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Summary. Calophaca wolgarica is a relict paleoendemic species of the Southern East European Plain. In this
study, we assessed the degree of morphological and genetic variation in its 24 natural and 2 reintroduced populations.
Nonmetric multidimensional scaling (nMDS) on 17 traits was used to evaluate morphological variability. To assess
genetic variation, we sequenced 8 chloroplast DNA regions (atpB — rbcL, matK, truL — truF, trnS — trnG, rbcL, rps16,
rpoCl, ycfl) and ITS1-5.8S-ITS2 nuclear DNA region and performed inter simple sequence repeat (ISSR) analysis as
well. We found that there was no interpopulation morphological variation. Sequencing of chloroplast and nuclear DNA
regions also showed no differences between populations of the species. Based on the results of Bayesian analysis using
ISSR markers in STRUCTURE and NEW HYBRIDS programs, we identified genetic groups, the spatial location of
which indicates that during the last glaciations and regressions of Caspian Sea, one ancestral population was preserved
in a refugium on the Stavropol Upland. The refugium of another ancestral population covered the south of Volga
Upland up to the Ergeni Upland. We argued that the species dispersed from the Tien Shan Mountains to the Volga
Upland, bypassing the Caspian Sea from the north, and then spread to the Stavropol Upland. We suggest that the
endemism of C. wolgarica in the absence of geographical barriers linked with low ecological heterogeneity of Southern
East European Plain could arise not only, or not so much from the gene flow limitation, but from morphological and
genetic conservatism associated with species adaptation to a narrow ecological niche. Over millions of years of the
species’ existence, its range has probably experienced multiple constrictions and expansions depending on changing
climatic conditions associated with glacial and interglacial periods and dynamics of Caspian Sea level.
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Kntoueswvie cnosa: mopdomnorus, monyIAMoOHHbI TOMMMOPQU3M, pacIpoCTpaHe e, TAPreTHOe CEKBEHNPOBa-
Hue, ISSR.

Annomauus. Calophaca wolgarica — penMKTOBBII Ia/le09HAEMNUK 1ora BocTouno-EBpormeiickoit paBHUHBL B
IaHHOI paboTe Mbl OLIEHMIN YPOBEHb MOP(OIOrNIECKOl M TeHETUIECKOI 3MEHIMBOCTHU B 24 €CTECTBEHHBIX U 2
PEMHTPOAYUMPOBAHHBIX HONMyIANVAX Bupa. /i oneHKM MOpP(OTOrn4ecKol U3MEeHIMBOCTY UCIIONb30BAIOCh He-
MeTpu4ecKoe MHOTOMepHoe mKkamposanue (nMDS) no 17 npusnakam. [I71s1 OlleHKM reHeTUYeCKOo M3MEHYMBOCTI
MBI ceKBeHMpoBanu 8 yyactkoB xnoporvtactHoit JHK (atpB — rbcL, matK, trnl — trnE, trnS — trnG, rbcL, rpsl6,
rpoCl, ycfl) u yqacrok speproit JTHK ITS1-5.8S-1TS2, a Tak»ke IpoBeny aHa/IM3 MEXXMIKPOCATE/VIUTHBIX ITOCIE0BA-
tenbHOCTEN (ISSR). MBI 06HAPYXWIN OTCYTCTBIUE MEXIIONMYIALMOHHOM MOpdomornieckoit nsmeHuInBocti. CekBe-
HUPOBaHMe YYaCTKOB XJIOpOIIacTHOM U sAxepHoit JIHK Taxxe He BBIABUIO PasnMyuuil MeXXly NONYAALUAMU BUTA.
Ha ocHoBe pesynpraToB 6aitecoBCKOro aHammsa ¢ ucronb3oBanneM ISSR-mapkepos B nporpammax STRUCTURE n
NEW HYBRIDS Hamu Obi1yt BbLAB/IEHBI TeHETUYIECKME TPYIIIBI, IIPOCTPAHCTBEHHOE PACIIONIOKEHE KOTOPhIX CBU-
IeTeNbCTBYET O TOM, YTO BO BpeMs IOC/IefHMX OflefieHeHmit 1 perpeccuit Kacnmsa opHa mpapopnTenbcKas IMOMys-
1151 COXpaHsIach B pedyruyme Ha CTaBpOIOIbCKOI BO3BbILIEHHOCTH. Pedyriym Apyrost mpapoanTenbCKoil Momy-
JIALMY OXBaTbIBaN 10T IIpMBOMKCKOI BO3BBIIIEHHOCTH BIIOTH [IO BO3BbIlIeHHOCTH Eprenn. Mbl yTBepkaeM, 4TO
Bup pactpoctpannics ot rop Taup-1lans go [IpuBomkckoit Bo3BbIeHHOCTH, 06x0as1 Kacnuiickoe Mope ¢ ceBepa,
a 3ateM pacmpocTpaHnics Ha CTaBpOIONbCKYIO BO3BBIIIEHHOCTb. Mbl mpefonaraeM, 4to sugemMusm C. wolgarica
Py OTCYTCTBUMU Feorpaduueckux 6apbepoB, CBSI3AHHBIX C HU3KOI 9KOMOTMYECKOIl FeTepOreHHOCThIO ora BocTtou-
Ho-EBporielickoif paBHIHBI, MOT BOSHMKHYTb He TOJIbKO M/IM HE CTONIBKO 13-3a OTPAaHMYEHNs TIOTOKA F€HOB, CKOJIBKO
13-32 MOP(OIOrNIECKOro U FeHeTHYEeCKOT0 KOHCepPBAaTU3Ma, CBSI3AHHOTO C afjalTalell BIAA K Y3KOI 9KOTOTUYeCKO
HuIIe. 3a MUJIIMOHBI JIET CYIeCTBOBaHMA BU/IA €T0 apeal, BEPOATHO, HEOJHOKPATHO CY>Ka/ICA U pacHIMPSICA B 3aBU-
CYMOCTH OT MEHSIOMINXCA KIMMATUYeCKUX YCTIOBUIA, CBA3AHHBIX C JIETHMKOBBIMM M MEXK/IETHMKOBBIMY IIEPMOfIaMM, a

TaKKe AHaMMKolt ypoBH:a Kacnmiickoro Mops.

Introduction

It is known that one of the main environmental
problems of our time is biodiversity conservation.
Considering the vulnerability of ecosystems and
its individual components, the only way out is
constant monitoring of biodiversity (genetic,
species, biocenotic) for systematic and purposeful
organisation of its exploitation, protection and
renewal, optimisation of the structure of all its main
levels, development of measures to increase the
number of populations of endangered species.

The genus Calophaca Fisch. includes 8 shrub
species distributed mainly in Central Asia (Zhang et
al,, 2015). According to modern molecular genetics
data, it is considered as a monophyletic branch
within Caragana Lam. genus (Duan et al., 2016).

Calophaca wolgarica (L. f.) Pall. ex Fisch. is a
palaeoendemic species of Eastern Europe, a Miocene
relict with a disjunctive range and the single species
of the genus native to European Russia (Zhang et al.,
2015). The species is included in the Red Data Book
of Russian Federation (Shmaraeva, Baranova, 2024).
The main range of C. wolgarica covers the Rostovand
Volgograd Regions, as well as Stavropol Territory
and the Republic of Kalmykia. Occurrences in
Orenburg, Samara, Saratov and Ulyanovsk Regions,
the Republic of Dagestan and Crimea have not
been confirmed by modern field studies. Reports
from North-Western Kazakhstan in areas bordering

Volgograd and Orenburg Regions have also not been
confirmed by field studies (Efimenko et al., 2024).
This indicates the catastrophic rate of species decline
and the need for urgent conservation measures.

Studies of C. wolgarica have been focused mainly
on certain local natural populations (Kashin et al,,
2015; Belous, 2016; Shishlova et al., 2019) or on
introduced populations (Shmaraeva et al., 2023).

C. wolgarica has been included in two recent
molecular genetic studies, in Zhang et al. (2015)
and Duan et al. (2016). The first of these studies
was focused on phylogenetic relationships and
biogeographic distribution of Calophaca and
included all 8 Calophaca species and representatives
of Caragana Fabr., Halimodendron Fisch. ex DC,,
Hedysarum L. and Astragalus L. genera as outgroups.
The study of Duan et al. (2016) covered the subtribes
Caraganinaeand Chesneyinaein the tribe Caraganeae
and supported the monophyly of Calophaca. Both
studies proposed the inclusion of Calophaca in the
genus Caragana as an independent monophyletic
section. Intraspecific genetic polymorphism of
C. wolgarica as well as the origin and dispersal of
haplo- and ribotypes within its range have never
been investigated before.

Genetic diversity is known to be the most
widely used indicator for assessing the evolutionary
potential of a species. Species with a restricted
distribution are thought to be more susceptible
to diversity loss (Octavio-Aguilar et al., 2024).
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Therefore, the aim of this study was to identify
biogeographic and phylogeographic patterns in
distribution of polymorphism of C. wolgarica
populations throughout its range.

Material and methods

Sampling

The field studies were carried out in 24 natural
populations of C. wolgarica located in several
administrative subjects of Russia: Volgograd and
Rostov Regions, Stavropol Territory, and the Republic
of Kalmykia (Table 1). Additionally, we studied two
populations (Sr-1 and Sr-2) in the Saratov Region
that were reintroduced in 2015 by using donor
material from populations of the Volgograd Region.

In 19 out of 24 natural populations of
C. wolgarica, 17 morphological parameters were
measured in 23-30 randomly selected generative
plants: plant height; plant diameter; number of
first-order shoots; number of second-order shoots;
first-order shoot length; second-order shoot length;
internode length; stem diameter; number of leaves;
leaf length; leaf width; number of leaflets; leaflet
length; leaflet width; number of third-order shoots;
length of third-order shoot; number of beans. In
population from the Stavropol Territory (St-1), the
morphological data was obtained only for 7 plants,
as the rest of individuals were in pre-generative state.

Per one leaf from ten plants was dried in silica
gel for further molecular analyses. Herbarium
specimens were stored in the herbarium of the
Botanical Garden of Saratov State University,
Saratov, Russia (SARBG).

Morphological analysis

To reveal the main patterns of morphological
variation in C. wolgarica populations, a nonmetric
multidimensional scaling (nMDS) was used
(Oksanen et al., 2020). In order to identify the
fluctuations of morphological variation between
years, the analysis was carried out on datasets,
collected in 2013, 2014 and 2024.

Population genetic analysis

DNA extraction and sequencing

DNA was extracted from the leaves dried in
silica gel using the diaGene Kit for DNA extraction
from plant tissue on spin columns (Dia-M, Russia)
according to the manufacturer’s protocol.

To analyze the genetic variation, a total of 8
cpDNA markers (atpB — rbcL, matK, trnL — trnF,
trnS — trnG, rbcL, rpS16, rpoCl, ycfl) and ITS1-5.8S-

ITS2 rDNA spacers were used. The choice of cpDNA
markers was due to its previously detected high level
of polymorphism in Calophaca species (Zhang et
al., 2015; Duan et al., 2016) and the opportunity to
compare the obtained C. wolgarica sequences with
sequences of other Calophaca species from a part of its
range inaccessible to us. Sequencing was performed
on an ABI PRISM 3130 XL sequencer using the BIG
DYE TERMINATOR Kit ver. 3.1 according to the
manufacturer’s protocol at the Sintol Research and
Production Complex (Moscow, Russia). Forward
and reverse sequences were assembled and aligned
manually using BioEdit 7.0.5.3 (Hall, 1999).

Inter simple sequence repeats (ISSR)

Considering the high information content and
efficiency for detecting genetic polymorphism of
endemic species with low level of variation in nuclear
and plastid sequences (El-Bakatoushi, Ahmed, 2018;
Stathi et al.,, 2020), the ISSR method was also applied
to study C. wolgarica. The DNA concentration was
measured using a Qubit fluorimeter (Thermo Fisher
Scientific, USA), after which all samples were diluted
to a concentration of 10 ng/pl.

The Polymerase Chain Reaction (PCR) was
performed in Mastercycler Gradient amplifier
(Eppendorf, Germany) with pre-selected ISSR
primers based on literature data and synthesized by
Sintol Research and Production Complex (Moscow).
A total of 20 pl of reaction mixture were prepared,
including 4 ul of “5X MasDDTagMIX -2025”
(200 uM of each dNTP, 1.5 mM MgClz, 1.5 units
of SmarTaq polymerase and buffer; Dialat LLC,
Moscow), 15 pl of deionized water, 3.4 pmol of each
primer and 1 pl of DNA. Amplification procedures
included initial denaturation for 5 min at 95 °C, then
35 cycles of 30 s at 95 °C, 30 s at 44° C and 2 min at
72 °C, with a final elongation for 10 min at 72 °C.
The DNA fragments were separated on a 2 % agarose
gel after electrophoresis at 5 V/cm for 2 hours. Gels
were photographed using a Doc-print VX2 gel-
documenting system (Germany). To determine the
length of the fragments, we used a DNA ladder with
a step of 100 bp.

For each sample, two technical replicates were
performed with each ISSR primer (gel reproducibility
estimate ~95 %). The typing of ISSR fragments
was presented as a presence-absence matrix. Only
informative (polymorphic) markers were included
in the subsequent analysis. A preliminary analysis
was carried out in SplitsTree 6.1.10 using the
NeighbourNet method (Huson, Bryant, 2006).

The informativeness of ISSR markers based
on the Polymorphic Information Content (PIC),
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Table 1. Location of studied Calophaca wolgarica populations
) ) Geographical coordinates (N/E) Elevation
Population Locality - -
Latitude Longitude (ma.s.1)
Rs-2 Russia, Rostov Region, Martynovskiy District, 47306518 41.462232 36
Nesmeyanovka
St-1 Russia, Stavropol Territory, Grusheviy 45.014219 41.808267 569
Rs-3 Russia, Rostov Region, Proletarskiy District, 47019167 41.627746 38
Ganchukov
Rs-1 Rl'ISSIa, Rostov Region, Ust-Donetskiy District, 4766116 4072048 89
Vinogradniy
Russia, Volgograd Region, Chernyshkovskiy
Vi-2 District, Verkhnetsimlyanskiy 48.408607 42606803 81
Rs-7 Russia, Ro.stov Region, Dubovskiy District, 47 666308 42 688688 86
Aldabulskiy
K2 Russia, Republic of Kalmykia, Sarpinskiy District, 47 69674 44.52064 112
Godzhur
VI-10 Russia, Volgograd Sity, Gorodischenskiy Area 48.88147 44.6186 108
Rs-6 Russia, Rostov Region, Tsimlyanskiy District, 4773957 4222988 74
Khoroshevskaya
Kl4 R1'1551.a, Repubhc. of Kalmykia, Maloderbetovskiy 48.122126 44571845 33
District, Plodovitoe
Rs-5 Russia, R.ostov Region, Konstantinovskiy District, 47790162 41.571264 75
Belyanskiy
V1.7 Russia, Volgograd Region, Surovikinskiy District, 48.82411 43.18031 133
Mayorovskiy
R-4 Ru551.a, Rostov Region, Remontnenskiy District, 46.480803 43255555 66
Veseliy
V-4 Russia, Volgograd Region, Oktyabrskiy District, 48.108906 44.165680 108
Abgonerovo
K13 Russia, Republic of Kalmykia, Sarpinskiy District, 47720606 44.530756 101
Sadovoe
Kl-1 Russia, Republic of Kalmykia, Tselinniy District, 4630128 44.09273 160
Burgusta
V-9 Russia, Volgograd Region, Ilovlinskiy District, 49.084594 43.904202 30
Trekhostrovskaya
VI-12 illllizla, Volgograd Region, Pallasovskiy, Bulukhta 49.16867 46.23280 )1
VI-8 Russm., Vo!gograd Region, Kalacheevskiy District, 49.123995 43.442834 105
Golubinskiy
VI-3 Russia, Vo%gograd Region, Oktyabrskiy District, 47.90095 43,5489 93
Oktyabrskiy
VI-11 Russia, Vo!gograd Region, Olkhovskiy District, 49.66394 44 56081 119
Oktyabrskiy
V16 Russia, YOlgograd Region, Svetloyarskiy District, 4833815 44341067 114
Prudoviy
VI-5 Rgsma, Volgograd Region, Svetloyarskiy District, 48.28009 4432539 106
Tinguta
VI-1 Russia, Volgograd Region, Kotelnikovskiy District, 47700588 43.086919 56
Zaharov
Sr-1 Russia, Saratov Region, Fedorovskiy District, Dolina 51.000237 47.503193 75
Sr-2 Russia, Saratov Region, Pugachevskiy District, 51.848780 49 630739 74

Maksutovo
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Resolving Power (R), and Discriminating Power
(D) was assessed using the iMEC online calculator:
Online Marker Efficiency Calculator (Amiryousefi
etal., 2018).

A number and percentage of polymorphic bands
(P), observed number of alleles (Na), effective
number of alleles (Ne), Shannon’s information
index (I), Nei’s genetic diversity (h), total genetic
differentiation (GST) and gene flow (NM) were
calculated using POPGene ver. 1.32 (Yeh, 1997).
Analysis of molecular variance (AMOVA) was
performed in ARLEQUIN ver. 3.5 (Excoffier, Lischer,
2010). The dependence of gene flow on geographic
distances between populations was estimated using
the Mantel test.

The population structure analysis using Bayesian
approach was performed in STRUCTURE 2.3
software (Pritchard et al., 2000; Evanno et al., 2005;
Jakobsson, Rosenberg, 2007). The analysis was
conducted twice using the admixture model. The
preliminary selection of Markov chain starting point
(burn-in) was carried out after 200 000 replications.
Then, Markov chain was constructed with 500 000
iterations for each K (the hypothetical number of
clusters) from 1to 10in three runs. The STRUCTURE
output was interpreted using StructureSelector (Li,
Liu, 2018).

Identification of gene flow limitation between
local populations due to geographic barriers was

NMDS1 ®
-0.10

performed in NEW HYBRIDS ver. 3.1.1 (Anderson
etal.,2000). The data was analyzed in ten replications.
Following the recommendations (Anderson et al.,
2000; Anderson, Thompson, 2002) each replication
included 500 000 iterations after a 200 000 iterations
burn-in.

The maps were prepared in QGIS ver. 3.16.0
(2020).

Results

Morphological analysis

Analysis of the main patterns of morphological
variation in C. wolgarica populations did not reveal
a clear separation of any particular samples or
populations in ordination space (Fig. 1).

All studied populations, except one (VI-12),
have an extremely wide range of morphological
parameters’ values. The population from the
Stavropol Territory (St-1) with a small sample
size (7 individuals) also demonstrates a high level
of morphological variation. Samples from VI-12
(Volgograd Region, Lake Bulukhta) population have
a smaller range and are located more compactly in
the lower right quadrant of ordination plot (Fig. 1).

Comparative analysis showed that in different
years (2013,2014 and 2024) there was a synchronized
fluctuation of morphological variation in all
populations as a clear separation of scattering clouds

@ «-3
@ -4
@ Rs-1
@ Rs-2
O Rs-3
O Rs-5
O Rs-6
@ Rs7
O st-1
O vi-1
@ vi-2
O v-3
@® v
@ v-s5
O v-7
@ vi-8
@ vi-10
@ vi-11
© vi-12

Fig. 1. Ordination of Calophaca wolgarica samples obtained by nMDS with 17 morphological parameters.
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was observed (Fig. 2). Interpopulation differences
within each year of observation were not revealed.

Consequently, the growth conditions in different
years significantly affect the morphological variation
in C. wolgarica populations. However, plants across
its entire range react to conditions changes in a
similar way. This observation indirectly indicates
a genetic homogeneity of C. wolgarica in studying
territory.

Population genetic analysis

DNA sequencing

The studied C. wolgarica populations showed
complete genetic homogeneity both in chloroplast
and nuclear DNA markers. Moreover, no
substitutions in ITS1-5.8S-ITS2 region were found
between C. wolgarica and two Tien Shan Calophaca
species — C. tianschanica (B. Fedtsch.) Boriss. and
C. pskemica Gorbunova; they differ only by one
two-nucleotide indel. The obtained sequences
were deposited in GenBank (accession numbers:
PQ559904, PQ569627, PQ569628).

Inter simple sequence repeats (ISSR)

Using PCR with 8 ISSR primers (Table 2), 217
polymorphic bands were obtained. The number
of bands per primer varied from 21 (UBCB841,

0.10 —

NMDS1

UBCB845) to 36 (UBC810), with an average of 27
bands per primer. All primers had similar PIC and
D values. According to these parameters, UBC843,
UBC810 and UBC827 had the highest information
content compared to the others, and UBC836 and
UBC 841 had the lowest information content.
Primers UBC810 and UBC827 were characterized
by the highest resolving power and UBC845 by the
lowest.

The average observed number of alleles per
population (Na) varied from 1.263 (St-1, Stavropol
Territory, Grusheviy) to 1.590(V1-2, Volgograd Region,
Verkhnetsimlyanskiy) (Table 3). The highest levels
of allelic diversity (Ne) were noted in populations:
V1-2 (Volgograd Region, Verkhnetsimlyanskiy),
Rs-1 (Rostov Region, Vinogradniy) and Rs-7
(Rostov Region, Aldabulskiy). The percentage of
polymorphic bands (P) in C. wolgarica populations
ranged from 58.99 % (VI-2) to 26.27 % (St-1).
The index of total genetic differentiation of all
populations (GST) was 0.346, corresponding to an
average gene flow of (NM) = 0.947.

The NeighbourNet analysis yielded a dendrogram
with a star-shaped structure, indicating the absence
of any clear separation of population groups
(Supplemental information).

@ 2013
@ 2014
@ 2024

NMDS2

Fig. 2. Ordination of Calophaca wolgarica samples obtained by nMDS with 13 morphological parameters in three years

of observation: 2013, 2014 and 2024.
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Table 2. ISSR primers used for population genetic analysis of Calophaca wolgarica populations

Primer Sequences 5-3’ | Number of bands PIC D R
UBCS810 (GA)8T 36 0.369 0.903 16.531
UBC816 (CA)8T 28 0.351 0.860 10.646
UBC827 (AC)8G 30 0.360 0.885 15.562
UBC836 (AG)8YT 25 0.339 0.803 10.354
UBC841 (GA)8YT 21 0.336 0.765 8.385
UBC843 (CT)8RA 31 0.392 0.939 11.846
UBC845 (CT)8RG 21 0.346 0.843 6.938
UBCS851 (GT)8YG 25 0.355 0.871 8.523

Note: PIC - polymorphic information content; D — discriminating power; R - resolving power.

Table 3. The main estimators of genetic diversity in studied Calophaca wolgarica populations.
N = sample sizes, NP = number of polymorphic bands, P = percentage of polymorphic bands, Na=observed
number of alleles, Ne = effective number of alleles, h = Nei’s genetic diversity, I = Shannon’s information index

Population N NP P (%) Na Ne h I
Rs-2 10 109 50.23 1.502 1.258 0.155 0.237
St-1 10 57 26.27 1.263 1.178 0.104 0.153
Rs-3 10 123 56.68 1.567 1.311 0.186 0.283
Rs-1 10 120 55.3 1.553 1.323 0.188 0.282
VI-2 10 128 58.99 1.590 1.344 0.201 0.302
Rs-7 10 122 56.22 1.562 1.315 0.186 0.282
Kl-2 10 113 52.07 1.521 1.304 0.178 0.268

VI-10 10 103 47.47 1.475 1.279 0.164 0.246
Rs-6 10 109 50.23 1.502 1.305 0.177 0.264
Kl-4 10 105 48.39 1.484 1.273 0.161 0.243
Rs-5 10 100 46.08 1.461 1.266 0.155 0.233
V1-7 10 103 47.47 1.475 1.269 0.158 0.238
Rs-4 10 124 57.14 1.571 1.293 0.178 0.274
V-4 10 106 48.85 1.489 1.273 0.162 0.245
Kl-3 10 106 48.85 1.489 1.284 0.169 0.255
Kl-1 10 109 50.23 1.502 1.295 0.172 0.258
VI1-9 10 97 44.7 1.447 1.269 0.157 0.235

VI-12 10 87 40.09 1.401 1.237 1.139 0.208
VI-8 10 105 48.39 1.484 1.267 0.157 0.237
V1-3 10 112 51.61 1.516 1.312 0.181 0.271

VI-11 10 90 41.47 1.415 1.229 0.137 0.207
VI-6 10 98 45.16 1.452 1.261 0.155 0.234
VI-5 10 111 51.15 1.512 1.279 0.164 0.249
VI-1 10 114 52.53 1.525 1.285 0.170 0.258
Sr-1 10 100 46.08 1.461 1.249 0.149 0.226
Sr-2 10 121 55.76 1.558 1.309 0.184 0.278

Note: N - sample sizes, NP — number of polymorphic bands, P - percentage of polymorphic bands,
Na - observed number of alleles, Ne - effective number of alleles, h — Nei’s genetic diversity, I - Shannon’s
information index.
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The optimal number of clusters (K) equal to 2 was
obtained (Supplemental information) for dividing
the set of all studied populations according to its
genetic structure (Fig. 3).

The first genetic group included: all individuals
from a single population of the Stavropol Territory
(St-1); most individuals from 6 populations of the
Rostov Region (Rs-1, Rs-2, Rs-3, Rs-5, Rs-6, Rs-7);
most individuals from 3 populations of the Volgograd
Region (VI-2, VI-7, VI-10); individuals from 2
populations of the Republic of Kalmykia (KI-2, K1-4)
(Fig. 3). The second group included most individuals
from populations of the Volgograd Region (VI-1,
VI-3, V1-4, V1-5, V1-6, V1-8, VI-9, VI-11, VI-12); two
populations of the Republic of Kalmykia (K1 1, KI-3).

Most individuals from one of the reintroduced
populations were assigned to the second group
(Sr-2), while individuals from another population
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(Sr-1) were more heterogeneous. One population
from the Rostov Region (Rs-4) can be characterized
as mixed in terms of the probability of assigning
individuals to one group or another.

Based on the results of Bayesian analysis in
NEW HYBRIDS program, the studied populations
can be conditionally divided into 3 groups: the first
group included populations in which the majority of
individuals were attributed to the first pure parent
(pure_0) (KlI-1, VI-1, VI-3, V1-4, VI-5, VI-6, VI-8,
V1-9, VI-11, VI-12); the second group included
one population St-1, with a large proportion of
individuals attributed to the second pure parent
(pure_1); the third group consisted of populations
with the majority of individuals attributed to second-
generation hybrids (F2) (Fig. 4).

The analysis of molecular variance was performed
three times, according to the results obtained above:
without dividing the populations into
groups; with two groups, according
to STRUCTURE clustering (two
reintroduced and one mixed populations
were removed from the analysis);
with three groups, according to NEW
HYBRIDS clustering (two reintroduced
and one mixed populations were
removed from the analysis). According to
the results of AMOVA without dividing
populations by groups (Table 4), the most
of genetic variation (68.32 %) corresponds
to intrapopulation polymorphism. The
fixation index had a small value of 0.32,
statistically not significant.

The division of populations
according to STRUCTURE and NEW
HYBRIDS clustering showed similar
results: the proportion of variance
explained by intrapopulation variation
was higher than for intergroup and
interpopulation differences, and
amounted to 65.72 and 65.66 %,
respectively. The fixation index values in
both cases were statistically significant
only at intrapopulation level and
amounted to 0.34. The gene flow between
populations (NM) had an average value
of 0.947.

A Mantel test showed a weak,
statistically significant correlation (r =

Fig. 3. Results of STRUCTURE analysis: a — The probability of each
individual of Calophaca wolgarica being a member of a particular
genetic group according to STRUCTURE clustering (at K=2); b - the
geographical distribution of C. wolgarica populations with added
diagrams showing the proportions of genetic groups in each local
population.

0.42, p < 0.05) between fixation index
values and geographic distances (two
reintroduced populations and mixed
population Rs-4 removing from the
analysis).



60 Kritskaya T. A. et al.
Genetic and morphological conservatism of Calophaca wolgarica (Fabaceae)...

50°N—

. pure_Q
pure_1
I F1
. bl r2
Ergeni Upland Bx_0
3‘4 : | X

- ‘KI =

48°N—

8
‘o,
o

oy
St-1
@ 0*0/9
2o

44°N

Fig. 4. The geographical distribution of Calophaca wolgarica populations with added diagrams showing the proportions
of genetic groups in each local population according to NEW HYBRIDS clustering: pure_0 - the first pure parent;
pure_1 - the second pure parent; F1 - first generation hybrids; F2 - second generation hybrids; Bx_0 - backcrosses to
the first pure parent; Bx_1 — backcrosses to the second pure parent. The area of the Early Khvalynian transgression of
Caspian Sea is shown in dark blue (up to 48 m a. s. .).

Table 4. The analysis of molecular variance (AMOVA) in Calophaca wolgarica populations

Interaction level Degrees of Sum of squares Variance E)Fp lained Fixation index
freedom variance (%)
Without clustering
Between 25 3002.938 9.88124 31.68 0.316
populations
Between
individuals in 234 4985.400 21.30513 68.32
population
Total 259 7988.338 31.18637
STRUCTURE clustering
Between groups 1 268.848 1.31394 4.09 0.04092
Between
populations in 21 2478.639 9.69270 30.19 0.31474
groups
Between
individuals in 207 4368.400 21.10338 65.72 0.34278*
population
Total 229 7115.887 32.11003
NEW HYBRIDS clustering
Between groups 2 420.760 1.51259 4.71 0.04706
Between
populations in 20 2326.727 9.52330 29.63 0.31095
groups
Between
individuals in 207 4368.400 21.10338 65.66 0.34338*
population
Total 229 7115.887 32.13927

Note: statistically significant values of Fixation index marked by asterisk.
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Discussion

Itis believed that the Calophaca genus distributed
in several global biodiversity hotspots: the Pamir
and western Tien Shan Mountains, the Caucasus,
and East Asia (Zachos, Habel, 2011). Zhang et al.
(2015) conducted a molecular genetics study of
Calophaca and estimated the origin, relationships
and diversification time of all 8 species, including
C. wolgarica. The authors dated the origin of the
genus to the global cooling and aridization process
in the late Miocene 8-7 million years ago. The
Pamir Mountains was considered to be the center of
Calophaca origin. It is assumed that the dominant
speciation type of Calophaca was dispersal. Four
main dispersal routes were identified from the
late Miocene to the Pleistocene: from the Pamir to
western Tien Shan Mountains about 7 million years
ago; to East Asia about 7 million years ago; north
to the Tarbagatai Mountains about 2.2 million years
ago; west from western Tien Shan Mountains to the
Caucasus and European Russia 2.6 million years
ago. The authors believe that natural barriers in the
form of large arid and semi-arid zones associated
with global cooling in the Middle Miocene were
the reasons for species areas disjunction with the
absence of dispersal traces. Consequently, based
on the results of previous phylogeographic studies,
the origin of C. wolgarica is assumed to be in
Pamir-Western Tien Shan and its closest relatives
are C. pskemica Gorbunova and C. tianschanica
(B. Fedtsch.) Boriss. The closest relationship between
C. wolgarica, C. pskemica, and C. tianschanica is also
confirmed by present study, since no significant
differences were found between the sequences of
these species. Therefore, the origin of C. wolgarica
in Pamir-Western Tien Shan is also beyond doubt.

However, the assumption that C. wolgarica spread
from the Western Tien Shan to Eastern Europe via
the Caucasus Mountains “bypassing” the Caspian
Sea from the southern side (Zhang et al, 2015)
raises some doubts. This way is questionable, since
the Iranian Plateau and the Main Caucasus Range
have the high altitudes and formed long ago (28-23
million years ago) before the supposed dispersal
of C. wolgarica to Eastern Europe. In addition, the
authors point out that increased aridization in the
inner regions of Asia associated with global cooling
occurred in the Middle Miocene 8-7 million years
ago, but C. wolgarica spread to the Caucasus and
European Russia only 2.6 million years ago, i. e.
much later than the appearance of the impassable
arid zone.

Taking into account the occurrence records of
C. wolgarica from different sources (Ryabinina,
Knyazev, 2009; Ismailov, 2018; Efimenko et al,
2024; GBIF, 2024), the following way of dispersal
to Eastern Europe seems more logical: through the
Kazakh Upland to the territory of modern North-
West Kazakhstan or the Southern Urals, where
species was noted until recently, and perhaps still
grows fragmentarily (Ryabinina, Knyazev, 2009),
then to the Volga and Ergeni Uplands, and further
to the Stavropol Upland. The conducted analysis of
genetic structure using ISSR markers confirms this
assumption.

According to NEW HYBRIDS clustering, the
majority of samples from populations occupying
the northeastern and central parts of the studied
territory, i. e. the south of the Volga and Ergeni
Uplands, were assigned to the first ancestral
population. The southernmost and territorially
isolated population St-1, growing on the Stavropol
Upland, was identified as the second ancestral
population. The geographic distances to the closest
Rs-4 and Kl 1 populations, growing on the southern
slope of the Ergeni Upland and separated from St-1
by the Kuma-Manych Depression, was about 200 and
230 km, respectively. In the remaining populations,
located mainly in the west and, partially, in the east
of the studied territory, the overwhelming majority
of individuals were assigned to second generation
hybrids. In terms of representation the third group
was backcross to the first pure parent; it was found
with a noticeable contribution both in the first
ancestral population and in populations with second
generation hybrids (Fig. 4).

Phylogeographic analysis of C. wolgarica cannot
be carried out without taking into account global
climate change, glacial-interglacial rhythms of East
European Plain and the evolution of Ponto-Caspian
region, in particular the Caspian Sea. Global
changes in climatic conditions in the Pleistocene
had a decisive influence on both the transgressive-
regressive state of Pontus (Black Sea) and Caspian
basins and on glaciers dynamics in East European
Plain. Whereas, the glaciers also had a regional
impact on the development of these basins (Yanina,
2014; Hurka et al., 2019).

The modern area of C. wolgarica covers the
Lower Volga, Middle and Lower Don basins, and
the Stavropol Upland. Previously, the species was
also noted in the Middle Volga, in the southern part
of the Cis-Urals and in Crimea, i. e. at the end of
the 20th century it covered a significant part of the
south of East European Plain. According to Zhang
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etal. (2015), its dispersal occurred from the western
Tien Shan Mountains westward to European Russia
about 2.6 million years ago, i. e. at the boundary of
Pliocene and Pleistocene. At this stage of Earth’s
evolution, glaciation of Greenland, Scandinavia and
North America began in the northern hemisphere.
After long warm period, subtropical vegetation
was replaced by boreal in Central Europe, and
continentality and aridity of Eastern Europe were
increased. The climate at this stage resembled
the modern climate, to which C. wolgarica is well
adapted. Subsequently, during the early Pleistocene
(2.6 million - 850 thousand years ago), a general
cooling occurred consistently with an increase in
the long-term volume of global ice and the spread
of permafrost in northern Europe. The seasonality
increased, and in the lower early Pleistocene (1.8
million - 850 thousand years ago) periglacial
components began to dominate in European floras.
In the middle and late Pleistocene (850-10 thousand
years ago), the periods of deep cooling and warming
replaced each other. At this time, large continental
glaciations occurred, and open-arid landscapes such
as tundra-steppe, semi-deserts, and deserts began
to predominate in Eastern Europe. The climate on
the East European Plain during this period was
extremely unfavorable for C. wolgarica, and the
species had to repeatedly survive for long time
intervals in refugia, which, as follows from the results
of our study, were in Stavropol and Volga Uplands.
After the end of the last Late Valdai glaciation
(25-10 thousand years ago) and the retreat of the
glacier, the species may have completely restored its
range within its maximum boundaries. However,
the Early Khvalynian transgression of Caspian Sea
(20-11 thousand years ago) did not allow doing this
in the flood zone, when its absolute marks reached
48-50 m a. s. 1. (Dolukhanov et al., 2009; Tudryn et
al., 2013; Yanina, 2014). This territory began to be
populated by the species at later times.

Probably, the most favorable conditions for the
existence of C. wolgarica were during its dispersal
from the Western Tien Shan to Eastern Europe,
i. e. at the boundary of the Pliocene and Pleistocene
(about 2.6 million years ago). The pattern of genetic
polymorphism in populations (Fig. 4) indicates that
in later times the species was preserved in refugia
and only relatively recently (on evolutionarily
significant time scale) finally dispersed within the
boundaries of its modern range. The dispersal to the
Caspian Lowland and Kuma-Manych Depression
was significantly affected by the Early Khvalynian
transgression of Caspian Sea. Population St-1 defined

as the ancestral is located on the Stavropol Upland.
The habitat of this population is characterized by the
highest elevation among all studied populations -
about 570 m. a. s. 1. Populations attributed to the
second ancestral group are also located on uplands -
Ergeni and the southern spurs of the Volga Upland.
It should be noted that, in general, the habitats of the
ancestral populations have a higher elevation than the
habitats of most hybrid populations (Table 1, Fig. 4).
This confirms the role of the Stavropol Upland, the
south of the Volga Upland and Ergeni as refugia for
C. wolgarica. In this case, hybrid populations are
located mostly to the west, and partly to the east
(along the western border of the flood zone of the
most extensive Early Khvalynian transgression of
Caspian Sea; Kl-2, Kl-4, V1-10) from the ancestral
populations. This confirms that it formed later as a
result of secondary settlement of the territory along
the geographic latitude in both directions from the
ancestral populations.

The results of STRUCTURE clustering
potentially reflect the C. wolgarica distribution in
the Late Pleistocene and Holocene. Two groups
of populations were identified. Group 1 united
populations located mainly in the west and partially
in the east of the studied territory (Fig. 3). Some
populations from this group were characterized
by maximum intrapopulation diversity (Table 3).
The most genetically diverse populations were
V1-2 (Volgograd Region, Verkhnetsimlyanskiy),
Rs-1 (Rostov Region, Vinogradniy), Rs-3 (Rostov
Region, Ganchukov) and Rs-7 (Rostov Region,
Aldabulskiy). Populations from group 2 are
concentrated in the north-eastern and central parts
of the studied area. Population Rs-4 had a mixed
genetic nature. The analysis also included samples
from two reintroduced populations that have
existed in the Saratov Region since 2015. Most of
the samples were attributed to group 2, since the
seeds for sowing were selected from populations of
the Volgograd region (V1-4, V1-12). However, some
seeds for the Sr-1 population were also taken from
the VI-10 population, whose individuals were most
likely assigned to group 1. As a result, we observe a
fairly large proportion of individuals (about 25 %)
assigned to group 1. According to the results of long-
term monitoring, Sr-2 population distinguished by
better characteristics of age and vitality structure
than Sr-1 population (Efimenko et al., 2024).
Probably, the genotypes of Sr-2 population assigned
to group 2 have greater adaptive capabilities. In Sr-1
population, the genotype of samples taken from the
natural VI-10 population, whose individuals are
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most likely assigned to group 1, brings wide range
of vitality index, i.e. it has a lower adaptive capacity.

According to the results of AMOVA, C. wolgarica
has a high level of intrapopulation genetic variation,
exceeding the level of variation both between
individual populations and between groups of
populations identified based on STRUCTURE and
NEW HYBRIDS clustering (Table 4). The fixation
index values were not statistically significant when
compared between groups and populations within
groups. Itwas shown that along with the high diversity
within populations, there is also a gene flow (NM =
0.947) of medium intensity between populations,
sufficient to prevent their genetic divergence. A
visual assessment of spatial distribution of genetic
groups identified as a result of STRUCTURE and
NEW HYBRIDS suggests that populations located
closer to each other have a more similar genetic
structure. This assumption was confirmed by Mantel
test, which showed the presence of a weak but
statistically significant correlation between genetic
differentiation and geographic distances. The
observed patterns of spatial distribution of genetic
diversity can be partly explained by isolation by
distance, which results in limited gene flow between
the most distant habitats.

Probably, the gene flow from the first ancestral
population St-1 wasless intense than from the second
ancestral population. The refugium of the second
ancestral population was either more extensive,
covering the entire south of the Volga Upland up to
the Ergeni Upland, or the gene flow from the second
ancestral population was much more intense. This is
confirmed by the fact thatbackcrosses to its genotypes
are much more widespread than backcrosses to the
genotypes of the first ancestral population.

C. wolgarica has a very low rate of dispersal.
Over the past 13-15 thousand years, species has
not occupied the territory of the main water area of
the Early Khvalynian transgression of Caspian Sea
after its regression with the exception of Bulukhta
Lake surroundings, situated about 70 km from the
western boundary of the flood zone. Consequently,
the territory to the west of the Early Khvalynian
transgression boundary, covered by backcrosses
to the second ancestral population and second-
generation hybrids, is most likely the result of an
earlier dispersal.

Morphological variability also indicates a low
rate of species dispersal. This is clearly seen in the
example of population from the Bulukhta Lake
(VI-12) surroundings, which is characterized by
lower morphological diversity and being the only

one population located within the flood zone of
the Early Khvalynian transgression of Caspian Sea
(Fig. 4), i. e. over the past 10-15 thousand years
from the supposed dispersal time it has remained
morphologically conservative.

Similar genetic and morphological conservatism
was found in another endemic relict species of
Eastern Europe with a disjunctive range, Globularia
bisnagarica L. and its relative G. trichosantha Fisch.
et C. A. Mey. (Kondratieva et al.,, 2024). Endemic
relicts G. bisnagarica and C. wolgarica are distributed
across the flat southern part of European Russia
characterized by low elevations (21-160 (569) m
a. s. I for C. wolgarica), a high degree of ecological
homogeneity and the absence of geographic
barriers. Only the range of G. trichosantha is
divided by mountain systems and sea waters. But
the polymorphism in its populations is higher than
in the two previous ones (Kondratieva et al., 2024).
Given the ecological homogeneity of the range and
the absence of geographic barriers to gene flow, relict
endemic species from the southern part of Eastern
Europehas remained geneticallyand morphologically
homogeneous (conservative) throughout the long
history of their existence, even despite the disjunctive
nature of range.

It has been previously hypothesized that the
most likely cause of high plant species diversity is
extreme geographic heterogeneity, which, combined
with climate and sea level change, provides ample
opportunities for evolutionary radiation through
allopatric speciation (Qian, Ricklefs, 2000). It
is assumed that relict endemic species exhibit
evolutionary stagnation with long-term preservation
of the climatic niche and species morphology
(Ricklefs, Latham, 1992) and low genetic diversity of
populations (Cabral et al.,, 2021). It has been shown
that some species from eastern North America
retain low polymorphism and weak interpopulation
differentiation under conditions of low ecological
heterogeneity and absence of geographic barriers
within their range (Godt et al., 1996). Similar patterns
are also found in the other ecologically homogeneous
regions. For example, the endemic species Cicer
graecum, growing at low altitudes in the northern
Peloponnese Peninsula (Greece), was found to have a
low level of interpopulation polymorphism (Stathi et
al.,2020). The narrowly distributed endemic of Mexico
Yucca capensis L. W. Lenz (Asparagaceae) was found
to have high heterozygosity, high polymorphism,
but low genetic differentiation between populations
(Luna-Ortiz et al., 2022). We suggest a similar
explanation for genetic homogeneity of C. wolgarica.
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On the contrary, it has been shown that
ecological heterogeneity of habitats and the presence
of geographic barriers in East Asia cause high
genetic differentiation between populations of relict
endemics (Chen et al., 2009; Hu et al., 2010; Meng et
al., 2015; Xu, Zhang, 2015; Ma et al., 2019; Zhao et
al., 2019; Takahashi et al., 2022; Zhang et al., 2022;
Takahashi, Suyama, 2023; De Luca et al., 2024).
Exceptions to this pattern include the behavior of
Paeonia decomposita Handel-Mazzetti, an endemic
of remote mountainous regions of northwestern
Sichuan Province (China), which has a disjunctive
(sporadic) range (Wang, 2020). Despite this, its
genetic differentiation was mainly observed at the
intrapopulation level. Another example of such
“atypical” behavior is Rhododendron protistum var.
giganteum (Forrest) D. F. Chamb. (Wu et al., 2015)
with only two known endemic populations in
China. Amplified fragment length polymorphism
(AFLP) analysis revealed high genetic diversity at
species level and low genetic differentiation between
two populations. The authors attributed this to life
cycle features, pollen dispersal, and high gene flow,
since the distance between the habitats was only
about 20 km.

The above-mentioned behavior of plant species
with a high degree of interpopulation genetic
differentiation is also found in other ecologically
heterogeneous regions. For the endemic of northern
Andes, Lupinus alopecuroides Desr. (Fabaceae), it was
shown that populationslocated on different mountain
peaks have very low intrapopulation polymorphism
with very high genetic differentiation between them
(Vasquez et al., 2016). In the endemic of karst forests
of Mexico Pilea pteridophylla (Urticaceae), only two
populationsdonothave commonhaplotypesand have
high morphological differentiation, as a consequence
of long-term isolation (Lagos Baez et al., 2024).
In the microendemic species of the mountainous
part of Tamaulipas (Mexico) with a high degree of
ecological heterogeneity, high genetic variability
and strong differentiation were revealed even in the
geographic proximity of the five studied populations.
The authors attribute the high overall diversity to the
bottleneck effect, followed by adaptive selection to
local conditions (Octavio-Aguilar et al., 2024). In the
highland Alpine endemic Salix serpillifolia Scop., the
strong genetic pattern of differentiation along the Alps
attributed to the local survival of small populations
during the Pleistocene glacial periods (Kosinski et
al,, 2019). The Western European highland endemic,
the Tertiary relict species Meconopsis cambrica L.
(Papaveraceae) growing in the mountains of Iberian

Peninsula, Pyrenees, Central Massif and in some
western parts of the British Isles, also demonstrates
high interpopulation variability along the latitudinal
gradient (Valtuena et al., 2012). Relict populations
of Rhododendron ferrugineum L. (Ericaceae) from
the Apennine and Alpine Mountains of Western
Europe also demonstrate a high degree of separation
(Bruni et al., 2012). A low level of intrapopulation
genetic diversity and a high level of population
isolation were also found in the Tertiary relict of
the mountainous regions of southwestern Eurasia
Platanus orientalis L. (Platanaceae) with strong
fragmentation of the range and the presence of
geographic barriers (Rinaldi et al., 2019).

Conclusion

The relict species C. wolgarica demonstrates
genetic homogeneity of nucleotide sequences
in fragments of both nuclear and plastid DNA
within the entire endemic range. Moreover, no
significant differences were found between the
sequences of C. wolgarica and the sequences of its
closest relatives, C. pskemica and C. tianschanica.
Detection of anonymous genetic polymorphism
using ISSR markers also showed the absence of clear
differentiation between C. wolgarica populations.
Most of genetic variations were observed at
intrapopulation level. Morphological variability of
C. wolgarica at the interpopulation level is almost
absent, but it is quite significant within populations.
At the same time, growing conditions in each
year significantly affect morphological variability,
but plants across the entire range respond to the
uniqueness of these conditions in a similar way.

All of the above justifies an assumption that
the endemism of relict species in the south of East
European Plain, in the absence of geographical
barriers and low ecological heterogeneity of this
territory, may be a consequence not only, or not
so much, of gene flow, as a consequence of their
morphological and genetic conservatism. They retain
territories with stable “habitual” climatic conditions
to which they are adapted, but do not go beyond its
boundaries due to the weak adaptive capacity. At the
same time, over millions of years of existence, the
gene pool of these species has not actually changed,
and the range in the past probably experienced
multiple narrowing and expansions depending on
changing climatic conditions associated with the
change of glacial and interglacial periods and with
the transgressive-regressive dynamics of Caspian
Sea level.
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