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Petra Vesela

Nazev:Hybridizace v ramci rodCarexa zpisoby jejiho testovani

Abstrakt

K objasréni Siroké Skaly firodnich vztah, jak vnitrodruhovych, tak i mezidruhovych,
muze skéle poslouzit rodCarex. Jedna se o nejtsi rod celedi Cyperacea a jeden
Z celos¥tove nejrozstergjSich rodi, ktery je také zajimavyéhkolika specifickymi rysy.
Kromé jiz zmintné druhové diverzity je pro tento rod charakterigii zn&na
vnitrodruhova variabilita a také relat&rtasta hybridizace. Dale jsou to cytogeneticka
specifika jako je fitomnost holocentrickych chromozdimcoz je spojeno s agmatoploidii
a symplodiici invertovana meioza.

Cilem této prace bylo objasnitiginy morfologické variability skolika domrlych
hybridnich jeding vzniklych KiZenim fiznych kombinaci parentalnich déulpomoci
molekularnich markér Jako vhodné markery byly zvoleny AFLP a mikrokimee
markery, nebt maji dostaténou rozliSovaci schopnost mezi blizagbpznymi druhy a
vysokou informani hodnotu. Mezi analyzované kombinace &otskych druli byly C.
flacca subsp.flacca a C. tomentosaC. acutiformisa C. nigra C. caryophylleaa C.
fritschi, C. paniculataa C. echinataC. paniculataa C. appropinquataVe WtSin¢ pripad
bylo dosazeno ziaé genetické diferenciace mezi pary takajisttné pomoci Neiovych
genetickych vzdalenosti, ale vyjimku tila kombinaceC. paniculataaC. appropinquata
coz mohlo byt zaicinéno velmi blizkym vztaheméthto taxori. Nicmére z ©chto peti
kombinaci byla pouze G. paniculatax echinatadetekovana geneticka intermediarnost na
zaklad molekularnich markér Ziskané vysledky na jednu stranu poukazujiif@mnost
mezidruhové hybridizace u¢kiterych kombinaci. Ale na stranu druhou, deéran
morfologicka intermediarnost mezi &ma druhy niZze byt gipsana dosud nedetekované
vnitrodruhové morfologické variabitit Tato prace doklada zéray vyznam, a to nejenom
ve spornych fipadech, molekularnich markerkteré dokazi azjmit genetické pozadi

téchto taxori.

Kli ¢ovéa slova AFLP, Carex hybridizace, mikrosatelitové markery



Title: Hybridisation within the genuSarexand the methods for its testing

Abstract

To clarify the wide range of natural relationshipdra- as well as interspecific, may serve
the genusCarex It is the largest genus of the family Cyperaced ane of the most
widespread genera worldwide, which is also intemgsseveral specific features. Instead
the above mentioned species diversity, it is fag tenus characteristic considerable
intraspecific variability and relatively frequenylridization. Furthermore, there are also
cytogenetic features, such as the presence of énatioac chromosomes, which is associated
with agmatoploidy and symplody or inverted meiosis.

The aim of this study was to clarify the causesnofphological variability of several
putative hybrids resulting from cross of differammbinations of the parental taxa using
molecular markers. As suitable markers were chddebP and microsatellite markers,
because they have sufficient resolution power betweosely related species and also
high information value. Among the analysed combaret of parental species wet
flaccasubspflaccaandC. tomentosaC. acutiformisandC. nigra C. caryophylleaandC.
fritschii, C. paniculataand C. echinata C. paniculataand C. appropinquata In most
cases, it was achieved significant genetic diffea¢éion between taxon pairs according to
Nei's genetic distances, with the exception of coration C. paniculata and C.
appropinquatawhich could be due to the very close relationsifithese taxa. However,
from these five combinations it was only @ paniculatax echinatadetected genetic
intermediary based on molecular markers. The obthnesults indicated the presence of
interspecific hybridization. On the other hand, gtive morphological intermediary
between two species can be ascribed to the yettectdd intraspecific morphological
variability. This work also gives the evidence amnsiderable importance of molecular

markers that can elucidate the genetic backgrotititese taxa.

Keywords: AFLP, Carex hybridisation, microsatellite markers
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1. UVOD

Molekularni biologie pedstavuje dynamicky se rozvijejicédni obor a nachazi Siroké
spektrum uplaténi pri feSeni nejizngjSich problematik. Vyznam molekularni biologie se
stale zvySuje a jeji vyuZziti ve stalétsi mie presahuje ddady jinych disciplin, jako jsou
nagiklad medicinati zemedélstvi a lesnictvi. Pdeba analyzy staleétsich objend dat
souasre pii stéle se roz#ijicim poli pisobnosti vedou nejen k vyvoji novych metod
zpracovani a analyzy dat, jakdegstavuji napklad metody NGS (Next Generation
Sequencing). Na stranu druhou své ugatmachazeji i metody konvemi, jakymi je
sekvenovani jednotlivych lokisnebo nafiklad metoda AFLP, kterarpdstavuje metodu
takika univerzalni a navic vyuZitelnou i pro druhy, ishZ nejsou prozatim k dispozici
specifické DNA markery (Vos et al. 1995; Qi a Limdi, 1997).

Tato prace je za#iend na vyuziti molekularnich markepti determinace mezidruhové
hybridizace v roduCarex, neb@ praw pro tento rod je hybridizace relativniasto
popisovanym jevem (Ford et al. 1993; Smith a Waagrw2008; Volkova et al. 2008;
Korpelainen et al. 2010), ale nemaést publikaci se opira pouze o markery morfologické
(Catling, 1993; Blackstock a Ashton, 2010; WieclawKoopman, 2013; Bergeron a
Pellerin, 2014; Wieclaw a Wilhelm, 2014) a jak jetnmé z vysledk této i dalSich praci
(Escudero et al. 201&epka et al. 2014), nevede tento postup vzdy kevagna zaeram.

Na zaklad téchto indicii je mozné iedpokladat, Ze hybridizace v ramci ro@arex je
nadhodnocend a naopak podhodnocend je vnitrodruvemabilita taxo. Cast prace je
také ¥novana optimalizaci AFLP, ktera —¢ ascetnym uplatdnim — ma také své

nedostatky, jakym je naixlad velikostni homoplasie.



2. CILE PRACE

Rod Carex je charakteristicky zr@ou vnitrodruhovou variabilitou a relatigncastou
hybridizace a tyto vlastnosti dale komplikuji detéra a taxonomicko klasifikaci. Cilem
této prace bylo objasnit genetické pozadi morfakgivariability rkolika domrelych

hybridnich jediné roduCarexpomoci vhodnych molekularnich marker

DalSi ¢ast praceesi podrob# problematiku metody AFLP, kterd byla s &sipem pouZzita
pro detekci hybrdizace v rodCarex. Cilem bylo objasnit hlavni faktory oviiwjici
velikostni homoplasii u AFLP a naslednavrhnout optimalizaci pro jeji redukci, zejména

u druhi s extréma velkym genomem.



3. STRUKTURA PRACE

Disert&ni prace je zpracovana formou souboru publikachgliekém jazyce, ktery je
doplrtn o c¢eské kapitoly podavajici podrobny Gvod vztahuji@ k problematice

piedkladanyckelanka.

U publikaci s prvnim autorstvim jsem realizoval@enxmentalnicasti, podilela se zdaou
mérou na anlayze dat a také psani manuskript publikace, v niz jsem uvedena, jako

druhy autor jsem se podilela na zpracovani a aeafsti molekularnich dat (Tab. 1).

Tab. 1: Pehled publikaci uvedenych v disené praci

Nazev Autorsky

publikace Typ Periodikum Stav podil
Optimisation of

AFLP for Molecular Vesela, P.
extremely large c¢lanekv  Ecology (60 %)
genomes over 7@dborném Resources piijato do  Volaiik, D.

Gb periodiku  (in press) tisku Mracek, J.
Are there

hybrids between
Carex flacca

and C. Repka, R.
tomentosa in the ¢lanek v Vesela, P.
Czech Republicodborném Preslia2014, (15 %)

and Slovakia? periodiku 86: 367-379 publikovano Mré&cek, J.

Morphological

and genetic Vesela, P.
variation of  ¢lanek v (80%)
several putative odborném manuskript  Repka, R.
Carex hybrids periodiku Vv pripraw Mrécek, J.




4. UVOD DO PROBLEMATIKY

4.2 Hybridizace u rostlin

Hybridizace a introgrese jsowiné procesy u rostlin (Mallet, 2005), majici velgznam
v jejich speciaci (Barton, 2001). Procento rostjicim druhi, které hybridizuji s druhy
dalSimi se odhaduje na 3 — 25 %i¢pmz frekvence mezidruhové hybridizace je owiva
pre- a postzygotickymi izotmimi mechanizmy. Sterilita hybrid je bsZnou formou
postzygotické reproduki izolace redukujici tok génmezi iznymi populacemigimz
muze fispivat k formovani drub (Yakimowski a Rieseberg, 2014). Reprothikizolace
muze usnadnit akumulaci genetickych diferenci meazipskami populaci,éimz se
vyostuji hranice mezi nimi a umdénje adaptivnim znakn, aby se pblizily jejich
optimalnimu fitness. Jakakoliv redukce v efektimite migrace usnaudije divergenci.
Ackoli individu@lni reprodukni bariéry mohou vznikat rychlegtgina rostlinnych druin
zistdva separovandetnymi bariérami, coZ naztige, Ze kompletni speciace typicky
vyZzaduje mnoho tisic generaci. imolované polyploidni druhy mohou vznikat v jedmné
dvou generacich, a diploidni nebo homoploidni ldiridruhy mohou dosahnout izolace
vmére nez 60 generacich. Viili postzygotickd izolace e byt zaficinéna
chromozomovymi festavbami anebo zZmami v genech (Rieseberg a Willis, 2007).
Chromozomové imstavby, duplikace/delece chromozomovych seginemt posuny
v ploidii prispivaji k adaptaci, uma#aji zmeény fenotypu a fitness jedince (Otto, 2007),
redukuji tok gefi a tim usnatiuji speciaci (Rieseberg, 2001; Livingstone a Riesgb
2008). Chromozomovérpstavby take iispivaji ke sterili& hybridnich rostlin, které poté
casto obnovuji fertilitu duplikaci chromozd@mNa stranu druhou, mikrochromozomalni
piestavby mohou vést k inkompatibilithybridi bez ztraty fithess. Chromozomové
piestavby jsou snaze stabilizovaim je jejich vliv na fithess hybrida mensi. Na stra
druhou, nefispivaji v takové nie k reprodukni izolaci (Rieseberg a Willis, 2007).
Rostliny jsou oproti Zivéichim vice benevolentni ke genetickym &ram \&tSiho
rozsahu, jaké plynou z hybridiza¢e polyploidie (Mallet, 2005). Rrozena hybridizace
podporuje adaptaci, speciaci a jélakitym zdrojem genetické variability diky novym
kombinacim piznivych geim (Paun et al. 2007). Introgreseube umoznit vznik
adaptivnich kombinaci vestsi mie, nez bez ni (Mallet, 2005). Paun et al. (200psak,

Ze hybridizace se jevi jako stimulant speciace stliro kombinace tznych genom



v hybridnich liniich ma znaé evoldni a ekologické tkledky a potenciathusnaduje
evoluwini inovaci a adaptivni radiaci.

Speciace rize probihat ddma cestami. Jednou je homoploidni hybridni speeigdc
niz nedochazi ke zin¢ ploidie a dalSi cestou alopolyploidni hybridni clpee se zrnou
ploidie. Now utv&eni hybridi se stavaji pravymi druhy, jakmile sanstu reprodusné
izolovani a udrzi si svoji identitu (Paun et al.0Z]. Pokud je divergence paru
rodicovskych druld vétSi nez 3/4 pmeéru v daném rodu, hybridizace praypddobré Gsti
ve zvysSeni ploidie. Rode alopolyploidi vykazuji v ptiméru vice jak dvakrat &tSi
divergenci, nez rode homoplodnich hybrid(Paun et al. 2009).

Alopolyploidni hybridni speciace j&astjSi nez homoploidni, coz je&aste&ne
zagicinéno reprodukni izolaci mezi hybridnimi jedinci a ragivskymi druhy
(Yakimowski a Rieseberg, 2014). Krytosemenné nogtliprosly rkolika koly
polyploidizatnich udélosti v gibéhu evoluce a i diploidni rostlinné genomy staleaoes
dukazy tchto udalosti. Paleopolyploidi praysbdobr obnovovali fertilitu a stabilitu
béhem reékolika generaci diky chromozomovyniegtavbam a diploidizaci. Duplikace
genomu byla s¥ejni pro tvorbuiady dilezitych vyvojovych a regutaich geri
nalezenych v genomech krytosemennych rostlin a anahiit vyznamnou roli i
diverzifikaci kvetoucich rostlin (Paun et al. 200Bylo navrzeno, Ze polyploidie se
v minulosti vyskytla u 50 — 70 % kvetoucich rostlicoz naznéuje, ze 100 %
krytosemennych jsou paleopolyploidi (Otto, 2007%)iee jak 70 % existujicich kvetoucich
rostlinnych druli jsou v sodasnosti polyploidi. Redpoklada se, Ze krytosemenné rostliny
pochazeji z polyploidnihofpdka a jsou paleopolyplodi (Paun et al. 2009).

Spojené genomy u polyplaidobvykle ¢eli komplikovanému procesu reorganizace
pied plnou stabilizaci (Otto, 2007; Paun et al. 2008ezi tyto @Festavby pat
chromozomové i@stavby v ramci parentalnich genignztrata low-copy DNA sekvenci,
epigenetické vlivy na expresi duplikovanych gem aktivace transpozibilnich elemént
Takové znény genomu maji také potenciél indukovat nové exgrezory, coZz spolu
s permanentni heterozygositou a genovou redundamicie Ustit ve vyrazny posun
morfologie, ekologické tolerance a ve vysokou ewwiuflexibilitu (Paun et al. 2009).
Transpozibilni elementy, které jsou pétay u kazdé parentélni linie, ale aktivovany u
hybridi, mohou usnadnit pohyb gera podpdit nerovnongrny crossing-over. Zgnou
genomického kontextu gén mize reorganizace genomu zvysSit genetickou variabilit
dostupnou noy zformovanym polyploidnim populacim. Polyploidi na¢asto vykazuji

zmeny v genové expresi, které jsou miradre individuélni a pletivo¥ specifické (Otto,
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2007). Homeologni genové kopie sdilené parentalggnomy mohou vést ke genovému
umiceni a jejich ztrat v pribéhu ¢asu. Duplikované geny jsou pouzédka exprimovany

v téZe Urovni, coz Usti v nestejnou expresi neldadce epigenetické ukeni jedné kopie
(Paun et al. 2007Rolyploidie n&Eni také strukturalni vztah mezi jistymi higmymi
komponentami a tyto efekty mohou modifikovat genovexpresi skrze reversibilni
regulaci nebo staly epigeneticky restart. Jedniwclzto efekil je zména davky faktai,
které jsou kddovany chromozomy majici odliSngegickopii nez diploidni. DalSi je efekt
epigenetickych remodelaich mechaniziin na nesparované chromatinové regiony. Tyto
epigenetické vlivy mohou zvySit diverzitu a platic ¢i heterozi a tim pspst

k adaptivnimu potencialu polyplaidComai, 2005).

Stabilizace polyploidni linie nezavisi pouze nachtstickych udalostech, jako je
dostupnost vhodného presdli, ale také na rif@ Zivotaschopnosti, fertilit heterozygosit
a fitness. Fertilita alopolyploidmize byt zvySena parentélni divergenciiilkynenSimu
mnoZstvi meiotickych abnormalit.cekava se, Ze také heterozygosita, majicitshedek
heterozi, obvykle poskytuje vyssi fithess a adagtpotencial, skrze zvySeny potencial
prostorovych,éasovych a funénich zngén genové exprese. Extenzivni &my v genové
expresi se jevi, Ze jsou spoirst hybridizaci spiSe nez polyploidii (Paun et &09%).
Polyploidni taxony jsou také snaze stabilizovany oaminim korektniho parovani
chromozoni a tim snazSimuipkonani psateni sterility (Paun et al. 2007). Vynucené
parovani homolognich chromozém alopolyploidi brani intergenomické rekombinaci a
efektivné udrzuje stejnou Uroweheterozygosity ndf generacemi (Comai, 2005). Na
fenotypové Urovni jsou vlivy polyploidizacgasto mirné a individualni. Velikost tky
obecrt stoupa se zvysSujici se velikosti genomu, nicingatrre vykazuji nizsi distovou
miru a diky tomu pomalejSi vyvoj, coz ovSem nenead platny vzor a mze byt
revertovan (Otto, 2007). Alopolyploidi mohou dosébn vysledk podobnych
transgresivni segregaci skrze deleci gnédaptivnich nebo Spatradaptivnich lokus a
postupnd diploidizace jim umtidje obyvat stanovi§tnedostupna jejich roglim (Paun et
al. 2007; Otto, 2007). Adaptovani polyploidi nastjipevolwni trajektorii diploidizace,
béhem které je redukovana genomicka redundance (CQd@b).

Dlouhodoby osud polyploidni linie zavisi na jejisbhopnosti se adaptovat. Jednim z
benefiti je zvySeny poet genovych kopii, které mohou skryvat pr&gspge mutace. Na
strart druhé mohou vykazovat vysSi Uravesegregénich chyb kwli duplikaci
centromery. Genova exprese se tak&enliSit mezi homeology, dokonce mezi Bov

zformovanymi alopolyploidy a také mezi pletivy. Slede obeck zachovava obgenové
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kopie, ale kazda fite mit odliSnou funkci, tedy prochazeji subfunkei@aci a
neofukncionalizaci (Otto, 2007).

Homoploidni hybridni speciace je ntértastd acasné generace mivaji siln
redukovanou fitness widledku selekce eliminujici inkompatibilitu. Dupli& genomu
chrani genetickou integritu n®wdvozenych polyploid, nicmér takové bariéry nechrani
homoploidni hybridy od zfiného kiZeni s parentalnimi druhy. Homoploidni hybridi se
mohou stéat reprodékeé izolovanymi rychlou evoluci karyotypu, ekologickdivergencii
prostorovou izolaci nové hybridni linie (Riesebergwillis, 2007). Diploidni hybridni
druhy mohou byt schopné si ponechatné¢asti parentalnich genamcoz mize umoznit
vznik riznych jediné tyz rodit (Rieseberg, 1995). Tvorba homoploidnich hytrjd
piimo limitovana silou a povahou reproduk izolace mezi pary druih Pravépodobnost
produkce diploidniho hybrida je nejvysSi, jestlijge parentalni divergence mensi nebo
rovna polovig praiméru v rodu. DalSi vliv maji také genova anebo chreamova
inkompatibilita. Na stranu druhou, se zvysujici @®aovou divergenci rychle klesé fertilita
(Paun et al. 2009). V 79 %ipadi homoploidni hybridni speciace je stanavi§ybridnich
druhi odliSné od stanovi&tdruhi rodicovskych, coz patintake gispiva k reprodudni
izolaci (Yakimowski a Rieseberg, 2014).

Aby byli homoploidni hybridi evoléné UsgSni, fertiini a astabilni, musi byt
reprodukné izolovani od rodiovskych druli, bud’ genetickymi, nebo chromozomalnimi
faktory sterility, nebo prezygotickymi izalaimi bariérami (Paun et al. 2009).

K hybridni speciaci rize spiSe dochazet, je-li zkombinovana s polyplomh# vede
ke tvork® hybridi s vysokym stupgm postzygotické reproddhi izolace od jejich fedki
(Paun et al. 2009). Alopolyploidni speciace se stliro vyskytuje v mie zhruba 2 — 4 %
piipadi speciace, zatimcoftipady homoploidni hybridni speciace se v tasté mie
nevyskytuji (Mallet, 2005).

Jak bylo zmiano vySe, hybridizace a introgrese jsou jevy vceikdné u rostlin,
nicmeéré co se tyk4 jejich morfologického vzeni, nemuseji byt hybridni jedinci a tim
vice introgresanti morfologicky intermediarni. bgresanti navi€asto byvaji v firock
obtizre morfologicky odliSitelni od rodovskych druli (Mallet, 2005; Riseberg a
Ellstrand, 1993 z iehledu Rieseberg, 1995). Hybridni jedinci vykazjgk znaky
intermediarni, tak znaky parentalni, ale i extrétmiové znaky. V prvni generaci hybiid
bylo detekovano 10 % extréemnich zfakatimco v dalSi generaci tato hodnotavysila
30 % (Rieseberg, 1995). Dale mohou kombinovat zragu rodét a/nebo vykazovat

transgresivni znaky, které jim umozni ekologickpadficnost (Paun et al. 2009). Exprese
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znalki také zavisi na povaze genetické kontroly a inwrakprostedim. Na speciaci
hybridi ma také vliv selfing; samosprasné druhy produkyfiSi arové transgresivnich
znaki, pravdpodobre kvali vySSi udrovni fixovanych diferenci nezbytnych pro
komplementarni genovou akci, dikemuz jsou tyto linie predisponované k hybridni
speciaci. Co se tyka fitness hyhirjdo je velmi variabilni a ve&sirg piipadi podmirno
genotypem a vlivy progdi. K izolaci hybrid od parentalnich druh prispivaji
chromozomové igstavby, genova inkompatibilita a také bariéry r sterility.
VSechny tyto faktory maji za nasledek ewwliu nezavislost hybrid (Yakimowski a
Rieseberg, 2014).

Hybridizace se také @e podilet na ekologické divergenci, ktera je zaménich
podminek obtizna, jelikoZz vyZzaduje &nu rekolika znaki a prae diky hybridizaci mohou
byt tyto obtiZze pekonany (Paun et al. 2007).

4.3 RodCarex a jeho obecné vymezeni

Rod Carex je sam o sabpozoruhodny k#li fad specifickych aspelit V prvni fad se
jedna o jeho nesmirnou druhovou diverzitu, netemto rod ma vice nez 2000 zastiupc
rozStenych po celém s$®. DalSimi rysy charakterizujicimi tento rod je Zna
vnitrodruhova variabilita a relatiéncasta hybridizace. Dale jsou to také cytogenetické
odliSnosti, které &aji tento rod zajimavym. fBdevSim se jednd o fifppmnost
holocentrickych chromozoim coZ je spojeno s agmatoploidii a symplaidliinvertovana
meidza. Obtizna taxonomicka klasifikace je danaukedanymi kwty a morfologickou
podobnosttady druf.

Jak jiz bylo zmigno, hybridizace je v tomto rédelativré ¢astym fenoménem, ale na
stranu druhou pg@teni snahy podchytit tuto problematiku se opiraly nemja o
morfologické markery a jak také nazofi naSe vysledky uvedené nize, ne vzdy je

morfologicka intermediarnost nebo kombinace Zneke drutii zarukou hybridizace.

Rod Carexje nejwtsim rodemieledi Cyperacea a jednim z cel&®wé nejrozStensjSich
oblasti (Reznicek, 1990)ifod tribuCariceae a patrg i roduCarex se datuje alespiado
obdobi tetihor, coz je odvozovano aredlem jeho redi tribusCariceae se vyvinul
v horskych mokinach trofi a subtrofy, odkud se roz#l dale do pasma temperatniho a



borealniho (Reznicek, 1990). Ve velkétdime¢ se jedna o bylinné anemofilni rostliny
vyznaujici se mim#adnou diverzitou a z&aou aneuploidii, obyvajici exponovana
stanovist a rtizné biogeografické vzory (Starr a Ford, 200@da zastupctohoto rodu
nalezi k ekologicky vyznamnym sgastemtady rostlinnych spotenstev, jakymi jsou
luZzni lesy, stepni spalenstva, alpské louky, raSeliniStbazinné lesy a&ada dalSich
rostlinnych spoléenstev (Hipp et al. 2006).

Rod Carex se taxonomickytfadi do oddleni rostlin krytosemennych,tidy
jednodloznych,fadu lipnicotvarych &eledi Sachorovitych, péeled Caricoideae a tribu
Cariceae.Tribus Cariceae do kterého nalezZi i roGarex je charakterizovan uniformnimi,
jednopohlavnymi kgty, kde samii jsou obklopenyc¢ast&né ¢i zcela uzaienym
perigyniem. Konkrété rod Carex ma perigynium zcela uzégané a pouze u podrodu
Vignease na perigyniu nachazi abaxialni faleSny Sewtéfistvi roduCarex je vysoce
variabilni, pouze &kolik druhi ma solitérni androgynické klasy (Reznicek, 1990).

Rod Carex je ¢lerén do ¥ podrodi, z velkécasti je totocleréni zaloZeno pravna
struktue kwtenstvi. Bmito podrody jsouCarex Vigneaa Indocarex Z t¢chto podrod
pouze podrod/igneg ktery ma mezi 400 — 500 druhy vyr&zmastoupenymi v severni i
jizni Americe a také temperéatni a boredlni obl&stiasie, je uznan jako monofyleticky
(Reznicek, 1990; Hendrichs et al 2004b; Ford et28D6; Starr a Ford, 2009). Tento
podrod je morfologicky charakterizovan cljibim kladoprofylem, tSinou
oboupohlavnymi, fisedlymi klasy a obvykle ddma, vzaca tremi bliznami (Hendrichs et
al. 2004b) — pouzeitdruhy tohoto podrodu majfitblizny (Starr a Ford, 2009). Podrod
Carex ¢ita okolo 1400 druln zastoupenych v celé oblasti rae$ii rodu a vyznaije se
rozmanitou morfologii, zejména co se tyka varigpilitvaeni kwtenstvi. Tento podrod je
charakterizovan ffitomnosti kladoprofylu a obvykle jednopohlavnymasy, majici d¥
nebo i blizny (Yen a Olmstead, 2000). Podrotocarexzahrnuje okolo 100ipvazr
tropickych a subtropickych drih(Reznicek, 1990) a je charakterizovatitgmnosti
kladoprofylu a vyrazé vétvenymi, oboupohlavnymi klasy s &y se temi bliznami (Yen
a Olmstead, 2000) a sekundarnimi a terciarninitrieni agregacemi s profylem (Starr a
Ford, 2009). Nkterymi autory je tento podrod povaZzovan zaéasti podroduCarex jak
napiklad naznauji vysledky Hendrich et al. (2004a), kde v jejitaxonomickém
zpracovani na zakladmolekularnich markérnedoslo k odéleni druti C. polystachyaa
C. filicina od zastupi& podroduCarex Nicméreé vzhledem k pouziti pouze dvou jedinc
tohoto podrodu dopotwji rozsahlejSi siy vzorki pro potvrzeni této hypotézy. Stejného
vysledku, jako Hendrich et al. (2004a), nicraéioséhli také Yen a Olmstead (2000)
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s vyuzitim molekularnich markiera obdobnych vysledk také Starr a Ford (2009) a
Roalson et al. (2001).

VétSina druli rodu Carex jsou samosprasnéasto autogamni a opylenétvem je
negasgjsi zpisob opyleni a vzhledem k tomu, Z&které druhy, jakdC. backiineboC.
absconditamaji kwtenstvi uzakené, je u nich prawpodobna vysoka urovieselfingu
(Catling et al. 1990).

Taxonomicka klasifikace rodGarexje slozita ziady divodia a pokusy o jeji komplexni
pojeti a ro¥azeni drufi do jednotlivych sekci, fipadré ¢lenéni do podrod, s vyjimkou
podroduVignea ktery jetadou molekularnich studii deklarovan jako monofglet, neni
stadle dosazeno. Skudteosti komplikujici Kklasifikaci roduCarex jsou krong¢ nesmirné
druhové diverzity také morfologicka podobnaatly druti a jejich odliSovani na zaklad
velmi jemnych morfologickych nuanci (Cattling et 4990; Reznicek, 1990). DalSim
rysem jsou redukované &y (Reznicek, 1990) a také zfma vnitrodruhova variabilita
(Stenstrom et al. 2001; KoSnar et al. 2012) a ivglatcasta hybridizace, tykajici se
zejména utitych sekci, jmenovét Ceratocystis PhacocystisVesicariaev ramci podrodu
Carex a HeleonastesVulpinag Heleoglochinu podroduVignea (Wieclaw a Wilhelm,
2014). Mér castd je také hybridizace mezi druhy nalezejicimiiznym sekcim
(Wronska-Pilarek et al. 2010).

Kromé vySe zmigného se tento rod vyzéige takéradou cytogenetickych specifik,
mezi které pat Ze: (i) ¥ ze ¢tyi jader vznikajicich ¥ meiotickém dleni zanikaji, (ii)
invertovana meidza, (iii) holocentrické chromozomgdporujici tvorbu aneuploidnich
sérii skrze jejich fazi, 8peni a pestavby (Escudero a Lucefio, 2009).

Holocentrické chromozomy jsou také ozoeany jako polycentrické& majici difazni
centromeru (Hipp et al. 2009) a jejichitpmnost je spojena s agmatoploidii a symploidii
(Lucefio and Guerra, 1996kdy v disledku €chto jevi dochazi ke $peni a fazim
chromozond Ustici ve zriny chromozomovéheisla (Hipp et al. 2009) bez podstatnych
zmén obsahu DNA (Roalson et al. 2007). Tyto é&aym mohou vést ke vzniku
Zivotaschopnych gamet s aneuploidnim ¢tpm  chromozorn, které mohou byt
stabilizovany skrze zpné KiZzeni nebo samosprasSeni (Hipp et al. 2009, Escustead.
2010). Jako ukledek vSechéthto udalosti jsou velké rozdily vnitro- i mezidowié
variability chromozomoveéhesisla (Escudero et al. 2013), nabyvajici izpdn = 6 don
= 66 (Tanaka, 1949), cozuxe ovlivnit vnitrodruhovou variabilitu a naslefispeciaci

v ramci roduCarex(Hipp et al. 2009; Escudero et al. 2010). Na strdmuhé, polyploidie
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je u zastupt roduCarexmnohem méhcéastym jevem (Lipnerova et al. 2013), kde nejlépe
charakterizovanym polyploidnim druhem j€. siderosticta u niz byl prokazan
dvojnasobny pé&et chromozorma a dvakrat tak velky genom nezQi ciliato-marginata
(Roalson et al. 2007). Rotreklova et al. (2011)své studii dale poukazali na mozny
vyskyt polyploidie v sekciDigitatae kde C. macrourapochézejici £eské republiky
vykazovala diploidni p&et chromozom 2n = 70, tedy dvakrat tak velké chromozomové
¢islo, oproti ruskému nalezun2= 35. Krong toho ovSem poukazali také na fakt, Ze pro
podrody Vigneai Carex je u rekterych druli typickd stabilita chromozomovéhosla,
nag. C. brizoidesti C. capitatau podroduVigneaa C. adelostomai C. albaz podrodu
Carex a dale na mozny vztah mezi hybridizaci a vnitrbdmou variabilitou
chromozomovéhgisla (Rotreklova et al. 2011). Lipnerova et al.J2Pdetekovali, krora
n¢kolika polyploidnich jeding, také pozoruhodny vztah mezi velikosti genomu
dvoudomych druth podroduVigneaa jejich jednodomymiiffbuznymi, kdy tyto dvoudomé
druhy nEly vétSi genom a krothtoho detekovaly i neobvykle velky par chromoZom
dvoudomé C. davalliana Krom¢ autopolyploidnich druin byly popsany i druhy
alopolyploidni, kde jednim zZ¢hto gipadi je C. bonpladiikomplex C. roraimensis- C.
bonpladi), ktery patr@ reprezentuje alopolyploidni [iniiC. roraimensis ma jedno
z nejvysSSich chromozomovyctisel rodu, ¢itajici n = 62, které pedstavuje nejvySsi
euploidni chromozomovéislo znamé pro tento rod. Hybridniiypd tohoto taxonu,
s jednim z rodit nalezejicim k sekcstellulataea druhym sekcDvales byl podpden jak
molekularnimi daty, tak morfologickymi znaky (Higp al. 2006). Na ogaém pélu, co se
chromozomovéhaisla tyk4, se nachaLl. siderostictas n = 6, ktera spolu s dalSimi
zastupci sekc8iderostictagzaujala sesterskou pozici ke zbytku r@darex (Waterway et
al. 2009) a podpda timto hypotézu, Ze reprezentuje ancestralnittyyto rodu (Love et
al. 1957 uvedeno viphledu Hipp et al. 2009). Oproti tomuto tvrzeni @wsstoji vyzkum
Roalson et al. (2001), ve kterém jako prgpabobného ancestralniho jedince tribu
Cariceae navrhli druh se gednim aZz vysokym chromozomovygislem na zaklad
piedpokladu, Ze se fuzetude vyskytovat se stejnou frekvenci neb&astji nez S€peni.
Fakt, Ze polyploidizace negastym jevem v rod@€arex byl podpden i studii Roalson et
al. (2007), ve které na stranu druhou byla vySaiamanaC. siderostictadetekovana jako
polyploidni sn = 12 a tedy p&tem chromozorin dvakrat tak velkym.

Agmatoploidie je tedy primarnim mechanismem chroonoavych gestaveb u ost,
pii kterem nedochazi ke zvySovani obsahu DNA, ovSden Rbalson et al. (2007)

s nafistajicim chromozomovyndislem se naopak ide velikost genomu sniZzovat, coz
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muze byt dano tim, ZefpStpeni mize dochézet ke ztrdtdm segmentu zlomového bodu
DNA pied novym koncem chromozomu. Negativni korelace mvefikosti genomu a
chromozomovyntislem byla detekovana také ve studii Lipneroval e(2013), ve které
poukazali na to, Ze tie dochazet ke ztratam zlomenych chromozomovycltikpred
obnovenim no¥ zformovanych telomerickych regitn

Evoluce chromozoin je tedy realizovanaiznymi mechanismy, kde agmatoploidie
hraje vyznamnou roli, itemz chromozomovéislo se nni zvySovanim i snizovanim
(Hipp et al. 2009) a potenci@muze hrat vyznamnou roli v reprodirk izolaci populaci a
nasledné speciace rostlin (Hipp, 2007). Tato hymotByla ovSem nasledrnvyvracena
Hipp et al. (2010), kié¢ poukazali na to, Ze pouzeestavby nejsou pra¥dodobré
schopnéidit speciaci u ogic. Nicmeérg, na zaklad deklarované korelace mezi genetickou
vzdalenosti a rozdily chromozomovéhisla, bylo poukazano na to, £&m jsou tyto
rozdily wtSi, tim &tSi jsou bariéry pro genovy tok mezi populacemipfHet al. 2010).
Chromozomové rasy v ramci druhu mohou vznikat reebotize jednat o kryptické druhy,
nicméré nedokazuji, zda zény chromozomovéhatisla gedchazeji nebo nasleduji
divergenci populaci (Hipp et al. 2009).

Zatimco rozdily chromozomovéhgsla zahrnujici menSi mnoZstviegtaveb maji
minimalni efekt, rozdily zahrnujici¢tsi mnoZstvi festaveb mohou redukovat schopnost
raiznych populaci seikit (Lucefio a Castroviejo, 1991) a mohou zvysSitepoial dat
vzniku nového druhu (Hipp, 2007; Escudero et al.@0Jestlize rozdily mezi populacemi
spaivaji v jednotlivé fazi ¢i Stpeni, poté parovani chromozémmezi F1
mezipopul@gnimi hybridy mize Ustit ve tvorbu heteromorfickych trivalént které
piedstavuji maléci zadné pekazky pro rekombinaci (Hipp, 2007). Chromozomové
piestavby postupn naristaji s ¥kem populace, tedy starsi druhy mohou byt motory
speciace u ost (Escudero et al. 2010). Podobnych &évbylo dosazeno i kolektivem
autolli Rieseberg et al. (1995), kieri studii strukturnich rozdil chromozoni na genovy
transfer mezHelianthus annus H. petiolariusdetekovali, Ze introgrese chromozomovych
casti podrobenych fpstavid probiha s podstainnizsi frekvenci. Nicmeén strukturalni
zmeény chromozom a chromozomovéhaiisla nemuseji byt fimo zodpo¥dné za
reprodukni izolaci mezi populacemi, ktera dle Escuderol.e2®13) je spiSe zaginéna
vzdalenosti mezi nimi. Na stramruhé, tyto zrany redukuji genovy tok a umdji tyto

zmeny fixovat v populaci (Rieseberg, 2001).
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Jak bylo zmi#no vysSe, dalSim rysem rodDarex je vyrazna vnitrodruhova variabilita a
relativne ¢asta hybridizace, coz se tykd zejméngitich sekci. Tato morfologicka
variabilita mize byt zfisobena jednak genotypovou diferenciaci nebo feowty
plasticitou. Rostliny obe@wykazuji schopnost u jednotlivych genolyprodukovat iizné,
funkéné vhodné fenotypy v rozdilnych prastlich, tedy vykazuji adaptivni fenotypovou
plasticitu, ktera spiiva ve znénach anatomickych i morfologickych znaiSultan, 1995).
Plastické odpaddi jsou indukovany spacio-temporalnimi amami faktofi prostedi, které
jsou ¢asto zpracovavany a vyjavany v semiautonomnich strukturalnich a fmikh
podjednotkach rostliny a tyto semiautonomni jedpotiostliny mohou vzajemn
interagovat (Kroon et al. 2005). Vzhledem k fakie, rostliny nemaji moznost uniknout
z mista sveho vyskytu, vyvinula se u nich &ra adaptabilita, ktera jim umbdje
vyporadat se znami abiotickych i biotickych faktdy pficemz tyto odpo#&di jsou rychlé
a specifické pro jednotlivé znaky (Sultan, 199%rStrom et al. (2002) zase poukéazali na
fakt, Ze mira genotypové diferenciace istd s délkou izolace populaci a také mezi
geograficky vzdalenymi populacemi. Stenstréom e{(2001) poukazali, Ze moznéifny
genetické variability a klonalni diverzitykolika druhi rodu Carexmuze byt zapicinéna
krom¢ environmentalnich faktér také arealem geografického rdesii ¢i zpisobem
opyleni. Mimo vysoké genetické variability detekbviaké vysokou uaroue klonalni
diverzity, které jsou krogh vySe zmignych faktofi také ovlivreny pritomnosti jiného
taxonu na dané lokatita tedy moznou hybridizaci. Vlivippomnosti jiného taxonu na
zvySeni variability trsnaté dste C. sempervirengloloZil i Yu et al. (2006) a jako mozné
vyswtleni uvedli, Ze trsy mohou pochéazetizmych semeriku, k cemuz nize dochézet
obklopenim semertfu ¢i malého trsu $tSim rozfistajicim se. Podoln Stenstréom et al.
(2002) detekovali vyrazné mezipopimd morfologické diference mezi studovanymi
taxony rodu Carex které byly nejvice ovlivény zengpisnou &ikou a cyklickym
piremnozovanim hlodavc Potvrdili pozitivni korelaci mezi morfologickogeografickou a
genetickou vzdalenosti rostlin a vyrazné plastiek@&ny v reakci na progedi, které
potvrdili transplanténimi experimenty, kdy doSlo ke sniZeni rozsahu otogdické
variability. Lech Urbanek (1998) propojil morfolaiié diference plevC. ligerica
s geografickou distribuci populaci a jako moZneitipu uvedl odliSné migkai drahy,
coZ v souvislosti s geografickou vzdalenostZembyt gi¢cinou zamezeni toku gén

Studiem morfologické variability v ramci rodQarex se zabyvalaada autorskych
kolektivi. Napiklad Kosnar et al. (2012) sledovali vliwzné délky zaplaveni nastovou

formu a utvéeni kaenového systémQ. nigra které spoivaji v kvantitativnich rozdilech
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poctu a délky rhizom. Zatimco permanentni zaplaveni #&jpilo proliferaci kaenového
systému, trsnatyist gredstavoval adaptivni reakci na ohroZzeni nahlymazegolim a tyto
zmeny pravapodobré predstavuji adaptivni odpési na podminky prosedi. Nicmég u
jedné populace, rostouci v nejdigich klimatickych podminkach, byla zjgia mozna
genetickd podmimost, kdy doslo k selekci jediicgmérem k trsnatému morfotypu. Trvalé
¢i prechodné zaplavenidio u C. flaccavliv na tvorbu adventivnich keni a také zrany

v koncentracich manganu a Zeleza v pletivectekoa zvysSeny transport manganu do
stonku, nicmé#& nentlo vliv na biomasu rostlin (Heathcote et al. 198Ppdminky
prostedi ovlivnily i rast rametC. physodesa doslo také ke zvySovani morfologické
tedy umoiuje klonalnim rostlinam sefigptsobit heterogennim podminkam presii
(Abudureheman et al. 2014).

Prostedi fiznym zpisobem ovliviuje mizné rostlinné organy a kazdy z nich projevuje
odliSnou miru variability utznych druli. Bugg et al. (2013) studovali vnitrodruhovou
variabilitu rekolika paramet lista raiznych druli roduCarexa zjistili, Ze tyto anatomické
znaky vykazovaly nizkou variabilitu. Mira varialbylise ovSem liSila uiznych paramei,
nékteré byly i uniformni, ale na strardruhé nap pritomnost piiduchi na adaxialnim
povrchu vykazovala vyznamné ovliégm prostedim. Vztahem anatomickych zriaksta
k orografickym, geologickym a bioklimatickym podrkéim se zabyvali i Jakovljevic et al.
(2014), kterym se nepoti®@ nalézt jednozniay trend, podle kterého by listy reagovaly na

A

urgitych vlastnosti vykazujicich ztiaou vnitro- i mezipopukani variabilitu.

Z vySe uvedenych studii vyplyva, zézné taxony roduCarex se si#iznou intenzitou
vyrovnavaji s minicimi se podminkami prastdi a prav tato fenotypova plasticitdi
genotypova variabilita umanje jediném téhoz druhu osidlovat stanowss rfiznymi
podminkami.

Mimo genetické variability a fenotypové plasticég u fiznych druli rodu Carex
uplatiuji i jiné procesy, jakymi jsou hybridizaceintrogresivni hybridizace (Choler et al.
2003; Blackstock a Ashton, 2010; Escudero et all420které hybridnim jedirign
umoziuji osidlovat odliSné biotopy nez jejich rodi acasto se jednd o intermediarni
stanovist (Choler et al. 2003).
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Celos¥tove byla popsanaada mezidruhovych hybrig nagiklad Koopmen (2011)
uvedl 300 hybrid nachazejicich se v EvrépNa Britskych ostrovech bylo identifikovano
vice nez 40 mezidruhovych hybiidJermy et al. 2007).

Ford et al. (1993) se zabyvali hybridizaci v rareekceVesicariae V této studii se
pokusili owfit hybridni pivod morfologicky intermediéarnich jedific kde jednim ze
studovanych taxanbyla C. paludivagansu niz potvrdili, Ze se jednadast&ne fertilniho
hybrida meziC. rotundataa C. utriculata DalSimi studovanymi taxony byly. stenolepis
C. grahamij C. mainensispredstavujici sterilni, hybridni jedince me2i vesicariaa C.
saxatilis Z dalSich Ize uvé<E. xphysocarpoidegako hybridni taxon mezL. saxatilisaC.
utriculata, taktéz sterilni. Saiasré také uvazovali 0 mozném &pém Kizeni, driftudi
selekci smrem k jednomu z rodii, neba hybridni taxony nebylyigsreé intermediarni.

Ve studii Volkova et al. (2008) se zabyvali genetic a morfologickou variabilitou
nékolika domrelych hybridnich jeding a jejich rodéa (C. aquatilis C. paleaceaa C.
subspathacea Na zéklad analyzy AFLP a morfologickych dat doSlo k potvrzggjich
hypotéze o hybridnimiwvodu a dale detekovali vyrazny tok gencelé skupia C. salina
na poloostro¥ Kola. Jedinci ozngeni jako C. recta coll. predstavuji heterogenni,
polyfyletickou skupinu (odvozenou 8w kiizeni meziC. aquatilisa C. paleaceaneboC.
aquatilisaC. saling, geneticky velmi podobnou a morfologicky neodéBiou od jeding
oznaenych jakoC. salina Ta patr@ predstavuje hybridni shluk me@. subspathacea
C. rectas. str. a vykazuje obdobnou heterogenitu j@kaectacoll. Celou problematiku
této skupiny déale komplikuje pragpodobné zginé Kizeni a pitomnost hybridnich
jedinai v raizném stupni stabilizace.

Bergeron a Pellerin (2014) identifikovali a verdiali vyskyt sterilniho hybridniho
jedince na zakladintermediarnich morfologickych znakmeziC. comosaVesicariag¢ a
C. lupulina (Lupulinag nazyvanéhoC. xcayouettei Timto nalezem také potvrdili
sprizrénost tchto dvou sekci, jak jiz byla néglad detekovana ve studii Hendrichs et al.
(2004a).

Jednim z velmi slozitych uskupeni taxownramci roduCarex je C. flavaagg. Tato
skupina se vyzrije morfologickou variabilitou, nejasnymi hranicemmezi druhy a
¢astou hybridizaci (Wieclaw, 2014). Hybridizaci tak&os ramci této skupiny se zabyvali
Wieclaw a Wilhelm (2014), ki zjistili, Ze krom& morfologicky intermediérnich jedif¢c
se také jejich morfologie ize vice blizit jednomu z ro#li a navic mohou mit i unikatni
znaky. C. xalsatica (hybrid mezi C. flava a C. demissg krome kompletni sterility,

vykazovala znaky intermediarni nebo vice podoBnélava Podobny trend se projevil i u
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C. xruedtii (C. flava x C. lepidocarpg, morfologicky intermediarni nebo podafjgi C.
lepidocarpa coz mize byt dano zfinym kizenim s timto rodem, ktery byl navic na
dané lokali¢ ptitomen v pevaze. Navic krotnkompletrg sterilnich jediné se vyskytovali
i jedinci s mosnikami a zralymi nazkami. Obdobma tom byla IC. xschatzij kde krong
intermediarnich jeding byli pritomni i jedinci morfologicky bliZSiC. lepidocarpa coz
nazng&ovalo introgresi skrem KC. lepidocarpa Podobg jako u gedeSlého i uC.
xschatzii byli ptitomni fertilni jedinci. HybridiC. demissax C. viridula byli casté&n¢
fertilni a morfologicky podobnC. demissanékolik jedinci vykazovalo navic &kolik
extrémnich znak Z tchto vysledk vyplyva, Ze v ramci skupin€. flava agg. probiha
neustaly tok gein nejen mezi ¢istymi druhy”, ale také introgresivni hybridizaciemi
hybridnimi jedinci a jejich rodi.

DalSimi autory, zabyvajicimi se touto problematikdayli Wieclaw a Koopman
(2013), ktei detekovali hybridizacC. hostianaze sekceCeratocystisse temi druhy rodu
Carexna zéklad morfologickych znak. Prvnim analyzovanym hybridnim jedincem byla
C. xxanthocarpavznikla KizenimC. hostiana aC. flava jejiz morfologické znaky byly
intermediarnimi, nebo se vzhledem vice podol@lahostiana DalSi hybridni jedinci
vzniklyiktizenim C. hostianax lepidocarpa(C. xleutzii), morfologicky velmi podobnC.
hostianaa C. demissa hostiana(C. xfulva), se znaky intermediarnimi nebo pod&BnC.
demissaJednim z rytéchto hybridnich jedint byla také jejich sterilita.

Hybridizaci vC. complanata&komplexu studovali Smith a Waterway (2008). V prvn
fact potvrdili rozdilnost drufh C. complanataC. hirsutellg C. bushij C. carolinianana
z&kla& molekularnich, morfologickych nebo fenologickyclkat.dC. complanatax C.
oxylepisbyl jednim z hybridnich vzoitk zjevre sterilni a morfologicky intermediarni mezi
piedpokladanymi rodi. Hybridni status tohoto jedince byl podpa i molekularnimi daty,
stejre jako u dalSich hybridnich jediaicC. swaniix C. complanataa C. bushiix C. swanii
U jedindl C. carolinianax C. hirsutellaa C. bushiix C. hirsutellase auté priklonili
k introgresi smirem kC. hirsutellg neba jedinci byli sice morfologicky intermediarni,
nicmére AFLP data poukazala na iggr¢nost sC. hirsutella VSechny tyto hybridni
exemplde jsou ovsem velmi vzacné a navic sterilni.

DalSimi studovanymi mezidruhovymi hybridy b@i aquatilisx recta, C. paleaceax
rectaaC. recta(C. aquatilis x C. paleacepmajici grekryvajici areal rozieni. Hybridni
puvod byl potvrzen C. rectg nicmeér castén¢é unikatni alelické slozert. paleaceax

rectanaznguje jeSt i ptitomnost odliSného zdroje genetické materialu (kK@men et al.
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2010). DalSimi autory, kié popsali mezidruhového hybridniho jedince meézarex
canescens mackenzie{C. xpseudohelvolpbyli autai Carlsson et al. (2011).

Hybridni jedinci jsou fi terénnim piizkumu identifikovani na zakl@édmorfologickeé
intermediarnosti mezi dyna domelymi rodicovskymi druhy, nebo na zakla#tombinace
znaki sdilenych od obou rogvskych druli. Nicmérg i hybridni jedinectasto vykazuje
unikatni znaky nefitomné u obou rodii (Rieseberg, 1995; Wieclaw a Wilhelm, 2014) a
dalSimi jevy komplikujicimi identifikaci hybridnicfedinai, jak jiz bylo popsano vyse, je
také introgrese nebo doba ktera uplynula od hyratdi udalosti. Timto jevem se zabyvali
v praci Choler et al. (2003), kfestudovali introgresi \C. curvulasubsp.curvula a C.
curvula subsp.rosae Geneticka diferenciace mezéntito poddruhy je ppisovana
geografické ¢i reprodukni izolaci, ktera omezila tok g&énmezi nimi, nicméa u
okrajovych populaciéchto dvou poddruin byla detekovana introgrese na zaklad-LP
markei. Zjistili, Ze paateni hybridizace byla nasledovana opakovanynétrapm
kiizenim preferefn¢ s jednim rodiem. Navic tito stabilizovani introgresanti se
vyskytovali v ekologicky intermediarnich stanow$ti K obdobnym zayrum dosgli také
Escudero et al. (2014), kielokazali introgresivni hybridizaci mezi druhy sekvales C.
suberectaa C. scoparia Jejich zjiS¢ni byla podptena, stejé jako u gedesSlych autdr,
piekryvajicim se areadlendahto drulii. V této studii dale poukazali na to, Ze hybridizia
udalosti maji pouze lokalni vyskyt, nebo jsou nedawa celko¥ hodnoti hybridizaci
v sekciOvalesjako nadhodnocenou. Introgresivni hybridizace lzyi&i¢na i u hybridnich
jedinail meziC. lepidocarpaaC. flava kdy tito jedinci vykazovali morfologické znaky.
lepidocarpa nicméré nékteré alozymy nalezel@. flava Na zaklad téchto vysledk dosli
k zawru, Ze po inicialni hybridizaci nasledovalo éapé Kizeni sC. lepidocarpa
(Blackstock a Ashton, 2010).

Na zéklad uvedenych dat neni vZzdy snadné identifikovat lriwst jediné ¢i dokonce
jejich presné druhové *azeni. Morfologické znaky nemuseji korelovat se kyna
genetickymi, neb na oba soubory datupobi jiné seletni tlaky. Mira genetické
variability pfitomna v populacich se liSi mezi molekularnimi neayka kvantitativnimi
znaky, nebo vlastnosti ovliviné vice lokusy maji vysSi muta vstup. Fenotypova
variabilita navic zavisi na prasti, zatimco genetické markery nikoli. Reed a Hnank
(2001) zjistili, Ze molekularni markery vy&luji pouze 4 % variability kvantitativnich
znaki a je tedy mezi nimi slaba korelace. Fakt, Zze kot morfologickych znakvice

taxoni, eventuald domreéla morfologicka intermediarnost, nemusi poukazovet
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hybridiza:ni udalost, dokladaji také vysledRepka et al. (2014), kitepoukazuji pra¥ na
tento nesoulad mezi morfologickymi charakteristikaanmolekularnimi markery @tyf
domrelych hybridnich jediné mezi C. flacca subsp.flacca a C. tomentosa.Jedinci
vykazujici kombinaci znakmezi jmenovanymi parentalnimi druhy, byli na za8klaFLP
dat neoddlitelni od C. flacca Také dalSi vysledky vychézejici ze stutligr kombinaci
parentalnich taxana domelych hybridnich druf (Vesela et al. vifjpraw), detailrg
popsané nize, poukazuji na skutest, Ze ficiny morfologické variability mohou, ale

nemusi poukazovat na hybridize udalost.

Témito parentalnimi druhy jsouC. paniculata a C. echinata C. paniculataa C.
appropinquataC. caryophylleaa C. fritschii, C. acutiformisa C. nigraa domgli hybridni
jedinci mezi &gmito rodicovskymi druhy. Redpokladani hybridni jedinci byli identifikovani
na zaklad morfologické intermediarnosti,fipadré charakterizovani kombinaci znak
zdédénych od domalych rodiéa a rezultat jejich fivodu byl stanoven na zakkasysledki
kombinace morfologickych a molekularnich martker konkréte AFLP a

mikrosatelitovych dat.

U C. acutiformis a C. nigra a jejich domalého hybrida, AFLP analyzou bylo
detekovano 176 lokis z nichz bylo 147 polymorfnich; 1 lokus byl spegily pro
domrgleho hybridniho jedince, 35 lokiudbylo sdileno €. acutoformisa pouze 1 €.
nigra. Patet detekovanych alelép analyzovany mikrosatelitovych lokiisse pohyboval
od sedmi do deviti (Tab. 2) a Zadna z detekovayehnebyla specificka pro dorlgho
hybridniho jedince, naopak vSechny byly shod@ acutiformis

U kombinaceC. paniculataa C. echinatabylo detekovano 163 AFLP lokiusz nichz
139 bylo polymorfnich a 6 bylo specifickych pro dufiého hybridniho jedince. Donty
hybrid sdilel 25 lokus sC. paniculataa 42 sC echinata U mikrosatelitovych dat bylo
analyzovano 5 lokusa detekovano od jedné do Sesti alel (Tab. 2). Z&dalel nebyla
specificka pro dom#iého hybrida a s vyjimkou jediného lokusu, kteryt byonomorfni,
byla vzdy gitomna jedna alela od kazdého z tidi

U parentalnich druh C. paniculataa C. appropinquataa domglého hybridniho
jedince bylo detekovano 114 lokys nichz 77 bylo polymorfnich a zadny specifickp p
domrglého hybrida. 6 lokus bylo sdileno pouze €. appropinqutaa 1 sC. paniculata

Mikrosatelitovych lokug bylo analyzovano Sest s celkovym¢pam alel od jedné dogp
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alel a Zadna z nich nebyla specificka pro délémo hybrida. Alelické sloZeni taxbrje
uvedeno v Tab. 2.

U kombinaceC. caryophylleaa C. fritschii byly analyzovany dva vzorky, oztenéC.
x moravicdl aC. xmoravic®2. U AFLP dat bylo detekovano 95 loKiis nichZz 75 bylo
polymorfnich, a v fipac C. x moravical bylo 27 lokug sdilenych <. caryophylleaa
dva byly specifické pro domgtého hybrida, Zadny z loktsnebyl sdilen €. fritschii
V piipact C. xmoravic® bylo pit lokusi sdileno <C. caryophylleaa sedmC. fritschii,
jeden byl specificky pro dongteho hybrida. U mikrosatelitovych dat bylo analyaoe @t
lokusi a detekovano od dvou do deviti alel. Nichérysledky nebyly jednozriaé, u
vétSiny mikrosatelitovych lokus byly alely detekované u hybiidspecifické. Podrobné

alelické slozeni je uvedeno v Tab. 2.
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Tab. 2: Alelicka kompozice taxdra domelych hybridnich jeding

CMO01 Cko1-9 Cko2-139 Ckol-47| Ckol-11 Cko2-112 GN
216,218 223,
C. acutiformis 261, 267,274 | 216,217 258,259 143 263
166, 205, 208, 141, 148,
249, 259, 264,209, 211, 212,209, 247, 249, 150, 154, 186, 190, 191,
C. nigra 282, 286 216, 223 251, 253, 254, 258156, 160 |194
C. acutiformisx nigra 261,274 217 259 143 216 218
C. paniculata 217,222, 224|213 255 206 227 |192
168, 189, 215,210, 231, 258,
C. echinata 231,233 219,221 261,263 231 192
C. paniculatax echinata 217,233 213 221 255, 263 206, 231 192
188 190, 207,
C. paniculata 217, 222224 1213 255 209, 215 206, 227 1192
C. appropinquata 224 211,213 253,255 188 241 192
C. paniculatax appropinquata | 224 213 255 188 228,241 [192
270,273 274, 217, 225,
C. caryophyllea 276 213,221, 223 255, 263, 265 227,239 |204
273 276, 279,
C. fritschii 288 203, 204, 210 245, 246, 251, 252 218 | 195
C. xmoravicdl 273 276 211 253 221,222 |204
C. xmoravic&® 255 279 202 244 216, 218 |204




Vysledky analyzy molekularni variance (AMOVA) pré&echny studované parentalni
kombinace a jejich dom#é hybridni jedince jsou shrnuty v Tab. 3. Procento
molekularni variance udava tippivek vnitro- a mezipoputami variability u
mikrosatelitovych a AFLP dat. Uétsiny kombinaci byla detekovana vyssSi geneticka
diverzita mezi populacemi, nicmé&miispsvek vnitropopulani variability téZz neni
nezanedbatelny.

Tab. 3: Procenta molekularni variance v rdmci pegia mezi populacemi

Procenta molekularni variance
Uvniti populaci Mezi populacemi
AFLP | mikrosatelity | AFLP| mikrosatelity
pa, ec, pc x ec 19 49 81 51
ac, ni ac x ni 36 53 64 47
ca, fr, moravica 24 33 76 67
pa, ap, pa x ap 39 46 61 54

pa =C. panicullata ec =C. echinatapc x ec =C. paniculatax echinata ac =C. acutiformis ni =C.
nigra, ac x ni =C. acutiformisx nigra, ca =C. caryophylleafr = C. fritschii, moravica =C. x moravica
ap =C. appropinquatapa x ap =C. paniculatax appropinquata

Neiova geneticka vzdalenost mezi pary taxse pohybuje ve z&aém rozmezi (Tab.
4), s vyjimkouC. acutiformisa domrlého hybrida, kde byla pro AFLP data ziskana
hodnota 0,101 a pr@. caryophylleaa C. xmoravicdl byla dle AFLP dat detekovana
hodnota 0,133. J&5bliZzSi vzdalenost byla zji&a meziC. appropinquataa domrlého
hybrida, kde se hodnoty pohybovaly 0,064 pro AFleRada 0,028 pro mikrosatelity.
S vyjimkou kombinaceC. appropinquataa C. paniculatabyla geneticka vzdalenost
podle Neie tér#¥ vzdy vyrazi vysSSi pro mikrosatelitova data oproti AFLP idat
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Tab. 4: Neiovy genetické vzdalenosti pro péry tdixon

Neiovy genetické

vzdalenosti
AFLP mikrosatelity
C. paniculata C. paniculata echinata 0,563 0,293
C. paniculata C. echinata 0,754 1,268
C. paniculatax echinata | C. echinata 0,372 0,416
C. acutiformis C, acutiformis nigra 0,101 0,577
C. acutiformis C. nigra 0,518 2,158
C, acutiformisx nigra C. nigra 0,541 X
C. fritschii C.xmoravic& 0,228 2,333
C. fritschii C.xmoravicd 0,597 2,151
C. xmoravic& C. xmoravicdl 0,547 1,386
C. fritschii C. caryophyllea 0,480 2,720
C. xmoravic& C. caryophyllea 0,440 1,176
C. xmoravicdl C. caryophyllea 0,133 1,004
C. paniculata C. paniculata appropin. 0,407 0,381
C. paniculata C. appropinquata 0,362 0,373
C. paniculatax appropin. | C. appropinquata 0,064 0,028

Grafické znazoréni genetickych vztahmezi vSemi jedinci jednotlivych kombinaci je

vyobrazeno na PCoA grafu, data byla zpracovanastzyieo AFLP a mikrosatelitové

markery (Obr. la-h). Zé&ehto ordingnich grafi jsou patrné vzajemné vzdalenosti
odrazejici vztahy mezi jedinci na zakdaoholekularnich dat charakterizujicich jejich

genotypy. A takeé je patrna vzdjemna podpora obpiu dat.
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a) C. nigra a C. acutiformis

b) C. nigra a C. acutiformis
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Obr. 1: PCoA graf zobrazujici diferenciaci gendtypezi parentalnimi druhy a dogiyimi hybridnimi
vzorky; v levém sloupci pro AFLP data, v pravémuslo pro mikrosatelitova data.
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Specifické alelické sloZeni, eventu&lrzastoupeni lokus u jednotlivych taxofi
umoziuje usuzovat na (ne-)hybridniiywd studovanych jediric Ve wtSing piipadi
bylo dosazeno zwtaé genetické diferenciace mezi pary takoWyjimku tvori C.
acutiformis a domely hybrid, coZz poukazuje na nedtitelnost tohoto jedince od
druhu C. acutiformis Podobného vysledku bylo dosazeno tak€.ucaryophylleaa
jedince ozn&ného C. xmoravicd, u kterého byly ovSsem detekovany unikatna
mikrsoatelitové alely, stegnjako u domslého hybridniho jedinc€. xmoravic&, a Ize
tedy gedpokladat ¢ast i jiného taxonuipjejich vzniku. Jedinym jedincem, Ww&ji byl
detekovan hybridni jvod mezi stanovenymi rodlije C. paniculatax echinata U
posledni studované kombina€e paniculataa C. appropinquataa jejich domglym
hybridnim jedincem byly zaznamenany jedny z nejotzshodnot Neiovy genetické
vzdalenosti, coz d¥e byt dano jejich blizkym vztahem, né&boba druhy pochazeji
z téZe sekce. Nicméma zéaklad dosazenych vysledktento jedinec vykazuje bliZsi
vztah sC. appropinquata

Tyto vysledky jednoznané poukazuji na fitomnost mezidruhové hybridizace v rodu
Carex Na stranu druhou, morfologickd intermediarnosspektive znaky odrézejici
morfologickou podobnost s dorédgimi parentalnimi druhy nemusi vzdy poukazovat na
hybridiza:ni udalost, ale fize se jednat o vnitrodruhovou variabilitu, vychédeqt’ uz

Z genotypové diferenciace, nebo fenotypové plagtitize tedy shrnout, Ze z hlediska
systematické klasifikace je feba obefetnd zachézet s jednotlivymi taxony a jejich
charakteristikami a vijpact komplikovanych taxoina tim spiSe dondtych hybridnich
jedinai vyuzivat genetické markery, které dokazirepmit genetické pozadi¢¢hto

komplikovanych vztain.

4.4 Markery

Markery neboli znaky z pohledutfippdowdeckého pedstavuji vlastnosti ditych
organiznt, které vypovidaji o podobnostéchto organizmd. V zakladu rozliSuje
markery fenotypové, zalozené na pozorovani rozadufenotypu jediné a markery
molekularni, které podavaji informace o organisniskané analyzou jeho molekul
DNA nebo protein.
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DNA markery jsou zaloZeny na polymorfismu v sekiendNA a rozliSujeme je
na markery zaloZzené na hybridizaci, kamiadi napiklad RFLP markery (délkovy
polymorfizmus restrignich fragment) a markery zaloZzené na PCR. Tento typ madrker
dale rozdlujeme na metody analyzujici cely genom, jako frnd®APD (nadhodna
amplifikace polymorfni DNA) a AFLP (délkovy polymimmus amplifikovanych
fragmentl) a metody ziskavajici informace z konkrétésti genomu, kde se zejména
jedna o mikrosatelitové markery. V neposlethik maji své uplaténi také informace
ziskané sekvenaci konkrétniho genomického lokusu.

Co se tyka rozdil mezi fenotypovymi a molekularnimi markery, ty Igbrnout
nasledova. Fenotypové markery maji obvykle mensi naroky natemalni ¢i
piistrojové vybaveni, ale na stranu druhou je jichzgoomezeny pet, vyskytuji se
casto pouze v ditém ontogenetickém stadiu, jsou ovimy prostedim a také lze
pomoci nich obtiz& rozliSovat mezi blizce ffbuznymi druhy. Molekularni markery
byvaji naproti tomu nakladjgi, ovSem mze jich byt znény paiet. Dale pi analyze
nezalezi na ontogenetickém stadiu, nejsou odtiyrprostedim a pi vhodném vykru
typu markifi je mozné rozliSit i blizceifbuzné druhy.

Podle Miah et al. (2013) jsouilézitymi vlastnostmi, které je pi@ba zohlednit i
vybéru vhodného DNA markeru nasledujici: dostupnostkeravého systému pro
studovany organizmusiasova narénost, pracnost, nezbytné vybaveni a fifrdn
naklady vynalozené na ziskani dat. DalSimi paragmethlediovanymi @i vybéru
vhodného markeru jsou uravepolymorfizmu ve studovanych populacich a velikast
struktura populace, kterou je nezbytné analyzovedpaodukovatelnost. V neposledni
fack je nutné brat v tvahu i kvantitu a kvalitu fediné DNA a typ &di¢nosti markeru.
Vyuziti DNA markefi jako modernich metod analyzy doznalo aré&ho roz&eni
viak aplikaci a kazda z nich ma své vyhody i nevyhoHly. vybéru je poteba
zohlednitfadu parametr jako pozadovanou uroiepolymorfismu, ¢i kodominanci,
kterd umozni rozliSit homozygotni a heterozygotadince. DalSim faktorem je
dostupnost markerového systému pro konkrétni dftihpouziti AFLP a RAPD neni
pottebna pedchozi znalost analyzovaného genomu a u metodyPAEE fici, Ze je
takika univerzalni (Vesela et al. in press). Také rdpkovatelnost seteni u
jednotlivych metod a obeén je mizeme rozdit na metody s vysokou
reprodukovatelnosti, kam $adi SSR a AFLP a metoda s nizkou reprodukovaté|nost

RAPD. Dale je pdeba zohlednit pé¢bné laboratorni vybaveni a pracnost jednotlivych

v 2
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zde je nezbytna restrikce a ligace a poté presefgld selektivni amplifikace. Garcia et
al. (2004) analyzovali hodnoty polymorfniho inforrnéo obsahu (PIC¥thto metod a
jako metoda s nejvysSigmeérnou PIC byla vyhodnocena metoda SSR. Metody RAPD
a AFLP vykazovali térr shodné hodnoty, pattrdiky své dominantni povaze. Rozdily
mezi minimélni a maximalni PIC hodnotou byla niasS6SR oproti AFLP a RAPD.
Pearsonovy koretai hodnoty byly nejvy§si mezi SSR a AFLP, tyto nigtse tedy
jevi nejpodobyySi z hlediska rozsahu produkovanych genetickychdalenosti.
Dominantni markery tedy vykazovaly nizSi Udravepolymorfismu oproti

kodominantnim markém.

4.4.1 Polymorfni nahodré amplifikovand DNA (RAPD)
Metoda polymorfni ndhodnamplifikované DNA (RAPD) je metoda zaloZzena na PCR

amplifikaci vyuZivajici jediného kratkého syntettio oligonukleotidového primeru
nahodné sekvence. Jako nejefekijsh délka primeru byla ustanovena délka 10 pb
se zastoupenim G+C bazi podobnym, jaky je obsatogamého organismdimz bude
dosaZzeno maximalizace frekvence vazebnych mistrgideet al. 1992). Tento primer
nadhodné sekvence se vazéad raznych genomickych lokusa produktem jsou
nahodné amplifikované DNA sekvence v pogohekolika diskrétnich produkt
(Bardakci, 2001). #¢iny polymorfismu jsou mutace v, anebo mezi mistgaukni
primemi a jsou detekovany jakoftipomnost/absence figlusného RAPD produktu
(Kumar a Gurusubramanian, 2011).

RAPD metoda je relativn jednoducha na provedeni, vyZaduje pouze malé
mnozstvi genomické DNA a nevyZzaduje Zadntedphozi znalost genomu studovaného
organismu. Satasré je tedy ziskan velky get genetickych markérbez nutnosti
piedchozi molekularni charakterizace genomu (Kum&@ueusubramanian, 2011). Na
stranu druhou, RAPD markery jsou nejrdé@nformativni ze vSech znamych DNA
markei, kvili neznamému jvodu fragment a v porovnani s AFLP jsou pouzivany
nizsi teploty nasedani primiea mize tedy snaze dochazet k produkci nespecifickych
produkti. DalSi nevyhodou je jejich dominantni povaha. Kbkage této metody
spaivaji také v obtizé dosazitelné reprodukovatelnosti aempositelnosti mezi
laboratdemi, nebd@ je tato metoda citliva na teplotni profil, konaewi polymerazy a
DNA a koncentraci hi@¢natych ionii. Tedy pouze strikth standardizovany protokol
muze zardit reprodukovatelnost amplifikaich produki. Dale je tu moZnost
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komigrujicich fragmerit ¢i ptitomnost nereprodukovatelnych fragmertdvozenych
z nespecifického nasedani prii¢Hadrys et al. 1992).

Navzdory vSemémto nevyhodam naSla tato metoda ugatry fad aplikaci, jako
genetické mapovani (jedna z nejréestjSich aplikaci RAPD techniky je identifikace
markei ve vazlg se znaky zdmu bez nutnosti mapovéani celého gen¢@hen et al.
2014), populeni a evoldéni genetika (Fayyaz et al. 2014; Suresh et al. 013
fylogenetické studie (Przybos et al. 2003), stugaetické diverzity (Chuan-you et al.
2015), detekce mezidruhového genového toku a fiileadi hybridi (Saeedi et al.
2013), determinace paternity &lmzenskych vztah detekce somaklonalni variability
(Kozyrenko et al. 2004)i identifikace kultivafi (Frotscher et al. 2014).

4.4.2 Polymorfismus délky amplifikovanych fragmenéi (AFLP)
Metoda polymorfismus délky amplifikovanych fragmen{AFLP) byla poprvé

publikovana Vos et al. (1995) a jeji princip 8p@ v amplifikaci mnozZiny
genomickych restrignich fragment pomoci PCR. DNA je nejprve &tena dvojici
restrikinich enzyni, po které nasleduje ligace dvouvlaknovych addptoa konce
DNA restrikénich fragment. Tato mista nasledrslouzi jako mista nasedani pririner
Poslednim krokem je amplifikace restmiich fragment a jejich elektroforeticka
separace a detekce.

Tato metoda dosahla zimého roz&eni viadk experimeni, jakymi jsou studie
genetické diverzity (Lu et al. 1996; Hazen et &02, Shoaib a Arabi, 2006; Guillot a
Santos, 2010), taxonomické studie (Huys et al. 18@&amatte a Lye, 2007; Koopman
et al. 2008), poputmi analyzy (Paul et al. 1997; Vieira et al. 2007ptMa Wang,
2012), klasifikace a identifikace genotygEllis et al. 1997; Shoaib a Arabi, 2006;
Lasso, 2008; Boscary et al. 2014), tvorba genetickyap (Redofia a Mackill, 1996; Qi
a Lindhout, 1997; Khrustaleva et al. 2005), nebaiteoing cdi¢nosti znak (Jin et al.
1998; Lerceteau a Szmidt, 1999).

AFLP maradu nespornych vyhod, mezi kteréipathopnost analyzy vzorku DNA
bez ohledu na jehodpod ¢i komplexnost genomu a bez nutnostegchozi znalosti
téchto genom. DalSi vyhodou je mozZnost testovat velké mnozstarkef sowasré a
napi¢ celym genomem (Vos et al. 1995; Qi a Lindhout, 7)9%a stranu druhou ma
také nevyhody, kde stgjnako mikrosatelitové markery a RAPD je i tato teiéla

zatizena homoplasii (Vekemans et al. 2002; Vesell.an press). Déle se jedna o
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dominantni marker, coz komplikuje identifikaci holagnich fragmernit (Mueller a
Wolfenbarger, 1999).

Pavodre byla vyvinuta pro organismy s malym azesht velkym genomem
(<6.12pg DNA/1 C; Guan a Shiraishi, 2011). Druhyeskymi genomy maji tendenci
vytvaret profily se slab amplifikovanymi acasto komigrujicimi fragmenty (Fay et al.
2005). Pro druhy s velkymi genomy bylo nicndémwinéno rekolik optimalizatnich
pokusi. Nekteré z nich vyuzily zvySeny get selektivnich nukleotid(Vos et al. 1995;
Han et al. 1999; Lerceteau a Szmidt, 1999; Remimgtoal. 1999; Costa et al. 2000),
dalSi jsou zaloZeny na optimalizaci¢po preamplifik&nich kroki (Han et al. 1999;
Remington et al. 1999; Costa et al. 2000), nebozitioalternativnich restriénich
enzymi (Vos et al. 1995; Paglia a Morgante, 1998; DiaaleR001; Guan a Shiraishi,
2011, Vesela et al. in press).

Ve studii Vesela et al. (in press) byly pouzitytriégni enzymy rozpoznavajici 8
pb sekvenci, jako alternativa oproti stand&rgouzivanému protokolu podle Vos et al.
(1995). Ri vyuZziti vhodné kombinace resttikich enzynd, s ohledem na velikost a
komplexitu genomu iislusného organismu, bylo dosazeno vyrazného ziepselity
profilu. Ten byl I1épe analyzovatelny, s nizkym pdira a méa cetnymi, zato sildji
amplifikovanymi fragmenty, coZ umoznilo snaz8itelnost tchto profiki. Data
vytvoiena pomoci tohoto optimalizovaného protokolu siimazachovala velkou
informani  hodnotu, kdy i druhy svelkymi genomy vykazovalyysokou
vnitrodruhovou variabilitu a také vysokou Urdavepolymorfismu mezi blizce
piibuznymi individui.

Co se tyka problematiky homoplasie, tu se sice da@po timto optimalizovanym
protokolem zcela eliminovat, nicm&rntato data poskytla tdaz, Ze homoplasie je
v pozitivni korelaci s p&tem detekovanych fragmeénta vhodnou kombinaci

restrikcnich enzyni je tedy umoZzéno zredukovat piet fragmeni a tim i homoplasii.

4.4.3 Mikrosatelitové markery
Mikrosatelity jsou Useky DNA sestavajici se z tande uspdadanych jednotek o

délce opakovani 1-6 pb, charakterizované kodomimaskdi¢nosti, Sirokou distribuci
v genomu, hypervariabilni a multialelickou povahdlikrosatelity jsou vSudyiitomné
v kédujicich a nekddujicicch regionech, nickhérrostlin jsou SSR markery hajgi a

preferegné spojené s ndgpkladanymi regiony (UTR)ippisovanych regian(Senan et
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al. 2014). Mira mutace tohoto typu genetickych redrle odhadovéana na T@&z 10*
na generaci (Miah et al. 2013), kdy @&my délky ne{asgji vznikaji replikanim
skluzem¢i nerovnongrnymcrossing-overem (Ellegren, 2004).

S ohledem na @et nukleotidi na repetici, mikrosatelity mohou byt klasifikovany
na mono-, di-, tri-, tetra-, penta-, hexa-nukleoté repetice (Miah et al. 2013). Podle
vyskytu se SSR rozliSuji na genomickékay ozn&ované jako jaderné mikrosatelity,
EST nebo jinak teceno genové mikrosatelity, organelarni mikrosatelify
chloroplastovém genomu jsou &&$€jSi mononukleotidové repetice slozené zZiAT
motivu a také vykazuji nizSi mutai aroved nez jaderné SSR). Podle typu repetic na
jednoduché repetice, které jsou kontinualnierpSované repetice tkené kratkou
sekvenci uvnit repetice a sloZzené, sestavené ze dvou odliSnythrgpetic v jednom
motivu (Senan et al. 2014).

Pfitomnost SSR v kodujicich regionech vede ke zda&mpetitivniho vzoru
v sekvenci aminokyselin. Bylo detekovano, Ze z ankyseliovych repetic ffgvliada
glutamin, alanin, glycin, kyselina glutamova a serRada z proteibh obsahuje
tandemové aminokyselinové repeticeffzatmezi transkripni regulatory (Katti et al.
2000). Ritomnost &chto trinukleotidovych repetic v kddujicich regichge tolerovana
vzhledem k faktu, Ze jejich delece nebo expanzeameujecteci ramec (Katti et al.
2001). Ritomnost v nekddujich regionech také omilije transkrigni genovou regulaci
(Martin et al. 2004) nebo mohou slouzit jako rekamaéni signaly (Bagshaw et al.
2008). Nevyhody spojené s mikrosatelity jsou vyskytovych alel (Senan et al. 2014)
a homoplasie (Estoup et al. 2002).

Mikrosatelity jsou robustni, maji z&@ou inform&ni hodnotu a mohou byt vyuzity
pro fadu aplikaci, mezi &k pati popul&ni studie (Hodoki et al. 2009; Hodoki et al.
2014), hodnoceni genetické diverzity mezi bliztibyznymi druhy/kultivary (Lopes et
al. 2015), analyzy rodovstvi (Weinman et al. 2015), ideélni markery pemetické
mapovani (Singh et al. 2018) markery pro asistovanou selekci (Xu et al. 2004;
Oliveira et al. 2010).
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Abstract

Here, we present an improved amplified fragment length polymorphism (AFLP) protocol using
restriction enzymes (Ascl and Sbfl) that recognise 8-base pair sequences to provide alternative
optimisation suitable for species with a genome size over 70 Gb. This cost-effective optimisation

massively reduces the number of amplified fragments by using only +3 selective bases per primer
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during selective amplification. We demonstrate the effects of the number of fragments and genome
size on the appearance of non-identical co-migrating fragments (size homoplasy), which has a
negative impact on the informative value of AFLP genotypes. We also present various reaction
conditions and their effects on reproducibility and the band intensity of the extremely large genome
of Viscum album. The reproducibility of this octo-cutter protocol was calculated using several species
with genome sizes ranging from 1 Gb (Carex panicea) to 76 Gb (Viscum album). The improved
protocol also succeeded in detecting high intraspecific variability in species with large genomes

(Viscum album, Galanthus nivalis and Pinus pumila).

Introduction

Amplified fragment length polymorphism (AFLP) is a DNA fingerprinting technique that was first
published by Vos et al. in 1995. AFLP has since been widely applied, such as in genetic diversity (Lu et
al. 1996; Hazen et al. 2002; Shoaib & Arabi 2006; Guillot & Santos 2010) and taxonomic (Huys et al.
1996; Nakamatte & Lye 2007; Koopman et al. 2008) studies, in population analysis (Paul et al. 1997,
Vieira et al. 2007; Mott & Wang 2012), for the classification and identification of genotypes (Ellis et
al. 1997; Shoaib & Arabi 2006; Lasso 2008; Boscary et al. 2014), in the construction of
genetic/integrated maps (Redofia & Mackill 1996; Qi & Lindhout 1997; Khrustaleva et al. 2005) and

for monitoring the inheritance of traits (Jin et al. 1998; Lerceteau & Szmidt 1999).

The technique has several advantages, particularly the ability to test any DNA sample, regardless of
the origin and complexity, without prior knowledge of the genome. Furthermore, AFLP is
distinguished by the ability to analyse a large number of markers simultaneously across the entire
genome and also by its good reproducibility (Vos et al. 1995; Qi & Lindhout 1997). However, one of
the main disadvantages of AFLP is its association with the dominant nature of the markers, which

causes difficulty in the identification of homologous fragments (Mueller & Wolfenbarger 1999).
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AFLP was originally designed for organisms with small to mid-sized genomes (<6.12pg DNA/1 C;
Guan & Shiraishi 2011), and the technique commonly uses one pre-amplification step with
EcoRI+1/Msel+1 or Pstl+1/Msel+1 to reduce background smearing (Vos et al. 1995; Qi & Lindhout
1997; Montemurro et al. 2007). Species with large genomes tend to create profiles with weak
amplification and a tendency towards fragment co-migration, and only a small portion of bands can
be scored reliably. However, this amplification issue tends to be common in most, if not all,
individuals of species with large genomes (Fay et al. 2005).

Several optimisation attempts have been made to produce a clear and reproducible AFLP pattern for
organisms with large genomes. Such modifications were based on increasing the number of selective
nucleotides (Vos et al. 1995; Han et al. 1999; Lerceteau & Szmidt 1999; Remington et al. 1999; Costa
et al. 2000), optimisation of the pre-amplification steps (Han et al. 1999; Remington et al. 1999;
Costa et al. 2000), and the use of alternative tetra- or hexa-cutter restriction endonucleases based
on their recognition sequence and methylation sensitivity (Vos et al. 1995; Paglia & Morgante 1998;
Diaz et al. 2001; Guan & Shiraishi 2011).

Increasing the number of selective bases in one or both primers is one option for reducing the
number of amplified fragments, which enhances the quality of the fingerprints of larger genomes
(Fay et al. 2005). Using primers with 4-base extensions resulted in a greater tolerance for
mismatches (Vos et al. 1995), but later studies that applied a more stringent amplification condition
reported cleaner and more reproducible fingerprints, with an approximate 50 % reduction in
fragments detected with 1 extra selective base compared with the EcoRI+3/Msel+3 combination
(Han et al. 1999; Lerceteau & Szmidt 1999).

Optimisation of the pre-amplification protocol revealed that a single pre-amplification step is
necessary to reduce background (Vos et al. 1995, Han et al. 1999), but additional pre-amplification
reactions result in the loss of large fragments and increases labour (Han et al. 1999). Additionally, a
6-nucleotide increase (3 selective bases per primer) in the number of selective bases between

reactions produces a pattern with extra bands and enhanced smearing (Han et al. 1999).
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Another important and often overlooked phenomenon is the issue of non-identical co-migrating
fragments (both within and across genotypes), which is known as size homoplasy (Vekemans et al.
2002). Size homoplasy correlates with an increase in detected bands, as a higher number of detected
bands implies the higher probability of occurrence of non-identical co-migrating fragments
(Koopman & Gort 2004). Also, size homoplasy can be influenced by the presence of repetitive DNA
and the polyploid origin of an organism (Fay et al. 2005). Size homoplasy is affected by genome size,
where it can rapidly increase with a bigger genome size (Koopman & Gort 2004, Gort et al. 2006,
Althoff et al. 2007, Caballero & Quesada 2010). The size homoplasy can cause difficulties in data
interpretation, such as the underestimation of genetic diversity between samples, the loss of
resolution in analyses, and improper tree-building using dissimilarity measures (O'Hanlon & Peakall
2000, Meudt & Clarke 2007), but it is rarely investigated due to high technical demands and time
requirements (O'Hanlon & Peakall 2000, Vekemans et al. 2002). Regarding uneven fragment
distribution with a higher abundance of short fragments, it was proposed that shorter fragments
show a higher risk of size homoplasy, but even if the distribution of the fragments is flat, the
problem of size homoplasy could not be resolved completely (O'Hanlon & Peakall 2000, Vekemans
et al. 2002, Caballero et al. 2008).

Size homoplasy was estimated to vary greatly in several experimental and theoretical studies. The
work of Hansen et al. (1999) reported a size homoplasy of 13 % in the genus Beta, but the work of
O'Hanlon & Peakall (2000) detected variability in size homoplasy, which ranged from 0 % to 5 % for
congeners, and up to 100 % for the distant species from different subtribes within the Carduinae
thistles. Vekemans et al. (2002) predicted very strong size homoplasy according to simulations that
showed that 30 % of simulated fragments were not detected when considering the whole size range.
Simulated in silico AFLPs with 20, 50, and 100 fragments per run show an expected size homoplasy
of 4 %, 12 %, and 24 %, respectively, and only 19 bands are needed for the likely occurrence of a
homoplasious band (Gort et al. 2006). Additionally, size homoplasy increases with increasing

taxonomic rank (O'Hanlon & Peakall 2000, El-Rabey et al. 2002, Mechanda et al. 2004). The impact
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of size homoplasy on analyses differs (described in detail in Caballero et al. 2008). For the estimation
of neutral genetic differentiation, size homoplasy has a substantial impact when more than 200
bands per primer combination are scored, but for the estimation of expected heterozygosity, size
homoplasy has a substantial impact even with 50 to 75 bands (Caballero et al. 2008).

In the present study, we present an alternative AFLP optimisation protocol that was for the first time
used for species with very large genomes, that is, genomes over 70 GB. Our goals were the
following: i) to optimise the AFLP protocol for species with genomes over 70 GB to obtain easily
readable AFLP profiles with low background noise and with a reduced number of detected
fragments, which is important for size homoplasy; and ii) to evaluate whether an optimised AFLP
protocol is robust enough to be applied in species with a large range of genomes sizes, for which we
chose 8 species with a genome size ranging from 1 Gb (Carex panicea) to 76 Gb (Viscum album); iii)
to evaluate the performance of an optimised protocol with respect to reproducibility and size
homoplasy; and iv) to examine the applicability of optimised AFLP fingerprints for genetic diversity
and population structure studies in species with an extremely large genome (i.e., whether the

optimised protocol is able to detect sufficient variation between samples and populations).

Materials and methods

Plant material and DNA extraction

For the AFLP analysis, we used samples that were collected in the field from 8 species, Carex panicea
L. (Cyperaceae), Gymnocalycium lukasikii Halda et Kupcak, Gymnocalycium nataliae Neuhuber,
Gymnocalycium sanluisense Sorma (Cactaceae), Triticum aestivum L. (Poaceae), Galanthus nivalis L.
(Amarylidaceae), Pinus pumila (Pall.), Regel (Pinaceae) and Viscum album L. (Santalaceae) (Table 2).
The samples of Viscum album were collected from 4 populations, 2 from the Czech Republic for 11
and 12 samples and 2 populations from Spain for 2 and 3 samples. Eight Galanthus nivalis samples
were collected from 2 populations that were both from the South-Moravian region in the Czech

Republic (4 individuals from each population), and 8 Pinus pumila samples originated from 3
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separate localities in Russia (Nakonechnaya et al. 2010). In Triticum aestivum we used 8 samples
from 4 varieties, namely, Etela, Karolinum, Lidka and Nikol. Carex panicea (collected in Bulgaria) and
species from the genus Gymnocalycium (seeds collected in Argentina and regrown in greenhouse,
Repka & Mracek 2012) were represented by one individual per species, and they were used as
comparative species with small to medium-sized genomes. Detailed information about the origin of
all of the samples are listed in Supplementary Table 1.

Total genomic DNA was isolated from young leaf tissue (except for Gymnocalycium samples, where
the aboveground part of the seedlings was used) with a DNeasy Plant Mini Kit (Qiagen, Venlo, The
Netherlands).

AFLP protocol

The AFLP reactions were performed according to Vos et al. (1995), with several modifications.

Total genomic DNA (0.5 pg) was incubated for 3 h at 37 °C in a 20-ul reaction volume with 2.5 U of
Ascl/EcoRI/Sbfl (New England Biolabs, Ipswich, Massachusetts, USA), 2.5 U of Msel (New England
BiolLabs), 15 ug of BSA, 50 pmol of Msel adapter (Vos et al. 1995), 5 pmol of Ascl/EcoRI/Sbfl adapter
(Vos et al. (1995) and Table 1), 80 cohesive end U of T4 DNA ligase (New England Biolabs), 1x
CutSmart™ Buffer (1x NEB2 Buffer for EcoRl), and 1 mM of ATP.

The reaction mixture was then diluted 20-fold in TEy; buffer (10 mM of Tris-HCI, 1 mM of EDTA, pH
8.0).

The pre-amplification reaction was performed with primers that were extended by 1 or 2 selective
nucleotides (Ascl+A; Sbfl+A; EcoRI+A; SbI+AC; Msel+C; Msel+CC; Msel+CT) using 4 ul of the diluted
mixture from the first reaction, 0.5 U of Tag DNA polymerase (Qiagen), 2.5 pmol of each primer, 1x
PCR Buffer (Qiagen), and 0.2 mM of dNTPs in a 20-pl reaction volume. The pre-amplification reaction
was performed as follows: 2 min at 72 °C, followed by 20 cycles of 20 sat 94 °C, 30 sat 56 °C
(stringent conditions 1 and 2 at 58 °C), and 2 min at 72 °C, with one 30-min cycle at 60 °C. The pre-

amplification reaction was diluted 10-fold in TEy ; buffer.
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The selective amplification was performed using 10 different Msel primers with 2, 3 or 4 selective
nucleotides  (Msel+CT/CC/CTA/CTT/CTC/CTG/CCA/CCT/CCC/CCG/CCAA/CCAC/CCAG/CCAT). The
second primer (Ascl+ACG/EcoRI+ACG/Sbfl+ACG) used in the selective amplification was fluorescently
labelled at the 5-end (with 6-FAM or NED). The reaction mixture contained 0.5 U of Tag DNA
polymerase (Qiagen), 0.2-mM dNTPs, 2-pmol Ascl/EcoRI/Sbfl primer, 5-pmol Msel primer, 4 pl of the
diluted mixture from the second reaction, and 1x PCR buffer (Qiagen) in a total volume of 20 pl. The
reaction profile was as follows: 2 min at 94 °C; 10 cycles of 20 s at 94 °C, 30 s at 66 °C, and 2 min at
72 °C, with the annealing temperature decreased by 1 °C (stringent condition 1 by 0.7 °C) in each
cycle; 20 cycles of 20 s at 94 °C, 30 s at 56 °C (stringent condition 1 at 59 °C), and 2 min at 72 °C;
followed by 30 min at 60 °C.

Data analysis

The AFLP fragments were separated electrophoretically using an ABI PRISM 3730XL automated
sequencer (Applied Biosystems, Foster City, California, USA) with the GeneScan-500 LIZ internal
standard (Applied Biosystems). GeneMapper V4.1 (Applied Biosystems) was used to detect AFLP
fragments.

The reproducibility was calculated from 5 independent reactions of the same sample.

To determine the informative value of the AFLP bands using an improved protocol, we calculated the
percentage of polymorphic bands in samples of Viscum album, Galanthus nivalis, Pinus pumila and
Triticum aestivum. Additionally, we calculated pairwise genetic distance as a dissimilarity measure
for each pair of samples of the same species mentioned above to provide an overview of the
intraspecific variability and to identify identical genotypes, or as a control to ensure that the
percentage of polymorphic fragments is not affected by only a few polymorphic samples. Population
structure was estimated in Viscum album using an analysis of molecular variance (AMOVA),
calculating PHI,; based on 999 permutations in GenAlEx 6.5 (Peakall & Smouse 2012), giving
population genetic structure from the dominant AFLP data. Non-metric multidimensional scaling

(NMDS) was used to visualise the genetic structure and separation of samples from different
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populations. Two-dimensional NMDS was performed using function metaMDS in the ‘vegan’
package (Oksanen et al. 2015) within the R software environment (R Core Team 2013). Canberra
index was used as a measure of dissimilarity.

Size homoplasy was calculated for +5 (Ascl+ACG/Msel+CC, Ascl+ACG/Msel+CT, Sbfl+ACG/Msel+CC,
Sbfl+ACG/Msel+CT) and +6 combinations by determining the percentage of scored fragments that
appeared more than once with all corresponding primer combinations and an additional selective
base (C, T, A, G) (Hansen et al. 1999, O'Hanlon & Peakall 2000).

We used a linear mixed effect models (LME) to evaluate how size homoplasy was influenced by the
genome size and by the number of +5 fragments and to determine the best predictor. Because the
genome size and number of fragments in the +5 primer combinations were correlated, we used just
one variable in a single model. We calculated separate models and compared them using the Akaike
information criterion (AIC; Akaike 1974) and the Bayesian information criterion. Moreover, we
assessed any additional effects of the specific selective bases in the Msel primers (CT/CC) and their
interactions with the previously mentioned variables. Because the relationship between the genome
size and number of fragments in the +5 reactions is not necessarily linear, we also evaluated models
with the second-order polynomial of the variables. We used LME because of the hierarchical
structure of our data, where 2 variants of the selective bases (CC/CT) were analysed within the same
individual; therefore, we added the random effect of the individual into the model. When comparing
nested models, p-values were obtained using the likelihood ratio test, always comparing the simpler
model with its more complex variant. Statistical analyses were performed using the R software
environment (R Core Team 2013) with the ‘Ime4’ package for fitting and analysing the LME models
(Bates et al. 2014).

We also calculated the theoretical size homoplasy for Viscum album by simulating conditions
corresponding to our analysis. First, we obtained a theoretical DNA sequence with a GC content of
30 % (Nagl et al. 1983). The length of the sequence was given by the genome size reduced by 1,024,

which approximately corresponds to a reduction of +2/+3 selective bases used for AFLP analysis. We
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then simulated DNA digestion using the restriction enzymes Sbfl/Ascl and Msel. The theoretical size
homoplasy was calculated as the number of fragments with the same length relative to the total
number of fragments. Regarding AFLP detection limits, only fragments that ranged in length from 50
to 500 bp were used. The simulation was repeated 100 times to obtain relatively stable results, and
the average values of theoretical size homoplasy were calculated and reported. The simulations
were performed within the R environment using the package ‘SIimRAD’ (Lepais & Weir 2014); the R

script with all of the calculations is supplied as a link in the Data Accessibility section.

Results

The analysis was performed using species with genome sizes that ranged from relatively small (Carex
panicea L., Gymnocalycium lukasikii Halda et Kupcak), to medium-sized (Gymnocalycium nataliae
Neuhuber, Gymnocalycium sanluisense Sorma), to large (Triticum aestivum L., Pinus pumila (Pall.)

Regel, Galanthus nivalis L.) and to extremely large (Viscum album L.) (Table 2).

Testing of restriction enzymes and different numbers of selective nucleotides

We compared the AFLP profiles generated using the restriction enzyme EcoRI (recognition sites 5'-
GAATTC-3') to those generated using the 8-base cutters Sbfl and Ascl, which recognise the
sequences 5'-CCTGCAGG- 3' and 5'-GGCGCGCC-3', respectively.

When using the widely used EcoRI+3/Msel+3 primer combination, the AFLP profiles for Viscum
album contained many fragments with intensities close to the background noise and a minimal
number of strong bands. The first optimisation using the Sbfl+3/Msel+2 combination resulted in a
significant improvement in the quality. We detected 136 fragments; the number of low-intensity
peaks decreased; and stronger peaks appeared more often when compared to the previous primer
combination. The Sbfl+3/Msel+3 combination, which contains an additional selective base in the
Msel primer, generated only 51 fragments (Table 3), most of which were medium to high intensity

(Fig. 1). The second optimisation using the Ascl+3/Msel+2 enzymes demonstrated a similar intensity
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and quantity of fragments (Table 3), but the Sbfl+3/Msel+3 combination suffered from an unequal
fragment distribution represented by fragment accumulation in the first half of the profile. The
fingerprint generated by Sbfl+3/Msel+4 showed a slight decrease in the number of bands
accompanied by an improvement in the quality of the profile; however, there were extra peaks that
were absent in the corresponding Sbfl+3/Msel+3 combination. Although the presence of extra bands
is common for primer combinations containing more than 3 selective bases per primer (Vos et al.
1995; Han et al. 1999, Lerceteau & Szmidt 1999), these AFLP profiles are highly reproducible (Han et
al. 1999; Lerceteau & Szmidt 1999).

The AFLP profiles of Pinus pumila contained 125 and 45 detectable bands when using the
Sbfl+3/Msel+2 and Sbfl+3/Msel+3 combinations, respectively. However, regarding the quality of the
profiles, there were several fragments that assembled into clusters that were difficult to evaluate.
Nevertheless, the quality of the electrophoretic profiles improved significantly when compared to
the quality of the profiles created with the EcoRI+Msel combination (Fig. 1).

For Galanthus nivalis and Triticum aestivum, we detected a lower number of bands compared to
Viscum album and Pinus pumila, and the electrophoretic profiles were easily readable when using
the Sbfl+3/Ascl+3-Msel+3 primer combinations. For Gymnocalycium sp. we detected 36 to 50 bands
with Sbfl+3/Msel+2 and 10 to 14 with Sbfl+3/Msel+3, and predominantly bands with high-signal
intensities were distributed fairly equally across the profiles (Table 3).

We also tested the effect of using a 2-fold higher concentration of polymerase. The amount of
polymerase had a positive impact on fragment strength, which aids in fragments identification in
reactions with a high number of fragments, such as the Sbfl+3/Msel+2 primer combination applied
to Triticum aestivum (Fig. 2) and Viscum album.

AFLP reproducibility

The reproducibility of the technique was tested using both the Ascl/Msel and Sbfl/Msel
combinations. Carex and Triticum species showed 100 % reproducibility, lower reproducibility—

88.9 %, 92.5%, and 94.5 %—were calculated for Viscum album (Ascl), Pinus pumila (Ascl), and
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Galanthus nivalis (Sbfl), respectively. Subsequent experiments using Viscum album DNA showed a
positive effect when using an additional volume of enzymes in the first AFLP reaction, which
increased the reproducibility to 91.4 %. However, other optimisation techniques, including more
stringent pre-amplification and amplification conditions, more DNA or more polymerase, did not
provide any significant improvements (Fig. 3). In general, studies of this type have a reported error
level below 2 % (reviewed in Mueller & Wolfenbarger 1999); however, Perrie & Shepherd (2009)
presented an error rate between 0.9-5.7 %. The reproducibility for Viscum album and Pinus pumila is
comparable to the optimisation based on dual-suppression PCR published by Guan & Shiraishi

(2011).

Size homoplasy

When comparing Msel+CT/+CC profiles with the corresponding +6 combinations, we detected
multiple fragments in several cases (Table 4). The observed size homoplasy calculated for a whole
range of fragment sizes (50-500 bp) varied from 8 % for Gymnocalycium lukasikii (Sbfi/Msel) with 36
fragments detected in +5 combinations to 40 % for Viscum album (Sbfl/Msel) with 136 fragments in
+5 combinations. When increasing the minimal fragment size, the size homoplasy decreased only
slightly to 4.1 % for Gymnocalycium lukasikii and to 33.6 % for Viscum album for the range of
fragment sizes from 125 to 500 bp (Table 4). The impact of the minimal fragment size on size
homoplasy is shown on Fig. 4. When increasing minimal fragment size from 50 to 125 bp, the
decrease in size homoplasy was approximately 6 % for Viscum album (Sbfl/Msel), Pinus pumila, and
Triticum aestivum. The decrease was even lower, less than 3 %, for Gymnocalycium sp., Galanthus
nivalis, and Viscum album (Ascl/Msel) (Table 4). The theoretical size homoplasy simulated for Viscum
album was lower than the one observed; it was 29.7 % and 7.5 % for Sbfl and Ascl primer

combinations with +5 selective bases, respectively (fragment size range 50-500 bp).
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We found that size homoplasy was strongly influenced by both the genome size and the number of
fragments in the +5 reactions (p-values <0.001, Table 4 and Supplementary Table 2). The increase in
size homoplasy that corresponded to the increases in the number of fragments was nearly linear,
whereas an increase relative to the genome size was much lower for the larger genomes, resulting in
a significant effect of the quadratic term in our analysis. The additive effect of specific selective
bases was not significant for either the genome size or the number of fragments in the +5 reaction.
However, the interaction of the two variables was significant, showing a somewhat different trend
for CC and CT for both the genome size and the number of fragments in the +5 reactions (Fig. 5 and
Fig. 6). According to both AIC and BIC, the model based on the number of fragments performed
slightly better than the model based on the genome size (Supplementary Table 2). Thus, the number

of fragments appears to be a better predictor of size homoplasy.

Genetic diversity and population structure

Our data revealed a high level of polymorphism in Viscum album, Galanthus nivalis and Pinus pumila
but a rather low level of polymorphism between varieties of Triticum aestivum, where the average
of the percentage of polymorphic bands was 32.7 % (Table 5). The pairwise genetic distance
between samples of the Triticum aestivum variety Karolinum was equal to 0, however, for 3 other
Triticum aestivum varieties, the pairwise genetic distance from 2 primer combinations was 2.9 % in
the variety Nikol, 3.9 % in Etela and 6.6 % in Lidka. In Viscum album and Pinus pumila, our data
showed that most bands had great information value because 97 % in Viscum album and 98 % in
Pinus were polymorphic. In Galanthus nivalis, the polymorphism value of the datasets varied
noticeably between particular primer combinations, i.e., 65% for Msel+CTG and 84.2 % for

Msel+CCA (see Table 5).
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Additionally, the pairwise genetic distance differed markedly between individual sample pairs in
each population in the Viscum album samples and reached values from 42.3 to 72.1 %, from 41.7 to

71.0 %, and from 55.6 to 73.8 % for Lednice, Bulhary, and Spain samples, respectively.

For 29 samples of Viscum album from different Czech and Spain localities, we also estimated AMOVA
PHl,, which detected significant differentiation between Viscum populations. Variation between
populations from the Czech Republic and Spain was higher than that among the Czech populations
(Lednice x Bulhary 0.023, p 0.035; Lednice x Spain 0.162, p 0.001; Bulhary x Spain 0.152, p 0.001).
The percentage of molecular variance among the populations was at 10 % and at 90 % within
populations. Non-metric multidimensional scaling markedly separated the Spain samples from both
of the Czech populations. In contrast, the Czech populations showed overlap based on geographical

location (Fig. 7).

Discussion

Restriction enzymes recognising 8-nucleotide sequences were used successfully as an alternative
optimisation method for AFLP in species with large genomes (genome sizes >70 Gb). A restriction
enzyme recognising an 8-nucleotide sequence provides two extra bases, which should reduce the
total number of fragments by 16-fold when compared to a standard hexa-cutter variant. The
combination of Sbfl or Ascl with a 4-base cutter (Msel) ensures that the size of the fragments will be
optimal for detection because a more frequent cutter ensures better fragment distribution (Vos. et
al. 1995; Guan & Shiraishi 2011).

The AFLP profiles of the tested species showed significant variation in the distribution of fragments.
Some of the species showed an even fragment distribution (Gymnocalycium, Viscum album with
Ascl+3/Msel+3), whereas others showed accumulation in the lower size range (Pinus pumila, Viscum
album with Sbfl+3/Msel+3). AFLP markers tend to exhibit a strong asymmetric distribution. Although

this pattern is not affected by the GC content or the genome size (Fay et al. 2005), it can be altered
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by the recognition sequence of the restriction enzymes (Vos et al. 1995; Guan & Shiraishi 2011) or by
a specific combination of selective nucleotides (Qi & Lindhout 1997). A comparison of the number of
fragments and the fragment strength, especially for the Pinus pumila, Galanthus nivalis, Triticum
aestivum and Viscum album profiles, clearly demonstrates that the resulting profile image is not only
influenced by the size of the genome but also by its complexity. However, although Galanthus nivalis
has a larger genome than Triticum aestivum, fewer bands were detected in the corresponding AFLP
profile (Tables 2 and 3). The effect of polyploidy was demonstrated in species belonging to the genus
Gymnocalycium; the increase in genome size corresponded with the level of polyploidy, yet the
number of detected bands increased only slightly (Tables 2 and 3). This result supports the
conclusion of Fay et al. (2005) regarding the AFLP patterns for polyploids, where the quality of the
AFLP patterns is more related to genome size (1n) than to the C-value, and the number of
interpretable bands increases with the polyploidy level within a genus.

The size homoplasy is still an issue even with the presented protocol. The similar works of Koopman
& Gort (2004), Gort et al. (2006), and Caballero & Quesada (2010) and our data provide evidence
that the probability of size homoplasy is closely related to the number of detected bands
(Supplementary Table 2 and Fig. 6). Several recommendations were published to address size
homoplasy. Often mentioned is the avoidance of small fragments that are less polymorphic and
more homoplasmic (Vekemans et al. 2002), but the proper minimal fragment size is difficult to
estimate. Papa et al. (2005) considered AFLP fragments larger than 75 - 80 bp as informative,
whereas Caballero et al. (2008) suggested that exclusion of fragments <125 bp could reduce the
level of size homoplasy by one-third. The difficulty of exact estimations is supported by our data
presented in Table 4 and Fig. 4, where minimal fragment size has a higher impact on some species
(Viscum album, Pinus pumila, and Triticum aestivum) but a minimal one for other species (Galanthus
nivalis, Gymnocalycium sp.). It is difficult to suggest an appropriate minimal fragment size even for

particular species, as we demonstrated for Viscum album. For Sbfl, the minimal fragment size of 125
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bp appears to be reasonable, whereas for Ascl, there is no reason to increase the minimal fragment
size over 100 bp.

In our case, it seems that AFLP reactions with more than 90 bands have a higher sensitivity to the
minimal fragment size with respect to size homoplasy, and it is efficient to remove fragments
shorter than 100 bp from the dataset. In contrast, for primer combinations that resulted in the
number of bands being lower than 50 and with a good fragment distribution, the loss of valuable
information is higher than the gain of decreasing size homoplasy when increasing the minimal
fragment size.

In addition to avoiding small fragments, there are other suggested approaches to reduce size
homoplasy that use fragments of a known map position that show Mendelian inheritance, at least in
a population used in mapping purposes (Vekemans et al. 2002). Another approach involves
increasing the number of selective nucleotides in the primers to reduce the number of fragments
per run and thus the probability of fragment co-migration (Caballero et al. 2008). Our optimisation
represents a much more efficient approach to reduce the number of fragments than the
aforementioned increase in the number of selective bases; therefore, it should also be more
efficient in reducing size homoplasy.

Caballero and Quesada (2010) advised that if the DNA sequence data of an organism are available, in
silico analysis is an indispensable tool to setup the appropriate design of AFLP analyses due to the
possibility of unequal fragment coverage for specific enzyme combinations over a studied genome.
Another recommendation based on an increase of size homoplasy with taxonomic range is that
studies of phylogeny using AFLP data are suited for closely related taxa (O'Hanlon & Peakall 2000),
while Meudt & Clarke (2007) recommended that, instead of avoiding tree-building, the splits graph
methods should be applied (NeighbourNet, split decomposition, and consensus and super
networks). Meudt & Clarke (2007) also suggest that AFLP data in combination with DNA sequences

can result in more robust phylogenies.
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The theoretical size homoplasy for Viscum album revealed an effect similar to the experimental
values (Table 4); higher size homoplasy was found with Sbfl combinations compared to Ascl
combinations, but the difference between Sbfl and Ascl was smaller for the experimental data. The
differences in fragment distribution accompanied by the impact on size homoplasy were reported
several times for theoretical, in silico and experimental AFLP data (Koopman & Gort 2004, Caballero
& Quesada 2010). Particularly, the random DNA sequence of a specific GC content does not reflect
the genome complexity of a living organisms, including intragenomic variability in GC content, coding
versus noncoding sequences, mobile insertions, methylation patterns, recombinatorial hot spots, or
hierarchies of repeats (Karlin et al. 1997, Caballero & Quesada 2010), which occupy approximately
65 % of the Viscum album genome (Nagl et al. 1983). The experimental data could exhibit higher size
homoplasy due to incorrect scoring or insufficient mobility resolution, or not all in silico fragments
can be amplified, therefore these fragments will not have experimental profiles, resulting in a lower
level of size homoplasy in the experimental datasets (Pompanon et al. 2005, Meudt & Clarke 2007,
Caballero & Quesada 2010).

Compared with a standard protocol (EcoRI/Msel), our optimised protocol generates data with great
informational value when applied to species with large genomes due to the detection of high
intraspecific variability and high levels of polymorphism between pairs of individuals (Table 5). As
expected, the variability was affected by the origin of the plant material that was collected from
different localities and, in the case of Viscum album, from different European countries. Despite high
pairwise genetic distances of the investigated samples, it was still possible to recognise an affiliation
of samples to particular populations. Significant differences between populations supported the
closer affinity of both Czech localities with genetic overlapping due to their insufficient spatial
separation and relatively long dispersal mode of spreading seeds by birds, while the Spanish
population was distinctly separated. On the other hand, the Triticum aestivum varieties had a very

small proportion of polymorphic bands, which is expected given the origin of the material.
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Compared to Fay et al. (2005), who used the enzyme combination EcoRI+Msel with six selective
nucleotides for species with genome size ranges up to 32 Gb, we detected only a limited number of
common fragments for all individuals of the same species. Moreover, the bands were well amplified
and distinguishable from background, even for the Viscum album samples (Fig. 1); not only did we
detect a decrease in genetic variability for the species with large genomes but the variability

reflected the heterogenic origin of the samples.

In comparison with previously published optimisations (Han et al. 1999; Remington et al. 1999; Costa
et al. 2000; Guan & Shiraishi 2011), the application of restriction enzymes that recognise 8-base pair
sequences followed by selective amplification with primers containing +6 selective bases (+3 per
primer) generates better analysable AFLP profiles with low background and less numerous but

stronger bands that are less affected by size homoplasy.
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Table 1. Primers and adapters

Sbfl-adapterl | 5-CTCGTAGACTGCGTAGGTGCA-3’

Sbfl-adapter2 5°-CCTACGCAGTCTAC-3’

Ascl-adapterl 5°-CTCGTAGACTGCGTACC-3’

Ascl-adapter2 5"-CGCGGGTACGCAGTCTAC-3’

Ascl+0 5’-GACTGCGTACCCGCGCC-3’
EcoRI+0 5°-GACTGCGTACCAATTC-3’
Sbfl+0 5"-GACTGCGTAGGTGCAGG-3’
Msel+0 5'-GATGAGTCCTGAGTAA-3’

Table 2. Genome sizes and ploidy levels of the analysed organisms (according to Bennett & Leitch

(2012) and Repka R. & Koutecky P. (unpublished data))

Ploidy | Genome size
Species level 1C (Gb) Original data source

Viscum album 2n 74.3 Marie and Brown 1993
Galanthus nivalis 2n 35.3 Bennett and Leitch 2011

Pinus pumila 2n 27.4 Joyner et al. 2001

Triticum aestivum 6n 17.4 Bennett and Leitch 1995
Gymnocalycium sanluisense 6n 6 Repka & Koutecky, unpublished data
Gymnocalycium nataliae 4n 4.1 Repka & Koutecky, unpublished data
Gymnocalycium lukasikii 2n 2 Repka & Koutecky, unpublished data
Carex panicea 2n 1 Grime et al. 1985
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Table 3. The average number of amplified fragments. Data were calculated using the primer

combinations of Sbfl+3/Msel+2 and Ascl+3/Msel+2, Sbfl+3/Msel+3 and Ascl+3/Msel+3, and

Sbfl+3/Msel+4 and Ascl+3/Msel+4 for columns +5, +6, and +7.

Species Number of detected fragments | Fragment reduction

+5 +6 +7 between +5 and +6
Viscum album Ascl 129 44 - 3411 %
Viscum album Sbfl 136 51 49 37.50 %
Galanthus nivalis Sbfi 59 19 - 31.20%
Pinus pumila Sbfl 125 45 43 36.00 %
Triticum aestivum Sbfl 94 29 - 30.85 %
Gymnocalycium sanluisense Sbfl 50 14 - 28.00 %
Gymnocalycium nataliae Sbfl 46 13 - 28.26 %
Gymnocalycium lukasikii Sbfl 36 10 - 27.78 %
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Table 4. The observed size homoplasy, as calculated for Sbfl+3/Msel+2 and Ascl+3/Msel+2 by

comparisons with combinations containing one additional selective base (A, T, C, or G) in the Msel

primer. The +6 columns (primers Sbfl+3/Msel+3 and Ascl+3/Msel+3) indicate the number of

fragments that were detected in 1, 2, 3 or all 4+6 primer combinations.

Species Number of detected fragments Size homoplasy
+5 +6 Minimal fragment size (bp)
Ix | 2x | 3x | 4x 50 80 100 125
Viscum album Sbfl 136 | 82 | 42 9 3 1399%(37.1%|355%|33.6%
Viscum album Ascl 129 | 94 | 28 5 3 |274%(263%|24.2%|24.6%
Galanthus nivalis Sbfl 59 | 43 | 14 2 0 [26.5%(263%|25.0%|25.3%
Pinus pumila Sbfl 125 | 83 | 31 7 4 133.7%(30.7%|29.5%|27.1%
Triticum aestivum Sbfl 94 | 76 17 2 1 [197%|17.8%|14.5%|13.5%
Gymnocalycium sanluisense Sbfl 50 | 45 4 1 1 92% | 7.8% | 7.1% | 7.8 %
Gymnocalycium nataliae Sbfl 46 | 36 5 0 0 |99% | 89% | 69% | 82%
Gymnocalycium lukasikii Sbfl 36 | 33 2 1 0 |85% | 79% | 7.1% | 4.1%
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Table 5. Intraspecific variability in several species with large genomes. AFLP was performed using the

Sb1+ACG primer with the Msel primer listed in the table.

Species No. of Msel Percentage of Pairwise genetic
samples primer polymorphic bands distance
Viscum album® 29 Msel+CCA 97.0% 40.0 %-84.4 %
Viscum album® 29 Msel+CCT 96.9 % 41.7 %-85.7 %
Galanthus nivalis* 8 Msel+CTG 65.0 % 18.2 %-53.3 %
Galanthus nivalis* 8 Msel+CCA 84.2 % 36.1 %-66.7 %
Pinus pumila1 8 Msel+CTT 98.1% 42.2 %-90.7 %
Pinus pumila1 8 Msel+CCT 97.8% 36.8 %-94.5 %
Triticum aestivum 8 Msel+CTA 27.7% 0.0 %-21.0%
Triticum aestivum 8 Msel+CCT 37.7% 0.0 %-28.6 %

'To eliminate errors, data for each sample were generated from two independent experiments
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Fig. 1. Effects of the restriction enzymes applied to Viscum album and Pinus pumila:

(a) EcoRI+ATT/Msel+CGG Viscum album
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(b) SbI+ACG/Msel+CTG
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(d) EcoRI+ACG/Msel+CCA Pinus pumila
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The electrophoretic profiles generated with different combinations of restriction endonucleases. a)
EcoRI+ATT/Msel+CGG, b) Sbfl+ACG/Msel+CTG, and c) Ascl+ACG/Msel+CTG show the profiles from

Viscum album; d) EcoRI+ACG/Msel+CCA and e) Sbfl+ACG/Msel+CCA show the profiles from Pinus

pumila.
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Fig. 2. The positive effect of adding a higher polymerase concentration
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Electrophoretic profiles of Triticum aestivum were generated with Sbfl and Msel. a) The profile after
selective amplification with the Sbfl+ACG/Msel+CT selective nucleotides; b) the profile produced
using the SbA1+ACG/Msel+CT selective nucleotides and a 2-fold higher concentration of polymerase

in the selective amplification.
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Fig. 3. The effect of different conditions on reproducibility
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figure is representative of the level of reproducibility of the different variants.

This article is protected by copyright. All rights reserved.




Fig. 4. The impact of minimal fragment size on size homoplasy
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Fig. 5. The

relationship between

size homoplasy and the number of fragments with

Sbfi+ACG/Msel+2 for two different Msel primers with the selective bases CC and CT
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Fig. 6. The relationship between size homoplasy and genome size for 2 different Msel primers with

the selective bases CC and CT
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Fig. 7. Ordination plot using AFLP data for Viscum album samples showing the separation of samples
from 3 different populations, specifically, 2 geographically very close regions (Lednice and Bulhary)
and 1 geographically distant region (Spain). Points (small circles) represents samples, solid grey lines
(spider plot) are connecting samples from the same population. AFLP data were obtained using the

AFLP protocol optimised for large genomes.
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in the Czech Republic and Slovakia? — Preslia 86: 367-379.

At two sites in the Czech Republic and Slovakia we found plants morphologically intermediate
between Carex flacca subsp. flacca and C. tomentosa. Here we present the results of morphological
and molecular analyses conducted to test whether these plants are the putative hybrid C. xdanielis
(C. flacca subsp. flacca x C. tomentosa). The results revealed a conflict between the morphological
characters and molecular markers. Although morphological characters show combinations of charac-
ters of the supposed parents and some intermediate characters, molecular markers (ITS, AFLP,
trnL-F) indicate that the putative hybrid clearly belongs to one of its presumed parents, C. flacca
subsp. flacca. These results refute reports of this hybrid occurring in the Czech Republic and
Slovakia.

Keywords: AFLP, Cyperaceae, Czech Republic, Carex xdanielis, Carex flacca subsp. flacca,
Carex tomentosa, ITS, Slovakia, trnL-F

Introduction

The genus Carex is taxonomically quite difficult due to the morphological similarities of
its representatives, with some taxa having wide intraspecific morphological variability and
interspecific hybridization occurring relatively frequently (Stace 1986, Kukkonen &
Toivonen 1988). From an historical perspective, there has been an increase in the recogni-
tion of Carex hybrids because of increased exploration of the genus (Cayouette & Catling
1992). Thus, for Europe, Focke (1881) cites 24 Carex hybrids and only ~20 years later,
Ascherson & Graebner (1902) 96 hybrids. Kiikenthal (1909), in the first world monograph
on this genus, includes 141 hybrids, seven of which are newly described. The number of
hybrids has continued to increase up to the present, with Koopman (2011) citing 300
Carex hybrids in Europe, of which 174 have binomial names and the other 126 are only
represented by hybrid formulae. There are a significant number of Carex hybrids in the
world’s floras; however, most of them are concentrated in only a few sections of the genus,
primarily sections Ceratocystis, Glareosae, Paludosae, Phacocystis and Vesicariae
(Cayouette & Catling 1992). In the Czech Republic, 29 hybrids are documented by her-
barium specimens and another 66 only cited in the literature. The highest numbers of
Carex hybrids in the Czech flora are found in sections Ceratocystis and Phacocystis. Some
hybrids in these sections are the most frequent nothospecies in the Czech Republic
(C. xalsatica Zahn and C. xturfosa Fr.; V. Grulich & R. Repka, unpublished data).
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In the present paper, we investigate whether plants that we collected in the Czech
Republic and Slovakia that are morphologically intermediate between C. flacca and
C. tomentosa are in fact hybrids of these two species. Only a few publications mention the
hybrid C. flacca Schreb. x C. tomentosa L. Carex glauca x tomentosa is presented with
a question mark in Ascherson & Graebner (1902), who state that Briigger, Kneucker and
Kiikenthal found this hybrid near Ziirich, Karlsruhe and Coburg. Kiikenthal (1890) gave
the hybrid C. glauca x C. tomentosa the binomial name C. xbriickneri. Subsequently, Kiiken-
thal (1909) does not refer to C. xbriickneri and only states in an endnote to C. glauca that
the hybrid with C. fomentosa is dubious; Koopman (2011), much later, considers C. xbriick-
neri to be synonymous with C. tomentosa. Léveillé (1912) gave the combination C. glauca
x C. tomentosa the binomial name C. xdanielis. The protologue for C. xdanielis H. Lév. is
very short and provides only the following information: “vegetative parts like C. glauca;
bluish perigynia, spikelets and perigynium hairs like C. tomentosa; locus classicus
Mayenne: Saulges, road to Cossé” (Léveillé 1912). Despite the conciseness of the
protologue it appears that the plant described had vegetative organs resembling those of
C. flacca, but with perigynia and spikelets resembling those of the other parental species,
C. tomentosa.

More recent European floras or keys either do not mention this hybrid (e.g. Lucefio
1994, Egorova 1999, Ciocarlan 2000, Jermy et al. 2007, Fischer et al. 2008, Kiraly 2009)
or only repeat Léveillé’s description of the hybrid in France. Finally, Koopman (2011) lists
C. xdanielis among accepted nothospecies and presents a distribution map that indicates it
occurs in four European countries: France and Belgium (based on Lambignon et al. 1992,
1998), Czech Republic (based on R. Repka, pers. comm.) and Estonia (based on Kuusk et
al. 2003). The existence of the hybrid C. xdanielis is also mentioned in the manuscript of
Vol. 9 of the Flora of the Czech Republic (V. Grulich & R. Repka, unpublished) and
Danihelka et al. (2012) include it in the checklist of the Czech flora.

Classification based only on morphology cannot represent all genetic relationships and
similarities (Schmid 1983). Moreover, in the case of Carex, morphological studies of the
C. flava group have revealed variation in morphological characters that cannot be
explained exclusively in terms of genetic variation or hybridogenous introgression
(Blackstock & Ashton 2010). In addition, some of the characters traditionally used in
genus Carex may also be environmentally induced (Schmid 1983, Hedrén 1998, Black-
stock & Ashton 2010). More generally, in recent decades, the issues of intermediate phe-
notypes and high phenotypic variability have been subjects of extensive taxonomic discus-
sion (Hedrén 1998, van Droogenbroeck et al. 2006, Lihova et al. 2007, Korpelainen et al.
2010, Jimenés-Mejias etal. 2011, 2014). Therefore, a combination of morphological stud-
ies and molecular techniques is a useful way of addressing taxonomic and phylogenetic
questions, especially those related to hybridization (Blackstock & Ashton 2010). In vascu-
lar plants, molecular markers have proved to be reliable in determining hybrid status, with
the AFLP (amplified fragment length polymorphism) technique successfully used to iden-
tify hybrid origins of populations in such genera as Salix (Beismann et al. 1997), Aconitum
(Suh et al. 1997), Magnifera (Teo et al. 2002) and Schoenus (Scotti et al. 2002).

Combinations of different molecular markers, e.g. AFLP, ITS (internal transcribed
spacer), cpDNA and mtDNA markers with morphometric or cytological data appear to be
especially useful for identifying hybridization and interspecific gene flow (Scotti et al.
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2002, Kaplan & Fehrer 2004, 2006, 2009, van Droogenbroeck et al. 2006, Lihova et al.
2007, Kaplan et al. 2009, Galbany-Casals et al. 2012).

In the genus Carex molecular markers have been used in some research on hybridiza-
tion. Based on AFLP data for Carex sect. Phacocystis Nakamatte & Lye (2007) suggest
that C. bigelowii subsp. rigida W. Schultze-Motel is either a separate species or potential
hybrid. A combination of AFLP and restriction-site data revealed that genetic variation in
C. hirsutella Mack. is relatively high and that it is possibly a consequence of gene flow
between this species and one or more other species (Smith & Waterway 2008). In another
publication, ITS sequences are used to support the idea that C. paleacea Wahlenb. x
C. recta Boott includes genes from more species than the previously supposed parental
species (Korpelainen et al. 2010). Notably, Jiménez-Mejias et al. (2011) reject inter-
specific hybridization and subsequent clonal reproduction as the source of the individuals
they studied from Carex sect. Phacocystis. Indeed, it is suggested that dissimilarities in
morphological and genetic variation e.g. in Cardamine polyploids (Lihova et al. 2007) or
Carex sect. Phacocystis (Jiménez-Mejias et al. 2011) need to be reevaluated in the case of
taxonomic assignments relying only upon morphological features.

In 2010, we identified a total of 11 plants from two localities that were morphologically
intermediate between C. flacca and C. tomentosa. These plants were morphologically ana-
lysed, and showed several intermediate or aberrant (unique) characters. Here we test the
hypothesis that plants in the Czech Republic and Slovakia morphologically intermediate
between these two Carex taxa are the hybrid C. flacca x C. tomentosa (C. cf. x danielis).
We do this by examining both the morphological evidence for the hybrid status of such
specimens and conducting molecular studies to compare the presumed hybrid and parental
taxa.

Materials and methods
Material

In total, we studied 12 populations (four C. flacca, four C. tomentosa and four C. cf.
xdanielis) at two localities in the Czech Republic and Slovakia at which we had collected
putative hybrids. The presumed hybrid plants collected at the Czech locality (Nevojice)
came from three micropulations (polycormons). We only used 1-11 specimens from each
population (see Table 1 and Electronic Appendix 1) as there was little material available.
In addition, we incorporated the morphological data of the parental species used in species
descriptions of 40-93 specimens collected from the whole of the country in a manuscript
submitted to the Flora of the Czech Republic. All the vouchers studied were deposited in
the BRNL herbarium unless specified otherwise.

Samples dried using silica gel were used for the molecular analyses (Table 1). To iden-
tify species-specific markers, the samples for molecular analyses were selected to detect
maximum intraspecific variability; therefore, we used samples not only from the two loca-
tions in the Czech Republic and Slovakia but also from geographically independent areas
(Bulgaria and Romania). We also successfully used 30-yr old C. xdanielis herbarium
material in the ITS analyses (C. cf. xdanielis4 — 1984 Sutory, BRNM, see Table 1).
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Table 1. — List of the specimens of Carex used in the morphological and molecular analyses. Samples were used
for M — morphological analyses, C — chloroplast sequencing, I — ITS sequencing, A — AFLP genotyping.

Taxon

Analysis Locality

C. flacca subsp. flacca (1a)

C. flacca subsp. flacca (1b)

C. flacca subsp. flacca (1c)

C. flacca subsp. flacca (2)

C. flacca subsp. flacca (3)

C. flacca subsp. flacca (4)

C. flacca subsp. erythrostachys

C. tomentosa (1a)

C. tomentosa (1b)

C. tomentosa (1¢)

C. tomentosa (2)

C. tomentosa (3)

C. cf. xdanielis (1)

C. cf. Xdanielis (2)

C. cf. xdanielis (3)

C. cf. xdanielis (4)

MCIA

MCIA

A

MCIA

MCIA

MCIA

MCIA

MCIA

MI

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley about 2.5 km N of the village, 294 m a.s.1.;
GPS 49°08'54.2" N, 17°02'08.4" E

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley about 2.5 km N of the village, 294 m a.s.l.;
GPS 49°08'54.8" N, 17°02'09.0" E

CZ, southern Moravia, Nevojice, grassy slope at end of valley
about 2.5 km N of the village, 300 m a.s.1. (1984 Sutory, BRNM)

CZ, White Carpathians, Velka nad Velickou, subxerophilous
grassland in Zahrady pod Hijem Nature Reserve, E of the village,
356 m a.s.l. GPS 48°53'23.0" N, 17°31'84.0" E

SK, White Carpathians, Chvojnica — MartiSovci settlement, moist
spring area directly above the uppermost house in the settlement,
440 m a.s.l., GPS 48°4723.7" N, 17°2423.7" E

CZ, southern Moravia, Brno-LiSen, on bank of reservoir in
Marianské adoli valley, 2.3 km NE of the town hall (2006 Hralova
& Bures, BRNU), 250 m a.s.l., GPS 49° 13'14.8" N, 16° 42'49.4" E

BG, Varna, Emona (near Cape Emine), undergrowth of
thermophilic oak forest above sandy beach, Irakli, 2.5 km N of the
cape, 8 m a.s.l., GPS 42°44'60.8" N, 27°53'42.0" E

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley about 2.5 km N of the village, 294 m a.s.l.,
GPS 49°08'54.2" N, 17°02'08.4" E

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley about 2.5 km N of the village, 294 m a.s.1.,
GPS 49°08'54.8" N, 17°02'09.0" E

CZ, South Moravia, Nevojice, grassy slope at end of valley about
2.5 km N of the village, 300 m a.s.1., (1984 Sutory, BRNM)

SK, White Carpathians, Chvojnica — settlement named
MartiSovci, moist spring area directly above the upper house in
the settlement, 440 m a.s.1., GPS 48°4723.7" N, 17°24'23.7" E

ROM, Banat, Sfanta Elena, Quercus cerris forest, 300 m from the
village, 355 m a.s.l., GPS 44°40'89.0" N, 21°22'39.0" E

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley N of the village, first population, 298 m a.s.1.,
GPS 49°08'54.2" N, 17°02'08.4" E

CZ, southern Moravia, Nevojice, subxerophilous grassy slope at
end of valley N of the village, second population, 50 m from (1),
292 m a.s.l., GPS 49°08'54.8" N, 17°02'09.0" E

SK, White Carpathians, Chvojnica — MartiSovci settlement, damp
spring area, directly above the uppermost house in the settlement,
440 m a.s.l., GPS 48°4723.7" N, 17°2423.7" E

CZ, southern Moravia, Nevojice, grassy slope at end of valley
about 2.5 km N of the village, 300 m a.s.1. (1984 Sutory, BRNM)
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Morphological study

The herbarium specimens of the presumed hybrid and its parent species, C. flacca and
C. tomentosa, were used to measure 12 quantitative features (stem height and diameter,
length and width of leaves, length of inflorescence, length of lower bract, length and width
of male spike, length and width of female spike, number of female spikes, length of
peduncle of female spike, length of female glume, length and width of perigynium, and
length of perigynium beak) and 10 qualitative features (type of rhizome, leaf colouring,
male spike: shape and colour, female spike position, perigynium shape and colour,
perigynium hairs, perigynium beak features, fertility). The plants from populations
labelled as “presumed hybrid” were preliminarily identified as C. cf. xdanielis based on
the following characters: shape and position of female spikes, length of female spike
peduncle, size of perigynium, type of perigynium hairs and fertility. The material was
studied using a ruler and binocular microscope.

Molecular analysis

DNA was isolated using the DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s
protocol. PCR was performed using MyTaq polymerase (Bioline) and primers ITS3i (5°-
GCATCGATGAAGAACGTAGC-3’) and ITS4i (5’-GGTAGTCCCGCCTGACCTGG-3)
(ITS2 region) with the following reaction conditions: 35 cycles of 94 °C for 30 s, 58 °C for
30 s, and 72 °C for 50 s. Subsequent sequencing on a ABI 3730x] DNA Analyser (Applied
Biosystems, Forster City, USA) without PCR sub cloning was used to detect both geno-
types of the parental species by presence of double or multiple signals at polymorphic
bases in samples of the presumed hybrids. The #rnL-F region was amplified using primers
c and f (Taberletet al. 1991). The modified PCR conditions are those previously described
by Repka & Mracek (2012). DNA sequence alignments were performed in Bioedit version
7.0.9.0 (Hall 1999).

The AFLP technique was performed according to Vos et al. (1995) with minor modifi-
cations. The first reaction, comprising restriction and ligation, was performed with 200 ng
of DNA. The preselective amplification used the primers EcoRI-A/Msel-C. Selective
amplification was performed using EcoRI-ACG-FAM/Msel-CGG, EcoRI-ACG-
NED/Msel-CCA, EcoRI-ATT-FAM/Msel-CGA and EcoRI-ATT-FAM/Msel-CGG primer
combinations. Fragments were separated on an ABI PRISM 3100 Avant Genetic Analyser
and ABI 3730x1 DNA Analyser using the GS-500 LIZ size standard. Fragments were ana-
lysed using GeneMapper v. 4.1 (Applied Biosystems, Forster City, USA). AFLP markers
were scored in the range of 50-500 bp. A matrix (1 = present; 0 = absent) was created in
which only well-separated fragments were scored. Reproducibility of AFLP data was
determined using independently analysed redundant samples. Species-specific markers
for both taxa were selected based on the following criteria: species-specific markers were
fragments present in all samples of a respective parental species and absent in those of the
other species. To analyse molecular variation in samples of Carex, principal component
analyses (PCA) was applied to AFLP data, using the program PAST ver. 3.02a (Hammer
et al. 2001).
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Results
Morphology

The plant found at Chvojnica (C. xdanielis3) had characters indicating it was intermediate
in its morphology between C. flacca subsp. flacca and C. tomentosa. The vegetative
organs (slenderness of plant and gracility of these organs) and quantitative characteristics
of the reproductive organs generally placed the plant between the assumed parent species,
but some of them, e.g. short upright spikelets in short inflorescence, short peduncles and
small perigynium, placed the potential hybrid plant at the edge of the variation of C. flacca
subsp. flacca (hereinafter referred to as C. flacca) (Electronic Appendix 1). Moreover, the
surfaces of the perigynia were covered with papillae, as is common in C. flacca. Achenes
in the perigynia were fully developed.

Most of the presumed hybrid plants from Nevojice had vegetative characters resem-
bling those of one of the parents (C. flacca), but differed from it mainly in terms of the
characteristics of the reproductive organs. The herbarium material collected by K. Sutory
in 1984 (C. xdanielis4) includes plants that had narrow leaves, short inflorescences with
short bracts, shortened spikelets on erect upright peduncles, short perigynia, obovate and
more bloated with relatively dense covering of papillae, all suggestive of hybrid status, but
in other characters matched the presumed parental species C. flacca. One of these plants
was sterile and the surface of the perigynium was densely covered with wide-based hairs.
In this character it resembled C. tomentosa, which has perigynia that are commonly very
thickly covered with long whitish yellow hairs, which in some specimens are wider and
flatter at the base; their tips are straight or turned upwards. In contrast, C. flacca plants
have perigynia covered with separate white erect hairs or, in some specimens, much
smaller dense papillae on the upper half. Also, perigynia of C. flacca commonly have
papillae, both on the surface and at the edges; the surface is glossy or matt. However, some
also have finger-shaped hairs without a wide base, only 0.1 mm long, and are minutely
papillose or scabrid (as obvious from our extensive studies of Czech and Slovak herbarium
material of this species).

One micropopulation at Nevojice (C. cf. xdanielis1) had rhizomes very similar to those
of C. tomentosa, although the generative organs corresponded mainly to those of C. flacca.
These plants also had much shorter, upright female spikelets on short peduncles, with
maturing achenes. This micropopulation contained a single sterile plant; it also included
a plant that had perigynium beaks resembling those of C. fomentosa. Another Nevojice
micropopulation (C. xdanielis2) was intermediate in having a short inflorescence and
short erect female spikelets on short peduncles and bracts shorter than the inflorescences.
The hybrid origin of the material from this micropopulation was, however, also supported
by a single sterile plant.

Besides other intermediate features and plant sterility, the type and density of the hairs
on the perigynium were the most significant features suggesting that these plants were
hybrids (see Electronic Appendix 1).

Molecular markers

The results of the analysis of the t7nL-F region (Fig. 1) clearly identified C. flacca as the
maternal species, because in angiosperms the chloroplast genome is inherited maternally
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Fig. 3. — Species-specific AFLP markers for Carex flacca and C. tomentosa and their presumed hybrid.

(Rebound & Zeyl 1994). The ITS region is a nuclear multicopy region that is inherited
biparentally. The alignment of the ITS2 region (Fig. 2) revealed only the genotype of C. flacca
in samples of the presumed hybrid (C. cf. xdanielis).

The AFLP data were obtained using four primer combinations. The use of 33 redundant
samples indicated the reproducibility was 99.3%. From 241 scored fragments we selected
30 species-specific loci, fragments of which were present in all samples of one of the parent
species, but absent in the other. The same genotype as C. flacca was found at all loci of one
sample of the presumed hybrid taxon (C. cf. xdanielis) and in 29 of 30 loci of another two
samples (Fig. 3). The PCA plot includes the presumed hybrid in the group of C. flacca sam-
ples, with the samples of C. fomentosa placed in a distinct group (Fig. 4). The first and sec-
ond coordinates of the PCA explain 39% and 13% of the variation in the AFLP dataset,
respectively. We may conclude that the AFLP data do not support the hypothesis of a hybrid
origin of the samples identified as the presumed hybrid (C. cf. xdanielis).
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Fig. 4. — PCA plot of Carex flacca and C. tomentosa individuals and their presumed hybrid.
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Discussion

The morphological and molecular analyses provided very different answers regarding the
status of the presumed hybrid C. cf. xdanielis. The morphological analysis indicated that
samples of the assumed hybrid C. cf. xdanielis have combinations of characters of the sup-
posed parents as well as some intermediate characters. Besides the previously mentioned
sterility of some plants, the hairs on the perigynium of one plant from the Nevojice site
(described above) showed an influence of C. fomentosa, even though the vegetative character
of C. flacca predominated in these plants. Also the fertility of plants, as recorded for the
material from Chvojnica, cannot be used as an argument to reject the hybrid origin of this
plant material (Galbany-Casals et al. 2012), because in some Carex sections (e.g.
Phacocystis) there are partially or completely fertile hybrids (Faulkner 1972, Jermy et al.
2007). However, contrary to the morphological analysis, the molecular evidence fully sup-
ports the conclusion that the material belongs to C. flacca. AFLP analyses provided 30
species-specific fragments, which indicated that the samples of C. cf. xdanielis have a pat-
tern identical or in two samples nearly identical to C. flacca (Fig. 3). The variability is for
one locus per sample, which can be explained as intraspecific variability previously unde-
tected in C. flacca due to the limited number of samples and collection sites. Moreover, the
PCA plot (Fig. 4) of AFLP genetic variation shows no differentiation between the C. cf.
xdanielis and C. flacca samples.

Other studies of putative hybridization in the genus Carex have shown both agreement
and disagreement between morphological and genetic-marker analyses. Thus, for one popu-
lation of the C. flava group (Blackstock & Ashton 2010), the two approaches produced simi-
lar results, whereas in another two they were not similar or enigmatic. Our results, refuting
hybridization and documenting higher morphological variation in C. flacca, are similar to
those for Carex sect. Phacocystis (Jiménez-Mejias et al. 2011). Indeed, these authors sug-
gest that the low contribution of hybridization to overall genetic variation means that the fre-
quency of hybridization has been overestimated. They thus explain the previously reported
putative hybrid zones of members of Carex sect. Phacocystis as representing wider than
expected morphological variation rather than a result of hybridization (Jiménez-Mejias et al.
2011).

Based on our results, the reported occurrences of the hybrid C. cf. xdanielis in the
Czech Republic (see Danihelka et al. 2012) and western Slovakia are refuted, as the plants
originally identified as C. cf. xdanielis in fact belong to C. flacca. This is not to say, how-
ever, that it is impossible for the putative parental species C. flacca and C. tomentosa to
have hybridized anywhere in Europe. In fact, both of these species occur in the same habi-
tats, sub-Atlantic and sub-continental broad-leaved dry grasslands (alliances Bromion
erecti and Cirsio-Brachypodion) growing on heavy calcareous tertiary sediments (Novak
& Chytry 2007), and the two taxa meet across a wide area from Great Britain to eastern
and south-eastern Europe (see Meusel et al. 1965). They not only overlap broadly in terms
of geographical distribution and habitat, but also phenologically, which creates opportuni-
ties for hybridization. Moreover, although C. flacca and C. tomentosa are phylogeneti-
cally rather distant, as shown by differences in chromosome numbers (76 and 48, respec-
tively; Rotreklova et al. 2011) and genome size (1.06 and 0.44 pg, respectively; Lipnerova
et al. 2013), hybridization in the subgenus Carex has occurred between sections recog-
nized as quite distant based on both morphology (Egorova 1999) and molecular data
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(Hendrichs et al. 2004). Importantly, we have not genetically analysed any putative C. cf.
xdanielis from sites outside the Czech Republic and Slovakia. Nevertheless, the results
based on our samples raise the question of whether other putative specimens of this hybrid
from elsewhere are indeed hybrids.

Our study reaffirms the importance of the conclusions of Lihova et al. (2007) that rely-
ing only on morphological characters can be misleading and insufficient for the identifica-
tion of hybrids, for which it is necessary to use modern molecular methods (i.e. markers).
Our results also demonstrate that the morphological variability of putative parents (in our
case C. flacca) is often insufficiently studied and the variation of taxonomically important
characters poorly described. This can lead to specimens being incorrectly designated as
products of hybridization when characters of these plants fall outside the described varia-
tion. Our findings also suggest that the frequency of hybrids in Carex can be much smaller
than is generally recognized, with further research needed to reveal how many of the ~300
European hybrids reported by Koopman (2011) are genuine hybrids. Verification of
hybridization events and genetic introgressions using multiple approaches are important
for a better explanation of the morphological and genetic variation in the genus Carex.

See www.preslia.cz for Electronic Appendix 1
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Souhrn

Na jedné lokalité v Ceské republice a na jedné na Slovensku byly nalezeny pfechodné morfotypy mezi druhy Ca-
rex flacca a C. tomentosa. Po analyze morfologickych znaku (12 kvantitativnich a 10 kvalitativnich) byly tyto
rostliny uréeny jako pravd&podobny hybrid C. xdanielis Léveillé, takto publikovany v checklistu flory CR a uve-
deny s popisem v rukopisu 9. dilu Kvéteny CR. V tomto Glanku jsou prezentovany protichfidné vysledky z morfo-
logické i molekuldrni analyzy tohoto rostlinného materialu z obou lokalit. A¢ nékteré morfologické znaky, prede-
v§im na generativnich organech, ukazuji na intermediaritu (nebo vyjime¢né i unikatnost znaku) mezi obéma dru-
hy, pouzité molekularni markery (ITS, AFLP, trnL-F) jasn¢ dosvédcuji, Ze material z obou lokalit patii k jednomu
z predpokladanych rodicovskych druht, C. flacca. Na zékladé naSich vysledki musime kiiZence C. xdanielis
z checklistu CR odstranit a podobng vylougit jeho existenci na dosud jediné zndamé lokalité na Slovensku. Tyto
vysledky maji dopad pouze na populace dvou lokalit v obou statech a nefikaji zatim nic o tom, zda tento hybrid je
vibec v piirodé redlny a zda jsou udaje o jeho existenci na Gzemi nékterych evropskych stati relevantni.
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Abstract

In this study we assessed relationships betweeasragwtativeCarex hybrids and their
parents. These genetic relationships were testednrbinationsC. acutiformis andC.
nigra, C. paniculata and C. echinata, C paniculata and C. appropinquata, C.
caryophyllea and C. fritschii using microsatellite and AFLP data. We have detect
significant genetic differentiation between taxoairp, except forC. acutiformis, C.
appropinquata and the putative hybrids. In combinatidd paniculata with C.
appropinquta, we detected the lowest genetic distance, possiby to the close
relationship of these parental taxa. From the fmsted combinations, only Q.
paniculata x echinata was visible genetic intermediary. The sampesmoravica had
unique microsatellite allelic composition in compan with their putative parents and
presumably employed another source of genetic mhturing their formation. Our
data also demonstrate that molecular markers aengal for most of systematic

studies especially for hybrid problematic.

Introduction

Hybridization is a common phenomenon in vasculantd (Mallet 2005) with great

importance in plant speciation (Barton 2001). Astedd Mallet (2005), at least 25% of
plant species hybridize with other species. Theueacy of interspecific hybrids is
influenced by pre- and postzygotic isolation meadras (Yakimowski & Rieseberg

2014) which can facilitate the accumulation of gendifferences between populations
(Rieseberg & Willis 2007). It is supposed that hgisation does not always lead to
morphological intermediary of hybrids (Mallet 200BRjeseberg & Ellstrand 1993

rewieved in Rieseberg 1995). Hybrids can exhilaittgrintermediate, parental, but also
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extreme or new (Rieseberg 1995). They also can g@nthaits of both parent or show

transgressive traits which allow them ecologicadtidctiveness (Paun at al. 2009).

Natural hybridisation supports adaptation, spemmaéind play as an important source of
genetic variability due to new combinations advgatais/favourable genes (Paun et al.
2007).

There are two ways of hybrid speciation describechemoploid and polyploid
hybrid speciation (Paun et al. 2007). AccordindPtun et al. (2009), if the divergence
between pair of individuals is greater than threerters, then arise polyploids and vice
versa. In homoploid hybrids may occur also intregien, which involves back-
crossing of newly formed hybrid with one of the graal species (Rieseberg & Willis
2007). Introgression further complicates hybrid nidfecation and due to the
backcrossing is the identification of homoploid hgls underestimated, because the
hybrids cannot be reveal easily in the nature (bitet al. 2003).

Hybridisation presents a source of genetic vamatioand promotes plant
diversification. Hybrids do not have to be morplgially intermediate, due not only to
introgression or the changes in gene expressicaterklto genome reorganisation
(DeBodt et al. 2005, Paun et al. 2009). Not alli fitew with the same frequency
between species. It depends on linkage strengtimeoioci, which can contribute to
different phenotypic appearance (Mallet 2005). Thiuld succour not only to
adaptability but also to diversification. Anothlirtg complicating hybrid identification
is weak correlation between molecular markers andntitative traits caused by
different major selective forces (Reed & FrankhdD).

Hybridisation also occurs in the gen@Garex L. and this complicates the already
complex taxonomic classification. The gerCexrex, with approximately 2000 species,

is the largest and most widespread genu€ygeraceae (Reznicek 1990)Species of
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this genus are ecologically important componentganious habitats (Yen & Olmstead
2000, Hipp et al. 2006, Waterway et al. 2009).

Evolutionary relationships in this species-rich gemare not fully understood, due
to several characteristic features: slight diffeemnin vegetative morphology of many
species (Cattling et al. 1990, Reznicek 1990), ceduflowers (Reznicek 1990),
intraspecific variability (Stenstrom et al. 2002p36ar et al. 2012), presence of
holocentric chromosomes associated with agmatoplaiod symploidy (Lucefio &
Guerra 1996), accompanied by chromosomal fissi@hfasion resulting in changes in
chromosome number (Hipp et al. 2009) without sutigthchanges in DNA content
(Rotreklova et al. 2011). The chromosomal changgs become stabilised trough
backcrossing or selfing (Escudero et al. 2010). aAnsequence of all these events
there are great differences of inter- and intragjgechromosome numbers from= 6
ton= 66 (Tanaka 1949) and these changes could affeaspecific variability (Hipp et
al. 2009)or Carex speciation (Hipp et al. 2009, Escudero et al. 20H@)pridisation is
another important phenomenon in geQasex, more frequently occurs within sections
than among sectiongWronska-Pilarek et al. 2010). There are many desdr
interspecific hybrids worldwide, e.g. Koopmen (2D#lelineated 30€arex hybrids in
Europe. Most of hybridization events belong to omsBveral sectionsCeratocystis,
Phacocystis, Vesicariae within subgenus Carex and Heleonastes, Vulpinae,
Heleoglochin in subgenu¥ignea (Wieclaw & Wilhelm 2014).

The aim of this study is to uncover background ofphological variability that is
often explained as a hybridisation event or as mimaspecific variances. The
investigation of putativeCarex hybrids can contribute to understand of complicate
taxonomic relationships in this genus. We have stigated samples . acutiformis

(Paludosae) and C. nigra (Phacocystis), C. paniculata (Heleoglochin) and C.
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appropinquata (Heleoglochin), C. paniculata (Heleoglochin) and C. echinata
(Sellulatae), C. caryophyllea (Mitratae) andC. fritschii (Atratae) and individuals that
show morphological intermediary/parental traits wesn them using AFLP and

microsatellite data.

Material and methods
Plant material and DNA extraction
For analysis it was used plant material from speCieacutiformis, C. appropinquata,
C. caryophyllea, C. echinata, C. fritschii, C. nigra, C. paniculata and their putative
hybrids. Each parental taxon is represented by fmmples in this study. Detailed
information about the origin of samples can be tbumSupplementary table 1.

Total genomic DNA was isolated from the young l&éasue using the DNeasy

Plant Mini Kit (Qiagen, Netherlands, Venlo).

Molecular markers

a) AFLP protocol

The AFLP reactions were performed according to ¥bal. (1995). Restriction and
ligation were performed simultaneously, 0.5 pgageic DNA was incubated 3h at
37°C in 20-pl reaction volume with 2.&EcoRI (New England Biolabs, USA,
Massachusetts, Ipswich), 2.5Msel (New England Biolabs), 15 pg of BSA, 50 pmol
Msel adapter (Vos et al. 1995), 5 pniétoRI adapter (Vos et al. 1995), 80 NEB U of
T4 DNA ligase (New England Biolabs), 1x CutSm¥rBuffer (1x NEB2 Buffer for
EcoRI), and 1 mM ATP. The reaction mixture was thelutédd 20-fold in Tk buffer

(10 mM Tris-HCI, 1 mM EDTA, pH 8.0).



118 The preamplification reaction mixture was composafd 0.5 U Taq DNA
119  polymerase (Qiagen), 2.5 pmol of each primecoRI+A; Msel+C), 1x PCR Buffer
120 (Qiagen), 0.2 mM dNTPs and 4 pul of the diluted migtfrom the first reaction in a 20-
121l reaction volume. The reaction profile is follawa min at 72 °C followed by 20
122 cycles of 20 s at 94 °C, 30 sat 56 °C, 2 min afC2and finished with one 30-min
123 cycle at 60 °C. The preamplification reaction wastdd 10-fold in Tk 1 buffer.

124 The selective amplification was performed usingfetent Msel primers with three
125  selective nucleotidedMsel+CGG/CCA/CCC). The second primefcpRI+ACG) used
126  in the selective amplification was fluorescentlpdded at the 5™-end (6-FAM, NED,
127  PET). The reaction mixture was in a total volume26ful and contained 0.5 Uaq
128  DNA polymerase (Qiagen), 0.2 mM dNTPs, 2 pmgtl/EcoRI/Sbfl primer, 5 pmol
129  Msel primer, 4 ul of the diluted mixture from the sadoreaction, and 1x PCR buffer
130  (Qiagen). The reaction profile was as follows: Zrat 94 °C, followed by 10 cycles of
131 20 sat 94 °C, 30 sat 66 °C, 2 min at 72 °C, whth annealing temperature decreased
132 by 1 °C (Stringent condition 1 by 0.7 °C) in eagkle, followed by 20 cycles of 20 s at

133 94 °C, 30 s at 56 °C (Stringent condition 1 at 69, 2 min at 72 °C; and finally 30 min

134 at 60 °C.
135
136 b) SSR protocol

137  For microsatellite analysis, seven microsatellivei lwere used. Ckol-9, Ckol-11,
138  Ckol-47, Cko2-112, Cko2-139 according to the oagpaper from Ohsako & Yamane
139  (2007) and CMO01, CM35 from paper of King & Roald@®09) with forward primers
140 fluorescently labelled (6-FAM, NED, PET, VIC). PGBaction was performed in 20-ul
141  reaction mixture, containing 0.5 U MYTaq DNA Polyrase (Bioline, USA, Taunton),

142 1x reaction buffer Bioline), 500nM of each primerda~15 ng of DNA filled in with
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dH,O to 20ul; amplification conditions: 94°C for 5 miB0 cycles of 94°C for 15 s,
52°C forl5 s, 72°C for 40 s and final extensio¥®fC for 7 min; for microsatellite loci

from Ohsako and Yamane (2007). For microsateltite from King and Roalson (2009)
were reaction and amplification condition as foltov20-ul reaction mixture contained
1 U of MYTag DNA Polymerase (Bioline), 1x reactitmffer (Bioline), 500 nM of

each primer and ~15 ng of DNA filled in with gBl to 20ul; amplification conditions:
95 min for 3 min, 30 cycles of 95°C for 30 s, 51f€ 30 s, 72 s for 15 s and final

extension 72°C for 30 min.

Data analysis

AFLP and microsatellite fragments were separateztrephoretically on an ABI
PRISM 3730XL automated sequencer (Applied BiosystetfSA, California, Foster
City) using the GeneScan-500 LIZ internal standa@pplied Biosystems).
GeneMapper V4.1 (Applied Biosystems) was used &vattterise the fragments.

The genetic diversity between taxon pairs was tated as Nei Genetic distance
and Analysis of molecular variance (AMOVA) calcumat PHI, based on 999
permutations were done using GenAlEx 6.5 (PeakaBr&ouse 2012), for both data
sets.

To express graphical representation of genetiewdfftiation of combinations of
parental taxa and putative hybrids, it was usedcppal coordinate analysis (PCoA)
using also GenAlEx 6.5. The analysis was made agggrfor AFLP and microsatellite

datasets and individuals were ordered accordirigstatwo axes.
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Resaults

In this study we examined four combinationsGzrex samples (Cacutiformis x C.
nigra, C. paniculata x C. echinata, C. paniculata x C. appropinquata, C. caryophyllea
x C. fritschii) and putative hybrids between these parental epassing AFLP and
microsatellite markers.

In C. acutiformis x C. nigra and their putative hybrid, we detected in AFLP
analysis 176 loci from which were 147 polymorphic;locus was specific for the
putative hybrid, 35 were shared wi@ acutoformis and only 1 withC. nigra. The
number of detected alleles from five analysed nsatellite loci ranged from seven to
nine (Tab. 1) and all alleles detected in the paahybrid were shared witiC.
acutiformis.

In C. paniculata and C. echinata we detected 163 AFLP loci, where 139 were
polymorphic and 6 specific for the putative hybrithe putative hybrid sample shared
25 loci with C. paniculata and 42 withC echinata. In microsatellite data we analysed 5
loci where one to six alleles we detected (TabThere were no specific allele for the
putative hybrid and in genotype pattern were presea allele from each parent.

In C. paniculata x C. appropinquata we detected 114 loci, where 77 were
polymorphic. The putative hybrid shared 6 loci withappropinquta and1 locus with
C. paniculata and without any specific locub this parental species and their putative
hybrid we analysed six microsatellite loci and vetedted from one to five alleles and
there were no specific for the putative hybrid. &ew of allelic composition of taxons
IS listed in Tab. 1.

In combinationC. caryophyllea andC. fritschii we analysed two samples labelled
asC. xmoravical andC. xmoravica2. We detected 95 AFLP loci from which 75 were

polymorphic. In case of. xmoravical 27 loci were shared wit@. caryophyllea and
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two were specific for this sample. There were nousshared witlC. fritschii. In C.
xmoravica2 we detected 5 loci shared with caryophyllea and 7 withC. fritschii. One
was specific for this putative hybrid. In microdbties were analysed five loci and from
two to nine alleles were detected. However, thallteswere ambiguous; in most

microsatellite loci were alleles detected in hybragecific for them (Tab. 1).

The results from Analysis of Molecular Variance (8MA) for all studied parental
taxa and their putative hybrids are listed in Tab.The percentages of molecular
variance give the contribution of within- and beénepopulation variability for
microsatellite and AFLP datasets. In most combamestj it was detected higher genetic
diversity among populations than within them. Oa tther hand, the contribution of
within population variability was also appreciable.

Nei‘'s Genetic Distances between taxon pairs ramgediderable values (Tab. 3),
except forC. acutiformis and the putative hybrid, where the value was Ofb0 AFLP
data and irC. caryophyllea andC. xmoravical where the distance detected was 0,133
for AFLP data. Even the closer relationship washtbbetweerC. appropinquata and
the putative hybrid, where the values were 0,064 A&LP data and 0,028 for
microsatellite data. With exception of combinatiof C. appropinquata and C.
paniculata were Nei's Genetic Distance nearly always sigaifity higher for
microsatellite data compared to AFLP data.

The graphical pattern of genetic relationships agnalh individuals from the four
combinations is represented in PCoA plots separ&welAFLP and microsatellite data
(Fig. 1a-h). In the plots it is depicted positiohtlese individuals in relation to each

other on the bases of molecular data characteribgiggenotypes.
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Discussion

In this study, we investigated genetic backgrouhohorphological variances of several
putativeCarex hybrids; whether plays a role hybridisation oraspecific variability.

Hybridization is a common phenomenon in plant gseof course irCarex taxa.

In this genus it was described many examples efspecific hybridization (Ford et al.
1993, Smith & Waterway 2008, Volkova et al. 200&rpelainen et al. 2010). On the
other hand, because in many publications it wasl usdy morphological markers
(Catling 1993, Blackstock & Ashton 2010, Wieclaw Kbopman 2013, Bergeron &
Pellerin 2014, Wieclaw & Wilhelm 2014), the rate bfybridization could by
overestimated, as it was also demonstrated by atar dn examples of putative hybrids
betweenC. acutiformis andC. nigra and C. paniculata and C. appropinguata, which
were inseparable from one of the parental speaesrding to genetic data. Possible
overestimation of occurrence of hybridisation esestalso described byepka et al.
(2014) on putative hybrids betweéh flacca and C. tomentosa or Escudero et al.
(2014) on the example of secti@vales. The results from our study also refer that it is
not always possible rely solely on morphologicatkees.

Difficult position of morphological markers can hescribed on example of
sample<C. xmoravica (C. caryophyllea x fritschii) described bRepka et al. (2013). On
the basis of genetic markelG, fritschii was presumably rejected as a parent of one
from these samplesC( xmoravical). We also detected the presence of unique
microsatellite alleles in these samples which cdidda result of a cross with another
taxon than have been not presumed. This resultgubut that not only usage of single
genetic marker is advantageous, but their comlmnatian also contribute to reveal
other specific features of studied taxa. The imgroreé of combination of morphological

with molecular markers for determination of hybsthtus is also demonstrated by
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266
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Korpelainen et al. (2010) where they deal with Idisation betweerC. aquatilis and

C. palacea, and confirmed these species as parents fl@mrecta based on
microsatellites and ISSR markers. Additionally,ytiveere also able to detect another
source of genetic material in presumed hybrid sarbptweerC. palacea andC. recta.

The genetic and morphological intermediary wasébin only one studied sample
C. paniculata x echinata in which was the hybrid status confirmed by b&kLP and
microsatellites markers. Also Volkova et al. (2008)Smith & Waterway (2008) used
genetic markers to confirmation of hybridisatiorvireenCarex taxa.

Hybrid samples have not to always show morphoklgntermediary, they also can
show features extreme or unique or resembling dnbeo parents (Rieseberg 1995).
Unique traits were also detected in hybrids betwewmmbers ofC. flava agg. by
Wieclaw & Wilhelm (2014), but this study was notpported by molecular markers.
Even morphological intermediary or combinationspafental traits cannot guarantee
the hybrid origin as we described in two putatiyerids (C. acutiformis x C. nigra and
C. paniculata x C. appropinquata) according to AFLP and SSR data. Hybrids between
C. paniculata x C. appropinquata (C. xrotae) were already reported from British Isles
and France and it would be appropriate to subjeztd findings revision by molecular
markers. We determined one of the lowest genesiadces betweed. paniculata and
C. appropinquata, what correspond to close relationship of thesecigg (both from
section Heleoglochin). The morphological similarity of close relativpegies could
affect the resolution of putative hybrids, wheréenfintraspecific variability could be
incorrectly explain as a result of hybridisatioreet (Jiménez-Mejias et al. 2011). The
similar observation was also demonstrated Riepka et al. (2014), where they
investigated four putative hybrid samples betwé€erilacca and C. tomentosa. They

demonstrated morphologically intermediate, butleliasis of molecular data, samples

11
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were inseparable froi@. flacca. Such a findings can pointed to possibilities thatcan
consider greater intraspecific morphological vaces) than it was taken into account up
to date. This observed variances do not have tadmsequences of interspesific
hybridisation, but may also result from genotypifetdentiation or phenotypic plasticity
(Sultan 1993). As detected in many studies, plamts able to produce various,
functionally appropriate phenotypes in differenvieonments (Stenstrom et al. 2001,
Stenstrom et al. 2002, KoSnar et al. 2012, Bugy.€1013, Abudureheman et al. 2014).
In sedges, these variances can arise due to changeavironmental conditions
(Heathcote at al. 1987, KoSnar et al. 2012, Abudemean et al. 2014), geographic
distribution or isolation of populations (Urbane®9B, Stentrém et al. 2001, Stentrom et
al. 2002) or the presence of another taxon, asieté’u et al. (2006) on the example
of tussockyC. sempervirens which tussocks penetrate together with anothertomgve
rise genetically variable cluster. From this powit view, it could be inCarex
intraspecfic variances greater than presumed. Mxogical and molecular data does
not have to correlate, as it was demonstrate ReEch&kham (2001) where only 4% of
quantitative trait variability can be explained bylecular markers. The degree of
population genetic variability may differ betweenolectular and morphological
markers, because morphological characters, espyeqizntitative, can be affected by
more loci that caused greater mutational input.@deer, phenotype variability depends

on environment, contrary to molecular markers.
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Conclusion

On the basis of these results, it is not alwayy éasdentify hybrid status or accurate
assignment irCarex. We have shown that the set of morphological attara doesn’t
need to correlate with genetic markers, becausegmotwgical data are affected by
environment.

Our results demonstrate the presence of interspduibridisation in genu€arex.
On the other hand, morphological intermediary cdrelsters between putative parental
species doesn’'t have to be connected with hybtidisaevent, but also could refer to

intraspecific variance, preceded from genotypitedénces or phenotypic plasticity.
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Tab. 1: Allelic composition of taxa and their putathybrids

CMO01 Ckol1-9 Cko2-139 Ckol-47 Ckol-11 Cko2-1CM35
216, 218, 223,
C. acutiformis 261, 267,274 | 216,217 258,259 143 263
249, 259, 264,166, 205, 208, 209, 209, 247, 249, 141, 148, 150,186, 190, 191
C. nigra 282, 286 211,212,216, 223|251, 253, 254, 258154, 156, 160|194
C. acutiformis x nigra | 261, 274 217 259 143 216, 218

C. paniculata 217, 222, 224|213 255 206, 227 | 192
168, 189, 215, 219,210, 231, 258,

C. echinata 231,233 221 261,263 231 192

C. paniculata x echinata | 217, 233 213, 221 255, 263 206, 231 | 192

188, 190, 207,
C. paniculata 217, 222224 213 255 209, 215 206, 227(192
C. appropinquata 224 211,213 253,255 188 241 192
C. paniculata x
appropinguata 224 213 255 188 228,241 |192
270,273, 274, 217, 225,
C. caryophyllea 276 213, 221, 223 255, 263, 265 227,239 | 204
273, 276, 279,
C. fritschii 288 203, 204, 210 245, 246, 251, 252 213,216 |195
C. xmoravical 273, 276 211 253 221,222 | 204
C. xmoravica2 255 279 202 244 216, 218 | 204




422

423
424
425
426

427
428
429

430

Tab. 2: Percentages of molecular variance withthamong populations

Percentages of molecular variance
within populations among populations
AFLP | microsatellites| AFLP microsatellites
pa, ec, pc x ec 19 49 81 51
ac, ni, ac x ni 36 53 64 47
ca, fr, moravical,Z 24 33 76 67
pa, ap, pa x ap 39 46 61 54

pa =C. panicullata, ec =C. echinata, pc x ec =C. paniculata x echinata, ac =C.
acutiformis, ni =C. nigra, ac x ni =C. acutiformis x nigra, ca =C. caryophyllea, fr =

C. fritschii, moravical,2 €. xmoravical, C. xmoravica2, ap =C. appropinquata, pa x

ap =C. paniculata x appropinquata

Tab. 3: Nei's Genetic Distances for taxon pairs

Nei‘s Genetic Distanceg

AFLP | microsatellites
C. paniculata C. paniculata x echinata 0,563 0,293
C. paniculata C. echinata 0,754 1,268
C. paniculata x echinata | C. echinata 0,372 0,416
C. acutiformis C, acutiformis x nigra 0,101 0,577
C. acutiformis C. nigra 0,518 2,158
C, acutiformis x nigra C. nigra 0,541 X
C. fritschii C. xmoravica2 0,228 2,333
C. fritschii C. xmoravical 0,597 2,151
C. xmoravica2 C. xmoravical 0,547 1,386
C. fritschii C. caryophyllea 0,480 2,720
C. xmoravica2 C. caryophyllea 0,440 1,176
C. xmoravical C. caryophyllea 0,133 1,004
C. paniculata C. paniculata x appropin. 0,407 0,381
C. paniculata C. appropinquata 0,362 0,373
C. paniculata x appropin. | C. appropingquata 0,064 0,028
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a) C. nigra and C. acutiformis (AFLP)

b) C. nigra and C. acutiformis (SSR)
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c) C. caryophyllea and C. fritschii (AFLP) d) C. caryophyllea and C. fritschii (SSR)
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e) C. paniculata and C. echinata (AFLP) f) C. paniculata and C. echinata (SSR)
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g) C. paniculata and C. appropinquata (AFLP)

h) C. paniculata and C. appropinquata (SSR)
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432  Fig. 1: PCoA plot depicting genotype differentiamti@mong parental species and
433

putative hybrid samples; in left column for AFLP talain right column for
434  microsatellite data
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Supplementary tablel:

sample nr| species locality region (country) note
1| Carex acutiformis Grygov Olomouc Region (CZ)
provided by Petr
2 | Carex acutiformis Bure$
Moravian-Silesian Region
3| Carex acutiformis Studénka (C2)
4| Carex acutiformis Vidnava Olomouc Region (CZ)
Carex acutiformis X
5| nigra Vidnava Olomouc Region (CZ)
6 | Carex appropinquata Vidnava Olomouc Region (CZ)
provided by Petr
7 | Carex appropinquata Bure§
8| Carex appropinquata Hluboka Vys@ina Region (CZ)
9| Carex appropinquata Lendak PreSov Region (SK)
10| Carex caryophyllea Chvojnica Trenin Region (SK)
Svaté Helena
11| Carex caryophyllea (Banat) Cares-Severin Region (RO
Svaté Helena
12| Carex caryophyllea (Banat) Cares-Severin Region (RO
13| Carex caryophyllea Chvojnica Tredin Region (SK)
Prein an der
14| Carex echinata Rax Lower Austria (AT)
Hute¢ pod
15| Carex echinata TfemSinem Mid-Bohemian Region (CZ
16| Carex echinata Bansko Blagoevgrad Region (BG)
17| Carex echinata Campu lui Neag Transilvania Region (RO)
18| Carex fritschii Hodonin South Moravian Region (CZ%)
provided by Petr
19| Carex fritschii Bure$
20| Carex fritschii Vedrovice South Moravian Region (CZ%)
21| Carex fritschii Valtice South Moravian Region (C2)
22| Carex nigra Berezovka Altayskiy kray region (RU)
23| Carex nigra Nepomuk Plz& Region (CZ2)
Hunedoara County region
24| Carex nigra Petrosani (RO)
25| Carex nigra Vidnava Olomouc Region (CZ)
Prein an der
26| Carex paniculata Rax Lower Austria (AT)
27| Carex paniculata Lendak PreSov Region (SK)
28| Carex paniculata Vidnava Olomouc Region (CZ)
29| Carex paniculata Stankovany Zilina Region (SK)
Carex paniculata X
30| echinata Campu lui Neag Transilvania Region (RO)
31| Carex Xmoravical Vedrovice South Moravian Region (CZ)
32| Carex Xmoravica2 Cz
33| Carex Xrotae Vidnava Olomouc Region (CZ)
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