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Abstract

Background Anging six-end-white pig is a native breed in Anhui Province. The pigs have the disadvantages of a slow
growth rate, low proportion of lean meat, and thick back fat, but feature the advantages of strong stress resistance
and excellent meat quality. Duroc pig is an introduced pig breed with a fast growth rate and high proportion of lean
meat. With the latter breed featuring superior growth characteristics but inferior meat quality traits, the underlying
molecular mechanism that causes these phenotypic differences between Chinese and foreign pigs is still unclear.

Results In this study, copy number variation (CNV) detection was performed using the re-sequencing data of Anging
Six-end-white pigs and Duroc pigs, A total of 65,701 CNVs were obtained. After merging the CNVs with overlapping
genomic positions, 881 CNV regions (CNVRs) were obtained. Based on the obtained CNVR information combined
with their positions on the 18 chromosomes, a whole-genome map of the pig CNVs was drawn. GO analysis of the
genes in the CNVRs showed that they were primarily involved in the cellular processes of proliferation, differentiation,
and adhesion, and primarily involved in the biological processes of fat metabolism, reproductive traits, and immune
processes.

Conclusion The difference analysis of the CNVs between the Chinese and foreign pig breeds showed that the CNV
of the Anging six-end-white pig genome was higher than that of the introduced pig breed Duroc. Six genes related
to fat metabolism, reproductive performance, and stress resistance were found in genome-wide CNVRs (DPF3, LEPR,
MAP2K6, PPARA, TRAF6, NLRP4).
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Background

The study of genetic variation is an important prereq-
uisite and basis for exploring the characteristics of pig
breeds and implementing breeding programs based
on molecular technologies. Anging six-end-white
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about the genetic basis responsible for the phenotypic
differences between such representative Chinese and
foreign pig breeds. Copy number variation (CNV) is
an important source of genetic variation that can be
used to identify genetic variation among breeds. CNV
mainly affects gene expression and function, and it
does so through multiple mechanisms, such as alter-
ing gene dosage, disrupting coding sequences, and
perturbing the long-range regulation of genes. CNVs
are considered to be another important contributor to
genetic variation other than SNPs [3].

CNV represents an important component of struc-
tural variation within the genome. Genome structural
variation is closely related to phenotypic diversity and
human disease, but the mechanisms explaining its
functional impact have remained elusive. CNV is one
aspect of genomic variation that is present in a variety
of organisms and acts on different molecular and cellu-
lar processes, thereby resulting in a variety of changes
in traits such as disease susceptibility, phenotypic
diversity, and evolutionary differences. Some CNVRs
that affect important economic traits in pigs have been
successfully identified. For example, Wang [4] con-
ducted a genome-wide association analysis between
CNVs and meat quality traits in pigs and identified 8
CNVRs that were significantly associated with at least
one meat quality trait. A genome-wide association
analysis of porcine CNVRs based on next-generation
sequencing data revealed that CNVRs were associated
with genetic variation in fatty acid composition and
growth traits [5]. A genome-wide comparison of CNVs
in Tongcheng pigs and large white pigs using genome
sequencing data showed that two genes, DCUN1D2
and SPARCLI1, were associated with disease resistance
in pigs, while PLEKHA2 and SLCO1A2 were found
to be related to lipid metabolism [6]. The CNVs of
Meishan pigs and Duroc pigs were studied using next-
generation sequencing technology to discover that the
copy number of AHR had a positive effect on pig litter
size (P<0.05) [7]. Qiu et al. [8] found that four CNVRs
were significantly correlated with both average daily
weight gain and net weight gain, thereby suggesting
that these CNVRs play an important role in regulating
growth and fat deposition in pigs.

In past studies, it has been recognized that a major
driver of variation among individuals is variation in
the copy number of genomic segments and the genes
contained within those segments, and such CNVs have
evolved in species other than primates [9-12]. AQSW
pig is a local pig in Anhui Province,which has the dis-
advantages of a slow growth rate, low proportion of
lean meat.
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Results

Genome-wide detection of CNVs

We found a total of 25,463 CNVs in the 20 LB samples,
including 13,413 deletions and 12,050 insertions, with
an average of 1273 CNVs per pig, and the average size
of each CNV was 88,303 bp. Detailed information is
shown in Tables 1 and 2.

Differences between CNVRs in Chinese and foreign pig
breeds

As determined by the statistics conducted on the
CNVRs detected in the LB pig and Duroc pig breeds,
it was found that the number of CNVRs detected in LB
pigs (an Angqing local pig in Anhui Province) was the
largest (461), while the number of CNVRs detected in
the introduced Duroc pig breed was lower (421). A pos-
sible reason for this result is that introduced pig breeds
may have been subjected to strong artificial selection
during the breeding process, thereby resulting in such
breeds becoming more homozygous and their genetic
variation becoming gradually reduced, while local pig
breeds in China have been relatively less artificially
selected such that their degree of genetic variation is
higher than that of introduced pig breeds.

Comparative analysis of CNVRs in AQSW

We used BEDTools to merge all CNVs within the
AQSW breed to identify 461 CNVRs. As shown in
Tables 3 and 4, there were 59 CNVRs on chr2, rep-
resenting the largest number of CNVRs, and only 4
CNVRs on chrl8, representing the least, which were
the most common CNVRs across all chromosomes.
The length distribution map of the CNVRs is shown in
Fig. 1.

Functional annotation of genes

We detected a total of 15,469 genes with variation
between the two pig breeds, among which, 1081 genes
were identified in AQSW pigs while 242 genes were
identified in Duroc pigs, comprising a total of 5756
genes. These genetic variations may be related to dif-
ferences in the native environment of the breeds.
Adaptability, immunity, and disease resistance are
interrelated biological traits that provide a valuable
basis for research on the growth and disease suscepti-
bility of pigs. The gene distribution diagram is shown
in Fig. 2.

Enrichment analysis

To further understand the impact of CNV on various
aspects of pig growth, this study used the GO data-
base of the DAVID website to perform Gene Ontology
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Table 1 Summary of copy number variants (CNVs) of the 20 analysed AQSW pigs

Sample Number of Number of Number of CNVs Length_avg (bp) Length_min Length_max (bp)
deletion duplication (bp)

LB1 660 582 1242 122,468 1100 16,700,000
LB2 658 669 1327 113,532 1100 18,300,000
B3 538 605 1143 156,402 1100 121,000,000
B4 567 657 1224 122,625 1100 14,100,000
LB5 591 585 1176 130,464 1100 18,200,000
LB6 555 665 1220 123,020 1100 30,800,000
LB7 640 611 1251 118,972 1100 20,500,000
LB8 572 524 1096 148,484 1200 63,600,000
LB9 650 610 1260 117,312 1100 13,100,000
LB10 621 706 1327 112,651 1100 13,300,000
LB11 681 671 1352 71,830 1100 14,500,000
LB12 739 615 1354 46,305 1100 14,400,000
LB13 776 570 1346 45,779 1100 14,500,000
[B14 731 512 1243 50,190 1100 14,500,000
LB15 752 586 1338 47927 1000 14,500,000
LB16 800 571 1371 44,872 1000 15,600,000
LB17 784 580 1364 46,865 1000 14,500,000
LB18 688 601 1289 51,236 1100 14,500,000
LB19 610 586 1196 51,563 1100 14,500,000
LB20 800 544 1344 43,571 1000 14,500,000

Table 2 Summary of copy number variants (CNVs) of the 20 analysed Duroc pigs

Sample Number of Number of Number of CNVs Length_avg (bp) Length_min  Length_max (bp)
deletion duplication (bp)
Pig_SRX2627693 745 677 1422 7,250,550 1100 14,500,000.00
Pig_SRX2634061 717 800 1517 7,200,550 1100 14,400,000.00
Pig_SRX2634062 797 654 1451 7,250,550 1100 14,500,000.00
Pig_SRX2634815 722 808 1530 7,250,550 1100 14,500,000.00
Pig_SRX2634816 743 686 1429 7,250,550 1100 14,500,000.00
Pig_SRX2635016 694 899 1593 7,250,550 1100 14,500,000.00
Pig_SRX2635040 739 1124 1863 7,250,550 1100 14,500,000.00
Pig_SRX2635041 727 1325 2052 7,250,550 1100 14,500,000.00
Pig_SRX2635046 604 1218 1822 7,250,550 1100 14,500,000.00
Pig_SRX2635047 804 850 1654 7,250,550 1100 14,500,000.00
Pig_SRX2635176 1933 1728 3661 7,250,500 1000 14,500,000.00
Pig_SRX2635177 2062 1753 3815 7,250,550 1100 14,500,000.00
Pig_SRX2637963 717 1145 1862 7,200,550 1100 14,400,000.00
Pig_SRX2645834 658 1845 2503 7,250,550 1100 14,500,000.00
Pig_SRX2648133 723 854 1577 7,250,550 1100 14,500,000.00
Pig_SRX2648644 961 1066 2027 7,800,500 1000 15,600,000.00
Pig_SRX2648645 989 862 1851 8,100,550 1100 16,200,000.00
Pig_SRX2653643 1005 1125 2130 5,300,550 1100 10,600,000.00
Pig_SRX2653645 1370 1092 2462 7,750,550 1100 15,500,000.00

Pig_SRX4063407 634 1383 2017 7,250,550 1100 14,500,000.00
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Table 3 Summary of CNV regions (CNVRs) of AQSW pig breed stratified by chromosome

Chromosome Number of CNVRs_ Length_Min (bp) Length_Max (bp) Length_Avg (bp) Percentage
length in CNVR
(%)

chri 37 599 160,099 13,947 79
chr2 59 799 49,899 11,612 10.5
chr3 41 1299 69,299 13,667 86
chr4 21 399 82,299 16,141 52
chrs 36 2099 58,599 9890 55
chré 39 1299 103,799 18,499 1.1
chr7 38 199 71,599 14,385 84
chr8 13 2399 66,499 19,506 39
chr9 29 399 30,999 9071 4.0
chr10 29 999 49,899 15,033 6.7
chr 12 1199 61,199 14,807 2.7
chr12 18 299 102,499 16,849 47
chr13 22 399 99,799 17,526 59
chr14 14 399 26,699 9613 2.1
chr15 12 2699 57,599 17,640 33
chrie 10 4399 51,899 15919 24
chr17 27 899 58,499 14,869 6.2
chr18 4 999 30,099 11,749 0.7

Table 4 Summary of CNV regions (CNVRs) of Duroc pig breed stratified by chromosome

Chromosome Number of CNVRs  Length_Min (bp) Length_Max (bp) Length_Avg (bp) Percentage
length in CNVR
(%)

chrl 34 299 40,999 9884 55
chr2 53 299 71,499 15,022 13
chr3 32 2099 45,999 12,958 6.8
chr4 25 99 40,099 8723 36
chr5 28 99 78,399 15,106 6.9
chré 32 99 99,899 19,077 10
chr7 47 99 49,999 10,522 8.1
chrg 9 6599 55,899 19,199 28
chr9 21 199 35,799 11,242 3.8
chr10 22 1899 74,199 28,949 10.5
chr11 1 1399 61,199 12,635 23
chr12 23 199 102,499 14,372 54
chr13 21 599 99,199 15,099 52
chr14 11 2199 23,899 13,154 24
chr15 14 1899 56,999 17,263 4.0
chrie 8 4399 47,899 20,374 2.7
chr17 25 2399 53,299 13,547 5.6
chr18 4 499 38,799 18,874 1.2

enrichment analysis and pathway analysis of the genes  Biomart site of the Ensemble website to search for
in the above 461 CNVRs with Ensemble ID. We first human homologous genes and conducted one-to-one
submitted the Ensemble numbers of 461 genes to the screening to ensure the uniqueness of the homologous
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Fig. 1 Histogram for the chromosome-wise distribution of 461 CNVRs across the AQSW pig genome

Duroc AQ
Fig. 2 AVenn diagram of respective_genes and common_genes

genes obtained. We then submitted the obtained
homologous gene information to the DAVID website,
and GO analysis was performed, as shown in Fig. 3.
In Fig. 4, functional clustering included three aspects:
molecular biological function (Molecular Function,
MEF), cell component (Cell Component, CC), and bio-
logical process (Biological Process, BP). Using P <0.05
as the threshold to screen each cluster item, genes
within CNVRs were enriched in a total of 52 different
functional clusters, including 24 different biological
processes (BP) functional clusters, 12 cellular compo-
nent (CC) functional clusters, and 16 molecular biology
functional (MF) clusters. The functional clustering of
these genes was determined to involve many biological
processes, primarily involving cell adhesion, embryonic

development, and cell differentiation. These clustering
results indicate that the genes in CNVRs may be more
involved in behavioral adaptation during the process of
growth, development, immunity, and domestication,
and those that are beneficial to the organism may be
preserved by the evolutionary process.

Discussion

In this study, the BioMart tool was used to identify genes
situated within CNVRs, and DAVID was then used to
search the GO terms of genes contained in CNVRs.
Combined with the annotation information of the
KEGG-GENES database, the purpose of obtaining these
results was to speculate on the function of these genes
and the possible effects of CNVRs on the biological traits
of commercial Chinese native and foreign pig breeds.

The analysis of the gene distribution in CNVRs showed
that CNVRs were more concentrated in chromosome
segments with lower gene densities. The reason for this
may be that CN'Vs in the genome originate from segmen-
tal duplication regions, which often contain redundant
sequences with less gene distribution. It is also possible
that CNVs in gene-enriched regions are easier to order
and create functional genes, and cause damage, which is
detrimental to the survival of the organism, so they are
eliminated under the action of natural selection.

CNVs can lead to phenotypic variation related to sin-
gle gene diseases, complex diseases or quantitative traits
through molecular mechanisms such as gene structure
change, gene fusion and dose effect [13]. For example,
a CNV-based whole genome-associated analysis found
functional genes related to feed conversion rate and
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growth and development [14]. The explicit white hair
color of the pig is related to the repetition of the 450 kb
fragment containing the Kit gene [15]. Mei et al. [16] con-
ducted a genome-wide CNV study on six native cattle
breeds in China, and found that a large number of adap-
tive (BOLA-DQB and EGLN2) and hair color (KIT and
MITF) copy number variation information.

Existing studies have found that genes in CNVRs are
mainly involved in immunity, the sensory perception of
the external environment (involving smell, vision, and
taste), the response to stimuli, and neurodevelopment,
while they are relatively less involved in nucleic acid
binding, metabolism, and cell proliferation [17]. This may
be because the occurrence of gene CNVs with impor-
tant functions is the result of strong purification selec-
tion. When a CNV occurs in the coding region, if the
affected gene has an important role in growth, the occur-
rence of the variation is highly likely to be harmful to
the organism and is therefore quickly eliminated. This is
consistent with our analysis results. A total of 798 genes
were obtained from 348 CNVRs. GO analysis found
that these genes were mainly involved in cell adhesion,
phosphorylation, and learning, while a small number of
genes were involved in embryonic development and cell
differentiation.

Copy numbers have varieties in the animal group. Some
unique CNVs may be selected during the domestication,
resulting in the species specificity. The independent CNV
between different varieties may cause variety differences
to differences in variety differences [18]. There are dif-
ferences in lipid metabolism, fat deposition, and disease
resistance between Chinese local pigs and Western com-
mercial pigs. The main reason may be because Chinese
pig local groups and European pig groups have differ-
ent domestication or variety formation processes [19].
Genetic background information [20]. In this study, the
resequencing data of AQSW pigs and Duroc pigs were
used for CNV detection, and the genome structure of
these Chinese and foreign pig populations was stud-
ied. AQSW pigs were found to have advantages in stress
resistance, fat metabolism, and cell biology, and this find-
ing provides useful information for the development
of breeding programs and the understanding of disease
resistance for this population.

Through GO annotation and KEGG enrichment analy-
sis, six genes related to fat metabolism, reproductive per-
formance, and stress resistance were found in the CNVRs
of the whole genome; namely DPF3, LEPR, MAP2K6,
PPARA, TRAF6, and NLRP4. Among them, the DPF3
gene located on chromosome 7 is related to the number
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of nipples in pigs. The number of nipples of a sow is an
important indicator of its ability to raise a large number
of piglets. In sows, the combination of having a large
number of nipples and a large litter size is the physiologi-
cal basis for achieving high reproductive performance.
A lack of teats leads to insufficient colostrum intake in
piglets, which negatively affects piglet body weight and
immunity, and may also lead to piglet death due to star-
vation and crushing [21]. It has been reported that sow
teat number is highly important for piglet mortality, body
weight gain, and uniform growth [22]. Related studies
have also found that the number of nipples in pigs varies
among breeds [23, 24], and has a strong correlation with
reproductive performance.

The LEPR gene plays an important role in the decom-
position of fatty acids and the maintenance of energy
balance in the body. LEPR mRNA is expressed in sheep
adipocytes as well as in human adipocytes [25]. Numer-
ous studies have shown that LEPR plays an impor-
tant role in regulating body fat deposition [26—28]. The
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pig MAP2K6 gene is located on chromosome 12 and is
mainly involved in the regulation of reproductive traits
[29, 30]. The PPARA gene is an important isoform of the
PPARs family and was the first identified member. As a
major transcriptional regulator of fatty acid oxidase, it
regulates the normal metabolism of lipids in the body
[31].

Both the NLRP4 and TRAF6 genes are related to the
immune inflammatory response [32]. The TRAF6 gene is
a key linker molecule in the regulatory pathways of the
tumor necrosis factor (TNF) superfamily, toll-like recep-
tor (TLR) family, and interleukin-1 receptor (TIR) super-
family, as well as an important linker molecule in the
innate immune signaling pathway [33, 34].

The above findings indicate that the occurrence of
CNVs may have an impact on the immune response, fat
metabolism, and reproduction of LB pigs.

Conclusion

In this study, the resequencing data of AQSW pigs and
Duroc pigs were used for CNV detection, and a total of
881 CNVRs were detected in these two populations. The
results show that the AQSW and Duroc pig populations
have significant differences in the genomic localization
of genetic variation. We also identified candidate genes
related to lipid metabolism, reproductive traits, and
stress resistance; namely DPF3, LEPR, MAP2K6, PPARA
, TRAF6, and NLRP4. The results of this study lay a foun-
dation for subsequent studies on potential mutations
associated with the observed phenotypic variation.

Materials and methods

Quality control

FASTP software version 0.18.0 [35] was used to filter
the raw data of the Illumina platform to obtain relatively
high-quality sequencing data for clean reads assem-
bly analysis. Our filtering criteria were as follows: (1)
removal of reads containing unknown nucleotides (N)
>10%; (2) removal of reads with a Phred quality score
<20 bases >50%; (3) deletion of reads containing linkers.
According to the above criteria, some low-quality reads;
such as those containing primers or adapters, those con-
taining non-ATCG bases, and those with an error rate of
more than 30%; were removed.

Comparative analysis

The pig reference genome Sus scrofa 11.1 can be obtained
from the Ensemble database, and be used to detection of
copy number variation. We used the alignment software
BWA [36] with the BWA-MEM algorithm to align the fil-
tered reads to the reference genome, and the alignment
parameter was -k 32-M; (Dior Biotechnology Co., Ltd.
1.129). Picard was used to mark the repeated reads and



Qian et al. Molecular Cytogenetics (2023) 16:12

count the depth and coverage of the marked reads. Cov-
erage statistics were performed using BEDTools [37].

Detection of CNVs and CNVRs
This study used CNVnator [38] to detect the CNVs. We
refer to the threshold recommended in the CNVnator
methodology article to filter reliable CNVs to facilitate
subsequent analysis of gene copy numbers. The employed
criteria were as follows: (1) e-value<0.01; (2) RD<0.7 in
the deletion region; RD>1.3, CNV interval size>1 kb.
The genome-wide detection of copy number variants in
AQ and Duroc pig breeds by whole-genome sequencing
of DNA was performed to identify breed copy numbers.
The CNVs in the two populations of pigs were inte-
grated using BEDTools to determine the CNVRs of each
population. Using Ensemble (the website), the reference
genome of pigs (Sus scrofa 11.1) was used to find genes
that overlapped with CNVRs. The screened genes were
then further analyzed for functional enrichment by PAN-
THER [39].

Gene detection and enrichment analysis
Using the BioMart [40] gene database based on the pig
reference genome sequence in Ensemble, the genes
located in CNVRs were searched on the basis of having at
least 1 bp overlapping, and the functional annotation of
the genes in CNVRs was performed.

Gene Ontology terms (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were per-
formed using the DAVID Bioinformatic Database [41].
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