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Abstract
Background and Aim: Runs of homozygosity (ROH) is a biocomputational technique for identifying homozygous regions 
in the genomics of livestock. This study aimed to determine the ROH in Sumba Ongole (SO) bulls (n = 48) using the 
BovineSNP50K BeadChip.

Materials and Methods: GenomeStudio 2.0 software was used to generate the BovineSNP50K BeadChip output. The 
ROH and ROH-based inbreeding coefficients (FROH) were determined using the detect RUNS R v4.1.0 package. Using 
the following filtering criteria, PLINK v1.90 software was used to perform genotype quality control: (1) Individuals and 
single-nucleotide polymorphism (SNPs) had call rates >0.95; (2) more than 0.05 was the minor allele frequency; (3) the list 
contained only SNPs linked to autosomes; and (4) SNPs that strongly deviated (p < 1e-6) from Hardy–Weinberg equilibrium 
were removed. Subsequently, 25,252 autosomal SNP markers were included in the ROH and FROH analyses.

Results: In general, the number and length of ROH segments in pool animals were 149.77 ± 16.02 Mb and 486.13 ± 156.11 Mb, 
respectively. Furthermore, the ROH segments in the animals under study can be discriminated into two classes of 1–4 Mb 
(83.33%) and 4–8 Mb (16.67%). Subsequently, Bos taurus autosomes (BTA) 1, BTA6, and BTA14 had significant homozygous 
segments comprising 13 genes. Despite this, the average FROH in pool animals was 0.20 ± 0.06.

Conclusion: These findings indicate that a recent inbreeding event in SO cattle occurred many generations ago. Furthermore, 
the candidate genes identified from the ROH analysis indicate phenotypic attributes associated with environmental adaptation 
and economic traits.
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Introduction

Sumba Ongole (SO) cattle, a breed of Bos indicus 
that is indigenous to Indonesia, have demonstrated 
strong adaptation capabilities on Sumba Island. The 
introduction of this cattle breed can be traced back to 
the year 1900, when the breed was brought from India 
by the Dutch colonial government for use as a draught 
animal resource [1]. SO bulls can reach an adult 
weight of 474.08 ± 25.98 kg [2] and a carcass weight 
of 264.06 ± 14.72 kg at the same adult weight [3]. 
A genome-wide association study (GWAS) was con-
ducted in SO cattle to determine candidate genes and 
population structure in these cattle [4, 5]. However, 
the assessment of GWAS for runs of homozygos-
ity (ROH) in SO cattle has not been reported. ROH 

represent lengthy uninterrupted segments of homozy-
gous genetic material within the genome, originating 
from a combination of two identical haplotypes inher-
ited from a common progenitor [6]. Moreover, ROHs 
serve as crucial resources for investigating genome 
architecture, particularly in relation to alleles that con-
tribute to genetic enhancement in livestock [7]. The 
presence of homozygous genomic segments may be 
influenced by various factors, such as intense selec-
tion pressure, historical population dynamics, and 
consanguinity levels [8]. Recently, ROH analysis has 
been employed to calculate the ROH-based inbreed-
ing coefficients (FROH) of livestock species [9].

In general, the inbreeding coefficient of live-
stock is calculated from pedigree data through statisti-
cal analysis. However, genome sequences comprising 
many single-nucleotide polymorphism (SNP) loci 
have been used to estimate the inbreeding coeffi-
cient when the pedigree data are not available [10]. 
Theoretically, an individual’s inherited allele through-
out a genome with hundreds of thousands of loci can 
be used to directly infer the likelihood of an allele at a 
specific location [11]. Hence, estimating the inbreeding 
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coefficient using genome information yields accurate 
results, as reported by Nishio et al. [12].

Illumina, Inc. (USA) launched the 
BovineSNP50K BeadChip, a genome-wide geno-
typing array for cattle, in partnership with the US 
Department of Agriculture Agriculture Research 
Service (ARS), the University of Alberta, and the 
University of Missouri. With a 49.4–Kb average 
probe spacing and 54,609 SNP probes, the BeadChip 
offers more than enough SNP density to support 
strong genome associations in cattle [13]. Hence, this 
technique, which includes ROH and FROH analyses, is 
important for genomic selection in cattle. Recently, 
ROH and FROH analyses have been performed in 
many breeds of cattle, including Fleckvieh [14], 
Gyr [8], Wagyu [15], Friesian Holstein [16], Creole 
[17], Kazakh White-headed, Auliekol [18], and 
Sahiwal [19]. Since 1900, SO cattle have been kept 
by farmers on Sumba Island in Indonesia. Therefore, 
most SO cattle were managed using an extensive 
management system without recording. Furthermore, 
none of Indonesia’s numerous artificial insemination 
centers have generated frozen sperm (straw) from SO 
bulls. In addition, no scheme is available for sperm 
distribution. As a result, the inbreeding coefficient of 
SO cattle can be increased annually, thereby reducing 
their productivity.

This study aimed to analyze ROH and FROH lev-
els in SO cattle using the BovineSNP50K BeadChip. 
The results of this study are important for the genomic 
selection of SO cattle in the future.
Materials and Methods
Ethical approval

The study protocol was approved by the Animal 
Ethics Committee of the Indonesian Agency for 
Agricultural Research and Development (Permit 
number: Balitbangtan/Lolitsapi/Rm/08/2018).
Study period and location

The study was conducted from June to August 
2018 at the SO cattle feedlot farm and the Bubulak 
slaughterhouse in Bogor, West Java, Indonesia.
Sample collection, SNP genotyping, and data filtering

The current study’s animal genomics dataset was 
gathered from 48 SO bulls raised at a feedlot farm 
(PT. Cahaya Anugrah Gemilang, Bogor, West Java. 
The animals were genotyped using a BovineSNP50K 
BeadChip (Illumina, USA) by Macrogen Inc. 
(South Korea) with the extracted DNA (±50 ng/µL). 
GenomeStudio 2.0 software (https://support.illumina.
com/downloads/genomestudio-2-0.html) was used to 
generate the BovineSNP50K BeadChip output. Using 
the following filtering criteria, PLINK v1.90 software 
(https://www.cog-genomics.org/plink/) [20] was used 
to perform genotype quality control: (1) Individuals 
and SNPs had call rates greater than 0.95; (2) more 
than 0.05 was the minor allele frequency; (3) the list 
contained only SNPs linked to autosomes; and (4) 

SNPs that strongly deviated (p < 1e-6) from Hardy-
Weinberg equilibrium were removed.
Detection and classification of homozygosity runs

ROH were computed for each animal using a slid-
ing window in R-4.4.1.software (https://cran.r-project.
org/bin/windows/base/). The ROH were calculated 
using the following parameters [21]: (1) One missing 
SNP was permitted in the ROH and up to one possi-
ble heterozygous genotype; (2) 20 was the minimum 
number of consecutive SNPs that made up a ROH; 
(3) there was a minimum density of one SNP every 
100 kb; and (4) there was a maximum gap of 1 Mb 
between consecutive SNPs. This study defined an 
ROH segment with 100 or more consecutive SNPs as 
a homozygous segment. Zambrano et al. [16] and Liu 
et al. [22] recommended that all identified ROH seg-
ments be classified into two distinct classes of 1–4 Mb 
and 4–8 Mb.
Common ROH and gene annotation

The number of times each SNP appeared in the 
ROH was considered and normalized by dividing 
it by the total number of animals in the analysis to 
identify genomic areas with high homozygosity. The 
values were plotted against the SNP location on the 
chromosome was performed [23]. If not, neighboring 
SNPs that were more than this criterion eventually 
combined to form genomic regions of ROH seg-
ments, which are shared by most people in the pop-
ulation [24]. The genes in the ROH region were then 
annotated using the bovine genome of Bos indicus 
(GCF_000247795.1) from the NCBI database (https://
ncbi.nlm.nih.gov). Every annotated gene in the ROH 
region has a biological function deduced from numer-
ous precise literature searches.

Means and standard deviations were calculated 
using Statistical Package for the Social Sciences 16.0 
for Windows (IBM SPSS, NY, USA) packages for the 
length of ROH segments, total length of ROH seg-
ments, genome coverage, number of SNPs per ROH 
segment, and number of ROH segments.
FROH

The FROH was computed in each animal using the 
formula mentioned by Bjelland et al. [25] as follows:

ROH
ROH

Auto

L
F  

L
=

FROH is the genomic inbreeding coefficient;
LROH is the entire length of ROH in the genome 

of an animal.
LAuto is the length of the autosomal genome, i.e., 

2,671,695,104 bp [26].
Results
ROH

The mean length and number of ROH seg-
ments per animal are presented in Table-1. The length 
of ROH segments, total length of ROH segments, 
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genome coverage, and number of SNPs per ROH seg-
ments in 4–8 Mb class were higher than in 1–4 Mb 
class. In contrast, the number of ROH segments in 1–4 
Mb class was higher than in 4–8 Mb class.

Overall, the SO cattle had 3.28 ± 1.10 Mb of 
ROH segment length, 486.13 ± 156.11 Mb of total 
ROH segment length, 33.28 ± 8.52 SNPs per ROH 
segment and 149.77 ± 16.02 ROH segments. In gen-
eral, the highest number of ROHs per chromosome 
was observed in B. taurus autosomes (BTA)1 (562 
segments), followed by BTA6 (502 segments), as 
shown in Figure-1. Despite this, the total length of 
ROH segments in the animals under study ranged from 
2 to 8 Mb, and the number of ROH segments ranged 
from 80 to 180, as illustrated in Figure-2. Therefore, a 
Manhattan plot with a threshold line of 75% revealed 
many potential SNPs in the BTA1 and BTA14 regions 
Figure-3.
Genomic inbreeding and detection of associated 
genes

The average FROH of the animals used in this study 
ranged from 0.10 to 0.40, as shown in Table-2. In gen-
eral, the FROH value in the 4–8 Mb class was higher than 
1–4 Mb class (0.17 ± 0.03 vs. 0.31 ± 0.06). Therefore, 
the three loci of BTA had high homozygous SNPs, that 
is, BTA1, BTA6, and BTA14 (Table-3). However, the 
total length of ROH segments in BTA6 (687,618 bp) 
was lower than those in the BTA1 (2,247,563 bp) 
and BTA14 (1,691,438 bp) regions. Furthermore, a 
total of 38 candidate genes was detected in the high-
est frequency of ROH segments (ROH hotspot) and 
spread to the BTA1 (6 genes), BTA6 (4 genes) and 
BTA14 (3 genes) regions. Despite this, a total of 56 

homozygous SNPs was found at the highest frequency 
of ROH hotspots and distributed at BTA1 (21 SNPs), 
BTA6 (12 SNPs), and BTA14 (23 SNPs).
Discussion

This study aimed to analyze ROH and FROH levels 
in SO cattle using the BovineSNP50K BeadChip. The 
average length of ROH segments in Pakistani Sahiwal 
cattle (B. indicus) under 4–8 Mb class was approx-
imately 5.66 Mb with 586 ROH segments based on 
the BovineSNP140K BeadChip [19], which is close 
to the length in the present study. Despite this, a close 
length of ROH segment (4–8 Mb class) was reported 
in Montana beef cattle (B. taurus) with approxi-
mately 5.62 Mb and 3307 ROH segments based on 
the BovineSNP30K BeadChip [27]. Furthermore, a 
similar finding to the present study was shown in Gyr 
cattle (B. indicus) that had 2.77 ± 0.55 Mb (2–4 Mb 
class) and 5.54 ± 1.12 Mb (4–8 Mb class) of ROH 
length based on the same BeadChip [8]. In addition, 
Santos et al. [28] obtained the length of an ROH 
segment (4–8 Mb class) that was close to the length 
obtained in Curraleiro Pé-Duro (5.75 Mb with 506 
ROH segments) and Pantaneiro (5.94 Mb with 62 
ROH segments) based on the same BeadChip. In this 
study, the total length of ROH segment SO cattle was 
highest compared with many B. taurus cattle, such as 
Friesian Holstein (290.60 ± 67.20 Mb), Polish Red 
(142.80 ± 67.40 Mb), Limousin (180.50 ± 79.90 Mb), 
and Simmental (201.80 ± 99.40 Mb) based on the 
same BeadChip [23]. Subsequently, the number of 
ROH segments in the studied animals was higher than 
that in Brown Swiss (94.60 ± 11.60), Marchigiana 

Table-1: Detail of ROH segments per animal in Sumba Ongole cattle.

Parameter Class Pool

1–4 Mb 4–8 Mb

Length of the ROH segment (Mb) 2.86 ± 0.37 5.41 ± 1.07 3.28 ± 1.10
Total length of the ROH segment (Mb) 429.26 ± 75.20 770.49 ± 145.68 486.13 ± 156.11
Genome coverage (%) 16.07 ± 2.81 28.84 ± 5.45 18.20 ± 5.84
Number of SNPs in each ROH segment 31.25 ± 3.77 45.08 ± 16.99 33.28 ± 8.52
Number of ROH segments 150.98 ± 16.62 143.75 ± 11.57 149.77 ± 16.02

ROH=Runs of homozygosity, SNP=Single-nucleotide polymorphism
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Figure-1: Number of runs of homozygosity segments per chromosome in Sumba Ongole cattle.
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(71.40 ± 11.10), Piedmontese (54.00 ± 7.20), Friesian 
Holstein (78.80 ± 9.60), Polish Red (46.40 ± 9.80), 
Limousin (74.70 ± 9.90), and Simmental (81.50 ± 11.80) 
based on the same BeadChip [7, 23].

The length of the ROH segment can be classi-
fied as small (1–4 Mb), moderate (4–8 Mb), or large 
(>8 Mb), as described by Liu et al. [22]. Very long 
ROH segments (>20 Mb) are believed to have orig-
inated from common autozygosity. In contrast, most 
short elements are thought to have originated from 
more distant ancestors, which were the result of inten-
sive selection [21]. Ferencakovic et al. [14] explained 
that the ROH >1, >2, >4, >8, and >16 Mb represent 
the presence of inbreeding from 50, 25, 12.5, 6, and 
3 generations ago in cattle, respectively. In this study, 

most of the animals had low and moderate lengths of 
ROH segment (2–5 Mb), which explains the recent 
inbreeding from about 10–50 generations ago. In this 
study, the short length of the ROH segments indicated 
that there were no signals of strong recent selection 
in the SO cattle. In general, the length and number 
of ROH segments can be influenced by selection, 
inbreeding, and the type of BeadChip used for anal-
ysis [29].

Compared with other cattle breeds, the FROH 
value (>4 Mb) in SO cattle was higher than that in 
Austrian Fleckvieh (0.03), Brown Swiss (0.10), 
Friesian Holstein (0.07), Marchigiana (0.05), 
Piedmontese (0.01), Simmental (0.03), Polish Red 
(0.03), Limousin (0.03), Hereford (0.10), Charolais 
(0.04), Montbeliarde (0.08), Kazakh White-headed 
(0.04), Auliekol (0.02), Caqueteño Creole (0.10), Gyr 
(0.01), Japanese Black (0.11), and Pakistani Sahiwal 
(0.02) cattle breeds [7, 8, 12, 14, 17–19, 23]. Despite 
this, Zambrano et al. [16] reported that FROH value in 
Friesian Holstein was 0.28, which was close to that of 
the pool animals under study. Furthermore, the FROH 
values in native Chinese cattle breeds were close to 
those of SO cattle (1–4 Mb class) i.e. 0.1 for Leiqiong; 
0.12 for Lufeng; and 0.15 for Hainan [30].

In Modicana cattle (B. taurus), many candidate 
genes were detected in BTA1 (25 genes/39 homozy-
gous SNPs) and BTA6 (25 genes/112 homozygous 
SNPs) according to ROH analysis [31]. Despite this, 
Santos et al. [28] reported that BTA6 and BTA14 
in two Italian cattle breeds (Curraleiro Pe-Duro and 
Pantaneiro) had high-length ROH segments, but they 
did not identify candidate genes in either region. 
Subsequently, Zambrano et al. [16] identified can-
didate genes for BTA1 (six genes) and BTA6 (five 
genes) in the Friesian Holstein cattle of Colombia 
based on ROH analysis.

Previous studies by Viale et al. [32], Persichilli 
et al. [33], Passamonti et al. [34] and Hiltpold 
et al. [35] reported that many candidate genes detected 
in Table-3 were associated with body conformation 

Table-2: FROH of Sumba Ongole cattle.

Class n FROH SD Minimum Maximum

1–4 Mb 40 0.17 0.03 0.10 0.27
4–8 Mb 8 0.31 0.06 0.24 0.40
Pool 48 0.20 0.06 0.10 0.40

n=Number of samples, FROH=Genomic inbreeding 
coefficient, SD=Standard deviation
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Figure-2: Relationship between the number of runs of 
homozygosity (ROHs) per individual (dots) and genome 
length covered by ROHs.

Figure-3: Manhattan plot of the occurrence of single-nucleotide polymorphisms in runs of homozygosity among Sumba 
Ongole cattle.
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(RAB2A), milk production (DGKG, VPS8), and repro-
duction (MAP3K13, WDR19) in cattle. Hence, the 
candidate genes selected from the ROH analysis in the 
present study were the main functional genes involved 
in economic traits and environmental adaptation in 
the tropical climate of Indonesia. Moreover, genetic 
improvements to adaptability and survivability traits 
are important when climate changes can influence the 
economic traits of cattle [36].
Conclusion

The findings of this study indicate that a recent 
inbreeding event in SO cattle occurred many genera-
tions ago. Furthermore, the candidate genes identified 
through ROH analysis indicate phenotypic attributes 
associated with environmental adaptation and eco-
nomic traits.

Several factors may influenced this research, 
such as, sample size, BovineSNP50K BeadChip 
resolution, environmental and management factors, 
historical data that affect the genetic variants of the 
population and limit the interpretation of the results of 
ROH analysis and inbreeding estimates.

Assessing the whole-genome sequencing (WGS) 
or SNP chips with more markers, comparative stud-
ies with other Bos indicus populations, long-term 
studies combining genomic data with environmental 
and livestock management information to understand 
inbreeding dynamics and its impact on productivity, 
conservation strategies to preserve genetic diversity 
and reducing the risk of inbreeding are some of the 
scopes of research that can be carried out in the future.
Authors’ Contributions

HH: Designed the study, collected data, per-
formed fieldwork, supervised the study, and prepared 
and revised the manuscript. WPBP, RA, EH, ETM, 
and SE: Designed the study, analyzed data, and pre-
pared and revised the manuscript. All authors have 
read, reviewed, and approved the final manuscript.
Acknowledgments

This study was funded by the Indonesian 
Agency for Agricultural Research (IAARD) and the 
Indonesian Ministry of Agriculture through the KP4S 
program (Grant No: 31.38/PL.040/H.1/02/2018.K).
Competing Interests

The authors declare that they have no competing 
interests.

Publisher’s Note

Veterinary World remains neutral with regard 
to jurisdictional claims in published institutional 
affiliation.
References
1. Hardjosubroto, W. (1994) Aplikasi Pemuliabiakan Ternak 

di Lapangan. Gramedia Widiasarana, Jakarta.
2. Said, S., Agung, P.P., Putra, W.P.B., Anwar S., Wulandari, A.S. 

and Sudiro, A. (2016) Selection of Sumba Ongole (SO) 
cattle based on breeding value and performance test. J. 
Indones. Trop. Anim. Agric., 41(4): 175–187.

3. Agung, P.P., Anwar, S., Wulandari, A.S., Sudiro, A., Said, S. 
and Tappa, B. (2015) The potency of Sumba Ongole (SO) 
cattle: A study of genetic characterization and carcass pro-
ductivity. J. Indones. Trop. Anim. Agric., 40(2): 71–78.

4. Hartati, H. and Putra, W.P.B. (2023) Genome-wide associ-
ation study for body weight and carcass weight in Sumba 
Ongole cattle. J. Indones. Trop. Anim. Agric., 46(4): 
389–395.

5. Sudrajad, P., Hartati, H., Soewandi, B.D.P., Anwar, S., 
Hapsari, A.A.R., Widi, T.S.M., Bintara, S. and Maharani, D. 
(2024) Population diversity, admixture, and demographic 
trend of the Sumba Ongole cattle based on genomic data. 
Anim. Biosci., 37(4): 591–599.

6. Ceballos, F.C., Joshi, P.K., Clark, D.W., Ramsay, M. and 
Wilson, J.F. (2018) Runs of homozygosity: Windows into 
population history and trait architecture. Nat. Rev. Genet. 
19(4): 220–234.

7. Marras, G., Gaspa, G., Sorbolini, S., Dimauro, C., Ajmone-
Marsan, P., Valentini, A., Williams, J.L. and Macciotta, N.P.P. 
(2014) Analysis of runs of homozygosity and their relation-
ship with inbreeding in five cattle breeds farmed in Italy. 
Anim. Genet., 46(2): 110–121.

8. Peripolli, E., Stafuzza, N.B., Munari, D.P., Lima, A.L.F., 
Irgang, R., Machado, M.A., Panetto, J.C.C., Ventura, R.V., 
Baldi, F. and Silva, M.V.G.B. (2018) Assessment of runs of 
homozygosity islands and estimates of genomic inbreeding 
in Gyr (Bos indicus) dairy cattle. BMC Genomics, 19(1): 34.

9. Peripolli, E., Munari, D.P., Silva, M.V.G.B., Lima, A.L.F., 
Irgang, R. and Baldi, F. (2017) Runs of homozygosity: 
Current knowledge and applications in livestock. Anim. 
Genet., 48(3): 255–271.

10. Ganteil, A., Rodriguez-Ramilo, S.T., Ligonesche, B. and 
Larzul, C. (2020) Characterization of autozygosity in pigs 
in three-way crossbreeding. Front. Genet., 11: 584556.

11. Islam, R., Li, Y., Liu, X., Berihulay, H., Abied, A., 
Gebreselassie, G., Ma, Q. and Ma, Y. (2019) Genome-wide 
runs of homozygosity, effective population size, and detec-
tion of positive selection signatures in six Chinese goat 
breeds. Genes (Basel), 10(11): 938.

12. Nishio, M., Inoue, K., Ogawa, S., Ichinoseki, K., Arakawa, A., 
Fukuzawa, Y., Okamura, T., Kobayashi, E., Taniguchi, M., 
Oe, M. and Ishii, K. (2023) Comparing pedigree and 
genomic inbreeding coefficients, and inbreeding depres-
sion of reproductive traits in Japanese Black cattle. BMC 
Genomics, 24(1): 376.

13. Illumina. (2012) BovineSNP50 Genotyping BeadChip: 
Featuring 54,609 Evenly Spaced SNP Probes that Span the 

Table-3: Detection of SNPs and genes associated with the highest frequency of ROH segments in the Sumba Ongole 
cattle genome.

BTA nSNP Start End Length (bp) Gene*

1 21 82,176,939 84,424,501 2,247,563 DGKG, ETV5, IGF2BP2, MAP3K13, C1H3orf70, VPS8
6 12 60,391,803 61,079,420 687,618 KLHL5, WDR19, RFC1, and KLB
14 23 26,060,343 27,751,780 1,691,438 RAB2A, CHD7, CLVS1,

BTA=Bos taurus autosome, nSNP=Number of single-nucleotide polymorphisms per run of homozygosity segment; 
*Assembly=Bos_indicus_1.0 (GCF_000247795.1)



Veterinary World, EISSN: 2231-0916 1919

Available at www.veterinaryworld.org/Vol.17/August-2024/29.pdf

Bovine Genome. Available from: https://cragenomica.es/
sites/default/files/bovinesnp50beadchip.pdf. Retrieved on 
29-02-2023.

14. Ferencakovic, M., Hamzic, E., Gredler, B., Curik, I. and 
Solkner, J. (2011) Runs of homozygosity reveal genome-
wide autozygosity in the Austrian Fleckvieh cattle. Agric. 
Conspec. Sci., 76: 325–328.

15. Zhao, G., Zhang, T., Liu, Y., Wang, Z., Xu, L., Zhu, B., 
Gao, X., Zhang, L., Gao, H., Liu, G.E., Li, J. and Xu, L. 
(2020) Genome-wide assessment of runs of homozygosity 
in Chinese Wagyu beef cattle. Animals (Basel), 10: 1425.

16. Zambrano, M.F.B., Florez, J.C.R., Rios, A.C.H., Portilla, C.E.S. 
and Berrio, G.J.B. (2020) Evaluation of runs of homozy-
gosity and genomic inbreeding in Holstein cattle from 
Colombia. Semin. Cienc. Agrar., 41(6): 3397–3418.

17. Toro-Ospina, A.M., Rios, A.C.H., Schettini, G.P., 
Aristizabal, V.H., Santos, W.B., Zapata, C.A. and 
Morea, E.G.O. (2022) Identification of runs of homozygosity 
islands and genomic estimated inbreeding values in Caqueteño 
Creole cattle (Colombia). Genes (Basel), 13(7): 1232.

18. Beishova, I., Dossybayev, K., Shamshidin, A., Belaya, A., 
Bissembayev, A., Khamzin, K., Kovalchuk, A. and 
Nametov, A. (2022) Distribution of homozygosity regions 
in the genome of Kazakh cattle breeds. Diversity, 14: 279.

19. Sesay, A.R., Rehman, M.S., Ramzan, F. and Awan, F.S. 
(2023) Genome-wide assessment of runs of homozygosity 
in Sahiwal cattle of Pakistan. bioRXiv, 11: 567615.

20. Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., 
Ferreira, M.A.R., Bender, D., Maller, J., Sklar, P., 
Bakker, P.I.W., Daly, M.J. and Sham, P.C. (2007) PLINK: A 
tool set for whole-genome association and population-based 
linkage analyses. Am. J. Hum. Genet., 81(3): 559–575.

21. Purfield, D.C., Berry, D.P., McParland, S. and Bradley, D.G. 
(2012) Runs of homozygosity and population history in cat-
tle. BMC Genet., 13: 70.

22. Liu, S., Ma, X., Hassan, F., Gao, T. and Deng, T. (2022) 
Genome-wide analysis of runs of homozygosity in Italian 
Mediterranean buffalo. J. Dairy Sci. 105(5): 4324–4334.

23. Szmatola, T., Gurgul, A., Ropka-Molik, K., Jasielczuck, I., 
Zabek T. and Bugno-Poniewierska, M. (2016) Charateristics 
of runs of homozygosity in selected cattle breeds main-
tained in Poland. Livest. Sci., 188: 72–80.

24. Dixit, S.P., Singh, S., Ganguly, I., Bhatia, A.K., Sharma, A., 
Kumar, N.A., Dang, A.K. and Jayakumar, S. (2020) 
Genome-wide runs of homozygosity revealed selection sig-
natures in Bos indicus. Front. Genet., 11: 92.

25. Bjelland, D.W., Weigel, K.A., Vukasinovic, N. and 
Nkrumah, J.D. (2013) Evaluation of inbreeding depression 
in Holstein cattle using whole-genome SNP markers and 
alternative measures of genomic inbreeding. J. Dairy Sci., 
96(7): 4697–4706.

26. Czech, B., Guldbrandtsen, B. and Szyda, J. (2020) Patterns 

of DNA variation between the autosomes, the X chromo-
some and the Y chromosome in Bos taurus genome. Sci. 
Rep., 10(1): 13641.

27. Peripolli, E., Stafuzza, N.B., Amorim, S.T., Lemos, M.V.A., 
Grigoletto, L., Kluska, S., Ferraz, J.B.S., Eler, J.P., Mattos, E.C. 
and Baldi, F. (2019) Genome-wide scan for runs of homo-
zygosity in the composite Montana Tropical® beef cattle. J. 
Anim. Breed Genet., 137(2): 155–165.

28. Santos, M.F., Silva, M.C., Freitas, T.M.S., Dias, J.M., 
Moura, M.I., Juliano, R.S., Fioravanti, C.S. and Carmo, A.S. 
(2024) Identification of runs of homozygosity (ROHs) in 
Curraleiro Pé-Duro and Pantaneiro cattle breeds. Trop. 
Anim. Health Prod., 56(2): 92.

29. Goszczynski, D., Molina, A., Teran, E., Morales-Durand, H., 
Ross, P., Giovambattista, G. and Damyda-Peyras, S. (2018) 
Runs of homozygosity in a selected cattle population with 
extremely inbred bulls: Descriptive and functional analyses 
revealed highly variable patterns. PLoS One, 13(7): e0200069.

30. Liu, Y., Zhao, G., Lin, X., Zhang, J., Hou, G., Zhang, L., 
Liu, D., Li, Y. and Xu, L. (2022) Genomic inbreeding and 
runs of homozygosity analysis of indigenous cattle popula-
tions in southern China. PLoS One, 17: e271718.

31. Mastrangelo, S., Sardina, M.T., Tolone, M., Di Gerlando, R., 
Sutera, A.M. Fontanesi, L. and Portolano, B. (2018) 
Genome-wide identification of runs of homozygosity 
islands and associated genes in local dairy cattle breeds. 
Animal, 12(12): 2480–2488.

32. Viale, E., Tiezzi, F., Maretto, F., Marchi, M.D., Penasa, M. 
and Cassandro, M. (2017) Association of candidate gene 
polymorphisms with milk technological traits, yield, com-
position, and somatic cell score in Italian Holstein-Friesian 
sires. J. Dairy Sci., 100: 7271–7281.

33. Persichilli, C., Senczuk, G., Mastrangelo, S., Marusi, M., 
Van Kaam, J.T., Finocchiaro, R., Civita, R.M.D., Cassandro, M. 
and Pilla, F. (2023) Exploring genome-wide differentiation 
and signatures of selection in Italian and North American 
Holstein populations. J. Dairy Sci., 106(8): 5537–5553.

34. Passamonti, M.M., Somenzi, E., Barbato, M., Chillemi, G., 
Colli, L., Joost, S., Milanesi, M., Negrini, R., Santini, M., 
Vajana, E., Williams, J.L. and Ajmone-Marsan, P. (2021) 
The quest for genes involved in adaptation to climate 
change in ruminant livestock. Animal (Basel), 11(10): 2833.

35. Hiltpold, M., Niu, G., Kadri, N.K., Crysnanto, D., 
Fang, Z.H., Spengeler, M., Schmitz-Hsu, F., Fuerst, C., 
Schwarzenbacher, H., Seefried, F.R., Seehusen, F., Witschi, U., 
Schnieke, A., Fries, R., Bollwein, H., Flisikowski, K. and 
Pausch, H. (2020) Activation of cryptic splicing in bovine 
WDR19 is associated with reduced semen quality and male 
fertility. PLoS Genet., 16(5): e1008804.

36. Bakir, G. and Kaygisiz, A. (2013) Milk yield characteristics 
of Holstein cows and the effect of calving month on milk 
yield. KSU J. Nat. Sci., 16(1): 1–7.

********


