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Introduction: Quaternary glaciations, in particular the last glacial maximum
(LGM), have shaped the contemporary distribution of many species. In Europe,
survival of temperate species during range contractions was mainly associated
with refugia in Mediterranean peninsulas, allowing south to north recolonization.
Additionally, the Ponto-Caspian refugium provided an east to west
migration route.

Methods: Here, we investigated genetic diversity and structure of the dispersal-
restricted Primula vulgaris Huds., a temperate herb of supposed Caucasian origin,
using 12 highly polymorphic nuclear microsatellite loci to trace the colonization
of this species in three European regions. We studied 38 populations, namely an
eastern mountainous region (Caucasus), a central region (Carpathian Mountains
and Dinaric Alps) and a western lowland region (North European Plain). The role
of an eastern refugium of the species was tested by performing Approximate
Bayesian computation analyses to elucidate its demographic and
phylogeographic history, detecting bottleneck and expansion events, and
estimating effective (ancestral and current) population sizes and time
of divergence.

Results and discussion: We found the eastern and central regions featuring the
highest allelic richness and genetic differentiation being strong between and
within regions. Stepwise-like mutation processes (Rst > Fst), together with
isolation-by-distance patterns, contributed to genetic differentiation.
Demographic event models showed that P. vulgaris experienced bottlenecks
as well as expansions across its range during the Quaternary glacial cycles, with
the last expansion about 6,000, 4,000, and 2,000 generations ago for eastern,
central, and western populations, respectively. The best supported origin model
pointed to the Caucasus population being closest to an ancestral situation, and
from where central and western populations diverged subsequently. Divergence
time of the Caucasus populations from an ancestral lineage referred to the Upper
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Pleistocene (Middle Weichselian). Divergence of Carpathian populations,
including a Lower Danube valley corridor, was estimated during and across the
LGM (Late Weichselian), confirming central populations as potential secondary
cryptic refugium. Western populations recently diverged during the Holocene,
most probably in the Atlanticum phase (7,000-3,900 years ago). Within regions,
genetic structure was also shaped by latitude, longitude, or altitudinal migration,
and for western lowlands, by recent bottleneck and genetic drift processes.

KEYWORDS

phylogeography, microsatellites, genetic structure, cryptic glacial refugia, approximate
bayesian computation, bottleneck

Introduction

During the cold periods of Quaternary climatic fluctuations
(800,000-11,700 years before present, BP), many temperate species
repeatedly underwent severe range shifts. At their contracting stage,
survival was associated with climatically more favourable regions, so-
called glacial refugia, from which subsequent range expansions took
place, thereby altering species distribution range (Hewitt, 1999;
Hewitt, 2000). In Europe, survival of temperate species during range
contractions was mainly associated with refugia in the Mediterranean
peninsulas (i.e., Iberian, Italian, and Balkan Peninsulas), allowing
south-to-north post-glacial migration routes (Petit et al., 2003;
Hewitt, 2004). Although these peninsulas played an important role,
the Ponto-Caspian refugium region may have provided an additional,
east-to-west recolonization route (Triantafyllidis et al, 2002; Culling
et al., 2006; Grimm and Denk, 2014; Bartha et al., 2015; Volkova et al.,
2016). Palaeobotanical and genetic data indicated that forest trees such
as beech survived the last glacial period in multiple, separate, central
European and Mediterranean refuge areas (Magri et al., 2006). Past
climatic events have contributed to shape current genetic structure of
plant species across their distribution range, reflecting their lineages of
origin (Svenning and Skov, 2007).

Another factor strongly influencing genetic structure is the
dispersal capacities of the species (Levin et al., 2003). Plants with a
great dispersal potential, such as wind-pollinated or wind- and bird-
seed dispersed species, usually have poorly genetically differentiated
populations across distribution area because of ample spread and
subsequent contacts between populations (Cheddadi et al., 2006).
Species with restricted dispersal capacity need more time, thus, also
more generations, to cover remote distances during their stepwise
migration that incurs more founder events. Therefore, well-
differentiated populations, and even evolutionary significant units
across a large geographic regions, can be expected (Cain et al., 1998;
Pearson, 2006; Strong, 2023; Willner et al., 2023). Short-distance
insect pollination in combination with short-distance seed dispersal
allows founders to move and gene flow to occur only over small areas
at a time or a single generation (Feurdean et al, 2013). As a
consequence of limited dispersal distances, many forest species, in
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particular understory herbs but also some trees such as Alnus and
Acer species, may have featured cryptic northward refugia (e.g.,
western and eastern Carpathian microrefugia) during the last
glacial maximum (LGM, 24,000-18,000 years BP; Mix et al., 2001)
for the initiation of their recolonization, rather than being directly
associated with remote refugia in Mediterranean peninsulas (Kramp
et al., 2009; Douda et al., 2014; Mitka et al., 2014; Wahlsteen et al.,
2023; Willner et al., 2023).

Evolutionary history of the dispersal-restricted plant genus
Primula L. has been well studied (Hu, 1994; Mast et al, 2001;
Schmidt-Lebuhn et al., 2012; Yan et al., 2015; Rose et al., 2018;
Larson et al., 2023). For some European Primula species, the Ponto-
Caspian region, more precisely the Caucasus Mountains, was shown
to be the ancestral territory (Stubbs et al., 2023). Those species display
high diversity in their chloroplast haplotypes (Schmidt-Lebuhn et al,,
2012), with pronounced phylogeographic structure and genetic
lineages referring to multiple refugia (Volkova et al., 2020). The
phylogeography of Primula species was particularly studied on the
Eurasian continent, often in a context of scattered occurrence across a
complex topography of mountain ridges and valleys (Khan et al,, 2021;
Stubbs et al., 2023). The effect of Quaternary climatic oscillations, in
particular of the last glacial maximum (LGM) on Primula species
demography and contemporary distribution were shown to vary
across Asia and Europe. For instance, an early genetic divergence
during Pleistocene climatic oscillations was hypothesized for Primula
ovalifolia Franch. (Xie et al,, 2012). The expansion of Primula obconica
Hance during cold periods of the Pleistocene was shown to have
enhanced genetic differentiation in a heterogenic environment of a
complex topography in subtropical China (Yan et al., 2012).

A typical methodological approach in mountainous regions,
especially for species spanning an entire elevation range, usually
includes the comparison of foothill populations with those at higher
elevations. For instance, in Primula elatior (L.) Hill the highest genetic
differentiation was found between high-altitude populations of distinct
valleys, whereas populations at different altitudes within a valley did
not show a loss of genetic diversity as measured by nuclear
microsatellites (Konecna et al, 2019). Such a scenario of lineages
with a putative origin at foothills for P. elatior suggests secondary

frontiersin.org


https://doi.org/10.3389/fevo.2024.1333726
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Triest et al.

‘cryptic’ glacial refugia in mountain areas or in northern regions
(Jurickova et al.,, 2018; Kempf et al., 2020), though also cases of historic
introgressive hybrid situations (e.g., Primula pedemontana E. Thomas
ex Gaudin introgressed into Primula hirsuta All.) were identified in
the Alp mountains (Voisin et al., 2023).

Complex evolutionary historical scenarios can be discerned by
effective analytical approaches like the use of Species Distribution
Models (SDM) and Approximate Bayesian Computation (ABC),
preferably in combination (Migliore et al, 2018). ABC is a
computational method rooted in Bayesian statistics that can be
used with genetic data to estimate the posterior distributions of
model parameters, by making assumptions and approximations,
namely in the model selection, choice of prior distribution and
parameter ranges (Beaumont, 2010). A combination of methods
(SDM, molecular-based classical phylogeography using RADseq
and ABC analyses) showed that distinct lineages of Primula
tibetica G. Watt diverged during or across the Quaternary glacial
cycles, and subsequently underwent both expansions and
bottlenecks (Ren et al., 2017). Likewise, ABC analyses of nuclear
microsatellites additionally supported latitudinal migration with a
unidirectional secondary contact from Primula hidakana Miyabe &
Kudd to Primula takedana Tatew., whereas paleodistribution
modeling and genetic data merely supported their divergence
(Yamamoto et al., 2020). Phylogeographic analyses based on co-
dominant markers and ABC have thus proved to be very effective in
untangling complex evolutionary histories.

A phylogeographic analysis of the European mesophilous
Primula vulgaris Huds., considering the entire distribution range,
pointed at a southeastern Ponto-Caspian refugium, namely the
Colchis region, which contained the earliest branching lineages of
nuclear (nrITS) ribotypes and plastid (trnL-trnF and rpl32-trnL)
haplotypes (Volkova et al., 2020). The presence of an ancestral
ribotype restricted to Carpathian and Caucasus regions allowed to
hypothesize that P. vulgaris initially spread from a Colchis refugium
towards southeastern and central Europe, where founders could
survive in cryptic refugia during the last glacial period. The
Carpathian basin could thus serve as a secondary centre of
diversity, from which subsequently all further populations in
Western Europe originated (Volkova et al.,, 2020). Together with
corroborating genomic results (Stubbs et al, 2023), the Eastern
refugium in the Colchis region for P. vulgaris was shown to be more
important than potential refugia of the Mediterranean peninsulas,
which makes P. vulgaris an appropriate dispersal-restricted species
for testing ‘slow’ latitudinal migration history from eastern to
western regions. The species features a short-distance
(entomophilous) pollination as well as a very limited seed
dispersal potential by myrmecochory (Valverde and Silvertown,
1995), and therefore experiences limited gene flow at different
geographical scales even between western European lowland
populations (Van Rossum and Triest, 2003; Van Rossum et al.,
2004; Van Geert et al., 2010). However, a case-study on Caucasus
P. vulgaris populations of different valleys and elevations using
AFLP fingerprinting only revealed low levels of genetic
differentiation though with an expressed isolation-by-distance
pattern (Volkova et al., 2021), showing the importance of old and
recent historical processes on the current genetic structure. Volkova
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et al. (2020) demonstrated eastern to western genetic divergence
among P. vulgaris populations across the Caucasus.

In the present study, populations of P. vulgaris along a pre-
defined longitudinal gradient are considered, from three well-
represented regions: (1) a mountainous region of the ancestral
origin in eastern Europe (i.e., the Caucasus Mountains), (2) a region
with a potential cryptic refugium in central Europe (i.e., the
Carpathians and the adjacent Dinaric Alps), and (3) a lowland
region in Western Europe, with the overall aim to elucidate their
demographic and phylogeographic history using nuclear
microsatellites as a co-dominant molecular marker system. The
availability of highly polymorphic microsatellite markers for
P. vulgaris (Van Geert et al., 2006; Triest et al., 2015) allows for
profound genetic analyses based on allele frequencies as well as on
differences in allele size, so that a phylogeographic signal based on
stepwise mutation processes can be detected (Hardy et al., 2003). In
particular, we will (1) estimate genetic diversity and differentiation
of P. vulgaris among the three regions and among populations
within regions to identify genetically differentiated lineages; and
(2) detect bottleneck and expansion events and estimate effective
(ancestral and current) population sizes, time of divergence between
various lineages and the number of generations since lineage
divergence. In particular, we will use ABC demography and
origin models to test the hypothesis for (1) an east-to-west
migration route, (2) the Caucasus region as indicative region of
origin, and (3) secondary refugia in central Europe. The approach
should allow to explain current patterns of diversity, potentially
reflecting migration patterns along latitudinal, longitudinal or
altitudinal gradients.

Materials and methods
Study species

Primula vulgaris Huds. (Primulaceae) is a diploid, long-lived
perennial rosette-forming herbaceous species showing an Atlantic-
(Sub)Mediterranean distribution from the British Isles and Algeria to
the Caucasus (Meusel et al., 1978). It is largely distributed in Atlantic
Europe, from sea level to mountainous regions up to 2,500 m above
sea level (a.s.l.), where it usually occurs in deciduous forest habitats
and alpine meadows (Hegi, 1975; Jacquemyn et al., 2009). The species
has a self-incompatible breeding system characterized by heterostyly,
and so can be considered as an obligate outcrosser (Richards, 1997).
Flowers open in early spring and are insect-pollinated, mainly by
Hymenoptera, in particular bumblebee queens (Jacquemyn et al,
2009; Van Geert et al, 2010). Pollen dispersal shows a typical
leptokurtic shape, with most dispersal events occurring at less than
90 m, and some long-distance events up to 1,100 m (Van Geert et al,,
2010, Van Geert et al, 2014). Seeds are dispersed by ants
(myrmecochory), and also by small rodents, usually up to a few
meters distance (Valverde and Silvertown, 1995; Campagne et al.,
2009). The seed bank in the soil is only transient. Plants can live for
several decades, and clonally propagate on short distances by
rhizomes still attached to the mother plant. The mean age of first
flowering is 20 months and seeds ripen 8-10 weeks after fertilization.
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Seed dispersal happens in early summer, and germination in autumn
of the same year or in next spring (Jacquemyn et al., 2009). Therefore,
generation time between germination and setting seeds for a plant is
about 1.5 to 2 years. Plants older than 2 years can flower and set seeds
yearly, thereby giving a series of cumulative overlapping generations
during nearly the full life-time period of each individual.

Study area and sample collection

Data were collected from 846 individual samples in 38 European
populations along a longitudinal gradient: 13 populations (374
individuals) were located in the western lowland region (northern
France, Belgium and The Netherlands), 13 populations (238
individuals) in the central region (West and East Carpathian in
Slovakia, Ukraine and Romania; Dinaric Alps in Slovenia, its
foothills in Hungary and Croatia), and 12 populations (234
individuals) in the eastern region (Caucasus area) along the Black
sea coast (Figure 1; Table 1). The eastern populations were located in
distinct valleys assigned to northern (Tuapse), central (Sochi) and
southern (Gagra) areas (Figure 1B). The central European populations
were located along an eastern (i.e., Carpathian) and western (i.e.,
Dinaric Alps and the Alps) mountainous area (Volkova et al., 2020).
Ro-E4 population was located in the narrow Lower Danube gorge
defiled across the Carpathian Mountains, potentially a historical
corridor for dispersal of eastern or southeastern taxa (Magyari et al,,
2010). The sampled populations represented various natural forest
environments and alpine meadows, and also fragmented feft-over’
habitats. Indeed, in the western region, the species has been declining
and its distribution is fragmented in an intensively used agricultural
landscape. Four western populations were situated in forest habitats
and nine populations in remnant forest edges alongside pastures or
arable land (Van Rossum and Triest, 2003; Van Geert et al., 2015).
Maximum geographic distance (Euclidean) between populations was

10.3389/fevo.2024.1333726

2,966 km between regions and 393 km, 738 km and 170 km within
western, central and eastern regions, respectively. Altitude ranged
from sea level to 1,100 m a.s.l. Altitude differences were minor in the
western region, though with several forested habitats situated at 12—
24 m asl, whereas ‘polder’ agriculture areas were just above sea level
(3-4 m). In the central European region, altitudes ranged from 156-
533 m a.sl. and in the eastern European populations from 5-550 m,
200-720 m, and 35-1,050 m a.s.l., depending on the valley (Table 1).

DNA extraction and microsatellite primers

Genomic DNA was extracted from approximately 20 mg of
dried leaf tissue using the E.Z.N.A. SP plant DNA Mini kit (Omega
bio-tek, Norcross, GA, USA). Multiplexed polymerase chain
reactions (PCR), consisting of 15 microsatellite markers (Van
Geert et al., 2006; Triest et al., 2015) were conducted, of which 12
showing polymorphism were retained (PRIV4, PRIV7, PRIVB13,
PRIVBI15, PRIVB17, PRIVB19, PRIV27, PRIVB29, PRIVB34,
PRIVB35, PRIVB36, and PRIVB39). The three remaining
markers (PRIV6, PRIV21 and PRIV26) showed no amplification
for some central populations and for all eastern populations; hence,
these three loci were excluded from further analysis.

Primers were fluorescence-labelled with four different dye-
labels (6FAM, VIC, NED, and PET). DNA concentration was 20—
50 pg/ml. A primer mix was made by mixing 0.2 uM of each primer
together. Multiplex PCRs consisted of 6.25 pl master mix (Qiagen
Multiplex PCR kit), 1.25 pl primer mix, 2.5 ul H,O and 2.5 ul of
genomic DNA. PCR was performed in a thermal cycler (Bio-Rad
MyCycler, Hercules, California, USA) with the following
conditions: an initial denaturation of 95°C for 15 minutes (as
indicated in protocol of Qiagen multiplex PCR kit manual)

A

FIGURE 1

Map of Primula vulgaris populations from three European regions: west (A: detailed map of 12 western lowland populations); central (13 populations
of the Carpathian Basin); east (B: detailed map of 12 Caucasus Mts. populations).

Frontiers in Ecology and Evolution

A (west, 12 populations)

B (east, 12 populations)
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TABLE 1 Location details of the 38 Primula vulgaris populations in three European regions.

Population | Country Locality Latitude (N)  Longitude (E)  Altitude (m)

Western/lowland region

45A_21 Belgium Donk, Kerkhof 51.21704 3.387790 5
18_21 Belgium Donk, Ziltedreef 51.21642 3.379708 6
8A_21 Belgium Donk, Vakeleie 51.21906 3.369989 3
13_21 Belgium Sijsele, Noordermeers 51.22189 3.354611 3
50_21 Belgium Sijsele, Kaleshoek 51.21925 3.362400 3
52E 21 Belgium Sijsele, Doornstraat 51.21803 3.356215 3
42A 21 Belgium Beernem, Zandberg 51.18913 3.344074 7
36AB_21 Belgium Beernem, Dale 51.18736 3.336143 7
39_21 Belgium Zedelgem, Merkenvelde 51.12908 3.177566 9
3121 Belgium Diksmuide, Praatbos 51.07375 2.931989 15
63A_21 France Hauts de France, Clairmarais 50.75670 2.337940 12
63B_21 France Hauts de France, Clairmarais 50.75916 2.326450 24
64* The Netherlands Drenthe, Gasteren 52.96862 6.787342 16

Central/Carpathian region

Slk_W1 Slovakia Blatnica: Gaderska dolina 48.936806 18.938500 533
Slk_wW2 Slovakia Vrchtepla 49.128500 18.561278 511
Cr_W3 Croatia Gradiste: Loncarski vrh 45421444 17.975750 357
Hu W4 Hungary Zakany: Foldvar-hegy 46.266528 16.917250 156
Slo_W5 Slovenia Vareja 46.366361 15.917333 254
Slo_W6 Slovenia Kamnik 46.199944 14.599667 351
Hu_W7 Hungary Csode 46.839278 16.541694 202
Ro_E1 Romania Bihor: Nucet 46.491331 22.555745 394
Ua_E2 Ukraine Zakarpattia Oblast: Sil’ (Cib) 48.951955 22.511699 259
Ro_E3 Romania Bihor: Baile Felix 46.993851 21.983660 171
Ro_E4 Romania Iron Gates (Mehedini: Dubova) 44.609015 22.252461 163
Ua_E5 Ukraine Zakarpattia Oblast: Verkhnye Vodyane (Bepxne Bopsne) 48.015535 23.985529 347
Ro_E6 Romania Alba, Izvoru Ampoiului 46.147967 23.171793 489

Eastern/Caucasus region

830 Russian Fed. Krasnodarsky kraj, Lermontovo 44.30698 38.76398 5
844 Russian Fed. Krasnodarsky kraj, SW of mtn. Plyakho 44.32917 38.81483 400
845 Russian Fed. Krasnodarsky kraj, E of mtn. Plyakho 44.34090 38.82912 550
848 Russian Fed. Krasnodarsky kraj, SE of mtn. Indyuk 44.23904 39.28004 600
831 Russian Fed. Krasnodarsky kraj, Tret’ya Rota 43.75806 39.69780 200
832 Russian Fed. Krasnodarsky kraj, Vesyoloe 43.44062 40.01950 35
840 Russian Fed. Krasnodarsky kraj, Solokh-Aul, S of mtn. Nikolaj-Gora 43.83192 39.72488 540
841 Russian Fed. Krasnodarsky kraj, Solokh-Aul, S of mtn. Bznych 43.85109 39.69815 1100
842 Russian Fed. Krasnodarsky kraj, Solokh-Aul, SSE of mtn. Bznych 43.84613 39.70253 720
852 Russian Fed. Krasnodarsky kraj, Krasnaya Polyana, SE of mtn. Achishkho 43.71286 40.17863 1050

(Continued)
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TABLE 1 Continued

Population = Country Locality

10.3389/fevo.2024.1333726

Latitude (N) Altitude (m)

Longitude (E)

Eastern/Caucasus region

853 Russian Fed. Krasnodarsky kraj, Krasnaya Polyana

837 Abkhazia, SE shore of lake Ritsa (2 subpops)

*From Van Geert et al. (2015).

followed by 35 cycles of: 30 seconds denaturation at 95°C, 90
seconds annealing at 57°C and 80 seconds elongation at 72°C,
followed by a final extension of 30 minutes at 60°C. PCR products
were separated on an ABI3730XL sequencer (Applied Biosystems
(Waltham, Massachusetts, USA), runs were carried out by
Macrogen (Seoul, Korea), and allele sizes were determined with
GeneMarker v.2.60 (SoftGenetics LLC, State College, USA).

Genetic diversity and structure analyses

Prior to population genetic data analyses we tested for genotypic
disequilibrium, presence of potential null alleles and overall resolution
of the 12 microsatellite markers. A linkage test between all pairs of loci
(1,000 permutations) using FSTAT v.2.9.3 (Goudet, 2001),
considering all 38 populations, gave no genotypic disequilibrium at
the p<0.05 significance level. The probability of identity (PI), namely
whether two individuals could share an identical multilocus genotype
by chance, estimated using GenAlEx v.6.5 (Peakall and Smouse, 2012),
gave a cumulative probability of identity for all polymorphic loci in
each of the 38 populations ranging from 1.1x10™"? to 4x10™>, thereby
providing ample resolution. Detection of null alleles and estimation of
their frequency per locus for adjustment of population differentiation
(pairwise Fsy values) was done using FreeNA (Chapuis and Estoup,
2007). INEST 2.2 was used to adjust the Fyg values for potential null
alleles. The neutrality of the microsatellite markers was checked with
the Ewans-Watterson test of selective neutrality using ARLEQUIN
v.3.5.2.2 (Excoffier et al., 2005).

The following basic population genetic variables were calculated
separately for each population and region using FSTAT and GenAlEx:
total number of alleles (At), mean number of alleles (Ay), effective
number of alleles (Ag), allelic richness (Ay) for a fixed sample size k =
14, observed heterozygosity (Hp), unbiased expected heterozygosity
(uHg), and inbreeding coefficient (Fis) with 1,000 randomization tests
over all loci to test for deviation from Hardy-Weinberg expectations.
Additional analysis of populations pooled into three regions was done
for detection of private alleles and their mean frequency (q) in
western, central and eastern populations. Analysis of each region
separately allowed to estimate the abovementioned genetic diversity
variables (Ar, Ay, Ag, Ar, Ho, uHg, and Fis) and population
assignment test (leave-one-out option in GenAlex) at region level.

Global (overall) genetic structure among populations (Fsr),
inbreeding within populations (Fis), overall inbreeding (Fyr) as
well as a pairwise genotypic differentiation (between-population
Fsr values) matrix were calculated for each region and for the total
area via AMOVA-Fgr at 999 random permutations using GenAlEx.
Principal Coordinates Analysis (PCoA) based on genetic distances
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‘ 43.69926 40.18424 810

‘ 43.47448 40.53946 980

was performed for the total (at individual level) and for each region
separately (at population level), using GenAlEx. A comparison of
the three regions (two-sided test, 1,000 permutations) and pairwise
comparisons to test for differences between each region (one-sided
test, 1,000 permutations) were performed for Ag, Ho, Hs (expected
heterozygosity of subpopulations), Fis, and Fsy values using FSTAT.

To identify the relative contributions of altitude and geographic
location (longitude, latitude) on genetic differentiation patterns
within each region, we performed variation partitioning in
redundancy analysis (RDA) in R (R Core Team, 2023) using the
varpart function in vegan R package v.2.6-4 (Oksanen et al., 2022).
For the genetic datasets, we used the previously calculated PCoA
components which showed positive eigenvalues (i.e. 11, 12 and 11
PcoA axes for western, central and eastern regions, respectively).
The geographic distance matrices were transformed into principal
coordinates of neighbourhood matrix (PCNM) components using
penm function in vegan (Borcard and Legendre, 2002; Borcard et al.,
2011). The PCNM components showing positive eigenvalues (i.e. 3,
8 and 7 for western, central and eastern regions, respectively) were
kept for the RDA analyses. The variation partitioning results were
visualized by Venn’s diagrams in vegan.

A K-means clustering analysis at individual level for the 38
P. vulgaris populations as a whole and separately for western, central
and eastern region was carried out in STRUCTURE version 2.3.4
(Pritchard et al., 2000), using an admixture model with correlated allele
frequencies. The model ran 10 iterations for each K value from 1 to 15,
the latter exceeding the number of populations (12-13) within each
region; the burn-in period was 50,000 with 500,000 Markov chain
Monte Carlo (MCMC) repeats. Analyses were computed after
downloading the data on Galaxy web platform, using the public
server at UseGalaxy.be (The Galaxy Community, 2022). The optimal
K clusters was inferred with the AK and LnP(K) statistics (Evanno et al.,
2005) using Structure Harvester (Earl and vonHoldt, 2012) and with
the MedK estimator (Puechmaille, 2016) using StructureSelector (Li
and Liu, 2018). In addition, barplots were built for each K
using CLUMPAK option in StructureSelector, and the highest values
for the ‘divisions of run by mode’ provided by CLUMPAK was
considered together with visual inspection of gene pools and Q
values of assignments, as suggested by Stankiewicz et al. (2022).

Phylogeographic signal and isolation
by distance

To test for a phylogeographic signal (long-term isolation and

accumulation of stepwise mutations contributing to genetic
differentiation) among populations within and between regions, we
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calculated genetic differentiation statistics based on allele identity in
state (Fst) and on microsatellite allele size (Rgy) and performed an
allele size permutation test (1,000 permutations randomly reassigning
allele sizes among allelic states) in SPAGeDi v.1.5d (Hardy and
Vekemans, 2002). For Fsr, the mutation model (infinite-allele
model, K-allele model) assumes that mutation occurs at random,
towards one of possible K allelic states, so that genetic differentiation
results from a balance between drift and gene flow; its calculation is
based on allelic frequencies, only considering allele identity in state.
For Rgr, the stepwise mutation model assumes that allele size just
changed by one unit, so that distinct alleles will be more related
between nearby populations than between distant populations,
informing on the time of divergence; Ry calculation takes allele size
differences into account, giving insights on mutation contribution to
genetic divergence among populations (Hardy et al, 2003, and
references cited therein). A phylogeographic signal could be
assumed when Rgr > Fgy, with significance of the allele size
permutation test (Hardy et al,, 2003). Significance of Fgr and Rsp
values was tested by 1,000 permutation tests of individuals among
populations (Hardy and Vekemans, 2002). To test for isolation by
distance (IBD) between populations, a piecewise linear regression
analysis was performed, between pairwise Fg1/(1- Fsr) or Rer/(1- Rgr)
and pairwise geographic distances (In-transformed over the longest
distances) using SPAGeDi (significance of the b-slope tested by one-
sided 1,000 permutation tests). To define the number of spatial
distance classes to obtain a similar number of pairwise comparisons
of populations in each class, ten spatial distance classes were first
defined, and an ANOVA approach (1-sided test, 1,000
randomizations) was used for testing pairwise Fsy or Rey over the
full geographical range (Hardy and Vekemans, 2002). Based on the
ANOVA outcomes, we finally retained five distance classes (10, 50,
100, 250, and 500 km) for analyses at regional level, adding a full range
class (2,966 km) for analyses at European level, thereby allowing to test
for a phylogeographic signal specifically within each distance class.

Approximate Bayesian
computation analyses

The demographic history of genetic divergence between
populations of western, central and eastern regions was investigated
using the Approximate Bayesian computation (ABC) approach
implemented in DIYABC Random Forest v.1.0 (Collin et al., 2021).
This software combines the simulation under custom evolutionary
scenarios of microsatellite data with Random Forest treatments and a
training set. The latter treatment gives a classification vote for each
scenario and allows for posterior distribution and parameter
estimations of the best supported scenario. It provides estimations
of the posterior mean, variance, median (i.e., 50% quantile) as well as
5% and 95% quantiles (and hence 90% credibility interval) of each
parameter of interest. We narrowed down the ABC scenario, by
testing (1) with subsequent demographic models at species level for a
European pooled population (ABC1) in order to determine the
overall demographic history of the species; and then (2) with origin
models to test for phylogeographic hypotheses by using three groups
(allowing seven scenarios of potential origin), this at European level
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(ABC2a) and region level (ABC2b), within each of the three
considered regions (ABC3 to ABC5) and between regions (ABC6
and ABC7?) (Supplementary Figure 1: information on ABC).

At first, we tested demographic event models (ABC1 =
demographic model) in order to identify the main demographic
process of the species in Europe and of the species within each
region separately. Four scenarios were considered: (1) constant
population size, (2) population decline, (3) population expansion,
and (4) population bottleneck followed by an expansion, hereafter
simply referred to as ‘population bottleneck’. We used all 38
populations considered as three regions to conduct these
conceptualized scenarios of demographic history. Summary
statistics of 12 variables, including five noise variables as default,
were considered. For ABC1 model, we used a training set of 40,000
runs and broad time priors t1 (10-25,000 generations following a
demographic event), db (10-50,000 generations as demographic
bottleneck) and effective size priors on Ne (historical population)
and N1 (current population) (10-100,000), though restricted sizes
for the bottleneck population Nel (10-10,000). The best supported
ABCI1 scenario (bottleneck; see results section) was then used for
construction of the various origin models to be tested.

Second, analyses of origin models across three European regions
(ABC2), comprising seven origin scenarios (ABC2a) and
subsequently all seven bottleneck scenarios (ABC2b based on the
outcome of ABC2a), which considered either one bottlenecked region
or a combination of two or three bottlenecked regions
(Supplementary Figure 1: information on ABC2). They were
carried out with the aim to unravel the phylogenetic outcome (Rgr
phylogeographic signal) and the K clustering of gene pools (from
STRUCTURE analysis), namely about (1) an ancestral origin of the
eastern populations from the Caucasus region (‘out of Colchis’
hypothesis); (2) the origin and age of central (East and West
Carpathian/Dinaric Alp) populations; and (3) the putative recent
origin of western lowland populations. For the seven ABC2 scenarios
of bottlenecked western, central, and eastern regions, we used a
training set of 70,000 runs and broad time priors t1 (10-25,000
generations), t2 (10-50,000 generations) and time of divergence td
(10-100,000 generations) of the ancestral population [stipulating
tl<t2 and t2<td], bottleneck periods dbl (10-25,000 generations),
db2 (10-50,000 generations), and db3 (10-100,000 generations)
[stipulating dbl<tl, db2<t2, and db3<td], and effective size priors
on the ancestral population Ne, (10-100,000) and current
populations Ne;, Ne,, and Ne; (10-50,000, 10-100,000 and 10-
100,000, respectively) though smaller effective size priors on
bottlenecked populations Ne;p,, Ne,y, and Nes;, (10-10,000).

Finally, to answer main phylogeographic questions within a
region or between two regions, analyses of a series of origin models
were performed, each considering all possible seven scenarios: (1) an
expansion scenario with simultaneous divergence of groups (scenario
1); and (2) a phylogeographic scenario, with successive divergence of
the groups (scenarios 2 to 7, depending on the order of group
divergence) (Supplementary Figure 1: information on ABC3-
ABC?). For each origin model considering three geographical areas
within a region, i.e. within the Caucasus region (ABC3 = northern/
Tuapse, central/Sochi and southern/Gagra areas), within the central
region (ABC4 = Transylvanian Carpathian corridor, western

frontiersin.org


https://doi.org/10.3389/fevo.2024.1333726
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Triest et al.

Carpathian basin corridor and the ‘Lower Danube corridor’, the latter
represented by population Ro-4), and within western lowlands
(ABC5 = northern France, Belgium and The Netherlands), we used
a training set of 70,000 runs and time priors t1 (10-25,000) and td
(10-100,000), and effective size priors on the ancestral population
Ne, (10-50,000) and current populations Ne;, Ne,, and Nes (10—
10,000, 10-50,000 and 10-100,000, respectively). Similar priors were
used to estimate whether the ‘corridor’ Carpathian population along
the Lower Danube (Ro-E4 population) could represent either a
remnant origin from southeastern populations (Caucasus) or from
the main Carpathian region itself (ABC6). Similar priors were used to
estimate the origin and divergence time of western lowland
populations with regard to either Carpathian (ie., the eastern
corridor) or Dinaric Alps (i.e., the western corridor) of the central
region (ABC7).

The timing of inferred demographic events could be then
estimated from the computed posterior distribution of time
parameters from the best model choice (% votes and probability
out of 500 runs). In all scenarios, t# represented the time scale
measured in number of generations (the largest numbers refer to
the oldest events) and Ne# represented the effective size of the
corresponding populations during the indicated time period. We
used default prior values for all parameters. The following summary
statistics of 50 variables including five noise variables were
considered for each current population (i.e., a group of
populations within a region considered as Ne;, Ne, and Ne;) or
for pairwise comparison of these three groups: (1) one-sample
summary statistics, i.e. genetic diversities, and (2) two-sample
summary statistics, i.e. Fsr and Nei’s distances, all considering the
proportion of zero values; (3) mean of non-zero values; (4) variance
of non-zero values; and (5) mean of complete distribution. The
most-likely scenario was obtained from a comparative assessment
of their posterior probabilities. The goodness-of-fit was checked
through principal component analysis (PCA) using the ‘out of bag’
error method. The posterior distribution of parameters (N# and t#)
was estimated for each of the most likely supported scenarios.

Results
Allele and genetic diversity

For the 38 P. vulgaris populations, we genotyped a total of 265
alleles, considering all loci and individuals. Overall, the mean number
of alleles (Ay;) was 4.9 and ranged between 1.6-7.1 per population.
The effective number of alleles (Ag) was 2.9 and ranged between 1.4-
1.7, whereas allelic richness (k=14) reached 3.7 and 1.6-5.4 at
population level on average (Table 2). Populations from western
lowlands revealed a total of 83 alleles, among which six were private
alleles (Aq = 0.003), with Ay; = 3.3 (from 1.6 to 4.3) and Ag = 2.1 (from
1.4 to 2.5) on average, whereas allelic richness (k=14) reached 3.4
(Table 2). Populations from central Europe revealed a total of 186
alleles among which 52 were private alleles (Aq = 0.032), with Ay, = 5.7
(from 2.9 to 7.6) and Ay = 3.3 (from 1.7 to 4.4) as a mean, whereas
allelic richness reached 5.8 (k=14) (Table 2). Populations from eastern
Europe revealed 195 alleles of which 69 appeared private alleles (Aq =
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0.034), with Ay; = 5.7 (from 3.8 to 7.1) and Ag = 3.5 (from 2.0 to 4.7)
on average, whereas allelic richness reached 6.3 (k=14) (Table 2). No
null alleles were detected in western lowlands, but null alleles were
found in central Europe for locus PRIV27 (frequency range: 0.000-
0.149), PRIVB35 (0.000-0.255) and PRIVB39 (0.000-0.433), and in
eastern Europe for locus PRIV13 (0.184-0.794), PRIV19 (0.000-
0.241), PRIV27 (0.000-0.221) and PRIV29 (0.009-0.253).
Microsatellite markers showed selective neutrality within
populations (Ewans-Watterson tests not significant at p > 0.05).

Overall observed heterozygosity (Hp) was 0.511; for western,
central and eastern regions, Ho = 0.423, 0.552 and 0.562, respectively.
Overall unbiased expected heterozygosity (uHg) was 0.561; for
western, central and eastern regions, uHg = 0.434, 0.596 and 0.660,
respectively. One-sided comparison tests between regions indicated
significantly higher Ar, Ho and uHg values for central and eastern
populations than for western lowland populations (p values ranging
from 0.001 to 0.008), although without a significant (p > 0.05)
difference between central and eastern populations. The mean
within-population inbreeding coefficient (AMOVA-Fis) value was
significantly positive for each region, reaching 0.033 (p < 0.01), 0.099
(p < 0.001) and 0.160 (p < 0.001) for western, central and eastern
regions, respectively (mean Fyg value over all populations = 0.095; p <
0.001). None of the western lowland populations showed significant
Fig values, and only one population of central Europe (SIk-W2) and
six eastern populations (from Sochi and Gagra areas) showed a deficit
in heterozygotes (Table 2). More importantly, the estimated unbiased
Fis values, when adjusted for null alleles, were much lower and
indicated only SIk-W2 (central region) and 853 (eastern region) as an
inbred population (Table 2).

Genetic structure among populations

The AMOVA at global level revealed that 32% of the genetic
variation was explained among European populations, 6% among
individuals and 62% within individuals, giving an estimate of Fgr =
0.319, Fis = 0.095 and Fir = 0.384 (Table 3). At regional scale, the
highest Fer value (0.236) was found for western lowlands and the
highest F5 value (0.160) for the Caucasus region (Table 3). Pairwise
Fgr values were significant for all population pairs, except for western
populations occurring within a same forest area, namely 63A-63B
(Supplementary Table 1). The highest pairwise Fsp values reached
0.469, 0.548 and 0.362 in western, central and eastern populations,
respectively (Supplementary Table 1), and ranged from 0.135 to 0.653
between these regions. Fsy values adjusted for null allele frequencies
for central and eastern populations were slightly lower than non-
adjusted values (overall Fgp values = 0.190 vs. 0.185 or 0.182 when
considering null allele presence, respectively), but it did not affect the
genetic differentiation patterns among populations (Supplementary
Table 2). One-sided tests did not reveal an overall significant
difference in Fsr between any of the regions (ie., Fsr values are
high everywhere, also within regions).

At the European scale, the PCoA at individual level (cumulative
25% explained for two axes) clearly separated western lowlands
from the two other regions, and only revealed a marginal overlap
between central and eastern regions (Supplementary Figure 2). The
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TABLE 2 Population genetic variables of Primula vulgaris populations in three European regions (Western/lowland, Central/Carpathian and
Eastern/Caucasus).

Western/lowland region

45A_21 30 43 3.6 2.4 3.0 0.503 0.506 0.006

18_21 30 51 4.3 2.5 32 0.503 0.545 0.079

8A_21 30 44 3.7 23 3.0 0.558 0.557 -0.002
1321 29 45 3.8 2.5 3.0 0.497 0.527 0.059

50_21 30 40 33 2.1 2.7 0.411 0.460 0.108

52E_21 30 29 2.4 1.8 2.2 0.425 0.392 -0.085
42A_21 37 47 3.9 1.9 2.6 0.369 0.388 0.049

36AB_21 30 38 32 2.0 2.6 0.344 0.378 0.089

3921 30 41 3.4 2.1 2.7 0.458 0.443 -0.036
31_21 37 29 2.4 1.6 2.0 0.257 0.310 0.174

63A_21 20 41 34 2.0 2.8 0.450 0.442 -0.019
63B_21 20 42 3.5 2.1 2.9 0.471 0.476 0.010

64 21 19 1.6 1.4 1.6 0.246 0.221 -0.117
Mean 29 39 33 2.1 2.6 0.423 0.434 0.033*
Total 374 83

Central/Carpathian region

Slk_W1 20 34 2.8 1.9 2.4 0.350 0.382 0.087
Slk_w2 20 74 6.2 3.5 4.7 0.455 0.695 0.351 (0.269*°)
Cr_W3 18 75 6.3 3.4 4.6 0.598 0.651 0.085
Hu_W4 16 83 6.9 44 53 0.687 0.726 0.056
Slo_W5 15 84 7.0 4.4 5.4 0.618 0.695 0.115
Slo_W6 20 91 7.6 4.0 5.1 0.627 0.686 0.088
Hu_W7 12 64 5.3 3.5 4.5 0.667 0.672 0.008
Ro_E1 20 82 6.8 3.5 4.7 0.629 0.662 0.052
Ua_E2 18 60 5.0 2.9 3.8 0.570 0.587 0.029
Ro_E3 20 69 5.8 3.1 42 0.588 0.598 0.018
Ro_E4 20 34 2.8 1.7 22 0.321 0.311 -0.032
Ua_E5 19 78 6.5 3.6 4.6 0.601 0.611 0.018
Ro_E6 20 58 4.8 2.4 3.4 0.471 0.475 0.009
Mean 18 68 5.7 33 4.2 0.552 0.596 0.099*
Total 238 186

Eastern/Caucasus region

830 19 53 4.4 2.6 35 0.485 0.546 0.115 (0.018°)
844 21 56 4.7 2.5 35 0.460 0.543 0.159 (0.025°)
845 20 45 3.8 2.0 2.8 0.400 0.411 0.028 (0.017°)
848 20 65 5.4 3.1 4.1 0.586 0.677 0.140 (0.031°)
831 20 80 6.7 4.2 4.9 0.597 0.692 0.141*(0.022°)
(Continued)
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TABLE 2 Continued

Eastern/Caucasus region

832 20 76 6.3 3.9 4.8 0.584 0.723 0.196*(0.082°)
840 16 68 5.7 3.9 47 0.533 0.703 0.248*(0.076°)
841 19 80 6.7 4.1 5.1 0.643 0.734 0.128 (0.016°)
842 20 64 5.3 3.6 43 0.583 0.667 0.133 (0.013°)
852 20 71 5.9 39 4.7 0.658 0.724 0.094 (0.014°)
853 19 84 7.0 4.7 5.4 0.621 0.772 0.200*(0.075*°)
837 20 85 7.1 3.9 5.1 0.596 0.728 0.185*(0.040°)
Mean 19 69 5.7 35 44 0.562 0.660 0.160***
Total 234 195

Mean Europe 22 58 4.9 2.9 3.7 0.511 0.561 0.0954**
Total Europe 846 265

n: number of genotyped samples; At: total number of alleles; Ay;: mean number of alleles; Ag: effective number of alleles; Ag: allelic richness for k = 14 gene copies; Ho: observed heterozygosity;
uHg: unbiased expected heterozygosity; Fis: within-population inbreeding coefficient (* significant at p < 0.05; ** p < 0.01; *** p < 0.001; ° adjusted for potential null alleles; mean value of regions
and Europe are AMOVA-F).

TABLE 3 Summary of AMOVA and F-statistics in western/lowland, central/Carpathian and eastern/Caucasus regions and for the total area, with df,
degrees of freedom; SS, sum of squares; MS, mean of squares; Est.Var., estimated variance; %: percentage of the total variance.

Regions F-statistics
Western/lowland

Among populations 12 586.366 48.864 0.805 24% Fgr = 0.236 0.001
Among individuals 361 973.233 2.696 0.087 3% Fig =0.033 0.005
Within individuals 374 943.500 2.523 2.523 74% Frr =0.261 0.001
Total 747 2503.099 3414 100%

Central/Carpathian

Among populations 12 413.691 34.474 0.836 19% Fgr = 0.190 0.001
Among individuals 225 881.881 3.919 0.353 8% Fig = 0.099 0.001
Within individuals 238 765.000 3.214 3.214 73% Fir =0.270 0.001
Total 475 2060.571 4.403 100%

Eastern/Caucasus

Among populations 11 451.244 41.022 0.934 19% Fgr = 0.190 0.001
Among individuals 222 1025.350 4.619 0.637 13% Fig = 0.160 0.001
Within individuals 234 782.500 3.344 3.344 68% Fir =0.320 0.001
Total 467 2259.094 4915 100%

EUROPE

Among populations 37 2633.824 71.184 1.521 32% Fgr = 0.319 0.001
Among individuals 808 2880.463 3.565 0.310 6% Fig = 0.095 0.001
Within individuals 846 2491.000 2.944 2.944 62% Frr =0.384 0.001
Total 1691 8005.287 4.776 100%
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FIGURE 2

PCoA of Primula vulgaris individuals from 38 populations of three European regions. (A): western lowland region (B, Belgium; NL, The Netherlands; F,
France); (B): central region of Carpathian Mts and Dinaric Alps (Slk, Slovakia; Cr, Croatia; Hu, Hungary; Slo, Slovenia; Ro, Romania; Ua, Ukraine);

(C): eastern region of Caucasus Mts.

population assignment test (leave-one-out option) at European
level considering individuals pooled under three regions,
indicated that 100% of the individuals were assigned to their own
region. Population assignment tests (leave-one-out option) at
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region level indicated that respectively 82% (western), 92%
(central) and 93% (eastern) of the individuals were assigned to
their own population. The PCoA of individuals within each region
revealed trends in the clustering according to their geographical
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position (Figure 2). In the western lowland region, forest
populations of Clairmarais (northern France) and Praetbos
(Belgium) and northern Drenthe population (The Netherlands),
all located at somewhat higher elevations in the landscape (12-
24 m), were separated along the first axis from polder Belgian
populations located at 3-9 m altitude in a strongly fragmented
agricultural landscape (Figure 2A). In the central region, individuals
of Ro-E4 population, located in the narrow Danube River corridor
across the Carpathian mountains, were separated from the other
populations along the first axis (Figure 2B). The second axis
separated two Slovakian populations (SIk-W1 and Slk-W2) from
the other Carpathian populations, due to their low and high level of
allele richness, respectively. A check of the raw data confirmed that
population SIk-W1 possessed 11 private alleles (qA=0.116, with
q=0.025-0.650) in four loci, of which only locus PRIVB29 (more
precisely allele length 220 at q=0.3) indicated potential
introgression from Primula elatior, which do co-occur with P.
vulgaris. For this purpose, cross-amplification, allele sizes and
unique alleles at species level were ‘a posteriori’ checked for P.
elatior samples of Belgium (origin: Geraardsbergen, Raspaille
forest). Ro-E4 contained no private alleles though differed
strongly in allele frequencies for various loci. A gradient along
both axes could be noted for individuals from the Transylvanian
Carpathian versus the western Carpathian basin (and Dinaric Alps)
populations (Figure 2B). An additional analysis omitting Slk-W1
and SIk-W2 did not enhance the separation of the remaining
populations from the west and east Carpathian basin along both
axes (results not shown). Individuals from the eastern region in the
Caucasus area clustered according to the distinct valley areas, i.e. the
northern (Tuapse) area clearly separated along the first axis whereas
central (Sochi) and southern (Gagra) areas showed a gradient along
the second axis (Figure 2C), however with exception of population
832 of Gagra area, which contained individuals more closely related
to those of the Sochi area.

Venn’s diagrams (Supplementary Figure 3) obtained by
variation partitioning showed a clear geographic pattern shaping
the genetic differentiation patterns (explaining 11% to 46% of the
variance), while the results contrasted for altitude: altitude alone
explained 1% of the variance, and covaried with geographic location
for 22% of the variance in the western region, but only contributed
to the genetic differentiation pattern for 4% of the variance in the
central region. In the eastern region, altitude explained 15% of the
variance independently of the geographic location of
the populations.

The STRUCTURE Bayesian clustering analysis allowed for
distinguishing among the western, central and eastern regions,
with the highest AK values at K=2, separating first the western
populations from the others, and then at K=3, resulting in a
complete separation of gene pools among the three regions
(Figure 3; Supplementary Figure 4). LnP(K) also indicated high
likelihoods for additional clusters, and the ‘divisions of runs by
mode’ gave maximum support at K=9 (Supplementary Figure 4),
showing additional clustering of populations within regions. The
MedK estimator revealed no conclusive number of clusters, with K
estimation continuing to increase until K=15 (Supplementary
Figure 4). In the western region, an additional cluster separated
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‘forest’ populations of Clairmarais and Praetbos together with
Drenthe (those at slightly higher altitudes) from the other
populations at K=4. The northern area of the Caucasus region
(Tuapse) clustered as a separate gene pool at K=5, whereas the
southern area of the Caucasus (Gagra, with exception of population
832) was distinguished at K=7 and K=8. When considering the
central region, Ro-E4 population clustered separately at K=6, and at
K=9 the Transylvanian Carpathians and the western Carpathian
basin (incl. the Dinaric Alps) showed a slightly different gene pool
featured by admixed (with lowered Q membership, thus not fully
assigned) individuals (Figure 3A). The K-means clustering of
individuals within each region confirmed all abovementioned gene
pools with AK = 2 in the western region, AK = 4 in the Carpathian
region and AK = 3 in the Caucasus region (Figures 3B-D).

Phylogeographic signal and isolation-by-
distance patterns

Global multilocus Rgy value (0.398) was significantly (one-tailed
allele size permutation test, p<0.05) higher than global multilocus
Fsr value (0.321), and the allele size permutation test at single locus
was significantly higher value for five loci (p < 0.05), indicating a
potential phylogeographic signal. When considering distance
classes, both multilocus Fsr and Rgr measures showed a
significantly higher value than on average for distances above 500
km and up to 2,966 km, hence between the three regions (Table 4A).
There was a clear IBD pattern at European level as pairwise genetic
differentiation (expressed as Fsp/(1 — Fsr) or Rgp/(1 — Rsr))
increased with geographic distance (significantly positive slopes of
the regression) and was significantly higher than on average for the
distance class above 500 km (i.e., population pairs between the three
regions) (Table 4A). Overall, a phylogeographic signal was obtained
with a significant allele size permutation test at multilocus level and
at single locus level for the large distance class, potentially within a
region (Table 4A). When thus considering each region separately,
pairwise genetic differentiation, expressed as Fsy/(1 — Fsr) or Rgr/
(1 = Rgsr), increased with geographic distance though not with a
similar strength (Table 4B; Figure 4). The slope of the regression on
Fsr/(1 — Fsr) was only significant for the western and eastern
regions, whereas for Rsr/(1 — Rgy) it was significant for the three
regions (Table 4B; Figure 4). The among-population permutation
test showed a significantly higher Rg1/(1 — Rgr) value only for the
largest distance class in the western region (89.1-392.6 km) and
eastern region (88.2-169.8 km). There was no IBD within the
central region, but an on average high genetic differentiation was
found - for geographical distances that were mostly above 190.8 km
(Table 4B; Figure 4). A phylogeographic signal was found within
regions, with the allele size permutation test being significant: for
the largest distance class in the western region at multilocus level
(however, only marginally significant as p = 0.05) and at single locus
level for PRIVB39 (p = 0.013); for the largest distance class in the
eastern region at multilocus level (p = 0.025) and for locus PRIV27
(p = 0.033); for most distance classes (beyond 190.8 km) in the
central region at multilocus level (p ranging from <0.001 to 0.012)
and for locus PRIVB39 (p ranging from <0.001 to 0.007) (Table 4B).

frontiersin.org


https://doi.org/10.3389/fevo.2024.1333726
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Triest et al.

Western lowlands Central and Eastern Mts

K=3

Caucasian
K=4

B

2232338280002 RR0R2R4RIRAAR

Carpathian

K=6

10.3389/fevo.2024.1333726

K=7

Ro-E4
Iron Gates

K=8

31/63A/63B/64
(Praetbos/Clairmarais/Drenthe

830 844/845/848
North of Tuapse

WEST

31/63A/63B/64
(Praetbos/Clairmarais/Drenthe

EAST

2 830 North of Tuapse__844/845/848

837  Gagra Mountain area 852/853

831/832

840/841/842
Sochi region

FIGURE 3

F
837 852/853
Gagra Mountain area

831/832 840/841/842
Sochi region

West Carpathian
Dinaric Alps

CENTRAL

Ro-E4
Iron Gates

West Carpathian
Dinaric Alps

" SIk-W1
Private alleles
/ introgression

East Carpathian

Structure results (A) for 38 European populations (1-13: western lowland region; 14-26: central region of Carpathian Mts and Dinaric Alps;
27-38: eastern region of Caucasus Mts) for K=2 to K=9, with indication of subsequent gene pool clustering and concerned geographic areas; (B—D)
for individuals within each region confirming gene pools with AK = 2 in the western region (B), AK = 4 in the Carpathian region (C) and AK = 3 in the

Caucasus region (D).

Demographic history based on ABC-
Random Forest analyses

The demographic analysis (ABCI; Supplementary Figure 1:
information on ABC1) at European level (38 populations) showed
a support (64% votes; posterior probability 0.71) for scenario 4,
referring to an overall bottlenecked history of the species (Figure 5).
The median bottleneck was estimated at t1-db = 27,558 generations,
though it was not very conclusive because of the large and bimodal
variance (5% quantile 7,562; 95% quantile 47,280) and peaks
around 20,000 and 40,000 generations, partly referring to the
Weichselian (Wiirm) cold period, that started about 70,000 BP
until the LGM. The expansion at t1 was estimated at a median
generation time of 2,612 (5% and 95% quantiles: 298-20,341), with
a clear single peak referring to the Holocene period (since 11,700
years BP), when considering a generation time of up to two years.
Posterior distribution of effective sizes were: ancestral size Ne =
51,882, bottlenecked size Ne; = 3,992 and current effective size Ne;
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= 55,769 (Supplementary Figure 1: information on ABCI). The
demographic analysis (ABC1; Supplementary Figure 1: information
on ABCl) within each region showed a marginal support for
scenario 3 referring to an expansion history in the western
lowlands (52% votes; posterior probability 0.36) and in the
eastern region (51% votes; posterior probability 0.61), and for
scenario 4, referring to a bottlenecked history in central European
populations (57% votes; posterior probability 0.65).

For the three regions (western, central, eastern), from the seven
scenarios implemented in the origin model (Supplementary
Figure 1: information on ABC2), scenario one, with all three
regions bottlenecked, was the best supported (47% votes,
posterior probability = 0.50). The outcome suggested the oldest
origin for ‘eastern’ populations (median td = 54,734 generations;
95% credibility interval 13,850-96,710), with a split of the ‘central’
populations estimated at t2 (median) = 16,641 generations (95%
credibility interval 5,049-40,892), and a much more recent split of
‘western’ populations estimated at a generation time t1 (median) =
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TABLE 4 Results of the regression analysis testing for isolation by distance (among-population permutation test: 1-sided test, H1: obs>exp) and of the
allele size permutation test (1-sided test, H1: obs>exp; at multilocus and single locus level when significant) for 38 Primula vulgaris populations from
three European regions (western/lowland, central/Carpathian and eastern/Caucasian) using pairwise genetic differentiation based on allele identity
(Fst) and on allele size (Rst), considered as Fst/(1 - Fst) and Rst/(1 — Rst) over geographic distance (mean values per distance class), with A: six defined
spatial distance classes covering the full study range; B: five spatial distance classes within each region considering equal number of population pairs
per class (* at p < 0.05; ** at p < 0.01; *** at p < 0.001 significance level; ns non-significant). b, slope of the regression.

A. Full range within and between regions

Max distance (km) 10 50 Global Fst Rst

In max distance 2.3 39 4.6 5.5 6.2 8.0

Fer/(1 - Fer) 0.143™ 0.267" 0.354™ 0.275™ 0.350™ 0.580*** 0.321 0.071+%*
Rsr/(1 - Rer) 0.081™ 0.226" 0.307™ 0.462" 0.750™ 084144 0.398 01274

Allele perm. test

Multilocus ns ns ns p=0.012 p<0.001 p=0.011 0.0002*
PRIVB17 ns ns ns ns p=0.044 p=0.048 0.0039™
PRIVBI9 ns ns ns ns ns p =0.013 0.0008*
PRIV27 ns ns ns p=0.014 ns ns 0.0008*
PRIVB35 ns ns ns ns ns p=0.014 0.0018*
PRIVB39 ns ns ns ns p=0.002 ns 0.0001™

B. Range within each region

Distance class Global Fst Rst

Western region

Max distance (km) 1.9 134 35.6 89.1 392.6
Fs1/(1 — Fsr) 0.119™ 0.197™ 0.366" 0.529* 0.517* 0.236 0.001***
Rst/(1 — Rst) 0.073" 0.110™ 0.333"™ 0.357" 0.953** 0.227 0.003***

Allele perm. test

Multilocus ns ns ns ns p=0.050 0.003 ™

PRIVB39 ns ns ns ns p=0.013 0.008*

Central region

Max distance (km) 190.8 341.2 417.7 514.6 738.0
Fsr/(1 — Fer) 0.176™ 0.267™ 0.270™ 0.282"™ 0.289™ 0.194 0.000™
Rs1/(1 = Rgr) 0.248™ 0.475™ 0.681™ 0.657™ 0.703" 0.318 0.008**

Allele perm. test

Multilocus ns p=0.012 p<0.001 p<0.001 p=0.007 0.001**

PRIVB39 ns p=0.012 p<0.001 p<0.001 ns 0.003*

Eastern region

Max distance (km) 37.6 42.5 88.2 96.4 169.8
Fsp/(1 = Fgr) 0.149™ 0.174™ 0.186™ 0.363** 0.353** 0.192 0.002***
Rs1/(1 — Rgy) 0.083™ 0.143™ 0.171™ 0.382* 0.563*%* 0.214 0.004***

Allele perm. test

Multilocus ns ns ns ns p=0.025 0.004*

PRIV27 ns ns ns p=0.033 p=0.023 0.025*
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6,623 (95% credibility interval 1,460-22,510), with posterior
distribution of effective sizes of ancestral Ne, = 56,957 and
current effective sizes of Ne; (western) = 5,045, Ne, (central) =
27,317 and Ne; (eastern) = 35,220 with bottleneck periods of
effective sizes Ney, ranging between 3,296 and 6,870 (Figure 6;
Supplementary Figure 1: information on ABC2).

When zooming in at the demographic evolution within each
region, using a set of seven possible scenarios implemented in the
origin model (Supplementary Figure 1: information on ABC3-
ABC7), a phylogeographic scenario (scenario 4) was the best
supported for the eastern (Caucasus) region (ABC3). For the
latter, the southernmost populations (Gagra, with estimated Ne =
25,799) have diverged from an ancestral population (NA = 12,817)
in the past at median td = 17,486, whereas the northernmost ones
(Tuapse, Ne = 4,662) have diverged more recently from centrally
situated populations (Sochi, Ne = 25,147), at median tl = 5,580
(Figure 6; Supplementary Figure: information on ABC3).

The expansion scenario (scenario 1) was the best supported for
central (Carpathian; ABC4) and western lowland (ABC5) regions.
The central population groups (putative Transylvanian
Carpathians, western Carpathian basin (incl. Dinaric Alps) and
Lower Danube corridor), were estimated splitting at td (median) =
4,009 generations from an ancestral population of size Ne, = 4,902
(Figure 6; Supplementary Figure 1: information on ABC4). The
western lowland populations were estimated to have diverged
far more recently, at td (median) = 1,871, from a much smaller
ancestral population of size Ne, = 2,527 (Figure 6; Supplementary
Figure 1: information on ABCS5).

The simulation investigating Ro-E4 population origin,
considering the Caucasus and the Carpathian populations
(ABC6), allowed estimating an origin at td (median) = 21,404
12,448 (Figure 6;
Supplementary Figure 1: information on ABCS6, scenario 2). The

from an ancestral population of Ne, =
Ro-E4 population appeared to have derived from the Caucasus
region rather than from the other Carpathian populations (t1 =
8,817), thereby suggesting its history as potential stepping stone of
the species in central Europe during the Holocene (11,700 years
BP-present) or during the LGM, when considering a generation
time of two years. The simulation investigating western lowland

y =0.003x +0.1392
R2=0.62 (West)
°o
y =0.004x - 0.0063 e
R?=0.68 (East)

EEEY
—

10.3389/fevo.2024.1333726

origin, as a single group next to the central (Transylvanian
Carpathian and western Carpathian basin) populations, allowed
estimating western lowland population origin at td (median) =
11,320, from an ancestral population of Ne, = 13,172 (Figure 6;
Supplementary Figure 1: information on ABC7, scenario 6),
suggesting a secondary (cryptic) glacial refugium of the species in
the western Carpathian basin during or towards the end of the
LGM, when considering a generation time of two years.

Discussion

The present study of Primula vulgaris populations across three
European regions, based on highly polymorphic nuclear
microsatellites, provided substantial new knowledge about allele
diversity, genetic differentiation, divergence times, bottlenecks, and
effective population sizes, which together led to verify specific
hypotheses in addition to a refinement of previous findings on
species evolutionary history. Indeed, AMOVA, PCoA and
STRUCTURE analyses demonstrated a strong genetic
differentiation between the three regions. A phylogeographic
signal (Rgr > Fsr) indicated that stepwise-like mutation processes,
together with isolation-by-distance patterns, contributed to
population genetic differentiation. The eastern and central regions
featured the highest allelic richness. Besides, a refined demographic
ABC scenario supported a Pleistocene legacy, with most ancestral
lineages originating from the Caucasus region, and historical
bottleneck occurrence in each region, thus apparently across the
whole distribution range. All three regions underwent an expansion
during Holocene, although their lineages diverged at different eras,
gradually younger from eastern to western regions and with large
differences in effective population sizes, being much smaller in
western lowlands. The posterior distribution of supported ABC
scenarios was unimodal and well supported for recent generations,
although it was less clear or multimodal for ancient generations, but
nevertheless allowed for distinguishing younger (at t1) from older
(at t2 and td) periods. ABC performed poorly and gave multimodal
NA and Ne estimates, most likely explained by the strong genetic
substructure of P. vulgaris within regions. The bottleneck

y =0.0008x +0.2512
R?=0.04 (Central)

° ® West
o Central
o East

FIGURE 4

700 800

Isolation by distance of Primula vulgaris populations from three European regions considering Rst/(1 — Rs7) as measure of genetic differentiation,

with regression results (** at p < 0.01; *** at p < 0.001 significance level).
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Demographic event models of the species (ABC1)
Scenario 1 Scenario 2 Scenario 3 Scenario 4

Constant  Decline Expansion Bottleneck (71%)
Past

Ne Ne1 Ne =51882

t t
t,-db = 27558 [7562-47280]
Generation
time Ne Nde Nex Ne1 = 3992
t, = 2612 [298-20341]

Nbo =55769
Present
FIGURE 5

The four demographic event models considered in Approximate
Bayesian Computation analysis of European Primula vulgaris
populations. Effective sizes and generation times are given for the
most supported (bottleneck) scenario (scenario 4). Ne and Nel=
effective population size; Nde = size of declined population; Nex =
size of expanded population; Nbo = size of bottleneck population;
tl = time of divergence in number of generations; db = duration of
bottleneck period.

population sizes however were unimodal. An alternative
explanation could be that most available methods for estimating
Ne assume a population with discrete, non-overlapping generations
(Luikart et al., 2010). However, this assumption is violated in many
long-lived plant species in which individuals can reproduce
multiple times during their lifetime, with different cohorts
coexisting and interbreeding. For P. vulgaris we may assume a
generation time of two years, but it might be an underestimation.

Pleistocene legacy and bottleneck periods
of species distribution

Previous genetic studies (based on nuclear ITS and plastid DNA
markers) of P. vulgaris populations showed that the highest genetic
diversity was located in the Ponto-Caspian region, with a refugium
in the Colchis region (Caucasus). It was hypothesized that P.
vulgaris originated from the Caucasus, more precisely along the
northern coast of the Black Sea, and migrated westwards (Volkova
et al,, 2013). This scenario was later clearly supported by genomic
data (Stubbs et al, 2023). The evolutionary history was further
elaborated by Volkova et al. (2020) who concluded, based on shared
ancestral ITS ribotypes between the Caucasus and the Carpathians,
that the westward spread of the species to central Europe could
harbour ‘cryptic’ LGM refugia in the Carpathian region, from which
post-glacial migration to western Europe could take place.
Demographic event models tested for P. vulgaris in the present
study provided solid support for this hypothesis. The demographic
models for populations within a single region marginally indicated a
history either of bottleneck (central) or of expansion following a
bottleneck (western, eastern). When considering all possible
combinations with and without bottlenecks in origin models, the
scenario of a bottleneck history only in central populations was not
supported, while a bottleneck scenario was supported for all three
regions. Narrowing down various ABC models has subsequently
indicated that P. vulgaris experienced bottlenecks during its
stepwise range expansion over a long distance, from east across
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central to western Europe, occurring during the Quaternary glacial
cycles. The best supported origin model indicated the Caucasus
region as the closest to an ancestral situation, and from which the
central and western populations subsequently diverged. Divergence
time of the Caucasus populations from an ancestral lineage pointed
to the Upper Pleistocene (the Middle Weichselian, 129,000-29,000
years BP). The outcome of generation times of origin models clearly
suggests the oldest origin for the southernmost Caucasus
populations considered in this study (i.e., the Gagra mountain
area). The divergence of Carpathian populations, including the
Danube valley as potential corridor, was estimated during the
Upper Pleistocene LGM (most likely the Late Weichselian,
including the LGM, thus 29,000-14,000 years BP), confirming a
role of central populations as secondary cryptic refugia. Western
lowland populations diverged more recently, during the Holocene
(most likely the warmest Atlanticum period, 7,000-3,900 years BP),
possibly from West Carpathian/Dinaric Alp populations. The
classic ‘rear edge-leading edge’ genetic structure of the
distribution area (Hampe and Petit, 2005) should be here
interpreted along an east-to-west gradient.

Primula vulgaris populations in eastern and central Europe had
similarly high levels of allelic richness, although they only shared a
small proportion of alleles. This, together with the ABC model
clearly demonstrates that the central European populations
underwent westwards migration from the Caucasus region (that
is, along the Black Sea coastlines, as reported in Volkova et al,
2013), with changes in allele size by stepwise-like mutation
significantly contributing to genetic differentiation - as
demonstrated by Rgr values higher than Fgp values (Hardy et al,
2003) - during a quite large number of generations and clearly prior
to the Holocene. The geographical positioning of central
populations and their role as ‘cryptic’ refugium allowed for
further westwards expansion of the species, with marked
bottlenecks for western lowland populations during the Holocene.
Nevertheless, strong support for a bottleneck scenario in each of the
three European regions clearly suggests that it is an all-time feature
of the species and that demographic bottlenecks have occurred
throughout the range during the Pleistocene, the LGM and the
Holocene, followed by regional range expansion.

Regional range expansion and
genetic differentiation

Primula vulgaris experienced both bottlenecks and expansions
in each of the three European regions. Nevertheless, within each
region, a regional and progressive postglacial expansion was
roughly estimated to have occurred 6,000 (Caucasus populations
in the Sochi and Tuapse area), 4,000 (Carpathians) and 2,000
(western lowlands) generations ago. Short-distance insect
pollination in combination with short-distance seed dispersal
allowed founders to move within a single generation over only
very small areas (Feurdean et al, 2013). The phenomenon of
demographic ‘expansions’ of this species should be regarded as a
low-intensity incremental movement - very different from good
dispersers or invasive species — although these few thousands of
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Estimation of divergence time (in generations) and effective population sizes of Primula vulgaris in three European regions for six series of origin
models (ABC2-ABC7) based on the best supported scenario (out of seven using DIYABC-Random Forests). See methods section and supplementary
materials for the description of origin models. Ne;, Ne, and Nes = effective size of current region or population; Ne, = ancestral population size;
Nein, Neop, Nes, = effective size of historical bottleneck population; t1, t2 and td = time of divergence in numbers of generations.

generations have formed and structured P. vulgaris populations at
different spatial scales. The currently observed genetic structure of
P. vulgaris is believed to have evolved within a regional context-
dependent predominance of either latitudinal, longitudinal, or
altitudinal migration over different time scales.

In the Caucasus region, populations ranged from the sea level
(i.e., the Black Sea shore) to 1,100 m. Populations located downhill
and uphill in the same valley area can be assumed to have originated
from a same source population. Although the sampling design was
not optimal because the small number of populations did not span
an entire elevation range, comparison of populations at the base of
the hills with those at higher altitudes supported the hypothesis of
‘parallel colonization events’. Indeed, we revealed separate gene

Frontiers in Ecology and Evolution

17

pools for the Tuapse populations (5-600 m a.s.l.) and Sochi area
(200-1,100 m a.s.l), suggesting either a migration of multiple
foothill gene pools or alternatively a long-term survival with
differentiation within a particular valley. Variation partitioning
confirmed distinct effects of altitude and geographical position on
the genetic differentiation pattern detected along the first PCoA
component. In general, we found that P. vulgaris populations in the
Caucasus region were genetically structured according to
geographical position of valleys and to elevation. Such result was
also found for the related Primula elatior, where elevational
differences within a valley enabled migration in central European
mountains even without loss of genetic (nuclear microsatellite)
diversity (Konecna et al,, 2019). Lineages with a putative foothill
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origin supported the concept of potential cryptic glacial refugia in
mountain or northern regions for P. elatior (Jurickova et al., 2018;
Kempf et al., 2020).

Primula vulgaris populations of the western Carpathian basin
(incl. the Dinaric Alps) and Transylvanian Carpathian mountains,
which featured similar altitudinal ranges (156-533 m and 163-489 m
a.s.l, respectively), were grouped according to their geographic
position, most likely due to overall high levels of genetic
differentiation and large geographical distances than to altitudinal
gradients. Previous studies based on local biogeographic inferences
and distribution patterns hypothesized an filliryan-dacian pincer
migration’ history in the area, ie. separate western (‘illiric-noric’)
and eastern (‘dacic’) colonization routes from the south to the north
along the mountains bordering the Carpathian basin (ie., the
Dinaric-Alps and Alps on the west, and the Transylvanian
Carpathians on the east), with a clear demarcation between western
(‘illiric-noric’ origin) and eastern (‘dacic’ origin) Slovakian
populations (Hendrych, 1996; Varga, 2002; Sramko, 2004). Thus,
the northern Carpathian populations have different colonization
histories: the western populations originate from the Dinaric Alps,
and the eastern ones from the Transylvanian Carpathians. The
genetic structure of P. vulgaris in the central region clearly supports
this phylogeographic theory: the PCoA and Structure analysis
separated both geographic groups along the first axis, and the un-
admixed western Slovakian population (Slk-W1) is markedly
separated from the eastern populations.

Genetic differentiation related to IBD and stepwise mutation
process was not only found over the entire 3,000 km trajectory, but
also regionally, within a few hundred km. Low to moderate genetic
differentiation with a significant isolation-by-distance pattern was
previously reported for western lowland populations (Van Rossum
et al., 2004) and Caucasus mountain populations (Volkova et al.,
2021), based on nuclear isozymes and AFLP fingerprinting,
respectively. Similarly, we detected short-range genetic
differentiation related to allele frequency differences between many
populations in all three regions — regardless of the topography. These
findings are coherent with the restricted dispersal ability of P.
vulgaris. Indeed, forest understory herbs with limited dispersal
capacity can contain well-differentiated populations across a
continent when they experience stepwise migration (Cain et al,
1998). Many generations are required to spread over great spatial
distances, with the occurrence of frequent bottlenecks and of
stochastic independent founder events (Willner et al., 2023).
Primula vulgaris, like other forest understory herbs with limited
dispersal distances (Kramp et al.,, 2009; Bartha et al., 2015; Urbaniak
etal, 2018; Laczko and Sramko, 2020), and some tree species (Douda
et al, 2014; Mitka et al., 2023; Wahlsteen et al, 2023) may have
known several cryptic northwards refugia, giving an opportunity to
start their recolonization from less remote areas than southern
Mediterranean refugia during the LGM (Willner et al., 2023).
Regional populations that bottlenecked in refugia during LGM and
thereafter expanded over a greater elevation may leave detectable
traces of connectivity. In this regard, the Black Sea coastal region
might have acted as a passageway across valley foothills. Indeed,
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population 832 (at 35 m elevation a.s.l.) shared the same gene pool as
populations from the uphill area northwards of Sochi, despite that
this population is located further south in another valley (Mzympta
River) and nearer to the Black Sea (Figure 1).

Recent demographic and genetic
drift processes

The current effective population size (Ne) of P. vulgaris in the
Caucasus region was estimated to be nearly 1.3 times larger (Ne =
35,220) than the Carpathian region (Ne = 27,317), and about seven
times larger than the western lowland region (Ne = 5,045). This
lower Ne suggests that western lowland populations are in a current
bottlenecked situation or in the state of recent expansion after
founder populations establishment. However, such admittedly large
number of several thousand in western lowlands is in a same order
of magnitude than the estimated historical bottleneck sizes of
western, central and eastern populations (Ne, = 3,296, 6,870 and
5,161, respectively). With regard to the species level, we hypothesize
that P. vulgaris western populations are currently in a bottlenecked
situation, which can be explained by their low allelic richness, and
by insufficient time for generating additional alleles through
mutations and for renewing input through migration.

Genetic diversity distribution of P. vulgaris across Europe does not
consist in a smoothly gradually decreasing longitudinal gradient over
3,000 km from east to west, but in fact strongly declines in the western
part of its range. The ‘loss’ of more than half of the allele diversity
within the western lowlands compared to the other regions should be
regarded as a substantial decline. This could be due to historical
founder events during westwards postglacial migration, though it
might be also the result from recent bottlenecks, deviating morph
ratios and occurrence of remnant populations in small landscape
elements within a farmland matrix, thereby limiting seed set and
hampering pollen dispersal (Van Rossum and Triest, 2003; Jacquemyn
et al.,, 2009; Van Geert et al., 2010, Van Geert et al., 2014; Barmentlo
et al,, 2018). Low levels of genetic variation (based on allozymes) in
western lowland populations have been previously explained by genetic
drift being the main cause of genetic erosion (Van Rossum and
Triest, 2003).

In western lowlands, elevation ranged from approximately 3 m
to only 24 m as.l, but their populations appeared genetically
differentiated. These small differences in topography may be
ascribed to different ages of landscape appearance, with somewhat
higher elevations representing stabilized former dune hills, which
can be considered as older forested habitats than the lower
elevations corresponding to more recent polder landscape. We
may hypothesize from the genetic differentiation patterns revealed
by PCoA, variation partitioning and STRUCTURE analysis, that
multiple postglacial colonization of lowlands has occurred, during
different recent Holocene periods or from different sources. Such an
explanation would clearly be in line with the recent arrival of the
species, and the high levels of genetic differentiation between the
populations predicted at the leading edge (Hampe and Petit, 2005).
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Conclusion

Despite limited dispersal ability, P. vulgaris ultimately spread over
long distances across European landscapes, either over mountains, hills
or lowlands. Species expansion left traces of a combination of several
migration events from the Pleistocene and the Holocene. Compared to
nuclear ITS or plastid markers, our study using nuclear microsatellites
allowed for detecting patterns of fairly recent history in population
dynamics. The prevailing current regional patterns of genetic diversity
and differentiation in all three European regions refer to the species’
regional expansion during the Holocene following a history of
demographic bottlenecks. The young (in terms of species geographic
history) western lowland populations still present traces of such
bottlenecks, albeit also incurring strong disturbance of contemporary
habitat fragmentation causing population decline, whereas central and
eastern European populations appear to be much older and have
undergone a sufficiently long evolutionary time for accumulation of
allele diversification prior to and during the LGM. At regional level, we
can highlight the different histories and differentiation processes
populations underwent. Large differentiation in western lowlands can
be largely attributed to genetic drift and potential multiple colonization,
whereas in the central region allele mutations rather than drift explain
the geographical structure. In the eastern region, mutational processes
of alleles have shaped genetic structure according to both altitude and
geographical distance.
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