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Abstract
Intrabreed and interbreed variation of BOLA-DRB3 exon 2 (BOLA-DRB3.2) was for the first time studied in the Kostroma and
Yaroslavl cattle breeds by PCR-RFLP. These breeds are among the best Russian breeds and were developed as dairy–beef and
dairy cattle, respectively. Twenty-nine alleles were observed in five Kostroma samples, and 14 of them proved unique in
comparison with two Yaroslavl samples, in which 25 alleles were detected, and 10 of them were unique. The total frequency
of bovine leukemia virus (BLV) resistance alleles (*11, *23, and *28) was 23.2% in the Kostroma, while the total frequency of
BLV susceptibility alleles (*8, *16, *22, *24) was low, 8.4%. The frequencies were 25.8 and 30.1%, respectively, in Yaroslavl
cattle. Testing Hardy–Weinberg equilibrium revealed a significant deficit of heterozygotes: the observed (Ho) and expected (He)
heterozygosities were, respectively, 0.734 and 0.859 in Kostroma cattle and 0.613 and 0.886 in Yaroslavl cattle. The intrabreed
differentiation (FST) in the Kostroma (4.5%,P = 0.001) was substantially higher than in the Yaroslavl (0.5%,P = 0.158), between
the two breeds was 8.2% (P = 0.001). The Bayesian clustering approach showed an intrabreed structure for each of the breeds,
with the most probable number of clusters being 2 in the Kostroma and 3 in the Yaroslavl. The structure observed in the
Kostroma remained the same when the breed was analyzed together with six additional breeds. Our data provide important
clues toward the understanding of the genetic structure of indigenous breeds.
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Introduction

Indigenous cattle breeds are of considerable interest to study
because they have distinct adaptations to their environmental

conditions (Agyemang 2005; Lazebnaya et al. 2010; Mapiye
et al. 2019). The set includes climatic conditions, the epidemio-
logical situation, specifics of the forage base, the rearing and
breeding conditions, and veterinary support and depends, in par-
ticular, on economic performance. To balance the breeding for
higher productivity, which is often accompanied by a decrease in
health parameters, with preservation of adaptive traits, the levels
of intrabreed and interbreed genetic variation are necessary to
know for indigenous breeds (FAO 2010; Lazebnaya et al.
2013; Lazebnaya et al. 2018).

In addition, global climatic changes and consequent shifts in
the conventional regions of known disease agents, as well as the
emergence of new ones, may require the maximal readiness of
the immune system. A broad allelic variation of relevant genes is
a factor that ensures such adaptation (Giovambattista et al. 2013).
The set includes primarily major histocompatibility complex
(MHC) genes and, in particular, BOLA-DRB3 (NCBI, Gene
ID: 282530, 23q21) as one of the most variable MHC class II
genes (Oprzadek et al. 2018). BOLA-DRB3 is expressed in
antigen-presenting cells, including B cells, dendritic cells, and
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macrophages. The gene codes for the DR beta chain, which
interacts with the alpha chain to form a transmembrane hetero-
dimer. An extracellular domain of the beta chain is encoded by
BOLA-DRB3 exon 2 (BOLA-DRB3.2) and determines the
antigen-binding specificity. Polymorphism of exon 2 is, there-
fore, involved in the formation of immunity (Behl et al. 2012).

A total of 136 BOLA-DRB3.2 alleles are known in cattle
(https://www.ebi.ac.uk/ipd/mhc/group/BoLA/) and are
detected mostly by the PCR-RFLP and PCR-SBT techniques
(Takeshima et al. 2015). Particular alleles of the gene have
been associated with morbidity, such as leukemia, foot-and-
mouth disease, mastitis, dermatophilosis, reproductive disor-
ders, paratuberculosis, and joint pathologies, and with resis-
tance to ixodic tick-borne pathogens (Behl et al. 2012).

According to FAO data, breed diversity grows lower, and
population sizes decrease in certain breeds and primarily the
best-fit indigenous breeds (Shabtay 2015) because of various
factors, including economic ones. Many such breeds are low
productive and seem unprofitable to rear. The trend is ob-
served in Russia as well. The number of Russian cattle breeds
was halved over the last 20 years of the past century and was
33 by the start of the twenty-first century (Altukhov et al.
2004). The Yaroslavl and Kostroma cattle breeds are among
the best Russian dairy and dairy–beef breeds, respectively.
The regions of their origin, which gave names to the breeds,
border each other in the central part of European Russia.
Yaroslavl cows produce milk with high protein (3.4–3.6%)
and high fat (4.37–5.0%) contents (FAO 1989), which are of
importance for manufacturing popular dairy products, such as
cottage cheese and sour cream. The Kostroma dairy–beef
breed is characterized by a strong constitution, hardiness,
gaining weight rapidly, and high-quality milk for cheese mak-
ing (Ruzina et al. 2010). The protein and fat contents of milk
are 3.6 and 3.9%, respectively (FAO 1989).

The variation of BOLA-DRB3.2 has been studied in many
breeds representing both Bos indicus and B. taurus (Behl
et al. 2012). The Yakut, also known as Yakutian; Kalmyk;
Mongol, also known as Mongolian (Ruzina et al. 2010);
Russian Black-and-White (Udina et al. 2003); and several
others have been examined among Russian breeds. Some
of the breeds are resistant to the bovine leukemia virus
(BLV) and are included as resistant in the FAO list because
anti-BLV antibodies have been detected in blood samples
from animals tested by enzyme-linked immunosorbent assay
(ELISA) (FAO 2007). The Kostroma cattle breed has not
been included in the list, in contrast to the Yaroslavl breed,
possibly because the relevant data are insufficient. However,
economic losses due to BLV-induced leukemia may be sub-
stantial even when the disease incidence is low because the
productivity decreases; additional veterinary care is neces-
sary; and other animals, including the youth, may be infect-
ed. It is therefore of importance to study the intrabreed dis-
tribution of anti-BLV immunity.

The BOLA-DRB3.2 variation has already been studied in a
pooled sample from two Yaroslavl herds (Mohammadabadi
et al. 2004) and, with our participation, in several Kostroma
samples (Sulimova et al. 2011; Sulimova et al. 2014), but the
studies were not aimed at a detailed population genetic anal-
ysis of the intra- and interbreed variations of BOLA-DRB3.2
alleles or BLV resistance and susceptibility alleles in the re-
spective breeds.

The objectives of this work were to perform a molecular
genetic analysis of BOLA-DRB3.2 in a new Kostroma breed
sample; to evaluate the intrabreed variation using new and our
previous data; and to carry out a joint analysis of the intrabreed
variation for the Kostroma and the Yaroslavl breeds, which
was not examined in this respect earlier. A separate objective
was to compare the two breeds with six other breeds whose
genotype data were available.

Materials and methods

Sample populations and PCR-RFLP genotyping

Blood samples were collected during scheduled veterinary ex-
aminations of Kostroma cattle (cows, N = 112) at the
Karavaevo breeding farm of Kostroma Oblast. Polymorphism
of a 284-bp BOLA-DRB3.2 fragment, including exon 2, was
analyzed by PCR-RFLP as described by Ruzina et al. (2010).
To evaluate the intrabreed variation, we additionally used the
genotyping data obtained previously with our participation by
PCR-RFLP in Kostroma samples from other breeding farms of
KostromaOblast:Minskoe (cows,N = 20), Gridino (cows,N =
42), Louzhky (cows, N = 56) (Sulimova et al. 2011), and
Kostromskoe (bulls, N = 78) (Sulimova et al. 2014). The sam-
ples are hereafter designated by the respective farm names. The
results obtained in the current study were compared with
intrabreed variation estimates that we calculated for two
Yaroslavl cattle samples using available genotypic data
(Mohammadabadi et al. 2004). The samples were from the
breeding farms Mikhailovskoe (cows, N = 44) and Gorshikha
(cows, N = 49) of Yaroslavl Oblast and were examined by the
PCR-RFLP method as a pooled sample by Mohammadabadi
et al. (2004). After considering the intra- and interbreed varia-
tions of these breeds, the test groupwas expanded to include six
cattle breeds: the Yakut, Mongol, Kalmyk, the Black-and-
White, and Red-and-White Russian breeds, and the
Golpayegani from Iran, data for which, except for the
Golpayegani breed (Mosafer and Nassiry 2005), were provided
by Prof. G.E. Sulimova. The sample size of the considered
breeds amounted to 80, 32, 62, 61, 35, and 50, respectively.
In total, genetic variation parameters were analyzed for 13
samples of eight breeds, of which only the Kostroma and
Yaroslavl were each represented by more than one sample.

356 Immunogenetics (2020) 72:355–366

https://www.ebi.ac.uk/ipd/mhc/group/BoLA/


Statistical analyses

Results were statistically processed using the software packages
GenAlEx 6.503 (http://biology-assets.anu.edu.au/GenAlEx/
Download_files/GenAlEx%206.503%20Download.zip),
STRUCTURE 2.3.4. (https://web.stanford.edu/group/
pritchardlab/structure_software/release_versions/v2.3.4/html/
structure.html), and Statistica 10.0.

Nei’s unbiased genetic distances D (Nei 1978) were calcu-
lated from the allele frequencies with GenAlEx to perform a
multidimensional scaling analysis in Statistica 10.0 (StatSoft
2011). Genotype frequencies were used to perform analysis of
molecular variance (AMOVA) using GenAlEx V6.503
(Peakall and Smouse 2012).

The observed (Ho) and expected (He) heterozygosities at the
BOLA-DRB3.2 locus under study were estimated using the
GenAlEx software for population genetic analyses. Potential de-
viations from the Hardy–Weinberg equilibrium (HWE) were
estimated usingGenAlEx for each sample and breed. The genetic
structure and genetic differentiation of the breeds were assessed
using standard Wright’s FST statistics and the exact G test for
population differentiation. The parameters were estimated using
GenAlEx. Levels of genetic differentiation between populations
were described using the population pairwise FST indices and
corresponding probability values for the BOLA-DRB3 gene,
and represented graphically using the Heatmapper software
(http://heatmapper.ca/). Note that the chart was constructed
only on the basis of significant FST values.

The probability values (PFst, PG test, and PHWE) were ad-
justed using the Benjamini–Hochberg correction (q*) for mul-
tiple testing (Benjamini and Hochberg 1995).

The genotypes observed and the STRUCTURE 2.3.4. soft-
ware (Pritchard et al. 2000) were used to carry out a model-based
clustering analysis and to assign individuals to populations as
described by Martínez et al. (2012). For each ancestral K value,
we performed ten to 20 independent simulations, from K = 2 to
K = 15, using a burn-in of 100,000 iterations and a run length of
1,000,000 iterations. The parameter alpha (degree of admixture)
was inferred from the data by using the default settings and an
admixture model. The method of Evanno et al. (2005) was used
to determine the modal distribution ofΔK for the Kostroma and
Yaroslavl breeds; and the method of Pritchard et al. (2000) was
used in the cases of two and eight breeds.

Results

Analysis of the Kostroma and Yaroslavl cattle samples

Distributions of BOLA-DRB3.2 alleles

The BOLA-DRB3.2 allele frequencies in samples of the
Kostroma and Yaroslavl breeds are summarized in Table 1.

The number of alleles per sample varied from 13 (Minskoe) to
19 (Karavaevo) in the Kostroma samples. Alleles *10, *11,
*12, and *28 were found in all samples of the breed; their total
frequency ranged from 47% (Louzhky) to 61% (Karavaevo).
Sample-specific alleles were observed in three Kostroma cat-
tle samples: five in the Karavaevo sample, three alleles in the
Louzhky sample, and one allele in the Gridino sample.

In the Yaroslavl breed, 21 and 17 alleles were observed in
the Mikhailovskoe and Gorshikha samples, respectively
(Table 1). Eight and four alleles were specific for the respec-
tive sample, while 13 alleles were common for them. The total
frequencies of the common alleles were 81.8% in the
Mikhailovskoe sample and 93.9% in the Gorshikha sample.
Note that substantial frequencies were observed for alleles *24
and *28: 19.3 and 26.1%, respectively, in the Mikhailovskoe
sample and 23.5 and 16.3%, respectively, in the Gorshikha
sample.

The number of BOLA-DRB3.2 alleles with frequencies
higher than 5% varied in the Kostroma samples from five
(Karavaevo) to eight (Gridino and Kostromskoe) (see
Supplementary Material; Table S1). Alleles *10, *11, and
*28 were common for all samples in this allele group. In the
Yaroslavl cattle, six and eight alleles occurred at a frequency
higher than 5% in the Mikhailovskoe and Gorshikha samples,
respectively. Five alleles were common for the two samples.
Substantial interbreed differences were observed in this pa-
rameter. Thus, the set of alleles with frequencies higher than
5% included seven alleles in each of the breeds, but only one
allele, *28, was common for the two sets. The frequency of
allele *28 in the Kostroma cattle was half as high (9%) as in
the Yaroslavl cattle (21%) (Table 1).

The genotype frequency distribution did not obey the HWE
in the majority of the Kostroma samples. A deviation from the
HWE was significant (q* = 0.04) and due to a lower hetero-
zygote frequency (Table 1). The same pattern was observed in
the Yaroslavl breed samples.

A total of 29 alleles were observed in the Kostroma cattle
and 25 alleles in the Yaroslavl cattle (Table 1). Fifteen alleles
were detected in both of the breeds. Of these alleles, *10
(31.8%) and *11 (10.6%) were the most frequent in the
Kostroma and *28 (21%) was the most frequent in the
Yaroslavl. Among the 14 alleles that were unique for the
Kostroma breed, alleles *1, *7, *8, and *18 had frequencies
higher than 5% (Supplementary Table S1). Among the 10
alleles specific for the Yaroslavl breed, alleles *16, *24,
*40, and *44 had frequencies higher than 5%.

Frequency distributions of resistance and susceptibility alleles

We studied the distribution of BOLA-DRB3.2 alleles associat-
ed with BLV resistance or susceptibility in the two breeds
(Fig. 1a, b). Alleles *11, *23, and *28 are the best-known
alleles associated with BLV resistance. Of these, alleles *11
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and *28 were observed in all of the Kostroma samples
(Fig. 1a). Allele *23 was detected only in the Kostromskoe
and Karavaevo samples. In the Yaroslavl, alleles *23 and *28
were common in the two samples. The third BLV resistance
allele, *11, was additionally detected in the Mikhailovskoe
sample. Note that the total frequency of the resistance alleles
was relatively high in both of the breeds, 23.2% in the

Kostroma and 25.8% in the Yaroslavl; in addition, a signifi-
cant contribution to BLV resistance was due to alleles *11
(10.6%) and *28 (9.1%) in the Kostroma cattle and allele
*28 (21%) in the Yaroslavl cattle.

Alleles *8, *16, *22, and *24 are major BLV susceptibility
alleles. Two of them, *8 and *22, were observed inmost of the
Kostroma breed samples (Fig. 1b), besides the Minskoe and

Table 1 BOLA-DRB3 allele frequencies and HWE test in the Kostroma and Yaroslavl cattle samples

Kostroma cattle breed Yaroslavl cattle breed

Allele/Na Minskoe Gridino Kostromskoe Karavaevo Louzhky Total Mikhailovskoe Gorshikha Total
20 42 78 112 56 308 44 49 93

*1 0.200 0.107 0.141 0.036 0.000 0.076 0.000 0.000 0.000
*2 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.010 0.016
*3 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.022
*6 0.000 0.000 0.000 0.004 0.000 0.002 0.023 0.000 0.011
*7 0.100 0.060 0.103 0.036 0.000 0.054 0.000 0.000 0.000
*8 0.000 0.036 0.013 0.040 0.152 0.050 0.000 0.000 0.000
*10 0.100 0.226 0.276 0.451 0.259 0.318 0.034 0.020 0.027
*11 0.200 0.095 0.141 0.058 0.125 0.106 0.011 0.000 0.005
*12 0.100 0.012 0.045 0.013 0.027 0.029 0.057 0.051 0.054
*13 0.025 0.012 0.013 0.000 0.000 0.006 0.057 0.061 0.059
*14 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.016
*15 0.000 0.000 0.000 0.000 0.045 0.008 0.034 0.020 0.027
*16 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.082 0.065
*17 0.000 0.000 0.006 0.000 0.009 0.003 0.011 0.000 0.005
*18 0.000 0.000 0.071 0.085 0.009 0.050 0.000 0.000 0.000
*20 0.025 0.000 0.000 0.004 0.054 0.013 0.023 0.000 0.011
*21 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.005
*22 0.050 0.036 0.071 0.022 0.000 0.034 0.011 0.031 0.022
*23 0.000 0.000 0.006 0.094 0.000 0.036 0.034 0.051 0.043
*24 0.000 0.000 0.000 0.000 0.000 0.000 0.193 0.235 0.215
*25 0.000 0.000 0.000 0.000 0.009 0.002 0.000 0.000 0.000
*27 0.025 0.000 0.026 0.027 0.000 0.018 0.000 0.000 0.000
*28 0.100 0.190 0.064 0.085 0.063 0.091 0.261 0.163 0.210
*31 0.000 0.000 0.006 0.000 0.018 0.005 0.000 0.000 0.000
*32 0.000 0.000 0.000 0.009 0.000 0.003 0.000 0.000 0.000
*33 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.005
*34 0.000 0.000 0.000 0.004 0.000 0.002 0.000 0.000 0.000
*36 0.025 0.036 0.000 0.000 0.205 0.044 0.000 0.000 0.000
*37 0.025 0.000 0.000 0.000 0.018 0.005 0.000 0.000 0.000
*40 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.102 0.065
*41 0.025 0.048 0.000 0.004 0.000 0.010 0.000 0.000 0.000
*42 0.000 0.000 0.000 0.004 0.000 0.002 0.000 0.000 0.000
*43 0.000 0.000 0.000 0.000 0.009 0.002 0.000 0.010 0.005
*44 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.092 0.054
*48 0.000 0.036 0.000 0.000 0.000 0.005 0.034 0.000 0.016
*49 0.000 0.048 0.013 0.000 0.000 0.010 0.000 0.000 0.000
*50 0.000 0.000 0.000 0.009 0.000 0.003 0.023 0.000 0.011
*51 0.000 0.060 0.006 0.013 0.000 0.015 0.034 0.020 0.027
*54 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.005
Na

b (Ns)
c 13 14 (*48) 16 14 (*6, *32,

*34, *42, *50)
19 (*15, *25, *43) 29 (14) 21 (*3, *6, *11, *17,

*20, *48, *50, *54)
17 (*14, *21, *33, *43) 25 (10)

PHWE
d 0.155 0.009 << 0.001 << 0.001 << 0.001 << 0.001 << 0.001 << 0.001 << 0.001

Alleles identified in all samples of each breed are marked in italics. Alleles common for both breeds are marked in italics too
aN is the sample size for a sample or breed; *1–*54 allele numbers according to the classification at the IPD–MHС BOLA website (https://www.ebi.ac.
uk/ipd/mhc/group/BoLA/)
bNa is the number of alleles identified in a sample
cNs is the number of alleles specific for the given sample within the breed, with the allele numbers listed in parentheses
dPHWE is the probability of deviation of the genotype frequency distribution from the HWE for a sample
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Louzhky samples, respectively. In the Yaroslavl, alleles *16,
*22, and *24 out of four BLV susceptibility alleles were ob-
served in both of the samples. The total frequencies of the
susceptibility alleles were 8.4% in the Kostroma and 30.1%
in the Yaroslavl.

Comparison of the BOLA-DRB3.2 genotype frequency
distribution

Intrabreed and interbreed pairwise comparisons of the BOLA-
DRB3.2 genotype frequency distribution were performed by
the G test. The results and respective probability estimates are
summarized in Supplementary Table S2. Significant G test
values were obtained in the majority of cases (q* = 0.05), ex-
cept for Minskoe–Gridino and Minskoe–Kostromskoe
comparisons.

Genetic diversity

The expected heterozygosity He varied in the Kostroma from
0.764 (Karavaevo) to 0.875 (Gridino) (Table 2). A lack of
heterozygotes was observed in four samples, except for the
Minskoe sample. The He estimates obtained for the two
Yaroslavl cattle samples were higher than the maximal values
observed in the Kostroma samples. A lack of heterozygotes

was substantial in the Gorshikha sample, where the Ho was
0.531, while Ho was 0.705 in the Mikhailovskoe sample. In
general, the He values were 0.859 and 0.886 in the Kostroma
and Yaroslavl cattle, respectively, while the FIS values dif-
fered threefold between the breeds (0.095 and 0.296,
respectively).

Wright’s pairwise fixation index FST and AMOVA

Wright’s pairwise fixation index FST was used to study sam-
ple differentiation for the Kostroma and Yaroslavl cattle
(Table 3). Significant FST values (q* < 0.04) were obtained
for the majority of sample pairs, with the exception of
Minskoe–Gridino (FST = 0.018, P = 0.058) and Minskoe–
Kostromskoe (FST = 0.014, P = 0.108). The Minskoe–
Karavaevo sample pair was the most differentiated FST =
0.059 (P = 0.001). In total, the Kostroma breed showed
FST = 0.045 (P = 0.001). The Yaroslavl cattle samples showed
no differentiation by FST = 0.005 (P = 0.158). Differentiation
of the two breeds was observed (FST = 0.082, P = 0.001).
Similar results were obtained by means of AMOVA
(Fig. 2a–c).

Bayesian clustering

The population structure was modeled for the Kostroma and
Yaroslavl cattle, and the two breeds were analyzed together
with the use of the STRUCTURE 2.3.4 software and a model
with admixture. The results are shown in Fig. 3a–c. Based on
ΔK, the most reliable clustering is achieved at K = 2 (Fig. 3a).
A structure shown green was predominant in four Kostroma
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Fig. 1 Frequency (%) distribution of bovine leukemia virus a resistance
and b susceptibility alleles in the Kostroma and Yaroslavl breeds.
Kostroma samples: Minskoe, Gridino, Kostromskoe, Karavaevo, and
Louzhky; Yaroslavl samples: Mikhailovskoe and Gorshikha

Table 2 Genetic diversity (He, Ho, FIS) in the Kostroma and Yaroslavl
cattle breeds by the BOLA-DRB3.2 gene

Na He
b Ho

c FIS
d

Farm/breed Kostromа cattle

Minskoe 20 0.874 0.950 −0.087
Gridino 42 0.875 0.762 0.129

Kostromskoe 78 0.856 0.744 0.132

Karavaevo 112 0.764 0.732 0.042

Louzhky 56 0.842 0.625 0.257

Kostromа cattle 308 0.859 0.734 0.095

Farm/breed Yaroslavl cattle

Mikhailovskoe 44 0.875 0.705 0.195

Gorshikha 49 0.880 0.531 0.397

Yaroslavl cattle 93 0.886 0.613 0.296

aN, sample size
bHe, expected heterozygosity
cHo, observed heterozygosity
dFIS, Wright’s inbreeding index
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samples (87.2–99.8%). The Louzhky sample differed from
the four other samples by having a different proportion
of the two structures detected. The portion of the struc-
ture shown red was 97.5% in the Louzhky sample.

In the Yaroslavl cattle, the most likely number of ge-
netic structures was found to be 3 (Fig. 3b). The structures
were irregularly distributed in the Mikhailovskoe and
Gorshikha samples. The cluster shown red was predomi-
nant in both of the samples (62.1% in Mikhailovskoe and
48.6% in Gorshikha). The second most frequent cluster
was the cluster shown green in the Mikhailovskoe sample

(36.7%), and the cluster shown blue in the Gorshikha sam-
ple (35.3%). It should be noted that the within-sample
cluster distribution in the Gorshikha sample was more
regular than in the Mikhailovskoe sample.

The distribution of the established clusters (K = 2 ÷ 5) was
studied using the pooled data on the two breeds while preserv-
ing the partitioning of individual samples (Fig. 3c). When the
number of clusters was set to be K = 2, interbreed differentia-
tion was the most distinct. The most likely number of clusters
was K = 3 for the pooled sample of the two breeds. The
Yaroslavl breed remained monomorphic. As for the

Table 3 Pairwise genetic differentiation of the Kostromа and Yaroslavl cattle samples and breeds on the basis of Wright’s F-statistic (FST) and
corresponding probability values for the BOLA-DRB3 gene

Kostromа cattle breed

Farm Minskoe Gridino Kostromskoe Karavaevo Louzhky

Minskoe 0.000 0.058 0.108 0.001 0.001

Gridino 0.018 0.000 0.031 0.001 0.001

Kostromskoe 0.014 0.012 0.000 0.001 0.001

Karavaevo 0.059 0.028 0.020 0.000 0.001

Louzhky 0.042 0.026 0.031 0.036 0.000

Yaroslavl cattle breed Interbreeding

Farm Mikhailovskoe Breed Kostromа

0.000 0.158 0.000 0.001

Gorshikha 0.005 0.000 Yaroslavl 0.082 0.000

The pairwise FST values are given below the diagonal, the corresponding probability values are above the diagonal

Among Pops

5%

Among Indiv

11%

Within Indiv

84%

Among Pops

0.5%

Among Indiv

31%
Within Indiv

69%

Among Breeds

8%
Among Pops

3%

Among Indiv

15%

Within Indiv

74%

a b

c

Fig. 2 AMOVA based on the
BOLA-DRB3.2 genotypes for a
the Kostroma, b the Yaroslavl,
and c the two breeds together.
Indiv, individual; Pops,
populations
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Kostroma cattle, the Louzhky sample was separated from the
other samples, as was seen in the diagram constructed for the
Kostroma alone (Fig. 3a).

Analysis of 13 samples from eight cattle

To compare the variation levels observed in the Kostroma and
Yaroslavl with the levels characteristic of other cattle breeds,
six other breeds were added to the test group: the Yakut,

Mongol, Kalmyk, Black-and-White, and Red-and-White
Russian breeds, and the Golpayegani from Iran, data for
which, except for the Golpayegani breed (Mosafer and
Nassiry 2005), were provided by Prof. G.E. Sulimova.

Multidimensional scaling

An ordination plot (Fig. 4) was constructed for the Kostroma
and Yaroslavl samples, and the six breeds additionally

Fig. 3 Bayesian genotypic cluster
analysis based on BOLA-DRB3
polymorphism for a the
Kostromа, b the Yaroslavl, and c
the two breeds together at various
K values. Each cluster is
designated with a particular color
(see the description in the text). X-
axis, samples. a K = 2. Kostroma
samples: 1, Minskoe; 2, Gridino;
3, Kostromskoe; 4, Karavaevo; 5,
Louzhky. b K = 3. Yaroslavl
samples: 1, Mikhailovskoe; 2,
Gorshikha. c K = 2–5. Samples:
1–5, the Kostroma samples in the
same order as in a; 6, 7, the
Yaroslavl samples in the same
order as in b
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included in the analysis by multidimensional scaling based on
Nei’s pairwise unbiased distances. The Yaroslavl samples are
in the area enclosed by a red line and show almost no differ-
entiation from each other by dimension 1, in contrast to the
Kostroma samples, which are in the area enclosed by a blue
line. Dimension 2 illustrates that the intrabreed variation in the
Kostroma cattle (− 0.997 to − 0.288) is far greater than in the
Yaroslavl cattle (0.786 to 1.095) and exceeds the interbreed
differentiation level observed in the other breeds. It should be
noted that the Russian Black-and-White and Kalmyk breeds
are in the immediate vicinity of the Yaroslavl and Kostroma
breeds on dimension 1. On the dimension 1 scale, the
Kostroma and Yaroslavl samples cluster together within a
group that includes the majority of the breeds, but not the
Mongol and Yakut cattle. In contrast to the Mongol and
Yakut breeds, the Kalmyk, which is also of a Turano-
Mongolian origin, is closer to the European breeds.

Analysis of pairwise FST values and analysis of molecular
variance

Pairwise FST values based on the extended data set demon-
strate high intrabreed differentiation for the Kostroma
concerning the BOLA-DRB3.2 region under study. This is
evident from the variation range of FST values from 0.012 in
the Minskoe–Kostromskoe sample pair to 0.103 in the
Minskoe–Karavaevo one (Table 4). In the Yaroslavl, there is
almost no difference between the samples by FST (Table 4).
The same conclusions can be made from a heat map (Fig. 5),
which was based on significant (q* = 0.049) pairwise
between-sample FST values. Intervals of the color scale bar
indicate that intense blue corresponds to zero FST and intense
yellow, to maximal FST in the heat map. A green outline

isolates the area that is intense blue, reflecting the low FST

values of the Yaroslavl sample pairs (Fig. 5). The Yaroslavl
samples are similar in their relationships with the Kostroma
samples and the other breeds, while such similarity is not
observed for the Kostroma samples. Note that the Yakut breed
is most strongly differentiated from the other samples and
breeds except for the Mongol and, to a lesser extent,
Kalmyk cattle. The most considerable difference is observed
between the Yakut breed and the Karavaevo sample of the
Kostroma (FST = 0.238) (Table 4).

AMOVA of the eight breeds with the Kostroma and
Yaroslavl not separated into individual samples showed a high
level of differentiation FST = 9% (P = 0.001).

Bayesian clustering

Figure 6 shows the results of a Bayesian clustering of the total
data set at several K values (from 2 to 8). At K = 2, the
Kostroma breed (a red cluster) separates from the other sample
and breeds. At K = 3, the Yakut breed (a green cluster) is
differentiated in addition to the Kostroma. An increase in the
number of clusters to K = 4 leads the Yaroslavl forms to sep-
arate as a yellow cluster. A further increase to K = 5 leads to
differentiation of the Louzhky sample in the Kostroma breed,
and a second cluster (green) is observed in addition to the red
one, which is major for the breed. The same structure is ob-
served for the Kostroma at K = 6 ÷ 8.

The most probable number of clusters was taken to be K =
7 for the set of 13 samples from the eight breeds according to
the clustering algorithm used. The results obtained for the
Kostroma breed agree with the results described above for
the Kostroma analyzed separately (Fig. 3a), while the struc-
ture observed for the Yaroslavl matches the structure observed
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Fig. 4 Multidimensional scaling
of 13 samples from eight cattle
breeds based on Nei’s pairwise
unbiased genetic distances.
Kostroma samples: K-Minsk,
Minskoe; K-Grid, Gridino; K-
Kostr, Kostromskoe; K-Karav,
Karavaevo; K-Louzh, Louzhky;
Yaroslavl samples: Y-Mikh,
Mikhailovskoe; Y-Gorsh,
Gorshikha. Breeds: Golpay,
Golpayegani; B-W, Black-and-
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Breeds without abbreviation:
Kalmyk, Mongol, Yakut
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for the Yaroslavl when the two breeds were analyzed together
(Fig. 3c).

The diagram constructed withK = 7 (Fig. 6) corresponds to
the cluster distribution characterized in Supplementary
Table S3. It is of interest to note that only one cluster per breed

accounts for a considerable fraction in the majority of other
breeds: the fractions of the red cluster are 0.667 in the Russian
Black-and-White breed and 0.846 in the Russian Red-and-
White breed; the sandy brown cluster is the most prevalent
(0.747) in the Iranian Golpaygani, and the Yakut breed, where

Fig. 5 Heat map of 13 samples
from eight cattle breeds based on
the significant pairwise FST
values. Kostroma samples: K-
Minsk or K.Minsk, Minskoe; K-
Grid or K.Grid, Gridino; K-Kost
or K.Kost, Kostromskoe; K-
Karav or K.Karav, Karavaevo; K-
Louzh or K.Louzh, Louzhky;
Yaroslavl samples: Y-Mikh or
Y.Mikh, Mikhailovskoe; Y-
Gorsh or Y.Gorsh, Gorshikha.
Breeds: Golpay, Golpayegani; B-
W, Black-and-White; R-W, Red-
and-White. Breeds without ab-
breviation: Kalmyk, Mongol,
Yakut

Table 4 Pairwise genetic differentiation of 13 samples of eight cattle breeds on the basis of Wright’s F-statistics (FST) and corresponding probability
values

Breed Kalmyk Mongol Yakut Golpay Kostroma Yaroslavl B-W R-W

Sample K-Minsk K-Grid K-Kostr K-Karav K-Louzh Y-Mikh Y-Gorsh

Kalmyk 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001

Mongol 0.024 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Yakut 0.140 0.112 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Golpay 0.018 0.035 0.162 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002

Kostroma K-Minsk 0.028 0.051 0.186 0.034 0.000 0.040 0.062 0.001 0.001 0.001 0.001 0.001 0.009

K-Grid 0.025 0.058 0.189 0.045 0.016 0.000 0.018 0.001 0.001 0.001 0.001 0.001 0.001

K-Kostr 0.048 0.071 0.191 0.056 0.012 0.013 0.000 0.001 0.001 0.001 0.001 0.001 0.001

K-Karav 0.095 0.136 0.238 0.114 0.103 0.048 0.034 0.000 0.001 0.001 0.001 0.001 0.001

K-Louzh 0.053 0.091 0.206 0.074 0.063 0.039 0.051 0.064 0.000 0.001 0.001 0.001 0.001

Yaroslavl Y-Mikh 0.016 0.065 0.188 0.048 0.071 0.053 0.097 0.140 0.103 0.000 0.144 0.005 0.001

Y-Gorsh 0.026 0.067 0.187 0.051 0.079 0.073 0.103 0.149 0.112 0.005 0.000 0.001 0.001

B-W 0.016 0.042 0.163 0.034 0.048 0.043 0.058 0.107 0.080 0.019 0.025 0.000 0.003

R-W 0.031 0.039 0.171 0.023 0.023 0.047 0.043 0.125 0.089 0.058 0.054 0.017 0.000

Pairwise FST values are given below the diagonal; the corresponding probability values are above the diagonal. Kostroma samples: K-Minsk, Minskoe;
K-Grid, Gridino; K-Kost, Kostromskoe; K-Karav, Karavaevo; K-Louzh, Louzhky; Yaroslavl samples: Y-Mikh, Mikhailovskoe; Y-Gorsh, Gorshikha.
Breeds: Golpay, Golpayegani; B-W, Black-and-White; R-W, Red-and-White. Breeds without abbreviation: Kalmyk, Mongol, Yakut
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the magenta cluster dominates (0.997). Note that the Yakut is
the most monomorphic among all breeds under study
concerning the BOLA-DRB3.2 structure. The Kalmyk is a
breed with a major cluster (0.418) and substantial fractions
of several clusters.

Discussion

In this study, we investigated the variation of the BOLA-
DRB3.2 region in 112 cows of the Kostroma breed
(Karavaevo farm) and, to evaluate the intra- and interbreed
variations, compared the sample with four other Kostroma sam-
ples, which have been genotyped previously with our partici-
pation, and two Yaroslavl samples, for which genotyping data
were available. To compare the interbreed variation between
the two breeds with levels characteristic of other breeds, six
other breeds (Mongol, Yakut, Kalmyk, Iranian Golpaygani,
Russian Black-and-White, and Russian Red-and-White) with
available molecular genetic data were included in the analysis.

The intra- and interbreed variations with respect to the alleles
detected and alleles responsible for BLV resistance or suscep-
tibility were evaluated in the Kostroma and Yaroslavl breeds
because such studies had not been performed earlier. The total
number of BOLA-DRB3.2 alleles found in the Kostroma breed
(29) was slightly higher than in the Yaroslavl (25). The number
of common alleles and their total frequency reflected the simi-
larity between the samples and were substantially lower in the

Kostroma breed compared with those in the Yaroslavl (4 vs. 13
common alleles and 47–61% vs. 81.8–93.9% total common
allele frequency, respectively).

The proviral load is known to be lower in the heterozy-
gous animals that carry a resistance allele regardless of the
nature of the other allele (a neutral or susceptibility allele)
and higher in homozygotes or heterozygotes for suscepti-
bility alleles (Miyasaka et al. 2013). Although different
sets of resistance alleles (*11, *23, and *28) with different
allele frequencies are responsible for BLV resistance in the
Kostroma and Yaroslavl breeds, the total resistance allele
frequency is similar in the two breeds (23.2 and 25.8%,
respectively). Given additionally that the total allele num-
ber is lower and the total frequency (30.1%) of suscepti-
bility alleles (*8, *16, *22, and *24) is three times higher
in the Yaroslavl breed, the Kostroma may generally be
somewhat superior to the Yaroslavl in terms of BLV re-
sistance. Note that the total frequency of the above BLV
resistance alleles in the additional group of the six breeds
ranged from zero in the Yakut to 19.4% in the Kalmyk,
thus being lower than in the Yaroslavl and Kostroma
breeds. The total frequency of the susceptibility alleles
ranged from zero in the Yakut breed to 30% in the Red-
and-White breed. The Kostroma breed is intermediate in
total susceptibility allele frequency (8.4%), and the esti-
mate obtained for the Yaroslavl breed does not exceed
the maximal total susceptibility allele frequency observed
in the comparison group.

Fig. 6 Bayesian genotypic cluster
analysis based on BOLA-DRB3
polymorphism for 13 samples of
eight cattle breeds at K values
varying from 2 to 8. Each cluster
is designated with a particular
color (see the description in the
text). X-axis, samples. Kostroma
samples: 1, Minskoe; 2, Gridino;
3, Kostromskoe; 4, Karavaevo; 5,
Louzhky; Yaroslavl samples: 6,
Mikhailovskoe; 7, Gorshikha. 8,
Black-and-White; 9, Red-and-
White; 10, Kalmyk; 11, Mongol;
12, Yakut; 13, Golpayegani
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A number of population genetic parameters point to a higher
level of intrabreed differences for the Kostroma cattle and a
lower level for the Yaroslavl cattle, as was evident from Nei’s
distance and Wright’s pairwise fixation index: D =
0.089 ÷ 1.979 и D = 0.064; FST = 0.045 и FST = 0.005, respec-
tively. The interbreed difference between the two breeds was
substantial (D = 1.309, FST = 0.082). This was similarly ob-
served in a joint analysis of the Kostroma and Yaroslavl sam-
ples with the other breeds and reflected in the heat map based
on the significant pairwise FST values. Thus, the two Yaroslavl
samples, Mikhailovskoe and Gorshikha, show similar patterns
of differentiation from the other breeds as a result of their high
similarity to each other. Louzhki and Karavaevo are distinct
among all Kostroma samples in being differentiated to a greater
extent from both other Kostroma samples (FST = 0.026 ÷ 0.042
and FST = 0.020 ÷ 0.059, respectively) and the other breeds
(FST = 0.032 ÷ 0.119 and FST = 0.052 ÷ 0.139, respectively).
Note that FST = 0.045 established for the Kostroma breed coin-
cides with the high level of intrabreed differentiation (0.044)
that has been obtained for the Colombian Creole cattle
(Hernández-Herrera et al. 2013), which is also a double-
purpose breed, by the same method as in our work.

Yurchenko et al. (2018) have performed a Bayesian cluster
analysis of a large group of Russian breeds on the basis of data
from a genome-wide SNP study, and the differentiation pat-
tern reported in their work is generally similar to the pattern
that we established on the basis of BOLA-DRB3.2 for the
Kostroma, Yaroslavl, Kalmyk, and Yakut breeds. We addi-
tionally observed differentiation of the Golpayegani and
Mongol breeds, which have not been examined by
Yurchenko et al. (2018). Note that only one sample was tested
for each breed, including the Kostroma and Yaroslavl, and
that the intrabreed variation was not evaluated in the study
by Yurchenko et al. (2018). In our study, a stable intrabreed
genetic structure was observed for the Kostroma breed and
remained the same in its joint analyses with the Yaroslavl
breed or the additional breeds. The genetic structure
established for the Yaroslavl breed became monomorphic in
the joint analysis with the other breeds.

Our study is the first to detect a high variation of the BOLA-
DRB3.2 region in the Kostroma and Yaroslavl Russian indige-
nous cattle breeds. Intrabreed differentiation was found to be
extremely low in the Yaroslavl and substantial in the
Kostroma. The difference is possibly explained by the different
breeding purposes; i.e., the former is a single-purpose breed,
while the latter is a dual-purpose breed. The assumption is sup-
ported by the similar observations reported for the Holstein, one
of the best international transboundary dairy breeds, in a study
where the intrabreed variation of the BOLA-DRB3.2 region has
been evaluated by the PCR-SBT method (Takeshima et al.
2015). High intrabreed differentiation of the Kostroma probably
results from its breeding for both dairy and beef productivity
traits. Our assumption is further supported by the separation of

the Louzhky sample, which has been bred favoring beef traits
over dairy traits, from the other Kostroma samples on evidence
of Bayesian modeling andWright’s pairwise fixation index FST.
The Karavaevo Kostroma sample, which had better dairy pro-
ductivity parameters as compared with the other samples of the
Kostroma breed, showed a more monomorphic structure in the
cluster analysis and differed to the greatest extent (FST) from the
other samples and even breeds. Breeding for dairy traits and
breeding for beef traits may each be to a greater extent associated
with a particular set of infectious diseases and, therefore, a par-
ticular set of disease resistance alleles. In line with the idea, the
spectrum and frequencies of BLV resistance alleles were similar
in the Yaroslavl samples and varied among the Kostroma sam-
ples. Like in the Kostroma and Yaroslavl, we revealed genetic
structure specifics detectable by clustering, in particular, in sev-
eral other breeds (Yakut, Mongol, Golpayegani) included in our
analysis of BOLA-DRB3.2 polymorphism.

Our finding testifies again that indigenous breeds are nec-
essary to study comprehensively because their genetic features
might be of importance for sustainable development of cattle
farming when the climate changes to affect the forage base,
resistance to known pathogens decreases, or resistance to new
infectious agents is lacking. In addition, our data might be
useful for developing programs to preserve and improve the
Kostroma and Yaroslavl cattle breeds without losing BOLA-
DRB3.2 allelic diversity, which contributes to the immune
protection against viruses and bacteria.
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