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In the present study hybridization between the decaploid Cardamine enneaphyllos and hexaploid
C. glanduligera (both previously assigned to Dentaria) was examined. The study area was located
in the West Carpathians in Slovakia, where the distribution ranges of the putative parental species
overlap, and they occur sympatrically. The putative hybrid C. ×paxiana was studied in many locali-
ties in terms of its morphological variation, pollen fertility and PCR-RFLP patterns. Prior to analy-
ses hybrid individuals were tentatively determined based on three morphological characters
reported as diagnostic: flower colour, presence of glands on leaves and length of rhizome
internodes. Such tentative hybrid identification was confirmed by strongly decreased pollen fertility
and an additive restriction pattern in the nuclear ITS region. The possible sources of the substantial
morphological variation of hybrids, revealed by morphometric analyses, are discussed. Based on
the results of the PCR-RFLP analysis of cpDNA, bidirectional hybridization occurred, although
C. enneaphyllos was usually the maternal parent. Geographic distribution and sterility of hybrid in-
dividuals suggest that they are repeatedly generated from crosses between the parental species, and
represent F1 or early generation hybrids maintained by vegetative reproduction.

K e y w o r d s : Brassicaceae, Cruciferae, Dentaria, morphometrics, nrDNA ITS sequences, trnL
intron, Slovakia

Introduction

The genus Cardamine L. is one of the largest genera in the family Brassicaceae, compris-
ing at least 200 species distributed worldwide. Thirteen sections were recognized in the
traditional infrageneric classification concept proposed by Schulz (1903). This sectional
classification based on a few morphological features, however, apparently does not reflect
the phylogenetic relationships within the genus. Monophyly of several sections was re-
jected by recent molecular studies (Franzke et al. 1998, Sweeney & Price 2000, Bleeker et
al. 2002) and a comprehensive genus-level phylogenetic study is under progress (T. A.
Carlsen et al., unpublished). Reconstruction of the evolutionary history of a genus like
Cardamine, which is strongly affected by reticulate evolution and polyploidization, is def-
initely not straightforward (Lihová & Marhold 2006). Much effort will be needed in future
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to reach a robust and well resolved genus phylogeny and eventually to propose a natural
infrageneric subdivision.

A group of about 20 species distributed disjunctly in E and W North America, and Eur-
asia were traditionally separated in a distinct genus Dentaria L. or as a group(s) within
Cardamine. It comprises woodland perennials with high levels of polyploidy and pro-
nounced vegetative reproduction; several distinguishing morphological characters were also
recognized (Sweeney & Price 2000). Several authors, both in Eurasia and North America,
treated Cardamine and Dentaria as two distinct genera or subgenera (e.g. Detling 1936,
Spooner 1984, Kotov 1979, Slavík 1992, Jones & Akeroyd 1993), while some American au-
thors (Al-Shehbaz 1988, Rollins 1993) did not recognize Dentaria at any taxonomic level
and included all species within Cardamine. In the taxonomic concept of Schulz (1903),
a separate section Dentaria (L.) O. E. Schulz was delimited, but some species originally de-
scribed or combined under the genus Dentaria were placed into three other sections, imply-
ing that there is no consistent delimitation of Dentaria species in earlier literature. In the
study of Sweeney & Price (2000) chloroplast sequence data were used to examine phylo-
genetic positions of selected Dentaria and Cardamine species. The results clearly showed
that Dentaria is polyphyletic with at least three separate origins corresponding to the three
main biogeographic groups, and that the morphological characters used for delimitation are
not reliable on a worldwide basis. So far only four European species of Dentaria have been
analysed (Franzke et al. 1998, Sweeney & Price 2000) and it remains to be determined
whether European representatives form a monophyletic group.

In Europe, nine species traditionally treated within Dentaria are currently recognized
(Jalas & Suominen 1994, Cesca & Peruzzi 2002). All of them are polyploids of hexa- or
higher ploidy levels of unknown ancient origins, and morphologically can be character-
ized by subterranean rhizomes and petiolate cotyledons (Jones & Akeroyd 1993). The
present study focused on two of them: decaploid yellow-flowered C. enneaphyllos (L.)
Crantz (≡ D. enneaphyllos L.) with 2n = 80, and hexaploid purple-flowered C. glandu-
ligera O. Schwarz (≡ D. glandulosa Waldst. & Kit.) with 2n = 48. The distribution area of
C. enneaphyllos is central Europe, the Apennine Peninsula and W Balkans, while that of
C. glanduligera is the whole Carpathian range and adjacent areas (Jalas & Suominen
1994; see also Fig. 1). Thus, their distribution ranges overlap in the West Carpathians
(Slovakia, S Poland, E Moravia). Both species show similar ecological preferences and are
found growing mainly in shady sites in beech, fir-beech and spruce forests in the colline to
the subalpine belts (Kochjarová et al. 1999, Marhold & Kochjarová 2002). The hybrid be-
tween these two polyploid species was described by Schulz (1903) as C. ×paxiana O. E.
Schulz, based on a specimen from Poland (Silesia). Since then hybrid individuals have
been repeatedly reported mainly from the localities where both parental species occur
sympatrically, in several mountain ranges within the West Carpathians in Slovakia
(Kochjarová et al. 1999, Marhold & Kochjarová 2002), more rarely from NE Moravia
(Slavík 1992), and occasionally from Silesia and the Tatry Mts in Poland (Schulz 1903,
Pawłowski 1956). The colour of petals, morphology of rhizomes and presence of glands
on leaves are considered to be the most important diagnostic characters for distinguishing
hybrid individuals, since they exhibit intermediate appearance in respect of parental spe-
cies. In addition, assumed hybrids are reported to be completely sterile with no siliquae
and seed formation. Apparently their propagation and persistence is achieved by rhizome
growth and fragmentation (Kochjarová et al. 1999).
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Fig. 1. − (a) Distribution areas of Cardamine enneaphyllos (left-hatched) and C. glanduligera (right-hatched)
overlapping in Slovakia, S Poland and E Moravia (modified according to Jalas & Suominen 1994). (b) Distribu-
tion of C. ×paxiana in Slovakia and sample sites; empty circles – localities of C. ×paxiana documented by revi-
sion of herbarium material (for details on localities and specimens see Marhold & Kochjarová 2002); full circles –
sample sites of C. ×paxiana together with one or both parental species; full triangles – sample sites of “pure” pop-
ulations of C. enneaphyllos; full squares – sample sites of “pure” populations of C. glanduligera. For locality
numbers see Appendix 1.



Hybridization is not a rare phenomenon in Cardamine, as numerous interspecific hy-
brids between Cardamine representatives are described (Lihová & Marhold 2006). A few
hybridization events, both at the diploid and polyploid levels, have been recently subjected
to detailed studies, employing both morphological and molecular techniques (Urbanska et
al. 1997, Marhold et al. 2002, Lihová et al. 2006, 2007). Contrasting patterns of morpho-
logical, molecular and karyological variation were revealed in the cases studied and attrib-
uted to differences in relatedness and the evolutionary history of parental species, genome
(in)compatibilities, chromosome numbers, reproduction modes, etc. In the present study
we examined the putative hybrid C. ×paxiana from numerous populations in the West
Carpathians in terms of its morphological variation, pollen fertility and molecular evi-
dence of its hybrid origin. Intermediate morphology and high pollen sterility are strong in-
dicators for hybrid origin, as they are features of many hybrids. Nevertheless, this may not
always be the case, and hybrids can be morphologically much closer to one of the parents
and/or exhibit transgressive phenotypic features (Rieseberg & Ellstrand 1993, Rieseberg
& Carney 1998). Several molecular techniques are used to detect interspecific hybridiza-
tion among plants and to prove the hybrid origin of suspect individuals, as e.g. fingerprint-
ing methods (RAPD, AFLP, ISSR) and isozyme polymorphisms where intermediate ge-
notypes and the additivity of fragments/alleles are expected in hybrids, or nuclear-en-
coded markers such as the multicopy nrDNA ITS region where divergent parental se-
quence variants are identified in a hybrid genome (Vriesendorp & Bakker 2005). Here we
use the analyses of fragment-length polymorphisms of both the nuclear ITS region and the
chloroplast trnL intron (PCR-RFLP). The former was used to document additive patterns
in putative hybrid individuals and the latter to detect the direction of hybridization (mater-
nal donor of the hybrid individuals). This approach was successfully applied e.g. in the
study of hybrids in Phlox (Ferguson et al. 1999), Potamogeton (Kaplan & Fehrer 2004,
2006), and several other genera.

Material and methods

Plant material

The study area was located in the West Carpathians in Slovakia, where the distribution
ranges of Cardamine enneaphyllos and C. glanduligera overlap, and the species occur
sympatrically (Fig. 1a). For the data on their sympatric occurrence and the distribution of the
putative hybrid we examined specimens from the following herbaria: BBZ, BP, BRA,
BRNM, BRNU, KRA, KRAM, NI, POP, PR, PRC, SAV, SLO, SMBB, TNP, ZAM (acro-
nyms follow Holmgren et al. 1990, Vozárová & Sutorý 2001). Plant material was sampled
from 27 localities; three where only populations of C. enneaphyllos were present and four
with only C. glanduligera (“pure” populations) were used to characterize phenotypes and
genotypes not affected by interspecific gene flow, otherwise the sampling focused on locali-
ties where the parental species and putative hybrid individuals co-occurred (Appendix 1,
Fig. 1b). For morphometric analyses usually 15–25 specimens per population were exam-
ined, only in some cases (depending on the population size) fewer plants were sampled. Al-
together 1070 flowering stage individuals and 67 individuals at the fruiting stage were sam-
pled and studied in respect of morphology. Two subsets of flowering specimens were further
chosen for (i) determining pollen fertility (85 individuals drawn from 14 populations; dried
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voucher specimens were used) and (ii) PCR-RFLP analyses (53 individuals from 12 popula-
tions; fresh leaf material was collected and dried using silica gel). The selection of popula-
tions and specimens for the above was from the whole study area and spanned the observed
morphological variation as far as possible. The two subsets overlapped largely both at the
population (Appendix 1) and individual levels: out of 48 individuals analysed for PCR-
RFLP, 41 were also used for determining pollen fertility. This sampling allowed the direct
(individual-level) comparison of the morphological, pollen fertility and molecular patterns.
Voucher specimens are deposited in BBZ (Vozárová & Sutorý 2001).

PCR-RFLP analyses

The PCR-RFLP approach was employed to document hybridization between Cardamine
enneaphyllos and C. glanduligera at multiple localities where both species co-occurred
along with individuals morphologically identified as putative hybrids. The aim of the
RFLP analysis of the ITS region of nrDNA (ITS1-5.8S-ITS2) was to obtain different re-
striction patterns for the parental species and to detect both parental variants within hybrid
individuals (i.e. to detect additive patterns). The procedure successfully applied by Kaplan
& Fehrer (2004) was followed. Similarly, the aim of the RFLP analysis of trnL intron of
cpDNA was to obtain different restriction patterns for the parental species, and subse-
quently, to determine which species acted as the maternal parent for the individuals proved
as hybrids by ITS additivity.

Total genomic DNA was extracted from silica gel dried leaf samples using the CTAB-
procedure (Doyle & Doyle 1987) with minor modifications. PCR amplification of the ITS
region of nrDNA and the trnL intron, was performed using the universal primers P1A, P4
developed by Francisco-Ortega et al. (1999) and the primers c, d by Taberlet et al. (1991), re-
spectively. The PCR conditions were as follows: 10× reaction buffer including MgSO4 at
2 mM, 0.2 mM of each dNTPs, 0.2 μM of each primer, and 0.75 or 1.25 unit of Pfu polymer-
ase (MBI Fermentas) in a total reaction volume of either 25 or 40 μl. The PCR cycle profiles
were the same as specified in Lihová et al. (2004). Amplification products were checked on
1.5% agarose gels. A few PCR products were selected for sequencing to assess differentia-
tion between the studied species and their intraspecific variation: ITS products from 10 indi-
viduals (four per species, plus two from hybrids) and trnL products from four individuals
(two per species), all sampled from different populations including those where only one of
the parental species was growing (Appendix 1). PCR products subjected to sequencing were
purified using the Spinprep PCR clean-up kit (Calbiochem) following the manufacturer’s
protocol. Sequencing, using the original PCR primers, was done at the Department of Mo-
lecular Biology, Comenius University, Bratislava (BITCET Consortium). The sequences
were aligned manually using BioEdit (version 7.0.4.1; Hall 1999). The ITS sequences ob-
tained from the putative hybrid individuals, however, were not readable; apparently due to
the overlay of divergent ITS variants involving short length differences.

The aligned sequences were visually inspected for possible RFLP patterns differentiat-
ing between C. enneaphyllos and C. glanduligera by checking for palindromic motifs
constantly present in one of the species but absent in the other, as well as by using the re-
spective feature (restriction map) of BioEdit. Due to the pronounced sequence divergence
observed between the species and low intraspecific variation (see Results), several restric-
tion sites could be inferred. Among them, TaqI (T∧CGA) and HaeIII (= BsuRI, GG∧CC)
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were chosen for the restriction of the ITS region, and XapI (= ApoI, R∧AATTY) for the re-
striction of the trnL intron (all enzymes from MBI, Fermentas). Restriction of PCR prod-
ucts was performed using 8 μl of PCR product, 10 units of the restriction enzyme, 1/10 of
the recommended and supplied 10× restriction buffer, and incubated overnight at the rec-
ommended temperature (37 °C for HaeIII and XapI, and 65 °C for TaqI). The restriction
products were separated and visualized on 2% agarose gels together with a DNA ladder
(Low Range MassRuler DNA Ladder, MBI, Fermentas).

Pollen fertility

As a measure of male fertility, pollen viability of selected individuals was assessed using
acetocarmine staining (Marks 1954, slightly modified). Anthers were removed from a sin-
gle flower bud per individual and chopped in a drop of acetocarmine on a microscope slide
to release pollen grains. 100–130 grains per flower were observed, and viable (well-
stained) and nonviable (shrunken and unstained) grains were recorded. Pollen quality was
expressed as the percentage of viable grains.

Morphometric analyses

Eight vegetative, seven floral, and eight fruit characters were measured or scored on the
sampled specimens, plus five ratios were derived. One character was semiquantitative
(glands on leaves), otherwise the characters were all quantitative (Appendix 2). For mea-
surements on flowers, floral parts of one optimally developed flower randomly selected
per plant were attached by adhesive tape to paper, dried, and then measured. Flowering
and fruiting individuals were treated separately; within the former 18 characters were re-
corded (those listed as vegetative and floral), within the latter 19 characters (those listed as
vegetative and fruit; Appendix 2). Spearman and Pearson correlation coefficients were
calculated to reveal highly correlated pairs of characters, since very high correlations may
distort results of multivariate morphometric analyses (Legendre & Legendre 1998). As
a result (see below), three morphological characters were excluded from further analyses,
except for the exploratory data analysis. Subsequently, five data matrices were assembled
that were employed in the morphometric analyses: (1) matrix of flowering individuals of
the parental species and the hybrid identified according to PCR-RFLP and/or pollen anal-
yses (91 individuals × 16 characters; matrix hence forth called “matrix of plants analysed
for PCR-RFLP and pollen fertility”); (2) matrix of flowering parental individuals (755 in-
dividuals × 16 characters; called “flowering parental matrix”); (3) matrix of flowering in-
dividuals of both parents and putative hybrids (1070 individuals × 16 characters; called
“flowering complete matrix”); (4) matrix of fruiting parental individuals (56 individuals ×
18 characters; called “fruiting parental matrix”); and (5) matrix of fruiting parental indi-
viduals plus a few hybrid ones with developed siliquae (61 individuals × 18 characters;
called “fruiting complete matrix”). For flowering individuals (before they were pressed)
the colour of petals was recorded. The following colour scale was used: 1 – white or al-
most white, 2 – yellow, 3 – yellowish pink or irregularly coloured, 4 – pale pink, 5 – pur-
ple. Because of the multistate nature of this character, it was not included directly in any of
the morphometric analyses, but used only for the interpretation of ordination diagrams.

Hybrid individuals were tentatively determined prior to analyses based on the charac-
ters reported as diagnostic for the hybrid: flower colour, presence of glands on leaves,
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presence and length of rhizome internodes (Kochjarová et al. 1999). Yellowish pink, irreg-
ularly coloured and white-coloured petals, never found in the parental species across their
distribution ranges, were taken as the first criterion of hybrid origin; if the plants had pale
pink or purple petals that have been recorded both in C. glanduligera and putative hybrids,
presence of glands and morphology of rhizomes were examined and taxonomic assign-
ment was made accordingly. While the rhizome of C. glanduligera is thickened with thin
internodes usually a few cm long, that of C. enneaphyllos is equally thick along its length
(these differences are depicted quite well in Slavík 1992: 113, Fig. 25); for the putative hy-
brid individuals very short thin internodes are reported. Glands on leaves are reported as
sparse in putative hybrids, in contrast to their common presence both at the leaflet base and
on the leaf margin in C. glanduligera, and their complete absence in C. enneaphyllos
(Kochjarová et al. 1999). Classification based on these three criteria seemed to be unequiv-
ocal, but its reliability was tested in the following way. Canonical discriminant analysis
(CDA) was performed on the “matrix of plants analysed for PCR-RFLP and pollen fertil-
ity” with three groups delimited as follows: hybrids were defined as individuals with addi-
tive PCR-RFLP pattern of ITS and/or with pollen fertility lower than 50%, whereas the as-
signment to the parental species was based on species-specific ITS and trnL RFLP pat-
terns and/or pollen fertility above 85%. In this CDA we illustrated morphological differen-
tiation among these three groups (91 individuals) and derived two discriminant functions
classifying plants into the three groups. These functions were subsequently applied to the
“flowering complete matrix”, i.e. including also plants that were not employed in PCR-
RFLP or pollen fertility analyses (altogether 1070 individuals). The position of plants ten-
tatively identified using the above-mentioned three characters was depicted on the two-di-
mensional ordination diagram according to their canonical scores. Obviously, a direct
analysis of all plants for PCR-RFLP and pollen fertility would be more precise, but it was
rather unrealistic because of the cost and workload involved.

Next, principal component analyses (PCA) based on four data matrices (matrices 2–4,
see above) were performed to show the overall morphological variation (as a contrast to
CDA stressing only the differences among the taxa studied) and differentiation between
the parental species, as well as to display the positions of hybrid relative to the parental in-
dividuals. An R type of PCA based on a correlation matrix of the characters was computed
(Sneath & Sokal 1973, Krzanowski 1990). In addition, information on petal colour, data
from pollen fertility and PCR-RFLP results were mapped onto the resulting PCA ordina-
tion of the “flowering complete matrix”. The aim was to correlate this data with the mor-
phological patterns as displayed by PCA. All analyses were performed using the SAS 9.1
software (SAS Institute 2000).

As the last step, an exploratory data analysis was performed on both complete matrices
of flowering and fruiting individuals to obtain basic statistical parameters for individual
characters separately for the two parental species and the hybrid.

Results

PCR-RFLP analyses

The DNA sequences obtained were submitted to the GenBank database (accession numbers
EF136402−EF136409 for the ITS region of nrDNA, and EF136410−EF136413 for the trnL
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intron). The alignment of nrDNA ITS sequences retrieved from eight individuals of
Cardamine enneaphyllos and C. glanduligera showed rather high sequence divergence be-
tween the two species, in respect of both nucleotide substitutions (around 7.6% nucleotide
divergence) and a few short (1 and 2 bp) indels. Except for a few intra-individual single-nu-
cleotide polymorphisms detected in some individuals (inferred from the double peaks seen
in electropherograms), no variation was found within the species. This facilitated the search
for restriction enzymes that produce appropriate species-specific RFLP patterns.

As expected from the restriction maps of the two selected restriction enzymes (Figs 2b,
3b), RFLP patterns were resolved that allowed the differentiation between the ITS se-
quences of the parental species. No variation within species was found for the several indi-
viduals analysed (12 individuals of C. glanduligera, 10 of C. enneaphyllos). The restriction
enzyme TaqI, with two restriction sites present in C. glanduligera and three in C. ennea-
phyllos, generated three fragments in the former species and four in the latter (Fig. 2). In pu-
tative hybrids, a clearly additive pattern was observed, indicating the simultaneous presence
of both parental ITS variants. The HaeIII enzyme had one restriction site in the ITS se-
quence of C. glanduligera and three sites in C. enneaphyllos, resulting in two and four re-
striction fragments, respectively (Fig. 3). The hybrid individuals (as suspected from mor-
phology and shown by the additive RFLP patterns using TaqI enzyme) exhibited additive
patterns with all the fragments found in the parental species, however, in all cases (altogether
31 hybrid individuals from eight populations were analysed) there was an additional band of
about 450 bp (Fig. 3a). Its origin might be due to either one lost restriction site (from the
C. enneaphyllos ITS variant) or one gained restriction site (in the C. glanduligera ITS vari-
ant), since in both scenarios an additional fragment of 455 or 446 bp, respectively, is gener-
ated (Fig. 3b). Intriguing, however, is that the additional band is present in all the individuals
examined, and thus, the pattern seems to be fixed in hybrids.

The alignment of trnL intron sequences of cpDNA showed much lower divergence be-
tween the parental species (1.3% nucleotide divergence plus two indels of 2 and 4 bp), but
it was possible to distinguish their haplotypes and to propose restrictions with different
patterns. The restriction enzyme XapI cut the trnL sequence of C. enneaphyllos at two
sites, producing two short (40 bp, 89 bp) and one long (451 bp) restriction fragment, while
an additional third restriction site is present in C. glanduligera, resulting in the restriction
of the long fragment into two fragments of 273 and 176 bp lengths (Fig. 4). Most hybrid
individuals examined (26 out of 31) possessed the RFLP pattern of C. enneaphyllos im-
plying that this species was the maternal donor, and in only five individuals (collected
from two localities no. 19, 25, Appendix 1) was C. glanduligera the maternal plant.

Pollen fertility

Male fertility, indicated by pollen stainability, was generally high in both C. enneaphyllos
(25 individuals) and C. glanduligera (22 individuals), exceeding 85%. Only a single indi-
vidual identified as C. glanduligera with 58% pollen stainability was found. On the other
hand, most of the putative hybrid individuals investigated showed pollen stainability be-
low 20% (26 individuals from eight populations), while 10 individuals (sampled from four
populations) had pollen stainability in the range 20–50%. Only two specimens showed
higher stainability of 78% and 57%, respectively.
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Fig. 2. − RFLP analysis of nrDNA ITS region (ITS1-5.8S-ITS2) using the TaqI restriction endonuclease. Picture
(a) shows electrophoretic separation of the restriction fragments generated in parental taxa, Cardamine
glanduligera and C. enneaphyllos, and the hybrid species C. ×paxiana; picture (b) indicates positions of restric-
tion sites in the ITS sequences of parental species and the corresponding restriction fragments. The short frag-
ments (90 bp and 57 bp) are faint, but still present. The hybrid individuals (3–6) show a clearly additive pattern,
i.e. the simultaneous presence of the ITS variants of both parental species. Identity of samples: 1 – loc. Bobačka
(loc. 23, ind. D75), 2 – loc. Šútovská dolina (loc. 14, ind. D25), 3 – loc. Bystrá (loc. 18, ind. D85), 4 –
loc. Vyvieranie (loc. 19, ind. D42), 5 – loc. Bobačka (loc. 23, ind. D62), 6 – loc. Šútovská dolina (loc. 14, ind.
D38), 7 – loc. Bystrá (loc. 23, ind. D109), 8 – loc. Vyvieranie (loc. 19, ind. D12). See Appendix 1 for the locality
details.

Fig. 3. − RFLP analysis of nrDNA ITS region (ITS1-5.8S-ITS2) using the HaeIII restriction endonuclease. Pic-
ture (a) shows electrophoretic separation of the restriction fragments generated in parental taxa, Cardamine
glanduligera and C. enneaphyllos, and the hybrid species C. ×paxiana; picture (b) indicates positions of restric-
tion sites in the ITS sequences of parental species and the corresponding restriction fragments. The short frag-
ments (110 bp and 101 bp) are faint, but still present. All the hybrid individuals (3–6) show an additional ca 450 bp
fragment not present in the parents. Its origin might be explained as indicated in the text. Identity of samples: 1 –
loc. Bobačka (loc. 23, ind. D75), 2 – loc. Šútovská dolina (loc. 14, ind. D25), 3 – loc. Bystrá (loc. 18, ind. D85),
4 – loc. Vyvieranie (loc. 19, ind. D42), 5 – loc. Bobačka (loc. 23, ind. D62), 6 – loc. Šútovská dolina (loc. 14, ind.
D38), 7 – loc. Bystrá (loc. 18, ind. D109), 8 – loc. Vyvieranie (loc. 19, ind. D12). See Appendix 1 for the locality
details.



Morphometric analyses

Computation of Spearman and Pearson correlation coefficients yielded similar values.
Three pairs of highly correlated characters were identified (r > 0.95): length of stem leaf
lamina – length of middle leaflet of stem leaf, length of shorter stamen – length of longer
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Fig. 4. − RFLP analysis of the trnL intron of chloroplast DNA using the XapI restriction endonuclease. Picture (a)
shows electrophoretic separation of the restriction fragments generated in parental taxa, Cardamine glanduligera
and C. enneaphyllos, and the hybrid species C. ×paxiana; picture (b) indicates positions of restriction sites in the
trnL intron sequences of parental species and the corresponding restriction fragments. The short fragments (40 bp
and 89 bp) are faint, but still present. The individuals marked as hybrids were confirmed by ITS-RFLP analysis. All
the samples shown originated from the locality Vyvieranie (loc. 19, see Appendix 1). First two hybrid individuals (2,
3) show the haplotype of C. enneaphyllos, while another two (4, 5) possess the haplotype of C. glanduligera. Iden-
tity of samples: 1 – ind. D17, 2 – ind. D92, 3 – ind. D91, 4 – ind. D43, 5 – ind. D42, 6 – ind. D12.

Fig. 5. − Canonical discriminant analysis of plants of Cardamine enneaphyllos (black triangles, n = 28),
C. glanduligera (black squares, n = 25) and C. ×paxiana (black circles, n = 38) analysed for PCR-RFLP and/or pol-
len fertility. First two canonical axes extract 90.6% and 9.4% of variation among groups. The resulting canonical
discriminant functions were used to compute positions of the remaining flowering plant individuals of
C. enneaphyllos (open triangles, n = 383), C. glanduligera (open squares, n = 319), and C. ×paxiana (open circles, n
= 277), identified by petal colour, rhizome morphology and presence of glands. Positions of individual plants are
schematized to decrease overlap of symbols of the same type (“round” command in the SAS statistical package).



stamen, width of mature seeds – length of mature seeds. The latter characters from each
pair were therefore excluded from further analyses (Appendix 2), except the exploratory
data analysis.

The CDA performed on the “matrix of plants analysed for PCR-RFLP and pollen fertil-
ity” showed three distinct groups corresponding to the parental species and hybrid (Fig. 5,
black symbols). The groups were clearly separated along the first and partly also along the
second axis, with only two hybrid plants apparently misplaced in the C. enneaphyllos
group (both these plants expressed a clearly additive PCR-RFLP profile). The first axis,
contributing most to group separation, was highly correlated with the presence of glands
(correlation –0.95) and with the presence and length of rhizome internodia (correlation
–0.85); i.e. two of the three characters recognized as diagnostic (note that the colour of pet-
als, because of its multistate character, was not included in the data matrix). The second
canonical axis (expressing a slight shift of the hybrid) was influenced simultaneously by
several characters, none of them being particularly strongly correlated with this axis.
When the two canonical discriminant functions derived from this analysis were applied to
the “flowering complete matrix” and our tentative identification was indicated by different
symbols, three groupings were still apparent (Fig. 5, open symbols representing non-ana-
lysed plants and black ones plants analysed for PCR-RFLP and pollen fertility). This ap-
proach was used to test the reliability of our plant identification (mainly in respect of the
hybrid individuals). In spite of the slight overlap of these three groups it is apparent that
our identification on morphological grounds represents a fairly good estimate of the pa-
rental vs. hybrid status of the plants. In addition, the petal colour, not used in CDA, signifi-
cantly contributes to the differentiation of the groups.

PCA based on “flowering parental matrix” showed two groups of specimens corre-
sponding to C. enneaphyllos and C. glanduligera with only a few specimens in the zone of
overlap (Fig. 6). Only a two-dimensional ordination graph is shown, since the third axis
did not contribute anything further to differentiation. The parental species were separated
mainly along the first axis. The vegetative characters showing highest correlations with
the first axis and most contributing to species differentiation are height of stem, length of
rhizome internodes, width of middle leaflet of stem leaf, and presence of glands; three ad-
ditional floral characters are significant as well: number of flowers, length of stamens and
length of petals. The former two exhibit higher values in C. enneaphyllos, while petals are
longer in C. glanduligera (see also Table 1).

Figure 7 shows the results of PCA based on “flowering complete matrix”. In contrast to
CDA, it depicts the position of the parental taxa and hybrids based on their overall mor-
phology, not just a few characters, which best separate the groups. The resulting picture is
therefore different from that of CDA. Hybrid individuals were placed in intermediate posi-
tions but also largely overlap with parental phenotypes, especially with C. enneaphyllos.
This picture reflects morphology of hybrid individuals that, indeed, display diverse phe-
notypes; it corresponds also to variation in the patterns of individual characters, where hy-
brids are more similar to C. enneaphyllos in most characters (Table 1). This ordination dia-
gram illustrates the positions of hybrid specimens according to the colour of their petals.
Four different classes of colour of petals were recognized in hybrids; most common are
yellowish pink or irregularly coloured petals, less common are white or almost white (re-
corded in four populations) and pale pink petals (found in two populations, but mainly in
population no. 14), and occasionally also purple petals can be found (scattered individuals

Lihová et al.: Hybridization between polyploids in Cardamine 111



in three populations). Hybrid individuals, as shown in the graph, do not completely inter-
mingle, but there is some tendency for specimens to group according to petal colour, i.e.
a correlation between colour of petals and other morphological characters should exist.
Analyses (both PCA and CDA) run with hybrid individuals only (figures not shown) indi-
cated that pale-pink-flowered hybrid specimens possess larger petals and sepals than other
hybrid individuals. White-flowered and yellowish-pink-flowered specimens, in turn, tend
to be mutually shifted in respect of the number of flowers, stem leaves and petal width.

Data from PCR-RFLP superimposed onto the PCA ordination graph of morphological
data (based on “flowering complete matrix”) show that genetically confirmed hybrids ex-
hibit large morphological variation (Fig. 8). Hybrids with C. glanduligera as the maternal
parent were found scattered across phenetic space, thus there is no apparent correlation be-
tween morphology and the direction of interspecific crosses. Pollen fertility data were su-
perimposed onto the ordination graph of PCA (based on “flowering complete matrix”) to
show the position of the corresponding specimens in phenetic space (Fig. 9). Hybrid spec-
imens with high fertility were found mainly in two populations (population no. 14, 19; Ap-
pendix 1), and tend to be morphologically closer to C. glanduligera.
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Fig. 6. − Principal component analysis of flowering specimens of Cardamine enneaphyllos (triangles, n = 411)
and C. glanduligera (squares, n = 344). The analysis is based on nine vegetative and seven floral characters. First
two components extract 37.5% and 13.9% of total variation.



Table 1. − Results of the exploratory data analysis of Cardamine enneaphyllos (411 individuals in flower/28 indi-
viduals in fruit), C. glanduligera (344/28 individuals) and their hybrid C. ×paxiana (315 individuals in flower).
Of the 28 characters examined only those best differentiating between the parental species are presented, plus the
colour of petals not included in the morphometric analyses. Mean ± standard deviation, and a range between 5th
and 95th percentiles (with 1st and 99th in brackets) are shown.

Character/taxon C. enneaphyllos C. ×paxiana C. glanduligera

Height of stem (cm) 33.78 ± 5.37
(21) 25−42 (47)

32.51 ± 7.05
(16) 22−45 (47)

23.77 ± 4.52
15 (17)−32 (37)

Length of the first rhizome internode (cm) 0 0.80 ± 0.84
(0) 0−2 (3)

4.58 ± 2.21
(1) 2−9 (11)

Length of stem leaf petiole (mm) 22.48 ± 7.91
(10) 12−38 (50)

24.25 ± 8.01
(10) 14−38 (50)

15.46 ± 4.61
(6) 9−23 (28)

Length of stem leaf lamina (mm) 83.54 ± 21.65
(45) 54−123 (145)

84.26 ± 23.87
(37) 48−122 (154)

65.49 ± 14.51
(38) 42−90 (105)

Length of middle leaflet of stem leaf (mm) 77.94 ± 20.36
(41) 50−114 (135)

79.78 ± 22.76
(34) 45−117 (145)

62.21 ± 14.00
(35) 40−87 (99)

Width of middle leaflet of stem leaf 26.76 ± 8.32
12 (15)−42 (50)

28.04 ± 9.57
(12) 15−47 (61)

19.32 ± 5.10
(9) 12−29 (32)

Number of flowers 6.94 ± 1.85
(4) 4−10 (11)

6.21 ± 2.13
(2) 3−10 (11)

3.08 ± 1.12
(1) 2−5 (6)

Length of petals (mm) 15.24 ± 1.80
(12) 13−18 (20)

16.69 ± 2.51
(12) 13−22 (23)

20.04 ± 2.17
(15) 17−24 (25)

Width of petals (mm) 5.95 ± 0.95
(4) 5−8 (8)

7.24 ± 1.24
(5) 5−10 (10)

7.53 ± 0.96
(6) 6−9 (10)

Length of shorter stamen (mm) 14.16 ± 1.94
(10) 11−17 (19)

11.03 ± 2.01
(6) 8−14 (15)

9.22 ± 1.21
(6) 8−11 (13)

Length of longer stamen (mm) 15.71 ± 1.94
(11) 12−19 (20)

12.59 ± 2.04
(8) 10−16 (16)

11.17 ± 1.34
(8) 9−14 (14)

Number of developed siliquae 5.46 ± 1.55
(3) 3−8 (9)

–- 2.07 ± 1.09
(1) 1−4 (6)

Number of seeds per siliqua 3.43 ± 0.5
(3) 3−4 (4)

–- 6.71 ± 1.82
(4) 4−10 (10)

Length of siliqua beak (mm) 14.21 ± 2.11
(12) 12−18 (19)

–- 6.96 ± 2.01
(5) 5−10 (15)

Glands on leaves absent scarce intermediate
presence

present at leaflet
base, leaf margin

Colour of petals yellow yellowish pink or ir-
regularly coloured,
white, pale pink,

rarely purple

purple, rarely pale
pink

PCA based on “fruiting parental matrix”, which aimed to show variation patterns and
differentiation of plants also at the fruiting stage, revealed two distinct groups correspond-
ing to C. enneaphyllos and C. glanduligera, clearly separated along the first axis (figure
not shown, but see Fig. 10). The vegetative characters with the highest values of
eigenvectors and thus contributing most to this separation were the same as in PCA based
on flowering specimens, and additionally the number of siliquae and length of the siliqua
beak were also significant. Of the many hybrid individuals surveyed only five had almost
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fully developed fruits. PCA based on this matrix (“fruiting complete matrix”) is shown in
Fig. 10. The hybrid individuals are located in between the parents along the first axis (cor-
related with the same characters as given above), but shifted along the second axis in re-
spect of both parents. The characters with the highest eigenvectors for the second axis are
the length of siliquae, number of seeds per siliquae and length of seeds. Even if a few sili-
quae are formed in hybrids, they are much shorter, with fewer and smaller seeds. It re-
mains to be determined, if any of these seeds are viable and able to germinate.

Finally, the results of the exploratory data analysis are summarized in Table 1 showing
the descriptive statistics of selected characters that were found to differentiate between
C. enneaphyllos and C. glanduligera. In most quantitative characters, hybrid individuals are
apparently closer to C. enneaphyllos, only in the width of petals do they show a closer re-
semblance to C. glanduligera and in the length of stamens they are clearly intermediate.

Discussion

Evidence for interspecific hybridization and morphological variation of hybrids

To determine whether a particular plant individual is a hybrid or just variation of a non-hy-
brid (assumed parental) species is not always easy and straightforward. The main and most
commonly used criterion for inferring hybridity is morphological intermediacy, although
morphology alone can be potentially misleading due to complex and often unpredictable
character expression in hybrids, or is insufficient in cases where parental species are mor-
phologically very similar (Rieseberg & Ellstrand 1993, Rieseberg 1995, Rieseberg & Car-
ney 1998). There is need also for convincing evidence from data, such as karyology, ecol-
ogy, geographic distribution and especially DNA markers (see e.g. review by Hegarty &
Hiscock 2005). Here we conducted a study on plants commonly determined as hybrids be-
tween Cardamine enneaphyllos and C. glanduligera (C. ×paxiana) based on their morphol-
ogy, mainly the colour of petals and the absence of siliquae after flowering (Kochjarová et al.
1999 and references therein). We performed detailed morphometric evaluation, taking into
account several other floral and vegetative characters, of a large collection of specimens, and
used pollen fertility, nrDNA and cpDNA markers to test the assumed hybridity. Low pollen
fertility and additive nrDNA profiles observed in a subset of specimens determined to be hy-
brids from their morphology, together with the canonical discriminant analysis results
showed that our preliminary plant identification was correct. It was not realistic to analyse
all 714 specimens of putative hybrids for pollen fertility and/or PCR-RFLP analyses, but the
selection of 38 and 31 specimens, respectively (drawn from several populations spanning
the geographical area and covering the range of morphological variation), yielded consistent
results, confirming the hybrid status of each specimen within that subset. Detailed
morphometric analysis revealed that except for the three characters used for hybrid identifi-
cation – colour of petals, character of rhizome, intermediate presence of glands on leaves
(see Methods) – intermediacy is reflected also in the length of stamens (Table 1). In most of
the other characters examined, however, the hybrids seem to resemble more C. enneaphyllos
as can be seen from the descriptive statistics of individual characters (Table 1). This is evi-
dent also from the ordination graph of PCA (Fig. 7) where the hybrid individuals occupied
not only intermediate positions, but were found scattered across the morphological space of
the parental species, but mainly that of C. enneaphyllos.
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Fig. 7. − Principal component analysis of flowering specimens of Cardamine enneaphyllos (triangles, n = 411),
C. glanduligera (squares, n = 344) and C. ×paxiana (circles, n = 315). Colour of the circles indicates colour of
petals of individual plants of C. ×paxiana. The analysis is based on nine vegetative and seven floral characters.
First two components extract 33.3% and 14.8% of total variation.

Fig. 8. − PCR-RFLP results mapped onto the ordination of the principal component analysis of flowering speci-
mens of Cardamine enneaphyllos (triangles, n = 411), C. glanduligera (squares, n = 344), and C. ×paxiana (cir-
cles, n = 315). Open grey symbols refer to specimens not analysed by PCR-RFLP; the black squares and triangles
refer to the analysed samples of C. glanduligera and C. enneaphyllos, respectively; the blue circles indicate sam-
ples of hybrids (based on ITS additive patterns) and the cpDNA haplotype of C. enneaphyllos; the red circles indi-
cate samples of hybrids (based on ITS additive patterns) and the cpDNA haplotype of C. glanduligera.
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Fig. 9. − Pollen fertility data mapped onto the ordination of the principal component analysis of flowering speci-
mens of Cardamine enneaphyllos (triangles, n = 411), C. glanduligera (squares, n = 344) and C. ×paxiana (cir-
cles, n = 315). Open grey symbols refer to specimens not analysed for pollen fertility; the coloured symbols
indicate the percentage pollen fertility range/value.

Fig. 10. − Principal component analysis of fruiting specimens of Cardamine enneaphyllos (pyramids, n = 28),
C. glanduligera (cubes, n = 28) and a few plants of C. ×paxiana with developed fruits (circles, n = 5). The analysis
is based on eight vegetative and six fruit characters. First three components extract 48.0%, 17.8% and 8.0% of to-
tal variation.



Detailed morphological studies of populations in hybrid zones are rather rare, but three
recent studies performed on Cardamine (Marhold et al. 2002, Lihová et al. 2006, 2007) al-
low us to compare and discuss the patterns observed. In contrast to the present study, the
morphology of the Pyrenean diploid C. ×enriquei (C. amara subsp. pyrenaea ×
C. crassifolia; Marhold et al. 2002), and the SW Alpine pentaploid C. ×ferrarii (hexaploid
C. asarifolia × diploid C. amara subsp. amara; Lihová et al. 2006) is much more homoge-
neous, uniform and distinct from that of the parents. These hybrids clearly display inter-
mediate phenotypes, showing intermediacy mainly in the characters best discriminating
parental taxa, plus a mixture of parental ones in a balanced manner. Considering also the
high pollen sterility and restricted genetic variation, it is suggested that mating of hybrid
individuals or backcrossing, if it occurs, is rather limited. Recurrent hybridizations and
persistence of first-generation hybrids through vegetative propagation probably best ex-
plains the observed patterns at these localities (Marhold et al. 2002, Lihová et al. 2006).
A contrasting case of interspecific hybridization is that between the polyploids
C. pratensis and C. raphanifolia in NW Spain, where extensive gene flow resulted in a dy-
namic hybrid swarm characterized by a wide range of morphological, karyological and
genetic variation. Phenotypes observed in those populations span the whole morphologi-
cal space within and between the parental species, yielding vast and continuous morpho-
logical variation (Lihová et al. 2007).

Several scenarios can be proposed to explain the patterns of morphological variation
found in the hybrid C. ×paxiana. First, it might be speculated that reciprocal crosses can
produce different phenotypes, i.e. depending on which species acted as the maternal spe-
cies, the resulting hybrids may differ morphologically. Significant morphological differ-
ences between the two progeny groups resulting from reciprocal crosses are reported e.g.
in Rosa dumalis × R. rubiginosa hybrids (Werlemark et al. 1999). This was assumed for
a long time to be the case for two morphologically distinct hybrids of Spartina alternifolia
and S. maritima in UK and France, respectively, but later detailed investigations rejected
this hypothesis. Genetic and epigenetic changes following hybridization appear to be re-
sponsible for phenotypic differences in Spartina hybrids (Salmon et al. 2005). In the pres-
ent study bidirectional hybridization is indeed taking place, although it is mainly in one di-
rection; C. glanduligera acted as the maternal parent in only five cases in two populations.
Still, these five individuals differed morphologically and were found scattered in ordina-
tion space (Fig. 8). The second explanation for the morphological patterns observed might
be that the morphology can be attributed to different classes of hybrids, i.e. not only F1 but
also later generation hybrids and backcross progeny were present in the population. Given
the reduced pollen fertility of hybrids and the almost complete sterility manifested by the
absence of siliquae, mating and backcrossing are strongly restricted, and thus this scenario
appears unlikely. Nevertheless, several hybrid plants with higher pollen fertility (20−78%)
were found in two populations, and they may have played the role at least of pollen donors.
Artificial hybridization, experimental backcrosses and comparative morphological evalu-
ation of the obtained progeny may be a useful way of testing this assumption. The third
possible explanation may refer to the ploidy levels and chromosomal constitutions of hy-
brid individuals. The two parental species C. enneaphyllos and C. glanduligera are high
polyploids, differing in ploidy levels (deca- and hexaploid, respectively), thus, it may be
interesting to ascertain the ploidy level(s) of the hybrid. There are no published records of
the exact chromosome numbers of C. ×paxiana. Only an approximate record 2n = ca
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60–66 for one population was published (Kochjarová & Bernátová 1995). Assuming that
segregation of meiotic chromosomes occurs in the parental species in a regular and equal
way, octoploids may be expected among the hybrids. Although there are no studies on
meiosis in the parental species, considering their high ploidy levels some irregularities re-
sulting in an unequal segregation of meiotic chromosomes and consequently different ga-
metic and zygotic chromosomal constitutions may be expected. It is unknown whether all
hybrid individuals are of the same ploidy level. Variation in chromosome numbers and un-
balanced chromosomal constitutions are reported in several highly polyploid North Amer-
ican species of Dentaria (Harriman 1965, Spooner 1984), as well as in the recently exam-
ined hybrid populations of C. raphanifolia and C. pratensis in NW Spain (Lihová et al.
2007). Chromosomal variation together with complex gene expression in highly polyploid
genomes may account for the large morphological variation in hybrids. These issues re-
main to be resolved.

The utility of the nrDNA ITS region for hybrid detection

Important part of the present study is the evidence for hybridization provided by PCR-
RFLP analysis of the nrDNA ITS region. Several molecular tools are available and are
successful in detecting hybrids (Vriesendorp & Bakker 2005). Generally, biparentally in-
herited unequivocal genetic markers are needed to differentiate each of the proposed pro-
genitor species and search for additive profiles in putative hybrids. The ITS region of
nrDNA has proved useful in many previous studies, as it is easily amplifiable using univer-
sal primers and exhibits relatively high levels of phylogenetically informative sequence
variation differentiating between closely related taxa. On the other hand, it is known that
a number of molecular genetic processes impact ITS sequence evolution. Concerted evo-
lution of nrDNA, a process by which intra- and intergenomic differences among nrDNA
copies are typically homogenized, may lead to the recombination between the parental re-
peat types and/or preferential deletion of one of them. In addition, some repeats can de-
generate into pseudogenes, which are released from functional constraints and evolve in-
dependently (Álvarez & Wendel 2003). Even if these processes can proceed in an unpre-
dictable and fast fashion (Fuertes Aguilar et al. 1999, Franzke & Mummenhoff 1999), F1

and first generation hybrids are expected to retain both repeat types and display additivity.
Several methods are used to detect both parental ITS repeat types within a genome of a pu-
tative hybrid, as reviewed and discussed by Rauscher et al. (2002). These include direct se-
quencing of PCR products and inspection of nucleotide additivity (i.e. double peaks in
electropherograms) that suggests the presence of more than one repeat type (Sang et al.
1995, Hodkinson et al. 2002, Saito et al. 2006); cloning of PCR products and screening for
parental repeat types among the clones (Nieto Feliner et al. 2004, Zhou et al. 2005, Lihová
et al. 2006); and the use of specific primers that only amplify the ITS repeat of a particular
parental species (repeat-specific primers; Rauscher et al. 2002, 2004). Finally, digestion of
PCR products using restriction enzymes that produce different restriction patterns for the
parental repeats may also be useful to prove their simultaneous presence in the hybrid
(Hardig et al. 2000, Kaplan & Fehrer 2004, 2006). The first and second approaches have
limitations for detecting rare ITS repeats, since they are not sensitive enough to reveal sig-
nal from a repeat type present at a low frequency (Rauscher et al. 2002). This may be cru-
cial for later generation hybrids or backcrossed plants, where one of the parental repeat
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types may be retained in the genome only at a very low frequency. Another drawback of all
methods except repeat-specific primers is the occurrence of artificial recombinants gener-
ated during PCR of heterogeneous templates (Bradley & Hillis 1997, Cronn et al. 2002).
When the sequences of parental species are known, however, recombinant sequences can
be distinguished and interpreted for most cases.

In the present study we took advantage of the considerable divergence between the ITS
sequences of the parental species, including differentiation at several potential restriction
sites. The PCR-RFLP method applied here allowed a convenient and rapid screening of
numerous putative hybrid individuals without the need to generate sequence information
and/or cloning. This method is especially suitable for first generation hybrids, where per-
fect additivity is expected and the resulting restriction patterns can be interpreted unequiv-
ocally. After partial sequence homogenization through concerted evolution, however,
complex restriction patterns would be generated. Using the restriction enzyme TaqI we
obtained a clearly interpretable additive restriction pattern in all 31 hybrid individuals ana-
lysed, which accords with the assumed hybrid status of these plants (Fig. 2). Surprisingly
an additional ca 450 bp long fragment was obtained when the ITS amplification product
was digested using the enzyme HaeIII (Fig. 3). There are two possible explanations, a par-
tial sequence homogenization leading to the loss or gain of one restriction site, or just an
artificial recombination between heterogeneous templates in PCR. Nevertheless, intrigu-
ing is that the pattern with the additional band was present consistently in each of the hy-
brid individual analysed, and therefore, cannot be explained just by artefacts generated by
PCR. Cloning these PCR products and sequencing could help resolve the origin of the ad-
ditional band in the hybrid.

Concluding remarks on hybrids and hybrid zones

The present paper documents another case of interspecific hybridization in the genus
Cardamine. In the context of previous hybridization studies on this genus (Urbanska et al.
1997, Marhold et al. 2002, Lihová et al. 2006, 2007) and other plant genera, our study con-
tributes to the complexity of the observed morphological, genetic and ecological patterns
in hybrids. The hybrid C. ×paxiana studied here displayed morphological intermediacy
only to a certain extent, but using the three main characters, colour of petals, morphology
of rhizomes and presence of glands on leaves (plus the sterility of plants seen in popula-
tions at the fruiting stage) it can be quite easily recognized. Geographically it is restricted
to the areas where the parental species’ distributions overlap, and almost exclusively to the
localities where both parental species co-occur. Hybridization in such areas is observed in
several other cases where prezygotic isolation barriers are weak or can be occasionally
broken. In such hybrid zones different outcomes can be found, ranging from the occur-
rence of incidental mostly sterile hybrids, through the formation of long-lasting dynamic
hybrid swarms to hybrid speciation. Examples of the occurrence of hybrid swarms with
extensive gene flow, where morphological and genetic differentiation between the paren-
tal species is largely blurred, are e.g. sympatric European oak species (Petit et al. 2003),
Rorippa amphibia × R. sylvestris populations (Bleeker & Hurka 2001, Bleeker 2004,
2007) or Cardamine populations in NW Spain (Lihová et al. 2007). On the other hand,
there are cases where hybrids are formed repeatedly, but are largely sterile so that back-
crosses or later generation hybrids are exceptionally rare. The integrity of parental species
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is little affected, and such hybrids with strong postzygotic barriers usually have little evo-
lutionary potential unless their fertility is restored. This latter scenario applies to the hy-
brid studied here, and has been reported also for other hybridization events e.g. between
Quercus crassifolia and Q. crassipes (Tovar-Sánchez & Oyama 2004), Rorippa amphibia
and R. palustris (Bleeker 2007) and some other Cardamine species (Marhold et al. 2002,
Lihová et al. 2006). The final outcome of interspecific hybridization is still hardly predict-
able, since we know little about the mechanisms or conditions that promote or counteract
successful hybrid establishment, long-term existence of hybrid swarms or hybrid
speciation. Considering the contrasting patterns in Cardamine hybrids (localized largely
sterile hybrids vs. hybrid swarms) we might hypothesize that isolation barriers due to ge-
netic incompatibilities occurring between either two diploids or a diploid and a polyploid
parent (as is the case in the diploid Cardamine ×enriquei, Marhold et al. 2002; and
pentaploid C. ×ferrarii, Lihová et al. 2006) are much stronger than can be expected when
the two hybridizing species are both high polyploids with assumed close evolutionary his-
tory (polyploid hybrid swarms between C. pratensis and C. raphanifolia; Lihová et al.
2007). As for the present study Dentaria species, irrespective of their polyphyletic origin,
are high polyploids of unknown polyploid origin and evolutionary history; it has just been
assumed that they are rather old polyploids where the original diploid genomes are diffi-
cult to recognize or identify among the extant species (see review by Lihová & Marhold
2006). Therefore, it is not clear to what extent C. enneaphyllos and C. glanduligera are
closely related, and how distinct their genomes are. Despite the polyphyletic origin of
Dentaria, what all these high polyploid taxa have in common is complicated reticulate
evolution. Its reconstruction is admittedly a challenge for future studies and is relevant to
various aspects of interspecific hybridization.
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Súhrn

V predloženej štúdii sa autori zaoberajú hybridizáciou medzi dvomi polyploidnými druhmi rodu Cardamine: de-
kaploidom C. enneaphyllos a hexaploidom C. glanduligera (oba boli predtým zaraďované do rodu Dentaria).
Študované územie bolo situované do slovenskej časti Západných Karpát, kde sa prekrývajú areály výskytu oboch
rodičovských taxónov a kde sa oba druhy vyskytujú na spoločných lokalitách. U predpokladaného hybrida
C. ×paxiana bola študovaná na viacerých lokalitách morfologická variabilita, fertilita peľu, a PCR-RFLP profil.
Hybridné jedince boli determinované na základe troch morfologických znakov, ktoré sa považujú za diferenciál-
ne: farba kvetov, prítomnosť žliazok na listoch a dĺžka internódií podzemku. Táto predbežná identifikácia hybri-
dov bola potvrdená výrazne zníženou fertilitou peľu a aditívnym PCR-RFLP profilom ITS regiónu jadrovej DNA.
Morfometrickými analýzami sa zistila značná morfologická variabilita hybridov, pričom sa v článku diskutujú
možné zdroje variability. Na základe výsledkov PCR-RFLP analýz cpDNA, bola dokázaná obojsmerná hybridi-
zácia, pričom však druh C. enneaphyllos vystupoval oveľa častejšie ako materská rastlina. Geografické rozšírenie
a sterilita hybridných jedincov naznačujú, že tieto vznikajú opakovane prostredníctvom kríženia rodičovských
druhov a reprezentujú F1 alebo včasné generácie hybridov, udržujúce a šíriace sa prostredníctvom vegetatívneho
rozmnožovania.
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Appendix 1. − Origin of the plant material analysed in this study. First seven localities represent pure populations
of Cardamine enneaphyllos or C. glanduligera, otherwise the sampling focused on localities where the parental
species co-occurred along with putative hybrid individuals (arranged geographically from the west to the east).
The localities are given as follows: population no., phytogeographical region according to Futák (1984) (all local-
ities are in Slovakia), the name of the closest village, specification of the locality, altitude, geographic coordinates
(WGS-84), collection date, the name of the collector (JK = J. Kochjarová), additional notes in brackets. For
morphometric analyses material from all listed populations was used. Superscripts indicate the populations that
were used for pollen fertility analyses (p) and molecular PCR-RFLP analyses (m).

1 Veľká Fatra Mts, Blatnica, Gaderská dolina valley, Dedošova, ca 730 m a.s.l., 48°55'50" N, 19°01'50" E, 8
V 1996, coll. JK (“pure“ C. enneaphyllos)

mp2 Veľká Fatra Mts, Blatnica, Gaderská dolina valley, Škap, 750 m, 48°55'25" N, 19°02'12" E, 8 V 1996, 6
V 2005, coll. JK (“pure“ C. enneaphyllos)

mp3 Muránska planina plain, Veľká Stožka, 1237 m, 48°47'01" N, 19°59'38" E, 10 VI 1999, 13 V 2005, coll. JK
(“pure“ C. enneaphyllos)

4 Veľká Fatra Mts, Nolčovo, Veľká dolina valley, foot of Ostrý hill, ca 500 m, 49°05'30" N, 19°05'20" E, 20 IV
1999, coll. JK (“pure“ C. glanduligera)

5 Slovenské rudohorie Mts, Muránska Lehota, alluvium bed of Lehotský potok stream, 395 m, 48°43'30" N,
20°01'30" E, 1 V 1999, coll. JK & D. Blanár, (“pure“ C. glanduligera)

6 Muránska planina plain, Červená Skala, dolina Župkov valley, 840 m, 48°48'30" N, 20°08'30" E, 14 VI 1996,
coll. JK (“pure“ C. glanduligera)

mp7 Belianske Tatry Mts, Ždiar, Monkova dolina valley, ca 950 m, 49°15'52" N, 20°14'16" E, 31 V 2005, coll. JK
(“pure“ C. glanduligera)

8 Veľká Fatra Mts, Krpeľany, Kopa – elevation point Sokol, N foot above Krpelianska priehrada dam, ca 440 m,
49°08'40" N, 19°06'20" E, 28 IV 1999, coll. JK (occurrence of all three taxa, but only C. enneaphyllos was
analysed)

mp9 Veľká Fatra Mts, Nolčovo, Veľká dolina valley, alluvium bed near “Pod Brdcom”, 773 m, 49°03'59" N,
19°06'53" E, 20 IV 1999, 27 IV 1999, 6. 5. 2005, coll. JK

p10 Veľká Fatra Mts, Belá, Belianska dolina valley, side gorge Horný Borišov, ca 900 m, 48°57'54" N, 19°04'57"
E, 14 V 1999, 6 V 2005, coll. JK (only C. enneaphyllos and C. ×paxiana)

11 Veľká Fatra Mts, Blatnica, Gaderská dolina valley, upper part of side valley Lubená, ca 1260 m, 48°56'08" N,
18°58'40" E, 10 V 1999, coll. JK (only C. enneaphyllos and C. ×paxiana)

12 Lúčanská Malá Fatra Mts, Vrútky, alluvium bed of Chrapový potok stream, ca 680 m, 49°07'40" N, 18°52'30"
E, 27 IV 1999, coll. JK

13 Krivánska Malá Fatra Mts, Šútovo, Šútovská dolina valley, bottom of the valley, ca 700 m, 49°10'40" N,
19°05'00" E, 16 VI 1999, coll. JK (occurrence of all three taxa, but only C. enneaphyllos and C. glanduligera
were analysed)

mp14 Krivánska Malá Fatra Mts, Šútovo, Šútovská dolina valley, alluvium bed of the stream, 733 m, 49°11'05" N,
19°05'05" E, 21 IV 1999, 6 V 2005, coll. JK

p15 Krivánska Malá Fatra Mts, Šútovo, Šútovská dolina valley, 738 m, 49°10'55" 19°05'08", 21 IV 1999, 6. 5.
2005, coll. JK (occurrence of all three taxa, but only C. ×paxiana was analysed)

16 Krivánska Malá Fatra Mts, Šútovo, Šútovská dolina valley, side valley Tesnô, ca 860 m, 49°11'25" N,
19°05'00" E, 5 V 1999, coll. JK

mp17 Chočské vrchy Mts, Stankovany, Šíp (ellevation point 1170 m), N slopes below the peak, 1033 m, 49°09'58"
N, 19°11'08" E, 19 V 1999, 20 V 2005, coll. JK

mp18 Nízke Tatry Mts, Liptovský Ján, Bystrá valley, above the gamekeeper house Pred Bystrou, 918 m, 48° 58'
17" N, 19° 40' 40" E,11 V 1999, 10 V 2005, coll. JK

mp19 Nízke Tatry Mts, Demänová, Demänovská dolina valley, dolina Vyvieranie valley above the cave jaskyňa
Mieru, 765 m, 49°00'14" N, 19°34'56" E, 11 V 1999, 10 V 2005, coll. JK

mp20 Západné Tatry Mts, Osobitá, Kremenná – above the saddle Bôrik, below the rocks Radové skaly, 1023 m,
49°16'34" N, 19°42'32" E, 6 V 1999, 10 V 2005, coll. JK

mp21 Muránska planina plain, Tisovec, Čertova dolina valley, 721 m, 48°44'20" N, 19°51'18" E, 1 V 1999, coll.
JK & D. Blanár, 13 V 2005, coll. JK

22 Slovenské rudohorie Mts, Tisovec, saddle Dielik, upwards to Čierťaž hill, ca 680 m, 48°42' N, 20°00' E, 1
V 1999, coll. JK & D. Blanár (occurrence of all three taxa, but only C. enneaphyllos was analysed)

mp23 Muránska planina plain, Muránska Huta, Bobačka, 771 m, 48°46'48" N, 20°06'20" E, 30 IV 1999, 4 VI
1999, coll. JK & D. Blanár, 12 V 2005, coll. JK
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24 Muránska planina plain, Muránska Huta, saddle Javorinka, at the crossroad towards Veľká lúka, ca 920 m,
48°47'30" N, 20°07'40" E, 30 IV 1999, coll. JK & D. Blanár

mp25 Muránska planina, Červená Skala, above the railway station, 790 m, 48°49'12" N, 20°07'54" E, 4 VI 1999,
coll. JK & D. Blanár , 12 V 2005, coll. JK

26 Slovenské rudohorie Mts, Rybník, údolie Drienku valley, ca 290 m, 48°31'30" N, 20°06'00" E, 14 IV 1999,
coll. JK & J. Kliment

27 Slovenské rudohorie Mts, Španie Pole, Pod skalou, nearby the cave Špaňopolská jaskyňa, ca 300 m, 48°31'40"
N, 20°07'10" E, 14 IV 1999, coll. JK & J. Kliment

Appendix 2. − List of morphological characters examined. Characters marked with asterisks were excluded from
multivariate morphometric computations due to very high correlations (Spearman rank coefficient > 0.95) with
other characters.

Vegetative characters

height of stem (cm)
number of stem leaves
length of the first rhizome internode (closest to the stem base) (cm)
length of stem leaf petiole (mm)
*length of stem leaf lamina (mm)
length of middle leaflet of stem leaf (mm)
width of middle leaflet of stem leaf, measured at maximum width including teeth (mm)
glands on leaves (0 – glands absent, 1 – scarce occurrence of glands at either base of leaflets or on leaf margin, 2 –

glands present both at base of leaflets and between teeth on leaf margin)
ratio length/width of middle leaflet of stem leaf

Floral characters

number of flowers
length of sepals (mm)
width of sepals (mm)
length of petals (mm)
width of petals (mm)
*length of shorter stamen (mm)
length of longer stamen (mm)
ratio length/width of sepals
ratio length/width of petals

Fruit characters

number of potential siliquae (equal to the number of flowers above)
number of developed siliquae
length of siliqua (mm)
width of siliqua measured at the maximum width (mm)
number of seeds per siliqua
length of siliqua beak (mm)
*width of mature seed (mm)
length of mature seed (mm)
ratio length/width of siliqua
ratio length of siliqua/length of siliqua beak
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