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1. Uvod
1.1 Polyploidie

Polyploidie, stav kdy v ja& buiky jsou vice nez dvidentické chromosomové sady, je
povazovana za jeden zddivych proces v evoluci rostlin (Grant 1981, Levin 1983,
Thompson& Lumaret 1992, Ramse§ Schemske 1998, Wendel 2000). U Ziebt ma
zmnozeni chromozoinprevazig letalni nebo defektni nasledkyiegto i v Ziv@iSné tisi
neni polyploidie vzacnosti (Mable 2004a).

Prvni ranné odhady zastoupeni polypioithyly zaloZzeny na zakl&d pocta
chromozond. Stebbins (1950) hovbu krytosemennych rostlin o 35% polypléjdGrant
(1981) povazuje za polyploidni rostliny s haplomdmaitem chromozori vétSim nez 14 a
dle znamych chromozémovychtisel povaZzoval 43% dvodlbznych a 58%
jednodtloznych za polyploidni. Goldblatt (1980) stanovilo¢pt chromozom pro
polyploida vy3Si nez n = 9 (10) a odhadl, Ze v igednodloZnych existuje 70 — 80 %
polyploidi. Masterson (1994) zvolil jiné kritérium nez ged chromozor. Studoval
existenci polyploidie u fosilnich rostlin a porowad velikosti seéracich bugk praduchi s
dosud Zijicimi druhy. ProtoZe velikost ésacich busk je vetSi u polyploid nez u
diploida, odhadl mnoZstvi polyplotdmezi fosilnimi rostlinami a stanovil, Ze té&h70 %
krytosemennych prathlo ve svém vyvoji polyploidizaci. N&&i wedecké prace
(Simillion 2002, Blanc et al. 2003) zjistily, Zerastlina s n = 5 Arabidopsis thaliana)
proclaly ve svém vicei mén: vzdaleném vyvoji polyploidizaci.

K znasobeni ptiu chromozomovych sad dochagésto opakovah v riznych
castech aredlu a wiznych populacich diploidnich nebo polyploidniciegik (Soltis &
Soltis 1995, Solti® Soltis 2000). Cely systém vzniku a vyvoje polygioje otewveny,
nezidka dochazi ke genovému toku mezi todi polyploidnimi potomky,zné genotypy
novych genotyf (Soltis& Soltis 1995).

Polyploidizace je spojena sreorganizaci jadra. é@m mohou zahrnovat
chromozomové igstavby, zminy genové exprese (,gene silencing®), divergenci
duplikovanych gei a vyvoj smérem k diploidizaci (Solti Soltis 1999, Cifuentes et al.
2009, Gaeta& Pires 2009). Sipstavbami uvnitjadra souvisi zina celkové velikosti
jaderného genomu. i€dpoklad, Ze polyploidni potomci budou obsahovedrni nasobek
obsahu DNA svych rodi, se ukazal byt platny pouze vkterych gipadech, naijklad u
now vzniklych polyploidi. Nefgasgji dochazi se stoupajicim stugm polyploidie
k poklesu pitmérného mnozstvi DNA (2C DNAdena stupam ploidie) (Leitch& Bennet
2004, Smarda& Bure$ 2006, Kubéatova et al. 2008, Zonneveld 2010a)

Ténmet na vSech urovnich biologické organizace lze nalfizt znasobeni p&u
chromozond. Ve srovnani s rodovskymi druhy existuje u polyploiddiky duplikaci alel
vysSi geneticka diverzita, potazmo i Zna fenotypova variabilita a v neposledaik
vySSi stup® heterozygozyty Iépe vyvazujici chromozomové mutaaeasledky inbredni
deprese (Kubatova et al. 2008). Nasobenétypachromozomi ma vliv na zgsob
reprodukce, stoupa vyznam vegetativniho rozmnoZpv&amoopyleni a apomixie.
Ontogenetické procesy se zpomaldpsto dochazi k posunuti doby kveteni (Fowder
Levin 1984, van Dijk and Bijlsma 1994).

Nové genové kombinace uniafi polyploidim jinou acasto SirSi odpad’ vici
Zivotnimu prostedi (Otto& Whitton 2000, Soltis et al. 2003). Nowznikli polyploidni
geografické diferenciaci jednotlivych ploidnich und jak na lokalni tak na velké
prostorové Skale. Tento proces je aznen jako tzv. adaptivni model. Ekologicka a
geograficka diferenciace byla zjga urady taxori, z nowji studovanych nap u Senecio
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carniolicus (Sonnleitner et al. 2010) nel#tinidia chinensis (Li et al. 2010). Rovéz u
fady invazg se Sficich druti je prae polyploidie jednim z moznych fakibrovliviujici
aspesSnost pronikéani rostlin do nového piesti, jak bylo zji&no nap. u roduSpartina
(Ainouche et al. 2004)Tragopogon (Soltis et al. 2004)Reynoutria (Mandak et al. 2003),
Senecio (Schlaepfer et al. 2008) nelentaurea (Treier et al. 2009).

Prostorova diferenciace a separace jednotlivyclotgg miaze mit i jiné nez
adaptivni vysetleni. Neadaptivni teorie — model vyk®ni minoritniho cytotypu (Levin
1975, Fowler& Levin 1984, Ramsey Schemske 2000, Husband 2004, Koéhler et al.
2010) — je zaloZzena na frekvenci zavislé selekatipnow vzniklym cytotypim
v populaci, kdy minoritni cytotyp dosahuje nizkéatbsti, protoZze ma malou moznost se
kiizit s dalSimi polyploidnimi jedinci. Tato teorie amvSak vyznamné omezeni —
predpoklada pohlavni #gob rozmnozZovani,ipstoZze polyploidie j€asto spojena prév
s asexualni reprodukci (Stebbins 1971), ktera péamgiekonat nevyhodu ,malych
populaci®.

Velké mnozstvi studii se zabyva srovnavanim diplmkd rodéd a jejich
tetraploidnich potomk (nag. Gelber-Girard et al. 1996, Ramsgyschemske 1998, Hardy
et al. 2000, Levin 2002, Doyle et al. 2004, Rosenbava 2004, Spaniel et al. 2008).
Zejmeéna v posledni deébvzrostl p@et praci studujicich polyploidni komplexy vysSich
ploidnich stupti (Keeler 1990, Burto& Husband 1999, Suda 2002, Baack, 2004, 2005,
P&inka et al. 2006, Suda et al. 2004, 2007, Mandakowiinzbergova 2006, Halverson
et al. 2008, Mraz et al. 2008, Koléat al. 2009, Duchoslav et al. 2010, Sonnleitneal et
2010).

1.2 Velikost genomu

Obsah jaderné DNA pitk dalezitym znakim vSech Zivych organizin Lze ho povaZovat
za relative stabilni konstantu v ramci dost&te velké vzajem# se Kizici populace
jedinai. F¥i rozckleni populace vSak e dochazet &asto dochazi k diferenciaci velikosti
jaderného obsahu DNA (Greilhuber 1998je$?0 je intraspecificka variabilitaikZitou
taxonomickou charakteristikou, pdokou @ stanoveni taxonomické koncepce
(Travnicek et al. 2009), nastrojemiipodhalovani ,drobnych®* drub (Greilhuber 1998,
Lysak 2000) a potazmo i nastrojem slouzicim ochtaodiverzity.

Variabilita velikosti jaderné DNA v rostlinné&Si je obrovskad. Doposud znamy
rozsah 1C DNA u krytosemennych rostlin sahad od 3,p§ Genlisea margaretae)
(Greilhuber et al. 2006) az k 125 pBrifillaria assyriaca) (Bennett & Leitch 1995),
respektive 133 pgTtillium x hagae) (Zonneveld 2010b). | velmiifibuzné druhy se lisi
mnozstvim repetitivnich nekodujicich sekvenci ayted velikosti svého genomu
(Bennetzen et al. 2005, Grovér Wendel 2010). Variabilita velikosti genomu v rdmci
krytosemennych rostlin vS8ak neni rozloZena rovérogh Zatimco ve vSech skupinach Ize
nalézt rostliny s malymi genomy, rostliny s velkyggnomy se vyskytuji zejména v ramci
jednodtloZznych rostlin (Leitch et al. 2010). Variabilit§ak nekoreluje se stugm vyvoje
ani komplexitou organizmu, tento jev je v litei@uwzngovan jako ,C-value paradox”
nebo ,C-value enigma“ (Greilhuber 2010).

Zasadni pro zkoumani polyploidie, polyploidnich kdexi a velikosti jaderné
DNA se ukazala byt vhodna metoda vyzkumuigstpjové vybaveni. Nejtve uzivané
biochemické metody népasSely ani zdaleka uspokojivé vysledky. Vyznamrgsyn
piinesla Feulgenova mikrospektrofotometrie. AvSaktaiym zlomem byla pgitokovéa
cytometrie, ktera velmi rychle a relativipresr® dokaze stanovit stupeploidie a obsah
jaderné DNA u velkého mnozstvi vzdrkDolezel et al. 2007)Standardé jsou jadra pro
stanoveni obsahu DNA izolovanaerstvé rostlinné tkanve vhodném pro&tdi — pufru
zabrawujicimu degradaci DNA, pottajici (€inky cytosolickych inhibitolt a umoaujici
barveni DNA (Dolezel et al. 1991, DolezIBartos 2005, Loureiro et al. 2006). Poté je

8



vzorek s neznamym obsahem DNAien spoléné se standardem — rostlinou se znamym
obsahem DNA. Tato metoda, tj. metoda ¥mithio standardu, je povazovana za relativn
nejpresréjSi zpisob zjiséni velikosti jaderné DNA. Ale ta jiz jakkoli elegantni, i
pratokova cytometrie skryvdadu uskali — najklad zjiS€na variabilita velikosti DNA
(Frediani et al. 1994, Singh et al. 1996) nemusiviifly projevem skut@é diverzity, ale
jak dokazal Greilhuber (1998, 2005) artefaktem kigmn Spatnym metodologickym
piistupem, fisobenim bu&nych inhibitoG ovlivaujicich vazbu barviva na DNA nebo
nevhodnym nastavenimfiptroje. Ke znehodnoceni vyslédkmize dojit i pouzitim
standardu s nedostaig presré stanovenym obsahem DNA (DoleZelGreilhuber 2010).

Vnitrodruhova variabilita velikosti jaderného genoije prezentovana séasnymi
studiemi ufady druli rostlin (nap. Suda et al. 2003, Bure$ et al. 2004, Sma&rddures
2006, Gasmanova et al. 2007, Slovak et al. 200@sGit al. 2010). Ke znam velikosti
jaderné DNA dochazi zejména pokleséimnasobenim mnoZzstvi repetitivnich a mobilnich
sekvenci (Walbo& Cullis 1985). OdliSna velikost jaderné DNAiznych populaci téhoz
druhu a s ni spojena reorganizace na urovni genonide byt chapana jako schopnost
rostlin odpovidat na odlisSné podminky presfi (Ceccarelli et al. 2011). Winum
usitatissimum (Schneeberget Cullis 1991),Festuca arundinacea (Ceccarelli et al. 1997)
nebo Dasypyrum villosum (Caceres et al. 1998) je Zna velikosti genomu spojovana s
odlisnymi podminkami pro#&di, napiklad s teplotou, Zivinami viglé, dostatkem vody
nebo nadmiskou vyskou.

Efekt znény mnoZstvi DNA v jatk se niZe projevovat na dkolika Urovnich.
Nukleotypicky efekt (Bennett 1971, 1987) charalkteje znény na urovni fenotypu.
Meagher et al. (2005) popsal rozdily ve velikostétkh u Slene latifolia v zavislosti na
velikosti jaderné DNA, naopak Gupta et Reeds (19Z&jiny efekt vnitrodruhove
variability velikosti DNA u drulé rodu Lolium nepozorovali. Vnitrodruhovou variabilitu
mnoZstvi jaderné DNA nelze tedy automaticky spdjaea znénou na arovni fenotypu
(Murray 2005). Krom nukleotypového efektu tize mit velikost genomu dopad v oblasti
evoluce a ekologie polyplaid Knight 2005).

1.3 Alliumoleraceum L. —¢esnek plany

Allium oleraceum L. bylo vybrano jako modelovy organizmus pro studipolyploidie.
Taxonomicky jerazeno do sekce Codonoprasum (Krahulec & Ducho$)a®)2a spoléné

s dalSimi blizce ifbuznymi druhy do skupinyAllium paniculatum. Cely rod Allium
Starém swte (Stearn 1992, Friesen et al. 2006). Polyploidievgskytuje napi¢ celym
rodem (Ohri et al. 1998). Znami jsou polyploidi tigbloidniho po oktoploidni stupe
negastjSi ploidni drovni je tetraploidni, dale triploignhexaploidni a pentaploidni,
heptaploidi a oktoploidi se vyskytuji velmi vz&ciiGohl& Kouhl 1973 sec. Fialova 1996,
Goldblatt P& Johnson 2008). Zakladni chromozomeiso v rodu se pohybuje od x = 7
po x = 11 (Majovsky et al. 1987, Tzanoudakid/osa 1988). V Evropse vyskytuje 110
druhi rodu (Stearn 1980) z tohoGeské republice 13 dritptivodnich a 14 gstovanych
(Krahulec 2002).

Allium oleraceum L. je polyploidni komplex zahrnujigityti publikované ploidni
arovre: triploidni 2n = 24; doposud nalezena pouze v Ru8fachtina 1984) a Méarsku
(Krahulcova 2003), tetraploidni 2n = 32, pentaphdi@n = 40 a hexaploidni 2n = 48;
zndmé z celého arealu druhuivBdem polyploidniho komplexu (tehdy byl znam pouze
tetraploidni cytotyp) se jako prvni zabyval Levad®37), ktery na zakladpokusného
kiizeni navrhl autopolyploidni vznik a jako rodiozndil diploidni Allium paniculatum.

Pfi podrobrgjSim studiu jeho pokusvSak vySlo najevo, Ze pouzité "diploidni populace
Allium paniculatum® patrré reprezentovaly dvaifpuzné druhy, mjAllium paniculatum



sAllium podolicum. Je tedy prawipodobné, ZeAllium oleraceum je alopolyploidniho
puvodu (Krahule& Duchoslav 2010).

Allium oleraceum ma euro-suboceanicky-(submediteranni) areal (Meesedhl.
1965). Vyskytuje se v Sirokém spektru biaiopd @irodnich — luzni lesy, dubohéaby,
stepi, skalnaté svahy a skaly, azgmvékem silre ovlivnéné — okraje poli, sildhi meze,
ruderalni remizky, porosty akatu (Duchoslav 2000a,Hseggstrom& Astrom 2005,
Karpaviiené 2007). Jgazen mezi geofyty — vytrvalé byliny s obnovovacomjany pod
povrchem fdy (Raunkier 1934), vifpact ¢esneku planého je to cibule obalena blanitou
Supinou. Lodyha nese 1-4 ploché polooblé Zebetistyéa u fertilnich jeding dosahuje
vysky az 100 cm.

Plodné rostliny tvti lichookolik oboupohlavnych K s pacibulkami v kétenstvi
(nékdy pouze pacibulky bez ktt). Na bazi lichookoliku vyista toulec, ktery u druhu
Allium oleraceum vytrvava i v dol kvétu (Krahulec 2002). Reprodukce probiiéyazre
vegetativig, ale i prostednictvim generativh vzniklych semen. Vegetativni propagule
jsou dvojiho typu; pacibulky v lichookoliku Eenstvi a da@né cibule, které se vyviji na
bazi mateéské rostliny. Bhem roku vyprodukuje rostlinajmeérné 1-2 zral4 neabortovana
semena, okolo 40 pacibulek a 1-2 idoé cibule (Duchoslav 2000, Karpddne 2002,
Ohryzek 2007). Jandova (2010) prokazala velkoutggtivou variabilitu na Urovni semen
a semenéi. U tetraploidnich populaci byly v potomstvu na Jimio semen zji&ny
cytotypy 2n = 3x, 4x, 5x, 6X, 7Xx, u pentaploidniastlin 2n = 4x, 5%, 6x, 7x, 8x a u
hexaploidnich rostlin 2n = 5x, 6x, 7x, 8x. Tatoighilita jiZ byla daleko niZSi na arovni
semendkia a v pfibéhu ontogenetického vyvoje zéety vysoké (7x, 8x) a nizké (3x)
ploidni Urovrg.

Jednotlivé ploidni drownh Allium oleraceum jsou si morfologicky velmi podobné,
doposud studovangeské populace se daji rozliSit na zakladaki: produkce pacibulek
(4x produkuji nejvice pacibulek), produkcesiky (6x vykazuji nejnizsi produkci ki) a
dale na zaklatlkombinace znak papilnatost listu, velikost pduchi, velikost okétnich
listkd, Sicka a délka listu a délka toulce (Ohryzek 2007). étkpental@ bylo zjiS€no, ze
jednotlivé ploidni Urové se mezi sebou liSi v Kivosti semen a procentu vygenych
pacibulek (Ohryzek 2007). NejlepSi ddiosti dosahuji pekvapiv hexaploidni semena,
hexaploidni pacibulky.

Fenologicky se jednotlivé cytotypy liSily dle tetiokych predpoklad (Jirova
2007). Na urovni kstu i jedinal vykvetaly nejdive tetraploidi a nejpozgl hexaploidi.
Pentaploidi dokvetly nejive, nésledovany tetraploidy a hexaploidyii Bokusném
opylovani byla prokazana autoinkompatibilita u ltigi, tetraploidi i pentaploid.
Naopak hexaploidi byly schopny rozmnozZovat se antuog, coz podporuje teorii 0
prolomeni autoinkompatibility u vysSich ploidnictumia (Levin 1983, Mable 2004b).
DalSi experimenty sikenim mezi cytotypy bohuzel nebyly @Spé, ¥tSina kwti brzo
po opyleni abortovala (Jirova 2007).

Vnitrodruhové variabilé v ramci polyploidniho komplexuAllium oleraceum
nebyla doposud &novana zadna pozornost. Znameé jsou pouze Udaj®hmah jaderné
DNA u pentaploidniho cytotypu. Velikost genorAuoleraceum pro pentaploida uvadi ve
své praci Labank Elkington (1987) 2C DNA = 52,78 pg a BaragyiGreilhuber (1999)
2C DNA = 60,37 pg. Gbprace pouzily pro stanoveni jaderného obsahu DNfodu
Feulgenovy denzitometrie, jako standard byla paugibtule -Allium cepa.
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2. Cile préace

Jak bylo nazngeno v GvoduAllium oleraceum predstavuje slozity polyploidni komplex
vyskytujici se na Uzemi Evropy, kporozmh chovani jednotlivych cytoyp byly
stanoveny nasledujici cile a oblasti vyzkumu:

1. Cytogeografie polyploidniho komplexllium oleraceum ve stedni Evrog
* Podrobné zhodnoceni ro#ii a frekvence cytotyp na rekolika
prostorovych Skalach na UzefiiR a SR
e Zhodnoceni vzniku, existence, sloZeni a h@8i cytotypo¥ smiSenych
populaci

2. Cytoekologie polyploidniho komplex@ilium oleraceum ve stedni Evrog
» Zhodnoceni ekologické amplitudy jednotlivych cyfaly
» Zhodnoceni vyznamu ekologické diferenciace mezbtgply pro sodasny
pattern roz&eni na tiznych prostorovych Skalach

3. Studium variability velikosti genomu polyploidnilkomplexuAllium oleraceum
» Stanoveni velikosti genomu jednotlivych ploidniciovini
e Zhodnoceni miry intraspecifické variability ve ve#i genomu
(mezipopuléni a vnitropopuléni) jednotlivych cytotyp
* Interpretace zji$hého pattern ve vztahu k fakion prostedi

4. Studium cytogeografie a cytoekologie polyploidnitmmplexu Allium oleraceum na
Skale celé Evropy
» Zhodnoceni rozgni a ekologie jednotlivych cytotyp porovnani s udaji
ziskanymi na menSim Uzemiexdni Evropy
* Interpretace zji$hého pattern s ohledem na variabilitu ve velikgstiomu:
vznik a Sfeni jednotlivych cytotyg.

5. Vytvoreni vhodnych metodickych postuppro neieni ¢esneku planého A{lium
oleraceum) na pfitokovém cytometru.
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3. Pivodni védecké prace

3.1 Complex distribution patterns, ecology and csierce of ploidy levels of

Allium oleraceum (Alliaceae) in the Czech Republic.
Duchoslav M., Saf@va L.& Krahulec F.
Annals of Botany (2010) 105 (5): 719-735.
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® Background and Aims Despite extensive study of polyploidy, its origin, and ecogeographical differences
between polyploids and their diploid progenitors, few studies have addressed ploidy-level structure and patterns
of ecogeographical differentiation at various spatial scales using detailed sampling procedures. The pattern of
coexistence of polyploids in the geophyte Allium oleraceum at the landscape and locality scale and their

ecology were studied.

e Methods Flow cytometry and root-tip squashes were used to identify the ploidy level of 4347 plants from 325
populations sampled from the Czech Republic using a stratified random sampling procedure. Ecological differ-
entiation among ploidy levels was tested by comparing sets of environmental variables recorded at each locality.
o Key Results Across the entire sampling area, pentaploids (2n = 5x = 40) predominated, while hexaploids (2n =
6x = 48) and tetraploids (2n = 4x = 32) were less frequent. The distribution of tetra- and hexaploids was par-
tially sympatric (in the eastern part) to parapatric (in the western part of the Czech Republic) whereas pentaploids
were sympatric with other cytotypes. Plants of different ploidy levels were found to be ecologically differentiated
and the ruderal character of cytotypes increased in the direction 4x — 5x — 6x with the largest realized niche
differences between tetra- and hexaploids. Most populations contained only one ploidy level (77 %), 22 % had
two (all possible combinations) and 1 % were composed of three ploidy levels. The majority of 4x + 5x and
5x 4 6x mixed populations occurred in sympatry with uniform populations of the participating cytotypes in
sites with ecologically heterogeneous or marginal environment, suggesting secondary contact between cytotypes.
Some mixed 4x + 6x populations dominated by tetraploids being sympatric and intermixed with uniform 4x
populations might represent primary zones of cytotype contact. Almost no mixed accessions were observed on

the fine spatial scale in mixed populations.

e Conclusions The results provide evidence for adaptive differences among ploidy levels, which may contribute
to their complex distribution pattern. The prevalence of asexual reproduction, limited dispersal and equilibrium-
disrupting processes may support local coexistence of cytotypes.

Key words: Allium oleraceum, contact zones, Czech Republic, ecological differentiation, distribution, DNA

ploidy level, ploidy mixture, polyploidy, spatial scales.

INTRODUCTION

Polyploidy is a highly dynamic process that plays a major role
in the evolution and speciation of angiosperms, and a signifi-
cant role in the evolutionary history of other eukaryotes
(Grant, 1981; Thompson and Lumaret, 1992; Wendel, 2000;
Soltis et al., 2003). Previous studies have estimated the pro-
portion of polyploids within angiosperms at about 50 %
(Miintzing, 1936; Grant, 1981). Later studies suggested that
at least 70% of angiosperms are of polyploid origin
(Goldblatt, 1980; Masterson, 1994). Recent genomic studies
suggest that perhaps all eukaryotes possess genomes with
gene redundancy, much of which is the result of past
genome duplication. Most plants have probably undergone
polyploidization followed by diploidization through genomic
rearrangements, gene silencing and gene divergence
(Wendel, 2000; Soltis er al., 2003). Molecular data support
the recurrent origin of many polyploids (e.g. Soltis and
Soltis, 1993, 1999, 2000; Segraves et al., 1999; Soltis et al.,
2003; Guo et al., 2005). Different genotypes resulting from

independent polyploidization events come into contact and
afford the opportunity for recombination and production of
new genotypes. Recurrent formation and gene flow between
progenitors and polyploids enrich the gene pool of polyploids
(Soltis and Soltis, 1995).

One of the prerequisites for polyploid research is knowledge
of the geographical distribution of cytotypes. Distribution data
can offer insight into the extent of reproductive isolation
between cytotypes and the mechanisms responsible for their
spatial separation (Baack, 2004; Suda et al., 2007a, b; Kao,
2008). Such data may serve as a foundation for answering
questions about polyploid origins and exploring the history
of contemporary distribution patterns using molecular tech-
niques (van Dijk and Bakx-Schotman, 1997; Segraves et al.,
1999).

Two scenarios have been proposed to explain differences in
patterns of cytotype distribution. According to the adaptive
evolutionary scenario, novel genetic combinations can
produce novel characters that endow polyploids with new
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responses to environmental conditions (Levin, 1983, 2002;
Soltis and Soltis, 1993; Otto and Whitton, 2000; Soltis
et al., 2003). Consequently, polyploid populations often
expand to wider or different ranges of habitats relative to
those of their progenitors (e.g. Rothera and Davy, 1986;
Bayer and Stebbins, 1987; Lumaret et al., 1987; Jay et al.,
1991; Petit and Thompson, 1999; Petit et al., 1999; Levin,
2002; Johnson et al., 2003; Soltis et al., 2003). Ecological
sorting along environmental gradients usually results in
spatial separation of polyploids and their ancestors, a phenom-
enon observed in many plant species (Stebbins, 1950; Lewis,
1980). Such spatial relationships between cytotypes may be
of several types, ranging from sympatry to parapatry or even
allopatry (Levin, 2002). Accordingly, the coexistence of sym-
patric cytotypes requires niche differentiation and highly loca-
lized spatial patterns of habitat differentiation between
cytotypes (Thompson and Lumaret, 1992). In the case of para-
patry, contact zones (= ecotones) are maintained by divergent
selection pressures along some gradient, often with selection
against parental types in non-native environments (Barton
and Hewitt, 1985; Fritsche and Kaltz, 2000).

Although ecological sorting along abiotic and biotic
environmental gradients has been considered as the main
mechanism underlying spatial separation between polyploids
and their diploid ancestors and between cytotypes within poly-
ploid complexes (Endler, 1977; Levin, 2002), alternative,
environmentally independent explanations (‘non-adaptive
scenarios’) also exist. Spatial separation between cytotypes
may be directed by frequency-dependent mating success that
results from low fitness of hybrids formed from between-
cytotype matings and which gradually leads to the elimination
of the minority cytotype from the population (‘minority cyto-
type exclusion model’; Levin, 1975; Fowler and Levin, 1984;
Ramsey and Schemske, 1998). As a consequence, this model
predicts that most populations should be cytologically
uniform and that cases of multiple coexisting cytotypes rep-
resent transient situations following frequent generation or
immigration of an alternative cytotype (Kao, 2007).
Although this process was originally considered for primary
hybrid zones (sensu Petit et al., 1999), an analogous process
can occur across zones of secondary contacts between cyto-
types when dispersal leads to mixed cytotype populations
(Dorken and Pannell, 2007).

Differences in present-day distribution among cytotypes may
also reflect history, i.e. the place of origin or past environmental
heterogeneity. Widespread cytotypes may have been superior
colonizers of areas which became available upon amelioration
of the climate after the last ice age (Pleistocene) or due to
human activities such as deforestation and agricultural use
(Levin, 1983; Stebbins, 1985; Gornall and Wentworth, 1993;
Xie-Kui et al., 2008). Alternatively, such distribution patterns
may be explained non-adaptively through the position of past
cytotype refuges relative to the sites which became available
for colonization by single cytotypes (van _Dijk et al., 1992;
van Dijk and Bakx-Schotman, 1997; Stépankova, 2001;
Mandakova and Miinzbergova, 2006).

The increasing number of diploid—polyploid contact zones
studied, accelerated by the introduction of flow cytometric
techniques, allowing more samples to be analysed than pre-
viously possible by classical chromosome counting, has

Duchoslav et al. — Ploidy level distribution in Allium oleraceum

revealed that mixed cytotype populations are much more
frequent than anticipated (e.g. Keeler, 1990, 1998; Burton
and Husband, 1999; Suda, 2002; Suda et al., 2004, 2007a;
Halverson et al., 2008; Kao, 2008). This influx of data is chal-
lenging and altering our knowledge of the establishment, per-
sistence and distribution of polyploids (Kron ef al., 2007; Suda
et al., 2007b). More recent models investigating the role of
several mechanisms that increase the probability of polyploids
evading minority cytotype exclusion have shown (Felber,
1991; Rodriguez, 1996; Felber and Bever, 1997) that when
diploids produce relatively high frequencies of unreduced
gametes or when cytotypes differ in fitness, fecundity, longev-
ity and level of self-compatibility (but see Mable, 2004), poly-
ploids can become established and maintained in the
populations. Husband (2004) showed in computer simulations
evaluating the effect of triploids on autotetraploid evolution in
Chamerion angustifolium that partially fit triploids can
increase the likelihood of diploid—tetraploid coexistence, and
in some cases they can facilitate tetraploid fixation. In
addition, the evolution of assortative mating — attained by a
variety of factors such as divergence in flowering time or
differences in pollinators (Fowler and Levin, 1984; van Dijk
and Bijlsma, 1994; Segraves and Thompson, 1999), iteropar-
ity, parthenogenesis (Bierzychudek, 1985; Yamauchi et al.,
2004; Kao, 2007, 2008) or short-distance pollen and seed dis-
persal (Li et al., 2004; Baack, 2005) — might suffice to allow
coexistence of cytotypes.

Numerous studies have examined ploidy-level structure and
patterns of ecogeographical differentiation at various spatial
scales in established polyploid complexes (Chmielewski and
Semple, 1983; Stutz and Sanderson, 1983; Rothera and
Davy, 1986; Lumaret et al., 1987; Keeler, 1990; Brochmann
and Elven, 1992; Hroudova and Zakravsky, 1993; Burton
and Husband, 1999; McArthur and Sanderson, 1999; Hardy
et al., 2000; Suda, 2002; Weiss et al., 2002; Johnson et al.,
2003; Stuessy et al., 2004; Baack, 2004, 2005; Suda et al.,
2004, 2007a; Mandakova and Miinzbergova, 20006;
Halverson et al., 2008; Kao, 2008; Mraz et al., 2008;
Spaniel et al., 2008; Xie-Kui et al., 2008; Kolar et al.,
2009), but many of these studies were based on rough
measures of the environment and small population samples.
In consequence, ecogeographical patterns observed vary
widely when multiple data are compared (Mable, 2003).
There is a need for a quantitative approach (Johnson et al.,
2003; Halverson et al., 2008), and this may be particularly
important for detecting less obvious cases of habitat differen-
tiations, as in ploidy variation within species (Lewis, 1980).

Allium oleraceum (Alliaceae), a bulbous geophyte distribu-
ted in most of Europe (Stearn, 1980; Hultén and Fries, 1986),
is a polyploid complex comprising four documented ploidy
levels ranging from triploids to hexaploids (2n = 24, 32, 40,
48; see Table 1). Low generative reproduction is a common
feature of all the ploidy levels, but there is significant
asexual reproduction by means of daughter bulbs and vegeta-
tive bulbils within tk!e inflorescence (Duchoslav, 2000;
Karpaviciené, 2002; Astrom and Heaeggstrom, 2004). A
review of published A. oleraceum chromosome counts across
Europe shows (Table 1) that, except for four instances,
papers report only a single ploidy level per population with tet-
raploids and pentaploids being the most frequently reported
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TaBLE 1. Summary of the ploidy levels found in Allium
oleraceum in Europe according to the literature and present

records
Ploidy
Country References level
Austria Geitler and Tschermak-Woess (1946), 4x, 5x, 6x
Tschermak-Woess (1947), Wittmann
(1984), Speta (1984), Wetschnig (1992),
Baranyi and Greilhuber (1999), Dobes and
Vitek (2000)
Belorussia Parfenov (1980) sec. Agapova (1990) 4x
Czech Republic ~ Mésicek and Jarolimova (1992)*, Fialova 4x, 5x, 6x
(1996)*, present study*
Finland Arohonka (1982), Halkka (1985), Astrom 4x, 5x
and Heggstrom (2004)*
France Jauzein and Tison (1999) 4x
Germany Speta (1984), Astrom and Haggstrom 4x, Sx
(2004)
Great Britain Vosa (1976) 4x
Hungary Krahulcova (2003) 3x
Italy Gadella and Kliphuis (1970) sec. Moore 4x, S5x
(1973), Capineri et al. (1978), Baranyi and
Greilhuber (1999)
Lithuania Vakhtina and Kudrjassova (1985), 4x, 5x
Karpaviciené (2007)*
Macedonia gopova (1972) 4x
Norway Laane and Lie (1985) 4x, S5x
Poland Pogan et al. (1986), Joachimiak in Pogan 4x
et al. (1990)
Russia Vakhtina (1984), Vakhtina and Kudrjassova  3x, 5x
(European part) (1985)
Slovakia Vachova and Ferdkova (1978), Majovsky 4x
and Murin (1987), Murin et al. (1999)
Spain Fernandez Casas et al. (1980), Pastor (1982)  4x, 5x, 6x
Sweden Wittmann (1984), Lovkvist and Hultgard 4dx, 5x
(1999), Astrém and Heggstrom (2004)
Switzerland Baranyi and Greilhuber (1999) S5x
Ukraine Kish (2001) S5x

* Occurrence of cytotype-mixed populations was reported in the source.

cytotypes in Europe. Fialova (1996) and Karpaviciené (2007),
using few population samples, observed the occasional
co-occurrence of penta- and hexaploids and tetra- and penta-
ploids in the Czech Republic and Lithuania, respectively.
The occurrence of three of four known ploidy levels and evi-
dence for the unusual co-occurrence of penta- and hexaploids
in the Czech Republic make this area very suitable for explor-
ing patterns of ecogeographical distribution and the frequency
of coexistence of different cytotypes. Understanding the
factors responsible for the distribution of the cytotypes in
this region may offer excellent opportunities to gain deeper
knowledge of the ecological and evolutionary significance of
chromosome number variation within this polyploid
complex. There are two additional reasons for choosing this
species as a model. First, A. oleraceum is relatively common
throughout the whole of central Europe, so studies can be
based on extensive sampling, and distribution patterns can
therefore be insensitive to random fluctuations (see also
results on another common species, Pilosella officinarum —
Mréz et al., 2008). Secondly, the limited possibility of seed
reproduction and, for that reason, low dispersion ability over
larger distances, is another advantage of this species, as it con-
serves distribution patterns.
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Here a large sampling study of A. oleraceum populations
and their environment at two spatial scales in the Czech
Republic (central Europe) was performed. The following ques-
tions were addressed. (1) What are the frequencies and distri-
bution patterns of plants of different ploidy levels at the
landscape and local scales? (2) Are there any ecological differ-
ences between ploidy levels allowing for interpretation of the
observed distribution pattern as a result of environmentally
dependent selection? (3) Do populations with cytotype mix-
tures exist? And if so, (4) can their composition and ecogeo-
graphical distribution allow the inference of their mode of
origin (primary or secondary hybrid zones or contact zones
without inter-cytotype gene flow)? (5) Are such mixed popu-
lations dominated by a single cytotype, which might suggest
the ‘minority cytotype exclusion’ effect?

MATERIALS AND METHODS
Study species

Allium oleraceum L. is a bulbous geophyte occurring in most
of Europe (Meusel et al., 1965). It is distributed throughout
western, central and eastern FEurope and in southern
Scandinavia. In the Czech Republic, the species is quite
common and its distribution is concentrated between 300
and 500 m a.s.l. (Duchoslav, 2001a). It grows in a wide
range of natural and human-influenced habitats, ranging from
rocky grounds and dry grasslands through field margins and
road ditches to scrub and deciduous forests (Duchoslav,
%OOla, b, 2009; Karpaviciené, 2004; Haeggstrom and
Astrom, 2005).

The plant has one to four leaves. They are linear to filiform,
fistular in the lower part and sheathing the bottom half of the
scape. The terminal bulb in non-flowering plants and the major
offset bulb in flowering plants replace the parent bulb at the
end of the growing season. The plants rarely form non-
dormant daughter bulbs. Sexually mature plants produce a
lax umbel with a few hermaphroditic protandrous flowers
(0-20) and many bulbils (10-60) at the top of the scape.
Each flower can produce up to six seeds (Stearn, 1980), but
in practice seed production varies greatly and seedling estab-
ljshment is low (Duchoslav, 2000; Karpavic¢iené, 2002;
Astrom and Haggstrom, 2004).

The origin of the A. oleraceum polyploid complex is still
unclear. Levan (1938) considered A. oleraceum to be an autop-
olyploid form of diploid Allium paniculatum that arose by
somatic doubling of the chromosomes, although he did not
rule out fusion of unreduced gametes as an alternative. An
autopolyploid origin of the species was proposed by Pastor
(1982) and Fialova (1996). Vosa (1976), using the
C-banding technique, stated that tetraploid plants of
A. oleraceum are of allopolyploid origin. Careful analysis of
Levan’s paper shows that the ‘synthetic’ A. oleraceum
obtained therein by crossing plants from two distant diploid
populations [one being °‘A. paniculatum’ from the botanical
garden in Cluj-Napoca (Romania) and the other
A. podolicum from the botanical garden in Stockholm] may
actually be an interspecific hybrid formed by unreduced
gametes. It is not clear whether the Romanian plant was a
true specimen of A. paniculatum or another member of this
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group — there are at least two other native species in Romania,
namely A. fuscum and A. fussii (Brullo et al., 1996). Also, the
second parent is not certain, and the name suggests a
Ukrainian  origin. Russian and  Ukrainian  authors
(Omelchuk-Myakushko, 1979; Dobrotchaeva et al, 1999;
Seregin, 2005) distinguish three species within this group
(A. paniculatum, A. podolicum and A. praescissum) occurring
in Ukraine.

Study area and sampling procedure

The present research was carried out in the Czech Republic
(78 865 kmz), which is covered by a heterogeneous cultural
landscape of arable fields, broadleaved and coniferous forests,
and human settlements. Its western part (the Bohemian
massif) has a Palaecogene relief of rolling plains, hills and pla-
teaus surrounded by the densely forested Hercynian mountains.
The younger areas comprise river canyons and areas with
Tertiary volcanism. Mostly acidic Variscan regions were later
covered by Permo-Carboniferous and Mesozoic sediments.
Base-rich bedrocks are concentrated in the lower altitudes.
The eastern part of the Czech Republic is the flat northernmost
projection of the Pannonnian basin and is surrounded by the
western slopes of the Carpathian mountains. Relief here is of
Tertiary age. The bedrock is more diverse than in the west,
being mostly of Mesozoic and Tertiary origin. Calcium-rich
substrates occur from the lowlands to the mountains. The veg-
etation cover has a more fine-grained distribution in comparison
with the Bohemian massif (Lozek, 1988).

Samples of A. oleraceum were collected throughout the
Czech Republic during early spring from 2001 to 2004. A stra-
tified random sampling procedure was used to sample popu-
lations and subsamples within populations. The Czech
Republic was divided according to a road atlas (Hlavacek,
2000) into 144 quadrats, each with an area of approx. 6-0 x
9-3 km. Within each quadrat, we randomly searched for two
populations and within each sampled population all plants in
at least five randomly placed subsamples were sampled, each
with an area of approx. 30 x 30 cm. To take into account
habitat diversity and variation in population density
(Duchoslav, 2001a), additional rules concerning the sampling
procedures were defined. (1) In each quadrat one population
from a natural habitat and one from an human-impacted one
(see ‘Habitat and population characteristics’ below for expla-
nations) were sampled (if available). (2) The minimum dis-
tance between two populations from the same type of habitat
was specified as 10 km. (3) The minimum distance between
sampled subsamples was (if available) specified as 1 m. The
standard sampling procedure (i.e. number of populations per
quadrat and number of subsamples per population) was modi-
fied in some cases to reflect population size, population density
at the landscape level and habitat variation within quadrats
(number of sampled populations per quadrat: mean 2-27, s.d.
1-15, minimum 1, maximum 8). Samples were transported to
and planted in the garden of the Palacky University in
Olomouc, Czech Republic. In total, 325 populations and
4481 plants of A. oleraceum were collected in the field
(number of sampled plants per population: mean 13, s.d. 4,
minimum 3, and maximum 32). The early spring was chosen
as the sampling time because at that time of year even
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populations consisting of non-flowering plants are easily
recognizable in the field. Later in the year, when other plants
grow as well, it is difficult to find A. oleraceum, and vegetative
plants usually disappear during June (Duchoslav, 2009).

Habitat and population characteristics

Initially, the habitat of each population was investigated in the
field. The following set of primary variables (see Appendix for a
survey) was recorded at each locality. (1) Habitat type was
assessed in the field according to EUNIS habitat classification
(Davies et al., 2004). Because of the low frequency of some habi-
tats in the sample, they were translated here into one of seven
common habitat types (rock; steppe; mesic & wet grassland;
semi-natural forest; ruderal scrub; planted Robinia pseudacacia
forest; arable field & field margins). Correspondence between
this and EUNIS habitat classifications is explained in the
Appendix. (2) Light conditions were assessed in the field accord-
ing to the visually estimated proportion of full sunlight reaching
the ground during late spring (1 = strong shade, 2 = half-shade,
3 = low shade, 4 = full insolation). (3) Populations were classi-
fied into two categories according to their distance to the nearest
arable field (‘Presence of arable land’; 0 = distance to the nearest
field > 20 m, 1 = distance to the nearest field <20 m). (4)
Populations were classified into two categories according to the
degree of anthropogenic impact [ ‘Habitat naturalness’; 0 = veg-
etation strongly influenced or created by humans, typically with
higher proportions of ruderal or alien species
(‘human-impacted’), 1 = natural and semi-natural vegetation
without strong anthropogenic influence (‘natural’)]. Examples
of ‘human-impacted’ vegetation represent natural forests with
ruderal or alien species, woody vegetation outside forest, inten-
sively managed or disturbed grasslands, etc.

A secondary data set of geographical characteristics of the
sites was obtained from tourist maps and from a digitized data-
base of climatic parameters as follows: (1) altitude was esti-
mated using 1:50000 tourist maps (SHOCart, Inc.,
Zadverice, Czech Republic), and (2) each locality was classi-
fied into one of three categories according to prevailing cli-
matic conditions (‘Climatic region’; C = cold region, SW =
slightly warm region, W = warm region; Quitt, 1971).

Soil samples (topsoil, 5—10 cm) were taken from the sites
during field sampling. Soil samples were passed through a
2-mm sieve. Soil pH was measured in water suspension poten-
tiometrically. The oxidizable carbon concentration (C) was
determined by oxidation with potassium dichromate in sulphuric
acid. Oxidative mixture redundancy was determined via volu-
metry with Mohr’s salt (Zbiral, 1995). Organic nitrogen concen-
trations (N) were determined after mineralization with sulphuric
acid, conversion to ammonium ions and subsequent distillation
with water vapour (Zbiral, 1997) on a Kjeltec System Instrument
(TECATOR; FOSS, Inc., Hillergd, Denmark). Phosphorus pent-
oxide concentrations (PO3 ) were determined after extraction in
Mehlich II solution (Mehlich, 1978) using a DR 2000 spectro-
photometer. Determination of metallic cation (Ca, Mg, K) con-
centrations in soil samples were made after extraction in Mehlich
IT solution using an AVANTA atomic absorption spectrometer.

The size of each population was assessed visually on an
ordinal scale (less than 50, 51-500, more than 500 individ-
uals) and population area was estimated in square metres.
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The spatial pattern of individuals within each population
(‘Morphological pattern’) was described according to the pre-
vailing type observed in situ (i.e. either separate individuals or
clumping).

Chromosome counts

Chromosome counts were obtained from somatic mitotic
cells in root-tip cuttings of pot-cultivated plants. Plants for
chromosome counts were raised in a greenhouse. After 2
weeks, the root tips were excised and pre-treated with a 0-5
% solution of colchicine at room temperature for 3 h, fixed
in a cold mixture of ethanol and acetic acid (3: 1) overnight
and then stored at 4 °C in 70 % ethanol until use. The fixed
root tips were hydrolysed in cold 5 m HCI, stained with
Feulgen and squashed in 45 % acetic acid (Lillie, 1951).
Chromosomes were counted using an Olympus CX-31 light
microscope.

Estimation of DNA ploidy levels

DNA ploidy levels (Suda ef al., 2006) were measured from
most of the surviving plants (n=4347, ie. 97 % of all
sampled plants) using flow cytometry. Leaf tissue of analysed
Allium plant(s) with an appropriate volume of the internal
reference standard (Triticum aestivum ‘Saxana’) were
chopped with a new razor blade in a Petri dish containing
1 mL LBO1 buffer (Dolezel et al., 1989). The suspension
was filtered through a 42-pm nylon mesh and the samples
were stained with DAPI (final concentration 2 pg mL™ h.
The relative fluorescence intensity of stained nuclei was ana-
lysed using a Partec PAS instrument (Partec GmbH,
Miinster, Germany) equipped with an HBO-100 mercury arc
lamp. Histograms of fluorescence intensity were registered
over 512 channels. In each sample, 1000-2000 nuclei of
both the standard and the test plant G1 peaks were analysed.
The gain of the instrument was adjusted so that the G1 peak
of wheat was approximately on channel 50. The ploidy level
of each sample was determined by the position of its Gl
peak relative to the G1 peak of an internal standard. Known
tetra-, penta- and hexaploid plants with known chromosome
counts were used for the specification of internal standard-
sample position. The ratios between the positions of sample
and internal reference standard peaks were 2-4-2.6, 2-8—3-0
and 3-3-3-4 for tetraploids, pentaploids and hexaploids,
respectively. DAPI staining yielded histograms with coeffi-
cients of variance (CV) below 5 % for both the standard and
the sample in the majority of DNA-ploidy measurements
(mean standard CV =448 %, s.d.=0-94; mean sample
CV =4-67 %, s.d. = 0-82). In total, 99-9 % of the surviving
plants were successfully analysed by flow cytometry.
Chromosome numbers for samples that could not be analysed
by flow cytometry were ascertained cytologically.

Statistical analyses

Univariate statistical analyses of variation in the environ-
mental and population parameters of ploidy levels were per-
formed using NCSS 2001 software (Hintze, 2001). Two data
sets were prepared from the original data matrix. The first
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set included only cytotype-uniform populations (n = 250)
while the second data set comprised all (uniform and mixed)
populations (n = 325). The first data set was used for an analy-
sis of morphological patterns without accounting for the
effects of different ploidy levels in mixed populations. The
second data set was used in the rest of the analyses. In the
case of mixed populations and univariate analyses, the
environmental data were duplicated for each respective
ploidy level. Either a paired r-test or an F-test (randomized
blocks; ANOVA) evaluated whether one ploidy level was con-
sistently dominant in the mixed cytotype sites. Contingency
tables were used for the analyses of qualitative environmental
variables; ANOVA and the Kruskal—Wallis test were used for
the analyses of quantitative and ordinal data, respectively (Zar,
1996). The Bonferroni correction of a for multiple tests
(Gotelli and Ellison, 2004) was applied in the case of environ-
mental variables.

Environmental variables were subsequently subjected to
multivariate data analysis. Due to different types of descriptors
(nominal, ordinal, quantitative), the primary data matrix was
replaced by a secondary data matrix with the Gower general
coefficient of similarity for combined data (Legendre and
Legendre, 1998) using MVSP 3.12 software (Kovach
Computing Service; http:/www.kovcomp.co.uk/). The second-
ary matrix was subjected to principal coordinate analysis
(PCoA; Legendre and Legendre, 1998) in MVSP 3-12. PCoA
results were then subjected to constrained PCoA (db-RDA;
Legendre and Anderson, 1999) where the independent X
matrix contained ploidy-level identifiers and the dependent
Y matrix consisted of the principal coordinates. Calculations
were done in the program CANOCO 4-5 (ter Braak and
Smilauer, 2002) according to Leps and Smilauer (2003).
First, differences in habitat conditions among different cyto-
types were tested with a Monte Carlo permutation test (999
permutations). Fuzzy coding of independent variables was
used to accommodate the existence of mixed populations
and variable representation of respective ploidy levels within
mixed populations. Differences in habitat conditions between
pairs of ploidy levels were tested by partial db-RDA with
respective pairs as explanatory variables and the third ploidy
level as a covariable. Secondly, differences in habitat con-
ditions were tested among groups of populations classified
by ploidy-level composition with a Monte Carlo permutation
test (999 permutations). In total, six groups were established,
which included uniform (4x, 5x, 6x) and mixed (4x + 5x,
4x 4+ 6x, 5x 4 6x) populations. Groups of populations with
mixed 4x + 5x + 6x cytotypes were excluded from the analy-
sis due to the small number of these populations. Because the
overall test was significant (see Table 6), we next tested
for differences in habitat conditions between a priori
selected pairs of groups on a reduced set of data matrices con-
sisting of only populations of the respective groups. The
Bonferroni correction of a (at @ = 0-05) for multiple tests
was applied.

The niche breadth of each ploidy level was expressed by the
Gower general coefficient of dissimilarity (1 — G, where G is
the Gower similarity coefficient). The mean and its 95 % boot-
strap confidence interval (from 200 bootstrap samples) were
calculated for all dissimilarity coefficients among populations
in the presence of the respective ploidy level.
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TaBLE 2. Ploidy-level composition of 325 populations of Allium oleraceum from the Czech Republic

Number of ploidy levels per population

Populations containing one ploidy level

Populations containing two ploidy levels

1 2
0-77 022

3 4x
0-01 0-14

S5x
0-57

6x 4x + 5x 4x + 6x 5x + 6x
0-29 0-21 0-08 0-71

Populations were grouped and relative frequencies calculated according to the number of ploidy levels per population (one, two or three). Populations were
further subdivided according to specific cytotypes present.
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Fic. 1. Ploidy-level frequencies in Allium oleraceum mixed populations of tetra- and pentaploids (A), tetra- and hexaploids (B), penta- and hexaploids (C), and
tetra-, penta- and hexaploids (D) in the Czech Republic.

RESULTS
Cytotype composition in the Czech Republic

Chromosome numbers were estimated for two individuals
from each of 16 populations (32 individuals in total), confirm-
ing the presence of tetra- (2n = 4x = 32), penta- (2n = 5x =
40) and hexaploid (2n=6x=48) cytotypes (see
Supplementary data, available online). DNA tetraploid, penta-
ploid and hexaploid cytotypes were also observed within the
study area. Neither other ploidy levels nor aneuploid counts
were found. Of the 325 populations, tetraploids occurred in
18 %, pentaploids in 65 % and hexaploids in 41 %.

Within the area sampled, populations consisted of one,
two or three ploidy levels (Table 2). Most of the populations
(77 %) contained only one ploidy level and 22 % contained
two. Populations that contained three ploidy levels were extre-
mely rare (1 %). Among the populations consisting of a single
ploidy level, 57 % contained pentaploids, 29 % contained
hexaploids and 14 % contained tetraploids. Among the popu-
lations comprising two ploidy levels, 71 % contained penta-
ploids and hexaploids, while combinations of tetraploids and
hexaploids had the lowest frequency (Table 2).

There was strong heterogeneity in the relative frequency of
ploidy levels among populations containing cytotype mixtures
(Fig. 1). Hence, no single ploidy level was consistently domi-
nant in mixed populations containing various cytotype combi-
nations (Table 3). Within 4x 4 5x mixed populations, usually
one ploidy level tended to be predominant, and the other

was in the minority. The distribution of tetraploids and hexa-
ploids within mixed 4x + 6x populations showed an antimodal
pattern with either tetraploids or hexaploids predominating. By
contrast, the distributions of pentaploids and hexaploids within
5x 4+ 6x mixed populations were similar, and the two ploidy
levels were almost uniformly distributed with a tendency
toward evenly mixed populations. The distribution of ploidy
levels in mixed 4x 4 5x + 6x populations was characterized
by the weak dominance of some ploidy levels and rare occur-
rences of others (Fig. 1).

Small-scale spatial pattern of ploidy levels within
mixed populations

The small-scale spatial pattern of ploidy levels was rather
uniform, and ploidy levels formed mostly homogeneous
stands at a fine spatial scale (30 x 30 cm). In total, only 5-0 %
of subsamples within mixed populations contained two or
more ploidy levels. Populations of tetraploids mixed with
any other ploidy level showed a higher (but not significantly
different: x* = 0-61, d.f. = 2, P = 0-74) proportion of mixed
subsamples (4x 4+ 5x: 3-1%; 4x + 6x: 3-2%) than mixed
populations of penta- and hexaploids (1-7 %).

Population parameters

Population size and area differed significantly with respect
to the cytotype composition of populations (size: chi-square
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TaBLE 3. Ploidy-level relative frequencies in mixed populations of Allium oleraceum in the Czech Republic

Ploidy-level Mean frequency of Mean frequency of Mean frequency of Paired ¢
combination n tetraploids + s.e. pentaploids + s.e. hexaploids + s.e. (F*) P
4x + 5x 15 0-46 + 0-06 0-54 £+ 0-06 - —0-02 0-98
4x + 6x 6 0-70 + 0-13 - 030 £ 0-13 1.03 0-35
Sx + 6x 50 - 0-53 + 003 0-47 £+ 0-03 1-17 0-25
4x + 5x + 6x 4 032 +0-14 028 + 012 0-40 + 0-14 0-01* 0-99

The mean frequency of tetraploid, pentaploid and hexaploids is given for populations containing two ploidy levels and populations containing three ploidy
levels from the entire sampling area.

Either a paired t-test on the number of 4x vs. 5x, 4x vs. 6x and 5x vs. 6x individuals or GLM ANOVA (F-test) on the number of 4x vs. 5x vs. 6x individuals
evaluated whether one ploidy level was consistently dominant in the mixed sites.

test, x> =35-00, d.f. =5, P<0-001; area: Kruskal—Wallis
test, x> = 17-83, d.f. =5, P = 0-003). Populations of uniform
Ploidy level showed a tendency towards smaller population
sizes and areas than mixed populations. Both parameters
increased slightly with increasing population ploidy level
(Fig. 2). An increasing tendency to form clumps of individuals
was observed with increasing population ploidy level (4x: 34-3
%, 5x: 53-2 %, 6x: 71-2 %; chi-square test, /\/2 = 14-00, d.f. =
2, P =0-001).

Ploidy-level distribution in the Czech Republic

The distribution of particular ploidy levels in the Czech
Republic is shown in Fig. 3. It is clear from this that ploidy
levels differ in their distribution. Uniform pentaploid popu-
lations occur regularly throughout the entire study area. By
contrast, uniform tetra- and hexaploid populations occur in
narrower ranges and are partially sympatric in the eastern
part but rather parapatric in the western part of the Czech
Republic. Some small, single-cytotype areas were observed:
for example, those of hexaploids in the western part and
those of tetraploids in the eastern part of the Czech
Republic. Except for mixed populations consisting of tetra-
and hexaploids, the distribution of mixed populations
coincides with areas of sympatric occurrence of uniform popu-
lations of the respective ploidy levels. Mixed populations of
tetra- and hexaploids are mostly located in broad contact
zones between uniform tetra- and hexaploid populations.
Mixed populations of three ploidy levels occur rarely in
areas of sympatric occurrence of all ploidy levels.

Ecological differentiation among ploidy levels — univariate
analyses

No significant differences in relative frequencies of tetra-,
penta- and hexaploids in different habitat types were found
(Table 4), although tetraploids tended to occur more frequently
in deciduous forests (oak—hornbeam and hardwood floodplain
forests) and less frequently in field and field margins than
plants of other ploidy levels. However, penta- and hexaploids
were increasingly frequent in localities in close contact with
arable land (Armitage test for trend in proportions,
Z-value = 4-33, P < 0-001) and in human-impacted vegetation
(Z-value = 4-34, P < 0-001; Table 4, Fig. 4). Whereas tetra-
ploids were evenly distributed between natural and
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1001

Proportion

04+

0-2

0-0
4x 4+5x  4+46x 5x

Cytotype combination

5+6x 6x

W50 [151-500 [ >500

Fi1G. 2. Box plot of the area of the population (A) and frequency diagram of
population size (B; <50, 51-500, >500 individuals, as indicated) in single-
and mixed-ploidy-level populations of Allium oleraceum in the Czech
Republic. Mixed populations of 4x 4 5x + 6x cytotypes were excluded from
the analyses due to small sample size. Note the log-scale of the y-axis in
(A). Significant differences in medians between pairs of populations with
different ploidy-level combinations (A; Dunn’s test with P < 0-05) and in fre-
quencies of population size categories between pairs of populations with
different ploidy-level combinations (Cross-tabulation; with P < 0-05) are
marked by different letters in rows above the diagrams.
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F1G. 3. Geographical distribution of uniform and mixed-ploidy-level populations of Allium oleraceum in the Czech Republic. (A) Uniform 4x and mixed 4x +
5x, 4x + 6x and 4x + 5x + 6x populations; (B) uniform 5x and mixed 4x + 5x, 5x + 6x and 4x + 5x 4 6x populations; (C) uniform 6x and mixed 4x + 6x, 5Sx +
6x and 4x + 5x + 6x populations.
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TaBLE 4. Summary of the associations between ploidy levels 0>20m
and selected environmental variables in populations of Allium m<20m
oleraceum in the Czech Republic 1-0 A
Variable Test d.f. Test statistics P 081
c
. S 06
Habitat type CT 12 14-32 0-286 £
Presence of arable land CT 2 18-96 «0-001 3
Habitat naturalness CT 2 20-39 <0-001 S 04r
Climatic region CT 4 46-94 «<0-001
Altitude KW 2 3.40 0-183 0-2F
Light conditions KwW 2 1-47 0-478
Soil C* ANOVA 2 212 0-122 0-0 I 1
Soil N KwW 2 6-68 0-035
Soil PO3~ KW 2 12-48 0-002 0 Human-impacted
Soil pH Kw 2 5-49 0-064 m Natural habitat
Soil Ca** KW 2 843 0-014 1.0
Soil Mg+ ANOVA 2 092 0-631 B
Soil K** ANOVA 2 0-68 0-534 08l
Differences were tested either by one-way ANOVA, Kruskal—Wallis test s 061
(KW) or contingency tables (CT). €
*Data were log (x + 1) transformed before analysis. P-values in bold are <3
significant after Bonferroni correction (P < 0-004). E 0-4F
02
human-impacted vegetation, hexaploids mostly (80-4 %) 0.0 ) ) .
occurred in human-impacted vegetation: field margins, road 5x 6x
verges, in ruderal scrub, eutrophicated forests, etc. Tetra- and Cytotype

pentaploids occurred on soils with a higher content of nitrogen
and calcium than hexaploids. Both ploidy levels also occurred
on slightly less acidic soils than hexaploids, but the difference
was not significant. By contrast, penta- and hexaploids
occurred on soils with a higher content of phosphorus than tet-
raploids (Fig. 5). There was no difference in other soil proper-
ties (C, Mg, K™), light conditions and altitude among ploidy
levels (Table 4).

Analysis of the cytotype frequencies in different climatic
regions showed that tetraploids, in contrast to the other
ploidy levels, were not concentrated in any climatic region.
Pentaploids and hexaploids, however, were concentrated in
areas with mesic climatic conditions (Table 4).

Ecological differentiation among ploidy levels — multivariate
analyses

Although all three ploidy levels have overlapping ecological
niches, overall and paired tests showed that the ploidy levels
are ecologically differentiated, with the largest realized niche
differences between tetra- and hexaploids (Tables 5 and 6;
Fig. 6). In general, hexaploids occurred predominantly in
human-impacted open habitats (usually at field margins and
in fields) in mesic climatic conditions at higher altitudes,
whereas tetraploids were confined to more natural habitats,
both exposed and shaded along the whole altitudinal gradient.
Pentaploids were confined to warm and mesic regions in the
lower and middle altitudes, but were found in a wide range
of habitats on soils with higher levels of minerals and higher
soil pH. The niche breadth of tetra- and pentaploids was
similar and higher than that of hexaploids [Gower dissimilarity
coefficient: mean (95 % bootstrap confidence interval) — 4x:
0-361 (0-354-0-367); 5x: 0-359 (0-358-0-361); 6x: 0-320
(0:319-0-321)].

Fi1G. 4. (A) Relative frequencies of ploidy levels in relation to the distance of

their populations from the nearest arable field (‘Presence of arable land’; dis-

tance to the nearest field >20 m or <20 m, as indicated). (B) Relative frequen-

cies of ploidy levels in relation to the degree of anthropogenic impact applied

on their populations (‘Habitat naturalness’; human-impacted or natural habitat,
as indicated).

Significant differences in habitat conditions were found
even among groups of populations classified according to
ploidy-level composition (Table 5b). Pure 4x, 5x and 6x popu-
lations differed from each other with regard to environmental
conditions. By contrast, the environments of mixed-ploidy-
level populations did not differ from those of uniform popu-
lations of the respective cytotypes, pointing to the heterogen-
eity of the environments where cytotypes co-occur. This is
in agreement with the finding that mixed ploidy populations
occur more frequently (24-3 %) at sites with two or more
adjoining habitats than uniform populations (16-9 %).

DISCUSSION

The results of this study indicate that pentaploids are the most
common cytotype in the Czech Republic, and surprisingly, that
hexaploids are more frequent than tetraploids there (Table 2).
Other ploidy levels or aneuploid plants were not detected in
this area. This is in good agreement with previous reports of
chromosome numbers in the Czech Republic (Table 1),
especially with the local study of Fialova (1996) who investi-
gated 206 individuals from 24 A. oleraceum populations in the
eastern part of the Czech Republic and found mostly penta-
ploids and hexaploids, with only rare occurrences of tetra-
ploids and no aneuploid plants. The absence of mature
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20 - a a b TABLE 5. Summary of the analyses using constrained principal
° coordinates analysis applied to environmental variables
recorded in populations of Allium oleraceum in the Czech
150 s Republic: (a) effects of ploidy levels; (b) effects of groups of
T populations classified by observed ploidy-level combinations
X
2 10 ° b3 § Model Trace (1st axis) F P
- L
[9)
8’ 8 ° (a) Ploidy levels
§ Overall model 0-047 7-22 0-001
5r 4x vs. 5x 0-033 570 0-001
4x vs. 6x 0-082 9-06 0-001
5x vs. 6x 0-016 3.99 0-001
0 ) . | (b) Groups
Overall model 0-063 3.93 0-001
a b b 4x vs. S5x 0-030 5-18 0-001
500 - 4x vs. 6x 0-084 921 0-001
° ° Sx vs. 6x 0016 400 0002
§ o 4x vs. 4x + 5x 0-010 176 0-071
= 400F o S o 4x vs. 4x + 6x 0018 1-96 0039
2 o 5x vs. 4x 4 5x 0-016 3.12 0-003
E) 300 L 5x vs. 5x + 6x 0-007 175 0-065
= 6x vs. 4x 4 6x 0-009 0-95 0-473
8 6x vs. 5x + 6x 0-008 1-98 0-033
2 200t
ol All effects were tested by Monte Carlo permutation tests using 999
2 random permutations. See Methods for details.
& 100} P-values in bold (except for overall models) are significant after
Bonferroni correction [P < 0-017 in the section (a)] or are significant at
P = 0-01 in the section (b).
o ]
a a b . .
20 TABLE 6. Survey of environmental variables that are best
o correlated with occurrence of ploidy levels in constrained
principal  coordinates analysis applied to environmental
151 ° ° ° variables recorded in populations of Allium oleraceum in the
"_g, 8 * Czech Republic
2
e 10r 8 4x (+) vs. 4x (4) vs. Sx (4) vs.
2 2 5x () r 6x (=) r 6x (—) r
©
© gl Forest 0-68 Habitat 0-65 Habitat 0-57
naturalness naturalness
Habitat 0-65 Forest 0-64 Soil Ca®* 0-54
naturalness
0 ! : Colder climate —0-28 Light —0-55 Colder climate —0-49
conditions
8 Light —042  Soil Ca?* 026 pH 042
T conditions
Arable field & —0-57 Arable field & —0-58 Arable field & —0-52
vl field margin field margin field margin
Presence of —0-66 Presence of —0-75 Presence of —0-67
arable land arable land arable land
:E;_ 6 Within each analysis, variables showing the highest positive or negative
correlations with the first canonical axis are reported together with their sign
and correlation coefficient. The sign of correlation coefficients corresponds to
5L the position of the respective ploidy level along the first canonical axis
- within each analysis (i.e. 4x vs. 5x; 4x vs. 6x; 5x vs. 6x). For explanations of
variables see Methods.
4 1 1 1 |
4x 5x 6x

Cytotype

Fi1G. 5. Box plots of selected chemical soil properties at sites with occurrence

of different ploidy levels of Allium oleraceum. Significant differences in

medians between ploidy levels (Dunn’s test; P < 0-05) are marked by different
letters in rows above the box plots. For overall tests see Table 4.

aneuploid plants, particularly within those populations con-
taining pentaploids, does not mean that they could not be
formed. Fialova (1996) observed a few aneuploid seedlings
from 5x maternal plants. It is probable that aneuploid offspring
are either non-viable or are eventually out-competed due to
their reduced fitness.
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Fi1G. 6. The first and the second axis of the constrained principal coordinate

analysis testing environmental differences among ploidy levels of Allium oler-

aceum. Vectors of the environmental variables were used as supplementary
data to help interpret the ordination. See Methods for analysis settings.

Screening results also clearly indicate that ploidy-level
distribution patterns are much more complex and finely
grained than previously thought (see Table 1 and Fig. 3).
Widespread sympatry of cytotypes of A. oleraceum that
result in the contact zones, where at least two ploidy levels
are intermixed, contrasts with the majority of diploid—poly-
ploid contact zones studied. They are thought to have
resulted from secondary contacts, the distribution of cyto-
types is mostly parapatric, and only a few inter-cytotype
hybrids are normally recorded (Soltis and Soltis, 1993;
Petit er al., 1999; Segraves et al., 1999). The present study
also found more mixed-ploidy-level A. oleraceum popu-
lations (23 %) than had previously been reported (8-3 %,
Fialova, 1996; 12 %, Karpaviciené, 2007). In fact,
co-occurrences of all possible combinations of 4x, 5x and
6x ploidy levels were observed, and among these 4x + 6x
and 4x 4 5x + 6x populations had not previously been ident-
ified in Europe.

High frequency of mixed-ploidy-level populations has been
recently observed in several other plant species (Burton and
Husband, 1999; Suda, 2002; Keeler, 2004; Suda et al.,
2007a; Halverson et al., 2008; Kao, 2008). However, it is
impossible to identify unambiguously the sole unifying mech-
anism that explains the existence of those populations.
Likewise, the complex distribution patterns of the three
ploidy levels of A. oleraceum observed do not permit an
easy explanation. Several non-exclusive mechanisms that
could explain the observed geographical patterns of the three
cytotypes are discussed below.
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Ecological differentiation among ploidy levels

Although their ecological preferences partially overlap, both
univariate and multivariate analyses indicate that A. oleraceum
of different ploidy levels show ecological differentiation. This
difference in ecological requirements of the cytotypes is thus
consistent with the generally accepted fact that polyploidiza-
tion can produce novel characters which lead to niche shifts
(reviewed by Ehrendorfer, 1980; Lewis, 1980; Levin, 1983,
2002; Soltis et al., 2003), although we acknowledge that the
differences observed may have emerged later via selection
(Petit et al., 1999). Higher ploidy levels also sometimes
confer a wider ecological amplitude (e.g. Hancock and
Bringhurst, 1981; Rothera and Davy, 1986; Thompson and
Lumaret, 1992; Burton and Husband, 1999). Brochmann
and Elven (1992) showed in a detailed study of three diploid
and 13 polyploid (4x—16x) species of Draba that ecological
amplitude, heterozygosity and biochemical diversity all
increased significantly with increasing ploidy level. This is
not the case in A. oleraceum here: the niche breadth of tetra-
and pentaploids is similar, being higher than that of hexa-
ploids. This is in agreement with the markedly lower
biochemical diversity of hexaploids than either tetra- or
pentaploids noted by Stankova (2005) in an electrophoretic
enzyme study of 30 Czech populations of A. oleraceum.
Similar observations, in which a broader ecological niche
was found for lower ploidy levels, were recently reported
from a diploid—hexaploid complex of Senecio carniolicus
(Schonswetter et al., 2007) and diploid—tetraploid complexes
of Centaurea stoebe (Spaniel et al., 2008) and Santolina
pectinata (Rivero-Guerra, 2008).

Ploidy-level distributions on regional and local scales: is the
adaptive scenario the most plausible explanation?

Hypotheses concerning ecological diversification among
cytotypes predict trends towards parapatry or allopatry of cyto-
types at larger spatial scales if the fitness of cytotypes is a
function of the environment, which itself changes with geo-
graphical scale (Engen et al., 2002; Johnson et al., 2003), or
towards partial or complete sympatry but ecological isolation
between cytotypes if the environmental factors are mosaic in
structure (Thompson and Lumaret, 1992; Levin, 2002). The
character of ecogeographical differentiation observed among
the A. oleraceum ploidy levels is more probably consistent
with the latter model because the most important environ-
mental factors contributing to the ecological differentiation
among the cytotypes (e.g. habitat naturalness; presence of
arable land) have a rather mosaic pattern in the central
European landscape. Furthermore, the coarse-grained spatial
pattern of certain environmental factors that cause lower land-
scape heterogeneity in some Czech regions, especially at
higher altitudes (Petfik and Wild, 2006), may also explain
(1) the existence of a few small single-cytotype areas,
especially those of hexaploids; and (2) the extremely rare
occurrence of tetraploids in the large upland areas of central
and western parts of the Czech Republic (Bohemia) in contrast
to their common occurrence in climatically similar or even
harsher upland areas in the eastern part of the Czech
Republic (eastern Moravia), despite their broad ecological
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niche (see Fig. 3). The contrasting distributions of tetraploids
probably reflect differences in environmental conditions and
historical processes that influence floristic composition in
these regions. Rather acidic and mineral-poorer soils dominate
in the Bohemian upland; a mosaic of mineral-poor and
mineral-rich soils occur in eastern Moravia (Demek, 1987,
Lozek, 1988). In fact, the distribution of tetraploids in
Bohemia roughly corresponds to the occurrence of mineral-
rich soil substrates at altitudes under approx. 350(400) m
(Lozek, 1988; Sadlo, 2007), and this may also partly explain
the absence of hexaploids from large areas of the Bohemian
lowlands despite the vast expanses of arable land. Mraz
et al. (2008) recorded similar cytotype distribution patterns
in Pilosella officinarum in Bohemia, albeit with rare penta-
and hexaploids confined to warm, low-elevation regions and
common tetraploids prevailing in the whole of Bohemia.

At the population level, detected differences in ecological
niches among cytotypes of A. oleraceum seem to support the
observation of predominantly monotypic populations, i.e. a situ-
ation when plants invading a population of the other cytotype
would do poorly in the unsuitable habitat (Baack, 2004). The
present data demonstrate that a majority of 4x 4 5x and 5x 4 6x
mixed populations do not show distinct geographical patterns,
and are sympatric and intermixed with single-ploidy-level popu-
lations. The existence of such mixed populations could be best
explained as a stochastic event based on mutually independent
dispersion of cytotypes through the landscape followed either
by: (1) their successful establishment and persistence at sites
that represent less typical or marginal (unfavourable) environ-
ments for either one or both cytotypes but where they can both
persist due to partial overlaps in realized ecological niches; or
(2) local secondary contacts between cytotype-different, but
uniform, populations at borders between different habitats. The
present analyses support the idea that environmental conditions
at mixed-population sites are marginal to or intermediate (‘hetero-
geneous’) between the environmental conditions of the respective
uniform cytotype population sites. Similar patterns, i.e. the coex-
istence of cytotypes in sites possessing either sufficient environ-
mental heterogeneity or ecologically marginal environment,
were observed by Lumaret er al. (1987), Keeler (1990), and
Husband and Schemske (1998) in mixed-cytotype populations
of Dactylis glomerata, Andropogon gerardii and Chamaerion
angustifolium, respectively.

The hypothesis of secondary contacts between ploidy levels
is further supported by the larger population sizes and areas of
mixed populations relative to the uniform populations (Fig. 2).
The present results suggest that mixed-ploidy populations
occur somewhat more frequently at sites with two or more
adjoining habitats than do uniform populations, i.e. the
larger area of mixed-cytotype populations also entails higher
environmental heterogeneity (Legendre and Legendre, 1998;
Koenig, 1999). As no single cytotype was strongly dominant
in the majority of mixed 4x 4+ 5x and 5x + 6x populations,
which cytotype dominates at a site could therefore be due
either to specific responses of the cytotypes to local environ-
mental conditions or to random factors such as chance coloni-
zation (Kliber and Eckert, 2005; Kao, 2008). Cytotype
uniformity of small populations can be explained through
events such as colonization of a new site by a small number
of individuals, probably representing a clone (founder
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effect), or through processes such as habitat change when
large populations are strongly reduced in size (bottleneck
effect and/or drift).

By contrast, here some mixed 4x 4+ 5x and 5x + 6x popu-
lations were observed at sites with homogeneous environment
typical of one of the participating cytotypes. This suggests that
niche differentiation is insufficient to explain the existence of
these mixtures, although we cannot exclude that such differen-
tiation occurs on a very fine spatial scale. Furthermore, ecological
differentiation fails to explain the markedly contrasting cytotype
frequencies in a majority of mixed populations of tetra- and hex-
aploids, because, in most of these populations, tetraploids predo-
minate even if habitat conditions appear less suitable for them
than for hexaploids on the basis of multivariate analysis.

We therefore consider ecological differentiation to be an
important but not sole driving force behind the distribution
patterns observed. Rather, our non-exclusive explanations
take into account (1) the generation of cytotype mixtures as
a result of the interploidy crosses or the emergence of a
higher polyploid within a lower polyploid population, (2) pre-
dominant vegetative reproduction and localized dispersal that
retard the effect of exclusion of emerging or invading cytotype
and (3) human impact influencing distribution of cytotypes.

First, we suggest that in situ de novo production of hexa-
ploids in some tetraploid populations seems to occur in
A. oleraceum through the union of reduced and unreduced
gametes, as evidenced by the fact that (1) some mixed 4x +
6x populations are intermixed with uniform 4x populations
outside the hexaploid range, (2) the cytotype structure of the
majority of 4x + 6x populations is characterized by strong
dominance of tetraploids and rare occurrence of hexaploids,
and (3) the tetra- and hexaploids have identical multilocus
isozyme phenotypes within the two 4x + 6x populations
(Stanikova, 2005). However, the origin of hexaploid plants in
tetraploid populations seems to be an extremely rare event
given that no previous study on the cytology of
A. oleraceum (see Table 1) reported mixed 4x + 6x popu-
lations, despite the frequent reports of tetraploid populations.
In turn, the origin of 4x 4+ Sx and 5x 4+ 6x mixed populations
is difficult to explain on the basis of a primary origin of a
novel ploidy level (Ramsey and Schemske, 1998) because of
the absence of one ‘compatible’ donor ploidy level, i.e. 4x in
5x 4 6x or 6x in 4x 4 5x mixed-ploidy populations. Indeed,
we cannot exclude the possibility that our research simply
failed to detect the minority (4x or 6x, respectively) cytotype,
but this is unlikely because (1) the within-population screening
was quite extensive, and, as stated above, (2) the ‘missing’
donor ploidy usually did not occur in the surroundings.
Hybridization between the 4x and 6x plants would yield pen-
taploids, but only three mixed populations of tetra-, penta-
and hexaploids were found. This suggests limited gene flow
between 4x and 6x cytotypes due to extremely rare production
of flowers in hexaploids (Ohryzek, 2007) and rather indicates
secondary contacts between cytotypes.

Second, asexual reproduction via aerial bulbils and daughter
bulbs strongly predominates over sexual reproduction in
A. oleraceum (Duchoslav, 2000; Karpaviciené, 2002; Astrom
and Heaeggstrom, 2004; Ohryzek, 2007). Hence, even a single
plant of one cytotype emerging within or invading a uniform
population of another cytotype has the potential to persist as it
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can maintain itself and spread through asexual reproduction
(Kao, 2007). This feature is analogous to apomictic seed for-
mation, which allows plants of the other cytotype to produce
their exact copies and thus to escape reproductive costs due to
their minority status. Yamauchi et al. (2004) showed that if
asexuality dominates over sexual reproduction, the outcome of
mixed-ploidy occurrences are probably determined by direct
competition between the cytotypes. We therefore suggest that
existence of some mixed populations is a result of (recent) cyto-
type invading a uniform population of another cytotype and that
eventually one cytotype suppress the other(s) in the ensuing
period. Longevity of A. oleraceum individuals and their ability
to propagate via daughter bulbs even under suboptimal ecologi-
cal conditions hindering the production seeds and bulbils, for
example in deep shade (Duchoslav, 2009), may retard competi-
tive exclusion of one cytotype.

Additionally, direct competition among cytotypes can be
reduced if cytotypes show local pollen/propagule dispersal
leading to local spatial segregation of cytotypes (Li et al.,
2004; Baack, 2005). The present data show that
A. oleraceum forms predominantly cytotype-homogeneous
patchy stands within mixed populations and that local cyto-
type homogeneity tends to increase with ploidy level. This
pattern may be explainable simply by limited dispersion
(Hardy and Vekemans, 2001; Meirmans et al., 2003).
A. oleraceum is functionally similar to A. vineale, for
which Ronsheim (1994) found that dispersion distances did
not differ between bulbils and seeds and that most propagules
fall within 30 cm of their mother plants. She also observed,
however, that a very small number of seeds dispersed far
from mother plants (> 1m). This can, in the case of
co-occurring cytotypes, result in a mixture with established
patches of the other cytotype. Seed recruitment may,
however, be inhibited by competition for safe sites from
clonal bulbils and daughter bulbs (Abrahamson, 1980;
Eriksson, 1997; Kliber and Eckert, 2005). This would also
decrease the probability of invasion by an ‘alien’ cytotype.
Much scarcer seed production by higher ploidy levels (the
average production of seeds increases from zero seeds per
plant in hexaploids to one and two seeds per plant in
penta- and tetraploids, respectively; M. Fialovda and
M. Duchoslav, pers. obs.) and prevailing vegetative reproduc-
tion could explain not only increased local cytotype hom-
ogeneity within mixed populations of higher ploidy levels
but also the increased clumping of higher ploidy levels pre-
sented here. Local dispersal and clumping of A. oleraceum
cytotypes can thus effectively separate the cytotypes and
thereby decrease reproductive interference and inter-cytotype
competition (Baack, 2005). Recently, Kolar et al. (2009) pro-
posed that founder effects together with limited seed distri-
bution capacity leading to clumping is a plausible
explanation for the existence of some mixed-ploidy popu-
lations of Knautia arvensis agg. Undoubtedly, data regarding
the fine-scale spatial and environmental distribution of cyto-
types within mixed-ploidy-level populations is needed to
assess the relative importance of various coexistence
mechanisms.

Third, the present-day complex distribution patterns of
ploidy levels and high proportion of mixed-ploidy populations
may also reflect human impact (Balfourier er al., 2000; Perny
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et al., 2008), i.e. the weedy character of A. oleraceum
(Duchoslav, 2001a). The spread of the species was indeed
influenced by agricultural practices and transport of crops
and hay. Its frequent present-day occurrence along roadsides
and field margins is evidence of its past abundance in arable
land before the implementation of subsoil ploughing and the
use of selective herbicides (Hakansson, 1963; Willmans,
1985; Duchoslav, 2001a). In the face of these equilibrium-
disrupting processes, the abilities of niche differentiation and
competitive exclusion to limit co-occurrence of cytotypes
may be weakened.

General pattern of ploidy-level distribution in Europe
and hypothetical origins of polyploidy

The pattern of ploidy-level distribution observed by us in
the Czech Republic contrasts with that seen on the European
scale. Because published karyological data on A. oleraceum
are based on chromosome counting in small numbers of
plants, such an approach is able to detect the most frequent
cytotypes but fails to detect rare ones (Burton and Husband,
1999; Halverson et al., 2008). It can therefore evaluate fre-
quencies and large-scale spatial patterns of detected cytotypes
inaccurately. Hence, it is highly possible that the current
understanding of cytotype distribution patterns in Europe is
inaccurate.

The origin of A. oleraceum is still not fully understood.
Polyploid A. oleraceum could be of autopolyploid and/or of
allopolyploid origin. We consider Levan’s (1938) experimen-
tal results, i.e. the creation of tetraploids in one step from
diploids, to provide a highly probable explanation for the
origin of A. oleraceum. The A. paniculatum group is an extre-
mely complicated set of species of the section Codonoprasum
that occurs from the westernmost parts of Macaronesia, north-
ern Africa (de Wilde-Duyfjets, 1976) and the Iberian peninsula
(Pastor and Valdes, 1983) through the whole Mediterranean
area (Zahariady, 1975; Stearn, 1980; Jauzein and Tison,
1999, 2001; Brullo et al., 1996, 2001) to Iran (Wendelbo,
1971) and south-western Siberia (Frizen, 1988). This group
could represent the hypothetical parents. Furthermore, they
are not only diploid, as were used by Levan, but also triploid,
tetraploid and pentaploid. Thus, the high variation in ploidy
levels of A. oleraceum from triploid to hexaploid might be
the result of independent crosses between different members
of this complex. At present, this hypothesis is supported by
the occurrence of two types of hexaploids found by us: one
type is represented by populations that differ from tetra- and
pentaploids in their ecological requirements, and the second
hexaploid type comprises rare individuals admixed in popu-
lations of tetraploid plants that probably originated from
fusion of reduced and unreduced gametes.

No triploid plants were detected during our detailed screen-
ing within the Czech Republic, and only extremely rare records
of triploids are known, all of which are from the northern edge
of the ranges of the supposed diploid progenitors (Vakhtina,
1984; Krahulcova, 2003). Triploids probably result from the
hybridization of reduced and unreduced gametes of diploid
progenitors, but they may arise from pollinations between
ancestor diploid and tetraploid A. oleraceum (Type I hybrids;
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Petit et al., 1999). Currently, it is not possible to differentiate
between these two hypotheses.

Both tetra- and pentaploids are widely distributed and prob-
ably sympatric (Karpaviciené, 2007; present study) throughout
Europe, even in northern areas that were covered by glaciers
during the last glacial maximum (Huntley & Birks, 1983).
By contrast, hexaploids are presently known just in the
Czech Republic, Austria and Spain (Table 1). Pastor (1982)
mentioned that higher cytotypes (5x, 6x) probably arose in tet-
raploid populations through the production of (un)reduced
gametes and interploidy crosses, and this mode is partially
(6x) supported by the present data. However, alternative
origins of the higher cytotypes cannot yet be ruled out, includ-
ing backcrosses of triploids or tetraploids with parental taxa
and eventual polyploidization, and even polyphyletic crosses
(see above). Apart from the origin of ploidy levels, the wide
present-day distribution of tetra- and pentaploids probably
reflects their superior colonization abilities, as evidenced by
the breadth of their ecological niches, which were found to
be greater than that of hexaploids. Alternatively, the
common occurrence of hexaploids in the Czech Republic
may represent evidence of a recent range expansion of a
newly established hexaploid type in anthropogenic habitats.

Conclusions

A detailed investigation of the distribution of different ploidy
levels of A. oleraceum showed a distribution pattern much more
complex than could be deduced from published chromosome
counts. Individual cytotypes differ in their ecological require-
ments at the regional scale and this contributes to the distribution
patterns observed. Local cytotype coexistence is, however,
widespread. It is therefore considered that high frequency of
mixed-ploidy populations is a result of both the cumulative
effects of various isolating mechanisms, including niche differ-
entiation, localized dispersal and prevailingly asexual propa-
gation, and equilibrium-disrupting processes, i.e. agricultural
practices. Distributional data support the existence of both
primary and secondary zones of cytotype contact.

The extensive distribution range of A. oleraceum over most
parts of Europe, as compared with the narrower distribution of
its supposed diploid (and perhaps also polyploid) progenitors
(species of the A. paniculatum group) in southern Europe, is
consistent with the idea that polyploids are more ecologically
tolerant and therefore are able to colonize harsher environ-
ments than their diploid progenitor(s). We suggest the recur-
rent formation of particular cytotypes and consider their
polyphyletic origin as highly probable. A logical extension
of this research would be to determine whether the present
results could be extrapolated outside central Europe. The
growing number of chromosome counts reported from individ-
ual regions suggests an increasingly complex cytogeographical
pattern.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and include a list of Allium oleraceum localities
accompanied by brief descriptions of habitats, geographical
coordinates and ploidy levels for data presented in this study.
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APPENDIX

Survey of environmental and population variables used in the
study. Codes of habitats corresponding to the EUNIS habitat
classification (Davies et al., 2004), which are included
within each habitat type used in the study, are given in
parentheses.

Environmental/

population variable Explanation [units]

Habitat type rock (H2, H3); steppe (E1, E5-2); mesic & wet
grassland (E2, E3); semi-natural forest (G1-2, G1-6,
G1-7, G1-8, G1.A, G3+4, F3 p.p.); ruderal scrub (G5,
FA, F3 p.p.); planted Robinia pseudacacia forest
(G1.C); arable field & field margins (E5-1, H5-6, I,
J4)

Presence of arable 0 — distance to the nearest field >20 m, otherwise 1
land

Habitat naturalness
Light conditions

0 = human-impacted habitat, 1 = natural habitat
1 = strong shade, 2 = half-shade, 3 = low shade,
4 = full insolation

Chemical soil pH of water extract, PO3  [mg kg™ '], Mg>" [g

parameters kg™, K" [gkg '], Ca’"[gkg '] N[gkg '].C
[%]
Altitude [ma.s. 1]

Climatic region C = cold region, SW = slightly warm region,
W = warm region

Population size <50, 51-500, >500 individuals

Area of population [m?*]

Morphological individuals, clusters

pattern
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Cytotype distribution in mixed populations of polyploid Allium oleraceum
measured at a microgeographic scale

Rozsifeni ploidii v cytotypové smiSenych populacich Allium oleraceum
LenkaSafdfova & MartinDuchoslav

Department of Botany, Faculty of Science, Palacky University, Slechtitelii 11, CZ-783 71
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Safafova L. & Duchoslav M. (2010): Cytotype distribution in mixed populations of polyploid
Allium oleraceum measured at a microgeographic scale. — Preslia 82: 107-126.

Despite the substantial knowledge of the variation in cytotypes at large spatial scales for many
plants, little is known about the rates at which novel cytotypes arise or the frequencies and distribu-
tions of cytotypes at local spatial scales. The frequency distribution, local spatial structure, and role
of habitat differentiation of tetra-, penta- and hexaploid cytotypes of the bulbous geophyte Allium
oleraceum were assessed in 21 populations sampled in the Czech Republic. The ploidy levels deter-
mined by flow cytometry confirmed that there was a mixture consisting of two or three cytotypes
(i.e. 4x+5x, 4x+6X, 5Xx+6x, 4x+5x+6x). In addition, mixtures of cytotypes were found at sites previ-
ously considered to be cytotype-homogeneous. At all sites previously found to contain a mixture of
two cytotypes, no plants with the third ploidy level were found. Although the relative frequencies of
cytotypes varied considerably both among and within populations, mixed populations consisting of
tetra- and hexaploids were usually dominated by tetraploids. This suggests that there are secondary
contacts among cytotypes but there is little gene flow among them except for the rare formation of
hexaploids in tetraploid populations. Cytotypes were not randomly distributed over the study area
but were spatially segregated at either 47.6% or 61.9% of the sites investigated, depending on the
statistical test (Mantel test or average distance test) used. When the composition of habitats at each
of the sites is taken into account, cytotypes were more frequently spatially segregated at sites with
a heterogeneous environment than a homogeneous environment. This implies that the cytotypes are
ecologically differentiated. The frequent co-occurrence of cytotypes, with or without significant
spatial segregation, at many sites with heterogeneous or homogeneous environments, however, sug-
gests that niche differentiation alone is probably ineffective in determining co-occurrence. It is sup-
posed that the prevailing vegetative reproduction associated with local dispersal, a high population
density of the species in a landscape, and non-equilibrial processes influencing the establishment
and extinction of A. oleraceum populations can also support the local co-occurrence of cytotypes.

Keywords: Allium oleraceum, clonal reproduction, coexistence, cytotype, flow cytometry, habi-
tat differentiation, local spatial structure, ploidy

Introduction

Polyploidy is a highly dynamic process, which has had an important role in the evolution
and speciation of angiosperms and evolutionary history of other eukaryotes (Grant 1981,
Thompson & Lumaret 1992, Wendel 2000, Soltis et al. 2003). It is reported that the
increased genetic buffering provided by having extra genome copies and changes in gene
expression (Soltis & Soltis 1999, Otto & Whitton 2000, Wendel 2000, Soltis et al. 2003)
produces novel characters that enable polyploids to adapt to new environments (Levin
1983, Brochmann & Elven 1992, Bretagnole & Thompson 1996, Levin 2002). Conse-
quently, polyploid populations often occupy habitats intermediate between those of their



108 Preslia 82: 107-126, 2010

progenitors or colonize a wider or different range of habitats (Lewis 1980, Petitetal. 1999,
Levin 2002, Soltis et al. 2003). This ‘adaptive evolutionary scenario’ predicts trends
towards: (i) the parapatry or allopatry of cytotypes at large spatial scales if the fitness of the
cytotypes is a function of an environment that is gradually changing at a geographical
scale (Engen et al. 2002, Johnson et al. 2003), or (ii) partial or complete sympatry with
ecological isolation between cytotypes if the environmental factors have a mosaic struc-
ture (Levin 2002). Forces producing macrogeographic polyploid variation also operate at
a local scale. As most ecological variables are spatially structured (Legendre & Legendre
1998, Koenig 1999), ecological differentiation between cytotypes leads to the expectation
of either a patchy distribution of the cytotypes at a site (Meirmans et al. 2003) or cytotype-
homogeneous populations (Baack 2004).

Some studies have investigated the spatial patterns of cytotypes at mixed-cytotype sites
(Keeleretal. 1987, Lumaret et al. 1987, Keeler 1992, 2004, van Dijk et al. 1992, McArthur
& Sanderson 1999, Meirmans et al. 1999, 2003, Hardy et al. 2000, Husband & Schemske
2000, Suda 2002, Baack 2004, Suda et al. 2004, Schonswetter et al. 2007, Halverson et al.
2008, Hiilber et al. 2009, Kolaf et al. 2009) and the results are inconsistent. Husband &
Schemske (2000), Meirmans et al. (2003), Baack (2004), Suda et al. (2004), Schonswetter
et al. (2007), Hiilber et al. (2009) and Kolaf et al. (2009) found a microspatial structure in
the distribution of cytotypes of Chamerion angustifolium, Taraxacum sect. Ruderalia,
Ranunculus adoneus, Empetrum spp., Senecio carniolicus and Knautia arvensis agg. On
the other hand, Lumaret et al. (1987), Keeler (1992, 2004), van Dijk et al. (1992),
McArthur & Sanderson (1999), Meirmans et al. (1999), Hardy et al. (2000), Suda (2002)
and Halverson et al. (2008) found either no or only a weak local spatial aggregation of
cytotypes of Dactylis glomerata, Andropogon gerardii, Plantago media, Artemisia subgen.
Tridentatae, Taraxacum sect. Ruderalia, Centaurea jacea, Vaccinium sect. Oxycoccus and
Solidago altissima.

The effect of environmentally independent processes (‘non-adaptive scenario’) might
account for the contradictory nature of the results. Polyploids must originate within popu-
lations of their progenitors, thus, at least the establishment of a new cytotype must occur in
sympatry with its progenitors. Subsequent spatial separation between the new cytotype
and its progenitors is usually directed by frequency-dependent mating success, which
gradually leads to the elimination of the minority cytotype (‘minority cytotype exclusion’;
Levin 1975, Ramsey & Schemske 1998). The coexistence of cytotypes may therefore be
of a temporary nature (Husband & Schemske 1998, Baack 2005). Recent studies (Burton
& Husband 1999, Mandakova & Miinzbergova 2006, Dorken & Pannell 2007) indicate
that ‘the minority cytotype exclusion” mechanism works not only in primary hybrid zones
but also in zones of secondary contact between cytotypes (sensu Petit et al. 1999). This
mechanism is based on many strict assumptions (Levin 1975, Petit et al. 1999) and mixed
populations often occur despite the reproductive disadvantage of the minority cytotype
(Husband 2004). Several theoretical models evaluating the fate of autotetraploids that
arise within populations of their diploid progenitors show that the coexistence of the
cytotypes is maintained by partially fit triploids (Husband 2004), selfing (Levin 1975),
greater vegetative reproduction of polyploids (Gibby 1981, Rodriguez 1996), asynchron-
ous flowering and shifts in pollinator preferences (Fowler & Levin 1984, van Dijk &
Bijlsma 1994, Segraves & Thompson 1999). Moreover, the models developed by Felber
(1991) and Rodriguez (1996) show that when the diploid cytotype produces a rather high
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frequency of 2n gametes and/or cytotypes differ in fitness, fecundity, longevity and levels
of self-compatibility (but see Mable 2004), tetraploids can become established and sur-
vive in populations. Li et al. (2004) and Baack (2005), using simulation models, show that
over a short distance, seed and pollen dispersal, polyploid establishment and persistence
should be possible even in the absence of niche separation or recurrent polyploid forma-
tion via unreduced gametes. A combination of the above mentioned factors may also lead
to the spatial segregation of cytotypes regardless of niche differentiation between
cytotypes. Finally, Halverson et al. (2008) suggest that theoretical predictions of unstable
cytotype coexistence may simply be irrelevant in many cases because plant populations
have not reached the equilibrium at which all cytotypes but one are locally excluded.

Allium oleraceum L. is a wide-ranging clonal bulbous geophyte, which occupies a mul-
titude of different habitats in Europe (Duchoslav 2001a, Heggstrom & Astrém 2005,
Karpaviciené 2008). It comprises triploid (2n = 3x = 24), tetraploid (2n = 4x = 32),
pentaploid (2n = 5x= 40) and hexaploid (2n = 6x = 48) cytotypes (Krahulcova 2003,
Astrém & Haggstrom 2004, Karpaviciené 2007). Recently the distribution and ecological
differentiation among cytotypes in a sample of 325 populations in the Czech Republic
were studied (Safafova 2004, Duchoslav et al. 2010). All cytotypes (4x, 5x, 6x) except
triploids were recorded. The distribution of tetra- and hexaploids is largely parapatric,
while that of pentaploids with other cytotypes is sympatric. The results provide evidence
for niche differentiation among cytotypes. Tetraploids occur equally in both natural and
ruderal habitats but are usually confined to sites with a high content of organic carbon,
a high pH and often under stress, e.g. shaded. Pentaploids occur in a wide range of habitats
on soils that are usually intermediate chemically between those where the 4x and 6x
cytotypes grow. Hexaploids apparently occupy a different ecological niche than the other
cytotypes since they inhabit mostly human-influenced and often disturbed and exposed
habitats with soils rich in phosphorus (Duchoslav et al. 2010). Ecological differentiation
among cytotypes therefore accounts for the predominance of cytotype-uniform popula-
tions (77%) in this survey. However, 22% and 1% of the populations consisted of two and
three cytotypes, respectively. Though larger populations and areas with environmental
conditions intermediate between those found in uniform populations of respective
cytotype pairs were found in mixed populations (Duchoslav et al. 2010), there is no infor-
mation on the spatial structure and habitat differentiation of cytotypes at mixed-ploidy
sites of A. oleraceum.

The local spatial structure of cytotypes within mixed-cytotype sites of A. oleraceum
were investigated in this study. The aim was to determine whether: (i) cytotypes are spa-
tially segregated within sites, (ii) differences in ecological niche observed among
cytotypes at a regional geographical scale (Duchoslav et al. 2010) occur at a microgeo-
graphic scale at a site, and (iii) microhabitat differentiation is a major driving force deter-
mining spatial segregation. In addition, detailed sampling was used to check whether pre-
viously observed cytotype combinations (i.e. 4x+5x, 4x+6x, 5x+0x; Safarova 2004,
Duchoslav et al. 2010) were a consequence of the sampling procedure failing to detect rare
cytotypes, which is suggestive of inter-cytotype gene flow within populations.
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Material and methods
Plant material

Allium oleraceum L. (Alliaceae) is a bulbous geophyte occurring throughout most of
Europe (Meusel et al. 1965). It mainly occurs in western, central and eastern Europe and
southern Scandinavia. In the Czech Republic, the species is common and its distribution is
concentrated between 300 and 500 m a.s.l. (Duchoslav 2001a). It grows in a wide range of
natural and human-influenced habitats ranging from rocky ground and dry grasslands
through field margins and road ditches to scrub and deciduous forests (Duchoslav 2001a, b,
Karpaviciené 2002, 2004, 2008, Heggstrom & Astrom 2005).

The plant has 14 leaves, which are linear to filiform, with fistular bases that ensheath
the lower half of the scape. The terminal bulb of non-flowering plants and the major offset
bulb of flowering plants replace the parent bulb at the end of the growing season. Plants
often form a non-dormant daughter bulb. At the top of the scape of sexually mature plants
there is a loose lax umbel with a few (0-30) hermaphrodite, protandrous flowers and many
bulbils (10-60). Each flower can potentially produce six seeds (Stearn 1980), but seed
production varies considerably and seedling establishment is low (Duchoslav 2000,
Karpavigiené 2002, Astrom & Haggstrom 2004, Ohryzek 2007).

Sampling

Twenty-one sites selected from a database based on previous research on this species
(Safafova 2004, Duchoslav et al. 2010) were sampled in the Czech Republic in early
spring in 2005-2007 (for details of the sites see Appendix 1). This selection included three
sites with penta- and tetraploids, four with tetra- and hexaploids, eight with penta- and
hexaploids, two with tetra-, penta- and hexaploids, and four (one tetraploid, one hexaploid
and two pentaploid sites) that were initially considered to be single-cytotype sites
(Safafova 2004) but subsequently a genetic study identified them as cytotype-mixed sites
(Staiikova 2005). Except for the cytotype-mixed sites with tetra-, penta- and hexaploids,
the numbers of sites sampled for each cytotype combination roughly corresponded to the
frequencies of sites with these cytotype combinations in the Czech Republic (Duchoslav et
al. 2010).

At each site, population size, population area and spatial pattern of individuals was
determined. Because previous research based on sampling and analysing all the plants
within a few randomly located plots of ca 30x30 cm revealed that 95% of plots were
cytotype-homogeneous (Duchoslav et al. 2010) a modified preferential sampling proce-
dure was adopted. Sampling was adjusted to include all the area of the population but
avoid collecting other individuals < 10 cm from a sampled plant in order to minimize the
probability of sampling multiple ramets of individual genets. Overall, 778 plants were
sampled. The numbers of plants sampled ranged from 24 to 83 plants per site (mean 37 per
population) and were proportional to the size of the respective populations. At each site the
exact position of all the individuals sampled were mapped onto a sketch map and the dis-
tances between neighbouring sampled plants and/or clumps of plants were measured.
Fresh leaf tissue was collected from each plant sampled, stored in a plastic bag and
transported to the laboratory for flow cytometric analysis.
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When sampling the distribution of habitats at the sites were recorded along with the
habitat in which each plant occurred. Habitats were defined according to system of habitat
classification used in the NATURA 2000 mapping of the Czech Republic (Chytry et al.
2001, see also Appendix 1). Subsequently, the environment of each population was classi-
fied as either homogeneous, if it inhabited just one habitat, or heterogeneous, if it inhab-
ited two or more adjacent habitats.

Estimate of DNA ploidy level

Approximately 5 cm length of leaf tissue of individual plants of A. oleraceum and the
appropriate amount of the reference standard (7riticum aestivum 'Saxana'; 2C = 34.24 pg
based on repeated measurements through 2007-2008, and calibrated against Hordeum
vulgare with 2C = 10.43 pg, cf. DoleZel et al. 1989) were chopped with a new razor blade
in a Petri dish containing 1 ml of ice-cold LBO1 buffer (DoleZel et al. 1989). The solution
was filtered through nylon mesh (42 pm mesh size) and the samples stained with DAPI (2
pg.ml™" final concentration). The relative fluorescence intensity of the stained nuclei was
analysed using a Partec PAS flow cytometer (Partec GmbH, Miinster, Germany) with an
HBO-100 mercury arc lamp. In each sample, 1000-2000 nuclei in each of the standard
and the test plant G1 peaks were analysed. The DNA ploidy level (Suda et al. 2006) of the
samples was characterized by the ratio of the relative position of their G1 peak and that of
the internal standard. Tetraploid (10 plants from 5 populations), pentaploid (17 plants
from 7 populations) and hexaploid (11 plants from 5 populations) individuals with known
chromosome numbers were used to define the ratio between the relative DNA content of
the Allium cytotypes and the internal standard.

Data analysis

Each sketch map was converted into electronic form using CoreIDRAW 9 (CoreIDRAW,
version 9.397; Corel Corporation) and exported to ArcView GIS software (ArcView GIS,
version 3.1; Environmental Systems Research Institute, Inc.). The distances between the
plants sampled at each site were measured using Bearing & Distance Extension 1.1 in
ArcView GIS. The aggregation of cytotypes was estimated using two different randomiza-
tion analyses. In the first, the correlation between the cytotype identity and spatial distribu-
tion of the individuals sampled at each site was evaluated using the Mantel test (Manly
1991, Fortin & Gurevitch 2001). The inputs were two matrices: (i) a binary matrix of
cytotype identities, and (ii) the matrix of the mutual distances between individuals. The
null hypothesis was that the relationships between the two matrices could have been
obtained by any random arrangement of cytotype identities of the plants. The statistical
significance of the standardized Mantel statistics (ry) was assessed by performing 999 ran-
dom permutations (Legendre & Legendre 1998). In the second analysis, a spatial test
developed by Halverson et al. (2008) was applied, i.e. the average distance between plants
of the same cytotype was calculated and then compared with the distance obtained using
similar calculations for 999 data sets in which cytotype labels were shuffled randomly
among plants. For these calculations, Resampling, Monte Carlo analysis and Mantel test
functions in PopTools software (version 2.7.5; Hood 2006) were used.
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Mantel correlograms (Legendre & Legendre 1998) were used to identify the scales of
variation at six sites where more individuals were sampled. We used 11 distance classes of
unequal widths to overcome the problem of the low number of pairs of observations in
some classes and to improve the power of the tests. Each class has at least 20 pairs of
observations. The standardized correlation coefficients (ry) were computed for each dis-
tance class and the statistical significance of the coefficients was adjusted by sequential
Bonferroni correction (Legendre & Legendre 1998).

The associations between cytotypes and habitats were tested either by a two-tailed
Fisher exact test for 2x2 tables or a chi-square test for > 2x2 contingency tables, respec-
tively (Zar 1996). Only sites with heterogeneous environments were analysed.

Results
Cytotype composition of populations

DAPI staining yielded histograms with coefficients of variance (CV) of both the standard
and sample below 5% in the majority of flow cytometric measurements. The ratios between
the nuclei fluorescence intensity of the samples and the internal standard were 2.4-2.6,
2.8-3.0 and 3.3-3.4 for tetraploids, pentaploids and hexaploids, respectively (Fig. 1).

A - 100 B 100 C
80 80 T
60 60
40 40
20 20
0 0
0 100 200 300 0 100 200 300 0 100 200
Relative fluorescence Relative fluorescence Relative fluorescence

Fig. 1. — Fluorescence histograms of individual DNA ploidy levels of Allium oleraceum. Nuclei were simulta-
neously isolated from fresh leaf tissue of Allium oleraceum and an internal reference standard, Triticum aestivum
'Saxana’, stained with DAPI and analyzed on a flow cytometer. A: tetraploid plant (population no. 7), B: pentaploid
plant (population no. 16), C: hexaploid plant (population no. 9). The reference peak is marked with an asterisk.

Table 1. — Cytotype structure of populations and tests for spatial segregation and habitat differentiation of
cytotypes of Allium oleraceum at 21 sites. Habitats are labelled with habitat names that are supplemented by more
accurate habitat codes, following Chytry et al. (2001), in Appendix 1. Preferential occurrence of a cytotype in
some habitats at heterogeneous sites is associated with ploidy level (in parenthesis). Last four columns contain
tests for spatial aggregation of cytotypes within sites, i.e. standardized Mantel statistics (ryy) measuring the corre-
lation between spatial distances and cytotype identities and appropriate P values while the P-values in the follow-
ing column (Py) are based on average distance between plants of the same cytotype. The last column contains the
results of two-tailed Fisher exact test or chi-square test (¥) testing the association between habitat types and
cytotypes. The Fisher exact test/chi-square was used in the case of sites with a heterogeneous environment. Statis-
tically significant values (at P <0.05) are in bold. At site no. 20, three separate analyses were performed, each for
a different combination of cytotypes (i.e. 4x+5x, 4x+6x, and 5x+6x). At site no. 21, incidences of minority
cytotypes (4x, 6x) were pooled before all analyses due to the low number of plants with these cytotypes. For
detailed site locations, see Appendix 1.

300
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Accordance between the results of previous research (Safafova 2004) and the present
study was found in the composition of cytotypes at cytotype-mixed sites. On the other
hand, four sites that were previously considered to be cytotype-uniform (Safafova 2004)
were in fact a mixture of two cytotypes when repeatedly analyzed (Table 1). At all sites
containing a mixture of two cytotypes (i.e. 4x+5x, 4x+6x and 5x+6x) no plants with a third
ploidy level were detected.

Cytotype relative frequencies varied considerably between sites. At the sites consisting
of tetra- and pentaploids and particularly of tetra- and hexaploids, tetraploids usually dom-
inated but the reverse was also observed, although rarely. On the other hand, frequencies
of both penta- and hexaploids varied at cytotype-mixed sites of penta- and hexaploids. At
sites containing tetra-, penta- and hexaploids, one cytotype dominated over other
cytotypes (Table 1).

Spatial and environmental distribution of cytotypes

At nearly half of the sites (47.6%) the significant Mantel statistics indicated that the
cytotypes were not randomly distributed. When the spatial test based on the average dis-
tance between plants of the same cytotype was applied, the proportion of sites with spa-
tially segregated cytotypes increased to 61.9% (Table 1). Spatial segregation of cytotypes
was observed at all types of cytotype-mixed sites, but was slightly more frequent at sites
with a mixture of tetra- and hexaploids and of penta- and hexaploids than at those contain-
ing a mixture of tetra- and pentaploids. Cytotypes were also spatially segregated at both
cytotype-mixed sites with co-occurrence of three cytotypes.

Cytotypes were more frequently spatially structured at sites with a heterogeneous envi-
ronment (based on the results of Mantel test: 66.7%; average distance test: 75.0%) than at
those with a homogeneous environment (22.2% and 44.4%, respectively) but the differ-
ence between proportions was either significant (Mantel test, pooled data: x* = 4.07,P =
0.044) or insignificant (average distance test: x> = 2.04, P = 0.153). Cytotypes showed
a significant association with different habitats at 5 out of 12 sites with a heterogeneous
environment (Table 1). Except for cytotype-mixed sites with tetra- and hexaploids, there
was a tendency for spatial segregation of cytotypes in heterogeneous environments when
different cytotype compositions were treated separately. Because of the low frequencies of
these, however, the data were not statistically assessed.

Fig. 2 shows examples of contrasting spatial structures of cytotypes at cytotype-mixed
sites, while maps displaying the spatial distributions of cytotypes at all sites investigated
are available in an Electronic Appendix 1. Site no. 18 (Fig. 2A) represents an example of
a ‘perfect’ habitat and spatial separation between cytotypes, in which each cytotype forms
a spatially segregated subpopulation inhabiting only one of two adjacent habitats. This sit-
uation is, however, rare, and cases of partial sympatry but different habitat preferences
between cytotypes are more common (Table 1), as for example, at site no. 3 (Fig. 2B). On
the other hand, spatial segregation of cytotypes was also observed at some sites with uni-
form environments, e.g. sites nos. 8 and 13 (Fig. 2C). There are also several examples of
mutually random distribution of cytotypes at sites with either a uniform (e.g. site no. 15) or
heterogeneous environment (e.g. site no. 14; Fig. 2D).
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Fig. 2. — Examples of contrasting spatial structure of cytotypes at cytotype-mixed sites (A: site no. 18, B: site no.
3, C: site no. 13, D: site no. 14). Each plant sampled is represented by a symbol identifying its ploidy level (O=
4x, O = 5x, A = 6x). Population borders are demarcated by dotted lines and borders between habitats by dashed
lines. Areas lacking Allium plants are not depicted in the real scale; lines ending in arrow-heads denote the dis-
tance between closest individuals. See Appendix 1 for site details.
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Table 2. — Standardized Mantel statistics (ry) of the distribution of cytotypes for different distance classes in some
cytotype-mixed populations of Allium oleraceum. Statistically significant values of ry after sequential
Bonferroni correction (with an experiment-wide error rate of 0.05) are in bold.

Distance Distance Site/ploidy composition
class (m) 3 9 11 13 18 19
4x+5x 4x+6x 5x+6x 5x+6x 5x+6x 5x+6x

1 0-1.9 0.20 0.04 0.24 0.16 0.26 0.07
2 2-4.9 0.10 0.04 0.10 0.23 0.33 0.03
3 5-9.9 0.17 0.09 0.36 0.24 0.24 0.08
4 10-17.4 0.06 0.06 -0.23 0.20 0.32 0.04
5 17.5-24.9 0.09 -0.04 -0.02 0.01 0.00 -0.02
6 25-34.9 0.14 -0.08 0.10 0.03 -0.06 0.04
7 35-59.9 -0.16 0.05 -0.23 0.09 -0.20 0.01
8 60-99.9 -0.30 -0.14 -0.29 -0.29 -0.58 0.03
9 100-149.9 -0.07 0.06 -0.21 0.00
10 150-299.9 -0.08 -0.73 -0.13
11 > 300 0.10 -0.01

Spatial distribution of the cytotypes at a microgeographic scale

Analysis of the spatial distribution of the cytotypes at a microgeographic scale at selected sites
showed that at the majority of sites neighbouring individuals are likely to be of the same
cytotype, as illustrated by positive Mantel statistics for distances smaller than 2 (-10) m.
Except for one site, spatial autocorrelation between cytotypes largely disappeared at moderate
distances. At large distances, negative Mantel statistics were detected at most sites, meaning
that plants that are far apart have different ploidy levels (Table 2). However, after the applica-
tion of Bonferroni adjustment, some significant, mostly positive, correlations disappeared. For
all the populations analyzed the global and microspatial analyses gave similar results.

Discussion
Cytotype composition of populations and origin of cytotypes

The fine-scale sampling employed in this study revealed more complex patterns of
cytotype structure in some populations previously considered to be cytotype-uniform
(Safafova 2004). These discrepancies are most probably caused by (i) differently delim-
ited areas of the study populations and/or (ii) different sampling procedures used in the
previous and the present study. The previous research employed a strictly hierarchical
sampling design, which could lead to redundancy at the lowest (subsample) scale (Koenig
1999) if the cytotypes are associated with cytotype-homogeneous patches. Only a single
cytotype was detected in 95% of the subsamples (Safafova 2004, Duchoslav et al. 2010),
and visual inspection of the microdistribution of cytotypes within mixed populations (Fig. 2
and Electronic Appendix 1) and the results of the microspatial analysis (Table 2) also sup-
port cytotype homogeneity over short distances. Generally, these observations suggest
that the frequency of cytotype mixtures in A. oleraceum at a landscape scale reported in
previous publications is underestimated (12%, Karpaviciené 2007; 23%, Safaiova 2004,
Duchoslav et al. 2010). In fact, the higher percentage of mixed-cytotype sites in
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A. oleraceum proposed here is more comparable with that recorded for some other well-
investigated plants, such as Andropogon gerardii (Keeler 1992, 2004), Galax urceolata
(Burton & Husband 1999), Senecio carniolicus (Suda et al. 2007) and Vaccinium
oxycoccos (Suda 2002).

Although not expected, the results of the fine screening confirmed the frequent existence
of cytotype mixtures consisting of two cytotypes (i.e. 4x+5x, 4x+6x, 5x+6x) and only the
rare co-occurrence of tetra-, penta- and hexaploids in A. oleraceum. Assuming the origin of
novel polyploids was via commonly accepted pathways, i.e. the fusion of reduced and
unreduced gametes (Bretagnolle & Thompson 1995, Ramsey & Schemske 1998), then only
4x+6x and 4x+5x+6x mixed populations would be present. The supposed (recent) origin of
hexaploid plants from tetraploids is also supported by: (i) the apparently contrasting fre-
quencies of cytotypes within the populations consisting of tetra- and hexaploids, where
tetraploids usually dominated over hexaploids (Table 1), and (ii) identical multilocus
allozyme phenotypes of minority hexaploid plants and dominant tetraploids at two of the
4x+6x sites that were studied (sites nos. 7 and 9; cf. Starikova 2005). A similar pattern is
described e.g. for 2x+4x and 4x+6x mixed populations of Artemisia subgen. Tridentatae
(McArthur & Sanderson 1999) and Dianthus sect. Plumaria (Weiss et al. 2002). Subse-
quently, hybridization between tetra- and hexaploids could lead to pentaploid offspring and
the establishment of 4x+5x+6x mixed populations. Since recent studies have shown that
both the fusion of reduced and non-reduced gametes and cytotype hybridization are repeti-
tive processes in plants (Ramsey & Schemske 1998, Soltis & Soltis 1999, Krahulcova et al.
2000, Peckert & Chrtek 2006, Mraz et al. 2008), polytopic origins for both penta- and
hexaploids can be assumed. The cytotype data available for A. oleraceum at both regional
and European scales (Karpavi¢iené 2007, Duchoslav et al. 2010) only partially support this
mode of establishment of cytotype-mixtures because: (i) the overall frequency of 4x+6x
populations is low in nature, despite the commonness of tetraploids, suggesting either a low
probability of unreduced gamete production in tetraploids and/or a low probability of
hexaploid establishment, and (ii) the gene flow is probably limited between tetra- and
hexaploids as the latter very rarely produce flowers (Ohryzek 2007), which would hamper
pentaploid formation.

The existence of mixed 4x+5x and 5x+6x populations is also difficult to explain by in situ
de novo origin of pentaploids due to: (i) the absence of either hexa- or tetraploid parents and
(i) considerable cytotype variation both within and between populations, suggesting that
‘minority cytotype exclusion’ (Levin 1975) has little effect within these populations. Alter-
natively, we cannot exclude the possibility that tetra- or hexaploids can occasionally be pro-
duced by pentaploids via the fusion of partly reduced or unreduced gametes, respectively.
This mode of mixed-population establishment in A. oleraceum is rather speculative but the
data collected for some species, e.g. Hieracium subgen. Pilosella, show that pentaploids
usually produce both euploid and aneuploid pollen grains ranging from 2x to 3x
(Krahulcova & Krahulec 2000, Krahulcova et al. 2000). Because A. oleraceum pentaploids
occasionally set well-developed seeds (Astrom & Haggstrom 2004, Ohryzek 2007) both
euploids and aneuploids may be included within seed-sets (Fialova 1996). However, no
adult aneuploid plants have been found in nature (Karpavic¢iené 2007, Duchoslav et al.
2010) suggesting they have a reduced fitness. Moreover, mixed 4x+5x and 5x+6x popula-
tions do not show a distinct geographical pattern but are sympatric with single-cytotype pop-
ulations of participating cytotypes (Duchoslav et al. 2010).
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In summary, the data presented show that the local co-occurrence of A. oleraceum
cytotypes is more probably due to secondary contacts but also provides indirect support
for polytopic and repeated polyploid origin, at least in the case of hexaploids. Currently an
analysis of the cytotype composition of seeds, seedlings and adult plants within cytotype-
uniform and mixed populations is being undertaken to gain a deeper insight into the evolu-
tionary processes in this polyploid complex.

Microdistribution of cytotypes

Our results demonstrate a tendency for the A. oleraceum cytotypes in many populations to
be spatially segregated, at least at the spatial scales addressed by our sampling. When the
habitat composition of the sampled sites was taken into account, a clearer picture emerged:
in a homogeneous environment, there was only a weak tendency for the cytotypes to be
spatially separated, while in a heterogeneous environment they were spatially segregated
and there was a more or less clear association of the cytotypes with different habitats. How
can these discrepancies be explained?

Theoretical studies suggest that mixed-cytotype populations should be evolutionarily
unstable except when cytotypes have similar fitnesses and reproduce predominantly via
parthenogenesis (Yamauchi et al. 2004), or have strong pre-zygotic isolation (van Dijk &
Bijlsma 1994, Husband & Schemske 2000, Husband et al. 2002), different microhabitat
preferences (Levin 1975, Fowler & Levin 1984, Rodriguez 1996) and/or local pollen and
seed dispersal (Li et al. 2004, Baack 2005). The latter factors are also responsible for the
fine spatial segregation of cytotypes in a spatially heterogeneous environment, which
results in a mosaic spatial pattern with different cytotypes occupying various local habitats
but failing to colonize globally (Li et al. 2004).

Out of 15 studies, where within-population spatial cytotype structure was analyzed in
detail, six record no spatial structuring. Meirmans et al. (1999) found no spatial correlation
between 2x and 3x cytotypes in an analysis of four transects through a single population of
Taraxacum sect. Ruderalia inhabiting ecologically homogeneous grassland, despite the
significant differences in ecological niches between cytotypes recorded at a landscape
scale. However, they did not consider other mechanisms that might have enabled the
cytotypes to coexist at that site. Hardy et al. (2000) found no obvious spatial segregation of
diploid and tetraploid Centaurea jacea within two mixed populations. Halverson et al.
(2008) found no tendency towards the spatial segregation of diploid, tetraploid and
hexaploid cytotypes at eight cytotype-mixed sites of Solidago altissima and no strong
niche separation among cytotypes. These results are of particular interest because they
indicate that the existence of cytotype mixtures may simply be the result of non-equilib-
rium processes and metapopulation dynamics (Levin 1975) and that these factors play an
important role, especially in disturbance-tolerant plants.

Another three studies indicate that environmentally independent processes may explain
the absence of spatial segregation of cytotypes. Sympatry and coexistence of diploid and
tetraploid Plantago media in one mixed-cytotype population is thought to be a conse-
quence of a pre-zygotic reproductive barrier between cytotypes, which greatly reduces the
disadvantage of the minority cytotype (Van Dijk et al. 1992). McArthur & Sanderson
(1999) record many 2x+4x mixed-cytotype populations in the subgenus Tridentatae of
Artemisia with sympatric or closely parapatric distribution of cytotypes and attribute these
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patterns to the recent origin of tetraploids in diploid populations, but in one case mention
the close parapatry of cytotypes over a fine-scale environmental gradient. Suda (2002)
records sympatry of cytotypes in many Vaccinium oxycoccos populations with intermin-
gling of cytotypes even at a very fine spatial scale of 20 x 20 cm. In this case the existence of
mixed populations is explained by the recurrent formation of cytotypes and their longevity
and mainly vegetative reproduction, which may counteract minority cytotype exclusion.

In nine studies that show spatial segregation of cytotypes the segregation in five of them
is indicated by ecological differentiation. Lumaret et al. (1987) explain the spatial segrega-
tion of diploid and tetraploid Dactylis glomerata in mixed-cytotype populations as a result
of different habitat preferences of the cytotypes, i.e. their different responses to local light
conditions. Similarly, Suda et al. (2004) found mixed populations of three Empetrum
cytotypes in the KrkonoSe Mts. (Czech Republic) and explain their existence in terms of
small-scale patchy distribution of ecologically contrasting habitats for which the cytotypes
show different ecological preferences. Husband & Schemske (2000) found different patches
of plants with different ratios of diploids and tetraploids in a population of Chamerion
angustifolium, but provide no explanation of the causes of this patchy distribution. In a pre-
vious study (Husband & Schemske 1998), these authors, however, speculated that the
patchy distribution of cytotypes may be the result of slight differences in the ecological
amplitudes of the cytotypes. Keeler (1992) did not detect any spatial segregation of
cytotypes in different populations of the grass Andropogon gerardii, despite the contrasting
ecological conditions at the study sites. A re-analysis of this data revealed significant
autocorrelation patterns for two of the four populations and that the lack of a spatial structure
was probably the result of a lack of statistical power and suggested that there is some ecolog-
ical differentiation between the two cytotypes of A. gerardii (Meirmans et al. 2003).
Meirmans et al. (2003) also investigated a diploid—triploid mixed population of Taraxacum
sec. Ruderalia in detail and explain the patchy distribution of cytotypes they recorded in
terms of the influence of elevation. However, these authors argue that elevation alone
explains only a small part of the spatial autocorrelation in the distribution of cytotypes and
that the heterogeneity in the distribution of cytotypes may be predominantly caused by eco-
logical variables that were not measured or by demographic factors. Schonswetter et al.
(2007) found a significant segregation of diploid and hexaploid cytotypes of Senecio
carniolicus along an altitudinal transect in the Eastern Alps, with diploids exclusively at the
higher and both cytotypes co-occurring at the lower altitudes. It was hypothesized that this is
aresult of ecological niche differentiation, but the design of the study prevents the separation
of altitudinal from other ecological effects. At another site where there was little variation in
altitude in the zone where cytotypes of S. carniolicus came into contact, the fine-scale segre-
gation of cytotypes is linked to an environmental gradient, which is also reflected in the
cytotype-associated plant assemblages (Hiilber et al. 2009).

Recently, Kolar et al. (2009) record a non-random distribution of cytotypes in some
mixed-ploidy populations of Knautia arvensis agg. and consider a founder effect and lim-
ited dispersal capacity of Knautia seeds as plausible, though non-exclusive explanations,
of the spatial segregation of cytotypes, rather than only microhabitat differentiation (Kolar
et al. 2009). Only Baack (2004) records a distinct spatial segregation of cytotypes of
Ranunculus adoneus in a mixed population, with a transition zone between diploids and
tetraploids occurring over 3 m, which is explained non-adaptively through reproductive
exclusion of the minority cytotype.
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Non-random distribution of A. oleraceum cytotypes in a heterogeneous environment is
most probably explainable in terms of differences in the ecological niches of the cytotypes
observed in a previous study on A. oleraceum (Duchoslav et al. 2010). A broader realized
ecological niche for tetra- and pentaploid cytotypes than for the hexaploid cytotype and
partial niche overlap among cytotypes could also explain cytotype intermingling under
specific environmental conditions, e.g. in mesic and dry grasslands (e.g. site no. 9). Alter-
natively, at some sites (e.g. sites nos. 3, 18, 21) the pattern may be caused by demographic
factors — different parts of the area may have different colonization histories and the cur-
rent closely parapatric pattern represents secondary contacts between cytotype-different
but uniform populations at an ecotone between habitats (e.g. between forest and field). It is
also not possible to eliminate the possibility that the spatial segregation of cytotypes at
some sites with a ‘homogeneous’ environment is due to the response of cytotypes to fine-
scale variation in the environment. Common garden and reciprocal transplant experiments
are now in progress to clarify the role of ecological differentiation in the microdistribution
of cytotypes in A. oleraceum.

The lack of spatial structure in some populations (e.g. sites nos. 1, 2, 4) was probably
the result of a lack of statistical power due to a strongly unbalanced representation of
cytotypes and/or small sample sizes. The spatial aggregation of cytotypes is likely to be
detected at finer scales (centimetres — decimetres) simply because A. oleraceum rarely
produces daughter bulbs (Duchoslav 2000) but does produce high numbers of asexual bul-
bils within inflorescences (Astrom & Haggstrom 2004), which are locally dispersed
around mother plants (Ronsheim 1994, Duchoslav 2001b). On the other hand, seed pro-
duction varies both within and among cytotypes; hexaploids are almost sterile whereas
tetra- and pentaploids produce a variable seed set ranging from zero to 20 seeds per plant
(Astrom & Haeggstrom 2004, Ohryzek 2007). Seed recruitment may, however, be inhib-
ited by competition with clonal bulbils for safe sites (Abrahamson 1980, Eriksson 1997,
Kliber & Eckert 2005). Fialova (2005) observed in a common garden experiment that the
development of clonal progeny from bulbils is faster than that of sexual progeny. As a con-
sequence, small-scale patches commonly occurring in populations of A. oleraceum
(Duchoslav 2001b) are usually cytotype-homogeneous (Duchoslav et al. 2010). The pre-
dominance of vegetative reproduction (aerial bulbils), local dispersal and the longevity of
A. oleraceum can result in the local co-occurrence of cytotypes, as is indicated by theoreti-
cal models (Li et al. 2004, Yamauchi et al. 2004, Baack 2005).

Considerable variation in cytotype composition and absence of spatial structure at
some sites may also indicate that some populations have not reached a state of equilibrium
in which all cytotypes but one are locally excluded. This is suggested for some cytotype-
mixed populations of several species (van Dijk et al. 1992, Hardy et al. 2000, Keeler 2004,
Halverson et al. 2008) and may also be applicable to A. oleraceum, a disturbance-tolerant
hemerophilous species. Some populations of A. oleraceum are either relatively young or
occur at sites at which the environmental conditions have recently changed, the most typi-
cal being abandoned arableland grassland or pasture that has subsequently become over-
grown with shrubs, trees or afforested with plantations of Robinia pseudacacia. Records
of land use at the sites using digitized old maps (2nd military mapping; 1836—1852) and
contemporary aerial maps show that five of the fifteen presently fully or partially forested
sites (sites nos. 4, 9, 11, 14, 18) were grasslands, pastures or arable fields in the past.
A closed forest canopy restricts or even inhibits the completion of the normal life cycle of
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A. oleraceum (Duchoslav 2009), which may induce remnant population dynamics, leading
gradually to cytotype-uniform or even monoclonal populations (Eriksson 1989, Honnay &
Bossuyt 2005) that can become extinct when unfavourable environmental conditions per-
sist. Under such conditions, the effects of reproductive interactions or competitive exclusion
influencing the co-occurrence of cytotypes may be obscured (Halverson et al. 2008).

In summary, our results indicate that the local co-occurrence of A. oleraceum cytotypes is
not a rare phenomenon. When cytotypes co-occur in a heterogeneous environment, they are
usually spatially segregated with a tendency towards habitat segregation. This suggests the
presence of ecological differentiation among cytotypes, which is recorded at a landscape
scale. The frequent co-occurrence of cytotypes, with or without significant spatial segrega-
tion, observed at many sites with either a heterogeneous or homogeneous environment,
however, suggests that niche differentiation alone is insufficient to explain the existence of
mixtures of cytotypes. It is likely that their mainly vegetative reproduction and local dis-
persal, abundance (Duchoslav 2001a) and the non-equilibrium processes influencing the
establishment and extinction of A. oleraceum populations can result in the local co-occur-
rence of cytotypes. Additional research on the relative fitness of cytotypes and the role of
pre- and/or postzygotic reproductive barriers between cytotypes is needed for a better under-
standing of their role in the dynamics of polyploid populations of Allium oleraceum.

See http://www.preslia.cz for Electronic Appendix 1.

Acknowledgements

We thank J. Ohryzek, H. Statikovd, J. Duchoslavovd, M. Jandovéa and M. Fialova for assistance, and F. Krahulec,
R. J. Vasut, P. Mrédz, and an anonymous reviewer for valuable comments on the manuscript. This study was sup-
ported by the Czech Science Foundation, grants nos. 206/01/P097, 206/04/P115 and 206/09/1126.

Souhrn

Studie se zabyva Cetnosti cytotypu a jejich prostorovym uspofddanim na jemné prostorové skéle v cytotypoveé
smisenych populacich evropského geofyta Allium oleraceum. Pro podrobné studium bylo vybrano 17 lokalit, na
kterych byly pfedchozim vyzkumem zaznamenany nasledujici kombinace cytotypu: 4x+5x, 4x+6X, SX+6x,
4x+5x+0x, a déle 4 populace, u kterych se tdaje o cytotypovém sloZeni rozchdzely mezi predchozimi studiemi.
Opakovany pruzkum prokézal, Ze v§echny studované populace jsou cytotypoveé smisené, pfi¢emz u zminovanych
17 lokalit potvrdil pfedpokladané slozeni. Byly tak potvrzeny neobvyklé kombinace cytotypt, mj. 4x+5x
a 5x+6x. Ackoliv byly relativni etnosti cytotypt ve smiSenych populacich pomérné heterogenni, ve smisenych
populacich tetra- a pentaploidd a pfedevs§im tetra- a hexaploidu pfevazoval vzdy jeden cytotyp nad druhym. Vy-
raznd disproporce v zastoupeni tetra- a hexaploidd ve smiSenych 4x+6x populacich muze ukazovat na relativné
recentni vznik hexaploidi v piivodné uniformnich tetraploidnich populacich. V zavislosti na pouZzitém statistic-
kém testu bylo zjisténo, Ze na 47,6 % (Manteltv test) respektive 61.9% (test pruimérné vzdalenosti) lokalit vyka-
zovaly cytotypy vzajemné nendhodné prostorové usporadani. Pokud se v analyze zohlednily stanovistni charakte-
ristiky jednotlivych lokalit, byly cytotypy prostorové strukturovany castéji v heterogennim neZ v homogennim
prostiedi. To miZe ukazovat na ptitomnost ekologické diferenciace mezi cytotypy, ktera byla pozorovana v pied-
chozi studii. Byly v§ak zaznamenany i smiSené populace cytotypt, ve kterych byly cytotypy vzajemné jak ndhod-
né, tak i nendhodné prostoroveé uspotfadany, a to jak na lokalitich stanovi§tné homogennich, tak i heterogennich.
Samotnd diferenciace nik mezi cytotypy je tedy nedostate¢nym diivodem vysvétlujicim existenci cytotypove smi-
Senych populaci. Na jejich existenci se patrné podileji i dalsi faktory, mj. prevaZujici vegetativni rozmnoZovani
prostfednictvim pacibulek a dcefinych cibuli spojené s jejich prostorové lokalnim Sifenim, dlouhd Zivotnost je-
dinctl, vysokd populaéni hustota druhu v krajing, a nerovnovazné podminky na Casti lokalit (disturbance,
sekundarni sukcese aj.).
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Appendix 1. — Geographical location (WGS 84), habitat description (incl. habitat codes following Chytry et al.
2001 in parentheses) and DNA ploidy levels for populations of Allium oleraceum at 21 sites.

Site Ploidy level — Geographical coordinates Locality Habitat type  Altitude

" 4x sx 6x Latitude (N) Longitude (E) (ma.s.1)

1 X X 50°07'35" 15°1727" Zehufl, Kozi hirra hill, oak-hornbeam  forest 230
forest (L3.1)

2 X X 50°04'03" 15°10'12"  Veltruby, Nature reserve Veltrubsky forest 180
luh, wet hardwood forest (1.2.3)

3 X X 49°58'39" 15°53'56" Dvakacovice, on the SE margin of ~ grassland & 250
the village, oak-hornbeam forest forest

(L3.1) and adjoining mesic meadow
(T1.1), in a ditch

4 X X 50°14'56" 15°59'37"  Libnikovice, degraded oak-hornbeam forest 270
forest (L3.1) near collective farm
buildings

5 X X 49°29'05" 17°44'05"  Opatovice, 2 km S of the scrub & 350
village, semidry Bromus erectus grassland

grassland (T3.4), partly overgrown
by Prunus spinosa shrubs (K3)
6 X X 48°53'17" 17°34'32"  Suchov, 0.5 km S of the Trnovsky  forest 390
Mlyn settlement, ash-alder forest
growing on alluvium from the brook

(L2.2)
7 X X 49°01'46" 17°16'06" Syrovin, 1 km N of the village, grassland & 290
mesic Arrhenatherum elatius Robinia forest

meadow (T1.1) and adjoining
cultivated Robinia pseudacacia
forest (X9B)
8 X X 49°37'03" 14°00'03" Lazsko, 1 km S of the road to field margin 530
the village of Ostrov, field margins
around small hills partly overgrown
by Pinus sylvestris, Robinia
pseudacacia and eutrophic mesic
scrub (X12)
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Site Ploidy level ~ Geographical coordinates Locality Habitat type ~ Altitude
"% 4x sx 6x Latitude (N) Longitude (E) (ma.s.1)
9 X X 49°33'38" 17°05'19"  Slatinice, 1 km W of the church Robinia forest 270

in the village, secondary Robinia & grassland

pseudacacia forest (X9B) in the
valley of the brook and adjoining
meadow dominated by
Arrhenatherum elatius and
Bromus erectus (T1.1)
10 X X 50°00'49" 16°53'42" Komnatka, 0.5 km N of the village, grassland 380
small mesic Arrhenatherum elatius
meadow (T1.1) by the road
11 X X 49°34'49" 17°02'41"  Ludérov, N edge of the village, Robinia forest 340
secondary Robinia pseudacacia & field
plantation (X9B) on former mesic ~ margin
grassland and adjoining field
margin (X7)
12 X X 49°38'01" 16°44'13"  Jevicko, mesic Arrhenatherum elatius scrub & field 400
meadow overgrown by mesic scrub  margin
dominated by Prunus spinosa (K3)
and adjoining field margin near the
railway-station (X7)
13 X X 49°29'36" 17°04'21" Kostelec na Hané, 2 km SE of the forest 240
railway-station in the village, alluvial
forest (L2.2) along the RomzZe brook
14 X X 49°36'08" 16°38'30" Mala Roudka, SW margin of the forest & 440
village, mesic grassland with grassland
Festuca rubra by the road (T1.1) and
adjoining oak-hornbeam forest (T3.1)

15 X X 50°05'04" 12°49'49"  Becov n. Teplou, ravine forest (L4)  forest 510
near the railway-station

16 X X 49°55'57" 14°07'31"  Srbsko, S margin of the village, the forest 330
Koda valley, wet alluvial forest (L.2.2)

17 X X 49°19'08" 15°13'12"  Vesela, 0.5 km WNW of the village, grassland & 640
stony ridges with acid semidry field margin

grassland (T2.3) and adjoining field
margins (X7)
18 X X 49°33'14" 17°32'59"  Dolni Ujezd, 1 km NE of the village, forest & 340
oak-hornbeam forest (LL3.1) and orchard
adjoining abandoned orchard
invaded by shrubs (X13)
19 X X 49°10729" 17°12'43"  Lisky u KroméfiZe, Nature reserve  steppe & field 290
Oulehla, broad-leaved dry grassland margin
(T3.4) and adjoining field margins

(X7)
20 x X X 49°42'19" 16°59'26" Bila Lhota, 1 km S of the village forest & 300
Meénik, remnants of semidry grassland &

grassland invaded by shrubs (T3.4), ruderal scrub
eutrophic scrub (X8) and oak-
hornbeam forest (T3.1)
21 x X X 49°33'37" 17°36'10" Loucka u Lipniku n. Be¢vou, 0.9 km forest & 300
SE of the village, wet floodplain grassland &
forest (L2.2) in the alluvium of the  field margin
brook, adjoining orchard with
Arrhenatherum elatius (T1.1) and
field margin (X7)
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The spatial distribution of cytotypes can provide valuable insights into the evolution of polyploid com-
plexes. Previously, only tetraploid Allium oleraceum was reported from Slovakia. Analysing 863 indi-
viduals from 93 populations from Slovakia revealed an extensive variation in the DNA ploidy levels of
Allium oleraceum (3x, 4x, 5x and 6x). Of the main cytotypes, the penta- and tetraploids had strongly
overlapping distributions, although the pentaploids exhibited a tendency to occur more frequently in
the southern and the tetraploids had a tendency to occur in the northern regions of Slovakia. A triploid
cytotype was found in one population in the southern part of Slovakia, which is the third locality
worldwide for this cytotype. The hexaploid cytotype was rare and sparsely occurred in western and
southern Slovakia. Sixteen per cent of the populations sampled consisted of more than one ploidy
level; the most common was a combination of penta- and tetraploids. The cytotypes differed with
respect to altitude; the tetraploids were found significantly more frequently at higher altitudes than the
penta- and hexaploids. When compared with reanalysed altitudinal distribution data from the Czech
Republic divided into two geographic areas (Carpathian and Herzynian) the pattern found in the
Carpathian part of the Czech Republic was similar to that in Slovakia, with tetraploids at the higher
altitudes. The distribution in the Herzynian part (Bohemian Massif) was just the opposite: the
tetraploids were more often found at lower altitudes than the penta- and hexaploids. Both tetra- and
pentaploid cytotypes occurred in a wide and similar spectrum of habitats, while hexaploids were lim-
ited to human-influenced habitats. A local-scale distribution of cytotypes analysed in detail in the Slo-
vak Karst area, showed surprising differences in the distribution of cytotypes on particular karst
plains, which can be related to different land uses. Concerning the contrasting altitudinal differentia-
tion of tetraploids in the regions compared, the results suggest that at least two different types of
tetraploids occur in Central Europe. The apparent cytotype diversity in the surrounding Slovak Karst
area may suggest the existence of a primary contact zone.

Keywords: Allium, Czech Republic, distribution, flow cytometry, habitat differentiation, poly-
ploidy, spatial scales, vertical distribution

Introduction

The use of flow cytometry techniques in plant ecology has strongly changed the potential
for studying certain aspects of plant populations (Kron et al. 2007, Hiilber et al. 2009,
Kubesova et al. 2010, Loureiro et al. 2010, Suda & Pysek 2010). As a consequence, the
number of plant populations that are studied with respect to the variation in their chromo-
some/genome copy number has increased dramatically. Entirely new distributions of
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cytotypes are recorded for many species, such as Oxycoccus (Suda 2002), Empetrum
(Suda et al. 2004), Elytrigia (Mahelka et al. 2005), Senecio carniolicus (Schonswetter et
al. 2007, Suda et al. 2007, Sonnleitner et al. 2010) and Pilosella officinarum (Mréz et al.
2008) in Central Europe and Cardamine (Marhold et al. 2010) in Eastern Asia. This infor-
mation may be briefly summarized, as follows: the scale of cytotype variation has strongly
decreased, the existing pattern is finer than was expected on the basis of chromosome
counting and many species are now known to be variable in smaller geographic areas than
previously.

One such species, with many cytotypes, is Allium oleraceum L., for which four cyto-
types (2n = 3x =24, 2n = 4x = 32, 2n = 5x =40 and 2n = 6x = 48) are known from Central
Europe (e.g. Mésicek & Jarolimova 1992, Krahulcova 2003). Detailed research has shown
a complex pattern, both in the distribution and ecological preferences of particular (2n =
4x, 5x and 6x) cytotypes in the Czech Republic (Duchoslav et al. 2010, Safifova &
Duchoslav 2010). In neighbouring Slovakia, surprisingly, only tetraploid plants (2n = 32)
are currently reported (Majovsky & Murin 1987, Murin et al. 1999, Marhold et al. 2007).
Therefore, we started to collect data from Slovakia to compare with the complex pattern
found in the Czech Republic within the framework of a project on mapping the cytotype
distribution in Europe. The data were not collected in such a systematic way as in the
Czech Republic, but the intention was to collect data from a large spectrum of habitats,
and, especially, from regions that were previously unexplored. Furthermore, we tried to
carry out detailed sampling in some regions of southern Slovakia, where we anticipated
the occurrence of cytotypes not previously reported from Slovakia. The questions we
addressed were: Is Allium oleraceum represented in the area of Slovakia only as the
tetraploid cytotype? If not, is there any clear pattern in the distribution of cytotypes, and is
there any difference in the ecological preferences of the cytotypes?

Materials and methods
Species studied

Allium oleraceum is a member of sect. Codonoprasum, which also includes other species
occurring in Central Europe, viz. Allium flavum, A. carinatum, A. cirrhosum and A. pani-
culatum (Stearn 1980, Krahulec & Duchoslav 2010). Allium oleraceum is closely related
to the other species (e.g. A. paniculatum, A. fuscum, A. fusii, A. pallens and A. podolicum)
in the Allium paniculatum group; A. oleraceum differs from the other species in this group
by the presence of bulbils in its inflorescences. Allium oleraceum is most likely a hybrid
between sexual members of the A. paniculatum group. Levan (1938) reports the produc-
tion of an A. oleraceum that originated from the experimental hybridization between two
distinct populations of A. paniculatum, most likely, A. podolicum and another species
from Romania (three different species occur there, A. paniculatum, A. fuscum and A. fussii,
cf. Brullo et al. 1996, Ciocarlan 2009). Allium paniculatum rarely occurs at several locali-
ties in the southern part of Slovakia (Somogyi 1999). Allium oleraceum occurs in a broad
spectrum of habitats, from natural ones, such as rocks and forests, to anthropic ones, such
as the margins of arable land (Duchoslav 2001a, b). This species produces little seed and
propagates mainly vegetatively through daughter bulbs and, especially, the bulbils in the
inflorescences.
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Collection of plants and environmental variables

To characterize the large-scale pattern of distribution, an effort was made to cover the
entire area of Slovakia. The area of Slovak Karst, consisting of a complex of huge karst
plains and plateaus and their surroundings, was selected for the analysis of the distribution
pattern of cytotypes at a local scale. Plants were collected from a wide spectrum of habitats
to cover the large ecological variation of the species. Considering the existence of popula-
tions with several known cytotypes in the Czech Republic and the local propagation by
bulbils and bulblets, we regularly collected several individuals that did not grow in close
vicinity to each other, but covered the entire population. In total, we collected 1002 plants
from 93 populations. Each population sample consisted of 2—53 plants (an average of 10.8
plants per sample). Sample size was variable and occasionally low because some of the
populations sampled were composed of just one or two individuals or clusters of plants.
A list of all of the populations included in the analysis, with additional data, is given in
Electronic Appendix 1. The plants were transplanted into pots in the experimental garden
of the Department of Botany, Palacky University at Olomouc and used later for flow
cytometry measurements. Several ecological variables, identical with those used by
Duchoslav et al. (2010), were recorded for each site sampled: (i) habitat type was assessed
in the field according to the EUNIS habitat classification (Davies et al. 2004). Because of
alow frequency of some habitats in the data set, we translated them into one of seven com-
mon habitat types (rock, dry grassland, mesic and wet grassland, (semi)natural forest,
scrub, planted Robinia pseudacacia forest, and arable field and field margins). Correspon-
dence between this and the EUNIS habitat classification is explained in Duchoslav et al.
(2010); (ii) populations were classified into two categories, according to the degree of
anthropic influence (human-influenced, vegetation strongly influenced or created by man,
typically with a high proportion of ruderal or alien species of “habitat naturalness”, and
natural, natural and seminatural vegetation without strong anthropic influence; examples
of human-influenced vegetation represent forests with ruderal or alien species, eutro-
phicated woody vegetation outside forests, and eutrophicated, intensively managed or dis-
turbed grassland); and (iii) the altitude was recorded via GPS instrumentation on-site or
later using the coordinates and the Google Earth application (Google Inc.). The altitude of
published localities is that of the centre of a village or of a hill.

The best time to collect this species is April and the first half of May, provided students
are able to correctly determine sterile plants. Later in the year, it is impossible to collect
sterile individuals in shaded habitats, such as shrubs and forests, as they mostly finish
growing in May (Duchoslav 2009). Flowering plants reported in summer are those grow-
ing in open, sunny habitats not shaded ones. Thus, the summer distribution does not reflect
the full range of habitats occupied by this species.

Ploidy level

Several cultivated plants died before analysis so only two plants per population were ana-
lysed in some cases. DNA ploidy level (Suda et al. 2006) and chromosome number were
determined using the procedures described in detail by Duchoslav et al. (2010). Briefly,
DNA ploidy levels were determined by flow cytometry using the method of internal stan-
dardization. The nuclei of the standard and the sample were isolated, stained and analyzed
together (DolezZel 1991). Triticum aestivum cv. 'Saxana' was used as an internal standard
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and calibrated against plant reference standard Hordeum vulgare with 2C DNA 10.43 pg
(Dolezel et al. 1998). The relative fluorescence intensity of propidium iodide (PI) stained
nuclei was analysed using a Partec PAS instrument (Partec GmbH, Miinster, Germany)
equipped with an argon ion laser (535 nm). Histograms of fluorescence intensity were reg-
istered over 512 channels. In each sample, at least 2000 nuclei were analyzed. The ploidy
level of each sample was determined by the position of its G¢/G, peak relative to the G¢/G,
peak of the internal standard. Plants for which the number of chromosomes had been
counted were used for the specification of internal standard-sample position. The fluores-
cence ratios between the positions of sample and internal reference standard peaks were
1.18-1.29, 1.40-1.69, 1.74-1.98, 2.02-2.23 for 3x—06x cytotype, respectively. PI staining
yielded histograms with coefficients of variance (CV) of both standard and sample below
5% for the majority of the DNA-ploidy measurements (mean CV of standard was 4.22% +
0.02, mean CV of samples were 4.04% + 0.06,4.10% + 0.04, 4.19% + 0.03, 4.32% + 0.03
SE, for 3x—6x cytotype, respectively).

Data analyses

Because they were only observed at a single site, the triploids were excluded from the sta-
tistical analyses of habitat types and altitude. In the maps, we also include all of the pub-
lished data provided in Table 1. These data were not included in the ecological compari-
sons (except for altitude) because there is insufficient information in the original sources.

Descriptive statistics and statistical tests were done using Statistica 9.0 software
(Statsoft Inc.). Generalized linear models with multinomial distribution of dependent vari-
able (habitat types) and logit-link function were used for the analyses of habitat differenti-
ation among cytotypes. Breadth of ecological niche was expressed by Shannon diversity
index H using log, in the equation (Magurran 2004) based on frequencies of cytotypes in
seven habitat types. Because Shapiro-Wilk normality test revealed non-normality of alti-
tude even after various transformations, non-parametric Kruskal-Wallis test followed by
multiple comparison Dunn’s test were used in this analysis (Zar 1996).

Table 1. — Previously published data on the occurrence of Allium oleraceum cytotypes in Slovakia. In all of the
original sources, only tetraploids (2n = 32) are reported.

Locality Latitude (N) Longitude (E) Altitude (m) Source

Strazovské vrchy Mts, Trencianske Teplice 48°54'43" 18°09'44" 267 Vachova & Ferakova
village in Love (1978)

Malé Fatra Mts, Parnica village 49°11'36" 19°11'31" 452 Murin et al. (1999)

Vychodoslovenska niZina lowlands, Komarany =~ 48°55'58"  21°38'58" 150 Murin et al. (1999)
village

Malé Karpaty Mts, ChImec hill 48°11'43"  17°07'08" 325 Murin et al. (1999)

Chocské and Prosecianske vrchy Mts, Podbiel 49°18'46" 19°28'53" 664 Murin et al. (1999)
village, Biela skala

Ipelsko-rimavskd brazda furrow, Surice village  48°13'56" 19°54'54" 223 Murin et al. (1999)

Malé Karpaty Mts, Devinska Kobyla hill 48°11'41"  16°58'54" 287 Murin et al. (1999)

Brezovské kopce Hills, Bradlo hill 48°40'52" 17°34'00" 509 Murin et al. (1999)
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Results
Cytotype distribution and ecology in Slovakia

We analysed 863 individuals (86% of the total sampled) from 93 populations in Slovakia
using flow cytometry and an average of 9.3 plants per population (range 2-53). Four
ploidy levels were recorded in Slovakia. Of the individuals analysed, 0.3% were triploid,
27.8% tetraploid, 66.3% pentaploid and 5.6% hexaploid. The triploid cytotype was found
in one population (1.1%) and the tetraploids in 34 populations (36.6%). The most com-
mon cytotype was the pentaploid, being found in 68 populations (73.1%); the hexaploid
cytotype was rare, as it was found in only seven populations (7.5%). Note that the sum of
the percentages is higher than 100 because there are mixed populations. Sixteen per cent
of the populations sampled by us consisted of more than one ploidy level, the most com-
mon being a combination of penta- and tetraploids. The detailed statistics, including the
previously published data for 8 populations (Table 1), are shown in Table 2.

Table 2. — The cytotype composition of 101 populations of Allium oleraceum from Slovakia, including previously
published data.

Cytotype Count Percent Mean frequency of cytotype in mixed population (%)
composition 4x 5x 6x

3x 1 1.0 - - -

4x 31 30.7 - - -

5x 53 524 - - -

6x 1 1.0 - - -

4x+5x 9 8.9 422 57.8 -

5X+6x 4 4.0 - 56.9 43.1
4x+5x+6X 2 2.0 19.4 38.9 41.7

The distribution of cytotypes is given in Fig. 1. The triploid cytotype was found in
southern Slovakia. The pentaploid cytotype had a tendency to occur more frequently in the
southern part of Slovakia, while the tetraploid had a tendency to occur in the northern
parts. The hexaploid cytotype was sparsely found in western and southern Slovakia.

There was a clear relation between the distribution of cytotypes and altitude in Slovakia
(x*=8.5,P=0.014; Fig. 2A), with tetraploids occurring more frequently at the higher alti-
tudes and pentaploids and hexaploids occurring more frequently at lower altitudes.
Regarding habitat type, there were weakly significant differences between the cytotypes
(Xz =21.2, df = 12, P = 0.048; Fig. 3) due to tendency of hexaploids to occur more fre-
quently in field margins than plants of other cytotypes. On the other hand, no differences
were found between tetra- and pentaploids when the rare hexaploids are not included in
the analysis (3> = 8.6, df =6, P =0.193). When only two habitats (i.e. habitat naturalness)
were considered, the natural versus human-influenced, higher ploidy levels were increas-
ingly found in the human-influenced habitats (4x: 37%, 5x: 56%, 6x: 100%; x* = 14.0,
df=2,P <0.001). The Shannon index H for hexaploids (H = 1.17) was lower than that for
tetra- (H = 1.83) and pentaploids (H = 1.86), suggesting a greater degree of habitat special-
ization of hexaploids than tetra- and pentaploids. The only locality with a triploid popula-
tion was a relic site on an isolated volcanic hill with steppic vegetation, where it was
found in fringe communities.
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Fig. 1. — The distribution of cytotypes of Allium oleraceum in Slovakia, including previously published data.
Cytotypes of uniform and mixed populations are distinguished by different symbols.
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Fig. 2. — The altitudinal relationships of cytotypes in Slovakia (A) and in the Carpathian (B) and (C) Herzynian part
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oleraceum in common habitats in Slovakia. Triploids were not included in this analysis because they were found
at only one locality.
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Fig. 4. — The distribution of Allium oleraceum cytotypes in Southern Slovakia in the surroundings of Rimavska
Sobota (A) and the detailed distribution on the Slovak Karst (B). Particular karst plains are indicated, as follows:
A — Koniarska planina; B — Plesivecka planina; C — Silickd planina; D — Horny vrch; E — Dolny vrch; F —
Zadielska planina; G — Jasovskd planina.

Distribution on the Slovak Karst

After the discovery of a locality with three cytotypes (2n = 4x+5x+6x) at Plesivec (loc. no. 21),
we paid special attention to the western part of the Slovak Karst and the surrounding areas
of Southern Slovakia. The results are presented in Fig. 4 and in Electronic Appendix 1.
The distribution on the different plains differed; A. oleraceum was found on three plains.
On the Koniarska planina, A. oleraceum was rather rare and was represented by the
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pentaploid cytotype. The PleSiveckd planina was characterized by populations of the
pentaploid cytotype, and only one of them was a mixture of pentaploids and tetraploids
(loc. no. 62). The most complex pattern was found on the Silicka planina, where the domi-
nant cytotype was tetraploid, but in the central part, we also found a pentaploid population
and a mixture of both. On the southwestern periphery of this plain, only pentaploids were
found (loc. no. 44, 47, 59 and 60). We did not find A. oleraceum on the Horny vrch or
Zadielska planina plains.

Discussion
Cytotype distribution

To date, the published data on Allium oleraceum from Slovakia includes only tetraploids;
they are reported from eight different localities, with no special geographical preferences.
Ironically, the most common pentaploid cytotype found by us in 73% of the populations is
not previously recorded. This fact shows that even when a relatively high number of popu-
lations are included in studies they can still give misleading data for a region as there can
be additional cytotypes where populations are mixed on a small spatial scale. The absence
of data for rare triploid and hexaploid cytotypes is easily understandable. The preferential
collection of tetraploids could be influenced by their more common occurrence in open
seminatural stands including grasslands and rocks, locations where they regularly flower
and can be more easily found than populations in forests and shrubs, which usually do not
flower and almost all were collected by us in spring. In all other habitats, the pentaploid
cytotype either dominated or was as common as the tetraploids (Fig. 3).

In contrast to the 23% of the populations consisting of a mixture of cytotypes reported by
Duchoslav et al. (2010) for A. oleraceum in the Czech Republic, only 16% of the popula-
tions consisted of two or three cytotypes in Slovakia. This lower frequency of mixed popula-
tions may be partly due to the one third lower average number of plants per population ana-
lyzed (nine individuals per population) than in the Czech Republic (= 13; Duchoslav et al.
2010). This necessarily increases the uncertainty in the estimates of the number of mixed
ploidy populations, as rare cytotypes could easily have been missed (see Safifovd &
Duchoslav 2010, Sonnleitner et al. 2010). However, when comparing frequencies of respec-
tive cytotypes within mixed populations, we observed an almost identical pattern to that
found in the Czech Republic (Duchoslav et al. 2010), i.e. no single cytotype dominated
within populations but cytotypes were usually in balanced proportions. This suggests, in
accordance with previous studies (Duchoslav et al. 2010, Safafova & Duchoslav 2010) that
‘minority cytotype exclusion’ (Levin 1975) has little effect within these populations.

The comparison of cytotype frequencies in Slovakia and the neighbouring Czech
Republic (Duchoslav et al. 2010) revealed another significant difference. The pentaploid
cytotype is the most common in both countries, more so in Slovakia than the Czech Repub-
lic. However, the second most common in the Czech Republic, the hexaploid cytotype, is
rare in Slovakia and for this reason a greater proportion of the plants are tetraploid in
Slovakia than in the Czech Republic. It appears that Slovakia is just on the eastern periph-
ery of a continuous occurrence of hexaploids in Europe (L. Safifovd & M. Duchoslav,
unpublished material), because the occurrence of hexaploids in the western part of
Slovakia is tightly linked with their occurrence in the eastern part of the Czech Republic
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and Austria (Dobe$ & Vitek 2000). The isolated occurrence of hexaploids in the neigh-
bourhood of the Slovak Karst may suggest a primary zone (sensu Petit et al. 1999) of
hexaploid formation and, hence, different origins for these and the western hexaploids.
However, the overall low frequency of hexaploids and the few plants sampled from each
population might indicate there could be an undiscovered patchy distribution of
hexaploids within southern Slovakia, which connect the eastern and western localities.

The tetraploids and pentaploids are broadly distributed in Europe; both ploidy levels
occur sympatrically, for example, in the Baltic region (Finland, Lithuania and Sweden;
Duchoslayv et al. 2010: Table 1 and references therein). Therefore, their common occur-
rence in Slovakia is not exceptional. In contrast, only one triploid population was recorded
in southern Slovakia, which is only the third locality worldwide and fills the gap between
the previously reported triploids in northern Hungary (Krahulcova 2003) and the Ukraine
(Vakhtina 1984). The previously recorded triploid populations and this new one are
located at the northern limits of one of the supposed diploid progenitors, A. paniculatum,
which was recently found in the area of the Drienc¢ansky kras (Somogyi 1999, Kliment et
al. 2000), and is also reported at Lillafiired, near Hamor (a few kilometres west of Miskolc)
in Hungary, very close to the Slovak border (Rapaics 1917). However, the extremely rare
records of triploids suggest that they do not serve as a bridge between diploids and
tetraploids, and are only able to survive and form separate populations by producing bulbils
within their inflorescences (M. Fialova & M. Duchoslav, unpublished material).

Cytotype mixed populations consisting of tetra- and pentaploids were sympatric and
intermixed with single-cytotype 4x and 5x populations. Such a pattern is most likely
aresult of secondary contact between cytotypes and corroborates the results of a previous
study (Duchoslav et al. 2010). On the other hand, mixtures of hexa- and pentaploids were
more frequently recorded than pure hexaploid populations. However, because of the rarity
of hexaploids in Slovakia this could be due to chance and thus no definitive conclusions on
the origin of mixed populations can be proposed at present.

We found only two mixed populations with three cytotypes (4x+5x+6x) and therefore
it would be premature to draw any conclusion based on this small sample. However, envi-
ronmental conditions experienced by these two populations and Czech populations, which
contain the same cytotype combination, are similar, i.e. scree slopes and rocky ground
with outcrops of limestone or bedrock with traces of lime and fields in the close neigh-
bourhood (see Duchoslav et al. 2010). Analysis of cytotype distribution in population no.
82 at a microgeographic scale showed that hexaploids occurred only under shrubs at field
margins and tetra- and pentaploids in all microhabitats including rocky ground with
steppic vegetation. It seems probable that strong habitat heterogeneity at a local scale com-
bined with disturbance and calcium-rich bedrocks can increase the probability of the local
co-occurence of different cytotypes. Whether these mixtures represent either primary or
secondary contact zones is still an open question (see Safafova & Duchoslav 2010).

Relationship with altitude

As mentioned above, the cytotypes differed in their relation to altitude, and this was signif-
icant for the material from Slovakia, whereas in the neighbouring Czech Republic, no sig-
nificant relationship was found (Duchoslav et al. 2010). After the discovery of the rela-
tionship for Slovakia, we reanalysed the data from the Czech Republic. We divided the
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data set according to the main geomorphological and biogeographical regions, the
Carpathian and Herzynian portions (the Bohemian Massif). In the Carpathian part of the
Czech Republic, we found the same relationship as in Slovakia (Fig. 2B). However, the sit-
uation in the Herzynian region was different; the tetraploids differed from the penta- and
hexaploids as in the Carpathian region, but in a different way. The relationship was the
opposite, with the tetraploids found at lower altitudes than the pentaploids and hexaploids
(Fig. 2C). There are several possible explanations. For us, it seems probable that at least
the tetraploids in the Carpathians were different from the tetraploids on the Bohemian
Massif. These western tetraploids had an evident tendency to occur mainly at lower alti-
tudes in forests (i.e., floodplain forests; see Duchoslav et al. 2010), while this was cer-
tainly not true for the Carpathian tetraploids. Comparing both regions, the differentiation
within the tetraploids was greater than within the pentaploids and hexaploids.

This example clearly shows that correlations, which were not detected at one level
(administrative unit, the Czech Republic) may be detected at another level (more natural
units, the Carpathians and Bohemian Massif). The border between the Bohemian Massif
and the Carpathians is known as an important biogeographical boundary for the distribu-
tion of species in Central Europe (Hendrych 1987), and it is the main reason for their
biogeographical separation. Recently several studies have shown that the distribution of
cytotypes of several species differ in these regions, for example, those of Vicia cracca
(Travnicek et al. 2010) and Pilosella officinarum (Mraz et al. 2008). The present report
and a previous one (Duchoslav et al. 2010) show this differentiation also for Allium
oleraceum and the present report clearly shows that, for example, the altitudinal correla-
tions were opposite in the two regions. These facts suggest that the differences found have
deep roots in the history of both of these main geographical regions. The differences
between the Bohemian Massif and the Carpathians are discussed by Mraz et al. (2008).

Ecology

With respect to habitat preferences, both the tetra- and pentaploid cytotypes occurred in
a wide spectrum of habitats, while the hexaploids were limited to narrower spectrum of
habitats, as in the Czech Republic (Duchoslav et al. 2010). However, in contrast to the data
from the Czech Republic, no increase in the frequency of tetraploids in (semi)natural for-
est stands was observed in Slovakia. This finding partially supports the hypothesis that the
tetraploids in the Carpathian and Herzynian regions have different origins (see above).
However, a consistent pattern of an increasing frequency for the higher ploidy-number
cytotypes in human-influenced vegetation both in the Czech Republic and Slovakia sug-
gest that, regardless of the origin and regional differences in the composition of the vegeta-
tion, these cytotypes maintain their ecological strategies.

Some localities were rather extreme. In fact, near the village of Driencany, we found
A. oleraceum growing on the temporarily emerging bottom of a karst lake, within the com-
munity of Agropyro-Rumicion (loc. no. 31). This habitat was flooded for at least part of the
growing season, yet the plants were strong and showed no signs of stress.

Slovak Karst

The surprising difference in the distribution of the cytotypes on particular karst plains in
the area of the Slovak Karst can be related to the different land use in these regions
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(Rozloznik 1994), which is corroborating evidence for the scenario explaining the ploidy-
level distribution of A. oleraceum in the Czech Republic (Duchoslav et al. 2010). The
Koniarska and PleSivecka planina plains had no permanent settlements in the past; most
areas of the Koniarska planina are wooded and the PleSivecka planina is a mixture of pas-
tures and forests. Conversely, the Silickd planina does have permanent settlements,
namely, the villages of Silica and Silicka Brezova. Human activities have created not only
pastures, as on the PleSiveckd planina, but also arable lands. We found each of the 4x and
5x cytotypes in the vicinity of the villages. Near Silica, cytotypes grew together in a broad-
leaf forest (loc. no. 56), whereas in the vicinity of Silickd Brezova, cytotypes were found
in different habitats: tetraploids occurred at the edge of a forest (loc. no. 57) and between
arable land (loc. no. 46) and the pentaploids in grassland, on a small hill, with steppic com-
munities (loc. no. 58). Similarly, a complex pattern also occurred in the Drienc¢ansky kras
karst area, where tetraploids and pentaploids grow close together with no clear habitat
preferences. Near the village of HostiSovce, both tetraploid and pentaploid cytotypes
occurred in a rocky habitat (loc. no. 33 and 37).

Conclusions

Only tetraploid A. oleraceum are previously reported from Slovakia. This study, however,
suggests that both the composition and pattern of distribution of A. oleraceum cytotypes
are remarkably complex at various spatial scales with as many as four cytotypes detected
(2n = 3x, 4x, 5x, 6x) in Slovakia. The results thus fit well into and broaden the results of
detailed screening in the neigbouring Czech Republic (Duchoslav et al. 2010) with
Slovakia representing the most cytotype-diverse region so far detected for A. oleraceum.
From the methodological point of view, our study clearly shows that to correctly estimate
(co-)distribution and frequency of cytotypes, (i) both intensive (many plants per site) and
extensive (many sites) sampling (Halverson et al. 2008) of (ii) a wide range of habitats
inhabited by the species are required. Contrasting the altitudinal distribution of tetraploids
in the Czech Republic and Slovakia suggest that at least two different types of tetraploids
occur in Central Europe. Both tetra- and pentaploid cytotypes showed similar and wide
ecological amplitude in contrast to the hexaploids, which were limited to human— influ-
enced habitats. The majority of mixed-ploidy populations were found in sympatry with
cytotype-uniform populations of participating cytotypes suggesting rather secondary con-
tact between cytotypes. The existence of mixtures containing tetra-, penta- and hexaploids
and apparent local cytotype diversity in the Slovak Karst area may indicate primary con-
tact zones. For detailed investigations on the evolutionary dynamics of populations with
cytotype heterogeneity Allium oleraceum is a promising plant.

See http://www.preslia.cz for Electronic Appendix 1
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Souhrn

Studie se zabyva rozsifenim a ekologii cytotypt Allium oleraceum na Slovensku. Doposud publikované prace
uvadély z tzemi Slovenska pouze tetraploidni cytotyp. ProtoZe byla recentné zjiSténa komplexni cytotypova vari-
abilita (2n = 4x—6x) v sousedni Ceské republice, vyvstala otazka, zdali se skute&n& vyskytuje na Slovensku jen
tetraploidni A. oleraceum nebo je situace slozit€jsi. Vedle geografického rozsiteni a stanoviStnich narokd cytoty-
pt na tzemi Slovenska jsme se ddle zaméfili na podrobnéjsi rozsifeni cytotypu na lokalni $kéle Slovenského kra-
su a blizkého okoli, kde jsme, na zakladé Gdaji o vyskytu blizce ptibuzného taxonu a jednoho z predpokladanych
diploidnich rodi¢t, A. paniculatum, pobliz studovaného Gzemi pfedpokladali komplexnéjsi cytotypovou kompo-
zici. Pomoci pritokové cytometrie byl analyzou 863 jedinct z 93 populaci zjistén vyskyt ¢ty cytotypu: tri- (2n =
24), tetra- (2n = 32), penta- (2n = 40) a hexaploidi (2n = 48). Nejéastéji (v 73 % studovanych populaci) byl zazna-
mendn pentaploidni cytotyp, tetraploidni cytotyp byl zjistén ve 37 % populaci, hexaploidni cytotyp byl zjiStén
pouze v 7 populacich (8 %) a triploidni v jedné populaci (1 %). Zjisténé Gdaje jsou zcela v rozporu s dosavadnimi
znalostmi cytotypové variability studovaného taxonu na Slovensku a ukazuji, Ze i relativné vyssi pocet v minulos-
ti studovanych populaci (8 lokalit) miZe poskytnout nepiesné a zavadgjici tdaje. Sestnéct procent analyzovanych
populaci bylo cytotypové smisenych, byly zjistény kombinace cytotypl 4x+5x, 5x+6x a 4x+5x+6x. Tetraploidni
cytotyp byl Cetnéjsi v severni zatimco pentaploidni cytotyp v jizni ¢asti Slovenska. Hexaploidni cytotyp se vysky-
toval na zdpadnim a jiZznim Slovensku. Nalez triploidni populace na kopci Velky Lysec pobliZ obce Lubore¢
(okres Lucenec) predstavuje teprve tfeti znamou lokalitu na svété, ktera leZi, podobné jako dalsi dvé znamé loka-
lity (severni Madarsko, Ukrajina) na severni hranici arealu Allium paniculatum. Byly zjistény statisticky signifi-
kantni rozdily ve vazbé cytotypii na biotopy, pfi¢emz hexaploidni cytotyp vykazoval silnéjsi vazbu na biotop pole
a polni okraje (meze, piikopy atp.) nez tomu bylo u tetra- a pentaploidnich cytotypu. V piipadé, kdy byly lokality
klasifikovany podle miry antropického tlaku, stoupala s rostouci ploidii relativni frekvence vyskytu populaci na
ruderalizovanych stanovitich. (Re)analyza vyikového roziifeni 4x—6x cytotypt v Ceské republice, rozd&lené do
dvou geomorfologickych/biogeografickych celki (Karpaty a Hercynikum), a na Slovensku ukazala, Ze zatimco
tetraploidni cytotyp je Cetnéjsi ve vysSich nadmorskych vyskéch neZ penta- a hexaploidni cytotypy jak na Sloven-
sku, tak v karpatské Gasti Ceské republiky, opa¢ny vztah byl nalezen v Hercyniku. Z vy3e uvedeného lze usuzovat,
Ze se ve stiedni Evropé vyskytuji pfinejmensim dva typy tetraploidd. Rozsifeni cytotypl na planinach v zapadni
casti Slovenského krasu bylo nenahodné a je davano do souvislosti s rozdilnym vyuZivanim krajiny.
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e Background and Aims Allium oleraceumis polyploid complex consisting of several
cytotypes. Detailed screening on local and regimsulles in Central Europe revealed
complex distribution pattern of cytotypes that wesults of several interacting mechanisms.
The pattern of coexistence of polyploids in thegigae Allium oleraceunover continental
scale together with variation in their genome sigas studied with aims to elucide
evolutionary history of polyploidy i&. oleraceum

e Methods 277 populations ofllium oleraceumwere sampleaver Europe and also all
available data on ploidy level variation were eacted from literature resulting in 765
populations. Root-tip squashes and flow cytometeyeaused to identify ploidy levels and to
measure 2C DNA content. Ecological differentiat@mong ploidy levels was tested by
comparing sets of environmental and climatic vdealfor each locality. Genome size
variation was correlated with spatial, climatic drabitat variables.

e Key Results Four ploidy levels were confirmed in Europe: tagtoids (2n = 40) and
tetraploids (2n = 32) predominated over whole Eardgexaploids (2n = 48) were limited to
the (sout)western and Central Europe, triploids £284) occurred in the eastern part of
Central Europe and in the eastern Europe. Moredwer,new cytotypes were discovered:
rare heptaploids (2n = 56) in France and octopl@its= 64) in Spain. Plants of different
ploidy levels were found to be ecologically diffet@ted, though cytotypes have
overlapping ecological niches. Triploids prefer urat habitats in continental type of
climate, while hexaploids and heptaploids occuneghdn-impacted habitats in regions with
mild climate. Tetra- and pentaploids showed widel@gical niche and occured in wide
spectrum of climatic conditions. Mixed populatiaepresented 15 % of total sample with
commonly found mixtures 4x+5x and 5x+6x. Signifitarariation in genome size was
revealed inA. oleraceum Major part of variation within each ofx3dx cytotypes was
attributable to interpopulation variation (range9-48.3 %), while within-population
variation was not significant. Monoploid DNA amoy@&Cx) was significantly dependent on
ploidy level, and genome downsizing were observetivben all ploidy levels except for
nonsignificant differences between hexa- and hépitdg Significant variation and spatial
structuring of genome size were observed in tetniad pentaploids, where 2C DNA
significantly increased with latitude and longitusleggesting gradient of continentality. On
the contrary, 2C DNA content in hexaploids showewd hariation and was only weakly
correlated with geographical and climatic variables

e Conclusions Cytotypes ofA. oleraceumshowed complex distributional pattern on
European scale with frequent occurence of mixeduladipns. Greater cytotype variation
was found in the southern latitudes where the ocbrtanes with presupposed progenitors
are developed. In more northerly located regiorthaut such contacts usually tetra- and
pentaploids dominated. Differences in monoploid agea size among cytotypes iA.
oleraceumand dominant east-west gradient in genome sitetia- and pentaploids can be
product of local adaptation along ecological gratlieor rather may suggest existence of at
least two independent lineages: eastern and wedterm contact zones between cytotypes
are suggested: western Central Europe and eastetraCEurope. Polyphyletic origin of the
species is also highly probable. Distributionaledsuipport the existence of both primary and
secondary zones of cytotype contacts.

Key words: Alliaceae; chromosome numbers; flow nytry; genome size; geophytes;
polyploidy, spatial scales



Introduction

Polyploidy is a widesplead phenomenon among flawgeplants (Wendel, 2000). Several
lines of evidence suggest that at least 70% ofcespgirm species have polyploid ancestry
(Masterson, 1994; Blanc and Wolfe, 2004), and polgzation is also believed to be a
major speciation mechanism (Otto and Whitton, 20i@seberg and Willis, 2007; Wood
et al, 2009). Before becoming evolutionary succesgielwly formed polyploids often
have to overcome numerical inferiority, incompatibinatings and competition with
parents (Levin, 1975). It was believed in past thase mechanisms results in situations
where cytotype mixtures are extremely rare and scadelocaly coexisting cytotypes
represent transient situations following frequeaheayation or, in the case of secondary
contacts, immigrations of an alternative cytotypéad, 2007). Polyploidization has,
hovewer, profound consequences for gene expregsidams and Wendel, 2005), the
physiological and ecological behaviour of plante\in, 1983, 2002; Lumaret, 1988; Soltis
et al, 2003; Ramsey, 2011) as well as genetic dive(Sipjtis and Soltis, 2000). Increased
genetic buffering provided by having extra genomgies and changes in gene expression
may affect the potential for novel adaptive resgsn® selection in polyploids (Levin
1983, 2002; Bretagnole and Thompson, 1996; SattisSoltis, 1999; Wendel, 2000; Otto
and Whitton, 2000; Soltist al, 2003). It has been evidenced many times thatppmts
have a broader niche or they may differ in theichei optima from their diploid
conspecifics (Thompson and Lumaret, 1992; Radtial, 1999; Soltis and Soltis, 1995,
2000) with frequently reported increased abilityttderate stressful conditions (Levin,
2002). As a results, various local and global spatiatterns of polyploid distibution
ranging from less frequently reported sympatry oftotypes with microhabitat
differentiation through more common parapatry wiytotype-mixed populations over
contact zones to the allopatry has been observiednfpson and Lumaret, 1992; Levin,
2002). Due to their better adaptation to extrenmaaties, polyploids are also believed to
have wider geographic distributions than their protprs (Soltis and Soltis, 2000),
especially in regions that were previously glada{Brochmanret al, 2004; Wuet al,
2010), but alternatively, widespread cytotypes ddad more rapid and efficient colonizers
(Levin, 2002; Brochmanet al, 2004). Polyploids are also better invaders tnogtuced
ranges (Pandet al, 2006; Treieet al, 2009). Same patterns may be, however, explained
non-adaptively as results of random processes, feunder effect (Kliber and Eckert,
2005).

With the implementation of flow cytometry, it is ear that mixed-ploidy
populations are much more frequent than previowsiicipated (e.g., Burton and
Husband, 1999; Weisst al, 2002; Stuessgt al, 2004; Sudat al, 2007a; Halversoet
al., 2008; Kao, 2008, Marholdt al, 2010; Cireset al, 2010; Travniek et al, 2010,
2011ab). Several models investigating the mechanafaytotype establishment and local
coexistence showed that the evolution of assodatiating attained by a variety of factors
such as divergence in flowering time or differenicegollinators (Fowler and Levin, 1984;
van Dijk and Bijlsma, 1994), iteroparity, apomixa@d greater vegetative reproduction
(Bierzychudek, 1985; Yamauckt al, 2004; Kao, 2007, 2008) or localized pollen and
seed dispersal (Let al, 2004; Baack, 2005) might suffice to allow coexige of
cytotypes. Nonetheless, we have still little engaridata exploring mechanisms shaping
cytotype distributions and co-existence in det@iasband, 2004; Kao and Parker, 2010)
and recent research (Travek et al, 2011a) suggests, in contrast to generally aedept
theories, possibility of a long-term existence tigly mixtures when free inter-cytotype
mating interactions results in sufficiently frequigmolyploid origin and no apparent
decrease in fitness of cytotypes occur.
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Allium L. sectionConodoprasunReichenbrepresents evolutionary young group
of bulbous geophytes (Friesen al, 2006) consisting of a set of diploid and polyglo
species. These species occur from the westernnmaosbpMacaronesia, northern Africa
and Iberian Peninsula through the whole Meditemanarea and Europe to the Iran and
southwestern Siberia (Meusalal, 1965; Stearn, 1980; Friesen, 1987; Jauzein &ah]
2001; Brulloet al, 199@b, 1997, 2001, 20GH, 2008; Fraga, 2002; Bogdanowt al
2008, 2009; Aedo, 2010). Within this section, ohéhe most interesting and hitherto less
investigated group is th&llium paniculatuncomplex, characterized by plants with ribbed
and glabrous leaves with semicylindrical to flattlioe, spathe valves with long
appendage, and campanulate perigon with stamemgdatt or just slightly exterted
(Levan, 1937, 1938; Brullet al, 2001, 2008). This complex is taxonomically extedy
difficult (Stearn, 1981) and the latest monograglalishg with the complex and covering
whole Europe was that one by Stearn (1980Flora Europaea Within the complex,
Stearn distinguished three widespread speches paniculatum A. pallens and A.
oleraceun), and several other species with limited distiiut(e.g.,Allium macedonicum
A. tardans A. podolicun. Since the publication oFlora Europaea further floristic
exploration in the Mediterranean and the southeaskirope led to discovering and
describing of number of “local” species with narrcamges (e.g., Brulet al, 2001, 2003a;
Peruzzi, 2007; Tzanoudakis and Kypriotakis, 200®&t tare members of this complex.
Also some progress in taxonomic treatment of sasags known and/or wrongly interpreted
species of this complex had been made (e.g., Beulal, 1996ab, 2003b, 2008; Aedo,
2010). The taxonomy of the secti@odonoprasunwas recently summarized in several
regional monographs (Pastor and Valdes, 1983; @etllal, 2001; Jauzein and Tison,
2001; Aedo, 2010) but these treatments are not [&ietp corresponding to each other.

Most of the species considered as members of dmnplex consist of either diploid
or diploid & polyploid cytotypes. The only exclusiy polyploid species of this complex
has been considered until recerllium oleraceuni. (but see Brulleet al, 2004, 2008).

It is distributed much wider than other taxa ofstebmplex (Meuseét al, 1965). It is
common in the western, central, eastern Europesanthern Scandinavia, and it extends
southwards to the northern part of the Mediterranéas the only species covering whole
northern part of the complex’s distribution arearphologically,A. oleraceums the only
one species of thA. paniculatumcomplex having regularly bulbils within infloreguee
and limited degree of sexual reproduction, and phesence of bulbils is generally
considered as a crucial character that differemtiais taxon from the other representatives
of this complex (Stearn, 1980; Pastor and Valdés831Brulloet al, 2001; Jauzein and
Tison, 2001).

Allium oleraceumL. is represented by polyploid series consistifigre, tetra-,
penta- and hexaploid cytotypes (2n = 24, 32, 40DAghoslawet al, 2010). Levan (1938)
consideredA. oleraceumo be an autopolyploid form of diploillium paniculatumthat
arose either by somatic doubling of chromosomesfusion of unreduced gametes.
However, reinspection of crossing experiments imdrés paper showed that “synthetic”
tetraploid A. oleraceumobtained therein by crossing plants from two distdiploid
populations of A. paniculatum'may be a result of interspecific hybridization thgb
unreduced gametes (see Duchosgiaal, 2010).

Detailed screening of cytotype variation An oleraceumin the Czech Republic
(Duchoslavet al, 2010) and Slovakia (Sa&tiva et al, 2011) showed obvious sharp
contrasts both in composition and spatial patt&fnsytotypes. So far published papers
reported usually cytotype uniform tetra- and pelutigp populations over Europe and
extremely rare records of tri- and hexaploids frGentral and East Europe, except for the
occurrence of hexaploids in Spain. On the othedhare found (Duchoslaet al, 2010;
Safgovéa et al, 2011) complex spatial pattern of tetra-, pensad hexaploid cytotypes
with high reprezentation of mixed populations cetisg of all possible cytotype
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combinations. The results also provided evidencgeefmlogical differentiation among
ploidy levels which contributed together with theeyalence of asexual reproduction and
localised dispersal to the complex distribution tgrat and local coexistence IA.
oleraceuncytotypes (Saf@va and Duchoslav, 2010).

Complex distribution pattern of cytotypes found tine Czech Republic and
Slovakia clearly reflects problems, errors or latitins in the collection and interpretation
of the karyological data for the cytogeographicpmses. Casual sampling of low number
of plants is usually able to detect the most frejugtotypes but fail to detect rare ones
(Burton and Husband, 1999; Halversen al, 2008) and inaccurately evaluate spatial
pattern of detected cytotypes. But as Bafa et al (2011) showed, even such low-
intensity sampling can give totally misleading fesuTaking into account recently
published data, at first the question arises whetha previous results could be
extrapolated outside Central Europe. Secondly, kedge of cytotype composition and
genome size variation, especially over contact gobetweenA. oleraceumand its
presupposed progenitors (i.e., other members oAthmaniculatungroup), may allow for
inferences about the evolutionary history of pabygy in A. oleraceum Holoploid and
monoploid genome size are important adaptivelyvesle parameters of fundamental
biological importance (Bennett, 1972; Bennett aeddh, 2005, 2011; Leitch and Bennett,
2007) with potential as taxonomically significardits at lower taxonomic levels (Murray,
2005; Smardat al, 200®) or allowing identification of both heteroploid dmomoploid
hybrids (e.g. Mahelkat al, 2005). We hypothesize overall higher cytotypeedsity and
genome size variation of cytotypesAfoleraceuntould be the result of multiple origins
via independent crosses between different memiseéhssacomplex.

In this study, we addressed the following questighy What is the diversity and
frequency of cytotypes of. oleraceumand pattern of their geographic distribution in
Europe? Is there greater cytotype variationAofoleraceumin the contact zones with
presupposed progenitors than in more northerlytémtaegions without such contacts?
How frequent are mixed-ploidy populations and whicytotypes participate on their
composition? (2) Are there any relationships obtytes with environmental factors? If
so, do possible differences correspond with pressi@sults that were obtained on regional
scale? (3) What range and pattern of genome siatioa occurs in thé\. oleraceunon
European scale? Is there any ecological or evalatip interpretation of genome size
variation on this scale?

Materials and methods
Plant material and sampling

For the chromosome number survey, data were egttdodbm 28 publications resulting in
153 localities. Our own samples were collecteddA422011 throughout Europe covering
most of the area of distribution 8f oleraceumin total, 201 populations @&. oleraceum
were sampled (Appendix 2). In the central and wastéurope, our sampling was
relatively dense and many populations were samfied France (41), Germany (33),
Hungary (27), Austria (22), and Poland (16). Otlmmuntries were sampled less
intensively: Italy (9), Lithuania (8), Switzerlarfd), Romania (7), Slovakia (7), Spain (4),
Croatia (3), Slovenia (3), Ukraine (3), Great Bntg2), Belgium (2), Denmark (2),
Bulgaria (1), Netherlands (1), Norway (1), Russia dnd Serbia (1). We did not collect
samples from the Czech Republic and partly fronv&{@ because detailed ploidy-level
screening of 418 populations has been recentlyighdd elsewhere (Duchoslat al,
2010; Saffova et al, 2011). However, we extracted data from theseeramnd
incorporated them into some analyses.
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Plants were collected from the wide spectrum ofitagdy including natural alluvial
forests, mesic and open dry grasslands, rocks,raudgands and arable land. Each
population sample consisted of mostly 3—30 plaeisedding on population size. Efforts
were made to avoid collecting individuals growirlgse together. During sampling, area
of population was estimated in square meters. Szsnpéere transported to and planted in
the garden of the Palacky University in Olomouce@r Republic. Our samples were
completed by the 10 samples containing either seedsulbils that were obtained via
‘Index seminum’ from foreign botanical gardens aegdresented samplings from natural
populations (see Appendix 2).

Environmental characteristics

At each sampled site the following environmentalialdes identical with those used in
previous study (for details see Duchostnal, 2010) were recorded: (i) Habitat type was
assessed in the field and classified into one gérsecommon habitat types (rock; dry
grassland; mesic & wet grassland; (semi)naturadipiscrub; planteRobinia pseudacacia
forest; arable field & field margins). (i) Habitaaturalness, i.e. vegetation at site was
classified according to degree of anthropic im@eceither ‘human-impacted* (vegetation
strongly influenced or created by man, typicallghwhigher proportions of ruderal or alien
species) or ‘natural’ (natural and seminatural vafyen without strong anthropic
influence). (iii) Populations were classified irtt@o categories according to their distance
to the nearest arable field (‘Presence of arabid’jadistance to the nearest arable field
either< 20 m or > 20 m). (iv) Light conditions were asses& the field according to
visually estimated proportion of full sunlight faldj at the ground during late spring
(strong shade, half-shade, low shade, full insofgti(v) Altitude was estimated via GPS
instrument on-site or later according to co-ordésairough the Google Earth application
(Google Inc.). Furthermore, for description of sigxicness, (vi) heat index (Parker, 1988)
was computed. This index was calculated accordirtge following formula: heat index =
cos (slope aspect-225)*tan (slope angle), wherecasp expressed in degrees azimuth and
angle in degrees. Unfortunately, any detailed datecerning the environmental conditions
of sites, where seeds for the purpuse of seed msgehprogram (Index Seminum, see
Appendix 2) were sampled, were not provided bysmbdirs.

Set of climate layers (climate grids) — such asuahmean temperature, maximal
temperature of warmest month, minimal temperatufe coldest month, annual
precipitation, precipitation of wettest month anekgipitation of driest month — with a
spatial resolution of a square kilometre were olgdifrom the WORLDCLIM database
(http://www.worldclim.org) (Hijmanset al, 2005). For each locality, climatic data were
derived from this database through ArcView GIS Software (Environmental Systems
Research Institute, Inc.).

Flow cytometryand chromosome counts

DNA ploidy levels were determined by flow cytome{iCM hereafter) using the method
of internal standardisation. The nuclei of the dtad and the sample were isolated, stained
and analysed together (Dolezel, 199Tjiticum aestivumcv. Saxanawas used as an
internal standard and it was calibrated againshtptaference standar8Secale cereale
cultivar Dankovske with 2C DNA 16.19 p¢Dolezel et al, 1998). The relative
fluorescence intensity of stained nuclei was amayssing a Partec PAS instrument
(Partec GmbH, Munster, Germany) equipped with aorarion laser (535 nm). Young
fresh and healthy leaves of the internal standaddAdlium sample were chopped with a
new razor blade in a Petri dish containing 1 micef cold LBO1 buffer (Dolezeét al.,
1989). The suspension was filtered through aw#2nylon mesh. The nuclei suspension
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was supplemented with RNAse and stained with piopidodide (P1) (both 5Qg m[™).
Histograms of fluorescence intensity were registeneer 512 channels.

DNA ploidy levels were measured from 1549 survipéghts during 2005-2011. In
each sample, at least 2000 nuclei of both the atdrahd the test plant were analysed. The
gain of the instrument was adjusted so that th#G{ peak of the standard was
approximately on channel 50. The ploidy level otlesample was determined by the
position of its G/G; peak relative to the @5, peak of an internal standard. Plants with
counted chromosomes were used for the specificafiamternal standard-sample position.
The fluorescence ratios between the positions ofpga and internal reference standard
peaks were 1.18-1.29, 1.40-1.69, 1.74-1.98, 2.03;2.37-2.59 and 2.64-2.77 fox-8x
cytotype, respectively. Pl staining yielded histogs with coefficients of variance (CV)
for both the standard and the sample below 5 %hm rhajority of DNA-ploidy
measurements except for octoploids (meanzs.e. Cdtarfdard was 4.22 % + 0.02, mean
CV of samples were 4.04 % + 0.06, 4.10 % + 0.0494% + 0.03, 4.32 % * 0.03,
4.87%+1.44 and 6.02% =0.93 forx-Bx cytotype, respectively). Several samples of
various DNA ploidy level and samples with DNA camten the margin of the variation
were subjected to classical chromosome countingor@bsome number determination
followed the same procedure as described by Duaheshl (2010).

For the purpose of estimation of genome size vanatl12 populations and 434
individuals from our stock (see Electronic supplataey), covering ranges of respective
cytotypes studied, were selected by stratified oamgrocedure. At least three (in the case
of heptaploids two) randomly selected plants peputetion were analysed. Before
measurements, all samples were cultivated undedatd homogeneous conditions of the
experimental garden of the Department of Botanyadkg University, for two or more
years and finaly for three months in cold glasskoU$e following measurement strategy
was chosen to ensure maximum validity of the res(lt each sample was measured with
the same operator at least three different timeglifarent days to minimise potential
instrumental drift; (i) all measurements were dameer one month (April-May 2007-
2010); (iii) at least 5000 nuclei per sample we®orded; (iv) if some outlier was detected,
this most remote value was discarded and the sawgpdere-analysed. Because of huge
content of the cytosolic compounds, coefficientsvafiation for the @G; peaks of the
standard andhllium samples varied between 3 and 5% (mean CV of thedatd was
4.11% + 0.02, mean CV of samples were 4.03% + 040B)% = 0.04, 4.09% + 0.02,
4.31% £ 0.03, 4.09%=+0.31, 6.02%+0.93 s.e. i6183, respectively). Analysis of variation
of repeated measurements showed that the appreximahsurement inaccuracy did not
exceed +2.5% in 95% of accessions of all ploidyelsvstudied. Therefore, variation
beyond arbitrary fluctuation (5.0%) should be cdesed as really existing. The absolute
2C DNA content of a sample was calculated basethewalues of the ¢85, peak means
((sample @/G; peak mean)/(standardy/G; peak mean)) x standard 2C DNA content (pg
DNA) (Dolezel and Bartos, 2005). DNA content of th@n-replicated monoploid genome
(i.e. the 1Cx valusensuGreilhuberet al, 2005) was estimated as the amount of nuclear
DNA divided by ploidy level. For the verificationf intraspecific DNA variation and to
avoid artefact in measurement, we simultaneoustyaed two samples with markedly
different DNA content within the same ploidy lev&he appearance of separate peaks was
considered as a proof for true differences in thewnt of nuclear DNA (Greilhubet al,
2007).

Statistical analyses
Because they were only found at a single site,dtieploids were excluded from all

analyses. Statistical analyses were performeddiar, fpartly different data sets: (1) DNA
ploidy level (3x-7x) of 294 European populations, including 201 popoies sampled by



7

us and 93 populations from Slovakia (Seféiet al, 2011) connected with environmental
data for each localityn(= 294; data-set 1). Data from the Czech Repulliechoslavet
al., 2010) were used just for comparison becausdffereht sampling designs used in the
studies. (2) Several cultivated plants died befmmalysis that lead to only one analysed
plant per population in some cases. For statistiesling of proportions of cytotype-
uniform and mixed populations, only those populagidrom the data-set 1 with two and
more plants analysed were involvad £ 277; data-set 2). (3) DNA ploidy level of the
reduced data set including either 654 accessiohs%y from the complete set of all
available data (data-set 1 + published karyologiesh + data from Index Seminum + data
extracted from Duchoslaet al, 2010 + Safévaet al, 2011) related to climatic (data-set
3a) or 654 accessions (71 %) from the completefsall available data (data-set 1 + data
extracted from Duchoslast al, 2010 + Saféova et al, 2011) related to environmental
data (data-set 3b). To decrease the influence efsampling within some European
regions on the results of statistical analysesesgions were selected via geographic
stratification procedure as follows: Europe wenad$d into grid with the size of grid cell
20 x 20 km. Separately within each cytotype, adgoasswere included into data set if just
single population was sampled in the respective geil or one population was randomly
chosen in the case of two and more sampled popofatvithin respective grid cell. Of
course, one should have in mind that the resuftvalid to the respective data-set and did
not reflect overall climatic affinities of respeai cytotypes. (4) Mean holoploid (2C) and
monoploid (1Cx) genome size of selected populatiohs3x-8x cytotypes related to
geographic, climatic and ecological variables ef sites (data-set 4).

Common descriptive statistics and statistical tegse done in the NCSS 2001
software (Hintze, 2001). Contingency tables weredufor the analyses of qualitative
environmental variables. Because Shapiro-Wilk nditypngest revealed non-normality of
environmental quantitative variables even afterots transformations, non-parametric
Kruskal-Wallis test followed by multiple comparisddunn’s test were used for the
analyses of quantitative and ordinal data, respelgtiZar, 1996). Ecological and climatic
variables of the data-sets 1 and 3 were subseguemiiiected to constrained principal
coordinate analysis (db-RDA; Legendre and Anderst®99) according to approach
explained in details by Duchoslatal (2010).

Populations with measured genome size (data-seed tested for the intra- and
interpopulation variation in DNA content employingxed model ANOVA in Statistica 9
(Statsoft Inc.). Overall test on repeated measunésnef individuals were done with
cytotypes as fixed factor, populations as randowtofanested within cytotypes and
individuals as random factor nested within popolagi Then, similar tests on repeated
measurements of individuals were done for eachdpltavel with populations as random
factor and individuals as random factor nested iwigfopulations. The range of the DNA
content (‘intra-ploidy variation’) was calculated the highest/lowest DNA content ratio
found among individuals. Relationship between DNAntent and environmental
characteristics was tested using one-way ANOVAedase of categorical variables or by
Spearman’s correlation coefficient in the case ovéngtative and ordinal variables.
Separate tests were done for each cytotype. Thealkspaation of the genome size (1Cx)
of cytotypes with more analysed populations-§4) was tested with Procrustes analysis
using PROTEST software (Peres-Neto and Jacksom))2@@h significance test from
Jackson (1995) based on 9999 permutations. Datmgsetfollowed approach used by
Smarda and Bure$ (2006). Significant results of test indicate that there is a
geographical relationship of the genome size daftgpees under comparison.



Results
DNA ploidy levels and chromosome numbers

In 155 previously published localities that were rykdogically examined (see
Supplementary data, available on-line), the mostrnon tetraploid cytotype (2= 32)
was reported at 80 localities (52 %), followed lepaploids (8 = 40; 59 localities; 38 %),
hexaploids (8 = 48; 5 localities; 3 %) and triploidsi{2= 24; 2 localities; 1 %). Majority
of samples (95 %) consisted of single ploidy lewailked populations consisting ok#5x
cytotypes were detected on 8 sites, and thosestorgsiof 5+6x cytotypes were detected
on 1 site.

Six different DNA ploidy levels (& = 3x-8x) were found through the FCM analysis
of 2454 individuals from 304 European populatioaobected through the years 2004-2011
(data-set 1) or obtained via ‘Index seminum’. Tweyously unknown DNA-ploidy levels
— heptaploid and octoploid — were identified. Hppaals were found as a sole cytotype in
four populations and single DNA heptaploid plantsrevidentified in one otherwise
tetraploid and one pentaploid population, respebttivOctoploids were found in just one
population. DNA ploidy levels inferred from FCM dawvere confirmed using chromosome
counting (Figure 1). No aneuploid counts were foudtithe populations analysed by us,
triploids occurred in 3.4 %, tetraploids in 26.5géntaploids in 70.4 %, hexaploids in 12.6
%, heptaploids in 2.0 % and octoploids in 0.3 %.

There was marked diversity of cytotype compositiorpopulations (Table 1). In
277 European populations sampled by us, majoritthefn comprised single cytotype,
much less populations contained two and populatatis three cytotypes were extremely
rare. Among the populations consisting of a siqpdtedy level, pentaploids were found to
be the most common (67%), followed by tetraploiii8%), hexaploids (9%), triploids
(4%), heptaploids (2%) and octoploids (<1%).

More individuals were analysed from populationgdeset 2) revealed as cytotype-
mixed (median = 9.5) than cytotype-uniform (medi@8) by FCM {? = 7.9,P = 0.005).
Also area of mixed populations (median = 256) were larger than that of uniform
populations (median = 100°my® = 8.83,P = 0.003). Proportion of mixed populations
were cytotype-dependenf (= 17.2,P < 0.001). While populations containing triploids o
pentaploids were almost cytotype-uniform (only 100%21 % of their populations co-
occured with other cytotype, respectively), thosmtaining either tetra- or hexa- or
heptaploids were more frequently mixed (43 % or%43r 33 %, respectively). Among
populations consisting of two cytotypes (Tabletéia-, penta- and hexaploids occurred in
all possible combinations ana+bx or 5x+6x combinations were found most often. On the
other hand, triploids were found just once in migtwith pentaploids, and heptaploids
once in mixture with tetra- and once with pentagdoiPopulations consisting of three
cytotypes included combinatiox#5x+6x only, that was detected in three cases. Any other
mixed populations containing three or more cytosypeere not found. The detailed
statistics are shown in Table 1.

Despite overall dominance of pentaploids in all data-sets, proportion of mixed
populations were higher in the Czech than in Eumop@x Czech) datasef (= 4.94,P =
0.026) and data-sets also showed strong differeincpspulation’s cytotype composition
(Table 1). In the Czech populations, hexaploids idated over tetraploids but the opposite
was true for the rest of Europe. Both datasets difered in the structure of cytotype
mixtures: X+6x populations dominated within Czech cytotype-misdds whereasx45x
populations dominated within those in the rest wfdpe.
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Cytotype distribution and ecology

The geographic distribution of cytotypes (includialj previously published data) in
Europe is shown in Fig. 1. Cytotype diversity wagger in the southern latitudes below
50° than in the northern latitudes where only tetrad aentaploids were found. Triploids
were spatially restricted to the south-eastern phaithe Central Europe and the (south)
eastern Europe. Due to scattered sampling in tlstema Europe, it is difficult to
unambiguously comments on its contact zones witlerotytotypes. There was, however,
remarkable contact zone consisting of tri- and @glioid populations (incl. one mixed
3x+5x population) but devoid of other cytotypes in HurgaMoreover, one triploid
population was found in contact zone with tetraentp- and hexaploids in the southern
Slovakia (for details see S#f&a et al, 2011). Both tetra- and pentaploids were
widespread and mutually almost sympatric over atedied. In the zone of sympatry,
mixed 4+5x populations occured more or less frequently. Theas, however, a zone
devoid of tetraploids and dominated by pentaplaisthe western part of Hungary
continuing southwards to Croatia and Serbia (sse® @bove). For hexaploids, the centre of
distribution seems to be in Central Europe, buttegad populations occured in contacts
with 4x, 5x and & populations also in the (south-)western Europstriking boundary of
hexaploid distribution run along the outer/innenges of the Western Carpathians and
continues along the outer part of the Eastern Atpshe southern Austria and the
northeastern Italy. Considering mixed populationgsisting of hexaploids, onlyx56x
mixed populations were found frequently and occureer most range of hexaploids while
4x+6x populations were extremely rare and with one ett@eccured just in the Central
Europe. Mixed #+5x+6x populations were found only in the Central Eurdpeptaploids
(incl. uniform and mixed populationx#7x and %+7x) were found only in the eastern and
southern France; and just one octoploid populatias found in Spain.

Comparisons of associations between cytotypes aledted environmental factors
in two dataset, i.e. without (data-set 1) and wiitorporation of samples from the Czech
Republic (data-sets 3ab), suggest similar trendpitdeemore significant results observed in
the data-set 3. This was due to larger sampleisitiee later data-set. Cytotypes«(&x)

did show weakly different associations with halsitat.e. their requirements rather
overlaped (Table 2, Fig. 2). This is especiallyetfar tetra- and pentaploids that inhabit
wide but very similar spectrum of habitats. On titeer hand, increased frequency of
hexaploids on habitat type 'arable field & fieldngias' was apparent in both dataset, even
more outside the Czech Republic. Both tri- and &ygpids showed lower habitat variation
but it could be partially caused by lower sampleesi Cytotypes showed increasing
occurrences in the proximity of arable land in fttheection X - 6x but this was
significant only after incorporating data from tlizech Republic. Consistently in both
data-sets, X86x cytotypes showed increasing occurrences in humgcted habitats,
with triploids occuring predominantly in natural Hitat types, tetra-, penta- and
heptaploids equally in both natural and human-intgzhdabitats and hexaploids were
more frequent in human-impacted habitats like figldrgins, road ditches, ruderalised
sparse forests, disturbed grasslands, etc. (Fifalle 2). Sites of different cytotypes did
not differ in light conditions and heat index (Tald).



11




Fig. 1. Distribution of ploidy levels oAllium oleraceumin Europe (based on all available data; see
Supplementary Information X-XX). Different ploidevels are distinguished by different colours: 3x —
yellow, 4x — red, 5x — blue, 6x — green, 7x — ble&k— pink.
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Fig. 2. Variation of selected climatic and ecolajivariables for ploidy levels oAllium oleraceumfor
different data-sets: on the left - European pojutatwithout samples from the Czech Republics (datal)
and on the right - European populations includiamgles from the Czech Republics (data-set 3a or 3b)
Significant differences in medians between ploidyels (Dunn’s test; P < 0.05) are marked by differe
letters in rows above the box plots. One outlidugaf annual precipitation for the population {2351
mm) is not shown in the figure. Frequency distiidmtof ploidy levels in the natural (black) and hamn
influenced (white) type of the habitat types iswhan the bar chart. Octoploid population were axeld
from the analyses.
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Table 2. Summary of the associations between pledsis ofAllium oleraceunand selected environmental
and climatic variables on the area of Europe. Déffiees in environmental characteristics were tefied
different data-sets: European populations withaatges from the Czech Republics (Europe ex CZ ata-d
set 1; Europe ex CZ 2 = data-set 3a without daien fthe Czech Republic) and European populations
including samples from the Czech Republic (Europedhta-set 3b; Europe 2 = data-set 3a).

Test Test
Variable Test* D.F. statistics P Variable Test* D.F. statistcs P
Europe ex CZ Europe
Habitat type CT 24 3124 0.147 Habitat type CT 24 37.96 0.035
Presence of arable land CT 4 5.74  0.220  presence of arable land CT 4 3828 <0.001
Habitat naturalness CT 4 1540 0.004 Habitat naturalness CT 4 4211  <0.001
Light conditions Kw 4 528 0.260 Light conditions KW 4 545 0244
Heat index K-w 4 8.23  0.083  Heatindex K-wW 4 8.82 0.066
Europe ex CZ and Literature Europe and Literature
Altitude Kw 4 5.99 0.200 Altitude K-w 4 21.45 <0.001
Annual mean temperature ANO\ 4 9.30 <0.001 Annual mean temperature K-w 4 28.97 <0.001
Max t of warmest month K-w 4 25.94 <0.001 Maxt of warmest month K-W 4 27.84 <0.001
Min t of coldest month K-W 4 50.49 <0.001 Mint of coldest month K-w 4 48.39 <0.001
Annual precipitation K-W 4 23.18 <0.001 Annual precipitation K-w 4 13.10 0.011
Precipitation of wettest month K-W 4 10.97 0.027 Precipitation of wettest month K-W 4 13.39 0.010
Precipitation of driest month  K-W 4 22.08 <0.001 Precipitation of driest month  K-W 4 8.12  0.087

Despite similar trends in both data-sets, significdifferences in the median
altitudinal distribution among cytotypes were oleer in combined one. Tetra- and
pentaploids showed the widest altitudinal rangenfitbe lowlands to alpine belt. On the
other hand, triploids and heptaploids were founlg onaltitudes below ca 700 and 400 m,
respetively. Generally, cytotypes showed differassociations with climate, through
minor differences were visible when comparing badita-sets (Table 2, Fig. 2). Triploids
were found in regions with continental climate,. iveith low precipitations and high
summer and low winter temperatures. On the othe&dhaexa- and heptaploids were
largely found in regions with subatlantic climaie. with mild winter temperatures and
higher precipitations. Both tetra- and pentaploidse found in wide ranges of climatic
conditions.

Though cytotypes under consideration have ovenappecological niches,
multivariate db-RDA on both data-sets showed thgtotgpes are ecologically
differentiated with the largest realised niche efiéinces being observed between hexa- &
heptaploids and other cytotypes (Monte Carlo peatmr test of all canonical axeB,<
0.002 in all cases; Fig. 3). In summary: (i) Trigl® almost avoided human-impacted
(ruderal) vegetation and occured in areas withinental climate. (ii) Tetraploids occurred
primarily in both shaded (forests) and open (seatgral habitats. (iii) Pentaploids showed
wide ecological amplitude without clear differemiba from other cytotypes through were
frequently found in dry grasslands. (iii) Hexa- gradtly also heptaploids inhabited usually
open human-influenced habitats such as field margnd road ditches but also
eutrophicated sparse forests with ruderal specidsw@eralized woody vegetation outside
forest in regions with mild winters.
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Fig 3. The first and the second axis of the comstdh principal coordinate analysis of (A) European
populations sampled by us (data set-1) exceptdorptes from the Czech Republic and (B) all European
populations sampled by us incorporating also Czzrhples (datas set-3b). Principal coordinates asess
used as a species data, ploidy level (fuzzy codimad used as an explanatory variable (dashed gtrows
Vectors of the environmental (black arrows) ancheliic variables (grey arrows) were used as supplane
data to help interpret the ordination.

Genome size variation

Significant effects of cytotype (F = 569.4, P <@LY population (F = 27.8, P < 0.001) but
no significant effect of individual plant (= intrapulation variation; F = 1.1, P = 0.166) on
2C DNA content were found by mixed model ANOVA. Asgperted, mean 2C DNA
content significantly differed among any two cyjdg. Ratios of 2C DNA between tri-
and tetra-, penta-, hexa-, hepta- and octoploigsaged 1.23 : 1.48 : 1.69, 2.00 and 2.17,
respectively (Table 3, Figure 4a). Accordingly, tmenoploid DNA amount (1Cx) was
significantly dependent on ploidy level (ANOVA f8k-7x cytotypes; F = 50.1, P < 0.001)
and genome downsizing between two successive pgstwas 7.8, 3.4, 5.0 and 4.9 % in
3x/4x, 4x/5x, 5x/6x and 7x/8x cytotypes, respedlivOnly exception were heptaploids,
who did not differ in 1Cx from hexaploids (Fig. 4b)
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The intra-ploidy variation in genome size was ftetdy large in tetraploids (18.3
%) and pentaploids (13.2 %) and no 2C DNA outliaee observed. Divergence in
estimated nuclear DNA content between populatioas gonfirmed by simultaneous FCM
analyses (Fig. 5). Smaller intra-ploidy variationgenome size was discovered in other
cytotypes € 7.5 %) but even decreased after elimination oupadns with extreme DNA
content, e.g. in hexaploids and triploids. Withm,ttetra- and pentaploid cytotypes,
majority & 75 %) of total variance in genome size was attable to interpopulation
variation. On the other hand, interpopulation v@siawas apparently less pronounced in
hexa- (45.8 %) and heptaploids (52.4 %) than iewtlytotypes (Table 3).

Table 3. Variation in DNA content for ploidy levets Allium oleraceum(2C DNA; pg) using standard
Triticum aestivuntv. Saxana(2C = 34.2388 pg) as a unit value.

Proportion of total
variance in genome

Number of populations/ size attributable to
DNA ploidy number of individuals 2CDNA 2C DNA range 1Cx DNA Intra-ploidy  interpopulation variation
level analysed (pg;meani—s.d.)SIS (min/max) (pg;mean) variation (%) (%)

3x 8/20 42.49+0.92° 40.52/43.55 14.80 7.5 74.9*

4x 24177 52.34+2.53" 47.96 / 56.74 13.10 18.3 92.5%*

5x 50/219 63.04+1.83° 58.73 /66.50 12.64 13.2 74.8%*

6X 24195 71.92+0.99¢ 69.10/ 73.66 12.00 6.6 45.8*

7x 5/10 85.36+1.94° 82.98/ 88.66 12.19 6.8 52.4*

8x 1/13 92.18+1.43 90.14 / 94.56 11.40 4.9 -

*P <0.05, * P <0.01, ** P <0.001
$ Significant differences in mean 2C DNA betweeoigy levels (Bonferroni test; P < 0.05) are marksd
different letter in columnwise

A100.0 - B 15.0-
90.0 4 == ’ E
1 [— 14.0 - T
§ 80.0 1 > | .,
- | <
< 700 = Z 13.01 T
5 )
| > |
Q 600 % O l ﬁ
| 1201 =
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i (=]
i [=——]
40.0 o ‘ : ‘ : ‘ 1.0 : ‘ ‘ : ‘ :
3x 4x 5x Bx 7 8x 3x 4x 5x 6x 7 8x

Ploidy level Ploidy level
Fig. 4. Box plot of 2C DNA (pg) and 1Cx DNA (pg) BINA triploids, tetraploids, pentaploids, hexapkid
heptaploids and octoploids Af oleraceum
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Fig. 5. Flow cytometric histograms documenting aoin in genome size. A. Simultaneous analysis of

pentaploid populations 06/47 from Italy (2C = 618d4) and 06/14 from Hungary (2C = 65.71 pg). B.
Simultaneous analysis of tetraploid populations6B86fom France (2C = 49.17 pg) and 04/72 from Rblan
(2C = 55.55 pgQ).

Ecogeographic pattern of genome size variation

The relationships between geographic location,cggchl, climatic characteristic and 2C
DNA content of the populations were analysed (Tdbldn triploids, DNA content did not
show any clear spatial pattern though the westepulations (Slovakia, Hungary) had
markedly homogeneous 2C DNA content. Positive ¢atioms between altitude,
precipitation and 2C DNA content are probably statal artefacts with confouding
altitude and geography. In tetraploids, 2C DNA eomtwas correlated significantly with
latitude and longitude, with the tendency of plawith larger genomes to occur in the
north-eastern part of the studied range. DNA cdntérpentaploids was also correlated
with longitude and latitude, increasing from (sqQutfest to the (north)-east part of the
studied range. Geographical gradients observedNA Dontent of tetra- and pentaploids
matches well with the gradient of continentalitythaplants with larger genomes occurring
in more continental climate, On the contrary, 2C AOBontent in hexaploids was not
correlated with any geographical and climatic Valea (Fig. 6). However, when two
outlier values with apparently lower 2C DNA conterdre excluded from the analyses, 2C
DNA content was correlated significantly with latiie and negativelly with longitude.
Also correlation with minimal temperature of thddast month was opposite to that found
in tetra- and pentaploids, suggesting tendencydrease 2C DNA content in hexaploids in
more subatlantic climate. Heptaploids showed birhaligtribution of 2C DNA content
with populations with smaller genome in the nonth&rance while those with larger
genome both in the northern and southern Francecé{esignificant correlations between
several climatic variables and 2C DNA content asalts of low sample size.

Concerning local-scale environmetal variables, dDNJA content of pentaploids
was related to the level of habitat naturalness lzataitat type. Plants with lower DNA
content occurred in natural habitats whereas tmotde higher DNA content occurred in
human-impacted habitats.

A strong spatial coincidence of the monoploid geeosize of tetra- and
pentaploids, and penta- and hexaploids was revdalerocrustean analysis (both P <
0.001). On the other hand, no spatial coinciderideeDNA content were found between
tetra- and hexaploids (P = 0.242). Except for dighd limited to the eastern Europe only,
monoploid genome size of cytotypes was similar he {south)western Europe, but
diverged towards the (north)east (Fig. 6, 7).
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Fig. 6. Observed landscape pattern of 2C DNA (jpgent of selected populationsAlfium oleraceumThe
size of the symbol reflects the genome size. Noteequidistant intervals of 2C DNA in some cases tiu
missing values.
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for each cytotype separately in the case of sicgnifi correlations (B 0.05; see Table 4). In hexaploids,
dotted line was fitted on data after excluding tutlier values with extremely low genome size.

Discussion
Cytotype diversity

Chromosome numbers and DNA ploidy data were obdafoeA. oleraceunplants from
substantial parts of distributional area and togethith previously published data listed
also here we provided a fairly good overwiew ofotype's distribution in Europe.
However, only limited material from (south)east&urope was available. Therefore, more
collections from these regions are required foriasdd insight into ploidy level variation
across the whole of Europe.

In accordance with previous chromosome number dscand DNA ploidy levels
measurements, we here confirmed the presence of dgiotypes (8-6x) within A.
oleraceum Triploids are the rarest ploidy level being com@ed from Hungary and
Ukraine and newly recorded in Romania and Slovééa also Safavaet al, 2011). Our
data on tetra- and pentaploid distribution corresisowell with published karyological
counts, fills gaps and extends their distributioralge to the eastern Europe. Surprisingly,
tetraploids were found less frequently by us thablished karyological data implied. On
the other hand, pentaploids are the most widesppézidy level and occur throughout
most of species range. Rare hexaploids were ravdglaus for the first time for several
western and central European countries, thus diltyap between previous reports from
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Spain (Pastor, 1982; Pastor and Valdes, 1983) arstiia (DobeS and Vitek, 2000), Czech
Republic (Duchoslawt al, 2010) and Slovakia (Sa&tiva et al, 2011). Moreover, we
found two unusual and previously unknown cytotypesresponding to hepta- and
octoploid levels that are the first such high csuior the sectiof€odonoprasunand even
represent extremely rare ploidy levels for wholengeAllium (Hanelt et al, 1992;
Goldblatt and Johnson, 2008). Such substantiahspecific ploidy variation (six ploidy
levels) is only rarely seen in other sexually relu@ng plants, e.g. i@ardamine yezoensis
(Marholdet al, 2010) andxeris nakazonewith six cytotypes (Denda and Yokota, 2004),
andSenecio carniolicusiith eight cytotypes (Sonnleitnet al, 2010).

Ecological differentiation

In Allium oleraceum previous studies (Duchoslat al, 2010; Saffova and Duchoslav,
2010, Saffovaet al, 2011) revealed considerable variation in nicteath and optimum
of tetra-, penta- and hexaploid cytotypes at bethanal and local scales in the Czech and
Slovak Republics. Accordingly, main differentiatiamong the cytotypes was related to
the level of anthropic pressure and soil conditiovith the largest difference being
observed between tetraploids and hexaploids. Wieaxpanded our analyses on the scale
of Europe, we obtained somewhat similar resultthtse on more regional scales: tetra-
and pentaploids showed greater breath of ecologicdles than was observed in other
cytotypes, both lower (triploids) and higher (heaad heptaploids). However, our results
also corroborate previous findings that cytotypiesndt have strong ecological boundaries
and their niches overlap, resulting in frequentalosympatry (Saf@va and Duchoslav,
2010). There is presently consensus that ecolodigatgence between cytotypes is rather
common (Otto and Whitton, 2000; Levin, 2002; Leitstd Leitch, 2008) but polyploids do
not consistently tolerate harsher environmentalddé@mms and do not always show a
broader ecological niche than their diploid progensi (Levin, 2002; Schdnswettet al.,
2007; Rivero-Guerra, 2008; Parisai al, 2010). Moreover, only limited number of
studies compared ecology of higher cytotypes irnyglold series and results are also
inconsistent (e.g. Brochmann and Elven, 1992; Smmdret al, 2010). One of the main
reasons explaining such puzzling pattern is linkedthe type of polyploidy when
autopolyploidy, in contrast to allopolyploidy, doast inevitably produce transgressive
traits to fuel adaptive ecological divergence (Hggand Hiscock, 2008; Parisaat al.,
2010), and the second is the age of establishegploals with evolutionary-older
cytotypes combining both the effects of polyplojasr se and subsequent genic evolution
(Ramsey and Schemske, 1998, 2002; but see Ran3k}). AVhen comparing observed
ecological amplitude oA. oleraceuncytotypes with those of supposed di- or tetraploid
progenitors (i.eA. paniculatumA. podolicum A. fuscum A. dentiferum Stearn, 1980;
Brullo et al 1996, 2001, 2008; Dobrotchaegt al, 1999),A. oleraceuminhabits wide
spectrum of habitats ranging from stressed andtil@eocky habitats though disturbed
open habitats, nutrient-rich communities with dewegetation to late succesional forest
communities, overlaping thus narrower niches ofpsgpd progenitors. Broad niche in
tetra- and pentaploid cytotypes Af oleraceunsuggest that such cytotypes harbour either
large plasticity of physiological or morphologidahits or are composed of many adapted
types, probably of repeated and/or different ori@oltis et al, 2010), partial ecological
(and also geographical) similarity of tetra- andtpploids suggest that gene flow may
exist between them. Narrow niche in triploids cansimply result of limited number of
sampled populations and hence did not reflect ttegit (and probably wider) ecological
amplitude. However, their predominant occurencdrinforests and steppes coincide well
with ecological demands of one supposed diploidy@nitor A. paniculatumin Central
Europe (Holub inCefovsky et al 1999; Ciocarlan, 2000). Hexaploids have the most
different and narrower ecological niche from otlgtotypes and commonly occur in
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ruderalised, often weedy habitats in areas withagabtic climate. Such different niche
may suggest their superiority in intensively adtiataly utilised landscapes where
anthropogenic habitats prevail over natural vegmtatTheir relative avoidance of

continental climate may be an artefact due to reegpansion from subatlantic climatic
zone, competitive exclusion in contact zones (&ev) or suggest real climatic limits of
hexaploids. Unfortunately, due to logistic and legsasons we did not sampled soill
samples to examine preferences of hexaploids foerai-poorer, weakly acidic soils with
higher concentrations of phosphorus found by Duelvost al (2010) in the Czech

Republic. Definition of ecological niche of the haploids is problematic because only
limited number of populations was observed andaedl geographically restricted to the
eastern or southern France. Concerning habitatptapleids are partly similar to

hexaploids with prevailing occurence on or neatdfismargins and road ditches, i.e.
disturbed and partially ruderalised habitats.

Felber-Girardet al. (1996) showed on example of di- and tetrapkndhoxanthum
alpinumthat assesment of niche breadth of cytotype miigrdiepending on whether the
ecological differentiation between cytotypes isdgtd across their whole ranges (‘primary
ecological differentiation’) or is limited just toontact zones where it can represent a
response to competition between cytotypes (‘secgretmlogical differentiation’, Felber-
Girard et al, 1996). Also Stahlberg and Hedrén (2009) obsethatlin pure populations
consisting of either di- or tetraploids Dactylorhiza maculatahe ecological amplitude of
both cytotypes was wider than in mixed populatiddaefortunatelly, no single-cytotype
areas, at least at regional level, were observed mleraceunmand mixed populations are
common. Hence, relatively weak habitat differemiatamong cytotypes observed by us
may be theoretically even lower when consideringtyye-pure areas.

Genome size variation

Our nuclear DNA values of five out of six cytotypepresent prime estimates. However,
estimation of genome size in octoploids must besictlared as preliminary because of high
coefficient of variance obtained. Previously, orilyo nuclear DNA values forA.
oleraceumhad been gathered (see Bennett and Leitch, 2@hdl) both were determined
for pentaploids using Feulgen densitometry. WHhike éstimate of Baranyi and Greilhuber
(1999; 2C = 60.37 pg) was in a good agreement authestimations, the prime estimate
2C-value = 52.78 pg for pentaploids by Labani attkington (1987) is suspicious and
should be discarded.

In general, the present study revealed consideratitaspecific variation in
genome size. Major part of variation in genome sv#hin each of 3-7x cytotypes was
attributable to interpopulation variation thoughmas apparently lower in tri-, hexa- and
heptaploids (ca 5-8 %) than in tetra- and pentdptgiotypes (ca 13-18 %). On the other
hand, within-population variation was not proved#osignificant. The simple explanation
of the genome size variation is based on methodmbgrtefacts, usually associated with
instrumental drift and/or dissimilar levels of sedary metabolites that may have interfere
with DNA fluorochromes (Greilhuber, 2005). Many exales of variation have been
shown to be measurement artefact when repeatedlysaa (Greilhuber, 2005). There are,
however, many reports documenting intraspecificeeen intrapopulation genome size
variation where appropriate methodology has beed (s.9. Reevest al, 1998; Pénka
et al, 2006; Sudat al, 200%,b; Pavltek et al, 2008; Balacet al, 2009; Smardat al,
2008a; Zaitlin and Pierce, 2010). Considering theximum genome size heterogeneity
reported in other species, Smarda and Bure$ (F006)1 16.6 % irFestuca pallenglost,
Slovaket al (2009) found 23 % iPicris hieracioides.. and Cireset al (2010) reported
20.3 % inRanunculus parnassifolius.|. Allium oleraceunmbelongs to hardly measurable
plants with a huge content of mucilage that is onegd in coefficients of variance (up to
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4.31 % an 6.02 % on average in hexaploids and lmtisy respectively) for histograms of
fluorescence intensity that were slightly highearththose proposed by Dolezed al
(2007) for genome size estimation. Consequentlghdr coefficient of variance cause
insufficient sensitivity of the method to distinghitwo individual peaks when individuals
from the same population are measured simultangoigd¢nson and Braylan, 1994;
DoleZzel and Gohde, 1995; Balabal, 2009). Other likely reasons behind undemongirate
within-population variation are small populationrgdes with three individuals analysed,
predominant asexual reproduction An oleraceumbeing mostly pronounced in tri- and
hexaploids (Fialova, 2005; Ohryzek, 2007) and rasfibe for uniclonal structure of many
populations (St&ova, 2005), and higher measurement error causingrlreproducibility

of repeated measurements, especially in hexa- apthploids. However, we believe that
intracytotype variation reported in the presentigtahould be considered genuine, as (1)
our samples were from fresh mature plants, growdeurstandardized environmental
conditions and measured using standardized protbeblminimised measuring bias and
(2) simultaneous analyses of samples of the sarwype but with different 2C DNA
always yielded histograms with one bifurcated oo tseparate peaks (Fig. 5), which is
considered the most convincing evidence for refikeminces in nuclear DNA content
(Greilhuber 2005).

Part of the variation in 2C DNA can be explainedameuploidy, which has been
rarely found through chromosome counting in seeglifrom pentaploids by Fialova
(1996) and Jandova (2010). Similarly, an intraggtetdivergence in genome size in Asian
polyploid Cardaminespecies (Marholet al, 2010) aSenecio carniolicugSudaet al,
2007c) was attributed to aneuploidy, although was not recorded by direct chromosome
counting. However, in adulA. oleraceunplants only euploid chromosome numbers are
reported in literature (Fialova 1996, Karpaene, 2007; Duchoslaet al, 2010) and have
also been found in the 12 individuals analysed ,heven in simultaneously measured
plants with the greatest difference of genome sidtrnatively, variation may be partly
related to variation in heterochromatin composit{Smarda and Bure§, 2010), mostly of
satellite DNA (ved Brat, 1965; Meagher and Vasdia 2005; Biémont, 2008). Fialova
(1996) reported apparent karyotype plasticityAin oleraceumwith various types and
numbers of satellite chromosomes that are oftemlypadentifiable in metaphase figures.
However, geographic component of genome size vamigbntradict this scenario.

Many studies suggest that variation in inter- artcaspecific genome size could be
a product of local adaptation along ecological gmaid (see Knight and Ackerly, 2002;
Knight et al, 2005 for review). As regards spatial and ecalalgtorrelates, the correlation
of geographic location and climatic variables wignome size was strong in tetra- and
pentaploids but weaker in other cytotypeg\obleraceumin triploids, however, observed
correlations have limited value because only empulations have been measured and
surprisingly three populations with high genomesiere sampled in higher altitudes than
populations with lower genome size. In tetra- aedtpploids, genome size increased in
SW-NE gradient and simultaneously increased witltredesing precipitation and
increasing temperature extremes. Possibly, DNA exgninirrors a gradient in climatic
conditions from oceanic to more continental zohsreover, variation seems more or less
continuous along these gradients at first look.(FF)g This may fit well with the results of
MacGillivray and Grime (1995) that found positivdationship between genome size and
frost resistance in British herbaceous plants. €ations of genome size and gradient of
continentality have also been reported previoustystveral plant species from Europe but
no general relationship emerged and in most casasy mther explanations, including
surviving the glaciation and of post-glacial migoat were propoused. Similar to our
results, P&nkaet al (2006) and Smarda and Bures (2006) found incrieeB&A content
towards the east and southeast part of Central pguino Koeleria macranthavar.
majoriflora and Festuca pallens respectively. In contrast, fluorescence intensfy
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tetraploidLythrum salicariawas negatively correlated with population locatadang the
west-east gradientn Europe (Kubatovéaet al, 2008). Longitudinal component of
interspecific genome size distribution was foundiiaraciumsubgenu®ilosella (Sudaet
al., 200b) with positive correlation between genome size #mthitude of sampling
localities. On the contrary, negative correlatiagtween interspecific genome size and
longitude has been observed in central EuropeaciespefCirsium (BureSet al, 2004).
Firstly, confusion about the relationship betweemamne size and continentality gradient
may arise because most studies did not considegdolgraphic and/or ecological ranges
of the studied plants which may show unimodal trexidgenome size over whole
environmental gradients as observed by Knight acleAy (2002) in the Californian
flora, where species with large genomes tende texicluded from extreme environments
with shorter growing season (see Knighal, 2005). Also our analysis did not account for
full geographical ranges of cytotypes becausemitdéd availability of samples from the
northern and east Europe and weak lack of fit ofogee size of pentaploids is visible at
higher latitudes/longitudes, suggesting partly dieat trend from one fitted by linear
regression (Fig. 7). Secondly, in many studies #nalysed interspecific variation in
genome size, authors did not make a clear distindietween the effect of holoploid and
monoploid genome sizesgnsuGreilhuberet al, 2005) though some studies (Grotkagip
al., 2004; Beauliewet al, 200%&; Munzbergov4, 2009) suggest different relationship
between plant traits and holoploid and monoploidogee size (but see Beauliet al.,
2007; Knight and Beaulieu, 2008).

Most surprising is relative low variation of genorseze in hexaploids. Low
intraploidy variation was also observed in someespthlants (e.g., Lysakt al, 2000) but
in spite of large variation found in tetra- and faghoids is genome size stability in
hexaploids striking. Duchoslaet al. (2010) proposed that common occurrence of
hexaploids in the Czech Republic may representeene of a recent range expansion of a
newly established type. Except for two exceptignédw 2C values measured in plants
from hexaploid populations in Spain and France Wwhimay suggest different
polyploidization event, our measurements suppoid ttypothesis. Low genome size
variation in hexaploids is probably maintained alsp almost exclusively asexual
reproduction via aerial bulbils and daughter bi§ibiryzek, 2007) and coincides with their
low genetic variation (Stkova, 2005). Similar relationship between genorme sariation
and amount of genetic variation was observed @.gapomictic triploids ofHieracium
alpinum(Mraz et al, 2009). For this reason, we expected no relatipssof genome size
with ecogeographic variables. However, after rerhof’avo extreme values from data set,
quite reverse correlations of genome size of hewdpl was found with several
ecogeographical variables than was observed ima-teind pentaploids. Although
significant, regression lines have small negatiopess and therefore this trend could not
have any biological meaning. Alternatively, selectoperates on hexaploids in different
way as in tetra- and pentaploids.

There is, however, an alternative explanation fmage size variations observed,
i.e. so-called ‘orthodox' variation due to non-ggieed phylogenetic components
(Greilhuber, 1998, 2005). Chrtedt al (2009) found positive correlation between genome
size and longitude of sampling sites Hieracium subgen. Hieracium but when
phylogenetic pattern was taken into account, cati@ almost disappeared. Thus, any
correlation of genome size with ecogeographicaiabées was outweighted by the basal
phylogenetic divergence into species of easterrvaasiern European origin (Chrtekal,
2009). At the intraspecific level, Slovék al. (2008) observed both lati- and longitudinal
increase in genome size Bfcris hieracioidesover Europe which fit well with climatic
gradients but authors inclined more to the opiniloat the taxon encompasses several
independent lineages with unique evolutionary histo Bogdanowi et al (2009)
proposed in autumn-flowering species Allium sect. Codonoprasumtwo speciation
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centres in Europe: one in the western Mediterraregah the second one in the eastern
Mediterranean area. Duchosletval. (2010) suggested the recurrent formation of paleic
A. oleraceumcytotypes and consider their polyphyletic origis &ighly probable.
Consequently, dominant east-west gradient in gersmeeobserved by us in tetra-, penta-
and hexaploid#\. oleraceunmay potentially fit with the hypothesis of theolpphyletic
origin with an existence of at least two indeperdimeages: eastern and western.
Presently, this hypothesis is supported by (i) amif relationships of genome size in tetra-
and pentaploids and partly also in hexaploids witbgeographic variables in the western
Europe, that contrast with (ii) apparent variatiorgenome size (2C an 1Cx) of tetra- and
pentaploids in Central Europe, weakening of coti@ia with ecogeographical variables in
Central and Eastern Europe.

When looking on variation in monoploid genome sizege found, with one
exception, that ploidy levels oA. oleraceumdiffer on average each other in their
monoploid genome size with 1Cx gradually decreadiexcept for X) from tri- to
octoploid cytotype. This might indicate downsiziojgenomes after polyplodization, a
general trend observed in angiosperms includingouarrepresentatives of the genus
Allium (Leicht and Bennett, 2004) due to several mechaiffom which deletion of
repeated DNA sequences and the dynamics of traallgoslements is considered at the
most important (Bennetzen, 2000; Benneteeml, 2005). However, there is no general
trend to either downsizing or upsizing within pdbyig species and absence of downsizing
in polyploids usually suggest (very) young neoptiigs (Bancheva and Greilhuber, 2006;
Weiss-Schneeweisst al, 2006; Cireset al, 2009; Cosendai and Horandl, 2010, but see
Sudaet al, 2004), probably of autopolyploid origin (Balaet al, 2009). Therefore, it
could seem reasonable to assume, that differenagasmoploid genome size among ploidy
levels inA. oleraceumindicate some genomic differentiation and rathecestral origin
than recent autopolyploidy. However, when geogmatale of variation of monoploid
genome is taken into account, more complicatecepatmerged. In short, cytotypes have
similarly sized monoploid genome size in the (spu#stern but not in the (south)eastern
Europe (see Fig. 6, 7). The most parsimonous eaptanfor similarly sized 1Cx values of
4Ax—T7x cytotypes from the (south)western Europe is thegent autopolyploid origin while
differently sized genomes of eastera-@x cytotypes could be either results of independent
polyploidization events, including introgressiontlwiother taxa of theA. paniculatum
group (see above) and/or ancient autopolyplodimatidnfortunately, it is unable to
rigorously test this hypothesis since no data comncg genome size of potential diploid
(or lower polyploid) progenitors of. paniculatumgroup are presently available in
literature (Bennett and Leitch, 2011). Hovewer, weeently made some preliminary
measurements of genome size of several diploid |pbpns of A. paniculatumand A.
fuscumand tetraploid populations &. dentiferumandA. pallensfrom southern Europe
resulting in 1Cx values 14.6-16.3 pg for diploided al0.85-11.02 pg for tetraploids,
respectively (A. Vaova, M. Jandova and M. Duchoslav; unpubl. res.psEhvalues are
either apparently higher (diploids) or lower (tplads) than corresponding values of all
cytotypes ofA. oleraceunpresented here. This, most likely, rules out higpsis of recent
autopolyploid origin ofA. oleraceumat least from these species. Yet, spatial relatigps
of genome size in tetra- and pentaploids and peata hexaploids may indicate an
evolutionary link between ploidy levels, i.e. pdsiy of repeated recent
autopolyploidization events, but similar situatioray be also explained by adaptation of
ploidy levels to similar environmental conditiorSngarda and Bure$, 2006). This argues
against simplified explanations. Pattern of gengime in tetra- and pentaploids also give a
preliminary idea of two "hot zones", i.e zones véhéifferent types got into secondary
contacts: western Central Europe at border betw&ance and Germany and eastern
Central Europe. Such zones are known as importagebgraphic contact zones as a
result of postglacial range re-colonization fronffedent refugias (Hewitt, 1999, 2004;
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Schmitt 2007) though we are aware of possibilityt thide expansion of cytotypes can be
connected also with more recent creation of seagntabitats by man-made changes
including deforestation, introduction of grazinglasultivation of crop-plants.

There is also evidence suggesting that speciesratgpes with smaller monoploid
genome size are more invasive due to the effecteodbme size on key life-history traits
that enhance colonization potential, e.g. rapichipldevelopment, generation time and
production of propagules with greater dispersaépuél (Grotkoppet al, 2004; Lavergne
et al, 2010; KubeSovét al, 2010). Contraryto expectations, our data concerning
intracytotype variation suggest that populations pehtaploids and weakly but non-
significantly also of tetraploids occurring in argpic habitats have higher genome size
than populations inhabiting natural habitats (Tad)e while in other cytotypes no
relationships between genome size and habitatwgsefound. These relations unchanged
even after correction for geographic pattern ofitaélistribution (analysis not shown).
Within all ploidy levels studied, we therefore didt corroborate hypothesis of genome
size reduction enhancing invasive ability. Similasults obtained Kubatow al. (2008)
for native and invasive populations bythrum salicaria We are, of course, aware that
habitat classification used by us could not fulgflect plant invasiveness. At the
interploidy level, high or low colonization poteaitiof cytotypes with either medium (i.e.
tetra- and pentaploids) or high/low (i.e. tri-/hpl@ds) monoploid genome size, based on
their present ranges, is also not consistent vhiih hypothesis. It seems therefore more
probable that evolutionary history of respectivéotypes is responsible for their present
pattern of distribution. However, tight affinity bexaploids to anthropic habitats observed
in the Czech Republic (Duchoslav al, 2010) and over Europe (this study) together with
their quicker phenologic development (Jirova, 208uggest that their low monoploid
genome size could enhance their colonization gbdid potential future spread over
Europe. Whether similar conclusion can be drawrh&ptaploids is doubtful because only
limited population samples are presently available.

Cytotype distribution patterns on broad scale

The large-scale distribution pattern of cytotypesotighout the Europe was found to be
remarkably complex that fits well into and broadesults of detailed screening in the
Czech Republic (Duchoslaet al, 2010). While tetra- and pentaploids were found
sympatric with other cytotypes and common over whBurope, triploids vs. higher
cytotypes (hexa-, hepta- and octoploids) were matrly entirely in mutual contacts and
occupied separate regions below 50 latitude. Aliotypes are also in contact with
supposed diploid, sexually reproducing progenitaus entirely in the southern latitudes.
Regions with high cytotype diversity are thus coafl to unglaciated and also almost
permafrost-free areas of the late Pleistocene vamlg tetra- and pentaploids are presently
distributed also in northern areas that were gladialuring the last glacial maximum
(Huntley and Birks, 1983). Somewhat similar digitibn pattern has been described for
several sexual-apomictic genera (eAntennaria L., Bayer and Stebbins 1987,
Ranunculus auricomugroup, Hoérandl, 2006Hieracium pilosella Mraz et al, 2008)
where polyploid apomicts tend to have larger rartas (diploid) sexuals which suggest
evolutionary advantages of polyploidy associateth v@pomixis in the colonization of
deglaciated areas (geographical parthenogenesisandl (2009) showed that climatic
changes may have triggered interspecific hybridbmabecause fluctuations in distribution
ranges have brought previously geographically alaoggcally isolated sexual species
together, which increases frequencies of new agigah asexuality which is further
advantageous for re-colonization of previously dtaied areas. Application of this model
on A. oleraceums however puzzling. Firstly, through oleraceums not apomictic plant
(sensuAsker and Jerling 1992), all its cytotypes preduamily reproduce uniparentaly, i.e.
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produce huge and similar amount of asexual progadi bulbils; Fialova and Duchoslav,
pers. observation). Bulbils are ecologically simila seeds (see e.g. Ronsheim, 1994) but
due to their higher amount of stored resources \gak, 2007; Karpavien¢ and
Karanauskaite, 2010) has higher fitness than seedisr low competition from surrouding
vegetation, i.e. in open early-succesional vegatatM. Fialovd and M. Duchoslav, pers.
observations). These characters favAupleraceuncytotypes over their supposed sexual
diploid progenitors but cannot be considered ascsigkely enhancing one of them over
other cytotypes. Moreover, two most northernly riistted cytotypes (tetra- and
pentaploids) also produce order of magnitude mevaua seeds than other cytotypes
which are mostly sterile (M. Fialova and M. Duclzsl pers. observation). Such
combination of sexual and asexual reproduction rii@tly give tetra- and pentaploids
advantage over other cytotypes due to their bedfgitity to adapt together with
conservation of such genetically and ecologicaiffetent clones via asexual propagules,
i.e. bulbils (= 'Frozen Niche Variation Model'; Jémhoek 1984, 1994). Several lines of
evidence support the applicability of this model é8n oleraceum Firstly, as we
hereinbefore mentioned, both tetra- and pentaplsitsved somewhat greater breath of
ecological niches and higher genome size variatitan other cytotypes. Secondly,
Staikova (2005) found higher genotypic diversity ofréetand pentaploids than in
hexaploids in the population samples from the CA&epublic. Thirdly, Ronsheim (1997)
observed existence of significant local adaptatdrasexually produced bulbils to the
parental microsite in functionaly similallium vinealeand we suggest that the same
mechanism works also #. oleraceum

However when the range of a cytotype is considecede an indicator of its
colonizing ability, evolutionary age of cytotypesutd be a coufounding factor (Fawcett
and de Peer, 2010). Because both hexa- and heptapttmtypes were found to have
smaller ranges and confined to human- impactedtdtabiit is probable that either they
established later than lower ploidies and/or tepnead was faciliated by antropic impact.
As mentioned by Horandl (2008), evolutionary andgeiographical history of taxa have
had a major impact in shaping their ranges and #idiseiplinary approach will be
necesasary for a full understanding of geograplpiatierns which may differ case by case.

Absence of triploids outside the range of suppodigtbid progenitors together
with near absence of cytotype-mixed populationstaiomg triploids suggest that the
fitness of triploid individuals seems to be too lawfacilitate the polyploidization process
(triploid block; Kéhleret al, 2010). It is supported by polen and seed stewlitserved in
triploid plants transfered and cultivated in thencoon garden (Jirova, 2007). On the other
hand, triploids, like other cytotypes, maintain aspmtead by vegetative propagation via
aerial bulbils (Fialovd and Duchoslav, pers. .pland therefore it is unclear why their
distribution is limited. Simple explanation supp®sthat triploids are common in the
Eastern Europe but due to less intensive sampliagcansidered as rare cytotype with
narrow niche. Other possible explanation may byr thev genetic diversity resulting in
narrow ecological niche. Duchosl@t al. (2010) suggested that triploids may arise from
the fusion of reduced and unreduced gametes obidiglrogenitor(s) or from crosses
between diploid progenitor and tetraploAl oleraceum Knowledge of triploids of
supposed progenitors, i.A. paniculatum(Tzanoudakis and Vosa, 1988) aAdfuscum
(Ozhatay, 1990), from Mediteranean and morpholo@ytriploid A. oleraceumwith
characters typical for this species (small numbierfl@vers and many aerial bulbils;
Fialova and Duchoslav, pers. obhus suggest rather allopolyploid originAfoleraceum
triploids. However, many chromosome counts repoftedmembers ofA. paniculatum
complex, especially foA. paniculatum could belong to other species because of poorly
understood taxonomy and frequent species misi&ion and confusion both in the
literature and herbarium collections (e.g. Brudtoal, 2008; Kogygit and Ozhatay, 2010).
Hence, we cannot exclude autopolyploid origin gltid A. oleraceum most probably
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from diploid A. paniculatums.s. Because genome size of triploids in eastentrél
Europe is similar, we also suggest their commogiriOn the other hand, apparently low
genome size of one south-Ukrainian triploid popalat may suggest different
polyploidization event.

Surprising absence of triploll. oleraceunfrom other southern regions of Europe
(Spain, France, Italy) is hardly explainable as @garg error because we sampled there
more extensively than in the Eastern Europe. Moobable their absence coincides with
apparently lower diversity of supposed diploid poigors belonging to the sect.
Codonoprasumn the western Mediterranean area than in theegasine (Brulloet al,
1997; Bogdanovi et al, 2008; Aedo, 2010), which in turn may decreassbability of
triploid establishment and/or survival. The latexplanation is supported by newly
discovered high polyploids (hepta- and octoploideat were found just in the
(south)western Europe. Such high cytotypes coulgjimate via various pathways
including auto- and/or allopolyploidy, with pargetion of higher cytotypes of related
species oA. paniculatuncomplex. Their absence ouside the hexaploid ramme suggest
hexaploids are involved in their origin.

Tetra- and pentaploids are the most common cytstymel seem to coexist over
most part of Europe, though we found tetraploidpisingly less common than literary
data suggested. Sad&aet al (2011) supposed that at least two types of tktidg occur
in Central Europe. Authors based their claims ontresting altitudinal distibutions and
habitat differences of tetraploids between Heraynend Carpathian biogeographic
regions. Also large-scale pattern of tetraploidsGentral Europe (Fig. 1) support an
existence of two migration routes: eastern and evastHowever, apparent variation in
genome size of tetraploids in Central Europe withaear geographic component did not
clearly corroborate this hypothesis. Still, highngme size variation found by us in
tetraploids in Central Europe suggest that thetggtois composed of fairly heterogeneous
units potentially originating via various mechanssmcluding secondary contacts between
partially genetically different tetraploids or recent establishment from other cytotypes
via fusion of various forms of gametes (unreduceduced and partially reduced) or even
via hybridization of different diploid progenitoras was previously experimentaly
documented by Levan (1938). Spatial pattern ofdidis suggest that they may play role in
origin of eastern tetraploids but based on our daiadirect evidence for origin of
tetraploids via triploid bridge is available. Lowgenome size of the western tetraploids
together with their flower colors differing fromdbe observed in the eastern tetraploids
(Fialova and Duchoslav, unpubl. results) suggest thifferent origin.

Similar distributional pattern of tetra- and pembégls and spatial relationships of
their genome sizes probably indicate an evolutprek between ploidy levels, i.e. a
possibility of existence of (i) primary hybrid zofgensuPetitet al. 1999) and (ii) at least
two pentaploid types: western and eastern. Somesihalar situation (i.e. the "primary
hybrid zone" hypothesis) suggested recently Tk&kniet al (2011a) as plausible
explanation of complex spatial patterns of cytosyp€Hieracium echioidesHowever, we
previously suggested (Duchoslaval, 2010; Saffova and Duchoslav, 2010) that due to
absence of "donor" hexaploid cytotype within suetf3x mixed populations or even in
their wider surrouding, is origin of pentaploidsrdhato explain and mixed-ploidy
populations of tetra- and pentaploids thus reptesssults of secondary contacts betwen
cytotypes. Yet, Jandova (2010) recently analysedygamies (seeds and seedlings) from
tetraploid plants originating from wild pure tetlaipl and cytotype-mixed populations and
in both cases she detected, albeit with low freqigsn generation of pentaploids.
Generation of pentaploids in tetraploid populationay also partly explain why we
observed significantly higher proportion of mixeopplations with presence of tetraploids
than those with presence of pentaploids. Also airtyilsized genome size in some tetra-
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and pentaploid populations may support this hymthd>resently, we can only speculate
how common this mechanism of pentaploid generasi@md how it works.

Surprisingly, we found one large area ranging fribia western part of Hungary
continuing southwards to Croatia and Serbia dorathdly pentaploids and additionaly
with rare occurence of triploids. On the other hand other cytotype was found there
(incl. tetraploids). We can just speculate abouginrof such zone but it is clear from
distributional data, that either competitive exdwms and/or rather environmental
conditions of this zone limit spread of tetra- dnekaploids.

Hexaploids show specific distribution range beingsemt from eastern and
southeastern Europe. Moreover, it seems that thei digh altitudes with cold climate,
being absent from e.g. Alps and Hercynian mount&@hsarp boundary of their distribution
in the eastern Central Europe coincides with anedbgituation observed in several other
polyploid complexes, e.gVicia cracca (Travnicek et al 2010), Pilosella officinarum
(Mraz et al 2008), ancKnautia arvensigKoléar et al, 2009). Remarkable contact zone of
tri- and hexaploids in the southern Slovakia cathios considered as secondary and based
on cytogeographical pattern, hexaploids may spirgadCentral Europe from two southern
refugias: southwestern Europe (France, Spain?)ltahd However, situation is probably
more intricated. Relative stability of genome sa®d similar morphology with mostly
absence of flowers and thus predominant clonalodgption (Ohryzek, 2007; M. Fialova
and M. Duchoslav, unpubl. res.) of Central Europkexaploid populations may suggest
their single origin and quick spread through adtical landscape. On one hand this fit
well with similarly sized monoploid genome sizes rmajority of southernly occuring
hexaploids. However, this southern hexaploids frem Italy and France) differ from
Central-European hexaploids morphologically, havingny flowered inflorescence (M.
FialovA and M. Duchoslav, unpubl. res.). Moreovsrp hexaploid populations from
southern France and Spain with apparently lower DédAtent may have experienced
different evolutionary history and/or independewotyploidization event. Whether other
hexaploids reported by Pastor (1982) from Spaiorzgeto the same type with lower DNA
content or represent another type is not knowneorités

Bogdanowt et al (2009) proposed in autumn-flowering speciesAium sect.
Codonoprasuntwo speciation centres in Europe: one in the wes#editerranean and the
second one in the eastern Mediterranean area.oBetllal (1997) showed that the
populations occurring in these two centers alsavstifferent ploidy levels; the eastern
species are all diploid (2n = 16), while the westenes are tetraploid (2n = 32).
Bogdanowt et al (2009) thus considered eastern autumn-floweriipdoid species as
palaeoendemics currently restricted to refugiassivhile tetraploids from the western
Mediterranean as palaeopolyploids, probably ortgigafrom interspecific hybridizations.
While this could be an attractive hypothesis expiaj also pattern in cytotype distribution
of A. oleraceumkaryological data on supposed progenitoréobleraceunover Europe
contradict this scenario: published data on chrames counts of members OA.
paniculatumgroup (Goldblatt and Johnson, 1979) suggest higyi@type variation in the
eastern and not in the western Mediterranean. Tdrerea multimethod approach, with an
emphasis on molecular analyses, will be necessaoyder to gain deeper insights into the
evolutionary history of this polyploid complex atalelucidate its taxonomy.

Mixed-ploidy populations

High frequency of mixed-ploidy-level populationsshibeen recently observed in several
plant species (Burton and Husband, 1999; Suda,;Xé&ler, 2004; Sudat al, 2007a;
Halversonet al, 2008; Kao, 2008; Marholet al, 2010; Sonnleitneet al, 2010;
Travniek et al, 201kb; Singliarovaet al, 2011) despite theoretical arguments that the
coexistence of multiple cytotypes within populas@hould be unstable and may represent
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only a transient stage following generation or igration of a divergent cytotype (Levin,
1975). Though many theoretical and empirical stwidieowler ad Levin, 1984; Felber,
1991; Rodriguez, 1996; Thompson and Lumaret, 1984;Dijk and Bijlsma, 1994; Let
al., 2004; Baack, 2005; Rausch adn Morgan, 2005; R0/, 2008, Halversoat al.,
2008) suggested many adaptive or non-adaptive mexha allowing persistence of
mixed-cytotype populations (see introduction), wik Isave little empirical data exploring
mechanisms influencing polyplodization and the reiance and spread of polyploids
(Kao and Parker, 2010). Concernig oleraceum we found 15.2 % populations
comprising two or three cytotypes that is not asiitmn as reported by Duchoslav al.
(2010) from the Czech Republic (23 %). Lower fragueof mixed populations found in
the present (and also in many other) research neagimply result of lower average
number of analysed plants per population that desergorobability of detection of minor
cytotype(s). This was clearly showed by studiesAdium oleraceum(Safdova and
Duchoslav, 2010) an8enecio carniolicugSonnleitneet al, 2010), that resulted in an rise
of proportion of mixed-ploidy populations when sdengize was appropriatelly increased.
To overcome problems with oversampling of identigahet by sampling of neigbouring
plants, we systematically sampled plants in spdeast 1 m from each other over whole
area of population. Therefore we believe that phastly balances for lower number of
sampled specimens per population. Moreover, simea af cytotype-mixed populations
were larger than that of uniform ones and becadis¢hough minor, niche differences
among cytotypes, we suggest that coexistence ofypgs in these mixtures may be partly
result of ecological sorting in heterogeneous emrirtent (Fowler and Levin, 1984), a
explanation proposed previously by Duchostaal. (2010).

Cytotype mixed populations &. oleraceumwere found across the entire species
range and occured in majority of regions where dwanore cytotypes grow sympatrically
and intensive sampling was carried out. Furthermallecytotypes form also their own
populations suggesting rather long term stabilityalb cytotypes and not a scenario of
continued polyplodization via production of unreddgametes as proposed, for example,
for hexaploids and higher-ploidy cytotypes@drdamine yezoens{$larholdet al, 2010)
and so-called secondary cytotypeg, (3¢, 7%, 8X) in Senecio carniolicugSonnleitneret
al., 2010) that do not spread from mixed populatiansl do not develop their own
populations. We also confirmed all previously répdrcombination of cytotypes .
oleraceumcomposing mixed populations (Duchoslav al, 2010) including unusual
combination 4x+5x and 5x+6x mixtures and newly aBot5x, 4x+7x and 5x+7x
mixtures. It seems, in concert with our previousdss, that the existence and spatial
distribution of majority of these mixtures are Hgirétxplainable as a result of the
interploidy crosses or representing primary origih higher cytotype within a lower
cytotype population but are better explained byosdary contacts among cytotypes.
Similar results obtained Kao (2007, 2008) for pdbygs in Arnica cordifolia In A.
oleraceum mechanisms supporting "secondary contacts hypisthare (Duchoslaet al.,
2010, Saffova and Duchoslav, 2010): (i) partial similaritiesecological niches among
cytotypes allowing their co-occurence in proximity) prevailing vegetative reproduction
allowing plants to escape reproductive costs dueh&r minority status, (iii) local
dispersal allowing formation of cytotype-homogengmrtumps that decrease intercytotype
competition, and (iv) disturbance of localities amtropic dispersion of propagules (e.qg.
via transport of hay and cereals, soil preparatioojeasing probability of contacts of
various cytotypes. Yet, several lines of evidera@ova, 2010) suggest that tetra-, penta-
and hexaploid cytotypes @&. oleraceumare able to generate sexual seeds with variable
chromosome numbers. Therefore, we must admit atesde of primary zones but we can
not accurately assess their roles in creating gg®mixtures. Presently, we study cytotype
composition of seeds and seedlings that origindteth populations with various
composition of cytotypes.
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Based on analyses of recently published papergtotype composition in various
perenial species (Duchoslaval.,2010; Saféova and Duchoslav, 2010; Sonnleite¢ral,
2010; Travndek et al, 2015b; this study) we suggest that for future researtltydotype
diversity in plants (i) sample size should be prtipoal to population size and (ii) at least
30 individuals per population, if available, sholld sampled to detect with at least 95%
probability minority cytotype considering its rela frequency ~15% within population
and truly random sampling. To detect rare cytotypeS%) with at least 95% probability,
we suggest sample size ~ 100 individuals. Becatigeewailing clumped distribution of
individuals in plants and difficulty to do randoranspling which is usually replaced by
systematic or preferential samplings, these recamdied sample sizes could be somewhat
lower in reality.
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5. Metodické postupy

Stanoveni DNA ploidni urovna absolutniho obsahu 2C DNA (pg) u druhu
Alliumoleraceum L. za pouZiti barviva propidium iodid (PI)

Rostliny slouzici jako srovnavaci material pro aékli stanoveni poni vzdalenosti pik
vzorku a standardu byly podrobeniirpému pgitani chromozori z karenovych Sgiek
(obr. 1).

Samotné rieni vzorki na pitokovém cytometru probiha kolika naslednych krocich:
1) ptiprava rostlinného materialu
a) rostliny ve stejné fenologické fazi (nejlépe&ithbéhemcéasnych jarnich gsial)
b) nejmérk mésic ed zahajenim #teni absolutniho obsahu DNAgiovat rostliny
ve standardizovanych podminkach (sklenik, fytotron)
2) odbér rostlinného materialu
a) rostliny v dobrém fyzickém stavu, nestresované &tiokymi podminkami (mréz,
sucho), bez patrného napadenidii nebo houbovou chorobou
b) v ptipact meteni v rozgti vice let, ndfeni provadt ve stejném rénim obdobi
(nejlépe Bhemcasnych jarnich ®sial; biezen nebo duben)
c) v pripad méreni 2C DNA odbr rostlinného materidlu provédve stejnou denni
dobu
d) odebirat cca 5 cm materialu z hokasti mladého listdgesneku
e) listy ulozit do navikiené buniité vaty a uzaviratelného igelitovéhaka
f) skladovat v ledrice, tyZ den z®it
3) priprava vzorku — metoda viitiho standardu (Dolezel 1997)
a) 2 cm pletiva listu a 1 cm pletiva standarduiijcum aestivum cv. Saxana)
b) spole&né homogenizovat v Petriho misce v 1 ml LBO1 pufru p8 (Dolezel et al.
1989)
c) k homogenizaci pouzivat vzdy zcela novou ostroetkil
d) filtrace pres nylonové sitko (42 pum)
e) kroztoku jader pipetovat 50 ul RNA-zy a 50 pl baavPropidium iodid (PI)
f) vzorek 20s michat négpace
g) 30 minut vzorek ponechat reagovat uloZen na ledu
h) pied nmeérenim vzorek kratce promichat fegace
4) meteni
a) na 512 kanalové stupnici, standard nastaven nd k@na
b) pro stanoveni DNA ploidni aro¥rmeiit nejmeérg 2000 jader, P stanoveni obsahu
2C DNA 5000 jader, CV 2 — 3%( 4%)
c) stanoveni obsahu DNA (2C DNA) na zalkiggbmeru vzdalenosti pik standardu a
vzorku za pouZiti vzorce:
2C DNA (pg.) = _Poloha G1 piku vzorku x obs&R2NA (pg.) standardu
Poloha G1 piku standardu
d) obsah DNA proTriticum aestivum cv. Saxana byl stanoven na zakladoraméru
dat z opakovaného d&reni seSecale cereale (2C DNA 16.19 pg) (Dolezel et al.
1989)
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Obr. 1. Vybrané metafdzéanych ploidnich GrovniAllium oleraceum: 3x=2n=24, 4x=2n=32, 5x=2n=40,
6x=2n=48, 7x=2n=56, 8x=2n=64.
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6. Zaver

Udaje o poétech chromozorin a DNA ploidnich Grovni se staly zékladem pro siudli
polyploidniho komplexwAllium oleraceum. Tento komplex byl studovan n&eth Gznych
prostorovych Skalach: na Gzemi Evropy, na Uroveidst arealu druhu (podrobnyigkum
Ceské a Slovenské republiky) a na drovni jednothvypopulaci.

DNA ploidni uroveér byla u vSech jedinc stanovena metodou tiokové
cytometrie. Zakladem pro stanoveni ploidiaitpkovou cytometrii se staly hodnoty
zjisSttné analyzou jedinc se zndmym ptiem chromozorin. V polyploidnim komplexu
Allium oleraceum byly potvrzeny étyii doposud znamé cytotypy: triploidni 2n = 24,
cytotypem je pentaploidni nasledovan tetraploidnigskytuji se nafi¢ celym arealem
druhu. Hexaploidi se vyskytufidceji a byli now objeveni na Uzemiady stat sttedni a
zapadni Evropy. Triploidi se ukazali byt velmi vmécbyli zjiS€ni pouze na Uzemi
Madarska, Ukrajiny, Rumunska a Slovenska. Dale byigt&jy dva nové cytotypy:
heptaploidni 2n = 56 (Francie) a oktoploidni 2ré<8Spartisko).

Na Urovni celého areédlu druhu i na trovni podijibzkoumaného tzenteské a
Slovenské republiky byla zji&ta ekologicka diferenciace cytotypTetra- a pentaploidi
maji ve srovnani s ostatnimi cytotypy Sirokou egakou niku a vyskytuji se v Sirokém
rozmezi klimatickych faktdgr. Naopak, hexaploidi se nejvice odliSuji od ostdtrdytotym
a velmi ¢asto se vyskytuji na ruderalizovanych lokalitAchdgbné chovéani vykazuji i
heptaploidi. Triploidni populace byly zj&ty jen na prozenych stanovistich s klimatem
odpovidajicim kontinentalnim charakteristikaniedto, niky vSech ploidnich drovni se
vyrazre piekryvaji a ve srovnani s praygbdobnymi pedky ze skupinyAllium
paniculatum, cytotypyAllium oleraceum osidluji daleko SirSi spektrum stanavis

Prevazuji populace cytotypdvhomogenni, pokud se vyskytly populace smiSene,
pak byly ve ¥tSin¢ pripadi tvoreny pouze déma cytotypy, jen vyjiméné tiemi, nikdy
nebyla nalezena populace zahrnujici vice jakploidni Grovré. Celkem 15% vSech
analyzovanych populaci obsahovalo vice jak jedetotgy, smiSené populace se
vykytovaly na celém Uzemi Evropy. Koexistenci cypiit na spoléné lokali€ |ze cast&ne
vyswtlit ekologickou diferenciaci nik, pra¢dodobr se vSak fevazi jedna o
sekundarni kontakt populaci jednotlivych cytatyyzhledem ke schopnosti produkovat
sexudlr vzniklé potomstvo vSak nelze vyl&tiani primérni vznik polyploid.

Na arovni podrobné Skaly vykazovala z 21 detaipmowtrovanych smiSenych
populaci na Uzemieské Republiky dle typu pouZitého testu &molovina (48%) nebo
nadpolovéni wétSina (62%) nenahodnou distribuci jednotlivych ¢ypd na lokalig.
Cytotypy byly prostoro¥ nenahod#é uspdadanycastji v heterogennim prostdi, coz by
znovu mohlo ukazovat na jejich ekologickou difeianc Zaroveé vSak byly zaznamenany
i smiSené populace cytotypve kterych byly cytotypy vzajemdnjak nahods, tak i
nenahoda prostoro¥ uspdadany, a to jak na lokalithch stanovi&tromogennich, tak i
heterogennich. Existenci cytotygosmiSenych populaci tedy nelze samu c sois\etlit
diferenciaci nik mezi cytotypy, je¢dba zvazit dalSi faktory, jako jsou: vegetativniisgb
rozmnozovani a s nim spojené lokaliesi, vysoka poputai hustota druhu v krajéha
razné ekologické charakteristiky lokalit.

Byla zjiS€na rozsahla vnitrodruhova variabilita ve velikgstierné DNA. Hlavni
cast této variability byla Zisobena rozdily ve velikosti jaderné DNA mezi popelai,
pentaploidnich populaci stoupa velikost genomu resyehodnim srérem, spoléné
s poklesem srazek a rfidtem teplotnich extréim Velikost genomu u hexaplaidje
pongrné homogenni a vykazuje jen velmi malou intraspekdic variabilitu na zapado-
vychodnim gradientu. Velikost monoploidniho genojadnotlivych cytotyf v zapadni
Evrop si je navzajem podobna, narozdil od Evropy vycliokde se liSi. To iive byt
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vyswtleno jejich odliSnym fivodem, cytotypy (4x-7x) ze zépadni Evropy mohou byt
piipadem recentnvzniklych polyploidi, zatimco vychodni cytotypy (3x-6x)fipadem
opakova# vzniklych polyploidi doplrénych introgresi rodovskych druli ze skupiny
Allium paniculatum.

Tetra- a pentaploidi jsou ngsgjSimi cytotypy, které se spales vyskytuji na
veétsSing Uzemi Evropy, jejich podobné romi steji jako gradient velikosti genomu
nazn&uji vzajemnou evokni pibuznost. Hexaploidni populace nebyly zjist v
(jiho)vychodni Evrop, ale pondrné bézné se vyskytovaly na uzemiistni Evropy (hl.
Ceské Republiky). Nizka vnitrodruhova variabilitarseina morfologicka podobnostite
znamenat jejich po#nn¢é recentni fivod nasledovany rychlymiginim, naopak populace
z jizni Evropy (Spa#isko, Francie) s nizsi velikosti genomu mohdadstavovat jiny
piipad polyploidizace. Nizk& vnitrodruhova varialkilliexaploid je bezesporu udrzovana
pievazujicim zfisobem vegetativniho rozmnozZovani.

DalSi pokrgovani této prace bude spwat v nasazeni molekularnich technik a
odkryti populé&ni struktury a gibuzenskych vztahv ramci komplexu, &etné domrelych
rodict a dale ve studiu variability potomstva cytotyposmiSenych i homogennich
populacich.
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7. Summary

Chromosome numbers and DNA ploidy data were obdafoe Allium oleraceum plants
from Europe and provided a good overview of cytetypdistribution in EuropeAllium
oleraceum L. polyploid complex was studied on three diffdrepatial scales; on the scale
of the Europe, local scale of the center of complestribution (Czech Republic, Slovak
Republic) and on the region scale of the individugulation (in the Czech Republic).

DNA ploidy level was investigated by flow-cytometmgethod. The bases of all
measurements were individuals with exactly knowmbers of chromosomes. Four
ploidy levels were confirmed iAllium oleracum L. complex: triploid 2n=24, tetraploid
2n=32, pentaploid 2n=40 and hexaploid 2n=42. Péwtép are the most widespread
ploidy level and they occur throughout most of sgecange. Second most common types
are tetraploids. Rare hexaploids were revealedherfirst time for several western and
central European countries. Triploids are the tapésidy level being confirmed from
Hungary, Romania, Slovakia and Ukraine. We found previously unknown cytotypes -
heptaploids 2n=56 (France) and octoploids 2n=64i(§p

Both, on the scale of Europe, as well as on lalle (Czech and Slovak
Republic), cytotypes significantly differ in envimmental requirements. Tetra- and
pentaploids showed greater breath of ecologicahascthan was observed in other
cytotypes. Triploids prefer natural habitats in thoental type of climate. Hexaploids and
heptaploids occured in human-impacted habitats ild olimate regions. Triploids were
found just in natural habitats in continental tygfeclimate. However, niches of the all
ploidy levels are overlapped. Furthermore, when mamng observed ecological
characteristic oAA. oleraceum cytotypes with supposed progenitofs,oleraceum inhabits
wider spectrum of habitats.

In Europe we found 15 % populations with more tbae cytotypes. Mixed ploidy
populations ofA. oleraceum were found across the entire species range in rityajof
regions. These coexistence of cytotypes may bdypeesult of ecological sorting in
heterogeneous environment but is better explaigestbondary contacts among cytotypes.
Further, tetra-, penta- and hexaploid cytotypeé.adleraceum are able to generate sexual
seeds with variable chromosome numbers. Therefgeanust take into account existence
of primary origin polyploids.

Plants of 21 populations were examined on regi@atale. Depending on the
statistical test (Mantel test or average distanest)tused, either 47.6% or 61.9%
investigated populations were spatially segregdagtiotypes were structured at sites with
heterogeneous environments, this may implies th&t ¢ytotypes are ecologically
differentiated. Nevertheless, structured and evem-structured populations were
discovered at sites with heterogeneous and alfo imogenous environments. This
suggests that it is not possible to explain existeof the mixed ploidy population using
only the niche differentiation. The prevailing etgtive reproduction associated with local
dispersal, a high population density of the speaes landscape, and non-equilibrial
processes influencing the establishment and eximaif A. oleraceum populations can
also support the local co-occurrence of cytotypes.

These study revealed intraspecific variation inagee size. Major part of variation
in genome size within each o%-3x cytotypes was attributable to interpopulation atoin
which was apparently lower in tri-, hexa- and hpfa@ls than in tetra- and pentaploid
cytotypes. In tetra- and pentaploids, genome smeeased in SW-NE gradient and
simultaneously increased with decreasing precipitatand increasing temperature
extremes. In hexaploids is reltive low varationgghome size and is weakly correlated
with W-E gradient. Dominant east-west gradienten@ne size observed by us in tetra-,
penta- and hexaploid8. oleraceum and differences in monoploid genome size among
cytotypes may potentially fit with the hypothesfstloeir polyphyletic origin and recurrent
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formation with an existence of at least two indefsari lineages: eastern and western. Two
contact zones between cytotypes are suggestedeme§tentral Europe and eastern
Central Europe.

Tetra- and pentaploids are the most common cytstgwer most part of Europe,
their similar distributional pattern and spatidbt®nships of their genome sizes probably
indicate an evolutionary link between ploidy levéfexaploids being absent from eastern
and southeastern Europe, but they commonly occuthe central Europe (Czech
Republic). Hexaploids may represent evidence ofeeemt expansion of a newly
established type of polyploids. Relative stabitfygenome size and similar morphology of
Central European hexaploid populations may sugfest single origin and quick spread
through agricultural landscape. Low genome sizdatian in hexaploids is probably
maintained also by almost exclusively asexual réypction. Low 2C values measured in
plants from hexaploid populations in Spain and Eeanmay suggest different
polyploidization event.

Future extension of this research would be to eynplwlecular technique.
Determine population structure of the complex aewkal cytotype composition of seeds
and seedlings that originated from populations wéhous composition of cytotypes.
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