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Carcass and pork traits have traditionally been considered of prime importance in pig breeding pro-
grammes. However, the changing conditions in modern farming, coupled with antimicrobial resistance
issues, are raising the importance of health and robustness-related traits. Here, we explore the genetic
architecture of carcass and pork traits and their relationship with immunity phenotypes in a commercial
Duroc pig population. A total of nine traits related to fatness, lean content and meat pH were measured at
slaughter (�190 d of age) in 378 pigs previously phenotyped (�70 d of age) for 36 immunity-related
traits, including plasma concentrations of immunoglobulins, acute-phase proteins, leukocytes subpopu-
lations and phagocytosis. Our study showed medium to high heritabilities and strong genetic correlations
between fatness, lean content and meat pH at 24 h postmortem. Genetic correlations were found
between carcass and pork traits and white blood cells. pH showed strong positive genetic correlations
with leukocytes and eosinophils, and strong negative genetic correlations with haemoglobin, haematocrit
and cytotoxic T cell proportion. In addition, genome-wide association studies (GWASs) pointed out four
significantly associated genomic regions for lean meat percentages in different muscles, ham fat, backfat
thickness, and semimembranosus pH at 24 h. The functional annotation of genes located in these regions
reported a total of 14 candidate genes, with BGN, DPP10, LEPR, LEPROT, PDE4B and SLC6A8 being the stron-
gest candidates. After performing an expression GWAS for the expression of these genes in muscle, two
signals were detected in cis for the BGN and SLC6A8 genes. Our results indicate a genetic relationship
between carcass fatness, lean content and meat pH with a variety of immunity-related traits that should
be considered to improve immunocompetence without impairing production traits.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Nowadays, pig industry is facing new challenges due to the
emergence of antibiotic resistance and society demands for health-
ier livestock products. The incorporation of health-related traits in
breeding programmes will contribute to obtain more healthy/ro-
bust pig populations. However, little is known about the impact
of these traits on productive efficiency and meat quality. This
research demonstrated a genetic association between meat and
carcass phenotypes with immunity-related traits to be considered
in selection programmes to improve simultaneous selection for
immunocompetence without impairing meat quality.
Introduction

Pork is currently the second most consumed meat worldwide,
representing one-third of global meat consumption (FAO, 2022).
As such, great importance and selection pressure have been
applied to meat production and quality phenotypes determining
consumer acceptance (Davoli & Braglia, 2007). Growth and fatten-
ing are major determinants of yield and meat quality measured at
slaughter by traits such as carcass weight, fat thickness or lean
meat percentage. Medium heritability values have been reported
for these carcass phenotypes (Déru et al., 2020; Khanal et al.,
2019; Zhou et al., 2021), and a number of quantitative trait loci
(QTL) have been already described in the literature. For instance,
QTLs for lean meat percentages were detected in Sus scrofa chro-
mosome (SSC)1, SSC2, SSC4, SSC6 and SSC16 (Óvilo et al., 2022;
Wimmers et al., 2006; Zhou et al., 2021), and genes such as PIK32A
or IGF2 have been described as strong candidate genes.
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The mutation IGF2-intron3-G3072A of the IGF2 gene has been
described to have a major impact in backfat thickness across sev-
eral populations (Estellé et al., 2005; Jungerius et al., 2004).

The semimembranosus pH measured postmortem is an impor-
tant meat quality phenotype (Lee et al., 2000) that depends on the
rapid descent of pH in skeletal muscle after slaughter due to the
accumulation of lactic acid derived from fermentation processes
(Rosenvold & Andersen, 2003). Although semimembranosus pH is
known to be greatly affected by environmental factors such as
preslaughter stress (Gonzalez-Rivas et al., 2020), multiple candi-
date genes have been previously detected for postmortem pH,
the most prominent being RYR1 (also known as the halothane
gene), whose mutation c.1843C > T generates pale, soft and exuda-
tive meats (Fujii et al., 1991).

Besides the ever-present interest of the swine industry in
improving production and quality traits, the growing interest of
selecting for healthier livestock has become more prominent in
recent years (Phocas et al., 2016). The persistence and spread of
endemic and emerging pathogens jointly with the need to reduce
the use of antimicrobials in swine production make it advisable
to introduce health-related traits in breeding programmes. Immu-
nity traits have been considered biologically relevant parameters
to measure immunocompetence (Visscher et al., 2002). Previous
studies have determined the genetic determinism of immunity
traits in healthy animals showing medium to high heritabilities
and describing a number of candidate genes (Ballester et al.,
2020 and 2023). However, the genetic association of these
health-related phenotypes with production and quality traits has
been poorly explored. Considering the interplay between immuno-
logical and metabolic processes (Mathis and Shoelson, 2011;
Saravia et al., 2020), it becomes necessary to determine the genetic
correlation between health and production traits before establish-
ing a breeding programme including immunity/health-related
traits among the selection objectives.

In this study, we aimed to deepen in the genetic architecture of
nine meat and carcass phenotypes in a commercial Duroc popula-
tion, as well as determine their genetic association with immune
capacity and other health-related traits.
Material and methods

Animal material

Our study departed of a commercial Duroc from Selección
Batallé consisting of 378 animals (184 males and 194 females) dis-
tributed in six batches of 63 ± 6 individuals each. Each batch cor-
responded to a group of contemporary animals born and raised
at the same time (within a week period) and fattened in the same
farm with identical feeding and management conditions. The
whole population was found from 22 boars and 132 sows. Two
to four animals were selected from each litter, balancing gender
when possible. The animals were slaughtered at an average weight
of 129 kg, ageing between 181 and 228 days. The animals were fed
ad libitum with a commercial cereal-based diet and were appar-
ently healthy.
Phenotypes

After slaughter, the hot carcass weight was measured. Carcass
lean meat percentage and also lean meat percentage of the main
retails of the carcass (ham, loin and shoulder) were estimated by
an on-line ultrasound automatic scanner (AutoFOM, Frontmatec
Group, Kolding, Denmark). The carcass lean percentage was esti-
mated on the basis of measurements of 16 ultrasonic transducers
that ultrasonically scans the carcass every 5 mm. The same equip-
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ment also gave an estimation of the backfat thickness and loin
thickness at 6 cm off the midline between the third and fourth last
ribs and a backfat thickness in the ham. pH at 24 h postmortem
was measured in the semimembranosus muscle (ham) following
the procedure described by Gallardo et al. (2012).

Immunity-related traits were measured from blood extracted at
60 ± 8 days of age. Samples were collected via the external jugular
vein into vacutainer tubes with or without anti-coagulants (San-
güesa S.A., Spain). Saliva and hair samples were also collected.
Classical haematological parameters, stress parameters, and
immunological parameters such as immunoglobulins, phagocytic
capacity, acute-phase proteins, peripheral blood proportions of
lymphocytes populations and nitric oxide were measured from
samples as described by Ballester et al. (2020 and 2023).

Descriptive statistics were measured for each tested phenotype.
Normality was measured using Shapiro-Wilk test, and logarithm
transformation to reach normal distribution of residuals was
applied when needed. Impact of cofactors sex, batch (gathering
the environmental seasonal and farm effects) and day of lab anal-
ysis within batch (for immunity traits) was tested using the lm()
and anova() functions in R. Sex and batch effects were found to
be significant in almost all phenotypes and included in subsequent
analyses, while the date of analysis only impacted traits related to
phagocytic capacity.

Finally, pairwise phenotypic correlations between the residuals
(after correction for sex and batch effects) of all analysed pheno-
types were calculated using Pearson’s method. Statistical analyses
were performed using R software version 4.0.4 (R Core Team, 2021)
unless stated otherwise. R packages corrplot (Wei, 2021) and data.
table (Srinivasan, 2021) were used to reduce computing time.

Single nucleotide polymorphism genotyping

Genomic DNA was extracted from blood samples using
NucleoSpin� Blood kit (Macherey-Nagel, Germany). DNA concen-
tration and purity were measured in a Nanodrop ND-1000 spec-
trophotometer. Animals were genotyped with the GGPSNP70
chip (Illumina, San Diego, CA) using the Infinium HD Assay Ultra
protocol (Illumina). Raw data were filtered using Plink
v1.90b3.42 (Purcell, 2007) to remove those single nucleotide poly-
morphisms (SNPs) with a minor allele frequency of less than 5%
and a missing genotype data of more than 10%. SNPs that did not
map to the porcine reference genome (Sscrofa11.1 assembly) were
also excluded. A total of 42 641 SNPs remained after filtering.

Estimation of genetic parameters

Genetic parameters were estimated by restricted maximum
likelihood using the BLUPF90 software package (Misztal et al.,
2014). First, variance components for each trait were estimated
under an univariant mixed animal model as follows:

Y ¼ Xbþ Zuþ e

where Y is the vector of phenotypes of all individuals; b is the vector
of systematic (fixed) effects on the trait including sex (two levels)
and batch (six levels); u is the vector of animal’s genetic additive
(random) effects; X and Z are the corresponding incidence matrices
for b and u; and e is the vector of random residual terms. The
assumed distribution of additive genetic effects was u � N(0,Ar2

u),
where A is the numerator relationship matrix computed on the
basis of pedigree and r2

u is the additive genetic variance; random
errors were distributed as e�N (0,Ir2

e ). Estimated heritabilities
(h2) for all the analysed traits were obtained from the variance com-

ponents ðh2 ¼ r2
u= r2

u þ r2
e

� �Þ. The SEs of the heritability estimates
were also computed.
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Additionally, also h2 estimates using GBLUP, thus considering
the genomic relationship matrix (G) instead of A to depict the kind-
ship between animals, were computed. We obtained similar results
but larger SEs in the additive genetic variance estimates. In order to
keep consistency with previous studies in this population
(Ballester et al., 2020 and 2023), only parameters estimated on
the basis of pedigree information will be shown.

Subsequently, pairwise genetic correlations across carcass and
meat quality traits as well as between quality and immune-
related traits were estimated in a two-trait animal model described
as follows:

dY t1

Y t2
e ¼ dXt1 0

0 Xt2
e bt1

bt2

� �
þ dZt1 0

0 Zt2
e ut1

ut2

� �
þ et1

et2

� �

where Yt1 and Yt2 are the vectors of phenotypic observations for
trait 1 and trait 2, respectively; bt1 and bt2 are the vectors of system-
atic (fixed) effects on each trait, sex and batch for all traits plus date
of laboratory analysis (within batch) for phagocytosis phenotypes,
and Xt1 and Xt2 the correspondent incidence matrices; ut1 and ut2

are the vectors of animal genetic additive effects on trait 1 or trait
2 (random effects), and Zt1 and Zt2 the corresponding incidence
matrices; finally et1 and et2 are the vectors of residual errors for
each trait. The (co)variance matrix of random genetic effects was
defined as:

Var
ut1

ut2

� �
¼

�
Ar2

u1 Aru1;u2

Aru1;u2 Ar2
u1

�
¼ Ab

�
r2

u1 ru1;u2

ru1;u2 r2
u1

�

where r2
u1 and r2

u2 are the additive genetic variance of traits 1 and
2, respectively, ru1;u2 is the genetic covariance between the traits,
and A is the numerator relationship matrix as defined above. Esti-
mation of the (co)variance components of each pairwise analysis
was also performed by restricted maximum likelihood using the
BGF90 package. Genetic correlations between traits were obtained

as rg =
ru1;u2

ru1Â�ru2

� 	
, and the SE of the genetic correlation estimates were

also computed.
Genome-wide association studies

Genome-wide association studies (GWASs) for the nine traits
related to production and meat quality were carried out with the
42,641 filtered SNPs using GCTA 1.93.2 software (Yang et al.,
2011) with the fastGWA modality. The model used for the GWAS
was as follows:

Y ¼ Xbþ Zg þ Slal þ e

where Y stands for the vector of phenotypic observations for each of
the nine analysed traits; b corresponds to the vector of systematic
effects sex and batch as described above; g is the vector of infinites-
imal genetic effects of each individual, with distribution g � N (0,
Gr2

g), where G is the genomic relationship matrix calculated using
the filtered autosomal SNPs based on the methodology of Yang
et al. (2011) and r2

g is the additive genetic variance; Sl is the vector
of genotypes (coded as 0, 1, 2) of each individual for the lth SNP, and
al is the allele substitution effect of the lth SNP on the trait under
study. A multiple testing correction was performed using the False
Discovery Rate (FDR) method (Hochberg & Benjamini, 1990) to
minimise type-I errors through the p.adjust function of R base.
The significant association threshold was set at FDR � 0.05. Signif-
icant SNPs were analysed with Variant Effect Predictor software to
determine their genetic location (e.g. upstream of a transcript, in
coding sequence, in non-coding RNA, in regulatory regions) and
possible functional consequences (McLaren et al., 2016).
3

Candidate genes

Significant variants were considered part of the same associated
QTL region if they were less than 1 Mb apart from each other based
on linkage disequilibrium of our population. Only regions with two
or more significant variants were retained as putative QTL. Biomart
software (Durinck et al., 2009) was used to extract genes located
inside significant regions leaving 1 Mb downstream/upstream of
genomic intervals using the Ensembl Genes 106 Database of Sscro-
fa11.1 reference assembly. QTLs found were then cross-referenced
with the animal QTLdb (Hu et al., 2022).

Functional characterisation of genes was done with the ClueGO
v2.5.8 plug-in of Cytoscape v3.9.1 using Gene Ontology (GO) terms
and considering the human homologues of the detected genes
(Bindea et al., 2009; Shannon et al., 2003). In addition, Mouse Gen-
ome Database (Blake et al., 2021) and Genecards (Safran et al.,
2021) were used to identify gene functions affecting the analysed
phenotypes.

Whole-genome and RNA sequencing data

Whole-genome and muscle RNA sequencing data from 100
individuals of our Duroc population (Crespo-Piazuelo et al., 2023)
were used to identify regulatory variants. As described in Crespo-
Piazuelo et al. (2023), DNA samples were sequenced using Nova-
Seq6000 platform to a minimum read depth of 10X. DNA
sequences were mapped against the reference genome (Sscro-
fa11.1 assembly) with BWA-MEM/0.7.17 (Li, 2013). Genetic variant
calling (SNPs and indels) was performed with GATK/4.1.8.0 Haplo-
type Caller. Genetic variants with a minor allele frequency of less
than 5% and missing genotype data of more than 10% were filtered
with PLINK/v1.90b3.42 (Chang et al., 2015), leaving a total of 15
385 316 polymorphisms for downstream analysis. RNA sequences
were mapped against the reference genome (Sscrofa11.1 assem-
bly) and the latest Ensembl Genes annotation database (101) to
date using STAR/v2.5.3a (Dobin et al., 2013) and gene counts were
quantified with RSEM/1.3.0 (Li and Dewey, 2011) using default
parameters. Counts were normalised by trimmed mean of M val-
ues and transformed to cpm using log2 with edgeR/3.30.3 Biocon-
ductor package (Robinson et al., 2010).

Expression genome-wide association study

An expression GWAS (eGWAS) analysis of our candidate genes
was performed using skeletal muscle RNA-seq data from 100 indi-
viduals of the Duroc population as well as 15 385 316 polymor-
phisms from their whole-genome sequencing. The same model as
explained before for GWAS studies using both sex and batch as
fixed cofactors was used. Significant polymorphisms that were
located at less than 1 Mb from the associated gene were defined
as cis-SNPs (GTEx Consortium, 2015), and its functional prediction
was assessed with VEP tool on the Ensembl Genes 106 Database.
Results

Descriptive statistics and phenotypic correlations of carcass and meat
quality traits

In the present study, we measured a total of nine phenotypes
related to meat and carcass quality on 378 individuals belonging
to a commercial Duroc pig line. Descriptive statistics for measured
traits are shown in Table 1. The phenotypes generally presented
low variation as expected from a commercial population selected
for production traits. Loin lean meat percentage showed the high-
est variation (CV = 0.27) among all analysed traits, while



Table 1
Mean, SD and CV of porcine carcass and meat phenotypes.

Trait ID Mean SD CV

Carcass weight (kg) CW 98.22 11.48 0.12
Lean meat percentage (%) LM 40.35 6.72 0.17
Ham lean meat percentage (%) HLM 59.48 6.79 0.11
Loin lean meat percentage (%) LLM 37.19 10.19 0.27
Shoulder lean meat percentage (%) SLM 54.82 6.57 0.12
Backfat thickness at 3rd–4th rib (mm) BFT 30.99 6.74 0.22
Loin depth at 3rd–4th rib (mm) LD 45.72 6.76 0.15
Ham fat thickness (mm) HFT 20.63 4.45 0.22
pH 24 h semimembranosus pH24 5.70 0.18 0.03

Table 2
Heritabilities (h2) estimates for porcine carcass and meat traits plus the SE and
confidence interval (CI).

Trait h2 SE CI

Carcass weight (kg) 0.656 0.170 [0.32,0.99]
Lean meat percentage (%) 0.643 0.182 [0.29,1.00]
Ham lean meat percentage (%) 0.569 0.178 [0.22,0.92]
Loin lean meat percentage (%) 0.642 0.181 [0.29,1.00]
Shoulder lean meat percentage (%) 0.504 0.171 [0.17,0.84]
Backfat thickness at 3rd–4th rib (mm) 0.615 0.180 [0.26,0.97]
Loin depth at 3rd–4th rib (mm) 0.640 0.164 [0.32,0.96]
Ham fat thickness (mm) 0.524 0.178 [0.18,0.87]
pH 24 h semimembranosus 0.348 0.158 [0.038,0.66]
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semimembranosus pH showed the least (CV = 0.03). Of all traits
related to the localised lean meat percentage, the lowest variation
was found for shoulder lean meat percentage (CV = 0.12).

Estimated pairwise phenotypic correlations (rp) between all
analysed traits once corrected for fixed factors are shown in
Fig. 1A; the estimated phenotypic correlation coefficients and their
SEs are reported in the Supplementary Table S1. Most of these cor-
relations were significant, their confidence intervals at 95% exclud-
ing zero, excepting the phenotypic correlation between loin depth
and carcass weight. As expected, the two measures of coverage fat
(backfat and ham fat thickness) showed a very high correlation
coefficient (rp = 0.95). Similarly, the different lean meat measures
were strongly correlated between them (rp ranging from 0.91 to
0.98) and more moderately with loin depth (rp from 0.74 to 0.78)
while reported strong negative correlations with backfat and
ham fat thickness (rp ranging from �0.97 and �0.86). Carcass
weight showed low to moderate correlations either negative with
lean percentage or positive with fatness traits. Finally, the
semimembranosus pH showed significant but generally low phe-
notypic correlations with carcass traits (Fig. 1A).
Genetic determinism and genetic correlations of carcass and meat
quality traits

The genetic determinism of the analysed traits was assessed by
estimating their heritability (Table 2). Medium to high heritability
estimates were obtained for all carcass traits, ranging from 0.50 to
0.66. Among them, carcass weight was the most heritable trait,
Fig. 1. Heatmap depicting correlations of the residuals between porcine carcass and mea
(HLM), loin lean meat percentage (LLM), shoulder lean meat percentage (SLM), ba
semimembranosus (pH24). A. Pairwise phenotypic correlations. B. Pairwise genetic
correlations. Circle size and colour intensity are proportional to absolute value of corr
*P < 0.05, **P < 0.01, ***P < 0.001.
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whereas the semimembranosus pH showed a lower but still signif-
icant heritability (h2 = 0.35). The h2 estimate SEs ranged between
0.16 and 0.18, thus conducting to wide confidence intervals for
these parameters, but not encompassing zero in any case.

To estimate the genetic relationships between these traits, pair-
wise genetic correlations (rg) were calculated; Fig. 1B shows the
map of estimated genetic correlations, whereas the genetic corre-
lation coefficients and their SEs can be shown in the Supplemen-
tary Table S2. The genetic association pattern showed in Fig. 1B
was close to those depicted by phenotypic correlations. The limited
sample size did not allow obtaining a high accuracy in the esti-
mated correlation coefficients, the SEs ranging between 0.0025
and 0.22. However, most of the estimated correlations were cer-
tainly relevant and different from zero. This way, strong positive
genetic associations (rg > 0.9) were found between the lean meat
t traits: carcass weight (CW), lean meat percentage (LM), ham lean meat percentage
ckfat thickness (BFT), loin depth (LD), ham fat thickness (HFT) and pH 24 h
correlations. Blue represents positive correlations while red represents negative
elation coefficients. Significance of correlation is marked with symbols: +P < 0.1,
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percentage measured at different points. Also, a strong genetic
antagonism between lean meat percentage in different areas and
subcutaneous fat measures (backfat thickness and ham fat thick-
ness) was observed, with rg estimates ranging from �0.99 to
�0.88. The loin depth had stronger associations at genetic level
than at phenotypic level, showing rg estimates �0.7 with lean con-
tent and ��0.9 with fatness. Conversely, the semimembranosus
pH at 24 h postmortem appeared as negatively associated at
genetic level with lean percentages (rg from �0.64 to �0.52) and
positively with fatness traits (rg 0.49 and 0.36).

Genetic association between quality and immunity traits

Genetic correlations of the analysed carcass and meat quality
phenotypes with a plethora of traits related with health and
immune capacity were estimated. The map of estimated genetic
relationships between carcass and immunity traits is depicted in
Fig. 2, whereas the estimated genetic correlation coefficients and
their SEs are provided in the Supplementary Table S2. The SEs of
estimated genetic correlations between immunity and carcass
traits were generally high, ranging from 0.14 to 0.5. Only the most
relevant and significantly different from zero genetic correlations
will be presented hereafter.

The genetic associations with immunity and hemogram param-
eters showed a consistent relationship between the number of
white blood cells and carcass traits. Total leukocytes and their sub-
type counts (lymphocyte, eosinophil and neutrophil counts)
showed positive genetic correlations with lean content measures
and neutrophile counts presented negative correlations with ham
fat thickness. These carcass phenotypes had also relevant genetic
associations with the relative abundance of some lymphocyte T
subpopulations. Conversely to leukocyte counts, the concentration
of cd T cells correlated negatively with lean meat content measures
(rg = �0.49 to �0.53) and positively with fat measures (rg = 0.46
and rg = 0.51), whereas the relative proportion among PBMCs (pe-
ripheral blood mononuclear cells) of memory T cells showed
exactly the opposite pattern, i.e. positive genetic correlations with
lean content measures (rg from 0.43 to 0.58) and negative associa-
tion with fatness traits (rg = �0.55 and �0.48). Carcass weight
showed lower genetic correlations with immunity and hemogram
parameters than carcass fat and lean scores, with the exception of a
strong negative correlation with platelet counts (rg = �0.75).
Finally, it is worth noting that no genetic associations seem to exist
between carcass traits and other immunity and health phenotypes
such as plasma concentrations of Ig, acute-phase proteins, erythro-
cytes count or haemoglobin concentrations.

Semimembranosus pH was the trait most genetically correlated
with immunity and haematological traits measured at young age.
To be remarked, the intramuscular pH at 24 h postmortem showed
strong genetic antagonism with the cortisol concentration in hair
(rg = �0.61), the haematocrit and haemoglobin concentration
(rg = �0.74 and �0.80, respectively) and with the relative abun-
dance among peripheral blood mononuclear cells (PBMCs) of cyto-
toxic T cells (rg = �0.71). Despite less strong, the
semimembranosus pH also showed positive genetic associations
with leukocyte counts (rg = 0.64).

Genomic regions and candidate genes associated with carcass quality
traits

GWAS reported a total of 32 significantly associated SNPs
(FDR < 0.05) for seven traits located at four chromosomal regions
on pig chromosomes SSC6, SSC14, SSC15 and SSCX (Table 3). Man-
hattan plots of the GWAS results for the traits with significant
associations are displayed in Fig. 3. All the associated SNPs are
shown in Supplementary Table S3, and their predicted conse-
5

quences are shown in Supplementary Table S4. No significant vari-
ants were found for loin depth and carcass weight.

The most significant association was found for the semimem-
branosus pH24 in SSC6 at 146.54–146.62 Mb, with the most asso-
ciated SNPs (rs81392507 and rs319373989) found in intron 2 of
the PDE4B gene.

Regarding carcass fatness and lean content, two significant
pleiotropic genomic regions were found in SSC15 and SSCX. The
region between positions 21.05 and 21.31 Mb in SSC15 was asso-
ciated with all measures of fat thickness and lean content but
shoulder lean meat percentage was suggestive (P-value = 2.24 � 1
0�5; FDR = 0.0502). The most significant SNP found in this region
was rs322842057 located inside intron 1 of the DPP10 gene. In
SSCX, the region between positions 122.70 and 125.68 Mb was
associated with all lean meat percentages and fat thickness traits.
Top significant variants were found inside the 50UTR region of
MTCP1, intronic regions of SLC6A8, PDZD4 and L1CAM, upstream
of ENSSSG00000012792 and downstream of HCFC1. A region in
SSC14, between positions 131.31 and 131.57 Mb, with
rs80996847 as the most significant SNP located in an intergenic
region, was associated with the shoulder lean meat percentage.

A functional analysis was conducted using ClueGO (Bindea
et al., 2009) to identify candidate genes functionally associated
with the significant traits. For the region in SSC6 associated with
pH24, we identified five candidate genes related to the following
biological functions: adenylate cyclase-activating adrenergic
receptor signalling pathway (PDE4B), leptin receptor activity (LEPR,
LEPROT), regulation of clathrin-dependent endocytosis (DNAJC6),
and regulation of membrane protein ectodomain proteolysis
(NRDC).

For the pleiotropic region in SSCX associated with all traits but
pH24, we identified several candidate genes related to axonogene-
sis, cytosolic calcium transporting and semaphoring signalling,
mesenchymal cell proliferation, and blood coagulation (PLXNA3,
FLNA, PLXNB3 and BGN), and muscle energy metabolism (SLC6A8).
In SSC15, the candidate gene DPP10 related with the regulation
of potassium ion transmembrane transport was identified.

In the SSC14 genomic region associated with shoulder lean
meat percentage, three different genes were detected, ATE1 related
to proteasomal protein catabolic process, AK4 related to nucleoside
triphosphate adenylate kinase activity, and FGFR2 related to fibrob-
last growth factor receptor signalling pathway.

Genomic regions associated with candidate genes expression in muscle
and putative regulatory polymorphisms

A recent study has described a significant enrichment between
cis-eQTLs and complex traits, including meat and carcass traits
(Teng et al., 2022). eGWAS analyses were performed for those can-
didate genes expressed in muscle to identify regulatory polymor-
phisms. A total of five eQTL were detected for four out of 11
candidate genes analysed (Table 4). Two of the five eQTLs were
detected in cis for the candidate genes BGN and SLC6A8 associated
with all lean meat percentages and fat thickness traits. The top
polymorphisms, i.e., the most significantly associated polymor-
phisms, for BGN gene expression, were detected upstream of the
gene. For SLC6A8, the top polymorphism (rs345048026) was
located inside intron 1. Animals were then classified according to
genotypes of the top significant expression-associated polymor-
phisms. For the top polymorphism of BGN (rs1108637659), ani-
mals with the AA genotype showed a higher expression as
compared to animals with the other two genotypes (GA and GG).
AA homozygous individuals showed also higher lean meat percent-
ages and lower fat thickness in comparison with GA and GG indi-
viduals. An opposite pattern was observed for the top
polymorphism (rs345048026) associated with the expression of



Fig. 2. Heatmap depicting genetic correlations between immunological traits (rows) and carcass and meat quality traits (columns) in pigs. Colour blue represents positive
correlations while red represents negative correlations. Size of the circle and colour intensity are proportional to absolute value of correlation coefficients. Abbreviations:
CW = Carcass weight; LM = Lean meat percentage; HLM = Ham lean meat percentage; LLM = Loin lean meat percentage; SLM = Shoulder lean meat percentage; BFT = Backfat
thickness; LD = Loin depth; HFT = Ham fat thickness; pH24 = pH 24 h semimembranosus; Ig = Immunoglobulin; CRP = C reactive protein; NO = Nitric oxide; CTL = Cytotoxic T
cells; FITC = Fluorescein isothiocyanate. Significance of correlation is marked with symbols: +P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.

Table 3
Description of the regions significantly associated with porcine carcass and meat phenotypes according to the genome-wide association study (GWAS).

Region Chr Start
(Mb)

End
(Mb)

n� of SNP
in region

Top SNP MAF P-value FDR Trait Functional
candidates

1 6 146.54 146.62 4 rs81392507; rs319373989 0.26 3.61E�08 6.33E�04 pH24 LEPR; LEPROT;
DNAJC6; NRDC;
PDE4B

2 14 131.31 131.57 5 rs80996847 0.41 4.06E�06 1.32E�02 SLM ATE1; FGFR2; AK4
3 15 21.05 21.31 4 rs322842057 0.25 8.14E�07 3.54E�03 BFT; LM; HLM;

LLM; HFT
DPP10

4 X 122.70 125.68 19 rs81000133; rs336426564;
rs81473939; rs320982055;
rs325378845

0.46 1.38E�07 9.32E�04 BFT; LM; SLM;
HFT; HLM; LLM

BGN; FLNA; PLXNA3;
PLNXB3; SLC6A8

Abbreviations: Chr = Chromosome; SNP = Single nucleotide polymorphism; MAF = Minor allele frequency; FDR = False discovery rate; LM = Lean meat percentage;
HLM = Ham lean meat percentage; LLM = Loin lean meat percentage; SLM = Shoulder lean meat percentage; BFT = Backfat thickness; HFT = Ham fat thickness; pH24 = pH 24 h
semimembranosus.
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Fig. 3. Manhattan plots depicting significant associations across the whole porcine genome for porcine meat and carcass quality traits: (A) Lean meat percentage, (B) Ham
lean meat percentage, (C) Loin lean meat percentage, (D) Shoulder lean meat percentage, (E) Backfat thickness, (F) Ham fat thickness and (G) pH 24 h semimembranosus. Red
line is located at last significant variant with an FDR < 0.05. Abbreviations: FDR = False Discovery Rate.

Table 4
Description of the expression quantitative trait loci (eQTL) detected for the functional candidate genes for porcine carcass and meat phenotypes expressed in pig muscle.

Gene SSC Start (Mb) End (Mb) Most significant variant P-value FDR n� variants CIS/TRANS

ENG 11 69.85 69.90 rs339479719 9.26E�10 0.014 3 TRANS
BGN X 122.92 125.40 rs1108637659 9.95E�11 1.53E�3 34 CIS
SLC6A8 X 124.40 125.17 rs345048026 5.31E�10 8.17E�3 12 CIS
PLXNA3 3 68.01 79.31 Rs3470820030 3.98E�10 0.047 3 TRANS
PLXNA3 7 40.43 40.50 Rs1109534408 9.84E�10 0.015 10 TRANS

Abbreviations: SSC = Sus scrofa Chromosome; FDR = False discovery rate.
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SLC6A8. Homozygous AA animals showed lower meat and higher
fat thickness percentages, and a higher expression of SLC6A8 com-
pared to their CA and CC counterparts (Fig. 4).
Discussion

In recent years, health and welfare-related traits have begun to
be considered in pig breeding schemes to increase resilience,
robustness and wellbeing of pigs. Thus, the need to determine
the trade-offs and the genetic correlations between health and pro-
ductive traits has become more apparent, to allow an effective
selection of these traits without impairing the performance of
the animals. In this study, we have explored the genetic architec-
ture of nine carcass and meat traits in a commercial Duroc popula-
Fig. 4. Boxplots of the individual phenotypes according to the genotypes for the topm
quality candidate transcripts BGN and PLXNA3, respectively. Phenotypes correspond to t
loin lean meat percentage (LLM), shoulder lean meat percentage (SLM), backfat thick
*P < 0.05; **P < 0.01 and ***P < 0.001. Abbreviations: eQTL = expression Quantitative Tr
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tion and have estimated genetic correlations between them and 36
health-related traits in order to infer a map of genetic associations.

Estimated genetic parameters denoted an important genetic
determinism of the carcass and meat traits in our population, as
it has been previously reported in other porcine populations
(Déru et al., 2020; Khanal et al., 2019; Zhou et al., 2021). The car-
cass traits related to lean content and fatness showed high heri-
tability estimates but with wide confidence intervals due to the
limited sample size. In any case, estimated heritabilities in our
Duroc experimental population were higher than those previously
reported in Duroc populations (Eusebi et al., 2017; González-
Prendes et al., 2017; Zhou et al., 2021), but in line with former
studies in other breeds (Ducos, 1994; Johansson et al., 1987). The
semimembranosus pH at 24 h had a more moderated heritability,
ost significant porcine cis-eQTLs variants: rs1108637659 and rs345048026 for the
ranscript expression, lean meat percentage (LM), ham lean meat percentage (HLM),
ness (BFT) and ham fat thickness (HFT). Significance levels: NS (non-significant);
ait Loci.
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consistent with increased dependency of environmental and
slaughter conditions (Gonzalez-Rivas et al., 2020).

Estimated correlations allowed depicting a map of phenotypic
and genetic associations between these carcass traits. Results are
in agreement with the strong antagonism between fatness and
lean content as detailed in Hoa et al. (2021) and Lebret and
Čandek-Potokar (2022) at both phenotypic and genetic levels.
Strong positive correlations within lean meat measures were also
expected given the uniformity of lean meat percentage across dif-
ferent muscles in this population, as previously reported by (Eusebi
et al., 2017). The semimembranosus pH at 24 h seemed to have a
positive genetic association with fatness and a negative one with
lean content and loin depth, despite these relationships were much
weaker at phenotypic level. Multiple major genes related to meat
pH and pale, soft and exudative meats meats have been reported
to have effects on carcass quality such as the halothane resistance
gene (Scheffler & Gerrard, 2007). Our results agree with the lack of
the recessive allele for RYR1 in our population since the recessive
allele has been associated with higher carcass yield, lean percent-
age and susceptibility to acute stress with pH decline and produc-
tion of pale, soft and exudative pork (Scheffler & Gerrard, 2007).
Furthermore, a strong negative association between cortisol con-
centration in hair and pH at 24 h was observed in our population.

The map of genetic associations with health-related and immu-
nity phenotypes reported consistent associations between carcass
traits and white blood cells, including the relative abundance of
some T lymphocytes measured at young age. Lean scores corre-
lated positively with the leukocyte counts and the relative propor-
tion among PBMCs of memory T cells, and were negatively
associated with cd T cells. Previous studies in pigs have associated
different metabolic profiles according to lean meat or fatness con-
tent. Pigs with higher fat deposition showed an increase of the
lipogenic profile compared to pigs with higher lean meat content
and polyunsaturated fatty acids (Corominas et al., 2013; Poklukar
et al., 2020). Metabolic pathways also play an important role in T
lymphocyte differentiation and function. While memory T cells
display a catabolic signature regulated by the AMP-activated pro-
tein kinase pathway and use mitochondrial fatty acid oxidation
for survival and development (Howie et al., 2018; Pearce et al.,
2009), cd T cells differentiation relies on the glucose metabolism
and glycolysis by mTOR-mediated metabolic pathways (Meng
et al., 2021). These observations are in agreement with the oppo-
site correlations between cd T cells and memory T cells with fat-
ness and lean meat content traits observed in our Duroc animals
that appear to be determined by switches in metabolic pathways.

Furthermore, semimembranosus pH showed strong positive
correlations with white blood cell counts while having negative
genetic associations with haemoglobin, haematocrit and cytotoxic
T cell percentage. A previous study indicated that animals with
higher pH at 24 h postmortem showed lower drip loss and higher
white blood cells and monocyte counts (Koomkrong et al., 2017).
Since semimembranosus pH is a vital trait in pork quality assess-
ment, traits showing strong genetic correlations with semimem-
branosus pH should be checked in genetics to avoid producing
pale, soft and exudative or excessively dry meats (Lee et al., 2000).

GWAS studies for the nine meat and carcass traits allowed iden-
tifying four QTLs in four chromosomes. We are aware about the
modest statistical power of our GWAS derived from the limited
sample size of our population, so we do not discard some other
genomic regions affecting the analysed traits that may have been
discarded by the conservative statistical thresholds.

The pleiotropic regions in SSC15 and SSCX detected for lean
meat percentages and for ham and backfat thickness traits were
found close to previously reported porcine QTLs for the same phe-
notypes (Groenen et al., 2012; Kuryl et al., 2003; Cepica et al.,
2003). An additional region was found for shoulder lean meat per-
8

centage in SSC14, inside a previously found QTL for lean meat per-
centage reported by (Dragos-Wendrich et al., 2003). It is worth to
highlight that two of the detected QTLs were overlapping or very
close to genomic regions for immunity and robustness traits
(Ballester et al., 2020). In SSC6, the QTL for pH24 was close to QTLs
for mean corpuscular volume and mean corpuscular haemoglobin.
In SSC14, a QTL colocalised for leucocyte count and shoulder lean
meat percentage. In both cases, the involved traits showed signifi-
cant genetic correlations between them.

The top significant variant in SSC15 was found within the DPP10
gene. This gene encodes a single-pass type II membrane protein,
which has been related to obesity in human (Melén et al., 2010).
In SSCX, several candidate genes for fatness and lean phenotypes
were found. FLNA, which acts as a molecular anchor in Z discs
and as such, has an impact on muscle conformation (Mao &
Nakamura, 2020). BGNwhich encodes a member of the SLRP family
has key roles on collagen upkeep and tendon organisation as well
as muscle development and regeneration (Robinson et al., 2017).
BGN knockout mice have been reported to have conformational
effects (IMPC, 2014). Remarkably, a cis-eQTL associated with the
expression of BGN was detected, with the most significant variant
(rs1108637659) being located upstream of the gene. Animals
homozygous for the A allele showed both higher BGN expression
and lean meat percentage in different muscles, and lower fatness
measures compared to animals carrying the G allele, consistently
with the gene function. Therefore, the rs1108637659 polymor-
phism could be considered a strong candidate that deserves further
study. Among the most significant variants of the SSCX QTL,
rs81000133 and rs336426564 were found inside intronic regions
of the SLC6A8 gene. The protein encoded by this gene transports
creatine across plasmatic membrane. Creatine is used as a high-
energy buffer in organs such as the brain or skeletal muscle, and
as such has been shown to impact motor functions and muscle
metabolism (Bryant Chase et al., 2018). Remarkably, the SNP
rs345048026, also located in intron 1 of SLC6A8, was identified as
the most significant SNP in a cis-eQTL for SLC6A8 gene expression.
This SNP showed a linkage disequilibrium of 0.926 with both
rs81000133 and rs336426564. Homozygous animals for the A
allele showed both higher expression of SLC6A8 and fat thickness
percentages, jointly with lower meat percentages, than animals
carrying the C allele. This result is in agreement with the pheno-
type of knockout mice for SLC6A8 which showed a decrease in
BW as well as body fat (Baroncelli et al., 2014; Skelton et al.,
2011). Among the candidate genes identified in SSC14 for shoulder
lean meat, ATE1 has been reported to affect postnatal weight, body
conformation, fat gain and muscle strength in mice studies
(Brower & Varshavsky, 2009; Cornachione et al., 2014), while
FGFR2 is involved in fibroblast development (Bonaventure & El
Ghouzzi, 2003).

Several candidate genes for semimembranosus pH 24 hours
after death were identified in SSC6. NRDC is a metalloprotease
involved in cell proliferation and migration and has implications
in reducing cell growth in certain tissues (Hospital et al., 2002).
LEPR and LEPROT, two different genes controlled by the same pro-
moter, have been related to animal growth (Bailleul et al., 1997).
LEPR encodes the leptin receptor which controls fat gain and regu-
lates obesity (Bailleul et al., 1997), while LEPROT participates in the
maturation of Growth Hormone Receptor in the Golgi (Touvier
et al., 2009). Both genes are strong candidates for meat parameters
in pork, specially LEPR, which has been largely reported to affect
backfat thickness and intramuscular fat (Cirera et al., 2018;
Mackowski et al., 2005; Óvilo et al., 2022; Pérez-Montarelo et al.,
2015; Ros-Freixedes et al., 2016; Uemoto et al., 2012). Since fatness
traits have high genetic correlations with intramuscular pH, a pos-
sible indirect effect of LEPR in postmortem pH should be consid-
ered. Lastly, PDE4B had the most significantly associated variants
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for pH at 24 h. This gene plays a role in signal transduction through
the concentration of cyclic nucleotides (Enoksson et al., 1998), and
has also been related to skeletal muscle atrophy in burns
(Balasubramaniam et al., 2018). Remarkably, PDE4B is also neces-
sary for the lipopolysaccharide-activated immune response of
phagocytic cells (Yang et al., 2018), and has been previously asso-
ciated with immune-related phenotypes in humans and pigs (Han
et al., 2020), including the commercial Duroc population analysed
in this study (Crespo-Piazuelo et al., 2021). Therefore, PDE4B may
be a pleiotropic gene influencing immunity and meat quality traits
in pigs.

This study focuses on the genetic basis of nine carcass and pork
quality traits as well as their genetic relationships with immunity
and health-related traits in a commercial Duroc population. A total
of five genes were described for semimembranosus pH, being LEPR,
LEPROT and PDE4B the strongest candidates. Other nine genes were
highly associated to both carcass lean and fat contents, highlight-
ing DPP10 and SLC6A8. In addition, relevant genetic associations
between meat quality traits and several immunity phenotypes
were reported. These relationships might pose a challenge for
breeding programmes and should be taken into consideration to
improve immunocompetence without impairing production traits
in pigs.
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