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Yunling cattle is a new breed of beef cattle bred in Yunnan Province, China,

which has the advantages of fast growth, excellent meat quality, improved

tolerance ability, and important landscape value. Copy number variation (CNV)

is a significant source of gene structural variation and plays a crucial role

in evolution and phenotypic diversity. Based on the latest reference genome

ARS-UCD2.0, this study analyzed the genome-wide distribution of CNVs in

Yunling cattle using short-read whole-genome sequencing data (n = 129) and

single-molecule long-read sequencing data (n = 1), and a total of 16,507 CNVs

were detected. After merging CNVs with overlapping genomic positions, 3,728

CNV regions (CNVRs) were obtained, accounting for 0.61% of the reference

genome. The functional analysis indicated significant enrichment of CNVRs in

96 GO terms and 57 KEGG pathways, primarily related to cell adhesion, signal

transduction, neuromodulation, and nutritional metabolism. Additionally, 111

CNVRs overlapped with 76 quantitative trait loci (QTLs), including Subcutaneous

fat thicknessQTL, Longissimusmuscle areaQTL, andMarbling scoreQTL. Several

CNVR-overlapping genes, including BZW1, AOX1, and LOC100138449, overlap

with regions associated with meat color and quality QTLs. Furthermore, Vst

analysis showed that PSMB4, ERICH1, SMC2, and PPP4R3Awere highly divergent

between Yunling and Brahman cattle. In summary, we have constructed the

genomic CNV map of Yunling cattle for the first time using whole-genome

resequencing. This provides valuable genetic variation resources for the study

of the Yunling cattle genome and contributes to the study of economic traits in

Yunling cattle.

KEYWORDS

Yunling cattle, copy number variation, single-molecule sequencing, Vst, genome
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1 Introduction

The cattle (Bos taurus), since its domestication about 10,000 years ago, has

been a multipurpose domestic animal, occupying an important position in the

development of animal husbandry and holding significant importance in national

economic growth. It provides human with livestock products such as milk, meat,

and leather, and is also used for cultivation and transportation (1). Environmental

factors, geographic isolation, and human activities have significantly impacted the

genome of cattle, contributing to the development of modern cattle and determining

their phenotype, adaptability, and productive performance. Genetic variants, such

as single nucleotide polymorphisms (SNPs) and insertion deletions (INDELs),
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have been extensively studied in different cattle populations

to understand cattle evolution, including population structure,

selection, population history and gene introgression (2–4).

Some candidate genes related to reproduction, meat, milk and

environmental adaptation have been identified (5).

Copy number variation (CNV) is a significant aspect of

genomic structural variation. It refers to duplications or deletions

of genomic segments, ranging in size from 50 bp to several Mp,

which vary among individuals or species (6). CNV can interfere

with gene expression and exert a greater impact on phenotypes

compared to SNPs (7, 8). The current methods for detecting

CNVs include comparative genomic hybridization arrays (CGH

arrays), SNP arrays (such as the Illumina BovineHD BeadChip and

Illumina BovineSNP50 BeadChip), whole genone sequencing, and

long-reads sequencing. While whole genone sequencing and long-

reads sequencing offer higher precision breakpoints, sensitivity,

and resolution compared to array technologies, limited studies have

been conducted to detect CNVs in cattle genomes using long-reads

sequencing due to its high cost (5).

The Yunling cattle is the fourth new breed of beef cattle with

completely independent intellectual property rights bred by the

Yunnan Academy of Grassland and Animal Science, and it is

the first breed bred in China through the ternary crossbreeding

method. Yunling cattle are a beef cattle breed that has been carefully

cultivated for over 30 years. They are selected from three breeds

of cattle: Brahman cattle, Murray Grey cattle, and Yunnan Yellow

cattle, using crossbreeding selection. It is characterized by rapid

growth, high reproductive survival rates, good heat tolerance, and

excellent meat quality (9). To date, only a limited number of studies

have investigated the genomic distinctions between Yunling cattle

and other breeds of cattle at the level of SNPs and INDELs. These

differences have identified candidate genes associated with growth,

muscle development, neurotransmitter concentration, and heat

tolerance (9, 10). However, the research on copy number variation

in Yunling cattle only focuses on the impact of CNV of a single gene

on growth traits, such as VAMP7,DYNC1I2, PLA2G2A, SYT11, etc.

(11–14).

This study combines high-coverage short-read data and long-

read data for genome-wide CNV analysis, with a view to generate

a comprehensive CNV landscape of Yunling cattle, investigating

and compare the diversity and population genetic characteristics of

CNV regions (CNVRs) in Yunling cattle. In addition, we conducted

in-depth analyses of CNV functions and explored the population

genetic characteristics of CNV using selective sweep analysis. This

laid the foundation for determining the formation mechanism of

economically important traits in Yunling cattle and provided a

theoretical basis for future Yunling cattle breeding.

2 Materials and methods

2.1 Samples collection and genome
sequencing

In this study, we collected sequencing datasets of 130 Yunling

cattle and 10 Brahman cattle (Supplementary Table 1). The short-

sequencing datasets of 129 Yunnan Ling cattle and 10 Brahman

cattle were downloaded from the NCBI public database under

the BioProject accession number PRJNA555741. Another sample

data was obtained from a 4-year-old male Yunling cattle reared

at Chuxiong Jinda Farm, Chuxiong City, Yunnan Province.

Genomic DNA was extracted from heart tissue using the standard

phenol-chloroform extraction method for DNA sequencing library

construction. The integrity of genomic DNA molecules was

checked using agarose gel electrophoresis. The BGISEQ DNBSEQ-

T7 platform was used for short sequencing (bp) to obtain 161.89

GB of raw data (64X coverage of the estimated genome size), and

the PacBio Sequel II platform (CCS mode) was used for single-

molecule long-read sequencing to obtain 61.81 GB of raw data

for genome assembly. The sequencing work has performed at

GrandOmics Biosciences Co., Ltd. (Wuhan, China).

2.2 Sequence alignment to reference
genome

After obtaining the downloaded and sequenced raw data from

the whole genome sequencing of Yunling cattle, fastp 0.23.4

(https://github.com/OpenGene/fastp) was used to filter the raw

data for quality control and retain the relatively high quality

sequencing data. The filtered data were then aligned to the

latest cattle reference genome ARS-UCD2.0 downloaded from the

Ensembl website using BWA-mem with default settings, and the

PCR duplicates that could affect the CNV analysis were removed

using Picard 2.9.2 (https://broadinstitute.github.io/picard/) and

Markduplicates. Additionally, PacBio long-read were mapped to

the cattle genome (ARS-UCD2.0) usingminimap2 (15) with default

settings.

2.3 Detection of CNVs and CNVRs

We used Lumpy and CNVcaller to identify CNVs in Illumina

short-read sequencing data, and Sniffles (6) to identify CNVs in

PacBio long-read sequencing data. We then merged the CNVcaller

results with the Sniffles and lumpy results, aiming to maximize

the retention of population-specific variants while reducing rare

variants at the individual level. Finally, we obtained results based

on CNVcaller corrected for individual PacBio data. Specific details

are as follows: Sniffles (version: 1.0.10) was employed to detect

structural variants (SVs) based on PacBio long reads with default

parameters. The SV analysis outputs were filtered through three

steps: (1) removed ambiguous breakpoints (flag: IMPRECISE) and

low quality SVs; (2) removed SVs shorter than 50 bp; (3) SVs

with less than four supporting reads were removed[8]. CNVs were

detected using Lumpy software (v 0.2.13) with default parameters,

and CNVs were generated by performing discordant-read pairs

and split-read pairs on each sample through the lumpyexpress

module. CNVcaller was then utilized to detect CNVs. Manual

checking and SURVIVOR (version 0.0.1) (16) were used to

combine the results of the three software to determine the final

dataset. The CNVs of Yunling cattle is divided into duplication

CNVR, deletion CVNR and duplication-deletion CNVR, and

the length of CNVR is ≤50 kb (deletion and both), and the

length of CNVR is <500 kb (duplication) (17). In addition, the
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distribution of these regions on the chromosomes of Yunling

cattlewas analyzed using Bioconductor’s RIdeogram software

package (18).

2.4 Functional annotation and enrichment
analysis of CNVRs

To elucidate the functions associated with the identified CNVs

in the Yunling cattle genome, the Yunling cattle annotation file

used in this study was downloaded from the NCBI database as ARS-

UCD2.0, and the annotation of candidate CNVRs was performed

using ANNOVAR (19). GO enrichment and Kyoto Encyclopedia of

Genes and Genomes (KEGG) analyses were performed using the

Database for Annotation, Visualization and Integrated Discovery

(DAVID; https://david.ncifcrf.gov/) (20) for protein-coding genes

only. Biological processes, cellular components and molecular

functions were used as GO term categories with a significance

level of p-value of 0.05. Additionally, cattle quantitative trait

loci (QTL) were downloaded from the cattle QTLdb (https://

www.animalgenome.org/cgi-bin/QTLdb/BT/summary) (21) and

compared with the identified CNVRs. As there are no studies of

relevant QTL by ARS-UCD2.0, we only considered QTL reported

in ARS-UCD1.2 with confidence intervals < 5 Mb. We used the

Bedtools-v2.27.1 (22) “intersect" command to detect which QTL

overlapped with identified CNVRs.

2.5 Sweep selective analysis of the CNVR

We calculated the Vst (23) between Yunling cattle and

Brahman cattle to identify the highly differentiated regions between

the two populations. Due to the large difference in the amount

of data between the two populations, we randomly selected ten

of the 130 Yunling cattle short-read data and one Yunling cattle

long-read data to form the Yunling cattle dataset for Vst analysis.

Vst is a method similar to the Fst method for calculating selection

between populations and is therefore used to calculate data on

population differences based on copy number. The formula is Vst

= (Vt - Vs)/Vt, where Vt is the variance between all uncorrelated

individuals and Vs is the average variance within each population,

weighted according to population size (24). Subsequently, CNVRs

with the top 10% of Vst values were then used as candidate

CNVRs and functional enrichment analysis was performed on

these regions.

3 Results

3.1 The landscape of copy number
variation in Yunling cattle

We collected sample data from 130 Yunling cattle and 10

Brahman cattle. Among the 140 samples, we newly performed

long-read and short-read sequencing on 1 Yunling cattle sample

and obtained 61.81 and 161.89 GB of raw data, respectively. The

other 139 genome sequences are available online. Among them,

the average coverage depths of 25 X and 64 X were obtained

for the self-sequenced long and short data, and 4.2263 X to

7.529 X for the online-accessible data, and an average coverage

of 99.73% was obtained after mapping the reads to the cattle

reference genome ARS-UCD2.0 (Supplementary Table 1). An

average coverage depth between 4x and 8x, as reported in the

literature, can provide sufficient power for CNV detection using

read depth-based methods (25). We constructed confidential CNV

datasets by applying three software packages, Sniffles, lumpy and

CNVcaller, to Nanopore long-read sequencing data and Illumina

short-read sequencing data. We generated CNVR datasets for

two cattle breeds, with a total of 16,507 CNVs detected in

Yunling cattle. After merging CNVs with overlapping genomic

locations, 3,728 CNV regions (CNVRs) were obtained (Figure 1A;

Supplementary Table 2), including 2,175 duplication CNVRs, 1,401

deletion CNVRs, and 152 duplication and deletion CNVRs

(Figure 1B), and a total of 3,633 CNVRs detected in Brahman

cattle, including 2,186 duplication CNVRs; 1,321 deletion CNVRs;

and 126 duplication and deletion CNVRs. Here, we focused on

analyzing the CNVRs of Yunling cattle with a total length of

16,392,409 bp and an average length of 4,397 bp, covering 0.61% of

the reference genome. The length of CNVRs wasmainly distributed

in the range of 1,000–2,000 bp, accounting for about 76% of

the detected CNVRs (Supplementary Figure 1). Furthermore, the

number of CNVRs decreased with increasing length (>500 bp).

Furthermore, our results showed that CNVRs were unevenly

distributed throughout the genome, with 66.5% of CNVRs (3,676)

located in intergenic regions and only 1.3% in exonic regions

(Figure 1C).

3.2 Functional annotation of CNVRs

Genes annotated corresponding to 3,728 CNVRs using the

NCBI ARS-UCD2.0 reference genome. When CNVRs and genes

overlapped by more than 1 bp, the relevant gene was annotated,

otherwise the closest gene was annotated. When other genes

were present within 1kb, additional annotation was required

because it could affect the expression of that gene. Eventually,

3,728 CNVRs were annotated to a total of 1,572 genes. In order

to further understand the effects of CNV on various aspects of

growth in Yunling cattle, this study used the DAVID website to

perform GO enrichment analysis and KEGG pathway analysis on

the genes in the CNVRs. The result showed 96 GO terms were

enriched (p-value >0.01), including 35 biological processes, 36

cellular components and 25 molecular functions (Supplementary

Table 3), which were involved in cell adhesion, neuromodulation,

immunomodulation and metabolism. Specifically, ATP binding

(GO:0005524), calcium ion binding (GO:0005509), signal

transduction (GO:0007165), neuron projection (GO:0043005),

actin binding (GO:0003779), etc. In addition, KEGG pathway

analysis showed that CNVR-carrying genes were enriched in

57 pathways (p-value >0.05, Figure 2; Supplementary Table 4),

including signal transduction (bta04014:Ras signaling pathway,

bta04015:Rap1 signaling pathway, bta04022:cGMP- PKG signaling

pathway, bta04024:cAMP signaling pathway and bta04020:Calcium

signaling pathway), nutrient metabolism (bta00230:Purine

metabolism, bta04911. Insulin secretion and bta04974:Protein
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FIGURE 1

Genomic diversity and distribution of CNVR in Yunling cattle. (A) Autosomal distribution of CNVR. The colors painted on the chromosomes represent

gene densities, and the di�erent colored positions outside the chromosomes represent duplications (green), deletions (purple), and duplications and

deletions (orange). (B) Frequency of di�erent types of CNVRs. (C) Functional classification of detected CNVRs.

digestion and absorption), Regulation of lipolysis in adipocytes

(bta04923) and ABC transporters (bta02010).

3.3 QTLs overlapping with identified
CNVRs

In order to further reveal the CNVRs associated with economic

traits in Yunling cattle and to verify their genetic effects, the

detected CNVRs were compared with QTLs in the cattle QTL

database. The results showed that 111 CNVRs overlapped with 76

QTLs by more than 1 kb, including Subcutaneous fat thickness

QTL (17 CNVRs), Longissimus muscle area QTL (16 CNVRs),

Multiple birth QTL (12 CNVRs), Marbling score QTL (8 CNVR),

meat color and quality QTL (10 CNVRs) (Supplementary Table

5). Some CNRV genes associated with economic performance of

Yunling cattle were identified, such as XKR4, ZBTB7C, CCDC15

genes relevant to Longissimus muscle area QTL. NHLRC3,

LOC132342211, SLCO3A1 genes relevant to Marbling score QTL.

BZW1, AOX1, LOC100138449 genes linked with meat quality QTL.

3.4 CNVRs diverging among populations

Vst statistic was utilized to analyze the population

differentiation of CNVR between Yunling cattle and Brahman

cattle. The method was similar to Fst in estimating population-

specific selection pressure at the gene level. However, Vst showed

the average value of detected response CNVR reached 0.3061 by

utilizing CNVR-annotated protein-coding genes (Supplementary

Table 6). As shown in Figure 3 and Supplementary Table 6,

the different CNVRs were unevenly distributed across the

chromosomes, and the Manhattan plot showed the results of Vst

with the chromosomes in the horizontal coordinates and the VST

values in the vertical coordinates. To understand the genes with a

high degree of variation between varieties, genes with Vst >0.5 (up

to 98th percentile) were examined. Result revealed that there were

10 CNVR overlapping genes or loci, including LOC101906606,

LOC132346850, LOC112447126, POLN, LOC615258, SMC2,

PSMB4, ERICH1, PPP4R3A, LARGE1. Remarkably, PSMB4,

ERICH1, SMC2, and PPP4R3A genes play crucial roles in growth

and development.

4 Discussion

During domestication and diversification, the frequency of

CNV in the genomes of species responds to selection pressures.

Considerable effort has been devoted to identifying causal

mutations and genes. However, screening selected genomic copy

number genetic markers is complex. Although population genetics

in cattle has been extensively studied based on SNPs, little is

known about the effects of CNVs on phenotypic and evolutionary
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FIGURE 2

KEGG pathway enrichment analysis in Yunling cattle.

FIGURE 3

Vst values of the autosomal copy number variation region (CNVR) in Yunling cattle and Brahman cattle with a average Vst of 0.1268.

traits. CNVs cover a larger region of the genome than SNPs

and can affect gene function in a number of ways, including

altering gene structure and dosage, altering gene regulation and

exposing recessive alleles (26). Over the past decades, high-

throughput sequencing technologies and bioinformatics tools have

been increasingly used to construct genome-wide CNV profiles

(17). CNV diversity has been extensively explored in Bos Taurus,

Bos Indicus, and their crossing populations (27).

Yunling cattle have good fattening performance, significant

body proportions, high meat yield, good carcass traits and good

fatty acid composition in meat, which is an important source

of beef production in China (28). In our study, we firstly used

different sequencing platforms (short-reads and long-reads) to

sequence high quality whole genome data of 140 Yunling and

Brahman cattle to detect CNV with a high pairwise ratio (average

pairwise ratio: 99.73%) compared to the newly reported reference

genome (ARS-UCD2.0) (Supplementary Table 1). compared to the

UMD 3.1 reference genome. Its improved reliability in screening

CNVs (29). Short-reads sequencing has high base identification

accuracy, which is an advantage in detecting shorter structural

variants, but has an inherent disadvantage of exhibiting a high

false-positive rate when detecting complex or long CNVs (30).

Long-reads sequencing has the potential to substantially improve

the reliability and resolution of structural variant detection. With
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an average read length of 10 kbp or more, reads can be more

confidently compared to repetitive sequences that often mediate

the formation of structural variants. Long-reads sequencing are

also more likely to cross structural variant breakpoints with high

confidence comparisons. However, long-reads sequencing also

have the disadvantage of a high error rate in sequencing (31).

Therefore, it happens that long and short reads data complement

each other perfectly, providing us with the accuracy of detecting

CNVs.We used three software programs for CNV detection, which

used different algorithms to obtain accurate estimates of copy

number at breakpoints and structurally variable sites, to construct

a confidential CNV dataset for Yunling cattle, which also ensured

that we obtained a highly confidential CNV dataset. In total, we

detected 3,728 CNVRs in 130 Yunling cattle (Figure 1A) and 3,633

CNVRs in 10 Brahman cattle, which are similar to the CNVR

levels in other cattle breeds (32). For better statistics, the variants

were classified into three categories: duplication, deletion and

duplication-deletion. The number of duplication was higher than

the number of deletions (Supplementary Table 2). And the length

of most CNVRs ranged from 1 to 2 kb (Supplementary Figure 1). In

addition, the locations of CNVRs were not uniformly distributed

in the cattle genome and they were not randomly distributed

on chromosomes. Annotation revealed that CNVRs were mostly

annotated in intergenic or intronic regions of the cattle genome

(Figure 1C). Previous studies also support that many CNVRs are

located on highly variable genes (17).

In this study, the ANNOVAR tool was used to identify genes

located within CNVRs, and then DAVID was used to search for

GO terms and KEGG pathway information for genes contained

within CNVRs, and the purpose of obtaining these results was

to speculate on the functions of these genes and the possible

effects of CNVRs on economic traits in Yunling cattle. Existing

studies have found that genes in CNVRs are mainly involved

in immunity, sensory perception of the external environment

(involving olfaction, vision, and taste), response to stimuli, and

neurodevelopment, with relatively little involvement with nucleic

acid binding, metabolism, and cell proliferation (33). This may

be due to the fact that the emergence of genes with important

functions CNV is the result of strong purifying selection. When

CNVs occur in coding regions where the affected gene plays an

important role in growth, it is highly likely that the occurrence

of the variant will be harmful to the organism and therefore

quickly eliminated. This is consistent with the results of our

analyses. Three thousand seven hundred and twenty-eight CNVRs

were annotated to a total of 1,572 genes. GO analyses revealed

that these genes were mainly cell adhesion, neuromodulation,

immunomodulation, and metabolism, while a small number of

genes were involved in cell differentiation and organ development

(Supplementary Table 3). Independent CNVs between different

breeds may contribute to breed differences to varietal differences

(34). In KEGG pathway analysis, CNVR genes were significantly

enriched in signal transduction, nutrient metabolism, and ABC

transporter proteins (Figure 2; Supplementary Table 4). Studies

in mammals have revealed that ABC transporter proteins can

carry a variety of endogenous metabolites, such as amino acids,

peptides, and sugars, across lipid membranes, thereby facilitating

the absorption and utilization of these nutrients (35).

The CNVRs detected in this study were compared with the

QTLs reported in the cattle QTL database. It was found that

QTL affecting economic traits of livestock genetic variation can be

identified by screening the genome for relevant genes contained in

the CNVR (36). After integrating CNVR into QTL, we identified

111 CNVR overlapping with 76 cattle QTL regions in this study

(Supplementary Table 5). Many of the CNV overlapping genes,

such as XKR4, ZBTB7C, CCDC15, AOX1, were located in growth

and carcass QTL regions.The XKR4 gene was identified to be

associated with growth traits especially Heritabilities for carcass

weight (37, 38). The ZBTB7C gene controlled the expression of

MMPS, which is the zinc-containing endopeptidases that play roles

in cell proliferation, migration, differentiation, angiogenesis, and

apoptosis (39). CCDC15’s role in recruiting both the inner scaffold

protein POC1B and the distal SFI1/Centrin-2 complex to centrioles

(40). The levels of 2-pyrrolidone and glycerophospholipids are

regulated by the gene expression of AOX1, which further affects

the levels of volatiles, 2-pyrrolidone and decanal, respectively

(41). NHLRC3, LOC132342211, and SLCO3A1, are located in the

marbling scoring QTL region. Therefore, these identified CNV-

carrying genes provide candidate molecularly relevant markers for

future Yunling cattle breeding.

Selective scanning can reveal putative regions subject to

environmental and artificial selection during local adaptation and

domestication (9). In genomes, calculation of paired Vst values

can be used to screen for key CNVRs that differ significantly

between populations (42). In this study, five CNVRs carrying

the PSMB4, POLN, LARGE1, SMC2 and PPP4R3A genes showed

significant pairwise differentiation between Yunling Cattle and

Brahman cattle (Figure 3; Supplementary Table 6). PSMB4 has

been reported as a key gene regulating muscle growth and

development, which determines postnatal growth rate, muscle

fiber diameter and density, and fiber type in pigs (43). This

function of PSMB4 gene may play an important role in good

carcass traits in Yunling cattle. Subsequently, Yang et al. also

demonstrated that PSMB4 overexpression inhibited cardiomyocyte

apoptosis and I κBα expression, promoted the activation of

NF-κB (44). DNA polymerase v (pol v), encoded by the PLON

gene, is an A-family DNA polymerase in vertebrates and some

other animal lineages. Takata et al. showed that a function of

pol v in meiotic homologous recombination in processing specific

substratess (45). A previous study found that Large myd/Largemyd

(myd) mice lack expression of like-acetylglucosaminyltransferase-

1 (Large1) and exhibit severe muscle pathophysiology, impaired

mobility, and a markedly reduced life span (46). The SMC2

gene is considered a candidate gene associated with growth and

meat production traits in sheep (47). The Protein phosphatase

4 regulatory subunit 3A (PPP4R3A), forms a highly conserved

trimeric complex called protein phosphatase 4 (PP4) with PPP4C

and PPP4R2. This complex plays a role in regulating the

cellular processes, including DNA damage repair. PPP4R3A is

widely expressed in various tissues and organs, participating in

multiple cellular functions, such as cell proliferation, apoptosis,

and cell cycle regulation (48). Some of the genes associated

with physical traits in Yunling cattle were artificially selected

in a targeted manner during domestication. Thus, under these

selective pressures, CNVs may accumulate in Yunling cattle
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populations, thus forming the genetic basis for economically

important traits.

5 Conclusion

In current study, we conducted comprehensive analyses to

explore genetic variation in Yunling cattle. Based on a high-quality

cattle reference genome, we constructed a CNV map of Chinese

Yunling cattle using whole genome resequencing data. We defined

common and breed-specific CNVRs and further analyzed the

possible functions of overlapping CNVR genes using enrichment

analysis and QTL database search. Based on paired Vst statistics,

we examined CNVR-based population differentiation between

Yunling cattle and Brahman cattle and revealed potential genomic

regions that may be subject to selection. Our results provide a

valuable resource for genome-wide variation in Yunling cattle and

help to elucidate the genetic basis of superior traits in Yunling

cattle. In addition, these results will contribute greatly to the future

selection and development of economic traits in Yunling cattle.
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