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Abstract: The comparative molecular genetic study of museum and modern representatives of
cattle breeds can help to elucidate the origin and maintenance of historical genetic components in
modern populations. We generated the consensus genotypes for 11 microsatellite loci for 24 museum
samples of Kalmyk, Kyrgyz, and Kazakh cattle, dated from the first quarter of the 20th century,
and compared them with those of modern Kalmyk, Kyrgyz, and Kazakh white-headed breeds. The
level of genetic diversity of the modern Kalmyk and Kyrgyz cattle (uHe = 0.771-0.778) was similar
to those observed in the museum samples (uHe = 0.772-0.776), while a visible decrease in genetic
variability in the modern Kazakh white-headed breed compared to museum Kazakh cattle was
detected (uHe = 0.726 and 0.767, respectively). The PCA plot, Fst- and Jost’s D-based networks,
and STRUCTURE clustering provided strong evidence of the maintenance of the historical genetic
background in modern populations of Kalmyk and Kyrgyz cattle. In spite of the allele pool of Kazakh
white-headed cattle having undergone great changes compared to the museum Kazakh cattle, several
animals still carry the visible aspect of the historical genetic components. Our results can be used
for the selection of individuals for the creation of gene banks and may significantly improve the
efficiency of conservation programs aimed at preserving genetic diversity in the national genetic
resources of cattle.

Keywords: cattle; Kalmyk cattle; Kyrgyz cattle; Kazakh cattle; Kazakh white-headed breed; historical
specimens; microsatellites; consensus genotypes; genetic diversity

1. Introduction

Nomadic cattle husbandry across the vast territory of the south steppe has been
undertaken since ancient times. The harsh climate conditions of short dry summers and
cold winters have resulted in herders moving across large areas to seek better pastures for
livestock [1-4]. During the short period of a plant’s vegetation, cattle can restructure their
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body and create enough fat reserves to survive the long winters. Historically, poorly fleshed,
weak livestock that are unable to find forage under the snow have died during the winter—
spring period [5,6]. The similar way of life of nomadic tribes across the different parts of
the south steppes over the centuries has resulted in their cattle having similar phenotypic
characteristics. These animals are very hardy, of small to medium size, approximately
110-128 cm in stature, and are able to survive under poor forage conditions and be quickly
fattened up with improved feeding [7-9]. Initial attempts to survey cattle inhabiting the
south steppe of Russia were undertaken in the last decade of 19th century and the first
decade of the 20th century, but the reports mainly described the number of cattle owned by
different families and their movement routes [10]. Clear data on the exterior and particular
properties of cattle of that time are not available. A comprehensive survey of the steppe
cattle of Russia and the neighboring republic of former USSR countries was carried out
in the first quarter of the 20th century, which resulted in the division of the entire cattle
population into two groups (breeds), with a description of their properties, including coat
color, exterior characteristics, and productivity [11]. The medium-sized, compact red cattle
with a small head, long face, and short horns distributed in the southern regions of the
European part of Russia (i.e., the Kalmykia, Rostov, Volgograd, and Astrakhan regions)
and East Siberia were known as Kalmyk cattle (Supplementary Materials, Figure Sla). The
origin of these cattle, officially recognized as a separate breed in 1934, was traced back to
the 16th—17th centuries, when the Oirats tribe migrated from western Mongolia to the lower
Volga through the territory of modern Kazakhstan, founding the Kalmyk Khanate [12,13].
At the end of the 18th century, because of disagreements with the government of the Russian
Empire, part of the Oirats—now called Kalmyks—moved back to Dzungaria (the modern
territories of northwest China) [14,15]. The small-sized cattle of different colors (red, black,
brown, gray, white, pied, or tiger) with a relatively large head and well-developed horns
that inhabited the territory of Kazakhstan and Kyrgyzstan were recognized as Kazakh
or Kyrgyz cattle depending on the region of their distribution (Supplementary Materials,
Figure S1b). It is well documented that the Kazakh and Kyrgyz tribes attacked Kalmyk
caravans on their way to Dzungaria, capturing cattle as trophies [14,15]. This forms a
basis for the suggestion that the ancient Kalmyk cattle have possibly contributed to the
development of the gene pool of Kyrgyz (Kazakh) cattle. According to the cattle breeding
plan of the USSR (1934), Kalmyk and Kyrgyz (Kazakh) cattle were chosen as the target
breeds for further breeding in the steppe regions of the former USSR (Supplementary
Materials, Figure S2) [16]. In the 1930-1940s, local steppe cattle were crossed with high-
producing transboundary breeds to improve their growth capacity, meat, and carcass
traits [17]. Kalmyk cattle were crossed with Brown Swiss and Simmental bulls, but most
authors consider that these breeds only represent a small contribution to the development
of the modern gene pool of Kalmyk cattle [8,16-19]. In Kyrgyzstan, major part of the
local cattle population was crossed with Brown Swiss and Holland breeds that resulted
in developing during the Soviet time several novel synthetic breeds [8,9]. The small
remaining part of native Kyrgyz cattle was further developed without contribution of other
breeds. The populations inhabiting the northern and western territories of Kazakhstan
were crossed with Herefords followed by backcrossing of hybrid Kazakh-Hereford females
with Hereford bulls over a number of generations, which resulted in the development of the
Kazakh white-headed breed [17]. Additional crossing of Kazakh white-headed cows with
Hereford bulls was regularly carried out during subsequent periods of breed development.
Currently, the Kalmyk and Kazakh white-headed breeds are the main breeds used for meat
production in the south steppe regions of Russia, Kazakhstan, and Kyrgyzstan. In Russia,
the ratio of these breeds to the total number of beef cattle (2020) account for 36.6% and
11.7%, respectively [20]. Only a small number of purebred native Kyrgyz cattle are still
kept by private owners in Kyrgyzstan. Because the pedigree records of modern Kyrgyz
cattle are lacking, the decision on the assignment of an animal as native Kyrgyz cattle is
made in most cases based on exterior characteristics and verbal information got from the
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owners. The origin of modern Kyrgyz cattle and its relationship with ancestral Kyrgyz
cattle should be elucidated.

Native cattle breeds are an invaluable source of genetic diversity, which is nec-
essary to ensure the sustainability of animal production systems in local geoclimatic
conditions [18,21-23]. However, a drastic decline in the population size of most of the
native breeds, as well as the active use of crossbreeding with high-producing commercial
breeds, can lead to the irreversible loss of genetic diversity [24]. Conservation of genetic
diversity is an important task in order to ensure the sustainability of the animal production
system [25]. Successful conservation of local populations and breeds requires the selection
of animals that are carriers of breed-specific genetic components, mostly reflecting the
breeds’ origin and trajectories of development and artificial selection.

A method with great potential for reconstructing breeds’ origins and maintaining the
ancestral genetic components in the modern populations of animal breeds is the analysis
of specimens stored in museum collections [26-29]. Over the last decades, the field of
ancient DNA (aDNA) heavily relied on mitochondrial DNA (mtDNA) markers. This
is due to the low copy number and general difficulties associated with the recovery of
nuclear DNA from archaeozoological materials [30]. However, the maternal inheritance
characteristic of mtDNA has limited the ability to trace the history of cattle breeds with
complex genetic background or breeds that were developed by crossing with bulls of other
genetic origins. One of the most powerful tools for inferring genetic patterns of populations
is microsatellite analysis [31-33]. During application of microsatellites for molecular genetic
studies of farm animals over long time scales, reliable methods for analysis of these types
of DNA markers have been developed [34]. Moreover, the data derived from different
laboratories or different experiments can be standardized according to the Guidelines of
the International Society of Animal Genetics (ISAG) [35].

The aim of our work was to compare the genetic diversity of Kalmyk, Kyrgyz, and
Kazakh cattle inhabiting the steppe region of southern Russia and the neighboring republics
of the former USSR in the first quarter of the 20th century with the current gene pool of the
above breeds based on the analysis of microsatellite genotypes of museum and modern
samples.

2. Materials and Methods
2.1. Sample Collection

The museum (historical) skulls of Kalmyk (KALM_H, n = 10), Kyrgyz (KRGZ_H,
n =11), and Kazakh (KZKH_H, n = 3) cattle dated to the first quarter of the 20th century
were derived from the craniological collection of the Museum of Livestock named after E.F.
Liskun (Moscow Agricultural Academy named after K.A. Timiryazev) (Figure 1).

(a) (b) (©

Figure 1. Museum skulls of cattle breeds used for the the study dated by the first quarter of 20th century: (a)—Kalmyk,

(b)—Kyrgyz, (c)—Kazakh.

The modern samples of Kalmyk (KALM_M, n = 28), Kyrgyz (KRGZ_M, n = 20), and
Kazakh white-headed (KZWH_M, n = 30) cattle were derived from the Bioresource collec-
tion “Bank of genetic materials of domestic and wild animals and birds” of the L.K. Ernst
Federal Research Center for Animal Husbandry. Tissue samples (ear skin) from modern
animals were collected by trained personnel under strict veterinary rules in accordance
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with the guidelines for conducting laboratory research (tests) in the implementation of
the veterinary control (supervision) approved by the Council Decision Eurasian Economic
Commission No. 80 (10 November 2017). The 1-2 mm? pieces of ear skin were used
for DNA extraction using Nexttec columns (Nexttec Biotechnology GmbH, Leverkusen,
Germany), according to the manufacturer’s instructions.

Additionally, we included modern samples of Mongolian cattle (MONG_M, n = 41)
as a kinship breed with a similar genetic origin, which probably contributed to the devel-
opment of Kalmyk cattle. Additionally, we included in the dataset samples of modern
representatives of the Hereford breed (HRFD_M, n = 26) because of their great contribution
to the development of the modern gene pool of Kazakh white-headed cattle.

2.2. DNA Extraction

All works with historical samples were performed in a dedicated facility of the L.K.
Ernst Federal Research Center for Animal Husbandry [36]. The bone powder was produced
from the roots of teeth using MIXER MILL MM 400 (Retsch GmbH, Haan, Germany). In
total, 200 £ 5 ng of bone powder was subjected to the DNA extraction using a COrDIS
Extract Decalcine Kit (GORDIZ LLC, Moscow, Russia), according to the manufacturer’s
instructions with modifications of the lysis conditions and volumes (lysis at 56 °C, 1200 rpm,
overnight, using a 2.5x volume of lysis and washing buffers). A negative control tube
(“reagent blank”) containing only DNA extraction reagents without a sample was included
in each batch of processed samples to trace the possible occurrence of DNA contamination.

The concentration of double-stranded DNA (dsDNA) was measured by using a
Qubit™ fluorimeter (Invitrogen, Life Technologies, Waltham, MA, USA), and the purity
of the DNA solutions was checked by determining the ratio of the absorption at 260
and 280 nm (OD260/280) on a NanoDrop 8000 instrument (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Only the samples with >1 ng/uL dsDNA concentration were used
for the study.

2.3. Microsatellite Genotyping

The samples were genotyped for 11 highly polymorphic microsatellite loci (BM1818,
BM2113, BM1824, ETH10, ETH225, INRA023, SPS115, TGLA53, TGLA122, TGLA126, and
TGLA227) which were recommended by the International Society of Animal Genetics
(ISAG) [35]. The multiplex PCRs were carried out in a final volume of 10 pL in a PCR
buffer with 200 mM dNTPs, 1.0 mM MgCly, a 0.5 mM primer mix, 1 unit of Taq polymerase
(Dialat Ltd., Moscow, Russia), and 1 uL of genomic DNA. The initial denaturation at
95 °C for 4 min was followed by 35 cycles of PCR amplification (95 °C, 20 s; 63 °C,
30s; 72 °C, 1 min). Additionally, the final extension was performed at 72 °C for 10 min.
The negative controls (PCR reaction without DNA template) were included in each PCR
experiment to check for possible DNA contaminations. PCR fragments were separated by
capillary electrophoresis on an ABI3130xI genetic analyzer (Applied Biosystems, Beverly,
MA, USA) using GeneScan™-350 ET ROX as a fragment standard. The fragment lengths
were determined using the Gene Mapper software v4 (Applied Biosystems, Beverly, MA,
USA). Allele sizes were standardized according to an ISAG International Bovine (Bos
Taurus) STR typing comparison test (2018-2019).

A modified multiple-tube approach, proposed by Mondol et al. [37] and Modi et al. [38],
was used to determine the consensus genotypes as previously described [29]. Briefly, each
DNA sample was analyzed in five replicates. Initially, multiplex amplification of microsatel-
lite loci was performed in duplicates and only the samples in which at least six loci were
successfully amplified (positive multiplex PCRs) were selected for further analysis. For
such samples, three additional independent PCR replicates were performed using the same
DNA extractions. The genotyping results of the five PCR replicates were used to calculate
the “quality indices” (QIs) for each sample/locus as described by Miquel et al. [39]. For the
samples with QI values less than 0.75, three additional multiplex PCRs were carried out
using the same DNA extraction. Genotypes with a QI value of 0.75 and higher at each locus
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were considered reliable and selected for further analysis. The number of positive PCRs
from the number of replicates for each locus/sample was defined as amplification failure.
Those genotypes different from the most frequent genotype were defined as genotyping
errors and included allelic dropout (ADO) or false alleles (FAs). The overall error rates
were calculated as the ratio of genotyping errors from the total number of positive PCRs.
For calculation of the ADO and FA rates, we used the protocol proposed by Broquet and
Petit [40]. For the quality control of genotyping, the probability values of correct genotyp-
ing (p) for each locus were calculated according He et al. [41]. The threshold for p-values at
each locus was set as <0.001.

2.4. Data Analysis

FreeNA [42] and MICRO-CHECKER 2.2.3 software [43] were used to check the pres-
ence of null alleles. We applied GenAIEx 6.5 software [44] to calculate the number and
frequency of alleles. The packages diveRsity [45], adegenet [46], and ggplot2 [47] of the R
software (http:/ /cran.r-project.org, accessed on 12 May 2021) were used for calculating the
main statistics, including observed heterozygosity (Ho), unbiased expected heterozygosity
(uHe), unbiased inbreeding coefficient (uFjs), and rarefied number of alleles (AR) [48],
performing principal component analysis (PCA), and visualizing breed relationships. Pair-
wise differences among studied populations for uHe and Ay estimates were tested using
Wilcoxon rank-sum test [49] using Statistica 10 software (www.statsoft.com, accessed on 18
July 2021). The software environment R3.5.0 was used to prepare the data files [50].

Pairwise Jost’s D genetic distances [51] and paired Fsr genetic distances [52] were
calculated to evaluate the degree of genetic differentiation of the studied breeds. The
pairwise Jost’s D and Fst matrices were used to construct the phylogenetic trees using the
Neighbor-Net algorithm in SplitsTree 4.14.5 [53].

STRUCTURE 2.3.4 software [54] was applied to investigate the genetic structure of
studied populations. We used the admixture model with the option of correlated allele
frequencies. The burn-in period was set to 10,000 iterations, followed by 100,000 Markov
chain Monte Carlo (MCMC) repetitions for each run. We performed 10 independent runs
for a number of possible clusters (K) ranging from 2 to 8. CLUMPAK software [55], avail-
able at http:/ /clumpak.tau.ac.il (accessed on 7 May 2021), was used to analyze multiple
independent runs at a single K value. For measuring the constancy over runs, we calculated
average pairwise similarity scores using CLUMPAK [55].

To infer demographic history with admixture, we applied the TreeMix software [56] to
the microsatellite data. We computed the mean and variance in length at each microsatellite
locus and used them to run TreeMix v1.13. We tested up to five migration events in twenty
iterations per migration edge. The optimal number of migration events was determined
using R package “optM” [57] based on TreeMix output files. We added the optimal number
of migrations to the phylogenetic model and estimated the consistency between migration
edges using TreeMix for 20 independent runs.

3. Results
3.1. Estimation of Consensus Genotypes for Museum Samples

The concentrations of dsDNA extracted from the museum specimens exceeded the set
threshold of 1 ng/uL and varied from 2.88 to 38.40 ng/ L in different samples (Supplemen-
tary Materials, Table S1). Out of the 24 museum specimens, 18 samples were successfully
genotyped for all 11 loci. For four samples, the consensus genotypes were obtained for
10 loci, including two samples of the Kyrgyz breed (H176, H181) and one sample each of the
Kalmyk (H210) and Kazakh (H355) breeds. Two samples of Kyrgyz breed (H180 and H181)
were genotyped for 9 loci (Supplementary Materials, Table S2a). No amplification failure
was observed in the BM2113 locus. Among the other 10 loci, the ratio of positive PCRs
varied from 99.23% in BM1824 to 72.31% in BM1818, corresponding to an amplification
failure of 0.77% and 27.69%, respectively. The quality of genotyping differed between
microsatellite loci and varied from QI = 0.96 in TGLA53 and TGLA122 to QI = 1.00 in
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BM2113 and BM1824. We identified the allelic dropout (ADO) in 2.35% of the estimated
heterozygous genotypes with variations from 0.92% in TGLA227 to 5.80% in the SPS115
locus. Three loci (BM2113, BM1824, and ETH10) were free of ADO. We found false alleles
(FAs) in six genotyped loci, whereby the FA rate varied from 0.78% in ETH10 to 2.13% in
BM1818. Five loci (BM2113, INRA23, TGLA126, ETH225, and BM1824) were free of FAs.
The error rate varied from 0.78% in ETH10 to 4.76% in TGLA122—an average of 2.32%. No
genotyping errors were observed in the BM2113 and BM1824 loci. The probability values
of correct genotyping (p) for each locus met the set threshold (p < 0.001) (Supplementary
Materials, Table S3). Therefore, all studied loci that passed quality control were selected for
further analysis.

Out of 145 modern specimens, the genotypes for all 11 loci were estimated for 136 sam-
ples, while for 8 and 1 samples the microsatellite genotypes were obtained for 10 and 9 loci,
respectively (Supplementary Materials, Table S2b).

3.2. Allelic Variability and Genetic Diversity of Studied Breeds

We identified 130 microsatellite alleles in eight cattle populations including 124 alleles
in modern samples and 95 alleles in museum samples. The most polymorphic were the
TGLA122 and TGLAS53 loci (21 and 19 alleles, respectively), while the least number of
alleles (7 alleles) was found in the BM1824 locus (Table 1).

Table 1. Number of identified alleles among microsatellite loci in studied cattle populations (%).

Entire Dataset Museum Samples Modern Samples
# Locus Observed Allele  Numberof  Observed Allele = Number of  Observed Allele = Number of
Ranges, bp Alleles Ranges, bp Alleles Ranges, bp Alleles

1 TGLA227 69-101 15 77-101 12 69-99 14
2 BM2113 125-143 10 125-143 8 125-143 10
3 TGLA53 152-188 19 154-184 13 152-188 18
4 ETHI10 209-225 8 213-225 7 209-225 8
5 SPS115 244-262 9 248-260 5 244-262 9
6 TGLA122 137-183 21 137-173 14 137-183 20
7 INRA23 196-218 12 198-216 10 196-218 12
8 TGLA126 107-125 9 107-123 7 111-125 8
9 BM1818 256274 10 256274 8 258-274 9
10 ETH225 140-160 10 140-158 7 140-160 9
11 BM1824 178-190 7 178-188 4 178-190 7

In average 11.82 +1.38 8.63 £ 0.97 11.27 +1.30

Notes: locus—microsatellite locus; observed allele ranges—the limits of allelic lengths of studied microsatellite loci in historical samples
analysed (a allele sizes were standardised according to International Society of Animal Genetics (ISAG) International Bovine (Bos Taurus)
short tandem repeat (STR) typing comparison test 2018-2019).

Of the alleles, 83.33% found in the museum Kalmyk cattle and 81.16% in the museum
Kyrgyz cattle were present in the modern representatives of these breeds. Despite long-
term crossbreeding of native Kazakh cattle with Herefords, 82.93% of the alleles of museum
Kazakh cattle appeared in the modern Kazakh white-headed breed. Meanwhile, 92.98%
of alleles observed in Herefords appeared in Kazakh white-headed cattle. The great
contribution of Mongolian cattle to the development of the gene pool of the studied
breeds of steppe cattle was reflected in the high rate of common alleles with Mongolian
cattle: 87.50%, 88.41%, and 92.68% in the museum Kalmyk, Kyrgyz, and Kazakh cattle,
respectively. These rates decreased to 81.61% and 81.82% in the modern populations of
Kalmyk and Kyrgyz cattle, respectively. The Kazakh white-headed cattle retained among
other modern breeds the highest rate of alleles in common with the Mongolian cattle
(93.15%) (Table 2).
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Table 2. Allelic variability and number of common alleles in studied breeds.

Populations KALM_H KRGZ_H KZKH_H KALM_M KRGZ_M KZWH_M HRFD_M MONG_M
KALM_H 72
KRGZ_H 49 69
KZKH_H 37 30 41
KALM_M 60 58 37 87
KRGZ_M 63 56 35 68 88
KZWH_M 55 53 34 63 65 73
HRFD_M 48 40 30 49 53 53 57
MONG_M 63 61 38 71 72 68 53 94

Notes: museum populations: KALM_H—Kalmyk, KRGZ_H—Kyrgyz, KZKH_H—Kazakh, modern populations: KALM_M—Kalmyk,
KRGZ_M—Kyrgyz, KZWH_M—Kazakh White-Headed, HRFD_M—Hereford, MONG_M—Mongolian cattle; number of alleles identified
in studied breeds is shown at diagonal; the number of alleles, which are common for two breeds are shown below the diagonal.

Comparing the museum and modern Kalmyk, Kyrgyz, and Kazakh cattle showed
that 15 alleles, which were distributed in the museum populations, were lost in the modern
cattle. By contrast, 60 novel alleles appeared in the modern populations. The greatest
number of novel alleles (n = 33) was found in the Kazakh white-headed breed, reflecting
the gene flow from Hereford breed. The TGLA122 and TGLAS53 loci were the most altered:
Three and two ancestral alleles were lost, while 11 and 9 novel alleles appeared, respectively
(Supplementary Materials, Table S4). Considering the differences in sample size between
museum and modern populations, it should be noted that the absence of part of alleles in
historic populations could be the result of their smaller sample size.

Estimations of the genetic diversity calculated based on the genotypes for 11 mi-
crosatellite loci are summarized in Table 3.

Table 3. Summary statistics for museum and modern populations of studied breeds based on genotypes of 11 microsatellites.

Population n Ho (M =+ SE) uHe (M =+ SE) AR (M =+ SE) uFjs (CI, 95%)
KALM_H 10 0.671 £+ 0.048 0.772 + 0.029 * 3.635 + 0.199 * 0.131 [0.033; 0.229]
KRGZ_H 11 0.707 £+ 0.053 0.776 4+ 0.035 * 3.693 + 0.251 * 0.081 [—0.055; 0.217]
KZKH_H 3 0.818 £+ 0.082 0.767 £+ 0.067 3.727 +0.333 —0.066 [—0.174; 0.042]
KALM_M 28 0.736 £+ 0.049 0.771 + 0.034 3.664 + 0.232 * 0.044 [—0.050; 0.138]
KRGZ_M 20 0.841 £ 0.021 0.778 4+ 0.024 * 3.704 + 0.196 * —0.085[—0.137; —0.033]
KZWH_M 30 0.736 £+ 0.039 0.726 4 0.030 3.336 + 0.167 * —0.011 [—0.063; 0.041]
HRFD_M 26 0.668 =+ 0.064 0.653 4 0.053 2.994 +0.211 —0.005 [—0.078; 0.068]
MONG_M 41 0.672 £+ 0.036 0.761 4+ 0.020 * 3.531 +0.176 * 0.115[0.028; 0.202]

Notes: 1, number of individuals; Ho, observed heterozygosity; uHe, unbiased expected heterozygosity; Ag, rarefied allele richness; uFis,
unbiased inbreeding coefficient; M, mean value; SE, standard error; CI 95%, range variation coefficient of uF is at a confidence interval
of 95%; museum populations: KALM_H—Kalmyk, KRGZ_H—Kyrgyz, KZKH_H—Kazakh, modern populations: KALM_M—Kalmyk,
KRGZ_M—Kyrgyz, KZWH_M—Kazakh White-Headed, HRFD_M—Hereford, MONG_M—Mongolian cattle; * p < 0.05 comparing to
Hereford breed according to pairwise comparing Wilcoxon rank-sum test.

We did not observe significant differences in the genetic diversity between the mu-
seum and modern populations of all studied breeds. For Kalmyk and Kyrgyz cattle, the
values of the unbiased expected heterozygosity and rarefied allelic richness were simi-
lar (uHe = 0.772-0.776 for the museum samples and 0.771-0.778 for the modern samples;
AR =3.635-3.693 and 3.664-3.704, respectively). The Kazakh white-headed cattle were
characterized by decreased genetic diversity compared to the museum Kazakh cattle
(uHe = 0.726 vs. 0.767; AR = 3.336 vs. 3.727). This could be associated with lower level of
genetic diversity of Hereford cattle and may reflect the contribution of the limited number
of Hereford bulls in formation of the Kazakh white-headed breed. A significant deficiency
of heterozygotes was found in the museum Kalmyk cattle (uFig = 0.131), as well as in the
modern Mongolian cattle (uFis = 0.115), while the modern Kyrgyz cattle were characterized
by an excess of heterozygotes (uFjs = —0.085) (Table 3).
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3.3. Relationships among the Studied Breeds

The first component of the PCA explained 5.178% of the genetic variability and split
the Kazakh white-headed and Hereford breeds from the other studied breeds. The second
component, responsible for 3.773%, divided the museum and modern Kyrgyz cattle. The
Mongolian cattle were localized in the middle of the PCA plot, explaining their contribution
to the development of the studied steppe breeds. The museum Kalmyk samples did not
form a clear cluster. A possible explanation could be the different genetic backgrounds of
the museum specimens of Kalmyk cattle (Figure 2a).

PC2 (3.773%)

HRFD_M
MONG_M
] 3 = KALM_H KALM_H
™ & KRGZ_H
L Y N KZKH_H
S o 4 KALM_M
—m N KRGZ_M
VXN
J/ nthyg “ u KZWH_M KALM_M
\l 7 HRFD_M
CIANE.
(] MONG_M KZWH_M
KRGZ_H
-5 0 5 KZKH_H
PC1 (5.178%) KRGZ_M

(a) (b)

Figure 2. (a). Principal component analysis (PCA) of the museum and modern cattle populations. X-axis, principal

component 1 (PC1); Y-axis, principal component 2 (PC2); (b). Genetic structure of museum and modern cattle populations
revealed by STRUCTURE analysis for the number of clusters K = 2. Museum populations: KALM_H—Kalmyk, KRGZ_H—
Kyrgyz, KZKH_H—Kazakh, modern populations: KALM_M—Kalmyk, KRGZ_M—Kyrgyz, KZWH_M—Kazakh White-
Headed, HRFD_M—Hereford, MONG_M—Mongolian cattle.

Calculation of the AK values for the different number of clusters (K) from one to five
showed that the most probable number of ancestral populations that participated in the
development of studied breeds is two. STRUCTURE analysis at K = 2 showed differences
in the genetic structure of the studied breeds by the rate of native and Hereford-specific
genetic components. The museum samples of the Kyrgyz and Kazakh cattle had similar
genetic structures with the greatest rate of native genetic components, while part of the
museum Kalmyk cattle revealed an admixed genetic structure. The modern Kalmyk and
Kyrgyz cattle kept most of the native genetic components, while in the Kazakh white-
headed cattle, the Hereford-specific components dominated (Figure 2b).

Analysis of Fst and Jost’s D genetic distances showed a lack of allelic differentia-
tion between pairs of museum populations: Kalmyk-Kyrgyz (Fst and Jost’s D = 0) and
Kalmyk-Kazakh (Fst = —0.020, Jost’s D = —0.013). The modern Kalmyk and Kyrgyz cattle
were closest to the museum populations of their ancestral breeds (Fst = 0.018 and 0.025;
Jost’s D = 0.017 and 0.047, respectively), while the Kazakh white-headed breed was most
distant from museum populations (Fst = 0.048, 0.082, and 0.096; Jost’s D = 0.089, 0.175
and 0.079 for museum Kalmyk, Kyrgyz and Kazakh cattle, respectively). Museum cattle
revealed a stronger Mongolian genetic background (Fst = 0-0.019; Jost’s D = 0-0.015) com-
pared to the modern cattle breeds (Fst = 0.026-0.052; Jost’s D = 0.039-0.098) (Supplemental
Materials, Table S5).

A similar allelic pattern of the museum populations was reflected in their neighbored
localization on the edges of the Neighbor-Net tree constructed based on Jost’s D values
(Figure 3) and Fst values (Supplemental Materials, Figure S3). Modern populations of
the Kalmyk and Kyrgyz breeds were localized in the same cluster, but formed their own
branches. This suggests that the development of these breeds was based on the historical
genetic background. The Kazakh white-headed cattle formed a separate cluster with the
Hereford breed, reflecting the great contribution of the latter in the development of the
allele pool of the Kazakh white-headed cattle (Figure 3).
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Figure 3. Neighbor-Net graphs based on Jost’s D genetic distances characterizing genetic re-
lationships between studied museum and modern cattle populations. Museum populations:
KALM_H—Kalmyk, KRGZ_H—Kyrgyz, KZKH_H—Kazakh, modern populations: KALM_M—
Kalmyk, KRGZ_M—Kyrgyz, KZWH_M—Kazakh White-Headed, HRFD_M—Hereford, MONG_M—
Mongolian cattle.

A single migration event was found to be the most optimal for describing the de-
mographic history of the studied populations using TreeMix. The most stable TreeMix
tree showed migration from the ancestors of the museum Kazakh cattle and Herefords to
the Kazakh white-headed breed that agrees with the origin and development of the last
(Figure 4).

Drift parameter

KALM_H 25SE
m

=
N
Py
II
T
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KALM_H
KRGZ_H
KZKH_H
KALM_M
KRGZ_M
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Figure 4. (a) Maximum likelihood tree inferred from studied cattle populations with single migration
edge. Scale bar shows 10 times the average standard error (SE) of the estimated entries in the sample
covariance matrix. Putative gene flow is indicated by the arrow, pointing in the direction of flow from
the donor to the recipient population, and coloured in orange, proportional to the gene flow intensity.
(b) Residual matrix plotted from a TreeMix analysis under single migration event and expressed as
the number of SE of the deviation. Positive SE values between pairs of populations indicate that
populations are more closely related to each other than in the modeled tree, while negative SE values
show that the observed covariance is overestimated. Museum populations: KALM_H—Kalmyk,
KRGZ_H—Kyrgyz, KZKH_H—Kazakh, modern populations: KALM_M—Kalmyk, KRGZ_M—
Kyrgyz, KZWH_M—Kazakh White-Headed, HRFD_M—Hereford, MONG_M—Mongolian cattle.
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4. Discussion

Conservation of the genetic diversity of animal genetic resources is important for
food security and the ability of agricultural systems to adapt to possible future changes in
production environments, including climate, market requirements, and diseases [58,59].
Predominantly using highly productive transboundary breeds in agricultural production
and the associated decline in the population size of the local breeds has led to a drastic
decrease in the genetic diversity of farm animal species, including cattle [59,60]. To ensure
the sustainability of agricultural production, programs for the conservation of farm animal
genetic resources should be developed [59,61].

One of the important points in developing such programs is the selection of the
individuals to be used for conservation. The most valuable resources are individuals who
are carriers of breed-specific genetic components and would allow reconstitution of that
breed in case of its extinction [62]. However, in modern populations of local cattle breeds,
the complex genetic backgrounds and active crossbreeding make it difficult to estimate
the ancestral genetic components and infer the origin of breeds. The absence of such
information would negatively affect their future development and breeding management.
The study of museum and archeological samples can help in the identification of such
components in the genome of modern representatives of breeds [29,63,64].

During the century-long history of the territories in the south steppe of Russia and
the neighboring republics of the former Soviet Union, cattle breeds developed were well
adapted to the harsh environment of this region and able to survive under poor foraging
conditions [8,9]. In the present study, we were able to obtain valid genotypes for 11 mi-
crosatellite loci for the museum specimens of the native steppe Kalmyk, Kyrgyz, and
Kazakh cattle dated to the first quarter of 20th century.

The level of genetic diversity of the modern Kalmyk and Kyrgyz cattle
(uHe = 0.771-0.778) was similar to that determined in previous studies of these breeds
(He =0.76-0.78) [65] and comparable to those observed in the museum samples
(uHe = 0.772-0.776) (Table 3). The modern populations of both of these breeds were less
affected by crossing with transboundary breeds and were not subjected to artificial selection
with high selection pressure [66,67]. On the contrary, we detected a visible decrease in the
genetic variability of the modern Kazakh white-headed breed compared to the museum
Kazakh cattle (uHe = 0.726 and 0.767; Ar = 3.727 and 3.336, respectively) (Table 3). A
possible explanation is that only a part of the Kazakh cattle inhabiting the northern and
western territories of Kazakhstan were used for developing the modern population of
Kazakh white-headed cattle [17]. Higher selection pressure for the limited number of traits
and the use of a limited number of Hereford sires for breed improvement can be considered
as additional factors leading to the decline in genetic diversity in the modern population
of this breed. Meanwhile, the genetic diversity of the Kazakh white-headed cattle was
higher than in Herefords (uHe = 0.726 vs. 0.653; Agr = 3.336 vs. 2.994, p < 0.05), which
is in general agreement with other studies [65,68-70] showing a lower level of genetic
diversity in transboundary commercial breeds compared to local ones; He = 0.76-0.78 in
Kalmyk and Kyrgyz cattle comparing to 0.70-0.71 in transboundary Brown Swiss and
Holstein breeds [65]; He = 0.679-0.802 in twenty-seven Chinese indigenous yellow cattle
breeds comparing to 0.661-0.697 in three commercial breeds [68]; uHe = 0.791-0.804 in
local Vietnamese pigs comparing to 0.606-0.632 in commercial Yorkshire and Landrace pig
breeds [69]; He = 0.72-0.81 in twenty-two Vietnamese pig breeds comparing to 0.56-0.65 in
commercial Duroc, Yorkshire and Landrace pig breeds [70].

We observed a significant deviation from the Hardy-Weinberg equilibrium in het-
erozygote number for museum samples of the Kalmyk breed (heterozygote deficiency),
which has been indicated by a positive value of uFig (0.131). Interestingly, we found the
heterozygote excess beyond the expected number of heterozygotes in the modern Kyrgyz
cattle (uFjs = —0.085) that has the lowest population size among studied breeds. This
observation is in agreement with the results of previous studies [65], indicated the heterozy-
gote excess in two studied populations of Kyrgyz cattle (Fig = 0.132-0.135). The possible
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explanation could be the low pressure of the artificial selection, extremely long productive
life (up to 10 lactations) of the cows, and the calves’ exchanges between owners.

The PCA plot (Figure 2a), STRUCTURE clustering (Figure 2b), Fsr-based tree (Figure S3),
and Jost’s D network (Figure 3) showed strong maintenance of the historical genetic
backgrounds in the modern populations of the Kalmyk and Kyrgyz cattle. The allele pool
of the modern Kazakh white-headed cattle has undergone the greatest changes compared to
the museum Kazakh cattle, which is associated with multiple backcrossing with Hereford
bulls [8,9]. This revealed in more distant localization of Kazakh white-headed breed
in relation to museum samples at PCA plot (Figure 2a); occurrence of the large part of
Hereford specific genetic components in the cluster structure of Kazakh white-headed cattle
(Figure 2b); formation by Kazakh white-headed and Hereford breeds of the joined branch
on Neighbor-Net trees (Figure 3, Supplemental materials, Figure S3). The contribution
of Herefords is confirmed by more than a threefold decrease of the genetic distance with
Kazakh white-headed cattle (Fst = 0.049) comparing to museum Kazakh cattle (Fst = 0.154)
(Supplemental materials, Table S5), as well as by observed gene flow from Hereford
ancestors to the ancestral population of the Kazakh white-headed breed at TreeMix tree
(Figure 4a). The positive SE value observed between Hereford and Kazakh white-headed
cattle at residual matrix plotted from a TreeMix (Figure 4b) indicates that these two breeds
are even more closely related to each other than in the modeled tree. However, individuals
that have retained a visible portion of their historical genetic components are still present
among modern Kazakh white-headed cattle (Figure 2b). Including such individuals in
conservation programs has great value for maintenance of the genetic diversity of the local
animal genetic resources.

Thus, our research results have demonstrated that the studied cattle breeds have still
retained their historical genetic background, which allows them to this day not only to
successfully compete with transboundary breeds, but also to perform important functions
ranging from providing foods to socio-economic, cultural and ecological roles in their
breeding areas. In our opinion, the strategy for the further preservation of the genetic
resources of these breeds may consist at least of preventing mass crossbreeding with trans-
boundary breeds. In the ongoing breeding policy, special attention should be paid to the
preservation of historical allele pool, since it composes the genetic uniqueness of breeds,
formed by combining the ecological processes, gene flow, local breeding practices, and
geographical features.

Considering the development of new powerful molecular genetics tools that enable
high-throughput analysis of cattle at the genome level [18,19,22,23,71,72], including anal-
ysis of museum and archeological specimens [73,74], additional studies are required to
identify and trace more precisely the historical genomic components in the modern repre-
sentatives of breeds.

5. Conclusions

Using the genotypes for 11 microsatellite loci, we compared the genetic diversity
and established the genetic relationships between the museum (dated to the first part of
20th century) and modern populations of Kalmyk, Kyrgyz, and Kazakh cattle, distributed
in the south steppe region of the European part of Russia, Kazakhstan, Kyrgyzstan, and
West Siberia. We showed that the allele pool of modern cattle populations has undergone
changes that have manifested visibly, which are most significant in the Kazakh white-
headed cattle. At the same time, we were able to clearly show that modern representatives
of all of the studied breeds retained a portion of their historical genetic components, making
them valuable national genetic resources. These research results can be used for developing
sustainable programs for conservation of the genetic diversity of native cattle breeds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13080351/s1, Figure S1: Representatives of Kalmyk (a) and Kyrgyz (b) cattle demonstrated
on the first agricultural exhibition of breeding cattle in Moscow 1896, Figure S52: Schematic map of the
zoning of cattle breeds on the territory of the USSR in 1934, Figure S3: Neighbor-Net graphs based
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on Fgr genetic distances characterizing genetic relationships between studied museum and modern
cattle populations, Table S1: Quantitative and qualitative characteristics of DNA extracted from the
museum specimens and number of replicates used for estimating the consensus genotypes, Table S2:
Microsatellite genotypes of museum and modern samples used for the studies, Table S3: Quality of
microsatellite genotyping and distribution of genotyping errors among microsatellite loci in museum
samples of studied cattle populations, Table S4: Alleles of microsatellites, which were occurred in
museum samples, but were lost in modern populations and novel alleles, which are appeared in
modern populations, Table S5: Genetic distances between the studied populations based on Fgt and
Jost’s D indices.
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