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A B S T R A C T

The Eurasian steppes occupy a significant portion of the worldwide land surface and their biota have been
affected by specific past range dynamics driven by ice ages-related climatic fluctuations. The dynamic alterations
in conditions during the Pleistocene often triggered reticulate evolution and whole genome duplication events.
Employing genomic, genetic and cytogenetic tools as well as morphometry we investigate the intricate evolution
of Astragalus onobrychis, a widespread Eurasian steppe plant with diploid, tetraploid and octoploid cytotypes. To
analyse the heteroploid RADseq dataset we employ both genotype-based and genotype-free methods that result
in highly consistent results, and complement our inference with information from the plastid ycf1 region. We
uncover a complex and reticulate evolutionary history, including at least one auto-tetraploidization event and
two allo-octoploidization events; one of them involved also genetic contributions from other species, most likely
A. goktschaicus. The present genetic structure points to the existence of four main clades within A. onobrychis,
which only partly correspond to different ploidies. Time-calibrated diffusion models suggest that diversification
within A. onobrychis was associated with ice age-related climatic fluctuations during the last million years. We
finally argue for the usefulness of uniparentally inherited plastid markers, even in the genomic era, especially
when investigating heteroploid systems.

1. Introduction

The Eurasian steppes are among the largest continuous biomes on
Earth, covering ca 7% of the total land surface. Bordered by boreal forests
to the North and (semi)deserts to the South, they range from the Pontic
plains north of the Black Sea over southern Siberia and Central Asia to
northern China (Wesche et al., 2016). The extent of the Eurasian steppe
belt is determined by precipitation, which does not suffice to permit forest
growth. Beyond this continuous area (the “zonal” steppe), isolated oc-
currences of steppe vegetation in central, western and southern Europe
(the “extrazonal” steppe) are restricted to well-drained, shallow soils in
southern exposition in dry and continental, but potentially forested areas
(Kajtoch et al., 2016). Reflecting the biome’s vast extent, many steppe

species inhabit much of Eurasia. Their distributions are often continuous
from the Pontic plains to China and become increasingly fragmented to-
wards their western limits in central and southern Europe (Meusel et al.,
1965, 1978; Meusel and Jäger, 1992).

The past range dynamics of the Eurasian steppes are characterised
by the expansion of continental steppes at the expense of nemoral and
boreal forests during cold and dry stages (glacials), and the disin-
tegration of the cold-stage steppe belt leading to the fragmentation of
steppe outliers, during warm and humid stages (interglacials; Schmitt
and Varga, 2012; Varga, 2010). This implies that – as opposed to the
temperate tree flora (Petit et al., 2003; Svenning and Skov, 2007) – cold
and drought tolerant steppe species have been much more widely dis-
tributed during cold stages. Hence, their distribution ranges retracted
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during interglacials and the Holocene in response to the contraction of
suitable niches (Kajtoch et al., 2016; but see Frajman et al., 2019).
Phases of allopatry in disjunct and relatively isolated steppe refugia
during warm stages have likely triggered evolutionary processes such as
divergent evolution governed by genetic drift, whereas phases of range
expansion during cold and dry glacial phases favoured secondary con-
tact and gene flow among previously diverged lineages resulting in
reticulate evolution (Comes and Kadereit, 1998).

In contrast to the similarly widespread and disjunctly distributed
arctic-alpine species, which have been the focus of molecular biogeo-
graphic and taxonomic research for two decades (Gabrielsen et al.,
1997; Winkler et al., 2012), our knowledge of the spatiotemporal
evolution and intraspecific diversification of steppe species is still lim-
ited. The Pontic plains and the Pannonian basin have been suggested as
major warm-stage refugia for steppe species in Europe (Stewart et al.,
2010; Varga, 2010), whereas the disjoint steppe islands to the west of
the zonal Eurasian steppe belt have been assumed to be the result of
recolonization events, when this biome expanded during cold and dry
periods (Gauckler, 1938; Jännicke, 1892; Kerner, 1863).

Recent molecular studies, however, have seriously challenged
this view by providing genetic evidence for the existence of hitherto
disregarded refugia outside of the zonal steppe belt in Central
Europe, the Balkan and Apennines Peninsulas and the Alps, for in-
stance in Cheilotoma musciformis (Kajtoch et al., 2013), Melitaea
cinxia (Wahlberg and Saccheri, 2007), Coronella austriaca (Sztencel-
Jabłonka et al., 2015), Cricetus cricetus (Neumann et al., 2004;
Neumann et al., 2005), Linum flavum (Cieślak, 2014; Plenk et al.,
2017), Scorzonera purpurea (Meindl, 2012) and Euphorbia seguieriana
(Frajman et al., 2019). Interestingly, many of the examined species
show highly differentiated populations not only in the Pontic plains
and the Pannonian basin, but also further to the north (Kajtoch et al.,
2016). For instance, in Stipa capillata, one of the most typical ele-
ments of Eurasian steppes, the divergence among Central European
populations has been shown to be significantly greater than among
Central Asian ones (Wagner et al., 2011), whereas for E. seguieriana
westward dispersal from the zonal steppes was invoked (Frajman
et al., 2019). In any event, due to the scarcity of studies based on
both a comprehensive, range-wide sampling and a complementary
set of genetic or genomic markers, no phylogeographic synthesis has
yet emerged for the Eurasian steppe biome, not even for the extra-
zonal European steppes (Kajtoch et al., 2016).

Range oscillations linked to glacial cycles may have played a
pivotal role in the evolution of steppe plants by triggering whole
genome duplication (WGD). On the one hand, secondary contacts
resulting from range expansions may have triggered reticulation
events, potentially coupled with WGD (Kadereit et al., 2004). On the
other hand, there is accumulating evidence that phases of climatic
turmoil, such as changes in temperature, directly stimulate WGD
through an increase in the production of unreduced gametes within
populations (Bomblies and Madlung, 2014; Kreiner et al., 2017;
Ramsey and Schemske, 1998). Both processes may lead to WGD
within species (autopolyploidy) or involving hybridisation between
different parental species (allopolyploidy). Once established, young
polyploids may have a higher stress tolerance than diploids, as
shown by their occurrence in recently formed, disturbed or harsh
environments (Diallo et al., 2016; Madlung, 2013; Ramsey, 2011;
Rice et al., 2019). Overall, through increased heterozygosity and
gene redundancy, whole genome duplications can reduce the effect
of environmental stress – such as that imposed by the rapid climatic
changes during the Pleistocene (Van de Peer et al., 2017).

Elucidating phylogenetic relationships and evolutionary processes
in polyploids remains a challenge to molecular systematics and evolu-
tionary research due to mixed inheritance (Stift et al., 2008), difficulties
in clearly identifying homoeologs and allele dosage, and a slow ad-
vancement in evolutionary theory for polyploids (Glover et al., 2016;
Gregg et al., 2017; Blischak et al., 2018; Meirmans et al., 2018).

Restriction-site Associated DNA (RAD) tags generated by next-genera-
tion sequencing (NGS) provide sensitive markers from many loci sam-
pled over the genome of any organism (Baird et al., 2008; Griffin et al.,
2011; Peterson et al., 2012) and, given the use of an appropriate se-
quencing depth, may overcome problems associated with cloning and
Sanger sequencing of nuclear genes in polyploid organisms (Qi et al.,
2015). RADseq has been recently shown to be a valuable method in
genotyping, evolutionary and ecological genomics, phylogeography,
and phylogenetic studies of various groups including polyploid species
(Brandrud et al., 2017, 2019a,b; Buggs et al., 2012; Lai et al., 2012; Lu
et al., 2013; Frajman et al., 2019). The strategy to analyse RADseq data
on non-model polyploid species often depends on the resources already
available for the study system. When a reference genome is missing, but
several extant diploid relatives are present, a catalog of RADseq tags
can be built de novo based on those. Such a catalog can then be used for
variant calling across all samples, taking into account their respective
ploidy (Wang et al., 2014; Brandrud et al., 2019a). However, in cases
where parents of polyploids may not be diploids, are extinct, or belong
to groups that comprise only a few diploid accessions, a (qualitative)
analysis of individuals a priori ignoring ploidy might be useful, which
should be based only on biallelic SNPs rather than entire haplotypes
(e.g. Qi et al., 2015). This may lead to underestimates of genetic di-
versity and some genealogical biases (e.g., Arnold et al., 2013), even if
these are expected to have a negligible effect, given that a considerable
number of loci is being analysed. Recently developed genotype-free
methods of estimation of allele frequencies (Nielsen et al., 2011)
maximize the information content of low to intermediate coverage data
sets such as those generated by RADseq towards overcoming such
biases in diploid samples (Korneliussen et al., 2014; Warmuth and
Ellegren, 2019). Whereas efficiently accounting for uncertainty within
NGS datasets, genotype-free methods can reduce bias in population
genetics estimates at biallelic single nucleotide variants in polyploids
(Blischak et al., 2018; Brandrud et al., 2019a). Finally, plastid DNA
markers, which are maternally inherited in most angiosperms
(Corriveau and Coleman, 1988), remain ideal for disentangling re-
ticulate relationships in non-model systems independent of ploidy by
complementing RAD tags with uniparental information (Vargas et al.,
2017).

Here, we focus on the effect of range fragmentation and secondary
contact on the heteroploid widespread Eurasian steppe plant Astragalus
onobrychis (Fabaceae). This herbaceous perennial inhabits steppic
grasslands from the foothills of the southwestern Alps in France to the
Altai Mountains in southern central Siberia. The species is relatively
abundant throughout its range; chromosome numbers range from
2n= 2x= 16 over 2n= 4x= 32 to 2n= 8x= 64 (Magulaev, 1989;
Rice et al., 2015). All three ploidy levels have been reported from the
Caucasus area, while octoploids seem to predominate in Central Europe
and a single diploid count has been published from the western Balkan
Peninsula (Pustahija et al., 2013). Several taxonomic entities have been
described; they were later either synonymised with A. onobrychis or
retained as intraspecific taxa (Podlech, 2011), which underlines the
species’ high morphological variability.

We investigate the genetic, cytological and morphological variation
of A. onobrychis across its distributional range in order to shed light on
the factors and mechanisms driving the diversification of a widespread
Eurasian steppe species, in particular the role played by hybridization
and polyploidization, and to elucidate the effect of strongly alternating
range size and connectivity during its evolutionary history. To this end
we employed genome-wide (RADseq) as well as organellar (sequencing
of the plastid ycf1 region) markers, and analysed them in phylogenetic
and phylogeographic frameworks. Further, we used relative genome
size measurements and chromosome counts to infer ploidy, and mul-
tivariate morphometric analyses to quantify the amount of morpholo-
gical divergence among the genetic and cytological groups. We ask the
following specific questions: (1) How is the genetic and cytological
diversity distributed across the species’ range in A. onobrychis and what
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is the spatio-temporal context of lineage diversification? (2) Are poly-
ploid cytotypes auto- or allopolyploids? Did polyploidy drive range
expansion? (3) On the methodological side we explored whether gen-
otype-based and genotype-free analyses give highly comparable results.
Finally, stimulated by the large number of taxonomic entities described
within A. onobrychis, we asked, (4) if cytotypes and/or genetic groups in
A. onobrychis differ consistently in morphology.

2. Material and methods

2.1. Plant material

In the years 2014 to 2016 we sampled 70 populations of Astragalus
onobrychis throughout its range (Fig. 1 and Supporting Fig. S1). In ad-
dition, we sampled twelve outgroup populations, out of which ten from
other members of A. sect. Onobrychoidei D.C. from Turkey, Armenia and

Fig. 1. Phylogenetic relationships in Astragalus onobrychis and other members of A. sect. Onobrychoidei. (a) Maximum likelihood tree based on 8730 SNPs derived
from RADseq data. The tree was rooted with A. leontinus and A. tibetanus; labels at tips of branches are population identifiers corresponding to Supporting Table S1
and Supporting Fig. S1; numbers above branches are bootstrap support values. Nodes within the four major branches of A. onobrychis were collapsed (A-RC, Alpine
RAD Clade; B-RC, Balkan RAD Clade; I-RC, Italian RAD Clade; NE-RC, Northeastern RAD Clade). The left vertical bar illustrates the plastid haplotypes, whose
relationships are shown in (b), and the right vertical bar reflects ploidy (black, diploid; white tetraploid; grey, octoploid). Arrows represent reticulations inferred
based on relatedness analyses (Fig. 2, Supporting Fig. S5a) and plastid DNA information. (b) Relationships among plastid DNA haplotypes illustrated as statistical
parsimony network; unsampled haplotypes are shown as black dots. (c) Geographic distribution of plastid DNA haplotypes; populations for which we failed to obtain
readable sequences are indicated. (d) Geographic distribution of ploidies (rings in greyscales) and of the four main clades (coloured dots) shown in (a). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Iran and one population each of the more distantly related A. leontinus
and A. tibetanus (Supporting Table S1). Altogether 82 populations have
been analysed. Herbarium vouchers are stored at the herbarium IB.
Outgroups were determined using national floras (Turkey: Chamberlain
and Matthews, 1969; Ekici et al., 2015; former USSR: Komarov, 1948).
For genetic analyses and relative genome size estimation, leaf material
of at least four individuals per population was stored in silica gel.

In some populations only non-flowering individuals were en-
countered. Therefore, we complemented the 34 available flowering
herbarium vouchers from 29 populations with additional herbarium
vouchers and inflorescences (fixed in 70% ethanol) of 78 flowering
individuals from 34 populations (herein termed additional populations
A1–A34). The additional populations were selected to represent the
three major RADseq clades present in Central Europe (see Results).
From a subset of populations, seeds and/or living plants were collected
and cultivated in the Botanical Garden of the University of Innsbruck
for chromosome counts.

2.2. Ploidy estimation and chromosome counts

Relative genome size (RGS) was inferred from fluorescence in-
tensities of 4′,6-diamidino-2-phenylindole (DAPI)-stained nuclei iso-
lated from silica-gel dried leaf material following Suda and Trávnícek
(2006) as described in detail in Supporting Methods S1. For all popu-
lations of A. onobrychis analysed with RADseq and the ten populations
of other members of A. sect. Onobrychoidei the RGS of four individuals
(average 3.96) was typically measured (Supporting Table S1). In ad-
dition, RGS was determined for one individual each from the additional
populations A1–A34 as well as from three additional individuals, which
were used for the determination of chromosome numbers. Chromosome
numbers were determined for one individual from each RGS class (see
Results), i.e., one individual each from populations 276, A17 and A25
(see Results section). A detailed protocol is given in Supporting
Methods S1.

2.3. DNA extraction and RADseq

Total genomic DNA was extracted from dried leaf tissue (ca. 10 mg)
using the modified CTAB protocol of Tel-Zur et al. (1999) and purified
with the NucleoSpin gDNA clean-Up kit (Macherey-Nagel). Single-di-
gest RADseq libraries were prepared using the restriction enzyme PstI
(New England Biolabs) and a protocol adapted from Paun et al. (2016).
Briefly, we started with 110 ng DNA per individual and ligated 100 mM
P1 adapters to the restricted samples. Shearing by sonication was per-
formed with a M220 Focused-ultrasonicator (Covaris) with settings
targeting a size range of 200–800 bp and mode at 400 bp (peak in
power: 50, duty factor 10%, 200 cycles per burst and treatment time
90 s at 20 °C). One individual each of 82 populations (70 populations of
A. onobrychis and twelve outgroup populations) were sequenced on Il-
lumina HiSeq at VBCF NGS Unit (http://www.vbcf.ac.at/ngs/) as
100 bp single-end reads.

2.4. Variant calling and filtering

The raw reads were demultiplexed according to index barcodes
using BamIndexDecoder v. 1.03 (from Illumina2bam package; available
from https://github.com/wtsi-npg/illumina2bam) and based on inline
barcodes with process_radtags.pl implemented in STACKS v. 1.35
(Catchen et al., 2011, 2013) with default settings.

As no reference genome for any Astragalus species was available, we
started by applying the commonly used pipeline STACKS to build
de novo a catalog of RADseq loci while optimizing the recovery of loci
across the genomic heterogeneity present in the data. We first followed
the methodology detailed by Heckenhauer et al. (2018) with minor
modifications. For this, first, a catalog of RADseq loci was built using
denovo_map.pl in STACKS using a minimum coverage to identify a

stack of 10× (-m 10), a maximum number of differences between two
stacks in a locus in each sample (-M) of three, and a maximum number
of differences among loci to be considered as orthologous (-n) of three.
We then used export_sql.pl from STACKS to extract from the catalog
consensus sequences of the polymorphic loci with a maximum of ten
SNPs per locus and with data present in at least 20% of individuals.
These consensus sequences were retained to form a ‘pseudo-reference’
for mapping back all raw reads with the mem algorithm of bwa
v. 0.7.5a-r405 (Li and Durbin, 2009). The mapping files were then
sorted by reference coordinates and read groups were added with
picard tools v. 2.0.1 (available from http://broadinstitute.github.io/
picard). Realignments around indels have been performed for each bam
file using the Genome Analysis Toolkit vers. 3.6-0-g89b7209 (McKenna
et al., 2010). Finally, ref_map.pl from STACKS was applied to the
mapped bam files with the requirement of a minimum coverage to
identify an allele (-m) of 3×. For the final data filtering we used the
software Populations from STACKS retaining the loci with maximum
10% missing samples, minimum minor allele frequency (–min_maf)
0.025 (i.e., corresponding to two individuals) and maximum observed
heterozygosity (–max_obs_het) 0.65. The filtering on the number of
heterozygous genotypes per locus was done to avoid combining para-
logs within the same RAD locus. Datasets of SNPs from the filtered loci
were exported in Phylip format to be used in RAxML (Stamatakis, 2014)
using Populations flags “–phylip –phylip_var –phylip_var_all”. To per-
form analysis of relatedness and PCA, data was exported in vcf format
using the “–vcf” flag.

As an alternative approach we used the genotype-free method of
ANGSD v. 0.910 (Korneliussen et al., 2014) on the indel-realigned
mapping files to call variants implementing a GATK-derived algorithm
(McKenna et al., 2010). This approach is expected to more accurately
retain allele dosage information for polyploid samples within genotype
likelihoods (Brandrud et al., 2019a). Here, only reads with base and
mapping qualities of at least 20 were accepted (-minQ 20 -minMapQ
20). Major and minor alleles were inferred from genotype likelihoods
(-doMajorMinor 1) and three possible genotypes were written in a
beagle genotype likelihood format (-doGlf 2). Allele frequencies were
estimated (-doMaf 2), filtering the variants by using a likelihood ratio
test (LRT) to retain sites that are confidently polymorphic (-SNP_pval
1e-6). Finally, similar filters as used for STACKS-derived data were
applied here, retaining sites with maximally 10% missing samples
(-minInd 72) and if their minor allele was present in more than two
individuals (-minMaf 0,025). A recent simulation study (Blischak et al.,
2018) has shown that for high coverage datasets variant calling algo-
rithms that assume either equal genotype probabilities (GATK-like) or
Hardy-Weinberg equilibrium inherit negligible error rates for genotype
estimates for polyploid datasets. The same study concludes that the use
of genotype likelihoods can increase confidence for data affected by
non-standard inheritance patterns and allelic dosage uncertainty, such
as those including polyploids. Using the datasets obtained with these
two alternative approaches (STACKS, ANGSD), we performed compar-
able analyses (relatedness, PCA/PCoA) in order to cross-evaluate the
robustness of our inferences. A graphic representation of the workflow
is illustrated in the Supporting Information (Supporting Methods S1).

2.5. Analyses of variant datasets

The SNPs called with STACKS were further processed as follows. To
infer phylogenetic relationships among all 82 individuals we computed
a maximum likelihood (ML) phylogeny using RAxML v. 8.2.8
(Stamatakis, 2014). Invariant sites were removed from the original
phylip format using the script “deleteAlignColumn.pl” (available from
https://www.biostars.org/p/55555/) and Felsenstein’s ascertainment
bias correction was further used to account for missing invariant sites as
recommended (Leaché et al., 2015). Tree searches were done under a
General Time Reversible model with categorical optimization of sub-
stitution rates (ASC_GTRCAT; Stamatakis, 2014). The best-scoring ML
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tree was bootstrapped using 1000 replicates and the frequency-based
stopping criterion (Pattengale et al., 2010).

For the 70 individuals of A. onobrychis and the ten individuals of
outgroup species from A. sect. Onobrychoidei we used SplitsTree
v.4.12.6 (Huson and Bryant, 2005) to create a NeighborNet based on
Hamming distances (Hamming, 1950) to account for the potential
presence of hybridization within the data set. Any ambiguous sites
present in the SNP matrix were treated as an 'average' site, which means
that the contribution at a site is averaged over all possible resolutions of
the ambiguous codes (Huson and Bryant, 2018).

For the ingroup samples (70 individuals), a principal coordinate
analysis (PCoA) was calculated with the R package ADEGENET v. 2.1.0
(Jombart, 2008; Jombart and Ahmed, 2011) based on Euclidean dis-
tances. For the same data set (but excluding the single tetraploid in-
dividual of the Balkan RAD Clade, see Results), we used the Populations
program in STACKS to estimate the number of private alleles per group
and the nucleotide diversity (π) per group. The private allele estimates
were further corrected for small sample sizes by multiplying them by
the factor (N/(N − 1)), where N is the sample size of the respective
group.

Starting with a vcf file we further calculated with VCFtools v. 0.1.15
(Danecek et al., 2011) a per-individual inbreeding coefficient F esti-
mated using a method of moments (option –het). F can take values
between −1 (lowest homozygosity) and 1 (highest homozygosity), but
as it is calculated for individual rather than population samples and it is
based only on a subset of polymorphic sites in the data, it should be
considered as a relative measure. With VCFtools we further estimated
the relatedness between each pair of individuals as the unadjusted Ajk
statistic (Yang et al., 2010). Relatedness coefficients have been shown
to be unbiased with respect to ploidy, even when allele dosage is
missing (Meirmans et al., 2018). Ajk is expected to equal one when
comparing a genotype to itself, to be close to zero when comparing
individuals within the same genetic pool, and to take negative values
when comparing accessions from different populations or species. The
Ajk estimates were drawn as violin plots for four groups of polyploids,
each from a different RAD Clade (i.e., as defined based on the ML tree)
using Python v. 2.7.13 (van Rossum and Drake, 1995) and its libraries
Pandas (McKinney, 2010), Matplotlib (Hunter, 2007) and Seaborn
(https://doi.org/10.5281/zenodo.883859). The significance of pair-
wise differences in distributions between groups was estimated with
Mann-Whitney tests using wilcox.test() in R v. 3.4.2 (R Development
Core Team, 2017).

For the variants called with ANGSD, downstream analyses were
performed directly on genotype likelihoods, as this approach has been
shown to be more sensitive to weak structure than classical SNP calling
analysis (Fumagalli et al., 2013); it also enables the recovery of SNPs
with lower frequency of minor genotype that may be filtered out in
genotype calling approaches when assuming diploid samples. We
computed a covariance matrix using PCAngsd v. 0.95 (Meisner and
Albrechtsen, 2018) that uses an iterative procedure based on the gen-
otype likelihoods from ANGSD. Covariances were drawn as violin plots
for each of the polyploid groups defined based on ML tree, similarly as
(and comparable with) the Ajk relatedness values of the STACKS-based
dataset. In order to allow for an additional comparison of the two
variant calling approaches we performed a principal component ana-
lysis (PCA) on the covariance matrix of the ingroup samples with the R
package ADEGENET v. 2.1.0 (Jombart, 2008; Jombart and Ahmed,
2011).

2.6. Amplification, sequencing and analyses of the plastid marker ycf1

Based on recommendations of Bartha et al. (2012) for the genus
Astragalus we sequenced a ca. 1 kb portion of the plastid gene ycf1.
Typically, one individual each (average: 1.3 individuals) of the 82
molecularly analysed populations (including 12 outgroup populations)
was amplified and sequenced as described in Supporting Methods S1.

Sequences were aligned using MAFFT (http://mafft.cbrc.jp/alignment/
server/) and the alignment was improved manually in BioEdit v. 7.0.0.
(Hall, 2004). A haplotype network was constructed using statistical
parsimony as implemented in TCS 1.21 (Clement et al., 2000) using
PopART (Leigh and Bryant, 2015). The analyses were run with the
default parsimony connection limit of 95%; indels longer than 1 bp
were reduced to single-base pair changes.

We conducted a Bayesian molecular dating analysis of the A. ono-
brychis populations and several distantly related Astragalus species with
BEAST v. 1.7.5. (Baele et al., 2012; Drummond et al., 2012) using a
(mean) clock rate of 4.5 × 10−3 substitutions per site per million years
(Smith et al., 2007; Yamane et al., 2003) and a uniform prior to con-
strain the root age to a maximum age of 30 mya. Details about the
analysis are given in Supporting Methods S1.

Finally, a continuous phylogeographic analysis using relaxed
random walks (Lemey et al., 2010) was performed for the plastid data
set using BEAST v. 1.8.1 (Drummond et al., 2012) as described in
Supporting Methods S1. The method was originally used for epidemic
data, but it is “a flexible statistical framework for biogeographical re-
constructions that is easily expanded upon to accommodate various
landscape genetic features” (Lemey et al., 2010, p. 1877) and was later
applied in different biogeographic studies (e.g., Nylinder et al., 2014;
Collevatti et al., 2015; Rešetnik et al., 2016). The maximum clade
credibility tree with annotated diffusion estimates was visualized in the
program SPREAD v. 1.0.6 (Bielejec et al., 2011) and projected together
with polygons representing ancestral areas using ArcGIS 10.3. (ESRI,
Redlands, California, USA).

2.7. Morphometric analyses

Analysis of morphological differentiation was performed across 112
individuals from 63 populations. Details about the 11 studied char-
acters and the employed methods are given in Supporting Methods S1.
Regrettably, sufficient material for morphometric analysis was only
available for three of the four RADseq clades (Italian RAD Clade, Alpine
RAD Clade and Northeastern RAD Clade; see Results), and not for any
diploid samples. For each character, differences were compared by a
one-factorial analysis of variance (ANOVA), which was followed by a
Tukey’s test at a significance level of α = 0.05. Principal component
analysis (PCA) of standardised variables and discriminant function
analysis (DFA) implemented in the packages ade4 (Dray and Dufour,
2007) and MASS (Venables and Ripley, 2002), respectively, were con-
ducted to display the overall variation pattern along the first two
components. The grouping for the DFA followed the three above-
mentioned RADseq clades. The probability of assigning an individual to
a particular group based on its characters was calculated using the
function predict.lda implemented in the MASS package. We conducted
a multivariate analysis of variance (MANOVA) using Pillai trace sta-
tistics to test for differentiation between groups. Statistical analyses
were performed using the software R v. 3.4.2 (R Development Core
Team, 2017).

3. Results

3.1. Ploidy estimation and chromosome counts

Flow cytometry yielded high-resolution histograms and revealed
three different ploidies among the populations of A. onobrychis (Fig. 1,
Supporting Table S1, Supporting Fig. S2). Ploidy within populations
was uniform and no odd-ploidy cytotypes were detected. Diploids
(verified with a chromosome count from population 276: 2n= 16;
Supporting Fig. S3a) are restricted to the central and southern Balkan
Peninsula (Albania, Serbia, Greece, Bulgaria; RGS 0.49 to 0.50) as well
as the western Pontic plains (Romania, Moldova, Ukraine; RGS
0.58–0.59; Supporting Table S1). Tetraploids (RGS 0.96–0.99; count
from population A17: 2n= 32, Supporting Fig. S3b) extend from the
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Apennines to the southeastern Alps. Octoploids (RGS 1.84–2.01; count
from population A25: 2n= 64, Supporting Fig. S3c) are most wide-
spread and span the extremes of the species’ sampled distribution area
(French Alps to Altai Mountains). Establishing the ploidy level of out-
group species of A. sect. Onobrychoidei was not straightforward in the
absence of chromosome counts; ploidies ranged from diploid (A.
aduncus, A. onobrychioides) over likely tetraploid (A. cancellatus) and
hexaploid (A. goktschaicus, A. xylobasis) to likely octoploid (A. se-
vangensis) and octoploid (A. brevidens; Fig. 1a, Supporting Table S1).

3.2. RADseq

The average number of high-quality reads per sample retained after
demultiplexing and quality filtering was 0.85 (SD = 0.33) million. The
data have been deposited in the NCBI Short Archive (BioProject ID
PRJNA510656, SRA accessions SAMN10612725–SAMN10612806).

After de novo assembly of RADseq loci and filtering, we retained
16,709 polymorphic loci in the pseudo-reference that was used for
mapping. On average, the mapping success to this reference was 23.1%

Fig. 2. Violin plots of pairwise related-
ness among different Astragalus groups,
calculated based on a covariance matrix
from genotype likelihoods at 74,352
variant sites. Relatedness of all diploid
and tetraploid individuals to (a) the
tetraploid from the Balkan RAD Clade,
B-RC, and (b) to the tetraploids from
the Italian RAD Clade, I-RC.
Relatedness of diploid, tetraploid, hex-
aploid and octoploid individuals to (c)
octoploid individuals from the
Northeastern RAD Clade, NE-RC, and
(d) the Alpine RAD Clade, A-RC.
Colours of violin plots correspond to the
colour of the RAD Clade in Fig. 1 to
which relatedness is computed. Hy-
pothesized ancestors of particular
polyploids are highlighted with a red
outline. Tests of significance of pairwise
differences in distributions between
groups were not applicable in (a) and
(b) due to the low number of observa-
tions. In (c) and (d) significances (***,
p-value < 0.001; **, p < 0.05) are
given for comparisons of hypothesized
ancestors of a particular octoploid
group to other groups. Note that in (d)
the high relatedness of A-RC to the two
B-RC groups is interpreted as result of
their involvement in the ancestry of I-
RC. (For interpretation of the references
to colour in this figure legend, the
reader is referred to the web version of
this article.)
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(SD 2%). After the ref_map.pl catalog building, STACKS-based SNP
calling and filtering, we selected up to 5145 RADseq loci present in at
least 90% of the analysed samples and up to 11,158 high-quality SNPs,
depending on the analysis (see details in Supporting Table S2). The
average coverage per retained SNP was 33×. After variant calling using
ANGSD, up to 74,352 variable sites were retained that were present in
at least 90% of analysed samples (the exact percentage depended on the
analysis; see details in Supporting Table S2).

The RAxML tree (Fig. 1a) rooted with A. leontinus and A. tibetanus
resolved A. onobrychis as monophyletic with maximum bootstrap sup-
port; it was sister to A. goktschaicus. Within A. onobrychis four main
clades were identified with bootstrap support higher than 50%. The
Northeastern RAD Clade (BS 62%) constituted mostly by octoploids
with a few additional diploids from the Pontic plains and the Pannonian
basin (termed NE-RC in the following) was sister to the three other
clades, which formed a maximally supported monophylum. Within the
latter, the Balkan RAD Clade (B-RC; BS 100%) comprised diploid and a
single tetraploid population from the Balkans. It was sister to a clade
constituted by the exclusively tetraploid Italian RAD Clade (I-RC; BS
98%) and the exclusively octoploid Alpine RAD Clade (A-RC; BS 57%).
In addition to the four A. onobrychis clades recovered with the RAxML
tree, the NeighbourNet analysis shows a split (highlighted in
Supporting Fig. S4) supporting a relationship between the NE-RC and
most individuals of the A-RC.

The PCoA of the ingroup accessions, based on 11,158 SNP obtained
by the STACKS-based pipeline allowed separating five genetic clusters
along the first and second axes explaining together 22% of the variation
in the data (Supporting Fig. S5). Particular clusters reflect the four
groups resolved in the RAxML tree plus diploids of the NE-RC, which
represent a fifth cluster. Similarly, the genotype-free PCA based on
67,596 variants recovered by ANGSD separated five clusters along the
first two components explaining 12.6% of the variation (Supporting Fig.
S5). Distances between clusters corresponding to the B-RC and the I-RC
and between diploids and octoploids of the NE-RC are, however,
smaller than in the PCoA.

The number of private alleles (Supporting Table S3) with re-
ference to other ingroup samples ranged between 123 for tetraploids
of the I-RC, 152–165 for the diploid groups, and 1306–1479 for the
octoploid groups, indicating that a significant portion of the genomes
of the octoploids is different from all other ingroup samples. Nu-
cleotide diversity π increased in general with ploidy, except for tet-
raploids of the I-RC, which had π estimates within the range of the
diploids as expected for autopolyploids. These patterns corroborate
estimates of the per-individual inbreeding coefficient, F, which took
values in a similar range for tetraploids of the I-RC and for the two
diploid groups (Supporting Fig. S6). In contrast, both octoploid
groups showed significantly increased heterozygosity, as indicative
of an allopolyploid nature.

Estimates of Ajk relatedness based on the STACKS-derived data and
the relatedness based on the covariance matrix resulting from the
ANGSD data were directly compared using split violin plots (Supporting
Fig. S5) and gave highly similar results. Therefore, in the following we
only interpret the results of covariance-based relatedness (Fig. 2), be-
cause this approach fits better our heteroploid dataset. The single tet-
raploid individual from the B-RC showed the highest relatedness to
diploids from the same clade. Tetraploids of the I-RC exhibited high
relatedness to both diploids and tetraploids of the B-RC, suggesting that
tetraploids of the I-RC are likely derived from tetraploids of the B-RC.
Octoploids of the NE-RC exhibit a close relationship with diploids of the
NE-RC and with the hexaploid A. goktschaicus suggesting an allopoly-
ploid origin. For the exclusively octoploid A-RC the situation is less
clear. The values of relatedness are generally lower, the highest and
partly positive ones are exhibited by tetraploids of the I-RC – and thus
also by their inferred ancestors – and by octoploids of the NE-RC and
their inferred ancestors.

3.3. Plastid ycf1 sequences

The ycf1 sequences were 747–810 bp long (ingroup only:
753–810 bp); the alignment was 840 bp long (ingroup only: 816 bp).
GenBank accession numbers are given in Supporting Table S1. In the
ingroup dataset 17 variable characters and 15 indels were found, re-
sulting in 4.3% variability. In total, 24 haplotypes were found, which
formed two lineages (Southern Plastid Lineage, S-PL, H1–H8; Northern
Plastid Lineage, N-PL, H9–H16) separated by at least 21 mutational
steps (Fig. 1b). The two lineages did not form a monophylum but rather
connect to eight distantly related haplotypes, recovered exclusively
from the outgroup. The S-PL comprised all diploid and tetraploid po-
pulations from the I-RC and the B-RC as well as the three diploid po-
pulations from the NE-RC, whereas the N-PL comprised exclusively
octoploid populations falling into the A-RC and the NE-RC. The next-
related haplotypes to the N-PL were from A. goktschaicus. For popula-
tions 264, 265 and 269 we failed to obtain readable sequences most
likely due to a mutation in a priming site.

The ycf1 Bayesian dated phylogeny with expanded outgroup sam-
pling (Supporting Fig. S7) reflected the structure revealed by the par-
simony network. Haplotypes of A. onobrychis constituting the N-PL
(posterior probability, PP, 1, mean age 0.77 mya, highest posterior
density interval, HDP, 0.29–1.46) formed a clade (PP 0.98, mean age
1.42 mya, HPD 0.52–2.75) with A. aduncus, A. brevidens, A. cancellatus,
A. goktschaicus and A. sevangensis. This clade, which corresponds to A.
sect. Onobrychoidei, was sister (PP 0.99, mean age 2.71 mya, HPD
1.05–5.25) to an unsupported group including A. onobrychioides, A.
xylobasis and a clade constituted by A. onobrychis haplotypes of the S-PL
(PP 1, mean age 1.08 mya; HPD 0.32–2.19).

The continuous phylogeographic analysis (Fig. 3) using relaxed
random walks estimated the onset of geographical diversification of A.
onobrychis and other members of A. sect. Onobrychoidei to be in the
Caucasus (Fig. 3b; geographical toponymes are specified in Fig. 3a),
where two lineages diversified; the first lineage is ancestral to the S-PL
(onset of diversification 1.8 mya; Supporting Fig. S7) and the second
lineage is ancestral to the N-PL (1.4 mya). The S-PL later diversified in
the Balkans and spread to the western Pontic plains (1.0 mya; Fig. 3c)
and to the southeastern Alps (0.5 mya; Fig. 3d), whereas the N-PL
spread from the Caucasus to Central Asia and the Pannonian basin
(0.8 mya; Fig. 3c) and from the latter further to the Alps (0.6 mya;
Fig. 3d). Present distributions of S-PL and N-PL based on all sampled
populations are shown in Fig. 3e.

3.4. Morphometry

One-factorial ANOVAs followed by a Tukey’s test revealed sig-
nificant (α = 0.05) differences among the three RADseq clades in all
eight characters (illustrated as box plot diagrams in Supporting Fig. S8).
The PCA of the morphometric dataset (112 individuals, eight characters
including three ratios; Fig. 4a) suggested a clear structure along the first
two axes. The first axis (explaining 41.6% of the overall variation) was
highly correlated with characters describing the length of flower bracts
(BL), calyx (CL) and leaflets (LL) as well as the shape of the standard
(SL/SW). The second axis (23.5%) was highly correlated with char-
acters derived from pistil length (PiL), calyx tube width (CW) and wing
shape (WL/WW). The discriminant function analysis yielded three non-
overlapping groups (Fig. 4b), supporting morphological differentiation
among tetraploids of the I-RC from the Alps, octoploids from the A-RC
and octoploids from the NE-RC. Characters BL, SL/SW, CW, and LL
contributed most to the separation along the first axis; the separation
along the second axis was mostly governed by BL and CW. Assignment
of individuals to a RADseq clade was on average correct in 96.4% of all
cases (tetraploids from the Alps: 100%; octoploids from the Alps:
96.4%; octoploids from the Pontic-Pannonian area: 95.2%). The
MANOVA indicated significant differentiation among the three groups
(Pillai trace = 1.53, p < 0.001) and yielded significant differences for
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all eight characters (including three ratios). All characters had high
discriminatory power at least between two of the three groups
(Supporting Fig. S8).

4. Discussion

4.1. The evolution of Astragalus onobrychis was complex and reticulate

In A. onobrychis phylogenetic reconstructions exhibit striking in-
congruities between nuclear and plastid genomes; furthermore, the
three ploidies and the genetic groups detected within the species are not
fully overlapping. Phylogenetic analysis of mostly nuclear-derived
RADseq data (Fig. 1a) resolved the species as monophyletic and re-
vealed four moderately to well supported allopatric clades termed
Balkan RAD Clade (B-RC), Italian RAD Clade (I-RC), Alpine RAD Clade
(A-RC) and Northeastern RAD Clade (NE-RC). The three ploidies are
largely allopatric and overlap with these clades only partially: diploids
occur in the B-RC and the NE-RC within a relatively small area

(southern Balkan Peninsula, western Pontic area), tetraploids – which
have not been previously reported from Europe outside the Caucasus
(Rice et al., 2015) – were found in the Apennines, the southeastern Alps
and the southern Balkan Peninsula, and belong to the B-RC and the I-
RC. Octoploids, which dominate the NE-RC and exclusively constitute
the A-RC, are most widespread and span the extremes of the species’
distribution area from southeastern France to the Altai Mountains in
Central Asia. Plastid DNA, which is maternally inherited in closely re-
lated A. cicer (Harris and Ingram, 1991), identified two haplotype
lineages within A. onobrychis, which are connected via haplotypes re-
trieved from outgroup species of A. sect. Onobrychoidei (Fig. 1b,
Supporting Fig. S7). The Southern Plastid Lineage (S-PL) is character-
istic for all diploids and tetraploids and likely comprises the non-in-
trogressed set of plastid haplotypes of A. onobrychis, whereas the
Northern Plastid Lineage (N-PL) found in all octoploid accessions was
probably acquired by hybridisation of A. onobrychis as paternal parent
with another species of A. sect. Onobrychoidei as maternal parent.

Using relatedness analysis (Fig. 2 and Supporting Fig. S5), one of the

Fig. 3. (a) Toponyms used in this study. (b–e)
Spatial diffusion of Astragalus onobrychis and
other members of A. sect. Onobrychoidei illu-
strated as snapshots of estimated ancestral node
areas in the maximum clade credibility tree of
plastid DNA data at different time horizons as
visualized using the software SPREAD. Lines il-
lustrate migration events (blue: Northern Plastid
Lineage; red: Southern Plastid Lineage). More
intensive colours indicate older events; the
colour coding thus does not reflect the plastid
haplotypes but rather the sequence of events.
Polygons represent 80% highest posterior den-
sity areas for nodes. Timing of diversification
events is indicated at the respective nodes. Due
to the lack of independent calibration points, the
absolute dates should be viewed with appro-
priate caution. (e) Present distribution of plastid
lineages (terminals represent all sampled popu-
lations). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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few approaches that does not show ploidy-bias and is therefore ap-
plicable to heteroploid SNP data sets (Meirmans et al., 2018; Brandrud
et al., 2019b), both tetraploid groups are of autopolyploid origin.
However, according to the phylogenetic analysis (Fig. 1a) they likely
have distinct histories. While the single tetraploid population of the B-
RC is related only to diploids of the B-RC (Fig. 2a), the closest relatives
of the exclusively tetraploid I-RC are either diploids or tetraploids from
the B-RC. Additional arguments for an autotetraploid origin of the I-RC
(for the single available tetraploid population of the B-RC no further
statistics were calculated due to the small sample size) come from (i)
their low nucleotide diversity, within the range of the diploid groups
(Supporting Table S3), suggesting that only one gene pool participated
in their origin; (ii) the per-individual inbreeding coefficients obtained
(Supporting Fig. S6), which is not significantly different from diploid
values, indicating a lack of widespread fixed heterozygosity otherwise
expected for an allopolyploid; and (iii) the estimates of private alleles
(Supporting Table S3), which are the lowest of all groups.

In contrast, both octoploid lineages likely result from allopolyploi-
dization events. They show an increased nucleotide diversity
(Supporting Table S3) and the lowest per-individual inbreeding coef-
ficient F (Supporting Fig. S6), consistent with fixed heterozygosity. The
octoploid groups also feature roughly ten times higher numbers of
private alleles than related diploids and tetraploids from the ingroup,
indicating a significant contribution to their genetic make-up from
outside A. onobrychis. An important role of reticulate evolution in the
history of both the NE-RC and the A-RC is also supported by plastid
DNA. Specifically, diploid populations of the NE-RC carry haplotypes of
the S-PL, whereas octoploids bear haplotypes falling into the N-PL
crown group. It is likely, therefore, that diploids or (auto)tetraploids
carrying haplotypes of the S-PL came into contact with bearers of the N-
PL, probably in the Pontic plains, and gave rise to octoploids. It is un-
clear if the donor of the N-PL belonged to A. onobrychis or rather to
another species of A. sect. Onobrychoidei, a likely candidate supported
by both plastid DNA (Fig. 1) and RADseq (Fig. 2) being hexaploid A.
goktschaikus. However, we stress that the lack of a range-wide sampling
of all members of A. sect. Onobrychoidei may question the role of that
particular species in the evolution of A. onobrychis.

Reconstructing the evolutionary history of the exclusively octoploid
A-RC is not straightforward; it probably evolved via contact of tetra-
ploids of the I-RC with octoploids present in the Alps or their southern
and eastern periphery. Whereas relatedness analysis (Fig. 2d) and
NeighbourNet diagram (Supporting Fig. S4) weakly indicate that these

octoploids belonged to (ancestors of) the NE-RC, the plastid data clearly
support such a relationship (Fig. 1b). Hybridisation with these octo-
ploids, which acted as maternal parent, gave rise to allo-octoploid po-
pulations that later colonised the Alps. In any event, significant mor-
phological differentiation between octoploids of the A-RC and the NE-
RC (Fig. 4, Supporting Dataset S1, Supporting Fig. S8) supports the
hypothesis of their independent origins.

Octoploid plants of A. onobrychis are taller-growing and have more
and larger flowers per inflorescence than tetraploids (Supporting Fig.
S8), which reflects patterns of morphological differentiation in other
polyploid complexes (Flatscher et al., 2015). These properties may have
increased the octoploids’ ability to colonize and/or survive in different
environments. This is supported by two lines of evidence. First, the A-
RC has a much wider distribution in the Alps than the I-RC but both
have colonised their present habitats postglacially, since these were
covered by ice during the Last Glacial Maximum (van Husen, 1987;
Ehlers and Gibbard, 2004). Second, octoploids of the NE-RC span a
broad range throughout much of Eurasia, which was colonised late in
the species’ evolutionary history (Fig. 3). Altogether, the distribution of
both octoploid lineages is in accordance with the hypothesis that
polyploids tend to cover larger distribution areas and occupy more
extreme and northern habitats than their diploid relatives (Comai,
2005; Van de Peer et al., 2017). This is generally explained by a
breakdown of self-incompatibility (supported for A. onobrychis by pre-
liminary crossing experiments by C. Maylandt), supplemented by in-
creased heterozygosity and genetic buffering (Comai, 2005).

4.2. Plastid data provide a temporally explicit hypothesis of range dynamics

Time calibrated diffusion models applied to the plastid data suggest
that bearers of ancestral haplotypes found in A. sect. Onobrychoidei
were distributed in the southern Balkans, the Pontic plains and the
Caucasus, and diverged into two lineages ca. 2.5 mya (Supporting Fig.
S7). We stress that due to the lack of independent calibration points and
the consequently wide HPD intervals the exact dates should be viewed
with caution. This shortcoming should, however, not compromise the
mere sequence of events. This coincides with the climatic cooling at the
onset of the Pleistocene, thus placing this initial evolutionary diver-
gence of A. onobrychis firmly in that period. Within the first lineage, the
haplotypes retrieved from diploid A. onobrychis populations currently
found in the Balkans and the western Pontic plains diverged ca. 1.8 mya
from Caucasian ancestors belonging to A. sect. Onobrychoidei, giving

Fig. 4. Ordination diagrams illustrating the morphological variation among three of the four major RADseq clades delineated within Astragalus onobrychis. Black dots,
I-RC, Italian RAD Clade; white dots, A-RC, Alpine RAD Clade; black triangles, NE-RC, Northeastern RAD Clade. Analyses are based on a dataset of 112 individuals and
eight characters including three ratios. (a) Principal component analysis (PCA). Arrows in the inset represent the contribution of the characters to the overall
explained variation. (b) Discriminant function analysis (DFA). The three a priori defined groups are those mentioned above.
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rise to the S-PL (Fig. 3b). Within the second lineage, the N-PL diverged –
as well from Caucasian ancestors – ca. 1.1 mya (Supporting Fig. S7) and
colonised areas north of the Caucasus. Roughly 1 mya, Balkan and
western Pontic populations diverged within the S-PL (Fig. 3c). In the
same line, diploids from the Pontic plains (populations 276, 277, 284)
have plastid haplotypes that are closest to the outgroup in the parsi-
mony network, and are sister to all other haplotypes of the S-PL in the
Bayesian phylogeny (Supporting Fig. S7). Subsequently, diversification
within the S-PL took place on the Balkans.

The N-PL crown group – which comprises exclusively octoploid
populations – diversified ca. 0.8 mya (Fig. 3c). This time, therefore,
marks the maximum age of the hybridisation event giving rise to the
octoploids of the NE-RC, which was followed by a range expansion
eastwards to Central Asia and westwards to the Pannonian basin. The
two haplotypes present in the A-RC diverged from Pannonian haplo-
types ca. 0.6 mya, probably during isolation of the Alpine populations
in warm stage refugia during the Pleistocene (Fig. 3d). Shortly after-
wards, around 0.5 mya, tetraploids carrying S-PL haplotypes diverged
from Balkan diploids and migrated northwards to the southeastern
Alps, and west- and southwards to and along the Apennines (Fig. 3d, e).
As outlined above, at some point these tetraploids probably came into
contact with octoploids carrying N-PL haplotypes, giving rise to the
allo-octoploid populations distributed in the western and the central
eastern Alps.

4.3. Methodological aspects

We have presented one of the first phylogeographic studies of a
convolute heteroploid species complex using a RADseq approach. In
such a complex system the application of currently established SNP
calling approaches is not straightforward. Therefore, we have used two
types of data analyses (genotype-based and genotype-free) to evaluate
the consistency of the obtained results. The approach based on geno-
type likelihoods was able to retain six to seven times more variable sites
while using similar filters (Supporting Table S2). From a practical point
of view we emphasise that – at least in our study group – the general
signal remained highly comparable across all analyses, despite different
expected biases between the two analytical approaches.

Our study strongly suggests that even in species such as A. ono-
brychis, for which uniformity in ploidy was suggested for large parts of
the distribution area (with a single exception only octoploids were re-
ported from extra-Caucasian Europe; Pustahija et al., 2013; Rice et al.,
2015), information on the ploidy of each investigated population is
crucial for the interpretation of genetic or genomic data. Furthermore,
it is obvious that plastid gene trees are highly complementary to
RADseq data, and enable tracking spatio-temporal dynamics of ma-
ternal lineages as well as reconstructing past reticulations between
lineages. Hence, we argue that plastid data should remain an integral
part of evolutionary phylogenetic research in plants, as they may help
uncover hidden reticulate histories (see also Garrick et al., 2015; Morris
and Shaw, 2018).

4.4. Conclusions

The intersection of genomic, genetic, flow-cytometric and mor-
phometric data clearly suggests that the latest taxonomic treatment of
A. onobrychis (Podlech, 2011) underestimated its actual diversity. Here,
we refrain from taking taxonomic conclusions; these should be based on
deeper sampling across the Balkan Peninsula, including the type lo-
calities of all described taxa, a more complete morphometric dataset
covering all genetic lineages, and, ideally, all described taxa. Finally,
although not specifically addressed here with a modelling approach, it
appears likely that the distribution of A. onobrychis in Europe during
interglacials was similar to the current distribution. Albeit weakened by
a low sampling density in the zonal steppe belt, our plastid DNA data
show that the western Pontic plains, the Balkan Peninsula, the

Apennines, the Alps and the Pannonian basin harbour distinct sets of
haplotypes suggesting divergent evolution during successive phases of
allopatry. Overall, genetic and phenotypic variation is unexpectedly
high within the fragmented steppe areas to the west of the zonal steppe
belt, suggesting existence of several warm-stage refugia. A forthcoming
comparative phylogeographic paper based on several plant and animal
taxa of the Eurasian steppes will show if the unravelled pattern is
specific to the study species or a pervasive feature of the enigmatic
extrazonal European steppes.
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