis Hindak 1982/12*
EU528672 Oculatelia neakameniensis Kovacik 1990/54*
K'¥498228 Tildeniella torsiva UHER 1998/13D*
"Leptolyngbya” antarctica (AY493603, AY493607)
KY078775 Komarkovaea angustata EY0D1-AM2*
KYO78776 Kaiparowitsia implicata GSE-PSE-MK54-09C*
Chroakolemma (MFEBS5885, MFE85833)
0'99f65\5‘:]dsmnomitos (AF218371, GQ859652)
o ] Pseudophormidium (KJ939088, KC311899)
/a7 Leptolyngbya s.str, (KM019914, HF678483)
Phormidesmis (AY493581, AY493580)
MNodosilinea (HM018677, EUS28669)
11001 0.92/52 AY493586 Phormidesmis priestieyi ANT.LACVS.1
110 AY493620 Phormidesmis priestleyi ANT.LPR2.5 | brormidesmiss
MK211230 «Pseudophormidium» battersil KZ-16-2
1179 AYA493587 Pseudophormidium sp. ANT.LPE.3
—(] Trichocoleus (KF307804, EF429297)
EF654084 Phormidium autumnale SAG 78.79
EF654074 Microcoleus vaginatus SAG 2211
0.98/55| _MK211225 Microcoleus vaginatus KZ-2-2-5 |Microcoleus
0.97/49 MK211228 Microcoleus vaginatus KZ-23-1
0.99/65' KC633976 Microcoleus vaginatus ISBAL M22 " o
Gomontiellaceae (NR112218, KM019962) Oscillatoriales
Anagnostidinema (AY423710, KT315937)
—+ Coleofasciculus (NR125521, EF654055)

o —-000000TOODI<W

1 Y

0.99/79

17 EF654080 Microcoleus paludosus SAG 1449-1a
1—<]

Wilmottia (JFO25319, AY493627)
NRO74282 Gloeobacter viclaceus PCC 7421 - outgroup

0.03

FIG. 3: Molecular phylogeny of Synechococcales and Oscillatoriales (cyanobacteria) based on
comparison of the nucleotide sequences of the 16S YRNA 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)

325



Mikhailyuk et al.

JO083654 Tolypothrix campylonemoides FIS-MK38

JQ083651 Tolypothrix tenuis f terrestris UFS-BI-NPMV-1A2-F06
JQOB3656 Spirirestis rafaelensis WJT-71-NPBGE

MGE641908 Tolypothrix distorta CANT1

LC215278 Tolypathrix distorta var. symplocoides UTEX B 424
KY283057 Hassallia cf. pseudoramosissima ACSSI 158
MK211226 Hassallia byssoidea KZ-2-2-3

MK211232 H llia byssoidea KZ-7-1-5

AMI05327 Hassallia byssoidea CCALA 823
GQ287651 Tolypothrix distorta SAG 93.79
AY493596 Coleodesmium sp. ANT.L52B.5
JN385291 Tolypothrix sp, HA4266-MV1

planktic Nostoceae (AJ283125, AJ293102)
Desmonostoc (AM711523, HG004585)

HE797731 Microchaele lenera ACOI 2161

0.97/- HOQB847570 Fortiea sp. HA4221-MV2

KM268888 Roholtiella edaphica LG-511

KM268886 Roholtiella bashkiriorum RUS | ponaitielia
KY098849 Roholtiella edaphica KZ-5-4-5

— AY577535 Mostoc lichenoides CNP-AK1

— MKZ211227 Nostoc punctiforme KZ-2-2-2

1/67  HF678487 Nostoc punctiforme CCAP 1453/9
JX181775 Nostoc spaPeltigera membranacea cyanoby
AJB30448 MNostoc calcicola VI

EU586732 Nostoc cf. punctiforme Bashkir

NR074317 Mostoc punctiforme ATCC 29133

EUSB6733 Nostoc commune WY 1KK1

JX219483 Nostoc sp#Peltigera malacea cyanoby
1785L HEQ74995 Nostoc commune CCAP 1453/24
AY577538 Nostoc indistinguenda CM1-VF10

EU178143 Nostoc flagelliforme IMGAD408

£ MK211233 Nostoc edaphicum KZ-5-4-7

DB TO—T+0T<—0

wre| - 2
0.99/-

|
\

0.98/+1

\\

1152

oo~woZ

1187

0.95/61-1 HQT00837 MNostoc edaphicum ACCS 059
0.99/85-1 AJB30449 Nostoc edaphicum X
— HQ877827 Nostoc cf. commune 257-20
L] stigonema (AJ544082, GQ354275)
Scytonemataceae (JQOB3659, AF334700, EF490447, DQ486055)
Rivulariaceae (AM230698, HFE78479)
NRO74282 Gloeobacter violaceus PCC 7421--- outgroup

0.05

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. 1., 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 *RNA 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.

181

0.95/~

1/100

1/95

—<| Chromachloris (KF6T3375, GUB27477)

MK231276 Coelastralla terrestris KZ-5-4-9
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JX513884 Coelastrella rubescens CCALA 475%
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Pseudomuriella (KMO20059, X91268)
1/ KFB73367 Bracteacoccus minor SAG 221-1*
GQ985406 Bracteacoccus aggregatus UTEX 1272
JQ259930 Bracteacoccus bullatus SAG 2032
(GQY85405 Bracteacoccus pseudominor UTEX 1247 Bracleacocous
UB3099 Bracteacoccus giganteus UTEX 1251%
U63101 Bracteacoccus aerius UTEX 1250*

MK231272 Bracteacoccus cf. xerophilus KZ-2-2-6
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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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——| Leptosira (268696, Z68695)
Dictyochloropsis (GU017649, GU017656)
11100 | ————————{ Eremochloris (KF693793, KF693794)
1/89 Myrmecia (M62995, Z28971)
Trebouxia (268700, EU123942)
—4 Lobosphaera (KM020046, KP081398)
—4 Coccobotrys (KM020110, KM020111)
% Leptochlorella (KF693810, HE984579)
Chloroidium (FM946019, FR865669)
Symbiochloris (GU017650, GU017646)
<] Apatococcus (JX169829, JX169826)
| EU8T8373 Parietochloris alveolaris UTEX 836
0.99/83r FN298926 Coccomyxa simplex SAG 216-9a*
MK231278 Coccomyxa simplex KZ-5-4-4
0.96/ HG972974 Coccomyxa subellipscidea CAUP H5108
HG972994 Coccomyxa vinatzer ASIB V16*
1/80- KM0O20051 Coccomyxa galuniae SAG 2253
HG9720898 Coccomyxa dispar SAG 49.84%
<] Elliptochloris (DQ530055, FJ648518)
KF144207 Marvania sp. WEG7
MK231273 Nannochloris sp. KZ-2-2-4
AY195983 Nannochloris sp. JL 4-6
Auxenochlorella (AJ439399, KM020038)
AB080300 Nannochloris bacillaris Nannochloris-like algae
KF791551 Nannochloris sp. JB17
KM020037 Marvania geminata SAG 12.88
AB080303 Nannochloris atomus CCAP 251/7
AB080302 Nannochloris maculata CCAP 251/3
Chlorella (HQ111432, FM205832)
Neocystis (JQ920367, JQ920362)
1/88 Gleocystis/Coenochloris (JX169834, FR865740)
1189 Raphidonema/Koliella (AJ311640, AM412750)
1/95 X63520 Pseudochlorella pringsheimii SAG 211-1a*
—— LT560371 Edaphochlorella mirabilis SAG 211-30
— KM020066 Pseudostichococcus monallantoides SAG 380-1*
1/88 Desmococcus (AJ431571, KM020049)
AM412751 Stichococcus chloranthus UTEX 315
AB055866 Stichococcus bacillaris K4-4
0.99/"| | DQ275460 Stichococcus deasonii UTEX 1706*
84 DQ275461 Stichococcus jenerensis SAG2138*
KMO020116 Diplosphaera sp. SAG 49.86
173 L MK231279 Stichococcus sp. KZ-5-1-1
1/87]~ AY271675 Stichococcus chlorelloides BCP-CNP2VF11B| Stichococcus/
AJ416105 Diplosphaera epiphytica SAG 11.88* Diplosphaera
AB055867 Diplosphaera chodatii UTEX 1177
0.96/51 MK231275 Diplosphaera cf. chodatii KZ-26-5
KF673370 Diplosphaera mucosa SAG 48.86*

1/100 AJ410461 Lobochlamys culleus SAG 17.73
—|—— outgroup

FR865528 Chloromonas rosae CCAP 11/112

Coccomyxa

111004

1/10

1179

N

0.02

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 Hodac 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 (Strunecky 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).

[ KMO020043 Ctenocladus printzii SAG 467-1
MK231274 Ctenocladus circinnatus KZ-26-3

. 1/100] MF034604 MF034605 Ctenocladus circinnatus Ulvo-16,17 3‘: dnuc;
MF034607 MF034608 Ctenocladus circinnatus Ulvo-24,2

MF034603 Ctenocladus circinnatus CCMP 2158*

Phaeophila (AY434452, AY454439)
[ AY303596 Bolbocoleon piliferum WAz 1
1/99 Pszeudendoclonium (MF034616, EF591129)
Halofilum (AF 124337, MFO34617)
Paulbroadya (MF034612, MF034625)
AY303586 Ulva californica FH-3.2
AY303594 Acrochaete viridis MA1-2a1
_IﬁlDesmcmhloris (FMB82216, FMBB2217)

1/1000.99/75 Halochlorococeum (AY198122, KM020176)

1 ?5‘[ Z47956 Pseudendoclonium basiliense UTEX 2593*
1/83| = 747999 Ulothrix zonata SAG 38.86

1;99—1_ AJ416103 Pseudendocloniopsis botryoides SAG 465-1°
b AJ416102 Planophila lastevirens SAG 2008*
1197 DQ821517 Protomonostroma undulatum
ABO049417 Urospora penicilliformis

1/100

o —ms —-C

1/100

-

1/83

DQ821514 Capsosiphon groenlandicus
AB183610 Oltmannsiellopsis geminata MBIC 10525 --- outgroup
0.02
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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 Borzi (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 (Kaufnerova and Elias, 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 (Fucikova 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; Hoda¢ et al., 2016).
Interestingly, the strain KZ-2-2-4 (Fig. 2, k) was originally identified by morphological
features as Mychonastes homosphaera (Skuja) Kalina & Puncochirova (= Chlorella
homosphaera Skuja, Chlorella minutissima Fott et Novakova, 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—I, 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 Prdschold, 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 1. 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.

1796 [ _MK201755 Interfilum paradoxum KZ-8-2-1
0.97/89 EU434030 Interfilum paradoxum SAG 338-1°
EU434016 Interfilum paradoxum SAG 4.85
EU434034 Interfilum terricola SAG 2100*
EU434038 Interfilum massjukiae SAG 2102*| 4
EU434027 Interfilum sp. SAG 36.88
1 Uﬂif Clade B (HG973043, EU434019)
Clade C (AM490838, ELI434024)
[ _KM201754 KM201753 Klebsormidium cf. nitens KZ-5-1-2 KZ-5-4-8
_EHOSS:% 157 Klebsormidium sp. SAG 2108
HEB49327 Klebsormidium sp. K37
I~ EF372518 Klebsormidium dissectum SAG 2155
HG973047 Klebsormidium nitens SAG 13.91*
| HG973017 Klebsormidium dissectum SAG 2417*
1/89  HGE73045 Klebsormidium scopulinum CCAP 335/15
>{—[ HG873045 Klebsormidium sp. CCAP 335/15
HG973046 Klebsormidium sp. CCAP 335/13
~ AM490839 Klebsormidium fluitans SAG 9.96"
EU434032 Klebsormidium sp, SAG 2065
HFB855432 Klebsormidium sp. Biota 15051.6
HQB54 162 Klebsormidium sp, Namibia 5
EF372517 Klebsormidium subtile SAG 384-1*
| Clade D (AM490840, AM490841)
Clade G (HF955427, HF955428) C
K. crenulatum (HG973041, AM450842)
KM201752 Klebsormidium mucosum KZ-2-2-1
0.99/97 EF372516 Klebsormidium mucosum SAG 8.96°

Taw—0

1/100

1193

mmeax —C0

0.99/59
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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 /. paradoxum and, conversely, their complete coverage by mucilage
with the formation of a noticeable mucous envelope of the scattered structure in /. terricola
(Mikhailyuk et al. 2008). The material from Cape Kazantip morphologically fully
corresponded to 1. 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.

331



Mikhailyuk et al.

ABB983643 Macrochloris rubricleum CCCryo 340b-08*

KX 147360 Chlorococcum microstigmatum UTEX 1777
AB983630 Chlorococcum oleofaciens UTEX 2227
AB983626 Chlorococcum oleofaciens SAG 213-11*
KM201748 Chlorococcum olecfaciens KZ-5-4-8
AB983628 Chlorococcum olecfaciens UTEX 2224
ABS83639 Chlorococcum rugosum UTEX 1785

1/100

1495

Ch.
oleofaciens

AB762693 Coelastrella vacuolata SAG 211-8b*
JX513879 Coelastrella aeroterrestrica SWK1-2*
JX513881 Coelastrella striolata CAUP H 3602*
JX513884 Coelastrella rubescens CCALA 475*
JX513887 Coelastrella oocystiformis SAG 277-1*

JX513888 Coelastrella terrestris CAUP H 4403

0.95/57 1100 C.
KM201747 Coelastrelia lerrestris KZ-5-4-3  |temestris
JX513882 Coelastrellaterrestris CCALA 476

HG514430 Tetradesmus obliquus SAG 22.81

1/100

1/80

b 0.04

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 Bohunicka,
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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1/100 KM201751 Bracteacoccus cf. xerophilus KZ-2-2-6
L JQ281873 Bracteacoccus xerophilus BCP-ZNP1-VF32

1/99 JO281840 Bracteacoccus aggregatus G2-3°
—‘mﬂﬂj}' 17398 Bracteacoceus minor UTEX 66*
0.95/- JF717415 Bracteacoccus bohemiensis KF 35*
J0281848 Bracteacoccus bullatus SAG 2032°
_|: HQ246424 Bracteacoccus pseudominor UTEX 1247
JQ281841 Bracteacoccus ruber CCAP 221/7*
JQ281862 Bracteacoccus glacialis Broady 686"
JQ281867 Bracteacoccus polaris KF 28
L—H/100 JQ281839 Bracteacoccus aerius UTEX 1250*

HQ246427 Bracteacoccus giganteus UTEX 1252*
JQ281857 Bracteacoccus deserticola BCP-EM3-VF7

a 0.06

HGI973002 Coccomyxa viridis SAG 216-14*
HG972979 Coccomyxa polymorpha CAUP H5101*
HG972994 Coccomyxa vinatzeri ASIB V16"
FN298928 Coccomyxa galuniae CCAP 211/97*
HGY72998 Coccomyxa dispar SAG 49.84*

AY328523 Coccomyxa subellipsoidea SAG 216-13*
0.97/57 HG972980 Coccomyxa simplex SAG 216-3b

AY328522 Coccomyxa simplex SAG 216-5
KM201749 Coccomyxa simplex KZ-5-4-4
b FN298926 Coccomyxa simplex SAG 216-9a*
0.08

C. simplex

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 Desmaziéres 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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Pedepar. BuBueno BupoBe pi3HOMAHITTS BOZOPOCTEH, IO YTBOPIOIOTH IPYHTOBI KipOYKH Ha
MOBEpPXHi MilaHUX JIoH, Ha Oepesi YopHoro Mops B oxonuusx c. IIpumopceske Kimilickkoro p-Hy
Opneckkoi 061. (Ykpaina). 3pa3ku BigOupain Ha TphOX AUITHKAX y36epexoks: KaTpaHiBebkiit koci,
KeOpistHepKiit OyxTi Ta JXKeOpisHcbkomy macMi. JIBi OocTaHHI AUSIHKM HaleXKaTh O TEPUTOPIi
Jynaiicekoro 6iocepHOro 3amoBimHHKA. 3pa3Kd JOCIIIKEHO METOJOM IPSAMOI0 MiKpOCKO-
MIFOBaHHS 3 HACTYIHOIO IIOCTAHOBKOK KynbTyp. Beporo imeHtudikoBaHo 60 BUAIB 3 BiaminiB
Chlorophyta (32 Bunu), Cyanoprokaryota (16), Streptophyta (7) Ta Ochrophyta (5). Y nmocnia-
JKEHHMX KipoyKax JOMiHyBaslM wLiaHOOakTepii 1 crpenTtodiToBi Bomopocti poniB Microcoleus
Desmazicres ex Gomont, Coleofasciculus M.Siegesmund et al., Nostoc Vaucher ex Bornet &
Flahault, Hassallia Berkeley ex Bornet & Flahault, Klebsormidium P.C.Silva et al. ta in. [ns
HU3KM IITaMiB IliaHOoOaKTepiid 1 eBKapiOTMYHUX BOJNOPOCTEH OyB NMpoBeNeHUH (iIOreHeTHYHUi
aHaJi3 3a IUITHKOI HYKIICOTHIHOI mociigoBHocTi reHa 16S/18S pPHK, a Takox periony 16S-23S
ITS/ITS-1,2. Ile m03BONMMIO YTOYHUTH iX BUAOBY HMPHHAICKHICTH i CHCTEMAaTHYHE TIOJIOKEHHS, a
TaKoX 3AIMCHATU HM3KY LIKaBUX TAKCOHOMIYHUX Ta (DIOPUCTHYHMX 3HAXiNOK. Y pe3ysbTaTi
ONKCAaHO HOBI Ui Hayku pix i Bumm (Streptosarcina arenaria Mikhailyuk & LukeSova Ta
Tetradesmus arenicola Mikhailyuk & P.Tsarenko; 2 pomu (Nodosilinea R.B.Perkerson &
D.A.Casamatta i Pleurastrosarcina H.J.Sluiman & P.C.J.Blommers), 4 Buaud BimmiueHi sK HOBi
wis uopu Ykpainu (Nodosilinea epilithica Perkerson & Casamatta, Pseudomuriella aurantiaca

© Muxaiimoxk T.I., Bunorpagosa O.M., I'nazep K., Pubanka H.A.,
Jemuenko E.M., Kapcren V., 2021
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(W.Vischer) N.Hanagata, Pleurochloris meiringensis Vischer i Pleurastrosarcina terriformae
Darienko et al.). IlopiBHSIHHS pe3ynbTaTiB I[OTO AOCHIIKECHHSA 3 OTPUMAHUMHU IOJ0 IPYHTOBUX
KipOYOK IPHMOPCHKUX Mim[aHMX MI0H Mucy Kasantum (A3oBcbke Mope) 1 JBOX OCTPOBIB
Banriiicekoro mopst (HimewdnHa) mokasano, IO OCHOBHMMH (hakTOpaMu, SKi BH3HAYAIOTh
BUJIOBUH CKJIaJ] BOAOPOCTEH, € CKJIaJ 1 TEKCTypa MiCKY, a TAKOX KJIIMaTH4HI 0COOIMBOCTI periony
JIOCIIJOKEHHS.

Knro4oBi cioBa: miaHobakrepii, BOXOPOCTi, OI0JOTiYHI IPYHTOBI KipOYKH, IilaHi TIOHH,
Yopue mope, Ykpaina, 16S/18S pPHK, perion 16S-23S ITS/ITS-1,2

Beryn

Bionoriuni rpynrosi kipouku (BIK) Bigirparots BakIMBy poiib B €KOCHCTEMAX,
¢ BOJHUH HeilUT JIMITye pPO3BUTOK BHUIIUX POCIHH, & OCHOBHUMU
NPOJAYIIEHTaMH BUCTYNAKOTh IiaHoGakTepii Ta Bomopocti. BIK crpusiors
YTPUMaHHIO BOJIOTH Yy TIPYHTi, 3MEHIIYIOTH ii epo3ilo 1 3a0e3medyroTh
HAJIXO/DKEHHS BymJIelio Ta a3oty (Belnap et al., 2016). B apugaunx obmactsx
BIK 3aiiMaroTh 3HAYHi IUIONI i XapaKTEPH3YIOThCS SKICHOK 1 KiIBKICHOIO
nepeBaror miano6akTepiil. Bigomo, 1m0 B mycTensx i HAMiBIYCTEIIX BOHU
dbopmyroTs 10 70% pocnuaHOoTO TOKpUBY (Biidel et al., 2016). Y momipHuX
muporax BIK He HACTUIBKM NOWIMPEHi, BOHH TPAIUIAIOTHCS Y
MICIIE3POCTAaHHSIX, ¢ B HUX € KOHKYpPEHTHAa IepeBara mepea CyIUHHUMU
pociuaamu. [IpukiamoM Takux Micle3pocTaHb € mimaHi aoHu. [lokaszano,
0 XapakTep 1 CTPYKTypa BOJOPOCTEBHX KIipOUYOK Ha IOBEPXHI MICKy Ta
mimaHux IpyHTiB ayxke Omusbki g0 BIK apumnux perionis, mnpore
JOMIHAHTAMH B HHX TOpAX 3 I[iaHOOAKTepisMH YacTO BHCTYMAIOThH
eBkapioruuHi Bomopocti (Hoppert et al., 2004; Schulz et al., 2016).

[Mimani arorn — crennivHi Micue3pocTaHHA pociinH. BoHM Xapakre-
PHU3YIOTHCS CYTTEBHUM Ae(IIUTOM BOJIOTH, OPTaHIYHHUX PEYOBHH, MIKpO- Ta
MaKpoeJIeMeHTIB (0COOIMBO JIiMiTOBaHI a30T, ¢ocdop 1 Kalii), Haraayroun
muM  exocuctemMu mycteiab  (Maun, 2009). Ilicok, sk cybcrTpar,
XapaKTEePU3YETHCS BUCOKOIO MOPHUCTICTIO, IO MPU3BOAUTH JO HOTO HHU3BKOI
BOJIOTOYTPUMYIOYOi 3JaTHOCTI 1 3HAa4HOI BapiaOEIbHOCTI TeMIepaTypH
MOBEPXHI NPOTATOM A00M Ta B pi3Hi ce30HU poky. [IpubepexHi mimani aroHA
€ BIIKPUTUMH MICII€3pOCTaHHSIMH, SKi 3a3HAIOTH aKTUBHOTO BILIUBY COHIIS,
BITPY, @ TakKOX MOps, TOMY IXHS IOBEPXHS XapaKTEPH3Y€EThCS BHCOKOIO
IHCOJIAINIEI0, TEMIIEPaTypor0, CYXICTIO Ta IEBHUM CTYICHEM 3aCOJICHHS
cybcrpary (Maun, 2009). CykymHicTh muX (akTOpiB HTPHU3BOIUTEH 1O
dhopmyBaHHs crienudigHOT PO3PIMIKEHOI POCIUHHOCTI MIIAHUX JIOH, OJHUM
3 HEBiJI’EMHHMX KOMIIOHEHTIB 51K0i € BIK.

JHocnimkeHdss  Bojopocteit Ta mianobaktepiit BIK  mnpubepexnux
MIAHUX JI0H € JOCHUTH CIIOpaJWdHUMHM i BHCBITJICHI B HU3II pobit (Boyko et
al., 1984; Van den Acker, Jungerius, 1985; De Winder, 1990; Kostikov,
Rybchinskiy, 1995; Pluis, 1990; Smith et al., 2004; Andreyeva, 2005). Hamu
BOHM BHBYAIIMCS HA MPHUMOPCHKHAX MoHaX banriiicekkoro (Himewumna) ta
Azoscrkoro (Ykpaina) mopis (Mikhailyuk et al., 2016, 2018a, b, 2019b, ¢, 2020;
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Schulz et al., 2016; Vinogradova et al., 2017; Mikhailyuk et al., 2019a; Rybalka
et al., 2020).

Hynaiicekuii 6iocepnuit 3anosiguuk (JIb3) B Omecbkiit 061. Ykpainu OyB
CTBOPCHHUI 3 METOI0 30€peKCHHS YHIKaJIbHUX MPHUPOJHUX KOMIUIEKCIB JCITBTH
JyHaro, SKMM BJIaCTHBE BHCOKE OiOpi3HOMaHITTS. XapaKTEpPHOIO O3HAKOIO
TEPUTOPIi 3aMOBITHUKA € TIpolec Oe3NMepepBHOTO JENBTOYTBOPEHHS, SKUN
CYIIPOBOIKYETBCS ITOSBOI0 HOBUX IUISHOK CYXOJAOJNYy — KiC, OCTPOBIB i T.iH.
(Khromov, Likhosha, 2003). Ixuiif Bik KonMBa€ThCA Bifl KiTbKOX THCAYOMITH JI0
KUTBKOX JecATHIiTh. Ha cXoJi 3armoBiJHUK YacCTKOBO OXOILTIOE Y30eperKs
XKebpisHchkoi OyxTH, sika sBJsIE cobor0 3aroky YoprHoro mops. Ham Oyxrtoro
po3tamoBaHe mimaHe JKeOpisHChKE WacMO — 3aJIHIIOK JPEBHBOI CMYrU
MOpPCBKHX [IOH. Y MHUHYJIOMY TyT OYyJM HamiBIyCTENbHI JaHAMAdTH; Hapasi
[aCMO MEPEBAKHO BKPUTE IITYYHHMH HACAKCHHSMHU COCHU 3 PO3PIIKCHHM
TpaB’sIHUM MOKPUBOM. Y HIBHIYHO-CXiJHIH 4aCTHHI OYXTH-3aTOKH 3HAXOIAMTHCS
KarpaniBcbka kKoca — By3bKa IMil[aHa CMYTa, IO TPOCTATAETHCS B MOpe Ha
KiJIbKa KitoMeTpiB. Llst TepuTOpis HE € 3aMoBiHOO.

AnproduopucTiyHe BUBYCHHS ACNbTH JlyHai0o MPOIOBKYETHCS BXKE KiJIbKa
JECSITHIITh, ajie HOro MIJUTIo 3aBkau Oymu BomHI 00’ ekth (Algae..., 2006, 2009,
2011, 2014). BigomocTi npo HazemHi BojopocTi Omecbkoi 001, Tyxe oOMexeHi
(Prikhodkova, 1992; Kostikov et al., 2001; Vinogradova, 2016). ¥ JIb3 Ta #ioro
OKOJIHUIISIX (PIKOJIOTIUHI JOCIPKEHHS HA36MHUX SKOCHCTEM HE TIPOBOTUIIH.

Meroro Hamoi po6otu Gyn0 BEBYEHHs pisHOMaHITTS Bogopocteit BIK, mo
pPO3BUBAIOTBCSI B TMPUMOPCHKHX ekoromax Kimkicekoi apenbtd [yHar, 3
0COOJIMBOIO YBAaror JI0 iXHhOT CUCTEMAaTHUKU Ta €KOJIOT].

Marepiaau Ta MeToaH

Micus gocaijpkeHHs, Biadip npob6. Matepianom U JOCTiIKEHHS OYyJIH 3pa3Ku
BIK, siki po3BMBaInCs Ha MOBEPXHI MIlAHUX TIOH MPUMOPCHKHX AIsAHOK JIB3 i
fioro oxomunp (Kinmificeknit p-H, Omecbka 00:1.). 3pa3sku BimOWpanu B panoHi
c. [Ipumopcrke Ha KarpamiBebkiit koci, JKeOpisHCKOMY macMmi Ta mo Oepery
XKebpissHehKo1 OyxTH. Cxema Binbopy npo6 Ha Teputopii JIb3 Ta fioro okonuik
npejcrasieHa Ha puc. 1. [pyHTOBHI MOKPUB BUBYEHHX JUIAHOK yTBOPEHHMN Ha
ANOBIATFHUX HAHOCAX KBAPIUTOBHM IIICKOM 3 HE3HAYHOIO JOMIIIKOIO
paKylIHsAKa. 3aBIsSKU MEePIOANIHOMY BILIMBY MODS Ha IPYHTI BUHUKAIOTh TLUIIMH
JIOKAIBHOTO 3acojieHHs. POCIMHHHMI TOKPUB pO3pIHKEHUH, Ha IIiIBUIIEHUX

JUITHKaX YTBOPEHHWH MeEepeBaKHO ICAaMO(ITHUMH [EHO3aMH; TPaIlISIOTHCS
3JIaKOBO-TIOJIMHOBI acoliaiii, iHoJli — MOXOBI JIEPHUHM Ha TICKy. B mempecisx,
Je TepIOANYHO 3aCTOIETHCS BOJA, (POPMYIOTHCS IICHO3H 3aCOJIEHO-TYYHOT
pocimuHHOCTi. Ha JKeOpisiHcbkoMy macwi, 3aBISKH IITYYHHM HacaKeHHAM
Pinus pallasiana D.Don., Takox € enxeMeHTH TicoBoi pociuHHOCTI (Danube...,

2003).
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Bunkoge

A KaTpaninceka woca
B XebGpiAHcLKe nacmo

@ Mebpiancura ByxTa

=+ KopootniBa Puc. 1. Kapra-cxema penstu J[yHaio 3

Micismu Binbopy 3paskis BIK

®parment  BIK Bigbupamu ckambliesieM, O MOXIHBOCTI, y He-
MOIKO/PKEHOMY CTaHI BMINIyBalld B MarnepoBi Kopobouku abo vamku [lerpi.
B naboparopii 3pa3ku BucymryBaiu Ta 30epiranu B TempsBi. OgHOuYacHO 3
BiZIOOPOM abroNIOTiYHOrO Martepiary Oynu BiniOpaHi mpobwu micky st (isuko-
XiMigyHOTO aHamizy. BusHayaim cTpykrypy (IPOIEHT KpPYITHO-, CEPEIHBO-,
JpiOHO3EPHUCTOTO MICKY, TIIMHU 1 MyJly) Ta KJIac IPYHTY 3a TPaHyJIOMETPHYHUM
ckmanoMm, pH, enekrponpoBigHicTe, a Takox mpoueHTHHH Bmict CaCOj,
[Ipomnenypa anamizy IpyHTOBHX 3pa3KiB IeTalbHO ommcaHa padime (Schulz et
al., 2016).

YMOBH KYJIBTHBYBAHHS, BIJIIJIEHHS INTAMIB, CBITJIOBA MIKPOCKOIIiS.
IMonanpry o0OpoOKy BimiOpaHWX 3pa3KiB NPOBOAWIM B  Jlaboparopii
npukiIaaHoi exosorii Ta ¢ikosorii yHiBepcuTety M. Poctox (Himewyunna). s
OTPMMAaHHs HAaKONMYYBAJIbHMX KyiubTyp ¢parmentn BIK BuciBanm Ha
MOBEpXHIO arapu3oBaHoro cepemopuma bomga (1IN BBM) (Bischoff, Bold,
1963). Kynprypm BupomyBaJiM B CTaHIApPTHUX JTaOOpaTOPHHX YMOBax: 3
12-TOOMHHNM dYepryBaHHSIM CBITIIOBOI Ta TEMHOBOI (a3 MpH OCBITICHHI
25 wMkmomb (oToHiB-MZ-c¢' i Temmeparypi 20+5 °C. JlocmimKeHHS
HAKOMWYYBaJIbHUX KyJNbTYp IOYHMHAIA Ha TPETid THXKIEHb KyJIbTHBYBaHHS.
AJBrONOTIYHO YUCTI KyJIbTypH BUALUISIN, BHKOPUCTOBYIOUH CTEPEOMIKPOCKOI
Olympus ZS40 (Tokio, SmoHis), 3 MOJAJBIIMM OYHIICHHSAM BiJ 1HIIUX
OpraHi3MiB  OUIAXOM  Oararopa3oBux  mepeciBiB.  Ouummeni  mTamu
nianoOakTepiit KynpTHBYBann Ha cepepoBumli BG-11 (Stanier et al., 1971),
eBKapioTHYHHUX BojopocTel — Ha cepenoBuili 3N BBM (Bischoff, Bold, 1963)
3a BKa3aHWX BHIIE yMOB. InmeHTn¢ikamito Ta MopdosioridHe BHUBYECHHS
BHJIUICHUX KYJbTYp 3IIMCHIOBAIM 3a JOMOMOTOI0 CBITJIOBHUX MIiKpPOCKOITIB
Olympus I1X70 i BX51 3 gudepenuiliHoro iHTep(hEepEeHIIHHOK OMNTHKOO
Howmapcekoro (DIC). Mikpodororpagii Oynm oTpuMmaHi 3 BHKOPHCTAHHIM
npueaHaHux Jgo MikpockoniB kamep ColorView II 1 Olympus UC30 i
ompallbOBaHi 3a JOMOMOIOK TporpamHoro 3abesnedeHHs analySIS i cellSens
Entry.
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MoutekyaspHi JociipDKeHHs. JIJis HU3KM IITaMiB I[iaHOOAKTepiil 1 3eJIeHuX
BojopocTeli  OyB TpoBedeHUil  (IJOTCHETHYHWH aHaTi3 3a  JIITHKOIO
HyKJIeoTuaHOI mociigoBHocTi reHa 16S/18S pPHK, a takox periony 16S-23S
ITS wianoGakrepiti abo ITS-1,2 3enmenux Bomopoctedd. I'enomna JIHK
eKCTparoBaHa 3a JIOIIOMOrol0 creniaibHoro Habopy DNeasy Plant Mini Kit
(Qiagen GmbH, Hilden, Germany) 3 BHKOPUCTaHHSM IHCTPYKIii ¥HOTrO
BUpoOHWKa. Hykneotunni mocnimoBHocTi reHa 16S/18S pPHK pazom 3
perionom 16S-23S ITS/ITS-1,2 ammumidikoBani 3a momomoror Habopy Taq
PCR Mastermix Kit (Qiagen GmbH) y Tepmounknepi T gradient Thermoblock
(Biometra, Germany) B ymoBax, onucanux Hamu panime (Mikhailyuk et al.,
2016). Jns miaHobakrepiii BukopucroByBanu npaiimepu SSU-4-forw i ptLSU
C-D-rev (Marin et al., 2005), mms 3emeHuX BOAOpOCTel — KOMOIHAIIiIO
npaiimepiB EAF3 i ITSO55R (Marin et al., 1998, 2003) ta anbrocnenudivaux
npaiimepiB G8OOR i G500F (Darienko et al., 2019). [Ipoaykru I1JIP Oynm
ouHIneHi 3 BUKOpUCTaHHAM Habopy Qiagen PCR purification kit (Qiagen
GmbH) 3rigHo no iHCTpYKIiKA KHoro BupoOHUKA. OuuniieHi npoayktu [1JIP
CEeKBEHOBaHI Ha KOMEpLiHHIH OCHOBI KoMmaHi€lo Qiagen 3 BHKOPHUCTaHHSAM
npaiimepiB SSU-4-forw, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil 16 i ptLSU
C-D-rev (Wilmotte et al., 1993; Marin et al., 2005) nns miaHoOaxTepii;
G800R, 536R, 920F, 920R, 1400R, 1400F, GF, GR i ITS2F (White et al.,
1990; Lane, 1991; Goff, Moon, 1993; Hoef-Emden, Melkonian, 2003; Marin et
al., 2003; Darienko et al., 2019) mis 3eneHux Bomopoctel. OTpuMaHi
MOCIITOBHOCTI  3i0paHi Ta BiApearoBaHi 3a JIOTOMOTOI IIPOTPAMHOTO
3abe3neuenHs Geneious (Bepcus 8.1.8; Biomatters) i memonoBani B GenBank
miJ] iHBeHTapHUMHU HoMepamMu MT885329, MT887222, MT887223, MT885332—
MT885334, MT901369-MT901381.

Jlns KiJbKOX IITaMiB jKOBTO3EJIEHHX BOAOpOCTel, Buainenux 3 BIK nenstu
Hdynaro Tta y30epexoks banridicekoro mopst (Himewuwna), npoaHanizoBaHi
noCimoBHOCTI reHa rbcl Ha 6a3i yHiBepcureTy M. ertinren. Pobora 3 mumu
[ITAMaMU JISTaJIbHO OMKCAHA B CTATTi, MIPUCBAYCHII }KOBTO3EIEHUM BOJIOPOCTSIM
NPUMOPCHKUX TMiIIaHuX Mice3pocradb (Rybalka et al., 2020). [ndopmanis npo
BUKOPUCTaHI MpalMepH Ta YMOBH CEKBEHYBAHHS HaBelIeHA B OUTBIN paHHIN
po6oti (Rybalka et al., 2009).

Jdns  TOpiBHSHHSA 3 OpPUTIHAJBHUMHU INTAaMaMd OyJIM  BHKOPHCTaHI
HYKJICOTHIHI TIOCIiIOBHOCTI IiaHOOAKTepili Ta €BKapiOTHYHMX BOJOPOCTEH 3
6a3u nannx GenBank, a Takox nporpama BLASTn (http://blast.ncbi.nlm.nih.gov)
JUISL TIOIIYKY OJIM3BKHMX IIOCITIJOBHOCTEH. MHOXHMHHE BHPIBHIOBaHHS HYKJIEO-
TUIHUX TIOCTIOBHOCTEH 3MiCHEHO 3a momoMoroiro BeO-cepBepa MAFFT
(Bepcis 7, Katoh, Standley, 2013) 3 HacTymHMM penaryBaHHSIM BpPY4YHY B
nporpami BioEdit (Bepcis 7.2). BupiHtoBaHHs ais ¢inorenii mo ginsHmi 16S-
23S ITS/ ITS-1,2 Bukonano Bpy4uHy B BioEdit, 3 ypaxyBaHHSIM BTOPHHHOI
crpyktypu PHK nmaHoro periony (muB. Hyokue). EBomroriiiiHa Mojzenb, ska
HaiOlIpIIe MiAXOMWTH 1O HAaABHHUX CYKYIHOCTeH maHmX, Oyna oOpaHa 3a
HaitmenmmM iHgekcoM AIC (Akaike, 1974), BupaxyBanum y nporpami MEGA
(Bepcigs 6, Tamura et al., 2013). ®dinoreHerwyHi JepeBa MOOYIOBaHI B
nporpami MrBayes 3.2.2 (Ronquist, Huelsenbeck, 2003) 3 BuKOpHUCTaHHIM
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esomoniitaoi moxaeni GTR+G+I 3 5,000,000 renepamiii. J[Ba mporoHu 3
JOTUPHOX MApKIBCBKUX JIAHIIOTIB 33 MeTonoM Monte-Kapino BukoHaHI
OJIHOYACHO 3 JiepeBamu, 1o BimbOupamucs koxHi 500 renepamiii. Po3ninenns
4acTOT MK MPOTOHAMHU B KiHIII oOuucieHHs ctaHoBuio MeHme 0,01. Jlepera,
BiliOpaHi 0 TOro, SIK MMOKa3HHWK MPAaBIOMOIIOHOCTI JAOCAT HAaCHUYCHHS, OyiH
mi3Hime BigOpakoBaHi. HamifiHicTs TOMONOTI AepeB MiATBEPKCHA aHATiI30M
MakcuMaJbHOI ipaBaonoaioHocTi (ML), Bukonanum y nporpami GARLI 2.1.

i MonentoBaHHS Ta Bi3yaiizalii BTOPHHHOI CTPYKTypH AUISHKH 16S-
23S ITS mianobGaxtepiit abo nesxux cmipaneit 18S pPHK i1 ITS-2 3enennx
BOJIOpOoCTell BUKOpucTaHi onnaiH cepBicu mfold (Zuker, 2003) Ta
Pseudoviewer (Byun, Han, 2009).

Inenrudikamniss BUAIB, CUCTEMAaTHYHE IIOJIOKEHHS, CTaTUCTUYHUNA aHalis.
Buan igeHTudikyBanu 3 BHUKOPHUCTAHHSM BU3HAYHHMKIB 1 MOHOTpadii
(Tsarenko, 1990; Komarek, Anagnostidis, 2005; Kovalenko, 2009; Komarek,
2013; Ettl, Gértner, 2014), a TakoX cTaTeid, IPUCBIICHUX MUTAHHIM (inoreHii
neskux npobnemuux rpyn (Fucikova et al., 2011, 2012, 2014; Darienko et al.,
2019; Barcyté et al., 2018; Proschold, Darienko, 2020; Ta iH.).

CucTeMaTH9HE TTOJOXECHHS BUSABICHUX BHIIB IIaHOMPOKAPIOT HABEICHO
3a Komarek et al. (2014), 3 ypaxyBaHHAM Mi3HINIMX TaKCOHOMIYHUX
neperBoperb (Guiry, Guiry, 2020). EBkapioTn4Hi BOZOpOCTI mojmaHi 3a
CHUCTEMOI0, TIPUHHSATOIO Y 3BeAcHHIX «BomopocTi rpyHTiB Ykpainm» (Kostikov
et al., 2001) ta «Algae of Ukraine» (2006, 2009, 2011, 2014) 3 ypaxyBaHHIM
3MiH y cydacHoMy TpaktyBaHHI Chlorophyta s.l. (Guiry, Guiry, 2020).

JomiHyl0Ui BUAM BHSBISUIA 32 peE3ylIbTaTaMHd MPSIMOTO MIKPOCKO-
MiIOBaHHS, BIAHOCHY PpSCHICTh BHJY OLiHIOBaMM 3a mkamor Crapmaxa
(Algae..., 1989). Yactory Tpamnsuus (F) Bu3Hauanu sik BiTHOMICHHS KiTBKOCTI
3pa3kiB, y SKuX OyB BHUSBICHUH BHUA, MO 3arajbHOi KUTBKOCTI BHUBYCHHX
3paskiB. [lopiBHSHHS BHIOBOTO CKIAay BOJOpOCTEH BIK pmocmimkeHux
MOAHUX [TIOH 3 IHIIAMH JOKANTeTaMHd TPOBOAWIN 3 BHKOPUCTAHHIM
koedimienta ¢paopuctuanoi cuinbHOCTI ChopeHceHa-YekanoBcrkoro (Shmidt,
1980). Jlnst 3°sicyBaHHS KOpEJALil BUOBOTO CKJIaay BOJOPOCTEH 1 mapaMeTpiB
IPYHTy NpOBEICHO CTATHCTHUHMil aHami3 PerManova. Moro BuKOHaHO B
mporpami R Version 3.6.1, 3 xomanmoro Adonis 3 makery Vegan, i3
BUKOPUCTAaHHAM 1HJAEKCY BiaMiHHocTi bBpas-Kyprica Ta 3amydeHHSM TecT
nepmyTanii 3 1000 mepmyTariiii.

Pe3ysibTaTu T2 00roBOpeHHS

3a pe3ysibTaTaMu MPsIMOTO MIKPOCKOMIIOBAHHS Ta KYJbTYPaJbHOTO BHBUYCHHS
BIK nmpumopcekux mon JIB3 i #oro okonuup 6yno inenrudikoBano 60 Bumis 3
4 BigainiB i 8 kiaciB Bomopocteit (tadu. 1). [IpeacraBauku Bigainy Chlorophyta
CTaHOBJATH Oinmbie mosoBuHU (53,3%) BHIOBOrO CKIaay, Ha APYroMy Micui
mianoOakrepii — 26,7%. Bignima Streptophyta (11,7%) 1 Ochrophyta (8,3%)
MpelCcTaBiIeHi MEHII Pi3HOMAHITHO y BHUBYEHHX Micie3pocTaHHsX. Ha piBHI
KjaciB Bogopocteil mepeBaxkamu Cyanophyceae (26,7%), Trebouxiophyceae
(28.3%) ta Chlorophyceae (25,0%).
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Tabmuus 1. BunoBuii ckinaa Bogopocreii 6i010riYHUX IPYHTOBHX KipoYOK NMPHMOPCHKHUX JTI0H

Jynaiicbkoro 6iocdepnoro 3anoBinauka (JIb3) Ta iioro oxonnus (1 — Karpanisceka kxoca, 2 —

XKeobpisacske macmo, 3 — JKeOpisHepka OyxTa), KazaHTHICHKOro NMpPHPOIHOro 3amoBiIHHKA

(KII3) Ta ocTpoBiB Baariiicbkoro mops (Pioren: 4 — I'nose, 5 — Ilpopa, 6 — baabe; Yznom: 7 —

Kapincxaren, 8 — Liemmin)

JIB3 Bauriiicbki 0TpOBH
Takcon* é Proren V3nom
1 2 3 4 | 5 | 6 7| 8

CYANOBACTERIA

CHROOCOCCALES
Chroococcus helveticus Négeli + + +
Chroococcus minor (Kiitzing) Nageli +

SYNECHOCOCCALES

Leptolyngbya cf. boryana (Gomont) Anagnostidis + +
& Komarek
Leptolyngbya fragilis (Gomont) Anagnostidis & +
Komérek
Leptolyngbya henningsii (Lemmermann) +
Anagnostidis
Leptolyngbya cf. lagerheimii (Gomont) +
Anagnostidis & Komarek
Leptolyngbya cf. nostocorum (Bornet ex Gomont) +
Anagnostidis & Komérek
Nodosilinea epilithica Perkerson & Casamatta + + + + |+ |+ |+ +
Oculatella kazantipica O.Vinogradova & +
Mikhailyuk
Oculatella ucrainica O.Vinogradova & Mikhailyuk I
Phormidesmis sp. + + | + +
Stenomitos sp. I
Timaviella edaphica (Elenkin) O.Vinogradova & I
Mikhailyuk
Timaviella sp. + |+ +]+| A

OSCILLATORIALES
Coleofasciculus chtonoplastes (Thuret ex Gomont) Pl I
M.Siegesmund et al.
Coleofasciculus sp. + | O
Hormoscilla pringsheimii Anagnostidis & Komarek +
Lyngbya cf. aestuarii Liebman ex Gomont + + |+
Lyngbya sp. A | A
Microcoleus autumnalis (Gomont) Strunecky et al. + bl
Microcoleus vaginatus Gomont ex Gomont I I I I + I I
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

Hassallia sp.

Nostoc cf. commune Vaucher ex Bornet & Flahault

)=

)=

Nostoc edaphicum Kondrateva

Nostoc cf. linckia Bornet ex Bornet & Flahault

+ &= &= |+

+ e |+

Nostoc cf. microscopicum Carmichael ex Bornet et
Flahault

Nostoc punctiforme Hariot

Nostoc sp.

Roholtiella edaphica Bohunicka et Lukesova

Scytonema ocellatum Lyngbye ex Bornet &
Flahault

Tolypothrix cf. fasciculata Gomont

Tolypothrix sp.

Wollea sp.

CHLOROPHYTA

CHLOROPHYCEAE

Actinochloris sphaerica Korschikov

+

Bracteacoccus aggregatus Tereg

Bracteacoccus bullatus Fucikova, Flechtner &
L.A.Lewis

Bracteacoccus cf. minor (Schmidle ex Chodat)

Petrova

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 Hindak

Chlorolobion sp.

Chloromonas actinochloris T.Proschold et al.

Chloromonas cf. augustae (Skuja) Proschold et al.

Chloromonas sp.

R e

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) Proschold et al.

Lobochlamys sp.
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Monoraphidium cf. pusillum (Printz) Komarkova-

Legnorova

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

Tetradesmus sp.

R

TREBOUXIO

PHYCEAE

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.Girtner

Eremochloris sphaerica Fucikova et al.

Geminella interrupta Turpin

Gloeocystis cf. vesiculosa Nageli

Koliella sp.

Leptosira cf. erumpens (Deason & Bold) Lukesova

Myrmecia cf. biatorellae ].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.Gértner

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 (Kiitzing) Lokhorst +
Klebsormidium flaccidum (Kiitzing) P.C.Silva et al. Pl +
Klebsormidium fluitans (F.Gay) Lokhorst
Klebsormidium mucosum (J.B.Petersen) Lokhorst
Klebsormidium cf. nitens (Kiitzing) Lokhorst
Klebsormidium cf. subtile (Kiitzing) Mikhailyuk .
et al.
Klebsormidium sp.
Streptosarcina arenaria Mikhailyuk & LukeSova +

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 (Kiitzing) D.G.Mann

Pinnularia intermedia (Lagerstedt) Cleve + | +

Pinnularia cf. intermedia (Lagerstedt) Cleve +

Staurophora sp. +

* HanigskupHuM mpudTOM BigMiueHi BUIM, OPUTiHAIBHI IITAMHM SKUX OyJIM BHBUYEHI MOJEKYJISPHO-
(biTOoreHeTHYHNMU METOAMHU.

J1 — BuH, IOMiHyI04i B aJIbrOYTPyOBAHHSX.

! Crncox Buzis ocTpoBiB bantuku ckiageHo 3a HammMHK nonepenHiMu nyomikanisimu (Schulz et al., 2016;
Mikhailyuk et al., 2019a, c). I3 xiaTOMOBHX BKJIIOYCHO JIMIIE HEBEJIMKY YaCTHHY BUJIB i3 HAaBEICHHX Y

Schulz et al., 2016. Ile BuaM, AKi HAHOLIBII PICHO PO3BUBAINCS Y KipoUKax (3a JaHUMHU MiKPOCKOIIYHOTO

BUBUCHHS 3pa3KiB Ta HAKONNYYBAJIbHUX KYJIbTYp).

PonoBuii cniexktp anmbrodiaopu NpUMOPCHKHMX AIOH ckiaganu 49 ponis, 3
AKAX TiepeBaxkHa Oinpmiicts (83,7%) Oyna mpencraBieHa omHuM BHIOM. Cim
pomiB (Microcoleus Desmaziéres ex Gomont, Bracteacoccus Tereg,
Diplosphaera Bialosuknia, Myrmecia Printz, Parietochloris Watanabe &
G.L.Floyd ta Heterococcus Chodat) manu no 2 Buau Koxxauil. HaliGaraTmmmu
pomamMu y AOCHiIKEHUX Micue3pocTaHHsx Oymu Nostoc Vaucher ex Bornet &
Flahault (4 Bumm) i Klebsormidium P.C.Silva, Mattox & W.H.Blackwell
(3 Bum).

IToka3HUKHU TPAIUISHHS BHSBJICHUX BHUJIIB KOJMBAJIHCSA B 3HAYHHUX MEXKax.
JBanusate n8a Buau (36,7%) Oyiu BUSBIEHI TIIBKH B OAHOMY 3pa3Ky, IPUIOMY
ixHa yacTka Oyja HEOJHAKOBOIO B DPI3HMX BiIiNax: HaipiakicHimuMH Oyiu
JKOBTO3€JICHI BOJIOPOCTi, yCi BOHW 3HaljeHi jwmme pa3. HalnomupeHimmmu
y  JOCH/DKCHUX  MICIIE3pPOCTaHHSIX  BHSBWIMCS  TPEACTABHUKU  POAY
Klebsormidium: K. flaccidum (F = 90%) i K. crenulatum (F = 80%). 1li Bumu, a
Ttakoxx Microcoleus vaginatus (F = 60%) BXomwnu B JOMIHYIOUHN KOMILIEKC
BIK Ha Bcix BMBYeHHX IinsgHkax. Takoxk CyOIOMiHAHTaMM B HEAKHX MPoOax
Buctynamy Bunu Nostoc — N. cf. commune i N. edaphicum, a Takox Microcoleus
autumnalis 1 Coleofasciculus chthonoplastes. Yacto Tparnsumcs Lyngbya cf.
aestuarii (F = 80%), Nodosilinea epilithica, Nostoc edaphicum (F = 70%
IUTsE KOXHOTO), Diplosphaera chodatii Ta Hantzschia amphioxys (F = 60,0% mns
KOXHOT0).

BuBueHi miagHKA Majdyd JesKl BIAMIHHOCTI IIIOJO BHIOBOrO OararcrBa 1
CHCTEeMaTHYHOI CTPYKTypu ajbproyuiopu mimaHux [gioH (tadbm. 1). Sxmo
CIIBCTABUTH 3arajibHy KUIBKICTh BHJIB, BHUSBJICHHX Ha KOXKHIM 3 JUISHOK, i3
CepeHbOI0 KUIBKICTIO BUIB Ha 3pa30K, TO BUXOIUTh HACTYIMHHH PO3IOJILI:
Karpanisceka xoca — 28/18, JKebOpistacpke macmo — 37/15 Tta XKeOpisHcbpka
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Oyxra — 38/16,5. Takum umnom, BIK 3 KarpaiBcbkoi KocH Bipi3HsuIMCS
HAMOIIBIIUM BUIOBHUM PI3HOMAHITTSIM Ha 3pa3oK. BiporimHo, Iie moB’si3aHo 3
TUM, IO TUTBKM Ha Iid JUIAHII X BiMOWpald HE JUIIE cepel pPO3piKEeHOI
ncaMo(iTHOI POCIMHHOCTI, ajle W y MOHMKEHHSAX 3 O3HAKaMH 3acojicHHS. B
CHCTEMAaTHYHIi CTPYKTypi anbroguiopm KOCH IiaHOOaKTepii BifgirpaBainu
npoBiAHY poib (46,4%), wactku 3eneHux (25%) i crpentodiroBux (21,4%)
Bogopocreil Oynmu cytreBo Huxuumu. Cepen Chlorophyta mepeBaxanu BUIA
knacy Chlorophyceae (85,7%). Binnin Ochrophyta (7,1%) OyB mpencTaBIeHHI
JMIIE JiaTOMESIMU; XKOBTO3eJeHi BojopocTi B 3paskax BIK i3 wmiei ginsuku He
BusBieHi. Jlominantom npumopchkux BIK Ha koci Oyna MmaroyTBoprooua
IpyHTOBa IiaHOOakTepiss Microcoleus vaginatus i TIHPOKO TONIMPEHHHA Yy
HazeMHHUX Micue3pocTaHusx Klebsormidium flaccidum, mo sxkux y MICIIIX i3
IUISIMaMU  3aCOJIEHHS B SIKOCTI CyOJOMiHAaHTY TpPHENHYBaBCA Traiodia
Coleofasciculus chtonoplastes. Pemta BHIIB pO3BUBaNacs B HE3HAYHHX
KUTBKOCTSX. 3rafaHi ocoONMBOCTI MOB’S3aHi 3 OUIBII CYBOPHMH YMOBaMH,
MOPIBHSIHO 3 1HINMMH BUBYCHWMH JUISTHKaMU. By3bka cMmyra ImicKy, OTOuY€Ha
MOpeM, 3 MOJIOTHM JaHAmMA(TOM 1 BKpUTa JIHIIE PO3PIIKEHOI TpaB’SHOIO
POCIIMHHICTIO, B OUTBIII Mipi, HDK KOHTHHEHTAJIbHI TUISHKH, 3a3HAE BIUIMBY
npsIMOi  COHSYHOI pafialii, TeMrepaTypHUX KOJIWBaHb, BOJHOrO Aedinury u
MOBITPSHO-KPANeIbHOTO Ta XBHJIBOBOTO 3acofieHHs. SIK BiZOMO, NepeBakaHHS
HiaHoOakTepiil y cHCTeMaTHYHIH CTPYKTYpi KIpOYoK 1 iXHS JOMiHyI049a poib y
BIK xapakTepHi [yisl apUIHUX MICIE3POCTaHb, SKi BiqUyBalOTh Ae(ilUT BOJIOTH
(Btidel, 2002).

Ha mimBumenomy JXXeOpissHcbKOMY macmi miaHOOAKTEpii, 3aIHIIAI0YNCH
nocuth  piHoMaHiTHUMHU  (37,8%), TOCTYNMWIMCS TEpIIUM  MicleM Y
CHCTEeMaTHYHIH CTpYyKTypi anbprouopu 3eneHuM BogopocTsM  (43,2%).
Streptophyta (13,5%) ta Ochrophyta (5,4%) BimirpaBamu CyIyTHIO pOIIb,
IlikaBo, mo, Ha BiAMIHY BiJ HONEPEAHBOI MIISHKH, 3HAYHY YaCTKy BTy
3eleHUX Bomopocteit  (68,8%) mpencraBHukM kiacy ITrebouxiophyceae.
Hominantom BIK Ha micky mig cocHamu, € TpaB’sHAa POCIHMHHICTH Oyla
BiZICYTHBOIO 1 CrIOCTepirajucs Jimie ciadKi 03HaKW PO3BHTKY MOXIB, Y JESKUX
BUMaJKax OyB Takox Microcoleus vaginatus, IpoTe 9acTo B IiH poJIi BUCTyTIana
crpenrtoditoBa Bogopicte Klebsormidium crenulatum. BinMiueHO IOCHTH
pACHMIA pa3BUTOK HiaHoOakTepii Nostoc edaphicum; TakoX HE3HAYHI CKYITYECHHS
HUTOK Microcoleus autumnalis 1 Hassallia byssoidea. Pemta BUAIB Tparusuucs
B BIK y HE3HAYHHX KiIbKOCTSX.

Ha monax JKeGOpisHcbkoi Oyxtu BIK (opmyBamu mnepeBakHO 3eleHi
Bozopocti (53,8%), dacTka miaHoOakTepiii Oyma BaBiui meHmoro (23,1%), a
Streptophyta (12,8%) 1 Ochrophyta (10,3%) mpencraBieHi Mmaiike OJHAKOBO.
IlixaBo, mo ©Ha uid gingHi BHecok kiaciB  Chlorophyceae (47,6%) 1
Trebouxiophyceae (52,4%) y cuCTeMaTHYHYy CTPYKTypy OyB OmM3BKHM. Y
noMiHyrounii komiuieke npudepesxanx BIK Bxomunu miano6akrepii Microcoleus
vaginatus, M. autumnalis, Nostoc edaphicum, N. cf. commune Ta BUIM
Klebsormidium (K. flaccidum 1 K. crenulatum). IlpucyTHICTD y CKIami IoMi-
HaHTIB CTPeNnTO(iTOBUX BOAOPOCTEH CBITYUTH PO MEHII HAPY>KEHI eKOJOTiYH1
YMOBH MOPIBHSHO 3 MIIAHOIO KOCOIO.
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CHibHUMU TS BCiX TPHOX NUISTHOK Oyiu 14 BumiB, 3 sskux 50% ckiamamu
uianoGakrepii. SIkumo ouinroBaru crenudiky Bugosoro ckiany BIK koxHoi 3
JUJISTHOK 32 YacTKOIO BUJIIB, SIKi OyJIM BiMIYEHI TUIBKH Ha OJHIN 3 HUX, TO IXHIN
BiJICOTOK € HaliMeHIUM Ha KarpaniBchkiit koci: 3 28 BuniB Tibku 5 (17,8%) He
3HaleHI Ha IHIMHUX JOCHIIKEHUX nursHKax (muB. Tabm. 1). Cepenm 3arambHOL
KUTBKOCTI BH/IiB, BUSIBJICHUX Ha KOXKHIN 3 IBOX 1HIIMX AUITHOK (JKeOpisHChKOMY
nacMi Ta y30epexoki JKeOpissHcbkoi OyxTH), mpuOMM3HO piBHI Yactku (32,4 i
33,3% BIAMOBIOAHO) CKJIaJadd BHJW, 3HAHACHI TUIBKM HAa OJHIA 3 HHX.
V mepeBaxHiii OUTBIIOCTI 1€ 3€JeHI BOAOPOCTI, Nesiki Streptophyta, a Takox
BUnu Xanthophyceae. Cepel HHX € pPIiIKICHI Ta HOBI TaKCOHH, MpO fAKi
JetanbpHime Oy/e cka3zaHo HIKYe.

IBaguate Tpu wmramu, Bumineni 3 BIK npumopcekux mron B3, Gymu
BUBYCHI MOJICKYJIAPHO-(PIUIOreHeTHYHIMH METOJaMH, IO JO3BOJIMIO YTOUHUTH
iXHE CUCTEMaTHYHE MOJIOKEHHS Ta IIPOBECTH TOYHINTY BUIOBY iMCHTU(IKAIIIO.

Tak, Tpu mmTaMH M[iaHOOAKTEPi YBIMIIIM A0 MOJEKYJIIPHUX KA,
chopMoBaHUX  mpeACTaBHUKaAMU  poAiB  Microcoleus  (Oscillatoriales),
Nodosilinea R.B.Perkerson & D.A.Casamatta (Synechococcales) ta Nostoc
(Nostocales, puc. 2).

Haii6inpmuii  GaopucTHUHUN iHTEpec SBIsAE 3HAXiJKa MpeAcTaBHHUKA
HOBOrO s Ykpainm poay Nodosilinea (puc. 4, a). Mopdonoriunmii ormwc
BUJIIJICHOTO IITaMy Ta Pe3yJIbTaTH (UIOTeHETHIHOTO aHATi3y 32 HyKJICOTHIHOIO
nociigoBHicTio TeHa 16S pPHK omy6umikoBani panime (Mikhailyuk et al., 2016).
JlonatkoBi JOCHIDKEHHS HYKICOTHIHOTO CKiIany ainsHkd 16S-23S  ITS
MOKAa3aJid, [0 HAIll IITaM Ma€ BHCOKY CXOXICTb 3 pepepeHTHUM IITaMOM BHIY
N. epilithica Kovacik 1998/7 (puc. 5, a).

[opiBHAHHS BTOPUHHOI CTPYKTYpH 1H()OPMATUBHHX TENIKCIB L€l AIISHKA
(He HaBeJeHO) HamOro Ta pedepeHTHOro MmTaMy MOKa3alo JIMIIE He3HaYHi
BimMiHHOCTI. Nodosilinea epilithica Oyno onvcaHo 3a MaTepiajlaMu, BUIIJICHUMHA
3 OlOJIOTIYHUX IUTIBOK, BUSIBIEHHX Ha CTiHI OynuHKy B Irtamii, a Takox 3
o0pocTaHHs BOJNOTOI KaM’sHOI CTiHM (oHTaH4YMKa Jis mUTTA B I'pemii, Tomy
CIIOYATKy Horo BBaxxanu cydaepoditaum emimitom (Perkerson et al., 2011).

[TizHinre 3’IBUIIKCS JaHi, MO0 CYTTEBO PO3IMIUPHIIN €KOJIOT1YHI i, 0COOJIUBO,
reorpadivuHi paMKH 1OTO BUAY. Nodosilinea epilithica BusBumm B ApKTHII
(Hentpanpauit  CBanbapn, Hopseris) Ha cyOcTpatax aHTPOIOTEHHOTO
noxopkeHHs (Raabova et al., 2016), a Takox y KyJbTypax, BHIUICHUX i3
KallITaHOBOTO TIPYHTY Cyxux cremniB Bosrorpaacekoi 061. Pocii (Temraleeva,
Dronova, 2016).

Biuseki 3a  MOIEKYNSPHOK CTPYKTyporo ImuTamu 3Hakigeni B BIK
BHCOKOTIPHHX XOJOAHMX mycTenpb 3aximaux Iimanais (Capkova et al., 2016).
Hamu ueii Bun 6yB takox Buminenuit 3 BIK mron Banrilickkoro y36epexks
Himewunnn (Mikhailyuk et al., 2019b). Ik BumHO 3 puc. 2 i 3, HIMEIBKI MTaMU
(Ru-6-11 u Us-2-1) Ta ykpaiHcekuii mrtam N. epilithica MalOTh BHCOKHI
CTyMiHb MOAIOHOCTI 3a mocaigoBHicTio 16S pPHK i minsakoro 16S-23S ITS.
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69/1 )
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97/

10011 ~J_ 9V

84/0.97

Puc.
Nostocales)

871
87/0.99

NRO074282 Gloeobacter violaceus PCC 7421

MT887223 Nostoc cf. edaphicum Prim-3-2
EU178143 Nostoc flagelliforme IMGA0408
AY577538 Nostoc indistinguenda CM1-VF10
MK211227 Nostoc punctiforme KZ-2-2-2
AY577535 Nostoc lichenoides CNP-AK1
HF678487 Nostoc punctiforme CCAP 1453/9
HE974995 Nostoc commune CCAP 1453/24
NRO074317 Nostoc punctiforme ATCC 29133
AJ630448 Nostoc calcicola VI
HQ700837 Nostoc edaphicum ACCS 059
MK211233 Nostoc edaphicum KZ-5-4-7
AY577534 Mojavia pulchra JT2-VF2
Desmonostoc (AM711523, HG004585)
HQ847570 Fortiea sp. HA4221-MV2
HE797731 Microchaete tenera ACO| 2161

Tolypothrichaceae (AM905327, GQ287651, JQ083651, JQ083654)

Roholtiella (KM268886, KM268888)
JN385292 Camptylonemopsis sp. HA4241-MV5 clone B2-3
HE797729 Microchaete diplosiphon CCALA 811 SAG 1429-1b
Rivulariaceae (HF678479, HM573459)
Scytonemataceae (AF334700, EF490447)
Coleofasciculus (EF654051, NR125521)

KC463199 Leptolyngbya cf. compacta EcFYyyy_10
Wilmottia (AY493627, JF925319)
EF654090 Microcoleus paludosus SAG 1449-1a
Anagnostidinema (AY423710, KT315938)

MT887222 Microcoleus vaginatus Prim-3-1
MK211225 Microcoleus vaginatus KZ-2-2-5
KC633976 Microcoleus vaginatus ISBAL M22
MH688845 Microcoleus cf. vaginatus Ru-6-12
EF654078 Microcoleus vaginatus SRS1-KK2
EF654074 Microcoleus vaginatus SAG 2211
EF654084 Phormidium autumnale SAG 78.79

Nostoc

80/

Microcoleus

| _ﬂnontiellaceae (AB115962, KM019982, MK211234)
751 KJ140092 Komvophoron hindakii clone K9 3P8

Leptolyngbyas. str. (FR798945, HF678483)

AY493583 Plectolyngbya hodgsonii ANT.LPR2.2
{ Myxacorys (KJ939062, KJ939088)
{ Phormidesmis (AY493581, KJ939038)
Stenomitos (AF218371, GQ859652)
Timaviella (GQ859651, MK211229)
.Leptolyngbya" frigida (AY493574, AY493575)
JN385286 Schizothrix arenaria HA4233-MV5 clone pSBA
Oculatella (EU528672, HM018687)
FM210757 Leptolyngbya laminosa ETS-08
AY493607 Leptolyngbya antarctica ANT.L18.1
Trichocoleus (EF429297, KF307604)

MH688851 Nodosilinea cf. epilithica Us-2-1
MT885329 Nodosilinea epilithica Prim-5-5
MH688852 Nodosilinea cf. epilithica Ru-6-11
HMO018677 Nodosilinea epilithica str. Kovacik 1998/7*
EU528669 Nodosilinea bijugata Kovacik 1986/5a*
MF348321 Nodosilinea ramsarensis KH-S S2.6
KF307598 Nodosilinea nodulosa UTEX 2910
FR798934 Leptolyngbya margaretheana 1712
MF352005 Nodosilinea radiophila TM S2B
,Phormidesmis" (AY493620, AY493586)

Nodosilinea

28 | outgroup
0.02

2. Monekynsapaa ¢inorenis Cyanoprokaryota (Synechococcales,

Ha OCHOBI

HOpIBHAHHA HYKICOTHIHUX IOCIIJIOBHOCTEH TIeHa

Nostocales

Oscillatoriales

Synechococcales

Oscillatoriales
16S pPHK.

dinoreneTnyHi aepeBa Ha puc. 2-8 moOynoBaHi baleciBCbKUM METOJOM 3i 3HAYCHHIMHU

BaiieciBepkoi iimoBipHOCTI (Bayesian Posterior Probabilities (PP), cmpaBa) Ta miaTpuMkn

OyTrcrpeny mnpu aHaiizi MakcuManpHOI mnpaepaonozgiOHocti (Maximum Likelihood bootstrap

support (BP), 3niBa). Bxasani Tineku 3HauenHs PP Bume 0,8 i BP Bume 50%. IlocminoBHocTi

HITaMIB, 110 HAJISKATh J0 JAHOTO JOCIIKCHHS, BIAMIYCHI HANIBKUPHUM MIPU(TOM, aBTCHTHYHI

LITaMU — 3iPOUKOI0
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MG189707 Chloromonas arctica CCALA 10278*
ABB624566 Chloromonas typhlos SAG 26.86*
Man _1|_ % 18 ggg 2Chlco’rfimon‘ejs svalbarde?s’l;s 3AUPPCZE:§1 301-cryo*
»Chlamydomonas" cf. hydra Prim 9-
AJ410449 Chloromonas chiorococcoides SAG 15.82° core Chloromonas
JN903988 ,Chlamydomonas" hydra SAG 4.73*
GU117585 Chloromonas insignis CCCryo 090-99
AJ410448 Chioromonas reticulata SAG 29.83*
FR865528 Chioromonas rosae CCAP 11/112
Gloeomonas (AB971357, AB971360)
AB734109 Chloromonas kasaiae NIES-2862*
AJ410452 Chloromonas augustae SAG 5.73*
Ixipapillifera (LC057289, LC057290)
LC012712 Chloromonas krienitzii NIES 3753*
AB906342 Chloromonas fukushimae GsCl-11*
AJ410445 Chloromonas actinochloris SAG 1.72*
FR865577 ,Chlamydomonas" rotula CCAP 11/33
FR854375 Microglena braunii SAG 50.86*
FR854385 Microglena monadina SAG 55.72*
nggg ;§3Te_’t_racystis pampae SAG'_‘?S.S(};'2
. Tetracystis" pampae Prim 5-. i
KMO200717 Tetracyutis” vinatzar SAG 22 65* Menadinia
AY731082 ,Chlamydomonas" sp. ICE-L
FR865614 Microglena reginae CCAP 11/78*
Stephanosphaerinia (U63107, AB983608)
FR865616 Chlamydomonas applanata CCAP 11/9
AB001038 Chlamydomonas pulsatifla CCAP 11/106
Moewusinia (AJ628976, U41173)
— 721 MT901377 Heterotetracystis sp. Prim-5-6
JN903983 Chlamydomonas asymmetrica CCAP 11/7
89/ AB244242 Heterotetracystis akinetos UTEX 1675*
1994\00’4\ - Fasciculochloris (AB244240, FR865611, KM020122)
1 FR865592 Chlamydomonas mexicana CCAP 11/55A* Reinhardtinia
FR865573 Chlamydomonas sghagno hila CCAP 11/31
'——= Neochlorosarcina (AB218713, AB218714)
Chlamydomonas (FR865586, FR865600)
KMO020029 Tetracystis sarcinalis SAG 19.94*
4 Rhysampbhichloris (LC057292, LC057295)
Asterococcus (AB175836, AB175837)
FR865539 ,Chlamydomonas" sp. CCAP 11/144 .
FR865552 ,Chlamydomonas" sp. CCAP 11/158 Oogamochlamydwa
Lobochlamys (AJ410456, AJ410461, MH703734)
Oogamochiamys (AJ410465, AJ410469)
MT901371 Lobochlamys sp. Prim-8-12
— ==l Crucicarteria (D86501, AB688624)
99/1 HQ246318 Tetradesmus bajacalifornicus BCP-MX15VF11
55/1 MH703775 Tetradesmus arenicola Prim-13-1 (SAG 2564)*
9711 FR865726 Tetradesmus obliquus CCAP 276/49 Tetradesmus
| 68/0.97 AY510462 Tetradesmus deserticola BCP-SNI-2*
77/0.99 AB037093 Tetradesmus distendus Hegawald 1975-267
. FR865732 Pectinodesmus regularis CCAP 276/53
10011 <« Coelastrella (AB012848, JX513881)
Desmodesmus (KF673371, JQ922412)
Radiococcaceae (AF388378, JN630516)
HM852441 Pseudomuriella engadinensis UTEX 57*
MT901369 P: / iella aurantiaca Prim-17-3
X91268 Pseudomuriella aurantiaca SAG 249-1* i
HQ292770 Pseudomuriela cubensis KF2* Pseudomuriella
HM852439 Pseudomuriella schumacherensis UTEX 2252*
Selenastraceae (AJ300526, AJ300527)
MT901378 Bracteacoccus bullatus Prim 14-7
JQ259930 Bracteacoccus bullatus SAG 2032*
GQY85405 Bracteacoccus pseudominor UTEX 1247
KF673367 Bracteacoccus minor SAG 221-1*
GQY85406 Bracteacoccus aggregatus UTEX 1272 Bracteacoccus
UB3099 Bracteacoccus giganteus UTEX 1251*
U63101 Bracteacoccus aerius UTEX 1250*
JQ259954 Bracteacoccus xerophilus BCP-NB2-VF24
{ Chromochloris (GUB27477, KF673375)

GU017656 Dictyochloropsis splendida HEW11-R2 | t
100/ FR865677 Chioroidium saccharophilum CCAP 211/58 outgroup

0.02

o7

[ —
85/ |
96/1

m—3—oam3030-0—30

96/1
75/0.97
1064

55/0.95\

w0 —MMO0o0< —0L

96/

10011__|

w ®© — ® —T O - 0O T W

Puc. 3. Monekynspua ¢inorenis Chlorophyceae (Chlorophyta) Ha OCHOBI TOPIBHSHHS
HyKJICOTHIHUX NocaigoBHocTel reHa 18S pPHK

[Mo crocyeThcs €BKAPIOTHYHUX BOIOPOCTEH, TO BMBUYeHI mpobu 3 JIB3 Ta
HOTO OKOJIAIH JTO3BOJIMJIA OMUCATH HOBI IS HAYKH TaKCOHH 1 3pOOMTH HH3KY
IikaBuX QuiopucTUYHUX 3Haximok. IlltamMu 3eneHUx BoJOpocTed Kiacy
Chlorophyceae yBitimum 1o Monekymsapaux «iman  Chloromonadinia,
Reinhardtinia, Qogamochlamydinia, Monadinia (Volvocales), a Takox
Bracteacoccus, Pseudomuriella N.Hanagata 1 Tetradesmus G.M.Smith
(Sphaeropleales, puc. 3).
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Puc. 4. Hosi ms ¢utopu Ykpainu Ta piakicHi Buau miaHoGakTepiil i BogopocTei 3 6iomorigyHux

IpyHTOBHX Kipouok JlyHalchkoro OiocdepHoro 3amoBinnuka: a — Nodosilinea epilithica, 6 —
Pseudomuriella aurantiaca; 6, 2 — Tetradesmus arenicola (OTHOKIITHHHA CTafisl y KyIbTypi () Ta
00’eMHI CcKpydeHi 4-KIiTHHHI 1IeHOOii B mpupomHumx mpobax (2); o, e — Pleurastrosarcina
terriformae; oic, 3 — Xerochlorella minuta; u, 1 — Streptosarcina arenaria; k—p — Pleurochloris
meiringensis (YKpaiHCBbKUI IOTaM (#) y TOPIBHAHHI 31 IITaMOM 3 MillaHUX IroH bBanriiickkoro
mops (Ru-s-4-1, x—m, o—p), BereTaTuBHI KIITHHH (X, 71, H), 300CTOpaHriii (), 30ocnopu (o),
reMi3oocnopu (), crapa BeTeTaTUBHA KIITHHA 3 MIapyBaTHM CIM30M (p). CTpiIKH BKa3yrOTh
cturmy. Macmra6: 10 MM (a—H, p), 5 MKM (o, 1)

40



Booopocmi bionoziunux rpynmosux Kipovok

MT885329 Nodosilinea epilithica Prim-5-5
HMO018679 Nodosilinea epilithica Kovacik 1990/52 *
MH688852 Nodosilinea cf. epilithica Ru-6-11
MH688851 Nodosilinea cf. epilithica Us-2-1
HMO018678 Nodosilinea sp. F12-2HA2
KJ939093 Nodosilinea sp. WJT8-NP-BG4
KJ938094 Nodosilinea sp. CXADQ7 .4

EU528669 Nodosilinea bijugata Kovacik 1986/5a*

KF307598 Nodosilinea nodulosa UTEX 2810

KJ939098 Nodosilinea sp. ATA11-8K-CV21

K.J939098 Nodosilinea sp. ATA11-11-6B-LB2

MF348321 Nodosilinea ramsarensis KH-S S2.6 clone cl4*

a 0.02

65/0.97

Chloromonas reticulata (AB624574, HQ404900, FREB65527)
Chioromonas chlorococcoides (AB624570, AB624571)
HQ404868 Chloromonas insignis CCCryo 090-89
FR865610 ,Chlamydomonas” gerloffii CCAP 11/72
MG189707 Chioromonas arctica CCALA 10278
ABG6245T6 Chioromonas rosae SAG 51.72*

MH161374 Chloromonas svalbardensis CAUP<CZH:G 1301-cryo™
HQ404886 Chioromonas typhios CCCryo 214-05

HQ404869 Chioromonas typhlos CCCryo 122-00*

MT885332 ,,Chlamydomonas” cf. hydra Prim 9-3

—_ AB971362 Gloeomonas anomalipyrenoides NIES-447*

6 0.1

85/0.9

72/0.

991 - kM020018 . Tetracystis” pampae SAG 96.80
ﬂ,:( MT885333 , Tetracystis" pampae Prim5-2 | terrestrial
KMO020017 , Tetracystis® vinatzeri SAG 22.95*

_[__FRa54356 Microglena opisthopyren SAG 8.87*
FRB54375 Microglena braunii SAG 50.86% FrEsHatEE
FRB54385 Microgiena monadina SAG 55.72*
— FRB65614 Microglena reginae CCAP 11/78* | marine
B 0.1

HQ292733 Pseudomuriella aurantiaca CCAP 248-1*
MH703741 Pseudomuriella aurantiaca Ru-6-13 P. aurantiaca
73/0.971! MT901369 Pseudomuriella aurantiaca Prim-17-3
Pseudomuriella engadinensis (KM020059, HQ292729)
HQ292735 Pseudomuriella cubensis KF2*
HQ292725 Pseudomuriella schumacherensis UTEX 2252*

r 0.02

Puc. 5. MonekyssipHa isoreHiss Ha OCHOBI MOPIBHSIHHS HYKJICOTHIHUX TOCIIIOBHOCTEH TUISHOK,
o mictath perioH ITS: Nodosilinea, 16S-23S ITS (a), Chloromonas, 1TS-2 (6), Microglena, 1TS-
1-5.8S pPHK-ITS-2 (8) ta Pseudomuriella, ITS-1-5.8S pPHK-ITS-2 (2)

JlocimkeHHS HYKICOTHIHOI MOCTiMoBHOCTI AutsHKU ITS geskux i3 mux

IITaMiB JTO3BOJIMIIO BU3HA4UMTH iXx 10 BHURYy: "Chlamydomonas" cf. hydra,
"Tetracystis" pampae 1 Pseudomuriella aurantiaca (puc. 5, 6—2), a TaK0OX
onucaTty HoBUiA Buj Tetradesmus arenicola (Mikhailyuk et al., 2019b).

Wtam Chloromonas Gobi mae ¢inorenernuny nozniouictes (18S pPHK

¢inorenis) i3 KiNbKOMa BHIaMH I[BOTO POAY, SIKi BXOJASATH JO TPYIH BIacHe
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Chloromonas (core Chloromonas 3rimHo 3 poboTtoro Barcyté et al. (2018), y T.u.
3 TUMOBUM ITamoM Mopdonoriuno Onusskoro Buny "Chlamydomonas" hydra
(puc. 3 ta 6, 3). Oinorenis 3a pinsHKor0 [TS-2 mokazana, Mo el mTaM yTBOPIOE
okpemy JiHir0 (puc. 5, 6). Ha »xanp, mopiBHSHHS 3 mociaigoBHicTiO ITS-2
"Chlamydomonas" hydra HemMoXJnBe 4epe3 BIJCYTHICTh IUX JaHUX, TOMY MH
BU3HaUMIM JaHuil mram sk "Chlamydomonas" cf. hydra. Bin € pigkicanm, B
Vkpaini OyB 3HaiineHudd y JicoBoMmy IpyHTI KaHIBCBKOTO MNPHUPOAHOTO
3amoBigauka (KocrikoB Ta iH., 2001) ta B 3a0pynHeHiii kamroxi B Kwuesi
(Lilitskaya, 2004).

"Tetracystis" pampae IOCHTh 4YacTO TPAIUIAEThCA B TIPyHTAX YKpaiHH
(Kostikov et al., 2001, puc. 6, u). Bin 3apeectpoBanuii y Ilomicci, Jlicocrery,
pinme — y Kapnarax i Kpumy. Kpim dakty MonexyIsspHOTO BH3HAYE€HHS TaHOTO
MpelcTaBHUKA, I[ikaBO, IO BiH, KMOBIPHO, HAJIEXKUTh O HEIIOJABHO
nepeinkpuroro pony Microglena Ehrenberg (Demchenko et al., 2012). Xoua
Ha JaHWA MOMEHT [0 I[bOTO pOXYy BIAHOCITHCS TIPICHOBOJHI Ta COJIOHY-
BaTOBOJIHI BUJM 3 MOHAQJHOK OpraHi3alli€lo KIITHHH, HOTO pI3HOMaHITTH,
fiMoBipHO, mmpie. Bin Moxe Bitodatu kpiogineHi Chlamydomonas-nionioHi
mpenctasauku (Liu et al., 2006; Eddie et al., 2008) i mesxi Ha3eMHI BUIH, IO
TpaJuLiiHO BiIHOCATH 10 poay Tetracystis R M.Brown & Bold (Fulneckova et
al., 2012; Demchenko et al., 2013).

Pseudomuriella aurantiaca WMOBIpHO € MIHPOKO IOIIUPEHAM BHIOM 3
HESIBHOIO Bracteacoccus-nonibHowo Mopdoorieto (puc. 9, 6), OyB onucaHuil sk
Muriella aurantiaca Vischer 1 mi3Hime mnepeHecenuit y Pseudomuriella
N.Hanagata na ocHoBi Monexynsipaux nanux (Fucikova et al., 2011).

dopmanbHO € HOBUM JUIs YKpaiHM BHIOM 1 POJIOM, XO4a, Ha HAIlly AyMKY,
TpaIuIABCS ¥ paHille B IPYHTaX Ta HAa3eMHHMX MiCIE3POCTaHHAX 1 YacCTKOBO
BU3HAYaBcA SIK Mopdonoriunuit Bung Muriella terrestris J.B. Petersen (Kostikov
et al., 2001; Mikhailyuk et al., 2011; Darienko, 2012).

Ipencrasank Tetradesmus nonepenuso Oys BuzHaueHni (Tsarenko, 1990)
sIK mrpoko nommpernid Bug 7. obliguus (Turpin) M.J.Wynne (= Acutodesmus
obliquus (Turpin) Hegewald & Hanagata). [lomasbpiie BUBUEHS I[LOTO IITaMy i
KITBKOX IITaMiB 3 TPHUMOPCHKHX [I0H banridicekoro mops (Himewuwna) 3
BUKOPHCTAHHSAM KOMIUIEKCHOTO MiJXO/y O3BOJIMJIO OMUCATH HOBUH JUIS HAYKU
Bua — Tetradesmus arenicola Mikhailyuk & P.Tsarenko (Mikhailyuk et al.,
2019b, puc. 4 s, 2).

Y HakoNmW4yBaJIbHIA KYJBTYpPi BOJOPICTh YTBOPIOBaja CKpydYeHi 4-KITiTHHHI
1eHoOii (puc. 4, 2), AKi NPy NOAAIBIIOMY KyJIbTHBYBaHHI 4aCTO pO3IMaJaIncs Ha
okpeMi kmituHHU (puc. 4, 6). Bke micnsg ommcy HOBOTO TaKCOHY HaMu OyIo
3HAWICHO TOBIIOMIJICHHSI TIPO 3HAXiAKy MOP(HOJIOTiYHO TOI0OHOI BOJOPOCTI B
rpynrax /[lanii (Petersen, 1932), 3naxinka Oyja BH3Ha4eHa SK CyMHIBHHH BUZ
Scenedesmus tetradesmiformis (Wolosz.) Chodat i3 mpumiTKOI0, IO 3rajaHuit
BUJI € MEUIKAHIIEM IUIAHKTOHY, TOAI 5K BHSBJCHA HAMH BOAOPICTh PO3BHBAACS
3a Ha3eMHUX yMOB. Terep MU IiJIKOM MO)KEMO MPHUITYCTHUTH, 10 BOHA HAJIC)KUTh
0 OMHCAHOTO HaMmW BHUIY 3 pony Tetradesmus, SKAW € XapakTepHUM IS
IPYHTIB €BpPOIIH.

42



Booopocmi bionoziunux tpynmosux Kipouox

Puc. 6. PinkicHi Ta mikaBi (UIOpUCTHYHI 3HAXiJKK LiaHOOAKTepiil Ta BomopocTel 3 Gi0MOridHUX

IpyHTOBHX Kipo4yok JlyHaiicbkoro OiocdepHoro 3amoBimuuka: a, 6 — Chroococcus helveticus
(dapbyBannst cnuzoBoi OOropTku MeTHneHOBUM cuHIM (6); 6 — Timaviella edaphica; e —
Phormidium cf. paulsenianum; 0 — Hassallia byssoidea; e, oc — Heterotetracystis sp. (IOKpacka
CIIM3y METHICHOBUM CHHIM (oic); 3 — “Chlamydomonas” cf. hydra; u — “Tetracystis” pampae
(moonMHOKI KIITHHU (Bropi) Ta Tetpamu (3HM3Y); i — Bracteacoccus bullatus; x — Leptosira cf.
erumpens; 1 — Trebouxia cf. aggregata. Ctpinku BkazyroTh cTurmy. Macmra6: 10 Mxum (a, 6, e—1),
5 MKM (8, 2)
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[likaBOrO TaKoOX € 3HaXiJIKa MpeJACTaBHHUKA poay Bracteacoccus. Xoda Ham
HE BIAJIOCS OTPUMATH MOCIiA0BHICTh ITS mis opUriHampHOTO MTaMy, HaBEICHE
MoJteKyJsipHe JiepeBo Ha ocHOBi 18S pPHK (puc. 3) no3Boisie BU3HaYUTH HOTO
K Bracteacoccus bullatus. ABTEHTUYHHWI IITaM I[bOTO BHIY OYB BUIUICHHUU 3
rpyHTiB HiMewuwHwM, iHIII JOCHI/DKEHI IMTaMU CBiA4YaTh MPO WOTO IIMPOKE
NOIMIMPEHHS B Ha3eMHHMX Micle3pocTaHHix €Bpasii, [liBHiYHOI AMepuku Ta
nonsspHuX perioHiB (Cambapn i Anrtapktuga) (Fucikova et al., 2012). B
VYkpaini Bun OyB BUSIBIEHWH JBiUi — y IpyHTax Wil HacajyKeHHAMH Robinia
pseudoacacia L. B JIninponeTpoBchKii 1 3amopi3pkiit obmactsax (Mamaeva et al.,
2018; Maltsev et al., 2020). Leit BUI € KPUNITHIHUM, TOOTO MaJIO BiJPi3HAETHCS
MOP(OJIOTIYHO BiJl IHIIUX TPEACTABHUKIB Bracteacoccus 13 cepeaHiMH
po3mipamu kiitiH (puc. 10, ), TOMy TogHA HOTO iMeHTH(]IKAIiST MOXKIIHBA JIHIIE
3 BUKOPHCTaHHSAM MOJICKYJISIPHUX METO/IIB.

ToyHe BW3HAYCHHS INTaMiB, MO YBIANDIM 10 Kian Reinhardtinia i
Oogamochlamydinia (3rigao no po6otu Nakada et al., 2008), Ha maHwWif MOMEHT
HemoxxnuBe. [lepmmii 3 HHMX, WMOBIPHO, SIBJISIE COOOK OAWH 3 BHUAIB POIY
Heterotetracystis E.RR.Cox & T.R.Deason (puc. 3; 6, e, gic), TaKCOHOMIYHA
pEeBi3is IKOTO HA OCHOBI KOMIUIEKCHOTO MiAXOMy MOKH IO HE 3ificHeHa. Bumu
BOTO POJY € PIAKICHUMHU 3HaxiTkaMu B IpyHTax YKpaiHH, MEepeBaKHO 3
ripcekux perioniB (Kostikov et al., 2001). ltam i3 knagu Oogamochlamydinia,
ToTIepe TR0 BU3HAYCHUH HaMu ik Lobochlamys sp. (puc. 3), 04eBUAHO, € HOBUM
JUIS HayKd POJIOM, JJIsi ONKCY SKOTO HEOOXiJHI TOTrTHOJCHI TOCHIIHKCHHS.
3ramana kmaga Chlorophyceae 3 TPICHOBOMHO-HA3€MHOIO €KOJIOTIEI0 Ha
CBOTOJHI BKJIIOUa€E 6 WiTKO OKpecieHux ponaiB (Watanabe, Nakada, 2018) i
HAsBHICTh HOBUX, III¢ HE OMMCAHUX JIiHIH, BKa3ye Ha Te, IO ii PI3HOMAHITTS IIIe
HE BHUEpIIaHE.

Jocmimkeni mTaMu 3€IeHUX BojopocTedl kimacy Trebouxiophyceae
BigHeceHi no poxiB Diplosphaera, Nannochloris Naumann, "Parietochloris",
Leptosira Borzi, Trebouxia Puymaly, Xerochlorella Fucikova, P.O.Lewis &
L.A.Lewis ta Pleurastrosarcina H.J.Sluiman & P.C.J.Blommers (puc. 7).

[IpencTaBHUKM MEPIIUX IBOX POJIB € 3BHYANHHMHU IIHPOKO MOIIMPSHUMHU
Ha3eMHUMH BOJOPOCTSAMH. 3aBASKH HEIIOJABHIH TaKCOHOMIWHIH peBi3ii
Stichococcus-noniounx Bopopocrer (Proschold, Darienko, 2020) oxuu 3i
mraMiB Diplosphaera Bnamocs BusHauutu 10 Buay Diplosphaera chodatii
(puc. 8, i), Toxmi K JUIA APYTOTO IOKH IO TOYHE BU3HAYCHHS HEMOXKIIMBE —
Diplosphaera sp. Bu3HaueHHs IHIIOTO MIMPOKO IOIIMPEHOTO TNPEACTABHHKA,
Nannochloris sp., € TpoOIEeMaTHYHUM dYEpe3 BIJCYTHICTh BIAMOBIAHOT
TaKCOHOMIYHOI peBi3ii Ha OCHOBI MOJIEKYJISIPHUX JaHUX (puc. 7).

[ikaBoro € Takox 3Haximka Leptosira (puc. 6, x) 1 "Parietochloris"
(puc. 8, o0—oc). Ili BomopocTi HE € TpHUBIAIBHUMH, MPEIACTABHUKU
"Parietochloris" maroTh OyTH BimHeceHi 10 pony Lobosphaera Reisigl (Neustupa
et al., 2011). IIpore BimmoBimHI peBi3ii UX TAKCOHIB IMOKU IO HE MPOBEJCHI,
TOMY TOYHE BU3HAYEHHS JI0 BUAY HA OCHOBI MOJIEKYISIPHHUX JAHUX HEMOXKIUBE.
IlixaBoro € 3Haxinka "Parietochloris" cf. ovoidea, ockinbku 1ed Buj OyB
OMUCAHWI HaMU 3 TPaHITHUX BiJICIOHCHB MIBIAHs YKpaiHU BIJHOCHO HEIOIABHO
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(Mikhailyuk et al., 2003) i BBaxkaeTscs pinkicHuM. OJHAK BiICYTHICTh TaHUX
mo o nociigoBHocTi ITS aBTeHTHYHOTO MmWITaMy He 103BOIAE OyTH BIEBHEHUM Y

HOro BU3HAYEHHI.

83/1

-/0.99

AY 195983 Nannochloris sp. JL 4-6
KF144207 Marvania sp. 67
Auxenochlorella (AJ439399, KM020039)
RE205595 Namnochions b Jo47> 78450 +MT901376 Nannochloris sp. Prim-6-2
KMO020037 Marvania geminata SAG 12.88
GU592792 Catena viridis Kl 1/4
AB080303 Nannochloris atomus CCAP 251/7
Chlorella (FM205832, FM205857)
AY195973 Meyerella planktonica Itas 2/24 S-12w
MT901379 Trebouxia cf. aggregata Prim-15-4
EU123942 Trebouxia aggrégata SAG 219 1d* .
721553 Trebouxia asymmetrica SAG 48.88* Trebouxia
768700 Trebouxia jamesii UBT- 86 132E2
721551 Trebouxia impressa UTEX 8
Myrmecia (KF693803, 228971)
Elliptochloris (DQ530055, FJ648518)
Coccomyxa (HG972991, HG972998)
AB006051 Lobosphaera tirolensis AS|B S$234
AY762602 Lobosphaera incisa SAG 2007*
88/1« |- KM020046 Lobosphaera incisa SAG 2466
I\'<ln1_i_%%11338702 I;arlet cf;'l’orls cff ov:;'ldea Prlg\ -14- go1 1
arietochloris cf. cohaerens Prim-
EUB78372 Parfetochiorts cohaerens UTEX 1707* Lobosphaera
10071 | L. 'KP081398 Myrmecia cf. irregularis L HOBAW3064
EU878374 Parietochloris ovoidea ACKU 177-03*
Z47209 Myrmecia bisecta |B T74*

GQ502289 Dictyosphaerium sp. CCAP 222/3

52/0.99\ N 10011 | MN267182 Xerochlorella minuta Prim-17-2
N >|__‘| KF693788 Xerochlorella minuta BCP-EM3VF21* Xerochlorella
C

65/0.96~] |
96/0.99— |

Puc. 7.

occobotrys (KM020110, KM020111)

268696 Leptosira erumpens UTEX 979*
10011 | Z68695 Leptosira obovata SAG 445-1*
728973 Leptosira terrestris SAG 463-3*
760 100/1 JXMT901 73 Leptosira cf. erumpens Prim-6-1

070625 Chioropyrula uraliensis CAUP H 8401*
|— Leptochlorella (HE984579, KF693810)
|———<=al Dictyochioropsis (GU017648, GU017649)
L4 Eremochioris (KF693809, MH703757)

Apatococcus (JX169825, JX169826)
N Symbiochioris (GU017646, GUO17650)
EU878373 Parietochloris alveolaris UTEX 836*

89/1 Watanabea (FM958480, KF693804)
Chioroidium (FM946012, FR865677)
MK228839 Pleurastrosarcina terriformae SAG 2586*
l\'>llllr2<4252282854¢9 F.‘;Ieurasttrosarcmattemfformae ASSAIS é?gg
leurastrosarcina terriformae ;
10011 11 MT901374 Pleurastrosarcina terriformae Prim-8-13 Pleurastrosarcina
MK228836 Pleurastrosarcina brevispinosa SAG 34.83

85/0.96 - MK228837 Pleurastrosarcina brewspmosa UTEX 1176*

MT901381 Diplosphaera sp. Prim-8

AY271675 Stichococcus chiorelloides BCP CNP2VF11B D. sp.
AB183601 Stichococcus sp. MBIC10465

MT901375 Diplosphaera chodatii Prim-8-9

KM020116 Diplosphaera chodatii SAG 49.86* ..
MK231275 Diplosphaera chodatii KZ26-6 D. chodatii
KF673370 Diplosphaera mucosa SAG 48.86*

Tetratostichococcus (AB055864, DQ275461)

Desmococcus (AJ431571, KM020049)

Stichococcus (AJ416107, HE610125)

Protostichococcus (KF144237, KX094819)

DQ275460 Stichococcus deasonii UTEX 1706* | Deuterostichococcus
Pseudostichococcus (KM020066, MH703749)

Coenochioris | Gloeocystis (JX169834, FR865740)

Pseudochlorella (KM116464, X63520)

LT560371 Edaphochlorella mirabilis SAG 211-30

Leptosira

Diplosphaera

089 Neocystis (JQ920362, JQ920367)
100/1 AJ410461 Lobochlamys culleus SAG 17.73
O A RE65528 Chioramonas rosae CCAP 11/112 | outgroup
0.02

Monexynsipua ¢inoreniss  Trebouxiophyceae (Chlorophyta) Ha OCHOBI IOPIBHSHHS

HYKJICOTHIHUX mociigoBHocTel reHa 18S pPHK

45

125



126

Muxaiinox T.1. ma in.

Trebouxia cf. aggregata (puc. 6, n) Oyma imeHTH(diKOBaHA 3a TMOCIHI-
nosHictio 18S pPHK, ockinbku y Hamomy cukBeHci nunsHka ITS BigcytHs. Leit
BUJ € IIKaBOW (IOPUCTUYHOIO 3HAXinKoro. bimpmrictes BumiB Trebouxia —
TUTIOBI (DOTOOIOHTH JIMINAWHUKIB, JIEAKI BUJAM TaKOX 3piJKa TPAIUISIOTBCS Y
BinbHOXMBY4OoMY cTaHi (Voytsekhovich et al., 2011). Trebouxia aggregata na
TepuTopii YKpaiHu Oysia BHUSBIEHA Yy CTENOBIH 30HI: B IPYHTax Ta TPIIIUHAX
MapMypoBHX KojoH anTuaHoro M. OnbBist (Kostikov et al., 2001) i Ha rpaHiTHHX
BiJICIOHCHHSX, JI¢ PO3BUBAJIACS SK Xa3MOCHJOJNIT Ta emiiT claHi JUImaiiHuKa
(Mikhailyuk et al., 2011).

[lItam, Bu3HaueHW HaMu ik Xerochlorella minuta (puc. 4, s, 3), TAKOX €
I[IKaBOIO 3HaxinKow. MaKTUYHO BiH € NMIMPOKO MONIMPCHUM HA3¢6MHUM BHIIOM
Dictyosphaerium minutum J.B.Petersen (= D. chlorelloides (Nauman) Komarek
& Perman), BUSBIEHUM paHilie B yKpaiHChbKid (iopi. [leTanbHe BUBYCHHS
HEIOJIaBHO OINHMCAaHOTO MOHOTHUIHOTO pony Xerochlorella (Fucikova et al.,
2014) 3acBimumio, MmO BiH € paHille ONHWCaHWM TIPYHTOBHM BHIOM
Dictyosphaerium minutum (Mikhailyuk et al., 2020).

Taxox OyJI0 BCTaHOBIIEHO, 110 D. minutum He € TEHETUYHO CIIOPITHEHUM 3
MopdoIoriyHo oAiOHUM TpicHOBOAHUM BuaoM D. chlorelloides, 3 sixum #oro
panime 00’emnanu (Komarek, Perman, 1978) i mepeBenu no poay Chlorella
Beyerinck Ha ocHOBI BUBYEHHS JIAIIEC OJHOTO MpicHOBOaHOTO mTamy (Bock et
al., 2011). Le#t Bum OyB HEOTHOPA30BO BHSBICHUH B HAa3eMHUX MiCIle-
3pocTaHHsIX YkpaiHu (sk D. chlorelloides): Ha kam’SHUCTUX BiJICIIOHEHHAX
HarmionaneHoro mpupogHoro 3anoBigauka «Kam’sai Mormmm» (Darienko,
Hoffmann, 2003) i Hamionansroro mpupomgHoro napky «llomimbeeki ToBTpm»
(Darienko, 2008), a Tako>k Ha TPaHITHUX BiJCIIOHEHHIX JMOJIHMH piuok [liBIeHHMI
Byr, Terepes Ta Pock (Mikhailyuk et al., 2011; Mikhailyuk, 2013).

Haiimikapimmoro 3Haxigkow cepea TpeOykciedillieBHX BOJOPOCTEH €
Pleurastrosarcina terriformae — HoBuH pix i BuUx mis iaopu Ykpainu.
Bogopicte Mae makeTomonioHy MOPQOIIOTiio i mornepenHso Oyia BU3HAYCHA SIK
BUJ poxny Apatococcus F.Brand (puc. 4, o, e).

MounekynspHo-dinoreHeTnynuil  aHami3z 3a reHom 18S pPHK mokasar
OJIM3bKY CHOPITHEHICTh IITaMy 3 PiAKICHUM pojaom Pleurastrosarcina, a
HENOZaBHS TaKCOHOMIYHa peBi3if IMX BOJOPOCTEH MO3BOJIHJIA IIPOBECTH
inenTudikamiro go Buxy (Darienko et al.,, 2019). Ham He Bhamocs orpumaTu
sKicHy mocmimoBHicTe ITS mns opurinampHOTO MmTamy, mpore (ijloreHis Ha
ocHoBi 18S pPHK (puc. 5) no3Bossie Bu3HaunTH ¥oro sk P. terriformae.

BropurHa cTpykTypa remikca V9, pPEeKOMEHIOBAaHOTO SK OJHA 3
koHcepBaTuBHEX AistHOK 18S pPHK (Darienko et al., 2019), mamoro mramy Ta
aBTEHTUYHOTO P. ferriformae — igentuuHi. Ili BogopocTi € piAKICHUMHU
MPENCTABHUKAMHU, THUIOBHUMH ISl apUIHUX HAa3eMHHX  MICIE3pOCTaHb.
Pleurastrosarcina terriformae 6yno 3uaiineno B BIK nycrens Yuni (IliBaenna
AmMepuka), a TakoXX y TpyHTI mpuOepexHoi 30HM B Xopsarii (Darienko et al.,
2019). Hama 3uaxigka uporo Buay B BIK mimanux IroH TakoX MiATBEPIKYE
ApUIHAN XapaKTep IMbOTO MiCIIe3POCTAHHS.
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Puc. 8. JloMiHIOWI Ta 3 BHCOKOIO YacTOTOKO TPAIUIAHHA LiaHOOAKTepii i BOXOPOCTI B IPYHTOBUX

GionoriyHux Kipoukax JlyHaiicbkoro GioctepHoro 3amoBinuuka: a — Lyngbya cf. aestuarii; 6 —
Nostoc cf. edaphicum; ¢ — Nostoc cf. commune; e — Microcoleus vaginatus; 0, e — Parietochloris
cf. ovoidea (BUTNAN 3 BY3bKOTO HOJIIOCY KJIITHHH, BHIHO JABOJIONATEBUI XyopormuacT (e); oc —
Parietochloris cf. cohaerens; 3 — Myrmecia cf. biatorellae; u — Myrmecia sp.; ii — Diplosphaera

chodatii; k — “Cylindrocystis ” cf. brebissonii. Macmurad 10 Mkm
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75/0.99] FM992327 Cylindrocystis sp. M3004
AY271676 Cylindrocystis brebissonii BCP-LG2VF30
MN177725 Cylindrocystis sp. CFN soil clade
MT901370 Cylindrocystis cf. brebissonii Prim-5-1
AJ553920 Cylindrocystis brebissonii var. deserti UTEX 2684
83/0.99\\- AJ428079 Mesotaenium kramstai UTEX 1025

92/1 AJ553933 Zygnemopsis minuta ACOI 60 Zygnema-
1907\ AJ549229 Mesotaenium caldariorum ACOI 898 tophyceae
05/ X75763 Mesotaenium caldariorum strain 60
100/1 AJ428080 Cylindrocystis crassa SAG 23.97
971 AJ553918 Cylindrocystis crassa ACOI 788

AJ549228 Cylindrocystis brebissonii ACOI 55 Cylindrocystis
AF115439 Cylindrocystis brebissonii SAG 615-1 | brebissonii
AM920389 Cosmarium obtusatum M 2275

AF115437 Closterium ehrenbergii SAG 131.80

Charophyceae (AF032741, U05261, X70704)
MG652622 Streptosarcina arenaria AL-63* + MG652623 Prim-3-3
MG652624 Streptosarcina costaricana SAG 36.98*

Hormidiella (AM419033, MG652625)

Entransia (AY823714, AJ549226)

Klebsormidium / Inferfilum EF372516, EU434019, EU434030)
MG652626 Streptofilum capillatum Luk-316a

Embryophytes (AB021684, GU569614, U18491, Y11370)

Coleochaete (M95611, FN562444)

{Chlorokybus (AY823715, AF408244)

AJ549233 Spirotaenia condensata ACOIl 1050
AJ250108 Mesostigma viride SAG 50-1

Chlorophyta (FR865586, HG972991, JQ922412,
KX611141, X73999 X74754, Z47999)

100/1 |: X70803 Glaucocystis nostochinearum SAG 45.88
X68483 Cyanophora paradoxa Kies

0.02

outgroup

Puc. 9. Monekynspna inorenis Streptophyta Ha OCHOBI TOpPIBHSHHS HYKJICOTHAHUX
nocnigoBHocTeit reHa 18S pPHK

BuBdeHni mramu CcTpenToiTOBMX BOJOPOCTEH BiIHECEHI JO pOJIB
“Cylindrocystis” Meneghini ex De Bary ta Klebsormidium, onun i3 mramiB
OTIMCaHWH SIK HOBHUH pix Streptosarcina Mikhailyuk & LukeSova. 3rigao 3 ITS
¢inmorenii, mram Klebsormidium BUSBUBCA TNPEACTABHUKOM HAWUYMCICHHIIIOT
kiagu E (Mikhailyuk et al., 2015) Ta, #iMOBipHO, € IIMPOKO MOUIUPEHUM BHIOM
Klebsormidium cf. subtile (puc. 10).

[lItaM KOH’IOTYIOYOi BOJOPOCTI MOP(MOJIOTIYHO jayxke OIU3BbKHHA [0
Cylindrocystis brebissonii (puc. 11, ). IIlpore MoJeKyJspHE TOCIHiIKEHHS
KOH IOTYIOUHX BOJIOPOCTEH, a TakoX po0OoTa IIOA0 apKTHYHHUX MpPEJCTaBHUKIB
pony Cylindrocystis (Gontcharov, Melkonian, 2010; Barcyté et al., 2018)
MOKa3aiy, 110 JaHWi BUI — e MPiCHOBOJHA BOJOPICTh, XapaKTepHa TaKOXK JUIs
N600BUKIB. [ pyHTOBI npencTaBHuKK, Mopdonoriuno 6musski 10 C. brebissonii,
YTBOPIOIOTH MOHO(ITIETHYHY JIiHIIO, IO € OKPEMHM, ITOKH HE ONMCAHUM POIOM

(puc. 9).
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68/1 ~il] clade F (EF372516, HG973041)

-/0.97] ~——elll clade G (HF955427, HF955428)
L——— clade D (AM490840, AM490841)
[ HF955432 Klebsormidium sp. Biota 15051.6
- EF372518 Klebsormidium dissectum SAG 2155
— HQ654162 Klebsormidium sp. Namibia 5
69/1N HQ654157 Klebsormidium sp. SAG 2108
HE649327 Klebsormidium sp. K37
MT885334 Klebsormidium cf. subtile Prim-3-4
HG973047 Klebsormidium nitens SAG 13.91* clade E
- HG973045 Klebsormidium sp. CCAP 335/15
HG973046 Klebsormidium sp. CCAP 335/13
I KM201754 Klebsormidium cf. nitens KZ-5-1-2
I~ EF372517 Kilebsormidium subtile SAG 384-1*
— AMA490839 Klebsormidium fluitans SAG 9.96*
HG973017 Klebsormidium dissectum SAG 2417*
EU434032 Klebsormidium sp. SAG 2065
clade B (EU434019, HG973043)
clade C (AM490838, EU434024)
clade A (EU434030, EU434034)

92/1

0.01

Puc. 10. Monexynsapua oinorenis Klebsormidiales Ha OCHOBI MHOpIBHSHHA HyKJICOTHIHUX

nocnigoBHocTeit periony ITS-1-5.8S pPHK-ITS-2

Bonopicte, Mopdonoriuno 6musbka 1o Interfilum Chodat, mo yTBoproBana
MirHI akeTn (puc. 4, u, i), BUSBUIACS HE3aJCKHOIO JIIHIEIO BCEPEIUHI Ki1acy
Klebsormidiophyceae (puc. 10). IlornmubneHe MOCTiIKEHHS BOTO Ta KiITBKOX
IHIIMX ITaMiB JO3BOJIUIIO OMIMCATHA HOBUH pin Streptosarcina 3 TBOMa BUAAMH —
S. arenaria 1 S. costaricana Mikhailyuk & LukeSova (Mikhailyuk et al., 2018b).
VY J1b3 OyB BUsABICHNH NEPIINH 3rafaHuil BHI, KPiM I[bOTO MiCLIE3pOCTaHHS BiH
TaKOX 3HalACHMI y mimanoMy IpyHTi CioBauduHM.

[IItaM KOKOITHOI >KOBTO3EIEHOI BOJOPOCTI BHSIBUBCS 1ICHTUYHUM JBOM
inmmM  wramam 3 BIK mimanumx groH  y30epexoks Banriiickkoro mopst
(Himeuunna) 3a mocnimoBHicTio reHa rbcL (puc. 11). Mopdosoriudo mi
[ITAMH TaKOX BUTIISAIAIU JOCUTh OJHOTUIIHO. YKPaiHChKUMN LITaM BUPI3HSBCS
THUM, IO BET€TATHBHI KIITHHU BOJOPOCTI YTBOPIOBAIHM HEIIUIBHI ITaKeTO-
momiOHi ckymueHHs (puc. 4, H), TOAI SAK KIITHHH HIMEIBKUX IITaMiB
po3ramoByBanucs nmooauHmi (puc. 4, x, ). dinoreHis Ha OCHOBI reHa rbclL
MmoKasaja, 10 Il INTaMU € I[iKaBUM BHIOM — Pleurochloris meiringensis
(puc. 11), HOBUM 11 itopu YKpaiHu.

Mopdosoriuai 03HaKH BETCTAaTUBHUX KIITHH IOCTIDKCHHX INTaMiB i
OymoBa 300Cmop IIKOM BiJNnoBinawTh Horo miarHo3y (Ettl, Gértner, 2014).
3oocropy OynM 1HIYKOBaHI B KyJIbTYpi OJHOTO 3 JOCHIIKEHHX IITaMiB
(Ru-s-4-1) mmsaxoMm BHpOIIyBaHHI Ha 0€3a30THOMY CEpEIOBHII Ta
BUTPUMYBaHHS KyJITYPH B TEMPSBI MPOTATOM KiNBKOX IHIB. BoHM Manu nBa
HEpIBHUX CyOaIlikalbHUX DKIYTHKH, Cryptomonas-nioniOHy Mopdoorito, aBa
TUTACTHHYACTHX XJIOPOTUIACTH, OJIMH 3 SIKHUX 31 CTUTMOIO (puc. 4, M, 0).
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Muxaiinox T.1. ma in.

100/1 Xanthonema (EF455939, EF455955, EF455956)
791 EF455942 Bumilleriopsis peterseniana SAG 809-3*
Tribonema (EF455928, EF455966)
EF455982 Bumilleria sicula SAG 808-1
EF455978 Pseudobumilleriopsis pyrenoidosa SAG 69.90
<=l Ophiocytium (EF455959, EF455971)
| Botrydium (EF455979, EF455980)

1001

AJ580924 Pseudopleurochloris antarctica SAG 39.98
AF476927 Asterosiphon dichofomus UTEX 2066
+—————=smmlll Vaucheria (AF476951, JQ967036)
9911331 AJ579564 Botryochioris sp. Southern Victoria Land
761~ AJ579569 Botrydiopsis callosa SAG 30.83
9171 MK792446 Pleurochloris meiringensis Prim-14-121
EF455970 Pleurochloris meiringensis SAG 860-3*
60/0.97 AB280609 Botrydiopsis alpina
65/0.99 AJ579565 Chliorellidium pyrenoidosum

EF455962 Sphaerosorus composita SAG 53.91*
E Heterococcus (EF455945, JX681213, JX681220)
EF455958 Chlorellidium tetrabotrys SAG 5.90
EF589159 Botrydiopsis constricta LCR-P

100/1 r— AB899288 Pylaiella littoralis KU-1302
FN564467 Ectocarpus siliculosus Ec393

0.02
1identical to: MK792450 Ru-s-3-1 and MK792451 Ru-s-4-1
Puc. 11. Monekynspua o¢inorenis Xanthophyceae Ha OCHOBI TOPIBHSHHS HYKJICOTHIHHX
HOCIiI0BHOCTEH TeHa rbcL

i o3HaKK 300CTIOp, @ TAKOXK arperamii BEreTaTUBHUX KJIITHH YKPaiHCHKOTO
mramy € THnoBuMu s P. meiringensis (Ettl, Girtner, 2014). Inozi B KyIbTypi
YTBOPIOBAJIMCS TE€MI300CIIOPH — APiOHI HEpyXOMi KIIITHHHU 31 cTUrMamMu (puc. 4,
n). €IMHA BIIMIHHICTH JOCTIIDKCHUX INTaMIiB Bill BHIOBOTO IiarHo3y — I
HasBHICTH MIAPYBATOTO CIW3Y B cTapiil KymeTypi (puc. 4, p). Ilpore, iiMOBipHO,
MIPUCYTHICTB/BIICYTHICTh CIIU3Y HE € (iJOreHEeTHYHO BaXXJIMBOIO O3HAKOKO MPH
PO3IICHHI pOMIB 1 BUAIB, MO OyJI0 MOKAa3aHO Ta OOTrOBOPEHO paHilie Ha
mpukianl 3eneHux Bopopocter (Darienko et al., 2015). Omnmcano meit Bux 3i
[Befinapii (maiBKka y poO3MICNHMHI CKeJi), Mi3HIIIEe BHUSBICHHHA Yy TpPYHTax
lIBeiinapii, Xopsarii, Itanii (Ettl, Géartner, 2014). O4eBHIHO, BiH € JIOCHUTH
MONTUPEHUM BHJIOM, a OOMEXEeHa KUTBKICTh 3HAXiOK, MOXJIMBO, MOSCHIOETHCS
HENPaBWILHUM BU3HAYeHHSM SIK Botrydiopsis Borzi, Gloeobotrys Pascher abo
OKpEeMHUX CTaiil y >XUTTeBoMy LuKm Mischococcus Négeli (Vinogradova,
Mikhailyuk, 2009; Mikhailyuk et al., 2011). Ilonmepemni BiZOMOCTI II0JO
YKpaiHCHKOTO Ta HIMEUIBKOTO INTaMmiB HBro BUAY Oyiu OmyONiKoBaHI B iHIIIH
Hamriit po6oTi (Rybalka et al., 2020).

[{ixaBo TOPIBHATH pe3yJbTaTH JAHOTO JOCHTIIDKCHHS 3 MaTepiajiaMu,
orpumanumu npu BuBueHHi BIK npumopcpkux mion mucy Kaszautun B
A3zoBcekomy Mopi (Mikhailyuk et al., 2018a) Ta nBox ocTpoBiB banTilichkoro
Mops (Schulz et al., 2016; Mikhailyuk et al., 2019a, b). BaxnuBo, mo B ycix
TPHOX BHUIMAJAKAX JOCITIDKEHHS Oy METOIUYHO yHi(piKOBaHI Ta MpoOBEIcHI 3
BUKOPHUCTAHHIM KOMIUIEKCHOTO miaxony. Muc Kazantun i /Ib3 po3ramoBani Ha
miBaHI YKpaiHH, B CTENOBid 30HI, KJIIMaT TYT TOMIPHO KOHTHHEHTaJIbHUH,
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3aCyNUINBHH, 13 cepeTHBOPIYHOI0 KiTBbKicTIO omaaiB 400 i 350 MM BiAMOBiAHO, a
HaliMeHIoIo B JiTHIN mepion. Octposu Y3xom Ta Proren y banrilickkomy mMopi
Oins G6eperiB HiMeuurHM XapaKTepU3yHOTHCS OUIBII BOJOTUMH 1 TIPOXOJIOHUMHU
yMOBaMH: KJIiMaT OKEaHIYHWH KOHTHHEHTAIbHUH IepeXiTHWH, cepeaHbopiuHa
KijbKicTs omaaiB 500-600 MM, HaliMeHIIa — B JTIOTOMY. B yciX Tppox Bumagkax
BIK po3BuBanucs Ha MPUMOPCHKHMX AIOHAX, ajle CTPYKTypa Ta XiMiuHHMU CKIas
MiCKY MaJIH AesKi BiAMIHHOCTI (Tabd. 2).

Tabmuus 2. deski ¢pizuko-xiMiuHi mapaMeTpu micky 3 NPUMOPCHKHUX JAI0H BUBYEHHX JIJISIHOK
JB3 (1 — Karpaniscrka koca, 2 — XKeOpistHCbKe TacMo, 3 — XKeOpisHcbka OyxTa), Mucy Kazantun
(mepecun AkTamicbkoro osepa) Ta ocrpoBiB Bagriiicbkoro mopsi, Himeuunna (Proren: 4 —

I'nose, 5 — Ilpopa, 6 — baabe; Y3nom: 7 — Llemnin, 8§ — Kapncxaren)

Jb3 Muc 0-B Proren 0-B Y310M
TTokazuuk
1 2 3 | Kasantun 4 5 6 7 8
pH 6,9 6,3 6,5 6,4 7,2 7,2 7,3 7,1 7,5

DJIEeKTpONpOBiIHICTE
1 41,1 | 61,9 | 37,3 188,3 41,5 | 32,5 21 15,5 17
(MkCMm cm ™)

CaCOs (%) 3.2 53 2.4 83,5 11,1 5,6 1,5 0,7 0,8
KpynHozepauctuit
. 0,1 0,2 0 59,1 0,5 5.2 0,3 0 0
micok (%)
CepeHbO3EpHUCTHIA
. o 89,5 | 90,4 | 89,6 334 83,2 89 75 79,7 7,8
micok (%)
JpiGHO3epHUCTHIT
. 9,8 9,1 9,9 3,6 12,8 2,5 22,6 16,7 89,2
micok (%)
My i rmaHa (%) 0,6 0,3 0,5 3,9 3,5 3,4 2 3,6 3
Cepeaniit Jpibuuit JIpic
Knac 3a rpanymo- . MmiIa”ui Cepenniit HiaHuii .
Cepenniii micok N . N HHUH
METPHYHUM CKJIaZI0M KpYIHHI MCOK cepenHiit .
. . ITCOK
TiCOK MiCOK

Ha y36epexoki Yoproro ta Banrilicekoro mopis cyOctpatom mns BIK
CIIyTYBaB CEPEIHBO3CPHHUCTUI KBapIeBHi MOpchkuil micok. Ha m. KasanTtum
npuOepeXHi TULDKI BKPUTI PaKyIIHSAKOBUM ITICKOM 13 Y9acTOYKAaMHU OiNIBIIOrO
pO3Mipy, 10 BUHUKIIA B PE3yJIbTAaTI PYWHYBAaHHS JPEBHIX KAJIBIUTIB 1 MYyIICIh
MOJTIOCKIB. SIK BHIHO 3 Tabj. 2, KHCIOTHICTh CyOCTpaTy B yCixX BHIagKax Oysa
ONM3BKOIO /10 HeWTpanbHOi, aje pH micky ykpailHCBKHX IUISHOK 3MilleHa y Oik
ciabkokucioi peakmii. 3a emexTponposiaHicTio, BMicToM CaCOs; Ta rpanyIo-
METPUYHUM CKJagoM Ticku KazaHTuiy pi3ko BiJpi3HSAIOTHCS BiJl ABOX 1HIIHUX
TEPUTOpPii: BOHU CKIAAAIOTHCS 3 OLIBIINX YaCTOYOK, 3HAYHO 3aCOJICHIIN Ta 3
BHCOKHMM BMiCTOM KapOOHATIB.

Xapakrepuctuku Tmicky JIb3 (cepeaHi 3HadeHHsS 3E€pPHUCTOCTI, €IEKTPO-
MIPOBITHOCTI Ta BMICTy KapOOHATiB) HaWOibIIe CXOXi 3 TaKUMHU 0-Ba ProreH
(moxamitetrn ['moe 1 Ilpopa). Ilicok o-Ba Y310M Ta OHHOTO 3 JOKAJITETiB
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Muxaiinox T.1. ma in.

Prorena (baabe) npiOHO3epHHUCTHH, XapaKTepPH3YETHCS HU3BKOIO EJIEKTPO-
MIPOBiAHICTIO Ta BMicTOM KapOoHaTiB. MM mpoaHami3yBalu CHCTEMaTH4HY
CTPYKTYpy 1 CHIBCTaBMJIM CHMCKM 3Hakimenumx BuaiB BIK, mo6 Bussutu
MOKJIMBUH BIUIMB 3rafjaHnX BiAMIHHOCTEH Ha TXHIN CKIaz.

Cucrematnuna ctpykrypa Bogopocreit BIK y30epesx, 1o IOpiBHIOKOTHCS,
npencrapieHa B Tabm. 3. Y BCIX BHIAJKaxX BOHA BKJIIOYAE YOTHUPH BiIJILIH:
Cyanoprokaryota, Chlorophyta, Streptophyta ta Ochrophyta.

Tabmur 3. CucreMaTH4HAa CTPYKTypa BojaopocTeil 0io/10riuHMX IPYHTOBHX Kipo4ok
NPUMOPCHKHX AIOH AejbTH [lyHalo, mucy Kazantun ta ocrpoBiB y baatilicbkomy mMopi 0ins

OeperiB Himeuunnu

Taxcon KinskicTs BHAiB, %
Jenbta lyHato Muc Kazaatun Banriiiceki ocTpoBH

CYANOPROKARYOTA 26,7 44,4 23,3
Chroococcales 1,7 2,2 1,2
Synechococcales 6,7 15,6 58
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 83 13,3 15,1
Eustigmatophyceae 0 4,4 33
Xanthophyceae 52 0 4,7
Bacillariophyceae 34 8,9 8,1
Ycnoro Buais, oa. (%) 60(100) 45(100) 86/100

HesBaxaroun Ha Te, O TEPUTOPiaIbHO Ta 338 KIIMATUIHUMHU MMOKA3HUKAMHU
Jb3 i Kazantun 3HauHO OMIDKYiI MK COOOIO, HiX 3 ocTpoBaMH banrtilickkoro
MOpsl, 32 CHCTEMATHYHOIO CTPYKTYpOI Bogopocteil dwopHomopehki BIK MaioTs
OunbIlle CIMUTLHOTO 3 HIMEUbKUMH. Lle cTocyeThbcs TPOBiTHOI POJIi 3€JIEHUX
Bojopoctelt (Ha M. KazaHTum meprie paHroBe Miclle 3aiiMany IiaHOOaKTepii),
BUIIIOTO Pi3HOMAHITTS CTPENTO(]ITOBUX, MPUCYTHOCTI B CIEKTPi >KOBTO3EICHUX
BozopocTei (muB. Tabu. 3), a Takoxk gominyrouux B BIK Buis Bogopocreii.
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Tak, ma wM. KazanTum 1i¢ BHKIIOYHO IiaHOOaKTepii (BUAM POJIB
Microcoleus, Coleofasciculus M.Siegesmund et al., Hassallia Berkeley ex
Bornet & Flahault, Nostoc, Scytonema C.Agardh ex Bornet & Flahault ta in.),
Tomi sk Ha jgroHax JIB3 1 banrTiiicbkux OCTpOBiIB, KpiM IiaHOOAKTEpiH,
JOMiHAaHTaMu Oynu Takox cTpentoditoBi (Klebsormidium) i neski 3eneHi
(Lobochlamys T.Proschold et al., Tetradesmus) Bomopocti (mmB. Tabm. 1).
CroinbHUMU U1 OaNTIHCHKUX Ta YOPHOMOPCHKUX JIOH BUSBHIIMCS TaKOXK JESAK1
BUJM BOIOPOCTEH, HMOBIPHO, THIIOBI IS KBapIIEBOTO IICKY — HEIIOJABHO
omucannii Bun Tetradesmus arenicola, nikasi Bumu — Nodosilinea epilithica,
Actinochloris sphaerica, Chlorolobion lunulatum, Monoraphidium cf. pusillum,
Pseudomuriella aurantiaca, Xerochlorella minuta, Klebsormidium crenulatum i
Pleurochloris meiringensis.

[MopiBHsiHHESL BHAOBOrO ckiaxy Bojopocred BIK mimanux moH ycix
JIOCITI/DKYBAHUX JIOKATITETIB 3 BUKOPHUCTAHHSAM KoedilieHTa (GIopucTHIHOT
crinbHOCTI ChopeHceHa-YeKkaHOBCHKOTO MOKa3aio, 10 BCI BOHM 3TPYIyBaJIUCS
3a TEPUTOPIaTBHOIO MIPHUHAJIEKHICTIO (prc. 12).

OctpoBu banrificekoro mopst Ta JIb3 yTBOpmim oOKpemi KiacTepw,
NOMIOHICTh SIKUX MposiBIsieThess Ha piBHI 38,5%; M. Kaszantunm BusBHBCS
HalCBOEPI THIIINM.

Takum uunOM, ckiajx Bogopocteil BIK JIB3, 3rigHo 3 maHuM aHaiizom,
MIPOSBIIsiE€ OUTBITY TMOJIOHICTD 3 BiJalieHUMHU banTiiicCbKUMH OCTpOBaMH, HiX 3
TepuTopiaibHo Omu3bkuM MucoMm Kasantum. IlpwumHOIO 1IHOTO, WMOBIPHO, €
OCOONMHMBOCTI CKJIAAy Ta CTPyKTypH Tmicky. LlikaBo, 1m0 BHIOBUI CKIaj
BOZOPOCTEH OKpEMHX JIOKATITEeTIB bBanTiiChKUX OCTPOBIB TaKOX ITOKa3aB
CXOXKICTh 332 THM CaMHM IPHHIIUIIOM: OJUH 3 KJIaCTepiB yTBopeHuii baabe (0-B
Proren), Kapncxaren i Lemmin (0-B Y310M) 3 1piOHO3EPHUCTUM ITiCKOM, KU
XapaKTEePU3YEThCS HHU3BKOIO EJIEKTPOMPOBIAHICTIO 1 BMICTOM KapOOHATIB,
npyruii — ytBopenuit IIpoporo Ta I'moBe (0-B ProreH) i3 cepenHbO3EpHUCTUM
MICKOM 1 BHIITUMH 3HAYCHHSIMU €JICKTPOIIPOBITHOCTI Ta BMICTY KapOOHATIB (IMB.
puc. 12). Us TtenpmeHuis noxaibHoCcTi BUAOBOro ckiamxy Bogopocreit BIK
Bantilicekux Ir0H Bke BinMiuanacs pasimre (Schulz et al., 2016).

CraTucTHYHUK aHali3 KOpenslii BUIOBOrO Ckiaamy Bomopocted BIK i
mapaMeTpiB IMiCKy JOCHIDKCHWX TWIlaHUX [IOH ITOKa3aB, IO CTaTHCTHYHO
JIOCTOBIPHOIO € KOPEJIAIisS MK KJIacOM ITCKY 3a IPaHyJIOMETPHYHUM aHATI30M i
CePEeHbOPIYHOI0 KIUIBKICTIO ONaJIiB/CEepeTHROPIYHOID TEMIIEPATYPOIO0 PETrioHy
nociimkenas (tabn. 4). esky kopelsiiro Takox nposiBise pH micky, ame
CTaTHCTUYHA TOCTOBIPHICTH MBOTO IMapaMeTPy B HAIIIH BUOIpIli HA3BKA.

Omxe, 3a HAIMMK JaHUMH, Ha po3noain Bogopocteil y BIK mpuMopchkux
MIIIaHUX TIOH BIUIMBAIOTh XapaKTEPUCTHKH 1 CKJIaJ MICKY, a TaKoX reorpadidi
0COOJIMBOCTI PETiIOHY JOCTIIKEHHSI.
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Muxaiinox T.1. ma in.

PioreH Yagom Proren Aensta QyHaw MHC
6 8 7 4 5 1 3 2 HKasaHtun
65.1 €36
62.1
56.7
- 55.4
518
38.5
27.9

Puc. 12. Jlenaput GropuCTHYHOI CIUIBHOCTI BUAOBOTO CKIagy Oi0NOTiYHHMX IPYHTOBHX KipOHYOK
npuMopcbkux atoH JlyHalicbkoro OiocdepHoro 3amoBimnuka (/ — KarpaniBcbka koca; 2 —
Keopisacpke macmo; 3 — JKeOpisiHcbka OyxTa), Mucy Kazantun ta ocTpoBiB Banrtilicbkoro mops
(Proren: 4 — I'nose, 5 — [Ipopa, 6 — baabe; Y3nom: 7 — Kapncxaren, 8§ — llemmnin), noOyaoBanuii Ha
ocHOBI koedinienta ¢uopuctuunoi cminbHOCTI  ChopeHceHa-UekaHOBCHKOrO.  3HaueHHS

koediuienta (%) Bka3aHi OiIs Ti7I0K

Tabmuit 4. AHanis PerManova no BUSIBJIEHHIO Kope/silii BUOBOIO CKJIaxy BoaopocTei i
napamMeTpiB IPYHTY AOCJi/IZKeHUX perioHiB

Toka3Huk Df | SumsOfSqgs MeanSqs F.Model R2 Pr(>F) K
Knac micky 3a

rpaHyJIOMETpUYHUM | 3 0,6773 0,22577 4,53 0,51392 0,001 Ak
CKJIAZIOM

CepenHbopiuna

KitbKicTs onaxis/ | - 0,34071 034071 | 68365 | 025853 | 0,001 | ***
cepeiHbOpivHa

TeMIeparypa

pH 1 0,10287 0,10287 2,064 0,07805 0,096 °
Esexcrponposiz- 1| 009735 009735 | 19533 | 007387 | 0,14

HICTb

a1 mTapameTpu 2 0,09968 0,04984 0,07563

Bceworo 8 1,3179 1

Mpumirtka. Komu nocrosipHocti (KM): *** p <0.001, ** p <0.01, * p<0.05,° p<0.1.

3akj04eHHs

BuBueHO BHIOBE pPIZHOMAHITTS BOAOPOCTEH, IO YTBOPIOIOTH Oi0JIOTiUHI
IPYHTOBI KIpOYKM Ha TIOBEpXHI MilaHWX [I0H, Ha Oepe3i YopHOoro Mmops B
okonmsax c. [Ipumopcerke Kimiiicekoro p-uy Onecbkoi 001. (Ykpaina). 3paszku
BiIOMpaM Ha TPHOX AUITHKaX y30epexoks: KarpaniBchkiil koci, XKeOpisHChKii
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Oyxti Ta JKeOpisHChKOMY TacMi, Bi OCTaHHI TUISHKM HajieKaTb 0 TEPUTOPIi
Hynaiicekoro OiocdepHoro 3amoBigamka. Bcporo Oymno imentmdikoBano 60
BuiB 3 BigauniB Chlorophyta (32), Cyanoprokaryota (16), Streptophyta (7) i
Ochrophyta (5). Y IochmimKeHHX Kipodkax JOMIHYBIHM IliaHOOaKTepil Ta
crpentoitoBi  BomopocTi poxiB  Microcoleus, Coleofasciculus, Nostoc,
Hassallia, Klebsormidium Ta iH. JIns HM3KY 1mITaMiB IiaHOOaKTepiii Ta eBKapio-
TUYHUX BOJOPOCTEH OyB TakoXK MpPOBeACHUH (IJTOTCHETHYHUN aHaji3 3a
IUISHKOI0 HYKJIeOTHIHOI mocmimoBHOocTi TeHa 16S/18S pPHK, i periony
16S-23S ITS/ITS-1,2. Ile 103BOIMIIO YTOUHUTH IXHIO BUJIOBY NMPHUHAICIKHICTH 1
CHUCTEMAaTHYHE MOJIOKCHHS, a TAKOXK 3IMCHUTH HU3KY IIKaBUX TAaKCOHOMIYHUX
i (IOPUCTHYHUX 3HAXiZOK, NOMOBHHUBIIM ajbrouiopy YKpaiHM HOBHUMH
TaKkCOHaAMH. 30KpeMa, JiBa 3 HUX OINKCaHI SK HOBI JUII HAayKH piJl 1 BHIU
(Streptosarcina arenaria ta Tetradesmus arenicola), 2 ponu (Nodosilinea 1
Pleurastrosarcina) ta 4 Bumm — HOBI mua ¢uiopu Ykpainu (Nodosilinea
epilithica, Pseudomuriella  aurantiaca, Pleurochloris — meiringensis i
Pleurastrosarcina terriformae). Kibka TaKCOHIB € PiIKICHUMH Ta I[iIKABUMH
BojiopocTsiMU: Heterotetracystis sp., Tetracystis pampae, “Chlamydomonas™ cf.
hydra, Bracteacoccus bullatus, Trebouxia cf. aggregata, Parietochloris cf.
ovoideus ta Xerochlorella olmiae.

[MopiBHsAIBHUI aHAN3 i3 3amy4eHHSAM pe3yibTaTiB BupBdeHHs BIK
MPUMOPCHKUX MMAaHUX JIOH Mucy KaszaHTum B A30BCRKOMY MOpI Ta JIBOX
octpoBiB banTtiiicbkoro mopst (HimeuunHa) moxa3as, o HAWOLIBIT MOAIOHUMHE
3a BHJIOBUM CKJIaJIOM BOJOPOCTEW BHSBUIIMCS JIOKAIITETH, CKIIAJICHI KBapPIIEBUM
mickoM — JtoHM JyHalckol AeabTH Ta OCTPOBIB banTuku, Tomi SIK JIOHH MHCY
KazanTum, ckmazeHi pakyIIHAKOBMM IIICKOM, HaicBoepimHimi. OCHOBHUMHU
(hakTOpamMu, SKi BU3HAYAIOTh BHJIOBHH CKJIaJl BOJOPOCTEH O10JOTIYHHX
IPYHTOBUX KipOYOK NMPHUMOPCHKHX [IOH, € CKJIaJ Ta TeKCTypa IICKY, a TaKoX
KIIIMATH9IHI OCOOJIMBOCTI PETiOHY JOCHIIKCHHSI.

Poboma niompumana ¢ponoom Onexcanopa ¢on I'ymbonvoma, Himeuyuna
(Alexander von Humboldt Stiftung, Deutschland) ma Himeyvxkum Hayxosum
gonoom (DFG), npuopumemna npoecpama 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 Desmazicéres 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 & LukeSova
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 & Proschold).
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 (Riigen, 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.

Key words: 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

62



143

1.3. BogopocrTi i mianodakrepii 0i0J0TriYHUX I'PYHTOBUX KiPOYOK JJiCOBHUX
eKoCHCTeM HeHTPpaAJIbLHO0I HiMedyuynHu, 1o 3HaX0AATLCH il pi3HUM piBHEM
JICOBOI0 VIIOPSI/IKYBAHHS




144

Biogeosciences, 15, 4181-4192, 2018
https://doi.org/10.5194/bg-15-4181-2018

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Algal richness in BSCs in forests under different management
intensity with some implications for P cycling

Karin Glaser!, Karen Baumann?, Peter Leinweber?, Tatiana Mikhailyuk3, and UIf Karsten!

nstitute for Biological Sciences, Applied Ecology and Phycology, University Rostock, Rostock, Germany
2Faculty for Agricultural and Environmental Sciences, Soil Science, University Rostock, Rostock, Germany
SMLH. Kholodny Institute of Botany, National Academy of Science of Ukraine, Tereschenkivska St. 2,

UA-01004 Kyiv, Ukraine

Correspondence: Karin Glaser (karin.glaser @uni-rostock.de)

Received: 29 August 2017 — Discussion started: 27 September 2017
Revised: 3 June 2018 — Accepted: 7 June 2018 — Published: 11 July 2018

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; LukeSov4, 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
(Biidel 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-
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tached to the soil particles or other algae and typically occur
in high diversity but low biomass (Biidel 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; Lukesova, 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 52900847 13.846367 pine yes 0.351 12.08 3.64 20.8
SW_02 52951729 13.778028  pine yes 0.329 1436 3.60 n.d.
SW_03 52920707 13.643002 pine yes 0.334 11.69 347 n.d.
SW_04 52917347 13.847311 pine yes 0.136 13.89 350 n.d.
SW_05 53.057034 13.885366 beech yes 0.211 13.89 342 22.8
SW_06 53.057034 13.885366 beech yes 0.211 13.89 342 18.6
SW_07 52907443 13.841688 beech yes 0.319 17.85 3.67 17.0
SW_08 52907443 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 1643  3.56 35.0
SW_15 53.091096 13.637843  pine yes 0.381 991 3.70 9.2
SW_16 53.090294 13.633704 pine yes 0.281 1238  3.66 7.5
SW_17 52917914 13.752174 pine yes 0.276 1581 3.38 16.7
SW_18 52914542 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 52915588 13.740451 pine yes 0.218 13.02 344 12.3
SW_22 52895826 13.852147 pine yes 0.217 1330 347 n.d.
SW_23 52.895826 13.852147 pine yes 0.217 1330 347 n.d.
SW_24 52940022 13.782612 beech yes 0.161 16.82  3.62 n.d.
SW_25 52940022 13.782612 beech yes 0.161 16.82 3.62 n.d.
SW_26 52914769 13.862365 beech yes 0.250 15.66 3.68 25.2
SW_27 52914769 13.862365 beech yes 0.250 15.66 3.68 333
SW_28 52900977 13.928326 beech yes 0.229 18.85 3.72 14.8
SW_29 52900977 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 7-10mm? 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 umol photons m 2 s~
(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 x 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

www.biogeosciences.net/15/4181/2018/

BSC samples, pieces of BSC were rewetted with tap water,
put on a glass slide, and analyzed with the above-mentioned
microscope at 400 x 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 Gartner, 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-

Biogeosciences, 15, 4181-4192, 2018



Figure 1. General overview of managed pine forest (a), natural
beech forest (¢) 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
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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 ¢-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

www.biogeosciences.net/15/4181/2018/
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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 =15 um.

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-

www.biogeosciences.net/15/4181/2018/

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 Cy N¢ P¢
species SMI content pH content content content
SMI —0.6
water content 0.77  —0.59
pH n.s. n.s. n.s.
C; content n.s. n.s. ns. ns.
N¢ content n.s. n.s. n.s. n.s. 0.94
P¢ content n.s. n.s. ns. ns. n.s. n.s.
proportion of inorganic P n.s. n.s. ns. ns. 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.,
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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. (Biidel et al., 2009; Garcia-Pichel
etal., 2001).

All observed algal species are known to be terrestrial taxa;
most of them were already reported from other BSCs (Biidel
et al., 2016, and references therein; Ettl and Gértner, 1995).
Chlorophyceae were the most abundant phylum, which is
typical for temperate regions (Biidel 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
BSC:s 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,
LukeSova, 2001; LukeSova 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
(Biidel 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 (LukeSova, 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 Schortheide-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 (gkaloud 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.
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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 (RySanek 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 - p < 0.001, b_ p <0.01,¢~p < 0.05, and d_ p— < 0.1. ns—not significant; (4) indicates positive correlation, (—) negative

correltaion.
algae proportion of  presence or absence of
richness filamentous algae  individual algal species
SMI 30.5 % (+) 37.7 %* (—) 5.6 % n.s.
water content 15.7 %° (—) 14.0 %" (+) 9.6 %°
proportion inorganic P 11.0 %4 (—) 29.1 %* (+) 5.8 % n.s.
main tree species 0.9 % n.s. 0.3 % n.s. 14.7 %*

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.
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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.
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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 (S5SU) 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 Komwvophoron [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 (KCI and MgSO,) 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 C17) [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 Komarek [66] for cyanobacteria, followed by Proschold 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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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-pum photons m~2 s~ (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, Miinster, 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 ITS1-5.85-1TS2 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, Diiren, 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.



Microorganisms 2020, 8, 1667 5 0f 39

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. Maximume-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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MH703740 Bracteacoccus aggregatus Ru-s-4-5
_'_} KMO20081 Dictyochiorisfragrans SAG 220-1b* | outgroup
KFB873375 Chromochloris zofingiensis SAG 221-2*
97/1 | MT068305 cf. SpongiococcumSY-4-1-C A
MT968396 cf. Spongiococcum TT-3-1-M A

KY086473 Spongiococcum tetrasporum ACSSI 120 A ; 3
KM020135 Spongiococcum tetrasporumSAG29.95* A Sf anfococc”m
KMO2Z0026 Tetracystis aplanospora SAG91.80 A | cleaae

MH703777 Actinochloris sphaerica SAG23.93*
AB936278 Actinochloris sphaerica UTEX 121
AJ781313 Chlamydomonas raudensis CCAP 11/131 Q
KP313859 Chlamydomonas raudensis UWO 241
MT968397 Alvikiasp. TTF-2-1-Da
ABO058373 Chlamydomonas parkeae MBIC 10599
JQ315518 Chlamydomenas sp. KMMCC 189

L‘LJQEA 5503 Chlamydomcnas hedleyi KMM 188

E I Actinochloris-clade

Alvikia-clade

BIUISNMSO|A|

AB058302 Chlorococcun dorsiventrale MBIC 10044
AB058336 Alvikialittoralis MBIC 10280

FR865582 ChlamydomonasdorsoventralisCCAP 11/4 @
100/1 [ MT968391 cf. Axilosphaerasp.NN-1-1-Q A )
KM020133 Axilosphaeravegetata SAG 30.95*A | Axilosphaera

L 0'95'L KMO20075 Tetracystis dissociata SAG 207-1* A | Eubrownia-
100/1 ' KMO20075 Tetracystis illincisensis SAG93.80 *A clade
LC322180 Chlamydomonas bilatus SAG7.72* @
73/ Q;F MF 101222 Borodinellopsis texensis JMO02

oOoooOpro

10011 | KM020129 BoredinellopsistexensisSAG17.95*
too/1| | MT968388 Borodineliopsis texensis NN-4-1-E
MT968389 Borodinellopsis texensis NN-4-1-N
1001[ MT968386 Borodineliopsis sp. NN-2-N
MT968387 Borodinellopsis sp. NN-2-D
Monadinia (FR854374, JN903997 KM020017) @A A
— AB360747 Haematococcus/acustrisNIES-144
—— AB360750 Rusalka fusiformisNIES-123*
— HQ219374 uncultured Chlorophyta clone AY2009A8
Lo0/1| MTO68304 cf. Chlorogonium TT-3-1-Q
MT968392 cf. Chlorogonium SY-1-2-T
MT968393 cf. Chlorogonium TSN3f
AB278611 Chlorogonium capillatumNIES-692 *
AB278621 Chlorogonium elongatumNIES-T51*
KRB07488 Chlorogoniumsp. SAG 17
AB278607 Chlorogonium euchlorumUTEX 2010°
Stephanosphaerinia (AB936280, KM020024, KM020016) 0 A
Polytominia (FR865590, FR865616) A@
M DQO009763 Dunaliella parva SAG19-1* (0]
JNO68583 Tefracystis texensis SAG99.80* A | Dunaliellinia
AB360742 GungnirkasakiiCCAP12/8 (2]
GU117583 Chlorogoniumreticulata CCCryo 154-01
FR865528 Chioromonas rosae CCAP 11/112
JNS03E86 Chlamydomonas macrostellata SAG 72.81
MG189707 Chloromonas arcticaCCALA: 10278
FR865€06 Chlamydomonashydra CCAP 11/6B
I AJ410445 Chloromonas actinochloris SAG 1.72*
LCO57288 Ixipapillifera sacculiformis SAG63.72
AJ410452 Chloromonas augustae SAG5.73"
100/1 - MH703736 Chloromonas sp. Ru-6-8
MT968398 Chloromonassp. WT-3-1-F
—=—1 Oogamochlamydinia (AJ410456, U70594 AJ410456) A A @ _
1__:3 Reinhardtinia (AB511834, KM020029, KM020030, KM020117) A AA A 0.050

Borodinellopsis
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Figure 2. Molecular phylogeny of the Chlamydomonadales based on small subunit ribosomal
ribonucleic acid (SSU rRNA) gene 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 were
marked with an asterisk, original strains from this study in bold. Habitats of the strains were classified
according to habitat type (A terrestrial = absence of permanent water, o aquatic = presence of water,

and O unknown) and saline ( A0O ); nonsaline (A L ); and unknown () habitats.
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outgroup

AJ410452 Chloromonas augustae SAG5.73*
I KMO020129 BorodineliopsistexensisSAG 17.95"
AJ410466 Oogamochlamys gigantea SAG9.84 ™
KMO020081 Dictyochleris fragrans SAG 220-1b * A
_Ij AF388378 Radiococcus polycoccus SAG 217-1c @]
KMO20086 Spongiochlorisexcentrica SAG 280-1* A
MH703758 Bracteacoccus aggregatusUs-s-7-3
KF673367 Bracteacoccus minorSAG 221-1*
JQ259851 Bracteacoceus occidentalisBCP-WJTS-VFNP 19
MT991529 Bracteacoccus minor NN-4-1-CC !

AF516676 Bracteacoccus sp. BC2-1
JQ26595931 Bracteacoccus bullatus SAG 2317

UB3098 Bracteacoccusgiganteus UTEX 1251 *
MK231272 Bracteacoccus xerophilus KZ-2-2-6
UEB3101 BracteaceccusaeriusUTEX 1260 *

——1 Pseudomuriella (KFB73365 X91268) A A

KP726266 DesmodesmusdenticulatusKLL-G003 clone @
JX513883 Coelastrella sp. SAG 2123 A
FRB865681 GraesiellaemersoniiCCAP 211/8 O
AF 388376 Coelastrum sphaericum SAG 32.81 @]
I AY510463 Acutodesmus' deserticola BCP-YPGChar
. MHTO3773 Tetradesmus arenicola WD-T-1
FRB65722 Tetradesmusincrassatulus CCAFP 276/43
MG022741 Tetradesmus obliquus CCAP 276/3C
701 ABO55801'Scenedesmus littoralis *
XT74002'Scenedesmus rubescens CCAP 232/1*
65/1(" ABO37084 TefradesmusdissocialusUTEX 1537~
MT991553 Tetradesmus cf. dissociatus TT-3-1-G
JX513885 'Scotiellopsis' reticulata CCALA 474 ™
- FR865731 Tetradesmus obliquus CCAP 276152
FRE657 30 Pectinodesmus pectinatus CCAP 276/51
————1 Chromochloris(GUB27477, KFB73375) A O 0.02

Radiococcaceae

1001

Bracteacoccus

OB B>

Tetradesmus

eep>POOOGOP P>

Figure 3. Molecular phylogeny of the Sphaeropleales based on SSU rRNA gene 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 inbold (BP > 60% and PP > 0.9). Authentic strains were marked with an asterisk, original strains
from this study in bold. Habitats of the strains were classified according to habitat type (A terrestrial
= absence of permanent water, o aquatic = presence of water, and O unknown) and saline (AO );
nonsaline (A @ ); and unknown ( :l) habitats. ! 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
TTE-2-1-] (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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Pseudendoclonium (MF034618, MF034618,

AY 303596 Bolbocoleon piliferumWAz1 ¢
71 Ulva-clade (AJ005413, AY303588) O ©

MH703754 Desmochloris cf. halophila Ru-s-3-2
FM882216 Desmochiloris halophila CCAP8006/1 *
KY086483 Desmochloris sp. ACSSI 180
1 MT968399 Desmochloris cf. halophila TT-4-1-l
57/0°83r FM882217 Desmochloris mollenhaueriCCAP 8006/2 *
KF791548 Desmochloris sp. JB13
ABO058345 unicellular ulvophyte MBIC10446
MK541803 Chlorocystissp. CCAPB005/13
KMO020042 'Chlorella‘salinaSAG8.86 *
FR865693 Chlorocystissp. CCAF 233/1
wfg_g?ngﬁ&tM Halochlorococcum Sp. TT-4-1-D?

—l_ KF144190 Desmochloris cf halophila SAG 2397

KMO020176 Halochlorococcumdilatatum SAG12.90*

DQ821520 Halochlorococcum porphyrae

AY 198122 Halochlorococcum mooreiWa14-B
MT968411 Planophilasp.G2C
MT991545 Planophilasp. TT-4-1-J
MT968412 Planophilasp. TT-3-1-1
MT991544 Planophilasp. TT-4-1-F
MF034638 Planophila laetevirens SAG2008 *
MFO34637 Planophila bipyrenoidosa ULVO-55* A
Chamaetrichon (MF034630, MF034631) @@
Rexinemna (247997, Z47998) @ A
Sarcinofilurm (MF034648, AMOBT962) @ @
AY278217 Ulothrix zonata UTEX 745 @
MF034653 Ulothrix zonata SAG 38.86

MT991537 cf. Chlorothrix NN-1-1-M
MT991536 cf. Chlorothrix NN-4-1-B
T AY476827 Chlorothrix sp. ChloPac47SI

AJB26846 Urosporasp. uncultured

DQ821516 Ulothrixsp. X3

DQ821515 Ulothrix sp. X1

.ﬂ AY476808 Urospora pencilliformis strain Point No Point

94/0.95
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> >

68/0.94

AY476821 Urospora neglectastrain Seward 8
AY476816 Urosporawormskioldiistrain Louisbourg 5
- AYB53740 Chlorothrixsp. C167
FN562430 Acrosiphoniasp. SAG 127.80
ABO049418 Acrosiphoniaduriusculavar. tenuis
DQ821514 Pseudothrix borealis
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Molecular phylogeny of the Ulvophyceae based on SSU rRNA gene 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 inbold (BP > 60% and PP > 0.9). Authentic strains were marked with an asterisk, original strains
from this study in bold. Habitats of the strains were classified according to habitat type (A terrestrial
= absence of permanent water, o aquatic = presence of water, ¢ phycobiontic or endophytic, and O
unknown) and saline (AOO); nonsaline (A. .), and unknown (D O) habitats. ! Identical to
Halochlorococcum sp. TT-4-1-M (MT968405), TT-4-1-O (MT968406), NN-4-1-Q (MT968401), NN-4-1-S

(MT968402), and NN-4-1-T (MT968403).
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—— AJ410461 Lobochlamysculleus SAG 17.73 | outgroup

= Leptosira (268695, Z68696) [a]0]

MH703747 Chioroidiumsp. Ru-6-6

MT991540 Chloroidium sp.NN-2-0

MT991543 Chioroidium sp.SY-1-2-B
74/0.63| FR865615 Chloroidiumsp. CCAP 11/8

{ FM@48012 Chloroidium ellipscideum SAG 3.
FMS848019 ChloroidiumlichinumSAG 2115*

8084 MT991541 Chioroidiumsp, OD-1-1-K
10071 MT991542 Chloroidium sp.CD-1-1-N

86/0.08 FM945011 Chloroidiumengadinensis SAG 812%-11 é
-8a*
MT991539 Chloroidium saccharophilumOD-1-1-C

' FM948000 Chloroidium saccharophilum SAG
MH4998912 Watanabea patagonicaCCAP 6091/1 *

MH499916 Watanabea acidophila ISBAL-1112*
MH499913 Watanabea alpicola SAG 2580 *
FM958480 Watanabea reniformis SAG211-9b*
MH4989911 Watanabea borysthenica SAG 2550
981 MT968416 Waranabeasp. NN-1-1-E '
MT968417 Waranabeasp. OD-1-1
MT968414 Watanabeasp. NN-1-1-M
MT968413 Watanabeasp. NN-1-1-L
Viridielia (FMS58481, AJ439401)
Symbiochloris (GU017646, GUO17650)
Apatococcus (JX 169826, JX169829)
EUB78373 Parietochloris alveolaris UTEX 836 *
| Elliptochioris (F JB48518, DQS30055)
Coccomyxa(HG973006, HG972998)
GQ176853 ChlorellapituitaACO| 311 *
MT991538 Chlorella cf. piuitaWT-3-1-L.2
' FM205832 Chlorella vulgaris SAG211-11b *
HQ111432 Chlorella chlorelloides CB 2008/110
96/1] MT968407 Nannochlorissp.NN-4-1-D
AY195983 Nannochlorissp. JL4-6
MT968410 Nannochlorissp. TTF-2-1-D
MK231273 Nannochloris sp. KZ-2-2-4
—1 Marvania(KM020037, ABOBO:BGE
Pumiliosphaera (AJ439339, KM20038)
AY195976 Gleotila sp. JL11-10
ABO0B0303 Nannochloris atomus CCAP 251/7
[ AY422076 Picochlorumsp. UTEX 2378
* AB0B0302 Nannochlonis maculataCCAP 251/3
Y 14950 Chlorellasp. Yanagocha RA1
96/11- ABOB0300 Nannochloris bacillaris
MTO68400 Nannochlorissp. TT-3-1-F
MT968408 Nannochloris TT-2-1-CA1
MH305359 Nannochloris sp. Z5
JQ822411 Nannochiorissp. AICB 424
"] Neccystis (JQS20362, JOQS 367)
-|-F AM412751 Stichococcus chloranthusUTEX 315

64/0.88
»
1001
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IMT978087 Pseudostichococcus monailantoides OD-1-1-X?
MWOT74293 Pseudostichococcus monallantoides NN-1-1-X
MTO78184 Pseudostichococcus monaliantoidesSAG 379-4
MT078185 Pseudostichococcus monallantoides SAG 2067
LT560371 Edaphochiorella mirabilis SAG 211-30
JX169834 Coenochloris signiensis CCAP 176/3 *
FRBE5740 goomfe*ras polydermatica CCAP 31/5
AJ311640 Raphidonema pyrenoidifera CCAP 470/5
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a4/1|] KM116464 Pseudochlorela signiensis SAG7.90 *
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Figure 5. Molecular phylogeny of the Trebouxiophyceae based on SSU rRNA gene 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 were marked with an asterisk, original strains from this

study in bold. Habitats of the strains were classified according to habitat type (A terrestrial = absence

of permanent water, o aquatic = presence of water, ¢ phycobiontic or endophytic, and 0 unknown) and
saline (A € ); nonsaline (A ee¢ ); other extremes (A.. e.g., acidity); and unknown (D A) habitats.
! Identical to Watanabea sp. NN-1-2-X1B (MT968415) and 2 jdentical to Pseudostichococcus monallantoides
SY-1-2-P (MT991549), WT-3-1-A (MW074294), WT-3-1-H (MT991551), and WT-3-1-P1 (MT991552).
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NR074282 Gleobacter violaceusPCC 7421 | outgroup
KC463197 ‘Leptolyngbya'subtilissima EcFYyyy700
MHE88852 Nodosilineacf. epilithica Ru-6-11
MHE88851 Nodosilineact. epilithicals-2-1
HMO18677 Nodosilinesepilithica Kovacik 1998/7
EU528669 Nodosilinea bijugata Kovacik 1986/5a*

MT946552 Nodosilineabijugata OD-1-1-T
MT946553 Nodosilineabijugata SY-4-1-H
MTO46555 Nodosilineacf. signiensis NN-3-1-CD
HM217061 Nodosilineasp. LEGE 073141
MT946556 Nodosilinea cf. signiensis TT-1-1-CA
AJB39893 Nodosilinea sp. 0BB24504
MT946554 Nodosilinea cf. signiensis NN-2-1-EE
MT946557 Nodosilinea sp. OD-2-1-CH

~ KF307598 Nodosilinea nodulosaUTEX 2910

— MN585775 Nodosilinea signiensis USMFM*
1001 |- FR798934 'Leptolyngbya’ margaretheana 1712

MF348321 Nodosilinea ramsarensis KH-S 52 6*

MF352005 Nodasilinea radiophila TM 52B*

|_( AY493620 Phormidesmis pristleyi ANT LP2.5

o >0OD 00> 0>

KJ004406 Fhormidesmis sp. ACL_P2D9
AY493586 Phormidesmis priestleyi ANT LACV5.1
KX785291 Lentolynghya ectocarpi SABC012402
MT946560 'Phommidesmis’ sp. NN-3-1-G
MT946559 'Phormidesmis sp. NN-3-1-CA
g2/11 ' FN811228 Uncultured cyanobacterium UMAB-cl-44
"] MT946561 'Phormidesmis’ sp. NN-4-1-FF
— MT946562' Phormidesmis’ sp. NN-4-1-0

1001 | AY493584 Lepiolyngbya' sp. ANT.L52.1
— MK211230 'Pseudophormidium’ baltersiiKZ-16-2

MT946564 'Pseudophormidium’ battersiiNN-3-1-D

MT946563' Pseudophormidium'battersiiNN-3-1-B

871 U KT731154 Phormidesmis sp. CENA335
KT731158 Phormidesmis sp. CENA339
KUSE1670 Phormidesmissp. LEGE 11434
AYA493587 Pseudophormidium sp. ANT-LPE.3

————"1 Trichocoleus (EF428297, KF307604)
JN385286 Schizothrix arenaria HA4233-MV5 clone p5BA
Oculatella (EU528672, HMO18687)
Timaviella (GQB869651, MK211229)
AY493607 Leptolyngbya antarctica ANT.L18.1
FM210757 Leptolyngbya laminosa ETS-08
Phormidesmis(KU219737, AY493581)
AY493583 Plectolyngbya hodgsoniiANT.LPR2.2
Leptolyngbya s. str. [KJ938015, FR798945 HF678483)
Myxacoris (KJ839079, KJ938052)
Stenomitos(AF218371 GQ859652, MHE88849)
1 Oscillatoriales (AY493827 NR125521)
Tolypotrichaceae (JQ083651, JQ083654, GQ287651, AMICE327)
— AY577534 Mojavia pulchra JT2-VF2

olo]rgrdrgrdrdoligrg-grdrgmie]rde)
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KJ737428 Cyanocchniella calida CCALA 1049
MKE03793 Aliinostoc constrictum SA30 *
MNR_158066 Aliinostoc morphoplasticumMCC3177*
MK503792 Aliinostoc catenatum SAZ24 *
74/0.00 MN243143 Cyanocohniella crotaloidesPJ 545 *
H{:r KY807917 Chlorogloea microcystoides SABC0o22904
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10 of 39

Molecular phylogeny of the cyanobacteria based on SSU rRNA gene 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 were marked with an asterisk, original strains from this
study in bold. Habitats of the strains were classified according to habitat type (A terrestrial = absence

of permanent water, o aquatic = presence of water, ¢ phycobiontic or endophytic, and O unknown)

and saline (AO ); nonsaline (A. ’); other extremes (A.. e.g., radioactivity); and unknown
(CJA) habitats.
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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).

a KMO020025 Spongiochloris spongiosa SAG 2469 o1t
group
= HQ292734 Pseudomuriella aurantiaca KF43

JQ281867 Bracteacoccus polaris KF28
E JQ281857 Bracteacoccus deserticola BCP-EM3-VF7
HQ246427 Bracteacoccus giganteus UTEX 1252
E JQ281862 Bracteacoccus glacialis strain Broady 686
JQ281873 Bracteacoccus xerophilus BCP-ZNP-VF32 *
JFT17415 Bracteacoccus bohemiensis KF 35
JQ281840 Bractescoccus aggregetus G2-3
— MH703740 Bracteacoccus aggregatus Ru-s-4-5
JF717398 Bracteacoccus minor UTEX 66 *
JF717403 Bracteacoccus minorvar. desertorum SAG 61.80°
| MT991529 Bracteacoccus minorNN-4-1-CC B. minor
MT991534 Bracteacoccus minor TTF-2-1-A
2”1 MT991532 Bracteacoccus minor TT-3-1-U 1
JQ281848 Bracteacoccus bullatus SAG 2032 *
HQ246424 Bracteacoccus pseudominor UTEX 1247 *

— [ JQ281841 Bracteacoccus ruber CCAP 221-7
02 L 0281839 Bracteacoccus aerius UTEX 1250 *

B. aggregatus
9811

b — AY510485 Flechtneria rotunda isclate BCP-SEV3-VF49 | outgroup
[~ HG514429 Tetradesmus distendus SAG 2003"
AY510474 Tetradesmus deserticola BCP EM2-VF3
AY510471 Tetradssmus deserticola BCP-SNI-2 *
HG514430 Tetradesmus wisconsinensis SAG 22.81
FR865722 Teiradesmusincrassatu/us CCAP 276/43
FRE65726 Tetradesmus obliquus CCAP 276/49
MG022741 Teiradesmus obliquus CCAP 276/3C
r AY510466 Tetradesmus dissociatus UTEX 1537 *
MH176132 ‘Scotisllopsis reticulata FACHB-2317
JX513885 ‘'Scotiellopsis’ reticulata CCALA 474 *
90/0.92MT991553 Tetradesmuscf. dissociatus TT-3-1-G
HG514422 'Scenedesmus’ rubescens SAG 5.95*
“J HG514426 Tefradesmus raciborskii CCAP 276/36°5

l T. deserticola

l T. obliquus

100/ | T. dissociatus

MH703774 Tetradesmus areniccla \WD-1-6
MH703775 Tetradesmus arenicola SAG 2564 ™

L{ AY510468 Tetradesmus bajacalifornicus BCP-LG2-VF16*
004 HQ246450 Tetradesmus bajacalifornicus ZA1-7

I T. arenicola

l T. bajacalifornicus

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. ! Identical to Bracteacoccus minor TTE-1-1-M
(MT991533), TTE-2-1-] (MT991535), TT-3-1-] (MT991531), NN-4-1-D2 (MT968390), and NN-4-1-H
(MT991530).
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a  MT078171 Tritostichococcus solitus SAG 2406 * I outgroup
MTO78186 Pseudostichococcus monallantoides UTEX 2249
m MTO78184 Pseudostichococcus monallantoides SAG 379-4
gary| MWO074293 Pseudostichococcus monallantoidesNN-1-1-X!
| KMOZ20086 Pseudostichoceccus monallanioides SAG 380-1* Pseudostichococcus
i Sil?-ﬂﬂ MH703749 Pseudostichococcus monaliantoides Ru-s-4-2 monallantoides

9701 ' MT991549 Pseudostichococcus monallantoides SY-1-2-P
MT891548 Pseudostichococcus monallantoides TT-4-1-K2
MTO78185 Pseudostichococcus monallantoides SAG 2067

MF124875 Diplosphaera chodatiiD52

MH703748 Diplosphaera sp. Ru-6-16
MT968419 Diplosphaera chodatii SY-1-2-K

MK201746 Diplosphaera chodatii KZ-26-5

MTO78177 Diplosphaera chodatii SAG 11.88

MTO78182 Diplosphaera chodatii var. mucosa SAG 49.86*
- MTO78178 Diplosphaera chodatii SAG 48 .86 *

0.08 L HQ129931 Diplosphaera chodatii UTEX 1177

Diplosphaera chodatii

b — (GQ867590 Hindakia tefrachotoma CCAP 222/69 | outgroup
FM205840 Didymogenes palatina SAG 30.92
FM205858 Chlorella elongata CCAP 211/18*
FM205834 Chlorella sorokiniana SAG 211.8k ™
FM205861 Chlorella lewinii CCAP 211/90*
HQ111433 Chlorella rotunda CCAP 260/11*
HQ111434 Chlcrella volutis CCAP 211/390*
H21111435 Chiorella singularis CCAP 211/119*
_@32 Chlorella chlorelloides CCAP 211/90*
HQ 111431 Chiorella puichelloides CCAP 211/118*
— FM205882 Chlorella coloniales UTEX 938~
—— FM205833 Chlorellalobophora SAG 37.88*
MT991538 Chlorellacf. pituita WT-3-1-L2
1001 GQ176853 Chlorella pituita ACOI 311 *
FM205856 Chlorella pituita ACO| 856
MH703759 Chlorella vulgaris Us-s-7-4
i FN298817 Chlorella vulgarisCCAP 211/109 y
009 - AY591508 Chiorella vulgarisSAG 211-11b+ | Ch- wulgaris
* FR865659 Chlorella vulgarisCCAP 211/11Q

Ch. pituita

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. ! 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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a MH499911 Watanabea borysthenica SAG 2550 * outgroup

HF586465 Chioroidium laureanum CAUP H8501 *
_Emsmsm Chloroidium arboricola MG-3 *
MH551523 Chioroidium lobatum CAUP 8502 *

FM946000 Chloroidium saccharophilum SAG 211-8a*
pall MT991539 Chloroidium saccharophilum OD-1-1-C
’-D; MH551519 Chloroidium antarcticum |[SBAL-103
— — FM946011 Chloroidium engadinensis SAG 812-1*

MH551495 Chloroidium viscosum SAG 56 87 *
871, MT991541 Chloroidium sp. OD-1-1-K

MT991542 Chloroidium sp. OD-1-1-N
97;% MH703747 Chioroidium sp. Ru-5-6

Ch. saccharophilum

MT991543 Chloroidium sp. SY-1-2-B
MT991540 Chloroidium sp. NN-2-O
FM946019 Chloroidium lichinum SAG 2115*

Ch. lichinum
FM946020 Chloroidium lichinum SAG 2144

FMS46012 Chloroidium ellipsoideum SAG 3.85"
FM846015 Chloroidium ellipsoideum SAG 2143
" MH415214 Chloroidium sp. LV-2018

Ch. ellipsoideum

0.2

b — MH415449 Chloroidium lichinum Vancurova OP1118.1 | outgroup
81095 MH499911 Watanabea borysthenica SAG 2550 * | W. barsynthenica
0/0.05 FM958480 Watanabea reniformisSAG 211-8b * | W. reniformis
?31{ MT968422 Watanabeasp. NN-1-1-L

MT968423 Watanabeasp. NN-1-1-M
MT968424 Watanabeasp. NN-2-1-X1B
MH499912 Watanabea patagonica CCAP 6091/1 *| W. patagonica
| MH489814 Walanabea alpicola FG2-10/3
MH499913 Watanabea alpicola SAG 2580 *
MH489915 Watanabea acidophila ISBAL-1011

— = : : | W. acidophila
0.1 MH489916 Watanabea acidophilaISBAL-1112*

| W. alpicola

AM412750 Kollellasempervirens CCALA 363 | outgroup
MT991547 Pseudochlorella signiensis TT-4-1-§1
LBige LT560366 Pseudochlorella signiensis PS-2 —
- LT560361 Fseudochlorella signiensis SAG 2300 - Signiensis
KM116465 Pseudochlorella signiensis SAG 2110
LT560360 Pseudochiorella signiensis SAG 7.90 *

L LT560358 Pseudochiorells pyrenoidesaSAG 18 95 | P- pyrenoidosa

004 —— LT560356 Pseudochiorela pringsheimii SAG 211-1a * | P- pringsheimii

100/1

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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d ————— MF000581 Sarcinofilum mucosum SAG 4.90 * outgroup
1001 MFQ34636 Planophila bipyrenoidosa ULVO-1 . .
4{ P. bipyrenocidosa

MF034637 Planophila bipyrenoidosa ULVO-55 *

80/ r MT991544 Planophila sp. TT-4-1-F

3&( MT968420 Planophila sp. TT-4-1-CC

MT968412 Planophila sp. TT-3-1-
e MT991545 Planophila sp. TT-4-1-J
MF034639 Planophila laetevirens SAG 32.98

1001 MF034642 Planophila laetevirens SAG 465-1 P. laetevirens
[ MFO034638 Planophila laetevirens SAG 2008
0.04 — MFO034640 Planophila laetevirens ULVO-56
b AJO00206 Blidingia minima | oulgroup

10011 FMB82217 Desmochloris mellenhaueri CCAP 6006/2 * B mollenfausi

FM882218 Desmochloris mollenhaueri CCAP 6006/3
MT968418 Desmochloris cf. halophila TT-4-1-

92i0.98
— 99/1 j i *
= _[ FMB82216 Dssmoch!on_s ha.’ophfl.’a CCAP 6006/1 D. halophila
— HEB10118 Desmochloris halophila UTEX 2073
MH703754 Desmachlorns cf. halophila Ru-s-3-2
0.04
c — MFO034638 Planophila lastevirens SAG 2008 * outgroup
AY653740 Chiorothrix sp. C167 | Chiorothrix
DQB21514 Pseudothrix borealis | Pseudothrix
| |—AY455943 Acrosiphonia coalita : .
HE610119 Acrosiphonia sp. SAG 1227.80 | Acrosiphonia
100/ MT991537 cf. Chlorothrix NN-4-1-M
L MT991536 cf. Chlorothrix NN-4-1-B

[ AY476827 'Chlorothrix sp. ChloPac47SI

[ o [ AJB26846 'Urospora’ sp. uncultured "Ulothrix"/
— DQB821515 Ulothrix sp. X1 Chlorothrix
- DQB821516 Ulothrix sp. X3

961~ AY653741 Urospora neglecta Un155 l U lect

AYATE821 Urospora neglecta Seward 8 -flegecta

80— AY476809 Urospoara penicilliformis Boiler Bay | U, penicilliformis | Urospora

— —‘-FAYd 76816 Urospora wormskioldii Louisbourg 5 PTne
0.03 760974 Av476819 Urospora wormskioldii Park 1 U. wormskioldii

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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MT946558 Cyanocohniella sp. SY-1-2-Y
MN243143 Cyanocohniella crotaloides PJ 545 *
6””-9{ KJ737427 Cyanocohniella calida CCALA 1049 *
MH497064 Aliinostoc tiwarii LI_PS *
MH497065 Aliinostoc soli H1(3)_PS *
KY403996 Aliinostoc morphoplasticum NOS *
MTOO00690 Aliinostoc sejongens ACKU 595

a D MH979221 Nodularia spumigena PCC 73104 outgroup

73/0.99

0.3

b A\ KF307604 Trichocoleus desertorum ATA4-8-CV2 outgroup
— MNS585775 Nodosilinea signiensis USMFM *
— MT946555 Nodosilinea cf. signiensis NN-3-1-CD
- MT946554 Nodosilinea cf. signiensis NN-2-1-EE
— MT946556 Nodosilinea cf. signiensis TT-1-1-CA
— GU265558 Oscillatoriales cyanobacterium 2Dp86E
[ MN567972 Nodosilinea svalbardensis strain 3220 *
'—'\\_934’0.-99 MT946553 Nodosilinea bijugata SY-4-1-H
| MT946552 Nodosilinea bijugata OD-1-1-T
EU528669 Nodosilinea bijugata strain Kovacik 1986/5a *
KJ939097 Nodosilinea sp. ATA11-6B-CV9
MT488064 Nodosilinea sp. CHAB QH201703.1 clone 01
HMO018678 Nodosilinea sp. FI2-2HA2
KJ939095 Nodosilinea sp. CMT-3FSIN-NPC22B
MH688851 Nodosilinea cf. epilithica Us-2-1
KJ939093 Nodosilinea sp. WJT8-NPBG4
MHE88852 Nodosilinea cf. epilithica Ru-6-11
HMO018679 Nodosilinea epilithica str. Kovacik 1990/52
MT946557 Nodosilinea sp. OD-2-1-CH
JX401929 Leptolyngbya sp. KIOST-1
KM438183 Nodosilinea sp. lkpPStn44
MF348320 Nodosilinea ramsarensis KH-S S2.6 clone cI3 *
MF348321 Nodosilinea ramsarensis KH-S S2.6 clone cl4
{L KF307598 Nodosilinea nodulosa UTEX 2910 *

MK972821 Nodosilinea sp. IS-ADG3

02 KX859298 Nodosilinea chupicuarensis PC471 *
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Cyanocohniella

Aliinostoc

N. signiensis

N. bjugata

N. epilithica

N. ramsarensis

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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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 pm.
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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 (1-n) Watanabea sp. NN-1-1-E (1) autosporangium, (m) mature
cells with parietal chloroplast, and prominent pyrenoid. Arrow labels: A = autospore, N = nucleus,
and P = pyrenoid. Scale bars: 10 pm.
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Figure 14. Photomicrographs of Ulvophyceae isolates. (a) Desmochloris cf. halophila TT-4-1-1,
(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 um.



175

Microorganisms 2020, 8, 1667 19 of 39

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 pm.
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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. WI-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 um.
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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 pm.
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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 um
and white scale bars: 20 um.
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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 Gértner [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 (5Y-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-4-1-1 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 18¢,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 Proschold [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.

187



188

Microorganisms 2020, 8, 1667 32 of 39

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. Biidel 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 Biidel 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



Microorganisms 2020, 8, 1047 30f28

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 Azucar 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 Biidel 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 Aztcar 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 Aztcar (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~! in Pan de
Aztcar (PA) mean annual precipitation gradually increases towards the south, reaching 934.3 mm-y~!
in Nahuelbuta (NB). Located in the semiarid area Santa Gracia (SG) receives 83.4 mm-y~!, while
Mediterranean La Campana (LC) receives 314.5 mm-y~! [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
14L m2d1inPA and 3.0 L m™2 d~! 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. Cy