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Abstract

A lot of the research has been made in the field of plant polyploidy since the discovery of
this phenomenon. However, the more we know, the more questions arise. Overall, the most
insistent questions remain: How did the polyploids arise and become established? Is it
advantageous to be polyploid? We chose a perennial herb Vicia cracca L. to study the causes
and consequences of polyploidisation on microevolution of a diploid-tetraploid complex in

central European conditions.

First, evidence from both flow cytometry and molecular markers (allozymes, DNA
sequences, microsatellites) confirmed a hypothesised autopolyploid origin of tetraploids. Based
on allozymes, we proved that tetraploids are genetically richer than diploid ancestors. However,
we showed that the conclusions depend on statistics used for genetic variation measurements.
Nevertheless, tetraploids of V. cracca suffered lesser reduction in seed production after artificial
selfing than diploids. We thus infer that they profit from multiple allele dosage, which can mask
deleterious alleles. We also corroborated an existence of a central European contact zone of
diploids and tetraploids and discovered two other contact zones in south-western and south-

eastern Europe.

The central European contact zone with several mixed-ploidy populations served us as a
source of study material for common garden experiments, because sympatric plants should be
exposed to the same environment and their performance thus should reflect intrinsic inter-
cytotype differences. These experiments proved significant differences in germination and
growth rates with tetraploids being superior to diploids. We also recorded a trade-off between
vegetative growth and seed production in drought stressed tetraploids. Tetraploids thus seem to
be more competitive in favourable conditions. On the other hand, they also seem to be able to
respond to stress plastically by increased sexual reproduction. In contrast, diploids proved to be
adapted to drier conditions by greater seed dormancy and drought tolerance. These results
reflect the distribution pattern of cytotypes in Europe with tetraploids occupying western and

northern part, whereas diploids inhabit predominantly southern and eastern Europe.

Plant performance as well as current distribution pattern was affected also by multiple
origin of tetraploids and climate oscillations. Chloroplast sequences suggested that tetraploids
arose at least twice. The most ancient tetraploid lineage arose probably before LGM in Iberian

Peninsula. Three other tetraploid lineages emerged most probably simultaneously within an



existing pool of cp haplotype variation in diploids in Black Sea/Caucasus region and adjacent
Balkans. However, microsatellites indicated that recent in situ origin of tetraploids in south-
eastern Europe cannot be ruled out. Moreover, the eastern margin of the Alps might be a place
where a new diploid cp lineage has arisen. Range expansions from glacial refugia caused
secondary contacts of cytotypes and individual haplotypes within cytotypes. Interestingly, we
revealed a remarkable loss of diploids at European scale, which is in line with findings obtained
from historical data comparison. The extinction of diploids may be explained by siring
disadvantage of minority cytotype, because molecular data suggested great gene flow between
cytotypes through unreduced gametes. The inter-cytotype gene flow happens despite a strong
triploid block, which we infer from a total absence of triploids in mixed-ploidy populations.
New tetraploids arisen within diploids from union of unreduced gametes or inter-cytotype
tetraploid hybrids seem to be then integrated into tetraploids’ gene pool. Moreover,
microsatellites suggested a possible introgression with V. dalmatica A. Kern. Overall genetic
diversity of V. cracca cytotypes thus has been affected by polytopic origin of tetraploids,
postglacial migration, introgressive hybridisation, and regarding highly discontinuous

distribution of some cp haplotype also by anthropogenic seed dispersal.

To conclude our findings, tetraploids of V. cracca seem to be evolutionary more
successful than diploids probably due to increased genetic diversity, ecological plasticity, better
competitiveness, and majority cytotype advantage under absence of inter-cytotype breeding
barriers in sympatric populations. However, considering a significant effect of ploidy level —
population interaction on several phenotypic traits we have shown that the effect of
polyploidisation on angiosperm microevolution is very complex, often without unambiguous
trend. More generally, the distribution of cytotypes and plant performance has been determined

by both adaptive (ecological) and non-adaptive (historical, stochastic) processes.



Abstrakt

Na poli vyzkumu polyploidie u rostlin toho bylo od doby, kdy byl tento fenomén odhalen,
otazkou stale zlistava, jak polyploidi vznikaji a zda jsou evolu¢né tspésni. My jsme si ke studiu
pii¢in a nasledkt polyploidie na mikroevoluci diploidné-tetraploidniho komplexu V prostiedi

stiedni Evropy vybrali vytrvalou bylinu vikev ptaci (Vicia cracca L.).

Pratokova cytometric spolu s molekularnimi markery (allozymy, DNA sekvence,
mikrosatelity) potvrdila autopolyploidni ptivod tetraploidii. Na zakladé analyzy allozymi jsme
ukazali, ze tetraploidi jsou geneticky bohatsi, 1 kdyz se zavéry téchto analyz mohou lisit podle
zvolené statistiky popisujici genetickou variabilitu. Nicméné umélé opyleni vedlo u tetraploida
ke snizeni produkce semen v mensi mife nez u diploidi. Z toho usuzujeme, Ze tetraploidi
profituji z pfitomnosti vétsiho poctu alel v daném lokusu, které tak mohou ucinnéji maskovat
Skodlivé alely. Dale jsme potvrdili pfitomnost kontaktni zony diploidii a tetraploidi ve stfedni

Evropé a nové odhalili dal$i kontaktni zony v jithozépadni a jihovychodni Evropé¢.

Cytotypové smiSené populace ve stfedoevropské kontaktni zoné nam poslouzily jako
zdroj rostlin pro zahradni kultivaéni experimenty, jelikoz diploidi a tetraploidi rostouci pospolu
na jedné lokalité by mé&li byt vystaveni stejnym podminkam prostiedi a jejich vlastnosti by tak
mély odrazet vnitini mezicytotypové rozdily. Tyto experimenty prokazaly, ze tetraploidi klici
1épe a rostou rychleji nez diploidi. U tetraploidli jsme také zaznamenali vétSi produkci semen
na tkor mensiho ristu u jedincii vystavenych suchu. Tetraploidi se tak zdaji byt za ptiznivych
podminek konkurenceschopnéjsi nez diploidi, zatimco na stres dokazou reagovat zvySenou
sexualni reprodukci. Oproti tomu diploidi se zdaji byt siln€jSi dormanci semen 1épe adaptovani
na stres zpusobeny suchem. Tyto vysledky odrazeji distribuci cytotypt v Evropé s tetraploidy
rozsifenymi predevS§im na severu a zapad€ a diploidy obyvajicimi hlavné jizni a vychodni

Evropu.

Vlastnosti cytotypt vikve ptaci a jejich rozsifeni bylo ovlivnéno také vicendsobnym
vznikem tetraploidi a klimatickymi oscilacemi. Chloroplastové sekvence naznacily, ze
nejstarsi tetraploidni linie vznikla pravdépodobné pied poslednim maximélnim zalednénim
Evropy na Iberském poloostrové. Ostatni tii tetraploidni linie se mohly vyvinout v rdmci
existujici chloroplastové variability diploidii jesté pfed poslednim zalednénim v oblasti pobiezi

Cerného a Kaspického mote a pfilehlého Balkanu. Nicméné mikrosatelity ukézaly, Ze



nemuzeme vyloucit ani nedavny lokalni vznik tetraploidt v jihovychodni Evropé. Navic na
vychodnim okraji Alp mohla vzniknout také nova diploidni chloroplastova linie. Expanze
kontakty. Dale jsme zaznamenali pozoruhodny ubytek diploidu, a to v celoevropském méfitku.
Tento jev je Vv souladu se zavéry vyplyvajicimi ze srovnani naSich dat s historickymi tdaji.
Vymirani diploidti mize byt zplisobeno jejich netispéSnym opylovanim pylem majoritniho, tj.
tetraploidniho cytotypu, nebot” mikrosatelity ukazuji na velky genovy tok mezi ploidiemi
prostiednictvim neredukovanych gamet. K tomuto genovému toku dochéazi navzdory silnému
triploidnimu bloku, na ktery usuzujeme z celkové absence triploidl v cytotypoveé smiSenych
populacich. Novi tetraploidi vznikajici spojenim neredukovanych gamet v rdmci diploidnich
populaci a tetraploidni mezicytotypovi hybridi se zdaji byti reprodukéné zainkorporovani do
tetraploidnich populaci. Mikrosatelity také ukdzaly moznou introgresi s vikvi dalmatskou (V.
dalmatica A. Kern.). Celkova geneticka diverzita cytotypl vikve ptaci tak byla formovana
vicendsobnym vznikem tetraploidi, postglacialni migraci, introgresivni hybridizaci a vzhledem

k vysoce nesouvislému rozsiteni ur¢itého haplotypu také rozsifovanim semen lidskou ¢innosti.

vvvvvv v

Shrneme-li nase poznatky, tetraploidi vikve ptaci se zdaji byt evolu¢né spésnéjsi nez
diploidi pravdépodobné diky vétsi genetické variabilité, vétsi ekologické plasticité, lepsi
konkurenceschopnosti a za neexistence mezicytotypovych reprodukénich bariér ve smisenych
populacich také vyhod¢ pocetnéjsiho cytotypu. Nicméné, vzhledem k prikaznému vlivu
interakce mezi ploidii a populaci na n€kolik fenotypovych znakl jsme ukézali, Ze ucinek
polyploidie na mikroevoluci krytosemennych rostlin je velmi komplexni, casto bez
jednoznacného trendu. V obecné rovingé jsme pak ukazali, ze distribuce cytotypt a jejich
vlastnosti jsou urovany jak adaptivnimi (ekologickymi), tak neadaptivnimi (historickymi,

nahodnymi) procesy.
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Introduction

At the beginning of my graduate study in 2006, Flow Cytometry Laboratory was starting
at the Department of Botany at Charles University in Prague. Since 1990s, flow cytometry has
been advancing method used in several areas of ecology, systematics, and evolutionary biology
(Kron et al. 2007). This technique enabled a rapid boom of projects focused on study of
polyploid complexes not only at our department. Until its routine utilization in practice,
researchers were limited by lengthy and laborious chromosomes counts. Since a discovery of
polyploidy in 1900s by geneticists, a lot of studies comprising cytogenetics, biosystematics,
ecology and population biology were done on polyploids (reviewed in Ramsey and Ramsey
2014). However, only flow cytometry meant the breakthrough in studies on evolutionary
consequences of polyploidy (Ramsey and Ramsey 2014). As the knowledge about polyploids
increased, the perspective has been gradually changed since 1950s from considering polyploids
as evolutionary blind branches although moderately frequent in plants, up to completely
ubiquitous and essential phenomenon in the evolution of angiosperms (rev. in Soltis et al. 2007;
DE Soltis et al. 2014). The current opinion on evolutionary significance of polyploids thus takes
into consideration their high frequency, great importance in species diversification, multiple
origin with great genetic potential of their highly dynamic genomes etc. (DE Soltis et al. 2014).

Influential pioneering studies deal with polyploids derived from interspecific hybrids, i.e.
allopolyploids (Abbott and Lowe 2004; Adams and Wendel 2004; Ainouche et al. 2004; Doyle
et al. 2004). The whole genome duplication (WGD) enables hybrids to overcome their sterility
caused by irregularities in meiotic chromosome pairing (Sattler et al. 2016). The evolutionary
significance of allopolyploids arises from their hybrid nature, however (Doyle et al. 2008; PS
Soltis et al. 2014). Allopolyploids have attracted a lot of attention due to 1) their known recent
origin, often after introduction of a foreign diploid or lower polyploid congener into a native
range of another relative (Abbott and Lowe 2004; Ainouche et al. 2004; Soltis et al. 2004;
Vallejo-Marin et al. 2015), 2) visible phenotypic differences (Abbott and Lowe 2004; Guo et
al. 2006; PS Soltis et al. 2014), 3) permanent (= fixed) heterozygosity which can even generate
progressive heterosis (Fu et al. 2014), and 4) their frequent representation within important
agricultural crops such as wheat, cotton, coffee, and tobacco (Bennett 2004; Sattler et al. 2016).

In contrast, autopolyploids arise within population(s) of a single diploid species (Parisod

et al. 2010). Nevertheless, it does not mean that they are genetically impoverished. In fact, they
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are characterised by high heterozygosity and polysomic inheritance, which all increase their
flexibility in heterogenous environment in the long run (Parisod et al. 2010). Further, they
typically origin via multiple WGD events and a secondary contact of distinct lineages, which
subsequently cross together, increases their variation and offsets the limitations resulting from
buffering effect of gene redundancy (DE Soltis et al. 2014). Despite the fact that redundant
genes may mask deleterious recessive alleles (Comai 2005), they, on the other hand, may retard
evolutionary change via mutation and selection (DE Soltis et al. 2014). That is why
autopolyploids long have been recognised as an evolutionary hindrance (DE Soltis et al. 2014).
Moreover, autopolyploids were thought to have great problems with pairing irregularities
during meiosis causing their high sterility (Ramsey and Schemske 2002; DE Soltis et al. 2014).
The limited recognition of autopolyploidy as an important mechanism of species diversification
has been further supported by their low morphological distinctiveness from their progenitors
(Soltis et al. 2007). In fact, WGD in autopolyploids does have an immediate morphological
effect consisting of the enlargement of cells and organs, which is the most conspicuous in
stoma, flower and seed size (Masterson 1994; Bretagnolle et al. 1995; Husband And and
Schemske 2000; Miinzbergova 2017; Simén-Porcar et al. 2017), although a common claim
about larger size of polyploids is far from general (Miinzbergova 2017; Pavlikova et al. 2017
and refs. therein). Similarly, monoploid genome size variation affects some but not all
phenotypic traits in plants (Balao et al. 2011). Anyway, morphological divergence in
autopolyploids is definitely less conspicuous than in allopolyploids (Abbott and Lowe 2004;
PS Soltis et al. 2014). Nevertheless, autopolyploids are much more common in nature than
traditionally assumed (Soltis et al. 2007; Parisod et al. 2010), since recent genomic
investigations have indicated that polyploidy is ubiquitous in angiosperms (reviewed in DE
Soltis et al. 2014 and citations there).

The early studies in modern era (sensu Ramsey and Ramsey 2014) dealing with
polyploids were primarily interested in distribution of different cytotypes. These
cytogeographic works then served as a springboard for further research in biosystematics of
polyploids. In allopolyploids Brochmann et al. (2004) demonstrated that the frequency of
polyploidy increases with latitude in the northern hemisphere and the Artic is thus one of the
Earth’s most polyploid-rich areas, in particular of high-level and recently evolved polyploids.
They summed up the possible reasons for this trend: in comparison to diploids, allopolyploids
have greater ecological adaptability to extreme climates due to their fixed-heterozygous

genomes, which buffer against inbreeding and genetic drift through periods of dramatic climate
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changes, and greater genetic variability resulting from recurrent polyploid origins. In contrast,
there is a lot of autopolyploid complexes with known cytotype distribution in non-arctic Europe
and North America (e.g. Husband and Schemske 1998; Halverson et al. 2008; Duchoslav et al.
2010; Castro et al. 2012; Green et al. 2013; Zahradni¢ek and Chrtek 2015). Attention is paid
preliminary on such polyploid complexes that form contact zones with sympatric or parapatric
distribution of cytotypes, because they act as natural labs for evolutionary studies (Petit et al.
1999; Kolar et al. 2017). These studies suggest several factors affecting the distribution of
cytotypes, although often without any generally valid trend. In the subsequent text, I will only
speak about autopolyploids, if not specified otherwise. Altitudinal segregation of cytotypes is
the most striking example, with polyploids of higher level occupying mostly lower elevations
than diploids or lower polyploids (Petit et al. 1997; Husband and Schemske 1998; Hardy et al.
2001; Mraz et al. 2008), but other studies reported on a contrast trend (Schonswetter et al. 2007;
Zozomova-Lihova et al. 2015; Schinkel et al. 2016). Nevertheless, altitudinal segregation and
more generally habitat segregation is attributed to differences in several ecological factors, such
as temperature (cold tolerance in polyploids - Schinkel et al. 2016), water availability (Buggs
and Pannell 2007; Manzaneda et al. 2012; Thompson et al. 2014), soil type and vegetation
composition (Ramsey 2011), pH of soil (Stahlberg 2007), shading (Stahlberg 2007), rock cover
and microhabitat exposure (Sonnleitner et al. 2010) etc.

Apart from adaptive reasons governing cytotype distribution, there are also many non-
adaptive processes like limited dispersal ability, founder effect, genetic drift or bottleneck, and
historical influences, mainly climate oscillations in Quaternary (Mraz et al. 2008; Duchoslav et
al. 2013; Hanzl et al. 2014). Another non-adaptive aspect greatly impacting cytotype
distribution is human behaviour including both habitat disturbance and seed dispersal to the
non-native areas (Petit et al. 1997; Mraz, Spaniel, et al. 2012; Duchoslav et al. 2013), with
several well-known cases of polyploid invasive species causing considerable problems in
introduced areas (Lui et al. 2005; Schlaepfer et al. 2010; Mraz, Garcia-Jacas, et al. 2012; Green
et al. 2013). Although the previously held hypothesis that polyploids generally occur more
frequently under harsh environmental conditions (e.g. at higher altitudes, increased salinity, or
drought, summarized by Stebbins 1985) has been rejected regarding the contrasting examples
given above, itis currently acknowledged that environmental changes like deglaciation (Parisod
and Besnard 2007) and habitat disturbance (Mraz et al. 2012) may facilitate formation and
establishment of polyploids.
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Greater ecological flexibility of polyploids, is, however, not the only property which can
facilitate the establishment of polyploids. Ramsey and Schemske (1998) have shown that
fusion of unreduced gametes is the most common way of polyploid formation in the nature,
whereas somatic doubling has only marginal significance in natural condition, although it is
commonly used in crop breeding and experimental induction of artificial polyploids (Sattler et
al. 2016; Miinzbergova 2017; Pavlikova et al. 2017). Intermediate triploids naturally arising in
diploid populations from unreduced gametes can then produce tetraploid offspring through self-
fertilization or crossing of triploids with either diploid progenitors or other triploids. This
pathway of polyploid formation is known as a triploid bridge and supposes that triploids are at
least partially viable and fertile (Felber and Bever 1997; Burton and Husband 2001; Certner et
al. 2017; Schinkel et al. 2017). The presence of triploids is quite common in some polyploid
complexes (Kirschner et al. 2004; Husband 2004; Certner et al. 2017), especially in apomictic
taxa (Schinkel et al. 2017). An alternative pathway of polyploid formation in one step through
the union of two unreduced gametes, so called biparental polyploidization, is much less
frequent. Nevertheless, the new tetraploids must face a frequency-dependent disadvantage in
their diploid progenitor populations, because their siring success is limited by the high
percentage of the major (diploid) cytotype. Triploid individuals resulting from frequent inter-
cytotype mating usually have lower fitness than either diploids or tetraploids (Burton and
Husband 2000) caused by either collapsed endosperm owing to an unbalanced ratio of paternal
and maternal genomes (Haig and Westoby 1991; Ramsey and Schemske 1998; Schinkel et al.
2017) and/or by the low production of gametes due to incorrect or disturbed meiosis of triploid
individuals (Ramsey and Schemske 1998). Such depression known as a “triploid block* even
may lead to the minority cytotype exclusion (Levin 1975). The long-term coexistence of
different cytotypes in natural mixed-ploidy populations is thus dependent on viability and
fertility of triploids, production of unreduced gametes and differences between cytotypes in
fitness components such as pollen viability, seed set, germination rate, and seedling growth
rate. Only limited number of studies addresses the fitness differences among diploids,
tetraploids and their triploid hybrids, however (Burton and Husband 2000; Bleeker and
Matthies 2005).

In the case of a strong triploid block, newly arising polyploids need to develop inter-
ploidy reproductive barriers or simply avoid crossing with diploids by asexuality through either
vegetative propagation or apomixis (Horandl and Greilhuber 2002; Yamauchi et al. 2004; Kao

2007; Mraz et al. 2008). Polyploidy often breaks down the self-incompatibility system and
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induces autogamy (Barringer 2007), which is in polyploids connected with reduced inbreeding
depression due to polysomic inheritance (Husband and Schemske 1997; Rausch and Morgan
2005). Several mechanisms promoting assortative mating such as pollinator fidelity to
individual cytotype (Segraves and Thompson 1999; Kennedy et al. 2006), flowering time
divergence (Petit et al. 1997; Nuismer and Cunningham 2005; Pegoraro et al. 2016), spatial
segregation of cytotypes (Baack 2005), and strong post-zygotic barriers (Castro et al. 2011)
have been reported in polyploid complexes. Pioneering studies have shown that selection acts
towards reinforcement of slight differences recorded among cytotypes in such features
providing assortative mating (Nuismer and Cunningham 2005). Beside assortative mating,
vegetative reproduction influences the establishment of polyploids to higher extent than
previously thought. Herben et al. (2017) demonstrated that clonal plants are predisposed to
polyploid speciation (mainly due to lateral spread), whereas diploids rely more on seed

production.

Nevertheless, fertility of polyploids does not depend only on reproductive-isolation
mechanisms. Production of gametes is fundamentally affected by meiotic chromosome
behaviour. While diploids and allopolyploids display disomic inheritance, autopolyploids
exhibit polysomic inheritance, which in practice means that homologous chromosomes may
pair in any combination forming univalents, bivalents, trivalents or other multivalents.
However, other than bivalent formation arrangements are prone to aberrant chromosome
segregation (Synbenga, 1975). Multivalent formation may in autopolyploids further lead to
double reduction, a peculiar state upon which two copies of a gene derived from the same
parental chromosome land up in one gamete (Ronfort et al. 1998; Parisod et al. 2010). It was
assumed that because of meiotic aberrations, polysomic inheritance is a transient stage leading
to chromosomal diploidisation and disomy (Doyle et al. 2008). However, recent studies have
shown that many autopolyploids appear to undergo regular meiosis and selection for
chromosomal diploidisation is thus expected to be weak (Doyle et al. 2008). In fact,
homologous chromosomes can randomly pair at meiosis irrespective of bivalents or
multivalents formation and polysomic inheritance thus has a profound impact on population
genetic parameters such as observed heterozygosity or coefficients of inbreeding and level of
differentiation among populations (Moody et al. 1993; Grandont et al. 2013; Tayalé and Parisod
2013). In contrast, disomic inheritance in allopolyploids relates to independent pairing of
homologous chromosome pairs, which means that homeologous chromosomes segregate to

individual gametes. In practice, parental genomes homozygous for different alleles give to arise
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of strictly heterozygous offspring, a condition called fixed heterozygosity (Soltis and Soltis
2000; Ramsey and Schemske 2002; Nyberg Berglund et al. 2006). The occurrence of this
phenomenon thus can be used as an evidence of allopolyploidy.

Addressed topics, new findings and main conclusions of my research

Our investigation of significance of polyploidy on angiosperm microevolution started
with the choice of Vicia cracca L. as a study model. This polyploid complex comprises diploids
(2n = 2x = 14), tetraploids (2n = 4x = 28), and very rare triploids (2n = 3x = 21). Tetraploids
have been supposed to be autopolyploids regarding great morphological and karyological
similarity of the two cytotypes (Rousi 1961, Dvoiak et al. 1977). However, the most important
reason for selecting the species was the fact, that it forms a contact zone of cytotypes in central
Europe (Travnicek et al. 2010). Moreover, the distribution of the cytotypes in central Europe
was in the past thoroughly explored by Chrtkova-Zertova (1973), so we had an extraordinary
opportunity to compare a present-day distribution of cytotypes with four decades old records.
Furthermore, this species has become an important object of research also in North America
since it was introduced there at the end of the 19" century and became invasive. V. cracca is
thus a useful model species to study the ecology and evolution of an autopolyploid group. First
chapter of my thesis explores the current distribution of V. cracca cytotypes in central Europe.
Chapter 2 deals with the effect of polyploidy on genetic diversity and breeding system, whereas
Chapters 3 and 4 explore the adaptive causes of the cytotypes distribution pattern. Chapter 5
focuses on the invasive potential of tetraploids in non-native range in North America. The last
chapter deals with the phylogeography of V. cracca on European scale.

In Chapter 1, we were able to assess ploidy level of thousands of samples thanks to use
of flow cytometry. The estimate of the monoploid genome size (1Cx) supported the previous
hypotheses about the autopolyploid origin of tetraploids (Rousi 1961, Dvorak et al. 1977).
Cytotypes showed a remarkable longitudinal segregation. While tetraploids prevailed in the
western part of central Europe, the diploids showed a more easterly distribution. A narrow
diploid-tetraploid contact zone was shown to occur near the Czech-Slovak boundary. Although
tetraploid populations occurred at significantly higher altitudes than those of diploids, we
considered this difference rather as an artefact of the sampling procedure. In fact, both cytotypes
occurred over virtually the whole altitudinal range and there was no discontinuity in the

distribution of diploid plants. We thus rejected previously proposed hypothesis about a lowland
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and mountain race of diploids (Chrtkova-Zertova 1973a, Chrtkova 1995). However, the most
interesting results were a remarkable lack of triploids despite a high number of analysed
individuals and existence of several mixed-ploidy populations, and the disappearance of
diploids from south-western Bohemia over 40 years. To explain the latter two findings, we
decided to focus our further research on mating system and assessment of the extent to which

the two cytotypes are reproductively isolated.

Mating system in V. cracca has not yet been determined with certainty (Zhang and
Mosjidis, 1998; Jaaska, 2005). The species is supposed to be predominantly allogamous (Hanelt
and Mettin, 1989), although some experiments suggest that selfing is also possible (Rousi,
1973). In Chapter 2, we employed allozyme markers to determine the mating system and assess
the genetic variability and its distribution between cytotypes in the central European diploid-
tetraploid contact zone. In this case, we considered all the peculiarities of population genetic
feature computation caused by polysomic inheritance. Additionally, artificial pollination
experiment was performed including counting of eggs per flower, and seed set was assessed to
evaluate the level of selfing and inbreeding depression in the two cytotypes of V. cracca.
Meiotic chromosome behaviour was further observed in squash preparations of anthers and the
presence of fixed heterozygosity in allozymes was inspected in tetraploids to confirm their

presumed autopolyploid origin.

Only weak evidence of fixed heterozygosity in tetraploids and total genetic variation
evenly partitioned between cytotypes and among populations within individual cytotypes
supported the autopolyploid origin of tetraploids, despite no multivalents were observed at
meiosis. However, it has been shown that the multivalent formation is not essential in
autopolyploids (Soltis et al. 1993; Qu et al. 1998; Hardy et al. 2001). In line with former studies
of allozyme markers (Soltis and Soltis 2000), we recorded significantly higher mean number of
alleles per locus in tetraploids than in diploids. Similarly, the observed proportion of (zygotic)
heterozygosity in tetraploids was higher than in diploids, although expected values of
heterozygosity in tetraploids and diploids were similar. However, the mean observed gametic
heterozygosity (Ho'), as proposed by (Moody et al. 1993) to be calculated in autopolyploids
because it considers heterozygotes with two or three identical alleles (AABB, ABBB, AABC)
as partially homozygous, was similar to the mean observed (zygotic) heterozygosity in diploids
and even lower than the expected (gametic) heterozygosity under Hardy—Weinberg
equilibrium. This result thus showed some degree of heterozygote deficiency in tetraploids. The

intrapopulation correlation coefficient of relationship (pst), which is independent of the ploidy
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level, selfing rate and the presence of double reduction in polyploids (Ronfort et al. 1998;
Meirmans and van Tienderen 2013) indicated that the breeding system in V. cracca is mixed-
mating with prevailing outcrossing. Pollination experiment proved that selfing is possible and
artificially self-pollinated tetraploids had greater seed set than diploids despite similar number
of ovules per flower. This suggested that tetraploids suffer by lesser inbreeding depression as
we supposed according to general expectations (Husband and Schemske 1997; Rausch and
Morgan 2005). An absence of correlation between genetic and geographic distances and high
differentiation among neighbouring tetraploid populations supports the secondary contact

hypothesis with tetraploids of several independent origins in central Europe.

Multiple origin of tetraploids has been indicated also in Chapters 3 and 4, concerning the
effects of ploidy level and population on plant performance under cultivation in a common
garden. In the Chapter 3, we investigated the impact of seed weight variation on seed
germination and seedling growth. In agreement with other polyploids (Maceira et al. 1993;
Bretagnolle et al. 1995; Hoya et al., 2007; Urwin et al., 2007), tetraploids showed expectedly
higher seed weight then diploids. This result has been recently confirmed by the independent
study of Miinzbergova (2017). Tetraploids also exhibited significantly greater germination rate,
whereas diploids relied more on seed bank persisting in the soil. Interestingly, this result has
appeared to be a direct effect of ploidy level, irrespective of seed weight. Despite that an average
seedling height per mother plant was similar in both cytotypes, tetraploids exhibited
significantly higher maximum values of the seedling height. Surprisingly high inter-population
variation recorded in both seed weight and germination rate generally suggests the necessity to
study multiple populations. The results indicate that the effect of potential polyfyletic origin of
polyploids or local adaptations could be even of higher magnitude than the effects of ploidy
level. Higher germination rate in tetraploids together with their ability to achieve larger stature
could be the key properties that influence highly parapatric distribution of the two cytotypes in
Europe. It could have enhanced tetraploids’ colonising ability and potentially even caused their
invasion into the North America (http://akweeds.uaa.alaska.edu/, http://plants.usda.gov/). On
the other hand, greater seed dormancy in diploids may be advantageous in much drier southern
and eastern Europe, where diploids have been formerly reported by several authors from (rev.
in Chapter 1).

Regarding such noticeable parapatric distribution in Europe (Chapter 1), we further
decided to test the effect of genome duplication on plant performance together with

environmental tolerances, specifically with response to drought stress (Chapter 4). So far, this
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topic has been addressed only marginally and provided ambiguous results about greater drought
tolerance caused by polyploidisation (Li et al. 1996; Maherali et al. 2009; Hao et al. 2013).
Chapter 4 was thus based on common garden cultivation of plants grown from seeds originated
from several mixed-mating populations from the central-European contact zone under two
water regimes — daily watered and left only under natural rainfall. Survival of seedlings, plant
growth and seed production were investigated. Higher seed weight of tetraploids did not result
in the greater stature of seedlings, although tetraploids did show a potential to outcompete
diploids in the long run due to higher growth rate in the second year. More interestingly,
tetraploids exhibited lower drought stress tolerance expressed by increased seed abortion.
Nonetheless, drought-stressed tetraploids increased total seed production at the cost of lower
growth rate. This trade-off is well known (e.g. Abrahamson 1980; Jongejans et al. 2006; van
Kleunen et al. 2002). Tetraploids thus seem to be able to switch between vegetative growth
under suitable water regime and sexual reproduction under drought. Such result might
demonstrate greater ecological plasticity of polyploids. Nevertheless, despite generally
supposed ecological plasticity of polyploids due to their highly variable and dynamic genomes,
only poor empirical data are available to either confirm or reject this hypothesis (Macdonald et
al. 1988; Bretagnolle and Thompson 2001). In line with Chapter 3, also this chapter confirmed
the significant interaction of ploidy level and population in several phenotypic traits indicating
possible polyfyletic origin of tetraploids. We thus concluded, that the effect of genome doubling

on plant performance should be explored within a phylogenetic context.

Ecological plasticity of tetraploids was assessed also in Chapter 5 by comparing European
diploids and tetraploids with North-American invasive tetraploids collected in several distinct
areas. In this case, we asked if European tetraploids, that were introduced into the North
America, had been preadapted to conditions in non-native area. Specifically, we tested the
ability of plants to cope with shading, which we used as an indicator of competitive ability. We
confirmed the expected absence of diploids in studied non-native range. However, we did not
prove the tetraploids’ superiority to diploids regarding plant performance under experimental
shading. Nevertheless, the differences in performance between tetraploids from the two areas
in the invasive range and the European tetraploids may suggest polyfyletic origin of colonizers
possessing distinct adaptations or strong post-invasive evolution of tetraploids, which have

adapted in different ways to the specific condition of the distinct parts of the invaded area.

In Chapter 6, we revealed, that the distribution of cytotypes in Europe is more complex

than recorded in Chapter 1. There are even three contact zones of V. cracca cytotypes, central
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European, south-western and south-eastern. To gain insight into the evolutionary history of the
species in the context of last glaciation in Europe and postglacial migration, we employed atpl-
atpH chloroplast intergenic spacer and seven microsatellite loci. We assessed inter-cytotype
genetic variation at three spatial scales: European, contact zones, and mixed-ploidy populations.
Moreover, regarding great morphological similarity and some confounding historical
karyological data (reviewed in ElidSova 2008) we included into the study also closely related
V. dalmatica A. Kern. (2n = 2x = 12) and V. tenuifolia Roth. (2n = 4x = 24). We confirmed
previously proposed hypotheses about multiple origin of V. cracca tetraploids in Europe. As
we inferred from chloroplast sequences, the most ancient tetraploids arose probably before
LGM in Cantabrian Mts. in Spain. Other tetraploid lineages could have emerged simultaneously
from the diploids’ haplotype variation predating LGM which they have survived in the Black
Sea/Caucasus region and Balkans. Alternatively, tetraploids could have arisen successively
from diploids possessing different haplotypes. In the first scenario, the most spatially restricted
diploid haplotype survived the LGM possibly at the eastern margin of Alps, which was virtually
ice-free during the LGM (Puscas et al. 2008). According to the alternative scenario, a region of
Croatia — Slovenia — Austria - Hungary frontiers could be a primary contact zone of cytotypes,
which harbours also the most recently evolved diploid lineage. In contrast, secondary contacts
of different haplotypes/cytotypes caused by range expansion from LGM refugia have been
confirmed in central and south-western Europe. Moreover, molecular markers showed that in
the central Europe, there are tetraploids of at least two independent lineages, which explains
the variation in tetraploids’ performance in our cultivation experiments. Most interestingly,
microsatellite data suggest extensive gene flow from diploids to tetraploids through unreduced
gametes, despite the existence of a strong triploid block. The absence of inter-cytotype genetic
differentiation based on microsatellites at the European scale supports rather the first scenario
of chloroplast haplotype diversification. The results further suggest that current distribution and
genetic diversity of V. cracca might have been affected also by introgression of V. dalmatica
and anthropogenic seed dispersal. Moreover, we recorded a remarkable loss or even extinction
of diploids in two lineages, which might suggest the evolutionary success of tetraploids, either
due to better competitiveness, frequency-dependent exclusion of diploids from mixed-ploidy

populations, or environmental changes.

In line with previous studies, this thesis confirmed some general expectations about
polyploids. Tetraploids exhibited significantly larger seeds, greater germination and growth rate

than diploids. They also proved to be genetically richer, due to multiple allele dosage as well
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as multiple origin, which further affected their phenotypic diversity. The distribution of
cytotypes in Europe and cultivation experiments suggest that they are more successful than
diploids in environmentally favourable areas that they have colonised after ice-sheet retreat.
Concerning reproduction, tetraploids exhibited lower inbreeding depression after selfing and
were even able to switch between sexual reproduction and vegetative growth in dependence on
environmental conditions. In contrast, diploids seem to be declining either due to lower
competitive ability and/or mating disadvantage caused by introgressive hybridisation with
tetraploids. We thus conclude that polyploidisation in V. cracca is evolutionary advantageous.
However, this is not a generally valid rule. The consequences of WGD may differ between taxa,
lineages, native and non-native ranges, environments, under various biotic interactions, as well
as due to stochastic phenomena. Recent works including our own research have shown that we
primarily need to distinguish between direct effect of WGD and subsequent evolution of new
polyploid lineages. Neopolyploids, both artificially induced and natural, thus offer challenges

for future research of plant evolution through polyploidisation.
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Chapter 1: The distribution of cytotypes of Vicia cracca in Central Europe: the changes
that have occurred over the last four decades

Pavel Travnicek, Anezka Eliasova & Jan Suda (2010), Preslia 82: 149-163.
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ABSTRACT

The formation and maintenance of polyploids (via the development of various reproductive
barriers) rank among the central questions of studies on polyploid evolution. However, the long
time scale of most evolutionary processes makes the study of the dynamics of diploid-polyploid
groups difficult. A suitable candidate for a targeted comparative study is Vicia cracca (Fabaceae),
which in the late 1960s was subjected to a detailed cytotype screening in Central Europe. Re-
sampling the original localities offers a unique opportunity to assess changes in the ploidy structure
of the populations, which should reflect the cumulative effect of all the evolutionary forces acting
on the plants. Using flow cytometry, the DNA ploidy levels of more than 6,500 individuals of V.
cracca collected at 257 localities in Austria, the Czech Republic, Germany and the Slovak
Republic, were estimated. Three different cytotypes (2x, 3x and 4x) were detected. While
tetraploids predominated in the western part of the area investigated (179 populations), the diploids
had a more easterly distribution (62 populations). There is a secondary zone of cytotype contact
near the boundary between the Czech and Slovak Republics. Sixteen populations (~6%) consisted
of a mixture of 2x and 4x cytotypes. Triploids are very rare; only seven individuals were found in
two otherwise diploid populations, indicating the existence of breeding barriers between diploids
and tetraploids. The distribution of cytotypes is similar to that determined four decades ago using
chromosome counts. Nevertheless, there are some discrepancies, namely the current absence of: (i)
the diploid cytotype in southern Bohemia and (ii) the altitudinal segregation in the distribution of
cytotypes, including two formerly recognized chromosomal races of diploids, perhaps a result of

30


mailto:travnicek@ibot.cas.cz
mailto:suda@natur.cuni.cz

more representative sampling. Identical monoploid genome sizes (1Cx-values) of both the majority

ploidy levels support an autopolyploid origin of the tetraploids.

Keywords: Central Europe, contact zone, cytotype distribution, flow cytometry, genome size,

mixed-ploidy populations, ploidy, Vicia
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INTRODUCTION
Polyploidy, i.e., the presence of more than two complete chromosome sets in a nucleus, is
widely acknowledged as one of the key factors in the diversification of plants (Soltis et al. 2003). In
fact, it is estimated that at least 70% of flowering plants underwent one or more rounds of genome
duplication in their evolutionary history (Masterson 1994, Soltis 2005). Evolutionary processes
governing the formation and maintenance of polyploids under natural conditions are therefore the
focus of many current research projects (e.g., Felber-Girard et al. 1996, Ramsey & Schemske 1998,
2002, Husband 2000, 2004, Husband & Schemske 2000, Otto & Whitton 2000, Husband & Sabara
2004, Baack 2005, Kennedy et al. 2006). Basically, the success of newly formed polyploids
depends on their ability to avoid the so-called minority cytotype exclusion (Levin 1975), which
results when various prezygotic and/or postzygotic breeding barriers between the polyploids and
their diploid progenitors develop, such as cytotype sorting along ecological gradients (Lumaret et
al. 1987, Felber-Girard et al. 1996, Husband & Schemske 1998, Johnson et al. 2003, Baack &
Stanton 2005), divergence in flowering time (van Dijk et al. 1992, Petit et al. 1997, Bretagnolle &
Thompson 2001, Nuismer & Cunningham 2005), gametic selection (Husband et al. 2002, Kennedy
et al. 2006), or selection against inter-ploidy hybrids (van Dijk et al. 1992, Hardy et al. 2000, 2001).
The evolution of assortative mating in relation to behavioural mechanisms could also be an
important component of the successful establishment and/or co-existence of animal-pollinated
diploid-polyploid plant species (Thompson et al. 2004). Among the isolating mechanisms, the
spatial segregation of different cytotypes is perhaps the most thoroughly explored both because it is
easy to do using flow cytometric (FCM) techniques and it enables a wide range of challenging
questions to be addressed (Petit et al. 1999, Kron et al. 2007, Suda et al. 2007a, b). In fact,
knowledge of the variation in ploidy levels and their geographic distribution is one of the
prerequisites for subsequent ecological and evolutionary research on polyploids (e.g., to explore
questions of niche separation, phylogenetic history, etc.).
One of the intensively studied diploid-polyploid plant groups is Vicia cracca (Fabaceae).
This taxon belongs to Vicia subg. Cracca (Dumort.) Peterm., which includes approximately three-
quarters of the species in this genus. According to Kupicha (1976) and Leht (2005), this subgenus
can be divided into 17 sections, the most speciose and most variable of which is the section Cracca
Dumort. The aggregate species Vicia cracca s.l. contains several related and morphologically
similar species with partially overlapping geographic ranges, including Vicia cracca L. s. str., V.
oreophila Zertova, V. incana Gouan, V. dalmatica A. Kern, and V. tenuifolia Roth. Despite some
phenotypic differentiation (e.g., in the number of leaflets, length of the inflorescence in relation to

the subtending leaf and the banner/claw ratio of the standard), morphological characters are of
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limited use for species recognition. More reliable separation of the taxa is provided by karyological
markers. Whereas V. cracca and V. oreophila share the base chromosome number x = 7, in other
species X = 6 (Hanelt & Mettin 1989). Vicia cracca s. str. is widespread in the Northern
Hemisphere. It is a shortly-rhizomatous, tendrillous, polycarpic perennial herb, which typically
occurs in meadows, along roads and river banks, and at forest margins on rather fertile, moist soils.
Sexual reproduction clearly prevails; the vegetative spread via below-ground runners is limited. The
mating system has not yet been determined with a certainty (Zhang & Mosjidis 1998, Jaaska 2005),
although some experiments suggest that the species is self-compatible (Rousi 1973). There are three
different ploidy levels in Vicia cracca: diploid (2n = 2x = 14), triploid (2n = 3x = 21) and tetraploid
(2n = 4x = 28); a few aneuploids are also reported (Rousi 1961, Chrtkova-Zertova 1973a, Roti-
Michelozzi 1984). There are a number of chromosome counts for Europe (see Table 1 and Fig. 1)
that provide a representative picture of ploidy variation on a coarse scale. On the other hand,
chromosome counts for countries outside Europe are rather scarce. The closely related V. oreophila
is a tetraploid (2n = 4x = 28) and occurs locally in Central European mountain systems (Zertova
1962, Chrtkova 1995).

In the present study, the current distribution of cytotypes of V. cracca in Central Europe was
determined and compared with the distribution recorded more than 40 years ago by Chrtkova-
Zertovéa (1973a) (in total, she examined 313 localities but the exact number of plants analyzed is
unknown). Due to the lack of historical karyological data, similar comparative studies are rare,
which makes temporal changes in cytotype distribution a largely unexplored phenomenon. Our aim
was to locate ploidy-mixed populations, which are a prerequisite for subsequent detailed
investigations of the evolutionary forces determining cytotype co-existence, assessing inter- and
intra-cytotype interactions (competition, siring success), etc. Specifically, the following questions
are addressed: (1) What is the current distribution of the different cytotypes of V. cracca at
landscape and microgeographic scales? (2) What changes in ploidy distribution/frequency have
occurred over the last four decades? (3) How frequent are populations heterogenous in terms of
ploidy level and which cytotypes are involved? (4) What is the frequency of individuals with

intermediate ploidy levels and to what extent has inter-cytotype gene flow occurred?

MATERIAL AND METHODS
Plant material

Plants were collected in the Czech Republic (4323 individuals, 163 populations), the Slovak
Republic (1895 individuals, 62 populations), Austria (313 individuals, 30 populations) and
Germany (23 individuals, two populations) during 2005-2008. A total of 6,554 plants from 257
populations were collected. The details of the locality, including the geographic coordinates (WGS
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84) and altitude, and the number of plants analyzed, their DNA ploidy levels and the collector(s) are
listed in Appendix 1. At each locality, one leaf from each of 1 — 156 plants (~25 on average) was
collected, put into a plastic bag and delivered to the Laboratory of Flow Cytometry, Prithonice,
Czech Republic for ploidy analysis. There was at least a distance of 5 m between plants, which
avoids the sampling of sibs. The fine-scale distribution of cytotypes was mapped in one mixed-
ploidy population with a similar frequency of 2x and 4x individuals (no. 189, CZ — Horni Sucha).
Plants were collected from a 200 x 100 m plot, and once again, the distance between plants was at
least 5 m. Distributional maps were prepared using DMAP for Windows, ver. 7.2e (Alan Morton,
Windsor, UK).

Flow cytometry

DNA ploidy levels (Suda et al. 2006) of Vicia were estimated using flow cytometry. Young,
intact leaf tissue of the analyzed plant(s) and an appropriate amount of leaf tissue of the internal
reference standard (Pisum sativum ‘Ctirad’, Dolezel et al. 1998; 2C-value set to 8.84 pg following
Greilhuber et al. 2007) were co-chopped using a sharp razor blade in a plastic Petri-dish containing
0.5 ml of ice-cold Otto I buffer (0.1 M citric acid, 0.5% Tween 20) (Otto 1990, Dolezel et al. 2007).
The crude suspension was filtered through a 0.42 pm nylon mesh to remove tissue debris and then
incubated for at least 30 minutes at room temperature. Isolated nuclei were stained with 1 ml of
Otto Il buffer (0.4 M NaxHPO4-12 H>0) supplemented with AT-selective fluorochrome 4’,6-
diamidino-2-phenylindole (DAPI) and B-mercaptoethanol at final concentrations of 4 pl/ml and 2
ul/ml, respectively. Immediately after staining, the relative fluorescence intensity of at least 3,000
particles was recorded with a PA-II flow cytometer (Partec GmbH, Miinster, Germany) equipped
with a mercury lamp for UV excitation. Resulting histograms were evaluated with FloMax software
(Partec GmbH, Miinster, Germany) and DNA ploidy levels determined on the basis of the
sample/standard ratio. The Vicia tissue was processed within 1 — 5 days of collection. Usually, bulk
samples from up to 10 Vicia plants (one leaflet from each plant) were measured. Our previous trial
analyses confirmed the reliability of such a protocol (i.e., the lack of endopolyploidy and the low
mitotic activity in the Vicia tissues selected for flow analyses). In addition, good congruency
between the number of nuclei in particular peaks and the number of analyzed individuals with
different ploidy levels allowed us to estimate the proportions of the cytotypes in mixed samples
with a high accuracy. Only histograms with coefficients of variation (CVs) of Go/G1 peaks of both
the bulked sample and the standard that were below 3.5% were considered. If the quality of
analyses did not meet this criterion, all plants from the bulked sample were re-analyzed separately

(in order to detect potential between-plant differences in fluorescence intensity).
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In addition, genome sizes (C- and Cx-values in picograms of DNA; Greilhuber et al. 2005)
were estimated for eight diploids + two tetraploids from mixed population no. 171 and one diploid
+ one tetraploid from population no. 173. In these measurements, the intercalating fluorochrome
propidium iodide (PI) together with RNase IIA (both at final concentrations 50 pl/ml) were used
and the samples were excited by a 532 nm solid state laser (model Cobolt Samba, Cobolt AB,
Stockholm, Sweden) housed in the Partec CyFlow instrument. All samples were measured three
times on different days to avoid potential random fluctuations in the flow cytometer readings, and a
fluorescence intensity of 5,000 particles was recorded.

Chromosome numbers

To confirm the reliability of the ploidy estimates, FCM results were supplemented by
conventional chromosome counts. Actively growing root tips of germinating seedlings were pre-
treated with 0.002 M 8-hydroxyquinoline for 2 hours, fixed overnight in a 1:3 mixture of cold acetic
acid and 96% ethanol, macerated for 80 s in 1:1 concentrated (37%) HCI : 96% ethanol at room
temperature, and stained with acetocarmine. Chromosomes were observed at 1,000-fold
magnification using an Olympus BX61 microscope (Olympus Corp., Tokyo, Japan) equipped with
an immersion objective. Four diploids (i.e., three plants from population no. 189 and one plant from
population no. 230) and four tetraploids (i.e., one plant each from populations 68, 84, 124 and 189)

were analyzed. At least three well-spread chromosome plates were counted for each individual.

Statistical analyses

The spatial segregation of diploid and tetraploid plants in the mixed population was tested by
determining the ploidy level (i.e., same vs. different) of the nearest neighbour for all mapped
individuals. Deviations from a random distribution were assessed using the Fisher’s exact test (S-
Plus 6.2 for Windows Professional Edition). Differences in altitudinal ranges were analyzed using
the Mann-Whitney U test available in statistical package NCSS 2000.

RESULTS

FCM analyses yielded high-resolution histograms with low CVs and negligible background
noise. Three different DNA ploidy levels were recorded among 6,554 plants from 257 Central
European populations (Fig. 2). Mean relative fluorescence values + standard errors (SE) for
individual cytotypes were as follows: 2x — 0.710+0.008; 3x — 1.071+0.005; and 4x — 1.415+0.017.
While diploids and tetraploids were abundant and accounted for 34.5% (= 2259 individuals) and

65.4% (= 4288 individuals) of all the individuals sampled, respectively, triploid plants occurred
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very rarely; only seven individuals (= 0.1%) were found. At the population level, 60 populations (=
23.3%) consisted solely of diploids, 179 populations (= 69.7%) solely of tetraploids and 18
populations (= 7.0%) were ploidy-mixed. Diploids and tetraploids co-existed in 16 populations
while the co-existence of 2x and 3x cytotypes was documented in two adjacent populations in the
Slovak Republic (nos. 224 — Vlkolinec and 226 — Lucky). Karyological data confirmed the FCM
results and all DNA diploids and DNA tetraploids counted had 14 and 28 somatic chromosomes,
respectively.

The ploidy distribution in the area investigated was far from random and the cytotypes
showed a distinct longitudinal segregation (Fig. 3A). While tetraploids prevailed in the west, the
diploids were more easterly distributed. Diploid-tetraploid contact zone occurs near the boundary
between the Czech and Slovak Republics. The cytotype turnover along the contact zone is quite
abrupt; no diploids were detected west of the contact zone and only a few tetraploids east of the
contact zone, where they often formed mixed populations with diploids (Fig. 3A). The cytotype
distribution at a fine spatial scale in mixed population no. 189 (Horni Sucha, NE Moravia) also
significantly deviated from random (P = 0.009). Both diploids and tetraploids preferentially
clustered with plants of the same ploidy level (Fig. 4).

The altitudinal ranges of both majority cytotypes were recorded because previous studies
report some differentiation and recognize two chromosomal races (lowland and mountain) within
diploids. We found significant differences (P = 0.006) between the altitudinal distribution of diploid
(mean = 440 m a.s.l.) and tetraploid (mean = 526 m a.s.l.) populations. However, because these
results may be influenced by unbalanced sampling across different altitudinal zones, we refrain
from commenting on these differences. In fact, there was little ploidy segregation among five
altitudinal zones, as defined in increments of 250 m (Fig. 5). All zones harboured both 2x and 4x
cytotypes and most also mixed-ploidy populations. A cumulative frequency of populations along
the altitudinal gradient confirmed similarities between both ploidies and did not reveal any
discontinuity that would correspond to different altitudinal variants within any cytotype (Fig. 6).

Mean 2C-values + SD for diploid and tetraploid cytotypes were estimated to be 5.76 + 0.05
pgand 11.51 + 0.02 pg, respectively. Monoploid genome sizes (1Cx-values = SD) were 2.88 + 0.03
pg and 2.88 = 0.01 pg for diploids and tetraploids, respectively (non-significantly different using the
Mann-Whitney U test; Z =-0.277, P = 0.782).

DISCUSSION

Using flow cytometry, we determined DNA ploidy levels in a representative number of plants

of V. cracca from four Central European countries and characterized the cytotype distribution
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pattern. Such an investigation would have been difficult without FCM. This high-throughput
technique has several advantages over other methods of measuring ploidy level, high speed and
reliability in particular, which makes it possible to survey ploidy variation over large spatial scales
using large population samples. Recent cytogeographic studies thus routinely gather DNA ploidy
data from >1,000 plants (e.g., Burton & Husband 1999, Baack 2004). In terms of sample size, the
present study is possibly based on a higher number of karyologically-checked individuals than any
other study.

Flow cytometric screening of 6554 Vicia plants together with eight confirmatory chromosome
counts revealed the presence of three ploidy levels — diploid, triploid and tetraploid. All these
cytotypes are already recorded from Central Europe (see Table 1). The even ploidy levels (i.e., 2x
and 4x) accounted for 99.9% of all samples and only seven triploids were detected in two otherwise
diploid populations. The current distribution of cytotypes recorded here is similar to that recorded
about four decades ago using chromosome counts of cells in root-tip squashes (Chrtkova-Zertova
1973a). Perhaps the most prominent discrepancy is the current absence of the diploid cytotype from
southern Bohemia. Although Chrtkova-Zertova (1973a) reports at least eight populations with
diploids (Fig. 3B), we failed to find any diploids even after an intensive search of the same
localities (cf. Fig. 3A). At least two non-exclusive scenarios can be invoked to explain the observed
pattern: (1) As V. cracca occurs almost exclusively in man-made habitats, ecological succession or
changes in local management might have affected the community composition and caused the
extinction of diploids. (2) Diploids may have disappeared because of frequency-dependent
selection, traditionally called minority cytotype exclusion (Levin 1975). According to this theory,
the plants with the rare ploidy level experience a transmission disadvantage as a consequence of the
high proportion of hybrid matings and will eventually be outcompeted. The effect of this process is
more limiting in obligate out-crossers, while its role decreases with autogamy, asexuality, and/or the
development of other inter-ploidy reproductive barriers (Kao 2007). Vicia cracca is regarded as a
predominantly allogamous species (Hanelt & Mettin 1989), although there is little experimental
support for this. Nonetheless, at least facultative selfing is possible as shown by crossing
experiments (A. Eliasova, unpubl.; see also below). It is unlikely that the chromosome counts in the
historical paper are erroneous because of the relative simplicity of karyological surveys and the
good agreement between the results of Chrtkova-Zertova (1973a) and our ploidy estimates in other
parts of the area investigated.

The distinct geographic segregation of the cytotypes and narrow zone of ploidy overlap (Fig.
3) support the idea of a secondary contact zone (i.e., when two formerly parapatric cytotypes come
into contact; Petit et al. 1999). For example, secondary contacts are reported in Aster amellus L.,

Asteraceae (Mandakova & Miinzbergova 2006), Centaurea jacea L., Asteraceae (Hardy et al.
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2000) and Plantago media L., Plantaginaceae (Van Dijk & Bakx-Schotman 1997). Generally, the
contact zone is maintained by a balance between the dispersal rates of the cytotypes and a
frequency-dependent selection against inter-ploidy hybrids. Sometimes, this tension zone is very
narrow and can be just a few meters in Ranunculus adoneus Gray, Ranunculaceae (Baack 2004).

In 18 out of 257 populations (= 7.0%) of V. cracca, two different cytotypes were present. The
majority of mixed-ploidy populations consisted of 2x + 4x cytotypes (16 populations) and all lacked
intermediate ploidy levels. This finding points to the evolution of a strong reproductive barrier
between cytotypes. That they are reproductively isolated was also confirmed by our reciprocal
crossing experiments between diploids and tetraploids, in which only selfed plants produced seed
(A. Eliasova, unpubl.). In addition, similar results are recorded for diploid plants growing among
and exposed to spontaneous pollination by tetraploid plants (Rousi 1973). Generally, triploids seem
to be very rare in Central Europe, only seven individuals were recorded in this study and three
previously reported by Chrtkova-Zertova (1973a). The occurrence of triploid plants in otherwise
diploid populations indicates their genesis via a fusion of reduced and unreduced gametes of
diploids (Ramsey & Schemske 1998).

Analyses of altitudinal variation were done in order to determine whether the cytotypes are
segregated altitudinally and to evaluate the justification for the two diploid chromosomal races,
lowland and mountain, previously recognized by some authors (Chrtkova-Zertova 1973a, Chrtkova
1995). Although the tetraploid populations occurred at significantly higher altitudes than those of
diploids, this difference is not considered to be proof of ecological sorting but rather an artifact of
the sampling procedure. In fact, both cytotypes occurred over virtually the whole altitudinal range
(Figs. 5 and 6). In addition, no discontinuity in the distribution of diploid plants was detected, thus
there is no support for the existence of altitudinal variants. Most probably, the sampling in previous
studies was less representative and this accounts for the seeming gap in cytotype distribution.

A proportional increase in genome size, as compared to their diploid progenitors, is
documented for synthetic tetraploids (Ozkan et al. 2006) and for several established natural
polyploids (Brandizzi & Caiola 1998). Thus, identical monoploid genome sizes of diploids and
tetraploids of Vicia cracca support the autopolyploid origin of the latter cytotype, which accords

with previous hypotheses (Rousi 1961, Dvorak et al. 1977).

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

Mezi zékladni otazky pfti studiu polyploidnich komplext rostlin patii stanoveni zptisobu jejich
vzniku a objasnéni mechanismii, které umoziuji dlouhodobé ptezivani polyploidi (zejména evoluce
reprodukéné-izolacnich mechanismit mezi diploidy a polyploidy). Vzhledem k dlouhému ¢asovému
horizontu vétSiny takovych procest, je vSak zkoumdni evolu¢ni dynamiky diploidné-polyploidnich
skupin znaéné obtizné. Vhodnym kandidatem pro srovnavaci studii je vikev ptaci (Vicia cracca L.,
Fabaceae), ktera byla v Sedesatych letech minulého stoleti podrobena detailnimu
cytogeografickému prizkumu na uzemi stfedni Evropy. Cilenym odbérem vzorkll na piivodnich
lokalitach se tedy nabizi jedine¢na moznost posoudit potencidlni zmény v cytotypové struktuie
populaci, jez jsou vyslednici vzajemného ptisobeni riznych selek¢nich tlakl. S pouzitim prutokové
cytometrie jsme stanovili DNA-ploidii u vice nez 6 500 jedincti vikve ptaéi z 257 populaci z Ceské
republiky, Némecka, Rakouska a Slovenska. Celkem byly detekovany tfi rizné cytotypy —
diploidni, triploidni a tetraploidni. Zatimco tetraploidi (celkem 179 populaci) prevladaji v zdpadni
¢asti zkoumaného tzemi, diploidni cytotyp vykazuje vychodnéjsi rozsifeni (celkem 62 populaci).
Sekundarni kontaktni zéna mezi cytotypy byla zaznamenana v pfihrani¢ni oblasti mezi Ceskou a
Slovenskou republikou, pficemzZ spolecny vyskyt diploidniho a tetraploidniho cytotypu byl odhalen
v 16 ptipadech. Triploidni cytotyp je velmi vzacny (nalezeno bylo pouze 7 jedincti ve dvou jinak
diploidnich populacich), coz ukazuje na existenci U¢inné reproduk¢ni bariéry mezi majoritnimi
ploidiemi. Aktudlni rozSifeni cytotypli docela dobfe odpovida situaci zjisténé tradicnim pocitdnim
chromozoému pted vice nez ctyimi desetiletimi. Urcité rozdily predstavuji zejména (i) vymizeni
diploidniho cytotypu v jiznich Cechach a (ii) nepotvrzeni segregace cytotypt podél vyskového
gradientu (na jejimz zaklad¢ byly v minulosti dokonce vyliSeny dva typy v rdmci diploidit). Shodna
monoploidni velikost genomu (1Cx-hodnota) obou majoritnich cytotypli podporuje autopolyploidni

puvod tetraploidi.
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Country Ploidy level References

Afghanistan 4x Podlech & Dieterle 1969
Austria 2X, 4x Rousi 1961, 1962, Chrtkova-Zertova 1973a
Bulgaria 4x Kuzmanov 1975
Belorussia 4x Semerenko 1989
Ledingham 1957, Mulligan 1961, Rousi 1961, Tomkins &
Canada 4x
Grant 1978
Czech Republic 2X, 3x, 4x,an  Chrtkova-Zertova 1973a, Dvofak et al. 1977
Denmark 4x, an Rousi 1961, Chrtkova-Zertova 1973b
Finland 4x Rousi 1961, Chrtkova-Zertova 1973b, Arohonka 1982
France 2X, 4x Rousi 1961
Germany 4x, an Rousi 1961, Chrtkova-Zertova 1973b
Hungary 2X, 4x Baksay 1954, Rousi 1961, Chrtkova-Zertova 1973a
Iceland 4x Rousi 1961
Gadella & Kliphuis 1970, Roti-Michelozzi 1984, 1992, Roti-
Italy 2X, 3X, 4x, an . ] ]
Michelozzi & Allione 1987
Japan 2X Huziwara & Kondo 1963
Mongolia 2X Mésicek & Sojak 1969, 1995
Rousi 1961, Gadella & Kliphuis 1963, Hommel & Weiffering
Netherlands 4x
1979
New Zealand 4x Rousi 1961
Norway 4x Chrtkova-Zertova 1973b
Poland 2X, 4x Ryka 1954, Rousi 1961, Chrtkova-Zertova 1973a
Rousi 1961, Belaeva & Siplivinsky 1975, 1977, 1981,
] ) Krasnoborov et al. 1980, Nikiforova 1984, 1990,
Russia (Asian part) 2X, 3X, 4X

Sokolovskaya et al. 1989, Krasnikov & Schaulo 1990,
Volkova et al. 1999, Zhukova et al. 1973

Russia (European part)  4x Yefimov 1987, 1988
Cincura 1963, 1981, Chrtkova-Zertova 1973a, Dvoiak et al.

Slovakia 2X, 4x
1977, Hallonova 1982
Rousi 1961, Chrtkova-Zertova 1973b, Lokvist & Hultgard
Sweden 4x
1999
Switzerland 4x Rousi 1961
Turkey 2X Sahin & Babag 1990, inceer & Hayirlioglu 2005
United Kingdom 4x Rousi 1961

Table 1. Summary of previously published data on ploidy levels (chromosome counts) in Vicia

cracca. an = aneuploid
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Fig. 1. — The distribution of plants of Vicia cracca with different ploidy levels in Europe based on
published chromosome counts (see Table 1 for references). Open circle — diploid, black circle —
tetraploid, grey triangle — mixed (2x + 4x) population. Triploids are not shown. The symbol size for
tetraploids was reduced in areas for which there are many records of chromosome number in order

to improve legibility.
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Fig. 2. — Flow cytometric fluorescence trace of three ploidy levels (2x, 3x and 4x) of Vicia cracca
together with the internal reference standard (Pisum sativum ‘Ctirad’; P). Nuclei of all three

cytotypes were isolated, stained with DAPI and analyzed simultaneously.
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Fig. 3. — The distribution of cytotypes of V. cracca in the area investigated. A) Recent map based on
flow cytometric results; B) Historical map constructed on the basis of chromosome counts
published about four decades ago (cf. Chrtkova-Zertova 1973a). Open circle — diploid, black circle
— tetraploid, grey triangle — mixed (2x + 4x) population, asterisk — triploid.
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Fig. 4. — Fine-scale distribution of cytotypes in a mixed-ploidy population at Horni Sucha, CZ (no.

189; see Appendix). Open and full circles designate diploids and tetraploids, respectively.
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Fig. 5. — Histogram of the relative proportions of the different cytotypes of V. cracca recorded in
each of five altitudinal zones (arbitrarily defined by increments of 250 m). White, grey and black
columns designate diploid, mixed (2x + 4x) and tetraploid populations, respectively. The total

number of populations within each altitudinal zone (N) is shown above the column.
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Appendix 1:

Code Country Locality

10

11

12

13

14

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

Carinthia/Hermagor, Maria Luggau - right riverside of the Gail river ca 1 km
S from the village church

Carinthia/Hermagor, Kotschach - left riverside of the Gail river ca 2 km SW
from the town centre

Salzburg/Lungau, Tamsweg - grassy roadside by the road in the valley of
Mur river ca 2 km S from the southern margin of the town

Upper Austria, Stroheim - grassy hillside above the local road to Karling by
the Schaunberg ruin

Upper Austria, Neufelden - grassy hillside above the road to St. Peter a.
Wimberg ca 2 km E from the village

Upper Austria, Auberg - hillside in the valley of Miihl river between hop-
field and local road to Auberg and Neudorf settlements

Upper Austria, Sankt Peter a. Wimberg - meadow by the road to Marbach ca
2 km N from the village

Upper Austria, Haslach an der Miihl - grassy roadside along the road from
Haslach to St. Stefan am Walde ca 3 km from the town

Upper Austria, Goldworth - maedow by the local road to Feldkirchen a. d.
Donau ca 2 km NW from the village

Upper Austria, Guglwald - meadow by the road to St. Stefan am Walde ca 1
km W from the village

Upper Austria, Vorderweissenbach - hillside above the road to the lodge
Sternwald ca 0.5 km NE from church in the village

Upper Austria, Bad Leonfelden - meadow at the hillside of Sternstein (1122
m a.s.l.) ca 4 km N from the northern margin of the town

Upper Austria, Mauthausen - grassy roadside at bridge embankment over the
Danube river

Upper Austria, Mairspindt - hillside by the road to Leopoldschlag at the
southern margin of the village

53

Latitude

46.7023

46.6685

47.1148

48.3415

48.4846

48.5445

48.5138

48.5713

48.3394

48.5901

48.5547

48.5592

48.2397

48.5975

Longitude

12.7411

12.9826

13.8142

13.9677

14.0109

14.0360

14.0737

14.0739

14.0888

14.1668

14.2224

14.2932

14.5333

14.5663

Altitude

1098

717

1036

450

500

510

580

650

260

730

730

910

240

700

Collectors

DK

DK

DK

MS, FK
MS, FK
MS, FK
MS, FK
MS, FK
MS, FK
MS, FK
MS, FK
MS, FK
MS, FK

MS, FK

Ploidy level
2x  3x 4x

19

20

19

10

14

12

10

11

Total
number of
individuals

19

20

19

10

14

12

10

11



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

Ccz

Upper Austria, Hohensteg - grassy hillsidein the valley of Aist river by the
road to Schwertberg ca 1.5 km SE from the village

Upper Austria, Gutau - grassy ditch by the local road to Weberberg ca 3 km
E from the village

Lower Austria, Singenreith - grassy hillside above the road from Spitz to
Ottenschlag by a turning to Singenreith settlement

Lower Austria, Otzbach - meadow by th road to Spitz ca 0.5 km N from the
village

Lower Austria, Scheideldorf - meadow close to the St. Hubert chapel ca 500
m W from the village

Lower Austria, Emmersdorf - grassy ground in crossroad of main road no. 1
and 3 by the NE margin of the village

Lower Austria, Maria Laach am Jauerling/ Zeissing - meadow ca 0.5 km E
from the eastern margin of Zeissing settlement

Lower Austria, Aggsbach Dorf - hillside above the road to Gansbach at the
eastern margin of the village

Lower Austria, Oberbergern - meadow by the road to Aggsbach Dorf ca 1
km SW from the village

Lower Austria, Brunn a.d. Wild - hillside above road to Horn at a western
margin of the village

Lower Austria, Mauternbach - rocky hillside by the road from Mautern to
Unterbergen ca 0.5 km S from the southern margin of Mauternbach village

Lower Austria, Kuhnring - hillside above the local road close to the western
margin of the village

Lower Austria, Hippersdorf - grassy hillside above local road to Ruppersthal
ca 0.5 km N from the village

Lower Austria, Gaisruck - meadow under the road to Stetteldorf a. Wagram
at the western margin of the Gaisruck village

Lower Austria, Siegenfeld - shrub margin ca 2.5 km E from the village

Burgenland/Oberwart, Bernstein - grassy roadside by a crossroad ca 1.5 km
NE from the town centre

Cheb - meadow on the hilltop of the Spitalsky vrch (517 m) hill at the NW
margin of the town
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Kunzvart - Kladska - meadow by the crossroad close to the S margin of the
settlement

Pobézovice - meadow by the road from the Pobézovice village to the
Drahotin village close to the Nature Reserve Drahotinsky les

Nova ves - meadow underneath of the Dominova skalka rock

Bozi Dar - meadow at the margin of nature reserve Bozidarské raseliniste 1
km west from the village centre

Karlovy Vary, Andélska Hora - grassy hilltop surrounding the Andélska
Hora ruins

Vladat - hill southeast of Zlutice village, meadow on the top

Zelezna Ruda, Spi¢ik - meadow at the bottom of the ski tow to the Spicak
(1202 m a.s.L.) hill

Zelezna Ruda, Stary Brunst - meadow in the valley of the Kiemelna river
close to the road from the town Zelezna Ruda to the Javorna village

Prestice - Krasavce - grassy ditch by the road from Krasavce to Snopusovy
close to the wayside cross

Modrava - meadow at the eastern margin of the village

Horska Kvilda, Zhtii - meadow close to the guide-post at the Zhuii
settlement

Kvilda-Pod Policky - meadow by turist path to Nevé Huté ca 1.3 km N from
the church in Kvilda village

Nezdice na Sumavé, Ostruzno - meadow between the Klepacka settlement
and the Kokstv vrch (807 m a.s.l.) hill

Kvilda-Vilémov - meadow by a margin of nature reserve Vltavské strané ca
0.8 km SSE from the curch in Kvilda village

Valley of Tepla Vltava river - meadow by the road between Borova Lada and
Kvilda ca 2 km SE from the church in Kvilda village

Valley of Tepla Vltava river - meadow by the road between Borova Lada and
Kvilda ca 2.5 km WNW from the chapel in Borova Lada village

Staré Huté - meadow close to a forest ca 1 km WSW from the church in
Nové Huté village

Valley of Tepla Vltava river - meadow by the road between Borova Lada and
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Kvilda ca 2 km WNW from the chapel in Borova Lada village

Svinna Lada - meadow between road and Tepla Vltava river ca 1.2 km
WNW from church in Borova Lada village

Nové Huté - meadow by the southern margin of the village ca 90 m W from
the church

Svinna Lada - meadow under a road ca 700 m NW from church in Borova
Lada village

Nové Huté - meadow by the road ca 1 km NE from the church

Borova Lada - grassy ditch close to the southern margin of the village
Chanovice - grassy ground by the crossroad in the centre of the village
Lnaisky Malkov - grassy roadside between Velka Lipa and Mala Lipa ponds
Mily - fallow by a fieldpath ca 1.2 km W from the village

Lukov - meadow in the valey of Lukovsky potok brook ca 700 m SW from
the centre of Lukov village

Medvédice - meadow by a road ca 800 m N from the centre of Medvédice
village

Nové Straseci - meadow by a small pond east of the town
MileSov - meadow by a playground at the nothern margin of MileSov village
Nova Pec - meadow approx. 1km NW from the village centre

Velemin - fallow by the road from Velemin to Milesov ca 500 m W from the
western margin of Velemin village

Usti nad Labem - Viebotice, Podhoii, weedery behind the town

Strakonice, Kbelnice - grassy roadside close to the eastern margin of the
Kbelnice village

Nizbor - Nova Hut’, hillside by a wood
Pernek - meadow at the wwestern margin of the village

Pasecna, Jasanky - meadow by the road from the Piedni Zvonkova village to
the Pasecna village close to the enclave of Jasanky

Pasecnd, Jasanky - meadow close to the border of the nature reserve Jasanky
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Slatina - meadow by the railway station Slatina pod Hazmburkem ca 2.5 km
NNE from the town Libochovice

Mirovice - Zaluzany - grassy roadside by the petrol station at S margin of the
village

Kovatov - meadow on the left waterside of the water basin Lipno close to the
village Kovarov

Lhenice - margin of the orchard ca 1.2 km NW from the village church

Pfedni Vyton, Spalenisté - meadow at the road from the Pfedni Vyton village
to the border checkpoint Guglwald close to the Spaleni$té settlement

Karlstejn - grassy roadside in the eastern part of the village ca 300 m from
the Plesivec hill (362 m a.s.1.)

S Bohemia, Sumavsko-Novohradské podhiii, mesophytic grasslands on the
N slopes of the hill Svaty kiiz, 1 km S off the village Chvalsiny

Cesky Krumlov, Nové Dobrkovice - meadow above the village close to the
western margin of the nature reserve of VySenské kopce

Plastovice - meadow by the road to Sedlec at the S margin of the village

Div¢ice - meadow at the waterside of the Blatec pond by the road to the
village Nakii

Holubov - grassy ground by monument in the centre of the village

Studanky - hillside along the road form Studanky to Vyssi Brod close to N
margin of the village

Zliv - meadow in the nature reserve Mokiiny u Vomacku close to the Pasice
village

Zliv - wet meadow close to the Zlivsky rybnik pond 1.1 km SW from railway
station Zliv

Rozmberk nad Vltavou - grassy roadside along the road in the Vltava river
valley close to the Zavratna settlement

Kaplice - grassy ground in proximity to petrol station by S margin of the
village

Dobronice u Bechyné - alluvial meadow in the valley of LuZznice river ca 1
km SW from the village

Chrast nad Sazavou - Podélusy, meadow in the village
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Jifetin pod Jedlovou - meadow under the ski-lift at the SE hillside of Tolstejn
hill (670 ma.s.l.)

Horni Svétla - meadow by the forest margin close to the Myslivny settlement

Mili¢in - field margin close to the W margin of the village by the road to the
quarry

Chotoviny - grassy roadside close to the settlement Lapacek by the road to
Revnov

Pohoti na Sumavé - meadow ca 0.6 km from the church ruin in the village

Horusice - meadow at the margin of nature reserve Ruda by the lodge V
Rudé

Klenovice - meadow by the railway close to the Ov¢in settlement

Hojna Voda, Staré Huté - meadow by the road at the southern margin of the
Staré Huté village

Zinanky u Mrace - grassy hillside above the road from Ceréany to Sob&hrdy
ca 350 m WNW from church in Zifiany

Sobéslav - grassy right waterside of Cenkovicky potok brook ca 100 m from
the junction with LuZnice river

Béla pod Bezdézem - meadow close to the NW margin of the town
Kostelec nad Cernymi lesy - meadow at the northwest border of the town

Kardasova Recice - meadow by the road to the Mnich village ca 550 m NW
from the railway station Mnich

Chotyné - hillside eastern of the village
Druzcov - meadow by a road to Janiv D1l village

Koufim - grassy field margin close to the Zarybnik settlement 1.5 km NE
from the Koufim town centre

Borovsko - grassy waterside of the water reservoir Svihov under the highway
bridge

Borovsko - open serpentinic pine-wood by the road form Borovsko to
Bernartice

Clunek - meadow above the village Clunek ca 400 m from the hilltop of
Lejskav vrch (587 ma.s.l.)
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Kosetice - grassy roadside along the road to Kielovice village 1.5 km SSE
from the eastern margin of the Kosetice village

Vyskef - grassy roadside along the road to Hruba Skdla village in the NE
margin of the village of Vysket

Zbraslavice - margin of a field southwest of the town

Troskovice, Trosky - meadow on the SW slope of the hill with the Trosky
ruins

Ji¢in, Podhradi - meadow at the crossroad between the Podhradi village and
the Biezina village

Mrékotin - meadow close to the small pond by the road from Mrakotin to
Praskolesy

Zeleznice - meadow on the right riverside of the Cidlina river close to the
railway station Zeleznice

Popovice (Ji¢in district) - meadow southeast of the town

Bukovka - grassy waterside of Dolni Jilovka pond ca 1.4 km ESE from the
church in the village

Svojkovice - grassy waterside in the vicinity of U Andé¢la lodge by the road
to Zeletava

Chotébori - meadow by a road to Rozsochatec village

Lazné Bohdanec¢ - meadow between Semtin and Lazné Bohdane€ ca 1.4 km
SE from the church in Lazné Bohdane¢ town

Velka Upa - enklava Konéiny (SZ od Janovych bud) - horni polovina louky

Mala Upa - louka pod vlekem u Zacléiskych bud (nad Zlutou turistickou
cestou)

Staré Ransko, Nature reserve Ransko - undergrowth of serpentine pine-wood
on the waterside of Pansky potok brook

Svoboda nad Upou - meadow on the northern slope of the Kravi vrch (681 m
a.s.l.) hill

Horni Albefice - vyslunna straiika vlevo nad lomem u Staré Celnice

Mezi FrySavou a Kadovem cca 800 m na V od okraje obce Frysava - louka
pod silnici
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Rtyné v Podkrkonosi - hillside by the municipal waste dump area

Sttemosice - grassy ground by chapel at a margin of nature reserve
Stiemosicka stran

Ceské Mezifi¢i - nature reserve Zbytka 0.6 km west from railway station
Pohoii

RaSovice - meadow by the southeastern margin of the village ca 0.5 km SSE
from agricultural area

Vysoké Myto, Knifov - meadow by the pond ca 200 m WNW from the
church

Pusta Rybna - alluvial meadow on the left waterside of Pavlasecky potok
brook ca 350 m ENE from the cemetery chapel

(:?ermné nad Orlici, Ci¢ova - grassy roadside at the western margin of the
Cicova village
Starkov - meadow on the slope ca 100 m S from village church

Vysoké Myto, Oklikov - meadow by the pond in local part Oklikov ca 650 m
ENE from Buckiv kopec hill (315 m a.s.l.)

Mohelno - travnaty lem polni cesty cca 950 m VSV od hraze vodni nadrze
Mohelno

Vysoké Myto, U Vinic - wet meadow under a colony of gardens

Rychnov nad Knéznou, Rychnovska Lhotka - meadow at the northern end of
the Rychnovska Lhotka village

Deblin - grassy water-side by the small pond ca 600 m SSW from village
Deblin

Slatina nad Zdobnici - meadow at a hillside above Zdobnice river ca 100 m S
from railway station Slatina nad Zdobnici

Svojanov - Manova Lhota - alluvial meadow in Ttetinka river valley ca 350
m WSW from village Manova Lhota

Zampach - meadow at the eastern margin of the village

Cerna Hora - meadow by the road between Zernovnik and Cerna Hora ca
400 m NW from hilltop Jesetiny (424 m a.s.l.)

Mikulov, Bfezi - grassy hillside by the road to Dolni Dunajovice ca 0.5 km
NE from the viilage
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Letovice - Svarov - meadow by the road between Svarov and Mala Roudka
ca 900 m E from the village Svarov

Ostrov u Macochy - meadow by the entrance to the Balcarka cave ca 0.8 km
SE from the village

Kraliky, Dolni Hede¢ - grassy roadside along the road to the baroque
monastery

Javornik - grassy side ditch along the road from the village Bernatice to the
town Javornik

Zulova - meadow along the road to the Vapenna village in the southern
margin of the village

Dubiany - meadow close to the cemetery in the eastern margin of the village

Sobotin-Rudoltice - meadfow by the road no. 11 ca 1.8 km ENE from the
chapel in Rudoltice village

Vicemeéfice - hillside above a railway ca 0.35 km WSW from the church in
Vicemérice village

Stara Ves u Rymatova - pasture by the road no. 11 at the western margin of
the village ca 1.5 km W from the church

Sternberk - meadow at SW slope of the Ostra Hora (612 m a.s.1.) hill, 5.5 km
north from the centre of the town

Karlova Studanka - meadow on the stream-banks of the B&lokamenny brook
by the road from the Karlova Studanka village to the Mald Moravka village

Mala Stahle u Rymatova - grassy roadside ca 200 m E from the village
chapel

Hetfmanovice - meadow by the forrest between the village Hefmanovice and
the Rejviz settlement

Radgjov - stary sad mezi silnici a tickou Rad&jovka cca 250 m JV od okraje
obce Radgjov

Radg&jov - spodni partie louky nad tickou Radé&jovkou cca 350 m JJIV od
okraje obce Radé&jov

Radé&jov - stfedni partie louky nad #{¢kou Rad&jovkou cca 550 m JIV od
okraje obce Radgjov

Radéjov - ptikop nad silnici z Radéjova do Dolniho Mlyna cca 400 m VIV
od okraje obce Radé&jov
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Ccz

Ccz
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Ccz

Ccz
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Ccz

Ccz

Cz

Dolni Mlyn - Iuéni enklava mezi silnici a lesem cca 350 m SV od héjovny v
Dolnim Mlyné nedaleko Radéjova

Nature reserve Certoryje - meadow near the Knézdubsky haj grove in the
northern part of the protected area

Nature reserve Certoryje - meadow in the central part of the protected area

Bruntal, Uhlifsky vrch - meadow in proximity of church on the hilltop of
Uhlitsky vrch (672 m a.s.l.)

Mala Vrbka - grassy ground in the center of the village

Hrubé padélky - loucka nad rybnikem na Malanském potoce cca 1.5 km SSZ
od S okraje obce Hruba Vrbka

Hruba Vrbka - meadow in the proximity to farmsteading on the west margin
of the village by the road to Mala Vrbka

Hruba Vrbka - grassy roadside on the west margin of the village by the road
to Mala Vrbka

Hruba Vrbka - old orchard by the road from the Hruba Vrbka village to the
Lipov village

Kuzelov - loucka pfi silnici cca 200 m JJV od JV okraje obce Kuzelov

Machova - louka mezi NPR Machova a zelezni¢ni trati cca 600 m SSV od
zst. Vrbovce (SK)

Jazevéi - stfedni ¢ast NPR ve svahu nad skupinou domt cca 1.2 km JJZ od
osady Suchovské Mlyny

Pitarné - meadow by the road above the river Muslov ca 1.5 km WSW from
the village church

Strani, Velka Javofina - meadow near the Kamenna Bouda chalet by the
turist path to Velka Javofina (970 m) hill

Bfezova - meadow approx. 1.2 km west from the centre of the village

Bfezova, nature reserve Kalabova - mosaic of xerophytic, mesophytic and
wet grasslands and boggy springs, N of the village Bfezova

Osicko - meadow by the southern margin of the village ca 0.25 km E from
the railway station Osicko

Trojak u Host'alkové - meadow by the settlement Trojak ca 4 km W from the
church in Hostalkova village
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DE
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SK
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Rokytnice - meadow close to the forest margin 1.5 km SW from the village
centre

Jestiabi - meadow in the valley of the river Rokytenka close to the western
margin of the village

Pul¢in - meadow in the southern margin of the village

Stramberk, Kotou¢ - meadow at the S hillside of the hill Kotou¢ (495 m
a.s.l.) ca 0.7 km SSW from the church in the town Stramberk

Klimkovice - Hylov, meadow by a road at the eastern border of the village

Stramberk, Kotou¢ - grassy plateau on the Kotou¢ hilltop (495 m a.s.l.) ca
0.8 km S from the church in the town Stramberk

Halenkov-Cerné tidoli - meadow by the settlement U Kuzeld ca 1.5 km SSW
from the Halenkov church

HIu¢in - Jasénky, meadow by the river Odra

Trojanovice - grassy hillside by the western margin of the village ca 2.4 km
W from the village chapel

Me¢érkovice - meadow at the northeastern border of the village

Staré Hamry - meadow by a road at the western margin of the water reservoir
Sance ca 1.7 km NW from the church in Staré¢ Hamry village

Horni Sucha - meadow by the cemetary

Ostry - mountain about 5 km southwest of Bystfice nad Olsi village, meadow
on a hillslope

Tiinec - Sosna, margin of a forest
Ttinec - Jahodna, margin of a forest

Maly Ostry - mountain about 4 km northeast of Vendryné village, meadow
under the top

Bavaria, Woja - aluvial meadow close to the serpentinic quarry ca 750 m
SSW from the village Woja

Rehau - meadow in the valley of Hollbach brooke in the vicinity of the town
Rehau

Pezinok - Hruba dolina, bush around the lay-by at a road to Pernek village

Solo$nica - ditch beside a road at the northeast border of the village
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Tvarozna Lhota - grassy roadside by the road to Horni Mlyn settlement ca
1.3 km SE from the centre of the village

Hilltop Havran (541 m a.s.l.) - meadow on the hilltop ca 2.5 km NE from the
centre of Castkov village

Galasovci settlement - meadow by the road ca 2.5 km N from the centre of
Soboliste villige

Medzny Mlyn settlement - meadow in the valley of Teplica river by the road
between Vrbovce and Sobolisté

Bukovec - road edge northwest of the village
Cicov - ditch beside a road to Klu¢ovec village
Horna Stca - Dubrava, meadow beside a brook

Horna Suca - fallow land by the road ca 250m NE from the margin of the
Dolna Zavrska village

Horna Stca - bush beside Sti¢anka brook

Dolna Suca - road edge between Horna and Dolna Suca villages

Urmince - bushes by the road at the southern border of the village
Vrsatské Podhradie - hillside under Vrsatské hradné outlier

Vriatské Podhradie - meadow southeast of the village

Chotin - ditch beside a road to the town Komarno

Krasna Ves - meadow by a road at the southern border of the village
Skycov - bush by a road northwest of the village

Makov - Javornik saddle, meadow by a hotel

Stlovské rocks - bush beside a road between villages Stlov and Jablonové

Prochotsky brook valley - bush beside a road between Hornd Zdaia and
Prochot villages

Perec river valley - ditch beside a road between Sikenica and Salov villages
Hlinik nad Hronom - grassy roadside ca 1.2 km E from railway station

Svréinovec - bush beside a road to the state border
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Stiavnica river valley - meadow by a road to Kralovce - Krni$ov village
Vrétna valley, meadow by the crossroad to Stefanova
Trnie - meadow northeast of the village

Mala Fatra - grassy roadside by the road to Velky Krivan Mt. under the
Chleb Mt. hilltop

Vlkolinec, settling SW of Ruzomberok, meadow by the entry to the open-air
museum

Vlkolinec - meadow by the pathway to the nature reserve Krkava skala close
to the E margin of the village

Lucky - hillside at the western village margine
Detva - meadow by a road at the SE border of the town

Oravska Jasenica, meadow at the northern village margine by the NW side of
aroad to Oravské Veselé

Besenova -grassy hillside by the BeSeniovske travertiny nature reserve
Klin, field margine at the NW border of the village

Deminovska Ice Cave - forest edge by a parking

Deminovska valley - meadow by the central parking

Kokava nad Rimavicou - Kokava - Haj, bush beside a road

Oravice - meadow close to the Bobrovecka dolina valley embouchure
Rimavska Bana - ditch beside a road west from the village

Vysné Hagy spa - stands surrounding a railway

Tatranské Matliare - meadow in the former leisure centre at the northern
settling margine

Primovce - meadow by the nature reserve Primovské skaly at the eastern
margin of the village

Coltovo - meadow at the E margin of the village
Bohunovo - meadow by the N margin of the village close to the church

Magurské gap - grassy slope beside a road
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Dlha Ves - fallow by a road to Plesivec village
Lesnica gap - meadow by a buffet

Cipkov vrch mountain - meadow enclave by a road from Smolnik village to
Krasnohorské Podhradie village

Borka - meadow by a chapel at the border of the national park
Plave¢ - Podzamok, meadow by a road

Jasov - Pockaj, meadow by the river Bodva

Bardejov - Dlha Luka, meadow by a road

Cizatice - fallow by a road to Rozhanovce village

Slanska Huta - medow close to the forest ca 1 km S from the village
Juskova Vola - pasture at the edge of the village

Ladomirova - grassy hillside at the NE border of the village

Bystra - pasture at the NW border of the village

Nature reserve Raskovsky Luh - alluvial meadow by the Laborec river ca 3
km W from the centre of VVojany village

Nature reserve Latorica - alluvial meadow on the right riverside of Latorica
river ca 4.5 km NE from the centre of Leles village

Hostovice - fieldpath edge south of the village

Zemplinské Hamre - meadow by a quarry

Country’s code: AT — Austria, CZ — Czech Republic, DE — Germany, SK — Slovakia
Collector’s code: AE — Anezka EliaSova, BK — Barbora Kubatova, DK — Dana Kotinkova, FK — Filip Kolaf, FrKr — FrantiSek Krahulec, HC — Hana Chudac¢kova, JS — Jan Suda, LL

— Lenka Langnerova, ME — Marek Elias, MS — Milan Stech, PT — Pavel Travni¢ek, PV — Petr Vit, RS — Radka Sudové, TU — Toma§ Urfus, VC — Vladislav Curn
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Chapter 2: Autotetraploids of Vicia cracca show a higher allelic richness in natural

populations and a higher seed set after artificial selfing than diploids

Anezka EliaSova, Pavel Travnicek, Bohumil Mandak & Zuzana Miinzbergova (2014), Annals
of Botany 113: 159-170.
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Autotetraploids of Vicia cracca L. showed a higher allelic richness in natural populations
and a higher seed set after artificial selfing than diploids

v crw r1* I3 rw . I3 . Ja *
Anezka Eliasoval”, Pavel Travni¢ek! 2, Bohumil Mandak? and Zuzana Miinzbergova® 2

!Department of Botany, Faculty of Science, Charles University in Prague, Benatska 2, CZ-128
01 Prague, Czech Republic

’Institute of Botany, Academy of Sciences of the Czech Republic, Zamek 1, CZ-252 43
Prtihonice, Czech Republic,

*corresponding authors; e-mail: kovarov9@natur.cuni.cz (A.E.), zuzmun@natur.cuni.cz
(z.M.)

ABSTRACT

e Background and Aims Despite the large importance of autopolyploidy in the evolution
of angiosperms, relatively little attention is devoted to autopolyploids in natural
polyploid systems. Several hypotheses, such as increased genetic diversity and
heterozygosity and the transition towards selfing, have been proposed to explain why
autopolyploids are so common and successful. However, case studies on patterns of
genetic diversity and on mating systems in autopolyploids are scarce. Here, we
employed allozymes to investigate the origin, population genetic diversity and mating
system on the contact zone between diploid and assumed autotetraploid cytotype of
Vicia cracca in Central Europe.

e Methods Four enzyme systems resolved in six putative loci were investigated in ten
diploid, ten tetraploid and five mixed-ploidy populations. We analyzed genetic diversity
and heterozygosity, partitioning of genetic diversity among populations and cytotypes,
spatial genetic structure, and fixed heterozygosity. Analyses were supplemented by
pollination experiment and meiotic chromosome observation.

e Key Results and Conclusions Weak evidence of fixed heterozygosity, low proportion of
unique alleles and genetic variation between cytotypes similar to the variation among
populations within cytotypes supported the autopolyploid origin of tetraploids, although
no multivalent formation was observed. Tetraploids possessed more alleles than
diploids and showed higher observed zygotic heterozygosity than diploids, but the

observed gametic heterozygosity was similar to the value observed in diploids and
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smaller than expected under panmixis. Values of inbreeding coefficient and
differentiation among populations (pst) suggested that the breeding system in both
cytotypes of V.cracca is mixed-mating with prevailing outcrossing. The seed
production of tetraploids was reduced after selfing less than in diploids. Absence of
correlation between genetic and geographic distances and high differentiation among
neighbouring tetraploid populations supports the secondary contact hypothesis with
tetraploids of several independent origins in Central Europe. Nevertheless, the
possibility of recent in situ origin of tetraploids through a triploid bridge in some regions

Is discussed.
Key words: autopolyploidy, allozymes, genetic diversity, heterozygosity, fixed heterozygosity,

genetic differentiation, F-statistics, inbreeding depression, mating system, artificial pollination,

meiotic chromosomes, Vicia cracca.
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INTRODUCTION

Polyploidy has played a key role in the evolution of angiosperms (Van de Peer et al.,
2009; Soltis et al., 2009; Jiao et al., 2011). Regarding natural polyploids, much attention was
devoted to allopolyploids (originating through the process of interspecific hybridisation and
genome doubling), especially those which have emerged during the last 150 years, i.e.
neopolyploids (e. g. Soltis et al., 2004; Abbott and Lowe, 2004; Ainouche et al., 2004). In
contrast, autopolyploids arising by genome doubling per se were considered for a long time to
be of a marginal significance and even unable to survive in nature (Stebbins, 1985). However,
a few case studies proved that autopolyploidy has important evolutionary and ecological
consequences in natural populations (Soltis et al., 2007; Parisod et al., 2010). Autopolyploids
e. g. may occupy larger areas than their diploid ancestors (Van Dijk et al., 1992), have shifted
or broadened ecological niches (Johnson et al., 2003), be superior competitors (Maceira et al.,
1993) or be more resistant to pathogens (Oswald and Nuismer, 2007).

Recent data show that autopolyploids are more common than once claimed, but the
frequency of naturally occurring autopolyploids is still poorly understood. Moreover,
autopolyploidy is in many cases inferred only on the basis of morphology (listed in Soltis and
Soltis, 2000; Parisod et al., 2010) and convincing evidence about the type of polyploidy based
on the polysomic inheritance or molecular data is lacking. Sometimes it is even necessary to
reassess supposed autopolyploid as being actually allopolyploid (Mraz et al., 2012). The first
step in the study of polyploid complexes thus should be to confirm the supposed type of
polyploidy.

Several hypotheses have been proposed to explain why autopolyploids are so common
and so successful. Genetic mechanisms for autopolyploid success include increased dosage of
functional genes which allows development of new phenotypes, increased allelic diversity due
to overdominance and heterosis, and reduced expression of deleterious recessive alleles due to
higher heterozygosity (Bever and Felber, 1992). In fact, several empirical studies confirmed
that autopolyploids exhibit a higher level of allele richness and heterozygosity (Soltis and Soltis,
2000; Mahy et al., 2000; Hardy and Vekemans, 2001). Nevertheless, consistent evidence of
adaptive benefits of autopolyploidy due to accelerated mutation and diversification rate of
duplicated genes is still lacking (Parisod et al., 2010). It seems, however, that meiotic
irregularities caused by multivalent formation after genome doubling reduce fertility less than
expected (Ramsey and Schemske, 2002) and that genome restructuring may occur very fast and
restore a diploid-like behaviour of autopolyploid genomes (Eilam et al., 2009). Additional

hypothesis for the evolutionary success of polyploids regards the transition of mating system
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from outcrossing in diploids towards self-fertilisation in polyploids (Rausch and Morgan, 2005;
Barringer, 2007). Basically, polyploids can tolerate the loss of self-incompatibility because they
exhibit less inbreeding depression (Husband and Schemske, 1997; Rosquist, 2001), although
the advantage of selfing depends mainly on the degree of dominance (reviewed in Parisod et
al., 2010).

Contact zones are often formed in polyploid complexes comprising several cytotypes
(e.g. Suda et al., 2007; Mraz et al., 2008; Travnicek et al., 2011; Miinzbergova et al. 2013). The
dynamics of contact zones depends mainly on viability of inter-cytotype hybrids and evolution
of reproductive barriers. Assortative mating should enhance reproductive success of newly
arising cytotype in mixed-ploidy populations; otherwise it will be subjected to frequency
dependent selection and become extinct (minority cytotype exclusion; Levin, 1975; Rodriguez,
1996). Weiss et al. (2002) proposed that development of such isolating mechanisms might be
encouraged by previous differentiation of cytotypes due to allopatry. Hence, genetic
differentiation of cytotypes in contact zones is one of the principal factors determining further
coexistence and fate of the individual chromosomal races (Petit et al., 1999).

One of the intensively studied diploid-polyploid plant groups is Vicia cracca agg.
(Fabaceae). This aggregate contains several morphologically similar, although karyologically
well separated, species with partially overlapping geographic ranges, including V. cracca L. s.
str., V. oreophila Zertova, V. incana Gouan, V. dalmatica A. Kern, and V. tenuifolia Roth.
Whereas V. cracca and V. oreophila share the base chromosome number x = 7, other species
are derived from x = 6 (Hanelt and Mettin, 1989). V. oreophila is a tetraploid (2n = 4x = 28)
occurring locally in Central European mountain systems (Zertova, 1962; Chrtkova, 1995). Vicia
cracca s. str. is native in Eurasia, but now widespread in the Northern Hemisphere. It was first
reported in Ontario in 1860 (Aarssen et al., 1986) and was introduced to Alaska in 1909
(Klebesadel, 1980), from where it has spread along disturbed areas in Alaska, Canada and

Northern United States, and is considered as invasive there (http://akweeds.uaa.alaska.edu/,

http://plants.usda.gov/). It is a climbing polycarpic perennial herb, which typically occurs in

meadows, along roads and river banks, and at forest margins on rather fertile, moist soils. The
vegetative reproduction is possible by the spread of below-ground runners (Klebesadel, 1980).
The mating system has not yet been determined with certainty (Zhang and Mosjidis, 1998;
Jaaska, 2005). The species is supposed to be predominantly allogamous (Hanelt and Mettin,
1989), although some experiments suggest that selfing is also possible (Rousi, 1973). There are
three different ploidy levels in Vicia cracca s. str.: diploid (2n = 2x = 14), rare triploid (2n = 3x

=21) and tetraploid (2n = 4x = 28); a few aneuploids are also reported (Rousi, 1961; Chrtkova-
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Zertova, 1973; Roti-Michelozzi, 1984). Autopolyploid origin of V. cracca tetraploids is
hypothesized with regards to karyotype similarity (Rousi, 1961; Dvoték et al., 1977) and great
morphological similarity (Rousi, 1973) of the two cytotypes, existence of vigorous aneuploid
individuals (Rousi, 1961; Chrtkova-Zertova, 1973) and identical monoploid genome sizes of
both cytotypes (Travnicek et al., 2010). The distribution of cytotypes was intensively studied
in Europe and the intercytotype contact zone of assumed secondary origin was detected in
central Europe with tetraploids prevailing in the west and north and diploids in the east and
south (Travni¢ek et al., 2010). Information about the distribution of cytotypes in Asia and in
the non-native range in North America is scarce. Both major cytotypes as well as triploids were
recorded in a few cases from Asia, whereas only tetraploids were published from North
America (listed in Travnicek et al., 2010).

The present study aimed to use allozyme polymorphism in the diploid — tetraploid
complex of Vicia cracca L. to address the following specific questions: (1) Do patterns of
genetic diversity based on allozyme markers correspond to the assumption of autopolyploid
origin of V. cracca tetraploids? (2) Do tetraploids exhibit higher genetic diversity than diploids?
(3) What is the predominant reproduction mode in both cytotypes of V. cracca and is there a
difference in selfing rate between cytotypes? (4) Is the intercytotype contact zone in central
Europe indeed of secondary origin?

MATERIALS AND METHODS
Sampling of plant material

Plants were sampled during years 2007-2009 along the border between the Czech
Republic and Slovakia representing the intercytotype contact zone (Fig. 1, [Supplementary
Information Table S1]). A total of 636 plants (323 diploid, 305 tetraploid and eight triploid
individuals) from 25 populations were collected. Ten populations comprised only diploid
plants, ten populations comprised entirely tetraploid plants and five populations were composed
of both diploid and tetraploid plants (denoted further as mixed populations). Two diploid
populations involved also a few triploid plants (Fig. 1). At least 5-m distance among individual
plants was kept if possible to avoid sampling of sib progeny. Populations were delimited by a
stand, but there were no sharp boundaries between single stands. This widespread species rather
should be considered to form metapopulations where the mosaic of appropriate stands is present
in the landscape. The closest populations examined in this study were 0.5 km far. The mean
distance between diploid populations (80 km) was the same as between tetraploid populations
without three most distant populations 1-3 (Fig. 1) (70 km; P =0.14). DNA ploidy level of plant
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samples was estimated by flow cytometry according to the method described by Travnicek et
al. (2010).

Pollination experiments

Pollination experiments were made to test self-compatibility of V. cracca. Plants used in
these experiments were collected in the nature, transplanted into pots and grown in garden beds
for at least one year. Experiments were done during one vegetation season. In total, 18 diploid
plants from eight population and 17 tetraploid plants from six natural populations were involved
in the experiment. Plants were pollinated artificially with a paintbrush (each plant by a separate
one). At each plant we selected between 1 and 9 inflorescences (out of 1 to 150 inflorescences
per plant in total). Pollen was transferred from one mature flower to the nearest mature flower
within each inflorescence until all flowers mature at the moment were pollinated. Since
individual flowers in the inflorescences come into bloom successively, single inflorescences
were treated up to four times in order to make sure that all flowers within the selected
inflorescences would have been pollinated. After artificial pollination the inflorescences were
prevented from pollination by insects with nylon bags. Developed pods were collected after
ripening. Number of full and empty pods as well as number of well-developed and aborted
seeds was summarised. Well-developed seeds were scarified with a sand paper and sown in soil
to test their ability to germinate. With regards to small size and arrangement of V. cracca
flowers, emasculation is hardly feasible without flower damage. However, apomixis has not
been recorded in any Vicia species; Buyukkartal (2008) only mentioned the probability of
apomixis in related Trifolium pratense L.

Statistical analyses of results from pollination and germination experiments were
performed using GLM procedure in S-PLUS 2000 (MathSoft 1999). In all cases, one data point
in the analyses was represented by one plant, i.e. the data from all the flowers/pods were
summed within each plant. First, we tested the dependence of pod set on the ploidy level using
GLM with the binomial distribution of the dependent variable. To do this, we linked the number
of developed pods to the number of unsuccessfully pollinated flowers. Second, we inspect the
dependence of overall seed set on the number of pollinated flowers and the ploidy level using
GLM with the Poisson distribution of the dependent variable. This analysis was done on a
subset of plants where at least one pod had arisen. Third, we linked the number of well
developed seeds to the number of aborted seeds and tested the dependence of the proportion of
well-developed seeds on the ploidy level using GLM with the binomial distribution of the

dependent variable; this analysis was done on a subset of plants where at least one seed had
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arisen. At last, we linked the number of germinated to non-germinated seeds and tested the
dependence of germination rate on the ploidy level again using GLM with the binomial
distribution of the dependent variable. The above mentioned analyses were performed with the
binomial distribution of dependent variables because when we treated the number of developed
pods as the proportion from the overall number of treated flowers, the number of well-
developed seeds as the proportion from the total number of arisen seeds, and the number of
germinated seeds as the proportion from the number of sawn seeds, the data did not fit the
normal distribution (even after data transformation).

Additionally, the amount of ovules produced by diploids and tetraploids was investigated,
since this property could affect the result of self-pollination experiment. Ovules were counted
off three young flower buds per mother plant from 31 diploid plants and 35 tetraploid plants
planted in a common garden. Calyx, standard and wings were removed from flower buds, keel
and ovary were cut open and ovules were counted using a stereo microscope. The dependence
of the mean number of ovules on the ploidy level was tested using GLM with Poisson

distribution of the dependent variable.

Enzyme analyses

Living plants were collected in nature, stored in a car refrigerator and processed in the
course of 36 hours after collection. Approximately 60 mg of fresh leaf tissue was processed,;
the extraction protocol followed that described by Mandak et al. (2005). Extracts were
centrifuged under cooling for 10 min at 15,000 rpm and clear supernatants were stored at -75
°C for up to 2 years until electrophoresis. Circumstances of electrophoresis are described in
Mandakova and Miinzbergova (2008). Four enzyme systems were analysed: shikimate
dehydrogenase (SHDH, EC 1.1.1.25), 6-phosphogluconate dehydrogenase (6-PGDH, EC
1.1.1.44), aspartate aminotransferase (AAT, EC 2.6.1.1) and leucine aminopeptidase (LAP EC
3.4.11.1). The staining procedures followed Vallejos (1983) with the modifications described
in Mandak et al. (2005). For 6-PGDH, 10 mg 6-phosphogluconic acid, 5 mg of NADP, 30 mg
MgClz, 5 mg of MTT and 1 mg of PMS were combined and dissolved in 30 ml of 0.1 M Tris-
HCI (pH 8.4). Gels were incubated in the dark at 32°C until bands appeared. Afterwards, all
gels were thoroughly rinsed in distilled water, dried between two cellophane sheets and stored.

The isozyme loci were labelled I-11, I being the slowest, the alleles a-j, a being the fastest.
For all enzymes, banding patterns were examined for relative band intensities that were
interpreted as corresponding to genotypes of different allelic dosage. 6-PGDH and AAT were

treated as dimeric enzyme systems according to Weeden and Wendel (1989).
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Analysis of genetic variation within populations

To compare genetic variation within diploid and tetraploid populations, the following
statistics were computed: the average number of alleles per locus (A), Shannon’s index of
diversity (S) (Shannon 1948), the observed proportion of (zygotic) heterozygotes (Ho) and the
expected proportion of heterozygotes (He) with the correction for population size 2N/(2N - 1).
The expected proportion of heterozygotes for tetraploids was computed as for diploids (He=1
- 31 pi?) (Hardy and Vekemans, 2001). In this case, the expected proportion of heterozygotes is
not the expected proportion of individuals bearing more than one allele at a locus but the
expected proportion of (diploid) gametes bearing two distinct alleles (O. J. Hardy, Univ. Libre
Bruxelles, Belgium, pers. comm.). The number thus represents expected gametic
heterozygosity. Additionally, observed gametic heterozygosity Ho' was computed for
tetraploids. Observed gametic heterozygosity is the frequency of heterozygous (diploid)
gametes within the gamete pool that is inferred to have given rise to the (tetraploid) zygote
genotype frequencies. In practice, Ho' = 1 - [f(iiii) + 1/2 * f(iiij) + 1/3 * f(iijj) + 1/6 * f(iijk)],
and population (Moody et al., 1993). Assuming panmixis and no double reduction, the
expectation is that He = Ho' in tetraploids, given tetrasomic inheritance (Moody et al., 1993).
Above mentioned statistics were averaged across populations. Data normality was checked
using Shapiro-Wilk test in STATISTICA 7 (StatSoft, 2004). Statistical differences between
mean values of individual cytotypes were inspected using t tests with the same variances;
differences between mean observed and expected values within cytotypes were tested using
paired t test in S-PLUS 2000 (MathSoft, 1999)

Heterozygosity in tetraploids

In order to reveal the type of the polyploidisation event (autopolyploidization or
allopolyploidization) in V. cracca, we assessed the type and frequency of heterozygotes
encountered in tetraploids. Tetrasomic inheritance in autotetraploids results in the formation of
balanced as well as unbalanced heterozygotes in all possible combinations, because alleles at a
given locus on the homologous chromosomes segregate at random. In allotetraploids, two sets
of homologous chromosomes pair independently of each other, resulting in disomic inheritance
as if they were included in a diploid. If parental genomes of allotetraploid are homozygous for

different alleles, all gametes of such an allotetraploid will be heteroallelic and all offspring will
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be heterozygous, a condition called fixed heterozygosity (Roose and Gottlieb, 1976; Soltis and
Soltis, 1993; Ramsey and Schemske, 2002; Berglund et al., 2006).

We then summed the numbers of homozygotes, balanced heterozygotes (AABB),
unbalanced heterozygotes (AAAB or ABBB), and heterozygotes involving three and four
alleles over all tetraploid individuals (305 in total). We used a polynomial calculator (available
at http://xrjunque.nom.es/precis/polycalc.aspx?In=en) to calculate the expected proportion of

homozygotes and different types of heterozygotes among the tetraploid individuals under
Hardy-Weinberg equilibrium.  Polynomial equations expressing H-W equilibrium with
appropriate number of alleles for single loci examined in this study are provided as an
[Supplementary Information Table S2]. Differences between expected and observed

proportions of genotype categories were evaluated with y?2 -tests.

Analysis of genetic variation among populations

Two approaches were used to analyse the genetic structure among populations. First,
partitioning of the genetic diversity within each cytotype into within-population and among-
population components was assessed according to Nei (1973). Total gene diversity (Ht), mean
genetic diversity within populations (Hs) and among populations (Dst = Hr — Hs) and the
coefficient of gene differentiation (Gst) were computed for both cytotypes separately and when
diploids and tetraploids were grouped. Total gene diversity was then decomposed into the gene
diversity among populations within individual cytotypes as Gstwitin = [(Dstex) +
Dstx))/2]/HT2x + ax) and between cytotypes as Gstbetween = [Hr(2x + 4x) - (Hs(2x) + Hs(ax))/2]/Hrx
+4x). Assuming same population sizes in both cytotypes, the total gene diversity in tetraploids
should be Haxexp = 2HT20/(1 + Hr(2%) (Moody et al., 1993).

Inbreeding within populations and the level of differentiation among populations were
evaluated also using F-statistics (Wright, 1951) estimated in SPAGeDi 1.2 (Hardy and
Vekemans, 2002). In this programme, F-statistics are based on allele identity and are types of
kinship coefficients: Fir as intra-class correlation coefficient of allelic states for genes within
individuals relative to all populations, genes within individuals relative to a population (Fis),
and genes within populations relative to all populations (Fst). The estimation procedure is based
on a nested ANOVA following Weir and Cockerham (1984), where populations are weighted
according to their sample size. In addition to standard F-statistics, SPAGeDi computes also the
intrapopulation correlation coefficient of relationship pst. Ronfort et al. (1998) demonstrated
its convenient property of being independent of the ploidy level, the selfing rate and the

presence of double reduction in polyploids, contrary to the kinship coefficient Fst. Statistical
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randomisation tests were made by permuting the genes, individuals as well as locations 10,000
times. Both Nei’s (1973) and Wright’s (1951) statistics of partitioning of genetic diversity were
averaged across loci. Data normality was checked using Shapiro-Wilk test in STATISTICA 7
(StatSoft, 2004). Statistical differences between mean values of individual cytotypes were
tested using t tests with the same variances in S-PLUS 2000 (MathSoft, 1999).

Analysis of spatial genetic structure

For the analysis of spatial genetic structure, tetraploid populations no. 1-3 were omitted,
because they were geographically too far from the contact zone of the cytotypes. Differentiation
between pairs of populations as a function of their geographic distance was assessed using
pst/(1 - pst) ratios determined for diploid population pairs, tetraploid population pairs and inter-
cytotype pairs using SPAGeDi. Isolation by distance was inspected through the regression of
those ratios on the geographic distance according to Hardy and Vekemans (2001). Statistical
significance was tested using Mantel test with 999 permutations. To illustrate graphically the
relationship between pairwise pst/(1 - pst) ratios and geographic distance, these inter-
population ratios were classified into five 40 km wide distance classes and intra-class means
were displayed. Normality of the data was inspected using Shapiro-Wilk test and differences
between mean values in the three types of inter-population ratios (diploid-diploid, tetraploid-
tetraploid, and diploid-tetraploid) were tested using nonparametric Kruskal-Wallis test and
multiple comparisons procedure in STATISTICA 7 (StatSoft, 2004).

Meiotic chromosome behaviour

Immature inflorescence buds (approximately 0.5 cm long) were collected from a
tetraploid population in bushy vegetation along the river Odra in Ostrava, Nova ves, Czech
Republic (coordinates: 49.812768 N, 18.226474 E). Buds were fixed immediately in a solution
of ice acetic acid and 96 % ethanol (3:1) and kept at 4°C until making squash preparations.
Individual flower buds (approximately 0.2 cm long) were extracted from the inflorescences and
macerated for a few seconds in a solution of concentrated HCI and ethanol (1:1) and rinsed in
water. Afterwards, anthers were moved to a slide and squashed in a drop of lacto-propionic-
orcein. Chromosomes were observed under 12,500-fold magnification using a Nu Zeiss
microscope equipped with an immerse objective. Chromosome pairing was assessed based on

approximately 50 cells observed for each diakinesis and metaphase.
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RESULTS
Pollination experiments

In total, 910 and 839 flowers within 64 and 62 inflorescences on 18 diploid and 17
tetraploid plants were artificially pollinated in total. Pollination was more successful in
tetraploids than in diploids; pod set was 5% in tetraploids and 2.9% in diploids (P = 0.02).
Overall seed set (the proportion of all seeds from the number of pollinated flowers from mother
plants where at least one pod had developed) was also higher in tetraploids (21.3%) than in
diploids (8.8%) (P < 0.001). The proportion of well-developed seeds was similar in both
cytotypes; 54.8% and 43.5% of all seeds was well developed in diploids and tetraploids,
respectively (P = 0.21). Germination rate also did not significantly differ between diploids and
tetraploids (91.3% and 75%, respectively (P = 0.09). The mean number of ovules produced by
diploids and tetraploids was similar (X2x=5.1; SD = 0.9; xax=4.9; SD = 0.8; P = 0.16).

Enzyme analyses

Enzyme electrophoresis resolved 6 putative loci. Only one locus was observed for
6-PGDH and SHDH, while two loci could be distinguished for LAP and AAT. All loci were
polymorphic. Banding patterns for LAP and SHDH were as expected for a monomeric enzyme
system with one or two bands for diploids and one to three bands for tetraploids. 6-PGDH and
AAT exhibited banding patterns expected for a dimeric enzyme, i.e. three-banded phenotype for
when two alleles were expressed and six-banded phenotype when three alleles were expressed,
with heterodimeric bands resolved between the two respective homodimeric bands. Banding
pattern for LAP | was complicated due to formation of secondary bands by alleles a-d. In
addition, the slower form of the allele a co-migrated with the faster form of the allele b; the
slower b form co-migrated with the faster ¢ form; and the slower ¢ form co-migrated with the
slower d form. Because of the secondary bands, diploids showed up to four-banded patterns
and tetraploids up to five-banded patterns for this locus. The most complex patterns were
expressed in the locus AAT II. There were only three alleles, but each producing one secondary
band. Since this enzyme is dimeric, the dimers formed by subunits of the same allele but each
representing a different mobility form were resolved as extra bands with an intermediate
position. As a result, homozygotes showed three-banded phenotypes. Moreover, individual
bands on gels frequently merged into a single band because of a small distance between alleles,
and the faintest bands could not be distinguished. Nonetheless, homozygous patterns and the

position of the richest bands were sufficient guidelines to determine the allelic configuration of
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heterozygotes. Exemplary pictures of banding pattern of single loci and description of the band
interpretations are available online [Supplementary Information Fig. S1].

Genetic variation within populations

A total of 40 distinct alleles were observed (eight, six, nine, ten, four and three in
6-PGDH, LAP I, LAP Il, SHDH, AAT I and AAT Il locus, respectively). Of these, 33 were shared
by diploid and tetraploid cytotypes. Three alleles were found in diploids only: LAP 1I-h (pop.
8, 10, 11), LAP II-i (pop. 25) and SHDH-j (pop. 8, 9), and four alleles were found in tetraploids
only: 6-PGDH-a (pop. 24), 6-PGDH-b (pop. 3, 13, 14, 17, 18), 6-PGDH-h (pop. 4, 12, 14, 15,
16) and AAT I-b (pop. 9, 18). All the cytotype-specific alleles were always rare with population
frequency lower than 0.03 (with the exception of 6-PGDH-a in tetraploid plants from the
population 24 and SHDH-j in diploid plants from the population 9, where the population
frequency was 0.11 and 0.07, respectively). Triploids did not possess any unique alleles and
they shared alleles with sympatric diploid counterparts. However, these alleles were common
also in tetraploids.

Population means of statistics of genetic diversity and heterozygosity are included as
supplementary data [Supplementary Information Table S3]. Tetraploids possessed in
average significantly more alleles per locus than diploids (Table S3). Shannon’s index was
similar for the two cytotypes (Table S3). The observed proportion of (zygotic) heterozygosity
in tetraploids was twofold higher than in diploids, although the values of the expected (gametic)
heterozygosity in tetraploids and expected (zygotic) heterozygosity in diploids were similar
(Table S3). The mean observed proportion of heterozygotes was significantly different from
the expected proportion of heterozygotes in diploids (P = 0.02) as well as in tetraploids (P <
0.001). However, the mean observed gametic heterozygosity in tetraploids (Ho') was similar to
the mean observed (zygotic) heterozygosity in diploids (P = 0.84) and even lower than the
expected (gametic) heterozygosity under H-W equilibrium (P < 0.001) (Table S3).

In tetraploids, both balanced and unbalanced heterozygotes were observed. In all loci but
LAP I, the unbalanced heterozygotes were more frequent than balanced heterozygotes (Table
1). The number of balanced heterozygotes in LAP | was more than three times higher than the
number of unbalanced heterozygotes and two times higher than expected under H-W
equilibrium. Complex heterozygotes with three and four alleles were also detected in all loci
but AAT I locus, where only individuals with three alleles were observed. Just three alleles were
recorded in AAT Il locus, hence complex heterozygotes with four alleles were impossible to be

seen in this locus. Further, there is noteworthy excess of homozygotes, respective the lack of
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complex heterozygotes, especially those with four alleles (Table 1). The significant excess of
homozygotes with regard to the values expected under H-W equilibrium was observed also in
diploids, although not so enormous; the difference was two- to seven-fold in the individual loci

(data not shown).

Genetic variation among populations

The coefficient of gene differentiation was similar and quite low in both cytotypes
indicating that most isozyme variation was partitioned within, rather than between populations
(Table 2). The observed total gene diversity in tetraploids was same as the expected value. The
total gene diversity for both cytotypes combined was Hrpx + 4x) = 0.444, 8.8 % of which was
distributed between cytotypes and 8.2 % among populations within cytotypes.

Inbreeding coefficient as well as fixation index was similar in diploids and tetraploids
(Table 3). In contrast to Fsr, the difference between cytotypes in pst was more than twofold.
When omitting the most distant populations 1-3, the mean value of Fst for tetraploids was
similar to the value in diploids, whereas the mean value of pst remained significantly higher
than in diploids (Table 3).

Spatial genetic structure

The mean of pst/(1 - pst) ratios (= SD) both in tetraploid-tetraploid population pairs
(0.178 £ 0.132) and in diploid-tetraploid population pairs (0.137 + 0.088) were larger than in
diploid-diploid population pairs (0.095 + 0.070) (P < 0.001 in both cases); the difference
between diploid-tetraploid population pairs and tetraploid-tetraploid population pairs was
insignificant (P = 0.37) . This was the truth also in the case of geographically closest
populations (0-39 km, Fig. 2) when testing the differences separately in several distance
classes. In the rest of geographic distance classes (40-79, 80-119, 120-159 and 160-199km)
the mean values of pst/(1 - pst) ratios were statistically same in the three types of pairwise
comparisons (P > 0.09 in all cases). Correlation among pst/(1 - pst) ratios of geographic
differentiation and geographic distance was non-significant in all cases (P > 0.16). Genetic
differentiation between diploids and tetraploids within sympatric populations of V. cracca was

not lower than differentiation between allopatric populations (data not shown).

Meiotic chromosome behaviour
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Approximately 50 cells from young anthers of tetraploid V. cracca were observed at each
diakinesis and metaphase. No multivalent formation was recorded; exemplary

microphotographs are available online [Supplementary Information Fig. S2].

DISCUSSION
Type of polyploidy

Allozyme markers support the autopolyploid origin of tetraploid V. cracca. First, there is
only weak evidence of the fixed heterozygosity which is expected for allopolyploids (only one
locus from six investigated, while in all other loci unbalanced heterozygotes prevail). Secondly,
tetraploids possessed almost the same suite of alleles as diploids. Per locus percentage of alleles
unique for tetraploids ((4/37)/6 = 0.02 %) is comparable to the number revealed in the
autopolyploid Heuchera micrantha (0.02 %) (Ness et al., 1989), Vaccinium oxycoccos (0.01
%) (Mahy et al., 2000), and Aster amellus (0.04%) (Mandakova and Miinzbergova, 2008).
However, all the unique alleles are rare and their absence in the other cytotypes is likely due to
a failure to detect them with the relatively small sample size. Further, the genetic variation
between cytotypes was almost the same as the variation distributed among populations within
cytotypes.

In contrast to the expectations for autopolyploids, no multivalents were observed at
meiosis. However, Sveshnikova’s (1937) work, which was doubted by Rousi (1962), remains
the only study which reported quadrivalent formation during meiosis in tetraploid V. cracca.
Nevertheless, several taxa showing polysomic inheritance demonstrate that autopolyploids
need not form multivalents at meiosis (Soltis and Soltis, 1993; Qu et al., 1998; Hardy et al.,
2001). A controlled pollination experiment with mother plants of known genotypes thus should
be carried out to discriminate between tetrasomic and digenic-disomic inheritance in order to

confirm definitively the autopolyploid origin of V. cracca.

Genetic diversity and heterozygosity

Tetraploids showed higher genetic diversity than diploids in term of allelic richness and
observed (zygotic) heterozygosity (Ho). In the case of both measures, the values obtained for
V. cracca were among the highest values obtained from allozyme data and published for
autotetraploid taxa (listed in Lopez-Pujol et al.,, 2007). However, observed gametic
heterozygosity (Ho'), which considers heterozygotes with two or three identical alleles (AABB,
ABBB, AABC) as partially homozygous and so decreases their weight (Moody et al., 1993),

was similar to observed heterozygosity in diploids and even showed some degree of
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heterozygote deficiency when compared to expected heterozygosity under H-W equilibrium.
Nevertheless, the significantly higher number of alleles per locus as found in this study
theoretically might be evolutionarily advantageous for tetraploids given the possibility of higher

phenotypic variation.

Breeding system

The coefficient of gene differentiation (Gst) for both cytotypes is closest to the value
published by Hamrick and Godt (1996) for long-lived perennial species with outcrossing (Gst
=0.094) and is much lower than that reported for long-lived perennials with mixed-mating (Gst
= 0.145). Our pollination experiment proved that self-fertilization is possible in V. cracca, but
leads to large number of undeveloped pods. Selfing might take place also in the natural
populations of V. cracca as indicated by the positive values of inbreeding coefficient (albeit
insignificantly in tetraploids). Alternatively, the positive values of inbreeding coefficient could
be due to biparental inbreeding and/or in the case of tetraploids due to loci that do not segregate
under perfect tetrasomic inheritance. Relatively low values of Fst indicate substantial gene flow
between populations within both cytotypes. However, values of pst suggest higher
differentiation among populations and in the case of tetraploids it approximates the above
mentioned value of Gst published by Hamrick and Godt (1996) for long-lived perennials with
mixed-mating. Since Meirmans & Van Tienderen (2013) have shown that pst is robust against
uncertainties related to the exact level of tetrasomic inheritance we tend to prefer this estimator.
So, we conclude that the breeding system in both cytotypes of V. cracca is mixed-mating with
prevailing outcrossing likewise in the case of diploids and autotetraploids of Chamerion
angustifolium (Ozimec and Husband, 2011).

Further, our results of artificial self-fertilization correspond with the hypothesis that
polyploids tolerate a higher rate of autogamy, because tetraploids produced more pods and
seeds despite they have the same number of ovules as diploids. Unfortunately, comparable
empirical data testing the inbreeding depression in autopolyploid taxa are scarce. Lower
reduction of seed-set in selfed autotetraploids when compared to selfed diploids was recorded
in C. angustifolium (Husband and Schemske, 1997). No reduction in fecundity after self-
fertilization was observed in tetraploid Anthericum liliago (Rosquist, 2001). In contrast,
Galloway and Etterson (2007) detected very high inbreeding depression in autotetraploid
Campanulastrum americanum. Additionally, it is apparent that differences in the ability to
accept self pollen manifest in V. cracca already in the point of pollination since after the

fertilization, the ratio of aborted to developed seeds is same in the two cytotypes.
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We expect that lower inbreeding depression indicated by the higher seed set in artificially
self-fertilized tetraploids might be associated with increase in selfing rate in natural tetraploid
populations. Then the coefficient of inbreeding would be higher in tetraploids relative to
diploids in natural populations. Nevertheless, mean values of Fis were similar in the two
cytotypes of V. cracca. It could be explained by the fact that heterozygosity declines slower in
polyploids than in diploids (Bever and Felber, 1992; Moody et al., 1993). Alternatively, we
might have sampled less inbred individuals than was their true frequency in natural populations
due to their reduced growth and survival. Another explanation for similar values of Fis in the
two cytotypes of V. cracca may be that larger flowers of tetraploid plants can increase
herkogamy and hence decrease selfing rate (Rausch and Morgan, 2005). This is supported by
the fact that tetraploids of V. cracca have larger flowers than diploids (EliaSova, 2008).

Character of the contact zone

Primary contact zones are characterized by high frequency of mixed-ploidy populations
comprising several cytotypes (Singliarova et al., 2011), whereas secondary contact zones can
be distinguished by parapatric distribution of cytotypes with only few mixed populations and
low frequency of inter-cytotype hybrids (Petit et al., 1999). Distribution pattern of cytotypes of
V. cracca in Central Europe suggests the latter case (Travnicek et al., 2010). Nevertheless, at
the European scale, the distribution pattern could show a more complex scenario. Indeed, many
European contact zones involving diploids and autopolyploids were at first thought to result
from secondary contact, but recent results indicate that both types of contact zones are present
within these polyploid complexes (Dianthus sect. Plumaria -Weiss et al., 2002; D. broteri -
Balao et al., 2009; Melampodium spp. - Stuessy et al., 2004; Knautia arvensis agg. - Kolaf et
al., 2009; Allium oleraceum - Duchoslav et al., 2010; and Aster amellus - Castro et al., 2012
and Miinzbergova et al., 2013).

Secondary contact zone with patches of newly originating tetraploids seems to be also
case of V. cracca. In the case of the secondary contact zone under condition of the triploid block
preventing inter-cytotype mating we would expect that pst/(1 - pst) ratios in between-cytotype
pairs of population will be larger than within-cytotype inter-population ratios and that the
isolation by distance will manifest only within individual cytotypes. These assumptions were
not met in V. cracca, however. Our data did not show isolation by distance in diploids nor in
tetraploids. We suppose that there could be a human impact on the genetic structure through
seed flow in the cultural landscapes. Nevertheless, genetic differentiation within tetraploids was

larger than within diploids and between cytotypes (also after exclusion of the most distant
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tetraploid populations and despite the fact that the inter-population geographical distances
within both cytotypes were the same). This indicates that tetraploids might be of several
independent origins. This is a common phenomenon in polyploids (e. g. Van Dijk and Baks-
Schotman, 1997; Segraves et al., 1999; Halverson et al., 2008).

Genetic differentiation between diploids and tetraploids within sympatric populations of
V. cracca was not lower than differentiation between allopatric populations. This supports the
secondary contact hypothesis. Moreover, presence of alleles unique for diploids and tetraploids
in two mixed populations gives another evidence for secondary contact zone, albeit these alleles
might not be unique as all the unique alleles are rare and may not be sampled in the other
cytotype. In spite of these indications of the secondary contact zone, tetraploids might arise
locally e.g. in Velka Fatra Mountains in the Slovak Republic (tetraploids were detected in the
very close proximity of diploids there; pop. 225 in Travni¢ek et al., 2010). Triploids (also found
there) could be an intermediate step in the origin of tetraploids, although their frequency is very
low (this study; Travni¢ek et al., 2010). This so called “triploid bridge” could be a major factor
contributing to autotetraploid formation (Ramsey and Schemske, 1998). Evidently, it is
essential to clarify the origin of triploids and their role in the local current tetraploid formation.
To solve this question, more variable molecular markers such as microsatellites should be

applied.

Conclusions

Our data complemented previous observations and provided additional evidence of
autopolyploid origin of V. cracca tetraploids. They also show that higher level of genetic
diversity in the term of allelic richness in tetraploids compared to diploids supporting the
expectation that polyploids have higher ability to adapt to changing environment. Mating
system in both cytotypes is mixed-mating with prevailing outcrossing; however, tetraploids
showed a higher seed set after artificial selfing. This suggests that polyploids may be more
resistant to inbreeding than diploids. There was only weak evidence of recent origin of
tetraploids in sympatric populations of the two cytotypes. The highest differentiation among
the closest tetraploid populations rather suggests the secondary contact zone of the two
cytotypes of V. cracca with tetraploids of several independent origins in Central Europe.
Nevertheless, we discussed the possibility of current local origin of tetraploids through a triploid
bridge in some regions.

Overall, the study thus indicates that V. cracca in Central Europe is of autopolyploid

origin and forms predominantly a secondary contact zone. The survival of tetraploids in the
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area may be supported by their higher ability to adapt to changing environments thanks to
higher allelic richness and higher ability to resist to inbreeding.
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polynomial equations used for calculation of the expected proportion of homozygotes and
different types of heterozygotes among the tetraploid individuals under Hardy-Weinberg
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L oous Homozygotes Balanced Unbalanced Hcajterozygotes He.terozygotes
heterozygotes heterozygotes with 3 alleles with 4 alleles

Observed proportion of genotypes

6-PGDH 126 38 101 21 1

LAP | 80 130 40 26 4

LAP Il 50 66 96 62 3

SHDH 112 58 62 60 5

AAT I 195 21 78 0

AAT | 135 36 82 5 0

Expected proportion of genotypes

6-PGDH 1 12 16 141 118

LAP | 1 19 26 156 78

LAP Il 0 12 128 128

SHDH 0 8 11 128 150

AAT I 11 67 89 134 0

AAT | 4 36 48 145 24

Table 1. Observed and expected (under H-W equilibrium) proportion of individual genotype

categories in tetraploids. Observed proportions in all loci are statistically different at p < 0.01

from corresponding expected values.
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Locus Ploidy level Hs Hr Dst Gst Hax exp
6-PGDH 2 0.328 0.359 0.031 0.087

LAP | 2 0.503 0.565 0.062 0.109

LAP II 2 0.556 0.590 0.034 0.058

SHDH 2 0.499 0.541 0.042 0.078

AAT Il 2 0.296 0.313 0.017 0.054

AAT | 2 0.256 0.274 0.018 0.066

mean 0.406 0.440 0.034 0.075

SD 0.128 0.140 0.017 0.021

6-PGDH 4 0.357 0.386 0.030 0.077 0.529
LAP | 4 0.572 0.641 0.069 0.108 0.722
LAP Il 4 0.504 0.528 0.024 0.046 0.742
SHDH 4 0.531 0.608 0.077 0.127 0.703
AAT I 4 0.195 0.207 0.012 0.058 0.477
AAT | 4 0.268 0.287 0.019 0.066 0.430
mean 0.404 0.443 0.039 0.080 0.600
SD 0.154 0.177 0.028 0.031 0.138
t(df=10) 0.0225 -0.0271 -0.3425 -0.3283 -1.719
P 0.98 0.98 0.74 0.75 0.12

6-PGDH 2X + 4x 0.342 0.375 0.032 0.086

LAP | 2X + 4x 0.538 0.607 0.069 0.114

LAP II 2X + 4x 0.530 0.566 0.036 0.064

SHDH 2X + 4x 0.515 0.576 0.061 0.106

AAT Il 2X + 4x 0.246 0.262 0.016 0.062

AAT | 2X + 4x 0.262 0.281 0.019 0.067

mean 0.405 0.444 0.039 0.083

SD 0.138 0.157 0.022 0.023

Table 2. Partitioning of the genetic diversity in diploid and tetraploid populations of V. cracca
into within- and among-population components according to Nei (1973). Total gene diversity
(Ht), mean genetic diversity within populations (Hs) and among populations (Dst) and the
coefficient of gene differentiation (Gst) computed for both cytotypes separately and when
diploids and tetraploids were grouped. Moreover, the expected value of total gene diversity for
tetraploids (Htax exp) according to Moody et al. (1993) is shown. Differences between diploid
and tetraploid means tested by two sided t-tests with the same variances of samples and df =
10. Mean Hrax exp tested against observed mean Hr in tetraploids.
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Locus Ploidy level Fir Fis Fst PsT Fst* psT*

6-PGDH 2 0.135 0.076 0.065 0.113

LAP | 2 0.233 0.166 0.081 0.135

LAP II 2 0.123 0.091 0.035 0.060

SHDH 2 0.433 0.398 0.057 0.078

AAT Il 2 0.125 0.107 0.020 0.032

AAT | 2 0.061 0.028 0.034 0.061

mean 0.185 0.144 0.049 0.080

SD 0.133 0.132 0.023 0.038

6-PGDH 4 0.111 0.049 0.065 0.192 0.047 0.144
LAP | 4 0.301 0.235 0.086 0.172 0.065 0.126
LAP Il 4 0.035 -0.001 0.036 0.115 0.033 0.107
SHDH 4 0.320 0.237 0.109 0.224 0.085 0.169
AAT I 4 0.056 0.005 0.051 0.175 0.029 0.102
AAT | 4 0.066 0.005 0.062 0.207 0.045 0.168
mean 0.148 0.088 0.068 0.181 0.051 0.136
SD 0.128 0.116 0.026 0.038 0.021 0.029
t (df=10) 0.4872 0.7809 -1.3825 -4.6258 0.1566  2.8669
P 0.64 0.45 0.20 <0.001 0.88 0.02

Table 3. Wright’s (1951) F-statistics and pst- statistic (Ronfort et al.,1998) for diploid and
tetraploid populations of V. cracca. Values statistically not different from zero (after 10,000
random permutations of locations, individuals as well as genes) are written in italics.
Differences between diploid and tetraploid means tested by two sided t-tests with the same
variances of samples and df = 10. * denotes values calculated for tetraploids without most

distant populations 1-3.
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Fig. 1. Distribution of V. cracca populations in the contact zone along the border of the Czech
Republic and the Slovak Republic sampled in this study. Black circles represent localities of
the tetraploid; white circles represent localities of the diploid; grey triangles represent sympatric
populations of both cytotypes (mixed populations) and asterisks represent populations
comprising also triploid individuals. A list of V. cracca populations with locality descriptions,
geographical coordinates and numbers of examined individuals are included as supplementary

data [Supplementary Information Table S1].
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Fig. 2. Mean pairwise pst/(1 - pst) ratios as a function of distance classes. Pairwise ratios were
classified into five distance classes 40 km wide and intra-class means are displayed. Diamonds
refer to diploid population pairs, squares to tetraploid pairs and triangles to intercytotype pairs.

* denote means statistically different at P < 0.01.
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Pop.

Country

Number of individuals

Coordinates

Locality Diploid Triploid Tetraploid N E
number  code

1 Cz Rakovnicka pahorkatina, Zahotice, a meadow at the foot of the hill 0 0 14 50.08333 13.20417
Vladat

2 Cz Stredo¢eska pahorkatina, Kostelec nad Cernymi lesy, a meadow at the 0 0 20 49.99886  14.8565
north edge of the town

3 Cz Svitavska pahorkatina, Ceska Tfebova, a meadow westward of the town 0 0 25 49,90092 16.423
by the road to Zhot

4 cz Dolnomoravsky tval, Uherské Hradisté, a bank of the river Morava 0 0 20 49.06833 17.44434

5 Cz Dolnomoravsky tival, Dubnany, a meadow by the cemetery 1 0 18 48.92144 17.11008

6 CzZ Bilé Karpaty, Rad¢€jov, an old orchard at the southeast edge of the village 26 0 3 48.85367 17.35339

7 Cz Bilé Karpaty, Machova, a meadow in the nature reserve Machova nearby 24 0 4 48.8295 17.52006
the village Javornik

8 Cz Bil¢ Karpaty, Jazev¢i, a meadow in the nature reserve Jazevci nearby the 30 0 1 48.87442 17.56953
village Javornik

9 Cz Bilé Karpaty, Strani, a meadow nearby the nature reserve Bahulské Jamy 22 0 24 48.89214 17.65533

10 CzZ Bilé Karpaty, Biezova, a meadow westward of the village 27 0 0 48.92642 17.72167

11 Cz Javorniky, PulCin, a pasture at the south edge of the village 31 0 2 49.21689 18.08058

12 Ccz Javorniky, Huslenky, U Kuzeld, a meadow 0 0 30 49.30289 18.13836

13 Cz Moravskoslezské Beskydy, Staré Hamry, Huté, a slope along the road 0 0 20 49.47994 18.42514

14 Cz Podbeskydska pahorkatina, Kozlovice, Kolberak, a meadow by the road 0 0 20 49.59461 18.27472
to Lhotka

15 Cz Jablunkovska vrchovina, Mosty u Jablunkova, a pasture in the proximity 0 0 20 49.49992 18.76558
of the border checkpoint

16 Cz Ostravska panev, Bobrovniky, a meadow by the river Opava 0 0 20 49.87431 18.19011

17 Cz Ostravska panev, Horni Sucha, a meadow by the cemetery 9 0 9 49.79389 18.47389

18 SK Jablunkovské medzihorie, Svréinovec, a meadow by the road to Cierne 14 0 27 49.48186 18.80303

19 SK Javorniky, Makov, Vys$ni Labajovci, a margin of the forest in the 20 0 0 49.34764 18.50022
proximity of the hotel Pancava

20 SK Javorniky, Vysoka nad Kysucou, a meadow behind the church 16 0 25 49.37764 18.54758

21 SK Velka Fatra, Ruzomberok, Vlkolinec, a meadow in the valley by the 13 0 0 49.03403 19.27222

village

Table S1. A list of V. cracca populations examined for this study.
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(p+q+nN™4 = 1 hom. : 8 unbal. het. : 6 bal. het. : 12 het. with three all. : 0 het. with four all.

(p +g +r +s)™M = 1 hom. : 12 unbal. het. : 9 bal. het. : 36 het. with three all. : 6 het. with four all.

(p +q +r +s +t +u)™4 = 1 hom. : 20 unbal. het. : 15 bal. het. : 120 het. with three all. : 60 het. with four all.
(p +q +r +s +t +u +v +w)™4 = 1 hom. : 28 unbal. het. : 21 bal. het. : 252 het. with three all. : 210 het. with four all.
(p +q +r +s +t +u +v +w +x)™M = 1 hom. : 32 unbal. het. : 24 bal. het. : 336 het. with three all. : 336 het. with four all.
(p +q +r +s +t +u +Vv +wW +X +y)™4 = 1 hom. : 36 unbal. het. : 27 bal. het. : 432 het. with three all. : 504 het. with four all.

Table S2. Polynomial equations used for calculation of the expected proportion of homozygotes (hom.) and different types of heterozygotes
(unbalanced, balanced, and heterozygotes with three and four distinct alleles) among the tetraploid individuals under Hardy-Weinberg equilibrium.
The number of variables corresponds to the number of alleles (denoted as p, g, r...y) in single loci investigated in our study. The ratio of individual
genotypes assigned to these five genotype categories follows the polynomial equations.
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Population N A S Ho He corr. Ho'
Diploid
6 26 35 0.816 0.462 0.460
7 24 4.2 0.804 0.292 0.426
8 30 4.2 0.836 0.389 0.467
9 22 3.0 0.754 0.348 0.442
10 27 4.2 0.802 0.383 0.444
11 31 35 0.649 0.360 0.347
17 9 2.2 0.536 0.444 0.354
18 14 3.8 0.885 0.417 0.505
19 20 35 0.670 0.333 0.367
20 16 2.7 0.616 0.344 0.369
21 13 3.0 0.700 0.449 0.423
22 28 3.3 0.592 0.327 0.330
23 25 3.2 0.676 0.367 0.403
24 18 2.8 0.687 0.278 0.429
25 20 3.8 0.848 0.417 0.494
mean 215 34 0.725 0.374 0.417
(+SD) (£1.7) (£0.331) (£0.190) (x0.172)
Tetraploid
1 14 3.7 0.891 0.750 0.497 0.462
2 20 2.3 0.466 0.508 0.287 0.329
3 25 3.7 0.756 0.653 0.434 0.385
4 20 4.5 0.880 0.608 0.452 0.360
5 18 35 0.810 0.611 0.466 0.371
9 24 4.7 0.863 0.688 0.450 0.417
12 30 4.8 0.856 0.650 0.430 0.371
13 20 3.8 0.727 0.625 0.397 0.373
14 20 5.0 0.990 0.642 0.491 0.419
15 20 4.2 0.789 0.617 0.420 0.357
16 20 3.8 0.820 0.717 0.458 0.419
17 9 3.2 0.700 0.556 0.405 0.327
18 27 5.0 0.809 0.642 0.424 0.386
20 25 4.2 0.580 0.467 0.299 0.278
24 13 3.2 0.579 0.500 0.323 0.299
mean 20.3 4 0.768 0.616 0.416 0.370
(+SD) (£1.7) (£0.382) (£0.243) (x0.197) (x0.178)
tdf = 28) -2.3259 -0.959 -9.634 0.075
P 0.03 0.35 <0.001 0.94

Table S3. Summary of statistics of genetic diversity and heterozygosity in diploid and tetraploid
populations of V. cracca: the mean number of alleles per locus (A), Shannon’s index of diversity
(S) (Shannon 1948), the observed proportion of (zygotic) heterozygotes (Ho), the expected
proportion of heterozygotes (He) with the correction for population size 2N/(2N - 1), and
observed gametic heterozygosity (Ho"). Differences between diploid and tetraploid means tested

by two sided t-tests with the same variances of samples and df = 28.
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Fig. S1. Banding pattern for A) 6-PGDH, B) AAT I, C) SHDH, D) LAP I, E) LAP IlI, and F)
AAT 1l locus. LAP and SHDH monomeric enzyme systems with one or two bands for diploids
and one to three bands for tetraploids. 6-PGDH and AAT dimeric enzymes with three-banded
phenotype for when two alleles expressed and six-banded phenotype when three alleles
expressed, with heterodimeric bands resolved between the two respective homodimeric bands.
Secondary bands by alleles a-d formed in LAP I; the slower form of the allele a co-migrated
with the faster form of the allele b; the slower b form co-migrated with the faster ¢ form; and
the slower ¢ form co-migrated with the slower d form. Because of the secondary bands, diploids
showed up to four-banded patterns and tetraploids up to five-banded patterns for this locus.
Secondary bands formed also in AAT II; since this enzyme is dimeric, the dimers formed by
subunits of the same allele but each representing a different mobility form were resolved as
extra bands with an intermediate position. As a result, homozygotes showed three-banded
phenotypes. Smudged and faintly expressed bands in AAT I, SHDH, and LAP Il were not scored
as true alleles or secondary bands. These bands were redundant, i. e. expressed as third and fifth
band in diploid and tetraploid individual, respectively, in the case of monomeric enzyme
systems SHDH and LAP. Arrows denote position of faintest poorly visible bands of true alleles
in dimeric enzyme systems 6-PGDH and AAT. Crossed out bands in AAT Il interpreted as
probably interlocus bands.
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Fig. S2. A), B) Microphotographs of V. cracca meiotic chromosome configuration in
diakinesis.
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Chapter 3: Higher seed size and germination rate may favour autotetraploids of Vicia

cracca L. (Fabaceae)

Anezka EliaSova & Zuzana Miinzbergova (2014), Biological Journal of the Linnean Society
113: 57-73.
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ABSTRACT

The phenotypic effect of increased cell size in polyploid angiosperms has been
repeatedly described; the ecological consequences of the gigas effect are, however, relatively
poorly understood. Here, we investigated the effect of cytotype, seed weight, and
interpopulation variation on seedling germination and growth in diploid and autotetraploid
Vicia cracca L. in a common garden experiment. Seeds used in this study originated in the
contact zone of the cytotypes in Central Europe. Tetraploids had heavier seeds than diploids
and greater germination rates irrespective of seed size. Both seed weight and germination rate
displayed high inter-population variation. Further, tetraploids seem to germinate earlier and
deposit fewer reserves into the seed bank than diploids. Mean aboveground biomass and
seedling height were similar in the two cytotypes of V. cracca. Nonetheless, the tallest
tetraploid seedlings were taller than the tallest diploid seedlings, which may be advantageous
under strong competition in dense vegetation. This study thus demonstrates that tetraploids of
V. cracca may have superior competitive ability to diploids in certain habitats. It also suggests

104


mailto:kovarov9@natur.cuni.cz
mailto:zuzmun@natur.cuni.cz

the necessity of studying multiple populations per cytotype when comparing diploids and
polyploids, as the effect of population may be of similar or even higher magnitude than the
effect of cytotype.

ADDITIONAL KEYWORDS: biomass - common garden experiment - dormancy -

germination phenology - gigas effect - growth - height - polyploid - population variation -

seedling
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INTRODUCTION

Polyploidy is one of the most crucial aspects of angiosperm evolution (Van de Peer et
al., 2009; Soltis et al., 2009; Jiao et al., 2011). Allopolyploidy has long been considered to be
more important and frequent in natural populations than autopolyploidy; hence, relatively
little attention has been devoted to autopolyploids yet (Soltis et al., 2007; Parisod,
Holderegger & Brochmann, 2010). However, recent studies showed that polyploidisation per
se (without an effect of inter-specific hybridisation through which allopolyploids arisen) may
be advantageous and lead to very fast (micro) speciation associated with shifts in ecological
niche (Johnson, Husband & Burton, 2003; Raabova, Fischer & Miinzbergova, 2008; Treier et
al., 2009), phenology (Petit et al., 1997; Segraves & Thompson, 1999; Husband & Schemske,
2000; Martin & Husband, 2013), the interactions between plants and herbivores or pollinators
(Segraves & Thompson, 1999; Nuismer & Thompson, 2001; Miinzbergova, 2006; Thompson
& Merg, 2008; Arvanitis et al. 2010), pathogen resistance (Oswald & Nuismer, 2007), and
mating systems (Pannell, Obbard & Buggs, 2004; Rausch & Morgan, 2005; Barringer, 2007;
Willi, 2009; Gao, Liu & Li, 2013).

An instantaneous change caused by genome doubling is, however, cell size increase.
The strong positive correlation between the amount of nuclear DNA and cell length and
volume (the “nucleotypic effect”, Bennett, 1972) was recognised long ago (Miintzing, 1936;
Randolph, 1941), and many studies have corroborated this so-called gigas effect on distinctive
phenotypic traits, such as pollen grain diameter (Van Dijk & Van Delden, 1990; Cohen , Fait
& Tel-Zur, 2013), stomatal cell size (Nesom, 1983; Masterson, 1994; Van Dijk & Van
Delden, 1990; Buggs & Pannell 2007; Cohen et al. 2013), and the general size of organs, such
as stems and leaves (Stebbins, 1971; Levin 1983, 2002; Lumaret, 1988; Ramsey & Schemske,
2002; Mandakova & Miinzbergova, 2008). Noticeable morphological changes caused by
genome doubling were also described in reproductive organs. Polyploids often have larger
flowers, taller inflorescences (Segraves & Thompson, 1999; Husband & Schemske, 2000;
Urwin, Horsnell & Moon, 2007), and heavier seeds than diploids (Maceira, Jacquard &
Lumaret, 1993; Bretagnolle, Thompson & Lumaret, 1995; Hoya et al., 2007; Urwin et al.,
2007). Nonetheless, the trend of phenotypic response to increased ploidy level is not
universally valid and seems to depend on the genetic diversity of the species and to be related
to mechanisms of the origin of the polyploids and the mating system (Kidwell et al., 1994;
Comai, 1995; Riddle, 2006; Riddle & Birchler, 2008, Cohen et al., 2013).
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In spite of the general knowledge that polyploidy plays an important role in plant life,
the ecological consequences of the gigas effect in polyploids are, however, poorly understood.
Increased seed weight in polyploids may provide a higher capacity to germinate (Bretagnolle
et al., 1995; Hoya et al., 2007). Furthermore, large seeds generally produce large seedlings
(Westoby, Leishman & Lord, 1996; Ortega-Olivencia & Devesa, 1997; Moles & Westoby,
2004), which can enhance survival probability and thus increase the fitness of adult plants
(Benard & Toft, 2007). This effect of increased seed weight (size) on seedling biomass may
be even stronger than the effect of ploidy level (Bretagnolle et al., 1995). However, the
advantage of increased seed size was reported to be counterbalanced by a decrease in the
relative seedling growth rate (Shipley & Peters, 1990; Westoby, Jurado & Leishman, 1992;
Swanborough & Westoby, 1996). On the other hand, plants of higher ploidy levels may have
a shorter seedling emergence time and thus may germinate earlier (Bretagnolle et al., 1995;
von Well & Fossey, 1998; Hoya et al., 2007).

It is evident that the gigas effect of genome doubling on phenotypic, ecological and
phenological traits is much more complex than previously thought and may differ from case
to case. Despite the high number of studies on the effects of genome doubling on seed size,
seed germination, and seedling performance, we still lack studies that would attempt to
explicitly separate the effects of seed size from the other effects of genome doubling (but see
Bretagnolle et al., 1995). In addition, while several studies reported that the effects of genome
doubling may differ between genetic lines (e.g., Riddle, 2006 and Riddle & Birchler, 2008),
very few studies attempted to compare the effects of genetic lineage (population) with the
effects of genome doubling.

Here, we report the results of a two-year-long common garden experiment, which was
carried out to test the differences in seedling emergence and performance between diploids
and natural autotetraploids of Vicia cracca originated from populations in the contact zone of
the cytotypes in Central Europe. We evaluated the course and rate of germination and
seedling growth and attempted to elucidate the impact of seed weight variation on these
characteristics. We did so by studying plants from six populations of each cytotype and also
by testing the effect of population; thus, this work is one of the first studies addressing
variation between populations. Moreover, we discuss the effect of different germination
abilities/strategies on the cytotypes’ distribution pattern in Europe (Travnicek et al., 2010) and

also on the invasiveness of tetraploids in North America (http://akweeds.uaa.alaska.edu/,

http://plants.usda.gov/).
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MATERIALS AND METHODS

Study species

Vicia cracca (Fabaceae) is a perennial, polycarpic, self-compatible herb with a mixed
mating system (EliaSova et al., 2013), which is native in Eurasia and inhabits meadows, river
banks, road ditches, and field and forest margins with rather fertile, moist soils (Chrtkova,
1995). Two major cytotypes are known: diploids (2n = 2x = 14) and autotetraploids (2n = 4x
= 28). These two cytotypes form a contact zone with mixed-ploidy populations in Central
Europe. Triploid individuals are rarely observed (2n = 3x = 21) (Travnicek, EliaSova & Suda,
2010; Eliasova et al., 2013). The place and the time when the tetraploids arose are not yet
known. However, we hypothesised the polytopic origin of tetraploids and even the potentially
ongoing local polyploid formation from diploids (EliaSova et al., 2013).

The seeds of V. cracca have impermeable seed coats, which impose a physical
exogenous dormancy (Rolston, 1978); the germination percentage is thus low (Van Assche,
Debucquoy & Rommens, 2003). The dormancy of V. cracca seeds is naturally broken by
mechanical scarification by soil particles (Van Assche et al., 2003). Therefore, we decided to
carry out the experiment in the soil in a common garden rather than in Petri dishes in a growth
chamber. By doing so, we avoided problems with biased results caused by unequal artificial
abrasion of each individual seed by sandpaper. In addition, we obtained information on the
course of germination in conditions that relatively closely resemble conditions the species

experiences in the field.

Common garden experiment

Seeds for the cultivation experiment were collected in August and September 2009 from
five diploid and five tetraploid populations. In addition, we collected seeds of both cytotypes
from one locality where both cytotypes co-occurred (Fig. 1; Table 1). All mature pods at the
time were collected from each mother plant. Distances of at least 5 m were left between
individual mother plants to avoid gathering fruits from different ramets of the same mother
plant. Seeds from six to 12 mother plants per population (58 diploid and 52 tetraploid mother
plants in total) were used for the experiment. The ploidy level of the mother plants was
estimated by flow cytometry according to the method described in Travnicek et al. (2010).
Seeds were stored for one to two months at room temperature in opaque paper bags. Mature
seeds were released from dry pods and mixed, and ten randomly selected seeds per mother

plant were weighed. The weighed seeds were then returned into the bags. Later, 30 seeds per

108



mother plant were randomly selected from each bag and sown in November 2009 in pots with
a volume of 0.8 I. The pots were arranged to make sure that the two cytotypes were fully
intermixed within the flower beds and left during the winter of 2009/2010 in a common
garden under natural scarification by soil particles. A substrate was mixed from garden soil
originating from a private garden in Ostrava where the experiment was conducted, clayish soil
originating from a meadow in Kozlovice - Mérkovice (20 km south of Ostrava; details on
locations are provided in Table 1) and sand in a ratio of 4: 3: 1. Seeds were covered with a 1
cm layer of the substrate and pots were protected from animal consumers by a wire net (1 cm
mesh size).

Plant performance was recorded per mother plant (= per pot). The observation of
seedling emergence and growth was started on 8 April 2010 when seedlings began to emerge.
To assess the phenology of seedling emergence precisely, we frequently recorded the number
of seedlings and their height (in two- to eight-day intervals) when seedling emergence rate
was high (up to 10 June 2010). Due to the high number of seedlings in most pots we decided
neither to mark each individual seedling nor to follow their individual growth over time.
Instead we used these data to calculate the mean and maximum seedling height per mother
plant. On 10 June 2010 all seedlings that had emerged by this date were removed from the
pots, air dried and weighed. Very few seedlings emerged later in the season, so the number of
seedlings was investigated only once per month until 2 September 2010, when seedling
emergence stopped. Neither seedling height nor biomass was measured on seedlings that
emerged after 10 June 2010 and they were only removed from the pots at the end of the
season. Seedling emergence was also recorded from 8 April to 14 October in the second year
(in two-week intervals from April to May, but only once in August and October); seedling
height and biomass was not recorded in the second year. The ploidy level of the emerged
seedlings was checked by flow cytometry and all measured seedlings had the same ploidy
level as the mother plant. Seeds remaining in the pots were counted after two years of
cultivation to determine the number of seeds representing the seed bank. These seeds were
scarified by sandpaper and then left under natural daylight and room temperature conditions

in Petri dishes on moist filter paper to check their capacity to germinate (viability).

Data analysis
Data on seedling emergence were used to calculate the germination rate and median
seedling emergence time (t50) separately for each year; t50 is the time required for 50% of the

final percentage of seedlings to emerge in each year. It means that t50 in the second year is
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related to seeds that survived in the seed bank more than one year. Germination rate in the
first year was determined as a proportion of emerged seedlings from sown seeds using the c-
bind function by linking the number of seedlings that emerged in the first year and seeds that
had not yet germinated. To define germination rate in the second year we linked the number
of seedlings that emerged in the second year and the total number of seedlings that did not
germinate during the two years of the experiment. The seed bank survival was similarly
expressed by linking the number of intact seeds remaining in the soil after two years of the
experiment and the rest of the seeds (the sum of both germinated and decayed seeds). Seed
decay was likewise defined by linking seeds decayed after two years of the experiment and
the rest of the sown seeds (the sum of both germinated and remaining seeds). The viability of
the remaining seeds was assessed by linking the number of seeds that germinated and did not
germinate after artificial scarification. Thus we treated germination rate, seed bank, seed
decay and viability of the remaining seeds in statistical tests as variables with a binomial
distribution, although the results are expressed in the text as percentages. The advantage of
using a binomial distribution for the tests is that it takes into account the specific sample sizes
in each case; the tests are thus not affected by the fact that the sample sizes differ in some
cases. Data on seedling height were used to calculate the mean and maximum seedling
heights per mother plant. Above-ground biomass was averaged per mother plant by dividing
the total biomass by the number of seedlings.

We tested the effect of cytotype and population nested within the cytotype (denoted
simply as a population hereafter in the text) on seed weight, mean and maximum seedling
height, and mean seedling biomass using GLM (Generalised Linear Models) assuming a
Gaussian distribution of the dependent variable. The effect of the predictors on the total
germination rate, seed bank, seed decay and viability of the remaining seeds was tested using
GLM with a binomial distribution of the dependent variable [germination rate ~
cytotype/population, etc.]. The effect of the predictors on the median seedling emergence time
was tested using GLM assuming a gamma distribution of the dependent variable [t50 ~
cytotype/population]. In addition to overall tests, the inter-cytotype difference recorded in the
mixed-ploidy population M1 in seed weight as well as in germination rate in both years was
tested separately using GLM with Gaussian and binomial distributions of the dependent
variables, respectively.

Because the two cytotypes of V. cracca differed in seed weight, we tested the
differences between cytotypes in all characteristics using two different models with and

without seed weight as a covariate. In addition, we tested the interactions between seed
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weight, cytotype and population [germination rate ~ cytotype/population and germination rate
~ seed weight * cytotype + cytotype/population * seed weight, etc.]. The dependence of the
germination rate on seed weight in each cytotype separately was tested using GLM with a
binomial distribution of the dependent variable.

To assess a time course of seedling emergence we tested the effect of predictors and
time (census date) on the number of newly emerged seedlings in both years [number of newly
emerged seedlings ~ census date * cytotype + cytotype/population * census date] using GLM
assuming a Poisson distribution of the dependent variable first. Because we detected a
significant effect of time and cytotype x time interaction on seedling emergence, we also
computed a series of tests of the dependence of seedling emergence on predictors for each
individual census date independently [the number of newly emerged seedlings ~
cytotype/population].  Furthermore, based on data provided by the Czech
Hydrometeorological Institute, we also determined the mean precipitation values and the
minimum and maximum daily temperatures for the time intervals preceding each census date
in the first year of the experiment. We then tested the dependence of the mean number of
newly emerged seedlings in diploids and tetraploids separately on precipitation and minimum
and maximum daily temperatures [mean number of newly emerged seedlings ~ mean
temperature or precipitation]. These analyses were performed using GLM assuming a
Gaussian distribution of the dependent variable.

To detect whether the maximum seedling height based on the last data collection
(10 June 2010) was affected by seedling emergence initiation (SEI) in individual mother
plants, we used a model of max. height ~ date of SEI * cytotype + cytotype/population * date
of SEI. To eliminate this effect on the inter-cytotype difference in the maximum seedling
height during the season, we used this model with the date of SEI as a covariate at each
census date. Further, the dependence of both maximum and mean seedling height on seed
weight in both cytotypes was tested using linear regression. We also determined a coefficient
of variation (CV) for seedling height on the last data collection day for each mother plant and
tested the difference between diploids and tetraploids using a Mann-Whitney nonparametric
test. Statistical data analyses were performed in S-PLUS 2000 (MathSoft 1999).

RESULTS

Population and cytotype means of all characteristics of V. cracca seeds and seedlings
measured in this study are summarised in the online available Suppl. Tab. S1. Table 2
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summarised the results of statistical tests examining the effect of cytotype and population on
these characteristics as well as the effect of seed weight as a covariate.

Tetraploids had significantly heavier seeds than diploids; the weight of ten seeds per
mother plant was 0.120+0.019 g (mean+SD) in diploids and 0.144+0.021 g in tetraploids
(Fig. 2, Table 2). Cytotype, as well as population, accounted for a relatively high percentage
of variability in the seed weight (25.9% and 20.4%, respectively; Table 2). Tetraploid
population T1 showed an extremely low seed weight that was close to that of the diploid
populations (0.121+£0.017 g). When separately testing the inter-cytotype difference in the
mean seed weight between diploids and tetraploids in the only mixed-ploidy population M1,
we found that tetraploid seeds were significantly heavier than those of the diploids
(0.117+0.025 g in diploids and 0.147+0.014 g in tetraploids, P = 0.016).

Tetraploids also showed higher germination rates than diploids (consistently in both
years) (Fig. 3A and B). The mean germination rate was 3.2% in diploids and 10.8% in
tetraploids (per pot of 30 seeds) in the first year (Table 2). In the second year, the difference
was even stronger, with a mean germination rate of 5.8% in diploids and 20.1% in tetraploids
(per pot of remaining seeds, i. e., those that did not germinate in the preceding year) (Table 2).
Both cytotype and population had a strong effect on the germination rate in both years (Table
2); population influenced germination rate in the first year to an even greater extent than did
the cytotype (27.7% and 18.9%, respectively). The higher germination rate in tetraploids in
the first year affected mainly two populations, T1 and T4; other tetraploid populations showed
germination rates similar to those of the diploids (Fig. 3A). The germination rate among
tetraploid populations was more balanced in the second year, with the highest values recorded
in the T3 and T4 populations (Fig. 3B). Tetraploids from population T5 demonstrated
conspicuously low germination rates during both years. When we examined the dependence
of germination rate on cytotype separately in the mixed-ploidy population M1, the inter-
cytotype difference was significant in both years, with mean values in tetraploids higher than
in diploids (P < 0.01 in the first year and P = 0.047 in the second year; for mean values see
Suppl. Tab. S1).

The effect of cytotype on the germination rate was not caused by seed weight. It also
remained significant after using the effect of seed weight as a covariate; the percentage of
variance explained by the cytotype even substantially increased in the model using seed
weight as a covariate in the first year (Table 2). There were also significant seed weight x
population and seed weight x cytotype interactions, indicating that the effect of seed weight

differs between populations and cytotypes in the first year (Table 2). The germination rate
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decreased with increased seed weight in tetraploids (P = 0.037), but not in diploids (P =
0.793) (Fig. 4; Suppl. Tab. S2). However, a negative correlation between the number of
seedlings and seed weight in tetraploids was due to individuals from the T1 population, which
deviated from other tetraploid populations because of extremely low seed weight as
mentioned above. When this population was removed from the analysis, the correlation
became nonsignificant (P = 0.621). Despite the significant effect of seed weight on
germination rate in the second year (Table 2), the correlation between germination rate and
seed weight was nonsignificant in both diploids and tetraploids (P > 0.312 in both cases;
Suppl. Tab. S2).

Seedling emergence was affected by both the census day and the census day x cytotype
interaction (P < 0.001 in both cases; Suppl. Tab. S2) in the first year. Diploids and tetraploids
thus showed different courses of seedling emergence in the first year. Tetraploid seedlings
emerged mainly in two waves in the spring: between days 5 and 16 and days 23 and 36 from
the beginning of seedling emergence, which corresponds to the periods from 12 to 23 April
and from 30 April to 13 May, respectively (Fig. 5). During these two periods and further
between days 51 and 64 (i.e. from 28 May to 10 June), the mean numbers of newly emerged
seedlings in tetraploids were significantly higher than in diploids (P < 0.037 in all census days
within these three periods, Suppl. Tab. S3). Although seedling emergence in diploids started
at the same rate as it did in tetraploids, it decreased soon thereafter, and the low germination
rate persisted during the whole season with the exception of the late summer, when the mean
number of newly emerged seedlings in diploids was significantly higher than in tetraploids (P
= 0.013) (Fig.5). Despite the significant inter-cytotype differences, population affected
seedling emergence during the whole season to a greater extent than did ploidy level; R? for
population reached 18.3% to 41.5%, whereas R? for cytotype ranged from 5.4% to 24.0%
(Suppl. Tab. S3). Seedling emergence for both cytotypes in the first year was independent of
precipitation as well as both minimum and maximum daily temperatures (P > 0.220 in all
cases) (Suppl. Tab. S2). In the second year, the cytotype x date interaction was nonsignificant
(P = 0.609; Suppl. Tab. S2) and seedlings of both cytotypes emerged predominantly in the
beginning of the census period in April (Suppl. Fig. and Tab. S4). Nevertheless, tetraploids
showed significantly higher germination rates than diploids on all but one census day.
However, population had a greater impact on seedling emergence than cytotype; R? ranged
from 5.2% to 23.9% for cytotype and from 15.3% to 29.4% for population (Suppl. Fig. and
Tab. S4).
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On average, tetraploids showed earlier seedling emergence than diploids, but in the first
year, the effect of cytotype was insignificant (Table 2). The median seedling emergence time
(t50) in diploids and tetraploids in the first year was 39+51 days (mean+SD) and 25432 days,
respectively. For seeds that survived in the seed bank more than one year, the t50 was 15+34
days in diploids and 7+9 days in tetraploids. The median seedling emergence time in the first
year depended neither on seed weight nor population (Table 2). The impact of seed weight on
t50 in the second year could not be tested because of missing data (many mother plants had
no emerged seedlings). In the second year, t50 was significantly affected by population and
the effect of population was, in fact, stronger than the effect of cytotype (6.4% and 31.0%,
respectively; Table 2).

The mean above-ground seedling biomass and the mean seedling height averaged per
mother plant were similar in diploids and tetraploids. The mean seedling weight was
0.064+0.043 g in diploids and 0.066+0.037 g in tetraploids and was not affected by seed
weight (Table 2). The mean seedling height at the last data collection (10 June 2010) reached
118+40 mm in diploids and 137+33 mm in tetraploids (Table 2). The mean seedling height
was positively correlated with seed weight in tetraploids (P = 0.025, r = 0.368), but not in
diploids (P = 0.580) (Fig. 6). In contrast to the mean seedling height, the tallest seedlings per
mother plant were significantly taller in tetraploids than in diploids (Table 2); the maximum
height at the last data collection was 131+49 mm in diploids and 160+37 mm in tetraploids.
After using the strong significant effect (P < 0.001, accounting for 29.7% of the variation) of
germination initiation on the maximum seedling height as a covariate, the difference between
cytotypes remained significant (P = 0.029; 7.6%) (Suppl. Tab. S2). This significant inter-
cytotype difference in the maximum seedling height was consistent during the whole season
with the exception of three dates of observation (1, 3 and 16) (Fig. 7). Seed weight did not
affect the maximum seedling height (Table 2); the correlation between the maximum seedling
height and seed weight was insignificant in both cytotypes (P > 0.324 in both cases). The
variability of seedling height was higher in diploid mother plants than in tetraploid ones (Fig.
8). The mean of the coefficients of variance calculated per mother plants was 44.4% in
diploids and 20.3% in tetraploids (P = 0.047).

The proportion of seeds representing the seed bank was significantly higher in diploids
in comparison with tetraploids (Table 2); on average, 61.4% and 47.2% of seeds (per pot of
30 seeds) remained intact after two years in diploids and tetraploids, respectively. Seed
weight did not affect the inter-cytotype difference in the seed bank (Table 2). The proportion

of seeds that decayed was similar in the two cytotypes; on average, 29.8% and 25.3% of seeds
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(per pot of 30 seeds) decayed after two years in diploids and tetraploids, respectively (Table
2). Seeds in the seed bank retained the same capacity to germinate in diploids and tetraploids;
99.3% of the remaining seeds germinated in both cytotypes after artificial scarification (P =
0.99).

DISCUSSION

Seed weight variation

Our study supports the general trend that polyploids have heavier, i.e., larger, seeds than
related diploids (Maceira et al., 1993; Bretagnolle et al., 1995; Hoya et al., 2007; Van Dijk &
Van Delden, 1990; Cohen et al., 2013; Hosseini et al., 2013), although there were quite strong
inter-population differences in V. cracca, as well. Nevertheless, we suppose that the
extremely low mean seed weight in a tetraploid population T1 might be caused by (1)
different environmental conditions in the T1 locality occurring in the Central European
Lowland area, whereas the rest of the studied tetraploid populations are situated in the Outer
Western Carpathians, or (2) a different genetic origin of the T1 tetraploids. This population
was not included in our previous study addressing the genetic variation of the species and a
phylogeographic study is still in progress, so this speculation can not be confirmed at the
moment. Nonetheless, we hypothesise that tetraploids might have arisen several times in
Europe, which could be related to the differences recorded in our study within tetraploids
(Eliasova et al., 2013). When comparing diploids and tetraploids, which probably originated
in situ from diploids (Eliasova et al., 2013) from locality M1, the general trend of tetraploid
seeds being heavier than those of diploids was supported. Wolfe (1995) suggested that
differences in seed weight between diploids and polyploids may be related to the fact that
seeds resulting from outcrossing tend to be larger than seeds resulting from selfing. This
explanation, however, is unlikely in our study, as we previously demonstrated a similar rate of

selfing in diploid and tetraploid populations of V. cracca (Eliasova et al., 2013).

Germination rate

A hard seed coat imposing a physical exogenous dormancy in many members of
Fabaceae (Rolston, 1978) can be softened mechanically (through abrasion or pressure),
chemically (with acid) or physically (by heating, freezing, temperature fluctuation or
radiation) (e.g., Ortega-Olivencia & Devesa, 1997; Can, Celiktas, Hatipoglu & Avci, 2009;
Jacobsen et al., 2010; Ates, 2011). While plenty of artificial softening methods were
described, agents breaking dormancy under natural conditions are only partly understood.

115



Russi, Cocks & Roberts (1992) showed an increase in germination rate of Trifolium spp.
seeds after their passage through the digestive tract of sheep, but they also concluded that
large seeds have a higher probability of being destroyed by mastication than small ones.
Because V. cracca seeds are much larger than the seeds of Trifolium spp. (Van Assche et al.,
2003) we suppose that seeds of V. cracca are destroyed after ingestion by ruminants. Based
on the studies carried out on Trifolium spp. and Melilotus albus Med., it is assumed that in
regions with a temperate climate, physical dormancy is broken due to exposure to low winter
temperatures (summary in Baskin & Baskin, 2001, and Van Assche et al., 2003). However,
Van Assche et al. (2003) showed in a controlled laboratory experiment that intact seeds of V.
cracca germinate independently of temperature regimes. However, in field conditions, they
recorded a significant increase in the germination percentage in the spring after a period of
time when the seeds were buried in the soil. These results together with findings on V. villosa
(Jacobsen et al., 2010) imply that the dormancy of V. cracca seeds is naturally broken due to
mechanical scarification by soil particles. Following this, we carried out the experiment on
germination rate in a common garden under conditions that relatively closely resembled
conditions the species experience in the field.

The germination rate that we recorded for tetraploids is close to the values published for
a two-year-long burial experiment carried out with seeds of V. cracca (13.7% after the first
year and 21.6% after the second year; Van Assche et al., 2003). Although they did not
determine the ploidy level of plants used in the experiment, we can suppose that a Belgian
source population of V. cracca was tetraploid because only tetraploids have been observed in
Western Europe (Travniek et al., 2010). A similar germination rate (13.3%) was also
recorded by Ortega-Olivencia & Devesa (1997) for non-scarified V. cracca seeds from Spain.
Compared to diploids, the germination rate in V. cracca tetraploids recorded in our study was
significantly higher in both years. However, other studies addressing the germination rate in
autopolyploid complexes have provided inconsistent evidence of genome duplication being
beneficial with respect to germination rate. A higher percentage of germination was found in
tetraploids of T. venustum H. Koidz. (Hoya et al., 2007) and D. glomerata L. (Bretagnolle et
al., 1995), but no effect of ploidy level on germination rate was recorded in Chamerion
angustifolium (L.) Holub (Burton & Husband, 2000) or in several Lotus species (Kelman and
Forrester, 1999). In contrast, Cohen et al. (2013) and Hosseini et al. (2013) demonstrated a
significant reduction in germination rate after autopolyploidization.

Not only cytotype, but also population affected the germination rate to a large extent in

both years in V. cracca. However, the inter-population differences were caused mainly by
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seed weight variation. When we eliminated the effect of seed weight, the percentage of
variation in the germination rate explained by cytotype substantially increased in the first
year. Interestingly, we found a significant effect of seed weight x cytotype interaction on
germination rate in the first year. Diploids germinated independently of seed weight, whereas
a negative correlation between the number of emerged seedlings per mother plant and seed
weight was recorded in tetraploids. Nonetheless, this relationship in tetraploids was caused
mainly by individuals from the T1 population deviating from other tetraploid populations with
respect to extremely low seed weight; when they were removed from the analysis, this was no
longer significant. The response of germination rate on seed weight was similar in both
cytotypes and in all populations in the second year. Moreover, the insignificant correlation
between germination rate and seed weight in both cytotypes in the second year implies that
the larger seeds really do not exhibit poorer germination overall. Our results thus support the
suggestion that cytotype has a direct impact on seedling emergence irrespective of seed size,
as has been already shown in the case of D. glomerata (Bretagnolle et al., 1995). Moreover,
as shown in the case of the T1 population, we gave evidence against the general expectations
that larger seeds germinate better (Vera, 1997; Benard & Toft, 2007).

High inter-population differences in germination rates may have been further caused by
some populations being favoured over others by local climate and soil in the common garden.
In fact, Cerna & Miinzbergova (2013) demonstrated that habitat conditions may be more
important determinants of plant performance than plant cytotype. A diminished germination
rate in the D1 and T5 populations might indeed have been caused by a less fertile soil used in
the experiment (pseudogley and cambisol occur in the Ostrava basin and in Kozlovice,
respectively; Weissmannova et al., 2004) compared to the brown soil occurring in the White

Carpathians  (www.bilekarpaty.cz/strazci/img/mapy/pedologie.pdf), where these two

populations originate. Regarding the climate, however, no consistent pattern exists that favour
populations from a given climatic region; populations with both the highest (T3, T4) and the
lowest (D1, T5) germination rates all originate from a cooler climatic region compared to the
location of the common garden (Weissmannova et al., 2004). Moreover, the difference in
germination rate between diploids and tetraploids from the mixed-ploidy population M1 was
significant in both years. Assuming the same climatic and geologic conditions in the M1
locality, we may conclude that the impact of polyploidy on germination rate was not biased
due to environmental conditions.

Nevertheless, the different germination rates demonstrated between the two cytotypes of

V. cracca may be a consequence of different seedling emergence strategies rather than of
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different capacities to germinate. As it is obvious from our results, diploids deposited more
reserves into the seed bank, whereas tetraploids relied more on rapid seedling emergence in
the first two years. This is in line (except for T1 population) with the fact that larger seeds
generally germinate faster and have a lower tendency to create seed banks (Burmeiera et al.,
2010; Skogen, Senack & Holsinger, 2010). Different seedling emergence strategies in the two
cytotypes of V. cracca might be caused by stronger seed dormancy in diploids relative to
tetraploids. No dependence of seed dormancy on ploidy level was recorded in the only study
addressing this relationship within Fabaceae (Castillo & Guenni, 2001). A higher percentage
of dormancy in taxa with higher ploidy levels, which occupy drier areas in Africa, was
published in Digitaria milanjiana (Rendle) Stapf complex (Hacker, 1988). In the case of V.
cracca occurring in Eurasia, however, we do not suppose that seed dormancy is dependent on
precipitation. Seed dormancy in many legumes is caused by the water impermeability of hard
seed coats (Rolston, 1978). Indeed, when we artificially scarified the seed coats of non-
germinated seeds, the germination rate was the same in the two cytotypes of V. cracca. Sung
& Chiu (1995) showed that tetraploid seeds of watermelon (Citrullus vulgaris Schrad., cv.
Phong Sen No. 1) have thicker seed coats than diploid seeds. This difference causes the
disadvantage of polyploid seeds in germination not due to lower water imbibition, but rather
due to the stronger mechanical restriction exerted by the seed coat. Nonetheless, if this is the
case for V. cracca, then the germination rate of tetraploids would be expected to be lower than
in diploids. On the other hand, there might be other aspects of how seed coat properties
influence seed germination in V. cracca cytotypes, such as different tegumentary structures,
which were discovered among closely related Vicia species from sect. Cracca (Hormat & El
Alaoui-Faris, 2004), or inner seed coat anatomy and chemical compounds, as in the case of
Rubus spp. (Wada, Kennedy & Reed, 2011).

Time course of germination

Our results are in accord with the previously published conclusion that V. cracca
seedlings emerge mainly in the spring (Van Assche et al., 2003). Although the inter-cytotype
difference was insignificant in the first year and a high inter-population variation appeared in
the second year, tetraploids overall exhibited a shorter median seedling emergence time than
did diploids. This is in line with faster germination connected with genome duplications
detected in D. glomerata (Bretagnolle et al., 1995), T. venustum (Hoya et al., 2007) and
Swainsona sericea (A. Lee) H. Eichler (Broadhurst et al., 2012). Faster germination in

polyploids may relate to faster seed reserve mobilisation (von Well & Fossey, 1998) or
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increased seed weight (Thompson, 1990). On the contrary, increased seed weight in
polyploids may have an opposite effect on seedling emergence time because autotrophic
seedling growth of larger-seeded species overtakes respiration later than in smaller-seeded
species (Swanborough & Westoby, 1996). Nevertheless, in the case of V. cracca, seed weight
had no direct effect on median seedling emergence time.

The inter-cytotype differences in the course of seedling emergence could have been
influenced also by external conditions, e. g., daily temperatures. Van Assche et al. (2003)
recorded the highest percentage of germinated V. cracca seeds in two incubation regimes with
alternating relatively low temperatures of 20/10°C and 15/6°C. If this is the optimal
temperature range for tetraploid seedling emergence, we could hypothesise that this is the
reason why Northern Europe is occupied solely by tetraploids (Travnicek et al., 2010). Fig. 5
really shows that tetraploid seedling emergence decreased to the same low rate as in diploids
when minimum daily temperatures exceeded 10°C. Nonetheless, the dependence of seedling
emergence of both cytotypes on minimum temperatures was insignificant. Moreover, seedling
emergence in V. cracca significantly depended on the date in the year which is correlated with
a length of a photoperiod. The effects of different temperature and light regimes or other
untested factors on the germination of diploid and tetraploid seeds of V. cracca thus remain to

be examined under controlled conditions.

Seedling growth

It was previously demonstrated that polyploids are generally larger than diploids
(Stebbins, 1971; Levin 1983, 2002; Lumaret, 1988; Burton & Husband, 2000; Ramsey &
Schemske, 2002; Mandakova and Miinzbergova, 2008) and that large seeds produce large
seedlings (Bretagnolle et al., 1995; Westoby et al., 1996; Ortega-Olivencia & Devesa, 1997;
Moles & Westoby, 2004; Benard & Toft, 2007). Our results correspond only partly with these
common trends. First, tetraploid seedlings were significantly taller than diploid ones with
respect to maximum seedling height. This was consistent throughout the entire season, even
after taking the effect of seedling emergence initiation time into account. On the other hand,
the mean values of seedling height averaged per mother plant at the last data collection
(10 June 2010) were similar in the two cytotypes of V. cracca. This discrepancy was caused
by high individual variation in the height of seedlings from diploid mother plants. Some
relatively high seedlings came from a few diploid mother plants, whereas the seedlings of the
others were generally smaller. In contrast, the height of tetraploid seedlings showed a

normally distributed variation. Second, the suggestion that seedling height should be
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positively correlated with seed weight has been demonstrated by our data only in the case of
mean seedling height per mother plants in tetraploids.

Comai (1995) noted that the effect of genome duplication on plant phenotype is highly
influenced by the level of heterozygosity. For example, Kidwell et al. (1994) demonstrated
that biomass production in autopolyploids may be greater than in corresponding diploids due
to the heterosis effect, but on the other hand, inbred autopolyploids may have diminished size
and overall vigour in comparison to inbred diploids due to stronger inbreeding depression
(Riddle, 2006; Riddle & Birchler, 2008). As was mentioned above, we suppose that diploids
and tetraploids of V. cracca experience a similar rate of selfing in natural populations
(Eliasova et al., 2013). Nonetheless, a growing experiment with plants originating from
controlled crosses would clarify the impact of genetic diversity on plant size differences

between V. cracca cytotypes.

Evolutionary significance of inter-cytotype differences in seed and seedling performance

The coexistence of V. cracca cytotypes in the European contact zone depend on several
factors. First, the maintenance of the two cytotypes in the mixed-ploidy populations depends
on the relative frequencies of cytotypes and the rate of inter-cytotype mating. As triploids are
very infrequent (Travnicek et al., 2010), we hypothesise that a strong reproductive barrier
exists between the two cytotypes, which means that inter-cytotype hybrids either do not arise
at all or die very early during ontogenesis. If the immigration of minority cytotype individuals
into the mixed-ploidy populations is impossible, a breeding disadvantage will result in the
exclusion of the minority cytotype in those populations (Levin, 1975). The contact zone will
thus be maintained by a balance between the dispersal rates of the cytotypes and a frequency-
dependent selection against inter-ploidy hybrids. Other factors influencing the coexistence of
the cytotypes are niche differentiation and the relative fitness of each cytotype (Burton and
Husband, 2000). Niche differentiation has not yet been studied in V. cracca. Regarding the
greater maximum seedling height and seed weight, however, V. cracca tetraploids potentially
have a higher fitness than diploids due to a higher competitive ability. As was shown by
Liancourt et al. (2009), plant height and seed mass are the critical traits that positively
correlate with competitive effect and competitive response. The potential competitive
advantage of tetraploids thus may be of great importance, especially in the mesic
Arrhenatherum meadows typically inhabited by V. cracca (Chrtkova, 1995). This is because a
dominant grass species, A. elatius L. is known as a strong competitor (Chytry, 2007). Diploids

may survive there due to periodical mowing, but local management changes might affect the
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community composition and cause the extinction of diploids. This scenario could have
occurred in Southern Bohemia, where we recorded the overall extinction of diploids during
the last 40 years (Travnicek et al., 2010).

Moreover, the ability of V. cracca tetraploids to germinate more rapidly than diploids in
the first years may be a key property that influenced the distribution of cytotypes in Western
and Northern Europe (after the continental ice sheets retreated), where tetraploids have been
recorded almost exclusively (Travnicek et al., 2010), and the invasion of tetraploids into
North America (the history of the introduction of V. cracca into North America is briefly
mentioned in EliaSova et al., 2013). On the other hand, stronger seed dormancy in diploids
and the ability to create persistent seed banks may be advantageous in much drier South-
eastern Europe, which is a main diversity centre for the genus and possibly also its centre of
origin (Van de Wouw et al., 2001).

CONCLUSIONS

Our data correspond with the generally supposed phenomenon that polyploids have
heavier seeds than their diploid relatives. Moreover, tetraploids of V. cracca showed greater
germination rates, which were a direct effect of cytotype irrespective of seed size. Both seed
weight and germination rate displayed high between-population variation, although the effect
of cytotype was stronger in both cases. Diploids retained more seeds in the seed bank and
seem to have stronger seed dormancy than tetraploids. Tetraploid seedlings emerged on
average earlier than diploid seedlings. Mean aboveground biomass and seedling height were
similar in two cytotypes of V. cracca. Nonetheless, the tallest tetraploid seedlings were taller
than the tallest diploid seedlings, which may be of a great significance under strong
competition in dense vegetation. The results suggest that the different germination strategy
and a potentially better competitive ability depicted in this study may be the key reasons for
the prevalence of tetraploids in Western and Northern Europe and also their invasiveness in
North America. More generally, they demonstrate that the better performance of polyploids
may be independent of differences in seed size and that the effect of polyploidy may largely

differ between populations.
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Population N (ploidy) Locality description Latitude (N) Longitude (E)
D1 10 (2x)  Btezova, a meadow approx. 1 km west from the centre of the village 48°55'30.03" 17°43'39.02"
D2 9(2x)  Makov, Vysni Labajovci, a meadow approx. 50 m north from the Hotel Pancava 49° 20' 51.50" 18°30'0.80"
D3 10 (2x)  Puléin, a meadow approx. 0.5 km southeast from the centre of the village 49°13'0.83" 18°5'0.56"
D4 9(2x)  Makov, Trojacka, a wet meadow approx. 300 m northwest from the former customs house 49° 22'43.80" 18° 25' 58.80"
D5 10 (2x)  Rakova, Smereckovci, a meadow approx. 200 m southeast from the settlement 49°27'31.10" 18°43'8.70"
M1 10 (2x)  Vysoka nad Kysucou, a meadow approx. 200 m south from the church 49°22'39.50" 18°32'51.30"
7 (4x)
T1 12 (4x)  Wolborz, a meadow and a field margin by a crossroad to Zarnowica and Mloszoéw 51°29'33.60" 19°50'2.90"
T2 8 (4x)  Pindula saddle, a ditch and a bushy meadow by the road from Frenstat pod Radho§tém to Roznov 49° 30' 0.22" 18°11'13.18"
pod Radhostém
T3 12 (4x)  Velké Karlovice, Uzgran, a meadow approx. 0.5 km west from the Czech-Slovak state border 49°22'55.1" 18°24' 31.5"
T4 6 (4x)  Svréinovec, a meadow approx. 0.5 km east from the centre of the village 49° 28' 54.70" 18°48'10.90"
TS5 7 (4x)  Javornik nad Veli¢kou, Machovéa, a meadow on the southwest edge of the nature reserve Machova 48°49'28.19" 17°31'19.74"
Commongarden Ostrava, Marianské Hory 49° 49' 34.6" 18°14'55.0"
Clayish soil source Kozlovice, Mérkovice, a meadow 49° 36'9.6" 18° 14' 43.6"

Table 1: List of V. cracca populations with the number of studied individuals, locality descriptions and geographical coordinates. D means
diploid, M ploidy-mixed population and T tetraploid population. In addition, the locations of a common garden and source of the soil used in the

experiment are provided.
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Model 1 Model 2
Dferror C PopinC Df error SW C SW*C PopinC SW *PopinC
Seed weight? 98 P <0.001(25.9) P<0.001(20.4) - - - - - -
First year
Germination rate® P < 0.001
98 P <0.001(18.9) P<0.001(27.7) 86 P=0.27 (292) P =0.048 (1.8) P <0.001(17.9) P =0.03(9.5)
t50° 57 P=0.13 P=0.44 56 P=0.75 P =0.07 - P =0.40 -
Mean seedling
) 42 P =0.07 P=0.23 31 P=0.01(117) P=0.27 P=0.48 P=0.13 P=0.17
height?
Max. seedling
) 42 P =0.02 (9.8) P =0.56 31 P=0.16 P =0.058 P =0.58 P=0.43 P=0.51
height?
Mean seedling
) 40 P=0.82 P=0.15 29 P=0.12 P=0.74 P=0.10 P=0.12 P=0.10
biomass?®
Second year
Germination rateP P < 0.001
98 P <0.001(23.2) P<0.001(18.6) 86 P <0.01 (4.8) (18.7) P=0.16 P <0.01(18.1) P =0.33
t50¢ o5 P <0.01 P <0.001
(6.4) (31.0)
Seed bank®? P < 0.001
98 P <0.001 (9.0) P =0.02 (15.7) 86 P=0.73 (135) P =0.80 P =0.051(13.6) P=0.33
Seed decay® 98 P=0.18 P=041 86 P=0.10 P =0.56 P =0.09 P=0.49 P=0.26

Table 2: Results of statistical significance tests examining the effect of cytotype (C, df = 1) and population nested within cytotype (Pop in C, df = 10) on seed weight,
germination rate, median seedling emergence time (t50), mean and maximum seedling height at last data collection, mean seedling biomass, seed bank, and seed decay.
Tested using General Linear Models, a - with Gaussian distribution, b - binomial distribution, ¢ - Gamma distribution. Model 1 is without covariates and Model 2 is with seed
weight (SW) as a covariate. Values in brackets denote the percentage of variance explained. The population and cytotype means of measured characteristics are summarised
in online available Suppl. Tab. S1.
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Fig. 2: Seed weight variation in diploid and tetraploid populations of V. cracca. The effect of

cytotype and population within the cytotype on seed weight was tested using GLM assuming

a Gaussian distribution of the dependent variable. Tetraploids had significantly heavier seeds

than diploids, although population also accounted for relatively high variation.
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Fig. 3: Variation of germination rate recorded in V. cracca diploids and tetraploids in the first
(A) and in the second (B) year of the experiment. Germination expressed as a percentage of
seedlings germinated from 30 seeds sown per mother plant in the first year and in the second
year from remaining seeds, i. e. seeds that did not germinate in the preceding year. The effect
of cytotype and population within the cytotype on the germination rate was tested using GLM
with a binomial distribution of the dependent variable (see methods for details). Tetraploids
showed on average higher germination rates than diploids; however, there was also high inter-

population variation in germination rates.
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Fig. 4: The relationship between germination rate and seed weight in V. cracca diploids and
tetraploids recorded in the first year of the experiment. Germination rate expressed as a
proportion of emerged seedlings to non-germinated seeds; the dependence on seed weight was
tested using GLM with a binomial distribution of the dependent variable (see methods for
details). One tetraploid individual from the T1 population with an outlying value of emerged
seedlings (21 seedlings from 30 seeds) and also an extreme seed weight value (0.0834g) was
omitted from the analysis. Fitted lines were drawn using predicted values of the dependent
variable. The effect of seed weight on seedling emergence differed between cytotypes; the
proportion of emerged seedlings was negatively correlated with seed weight in tetraploids, but
not in diploids. However, after removing the individuals from the T1 population (highlighted
by crosses) which deviated from other tetraploid populations in seed weight, the correlation in

tetraploids became insignificant (P = 0.62).
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number of days from seedling emergence initiation. The effect of cytotype and population
nested within the cytotype on the number of newly emerged seedlings were tested separately
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= 98). Standard deviations and results of the significance tests are listed in the Suppl. Tab. S4.
Minimum and maximum daily temperatures are plotted on the secondary axis. The figure
indicates that tetraploids germinated intermittently and predominantly in the spring, whereas

diploids germinated very sporadically throughout the season.
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Fig. 6: The relationship between seed weight and mean seedling height of V. cracca diploids
and tetraploids recorded per mother plant at the last data collection (10 June 2010). The
dependence of mean seedling height on seed weight was tested using linear regression. The
figure shows that the mean seedling height was positively correlated with seed weight in

tetraploids, but not in diploids.

135



-
co
o

*

_ = 2 x
= -37 4x -
E 160 2 Mean
I T" Mean % 0.95 Conf. Interval .
< 140
@
-
© 120
£
& 100
c
=)
2 80
[@)]
£
g 60
(]
w
€ 40
£
S 20
=S
0

1 3 5 7 9 12 14 16 18 23 29 36 43 51 57 64
Time(days)

Fig. 7: Height of the tallest seedlings per each diploid and tetraploid mother plant of V. cracca
in the course of the season. Diploid and tetraploid means labelled by asterisk are significantly
different in a given time period (P < 0.05) after the elimination of the effect of germination
initiation as a covariate. The effect of cytotype on maximum seedling height was tested using
GLM with a Gaussian distribution of the dependent variable. As shown in this figure,
tetraploids maintained their superiority in maximum seedling height during almost all the

season.
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Mean Max.
Seed weight (g) Germination t50 2010 seedling seedling Mgan seedling Germination  t50 2011 Seed bank Seed decay
rate 2010 (%) (days) height height biomass (g) rate 2011 (%) (days) (%) (%)
(mm) (mm)

Diploids
D1 0.118 (+- 0.010) 3.0 (+4.1) 44 (+- 58) 107 (+-48) 136 (+-72) 0.071 (+- 0.055) 2.0 (+- 3.4) 1(+0) 63.3(+21.2) 31.7 (+-20.7)
D2 0.116 (+- 0.013) 3.0 (+- 2.9) 27 (+- 42) 155 (+-55) 155 (+-55) 0.093 (+- 0.036) 4.6 (+-5.8) 12 (+-13) 57.8(+-21.8) 34.8 (+-22.1)
D3 0.114 (+- 0.009) 7.3 (+- 9.6) 31 (+-53) 107 (+-9) 141 (+-33) 0.064 (+- 0.01) 43 (+-4) 16 (+-13) 56.7 (+- 26.6) 32.0 (+- 22.7)
D4 0.130 (+- 0.023) 3.7 (+- 3.3) 37 (+-51) 114 (+-12) 117 (+-14) 0.031 (+-0.013) 10.5(+-10.5) 11 (+- 6) 55.6 (+- 18.5) 30.7 (+- 16.9)
D5 0.128 (+- 0.020) 1.3 (+- 1.6) 49 (+- 48) 132 (+-21) 132 (+-21) 0.101 (+- 0.005) 7.1(+6.0) 37 (+67) 71.7(+ 13.7) 20.0 (+- 14.4)
M1 0.117 (+- 0.025) 0.7 (+- 1.3) 74 (+-9) 69 (nd) 69 (nd) 0.003 (nd) 6.8 (+- 6.1) 5(+-5) 62.3(+-12.0) 30.3 (+- 9.6)
Mean 0.120 (+- 0.019) 3.2(+5.2) 39 (+-51) 118 (+-40) 131 (+-49) 0.064 (+- 0.043) 58 (+6.8) 15(+ 34) 61.4(+ 20.3) 29.8 (+- 18.9)
Tetraploids
M1  0.147 (+- 0.014) 4.8 (+-3.0) 33 (+-38) 140 (+- 40) 149 (+-43)  0.07 (+- 0.037) 17.3 (+- 13.9) 3 (+-4) 54.3(+-11.9) 24.3 (+6.8)
T1 0.121 (+- 0.017) 21.4 (+-16.9) 28 (+- 27) 119 (+-31) 151 (+-36) 0.046 (+- 0.032) 23.2 (+-18.7) 13 (+-9) 38.9(+-19.8) 23.9 (+-16.1)
T2 0.144 (+- 0.022) 6.3 (+-6.8) 29 (+-29) 153 (+-27) 185(+-30)  0.092 (+- 0.04) 19.0 (+- 17.2) 8 (+-5) 57.1(+-21.2) 19.6 (+- 6.8)
T3 0.158 (+- 0.016) 7.5 (+- 5.8) 10 (+- 11) 136 (+- 31) 151 (+- 36) 0.071 (+- 0.04) 25.6 (+- 15.8) 5 (+-6) 48.6 (+- 19.6) 20.3 (+- 16.7)
T4 0.147 (+- 0.020) 20.0 (+- 14.5) 9(+1) 141(+9) 170(+-19) 0.083 (+-0.024) 29 (+-18.1) 1(+0) 21.7(+17.2) 36.7 (+- 13.9)
T5 0.156 (+- 0.006) 1.9 (+-2.4) 61 (+- 63) 181 (+-6) 204 (+-17) 0.059 (+- 0.013) 1.5(+-25) 17(+-16) 62.4(+-20.1) 34.3 (+-21.5)
Mean 0.144 (+-0.021) 10.8 (+-12.8) 25 (+- 32) 137 (+-33) 160 (+-37) 0.066 (+- 0.037) 20.1 (+-17.7) 7(+9) 47.2(+-22.4) 25.3 (+-16.1)

Supplementary Table S1. Population and cytotype means (£SD) of characteristics describing seed size and seedling germination and performance
recorded per mother plant in diploids and autotetraploids of Vicia cracca. Details on statistical significance tests examining the effect of cytotype
and population nested within cytotype on these characteristics are summarized in Table 2 in the article. Seed weight is displayed as weight of 10
seeds per mother plant. Germination rate in 2010, seed bank and seed decay are presented as a percentage from 30 seeds sown per mother plant.
Germination rate in 2011 was defined as a percentage of emerged seedlings from 30 seeds sown per mother plant without the number of
seedlings that emerged in the first year. Mean and maximal seedling height are provided at last data collection. t50 = median seedling emergence
time; nd = not determined (based on only one seedling)
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Predictors d.f. d.f. error P R2 (%)

Germination rate in 2x 2010 2

Seed weight 1 56 0.793 -
Germination rate in 4x 2010 2

Seed weight 1 49 0.037 8.7
Germination rate in 2x 2011 2

Seed weight 1 56 0.361 -
Germination rate in 4x 2011 2

Seed weight 1 50 0.312 -
Number of newly emerged seedlings 2010 °

Census date 1 2088 <0.001 1.6
Cytotype 1 2087 <0.001 5.9
Date x cytotype 1 2086 <0.001 2.0
Population 10 2076 <0.001 8.5
Date x population 10 2066 0.170 -
Number of newly emerged seedlings 2011 °

Census date 1 768 <0.001 16.2
Cytotype 1 767 <0.001 8.9
Date x cytotype 1 766 0.609 -
Population 10 756 0.009 7.6
Date x population 10 746 0.147 -

Mean number of newly emerged seedlings in 2x ©

Min. daily temperature 1 16 0.216 -
Max. daily temperature 1 16 0.352 -
Precipitation 1 16 0.989 -

Mean number of newly emerged seedlings in 4x ©

Min. daily temperature 1 16 0.220 -
Max. daily temperature 1 16 0.305 -
Precipitation 1 16 0.732 -

Max. seedling height on 10th June 2010 ¢

Seedling emergence initiation (SEI) 1 52 <0.001 29.7
Cytotype 1 51 0.029 7.6
SEI x cytotype 1 50 0.872 -
Population 10 40 0.755 -
SEI x population 8 32 0.800 -

Supplementary Table S2. Results of statistical significance tests examining the effect of
cytotype, population, census date and environmental conditions (min. and max. daily
temperatures and precipitation) on seedling emergence in V. cracca. Dependent variables are
in italics; tested using GLM analyses with a - binomial distribution, b - Poisson distribution, ¢
- Gaussian distribution. Significant values (P < 0.01) are in bold. The R? value represents the
proportion of variance explained by the predictors in comparison to the total data variance.
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Mean number of newly emerged

seedlings (+- SD) Cytotype Population
Day Census date 2X 4x F@, 108) P R2 Fao, 98) P R2
1 8 April 0.19 (+-0.540)  0.212 (+ 0.494) 00740  0.786 - 26998  0.006  27.9
3 10 April 0.069 (+- 0.314) 0.154 (+- 0.496) 2.5403 0.114 - 2.1929 0.024 25.3
5 12 April 0.034 (+- 0.182) 0.115 (+- 0.423) 4.4688 0.037 5.4 2.1202 0.030 25.5
7 14 April 0.052 (+- 0.221) 0.288 (+- 0.599) 14.7689 <0.001 13.2 2.0440 0.037 18.3
9 16 April 0.052 (+- 0.221) 0.269 (+- 0.683) 10.3475 0.002 11.3 2.1625 0.026 23.6
12 19 April 0.052 (+- 0.221) 0.692 (+- 1.624) 30.2770 <0.001 21.0 3.9536 <0.001 27.4
14 21 April 0.017 (+- 0.130) 0.404 (+- 0.883) 47.2938 <0.001 24.0 6.9028 <0.001 35.0
16 23 April 0 0.038 (+- 0.192) 29.3669 <0.001 18.7 5.7482 <0.001 36.6
18 25 April 0.017 (+-0.130)  0.019 (+-0.137)  0.0307  0.861 - 3.4344  0.001 415
23 30 April 0 0.038 (+- 0.192) 18.3543 <0.001 18.7 2.7435 0.005 27.9
29 6 May 0.069 (+-0.253)  0.327 (+-0.699) 155330  <0.001  11.9 34255 0.001 262
36 13 May 0.052 (+-0.221)  0.442 (+-1.420) 19.0602  <0.001 151 3.8878 <0.001  30.8
43 20 May 0.017 (+- 0.130) 0.038 (+- 0.192) 1.7951 0.183 - 3.1338 0.002 37.0
51 28 May 0.017 (+- 0.130) 0.077 (+- 0.266) 6.1793 0.015 7.3 2.1793 0.025 25.9
57 3 June 0 0.019 (+- 0.137) 13.3472 <0.001 15.9 2.6129 0.007 31.2
64 10 June 0.034 (+- 0.182) 0 13.9370 <0.001 16.0 2.3186 0.017 26.6
82 28 June 0.086 (+- 0.337)  0.058 (+- 0.233) 0.6258 0.431 - 2.9553 0.003 32.8
109 25 July 0.034 (+-0.182)  0.058 (+- 0.233) 0.9665 0.328 - 3.4459 0.001 375
148 2 September  0.155 (+- 0.610)  0.038 (+- 0.192) 6.3569 0.013 6.3 3.1718 0.001 31.6

Supplementary Table S3. Mean number of newly emerged seedlings (+-SD) (per pot of 30 seeds) in diploids and tetraploids of V. cracca at each
individual census date in the first year of the experiment (2010) with results of statistical significance tests. The effect of cytotype and population
nested within the cytotype on the number of newly emerged seedlings were tested in each individual census date separately using GLM analyses
with a Poisson distribution of the dependent variable (df error = 98). Significant values (P < 0.037) are in bold. The R? value represents the
proportion of variance explained by the predictors in comparison to the total data variance.
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Mean number of newly emerged ,
seedlings (+- SD) Cytotype Population
Day Census date 2X 4x P R2 (%) P R2 (%)
1 8 April 0.667 (+- 0.963) 2.154 (+- 2.582) < 0.001 184 <0.001 21.6
11 18 April 1.138 (+-1.514) 3.577 (+-3.284) <0.001 209 <0.001 21.9
21 28 April 0.138 (+- 0.345) 0.519 (+- 0.720) < 0.001 13.1 0.044 15.3
33 10 May 0.224 (+- 0.617) 0.365 (+- 0.760) 0.170 - 0.003 25.4
47 24 May 0 0.115 (+-0.375) <0.001 23.9 0.016 20.2
131 6 August 0.069 (+- 0.253) 0.019 (+- 0.137) 0.039 5.2 0.011 29.4
200 14 October 0.121 (+- 0.418) 0.404 (+- 0.815) 0.002 8.2 0.001 25.6

Supplementary Figure and Table S4. Time course of germination of V. cracca diploids and
tetraploids recorded in the second year of the experiment (2011). Means of the number of
newly emerged seedlings per pot of 30 originally sawn seeds are depicted. Time is expressed
on the x axis as a number of days from seedling emergence initiation. The effect of cytotype
and population nested within the cytotype on the number of newly emerged seedlings were
tested at each census date separately using GLM with a Poisson distribution of the dependent
variable (df error = 98). Standard deviations and results of the significance tests are listed in
the table below.
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Chapter 4: Factors influencing distribution and local coexistence of diploids and tetraploids of

Vicia cracca: inferences from a common garden experiment

Anezka EliaSova & Zuzana Miinzbergova (2014), Journal of Plant Research 130: 677—687.

142



Research Paper

Factors influencing distribution and local coexistence of diploids and tetraploids

of Vicia cracca — inferences from a common garden experiment

v c 7w r1.* . r *
Anezka Elidsova"" and Zuzana Miinzbergova' >

"Department of Botany, Faculty of Science, Charles University in Prague, Benatska 2, CZ-128 01
Prague, Czech Republic

Institute of Botany, Academy of Sciences of the Czech Republic, Zamek 1, CZ-252 43 Priihonice,
Czech Republic,

*corresponding author

e-mail: kovarov9@natur.cuni.cz (A.E.), zuzmun@natur.cuni.cz (Z.M.)

Abstract

Vicia cracca diploids and autotetraploids are highly parapatric in Europe; tetraploids reside
in western and northern part, whereas diploids occupy much drier south-eastern part. They meet
together in a Central European contact zone. This distribution pattern raised questions about a
transformative effect of polyploidization on plant performance and environmental tolerances. We
investigated plant survival, growth, and seed production in two water regimes in a common garden
experiment using seeds collected from five localities in the Central European contact zone where
diploids and tetraploids occur in sympatry. Obtained data imply that tetraploids of V. cracca are not
generally superior in performance to diploids. Significantly larger seeds from tetraploid mother
plants collected in the field were not correlated with greater stature of the seedlings. Nonetheless,
tetraploids might have a potential to out-compete diploids in the long run due to the tetraploids’
ability of greater growth which manifested in the second year of cultivation. Considering the
response of diploids and tetraploids to water supply, drought stressed tetraploids but not diploids
produced a higher proportion of aborted seeds than watered ones, which implies that tetraploids are
more drought susceptible than diploids. On the other hand, decreased plant height in drought

stresses tetraploids, which simultaneously increased total seed production, may suggest that
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tetraploids have a greater ability to avoid local extinction under unfavourable conditions by
enhancing biomass allocation into production of seeds at the cost of lower growth. The significant
interaction between ploidy level and locality in several traits suggests possible polyfyletic origin of

tetraploids and the necessity to clarify the history of the tetraploids in Europe.

Keywords drought stress * polyploid * seed production ¢ seed weight ¢ sympatric ¢

vegetative growth
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Introduction

Polyploidy has been recognised as one of the major evolutionary processes in vascular
plants (Jiao et al. 2011; Wood et al. 2009). Early cytogeographic studies (reviewed in Ramsey and
Ramsey 2014) as well as recent works (e.g. Castro et al. 2012; Hanzl et al. 2014; Thompson et al.
2014; Zozomova-Lihova et al. 2015) have revealed that cytotypes often exhibit distinct
geographical ranges, which raised questions about associations between polyploidy and shifts in
environmental tolerances (Manzaneda et al. 2015; Thompson et al. 2014), competitive abilities
(Collins et al. 2011; Maceira et al. 1993), habitats (Johnson et al. 2003), and reproductive barriers
and mating systems (Barringer 2007; Castro et al. 2011; Kennedy et al. 2006; Nuismer and
Cunningham 2005). Different geographical pattern and altered ecology has been considered also in
the context of non-adaptive demographic processes like genetic drift (Leitch and Leitch 2012;
Whitney et al. 2010), founder effect (Hanzl et al. 2014), frequency-dependent establishment and
coexistence of cytotypes (Husband 2000; Levin 1975), multiple origins of polyploids (Segraves et
al. 1999; Soltis and Soltis 1999; Soltis et al. 2010), glaciation (Godsoe et al. 2013; Parisod and
Besnard 2007) and so forth. However, despite an influx of ecological studies since 1980 in
autopolyploid complexes, there is still relatively few common garden experiments addressing
changes in ecological requirements of different cytotypes leading to distinct geographic ranges of
individual cytotypes (Ramsey and Ramsey 2014). For example, Schlaepfer et al. (2010)
demonstrated in their common garden experiment that polyploids may have enhanced colonising
ability, and hence their invasiveness, by greater allocation to vegetative growth by underground
rhizomes or due to their broader ecological niche (e.g. tolerance to calcium). Similarly, Thébault et
al. (2010) reported that invasiveness of polyploids is related to higher competitiveness of tetraploids
over diploids. However, Miinzbergova (2007) revealed no effect of ploidy level on plant
competitive ability in a common garden experiment and Bretagnolle and Thompson (1996)
disproved the hypothesis that increased quantities of nuclear DNA permit faster winter growth in
tetraploids. Out of these, only Bretagnolle and Thompson (1996) and Schlaepfer et al. (2010)
studied performance of different cytotypes in multiple environments.

The intercytotype divergences in both competitiveness and ecophysiology may be direct
consequences of whole genome duplication (WGD) due to the so called “gigas effect” — a suite of
features such as increased cell and organ size, which in general leads to a robust stature of
polyploids (Masterson 1994; Ramsey and Ramsey 2014; Smith 1946). In fact, comparative studies
suggest that polyploids have larger seeds (Cohen et al. 2013; Hosseini et al. 2013; Hoya et al. 2007;
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Urwin et al. 2007) which may provide a capacity to germinate to a greater rate (Bretagnolle et al.
1995; Hoya et al. 2007) and to produce larger seedlings (Moles and Westoby 2004; OrtegaOlivencia
1997; Westoby et al. 1996), and Liancourt et al. (2009) showed that seed mass and plant height are
the critical traits that positively correlate with competitive effect and competitive response,
respectively. The larger stature of polyploids is thus hypothesised to lead to their competitive
superiority, although the results of sporadic studies investigating this relationship are inconsistent:
Miinzbergova (2007) and Thompson et al. (2015) did not confirm this presumption, whereas
Thébault et al. (2010) did. Moreover, other works revealed that polyploidization caused the
enlargement of some parts whilst diminution of others (Cohen et al. 2013; Trojak-Goluch and
Skomra 2013) or that there is a trade-off between cells/organs size and their number (Green et al.
2013; Maherali et al. 2009; Oswald and Nuismer 2011).

The most profound effect of WGD on physiology of polyploids is the enlargement of
stomata and vessel diameter, which results in increased hydraulic conductivity (Maherali et al.
2009). Polyploids thus can increase drought tolerance because they are able to deplete soil moisture
to a greater degree before reaching leaf water potentials causing stomatal closure and wilting
(Maherali et al. 2009). Li et al. (1996) explained improved drought tolerance in polyploids by lower
osmotic potential at saturation than in corresponding diploids. On the other hand, the enlarged
xylem conduit size in polyploids can increase their vulnerability to cavitation (Maherali et al. 2009).
This trade-off between water transport efficiency and safety against hydraulic failure due to
cavitation in polyploids was reported by Hao et al. (2013) suggesting that drought tolerance in
polyploids may be higher as well as lower than in diploids. Polyploids further exhibit thicker leaves
(Laere et al. 2011) or thicker leaf epidermis and are more pubescent (Li et al. 1996, 2009), the traits
that also tend to reduce water loss. However, despite the inconsistent effect of genome duplication
on physiological traits connected with water availability and so influencing the distribution of
cytotypes, there are few experiments addressing drought tolerance in polyploids (Buggs and Pannell
2007; Ramsey 2011). While Buggs and Pannell (2007) reported lower tolerance of polyploids to
drought, Ramsey (2011) reported the opposite.

In this study, we investigated performance and ability to cope with drought stress in diploid
and tetraploid plants of Vicia cracca L. cultivated in a common garden for two years. Vicia cracca
is a perennial, polycarpic, self-compatible herb with mixed mating system (ElidSova et al. 2014),
native in Eurasia. Vicia cracca has leave tendrils enabling their stems to climb on neighbouring
vegetation; otherwise weak stems grow prostrate. Inflorescences are dense pedunculate racemes
comprising of 10-30 flowers with an acropetal maturation. Vicia cracca occupies moist meadows,

pastures, deciduous scrubs, hedgerows, river banks, and disturbed places such as rubble sites,
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wastelands etc. (Chrtkova 1995). Vicia cracca complex comprises two major cytotypes: diploid (2n
= 2x = 14) and tetraploid (2n = 4x = 28). Triploid individuals are rarely observed (Travnicek et al.
2010). Tetraploids are of an autopolyploid origin, but the origin of triploids is yet unclear (ElidSova
et al. 2014; Travnicek et al. 2010). Diploids and tetraploids form a Central European contact zone
with tetraploids being distributed west- and northward from there and diploids occupying the much
drier south-eastern part of Europe (Travnicek et al. 2010). Tetraploids are invasive in North America

(http://akweeds.uaa.alaska.edu/; http://plants.usda.gov/), whereas diploids have not been recorded

there yet (Travnicek et al. 2010). Regarding the extensive spread of tetraploids in North America,
we presumed that tetraploids perform better than diploids. Further, since the distribution of
cytotypes in Europe is highly parapatric (Travnicek et al. 2010) with tetraploids occurring in wetter
and colder north-western Europe, while diploids occur in drier and warmer Pannonian region of
south-eastern Europe, we also hypothesised that cytotypes have a different ecological preference
with diploids being more drought tolerant.

The aim of this study was to assess the effect of polyploidization on V. cracca performance
in dependence on different water supply. Focusing primarily on fitness related traits that might
influence local coexistence of cytotypes such as growth and seed production we attempted to reveal
if a single cytotype has a potential to outcompete the other. Specifically, we asked the following
questions: 1) What is the effect of seed size on plant performance? 2) What are the differences in
performance between sympatric diploids and tetraploids and between populations when cultivated
in a common garden? 3) What is the effect of water availability on plant performance and how does
it differ between cytotypes? To guarantee the same climatic and geological conditions of origin for
both cytotypes at least on the macro scale, we collected seeds used in this experiment from five
localities where diploids and tetraploids occur in sympatry in the Central European contact zone. By
using each cytotype from multiple mixed ploidy populations, it was also possible to test the effect
of locality of origin, possibly representing different genotypes of V. cracca or different locally

adapted types on the results and assess generality of the patterns observed.

Materials and methods

Common garden experiment and data collection

Seeds of V. cracca for the cultivation experiment were collected in autumn 2009 from five
localities in the Central European contact zone where diploids and tetraploids occur in sympatry.
Locality descriptions and geographical coordinates of source populations as well as the location of

the used common garden situated in Ostrava (cca 50 km from the contact zone) are provided in
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Electronic Supplementary Material 1. Ploidy level of the mother plants was estimated by flow
cytometry according to the method described in Travnic¢ek et al. (2010). Seeds from ten mother
plants per cytotype and locality were used in this experiment, with the exceptions of only four
mother plants in the case of tetraploids in M2 and diploids in M4 and nine mother plants in the case
of tetraploids in M3 locality. Ten seeds per mother plant were weighed and then scarified with sand
paper, put into Petri dishes with moist filter paper and left for a few days under room temperature to
swell up. Pots of volume 4 L filled by very thoroughly mixed garden soil originating from a private
garden, where pseudogley occurs naturally (Weissmannova et al. 2004), were used for cultivation.
Vicia cracca does not have any specific preferences for soil type (Chrtkova 1995) and pseudogley is
one of the soil types where the species occurs frequently. This soil type is also common in the
region from which the seeds originated. Because V. cracca is a climbing herb, three seedlings of
Arrhenatherum elatius L. had been grown in advance as a supporting plant in each pot (4. elatius is
a common grass species accompanying V. cracca on meadows). In May 2010 five swollen seeds
were sown to each of the two pots, so we obtained two replicates per each mother plant by this
method. Pots were arranged in the garden into two identical standard Latin squares with each
mother plant represented in each square (block). Experimental design thus was 2 blocks x 5
localities % 2 cytotypes x 10 mothers = 200 pots with one plant per pot. The blocks were arranged
side by side. Each block represented one treatment (watered/non-watered). Apart from watering,
there was no other known environmental variation among blocks. One block of pots was watered
daily with each pot receiving one litre of water except rainy days when natural rainfall exceeded 10
mm/m?, then these pots were left without any additional watering to not overflow the plants. The
second block was left without watering except for natural rainfall and several periods of long lasting
drought in the first year, when this block was also watered by one litre per pot to prevent mass
seedling extinction in both cytotypes. Based on data on local natural rainfall provided by the Czech
Hydrometeorological Institute from a climatological station 6.4 km away from the common garden,
watered plants received in total (natural rainfall + artificial watering) approximately 2.5 times more
water than the non-watered plants. Watering was performed from May to October in 2010 and from
April to September in 2011. Gaps in the Latin squares arisen due to the number of mother plants
less than ten in three cytotype/population combinations were filled by pots with A. elatius. After
two weeks of cultivation, only the largest seedling from five germinated seeds was measured
(seedling height) and left in each pot; the other established seedlings were removed. Plant survival,
height (length of the longest stem), and the number of branches (stems) were recorded at the end of
the first year (in October 2010). Because aboveground shoots of V. cracca are dying naturally

during winter and new shoots are produced next spring, plants of both V. cracca and A. elatius were
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cut above the stem base in October 2010 and air-dried biomass of both species was weighed
separately. Mature pods have been collected continuously during the second year to prevent seed
release. Plant survival, plant height, the number of stems, air-dried aboveground biomass, and pod
and seed production (the total number of seeds including aborted seeds and the proportion of
aborted seeds from the total number) were recorded at the end of the second year (the turn of
September/October 2011). Dried-up embryos and tiny flat and wrinkled seeds were treated as

aborted seeds whereas full rounded seeds were regarded as fully developed.

Data analyses

First, we tested the effect of ploidy level, locality, and their interaction on weight of seeds
collected in the field. Then we tested the effect of year, ploidy level, watering, locality, and their
interactions on characteristics describing plant performance of the plants in cultivation. The effect
of the predictors was tested using generalised linear models (GLM) in S-PLUS 2000 (MathSoft
1999) assuming 1) Gaussian distribution in the case of seed weight, seedling and plant height as
dependent variables, 2) Gamma distribution in the case of biomass production (of both V. cracca
and A. elatius), 3) Poisson distribution in the case of the number of stems and the overall number of
pods and seeds as dependent variables, and 4) binomial distribution in the case of individual plant
survival as a dependent variable with 1) identity, 2) inverse, 3) log, and 4) logit link functions,
respectively. To test the effect of ploidy level, watering, locality and their interactions on the
proportion of aborted seeds using GLM with the binomial distribution of the dependent variable, we
first linked the number of well-developed seeds to the number of aborted seeds. The number of
pods was found to be correlated with the number of seeds (r > 0.97, P < 0.001) and the test with the
number of pods thus has been omitted.

The effect of ploidy level, watering, locality and their interactions on plant performance in
2010 (seedling and plant height, the number of stems, biomass production, and plant survival) was
tested also including seed weight as an additional predictor into the model. Furthermore, we
checked the effect of predictors on biomass production in 2010 including 4. elatius biomass into the
model. We also incorporated young seedling height instead of seed weight into the model
examining the dependence of plant survival on predictors. Statistical data analyses were performed

in S-PLUS 2000 (MathSoft 1999) and STATISTICA 7 (StatSoft, Inc. 2004).
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Results

Mean values of all recorded characteristics calculated per locality and cytotype are summed
in Electronic Supplementary Material 2. Cytotype means averaged per subgroups of watered and
non-watered plants are provided in Electronic Supplementary Material 3 for characteristics, which
were significantly affected by the watering treatment or by the interaction between ploidy level and
watering treatment.

Generalized linear model with Gaussian distribution exploring differences in seed weight
between cytotypes indicated that tetraploid seeds collected in the wild were significantly heavier
than diploid seeds (Table 1; Fig. 1; Electronic Supplementary Material 2). Interestingly, diploid
seeds also showed higher variation in seed weight than tetraploids (Fig. 1). Seed weight also
differed between source localities (Table 1), but there was no interaction between ploidy level and
locality in seed weight (Table 1).

When cultivated, seed weight affected seedling height (Table 2) which subsequently affected
plant survival (Table 2). There was also a significant effect of year and seedling height x ploidy
level interaction on plant survival. Fig. 2 displays that surviving diploids were at the beginning of
the first year taller than the dead ones, whereas there was no size difference between dead and
surviving tetraploids and further that survived diploids and tetraploids were similarly high. Seed
weight did not affect any other trait; results of other tests with seed weight are thus not shown.

Watering significantly affected plant performance (Table 2). Specifically, the watered plants
of both cytotypes flourished expectedly better than the non-watered plants (Electronic
Supplementary Material 3) with few exceptions. Seed production (both total number and proportion
of aborted seeds) and plant height were significantly affected by the interaction between watering
and ploidy level, which means that cytotypes responded to watering differently (Table 2). These
cases are described in detail in the next paragraph. Apart from watering, cultivated diploids and
tetraploids differed significantly in plant height and the number of stems, although plant
performance was highly affected by the year and in the case of plant height also by the year x
ploidy level interaction (Table 2). In the first year of cultivation, diploids had more stems than
tetraploids (Fig. 3), but did not differ from tetraploids in stem height (Fig. 4c). However, tetraploids
were higher than diploids in the second year (Fig. 4d). The amount of aboveground biomass did not
differ between cytotypes (Table 2). Neither 4. elatius biomass itself (P = 0.127) nor its interaction
with ploidy level (P = 0.590) affected biomass production in V. cracca. Results thus were not
affected by cultivation of V. cracca in pots together with A. elatius.

Plants of both cytotypes did not flower in the first year. In the second year diploids and

150



tetraploids produced a similar total number of seeds (including aborted seeds) (Table 2; Fig. 4a).
Nevertheless, diploid pods comprised a significantly higher proportion of aborted seeds in
comparison to tetraploids (Table 2; Fig. 4b; Electronic Supplementary Material 2). Interestingly,
fecundity was significantly influenced by ploidy level x watering interaction (Table 2). Non-
watered tetraploids produced more seeds than the watered tetraploids although there was also a
higher proportion of aborted seeds in non-watered tetraploids than in the watered tetraploids (Fig.
4a, b). By contrast, diploids did not show a different response of total seed production to watering.
However, the proportion of aborted seeds differed between the two treatments - watered diploids
showed higher rate of aborted seeds than the non-watered (Fig. 4b). Moreover, there was also
significant interactive effect of ploidy level and watering on plant height (Table 2). Watered
tetraploids were in both years taller than the non-watered tetraploids (Fig. 4c, d). The non-watered
and watered diploids were of the same height in the second year.

Plant survival and seed production were further affected by the interaction between ploidy
level and locality (Table 2). M2 and M3 tetraploids survived better than diploids from these
localities (Electronic Supplementary Material 2). However, diploids produced more seeds than

tetraploids in M2, M3, and M5 localities (Electronic Supplementary Material 2).

Discussion

Performance of V. cracca diploids and tetraploids and effects of seed weight

Seeds of tetraploid V. cracca mother plants, which we collected in the field, were
significantly heavier than those of diploid mothers (Fig. 1). This observation corresponds with a
trend often described in other polyploid complexes (e.g. Cohen et al. 2013; Hosseini et al. 2013;
Hoya et al. 2007; Urwin et al. 2007) and also in V. cracca in our previous study (ElidSova and
Miinzbergova 2014). The significant effect of locality on seed weight in V. cracca confirmed the
assumed influence of local environment on seed weight. Nevertheless, the interaction between
ploidy level and locality was nonsignificant, which means that the above described pattern of
tetraploid seeds being heavier than diploid seeds is valid across all environments from which the
seeds came from.

However, contrary to the known positive effect of seed mass on seedling performance
(Benard and Toft 2007; Hendrix et al. 1991) and our previous finding that seed weight is positively
correlated with seedling height in tetraploid V. cracca (ElidSova and Miinzbergova 2014), the

difference in seed weight did not cause better performance of V. cracca tetraploids in our cultivation
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experiment. This outcome corroborated the suggestion of Bretagnolle et al. (1995) that there is a
complex interdependence of seed size and ploidy level on seedling growth but is not a simple
consequence of differences in seed size between diploids and their related tetraploids.

We only recorded the positive effect of seed weight on plant survival in diploids indirectly
through the effect of young seedling height (significant interactive effect of seedling height and
ploidy level on plant survival, Table 2; Fig. 2). However, the increased height of diploid seedlings
originating from larger seeds, does not represent any potential competitive advantage for diploids
since survived diploids and tetraploids were similarly high. Moreover, the significant effect of
seedling height x ploidy level interaction on plant survival might have been caused by differences
in seed weight variation between cytotypes (Fig. 1). While in tetraploids most seeds are large, small
as well as large seeds were found in diploids. The small diploid seeds then result in seedlings that
die early after germination, whereas seedlings emerging from diploids’ largest seeds are tall enough
to survive. In tetraploids seedling mortality is independent of seed weight.

In the first year, diploids were unexpectedly superior to tetraploids measured as number of
stems (Fig. 3). Nevertheless, the same value of the total aboveground biomass as well as plant
height in diploids and tetraploids (Fig. 4c) implies that the higher number of stems recorded in
diploids must have been somehow compensated, e.g. by smaller or thinner leaves. Such trade-off is
frequently seen in studies documenting the impact of higher ploidy level on plant morphology
(Green et al. 2013; Levin 2002; Maherali et al. 2009). For instance, Green et al. (2013) recorded in
a garden experiment that diploid Hedera helix L. was characterized by more branched but thinner
stems and by more numerous but smaller leaves compared to tetraploid H. hibernica (G.Kirchn.)
Bean.

Tetraploids of V. cracca were not significantly higher than diploids until the second year.
Schlaepfer et al. (2010) obtained a similar result for cultivated Solidago gigantea Aiton diploids and
tetraploids. Our experimental data thus did not confirmed the intrinsic gigas effect of genome
duplication (e.g. Buggs and Pannell 2007; Levin 2002; Manddkovd and Miinzbergova 2008;
Masterson 1994; Ramsey and Schemske 2002; Segraves and Thompson 1999; Stebbins 1971; Van
Dijk and Van Delden 1990). However, the evidence that tetraploids were able to grow in the second
year faster than diploids is consistent with other works which demonstrated that polyploids perform
better for traits associated with long-term persistence such as a production of accessory rosettes or
vigorous root system (Collins et al. 2011; Schlaepfer et al. 2010).

Considering the same plant height as well as aboveground biomass in the two cytotypes and
even lower number of stems in tetraploids in the first year of cultivation, we may infer that

tetraploids of V. cracca do not perform generally better than diploids. Similar results contrasting
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with the prevailing trend in polyploids have been reported in sympatric cytotypes of Agrostis
stolonifera L. (Kik et al. 1993) and cultivated diploids and tetraploids of Centaurea stoebe L.
(Collins et al. 2011), while other studies detected no differences in performance of different
cytotypes (Miinzbergova 2007; Richardson and Hanks 2011). However, the underlying concern of
the vast majority of comparative studies between diploids and polyploids (including our survey) is
that they have been carried out on established polyploids. As has been mentioned by Ramsey and
Ramsey (2014), these results may be confounded due to impossibility to tease apart the immediate
effect of genome duplication and consequences of long-lasting processes that appear after polyploid
establishment such as e.g. natural selection or reinforcement. Moreover, not only environmentally
induced responses of phenotype but also phylogenetic constraint can be operating at

microevolutionary (i.e. population) scale (Balao et al. 2011).

Response of the two cytotypes of V. cracca to watering

Plant survival as well as number of stems and biomass production were positively affected
by watering in the same way in the two cytotypes (i.e. there was no interaction between cytotype
and watering). Nevertheless, there was a significant interaction between ploidy level and watering
for plant height and seed production (both total number and proportion of aborted seeds) (Table 2).
Specifically, limited water supply lead to increased proportion of aborted seeds in tetraploids (Fig.
4b), while no such pattern was observed in diploids, which implies that tetraploids are more drought
perceptive than diploids. This is in line with cytotypes' distribution in Europe, where diploids
occupy primarily drier Pannonian region of south-eastern Europe whereas tetraploids inhabit the
western and northern part of Europe (Travnicek et al. 2010). Similar patterns, when diploids are
more drought tolerant than hexaploids and displacing hexaploids in southern Europe, was recorded
in Mercurialis annua L. (Buggs and Pannell 2007).

Lower plant height in non-watered tetraploids than in watered tetraploids (Fig. 4d) may
further suggest that the non-watered tetraploids of V. cracca enhanced resource allocation into the
seeds at the cost of lower vegetative growth. This trade-off is well known (e.g. Abrahamson 1980;
Jongejans et al. 2006; van Kleunen et al. 2002). Increased allocation to vegetative growth
specifically with increased soil moisture is distinctive for perennials, which propagate vegetatively
underground (Abrahamson 1980). Vicia cracca also propagates by underground rhizomes
(Klebesadel 1980), although we actually did not measure belowground biomass. Both Schlaepfer et
al. (2010) and Collins et al. (2011) recorded greater production of belowground biomass in
tetraploids of C. stoebe and S. gigantea, respectively. The vegetative propagation is beneficial in

suitable environments and facilitate plants to increase their competitiveness, while reproduction
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through seeds may allow them to escape from poor environmental conditions or survive the
temporarily unfavourable conditions in the seed bank (Abrahamson 1980; Gardner and Mangel
1999; Till-Bottraud et al. 1990). Switching between sexual reproduction and vegetative growth thus
enables plants to respond plastically to different environmental conditions (Humphrey and Pyke

1998; Ogden 1974; van Kleunen et al. 2002).

Inter-population variation in the contact zone

Our study has also shown that some differences between diploids and tetraploids are
population specific. This can be seen from the significant effect of interaction between ploidy level
and locality on plant survival and seed production (both total number and proportion of aborted
seeds) (Table 2). There may be several non-mutually exclusive explanations for this pattern.

First, different performance of individual populations within cytotypes might have been
caused by maternal effects (Galloway 1995; Roach and Wulff 1987). Alternatively, they may be
caused by local adaptation of plants to different environmental conditions in the source localities
(e.g. Hereford and Winn 2008; Kalske et al. 2012; Raabova et al. 2008, 2011; Smith et al. 2012).
However, we expect that diploids and tetraploids of V. cracca occupy given locality for a similar
period of time or that tetraploid originated in situ on the studied localities. If this was the case, the
responses of sympatric diploids and tetraploids to the conditions in a common garden should be
similar. Significantly different responses of sympatric diploids and tetraploids thus might indicate
distinct microhabitats of V. cracca cytotypes within localities. Such spatial segregation has been
reported in several autopolyploid complexes (Felber-Girard et al. 1996; Richardson and Hanks 2011;
Stahlberg 2007). Unfortunately, we do not have any data on microhabitat segregation of the plants
from our system.

The differences in plant performance within cytotypes of V. cracca may also be related to
the possibility that the different studied populations belong to several genetic lineages within both
diploids and tetraploids and the performance is largely different between these lineages. Our
unpublished genetic data, however, do not support this possibility.

To conclude, this experiment showed that polyploids' superiority may not be as general as
theoretically expected. Moreover, our results suggest that the effect of polyploidization on plant
performance is highly complex and varies between populations. The patterns of species
performance should thus be explored within a phylogenetic context, which is a goal for our future

study.
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P Loc P x Loc

F 81.734 3.258  0.489
P <0.001 0013  0.744
R2(%) 32 5

Table 1 Effects of ploidy level (P, df = 1), locality (Loc, df = 4) and their interaction on seed weight
in V. cracca (seeds originated from the field). The effect of predictors was analysed using GLM

assuming Gaussian distribution of a dependent variable. DF error = 158
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SW SH Y P W Loc YXP YXW PxW YxLoc PxLoc WxLoc SHxP YxPxLoc YxWxLoc P xW x Loc

Plant survival?

F - 4.676 6.794 1.903 136.902 5.347 2132 0.538 0.029 0.865 3.293 2.565 8.738 2.933 - -
P - 0.031 0.010 0.169 <0.001 <0.001 0.145 0.464 0.864 0.485 0.012 0.039 0.003 0.021 - -
R? - 1 1 - 25 4 - - - - 2 2 2 2 - -
Plant height?

F - - 1060.618 5.596 13.473  3.708 4135 0.568 3.932 2.196 1.056 3.344 - - 3.382 -
P - - <0.001 0.019 <0.001 0.006 0.043 0.452 0.049 0.070 0.379 0.011 - - 0.010 -
R? - - 7 0 1 1 0 - 0 - - 1 - - 1 -
Number of stems®

F - - 348.848  6.948 19.820 2.127 0.103 0.977 0.001 0.041 0.979 1.546 - - - -
P - - <0.001 0.009 <0.001 0.078 0.749 0.324 0.975 0.997 0.420 0.190 - - - -
R?(%) - - 57 1 3 - - - - - - - - - - -
Aboveground biomass®

F - - 678.704  2.018 4171 1.084 0.668 6.457 0.029 2.271 1.264 1.647 - 4.445 - -
P - - <0.001 0.157 0.042 0.365 0.415 0.012 0.864 0.063 0.285 0.164 - 0.002 - -
R?(%) - - 66 - 0 - - 1 - - - - - 2 - -
Seedling height?

F 4.337 - - 2.859 3.849 7.473 - - 3.535 - 2.394 1.012 0.109 - - -
P 0.039 - - 0.093 0.052 <0.001 - - 0.062 - 0.054 0.404 0.742 - - -
R?(%) 2 - - - - 15 - - - - - - - - - -
Total number of seeds®

F - - - 1.137 0.913 0.512 - - 5.695 - 3.096 0.304 - - - -
P - - - 0.290 0.343 0.727 - - 0.020 - 0.021 0.875 - - - -
R2(%) - - - - - - - - 6 - 13 - - - - -
Proportion of aborted seeds?

Dev. - - - 269.07 0.425 36.492 - - 45.674 - 78.476  67.36 - - - 75.599
P - - - <0.001 0.515 <0.001 - - <0.001 - <0.001 <0.001 - - - <0.001
R?(%) - - - 23 - 3 - - 4 - 7 6 - - - 6
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Table 2 (Previous page). Effects of seed weight (SW), seedling height (SH), year (Y, df = 1), ploidy level (P, df = 1), watering (W, df = 1),
locality (Loc, df = 4) and their interactions on performance of V. cracca plants in a two years long cultivation experiment. Each characteristic was
analysed using GLM assuming a - Gaussian distribution, b - gamma distribution, ¢ - Poisson distribution, and d - binomial distribution of a
dependent variable. DF error in the case of plant survival, plant height, number of stems, aboveground biomass, seedling height, plant survival in
the first year, total number of seeds, and proportion of aborted seeds = 284, 224, 222, 222, 137, 142, 72, and 53, respectively. Three-factor and

four-factor interactions are displayed only if they significantly affect at least one responsive variable
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the season on plant survival in the first year. Means with standard error bars are presented
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treatment (N = non-watered plants, W = watered plants). Means with standard error bars are

presented
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N
Population 2x  4x Locality description Latitude (N)  Longitude (E)
M1 10 10 Makov, Trojacka, a wet meadow 49°22'43.80" 18°25'58.80"
approx. 300 m northwest from the
former customs house
M2 10 4 Rakova, Smereckovci, a meadow 49°27'31.10" 18°43'8.70"
approx. 200 m southeast from the
settlement
M3 10 9 Vysoka nad Kysucou, a meadow 49°22'39.50" 18°32'51.30"
approx. 200 m south from the church
M4 4 10 Svrc¢inovec, a meadow approx. 0.5 km 49° 28'54.70" 18°48' 10.90"
east from the centre of the village
M5 10 10 Javornik nad Velickou, Machova, a 48°49'28.19" 17°31'19.74"
meadow on the southwest edge of the
nature reserve Machova
Common Ostrava, Marianské Hory 49°49'34.6"  18°14'55.0"
garden

Table S1. List of V. cracca populations with the number of mother plants, which seeds used in the
common garden experiment descended from. Locality descriptions and geographical coordinates of
source populations as well as the location of the common garden used in the experiment are
provided.
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2010 Seed weight (g) Seedling height (mm) Plant height (mm)
Pop. 2X 4x 2Xx 4x 2X 4x
M1 0.128 (0.026) 0.153 (0.014) 39 (6) 31 (8) 484 (114) 384 (120)
M2 0.123 (0.018) 0.159 (0.007) 26 (8) 29 (7) 333 (121) 472 (89)
M3 0.117 (0.025) 0.144 (0.014) 22 (7) 27 (11) 371 (118) 450 (163)
M4 0.136 (0.010) 0.158 (0.017) 22 (7) 24 (11) 307 (110) 393 (117)
M5 0.133 (0.021) 0.155 (0.016) 32 (13) 33 (14) 394 (146) 377 (121)
Mean  0.126 (0.023) 0.153 (0.016) 29 (11) 29 (11) 392 (138) 408 (132)
2010 Nr. of stems Dry biomass (g) Plant survival (%)
Pop. 2X 4x 2Xx 4x 2X 4x
M1 20 (9) 9 (5) 0.896 (0.615) 0.450 (0.411) 0.95 (0.22) 0.85 (0.36)
M2 14 (10) 15 (6) 0.439 (0.456) 0.777 (0.483) 0.70 (0.46) 0.88 (0.33)
M3 15 (5) 14 (10) 0.422 (0.300) 0.737 (0.833) 0.70 (0.46) 0.83 (0.37)
M4 11 (6) 12 (6) 0.282 (0.184) 0.454 (0.392) 1.00 (0.00) 0.80 (0.40)
M5 14 (7) 6 (3) 0.528 (0.597) 0.256 (0.181) 0.79 (0.41) 0.74 (0.44)
Mean 15 (8) 11 (7) 0.565 (0.540) 0.506 (0.538) 0.80 (0.40) 0.81 (0.39)
20M Plant height (mm) Dry biomass (g) Nr. of stems
Pop. 2x 4x 2x 4x 2X 4x
M1 1343 (292) 1434 (285) 11.589 (7.700) 17.994 (15.708) 148 (120) 122 (97)
M2 1253 (311) 1382 (247) 10.808 (10.013) 7.593 (5.092) 128 (103) 73 (65)
M3 1458 (216) 1550 (295) 11.913 (7.530) 14.724 (7.612) 139 (76) 124 (74)
M4 1056 (319) 1272 (461) 5.402 (3.815) 12.902 (12.586) 108 (70) 102 (83)
M5 1286 (355) 1589 (406) 10.836 (11.994) 9.895 (8.071) 119 (113) 73 (51)
Mean 1307 (320) 1438 (381) 10.712 (9.228) 13.416 (11.703) 132 (105) 104 (81)
201 Aborted seeds proportion (%) Nr. of pods Nr. of seeds
Pop. 2x 4x 2x 4x 2X 4x
M1 49 (8) 39 (14) 59 (70) 78 (96) 223 (276) 232 (288)
M2 62 (9) 37 (10) 127 (122) 44 (31) 508 (485) 126 (91)
M3 51 (8) 34 (13) 84 (67) 70 (75) 320 (236) 237 (305)
M4 54 (0) 38 (4) 5(8) 99 (77) 18 (31) 296 (248)
M5 61 (16) 47 (5) 71 (85) 22 (21) 278 (352) 71 (67)
Mean 55 (12) 38 (11) 73 (85) 71(78) 282 (338) 219 (264)



Table S2. (Continued from previous page) Population means (= SD) of weight of seeds collected in sifu and characteristics describing plant
growth and seed production of Vicia cracca diploids and tetraploids cultivated in two subsequent years in a common garden. “Seedling
height” was measured at the beginning of the first season, whereas “plant height” was recorded at the end of each season.

Plant survival (%) 2010 Plant height (mm) 2011 Nr. of stems 2011
2x 4x Mean 2x 4x Mean 2x 4x Mean
N 0.63 (0.49) 0.62 (0.49) 0.62 (0.49) 1284 (426) 1280 (474) 1282 (445) 94 (106) 72 (82) 83 (94)
w 0.98 (0.15) 1.00 (0.00) 0.99 (0.11) 1320 (253) 1523 (299) 1423 (294) 154 (100) 121 (77) 137 (90)
Mean 0.80 (0.40) 0.81 (0.39) 0.81 (0.39) 1307 (322) 1438 (384) 1373 (359) 132 (106) 104 (82) 117 (95)

Aboveground biomass (g) 2011

Total nr. of seeds Aborted seeds proportion (%)
2x 4x Mean 2X 4x Mean 2X 4x Mean
N 9.1 (10.2) 10.3 (12.2) 9.7 (11.1) 206 (266) 459 (374) 312 (332) 48 (7) 46 (6) 47 (6)
w 11.6 (8.8) 15.0 (11.4) 13.4 (10.3) 305 (361) 163 (204) 237 (303) 57 (12) 36 (12) 45 (16)
Mean 10.7 (9.3) 13.4 (11.8) 12.1(10.7) 282 (341) 219 (267) 253 (309) 55 (12) 38(12) 46 (15)

Table S3. Cytotype means (= SD) of watered (W) and non-watered (N) plants of Vicia cracca provided for characteristics, which were

significantly affected by watering or by the interaction between ploidy level and watering (Table 2 in the main text).
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High-lights

e Vicia cracca is known to occur in two cytotypes in the native range.

e Only polyploid Vicia cracca individuals occur in the invasive range.

e Tetraploids from the native range are not strongly differentiated from the diploids.
e Performance of tetraploids from the invasive range differs between regions.

e Plants from different areas in the invasive range could adapt to differential novel conditions.

Abstract

Understanding causes of species invasiveness is a necessary condition for effective
mitigation of invasive species. One of the key characteristics supporting species invasiveness may
be species ability to adapt to wide range of environmental conditions. It has been hypothesized that
increased ability to adapt to wide range of conditions may be related to polyploidization.
Experimental studies comparing the ability to adapt to novel conditions between native and
invasive populations of different cytotypes of the same species are, however, still largely missing.

We used Vicia cracca, a species known to occur in two different cytotypes in its native
range in Europe and being an important invader in North America. We investigate if known
cytotypes of Vicia cracca from the native and invasive range differ in their ability to adapt to
environmental variation. To do this, we grew plants of both cytotypes from the native and invasive
range in a common garden and exposed half of the plants to experimental shading to simulate

environmental variation potentially occurring at the localities of the species.
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The study confirmed previous expectation that only polyploid plants occur in the invasive
range. The study, however, did not support the expectation that the tetraploids would be superior
to the diploids from the native range or have better ability to cope with shading. The performance
and plasticity of tetraploids from the invasive range was in most cases different from the European
tetraploids and differed between the two areas in the invasive range. This may suggest that the
tetraploids underwent strong post-invasive evolution and have adapted in different ways to the
specific condition of the different parts of the invaded area. Alternatively, it may indicate that the

invasive range was created by colonizers from different areas possessing distinct adaptations.

Key-words: autopolyploid, biological invasions, common garden experiments, cytotype, EICA

hypothesis, evolutionary change, phenotypic plasticity

173



1. Introduction

Understanding causes of species invasiveness is one of the major tasks of current ecology
(Rejmanek and Richardson, 1996; Maron et al., 2004; Simberloff et al., 2013). The basis for
successful invasion is the ability of non-native plants to enforce some way between native species
(Weber, 2003). The specific way how invasive species do it is a key question of many studies. In
their review, Ellstrand and Schierenbeck (2000) demonstrated that the ability of plants to invade
new areas may be both thanks to species pre-adaption (the plants possess the characteristics needed
for successful invasion already when first introduced) as well as through post-adaptation
(invasiveness was developed after the introduction to the new territory).

Many recent studies explored different plant traits responsible for species invasiveness. It
was shown that invasive species produce more biomass (van Kleunen et al., 2011a), have higher
fertility, growth rate and larger specific leaf area (Burns and Winn, 2006), have shorter juvenile
period and shorter interval between large seed crops in woody plants (Rejmanek and Richardson,
1996) or have larger (Buckley et al., 2003) or smaller (Rejmanek and Richardson, 1996) seeds than
non-invasive species. While studies exploring single plant traits may bring many new insights into
characteristics of invaders, it is hard to translate these single trait differences into differences in
species performance.

A useful composite species trait demonstrating species ability to become a successful
invader is species ability to adapt to novel conditions by showing increased performance over a
range of environments. This increased performance can be achieved either by constitutively
expressed traits supporting high resource uptake under wide range of conditions, or by adaptive
plasticity of the traits (van Kleunen et al., 2011b). By comparing performance of non-invasive and
invasive species, several studies (e.g., Muth and Pigliucci, 2007; van Kleunen et al., 2011b)
demonstrated that the invasive species may be pre-adapted to become invasive. By adding native
and invasive populations of a single species into such comparison, it is then possible to separate
pre-adaptations from post-adaptations occurring just after the invasion. To demonstrate that plants
are potentially pre-adapted to novel environments, we thus need to explore performance of plants
over different environments and compare plants from the native range with plants from the invasive
range. While a range of studies explored performance of introduced and native populations of the

same species over a range of conditions (reviewed in Bossdorf et al., 2005), only few studies
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combined such a comparison with comparison of different cytotypes (Schlaepfer et al., 2010; Hahn
et al., 2012a; Hahn et al., 2012b; Mraz et al., 2014).

Exploring between cytotype differences may be, however, very important, as it has been
suggested that one important trait differentiating invasive species from their non-invasive relatives
could be also species ploidy level (Pandit et al., 2006; Pandit et al., 2011; Thebault et al., 2011; te
Beest et al., 2012). Polyploidy has played a key role in the evolution of angiosperms (Van de Peer
et al., 2009; Soltis et al., 2009; Jiao et al., 2011; Alix et al., 2017). Via polyploidization the plant
can get many useful new features, which can be observed on many levels from the molecular to
the ecological (e.g., Adams and Wendel, 2005; Cerna and Miinzbergova, 2013; Ramsey and
Ramsey, 2014; Cerna and Miinzbergova, 2015; Paule et al., 2017). There are many examples of
successful invaders which originated through allopolyploidization, i.e. species which originated
through the process of interspecific hybridization and genome doubling (e.g., Miintzing, 1930;
Ownbey, 1950; Gray et al., 1990; Soltis et al., 2004; Abbott and Lowe, 2004; Ainouche et al., 2004;
Cuadrado et al., 2017). But even autopolyploidization could provide success through genetic
mechanisms including increased dosage of functional genes, which allows the development of new
phenotypes and increased allelic diversity (Soltis and Soltis, 2000; Mahy et al., 2000; Hardy and
Vekemans, 2001; EliaSova et al., 2014) due to overdominance and heterosis, and reduced
expression of deleterious recessive alleles due to higher heterozygosity (Bever and Felber, 1992;
Mandakova and Miinzbergova, 2008). This could lead to higher ability of autopolyploid plants to
cope with environmental variation and thus increase their ability to invade novel environments.

Indeed, autopolyploidy has important evolutionary and ecological consequences in natural
populations (Soltis and Soltis, 2000; Soltis et al., 2007; Parisod et al., 2010). These include
increased resistance to pathogens (VanDijk et al., 1992; Soltis and Soltis, 2000; Oswald and
Nuismer, 2007) broadened ecological niche (Johnson et al., 2003), superior competitive ability
(Maceira et al., 1993) and higher ability of generative reproduction (Miinzbergova, 2007a,b).
Autopolyploidization can thus also significantly contribute to species invasion success (e.g., Borrill
and Lindner, 1971; Castro et al., 2007; Schlaepfer et al., 2008; Green et al., 2011).

Despite the increasing number of studies exploring ploidy level of different invasive species
and comparing traits on invasive and non-invasive species, still only few studies explored
differences in performance between invasive and native populations of different ploidy level within

species. In an exceptional study, Schlaepfer et al. (2010) demonstrated that the key traits
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differentiating the invasive and non-invasive cytotypes within the same species are a result of
evolution in the native range and some cytotypes were thus pre-adapted to become successful
invaders. In addition, Thebault et al. (2011) and Hahn et al. (2012a) demonstrated that both pre-
adaptation as well as post-adaptation to novel conditions of the invasive ranges were important for
successful invasion of tetraploids. In their review on the intensity of adaptation in invasive species
(Colautti and Lau, 2015) concluded that while the prevailing indications suggest that invasive
populations undergo intensive adaptation process, the evidence for this is in fact rather scarce.
We study Vicia cracca L. (Fabaceae), a species known to occur in two different cytotypes
in its native range in Europe and being an important invader in North America (Seefeldt et al.,
2007). We compare performance of known cytotypes of V. cracca in the native to those in the
invasive range. Plant material representing invasive populations of V. cracca was collected from
several localities in North America. For comparison, we collected plants from both diploid and
tetraploid populations in the native range in Central Europe. As a first step, we determined ploidy
level of populations in the invasive range. Then we grew all plants in controlled conditions in a
common garden and followed their performance and response to experimental shading. V. cracca
is a grassland species prevailing in open habitats and shading from surrounding vegetation is thus
expected an important stress factor for the species. In line with van Kleunen et al. (2011b), we thus
compared performance of the species in open and shaded conditions and assume that such a
comparison will provide information on the ability of the plants to adapt to variable conditions.
Specifically, we asked the following questions: 1. What is the distribution of V. cracca cytotypes
in selected areas of North America? 2. Are there any differences in germination, growth and
response to shading between diploid and tetraploid plants from native and invasive range of the

species?

2. Materials and methods
2.1. Studied species

Vicia cracca L. (Fabaceae) is a polyploid complex native to Eurasia, including Sakhalin
and Japan (Rousi, 1961; Eliasova et al., 2014). It is invasive in North America, Australia (Gleason
and Cronquist, 1963) and New Zealand (Rousi, 1961; Gleason and Cronquist, 1963; Seefeldt et al.,
2007). Based on the results of several previous studies on ploidy level of V. cracca in the invasive

range reviewed in Travnicek et al. (2010), it can be expected that the secondary area contains only
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tetraploid plants. The number of sampled plants was, however, very low, so further sampling was
needed to confirm this. V. cracca is a climbing polycarpic perennial herb that typically occurs in
meadows, along roads and river banks, and at forest margins on rather fertile, moist soils (Chrtkova,
1995). In the invasive range, it behaves as a weed (Seefeldt et al., 2007). Vegetative reproduction
is possible by the spread of below-ground runners (Klebesadel, 1980).

Chromosome numbers of this species are 2n = 2x = 14 (diploid), 2n = 2x = 21 (rare triploid)
and 2n = 2x = 28 (tetraploid; Senn, 1938; Rousi, 1961). The polyploids are assumed to be of
autopolyploid origin due to the high similarities in karyotypes (Rousi, 1961; Dvotak et al., 1977),
pairing chromosomes during meiosis (Rousi, 1962), similarity in morphological characteristics
(Rousi, 1973), the existence of viable and morphologically normal aneuploid individuals with 2n
=27, 30 (Rousi, 1961) or 2n = 18-26 (Chrtkova-Zertova, 1973) and identical monoploid genome
sizes of both cytotypes (Travnicek et al., 2010). The results of the most recent work (Eliasova et
al., 2014), based on allozymes, also support the autopolyploid origin. Previous studies dealing with
the species in the native range confirmed significant differences in performance (i.e. germination,
growth and flowering) of the two cytotypes (EliaSova and Miinzbergova, 2014; Eliasova and
Miinzbergova, 2017; Pavlikova et al., 2017).

2.2. Plant material

Material representing invasive plants was sampled in 21 populations from North America.
This included five populations from Alaska, USA, four populations from New York, USA and
twelve populations from Ontario, Canada. In addition to the plant material from North America,
we used seeds from Europe collected at seven diploid, two tetraploid and one mixed ploidy
populations on the border between Czechia and Slovakia representing a contact zone between the
diploid and tetraploid cytotype (Supplement 1). Both cytotypes from the mixed population were
used in the experiment.

In line with the study of van Kleunen et al. (2011b), we acknowledge that our sampling is
not fully representative for the whole distribution range of the species. However, our material was
collected in the contact zone of the two cytotypes, i.e. in the area where the cytotypes likely
originated. Differences between the different populations thus allows to asses the possible

differentiation between populations in the different areas.
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We used all this material for ploidy level estimation (see below). All the material, except
plants from Ontario, for which we did not have seeds, was used to study seed germination. For the
growth experiment testing the effect of shading, we used the seedlings of V. cracca from three
diploid, two tetraploid and one mixed ploidy European population, three Alaskan populations and

three New York populations (Supplement 1).

2.3. Ploidy level

To verify ploidy level of the plants we used flow cytometry. All European plants, plants
from Alaska and from New York were measured by Partec ploidy Analyzer Il flow cytometry in
Botanical Institute, Academy of Sciences of the Czech Republic. Sample preparation was carried
out according to the methodology of Otto (1990). We cut off one leaf from each seedling. As
standard piece of young leaf Pisum sativum 'Ctirad' (2C = 8.84 pg; Greilhuber and Ebert, 1994)
was added to each sample and 0.5 mL of chilled buffer Otto I. Each sample was separately chopped
with a razor blade in a petri dish. The resulting suspension was then filtered through a 0.42 um thin
nylon mesh into a 2 ml plastic tubes to separate tissue remnants. Then we added 1 ml of buffer Otto
Il with DAPI fluorochrome into each sample. Finally, the relative fluorescence intensity was
measured using 1000-3000 cores for each sample (e.g., Castro et al., 2012).

Ploidy of plants collected from invasive Canadian populations (Ontario) was measured by
the same procedure using the same standard, using a BD FACS Calibur flow cytometer (BD
Biosciences, USA) in a laboratory Department of Botany, University of Guelph, Ontario, Canada.
The LBO1 buffer (Dolezel et al., 1989) and DAPI dye were used.

The measurements show that all the plants obtained from North America (i.e. from Alaska,
New York and Ontario) were tetraploids. Both cytotypes were available from the native range

(Supplement 1).

2.4. Germination and seedling height

Based on flow cytometry measurements, the plants were divided into the following types:
2XE (European diploid plants), 4xXE (European tetraploid plants), 4xN (New York tetraploid plants)
and 4xA (Alaskan tetraploid plants). Seeds from Europe and Alaska were within types divided into
groups according to mother plants and populations. Seeds from New York were divided only into

populations as they were not separated by mother plants in the original collection.
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Seeds of V. cracca have a hard seed coat. All seeds were thus gently scarified with
sandpaper before sowing. These seeds were then planted in late March 2013 to 10 x 10 x 10 cm
plastic pots in a 1:1 mixture of soil and sand in the greenhouse. In each pot, there were seeds from
one mother plant (5-25 seed per mother plant depending on seed availability). For seeds from New
York, bulk of seeds from each population was sown in a pots 20 x 30 x 6 cm (58-220 seed per
population depending on seed availability), because these seeds were not separated by mother
plants. We followed germination of the seeds for five weeks. In the final germination, we included
all germinated seedlings, i.e. including those that died soon after germination (very few seedlings
died). Before stepping into the next phase of the experiment, we measured height of the highest

seedling from each pot and of 30 largest seedlings from each New York population.

2.5. Growth experiment

The growth experiment was initiated in May 2013. For this part of the experiment the set
of seedlings was reduced to get roughly comparable number of seedlings for each plant type (2xE,
4XE, 4xA and 4xN). Specifically, we used 20 mother plants of 4xE type (all available of this type),
36 mother plants of 2xE and 30 mother plants of 4xA. Two largest seedlings from each mother
plant were planted into separate 16 x 16 x 16 cm pots filled with a 1:1 mixture of soil and sand. In
addition, we individually planted 60 seedlings of 4xN to the same pots (note that these were not
differentiated by mother plants). For all plant types, we made sure to select seedlings from all the
available populations approximately in the same proportions. We put one ramet of Bromus erectus
to each pot which should serve as a mechanical support (V. cracca plants usually use the
surrounding vegetation for this purpose).

One seedling from each mother plant for 2xE, 4xE and 4xA plants and 30 randomly selected
seedlings for 4xN were assigned to shading treatment, the other seedling from each mother plant
and 30 randomly selected seedlings for 4xN served as controls. We measured height of all plants
(the length of the longest branch) and determined the number of branches that branched at the soil
surface at the beginning of the experiment in May 2013 (Time 1), and then the pots were transferred
to outdoor conditions. The control plants were placed in full light; the shaded plants were covered
by dense green cloth reducing light by 65 %. All plants were watered daily. During the summer the
plants were twice re-measured (in June and July 2013, referred to as Time 2 and 3), approx. after

four weeks, and then at the last time in October 2013 (Time 4), when they were harvested. V. cracca
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plants as well as B. erectus were removed from the pots and their aboveground biomass was cut
off, placed separately into a labelled paper bags, dried to a constant weight and weighed. Ripe seeds
produced by each plant were collected continuously during the season.

2.6. Data analysis

The effect of plant type (2xE, 4xE, 4xA and 4xN) and population on seed germination and
seedling height (both assessed 5 weeks after planting the seeds) was tested using generalized linear
model (GLM) assuming binomial distribution for germination and Gaussian distribution for
seedling height.

Using the data from the garden experiment, we tested the effect of treatment (control or
shading), plant type, population nested within plant type and treatment x type and treatment x
population interactions on the number of branches, plant height, plant flowering, number of
produced seeds and plant biomass. For the number of branches at Time 2-4 GLM assuming Poisson
distribution was used. Number of branches at Time 1 was used as a covariate in these tests. Plant
height at Time 2-4 was tested using GLM assuming Gaussian distribution of the data. Plant height
at Time 1 was used as a covariate. Plant flowering (yes/no), number of seeds and plant biomass at
the end of the experiment were tested using the GLM assuming binomial distribution of flowering
and Gaussian distribution in the other cases. In these tests, height of the plant multiplied by the
number of branches at Time 1 was included as a covariate. As the results from time 2 and 3 were
largely similar to data from time 4, only the data from the last time period (i.e. Time 4) are presented
in the results. In all cases, we also used Tukey post-hoc test to assess pair-wise differences between
single plant types and treatments in case of significant main effects.

To visualize differences in plasticity between the different plant types, we calculated
relative plasticity index for each trait and plant type as suggested by Hahn et al. (2012b). To do
this, we subtracted mean trait value in the environment with the lower mean trait values from the
mean trait value in the environment with the higher mean trait value and divided this by the mean
of the two values to obtain a relative plasticity index. This calculation was done for plant biomass,
number of branches and plant height. It was not done for flowering and seed production as no
shaded plants flowered.

To explore if the supporting plant of B. erectus had any effect on V. cracca size, we also

tested the effect of B. erectus biomass on V. cracca biomass using GLM assuming Gaussian
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distribution. As the effect of B. erectus was not significant (F1211 = 0.153; P = 0.696), it is not
discussed further. All the analyses were performed in R x64 3.1.0 (R Development Core Team,
2011).

3 Results
3.1. Germination and seedling height

Germination significantly differed between plant types as well as between populations
within plant type (Table 1). Tetraploid seeds from Europe (4xXE) had similar germination as diploid
European seeds (2xE) and as Alaskan seeds (4xA). The lowest germination was detected in
tetraploid seeds from New York (Fig. 1A).

The height of seedlings was significantly influenced by plant type, but did not differ
between populations (Table 1). The highest seedlings were from New York (4xN). The plants
originating from seeds of Alaska (4xA) were significantly the smallest (Fig. 1B). The heights of
European plants of both ploidy level were very similar (Fig. 1B).

3.2. Plant size

As 8.2 % of plants died during the experiment, all the analyses of plant performance are
based on 213 plants, with 110 control and 103 shaded plants. There were at least 19 individuals per
plant type and treatment.

Height of plants, number of branches and aboveground biomass were significantly
influenced by the height of plants at the beginning of the experiment (Time 1), plant type, treatment,
and plant type x treatment interaction. Number of branches was also affected by population (Table
2). The shaded plants were higher and had fewer branches and lower biomass than control plants.
When compared within each plant type, the difference between shaded and control plants was,
however, significant, only for 2xE plants for plant height. In contrast, plants of all types except for
4xA had higher number of branches in light than in shade. Biomass was higher in control plants
than in shaded plants in all plant types. The highest plants with the highest biomass were 4xN in
both treatments, while the 4xA plants were the smallest (Fig. 2A) and also had the lowest number
of branches (Fig. 2B) and the lowest biomass (Fig. 2C).

Relative plasticity index compiled across the three traits did not show any strong differences

between the plant types (Fig. 3). The only plants, showing significant plasticity for all the three
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traits were, however, the European diploids. In contrast, Alaskan plants were significantly plastic

only for one of the three traits (Fig. 3).

3.3. Flowering and number of seeds

None of the shaded plants flowered. Plant flowering and the number of seeds within the
control plants was significantly affected by plant size at the beginning of the experiment (Time 1).
Plant flowering was also affected by plant type, but not by population (Table 3). In the control
plants, only some plants from European and New Y ork populations flowered with New Y ork plants
flowering the most (63%). Fewer flowering plants were within European diploids (19%) and
tetraploids (25%). Alaskan plants did not flower at all. All flowering plants subsequently developed
seeds. The number of seeds produced by the flowering plants was not affected by plant type (Table
3). Absence of any significant effect was likely due to low number of flowering plants. Comparison
of the means suggested that New York plants produced the highest number of seeds per flowering
plant and European diploids the lowest (Fig. 4). Note that Alaskan plants (4xA) did not flower at
all so could not be included into the comparison of seed production.

4. Discussion

All the samples collected in the invasive range for this study were tetraploid confirming our
previous expectation that the invasive plants are polyploid. The study, however, did not support
the expectation that the tetraploids from the native range would be superior to the diploids from
the native range. The performance of tetraploids from the invasive range was in some cases
different from the European tetraploids and often differed between the two areas in the invasive
range. This may suggest that the tetraploids have adapted in different ways to the specific condition
of the different parts of the invaded area. Whether this adaptation happened in the invasive range,
or at the edges of the native range, from which the invasion took place, remains to be explored.

This will require identification of the exact source populations of the invaders in the native range.

4.1. Distribution of Vicia cracca cytotypes in the invaded area
All plants from North America tested for ploidy level in our study were tetraploid. This is
in line with all the previous records of ploidy level of V. cracca from the invasive range (reviewed

in Travnicek et al., 2010) supporting the hypothesis that only tetraploid plants were able to adapt
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to new conditions after introduction and compete with native species, while diploids failed.
Another possibility is that only tetraploid plants have been ever introduced to North America. This
possibility is supported by the fact that only tetraploids occur in the northern part of Europe (Rousi,
1961), i.e. in the area from which the plants could be introduced. In contrast, diploids occur mainly
in the southern and eastern Europe (Travnicek et al., 2010). Both diploid and tetraploid plants occur
in Asia (Rousi, 1961; Travnicek et al., 2010), which could be source of colonization to western
part of North America, i.e. to Alaska. Similarly, absence of lower ploidy levels from the invasive
range despite their frequent occurrence in the native range has already been shown in many other
invasive species (e.g., Baker, 1965; Castro et al., 2007; Treier et al., 2009; te Beest et al., 2012;
Krejcikova et al., 2013).

Even though we do not have any evidence of occurrence of diploids in North America, the
number of samples obtained from North America in our study and in previous studies is, compared
to its distribution in North America (USDA, 2016), still quite low and more populations over wider
area should thus be sampled to confirm that diploids are really missing from North America and
other parts of the invasive range.

4.2. Germination and seedling height

For the purposes of this experiment, all seeds were artificially scarified. Such a treatment
is commonly used for seeds of species of the Fabaceae family due to their hard seed coat (Baskin
and Baskin, 1998; Kimura and Islam, 2012; Dayrell et al., 2015). As the seed coat is the factor
causing primary seed dormancy in the species (Baskin and Baskin, 1998), our study does not
involve possible differences between plant types, which could be linked to seed dormancy. After
this intervention, germination of European diploids and tetraploids was not different. This contrasts
with increased germination of European tetraploids compared to diploids without artificial
scarification (Eliasova and Miinzbergova, 2014). The differences in seed germination between this
and the previous study are thus likely given by differences in seed coat between the cytotypes. The
thickness of the seed coat has, however, not been explicitly measured.

The seeds from Alaska (4xA) germinated very similarly to diploids and tetraploids from
Europe. Although Alaskan seeds were four years older than the others, there was no effect of age
on the germination of these seeds. This is in line with the fact that germination of the hard-coated

seeds of the Fabaceae family decreases only slowly (e.g., Miinzbergova, 2004). The lowest
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germination was observed in tetraploid seeds from New York (4xN.) The lower germination rate
could be related to the way of execution of the experiment such as different time of collection of
the seeds by different people (see acknowledgements) and higher sowing density in the New York
seeds (though the difference is not large and we do not consider this explanation likely). The
differences in seed germination and maybe even the growth, could also be caused by differences
in the climatic conditions under which the maternal plants grew (e.g., Latzel, 2015; Leverett et al.,
2016; Miinzbergova and Hadincova, 2017) and possible lower genetic variation reducing seed
viability in the New York population (e.g., Kirkpatrick and Jarne, 2000; Crawford and Whitney,
2010; Dostalek et al., 2010; Miinzbergova and Plackova, 2010).

In agreement with EliaSova and Miinzbergova (2014) and pattern in some populations in
Miinzbergova (2017), seedling height was not significantly different between European diploids
and tetraploids. In contrast, the seedlings from New York (4xN) were significantly higher and the
plants from Alaska (4xA) significantly lower than the European plants. The could be caused by
evolution after introduction due to the influence of different environmental factors. Area of Alaska
is in many ways different from that of New York and central Europe (source of the European
populations) and height of these plants could be a natural adaptation to the specific conditions
(colder climate with shorter growing season in Alaska and warmer climate and longer growing
season in New York). It is also possible that size of the seedlings was affected by initial seed size.
Although we did not assess seed size in this study, seed size had, however, no effect on height of
older seedlings in European cytotypes in previous studies of the species (EliaSova and
Miinzbergova, 2014; Miinzbergova, 2017). The differences in growth between the plants from the
native range and the different parts of the invasive range could also be related to possible different
origin of the different plants. While we do not yet have detailed information on genetic
relationships between the different plant types, preliminary analyses suggest that there are no major
genetic differences between these (Liblova et al. unpubl.). Still, we acknowledge that absence of
the knowledge on the genetic origin of the plants in North America is a possible weak point of our
study as we may not be sure that the invasive plants we study originated from the European ones

included in the experiment and not from other parts of the range.

4.3. Plant performance
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Plant performance was significantly affected by treatment with Alaskan plants (4xA)
performing the worst (being the smallest, having the lowest biomass and no seeds) and New York
plants (4xN) performing the best but germinating the least. Plant performance was significantly
affected by shading with shaded plants being higher but having fewer branches, lower aboveground
biomass and no seeds compared to control plants. This is in line with previous studies showing that
shading is an important stress factor for many grassland species (e.g., Givnish, 1988; van Kleunen
etal., 2011b).

Shading had a significant effect on plant height in general, although the pair-wise
comparison indicated that only diploid shaded individuals were significantly higher than control
diploids, while shaded and control individuals of all types of tetraploids were not significantly
different. This seems to suggest that diploid plants were the only plants showing elongation under
shaded conditions suggesting active plastic response to shading (van Kleunen and Fischer, 2007).
The active response to shading observed in diploids would in fact suggest that diploids have an
increased ability to cope with shading compared to tetraploids. This contrasts with studies
suggesting increased ability of polyploids to cope with changed conditions (Schlaepfer et al., 2010;
van Kleunen et al., 2011b; EliaSova and Miinzbergova, 2017). The result is, however, in line with
the conclusion of Cerna and Miinzbergova (2015) indicating that diploids may show higher ability
to cope with environmental variation than polyploids in some cases.

A different pattern can be seen when looking at number of branches. In this case, only
Alaskan tetraploids (4xA) created the same number of branches in both treatments. As the number
of branches was the lowest in the shaded Alaskan plants, absence of any difference in number of
branches between shaded and control plants from Alaska thus likely means that Alaskan plants
were not able to make use of high light availability due to their low plasticity (Gianoli and
Gonzalez-Teuber, 2005). This, together with the low aboveground biomass of the Alaskan plants,
may be caused by the fact that Alaskan plants are adapted to the extreme conditions of the far north
and these adaptations limit their ability to plastically respond to favourable conditions. This is in
line with studies demonstrating that plants adapted to various extreme conditions tend to be smaller
(reviewed by Nunez-Farfan and Schlichting, 2001, later e.g., Dostalek et al., 2016; Rokaya et al.,
2016).

The difference in number of branches and aboveground biomass between shaded and

control treatment in the other three plant types demonstrates no clear differences in plasticity in
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these traits between diploids and tetraploids. There is thus no indication for any evolutionary
changes to occur between the two ranges. As our study was done only in the native range, future
study should ideally compare performance in both ranges as the results might differ (e.g., Genton
et al., 2005; Macel et al., 2017).

Changes in some populations in the invasive range compared to the native range, has been
previously suggested also in other studies using growth experiments like ours (Bossdorf et al.,
2005; Dlugosch and Parker, 2008b; Abela-Hofbauerova and Miinzbergova,, 2011). Similar
conclusion was also reached in studies demonstrating a strong time lag between species
introduction and species invasion (e.g., Pysek and Prach, 1993; Kowarik, 1995; Bucharova and van
Kleunen, 2009), as this time lag may in fact be interpreted as the time necessary for the post-
invasive evolution (Ewel et al., 1999; Ellstrand and Schierenbeck, 2000). In addition, successful
invasions are often occurring only after multiple introductions also supporting the necessity of post-
invasive evolution in the invasive range (Barrett and Husband, 1990; Dlugosch and Parker, 2008a).
We do not have any information on number of introductions of V. cracca. It was first reported in
Ontario in 1860 (Aarssen et al., 1986) and was introduced to Alaska in 1909 (Klebesadel, 1980),
from where it has probably spread along disturbed areas in Alaska, Canada and the northern USA.
If this spread was accompanied by additional introductions, however, remains to be explored.

Shaded plants did not flower. This indicates that shading meant stress to plants of all types.
As the species is long-lived perennial and the shaded plants had lower biomass, it can be expected
that the shaded plants simply did not reach the threshold size for flowering (sensu Silvertown,
1991). Possibly, they would flower in the subsequent years after accumulating enough resources.
In the control treatment, the tetraploid plants from New York (and also tetraploid European plants,
though not significantly) produced more seeds than European diploids. This is in line with a range
of previous studies suggesting that plants of higher ploidy level produce more seeds (e.g., Burton
and Husband, 2000; Miinzbergova, 2006). This pattern may be linked to higher biomass of these
plants. Higher seed production may be one of the important factors increasing the invasiveness of
the higher cytotypes and demonstrating that tetraploids are in fact pre-adapted to invasiveness.

In contrast to this, the Alaskan plants did not flower at all even in the control treatment.
This could be linked to their smaller size when terminating the experiment, likely reflecting their
slower growth. This might be an adaptation to the extreme conditions at Alaska. In contrast to the

Alaskan plants, the New York plants produced the highest number of seeds. Because the seeds of
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plants of New York had by far the lowest germination of all types, it could be considered as their
reproductive strategy. To at least maintain a stable population size, plants are essentially forced to
create many seeds. V. cracca reproduces mainly by outcrossing, but also self-pollination is
possible. Self-pollination usually leads to the formation of large quantities of seeds, but most of
them remain undeveloped (Eliasova et al., 2014), which could be another explanation for the
pattern observed in New York plants. While we did not estimate seed size, it is possible that the
seeds of New York plants were smaller leading to higher production and lower germination
(Turnbull et al., 1999; Miinzbergova and Plackova, 2010). In addition, the plants in our experiment
were left for open pollination so the differences in seed production between the types could be
linked to possible differences in pollination success. Lower germination in the New York
population could also be caused by other possible factors as discussed above.

5. Conclusion

The study confirmed that the invasive V. cracca plants in North America are polyploid. The
study, however, did not support the expectation that the tetraploids would be superior to the
diploids from the native range or have better ability to cope with variable environments. The
performance and plasticity of tetraploids from the invasive range was in most cases different from
the European tetraploids and differed between the two areas in the invasive range. This may suggest
that the tetraploids have adapted in different ways to the specific condition of the different parts of
the invaded area. Whether this adaptation happened in the invasive range, or at the edges of the
native range, from which the invasion took place remains to be explored. This will require

identification of the exact source populations of the invaders in the native range.
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Table 1. The effect of plant type (2XE, 4XE, 4xA and 4xN) and population of origin nested within
plant type on germination and seedling height in V. cracca. Significant values (p < 0.05) are in
bold. Df Error = 161 for germination and 160 for seedling height.

Germination Seedling height

Df F P Df F P
Planttype 4 32.064 <0.001 3 13.792 <0.001
Population 15 3.343 <0.001 17 1.258 0.258

Table 2. Effect of plant size at Time 1, plant type (2xE, 4xE, 4xA and 4xN), treatment, population
nested in plant type and their interactions on the plant height, number of branches and aboveground
biomass. Plant size at Time 1 means: height of plants at Time 1 for plant height, number of branches
at Time 1 for number of branches and plant height at Time 1 multiplied by number of branches at

Time 1 for aboveground biomass. Significant values (p < 0.05) are in bold. Df Error = 205.

Plant height Number of branches Aboveground biomass
df F P Deviance P F P
Plant size at Time 1 1 62.1 <0.001 624 <0.001 1349 <0.001
Plant type 3 7.6 <0.001 1433 <0.001 253 <0.001
Treatment 1 9.3 0.003 190.7 <0.001 2443 <0.001
Population 9 0.5 0.882 28.1 <0.001 1.9 0.054
Plant type x treatment 3 4.6 0.004 3.8 0.288 27.4 <0.001
Treatment X population 9 1.3 0.225 204 0.016 1.9 0.047
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Table 3. Effect of plant size at time 1 (number of branches X plant height), plant type (2xE, 4xE,
4xA and 4xN) and population nested in plant type on flowering and seed production. Seed
production was tested only for flowering plants. Significant values (p < 0.05) are bold. Df Error =

218 for flowering and 22 for number of seeds.

Flowering No. seeds

Df F P Df F P
Plant size at Time 1 1 14.03 <0001 1 4.18 0.053
Plant type 3 652 <0001 2 0.39 0.684
Population 9 12 0.294 4 0.31 0.869

198



Figure 1 A) Proportion of germinated seeds and B) seedling height (at the age of 5 weeks) of each
of the four plant types (2xE — European diploids, 4XE — European tetraploids, 4xA — Alaskan
tetraploid, 4xN — New York tetraploids). Plant types marked with the same letter are not

significantly different at p > 0.05. The values represent mean + SE.
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Figure 2. A) Height, B) number of branches and C) aboveground biomass of plants of each of the
four plant types (2xE — European diploids, 4xE — European tetraploids, 4xA — Alaskan tetraploid,
4xN — New York tetraploids) in light (white bars) and shade (black bars) in the Time 4. Columns

sharing the same letter are not significantly different, p > 0.05. The values represent mean + SE.
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Figure 3. Relative plasticity index of each of the four plant types (2xE — European diploids, 4XE —
European tetraploids, 4xA — Alaskan tetraploid, 4xN — New York tetraploids) and trait. Sections
of columns marked with * indicate significant plasticity, i.e. significant differences between control

and shaded plants for the given trait and plant type.
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Figure 4. Number of seeds for flowering individuals of each of the four plant types (2xXE — European
diploids, 4xE — European tetraploids, 4xA — Alaskan tetraploid, 4xN — New York tetraploids).
Types marked with the same letter are not significantly different at p > 0.05. The values represent

mean + SE. No plants flowered for 4xA type.
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Supplement 1. List of populations from native (Europe) and invasive (North America) range used
for this study. Populations marked with * were used for the growth experiment. Plant type shows
codes of plant types used throughout the study. Relative genome size is a ratio to the standard. SD
is a standard deviation of the relative genome size. — in SD indicates that the value is based on one

mixed sample and SD thus could not be estimated.

Rel.
Ploidy gen.

Range Plant type State Latitude Longitude level size SD
2xE Czechia*  49.479944 18.425139 2x 0.714  0.0061
2xE Czechia*  49.216028 18.08275 2x 0.712  0.0052
2xE Czechia 49.223683 18.077792 2x 0.715  0.0034
2xE Czechia 49.382799 18.410704 2x 0.709 -
2XE Czechia 49.379547 18.426144 2x 0.714 -
4XE Czechia*  49.300551 18.138084 4x 1435 -
4XE Czechia*  49.239461 18.022535 4x 1432 0.0032
2XE Slovakia 49.347913 18.49966 2x 0.706 -

“8% 2xE Slovakia*  49.482364 18.801672 2x 0.713  0.0041

E 2XE Slovakia*  49.379986 18.432851 2x 0.717 -

'§ 4xE Slovakia*  49.379986 18.432851 4x 1438 -
4xXA Alaska 61.60551 -149.1201 4x 1424 -
4xA Alaska* 64.85348 -147.8102 4x 1419 -
4xA Alaska 64.81961 -147.7123 4x 1419 -
4xA Alaska* 61.587397 -149.4319 4x 1422 -
4xA Alaska* 64.980833 -148.1119 4x 1415 -
4x0 Ontario 44.044495 -78.45611 4x 1.297  0.0111
4x0 Ontario 43.28293 -79.92879 4x 1.299  0.0088
4x0 Ontario 43.37691 -80.341 4x 1.289  0.0018
4x0 Ontario 45.18113 -81.52196 4x 1.289  0.0079
4x0 Ontario 43.9494  -80.39647 4x 1292  0.0110
4x0 Ontario 4452536 -80.93545 4x 1.299  0.0022
4x0 Ontario 4417297 -78.08916 4x 1.293 0.0064

© 4x0 Ontario 4541276 -78.85956 4x 1.297 0.0058

g 4x0 Ontario 454264  -75.70053 4x 1.300  0.0060

g 4x0 Ontario 43.69594 -80.40873 4x 1.300  0.0077

g 4x0 Ontario 43.63923 -79.39674 4x 1.301  0.0073
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4x0
4xN
4xN
4xN
4xN

Ontario
New York*
New York*
New York*
New York

43.22

42.465447
42.447103
42.462765
42.460859

-79.61946
-76.45785
-76.49016
-76.45873
-76.44818

4x
4x
4x
4x
4x

1.290
1.436
1.439
1.418
1.427

0.0048
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Abstract

Background and Aims Knowledge of the processes leading to current distribution of
various cytotypes can provide important insights into evolution of polyploid complexes
and thus in the importance of polyploidization for current species diversity. Our study
system Vicia cracca L. comprising diploids, autotetraploids and rare triploids shows a
remarkable distribution pattern in Europe with several contact zones of cytotypes with
mixed-ploidy populations, making it suitable system for such a study.

Methods We sequenced atpl-atpH cp intergenic spacer in plants sampled throughout
Europe, and further used seven microsatellite loci at three spatial scales — European,
three contact zones, and five mixed-ploidy populations (three 2x+4x, two 2x+3x), to
assess genetic variation of cytotypes and gain insight into the evolutionary history of
the species in the context of last glaciation in Europe and postglacial migration.

Key Results Chloroplast sequences suggested at least double origin of tetraploids. The
most ancient tetraploid lineage arose probably before LGM in Iberian Peninsula. Three
other tetraploid lineages emerged most probably simultaneously within an existing pool
of cp haplotype variation in diploids in Black Sea/Caucasus region and adjacent

Balkans. However, recent in situ origin of tetraploids in south-eastern Europe cannot be
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ruled out. Moreover, microsatellite data suggest extensive gene flow from diploids to
tetraploids likely through unreduced gametes.

e Conclusions The results illustrate that the current spatial distribution of V. cracca
cytotypic and genetic variation is a result of multiple ancient polyploidization events
and postglacial migration from multiple refugia causing secondary contacts of
cytotypes/haplotypes, in combination with recurrent gene flow between the cytotypes,

possible introgression of Vicia dalmatica, and anthropogenic seed dispersal.

Key words: Autopolyploid, chloroplast sequences, contact zones, gene-flow, introgression,
legume, microsatellites, mixed-ploidy populations, phylogeography, post-glacial migration,

triploids, unreduced gametes

Introduction

Polyploidy has been recognised as a major evolutionary process in angiosperms (\Wood
et al. 2009; Jiao et al. 2011; DE Soltis et al. 2014; Alix et al. 2017). It has been proved that
whole genome duplications (WGD) per se (i.e. autopolyploidy) alter or extend species
ecological amplitude and spatial range. This is likely due to genetic attributes of polyploids as
increased heterozygosity, higher allelic richness, complex epistatic interactions, multisomic
inheritance, lower risk of inbreeding depression etc. (reviewed in DE Soltis et al. 2014; Ramsey
and Ramsey 2014). In contrast, the evolutionary significance of allopolyploids arises primarily
from their hybrid nature (Doyle et al. 2008; PS Soltis et al. 2014). Due to the different
evolutionary histories of autopolyploids and allopolyploids, we will only concentrate on
autopolyploids. Hereafter, if not specified, we will discuss autopolyploidy only, when
mentioning polyploidization.

Polyploidization can act as a trigger of rapid adaptive diversification of ecological races
(Ramsey et al. 2008) or formation of new invasive species (Treier et al. 2009; Schlaepfer et al.
2010). While most polyploids outperform diploids (Parisod et al. 2010; Ramsey 2011), the
superiority of polyploids is not a strict rule. There are many exceptions with polyploids
exhibiting the same or lower fitness than diploids (Buggs and Pannell 2007; Liblova et al. 2017)
or different cytotypes coexisting with each other (Duchoslav et al. 2010; Travnicek et al. 2011).
Moreover, some polyploids are strongly genetically separated from their diploid ancestors
(Miinzbergova et al. 2013; Ferriol et al. 2014), while other examples show great gene exchange
between individual cytotypes (Hedrén et al. 2012; Fehlberg and Ferguson 2012; Duchoslav et
al. 2013). In attempt to recognise the impact of WGD on polyploid formation and their
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evolutionary success, the ongoing research on polyploid complexes is thus focused on
description of spatial distribution of cytotypic and genetic variation (e.g. Parisod and Besnard
2007; Jakob et al. 2007; Miinzbergova et al. 2013; Zahradni¢ek and Chrtek 2015; Tomasello
and Oberprieler 2017).

Phylogeography is an available tool used to reveal the history of species and assess the
causes of geographical distribution patterns (Hewitt 2001) such as climate oscillations and ice-
sheet expansion and retreat during the Late Pleistocene (Hewitt 2000). Pioneering
phylogeographic studies focused on trees (Taberlet et al. 1998) and brought a hypothesis about
hotspots of allelic richness in three European main refuges during the last glacial maximum
(LGM) in Iberian and Italian Peninsula and Balkans and post-glacial colonisation routes with
subsequent melting pots of genetic diversity in contact/hybrid zones (Petit et al. 2003).
However, some arctic-alpine herbs survived the LGM in situ in Alps — nunatak hypothesis
(Stehlik 2000; Parisod and Besnard 2007) or in perialpine refugia (Schonswetter et al. 2005).
This contradicts previous tabula rasa hypothesis according to which present genetic diversity
is derived entirely from postglacial recolonization (Hewitt 2000; Brochmann et al. 2003).
Moreover, recent works suggested more northern glacial refugia apart from Mediterranean
region (Petit et al. 2003) as well as refugia on Caucasus (Fjellheim et al. 2006; Schonswetter et
al. 2006). Deglaciated areas are characterised by depauperated genetic diversity because of non-
adaptive processes such as founder effect (e.g. Mraz et al. 2007; Puscas et al. 2008) or
bottlenecks after rapid spread of some genotypes (Jakob et al. 2007).

Despite a high number of plant phylogeographic studies on European polyploid taxa, most
of them are based on mountain and arctic-alpine herbs (predominantly allopolyploid)
(Brochmann et al. 2003; Borgen and Hultgard 2003; Parisod and Besnard 2007; Hiilber et al.
2015) or taxa inhabiting specific habitats such as river banks and floodplains (Luttikhuizen et
al. 2007). Consequently, we know very little on similar patterns in grassland species, with the
exception of studies on autopolyploid graminoids (e.g. Fjellheim et al. 2006; Jakob et al. 2007;
Pimentel et al. 2007; Puscas et al. 2008). In contrast to most forbs, graminoids are
anemogamous, which radically affects distribution of their genetic variation. The
phylogeographic patterns of grassland forbs thus remain to be understood.

Polyploid complexes that form contact zones with sympatric or parapatric distribution of
cytotypes are ideal model systems, because they act as natural labs for evolutionary studies
(Petit et al. 1999; Kolaf et al. 2017). Vicia cracca L. offers a great opportunity for the study of
success of polyploid grassland herb in the context of Pleistocene climate oscillations. It

comprises diploids (2n=2x=14), autotetraploids (2n=4x=28) and very rare triploids (2n=3x=21)
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(Eliasova et al. 2014), which form a central European contact zone of cytotypes with tetraploids
being distributed west- and northward from there and diploids occupying the much drier south-
eastern part of Europe (Travnicek et al. 2010). It is a perennial, polycarpic, and self-compatible
forb with mixed mating system (EliaSova et al. 2014), native in Eurasia and occupying moist
meadows, pastures, deciduous scrubs, hedgerows, river banks, and disturbed places such as
rubble sites and wastelands (Chrtkova 1995). It climbs on neighbouring vegetation by leave
tendrils, otherwise weak stems grow prostrate. It spreads clonally by underground rhizomes
(Klebesadel 1980), whose growth rate can reach several metres per year (Aegopodium
podagraria type of clonal growth according to CIO-PLA3 database, Klimesova and Klimes
1998). Inflorescences are dense pedunculate racemes comprising of 10-30 flowers with an
acropetal maturation. Flowers are pollinated by Hymenoptera (Bombus spp., Andrena sp.) and
Lepidoptera representatives (VIckova 2016). Seeds of Vicia spp. are released from dehiscenting
pods by projection up to several metres (Garrison et al. 2000).

The aim of this study is to reveal the origin of tetraploids and postglacial history of
individual cytotypes of V. cracca in Europe. Specifically, we ask the following questions: 1)
Are the two cytotypes genetically distinct or is there any gene flow between cytotypes?, 2)
What is the role of triploids in the establishment of tetraploids?, 3) What is the origin of
tetraploids, did they arise by single or multiple events?, 4) Do tetraploids arise recently in
sympatric or parapatric populations in the contact zones? To answer these questions, we

analysed variation in chloroplast intergenic spacer sequences and microsatellites.

Material and methods
Plant material collection

Plant material collected for this study during the years 2008-2011 originated from several
sources. First, we requested V. cracca seeds from seed collections operated by several botanical
gardens, universities, and other institutions listed in Suppl. Table 1 to cover the broader part of
Europe (28 specimens). In this case, plants from the seeds were grown (one ind./loc./cytotypes)
in the experimental garden of the Botanical Institute of Czech Academy of Sciences in
Prihonice. Other samples came from our field collections or from collections of our colleagues
(20 — 30 plants per locality if possible). Herbarium specimens of plants originated both from
seed collections and field were preserved to check up species determination. Ploidy level was
determined on fresh leaf tissue by flow cytometry following the protocol described in Travnicek

et al. (2010). Our field collections comprised some morphologically distinct (primarily robust
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stature) diploids from Ligurian Alps in Italy (populations 111ITA — 116ITA, Suppl. Table 1)
and in Stara Planina Mountains in Bulgaria (pops. 109BGR — 110BGR), which differed from
typical V. cracca diploids also by mean relative fluorescence value (0.759 £ 0.010 SE cf. with
(Travnicek et al. 2010). We thus included to our dataset also samples of closely related diploid
V. dalmatica A. Kern. (2n = 2x =12) and tetraploid V. tenuifolia Roth. (2n = 4x =24) for
comparison. Further, V. villosa Roth. (2n = 14) served as an outgroup for construction of the
phylogenetic tree. Comprehensive information about source localities, geographic coordinates,
number of individuals per populations, ploidy level, and name of collectors are summarized in
Suppl. Table 1. Geographic distribution of V. cracca cytotypes in Europe recorded in this study
is depicted in Fig. 1.

Chloroplast DNA sequencing

The atpl-atpH chloroplast intergenic spacer was sequenced for 136 accessions
representing 114 samples of V. cracca (19 diploid, 67 tetraploid, 13 2x-4x mixed-ploidy
populations, and one 2x-3x mixed-ploidy population) originating from overall Europe including
Iceland and Caucasus, plus eight samples of distinctive diploids from Italy and Bulgaria, two
samples of V. dalmatica, three samples of V. villosa, and nine samples of V. tenuifolia (see
Suppl. Table 1). We sequenced one individual per population and cytotype. Total genomic
DNA was extracted from dehydrated leaves stored in silica gel using an Invittk DNA/RNA
Extraction and Purification Kit. PCR amplification with the atpl-atpH primers published by
(Shaw et al. 2007) was carried out in a volume of 20 ul reaction using 5 ng of template DNA
dissolved in Elution Buffer D and diluted in 1 ul of dd H20, 2 ul of 10x reaction buffer (Sigma),
2 ul of MgCly, 0.4 pl of 10 mM dNTP mix (Fermentas), 0.3 ul of each primer (25 pmol/ul,)
and 0.2 U of Gold DNA Polymerase (Sigma) on a Mastercycler® pro (Eppendorf) with initial
denaturation at 95°C for 2 min, 35 cycles of 1 min denaturation at 95°C, 1 min annealing at
53°C and 1.5 min extension at 68°C with 10% ramping, followed by 10 min final extension at
68°C. Amplification products were purified using the JetQuick PCR Purification Kit
(Genomed). Sequencing reactions were performed using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) according to the manufacturer’s instructions using the
primers cited above. Purification of sequencing products was carried out using an
ethanol/sodium acetate (3M) precipitation. Products were run on an ABI 3130 Genetic Analyzer
(Applied Biosystems).
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Microsatellite analysis

Microsatellite analysis was performed on samples that were sequenced first. In addition,
other individuals from 24 diploid, 28 tetraploid and eight 2x-4x mixed-ploidy populations were
involved to the microsatellite analysis in order to gain a population based representative dataset
with at least four individuals per population. This dataset comprised also five mixed-ploidy
populations (three 2x+4x, two 2x+3x; Suppl. Table 1) from central European contact zone,
where sampling was most intensive (30 ind./pop.) and also spatial position of sampled plants
was recorded.

Total genomic DNA was extracted from dehydrated leaves stored in silica gel using a
silica-based DNeasy Plant Mini kit (QIAGEN, Hilden, Germany). Seven microsatellite loci
were amplified using Vicia faba specific primers M10, M14, M16, M22, M37, M41 and M58
(Ma et al. 2011). Multiplex PCR reactions (Multiplex Mix) were designed combining
microsatellites M10, M22, M41 and M58 (Multiplex Mix 1) and M14, M16 and M37
(Multiplex Mix 2). QIAGEN Multiplex PCR Master Mix (Qiagen, Hilden, Germany)
containing HotStartTag DNA polymerase, a multiplex PCR buffer at 6 uM MgCl2,
deoxynucleotide triphosphates and a factor MP that improves annealing and elongation were
used.

Final Multiplex mix 1 PCR contained 5 pl QIAGEN Multiplex PCR Master Mix, 0.5 pl
of M10, M22 primers and 0.2 pul of M41 primers (10 uM each in initial volume), 0.5 pl of M58
primers (25 uM each in initial volume) 0.6 pul ddH20 and 20 ng of DNA dissolved in 1 pul TE
buffer. Final Multiplex mix 2 PCR contained 5 pl QIAGEN Multiplex PCR Master Mix, 1 ul
of M14 primers, 0.5 ul of M16 primers (10 uM each in initial volume) and 0.5 pl of M37 primers
(40 uM each in initial volume), 0.5 pul ddH20O and 20 ng of DNA dissolved in 1ul TE buffer.
An initial denaturation step at 95 °C for 15 min was followed by 35 cycles of denaturation (95
°C for 30 s), annealing (62 °C for MM1/58 °C for MM2 for 40 s) and extension (72 °C for 30
s) steps, and a final extension step at 72 °C for 20 min. A 1 pl aliquot of the PCR product was
mixed with 11 pl of a 120: 1 solution of formamide and size standard GeneScan 500 LIZ (Life
Technologies, Foster City, CA, USA). Fragment lengths were determined by capillary gel
electrophoresis with an ABI 3130 Genetic Analyzer using Gene Mapper 4.0 (Life
Technologies) and the peaks were scored manually.

To confirm primer specificity for V. cracca, we ran PCR in one diploid and one tetraploid
for each primer pair separately under the conditions described above. PCR products were
purified using the QlAquick PCR purification kit (Qiagen, Hilden, Germany) and cloned using
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pGEM-T Vector Systems I, in accordance with the manufacturer's instructions, but downscaled
to half reactions. Approximately 20 colonies per sample were transferred into 20 pl ddH20 and
denaturated at 95°C for 10 min. They served as templates for subsequent PCR amplifications
for sequencing in both directions. Sequencing was performed by commercial company SEQme
(Dobii8, Czech Republic) and obtained sequences were edited using MAFFT 7.017 (Katoh et
al. 2002) implemented in Geneious 8.0.4. Repeat motives with variation in number of repeats
were confirmed in obtained sequences and the repeat motives correspond to those published for
V. faba (Ma et al. 2011).

To check the reproducibility of our microsatellite analyses, we selected 20 V. cracca
individuals (14 tetraploids and 6 diploids) from geographically remote populations (between
1440 and 2200 km far from each other) and repeated the microsatellite analyses of these in three
independent runs for each individual. The results indicated 100% match in the results,

suggesting that our microsatellite analyses are highly reproducible.

Data analyses

All sequences were aligned using BioEdit ver. 7.2.5 (Hall 1999) and a phylogram was
constructed using RaxML ver. 8 (Stamatakis 2014). V. villosa was treated as an outgroup. After
checking all polymorphic sites in individual sequences using Chromas software ver. 2.6.4
(Technelysium Pty Ltd 1998 — 2017), the alignment was manually edited, and sequence ends
were cut regarding the shortest sequence. A program TCS 1.21 (Clement et al. 2000) was used
to construct a haplotype network based on alignment of V. cracca sequences only. For this
purpose, indels were binary re-coded, 1-2 bp indels as transitions and >3 bp long indels as
transversions in order to weigh the length polymorphisms.

When scoring the microsatellite data, for tetraploid heterozygotes we were not able to
distinguish the exact number of copies for a given allele. Thus, we recorded only the presence
and absence of alleles. Because of unknown dosage of alleles in heterozygote tetraploids, we
did not compute common genetic summary statistics such as observed (Ho) and expected
heterozygosity (He), inbreeding coefficient (Fis), a measure of population differentiation (Fsr)
and distribution of genetic diversity within and between cytotypes. To explore genetic
variability and rarity of the data across overall dataset, we computed manually a total number
of alleles (At) and number of private alleles (Ap) recorded solely either in diploids or in
tetraploids. The uneven occurrence of private alleles in cytotypes as well as in populations
within cytotypes was tested by Fisher’s exact test in STATISTICA 7.0 (StatSoft, Inc. 2004).
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For this purpose, diploids and tetraploids from mixed-ploidy populations were regarded as
separate populations. We also tested correlation between latitude/longitude and mean number
of alleles per individual (Aind) averaged per locus and population in diploids and tetraploids in
the overall dataset in STATISTICA 7.0 (StatSoft, Inc. 2004).

However, to compare allelic richness in cytotypes with different gene dosage and
populations with uneven sampling, we determined allelic richness (AR) by rarefaction analysis
in SPAGeDi 1.4 (Hardy and Vekemans 2002). Homozygotes were coded a/a and a/a/a/a, resp.,
whereas tetraploid heterozygotes were coded as incomplete genotypes with allele number
ambiguity. Rarefied AR in SPAGeDi 1.4 (Hardy and Vekemans 2002) is computed as a
multilocus average of expected number of alleles among k gene copies for populations, where
set k does not exceed the minimum number of defined gene copies observed in a dataset per
locus and population. Heterozygotes with incomplete genotypes thus reduce the number of
analysed populations, especially in diploids. Tetraploids are less limited by set k due to a greater
gene dosage. We set k = 8 for both diploids and tetraploids, which corresponds to at least four
individuals per population with complete genomes across all loci in diploids but to only two
individuals with complete genomes in tetraploids. However, we do not need any complete
genome in tetraploids at all, it is enough to know just two alleles in each locus in four
individuals. Only two diploid populations from 17 populations in total in CE contact zone and
no tetraploid populations were omitted in rarefied AR computation procedure by this setting.
The effect of cytotype, contact zone and their interaction on mean values of rarefied AR per
population were then tested by factorial ANOVA in STATISTICA 7.0 (StatSoft, Inc. 2004).

Other analyses on microsatellite data were performed at three spatial scales. First, large
scale dataset comprising one ind./pop./cytotype was identical with dataset used for sequencing.
Second dataset at the intermediate spatial scale comprised 56 populations with min = 4 and max
= 31 individuals per cytotype (including 8 mixed-ploidy pops) from three contact zones of
diploids and tetraploids in Europe: central European (CE), south-western (SWE) and south-
eastern (SEE) (Fig. 1). Detailed information on numbers of individuals and populations are in
Suppl. Table 1. Third dataset at the smallest spatial scale contained five mixed-ploidy
populations (three 2x+4x, two 2x+3x; Suppl. Table 1) from central European contact zone,
where sampling was most intensive (30 ind./pop.).

Principal component analysis (PCA) and analysis of molecular variance (AMOVA) were
used at the three spatial scales to check the genetic variation between cytotypes and its
distribution among different spatial scales, respectively. The correlation of spatial and genetic

distances between populations within both cytotypes and within inter-cytotype population pairs
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was inspected by Mantel test. Programme STRUCTURE version 2.2 (Pritchard et al., 2000)
was employed to detect population genetic structure.

PCA was performed using POLYSAT software (Clark and Jasieniuk, 2011), which runs
under the R platform. A pair-wise distance matrix between all samples was calculated using
Bruvo distances (Bruvo et al., 2004), which takes distances between microsatellite alleles into
account without the knowledge of allele copy number (Clark and Jasieniuk, 2011). Null alleles
were treated as missing data. Bruvo distances calculated between diploid population pairs,
tetraploid population pairs, and inter-cytotype pairs were used also for Mantel test. Statistical
significance of correlation between genetic and spatial distances was tested using 999
permutations.

AMOVA (Excoffier et al., 1992) was performed in GenAlEx 6 (Peakall and Smouse,
2006) following the method described in Halverson et al. (2008). Specifically, using the data
without geographically remote samples from northern and north-western Europe, Spain, Great
Britain, Iceland and Caucasus (Georgia), we compared the single-origin (SO) model and a
model with multiple origins (MO) of tetraploids. For this purpose, we used two datasets — at
the largest and intermediate scale. The single-origin model proposes that the tetraploid cytotype
arose only once from the diploid cytotype, each cytotype thus currently represents a
monophyletic lineage, and that the WGD event took place long enough ago for the resultant
cytotypes to have spread across their modern range (Halverson et al., 2008). We tested this
model by a hierarchical AMOVA model in which genotypes of individuals representing their
source locality were nested within the three contact zones and these contact zones within
cytotypes. Alternatively, the strictest multiple origins model proposes that polyploid cytotypes
have arisen repeatedly and independently (and perhaps recently) at each geographic location
(Halverson et al., 2008). This hypothesis was tested using an AMOVA analysis in which
genotypes were nested within cytotypes and these were nested within the contact zones. The
preferred AMOVA model is that in which the higher stratum (cytotypes for SO model or contact
zones for MO model) explains a greater component of total genetic variation (Halverson et al.,
2008). In addition, AMOVA was calculated separately in individual contact zones with
genotypes nested within populations and populations within cytotypes, and also in three 2x-4x
mixed-ploidy populations.

Analyses in STRUCTURE were run for each data set using admixture model and
K values ranging from one to four at the small spatial scale and to 10 at the intermediate and
large spatial scales. Results of analyses, in which no admixture model was set, were similar to

that from admixture setting and thus are not shown. Each run consisted of 10 000 burn-in
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iterations and 10 000 data collection iterations. Each K value was evaluated using 10
independent Markov chain Monte Carlo (MCMC) replicates. The number of clusters was
inferred following Pritchard et al. (2000), with posterior probabilities of K calculated assuming
uniform priors on K and using for each K the maximum value of the probability of the data
given K, In Pr(X|K ), obtained over MCMC replicates (Halverson et al., 2008). Under the
single-origin model, we would expect the K clusters identified by STRUCTURE to correspond
to cytotypes, whereas under the multiple origins model we would expect clusters corresponding
to sites. The optimal K value was determined also using Evanno method (Evanno et al. 2005)
by calculating AK with Structure Harvester (Earl and Vonholdt 2012).

Spatial segregation of the two V. cracca cytotypes in mixed-ploidy populations was tested
by Ripley's K-function in the R package spatstat (Baddeley and Turner, 2005) using two
independent tests of complete spatial randomness (CSR): Diggle-Cressie-Loosmore-Ford
(DCLF) and Maximum absolute deviation (MAD) test.

Results

Chloroplast sequences

Multiple alignment of 136 sequences of atpl — atpH chloroplast intergenic spacer
including 114 V. cracca accessions and 22 accessions of closely related Vicia species was 775
bp long. The position of polymorphisms in the alignment (bp) is represented in Suppl. Table 2.
V. cracca differs from a common ancestor of V. dalmatica and V. tenuifolia by two indels (one
nt long — position 202 and five nt long - position 646-650, resp.). Vicia tenuifolia differs from
a common ancestor of V. dalmatica and V. cracca by three one nucleotide substitutions (217,
424, 550 bp). V. dalmatica differentiated from V. cracca and V. tenuifolia by two one-
nucleotide indels (190, 203). The morphologically distinct diploids from Italy and Bulgaria
clustered with samples of V. dalmatica from Index Seminum. Chloroplast sequences thus
confirmed that these distinct diploid samples belong to V. dalmatica. The alignment and a
phylogram are available on request. All sequences are available from GenBank with accession

numbers x-y.

Regarding only V. cracca sequences, three indels (positions 69, 239-259, and 325; Suppl.
Table 2) and three polymorphic sites (206, 347, and 485), of which all were phylogenetically
informative, were detected. This variation resulted in five V. cracca haplotypes (Fig. 2). Two
most common haplotypes (B, C) differing from one another by one nucleotide substitution (pos.
485 bp) comprised both diploids (29 and 3 individuals, resp.) and tetraploids (30 and 27 ind.,
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resp.) and are distributed across whole Europe including Iceland (Fig. 3). Third most common
haplotype (D) comprising only tetraploids (19 ind.) differs from C haplotype by two 1 nt
substitutions (pos. 206 and 347 bp) and is distributed in the eastern part of Europe and in
Georgia in Caucasus (Fig. 3). Contrary the other V. cracca haplotypes, E haplotype represented
by four tetraploids and one diploid from France and one tetraploid from Spain does not have a
21 bp long sequence (pos. 239 — 259 bp), which is absent in the common ancestor of V. cracca,
V. dalmatica, V. tenuifolia, and V. villosa (Suppl. Table 2). The fifth haplotype (A) represented
by only one diploid sample from Croatia (17HRV) differs from B haplotype by two 1 nt
insertions (pos. 69 and 325 bp). Out of 13 sequenced 2x-4x mixed-ploidy populations,
sympatric diploids and tetraploids possessed the same haplotype (B hapl.) only in two cases (in
Slovenia 42SVN and Austria 6AUT). Diploids from other mixed-ploidy populations carried
almost always B haplotype, whereas C and D haplotypes were recorded in their sympatric
tetraploids (except for diploid individuals from one Slovak population 39SVK and one
Romanian pop. 51ROM, which possessed C haplotype, whereas sympatric tetraploids carried
D hapl.), (Fig. 3). The only sequenced triploid individual from Slovakia (36SVK) carried C
haplotype and the sympatric diploid possessed B haplotype.

Microsatellites

Seven microsatellite loci resulted in 45 alleles in diploids and 55 alleles in tetraploids
including three (7%) and 12 (22%) private alleles in diploids and tetraploids. Overall, we
recorded 58 different alleles. Cytotype specific private alleles were recorded in three diploid
(7%), 18 tetraploid (21%), and 7 mixed-ploidy (50%) populations (Suppl. Table 3). Tetraploids
thus possessed three-times more private alleles in three-times more populations than diploids
(Fisher’s exact two-tailed P = 0.05 and 0.02, resp.). One private allele recorded in diploids was
shared with triploids. Three private alleles observed in tetraploid populations were recorded
also in V. dalmatica. These alleles were common in morphologically distinct diploid samples
from Ligurian Alps in Italy and in Stara Planina Mountains in Bulgaria, which were assigned
to V. dalmatica according to the cp DNA sequences. Surprisingly, tetraploid accessions sharing
these alleles with V. dalmatica were not identical with samples whose chloroplast sequences
resembled sequences of V. dalmatica (E haplotype). Contrarily, tetraploids sharing alleles with
V. dalmatica were scattered throughout Europe and belonged to B, C, and D chloroplast
haplotypes. Interestingly, the presence of tetraploid private alleles in relatively higher latitudes

(Poland, northern Germany, Finland) is unexpectedly numerous. Diploid specific alleles are
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concentrated in Croatia — Hungary boundaries. Suppl. Table 3. describes the distribution of

cytotype specific private alleles in more detail.

Mean allelic richness recorded within tetraploid populations was significantly higher than
within diploid populations in CE and SWE contact zones (Fig. 4; Table 1). In SEE contact zone,
diploid and tetraploid populations were similarly rich in alleles there (Fig. 4). Mean number of
alleles per individual (Aing) Showed significant positive correlation only with latitude in diploid
populations (Fig. 5), correlation with longitude was not significant in diploids (p = 0.130). Aind
was correlated with neither latitude (p = 0.688), nor longitude (p = 0.538) in tetraploids. V.
cracca diploids and tetraploids were not clearly separated according to PCA graph (Fig. 6)
based on microsatellite data. First two axes for the whole Europe explained a similar amount of
variation as for CE, SWE, and SEE contact zones (graphs of contact zones in Suppl. Fig. 4). V.
cracca was not genetically distinct from V. dalmatica and V. tenuifolia. Also in the smallest
spatial scale (in mixed-ploidy populations), diploids and tetraploids overlapped (Suppl. Fig. 4).
Neither maps with individuals scored according to their assignment to PCA quadrants showed
any spatial clusters (Suppl. Fig. 5). However, the two cytotypes were spatially segregated in all
three 2x-4x mixed-ploidy populations at p = 0.01 according to both DCLF and MAD tests of
CSR (Suppl. Fig. x). Detailed insight into distribution of genetic variation in these populations
further revealed that several individuals belonging to the same genet were distant from each
other up to 13 m. It is interesting that rare triploids recorded in two diploid populations in
northwest Slovakia (36SVK and 41SVK) were highly invariable. Five, four and three triploid
individuals distant from each other up to 22 m were of the same multilocus genotype (Suppl.
Fig. x).

No isolation by distance was detected at the largest spatial scale (Table 2). However,
significant correlation between genetic and geographic distances was revealed at intermediate
spatial scale: within both diploids and tetraploids in CE contact zone, within diploids in SEE
contact zone, and between diploids and tetraploids in SWE contact zone (Table 2). At the
smallest spatial scale, it was recorded only within tetraploid individuals in 12CZE population
(Table 2). However, correlation coefficients were very low except for 12CZE population, where
it reached r = 0.25.

Analysis of molecular variance performed with the largest scale dataset did not
discriminate between single and multiple origin model. The amount of variance explained by
cytotypes in the case of SO model and by contact zones in the case of MO model were almost
the same (Table 3). However, when we performed the same analysis on intermediate spatial

217



scale dataset, which comprises population-based samples, it clearly discriminated between the
two models. In this case, cytotypes under SO model explained 6% of total variation, whereas
contact zones under MO model explained no variation (Table 3). We thus should regard the
single origin model as true. Contact zones nested within individual cytotypes then accounted
for the total variation by 4% and the rest (89%) explained individuals within each contact zones
(Table 3).-When we analysed molecular variance individually in each contact zone, cytotype
explained always less variation than populations (Table 4). The lowest variation between the
cytotypes was recorded in SEE contact zone, the highest variation in CE contact zone (Table
4). The highest variation explained by cytotypes was detected (identically as in the case of PCA)
at the smallest data scale, specifically in 12CZE population (34%) (Table 4).

The analyses performed in STRUCTURE showed no spatial pattern in microsatellite data
at all three spatial scales (posterior probabilities for all K values were similar each other). The
assignment of individuals to inferred clusters was in all cases highly uncertain. Results are thus
available only as Suppl. Table 6.

Discussion

Microsatellite and cpDNA polymorphism of the two V. cracca cytotypes

Polymorphism of microsatellite data recorded in our study is rather low compared to
studies of other polyploid taxa ((Miinzbergova et al. 2013), (Ferriol et al. 2014) and (Balao et
al. 2016). By contrast, similarly low genetic variation was reported in studies of (Vallejo-Marin
and Lye 2013) and (Pardo et al. 2008) performed on allopolyploids. However, except for
(Miinzbergova et al. 2013), the other mentioned studies are focused on two or more distinct
plant species, whereas our work on V. cracca polyploid complex is based on intra-population
level. The sequence polymorphism recorded in V. cracca in atpl-atpH chloroplast intergenic
spacer is comparable with other works based on the same (Cires et. al 2012) or other chloroplast
markers (Balfourier et al. 2000; Fjellheim et al. 2006; Jakob et al. 2007) at the intraspecific
level. Expectedly, tetraploids displayed approximately three times more private alleles found
in three times more populations than diploids. This is in line with previous findings about
greater genetic variation of polyploids due to higher allelic richness and heterozygosity (Bever
and Felber, 1992, Soltis and Soltis, 2000; Mahy et al., 2000; Hardy and Vekemans, 2001,
Eliasova et al. 2014).
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Genetic differentiation of the two V. cracca cytotypes

Genetic differentiation of the two V. cracca cytotypes was very low. As we can see from
PCA graphs as well as AMOVA and STRUCTURE analyses, V. cracca diploids and tetraploids
are not clearly separated at any spatial scale. The highest genetic differentiation and amount of
variation between the two cytotypes of V. cracca was recorded in mixed-ploidy populations,
however. This clearly suggests that tetraploids did not arise from sympatric diploids and that
there is limited gene flow between the cytotypes at this scale. These results correspond with
results obtained using allozymes, where genetic differentiation between diploids and tetraploids
within sympatric populations of V. cracca was not lower than differentiation between allopatric
populations (Eliasova et al. 2014). High genetic differentiation between cytotypes in mixed-
ploidy populations is probably caused by high spatial segregation of the two cytotypes there.
Vickova (2016) confirmed that spatial segregation is the strongest reproductive barrier between
cytotypes of V. cracca, although even this barrier is generally weak. Vi¢kova (2016) also
recorded some potential cytotype preferences of pollinators (Hymenoptera and Lepidoptera).
On the other hand, several individuals distant each other up to 13 m belong probably to the
same genet and originated by clonal growth (Klebesadel 1980). However, also seeds can be
dispersed at the distance of several metres (Garrison et al. 2000). Genetic structure of V. cracca
mixed-ploidy populations is thus shaped by counteracting effects of clonal growth of plants,
their seed dispersal ability and their pollinator behaviour, which is in turn affected by spatial
distribution of cytotypes.

The role of triploids in the establishment of tetraploids and inter-cytotype gene flow

It is surprising, that under co-occurrence of cytotypes in well-established 2x-4x mixed-
ploidy populations that have been repeatedly visited in recent years, there is a total lack of
triploids. Indeed, except two long-term observed diploid populations with several recorded
triploids (36SVK and 41SVK), we found only one another triploid individual in 2x-4x mixed-
ploidy Slovak population (34SVK). In contrast to this, the cytotypes are not genetically
differentiated from each other suggesting extensive gene flow between cytotypes. Such
situation is rather exceptional in studies on polyploid complexes (Miinzbergova et al. 2013;
Rosche et al. 2016). (Certner et al. 2017) reported on inter-cytotype gene flow just by
extraordinary frequent occurrence of fertile triploid hybrids in mixed-ploidy populations.
(Schinkel et al. 2017) documented frequent partially apomictic triploids resulting from
fertilization of an unreduced egg cell by a reduced pollen grain, which constitute a female

triploid bridge towards polyploidization. In line with a previous work (Spielmann et al. 2003),
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Schinkel et al. (2017(Schinkel et al. 2017) demonstrated on empirical data how the maternal-
to-paternal chromosome dosage ratio in the endosperm has a crucial impact on seed
development and fertility due to genomic imprinting, i.e., the differential expression of
paternally and maternally inherited genes. Female triploid bridge via unreduced egg cells and
polar nuclei will result in triploid embryos accompanied by an unbalanced endosperm
containing a maternal-to-paternal genome ratio of 4m:1p with less severe effects on endosperm
(smaller, but cellularized), than the male triploid bridge which results in a maternal-to-paternal
genome ratio of 2m:2p causing over-proliferated, but not cellularized endosperm (Schinkel et
al. 2017). Triploids of V. cracca repeatedly found in two otherwise diploid populations in
northwest Slovakia (36SVK and 41SVK) thus seem to be such case of a female triploid bridge.
As these analysed triploids were genetically uniform, we assume that they have been able to
spread clonally within the localities. Nevertheless, we do not know, why triploids occur just at
these two localities. In general, unreduced gamete production has been shown to be induced by
environmental stresses, especially temperature (refs. in (Schinkel et al. 2017). Unfortunately,
we did not perform any climate measurements in this study. The possibility, that triploids do
occur somewhere else and we simply did not have the fortune to collect them, is also possible.
However, based mainly on our previous study (Travnicek et al. 2010) we consider our sampling
as sufficiently representative. However, the inter-cytotype gene flow might happen also via
formation of tetraploid seeds by diploid mother plants. These neotetraploids can result from
either the union of two unreduced gametes (both egg cells and pollen grains), so called
biparental polyploidization, or from a fertilization of unreduced egg cell by a reduced albeit
diploid pollen grain from a tetraploid plant (Schinkel et al. 2017). The maternal-to-paternal
genome ratio in endosperm should be in both cases 4:2, i.e. the usual 2:1. We have recorded
several cases of a tetraploid seed on a diploid mother plant in crossing experiments (ElidSova
2008) and in screening of ploidy level of plants and their seeds in other sampled localities
(unpubl. data). Similar situation with an existence of a triploid block but simultaneously
possible gene flow from diploids to tetraploids via hybrid neotetraploids was reported in
Centaurea spp. (Hardy et al. 2001; Koutecky et al. 2011). Nevertheless, biparental
polyploidization is still considered to be very rare in natural populations (Ramsey and
Schemske 1998; Husband 2004). Another hypothetical way of inter-cytotype gene flow
constitutes polyhaploids — diploid seeds originated from tetraploid mother plants. Polyhaploids
have been recorded within offspring of natural tetraploids in facultatively apomictic
Ranunculus kuepferi (Schinkel et al. 2017) and of synthetic tetraploids of V. cracca

(Miinzbergova 2017), although in this case diploid seeds originated probably from chimeric
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tissues. However, (Buyukkartal 2008) suggested a possible apomictic embryo development in

related Trifolium pratense.

The origin and history of tetraploids in Europe

Microsatellite data did not clearly discriminate between the single and multiple origin
model of V. cracca tetraploids. Although the percentage of variation explained by the cytotypes
in the case of SO model was higher than the percentage of variation explained by the contact
zones in the MO model, it was strikingly low (6%) (even lower than in the mixed-ploidy
populations). We thus do not accept the single origin scenario as true. This outcome is in line
with a previous study (Eliasova et al. 2014), which reported a comparable amount of allozyme
variation distributed evenly between cytotypes (8.8%) and among populations within the
cytotypes (8.2%).

Nevertheless, sequences of atpl — atpH chloroplast intron suggested multiple origin of
tetraploids. Probably the most primitive haplotype of V. cracca in Europe is E haplotype (shared
by diploids and tetraploids), because it does not have a 21 bp long sequence, which is also
missing in V. dalmatica and V. tenuifolia, (and V. villosa as an outgroup), but otherwise is
present in all other samples of V. cracca. It implies that the first round of WGD had occurred
before V. cracca diploids gained this sequence. We suppose that this is more likely than the
evolvement of tetraploids from diploids which this sequence gained and again lost it or double
independent loss of this sequence by both diploids and tetraploids, although also this eventuality
might have happened (Judith Fehrer, pers. comm.). Similarly to Plantago media (VVan Dijk and
Bakx-Schotman 1997), this most primitive haplotype was recorded in Cantabrian Mts. in Spain
and in the French Massif Central. (Cires and Prieto 2012) also recorded the most ancient
chloroplast haplotype in Ranunculus parnassiifolius L. distinguished from other haplotypes by
19 bp long insertion just in the Cantabrian Mts. and dated it before the LGM. (Fjellheim et al.
2006) determined the divergence time between each of the three chloroplast haplotypes of
Festuca pratensis Huds. recorded in Europe on 160 kyr. In contrast, (Jakob et al. 2007)
estimated the divergence time between two closely related Hordeum species with one arising
by autopolyploidisation of the other even to 2 Myr and Mairal et al. (submitted) estimated
divergence of diploid and autohexaploid Aster amellus even to 3Myr. Regarding the average
substitution rate of chloroplast genes 1.0-3.0 x 107 (substitutions/site/year) (Wolfe et al. 1987)
and the fact that intergenic spacer regions diverge app. 10x faster than genes (Ogihara et al.
1991), we approximate that D and B V. cracca haplotypes diverging one another by two

substitutions from 775 bp long sequences, split before 86-258 kyr. We thus suppose that the
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origin of the oldest V. cracca tetraploids predated LGM. Then they survived the LGM in the
Iberian Peninsula and during the late-glacial stadial (10.5 kyr ago), when the treeless vegetation
was most extensively distributed throughout almost the whole Europe (Huntley and Birks

1983), spread northwards.

Further variation recorded in chloroplast sequences can be interpreted by two alternative
ways. First scenario presumes gradual evolvement of different haplotypes within diploids and
subsequent origin of tetraploids independently in each diploid lineage. It would mean that
tetraploids have developed even three times since the split of the western lineage (E haplotype).
Second scenario supposes that the haplotypes D, C, B, and A existed just before the LGM and
tetraploids of different haplotypes have been originating simultaneously from this pool of
chloroplast variation. These tetraploids derived from different haplotypes could have crossed
together (which further facilitated their establishment), although the resulting seeds transmitted
only the maternal chloroplast haplotype. This scenario fits better the absence of inter-cytotype
genetic differentiation based on microsatellite data.

Tetraploids of D haplotype arose or survived the LGM probably around the Black and
Caspian Sea coastline. This is suggested by the discovery of a tetraploid sample bearing this
haplotype in Georgia on Caucasus which has been recently proposed also as a plant glacial
refugia (Schonswetter et al. 2006; Fjellheim et al. 2006; Kadereit et al. 2008). The presence of
Fabaceae representatives within steppe-like vegetation in this region since LGM (18 kyr ago)
was confirmed by fossil pollen records (Tarasov et al. 2000). Because of long-lasting
disjunction, diploids surviving here gained the above mentioned 21 bp long chloroplast

sequence independently of E lineage.

Balkans might have been a glacial refugium of C and B lineage. The most recently
evolved or the most restricted lineage A (depending on the chosen scenario) seems to originated
or survived the LGM in a region of Croatia — Slovenia — Austria - Hungary borders. This area
was suitable for plant survival during the LGM, because it was virtually ice-free (Voges 1995
in Puscas et al. 2008). Moreover, the presence of the same chloroplast haplotype in sympatric
diploids and tetraploids in two mixed-ploidy populations occurring just in this region further
suggests that there might be a zone of a primary contact of the cytotypes there. Although these
populations were arbitrarily assigned to the CE contact zone, they are situated close to the SEE
zone, where the primary contact has been supported by significant correlation between
geographic and genetic distances within inter-cytotype population pairs and the smallest
molecular variation between the cytotypes. Despite strong reproductive barriers between
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cytotypes in A. amellus also (Miinzbergova et al. 2013) admitted possible in situ origin of

hexaploids in a sympatric population on Austria- Hungary borders.

Diploid ancestors with D haplotype then either became extinct, or we simply did not have
the fortune to collect them. A similar retreat of diploid ancestors was recorded also in C
haplotype (we found only two diploid individuals bearing this haplotype in Slovakia — 39SVK
and in Romania — 51ROM). In (Travnicek et al. 2010) we really recorded such disappearance
of diploids in Central Europe during only few decades. Diploids may be potentially less
competitive and more susceptible to extinction due to lower allelic richness and heterozygosity
(Bever and Felber 1992, Soltis and Soltis 2000; Mahy et al. 2000; Hardy and Vekemans 2001,
EliaSova et al. 2014), although consistent evidence of adaptive benefits of autopolyploidy due
to accelerated mutation and diversification rates of duplicated genes is still lacking (Parisod et
al. 2010). Alternatively, diploids may have been disappearing as a cause of the minority
cytotype exclusion principle (Levin 1975). In such a case, the rarer cytotype experiences a
frequency dependent disadvantage because of the high proportion of hybrid crossings with more
numerous cytotype and will eventually be outcompeted. This scenario is in agreement with a
strong triploid bridge discussed before. Finally, the extinction of diploids might be linked with
ecological succession and related changes in species composition on localities or with changes
in management of man-made habitats, where V. cracca occurs (EliaSova and Miinzbergova
2014). Already Chrtkova-Zertova (1973) pointed out the decreasing number of habitats of a
primary character where diploids occur predominantly. Similar gradual shift in cytotype
composition at the landscape level has been reported by (Buggs and Pannell 2007) and recently
suggested also by (Certner et al. 2017), although diploids are displacing polyploids in the

former study.

During the last 3000 years, the treeless vegetation has increased with a northward
expansion from south-east and west Europe, which likely caused a secondary contact of E
lineage coming from Iberian Peninsula with B and C lineages spreading from south east, and D
lineage spreading westwards with B lineage in the CE contact zone. Both the presence of
microsatellite alleles private either for diploids or tetraploids and different chloroplast
haplotypes in sympatric diploids and tetraploids in several populations and the absence of
isolation by distance within inter-cytotype population pairs support a secondary contact zone
hypothesis in CE and SWE zones. These results are congruent with general position of well-

known contact zones in Europe (Hewitt 2000), which have been repeatedly confirmed by recent
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works in several polyploid complexes (Fjellheim et al. 2006; Mraz et al. 2008; Castro et al.
2012; Mraz et al. 2012).

Furthermore, several German populations (both southern and northern) as well as one
Polish and Finish population (25POL and 97FIN, resp.) unexpectedly rich in private
microsatellite alleles, and highly discontinuous distribution of C haplotype also indicate great
anthropogenic dispersal of V. cracca. Similarly to forage grasses such as Lolium spp., seeds of
V. cracca could have been carried along with cereals since Neolithic period (Balfourier et al.
2000). Indeed, we have evidence about the usage of V. cracca as a forage crop in more recent
history (Klebesadel 1980). Except for intentional seed dispersal for the purposes of foraging
and green manuring, there is evidence about unintentional long-distance seed dispersal by
vehicles along motorways (Von Der Lippe and Kowarik 2007). Hodkinson and Thompson
(1997) showed that some weeds may be dispersed over hundreds of kilometres, although they
mostly do not pass 40 km. It is worthy to mention, that members of Fabaceae are commonly
reported in studies on seed dispersal by cars (Ansong and Pickering 2013). Recent study of
Pickering et al. (2016) suggest that also horse riding and mountain biking can act as dispersal
agents. Finally, as evidenced by STRUCTURE analysis, the genetic structure might be erased
by extensive gene flow between cytotypes discussed above.

The presence of alleles found in V. dalmatica and several V. cracca tetraploid lineages
but not in diploids also might suggest introgressive hybridisation between V. cracca and V.
dalmatica. We suppose that interspecific 2x-2x hybrids with 2n = 2x = 13 might have produced
unreduced gametes (n = 13) which merged together or cross backwards with unreduced diploid
gamete of V. cracca (n = 14) and thus lead to the origin of tetraploids with 2n = 26 and 27.
Alternatively, hybrid tetraploids with 2n = 26 might have arisen in one step by union of
unreduced gametes of both V. cracca and V. dalmatica or by the involvement of reduced but
diploid gametes from tetraploid V. cracca. Vigorous aneuploids with both 2n =26 and 27 were

recorded in V. cracca (Rousi 1961, Chrtkova-Zertova 1973). Recurrent backcrossing of hybrid

polyploids further could have resulted in introgression of V. dalmatica genes into V. cracca
tetraploids’ genome. Introgressive hybridisation within polyploid complex is quite common
phenomenon (eg. Slotte et al. 2006; Luttikhuizen et al. 2007; Hedrén et al. 2012; Guo et al.
2012) and may be associated with genetic variation increase potentially leading to adaptive
evolution (Han et al. 2015).
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Conclusions

Microsatellite data showed low differentiation between the two cytotypes of V. cracca.
The absence of any spatial pattern of microsatellite data suggests great gene flow between the
cytotypes. The gene flow from diploids to tetraploids might happen despite a strong triploid
block due to unreduced gametes via biparental polyploidization and/or inter-cytotype
hybridization by union of unreduced diploid egg cells and reduced albeit diploid pollen grains
from tetraploids. The siring disadvantage via the triploid block might have caused the exclusion
of diploids from some populations in the contact zones. The high differentiation between the
two cytotypes detected in the mixed-ploidy populations in the CE contact zone support the
hypothesis of secondary contact of cytotypes there. Moreover, it corroborates the idea of
secondary contact zones functioning as melting spots of genetic variation (Petit et al. 2003). In
contrast, the low genetic differentiation in SEE contact zone indicates that tetraploids could

arise in situ there.

Regarding the sequences of cpDNA, we propose two scenarios of the origin of tetraploids
in Europe. In both scenarios, we assume that the most ancient tetraploids come from Iberian
Peninsula. Further interpretation of the data depends on the fact, if current haplotype diversity
predated the LGM or has evolved subsequently since that time. In the first case other tetraploids
possessing different haplotypes could have originated simultaneously at one place (most
probably in south-eastern Europe or Caucasus region) and crossed together. In the latter case
tetraploids established independently from each diploid lineage bearing a different haplotype.
Potentially a new diploid lineage has been revealed at the eastern margin of Alps, although
other diploid lineages are being extinct. Anyway, the current haplotype distribution was shaped
by the range expansion/compulsion of treeless vegetation since LGM, which finally resulted in
secondary contacts of different haplotypes/cytotypes. We further suggest that distribution of
genetic variation within the species was also affected through artificial seed transport since the
Neolithic times. Finally, the results indicate that some hybridisation of V. cracca with V.

dalmatica might have happened.
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Df F P
Intercept 1 3055.562 <0.001
Contact zone 2 5.694 0.006
Ploidy level 1 29.244 <0.001
Zone * ploidy level 2 0.074 0.929
Error 56

Table 1. Factorial ANOVA results testing the effect of ploidy level (2x, 4x) and contact zone

(CE, SWE, SEE) on allelic richness in V. cracca computed by rarefaction analysis in SPAGeDi
1.4 (Hardy and Vekemans 2002). Values significant at P < 0.05 are in bold.

Europe CE SEE SWE 12CZE 37SVK 40SVK
2x-4xr 0.04 0.00 0.11 -0.15 0.04 0.07 -0.03
2x-4x p 0.22 0.50 0.01 0.97 0.26 0.18 0.60
2x-2xr 0.03 0.06 0.03 0.11 0.16 -0.05 -0.26
2x-2x p 0.30 0.04 0.38 0.02 0.18 0.68 0.91
4x-4x r 0.06 0.04 0.08 -0.19 0.25 0.20 -0.26
4x-4x p 0.15 0.01 0.15 1.00 0.03 0.07 0.91

Table 2. Correlation between pair-wise distances between diploid, tetraploid, and diploid —

tetraploid population pairs measured using Bruvo distances and geographical distances;

provided for Europe, contact zones (CE, SEE, and SWE), and three mixed-ploidy populations
(12CZE, 37SVK, and 40SVK). In the three mixed-ploidy populations, analyses were done

between individuals. Values significant at P < 0.05 are in bold.
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Europe Three contact zones

d. Percentageof P d.f. Percentage of variation P
Source of variation f. variation
(A) Single-origin polyploidy model
Among cytotypes 1 3% 0.002 1 6% 0.001
Among regions w/in cytotypes 4 7% 0.001 4 1% 0.001
Individuals w/in regions 83 90% 0.001 350 89% 0.001
(B) Multiple-origin polyploidy model
Among regions 2 2% 0.027 2 0% 1.000
Among cytotypes w/in regions 3 7% 0.001 3 10% 0.001
Individuals w/in cytotypes w/in
regions 83 91% 0.001 350 90% 0.001

Table 3. AMOVA of V. cracca diploids and tetraploids from central, south-eastern, and south-western European contact zone calculated for two
datasets: Europe — a set of previously sequenced samples without geographically remote populations (1 ind./pop.), and population-based dataset

originated by merging data from the three contact zones (min. 4 ind./pop.).
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CE SEE SWE 12CZE 37SVK 40SVK
Source of variation d.f. % d. f. % d. f. % % % %
Among cytotypes 1 9%** 1 2%** 1 e*** 1 34%** 1 12%** 1 13%**
Among pops w/in
cytotypes 35 15%** 10 31%*** 13 25%** NA NA NA NA NA NA
Individuals w/in
populations 211 76*** 36 67*** 45 69*** 29 66 28 88 28 87

Table 4. AMOVA of V. cracca diploids and tetraploids calculated separately in the three European contact zones (CE, SEE, and SWE) and three

mixed-ploidy populations (12CZE, 37SVK, and 40SVK)). *** significant at P < 0.001. NA = not applied.
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0 400

kilometers

tetraploids, triangles mixed-ploidy populations: red 2x + 4x and green 2x + 3x. Red lines show
the three arbitrarily defined contact zones. Approximate distribution of V. dalmatica is depicted
by dashed line (redrawn by Hultén and Fries 1986).
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E2x + 4x A 2x

Fig. 2. Haplotype network of atpl — atpH chloroplast intergenic spacer recorded within 114 V.
cracca individuals sampled across Europe including one sample from Caucasus. Size of
symbols representing individual haplotypes corresponds to the number of individuals. Small
horizontal bars denote 1 nt substitutions, black dots 1 nt indels, and a black square 21 nts long

indel.
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Fig. 3. Distribution of chloroplast atpl — atpH haplotypes of V. cracca in Europe. Colours refer

to haplotype illustration in Fig. 2. Dots relate to diploids, squares to tetraploids, and triangles
to mixed-ploidy populations (2x + 4x and 2x + 3x). A right half of the triangles denotes always

haplotype of a diploid.
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Fig. 4. Mean allelic richness per population for the tree contact zones of V. cracca cytotypes
(CE = central Europe, SEE = south-eastern Europe, and SWE = south-western Europe).
Diploids labelled by black dots, tetraploids by white squares. Bars denote 0.95 confidence

intervals.
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Fig. 5. Correlation between latitude and mean number of alleles per individual and population

of V. cracca diploids (2x) in Europe.
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Fig. 6. PCA of V. cracca cytotypes (diploids 2x, triploid 3x, tetraploids 4x) and closely related
diploid V. dalmatica (DAL) and tetraploid V. tenuifolia (TEN) based on the microsatellite data.

240



Suppl. Table 1. List of V. cracca L. populations and closely related V. tenuifolia Roth. (2n =4x =24; “T”) and V. dalmatica A. Kern 2n=2x =12;
“D”), comprised to the study with GPS coordinates and locality description, assignment to the contact zone (CE — central European, SEE — south-
eastern, and SWE — south-western), ploidy level and the number of sampled plants, provider of the samples, and information, if a chloroplast
intergenic spacer atpl- atpH in an individual sample has been sequenced (y = yes). V. villosa Roth. (2n = 14) was used as an outgroup. Abbreviations
of providers are listed below the table. Locality ID comprises international country codes.

Locality Contact Locality description Ploidy N Provider Latitude Longitude Seq.
ID zone level
1AUT CE Hallein, Gamp, industrial area, ruderal, calcareous soil 4 1 uUs 47.67306 13.10917 vy
2AUT CE Kampichl, mowed meadow by the highway exit 4 4 AE,ME 4752456 16.11019 y
3AUT CE Pfons, Gedeir, a mountain meadow 4 4 AE,ME  47.15417 11.45472 y
4AUT CE Rauris, Hiittwinkltal, Bucheben, edge of hay meadow, schist 4 1 us 47.15639 12.97139 y
5AUT CE Riedenthal, a bank of the brook 4 4 AE,ME  48.41875 16.50019 y
6AUT CE Schemerlhohe, a grassy slope by the highway exit 2+4 4+4 AE,ME  47.05936 15.59858 vy
TAUT CE Schillingsdorf, E surroundings of Graz, a poor dry mowed slope by a road and a wet 4 1 KFUG 47.113 15548 y
ditch
8AUT CE Steiermark/Styria, Steinach-Irdwing, railway station, ruderal 4 1 uUs 47.53 141y
9CZE CE Dubnany - meadow close to the cemetery in the eastern margin of the village 2+4 1+4 AE 48.92144 17.11008 vy
10CZE CE Hlucin — Jasénky, edge of a field along the river Opava 4 4 AE 49.87431 18.19011 vy
11CZE CE Huslenky, settlement U Kuzeli, a meadow nearby a ski lift 4 4 AE 49.29958 18.13661 y
12CZE CE Javornik nad Velickou, a meadow on the southwest edge of the nature reserve 2+4 15+16 AE, ME  48.82946 17.52069
Machova
13CZE CE Pul¢in, a ditch and a meadow along the road at the southern edge of the village 2+4 4+1 AE 49.21689 18.08061 y
14CZE CE Staré Hamry - Huté — settl. on the left bank of dam Sance, a ditch and adjacent 4 1 AE,ME 4947993 18.42993 vy
meadow beside the road to Bila
15DEU CE Neukirchen, a grassy slope by Atzlbachtal Briicke 4 4 AE,ME 47.82686 12.75989 y
16HRV CE Nova Kapela, bushy edge of a meadow nearby the pathway to Pavlovci 2 3 AE,ME 45.244 17.67364 y
17HRV CE Donja Semnica (Krapina), a mowed mezophytic meadow along the road to 2 4 AE,ME 46.11908 15923 y
Svaljkovec
18HUN CE Kissomly6 2 4 SC 47.149 17.09889 vy
19HUN CE Raposka 2+4 4+3 SC 46.85031 17.42369 y
20ITA CE  Canazei, a slope by the road in the forest 4 4 AE,ME 46.4795 11.77978 y
211TA CE Valmorbia, a dry grassy slope by the road 4 4 AE,ME 4580353 11.09903 y
22POL CE Janki Dolne (by Serock), west edge of the village, a meadow by a pond and a ditch 4 4 AE,ME 5253653 21.21085 y

along a road
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23POL
24POL
25POL
26POL
27POL
28POL
29POL
30POL
31POL
325VK
33SVK
34SVK
358VK
36SVK
37SVK

38SVK
39SVK
40SVK
41SVK
42SVN
43SVN
44BGR

45HUN
46ROM
47ROM
48ROM
49ROM
50ROM
51ROM

52ROM
53SRB
54SRB

CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE
CE

CE
CE
CE
CE
CE
CE
SEE

SEE
SEE
SEE
SEE
SEE
SEE
SEE

SEE
SEE
SEE

Jetowa, ditch by a road

Lesniewo - Niedzwiedz, edge of a road by a grade crossing

Mielnik - Zagorze, a meadow by the river Bug

Ogrodzieniec, a ruderal place in the vicinity of an abandoned sand quarry
Pszczeliny, a roadside northwards of the village

Susiec, a field edge northwards of the village

Tokarnia - Checinsko, a scrubby meadow on a bank of the river Czarna Nida
Wierzchoniow, east edge of the village, a ditch along a road

Wolbérz, meadow and a field margin by a crossroad to Zarnowica and Mtoszow
Ci¢many, field edge at the northern part of the village

Ci¢ov, a field margin along the road to Klu¢ovec

Donovaly, a ruderal place beside a main road

Medzny Mlyn, Filkovci, a meadow

Lucky, an overgrown meadow at a slope in the southwestern edge of the village

Makov — Trojacka, a wet meadow approx. 300 m northwest from the former
customs house
Makov - Vysni Labajovci - meadow by a road by the hotel Pan¢ava

Oravska Jasenica, a meadow-field boundary at the northern edge of the village
Svréinovec, small brook banks and an adjacent meadow

Vlkolinec, a meadow close to an entry to the historic village on the list of UNESCO
Gocova, Slovenske Gorice Mts., a bank of the brook

Ribno near lake Bled, meadow between Savska cesta and the river Sava

Balkanets, Troyan, Stara Planina Mts., bushy growth on the slope along the road
through the Troyanski Pass
Bordany, growth along a field path

Corbii Mari, field edge along the road to lzvoru

Cut, field edge along the road between Sebes and Sibiu
Judetul Neamt, Orasul Bicaz, Satul Potoci

Odvos, bushy growth along a brook bank

Robaia, NP Cozia, growth along the pathway 703G

Slimnic, growth along a path to the nature reservation of steppic vegetation on the
side of Zakel Hill
Télmaciu, a mowed meadow along the road to Boita

Gornja Sabanta, a mowed meadow by the road to Slatina
Gornja Sabanta, field edge along the road to Velike Pcelice
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4 4
4 1
4 4
4 1
2 1
2 1
2+4 4+4
2 4
4 1
2 4
2 1
2+3+4 4+1+4
2 4
2+3 20+9
2+4  19+11
2 4
2+4 1+2
2+4  10+20
2+3 20+4
2+4 4+4
4 4
4 4
4 4
2 4
2 4
4 1
2 4
2 4
2+4 4+1
2 4
4 1
4 4

AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE
AE, ME
VO
AE, ME
AE, ME

AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
BM
AE, ME

AE, ME
AE, ME
AE, ME
BGI
AE, ME
AE, ME
AE, ME

AE, ME
AE, ME
AE, ME

50.78439
53.0182
52.33749
50.44036
49.17494
50.42433
50.77475
51.3378
51.49268
48.9595
47.79103
48.8765
48.77098
49.1235
49.37936

49.34764
49.41381
49.48247
49.03778
46.55694
46.34367
42.82531

46.32928
44.52697
45.91972
46.98917
46.11042
45.25358
45.89431

45.65122
43.92725
43.92467

18.05635
22.601
23.00687
19.52164
22.68611
23.21375
20.45118
22.0464
19.83413
18.51839
17.75236
19.23128
17.43048
19.39911
18.43317

18.50022
19.42874
18.80142
19.27625
15.86925
14.12722
24.65339

19.92569
25.51158
23.67186
26.11167
21.81619
24.45708
24.16853

24.26678
21.04167
21.00514
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55SRB
56SRB
57SRB
58SRB
59CHE
60FRA
61FRA
62FRA
63FRA
64FRA
65FRA
66FRA
67FRA
68FRA
69FRA
70FRA
7T1FRA
T2FRA
73FRA
T4FRA
75FRA
T6ITA
T7ITA
78ITA
T9ITA
80ITA
81ITA
82ITA
83ITA
84ITA
85CZE
86CZE
87DEU
88DEU

SEE
SEE
SEE
SEE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE

= = = =

Izatovci, Vidli¢ Mt., a moist meadow along the brook and the road to Donji Krivodol
Mojinci, Vidli¢ Mt., xerotermic vegetation along the road to Vlkovija
Rudnik, a meadow along the road to Mutanj

Ruma, a moist field edge nearby the highway exit
Fribourg, ruderal lawn in the town

Arnay-le-Duc, Department Cote-d'Or

Bevons, a top of the water canal

Bossons, a vegetation along a pathway in the forest
Gresse (Mévouillon), a flooded terrain depression
Chamoux sur Gelon, a grassy slope along the road
Chassenay, a field edge

La Farette, a mowed meadow

La Chapelle Blanche, a mowed meadow

La Versanne, a grassy and ruderal slope along the road
L'Hopital-Saint-Lieffroy, a meadow by the motorway
Lus la Croix Haute, a ruderal vegetation

Luzy, a ditch along the road

Mandelot, a pasture edge

Orcinec, a ditch along the road

Veilly, a ditch along the road

Yzeure, a grassy slope along the road

Aosta Valley, Montjovet

Montjovet

Montjovet, a flooded meadow

Morgex, a mowed meadow along the road

Palud, a ruderal vegetation

Pavillon du Mont Fréty

Pré Saint Didier, Orrido

Pré St. Didier, a meadow by the river

Viverone, a meadow along the road

Kostelec nad Cernymi lesy

Piimda, a mowed meadow

Bruchmiihle/Mirkisch - Oberland

Hinzdorf, SE Wittenberge
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AE
IPK
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
GBAP
GBAP
AE, ME
AE, ME
AE, ME
GBAS
GBAS
AE, ME
AE, ME
AE
AE, ME
HU
IPK

43.11642
43.08253
44.13689
44.96989
46.80389
47.12194
44.16919
45.90497
44.24078
45.54661
47.11511
44.22736
45.44525
45.32444
47.40414
44.67161
46.81081
47.07492
45.78889
47.12686
46.53306
45.70639
45.70639
45.69822
45.76067
45.81181
45.7925

45.76417
45.76556
45.41317
49.99885
49.68103
52.54972
52.96667

22.90133
22.90217
20.49281
19.80806
7.150556
4.49
5.880861
6.8605
5.464639
6.240222
4.458722
5.496806
6.090917
4.522139
6.444611
5.698444
3.997417
4727722
3.006528
4.580917
3.366528
7.675
7.675
7.669333
7.021361
6.968722
6.971667
6.984722
6.986694
8.053694
14.8565
12.692
13.78028
11.81667

A G A S .5 5 O O I I I I I JA S O I I I S S O O I I S



89DEU
90DEU
91DEU
92DEU
93DEU
94DEU
95DEU
96ESP
97FIN
98FIN
99FIN
100FIN
101GBR
102GEO
103ISL
1041SL
105NLD
106NLD
107NOR
108NOR

109BGR
110BGR

111ITA
112ITA
113ITA
114ITA
115ITA
116ITA

= = = = =9 = = =9 = =5 = = =59 = = = = = = =

SEE
SEE

SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
CE

Lauterhofen, a ditch along the road

Loffenau, a grassy slope along the road

Miiritz See, Mecklenburg-Vorpommern

O-Wische, 1 km E Giesenslage

Saxony-Anhalt, District Wittenberg, Bleddin (Kemberg, Globig-Bleddin)
Triensbach, a meadow by the motorway

Weinstetten, a vegetation along the road in a forest

Cantabrian mountains

Marjatta (Isoviita)

North Karelia, llomantsi, Mekrijarvi, Vaara.Herb-rich roadside meadow
North Karelia, Joensuu,Noljakka, Kivuvaara. Fresh meadow, open field.
Uusimaa, Helsinki

Blean, Canterbury, Kent

Kvavlo, above Dartlo, NW Omalo, Rayon Achmeta, Tuschetien
N-Mulasysla, Geitagerdi

Reykjavik area, Videy

Noord-Holland, Diemen (east of Amsterdam): Diemervijfhoek, wetland
Noord-Holland, Dunes south of Egmond aan Zee, Habitat: Dunes
Aust-Adger, Iveland, Asen, meadow

Oslo, Bygdey, along the beach between Huk and Paradisbukta

BGR, Bunovo, forest edge along the road between Mirkovo and Dolno Kamartsi
BGR, Karnare, Stara Planina Mts., growth at the rock foot along the road through the

Troyanski Pass
ITA, Ponte Organasco, a ditch by the road

ITA, Losso, a dry meadow

ITA, Isola, a ditch along the road in the forest

ITA, Fontanigorda, a dry meadow

ITA, Fontanigorda, a dry meadow

ITA, Morasco, a rocky teracce along the road

Ukraine

Bulgarien

CZE, Czech Republic

DEU, Botanical Garden of University of Halle (Saale)
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AE, ME
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IPK
IPK
BGBM
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IPK
IPK
UERJ
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IPK
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IPK
HBR
HBR
IPK
HBA
ANHM
AKB

AE, ME
AE, ME

AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
AE, ME
IPK
IPK
IPK
IPK

49.40222
48.76892
53.41667
52.81667
51.78306
49.17386
47.90772
43.26301
66.78333
62.76694
62.62528
60.17556
51.30639
42.44408
65.11652
64.16417
52.34611
52.62
58.36028
59.89722

42.70342
42.75611

44.6825
44.65451
44.57283
4454827
4454827
4451015

11.54406
8.372806
12.68333
11.95
12.78306
9.992222
7.593778
-3.50267
28.25
30.99
29.69528
24.93417
1.043056
45.5878
-14.8
-21.8526
5.016944
4.626667
8.073333
10.71139
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SWE
CE
SEE

SEE

SWE

SWE

SWE
Notes:

ARM, Armenia

SWE, Sweden

ARM, Armenia

FRA, Mandelot, a pasture edge

HUN, Vértestolna, Gerecse Mts., shrubs along a pathway

ROM, Slimnic, growth along a path to the nature reservation of steppic vegetation on
the side of Zakel Hill

SRB, Mojinci, Vidli¢ Mt., xerotermic vegetation along the road to Vlkovija
FRA, Chassenay, a field edge

FRA, La Versanne, a grassy and ruderal slope along the road

ITA, Viverone, a meadow along the road

GBAP = Ente Parco Nazionale Gran Paradiso, Giardino Botanico Alpino, Paradisia,Cogne (Aosta), Italy
BGBM = Botanischer Garten und Botanisches Museum Berlin-Dahlem, Germany

BGUH = Botanischer Garten der Universitdt Hamburg

HBR = Hortus Botanicus Reykjavikensis, Iceland

US = University of Salzburg, Austria

HU = Humboldt-Universitit zu Berlin; Institut fiir Biologie, Spath-Arboretum, Berlin, Germany
HBUO = Hortus Botanicus Universitatis Ouluensis, Oulu, Finland

UEFJ = Botania, Botanic Garden, University of Eastern Finland, Joensuu, Finland

BGI = Anastasie Fatu Botanical Garden of "Alexandru Ioan Cuza" University, Iasi, Romania
ANHM = Adger Natural History Museum and Botanical Garden, Kristiansand, Norway

HBA = Hortus Botanicus Amsterdam, Netherlands

GBAS = Giardino Botanico Alpino " Saussurea", Courmayeur (Aosta), IT

KFU = Botanical garden, Institute of Plant Sciences, Karl-Franzens University of Graz, Austria

AE = Anezka Eliasova, ME = Marek Elias, SC = Silvia Castro, BM = Bohumil Mandak, AKB = Anne K. Brysting

(Oslo University), VO = Veronika Olivova
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Suppl. Table 2. Position of polymorphisms in the multiple atpl-atpH alignment of distinct V.
cracca haplotypes (A-E) and closely related Vicia species. V. dalmatica is represented by
samples of morphologically distinct diploids from Italy and Bulgaria and specimens from Index
Seminum (IS) also from Bulgaria and Ukraine. V. villosa is an outgroup. Intraspecific
nucleotide substitutions/indels are in bold.

Species Nucleotide
(haplotype) position
62 69 188 189 190 191 192 193 194 195 196 197 202

T T T

. cracca A

. cracca B
.craccaC
.craccaD
cracca E

. tenuifolia

. dalmatica

. dalmatica (1S)
. villosa
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Locus/allele

M22

M41

58NED

16PET

37FAM

Locality

Ploidy level

144

154

161

162

187 190 209 210 216

229

147 159

137 157

199

3AUT

SAUT

6AUT

9CZE
14CZE
17HRV
18HUN

20ITA
25POL
29POL
36SVK
37SVK
40SVK
42SVN
55SRB
56SRB
57SRB
59CHE
68FRA
69FRA
70FRA
86CZE
87DEU
88DEU
90DEU
91DEU
94DEU

97FIN

A AP PAADMMAAMMMAEMNMDMAEMANMNMNMAEAEMASSLDS

1/4
4/4
11
1/4

1/4

1/4
1/4

11

2/4

1/11
5/20

1/4

11

11
1/4
11

1/4

1/4

1/4
1/20
3/11

1/4

1/4

1/1

2/4

2/4

1/4

1/11
1/20

1/4

1/4
11

1/1

2/4

1/4

1/20

2/4

11

11

1/4

11
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Suppl. Table 3. (Previous page) List of alleles found exclusively in V. cracca diploids or tetraploids (= private alleles not shared by the two
cytotypes). Allele frequencies in populations are displayed as number of individuals which possessed a given allele/nr. of scored individuals.
Locality codes in bold signify mixed-ploidy populations. Allele codes in italics mean alleles shared by V. cracca and V. dalmatica. Please notice
the unexpectedly high presence of cytotype specific alleles in Poland, northern Germany, and Finland. The presence of private alleles in two mixed-
ploidy populations in Slovakia is not surprising, because they were more intensively sampled. Interestingly, two diploid specific alleles were
recorded closely each other in Croatia and Hungary. The remaining diploid population with private allele occurs in Slovakia (36SVK). Six out of
seven mixed-ploidy populations, where tetraploids possessed private alleles, are included to CE contact zone. The only mixed-ploidy population
where diploids displayed private allele is situated in Massif Central in France, i.e. in SWE contact zone. For locality description see Suppl. Tablel.
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Suppl. Fig. 4: PCA graphs of Vicia cracca diploids (black dots) and tetraploids (white squares)
in A) a central European, B) south-eastern, and C) south-western contact zone, and in three 2x-
4x mixed-ploidy populations from the central European contact zone (D) 12CZE, E) 37SVK,
F) 40SVK). Analyses based on Bruvo distances calculated from seven microsatellite loci.
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Suppl. Fig. 5: Spatial distribution of Vicia cracca diploids and tetraploids in three mixed-ploidy
populations from the central European contact zone a) 12CZE, b) 37SVK, and c) 40SVK.
Individuals are drawn according their assignment to PCA quadrants (I-1V clockwise) based on
Bruvo distances calculated from seven microsatellite loci. Same multilocus genotypes within

individual populations are depicted by the same colour (red, green, blue, or violet).
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Suppl. Table 6: Summary of analyses in STRUCTURE of Vicia cracca diploids and tetraploids in five mixed ploidy populations from central
European contact zone (2x + 4x: 12CZE, 37SVK, 40 SVK, and 2x + 3x: 36SVK, 41SVK), central European (CE), southwestern (SWE), and south-
eastern (SEE) contact zone and whole Europe. Analyses were run for each data set based on seven microsatellite loci using admixture model and
K values ranging from one to four at the small spatial scale and to 10 at the intermediate and large spatial scales. Each run consisted of 10 000
burn-in iterations and 10 000 data collection iterations. Each K value was evaluated using 10 independent Markov chain Monte Carlo (MCMC)
replicates. The number of clusters was inferred following Pritchard et al. (2000) (A), with posterior probabilities of K calculated assuming uniform
priors on K and using for each K the maximum value of the probability of the data given K, In Pr(X|K), obtained over MCMC replicates (Halverson
et al., 2008). Under the single-origin model, we would expect the K clusters identified by STRUCTURE to correspond to cytotypes, whereas under
the multiple origins model we would expect clusters corresponding to sites. The optimal K value was determined also using Evanno method
(Evanno et al. 2005) by calculating AK with Structure Harvester (Earl and Vonholdt 2012) (B).

A K 1 2 3 4 5 6 7 8 9 10
12CZE In Pr(X|K) -405 -406 -409 -407
D In-likelihood 0 -1 -4 -2
Posterior Pr(K) 0.250 0.250 0.250 0.250
37SVK In Pr(X|K) -414 -414 -414 -414
D In-likelihood 0 0 0 0
Posterior Pr(K) 0.250 0.251 0.251 0.251
40SVK In Pr(X|K) -437 -437 -438 -437
D In-likelihood 0 0 -1 0
Posterior Pr(K) 0.250 0.250 0.250 0.250
36SVK In Pr(X]|K) -277 -278 -281 -277
D In-likelihood 0 -1 -4 0
Posterior Pr(K) 0.250 0.250 0.250 0.250
41SVK In Pr(X]|K) -208 -208 -208 -209
D In-likelihood 0 0 0 -1
Posterior Pr(K) 0.250 0.250 0.250 0.250
CE zone In Pr(X|K) -3441 -3503 -3455 -3474 -3446 -3447 -3445 -3444 -3445 -3444
D In-likelihood 0 -62 -14 -34 -6 -7 -4 -3 -4 -3
Posterior Pr(K) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
SEE zone In Pr(X|K) -551 -552 -552 -551 -551 -551 -551 -551 -551 -551
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D In-likelihood 0 -1 -1 0 0 -1 0 -1 0 0
Posterior Pr(K) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
SWE zone In Pr(X]|K) -700 -700 -700 -699 -701 -700 -699 -700 -700 -700
D In-likelihood 0 -1 -1 0 -1 -1 0 -1 -1 -1
Posterior Pr(K) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Europe In Pr(X]|K) -1717 -1719 -1719 -1719 -1719 -1718 -1719 -1718 -1718 -1718
D In-likelihood 0 -2 -3 -2 -3 -1 -2 -1 -1 -1
Posterior Pr(K) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
B K 1 2 3 4 5 6 7 8 9 10
12CZE Mean LnP(K) -405 -412 -405 -405
Stdev LnP(K)  0.726  16.244 2.153  1.2184
Ln'(K) NA -7 7 0.66
[Ln"(K)| NA 14 6 NA
Delta K NA 1 3 NA
37SVK Mean LnP(K) -414 -414 -414 -414
Stdev LnP(K) 1.899 1.178 0.689 1.514
Ln'(K) NA 0 0 0
|Ln"(K)| NA 0 1 NA
Delta K NA 0 1 NA
40SVK Mean LnP(K) -437 -437 -438 -437
Stdev LnP(K)  0.820 1.072 0.556 1.962
Ln'(K) NA 0 -1 1
|Ln"(K)| NA 1 1 NA
Delta K NA 0 2 NA
365VK Mean LnP(K)  -277 -278 -281 277
Stdev LnP(K) 1.180 3.887 8.912 0.914
Ln'(K) NA -1 -3 4
|Ln"(K)| NA 2 7 NA
Delta K NA 0 1 NA
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41SVK

CE zone

SWE zone

SEE zone

Europe

Mean LnP(K)
Stdev LnP(K)
Ln'(K)
|Ln"(K)|
Delta K
Mean LnP(K)
Stdev LnP(K)
Ln'(K)
|Ln"(K)|
Delta K
Mean LnP(K)
Stdev LnP(K)
Ln'(K)
|Ln"(K)|
Delta K
Mean LnP(K)
Stdev LnP(K)
Ln'(K)
|Ln"(K)|
Delta K
Mean LnP(K)
Stdev LnP(K)
Ln'(K)
|Ln"(K)|
Delta K

-208
0.623
NA
NA
NA
-3441
0.232
NA
NA
NA
-700
0.874
NA
NA
NA
-551
1.251
NA
NA
NA
-1717
1.070
NA
NA
NA

-208
1.787

0

1

0
-3503
121.973

-208
0.821

-3455
9.064

-209
1.254

NA
NA
-3474
85.812
-20
48

-699
0.742

-551
1.590

-1719
0.753

-3446
1.500

-3445
2.520

-699
1.170

-551
2.272

-1719
1.293

-3444
1.722

NA
NA
-700
2.220

NA
NA
-551
2.929

NA
NA
-1718
1.204
1

NA
NA
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