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Souhrn

Hybridizace hraje nepochybné vyznamnou roli v evoluci cévnatych rostlin. Obecné ale mize
mit jak pozitivni tak negativni dlsledky, sahajici od vzniku novych taxonl aZ po mozné vyhynuti druhu
introgresi. Tyto dasledky mohou byt obzvlasté intenzivnéjsi u taxonl s omezenym geografickym
rozsifenim nebo u vzacnych taxon(. Zakladem predkladané dizertacni prace jsou tfi studie zabyvajici
se mezidruhovou hybridizaci s Uc¢asti vzacného taxonu. Prace je doplnéna studii, ve které vystupuje
hybridizace jako zdroj variability a nového taxonu. Koexistence pocetnych primarnich hybrid(
s rodi¢ovskymi taxony byla odhalena u endemického rozce Slavkovského lesa (Cerastium alsinifolium)
a jeho Siroce rozsifenym protéjskem (C. arvense). Naproti tomu, hybridizace nativnich leknin(
(Nymphaea alba, N. candida) je velmi vzacnda. Predpokladalo se, Ze oba taxony hojné hybridizuji,
avSak naSe karyologickd data tento predpoklad nepotvrdila. Hybridizace v obou pfipadech neni
vaznym ohroZenim vzacnych taxonU. Treti studie osvétluje dlisledky mezidruhové hybridizace v ramci
rodu Diphasiastrum. Obecné jsou ve stfedni Evropé rozliSovany tfi zakladni a tfi hybridogenni taxony.
Vymezeni jednotlivych taxond je vsSak nejednoznacné a diky introgresivni hybridizaci existuji
prechody (jak v morfologii, tak ve velikosti genomu) mezi taxony. Tato introgrese je z velké Casti
umoznéna lidskymi aktivitami (m.j. disturbance), které umoznily kontakt mezi plvodné prostorové
izolovanymi taxony a jejich naslednou hybridizaci. PGvod nové agamospermické linie v rodu Sorbus
byl popsan v posledni studii. Obdobné linie vznikaji ve stfedni Evropé opakované diky mezidruhové
hybridizaci. Nejcastéji vznikaji agamospermicti triploidi hybridizaci diploiniho (S. torminalis) a
tetraploidniho taxonu (napf. S. danubialis, S. graeca). Dlouhodob3d existence téchto linii je umoznéna
prechodem k agamospermickému zplsobu reprodukce.



Summary

Hybridization plays an important role in the evolution of vascular plants. It can have both
positive and negative consequences, ranging from the origin of new species on the one hand to the
extinction of taxa through introgression on the other. These effects may be pronounced in
geographically restricted or rare species. The core of this thesis are three case studies addressing
interspecific hybridization involving rare angiosperm species. Finally, the thesis is completed with a
study considering hybridization as a source of variation and new species. The coexistence of frequent
primary hybrids with their parental taxa was revealed in the system comprising the rare species
Cerastium alsinifolium and its widespread counterpart C. arvense. The spatial distribution of the
endemic species and its habitat preferences were elucidated. In contrast, comparatively rare
hybridization events were found in the Nymphaea alba — N. candida complex. Although it has been
assumed that water lilies hybridize freely, our karyological data do not support this hypothesis.
Hybrids therefore do not present a serious risk to either of these rare species. The third study
describes interspecific hybridization in the spore-bearing genus Diphasiastrum. Traditionally, three
basic and three hybridogenous species are recognized in Central Europe. However, species
boundaries are blurred through frequent introgressive hybridization. Introgression has been
catalysed by human activities (disturbances), which facilitate spatial contact between originally partly
allopatric species and subsequent interspecific hybridization. The origin of a new agamospermous
lineage through interspecific hybridization was described in the genus Sorbus. Apomictic triploids
most likely originated via hybridization between diploid and tetraploid taxa. Their mode of
reproduction shifted from sexual to apomictic, which assured their long-term persistence.



1) Uvod

Hybridizace hraje vyznamnou roli vevoluci soucasnych organismd. Je zakladnim
mechanismem procesUl introgrese (pfenos rdznych fenotypovych znakl mezi taxony) nebo hybridni
speciace. VétSina cévnatych rostlin a kapradorostli vznikla (allo-)polyploidizaci (hybridizace
nasledovana genomovou duplikaci), ktera je tak povazovana za hlavni motor rostlinné evoluce (Soltis
et Soltis 2009). Hybridizace také hraje zasadni roli v tzv. vyZivové evoluci lidstva. Ackoliv prvni psané
zminky o hybridizaci jsou datovany do zacatku 18. stoleti, byla hybridizace pro lidstvo zasadni jiZ od
neolitu (Rieseberg et Carney 1998). V pocatcich domestifikace a Slechténi rostlin i zvifat se
hybridizacni udalosti stavaly vesmés ndhodné ¢i neumysiné. Pozdéji dochazelo k cilené selekci linii,
které vykazovaly poZadované vlastnosti, kfizeni blizce pribuznych druhl ¢i lokdlnich odrid bylo
zamérné a narustalo na intenzité.

Prvni studie zabyvajici se hybridizaci pfinesly nékolik nespravnych predpoklad(. Hybridizace
byla povaZovana za slepou uli¢ku evoluce, zvlasté pro predpokladanou uplnou sterilitu hybridd (Grant
1981, Rieseberg et Carney 1998, Ouyang et al. 2010). Evolucni dopad hybridizace byl znacéné
podcenén nebot byla povazovana za extrémné vzacny jev (Knobloch 1972). Ackoliv nejvétsi
pozornost evoluénim disledkim hybridizace byla a je vénovana botaniky, v poslednich desetiletich
bylo zjisténo, Ze hraje zasadni roli i v evoluci ZivoCichG (Dowling et Secor 1997, Hegarty et Hiscock
2005, Wissemann 2007, Soltis et Soltis 2009).

Hybridizace je zasadni pro generovani novych, evoluéné samostatnych linii (které se mohou
vyvinout v samostatny taxon), ale na druhé strané téZ muze mit zhoubny vliv na populace vzacnych
rostlin. Ty mohou trpét hybridizaci s bézné rozsifrenymi pfibuznymi taxony, coz mlZe vydustit ve
smyvani rozdild mezi nimi a ohrozit genetickou integritu vzacné populace. Hlavni pfirozené pficiny
ohroZeni populaci vzacnych taxonl jsou nizké pocty jedincl, nizky pocdet populaci, nesouvislé
rozsiteni Ci efekt okrajovych populaci. BEhem posledniho stoleti se k pfirozenym pftic¢indm pridal jeSté
vliv ¢lovéka. Fragmentace krajiny a zmény jejiho tradiéniho obhospodarovani, degradace biotopu ci
jejich likvidace jsou nejvyznamnéjsi vlivy ¢lovéka, které zvySily pravdépodobnost vyhynuti vétSiny
vzacnych taxon(. Vzacné taxony jsou vyznamnou soucasti lokalni i globalni biodiverzity a jsou obecné
povaZovany za indikatory bohatosti biodiverzity (Heywood et Iriondo 2003). Casto maji Gzké
ekologické niky a jejich populace jsou ostrlivkovité rozsifené v moderni krajiné. Prostorové omezené
populace vzacnych taxonl jsou povazovany za endemity urcitych Uzemi (Kaplan 2012).

Dusledky hybridizace (jak prospésné, tak ohroZujici) jsou vyznamnéjsi u pocetné mensich
populaci ¢i u populaci vyskytujicich se na okrajich celkového arealu (coZ jsou casto pfipady vzacnych
rostlin). Obecné i bézné mikroevolucni procesy (napt. inbredni deprese, bottleneck, geneticky drift Ci
speciace) probihaji rychleji a snaze v pripadé malych populaci nez v pocetné velkych (Rhymer et
Simberloff 1996). Vzhledem k tomu, Ze mnoho vzacnych taxonl vzniklo z Siroce rozsifenych
pribuznych (z fléry CR nap¥. Minuartia smejkali — Dvordkova 1988; M. corcontica — Dvorakova 1999;
Cerastium alsinifolium — Novak 1960), byvaji mnohem vice nachylni k hybridizaci, pokud se dostanou
do sekundarniho kontaktu. U specialist(, jejichZ rozsifeni je omezeno na specifické stanovisté (napf.
hadcové ci horské relikty), je jejich gene pool omezen kvili dlouhodobé izolaci (diky specifickym
ekologickym podminkam). Populace téchto taxon( jsou ¢asto obklopeny mnoha relativné pfibuznymi
genotypy, se kterymi se mohou kfizit (napf. Knautia — Kolaf et al. 2009, Cerastium alsinifolium — Vit et
al. 2014).



Jednim z prehlizenych fenoména tykajicich se hybridizace je tzv. antropohybridizace (Wdjcicki
1991), ktera popisuje proces hybridizace s Ucasti péstovanych nebo introdukovanych taxon(. Pfenos
jejich genll do nativnich taxonl mUZze mit neblahé nasledky (Abbott 1992, Bleeker et al. 2007,
Campbell et al. 2009). Antropohybridizace je umoZnéna absenci reprodukéné izolaénich mechanismi
mezi nativnimi taxony a péstovanymi taxony. Antropohybridizace jako fenomén je kromé introdukce
péstovanych taxonU podporovana fragmentaci krajiny a zménami biotopl zplsobenymi ¢lovékem
(Allendorf et al. 2001). Dasledky antropohybridizace byly v souc¢asné dobé prezentovany napt. u
Prunus fruticosa (Musilova 2013) ¢i Malus sylvestris (Cornille et al. 2013).

Zjisténi, zda hybridizace je prfirozeného ¢i antropogenniho plvodu miZze pomoci
v ochranarské praxi pfi nastavovani vhodného managementu u populaci vzacnych taxonl zasazenych
hybridizaci. Soucasné je diskutovano, zda se ma populacim vzacnych taxonl zasaZenych hybridizaci
dostavat stejnych ochranarskych aktivit jako populacim bez vlivu hybridizace (eg. Thompson et al.
2009). Snahy ochranaii by mély byt spiSe zacileny na Cisté populace, nez na zachranu populaci
zasazenych vysokym stupném hybridizace (napf. odstrariovanim neplvodnich taxonG a hybrid(;
Allendorf et al. 2001). V dizertaéni praci jsou kladeny otazky tykajici se vlivu mezidruhové hybridizace
na populace vzacnych rostlin s dlirazem na ochranarské dlsledky a zhodnoceni jejich ohroZeni.

Problematika studovanych taxonu

Cerastium alsinifolium Tausch (Smejkal 1990, Kaplan 2012) je kriticky ohroZeny hadcovy
endemit zdpadnich Cech (Grulich 2012, Kaplan 2012). Vyskytuje se na Gzemi CHKO Slavkovsky les,
celkovy aredl druhu nepresahuje 15 km” (Tajek et al. 2012). Cerastium alsinifolium se vyskytuje ve
dvou zcela odlisnych hadcovych biotopech — suché travniky hadcovych vychozl a polostinna
pramenisté vihkych hadcovych lestd (Melichar 2005, Tajek et al. 2012). V nékolika populacich roste
sympatricky s dalSim velkokvétym rozcem — C. arvense, ktery je Siroce rozsiteny na suchych travnicich
a poloruderdlnich stanovistich po celé Evropé (Smejkal 1990). Cerastium arvense je relativné
tolerantni k pldé s obsahem tézkych kovl (Levine & Greller 2004) a ve Slavkovském lese roste i na
hadcovych vychozech Ci v jejich bezprostfednim okoli. Potenciadlni hybridizace mezi obéma taxony
byla v minulosti nékolikrat zmifovana (Smejkal 1990, Hrouda 2002, Rybka et al. 2004), avsak nikdy
nebyla dokdzana fadnou biosystematickou studii. Soucasné nebyly nikdy zhodnoceny pfipadné
nasledky hybridizace pro biologii vzacného taxonu.

Ve stfedni Evropé se vyskytuji dva plvodni druhy leknin( - Nymphaea alba a N. candida.
Vymezeni téchto druhl neni zcela jasné, zvlasté diky morfologické podobnosti, vysoké fenotypové
plasticité a udavané hybridizaci. Situace je nadale komplikovana vyskytem zahradnich kultivar(.
Jedinci s pfechodnou morfologii byly dfive prezentovani jako mezidruhovi hybridi (Heslop-Harrison
1955, Ejankowski & Matysz 2011), ackoliv jejich status nebyl dostatecné potvrzen. Mezidruhova
hybridizace leknind je povaZovéna za velmi béznou i vzhledem k vysokému poctu zahradnickych
kultivard vzniklych hybridizaci (Slocum 2005). Zahradnické kultivary jsou éasto (at jiz schvalné ¢i
nahodné) introdukovany do pfirodnich biotopl, kde mohou prezivat po velmi dlouhou dobu a
interagovat s puUvodnimi taxony. OdliSeni kultivard a pulvodnich taxon( pouze na zakladé
morfologickych charakteristik je velmi obtiZzné a ¢asto dochazi k zaménam.

V soucasnosti je ve stfedni Evropé rozliSovano Sest diploidnich druh( rodu Diphasiastrum. Tri
jsou povazovany za zakladni druhy, tfi jsou hybridniho plvodu (ac tradi¢né pojimané jako druhy). Ve
stfedni Evropé se plavuniky casto vyskytuji ve smiSenych populacich a mohou vytvaret vyrazné



hybridni roje. V ramci nich je urcovani jednotlivych druhl sloZité. Smisené populace se nejcastéji
vyskytuji na ¢lovékem silné ovlivnénych stanovistich — sjezdovkach, prisekach, lesnich prekladistich
drfeva apod. Hybridni plvod tfi taxonl byl potvrzen teprve neddvno pomoci low-copy jadernych
marker( a velikosti genomu (D. xissleri, D. xoellgaardii a D. xzeilleri; Aagaard et al. 2009a, 2009b).
Tato studie také naznacila moznost zpétné hybridizace u Evropskych zastupcl rodu Diphasiastrum.
Frekvence hybridizace, vliv na sloZeni populaci a ptipadny vliv ¢lovéka nebyl doposud studovan.

Taxonomicka problematika rodu Sorbus prameni z rozeznavani a popisovani novych taxond,
které vznikaji hybridizaci diploidnich [S. torminalis (L.) Crantz, S. aucuparia L. a S. chamaemespillus
(L.) Crantz] a tetraploidnich druht [taxony skupiny S. aria (L.) Crantz]. Hybridni linie ¢i hybridogenni
druhy (mikrospecie) jsou polyploidni a vznikaji bud za Ucasti neredukovanych gamet pfipadné
zminénou hybridizaci diploidd s polyploidy. Jejich evoluéni Uspéch je podminén prechodem
k agamospermickému zpUsobu reprodukce, ktery mlze byt doplnén zbytkovou sexualitou (Proctor et
Groenhof 1992, Robertson 2004). Nové vzniklé linie mohou na stanovistich prezZivat po mnoho let a
dale ovliviiovat strukturu populaci rodi¢ovskych taxont (napf. diky Zivotaschopnému pylu; Ludwig et
al. 2013). Mikrospecie mohou vznikat opakované ze stejnych rodi¢ovskych kombinaci a vykazovat
obdobné morfologické vlastnosti s nepatrnymi rozdily zplsobenymi rozdilnymi rodi¢ovskymi
genotypy. Vétsina téchto linii je popisovana jako samostatné taxony (viz soucasny pocet druh(
vramci fléry CR; Kaplan 2012). V posledni studii je prezentovana biosystematickd revize jefdbu
krasového (S. eximia). Dfive byl davan za priklad taxonu, u kterého se vyskytuji dvé rdzné ploidni
urovné (diploidni a tetraploidni; Jankun et Kovanda 1988) a vyskytuje se agamospermie, a to i na
diploidni drovni. Tento fakt byl ¢asto citovan (Nelson-Jones 2002, Talent et Dickinson 2006, Dobes et
al. 2013), avsak nebyl vérohodné ovéren.

2) Cile prace
1 - Zhodnotit rizika mezidruhové hybridizace u vybranych vzacnych rostlin Ceské republiky.

2 - Posoudit vhodnost vyuZiti jednotlivych metodickych pristupl pro identifikaci hybrid( (véetné
karyologickych, fenetickych a molekularnich technik).

3 - Objasnit potencialni vliv clovéka na miru hybridizace studovanych vzacnych taxon.

3) Material a metodika

Materidl pro viechny studie byl sbiran béhem vegetaénich sezén v letech 2005-2012 v Ceské
republice a pfrilehlych statech. Pro srovnavaci ucely byly pouZity vzorky z Britskych ostrovl a
Skandinavie (studie Diphasiastrum). Kazda populace byla zaméfena pomoci GPS, sbirany byly pouze
nejnutnéjsi casti rostlinnych pletiv. Ke zpracovani materidlu byly vyuZity nasledujici metodické
pristupy:



Pratokova cytometrie

Absolutni velikost jaderného genomu (C-values; Greilhuber et al. 2005) a DNA ploidni Uroven
(Suda et al. 2006) byly méreny dle metodiky detailné popsané DoleZzelem (DolezZel et al. 2007). Byla
zaznamenavana intenzita fluorescence 3.000-5.000 ¢astic. Analyzy byly vyhodnocovany v programu
Flomax 2.4b, dale byly analyzovdny pouze histogramy s CV neptesahujicim 6%. Rozdily ve velikosti
genomu byly testovany pomoci procedury GLM (general linear model) v programu SAS 9.2 (SAS
Institute, Cary, NC, USA).

Numericka morfometrika

Ke zhodnoceni morfologické variability bylo vidy méreno nékolik znak(l na sterilnich i
fertilnich ¢astech studovanych rostlin. Dobfe vyvinuté €asti rostlin byly bud rovnou pouZity k méreni
nebo zaherbarovany pro pozdéjsi vyuZiti. Zakladni popisné statistiky byly vypocteny procedurou
UNIVARIATE v programu SAS (ver. 9.2). Potencialni korelace mezi znaky byly sledovany pomoci
Pearsonova a neparametrického Spearmanova korelacniho koeficientu. Po dosazeni hodnoty tésné
korelace (>0.95) byl jeden ze znak( vyrazen. Morfometricka data byla dale analyzovana procedurami
PRINCOMP, CANDISC, DISCRIM a STEPDISC v programu SAS (ver. 9.2) dle metodiky detailné popsané
Rosenbaumovou (Rosenabumova et al. 2004). Vzhledem k tomu, Ze data neméla dle Wilks-Shapiro
testu normalni rozdéleni, byla vyuZita neparametricka funkce k-nearest neighbour a neparametrické
korela¢ni koeficienty.

Geometrickd morfometrika a elipticka Fourierova analyza

Fotografie drobnéjsich morfologickych znak( byly pofizeny pomoci fotoaparatu Olympus C-
7070 na binokularni lupé Olympus SZX12, v ptipadé vétsich listl skenovany pfimo A3 skenerem. Ke
zhodnoceni tvarové variability byla vyuZita metoda thin plates spline s klouzavymi semilandmarky
(Bookstein 1997, Zelditch et al. 2004). Elipticka Fourierova analyza pak byla vyuZita pro objasnéni
tvarovych charakteristik na listech. Tvarova variabilita byla zhodnocena metodou eliptické Fourierovy
aproximace (Kuhl & Giardina 1982) s vyuZitim programu SHAPE 1.2 (lwata & Ukai 2002). Detaily k
analyzam jsou uvedeny v jednotlivych pracich (Vit et al. 2012, HanusSova et al. 2014 a Kabatova et al.
2014).

Pylova viabilita a aborce vytrusu

Fitness u jednotlivych taxonl (studie Diphasiastrum) byla odhadovidna pomoci podilu
abortovanych vytrus(. Vytrusy byly povaZovany za abortované jestlize neobsahovaly protoplast nebo
byly zhroucené (Quintanilla et Escudero 2006). Pocet abortovanych vytrus byl studovan pod
svételnym mikroskopem (Olympus CH30) pod 100x zvétSenim.

Pylova viabilita byla hodnocena podle protokolu Petersona (Peterson et al. 2010). Z kazdé
rostliny byly pouzity dva prasniky, ty byly vypreparovany na podloznim sklicku, obarveny a sledovany
pod svételnym mikroskopem (Olympus BX41) pti 100x zvétseni.



4) Vysledky a diskuse

Ackoliv v poslednich desetiletich bylo vénovano mnoho pozornosti studiu vzacnych taxonf
rostlin, vétSina z nich nezahrnovala komplexni biosystematicky pohled. Obecné tyto dva obory
(biosystematika a ochranarska biologie) byly velmi zfidka propojeny. Nastésti v poslednich letech se
biosystematické studie s ochranarskym dopadem objevuji mnohem dcastéji (Hedrén et al. 2012,
Moreira et al. 2013).

Predkladana dizertacni prace predstavuje tfi rizné pripady mezidruhové hybridizace
zahrnujici vzacné druhy. Koexistence hybridd s rodicovskymi taxony byla objevena u rozcll (Cerastium
alsinifolium / C. arvense). Vzhledem k absenci zpétnych kfizencl neni hadcovy endemit C. alsinifolium
ohroZen hybridizaci pfimo, ale trpi spiSe kompetici o zdroje (zareni, Ziviny, opylovadi). Nedochazi tedy
ke smyvani genetické integrity rodi¢ovskych taxond, s nejvétsi pravdépodobnosti jsou hybridi pouze
F1 generace. Diky kompetici na nelesnich hadcovych stanovistich vsak muze dojit k vytlaceni
endemita hybridy. Primarnim stanovistém C. alsinifolium jsou s nejvétsi pravdépodobnosti fidké
vlhké hadové lesy, které hosti Cisté populace a méla by jim byt z ochranarského hlediska vénovana
nejvétsi pozornost.

Méreni pomoci pratokové cytometrie odhalilo 45% rozdil v absolutni velikosti genomu mezi
dvéma nativnimi druhy lekninG — Nymphaea alba a N. candida. Navic bylo zjisténo, Ze zahradnické
kultivary od nich lze jednoznacné odlisit, opét na zakladé rozdilné (mensi) velikosti genomu.
Statistickd analyza umozZnila jednoznacnou diferenciaci jednotlivych taxonl i kultivard na zakladé
mérenych morfologickych znak(. Ackoliv morfologicky prechodni jedinci byli dfive ¢asto povazovani
za hybridy, nase vysledky potvrdily, Ze k hybridizaci dochazi v Ceské republice pouze sporadicky (cca
1,8% analyzovanych vzork(l). Oba pfirozené se vyskytujici taxony tedy nejsou ohroZeny pfimo
hybridizaci, ale mohou byt ohroZeny introdukovanymi hybridnimi kultivary. Zasadnim zjisténim prace
byl fakt, Ze neplvodni kultivary se vyskytuji v pfirozenych podminkach ve velké mife a jsou
s nativnimi taxony ¢asto zaménovany.

Frekvence mezidruhové hybridizace jednotlivych druhl plavunikl (Diphasiastrum) a jeji
disledky byly zhodnoceny ve tfeti studii pomoci velikosti genomu, numerické a geometrické
morfometriky. Ackoliv se velikosti genomu zakladnich druh lisi, po zahrnuti hybridnich druh( vzniklo
kontinuum. NejsloZitéjsi pattern byl nalezen u D. xissleri and D. xoellgaardii. Jejich velikost genomu
se Uplné prekryva, ackoliv vznikly zrbznych rodi¢ovskych kombinaci. Nejvyssi variabilita byla
pozorovana v nékolika populacich sloZenych ze vSech Sesti taxonll a ve smiSenych populacich D.
alpinum a D. tristachyum. Na druhé strané, v ramci populaci jednotlivych taxon( byla nalezena velmi
nizkd variabilita ve velikosti genomu. Podobny pattern vykazovala jak numericka tak geometricka
morfometrika. Predpokladana introgresivni hybridizace ma ve smiSenych populacich za nasledek
smyvani hranic mezi taxony a z praktického hlediska znemozZriuje jejich jednoznacnou determinaci.

Posledni studie se zabyvala ptivodem a vymezenim endemita Ceského krasu — Sorbus eximia.
Vramci biosystematického zhodnoceni byl popsdn novy taxon S. barrandienica. Pritokova
cytometrie nepotvrdila vyskyt dvou ploidii u S. eximia (diploidni a tetraploidni) a soucasné
agamospermicky reprodukéni zplisob u diploidnich jedincl. VSechny nalezené rostliny byly triploidni,
vCetné S. barrandienica. Genetickd variabilita obou taxon( byla velmi nizkd, coZ naznacuje jejich
jednordzovy vznik a agamospermicky zplsob reprodukce. Ten také umoznuje dlouhodobé prezivani
taxon( v populacich.



5) Zavéry

Ve Ctyrech studiich byly predstaveny rizné vlivy hybridizace na vzacné druhy rostlin. Na
jedné strané jsou nékteré taxony (hybridogenni zastupci rodu Sorbus) hybridizaci pfimo generovany a
prechod na agamospermicky zplsob reprodukce umozZnuje konzervaci tohoto taxonu v cCase (tj.
dlouhodoba existence na stanovisti bez dalSiho vlivu rodi¢ovskych taxonU). Na strané druhé byl
odhalen vice ¢i méné zdvainy vliv hybridizace pfimo na vzacné rostliny. Ojedinélé hybridizacni
udalosti nemaiji témér zadny vliv na populace leknind (N. alba a N. candida), na druhé strané vyrazné
vice jsou ohroZeny introdukci hybridnich kultivard, které se dostavaji do volné pfirody z kultur a jsou
naturalizovany v biotopech vhodnych i pro plvodni taxony. Ackoliv je hybridizace hadcového rozce
(C. alsinifolium) na nelesnich stanovistich Slavkovského lesa masivni, nepredstavuje pro endemicky
taxon zdsadni ohroZeni. Ke zpétnému kfizeni nedochazi, navic se v hadcovych lesich vyskytuji velmi
pocetné Cisté populace C. alsinifolium. Tendence k introgresivni hybridizaci byla odhalena v posledni
studii, kde systém Sesti druh( (3 zakladni a 3 hybridni druhy rodu Diphasiastrum) tvori ve smisenych
populacich morfologické a karyologické kontinuum. Hranice mezi taxony jsou v téchto populacich
smyté, jako nejpravdépodobnéjsi dlivod se jevi introgresivni hybridizace.

1) Introduction

Hybridization plays an important role in the evolution of living organisms. It is the basic
mechanism of processes such as introgression of diverse phenotypic traits between diverged taxa or
hybrid speciation. Most flowering plants and ferns originated through (allo-)polyploidization (=
hybridization followed by genome duplication), which is supposed to be the most powerful “engine”
of plant evolution (Soltis et al. 2009). Hybridization plays a striking role in human “nutrition
evolution”. Although the first written evidence is dated back to the early 18™ century, hybridization
has been important to humans since the Neolithic era (Rieseberg et Carney 1998). When
domestication and breeding of plants and animals was in its infancy, hybridization events happened
mostly accidentally and inadvertently. Later, by selecting crops (or breeds) carrying required
characters, hybridization of closely related species or local races became intentional and increased in
intensity.

In early studies devoted to hybridization, several incorrect presumptions had been made.
Hybridization had been considered a “blind alley” of evolution because of assumed hybrid sterility
(Grant 1981, Rieseberg et Carney 1998, Ouyang et al. 2010). The evolutionary impact of hybridization
was once enormously underestimated due to presumed rarity of this phenomenon (Knobloch 1972).
Although botanists have paid considerable attention to hybridization (Rhymer et Simberloff 1996), it
has been proved in the last decades that hybridization plays an inestimable role not only in plant, but
also in animal evolution (Dowling et Secor 1997, Hegarty et Hiscock 2005, Wissemann 2007, Soltis et
Soltis 2009).

Hybridization is essential for generating new evolutionarily independent lineages (which may
ultimately develop into new species); on the other hand, it can have a detrimental effect on
populations of rare species. These may suffer from hybridization with common congeners, resulting
in blurring of boundaries between taxa and threatening species” genetic integrity. Low abundance of
individuals, low number of populations, marginal populations and discontinuous range of distribution



are the main “natural” reasons rare species are under threat. During the last century, human
influence considerably increased the risk of rare species becoming extinct, eg. by landscape
fragmentation, changes in traditional landscape management, habitat loss and degradation, etc. Rare
species represent an important component of both local and global biodiversity and are often
regarded as indicators of biodiversity richness (Heywood et Iriondo 2003). They often have narrow
ecological niches, which are patchily distributed in the modern landscape. Spatially-limited species
include endemics of particular geographic regions (Kaplan 2012). The present thesis addresses
qguestions concerning cases of interspecific hybridization that involve at least one rare species, with
an emphasis on conservation consequences including a risk assessment.

Human-triggered hybridization involving rare species

In cases of rare species, the consequences of hybridization may be even stronger because their
populations are often small or occur at the margins of the species’” distribution areas.
Microevolutionary processes (eg. speciation, inbreeding depression, bottleneck effect, genetic drift)
act more readily in small populations than in large populations (Rhymer et Simberloff 1996).
Consequently, both beneficial and harmful consequences of hybridization (genesis of new
evolutionary units vs. potential extinction of populations) are more striking (Rieseberg and Ellstrand
1993). Many rare species originated from widely distributed relatives (textbook examples from the
Czech flora are Minuartia smejkali — Dvorakova 1988; M. corcontica — Dvorakova 1999; Cerastium
alsinifolium — Novak 1960), and are therefore more prone to hybridize with their progenitors. Among
insular-like specialists (eg. serpentine or mountain relicts) is distribution and gene pool limited due to
long-term isolation to specific ecological conditions, but are surrounded by many related and
potentially crossable genotypes (eg. Knautia — Kolar et al. 2009, Cerastium alsinifolium — Vit et al.
2014).

One still overlooked phenomenon is so-called anthropohybridization (Wdjcicki 1991), which
refers to hybridization processes with the participation of cultivated or human-introduced species.
Such species might have detrimental effects on related native plants. Dilution of their gene pool and
gene transfer from crops/aliens are of the most important consequences of anthropohybridization
(Abbott 1992, Bleeker et al. 2007, Campbell et al. 2009). Recent examples in which
anthropohybridization has been recorded are Prunus fruticosa (Musilova 2013) or Malus sylvestris
(Cornille et al. 2013). Anthropohybridization is largely facilitated by the absence of reproductive
isolation mechanisms between crops/aliens and rare species. Crop cultivars often originated in
different parts of the world. Reproductive isolation mechanisms are therefore often missing; when
cultivars and native taxa come into contact, they may hybridize freely (Ellstrand et al. 1999). Contact
between introduced and native taxa is facilitated by three main human activities: plant introduction,
landscape fragmentation and habitat modification (Allendorf et al. 2001). Determining whether
hybridization is of natural or anthropogenic origin is crucial for conservationists, whose task is to set
up appropriate management plans and to take necessary actions. Human-induced changes in
habitats may lead to secondary contact of previously separated species, promoting their
hybridization (Rhymer et Simberloff 1996; eg. in Viola lutea subsp. sudetica x V. tricolor (Krahulcova
et al. 1996), Senecio hercynicus x S. ovatus (Raudnitschka et al. 2007), Arctium lappa / A.
tomentosum x A. minus (Repplinger et al. 2007), Cerastium alsinifolium x C. arvense (Vit et al. 2014)
or Diphasiastrum species (Hanusova et al. 2014).



A recurrent issue in conservation biology is whether populations with hybridizing rare species
should receive the same conservation effort as non-hybridizing populations (eg. Thompson et al.
2009). Efforts should be targeted at maintaining remaining pure populations rather than at trying to
save population already affected by high degrees of hybridization (eg. removal of non-native species
and hybrids or restoration of habitats; Allendorf et al. 2001). Generally, biosystematic studies of
species complexes with rare or endangered taxa threatened by hybridization with common relatives
or intricate agamic complexes are highly appreciated by conservationists. Such studies allow them to
better evaluate the risks of hybridization based on knowledge of reproductive modes, hybrid
frequency and other important facts. The key question surrounding all conservation efforts
undoubtedly is “How do we recognize hybrids?”.

Species under study

Cerastium alsinifolium Tausch (Smejkal 1990, Kaplan 2012) is an outcrossing serpentine
endemic of western Bohemia (Slavkovsky les Mts). The total area occupied by this species does not
exceed 15 km?, with all sites situated within the Protected Landscape Area Slavkovsky les (Tajek et al.
2012). Cerastium alsinifolium is a critically endangered plant in the Czech flora (Grulich 2012, Kaplan
2012). Currently, C. alsinifolium is reported from two rather contrasting types of habitat on
serpentine bedrock, namely dry open grassland on rocky outcrops, and (semi)shaded springs and
seeps in coniferous forests (Melichar 2005, Tajek et al. 2012). At several sites in the Slavkovsky les
Mts, it co-occurs with another perennial large flowered species, C. arvense, which is widely
distributed in Europe and usually inhabits dry grasslands or semiruderal sites (Smejkal 1990).
Cerastium arvense is relatively tolerant of soils with a high heavy metal content (Levine & Greller
2004), and in the Slavkovsky les Mts it occasionally grows on outcrops of serpentine or in their
immediate vicinity. Potential hybridization between serpentine endemic Cerastium alsinifolium and
its widespread counterpart C. arvense in the Slavkovsky les Mts has been suspected for a long time
(Smejkal 1990, Hrouda 2002, Rybka et al. 2004). It has, however, not been proved by biosystematic
approaches. Possible evolutionary consequences of the hybridization also remain unknown.

Two native Nymphaea species occur in Central Europe — N. alba and N. candida. Species
boundaries between them are blurred by overall morphological similarities, high phenotypic
plasticity and possible interspecific hybridization. The situation is further complicated by the
occurrence of many garden cultivars. Morphological similarities are at least partly caused by close
evolutionary relationships between N. alba and N. candida (Volkova et al. 2010). Individuals with
intermediate morphologies have often been interpreted as interspecific hybrids (Heslop-Harrison
1955, Ejankowski & Matysz 2011) although their hybrid status has only rarely been evidenced. The
few exceptions include crosses between N. alba and N. candida (= N. x borealis Camus) from several
sites in Germany and Sweden, confirmed by AFLP fingerprints (Werner & Hellwig 2006, Nierbauer et
al. 2014). Natural interspecific hybridization in Nymphaea seems to be quite extensive, as indicated
by the great number of horticultural crosses (Slocum 2005). Garden cultivars have been repeatedly
introduced, be it accidentally or intentionally, into natural habitats, where they can survive for long
periods and potentially interact (compete or mate) with native plants. Reliable discrimination
between escaped white-flowered cultivars and native species on the basis of morphological traits is
difficult, if not impossible.

Six diploid Diphasiastrum taxa are traditionally recognized in Europe: three (basic) species and
three morphologically intermediate hybrids traditionally treated as species. Mixed populations



frequently occur in Central Europe and often form apparent hybrid swarms. Species determination is
quite problematic in mixed populations and especially in hybrid swarms occurring in man made
habitats (eg. ski slopes, deforested strips). A number of factors complicate investigations of
hybridization patterns in Diphasiastrum: simple morphology with few characters suitable for
evaluation, high phenotypic plasticity and impossibility to accomplish hybridization experiments due
to mycorrhizal gametophytes (Wilce 1961, 1965, Whittier 1977, Vogel et Rumsey 1999). The patterns
of hybridization in Diphasiastrum have recently been addressed using two types of markers: low-
copy nuclear genes and genome size. Sequences of three regions of the nuclear genome confirmed
the hybrid status of D. xissleri, D. xoellgaardii and D. xzeilleri (Aagaard et al. 2009a, 2009b). This
study also indicates certain levels of recent hybridization and backcrossing within European
Diphasiastrum. Its frequency and variation patterns in natural populations remain unknown,
however. On the contrary, discrete variation in genome size in several parts of Europe indicates only
primary hybridization with no hint of backcrossing (except for a few rare triploid hybrids) or
introgression (Bennert et al. 2011).

In the genus Sorbus, taxonomic difficulties stem from recognizing and describing new species
originating through hybridization of diploid sexual species [taxa from the group of Sorbus aria (L.)
Crantz x S. torminalis (L.) Crantz, x S. aucuparia L. and x S. chamaemespillus (L.) Crantz]. Primary
hybrids occur spontaneously and are of the same ploidy level as their parents (Meyer et al. 2005).
Hybrid lineages and stabilized hybridogenous species (or so-called microspecies) have higher ploidy
levels, indicating their formation through unreduced gametes or through hybridization of polyploids.
Their evolutionary success is connected to agamospermy (apospory), which can be accompanied by
residual sexuality (Proctor et Groenhof 1992, Robertson 2004). Newly originated lineages can persist
in situ for many years and further shape the population structure of parental species (eg. as pollen
donors; Ludwig et al. 2013). Microspecies may originate recurrently from the same parental
combination and exhibit highly similar morphology with negligible differences due to distinct parent
genotypes. Most discovered stabilized lineages are subsequently described as new species (see the
number of Sorbus taxa in the flora of the Czech Republic; Kaplan 2012).

Biosystematic evaluation of Sorbus eximia is presented in the last study. It was a textbook
example of diploid-tetraploid species with agamospermous mode of reproduction (including
agamospermy at the diploid level; Jankun et Kovanda 1988). This exceptional diploid agamospermy
was several times cited (Nelson-Jones 2002, Talent et Dickinson 2006, Dobes et al. 2013), but never
been reliably confirmed.

2) Aims of the thesis

1) To evaluate the risk of interspecific hybridization in selected rare species native to the Czech
Republic

2) To assess the value of different methodological approaches (incl. karyological, phenetic and
molecular techniques) for hybrid identification

3) To elucidate the human impact on the hybridization of rare plant species under investigation



3) Material and methods

Material for all studies was collected during 2005-2012 vegetative seasons in Czech Republic
and adjacent regions. For comparative purposes, several Scandinavian and British Isles populations
were also sampled (Diphasiastrum part). Each population was localized using a GPS device (Garmin
eTrex Legend; WGS 84). Following methodological approaches were adopted:

Flow cytometry

Absolute genome sizes (C-values; Greilhuber et al. 2005) and DNA ploidy levels (Suda et al.
2006) were determined following methodology of DolezZel et al. 2007. Fluorescence intensity of
3.000-5.000 particles was recorded. Analyses were scored in Flomax 2.4b software, histograms not
exceeding a 6% coefficient of variance (CV) of GO/G1 peaks were analyzed further. Differences in
genome size values were tested using a general linear model (GLM, due to unbalanced data design)
in the SAS 9.2 package (SAS Institute, Cary, NC, USA).

Numerical morphometrics

In order to examine morphological variation several characters were measured. Well
developed parts were dried or directly used for morphometrics. Basic descriptive statistical
parameters were computed for each of the characters using the UNIVARIATE procedure in SAS (ver.
9.2). The correlative relationship among the characters was investigated using Pearson's correlation
and the non-parametric Spearman's rank coefficients to detect high correlations (>0.95) and avoid
distortion of the multivariate analysis. Morphometric data were further analysed using PRINCOMP
(principal component analysis), CANDISC (canonical discriminant analysis), DISCRIM (classification
discriminant analysis) and STEPDISC (stepwise discriminant analysis with forward or stepwise
selection of characters) procedures in SAS (ver. 9.2) following Rosenbaumova et al. (2004). Individual
plants were used as operational taxonomic units (OTUs). Because the data distributions within
groups were not multivariately normal (Wilks-Shapiro test), the non-parametric k-nearest neighbour
discriminant function and non-parametric correlation coefficients were employed. Discriminant
power was determined by cross-validation (Klecka 1980).

Geometric morphometrics and elliptic Fourier analysis

Photographs (RGB color images — JPG) of selected characters were taken using an Olympus C-
7070 digital camera mounted on an Olympus SZX12 binocular microscope) to investigate the
variation in the shape and position of leaves using the thin plate spline method with sliding
semilandmarks (Bookstein 1997, Zelditch et al. 2004). Elliptic Fourier analysis was applied to
elucidate the variation in leaf shape. The method of elliptic Fourier approximation (Kuhl & Giardina
1982) incorporated in the SHAPE 1.2 software package (lwata & Ukai 2002) was employed to
describe the variation in leaf shape of species. For details see Vit et al. 2012 and HanusSova et al.
2014.

Spore abortion percentage and pollen viability estimation

The spore abortion percentage was estimated in order to confirm the spore fitness of
individual taxa. Spores were considered aborted when they lacked a protoplast or were collapsed



(Quintanilla et Escudero 2006). Spores were investigated under a light microscope (Olympus CH30)
under 100x magnification.

Pollen viability was estimated using the protocol detailed by Peterson et al. (2010). Two
anthers per individual were then dissected on a microscopic slide, stained, and the slides were
observed using a light microscope (Olympus BX41) at a 100x magnification. At least two hundred
pollen grains per sample were assessed.

4) Results and discussion

Although much attention has been paid to the conservation of rare species during the last
decades, most studies have not taken a complex biosystematic approach. The conservation and
biosystematic points of view have rarely been integrated in a single study. Fortunately, recent years
have seen significant progress, which is manifested by the publication of research papers at the
interface between conservation and biosystematics (eg. Hedrén et al. 2012, Moreira et al. 2013).

The thesis presents three cases of interspecific hybridization involving rare species. Hybrids
coexist with parental taxa in the Cerastium alsinifolium/C. arvense system. The Czech serpentine
endemic C. alsinifolium is threatened by competition from hybrids over both abiotic and biotic
resources (light, nutrients and pollinators). Considering the absence of backcrosses, hybridization
does not seem to severely affect the gene pool of the endemic species. Its genetic integrity will thus
most likely be preserved. Nevertheless, in open sites, hybrids usually dominate over C. alsinifolium
and may possibly outcompete it. Interspecific hybridization is much less pronounced in forest sites,
which host core populations of the endemic and are therefore a conservation priority.

Flow-cytometric measurements revealed a ca 45% difference in genome sizes between
Nymphaea alba and N. candida. Moreover, the genome sizes of Nymphaea cultivars were
considerably lower than those of native species. Statistical analyses of morphological characters
allowed reliable phenotypic delimitation of both Nymphaea species and garden cultivars. Although
morphotypes with intermediate values of characters and/or a mosaic-like combination of characters
have often been interpreted as interspecific hybrids, our results indicate that interspecific
hybridization under natural condition is quite rare (at least in the Czech Republic), and a hybrid origin
was confirmed in only eleven out of 612 analysed plants (ca 1.8%). Native Nymphaea species are thus
not directly threatened by interspecific hybridization. An important finding is the frequent
occurrence of accidentally or intentionally introduced Nymphaea cultivars in more or less natural
habitats in the Czech Republic. It is likely that white-flowered cultivars have previously often been
confused with indigenous species.

The frequency of interspecific hybridization among Diphasiastrum species and its
consequences were evaluated using genome size analysis, and numerical and geometric
morphometrics. Although genome sizes of basic taxa tend to differ, hybrids often form phenotypic
continua. The most intricate genome size values were found in D. xissleri and D. xoellgaardii. The
genome sizes of these hybridogenous species completely overlap even though they originated from
different parental combinations. Very low genome size variation was detected in single-taxon
populations. The highest variation was found in several populations that consisted of all six species,



and in mixed populations comprising both D. alpinum and D. tristachyum. A similar pattern of
variation was subsequently observed in both numerical and geometric morphometrics.

The origin of the hybridogenous species Sorbus eximia was elucidated, and a new species (S.
barrandienica) was recognized during the biosystematic revision of the Sorbus eximia group in the
Bohemian Karst. Flow cytometry did not confirm the existence of two ploidy levels (di- and
tetraploid) and reported agamospermy at the diploid level (Jankun et Kovanda 1988). All accessions
of S. eximia and S. barrandienica turned out to be triploid. The genetic variation of both investigated
species was extremely low, indicating their single origins. Long-term persistence of their populations
was most likely facilitated by their agamospermous mode of origin.

5) Conclusions

Different outcomes of hybridization were presented in four studies. Several hybridogenous
Sorbus species (here S. eximia and S. barrandienica) are directly generated by hybridization. Their
long term in situ persistence (without the influence of parental species) is maintained by
agamospermous mode of reproduction. On the other hand, more or less serious impact of
hybridization on rare species was revealed in the remaining three studies. Rare hybridization events
have minute influence on indigenous Nymphaea populations. They are more threatened by
introduced horticultural hybrid cultivars, which escaped from gardens to natural habitats. Although
the hybridization of serpentine endemic Cerastium alsinifolium is extensive in open sites, genetic
integrity of this taxon is not jeopardized. Backcrosses were not observed and main species reservoir
is constituted by pure serpentine forest populations. Tendency towards to introgressive
hybridization was detected in the last study, where morphological and karyological continuum was
created by six Diphasiastrum species. Species boundaries are blurred through frequent
hybridizations, which are most probably enabled by human activities.
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