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We investigated variation in the Melampyrum sylvaticum group in the Carpathian and Hercynian re-
gions using morphological and molecular tools. The aim of our study was to examine differences in
the pattern of variation between the Eastern Carpathians and region of the Western Carpathians and
the Hercynian Massif. We also tested correlations between putatively taxonomically important vari-
ation in corolla colour present in the Melampyrum sylvaticum group in the Eastern Carpathian re-
gion and other morphological and molecular traits. Samples were collected from populations of the
M. sylvaticum group in the Hercynian Massif and the Eastern and Western Carpathians.
Morphometric analyses of the size and shape of the corolla (based on thin plate spline with sliding
semilandmarks), length of the anthers and especially molecular analyses based on sequencing the
nuclear ITS and trnL-trnT regions of chloroplast DNA, confirmed that the populations occurring on
the opposite sides of the Eastern-Western Carpathian biogeographic boundary are very different. It
is likely that the eastern and western lineages have been isolated for a long time and the extant pat-
tern of variation with character disagreement within the border zone, originated from hybridization
and introgression. The differences in corolla colour did not coincide with the variation in morpho-
logical traits or molecular markers within the North-Eastern Carpathian region. In addition, the geo-
graphical distribution of the populations with contrasting corolla colours lacked any pattern and
there are populations with both corolla colours as well as plants with transitional pale-yellow flow-
ers. Therefore, it is suggested that M. saxosum and M. herbichii, microspecies delimited on the basis
of corolla colour, are conspecific. The high level of molecular variation and its pattern indicate that
the M. sylvaticum group may have survived in or near the Eastern Carpathians during the
Weichselian Ice Age. This hypothesis is supported by several recent phytogeographical and palaeo-
ecological studies, which indicate the existence of a glacial refuge in the Eastern Carpathian region.
Molecular uniformity of the Western Carpathian and Hercynian populations might in contrast indi-
cate recent (Holocene) migration from assumed perialpine refuges.

Keywords: Carpathians, geometric morphometrics, haplotype lineage, Melampyrum, molecu-
lar variation, phylogeography, refuge

Introduction

The hemiparasitic genus Melampyrum (Orobanchaceae) is an important part of the Euro-
pean flora and is most diverse in the Balkan Peninsula followed by Caucasus and temper-
ate Europe (Meusel et al. 1978). Melampyrum originated probably in the Mid Tertiary
(Wolfe et al. 2005), evolved a number of species a few of which migrated outside Europe
and the Caucasus and constituted taxa that do not occur in Europe (e.g., Melampyrum
roseum and a few related species in E Asia, M. lineare in E North America; Sod
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1926-1927, Stech 1998). Having survived the Quaternary climatic cycles, temperate spe-
cies of Melampyrum maintained a high diversity, unlike most of the European Tertiary
flora (Lozek 1973, Lang 1994). Their diversity might have even increased as a result of
isolated evolution in glacial refuges.

The genus Melampyrum is still actively speciating, which has resulted in the evolution of
several complexes of closely related microspecies that are hardly distinguishable from each
other, of which the M. nemorosum and M. sylvaticum groups are good examples. The origin
and distribution pattern of individual microspecies are supposed to have been predominantly
affected by the migration of populations, their isolation and subsequent coming into contact
in the late Pleistocene and Holocene (Wesselingh & van Groenendael 2005).

The M. sylvaticum group is a widespread element of the European montane and subal-
pine flora. Its geographical range covers mountain ranges from W Europe (the Pyrenees,
Scottish Highlands; Dalrymple 2007) to the Urals and lowlands in the boreal zone (Meusel
etal. 1978). Forming large populations, it is relatively common in most of its range. None-
theless, it is sometimes considered rare or even endangered in countries near its geograph-
ical boundary, e.g. in Britain (Dalrymple 2007).

Three taxa are usually distinguished at the species level in the M. sylvaticum group,
based on anther length, corolla size and colour. Melampyrum sylvaticum L. s. str. defined
by short anthers and a small yellow corolla (see So6 & Webb 1972 or T&Sitel & Stech 2007
for the exact range of values) is the most widespread type, believed to grow across the en-
tire range of the group (Meusel et al. 1978). Although certain levels of variability in
M. sylvaticum s. str. are reported from the Alps (e.g., Ronniger 1911, So6 1926-1927)
there are currently no other species level taxa in this group (So6 & Webb 1972). Long an-
thers and long (large) corolla characterize M. herbichii Wot. and M. saxosum Baumg.,
which differ from each other only in their corolla colour, being yellow and white, respec-
tively. Beside being similar in terms of morphology, the center of the geographical distri-
bution of the latter two species is in the Eastern Carpathians (So6 19261927, Jasiewicz
1958, Pauca & Nyarady 1960, So6 & Webb 1972) and they are also often reported from
the Southern Carpathians (Paucd & Nyéarady 1960, So6 & Webb 1972). The taxonomic
concept of the group is complicated by populations exhibiting diagnostic traits that are in-
termediate between those of M. sylvaticum s. str. and the Eastern Carpathian species.
These are frequent in the Western Carpathians and eastern part of the Hercynian Massif,
where there is a large zone of morphologically transitional types (Jasiewicz 1958, Stech &
Dréabkova 2005, T&Sitel & Stech 2007). Nonetheless, it is not clear whether this morphologi-
cal similarity reflects genetic similarity with the Eastern Carpathian populations, which has
resulted from gene flow across the boundary between the Eastern and Western Carpathians.
An alternative hypothesis is that the similarity in morphological features resulted from con-
vergent evolution under similar ecological conditions in both mountain ranges.

The main objective of this study was to evaluate the pattern of variation in the M. sylvaticum
group across the Hercynian Massif and the Eastern and Western Carpathians using molecular
markers and modern morphological methods. We asked the following questions: (i)What is
the relationship between populations occurring on the opposite sides of the biogeographical
boundary between the Eastern and Western Carpathians? Are they closely related or do they
present two distinct lineages within the complex? (ii) Can we detect gene flow between the
two Carpathian massifs? (iii) Do the Eastern Carpathian populations display any morphologi-
cal or genetic variation (in non-coding loci) associated with the two corolla colour forms?
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Material and methods
Material

The present study is based on plant material from 31 populations (596 individual speci-
mens) of the M. sylvaticum group collected from the Eastern and Western Carpathian re-
gion and Hercynian Massif (Table 1, Fig. 1). Up to 31 plants were sampled from each pop-
ulation and used in the morphometric analysis of all the specimens collected (596 plants).
The corolla of one flower per plant was put into an Eppendorf-tube filled with concen-
trated (96%) ethanol (denatured) and stored for digitalization. Several leaves or bracts
from up to three plants per population were desiccated using silica-gel and kept at —20°C
for DNA extraction (in total, 72 specimens were analyzed using molecular tools). The
other parts of each plant were processed as a standard herbarium voucher and are in the
herbarium of the Faculty of Science, University of South Bohemia (CBFS).

Some of the samples used in the present investigation were originally collected for
a previous study of variation in the M. sylvaticum group (T&Sitel & Stech 2007). Unfortu-
nately, this material was destroyed during processing for the previous analysis and, there-
fore, not available for the current morphometric analyses. Nonetheless, those samples are
a valuable source of material for the molecular part of this study (Table 1). These popula-
tions were chosen so as to represent all the mountain ranges from where the samples for
our previous study originated (T&itel & Stech 2007).

Digitalization and morphometric analysis

Thin plate spline method with sliding semilandmarks (Bookstein 1997, Zelditsch et al.
2004) was employed to analyze corolla shape. This is an efficient way of describing the
outline of an object, in particular the edges (presence of which causes difficulties when
outline-based methods are used) and has been used in a number of studies on the variation
in shape of biological objects (e.g., Neustupa & Hoda¢ 2005, Macholan 2006). Prelimi-
nary trials clearly showed that this method is superior to the traditional distance-based
morphometrics previously used (Stech & Drabkova 2005, Tésitel & Stech 2007). The
semilandmarks managed to capture e.g., variation in the corolla curvature, an important
diagnostic character completely overlooked by the conventional approach based on a se-
ries of linear measurements of corolla shape (see T&Sitel & Stech 2007).

The corollas kept in ethanol were flattened and scanned at 1200 dpi using CanoScan
4200 (Canon Inc., Tokyo). The images were saved as RGB colour images in JPG format
(low compression). Twenty-seven landmarks were digitized on the outline of each corolla
(Fig. 2a), using version 2.05 of tpsDig software (Rohlf 2006). The images were ordered
randomly before performing the landmark digitization, which should minimize subjective
bias caused by potential similar misplacement of some landmarks in successive images.
Twenty-five landmarks were defined as semilandmarks allowing them to slide along the
abscissa between their neighbours during the superimposition. Although landmarks 11,
12 and 21 seem to be well defined in two dimensional space (Fig. 2a), we decided to use
them as semilandmarks. True landmarks have a slightly higher influence on the analysis
than semilandmarks (Zelditsch et al. 2004), which is undesirable in the case of these
points. Their position is strongly affected by bending of the lower corolla lip, which occurs
when the three dimensional corolla is flattened, and the curvature of the corolla base,
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Fig. 1. — Map of the Melampyrum sylvaticum group localities included in this study. A magnified view of the sur-
roundings of the town of Vatra Dornei is provided as many samples were collected in this area. Populations dis-
played by A were sampled in our previous study (T&Sitel & Stech 2007) and those depicted by A were sampled in
this study. Borders of the following Central and Eastern European countries are shown: CZE — Czech Republic,
AUT - Austria, SVK — Slovakia, POL — Poland, UKR — The Ukraine, ROM — Romania, HUN — Hungary.

which is more or less stochastic and potentially connected to the phenological stage of in-
dividual flowers. Nonetheless, there was no apparent difference in the results when we
performed a reference analysis in which these points were true landmarks.

Individual landmark constellations were aligned using the Procrustes superimposition
(Zelditsch et al. 2004) in tpsRelw, version 1.42 (Rohlf 2005). A maximum of 10 iterations was
allowed in the superimposition procedure aiming to minimize the bending energy among the
shapes. Resulting scatter of superimposed landmarks can be seen in Fig. 2b. Relative warp
analysis (RWA, Rohlf 1993) was subsequently performed with the parameter ot set to O (result-
ing in shape principal component analysis) using tpsRelw, version 1.42 software (Rohlf 2005).
Centroid size (i.e., sum of distances between individual landmarks and the central point de-
fined as the hypothetical center of gravity) was extracted during the superimposition proce-
dure and employed in subsequent analyses as a measure of size independent of shape.

Anther length was measured in individual flowers in addition to the acquisition of co-
rolla shape and size data. The measurements were done under a dissection microscope.
The metering accuracy was 0.05 mm.
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Fig. 2. — (a) Position of landmarks on flattened corolla. Landmarks are marked by boxes, semilandmarks by cir-
cles. (b) Scatter plot of superimposed specimens.

DNA sequencing

DNA was extracted from dried leaf tissue using a commercial Invitek Plant Extraction Kit
(Invitrogen) and following the standard protocol provided by the manufacturer. Polymer-
ase chain reaction (PCR) performed on a Biometra T3000 thermal cycler was employed to
amplify the trnL-trnT region of chloroplast DNA and the ITS1, 5.8S and ITS2 region of ri-
bosomal DNA under the following conditions. PCR was performed in a total volume of 25
ul consisting of 1X PCR Buffer, 200 uM each of dNTPs, 1.25U Taq DNA polymerase
(TopBio), 1 ul DNA template solution and 7.5 pmol of each of the primers #rnL
(5’-GAGATTTTGAGTCTCGCGTGTC-3%; primer d in Taberlet et al. 1991), trnT2F
(5’-CAAATGCGATGCTCTAACCT-3; Cronn et al. 2002) for cpDNA amplification, or
plant-specific ITSIP (5°-CTTTATCATTTAGAGGAAGGAAG-3°; Selosse et al. 2002)
and ITS4 (5°-TCCTCCGCTTATTGATATGC-3*; White et al. 1990) for ITS. The amplifi-
cation profile for cpDNA consisted of denaturation at 95°C (300 s), 30 cycles of denatur-
ation at 95°C (60 s), annealing at 62°C (90 s), extension at 72°C (90 s) and final extension
at 72°C (600 s). The amplification profile for ITS consisted of denaturation at 95°C (300
8), 32 cycles of denaturation at 95°C (60 s), annealing at 52°C (90 s), extension at 72°C (90
s) and final extension at 72°C (600 s). The PCR products were subsequently purified using
JetQuick PCR Purification Kit (Genomed). Sequencing reaction was performed using
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) in the Sequencing
Centre of the University of South Bohemia.

The sequencing procedure resulted in unambiguous data for both loci. The nucleotide 583
in the ITS alignment was the only exception, oscillating erratically between C and T. It was
treated as an ambiguous base Y in all specimens, which set its influence in any analysis to zero.
The ITS data otherwise displayed complete concerted evolution (see e.g., Alvarez & Wendel
2003 for explanation) and were directly used in sequence grouping for haplotype definition.
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Data analysis

We employed standard statistical techniques for detecting variability in morphological
characters. The axes constructed by the relative warp analysis (RWA) are suitable for di-
rect visualization by ordination plots as this method is identical with a principal compo-
nent analysis (PCA), if an appropriate parameter setting is applied. Proportions of
within-population variation were calculated using an expected mean square procedure
(EMS; Quinn & Keough 2002). Indicators of populations were regarded as random-effect
predictors in the calculation. Differences in the quantitative morphometric traits among
populations displaying different corolla colours were analyzed only within the
North-Eastern Carpathian region due to lack of morphological data for the Western
Carpathian populations and the uniformity of the South-Eastern Carpathian populations.
An analysis of variance (ANOVA) and a redundancy analysis (RDA) based on the relative
warp scores were used to test the relationship between corolla colour and univariate
morphometric characters, and corolla shape. Based on the population means or mean rela-
tive warp scores of populations (corolla shape), these tests treated populations as inde-
pendent observations. Corolla colour entered this analysis as a predictor defined as a bi-
nary-coded two variable matrix (describing presence of yellow/white colour in the popula-
tion); hence populations of mixed or transitional colours received 1 for both predictor
variables.

We used Statistica for Windows, version 6.0 (StatSoft 2001) for basic statistical proce-
dures, graphical visualization of data and calculation of EMS for univariate variables.
Package R, version 2.3.1 (R Development Core Team 2006) was employed for ANOVA
calculations. Canoco for Windows, version 4.53 (ter Braak & Smilauer 2002) was used for
the multivariate statistics and for an extraction of sum of squares from the relative warps,
which served as a basis for subsequent manual calculation of EMS using a formula in
Quinn & Keough (2002). A PCA based on consensual landmark configurations was com-
puted in PAST package, version 1.67 (Hammer et al. 2001) using a singular value decom-
position algorithm (which improved the PCA stability when more variables than samples
were present in the analysis).

Sequences of each of the analyzed loci were aligned using Clustal W (Thomson et al.
1994) and the alignment was subsequently improved manually. Identical sequences were
grouped to define haplotypes. Phylogenetic network of nuclear and chloroplast
haplotypes was constructed by means of statistical parsimony (Posada & Crandall 2001)
using software package TCS, version 1.21 (Clement et al. 2000). Indels were treated as in-
dependent binary characters (coded as A for absence and C for presence as TCS does not
support 0/1 coding). Individual gap positions were treated as missing data.

Results
Continuous morphometric characters

Within-population variation accounted for 50.3% of the variation in the shape of the co-
rolla, 32.9% of that of the corolla centroid size and 23.8% of anther length (inferred from
EMS analyses). Variation in all analyzed traits displayed continual patterns, which were
more or less congruent with each other.
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Fig. 3. — RWA ordination plot based on variation in corolla shape of individual plants. Points representing the
specimens are classified according to the geographical distribution of the populations. Mean corolla shape and the
shape changes associated with the first two principal warps are depicted (shapes corresponding to 2 SD posi-
tions are displayed on each axis).

Classification of individual specimens (Fig. 3) or populations (Fig. 4) in the relative
warp ordination plots revealed that plants growing in different geographical regions tend
to concentrate in certain parts of the ordination space. Most of the specimens (and all when
the consensual corolla shapes within populations are considered) from the North-Eastern
Carpathians (north of the southern slopes of the Caliman Mts and Ceahlau Massif) occupy
the left side of the first ordination axis, and tend to have a concave shaped shorter corolla
with a slightly more prominent lower lip. Differing mainly in the convex shape of their co-
rolla, the Western Carpathian and Hercynian plants (populations) are generally located on
the opposite side of this gradient. Three populations in the South-Eastern Carpathians
(south of the northern limit of the Harghita Mts) differ from both of these groups, espe-
cially those in the geographically proximate North-Eastern Carpathians. Featuring very
long and strongly convexly curved corollas, these plants appear similar to some extreme
specimens from the Western Carpathian — Hercynian region.

The plot of variation in univariate morphometric characters showed similar opposite
tendencies in samples from North-Eastern Carpathians versus Hercynian and Western
Carpathian populations (Fig. 5). The former group has longer anthers and larger corollas
than the latter group. The three populations in the southern part of the Eastern Carpathians
differ in that their corollas are very large but anther length is variable, as one population
has long and the other two rather short anthers, similar to the Hercynian specimens.
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Fig. 6. — (a) The most parsimonous phylogenetic network of the cpDNA haplotypes of the Melampyrum
sylvaticum group detected in the populations studied. Size of boxes is proportional to the number of plant speci-
mens in which individual haplotypes were detected. Small circles symbolize missing haplotypes. Corolla colour
trait is mapped onto the network: haplotypes of populations with only yellow-coloured flowers B, haplotypes of
populations with only white-coloured flowers O, haplotypes of populations with flowers of both colour types or
mixed corolla colour . (b) Map displaying the distribution of the cpDNA haplotype lineages of the Melampyrum
sylvaticum group in the populations studied.

Variation revealed by molecular markers

Both loci analyzed were variable enough to provide valuable information on the relation-
ships among the populations. Ten haplotypes were detected in the trnL-trnT region of
cpDNA (Table 2). Most of them in two haplotype lineages (a, b), which differed in two rel-
atively large indel mutations (Table 2, Fig. 6a). Within each of these lineages there is a ba-
sic and widespread haplotype (haplotypes a and b) from which other generally much less
frequent haplotypes were derived (these are marked by numbers) by both indel and point
substitutions. Haplotype ¢ could not be assigned to either of the large lineages and formed
an independent group characterized by a unique indel combination, which positioned it
between haplotype groups a and b. Lineage a was found in the whole Eastern Carpathian
region including the Bukovské vrchy Mts (Fig. 6b), with its basic haplotype present in
most of the specimens and populations (Table 1, Fig 6a). The derived haplotypes were ei-
ther characteristic of small populations or only found in one population, resulting in com-
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Fig. 7. — (a) The most parsimonous phylogenetic network of the ITS haplotypes of the Melampyrum sylvaticum
group detected in the populations studied. Size of boxes is proportional to the number of plant specimens in which
individual haplotypes were detected. Small circles symbolize missing haplotypes. Corolla colour trait is mapped
onto the network: haplotypes of populations with only yellow-coloured flowers B, haplotypes of populations
with only white-coloured flowers O, haplotypes of populations with flowers of both colour types or mixed co-
rolla colour . (b) Map displaying distribution of the ITS haplotype lineages of the Melampyrum sylvaticum
group in the populations studied.

paratively high genetic differentiation among populations. In contrast, within-population
variation was rather low as multiple (two) haplotypes were found only in one population
(Table 1). The Hercynian and Western Carpathian populations are similar in only contain-
ing haplotype b and its variant b1, distinguished by a point substitution present in two pop-
ulations in the southern half of Bohemia (Table 1). Haplotype ¢ was only found in a single
population on Mt Hoverla (Table 1, Fig. 6b).

The ITS haplotypes could be assigned to the two major lineages A and B, which differ
in the number of single base substitutions and two three-base indels (Table 3). The most
parsimonous network describing relationships among individual haplotypes revealed
a very pronounced genetic difference (corresponding to a high number of missing
haplotypes) between these haplotypic groups (Fig. 7a). Occurring at more than one site,
the derived haplotypes were in general not characteristic of individual populations. There
was more than one haplotype in many Eastern-Carpathian populations despite the small
number of specimens analyzed per population (Tables 1, 3). This was particularly pro-
nounced in the three populations in the southern part of the mountain range where almost
no two plants share the same haplotype. Therefore, the genetic pattern is characterized by
low differentiation between populations and high within-population variation, at least in
the Eastern Carpathians where the genetic variability is high enough for such an estima-
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Fig. 8. — Variation in the corolla colour of populations of the Melampyrum sylvaticum group. (a) Variation in co-
rolla colour of the population growing in the Poiand Obcina Micd meadows near Vatra Dornei, Romania. The
plants are ordered from the yellow on the left to the lightest (almost white) specimen on the right. 5 July 2006. (b)
A typical example of a white-flowered plant, Ceahlau Massif, 2 July 2006. (c) An unusual plant with flowers of
different colours at different nodal positions, Poiana Obcina Micd meadows near Vatra Dornei, 5 July 2006. (d) A
mixture of yellow-, white- and pale-yellow-flowered plants growing along the side of the road near Pasul Rotunda
saddle, 8 July 2006. (e) Yellow- and whitish-flowered specimens from Mt Babia hora, Slovakia, 6 July 2008.

tion. The geographical range of lineage A includes most of the Eastern Carpathian sites
except for those occurring near the Eastern-Western Carpathian boundary (Fig. 7b). In
contrast to the cpDNA lineages, lineage B is not restricted to the Hercynian and Western
Carpathian populations but also occurs in the Eastern Carpathians. The valley of the Tisa
River, which crosses the Eastern Carpathians in the Ukraine, appears to be its eastern limit
(Fig. 7b).
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Variation in both molecular markers appears substantially higher in the Eastern
Carpathians than in the western populations, which were found to be almost uniform. In
spite of clear differentiation between the Eastern Carpathian and the western populations
revealed by both molecular markers, the geographical borders of the distributions of the
haplotype lineages do not coincide, resulting in discordance of the phylogeographical pat-
terns. That is, there is a transitional zone on the boundary between the Eastern and Western
Carpathians.

Variation in corolla colour

There were both yellow- and white-flowered plants in the North-Eastern and Western
Carpathian populations of the Melampyrum sylvaticum group (Figs 8a, 8b) but only yel-
low-flowered plants in the populations sampled in the South-Eastern Carpathians and
Hercynian Massif. White-flowered specimens were frequent in the North-Eastern Carpathian
region, where they formed entire populations, but very rare in the Western Carpathians where
only one population was found with yellow, intermediate pale yellow and almost white-flow-
ered specimens on Mt Babia hora (population no. 29, Fig. 8e). The same within-population
pattern in corolla colour was recorded at one North-Eastern Carpathian site near Vatra Dornei
(population no. 7). In the population below the Rotunda saddle in the Suhard Mts (no. 12)
there were plants with intermediate pale-yellow flowers and both extreme corolla colours (Fig.
8d). There was a continuum in corolla colour from white (or almost white in the first two
cases) to yellow (Fig. 8a) in all these populations. Slight differences in colour were rarely ob-
served even among flowers on an individual plant (Fig. 8c).

There were no significant relationships between the variation in corolla colour and an-
ther length (logarithmic transformation; ANOVA, F, o = 2.59, P = 0.226), centroid size
(square-rooted; ANOVA, F, o= 1.73, P=0.124) or corolla shape (RDA, Monte-Carlo per-
mutation test with 999 permutations: F = 2.47, P = 0.146). There was also no apparent
agreement between corolla colour and genetic variation in either of the analyzed loci (Fig.
6a, 7a). Moreover, there were no conspicuous patterns in the geographical distributions of
populations featuring different corolla colours (Fig. 9).

Discussion
Differentiation and gene flow on the border between the Eastern and Western Carpathians

Our analyses revealed solid and in general concordant phylogeographical patterns in vari-
ability in all continuous morphometric characters and both molecular markers. The differ-
entiation between the Eastern Carpathian and western populations suggested by previous
studies (e.g., Jasiewicz 1958, T&itel & Stech 2007) is clearly supported by two distinct
lineages within the Melampyrum sylvaticum group in our data. The differences delimiting
the Eastern and Western Carpathian populations were especially pronounced in the ITS
sequences and in congruent patterns in variation of several morphological characters (de-
spite continual nature of their variation and overlaps). The marked differences in the west-
ern (B) and eastern (A) ITS haplotype lineages is good evidence that the Eastern
Carpathian and western types were isolated from one another for a long time in their evo-
lutionary history.
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Fig. 9. — Map of the localities for the Melampyrum sylvaticum group in the northern part of the Eastern
Carpathians for which reliable data are available. Position of an additional Polish white-flowered population is
estimated on the basis of data in Zajac & Zajac (2001) and on the web site of the Bieszczady National Park
(Anonymus 2008). The populations are classified according to corolla colour (A yellow corolla, A white corolla,

populations with mixed- and pale-yellow-flowered plants). Borders of countries are shown: UKR — The
Ukraine, ROM — Romania, POL — Poland.

The origin of the transitional zone observed in the border region between the Eastern
and Western Carpathians can be attributed to the meeting and subsequent hybridization of
the two lineages. Although there are few samples from this area, it is likely that this zone
extends from the Tisa valley (and neighbouring Pass of Yablunjitsa) to the Bukovské
vrchy Mts (probably its western margin). Reaching only around 850 and 700 m a.s.1., re-
spectively, these sites are very low and narrow parts of the Carpathian ridge, and are likely
to impede the migration of alpine and upper-montane floristic elements. The pattern in
variation apparently reflects these gene-flow barriers, although the M. sylvaticum group is
generally regarded as a montane to subalpine taxon (So6 & Webb 1972, Siposova 1997,
Stech 2000) growing in mountain spruce (less frequently beech) forests and ascending to
the tree-line. This description of its ecology is however based predominantly on observa-
tions in the Alps or Western Carpathians, where many populations indeed grow under
spruce or beech forest canopy albeit not in heavily shaded areas (e.g., populations 19, 23
and 27 in the present dataset; Table 1). By contrast, all the populations in the North-East-
ern Carpathians apparently prefer open habitats, either natural subalpine grasslands or
dwarf-pine vegetation near the tree-line or man-made meadows, clearings and road sides
at lower altitudes. This may account for the limited gene flow from the Eastern
Carpathians westwards but not in the reverse direction. The low altitude of the Eastern
Slovakian part of the main Carpathian ridge combined with the comparatively ineffective
myrmecochorous seed dispersal strategy of Melampyrum (Winkler & Heinken 2007) may
have prevented a mass migration of the central Western Carpathian populations in an east-
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erly direction. The region between the Vysoké Tatry and Bukovské vrchy Mts comprises
ca 100 km wide zone within which the altitude only fluctuates between 500 and 800 m
a.s.l. The natural vegetation of this region is a continuous closed-canopy beech forest
unfavourable for M. sylvaticum. On the other hand, M. sylvaticum might have migrated at
certain periods in the Holocene when Picea abies forests formed a more substantial part of
the local vegetation, probably between ca 8000 and 4000 BP (Latatova & van der Knaap
2006). The presence of western-type ITS haplotype in the Eastern Carpathian populations
west of the Tisa valley may, therefore, be attributed to gene flow from the central part of
the Western Carpathians in the past and subsequent introgression.

The pronounced genetic and morphological differences in the M. sylvaticum group on
the East-West Carpathian boundary are similar to the recently reported patterns in genetic
variation in Hypochaeris uniflora (Mraz et al. 2007) and Campanula alpina (Ronikier et
al. 2008). The relatively wide transitional zone is in agreement with the continuous nature
of the biogeographical boundary characterized by a gradual decrease in the diversity of
Eastern Carpathian alpine floristic elements (such as Rhododendron kotschyi, Alnus
viridis, Laserpitium krapfii subsp. krapfii and several diploid species of Hieracium;
Polivka et al. 1928, Mraz & Szelag 2004) in a westerly direction (Zemanek 1991). Many
lower-montane species (i.e., those occurring mainly in beech forests), however, crossed
this border and reached the Western Carpathians (e.g., Veronica urticifolia, Aconitum
moldavicum, Aposeris foetida) and even the Hercynian Massif (e.g., Anthriscus nitida and
Doronicum austriacun; Slavik 1997, Stech 2004). The latter case was recently well docu-
mented for Rosa pendulina using a phylogeographical study based on chloroplast DNA
sequence variation (Fér et al. 2007).

Evolution of the extant variation pattern and its palaeoecological background

The high level of molecular variation in both chloroplast and nuclear DNA sequences in
populations in the Eastern Carpathians indicates that large populations sufficient to main-
tain such variability have been present there for a long time. These loci are almost uniform
in the Hercynian and Western Carpathian populations, which indicates markedly different
evolutionary histories. Populations in the North-Eastern Carpathians probably survived
the last glacial period (Weichsel, Wiirm) in one, or more likely, several refuges located
probably either in the Eastern Carpathians or their vicinity. Locations and size of these fa-
vourable sites might have been relatively dynamic and dependent on climatic oscillations.
Evolution in refuges that were isolated but connected periodically can result in the ob-
served pattern in the genetic variation. Molecular uniformity of the populations in the
Western Carpathian and Hercynian Massif indicate a recent (Holocene) migration from
refuges located probably in perialpine areas.

Several recent studies have demonstrated that it is highly likely that a glacial refuge ex-
isted in the Eastern Carpathians, which supports our hypothesis of the long-term persis-
tence of the M. sylvaticum group in this region. Robust evidence comes from a review of
palaeobotanical finds of charcoal in Central Europe (Willis & van Andel 2004), which in-
dicates the presence of Picea (one of the main M. sylvaticum group host species; e.g.,
Stech 2000) and Alnus in the eastern surroundings of the North-Eastern Carpathians be-
tween 35 000 and 20 000 years BP (calibrated "“C chronology), i.e. during a significant
part of the Last Glacial Maximum (LGM). Genetic and pollen data indicate that P. abies
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survived in the North-Eastern Carpathian region (Tollefsrud et al. 2008). In addition, the
North-Eastern Carpathian populations of Pinus mugo, another important species associ-
ated with the M. sylvaticum group, differ morphologically from other Central European
and Balkan populations, which indicates their genetic isolation and that they have proba-
bly been present in the region for a long time (Boratyfiska, Muchewicz & Drojma 2004).
This is also supported by the results of several palynological sequences that indicate the
presence of Pinus (probably P. mugo) in the late ice age (Farcas et al. 1999, Feurdean
2004), and that a refuge or several isolated refuges suitable for Melampyrum might have
existed at favourable sites at the base of the mountains in the North-Eastern Carpathian
region.

It is suggested that Siberian taiga-type boreal forest existed in the Western Carpathians
during the LGM (Jankovska & Pokorny 2008) This does not accord with our hypothesis
that the Hercynian Massif and Western Carpathians were recolonized by M. sylvaticum
during the Holocene, as it suggests the species might have survived in the area during the
full-glacial period. On the other hand, Tollefsrud et al. (2008) have demonstrated not only
the survival of Picea abies, a characteristic and often dominant tree species in European
boreo-montane forests, in the Western Carpathians during the Weichselian Ice Age but
also very low genetic diversity in populations of this species in this region. These authors
suggest a bottleneck resulting from a substantial decrease in population size during either
the LGM or Younger Dryas (Tollefsrud et al. 2008), associated with a decrease in the area
covered by vegetation favourable for M. sylvaticum and its putative local extinction. More-
over, the present distribution of M. sylvaticum is limited by the Uralian mountain range
and does not extend substantially into Siberia (Meusel et al. 1978), where the vegetation is
nowadays analogous with that reconstructed by Jankovska & Pokorny (2008). It is possi-
ble that the distribution of Melampyrum is limited by permafrost as it germinates in au-
tumn and has an active overwintering stage with roots. This would account for its present
distribution limit and extinction in the Western Carpathians if the reconstructed LGM for-
est grew on permafrost (Jankovskd & Pokorny 2008). The conditions in the Eastern
Carpathians were certainly more favourable as at least the southern part of the mountain
range was in the permafrost free zone even during the LGM (Taberlet et al. 1998) and
permafrost free sites could have occurred at more northerly situated sites (e.g., on southern
slopes).

The substantial divergence between Picea abies genetic lineages in the northern and
southern parts of the Eastern Carpathians (Tollefsrud et al. 2008) suggests a possible ex-
planation for the morphological divergence and differences in the pattern of genetic varia-
tion found between the M. sylvaticum group populations occurring in these regions. Both
species have similar ecological preferences and, therefore, might share the same evolu-
tionary history characterized by the isolation in the past of the populations inhabiting the
South- and North-Eastern Carpathians. The little data on Melampyrum, however, make
this hypothesis very speculative. Nonetheless, it is an interesting idea worthy of further
study.

Taxonomic conclusions

Our results demonstrate that the current taxonomic concept of the Melampyrum
sylvaticum group (Jasiewicz 1958, So6 & Webb 1972) needs to be reviewed. The insignifi-
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cant relationships between corolla colour and other traits, lack of a pattern in the geo-
graphical distributions of populations with different corolla colours and the presence of
whitish-flowered specimens in the Western Carpathians decrease the taxonomic value of
this character. Therefore, we propose that M. saxosum and M. herbichii are conspecific as
their delimitation is based entirely on corolla colour. Under the terms of the priority rule,
the correct name for most Eastern Carpathian plants is Melampyrum saxosum Baumg., as
this name was published earlier (Baumgarten 1816) than Melampyrum herbichii Wot.
(Wotoszczak 1887). Nonetheless, this nomenclatorical solution must be regarded as pre-
liminary. The final designation of plant names must be based on type herbarium vouchers,
which have not yet been studied.

We suggest that the Central European populations of the M. sylvaticum group be classi-
fied into two species M. sylvaticum s. str. and M. saxosum differing in the shape and size of
the corolla and anther length. These species have different evolutionary histories and geo-
graphic distributions, with the approximate border zone between them on the East-
ern-Western Carpathian boundary. Nevertheless, this morphological delimitation between
these species applies only to the populations in the northern part of the Carpathian moun-
tain range. The presence of morphologically specific populations in the South-Eastern
Carpathians that are genetically closer to the North-Eastern Carpathian samples prevents
the generalization of this delimitation between M. sylvaticum s. str. and M. saxosum,
which requires further study (especially the collection of more samples from the Southern
Carpathian region).
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Souhrn

Studovali jsme variabilitu Melampyrum sylvaticum agg. v Hercynském Masivu a ve Vychodnich a Zapadnich
Karpatech pomoci morfometrickych a molekularnich metod. Nasim cilem bylo predevs§im zjistit, jak se ve varia-
bilité¢ studované skupiny odraZi vyrazna biogeografickd hranice, oddélujici Vychodni a Zapadni Karpaty a jaké
jsou rozdily ve struktufe variability na opacnych stranach této hranice. Zarovein jsme hledali molekularni a dalsi
morfologické znaky, které by byly korelované s variabilitou v barvé koruny ve vychodokarpatskych populacich.
Ty se na zdkladé barevnych rozdila obvykle oddéluji do mikrospecii M. saxosum (s bilou barvou koruny)
a M. herbichii (se Zlutou barvou koruny).

Analyzy tvaru koruny, jeji velikosti a délky praSniku a zejména molekuldrni analyzy zaloZené na sekvencich
chloroplastové (region trnL-trnT) a jaderné ribozomalni DNA (region ITS) potvrdily vyrazné odli$nosti typt ros-
toucich na opacnych stranach hranice mezi Vychodnimi a Zdpadnimi Karpaty. Zjisténé rozdily na molekuldrni
arovni se ukdzaly natolik vyrazné, Ze se velmi pravdépodobné jedné o dvé pomérné znaéné vzdalené linie v ramci
komplexu. Pozorované nesoulady ve struktui'e genetické variability mezi molekularnimi markery piimo na hrani-
ci Vychodnich a Zapadnich Karpat pfipisujeme hybridiza¢nimu procesu mezi témito liniemi a nasledné introgre-
si. Nenalezli jsme zadny znak oddélujici od sebe riizné barevné kvetouci vychodokarpatské populace a zarovern
jsme objevili bile kvetouci jedince i v populaci na lokalit¢ Babia hora v Zapadnich Karpatech, ktera v§ak byla mo-
lekularné identicka se Zluté kvetoucimi rostlinami z okolnich pohofi. Obé barvy kvéti se nevyznacuji ani Zadnym
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charakteristickym geografickym rozsifenim v rdmci severni ¢asti Vychodnich Karpat, kde se spolecné vyskytuji
nejhojnéji. Proto jsme navrhli povaZovat obé vychodokarpatské mikrospecie za jediny druh.

Vysoka molekuldrni variabilita vychodokarpatskych populaci svéd¢i o tom, Ze mohly preckat posledni
glacial v refugiich v blizkosti svého soucasného aredlu, coz podporuji i biogeografické studie druhu preferujicich
stejny typ vegetace (predevsim subalpinské klecové formace). MoZnou existenci glacidlniho refugia v prostoru
Vychodnich Karpat podporuji téZ paleobotanicka data. Populace M. sylvaticum s. str. ze Zapadnich Karpat
a Hercynského masivu jsou naopak zna¢né molekuldrné uniformni, coZ svéd¢i o holocenni expanzi tohoto typu
z pravdépodobné perialpskych refugii.

References

Alvarez 1. & Wendel J. F. (2003): Ribosomal ITS sequences and plant phylogenetic inference. — Mol. Phylog.
Evol. 29: 417-434.

Anonymus (2008): Flora — roliny naczyniowe [Flora — vascular plants]. — Bieszczadzki Park Narodowy, URL:
[http://www.bdpn.pl].

Baumgarten J. C. G. (1816): Enumeratio stirpium Transsilvaniae [List of taxa of Transsilvania]. — Libraria
Camesinae, Vienna.

Bookstein F. L. (1997): Landmark methods for forms without landmarks: morphometrics of group differences in
outline shape. — Med. Image Anal. 1: 225-243.

Boratyniska K., Muchewicz E. & Drojma M. (2004): Pinus mugo Turra geographic differentiation based on nee-
dle characters. — Dendrobiology 51: 9—17.

Clement M., Posada D. & Crandall K. (2000): TCS: a computer program to estimate gene genealogies. — Mol.
Ecol. 9: 1657-1660.

Cronn R. C., Small R. L., Haselkorn T. & Wendel J. F. (2002): Rapid diversification of the cotton genus
(Gossypium: Malvaceae) revealed by analysis of sixteen nuclear and chloroplast genes. — Am. J. Bot. 89:
707-725.

Dalrymple S. E. (2007): Biological flora of the British Isles: Melampyrym sylvaticum L.—1J. Ecol. 95: 583-597.

Farcas S., de Beaulieu J.-L., Reille M., Coldea G., Diaconeasa B., Goeury C., Goslar T. & Jull T. (1999): First 14C
datings of Late Glacial and Holocene pollen sequences from Romanian Carpathes. — Compt. Rend. Acad. Sci.
Paris 322: 799-802.

Fér T., Vasak P., VojtaJ. & Marhold. K. (2007): Out of the Alps or Carpathians? Origin of Central European popu-
lations of Rosa pendulina. — Preslia 79: 367-376.

Feurdean A. (2004): Holocene forest dynamics in northwestern Romania. — The Holocene 15: 435-436.

Hammer @., Harper D. A. T. & Ryan P. D. (2001): PAST: Paleontological statistics software package for educa-
tion and data analysis — Palaeontologia Electronica 4,

URL: [http://palaeo-electronica.org/2001_1/past/issuel_01.htm].

Jankovskd V. & Pokorny P. (2008): Forest vegetation of the last full-glacial period in the Western Carpathians
(Slovakia and Czech Republic). — Preslia 80: 307-324.

Jasiewicz A. (1958): Polskie gatunki rodzaju Melampyrum L. — Fragm. Florist. Geobot. 4: 17-23, 60-81.

Lang G. (1994): Quartire Vegetationsgeschichte Europas. — Gustav Fischer Verlag, Jena.

Latatova M. & van der Knaap W. O. (2006): Late quaternary expansion of norway spruce Picea abies (L.) Karst.
in Europe according to pollen data. — Quaternary Sci. Rev. 25: 2780-2805.

LoZek V. (1973): Piroda ve ¢tvrtohorach [Nature in the Quaternary]. — Academia, Praha.

Macholdn M. (2006): A geometric morphometric analysis of the shape of the first upper molar in mice of the ge-
nus Mus (Muridae, Rodentia). — J. Zool. 270: 672—-681.

Meusel H., Jager E., Rauschert S. & Weinert E. (1978): Vergleichende Chorologie der zentraleuropéischen Flora,
Vol. 2. — VEB Gustav Fischer Verlag, Jena.

Mréz P., Gaudeul M., Rioux D., Gielly L., Choler P., Taberlet P. & IntraBioDiv Consortium (2007): Genetic struc-
ture of Hypochaeris uniflora (Asteraceae) suggests vicariance in the Carpathians and rapid post-glacial colo-
nization of the Alps from an eastern Alpine refugium. — J. Biogeogr 34: 2100-2114.

Mraz P. & Szelag Z. (2004): Chromosome numbers and reproductive systems in selected species of Hieracium
and Pilosella (Asteraceae) from Romania. — Ann. Bot. Fenn. 41: 405-414.

Neustupa J. & Hodac L. (2005): Changes in shape of the coenobial cells of an experimental strain of Pediastrum
duplex var. duplex (Chlorophyta) reared at different pHs. — Preslia 77: 439-452.

Polivka F., Domin K. & Podpéra J. (1928): K1i& k GpIné kvéten& CSR [Key to the complete flora of Czechoslova-
kia]. — R. Promberger, Olomouc.



Té&sitel et al.: Variation in the Melampyrum sylvaticum group 21

Paucd A. & Nyarady E. 1. (1960): Melampyrum L. — In: Savulescu T. (ed), Flora Republicii Populare Romine
[Flora of the People’s Republic of Romania], Vol. 7, Editura Academiei Republicii Socialiste Romine,
Bucuresti.

Posada D. & Crandall K. A. (2001): Intraspecific gene genealogies: trees grafting into networks. — Trends Ecol.
Evol. 16: 37-45.

Quinn G. P. & Keough M. J. (2002): Experimental design and data analysis for biologists. — Cambridge Univ.
Press, Cambridge.

R Development Core Team (2006): R: A language and environment for statistical computing. — R Foundation for
Statistical Computing, Vienna, URL: [http://www.R-project.org].

RohlIf F. J. (1993): Relative warp analysis and an example of its application to mosquito wings. — In: Marcus L. F.,
Bello E. & Garcia-Valdecasas A. (eds), Contributions to morphometrics, p. 131-159, Museo Nacionale de
Ciencias Naturales, Madrid.

Rohlf E. J. (2005): tpsRelw, version 1.42. — Department of Ecology and Evolution, State Univ. New York, Stony
Brook, New York, URL: [http://life.bio.sunysb.edu/morph].

RohlIf E. J. (2006): tpsDig, version 2.05. — Department of Ecology and Evolution, State University of New York at
Stony Brook, New York, URL: [http://life.bio.sunysb.edu/morph].

Ronikier M., Cie§lak E. & Korbecka G. (2008): High genetic differentiation in the alpine plant Campanula alpina
Jacq. (Campanulaceae): evidence for glacial survival in several Carpathian regions and long-term isolation
between the Carpathians and the Alps. — Mol. Ecol. 17: 1763-1775.

Ronniger K. (1911): Die Schweizerischen Arten und Formen der Gattung Melampyrum L. — Viertelsjahrsschr.
Naturforsch. Ges. Ziirich 55: 300-330.

Selosse M.-A., Bauer R. & Moyersoen B. (2002): Basal hymenomycetes belonging to the Sebacinaceae are
ectomycorrhizal on temperate deciduous trees. — New Phytol. 155: 183-195.

Slavik B. (1997): Anthriscus Pers. — In: Slavik B. (ed.), Kvétena CR [Flora of the Czech Republic] 5: 273-284,
Academia, Praha.

Sod R. (1926-1927): Systematische Monographie der Gattung Melampyrum 1., 11, III. — Feddes Repert. 23:
159-176, 385-397, 24: 127-193.

Sod R. & Webb D. A. (1972): Melampyrum L. — In: Tutin T. G., Heywood V. H., Burges N. A., Moore D. M., Val-
entine D. H., Walters S. M. & Webb D. A. (eds), Flora Europaea 3: 253-257, Cambridge Univ. Press,
Cambridge.

StatSoft Inc. (2001): STATISTICA (data analysis software system), version 6. — URL: [http://www.statsoft.com].

§ip0§ové H. (1997): Melampyrum L. — In: GoliaSovd K. (ed.), Flora Slovenska [Flora of Slovakia] V/2, p.
301-328, Veda, Bratislava.

Stech M. (1998): Variabilita vybranych znakti druhd sekce Laxiflora (Wettstein) So6 1927 a revize rodu
Melampyrum L. v Ceské republice [Variability of selected characters of the section Laxiflora (Wettstein) Sod
1927 and revision of the genus Melampyrum L. in the Czech Republic]. — PhD thesis, University of South Bo-
hemia, Ceské Budéjovice.

Stech M. (2000): Melampyrum L. — In: Slavik B. (ed.), Kvétena CR [Flora of the Czech Republic] 6: 412429,
Academia, Praha.

Stech M. (2004): Doronicum L. —In: Slavik B. & §tépénk0vé J. (eds), Kvétena CR [Flora of the Czech Republic]
7:294-300, Academia, Praha,.

Stech M. & Drébkova L. (2005): Morphometric and RAPD study of Melampyrum sylvaticum Group in the
Sudeten, the Alps and Carpathians. — Folia Geobot. 40: 177-193.

ter Braak C. J. F. & Smilauer P. (2002): Canoco reference manual and CanoDraw for Windows user’s guide: soft-
ware for Canonical Comunity Ordination (version 4.5). — Microcomputer Power, Ithaca.

Taberlet P., Gielly L., Pautou G. & Bouvet J. (1991): Universal primers for amplification of three non-coding re-
gions of chloroplast DNA. — Plant Mol. Biol. 17: 1105-1109.

Taberlet P., Fumagalli L, Wust-Saucy A.-G. & Cosson J.-F. (1998): Comparative phylogeography and postglacial
colonization routes in Europe. — Mol. Ecol. 7: 453-464.

Thompson J. D., Higgins D. G. & Gibson T. J. (1994): CLUSTAL-W — improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position specific gap penalties and weight matrix
choice. — Nucl. Acids Res. 22: 4673-4680.

Tasitel J. & Stech M. (2007): Morphological variation in the Melampyrum sylvaticum group within the transi-
tional zone between M. sylvaticum s. str. and M. herbichii. — Preslia 79: 83-99.

Tollefsrud M. M., Kisling R., Gugerli F., Johnsen @., Skprgppa T., Cheddadi R., van der Knaap W. O., Latatova
M., Terhiirne-Berson R., Litt T., Geburek T., Brochmann C. & Speirsen C. (2008): Genetic consequences of



22 Preslia 81: 1-22, 2009

glacial survival and postglacial colonization in Norway spruce: combined analysis of mitochondrial DNA and
fossil pollen. — Mol. Ecol. 17: 4134-4150.

Wesselingh R. A. & van Groenendael J. M. (2005): The biology of non-weedy hemiparasitic Orobanchaceae:
synthesis and perspectives. — Folia Geobot. 40: 311-318.

White T. J., Bruns T. D., Lee S. & Taylor J. W. (1990): Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics. — In: Innis M. A., Gelfand D. H., Sninsky J. J. & White T. J. (eds), PCR proto-
cols: A guide to methods and applications, p. 315-322, Academic Press, San-Diego.

Willis K. J. & van Andel T. H. (2004): Trees or no trees? The environments of central and eastern Europe during
the Last Glaciation. — Quatern. Sci. Rev. 23: 2369-2387.

Winkler E. & Heinken T. (2007): Spread of an ant-dispersed annual herb: an individual-based simulation study on
population development of Melampyrum pratense L. — Ecol. Model. 203: 424-438.

Wolfe A. D., Randle C. P, Liu L. & Steiner K. E. (2005): Phylogeny and biogeography of Orobanchaceae. —
Folia Geobot. 40: 115-134.

Wotoszczak E. (1887): Przyczynek do flory Pokucia [Contribution to the flora of Pokucie]. — Spraw. Kom.
Fizjogr. 21: 111-139.

Zajac A. & Zajac M. (2001): Atlas rozmieszczenia ro§lin naczyniowych v Polsce [Atlas of the distribution of vas-
cular plants in Poland]. — Inst. Bot. Univ. Jagiell., Krakow.

Zemanek B. (1991): The phytogeographical boundary between the East and West Carpathians: past and present. —
Thaiszia 1:59-67.

Zelditsch M. L., Swiderski D. L., Sheets D. H. & Fink W. L. (2004): Geometric morphometrics for biologists.
A primer. — Elsevier Academic Press, San Diego.

Received 5 May 2008
Revision received 19 January 2009
Accepted 27 January 2009



