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Summary. The genus Cardamine is distributed worldwide and is rich in polyploids. Here we review the considerable
amount of knowledge accumulated on polyploid species and related diploids over the last twenty years, particularly
in the Mediterranean area and neighbouring regions of Central Europe. These studies addressed the taxonomic treat-
ment of polyploids, their origin and evolution, phylogenetic relationships to diploid and other polyploid relatives,
and overall morphological, genetic, karyological and ecological patterns. The revealed parentage of polyploids such
as C. xasarifolia, C. xflexuosa and C. xschulzii shows the power of recently developed molecular and cytogenetic ap-
proaches, which enable us to understand how the polyploid taxa originated, became established and further evolved.
It is emphasised that diploid-polyploid species complexes, such as the C. amara and C. pratensis groups, represent
true natural laboratories for polyploid studies. Particularly the species complex of C. pratensis contains numerous
diploid lineages and polyploid populations of all levels up to dodecaploids, including aneuploids and dysploids,
providing excellent possibilities for the application of a wide spectrum of methodical approaches to understand
the processes underlying polyploid evolution. Hybridization revealed in this genus occurs both at the homoploid
and heteroploid levels and mainly in mountain regions, where parapatric and/or ecologically differentiated close
relatives come into contact. These studies document that interspecific gene flow can result in various patterns, such
as continuous variation in hybrid swarms (C. pratensis x C. raphanifolia), established hybrid species of significant
evolutionary potential (C. xschulzii, C. xinsueta), or largely sterile hybrids of first generations only and persistence
through vegetative propagation (C. xferrarii, C. xenriquei). All of these cases also show how recent hybridization
and introgression add to the complexity of reticulated patterns of evolution in Cardamine in the Mediterranean and

adjacent areas.
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INTRODUCTION

Polyploidization is undoubtedly a frequent mode of di-
versification and speciation in plants. It was suggested that it
even may be the most common mechanism of sympatric spe-
ciation in plants (Otto and Whitton 2000). For many poly-
ploids, multiple origins in space and time have been shown,
increasing their genetic diversity and complexity, whereas
in other cases a single origin has been proposed (Soltis and
Soltis 1999; Soltis et al. 2004; Arnold et al. 2015). Hybridiza-
tion is yet another important speciation mechanism that may
(allopolyploidization) or may not (homoploid hybrid specia-
tion, hybrid speciation at the same ploidy level) be tightly

coupled with polyploidization (Hegarty and Hiscock 2005;
Abbott et al. 2010, 2013). Importantly, both processes often
result in a reticulate pattern of evolution. While in polyploids
reticulation is always suspected, homoploid hybrid speciation
may be more difficult to identify and unravel. Hybridization
is now emerging as a widespread and fundamental evolution-
ary force (Sung et al. 2018), which can fuel adaptation (Ar-
nold and Kunte 2017; Schmickl et al. 2017). It might provide
fertile ground for adaptive radiations, either by enriching
genetic variation in an initial hybridization event between
two species that may then trigger radiation or by introducing
adaptations that allow species of radiating lineages to occupy
new niches and further diversify. Hybridization has been
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shown to drive the adaptive radiation of plants (Stankowski
and Streisfeld 2015; Pease et al. 2016).

The Mediterranean is one of the world biodiversity
hotspots, harbouring a high concentration of endemics, as
well as rare and threatened species (Médail and Quézel 1997;
Myers et al. 2000). Polyploidy and hybridization are fairly
common among Mediterranean flora, and apparently have
been an important speciation force here. Recent estimates of
the percentage of polyploid angiosperm species in this region
range from 36.5% to 48.8% and the percentage of hybrids as
< 6%. However, there remain considerable gaps in our under-
standing of the role of hybridization and polyploidy in plant
evolution in this region (Marques et al. 2018). Nevertheless,
an abundance of recent studies addressing these issues is
promising (e.g., Zozomova-Lihova et al. 2014a,b; Wolk et
al. 2015; Frajman et al. 2016; Crowl et al. 2017; Marques et
al. 2018).

The Brassicaceae family is not an exception, and as it
was proven earlier, polyploidy is here the most fundamental
speciation process (see e.g., Franzke et al. 2011). This is un-
derlined by the fact that approximately 37% of the species
have an assumed polyploid origin (Warwick and Al-Sheh-
baz 2006). Except polyploidization, hybridization is another
common evolutionary force in the Brassicaceae and numer-
ous examples of hybrids were reported (reviewed by Marhold
and Lihova 2006).

The genus Cardamine L. comprises more than 200
species occurring indigenously on all continents except
mainland Antarctica (Al-Shehbaz 1988; Lihovad and Mar-
hold 2006); the exact number of species and taxa depend
on the taxonomic concept of the particular author. Research
on this genus is ongoing and a number of new species were
recently described, for example from New Zealand (Heenan
2017). The cosmopolitan distribution of several taxa and
the spread of taxa across continents make identification of
centres of origin challenging. Nevertheless, major centres
of diversity estimated by the number of taxa appear to be
in the European Mediterranean and the Caucasus; Eastern
Asia and the Himalayas; and North and Central America (Li-
hova and Marhold 2006). Phylogenetic analyses of the genus
were performed in the past by Franzke et al. (1998), Sweeney
and Price (2000), Bleeker et al. (2002), and most recently by
Carlsen et al. (2009). However, detailed relationships among
most of the species of the genus remain unclear. Indeed, the
evolution of this genus, which was considerably affected by
reticulate evolution and polyploidization, is not straightfor-
ward and difficult to reconstruct even with multiple mark-
ers (Lihova and Marhold 2006; Marhold and Lihova 2006).
The genus Cardamine is well known for its large variation in
chromosome number and the frequent occurrence of poly-
ploidy and hybridization. In the genus, 32% diploid, 10%
both diploid and polyploid, and 58% entirely polyploid taxa
were identified (Kucera et al. 2005). The high percentage of
polyploids in Cardamine clearly shows that polyploidy is the
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most fundamental speciation process in this genus.

In this paper, we summarize the considerable amount
of knowledge gathered in recent studies on the taxonomy,
origin and evolution of auto- and allopolyploid species and
their diploid relatives, as well as spontaneous interspecific
hybridization within the genus Cardamine. Emphasis is put
here on the Mediterranean and neighbouring northern areas,
which harbour high species and genetic diversity, reflecting
intricate evolutionary processes. First, we deal with three
traditionally recognized diploid-polyploid species complexes
and also point to their relationships and shared evolutionary
history. As next, we focus on few thoroughly analysed auto-
and allopolyploid species, summarizing evidence from the
studies that reconstructed in detail their origin, establish-
ment and evolution. Finally, we review cases of interspecific
hybrids and present various patterns and outcomes that have
emerged from interspecific gene flow. Application of a wide
spectrum of methods and recently developed sophisticated
approaches revealed interesting, in some cases even surpris-
ing, evolutionary scenarios, and helped to improve our un-
derstanding of the formation, persistence and evolutionary
potential of polyploid and hybrid species.

DIPLOID-POLYPLOID COMPLEXES OF
CARDAMINE AMARA, C. PRATENSIS AND C.
RAPHANIFOLIA

Three major diploid-polyploid complexes of Cardamine
occurring in the Mediterranean and more northern regions
have been traditionally recognized and delimited. The evolu-
tionary patterns of these complexes were addressed in studies
performed over the last 20 years. Here we present a short
overview of these studies.

Cardamine amara complex

The group of Cardamine amara in its European area is
a species complex comprising diploid and tetraploid popu-
lations. On the diploid level, apart from C. amara L. subsp.
amara, which is widespread in Europe, there are three other
mostly mountain subspecies, namely C. amara subsp. pyre-
naea Sennen from the Pyrenees, C. amara subsp. opicii (].
Presl & C. Presl) Celak. from the Sudeten mountains and the
Carpathians, and C. amara subsp. balcanica Marhold & al.
from the mountains of Bulgaria, Greece and Serbia (Marhold
et al. 1996, 2002a; Marhold 1998; Tomovi¢ et al. 2009). The
list of diploid taxa complete C. wiedemanniana Boiss. mainly
from Turkey. Related tetraploids include C. amara subsp.
austriaca Marhold from the Eastern Alps and neighbouring
areas (Marhold 1999a), C. amporitana Sennen & Pau (pre-
viously treated as C. amara subsp. olotensis O. Bolos) with
disjunct distribution in Catalonia and central Italy (Lihova
et al. 2000, 2004a,b), and C. barbaraeoides Halacsy from a



Polyploidy and hybridization in the Mediterranean and neighbouring northern areas: examples from the genus Cardamine

restricted area of mountains in Greece (Perny et al. 2005a;
Marhold and Perny, unpubl.). Circumscription of the dip-
loid taxa is supported by molecular and morphological data
(RAPDs, isozymes, AFLPs; Marhold et al. 2002a; Lihova et
al. 2000, 2004a,b), nevertheless phylogenetic relationships
among them remain largely unclear. More detailed atten-
tion was paid to the tetraploids C. amporitana (Lihova et al.
2004a,b) and C. amara subsp. austriaca (Zozomova-Lihova
et al. 2015) with the aim to reveal their polyploid origin and
explain specific distribution patterns. As for C. amporitana,
the conspecificity of Italian and Catalonian populations was
proven based on AFLP markers and DNA sequencing (ITS
region of nuclear ribosomal DNA, trnL-trnF spacer of chlo-
roplast DNA), as well as a close relationship with C. amara.
It was also shown that this tetraploid species most likely
originated in central Italy and only subsequently reached
Catalonia, probably via long distance dispersal (although
other explanations of the disjunct distribution of this taxon
can be also considered). Its polyploid origin, either auto- or
allo-, however, could not be solved unambiguously. Con-
versely, the autopolyploid origin of C. amara subsp. austri-
aca from the diploids of subsp. amara was proven in stud-
ies using AFLP and microsatellite data (Lihova et al. 2004b,
Zozomova-Lihovd et al. 2015; see also below), also providing
deeper insights into the diploid-tetraploid contact zone, evo-
lutionary and colonization history, as well as the ecological
divergence of the tetraploids (Zozomova-Lihova et al. 2015;
see also below). In addition to C. amporitana and C. amara
subsp. austriaca, diploid C. amara is likely one of the parental
species of a number of other polyploids, as outlined below.

Cardamine raphanifolia complex

Cardamine raphanifolia Pourr., as circumscribed in
Flora Europaea (Jones and Akeroyd 1993) and Atlas Florae
Europaeae (Jalas and Suominen 1994), comprised three and
four subspecies, respectively: C. raphanifolia subsp. raphan-
ifolia, C. raphanifolia subsp. acris (Griseb.) O.E.Schulz, C.
raphanifolia subsp. barbaraeoides (Haldcsy) Strid and C.
raphanifolia subsp. gallaecica Lainz. Nevertheless, our stud-
ies based on AFLP, DNA sequences and morphometric data
(Perny et al. 2005a,b; Lihova et al. 2004a) show that they do
not form a monophyletic group and they are now treated
as separate species. Cardamine acris Griseb., distributed in
the Balkan Peninsula, is a well-differentiated diploid species,
albeit variable, comprising three subspecies recognized based
on AFLP and morphological data, which differ also in their
distribution patterns (Perny et al. 2004). The other taxa that
used to be ascribed to this complex are all polyploid. Car-
damine raphanifolia is a polyploid of 2n = 6x, 8x = 48, 64,
growing in the northern Iberian Peninsula, which arose most
likely from C. pratensis L. and C. amara as parental species.
Ongoing hybridization between polyploids of C. raphanifolia
and C. pratensis in the area of their range overlap is described

below in more details. Cardamine gallaecica (Lainz) Rivas
Mart. & Izco, comprising also two cytotypes (2n = 4x, 6x =
32, 48), occurs in Galicia, NW Spain, and may have a similar
parentage as C. raphanifolia (Perny et al. 2005b; Perny et al.
unpubl.). Genetic data indicate that the contribution of the
Balkan diploid C. acris towards these two Iberian polyploids
can be excluded. Cardamine barbaraeoides, restricted to the
mountains of Greece, is tetraploid, placed closely to both C.
raphanifolia and members of the C. amara group (Lihova et
al. 2004a; Perny et al. 2005a,b; Perny et al. unpubl.). Its more
precise position and polyploid origin are now the subject
of intensive study (Marhold et al. unpubl.). Finally, popula-
tions from southernmost Italy, treated by Jalas and Suominen
(1994) as an uncertain subspecies of C. raphanifolia, were
later found to represent a separate hexaploid species, namely
C. silana Marhold & Perny (Perny et al. 2005b). Its allopoly-
ploid origin from the diploids C. acris and C. apennina (C.
pratensis group) was traced in details as shown below.

Cardamine pratensis complex

Cardamine pratensis is a highly polymorphic species
complex, which is widely distributed in Europe, extending
eastwards to Asia and represented also in northern Africa
and North America (Jalas and Suominen 1994; Lihovd and
Marhold 2003). It comprises a wide scale of the ploidy levels
ranging from diploid to dodecaploid, including aneuploid
and dysploid plants or populations as well. The C. pratensis
complex has been investigated extensively by several authors
since the 1950 (e.g. Lovkvist 1956; Dale and Elkington 1974;
Urbanska-Worytkiewicz and Landolt 1974; Landolt 1984;
Marhold 1994a,b, 1996; Marhold and Ancev 1999; Franzke
and Hurka 2000; Lihova et al. 2003, 2004¢; Marhold et al.
2004). Various approaches including karyology, morphomet-
rics, ecological studies, cultivation and crossing experiments,
and molecular analyses have been employed in these studies
over the last decades, which helped to develop taxonomic
concepts for the group. Several well supported taxa can be
distinguished at the diploid level. They are distributed pre-
dominantly in the southern part of Europe, while polyploids
are more widespread toward the north. Such differentiation
into diploid-dominated southern vs. polyploid-dominated
northern regions represents a common, but not universal
cytogeographic pattern in the European flora (Weiss-Schnee-
weiss et al. 2013; see e.g., Kolaf et al. 2016 for Arabidopsis
arenosa (L.) Lawalrée).

In the Balkan Peninsula, the following diploid taxa can
be distinguished: C. penzesii Ancev & Marhold, C. rivularis
Schur, C. pratensis and C. matthioli Moretti. C. penzesii (2n
= 16) (Marhold and Ancev 1999) is the lowland taxon re-
stricted to the area of the Black Sea coast, from the mouth
of the Kamc¢ia River in Bulgaria to the westernmost part of
Asian Turkey. It was originally described as C. tuberosa Pé-
nzes & Vida (Pénzes 1965), which is an illegitimate name
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that had to be replaced. Cardamine rivularis (2n = 16, 24)
is a montane to alpine species restricted in its occurrence
to the South Carpathians and higher Bulgarian mountain
ranges (Marhold 1994a, 1995, 1996). This name was misap-
plied also to plants of the C. pratensis complex occurring
at higher altitudes in the Eastern Carpathians, the Eastern
Alps, the Apennines, the Massif Central, and the Pyrenees
(Lovkvist 1956; Jones 1964; Urbanska-Worytkiewicz and
Landolt 1974; Landolt 1984). In keeping with the current
taxonomic concept (Marhold 1994a), Alpine and Eastern
Carpathian C. rivularis auct. non Schur falls within the varia-
tion of C. pratensis s. str., and should be classified within
this species (Lihovd et al. 2003). According to the molecular
phylogenetic study on a European-wide scale published by
Franzke and Hurka (2000), C. penzesii and C. rivularis rep-
resent the “Basal Group” of the C. pratensis complex. These
two old taxa putatively represent Pleistocene relicts, which
were not directly involved in the formation of the younger
“Derived Group” - diploid and polyploid taxa that presum-
ably evolved in postglacial time. Cardamine matthioli is a
diploid species from the “Derived Group” distributed in
Central and Southeastern Europe (Pannonia, Carpathians
and southwards to the Balkan Peninsula in almost all Balkan
countries; Marhold 1994a, b) in lowlands to the upper mon-
tane belt. The southernmost species localities are situated
in Central Greece, and the south-easternmost ones are in
European Turkey (Marhold and Tan 2000; Anéev 2006). The
western borders of distribution are reported from Austria
and northwest Italy (Marhold 1994a, 2000).

From the Apennine Peninsula, several diploid taxa of
the C. pratensis complex have been reported: C. granulosa
All., C. apennina Lihova & Marhold, C. matthioli (above-
mentioned) and C. pratensis s.str. The first two species repre-
sent Italian endemics, whereas the latter two have wider dis-
tribution in Europe. C. matthioli has already been discussed
above and C. pratensis s. str. will receive more attention later
in this text. Cardamine apennina (2n = 16) has a restricted
distribution in the central part of the Apennine Peninsula
(prov. Toscana, Umbria, Abruzzo, Marche). It is rare, with
no more than 12 populations having been documented over
the past 30 years, but ranging from sea level to montane sites.
Considering the limited number of localities, C. apennina has
been included among taxa requiring protection (Lihova et al.
2004c). Cardamine granulosa is restricted solely to NW Italy
(Piemonte). It is an extremely narrow endemic and endan-
gered species, with only a few localities documented from the
surroundings of Torino and adjacent valleys and foothills,
most of them of an older date (Lihova et al. 2004c). The rar-
ity of this taxon and its restricted distribution may be partly
attributed to the destruction of its natural habitat through ex-
pansion of the city of Torino, agricultural fields, and new for-
est plantations (Urbanska-Worytkiewicz and Landolt 1974).
Based on limited DNA sequence data (ITS2 of rDNA), C.
granulosa was classified in the phylogenetic study by Franzke
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and Hurka (2000) into the “Derived Group” of the C. pra-
tensis complex, however, according to more precise data by
Lihova et al. (2004c) both C. apennina and C. granulosa most
likely represent one of its basal lineages (Lihovd et al. 2004c¢).

The combination of karyological, morphological and
molecular data suggest that three diploid taxa of the C. pra-
tensis complex can be recognized in the Iberian Peninsula: C.
pratensis s. str., C. crassifolia Pourr., and C. castellana Lihova
& Marhold. Whereas C. pratensis s. str. is widespread in Eu-
rope, the latter two species are endemic to the Iberian Pen-
insula. Cardamine crassifolia is one of the assumed basal taxa
of the C. pratensis complex (Franzke and Hurka 2000). Its
relic position has already been proposed by Lovkvist (1956).
This species is distributed in the montane to alpine belt of
the Eastern Pyrenees (Lovkvist 1956; Rico 1993; Mateo Sanz
et al. 1994). Populations occurring at higher altitudes in the
central Iberian mountains have been also ascribed to this
species (Rico 1993; Mateo Sanz et al. 1994). However, mo-
lecular and following morphological analyses proved that
these mountain populations differ from C. crassifolia from
the Eastern Pyrenees, and should be treated as a separate
taxon; because of this they were described as C. castellana.
Molecular data also showed that C. crassifolia and C. cas-
tellana are closely related, sister species (Lihova et al. 2003;
Marhold et al. 2004), but the details of their evolutionary and
colonization history remain unsolved.

Of particular interest are diploid populations from Cen-
tral Europe, currently classified as C. pratensis s. str. It is in
fact a highly polymorphic diploid-polyploid species, and as
a consequence of enormous morphological, ecological, and
cytological variability, several diploid taxa attributable to
C. pratensis were described in the past (listed below). They
show certain morphological and ecological differentiation,
which is, however, mostly weak (Urbanska-Worytkiewicz
and Landolt 1974; Marhold 1994a, 1996), and several mo-
lecular markers applied so far failed to support their recogni-
tion (Franzke and Hurka 2000). Most recently, employment
of high resolution markers (microsatellites, next generation
sequencing) appears promising in unravelling the genetic
structure of this highly heterogeneous assemblage, although
the patterns that emerge do not correspond to the previ-
ously described species (Zozomova-Lihovd et al. 2014a, b;
Melichérkova et al. unpubl.). Diploid plants from lower al-
titudes occurring particularly in Germany were in the past
sometimes classified as C. nemorosa Lej. (Dersch 1969;
Urbanska-Worytkiewicz and Landolt 1974), other lowland
populations as C. udicola Jord. (Urbanska-Worytkiewicz and
Landolt 1974); nevertheless, these diploid taxa are very hard
to recognize. High mountain populations were incorrectly
classified as C. rivularis (for details see Marhold 2000) or
treated informally as C. rivularis auct. (Marhold 1994a). In
order to reach an appropriate taxonomic solution, these dip-
loid populations definitely require further studies to reveal
their evolutionary and colonization history, extent of genetic
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differentiation and on-going gene flow. In addition, they may
represent an excellent model to study cryptic speciation at
the diploid level.

An even more complicated situation appears at the
polyploid level. Several taxa of the C. pratensis complex were
described in the past as well, but these are less differentiated
than the diploids and show poor phylogenetic resolution
(Franzke and Hurka 2000). Their distribution encompasses
predominantly the area of Central and Northern Europe.

Cardamine pratensis s. str. occurs throughout most of
Europe except the extreme North and South (Lovkvist 1956;
Jalas and Suominen 1994). In the Iberian Peninsula, C. pra-
tensis is distributed in its northern and central parts (Lihova
et al. 2003). In Italy it grows only in the northernmost re-
gions (Lihova et al. 2004c). Similarly, in the Balkan Peninsula
it grows predominantly in northern areas, whereas in south-
ern areas of the peninsula it is replaced by diploid species of
the C. pratensis complex (C. matthioli, C. penzesii, and C.
rivularis). The distribution of C. pratensis s. str. shows broad
ecological range of habitats. It is common from lowlands up
to the upper montane and subalpine belts of the Carpath-
ians and the Alps. Cardamine pratensis s. str. is composed of
several cytotypes ranging from diploid to heptaploid, and in
addition, aneuploidy and dysploidy are relatively common
phenomena within these populations (Kucera et al. 2005).
The reasons for these cytotype patterns are rather complex,
nevertheless one part of this complicated puzzle was recently
solved by Mandédkova et al. (2013). Already Lawrence (1931)
and Lovkvist (1956) observed that dysploid (hypotetraploid)
plants of C. pratensis s. str. with 2n = 30, rather than regular
2n = 32 chromosomes, possessed one pair of longer chromo-
somes, and hypothesized a chromosome fusion. Using the
method of comparative chromosome painting, Mandakova
etal. (2013), indeed, revealed that AK5 and AK8/6 homologs
(of the ancestral crucifer karyotype with eight chromosomes,
n = 8, AK1 to AK8) had participated in nested chromosome
fusion. This translocation event apparently involved “inser-
tion” of chromosome AKS5 into the pericentromere of AK8/6,
giving rise to the fusion chromosome AK5/8/6 (Mandakova
etal. 2013). Most likely the same process was involved in the
origin of the hypohexaploid plants with 2n = 44 chromo-
somes. The taxonomic studies by Marhold (1996) and Lihova
et al. (2003, 2004c) showed wide morphological variability
of C. pratensis s. str. As stated above, high intraspecific vari-
ability resulted in taxonomic description of several new taxa
or recognition of informal units in the past (e.g., C. pratensis
subsp. picra De Langhe & D’hose, C. pratensis subsp. major
Tomsovic, C. udicola Jord., C. nemorosa Lej., C. latifolia Lej.,
C. rivularis auct. non Schur, C. pratensis ,ucranica type®).
However, the efforts to split this highly variable species were
not supported by molecular evidence. Wide palette of mo-
lecular markers (allozymes, ITS, non-coding cpDNA, RAPD
analysis, AFLP fingerprinting) was used to analyse C. pra-
tensis s. str., to revisit previously described taxa, elucidate

phylogenetic relationships, historical biogeography, the ori-
gin of different cytotypes, and the internal structure of this
species (Franzke and Hurka 2000; Lihova et al. 2003). How-
ever, these methods mostly failed to resolve relationships and
deeper structure. Without clear molecular divergence sup-
ported by morphological differences, the above-mentioned
taxa cannot be regarded more than ecotypes, cytotypes, or
plasticity responses, and therefore are included within C.
pratensis s. str. (Landolt 1984; Marhold 1996; Franzke and
Hurka 2000; Lihova et al. 2003). In addition, the very low
among-cytotype differentiation observed on the European
scale, and higher differentiation on the regional scale (Lihova
et al. 2003; Zozomova-Lihovd et al. 2014a) suggest that gene
flow frequently occurs also among different cytotypes and
ploidy levels (as already illustrated by Lovkvist 1956) but
less so over large geographic distances. These findings also
indicate polytopic origins of the polyploid cytotypes and yet
undiscovered lineages within C. pratensis s. str.

Cardamine majovskyi Marhold & Zaborsky (2n = 4x =
32) was described in 1986, based on populations from east-
ern Slovakia (Marhold and Zaborsky 1986). This taxon is
known to occur in the eastern parts of Pannonia, the Car-
pathians (Hungary, Slovakia, Ukraine, Romania) (Marhold
1994a), Slovenia (Marhold 1999b; Lihovd and Marhold
2003), Croatia (Kucera and Marhold 2006) and Austria
(Marhold 2000). It is worth mentioning here that distribu-
tion and other data on C. majovskyi from the area of Serbia
are still missing. More data about its autopolyploid origin
are given below.

Cardamine dentata Schult. (2n = 7x-12x) is another
highly polyploid aggregate. Chromosome counting re-
vealed various somatic numbers ranging from 52 to ca 96
(Lovkvist 1956). This range of numbers includes dysploids
and aneuploids as well. Lovkvist did not find sterility barriers
among cytotypes and regarded the whole aggregate as ,,one
wide species® In the wild, the different cytotypes often grow
together. Cardamine dentata is distributed in Central and
North-Western Europe, extending to the Russian Far East
and most likely also North America (Lovkvist 1956; Wojcicki
and Marhold 2000).

While the Mediterranean species of the C. pratensis
complex are morphologically and genetically well-defined
with clearly delimited distribution areas, the current knowl-
edge of the Central European diploids and polyploids is still
rather limited despite extensive research, and numerous open
questions remain. New challenges, arising from the current
state of knowledge concerning the C. pratensis complex, are
primarily focused on the identification of different lineages
within C. pratensis s. str., their evolutionary history and mu-
tual relationship, on the identification of diploid progenitors,
and tracing the origin of derived polyploid populations. To
solve these questions, microsatellites, which are an efficient
marker for phylogenetic study of closely related species, and
the Hyb-Seq method, which is based on the next generation
sequencing approach, are currently employed.
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RELATIONSHIPS AMONG POLYPLOID
COMPLEXES

The C. pratensis complex has always been considered
to be a coherent monophyletic group; however, a detailed
phylogenetic study brought this assumption into doubt (Mar-
hold et al. 2004). Using two independent molecular data sets
(ITS sequences of nrDNA and AFLP markers), this study
aimed to clarify phylogenetic relationships among the diploid
representatives of three traditionally recognized polyploid
complexes (C. pratensis, C. raphanifolia, and C. amara).
Surprisingly, only two main lineages were revealed. The C.
amara complex was resolved as a well-supported monophy-
letic group, but remaining diploids, contrary to expecta-
tions, did not split into separate groups (C. pratensis and C.
raphanifolia). All these taxa formed a single clade with poor-
ly resolved relationships and the lack of bootstrap support.
A comparable result was presented by Lihova et al. (2004a)
including also polyploid taxa. Phylogenetic trees based on
ITS and trnL-trnF sequence data revealed two main clades,
one comprising C. amara group and the other C. pratensis
group, whereas the members of the C. raphanifolia group
were split among them. Relationships within the main clades,
however, were either weakly supported or part of a polytomy.
Still, it is apparent that the traditionally recognized poly-
ploid complexes do not represent isolated lineages with their
own evolutionary history (Lihovd et al. 2004a; Marhold et al.
2004). Whereas the diploid representatives of the C. raphani-
folia group appear phylogenetically closer to the C. pratensis
group, the polyploids classified within the C. raphanifolia
group (i.e., C. raphanifolia and C. gallaecica, both from the
Iberian Peninsula, C. barbaraeoides from Greece, C. silana
from southern Italy) evidently originated with contributions
of species from both the C. amara and C. pratensis groups.

DETAILED ANALYSES OF THE ORIGIN OF
ALLOPOLYPLOID AND AUTOPOLYPLOID TAXA

As stated above, polyploidy is the most fundamental
speciation process in the genus Cardamine. This is under-
lined by fact that the 58% of taxa are entirely polyploid
(Kucera et al. 2005). Although polyploidy is certainly a com-
mon phenomenon, formation of only a few polyploids have
been studied in more detail. Here we present a review of
those several polyploid species whose origin has been re-
constructed.

One of the textbook examples of recently (within the
last 150-200 years) formed allopolyploids has become C.
xschulzii K.Urbanska-Worytkiewicz. This species was dis-
covered in 1974 in the Urnerboden valley in the Swiss Alps
and reported to be a recent autoallohexaploid species that
originated by a genome doubling of the triploid hybrid C.
xinsueta K.Urbanska-Worytkiewicz (Urbanska-Worytkie-
wicz 1977; Urbanska et al. 1997). The origin and establish-
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ment of this new species was associated with changes in land
management at the end of the 19th century (Urbanska et al.
1997). Cardamine xinsueta (RRA, 2n = 24), a partially fertile
triploid hybrid between two diploids, C. rivularis auct. non
Schur (= C. pratensis s. str., 2n = 16, RR) and C. amara (2n
=16, AA), probably arose and became established due to
intensifying exploitation of the Alpine meadows at Urner-
boden, when the parental species came into contact and new
habitats were formed (Urbanska-Worytkiewicz 1977). Thus,
C. xschulzii was first assumed to be a stabilized autopolyploid
derivative of C. xinsueta (Urbanska-Worytkiewicz 1977), and
molecular studies performed in the 1990s (Urbanska et al.,
1997; Neuffer and Jahncke, 1997; Franzke and Mummen-
hoff, 1999) seemed to support this. Most recent cytogenetic
and molecular studies (Manddkova et al. 2013; Zozomova-
Lihova et al. 2014a,b), however, brought surprising results,
disproving such a scenario. These latest studies provided
several lines of evidence (using a combination of Compara-
tive Chromosome Painting and GISH, FISH, 454 Sequencing
and Tandem Repeat Identification, cpDNA analyses, IDNA
loci analyses, RT-PCR, and microsatellite analyses) that C.
xschulzii is a trigenomic hybrid between the triploid C. xin-
sueta and hypotetraploid C. pratensis s. str. (2n = 30, PPPP).
This hybridization lead to the formation of two cytotypes of
C. xschulzii: hypopentaploid (RRPPA) and hypohexaploid
(RPPPPA) (Mandékova et al. 2013). Establishment of C.
xschulzii has been probably achieved by perennial growth
and clonal reproduction, as it remained genetically largely
depauperate. In contrast, multiple origins and occasional
sexual reproduction in C. xinsueta have generated moder-
ate genetic variation favourable for its long-term survival
and evolutionary success. These studies illustrate a complex
case of recurrent hybridization and polyploidization events,
and also show that revisiting even textbook examples using
current advanced genomic methods may bring surprisingly
new and ground-breaking results.

Cardamine asarifolia L. was for a long time considered
to be a diploid species, following the chromosome number
reports by Lawrence (1931) and Manton (1932). It occurs in
montane to subalpine habitats in the south-western Alps and
northern Apennines, and is morphologically and ecologically
closest to the above-described C. amara, C. pratensis and C.
raphanifolia groups. Still, this species is morphologically well
differentiated by its simple leaves in contrast to the odd-pin-
nate ones present in those species complexes. Unexpectedly,
Lihov4 et al. (2006a) revealed that C. asarifolia is hexaploid
and, in this connection, questions concerning its polyploid
origin immediately surfaced. For this purpose, all diploid taxa
of the genus occurring in Europe were sampled and anal-
ysed. Strong incongruence in the phylogenetic position of C.
asarifolia was revealed between chloroplast (trnL-trnF) and
nuclear (ITS of rDNA) DNA sequences. While the former
indicated the close relationship of C. asarifolia with the C.
amara complex, the later put this species on a tree next to the
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annual, weedy C. hirsuta L. In order to solve this incongru-
ence, a single-copy nuclear CHS gene (chalcone synthase)
was sequenced in all samples using homoeologue-specific
PCR primers. Three homoeologues were identified in C.
asarifolia, which were resolved into three different clades in
the phylogenetic tree. The first one (homoelogue A) formed
a single monophyletic clade, in a sister position to C. hir-
suta, but still showed considerable divergence from this taxon
(similar to ITS data). Sequences of the second homoeologue
(B) were placed in the clade of the C. amara complex (simi-
lar to cpDNA data). Finally, the third homoeologue (C) was
placed in a separate clade, sister to the clade of the C. amara
complex and the B homoeologue. These findings provided
convincing evidence for the presence of three differentiated
(sub)genomes in this hexaploid, and allowed inference of its
allopolyploid origin. In fact, CHS sequence data were com-
plementary to the ITS and cpDNA data; while the cpDNA
relationships identified the maternal lineage, the ITS were
apparently homogenized to the paternal lineage. Thus, it was
inferred that some species from the C. amara group (or its
progenitor) was the maternal progenitor, whereas the pater-
nal one, related to C. hirsuta, is currently most likely extinct.
The study by Lihova et al. (2006a) illustrated the efficiency of
using multiple independent markers to reconstruct the origin
and evolution of polyploids, and especially the strength of
using single-copy nuclear genes. In addition, it showed that
in plant groups affected by reticulate evolution it may not be a
rare case to recover extinct lineages from polyploid genomes.

Another example of allopolyploid speciation is C. si-
lana, the southern Italian endemic species (Calabria, Sila
Grande Mts.). As already mentioned above, Jones and Ak-
eroyd (1993) and Jalas and Suominen (1994) assigned popu-
lations of this species to C. raphanifolia, although they also
admitted its uncertain infraspecific position and a need for
further studies. Indeed, more detailed taxonomic and phy-
logenetic studies by Perny et al. (2005a) and Lihova et al.
(2004c) showed that this endemic is hexaploid, genetically
as well as morphologically well distinct from C. raphanifolia
from the Iberian Peninsula. A combination of genetic mark-
ers (AFLPs, ITS of nrDNA, cpDNA sequences) has proven its
allopolyploid origin from the diploids C. apennina (central
Italy) and C. acris (Balkan). Its origin has been tentatively
connected with Pleistocene glacial events, when its parental
species (currently geographically separated with no evidence
on interspecific gene flow) may have had wider distributions,
and gene flow and migration between the Apennine and Bal-
kan Peninsulas were facilitated by lower sea level (Perny et
al. 2005a; Lihové4 and Marhold 2006).

The parentage of the tetraploid species C. flexuosa
With., widespread in Europe, was a matter of long-lasting
discussion. Originally, Banach (1950) proposed that this spe-
cies is an autotetraploid derivative of the diploid C. hirsuta,
then Ellis and Jones (1969) hypothesized diploids C. hirsuta
and C. impatiens L. as parents. A significant breakthrough

was achieved in 2006 using nuclear and chloroplast DNA
sequences, when Lihovd et al. (2006b) suggested diploid C.
amara as a probable maternal parent of C. flexuosa, although
they were not able to identify the paternal progenitor. This
puzzle was finally solved by Mandakova et al. (2014) using
a combination of genomic in situ hybridization (GISH) and
comparative chromosome painting (CCP). Previously hy-
pothesized diploids, namely C. amara and C. hirsuta were
finally confirmed as parents of tetraploid C. flexuosa. It was
shown that the parental species display almost perfectly
conserved chromosomal collinearity for seven out of eight
chromosomes. The two parents differ in a 13Mb pericentric
inversion distinguishing chromosomes CA1 and CH1, from
C. amara and C. hirsuta, respectively. While, from among
the 16 chromosome pairs in C. flexuosa, 14 were structurally
identical with chromosomes within the parental genomes,
two chromosome pairs displayed a different arrangement of
genomic blocks. A reciprocal translocation was found be-
tween two homeologues, namely CA4 and CH4. This translo-
cation was found in all analysed plants of C. flexuosa, which
suggests a single origin of this species. As it was stressed
in this paper, although the multiple origin of allopolyploid
species is frequent (reviewed, e.g. by Soltis and Soltis 2009),
single origins of allopolyploids are also not rare, and have
been suggested, among others, in the genera Dactylorhiza
(Bullini et al. 2001), Galeopsis (Bendiksby et al. 2011), and
Spartina (Ainouche et al. 2004).

While C. amara grows in wetland habitats, at the edges
of streams, where the rhizome is constantly submerged, C.
hirsuta is terrestrial plant which can be found in dry habitats
such as open fields. Interestingly, C. flexuosa derived from C.
amara and C. hirsuta grows equally well in fluctuating, sub-
merged and unsubmerged conditions, which is in agreement
with its expected wide environmental tolerance. The results
of transcriptome analyses explained the growing preferences
/ tolerance (Shimizu-Inatsugi et al. 2017). Clustering analysis
of the transcriptomes showed that the expression pattern of
the allotetraploid C. flexuosa was similar to that of C. hir-
suta after a dry treatment and similar to that of C. amara
after a wet treatment. These results supported the polyploid
plasticity and indicate that allopolyploids have the ability to
utilize parental expression patterns according to changes in
environment.

Although autopolyploidy is certainly a common phe-
nomenon in Cardamine, as can be inferred from the high
number of species including both diploid and polyploid (in
most cases likely autopolyploid) cytotypes (Kucera et al.
2005), only a few of them have been studied in detail. Two
such cases are presented here, namely tetraploids C. amara
subsp. austriaca and C. majovskyi.

A considerable number of studies have been devoted to
the morphological and genetic variation of populations of
C. amara, and C. amara subsp. austriaca, in particular. Tet-
raploid C. amara subsp. austriaca and diploid subsp. amara
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grow parapatrically; the former occurs in the Eastern Alps
and neighbouring areas, whereas the latter is widespread in
Europe. There is also an altitudinal shift in their occurrence,
since C. amara subsp. austriaca grows mostly at higher al-
titudes (Marhold 1999a). The genetic markers employed
in several studies of C. amara included isozymes, RAPDs,
AFLPs, ITS and cpDNA sequences, and microsatellites (Mar-
hold 1999a; Lihova et al. 2000, 2004a,b; Marhold et al. 2002a;
Zozomova-Lihova et al. 2015). All available evidence, includ-
ing geographic patterns and similar morphology, suggests
that the tetraploid Alpine C. amara subsp. austriaca is of
autotetraploid origin from C. amara subsp. amara. It is very
unlikely that some other taxon of the C. amara complex par-
ticipated in the origin of the Alpine tetraploid. Most recent
evidence, using AFLPs, microsatellites, flow cytometric and
climatic data was acquired from the contact zone between
the diploids (C. amara subsp. amara) and tetraploids (C.
amara subsp. austriaca) located north of the Eastern Alps
(Zozomova-Lihova et al. 2015). Previously unknown mixed
ploidy populations were revealed in sites located along the
diploid-tetraploid borderline using flow cytometry, suggest-
ing a secondary contact zone. Moreover, triploids, previously
unknown in Central Europe, were found in relatively high
numbers in four populations. Most likely once triploids ap-
pear, they reproduce vegetatively by rhizome fragments. It
was also found that tetraploid populations occur in colder
environment with higher precipitation and more intense
radiation compared with diploid populations. The climatic
requirements of two cytotypes are reflected in their altitudi-
nal separation. Altitude acts here as a sharp climatic gradient
that combines the effects of temperature and precipitation.
Based on the available evidence, it is hypothesized that the
tetraploid cytotype may have arisen during or after Quater-
nary glaciations at the edge of the glaciers and that it was
more successful in colonizing the Alpine area after glacier
retreat compared with its diploid progenitor, particularly
thanks to its climatic preferences. The colonization of pre-
viously glaciated areas by polyploid cytotypes/species (Eh-
rendorfer 1980; Stebbins 1984; Brochmann et al. 2004) was
also hypothesized for other species, namely from the genera
Biscutella (Parisod and Besnard 2007), Senecio (Sonnleitner
etal. 2010), and Pilosella (Mraz et al. 2008). Cytotype sorting
along an altitudinal gradient was also repeatedly reported
from other genera (e.g, by Schonswetter et al. 2007; Mréz et
al. 2008; Kolat et al. 2009; Sonnleitner et al. 2010; Sabara et
al. 2013).

Autopolyploid origin of the tetraploid C. majovskyi
directly from the diploid C. matthioli was suggested based
on morphological and molecular evidence (Marhold 1996;
Franzke and Hurka 2000; Lihov4 et al. 2003). The multiple
sympatric occurrences and close genetic relatedness of both
species was shown several times (Marhold 1994a; Franzke
and Hurka 2000; Lihova and Marhold 2003; Lihova et al.
2003; Lihova et al. 2004c). On the other hand, slight morpho-
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logical differences were observed among populations of C.
majovskyi from different parts of its distribution area (Lihova
and Marhold 2003), which, together with its somewhat dis-
junct occurrence, might indicate its polytopic origin. This is
also currently supported by the first results of microsatellite
analyses (Melicharkova et al. unpublished).

HYBRIDIZATION IN CARDAMINE

Interspecific hybridization is a common feature in vas-
cular plants, as it has been estimated that at least 25% of
extant plant species are involved in hybridization or intro-
gression with related species (Mallet 2005). It is undoubtedly
a significant evolutionary phenomenon also in the Brassica-
ceae family, where several cases of natural hybridization and
hybrid speciation have been thoroughly studied (reviewed
by Marhold and Lihova 2006, see also Zozomova-Lihova
et al. 2014a; Koch and Grosser 2017). A few well-studied
examples of spontaneous interspecific hybridization were
reported also in Cardamine, occurring both at the diploid
and polyploid levels. Weak reproductive barriers between
related species, and sympatric or parapatric occurrence of
close relatives may in such cases facilitate interspecific gene
flow. As illustrated below, even if close relatives in Carda-
mine are often ecologically differentiated, they can meet at
adjacent sites naturally or by human-induced disturbance,
and hybrids may be formed. Apart from the cases of C. xin-
sueta and C. xschulzii, described in detail above, another
hybridization event between diploids from the C. pratensis
and C. amara species complexes was discovered in the East-
ern Pyrenees. Using morphometric evidence, AFLP data and
pollen grain viability, hybridization between two Pyrenean
endemics, C. amara subsp. pyrenaea and C. crassifolia, was
documented at two distant sites (Marhold et al. 2002b). The
hybrid, described as C. xenriquei Marhold & al., is diploid,
morphologically intermediate and vegetatively reproducing.
Although it was found to be largely male sterile, genetically
it was variable as assessed by AFLP markers, suggesting its
recurrent origins and/or some degree of backcrossing with
parents. Both parental taxa occupy wet habitats near moun-
tain streams or in meadows and pastures in the subalpine to
alpine belt, and although ecologically somewhat differenti-
ated (C. amara subsp. pyrenaea preferring running water
on stream banks vs C. crassifolia, which typically grows in
wet alpine meadows and pastures), they can grow in close
proximity, which facilitates interspecific gene flow.

Another case of hybridization between two alpine dip-
loids, C. resedifolia L. and C. alpina Willd., comes from the
Alps and Pyrenees. They are closely related, sister species,
but morphologically well recognizable, and they differ in
habitat preferences and distribution patterns. Whereas C.
resedifolia occupies moist screes and rock crevices across sev-
eral mountain ranges in Europe, C. alpina grows in snow-
beds and moist lake banks in the Alps and Pyrenees only
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(Lihov4 et al. 2009). Despite being different, their habitats
can be found in close proximity, so that the plants grow side
by side and occasional interspecific gene flow apparently oc-
curs. Their hybrids were already reported by Schulz (1903)
from Switzerland and Austria (described as C. xwettsteiniana
0O.E.Schulz). Recently, they were identified at a few sites, both
in the Alps and Pyrenees, based on intermediate morphol-
ogy and additive patterns in ITS sequences of nrDNA (Zo-
zomova-Lihova et al., unpubl. data). The ploidy level of the
hybrids as well as other details of their origin and persistence
remain unknown, and would be certainly worth exploring
in the future.

The C. maritima group is a complex of diploid endemic
species distributed in the western Balkans and central to
southern Apennines (Kucera et al. 2010). Its differentiation
occurred largely in an allopatric manner, most likely via
population isolation and gradual divergence promoted by
topographic heterogeneity, especially in the western Balkans
where most species occur. Nuclear data, however, also indi-
cated glacial-induced local-scale and altitudinal migrations
that resulted in some interspecific gene flow and introgres-
sion. In addition, one population from southern Croatia
markedly deviated from the observed patterns and remained
taxonomically unassigned. Morphological and nuclear CHS
data showed its affinity to the Balkan species C. maritima DC.
s. str. and C. rupestris EMaly, whereas cpDNA and rDNA
placed it close to the Apennine species C. monteluccii Brilli-
Catt. & L.Gubellini. Thus, this population suggests a hybrid-
ization event between these two lineages, which involved
trans-Adriatic contacts and dispersal, similar to the case of
allohexaploid C. silana (see above). Still, the ploidy level of
this assumed hybrid and further details on its variation and
reproduction need to be determined in future studies.

At the polyploid level, an interesting case of extensive
interspecific gene flow resulting in a hybrid swarm of Carda-
mine pratensis x C. raphanifolia was found in the Cordillera
Cantabrica Mts. in Spain by Lihova et al. (2007a). A wide
spectrum of methods was applied for its study, including
morphometric methods, AFLPs and cpDNA sequences, as
well as flow cytometry and chromosome counting. More
than one hundred plants, including parental species, were
measured for DNA content using flow cytometry and select-
ed ones were counted for chromosome numbers. Chromo-
some numbers found ranged from 2n = 44 to 2n = approx.
88. In some cases, chromosome numbers even considerably
higher than those of the parental species (2n = 72, approx.
80, approx. 88), were found. An almost continuous spec-
trum of DNA content values among parental species and
hybrids indicate intensive gene flow in this hybrid swarm.
Distribution of the species-specific cpDNA haplotypes in
hybrids was in accordance with the AFLP patterns. While
C. pratensis-specific haplotypes were found in plants with C.
pratensis AFLP genotypes and vice versa for C. raphanifolia,
both kinds of haplotypes were found in hybrid individuals.

When the morphology-based classification was com-
pared with the AFLP and cpDNA patterns, apparent discor-
dance between these data sets was observed. Plants with C.
pratensis morphology in fact sometimes, according to their
genetic patterns, represented hybrids or introgressed individ-
uals. Some of the morphologically intermediate specimens
corresponded genetically to C. raphanifolia. Nevertheless,
plants with C. raphanifolia morphology corresponded well
with the AFLP variation pattern. Generally, morphology did
not allow reliable prediction of the AFLP pattern and cpDNA
haplotype, and vice versa. The reason why hybrids revealed
by genetic data morphologically resemble C. pratensis instead
of having an intermediate morphology, might be a conse-
quence of the polyploid origin of C. raphanifolia, where C.
pratensis or its progenitors were probably involved. It was
also found that while plants of parental phenotypes occurred
along brooks in a pasture, in relatively stable habitats, inter-
mediate phenotypes and genotypes were found in a drain-
age ditch along the road, which represents a considerably
disturbed habitat.

While addressing the polyploid origin of C. asarifo-
lia (see above), Lihov4 et al. (2006a) examined also hybrid
individuals between this hexaploid species and diploid C.
amara subsp. amara, named C. Xferrarii. This hybrid was
previously studied as early as in 1916 by Bongini (1916) who
found high both male and female sterility of the analysed
individuals, after which she concluded that C. xferrarii Bur-
nat represents a true hybrid. Lihova et al. (2006a) studied
hybrid plants from three localities, including the type local-
ity of C. xferrarii at which C. amara subsp. amara and C.
asarifolia co-occurred. Morphologically, hybrids were clearly
intermediate without any novel or transgressive characters.
As for the ITS sequences, the authors acquired a sufficient
number of unrecombinant clones exactly matching the ITS
sequences of C. amara and C. asarifolia, without any traces
of concerted evolution. The hybrid was found to be penta-
ploid, which agreed with the detection of five copies of the
CHS nuclear gene. Three of these corresponded to the CHS
sequences also obtained in C. asarifolia, and two to the CHS
sequences of C. amara subsp. amara. Thus, it was inferred
that the hybrid arose by fusion of a reduced gamete of C.
asarifolia with an unreduced gamete from C. amara subsp.
amara, and that this occurred relatively recently. Interest-
ingly, analysis of cpDNA documented three independent
origins of this hybrid, with even reciprocal hybridization be-
tween the parents in one locality. Historically, the hybrid has
been reported from numerous localities, suggesting that it
can be formed recurrently, wherever the parental taxa meet.
It also shows effective vegetative reproduction by rhizomes
and stolons, which explains its long-term persistence despite
high pollen sterility.

Cardamine xrhodopaea Ancev is a recently described
(Ancev et al. 2013) interspecific triploid hybrid between C.
matthioli and C. rivularis. The hybrid species was described
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from the West Rhodope Mountains from localities where C.
matthioli and C. rivularis co-occur While C. matthioli is a
species found at lower altitudes, seldom reaching the upper
montane belt, C. rivularis is generally an alpine species.
Nevertheless, there are some cases when they may co-occur
sympatrically or parapatrically. Investigations of the morpho-
logical variability, chromosome number, and embryological
characteristics support the hybrid origin of C. xrhodopaea
(Ancev et al. 2013). The complete distribution area of this in-
terspecific hybrid is unknown, but we can expect that it arises
recurrently and independently in areas with co-occurrence of
both parental taxa. Nevertheless, our ongoing studies using
flow cytometry and microsatellite markers indicate that both
cytotype and genetic variation in the contact zone of C. rivu-
laris and C. matthioli is more complicated and that, apart
from hybridization, autopolyploidization also plays a role in
their evolution in this area (Melichdrkova et al. unpublished
results).

A simple, but powerful molecular method - PCR-RFLP
of the cpDNA - was employed to confirm hybridization be-
tween two polyploid species of the genus Cardamine that
were previously treated within the genus Dentaria L., namely
decaploid C. enneaphyllos Crantz and hexaploid C. glandulig-
era O. Schwarz (Lihova et al. 2007b), occurring in the West
Carpathians. Hybrid individuals, taxonomically classified
as C. xpaxiana O.E. Schulz, were intermediate in three mor-
phological characters, previously reported as diagnostic:
flower colour, the presence of glands on leaves and the length
of rhizome internodes; nevertheless considerable variation
was found in other morphological features. Hybrids also had
strongly decreased pollen fertility. Distribution patterns of
the hybrids and their sterility suggest that they arose repeat-
edly from crosses between parents, and belong to F1 or other
early generations. Only a single and approximate chromo-
some number record is known for this hybrid (2n = 60-66,
Kochjarova and Berndtova 1995), suggesting an octoploid
level. Cardamine enneaphyllos was identified as a prevailing
maternal donor. The authors propose that the hybrids are
maintained by vegetative reproduction.

When comparing the above-mentioned studies, espe-
cially those that investigated hybrid and parental populations
in more detail, two different patterns can be recognized. On
one hand, examples of the Pyrenean diploid C. xenriquei
(diploid C. amara subsp. pyrenaea x diploid C. crassifolia;
Marhold et al. 2002b), and the SW Alpine pentaploid C. xfer-
rarii (hexaploid C. asarifolia diploid C. amara subsp. amara;
Lihova et al. 2006a) suggest that the hybrids are morpho-
logically relatively homogeneous, clearly recognizable, with
morphological intermediacy between the parents, including
a balanced mixture of parental character values. They ap-
pear to be largely sterile, and mating of hybrid individuals
or backcrossing was rather limited. Recurrent hybridizations
and the persistence of first-generation hybrids through veg-
etative propagation preserve these hybrids at their localities
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(Marhold et al. 2002b; Lihova et al. 2006a). On the other
hand, interspecific hybridization between the polyploids
C. pratensis and C. raphanifolia in NW Spain represents a
case where extensive gene flow resulted in a dynamic hybrid
swarm with a wide range of genetic, karyological and mor-
phological variation. The morphology of hybrid populations
here span the whole space within and between the parental
species, showing continuous morphological variation (Li-
hovd et al. 2007a). Similarly, in C. xpaxiana (C. enneaphyllos
x C. glanduligera) from the West Carpathians, morphomet-
ric analysis revealed that with the exception of three or four
characters important for hybrid identification, most of the
other characters hybrids are more variable. On the ordina-
tion graph of PCA, hybrid individuals were scattered not
only in the intermediate position, but also throughout the
morphospace of the parental species: mainly that of one of
the parents, namely C. enneaphyllos (Lihové et al. 2007b).
Interestingly, in these two latter cases, high variation in pol-
len viability was observed in the hybrid individuals, suggest-
ing that sexual reproduction takes place here at least to a
certain extent. Thus, apart from recurrent hybridization and
vegetative propagation that play a role in hybrid persistence
here as well, mating between hybrid individuals and with
the parents generated complex patterns of morphological
and genetic variation.

FUTURE PERSPECTIVES IN CARDAMINE
STUDIES IN SOUTHERN AND CENTRAL EUROPE

The genus Cardamine represents a true natural labo-
ratory for polyploid studies. Accumulated knowledge on
diploid lineages and related polyploids, particularly those of
the C. amara and C. pratensis groups, acquired using a wide
spectrum of morphological, karyological and conventional
molecular methods, provide solid background for further
studies. Future research should address the origin and evo-
lution of polyploids, aneuploidy and dysploidy, as well as
attempt to resolve complicated phylogenetic relationships
vastly affected by reticulate evolution. Current advanced
molecular methods, comprising in particular comparative
chromosome painting, microsatellite analyses and next gen-
eration sequencing, provide excellent possibilities to build
upon the current knowledge of these polyploid complexes.
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