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Abstrakt

Synura petersenii je velmi rozsifeny druh patfici mezi heterokontni bic¢ikovce tfidy
Synurophyceae. Buiiky tohoto druhu jsou pokryty kiemicitymi Supinami s charakteristickou
jemnou strukturou, pozorovatelnou v elektronovém mikroskopu. Taxonomie druhu
S. petersenii, a kone¢né i celého rodu Synura, je zalozena vyluéné na morfologickych znacich
téchto Supin. V ramci druhu S. petersenii byla nalezena zna¢na variabilita morfologie Supin,
ktera vedla k popsani mnoha variet a forem. Zaroveni se ukazalo, Ze je tento druh variabilni
i na molekuldrni Grovni.

V této studii byla provedena molekularni fylogeneticka analyza sekvenci ITS1-5,8S-
ITS2 rDNA padesati osmi kmenti druhu S. petersenii, pochazejicich z riznych lokalit Ceské
republiky, Skotska, Severni Ameriky a dalSich oblasti. Tato analyza odhalila osm dobie pod-
pofenych vétvi v ramci tohoto druhu. Shodny vysledek — jednozna¢né odliSeni osmi vétvi —
pfinesla rekonstrukce sekundarni struktury 1TS2 a zjiSténi pfitomnosti (hemi-)CBCs (com-
pensatory base changes), kterd ukazuje na moznou pfitomnost reprodukénich bariér mezi té-
mito nalezenymi liniemi. Porovnani struktury kiemicitych Supin jednotlivych kmenii ukézalo,
ze kazda zjist€na linie je charakterizovana unikatni kombinaci morfologickych znakut. Vzhle-
dem ke shodé vsech pouzitych druhovych konceptii je mozné povazovat nalezené vétve za
samostatné druhy.

Soucasti prace je také ¢lanek pro impaktovy Casopis Nova Hedwigia, ve kterém byly
zpracovany a vyhodnoceny predbézné vysledky vyzkumu. Sest nalezenych vétvi bylo popsa-

no jako nové druhy. Tento ¢lanek je k praci pfipojen jako pfiloha.



Abstract

Synura petersenii is a wide-spread heterokont flagellate of the class Synurophyceae.
Siliceous scales with a typical delicate structure, which can be observed with electron
microscope, cover the cells of this species. The taxonomy of S. pefersenii and, as a matter of
fact, of the whole genus Synura, is based exclusively on morphological features of the scales.
High variability of the scale morphology, found in this species, has lead to establishment of
many forms and varieties within this species. Later, molecular variability within this species
was discovered as well.

In this study, molecular phylogenetic analysis of ITS1-5,8-1TS2 sequences was per-
formed, using strains of S. petersenii from different localities of the Czech Republic,
Scotland, North America and other regions. This analysis has discovered eight well-supported
clades within this species. The same result - unambiguous delimitation of eight groups - was
obtained by the detection of (hemi-)CBCs (compensatory base changes) in the secondary
structure of ITS2. The presence of (hemi-)CBCs indicates possible presence of reproduction
barriers among the clades. The comparison of silica-scales structure of the new-found clades
has shown that each of them can be characterized by unique combination of morphological
features. In the light of the perfect congruence of all the species concepts used, it is possible to
consider the clades as separate sepcies.

The presented study contains an article for the high-impact journal Nova Hedwigia,
comprising the preliminary results of the research. In this article, six new-found clades are

described as new species. The article is included as an attachement.
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1. Uvod

1.1. Studium kifemicitych chrysomonad tiidy Synurophyceae

Vyzkum kfemicitych chrysomonad tfidy Synurophyceae (Andersen, 1987), ma dlou-
holetou tradici ve svété i u nas (Ehrenberg 1835, Pascher 1912, Andersen 1987, Fott 1955,
Kalina et al. 2000, Némcova et al. 2001). Od devatenactého stoleti byly tyto sladkovodni or-
ganismy pozorovany pomoci svételného mikroskopu a probihaly pokusy o jejich taxonomické
zatazeni (Ehrenberg 1835, Stein 1878, Klebs 1893a). Dilezitym meznikem v tomto vyzkumu
byl nastup elektronové mikroskopie poc¢atkem 50. let 20. stoleti. Ten umoznil detailni studium
kfemicitych Supin, kterymi jsou pokryty buiiky téchto organismi. V t€ dobé proto vzniklo
mnoho dulezitych studii o téchto organismech, a to jak ve svét€ (Asmund 1955, Manton,
1955, Petersen & Hansen, 1956), tak i u nas (Fott, 1955). Jemné struktury, které jsou na Supi-
nach pomoci EM snadno pozorovatelné, se od té¢ doby staly hlavnimi znaky pro vymezeni
vnitrorodovych taxonomickych jednotek (Kristiansen 1986, Cronberg & Kristiansen 1996,

Asmund & Kristiansen 1986, Siver 1991).

1.2. Stavba kfemicité Supiny druhu Synura petersenii

Charakteristickym rysem vsech zastupct tfidy Synurophyceae jsou kiemicité Supiny,
pokryvajici povrch jejich buné€k, poptipadé kolonii. Tyto Supiny jsou produkovany v silikon-
depozitnim vacku diktyozomalniho piivodu (Kristiansen, 1986).

Supiny u rodu Synura poprvé pozoroval Petersen (1918) ve svételném mikroskopu.
Jemné struktury téchto Supin se staly nejdulezitéjsimi znaky. na jejichz zakladé jsou charakte-
rizovany jédnotlivé druhy a formy, patfici do rodl tfidy Synurophyceae, véetn¢ druhu S. pe-
tersenii (Kristiansen, 1986, 1996, Asmund & Kristiansen, 1986, Siver, 1991). §upina druhu
S. petersenii je bilateralné symetricka a heteropolarni, to znamena, Ze ma jednoznacné odlisi-
telnou proximalni a distalni ¢ast. Jeji zaklad tvofi bazalni desticka (base-plate), kterd prechdzi
na proximalnim konci v ohnuty okraj (rim). V centralni ¢asti Supiny vystupuje nad bazalni
desti¢ku duty podlouhly kyl (keel), zakonceny Spickou (keel tip) namifenou k distalni ¢asti
Supiny. V mistech pod $pic¢kou je dutina kylu foramenem (otvorem v bazalni desti¢ce) propo-

jena s venkovnim prostfedim (Kristiansen, 1986).
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Obr. 1. Charakteristické morfologické znaky na Supiné druhu S. petersenii.

Na posteriornim zuZujicim se konci buriky, kterym jsou spojeny jednotlivé buiiky
v ramci kolonie, byvaji Supiny mensi a jejich morfologie je odlisna. Zpravidla byvaji jedno-
dussi a Casto u nich chybi typicky kyl. To usnadiiuje uspofadani bun€k v ramci té€sné kolonie
(Wee, 1997).

1.3. Morfologicka variabilita Supin a druhovy koncept

Druh Synura petersenii je v sou¢asné dobé vymezovan vyhradné na zakladé morfolo-
gickych znaku pfitomnych na kiemicitych Supinach a pozorovatelnych pomoci elektronového
mikroskopu. Morfologie téchto Supin vykazuje zna¢nou variabilitu (Kristiansen, 1986a), coz
vedlo v minulosti k popisu mnoha variet a forem tohoto druhu, napiiklad f. kufferathii
(Petersen & Hansen 1958), f. bonaerensis (Vigna 1979), f. bjoerkii (Cronberg & Kristiansen
1980) nebo f. columnata (Siver 1988). Tyto popisy byly ¢asto provazeny diskusemi o vhod-



nosti zvolené taxonomické urovné. Dobrym ptikladem je S. petersenii f. glabra, popsana jako
chybéjicimi zebry (Korshikov 1925). Huber-Pestalizzi (1941) pieklasifikoval druh S. glabra
jako varietu druhu S. petersenii. Pozdgji byla pivodni S. glabra klasifikovana jako forma
druhu S. petersenii (Kristiansen & Preisig, 2007). Kristiansen (1986) a Sandgren et al. (1996)
poukazuji na nalezy Supin, které piedstavuji pfechodové morfotypy mezi S. petersenii f. pe-
tersenii a S. petersenii f. glabra. Tyto Supiny neni mozné jednoznacné pripsat ani k jednomu
z t€chto taxond. I dalsi studie poukazuji na to, Ze se u nékterych dalSich popsanych forem vy-
skytuji kromé diagnosticky diilezitych Supin také Supiny tézko odlisitelné od Supin S. peterse-
nii f. petersenii (Asmund 1968, Nicholls & Gerrath 1985). Ukazalo se, Ze znaky, jako je pfi-
tomnost Zeber a jejich pficné propojeni (kterym se vyznacuje S. petersenii f. kufferathii), jsou
zavislé na stupni silifikace Supin. Mohou tedy byt ovlivnény vnéj$imi podminkami a jsou za-
vislé zejména na dostupnosti kiemiku a na pH (Wee et al 1991, Sandgren et al. 1996).
V dalSich laboratornich pokusech se ukdzalo, ze vedle t€chto znak, které jsou zavislé na cha-
rakteristikach prostiedi, existuji na Supinach také znaky, které zlstavaji i ptes v§echny zmény
vnéjSich podminek neménné. Mezi tyto znaky patfi velikost porl na bazalni desti¢ce a kylu,
velikost foramenu, a také celkovy tvar Supiny (Wagenmann & Gutowski 1995, Gavrilova et
al. 2005).

V soucasné dobé je tedy v rdmci sekce Peterseniae, do které patii také Synura peterse-
nii, stale pouzivan druhovy koncept, zalozeny vyluéné na zminiovanych proménlivych morfo-
logickych znacich kiemicitych Supin. Dulezitym krokem ke zméné této situace bylo osekve-
novani nékolika kmenud druhu S. petersenii a fylogeneticka analyza, ktera odhalila variabilitu
sekvenci ITS1, 5,8 a ITS2 (Wee et al. 2001). V této analyze byly nalezeny dvé linie uvnitf
druhu S. petersenii, ale nebylo provedeno Zadné srovnani t€chto molekuldrnich vysledki
s tradi¢ni mortlogii Supin, a proto neni jasné, zda se jedna o variabilitu kryptickou, ¢i zda maji

tyto linie néjakou stabilni charakteristickou rnorfologii.

i.4. Biogeografie a ekologie

Podle Kristiansena (2001) maji druhy kfemicitych chrysomonad, zejména druhy rodi-
Svnura a Mallomonas, své specifické geografické rozsireni. Toto rozSifeni je uréené geogra-
fickymi bariérami a ekologickymi naroky druhii. Dilezitymi faktory jsou zejména teplota, pH
a konduktivita. Za velmi dileZity povazuje ovSem také historicky vyvoj a zpisob distribuce
druhi. O poslednich dvou jmenovanych faktorech toho v§ak prili§ nevime. ProtoZe pohybliva

stadia téchto organismi nejsou pfilis odolnd, je pravdépodobné, ze se §iti ve formé stomato-



cyst. Spekuluje se o souvislosti jejich §ifeni s migraci vodnich ptakt (Wee et al. 1993, Péterfi
& Momeu 1996), oviem zatim nebyl pozorovan vyskyt stomatocyst na vodnich ptacich nebo
v jejich zazivacim traktu, a chybi tak konkrétni dikazy, které by podpofily tyto domnénky
(Kristiansen 2001).

Na druhé strané stoji teorie ubikvitniho roz§ifeni mikroorganismd, podle které by mély
byt v podstaté viechny organismy mensi nez 1 mm kosmopolitni (Finlay & Clarke 1999, Fin-
lay 2002).

V kazdém ptipadé i podle Kristiansena (2001) ma nejméné polovina kiemicitych chry-
somonad kosmopolitni distribuci. Jako ptiklad takto §iroce rozsifeného druhu uvéadi Kristian-
sen druh S. petersenii. Jedna se o viibec nejcastéji nalézany druh tfidy Synurophyceae (Wee
1982, Siver 1987, Pichrtova et al. 2007). Velka ¢ast druhti rodu Synura ma dobie definovanou
ekologii. S. petersenii je vSak druh velmi ekologicky variabilni. Pivodné byl povazovéan za
alkalifilni (Takahashi 1978), coz bylo ov§em pozdé€ji vyvraceno a ukazalo se, Ze jsou rizné
kmeny tohoto druhu schopné zit ve vodach o rizném pH (Kim et al. 2008) a vyskytuji se v
nejriznéjSich typech sladkovodnich lokalit (Kristiansen 2001). Tim se lisi od jinych kosmo-
politnich druhti, jako je S. echinulata, jejiz distribuce je sice také celosvétova, ale je zaroven
omezena na mirn€ kyselé oligotrofni vody (Kristiansen 1975a). Nékteré formy druhu S. peter-
senii vSak maji distribuci uz8i. Takovym pfipadem je S. petersenii f. taymirensis, ktera je
zminovana jako pfiklad organismu s arkticko-subarktickym roz$itenim (Kristiansen 1995).
Kim et al. ve zminéné studii z roku 2008 zkoumali podminky, pti kterych S. petersenii tvori
vodni kvét, a zjistili, Ze tyto podminky se dramaticky li§i u riznych kmenti. Bohuzel se v3ak
nepokusili tyto kmeny uréit do formy, a tak se nedd soudit, zda byly tyto rozdily

v ekologickych narocich kment spojené s jejich taxonomickou prislusnosti.

1.5. Vyuziti kiemicitych Supin chrysomonad

Molekularni fylogenetické metody ukazaly na mnoha fasovych skupinach, Zze se pfi
definici druhd neda spoléhat pouze na morfologii a je tieba ji kombinovat s dalSimi pfistupy
(Wilcox 1998, Huss 2002, Krienitz et al. 2002). V né&kterych oborech, jakym je napf. paleo-
limnologie, viak nemame k jinym nez morfologickym datim ptistup.
Ktemicité Supiny chrysomonad tfidy Synurophyceae jsou velmi odolné a snadno se zachova-
vaji v sedimentu. Jsou proto cennym zdrojem informaci pro paleolimnologické vyzkumy
(Smol 1995, Smol & Cumming 2000) a pro biomonitoring (Roijackers & Kessels 1986, Siver
1991, 1993, Siver & Lott 2000).



Pro tyto tcely jsou vhodné druhy rodu Synura se znamymi ekologickymi néaroky a
dobrym morfologickym vymezenim, jako je S. sphagnicola nebo S. echinulata (Charles &
Smol 1988). Vzhledem ktomu, ze se druh S. petersenii ukazal byt velmi tolerantni
k nejriznéj$im podminkam vnéjsiho prostredi (Kim et al. 2008, Kristiansen 2001), je jeho vy-
povédni hodnota pro tyto obory jen omezena. Formy a variety tohoto druhu skryvaji v tomto

vewr

mohlo byt pfinosem pro tyto obory.

1.6. Cile této prace

Zakladni otazkou, na kterou se tato prace pokousi najit odpovéd’, je problém skutecné
diverzity v ramci druhu S. petersenii. Tento problém je feSen pomoci vice nezavislych pfistu-
pl. Zakladnim krokem ma byt prozkoumani a zhodnoceni genetické variability druhu S. pe-
tersenii pomoci sekvenace markeru ITS1-5,8S-1TS2 ITS2 rDNA u né€kolika desitek kmend, -
pochazejicich z riznych lokalit Ceské republiky, Skotska, severni Ameriky a dal$ich oblasti.
Dal$§im krokem je zji§téni pfitomnosti/nepfitomnosti (hemi-)CBCs (compensatory base chan-
ges). jejichz pfitomnost u pfibuznych skupin organismi koreluje s existenci reprodukénich
bariér (Coleman 2000, Casteleyn et al. 2007, Miiller et al. 2007). Dale se tato studie zabyva
otazkou, zda nalezené genetické variabilit¢ odpovida variabilita morfologicka, a jestli je tedy
u téchto organismi pouzitelny i tradi€ni morfologicky pristup. Ve druhé fadé se studie zabyva
také dal$imi otazkami, které s touto problematikou souviseji, a to porovnanim fylogenetic-
kych vztahti a morfologie, biogeografii a ekologii nalezenych linii. Souc¢asti prace je také ru-
kopis ¢lanku pro impaktovy ¢asopis Nova Hedwigia, ve kterém byly zpracovany a vyhodno-
ceny predbézné vysledky vyzkumu. Tento ¢lanek je k praci pfipojen jako pfiloha.

Vysledkem této prace by mél byt novy, realisticky druhovy koncept. zaloZzeny na
kombinaci nékolika nezavislych znakd pouzivanych k definici druhii u protistnich organism,

a jeno aplikace na druhovy komplex S. petersenii.

2. Material a metody

2.1. Izclace a kultivace
Vzorky byly odebirany z riiznych lokalit na tzemi Ceské republiky a Skotska, a v na-
rodnim parku Abisko ve Svédsku. Pro odbéry byla pouzita planktonni sit’ s §itkou ok 20 pm.

v

Na mistech odb&ru bylo méfeno pH, konduktivita a teplota vody pomoci méfi¢e Combo pH &



EC HI 98129, Hanna instruments. Ze vzorkt byly izolovany jednotlivé kolonie pomoci skle-
néné pipety, vytazené v kapilaru. Poté byly kultivovany v plastovych kultivaénich desti¢kach
se sterilnim modifikovanym médiem DYIV (Rezagova, 2003) pii teploté 15 °C za pirozené-
ho osvétleni. Po ¢tyfech tydnech byl z kazdé narostlé kultury sterilni pipetou odebran vzorek

o objemu 200 pl. Ten byl pfemistén do 1 ml mikrozkumavky Eppendorf a zmrazen (- 20°C).

2.2. PCR amplifikace a sekvenace ITS rDNA useku

RozmrazZené vzorky byly pridavany pfimo do reakéni smési pro PCR. Pro amplifikaci
sekvenci ITS rDNA (ITS1, 5,8S, ITS2) byly pouzity primery Knl.1 (5’-CAA GGT TTC CGT
AGG TGA ACC-3’; Wee et al. 2001) a Kn4.1 (5°-TCA GCG GGT AAT CTT GAC TG-3";
Wee et al. 2001). SloZeni mastermixu bylo: 15.1 pl sterilni Milli-Q vody, 2 pl 10" PCR pufr
(Sigma), 0.4 ul ANTP (10 pM), 0.25 pl kazdého z primert (25 pmol/ml), 0.5 pl Red Taq
DNA Polymeraza (Sigma) (1U/ml), 0.5 pl of MgCl2, 1 ul rozmrazeného vzorku. Pro amplifi-
kaci ITS rDNA useku byl pouzit XP thermal cycler (Bioer) s cyklem: 35x denaturace — 1 min
pfi 94°C + annealing — 1 min pfi 54 °C + elongace 1 min pti 72 °C, nasledovanym prodluzo-
vaci fazi 10 min pfi 72 °C. Detekce vysledného produktu byla provedena na agar6zovém gelu
s ethidium bromidem. Produkt byl pfecistén kitem JetQuick PCR Purification Kit (Genomed)
a sekvenovén primery pouzitymi pti PCR firmou Macrogen, Inc. (Seoul, Korea,

http://dna.macrogen.com).

2.3. Fylogeneticka analyza

Pro alignment byly pouzity sekvence kmenti uvedenych v tabulce X. Pfi zpracovani
sekvenci byly pouzity programy MEGA verze 4.0.2 (Tamura, Dudley, Nei, and Kumar 2007),
SeqAssem (Hepperle 2004) a BioEdit (Hall 1999). Po vypusténi pozic s delecemi u vétSiny
sekvenci mél vznikly alignment délku 482 bazi. Fylogenetické stromy byly vytvofeny meto-
dou maximum likelihood (ML) pomoci programu PAUP*, verze 4.0b10 (Swofford 2002), a
metodou Bayesian inference (Bl), MrBayes, verze 3.1 (Ronquist & Huelsenbeck 2003). Sub-
stituéni model byl odhadnut za pouziti programu PAUP/MrModeltest 1.0b (Nylander 2004).
Pro metodu ML byl vybran model GTR+G na zaklad¢ testu Akaike information criterion
(AIC) a Hierarchical likelihood ratio tests (hLRTs). Dale byl proveden ML bootstrap (100
replikaci). Metodou BI byly vytvofeny dva riizné fylogenetické stromy. Pfi konstrukci prvni-
ho z nich byl pouzit model GTR + G pro cely usek ITS rDNA (ITS, 5.8S a ITS2). Pro druhy

BI strom byly pouzity dva rizné modely vybrané na zdkladé hLRTs pro rizné ¢asti alignmen-



tu (tab. 1). Dva paralelni MCMC béZzely po 2 000 000 generaci. V ramci kazdého MCMC byl
pouzit jeden horky a tfi studené fetézce. Stromy byly zaznamenavany kazdou stou generaci.
Na zdkladé sekvenci byly v programu MEGA vypocitany vzdjemné Jukes-Cantor

.vzdalenosti vétvi.

Usek alignmentu  Délka (bazi) Model
iTS1 169 F81+G
5,8S 151 JC+1
ITS2 162 F81+G

Tab. 1. Evoluéni modely pouzité ve druhé BI analyze.

2.4. Morfologicka analyza

Z vypéstovanych kultur byly po ¢tyfech tydnech od jejich zaloZeni pfipraveny vzorky
pro transmisni elektronovy mikroskop (TEM). Formvarovou blankou pokryté médéné mfizky
se zaschlymi vzorky byly pfemyty destilovanou vodou a poté prohlédnuty pomoci elektrono-
vého mikroskopu JEOL 1010. Dva reprezentativni kmeny z kazdé nové vétve byly vybrany
pro morfologickou analyzu. Pomoci TEM byly pofizeny snimky 10 riiznych Supin kazdého z
vybranych kmend. Déle probéhlo méfeni morfologickych znaki pfitomnych na Supinach po-
moci programu Adobe Photoshop Elements 5.0. Méfena byla délka s §ifka Supiny, obsah ky-
lového poru, obsah péru bazalni desticky, obsah foramenu, plocha Supiny a plocha kylu
(obr. 1). Obsah kylového péru a péru bazalni desticky byl ziskavan zprimérovanim namére-
nych hodnot deseti pfislusnych pori z kazdé méfené Supiny. Dale byl vypocitan pomér délky
a 8itky jednotlivych Supin a pomér plochy Supiny ku plo3e jejiho kylu. Ze ziskanych dat byly
vytvoieny krabicové grafy pro jednotlivé charakteristiky. Normalni rozloZeni hodnot méte-
nych znaki bylo testovano Shapiro-Wilkovym testem. Signifikance meziskupinovych rozdilt
v. téchto znacich byla testovana metodou One-way ANOVA v pfipadé normalniho rozioZeni a
Kruskal-Wallisovym testem v pfipadé, ze rozlozeni normalni nebylo. Pro tyto metody byl po-
uzit program PAST, verze 1.83 (Hammer et al. 2001). Na ziskanych datech byla provedena
PCA pomoci programu PAST a CDA v programu STATISTICA for Windows (StatSoft, Inc.
1998). Grafy byly zobrazeny programem SigmaPlot (Systat Software, Inc. 2004).

V programu STATISTICA byla vypocitina matice Mahalanobisovych vzdalenosti
-jednotlivych vétvi na zakladé morfologickych znak. Tato matice byla porovnana s matici Ju-
kes-Cantor vzdalenosti vypocitanych na zakladé sekvenci pomoci Mantelova testu shody.

Test byl spo¢ten pomoci programu Mantel 2.0 (© Adam Liedloff).



2.5. Biogeografie

Nadmoft'ska vyska lokalit byla zjisténa na webovych strankach Google Maps Find Alti-
tude (http://www.daftlogic.com/sandbox-google-maps-find-altitude.htm). Informace o lokali-
tach (region a nadmoiska vysSka lokality) byly zaneseny na ML strom pomoci programu Me-

squite verze 2.6 (Maddison & Maddison 2009).

3. Vysledky

3.1. Fylogeneticka analyza sekvenci ITS rDNA

Celkem bylo ziskdno 44 novych sekvenci ITS rDNA. Vysledkem riznych typt analyz
byly fylogenetické stromy se stejnou topologii, které se neliSily na trovni hlavnich v&tvi.
Obr. 2 ukazuje strom konstruovany metodou BI za pouzZiti riznych evoluénich modeld pro
rizné ¢asti sekvence. Obr. 3 ukazuje strom vytvoieny pomoci metody BI s jednim evoluénim
modelem pro cely alignement. Na obr. 4 je strom konstruovany metodou ML. Pro odhad po-
zice kofene stromu byl zpracovan dalsi alignement zahrnujici jako outgroup sekvenci pattici
druhu Synura uvella AF308847.1. Podle této analvzy je vétev 6 bazalni vétvi strormu. Ali-
gnement je mozno stahnout na adrese:
http://botany.natur.cuni.cz/algo/align/01_Synura_petersenii.fas

Vysledné tii fylogenetické stromy odhaluji shodné 8 silné podpofenych vétvi (rozlo-
. Zeni kment v jednotlivych vétvich viz téZ tab. 2). Sekvence z databaze GeneBank AF508843
utvorila samostatnou vétev, ktera se na vSech stromech umistila se stfedni podporou jako ses-
terska vétvi 2 (podpora ML bootstrap 74, Bl posterior probability 0.84). Podpora ostatnich
vétvi se pohybuje mezi 1.00 a 0.99 BI posterior probability, ML bootstrap dosahuje hodnot
100 az 99, niz§i podporu mé vétev 1 (ML bootstrap 73) a vétev 5 (ML bootstrap 93). Vysled-
né stromy dale ukazuji pfibuznost vétve 1, vétve 2 a sekvence AF308845 ( ML bootstrap 16¢.
BI posterior probability 1.00). Tomuto dobie podpofenému klastru je sesterska vétev 3 (ML
bootstrap 92, Bl posterior probability 1.00). Vétve 5 a 8 utvotily klastr o podpore MU bcot-
strap 75, BI posterior probability 0.99 a 1.00.



. Oznaéeni . C. sekvence
Vetev kmene Lokalita GeneBank

1 AF308837 * Lake Itaska State Park, Itaska County, MN (CCMP 858) AF308837
1 AF308838 * White Springs Road Pond, Geneva, NY (Sandgren 2) AF308838
1 AF308839* Fox River, McHenry County, IL (CCMP 868) AF308839
1 AF308840 * Newfoundland, Canada (CCMP 866) AF308840
1 AF308841* Winter's Creek, Keeweenaw County, Ml (CCMP 861) AF308841
1 AF308842 * Winter's Creek, Keeweenaw County, Ml (CCMP 862) AF308842
1 AF308843 * Winter's Creek, Keeweenaw County, Ml ("And" 2549) AF308843
1 AF308844 * Big Betsy Pond, Ml ("And" 5482) AF308844
1 AF308846 * ditch near Winter's Creek, Keeweenaw County, Ml (CCMP 863) AF308846
1 S 251 kanal u feky River Corrib, Galway, IE -

2 S51 aluvialni tan, Modrany, Praha, CZ FM178494
2 S$52 aluvialni tan, Modrany, Praha, CZ FM178495
2 S53 aluvialni tan, Modrany, Praha, CZ FM178496
2 S14.2 raselinisté, Swamp NR, severni Cechy, CZ FM178497
2 S211 feka, Plouénice, Horni Police, severni Cechy, CZ -

3 -AF308832* Bluff Lake, Lake County, IL (CCMP 873) AF308832
3  AF308833* Yarra River, Melbourne, Victoria, Australia AF308833
3 AF308834* Lineburger Heide, Germany (SAG 120.79) AF308834
3  AF308835* Winter's Creek, Keeweenaw County, Ml (CCMP 872) AF308835
3  AF308836* road ditch near Gay, Mi (CCMP 864) AF308836
3 S11 kanal, Zlata stoka, Trebon, jizni Cechy, Cz FM178498
3 8§12 kanal, Zlata stoka, Tfebon, jizni Cechy, CZ FM178499
3 S13 kanal, Zlata stoka, Tiebon, jizni Cechy, CZ FM178500
3 S64 aluvialni tan, Horni Luznice NR, jizni Cechy, CZ FM178501
3 -§65 aluvialni taf, Horni Luznice NR, jizni Cechy, CZ FM178502
3 S419 Kladsky rybnik, zapadni Cechy, CZ FM178503
3 877 rybnik Babin, Zdarské vrchy PLA, CZ FM178504
3 S16.2 rybnik Xerr, jizni Cechy, CZ FM178505
3 S$209 kanal, Crinan Canal, Skotsko, GB -

3 S241 oligotrofni jezirko u cesty, Abisko, SE -

4 S710 rybnik Babin, Zdarské vrchy PLA, CZ FM178506
4 S102 Hut'sky rybnik, Novohradské hory, jizni Cechy, CZ FM178507
4 S17.2 rybnik Babin, Zdarské vrchy PLA, CZ -

4 S2044 jezero, Loch Nam Ban, Skotsko, GB -

5 $15.3 Upské raselinisté, Krkonose NP, severni Cechy, CZ FM178508
5 S 155 Upske raselinisté, Krkonose NP, severni Cechy, CZ FM178509
5 S159 Upske raselinisté, Krkonose NP, severni Cechy, CZ FM178510
6 S81 Kyjsky rybnik, Praha, CZ FM178511
6 S$91 tiiné u soutoku feky Moravy a Dyje, jizni Cechy, CZ FM178512
6 S92 tiiné u soutoku feky Moravy a Dyje, jizni Cechy, CZ FM178513
6 S 141 raselinisté, Swamp NR, severni Cechy, CZ FM178514
6 S$21.2 feka, Plougnice, Horni Police, severni Cechy, CZ -

6 S235 vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ -

6 S261 Hut'sky rybnik, Novohradské hory, jizni Cechy, CZ -

8 $26.2 Hut'sky rybnik, Novohradské hory, jizni Cechy, CZ -

6 S$26.3 Hut'sky rybnik, Novohradskeé hory, jizni Cechy, CZ -

5 S264 Hut'sky rybnik, Novohradské hory, jizni Cechy, CZ -

6 S27.1 Pohofsky rybnik, Novohradské hory, jizni Cechy, CZ -

Tab. 2. Kmeny pouzité v této studii, lokality, na kterych byly nalezeny a vétve, do kterych
spadaji podle vysledki fylogenetické analyzyv. Sekvence oznaCené hvézdickou byly ziskany z
databaze GeneBank a pochazeji ze studie Wee et al. 2001.
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. Oznaéeni . ¢. sekvence

Vétev kmene Lokalita GeneBank

7 S231 vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ -

7 S232 vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ -

7 S233 vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ -

7 S234 vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ -

8 S20.1 jezero, Lochan Add, Skotsko, GB -

8 S202 jezero, Lochan Add, Skotsko, GB -

8 S204 jezero, Lochan Add, Skotsko, GB -

8 S$20.45 kanal, Crinan Canal, Skotsko, GB -

8 S20.5 jezero, Lochan Add, Skotsko, GB -

8 S208 kanal, Crinan Canal, Skotsko, GB -

- AF308845* roadside ditch, Keeweenaw County, MI ("And" 2555) AF308845

Tab. 2. Kmeny pouzité v této studii, lokality, na kterych byly nalezeny, a vétve, do kterych
spadaji podle vysledki fylogenetické analyzy. Sekvence oznacené hvézdickou byly ziskany z
databaze GeneBank a pochazeji ze studie Wee et al. 2001.
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Obr. 2. Strom vytvofeny BI analyzou zohlediiyjici odli$né evolu¢ni modely usekd pouZitych
sekvenci. Nad vétvemi jsou uvedeny hodnoty ML bootstrapu, pod vétvemi jsou hodnoty
posterior probability.
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Obr. 3. Vysledny strom BI analyzy vyuZivajici jeden evolu¢ni model pro cely alignement.
Pod a nad vétvemi jsou uvedeny hodnoty posterior probability.
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3.2. Sekundarni struktura ITS2 rDNA a CBCs (compensatory base changes)
Rekonstrukce sekundérni struktury sekvenci ITS2 ukazala pritomnost CBCs (zmén
obou nukleotidii komplementarniho paru pfi zachovéani parovani) a hemi-CBCs (zmén pouze
jednoho nukleotidu komplementarniho paru pfi zachovani parovani), a to na useku helix 1I,
ktery obsahoval 3 hemi-CBCs a 2 CBCs, a déle na useku helix III, na kterém bylo nalezeno
celkem 9 hemi-CBCs a 2 CBCs. Srovnani sekundarni struktury sekvenci ITS2 jednotlivych
kment odhalilo pfitomnost (hemi-)CBCs mezi vétvemi nalezenymi pfi fylogenetické analyze.
Pocet téchto (hemi-)CBCs se pohyboval mezi dvéma (vzdjemna odlisnost vétvi 5 a 8) a deseti
(vzdjemna odlisnost vétvi 2 a 4). Naproti tomu kmeny uvnitt jednotlivych vétvi se navzijem

ptitomnosti CBCs ani hemi-CBCs nelisily, a to ani v jednom z osmi pfipadi.

3.3. Biogeografie a ekologie linii

Jak ukazuje tabulka 2 a obr. 2, vétSina severoamerickych kmeni utvofila vlastni vé-
tev 1. Do této vétve dale patfi irsky kmen S 25.1.

Vétev 2 obsahuje kmeny ze tfi Ceskych ekologicky rozmanitych lokalit. Jedna se o
prazskou tin v ModFanech, raselini§té¢ Swamp a feku Ploucnici.

Vétev 3 je tvofena kmeny z riiznych &eskych lokalit, kmen z Némecka, Skotska, Svéd-
ska a Australie.

Vétev 4 obsahuje kmeny ze dvou Ceskych lokalit a jeden skotsky kmen.

Vétev 5 je tvofena tiemi kmeny pochazejicimi z jediné lokality — z Upského
raselinisteé.

Vétev 6 zahrnuje kmeny ze sedmi riiznych lokalit z izemi Ceské republiky.

Vétev 7 obsahuje pouze kmeny z ¢eské lokality Kvilda.

Vétev 8 je tvofena vyhradné kmeny ze dvou skotskych lokalit.

Analyzy tedy ukazuji étyfi vétve nalezené pouze v Ceské republice, jednu vétev sesta-
vajici pouze z kmeni ze Skotska, jednu vétev s kmeny americkymi a jednim kmenem z Irska,
jednu vétev s kmeny z Ceské republiky i Skotska a jednu vétev s kmeny z mnoha riiznych
zemi stfedni i severni Evropy, severni Ameriky a Australie (obr. 6).

V mnoha piipadech byly na stejné lokalité pfi stejném odbéru nalezeny kmeny naleze-
jici k riznym vétvim. To je ptipad kment vétve 6 a vétve 2, nalezenych pfi stejném odbéru na
lokalit¢ Swamp, a podobné také v fece Plou¢nici. Vétve 7 a 6 se vyskytovaly spole¢né na
Sumavské Kvildé. Vétve 6 a 4 byly nalezeny v Hut'ském rybniku v Novohradskych horéch.
Vétve 3 a 4 byly nalezeny v rybniku Babin. A kone¢n¢ pii stejném odbéru byly také nalezeny

vétve 8 a 3 na skotské lokalité Crinan Canal.
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Pro vétsinu lokalit se podafilo stanovit nadmofskou vysku (tab. 3). Obr. 7 ukazuje
nadmoftskou vysku lokalit, vynesenou na strom ML. Vy8kové rozmezi pro jednotlivé vétve

shrnuje tab. 4.

|
vétev 1
vétev 2
vétey 3
vétev 4
vétev 5
vétev 6
vétev 7
vétev 8

OO ONWWORY

Obr. S. Predpoklddana sekundarni struktura transkriptu sekvence ITS2 kmene S 1.3 (vétev 3)
s vyzna¢enymi rozdily bazi: tmaveé Sedé obdélniky na pozadi pari bazi oznacuji CBCs. Svétle
Sedé obdélniky zna¢i hemi-CBCs. Jednotlivé zmény bazi jsou oznaceny krouzkem okolo zas-
tupyjicich se nukleotidi. Zmény vétsich &asti koncovych smycek jsou oramovany obdélniky
bez vypln€. V plnych ¢ernych krouZcich sousedicich s jednotlivymi vyzna¢enymi (hemi-)
CBCs se nachazeji ¢isla vétvi, u kterych je dana zména pfitomna. B. Matice po¢tu (hemi-)
CBCs mezi jednotlivymi liniemi.
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Obr. 6. Informace o regionu, do kterého spadaji lokality, vynesené na ML strom.
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Obr. 7. Informace o nadmoftské vysce lokalit vynesené na ML strom.
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Lokalita Nadmoiska vyska (m)

aluvialni tan, Horni Luznice NR, jizni Cechy, (074 416
aluviaini tan, Modrany, Praha, CZ 227
Big Betsy Pond, MI ("And" 5482) ?
Bluff Lake, Lake County, IL (CCMP 873) 117
ditch near Winter's Creek, Keeweenaw County, Ml (CCMP 863) 190
Fox River, McHenry County, IL (CCMP 868) 261
Hutsky rybnik, Novohradské hory, jizni Cechy, CZ 816
jezero, Loch Nam Ban, Skotsko, GB 800
jezero, Lochan Add, Skotsko, GB 113
kanal u feky River Corrib, Galway, IE 9
kanal, Crinan Canal, Skotsko, GB 70
kanal, Zlata stoka, Trebon, jizni Cechy, CZ 428
Kladsky rybnik, zapadni Cechy, CZ 805
Kyjsky rybnik, Praha, CZ 224
Lake ltaska State Park, Itaska County, MN (CCMP 858) 456
Luneburger Heide, Germany (SAG 120.79) 10
Newfoundland, Canada (CCMP 866) ?
oligotrofni jezirko u cesty, Abisko, SE 370
Pohotsky rybnik, Novohradské hory, jizni Cechy, CZ 908
raseliniét&, Swamp NR, severni Cechy, CZ 250
road ditch near Gay, Ml (CCMP 864) 243
roadside ditch, Keeweenaw County, Ml ("And" 2555) ?
rybnik Babin, Zdarské vrchy PLA, CZ 573
rybnik Xerr, jizni Cechy, CZ 478
feka, Plougnice, Horni Police, severni Cechy, CZ 242
Upské raselinisté, Krkonose NP, severni Cechy, CZ 1366
tin& u soutoku feky Moravy a Dyje, jizni Cechy, CZ 152
vodni nadrz, Kvilda, jizni Cechy, Sumava, CZ 1055
White Springs Road Pond, Geneva, NY (Sandgren 2) 137
Winter's Creek, Keeweenaw County, Ml (CCMP 872) 196
Yarra River, Melbourne, Victoria, Australia 147

Tab. 3. Nadmotska vyska lokalit.

Vétev Nadmoriska vyska (m)
1 9—261
242 — 250
10 — 805
573 - 816
1366
224 — 1055
1055
70-133

0O N hAh WDN

Tab. 4. Rozmezi nadmoiské vysky, ve kterém byly nalezeny kmeny spadajici do jednotlivych
vétvi.
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3.4. Morfologie Supin
Obrazky 8 a 9 ukazuji Supiny typické pro jednotlivé fylogenetické vétve. Porovnani
hodnot métenych morfologickych znakti formou krabicovych grafti je na obr. 10. Dvé vétve
byly vyhodnoceny jako signifikantné se li§ici, pokud hodnota p pro tuto dvojici v analyze
One-way ANOVA nebo Kruskal-Wallis byla mensi nez 0,001.
Pomér délky a Sitky:
Lisi se Supiny vétve 1, 2 a 6 od ostatnich, ne v§ak navzajem.
Plocha foramenu:
Vétev 5 se lisi od vSech ostatnich.
Vétev 1 se lisi od vétve 3.
Plocha péru bazélni desti¢ky:
Vétev 2 se lisi od viech ostatnich.
Vétve 1, 4 a 6 se lisi od ostatnich, ne v§ak navzijem.
Plocha kylového péru:
Vétev 2 se lisi od ostatnich vétvi.
Vétev 4 se lisi od ostatnich vétvi.
Vétev 1 a 6 se li8i od ostatnich vétvi, ne v§ak navzijem.
Pomér plochy bazalni desky ku kylu:
Vétev 6 se lisi od ostatnich vétvi.
Vétev 1 a 2 se 1i8i od ostatnich vétvi, ne vSak navzijem.
Vétev 3 a 8 se 1isi od vétve 7.
Délka Supiny:
Vétev 3 se lisi od vSech ostatnich.
Vétev 4 se lisi od vétve 2.
Vétev S5seliSiod vétvil,2,5a7.

Vétev 8 se liSi od vétvi2 a 7.
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Obr. 8. TEM snimky vybranych reprezentativnich Supin zastupci jednotlivych fyloge-
netickych linii: A — vétev 1, B — vétev 2, C — vétev 3, D —vétev 4.
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Obr. 9. TEM snimky vybranych reprezentativnich Supin zastupcl jednotlivych fyloge-
netickych linii: A — vétev 5, B — vétev 6, C — vétev 7, D — vétev 8.
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Obr. 10. Krabicové grafy morfologickych dat pro jednotlivé znaky méfené na Supinach druhu
Synura petersenii sensu lato. Vysku Sedych sloupcu vyznaduji percentily 25 % a 75 %, ¢ara
uvnitf $edych ploch pfedstavuje median. Chybové useky oznacuji percentily 10 % a 90 %.
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34.1. PCA

PCA rozdélila vzorky do skupin odpovidajicich jednotlivym vétvim (obr. 11). Charak-
teristiky jednotlivych komponent jsou uvedeny v tabulce 5. Prvni osa vysvétlila 44,55% vari-
ability, druha osa vysvétlila 23,83% a tieti vysvétlila 13,33%. Korelace mé&fenych znaki

s prvnimi ¢tyfmi osami ukazuje obr. 12.

vétev 1
vétev 2
vétev 3
vétev 4
vétev 5
vétev 6
vétev 7
vétev 8

L X 2 Nul 3 NoN

Obr. 11 PCA - ordinaéni diagram znazortiujici rozloZeni objekti podél prvnich tfi os.
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komponenta Eigenvalues % variance

1 4,0095 44,55
2 2,1444 23,83
3 1,1999 13,33
4 0,8313 9,24
5 0.56115 5,68
6 0.1737 1,93
7 0,0935 1,04
8 0,0329 0,37
9 0,0033 0,04

Tab. 5. Hodnoty Eigenvalues a procenta variance jednotlivych komponent nalezenych
metodou PCA.

3.4.2. CDA

Vysledkem kanonické diskrimina¢ni analyzy je ordina¢ni diagram na obr. 13 a klasifi-
ka¢ni matrice (tab. 6). Do skupin, odpovidajicich fylogenetickym liniim, se ve vétsiné pfipadd
podafilo spravné zafadit 90 az 100 % Supin. Nejmensi Gspésnost (80 %) byla u vétve 4. K
nejcastéjSim zdméndm dochézelo u Supin patficich kmenim vétve 7. Ty byly né€kolikrat pfifa-
zeny k vétvi 4, 5 a 8. Srovnani Mahalanobisovych vzdalenosti vétvi, zaloZenych na morfolo-
gickych znacich, a Jukes-Cantor vzdalenosti vypocitanych na zakladé sekvenci ukazuje obr.

14. Manteldv test shody téchto dvou matic ukazal, Ze se od sebe vyznamné lisi.
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vétev 1
vétev 2
vetev 3
vétev 4
vétev 5
vétev 6
vétev 7
vétev 8

L X 4 Nl & NoN

Obr. 13. CDA - ordina¢ni diagram znazortiujici rozloZeni objektii podél prvnich tfi os.

% uspéchu Vétev 1 Vétev 2 Vétev 3 Vétev 4 Vétev 5 Vétev 6 Vétev 7 Vétev 8
Vétev 1 90 18 0 0 1 0 0 0 1
Vétev 2 100 0 20 0 0 0 0 0 0
Vétev 3 95 1 0 19 0 0 0 0 0
Vétev 4 80 1 0 0 16 0 0 3 0
Vétev 5 90 0 0 0 0 18 0 2 0
Vétev 6 95 1 0 0 0 0 19 0 0
Vétev 7 90 0 0 0 0 0 0 18 2
Vétev 8 90 0 0 0 0 0 0 2 18
Celkem| 91,25 21 20 19 17 18 19 25 21

Tab. 6. Klasifikaéni matrice ziskana metodou CDA.
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vétev1 vétev2 vétev3 vétev4 vétev5 vétev6 vétev7 vétev$8
vétev 1 0 <0,0001 <0,0001 0 0 <0,0001 <0,0001
vétev 2 0 0 0 0 0 0
vétev 3 | < 0,0001 0 0 0 0 <0,0001 <0,0001
vétev 4 | <0,0001 0 0 0 0 <0,0001 <0,0001
vétev 5 0 0 0 0 0 <0,0001 <0,0001
vétev 6 0 0 0 0 0 0
vétev 7 | <0,0001 0 <0,0001 <0,0001 <0,0001 0 <0,0001
vétev 8 | <0,0001 0 <0,0001 <0,0001 <0,0001 0 < 0,0001

Tab. 7. Hodnoty p pro vzajemné vzdalenosti vétvi.

Druha mocnina Mahalanobisovy vzdalenosti

vétev 1 vétev 2 vétev 3 vétev 4 vétev 5 vétev 6 vétev 7 vétev 8

vétev 1
vétev 2| 85,8
vétev 3
vétev 4
vétev 5} i
vétev 6}
vétev 7
vétev 8

- 48,1

Jukes-Cantor vzdélenost

vétev 1 vétev 2 vétev 3 vétev 4 vétev 5 vétev 6 vétev 7 vétev 8

vétev 1
vétev 2|:0,002.
vétev3| 0,028 0035
vétev 4
vétev 5
vétev 6
vétev 7
vétev 8

0-20
20-40
40-60
60-80

80-100

100-120

120-140

140-160

0.015-0.021
0.022-0.028
0.029-0.035
0.036-0.042
0.043-0.049
0.050-0.056
0.057-0.063
0.064-0.070

Obr. 14. Srovnani Mahalanobisovych vzdalenosti vétvi, zaloZenych na morfologickych zna-
cich, a Jukes-Cantor vzdalenosti vypoc¢itanych na zakladé sekvenci. Vysledkem Mantelova
testu shody té€chto matic je hodnota p = 0,282. Matice se tedy od sebe vyznamné lisi.

3.5. Clanek: Molecular diversity and species concept in Synura petersenii complex

(Synurophyceae, Heterokontophyta)

Piedbézné vysledky vyzkumu byly zpracovany do €lanku pro impaktovy ¢asopis Nova

Hedwigia, ktery je pfipojen k této praci jako pfiloha. Na ¢lanku se mnou spolupracovali Pavel

Skaloud a Magda Skaloudova.

3.5.1. Cesky abstrakt &lanku

Tradi¢ni taxonomie druhu Synura petersenii je zaloZzena na morfologii kiemicitych Su-

pin, které pokryvaji povrch bunék téchto organismi. Klasifikace riznych morfotypti tohoto
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druhu se v minulosti mnohokrat zménila. Pro vyjasnéni problematiky druhového konceptu
druhu S. petersenii byl v této studii pouzit polyfazicky pfistup, ktery zajist'uje co nejvétsi spo-
lehlivost vysledkl. Analyza sekvenci ITS klonalnich kultur S. petersenii z riznych lokalit od-
halila Sest zfeteln¢ odliSnych vétvi. Zjisténi pritomnosti CBCs (compensatory base changes) a
hemi-CBCs u téchto Sesti vétvi potvrdilo nezavisle vysledky analyzy sekvenci ITS. Morfolo-
gicka analyza ukazala jednozna¢né rozdily ve struktufe Supin mezi jednotlivymi vétvemi.
Vsechny tyto tfi druhové koncepty (ITS rDNA fylogenetika, CBC a morfologie Supin) pfines-
ly zcela shodné vysledky. Za pouZiti tohoto polyfazického piistupu byl navrZen popis Etyf no-
vych druhii (S. americana, S. macropora, S. reticulata and S. oculea), a dale bylo navrZeno

stanoveni S. petersenii a S. glabra jako dvou separétnich druhti.

4. Diskuse

Primarnim cilem této prace bylo zji§téni rozsahu molekularni variability druhu Synura
petersenii. Wee et al. zjistili ve své studii z roku 2001, Ze druh S. petersenii neni po moleku-
larni strance uniformni. Nalezli vnitrodruhovou variabilitu useku ITS1, 5,8 a ITS2 rDNA, kte-
ra zietelné rozdélovala pouzité kmeny do dvou vétvi. Analyza mnohem vétSiho poctu kment
ukazuje, Ze molekularni variabilita druhu S. petersenii je daleko vét$i. Kromé ptivodnich dvou
linii, které nalezl Wee se svymi kolegy, se podafilo odhalit Sest dalich vétvi, a je velmi prav-

dépodobné, Ze jejich pocet by jesté vzrostl po pfidani dalSich kmen.

4.1. Fylogenetika

KdyZ porovname ML strom vznikly pfi analyze 35 sekvenci ITS (viz ¢lanek v ptiloze,
obr. 2) s ML stromem findlnim, ve kterém bylo zpracovano 58 sekvenci, nejvyznamnéj$im
rozdilem je bezesporu néalez dvou novych vétvi. Kromé této velké zmény se oviem topologie
strom pfili§ nelis$i. V nové analyze se trochu vyjasnila pozice kmene AF308845, ktery se
ukazuje byt sestersky vétvi 2 se stfedni podporou. Pravdépodobné se jedna o dal3i samostat-
nou linii. Pro potvrzeni této domnénky a vyjasnéni vztahl tohoto kmene k sousednim vétvim
by bylo vhodné pouzit dal§i molekularni marker.

Vsechny tifi metody, pouZité pro analyzu vét§iho poc¢tu vzorki (ML, BI a BI
s pouzZitim partitioned analyzy), dosly ke shodnym vysledkim, coZ poukazuje na stabilitu
alignmentu ITS sekvenci. Ziskané stromy se li8i pouze drobnymi odchylkami v rdmci hlav-

nich osmi linii. Tyto odchylky vesmés nejsou statisticky podpofené a jsou mimo rozliSovaci
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schopnost analyzy. Prozkoumani variability a vztahii uvnitf nalezenych linii by vyzadovalo
citlivéj$iho, variabilnéj§iho markeru. Vyjimkou je vétev 4, u které je urita vnitini variabilita
zietelna a statisticky stfedné aZ dobfe podpofenad i za pouZiti stavajicich metod.

Pouziti BI zohledriujici riznost usekd pouzitych sekvenci se ukazalo jako vyhodné.
Touto metodou ziskany strom ma o néco vétsi celkovou podporu nez strom vznikly metodou

BI s jedinym modelem pro cely alignment.

4.2. Morfologie

Molekularni revize ptivodné morfologicky definovanych taxonti maji ¢asto za nasle-
dek odhaleni kryptickych druhd, které dfive nebyly popsany pravé proto, Ze jejich morfologie
nebyla odlisitelna (napf. Denboh et al. 2003, Evans et al. 2008, Vanormelingen et al. 2008).
V piipadé druhu S. petersenii sensu lato se oviem ukazuje, Ze nalezené molekularni variabilité
odpovida variabilita morfologicka, a nejedna se tedy o kryptické druhy. Jednotlivé nalezené
linie jsou morfologicky dobie definovatelné. To umoziiuje pouziti morfologického konceptu
druht pro jejich odliSeni. Kmeny pouZité v této studii pro morfologickou analyzu byly vSech-
ny po uréitou dobu kultivovany v laboratofi. K tomu, aby bylo mozné linie na zakladé morfo-
logie spolehlivéji identifikovat, by bylo jist¢ dobré prozkoumat také jejich variabilitu
v ptirodnich podminkach. Oviem vzhledem k tomu, Ze pro analyzu byly vybrany znaky, které
se jiz dfive ukazaly byt na vné&jSich podminkach nezavislé (Martin-Wagenmann & Gutowski
1995, Sandgren et al. 1996, Gavrilova et al. 2005), je pravdépodobné, Ze rozdily morfologie
Supin kultivovanych kmenu a ptirodnich vzorki budou minimalni. Diskrimina¢ni analyza
ukazala, ze se zvolené morfologické znaky skute¢né daji s dspéchem pouzit pro zatazeni
kmeni do pfislusnych fylogenetickych vétvi. Spravné a jisté zafazeni vSak musi byt zaloZené
na sledovani znaka né€kolika nahodné vybranych Supin daného kmene.

Morfologie Supin kment, naleZejicich k vétvi 6, odpovida popisu formy glabra druhu
S. petersenii (Kristiansen & Preisig 2007). Vétve 7 a 8 by se daly podle morfologie Supin pfi-
fadit k taxonu S. petersenii f. petersenii. V ramci vétve 3 se vyskytuji morfotypy odpovidajici
taxonim S. petersenii f. petersenii a S. petersenii f. kufferathii (Petersen & Hansen, 1958).
Morfologie Supin ostatnich vétvi neodpovida zddnym dosud popsanym formam druhu S. pe-
tersenii. S nékterymi nalezenymi morfotypy se vSak pfesto miZeme setkat v existujici litera-
tufe. Podle fotodokumentace ke studii, provedené tymem Gavrilova et al. (2005), je moZné na
zakladé morfologie identifikovat pouzité kmeny jako vétev 3 (klon 1), vétev 6 (klon 2) a vé-
tev 2 (klon 3). Podobné je i v dalSich studiich mozZné nalézt fotografie Supin, jejichz stavba

odpovida morfologii vétve 2 (Martin-Wagenmann & Gutowski 1995; obr. 17-23, Kristiansen
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& Preisig 2007; obr. 233b) a také Supin odpovidajicich morfotypu vétve 4 (Couté & France-
schini 1998; obr. 79, Rezagova & Skaloud 2005; obr. 34).

4.3. Srovnani morfologie a fylogenetiky

Srovnani topologie vyslednych fylogenetickych stromii a morfologie Supin kment, pa-
tficich do jednotlivych vétvi, neukazuje u méfenych morfologickych charakteristik Zadné zie-
telné evoluéni trendy. Jednotlivé morfologické znaky je mozné nalézt u riznych od sebe vice
¢i mén¢€ vzdalenych linii. Pfikladem mohou byt ovalné Supiny zastupcti vétve 6. Podobny tvar
nachazime u vétvi 1 a 2, které jsou ovSem vétvi 6 dosti fylogeneticky vzdalené. U vétSiny
morfologickych shod a podobnosti se tedy nejspiSe jedna o konvergenci. Tento zavér podpo-
ruje také porovnéni vzdalenosti vétvi, zaloZzené na morfologickych datech, se vzdalenosti ge-
netickou. Manteldv test nenalezl podobnost mezi maticemi téchto dvou typa dat (obr. 14).
Ukazuje se tedy, Ze jednotlivé fylogenetické vétve sice maji kazda svou charakteristickou
kombinaci morfologickych znakt, kterd umozZiuje jejich spolehlivou determinaci, ov§em
vztahy mezi témito znaky nekopiruji evoluéni vztahy mezi liniemi. To znamena, Ze morfolo-
gie Supin neni vhodnym podkladem pro vyzkum pfibuzenskych vztahi téchto organismi a
pro vytvéafeni evolu¢nich zavéri. Pokud je tento jev rozSifeny i na vys§i Urovni, nezZ jen
v ramci komplexu S. petersenii, mize siln€ zpochybnit mnohé studie, které se pravé timto
smérem ubiraly a na zakladé¢ morfologie Supin se pokousely vytvofit teorie o vztazich a evo-
luci chrysomonad s kifemicitymi Supinami (Péterfi & Momeu 1977, Wee 1997, Lavau et al.
1997).

4.4. Geografie a ekologie linii

Nalezené fylogenetické vétve nejsou vSechny zastoupeny srovnatelnym a dostate¢nym
poctem kmen, aby se daly na tomto zdklad¢ délat konkrétn€jsi biogeografické zavéry. Presto
ovsem nasbirana data a analyzy nékteré zajimavé dasledky naznacuji. Kmeny nékterych linii
byly nalezeny pouze v jedné oblasti a na pomérn€ malém uzemi (vétev 5 — Krkonose, vétev 7
— Sumava, vétev 8 — zapadni Skotsko). Ve viech tiech ptipadech se jedna o kmeny z horna-
tych (a¢ ne vzdy vysoko poloZenych), a tedy pomémé izolovanych oblasti. Zistava otazkou,
zda maji zastupci téchto vétvi pfisnéji vymezené ekologické naroky, které je odkazuji pravé
na tyto oblasti, nebo zda je tento jev jen artefaktem zptisobenym nedostatecnym samplingem.
Ackoli mize byt i druha jmenovana moznost realna, neda se piehlédnout napadny rozdil ve
zjisténé distribuci a hojnosti té€chto tii vétvi-a Siroce rozsifené vétve 3. Tato vétev obsahuje

kmeny ze tii kontinentd, z obou polokouli, a jeji zastupci se daji nalézt na ekologicky rozma-
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nitych lokalitach. Kmeny vétve 3 byly nalezeny na péti riiznych lokalitach Ceské republiky,
déale v Némecku, USA, Australii, a také sem patfi kmen pochazejici ze §védského Abiska, le-
zZiciho za polarnim kruhem. O jejim Sirokém rozsifeni a ekologickém zabéru tedy nemuize byt
sporu. Dal$im zajimavym pfipadem je vétev 1, ktera je tvofena pouze kmeny ze severni Ame-
riky, aZ na jednu vyjimku, a to kmen S 25.1 z Irska. V severni Americe je tato vétev evidentné
hojné€ zastoupena, nebot’ devét ze dvanacti severoamerickych kmend pouZzitych v této studii
(tedy tfi ¢tvrtiny) patii pravé do této vétve. Naproti tomu ze tficeti ¢tyt kmend pochézejicich
z kontinentalni Evropy nenalezi k této vétvi ani jeden jediny. Pro¢ se tato vétev vyskytuje
pravé v severni Americe a Irsku a zda je mozné ji nalézt jesté v jinych oblastech, to uz jsou
otazky presahujici tuto studii. (Vyvijet teorii o invazi pivodn¢ irské vétve 1 do severni Ame-
riky v prvni poloviné devatenactého stoleti v souvislosti s dramatickym ptichodem druhu
Phytophthora infestans do Evropy je pfi danych informacich asi pon€kud pfedCasné.) Dale
jsou tu vétve 2, 4 a 6, které byly nalezeny pouze v Evropé, ov§em na vét§im mnoZstvi pomér-
né dosti ekologicky rozmanitych lokalit. Vysledky této studie tedy naznacuji, Ze by se bioge-
ografie jednotlivych kmeni mohla lisit a zahrnovat riizné patterny od kosmopolitnosti aZ po
endemitismus, podobné jako je tomu u blizce pfibuzného rodu Mallomonas nebo u nékterych
dalSich druht rodu Synura (Kristiansen 2001). Definitivni odpovéd’ viak muize pfinést pouze
dalsi vyzkum.

Vétve 1, 2, 3, 4 a 6, obsahujici kmeny z vét§tho mnoZstvi lokalit, pochéazeji vesmés
z lokalit typoveé dosti rozmanitych (tab. 2). Pfikladem muize byt vétev 2, do které patii kmeny
z prazské tiin€, z raselinisté a z feky. V nékterych pfipadech byly kmeny, pattici do riznych
vétvi, nalezeny na stejné lokalit¢ béhem stejného odbéru. Ekologické néaroky téchto vétvi se
tedy zjevneé piekryvaji. Ve vSech téchto pfipadech je jednim ze dvou taxonu, nalezenych na
lokalitg, bud’ vétev 3, nebo vétev 6. To opét svéd¢i o jejich Siroké ekologické valenci.

Co se ty¢e nadmoiské vysky lokalit (tab. 3, 4 a obr. 7), na kterych byly nalezeny jed-
notlivé kmeny, je situace podobna jako ta tykajici se typid lokalit. Vétve s nejvétsim poétem
kmeni a s nejrozmanitéj$imi typy lokalit, tedy vétve 3 a 6, byly také nalezeny v nejvétSim
rozpéti nadmoiskych vysek (rozdil kolem 800 m). Dal$i na kmeny nejbohatsi vétev (1) uz ma
rozpéti vyrazné mensi, byla nalezena na lokalitach asi do vysky 250 m nad motem. Oproti
tomu vétev 4 byla nalezena v o néco vysSich polohach (mezi 550 a 800 m nad mofem). Vys-
kové rozmezi pro vétve 2 a 8 uz je méné nez 100 m, oviem to muze byt zptisobeno nedosta-
te¢nym samplingem. Vétve 5 a 7 byly ob¢€ nalezeny pouze na jedné lokalité, ktera se v obou
piipadech nachazela ve vysce vétsi nez 1000 m nad mofem. Je velmi zajimavé, Ze pravé na

jedinych dvou takto vysoko poloZenych lokalitach, které jsem pii svych odbérech navstivila,
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byly v obou piipadech nalezeny dvé nové vétve. Opét se nabizi otdzka, zda se nejedna o linie

specializované na takovéto biotopy, ovSem odpoveéd’ muze pfinést jen podrobnéjsi vyzkum.

4.5. Druhovy koncept

Druh Synura petersenii je v soucasné dob€ vymezovan vyhradné na zékladé¢ morfolo-
gickych znaki pfitomnych na kfemicitych Supindch a pozorovatelnych pomoci elektronového
mikroskopu. Zna¢na variabilita téchto znaku, ktera byla u druhu S. petersenii pozorovana, by-
la v nékterych ptfipadech vyhodnocena jako vnitrodruhova variabilita a vedla k popisu variet a
forem tohoto druhu (Kristiansen & Preisig 2007). V dne3ni dobé€ je uz ovSem jasné, Ze pouze
morfologicka kritéria na jasné vymezeni taxonomickych jednotek nestaci. Ukazkou jsou za-
sadni revize a upravy systému mnoha fasovych skupin, které byly piivodné definovany mor-
fologicky (Wilcox 1998, Huss 2002, Krienitz et al. 2002, PaZoutova 2008).

V této praci bylo pouzito nékolik riznych ptistupt, které mohou slouzit jako nezavislé
druhové koncepty. Prvnim z nich byla fylogeneticka analyza sekvenci ITS rDNA (piesnéji
useku ITS1-5,8S-1TS2). Odlisnosti téchto sekvenci byly jiz mnohokrat pouzity jako podklad k
popisu novych druhu fas (Kroken & Taylor 2000, Behnke et al. 2004, Lewis & Flechtner
2004, Vanormelingen et al. 2007 Amato et al. 2007, Vanormelingen et al. 2008).

Druhym pouzitym pfistupem byla rekonstrukce sekundarni struktury ITS2 rRNA a
zjisténi pfitomnosti (hemi-)CBC. Ta u mnoha protistnich skupin, v ¢ele s blizkymi ptibuzny-
mi tfidy Synurophyceae — rozsivkami, koreluje s pfitomnosti reproduk¢nich bariér a muze
proto indikovat, Ze se jedna o biologické druhy (Coleman 2000, Casteleyn et al. 2007, Miiller
et al. 2007).

Poslednim pouzitym pfistupem byla tradi¢ni morfologie. Morfologicka variabilita
druhu S. petersenii, popsana mnohymi autory (Kristiansen 1986, Sandgren et al. 1996), vedla
jiz dfive logicky k uvaham o jejim molekuldrnim pozadi (Kristiansen 2001), a jednim z cild
této studie bylo zjistit, zda nalezené molekularni variabilit¢ odpovida variabilita morfologie
Supin. Fylogenetické linie odhalené v této studii maji skute¢né charakteristickou morfologii.
Jejich molekularni variabilita je vSak jeSté vétsi neZ na prvni pohled zfetelna variabilita mor-
fologicka. Supiny vétve 7 a 8 se pii zb&Zném pohledu jevi jako téméF stejné, a jejich odlisnos-
ti vyjdou najevo az po zméfeni charakteristickych znakid na né€kolika Supinach. Pfitom ani na-
lezy Supin s morfologii velmi vyrazné odlisnou od dosud popsanych taxond obvykle nemaji
74dné taxonomické dusledky (Kristiansen 1992, Rezacova & Skaloud 2005). Je tedy vidét, Ze
morfologické odlisnosti Supin tohoto druhu a jejich taxonomicky vyznam jsou zna¢né podce-

novany a ze morfologicka variabilita tohoto druhu neni jesté zdaleka kompletné prozkouma-
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né. Tato studie ukazuje, Ze k vymezeni a determinaci taxonti mohou poslouzit i mnohem jem-
néjsi rozdily ornamentace, nez jakym je dnes ptikladana vaha.

Vsechny vySe popsané pfistupy mély naprosto shodny vysledek — odliSeni osmi zfe-
telnych linii v rdmci druhu S. petersenii. Tento novy druhovy koncept, vznikly syntézou tii
nezavislych a v praxi pouzivanych druhovych konceptti, by se mohl stat novym silnym na-
strojem pro vyzkum biodiverzity tfidy Synurophyceae, nebot’ ma potencial odhalovat skute¢-
nou molekularni diverzitu stavajicich druhd a zaroven nerezignuje na vyhledavani pouzitel-
nych morfologickych znaki, které jsou tolik potfebné pro budouci aplikaci vysledki v dal3ich

oblastech vyzkumu i v praxi.

4.6. Skutecné druhové bohatstvi v ramci komplexu S. petersenii sensu lato

V této studii bylo odhaleno osm linii, které je vzhledem ke shodé né€kolika druhovych
konceptli mozné povaZovat za jednotlivé druhy. Existuje vSak hned n€kolik divodu, pro¢ si
myslet, Ze skute€né druhové bohatstvi, skryvajici se v ramci tohoto komplexu, je mnohem
VEtSi.

Vzorky, pouzité pro tuto studii, pochazely prevazné z tizemi Ceské republiky, Skotska
a severni Ameriky. Vzhledem k tomu, Ze nékteré vétve obsahuji pouze kmeny zjednoho
uzemi, je pravdépodobné, Ze pfi odbéru vzorku na dalSich, dosud v tomto sméru neprozkou-
manych lokalitach v jinych regionech, mohou byt nalezeny dalsi linie. Neni také vylouceno,
Ze mohou byt odhaleny dalsi druhy i v oblastech, které jsou v této analyze zastoupeny hojné,
véetné Ceské republiky, protoZe ani tyto oblasti nebyly jest& zdaleka zmapovany vy&erpavaji-
cim zptsobem. Tuto mySlenku podporuje fakt, Ze po zvétSeni poctu vzorkll z pivodnich 35
(viz ¢lanek v piiloze, obr. 2) na 58 byly nalezeny dvé nové vétve, z nichz jedna pochazela
z \zemi, na kterém do té doby nebyly vzorky pro studii odebirany — ze Skotska. Na druhou
stranu, druha z novych vétvi pochazela opét z Ceské republiky, tedy z oblasti, ve které bylo
predtim nalezeno jiZ vétvi pét.

Dalsi diivod pro smélost v odhadech skute¢ného druhového bohatstvi komplexu S. pe-
tersenii je novy pohled na tradi¢ni morfologicky druhovy koncept, ktery tato studie pfinasi.
Nalezené morfologické rozdily mezi jednotlivymi vétvemi jsou sice zfetelné, ale pomérné
jemné. Zaroven pouze Ctyfi z osmi nalezenych vétvi morfologicky korespondovaly s jiz po-
psanymi formami (vétve 7 a 8 — S. petersenii f. petersenii, vétev 3 — S. petersenii f. petersenii,
ptipadné S petersenii f. kufferathii, a vétev 6 — S. petersenii f. glabra). Protoze formy S. peter-
senii byvaji popisovany na zdkladé pomémé vyraznych morfologickych odli$nosti, jevi se ja-

ko pravdépodobné, Ze i ostatni dosud popsané formy tohoto druhu jsou molekularné odlisné.
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Vzhledem k tomu, Ze v ramci této studie byly nalezeny ¢tyfi nové, dosud nepopsané morfoty-
pY, je mozno soudit, Ze ani morfologicka variabilita nebyla zatim plné prozkoumana a popsa-
na. Da se tedy ocekavat, Ze druhové bohatstvi tohoto komplexu bude vyrazn¢ piesahovat
mnoZstvi popsanych forem.

Diskusi na téma druhového bohatstvi a druhového konceptu lze déle najit

v ptiloZeném ¢lanku.

33



5. Podékovani

Chtéla bych touto cestou podékovat predevsim svému skoliteli Pavlovi Skaloudovi za
trp€livé vedeni. Dale patii mij dik viem ¢lentim algologické skupiny katedry botaniky na PiF
UK za pomoc a podporu pii mé praci. Dékuji také svym rodi¢iim a pfatelim za podporu.

Tato studie byla financovana Grantovou agenturou Univerzity (Grant B BIO
137/2006).
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Abstract

Taxonomy of the species Synura petersenii is traditionally based on morphology of the
silica scales covering its cells. In the past, many changes were made in the classification of the
various morphotypes found in this species. In this study, we used a polyphasic approach to
clarify the species concept of S. petersenii, and to insure that the results were as reliable as
possible. Utilizing ITS regions analysis of clonal cultures of S. petersenii from different Czech
localities, strains were divided into six distinct clades. Identification of compensatory base
changes (CBCs) and hemi-CBCs of the six clades unequivocally confirmed the results of our
ITS analysis. Furthermore, a morphological analysis revealed unambiguous differences in
features of the scale structure among the six clades. All of the three species concepts (ITS
rDNA phylogeny, CBC, and scale morphology) produced clearly congruent results. By means
of this polyphasic approach, S. petersenii and S. glabra were shown to be different species,
and additionally, four new species (S. americana, S. macropora, S. reticulata and S. oculea)

were identified.
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Introduction

Synura petersenii Korshikov is the most frequently encountered taxon in the

Synurophyceae (Wee 1982, Siver 1987, Pichrtova et al. 2007). It is a colonial freshwater
golden-brown flagellate with characteristic silica scales covering its cell surface. The scales,
and the features of their delicate ornamentation, have always been the most important
characteristics for delimitation of this taxon, as well as for all the other Synura species.
The silica scales, which can be preserved in sediment for an extended period of time, together
with its well known ecological preferences make Synura a very useful species for
biomonitoring and a valuable source of information for paleolimnology. For these kinds of
studies, an unambiguous species definition and clear morphological characterization is
necessary.

S. petersenii is a member of sectio Peferseniae; identification of species in this section
is based upon scale features such as keel shape, or presence and number of ribs and their
interconnections. However, these characteristics have always been somewhat uncertain in the
Synura petersenii complex, because a transitional morphology of scales was often recorded
(Kristiansen 1986, Sandgren et al. 1996). Therefore, whether to treat the distinct morphotypes
as a single species, or to what ranks they should be assigned remained ambiguous. This was
the case for the glabra morphotype in the S. petersenii complex. This morphotype was first
described by Korshikov (1929) as a new species, Synura glabra, although, Korshikov himself
doubted whether he should give it the rank of species or of variety. In the same paper,
Korshikov describes Synura petersenii as well. The main difference between these two species
is the scale shape and the presence or absence of ribs, which are well developed in S.
petersenii and much reduced or absent in S. glabra. In 1941, Huber-Pestalizzi united the two
species under the name S. petersenii, and morphotype glabra was ranked as a variety; later, it
was given the status of forma (Kristiansen & Preisig, 2007). S. petersenii became a species
rich in formae. Besides f. petersenii and glabra, it is important to mention f. kufferathii
(Petersen & Hansen, 1958), which is characterized by a well developped network of ribs and
strong silification.

However, not even the designation of many forms was able to do sufficient justice to
the rich morphological variability of S. petersenii, and so there were always doubts, and clues
suggesting that S. petersenii could in fact be considered a complex of species (Rezatova &
Skaloud 2005).
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The concern was that the Synura petersenii species concept was based exclusively on
morphological data. There was no molecular analysis until the study of Wee et al. (2001) that
revealed significant intraspecific variability in ITS regions of S. petersenii. However, the
molecular data have not been compared with scale morphology, and thus, it remains
impossible to interpret the role of scale morphology in the S. petersenii species concept.
Therefore, in this study we have used three different approaches: morphological, phylogenetic,
and CBC to shed light on the S. petersenii species concept. By means of this polyphasic

method we have confirmed and elucidated the criptic diversity of this species.

Materials and methods

Samples were taken by a 25 um mesh plankton net at different localities in the Czech
Republic. Water temperature, pH and conductivity were measured in the field using Hanna
Combo pH & EC meter. Unialgal cultures were obtained by the micropipetting of one Synura
colony, and were subsequently cultivated in micro-plates in DY IV medium (Andersen et al.
1997) at a temperature of 15 °C, in daylight illumination (cooling box Helkama C5G). Apart
from newly established cultures, two strains were obtained from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton in Maine, USA — CCMP 862, 866. The
origins of investigated strains, including accession numbers of sequences, are given in Table 1.

Volumes of 200 pl of exponentially growing cultures were removed from the micro-
plates by pipetting into a 1ml Eppendorf tubes, which were kept frozen (-20 °C) overnight
prior to polymerase chain reaction (PCR). Thawed cultures were directly used as a template to
amplify ITS rDNA region, using terminal primers ITS1 (5’-TCC GTA GGT GAA CCT GCG
G-3’; White et al. 1990) and Kn4.1 (5°-TCA GCG GGT AAT CTT GAC TG-3"; Wee et al.
2001). All PCR were performed in 20 pl reaction volumes (15.1 pl sterile Milli-Q Water, 2 pl
10° PCR buffer (Sigma), 0.4 pl ANTP (10 uM), 0.25 pl of primers (25 pmol/ml), 0.5 pl Red
Taq DNA Polymerase (Sigma) (1U/ml), 0.5 pl of MgCl2, 1 pl of DNA (not quantified). PCR
was performed in a XP thermal cycler (Bioer). PCR amplification began with 35 cycles of
denaturing at 94 °C for 1 min, annealing at 54 °C for 1 min and elongation at 72 °C for 1 min
30 s, with a final extension at 72 °C for 10 min. The PCR products were quantified on a 1%
agarose gel stained with ethidium bromide and cleaned either with the JetQuick PCR

Purification Kit (Genomed) or with QIAquick Gel Extraction Kit (Qiagen) according to the
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Taxon is(it;:It?fier Collection informaton G::)(.:esswn
S. macropora S 5.1 Aluvial pool, Modfany, Prague, Czech Republic FM178494
S. macropora S 5.2 Aluvial pool, Modrany, Prague, Czech Republic FM178495
S. macropora S5.3 Aluvial pool, Modfany, Prague, Czech Republic FM178496
S. macropora S 14.2 Peatbog, Swamp NR, North Bohemia, Czech Republic FM178497
S. petersenii S 1.1 Zlata stoka canal, Tfebon, Czech Republic FM178498
S. petersenii S 1.2 Zlata stoka canal, Tiebon, Czech Republic FM178499
S. petersenii S 1.3 Zlata stoka canal, Trebon, Czech Republic FM178500
S. petersenii S 6.4 Aluvial pool, Horni Luznice NR, South Bohemia, Czech Re- FM178501
public
S. petersenii S 6.5 Aluvial pool, Horni Luznice NR, South Bohemia, Czech Re- FM178502
public
S. petersenii S 4.19 Kladsky pond, West Bohemia, Czech Republic FM178503
S. petersenii S 7.7 Babin pool, Zdarské vrchy PLA, Czech Republic FM178504
S. petersenii S 16.2 Xerr pond, South Bohemia, Czech Republic FM178505
S. reticulata S 7.10 Babin pool, Zdarské vrchy PLA, Czech Republic FM178506
S. reticulata S 10.2 Hut'sky pond, Novohradské hory, South Bohemia, Czech Re- FM178507
public
S. oculea S$153 Peatbog, Upské raselinisté, Krkonose NP, Czech Republic FM178508
S. oculea S 155 Peatbog, Upskeé raselini§té, Krkonose NP, Czech Republic FM178509
S. oculea S156.9 Peatbog, Upskeé raselinisté, Krkonose NP, Czech Republic FM178510
S. glabra S 8.1 Kyjsky pond, Prague, Czech Republic:Prague FM178511
S. glabra S9.1 Confluence of the Morava and Dyje rivers, South Moravia, FM178512
Czech Republic
S. glabra S9.2 Confluence of the Morava and Dyje rivers, South Moravia, FM178513
Czech Republic
S. glabra S14.1 Peatbog, Swamp NR, North Bohemia, Czech Republic FM178514

Table 1. Strains included in this study with their source localities, and GenBank accession
numbers of the ITS rDNA sequence data.

manufacturer’s protocols. The purified amplification products were sequenced with the PCR
primers at Macrogen, Inc. (Seoul, Korea, http://dna.macrogen.com).

ITS sequences were visually aligned on the basis of their rRNA secondary structure
information (see below) with MEGA 3.1 (Kumar et al. 2004). Positions with deletions in a
majority of sequences were removed from the alignment, resulting in an alignment comprising
496 base positions. The phylogenetic trees were inferred by maximum likelihood (ML) and
weighted parsimony (WMP) criteria using PAUP*, version 4.0b10 (Swofford 2002), and by
Bayesian inference (BI) using MrBayes version 3.1 (Ronquist & Huelsenbeck 2003). A
substitution model was estimated using the Akaike Information Criterion (AIC) with
PAUP/MrModeltest 1.0b (Nylander 2004). Accordingly, the GTR+I" model was deemed best.

Maximum likelihood analyses consisted of heuristic searches with 1,000 random sequence
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addition replicates and Tree Bisection Reconnection swapping. Reliability of the resulting
topology was tested using bootstrap analysis (100 replications) consisting of heuristic searches
with 10 random sequence addition replicates, Tree bisection reconnection swapping, and
a rearrangement limit of 5,000 for each replicate. The wMP bootstrapping was performed
using heuristic searches with 100 random sequence addition replicates, tree bisection
reconnection swapping, random addition of sequences (the number limited to 10,000 for each
replicate), and gap characters treated as a fifth character state. In BI analysis, two parallel
MCMC runs were carried out for 2 million generations, each with one cold and three heated
chains employing the above-stated evolutionary model. Trees and parameters were sampled
every 100 generations. Convergence of the two cold chains was checked and burn-in was
determined using the "sump" command.

The secondary structures of ITS rDNA sequences were constructed using the mfold
computer program (version 2.3; Walter et al. 1994; Zuker 2003), with folding temperature set
to 25°C. The common secondary structure was created using RnaViz (version 2; De Rijk et al.
2003) and used to identify compensatory base changes (CBCs) and hemi-CBCs.

Preparations for TEM were made one month after the isolation of the colony. All
samples were dried onto formvar coated copper grids, rinsed with distilled water and
examined using a transmission electron microscope JEOL 1010. Scale morphology of all
isolates corresponding to the arrangement of the clades was identified. Two representative
strains from each of the clades were chosen and photographed for morphological analysis and
delimitation of their discriminative features. In total, morphological characters of 120
representative scales were measured (10 scales per strain). The characteristics measured were:
scale length to width ratio, keel pore area, base plate pore area, and foramen area; observations
for the presence, and shape of a keel tip were also made. To obtain the area of keel pore and
base plate pore, ten pores of each scale were measured and the data were averaged. All the
characteristics were measured in Adobe Photoshop Elements 5.0.

All Synura cells used for geometric morphometric analysis were cultivated for one
month under the same conditions. Altogether, 353 scales from 11 strains were photographed
under the same magnification. Twenty-four landmarks were defined on each of the
investigated scales using the TpsDig ver. 2.05 (Rohlf 2004a) programme to delimit
outlines of the basal plate and the keel. Twenty of the semilandmarks were allowed to slide
along the outline (Fig. 1). Landmark configurations were superimposed by generalized
Procrustes analysis (Bookstein 1991) in tpsRelw ver.1.42 (Rohlf 2004b) and canonical
variate analysis (CVA)/Manova was performed in IMP (Sheets 2002).
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Fig 1. Position of landmarks (circles) and semilandmarks (squares).

Results

ITS rDNA phylogeny

The different tree construction methods produced similar trees, resolving identical,
highly supported clades, as well as their relationships. The trees differed only in the organiza-
tion of their inner branches within a clade. To assess the root placement of the ingroup, the
second alignment, including the sequence of Synura uvella AF308847.1, was produced on the
base of common ITS1 and ITS2 secondary structures, and analyzed separately. The analysis
revealed basal positions of clades, including strains: S 8.1, S. 9.1, S 9.2 and S 14.1, with mod-
erate support (tree not shown, alignment can be downloaded at:
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separately. The analysis revealed basal positions of clades, including strains: S 8.1, S. 9.1, S
9.2 and S 14.1, with moderate support (tree not shown, alignment can be downloaded at:
http://botany.natur.cuni.cz/algo/align/01_Synura_petersenii.fas).

The maximum likelihood (ML) phylogram, rooted with the above-mentioned clade, is
presented in Fig 2. In this phylogeny, the S. petersenii strains clustered together into six
groups: (1 — referred to further in the text as S. americana) GenBank sequences AF308837-
AF308844, AF308846; (2 — S. macropora) S 5.1, S 5.2, S 5.3, and S 14.2; (3 — S. petersenii) S
1.1, S 1.2,S1.3,S 4.19,S 64, S 6.5, S 7.7, S 16.2, and GenBank sequences AF308832-
AF308836; (4 — S. reticulata) S 7.10 and S 10.2; (5 — S. oculea) S 15.3, S 15.5, and S 15.9;
and (6 — S. glabra) S 8.1,S 9.1, S 9.2, and S 14.1. Just a single GenBank sequence AF308845
possessed a separate position, related to clades 1 and 2. All six groups of sequences received
high statistical support, with a MrBayes PP >0.99, ML bootstrap >86, and MP bootstrap >96.
Moreover, results also indicated a highly supported clustering of clades 1 and 2; as well as
clades 1, 2, and 3.

ITS2 rDNA secondary structure and compensatory base changes

In all six of the S. petersenii clades compared, a common overall organization of the
ITS2 rDNA secondary structure could be identified (Fig. 3). The secondary structure was
comprised of three paired regions (helices I-III), with helix I the most conservative region
having no observed nucleotide changes. In two clades (1 and 3), we detected a slight intraclade
ITS2 variation (up to 4 nucleotide changes per clade). However, this variation was
concentrated either on the loop region, or the nucleotide change broke a pairing between the
nucleotides in the helix region. Thus, neither compensatory base changes (CBCs; nucleotide
changes at both sides of paired bases) nor hemi-CBCs (change at only one side of nucleotide
pair, but still preserving pairing) were present between sequences from the same clade
(Coleman 2000, 2003). In contrast to absolute absence of intraclade (hemi-)CBCs, the number
of (hemi-)CBCs varied from 3 to 10 among the different clades (Fig. 3B). The highest number
of (hemi-)CBCs was determined between clades 2 and 4, differing by three CBCs and seven
hemi-CBCs. The regions with the most extensive interclade variation, including all three

CBCs observed, were helix II, and the basal region of helix III.
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Fig 2. Maximum likelihood tree based on ITS sequences. Values at the nodes indicate statisti-
cal support estimated by three methods - ML bootstrap (top left), MP bootstrap (top right) and
MrBayes posterior node probability (lower). ITS sequences determined in this study are given
in bold face. Scale bar — substitutions per site.
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clade 1 (S. americana)
clade 2 (S.macropora)
clade 3 (S. petersenii)
clade 4 (S. reticulata)
clade 5 (S. oculea)
clade 6 (S. glabra)

Fig 3. A. Predicted secondary structures of the ITS2 transcripts of Synura petersenii (strain
S 1.3). Base changes between the different S. petersenii s.]. genotypes are indicated: the base
pair marked in a dark-grey box indicates compensatory base changes (CBCs); base pairs
marked in grey boxes indicate hemi-CBCs; single base changes are marked in circles; changes
of the helix parts are indicated in large boxes. Affiliation of (hemi-)CBCs to particular clades
is marked as white numbers in black spots. B. Numbers of (hemi-)CBCs differing each clade pair.

Morphology of the scales

The important scale characters can be seen in Fig 4. Results of the morphological com-
parison are given in Fig. 5. The length to width ratio divides the clades into two distinct
groups, one of them consisting of the clades with rounded scales: length to width ratio = 1.3-
1.8 (clade 1, 2 and 6), and the second one including the clades with long and narrow scales:
length to width ratio = 1.8-2.4 (clade 3, 4 and 5). Compared to the other clades, clade 5 has a
notably large foramen (77,650-243,550 nm?). Base plate pores of clade 3 and 5 are rather
small (250-697 nm?, while in clade 2 they are quite large (2,235-4,618 nm?), and in the case
of the other clades (1, 4 and 6) they are medium-sized (174-2,027 nm?). Clade 2 has a large
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Fig 4. Characteristic features of S. petersenii s.l. scale.

average keel pore area (5,658-14,685 nm?), while keel pores of clade 1 and 6 are medium-
sized (1,163-7,792 nm?), and keel pores of clade 3 are small (1,587-3,985 nm?). Size of the

keel pores of clade 4 varied from medium-sized to large (4,287-9,690 nm?). The keel tip of
most of the clades is acute. Clade 5 has a rounded keel tip, sometimes with a very thin tip or
teeth on top. The morphological comparison revealed distinct characteristic combinations of

features for each of the clades (see Discussion, Table 2).

Geometric morphometrics

All six genetically delimited clades were found to be distinguishable on the bases of
morphological characters. Our analysis of 353 S. petersenii scales from 11 strains was based
on geometric morphometric data. Statistically significant differences among all analyzed
strains were revealed by Manova/CVA analysis (five significant canonical variates: A =
0.0122; p <0.0001; A =0.1276; p < 0.0001; A = 0.3143; p <0.0001; A = 0.5305; p <0.0001; A
= 0.8095; p = 0.0029). Along the first CV axis there are three groups separated from each
other by the shape of their outline and keel (Fig. 6). S. glabra clade has more rounded scales

with a less developed keel. Basal plates of clades 1 and 2 are similarly rounded, but have an
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Fig 5. Box plots of morphometric data of Synura petersenii s.1. scales. The morphometric data
comprise length to width ratio of the scales, foramen area, average base plate pore are, average
keel pore area and base plate to keel area ratio. The grey areas indicate 25% and 75% percen-
tiles, the line within the fields is the median. The error bars indicate the 10% and 90% percen-
tiles.
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Fig. 6. The scatter plot of Manova/CVA analysis of 353 S. petersenii scales. Individual clades
are grouped along the first CV axis and mean landmark configurations of three distinct groups
are depicted.

augmented keel and the rim of the scales is typically longer. The last group has more pro-

longed and rather lanceolate scales, with a wide and well-developed keel.
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Taxonomic conclusions

The phylogeny presented in Fig. 2 is in accordance with the distribution of
(hemi-)CBCs in the ITS2 rDNA secondary structure, and the morphological, as well as
morphometric, data. Thus, three independent species concepts (namely: phylogenetic, CBC,
and morphological) corroborate each other and validate the splitting of Synura petersenii into

SiX species.

Synura americana Kynélova, Skaloud & Rezacova-Skaloudova sp. nov. (Figs 7A-D)

LATIN DIAGNOSIS: Squamae ovatae, 1.4-3.6 pm longae et 0.8-2.1 um latae. Carina cum cuspide
acuta. Multae costae praesentes. Pori tabellae basalis medii (diameter 15-34 nm), pori carinae
etiam medii (diameter 38-86 nm). Foramen parvus (diameter 83-274 nm). Squamae
posteriores longae, angustae et simpliores.

HOLOTYPE: Synura americana strain CCMP 862, frozen material deposited at the Culture
Collection of Algae of Charles University in Prague (CAUP, Department of Botany, Charles
University in Prague, Bendtska 2, 12801 Prague 2, Czech Republic). Figure 7A is an
illustration of the holotype.

TYPE LOCALITY: Winter's Creek, Keeweenaw County, Michigan, USA (47.2917N 88.0721W,
189 m asl).

ETYMOLOGY: (Latin) americana, American; so far this species has only been found in the
North American continent.

DIAGNOSIS: Scales are oval (1.9 x 1.2 um). Keel terminates in an acute keel tip, especially in
the apical scales. Numerous struts connect the keel with scale edge. Base plate pores are
medium-sized (diameter 15-34 nm), as are the keel pores (diameter 38-86 nm). Foramen is
small (diameter 83-274 nm). Rear scales are long and narrow with somewhat reduced

structure.

Synura macropora Kyn¢lova, Skaloud & Rezacova-Skaloudova sp. nov. (Figs 7E-I)

LATIN DIAGNOSIS: Squamae ovatae, 2.6-3.3 pm longae et 1.5-2.1 um latae. Carina cum cuspide
parva acuta. Costae parvae aut absentes. Pori tabellae basalis magni (diameter 53-77 nm), pori
carinae etiam magni (diameter 85-137 nm). Foramen parvus (diameter 156-330 nm). Squamae
posteriores parviores et rotundae.

HOLOTYPE: Synura macropora strain S 14.2, frozen material deposited at the Culture

Collection of Algae of Charles University in Prague (CAUP, Department of Botany, Charles

58



University in Prague, Benatska 2, 12801 Prague 2, Czech Republic). Figure 7E is an
illustration of the holotype.

TYPE LOCALITY: Peat bog, Swamp NR, North Bohemia, Czech Republic (50.5760N 14.6700E,
267 m asl).

ETYMOLOGY: (Latin) macropora, with large pores; remarkably large keel pores and base plate
pores are typical for this species.

DIAGNOSIS: Scales are oval (3 x 1.8 pum), keel without keel tip or ending with a small acute
keel tip. Both the base plate pores and keel pores are large (diameter 53-77 nm and 85-137 nm,
respectively). Foramen is small (diameter 156-330 nm). Ribs are reduced or nearly absent.

Rear scales are smaller and rounded.

Synura petersenii Korshikov 1929; Arch. Protistenk. 67, pp. 283-5, figs 37-38 (iconotype)
emend. Kynélova, Skaloud & Rezagova-Skaloudova (Figs 8A-D)

SYNONYM: Synura petersenii Korshikov f. kufferathii Petersen & Hansen 1958; Biol. Medd.
Kgl. Dan. Vid. Selsk. 23, p. 10, fig. 5.

EPITYPE: Synura petersenii strain S 6.4, frozen material deposited at the Culture Collection of
Algae of Charles University in Prague (CAUP, Department of Botany, Charles University in
Prague, Benatska 2, 12801 Prague 2, Czech Republic). Figure 8A is an illustration of the
epitype.

EMENDED DIAGNOSIS: Body scales are oblong (4.1 x 2 um), keel ending with an acute keel tip,
especially in the apical scales. Pores of the base plate are small (diameter 19-30 nm), keel
pores are relatively small as well (diameter 45-71 nm). Foramen is relatively small (diameter
244-358 nm). Numerous ribs, which are often interconnected, extend from the keel to the edge
of the scale. Number of the interconnecting ribs is highly variable. Rear scales are much

smaller and narrow with somewhat reduced structure.

Synura reticulata Kynélova, Skaloud & Rezagova-Skaloudova sp. nov. (Figs 8E-I)

LATIN DIAGNOSIS: Squamae lanceolatae, 2.6-3.7 um longae et 1.4-1.9 pm latae. Carina cum
cuspide acuta. Multae costae praesentes. Pori tabellae basalis medii (diameter 25-51 nm), pori
carinae medii vel magni (diameter 66-100 nm). Foramen parvus (diameter 190-319 nm).
Squamae posteriores multo parviores, angustae et simpliores.

HOLOTYPE: Synura reticulata strain S 7.10, frozen material deposited at the Culture Collection

of Algae of Charles University in Prague (CAUP, Department of Botany, Charles University:
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in Prague, Benatska 2, 12801 Prague 2, Czech Republic). Figure 8E is an illustration of the
holotype.

TYPE LOCALITY: Babin pool, Zd’arské vrchy PLA, Czech Republic (49.5422N 15.8969E, 568
m asl).

ETYMOLOGY: (Latin) reticulata, reticulose; keel pores of this species are so large and closely
arranged that it appears as if the keel was formed from a reticulate structure.

DIAGNOSIS: Body scales are oblong-lanceolate (3.3 x 1.6 um). Keel with an acute keel tip,
especially in the apical scales. Base plate pores are medium-sized (diameter 25-51 nm), keel
pores are medium to large-sized (diameter 66-100 nm). Foramen is small (diameter 190-
319 nm). Numerous ribs extend from the keel to the edge of the scale. Rear scales are much

smaller and narrow with somewhat reduced structure.

Synura oculea Kyn&lova, Skaloud & Rezagova-Skaloudova sp. nov. (Figs 9A-D)

LATIN DIAGNOSIS: Squamae ovatae vel lanceolatae, 3.0-3.9 pm longae et 1.6-1.9 um latae.
Carina squamarum corporearum sine cuspide aut cum cuspide parva, carina squamarum
anteriorum cum cuspide tereti, nonnumquam cum denti angusto. Multae costae praesentes.
Pori tabellae basalis parvi (diameter 18-22 nm), pori carinae etiam parvi (diameter 47-70 nm).
Foramen squamarum corporearum magnopere grandis (diameter 315-557 nm). Squamae
posteriores multo parviores, angustae et simpliores.

HOLOTYPE: Synura oculea strain S 15.3, frozen material deposited at the Culture Collection of
Algae of Charles University in Prague (CAUP, Department of Botany, Charles University in
Prague, Benatska 2, 12801 Prague 2, Czech Republic). Figure 9A is an illustration of the
holotype.

TYPE LOCALITY: Peat bog, Upské radelinisté, Krkonose NP, Czech Republic (50.7362N
15.7091E, 1450 m asl).

ETYMOLOGY: (Latin) oculea, goggle-eyed; scale foramens of this species are notably large.
DIAGNOSIS: Body scales are oblong-lanceolate (3.5 x 1.8 um), keel of the body scales without
keel tip or with a very reduced one, keel tips on apical scales are rounded, sometimes with a
very thin tip or teeth on top. Foramen of the body scales is remarkably large (diameter 315-
557 nm). Both base plate and keel pores are small (diameter 18-22 nm and 47-70 nm,
respectively). Numerous ribs extend from the keel to the edge of the scale. Rear scales are

much smaller and narrow with somewhat reduced structure.
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Synura glabra Korshikov 1929; Arch. Protistenk. 67, p. 285, figs 59-65 (iconotype) emend.
Kynglova, Skaloud & Rezatova-Skaloudova (Figs 9E-I)

SYNONYMS: Synura petersenii Korshikov var. glabra Huber-Pestalozzi non. Prov. 1941;
Phytoplankton Siissw. 2, p. 144; Synura petersenii Korshikov f. glabra Kristiansen & Preisig
2007; Siisswasserflora von Mitteleuropa, vol 1, part 2, Synurophyceae, p.118.

EPITYPE: Synura glabra strain S 14.1, frozen material deposited at the Culture Collection of
Algae of Charles University in Prague (CAUP, Department of Botany, Charles University in
Prague, Benatskd 2, 12801 Prague 2, Czech Republic). Figure 9E is an illustration of the
epitype.

EMENDED DIAGNOSIS: Scales are oval (3 X 2 um), less silicified. Keel is less developed, usually
without keel tip or ending with a small acute keel tip. Ribs are somewhat reduced or often
absent. Base plate pores are medium-sized (diameter 29-40 nm), keel pores are medium-sized
(diameter 66-100 nm). Foramen is small (diameter 144-322 nm). Rear scales are smaller and

oval.

Key to the taxa
la Scales oval, length to width ratio about 1.5
2a Base plate pores large (diameter 53-77 NM) .....ccccoevvemrerienienenreneeneereeeeeneeenes macropora
2b Base plate pores medium-sized (diameter 15-40 nm)
3a Keel and ribs more developed, ratio of base plate and keel area 3.6-5.2 ..americana
3b Keel and ribs less developed, ratio of base plate and keel area 5.7-9.8 .......... glabra
1b Scales oblong-lanceolate, keel well developed, length to width ratio approximately 2

2a Small foramen (diameter 144-322 nm), body and especially apical scales with an acute

spine
3a Keel pores small (diameter 45-71 M) ..c..cocoeeriinienineniennierenecereneeereeenes petersenii
3b Keel pores medium-sized to large (diameter 74-111 nm) ........cccocceuvennennen. reticulata

2b Large foramen, (diameter 315-557 nm), body scales with a very reduced or absent spine,

apical scales with rounded SPINE ........ccccoccvccreririiririieierenceececeseeerere e oculea
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). E - T) clade 2

americana

Fig. 7. TEM of the scales of clades 1 and 2. (A - D) clade 1 (S.

(S. macropora)
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Fig. 8. TEM of the scales of clades 3 and 4. (A - D) clade 3 (S. petersenii). (E - 1) clade 4
(S. reticulata).
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D) clade 5 (S. oculea). (E - I) clade 6

A -

Fig. 9. TEM of the scales of clades 5 and 6

(S. glabra).
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Discussion

Synura petersenii, as well as most other silica-scaled chrysophytes, is identified based
exclusively on the morphology of its silica scales as observed under electron microscopy.
Even if the slight morphological differences led several authors to establish new varieties and
formae within S. petersenii, these are presently regarded as attributes of intraspecific
variability, rather then separate species (Kristiansen & Preisig 2007). However, the
congruence of ITS rDNA sequence divergence, distribution of (hemi-)CBCs in the ITS2
rDNA secondary structure, geometric morphometric data, and morphological separation of S.
petersenii clones used in this study points to the presence of several species in Synura
petersenii sensu lato. Generally, three independent species concepts concur to divide the
studied clones into species.

Firstly, according to the phylogenetic species concept, each species is defined by the
unique combination of character states in their ITS sequences. In fact, the ITS rDNA region
has now become the single most frequently utilized DNA region in taxonomic studies of
protists, due to its ability to discriminate accurately between biological species. For example,
ITS sequences were recently used in discovery of genetic variability and hidden diversity
within several genera of green algae (Kroken & Taylor 2000, Lewis & Flechtner 2004,
Vanormelingen et al. 2007) or diatoms (Behnke et al. 2004, Lundholm et al. 2006, Amato et
al. 2007, Vanormelingen et al. 2008). As compared to the above-mentioned reports, the
comparable differences in ITS rDNA sequences led authors either to describe separate clades
as new species, or at least to consider them as separate species entities. Secondly, the presence
of at least one compensatory base change (CBC) or hemi-CBC in the secondary structure of a
spacer region ITS2 has been correlated with the occurrence of two different species in the
sense of a biological species concept, i.e. the presence of reproductive barriers between the
organisms (Coleman 2000). Recently, this hypothesis has been supported in various groups of
protists, especially in diatoms (e.g. Coleman & Mai 1997, Behnke et al. 2004, Amato et al.
2007, Casteleyn et al. 2007, Miiller et al. 2007). Comparing the secondary structures of ITS2
rRNA molecules, we always found at least 3 (hemi-)CBCs between strains of different
species, and no (hemi-)CBC between any pair of strains belonging to the same species,
without exception. According to the above-mentioned CBC calculations, all described species
should be sexually incompatible, and thus represent distinct biological species. It will be
interesting to perform crossing experiments among the strains of the same and different

Synura species to test Coleman’s hypothesis in Synurophyceae, and conclusively confirm the
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biological nature of the described species. Thirdly, there is an incontrovertible congruence
between the morphology of the clones and their position in the ITS rDNA phylogeny.
Members of different species are distinguished by both conventional morphological characters
and modern geometric morphometric analyses (Table 2; Fig. 6). Thus, the newly delimited
Synura species are not cryptic, and could be distinguished by a detailed comparison of the
discriminative features presented, i.e. using a morphological species concept.

To objectively determine the morphological differences among the species, we have cultivated
all clones under the same conditions. However, because we studied only those populations
growing in culture, we have no information about morphological variability, which may occur
in nature. Indeed, in a natural sample the differences could be less distinctive due to
ecomorphic variability. The dependence of scale variability on environmental conditions was

studied by Martin-Wagenmann & Gutowski (1995) and

Len- Foramen Average base Average keel Scale/keel

Clade number gth/widt diamater plate pore pore diameter area ratio Keel tip
h {nm) diameter (nm) {(nm)
clade 1 (S. americana) <1.8 <180 13-25 36-44 <6 acute
clade 2 (S. macropora) <1.8 <180 >25 > 44 <6 acute
clade 3 (S. petersenii) >1.8 <180 <13 < 36 <6 acute
clade 4 (S. reticulata) >1.8 <180 13-25 40 - 56 <6 acute
clade 5 (S.oculea) >1.8 > 180 <13 < 36 <6 rounded
clade 6 (S. glabra) <1.8 <180 13-25 36 - 44 >6 acute

Table 2. Summary of characteristic combinations of morphological features for each of the 6
clades.

Gavrilova et al. (2005). In the latter study, the morphology of silica scales was investigated in
different pH conditions. Although some scale characteristics differed significantly in various
conditions, the length/width ratio of the scales remained the same. Similarly, the base foramen
diameter, as well as both base plate pore and keel pore areas were stable under all conditions
studied. Considerable variation was observed in the silicification of scales, shape of central
ridge, and scale rim size. Sandgren et al. (1996) found out that the basic ornamentation pattern
of Synura scales cannot be influenced by manipulating silica availability. Martin-Wagenmann
& Gutowski (1995) investigated the changes in scale morphology related to temperature and
culture age in three S. petersenii clones. Concurring with the findings of Gavrilova et al.
(2005), the areas of base foramen, basal plate pores and keel pores were not influenced by
various experimental conditions. Moreover, they found significant morphological differences

between individual strains allowing them to be distinguished from one another regardless of

66



experimental conditions. By comparing the presented microphotographs of silica scales with
our morphological data, we were able to unambiguously assign all three investigated clones to
S. petersenii (clone I), S. glabra (clone II) or S. macropora (clone IH). All measured
morphological data (i.e. scale dimension, length/width ratio, the area of base foramen, base
plate pore and keel pore size) fit well into our species descriptions.

Summarizing, our investigations, as well as data in the literature, demonstrate the
stability of the proposed morphological features for species recognition, and thus, the
applicability and validity of a morphological species concept. However, due to the fact that
our morphological comparisons were of a high number of scales retrieved from clonal culture,
species determination based on single scale morphology of a natural sample could be
misleading. For example, according to Wagenmann & Gutowski's investigations (1995), some
scales of S. petersenii growing at 5 °C have an oblong to oval shape and could resemble S.
americana. Therefore, for the morphological determination of species, we recommend
comparing the morphology of several randomly chosen silica scales per population, instead of
examining only a single scale.

In the present study, the Synura clones investigated were isolated from localities
situated only in the Czech Republic. Despite this narrow geographical range, we discovered
four new species previously unknown as individual species or as formae within S. petersenii
s.l. Further, we verified the existence of S. glabra, first described by Korshikov (1929), as a
separate species. According to scale variability and morphological similarities with .
petersenii, this species was considered to be a variety (Huber-Pestalozii 1941) or even a forma
(Kristiansen & Preisig 2007). The most formidable attempt to abolish S. glabra was presented
by Hillfors & Hallfors (1988), who described S. petersenii var. glabra as a weakly silicified
ecomorph of S. petersenii, having no taxonomic status. However, our data, both morphological
as well molecular is in agreement with the observations of Wagenmann & Gutowski (1995),
and strongly supports the specific status of S. glabra. In addition to S. petersenii s.s. and S.
glabra, whose scales' description and pictures can be frequently found in the literature, we can
now confidently review certain previously published reports on S. petersenii single scales and
assign them to one of the newly described species. For example, S. reticulata was found by
Couté & Franceschini (1998; Fig. 79) or Rezatova & Skaloud (2005; Fig. 34); reports of silica
scales of S. macropora were published by Martin-Wagenmann & Gutowski (1995; Figs 17-23)
or Kristiansen & Preisig (2007; Fig. 233b). Hence, several authors previously published
reports based on the scales of newly described species, however, these were considered as

pure intraspecific variability within S. petersenii s.1.
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Our results underscore the large hidden diversity in the S. petersenii species complex.
How many species we can expect to exist in nature that, by general morphology of silica
scales, resemble S. petersenii s.1.? Because our data originated in a limited geographical area,
we suppose that many additional species will be found and described on the basis of molecular
and morphological investigation of clones isolated from diverse geographical areas. The
morphological data retrieved from a number of floristic studies confirm the highly probable
existence of a large number of hidden species that differ slightly in the morphology of their
silica scales. Some of these organisms were described as different formae (Asmund 1968,
Vigna 1979, Cronberg & Kristiansen 1980, Siver 1987, 1988, Kristiansen et al. 1997), and
some morphologically unique scales were simply reported, without any taxonomic conclusions
drawn (Kristiansen 1992, Rezatova & Skaloud 2005). According to our results, only small
morphological differences in silica scale structure can be found among these particular
species. Thus, we can assume that all above-mentioned formae probably represent separate
species, and in fact, have the same taxonomic rank, such as: S. petersenii, S. glabra, S.
macracantha or S. australiensis. However, we do not consider it appropriate at present to
confer upon them the rank of species on the basis of single, i.e. morphological, species
concept. Only the combination of morphological and molecular data obtained from the clonal
cultures could accurately discriminate between morphological variability and the existence of
unique species. For example, we found the silica scales that morphologically correspond to S.
petersenii f. kufferathii (Petersen & Hansen 1958) in several clonal cultures of S. petersenii
s.str. Measurement of scale dimensions and pore diameters of S. petersenii f. kufferathii
iconotypus confirmed that this forma represent only a morphological variability within S.

petersenii.

Conclusions and prospects

Using a combination of morphological and molecular data, Synura petersenii clones
could be divided into six groups, representing separate species — S. petersenii s.str., S. glabra,
S. americana spec. nov., S. macropora spec. nov., S. reticulata spec. nov. and S. oculea spec.
nov. In contrast to using the single species concept, multiple congruent lines of evidence
provide stronger support for lineage separation, and will lead to the establishment of more
robust species boundaries (de Queiroz 2007). In this paper, we present the taxonomic

conclusions based on the absolute congruence of three independent species concepts:
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morphological, phylogenetic, and CBC. According to our investigations, divergence in ITS
rDNA generally correlate with the occurrence of at least three hemi(-CBCs) in the ITS2
secondary structure, and with slight, but clearly defined morphological differences in the silica
scales. We suggest that future studies on S. pefersenii s.1. clones will discover more hidden
species and reveal the actual species diversity within the S. petersenii complex. The
delimitation and morphological differentiation of these species will highly increase the value
of S. petersenii as an ecological indicator in biomonitoring and paleolimnological studies.
Further investigation of dispersal potencies could clarify obvious differences in biogeography
of newly established species (e.g. S. americana restricted to the North America). Detailed
investigation of niche preferences or seasonal fluctuation could explain the sympatric
occurrence of particular species (e.g., S. petersenii and S. reticulata were isolated from the
same sample taken from a Babin pool). Finally, further studies of molecular diversity in
Synurophyceae will be able to determine whether similar hidden diversity is also present in

other Synura species, or if it is restricted to S. petersenii.
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