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Abstract: The Caquetefio Creole (CAQ) is a native breed of cattle from the Caqueta department
(Colombia), adapted to tropical conditions, which is extremely important to production systems in
those regions. However, CAQ is poorly studied. In this sense, population structure studies associated
with runs of homozygosity (ROH) analysis would allow for a better understanding of CAQ. Through
ROH analysis, it is possible to reveal genetic relationships between individuals, measure genome
inbreeding levels, and identify regions associated with traits of economic interest. Samples from
a CAQ population (n = 127) were genotyped with the Bovine HD BeadChip (777,000 SNPs) and
analyzed with the PLINK 1.9 program to estimate FROH and ROH islands. We highlighted a decrease
in inbreeding frequency for FROH 4-8 Mb, 8-16 Mb, and >16 Mb classes, indicating inbreeding
control in recent matings. We also found genomic hotspot regions on chromosomes 3, 5, 6, 8, 16,
20, and 22, where chromosome 20 harbored four hotspots. Genes in those regions were associated
with fertility and immunity traits, muscle development, and environmental resistance, which may be
present in the CAQ breed due to natural selection. This indicates potential for production systems in
tropical regions. However, further studies are necessary to elucidate the CAQ production objective.

Keywords: cattle native; inbreeding; tropical

1. Introduction

Cattle are an important livestock species, raised for several purposes, such as meat,
milk, leather, and traction. Bos taurus taurus and Bos taurus indicus subspecies are present
throughout the American continent, characterized by their breed diversity due to selection
and introgression effects [1]. Furthermore, the genetic diversity and adaptation of these
subspecies promoted genomic changes in their DNA, which led to the formation of new
breeds. Colombia is a Latin American country with the highest number of Creole cattle
breeds adapted to the humid tropics. Creole breeds display resilience and high reproductive
indexes; these breeds also are well-adapted to prolonged periods of drought and can utilize
low-quality forage [2]. The Criollo Caquetefio (CAQ) breed is found in the Department of
Caqueta (Colombia). It is a medium-height animal (from 125 to 140 cm), with a rectilinear
head profile, medium-sized ears, and pink mucous membranes; the color of the coat can be
red or bay, presenting short and thin hair [3]. At the adult age, females weigh approximately
402.2 kg, and males reach nearly 612 kg; they are rectangular and cylindrical animals, traits
from beef cattle breeds. The CAQ breed is adapted to tropical conditions and used in
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extensive grazing systems. However, CAQ does not have a defined selection objective due
to its low population size and the lack of information on its productive and reproductive
records. At present, the CAQ breed comprises only a few individuals, which is a concern
for Creole breed associations. In this context, breed conservation projects and restoration
have developed in the region.

There is still a lack of information on the genetic diversity and population structure
of the CAQ breed and other Colombian Creole breeds. Colombia has eight Creole cattle
breeds, of which only a few (Blancorejinegro, Romosinuano, and Harton del Valle) have
genealogical and phenotypic information available [4]. Delgado et al. [5] studied the
relationship between 26 Creole cattle breeds from 10 Latin American countries using
microsatellites and identified that Creole cattle retain high levels of genetic diversity. It
was also highlighted that most of the studied breeds present genetic variability, despite
the small sizes of their populations. It was possible to assess their population structure
and productive potential based on that information. However, studies at the genome level
are limited in Creole breeds due to a lack of commercial interest and resources to carry
out scientific research. In 2007, the bovine genomics era began, which permitted genomic
studies using high-density SNP chips to be conducted to explore the genome and investigate
genetic diversity and population structure [6]. Thus, it was possible to better understand
the genetic architecture of populations through population structure analysis and access its
history through linkage disequilibrium (LD) and runs of homozygosity (ROH).

The ROH is a continuous homozygous segment in the genome that is widely used
in livestock to characterize population structure and demographic history [7]. Addition-
ally, ROH analysis can help to reveal the genetic relationships between individuals by
measuring genomic inbreeding levels and identifying regions with a high frequency of
homozygosity (ROH islands) associated with traits of economic interest [8]. Several studies
involving native breeds from different countries have used ROH to find the history of
their genome; for example, a native Chinese breed [9], the Blanco Orejinegro breed in
Colombia [10], and native Italian dairy breeds [11]. ROH islands could also be applied
to identify candidate genes associated with relevant phenotypes [12] since there is an
expectation that these homozygous regions are close to or within quantitative trait loci
undergoing animal selection [13,14]. Thus, the ROH island mapping of a population under
selection allows for the genetic variants associated with economically important traits to be
identified [15]. Based on that, these analyses could determine whether the natural selection
and the environmental conditions faced by the CAQ breed promoted the establishment of
potential regions of homozygosity associated with adaptive traits. This will contribute to
the development of livestock in the tropical region. The present study aimed to investigate
the ROH genomic inbreeding level and identify ROH islands along the CAQ breed genome.

2. Materials and Methods
2.1. Animals and Genotypes

The CAQ population evaluated in this study comprised a small number of individuals
belonging to the nucleus protected by the University of the Amazon, Macagual campus, in
the city of Florencia, Caquetd, Colombia. The population consisted of 127 animals (18 males
and 109 females) (Figure 1), with the existing population being of the CAQ Creole breed.
There are no specific selection or conservation programs for the CAQ breed.

The database was composed of the genotypes of 127 Creole animals genotyped with
the BovineHD BeadChip 777,000 SNPs (Illumina, San Diego, CA, USA). Assuming an
MAF < 0.01, the PLINK program was applied for quality control of the genotypes [8,12,16],
a call rate for SNPs < 0.90, and a call rate for samples < 0.98.

2.2. Genetic Structure of the Population

Genomic analysis of the population structure indicates the proportion of the total
genetic variability represented by the associated principal component (PC), obtained by
the plink-pca command line of the PLINK program [17].



Genes 2022, 13, 1232

30f10

Figure 1. Specimens of Caquetefio Creole breed: male (A) and female (B).

Furthermore, to verify the genetic dissimilarity within the population, genetic statistics
measures such as identical by descent (IBD) and Wright’s F were obtained to assess individ-
ual inbreeding. The IBD estimates for all pairs of individuals; this measure detects sample
contaminations, swaps, duplications, pedigree errors, and unknown familial relationships.
The estimates of pairwise IBD find pairs of individuals who look too similar, i.e., more than
we would expect by chance in a random sample [17].

For IBD calculation, first, the identity by status (IBS) needs to be determined between
individual pairs, which reflects whether individuals share zero, one, or two alleles at
each SNP. The IBD estimates the probability that the shared alleles were inherited from a
common ancestor. The variable 7t, where 7w = P (z = 1) 2+ P (z = 2), represents the proportion
of shared IBD alleles, and Z represents the IBD status of 0, 1, and 2 [17].

2.3. Runs of Homozygosity Detection

The ROH was calculated with the PLINK 1.9 program [17] using a specific-length
sliding window. The following parameters were applied: (a) 30 or more consecutive
homozygous SNPs; (b) 1 heterozygous per window; (c) 0 missed calls in homozygous
windows; (d) minimum proportion of homozygous windows in which each SNP occurs,
0.05; (e) the minimum ROH length was set at 1000 kb; (f) the minimum required SNP
density was 1 SNP per 50 kb, and (g) the maximum gap between two consecutive SNPs
was set at 500 kb. In addition, the ROH were analyzed in different size classes (ROH1-2 Mb,
ROH2-4 Mb, ROH4-8 Mb, ROH8-16 Mb, and ROH > 16 Mb).

The genomic inbreeding from ROH (Frop) accurately detects autozygosity and pre-
dicts its current percentage since it can assess a common ancestor even 50 generations
previous. Additionally, the Frog has been used when there is a lack of genealogical
information on the population [18,19].

The inbreeding coefficient based on the runs of homozygosity (Fron) of each animal
was calculated as follows [19,20]:

Y tlength (ROHLt)

FROHi =
Length total

where t = the number of each individual’s ROH multiplied by the average length of ROHs,
with the total bovine genome length corresponding to 2,612,820 kb. [21]. ROH segments
were identified using the PLINK 1.07 software [17] for each Frop (1-2 Mb, 2—4 Mb, 4-8 Mb,
8-16 Mb, and >16 Mb).

2.4. ROH Islands

The ROH islands were calculated with the PLINK 1.9 program [17] using the —homozyg-
group— command to identify ROH hotspots/islands with a higher frequency in shared
regions in the population. The shared ROH regions can be defined as genomic regions
with reduced genetic diversity, presenting high homozygosity around the specific site. It
is possible to identify the aims of the positive and intense selective selection [14]. These
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regions were similar among individuals in which homozygote regions were identified.
The ROH segments shared by more than 20% of the individuals in the population were
considered common regions. In the file for genes of the bovine genome UMD3.1, the
ENSEMBL gene IDs were used to perform a functional annotation analysis using the
Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 tool [22],
and Gene Ontology (GO) Terms and KEGG pathways with a p-value < 0.05 were selected.
The experiment was carried out by article 2 of agreement No. 027 of 2020 of the Faculty
of Agricultural Sciences, in accordance with the guidelines of the Ethics, Bioethics and
Animal Welfare Committee of the University of the Amazon, code CEBBA 129, 2021.

3. Results
3.1. The Genetic Structure of CAQ Exhibits Low Population Stratifications

In the principal component analysis of the CAQ breed (Figure 2), we found that PC1
explained 24% of the variation. Stratification of the CAQ population was low, forming two
clusters. For PC2, a larger cluster was observed, explaining 12% of the variance. Both PCs
exhibited genetic variability and indicated the low stratification of the CAQ population.
Possibly, the studied animals had suffered from a recent introgression of animals crossed
with CAQ, which led to higher genetic variability in the current population.
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Figure 2. PCA scatter-plot of the first two principal components (PC) of Caquetefio Creole population,
where red dots represent females and blue dots represent males.

The average inbreeding coefficient F in the CAQ population was 0.054, with a max-
imum F of 0.261. IBD analysis was also conducted, aiming to confirm the inbreeding
coefficient of the CAQ population. However, the individual pairwise IBD calculations
did not identify any sample duplication (pairwise IBD > 0.95), although the analyzed
markers identified individuals in the population with genetic similarities of higher than
50%, suggesting a first-degree relationship between specific individual pairs. The mean
IBD score in the CAQ population was 0.071. In addition, there were 27 animals with a
maximum IBD score of 0.50 and an animal pair with max IBD scores of 0.63 and 0.65.
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These PC results indicate that the CAQ population genetically exhibits low population
stratification due to the different lineages and possible blood mixing between animals
crossed with CAQ, allowing for the population to diversify. The obtained inbreeding
coefficients indicate control in current matings, allowing for the population to open up
despite its size, which would enable the implementation of a targeted mating strategy and
increase the number of individuals in the population.

3.2. Genomic Distribution of Runs of Homozygosity

The distribution of ROH was identified in the 127 analyzed individuals, with 6474 ROH
segments (Table 1). The average size of each segment was 2.20 MB, ranging from 1 to 17.6.
Based on the identified sizes, we can conclude that 98.97% of the ROH segments are short
and possibly underwent fragmentation by recombination across generations, indicating
that the highest proportion of the genome covered by ROH in the CAQ breed is less than
8 Mb.

Table 1. Distribution of runs of homozygosity (ROH) of different lengths (ROH < 2 Mb, ROH2—4 Mb,
ROH4-8 Mb, ROH8-16 Mb and ROH > 16 Mb).

Class ROH (N) ROH (%) Mean Min Max Standard Deviation
(ROH < 2 Mb) 4067 62.82 1.386 1 1.99 0.28
(ROH2-4 Mb) 1752 27.06 2.750 2 3.99 0.55
(ROH4-8 Mb) 589 9.09 5.306 4 7.89 1.00
(ROH8-16 Mb) 65 1.01 9.848 8 14.23 1.80

(ROH > 16 Mb) 1 0.015 17.26 1726  17.26 17.26
Total ROH 6474 100 2.20 1 17.26 1.50

The ROH per chromosome was higher for BTA1 (402 segments) and BTA3 (350 segments)
and decreased with the increase in chromosome size. Regions were identified on 26 autosomes,
indicating the presence of autozygosity in the studied genome. The highest value, consid-
ered in autozygosity, was observed for chromosome 3 (0.075%), followed by chromosomes
15 (0.0708%) and 20 (0.067%).

3.3. Genomic Inbreeding Coefficient (Fron)

One hundred and twenty-seven animals of the CAQ population were analyzed; how-
ever, higher average inbreeding was observed for the Froy < 2 Mb (16%) and Frop2—4
(12%) classes (Table 2) in 15 animals, indicating ancient inbreeding. This percentage was
probably influenced by the founders, in which some animals in the recent population still
share ROH segments with their ancestors. A decrease in the inbreeding percentage was
observed for the Fropy4-8 Mb, Fron8-16, and Frop > 16 Mb classes, indicating control
of inbreeding in recent matings. Only 15 animals of the Creole population were highly
homozygous at the ROH1-2 Mb distance compared to the total analyzed population. This
finding may be because the CAQ population was not improved without selection pressure,
as a strong ancient relationship was only observed among 15 animals, which could be
attributed to the founder animal lineage.

Table 2. Genomic inbreeding coefficients based on runs of homozygosity (Frop) for different lengths
(1-2 Mb, 24 Mb, 4-8 Mb, 8-16 Mb and > 16 Mb).

Variable N Mean Standard Deviation Sum Minimum  Maximum
Frou <2 15 0.16348 0.04702 2.45226 0.10206 0.24563
Froy 24 15 0.12847 0.04268 1.92711 0.06728 0.21083
Froun 4-8 15  0.09731 0.05168 1.45964 0.04909 0.24458
Frowu 8-16 14  0.02650 0.02937 0.37098 0.00328 0.09405

Fron > 16 2 0.00683 0.0000974 0.01367 0.00676 0.00690
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3.4. Gene Characterization in ROH Islands

Genomic regions with the highest frequency of ROH occurrence are called ROH
hotspots/islands. Regions present in more than 20% of the individual population are
considered common regions (red dots in Figure 3) and also can harbor genes associated
with important production traits in cattle. The genomic regions were located on chromo-
somes BTA3 (position: 29615176-98903642), BTA5 (62276336-87155753), BTA6 (38632996-
116998306), BTAS8 (65897661-105645859), BTA16 (43074568-454224), and BTA22 (1174419-
61379134). BTA20 harbored four ROH hotspots (20114020-63708551, 38347984-40037991,
12658291-51430813, and 10769304-63708551) (Figure 3).
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Figure 3. Manhattan plot of the distribution of ROH islands in the CAQ population. The X-axis
represents the distribution of ROH along the genome, and the Y-axis shows the frequency (%) of
overlapping ROH shared among samples. Red dots above the cutoff value are possible ROH islands.

A total of 22 genes enriched in 14 biological processes (BP) were found. Ten of
them were significant (p < 0.05) (SPEF2, TUT7, MAGI3, PDE4D, PRLR, RSBN1, PEX14,
SEC61G, PHTF1, and NUP54). The genes were related to the cellular inflammatory re-
sponse (GO:0006954) and immune response (GO:0006955), and genes were associated with
the positive regulation of biological processes (GO:0032729) and fertility (GO:0007288;
GO:0007171). A single significant (p < 0.05) enriched KEGG pathway was identified: the
pathway for basic and acidic residues (bta04146), related to cytoskeletal actin filament and
muscle functions.

4. Discussion
4.1. Population Structure of the CAQ Population Identified Genetic Variability

The first two principal components explained more than 36% of the total genetic varia-
tion, suggesting genetic variability in the CAQ population. Population structure analysis is
an essential tool for understanding a population’s history and how the animals contribute
to the genetic variability in a population, promoting the emergence of genetic subgroups
when new genetic material is input. According to Price et al. [23], population stratification
studies help to identify lineages (genetic substructures) and have higher accuracy in the
analyses of genomic data. A molecular characterization study using microsatellites in the
CAQ population identified genetic variability despite the small effective population size [4].
However, the existing CAQ population consists of approximately 130 individuals, with ten
sires being used for matings. The PC suggests that different strains possibly have relevant
differences between sires.

The population structure studies by molecular techniques (microsatellites) were car-
ried out in some Colombian Creole breeds. Barrera et al. [4] reported an average inbreeding
coefficient of 0.14 for a population of 80 Caquetefio Colombian Creole animals. Possibly,
using previous information, the breeders controlled mating in the breed. After 15 years,
the present study demonstrated that the inbreeding coefficient in the CAQ population had
considerably decreased. Studies involving other Creole breeds reported similar inbreeding
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coefficients, such as the Romosinuano breed with F = 0.051 [2] and the Casanarefio Creole
breed with F = 0.08 [24]. These PC results indicate that the CAQ population genetically
exhibits low population stratification due to different lineages and possible blood mixing
between animals crossed with CAQ, allowing for the population to diversify. The obtained
inbreeding coefficients indicate control in current matings, allowing for the population
to open up despite its size, which would enable the implementation of a targeted mating
strategy and increase the number of individuals in the population.

4.2. Runs of Homozygosity (ROH) Characteristics

We identified a higher proportion of short ROH segments in the CAQ genome. Similar
results have been reported by Zambrano et al. [25] for a population of Holstein cattle from
the Narifio Department, in which short segments accounted for approximately 96% of all
identified ROH, indicating the likely low recent selection in the studied population. In this
way, short ROH have been associated with ancient inbreeding [25].

Recent genomic studies on the Blanco Orejinegro Creole breed in Colombia showed
that the total number of small segments identified in the population accounted for approxi-
mately 20.54% of all ROH that were detected in the analysis, indicating a significant ancient
inbreeding [10]. In other studies carried out in South America on breeds such as Nelore
and Gyr, the genome of these breeds was mainly composed of a large number of short
segments that accounted for 78% of all ROH [26]. For the Gyr population, a proportion
of its genome (183.6 Mb), covered by an ROH of a shorter length (ROH1-2 Mb), was also
evaluated [8]. The identification of ROH in the bovine genome provides information on
the specific regions that could be related to selection events. Furthermore, this approach
improves the accuracy of estimated inbreeding coefficients and evaluates the genes re-
lated to traits of economic interest that are fixed in the population across generations [15]
and encouragement in the creole breeds [10]. The distribution of ROH obtained in the
present study suggests the higher contribution of remote inbreeding to autozygosity in this
CAQ population, since there was a high prevalence of short ROH in the genome. These
considerations agree with the results of Solkner et al. [27] and Howrigan et al. [18].

4.3. Identification of Candidate Genes within Runs of Homozygosity

The overlapping of ROH regions of high frequency that were shared among animals
suggests a signal from the ROH islands, and these regions were subjected to a gene
enrichment analysis (Figure 3). Three candidate genes were identified on BTA3, where the
PHTF1 gene was associated with the fertility index in Holstein cattle [28]. On the other hand,
the identified RSBN1 and MAGI3 genes have been related to immunological processes
and disease resistance [29]. On chromosome BTA6, the CXCL11 gene was identified
and has been associated with immune response during pathological processes, including
inflammation and autoimmune and infectious diseases in different cattle populations [30].
Moreover, the NUP54 gene was related to body fat deposition and muscle development [31].
SCARB?2 gene was associated with several functions in energy metabolism, including the
synthesis and transport of energy, lipids, and activity in large organs [32]. On BTAS, the
TUT7 gene was linked to immune response cells [33], and the GAS1 gene was associated
with morphological traits such as capacity and body depth, chest width and angularity,
and teat length in Chinese Holstein cattle [34].

On BTA22, the SEC61G gene was associated with musculoskeletal development and
growth [35]. According to Hardie et al. [36], the SEC61G gene in Holstein cows is related to
body size and feed efficiency during the lactation period. The identified genes are possibly
associated with traits of economic interest related to fertility, immunity, and body size.
These traits are consistent with the high rates of fertility, precocity, and hardiness observed
in the CAQ breed [37].

In the CAQ population, four ROH hotspots located on BTA20 also were identified, with
two related to productive traits. The PIK3R1 gene has been associated with an increased
milk protein fraction at peak lactation [38]. The PDE4D gene has been reported to increase
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meat marbling in studies on Nellore and Hanwoo cattle [39]. Genes related to immunity
and environmental resistance have been identified on BTA20; for example, the candidate
gene CD180 is associated with the animal’s ability to deal with pathogens in Brahman and
Angus cattle [40]. Furthermore, the candidate genes SPEF2 and PRLR have been linked to
the SLICK phenotype, which has an essential effect on coat length in cattle and can affect
cattle thermoregulation in tropical climates [41]. A study in the Senepol breed identified the
SLICK phenotype, which was associated with a mutation in the PRLR gene that resulted
in a short coat. Senepol cattle are one of the few Bos taurus breeds that can tolerate heat,
possibly due to this phenotype [42,43]. The PEX14 and CORT genes located on BTA16 have
been linked to environmental adaptation and the response to heat stress [44,45]. The CAQ
breed is well adapted to harsh environments and displays high resistance to infections and
diseases, besides its reproductive and productive potential, which are crucial traits for a
targeted selection establishment.

The CAQ breed faces adverse environmental conditions, and natural selection has
allowed for it to fix the crucial traits for tropical regions in Colombia. Furthermore, Colom-
bian Creole breeds have become relevant due to their genetic potential and significant
traits for the Colombian tropics, such as their high fertility and parasite resistance [46]. In
addition, these breeds can be kept on poor-quality pastures compared to other commercial
breeds. Some of the genes identified in the ROH islands have been used for selection in
different commercial cattle breeds to rear animals with shorter coats, improving thermo-
tolerance in humid tropical climates [47]. Currently, studies should be conducted with
native breeds, since cattle species face challenges every day, such as those associated with
global climate changes that affect animal production. The CAQ breed shows a low ten-
dency to express genes associated with essential traits within this context. However, the
CAQ population could shortly be an alternative for production systems in the Colombian
humid tropics.

5. Conclusions

FROH is an adequate method to analyze inbreeding in the nonexistent pedigree pop-
ulation. The results pointed to recent autozygosity but low inbreeding based on FROH.
It is possible that some candidate genes previously related to environmental resistance,
immunity, and fertility are present in ROH hotspots at a low frequency in the CAQ pop-
ulation, especially on chromosomes BTA3, BTA4, BTA6, BTA8, and BTA16. In addition,
our results suggest that natural selection has at least partially played a role, among other
factors, in shaping the genomic patterns of ROH in the CAQ population and provides
valuable information for understanding the genetic basis of relevant traits. The findings
will serve as a basis for more population studies that can promote the conservation of the
CAQ and improve its productive traits in the future.

Author Contributions: Conceptualization, A.M.T.-O.; methodology, A.M.T.-O. and A.C.H.R; soft-
ware, G.PS. and A.M.T.-O.; validation, W.B.d.S. and E.G.O.M.; formal analysis, AM.T.-O. and
A.CHR, investigation, AM.T.-O., C.A.Z. and VH.VA; resources, EG.O.M.; data curation,
AM.T.-O., GPS. and A.C.H.R,; writing—original draft preparation, A.M.T.-O.; writing—review
and editing, AM.T.-O., A.CH.R. and W.B.d.S,; visualization, V.H.V.A. and E.G.O.M.; supervision,
E.G.O.M,; project administration, E.G.O.M. and A.M.T.-O.; funding acquisition, E.G.O.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was part of a research project studying Experimental animal breeding genomics,
for the breeding of the productive traits of cattle in the department of Caqueta, supported by Sistema
General de Regalias (grant number 2018000100120).

Institutional Review Board Statement: The experiment was approved in accordance with the guide-
lines of the Ethics, Bioethics and Animal Welfare Committee of the University of the Amazon (code
CEBBA 129-2021).

Informed Consent Statement: Not applicable.



Genes 2022, 13, 1232 90of 10

Acknowledgments: The authors wish to thank farms Villa Mery, El Pencil, El tabor and Universidad
de la Amazonia, sede Macagual, Florencia—Caqueta, for providing the data used in this study.

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

References

1. Xu, L.; Bickhart, D.M.; Cole, ].B.; Schroeder, S.G.; Song, J.; Van Tassell, C.P.; Sonstegard, T.S.; Liu, G.E. Genomic Signatures Reveal
New Evidences for Selection of Important Traits in Domestic Cattle. Mol. Biol. Evol. 2015, 32, 711-725. [CrossRef] [PubMed]

2. Bejarano, D.; Pedraza, A.; Martinez Rocha, J.F.; Martinez, R. Variabilidad Genética En Subpoblaciones Comerciales de La Raza
Criolla Colombiana Romosinuano. Cienc. Tecnol. Agropecu. 2012, 13, 97-107. [CrossRef]

3. Trujillo, Y.T.; Floriano, P.L.E. Caracteristicas Morfométricas y Fanerdpticas de La Raza. In Genética Pura: Ganado Criollo Caqueterio;
Torrijos, R.R., Ed.; Impresos Panamericanos: Florencia, Colombia, 2013; pp. 27-48, ISBN 978-9-58579-450-4.

4. Barrera, G.P; Martinez, R.; Torrijos, R.; Ramén, F. Caracterizaciéon Molecular de Una Poblacion de Ganado Caquetefio y Su
Relacion Filogenética Con Razas Bovinas Criollas Colombianas. Cienc. Tecnol. Agropecu. 2006, 7, 33—41. [CrossRef]

5. Delgado, ].V.; Martnez, A.M.; Acosta, A.; Alvarez, L.A.; Armstrong, E.; Camacho, E.; Cafidn, J.; Cortés, O.; Dunner, S.; Landji, V,; et al.
Genetic characterization of Latin-American Creole cattle using microsatellite markers. Anim. Genet. 2012, 43, 2-10. [CrossRef]

6. McKay, S.D.; Schnabel, R.D.; Murdoch, B.M.; Matukumalli, LK.; Aerts, J.; Coppieters, W.; Crews, D.; Neto, E.D.; Gill, C.A.; Gao, C; et al.
An Assessment of Population Structure in Eight Breeds of Cattle Using a Whole Genome SNP Panel. BMC Gernet. 2008, 9, 37. [CrossRef]

7. Gibson, J.; Morton, N.E.; Collins, A. Extended Tracts of Homozygosity in Outbred Human Populations. Hum. Mol. Genet. 2006,
15, 789-795. [CrossRef]

8.  Toro Ospina, A.M.; Silva Faria, R.A.; Vercesi Filho, A.E.; dos Santos Goncalves Cyrillo, ].N.; Zerlotti Mercadante, M.E.; Curi,
R.A.; Vasconcelos Silva, ].A. Genome-wide Identification of Runs of Homozygosity Islands in the Gyr Breed (Bos Indicus). Reprod.
Domest. Anim. 2020, 55, 333-342. [CrossRef]

9. Xu, L. Zhao, G; Yang, L.; Zhu, B.; Chen, Y; Zhang, L.; Gao, X.; Gao, H.; Liu, G.E,; Li, ]. Genomic Patterns of Homozygosity in
Chinese Local Cattle. Sci. Rep. 2019, 9, 16977. [CrossRef]

10. Caivio-Nasner, S.; Lopez-Herrera, A.; Gonzalez-Herrera, L.G.; Rincén, J.C. Diversity Analysis, Runs of Homozygosity and
Genomic Inbreeding Reveal Recent Selection in Blanco Orejinegro Cattle. J. Anim. Breed. Genet. 2021, 138, 613-627. [CrossRef]

11.  Mastrangelo, S.; Sardina, M.T.; Tolone, M.; Di Gerlando, R.; Sutera, A.M.; Fontanesi, L.; Portolano, B. Genome-Wide Identification
of Runs of Homozygosity Islands and Associated Genes in Local Dairy Cattle Breeds. Animal 2018, 12, 2480-2488. [CrossRef]

12.  Mastrangelo, S.; Tolone, M.; Di Gerlando, R.; Fontanesi, L.; Sardina, M.T.; Portolano, B. Genomic Inbreeding Estimation in Small
Populations: Evaluation of Runs of Homozygosity in Three Local Dairy Cattle Breeds. Animal 2016, 10, 746-754. [CrossRef]

13. Grossman, S.R.; Shylakhter, I.; Karlsson, E.K.; Byrne, E.H.; Morales, S; Frieden, G.; Hostetter, E.; Angelino, E.; Garber, M.; Zuk, O.;
et al. A Composite of Multiple Signals Distinguishes Causal Variants in Regions of Positive Selection. Science 2010, 327, 883-886.
[CrossRef] [PubMed]

14. Pemberton, T.J.; Absher, D.; Feldman, M.W.; Myers, R.M.; Rosenberg, N.A.; Li, ].Z. Genomic Patterns of Homozygosity in
Worldwide Human Populations. Am. |. Hum. Genet. 2012, 91, 275-292. [CrossRef] [PubMed]

15. Marras, G.; Gaspa, G.; Sorbolini, S.; Dimauro, C.; Ajmone-Marsan, P.; Valentini, A.; Williams, J.L.; MacCiotta, N.P.P. Analysis
of Runs of Homozygosity and Their Relationship with Inbreeding in Five Cattle Breeds Farmed in Italy. Anim. Genet. 2015, 46,
110-121. [CrossRef] [PubMed]

16. Liu, D.; Chen, Z.; Zhao, W.; Guo, L.; Sun, H.; Zhu, K,; Liu, G.; Shen, X.; Zhao, X.; Wang, Q.; et al. Genome-Wide Selection
Signatures Detection in Shanghai Holstein Cattle Population Identified Genes Related to Adaption, Health and Reproduction
Traits. BMC Genom. 2021, 22, 747. [CrossRef]

17.  Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, PI.W.; Daly, M.].;
et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. . Hum. Genet. 2007, 81,
559-575. [CrossRef]

18.  Howrigan, D.P.; Simonson, M.A.; Keller, M.C. Detecting Autozygosity through Runs of Homozygosity: A Comparison of Three
Autozygosity Detection Algorithms. BMC Genom. 2011, 12, 460. [CrossRef]

19. Keller, M.C.; Visscher, PM.; Goddard, M.E. Quantification of Inbreeding Due to Distant Ancestors and Its Detection Using Dense
Single Nucleotide Polymorphism Data. Genetics 2011, 189, 237-249. [CrossRef]

20. Bjelland, D.W.; Weigel, K.A.; Vukasinovic, N.; Nkrumah, J.D. Evaluation of Inbreeding Depression in Holstein Cattle Using
Whole-Genome SNP Markers and Alternative Measures of Genomic Inbreeding. J. Dairy Sci. 2013, 96, 4697-4706. [CrossRef]

21. Zimin, A.V,; Delcher, A.L.; Florea, L.; Kelley, D.R; Schatz, M.C.; Puiu, D.; Hanrahan, E; Pertea, G.; Van Tassell, C.P.; Sonstegard,
T.S.; et al. A Whole-Genome Assembly of the Domestic Cow, Bos Taurus. Genome Biol. 2009, 10, R42. [CrossRef]

22. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics
Resources. Nat. Protoc. 2009, 4, 44-57. [CrossRef] [PubMed]

23. Price, A.L,; Patterson, N.J.; Plenge, R.M.; Weinblatt, M.E.; Shadick, N.A.; Reich, D. Principal Components Analysis Corrects for
Stratification in Genome-Wide Association Studies. Nat. Genet. 2006, 38, 904-909. [CrossRef] [PubMed]

24. Martinez, R.A.; Pérez, ].E. Caracteristicas De Crecimiento En El Ganado Criollo. Rev. Corpoica-Cienc. Tecnol. Agropecu. 2006, 7,

25-32. [CrossRef]


http://doi.org/10.1093/molbev/msu333
http://www.ncbi.nlm.nih.gov/pubmed/25431480
http://doi.org/10.21930/rcta.vol13_num1_art:246
http://doi.org/10.21930/rcta.vol7_num1_art:57
http://doi.org/10.1111/j.1365-2052.2011.02207.x
http://doi.org/10.1186/1471-2156-9-37
http://doi.org/10.1093/hmg/ddi493
http://doi.org/10.1111/rda.13639
http://doi.org/10.1038/s41598-019-53274-3
http://doi.org/10.1111/jbg.12549
http://doi.org/10.1017/S1751731118000629
http://doi.org/10.1017/S1751731115002943
http://doi.org/10.1126/science.1183863
http://www.ncbi.nlm.nih.gov/pubmed/20056855
http://doi.org/10.1016/j.ajhg.2012.06.014
http://www.ncbi.nlm.nih.gov/pubmed/22883143
http://doi.org/10.1111/age.12259
http://www.ncbi.nlm.nih.gov/pubmed/25530322
http://doi.org/10.1186/s12864-021-08042-x
http://doi.org/10.1086/519795
http://doi.org/10.1186/1471-2164-12-460
http://doi.org/10.1534/genetics.111.130922
http://doi.org/10.3168/jds.2012-6435
http://doi.org/10.1186/gb-2009-10-4-r42
http://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://doi.org/10.1038/ng1847
http://www.ncbi.nlm.nih.gov/pubmed/16862161
http://doi.org/10.21930/rcta.vol7_num1_art:56

Genes 2022, 13, 1232 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Zambrano, M.EB.; Flérez, ].C.R.; Rios, A.C.H.; Portilla, C.E.S.; de Jesis Bedoya Berrio, G. Evaluation of Runs of Homozygosity
and Genomic Inbreeding in Holstein Cattle from Colombia. Semin. Ciéncias Agrdrias 2020, 41, 3397-3418. [CrossRef]

Peripolli, E.; Stafuzza, N.B.; Amorim, S.T.; Lemos, M.V.A ; Grigoletto, L.; Kluska, S.; Ferraz, ].B.S.; Eler, ].P.; Mattos, E.C.; Baldi, F.
Genome-wide Scan for Runs of Homozygosity in the Composite Montana Tropical® Beef Cattle. J. Anin. Breed. Genet. 2020, 137,
155-165. [CrossRef] [PubMed]

Solkner, J.; Ferencakovié, M.; Karimi, Z.; O’Brien, A.M.P,; Mészaros, G.; Eaglen, S.; Boison, S.A.; Curik, I. Extremely Non-Uniform:
Patterns of Runs of Homozygosity in Bovine Populations. In Proceedings of the 10th World Congress on Genetics Applied to
Livestock Production, Vancouver, BC, Canada, 17-22 August 2014; p. 3.

Mesbah-Uddin, M. Identification of Causal Factors for Recessive Lethals in Dairy Cattle with Special Focus on Large Chromosomal
Deletions. Ph.D. Thesis, Aarhus University, Aarhus, Denmark, 2019.

Dejenie, M.Y. Genome-Wide Signature of Positive Selection, Breed-Specific SNPs and Linkage Disequilibrium in Ethiopian Indigenous and
European Beef Cattle Breeds; Addis Ababa University: Addis Ababa, Ethiopia, 2021.

Mastrangelo, S.; Ben Jemaa, S.; Ciani, E.; Sottile, G.; Moscarelli, A.; Boussaha, M.; Montedoro, M.; Pilla, E.; Cassandro, M.
Genome-wide Detection of Signatures of Selection in Three Valdostana Cattle Populations. J. Anim. Breed. Genet. 2020, 137,
609-621. [CrossRef]

Nolte, W.; Weikard, R.; Brunner, R M.; Albrecht, E.; Hammon, H.M.; Reverter, A.; Kiihn, C. Biological Network Approach for the
Identification of Regulatory Long Non-Coding RNAs Associated with Metabolic Efficiency in Cattle. Front. Genet. 2019, 10, 1130.
[CrossRef]

Lam, S.; Miglior, F.; Fonseca, P.; Seymour, D.; Asselstine, V.; Brito, L.; Schenkel, F. Identification of Variants Associated with
Divergent Feed Efficiency Groups Using Multiple RNA-Sequencing Datasets from Dairy and Beef Cattle. In Proceedings of the
World Congress on Genetics Applied to Livestock Production, Auckland, New Zealand, 11-16 February 2018; p. 773.

Silva, D.O. Estudo de Associacao Genomica Para Habilidade de Permanéncia No Rebanho Na Raca Nelore, Considerando
Diferentes Idades. Master’s Thesis, Sao Paulo State University, Sao Paulo, Brazil, 2018.

Wu, X,; Fang, M.; Liu, L.; Wang, S.; Liu, J.; Ding, X.; Zhang, S.; Zhang, Q.; Zhang, Y.; Qiao, L.; et al. Genome Wide Association
Studies for Body Conformation Traits in the Chinese Holstein Cattle Population. BMC Genom. 2013, 14, 897. [CrossRef]
Adamson, B.; Norman, T.M.; Jost, M.; Cho, M.Y.; Nufiez, ].K.; Chen, Y.; Villalta, J.E.; Gilbert, L.A.; Horlbeck, M.A.; Hein, M.Y.;
et al. A Multiplexed Single-Cell CRISPR Screening Platform Enables Systematic Dissection of the Unfolded Protein Response.
Cell. 2016, 167, 1867-1882.€21. [CrossRef]

Hardie, L.C.; VandeHaar, M.].; Tempelman, R.J.; Weigel, K.A.; Armentano, L.E.; Wiggans, G.R.; Veerkamp, R.F,; de Haas, Y,;
Coffey, M.P,; Connor, E.E.; et al. The Genetic and Biological Basis of Feed Efficiency in Mid-Lactation Holstein Dairy Cows. .
Dairy Sci. 2017, 100, 9061-9075. [CrossRef]

Celis Parra, G.A.; Chinguad Taramuel, L.G.; Garcia Bustos, ].J. Evaluation of the Productive Characteristics of the Caquetefio
Creole Cattle Breed. Trop. Anim. Health Prod. 2020, 52, 3241-3250. [CrossRef] [PubMed]

Han, B,; Yuan, Y;; Shi, L.; Li, Y;; Liu, L.; Sun, D. Identification of Single Nucleotide Polymorphisms of PIK3R1 and DUSP1 Genes and
Their Genetic Associations with Milk Production Traits in Dairy Cows. J. Anim. Sci. Biotechnol. 2019, 10, 81. [CrossRef] [PubMed]
Sudrajad, P; Sharma, A.; Dang, C.G.; Kim, J.J.; Kim, K.S.; Lee, ].H.; Kim, S.; Lee, S.H. Validation of Single Nucleotide Polymor-
phisms Associated with Carcass Traits in a Commercial Hanwoo Population. Asian-Australas. ]. Anim. Sci. 2016, 29, 1541-1546.
[CrossRef] [PubMed]

Casas, E.; Garcia, M.D.; Wells, J.E.; Smith, T.P.L. Association of Single Nucleotide Polymorphisms in the ANKRA2 and CD180
Genes with Bovine Respiratory Disease and Presence of Mycobacterium Avium Subsp. Paratuberculosisl. Anim. Genet. 2011, 42,
571-577. [CrossRef] [PubMed]

Huson, H.J.; Kim, E.-S.; Godfrey, RW.; Olson, T.A.; McClure, M.C.; Chase, C.C.; Rizzi, R.; O’Brien, AM.P,; Van Tassell, C.P;
Garcia, J.F,; et al. Genome-Wide Association Study and Ancestral Origins of the Slick-Hair Coat in Tropically Adapted Cattle.
Front. Genet. 2014, 5, 101. [CrossRef]

Littlejohn, M.D.; Henty, KM.; Tiplady, K.; Johnson, T.; Harland, C.; Lopdell, T.; Sherlock, R.G.; Li, W.; Lukefahr, S.D.; Shanks, B.C,;
et al. Functionally Reciprocal Mutations of the Prolactin Signalling Pathway Define Hairy and Slick Cattle. Nat. Commun. 2014, 5, 5861.
[CrossRef]

Porto-Neto, L.R.; Bickhart, D.M.; Landaeta-Hernandez, A.].; Utsunomiya, Y.T.; Pagan, M.; Jimenez, E.; Hansen, PJ.; Dikmen, S.;
Schroeder, S.G.; Kim, E.-S.; et al. Convergent Evolution of Slick Coat in Cattle through Truncation Mutations in the Prolactin
Receptor. Front. Genet. 2018, 9, 57. [CrossRef]

Singh, A.K.; Upadhyay, R.C.; Chandra, G.; Kumar, S.; Malakar, D.; Singh, S.V.; Singh, M.K. Genome wide Expression Analysis
of the Heat Stress Response in Dermal Fibroblasts of Tharparkar (Zebu) and Karan-Fries (Zebu x Taurine) Cattle. Cell Stress
Chaperones 2020, 25, 327-344. [CrossRef]

Shen, ].; Hanif, Q.; Cao, Y,; Yu, Y,; Lei, C.; Zhang, G.; Zhao, Y. Whole Genome Scan and Selection Signatures for Climate Adaption
in Yanbian Cattle. Front. Genet. 2020, 11, 94. [CrossRef]

Ocampo, R.J.; Martinez, ].F; Martinez, R. Assessment of Genetic Diversity and Population Structure of Colombian Creole Cattle
Using Microsatellites. Trop. Anim. Health Prod. 2021, 53, 122. [CrossRef]

Sarlo Davila, KM.; Howell, A.; Nunez, A.; Orelien, A.; Roe, V.; Rodriguez, E.; Dikmen, S.; Mateescu, R.G. Genome-wide Association
Study Identifies Variants Associated with Hair Length in Brangus Cattle. Anim. Genet. 2020, 51, 811-814. [CrossRef] [PubMed]


http://doi.org/10.5433/1679-0359.2020v41n6Supl2p3397
http://doi.org/10.1111/jbg.12428
http://www.ncbi.nlm.nih.gov/pubmed/31397015
http://doi.org/10.1111/jbg.12476
http://doi.org/10.3389/fgene.2019.01130
http://doi.org/10.1186/1471-2164-14-897
http://doi.org/10.1016/j.cell.2016.11.048
http://doi.org/10.3168/jds.2017-12604
http://doi.org/10.1007/s11250-020-02350-2
http://www.ncbi.nlm.nih.gov/pubmed/32783132
http://doi.org/10.1186/s40104-019-0392-z
http://www.ncbi.nlm.nih.gov/pubmed/31709048
http://doi.org/10.5713/ajas.15.0836
http://www.ncbi.nlm.nih.gov/pubmed/26954199
http://doi.org/10.1111/j.1365-2052.2011.02189.x
http://www.ncbi.nlm.nih.gov/pubmed/22034997
http://doi.org/10.3389/fgene.2014.00101
http://doi.org/10.1038/ncomms6861
http://doi.org/10.3389/fgene.2018.00057
http://doi.org/10.1007/s12192-020-01076-2
http://doi.org/10.3389/fgene.2020.00094
http://doi.org/10.1007/s11250-021-02563-z
http://doi.org/10.1111/age.12970
http://www.ncbi.nlm.nih.gov/pubmed/32548856

	Introduction 
	Materials and Methods 
	Animals and Genotypes 
	Genetic Structure of the Population 
	Runs of Homozygosity Detection 
	ROH Islands 

	Results 
	The Genetic Structure of CAQ Exhibits Low Population Stratifications 
	Genomic Distribution of Runs of Homozygosity 
	Genomic Inbreeding Coefficient (FROH) 
	Gene Characterization in ROH Islands 

	Discussion 
	Population Structure of the CAQ Population Identified Genetic Variability 
	Runs of Homozygosity (ROH) Characteristics 
	Identification of Candidate Genes within Runs of Homozygosity 

	Conclusions 
	References

