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Summary

I conducted a biosystematic study of the polyploid complex of Vicia cracca with 2n =
2x = 14 and 2n = 4x = 28 occurring in the central Europe. Flow cytometry, isozyme analyses,
crossing experiments, and geometric morphometrics were employed for the first time to study
distribution, reproductive system and morphological variability in this polyploid complex.
Using this complex approach, new evidence for the hypothesised autopolyploid origin of
tetraploids was obtained. In the area of the former Czechoslovakia, tetraploids and diploids
exhibit basically parapatric ranges. Tetraploids are rarely found in Slovakia whereas pure
diploid populations were not found in the Czech Republic. A narrow zone of several mixed-
ploidy populations along the Czech-Slovak border was recorded. This contact zone is
probably of a secondary origin and is maintained by a balance between dispersal rates of the
cytotypes and a frequency-dependent selection against inter-ploidy hybrids. A strong triploid
block between cytotypes was proved by pollination experiments. Triploids resulting from
fusion of reduced and unreduced gametes within diploid populations were very rare (0.1 %)
and occurred in a restricted area in northwest Slovakia. Gene flow between cytotypes via the
formation of tetraploid seeds by diploid mother plants seems to be possible but also extremely
rare. Analyses of isozyme variation suggest that both cytotypes of V. cracca exhibit mixed
breeding system with prevailing outcrossing. Cytotypes are slightly but significantly different
with regard to morphology, especially in flower characters. Besides the quantitative
differences, there were also some changes in the shape of floral structures correlated with the
ploidy level. Impact of the natural selection on the reinforcement of morphological
differences between cytotypes in sympatric populations was tested. Based on my results,
recognition of the two diploid races of V. cracca delimited previously does not seem to be

justified.
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geometric morphometrics, triploid block, minority cytotype exclusion.



Souhrn

Tato prace je biosystematickou studii polyploidniho komplexu vikve ptaci (Vicia
cracca) se dvéma cytotypy (2n = 2x = 14 a 2n = 4x = 28) vyskytujicimi se ve stiedni Evropé¢.
Ke studiu rozSifeni cytetypli, zpisobu reprodukce a morfologické variability v tomto
polyploidnim komplexu byly poprvé pouzity moderni metody jako priitokova cytometrie,
analyza isoenzymovych dat a geometrickd morfometrika. Tento komplexni pfistup pfinesl
nové dikazy o predpokladaném autopolyploidnim pivodu tetraploidi. Roz§ifeni cytotypl na
tizemi byvalého Ceskoslovenska je v zasadé parapatrické. Tetraploidni populace se zfidka
nachazeji i na Slovensku, zatimco v Ceské republice nebyly recentn& nalezeny Zadné &ist&
diploidni populace. Uzka kontaktni zona se smiSenymi populacemi kopiruje &esko-slovenské
hranice. Jedna se pravdépodobné o sekundarni kontaktni zonu, ktera je udrZzovana frekvencné
zavislou selekci proti vzniku triploidnich hybridd. Silny triploidni blok byl rovnéz prokazan
experimentalné. Triploidni jedinci vznikajici vramci diploidnich populaci splynutim
neredukované a redukované gamety jsou velmi vzacni (0,1 %) a byli nalezeni jen na malém
uzemi na severozapadé Slovenska. Genovy tok mezi cytotypy prostifednictvim tetraploidnich
semen vznikajicich na diploidnich rostlinach je také mozny, i kdyZz extrémné vzéacny.
Isoenzymova variabilita naznacuje, Ze oba cytotypy kombinuji jak autogamii, tak alogamii,
pfi¢emz alogamie je prevladajicim zplisobem rozmnoZovani. Cytotypy jsou jemné, nicméné
prokazatelné morfologicky odli$né, zejména v kvétni morfologii. Kromé kvantitativnich
rozdild byly mezi cytotypy zaznamenany i jisté zmény tvaru jednotlivych kvétnich struktur.
Rovnéz byl testovan vliv selekce na miru morfologické diferenciace jedincti odli§né ploidie
vyskytujicich se ve smiSenych populacich. Ma data naznacuji, Ze neni diivod rozliSovat dvé

dtive vymezené rasy diploidi.

KLICOVA SLOVA: polyploidni komplex Vicia cracca, autotetraploid, priitokové cytometrie,

isoenzymy, geometrickd morfometrika, triploidni blok, vylou¢eni minoritniho cytotypu.



Introduction

Polyploidy is one of the most important and attractive aspect of angiosperms evolution.
During the past century, the estimates of frequency of polyploidy in flowering plants have
been increasing from 30-35 % up to 70-80 % in dependence on the expanding volume of
knowledge and the approach individual authors had used (reviewed by Soltis et al., 2003).
Otto & Whitton (2000) estimated that polyploidy represents about 2-4 % of all speciation
events in angiosperms. Considerations that perhaps all flowering plants had experienced at
least one round of polyploidisation have emerged recently with up-to-date findings of genetics
and genomics.

A great boom in a study of polyploidy has set in with introduction of the flow cytometry
technique to the plant research. Now we are able to analyse ploidy level of thousands of
individuals in weeks. Importance for applied disciplines such as food industry, biotechnology,
horticulture etc., contributes also by a great deal to the interest of researchers, particularly if
we realise that 15 of 21 world principal crops are of polyploid origin (Bennett 2004).

The frequency of autopolyploids in nature was underestimated for a long time. The main
reason for that is a great morphological similarity of autopolyploids and their diploid
progenitors and inclination of botanists to the strict taxonomic species concept (Soltis et al.
2007). Secondly, observing mitotic tetravalents as a requirement for the species being counted
as a autopolyploid led sometimes to incorrect conclusions because autopolyploids can form
even bivalents during mitosis (Qu et al. 1998). Engagement of genetic markers to the study of
plants have contributed to the findings that autopolyploids are much more prevalent in natural
populations than proposed by Stebbins (1971) and Grant (1981). Although the rate of origin
of autopolyploids is lower than that of allopolyploids (hybrids produce a great proportion of
unreduced gametes, by fusion of which polyploids arise), it is still higher than the rate of gene
mutation (Ramsey & Schemske 1998). Hence, autopolyploids do represent an important mean

of sympatric speciation. In the following text, if not specified, polyploids refer to

~

autopolyploids.

Many polyploid complexes of assumed non-hybrid origin are known, but only few were
investigated in such details of all aspects of the origin and establishment of new cytotypes as
Tolmiea menziesii (Pursh) T. & G., Galax urceolata (Poiret) Brummitt, Chamerion

angustifolium (L.) Holub and Heuchera grossulariifolia Rydb. Individual cytotypes of the



species mentioned above have separate distribution, are reproductively isolated to some extent
and are ecologically and morphologically differentiated. Hence, they fulfil criteria for separate
species as defined by several different species concepts (Soltis et al. 2007). Our current
knowledge about traits of autopolyploids contradicts earlier tendency of considering
autopolyploids inferior to allopolyploids and unable to survive in natural conditions (Stebbins
1985). In some cases, autopolyploids may be distributed even in larger geographic areas than
their ancestors; this holds f(;r Arrhenatherum elatius (L.) J. Presl et C. Presl (Petit et al. 1997),
Plantago media L. (Van Dijk et al. 1992) or Asplenium ceterach (syn. Ceterach officinarum
Willd.) (Trewick et al. 2002) polyploid complexes. This fact can reflect superior colonisation
abilities of polyploids that allow them to exploit habitats previously unavailable to their
diploid progenitors (Maceira et al. 1993). In contrast to allopolyploids, autopolyploids do not
have fixed heterozygosity, but they nonetheless have higher heterozygosity than diploids due
to tetrasomic inheritance and can maintain three or four alleles at a single locus. Thus, there is
a potential for a genetic basis for the success of autopolyploids in nature (Soltis et al. 2003).

Establishment of newly arising polyploids depends on avoiding mating with sympatric
diploids to escape the minority cytotype disadvantage or exclusion. The minority cytotype
disadvantage consists in ineffective mating with related cytotype resulting in nonviable
hybrids (Levin 1975). Polyploids can become reproductively isolated by several means: (1)
they can break down self-incompatibility system and evolve self-fertilisation. (2) They can
speciate in allopatry or (3) in sympatry through niche differentiation, (4) through different
phenology or (5) due to phenotypic divergence and hence assortative mating mediated by
different pollinator fidelity.

To study ways by which cytotypes become isolated, contact zones where plants of
different ploidy coexist are especially suited (Petit et al. 1999?). Primary contact zones bear
witness of proceeding speciation through natural selection for between-cytotype divergence in
morphology (e. g. Heuchera grossulariifolia, Nuismer & Cunningham 2005) or phenology
(H. grossulariifolia, Segraves & Thompson 1999, Arrhenatherum elatius, Petit et al. 1997).
On the other hand, the secondary contact zones originate in areas where lineages of different
ploidy level come into contact after expansion from distinct places of origin or glacial refuges.
These contact zones are often characterised by low frequency of intercytotype hybrids and of
mixed populations and by absence of niche differentiation between two cytotypes. This
situation seems to occur in Centaurea jacea L. (Hardy et al. 2000), Aster amellus L.
(Mandakova & Miinzbergova 2006) and Plantago media (Van Dijk & Bakx-Schotman 1997)

in Europe. A balance between dispersal rates and frequency-dependent selection against



hybrids maintains coexistence of cytotypes in close proximity in such cases. This tension can
take place on only a few meters, like for example in Ranunculus adoneus (Baack 2004). In
some cases (e.g. in Anthoxanthum alpinum, Felber-Girard et al. 1996), nevertheless, niche
differentiation also can contribute to the maintenance of the secondary contact zones. So the
dynamics of contact zones is very complex and comprises many factors.

In contrast to overwhelming opinion that intercytotype mating prevents the
establishment of polyploids, some recent studies have shown that triploids (or other odd-
numbered diploid-polyploid hybrids) may actually facilitate fixation of tetraploids (Husband
2004). Depending on their fertility and the ploidy of their functional gametes, triploids may
contribute to production of tetraploid progeny through backcrosses with diploids or matings
with other triploids. Assuming that the triploids are viabile, this way of tetraploid formation
through a process called the triploid bridge is more likely than through the union of two
unreduced gametes (Ramsey & Schemske 1998). Indeed, literature available on wild species
of mixed ploidy supports the presence of triploids in nature, albeit often at low frequencies
(Husband 2004). So, by influencing the rate of recurrent polyploid formation, triploids may
enhance the establishment of a dynamic equilibrium, with diploids in the majority and
tetraploids in the minority following Felber's theoretical model (1991). Although the data on
triploid fitness and gamete composition suggest that the triploid bridge alone may not account
for the evolution of autotetraploids in C. angustifolium, triploids probably contribute to the
prevalence of mixed-ploidy populations in this species (Husband 2004). In sporadic cases not
only triploids originated through union of reduced and unreduced gametes, but also triploids
from intercytotype matings may participate in recurrent polyploid formation (Peckert &
Chrtek 2006).

Minority cytotype disadvantage may be overwhelmed or at least ameliorated by self-
fertilisation (Rodriguez 1996). A major negative consequence of selfing, though, is inbreeding
depression. It is supposed that autopolyploids may exhibit lesser inbreeding depression than
diploids, owing to the presence of multiple gene copies and the associated reduction in the
rate of homozygote formation. In agreement with this notion, allozyme markers document
higher genetic diversity and higher proportion of heterozygotes in~tetraploids than in diploids
(Mahy et al. 2000, Ness et al. 1989). Furthermore, low inbreeding depression relaxes a
pressure against the evolution of selfing. Indeed, data on angiosperm polyploids support the
hypothesis that polyploids have, on average, higher rates of self-fertilisation than their diploid
relatives (Barringer 2007). It was shown that greater tetraploid selfing rates and lower

inbreeding depression decrease the critical threshold for tetraploids to spread to fixation and



also reduce the minimum rate of unreduced gamete production required for tetraploids
fixation (Rausch & Morgan 2005).

Several studies have brought evidence of greater size of polyploid individuals, their
organs or cells (Segraves & Thompson 1999, Stebbins 1971). Many of the gigas traits of
polyploids may be a direct consequence of increased DNA content. Furthermore, phenotypic
divergence between cytotypes may occur as a result of increased or altered gene expression as
it has been proven in sy;lthetically produced polyploids (Ramsey & Schemske 2002).
Increased gene dosage allows polyploids to harbour three or more alleles per locus, and hence
also exhibit greater overdominance than a diploid (Bever & Felber 1992).

Another possibility is that phenotypic divergence is a consequence of natural selection
for increased assortative mating or competition between cytotypes for pollinators (Segraves &
Thompson 1999, Nuismer & Cunningham 2005). Floral morphology plays the most important
role in the interactions between insects and plants. Tools of the classical morphometrics are
certainly useful for taxonomists, but insect perceive the flower as a complex organ. Geometric
morphometrics has proven as a very successful tool for analysing the evolution of complex
morphological structures. Goémez et al. (2006) employed geometric morphometrics to
demonstrate natural selection for zygomorphic flowers in Erysimum mediohispanicum: plants
with zygomorphic flowers had received more pollinator visits then those with actinomorphic
flowers.

Individuals from mixed-ploidy populations should be included in the study of
morphological differences because it is assumed that differences between cytotypes, if any,
would have a genetic basis, as both cytotypes were subjected to common environmental
conditions (Hardy et al. 2000). Moreover, if we assume that polyploids originated locally
from diploids would be less divergent than those from secondary contact zones, a degree of
differences between cytotypes of mixed-ploidy and cytologically pure populations can

indicate the origin of contact zones.

Vicia cracca agg.

The genus Vicia L. comprising approximately 190 species (ILDIS, 2005) is on the basis
of a phylogenetic analysis of the plastid gene marK a paraphyletic taxon with Lathyrus L.,
Pisum L. and Lens L. nested within it, and together with Vavilovia A. Fedorov forms a

monophyletic tribe Vicieae Adans. (Steele & Wojciechowski 2003). The paraphyly of Vicia
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was repeatedly confirmed by a phylogenetic analysis based on the nuclear ribosomal internal
transcribed spacer (nrITS) sequences (Choi et al. 2006). The genus is widely distributed in the
temperate zone of the northern hemisphere, and in extratropical South America. The most
striking species diversity is to be found in the Mediterranean region and the Caucasus, but the
centre of origin is still controversial (Van de Wouw et al. 2001).

There are two subgenera traditionally recognised: subgen. Vicia and subgen. Cracca
(Dumort.) Peterm. (syn. Vicilla (Schur) Rouy). The latter contains approximately three
quarters of species of the entire genus and is traditionally divided into 17 sections according
to Kupicha (1976) with slight modifications suggested by Leht (2005) and Jaaska (2005). It is
a rather heterogeneous assemblage characterised by several primitive or (compared to the
subgen. Vicia) less-derived character states (perennial growth, many-flowered, long-
peduncled racemes, simple stipules without nectariferous spots, more ancestral symmetric
karyotypes with mainly metacentric chromosomes, and the presence of a nonproteinogenic
amino acid canavanine in the seeds), although they are shared always by only a part of the
taxa in the subgen. Cracca (Hanelt & Mettin 1989). The distribution of the subgen. Cracca
covers almost the total area of the genus, and distributional limits are mostly made up by
Cracca species.

The basic chromosome numbers in the genus are x = 5, 6, or 7, with x = 7 as probably
the most ancestral number (Hanelt & Mettin 1989). Polyploidy plays a limited role in the
evolution of the genus (mere 19 out of 144 species with known chromosome numbers are
polyploids) and is restricted only to the subgen. Cracca, mainly to the sects. Cracca Dumort.
and Cassubicae Radzhi (Hanelt & Mettin 1989).

The section Cracca is the broadest and the most variable one of the subgen. Cracca.
Since the delimitation of the sect. Cracca by Kupicha in 1976, several phylogenetic analyses
were performed. Whereas the analysis based on isozyme data proved the monophyly of this
section (Jaaska 2005), cladistic and phenetic analyses based on morphological data showed
more complicated situation with species of the sects. Variegatae Radzhi and Panduratae
Kupicha distributed throughout the sect. Cracca (Leht 2005). Nonetheless, results of both
studies are not consistent with Kupicha’s placement of V. hirsuta~(L.) S. F. Gray in the sect.
Cracca. Choi et al. (2006) consider the sect. Cracca as a monophyletic group sharing a
laterally compressed style as an apomorphic character.

The section Cracca includes also Vicia cracca agg. This aggregate contains very similar
species with partially overlapping geographical ranges as Vicia cracca L. s. str., V. oreophila

Zertova, V. tenuifolia Roth, V. incana Gouan,and V. dalmatica A. Kem. V. cracca is native in
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the whole Eurasia but its current distribution is much wider, because it was introduced to
North America, Australia and New Zealand. V. tenuifolia has somewhat more southern
distribution in Eurasia in comparison to the previous species. V. incana is distributed in the
Mediterranean region, western and central Europe (Heywood & Ball 1968) and in Lithuania
and Ukraine (Tzvelev 1987). V. dalmatica was observed in Germany, western, south-eastern
and southern Europe, Ukraine and south-western and southern Asia. V. oreophila occurs
locally in central Europea; mountain systems (Zertova 1962; Chrtkova 1995).

They are all perennial herbs, though V. cracca and V. incana are climbing herbs whereas
the other two are non-climbing. Morphological characters as the number of leaflets, length of
inflorescence with respect to the subtending leaf or blade/claw standard length ratio are not
sufficiently reliable to distinguish the species. However, the species differ in the number of
chromosomes, since V. cracca has 2n = 2x = 14 or 2n = 4x = 28, V. oreophila is tetraploid
with 2n = 28, V. incana and V. dalmatica possess 12 chromosomes and V. tenuifolia has 2n =
4x =24.

Nevertheless, in addition to aneuploid plants, there are some confounding chromosome
numbers in the karyological literature: 2n = 12 for V. cracca (Sakamura 1914, Sveshnikova
1927, both in Senn 1938, Rousi 1961) and for V. tenuifolia (Cinura 1963, Rousi 1963) and
on the other hand 2n = 14 for V. incana and 2n = 28 for V. tenuifolia (Roti-Michelozzi 1992).
Later, Rousi (1973) reached the conclusion that, according to karyotype comparison, 12-
chromosome strains of V. cracca reported by her in 1961 and of V. ftenuifolia studied by
Cinéura (1963) should be considered as V. incana. Rousi mentioned that V. incana, when
grown in garden conditions, lost much of the hairiness density, so plants did not give the
impression of a typical V. incana. She noted further that the 12-chromosome strain of V.
tenuifolia reported by her in 1963 resembled morphologically V. dalmatica. Rousi
foreshadowed as early as in 1961 the feasible evolution of the 24-chromosome lineage from
the 12-chromosome one by centric fusion of two chromosome pairs in the 14-chromosome
lineage and subsequent polyploidization. Whereas Rousi (1973) maintained that 7- and 6-
chromosome lineages are two well-differentiated and distinct evolutionary lineages, Roti-
Michelozzi (1992) supported the hypothesis that the V. cracca group as a whole is still
evolving. There are also disagreements as to whether there is involved in the origin of V.
tenuifolia only V. incana (Roti-Michelozzi 1992) or both 12-chromosome diploids, i.e. V.
incana and V. dalmatica (Rousi 1973). Dvotak et al. (1977) is of an opinion that if V.
tenuifolia developed by allopolyploidy, the parental species must have had very similar

karyograms.
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An autopolyploid origin of V. cracca tetraploids is hypothesized with regard to the
essentially similar karyotypes of the two cytotypes (Rousi 1961, Dvotak et al. 1977), meiotic
chromosome behaviour (Rousi 1962), great morphological similarity (Rousi 1973) and
existence of vigorous and morphologically normal aneuploid individuals with 2n = 27 and 2n
=30 (Rousi 1961) and 2n = 18-26 noted by Chrtkova-Zertova (1973a).

Geographic distribution in central and northern Europe of both cytotypes was
investigated in detail by Chrtkova-Zertova (1973a; 1973b), but only scarce information from
other parts of the species range is available. Data published to date are summarized in Fig. 1
and Tab. 1. Chrtkova-Zertova distinguished three races of V. cracca: a widely distributed
tetraploid race and lowland and mountain diploid races. She recorded a very interesting
pattern since tetraploids occurred mostly in the Czech Republic and diploids more eastwards
with a contact zone on the Czech-Slovak borders (Fig. 6B).

V. cracca occurs in many forms on the territory of the Czech Republic, nonetheless
most of them depend on the conditions of the habitat and thus represent only inconstant
ecomorphoses without any higher systematic value (Chrtkova-Zertova 1973a). Very variable
characters like the height of plants, length of internodes, number of stems, size and shape of
leaflets or hairiness changed rapidly when plants were cultivated in garden conditions. On the
other hand, size of the flowers and pods and the number, shape and size of seeds did not show
a great variability, if any. The number of leaflet pairs and the length of inflorescences and its
ratio to the length of the subtending leaf seemed to be the only constant characters that
showed some differences between races. However, Chrtkova-Zertova (1973a) concluded that
it is impossible to distinguish individual plants in all cases. Rousi (1973) reached the same
conclusion; nonetheless she described diploids with smaller leaves, flowers and seeds.

Zhang & Mosjidis (1998) used isozymes to rapidly predict the mating system of Vicia
species. They supposed that within-accession variability lower than among-accession
variability corresponds to self-fertility. According to this, V. cracca seems to be a self-
fertilizing species. On the other hand, Jaaska (2005) observed frequent heterozygous isozyme
phenotypes within V. cracca accessions suggesting extensive outcrossing. Nevertheless, in
both studies population samples were not used, so results may be~confounding. Rousi (1973)
placed two diploid individuals among tetraploids and let insects pollinate them. Although the
seed set was very poor and seeds were mostly shrivelled and undersized, the progeny
consisted of 11 diploids, one triploid and one tetraploid hybrid. Both triploid and tetraploid
hybrids grew up into vigorous plants. The tetraploid was normally fertile, whereas the triploid

was almost sterile. The results suggested that diploids are at least partly self-compatible and
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that hybridisation between two cytodemes in nature may result in tetraploid individuals. Some
triploid plants were found also in nature (Chrtkova-Zertova 1973a; Roti-Michelozzi 1992).

In my study of the polyploid complex V. cracca I addressed the following questions:

Is V. cracca really an autotetraploid? What is the current distribution of cytotypes in the
central Europe and what have changed over the last 40 years? Where do mixed-ploidy
populations occur? What »is the origin of the contact zone? Do intercytotype hybrids occur in
nature? Are there some rﬁorphological differences between cytotypes? Are tetraploids and
diploids mutually more differentiated in mixed populations than in pure populations? Is
V. cracca a self-compatible species? Are there differences in the selfing rate between

cytotypes? Does a triploid block play a role in a mixed-ploidy population dynamics?
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Fig. 1. Distribution map of Vicia cracca cytotypes in Europe based on published chromosome
counts (see Table 1 for references). Open circles, diploids; black circles, tetraploids; grey
triangles, mixed (2x + 4x) populations. Triploids are not shown. The symbol size of
tetraploids is reduced in areas with a plenitude of chromosome records to aid legibility. The
map was created by P. Travni¢ek on the basis of data from my literature survey.
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Country l:;l:l)‘:;i(i) [Reference(s)
Afghanistan 4x Podlech & Dieterle 1969
Austria 2x, 4x Rousi 1961, 1962; Chrtkova-Zertova 1973a
Bulgaria 4x Kuzmanov 1975
Byelorussia 4x Semerenko 1989
Canada 4x Ledingham 1957, Mulligan 1961; Rousi 1961
Tomkins & Grant 1978
Czech Republic 2x, 3x, 4x Chrtkova-Zertova 1973a; Dvoiak et al. 1977
Denmark 4x Rousi 1961; Chrtkova-Zertova 1973b
Finland 4x Rousi 1961; Chrtkové-Zertova 1973b; Arohonka 1982
France 2x, 4x Rousi 1961
Germany 4x Rousi 1961; Chrtkova-Zertova 1973b
Hungary 2x, 4x Baksay 1954; Rousi 1961; Chrtkova-Zertova 1973a
Iceland 4x Rousi 1961
Ttaly bx. 3x. 4x Gadella & I_(liphuis_ 1970; Roti-Michelozzi 1984,
e 1992; Roti-Michelozzi & Allione 1987
Japan 2X Huziwara & Kondo 1963
Mongolia 2x Mesicek & Sojak 1969, 1995
Rousi 1961; Gadella & Kliphuis 1963; Hommel &
Netherlands 4x Weiffering 1979 P
New Zealand 4x Rousi 1961
Norway 4x Chrtkova-Zertova 1973
Poland 2x, 4x Ryka 1954; Rousi 1961; Chrtkova-Zertova 1973a
Rousi 1961; Belaeva & Siplivinsky 1975, 1977, 1981,
Russia (Asian part) bx. 3x. 4x Krasnoborov et al. 1980; Nil'(iforova 1984, 1990;
> Sokolovkaya et al. 1989; Krasnikov & Schaulo 1990;
Volkova et al. 1999
Russia (European part) #x Yefimov 1987, 1988
Slovakia by 4x Cindura 1963, 1981; Chrtkova-Zertova 1973a, Dvorak
’ et al. 1977; Hallonova 1982
Sweden i Rousi 1961; Chrtkova-Zertovda 1973b; Lokvist &
Hultgard 1999
Switzerland 4x Rousi 1961
Turkey 2x Sahin & Babag 1990; Inceer & Hayirlioglu 2005
United Kingdom 4x Rousi 1961

Tab. 1. Summary of published data on ploidy levels (chromosome counts) of Vicia cracca.
The table was created by P. Travnicek on the basis of data from my literature survey.
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Material and methods

Sampling of plant material

Plants were sampled during years 2006-2008 especially in the Czech Republic and in
Slovakia. Additional samples originated mostly from the northern part of Austria and two
samples were from Germany. A total of 6 613 plants from 261 populations were collected.
For information about geographic coordinates and altitude of localities, number of individuals
analysed, DNA ploidy levels, and collector(s) see Appendix 1. 1-156 plants (25.3 on average)
per population and one leaf per plant were collected. At least 5-m distance among individual
plants was kept as far as possible to avoid sampling of sib progeny. A fine-scale cytotype
distribution was mapped in one mixed-ploidy population with similar frequency of both
ploidies (no. 189, CZ — Homi Suchd). Distributional maps were prepared using DMAP for
Windows, ver. 7.2¢ (Alan Morton, Windsor, UK).

Composition of mixed-ploidy populations

To test the prediction that tetraploids should be in low frequencies in the mixed
populations if they are arising from diploids de novo, mixed populations were divided into
five categories according to the percentage of diploid and tetraploid individuals (0-20 %, 21-
40 %, 41-60 %, 61-80 % and 81-100 %), and analysed using a chi-squared goodness-of-fit
test in PAST ver. 1.75 (Hammer et al. 2007) to determine if there were differences in the
distribution between cytotypes and if there was deviation from a uniform distribution within

individual cytotypes.

Segregation of cytotypes in a mixed-ploidy population

The segregation of diploid and tetraploid plants in a mixed population was tested by
determining the ploidy level (i.e., same vs. different) of two nearest neighbours for all
individuals. Deviations from the random distribution were assessed by the Fisher’s exact test

(S-Plus 6.2 for Windows professional edition).
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Flow cytometry

DNA ploidy levels of plant samples were estimated by flow cytometry in the Laboratory
of Flow Cytometry, Prihonice, Czech Republic. Young, intact leaf tissue of the analysed
plant(s) and an appropriate amount of the leaf tissue (half in the case of supposed tetraploids)
of the internal reference standard (Pisum sativum ‘Ctirad’, 2C = 8.84 pg; Greilhuber & Ebert
1994) were chopped together with 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). The crude suspension
was filtered through a 0.42 um nylon mesh to remove tissue debris and then was left for
approximately half an hour. Isolated nuclei were stained with 1 ml of Otto II buffer (0.4 M
Na,HPO,.12H;0) supplemented with AT-selective fluorochrome 4’,6-diamidino-2-
phenylindole (DAPI) and B-mercaptoethanol at final concentrations of 4 pl/ml and 2 pl/ml,
respectively. Relative fluorescence intensity of at least 3 000 particles was recorded on a PA-
II flow cytometer (Partec GmbH, Miinster, Germany) equipped with a mercury lamp for UV
excitation. Resulting histograms were evaluated by the FloMax software (Partec GmbH,
Miinster, Germany), and DNA ploidy levels were determined on the basis of sample/standard
ratio. Usually, bulk samples of up to 10 plants (one leaflet per each) were measured. A very
good congruency between the number of nuclei in particular peaks and the number of
analysed individuals with different ploidy levels allowed estimation of the cytotype
proportion in mixed samples with a high accuracy. Only histograms with coefficients of
variation (CVs) of Go/G, peaks of both the bulked sample and the standard below 3.5 % were
considered. If the quality of analyses did not meet this criterion, all plants from the bulked
sample were analysed separately (e.g., to detect potential between-plant differences in

fluorescence intensity).

Chromosome counts

To confirm the reliability of ploidy estimates, FCM results were supplemented by
conventional chromosome counts. After disrupting a seed coat with a sand paper, seeds were
stored on a wet filter paper for two days at 5°C in order to induce germination. 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 ice acetic acid and 96% ethanol, macerated for
80 s in 1:1 HCL:96% ethanol at room temperature, and stained with acetocarmine.

Chromosomes were observed under 1000-fold magnification using an Olympus BX61
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microscope equipped with an immerse objective. Four diploids (i.e., 3 plants from population
no. 192 and 1 plant from population no. 234) and four tetraploids (i.e., one plant from each
population 68, 84, 124, and 192) were analysed. At least three well-spread chromosome plates

were counted for each individual.

Classical morphometrics

410 individuals (195 diploids and 215 tetraploids) from 42 populations were sampled
for morphometric evaluation. 75 diploid and 34 tetraploid plants originated from five mixed-
ploidy population (Tab. 2). Ten plants per population were collected in average (ranged from
two to 49); a primary aim was to grasp an overall variability across the cytotypes, hence so
few plants per population were sampled. The ploidy level of specimens was determined by
means of flow cytometry as described above.

Morphological characters were measured on herbarium specimens collected in the field,;
characters measured on flowers were performed on inflorescences stored in 70% ethanol.

The following 29 quantitative characters were measured: main stem length, number of
internodes, mean length of the lower fifth of internodes, number of leaflet pairs of a leaf in the
lower third of the stem, number of leaflet pairs of a leaf in the middle of the stem, number of
leaflet pairs of a leaf in the upper third of the stem, length of a leaf in the lower third of the
stem (without tendril), length of a leaf in the middle of the stem, length of a leaf in the upper
third of the stem, mean hairiness of upper surface of leaflets in the lower third of the stem
(number of hairs per | mm?® averaged from three leaflets), mean hairiness of upper surface of
leaflets in the middle of the stem, mean hairiness of upper surface of leaflets in the upper third
of the stem, maximum inflorescence length, length of a flower, length of a calyx, length of
upper calyx tips, length of the standard blade, length of the standard claw, distance from
standard claw base to the standard claw widest point, width of the standard claw, width in the
middle of the standard, width of the standard blade, length of the wing blade, length of the
wing claw, width of the wing (two characters, see Fig. 2), length of the keel, length of the keel
claw, mean anther length. Delimitation of floral traits is depicted-at Fig. 2. In addition, one
qualitative character (presence of teeth on stipules in the lower two thirds of the stem) was
pursued and four ratios were computed: mean inflorescence/subtending leaf length ratio,
standard blade/calyx length ratio, standard blade/claw length ratio, and standard claw/blade
width ratio. These characters were selected following initial analysis performed on 20 diploids

and 20 tetraploids in order to include characters that might have discriminatory value.
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Non parametric Spearman correlation coefficients were computed. At first, principal
component analysis (PCA) based on a correlation matrix, and subsequently canonical
discriminant analysis (CDA) and non-parametric classificatory discriminant analysis of all
individuals were performed on all measured characters. The discriminant function in the
classificatory DA was determined by a cross-validation procedure using 21 nearest
neighbours. The same analyses were then performed on 14 characters most correlated with the
canonical axis selected (;n the basis of a total canonical structure. In addition, a stepwise
discriminant analysis was carried out. Other two datasets analysed in the same way were 14
characters selected from first CDA plus six additional characters selected in stepwise DA, and
16 characters selected in stepwise DA. Moreover, CDA and classificatory DA of individuals
coming only from cytotypically pure populations and PCA of population means as objects
were performed. Subsequently, a cluster analysis (UPGMA, unweighted pair-group method
using arithmetic averages) of population means was performed. Prior to clustering, data were
standardised to zero mean and unit standard deviation. A distance matrix was computed using
Gower coefficient for mixed data. Mann-Whitney U test was used to test whether the medians
of selected characters are different among cytotypes. Chi-square test was performed to test
whether there are differences in presence of the teeth on the stipules.

In order to assess an extent of cytotype diversification within mixed and among pure
populations, the following procedure was performed. The first 30 principal component scores
(explaining 99.8 % of overall variability) from analysis performed on all measured characters
from all specimens were used as a data matrix for calculation of Euclidean distances among
individuals. Sets of distances between individuals of different ploidy from mixed populations
and of distances between individuals of different ploidy from pure populations were extracted
and dissimilarity of medians of these two sets was checked using Mann-Whitney U test. The
same procedure was done with data from PCA of only characters on generative organs (v19-
v37, using 16 principle components explaining 99.8 % of variability) and separately with
values of characters measured on the keel (v35 and v36).

Analysis of similarities (ANOSIM) using Euclidean distances calculated form the first
30 principal component scores was employed to test a possible impact of altitude on
morphological variability within cytotypes. For this analysis, populations were divided into
two groups with the altitude of locality lesser or higher than the median altitude. In addition,
permutation test was performed on the same dataset.

All morphometric analyses were done using the SAS 9.1.3 package (SAS Institute 2002-
2003), except for the cluster analysis, ANOSIM, permutation test for two multivariate groups,
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calculation of Euclidean distances, Mann-Whitney U test and chi-square test which were run

using PAST ver. 1.75 (Hammer et al. 2007).

Geometric morphometrics

The shape of flower parts was studied by means of geometric morphometric tools, using
a landmark-based methodology. Flowers preserved in 70% ethanol were cut apart into a
calyx, standard, wings and keel. Digital photographs were taken under 12.5-fold
magnification using a binocular magnifying glass equipped with a camera. A standardized
procedure was used; the same flower parts had the same orientation, calyces were unfolded to
the plain, standards were folded along the midrib, left wings were used. One flower per plant
was used in the analysis. 4-38 individuals per population were analysed, totally 170
individuals from 22 populations, 85 diploids and 85 tetraploids (populations sampled are
listed in Tab. 2). Five landmarks were defined on each flower structure except the standard
where only three landmarks were defined (Fig. 2). All landmarks were considered to be of
Type II; however, the fourth and fifth landmarks of wing are supported as much by
histological evidence as by geometric evidence and may be considered Type I landmarks (see
Zelditch et al. 2004 for landmark definitions). Additionally, some semilandmarks were used
to provide comprehensive coverage of shape of the individual flower parts (Fig. 2).

Landmarks and semilandmarks were digitised in TpsDig ver. 2.10 (Rohlf 2006) and the
individual objects were superimposed in TpsRelw ver. 1.45 (Rohlf 2007a) using the
generalised Procrustes analysis that standardises the size of the objects and optimises their
rotation and translation so that the distances between corresponding landmarks are minimised
(Bookstein 1991, Zelditch et al. 2004). Then, using the same software, the relative warps
analysis (RWA) with a = 0 (=PCA of Procrustes residuals) were performed (Rohlf 1993).
Scores of objects on the first 20 axes were used for PCA and classificatory DA in PAST.
Unfortunately, TpsRelw does not enable to label individuals of each cytotype, hence PCA of
relative warps in PAST was performed in order to show differences between cytotypes.
Nevertheless, 20 relative warps described more then 99 % of total variability, so the result of
PCA was virtually same as the result of RWA. Further, cluster analysis (UPGMA) of
population means was performed in PAST; the distance matrix was computed using
Euclidean distances. Scores of objects on the discriminant axis were used as an independent
variable in TpsRegr ver. 1.33 (Rohlf 2007b) in order to find how the shape differentiates
between cytotypes.
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Scores of objects on the first 20 axes were used as data in other analyses performed in
PAST. Equality of the means of the two multivariate groups (cytotypes) were tested using
permutation with 2000 replicates and the Mahalanobis squared distance measure. Comparison
of the extent of divergence between cytotype in mixed versus pure populations was done in

the same way as for classically measured morphological characters above.

-

Crossing experiments

Plants from natural populations were transplanted into pots and grown to flowering in
the experimental garden of the Institute of botany, Academy of Sciences of the Czech
Republic, Prithonice. The ploidy of each plant was determined using flow cytometry. In total,
54 diploid and 31 tetraploid plants were involved to the crossing experiments during years
2007 and 2008; for the numbers and the origin of plants used in the experiments see Tab. 2.
Plants used in the crossing experiments were randomly selected from those that were just
flowering at the particular day. Two types of experiments were conducted. First, reciprocal 2x
— 4x and 2x — 2x crossings were performed. Alternatively, plants of both cytotypes were
pollinated by transferring pollen among flowers within one inflorescence. Each plant served
as a maternal and a paternal parent because emasculation was not possible. Pollinated flowers
were chosen randomly within the inflorescences and approximately one third of flowers were
pollinated at one treatment. Pollination of each inflorescence was repeated at least twice
depending on the degree of inflorescence bloom. To pollinate flowers with a brush, a style
had to be exposed by putting down a keel. After artificial pollination, inflorescences were
prevented from pollination by insects with nylon bags. Ploidy level of the mater seeds was
determined in the same way as for adult plants but with one modification — bulked samples of
maximally two seeds were prepared. Additionally, 306 seeds from 18 plants sampled in
nature from four populations of diploids (no. 232, 234, 247 and 248) were analysed to

estimate the rate of origin of triploids and tetraploids through the union of unreduced gametes.
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Isozyme analyses

In total, 423 plants from 15 populations were sampled. This comprises 250 diploid
individuals (39 individuals from two pure diploid population, 53 plants from two diploid-
triploid mixed populations and 158 plants from seven diploid-tetraploid mixed populations), 8
triploids from two above-mentioned populations and 165 tetraploids (109 individuals from
five pure tetraploid populations and 56 plants from mixed-ploidy populations) (listed in Tab.
2). Twelve to 46 (26 in average) plants per population were collected.

Live plants were collected in nature, stored in a car refrigerator and processed in the
course of 36 hours since collection. Ploidy level was estimated by means of flow cytometry
described above. Electrophoresis was performed on crude protein extracts of leaf material.
Approximately 60 mg of fresh leaf tissue was ground with Dowex-Cl (1-X8) and
homogenized on ice in 0.5 — 0.75 ml Tris-HCI extraction buffer (“viola”): 0.1 M Tris-HCI pH
8.0, 70 mM 2-mércaptoethanol, 26 mM sodium metabisulfite, 11 mM ascorbic acid, 4% (w/v)
polyvinylpyrrolidone. 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. Isozymes were
separated on native-PAGE, 30 pul of each sample was loaded for electrophoresis in a Hoefer
vertical electrophoresis unit (Amersham). All enzymes were resolved on the polyacrylamide
gels using 8.16% separating gel and 4% stacking gel. The separating gel was made using a
buffer of 1.82 M Tris-HCI pH 8.9, and the stacking gel using a buffer of 0.0069 M Tris-HCl
pH 6.9. The electrode buffer consisted of 0.02 M Tris and 0.24 M glycine (pH 8.3).

Four enzyme systems were investigated on a small sample of plants in the first step, and
since they yielded a clear pattern they were analysed further. They included 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 following
modifications: For SHDH, 30 mg of shikimic acid, 5 mg of NADP, 6 mg of MTT and 1 mg of
PMS were combined and dissolved in 30 ml of 0.1 M Tris-HCI (pH 8.4). 6-PGDH: 30 ml of
0.1 M Tris-HCI (pH 8.4), 10 mg 6-phosphogluconic acid, 5 mg NADP, 30 mg MgCl,, 5 mg
MTT and 1 mg PMS. Gels were incubated in the dark at 32°C until bands appeared. The gel
stained for LAP was rinsed in buffer [0.2 M Tris-maleate (pH 6)] and incubated in darkness at
35°C for 10 min with 50 mg L-leucyl-B-naphthylamide.HCI (in 50% acetone) and 60 mg
MgCl; (both dissolved in 30 ml of buffer). Afterwards, a solution of 25 mg Fast Black K salt
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in 30 ml of buffer was added and the gel was incubated in dark until bands appeared. Two
staining solutions were prepared for AAT (A: 20 ml 0.1 M Tris-HCI (pH 8.4), 240 mg
aspartic acid, 40 mg a-ketoglutaric acid and B: 20 ml 0.1 M Tris-HCI (pH 8.4), 50 mg Fast
Blue BB salt, 50 mg Fast Violet B, 25 mg pyridoxal-5-phosphate). Solution A was prepared at
least 15 min before the application. The gel was rinsed in water and then in Tris-HCI (pH 7.0)
buffer. The solutions were then mixed and poured on the gel. The gel was incubated in the
dark at 35°C until bandsh appeared, and then rinsed and fixed with a 1:1:3:5 solution of
glycerine, acetic acid, H,O and methanol. Afterwards, all gels were thoroughly rinsed in
distilled water, dried between two cellophane sheets and stored.

The isozymes were labelled I-1I, I being slower, the alleles a-k, 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 & Wendel (1989).

Nei’s genetic distances (Nei 1972) between 11 diploid and 8 tetraploid populations
(tetraploid and triploid individuals of low frequencies were removed from population no. 157,
171, 172, 181, 227 and 230; mixed populations 174, 192 and 232 were divided into two parts
with regard to the ploidy level) were calculated based on allelic frequencies using the
programme GENDIST from the Phylip 3.62 package (Felsenstein 2005) and were used to
construct an UPGMA dendrogram using the NEIGHBOR programme. Nei’s distances can be
used to compare populations with different ploidy levels, as they rely solely on allele
frequencies per population (although those alleles are grouped by two or four within
individuals), but care must be taken in the dendrogram in interpreting differences in branch
lengths, because for identical genetic and demographic parameters Nei’s distances are
expected to be smaller in polyploids compared to diploids due to lower genetic drift (Hardy et
al. 2000). Correlation between matrices of Nei’s genetic distances and geographical distances
between populations was tested with Mantel test.

Further, allele presence or absence in 19 above-mentioned populations were scored.

Shannon’s Index (Bussell, 1999) for each isozyme locus was calculated for each population as

H; =_Zpiln pi s

where p; is the frequency of the presence of the allele i per individuals in that population. The

average diversity over all populations was calculated for each locus as
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. 1 ,
H pop ; Z H i
where » is number of populations. The species diversity was calculated for each locus as

H,=-Y plnp,,

where p; is the frequency of presence the allele s per individuals in the whole sample (250
diploids and 155 tetraploids). H';, H ., and H'y, enable to estimate the partitioning of genetic
variation within and between populations for each locus and enable comparison of the levels
of variation detected by different isozyme loci. Between-cytotype differences in isozyme
variation within and among populations were tested with ¢ test in PAST.

In addition, inbreeding within populations and the level of differentiation among
populations were evaluated using F-statistics (Wright 1951) estimated in SPAGeDi 1.2
(Hardy & Vekemans 2003). In this programme, F-statistics are based on allele identity and
are types of kinship coefficients. In terms of probabilities of identity by state, they can be
defined as Fir = (Qo-Q2)/(1-Q2), Fis = (Qo-Q1)/(1-Qy), and Fst = (Q-Q2)/(1-Q2), where Q,
Q1,Q;, refer to probabilities of identity of homologous genes within individuals, among
individuals within population, and among individuals among populations, respectively. For
global F-statistics, Q, refers to all populations, whereas for pairwise Fsr, Q, refers only to the
two populations being compared. Equivalently, these statistics can be defined as intra-class
correlation coefficients of allelic states for genes within individuals relative to all populations
(Fr), genes within individuals relative to a population (Fis), and genes within populations
relative to all populations (Fst). For F-statistics, the estimation procedure is based on a nested
ANOVA following Weir and Cockerham (1984), where populations are weighted according

to their sample size.
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No. Classical Geometric Crossing Isozymes
of morphometrics morphometrics experiments
pop. 2x 4x Total 2x 4x Total 2x 4x Total 2x 3x 4x Total
35 CZ, Bozi Dar 9 9 5 5
37  CZ,Zlutice, Vladat 11 14 14
38 CZ, Zelezna Ruda, gpiéék
42 CZ, Horska Kvilda, Zhaii 1 1

CZ, Nezdice na Sumavg,
44 Ostruzno ) 11
57 CZ, Mily 6 6 5 5 3 3
62 CZ, Nova Pec 15 15
67 CZ, Pernek 11 11
68 CZ, Pase¢na, Jasanky 9 9
69 CZ, Pase¢na, Jasanky 22 22
70 CZ, Slatina 8 8 5 5
72 CZ, Kovafov 10 10 5 5

CZ, Ptedni Vyto,
74 Spélqniﬁté 15 15 5 5

CZ, Cesky Krumlov, Nové
77 Dobrkovice 14 14 1 1
82 Cz, Zliv 8 8 5 5 1 1
84 CZ, Rozmberk nad Vltavou 10 10
93 CZ, Horusice 5 17 17 5 5

CZ, Kostelec nad Cernymi
99 lesy 20 20
107 CZ, Kosetice 1 1
109 CZ, Zbraslavice 5 5 5 5
124 CZ, Frysava 2 2

CZ, Cermna nad Orlici,
131  Cicova 15 15 5 5
139 CZ, Ceska Tiebova 25 25
153 CZ, Sternberk 11
154 CZ, Karlova Studanka 3 3
157 CZ, Radgjov 12 2 14 6 2 8 25 3 28
169 CZ, Hruba Vrbka 3 3
171 CZ, Machova 35 14 49 19 19 38 19 4 23 23 4 27
172 CZ, Jazevii 10 10 1 1 30 1 31
174 CZ, Strani, Velka Javotina 20 14 34 14 14 28 3 1 4 22 24 46
175 CZ, Biezova 31 31 2 2 27 27
181 CZ, Pulgin 4 4 31 2 33
187 CZ, Halenkov, Cemné tidoli 30 30
188 CZ, Hlugin, Jasénky 20 20
190 CZ, Mérkovice 4 4 4 4 2 2
192 CZ, Horni Sucha 6 1 7 6 1 7 7 9 16 9 9 18
200 SK, Solosnica 3 3
205 SK, Bukovec 4 4
206 SK, Cicov 5 5 5 5
213  SK, Vrsatské Podhradie 3 3
214 SK, Chotin 3 3
224  SK, Vratna valiey 6 6 5 5
227  SK, Vlikolinec 5 5 4 4 28 3 31
228 SK, Vlkolinec 12 12
230  SK, Lacky 4 4 5 5 25 5 30
231 SK, Detva 7 7 5 5
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232 SK, Oravska Jasenica 2 3 5 18 13 31
233  SK, Beg3eilova 2 2

234 SK, Klin

235 SK, Deminovska Ice Cave 3 3

236 SK, Deminovska valley 5 5 5 5

246 SK, Dlha Ves 5 5

247 SK, Lesnica gap 6 6 5 5

249 SK, Borka 3 3 5 5

253 SK, Cizatice 7 7

256 SK, Ladomirova 4 4 5 5

257 SK, Bystra 4 4

261 SK, Zemplinské Hamre 3 3 5 5

Total 195 215 410 85 85 170 250 8 165 423

Tab. 2 — continued from the previous page. Numbers of plants used in the morphometric
analyses, analysis of isozymes and in the crossing experiments. For the accurate location of

the populations see Appendix 1.
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Fig. 2. Position of landmarks and delimitation of characters measured on floral parts: A,
standard; B, wing; C, calyx; D, keel. 1-5 landmarks in B-D, and 1-3 landmarks in A,
respectively; all other red points are semilandmarks. A key to morphological characters is in
Tab. 5. Individual floral organs are depicted at different scales.




Results

Flow cytometry and chromosome counts

Flow cytometry (FCM) analyses yielded mostly high-resolution histograms with
average sample CV of 2.58 % (range 1.25-3.5 %) and average standard CV of 2.24 (range
1.2-3.49) (Fig. 3). Three distinct groups of fluorescence intensities were obtained (Tab. 3).
Mean fluorescence intensity per monoploid genome was virtually the same in all three
cytotypes.

Karyological data confirmed the FCM results and all counted DNA diploids and DNA

tetraploids had 14 and 28 somatic chromosomes, respectively (Fig. 4).
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Fig. 3. Flow cytometric fluorescence histogram of three ploidy levels (2x, 3x and 4x) of
V. cracca together with an internal reference standard (Pisum sativum ‘Ctirad’; P). Nuclei of
all plants were isolated, stained with DAPI and analysed simultaneously.
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Min. relative Max. relative
Mean fluorescence

. Mean fluorescence Mean numer of
Ploidy fluorescence fluorescence

intensity per . . . . per monoploid plants in
level cytotype + SD m:;;rtl(s)ltt;'pger m:;rtl(s)lttyypg er genome sample
2x 0.710 + 0.008 0.686 0.750 0.355 2.8
3x 1.071 £+ 0.005 1.062 1.076 0.357 1
4x 1.415+0.017 1.345 1.456 0.354 29

Tab. 3. Summary of relative fluorescence intensities for cytotypes of V. cracca based on bulk
sample measurements with DAPI staining using Pisum sativum cv. Ctirad (2C = 8.84 pg) as a
unit value.

Fig. 4. Mitotic metaphase chromosomes of A) diploid (2n = 14) and B) tetraploid (2n = 28)
V. cracca.

Distribution of cytotypes

In a total, 6 613 plants from 261 populations were sampled to estimate ploidy level. 180
populations (68.96 %) comprised 4 077 tetraploid plants (61.65 %), and 61 populations (23.37
%) contained 1 789 diploids (27.05 %). 18 populations (6.9 %) consisted of both diploids
(446 individuals) and tetraploids (229 individuals). In two diploid populations (0.77 %)
consisting of 72 sampled plants (1.09 %), eight triploids were found (0.1 % of all specimens).
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Although diploids seemed to be the major cytotype in most mixed-ploidy populations
(Fig. 5), the deviation from a uniform distribution was insignificant for both diploids (k=
8.11, d. f.ox = 4, Py = 0.09) and tetraploids (x24x =9.22,d. f.4x =4, P4x = 0.06). In other words,
both cytotypes were very common, intermediate, or very rare across the mixed-ploidy
populations to an indistinguishable extent.

Geographic distribution of cytotypes is non-random; tetraploid populations occur mostly
in the west of the investigated area, i.e. in the Czech Republic and in the north of Austria,
whereas diploid populations were found especially in the east, i.e. in Slovakia (Fig. 6A). The
contact zone with mixed-ploidy populations follows the Czech-Slovak border and continues
towards the northwest of Slovakia. One tetraploid population was recorded in the midwest
(no. 221, Hlinik nad Hronom) and one also in the southeast (no. 254, Slanska Huta) of the
Slovakia. They are accompanied with mixed-ploidy populations in their proximity (no. 225,
Trnie; no. 251, Jasov). On the other hand, transition from diploids to tetraploids in the west is
quite abrupt, and no diploids were found westwards of the contact zone with the exception of
one mixed-ploidy population in the northeast of the Czech Republic (no. 192, Horni Sucha).
Triploids were recorded within diploid populations (no. 227, Vlkolinec; no. 230, Lucky) in
the neighbourhood of tetraploids (no. 229, Vlkolinec) in the northwest of Slovakia. Absence
of any diploids and triploids in the southwest of the Czech Republic is the most evident
change of recent distribution in comparison to the historical records (Fig. 6B).

The cytotype distribution at a fine spatial scale in the mixed population no. 189 (Horni
Sucha, northeast of the Czech Republic) also significantly deviated from randomness
(P =0.009). Both diploids and tetraploids clustered preferentially with plants of the same
ploidy (Fig. 7).

Distribution of cytotypes along the altitudinal gradient is shown at Fig. 8. Although
tetraploids tend to occur in higher altitudes and had significantly higher mean (P < 0.01) when
compared to diploids (Tab. 4), both cytotypes occupy a wide range of altitudes. No
discontinuity in the distribution of diploids along the altitudinal gradient was detected (Fig.
8).
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Fig. 5. Distribution of 18 ploidy-mixed populations of V. cracca as a function of the
frequency of diploids (open bars) and tetraploids (solid bars).

Mean altitude + Max. altitude Min. altitude

SD(ma.s. 1) (ma.s. 1) (ma.s. 1)
2x 441 +£ 220 1147 99
4x 524 + 245 1620 178

Tab. 4. Summary of altitudinal distribution of V. cracca cytotypes. The means are
significantly different at P < 0.01.

Fig. 6. — next page. Distribution of cytotypes of V. cracca in the investigated area. A, recent
distribution; B, distribution reconstructed on the basis of earlier published chromosome
counts (Chrtkové—Zertové 1973a; Dvoték et al. 1977; Cin&ura 1963, 1981; Hallonova 1982).
Open circles, diploids; black circles, tetraploids; red triangles, mixed-ploidy populations (2x +
4x); blue asterisks, triploids.
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Fig. 7. Fine-scale cytotype distribution in the mixed-ploidy population in Horni Sucha
(no. 192). Open circles, diploids; black circles, tetraploids.
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Classical morphometrics

PCA of all individuals performed on all measured characters is shown at Fig. 9. The first
two axes explain 37.19 % of overall variability. Individuals of a different ploidy level are
quite intermingled in the space of these new variables; nevertheless, diploids are more
correlated with negative values of the first two axes while tetraploids have more positive
coordinates. Characters evaluated on the flowers were those that contribute most to the
spreading of individuals along the first axis; second axis is most correlated with vegetative
characters as number of leaflet pairs, length of leaves and hairiness of leaves (see eigenvectors
in Tab. 5). The third axis explains only a small part of overall variability (8.82 %, not shown);
standard blade/claw length ratio contributes mainly to the distribution along this axis.
Cytotypes are not completely separated also along the discriminant axis (Fig. 10), 53.4 % of
individuals of a different cytotype overlap. Nonetheless, means of individual cytotypes were
significantly different (P < 0.0001), and only 12 % of the specimens were misclassified in the
classificatory discriminant analysis. Approximately one half of incorrectly classified
individuals were from mixed-ploidy populations; within pure populations, classification failed
mainly in tetraploid populations no. 67, 69, 72, 93 and 131. The size of the standard claw, the
length of the keel and the width of the wing are characters mostly contributing to the
separation of the cytotypes (see total canonical structure in Tab. 5). The length of the leaf in
the middle of the stem is the best vegetative trait discriminating the two cytotypes.

Analyses performed on a reduced number of characters gave similar results (data not
shown). Only classificatory DA of 14 best characters selected in CDA plus six characters
selected in stepwise DA resulted in a somewhat lesser number of misclassified specimens
(10.8 %), but the dataset did not show a better separation of the cytotypes in CDA.

Discriminant analyses of individuals originated only from cytotypically pure
populations showed the best separation of diploids and tetraploids (35.5% overlap;
P <0.0001; 8.3 % of misclassified individuals) (Fig. 11). However, they were still
morphologically very similar (Fig. 12). Characters most contributing to the discrimination
were the same as in the case of PCA of all individuals.

Individuals from mixed-ploidy populations were more similar\tb individuals of the same
ploidy level from pure populations than to their counterparts of different cytotype within
mixed-ploidy populations (Fig. 13). PCA and a cluster analysis performed on population
means gave virtually the same results (Fig. 14, 15). Cytotypes exhibited an apparent

separation along the first principal component. Nevertheless, diploids from the mixed-ploidy
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population no. 192 and that from the pure population no. 235 were more similar to tetraploids
from pure populations than to other diploids (Fig. 14). Separation along the second
component is not so distinctive; only tetraploids from the mixed-ploidy population no. 157
had somewhat isolated position. Diploid population no. 235 formed a cluster together with
some purely tetraploid populations and tetraploids from the mixed-ploidy population no. 192;
this cluster formed a branch sister to all other populations (Fig. 15). Tetraploids from the
mixed-ploidy population no. 157 were placed as the next basalmost branch. Populations of
different cytotypes clustered separately at the next level with the exception of the populations
no. 93 and 192. The tetraploid population no. 93 clustered within diploid populations, while
the diploid part of the mixed-ploidy population no. 192 clustered together with tetraploid
populations. Individuals of different ploidy level from the same mixed-ploidy population
never clustered together.

In CDA, floral traits were those that showed the biggest differences between cytotypes,
whereas characters on vegetative organs contributed only slightly to the discrimination (Tab.
5). Tetraploids are generally bigger (Fig. 16); particularly, they have a larger standard claw, a
longer keel, and wider wings and longer the whole flowers when compared to diploids.
Moreover, they are slightly taller, have longer internodes in the lower part of the stem and
longer leaves in the middle of the stem (Fig. 17). On the other hand, diploids are more hairy,
usually have teeth on the stipules, and have a slightly longer standard blade compared to the
claw and a longer inflorescence when compared to the subtending leaf (Fig. 17). A list of
morphological characters exhibiting significant differences between V. cracca diploids and
tetraploids and potentially useful for routine morphology-based cytotype identification is
provided in Tab. 6.

In order to assess a possible impact of altitude on the morphology of V. cracca,
populations were separately for diploid and tetraploid divided into two groups according to
altitude of the locality and the two groups were compared using analysis of similarities
(ANOSIM). Whereas diploids exhibited significant differences in morphology between the
two groups (R = 0.02945, P = 0.0017), for tetraploids the differences were insignificant (R =
0.02113, P =0.1403). However, permutation tests employed as an alternative to ANOSIM
indicated significant differences between the low-altitude and the high-altitude groups for
both diploids and tetraploids (Md,x = 0.1049, Md4x = 0.09321, P < 0.0005 for both).

To compare the extent of morphological disparity between cytotypes in pure populations
and between cytotypes in mixed-ploidy populations, Euclidean distances were calculated from

scores on the first 30 principal components from PCA on all characters and all individuals
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(see above). Median values of distances among diploids and tetraploids in cytotypically pure

populations were bigger than among diploids and tetraploids from mixed populations

(Tab. 7). The same trend was recorded in analyses restricted to characters on generative

organs only and to one particular character on the keel (v36). The second character measured

on the keel (v35) was the only for which the difference in medians was insignificant (Tab. 7).

Priat

Fig. 9. PCA of all individuals of V. cracca based on 34 morphological characters (listed in
Tab. 5). Blue circles, diploids; red squares, tetraploids. The first two axes explain 37.19 % of

total variability.
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No. Character Axis 1 Axis 2 Axis 3 CDA

v4 stem length (mm) 0.100 0.336 0.042 0.292
v5 number of internodes 0.007 0.286 0.096 0.029
v6 mean length of the lower fifth of internodes (mm) 0.088 -0.016 -0.048 0.278
v7 number of leaflet pairs of a leaf in the lower third of the stem -0.019 0.287 0.020 -0.137
v8 number of leaflet pairs of a leaf in the middle of the stem 0.028 0.362 0.060 0.107
v9 number of leaflet pairs of a leaf in the upper third of the stem  -0.023 0218 0.042 -0.016
v10 length of a leaf in the lower third of the stem (mm) 0.034 0.317 0.001 0.096
vl1l length of a leaf in the middle of the stem (mm) 0.129 0.337 0.034 0.442
v12 length of a leaf in the upper third of the stem (mm) 0.019 0.074 0.023 -0.016
mean hairiness of upper surface of leaflets in the lower third
v13 of the stem -0.102 0.254 0.021 -0.224
mean hairiness of upper surface of leaflets in the middle of
vl4 the stem -0.099 0.218 -0.035 -0.180
mean hairiness of upper surface of leaflets in the upper third
vl5 of the stem -0.067 0.094 -0.079 -0.020
presence of teeth on stipules in the lower two thirds of the
vl6 stem -0.081 0.128 0.112 -0.273
vl7 mean inflorescence/subtending leaf length ratio -0.003 -0.042 0.067 -0.219
vl8 maximum inflorescence length (mm) 0.106 0.166 0.093 0.054
v19 length of a flower (mm) 0.301 -0.083 -0.033 0.497
v20 length of a calyx (mm) 0.174 0.201 -0.071 0.440
v21 length of upper calyx tips (mm) 0.051 0.183 0.063 0.041
v22 length of the standard blade (mm) 0.241 -0.028 0.309 0.394
v23 length of the standard claw (mm) 0.260 0.012 -0.257 0.708
distance from standard claw base to the standard claw widest
v24 point (mm) 0.133 -0.035 -0.123 0.651
v25 standard blade/calyx length ratio 0.039 -0.204 0.317 -0.076
v26 standard blade/claw length ratio -0.026 -0.032 0.494 -0.284
v27 width of the standard claw (mm) 0.276 0.026 -0.086 0.619
v28 width in the middle of the standard (mm) 0.259 0.069 0.130 0.518
v29 width of the standard blade (mm) 0.275 -0.042 0.212 0.473
v30 standard claw/blade width ratio -0.027 0.080 -0.367 0.106
v31 length of the wing blade (mm) 0.247 -0.053 -0.244 0.614
v32 length of the wing claw (mm) 0.260 -0.082 0.161 0.251
v33 width of the wing (mm) 0.264 -0.045 0.174 0.454
v34 width of the wing (mm) 0.257 0.017 0.075 0.649
v35 length of the keel (mm) 0.284 -0.042 -0.152 0.656
v36 length of the keel claw (mm) 0.251 -0.047 -0.256 0.567
v37 mean anther length (mm) 0.150 0.048 -0.020 0.490

Tab. 5. Eigenvectors and the total canonical structure expressing correlation of characters
with principal components (axis 1-3) and with the canonical axis (CDA) in a morphometric
analysis of all individuals of V. cracca.
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Fig. 10. Histogram of canonical discriminant analysis performed on all individuals of
V. cracca based on 34 morphological characters. Solid bars, diploids; empty bars, tetraploids.
53.4 % of individuals of different cytotype overlap; P (same means) < 0.0001.

FREQUENCY

60 7]
57

50 ]

44

15

-4.4 -3.6 -2.8 -2.0 -1.2 -0.4 0.4 1.2 2.0 2.8 3.6

Canl
Fig. 11. Histogram of CDA performed on individuals of V. cracca originated only from

cytotypically pure populations based on 34 morphological characters. Overlap = 35.5 %; P
(same means) < 0.0001.
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Fig. 12. PCA of individuals from cytotypically pure populations based on 34 morphological
characters. Blue circles, diploids; red squares, tetraploids. The first two axes explain 35.72 %

of total variability.
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Fig. 13. PCA of all individuals of V. cracca based on 34 morphological characters (the same
analysis as presented at Fig. 9 with separately highlighted individuals from mixed-ploidy
populations). Circles, diploids; squares, tetraploids; blue and red, individuals from
cytotypically pure populations; brown, the mixed population no. 157; yellow, the mixed
population no. 171; green, the mixed population no. 174; violet, the mixed population no.
192; cyan, the mixed population no. 232. The first two axes explain 37.19 % of total
variability.
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Fig. 14. PCA of population means based on 34 morphological characters. Circles, diploids;
squares, tetraploids; blue and red, cytotypically pure populations; brown, the mixed
population no. 157; yellow, the mixed population no. 171; green, the mixed population no.
174; violet, the mixed population no. 192; cyan, the mixed population no. 232. The first two
axes explain 50.52 % of total variability.
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Fig. 15. UPGMA of population means based on 34 morphological characters. Blue, diploids
from cytotypically pure populations; red, tetraploids from cytotypically pure populations;
brown, the mixed population no. 157; yellow, the mixed population no. 171; green, the mixed
population no. 174; violet, the mixed population no. 192; cyan, the mixed population no. 232.
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Fig. 16. Variability in morphological characters that selected from those that contribute most
to discrimination between diploids and tetraploids in CDA (see Tab. 5). v23, length of the
standard claw; v35, length of the keel; v24, distance from the base of standard claw to its
widest point; v34, width of the wing; v27, width of the standard claw; v19, length of the
flower. Rectangles define 25 and 75 percentiles; horizontal lines correspond to medians;
whiskers represent values up to 1.5 times of inter-quartile range; circles are distant
observation.
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Fig. 17. Variability in six additional morphological characters of diploids and tetraploids
(discussed in detail in the text): v11, length of the leaf in the middle of the stem; v4, length of
the stem; v6, mean length of the lower fifth of internodes; v26, standard blade/claw length
ratio; v13, mean hairiness of the upper surface of leaflets in the lower third of the stem; v17,
mean inflorescence/subtending leaf length ratio. Rectangles define 25 and 75 percentiles;
horizontal lines correspond to medians; whiskers represent values up to 1.5 times of inter-
quartile range; circles are distant observation.
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No. Character 2x 4x

v4  stem length (mm) (338-) 581 (-1000) (424-) 680 (-1163)

v6  mean length of the lower fifth of internodes (mm) (13-) 36 (-69) (15-) 44 (-91)

vll length of a leaf in the middle of the stem (mm) (30-) 45 (-68) (36-) 54 (-75)
mean hairiness of upper surface of leaflets in the lower

v13 third of the stem (0-) 13 (-30) (0-) 5 (-25)
presence of the teeth on stipules in the lower two thirds

v16 of the stem often rarely

vl7 mean inflorescence/subtending leaf length ratio (1.2-) 1.7 (-2.6) (1)) 1.7 (-2.4)

v19 length of a flower (mm) (8.4-) 9.5 (-10.7) (8.7-) 10.3 (-11.5)

v23 length of the standard claw (mm) 4-)4.7 (-5.4) (4.6-) 5.4 (-6.3)
distance from standard claw base to the standard claw

v24 widest point (mm) (2.3-)2.8(-3.9) (2.5-) 3.3(-3.8)

v26 standard blade/claw length ratio (0.9-) 1.1 (-1.3) (0.8-) 1 (-1.3)

v27 width of the standard claw (mm) (5.2-)6 (-7) (5.8-) 6.8 (-7.8)

v34 width of the wing (mm) (1.6-) 1.9 (-2.2) (1.9-) 2.2 (-2.5)

v35 length of the keel (mm) (5.9-)6.7 (-7.4) (6.5-) 7.3 (-8.1)

Tab. 6. Selected morphological characters distinguishing cytotypes of V. cracca. For
quantitative characters, medians with 5 and 95 percentiles in parenthesis are given. Medians
are significantly different between cytotypes at P < 0.001 (Mann-Whitney U test) in all
characters except v13 (P <0.01).

chaf;l: ters v19-v37 v35 v36

Mann-Whitney U 7.8E06 7.7E06 8.5E06 7.0E06
Median iyeq 1.4125% 1.4100° 0.6 0.3°
1.4771° 1.5123% 0.6 0.5°

Median .

Tab. 7. Differences of medians of between-cytotype Euclidean distances in mixed and pure
populations of V. cracca calculated for distinct sets of measured morphological characters.
a P < 0.001; n mixed = 806; n pure = 21 720.

Geometric morphometrics

Relative warp analysis of the keel gave the best results ameng all floral structures in
terms of separating diploids and tetraploids. The major trends in changing the shape along the
first and the second relative warp (RW), which explained 58.6 % of total variation, are
apparent from Fig. 18. Individual cytotypes did not form separated group in the ordination
plot. Individuals of different ploidy level from the same locality did not group together; they