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Article 
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Simple Summary: Over the past 30 years, global swine producers have been battling with the porcine 
reproductive and respiratory (PRRS) syndrome, an economically important disease caused by a virus 
that can infect pigs of any age. Vaccination is the primary strategy to control the PRRS virus but the 
response to this immunization has been highly variable among animals, which suggest that a genetic 
component is involved in the regulation of such a response. Recently, genomic technology has been 
proposed as a tool to explore the genetic architecture associated with the response to vaccination 
against PRRS virus. In the current study, we performed genomic and marker-assisted technologies 
sequentially. Such strategy allowed us to identify and further validate 3 polymorphisms in the genes 
RNF144B, XKR9 and BMAL1, as potential molecular markers associated with the antibody response, 
measured as S/P ratio, in gilts vaccinated against the PRRS virus. We propose these polymorphisms 
as genetic markers that should be included in selection programs on pig farms aimed at improving 
the host immune response to vaccination against the PRRS virus. 

Abstract: Porcine respiratory and reproductive syndrome (PRRS) is a viral disease that affects health 
and profitability in swine farms, largely due to a high variation in vaccination response. The objective 
was to discover and validate molecular markers associated with the antibody response in gilts after 
vaccination against PRRS virus. The study included one hundred (n=100) 6-month-old gilts from the 
breed Yorkshire that were PRRS virus-negative. After 7 days of acclimation period, all gilts were 
vaccinated with a modified live PRRS virus (day 0). Blood samples collected on day 21 were used to 
evaluate the antibody response, as the sample-to-positive (S/P) ratio, to PRRS virus after vaccination. 
DNA was extracted and genotyped using a low-density chip including 10,000 single nucleotide 
polymorphisms (SNPs). A genome-wide association study (GWAS) was performed to discover 
candidate SNPs associated with the S/P ratio, which were validated in two independent gilt 
populations (n=226). The SNPs rs80904326, rs80896559 and rs81358818 in the genes RNF144B, XKR9 
and BMAL1, respectively, were associated (p < 0.01) with the S/P ratio and exhibited an additive effect. 
In conclusion, three SNPs are proposed as candidate markers for an improved immune response to 
vaccination against PRRS virus and may be useful in genetic selection programs. 
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1. Introduction 

In the last decade, the global pig industry has faced a substantial challenge caused by the PRRS 
virus. This disease results in economic losses because it impairs feed conversion rate, reduces weight 
gain, decreases fertility and increases the culling rate in sows, which currently represents a serious 
risk to global food security [1,2]. New knowledge about the virology, evolution, and host response to 
PRRS virus has expanded rapidly. At the same time, new variants of the virus constantly emerge 
from outbreaks that have seriously hampered the effectiveness of PRRS control strategies, including 
vaccination [3]. 

Regarding vaccines, specifically those that are modified live virus (MLV), they are widely used 
to reduce the clinical impact of the PRRS virus and control the dynamics infection within the herd 
[4]; however, reversion to virulence, recombination between field and MLV strains, and the inability 
to elicit immunity against heterogeneous viruses compromises the efficacy of their protective effect 
[5]. Another feature of MLV vaccines is the variability of individual immune responses in vaccinated 
pigs, suggesting that the host genetic background may be involved in the re-emergence of outbreaks 
in vaccinated populations [6]. Recently, a genomic region explaining 15% of the genetic variance 
associated with PRRS virus vaccination was detected on Sus scrofa chromosome 7 (SSC7), which 
strongly supports the hypothesis of a genetic basis, at least partially, regulating the PRRS vaccination 
response [7]. 

Molecular technologies have been proposed as a potential strategy to study the genetic 
architecture of complex traits in pigs [8]. GWAS are being used to investigate the genomic basis 
associated with antibody response and postpartum fertility after vaccination against the PRRS virus 
[9,10]. Likewise, GWAS have been successfully used in pigs to identify chromosomal regions 
harboring SNPs and candidate genes associated with feed efficiency [11], loin muscular growth [12], 
intramuscular fat [13], reproductive traits [14], meat quality [15], carcass traits [16], as well as host 
immune response to PRRS infection and/or vaccination [17,18]. 

In addition, marker-assisted selection (MAS) has been suggested as a promising strategy to 
improve host response after PRRS infection or vaccination [19]. Polymorphisms from the CD163 gene 
were associated with resiliency to PRRS virus infection, suggesting MAS as a strategy to control the 
widespread of this disease [20]. Similarly, a SNP within the gene LONRF1 was associated with PRRS 
antibody response [21]. In another study, a SNP from the gene EXOC4 was associated with four 
reproductive traits in farrowing sows, and this SNP was proposed for MAS in breeding programs 
[22]. 

Vaccination against PRRS virus is the main strategy used to control PRRS in commercial swine 
farms [23]. Genes associated with the Major Histocompatibility Complex (MHC) appear to partially 
regulate the immune response after PRRS vaccination. The antibody response to PRRS infection, as 
determined by the sample-to-positive (S/P) ratio, has been linked to genetic variations in the MCH in 
naturally PRRS-infected sows and F1 replacement gilts [24]. In a similar study, Serão et al. [25] 
reported a moderately high estimate of heritability for the S/P ratio (0.45) measured at day 46 of a 
PRRS outbreak. Interestingly, these authors hypothesized that PRRS virus vaccination would yield 
similar results at the genetic level for S/P ratio, suggesting that this variable would be a reliable 
indicator of the response to PRRS vaccination. 

The aforementioned molecular technologies appear to be potentially useful in deciphering the 
genetic basis regulating the varied immunological response to PRRS vaccination in gilts. Therefore, 
our objective was to discover and validate genetic markers associated with the antibody response, 
measured as S/P ratio, after vaccination against PRRS virus in Yorkshire replacement gilts through 
genome-wide and marker assisted technologies. 

2. Materials and Methods 
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The Institutional Animal Care and Use Committee of the Instituto Tecnologico de Sonora 
approved all procedures performed in animals (Approval code: 2020-0043; 01 May 2020). 

2.1. Location and Experimental Units 

The study was conducted in a full-cycle commercial swine farm located in the Yaqui Valley, 
Sonora a warm and semiarid region in Northwest Mexico (LN 27°17’, LW 109°56’). The experiment 
included one hundred gilts (n = 100) from a Yorkshire maternal line, approximately 6-months-old 
and with initial average weight of 108.23 ± 10.9 kg. Gilts were housed in pens within the quarantine 
area, where they had free access to a water source. Feed was provided in feed bunks and was 
formulated according to nutritional requirements of this age and weight of gilts. The gilts were 
previously tested as PRRS-negative according to serological and molecular analyses performed at the 
beginning of the study. 

2.2. PRRS Vaccination and Blood Sampling 

After a period of adaptation (7 days), a commercial vaccine against the PRRS virus was applied 
intramuscularly (modified active virus strain ATCC-VR-2332, Ingelvac PRRS MLV, Boehringer 
Ingelheim Laboratory). The day of vaccination was considered day 0 of the study. Blood samples 
were collected from each female on day -7 (i.e., seven days prior to vaccination) to isolate viral RNA 
and Real-time PCR analysis was performed to confirm PRRS-negative diagnosis using a commercial 
kit (Tetracore Nextgen Real-Time QT-PCR). Blood samples were collected again on day 21 of the 
study and used to measure the total antibody response as the sample-to-positive (S/P) ratio using a 
commercial ELISA kit (Idexx Labs, Portland, Maine, USA). According to the manufacturer’s 
instructions, an S/P ratio higher than 0.4 was considered positive, as it indicated the presence of 
antibodies against the PRRS virus. This serologic assay had 100% sensitivity and 99.5% specificity, 
and it contained both American and European strains of the PRRS virus. 

2.3. Genotyping and Quality Control 

An additional blood sample was collected on day 40 after PRRS vaccination and spotted on FTA 
cards. The cards were then sent to Neogen-Geneseek Laboratory (Lincoln, NE, USA) and processed 
for DNA extraction and genotyping using a low-density SNP chip containing 10,000 SNPs (Infinium 
BeadChip, Illumina, San Diego, CA). PLINK v1.07 software [26] was used to implement quality 
control for the SNPs. For further investigation, only SNPs that matched the following criteria were 
used in the analyses: a call rate of greater than 95% or a false discovery rate of less than 5%, a missing 
genotype frequency of less than 5%, a minor allele frequency (MAF) higher than 5%, p-value of 
Fisher’s exact test for Hardy-Weinberg equilibrium greater than 0.001, and a known position or 
physical location within an autosomal chromosome. After quality control procedures 8,826 SNPs 
were retained for genomic analysis. 

2.4. Genome-Wide Association Study 

The batch effects/stratification of the test input data were corrected using the principal 
component analysis (PCA) option. A single-locus mixed model was used to perform a GWAS to 
examine relationships between genotypes of each SNP marker and the variable S/P ratio. The additive 
model used was y = Xb + Zg + €, where y was a vector of individual S/P ratio, X was the design matrix 
of fixed effects, Z was the design matrix of random animal additive genetic effects, b was the vector 
of fixed effects, g was the vector of random effects, and € was the residual effect. The genomic 
associative analysis was done SNP by SNP using the software SNP Variation Suite version 8.8 
(SVSv8). 

To account for multiple testing we used the Bonferroni correction, which assumes independency 
between SNPs, as a criterion to call significant associations (p = α/n = 0.05/8,826 = 5.67 x 10-6). The 
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experiment-wise error was 5% (α = 0.05) and the number of tests (n = 8,826) was taken to be the 
number of the useful SNPs. 

2.5. SNP Validation Genotyping 

Two independent populations composed of two hundred and twenty-six (n = 112 and n = 114) 
6-month-old gilts from the breed Yorkshire were used to validate the SNPs discovered through 
GWAS, as candidate markers for PRRS vaccination response (S/P ratio). These SNPs were rs80904326, 
rs80896559, rs80844350, rs705026086 and rs81358818, within the genes Ring finger protein 144 B 
(RNF144B), XK related protein 9 (XKR9), Carboxypeptidase Q (CPQ), Forkhead Box P2 (FOXP2) and 
Basic helix-loop-helix ARNT like 1 (BMAL1), respectively. 

The five SNPs selected for the validation study were genotyped using the TaqMan allelic 
discrimination method and rtPCR (StepOneTM, Applied Biosystems, Foster City CA, USA). The two 
possible variants at the SNP in a target template sequence were genotyped by using two primer/probe 
pairs in each reaction. The genotyping PCR reaction was performed by adding the genomic DNA 
template (2 μl) plus genotyping master mix (5 μl; Thermo Fisher Scientific, Waltham, MA, USA), 
genotyping custom-made assay mix (0.5 μl; probes and primers; Thermo Fisher Scientific, Waltham, 
MA, USA) and DNase-free water (2.5 μl). 

To prepare the two negative controls, DNase-free water (2.5 μl) was added to each reaction plate 
instead of genomic DNA for the sample. The cycling parameters were as follows: first, denaturation 
was performed at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and 
annealing and extension at 60°C for 60 s. The StepOne Real-Time PCR System (Thermo Fisher 
Scientific, Waltham, MA, USA) was used to perform the PCR. Finally, the StepOne software v2.3 (Life 
Technologies Corporation, Carlsbad, CA, USA) was used for PCR data analysis and genotyping. 

2.6. Statistical Analysis of the Genotype to Phenotype Validation Study 

Descriptive statistics for continuous traits were calculated using PROC MEANS. Assumptions 
of normality of data distribution and equality of variances were tested using PROC UNIVARIATE 
and PROC GLM (Levene’s test), respectively. Allele and genotype frequencies were estimated using 
PROC ALLELE, and the Chi-square test was used to confirm Hardy-Weinberg equilibrium. All 
analyses were performed with SAS software (Version 9.4; SAS Inst. Inc., Cary, NC). 

The SNPs resulting as genomic predictors for the trait S/P ratio were analyzed in a genotype-to-
phenotype associative study using a mixed-effects model. This model included the S/P ratio as the 
response variable, genotype term, female age and herd as fixed effects, body weight as a covariate, 
and sire as a random effect. If the genotype term was found to be an important (p < 0.05) source of 
variation in the association analyses for continuous traits, preplanned pairwise comparisons of least 
squares means were generated with PDIFF. These mean separation tests were executed using the 
option LSMEANS that included Bonferroni adjustment [27]. The effects of the average allele 
substitution were also calculated by regressing the phenotype on the number of copies of one SNP 
allele as a covariate [28]. 

One-way ANOVA was performed to compare the S/P ratio according to the number of favorable 
SNP genotypes, whereas the Tukey HSD test was used for pairwise comparisons. Significance 
between groups was declared at p < 0.05. 

3. Results 

3.1. Genome-Wide Association Study (GWAS) 

The GWAS performed with 8,826 SNPs distributed across the 18 autosomal chromosomes 
discovered 10 SNPs associated with the S/P ratio, which were located within chromosomes 2, 3, 4, 7, 
12, 13 and 18, as presented in Figure 1. All of these SNPs surpassed the correction threshold of the 
Bonferroni adjustment test (p < 5.67 x 10-6). The SNPs rs81358818, rs705026086, rs343308278, 
rs80896559, rs80844350, rs80904326 and rs707607708 were intronic variants located within the genes 
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BMAL1, FOXP2, GP9, XKR9, CPQ, RNF144B and SDK1. The SNPs rs331531082 and rs80969120 were 
intergenic variants located far from the nearest gene (i.e., > 0.1 Mb), whereas the SNP rs3475576322 
was a non-coding sequence (Table 1). 

 
Figure 1. Manhattan plot showing the SNPs associated with the sample-to-positive (S/P) ratio in gilts vaccinated 
against PRRS virus (n = 100). The horizontal line corresponds to the Bonferroni adjusted threshold for a 
significance level of p < 5.67 x 10-6. 

Table 1. Summary of SNPs after p-Value Bonferroni correction (p < 5.67 x 10-6) resulting from a single-marker 
genome-wide association study (GWAS) in replacement gilts (n = 100) vaccinated against PRRS virus. 

SNP ID 1 Variant 2  BTA 3 Position 4 Gene 5 Alleles 6 Variance 7 p-Value 8 
rs81358818 Intronic 2 49’336890 BMAL1 C/T 2.82 1.77x10-8 

rs705026086 Intronic 18 31’655298 FOXP2 A/G 2.79 2.25x10-8 
rs343308278 3’UTR 13 71’562221 GP9 C/T 2.19 1.12x10-6 
rs80896559 Intronic 4 70’291983 XKR9 A/G 2.16 1.40x10-6 
rs80844350 Intronic 4 42’489363 CPQ A/G 2.15   1.46x10-6 

rs331531082 Intergenic 18 32’235004 -------- C/T 2.12 1.81x10-6 
rs80969120 Intergenic 4 70’092569 -------- C/T 2.06 2.67x10-6 
rs80904326 Intronic 7 14’901075 RNF144B A/G 1.98 4.36x10-6 

rs707607708 Intronic 3  3’156750 SDK1 C/T 1.96   4.73x10-6 
rs3475576322 Non-coding 12 19’663911 -------- C/G 1.85   5.63x10-6 

1 SNP reference of the NCBI; 2 SNP chromosome variant; 3 Sus scrofa autosomal chromosome number; 4 SNP 
position within the chromosome; 5 candidate gene symbol (BMAL1= Basic Helix-Loop-Helix ARNT Like 1, 
FOXP2= Forkhead Box P2, GP9= Glycoprotein IX Platelet, XKR9= XK related protein 9, CPQ= Carboxypeptidase 
Q, RNF144B= Ring finger protein 144 B, SDK1= Sidekick Cell Adhesion Molecule 1); 6 alleles from the SNP; 7 
percentage of trait variance explained by the SNP; 8 SNP statistical significance. 

3.2. SNP Validation Study 

Of the 10 SNPs identified as associated with the S/P ratio in the GWAS, 7 were located within a 
gene. From these SNPs only 5 met the criteria for minor allele frequency higher than 10% (MAF > 
0.10) and no-deviation from Hardy–Weinberg equilibrium (HWE, X2 > 0.05; Table 2). Therefore, these 
5 SNPs were considered candidates and suitable for inclusion in a genetic marker validation study. 

Least square means for the S/P ratio according to the 5 SNP genotypes are presented in Table 3. 
The SNPs rs80904326, rs80896559 and rs81358818 were predictors of the S/P ratio in vaccinated gilts, 
whereas the SNPs rs80844350 and rs705026086 were not associated with this indicator of vaccination 
response. The genotypes with the highest favorable effect for the SNPs rs80904326, rs80896559 and 
rs81358818 were GG (2.51 ± 0.09), AA (2.24 ± 0.11) and CC (2.31 ± 0.08), respectively, as they had the 
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greatest antibody response in vaccinated gilts. These results suggested an important (p < 0.01) effect 
of the genes RNF144B, XKR9 and BMAL1 on the trait S/P ratio observed in gilts after PRRS 
vaccination. 

Table 2. Identification, gene name, allele frequency and Hardy-Weinberg equilibrium results for seven SNPs 
associated with PRRS virus response as S/P ratio in vaccinated gilts (n = 100). 

SNP ID 1 Gene 2 Allele Frequency 3 HWE Test 4  HWE p-Value 5 
  A G   

rs80904326 RNF144B 0.69 0.31  0.28 0.79 
rs80896559 XKR9 0.46 0.54  1.15 0.46 
rs80844350 CPQ 0.51 0.49  0.86 0.58 

rs705026086 FOXP2 0.23 0.77  0.47 0.71 
  C T   

rs81358818 BMAL1 0.47 0.53  0.75 0.64 
rs343308278 GP9 0.38 0.62 24.19      < 0.01 
rs707607708 SDK1 0.97 0.03 18.73      < 0.01 

1 SNP reference of the NCBI; 2 gene symbol name (RNF144B= Ring finger protein 144 B, XKR9= XK related protein 
9, CPQ= Carboxypeptidase Q, FOXP2= Forkhead Box P2, BMAL1= Basic Helix-Loop-Helix ARNT Like 1, GP9= 
Glycoprotein IX Platelet, SDK1= Sidekick Cell Adhesion Molecule 1); 3 frequency of both alleles within gilt 
population; 4 Hardy–Weinberg equilibrium “χ2” test value; 5 “χ2” test p-value with 1 degree of freedom and α = 
0.05. 

Table 3. Least square means ± SE according to SNP marker genotypes for the S/P ratio in two independent gilt 
populations (n = 226) vaccinated against PRRS virus. 

SNP ID 1 Gene 2 Least-Square Means by Genotype ± SE 3 p-Value 4 
  AA AG GG  

rs80904326 RNF144B 1.90 ± 0.03a 2.36 ± 0.10b 2.51 ± 0.09b 0.0009 
rs80896559 XKR9 2.24 ± 0.11a 1.88 ± 0.07b 1.76 ± 0.08b 0.0065 
rs80844350 CPQ 1.96 ± 0.12a 1.79 ± 0.10a 1.68 ± 0.14a 0.4238 

rs705026086 FOXP2B 1.74 ± 0.06a 2.01 ± 0.06a 2.18 ± 0.08a 0.1875 
  CC CT TT  

rs81358818 BMAL1 2.31 ± 0.08a 2.14 ± 0.06b 1.87 ± 0.07c <0.0001 
1 SNP reference of the NCBI; 2 symbol name of the candidate gene (RNF144B= Ring finger protein 144 B, XKR9= 
XK related protein 9, CPQ= Carboxypeptidase Q, FOXP2= Forkhead Box P2, BMAL1= Basic Helix-Loop-Helix 
ARNT Like 1); 3 least-square means according to SNP genotype ± SE (a,b,c indicate statistical difference among 
least-square means by genotype in the mixed model at p < 0.05); 4 p-value = statistical significance. . 

3.3. SNP Genotype Effects 

The favorable genotypes of the SNPs rs80904326, rs80896559 and rs81358818 showed the best 
antibody response in gilts. Moreover, a significant increment was observed in the trait S/P ratio (p < 
0.05) as the number of favorable SNP genotypes increased. The average S/P ratio rises by 
approximately 0.07 and 0.20 when the number of favorable genotypes increased from 1 to 2 and 2 to 
3, respectively (Figure 2). 

Interestingly, higher values for the S/P ratio were observed when the favorable genotype of the 
SNP rs80904326 within the gene RNF144B was present (Figure 3), which indicates the superior 
contribution of this gene to improve the variable S/P ratio. 
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Figure 2. Average values (± SE) for the variable sample-to-positive (S/P) ratio according to the SNPs with 
favorable genotype from the genes RNF144B, XKR9 and BMAL1 in two independent gilt populations (n = 226) 
vaccinated against the PRRS virus. 

 

Figure 3. Values for the variable sample-to-positive (S/P) ratio according to the number of favorable SNP 
genotypes from the candidate genes RNF144B, XKR9 and BMAL1 in two independent gilt populations (n = 226) 
vaccinated against the PRRS virus. 

Allele substitution and fixed estimated effects for the favorable SNP alleles are presented in 
Table 4. The SNP rs80904326 in the gene RNF144B had the highest allele contribution (0.301 ± 0.016) 
for the trait S/P ratio in gilts vaccinated against PRRS virus. However, favorable alleles from the SNPs 
rs80896559 and rs81358818 also appeared to have a beneficial effect on the evaluated trait. 
Additionally, an additive fixed effect was confirmed for these SNP markers, suggesting that the sum 
of their individual effects was equal to their combined allele effects. 
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Table 4. Allele substitution effect estimates and fixed effect estimates of additive and dominance of the favorable 
allele for the S/P ratio in two independent gilt populations (n = 226) vaccinated against PRRS virus. 

SNP ID 1 Gene 2 
Allele Substitution Effects Fixed Estimates Effects 

F. Allele 3 p-Value 4 Estimate ± SE 5 p-Value 6 AddE 7 DomE 8 
rs80904326 RNF144B G <0.0010  0.301 ± 0.016 <0.0010 0.305 0.155 
rs80896559 XKR9 A <0.0100  0.230 ± 0.010 <0.0080 0.240 0.120 
rs81358818 BMAL1 C <0.0001  0.216 ± 0.012 <0.0001 0.220 0.050 

1 SNP reference of the NCBI; 2 symbol name of the candidate gene (RNF144B= Ring finger protein 144 B, XKR9= 
XK related protein 9, BMAL1= Basic Helix-Loop-Helix ARNT Like 1); 3 SNP allele with a favorable effect on the 
phenotype; 4 p-values obtained from allele substitution analysis in SAS which included the term genotype as a 
covariate; 5 estimates of the effect expressed in units of the traits ± standard error; 6 p-values for fixed effects 
obtained from the substitution of favorable allele analysis that included the genotype term as fixed effect; 7 the 
additive effect estimated as the difference between the 2 homozygous means divided by 2; 8 the dominance effect 
calculated as the deviation of the heterozygous from the mean of the 2 homozygous. 

4. Discussion 

Vaccination against the PRRS virus infection has been the primary strategy to control the virus, 
but the continuous emergence of new mutant variants, as well as the diversity of the circulating field 
strains, limits vaccination effectiveness [29]. In addition, the response to vaccination is highly variable 
among animals, suggesting a genetic approach associated with such a response as a potential 
alternative strategy to combat and control this disease [19,30]. 

Recently, genomic technology has been proposed as a tool to explore the genetic architecture 
associated with the response to vaccination against PRRS virus [7]. GWAS have been successfully 
used in pigs to identify chromosomal regions and candidate genes associated with complex 
phenotypes such as response to vaccination [7,18,19]. However, there are no reports on the validation 
of SNP markers associated with the PRRS vaccination response in gilts through marker-assisted 
selection. 

In the current study, we performed genomic and marker-assisted technologies sequentially to 
identify and further validate SNPs as potential molecular markers associated with the host immune 
response in gilts vaccinated against PRRS virus. After using GWAS, we discovered 10 SNPs as 
predictors of high S/P ratio. Only 5 of these SNPs were selected according to quality criteria and 
genotyped in two independent gilt populations using TaqMan and rtPCR molecular assays. These 
SNPs were tested through a genotype-to-phenotype associative statistical analysis that validated 3 of 
them as molecular markers for the S/P ratio in gilts vaccinated against PRRS virus. Such strategy was 
also successfully applied by our research group to discover and validate SNPs as markers for heat 
stress response in ruminants [31–33]. 

Further analyses confirmed the positive and important effect of the favorable alleles and 
genotypes from the 3 validated SNPs. To our knowledge, this is the first report of genomic SNPs from 
candidate genes associated with the immune response in gilts after vaccination against PRRS virus, 
which were further validated as molecular markers in two independent gilt populations. According 
to Karlsson et al. [34] and Visscher et al. [35], due to the low likelihood that a SNP will be significant 
in two separate populations, the validation of the SNP effects in independent animal populations 
appears to be the most reliable method for testing the importance of SNPs as molecular markers. 

The whole genome analysis that we performed identified 10 SNPs associated with the S/P ratio, 
which were located on chromosomes 2, 3, 4, 7, 12, 13 and 18. Of these SNPs, only 5 surpassed the 
selection criteria (i.e., MAF > 0.10 and HWE > 0.05) and were further tested in a marker associative 
analysis. Sanglard et al. [10] reported a genomic region on chromosome 7 (∼25 Mb) in the major 
histocompatibility complex (MHC) area associated with the ratio of positive samples (S/P) in sows 
vaccinated against PRRS virus. A novel genomic region or quantitative trait loci (QTL) for the S/P 
ratio was also detected on chromosomes 4, 7, and 9 using haplotype-based GWAS, confirming the 
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QTL previously reported in the MHC region [18]. Similarly, Hickmann et al. [36] identified a QTL 
within chromosomes 7 and 8 associated with the S/P ratio in Duroc and Landrace sows during a PRRS 
outbreak. 

In our validation study, only 3 SNPs resulted as candidate molecular markers associated with 
the S/P ratio as they surpassed the Bonferroni correction threshold (p < 5.67 x 10-6). These SNPs were 
rs80904326, rs80896559 and rs81358818 within the genes RNF144B, XKR9 and BMAL1, respectively. 
The SNP rs80904326 had an intronic or functional position within the Ring Finger Protein 144B 
(RNF144B) gene, which expresses ubiquitin activity as its main function. Complex signaling networks 
are involved in the dynamic activation of the immune system after virus infection, where 
ubiquitination is an important mechanism modulating both the activation and repression of innate 
and adaptive immune responses. The RNF144B gene appears to be involved in the innate immune 
response, which is the first line of defense for the host against invading microbial organisms [37]. 

The RNF144B gene interacts with TANK binding kinase (TBK1) to inactivate this enzyme, 
leading to dephosphorylation of interferon regulatory factor 3 (IRF3) and a subsequent reduction in 
interferon (IFN) synthesis [38]. Then, the RNF144B gene affects the precise control of IFN production, 
which is required for efficient pathogen clearance without host damage [39], as well as for an effective 
response to vaccination [40]. IFN is one of the cytokines that plays an important role in the response 
to viral infections and induces the production of restriction enzymes that suppress the synthesis of 
viral proteins [41]. IFN also activates signaling pathways responsible for inducing the expression of 
interferon-stimulated genes (ISGs), which are potent antiviral restriction factors [40,42]. Despite the 
identification of more than twenty distinct interferon (IFN) genes and proteins, IFN-γ is a notably 
different member due to its unique receptor activity and distinct intracellular signaling pathway [43]. 
IFN-γ stimulates immune cell activation, maturation, proliferation, expression of cytokines, and 
effector function. Interestingly, the PI3K, MAPK/p38, and other cellular pathways have an extensive 
crosstalk with the IFN-γ signaling pathway [44]. 

The SNP rs80896559 is in the gene XKR9. This gene encodes apoptosis-inducing protein in cells 
that exposes phosphatidyl-serine in their membrane as an “eat me” signal. This exposure can occur 
when cell membrane asymmetry is disrupted, such as in the case of membrane gemmation in 
enveloped virus release [45]. Phosphatidylserine exposure is one of the general characteristics of 
PRRS virus-infected cells. A recent study demonstrated that PRRS virus exposes phosphatidyl-serine 
in its envelope, mimicking apoptosis and infecting cells via the TCR and mucin domain-induced 
macropinocytosis (TIM), and CD163 as an alternative pathway [46]. It has been reported in studies 
involving mice that all members of the XKR family, except XKR2, are found in the plasma membrane. 
Transformed cells expressing XKR9 responded to apoptotic stimuli by phosphatidyl serine exposure 
and were efficiently engulfed by macrophages. XKR9 possesses a caspase recognition site in the C-
terminal region and requires its direct cleavage by caspases for its function [45]. In the current study, 
we assumed that the SNP rs80896559 in the gene XKR9 was associated with the S/P ratio due to its 
ability to modulate the immune response after PRRS vaccination, as such a response may be mediated 
by an apoptotic effect on the PRRS virus induced by the vaccine. 

The SNP rs81358818 is within the gene BMAL1, which codes for a protein involved in the 
regulation of circadian rhythms. This protein is the only component of the mammalian circadian cycle 
whose deletion in mouse models generates a loss of circadian rhythms. Alterations in circadian 
rhythms have been found to contribute to the pathogenesis of cardiovascular disease, cancer, 
metabolic syndromes, aging, and immune response [47]. Silencing of the BMAL1 gene suggested that 
appropriate functioning of the molecular circadian mechanism is necessary for the immune response 
to viral infections [48]. The product of the BMAL1 gene has been linked to the control of diurnal 
oscillations of inflammatory Ly6C monocytes in mice, resulting from diurnal variations of the 
cytosines involved [49]. The expression patterns of the Ly6C marker in pigs suggested its equivalence 
to those observed in mice. If the variations in these populations are analogous in pig and mouse, it 
implies that receptor availability for PRRS virus in pigs may exhibit seasonal and diurnal differences 
[50]. 
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In the current study, the SNP rs81358818 was detected as a marker for the S/P ratio in PRRS-
vaccinated gilts, which appeared to be due to a possible implication of the circadian rhythm in the 
immune response to immunization against the PRRS virus. This suggested the involvement of 
seasonal and diurnal variations in the response to PRRS virus vaccination, which appeared to be 
genetically influenced (i.e., BMAL1 gene). 

According to allele substitution effects, the three SNP markers validated in the current study 
had an important contribution of the favorable allele on the trait S/P ratio. A more detailed analysis 
of the individual effects of the SNP markers revealed a greater additive contribution of the favorable 
SNP genotype from the RFN144B gene for the S/P ratio. Interestingly, the average value of this trait 
improved as the number of favorable genotypes increased, mainly due to the presence of the SNP 
within the RFN144B gene. 

Collectively, our results suggested that the combination of genomic-wide and marker-assisted 
selection technologies could be an effective and beneficial strategy to identify gilts with high S/P 
ratios due to an improved response to PRRS vaccination. 

A limitation of this study was to use the S/P ratio to evaluate the immune response of gilts 
vaccinated against PRRS virus; the use of other parameters, such as the evaluation of the neutralizing 
antibodies or the cellular immune response may be better dependent variables. However, the 
antibody response evaluated through the S/P ratio can be used as an effective indicator trait of the 
capacity of gilts to respond against the PRRS virus vaccine. Further studies will probe that these SNP 
markers are also observed with other immunological parameters. 

5. Conclusions 

The genetic improvement of the vaccination response against the PRRS virus in gilts could be 
studied by combining both genomic and marker-assisted technologies. In the current study, three 
SNPs within the genes RFN144B, XKR9 and BMAL1 were validated as markers for the trait S/P ratio 
in vaccinated gilts. These genes are involved in regulation of IFN, apoptosis and circadian rhythms, 
respectively, which appear to modulate the immune host response after vaccination against PRRS 
virus. We propose these SNPs as molecular markers that should be included in swine selection 
programs aimed at improving the host immune response to PRRS vaccination. However, further 
studies including higher-density SNP chips, larger validation populations, as well as others 
immunological variables are recommended for identifying additional candidate genes and SNP 
markers within these genes. 
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