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Abstract 

Porcine reproductive and respiratory syndrome (PRRS) is a devastating disease with a significant 
impact on the swine industry causing major economic losses. The objective of this study is to 
examine copy number variations (CNVs) associated with the group-specific host responses to 
PRRS virus infection. We performed a genome-wide CNV analysis using 660 animals genotyped 
with on the porcine SNP60 BeadChip and discovered 7097 CNVs and 271 CNV regions (CNVRs). 
For this study, we used two established traits related to host response to the virus, i.e. viral load 
(VL, area under the curve of log-transformed serum viremia from 0 to 21 days post infection) and 
weight gain (WG42 from 0 to 42 days post infection). To investigate the effects of CNVs on 
differential host responses to PRRS, we compared groups of animals with extreme high and low 
estimated breeding values (EBVs) for both traits using a case-control study design. For VL, we 
identified 163 CNVRs (84 Mb) from the high group and 159 CNVRs (76 Mb) from the low group. 
For WG42, we detected 126 (68 Mb) and 156 (79 Mb) CNVRs for high and low groups, 
respectively. Based on gene annotation within group-specific CNVRs, we performed network 
analyses and observed some potential candidate genes. Our results revealed these group-specific 
genes are involved in regulating innate and acquired immune response pathways. Specifically, 
molecules like interferons and interleukins are closely related to host responses to PRRS virus 
infection. 
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Introduction 
Porcine reproductive and respiratory syndrome 

(PRRS) is the most economically important disease 
caused by a contagious RNA virus for the porcine 
industry. Infection with PRRS virus (PRRSV) leads to 

reproductive losses, slow growth rate, pneumonia 
and, for certain highly pathogenic isolates, high rates 
of mortality. Eradicating PRRS or controlling it 
through vaccination has been difficult due to the 

 
Ivyspring  

International Publisher 



Journal of Genomics 2017, Vol. 5 

 
http://www.jgenomics.com 

59 

structural nature of the virus and its high mutation 
rate [1, 2]. Another plausible approach to control 
PRRS is the utilization of genetic variation to select 
genetically resistant pigs [3]. Multiple studies have 
reported a genetic component to the resistance to 
PRRS virus [4]. Using SNP markers, Boddicker et al. 
found a major QTL on Sus scrofa chromosome (SSC) 4 
associated with host response to PRRS virus 
measured as viral load i.e. VL, the area under the 
curve of log viremia in blood up to 21 days 
post-infection (dpi), and weight gain (WG42, gain 
from 0 to 42 dpi) in growing pigs [5]. Additionally, 
Boddicker et al. further validated the results and 
showed that the two traits associated with host 
response are controlled by multiple regions in the 
genome with small effects (<1.5%) except the region in 
SSC4 which explained 13.2 % of the total genetic 
variation for VL trait [6,7]. Based on differential gene 
expression in blood samples, Koltes et al. affirmed that 
alleles in the GBP5 gene account for the SSC4 effect. 
These findings offer the opportunity to use a 
marker-assisted type of selection to eliminate or 
mitigate the impact of PRRS [8]. 

Utilizing genetic improvement is a good method 
to control PRRS, however these studies also indicated 
that SNP markers may not be sufficient to capture all 
of the genetic variances of the host response to the 
virus. Therefore, other sources of genetic variation 
such as copy number variations (CNVs) can possibly 
contribute to the genetic portion of PRRS traits. CNVs 
are a subset of structural variations in the forms of 
insertions and deletions of a size larger than 50bp [9]. 
Several studies have shown CNVs to alter gene 
structure, dosage and gene regulation and expose 
recessive alleles [10]. A human study showed that 
CNVs explain around 18% of the total variation in 
gene expression [11]. Additionally, CNVs are of great 
importance in livestock, having significant effects on 
economically important traits such as milk 
production, feed efficiency and disease resistance 
[12-14]. For the porcine industry, previous CNV 
studies have produced several CNV maps across the 
Sus Scrofa genome. Fadista et al. identified 37 CNVRs 
on chromosomes 4, 7, 14 and 17 and Ramayo-Caldas 
et al. found 49 CNVRs in Iberian × Landrace crossbred 
animals using Porcine SNP60 BeadChip [15,16]. 
Recently, Chen et al. investigated the distribution of 
565 CNV regions (CNVRs) from 18 diverse pig 
populations. However, none of these studies have 
investigated the correlation between CNVs and 
complex disease traits in pigs. Thus, to explore the 
other genetic variations related to PRRS beyond SNPs, 
the objective of this study is to conduct a 
group-specific CNV analysis by contrasting CNVRs 
detected in two groups of extreme traits. Furthermore, 

network analyses were carried out to understand the 
functional roles of the detected CNVs on differential 
host responses to PRRS virus. 

Materials and Methods 
Data generation 

The collection and data generation process were 
described previously [5]. In total, 660 pigs infected 
with PRRS virus (NVSL97-7895) were considered in 
this study. Two traits were established before as 
indicatives of host response to PRRS. These traits were 
viral load (VL, area under the curve of 
log-transformed serum viremia from 0 to 21 days post 
infection) and weight gain (WG42 from 0 to 42 days 
post infection) [5].  

We calculated Estimated Breeding Values (EBVs) 
using a single trait model in BLUPF90 package [17]. 
The model used is the following: 

𝐲𝐲 = 𝐗𝐗𝐗𝐗 + 𝐙𝐙𝐙𝐙 + 𝐞𝐞              (1) 

where y is the vector of observations, b is a vector of 
fixed factors including sex, pen within trial and the 
interaction of trial and parity class, a is the vector of 
random additive effects and e is the vector or residual 
terms. X and Z are incidence matrices relating effects 
fixed effects b and random effects a respectively to the 
observations. Based on the predicted EBVs for VL and 
WG42, we selected 100 individuals with extremely 
low values (VLL or WG42L) or 100 individuals with 
extremely high values (VLH or WG42H) for group 
comparisons, respectively. 

CNV discovery  
We detected CNVs using the PennCNV 

algorithm [18]. PennCNV has the lowest false 
discovery rate and has been widely used for detecting 
CNVs compared to other CNV calling algorithms [19]. 
Multiple sources of information used in PennCNV 
consist of normalized total intensities (Log R ratio - 
LRR) and allelic intensity ratios (B allele frequency - 
BAF). Illumina GenomeStudio software was used to 
generate both LRR and BAF files. Also, a population 
frequency of B allele (PFB) file was generated by 
calculating the BAF of each marker using this 
population. Additionally, in order to correct for 
potential waviness due to GC content, 
genomic_wave.pl option was used and the required 
gcmodel file was generated by calculating the GC 
content of the 1Mb genomic region surrounding each 
marker (500kb each side). In this study like many 
other published studies, CNV calling was restricted to 
autosomes only. After sample quality control, we 
detected 7097 CNVs from 660 animals, which passed 
the quality control filtering. The quality control 
filtering parameters were set to 0.35 for standard 
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deviation (STD) of log R ratio, 0.075 for the waviness 
factor, 0.01 for BAF drift and a threshold of 100 low 
quality CNVs to eliminate samples (-qclrrsd 0.35 
-qcwf 0.075 -qcbafdrift 0.01 -qcnumcnv 100 
–qcpassout). After aggregating the overlapping 
CNVs, we identified a total of 271 CNVRs (Table 1 
and Table S1). 

 

Table 1. Summary of CNV regions of extreme groups 

Sample Trait Counta Gainb Lossc Total length 
All samples VL,WG42 271 319 6778 186,923,627 
VLL VL low 159 55 911 76,462,440 
VLH VL high 163 32 969 84,558,089 
WG42L WG42 low 156 64 1025 79,628,510 
WG42H WG42 high 126 41 1000 68,708,828 
a Number of non-redundant CNV regions in a specific sample group 
b Number of gain events in the identified CNV regions 
c Number of loss events in the identified CNV regions  

 

CNV gene annotation and network 
identification 

After the identification of CNV regions for each 
group, we performed gene annotation using either 
Ensembl genes (http://www.ensembl.org/) or 
RefSeq genes. It is noted that these two gene datasets 
are currently not complete due to the current status of 
the pig draft genome assembly and annotation. This 
limitation could have implications on this study. 

In order to explore the potential CNVs 
underlying genetic mechanisms in differential host 
responses to PRRS virus infection, we carried out 
network analyses for both group comparisons using 
Ingenuity Pathway Analysis (IPA) software 
(Ingenuity Systems, Redwood City, CA, USA). We 
imported lists of unique genes identified in CNV 
regions for two group comparisons into IPA 
separately. We selected "human, mouse and rat" for 
the species option and included "both in silico and 
experimental" for Evidence as described previously 
[20]. We chose the default number of 35 molecules in 
each network. The networks involving the unique 
genes in each group were then identified. 
Furthermore, the genes in the networks which were 
referred to as focus molecules were classified by their 
function and assigned a value indicating the 
significance of the genes in the network. 

Results and Discussion  
Using the PennCNV algorithm, we identified 

7097 CNVs from 660 samples. We obtained a total of 

271 CNVRs with a length of 186.9 Mb, which 
corresponds to approximately ≈ 6% of the pig 
autosomal genome. The detected 271 CNVRs 
consisted of 319 gain events and 6778 loss events 
(Table 1 and Table S1). For the VLH sample, we 
identified 163 CNV regions with a length of 84 Mb 
consisting of 32 gain events and 969 loss events (Table 
S2). Additionally, for the VLL sample, we detected a 
total of 159 CNV regions (76 Mb) consisting of 55 gain 
events and 911 loss events (Table S3). We observed a 
similar trend in the WG42H and WG42L groups 
(Table S4 and Table S5). Our study revealed that more 
CNV loss events were identified compared to CNV 
gain events in all samples, which is consistent with 
previous studies in pig and other species [21, 22].  

CNV correlation with PRRS 
In this study, we divided animals into extreme 

groups based on two traits, thus CNVR for each 
group was obtained by merging CNVs across 
individuals into non-overlap regions. To study the 
potential genes involved in copy number changes, we 
investigated group-specific gene content using either 
Ensembl or RefSeq gene datasets. We focused on these 
group-specific genes because they can shed light on 
the underlying genetic mechanism involved in 
differential host responses to PRRS virus infection. As 
expected, the Ensembl dataset yielded a higher 
number of genes falling within CNVRs than RefSeq. 
Using Ensembl, we retrieved 225 genes for the VLH 
group and 142 genes for the VLL group (Figure 1A). 
For WG42, we identified 143 and 248 genes for 
WG42H and WG42L groups, respectively (Figure 1B). 
When using the RefSeq database, we found 115 genes 
for the VLH group and 113 genes for the VLL groups. 
For WG42, we found 101 and 119 genes for WG42H 
and WG42L groups, respectively. The moderate 
number of genes found in this study may be related to 
the location of CNVs in gene-poor regions of the 
genome and the deleterious nature of CNVs in 
gene-rich regions [23]. This could be also related to 
incomplete gene annotation or the sequence quality in 
the region where a gene is located in the pig genome. 
For example, we found some CNV regions harboring 
no annotated gene and these included 35 out of 163 
(21%) for the VLH group, 38 out of 159 (23%) for the 
VLL group, 24 out of 126 (19%) for the WG42H group 
and 35 out of 156 (22%) for the WG42L group, 
respectively. Around 20% of CNVR discovered in this 
study overlapped with previous studies [16, 21, 22, 
24]. The discrepancies could be related to different 
samples and/or CNV calling algorithms [19].  
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Figure 1. A, Comparison of identified CNV regions between the VLL and VLH groups. B, Comparison of identified CNV regions between WG42H and 
WG42L groups. C, The top network for the WG42H group identified by IPA is involved in Developmental Disorder, Hereditary Disorder, Immunological 
Disease. Notes and edges are displayed with various shapes and labels that represent the functional class of genes and the nature of the relationship 
between the notes, respectively. For meanings of shapes and lines, see legend within the figure. 

 
To investigate the effects of CNVs on the host 

response to PRRS, we carried out network analyses 
using each set of group-specific genes. Using the IPA 
software, we obtained various networks for each 
group. We discovered 8 networks for the VLL group 
versus 10 networks for the VLH group (Table S6). For 
WG42, we identified 12 networks for the WG42L 
group and 7 networks for the WG42H group (Table 
S7). The score of each network reported by IPA 
represents the probability that the genes in the 
network are not associated by random chance. 

Interestingly, we discovered a network with 
gene expression and hereditary functions for the VLH 
group (Table S6, VLH ID 2). The network contained 
inflammatory cytokines such as type 1 interferons 
(IFN-α, IFN-β), TNF-α, and interleukin-1 (IL-1). We 
also found a network related to antimicrobial 
response, inflammatory response, cell death and 
survival for the VLL groups (Table S6 VLL ID 6). The 
CNV-associated genes found in this network are 
BFSP2, CALCOCO2, CHMP6, CSGALNACT1, ERICH6, 
HOXB8, KANSL1, KCNH8, PPM1F, SCN9A, and 
SLC28A3. The gene CHMP6 encodes a member of the 

chromatin-modifying protein/charged multivesicular 
body protein family. These proteins are part of the 
endosomal sorting complex required for transport III 
which degrades surface receptors and also part of 
biosynthesis of endosomes.  

Network analysis of the WG42H group resulted 
in a total of 7 networks. The network with the highest 
score is involved in developmental disorder, 
hereditary disorder and immunological disease 
functions (Figure 1C, Table S7 WG42H ID: 1). The 
genes in this network included IFIT2, IFIT2, IFIT3 and 
IFIT5. The IFIT proteins are involved in response 
processes to viral infections. Infection with PRRS 
virus activates IFIT1 and IFIT3 expression in porcine 
alveolar macrophages, and expression of IFIT1 and 
IFIT5 in the lung [25, 26]. The network also contained 
inflammatory cytokines such as type 1 interferons 
(IFN-α, IFN-β), TNF-α, and interleukin-1 (IL-1). These 
molecules are mainly involved in communication 
between innate and adaptive immune cells. Earlier 
studies showed that the PRRS virus under-regulates 
the production of the aforementioned inflammatory 
cytokines [27, 28]. Furthermore, their decreased 
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production leads to a weak innate immune response 
and a slow IFN- γ response [29]. Lunney et al. reported 
that animals which cleared PRRSV infection were 
characterized by early expression of IL-1β, IL-8 and 
IFN-γ [30]. In the WG42L group, we identified a 
network responsible for humoral immune response, 
protein synthesis, hematological system development 
and function (Table S7 WG42L ID: 4). The genes 
identified in the CNV regions in this network are 
ANKRD2, CCR7, GALNT2, IK2F3, IL27RA, IRF2, 
ITPKB, LGI1, PCSK9, RBP4, RLN3, TCAP, TF, TLR5 
and TOB1. The pathways in this network also include 
different interferon and interleukin molecules. 

Conclusions 
This study revealed that CNVs are potentially 

involved with group-specific host responses to PRRS 
virus. Agreeing with previous studies, these results 
revealed that different interferon and interleukin 
molecules, which are mainly involved in 
communication between innate and adaptive immune 
cells, could be involved in host-PRRS virus interaction 
and PRRS resistance. This study may benefit the 
porcine industry by paving the way to utilize genetic 
variation, specifically CNVs, as a remedy or an 
approach to eliminate or mitigate the impact of PRRS. 
Combined with the SNP-based results, our CNV 
results could potentially facilitate the identification of 
susceptible animals or allow use of marker assisted 
type of selection to alleviate the effect of this disease. 
Finally, it is worthwhile to note that this CNV study is 
still preliminary in nature and more research is 
warranted to establish a cause-and-effect relationship 
in the future.  
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