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Abstract
Background: In the process of pig breeding, the average daily gain (ADG), days to 100 kg (AGE), and backfat thickness
(BFT) are directly related to growth rate and fatness. However, the genetic mechanisms involved are not well understood.
As an essential source of genetic diversity, copy number variation (CNV) that can affect a variety of complex traits and
diseases, has gradually been thrust into the limelight. In this study, we reported the genome-wide CNVs of Duroc pigs by
SNP genotyping data of 6,627 Duroc pigs. Moreover, we also performed CNV region (CNVR) based association analysis
for growth and fatness traits in two Duroc populations.

Results: Our study identi�ed a total of 835 nonredundant CNVRs in American and Canadian Duroc pigs, which covered
226.73 Mb (~ 10.00%) of the pig autosomal genome. Among them, we identi�ed 682 CNVRs in the American Duroc pigs
and 424 CNVRs in the Canadian Duroc pigs, and 271 CNVRs were detected in both populations. Experimentally, 77.8% of
randomly selected CNVRs were validated by quantitative PCR (qPCR). We also identi�ed 24 signi�cant CNVRs for growth
and fatness traits though CNVR-based association analysis. Among these, six and three CNVRs in American and
Canadian Duroc pigs were found to be associated with both ADG and AGE traits, respectively. Notably, four CNVRs
showed both signi�cant in ADG, AGE, and BFT, indicating that these CNVRs may play a pleiotropic role in regulating pig
growth and fat deposition. Besides, further bioinformatics analysis determined a subset of potential candidate genes,
such as PDGFRB, INSIG1, GPER1, PDGFA, and LPCAT1.

Conclusions: The present study provides a necessary supplement to the CNV map of the Duroc genome through a large-
scale population genotyping. Also, the CNVR-based association results provide a meaningful way to elucidate the genetic
mechanisms of complex traits. The identi�ed CNVRs can be used as molecular markers for genetic improvement in
molecular-guided breeding of modern commercial pigs

Background
In human and animal genomes, variation occurs in many forms, including single nucleotide polymorphisms (SNPs),
insertion/deletion (INDEL) of small fragments, and copy number variations (CNVs). Among these genetic variations, CNVs
are a particular subtype of genomic structural variation that roughly ranges from 50 bp to several Mbs and is mainly
represented by deletions and duplications [1–4]. Adjacent copy number variation areas with overlapping regions can be
combined into a large genome segment, known as the copy number variation region (CNVR) [5]. In terms of total bases
involved, CNVs encompass more nucleotide sequences and arise more frequently than SNPs [6]. Therefore, they have
higher mutation probability and more signi�cant potential impacts [7], such as changing gene structure and altering gene
dosage and thus dramatically affect gene expression and adaptive phenotypes [8]. Additionally, some of these CNVs were
even associated with several complex diseases [9–11]. These observations lead us to predict that CNVs are a primary
contributor to phenotypic variation and disease susceptibility.

Indeed, there are multiple studies have suggested that CNVs play an essential role in affecting some complex traits and
causing disease. In humans, Aitman et al. [12] demonstrated that copy number polymorphism in Fcgr3 genes is a
determinant of susceptibility to immunologically mediated renal disease, and a recent study identi�ed that copy number
variation in NPY4R might be related to the pathogenesis of obesity [13]. Similarly, phenotypic variations and diseases
caused by CNVs are also widespread in domesticated species. In the pigs-the focus of this study, a typical example of
trait affected by CNVs is an increase in the copy number (CN) of the KIT gene that causes the dominant white phenotype
[14, 15]. In reproductive performance, the CNV of the MTHFSD gene was correlated with litter size traits of Xiang pigs [16].
Zheng et al. [17] also showed that a higher CN of the AHR gene had a positive effect on litter size. In productive
performance, Revilla et al. [18] discovered a CNVR containing the GPAT2 gene, which might be associated with several
growth-related traits. Thus, analyzing CNVs and identifying their potential association with complex traits have gradually
become an essential part of genetic studies.
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Growth rate and fatness are vital objectives in the process of pig breeding, which are directly related to economic
advantages. The growth rate measured at different stages mainly included average daily gain (ADG) during the test
period as well as age (AGE) that adjusted to a certain weight [19]. Fat deposition is also a critical biological process,
generally measured by backfat thickness (BFT) or intermuscular fat content. Until now, Considerable association analysis
has been focused on �nding single-site variants, quantitative trait loci (QTLs), and related candidate functional genes that
might in�uence growth and fatness traits [20–22]. However, the systematic association studies for complex quantitative
traits based on CNVs were rarely explored [18, 23], and the full relevance of CNVs to the genetic basis involved is yet to be
clari�ed. Besides, the genetic architectures of these traits are usually complex and commonly controlled by multiple genes
[19], considering that the majority of association studies for growth traits and fatness in pigs have only used a small
sample of genotyped animals, which has limited the statistical power of the association analysis [24]. It is necessary to
conduct CNVs association analysis in a population with su�cient sample size.

In this study, we performed genome-wide CNV detection on the large-scale population of Duroc pigs from the American
and Canadian origin. Moreover, CNVR-based association analysis on growth and fatness traits were applied in two
experimental populations. Our results include the identi�ed CNVR and candidate genes that can provide more information
on the molecular mechanisms of important economic traits and promote the rapid development of molecular breeding in
pigs.

Methods
Ethics statement

The animals and experimental methods used in this study are following the guidelines of the Ministry of Agriculture of
China and Use Committee of South China Agricultural University (SCAU). The ethics committee of SCAU (Guangzhou,
China) approved all of the animal experiments.

Samples and phenotype data

Our sample includes American (n=3,770) and Canadian (n=2,857) origin Duroc pigs collected from the Wens Foodstuff
Group Co., Ltd. (Guangdong, China). In addition, data such as ADG (average daily gain at 100 kg), AGE (days to 100 kg),
and BTF (backfat thickness at 100kg) were obtained from each population. During the experiment, all the pigs were raised
under normal management conditions and the same feeding standards. The ADG and AGE of each pig were measured
from 30 to 115 kg and then adjusted to 100 kg. The adjusted formula of AGE are as follows:

where correction factors one is different between sire and dam, and the formulas are as follows:

The following formula for adjusted ADG:



Page 4/23

The phenotype of BTF was measured from the 10th-rib to 11th-rib at approximately 100 kg using an Aloka 500V SSD B
ultrasound (Corometrics Medical Systems, USA) [25], and the adjusted formula of BFT is as follows:

SNP genotyping and quality control

Genomic DNA was extracted from ear tissue with the traditional phenol/chloroform method, the DNA quality of samples
was assessed by light absorption ratio (A260/280 and A260/230) and gel electrophoresis, the concentration was controlled to
be 50 ng/μL [26]. Samples were genotyped using Illumina GeneSeek 50K SNP array (Neogen, Lincoln, NE, United States)
with 50,703 SNP markers across the entire genome. The quality control (QC) were performed with PLINK v1.90 software
[27], the parameters of QC include: animal call rates > 0.9, SNP call rates > 0.9, minor allele frequencies > 0.005 and P >
10-6 for Hardy-Weinberg equilibrium test. The SNPs located in sex chromosomes or without positional information were
also discarded. Finally, a set of 39,600 informative SNPs from 3,770 American origin Duroc pigs and 36,700 informative
SNPs from 2,857 Canadian origin Duroc pigs were used for CNVs detection, respectively.

CNVs detection

PennCNV software [28] was used to identify individual-baed CNV by combining the SNP signal data of log R Ratio (LRR)
and B allele frequency (BAF) as well as the population frequency of B allele (PFB). Among them, the LRR and BAF values
were computed by GenomeStudio software v2.0 (Illumina, Inc., USA) for each SNP. The perl comppile_pfb.pl command
was used to calculate the PFB �les based on the BAF of each SNP. Moreover, the wave adjustment procedure was
conducted using the -gcmodel option in PennCNV software to reduce the impact of genomic waves [29]. We calculated
the GC content of the 500kb genomic region around each SNP according to the Sscrofa 11.1 version of the pig reference
genome (http://ensemble.org/Sus_scrofa/Info/Index). The �nal CNVs were generated by retaining high-quality samples
according to the following criteria: LRR < 0.3, BAF drift < 0.01, and GC wave factor of LRR < 0.05. Meanwhile, to further
decrease false-positive CNVs, CNVs with consecutive SNPs ≥ 3 and CNV length ≥ 10 kb were remained. We also used the
bedtools software v2.26.0 [30, 31] to merge CNVs with at least 1bp overlap in all samples to de�ne CNV region (CNVR)
[17], and CNVRuler software [32] was used to de�ne three types of CNVR: loss, gain and mixed (gain and loss occur in the
same region). Besides, we matched the CNVs of respective populations with the corresponding CNVR to obtain the CNVRs
of each Duroc pig population. In other words, the CNVRs with full coverage CNV sequences were considered as the
population-based CNVRs. Finally, a set of 682 CNVRs mapped in American Duroc pigs and 424 CNVRs mapped in
Canadian Duroc pigs were used for subsequent analyses.

Quantitative PCR validation

We chose Quantitative PCR (qPCR) to validate the CNVRs detected by PennCNV software. A total of 9 CNVRs was
randomly selected according to the CNVR type (loss, gain, and mixed) and frequency in the population. Due to the
uncertain boundary of the identi�ed CNVRs, we used Oligo 7 software [33] to design primers for the speci�c region of
ADGRA1, PUSL1, MAPRE2, SGMS2, PCID2, DSCAM, GATD3A, ELFN1 and LIFR genes (see Additional �le 4: Table S4). We
also selected the GCG gene as the reference locus since this gene was highly conserved among pigs and existed as a
single copy in animals [17, 34, 35]. Normal samples identi�ed with no copy number change in the test region were used as
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a reference. qPCR was conducted on a LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland). The PCR
reaction was performed with a total volume of 10 μl consisting of the following reagents: 1 μl DNA (50 ng/μl), 0.3 μl of
both forward primer and reverse primer, 5 μl Blue-SYBR-Green mix (2×) and 3.4 μl water. The PCR conditions were as
follows: 10 min at 95 ℃ followed by 40 cycles for 10 s, 60 ℃ for 15 s and 72 ℃ for 20 s. All reactions were carried out
on 384-well clear reaction plates and each of sample was performed in triplicate, with average Ct values calculated for

further copy number determination. The relative copy number difference of the test region was determined by 2 × 2-ΔΔCt.
Where ΔΔCt = [(mean Ct of the target gene in test sample) - (mean Ct of GCG in test sample)] - [(mean Ct of the target gene
in reference sample) - (mean Ct of GCG in reference sample)] [36]. The values around 2 were considered normal. A value
of 3 or more and a value of 1 or less represent the status of gain and loss, respectively.

CNVR genotyping and association analysis

In order to provide the required input for association analysis, a speci�c genotyping was necessary. We genotyped CNVR
type according to the CN value. For instance, A/A for copy deletion (CN = 0,1), A/G for normal copy (CN=2) and G/G for
copy increase (CN=3,4).

In this study, a linear model was used to conduct association analysis between CNVR with frequencies large than 0.5%
and single trait in each population, including �xed effects (overall mean, covariate) and random effects (residual effect).
The analysis was completed by GEMMA software [37]. The linear model used was as follows:

where Yijkl is the corrected phenotypic value for each population; μ is the overall mean; Si is the �xed effects of gender; Pj

is the �xed effects of parity; Wk is the �xed effects of birth weight; Gl is the CNVR genotypic effect; eijkl is the random
residuals corresponding to the observed values of the trait. We applied the false discovery rate (FDR) to determine the
signi�cance threshold according to the previous studies [38, 39]. P-value was de�ned as follows:

where FDR was set as 0.05, N represents the CNVRs number of P < 0.05 in the association results, and M is the total
number of CNVRs.

CNVR overlapped with relevant QTLs

All QTL data based on Sscrofa 11.1 version were downloaded from the pig QTL database [40, 41]. We retrieved autosomal
QTL regions associated with the ADG, AGE, and BFT traits from pigQTLdb, respectively. Signi�cant CNVRs assessed in
the corresponding traits were used to map QTLs.

Functional Genes annotation

The physical position information was obtained from the Sscrofa 11.1 version of the pig reference genome. Genes that
overlapped or adjacent to the signi�cant CNVRs were selected for the KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways and GO (Gene Ontology) analysis using KOBAS v3.0 [42]. The statistical method used in the enrichment
analysis was Fisher’s exact test with a signi�cant threshold of P < 0.05. Also, GeneCards (http://www.genecards.org/) and
Ensembl (www.ensembl.org/biomart/martview) were used to query gene functions.
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Results
Genome-wide CNVs detection in two populations

We performed CNVs detection with PennCNV software on 18 autosomes in Duroc pigs of Canadian and American origin.
As a result, a total of 16,142 CNVs (3,693 loss and 12,449 gain) with 5,061 individuals were obtained successfully. Among
them, 11,100 CNVs were from 2,945 Duroc pigs of American, and 5,042 CNVs were from 2,116 Duroc pigs of Canadian. All
of these CNVs were used to merge into CNVRs (Additional �le 1: Table S1). As a result, a total of 835 CNVRs were
generated in two populations with 342 gain, 337 loss, and 156 mixed. Table 1 and CNVR map (Fig. 1) summarizes the
distribution of total CNVRs on different autosomes. CNVRs in chromosome 4 (SSC4) had the highest coverage (23.86%),
while the lowest in SSC1 (5.96%). The number of CNVRs varied from 18 (SSC18) to 74 (SSC4), and the total size of
CNVRs detected in this study was 226.73 Mb, accounting for ~ 10.00% of the pig autosomal genome.

Table 1
Chromosome distribution of all 835 CNVRs in the pig autosomes

Chr Chr length
(kb)

CNVR
counts

Length of CNVR
(kb)

Coverage
(%)

Max size
(kb)

Average size
(kb)

Min size
(kb)

1 274,330.50 61 16,345.13 5.96 1,855.10 128.76 11.81

2 151,936 54 19,672.21 12.95 4,253.11 168.98 22.45

3 132,848.90 44 11,265.54 8.48 1,864.38 153.35 18.74

4 130,910.90 74 31,241.02 23.86 1,791.54 244.18 24.44

5 104,526 40 9,314.40 8.91 1,247.57 110.66 14.21

6 170,843.60 61 17,164.90 10.05 1,404.71 184.41 24.07

7 121,844.10 55 11,426.88 9.38 899.03 160.76 18.22

8 138,966.20 47 11,450.49 8.24 1,981.86 122.7 32.22

9 139,512.10 49 10,938.51 7.84 1,329.81 146.11 26.12

10 69,359.45 21 4,729.65 6.82 676.99 200.79 40.11

11 79,169.98 41 9,569.71 12.09 1,635.59 136.85 43.2

12 61,602.75 39 10,251.95 16.64 2,157.61 186.27 21.53

13 208,334.60 61 15,956.15 7.66 1,662.75 186.86 24.59

14 141,755.50 62 15,592.69 11 2,234.96 126.92 14.93

15 140,412.70 46 12,263.88 8.73 2,643.96 119.46 33.1

16 79,944.28 30 7,369.11 9.22 946.64 142.1 29.96

17 63,494.08 32 7,171 11.29 1,683.89 139.82 48.59

18 55,982.97 18 5,003.06 8.94 1,634.02 176.07 29.92

 

Besides, by matching the CNVs of each population with the corresponding CNVRs, we identi�ed 682 CNVRs in the
American Duroc pigs and 424 CNVRs in the Canadian Duroc pigs, of which 271 CNVRs were detected in both populations
(see Additional �le 2: Table S2). CNVs of American Duroc pigs ranged in length from 10.5 kb to 4.1 Mb, averaging
180.0 kb (Fig. 2a). The length change of CNVRs is similar to CNVs, ranging from 11.8Kb to 4.3 Mb (Fig. 2b). In Canadian
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Duroc pigs, the length of CNVs ranged from 14.2 kb to 1.9 Mb, with an average of 151.8 kb (Fig. 2c), and the length
distribution of CNVRs shown in Fig. 2d ranged in size from 14.2Kb to 2.6 Mb. In summary, most CNVs and CNVRs in both
populations are concentrated in the length range of 50–500 kb, and the CNVRs covered ~ 8.54% and 6.54% of the porcine
genome (Sus scrofa 11.1) in American and Canadian Duroc pigs, respectively. Notably, CNV of gain type is more likely to
occur in both populations.

Comparison of CNVRs detected in previous swine studies
We compared the CNVRs identi�ed in this study with the nine previous swine studies (see Additional �le 3: Table S3).
Results listed in Table 2 showed varying levels of overlapping CNVRs between studies. Due to the differences in breeds,
platforms, algorithms, and CNV de�nitions that have a more signi�cant impact on the results [43], we used a much looser
de�nition of overlap, where two CNVRs were considered to be overlapping as long as they shared at least one bp [44].

Table 2
Comparison of CNVRs identi�ed in this study with other studies (based on the Sscrofa 11.1 genome assembly)

Study Platform Software Breeds
(Numbera)

Samples Number of
CNVRsb

(original
CNVRsc)

Number of
overlapped CNVRs
in this study

Chen et al.
[57]

Porcine
SNP60

PennCNV Duroc,
Rongchang,
etc. (18)

1,693 243(565) 57

Wang et
al. [54]

Porcine
SNP60

PennCNV Duroc, Laiwu,
etc. (10)

302 146(348) 38

Wiedmann
et al. [59]

Porcine
SNP60

PennCNV α Mixed
Breed Swine
(1)

1,802 185(502) 38

Wang et
al. [58]

1M aCGH Agilent
Genomic
Workbench

Duroc,
Yorkshire, etc.
(9)

12 436(758) 31

Xie et al.
[60]

Porcine
SNP60

PennCNV Xiang, Kele
(2)

120 75(172) 14

Stafuzza
et al. [46]

Porcine
SNP80

PennCNV Duroc (1) 3,520 136(425) 58

Wang et
al. [35]

Porcine
SNP80

PennCNV Large White
(1)

857 175(312) 81

Keel et al.
[44]

Next-
generation
sequencing

CNVnator &
LUMPY

Duroc,
Landrace,
etc. (3)

240 3,538 177

Zheng et
al. [17]

Next-
generation
sequencing

CNVnator &
CNVcaller

Duroc (1) 29 6,700 182

All CNVRs identi�ed in other studies were converted to Sscrofa 11.1 genome assembly using the liftOver tool. aPig
breeds used for comparison; bSuccessfully converted CNVRs; cOriginal number of CNVRs.

 

The most considerable overlap of CNVRs identi�ed between this study and previous studies were found with results
reported by the next-generation sequencing platform studies. The percentage of overlapped CNVRs was 21.20% and
21.80% separately [17, 44].
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Validation of identi�ed CNVRs by qPCR

To con�rm the reliability of the identi�ed CNVRs, we randomly selected nine CNVRs (CNVR 116, 295, 308, 421, 547, 642,
647, 709, and 768) that co-localized with the ADGRA1, PUSL1, MAPRE2, SGMS2, PCID2, DSCAM, GATD3A, ELFN1 and LIFR
genes, respectively. Finally, seven of these CNVRs (CNVR 116, 295, 308, 421, 642, 647, and 709) were successfully
validated (Fig. 3). Details of the primers were listed in Additional �le 4: Table S4.

CNVR frequency in two populations
We also calculated the frequencies of the CNVRs in American and Canadian Duroc populations (Fig. 4). For American
Duroc pigs, the frequency of CNVR varied from 0.034% (detected in only one individual) to 28.6% (844 individuals out
2945). A similar situation occurs in the Canadian Duroc pigs, CNVR frequencies range from 0.047% (detected in only one
individual) to 37.5% (794 individuals out 2116). Moreover, the frequency of CNVRs was mostly concentrated in 0.03% ~
0.3%, which indicated that low-frequency CNVRs rarely exist in animals and was challenging to measure reliably[45].
Accordingly, an association analysis was performed using CNVRs, with frequencies exceeding 0.5 percent [46].

Phenotypic statistics and CNVR-based association
Before further study on the association analysis of CNVRs, the statistical summary of ADG, AGE, and BFT for two
populations are listed in Table 3. All phenotypic data were approximately followed the Normal distribution. In total, the
average ± S.D. (standard deviation) of ADG, AGE and BFT for each population were 619.46 ± 31.69, 158.97 ± 8.20, 8.89 ± 
0.94 and 611.91 ± 42.08, 161.14 ± 11.14, 9.55 ± 1.77, respectively.

Table 3
The statistics for the phenotypes of growth traits and fatness in two pig populations

Population Trait Unit Na Mean(± SD)b Minc Maxd C.V.(%)e

American Duroc ADG g/day 3,250 619.46 ± 31.69 525.61 716.58 5.12

  AGE day 3,251 158.97 ± 8.2 134.42 182.7 5.16

  BFT mm 3,232 8.89 ± 0.94 6.09 12.07 10.57

Canadian Duroc ADG g/day 2,569 611.91 ± 42.08 484.52 738.4 6.88

  AGE day 2,567 161.14 ± 11.14 127.82 195.29 6.91

  BFT mm 2,550 9.55 ± 1.77 5.1 15.06 18.53

ADG: Average daily gain at 100 kg; AGE: days to 100 kg; BFT: backfat thickness at 100 kg; aNumber of animals (N);
bMean (standard deviation); cMinimum (min); dMaximum (max); eCoe�cient of variation (C.V.).

 

We investigated the relationship between CNVRs and growth, fatness traits in American and Canadian Duroc pigs. 116
CNVRs in American Duroc and 61 CNVRs in Canadian Duroc pigs were selected for association analysis. The Manhattan
plots and signi�cant CNVRs (P < FDR × n/m) obtained by separate association analyses for those two populations were
shown in Fig. 5 and Fig. 6, Table 4 and Table 5. 
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Table 4
Signi�cant CNVRs associated with growth traits in two populations

Population Traits CNVR
ID

Chromosome Start(bp) End(bp) P-
value

Candidate genes

American
Duroc

ADG CNVR
114

2 150,376,169 150,741,751 7.93E-
03

 

  ADG CNVR
118

3 2,457,661 3,480,462 2.42E-
03

SDK1

  ADG CNVR
525

11 39,893,652 40,023,260 7.86E-
03

 

  ADG CNVR
566

12 24,419,703 24,739,497 8.33E-
03

 

  ADG;
AGEa

CNVR
115

2 150,797,343 151,385,319 4.58E-
04;
3.23E-
04

PDGFRB,PPARGC1B,CSF1R

  ADG;
AGEa

CNVR
440

9 3,080,614 3,377,860 1.51E-
03;
5.70E-
04

 

  ADG;
AGEa

CNVR
547

11 77,144,460 78,780,052 1.25E-
04;
3.14E-
04

GRTP1

  ADG;
AGEa

CNVR
642

13 204,187,794 204,458,963 3.44E-
03;
3.04E-
03

 

  ADG;
AGEa

CNVR
647

13 206,578,011 208,240,759 1.43E-
08;
2.11E-
07

PFKL

  ADG;
AGEa

CNVR
819

18 1,697,628 3,331,650 1.34E-
03;
5.84E-
03

INSIG1,LMBR1,DPP6

Canadian
Duroc

AGE CNVR
162

4 3,149,505 4,034,399 4.60E-
03

 

  ADG;
AGEa

CNVR
116

3 162,027 2,026,411 2.49E-
03;
2.24E-
03

GPER1,PDGFA,GNA12

  ADG;
AGEa

CNVR
308

6 118,880,845 119,223,012 5.40E-
03;
4.33E-
03

 

  ADG;
AGEa

CNVR
77

2 22,300,642 23,050,340 2.02E-
05;
1.03E-
04

 

ADG: Average daily gain at 100 kg; AGE: days to 100 kg; a CNVRs identi�ed in both traits.
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Table 5

Signi�cant CNVRs associated with BFT in American Duroc pigs
CNVR ID Chromosome Start(bp) End(bp) P-value Candidate genes

CNVR 1 1 437,279 2,292,374 5.73E-04 TCTE3,C6orf120,PHF10,CCR6,THBS2

CNVR 116a 3 162,027 2,026,411 3.14E-04 GPER1,PDGFA,GNA12

CNVR 118a 3 2,457,661 3,480,462 4.54E-03 SDK1

CNVR 234 5 222,125 1,460,083 4.34E-03 SCO2,HDAC10,ALG12

CNVR 274 6 51,842 1,347,980 1.91E-05 MC1R

CNVR 275 6 2,430,990 3,835,699 4.50E-03 FOXC2

CNVR 296 6 64,268,261 65,189,989 4.55E-03 PRDM16

CNVR 315 6 142,358,005 143,256,333 1.13E-02  

CNVR 445 9 7,165,800 7,567,846 1.52E-03  

CNVR 547a 11 77,144,460 78,780,052 7.58E-08 GRTP1

CNVR 647a 13 206,578,011 208,240,759 1.95E-03 PFKL

CNVR 709 14 139,484,309 141,719,266 4.22E-05  

CNVR 745 15 120,041,793 120,478,103 4.16E-03 SLC11A1,VIL1,TNS1

CNVR 785 16 78,550,922 79,365,542 7.55E-03 LPCAT1

aCNVRs also identi�ed in growth traits.

 
For growth traits, we obtained a total of ten signi�cant CNVRs for ADG in the American Duroc pigs, where threshold values
were set to 9.91E-03. The candidate regions are located on SSC2, 3, 9, 11, 12, 13, and 18. Furthermore, we also found that
eight CNVRs, on SSC2, 9, 11, 13, and 18, were exceeded the threshold (9.48E-03) for AGE. These CNVRs are signi�cantly
correlated with growth traits that covered 107 protein-coding genes. In the Canadian Duroc pigs, we also identi�ed three,
and four CNVRs reached the threshold (8.20E-03; 8.20E-03) for ADG and AGE, respectively, and these CNVRs overlapped
45 protein-coding genes. It should be noted that, due to the high genetic correlation between ADG and AGE [19], six and
three CNVRs in American and Canadian Duroc pigs showed signi�cant in both traits separately. However, no shared CNVR
was identi�ed in the two experimental populations.

For fatness traits, we identi�ed 14 CNVRs in the BFT trait of American Duroc pigs, where threshold values were set to
1.25E-02. Intriguingly, four CNVRs located on SSC3, 11, and 13 were shared both signi�cant in growth and fatness traits.
Nevertheless, we did not �nd signi�cant CNVRs for the BFT trait in Canadian Duroc pigs.

Based on data of all breeds, we further investigated the function of genes encompassing these signi�cant CNVRs. For
ADG and AGE, many common signi�cant CNVRs that are involved in both traits were found to overlap with numerous
genes. Consequently, 12 genes were determined as major functional candidates, including SDK1, PDGFRB, PPARGC1B,
CSFIR, and other candidates. For BTF, we identi�ed 21 candidate genes, such as TCTE3, GPER1, PDGFA, and LPCAT1.
Growth and fatness traits-related QTLs overlapped with identi�ed CNVRs
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The autosomal QTLs associated with ADG, AGE, and BFT were extracted to explore their overlapping regions on
signi�cant CNVRs (see Additional �le 5: Table S5). In growth traits, we found that 14 CNVRs overlapped with 11 QTLs for
ADG, and the overlapping sequence accounting for ~ 1.26% of these QTLs. Among them, eight QTLs overlapped in
American Duroc pigs, and three QTLs overlapped in Canadian Duroc pigs. For AGE, we only found two CNVRs overlapped
with two QTLs in the American Duroc population, and the overlapping area accounts for ~ 2.71% of the two QTLs. In
terms of fatness, 11 CNVRs were also discovered to overlap with 51 QTLs for BFT in the American Duroc population.
These results may help us narrow down the QTL area and anchor range of functional regions associated with complex
traits.
Functional analysis of genes involved in the trait-related CNVRs

A total of 521 genes overlapped with 24 signi�cant CNVRs were detected based on the Ensembl annotation of the Sus
scrofa 11.1 genome (see Additional �le 6: Table S6). Including 342 protein-coding genes, 148 lncRNA genes, as well as
some miRNAs, small nucleolar genes (snoRNA), processed pseudogenes, and other genes. To further investigate function
genes that affect growth performance and fatness, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and
Gene Ontology (GO) analysis of protein-coding genes were carried out using KOBAS software (version 3.0).

Gene set enrichment analysis revealed that many terms might be relevant to growth and fatness traits (see Additional �le
7: Table S7). In brief, the KEGG analysis uncovers that these genes mainly signi�cantly participated in Rap1 signaling
pathway, which was consistent with Zheng et al. [17] and Wang et al. [43] Furthermore, the top terms of GO analysis were
primarily enriched in negative regulation of lipid biosynthetic and metabolic process. Given that, we further identi�ed the
functions of these genes involved in the critical pathways and biological processes from the GeneCards database and
relevant literature. Hence, we highlighted �ve genes of interest that overlapped with signi�cant CNVRs as well as enriched
in Gene set enrichment analysis. Including Platelet-Derived Growth Factor Receptor Beta (PDGFRB), Platelet Derived
Growth Factor Subunit A (PDGFA), G Protein-Coupled Estrogen Receptor 1 (GPER1), Insulin Induced Gene 1 (INSIG1) and
Lysophosphatidylcholine Acyltransferase 1 (LPCAT1).

Discussion
Over the past decade, genome-wide association studies (GWAS) have made remarkable contributions to the discovery of
common SNPs in�uencing complex traits [47]. However, most variants explain a small proportion of the heritability, which
is called “missing heritability” [48]. To this point, CNVs as an essential source of genetic diversity may provide a new way
to explain the genetic variability that GWAS cannot pick up [49].

In this study, we successfully detected 11,100 and 5,042 CNVs in Duroc pigs of American and Canadian and inferred
CNVs using rigorous criteria to reduce the risk of false-positive rate. All CNVs were merged to generate 835 CNVRs in two
populations, accounting for ~ 10.00% of the pig autosomal genome (Sus scrofa 11.1). The results showed that the length
and frequency of duplications were much higher than that of deletions in the large fragment (> 10 kb) CNVs (12,449 gain
vs. 3,693 loss). Previous CNVs studies have found similar cases. For example, in the CNV study conducted by Long et al.
[50] using Porcine SNP60 BeadChip, there were approximately 70.6% gains and 29.4% losses, Zheng et al. [17] also
reported that the frequency of duplications was higher than that of deletions in Duroc and Meishan pigs through Next-
generation sequencing. This phenomenon suggests that although CNVs can cause duplications or deletions at the same
locus in different populations [51], the genome has a greater tolerant for duplication than deletion [52], and is more likely
to occur in large-scale CNVs (> 10 kb) [5, 53].

In addition, to evaluate the accuracy of the PennCNV software in determining CNV, we performed qPCR validation for nine
randomly selected CNVRs and successfully con�rmed seven of nine CNVRs (~ 77.8%). This percentage is similar to Wang
et al. [54] (75%), Dong et al. [55] (70%), and Wang et al. [43] (80%). Meanwhile, we also observed that two CNVRs were
inconsistent with our expectations. Multiple factors may have contributed to the result of discordance. For example, the



Page 12/23

sparse probes on the SNP chip may cause the identi�ed CNVRs to be larger than the actual length. As a consequence, the
primers may have been designed outside the exact boundaries of CNVRs [55]. Additionally, these results also indicate that
there is a high proportion of singleton CNVs exist in the population [56].

We also compared our results with previous studies on CNVRs, which showed a low overlap rate [17, 35, 44, 46, 54, 57–
60]. In brief, a total of 404 CNVRs entirely or partially overlapped with the previously reported CNVRs. A considerable
overlap rate was observed in the results of Zheng et al. [17], while that of Xie et al. [60] was the lowest. These discrepant
observations may be due to the difference in the breed and population size between our study and others. In this study,
the large-scale samples were used for CNV detection, which leads us to identify more novel CNVRs than other studies. It
also suggests that a vast amount of CNVs existing in the pig genome has not been discovered [61]. Intriguingly, even
within the same breed, different genetic backgrounds may have signi�cant effects on reproducibility. As can be found in
our result, only 271 of 835 CNVRs were detected in both populations. Also, previous studies were almost based on the
Sscrofa10.2 genome version, while the comparative work in our study was on Sscrofa11.1. Thus, based on the vast
differences between the two versions [62], many CNVRs in the Sscrofa10.2 could not be converted to Scrofa11.1
successfully (Table 2). Besides, differences in SNPs density after quality control, as well as different CNV detection
platforms, algorithms, and criteria for CNV determination could also explain this outcome [43].

Although CNVs were widespread in pigs and have been reported to be associated with economically relevant traits, the full
relevance of CNVs to the genetic architecture of growth rate and fatness across all stages is yet to be elucidated. To
further investigate the relationship between CNVs and complex traits (ADG, AGE, and BFT), we performed CNVRs-based
association analysis in two populations. For American Duroc pigs, we identi�ed a total of ten CNVRs on ADG and AGE,
including six CNVRs that were signi�cant in both traits. A similar pattern occurs in Canadian Duroc pigs. For instance, we
detected three CNVRs affecting both traits. The computational formulas of ADG and AGE in this study show an inverse
relationship, and both themselves also have relatively high genetic associations [19]. That may explain why most CNVRs
were signi�cant in both traits.

However, the results of the association analysis between American and Canadian Duroc pigs differed substantially.
Whether ADG or AGE, we found no shared CNVR in the two experimental populations. Moreover, we only detected 14 BTF-
related CNVRs in American pigs, but no CNVR was identi�ed in the Canadian population. This �nding highlights the
complex genetic architecture of growth traits and fatness. Although the Duroc is considered as one breed, substantial
genetic differences exist between subpopulations [63], for example, the American and Canadian Duroc pigs in this study.
The results were consistent with those of Zhuang et al. [39]. During the differences in natural and human selective
pressures, it is presumed that the genetic drift and the exchange of genetic material lead to less consistent in CNVR
between the two populations [64]. Therefore, the genetic differentiation that exists between two populations may have a
substantial impact on the localization of genetic variant regions [39]. More notably, four CNVRs were associated with
growth and fatness traits (CNVR116, CNVR118, CNVR547, and CNVR647). The results suggested that these CNVRs may
play a pleiotropic role in regulating pig growth and fat deposition [18, 20].

The GO enrichment and KEGG analysis uncovered that genes in CNVRs are mainly involved in lipid biosynthetic, lipid
metabolic process, and O-glycan biosynthesis. Based on our association analysis, gene set enrichment analysis, and the
function of relevant candidates, consequently, �ve genes relevant to growth traits and fatness were highlighted. INSIG1
gene act as regulators of lipid metabolism in cholesterol and fatty acid synthesis [65, 66]. Yang et al. [67] demonstrated
that the pig fed the high-fat diet will increase the INSIG1 gene expression in backfat tissue. Liu et al. [68] also discovered
that polymorphisms in this gene were associated with growth and carcass traits through PCR-RFLP and DNA sequencing.
White adipose tissue is recognized as an energy-storing organ, which is closely related to fat deposition and body weight
[69]. Human adipose tissue differentiation into beige or white adipocytes depends on PDGFRβ expression [70]. Olson et al.
[71] identi�ed that increased PDGFRB signaling inhibits differentiation of white adipose. The protein encoded by this gene
is a Tyrosine-protein kinase that acts as cell-surface receptor for heterodimers formed by PDGFA and PDGFB. While in
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recent years, Gonzalez et al. [72] found that PDGFA also plays a vital role in the proliferation and maintenance of
adipocyte progenitors in dermal adipose tissues through PI3K-Akt pathways. The GPER1 gene, known as G protein-
coupled estrogen receptor 1, is involved in metabolism and immunity [73]. Sharma et al. [74] reported that weight gain in
male GPER knockout (KO) mice was associated with visceral and subcutaneous fat. However, GPER KO mice showed no
differences in food intake or exercise activity compared with wild-type littermates. This observation demonstrated that
GPER might regulate metabolic parameters associated with obesity. LPCAT1 plays a role in many disease processes. As
an example, LPCAT1 was down-regulated in the brain tissue of diabetic mice and up-regulated in antidiabetic therapy [75].
Chen et al. [76] also revealed that DNA methylation levels of the LPCAT1 gene were related to adiposity.

In recent years, the study for the in�uence of CNV on complex traits has gradually been thrust into the limelight [17, 35].
As far as we know, the present study is the most massive sample case of the genome-wide CNV detection for Duroc pigs.
However, due to the sparse makers of the SNP chip, we may overestimate the frequency of large-scale CNV detected in our
study. Accordingly, high-density SNP chip or whole-genome sequencing technology should be applied in further CNV
detection analysis.

Conclusions
In this study, we performed the genome-wide CNV detection and CNVR-based association between growth traits and
fatness in the large-scale population of American and Canadian Duroc pigs. A total of 835 CNVRs were detected in two
populations, which account for ~ 10.00% of the pig autosomal genome. Moreover, 24 CNVRs were identi�ed to be
associated with growth traits and fatness. However, we found no shared CNVR in the two experimental populations.
These �ndings indicated that the genetic differentiation exists between two populations may have a substantial impact
on the localization of genetic variant regions. Also, we identi�ed major candidates that may be related to growth traits and
fatness, such as PDGFRB, INSIG1, GPER1, PDGFA, and LPCAT1. Our results provide valuable insights into the genetic
mechanism of growth and fatness traits in pigs.
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Figures

Figure 1

The overall CNVR maps for American and Canadian Duroc pigs in the 18 autosomes. Three types of CNVR are identi�ed,
including gain (red), Loss (green), and Mixed (blue). Y-axis values are autosomes, and X-axis values are chromosome
position in Mb.
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Figure 2

CNV and CNVR distribution of American and Canadian Duroc pigs according to the size interval. The plots of a and b
show the CNV and CNVR distribution in American Duroc pigs, respectively. The plots of c and d show the CNV and CNVR
distribution in Canadian Duroc pigs, respectively.
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Figure 3

The results of qPCR validation in selected CNVRs. The x-axis represents the tested sample ID. The y-axis represents
different copy number, the values around 2 were considered normal. The value of 3 or more means gain and a value of 1
or less represents the status of loss.

Figure 4

The allele frequencies of CNVRs in the American (a) and Canadian Duroc (b) pigs.
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Figure 5

Manhattan plots of CNVR-based association studies in the American Duroc pig population. Manhattan plots consisted of
average daily gain at 100 kg (a), days to 100 kg (b), and backfat thickness at 100 kg (c). The x-axis represents the
chromosomes, and the y-axis represents the -log10(P-value). The solid lines indicate the FDR corrected thresholds. The
FDR corrected thresholds were P < 9.91E-03 (a), P < 9.48E-03 (b) and P < 1.25E-02 (c), respectively.
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Figure 6

Manhattan plots of CNVR-based association studies in the Canadian Duroc pig population. Manhattan plots consisted of
average daily gain at 100 kg (a) and days to 100 kg (b). The x-axis represents the chromosomes, and the y-axis represents
the -log10(P-value). The solid lines indicate the FDR corrected thresholds. The FDR corrected thresholds were P < 8.20e-03
(a) and P < 8.20e-03 (b), respectively.
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