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Simple Summary: Climate change plays a major role in livestock production. Hence the utiliza-
tion of crossbreeding strategies allows for the improvement of animal production during harsh
environmental conditions. The aim of this study was to identify the genetic differences in the F1
Nguni x Bonsmara and its reciprocal cross (Bonsmara x Nguni). This was achieved by studying
the changes in structural variation, such as copy number variants in these two crosses. The major
findings from this study have revealed several genes relating to adaption in these crossbred cattle.

Abstract: Crossbreeding forms part of Climate-Smart beef production and is one of the strategies to
mitigate the effects of climate change. Two Nguni-sired and three Bonsmara-sired crossbred animals
underwent whole genome sequencing. Following quality control and file preparation, the sequence
data were investigated for genome-wide copy number variation (CNV) using the panelen. MOPS
tool. A total of 355 CNVs were identified in the crossbreds, of which 274 were unique in Bonsmara-
sired crossbreds and 81 unique in the Nguni-sired crossbreds. Genes that differed in copy number
in both crossbreds included genes related to growth (SCRN2, LOC109572916) and fertility-related
factors (RPS28, LOC1098562432, LOC109570037). Genes that were present only in the Bonsmara-sired
crossbreds included genes relating to lipid metabolism (MAF1), olfaction (LOC109569114), body size
(HES?), immunity (LOC10957335, LOC109877039) and disease (DMBT1). Genes that were present
only in the Nguni-sired crossbreds included genes relating to ketosis (HMBOX1) and amino acid
transport (LOC109572916). Results of this study indicate that Nguni and Bonsmara cattle can be
utilized in crossbreeding programs as they may enhance the presence of economically important
traits associated with both breeds. This will produce crossbred animals that are good meat producers,
grow faster, have high fertility, strong immunity and a better chance of producing in South Africa’s
harsh climate conditions. Ultimately, this study provides new genetic insights into the adaptability of
Nguni and Bonsmara crossbred cattle.

Keywords: composite breed; crossbreeding; climate change; indigenous breeds; structural variation;
panelen. MOPS; whole genome sequencing; bovine genomics

1. Introduction

Copy number variation (CNV) is a type of structural variation that includes large-scale
duplications, insertions and deletions which create imbalances in gene dosage and are
described as the deletion or duplication of a genome copy number [1] that can have great
functional and evolutionary impact [2]. For instance, CNVs play a key role in generating the
required variation in a population [3]. Changes in gene copy number also influence gene
dosage, unjustified gene fusion, disrupt gene functionality, and positional effects [4]. In
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addition, CNV can affect gene expression through duplication or deletion of gene regions,
thereby affecting the overall phenotype expressed by the individual [5]. Overall, CNVs
affect a wide range of phenotypic traits and animal performance.

CNVs were originally detected by approaches such as array-based Comparative
Genomic Hybridization (aCGH), quantitative Polymerase Chain Reaction (qPCR), or
using SNP arrays. Current studies involving CNV detection in cattle use SNP array
technology [6,7], while a few studies have used the aCGH approach [4,8,9]. However, both
approaches are limited by low accuracy of CNV location and CNV length estimation and
are unable to detect CNVs along the entire genome sequence. For example, Hou et al. [10]
utilized the Bovine HapMap SNP genotyping data to identify the genomic characteristics
of cattle CNVs. They identified 682 candidate CNV regions where 56% of the CNVs over-
lap with cattle genes (1263) relating to immunity, lactation, reproduction and rumination.
Another study by Wang et al. [7] characterized the CNVs across the South African Nguni
genome using the Bovine SNP 50K Bead chip and next-generation sequencing technologies
for CNV identification. The study found 458 genes located within 10 Mb of CNVRs, where
402 (87%) genes were unique to the Nguni population [7].

Studies have tried to improve the understanding of the underlying factors of the differ-
ences observed in crossbred cattle in their response to changing environmental conditions,
such as heat stress [11-13]. For example, there is a crossbreeding program at the Vaalharts
research station in the Northern Cape province of South Africa that studies the performance
of different crossbred progeny [14]. One of the hybrids involved crossing purebred Nguni
sires with Bonsmara dams and their reciprocal crosses. Observations indicated that in
normal years, where no extreme temperatures, either too hot or cold, were observed, the
Bonsmara-sired calves outperformed the Nguni-sired calves, but in hot and dry years, the
Nguni-sired calves performed better in terms of body weight. In dry years BxN calves
from the Nguni dams had much lower birth weights than NxB calves from the Bonsmara
dams [14]. This may be due to Nguni’s adaptability to challenging climates. This may be
an indication that calves from Nguni bulls were better adapted to harsh environments than
calves from Bonsmara bulls [14].

Rapid advancement in next-generation sequencing (NGS) technology provides a more
accurate approach to finding both common and rare CNVs, at a base-pair resolution [15].
Studies based on NGS have facilitated the discovery of smaller, previously unknown
CNVs [16]. Thus, in this study, whole genome sequencing was utilized to identify CNVs
with a higher effective resolution and increased sensitivity. Since CNVs are a significant
source of genetic variability associated with phenotypic variation, the aim of this study
was to survey genome-wide copy number differences between crossbred F1 progeny sired
from either Nguni or Bonsmara sires crossed with Bonsmara and Nguni dams. Thus, the
genomes of crossbred F1 progeny sired by either Nguni or Bonsmara bulls crossed with
Bonsmara and Nguni dams were sequenced. Thereafter, the identification of genes that
differ in copy number variants between the Nguni-sired and Bonsmara-sired calves was
performed using a read-depth approach, panelen. MOPS.

2. Materials and Methods
2.1. Animal Selection

Hair samples were collected from Nguni-sired (n = 2) and Bonsmara-sired (n = 3)
male progeny and their respective parents originating from the Vaalharts Research station
in the Northern Cape. Information regarding each crossbred animal, such as age and
weight, is summarized in Supplementary Table S1. Parentage verification was performed
using eleven ISAG-recommended microsatellite markers of each crossbred at the Animal
Genetics Laboratory of the Agricultural Research Council—Animal Production campus.
The number of animals used in this study for whole genome CNV analysis is similar to
previous studies that utilized either one [17], two [18] or three [19,20] animals for genome-
wide CNV detection in cattle.
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2.2. DNA Extraction and Sequencing

The DNA was extracted from hair samples using the Qiagen DNeasy Blood and tissue
kit as per the manufacturer’s protocol. The extracted DNA was run on a gel electrophoresis
system to determine the integrity of the DNA. Briefly, 5 uL DNA was loaded in a 1%
agarose gel and was run at 100 V for 30 min. Thereafter the gel was UV visualized with the
Bio-Rad Molecular Imager Gel Doc™ XR + system. The DNA concentration was measured
in ng/uL using the NanoDrop UV /Vis Spectrophotometer (NanoDrop ND-1000) and
further verified using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). All DNA samples were retained at a concentration of 50 ng/pL in preparation for
NGS sequencing at the ARC-Biotechnology Platform. Sequence reads were filtered for
base quality and adapter trimming using Trimmomatic v0.36 [21]. The trimming criteria
used was that when four consecutive bases had an average Phred-like quality score of
less than 33, the sequence read was trimmed. Subsequently, only pairs of DNA sequences
with reads greater than 36 bp were retained for analysis. BWA-MEM v(.7.17 software [22]
was used for sequence alignment to the reference genome (Bos_indicus_1.0 [23]). The
Bos indicus reference (GCF_000247795.1_Bos_indicus_1.0) was chosen due to African Sanga
cattle possessing unique indicine ancestry that is different from that found in modern cattle
populations, such as the Brahman and Nellore [24]. The total number of reads, sequencing
depths and mapping ratios are summarized in Supplementary Table S2. Each SAM file
generated during the alignment process was converted to BAM (binary alignment map)
files using the samtools “view” command and sorted using the samtools “sort” command
and thereafter indexed using the samtools “index” command samtools [25]. Sequencing
depth per individual was determined using the samtools “depth” command.

2.3. Copy Number Variation Analysis

Panelen.MOPS is a bioinformatics tool used to identify copy number variation from
whole genome sequencing data [26]. This tool is the modified build of Copy Number
estimation by a Mixture of Poissons (cnMOPS) developed by Klambauer et al. [27]. Briefly,
cnMOPS uses a Bayesian approach that comprises the use of a probabilistic model that
explains the observed read counts by copy numbers based on the assumption that read
counts in a region are distributed according to a mixture of Poisson’s [27]. The GUI ver-
sion of the PanelcnMOPS program, CNV Detective (https://www.bioinf jku.at/software/
panelcnmops/, accessed on 3 November 2022), was used to detect copy number variations
in the Nguni-sired and Bonsmara-sired crossbreds. Worthy to note initially, 3 NxB individ-
uals and 3 BxN individuals were used for this analysis. However, one individual from the
NxB group failed the first step of quality control and was removed. The remaining 3 BxN
and 2 NxB individuals were used for further downstream analysis.

The input files for panelen.MOPS includes the bam file for each individual to extract
the read counts (RC). It also includes the bed file that is necessary to extract the regions
of interest (ROI) that define the count windows. To create the bed files, the parameter
“bamtobed” from bedtools was used [28]. Selecting the advanced option setting, parameters,
such as the duplication threshold was fixed at 1.46, the deletion threshold was fixed at 0.57,
along with minimum median RC/ROI ratio = 30 and the sex set as male. Quality control
(QC) involves the calculation of the minimum median RC/ROI ratio, where samples with
a median RC across all ROIs that is lower than 0.55 times the median of all samples fail the
first step of the sample QC. Additionally, the ratio between the normalized RCs of each
sample and the median across all remaining samples for each ROl is determined. When
samples show a high variation in RC ratios, they fail the second QC step. CNVs labeled
with ‘LowQual” were regarded as non-significant and removed. All significant CNVs that
passed quality control are reported in Supplementary Table S3. Gene annotation of the
significant CNV regions was assessed based on the UMD3.1 bovine genome assembly using
Ensembl (Ensembl Genes104).
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3. Results
3.1. Copy Number Variants Summary Statistics

A total of 355 CNV regions were identified from the five crossbred animals. These
CNV regions were comprised of 82% losses and 18% gains (Supplementary Figure S1). The
highest number of deletion CNVs were detected on Bos taurus Autosome (BTA) 15 and the
lowest on BTA27, while the highest number of duplication CNVs was detected on BTA 8 and
no duplications were detected on BTA 1, 16, 27 and 28 (Supplementary Figure S2). Overall,
the chromosomal distribution of CNV in the crossbreds demonstrates great variation in the
copy number and total CNVs identified per chromosome (Supplementary Figure 52). These
CNV regions cover 3.67 Mb of the Bos_indicus_1.0 genome assembly, which corresponds
to ~0.15% of the bovine genomes. The estimated length of CNV regions varies from 230 bp
to 274 Kb with an average of 9318 bp (Table 1). Individuals 1 (NxB1) and 2 (NxB2) from the
Nguni-sired crossbreds and Individual 3 (BxN3), a Bonsmara-sired crossbred had CNVR
ranging from 33-48. This was different from Individuals 4 (BxN4) and 5 (BxIN5) of the
Bonsmara-sired animals, which had three times more CNVR than individuals 1 (NxB1),
2 (NxB2) and 3 (BxNB3) (Figure 1). The highest number of single-copy deletions was
identified in individual BxN4 and the lowest in individual BxN3. The highest number
of single duplications was detected in individual BxIN4, while the lowest was found in
individual NxB2.

Table 1. Detailed information of CNVs detected in all crossbreds.

Chr Length Cumulative Mean Median Min Length Max Length
BTA No. Mb) CNVLength NO-OfCNVS | ibp)  Length (bp) bp) bp)
1 161.11 1899 3 633 314 314 1271
2 140.68 12,375 7 1768 1201 746 4987
3 127.87 86,703 10 8670.3 2597 515 36,426
4 124.43 76,137 12 6345 3254 749 21,076
5 125.64 334,329 25 13,373 2858 935 96,975
6 122.65 52,759 11 4796 3236 1007 13,724
7 111.95 61,680 15 4112 2435 410 16,115
8 116.94 753,177 24 31,382 4920 230 110,871
9 108.1 25,279 7 3611 2357 896 9901
10 106.31 68,741 11 6249 959 428 56,532
11 110.26 263,313 17 15,489 2908 785 70,362
12 85.44 50,569 3 16,856 16,673 2637 31,259
13 84.43 32,268 10 3227 2570 1418 6174
14 81.41 8512 7 1216 1269 751 1464
15 84.8 380,029 37 10,271 962 929 274,172
16 77.91 12,954 5 2591 2583 1341 3674
17 76.52 25,833 9 2870 1682 1005 6364
18 65.95 231,509 26 8904 3256 575 101,156
19 65.32 246,360 27 9124 2473 296 164,086
20 75.86 86,586 3 28,862 18,014 7797 60,775
21 69.31 10,296 7 1471 1286 899 2081
22 61.89 48,558 12 4047 2478 837 11,298
23 53.33 188,807 15 12,587 1925 311 54,452
24 65.02 14,363 2 7182 7181.5 6451 7912
25 44.04 405,962 22 18,453 4102 968 153,354
26 51.86 118,236 3 39,412 58,321 1594 58,321
27 48.75 13,346 1 - - - -
28 46.11 3465 3 1155 1231 374 1860
29 52.13 40,348 13 3104 1214 887 10,024
X 88.52 19,726 8 2466 1710.5 605 8804
Total 2634.54 3,674,119 355 9318 2478 230 274,172
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Figure 1. Graphical representation of the number of CNVs per class per crossbred individual, where
CNO = double copy deletion, CN1 = single copy deletion and CN3 = single copy duplication.
3.2. CNV Gene Annotation
Genes were identified using Ensembl [29] to determine the potential functional roles
associated with the identified CNVs. A total of 294 genes were identified across all indi-
viduals. However, genes that were present in two individuals per cross were reported. In
the Bonsmara-sired crossbreds, 13 genes were identified (Table 2), while three genes were
recognized in the Nguni-sired crossbreds (Table 3). The CNV genes detected play a role in
multiple biological traits, such as fertility, growth, immunity, olfaction, lipid metabolism
and disease.
Table 2. CNV genes identified in the Bonsmara-sired (BxNN) crossbreds detected by panelen.MOPS
(RC > 0.55).
Sample Function BTA CN CNV Start CNVEnd  Gene Start Gene End Gene Full Name References
BXN3+4  ODF X N1 33981816 33982421 33975376 33985271 RAB9B RABIB, member RAS
inding oncogene family
R . ubiquitin
egulation .
carboxyl-terminal
BXN4+5  of cellular 3 CNI 126931388 126932989 126930672 126933578  LOC109556616 o : [30]
ydrolase 17-like
processes .
protein 6
Fertility-
BXN 4 +5 related 7  CN1 15428095 15428909 15428030 15429198 RPS28 ribosomal protein 528 131]
factors
probable plastid-
BXN 4 +5 9 CNI 106343904 106344800 106342953 106345181  LOC109563685 hp‘s;f‘j:;“;ted
chloroplastic
Lipid MAF1 homolog,
BXN 4 +5 pic 14 CN1 564233 565697 563768 566833 MAF1 negative regulator of [32]
metabolism
RNA polymerase III
BXN4+5  Olfaction 15  CN1 80006277 80007209 80006277 80007209 LOC109569114 "lfacg"]rl}flfﬁzef’ tor [33]
Protein ADP ribosylation
BXN 4 +5 bimdin 17 CN1 55217115 55218797 55216878 55219698 ARL6IP4 factor like GTPase 6
g interacting protein 4
BXN4+5 Body size 19  CN1 28307250 28309723 28306270 28309725 HES7 hes family bHLH [34,35]
transcription factor 7
BXN 4 +5 Growth 19 CN1 39865977 39869076 39865484 39869235 SCRN2 secernin 2 [36]
BXN4+5  Immunity 19 CNI1 58635110 58637647 58635110 58637827  LOC109573358 Cﬁ“ﬁgg&;ﬂge
SLA class I
Adaptive histocompatibility
BXN4+5 0P 23 CN1 26144727 26199179 26144339 26199240  LOC109577039 antigen, DQ [37]
immunity haol
aplotype D alpha
chain
class IT major
BXN4+5 Inflammatory oo o\ 0600855 10645081 10600419 10646357 CIITA histocompatibility [38]
response complex
transactivator
BXN4+5 Disease 26 CN1 43114715 43173036 43114701 43173429 DMBT1 deleted in malignant [39]

brain tumors 1




Animals 2023, 13,2513

60f11

Table 3. CNV genes identified in the Nguni-sired (NxB) crossbreds detected by panelen. MOPS (RC > 0.55).

Sample Function BTA CN CNV Start CNVEnd  Gene Start Gene End Gene Full Name Reference
Fertility- disintegrin and
NxB1+2 related 8 CN3 7212767 7215055 7207894 7215055 LOC109562432 énetal.l"l’mte‘.“'“‘.se [40]
factors omam.-con’ta.lmng
protein 20-like
NxB1+2 Ketosis 8 CNO 9713354 9824225 9711258 9901658 HMBOX1 homeobox [41]
containing 1
Amino
NxB1+2 acid 18 CN1 61411652 61418513 61411629 61418610 LOC109572916 cationic amino acid [19]
transport, transporter 3-like
Growth

4. Discussion

Panelen.MOPs analysis allowed for the identification of genetic differences at the
whole genome scale for two crossbred cattle genotypes (Nguni-sired and Bonsmara-sired).
In this study, 355 CNV regions were identified in 5 individuals. Copy number variation
analysis in various studies has shown great variation in the number of CNV regions in
cattle [5,19,42]. A study by Wu et al. [43] identified 263 CNV regions in 792 Simmental
cattle by means of PennCNV analyses, while Liu et al. [4] identified 177 CNV regions in
17 cattle breeds through whole-genome CGH array analysis. Zhan et al. [17] reported
520 CNV regions in a single Holstein Friesian bull using CNV-Seq, while Liu et al. [9]
reported 490 CNV regions in 1092 Shanghai Holstein cattle using the cn.MOPS approach.
It is worthwhile to note that the number of CNV regions detected in these studies varies
dramatically. These discrepancies are attributed to sample size, the number of breeds used,
the CNV detection approach and algorithms employed for identifying CNVs [44].

CNVs alter the expression of genes and change the phenotype of an individual as a
result of deletions and duplications of genes in CNV regions. An interesting finding was
that both crosses showed a similar trend of higher numbers of deletions than duplications,
suggesting that there is less selection against duplication CNVs than deletions [45]. This
trend was present across all samples and is in line with previous studies [20,42,46], which
showed a similar trend of more CNV losses than gains in several breeds of indigenous
Chinese cattle. However, two of the three Bonsmara-sired individuals (BxN 4 and 5) had
almost thrice the number of deletions found in the Nguni-sired animals. Individual BxN3
had the lowest number of deletions of the Bonsmara-sired group, which may be a result
of the difference in the relative humidity (RH) in the birth years ranging from 80.6% in
2017 (BxN 3) to 87.2% in 2019 (BxN 4 and 5) (South African Weather Services (SAWS),
2022). Moreover, the findings of Turner et al. [47] indicated that non-allelic homologous
recombination (NAHR) is one of the major sources of CNVs, but it also showed that
deletions occur at a higher rate than duplications in the male germline.

Results of this study suggested that the CNV regions between the crossbreds influence
important phenotypic traits, as previously reported [2]. Several genes relating to cellular
functioning and processing were identified in the crossbreds. For instance, in the Bonsmara-
sired animals, ADP ribosylation factor like GTPase 6 interacting protein 4 (AEL6IP4) gene
located on BTA17 was found to play a role in protein binding. In addition, the ubiquitin
carboxyl-terminal hydrolase 17-like protein 6 (LOC109556616) located on BTA3 is respon-
sible for the regulation of cellular processes [30], while in the Nguni-sired animals, the
cationic amino acid transporter 3-like gene is responsible for amino acid transport [19].
Furthermore, cationic amino acids are crucial for the optimal growth of cattle and are
controlled by cationic amino acid transporter activity [19]. Another gene identified in the
Nguni-sired animals is the tumor necrosis factor receptor superfamily member 10A-like
(LOC109563117) gene that plays a role in the apoptosis [48]. Furthermore, Higgins et al. [48]
found a gene that is linked to the p53 signaling pathway in Charolaise cattle that were fed
a high-concentrate diet. It is, therefore, possible that these genes will play an important
part in the optimal functioning of the crossbreds, overall allowing crossbred animals to be
better adapted to the environment.
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Reproduction is one of the key factors driving the economic efficacy through sustain-
able meat production in the beef industry [49]. Therefore, utilizing breeds that have good
reproductive performance will aid in the future growth of the cattle industry. In this study,
genes associated with fertility-related factors were detected in the crossbred animals. In the
BxN crossbreds, the ribosomal protein 528 (RPS28) gene, which plays a role in male fertility,
is located on BTA7 and was identified in individuals BxN4 and BxN5. Sinha et al. [31]
identified RPS28 as one of the candidate genes for bull fertility in Holstein Friesian cattle. A
missense mutation T > C in the RPS28 gene was shown to have a deleterious effect, which
overall may affect the production of healthy and active spermatozoa [31]. In the NxB1
and NxB2 individuals, the disintegrin and metalloproteinase domain-containing protein
20-like (LOC109562432) gene located on BTA8 was previously found to play a role in male
fertility [40]. The study by Maciel et al. [40] found the disintegrin and metalloproteinase
domain-containing protein 20-like gene is involved with sperm capacitation, which is a
process important for sperm viability before fertilization. The identification of these genes
in the current study was expected, as only male individuals were included.

Growth is defined as an increase in size or weight, which is controlled by a large
network of genes [50]. Other than the gene pool, the nutrients with which animals are
supplied and the environment affect the growth of an animal. In this study, growth-related
genes in the Bonsmara-sired crossbreds, such as secernin 2 (SCRN2) and HES family bHLH
transcription factor 7 (HES?7), both located on BTA19, were identified. HES family bHLH
transcription factor 7 (HES?) is a transcriptional repressor involved in somitogenesis, which
is responsible for vertebra and skeletal muscle development in mammals [34]. The role
of HES7 has not been studied in cattle. However, it was found to play a role in body size
in sheep [35].

Immunity and disease-related genes were also identified in the Bonsmara-sired popu-
lations. For example, the SLA class II histocompatibility antigen, DQ haplotype D alpha
chain (LOC109577039) gene located on BTA9 is known to play a role in the adaptive im-
munity [37]. This gene is part of the major histocompatibility complex that is present in
all mammalian species and is important in the development of the immune system. Addi-
tionally, it is also an important candidate gene involved in susceptibility / resistance against
various diseases [37]. Another gene, the class Il major histocompatibility complex transacti-
vator (CIITA) located on BTA25, is known to play a role in inflammatory response [38], as
well as nematode resistance in Angus cattle [51]. The ‘deleted in malignant brain tumor 1’
(DMBTT1) gene that is located on BTA26 was previously found to be associated with bovine
TB in African Buffalo [52]. However, in cattle, the DMBT1 was found to be involved with
facial dysplasia syndrome in Holstein cattle [39]. A recent study revealed a CNV within the
DMBT1 gene to be present in two Chinese breeds that were also associated with growth,
specifically body length [53]. An interesting finding was the high level of expression of the
DMBTT1 gene in tuberculosis susceptible tissues [53].

Genes that play a role in the animal’s response to threats were identified in the
Bonsmara-sired population. This includes genes that encode olfactory receptors (ORs) that
help to alert animals of possible threats, such as predators. These receptors also assist
animals in locating food and potential mates [54]. The OR genes are the largest gene family
in the mammalian genome, and there are 881 OR genes in cattle [33]. In the Bonsmara-
sired animals, the olfactory receptor 8]1-like gene was located on BTA15. In South Africa,
predation of livestock was estimated to cost over ZAR1 billion in losses per year [55]. The
sense of smell is important when animals are grazing on open and unprotected land, hence
allowing them to perform efficiently in different grazing environments.

Overall, the genes detected in both crossbred populations provide insight into the
possible mechanisms that may influence animal performance and response to environmen-
tal challenges.
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5. Conclusions

This is the first study in South Africa to perform whole genome sequencing in Nguni
and Bonsmara crossbred cattle. In addition, the genome-wide CNV analysis revealed
355 CNV regions in the crossbreds. Furthermore, this is also the first study to employ the
panelecn.MOPS tool for CNV identification in cattle. The results of this study showed that
copy number variations play a fundamental role in the Nguni and Bonsmara crossbred
cattle, whereby different CNVs were identified in each cross. It should be noted that CNVs
can affect gene networks and pathways due to changes in the gene copy number. CNVs
are generated at a higher rate than point mutations in the genome, which can influence the
evolution of genome complexity. Genes, such as fertility-related factors, were identified
in both crossbreds. In the Bonsmara-sired crossbreds (calves from Nguni dams), genes
relating to olfaction, lipid metabolism, growth, immunity and disease were detected, while
genes relating to ketosis, amino acid transport and apoptosis were found in the Nguni-sired
crossbreds (calves from Bonsmara dams). Overall, these results highlight the impact of
parent selection on the genes inherited in each cross, which may further influence the
adaption patterns of the F1 progeny. Additionally, adaptation patterns may help to identify
genomic differences between the two sets of F1 progeny that can assist in explaining the
differences observed in their ability to adapt to the warm, dry environment. Follow-up
studies will include the parents and additional Bonsmara and Nguni crosses and should
be expanded to include other crosses within the South African beef breeds to identify
structural variation patterns in resulting F1 progeny.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani13152513/s1, Table S1: Information on the crossbred animals
used in this study, Table S2: Sequencing depth and mapped reads of Nguni-sired and Bonsmara-sired
crossbreds, Figure S1: CNV summary statistics of Copy number (CN) and number of CNVs for each
CN class, Figure S2: Bar plot displaying the contribution of each copy number class to the total
number of CNV calls per chromosome for all crossbred individuals, Table S3: All the CNVs detected
in the crossbreds.

Author Contributions: Conceptualization, B.B.K., P.S.,, M.A.v.d.N., M.M.S. and EW.C.N.; methodol-
ogy, B.B.K,, PS. and M.A.v.d.N.; investigation, B.B.K., P.S. and M.A.v.d.N.; writing—original draft
preparation, B.B.K.; writing—review and editing, B.B.K., P.S., M. A.v.d.N.,, M.M.S. and EW.C.N,;
visualization, B.B.K,; supervision, P.S., M.A.v.d.N., M.M.S. and EW.C.N.; project administration, P.S.,
M.M.S. and EW.C.N,; funding acquisition, M.M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Research Foundation of South Africa (NRF)
under grant UID 135438. The Grant-holder acknowledges that opinions, findings and conclusions or
recommendations expressed in any publication generated by the NRF-supported research are that of
the authors and that the NRF accepts no liability whatsoever in this regard.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Agricultural Research Council, Animal Production (APIEC21/06).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon reasonable request in line with ARC intellectual property regulations.

Acknowledgments: The authors would like to thank the Northern Cape Department of Agriculture,
Environment, Land Reform and Rural Development for supplying the animals for this study.
Furthermore, the authors would like to thank the Centre for High Performance Computing (CHPC)
for the provision of a high-speed and high-bandwidth connectivity platform for sequencing
data analysis.

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


https://www.mdpi.com/article/10.3390/ani13152513/s1
https://www.mdpi.com/article/10.3390/ani13152513/s1

Animals 2023, 13,2513 9of 11

References

1.  Habtamu, A.G.; Min, C.; Ping, Y. Applications of Genomic Copy Number Variations on Livestock: A Review. Afr. ]. Biotechnol.
2018, 17, 1313-1323. [CrossRef]

2. Keel, B.N,; Lindholm-Perry, A K.; Snelling, W.M. Evolutionary and Functional Features of Copy Number Variation in the Cattle
Genome. Front. Genet. 2016, 7, 207. [CrossRef] [PubMed]

3. Xu, L;Hou, Y; Bickhart, D.M.; Zhou, Y.; Hay, E.H.A.; Song, ].; Sonstegard, T.S.; Van Tassell, C.P.; Liu, G.E. Population-Genetic
Properties of Differentiated Copy Number Variations in Cattle. Sci. Rep. 2016, 6, 23161. [CrossRef] [PubMed]

4. Liu, G.E;; Hou, Y.; Zhu, B.; Cardone, MLE; Jiang, L.; Cellamare, A.; Mitra, A.; Alexander, L.J.; Coutinho, L.L.; Dell’Aquila,
M.E,; et al. Analysis of Copy Number Variations among Diverse Cattle Breeds. Genome Res. 2010, 20, 693-703. [CrossRef]
[PubMed]

5. Bhanuprakash, V.; Chhotaray, S.; Pruthviraj, D.R.; Rawat, C.; Karthikeyan, A.; Panigrahi, M. Copy Number Variation in Livestock:
A Mini Review. Vet. World 2018, 11, 535-541. [CrossRef]

6. Zhang, Q.; Ma, Y.; Wang, X.; Zhang, Y.; Zhao, X. Identification of Copy Number Variations in Qinchuan Cattle Using BovineHD
Genotyping Beadchip Array. Mol. Genet. Genom. 2015, 290, 319-327. [CrossRef]

7. Wang, M.D.; Dzama, K.; Hefer, C.A.; Muchadeyi, F.C. Genomic Population Structure and Prevalence of Copy Number Variations
in South African Nguni Cattle. BMC Genom. 2015, 16, 894. [CrossRef]

8.  Zhang, L, Jia, S.; Yang, M.; Xu, Y; Li, C.; Sun, ].; Huang, Y.; Lan, X.; Lei, C.; Zhou, Y.; et al. Detection of Copy Number Variations
and Their Effects in Chinese Bulls. BMC Genom. 2014, 15, 480. [CrossRef]

9. Liu, M,; Fang, L,; Liu, S.; Pan, M.G,; Seroussi, E.; Cole, ].B.; Ma, L.; Chen, H.; Liu, G.E. Array CGH-Based Detection of CNV
Regions and Their Potential Association with Reproduction and Other Economic Traits in Holsteins. BMC Genom. 2019, 20, 181.
[CrossRef]

10. Hou, Y,; Liu, G.E; Bickhart, D.M.; Cardone, M.F,; Wang, K.; Kim, E.-S.; Matukumalli, L.K.; Ventura, M.; Song, J.; VanRaden,
PM.; et al. Genomic Characteristics of Cattle Copy Number Variations. BMC Genom. 2011, 12, 127. [CrossRef]

11. Prayaga, K.C.; Henshall, ].M. Adaptability in Tropical Beef Cattle: Genetic Parameters of Growth, Adaptive and Temperament
Traits in a Crossbred Population. Aust. J. Exp. Agric. 2005, 45, 971-983. [CrossRef]

12. Mote, S.S.; Chauhan, D.S.; Ghosh, N. Effect of Environment Factors on Milk Production and Lactation Length under Different
Seasons in Crossbred Cattle. Indian J. Anim. Res. 2016, 50, 175-180. [CrossRef]

13. Antunes de Lemos, M.V.; Berton, M.P.; Ferreira de Camargo, G.M.; Peripolli, E.; de Oliveira Silva, R.M.; Ferreira Olivieri, B.;
Cesar, A.S.M.; Pereira, A.S.C.; de Albuquerque, L.G.; de Oliveira, H.N.; et al. Copy Number Variation Regions in Nellore Cattle:
Evidences of Environment Adaptation. Livest. Sci. 2018, 207, 51-58. [CrossRef]

14. Pyoos, G. Crossbreeding Effects of Cow Efficiency and Component Traits. Ph.D. Thesis, University of the Free State, Bloemfontein,
South Africa, 2018. [CrossRef]

15. Bickhart, D.M.; Hou, Y.; Schroeder, S.G.; Alkan, C.; Cardone, M.F.; Matukumalli, L.K.; Song, J.; Schnabel, R.D.; Ventura, M.;
Taylor, J.E,; et al. Copy Number Variation of Individual Cattle Genomes Using Next-Generation Sequencing. Genome Res. 2012,
22,778-790. [CrossRef] [PubMed]

16. Mielczarek, M.; Fraszczak, M.; Nicolazzi, E.; Williams, J.L.; Szyda, J. Landscape of Copy Number Variations in Bos taurus:
Individual- and Inter-Breed Variability. BMC Genom. 2018, 19, 410. [CrossRef]

17.  Zhan, B.; Fadista, J.; Thomsen, B.; Hedegaard, J.; Panitz, F; Bendixen, C. Global Assessment of Genomic Variation in Cattle by
Genome Resequencing and High-Throughput Genotyping. BMC Genom. 2011, 12, 557. [CrossRef] [PubMed]

18.  Stothard, P.; Choi, J.-W.; Basu, U.; Sumner-Thomson, ].M.; Meng, Y.; Liao, X.; Moore, S.S. Whole Genome Resequencing of Black
Angus and Holstein Cattle for SNP and CNV Discovery. BMC Genom. 2011, 12, 559. [CrossRef] [PubMed]

19. Choi, J.-W,; Liao, X.; Stothard, P.; Chung, W.-H.; Jeon, H.-].; Miller, S.P,; Choi, S.-Y.; Lee, ].-K.; Yang, B.; Lee, K.-T. Whole-Genome
Analyses of Korean Native and Holstein Cattle Breeds by Massively Parallel Sequencing. PLoS ONE 2014, 9, e101127. [CrossRef]

20. Guo, S.; Wu, X.; Pei, J.; Wang, X; Bao, P; Xiong, L.; Chu, M.; Liang, C.; Yan, P.; Guo, X. Genome-Wide CNV Analysis Reveals
Variants Associated with High-Altitude Adaptation and Meat Traits in Qaidam Cattle. Electron. ]. Biotechnol. 2021, 54, 8-16.
[CrossRef]

21. Bolger, AM,; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

22. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows—Wheeler Transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

23. Canavez, EC.; Luche, D.D,; Stothard, P.; Leite, KR.M.; Sousa-Canavez, ].M.; Plastow, G.; Meidanis, J.; Souza, M.A.; Feijao, P,;
Moore, S.S. Genome Sequence and Assembly of Bos Indicus. J. Hered. 2012, 103, 342-348. [CrossRef] [PubMed]

24. Van Marle-Koster, E.; Visser, C.; Sealy, J.; Frantz, L. Capitalizing on the Potential of South African Indigenous Beef Cattle Breeds:
A Review. Sustainability 2021, 13, 4388. [CrossRef]

25. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. Subgroup 1000 Genome

Project Data Processing the Sequence Alignment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef]
[PubMed]


https://doi.org/10.5897/AJB2018.16464
https://doi.org/10.3389/fgene.2016.00207
https://www.ncbi.nlm.nih.gov/pubmed/27920798
https://doi.org/10.1038/srep23161
https://www.ncbi.nlm.nih.gov/pubmed/27005566
https://doi.org/10.1101/gr.105403.110
https://www.ncbi.nlm.nih.gov/pubmed/20212021
https://doi.org/10.14202/vetworld.2018.535-541
https://doi.org/10.1007/s00438-014-0923-4
https://doi.org/10.1186/s12864-015-2122-z
https://doi.org/10.1186/1471-2164-15-480
https://doi.org/10.1186/s12864-019-5552-1
https://doi.org/10.1186/1471-2164-12-127
https://doi.org/10.1071/EA05045
https://doi.org/10.18805/ijar.9496
https://doi.org/10.1016/j.livsci.2017.11.008
https://doi.org/10.13140/RG.2.2.36590.05440
https://doi.org/10.1101/gr.133967.111
https://www.ncbi.nlm.nih.gov/pubmed/22300768
https://doi.org/10.1186/s12864-018-4815-6
https://doi.org/10.1186/1471-2164-12-557
https://www.ncbi.nlm.nih.gov/pubmed/22082336
https://doi.org/10.1186/1471-2164-12-559
https://www.ncbi.nlm.nih.gov/pubmed/22085807
https://doi.org/10.1371/journal.pone.0101127
https://doi.org/10.1016/j.ejbt.2021.07.006
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/jhered/esr153
https://www.ncbi.nlm.nih.gov/pubmed/22315242
https://doi.org/10.3390/su13084388
https://doi.org/10.1093/bioinformatics/btp352
https://www.ncbi.nlm.nih.gov/pubmed/19505943

Animals 2023, 13,2513 10 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Povysil, G.; Tzika, A.; Vogt, J.; Haunschmid, V.; Messiaen, L.; Zschocke, J.; Klambauer, G.; Hochreiter, S.; Wimmer, K. Pan-
elen.MOPS: Copy-Number Detection in Targeted NGS Panel Data for Clinical Diagnostics. Hum. Mutat. 2017, 38, 889-897.
[CrossRef]

Klambauer, G.; Schwarzbauer, K.; Mayr, A.; Clevert, D.A.; Mitterecker, A.; Bodenhofer, U.; Hochreiter, S.C. MOPS: Mixture of
Poissons for Discovering Copy Number Variations in next-Generation Sequencing Data with a Low False Discovery Rate. Nucleic
Acids Res. 2012, 40, 69. [CrossRef]

Quinlan, A.R.; Hall, LM. BEDTools: A Flexible Suite of Ultilities for Comparing Genomic Features. Bioinformatics 2010, 26, 841-842.
[CrossRef]

Howe, K.L.; Achuthan, P; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, LM.; Azov, A.G.; Bennett, R.; Bhai, J.
Ensembl 2021. Nucleic Acids Res. 2021, 49, D884-D891. [CrossRef]

Shin, ].M.; Yoo, K.J.; Kim, M.S.; Kim, D.; Baek, K.H. Hyaluronan- and RNA-Binding Deubiquitinating Enzymes of USP17 Family
Members Associated with Cell Viability. BMC Genom. 2006, 7, 292. [CrossRef]

Sinha, M.K.; Kumaresan, A.; Rao Talluri, T.; Peter, J.; King, E.S.; Prakash, M.A.; Nag, P.; Paul, N.; Raval, K.; Kamaraj, E. SNPs
Cumulating to Genetic Variation for Fertility in Crossbred (Bos taurus x Bos indicus) Bull Spermatozoa. Res. Sq. 2022. preprint.
[CrossRef]

Cruz, V.AR;; Oliveira, H.R,; Brito, L.F,; Fleming, A.; Larmer, S.; Miglior, F.; Schenkel, F.S. Genome-Wide Association Study for
Milk Fatty Acids in Holstein Cattle Accounting for the Dgatl Gene Effect. Animals 2019, 9, 997. [CrossRef] [PubMed]

Lee, K;; Nguyen, D.T.; Choi, M.; Cha, S.Y.; Kim, ].H.; Dadi, H.; Seo, H.G.; Seo, K.; Chun, T.; Park, C. Analysis of Cattle Olfactory
Subgenome: The First Detail Study on the Characteristics of the Complete Olfactory Receptor Repertoire of a Ruminant. BMC
Genom. 2013, 14, 596. [CrossRef] [PubMed]

Harima, Y.; Takashima, Y.; Ueda, Y.; Ohtsuka, T.; Kageyama, R. Accelerating the Tempo of the Segmentation Clock by Reducing
the Number of Introns in the Hes7 Gene. Cell Rep. 2013, 3, 1-7. [CrossRef] [PubMed]

Kominakis, A.; Hager-Theodorides, A.L.; Zoidis, E.; Saridaki, A.; Antonakos, G.; Tsiamis, G. Combined GWAS and ‘Guilt by
Association’-Based Prioritization Analysis Identifies Functional Candidate Genes for Body Size in Sheep. Genet. Sel. Evol. 2017,
49, 41. [CrossRef] [PubMed]

Mohammadi, H.; Rafat, S.A.; Shodja, J.; Moradi, M.H.; Moradi Shahrebabak, H. Genome-Wide Association Study and Gene
Ontology for Growth and Wool Characteristics in Zandi Sheep. J. Livest. Sci. Technol. 2020, 8, 45-55. [CrossRef]

Behl, ].D.; Verma, N.K.; Tyagi, N.; Mishra, P; Behl, R.; Joshi, B.K. The Major Histocompatibility Complex in Bovines: A Review.
Int. Sch. Res. Not. 2012, 2012, 872710. [CrossRef] [PubMed]

Upadhyay, M.; da Silva, V.H.; Megens, H.].; Visker, M.H.P.W.; Ajmone-Marsan, P; Balteanu, V.A.; Dunner, S.; Garcia, ].F,; Ginja, C.;
Kantanen, J.; et al. Distribution and Functionality of Copy Number Variation across European Cattle Populations. Front. Genet.
2017, 8, 108. [CrossRef]

Agerholm, ].S.; McEvoy, EJ.; Heegaard, S.; Charlier, C.; Jagannathan, V.; Drogemdiller, C. A de Novo Missense Mutation of FGFR2
Causes Facial Dysplasia Syndrome in Holstein Cattle. BMC Genet. 2017, 18, 74. [CrossRef]

Maciel Jr, V.L.; Caldas-Bussiere, M.C.; Silveira, V.; Reis, R.S.; Rios, A.F.L.; de Carvalho, C.S.P. L-Arginine Alters the Proteome of
Frozen-Thawed Bovine Sperm during in Vitro Capacitation. Theriogenology 2018, 119, 1-9. [CrossRef]

Klein, S.L.; Scheper, C.; Briigemann, K.; Swalve, H.H.; Kénig, S. Phenotypic Relationships, Genetic Parameters, Genome-Wide
Associations, and Identification of Potential Candidate Genes for Ketosis and Fat-to-Protein Ratio in German Holstein Cows.
J. Dairy Sci. 2019, 102, 6276-6287. [CrossRef]

Mei, C.; Junjvlieke, Z.; Raza, S.H.A.; Wang, H.; Cheng, G.; Zhao, C.; Zhu, W.; Zan, L. Copy Number Variation Detection in Chinese
Indigenous Cattle by Whole Genome Sequencing. Genomics 2020, 112, 831-836. [CrossRef] [PubMed]

Wu, Y,; Fan, H,; Jing, S.; Xia, J.; Chen, Y.; Zhang, L.; Gao, X.; Li, J.; Gao, H.; Ren, H. A Genome-wide Scan for Copy Number
Variations Using High-density Single Nucleotide Polymorphism Array in Simmental Cattle. Anim. Genet. 2015, 46, 289-298.
[CrossRef] [PubMed]

Keel, B.N.; Keele, ].W.; Snelling, WM. Genome-Wide Copy Number Variation in the Bovine Genome Detected Using Low
Coverage Sequence of Popular Beef Breeds. Anim. Genet. 2017, 48, 141-150. [CrossRef] [PubMed]

Hastings, P.J.; Lupski, ].R.; Rosenberg, S.M.; Ira, G. Mechanisms of Change in Gene Copy Number. Nat. Rev. Genet. 2009,
10, 551-564. [CrossRef] [PubMed]

Pierce, M.D.; Dzama, K.; Muchadeyi, F.C. Genetic Diversity of Seven Cattle Breeds Inferred Using Copy Number Variations.
Front. Genet. 2018, 9, 163. [CrossRef]

Turner, D.J.; Miretti, M.; Rajan, D.; Fiegler, H.; Carter, N.P.; Blayney, M.L.; Beck, S.; Hurles, M.E. Germline Rates of de Novo
Meiotic Deletions and Duplications Causing Several Genomic Disorders. Nat. Genet. 2008, 40, 90-95. [CrossRef]

Higgins, M.G.; Kenny, D.A.; Fitzsimons, C.; Blackshields, G.; Coyle, S.; McKenna, C.; McGee, M.; Morris, D.W.; Waters, S.M. The
Effect of Breed and Diet Type on the Global Transcriptome of Hepatic Tissue in Beef Cattle Divergent for Feed Efficiency. BMC
Genom. 2019, 20, 525. [CrossRef]

Terry, S.A.; Basarab, ].A.; Guan, L.L.; McAllister, T.A. Strategies to Improve the Efficiency of Beef Cattle Production. Can. J. Anim.
Sci. 2020, 101, 1-19. [CrossRef]

Lui, J.C.; Baron, J. Mechanisms Limiting Body Growth in Mammals. Endocr. Rev. 2011, 32, 422-440. [CrossRef]


https://doi.org/10.1002/humu.23237
https://doi.org/10.1093/nar/gks003
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1186/1471-2164-7-292
https://doi.org/10.21203/rs.3.rs-1295629/v1
https://doi.org/10.3390/ani9110997
https://www.ncbi.nlm.nih.gov/pubmed/31752271
https://doi.org/10.1186/1471-2164-14-596
https://www.ncbi.nlm.nih.gov/pubmed/24004971
https://doi.org/10.1016/j.celrep.2012.11.012
https://www.ncbi.nlm.nih.gov/pubmed/23219549
https://doi.org/10.1186/s12711-017-0316-3
https://www.ncbi.nlm.nih.gov/pubmed/28454565
https://doi.org/10.22103/jlst.2020.15795.1317
https://doi.org/10.5402/2012/872710
https://www.ncbi.nlm.nih.gov/pubmed/23738132
https://doi.org/10.3389/fgene.2017.00108
https://doi.org/10.1186/s12863-017-0541-3
https://doi.org/10.1016/j.theriogenology.2018.06.018
https://doi.org/10.3168/jds.2019-16237
https://doi.org/10.1016/j.ygeno.2019.05.023
https://www.ncbi.nlm.nih.gov/pubmed/31145994
https://doi.org/10.1111/age.12288
https://www.ncbi.nlm.nih.gov/pubmed/25917301
https://doi.org/10.1111/age.12519
https://www.ncbi.nlm.nih.gov/pubmed/27775157
https://doi.org/10.1038/nrg2593
https://www.ncbi.nlm.nih.gov/pubmed/19597530
https://doi.org/10.3389/fgene.2018.00163
https://doi.org/10.1038/ng.2007.40
https://doi.org/10.1186/s12864-019-5906-8
https://doi.org/10.1139/cjas-2020-0022
https://doi.org/10.1210/er.2011-0001

Animals 2023, 13,2513 11 of 11

51.

52.

53.

54.

55.

Liu, G.E.; Brown, T.; Hebert, D.A.; Cardone, M.F,; Hou, Y.; Choudhary, R.K,; Shaffer, ].; Amazu, C.; Connor, E.E.; Ventura, M.; et al.
Initial Analysis of Copy Number Variations in Cattle Selected for Resistance or Susceptibility to Intestinal Nematodes. Mamim.
Genome 2011, 22, 111-121. [CrossRef]

le Roex, N.; Koets, A.P; van Helden, P.D.; Hoal, E.G. Gene Polymorphisms in African Buffalo Associated with Susceptibility to
Bovine Tuberculosis Infection. PLoS ONE 2013, 8, e64494. [CrossRef] [PubMed]

Zheng, L.; Xu, J.; Liu, X.; Zhang, Z.; Zhong, J.; Wen, Y.; Yao, Z.; Yang, P.; Wang, E.; Chen, F. The Copy Number Variation of DMBT1
Gene Effects Body Traits in Two Chinese Cattle Breeds. 3 Biotech 2022, 12, 93. [CrossRef] [PubMed]

Touhara, K.; Vosshall, L.B. Sensing Odorants and Pheromones with Chemosensory Receptors. Annu. Rev. Physiol. 2009,
71,307-332. [CrossRef] [PubMed]

Kerley, G.I.H.; Behrens, K.G.; Carruthers, J.; Diemont, M.; Du Plessis, J.; Minnie, L.; Richardson, P.R.K.; Somers, M.].; Tambling,
C.J.; Turpie, J. Livestock Predation in South Africa: The Need for and Value of a Scientific Assessment. S. Afr. J. Sci. 2017, 113, 3.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00335-010-9308-0
https://doi.org/10.1371/journal.pone.0064494
https://www.ncbi.nlm.nih.gov/pubmed/23691232
https://doi.org/10.1007/s13205-022-03124-3
https://www.ncbi.nlm.nih.gov/pubmed/35342679
https://doi.org/10.1146/annurev.physiol.010908.163209
https://www.ncbi.nlm.nih.gov/pubmed/19575682
https://doi.org/10.17159/sajs.2017/a0198

	Introduction 
	Materials and Methods 
	Animal Selection 
	DNA Extraction and Sequencing 
	Copy Number Variation Analysis 

	Results 
	Copy Number Variants Summary Statistics 
	CNV Gene Annotation 

	Discussion 
	Conclusions 
	References

