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FILIP KOLÁŘ1,2, MAGDALENA LUČANOVÁ2,1, ELIŠKA ZÁVESKÁ1,
GABRIELA FUXOVÁ1, TEREZIE MANDÁKOVÁ3, STANISLAV ŠPANIEL1,
DUŠAN SENKO4, MAREK SVITOK5,6, MARTIN KOLNÍK7, ZIGMANTAS GUDŽINSKAS8

and KAROL MARHOLD FLS1,4*

1Department of Botany, Faculty of Science, Charles University in Prague, Benátská 2, CZ-128 01
Prague, Czech Republic
2Institute of Botany, Academy of Sciences of the Czech Republic, Zámek 1, CZ-252 43 Průhonice,
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Detailed knowledge of the geographic distribution of cytotypes is a prerequisite for any experimental or molecular
study of ploidy-variable plant systems. The Arabidopsis arenosa group, an intricate di-tetraploid complex from the
plant model genus Arabidopsis, has remained largely neglected regarding the distribution and habitat associations
of its cytotypes. Using flow cytometry, we conducted a large population-level cytological screen across the A. arenosa
group range, involving more than 2900 individuals from 194 populations. We characterized a largely parapatric
distribution of the diploid (Southeast Europe) and tetraploid (Northwest Europe) cytotypes with two contact zones
– a narrow contact zone in the Slovenian Forealps and a diffuse contact zone across the Carpathians. In addition,
a previously unknown isolated diploid lineage with distinct ecology was revealed from sandy areas of the
southeastern Baltic coast. We also recorded several adult triploid individuals for the first time in wild Arabidopsis
arenosa. Particularly in the Western Carpathians, the diploid and tetraploid populations are largely intermingled,
and both cytotypes are spread along the whole lowland-alpine gradient of habitats, exhibiting no signs of
ploidy-linked habitat differentiation. In contrast with the complexity at the landscape scale, the within-population
cytological homogeneity and the rare occurrence of triploids indicate that the contact zone is rather stable. © 2015
The Linnean Society of London, Biological Journal of the Linnean Society, 2016,
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INTRODUCTION

The Arabidopsis arenosa group, a diploid-tetraploid
species complex, represents one of the closest rela-
tives of the prominent plant model Arabidopsis
thaliana (Clauss & Koch, 2006). Polyploidization is a
major diversification force in the complex, generating
an intricate mixture of diploid populations and
their tetraploid derivatives. Importantly, origin of the
tetraploid populations solely from diploid representa-
tive(s) of the A. arenosa group is suggested by the
cytotype distribution pattern, morphological similari-
ties (Měsíček, 1970), close AFLP multilocus pheno-
types (Schmickl et al., 2012) and overall similarity in
genome scans (Hollister et al., 2012). The close rela-
tionships among diploid and tetraploid A. arenosa
cytotypes represent a unique feature within
Arabidopsis, as other wild polyploid members are of
allopolyploid (hybrid) origin, based on more distantly
related parents (A. suecica, Jakobsson et al., 2006;
A. lyrata subsp. petraea, Schmickl & Koch, 2011;
A. kamchatica, Shimizu-Inatsugi et al., 2009). The
Arabidopsis arenosa group thus emerges as a highly
promising system for addressing general questions on
polyploidy in natural plant populations. Indeed, the
first studies dealing with general evolutionary ques-
tions in this group have emerged recently, addressing
the evolution of meiotic stability in polyploids
(Hollister et al., 2012; Yant et al., 2013) and speciation
processes (Jørgensen et al., 2011; Schmickl & Koch,
2011).

The A. arenosa group comprises up to nine taxa
(species or subspecies, partly still not formally
described) spanning a wide ecological range from
coastal sand dunes to high-alpine environments with
a principal diversity centre most likely situated in the
Carpathian Mountains in eastern Central Europe
(Měsíček, 1998; Měsíček & Goliašová, 2002; Schmickl
et al., 2012). Available cytological data indicate that
the Carpathian mountain arch harbours a complex
mixture of diploid and tetraploid populations [chro-
mosome counts by Měsíček (1970), F. Krendl and A.
Polatschek (published in Schmickl et al., 2012)]. In
particular, the Western Carpathians appear to be a
hotspot of ecological and taxonomic diversity of the
whole species complex. There, populations of both
diploid and tetraploid representatives of the
A. arenosa group co-occur along the entire altitudinal
gradient, from dry and warm steppes in the foothills
(150 m a.s.l.) via shady rocks and screes on various
substrates to alpine vegetation on the highest
summits (2600 m a.s.l., Měsíček & Goliašová, 2002).
This extensive cyto- and eco-geographical variation is
remarkable both in general and particularly in the
Carpathians, where the largest cytotype mixture of
the A. arenosa group is found.

In the Carpathians, the few large-scale cytotype
screens published to date are inconclusive with
respect to general cytogeographic patterns. They
range from near cytological homogeneity (Vicia
cracca, Trávníček, Eliášová & Suda, 2010; Alyssum
montanum, Španiel et al., 2011) through the absence
of geographical patterns and extensive intra-
population cytotype mixture (Phleum pratense agg.;
Perný et al., 2008) to a relatively strong altitudinal
differentiation (Sesleria calcarea – S. tatrae species
complex, Lysak & Doležel, 1998; Senecio jacobaea,
Hodálová et al., 2007; Pilosella officinarum, Mráz
et al., 2008; Knautia arvensis agg., Kolář et al., 2009).
However, none of these studied species spans the
entire altitudinal range of habitats.

A prerequisite for any ecological and/or molecular
study of a ploidy-heterogeneous plant system is
knowledge of the geographic distribution of cytotypes.
Cytogeographic data complement phylogenetic and
experimental data and serve as a foundation for
addressing questions of frequency of polyploid forma-
tion, ecological differentiation of cytotypes, and the
genetic background of polyploid evolution. For com-
prehensive evaluation of the true extent of diversity
and dynamics of ploidy-mixed plant systems (e.g.,
detection of minority-represented cytotypes such as
triploids), a sufficiently large and geographically
wide flow cytometric screen is essential (Duchoslav,
Šafářová & Krahulec, 2010; Trávníček et al., 2011a,b;
Krejčíková et al., 2013, see Kron, Suda & Husband,
2007 for review). Despite an increasing interest in
evolutionary, ecological, and genomic studies of the
A. arenosa group, we still have only fragmentary
knowledge on its karyological diversity and habitat
associations. Most of the published records on the
ploidy distribution are based on traditional low-
throughput chromosome counting (allowing ploidy
determination of a few individuals per population)
and/or focus on the uniform tetraploid-inhabited
regions of Western and Northern Europe (Měsíček,
1970; Schmickl et al., 2012).

In this study, we employed a high-throughput tech-
nique for ploidy estimation – flow cytometry – com-
plemented with chromosome counts to assess ploidy
level and homoploid genome size diversity over the
entire distribution range of the A. arenosa group.
Considering the intricate and still unresolved rela-
tionships within this group, our study addressed only
general patterns across the whole species complex
and did not aim to resolve its internal taxonomic
structure. Specifically, we addressed the following
questions: (1) What is the pattern of ploidy distribu-
tion, especially of the so far undersampled diploids,
and where are the cytotype contact zones located? (2)
What is the ploidy level variation within populations?
Are there any indications of recent polyploidization
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events and/or inter-ploidy gene flow? (3) What is the
level of variation in DNA content at the homoploid
level and, if present, is this variation geographically
structured? (4) Are there any indications for sub-
stantial niche differentiation between the cytotypes
along large-scale environmental gradients (altitude,
climatic niche, substrate, disturbance levels)? If
so, is the differentiation stronger in the areas where
both cytotypes co-occur in sympatry (Western
Carpathians)?

MATERIAL AND METHODS
FIELD SAMPLING

In total, 2963 individuals from 194 populations were
collected across the entire range of the Arabidopsis
arenosa group from 2011 to 2013. The sampling
covered all currently recognised species and subspe-
cies of the complex (except for the geographically,
morphologically and ecologically distinct diploid
stenoendemic A. croatica), namely Arabidopsis
arenosa (L.) Lawalrée subsp. arenosa, A. arenosa
subsp. borbasii (Zapał.) O’Kane & Al-Shehbaz,
A. carpatica nom. prov., A. neglecta (Schult.) O’Kane
& Al-Shehbaz subsp. neglecta nom. prov., A. neglecta
subsp. robusta nom. prov., A. nitida nom. prov.,
A. petrogena (A. Kern.) V.I. Dorof. subsp. petrogena
nom. prov., A. petrogena subsp. exoleta nom. prov. The
above-mentioned provisional names on the level of
species and subspecies were introduced in the genus
Cardaminopsis by Měsíček (1970, 1998 and unpub-
lished manuscript), but they were never validly pub-
lished. Valid publication of these names requires
further studies, and we are using them solely for a
reference to other papers using this nomenclature
(corresponding names are also used in the locality list
in Table S1). Whenever possible, fresh tissues (pref-
erably parts of stems with flowers) mostly from 1 to
20 (up to 51) individuals per population (15 individu-
als on average) were collected and placed in cold
storage until flow cytometric evaluation. In selected
populations, we also collected seeds for direct
counts of chromosome numbers. We recorded GPS
co-ordinates and altitude and characterized the envi-
ronmental conditions of each site using the following
parameters: habitat type, geological substrate and
natural/anthropogenic character. Localities were con-
sidered anthropogenic only in cases of heavily human-
disturbed or entirely human-created habitats (wall
crevices, railway tracks, gravel deposits, etc.). Never-
theless, these taxa often colonise such sites as a result
of accidental spreading from adjacent natural stands
(e.g., road bank below a rock). To differentiate
between such short-distance spontaneous colonization
and long-distance anthropogenic spread, we further

divided the anthropogenic stands into those close (less
than approximately 1 km) to a natural habitat and
those occupying purely anthropogenic habitats far
from any potential natural locality (typically road
banks and railway tracks). For locality details, see
supplementary Table S1.

FLOW CYTOMETRY

DNA ploidy level (Suda et al., 2006) was inferred from
nuclear DNA content determined by flow cytometry
following the simplified two-step protocol (Doležel,
Greilhuber & Suda, 2007). Approximately 10 square
millimetres of fresh leaf tissue or one fresh petal from
each plant to be analysed was chopped together with
an appropriate volume of the internal reference
standard (Solanum pseudocapsicum, 2C = 2.59 pg,
Temsch, Greilhuber & Krisai, 2010; the same indi-
vidual was used for all measurements) using a sharp
razor-blade in a Petri dish containing 0.5 mL of ice-
cold Otto I buffer (0.1 M citric acid, 0.5% Tween 20).
The suspension was filtered through 42-μm nylon
mesh and incubated for 10 min at room temperature.
Isolated nuclei were stained with 1 mL of Otto II
buffer (0.4 M Na2HPO4·12H2O) supplemented with
4,6-diamino-2-phenylindole (DAPI) at 4 μg mL−1 and
β-mercaptoethanol at 2 μg mL−1. After 1 min of incu-
bation, the sample was run for 3000 particles in
a Cyflow ML flow cytometer (Partec, Münster,
Germany) equipped with the UV-led lamp. The histo-
grams were evaluated with FloMax FCS 2.0 software
(Partec, Münster, Germany). Fresh petals were pre-
ferred over vegetative parts for these analyses due to
the absence of endopolyploidy (Galbraith, Harkins &
Knapp, 1991). For petal samples, we analysed up to
five individuals in a pooled sample to reduce the
analysis costs and time demand. Our previous experi-
ments showed that such practice enables reliable
detection of minority cytotypes present even at a low
proportion (20%). Nevertheless, each plant was sepa-
rately re-analysed if mixed samples were suspected,
peaks were asymmetrical, or the coefficient of vari-
ance of the Arabidopsis peak exceeded 5%. The same
approach was applied for pooled leaf samples of
tetraploids (a potential diploid or triploid individual
would be clearly identified as an additional peak with
lower fluorescence intensity); however, vegetative
parts from diploid individuals were analysed indi-
vidually in any case due to the presence of the
tetraploid endopolyploid peak. In ten (5%) popula-
tions where fresh tissue was not available, we used
samples dried with silica gel for ploidy estimation
using the same protocol (see Table S1).

For genome size estimation, one individual per
selected population (see Table S1) was run on a
CyFlow SL flow cytometer (Partec, Münster,
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Germany) equipped with a green (532 nm) solid-state
laser. The sample preparation followed the methodol-
ogy described above, with the only modification being
that the stain solution consisted of Otto II buffer
enriched with propidium iodide and RNase (both at
50 μg mL−1) and β-mercaptoethanol at 2 μg mL−1. The
analyses were run for 5000 particles. We applied the
following stringent criteria to obtain precise and
stable estimates of genome size: (i) only analyses with
the coefficient of variation of the sample peak below
3% were taken into account, (ii) each sample was
measured at least three times on different days
to minimise potential random instrumental drift
(Doležel & Bartoš, 2005), and (iii) the between-day
variation was defined to not exceed 3%; otherwise, the
most remote value was discarded and the sample was
re-analysed. The reliability of flow cytometric meas-
urements (i.e., between-plant differences) was repeat-
edly confirmed in simultaneous runs of Arabidopsis
accessions with distinct genome sizes (Greilhuber,
2005).

CHROMOSOME PREPARATIONS

Plants for chromosome counts were selected such that
they covered the entire sampling area. Plants were
grown from seeds in plastic Petri dishes on sieved
potting soil in a phytotron with long day illumination
(16 h light at 20 °C, 8 h dark at 15 °C). Young inflo-
rescences were fixed in ethanol/acetic acid (3 : 1, v/v)
fixative for 24 h at 4 °C. The fixative was replaced
with 70% ethanol, and the material was stored at
−20 °C until further use. Chromosome spreads were
prepared as described by Mandáková, Marhold &
Lysak, (2014). Slides were examined under phase
contrast for the presence of suitable mitotic meta-
phase spreads. Selected preparations were stained
with 2 mg mL−1 DAPI in Vectashield anti-fade mount-
ing medium (Vector Laboratories, Burlingame, CA,
USA) and photographed using an Olympus BX-61
epifluorescence microscope and a CoolCube camera
(MetaSystems, Altlussheim, Germany). Individual
images were processed with Photoshop CS software
(Adobe Systems, San Jose, CA, USA).

DATA ANALYSES

Spatial segregation of cytotypes across the entire
range (except for the spatial outlier Scandinavian
populations) and separately within the Western
Carpathian contact zone was analysed using the
Mantel test implemented in the ade4 R package
(Dray & Dufour, 2007). A correlation coefficient (rM)
was calculated for: (i) the matrix of mutual geo-
graphic distances among populations; and (ii) the
binary matrix of ploidy levels, and it was compared to

the distribution of coefficients obtained from matrices
generated by random rearrangements (9999 permu-
tations) of the original matrices. Only the majority
ploidy level of the population was considered (i.e.,
rare triploid cytotypes were omitted). In addition,
Mantel tests were used for testing the spatial
autocorrelation of homoploid genome size by compar-
ing a matrix of geographic distances with genome size
distance matrix for a particular cytotype (diploid and
tetraploid accessions were analysed separately).

Differences among the cytotypes in associations
with anthropogenic stands and geological substrates
(assessed only for non-anthropogenic populations)
were assessed using the chi-squared test in contin-
gency tables (P-values were assessed using 200 rep-
licates). General linear models were used for testing
the association of cytotypes with altitude as well as
for the relationships among homoploid genome
size and the following environmental predictors:
(non)anthropogenic character of the original habitat,
altitude, and substrate type (the last one only for
natural localities). Unless stated otherwise, all analy-
ses were performed in R 2.15.2 (R Development Core
Team, 2013).

To capture the interrelationship of environmental
predictors and ploidy level in sufficiently detailed
scale, it was necessary to use background climatic
and landscape data, which are long-term averages
and provide seasonal variability. Primary data layers
that included air temperature, solar radiation, and
terrain (elevation, horizon) were obtained from the
SolarGIS data, version 1.9 (the high-resolution
climate database operated by GeoModel Solar,
Bratislava, Slovakia). Data on air temperature at 2 m
(in °C) were derived from the Climate Forecast
System Reanalysis and Global Forecast System data-
bases (National Centers for Environmental Predic-
tion, Suitland, Maryland, USA) for the period from
1994 to 2011, recalculated to 15-minute values. The
data were spatially enhanced to 1-km resolution to
reflect variability induced by high-resolution (dis-
sected) terrain. Solar radiation was calculated from
the satellite and atmospheric data. The sources were:
(i) Meteosat First and Second Generation (PRIME
and Indian Ocean Data Coverage Regions, European
Organisation for the Exploitation of Meteorological
Satellites, Darmstadt, Germany) in 15-min or 30-min
values, (ii) outputs from the Monitoring Atmospheric
Composition and Climate (European Centre for
Medium-Range Weather Forecasts, Reading, UK) for
the decade from 2003 to 2013, and (iii) atmospheric
models from Global Forecast System database
(National Oceanic and Atmospheric Administration,
Silver Spring, Maryland, USA) for the period from
1994 to 2013. Solar radiation represents annual
(total) and monthly long-term averages of global irra-
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diation: (i) without (global horizontal irradiation,
GHI), and (ii) with impinging on local terrain account-
ing for the slope and azimuth of the terrain (GTI) (in
kWhm−2) and annual (total) and monthly long-term
averages of photosynthetically active radiation (PAR)
(400–700 nm in kWhm−2). Monthly long-term aver-
ages of precipitation were obtained from WorldClim,
version 1.4 (Hijmans et al., 2005). For the purpose of
this study, the hourly data on air temperature and
solar radiation were integrated into long-term
monthly averages. These averages were further spa-
tially enhanced by disaggregation, based on the
correlation between terrain altitude and climatic vari-
ables. The disaggregated monthly and yearly aver-
ages created from this reanalysis were validated
against selected ground measurements (from the
meteostations flagged with quality codes 2, 3, 6, 7; see
list of quality codes from the National Climatic Data
Center). Based on disaggregation and validation,
which was calculated individually for each pixel
(smallest grid unit), these data (rasters) in the GIS
(Geographic Information System) environment repre-
sent annual trends, seasonality and extremes for par-
ticular areas. Morphometry of the terrain (terrain
slope, terrain azimuth) was developed via elevation
[altitude above sea level; source SRTM3 data (The
Shuttle Radar Topography Mission, available at
http://srtm.usgs.gov/) up to the latitude 60°N]. We
calculated distances from the Equator (northing) and
the prime meridian (easting) in kilometres to account
for spatial gradients and autocorrelation. For these
calculations, we used PostGIS/PostgreSQL, version
1.5.1, released under the GNU/GPL license.

Distribution of the major ploidy levels (diploids and
tetraploids) was modelled using generalized linear
models (GLM) with binomial error distribution and
the logit link function (i.e., logistic regression). A
range of GIS-derived data was used as environmental
explanatory variables (see Table S2 for a complete list
of variables and abbreviations of variable names).
Northing and easting were used as spatial predictors
to detect possible geographic gradients. Prior to the
analyses, distribution of variables and correlations
among them were assessed. To avoid a multicollinear-
ity, elevation was excluded from modelling due to its
strong correlation with mean annual temperature
(r = –0.94). Intrinsically strong positive correlations
were found among monthly values and annual
summary characteristics of temperature (Fisher
weighted mean r = 0.98), precipitation (r = 0.82), GHI
(r = 0.85), GTI (r = 0.92) and PAR (r = 0.85); thus,
only annual characteristics were pre-selected for
further analyses. However, annual GTI, GHI and PAR
were highly correlated with each other (r = 0.98).
Consequently, only PAR was employed as a predictor
in the analyses because this quantity is intuitively

understandable and is a frequently used measure of
radiation. The remaining variables did not show con-
siderable skewness or intercorrelations and were
used in the modelling procedure as predictors (see
Table S3 for a list of predictors). Separate GLMs were
built for the whole dataset and the Western
Carpathian contact zone. Initially, full models were
fitted to the data, including all spatial and environ-
mental predictors. The full models were simplified
following backward stepwise deletion associated with
likelihood-ratio tests. Only those variables for which
the conditional effect was significant at α = 5% were
retained in the final models. Spatial correlograms
were used to check for autocorrelation in the residu-
als of the final models. Because the final models
showed significant positive autocorrelation at short
distances, the data were re-fitted using generalized
mixed effect models (GLMM) (Dormann et al., 2007)
to prevent biased estimates of model coefficients and
the inflation of type I errors. GLMMs with Gaussian
spatial correlation structure were fitted using penal-
ised quasi-likelihood (Venables & Ripley, 2002). Final
GLMMs are presented graphically as a series of effect
plots (Fox, 2003). The ability of the final models to
discriminate between sites with diploids and those
with tetraploids was assessed by means of classifica-
tion tables (cut-off value: 0.5) and Somers’ Dxy rank
correlations (Newson, 2006) between observed inci-
dences of cytotypes and predicted probabilities.

RESULTS
PLOIDY LEVEL VARIATION AND CYTOGEOGRAPHY

Three different DNA ploidy levels (diploid – 2x,
triploid – 3x, and tetraploid – 4x) were detected
among 2963 individuals from 194 populations belong-
ing to the A. arenosa group (Fig. 1). The tetraploid
individuals [1588 (54%) individuals in 107 (55%)
populations] only slightly prevailed over their diploid
counterparts [1369 (46%) individuals in 88 (45%)
populations]. The triploid cytotype was extremely
rare (six individuals, 0.2%) and it was in all cases
represented by a single individual each in otherwise
diploid populations. Despite cytotype co-occurrence in
several areas and a large within-population sampling
(15 individuals per population were sampled on
average), the vast majority of the populations (96%)
were detected as cytotype uniform, i.e., either diploid
or tetraploid. Only a single di-tetraploid mixed-ploidy
population was found in the Tatry Mts. (Western
Carpathians, AA170) in addition to diploid-triploid
mixtures recorded at six sites across the diploid
cytotype range (see Table S1, for locality details).
Chromosome counts confirmed the estimated ploidy
levels and revealed 2n = 2x = 16 in 17 accessions from
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the Carpathians (AA018, AA023, AA070, AA084,
AA090, AA091, AA123, AA157), Dinaric Alps (AA054,
AA124, AA125, AA126, AA127, AA128), Pannonian
lowland (AA110), and southern Baltic coast (AA153,

AA200) and 2n = 4x = 32 in 10 accessions from the
Carpathians (AA015, AA067, AA082, AA087, AA088),
southern and eastern Alps (AA049, AA149), southern
Poland (AA059), Scandinavia (AA181) and Luxem-
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Figure 1. Flow cytometric histograms of suspensions of DAPI-stained nuclei isolated from diploid (A, C, D) and tetraploid
(B) accessions of the Arabidopsis arenosa group. A + C, Analysis of nuclei of identical diploid individuals (pop. AA084)
isolated from either fresh petal (A) or stem leaf (C). B, Pooled sample of five tetraploid individuals (pop. AA117, nuclei
isolated from fresh petal tissue). D, Simultaneous analysis of two diploid accessions from pop. AA090 documenting
within-population divergence in nuclear DNA contents (difference in fluorescence intensity, 14%; nuclei from both samples
were simultaneously isolated, stained, and analysed). Letters denote peaks of nuclei corresponding to different phases of
the cell cycle (G0–G2) and/or levels of endopolyploidy (E); the internal standard Solanum pseudocapsicum used in analyses
A-C is marked by an asterisk.
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bourg (AA190) (Fig. 2, Table S1). Neither dysploidy,
aneuploidy nor accessory chromosomes were observed
in the karyologically investigated accessions.

Diploid and tetraploid cytotypes exhibited a largely
parapatric distribution; a weak but significantly non-
random spatial differentiation of cytotypes was also
supported by the Mantel test (rM = 0.06, P < 0.001).
Tetraploids dominate in the northwestern half of
the A. arenosa group range (Scandinavia, Germany,
Alps, Hercynian massif) whereas diploids occupy
mainly southeastern areas (most of the Carpathians,
Pannonian basin, Dinaric Alps, Fig. 3). In addition,
four spatially isolated diploid populations were found
along southern shores of the Baltic Sea. They grew
exclusively in coastal sand dunes and in adjacent open
forests and thus occupied distinct environments from
their spatially closest tetraploid counterparts that
were found exclusively in human-disturbed habitats
(Table S1). Natural populations of both cytotypes meet
at the landscape scale in two contact zones, a smaller
and rather abrupt one situated in Slovenia (less than
100 km wide) and a large and diffuse zone across the
Carpathian mountain arch (Fig. 4). In the Romanian
Carpathians, the tetraploids occupy the northern half
of the Eastern Carpathians and the Apuseni Mts.,
whereas diploids dominate in Southern Carpathians
and in the southern half of the Eastern Carpathians

(the only exceptions in this area are two tetraploid
populations, AA065 and AA067, occupying alpine
screes and a limestone canyon, respectively). In con-
trast, in the Western Carpathians, the diploid and
tetraploid populations were largely spatially inter-
mingled throughout the landscape (Fig. 4) although
the cytotypes still exhibited weak but significant
spatial associations (Mantel test, rM = 0.06, P = 0.013).

HOMOPLOID DIFFERENTIATION IN DNA CONTENT

In addition to ploidy variation, the accessions of the
A. arenosa group also exhibited a considerable varia-
tion in DNA content at the homoploid level as the
di- and tetraploid accessions varied 1.17-fold and
1.21-fold, respectively. Nevertheless, this range
included two diploid individuals and one tetraploid
individual with abruptly higher genome sizes (9–13%
higher than the average, see Fig. S1). After exclusion
of these three individuals, the variation dropped to
1.12-fold and 1.14-fold in diploids and tetraploids,
respectively. Homoploid genome size was not spatially
structured, as evidenced by non-significant Mantel
tests (rM = −0.11, P = 0.88 and rM = 0.07, P = 0.19, for
diploid and tetraploid accessions, respectively). In
addition, a comparable 1.14-fold difference was found
among five individuals from one exceptionally highly
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Figure 2. DAPI-stained mitotic chromosome spreads from flower bud tissue of the Arabidopsis arenosa group. A,
A. arenosa s.l. AA200 (Lithuania, coastal sands; 2n = 2x = 16). B, A. arenosa s.l. AA124 (Serbia, dry rocks; 2n = 2x = 16).
C, A. arenosa s.l. AA070 (Romania, dry rocks; 2n = 2x = 16). D, A. neglecta AA084 (Slovakia, alpine scree; 2n = 2x = 16).
E, A. carpatica AA023 (Slovakia, limestone outcrop in middle altitudes; 2n = 2x = 16). F, A. arenosa AA181 (Norway,
secondary gravel; 2n = 4x = 32). G, A. neglecta subsp. robusta AA087 (Slovakia, alpine rocks; 2n = 4x = 32). H, A. petrogena
subsp. exoleta AA082 (Romania, limestone rocks; 2n = 4x = 32). See Table S1 for locality details. Scale bars = 10 μm.
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Figure 3. Distribution and ploidy level of the 194 studied populations of the Arabidopsis arenosa group in Europe (red
– diploid, blue – tetraploid, asterisk – triploid, 2963 individuals investigated in total). The continuous distribution range
of the whole species complex is marked by the orange outline (following Hoffmann, 2005).
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variable population from the alpine zone of the
Western Carpathians (pop. AA090, see also Fig. 1D).
The genome size variation was correlated neither
with (non)-anthropogenic habitat character (F1,31 =
0.92, P = 0.34 in tetraploids; diploids were not tested
due to the negligible proportion of anthropogenic
populations, see the next section) nor with altitude,
substrate type and/or their interaction (F3,30 = 0.61,
P = 0.613 and F3,20 = 1.37, P = 0.28 in diploids and
tetraploids, respectively). Mean monoploid DNA
content (after exclusion of the individuals with excep-
tionally high values) was similar among all three
ploidy levels, though it was not entirely identical
(average ratio to internal standard divided by ploidy
level was 0.068, 0.070, and 0.073 for 2x, 3x, and 4x,
respectively: the tetraploid value was on average
7.6% higher than that of diploids).

NICHE DIFFERENTIATION

Distribution of ploidy levels through the entire
investigated area was significantly correlated to a
west/east gradient (easting), total annual PAR and
total annual precipitation (Table 1). Probability of
tetraploid occurrence decreased toward the east and
also with increasing PAR and precipitation (Fig. S2).
Considering contact zone data, only a south/north
gradient appeared significant (Fig. S3). Generally, the
cytotypes occupied somewhat different climatic niches

as revealed by the moderately high discriminatory
power of the models. Nevertheless, the particular
climatic factors strongly reflected by the spatial gra-
dients and only two environmental predictors (total
annual PAR and total annual precipitation) signifi-
cantly improved the GLMM with incorporated geo-
graphical predictor in the entire A. arenosa group
area. No environmental predictors were shown to be
significant in the contact zone (Table 1).

Almost no significant differences in substrate
requirements and/or altitudinal ranges of the diploids
or tetraploids were detected, whether across the
entire area or in the densely sampled zone of
sympatry in the Western Carpathians. The only
exception was a significant association of tetraploids
with anthropogenic stands (Table 2). Although both
cytotypes were able to grow in habitats created or
disturbed by man in close proximity to the natural
stands (14 vs. 10 localities for tetraploids and dip-
loids, respectively), the tetraploids were significantly
more frequent (22 vs. 4 localities) in anthropogenic
stands distant from natural localities, i.e., showing
stronger potential for anthropogenic spread. Never-
theless, this difference was not apparent within the
Western Carpathian contact zone because tetraploids
occupied the anthropogenic stands in other parts of
the distributional range (mainly in the northern part,
i.e., Scandinavia, Poland, northern Germany, and
northern Czech Republic).

30 km

SK

CZ

HU

PL

UA

*

*

*

Figure 4. Detail of the contact zone of cytotypes of the Arabidopsis arenosa group in the Western Carpathians (red circle
– diploid, blue square – tetraploid, pink triangle – mixed di-tetraploid population, asterisk – triploid; based on 1374
individuals from 79 populations).
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DISCUSSION

We present the first large-scale evaluation of within-
and among-population cytotype diversity of the
Arabidopsis arenosa group, an important ploidy-
variable species complex from the plant model genus.

Our study extends the knowledge of cytotype distribu-
tion across the range of this group particularly by: (i)
expanding sampling efforts to mostly neglected regions
(the Balkans, Carpathians, Baltic coast), (ii) a thor-
ough sampling in the zone of spatial contact between
cytotypes (Carpathians), and (iii) by a substantial

Table 1. Summary of the final logistic generalized mixed effect models (GLMMs) testing the effects of spatial gradients
(northing, easting) and the environmental correlates (total annual PAR, total annual precipitation; only those with the
conditional effect significant at α = 5% are presented) on the distribution of diploid and tetraploid populations of the
Arabidopsis arenosa group in the entire range of the group and in the Western Carpathian contact zone

Data set

Whole model Model parameters

χ2 P
class
(%)

Somers’ Dxy
(95% CL) Predictor (unit) B SE χ2

(1) P

Whole data set 36.7 <0.001 71.2 0.59 (0.45, 0.71) Easting (km) –0.0036 0.0007 23.67 <0.001
Total annual PAR

(kWh.m−2)
–0.0196 0.0038 27.62 <0.001

Total annual
precipitation (mm)

–0.0014 0.0007 4.47 0.035

Contact zone 4.17 0.041 59.0 0.29 (0.05, 0.54) Northing (km) 0.0123 0.0061 4.17 0.041

Characteristics of the final models: χ2, test statistics; P, probabilities; class and Somers’ Dxy, classification success.
Characteristics of particular parameters: B, estimates of model coefficients; SE, standard error of estimates; χ2

(1) and P,
results of likelihood-ratio tests.

Table 2. Differences among diploid and tetraploid populations of the Arabidopsis arenosa group from the entire
distribution area and from the contact zone in the Western Carpathians in the investigated habitat characteristics
(significant results are in bold)

2x 4x Test

Anthropogenic stands+
Whole range 74/14 36/70 χ2 = 8.19, P* = 0.003
W Carpathians only 37/8 26/8 χ2 = 0.40, P* = 0.579

Anthropogenic spread†+
Whole range 84/4 84/22 χ2 = 10.88, P* = 0.001
W Carpathians only 42/2 34/0 χ2 = 1.59, P* = 0.510

Geology (calcareous vs.
siliceous-neutral + volcanic)

Whole range 46/37 46/35 χ2 = 0.01, P* = 1
W Carpathians only 25/17 23/11 χ2 = 0.53, P* = 0.490

Geology (calcareous vs.
siliceous-neutral vs. volcanic)

Whole range 46/25/12 45/31/4 χ2 = 4.6, P* = 0.111
W Carpathians only 25/9/8 23/8/3 χ2 = 1.59, P* = 0.505

Altitude
Whole range 710 m (1–1950 m) 716 m (1–2269 m) F(1,192) = 0.008, P = 0.927
W Carpathians only 845 m (161–1950 m) 970 m (251–2031 m) F(1,77) = 1.14, P = 0.289

*The P-value was estimated using 2000 simulations.
†Only purely anthropogenic habitats far from any potential natural locality were considered as a distinct factor level in
this analysis (see Methods).
+Number of positive and negative cases are before and after slash, respectively.
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increase of total sample size [over 2900 individuals in
total, on average 15 per population in the current data-
set vs. 730 and 273 individuals, on average five and two
per population, in the previous surveys by Měsíček
(1970) and Schmickl et al. (2012), respectively]. In
addition, we present an overview of genome size vari-
ation within each ploidy level of the A. arenosa group.

GEOGRAPHY CORRELATES WITH PLOIDY LEVEL

DISTRIBUTION, BUT NOT WITH HOMOPLOID DNA
CONTENT VARIATION

Globally, the diploid and tetraploid populations of the
A. arenosa group exhibit a parapatric distribution
with two zones of cytotype spatial overlap, in the
Slovenian Forealps and in the Carpathians. Although
tetraploids were the prevailing cytotype, the diploid
cytotype spans through more than one third of the
total area, which is much larger than previously
assumed (see Fig. 3). In addition, the diploid popula-
tions are relatively common in some areas, occupying
a variety of habitats, and in certain regions such as
the Pannonian basin and the Dinaric Alps, they rep-
resent the only cytotype. This is in strong contrast to
another di-tetraploid member of the genus in Central
Europe, Arabidopsis lyrata subsp. petraea, which is
represented by a few diploid populations isolated in
cryptic Holocene refugia and by the locally more com-
mon hybridogenous tetraploid cytotype (Polatschek,
1966; Schmickl & Koch, 2011). The differentiation
into diploid-dominated southern vs. tetraploid-
dominated northern (partly even formerly glaciated)
regions represents a common cytogeographic pattern
in the European flora that most likely reflects envi-
ronmental changes during past climatic oscillations
(Ehrendorfer, 1980; van Dijk & Bakx-Schotman, 1997;
Weiss-Schneeweiss et al., 2013).

In addition, a previously unknown and ecologically
distinct group of diploid populations has been found
along the southern Baltic Sea coast, in the previously
glaciated region at least 600 km from the closest
diploid populations in the Western Carpathians. The
recent introduction of these populations is not likely
because the A. arenosa diploids generally do not show
long-distance spreading in man-made habitats (see
Table 2) and because the Baltic diploids exclusively
occupy natural coastal sandy areas (searches in PR,
PRC, W, and WU herbaria, plants from such habitats
were found likely to occur from eastern Denmark to
Estonia, F. Kolář, unpublished). Considering the large
areas currently unfavourable for A. arenosa survival
in northern Central Europe (forested or cultivated
flatlands), a long-term isolation of the Baltic diploids
from the main diploid range is probable, at least since
the earlier phases of the Holocene. The presence of
several geographically distinct and ecologically vari-

able groups of diploid populations (at least two dis-
junct areas, with a wide range of habitats along a
0–2600 m altitudinal gradient) implies that their
tetraploid derivatives, possibly combining several of
the distinct diploid gene pools, should show consider-
able levels of genetic variation. Schmickl et al. (2012)
did, indeed, detect large genetic variation among
tetraploid populations of this group (even in the pre-
viously glaciated areas) and attributed it to the com-
bined effects of several periglacial refugia, the
absence of large bottlenecks and possible introgres-
sion from other sympatric Arabidopsis species. We
hypothesise that recurrent origins of tetraploids
from distinct gene pools and/or subsequent 2x → 4x
introgression might have added another level of com-
plexity to the A. arenosa group. In conclusion, the
complicated cytogeographic pattern together with
the most likely intricate internal sub-structuring of
the species complex requires careful consideration in
any ecological, genetic or genomic study employing
taxa of the A. arenosa group as a model.

In addition to distinct ploidy levels, the plants
studied here also exhibited a small but still consider-
able variation in genome size within each cytotype
(up to 1.21-fold). The observed differences in DNA
content might represent a combination of several
causes of both biological and methodological origin.
First, aneuploidy is usually responsible for larger
abrupt differences in genome size (Roux et al., 2003;
Šmarda & Bureš, 2006), and it also appears to be a
plausible explanation for the exceptionally high DNA
content values detected in both diploid and tetraploid
accessions of the A. arenosa group (Fig. S1). Both
aneuploidy and dysploidy is not rare in Brassicaceae
and may be almost a rule in certain polyploid com-
plexes such as those of the genus Cardamine
[Cardamine pratensis group, Urbanska-Worytkiewicz
& Landolt, (1974), Marhold (1994), Mandáková et al.
(2013); or C. yezoensis and related taxa, Marhold et al.
(2010)]. In addition, high levels of aneuploidy were
also observed in karyological analyses of Arabidopsis
seedlings (Měsíček, 1970; M. Kolník and K. Marhold,
unpublished). Second, different intensity of genomic
processes, such as non-coding repetitive DNA prolif-
eration, unequal crossing-over and illegitimate recom-
bination, are considered major causes for gradual
homoploid variation in DNA content within a species
(Devos, Brown & Bennetzen, 2002; Bennetzen, Ma &
Devos, 2005; Leitch & Leitch, 2013). Finally, meth-
odological bias resulting from instrumental shifts and
the influence of secondary metabolites could not be
ruled out as we analysed different tissues (leaf, stem
or petal) of plants that originated from ecologically
distinct sites, collected in different parts of the
season. Recent investigations have shown that, for
instance, seasonal variation, choice of particular
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instrument or isolation buffer could result in up to
10% variation in fluorescence intensities (Bainard
et al., 2011). However, we checked for artificial shifts
by performing repeated analyses of the same acces-
sion on at least three different days, keeping the
between-day variation below 3%. In addition, we dem-
onstrated the genuine basis of the larger genome size
differences by the presence of double peaks in simul-
taneous analyses of the individuals with distinct
genome size values (which is considered to be the
best evidence for true genome size differentiation,
Greilhuber, 2005; Fig. 1D).

Small genuine differences in DNA contents are
usually explained either as a result of neutral pro-
cesses (random within- and across-population fluctua-
tions or random accumulation of changes in spatially
isolated areas/genetic lineages, Šmarda & Bureš,
2010; Oliver, McComb & Greene, 2013) or as an
evolutionary constraint imposed by the surrounding
environment and/or biological traits of the organism
(e.g., rapid lifecycle and various traits relate to
invasiveness; Greilhuber & Leitch, 2013). Our data
favour the first, neutral scenario because we found no
correlation of genome size in the entire A. arenosa
group with any major geographic, altitudinal or
environmental gradient. In contrast, a geography-
correlated > 10% variation in genome size has been
recently found among Swedish genome-sequenced
accessions of A. thaliana, but the selective back-
ground for such variation remains unconfirmed (Long
et al., 2013).

HIGH CYTOGEOGRAPHICAL COMPLEXITY IN THE

CARPATHIANS CONTRASTS WITH INTRAPOPULATION

CYTOTYPE UNIFORMITY

Spatial relationships between cytotypes within
species can be categorised as sympatric, parapatric or
allopatric, depending on whether they are geographi-
cally intermixed, adjacent or disjunct, respectively.
When polyploids first arise, they necessarily occur in
sympatry with their diploid progenitors. Subsequent
cytotype expansion or retreat results in parapatric or
allopatric distributions. Two types of ploidy contact
are recognised depending on their evolutionary
history (Petit, Bretagnolle & Felber, 1999): (i) primary,
when polyploids arise de novo from local diploids/
lower polyploids, and (ii) secondary, when different
cytotypes regain contact after a phase of spatial sepa-
ration. The Arabidopsis arenosa group most likely
combines both scenarios at different spatio-temporal
scales. The mixed diploid-triploid populations could be
regarded as the primary cytotype contacts in which
triploids originated recurrently via union of reduced
(n) and unreduced (2n) gametes of the diploid. The
alternative scenario, of triploid origin via inter-ploidal

hybridization (favoured by Měsíček, 1970), seems
improbable in light of our cytogeographic data. In all
cases, only a single triploid plant was found in other-
wise purely diploid populations; moreover, such popu-
lations were mostly found in exclusively diploid-
inhabited areas (e.g., in the Dinaric Alps). Since the
advance of large-scale ploidy screening studies
enhanced by flow cytometry, the occurrence of odd
cytotypes within multiple ploidy species is more the
rule than the exception (Husband, Baldwin & Suda,
2013), and rare (auto)triploids have been found even
in otherwise purely diploid species (Slovák et al., 2009;
Dušková et al., 2010). Our records represent the first
adult triploid individuals of A. arenosa detected in the
wild. The extremely low frequency of adult triploids in
our dataset (0.2%) in contrast with rather frequent
triploid incidence in karyologically investigated seed-
lings (M. Kolník, unpublished) indicate strong yet
still incomplete selection against the triploid progeny.
Formation of viable triploid individuals in natural
populations is an important prerequisite for incipient
autopolyploid speciation (via triploid bridge, Husband,
2004) and thus shows important evolutionary
potential for recurrent polyploidization within the
A. arenosa group.

The two large areas of the diploid and tetraploid
cytotype contact in the Carpathians and the
Slovenian Forealps most likely represent secondary
contact zones. This is indicated by the prevailing
separate distribution of the cytotypes in the remain-
ing areas and the intrapopulation cytotype uniformity
(only one di-tetraploid population was found through-
out the area studied). We will further discuss the
origin and dynamics only of the sufficiently sampled
zone in the Western Carpathians. This area hosts a
complex landscape mosaic of spatially intermingled
diploid and tetraploid populations that is in striking
contrast with the within-population ploidy uniformity.
Interestingly, both cytotypes occupy various sub-
strates and climatic niches, and they occur from the
lowland steppes up to high-alpine habitats. The
absence of altitudinal differentiation is particularly
interesting because it has been the only trend found
repeatedly among the other investigated Carpathian
taxa to date (Lysak & Doležel, 1998; Hodálová et al.,
2007; Mráz et al., 2008). In addition, no general trend
in cytotype-specific associations with geological sub-
strates has been detected, although substrate speci-
ficity represents a major driver of plant spatial
distributions and is also the principal speciation
trigger among European mountain plants (Alvarez
et al., 2009; Moore & Kadereit, 2013) as well as in
Arabidopsis (Hunter & Bomblies, 2010; Schmickl &
Koch, 2011). Collectively, we argue that ecological
factors appear to play a minor role in the cytotype
segregation; instead, random processes such as
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colonization history and genetic drift should be taken
into account.

The marked prevalence of the cytotype-pure
populations even within the Carpathian contact zone
could be attributed to the demographic processes in
the presumably strongly isolated populations. Both
diploid and tetraploid populations of the A. arenosa
group prefer open primary habitats with low compe-
tition, such as rocks, screes, sparse grasslands, and
subalpine stands (Holocene cryptic refugia, Birks &
Willis, 2008, see Table S1 for details on occupied
habitats). In such sites isolated from each other, the
processes of neutral evolution (random fluctuations in
cytotype frequencies) complemented with frequency-
dependent selection against the rare cytotype (i.e.,
minority cytotype exclusion; Levin, 1975) could have
occurred, ultimately leading to cytologically pure
populations even from the hypothetical ploidy-mixed
populations. Such a scenario involving dynamic
changes in cytotype frequencies is supported by the
short lifespan of the studied plants, which have no
special adaptations for long-distance dispersal and
very limited clonal growth and vegetative persistence
(F. Kolář, M. Lučanová, personal observation). In con-
trast with Arabidopsis, other plant systems in the
Western Carpathians investigated at comparable
detail exhibit frequent within-population cytotype
mixtures. Nevertheless, in both cases, the plants are
long-living clonal perennials either with frequent
asexual reproduction (Pilosella officinarum, Mráz
et al., 2008) or preferring sites under strong human
impact (Phleum pratense agg., Perný et al., 2008).
However, another example of the almost complete
absence of cytotype-mixed populations comes from the
Brassicaceae family; although diploid, tetraploid and
rare hexaploid populations of perennial Alyssum
montanum are spatially intermingled on a large scale
in Central Europe, they are cytotype uniform (Španiel
et al., 2011, 2012).

It should be noted that other evolutionary processes
such as recurrent in situ polyploidization and/or local
adaptation may also have contributed to the observed
pattern in certain areas, and further detailed molecu-
lar investigations are needed. For example, the spa-
tially isolated occurrence of tetraploids (admixed in
the only ploidy-mixed population AA170) among
purely diploid populations suggests a local auto-
polyploid origin. In summary, current evidence sug-
gests that areas with co-occurring diploid-tetraploid
A. arenosa represent a rather stabilized secondary
contact zone, at least on a coarse spatial scale.

LARGE NICHE OVERLAP AMONG CYTOTYPES

Polyploidy can have a profound effect on various
morphological, anatomical and physiological plant

traits that further translate into distinct ecological
requirements of cytotypes (reviewed in Levin, 2002).
However, the general validity of shifts in climatic
niche of diploids and their polyploid relatives has
been recently questioned because no correlation was
found in the majority of the thoroughly investigated
closely related diploid–(auto)polyploid species groups
(Glennon, Ritchie & Segraves, 2014). Our results
further support the latter opinion because we found
mostly no association or only a weak association
between ploidy level and the environment in the
Arabidopsis arenosa group. With the exception of
higher tendency of tetraploids for spreading across
anthropogenic stands, both cytotypes occur virtually
along the entire range of habitats occupied by the
species complex. Both cytotypes could be found on
calcareous and acidic substrates, and both span from
lowlands to alpine habitats. The climatic niche of the
cytotypes is also largely similar, with the only differ-
ences caused by spatially correlated factors, reflecting
the prevailing non-overlapping distribution ranges
of the cytotypes. The absence of polyploidy-linked
extension of realized climatic niches has previously
been suggested for Arabidopsis, although dramatic
changes in the realized climatic niche contributed to
the evolution of the whole genus (Hoffmann, 2005). In
addition, no traces of selection towards the ecological
separation have been found: the levels of ecological
differentiation were comparable in the areas where
the cytotypes co-occur (Western Carpathians) and
throughout the distribution area.

Nevertheless, it should be emphasised that our
study focused on the Arabidopsis arenosa group as a
whole, and some genetic lineages with distinct eco-
logical and/or geographical associations may be found
within each cytotype. For example, the ecologically
and partly also morphologically distinct populations
on railway tracks and other secondary habitats that
prevail in northern Europe (but reach as far as south-
ern Germany and Switzerland) might represent such
distinct lineages, thus explaining the observed overall
preference of tetraploids for anthropogenous stands.
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Ondřej Černý, Martin Hanzl, Jindřich Chrtek,
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