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Abstract. The aim of this study was to provide an integrated population-genomic characterization of Red Steppe 
cattle using high-density SNP genotyping (n = 40), with a sequential assessment of data quality, within-breed 
structure, and autozygosity inferred from runs of homozygosity (ROH). Sample-level quality control indicated a 
low proportion of missing genotypes: mean F_MISS = 0.0009 (0.0000-0.0098), corresponding to a mean call rate 
of 0.9991. Heterozygosity estimates were Ho = 0.3767 and He = 0.3664; the heterozygosity-based inbreeding co-
effi  cient (PLINK) averaged F = -0.0281 (-0.0642-0.0868). Standardized heterozygosity identifi ed outlier samples 
(A01, A08, A22). Structure analysis revealed within-breed heterogeneity in the PC1-PC2 space; according to a sum-
mary evaluation of ADMIXTURE model quality across K = 2-6, the lowest median metric was observed at K = 2 
(0.608340; N = 20). ROH analysis showed pronounced inter-individual variation in autozygosity: total ROH length 
(≥1 Mb) averaged 14.2505 Mb (median 12.9970 Mb; 0.0000-45.5073 Mb), with the highest values recorded for 
A20, A30, and A23. A genome-wide ROH coverage map (1-Mb windows) highlighted intervals with increased ROH 
overlap; the maximum overlap proportion reached 0.275 (11/40). Overall, the results provide a reproducible baseline 
for genomic monitoring of the herd and for downstream annotation of the identifi ed ROH intervals.
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Аннотация. Цель исследования заключалась в проведении интегрированной популяционно-геномной 
характеристики коров красной степной породы на основе высокоплотного SNP-генотипирования (n = 40) с 
последовательной оценкой качества данных, внутрипородной структуры и аутозиготности, реконструиро-
ванной по пробегам гомозиготности (ROH). Контроль качества на уровне образцов показал низкую долю 
пропусков генотипов: среднее значение F_MISS = 0,0009 (0,0000–0,0098), что соответствует среднему 
callrate 0,9991. Оценки гетерозиготности составили Ho = 0,3767 и He = 0,3664; коэффициент инбридинга 
на основе гетерозиготности (PLINK) в среднем равнялся F = −0,0281 (−0,0642–0,0868). По стандартизи-
рованной гетерозиготности выявлены образцы-выбросы (A01, A08, A22). Анализ структуры обнаружил 
внутрипородную неоднородность в пространстве PC1–PC2; согласно сводной оценке качества модели 
ADMIXTURE при K = 2–6, наименьшее медианное значение метрики наблюдалось при K = 2 (0,608340; 
N = 20). Анализ ROH выявил выраженную межиндивидуальную вариабельность аутозиготности: сум-
марная длина ROH (≥1 Мб) в среднем составила 14,2505 Мб (медиана 12,9970 Мб; 0,0000–45,5073 Мб), 
при этом наибольшие значения зарегистрированы у A20, A30 и A23. Карта геномного покрытия ROH 
(окна 1 Мб) выделила интервалы с повышенным перекрытием ROH; максимальная доля перекрытия до-
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Introduction. The conservation and rational use of breed genetic resources increasingly relies on quantita-
tive genetic indicators that describe a population not only in general terms, but through measurable parameters 
of diversity, relatedness, and within-breed heterogeneity. This is particularly important for local and regionally 
adapted breeds, because in populations of limited size and under uneven selection pressure across farms, changes 
in herd structure may accumulate gradually and become apparent at the level of genetic variability. Genetic 
monitoring based on marker panels has demonstrated that such approaches provide a reproducible basis for 
evaluating and comparing breed groups and for detecting within-breed diff erences [7, 13]. Over recent decades, 
high-density SNP arrays have become the main tool of population-genomic studies in farm animals, enabling 
simultaneous analysis of tens of thousands of markers across the genome. The development and adoption of 
50K panels for cattle has substantially expanded the capacity to assess genomic diversity and breed structure 
at a genome-wide scale and has established a technological standard suitable for both research and applied 
tasks [1, 13]. Breed affi  liation and within-breed heterogeneity in SNP data can be robustly described using 
both dimensionality-reduction methods and model-based ancestry estimation. In particular, principal compo-
nent analysis (PCA) allows visualization and statistical detection of stratifi cation in genotype data, whereas the 
ADMIXTURE model provides interpretable component profi les for a specifi ed number of clusters. These ap-
proaches are widely used in cattle breed studies and have proven informative for distinguishing closely related 
breed groups and for revealing within-breed structure [5, 6, 9, 14, 15]. Beyond structure description, an important 
task is to translate genomic information into a selection-relevant framework. The concept of predicting genetic 
merit from dense genome-wide marker maps underpins modern genomic approaches in animal breeding, while 
standard software tools support reproducible data processing and the estimation of key population-genetic met-
rics from SNP data [8, 10]. Another major layer of genome-wide interpretation concerns autozygosity and in-
breeding, which can be conveniently assessed through runs of homozygosity (ROH). ROH parameters quantify 
individual and population-wide burdens of homozygous segments, enable comparisons of autozygosity among 
animals, and help localize genomic regions that more frequently fall within ROH in a given cohort. Methodolog-
ical aspects of ROH detection and the impact of SNP density on autozygosity estimates have been discussed in 
multiple studies and reviews, making the ROH approach a standard component of population-genomic analyses 
in livestock [3, 4, 11, 12]. In the present work, genomic diversity and within-breed organization of the studied 
cohort are evaluated from high-density SNP genotyping data through a sequential analysis of population struc-
ture (PCA/ADMIXTURE) and ROH-based autozygosity as complementary characteristics. This design yields 
a coherent description of population heterogeneity and inter-individual diff erences in homozygosity, providing a 
foundation for further monitoring and applied interpretation in a breeding context [6, 11, 12, 14].

Material and methods.The study material comprised Red Steppe cows (n = 40) genotyped using a high-
density SNP array of the BovineSNP50 class (~50,000 markers). Sample identifi ers were unifi ed to the Paper-
ID format (A01-A40) and matched to the original Sample_ID values to ensure consistent reporting. Quality 
control was performed using per-sample genotype missingness (F_MISS) and call rate (1 - F_MISS). Genom-
ic diversity was assessed using observed and expected heterozygosity (Ho, He) and the heterozygosity-based 
inbreeding coeffi  cient (F, PLINK); an LD-pruned marker set was additionally used and outliers were identi-
fi ed based on standardized heterozygosity. Within-breed structure was examined by principal component 
analysis (PCA; PC1–PC2 visualization) and by the model-based approach ADMIXTURE across K = 2-6; 
for each K, 20 runs were performed and model quality was compared using aggregated statistics (median, 
p25-p75, min-max). Autozygosity was quantifi ed from runs of homozygosity (ROH, PLINK): total ROH 
length was calculated at minimum-length thresholds of 1, 2, 4, 8, and 16 Mb and decomposed into length 
classes (1-2, 2-4, 4-8, 8-16, ≥16 Mb). The genomic distribution of ROH was characterized using ROH cov-
erage in 1-Mb windows as the proportion of individuals (n = 40) whose ROH overlapped a given window; 
windows with the highest coverage were highlighted as candidate intervals for downstream annotation.

Results. This section presents the results of the genomic analysis of Red Steppe cattle, mov-
ing from genotyping quality control and heterozygosity assessment to within-breed structure 

стигала 0,275 (11/40). Полученные результаты формируют воспроизводимую исходную основу для геном-
ного мониторинга стада и последующей аннотации выявленных ROH-интервалов.
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(PCA/ADMIXTURE) and ROH-based autozygosity. This sequence first verifies the technical 
reliability of the dataset and then supports biological interpretation on a consistent basis.

To evaluate whether deviations in individual heterozygosity could be attributed to diff erences in geno-
typing completeness, we summarized sample-level missingness and observed heterozygosity in a combined 
QC-oriented fi gure (Figure 1A,B). By displaying both metrics in the same sample order, the fi gure allows 
direct comparison between data completeness and heterozygosity profi les across the 40 genotyped animals.

Panel A shows per-sample missingness (F_MISS) for the 40 genotyped individuals, ranked from highest to lowest missingness. 
Panel B shows observed heterozygosity for the same individuals in the identical sample order, allowing direct visual comparison 

between genotyping completeness and heterozygosity profi les. Circles denote all samples, whereas triangles indicate standardized 
heterozygosity outliers identifi ed in the LD-pruned dataset. The dashed reference lines indicate the cohort mean for each metric; 

in Panel B, the shaded band represents mean ± SD. Outlier samples are labeled according to the manuscript sample IDs 
(A01, A08, and A22).

Figure 1 – Integrated sample-level quality control profi le of Red Steppe cattle genotypes

Рисунок 1 – Интегрированный профиль контроля качества генотипирования образцов 
красной степной породы

The combined QC profi le indicates that heterozygosity outliers are not concentrated among samples 
with the highest missingness, arguing against a simple missingness-driven technical explanation for 
their deviation. Overall, missingness remained low across the cohort, whereas heterozygosity showed 
greater between-sample variation, supporting the interpretation that the detected outliers are more likely 
to refl ect biological rather than purely technical diff erences.

Following the assessment of genotyping quality and heterozygosity, we examined within-breed 
structure using principal component analysis (PCA). The distribution of animals in the space of the fi rst 
two principal components (PC1 and PC2) is shown in Figure 2.

Within-breed heterogeneity is evident in the PC1-PC2 space. A subset of animals forms a com-
pact central group, whereas several individuals are shifted relative to the main point cloud. Coloring 
by F quartiles refl ects variation in the inbreeding coeffi  cient within the cohort. Standardized heterozy-
gosity outliers are marked separately and remain within the overall PC1-PC2 distribution.

For a complementary model-based assessment of genetic structure, ADMIXTURE was applied across 
a range of K values and model fi t was compared. Summary statistics of the ADMIXTURE model-quality 
metric as a function of the number of components K are presented in Figure 3; the median, interquartile 
range, and range across runs are shown.

The lowest median model-quality metric was observed at K = 2 (0.608340, N = 20). With increasing 
numbers of components, the median increased (K = 3: 0.629950; K = 6: 0.859720). Across-run variabil-
ity was more pronounced at higher K values (most notably at K = 5-6).

To quantify autozygosity in each animal, runs of homozygosity (ROH) were computed and total 
ROH length was decomposed into length classes. The composition of total ROH length by length class 
for each sample (A01-A40) is shown in Figure 4 as a stacked bar chart.

Total ROH length (≥1 Mb) averaged 14.25 Mb (median 12.997 Mb) and ranged from 0.00 to 
45.51 Mb. The largest total ROH values were observed in A20 (45.51 Mb), A30 (45.29 Mb), and A23 
(40.13 Mb), whereas the minimum (0.00 Mb at the ≥1 Mb threshold) was recorded for A16, A29, and 
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A26. Based on mean contributions of length classes, the largest contribution came from 8-16 Mb seg-
ments (mean 6.47 Mb), followed by 4-8 Mb (3.00 Mb) and ≥16 Mb (2.43 Mb); contributions from 
2-4 Mb (1.98 Mb) and 1-2 Mb (0.37 Mb) were smaller.

PC1 and PC2 denote the fi rst and second principal components, respectively; the x-axis represents PC1 
and the y-axis represents PC2. Point color corresponds to quartiles of the F coeffi  cient estimated 

in PLINK (QC set). Standardized heterozygosity outliers are highlighted separately, and labels indicate 
sample IDs (A01–A40) for the marked points.

Figure 2 – PCA (PC1–PC2) colored by quartiles of the F coeffi  cient (PLINK)

Рисунок 2 – Анализ главных компонент (PC1-PC2) с окраской 
по квартилям коэффициента F (PLINK)

Note: K is the assumed number of ancestral components; X-axis: K; Y-axis: model-quality metric 
(CV error/loss); line: median; band: interquartile range (p25-p75); whiskers: min-max.

Figure 3 – Summary of ADMIXTURE model quality across K 
(median, interquartile range, and range)

Рисунок 3 – Сводка качества модели ADMIXTURE при различных K 
(медиана, межквартильный размах и полный диапазон)

After decomposing ROH by length classes, we summarized the results into a single integral indicator 
per animal - total ROH length at the ≥1 Mb threshold. Total ROH length (≥1 Mb) per sample is shown 
in Figure6; samples are ordered in decreasing value and the top 10 are highlighted.
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Note: ROH are runs of homozygosity; length classes: 1-2, 2-4, 4-8, 8-16, and ≥16 Mb; X-axis: samples 
(A01-A40, ordered by total ROH length); Y-axis: total ROH length (Mb); colored segments: contribution 

of each length class; bar height: total ROH length (≥1 Mb) per sample.

Figure 4 – Composition of total ROH length by length class (stacked bars) for each sample (A01-A40)

Рисунок 4 – Структура суммарной длины ROH по классам длины (столбики с накоплением) 
для каждого образца (A01–A40)

Across animals, total ROH length (≥1 Mb) averaged 14.25 Mb (median 12.997 Mb) and ranged from 
0.00 to 45.51 Mb. The highest total ROH burden was observed in A20 (45.51 Mb), A30 (45.29 Mb), 
and A23 (40.13 Mb), whereas no ROH segments ≥1 Mb were detected in A16, A29, or A26. In terms 
of mean class contributions, 8–16 Mb segments accounted for the largest share of total ROH burden 
(6.47 Mb on average), followed by 4–8 Mb (3.00 Mb) and ≥16 Mb (2.43 Mb), whereas 2–4 Mb 
(1.98 Mb) and 1–2 Mb (0.37 Mb) segments contributed less. Because cumulative ROH burden per ani-
mal is already refl ected by the overall bar height and sample ordering in the ROH length-class composi-
tion plot, a separate ranked plot of total ROH length is not required.

In addition to total ROH burden per animal, we assessed the genomic distribution of ROH to identify 
regions that were most frequently encompassed by homozygous tracts in the cohort. Genome-wide ROH 
coverage is shown in Figure 5 as the proportion of individuals (n = 40) whose ROH overlap a given 
1-Mb window; windows with the highest coverage are highlighted.

ROH coverage varied across genomic windows and remained low across most of the genome, where-
as a limited number of windows showed elevated overlap among animals in the cohort. The maximum 
observed coverage was 0.275 (11/40), and the next highest windows reached 0.250 (10/40) and 0.225 
(9/40). These peaks indicate genomic regions that recurrently fall within ROH across individuals and 
therefore represent candidate segments for further functional or comparative interpretation.

For interpreting the results, it is reasonable to follow the sequence of genomic signals-from the reli-
ability of the input data and quality-control outcomes, to indications of within-breed heterogeneity, and 
fi nally to ROH-based autozygosity parameters and their genomic distribution. This order is methodolog-
ically justifi ed because inferences about structure and ROH are valid only in the absence of systematic 
biases driven by genotyping quality.

First, the consistently high genotyping quality across samples is notable: missingness is low through-
out the cohort and the mean call rate is close to 1. This reduces the likelihood that the observed heterozy-
gosity and inbreeding patterns are technical artifacts associated with poor-quality samples. Against this 
background, the Ho/He relationship and the distribution of the PLINK F coeffi  cient indicate moderate 
variability without evidence of a cohort-wide heterozygosity collapse. At the same time, the identifi ca-
tion of individual samples as standardized-heterozygosity outliers (A01, A08, A22) is of practical inter-
est: provided that call rate is comparable, such cases typically warrant targeted checks at the sample level 
(identity, provenance, repeatability) and careful comparison with PCA and ROH results. Importantly, 
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heterozygosity outlier status is neither an error nor proof of a single specifi c scenario; rather, it is a 
marker that can increase the informativeness of downstream analyses and help focus interpretation.

Note: Genome-wide ROH coverage was calculated in non-overlapping 1-Mb windows as the proportion of animals (n = 40) with
 at least one ROH overlapping a given window. The x-axis shows concatenated genomic position with chromosome boundaries,

 and the y-axis shows window-level ROH coverage across the cohort. Windows with the highest coverage are high lighted.

Figure 5 – Genome-wide ROH coverage (1-Mb windows)

Рисунок 5 – Геномное покрытие ROH по всему геному (окна 1 Мб)

Turning to structure, PCA captures within-breed heterogeneity despite all animals originating from a sin-
gle herd. In population-genetic terms, this means that the cohort is not fully described by a single compact 
cluster without internal organization: individual shifts are present and the PC1–PC2 distribution is compatible 
with substructure. Coloring points provide an additional layer of information by F quartiles, which illustrates 
how variation in relative homozygosity/inbreeding relates to position in principal-component space. If these 
signals align, they strengthen the case for genuine internal heterogeneity; if they diverge, they suggest that 
structure and autozygosity may refl ect diff erent aspects of the herd’s genetic organization.

The ADMIXTURE model-quality summary across K shows the minimum at K = 2 within K = 2-6; 
the diff erence between K = 2 and K = 3 is present but remains moderate relative to the overall increase 
at higher K. Pragmatically, within this cohort, simpler structure models fi t better than more subdivided 
ones, and higher K values show increased across-run instability. Nevertheless, biological interpretation 
of K requires not only a model-quality metric but also individual ancestry profi les (Q matrices) and, ide-
ally, external context (origin, lines, sires), because the metric alone does not defi ne the meaning of com-
ponents.The most informative result block relates to ROH, because runs of homozygosity provide a di-
rect and interpretable measure of autozygosity. The cohort shows pronounced inter-individual variation 
in total ROH length (≥1 Mb), ranging from 0 to 45.5 Mb with a mean of about 14.25 Mb and a median of 
about 13.0 Mb. This range highlights that, even within a single herd, individual animals may diff er sub-
stantially in autozygosity. Decomposing ROH into length classes adds interpretive depth: the presence of 
long segments (notably 8–16 Mb and ≥16 Mb) distinguishes animals with a higher concentration of long 
ROH, whereas a predominance of shorter classes shifts the profi le toward more fragmented autozygos-
ity. Importantly, this spectrum is not reducible to a single number and supports viewing autozygosity as 
a multi-component characteristic, which is useful for herd monitoring and between-animal comparisons.

The spatial dimension also deserves attention, namely genome-wide ROH coverage and candidate 
ROH-enriched regions. The 1-Mb window coverage map shows that most of the genome has low ROH 
overlap across the cohort, but a small number of windows reach higher values, including 0.275 (11/40), 
0.250 (10/40), and 0.225 (9/40). Such peaks can be treated as candidate intervals of increased ROH 
coverage, i.e., regions that fall within ROH more frequently in a subset of animals. At the same time, it 
is essential to maintain an appropriate level of evidence: increased ROH coverage alone is not proof of 
selection or functional relevance. In a strict academic framework, these peaks are best viewed as a start-
ing point for subsequent steps, including robustness checks under alternative ROH settings, gene annota-
tion and comparison with known QTL/candidate regions, and, ideally, validation in independent cohorts 
of the same breed or related populations. Only after such checks should stronger claims be considered.
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Finally, it is appropriate to state the main limitations and the practical scope of interpretation. The sample 
size (n = 40) provides a clear and reproducible baseline for QC parameters, PCA, and ROH metrics, but limits 
the granularity of conclusions about population structure and especially about the nature of ROH-enriched 
regions. In addition, without extended information on pedigree and sires, the interpretation of within-breed 
stratifi cation necessarily remains cautious and requires confi rmation in independent material. Nevertheless, 
the current result set has clear practical value because it establishes a reproducible framework for genomic 
herd monitoring, including transparent QC, marking individual heterozygosity features, structure description, 
and quantitative autozygosity assessment. Thus, the study provides a foundation for expanding the cohort, 
deepening interpretation, and-when phenotypes and pedigrees are available-moving from descriptive popula-
tion genomics to selection-oriented evaluation models and management of genetic risks.

Conclusions.
SNP genotyping data were of high quality: F_MISS = 0.0009 (0.0000-0.0098) and mean call rate = 0.9991; 

heterozygosity estimates were Ho = 0.3767 and He = 0.3664, and mean F (PLINK) = -0.0281 (-0.0642-0.0868). 
Standardized-heterozygosity outliers were identifi ed (A01, A08, A22).

Population-structure analysis indicated within-breed heterogeneity: PCA revealed stratifi cation of 
the cohort, and within K = 2-6 the lowest median ADMIXTURE model-quality metric was observed at 
K = 2 (0.608340, N = 20).

ROH analysis showed inter-individual variation in autozygosity: total ROH length (≥1 Mb) averaged 
14.2505 Mb (median 12.9970 Mb; 0.0000-45.5073 Mb), with the highest values observed in A20, A30, and A23.

Genome-wide ROH coverage analysis (1-Mb windows) identifi ed regions with increased ROH over-
lap in the cohort; the maximum was 0.275 (11/40), supporting the defi nition of candidate consensus 
ROH regions for downstream annotation.

The article was prepared within the framework of the implementation of the topic of the state assignment 
of the Federal State Budgetary Scientifi c Institution Federal Scientifi c Center of the Republic of Dagestan 
“Improving the breeding and productive qualities of regionalized breeds of dairy and beef cattle, sheep based 
on genomic selection methods and DNA technologies”, Рег. № в ЕГИСУ НИОКТР 122023400294-0.
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