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ARTICLE INFO ABSTRACT
Keywords: The Euro-Siberian steppes have experienced large-scale range fluctuations due to the climatic changes of the
Demography Pleistocene that may have also fuelled reshuffling of past steppe vegetation. These species-rich steppe grasslands

Genotyping-by-sequencing
Molecular dating
Transylvanian Basin
Western Siberia

were much more widespread during glacials and contracted during interglacials, a dynamic which should also be
reflected by the evolutionary history of their biota. Astragalus austriacus is a widespread steppe species with
European-western Siberian distribution and an ideal model to study the florogenesis of the Euro-Siberian steppes.
Here, we inferred the phylogeography of A. austriacus based on genotyping-by-sequencing (GBS) data from
populations sampled from the western edge of the Pannonian region across the Pontic region to the western
Siberian region. Additionally, we applied molecular dating using single gene sequence data (ycf1, matK and ITS).
We outline an evolutionary scenario in which intraspecific diversification occurred in the eastern part of Europe
during the later Pleistocene (0.48-0.24 Ma). From there, the species expanded both eastwards and westwards,
likely during a cold period, which is reflected by two main lineages within A. austriacus that today occur in the
Pannonian sensu lato and in the Pontic/south-western Siberian regions, respectively. Demographic modelling
supported such a scenario and showed that population sizes were larger during the last cold stage and contracted
postglacially. Within the Pannonian sensu lato region, strong substructure was detected, likely as a result of
repeated disintegration of the continuous cold-stage steppes in Europe. Finally, our results are in line with
evolutionary scenarios suggested for other steppe species such as Adonis vernalis.

1. Introduction Mongolian (= Central Asian), Tibetan, and Mediterranean chorological-
climatic subtypes (Wesche et al., 2016). Zonal grass and desert steppes
The Palaearctic steppe biome includes the European, Middle Asian, occur in climates that are too dry to sustain the growth of forests and are
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regularly affected by frost. The ecological-physiognomic subtypes of
steppe include forest-steppe, typical steppe, desert steppe, and alpine
(mountain) steppe (Wesche et al.,, 2016). They are bordered by
temperate or boreal forests in the north and semi-deserts in the south
and are characterized by a high species richness with up to 98 plant
species per 10 m> (Polyakova et al., 2016; Wilson et al., 2012). Our focus
is on the Euro-Siberian steppes, which correspond to the European and
Middle Asian chorological-climatic subtypes of Wesche et al. (2016) and
comprise the Pontic-southern (actually south-western) Siberian floristic
region of Meusel et al. (1965), which includes the forest-steppes of
south-eastern Europe and (from north to south in a latitudinal zonation)
the forest-steppes, long grass steppes and short grass steppes of eastern
Europe and south-western Siberia (Middle Asia). Smaller patches of
extrazonal grasslands in the west, which can nowadays be regarded as
isolated islands surrounded by a sea of forest (Kirschner et al., 2022),
resemble zonal steppes in several respects, i.e., in their species compo-
sition. In contrast to zonal steppes, these species-rich extrazonal steppes
naturally occur under a continentally influenced climate wherever
edaphic conditions do not allow the formation of a closed forest
(Braun-Blanquet, 1961; Braun-Blanquet and de Bolds, 1957; Kajtoch
et al., 2016; Kirschner et al., 2020; Magnes et al., 2021).

Our knowledge of the climate and landscape history of the Euro-
Siberian steppe region has recently been supplemented by extensive
and large-scale phylogeographical studies of plant and animal taxa
(partly reviewed in Hurka et al., 2019). The extent of the Eurasian
steppes was mainly driven by recurrent climatic changes during the
Pleistocene, with steppes expanding during cold stages such as the last
glacial (115-11.7 ka) and shrinking during warm stages such as the last
interglacial (130-115 ka) (Binney et al., 2017). This had a large impact
on steppe flora and fauna and has facilitated large-scale fluctuations of
population sizes in synchrony with these climatic oscillations (Kirschner
et al., 2022), and formation of allopatric lineages (Friesen et al., 2020;
Kajtoch et al., 2016; Kirschner et al., 2020; Seidl et al., 2022; Willner
et al., 2021; Zaveska et al., 2019; Zerdoner Calasan et al., 2021) and
species due to range shifts and isolation in warm stage refugia (Baca
et al., 2023; Kirschner et al., 2023; Vojtechova et al., 2023). Regarding
such range alterations, most available evidence points to a scenario in
which steppe species were forced to retreat into refugia during Pleisto-
cene warm stages. However, such refugial dynamics might not apply to
all species and not in all parts of the Eurasian steppes, as the response of
a species to a changing environment ultimately depends on
species-specific ecological requirements, especially concerning temper-
ature, precipitation and competition (Hurka et al., 2019; Stewart et al.,
2010). The fact that steppe plant communities as we observe them in
today’s warm stage conditions probably did not exist in this composition
in cold stages (Chytry et al., 2019) renders modelling of refugial dy-
namics based on only climatic variables difficult, underlining the
importance of phylogeographic studies based on genetic information,
some of which already revealed different evolutionary histories of
steppe biota. For example, Krascheninnikovia ceratoides (L.) Gueldenst.
(Seidl et al., 2020, 2021) and Astragalus onobrychis L. (Zaveska et al.,
2019; Kirschner et al., 2020) originated in the early phases of the
Pleistocene, one in western Central Asia or the Altai Region
(K. ceratoides) the other in the Caucasus region (A. onobrychis), which
allowed formation of various lineages in response to Pleistocene climatic
oscillations. The eastern lineage of Adonis vernalis L., in contrast, evolved
more recently, in the later phases of the Pleistocene, in south-eastern
Europe (Seidl et al., 2022). The lack of a consistent pattern in these
earlier studies prompted us to investigate another species.

Astragalus austriacus is a submeridional-continental species with a
western European to south-western Siberian distribution. The range of
A. austriacus includes isolated outposts in north-eastern Spain (montane
scrubland on calcareous or loamy substrates at 600-1550 m a.s.l.) and
the south-western Alps (dry valleys in the Cottian Alps at 1200-1400 m;
Hegi et al., 1975; Podlech, 1999). It occurs in steppe-like habitats
throughout its distribution range and was traditionally used to outline
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the Pontic-southern Siberian floristic region (Meusel et al., 1965). Apart
from the zonal steppes, the species grows in extrazonal dry grasslands
dominated by narrow-leaved tussock-forming grasses (Festuca Tourn. ex
L., Stipa L.) and at the edges of thermophilous woods, usually on
base-rich soil including loess (Hegi et al., 1975; Kaplan et al., 2016; see
Fig. 1). Floristically, A. austriacus has been classified as a characteristic
species of the south-eastern European forest-steppe zone (Erdods et al.,
2018) and the Pannonian and western Pontic steppe grasslands (diag-
nostic for the order Festucetalia valesiacae; Willner et al., 2017). In
competition with larger herbs and grasses, the species is disadvantaged
and prefers pioneer (sometimes disturbed) habitats on open soil sur-
faces. In eastern Europe (Ukraine, European Russia, North Caucasus)
and south-western Siberia, A. austriacus also grows in grass steppes with
Stipa and Festuca species, on limestone in pine woods, and rarely in old
fallows (Borisova et al., 1946, English translation 1986). In Middle Asia,
at the southern edge of its range, in the transition from the southern
Siberian to the Aralo-Caspian floristic province (Meusel et al., 1965), the
species becomes rare and grows in humid shallow depressions or dry
saline steppes. According to traditional taxonomy, the species belongs to
the sect. Craccina Bunge (Bunge, 1868; Podlech and Zarre, 2013) while
the phylogenetic placement of A. austriacus within Astragalus remains to
be tested.

In this study, we aimed to disentangle the phylogeography and
evolutionary history of Astragalus austriacus in its main distribution
range in the Pannonian region, the Pontic region and south-western
Siberia. Given that this species is a typical Euro-Siberian steppe
element, this allows us to shed light on the florogenesis of the Euro-
Siberian steppes and underlying evolutionary dynamics. Specifically,
we asked: i) When and where did the recent populations of A. austriacus
growing in the Euro-Siberian steppes originate, and what was the effect
of Pleistocene climate fluctuations? ii) Are the spatial and temporal
patterns found in A. austriacus similar to that of other typical Euro-
Siberian steppe species? To answer these questions, we employed
phylogenetic, clustering and demographic analyses based on
genotyping-by-sequencing (GBS) data that was complemented by dated
phylogenies derived from single-gene sequencing. The similarity in the
distribution pattern of A. austriacus and Adonis vernalis (Seidl et al.,
2022) led us to hypothesize that both species may have undergone a
similar evolutionary history.

2. Material and methods
2.1. Sampling of plant material and extraction of DNA

Populations of A. austriacus from Austria in the west to Kazakhstan in
the east were collected, with one to six individuals per population (total:
71 individuals, 18 populations, mean per population: 3.94; see Appendix
A), covering a major part of the species’ continuous distribution area but
with sample gaps between the three major areas sampled (Fig. 1-3).
Outposts from Spain and the south-western Alps were not included as
they were out of the scope of this study. In our usage, “Pannonian s.lat.”
includes not only the central Pannonian Basin with its western transition
areas to Moravia (Czech Republic) and the eastern Alps (here referred to
as “Pannonian s.str.”) but also the continental parts of the Transylvanian
Basin (Fekete et al., 2016). In addition, we collected individuals from
populations of four other Astragalus species to be used as outgroups
(Appendix B). We placed the leaf material of the individuals in the field
in silica gel to preserve the DNA and usually collected one voucher per
site (deposited at WHB; Appendices A, B). We extracted DNA from
approximately 20 mg of silica gel-dried leaf material with the innuPREP
Plant DNA Kit using the SLS lysis solution containing CTAB (Analytic
Jena, Jena, Germany), the DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) or the NucleoSpin Plant II kit (Macherey-Nagel, Diiren, Ger-
many) according to the manufacturers’ instructions and determined the
DNA concentration of the extracts in a DS-11 FX Fluorometer (DeNovix,
Wilmington, Delaware, USA) using the DeNovix dsDNA Broad Range
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Fig. 1. Current distribution and habitats of Astragalus austriacus. Map: The orange area indicates the distribution after Meusel et al. (1965), brown squares indicate
the distribution proposed by Jager (1971) in Spain. Points reflect the locations according to GBIF records (only accessions based on herbarium specimens were used).
Red crosses show areas in Italy for which occurrences of A. austriacus were suggested in the past (Meusel et al., 1965) but actually never have been confirmed
(Pignatti, 2017; T. Wilhalm, personal communication, June 21, 2023). Blue, green and pink circles indicate the areas sampled in this study (see Fig. 2 for details).
Left: Austria, Blauer Berg SE of Oberschoderlee. Astragalus austriacus is growing here on the field path on top of the steep loess hill, where it is exposed to disturbance
by agricultural vehicles. The locality is known as a Holocene refugium for the dry steppe and semi-desert plant Krascheninnikovia ceratoides. Another characteristic
plant of open loess steppes growing here is Taraxacum serotinum. Right: Hungary, glacial terrace SE of Nagyszentjanos. Meadow steppe with, among many others,

Stipa pennata (s.str.), A. austriacus, A. exscapus, A. onobrychis and Adonis vernalis.

Assay (DeNovix).

2.2. Genotyping-by-sequencing (GBS)

For the preparation of the GBS library, we digested 200 ng of
genomic DNA from each individual with the restriction enzymes PstI-HF
and Mspl (New England Biolabs, Ipswich, Massachusetts, USA) following
published protocols (Wendler et al., 2014). Two individuals were used
twice to produce the library to assess the reproducibility of the method.
The multiplexed samples were sequenced on separate lanes in two
consecutive runs on a HiSeq 2500 system (Illumina, San Diego, Cali-
fornia, USA; single-end reads, sequence lengths approximately 100 bp).
Processing of GBS raw data was done with ipyrad (Eaton and Overcast,
2020), first with the samples of the in- and outgroup together (Appen-
dices A, B), second with the samples of the ingroup only (A. austriacus;
Appendix A). As A. austriacus is diploid (2 n = 16 chromosomes; Bartha
et al., 2013; Dvorak et al., 1977; Podlech and Zarre, 2013), we allowed
up to two alleles per individual and site. With ipyrad, we removed the
restriction site overhangs “TGCAG” and “CGG” and applied the strict
adapter filtering option to also remove the Illumina adapters. Setting the
Phred quality score to 33, we filtered reads that had more than five poor

quality base calls. For de novo assembly and single nucleotide poly-
morphism (SNP) calling, we allowed a maximum of eight indels, 20 %
SNPs and 50 % of samples sharing heterozygous sites for a locus, 5 %
uncalled bases and 5 % heterozygous sites in the consensus sequence
and used a threshold of 85 % sequence similarity of reads to be
considered reads at the same locus. We specified that at least 10 % of all
individuals should have data at each locus and that only loci with a
depth of six to 10,000 and a minimum length of 35 bp should be
retained. Further, we had the ploidy level of the individuals estimated as
described in Seidl et al. (2021) using the two software programs nQuire
(applying the denoising option; Weif et al., 2018) and ploidyNGS
(applying the guess ploidy option; Correa dos Santos et al., 2017).

2.3. Downstream analysis of GBS data

Phylogenetic analyses were performed on the dataset including
outgroups with 151,831 distinct alignment patterns in RAXML v. 8.2.12
under the GTR+G model, and 1000 rapid bootstrap inferences were
executed (Stamatakis, 2014; Stamatakis et al., 2008).

To determine the number of ancestral populations and calculate the
(private) allelic richness, we first removed the replicate of one
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individual from population P14 (Rostov) from the GBS dataset of
Astragalus austriacus as well as five individuals that appeared to be clonal
offshoots, namely one from population P3 (Fertérakos), one from pop-
ulation P8 (Panet), and three from population P15 (Proletarka; Fig. 2).
We determined the population genetic structure using the LEA package
(Frichot and Francois, 2015) in R v. 3.5.0, using the ingroup dataset of
unlinked SNPs in the Variant Call Format (VCF). We tested the number K
of ancestral populations with 100 replicates each and selected the cor-
rect number based on the minimal cross-entropy. Ultimately, we plotted
the membership to each ancestral population (genetic group) of each
population (as the mean across its individuals).

To calculate the (private) allelic richness, we converted the dataset to
the Genepop format required by HP-Rare (Kalinowski, 2005) by coding
alleles, not SNPs. Only loci called in at least one individual in each
population were used (5038 such loci). We calculated the allelic richness
(Ar) and private allelic richness (pAr) per biogeographic region and per
population. The rarefaction sample sizes were two populations from
each region and two nucleobases from each population.

Past changes in effective population size (N,) were modelled on the
basis of the folded site frequency spectrum (SFS) using the software
Stairway Plot 2 (Liu and Fu, 2020). Modelling was done separately for
each group as resolved by LEA, i.e., the Pannonian group (22 individuals
from populations P1-P5), the Transylvanian group (13 individuals from
populations P6-P8) and the Pontic group (25 individuals from pop-
ulations P9-P13 and P15), omitting the probable clonal offshoots in P3,
P8 and P15 as well as the population P14. As the eastern Pontic (P16)
and south-western Siberian populations (P17 and P18) formed a sepa-
rate group (Fig. 2), they were excluded to avoid distorting demographic
signal by excessive genetic substructure. Group wise SFS were inferred
based on a single SNP per fragment and the number of alleles was down
projected to maximise the number of segregating sites. Calculations and
down projections were done via the python script easySFS.py (https
://github.com/isaacovercast/easySFS) that utilises the package dadi
(Gutenkunst et al., 2009). Underlying GBS data was exported from
ipyrad as VCF file and pre-processed in VCFtools (Danecek et al., 2011),
and prior to each modelling run, loci missing from more than 20 %
(-max-missing 0.8) of all individuals, and loci with mean read depths
below five and above 100 (-min-meanDP 5 and -max-meanDP 100)
were removed. For inferring demographic parameters, a mutation rate
of 7x107° substitutions per site per generation (Ossowski et al., 2010)
and a generation time of ten years were used. The latter estimate roughly
corresponds with observations from ecologically similar Astragalus
species from dry grasslands (Compagnoni et al., 2021).

2.4. Sanger sequencing and alignment

Amplifications of the plastid region ycfl were performed in 20 uL
reactions comprising 8 uyL. REDTaq PCR Reaction Mix (Sigma-Aldrich),
0.9 uL BSA (1 mg/ml; Promega), 0.55 pL (10 pM) of both primers (AO_f
and AO_r; Zaveska et al., 2019) and 1 pL of 1:10 diluted DNA extract.
Cycling parameters for 35 cycles were 30 s at 98 °C, 10 s at 98°C, 30 s at
58 °C and 30 s at 72 °C followed by a final extension step at 72 °C for
10 min. The amplification of the ITS region of two samples of Astragalus
onobrychis population 276 of Zaveska et al. (2019) was carried out in
20 L reactions using the same reagents as for ycf1 but the ITS primer
pair 17SE and 26SE (Sun et al., 1994). To enhance the specificity of the
primer pair, we used a touchdown PCR program of 35 cycles with 30 s at
94 °C, starting annealing temperature of 56 °C, which was decreased by
0.4 °C each cycle until 48° C from where on it stayed constant, 1 min at
72 °C. The final extension step was done with 72 °C for 10 min. After
checking the amplicons on 1 % TBE agarose gels, they were purified
enzymatically using Exonuclease I and Shrimp Alkaline Phosphatase
(SAP; Fermentas) following the manufacturer’s instructions. Sequencing
was carried out at Eurofins Genomics using the same primers as for
amplification.

Three primer combinations were used for amplification of matK:
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trnK685F and matK832R; matK4La and matK1932Ra; and matK1100L
and trnK2R* (Wojciechowski et al., 2004). For 15 uL PCR reactions, 1 pL
DNA extract (diluted 1:20), 1 x Red HS Taq Master Mix (Biozym, Vienna,
Austria) and 400 nM of each primer (Microsynth, Vienna, Austria) were
used. The initial denaturation step was at 95 °C for 2 min, followed by
40 cycles at 95/60/72 °C for 15/15/60 s and a final extension step at 72
°C for 7 min. For ITS of the remaining samples, the same PCR mix, but
with the primers 17SE and 26SE (Sun et al., 1994), and program were
used except for 58 °C annealing temperature. PCR products were
checked on agarose gels and the remaining volume (13 uL per sample)
was cleaned up with Exonuclease I (5.2 U) and FastAP Thermosensitive
Alkaline Phosphatase (1 U) (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) at 37 °C for 15 min and 85 °C for 15 min. Sanger
sequencing of matK was performed in one direction only with primers
matK832R, matK4La or matK1100L and of ITS in both directions with
primers 17SE und ITS4 (White et al., 1990).

For Astragalus austriacus, two individuals each per population P14 to
P16 were sequenced. From the 14 populations (P1-P3, P5-P13, P17,
P18) one individual per population was investigated (Appendix A). To
infer interspecific relationships in a broader context and for the mo-
lecular dating analyses, individuals of four closely related Astragalus
species (A. danicus Retz., A. onobrychis, A. sulcatus L. and A. tibetanus
Benth. ex Bunge; Appendix B) were also newly sequenced. Further, the
generated sequences were complemented by six accessions from Gen-
Bank (A. aduncus Willd., A. alpinus L., A. argyroides Beck, A. laxmannii
Jacq., A. scaberrimus Bunge and A. viridis Bunge; Appendix C) for each of
the three examined genetic regions (ITS, matK and ycfl). Sequences
were aligned using MAFFT (http://mafft.cbrc.jp/alignment/server/).
Subsequently the alignment was further improved manually in BioEdit
v. 7.0.0 (Hall, 1999) and AliView (Larsson, 2014). The chromatograms
of the ITS sequences were checked for double peaks with the software
FinchTV v1.4.0 (Geospiza).

2.5. Dated phylogeny and haplotype network based on Sanger sequences

To reconstruct the phylogenetic relationships and to estimate
divergence times within the Hypoglottis clade (Azani et al., 2017, 2019;
Suetal., 2021), two separate datasets (1. nuclear: ITS; 2. cpDNA: matK +
ycfl) were analysed using the software BEAST v. 2.6.6 (Bouckaert et al.,
2019). First, a matrix consisting of the chloroplast markers matK and
ycfl of 19 sequences from eleven species was used. The trees of the two
partitions were linked in BEAUti whereas all other properties related to
the partitions were estimated independently. The ITS alignment con-
sisted of 15 sequences from eleven species. Model testing was done with
ModelFinder (Kalyaanamoorthy et al., 2017). After checking the BIC
value, K80 + G4, F81 and TPM3uf + G4 were chosen for ITS, matK and
ycfl, respectively. To date, no reliable fossils are known that can be
unambiguously assigned to Astragalus or closely related members in the
(chloroplast) Inverted Repeat-Lacking Clade of legumes (Lavin et al.,
2005; Wojciechowski, 2005). For this reason, the datasets were
secondarily calibrated with the inferred ages from Su et al. (2021). The
two chronograms in this study were calibrated at three nodes of clades
determined to be monophyletic with normal priors: (1) the crown node
of the Hypoglottis clade (mean = 4.76 Ma, 95 %HPD = 3.59-6.12 Ma),
(2) the split between A. onobrychis and A. tibetanus (mean = 4.04 Ma,
95 %HPD = 3.0-5.1 Ma), and (3) the crown node of the group
comprising A. laxmannii, A. tibetanus and (presumably) A. austriacus
(mean 2.61 Ma, 95 %HPD = 2.0-3.2 Ma). The BEAST analyses were
conducted using an uncorrelated lognormal relaxed clock model
(Drummond et al., 2006) alongside the Calibrated Yule Model. All other
priors in this panel were left as default. For each of the two datasets
mentioned above, two independent analyses were run for 100 million
generations sampling every 10,000 generations, which resulted in 2 x
10,000 trees. Log files were sampled every 1000 generations and ana-
lysed using Tracer v. 1.7 (Rambaut et al., 2018) to assess convergence
and ensure that the effective sample size (ESS) for all parameters was
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Fig. 2. Midpoint-rooted RAXML tree of Astragalus austriacus individuals genotyped with GBS. Outgroup species are collapsed. The colours refer to biogeographic
regions. Bootstrap values greater than or equal to 80 % are shown for nodes at the population level or higher. Two-letter country abbreviations: AT — Austria, HU —
Hungary, KZ — Kazakhstan, RO — Romania, RU — Russia.
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>200. The tree files of the two independent runs were combined using
LogCombiner v. 1.7.5 (Drummond and Rambaut, 2007). Subsequently, a
maximum clade credibility (MCC) tree excluding the initial 10 % of trees
as burn-in and showing median heights was constructed using TreeAn-
notator v. 1.7.5 (Drummond and Rambaut, 2007). Finally, the trees were
summarised using FigTree ver. 1.4 (http://tree.bio.ed.ac.uk/software
/figtree/).

For the haplotype network, a concatenated alignment of matK and
ycfl, which consisted of 20 accessions from 17 populations of Astragalus
austriacus and one individual of A. danicus, was used. The haplotype
network was constructed using statistical parsimony as implemented in
TCS 1.21 (Clement et al., 2000) with the software PopART (Leigh and
Bryant, 2015). The analysis was run with the default parsimony
connection limit of 95 % and indels were treated as missing data. The
maps were produced with QGIS (http://www.qgis.org) and the basemap
“GTOPO30” (https://www.usgs.gov/centers/eros/science/usgs-eros-ar
chive-digital-elevation-global-30-arc-second-elevation-gtopo30).

3. Results
3.1. GBS data

The GBS raw data are available at the European Nucleotide Archive
(accessions ERS10741157 to ERS10741268 under the study accession
number PRJEB51106; Appendices A, B). The ipyrad alignment of
Astragalus austriacus including outgroups in VCF format had 20,605
informative loci comprising 164,217 SNPs, of which 20,605 were un-
linked SNPs. The samples had an average of 8858 SNPs (with a range of
5022 to 10,129 SNPs per sample). The alignment of A. austriacus without
outgroups had 21,543 loci comprising 159,101 SNPs (21,543 unlinked).
The samples of the ingroup had an average of 9601 SNPs (with a range of
5546 to 10,689 SNPs per sample). As can be seen from the RAXML tree
(Fig. 2, Fig. S1), the replicates of an A. austriacus sample from P14
(Rostov) and of an A. sulcatus sample from Kalinovka (Kostanay Region,

.Pannonian s.str. group

Transylvanian group .Pontic/SW-Siberian group
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Kazakhstan) cannot be distinguished from the corresponding individual.
Some other samples were also very similar (in the case of A. austriacus,
four samples from P15 and two samples each from P3 and P8, and in the
case of A. sulcatus, two samples from Krasnoarmeyskoe, Samara Oblast,
Russia). The sampled individuals of A. austriacus were generally classi-
fied as diploid based on the GBS data by nQuire and ploidyNGS (eight
out of 68 individuals = 11.7 % showed discrepancies between the two
programs).

3.2. Clustering of A. austriacus populations and relationships based on
GBS data

The most likely number of ancestral populations (K) in the LEA
analysis based on minimal cross-entropy was K = 3, with K = 3 per-
forming marginally better than K = 2. The LEA barplot (Fig. 3 A) shows
the membership of individuals to the three genetic groups or ancestral
populations (K). The first split (K = 2) separated the Pannonian sensu
lato (s.lat.; Fekete et al, 2016) populations (P1-P8) from the
Pontic/south-western Siberian populations (P9-P18; red). The second
split (K = 3) occurred within the Pannonian s.lat. group and separated
the western, i.e., Pannonian sensu stricto (s.str.) populations (P1-P5;
blue) from the eastern, i.e., Transylvanian populations (P6-P8; yellow).

The basal node in the RAXML tree (Fig. 2) of A. austriacus separated
the Pannonian s.lat. from the Pontic/south-western Siberian pop-
ulations. The Pannonian s.lat. populations were divided into the Tran-
sylvanian populations (P6-P8) and the Pannonian s.str. populations
(P1-P5). Within the Pannonian s.str. group, a successive branching of
populations could be observed from east to west, namely from Bacs-
Kiskun County (Hungary; P5) through Gydr-Moson-Sopron County
(Hungary; P4 to P3) to the transition areas to the eastern Alps and
Moravia (Lower Austria; P1 and P2). Within the Pontic/south-western
Siberian group, the more westerly populations (P9-P15; Kursk, Bel-
gorod, Voronezh and Rostov Oblasts in Russia) were separated from the
more easterly populations (P16-P18; Volgograd Oblast in Russia and

B
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Fig. 3. (A) Distribution of shared genetic variation within Astragalus austriacus inferred by LEA (Frichot and Francois, 2015) on the basis of GBS data. Proportions are
given for each individual (barplots) and on the level of populations (map) assuming K = 3. The dashed vertical line depicted in the map shows the split between
Pannonian s.lat. and Pontic/Siberian populations for K = 2. (B) Demographic histories are shown as line plots that were inferred via Stairway Plot 2 (Liu and Fu,
2020). The lines represent the median estimates of effective population size N, (bold line) and corresponding 95 % confidence intervals (thin lines) over time; axis
scales are logarithmic, shaded blue areas indicate the last glacial period (11.7-115 ka), and the dashed line indicates the last glacial maximum (20 ka). SW stands for

south-western.
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Akmola and Pavlodar Regions in Kazakhstan).
3.3. Demographic history

Demographic analyses suggested a decline of N, from the end of the
last glacial period (LGP), intensifying towards the Holocene in all
investigated groups (Fig. 3B). During large parts of the LGP N, was
stable, and increased at the end of the last interglacial and the onset of
the LGP. Both the absolute values of N, and the amplitude of N, variation
were comparable between the Pannonian s.str. and Pontic groups, while
the Transylvanian group showed an earlier onset of the decline.

3.4. Geographic variation in allelic and private allelic richness based on
GBS data

The values of Ar and pAr (Fig. S2) calculated directly for the
biogeographic regions (by randomly selecting two populations per re-
gion; average + standard error over 5038 GBS loci) correlate with the
population values of Ar and pAr averaged for the regions (Table 1).
Directly calculated Ar for the Pannonian s.lat. region is 1.89 + 0.01, for
the Pontic region 2.01 + 0.01, and for the south-western Siberian region

Table 1

Allelic richness (Ar) and private allelic richness (pAr; average + standard error
over 5038 GBS loci) of populations of Astragalus austriacus analysed in this study.
Mean values over populations for biogeographic regions are also shown along
with their standard deviations.

Population Ar pPAr

Pannonian s.lat. region

1. Austria, Lower Austria, Fohrenberge W of Modling ~ 1.36 + 0.37 +
0.00 0.01
2. Austria, Lower Austria, Blauer Berg SE of 1.27 + 0.31 +

Oberschoderlee 0.00 0.01

3. Hungary, Gy6r-Moson-Sopron County, Fertérdkos  1.33 + 0.34 +
0.00 0.01
4. Hungary, Gyér-Moson-Sopron County, 1.38 £ 0.34 +

Albertkdzmérpuszta 0.00 0.01

5. Hungary, Bacs-Kiskun County, Fiilophaza 1.39 + 0.37 +
0.00 0.01

6. Romania, Cluj County, NNW of Suatu 1.36 + 0.34 +
0.00 0.01

7. Romania, Mures County, NNE of Saulia 1.36 + 0.34 +
0.00 0.01

8. Romania, Mures County, W of Targu Mures, SSEof ~ 1.33 + 0.31 +

Panet 0.00 0.01

Mean + standard deviation 1.35 + 0.34 +

0.04 0.02
Pontic region

9. Russia, Kursk Oblast, Peresyp’ 141 + 0.36 +
0.00 0.01

10. Russia, Kursk Oblast, N of Khonok 1.42 + 0.38 +
0.00 0.01

11. Russia, Kursk Oblast, Beketovo 1.43 £ 0.38 +
0.00 0.01

12. Russia, Belgorod Oblast, Bely Kolodez’ E of Novy  1.41 + 0.36 +

Oskol 0.00 0.01

13. Russia, Voronezh Oblast, Krasnogorovka 1.43 + 0.37 +
0.00 0.01
14. Russia, Rostov Oblast, Rostov, Botanical Garden 1.34 + 0.34 +

steppe reserve 0.00 0.01

15. Russia, Rostov Oblast, W of Proletarka 1.31 + 0.37 +
0.00 0.01
16. Russia, Volgograd Oblast, between Khar'kovka 1.39 + 0.38 +

and Gmelinka 0.01 0.01

Mean + standard deviation 1.39 + 0.37 +

0.04 0.01
South-western Siberian region (= Western Siberian Lowland)

17. Kazakhstan, Akmola Region, between Ekibastuz 1.28 + 0.30 +

and Ereymentau 0.01 0.01

18. Kazakhstan, Pavlodar Region, 75 km SW of 1.27 + 0.32 +

Ekibastuz 0.01 0.01

Mean + standard deviation 1.28 + 0.31 +
0.01 0.01
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1.80 + 0.01. Directly calculated pAr for the Pannonian s.lat. region is
0.78 + 0.01, for the Pontic region 0.79 + 0.01, and for the south-
western Siberian region 0.70 + 0.01.

3.5. Spatial intraspecific patterns of plastid and ITS data

Based on the concatenated alignment of the plastid markers matK
and ycf1, we identified six haplotypes separated by a maximum of two
mutational steps (Fig. 4). The basalmost H1 was found on the western-
most (Pannonian s.str. region) and easternmost (south-western Siberian
region) limits of the sampled distribution of the species. The most
frequent H2 was common throughout the Pannonian s.lat. and Pontic
regions but did not occur in south-western Siberia. Four additional
haplotypes (H3-H6) that each differed from H2 by one substitution were
found in the Pontic area, which was the region harbouring most hap-
lotypes (Pannonian s.lat. region: 2, Pontic region: 4, south-western Si-
berian region: 1). In the ITS data, three ribotypes were discovered. A
common, widely distributed ribotype was shared by populations from
the Pannonian s.lat. region and the Pontic region. In the westernmost
limit of the sampled area (Pannonian s.str. region), a second ribotype
was detected in a single population while the third ribotype character-
ized the two easternmost sampled populations from south-western
Siberia.

3.6. Phylogenetic position of A. austriacus and age estimation

A time-tree of members of the Hypoglottis clade (Fig. 5) was calcu-
lated on the basis of two plastid markers matK (1741 bp, 38 variable
sites, 12 parsimony informative sites and one indel of eleven bp in
A. alpinus) and ycfl (908 bp, 134 variable sites, 74 parsimony infor-
mative sites, nine indels of various lengths from 3 to 30 bp). Derived
substitution rates were 0.0008 substitutions/site/Million years (= s/s/
Ma) for matK and 0.009 s/s/Ma for ycfl. The backbone of the tree was
maximally supported (PP = 1) with the ancestor of two main groups
segregating from A. alpinus 4.91 Ma (95 %HPD = 3.98-5.88 Ma). The
“A. onobrychis group” branched off 4.12 Ma (95 %HPD = 3.28-4.92 Ma)
and started to differentiate in the Mid-Pleistocene 1.06 Ma (95 %HPD =
0.39-1.92 Ma). The other group comprising A. argyroides, A. austriacus,
A. danicus, A. laxmannii, A. scaberrimus, A. sulcatus, A. tibetanus and
A. viridis began to diversify 2.40 Ma (95 %HPD = 1.85-2.99 Ma), which
coincides with the early Pleistocene. The A. austriacus lineages investi-
gated here evolved 0.48 Ma (95 %HPD = 0.13-1.09 Ma) in the Mid-
Pleistocene after the Mid-Pleistocene Transition (MPT). It is note-
worthy that for the marker ycf1 alone a younger crown age of 0.28 Ma
(95 %HPD = 0.04-0.74 Ma) was calculated for A. austriacus (data not
shown), which was highly similar to the inferred crown age in the ITS
time-tree (Fig. 6). In contrast to the nuclear data (GBS, ITS; Figs. 2, 6),
A. sulcatus was polyphyletic in the plastid time-tree. One haplotype was
found in two individuals of the same population from the Pontic region
(Samara Oblast). This haplotype was associated with A. tibetanus and
A. danicus, as is the case with ITS. Interestingly, the other haplotype of
A. sulcatus, which was detected in all populations of the western Siberian
region east of the Ural Mountains, is strikingly disparate and clustered in
a distantly related group alongside with A. viridis and A. argyroides, both
are members of the section Dissitiflori DC. (see Fig. 5).

A second time-tree of the Hypoglottis clade (Fig. 6) was inferred
based on the ITS alignment (603 bp, 49 variable sites, 17 parsimony
informative sites, one indel of 7 bp and a deletion of one base in
A. alpinus). A substitution rate of 0.0034s/s/Ma was calculated.
Although slightly incongruent with the tree inferred from plastid
markers, the topology of the ITS time-tree as well resolved the
“A. onobrychis group” (PP = 0.91) as a sister to the remainder of the taxa
(PP = 1) after the initial divergence of A. alpinus. Separation from
A. alpinus occurred 5.12Ma (95 %HPD = 4.13-6.17 Ma). The
“A. onobrychis group” and its sister group shared a common ancestor
3.35 Ma (95 %HPD = 2.58-4.26 Ma). Subsequently, the “A. onobrychis
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Fig. 4. Plastid haplotype distribution of A. austriacus based on ycf1 and matK sequences. (A) shows the spatial distribution of haplotypes across the sampled area. (B)
illustrates the haplotype network, rooted with A. danicus. (C) represents the intraspecific relationships inferred with the BEAST analysis.

group” diversified 2.29 Ma (95 %HPD = 1.13-3.41 Ma), and the
remaining taxa started to differentiate 2.65Ma (95 %HPD =
2.12-3.18 Ma) at the beginning of the Pleistocene. Similar to the results
based on the plastid markers, the crown age of A. austriacus was dated to
0.24 Ma (95 %HPD = 0.01-0.66 Ma) in the Mid-Pleistocene after the
MPT.

4. Discussion

4.1. Astragalus austriacus — a recently evolved species of the highly
diverse Hypoglottis clade

Astragalus austriacus was classified as diploid based on the GBS data,
which is consistent with previous reports (Bartha et al., 2013; Dvorak
etal., 1977; Podlech and Zarre, 2013). It was related to A. tibetanus (sect.
Hypoglottidei DC.) and A. sulcatus (sect. Craccina) in the GBS phylogeny
(Fig. 2) and in addition showed a sister relationship to members of the
section Dissitiflori in the single-gene phylogenies (Figs. 5, 6). Thus, the
species belongs to the most derived, highly diverse and species-rich
Hypoglottis clade, which has been proposed by Azani et al. (2017,
2019) based on genetic data.

We found that the group including A. austriacus and close allies split
at the onset of the Pleistocene (ITS: 2.65 Ma, cpDNA: 2.40 Ma; Figs. 5,
6). The early Pleistocene was a period of extensive speciation and
diversification within the genus Astragalus, with larger diversification
rates in later phases of the Pleistocene (Amini et al., 2019; Azani et al.,
2019; Bagheri et al., 2017, 2023; Hardion et al., 2016; Su et al., 2021;
Zaveska et al., 2019). In line with these previous findings, diversification
between the A. austriacus lineages investigated here occurred after the
MPT (ITS: 0.24 Ma; ycf1 + matK: 0.48 Ma; ycf1: 0.28 Ma) when cold and

dry glacial stages became more intense and significantly longer (Hays
et al., 1976; Herbert, 2023) while the stem age of these lineages is
somewhat older based on our sampling (ITS: 1.03 Ma; ycfl + matK:
1.68 Ma).

Incongruences between the nuclear (GBS, ITS) and plastid data
observed in A. sulcatus (Figs. 5, 6, Fig. S1) might indicate horizontal gene
flow in the genealogy of its western Siberian populations. Only the
Pontic population harboured the plastid haplotype closely related to
A. tibetanus and A. danicus, which is expected from the nuclear data and
a published ycf1 sequence from a Transylvanian A. sulcatus individual
(Bartha et al., 2012). The chloroplast found in the western Siberian
populations, however, clusters with representatives of sect. Dissitiflori
(Fig. 5). This finding is in line with previous works that already sug-
gested the occurrence of hybridization and reticulate speciation in the
genus Astragalus (Kazemi et al., 2009; Bartha et al., 2013; Zaveskd et al.,
2019).

4.2. Astragalus austriacus lineages of the main distribution area evolved
in the eastern part of Europe in the later Pleistocene and expanded during
cold stages

The geographic origin of Pontic-Pannonian and south-western Si-
berian A. austriacus seems to be located in the eastern part of Europe in
the Pontic (surroundings of the Black Sea) or Pannonian region, as
suggested by the phylogenetic analysis of GBS data (Fig. 2). This is in
line with traditional hypotheses of Meusel et al. (1965), who noted that
the Pontic and Pannonian floristic regions are characterised by steppe
plants that have a south-eastern European centre of development.
However, a wider sampling would have allowed to pinpoint the primary
source area of A. austriacus in this region more precisely; an origin in the
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Fig. 5. Time-tree of the Hypoglottis clade of Astragalus (Azani et al., 2017, 2019) generated by Bayesian analysis of concatenated matK and ycf1 sequences. Numbers
above branches are the median heights (corresponding to age in millions of years) and numbers below branches are the posterior probabilities of nodes. The red stars

indicate the calibration nodes after Su et al. (2021).

South Caucasus could as well be plausible given that this is the centre of
diversification of many Eurasian Astragalus taxa (Maassoumi and
Ashouri, 2022). Towards the east, populations of A. austriacus expanded
their ranges across the Ural Mountains into the south-western Siberian
region. Westwards the species colonised the Pannonian Basin. While we
were able to outline a plausible evolutionary scenario for the pop-
ulations of the main distribution area, the evolutionary links of these
large populations to the few outpost populations of A. austriacus in the
south-western Alps and north-eastern Iberia cannot be answered here
and remain to be clarified. Given what is known from other steppe
species, we speculate that these outposts might be old lineages rather
than recent relics from a range expansion during the last glacial
(Kirschner et al., 2020).

The distribution of haplotypes (matK + ycf1) shows low geography-
correlated differentiation most probably due to incomplete lineage
sorting. The most common haplotype H2, which diversified further only
in the Pontic area (H3-H6), was present in the entire Pannonian s.lat.
and Pontic region. The higher haplotype diversity in the Pontic region
(Pontic region: 4 haplotypes, Pannonian s.lat. region: 2 haplotypes)
might indicate that colonisation of the Pannonian region happened from
the Pontic area as suggested in the past (De Soo, 1929) and shown in
other steppe species (Balashov et al., 2021; Seidl et al., 2021). A striking
distribution pattern was found for the basalmost haplotype H1, which
was detected in both the westernmost and easternmost parts of the
sampled range, spanning over 4000 km (Fig. 4). Genetic connectivity
across huge ranges was also observed in other steppe species, e.g., in
Cricetus cricetus L. (Feoktistova et al., 2017). We interpret the occurrence
of H1 at the edges of the sampled range as being relics of an initial
expansion (ca. 240-480 ka; Figs. 5, 6). We want to point out that H1
might really be absent from the Pontic region, but we cannot exclude the

possibility that we just missed to capture H1 in the Pontic region with
our sampling. The presence of a unique ITS ribotype on the one hand in a
population at the westernmost border of the sampled area (P2) and on
the other hand in the two south-western Siberian populations could
indicate an independent evolutionary history of these populations.

In addition to the main genetic split between the Pannonian s.lat. and
Pontic/south-western Siberian populations (Fig. 2, 3), the LEA analysis
of GBS data identified further substructure in the Pannonian s.lat. re-
gion, resulting in a total of three genetic groups and suggesting allo-
patric lineage formation in each of these areas: the Pannonian s.str.
group located in the Pannonian Basin and surroundings, the Transyl-
vanian group from the Transylvanian Basin, and finally a group
distributed across the Pontic Plains to south-western Siberia. This re-
flects previous studies on steppe biota that have shown that areas such as
the Pannonian Basin provided suitable long-term refugia for steppe el-
ements also during warm and humid interglacials when forests
expanded (Fekete et al., 2014; Kirschner et al., 2020; Magyari et al.,
2010; Plenk et al., 2017, 2020; Ri¢anova et al., 2013; Willner et al.,
2021; Zaveska et al., 2019). Especially the topographically complex and
hilly terrain along the margin of the Pannonian Basin (foothills of the
Carpathians) might have offered suitable microclimates and ecotones for
refugial survival in even the most unsuitable climatic conditions (Egorov
et al., 2020; Magyari et al., 2014; Varga, 2010; Willner et al., 2021). The
third genetic group includes all populations east of the Carpathians.
Despite their large range, the populations of the Pontic and
south-western Siberian region did not show a genetic substructure
(Fig. 3 A). This suggests a recent and rapid colonisation of this huge area
with recurrent gene flow. Further evidence for this scenario comes from
the comparison of regional pAr which - due to the slow accumulation of
new private alleles through mutation - is a good indicator for
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long-lasting in situ persistence of populations. A slightly lower number of
private alleles was found in the south-western Siberian region compared
to the Pontic and Pannonian s.lat. region, while generally, the difference
in the number of private alleles was small between areas, suggesting
independent persistence in the three regions (Fig. S2).

Reconstruction of the demographic history of A. austriacus demon-
strated that effective population sizes in the Pannonian s.lat. and Pontic
regions were larger during the last cold stage and decreased post-
glacially (Fig. 3B). This hints to a dynamic scenario, in which pop-
ulations and ranges of A. austriacus expanded during glacials and
contracted during interglacials. At the same time this might have facil-
itated (recurrent) colonisation of new areas and secondary contact on
the one hand, and extinction and/or the formation of allopatric lineages
on the other hand. Such a dynamic has been demonstrated for Eurasian
steppe biota using explicit demographic models (Campos et al., 2010;
Garcia et al., 2011; Kirschner et al., 2023). Results from various case
studies, which did not explicitly test such scenarios but utilised genetic
information and/or niche models, came to similar conclusions. These
studies focussed on a broad spectrum of steppe species, including plants
(Astragalus exscapus L., Becker, 2013; A. onobrychis, Zaveska et al., 2019;
Euphorbia seguieriana Neck. s.lat., Frajman et al., 2019), beetles (Hycleus
polymorphus Pallas, Riccieri et al., 2020), butterflies (Pseudophilotes
bavius Eversmann, Suchackova Bartonova et al., 2020), and mammals
(Cricetus cricetus, Feoktistova et al., 2017; Lasiopodomys gregalis Pallas,
Baca et al., 2023; Marmota Blumenbach, Mills et al., 2023). Contrasting
refugial dynamics, namely a lack of suitable LGM habitats in the Pontic
steppes north and west of the Black Sea, have been suggested for some
steppe plants including A. austriacus using ecological niche models
backcasted to past climatic conditions (Divisek et al., 2022). However,
this would imply a large-scale population contraction of a steppe species
in the last cold stage when steppe habitats were much larger than today
and stands in contrast to the results of this study and genomic evidence
from other Eurasian steppe biota (Kirschner et al., 2022).
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4.3. Evolutionary commonalities and differences between A. austriacus
and other typical steppe species

The phylogeography of Adonis vernalis was recently studied with GBS
(Seidl et al., 2022) and revealed a similar pattern to Astragalus austriacus.
In both cases the diversification and range expansion seemingly started
in the region around the Black Sea, specifically in the eastern Pannonian
region (Ad. vernalis) and in the wider Black Sea region (A. austriacus),
respectively. Additionally, molecular dating revealed similar crown
group ages and the initial lineage separation was found to have occurred
in the Mid-Pleistocene after the MPT (Ad. vernalis: ~0.5 Ma, 95 % HPD
~1.5 Ma or younger; A. austriacus: ~0.48-0.24 Ma, 95 % HPD ~1.0 Ma
or younger). A similar pattern with a possibly similar time of expansion
was also found in the flightless steppe beetle Lethrus apterus (differen-
tiation in a Pannonian and a Pontic lineage; Sramko et al., 2022) and in
the steppe ant Plagiolepis taurica, which differentiated in a “Balkan-
ic-Pannonian” and a “Central Asian-Pontic” lineage probably after the
MPT (Kirschner et al., 2023). The comparison of regional pAr, however,
was somewhat different between A. austriacus and Ad. vernalis. The
former species showed highly similar values for the Pontic and Pan-
nonian s.lat. regions with a slight decrease towards the south-western
Siberian region, whereas in Ad. vernalis, the highest value was found
in the Pontic region and the lowest in the south-western Siberian region
(Fig. S2; Seidl et al., 2022). The depletion of pAr in the Siberian region,
which featured very dry, desert-like conditions during the last glacial
(Sizikova and Zykina, 2015; Zykina and Zykin, 2003), is much more
pronounced in Ad. vernalis than in A. austriacus. These results demon-
strate that A. austriacus may have colonised Siberia east of the Ural
Mountains earlier than Ad. vernalis, which could be related to differences
in the ecological requirements of the two species.

Astragalus austriacus and Ad. vernalis (Seidl et al., 2022) are examples
of steppe species with a comparably recent origin, given that they
evolved after the MPT. In contrast, some Eurasian steppe biota,
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including Krascheninnikovia ceratoides (Seidl et al., 2020, 2021),
A. onobrychis (Zaveska et al., 2019), Stipa breviflora Griseb. (Ren et al.,
2022), or steppe ants from the genus Plagiolepis (Kirschner et al., 2023)
originated (significantly) earlier. Extant lineages of K. ceratoides diver-
sified no later than around 2.2 + 0.9 Ma, i.e., the initial divergence
within the polyploid complex occurred in the earliest period of the
Pleistocene (Gelasian) or even before (with a much older stem group) in
western Central Asia and the Altai Region (Seidl et al., 2020, 2021). The
initial divergence between the extant lineages of the A. onobrychis
polyploid complex was estimated to be 2.3-1.0 Ma (Figs. 5, 6) in the
Caucasus region with subsequent independent evolution of populations
in the Balkans, the Pannonian and Pontic regions and the European Alps
(Kirschner et al., 2020; Zaveska et al., 2019). Diversification in a similar
time horizon was suggested for Plagiolepis steppe ants, that speciated
approximately 1.5-1.3 Ma as a consequence of warm stage steppe range
contraction in western and central Europe (Kirschner et al., 2022, 2023).
Because global cooling, aridification, and increased seasonality of the
climate led to an opening of the landscape and the spread of modern
types of steppes starting from continental Asia in the Pliocene/Lower
Early Pleistocene (Gelasian, 2.6-1.8 Ma; Hurka et al., 2019; Pisareva
et al., 2019; Willis and McElwain, 2002), Euro-Siberian steppe species
likely formed anew in Asia during this time. Subsequent contractions of
open grassland vegetation likely led to recurrent isolation of populations
and facilitated lineage diversification (Baca et al., 2023; Kirschner et al.,
2020, 2023). In the later phases of the Pleistocene, the areas of origin of
the younger Euro-Siberian steppe species may have been anywhere
between the Altai in the east and the Mediterranean in the west.
Whether these diversification histories at different time horizons are
stochastic events or are connected to the respective species ecological
needs, remains to be clarified and could be a topic for future studies.
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Appendix A. Populations of Astragalus austriacus Jacq. used in this study, arranged from west to east according to their biogeographic
region. The Pannonian s.str. and the Transylvanian region together constitute the Pannonian s.lat. region. The vouchers are stored at the
University of Natural Resources and Life Sciences, Vienna, Austria (WHB) or Senckenberg Research Institute and Natural History
Museum, Frankfurt/Main, Germany (FR; transferred from Osnabriick University, OSBU). The EMBL-EBI ENA and NCBI GenBank (Benson
et al., 2013) accession numbers of the sequence data are also provided

Sample

Pannonian s.str. region

1 Austria, Lower Austria, Fohrenberge W of Modling, 48.0806° N, 16.2774° E, coll. by K.

Tremetsberger (May 27, 2015), WHB 65697

2 Austria, Lower Austria, Blauer Berg SE of Oberschoderlee, 48.6419° N, 16.3479° E, coll. by K.-

G. Bernhardt et al. (May 23, 2017), WHB 68960

3 Hungary, Gy6r-Moson-Sopron County, Szent Antal-dil6 S of Fertérdkos, 47.7076° N,

16.6413° E, coll. by G. Kiraly (June 1, 2017), WHB 72555

4 Hungary, Gy6r-Moson-Sopron County, NE of Albertkdzmérpuszta, Varbalog, 47.8661° N,

17.0435° E, coll. by G. Kiraly (June 10, 2017), WHB 72558

5 Hungary, Bacs-Kiskun County, Fiilophaza, 46.8702° N, 19.4237° E, coll. by K.-G. Bernhardt

et al. (June 2, 2018), WHB 72051
Transylvanian region

6 Romania, Cluj County, NNW of Suatu, 46.7964° N, 23.9541° E, coll. by K.-G. Bernhardt et al.

(May 29, 2015), WHB 64912

7 Romania, Mures County, NNE of Saulia, 46.6531° N, 24.2198° E, coll. by K.-G. Bernhardt et al.

(May 30, 2015), WHB 64910, 64911

8 Romania, Mures County, W of Targu Mures, SSE of Panet, 46.5390° N, 24.4753° E, coll. by K.-

G. Bernhardt et al. (May 28, 2015), WHB 64908, 64909
Pontic region

9 Russia, Kursk Oblast, Peresyp’, 51.0914° N, 36.4800° E, coll. by A. Seidl et al. (June 14, 2018),

WHB 73155

GBS ITS matK yefl
ERS10741170-ERS10741174 0Q106919 0Q830531 0Q830500
(P022; 5 individuals)

ERS10741177-ERS10741179 0Q106920 0Q830532 0Q830501
(P024; 3 individuals)

ERS10741180-ERS10741184 0Q106921 00Q830533 00Q830502
(P097; 5 individuals)

ERS10741185-ERS10741189 — — —

(P098; 5 individuals)

ERS10741192-ERS10741196 0Q106922 00Q830534 00Q830503
(P154; 5 individuals)

ERS10741162-ERS10741166, 0Q106923 0Q830535 00830504
ERS10741191 (P019; 6 ind.)

ERS10741167-ERS10741169 0Q106924 0Q830536 0Q830505
(P020; 3 individuals)

ERS10741157-ERS10741161 0Q106925 0Q830537 0Q830506
(P018; 5 individuals)

ERS10741209-ERS10741213 0Q106926 0Q830538 0Q830507

(P176; 5 individuals)

(continued on next page)
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(continued)

Sample GBS ITS matK yefl

10  Russia, Kursk Oblast, N of Khonok, 51.6032° N, 36.8687° E, coll. by A. Seidl et al. (June 10, = ERS10741199-ERS10741203 0Q106927 0Q830539 0Q830508
2018), WHB 73162 (P172; 5 individuals)

11  Russia, Kursk Oblast, Beketovo, 51.4572° N, 37.8885° E, coll. by A. Seidl et al. (June 16, ERS10741217-ERS10741221 0Q106928 0Q830540 0Q830509
2018), WHB 7315 (P180; 5 individuals)

12 Russia, Belgorod Oblast, Bely Kolodez’ E of Novy Oskol, 50.7592° N, 37.9450° E, coll. by A. ERS10741214-ERS10741216 00Q106929 0Q830541 0Q830510
Seidl et al. (June 15, 2018), WHB 73156 (P178; 3 individuals)

13 Russia, Voronezh Oblast, Krasnogorovka, 49.9271° N, 40.7726° E, coll. by A. Seidl et al. (June =~ ERS10741204-ERS10741208 0Q106930 0Q830542 0Q830511
12, 2018), WHB 73163 (P175; 5 individuals)

14 Russia, Rostov Oblast, Rostov, Botanical Garden steppe reserve, 47.2348° N, 39.6567° E, coll. ERS10741223-ERS10741225 0Q106931, 0Q830543, 0Q830512,
by S. Pfanzelt et al. (June 14, 2018), WHB 74128—74131 (P226; 2 ind. plus 1 replicate)  0Q106932 0Q830544 0Q830513

15 Russia, Rostov Oblast, W of Proletarka, 47.8795° N, 40.2121° E, coll. by S. Pfanzelt et al. (June ERS10741226-ERS10741230 0Q106933, 00830545, 0Q830514,
15, 2018), WHB 74135 (P227; 5 individuals) 0Q106934 0Q830546 0Q830515

16 Russia, Volgograd Oblast, between Khar’kovka and Gmelinka, 50.3975° N, 46.8514° E, coll. ERS10741262-ERS10741263 0Q106935, 0Q830547, 0Q830516,
by S. Pfanzelt (August 10, 2019), no voucher (P335; 2 individuals) 0Q106936 0Q830548 0Q830517

South-western Siberian region (= Western Siberian Lowland)

17 Kazakhstan, Akmola Region, between Ekibastuz and Ereymentau, 51.6871° N, 73.4376° E, ERS10741232 0Q106937 0Q830549 0Q830518
coll. by S. Pfanzelt et al. (June 14, 2019), WHB 74881 (P320; 1 individual)

18 Kazakhstan, Pavlodar Region, 75 km SW of Ekibastuz, 51.4639° N, 74.3186° E, coll. by B. ERS10741190 0Q106938 0Q830550 0Q830519

Neuffer et al. (June 4, 2017), OSBU 25899

(P107; 1 individual)

Appendix B. Astragalus outgroup samples used for the construction of the GBS tree and of the time-trees with A. austriacus along with
their EMBL-EBI ENA and NCBI GenBank (Benson et al., 2013) accession numbers with the sectional classification according to Podlech
and Zarre (2013). WHB, herbarium of the University of Natural Resources and Life Sciences, Vienna, Austria

Sample GBS ITS matK yefl

Sect. Craccina: A. sulcatus L.

Russia, Samara Oblast, S of Krasnoarmeyskoe, ERS10741264-ERS10741268 0Q106939, 0Q830551, 00830520,
52.6674° N, 50.0354° E, coll. by S. Pfanzelt (August 15, 2019), no voucher (P336; 5 individuals) 0Q106940 0Q830552 0Q830521

Kazakhstan, Kostanay Region, S of Kalinovka, ERS10741233-ERS10741238 0Q106941 0Q830553 0Q830522
53.5715° N, 62.4608° E, coll. by S. Pfanzelt et al. (June 17, 2019), WHB 74891 (P321; 5 ind. plus 1 replicate)

Russia, Kurgan Oblast, N of Makushino, ERS10741239-ERS10741243 — — —
55.2683° N, 67.2877° E, coll. by S. Pfanzelt et al. (June 22, 2019), WHB 74887 (P325; 5 individuals)

Russia, Omsk Oblast, W of Mar’yanovka, ERS10741244-ERS10741248 0Q106942 00Q830554 00830523
54.9690° N, 72.5628° E, coll. by S. Pfanzelt et al. (June 23, 2019), WHB 74894 (P326; 5 individuals)

Russia, Omsk Oblast, E of Kormilovka, ERS10741249-ERS10741250 — — —
54.9896° N, 74.2275° E, coll. by S. Pfanzelt et al. (June 23, 2019), WHB 74895 (P327: 2 individuals)

Russia, Novosibirsk Oblast, S of Barabinsk, ERS10741251-ERS10741255 00106943 0Q830555 0Q830524
55.2723° N, 78.2852° E, coll. by S. Pfanzelt et al. (June 24, 2019), WHB 74896 (P328; 5 individuals)

Russia, Novosibirsk Oblast, NE of Zhulanka, ERS10741256 — — —
54.3851° N, 80.6662° E, coll. by S. Pfanzelt et al. (June 25, 2019), WHB 74899 (P330; 1 individual)

Russia, Altai Krai, Proslaukha, ERS10741257-ERS10741261 0Q106944 0Q830556 0Q830525
53.3401° N, 80.9572° E, coll. by S. Pfanzelt et al. (June 26, 2019), WHB 74902 (P332; 5 individuals)

Sect. Hypoglottidei: A. danicus Retz.

Russia, Kursk Oblast, Zapovedniy S of Kursk, ERS10741222 00Q106945 0Q830557 0Q830526
51.5696° N, 36.0890° E, coll. by A. Seidl et al. (June 8, 2018), WHB 73209 (P182; 1 individual)

Sect. Hypoglottidei: A. tibetanus Benth. ex Bunge

Kazakhstan, Almaty Region, Altyn-Emel National Park, N of Kalinino, ERS10741231 00106946 0Q830558 0Q830527
44.3378° N, 78.8398° E, coll. by K.-G. Bernhardt et al. (July 20, 2019), WHB 76476 (P291; 1 individual)

Sect. Onobrychoidei: A. onobrychis L., octoploids (see Zaveska et al., 2019)

Austria, Lower Austria, Blauer Berg SE of Oberschoderlee, ERS10741175-ERS10741176 0Q106947 0Q830559 0Q830528
48.6419° N, 16.3479° E, coll. by K.-G. Bernhardt et al. (May 23, 2017), no voucher (P024; 2 individuals)

Hungary, Gy6r-Moson-Sopron County, Sinai-hegy N of Bony, ERS10741198 0Q106948 0Q830560 0Q830529
47.6757° N, 17.8869° E, coll. by K. Tremetsberger et al. (May 31, 2018), WHB 81417 (P158; 1 individual)

Hungary, Gyér-Moson-Sopron County, Alsé-Jeges SE of Nagyszentjanos, ERS10741197 0Q106949 0Q830561 0Q830530

47.6893° N, 17.8940° E, coll. by K. Tremetsberger et al. (May 31, 2018), WHB 81416

(P157; 1 individual)

Appendix C. Details of the Astragalus sequences downloaded from NCBI GenBank (Benson et al., 2013) and used with the new sequences
for the generation of the time-trees (Figs. 5, 6) with the sectional classification according to Podlech and Zarre (2013). For the diploid
A. onobrychis population 276, the ycfl sequence of Zaveska et al. (2019) was supplemented with ITS and matK sequences. The two

sequenced individuals of this population had identical sequences in each marker; for sampling information of this population refer to

Zaveska et al. (2019)

Section Species GenBank accession number (country; reference)
ITS matK yefl
Dissitiflori A. argyroides Beck JQ685667 (Tiirkiye) KM387658 (Tiirkiye) KMO071773 (Azerbaijan)

(Dizkirici et al., 2014)

(Dizkirici Tekpinar et al., 2016)

(Bartha, 2012)

(continued on next page)



C. Maylandt et al.

Perspectives in Plant Ecology, Evolution and Systematics 64 (2024) 125800

(continued)
Section Species GenBank accession number (country; reference)
ITS matK yefl
Dissitiflori A. viridis Bunge JQ685697 (Tiirkiye) KM387668 (Tiirkiye) KMO071800 (Armenia)
(Dizkirici et al., 2014) (Dizkirici Tekpinar et al., 2016) (Bartha, 2012)
Komaroviella A. alpinus L. KX954891 (China) KX955060 (China) JQ801551 (Austria)
(Azani et al., 2017) (Azani et al., 2017) (Bartha et al., 2012)
Onobrychoidei A. aduncus Willd. KX954888 (Iran) KX955059 (Iran) MK354097 (Iran)
(Azani et al., 2017) (Azani et al., 2017) (Zaveska et al., 2019)
Onobrychoidei A. laxmannii Jacq. KX954974 (Mongolia) KX955135 (Mongolia) MT786136 (China)
(Azani et al., 2017) (Azani et al., 2017) (Liu et al., 2020)
Onobrychoidei A. onobrychis L., diploid population 276 0Q818193 (Ukraine) 0Q830562 (Ukraine) MK354095 (Ukraine)
of Zaveska et al. (2019) (this study) (this study) (Zaveska et al., 2019)
Trachycercis A. scaberrimus Bunge KJ999345 (China) MW654102 (China) MW654102 (China)

(Zheng et al., 2014)

(Guo et al., 2021) (Guo et al., 2021)

Appendix D. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ppees.2024.125800.
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