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d Background and Aims Diploid representatives from the related polyploid complexes of Cardamine amara,
C. pratensis and C. raphanifolia (Brassicaceae), were studied to elucidate phylogenetic relationships among the
complexes and among the individual taxa included.
d Methods Two independent molecular data sets were used: nucleotide sequences from the internal transcribed
spacers (ITS) of nrDNA, and ampli®ed fragment length polymorphism (AFLP) markers. Seventeen diploid taxa
from the studied groups were sampled.
d Key Results Both ITS and AFLP analyses provided congruent results in inferred relationships, and revealed
two main lineages. While the C. amara group, consisting of C. wiedemanniana and four subspecies of C. amara,
was resolved as a well-supported monophyletic group, taxa from the C. pratensis and C. tenera groups (the latter
representing diploid taxa of the complex of C. raphanifolia) all appeared together in a single clade/cluster with
no support for the recognition of either of the groups. Intra-individual polymorphisms and patterns of nucleotide
variation in the ITS region in C. uliginosa and C. tenera, together with the distribution of AFLP bands, indicate
ancient hybridization and introgression among these Caucasian diploids.
d Conclusions The lack of supported hierarchical structure suggests that extensive reticulate evolution between
these groups, even at the diploid level, has occurred (although an alternative explanation, namely ancestral poly-
morphism in ITS data, cannot be completely excluded). Several implications for the investigation of the poly-
ploid complexes of concern are drawn. When tracing origins of polyploid taxa, a much more complex scenario
should be expected, taking into account all relatives as potential parents, irrespective of the group in which they
are classi®ed. ã 2004 Annals of Botany Company
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INTRODUCTION

The genus Cardamine L. (Brassicaceae) comprises about
200 species with indigenous taxa on all continents except
Antarctica (Al-Shehbaz, 1988). In several molecular
phylogenetic studies involving selected Cardamine taxa,
the genus was shown to be a well-supported monophyletic
group [ndhF and trnL intron of plastid DNA (Sweeney and
Price, 2000); matK of plastid DNA and Chs of nuclear DNA
(Koch et al., 2001)]. In others, representatives of Cardamine
were nested with taxa of the closely related genera
Nasturtium W.T.Aiton, Rorippa Scop. and Armoracia
P.Gaertn., B.Mey. & Scherb. [ITS of nuclear ribosomal
(nr)DNA, trnT-trnL spacer and trnL intron of plastid DNA
(Franzke et al., 1998); ITS of nrDNA (Yang et al., 1999)].
Infrageneric relationships in Cardamine, as proposed by
Schulz (1903) in his sectional classi®cation based on
morphology, were not supported, as several sections
recognized by him appeared to be polyphyletic (e.g. sections
Cardamine, Dentaria (L.) O.E.Schulz, Cardaminella Prantl
and Papyrophyllum O.E.Schulz; Sweeney and Price, 2000;
Bleeker et al., 2002).

From molecular analyses, several groups of closely
related taxa can be delimited within Cardamine, among
them a clade composed of members of three traditionally
recognized polyploid complexes, C. amara, C. pratensis
and C. raphanifolia, together with the tetraploid C. ¯exuosa
With. (Franzke et al., 1998), all being probably related to
two species of mostly southern hemispheric distributions,
C. obliqua Hochst. and C. africana L. (Bleeker et al., 2002).
The close evolutionary position of these taxa can also be
demonstrated by weak reproductive barriers among some of
them, indicated by recent natural hybridization reported
between the C. amara and C. pratensis groups (Urbanska
et al., 1997; Marhold et al., 2002b), between C. amara and
C. ¯exuosa (Kerner, 1870; LoÈvkvist, 1956), between
C. ¯exuosa and the C. pratensis group (K. Mummenhoff
and T. C. G. Rich, unpubl. res.), and probably also between
C. raphanifolia and the C. pratensis group (M. PernyÂ et al.,
unpubl. res.).

The C. amara group comprises diploid and tetraploid taxa
treated at subspecies and species levels. While the typical
subspecies of C. amara L., subsp. amara (2n = 16) is
widespread throughout most of Europe and extends far into
Asia, other taxa are mostly restricted to certain European
mountainous regions: C. amara subsp. opicii (J.Presl &
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C.Presl) CÏ elak. (2n = 16), subsp. pyrenaea Sennen (2n = 16),
subsp. balcanica Marhold, AncÏev & Kit Tan (2n = 16),
subsp. austriaca Marhold (2n = 32), C. amporitana Sennen
& Pau (2n = 32). The diploid C. wiedemanniana Boiss. (2n =
16) is restricted to western Transcaucasia and northern
Anatolia (Spasskaya, 1978; Marhold, 1995, 1999; Marhold
et al., 1996; LihovaÂ et al., 2000, 2004a). Support for such a
taxonomic treatment, originally proposed on the basis of
morphology, was recently provided by isozymes and AFLP
analyses (Marhold et al., 2002a; LihovaÂ et al., 2004a). The
taxa included are morphologically characterized by a long
horizontal rhizome bearing stolons, all stem leaves pinnate
with short stalked to sessile lea¯ets, white petals, violet (all
subspecies of C. amara) or yellow anthers (C. amporitana
and C. wiedemanniana) and attenuate stigmas (Spasskaya,
1978; Marhold, 1992, 1998, 1999; Rico, 1993; LihovaÂ et al.,
2000).

The C. pratensis group is an assemblage of taxa with
much more confusing patterns of karyological and morpho-
logical variation. It comprises diploids, polyploids up to the
dodecaploid level, aneuploids and dysploids, mostly dis-
tributed in Europe, but extending to Asia, North Africa and
northern North America. It has always been considered, at
least implicitly, a coherent, monophyletic group of taxa at
species or subspecies level (e.g. LoÈvkvist, 1956; Urbanska-
Worytkiewicz and Landolt, 1974; Marhold, 1993, 1994;
Rico, 1993; Franzke and Hurka, 2000). Recent morpho-
metric and molecular studies provided a more detailed
picture of this complex and identi®ed diploid (2n = 16)
Mediterranean species C. crassifolia Pourr. [= C. pratensis
subsp. nuriae (Sennen) Sennen], C. rivularis Schur [º C.
pratensis subsp. rivularis (Schur) Nyman], C. penzesii
AncÏev & Marhold, C. castellana LihovaÂ & Marhold
(LihovaÂ et al., 2003) and C. apennina LihovaÂ & Marhold
(LihovaÂ et al., 2004b), as early branching taxa, while the
others, C. pratensis L. (º C. pratensis subsp. pratensis, 2n =
16±56), C. granulosa All. [º C. pratensis subsp. granulosa
(All.) Arcang., 2n = 16], C. matthioli Moretti [º C. pratensis
subsp. matthioli (Moretti) Nyman, 2n = 16], C. majovskii
Marhold & ZaÂborskyÂ (2n = 32), C. dentata Schult. [= C.
pratensis subsp. paludosa (Knaf) CÏ elak., 2n = 56±96] and
C. nymanii Gand. (º C. pratensis subsp. polemonioides
Rouy, 2n = 64±80), as those which evolved more recently
(Franzke and Hurka, 2000; LihovaÂ et al., 2003, 2004b). The
group is de®ned by several diagnostic morphological
characters, although with exceptions in some taxa: a short
or slightly elongated thickened rhizome without stolons
(except C. crassifolia with thin, creeping and stoloniferous
rhizome), leaf dimorphism, with basal leaves pinnate,
forming a rosette (except C. crassifolia without a true rosette)
and upper stem leaves pinnatisect (except C. dentata with all
leaves pinnate), yellow anthers (violet anthers present only in
C. rivularis), and a conspicuously enlarged stigma (LoÈvkvist,
1956; Marhold, 1993, 1994; Rico, 1993).

The third polyploid complex comprises several diploid to
octoploid taxa distributed in the European Mediterranean,
usually classi®ed either as separate species or as subspecies
of C. raphanifolia Pourr.: C. raphanifolia (º C. raphanifolia
subsp. raphanifolia, 2n = 48, 64), C. gallaecica (M.LaõÂnz)
Rivas. Mart. & Izco (º C. raphanifolia subsp. gallaecica

M.LaõÂnz, 2n = 32, 48), C. silana Marhold & PernyÂ (2n = 48),
C. barbaraeoides HalaÂcsy [º C. raphanifolia subsp.
barbaraeoides (HalaÂcsy) Strid, 2n = 32], and C. acris
Griseb. [º C. raphanifolia subsp. acris (Griseb.) O.E.
Schulz, 2n = 16] (Cullen, 1965; Strid, 1986; Jones and
Akeroyd, 1993; Rico, 1993; Jalas and Suominen, 1994;
Marhold et al., 2003). In addition to these taxa, three diploid
species (2n = 16) from the Caucasus and neighbouring
areas have also been, at least implicitly, included in this
complex: C. tenera C.A.Mey., C. uliginosa M.Bieb., and
C. seidlitziana Albov (Khatri, 1988; chromosome number
data from M. PernyÂ, unpubl. res.). Khatri (1988) did not
recognize C. seidlitziana, merging it with the Balkan species
C. acris. He included these three taxa, i.e. C. tenera,
C. uliginosa and C. acris into a single subsection Tenerae
Spasskaja. The taxa forming this polyploid complex are
characterized by a combination of the following morpho-
logical characters: thick and creeping rhizome, cauline and
basal leaves similar in shape, terminal lea¯et much larger
than lateral ones (slightly larger in C. gallaecica and
C. uliginosa) and yellow anthers. Unlike the C. amara and
C. pratensis groups, no detailed morphological or molecular
systematic studies of this Mediterranean±Caucasian group
have been published so far, and little if anything is known
about true phylogenetic relationships and relatedness among
the taxa included.

In previous studies on the two above-mentioned groups of
C. amara and C. pratensis, attention was paid to relation-
ships and evolution within each of them separately (Franzke
and Hurka, 2000; Marhold et al., 2002a; LihovaÂ et al., 2003,
2004b), but no broad-scale phylogenetic study including
taxa of these groups together has been conducted. For
convenience we refer to these polyploid complexes as
`species groups' (as they were traditionally treated)
throughout this paper, even though results of our analyses
do not fully support such treatment. For diploid taxa of the
polyploid complex of C. raphanifolia, which were included
by Khatri (1988) in Cardamine subsect. Tenerae, we
provisionally use the name the C. tenera group.

The main objective of this study was to analyse these
related taxa together, and to elucidate relationships within
and among the groups. In polyploid complexes with high
polyploids represented, evolutionary histories with compli-
cated reticulate patterns can be expected. To decrease the
disruptive effect of hybridization and allopolyploidization
on phylogeny reconstruction, and biased phylogenetic
signal because of reticulation, we restricted this study to
diploid representatives only. We used two independent
molecular data sets: sequences of the internal transcribed
spacers (ITS1 and ITS2) of nrDNA (Baldwin et al., 1995),
and ampli®ed fragment length polymorphisms of total DNA
(ampli®ed fragment length polymorphism: AFLPÔ) (Vos
et al., 1995). Removing all known polyploids from a sample
before constructing a branching tree, even if the tree is
simply a representation of similarity and distance, to avoid
false phylogenies due to reticulate evolution is also
advocated by Bachmann (2000). He argues that a cladistic
treatment of data from diploid and allopolyploid taxa
together will inevitably produce a wrong result. A detailed
search for the origin of polyploid taxa in the above-
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mentioned three polyploid complexes is the subject of our
further studies (e.g. C. silana; M. PernyÂ, K. Marhold,
A. Tribsch, T. F. Stuessy, unpubl. res.). In addition, in this
paper we compare the data from these two molecular
markers and evaluate to what extent they are congruent and/
or complementary.

MATERIALS AND METHODS

Plant material

Leaf material was collected either directly in the ®eld or
from plants transferred and cultivated in the experimental
garden of the Institute of Botany, Bratislava. Fresh leaf
samples were dried and preserved in silica gel. Voucher
specimens are deposited in the herbarium SAV. For ITS
analyses, all diploid taxa from the three polyploid com-
plexes were sampled and sequenced (17 taxa in total). In the
AFLP analyses two species from the C. pratensis group
(C. rivularis and C. penzesii) group were not included,
because of the lack of fresh material (Table 1). In the ITS
analyses each taxon was represented by one to ®ve
individuals from different populations, whereas broader
sampling was used for AFLP, due to higher inter- and
intrapopulational variation revealed by this marker. In both
ITS and AFLP analyses the number of accessions of Balkan
C. acris exceeded those of other taxa, because of the need to
include several geographic±morphological entities observed
in this species. These probably deserve formal subspeci®c
recognition (M. PernyÂ, A. Tribsch, M. Anchev, unpubl. res.)

DNA extraction, ITS ampli®cation and sequencing

Total DNA was isolated from leaf material dried with
silica gel (Chase and Hills, 1991) using the 2X CTAB
method of Doyle and Doyle (1987). Internal transcribed
spacers of nrDNA (ITS1, ITS2) and the 5.8S rDNA gene
were ampli®ed with primers ITS4 and ITS5 (White et al.,
1990). Ampli®cation followed the protocol described in
Franzke et al. (1998), with the cycle pro®le comprising 40
cycles of 1 min at 94 °C (®rst cycle 3 min), 45 s at 50 °C, and
2 min at 72 °C (last cycle 6 min). Ampli®cation products
were then puri®ed (Qiaquick PCR Puri®cation Kit; Qiagen,
Hilden, Germany). Sequencing reactions were performed
on both strands resulting in a 100 % overlap using the
ABI PRISM BigDye Ready Reaction Terminator Cycle
Sequencing Kit (Applied Biosystems, Vienna, Austria). The
cycle pro®le for sequencing reactions was: 30 cycles, 30 s at
96 °C, 15 s at 50 °C, and 4 min at 60 °C. The products were
separated electrophoretically on an ABI 377 sequencer
(Applied Biosystems). Alignment was done manually, and
the occurrence of within-individual polymorphisms, when
observed on both strands, was recorded using the IUPAC
ambiguity symbols. GenBank accession numbers of the new
and the previously published sequences are listed in Table 1.

AFLP analyses

The AFLP procedure (Vos et al., 1995) followed the
general protocol of Applied Biosystems (PE Applied

Biosystems, 1996) with a few modi®cations, described in
detail in SchoÈnswetter et al. (2004). Total genomic DNA
was restricted with the endonucleases EcoRI and MseI
(Promega, Madison, WI, USA) and double-stranded
adaptors (Applied Biosystems) were ligated in one step at
37 °C. Ampli®cation of the generated fragments was
performed in two ampli®cation cycles. First, preselective
ampli®cation was performed using two primers with 1-bp
pair extensions with the following PCR conditions: 2 min at
72 °C, 20 cycles of 1 s at 94 °C, 30 s at 56 °C, 2 min at 72 °C,
and ®nal 30 min at 60 °C. On the basis of a primer test with
15 different primer combinations, three primer pairs were
chosen and used for selective ampli®cation: EcoRI±AAG,
MseI±CTG; EcoRI±ATC, MseI±CAG; EcoRI±AGC, MseI±
CTG. The PCR conditions for selective ampli®cation
were: 2 min at 94 °C followed by 32 cycles of 1-s
denaturing at 94 °C, 30 s annealing, and 2 min extension at
72 °C, ending with 2 min at 72 °C for complete extension.
Annealing was initiated at a temperature of 65 °C, which
was then reduced by 1 °C for the next eight cycles and
maintained at 56 °C for the subsequent 23 cycles. The
ampli®ed AFLP fragments were separated electrophoretic-
ally on an ABI 377 sequencer, and then analysed with
GeneScanâ software (version 3.2; Applied Biosystems).
Presence or absence of fragments ranging from 70 to
500 bp were scored for each sample (only well scorable,
unambiguous fragments were analysed) and transferred into
a binary matrix using GenoGrapher (version 1.6.0,
ãMontana State University 1999; http://hordeum.msu.
montana.edu/genographer/).

Analyses of ITS sequences

For phylogenetic analyses, only the ITS1 and ITS2
sequences were used. The 5.8S rDNA gene sequence (which
showed almost no variation and was lacking in the
previously published sequences) was excluded. Combined
ITS1 and ITS2 were analysed by Fitch parsimony using the
heuristic search in PAUP* (version 4.0b10; Swofford, 2001)
with the following options: gaps treated as missing data,
single-nucleotide polymorphisms as uncertainties, tree con-
struction with stepwise addition, 100 replicates with random
taxon addition and unlimited number of trees saved per
replicate, tree±bisection±reconnection (TBR) branch
swapping, no MaxTrees limits, MulTrees option in effect,
and DELTRAN for character optimization. In addition, a
heuristic search with 1000 replicates with random taxon
addition but with a limit of 1000 trees saved per replicate
was applied to allow a more extensive search in tree space,
and to minimize the risk that any island of most-parsimo-
nious trees had been missed. The evolutionary direction of
sequence changes was inferred by outgroup comparison.
For this purpose, two Australasian Cardamine species
(C. corymbosa Hook.f. and C. debilis Banks ex DC.) were
used. In a previous analysis (Bleeker et al., 2002),
C. corymbosa and C. debilis were placed in a distinct
clade closely related to other clades containing species of the
C. pratensis group and the C. amara group. The consistency
index (CI) of Kluge and Farris (1969) estimating the level of
homoplasy in the characters, and the retention index (RI) of
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TABLE 1. List of Cardamine taxa and origin of samples included in the present study

ITS1, ITS2

Population code, origin and collection data

GenBank
accession
numbers

AFLP
no. of
indiv.

Cardamine tenera group
Cardamine acris

AR ± Bulgaria, Zapadni Rodopi Mts, Pamporovo, Ardashla, 1450 m, 25 June 2000, PernyÂ 1
OC ± Bulgaria, Zapadni Rodopi Mts, Pamporovo, Orlitsa, 1600 m, 25 June 2000, PernyÂ 1
GE2 ± Bulgaria, Osogovska planina Mts, from Gramadite (W of `Trite Buky' chalet) to the
`Ruen' Hill, approx. 1600 m, 28 June 2000, PernyÂ & Anchev

1

OG ± Bulgaria, Osogovska planina Mts, approx. 3 km W of `Osogovo' chalet, 1740 m,
28 June 2000, PernyÂ & Anchev

1

RP ± Bulgaria, Stara planina Mts, Tetevenska planina, the `Ribarishki prokhod' pass,
1650 m, 22 June 2000, PernyÂ & Georgieva

1

VN ± Bulgaria, Stara planina Mts, Tetevenska planina, NW of Vezhen (2198 m), 1850 m,
21 June 2000, PernyÂ & Georgieva

AY246003
AY246033

1

NEG/MN ± Montenegro, MojkovacÆ, Bjelasica Mts, Zekova glava Mt., 1900 m, 25 July 2001,
SÏõÂda, SÏ teÏpaÂnek et al.

AY245977
AY246007

1

AE ± Greece, prov. Ioannina/Kastoria, Gramos Mts, Aetomilitsa, approx. 5 km N of the village,
19 June 2001, PernyÂ & KucÏera

1

2PD ± Greece, prov. Florina, Varnous Mts, Pisoderi Ski Resort, 20 June 2001, PernyÂ & KucÏera 1
VRA ± Greece, prov. Pella, Voras Mts (Kaimaktsalan), close to the Voras Ski Resort, 21 June 2001,
PernyÂ & KucÏera

AY246001
AY246031

1

VSC ± Greece, prov. Grevena, North Pindos Mts, close to the Vasilitsa Ski Resort, 18 June 2001,
PernyÂ & KucÏera

1

1KPN ± Greece, prov. Ioannina, North Pindos Mts, Metsovo, Katara Pass, approx. 1´7 km S of
Mt. Katara, micropopulation 1, 18 June 2001, PernyÂ & KucÏera

1

2KPN ± Greece, prov. Ioannina, North Pindos Mts, Metsovo, Katara Pass, approx. 1´7 km S of
Mt. Katara, micropopulation 2, 18 June 2001, PernyÂ & KucÏera

AY246002
AY246032

1

TM ± Greece, prov. Evritania, Timfristos Mts, Karpenisi Ski Resort, approx. 2´5 km NW of the
ski resort, 24 June 2001, PernyÂ & KucÏera

AY245989
AY246019

1

1ITI, 2ITI ± Greece, prov. Fthiotida, Iti Mts, approx. 10 km E of Kastania, 24 June 2001,
PernyÂ & KucÏera

1

VDA ± Greece, prov. Fokida, Vardousia Mts, approx. 6 km WSW of Athanasios Diakos, 23 June 2001,
PernyÂ & KucÏera

1

Cardamine seidlitziana
BES ± Russia, Krasnodarskii krai, Sochinskii raion, W Greater Caucasus, Mzymta valley,
Krasnaya Polyana, Beshenka stream, approx. 700 m, 22 April 2001, PernyÂ

AY245979
AY246009

1

Cardamine tenera
TAL ± Azerbaijan, the Talysh Mts, 135 m, 26 May 2001, LihovaÂ AY245991 1

AY246021
CF ± Russia, distr. Krasnodarskii krai, Sochinskii raion, Sochi, part Adler, 50 m, 20 April 2001,
PernyÂ & Tuniev

1

GK ± Russia, distr. Krasnodarskii krai, Goryachii Klyuch, camping approx. 10 km E of the town,
150 m, 25 April 2001, PernyÂ

AY245992
AY246022

1

GZT ± Russia, Republika Adigeya, W Greater Caucasus, Kavkazskii zapovednik, Guzeripl', near the
Museum of `Kavkazskii zapovednik', 850 m, 29 April 2001, PernyÂ

1

KH ± Russia, Krasnodarskii krai, Sochinskii raion, Sochi, part Khosta, 50 m, 21 April 2001,
PernyÂ et al.

1

KU ± Russia, Republika Adigeya, Kurdzhipskaya near Maikop, S of the village, 250 m,
28 April 2001, PernyÂ

1

KS ± Russia, W Greater Caucasus, Mzymta valley, Krasnaya skala, 120 m, 21 April 2001,
PernyÂ & Tuniev

AY245980
AY246010

±

NM ± Russia, Krasnodarskii krai, Sochinskii raion: Sochi, part Novaya Macesta, 30 m, 24 April 2001,
PernyÂ et al.

1

Cardamine uliginosa
TUR ± Turkey, Bolu Mts, lake Abant GoÈluÈ, 1997, SaÂdlo AY245990 1

AY246020
BAK1 ± Georgia, Minor Caucasus Mts, Bakuriani, 1700 m, 20 May 2001, LihovaÂ 1
DJ ± Georgia, Khevi province, Kazbegi, E of village Djuta, Sakhizno, 2350 m, 8 July 2001, Marhold 1
GTU ± Georgia, Khevi province, N of Kazbegi, Gveleti, Tibaitsskali rivulet, 1480 m, 7 July 2001, Marhold 1
KGU ± Georgia, Khevi province, Kazbegi, along the Tergi (Terek) river, 1732 m, 10 July 2001, Marhold 1
KHR1 ± Georgia, Minor Caucasus Mts, `Khrats' karos' ughelt' pass, S of Bakuriani, 2150 m,
22 May 2001, LihovaÂ

AY246004
AY246034

1

KPU ± Georgia, Khevi province, Cross pass (Djvris ugeltekhili), 2394 m, 5 July 2001, Marhold AY245981 1
AY246011

TE ± Georgia, Khevi province, Kazbegi, Truso Gorge, between the villages of Ketrisi and
Zemo-Okrokavam along the Tergi (Terek) river, 2115 m, 7 July 2001, Marhold

1
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TABLE 1. Continued

ITS1, ITS2

Population code, origin and collection data

GenBank
accession
numbers

AFLP
no. of
indiv.

Cardamine amara group
Cardamine amara subsp. amara

ROZ ± Czech Republic, Pardubice, Rozhrna ®shpond, 220 m, 8 Aug. 2000, Marhold AY245998 1
AY246028

BDA ± Slovakia, VtaÂcÏnik Mts, Gepniarova dolina valley, 500 m, July 2001, PernyÂ AY245985 1
AY246015

ZS ± Slovakia, Bratislava, ZÏ eleznaÂ studnioÏka, 200 m, 16 Sept. 2001, LihovaÂ 1
LAI ± Italy, Piemont, Val di Susa, N of Condove, Laietto, 1000 m, 17 May 2002, LihovaÂ & Marhold AY246015 ±

AY246016
Cardamine amara subsp. balcanica

GR ± Bulgaria, Zapadni Rodopi Mts, Pamporovo, Goljamata Reka, 1490 m, 25 June 2000, PernyÂ 1
AN ± Bulgaria, Vitosha Mts, Aleko, 1800 m, July 2001, Anchev AY245976 1

AY246006
VN ± Bulgaria, Stara Planina, Tetevenska planina, Vezhen, 1850 m, 21 June 2000, PernyÂ & Georgieva 1
VH ± Bulgaria, Vitosha Mts, north-eastern slopes, approx. 1600 m, 24 June 2000, PernyÂ et al. 1
RP ± Bulgaria, Stara planina Mts, Tetevenska planina, the `Ribarishki prokhod' pass, 1650 m,
22 June 2000, PernyÂ & Georgieva

AY245975
AY246005

±

MB ± Bulgaria, Pirin Mts, Demyanitsa Valley, near chalet Demyanitsa, 1850 m, 29 June 1995,
Anchev & Marhold

AF265184*
AF265204*

±

Cardamine amara subsp. opicii
IDS ± Slovakia, SlovenskeÂ rudohorie Mts, IdcÏianske sedlo, 900 m, 9 June 2001, LihovaÂ AY245999 2

AY246029
ZP ± Slovakia, VysokeÂ Tatry Mts, ZelenyÂ potok valley, 1440 m, 2 Sept. 2001, LihovaÂ 1
MSD ± Slovakia, VysokeÂ Tatry Mts, MalaÂ StudenaÂ dolina valley, 1595 m, 3 Sept. 2001, LihovaÂ AY245988 1

AY246018
Cardamine amara subsp. pyrenaea

RMP ± Spain, E Pyrenees, Planell de les Eugues, 1975 m, 30 June 2001, LihovaÂ 1
MRG3 ± Spain, E Pyrenees, Meranges, 2080 m, 1 July 2001, LihovaÂ AY245987 2

AY246017
NU6 ± Spain, E Pyrenees, NuÂria, Torrent de Finestreles, 2000±2100 m, 28 June 2001, LihovaÂ 1
NU2 ± Spain, E Pyrenees, NuÂria, Coma de Noufonts, 2600 m, 27 June 2001, LihovaÂ 1
NU ± Spain, E Pyrenees, near NuÂria, Coma de Noucreus, 2290±2310, 6 July 1997, Marhold AF265183* ±

AF265203*
Cardamine wiedemanniana

GZL ± Russia, W Greater Caucasus, Kavkazskii zapovednik, Guzeripl', 700 m, 29 April 2001, PernyÂ AY246000 2
AY246030

BEL ± Russia, W Greater Caucasus, Mzymta valley, Krasnaya Polyana, the Beshenka stream,
680±720 m, 21 April 2001, PernyÂ

1

GAL ± Russia, W Greater Caucasus, Mzymta valley, Galitsino, 200 m, 21 April 2001, PernyÂ & Tuniev AY245982 1
AY246012

MO ± Russia, W Greater Caucasus, Mzymta valley, Monastyr, 450 m, 21 April 2001, PernyÂ & Tuniev 1
Cardamine pratensis group

Cardamine pratensis s. str.
MAG ± Spain, Cantabria, Pto. de la Magdalena, 780 m, 7 May 2001, LihovaÂ & Herrera AY245996 1

AY246026
AVE ± Portugal, Beira Litoral, Fermentelos, near Aveiro, 6 m, 10 April 2000, LihovaÂ et al. AY245995 ±

AY246025
Cardamine matthioli

BR ± Slovakia, SlovenskeÂ rudohorie Mts, Brezno, 1996, Franzke AF077985³ ±
AF077986³

SVI ± Slovakia, PovazÏskyÂ Inovec Mts, S of TrencÏianske Jastrabie, Patrovec, 320±340 m, 6 Oct. 2001, PernyÂ 1
TV ± Slovenia, Subpanonsko obmocÏje, Trnovska vas, 250 m, 20 April 2001, LihovaÂ & Frajman 1
SJ ± Slovenia, Predalpsko obmocÏje, vicinity of Celje, SÏmartinsko jezero lake, 260 m, 20 April 2001,
LihovaÂ & Frajman

1

PO ± Slovenia, Subpanonsko obmocÏje, Slovenske Konjice, between Tepanje and PobrezÏ, 280 m,
20 April 2001, LihovaÂ & Frajman

1

Cardamine castellana
LEP ± Spain, Asturias, near Puerto de Leitariegos, 1470 m, 25 May 2001, PernyÂ et al. AY245994 ±

AY246024
HOY ± Spain, AÂ vila, Hoyos del Espino, Plataforma de Gredos, 1460 m, 10 May 2001, LihovaÂ 1
PDH ± Spain, AÂ vila, Santiago del Collado, on the way to Puerto de PenÄa Negra, 1700 m,
10 May 2001, LihovaÂ

1

COLL ± Spain, AÂ vila, Hoyos del Espino, near Hoyos del Collado, 1500 m, 10 May 2001, LihovaÂ 1
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Farris (1989) expressing the proportion of similarities on a
tree interpreted as synapomorphies, are presented. Equally
parsimonious trees were summarized by the strict consensus
method. Bootstrap analyses (1000 replications) were per-
formed with the fast-heuristic search as implemented in
PAUP* (`fast' stepwise-addition) to assess the relative
support of the clades (Felsenstein, 1985).

AFLP data analyses

From the AFLP binary data, a neighbour-joining tree
(Saitou and Nei, 1987) based on Nei and Li (1979) genetic

distance was generated using TREECON (version 1.3b; Van
de Peer and De Wachter, 1994) with bootstrap option (2000
replications). For each taxon, the total number of AFLP
fragments (bands), mean number of fragments per individ-
ual (6 standard deviation), number of exclusive (present in
a given taxon only, but not necessarily in all its samples) and
diagnostic fragments (present in all samples of a taxon and
absent from all other taxa), number of bands shared by
particular groups of taxa (those present in all samples of all
taxa of a group, those present in each taxon of a group, but
not necessarily in all samples, and those shared by at least
two taxa from a group) were calculated.

TABLE 1. Continued

ITS1, ITS2

Population code, origin and collection data

GenBank
accession
numbers

AFLP
no. of
indiv.

AGU ± Spain, Teruel, Sierra de AlbarracõÂn, W of Noguera, Barranco de la PenÄa Aguda, 1400 m,
14 May 2001, LihovaÂ & Nieto Feliner

1

ALF ± Spain, Guadalajara, Sierra de AlbarracõÂn, SW of Alustante, Fuente de los Valles, 1500 m,
14 May 2001, LihovaÂ & Nieto Feliner

1

HOZ ± Spain, Guadalajara, Sierra de AlbarracõÂn, S of Orea, Hoz Seca, 1500 m, 14 May 2001,
LihovaÂ & Nieto Feliner

2

Cardamine crassifolia
NU ± Spain, Gerona, E Pyrenees, NuÂria, 2100 m, 1996, Franzke AF265180* ±

AF265200*
HO ± Spain, Gerona, E Pyrenees, Setcases, Pla dels Hospitalets, 1750 m, 23 Aug. 1996,
Marhold & Vicens

AF265674*
AF265680*

±

NU1 ± Spain, E Pyrenees, NuÂria valley, torrent de Noufonts, 2000 m, 27 June 2001, LihovaÂ 2
NU3 ± Spain, E Pyrenees, NuÂria valley, torrent de Noufonts, 2200±2300 m, 27 June 2001, LihovaÂ 2
NU4 ± Spain, E Pyrenees, NuÂria valley, torrent de Fontalba, 2100 m, 28 June 2001, LihovaÂ 1
NU5 ± Spain, E Pyrenees, NuÂria valley, torrent de Finestreles, 2200 m, 28 June 2001, LihovaÂ 1
RMC ± Spain, E Pyrenees, east of NuÂria valley, Refugi Manelic, 2000 m, 30 June 2001, LihovaÂ 1
MRG1 ± Spain, E Pyrenees, N of Meranges, Estany de Malmiu, 2260 m, 1 July 2001, LihovaÂ 2
MRG4 ± Spain, E Pyrenees, NW of Meranges, Riu Duran, near Refugi J. Folchi Girona, 2320 m,
2 July 2001, LihovaÂ

1

Cardamine granulosa
POM ± Italy, Piemont, Giaveno, Pomeri, 17 May 2002, LihovaÂ et al. AY245997 2

AY246027
FRA ± Italy, Piemont, San Francesco su Avigliana, 620 m, 17 May 2002, LihovaÂ et al. AY245983 2

AY246013
Cardamine apennina

LG ± Italy, Abruzzo, Lago di Campotosto, Le Serre, 1340 m, 27 April 2001, LihovaÂ et al. 2
QS ± Italy, Toscana, StaÂffoli, 8 m, 26 April 2001, LihovaÂ et al. AY245978 2

AY246008
PAS ± Italy, Abruzzo, Gran Sasso, Sorgenti del Vomano, Passo delle Capannelle, 1257 m,
27 April 2001, LihovaÂ et al.

AY245993
AY246023

2

VO ± Italy, Abruzzo, Gran Sasso, Voltigno, under Mt. Fiore, 1360 m, 27 April 2001, LihovaÂ et al. AY245984 ±
AY246014

Cardamine penzesii
JP ± Bulgaria, Black Sea cost, N of the road Yasna Polyana ± Primorsko, approx. 6 km of
Yasna Polyana, 50 m, 21 April 1996, Anchev & Marhold

AF265182*
AF265202*

±

VE ± Bulgaria, Black Sea cost, Natural Park Strandzha, Sinemorets, ¯ood-plain forest near the
Veleka river, 21 April 1997, Marhold & Vassilev

AF265675*
AF265681*

±

Cardamine rivularis
VA ± Romania, Mtii FaÄgaÄrasËului, Valea ArpasËului, 1800 m, 8 July 1989, Marhold AF077981³ ±

AF077982³

Outgroups
Cardamine debilis AY047614²

AY047625²

Cardamine corymbosa AY047613²

AY047624²

Sequences obtained by *Franzke and Hurka (2000); ²Bleeker et al. (2002); ³Franzke et al. (1998) are marked.
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RESULTS

ITS sequence analysis

The ITS1 and ITS2 alignment of 38 sequences of the
analysed Cardamine taxa (including two outgroup species)
was 458 bp in length (269 bp for ITS1, 189 bp for ITS2).
Nucleotide substitutions were found at 83 sites, out of which
52 were potentially phylogenetically informative and 31
autapomorphic. Parsimony analysis of the informative
characters resulted in 46 742 most-parsimonious trees of
99 steps in length. The consistency index (CI) was 0´92
(0´88 excluding autapomorphies) and the retention index
0´97. The large number of equally parsimonious trees was
caused mainly by within-individual polymorphisms de-
tected in some taxa. The strict consensus tree and one of the
most-parsimonious (fundamental) trees indicating the
number of substitutions supporting each clade, based on
46 742 trees from the ®rst analysis (with 100 replicates), are
depicted in Figs 1 and 2, respectively, the former including
the bootstrap values. A heuristic search with 1000 replicates
and a limit of 1000 trees saved per replicate resulted in
46 266 most-parsimonious trees of the same length, CI and
RI as in the above-mentioned search with 100 replicates.
The strict consensus tree based on 46 266 trees from the
second analysis (not shown) was of the same topology as
that shown in Fig. 1, with only negligible differences in
bootstrap values.

Two main well-supported clades were resolved in the ITS
strict consensus tree: one formed by the C. amara group, i.e.
including four diploid subspecies of the species C. amara,
and C. wiedemanniana, and the other composed of members
of the C. pratensis group, Balkan C. acris and Caucasian
C. tenera, C. seidlitziana and C. uliginosa (C. tenera group).
Resolution within both clades was low, with large
polytomies formed by a few small subclades and single
terminals (Fig. 1). Within the C. amara clade, only six
synapomorphies were recorded for C. wiedemanniana and a
single synapomorphy was shared by two samples of
C. amara subsp. balcanica. Within the second main clade
more nucleotide variation was found, but con¯icting
topologies of fundamental trees collapsed into the polytomy
in the strict consensus tree. Only six subclades were found
in this polytomy (Fig. 1). Two Balkan taxa, C. rivularis and
C. penzesii, shared one synapomorphy, and two Iberian
diploids, C. crassifolia and C. castellana, shared four
synapomorphies (Fig. 2). The other four clades were each
formed by samples belonging to one taxon. The placement
of two samples of northern Italian C. granulosa in a
subclade distinct from that of central Italian plants
(C. apennina), previously also ascribed to the same species,
is noteworthy. Relatively high levels of nucleotide diversity
were observed in the Caucasian species, C. uliginosa and
C. tenera, each represented by three plants from geo-
graphically distant locations. Much higher numbers of
within-individual polymorphisms were found in these
samples when compared with other taxa, and the distribu-
tion of substitutions did not correspond to taxon assignment
(Table 2). No synapomorphies were recorded for either of
these species.

AFLP analyses

The neighbour-joining tree (Fig. 3) is composed of two
main well-supported clusters. As in the ITS-based tree, one
of the clusters comprises taxa of the C. amara group and the
other is formed by taxa of the C. pratensis group, C. acris
and three Caucasian diploids (the C. tenera group). Within
the former cluster, the highest bootstrap support was
received by the subcluster composed of C. wiedemanniana
(100 %). With the exception of the typical subspecies, the
other subspecies of C. amara were each placed in corres-
ponding subclusters with bootstrap values higher than 75 %.
Clustering among them was only weakly to moderately
supported, indicating a possible close af®nity between
C. amara subsp. pyrenaea and subsp. opicii (only 64 %
bootstrap). Within the second main cluster, C. tenera,
C. uliginosa and C. seidlitziana were placed in a single
weakly supported subcluster (51 %), but further clustering
was not consistent with the three morphologically separated
taxa. Although the diploids of the C. pratensis group and
C. acris formed two separate subclusters, both had bootstrap
support < 50 %. Among these taxa, a closer relationship is
suggested for Iberian species C. crassifolia and C. castellana
(94 % bootstrap), but no other well-supported higher-level
groupings of the subclusters consisting of single species of
the C. pratensis group were revealed. For the C. acris
cluster higher bootstrap values were observed only in
branches close to the terminals.

AFLP ®ngerprinting produced 358 well-scorable
informative bands, with an average number of 43´75
bands per individual. Despite the uneven sampling of
individual taxa, and apparent association between number
of individuals and total number of bands scored per taxon,
certain differences can be seen among the taxa analysed,
e.g. in average numbers of bands per individual, and
numbers of unique and diagnostic bands (Table 3A). The
average number of bands per individual ranged in most taxa
from 40 to 50, but was only 34 in C. tenera and almost 52 in
C. amara subsp. balcanica. The highest number of unique
bands (those present in at least one sample of a given taxon,
but not in other taxa) was found in C. acris, here represented
by the largest number of samples (16) and total number of
bands (113), but no diagnostic bands (those restricted to the
given taxon, found in all its individuals) were recorded.
The highest number of diagnostic bands was found in
C. wiedemanniana, C. crassifolia, C. granulosa (four bands
in each) and C. apennina (three bands). AFLP-band sharing
in particular taxon groupings is shown in Table 3B. The
highest number of bands shared exclusively by taxa of a
group was recorded in the C. amara group. A lower number
of shared bands was found in the C. pratensis group, but this
number increased if C. acris from the C. tenera group was
included, as there were several bands in common between
C. acris and taxa of the C. pratensis group. On the other
hand, low support, if any, is given to the C. tenera
group (including C. acris, C. tenera, C. uliginosa and
C. seidlitziana). After excluding C. acris, the remaining
grouping of three Caucasian taxa is much better supported
(13 exclusively shared bands, out of which one was present
in all samples; see Table 3B).

Marhold et al. Ð ITS and AFLP Analysis of Diploid Cardamine 513



DISCUSSION

Both AFLP and ITS data presented here are congruent in
resolving two main lineages within the diploid Cardamine
taxa studied. The monophyly of the C. amara group at the
diploid level, is well supported, including four diploid
subspecies of C. amara and C. wiedemanniana, a diploid
distributed in the western Transcaucasia and Turkey. The
close association of C. wiedemanniana with the Eurasian
species C. amara was ®rst proposed by Spasskaya (1978)
who treated both as subsection Amarae Spasskaja of section
Cardamine. Although the morphology of C. wiedemanniana
has not been comparatively studied in more detail, the
overall morphological resemblance of these two species
favours their af®nities, as supported also by AFLP analyses
in our recent study of all taxa of the C. amara group,
including also tetraploids (LihovaÂ et al., 2004a). In the
much broader sampling analysed here, C. wiedemanniana
is closely allied to C. amara (Fig. 3), and additional
evidence is provided by ITS sequences. Given the overall
low ITS nucleotide variation observed in the group, the

six synapomorphies shared by the two accessions of
C. wiedemanniana (Fig. 2) indicate its clear differentiation
from the subspecies of C. amara. Except for two accessions
(out of three analysed) of C. amara subsp. balcanica sharing
a single nucleotide substitution, the ITS sequences provided
no further resolution within the C. amara group. The AFLP
data provided more information in this respect; besides
clustering together samples belonging to the same sub-
species (except subsp. amara), they also indicate relation-
ships among the subspecies (although support for such
indications is not high; Fig. 3). The typical subspecies
appears to be less homogeneous than the other subspecies, a
®nding also obtained from isozyme analyses of the C. amara
group (Marhold et al., 2002a). This might be attributable to
its wide distribution area, in contrast to the restricted ranges
of the other subspecies.

Neither AFLP nor ITS data support current taxonomic
separation of remaining diploid taxa into two groups,
C. pratensis and C. tenera. They were all placed in a single
clade/cluster with poorly resolved relationships among the
taxa and no evidence for the monophyly of either of the two

F I G . 1. Strict consensus tree of ITS1 and ITS2 data. Bootstrap values above 50 % are shown. For sample codes see Table 1.
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groups (Fig. 1). Especially in the traditionally recognized
C. pratensis group (see LoÈvkvist, 1956; Urbanska-
Worytkiewicz and Landolt, 1974; Marhold, 1993, 1994;
Franzke and Hurka, 2000), such a pattern was not expected.
We hypothesize that the pattern shown may result from
ancient hybridization and introgression among the taxa
(even at diploid level) that might obscure genetic differen-
tiation between the groups. Alternative explanations may be
that there is retained polymorphism (in ITS data) or that

neither group is monophyletic, but together they form a
single group with a common ancestor.

Three hierarchical patterns within this large grouping
(C. pratensis and C. tenera groups) received some support:
C. rivularis and C. penzesii from the Balkans (ITS data,
Fig. 1), C. crassifolia and C. castellana from the Iberian
Peninsula (both ITS and AFLP data, Figs 1 and 3), and three
Caucasian taxa C. tenera, C. seidlitziana and C. uliginosa
(AFLP data, Fig. 3 and Table 2). Associations between the

F I G . 2. One of the most-parsimonious trees of ITS1 and ITS2 data. Numbers above branches indicate number of mutational steps. For sample codes
see Table 1.
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two species pairs (C. rivularis + C. penzesii and
C. crassifolia + C. castellana) were also shown in the
previous study by Franzke and Hurka (2000) who examined
evolutionary and biogeographic history of the C. pratensis
group. On the basis of pronounced genetic differentiation,
C. rivularis and C. penzesii were considered to form a
`basal' lineage of this group. Populations of C. castellana
were classi®ed by them as C. crassifolia, following
previous, widely accepted taxonomic treatments (see, for
example, Rico, 1993; Jalas and Suominen, 1994). However,
in our recent study we argue that C. crassifolia is a Pyrenean
endemic, whereas populations from central Iberian moun-
tains represent a different entity, which we classify as a
separate species, C. castellana (LihovaÂ et al., 2003). Such a
conclusion is supported also here; although both taxa are
undoubtedly related to each other, they represent two well-
differentiated lineages.

Confusing patterns of molecular variation found in
Caucasian taxa C. tenera and C. uliginosa are worthy of
discussion. These two species can be easily distinguished
morphologically from each other, e.g. by the presence of
long leafy stolons, a much larger terminal lea¯et and lower
number of lateral lea¯ets in C. tenera. In addition, they
occur allopatrically and are ecologically differentiated:
C. tenera is found at lower elevations to sub-montane
deciduous wet forests in Crimea and the Western Greater
Caucasus and in a second isolated area in the Talysh
Mountains in Azerbaijan. Cardamine uliginosa is a mainly
alpine or sub-alpine species distributed from Asia Minor
across the Caucasus to Iraq and Iran. It grows mainly on
sunny, wet alpine meadows and along streams. The
presence of several polymorphic sites within and between
sequences of both species indicates co-occurrence of
paralogous ITS copies. Although the ITS repeat units are
usually considered to be rapidly homogenized by concerted
evolution (Baldwin et al., 1995; Franzke and Mummenhoff,
1999; Graur and Li, 1999), as has been shown experimen-
tally (e.g. Fuertes Aguilar et al., 1999), there are also an
increasing number of studies suggesting the occurrence of
intraspeci®c and intra-individual ITS polymorphism. This
has often been attributed to interspeci®c hybridization and
polyploidy, as a result of combining sequences contributed
by parental genomes (Sang et al., 1995; Hodkinson et al.,

2002; Hughes et al., 2002; Fuertes Aguilar and Nieto
Feliner, 2003; Koch et al., 2003). Given the geographic and
habitat separation between C. tenera and C. uliginosa, gene-
¯ow between them can hardly be expected to occur at
present. The most likely explanation for the pattern found is
that they have come into contact in the past and hybridized.
In several phylogeographic studies evidence for glacial-
induced migrations has been provided (Comes and Kadereit,
1998; Taberlet et al., 1998), and most recently it was
demonstrated that, especially in southern European regions,
distribution changes did not necessarily take place in large
geographical areas, but may have been restricted to
altitudinal shifts in a single mountain range (GutieÂrrez
Larena et al., 2002). Populations previously (and also
currently) isolated may have met as they ascended and
descended mountain slopes. We assume that such processes
also occurred within the Caucasian area and could have
resulted in the patterns observed in C. tenera and
C. uliginosa. Another possibility, which cannot be excluded,
is that the present pattern is a result of retained ancestral
polymorphism due to recent isolation or speciation.
However, this alternative scenario appears less probable,
taking into account the same pattern (lack of support for
either C. tenera or C. uliginosa) observed in the AFLP data
(Fig. 3), derived from multiple loci across the genome,
rather than from a single sequence. In any case, it seems that
concerted evolution failed to homogenize the ITS repeat
units in these taxa, in contrast to the case of C. 3insueta
Urbanska and C. schulzii Urbanska reported by Franzke and
Mummenhoff (1999).

Another Caucasian diploid from the C. tenera group,
C. seidlitziana, occurs in western Transcaucasia and differs
from C. tenera in the absence of stolons at the base of
ascending stem and more stem leaves, and from C. uliginosa
by a lower number of lateral lea¯ets on stem leaves.
Although only a single plant was examined here, it showed
little af®nity with C. acris, with which it was considered
conspeci®c (see Introduction; Khatri, 1988). Rather, a closer
position to C. uliginosa is indicated.

From the results presented in this study, we summarize
the following:

Both molecular markers used showed congruence in
arrangement of the taxa into two major clades/clusters.

TABLE 2. Nucleotide site variation in the ITS1 and ITS2 regions in the Caucasian diploids Cardamine tenera, C. uliginosa
and C. seidlitziana

Taxon/position 23. 50. 56. 73. 82. 87. 116. 132. 202. 219. 244. 293. 300. 315. 335. 363. 424. 432. 456.

tenera/KS T T G/T A C G C C/T A C C/T T G/T G C/T C/T C A C
tenera/GK T T G/T A C G C C A C/T C T T G C C/T C A C
tenera/TAL C/T A G A C G C C A C C T A G C C T A C
uliginosa/KPU T A/T G A/G C G C C/T A/T C C T G G C C T A C
uliginosa/TUR T T G A C/T G C T A C/T C T G G C T C A C/T
uliginosa/KHR1 T A/T G A C A/G C/T C/T A C C T G G C C/T C A C
seidlitziana T T G A C G C T A C C A G A C C C T C
Other taxa T A, T G, A A C, T G C C, T A C, T C T G G C C C, T, A T, A C

Two nucleotides at the same position refer to single-site polymorphisms within individuals.
Numbers refer to the positions in the aligned matrix.
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F I G . 3. Neighbour-joining tree of AFLP data. Bootstrap values above 50 % are shown. For sample codes see Table 1.
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AFLP as a ®ngerprinting method provided higher reso-
lution, but additional clusters, not found in the ITS
phylogenetic tree, received only weak support.

Cardamine amara is a well-supported monophyletic
group (at least at the diploid level), but low levels of ITS
variation preclude exploration of subspeci®c differentiation
within this species.

Due to the lack of supported hierarchical structure within
the second main lineage, monophyletic origins of the
C. tenera group or the diploid taxa from the C. pratensis
group could not be supported nor rejected. A predominance
of reticulate vs. divergent evolutionary history might have
brought about the pattern observed. The question arises
whether standard phylogenetic analyses, even when using a
combination of markers, can adequately reconstruct rela-
tionships among the closely related species and subspecies
studied here.

The present study has several implications for further
investigation of polyploid complexes of C. amara,
C. pratensis and C. raphanifolia. Care is required in
interpretation of results derived from studies restricted to
only one of these complexes. When tracing origins of
polyploid taxa, a much more complex scenario should be

expected, taking into account all relatives as potential
parents, irrespective of the group in which they are
classi®ed.
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