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Abstract

Breeding animals to produce more robust and disease-resistant pig populations becomes a complementary strat-
egy to the more conventional methods of biosecurity and vaccination. The objective of this study was to explore

the ability of a panel of genetic markers and immunity parameters to predict the survival rates during a natural PRRSV
outbreak. Ten-week-old female Duroc pigs (n=129), obtained from 61 sows and 20 boars, were naturally infected
with a highly pathogenic PRRSV genotype 1 strain. Prior to infection, piglets were screened for immunity parameters
(IgG levels in plasma and SOX73 mRNA expression in blood) and genetic markers previously associated to PRRSV
immune response and immunity traits. Additionally, the 20 boars were genotyped with a panel of 132 single nucleo-
tide polymorphisms (SNPs). Survival analysis showed that mortality was significantly higher for animals with low
basal IgG levels in plasma and/or high SOX73 mRNA expression in blood. The genotypes of sires for SNPs associated
with IgG plasma levels, CRP in serum, percentage of y& T cells, lymphocyte phagocytic capacity, total number of lym-
phocytes and leukocytes, and MCV and MCH were significantly associated with the number of surviving offspring.
Furthermore, CD163 and GBP5 markers were also associated to piglet survival. The effects of these SNPs were poly-
genic and cumulative, survival decreased from 94 to 21% as more susceptible alleles were accumulated for the differ-
ent markers. Our results confirmed the existence of genetic variability in survival after PRRSV infection and provided

a set of genetic markers and immunity traits associated with PRRS resistance.
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Introduction

Infectious diseases are a major threat to the sustainabil-
ity and profitability of livestock production, global food
security and public health. Additionally, they contrib-
ute to the growing challenge of antimicrobial resistance.
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One of the major infectious challenges worldwide for
pigs is porcine respiratory and reproductive syndrome
(PRRS), caused by the porcine reproductive and respira-
tory syndrome virus (PRRSV). The PRRSV is a small,
enveloped, single-stranded positive-sense RNA virus
divided into two genotypes: PRRSV-1 (species Betaarteri-
virus suid 1 or EU) and PRRSV-2 (species Betaarterivirus
suid 2 or US) with only 50-60% nucleotide identity [2].
In addition to genotype differences, varying host immune
responses have been described depending on the PRRSV
pathogenicity, as well as other factors including the age,
nutritional and health status of pigs [3-5]. Further-
more, several studies have demonstrated the existence
of genetic variability in susceptibility/resistance of pigs
against PRRSV infection, with the identification of QTLs,
genes and genetic variants associated with different PRRS
phenotypes [5-10].

Currently, there are more than 100 QTLs with asso-
ciated genetic markers for PRRS viral load, PRRSV
antibody titer, and PRRSV susceptibility described in
the PigQTLdb [11]. The first molecular marker identi-
fied within a major QTL on Sus scrofa chromosome 4
(SSC4) for PRRSV resistance and productivity was the
WUR10000125 (rs80800372) polymorphism located in
the 3'UTR region of the GBPI gene [8]. Later, the causal-
ity of this QTL was attributed to a nearby gene, GBPS,
where an intronic SNP (rs340943904) introduces a splice
acceptor site, changing the proportions of GBPS5 tran-
scripts levels [12]. The GBP family are interferon-induced
GTPases which play a role in protective immunity against
pathogens through cell-autonomous defense and inflam-
masome-driven responses [13]. Natural mutations in the
CD163 gene have also been associated to changes in the
susceptibility of pigs to PRRSV infection and enhanced
weight gain [10, 14-17]. CD163 encodes a member of
the scavenger receptor cysteine-rich (SRCR) superfamily
and is exclusively expressed in cells from the monocyte/
macrophage lineage. CD163 has been recognized as an
essential receptor used by the PRRSV for entry into mac-
rophages and initiate infection [18]. Deletion by genetic
editing of this receptor makes pigs resistant to PRRSV
infection [19, 20]. Genetic polymorphisms in other genes
related to host immune responses such as MX1 or SGK1
have also been associated to susceptibility/resistance to
PRRSV infection [7].

Therefore, selecting PRRSV-resistant pigs is feasible,
considering the existence of natural genetic variation.
Additionally, the inclusion of genetic markers in breed-
ing programs to enhance the overall immunocompe-
tence of animals will facilitate the selection of animals
for disease resilience against a wide variety of pathogens
[21, 22]. The genetic determinism of innate and adap-
tive immunity traits has previously been determined,
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describing medium to high heritabilities for most of the
analysed traits [23-26]. Furthermore, in a previous study
performed by our group, wherein a set of 30 related traits
covering immune, haematological, and stress param-
eters were measured in healthy Duroc pigs at 60+ 8 days
of age, we identified 40 significantly associated SNPs at
whole-genome level for IgG, y& T-cells, C-reactive pro-
tein, lymphocytes phagocytic capacity, total number of
lymphocytes, leukocytes and neutrophils, mean corpus-
cular volume and mean corpuscular haemoglobin [25].

In this study, we have explored the ability of a panel of
genetic markers, including previously reported PRRSV
immune response markers and markers associated to
innate and adaptive traits, to predict the survival rates
during a natural PRRSV outbreak. Furthermore, the rela-
tionship between these genetic markers and some carcass
traits obtained at the slaughterhouse was also evaluated.

Materials and methods

Animal material

A total of 129 female pigs from a commercial Duroc pig
line were used for this study. The pigs stayed in six con-
secutive pens (21 + 1 animals per pen) and belonged to 61
litters (one to three piglets per litter) obtained from 61
sows and 20 boars. Piglets were well distributed across
pens, as half of the sires had daughters placed in 5-6 dif-
ferent pens, ensuring good genetic connection between
pens. All animals came from a negative sow farm and
were raised in the same farm and fed ad libitum with a
commercial cereal-based diet. All pigs were apparently
healthy, without any sign of infection when samples of
blood were collected at 60+2 days of age from all ani-
mals. Blood was collected via the external jugular vein
into vacutainer tubes with anti-coagulants (Sangiiesa
S.A., Spain), according to the requirements for further
immunity measurements, and Tempus Blood RNA
tubes (Thermo Fisher Scientific, Spain) to stabilize the
RNA. All samples were transported with ice blocks to
the laboratory and stored at —20 °C or —80 °C for further
processing.

One week later, the ten-week-old female Duroc
pigs were naturally infected with a highly pathogenic
PRRSV genotype 1 strain. On the first day of infec-
tion, we observed some sick animals, and the next day,
lung swabs were collected from two dead animals for
sequencing of the ORF5 gene of the PRRSV, which
tested positive. This virus strain (Rosalia) is highly viru-
lent, and due to the small size of the farm, the infec-
tion spread rapidly, with all pigs becoming infected
within 1-2 days. The infection lasted for 6 weeks and
resulted in a mortality rate of 47 dead pigs, with 82
animals surviving at 15 weeks (when the animals were
moved to the fattening farm). Blood samples from 113
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of the 129 animals were collected one week after the
first symptoms appear and viral RNA was isolated from
88 samples using the MagAttract 96 cador Pathogen
kit (Qiagen, Spain). PRRSV infection was confirmed
through RT-qPCR laboratory analyses using the Vet-
MAXTM PRRSV EU & NA 2.0 kit (Thermo Fisher Sci-
entific, Spain).

The 82 surviving animals were fattened in the same
farm with identical feeding and management condi-
tions. The animals were fed ad libitum with a com-
mercial cereal-based diet and were apparently healthy
despite four more animals died during this period. The
remaining 78 animals were slaughtered at an average
weight of 137 kg, ageing between 245 and 262 days, and
belonged to 43 litters obtained from 18 boars and 43
sows. All animals from 31 out of 43 litters survived the
PRRS outbreak. All animals from the other litters, up
to 61, died during the outbreak, and therefore, these 18
litters did not have measurements at slaughter.

After slaughter, the hot carcass weight was measured.
Carcass lean meat percentage and lean meat percentage
of the main retails of the carcass (ham, loin and shoul-
der) were estimated using an online ultrasound auto-
matic scanner (AutoFOM, Frontmatec Group, Kolding,
Denmark). The carcass lean percentage was estimated
based on measurements of 16 ultrasonic transducers
that scanned the carcass every 5 mm. The same equip-
ment also provided estimations of backfat thickness
and loin thickness at 6 cm off the midline between the
third and fourth last ribs, as well as backfat thickness
in the ham. The measurements of animals arriving at
the slaughterhouse were averaged per litter. For a few
litters, data from daughters not included in the study
were also considered.

Figure 1 shows the timeline of the study, including
the number of animals used and samples collected.

Page 3 of 13

Phenotypic and genetic analyses

The 129 pigs were screened for immunity parameters and
biomarkers. Total concentration of immunoglobulins IgG
in plasma was measured by ELISA with commercial kits
(Bethyl laboratories Inc., Bionova, Spain), following the
manufacturer’s instructions. Plasma was collected from
blood sampled in 6 mL heparinised tubes and diluted
1:50 000 to detect IgG. Samples, in duplicate, were quan-
tified by interpolating their absorbance from the stand-
ard curves constructed with known amounts of pig IgG
and corrected for sample dilution. Absorbance was read
at 450 nm using a microplate reader (LUMistar Omega,
BMG Labtech, Germany) and analysed using the Omega
MARS software (BMG Labtech, Germany).

The mRNA expression levels of SOX13 gene, an essen-
tial y§ T-cell transcription factor, were quantified by
qPCR. Whole blood RNA was isolated from Tempus
tubes using Tempus~ Spin RNA Isolation Reagent Kit
(Thermo Fisher Scientific, Spain) and quantified using
Nanodrop ND-1000 spectrophotometer. One pg of RNA
was reverse-transcribed into ¢cDNA using the Prime-
Script RT Reagent Kit (Takara, Condalab, Spain) in a total
volume of 20 pL, following the manufacturer’s instruc-
tions. SOX13 primer pair (F-5'-AAGCCAAAGACGTCA
AAGGGA-3" and R-5-TCCCGAAGGGTGGACAGT
T-3") was designed using PrimerExpress 2.0 software
(Applied Biosystems). The 2M and HPRTI genes were
used as endogenous controls [27]. A QuantStudio " 12 K
Flex Real-Time PCR System (Thermo Fisher Scientific)
was used for mRNA quantification using SYBR Green
chemistry (SYBR™ Select Master Mix, Thermo Fisher
Scientific, Spain). The reactions were carried out in a 384-
well plate in 15 pL volume containing 3.75 pL of cDNA
sample diluted 1/20. Primer concentration was 300 nM.
The thermal cycle was: 10 min at 95 °C, 40 cycles of 15 s
at 95 °C and 1 min at 60 °C. Each sample was analysed
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in duplicate. Data was analysed using the Thermo Fisher
Cloud software (Applied Biosystems) and the compara-
tive Ct method [28]. The sample with the lowest SOX13
expression was selected as calibrator.

Genomic DNA was isolated from EDTA-collected
blood samples using a chemagic 360 instrument with
DNA blood 250 Kit H96 (PerkinElmer, Baesweiler,
Germany). DNA concentration and purity were meas-
ured in a Nanodrop ND-1000 spectrophotometer.
The 129 pigs were screened for the following genetic
markers using qPCR-HRM (high-resolution melting):
GBP5 (rs340943904), CD163 (rs1107556229), SGKI
(rs338508371), and MMRNI (rs695254451) [7, 10]; allelic
discrimination using allele-specific Tagman probes: CRP
(rs341595340 and rs327446000) [29], and end-point PCR
protocol: MX1_c.—547ins+ 275 [10].

Sire DNA extraction and SNP genotyping

Genomic DNA was extracted from blood samples using
the NucleoSpin Blood kit (Macherey—Nagel, Diiren, Ger-
many). DNA concentration and purity were measured in
a Nanodrop ND-1000 spectrophotometer.

The 20 boars were genotyped with a custom commer-
cial panel of 128 SNPs using a custom-designed TagMan
OpenArray genotyping plate in a QuantStudio”™ 12 K
flex Real-Time PCR System (Thermo Fisher Scientific).
This SNP chip, used for paternity control, was modi-
fied to include some tag SNPs associated with several
health and productivity traits. Additionally, the boars
were genotyped for the following genetic markers:
GBP5 (rs340943904), CD163 (rs1107556229), MXI_c.
—547ins+275, SGKI (rs338508371) and AMMRNI
(rs695254451) as previously described.

Statistical analysis

An exploratory analysis of the phenotypes (IgG and
SOX13) was carried out for investigating both the raw
data distribution and the best fitting model for subse-
quent analyses. Systematic non-genetic putative effects
(censoring, pen, and sire) on IgG and SOX13 traits were
tested by using a linear model. Statistical analyses were
performed using R software.

Piglet survival analysis

The survival time ¢ of a piglet was calculated as the dif-
ference in days between the date of birth and the date of
death. The records of piglet still alive at the end of the
study were regarded as censored (at 15 weeks of age, i.e.
105 days). After editing, our database included data on
47 dead pigs (36.4% mortality) and 82 surviving animals
(63.6% survival). Kaplan—Meier survival functions [30]
were estimated stratifying by pen, IgG and SOX13 levels.
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Animal markers association studies with piglet survival
The risk of dying was analysed under the following semi-
parametric proportional hazards model:

h(tyj) = ho(ty)exp (penl» + 04w+ sikak)

where h(t) was the hazard function at time t and /¢(t)
was the unknown baseline hazard function. In the expo-
nential term, all effects were assumed to be time-inde-
pendent (or proportional); pen; corresponded to the jth
pen effect (6 levels); [; was the litter effect of sow I, with
I~ N(0, 012) and 012 was the litter variance; u; was the
infinitesimal genetic effect of animal i, with
u~N (O,Aa,f), where A is the numerator relationship
matrix computed on the basis of pedigree (1388 individu-
als, five generations) and o7 is the additive genetic vari-
ance; sji is the animal genotype (coded as 0,1,2) for the
kth SNP, and aj; was the allele substitution effect of the
SNP on the risk of dying. The genotyped SNPs were
included in the model one at a time. Estimation of the
model variance components for piglet survival and the

corresponding heritability #?> = 0?2/ {03 + 012 + 1} was
performed using the Survival kit program R package [31].

The piglet survival function for each SNP genotype s;j
can be calculated as

S(t) = Sy(t) R

where the hazard ratio is HR; = exp(ag) and So(t) is
the reference survival function. The SNPs included
in the model were: GBP5 (rs340943904), CDI163
(rs1107556229), MX1_c.—547ins + 250, MMRNI
(rs695254451) and CRP (rs341595340 and rs327446000).

Sire markers association studies with daughters’ survival
Association analysis was carried out between the risk of
dying and the 132 SNPs genotyped in the boars. For this
purpose, the Survival kit program R package was employed
to fit the following semi-parametric proportional hazards
model:

h(tij) = ho(t;)exp (peni + 0+ + sy ak>

where h(t) was the hazard function at time t and 4 (t) was
the unknown baseline hazard function. In the exponential
term, all effects were assumed to be time-independent (or
proportional); pen; corresponded to the jth pen effect (6
levels)); I; was the litter effect of sow I, with [ ~ N (0, 012)
and 012 was the litter variance; u; was the infinitesimal
genetic effect of animal i, with u ~ N (0,Ac2), where A
is the numerator relationship matrix computed on the
basis of pedigree (1388 individuals, five generations) and
o2 is the additive genetic variance; sy is the sire genotype
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(coded as 0,1,2) for the kth SNP, and a, was the allele sub-
stitution effect of the SNP on the risk of dying. The SNPs
were included in the model one at a time.

Cumulative effect of genetic markers on survival to PRRS
The eleven markers significantly associated with immu-
nity and survival to PRRS were selected to generate
a global immunocompetence index. A value of 0 was
assigned to the allele resistant to PRRS, while 1 was
assigned to the allele susceptible to PRRS. For each sire, a
global immunocompetence index value was obtained by
summing the alleles multiplied by the substitution effect
of each marker.

index; = Zsikdk
k

The substitution effects were estimated by fitting the
following proportional hazards model:

h(ti]') = ho(tij)exp (perll- + 04 u + Zsik &lk>
k

where h(t) was the hazard function at time t and /¢ (t) was
the unknown baseline hazard function. In the exponential
term, all effects were assumed to be proportional; pen;
corresponded to the jth pen effect (6 levels); /; was the lit-
ter effect of sow I, with / ~ N (0, 0’12); u; was the infinitesi-
mal genetic effect of animal i, with u ~ N (O,AUMZ), where
A is the numerator relationship matrix computed on the
basis of pedigree (1388 individuals, five generations) and
o2 is the additive genetic variance; sy is the sire genotype
(coded as 0,1,2) for the kth SNP, and a, was the allele sub-
stitution effect of the SNP on the risk of dying.

Association of global immunocompetence index

with slaughter measurements post-infection

This global immunocompetence index was fitted as an
effect in univariant mixed animal models for each slaugh-
ter measurements post-infection as follows:

Yy = W+ u;+ b xindex; + ¢

where y; were slaughter measurements post-infection
for each litter; L was the intercept of these phenotypes;
u; was the infinitesimal genetic effect of litter 1, with
u ~ N(0,Ac?2), where A is the numerator relationship
matrix computed on the basis of pedigree and o2 is the
additive genetic variance; index; is the global immuno-
competence index of the sire and b is its regression coef-
ficient effect; e; was the random error effect of litter 1,
with e ~ N (0,02 /w), where o2 is the residual variance
and w; an associated weight indicating the amount of
information summarized for that litter (i.e. the number
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of daughters arriving at slaughterhouse). Genetic param-
eters were estimated by restricted maximum likelihood
using the BLUPF90 software package [32].

Results

Detection and characterization of PRRSV in the animals
during the study

Ten-week-old female Duroc pigs were naturally infected
with the highly pathogenic PRRSV-1 Rosalia strain,
as confirmed by sequencing the ORF5 gene of PRRSV
(Additional file 1). One week later, viral levels of 88 indi-
viduals were analysed from whole-blood samples by
qPCR, indicating that all animals were positive and 88%
of pigs had high amounts of the virus (Ct<25). The mor-
tality of this outbreak after 6 weeks reached 36.4% (47
dead from 129 pigs). No association was found between
PRRSV viral load and mortality.

Descriptive statistics

Plasma IgG levels and SOX13 mRNA expression levels
in blood were quantified before the outbreak took place
in apparently healthy animals showing no signs of infec-
tion. Table 1 shows descriptive statistics for IgG lev-
els and SOX13 gene expression in blood in our studied
Duroc population. Dead pigs had significantly higher
levels of SOX13 gene expression than the surviving ani-
mals. The infection originated in the third pen, where the
IgG levels where significantly lower compared to other
pens. This pen experienced over 50% of piglet mortality.
Similarly, the sixth pen also had around 50% mortality.

Table 1 Descriptive statistics of the analysed immunity
parameters and piglet survival traits

Variable n IgG' SOX13' Deaths Survival
Censoring

Alive 82 484 642° 0 1.00%
Deads 47 444°  780° 47 0.00°
Pen

1 22 509 692% 5 0.77
2 21 468% 599 9 0.57%
3 20 374> 684 1 0.45°
4 22 435% 648° 7 0.68%
5 22 556 641 4 0.82°
6 22 468 885P 11 0.50°
Sire

Low survival (n=5) 28 397° 973° 23 0.18°
Medium survival (n1=7) 57 466° 651 22 0.61%°
High survival (n=8) 44 473 682° 2 0.95°

" Only 128 and 122 animals have values of IgG and SOX13 gene expression in
blood, respectively

2b Estimates with different letter superscripts within a column are significantly
different at a nominal P<0.05



Tarrés et al. Veterinary Research (2024) 55:160

Notably, in the sixth pen, pigs had significantly higher
levels of SOX13 gene expression. There were huge dif-
ferences in piglet survival depending on its sire. Out of
the 20 sires, eight had almost not daughter mortality,
with only 2 deaths out of 44 piglets. Conversely, five sires
had over 80% of mortality, with 23 deaths out of 28 pig-
lets. Remarkably, these 28 piglets had lower levels of IgG
and significantly higher levels of SOX13 gene expression
(Table 1).

Piglet survival analysis

Kaplan—Meier survival functions show the effects of IgG
and SOX13 gene expression levels on piglet survival (Fig-
ure 2). Animals with IgG levels higher than 6 had 3.25
times lower risk of dying than animals with IgG levels
below 3. This difference was significant, resulting over
30% higher mortality by the end of the study (79.2% vs
46.7% piglet survival) (Figure 2A). Animals with SOX13
gene expression levels over 9 had 3 times higher risk of
dying than animals with SOX13 levels under 3. This dif-
ference was also significant, resulting in over 30% higher
mortality at the end of the study (81.8% vs 50.0% piglet
survival) (Figure 2B).

Genetic parameters of piglet survival

The genetic determinism of piglet survival to PRRS was
first explored by the heritability of this trait. Given an
estimated genetic variance of 1.125 and a litter variance
of 0.874, the heritability estimate of piglet survival to this
PRRS outbreak was 0.375. Despite typically survival has
low heritability, our results show higher levels of herit-
ability because of the high quality of the dataset where all
animals were infected, the mortality was very high and it
was due to an unique cause [33].
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Genetic markers associated to piglet survival

The genotypes of the animals for the CD163 and GBP5
markers were significantly associated with the number
of surviving offspring (Table 2). In both markers, the GG
genotypes had over two times more risk of dying than
genotypes AA and GT, respectively. Animals AA for
CD163 had significantly higher survival up to 15 weeks
than animals GG (74% vs 42%). Animals with the GT
genotype for GBPS also had significantly higher survival
than animals with the GG genotype (70% vs 58%). The
interaction between both markers was even more sig-
nificant (Table 3); animals with genotype AA for CD163
and GT for GBPS had over 90% survival rate. Conversely,
animals with the GG genotype for both markers had a
14 times higher risk of mortality than those with other
genotypes, and only 35% of animals in this category sur-
vived during the outbreak. The polymorphisms of CRP,
MMRNI, and MXI genes were not associated with the
number of surviving animals. The SGKI genetic marker
rs338508371 was not segregating in the Duroc popula-
tion. The allele and genotype frequencies of these genetic
markers were in Hardy—Weinberg equilibrium.

Sire markers associated with survival of daughters to PRRS

To assess the effect of other genetic markers associated
to health-related traits [25] on piglet survival to PRRS, an
association study was performed using the mortality risk
of the 129 Duroc pigs and the genotypes of 132 SNPs of
their 20 sires. The full list of associated SNPs, with their
predicted consequences on daughters’ survival is shown
in Table 4. It is worth to highlight that 10 out of 12 SNPs
described by [25] and related to immunity traits were
significantly associated with daughters’ survival to PRRS
(Table 4). These SNPs were in five chromosomal regions
on pig chromosomes SSC4, SSC6, SSC12, SSC17 and

0.3
0.2
0.1

63 70 77 84 91 98 105
— 163 ==-1gG4 --1gG5 —IgG6

0.3
0.2
0.1

63 70 77 84 91 98 105
—SOX2 --ee SOX4 ==--SOX6 = -SOX8 = =-SOX10

Figure 2 Kaplan-Meier survival functions stratified by each immunity trait. A IgG levels were categorized as: (IgG3=1gG < 3.0,
IgG4=3.0<1gG<4.5,1gG5=4.5<1gG<6.0,IgG6=1gG >6.0). B SOX13 mRNA expression levels were categorized as: (SOX2=50X13<3.0,
SOX4=3.0<S0OX13<5.0, SOX6=5.0<SOX13< 7.0, SOX8=7.0<SOX13<9.0, SOX10=S0X13>9.0).
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Table 2 Description of the genetic markers associated with survival up to 105 days after the PRRS outbreak depending on

piglet genotype

Assay name Allele (frequency) Genotype (survival up to 105 days)3

Gene Resistant Susceptible LRT’ Homozygous Heterozygous Homozygous

resistant susceptible

rs1107556229 CD163 A (0.58) G(042) 588* AA (0.74) AG (0.68) GG (042)
rs340943904 GBP5 T(0.20) G (0.80) 4.01* TT(1.00) GT (0.70) GG (0.58)
MX1_c.—547ins+ 250 MX1 D (0.78) 1(0.22) 202 ns DD (0.68) ID (0.55) 11(0.59)
r1s695254451 MMRNT T(0.29) C(.71) 2.57ns TT(0.72) TC(0.67) CC(0.58)
rs3415953402 CRP A (0.93) C(0.07) 0.66 ns AA (0.68) AC (0.56)

' P-value for the likelihood ratio test of proportional hazard models including or not each SNP: ***=P<0.001, *=0.001 < P<0.01, *=0.01 < P<0.05,+ =0.05<P<0.10,

ns=P>0.10

2 CRP polymorphisms (rs341595340 and rs327446000) were found to be in complete LD with each other

3 Predicted proportion of animal still alive at 105 days depending on their genotype for each SNP: animals with two resistant alleles (Homozygous resistant), animals
with one resistant and one susceptible allele (Heterozygous), and animals with two susceptible alleles (Homozygous susceptible)

Table 3 Hazard ratios and survival up to 105 days
depending on the interactions of genotypes for CD763 and
GBP5 genes

Genotypes Animals Deaths Hazardratio Survival up
to 105 days

GBP5 (D163

T AG 2 0 0.00 1.00°

GT AA 14 1 1.00 0.93°

GT AG 26 9 457 0.72%

GT GG 7 3 6.54 0.62%

GG AA 24 8 535 0.68%

GG AG 44 19 7.04 0.60°

GG GG 12 7 1439 0.35¢

abc Estimates with different letter superscripts indicate that survival up to
105 days are significantly different at a nominal P<0.05

SSCX. The rs319560097 SNP was associated with IgG
plasma levels. Boars with the TT genotype had daughters
with higher IgG plasma levels and had significantly higher
survival up to 15 weeks than daughters of boars with the
CT genotype (100% vs 58%). The SNP rs81233340 was
associated with CRP levels. Boars TT had significantly
higher daughters’ survival up to 15 weeks than boars TG
(69% vs 33%). Two SNPs, rs338661853 and rs80904079,
located in two regions of SSC6 and associated with lym-
phocytes phagocytic capacity and mean corpuscular vol-
ume (MCV) and mean corpuscular haemoglobin (MCH)
traits, respectively, were also identified as associated with
daughters’ survival to PRRS. Boars with the GG genotype
for rs338661853 had significantly higher daughters’ sur-
vival up to 15 weeks than boars with the AG genotype
(74% vs 36%). Regarding the rs80904079 SNP, boars with
the AA genotype had significantly higher daughters’ sur-
vival up to 15 weeks than boars with the AG genotype

(71% vs 45%). Three of the boars with the GG genotype
were also TT for the rs319560097 SNP, and all of their
daughters survived. The rest of boars with the GG gen-
otype for the rs80904079 SNP had lower survival than
boars with the AA genotype. In terms of leukocytes count
in blood, the associated SNP rs323856019 at 3.24 Mb on
SSC12 was also associated with survival to PRRS. Boars
with the CC genotype had significantly higher daughters’
survival up to 15 weeks than boars with the TC geno-
type (75% vs 55%). In SSC17, three SNPs (rs80803525,
rs80924885, rs80899023) located within the genomic
interval at 52.46—52.51 Mb were associated with lympho-
cytes count in blood and PRRS survival. These SNPs were
in linkage disequilibrium. Boars TC for SNP rs80803525
had significantly higher daughters’ survival up to
15 weeks than boars CC (79% vs 58%). Half of the boars
with the TT genotype for SNP rs80803525 were also GG
for SNP rs338661853, which is associated with lympho-
cytes phagocytic capacity, and their daughters’ survival
up to 15 weeks was 75%. The remaining boars with the
TT genotype had only a 40% of daughters’ survival. These
boars all had the AG genotype for SNP rs338661853. The
percentage of y& T cells-associated SNP rs342772739,
located within 33.51-33.64 Mb of SSCX, was found to
be significantly associated with the PRRS survival trait.
Boars with the GG genotype had significantly higher
daughters’ survival up to 15 weeks than animals with the
AA genotype (68% vs 46%) (Table 4). Remarkably, boars
with the GG genotype had daughters with lower SOX13
expression levels compared to daughters from boars with
the AA genotype. Apart from the SNPs described by [25],
other SNPs related to the immune system were signifi-
cantly associated with PRRS survival (Table 4). In SSC16,
an intergenic SNP (rs81464083) at 78.72 Mb and located
between IRX2 and IRX4 genes was also associated with



Tarrés et al. Veterinary Research (2024) 55:160

Page 8 of 13

Table 4 Description of the genetic markers associated with daughters’ survival up to 105 days after the PRRS outbreak

depending on sire genotype

SNP (gene) Allele (frequency) Genotype (daughters survival up to Trait
105 days)*
Resistant Susceptible LRT' Homozygous Heterozygous Homozygous
resistant susceptible
rs81391061 G (0.85) A (0.15) 1271 GG (0.76) AG (0.66) AA (0.14) Angiogenesis
rs81464083 T(0.68) C(032) 22.62*** TT(0.89) TC (0.49) CC(043) Melanoma
rs319560097 T(0.38) C(062) 12,65 TT(1.00) CT(0.58) CC(0.63) I9G
rs812333407 T(0.90) G(0.10) 9.84**  TT(0.69) TG (0.33) CRP
rs338661853 G(0.87) A(0.13) 14.64*** GG (0.74) AG (0.36) LYM_PHAGO_FITC
rs80904079 A (0.42) G (0.58) 9.08* AA (0.71) AG (0.45) GG (0.78) MCV, MCH*
rs80803525° T(0.70) C(0.30) 6.72% TT(0.53) TC(0.79) CC(0.58) Lymphocytes
1s342772739 G (0.80) A (0.20) 388 GG (0.68) AA (0.46) y& T cells
rs323856019 C(0.75) T(0.25) 5.18* CC(0.75) TC(0.55) Leukocytes
rs343667976 G (0.55) A (0.45) 2.16ns GG (0.59) AG (0.72) A (0.61) Leukocytes
rs81270251 T(0.70) C(0.30) 364ns TT(0.56) CT(0.72) CC(0.62) Neutrophils
rs1107556229 (CD163) A(061) G(0.39) 20.17%**  AA(0.54) AG (0.86) G (0.15) Resistance/susceptibility to PRRSV
1s340943904 (GBP5) T(0.15) G (0.85) 4.68* TT(0.87) GT (0.67) GG (0.56) Resistance/susceptibility to PRRSV
MX1_c.-547ins+ 250 (MX1) D (0.76) 1(0.24) 457* DD (0.72) ID (0.44) 11(041) Resistance/susceptibility to PRRSV
rs695254451 (MMRNT) T(0.31) C(0.69) 3.58ns TT(0.74) TC (0.69) CC(0.60) Resistance/susceptibility to PRRSV

! P-value for the likelihood ratio test of proportional hazard models including or not each SNP: *** =P <0.001, **=0.001<P<0.01, *=0.01 <P<0.05,= + 0.05<P<0.10,

ns=pP>0.10

2 CRP polymorphisms (rs8123340 and rs81285109) were found to be in complete LD with each other
3 Lymphocytes polymorphisms (rs80803525, rs80899023 and rs80924885) were found to be in complete LD with each other

4 Predicted proportion of daughters still alive at 105 days depending on their sire genotype for each SNP: sires having two resistant alleles (Homozygous resistant),
sires having both alleles (Heterozygous), and sires having the two susceptible alleles (Homozygous susceptible)

PRRS survival. Boars with the TT genotype had signifi-
cantly higher daughters’ survival up to 15 weeks than
boars TC (89% vs 49%). Another SNP (rs81391061)
located at the ZFHX3 gene was found to be significantly
associated to the PRRS survival trait. Boars with the GG
genotype had significantly higher daughters’ survival up
to 15 weeks than boars with the AA genotype (76% vs
14%) (Table 4).

Cumulative effect of genetic markers on survival to PRRS
and slaughter measurements

The eleven markers significantly associated with
immunity and survival to PRRS were selected to
generate a global immunocompetence index. The
MX1_c.—547ins+250 marker was not included in the
index despite being significant in Table 4, because it was
not significant when genotyped in the daughters. Table 5
displays the eleven selected SNPs along with the esti-
mated substitution effect for each marker. The global
immunocompetence index was calculated for each of the
20 sires multiplying the estimated substitution effect for
the number of susceptible alleles for each marker. The
best 5 sires had an index value under 1.5, while the worst
5 sires had an index value over 2.5. Hugh differences in

daughters’ survival were estimated between best and
worst sires: decreased from 94 to 21% as more suscep-
tible alleles were accumulated for the different markers.
Sires with less susceptible alleles had daughters with
higher IgG levels, lower SOX13 gene expression, higher
carcass weight post-infection with higher backfat thick-
ness, and lower lean meat percentage (Table 6). Herit-
ability estimates for carcass measurements were medium
to high, consistent with previous estimations conducted
in our Duroc population by [34]. Their results also indi-
cated a genetic relationship between carcass fatness, lean
content, and meat pH with a variety of immunity-related
traits.

Discussion

The porcine reproductive and respiratory syndrome
virus (PRRSV) is a serious concern for the pig sector
as it promotes abortions in sows and respiratory prob-
lems, growth retardation, mortality and increases the
probability of other diseases in young pigs. To face this
threat, breeding animals to produce more robust and
disease-resistant pig populations becomes a complemen-
tary strategy to the more conventional methods of bios-
ecurity, vaccination, and treatment. Our results showed
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Table 5 Estimated substitution effects for the global immunocompetence index for 11 selected markers

SNP Trait Resistant alelle Susceptible alelle Substitution
effect
rs81464083 Melanoma T C 0.925
rs338661853 LYM_PHAGO_FITC G A 0.653
rs319560097 19G T C 0417
rs81233340 CRP T G 0.408
rs1107556229 (CD163) Resistance/susceptibility to PRRSV A G 0.405
rs340943904 (GBP5) Resistance/susceptibility to PRRSV T G 0.398
rs342772739 y& T cells G A 0.358
rs323856019 Leukocytes C T 0.351
rs81391061 Angiogenesis G A 0.249
rs80803525 Lymphocytes T C 0.218
rs80904079 MCV, MCH A G 0.163

Table 6 Regression coefficients for the global
immunocompetence index for the different carcass
measures at slaughterhouse and heritabilities (standard
error)

Trait Intercept Regression Heritability (SE)
coefficient’

Carcass weight (kg) 113.55 —3.28" 0.63(0.26)
Carcass lean meat (%) 3651 236" 0.61(0.27)
Backfat thickness 3-4 rib 3827 271" 060 (0.27)
(mm)

Loin depth 3—4 rib (mm) 40.00 166 062 (0.25)
Ham fat thickness 25.03 -133" 0.51(0.26)
Ham lean meat % 53.00 208" 0.55 (0.26)
Loin lean meat % 2591 394" 063(027)
Shoulder lean meat % 4989 1.92™ 049 (0.27)

! P-value for the regression coefficient: ***=P<0.001, **=0.001<P<0.01,
*=0.01<P<0.05,+ =0.05<P<0.10,ns=P>0.10

that the resistance to the PRRSV effects in the affected
animals is highly heritable and polygenic. This resistance
lies partly in the enhancing role of several genes in the
immune response, conferring greater natural resistance
to the mortality generated after viral infection.

In our study, SNPs associated with innate and
adaptive immunity traits such as C-reactive protein
(rs81233340), plasmatic IgG levels (rs319560097),
lymphocytes phagocytic capacity (rs338661853), yd
T cells (rs342772739), lymphocytes (rs80803525) and
leukocytes (rs323856019) counts in blood, and MCV
and MCH (rs80904079) were significantly associ-
ated with higher piglet survival to a PRRSV outbreak.
Furthermore, previously identified genetic markers
(rs1107556229 and rs340943904) in genes (CDI163 and
GBPS5) related to PRRSV entry and immune response
have been confirmed to be associated with higher piglet
survival after PRSSV infection. Therefore, the inclusion

of health-related traits or functionally associated
genetic markers in pig breeding programs could con-
tribute to producing more robust and disease resistant
animals [25].

A first reaction of the organism to immunological stress
such as infections is the acute phase response, an innate,
nonspecific systemic reaction triggered by the synthesis
and release of pro-inflammatory cytokines, such as inter-
leukin 1 (IL-1), interleukin-6 (IL-6), and tumor necrosis
factor-alpha (TNF-a) [35]. Haptoglobin (Hp), C-reactive
protein (CRP), serum amyloid A (ASA), and Pig-Major
acute phase protein (Pig-MAP) are the main acute phase
proteins (APPs) in pigs [36, 37]. Previous studies have
determined changes in APPs during experimental or
natural PRRSV infection [36-38]. In our study, the SNP
(rs81233340) located in the CRP gene was significantly
associated with daughters’ survival after PRRSV infec-
tion. The resistant allele T was associated with higher
CRP levels in serum [25] (Additional file 2). Depending
on its conformation, CRP functions as a pro-inflamma-
tory molecule by activating the initial phases of the com-
plement system and regulating the release of nitric oxide
and synthesis of cytokines. Additionally, CRP acts as an
anti-inflammatory agent by regulating the advancement
and severity of later stages of inflammation, as well as
by modulating apoptosis and phagocytosis processes
[39]. Another SNP (rs81391061), located in the ZFHX3
gene which encodes a transcription factor described as a
major regulator of inflammation [40], was also associated
with survival after PRRSV infection. In humans, a muta-
tion in this gene has been associated with the expression
levels of various inflammation markers such as neutro-
phil/lymphocyte (N/L) ratio, CRP, and interleukin-6 (IL-
6) [40]. In our study, the major allele (G) was associated
with higher daughters’ survival and enhanced weight at
slaughter.
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Pro-inflammatory cytokines play an important role in
the pathogenesis of the disease as they are involved in the
activation of macrophages. Porcine alveolar macrophages
(PAMs) are an important line of defense in front PRRSV
infection. These macrophages are the main target cells
for PRRSV replication. The CD163 gene encodes a cel-
lular receptor for PRRSV entry into macrophages [18].
In a previous study the A allele of CD163-rs1107556229
was associated with a lower probability of abortion dur-
ing PRRSV outbreaks [10]. Our results showed that the
major allele (A) of rs1107556229 was also associated with
higher survival to PRRSV and enhanced weight gain and
can be used to select for increased natural resistance to
PRRSV. Another marker associated to host resistance
against PRRSV infections was the rs340943904 of GBP5
gene. GBP5 has been described as a marker of interferon
gamma induced classically activated macrophages [41].
In pigs, an enhanced induction of antiviral cytokines
(IFN-a) and an increased T cell mediated immune
response have been described as possible mechanisms
for the increased resistance to PRRSV infection in indi-
viduals heterozygous for the rs340943904 marker [42].
Our results showed that the minor allele (T) was also
associated to higher survival and weights at slaughter
following a PRRSV outbreak. Boddicker et al. [8, 9, 43]
also demonstrated that the major QTL on SSC4, for
which rs340943904 marker is considered a strong can-
didate causal mutation, had a significant effect on both
viremia and weight gain following PRRSV infection
in nursery pigs. Therefore, this marker (rs340943904)
should be included in the selection program, despite hav-
ing a low frequency in our population (0.20). Our study
also reveals significant interactions between this marker
(rs340943904), located within GBPS, and another SNP
(rs1107556229), located within the CD163 gene. Dong
et al. [16] also detected an interaction between SNPs
located within the GBPS5 and CD163 genes, suggesting a
potential biological interaction between both genes.

Porcine IFN-y production plays also an important
role in protection against PRRSV infection. Apart of
macrophages, several lymphocyte subsets including
v¥8 T cells have been reported to produce INF- y dur-
ing PRRSV infection [44, 45]. y& T cells can be divided
into subpopulations based on their differential expres-
sion of workshop cluster 1 (WC1) family members [46].
Additionally, WC1+cells can be further classified into
two main populations, known as WC1.14+and WC1.2+,
with different ability to respond to specific pathogens
and cytokine responses [45]. WC1.1+and WC1.2+cells
differ in cytokine expression, with WC1.1+cells pref-
erentially producing IFN- y, while WC1.2+ cells exhibit
higher levels of IL-17. Higher expression levels of SOX13,
a gene encoding a transcription factor associated with
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the positive regulation of y§ T cell activation and dif-
ferentiation [47], has been observed in WC1.2+cells
influencing their differentiation in IL-17 producing y&
T cells [46, 48]. Our results showed that lower levels of
SOX13 expression were associated with higher survival
to PRRSV outbreak. Furthermore, the genetic marker
rs342772739 was associated with SOX13 gene expression
in our study. This SNP has previously been associated
with the percentage of y§ T cells [25]. Boars with the G
allele had daughters with lower SOX13 expression lev-
els compared to daughters from boars with the A allele.
This G allele was found to be significantly associated
with higher survival to PRRSV and enhanced weights
at slaughter. Other markers associated with leukocytes
(rs323856019) and lymphocytes (rs80803525) counts in
blood were also identified as associated with daughter’s
survival to PRRSV in our study. The major alleles in our
population (C for rs323856019 and T for rs80803525)
have previously been associated with higher leukocytes
and lymphocytes counts in blood (Additional file 2), pre-
senting these traits high phenotypic (r>0.8) and genetic
(r>0.7) correlation coefficients among them and with
monocytes and neutrophils counts [25].

Apart from the induction of T cell-mediated immune
responses, a humoral response is observed after PRRSV
infection in pigs characterized by an initial production
of non-neutralizing antibodies followed by the delayed
induction of neutralizing antibodies [49]. In our study,
higher basal levels of IgG were associated with higher
survival to the PRRSV outbreak. Ballester et al. [25]
described an SNP (rs319560097) in the proximal region
of SSC4 that was associated with the IgG plasma levels
(Additional file 2) and it is also associated with higher sur-
vival to PRRSV in our study. Indeed, an overlap between
this QTL for IgG levels and a previously reported QTL
for PRRSV susceptibility [9] was found. Another interest-
ing marker associated with B cells, was the rs338661853.
Several studies in mammals have demonstrated that B
cells have a significant phagocytic capacity, being able
to phagocytose particles including bacteria. The efficient
capability of these cells to present antigen from phago-
cytosed particulate antigens to CD4% T cells, a process
more efficient than the presentation of soluble antigens,
optimized the induction of humoral response [50]. In
our study, the major allele G, previously associated with
lower lymphocyte phagocytic capacity [25] (Additional
file 2), was associated with higher survival to PRRSV out-
break. This association may be consistent with literature
results showing a delay in and low production of neutral-
izing antibodies, as well as antibody-mediated enhance-
ment of PRRSV infectivity (reviewed in [49]).

Finally, other markers related with haematologi-
cal traits, such as MCV and MCH (rs80904079), or
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melanoma progression (rs81464083) were also associ-
ated with survival to PRRSV infection. In our study, the
rs81464083 SNP showed the highest association with
piglet survival to the PRRSV outbreak. This intergenic
SNP is located between IRX genes, which play key roles
in the development of both immune and blood cells
[51].

Our results indicate that mortality in growing pigs
infected by a highly pathogenic PRRSV strain could be
reduced through marker selection. Survival upon PRRSV
outbreak is heritable and polygenic, and it could be
explained by the role of numerous genes in virus entry
and the subsequent immune response. These findings
enhance our understanding of the genetic control of
traits related to immunity and support the possibility of
implementing effective selection programs to improve
resistance to PRRSV infection and immunocompetence

in pigs.
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