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Abstract: The genus Oxytropis (Fabaceae) was formed from the ancient species of Astragalus pre-
sumably approximately 5.6 Ma ago in Southern Siberia. Our study summarized data on the genetic
diversity of 69 populations of 31 Oxytropis species in the center of origin of the genus based on the
sequencing of plastid genome markers. Most of the populations (82.6%) are characterized by high
gene diversity (0.600–1.000), which indicates a relatively stable state. Phylogenetic relationships
between most Oxytropis species remain unresolved. Three genetic complexes and four phyletic
lineages have been identified. Some species form weakly differentiated complexes, which is probably
caused by their relatively recent divergence and the demography processes, as well as interspecific
hybridization and polyploidy characteristic of Oxytropis species.
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1. Introduction

Genus Oxytropis DC is one of the largest and most polymorphic genera of the family
Fabaceae. According to different authors, it includes from 310 [1] to 450 species [2]. This is
a predominantly Asian genus. Its range covers mainly North and Central Asia. The genus
Oxytropis was supposedly formed about 5.6 million years ago at the Miocene–Pliocene
boundary during the evolution of ancient species of the genus Astragalus L. in South
Siberia [3,4]. The predominant life form of Oxytropis species is herbaceous perennials,
inhabitants of mountain, steppe, meadow, forest-steppe, and forest communities. Some
species form phytocenoses, e.g., O. lanata. Psammophytic oxytrope phytocenoses serve as
habitats for many relict and endemic species, the existence of which directly depends on
the state of the dominant species [5,6]. Many Oxytropis species are attractive as ornamental
plants with a long flowering period, some species are valuable sources of vegetable protein
for animals [7], but the most important and significant are the species with medicinal
properties that are used in Tibetan, Mongolian, and Chinese medicine as hemostatic,
diuretic, cardiovascular, anti-inflammatory, and antipyretic agents [8,9]. A wide range of
medicinal properties of Oxytropis species is due to the diversity and complexity of chemicals.
The main active substances are flavonoids, phenolcarboxylic acids, coumarins, alkaloids,
and saponins [8–11]. The prospect of using such species as sources for the creation of
medicines is obvious.

On the whole, 119 species and nine subspecies of Oxytropis were found in the Siberian
flora in five subgenera and 16 sections [12]. The place of origin of the genus, the South
Siberian mountainous region, is located between 49 and 56◦ north latitude and covers
the Kuznetsk Alatau, Gorny Altai (including its Mongolian and Kazakh parts), Khangai,
the Western and Eastern Sayan Mountains, the Western and Eastern Tannu-Ola, and the
Baikal ridges of the southern framing of Lake Baikal (Primorsky and Khamar-Daban)
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and Southwestern Transbaikalia [13]. This is a complex tectonic structure, where tectonic
activity still continues. The modern relief of this area is characterized by a variety of
forms, from foothill depressions to mountain plateaus and high mountain ranges, between
which there are more or less large basins, the flora of which forms “steppe islands”. Due
to the isolation of these “islands” and the diversity of ecological and cenotic conditions
in them, microevolutionary processes are intensively going on here. The main foci of
species diversity are located in the place of origin of the genus Oxytropis: 69 species in the
mountains of Southern Siberia, 39 of them in Altai, 34 each in the mountain floras of Tuva
and Baikal Siberia [14]. The steppe flora of Southern Siberia mountains includes 59 species
of Oxytropis, among them 17 species are found only in the steppes and are not part of the
mountain floras of Southern Siberia [13]. The speciation within the genus occurs on the basis
of hybridization and polyploidization. Polyploidy is widespread among Oxytropis species
(basic number x = 8), especially in highland species, for which chromosome numbers 2n
= 16, 32, 48, 64, 96 are known [15]. For Southern Siberia, a large number of hybrid forms
are described, not fully formed taxa, whose species status is disputable [15]. The study
of the genetic resources of Oxytropis species is relevant both for the conservation of the
biodiversity of the flora of Southern Siberia, and for solving controversial taxonomic issues,
as well as for studying the phylogeography and phylogeny of the genus as a whole.

In recent decades, much research has been conducted on plant barcoding using DNA
sequences [16–18]. Chloroplast DNA has been extensively used to investigate phylogenetic
relationships in plants [19]. Sequences of many cpDNA noncoding regions, including
introns and intergenic spacers, have been used to assess interspecific relationships and
suggested as molecular markers for species identification [20]. The intergenic spacers
psbA-trnH, trnL-trnF, and trnS-trnG of cpDNA have proven to be useful as phylogenetic
markers in the genus Oxytropis [4,21–29].

The aims of the present research are as follows: (1) to evaluate the genetic diversity of the
populations of Oxytropis species from the center of the genus origin using intergenic spacers
psbA-trnH, trnL-trnF, and trnS-trnG cpDNA; (2) to study the phylogenetic relationships of
the Oxytropis species within Southern Siberia; (3) to determine a possible number of putative
chloroplast lineages.

2. Materials and Methods
2.1. Taxon Sampling, DNA Extraction, and Sequencing

In this paper, we summarized the data of our previous studies [22–29] and new data
obtained. A total of 621 plants of 69 populations of 31 Oxytropis species belonging to
eight sections of three subgenera were sampled in four regions of Southern Siberia (Altai,
Buryatia, Irkutsk Region, and Transbaikalia) and adjacent territories of Northeastern Mon-
golia to study cpDNA polymorphism (Figure 1). The complete specimen list, including
the sampling localities, sample size, geographic coordinates, and codes for each popu-
lation, is given in Table 1. The names of species, sections, and subgenera are accepted
according to Malyshev [15]. The distribution of Oxytropis species in Asian Russia was
analyzed using open-access data [30]. Additionally, species distribution data for Mongolia
were considered [31].

All collected species were approved with herbarium specimens presented in the main
Russian herbaria (LE, MW, UUH). All specimens used for DNA extraction are deposited at
the Federal Scientific Centre of the East Asia Terrestrial Biodiversity, Far Eastern Branch of
the Russian Academy of Sciences, Vladivostok, Russia.

To evaluate similarities and differences between Oxytropis species, 53 morphological
traits have been analyzed. They include plant growth form, type of hairs on the plant,
length of floral shoots, inflorescence type, form of stipules, leaves and leaflets, shape of
calyx and length of its sepals, corolla color, length of standard and tip of keel, shape and
type of legumes. Characteristic features are marked by unity (1), and non-characteristic, by
zero (0). Sometimes transition features are marked positively (1) in both alternative states,
but when the basic data are absent or unclear, they are marked by 0 in both alternative
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states. Conformal features are not taken into account, if they invariably accompany other
recorded parameters. The set of morphological traits was similar as in the previous study [2].
Data were estimated by cluster analysis using weighted pair-group average, taking into
account relative Levenshtein’s edit distance (normalized to theoretical maximum equal
to number of traits) between qualitative morphological traits [32,33]. Basic matrices and
dissimilarity matrices were calculated using the IBIS program [34,35]. Agglomerative
hierarchical clustering (WPGMA) was performed in Statsoft Statistica 12.0.
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Figure 1. Map of sample sites for natural populations of Oxytropis species from Southern Siberia
(69 population, light brown circles). Population codes as in Table 1.

Total DNA was extracted from dried leaves. The extraction buffer contained 100 mM
Tris-HCl (pH 8.0), 0.7 M NaCl, 40 mM EDTA, 1% CTAB (hexadecyltrimethylammonium
bromide), and 10 mL/L β-mercaptoethanol. The extract was incubated at 65 ◦C for 40 min.
The DNA was deproteinized with chloroform: octanol (24:1) and precipitated with equal
volume of isopropanol in the presence of 0.3 M sodium acetate. DNA pellets were washed
with 75% ethanol and dissolved in the buffer containing 10 mM Tris-HCl (pH 8.0) and
1 mM EDTA. Amplification of the psbA-trnH, trnL-trnF, and trnS-trnG intergenic spacer
regions of cpDNA was performed with the use of universal primers, reaction conditions,
and temperature regimes recommended for these regions [19,41]. Forward and reverse
sequences for each region were determined on a genetic analyzer ABI 3500 (Applied
Biosystems, Bedford, MA, USA) at the Joint Center of Biotechnology and Gene Engineering,
the Federal Scientific Center of the East Asia Terrestrial Biodiversity (Vladivostok, Russia),
and assembled using the Staden Package, version 1.5 [42]. The sequences of haplotypes of
the intergenic spacers were deposited in the European Nucleotide Archive database. The
accession numbers for all the sequences used are listed in Table 1.

2.2. Sequence Alignment and Phylogenetic Analyses

The sequences of each cpDNA region were aligned manually in SeaView v. 4.7 [43]
using the CLUSTAL algorithm, manually edited when necessary, and concatenated for each
specimen. We included indels and length variation in mononucleotide and dinucleotide
repeats in the dataset because repeatability tests allowed us to exclude PCR errors. The
haplotypes were identified based on combined DNA sequences using DnaSP v. 5.0 [44].
Haplotype (h) and nucleotide (π) diversity of populations (for populations with four or
more samples) were calculated in Arlequin v. 3.5 software package [45].
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Table 1. Sampling site locations, sample size, codes, genetic diversity within populations of Oxytropis species, and GenBank accession numbers.

Subgenus, Section, Species [Reference], 2n [Reference],
The Location of the Population (No. of Samples)

Latitude,
Longitude Population Code

Genetic Diversity (SD) Genbank Accession Numbers

Haplotype Diversity Nucleotide Diversity Psba-Trnh Trnl-Trnf Trns-Trng

Subgenus Tragacanthoxytropis Vass. Section Hystrix Bunge
O. tragacanthoides Fisch. ex DC. [26], 2n = 16, 32 [15]
1. Russia, Altai Mts., Ukok Plateau, Zhumaly River (10) 49.51◦ , 88.06◦ TRA1 0.867 (0.107) 0.0048 (0.0027)

MW172222-MW172234 MW177548-MW177560 MW177535-MW1775472. Russia, Altai Mts., near the village Chagan-Uzun (5) 50.10◦ , 88.38◦ TRA2 0.700 (0.218) 0.0008 (0.0006)
3. Mongolia, Central Aimag, near the Öndörshireet sum (5) 47.55◦ , 105.11◦ TRA3 0.800 (0.164) 0.0005 (0.0004)

Subgenus Phacoxytropis Bunge Section Janthina Bunge
O. coerulea (Pall.) DC. [26], 2n = 32 [36]
1. Russia, Buryatia, the village Zaigraevo (5) 51.87◦ , 108.24◦ COE1 0.900 (0.161) 0.0017 (0.0012)

LR898256-LR898269 LR898302-LR898315 LR898413-LR8984262. Russia, Irkutsk Region, near the village Sarma (12) 53.12◦ , 106.85◦ COE2 0.970 (0.044) 0.0046 (0.0025)
O. filiformis DC. [26], 2n = 16 [15]
1. Mongolia, Central Aimag, near the Argalant sum (5) 47.77◦ , 105.90◦ FIL2 1.000 (0.126) 0.0048 (0.0031) LR898271, LR898272,

LR898275-LR898279,
LR898281-LR898283

LR898317, LR898318,
LR898321-LR898325,
LR898327-LR898329

LR898428, LR898429,
LR898432-LR898436,
LR898438-LR898440

2. Mongolia, Eastern Aimag, near the Gurvanzagal sum (9) 49.27◦ , 114.71◦ FIL4 0.722 (0.159) 0.0012 (0.0008)
Section Mesogaea Bunge
O. glabra (Lam.) DC. [26], 2n = 16 [15]
1. Russia, Buryatia, the village Orongoy (6) 51.55◦ , 107.03◦ GLA1 0.333 (0.215) 0.0001 (0.0002) LR898299, LR898300 LR898345, LR898346 LR898456, LR898457

Subgenus Oxytropis ex genere Oxytropis DC. Section
Orobia Bunge
O. adamsiana (Trautv.) Jurtzev [29], 2n = 32 [15]
1. Russia, Buryatia, the village Uakit (10) 55.57◦ , 113.61◦ ADAM5 0.956 (0.059) 0.0047 (0.0027) OV260617-OV260624 OV260717-OV260724 OV260806-OV260813
O. popoviana Peschkova, 2n = 16, 32 [36]
1. Russia, Buryatia, the village Baraty (5) 51.28◦ , 106.35◦ POPOV 0.800 (0.164) 0.0009 (0.0007) ON567429-ON567431 ON567410-ON567412 ON567391-ON567393
O. recognita Bunge, 2n = 32 [15]
1. Russia, Altai Mts., Jazator River (10) 49.63◦ , 87.87◦ REC1 0.822 (0.097) 0.0059 (0.0033)

ON567432-ON567443 ON567413-ON567424 ON567394-ON5674052. Russia, Altai Mts., Ukok Plateau (8) 49.50◦ , 88.13◦ REC2 1.000 (0.062) 0.0020 (0.0013)
O. sordida (Willd.) Pers. [25], 2n = 48, 64 [15]
1. Russia, Buryatia, the village Ina (8) 53.73◦ , 110.25◦ SORD 0.786 (0.151) 0.0008 (0.0005) LS991870-LS991874 LS991896-LS991900 LS991922-LS991926
O. strobilacea Bunge [29], 2n = 16, 32, 48, 64 [15]
1. Russia, Buryatia, the village Zaigraevo (5) 51.88◦ , 108.25◦ STR1 0.800 (0.164) 0.0009 (0.0007)

OV260579-OV260605,
OV260608-OV260614

OV260679-OV260705,
OV260708-OV260714

OV260768-OV260794,
OV260797-OV260803

2. Russia, Buryatia, the village Komsomol’skoe (10) 52.48◦ , 111.09◦ STR2 0.867 (0.107) 0.0016 (0.0010)
3. Russia, Buryatia, the village Maisk (15) 54.61◦ , 110.78◦ STR3 0.952 (0.040) 0.0032 (0.0018)
4. Russia, Buryatia, tract Ukshaki (5) 55.20◦ , 111.45◦ STR4 1.000 (0.127) 0.0042 (0.0027)
5. Russia, Buryatia, the village Tory (6) 51.76◦ , 102.95◦ STR5 0.600 (0.215) 0.0013 (0.0009)
6. Russia, Buryatia, the village Zun-Murino (11) 51.75◦ , 102.87◦ STR7 0.964 (0.051) 0.0025 (0.0015)
O. sylvatica (Pall.) DC. [22], 2n = 16, 32 [15]
1. Russia, Buryatia, the village Udinsk (12) 52.12◦ , 109.13◦ SYLVAT 0.818 (0.084) 0.0008 (0.0006) LT856560-LT856562 LT856573-LT856575 LT856586-LT856588
Section Xerobia Bunge
O. caespitosa (Pall.) Pers. [27], 2n = 48 [37], 64 [15]
1. Russia, Buryatia, near the village Novoselenginsk (11) 51.08◦ , 106.60◦ CAE1 0.327 (0.153) 0.0001 (0.0001)

LR861115-LR861122 LR828424-LR828431 LR828468-LR828475
2. Russia, Buryatia, near the village Dyrestuy (9) 50.64◦ , 106.01◦ CAE2 0.000 (0.000) 0.0000 (0.0000)
3. Russia, Transbaikalia, near the village Kusocha (5) 50.69◦ , 115.70◦ CAE3 0.700 (0.218) 0.0030 (0.0020)
4. Russia, Transbaikalia, near the village Tsugol (5) 51.02◦ , 115.60◦ CAE4 0.700 (0.218) 0.0017 (0.0012)
O. eriocarpa Bunge [27], 2n = 16 [15], 24 + 2–3B [38]
1. Russia, Altai Mts., Ukok Plateau, Zhumaly River (7) 49.29◦ , 88.07◦ ERI1 0.893 (0.111) 0.0090 (0.0051) LR861754-LR861759 LR861762-LR861767 LR861770-LR861775
O. grandiflora (Pall.) DC. [27], 2n = 48 [39]
1. Russia, Transbaikalia, near the village Bytev (5) 50.17◦ , 113.11◦ GRA1 0.900 (0.161) 0.0046 (0.0029)

LR861123-LR861131 LR828432-LR828440 LR828476-LR8284842. Mongolia, Dornod Province, near the Bayandun sum (7) 49.37◦ , 113.81◦ GRA2 0.857 (0.137) 0.0035 (0.0021)
3. Mongolia, Dornod Province, near the Bayan-Uul sum (9) 49.01◦ , 112.45◦ GRA3 0.667 (0.132) 0.0043 (0.0024)
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Table 1. Cont.

Subgenus, Section, Species [Reference], 2n [Reference],
The Location of the Population (No. of Samples)

Latitude,
Longitude Population Code

Genetic Diversity (SD) Genbank Accession Numbers

Haplotype Diversity Nucleotide Diversity Psba-Trnh Trnl-Trnf Trns-Trng

O. mixotriche Bunge [27], 2n—no data
1. Russia, Buryatia, near the village Urzhil (5) 54.07◦ , 110.39◦ MIX1 0.400 (0.237) 0.0002 (0.0002)

LR861724 -LR861733 LR861734 -LR861743 LR861744 -LR8617532. Russia, Buryatia, near the village Suvo (7) 53.65◦ , 110.02◦ MIX2 0.851 (0.137) 0.0053 (0.0031)
3. Russia, Buryatia, near the village Mozhayka (5) 52.35◦ , 110.80◦ MIX3 1.000 (0.126) 0.0019 (0.0013)
O. peschkovae M. Pop. [27], 2n = 48 [37]
1. Russia, Irkutsk Region, near the Gyzgi-Nur Lake (9) 52.91◦ , 106.63◦ PES1 0.972 (0.064) 0.0082 (0.0046)

LR861691-LR861701 LR861702-LR861712 LR861713-LR8617232. Russia, Irkutsk Region, Olkhon Island, near the village
Khuzhir (11) 53.25◦ , 107.49◦ PES2 0.345 (0.172) 0.0016 (0.0009)

O. triphylla (Pall.) DC. [27], 2n = 16 [36,40]
1. Russia, Buryatia, near the village Sakhuli (12) 54.45◦ , 110.45◦ TRI1 0.924 (0.057) 0.0018 (0.0011)

LR861134-LR861149,
LR861154-LR861158

LR828443-LR828458,
LR828463-LR828467

LR828487-LR828502,
LR828507-LR828511

2. Russia, Buryatia, near the village Udinsk (6) 52.08◦ , 108.98◦ TRI2 0.800 (0.172) 0.0022 (0.0014)
3. Russia, Buryatia, near the village Bagdarin (10) 54.44◦ , 113.22◦ TRI3 0.844 (0.103) 0.0021 (0.0013)
4. Russia, Irkutsk Region, Begul Bay (6) 52.74◦ , 106.54◦ TRI7 1.000 (0.096) 0.0025 (0.0016)
Section Polyadena Bunge
O. glandulosa Turcz. [23], 2n = 32 [15]
1. Russia, Buryatia, near the village Argada (10) 54.37◦ , 110.53◦ KUR 0.911 (0.077) 0.0059 (0.0033)

LT732668-LT732678 LT732657-LT732667 LT732646-LT732656
2. Russia, Buryatia, near the village Urzhil (14) 54.07◦ , 110.39◦ BAR 0.703 (0.101) 0.0036 (0.0020)
3. Russia, Buryatia, near the village Shiringa (15) 52.67◦ , 111.72◦ SHIR 0.133 (0.112) 0.0002 (0.0002)
4. Russia, Buryatia, near the village Garam (10) 52.55◦ , 111.48◦ GAR 0.356 (0.159) 0.0006 (0.0004)
O. microphylla (Pall.) DC. [28], 2n—no data
1. Russia, Irkutsk Region, near the village Ozera (9) 52.68◦ , 106.42◦ MICR1 0.000 (0.000) 0.0000 (0.0000)

MN199988-MN199990 MN200000-MN200003 MN200014-MN200016
2. Russia, Irkutsk Region, near the Gyzgi-Nur Lake (6) 52.91◦ , 106.63◦ MICR2 0.600 (0.215) 0.0007 (0.0005)
3. Russia, Irkutsk Region, near the Gurbi-Nur Lake (11) 52.89◦ , 106.60◦ MICR3 0.182 (0.144) 0.0001 (0.0001)
4. Russia, Irkutsk Region, near the Namish-Nur Lake (11) 52.83◦ , 106.59◦ MICR4 0.182 (0.144) 0.0001 (0.0001)
O. muricata (Pall.) DC. [28], 2n = 16, 32 [15]
1. Russia, Irkutsk Region, near the Gyzgi-Nur Lake (9) 52.91◦ , 106.63◦ MUR1 0.417 (0.191) 0.0009 (0.0006)

MN199983-MN199987 MN199996-MN200000 MN200009-MN2000132. Russia, Irkutsk Region, near the village Sarma (8) 53.12◦ , 106.85◦ MUR2 0.250 (0.180) 0.0007 (0.0005)
3. Russia, Irkutsk Region, near the Oto-Khushun Cape (13) 53.29◦ , 107.17◦ MUR3 0.692 (0.075) 0.0014 (0.0008)
O. pseudoglandulosa Gontsch. ex Grub. [28], 2n—no data
1. Mongolia, near the Ulan-Bator (7) 48.03◦ , 106.79◦ PSEGLA 0.809 (0.130) 0.0011 (0.0007) MN199991-MN199994 MN200004-MN200007 MN200017-MN200020
O. varlakovii Serg. [22,28], 2n = 24 + 1B [40]
1. Russia, Transbaikalia, near the Nozhii Lake (5) 50.80◦ , 114.83◦ VARL 0.700 (0.218) 0.0003 (0.0003) LT856563-LT856565 LT856576-LT856578 LT856589-LT856591
Section Leucopodia Bunge
O. squammulosa DC., 2n = 16 [38]
1. Russia, Buryatia, Uda River (5) 52.05◦ , 108.85◦ SQUAM 0.900 (0.161) 0.0022 (0.0015) ON567444-ON567447 ON567425-ON567428 ON567406-ON567409
Section Verticillares DC.
O. bargusinensis Peschkova [22], 2n—no data
1. Russia, Buryatia, Alla River (15) 54.71◦ , 110.68◦ BARKUR 0.762 (0.096) 0.0011 (0.0007)

LT856473-LT856488 LT856506-LT856521 LT856539-LT8565542. Russia, Buryatia, near the village Urzhil (15) 54.06◦ , 110.36◦ BARBAR 0.895 (0.070) 0.0016 (0.0009)
O. gracillima Bunge [24], 2n—no data

1. Mongolia, Central Aimag, near the Argalant sum (5) 47.83◦ , 105.88◦ GRAC 1.000 (0.126) 0.0042 (0.0027) MH174938,
LT996058-LT996061 LT996062-LT996066 LT996067-LT996071

O. interposita Sipl. [22], 2n = 24 [40]
1. Russia, Buryatia, Alla River (14) 54.71◦ , 110.68◦ INTKUR 0.769 (0.075) 0.0015 (0.0009) LT856489-LT856493 LT856522-LT856526 LT856555-LT856559
O. lanata (Pall.) DC. [24], 2n = 16 [15]
1. Russia, Buryatia, near the village Unegetei (20) 52.17◦ , 108.60◦ LAN1 0.895 (0.051) 0.0010 (0.0006)

LT994841-LT994858 LT994895-LT994912 LT994949-LT9949662. Russia, Buryatia, near the village Urzhil (15) 54.07◦ , 110.39◦ LAN2 0.895 (0.052) 0.0010 (0.0006)
3. Mongolia, Central Aimag, near the Argalant sum (5) 47.83◦ , 105.88◦ LAN3 0.900 (0.161) 0.0017 (0.0012)
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Table 1. Cont.

Subgenus, Section, Species [Reference], 2n [Reference],
The Location of the Population (No. of Samples)

Latitude,
Longitude Population Code

Genetic Diversity (SD) Genbank Accession Numbers

Haplotype Diversity Nucleotide Diversity Psba-Trnh Trnl-Trnf Trns-Trng

O. myriophylla (Pall.) DC [24], 2n = 16 [15]
1. Russia, Transbaikalia, near the village Tsugol (5) 51.02◦ , 115.59◦ MYR1 0.700 (0.218) 0.0003 (0.0003)

LT994859-LT994866 LT994913-LT994920 LT996002-LT9960092. Russia, Buryatia, near the village Udinsk (21) 52.11◦ , 109.13◦ MYR2 0.767 (0.057) 0.0007 (0.0005)
3. Russia, Buryatia, the village Komsomol’skoe (8) 52.48◦ , 111.09◦ MYR3 0.821 (0.101) 0.0008 (0.0005)
O. oxyphylla (Pall.) DC. [24], 2n = 16 [15]
1. Russia, Transbaikalia, near the Nozhii Lake (5) 50.77◦ , 114.79◦ OXY1 0.900 (0.161) 0.0007 (0.0005)

LT994867-LT994891 LT994921-LT994945 LT996010-LT996034
2. Russia, Buryatia, near the village Novoselenginsk (16) 51.07◦ , 106.60◦ OXY2 0.958 (0.036) 0.0023 (0.0013)
3. Russia, Buryatia, the village Komsomol’skoe (8) 52.48◦ , 111.09◦ OXY3 0.964 (0.077) 0.0045 (0.0026)
4. Mongolia, Bulgan Aimag, near the Rashaant sum (4) 47.41◦ , 103.66◦ OXY4 1.000 (0.177) 0.0042 (0.0029)
O. selengensis Bunge [24], 2n = 32 [15]

1. Russia, Buryatia, near the village Unegetei (18) 52.17◦ , 108.60◦ SEL 0.634 (0.127) 0.0009 (0.0006) MH174937,
LT996052-LT996057 LT996045-LT996051 LT996038-LT996044

O. stukovii Palibin [24], 2n = 16 [40]
1. Russia, Transbaikalia, near the Nozhii Lake (4) 50.81◦ , 114.84◦ STUK1 0.833 (0.222) 0.0005 (0.0005)

LT994892-LT994894 LT994946-LT994948 LT996035-LT9960372. Russia, Transbaikalia, near the Kunkur Lake (10) 50.71◦ , 114.89◦ STUK2 0.711 (0.117) 0.0004 (0.0003)
O. tompudae M. Pop. [22], 2n—no data
1. Russia, Buryatia, the village Maisk (8) 54.60◦ , 110.78◦ TOMP 0.893 (0.111) 0.0026 (0.0016) LT856566-LT856571 LT856579-LT856584 LT856592-LT856597

SD—standard deviations. The bold font has shown the genetic diversity and accession numbers in this study.
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To reconstruct the phylogenetic relationships of haplotypes, we excluded length varia-
tion of mononucleotide and dinucleotide repeats in the dataset. A network of haplotypes
was constructed using Network, version 5.0.1.1 [46], treating each deletion/insertion, re-
gardless of size, as a single mutational event and using the MJ algorithm with default
settings. Phylogenetic analyses of haplotypes were conducted using the ML, MP, and
NJ methods as implemented in PAUP v. 4.0b10 [47]. Optimal trees were found using a
heuristic search with TBR branch swapping and the MulTrees option in effect. For the ML
analysis, the GTR + G + I model was selected according to the Akaike information criterion
(AIC) using Modeltest v. 3.6 [48]. ML heuristic searches were performed using the resulting
model settings, 100 replicates of random sequence addition, TBR branch swapping and
MULTrees option on. The robustness of nodes in ML, NJ, and MP trees was tested using
bootstrap with 1000 replicates (bootstrap percentage, BP). BP < 50% were not taken into
account. Astragalus davuricus (Pall.) DC. from genus Astragalus L. (accession numbers in
GenBank LM653198, LM653161, and LM653235) [49] was used as outgroup.

3. Results

The dendrogram reflects the measure of morphological differences between separate
species and sections of Oxytropis. Studied species on the dendrogram are divided into
seven branches separated by a linkage distance at 0.09 (Figure 2). Species from sections
Hystrix, Janthina, and Polyadena are well distinguished (branches I, III, and VII, respectively).
Joining of O. interposita at the branch VII and close presenting of O. stukovii at the branch
VI showed morphological similarities of this species with section Polyadena. Branch II was
represented by species of section Xerobia and O. squammulosa from the section Leucopodia.
Representatives of section Verticillares mostly formed branch IV and include two species
from section Orobia (O. adamsiana and O. sylvatica). The neighbor branch V has only species
from section Orobia (O. recognita, O. sordida, and O. strobilacea).

Among the 620 specimens of 31 Oxytropis species, 101 haplotypes (H1–H101) were
identified on the basis of polymorphic sites detected across 2576 aligned positions of three
cpDNA regions. Eighty-one nucleotide substitutions were identified, of which 63 sites
were parsimony informative. Fourteen of 101 haplotypes (H7, H16, H18, H25–H29, H32,
H47, H52, H70, H73, and H89) were shared by several species of either the same section or
different sections (Figure 3). The species-specific molecular markers were revealed only for
O. microphylla, O. gracillima, and O. lanata.

Data on the genetic diversity of Oxytropis species from Southern Siberia are presented in
Table 1. Only two populations (CAE2 O. caespitosa and MICR1 O. microphylla) of 69 populations
studied were monomorphic. Low and medium levels of haplotype diversity (h varies from
0.133 to 0.417) were found for 10 populations (14.5%). A high level of haplotype diversity
(h varies from 0.600 to 1.000) was found for 57 populations (82.6%). Concerning nucleotide
diversity, a low level (π varies from 0.0001 to 0.0032) was determined for 50 populations
(72.5%), while moderate and high levels (π varies from 0.0035 to 0.0090) were determined
for 17 populations (24.6%). A high level for both parameters was found for 14 populations
(20.3%), whereas a low level for both parameters was found for eight populations (11.6%). A
combination of a high level of haplotype diversity and a low level of nucleotide diversity was
determined for 39 populations (56.5%).

The relationships between haplotypes found in representatives of Oxytropis species from
Southern Siberia are shown in Figure 3. Haplotype H101 of O. glabra sect. Mesogaea of the
subg. Phacoxytropis was separated by 34 mutational steps from haplotype undetected in our
study or an extinct ancestral one closely related to other Oxytropis haplotypes that formed
three haplogroups (A, B, and C). These haplogroups contain loop structures between many
haplotypes and are genetic complexes that include haplotypes of several species from dif-
ferent sections. Haplogroup A includes haplotypes of five Xerobia species and one Orobia
species of the subg. Oxytropis, and haplotypes of O. tragacanthoides sect. Hystrix subg. Traga-
canthoxytropis. Haplogroup B includes haplotypes of species from all five sections studied
of the subg. Oxytropis as well as haplotypes of O. tragacanthoides. Haplogroup C includes
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haplotypes of the subg. Oxytropis only and specifically haplotypes of six Verticillares species
and three Orobia species (Figure 3). Thus, haplotypes of Orobia species were present in all three
haplogroups. Haplotypes of O. tragacanthoides, O. grandiflora, O. eriocarpa, and O. peschkovae
were present in haplogroups A and B, and haplotypes of O. strobilacea were present in hap-
logroups B and C. Haplotypes of Polyadena species were present in haplogroup B. In addition,
all haplotypes of O. coerulea and O. filiformis sect. Janthina subg. Phacoxytropis were found to
form a single branch b1 that connected via unsampled or extinct haplotype to haplotypes
of the haplogroup B (Figure 3). Haplotypes of O. microphylla sect. Polyadena formed another
distinct branch b2 connected with the haplogroup B. Haplotypes of O. lanata and O. gracillima
sect Verticillares were grouped into separate branches according to their species affiliation (c1
and c2, respectively) that connected with the haplogroup C. Loop structures between many
haplotypes point to homoplasy, which hampers the identification of genetic relationships
between them.
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Figure 3. Median-joining network inferred from combined sequences of the psbA-trnH, trnL-trnF, and
trnS-trnG regions showing the relationships among cpDNA haplotypes (H1–H101) of 31 Oxytropis
species from Southern Siberia. Each circle represents the haplotype; the size of the circles reflects
the frequency of occurrence of haplotype. The colors of circles indicate the affiliation of haplotype
to certain species. Black small circles indicate the median vectors; thin bars indicate the mutational
events; white thick bars indicate the indels; dashed lines are circled haplogroups A, B, C; thin lines
are circled separate branches b1, b2, c1, and c2.

Phylogenetic analyses of 101 haplotypes of the species from Tragacanthoxytropis, Pha-
coxytropis, and Oxytropis subgenera supported the monophyly of the genus Oxytropis.
Topology of ML tree shown in Figure 4 is similar to those of the MP and NJ trees with few
differences in statistical supports of some nodes. All Oxytropis species except O. glabra
formed a cluster with a high degree of support (BP 99, 100, and 97% for MP, NJ, and
ML analyses, respectively). However, resolution within this cluster was poor, and only
a few small groups have significant bootstrap support. Haplotypes of all species of sect.
Verticillares (except O. interposita) are clustered together with low support only in MP and
ML analyses. Within this clade, all haplotypes of O. gracillima form a distinct but weakly
supported group (BP 61, 51, and 64%), and all haplotypes of O. lanata form a distinct group
with a high degree of support (BP 88, 85, and 86%). The remaining Verticillares species are
either unresolved or intermixed with each other or with the representatives of sect. Orobia
in weakly supported subclades.
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Figure 4. Maximum-likelihood topology obtained from the combined psbA-trnH, trnL-trnF, and
trnS-trnG dataset and generated by PAUP under the GTR + I + G model showing branch lengths
(–ln likelihood = 4997.50) for 69 populations of 31 Oxytropis species from Southern Siberia and
Astragalus davuricus (accession numbers in GenBank LM653198, LM653161, and LM653235) as out-
group species. The numbers at nodes indicate bootstrap values (BI > 50%) for MP/NJ/ML analyses,
respectively. The scale bar denotes the number of substitutions per site.
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4. Discussion
4.1. Morphological Differences among Oxytropis Species

Species of well distinguished sections within genus Oxytropis were characterized by
peculiar morphological features. Section Hystrix of subgenus Tragacanthoxytropis Vass.
included shrubs and dwarf shrubs with membraneous legumes and hard leaf petioles
which are presented on the plants after leaf fall. Section Janthina presented by tiny plants
with opposite linear leaflets (usually 6–20 pairs) and small flowers (8–15 mm long) with
bell calyx. Legumes are ovoid and unilocular [15]. All haplotypes of species from section
Janthina were separate and form a single branch b1 (Figure 3). Representatives of section
Polyadena are rosette plants with whorled leaflets and warty glands on legumes, leaves,
stipules, and on calyx. The presence of O. interposita in the branch VII and close position
of O. stukovii on the dendrogram (Figure 2) showed their morphological similarities and
recently both species on the base of critical analysis included to the section Polyadena [50].
The haplotype of O. interposita is well presented in the haplogroup B in close relation
with other species of section Polyadena, while the haploptype of O stukovii was found
within another haplogroup C (Figure 3). The single species O. squammulosa representing
monotypic section Leucopodia included branch II on the dendrogram with species from
section Xerobia (Figure 2). Close morphological similarities of both sections have been
previously discussed [2]. On the other hand, analysis of cpDNA haplotypes and position
on ML tree revealed close relationships of O. squammulosa with species of section Polyadena
(Figures 3 and 4).

4.2. Genetic Diversity of the Populations of Oxytropis Species

Genetic diversity, which is the product of the long-term evolution of species, is caused
by many factors and is one of the prerequisites for adaptation and survival of species. The
higher the level of genetic diversity of a species, the easier it is to adapt to changing envi-
ronments. Our results of studying the genetic diversity of 69 populations of 31 Oxytropis
species showed that the minimum values of haplotype diversity (0.133–0.182) were deter-
mined only in three populations of two species, O. glandulosa and O. microphylla, and two
populations were monomorphic (Table 1). These populations are small and isolated [51,52],
and gene flow from nearest related populations is limited due to physical barriers. Such
isolated populations were apt to suffer from genetic drift that may have contributed to
the lack of genetic diversity. Comparisons of the variability of Oxytropis species of sect.
Verticillares, Polyadena, and Xerobia from Southern Siberia with the data for Oxytropis species
of sect. Orobia, Arctobia, and Gloeocephala from Northeast Asia showed that the popula-
tions of species of the last sections inhabiting higher latitudes than the southern-Siberian
species, or arctic latitudes, were characterized by lower levels of genetic diversity or were
monomorphic [53]. The low level of genetic diversity or lack of it, combined with the high
levels of population differentiation, may also be due to their small population sizes and
high degrees of spatial isolation, suggesting low gene flow between populations over an
extended period.

The most populations of Oxytropis species from Southern Siberia were characterized
by a high level of genetic diversity. For example, maximum values of haplotype diversity
(0.893–1.000) were revealed in the 25 populations of 16 species of the 31 studied (Table 1).
As a rule, high genetic diversity is typical for polymorphic species with a wide range, such
as O. strobilacea and O. oxyphylla (Figure 5). However, we did not find any evidence of
genetic diversity loss, even for endemic species with the narrowest distributions (O. triphylla,
O. bargusinensis, and O. interposita) (Figure 6). Our results are probably an exception to the
statement that endemic species are characterized by low genetic diversity [54,55], so it can be
assumed that other factors different from geographic range may influence genetic variability.



Diversity 2023, 15, 244 12 of 20Diversity 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 5. Distribution of Oxytropis strobilacea and Oxytropis oxyphylla. 

 

Figure 6. Distribution of three Oxytropis species endemic to Baikal Siberia. 

Studies of the genetic variability of plant species have shown that the level of genetic 

diversity is influenced by a number of factors, such as mating systems, life history fea-

tures, chromosomal variability, population distribution, as well as ecological factors 

[54–56]. Modern reviews, which evaluated the effects of life-history traits and environ-

mental factors on the genetic diversity of plants [57–60], including the studies based on 

chloroplast genetic variation [57,58,60], also show that population genetic diversity de-

pends on species-specific life-history traits, population dynamics, past climatic and de-

mographic events, topography, and biogeography. In part, the number of haplotypes 

was influenced by the type of geographic distribution, while haplotype diversity was 

Figure 5. Distribution of Oxytropis strobilacea and Oxytropis oxyphylla.

Diversity 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 5. Distribution of Oxytropis strobilacea and Oxytropis oxyphylla. 

 

Figure 6. Distribution of three Oxytropis species endemic to Baikal Siberia. 

Studies of the genetic variability of plant species have shown that the level of genetic 

diversity is influenced by a number of factors, such as mating systems, life history fea-

tures, chromosomal variability, population distribution, as well as ecological factors 

[54–56]. Modern reviews, which evaluated the effects of life-history traits and environ-

mental factors on the genetic diversity of plants [57–60], including the studies based on 

chloroplast genetic variation [57,58,60], also show that population genetic diversity de-

pends on species-specific life-history traits, population dynamics, past climatic and de-

mographic events, topography, and biogeography. In part, the number of haplotypes 

was influenced by the type of geographic distribution, while haplotype diversity was 

Figure 6. Distribution of three Oxytropis species endemic to Baikal Siberia.

Studies of the genetic variability of plant species have shown that the level of genetic
diversity is influenced by a number of factors, such as mating systems, life history features,
chromosomal variability, population distribution, as well as ecological factors [54–56].
Modern reviews, which evaluated the effects of life-history traits and environmental factors
on the genetic diversity of plants [57–60], including the studies based on chloroplast genetic
variation [57,58,60], also show that population genetic diversity depends on species-specific
life-history traits, population dynamics, past climatic and demographic events, topography,
and biogeography. In part, the number of haplotypes was influenced by the type of
geographic distribution, while haplotype diversity was affected by the type of flower
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(monoecious, or dioecious), and the plant species most closely related phylogenetically
have similar levels of genetic diversity [57].

The high level of genetic diversity within populations Oxytropis species from Southern
Siberia studied is typical for the predominantly insect-pollinated species with the outcrossing
breeding system and high longevity. Similarly high levels of chloroplast gene diversity were
found in the populations of other legume species with similar life-history traits and mating
systems (long-lived, insect-pollinated perennials that reproduce by outcrossing), such as
Astragalus onobrychis L. (in diploid relict populations h varied from 0.833 to 1.000) [61], Sophora
microphylla Aiton (h = 0.812 ± 0.019), and S. tetraptera J.S. Mill. (h = 0.931 ± 0.015) [62], as well
Oxytropis diversifolia E. Peter (h = 0.880 ± 0.074) [63]. It seems likely that these peculiarities of
breeding system are the most important source for the maintenance of the variability reserve
for Oxytropis species with low-level gene diversity. As for the relict species studied, which
include O. tragacanthoides sect. Hystrix, O. eriocarpa, and narrow endemic O. triphylla (both ones
belong to sect. Xerobia), the high genetic variability in these species should largely be attributed
to its antiquity, in addition to the longevity and outcrossing. It is assumed that the ancestors
of the sect. Hystrix and Xerobia were widely distributed in Southern Siberia in the past [13].
Probably, the populations of O. tragacanthoides, O. eriocarpa, and O. triphylla were stable for a
long time, and ancestral genetic variation was maintained. Similar patterns of genetic diversity
based on cpDNA data were also noted for other long-lived relict species: Linum flavum L. [64],
an above-mentioned Astragalus onobrychis [61], some Chamaesium species [65].

Other factors that significantly affect the level of genetic variability are the topog-
raphy of the region and the ecological specialization of species. A number of studies of
the phylogeny and phylogeography of species which inhabited topographically complex
areas [58,60,65,66] showed that topography plays a key role in maintaining genetic diversity
and diversification. The territory of Southern Siberia includes high mountains, foothill
depressions, deep valleys, and plateaus [13], and is just such a complex heterogeneous
landscape with high microhabitat variation. It is supposed that the maintenance of high
genetic diversity in these microhabitats could be associated with the survival and diver-
sification of species, and that populations in topographically complex landscapes should
be more resistant and resilient to climate change [58]. The mountainous relief of Southern
Siberia, including territories surrounding Lake Baikal, creates a mosaic of microclimates,
as well a long-term isolation of individual steppe habitats confined to the southern slopes
or bottoms of the basins. These circumstances favor the formation of new species or the
preservation of relicts of different ages [13,67].

According to ecological requirements, many Oxytropis species from Southern Siberia
are highly specialized, as a rule, including xerophytes, petrophytes, and psammophytes. All
these species are photophilous, often grow on talus, on gravel, rocky and sandy substrates,
including along the banks of rivers and lakes [7,12,14,15]. The effects of ecological factors
(especially climatic and edaphic factors) were estimated for rare Astragalus species [68], a
sister group for genus Oxytropis. According to the authors, the revealed relatively high
level of genetic diversity in rare Astragalus taxa is due to two main reasons: (1) aspects of
seed biology (maintenance a healthy seed bank), (2) spatial climatic and soil variability
shaping local adaptations. This combination (and possibly interaction) of demographic
and ecological forces may also have implications for the Siberian Oxytropis species. The
importance of local environmental heterogeneity and habitat specialization in keeping
multiple putative adaptations and generating genetic diversity was also shown for other
plant species [69,70]. Interesting information about the role of environmental factors was
obtained during the study of the diversity and diversification of species of the Eastern
Mediterranean genus Ricotia [71]. In the absence of large glaciations, taxa indigenous to
the southern Mediterranean region could survive climatic fluctuations of the Quaternary
via short distance shifts to more favorable habitats. Authors supposed that the main factor
promoting diversification in this region seems to be long-term ecological adaptation and
specialization, and not large-scale events, such as contraction–expansion in and out of
glacial refugia [71]. It can be supposed that for Oxytropis species from Southern Siberia,
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the territory of which was not subjected to large-scale glaciations [13], local environmental
dynamics and ecological specialization could also contribute to the diversification and
radiation processes. Furthermore, it can be assumed that heterogeneous environments in
the center of origin of the genus Oxytropis provide the climatic and edaphic optimum for
the studied species.

Another major reason for the high genetic variability in Oxytropis species is poly-
ploidy. It is widely acknowledged that polyploidy has made a major contribution to plant
diversification, as well to an increase in genetic variability and the adaptive capacity of
species [72–74]. Polyploidy is common in the genus [15,75], with the incidence of poly-
ploidy in Oxytropis reaching 58% [76]. Arctic species of the biggest section Orobia usually
characterized by polyploidy and hybridogenesis. That is why high chromosome ploidity
within these species reflects their secondary origin [77].

Chromosome numbers are known for 25 out of 31 Oxytropis species studied (Table 1),
among which only eight species are diploid. Seventeen species are polyploids or have a
variable number of chromosomes (2n): 16 and 32; 16, 32, 48 and 64; 48 and 64. It is clear that
the genetic polymorphism in a number of species is partly due to their polyploid origin,
both through autopolyploidization and allopolyploidization. Related to these processes
are the issues of hybridization, which is also regarded as a relevant process generating
diversity in plants. Hybridization and introgression have been considered to be common
in the evolution of Oxytropis [15], but this will be discussed in the next section.

Thus, the high level of chloroplast gene diversity found for the most of studied
Oxytropis species from Southern Siberia is determined by the interaction of a wide variety
of factors, including range size, topography, local climatic and environmental conditions,
habitat specialization, species characteristics, and ploidy levels, as well as genetic and
demographic processes in populations.

4.3. Phylogenetic Relationships of Oxytropis Species within Southern Siberia

According to the results of cpDNA variability, it was found that the most of Oxytropis
species from Southern Siberia are highly mixed (Figures 3 and 4), and phylogenetic rela-
tionships between most taxa remain unresolved. The distribution of haplotypes both in the
median network and in the ML tree does neither correspond to the division of the genus
into sections nor to the population and species affiliation. The exception is four phyletic
lineages (Figure 3) corresponding to the sectional (b1) and species (b2, c1, c2) affiliation. The
combining of all haplotypes of O. coerulea and O. filiformis sect. Janthina into one phylogroup
(Figures 3 and 4) indicates close genetic proximity of these two species. The remaining three
phyletic lineages correspond to the three species, O. microphylla sect. Polyadena (b2), and
O. lanata (c1) and O. gracillima (c2) sect Verticillares. All of them are inhabitants of the sandy
banks of rivers and lakes [12,15,78]. Earlier, it was noted [77] that one of the ecological
bases of evolutionary changes in the genus Oxytropis is the colonization of loose sandy
substrates. In this case, it is ecological specialization that probably led to the appearance
of separate phyletic lineages. In addition, O. lanata and O. gracillima differ morphologi-
cally both from each other and from other species of the section: O. lanata belongs to the
monotypic subsection Lanatae, O. gracillima belongs to the subsection Gobicola.

All the rest of the species are genetically admixed, although they are morphologically and
ecologically differentiated. It is noteworthy that haplotypes of Orobia species were present in
all three haplogroups (Figure 3). Section Orobia, with its huge disjunctive Eurasian-American
range, is the largest and one of the most ancient sections of the genus [3,15]. Earlier, based
on the morphological traits and ecological specialization of the species, it was shown that
the sections Verticillares, Polyadena, and Xerobia are derivatives from the section Orobia [3,74].
Probably, the presence of species of the section Orobia in all identified haplogroups may be
due to the fact that this section is ancestral to the other sections. The closeness of sections
Orobia, Polyadena, and Verticillares was also shown based on phenetic analysis. At the same
time, the section Xerobia was distant from this group [2]. Separation of last section may be
due to the narrow confinement of the species of this section to cryoxerophytic conditions
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of mountain-steppe territories and specific adaptive traits of their morphotype [79]. In our
study, most of the species of the section Xerobia also took a separate position (haplogroup A,
Figure 3), possibly caused by ecological specialization. In addition, the rather separate position
of all species of the section Verticillares formed haplogroup C and a weak-supported clade
on the ML tree (Figures 2 and 3). The only exception is O. interposita sect Verticillares, whose
taxonomic position is controversial: according to Malyshev [15], O. interposita is a mutant, and
based on our cpDNA data, the species is genetically close to the section Polyadena [23,28].

Fourteen of 101 haplotypes identified for 620 samples of 31 Oxytropis species from
Southern Siberia were shared by several species of the same section or by species of different
sections (Figure 3). Chloroplast sharing between species has been reported for a number
of species complexes or for closely related species [62,80–82]. Haplotype sharing can be
explained by several reasons, including preserved ancestral polymorphism, incomplete
lineage sorting, homoplasy, and introgressive hybridization caused by genetic exchange
after secondary contact between previously isolated species, or a combination of several
causes [62,80–82]. As for the five shared haplotypes (H25–H29) identified in populations of
different species (Figure 3), the spatial distribution of these populations in the sympatric
region suggests potential hybridization. The genus Oxytropis is one of the genera with a
high frequency of natural hybridization [15]. Our study included six Oxytropis species of
hybrid origin (O. bargusinensis, O. microphylla, O. mixotriche, O. peschkovae, O. selengensis,
O. tompudae), as well as nine species capable of hybridization, i.e., easily interbreed with
other species [15]. Apparently, the reproductive barriers between Oxytropis species are
rather weak, which makes possible intensive hybridization between different species
or their chromosome races. In addition, the sympatric region with populations having
haplotypes H25-H29 belongs to the territory of Baikal Siberia, located at the juncture of
three floral regions. In this area, natural hybridization of plants is widespread and often
considered as a phenomenon affecting not separate species, including Oxytropis species, but
entire plant formations [83]. The remaining shared haplotypes had a disjunctive distribution
and were found in spatially isolated populations separated by numerous physical barriers.
In this case, ancestral polymorphism and incomplete lineage sorting would explain the
presence of shared cpDNA haplotypes. Thus, it can be assumed that both retained ancestral
polymorphism and introgression have played roles in the existence of shared haplotypes
among Oxytropis species.

The three haplogroups identified in this study reflect the presence of three genetic
complexes in the genus Oxytropis on the territory of Southern Siberia, among which one is
more isolated (haplogroup A) and the other two (haplogroups B and C) are more closely
related. Within each complex, closely related relationships between species and a mixed
distribution of haplotypes that did not correspond to either population or taxonomic
affiliation were found. The revealed genetic similarity with clear morphological differences
is typical of the taxa that have a common origin and have recently undergone rapid
adaptive radiation followed by incomplete lineage sorting. Rapid adaptive radiation was
shown for the Oxytropis species [4], as well as for the other genera of the family Fabaceae,
including Sophora [62], Pultenaea [84], Lupinus [85], Astragalus [68,86], and the species of
Indigofera bungeana complex [87]. Rapid radiation may be accompanied by rapid isolation
for several species, e.g., for the species of Indigofera bungeana complex [87]. On the other
hand, a certain contribution to the complex relationships between the Oxytropis species
could be made by hybridization between the incompletely specialized taxa after rapid
radiation, which took place at the early stages of the evolution of the genus, but before the
divergence of genealogical lineages, as was shown for the Pultenaea species [84]. Indirect
evidence of rapid radiation and expansion of a number of South-Siberian Oxytropis species
is the presence of star-like structures in the haplotype network (Figure 3). Haplogroups
B and C contain some star-like structures with one of the shared haplotypes in the center,
which are connected to nearest haplotypes through a single mutational step. For example,
haplogroup C has a well-defined star-like structure with a shared haplotype H73 in the
center (Figure 3). Another signal of expansion is a combination of high haplotype diversity
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with low nucleotide diversity, which was determined for more than half of the populations
studied (56.5%). The interaction of processes of rapid adaptive radiation and introgression
(the last is often complicated by following polyploidization) leads to the reticular evolution
of Oxytropis species in the center of origin of the genus, which is characteristic for the genus
Oxytropis at the whole [15], as well as for the closely related genus Astragalus [88].

In addition, our results shed light on the taxonomic position of O. squammulosa of the
sect. Leucopodia. This monotypic section is morphologically close to the sect. Xerobia [2,89],
and, according to Wang, should be merged with sect. Xerobia [90]. According to the results of
studying the micromorphological traits of Oxytropis leaf epidermis [90], O. squammulosa did
not group together with O. ciliata sect. Xerobia but was close to the group including O. muricata
sect. Polyadena [90]. These authors concluded that the sect. Leucopodia is an independent
section [90]. Our results also indicate the closeness of O. squammulosa to the species of sect.
Polyadena. Thus, the haplotypes of O. squammulosa and of the species of sect. Polyadena together
belong to haplogroup B (Figure 3), and on the ML tree O. squammulosa and O. glandulosa
sect. Polyadena form a distinct branch with moderate support (Figure 4). At the same time,
the absence of shared haplotypes for O. squammulosa and species of Polyadena or Xerobia
sections and separate positions of O. squammulosa haplotypes (Figures 3 and 4) confirm the
interpretation of the sect. Leucopodia as an independent section.

5. Conclusions

Based on cpDNA sequences, the present study reveals the pattern of the genetic di-
versity and complex phylogenetic relationships of Oxytropis species in the center of genus
origin. The high level of gene diversity found in most of the populations is shaped by
an interplay between numerous factors, among which probably the most important are
heterogeneous environmental conditions, life-history traits of species, and their ecological
specialization. Phylogenetic relationships between most Oxytropis species remain unre-
solved. Three genetic complexes and four phyletic lineages have been identified. A high
level of similarity of the plastid genomes of most Oxytropis species can be considered as an
indication of their relatively recent divergence from a common ancestor, rapid radiation, a
high level of interspecific hybridization, and the reticulate pattern of evolution typical of
the genus.

Author Contributions: Conceptualization, D.V.S. and A.B.K.; methodology, D.V.S., A.B.K., M.M.K.
and E.V.A.; validation, D.V.S. and A.B.K.; formal analysis, D.V.S., A.B.K., M.M.K. and E.V.A.; investi-
gation, D.V.S., A.B.K., M.M.K. and E.V.A.; data curation, A.B.K.; writing—original draft preparation,
A.B.K.; writing—review and editing, D.V.S., A.B.K., M.M.K., E.V.A. and Z.W.; visualization, D.V.S.
and A.B.K.; supervision, D.V.S.; project administration, D.V.S. and A.B.K.; funding acquisition, D.V.S.
and A.B.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Foundation for Basic Research (Grant No. 16-04-
01399-a) and was partially supported by the Russian Federal budget (Project Number 121030900138-8,
D.V.S.).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Original sequence data are available at GenBank (http://www.ncbi.
nlm.nih.gov/genbank, accessed on 25 July 2022) by their accession numbers presented in Table 1.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, X.; Welsh, S.L.; Ohashi, H. Oxytropis. In Flora of China; Wu, Z.Y., Raven, P.H., Hong, D.Y., Eds.; Science Press: Beijing, China;

Missouri Botanical Garden Press: St. Louis, MO, USA, 2010; Volume 10, pp. 453–500.
2. Malyshev, L.I. Phenetics of the Subgenera and Sections in the Genus Oxytropis DC. (Fabaceae) Bearing on Ecology and Phylogeny.

Contemp. Probl. Ecol. 2008, 1, 440–444. [CrossRef]
3. Polozhii, A.V. On the Problem of the Origin and Evolution of the Genus Oxytropis (Fabaceae). Bot. Zhurnal 2003, 88, 55–59.

(In Russian)

http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/genbank
http://doi.org/10.1134/S1995425508040073


Diversity 2023, 15, 244 17 of 20

4. Shavvon, R.S.; Kazempour-Osaloo, S.; Maassoumi, A.A.; Moharrek, F.; Karaman Erkul, S.; Lemmon, A.; Lemmon, E.M.;
Michalak, I.; Muellner-Riehl, A.N.; Favre, A. Increasing Phylogenetic Support for Explosively Radiating Taxa: The Promise of
High-throughput Sequencing for Oxytropis (Fabaceae). J. Syst. Evol. 2017, 55, 385–404. [CrossRef]

5. Kas’yanova, L.N.; Azovskii, M.G. Vegetation of Dune Sands of Olkhon Island on Baikal and Some Questions Concerning its
Protection. Geogr. Nat. Res. 2011, 32, 248–253.

6. Boikov, T.G.; Sutkin, A.V. Ecophytocenotic Features of Vicia tsydenii Malysch. in Southern Transbaikalia. Rus. J. Ecol. 2012, 5,
340–346.

7. Plennik, R.Y. Morphologicheskaya Evolutsia Bobovyh Yugo-Vostochnogo Altaya [Morphological Evolution of Legumes from the South-Eastern
Altai]; Nauka: Novosibirsk, Russia, 1976. (In Russian)

8. Blinova, K.F.; Sakanyan, E.I. Species of Oxytropis DC. Used in Tibetan Medicine and Their Flavonoid Composition. Rast. Resur.
1986, 22, 266–272. (In Russian)

9. Amirkhanova, A.S.; Ustenova, G.O. Review of the Current Status of Study Oxytropis. Asian J. Pharm. Clin. Res. 2018, 11, 50–55.
10. Povydysh, M.N.; Bobyleva, N.S.; Bityukova, N.V. Genus 29. Oxytropis DC. In Plant Resources of Russia: Wild Flowering Plants, Their

Component Composition, and Biological Activity; Budantsev, A.L., Ed.; KMK, SPb.: Moscow, Russia, 2010; Volume 3, pp. 65–69.
(In Russian)

11. Li, M.X.; Lan, Z.H.; Wei, L.L.; Zhang, W.J.; Zhang, R.X.; Jia, Z.P. Phytochemical and Biological Studies of Plants from the Genus
Oxytropis. Rec. Nat. Prod. 2012, 6, 1–20.

12. Polozhii, A.V. Oxytropis DC. In Flora Sibiriae. Fabaceae (Leguminosae); Polozhii, A.V., Malyshev, L.I., Eds.; Nauka: Novosibirsk,
Russia, 1994; Volume 9, pp. 74–151. (In Russian)

13. Peshkova, G.A. Florogeneticheskiy Analiz Stepnoy Floryi Gor Yuzhnoy Sibiri [Florogenetic Analysis of the Steppe Flora of the South Siberia];
Nauka: Novosibirsk, Russia, 2001. (In Russian)

14. Polozhii, A.V. Oxytropis (Fabaceae) Species in the Mountain Flora of South Siberia. Bot. Zhurnal 1995, 80, 58–66. (In Russian)
15. Malyshev, L.I. Diversity of the Genus Oxytropis in the Asian part of Russia. Turczaninowia 2008, 11, 5–141. (In Russian)
16. Dong, W.; Liu, J.; Yu, J.; Wang, L.; Zhou, S. Highly Variable Chloroplast Markers for Evaluating Plant Phylogeny at Low Taxonomic

Levels and for DNA barcoding. PLoS ONE 2012, 7, e35071.
17. Kress, W.J. Plant DNA Barcodes: Applications Today and in the Future. J. Syst. Evol. 2017, 55, 291–307.
18. Shneyer, V.S.; Rodionov, A.V. Plant DNA Barcodes. Biol. Bull. Rev. 2019, 9, 295–300.
19. Shaw, J.; Lickey, E.B.; Beck, J.T.; Farmer, S.B.; Liu, W.; Miller, J.; Siripun, K.C.; Winder, C.T.; Schilling, E.E.; Small, R.L. The Tortoise

and the Hare II: Relative Utility of 21 Noncoding Chloroplast DNA Sequences for Phylogenetic Analysis. Am. J. Bot. 2005, 92,
142–166.

20. Kim, S.-C.; Crawford, D.J.; Jansen, R.K.; Santos-Guerra, A. The Use of a Non-coding Region of Chloroplast DNA in Phylogenetic
Studies of the Subtribe Sonchinae (Asteraceae: Lactuceae). Plant Syst. Evol. 1999, 215, 85–99.

21. Tekpinar, A.; Karaman Erkul, S.; Aytac, Z.; Kaya, Z. Phylogenetic Relationships among Native Oxytropis Species in Turkey Using
trnL intron, trnL–F IGS, and trnV intron cpDNA Regions. Turk. J. Bot. 2016, 40, 472–479.

22. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Sandanov, D.V. Modern State of Populations of Endemic Oxytropis Species
from Baikal Siberia and Their Phylogenetic Relationships Based on Chloroplast DNA Markers. Russ. J. Genet. 2018, 54, 805–815.
[CrossRef]

23. Kholina, A.; Kozyrenko, M.; Artyukova, E.; Sandanov, D.; Selyutina, I.; Chimitov, D. Plastid DNA Variation of the Endemic
Species Oxytropis glandulosa Turcz. (Fabaceae). Turk. J. Bot. 2018, 42, 38–50. [CrossRef]

24. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Sandanov, D.V. The Divergence of Oxytropis Species of Section Verticillares
(Fabaceae) of the Steppe Flora of Baikal Siberia Based on Chloroplast DNA Sequence Data. Russ. J. Genet. 2019, 55, 701–710.
[CrossRef]

25. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Andrianova, E.A.; Sandanov, D.V.; Selyutina, I.Y.; Khoreva, M.G. Genetic
Diversity and Phylogenetic Relationships of Oxytropis evenorum (Fabaceae) Based on Data of Sequencing of the Intergenic Spacers
of the Chloroplast DNA. Bull. NESC 2019, 2, 117–125. (In Russian)

26. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Koldaeva, M.N.; Sandanov, D.V.; Selyutina, I.Y. Phylogenetic Relationships of
the Species of Asian Russia of the Subgenera Phacoxytropis and Tragacanthoxytropis Genus Oxytropis Based on the Polymorphism
of Markers of the Chloroplast and Nuclear Genomes. Russ. J. Genet. 2021, 57, 1042–1056.

27. Kholina, A.; Kozyrenko, M.; Artyukova, E.; Sandanov, D.; Selyutina, I. Genetic Diversity of Oxytropis Section Xerobia (Fabaceae) in
One of the Centres of Speciation. Genetica 2021, 149, 89–101. [CrossRef] [PubMed]

28. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Pozdnyakova, T.E. Variability of Chloroplast DNA of Oxytropis Section
Polyadena (Fabaceae) in Asian Russia: Population Analysis and Phylogenetic Relationships. Biol. Bull. 2021, 48, 16–25. [CrossRef]

29. Kholina, A.B.; Artyukova, E.V.; Yakubov, V.V.; Khoreva, M.G.; Mochalova, O.A.; Sandanov, D.V.; Selyutina, I.Y. Genetic Divergence
of Closely Related Species Oxytropis strobilacea, O. adamsiana, O. vassilczenkoi of the series Strobilacei of the section Orobia (Fabaceae)
from Asian Russia. Biol. Bull. 2023, 50, 15–25.

30. Sandanov, D.V.; Dugarova, A.S.; Brianskaia, E.P.; Selyutina, I.Y.; Makunina, N.I.; Dudov, S.V.; Chepinoga, V.V.; Wang, Z. Diversity
and Distribution of Oxytropis DC. (Fabaceae) Species in Asian Russia. Biodivers. Data J. 2022, 10, e78666.

31. Ulziikhutag, N. Legumes of Mongolia (Taxonomy, Ecology, Geography, Phylogeny and Economic Value); Ulanbaatar, Mongolia, 2003.
(In Russian)

http://doi.org/10.1111/jse.12269
http://doi.org/10.1134/S1022795418070050
http://doi.org/10.3906/bot-1706-11
http://doi.org/10.1134/S102279541906005X
http://doi.org/10.1007/s10709-021-00115-9
http://www.ncbi.nlm.nih.gov/pubmed/33713007
http://doi.org/10.1134/S1062359021010076


Diversity 2023, 15, 244 18 of 20

32. Levenshtein, V.I. Binary Code Capable of Correcting Deletions, Insertions and Reversals. Sov. Phys.-Dokl. Cybern. Control Theory
1966, 10, 707–710.

33. Kohonen, T. Self-Organizing Maps, 3rd ed.; Springer: Berlin/Heidelberg, Germany, 2001.
34. Anenkhonov, O.A.; Korolyuk, A.Y.; Sandanov, D.V.; Liu, H.; Zverev, A.A.; Guo, D. Soil-moisture Conditions Indicated by

Field-layer Plants Help Identify Vulnerable Forests in the Forest-steppe of Semi-arid Southern Siberia. Ecol. Indic. 2015, 57,
196–207.

35. Zverev, A.A. Methodological Aspects of Indicator Values Use in Biodiversity Analysis. Contemp. Probl. Ecol. 2020, 13, 321–332.
[CrossRef]

36. Krivenko, D.A.; Kotseruba, V.V.; Kazanovsky, S.G.; Verkhozina, A.V.; Stepanov, A.V. Fabaceae. IAPT/IOPB Chromosome Data 11.
Taxon 2011, 60, 1222.

37. Krivenko, D.A.; Kazanovsky, S.G.; Vinogradova, Y.K.; Verkhozina, A.V.; Knyazev, M.S.; Murtazaliev, R.A. Fabaceae (Leguminosae).
IAPT/IOPB Chromosome Data 26. Taxon 2017, 66, 1492.

38. An’kova, T.V.; Shaulo, D.N. Fabaceae. IAPT/IOPB Chromosome Data 14. Taxon 2012, 61, 1336.
39. Krivenko, D.A.; Kazanovsky, S.G.; Verkhozina, A.V.; Chernova, O.D.; Dymshakova, O.S.; Turskaya, A.L. Fabaceae. IAPT/IOPB

Chromosome Data 15. Taxon 2013, 62, 1077.
40. Konichenko, E.S.; Selyutina, I.Y.; Dorogina, O.V. Fabaceae. IAPT/IOPB Chromosome Data 14. Taxon 2012, 61, 1338–1339.
41. Taberlet, P.; Gielly, L.; Pautou, G.; Bouvet, J. Universal Primers for Amplification of Three Non-coding Regions of Chloroplast

DNA. Plant Mol. Biol. 1991, 17, 1105–1109.
42. Bonfeld, J.K.; Smith, K.F.; Staden, R. A New DNA Sequence Assembly Program. Nucleic Acids Res. 1995, 23, 4992–4999.
43. Gouy, M.; Guindon, S.; Gascuel, O. SeaView version 4: A Multiplatform Graphical User Interface for Sequence Alignment and

Phylogenetic Tree Building. Mol. Biol. Evol. 2010, 27, 221–224. [PubMed]
44. Librado, P.; Rozas, J. DnaSP v5: A Software for Comprehensive Analysis of DNA Polymorphism Data. Bioinformatics 2009, 25,

1451–1452.
45. Excoffier, L.; Lischer, H.E.L. Arlequin suite ver 3.5: A New Series of Programs to Perform Population Genetics Analyses under

Linux and Windows. Mol. Ecol. Resour. 2010, 10, 564–567.
46. Bandelt, H.J.; Forster, P.; Röhl, A. Median-joining Networks for Inferring Intraspecific Phylogenies. Mol. Biol. Evol. 1999, 16,

37–48.
47. Swofford, D.L. PAUP*: Phylogenetic Analysis Using Parsimony (*and Other Methods): Version 4.04; Sinauer Associates Inc.: Sunder-

land, MA, USA, 2003.
48. Posada, D.; Crandall, K.A. Modeltest: Testing the Model of DNA Substitution. Bioinformatics 1998, 14, 817–818.
49. Kholina, A.B.; Kozyrenko, M.M.; Artyukova, E.V.; Sandanov, D.V.; Andrianova, E.A. Phylogenetic Relationships of the Species of

Oxytropis DC. subg. Oxytropis and Phacoxytropis (Fabaceae) from Asian Russia Inferred from the Nucleotide Sequence Analysis of the
Intergenic Spacers of the Chloroplast Genome. Russ. J. Genet. 2016, 52, 780–793.

50. Chimitov, D.G. Taxonomic Diversity of the Genus Oxytropis Section Polyadena (Fabaceae) in Baikal Siberia. Novit. Syst. Plant. Vasc.
2022, 53, 43–57. (In Russian) [CrossRef]

51. Selyutina, I.Y.; Sandanov, D.V.; Chimitov, D.G. Demographic Structure Analysis of Rare Species Oxytropis glandulosa Bunge
(Fabaceae) in Republic of Buryatia. BSU Bull. Biol. Geography 2016, 2–3, 168–172. (In Russian)

52. Selyutina, I.Y.; Sandanov, D.V. Demographic Structure and Population Size of Rare Endemic Oxytropis species from Priol’khonye
Steppe. Rastit. Mir Aziat. Ross. 2018, 1, 14–23. (In Russian)

53. Kholina, A.; Kozyrenko, M.; Artyukova, E.; Yakubov, V.; Khoreva, M.; Andrianova, E.; Mochalova, O.; Sandanov, D. Phylogenetic
Relationships of Oxytropis Section Gloeocephala from Northeast Asia Based on Sequencing of the Intergenic Spacers of cpDNA and
ITS nrDNA. Genetica 2022, 150, 117–128. [CrossRef]

54. Hamrick, J.L.; Godt, M.J.W. Effects of Life History Traits on Genetic Diversity in Plant Species. Philos. Trans. R. Soc. Lond. B 1996,
351, 1291–1298.

55. Gitzendanner, M.A.; Soltis, P.S. Patterns of Genetic Variation in Rare and Widespread Plant Congeners. Am. J. Bot. 2000, 87,
783–792. [CrossRef] [PubMed]

56. Nybom, H. Comparison of Different Nuclear DNA Markers for Estimating Intraspecific Genetic Diversity in Plants. Mol. Ecol.
2004, 137, 1143–1155. [CrossRef] [PubMed]

57. Carvalho, Y.G.S.; Vitorino, L.C.; de Souza, U.J.B.; Bessa, L.A. Recent Trends in Research on the Genetic Diversity of Plants:
Implications for Conservation. Diversity 2019, 11, 62. [CrossRef]

58. Blanco-Pastor, J.L.; Fernández-Mazuecos, M.; Coello, A.J.; Pastor, J.; Vargas, P. Topography Explains the Distribution of Genetic
Diversity in One of the Most Fragile European Hotspots. Divers. Distrib. 2019, 25, 74–89. [CrossRef]

59. De Kort, H.; Prunier, J.G.; Ducatez, S.; Honnay, O.; Baguette, M.; Stevens, V.M.; Blanchet, S. Life History, Climate and Biogeography
Interactively Affect Worldwide Genetic Diversity of Plant and Animal Populations. Nat. Commun. 2021, 12, 516. [CrossRef]
[PubMed]

60. Wambulwa, M.C.; Luo, Y.-H.; Zhu, G.-F.; Milne, R.; Wachira, F.N.; Wu, Z.-Y.; Wang, H.; Gao, L.-M.; Li, D.-Z.; Liu, J. Determinants
of Genetic Structure in a Highly Heterogeneous Landscape in Southwest China. Front. Plant Sci. 2022, 13, 779989. [CrossRef]

http://doi.org/10.1134/S1995425520040125
http://www.ncbi.nlm.nih.gov/pubmed/19854763
http://doi.org/10.31111/novitates/2022.53.43
http://doi.org/10.1007/s10709-022-00152-y
http://doi.org/10.2307/2656886
http://www.ncbi.nlm.nih.gov/pubmed/10860909
http://doi.org/10.1111/j.1365-294X.2004.02141.x
http://www.ncbi.nlm.nih.gov/pubmed/15078452
http://doi.org/10.3390/d11040062
http://doi.org/10.1111/ddi.12836
http://doi.org/10.1038/s41467-021-20958-2
http://www.ncbi.nlm.nih.gov/pubmed/33483517
http://doi.org/10.3389/fpls.2022.779989


Diversity 2023, 15, 244 19 of 20

61. Plenk, K.; Willner, W.; Demina, O.N.; Höhn, M.; Kuzemko, A.; Vassilev, K.; Kropf, M. Phylogeographic Evidence for Long-term
Persistence of the Eurasian steppe Plant Astragalus onobrychis in the Pannonian Region (Eastern Central Europe). Flora 2020, 264, 151555.
[CrossRef]

62. Shepherd, L.D.; Lange, P.J.; Perrie, L.R.; Heenan, P.B. Chloroplast Phylogeography of New Zealand Sophora trees (Fabaceae):
Extensive Hybridization and Widespread Last Glacial Maximum Survival. J. Biogeogr. 2017, 44, 1640–1651. [CrossRef]

63. Wang, H.; Liu, P.-L.; Li, J.; Yang, H.; Li, Q.; Chang, Z.-Y. Why More Leaflets? The Role of Natural Selection in Shaping the Spatial
Pattern of Leaf-shape Variation in Oxytropis diversifolia (Fabaceae) and Two Close Relatives. Front. Plant Sci. 2021, 12, 681962.
[CrossRef]

64. Plenk, K.; Bardy, K.; Höhn, M.; Thiv, M.; Kropf, M. No Obvious Genetic Erosion, but Evident Relict Status at the Westernmost
Range Edge of the Pontic-Pannonian Steppe Plant Linum flavum L. (Linaceae) in Central Europe. Ecol. Evol. 2017, 7, 6527–6539.
[CrossRef]

65. Zheng, H.-Y.; Guo, X.-L.; Price, M.; He, X.-J.; Zhou, S.-D. Effects of Mountain Uplift and Climatic Oscillations on Phylogeography
and Species Divergence of Chamaesium (Apiaceae). Front. Plant Sci. 2021, 12, 673200. [CrossRef]
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