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Summary

Protected designation of origin (PDO) dry-cured hams are obtained from heavy pigs slaughtered
at about 160 kg of live weight. A specific breeding program designed to improve meat quality
for this production has included as key traits the level of intermuscular fat between the leg
muscles and ham weight loss during the seasoning period together with a balance between fat
and lean cuts. In this study, we carried out genome wide association studies (GWAS) using
random residuals of five traits related to seasoning [visible intermuscular fat (VIF), ham weight
(HW), ham weight loss at first salting (HWLFS), backfat thickness (BFT) and lean cuts (LC)]
together with feed:gain ratio (FGR) and average daily gain (ADG) in 573 performance tested
Italian Duroc pigs genotyped with the Illumina PorcineSNP60 BeadChip. To detect quantitative
trait loci (QTL) for each of these traits, GWAS were carried out using a windows-based
Bayesian B approach. A single SNP linear mixed model (LMM) approach was used to support
the Bayesian analyses. A total of 26 windows or QTL that explained more than 1% of the
variance were detected and confirmed by LMM in one of these traits: four QTLs for VIF, seven
for HWLFS and five and four for BFT and LC respectively. Eight QTLs was detected for the
other three traits. Among these QTL, only one detected on Chromosome 10 overlapped LC and
HW. Several of these regions contained genes that have been already associated with other
production traits in pigs that involved fat deposition and/or muscle structure. This study reports
for the first time GWAS results for all traits considered in the Italian Duroc selection program.
The results will be useful to dissect the genetic basis for dry-cured ham quality traits that
contribute to the total genetic merit index of Italian Duroc pigs.
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Introduction

The heavy pig production chain is a very important source of niche pork products, particularly in
Southern Europe. About 70% of Italian born pigs are raised to produce Protected Designation of
Origin (PDO) products that reach a total economic value of more than 3 billion € per year.
Parma and San Daniele dry-cured hams represent the majority of PDO products and are obtained
from pigs that are slaughtered at about 160 kg of live weight when animals are at least 9 months
old, according to dry-cured ham Consortia rules. Seasoning of the legs lasts at least 12 months
during which the only addition of salt and controlled temperature and humidity act together to
obtain the right dryness of the hams. Thus, it is fundamental that suitable raw materials (e.g.
green legs) should be supplied starting from a specific breeding program able to produce animals
with the requested characteristics of the meat and legs. For this reason, two important traits
linked to the quality of the final products are mainly considered and developed in the selection
programs of Italian heavy pigs, particularly for the Duroc breed. These traits are visible
intermuscular fat (VIF) and ham weight loss at first salting (HWLFS) that are routinely
considered and included in the genetic merit evaluation for this production (Bosi & Russo, 2004)
and are measured/evaluated directly in the ham itself. Other traits like backfat thickness (BFT)
and lean cuts (LC), that are indicators of the overall fat/lean content of the animals, are also
included in this genetic program. Heritability estimates values of these traits are moderate to
high (0.30-0.61) (ANAS, 2016).

In this work, we report, for the first time, GWAS results in Italian Duroc heavy pigs. The
study was conducted using two approaches, a window-based Bayesian analysis and single SNP
Linear Mixed Model (LMM) that was used to confirm 1Mb QTL regions for the investigated
traits (VIF, HWLFS, BFT and LC) together with other production traits [average daily gain
(ADG), feed/gain ratio (FGR) not included in the genetic merit but still monitored and ham
weight (HW), that is related to HWLFS]. These are recorded in performance tested animals to
detect novel QTL for these traits, to clarify the genetic basis of dry-cured ham related traits and
other important production traits in a breed that is specifically selected for the heavy pig
production chain.

Material and methods

Animals, traits, and genotyping

A total of 574 Italian Duroc pigs (452 entire gilts and 122 castrated males), individually
performance tested at the National Pig Breeders Association (ANAS) genetic station and that
represent the population structure of the nucleus were included in this study. Feed intake was
recorded daily, body weight was measured every two weeks, and ADG and FGR were
calculated. After slaughtering of the animals, BFT was measured on the carcasses at the level of
Musculus gluteus medius and LC included the weight of neck and loin. For VIF, three classes of
visible intermuscular fat were defined and were used to score exposed muscles of the legs at 24
hrs post mortem and averaged. HW was measured at 24 hrs post mortem and then re-measured at
the processing plant and after 7 days in brine (first salting) to calculate the averaged raw value of
weight loss of each ham at first salting HWLFS. Random residuals were calculated for the seven



investigated traits and corrected for sex, batch, date of slaughtering, age at slaughtering, visible
intermuscular fat class (for VIF) and inbreeding coefficient.

Genotyping of all pigs was carried out using the Illumina PorcineSNP60 BeadChip (v.1
or v.2) (Illumina Co., St. Diego, CA, USA) following the manufacturer’s protocol. Genotyping
data were filtered retaining only autosomal single nucleotide polymorphisms (SNPs) based on
Sscrofa11.1 genome version, with high call rate, minimum allele frequency (MAF) > 0.05 that
did not deviate from Hardy-Weinberg equilibrium. After these SNP filtering steps, only animals
with call rate >0.80 were used for the analyses. Finally, missing genotypes were imputed.

Window-based Bayesian and Single SNP genome-wide analyses

For each trait, the Bayesian C approach was used to estimate additive genetic and residual
variance components with the GenSel software (Fernando & Garrick 2009). Then, Bayesian B
analyses were performed using a chain length of 51000 iterations with the first 1000 cycles
being discarded as burn-in. The proportion of SNPs that were considered as having no effect in a
single iteration was set to π = 0.993. Non-overlapping 1-Mb windows with contributions equal
or above the 1% of the total variance were retained. To assess the association between each SNP
and each trait in the LMM analyses, the null hypothesis H0; β = 0 was tested. All models were
fitted using GEMMA (Zhou & Stephens, 2012), after computing K by the centered genomic
matrix. For each trait, SNPs were defined as associated based on the following two thresholds:
significant, Pvalues <5.00E-05 and suggestive Pvalues, <5.00E-04.

The gene search was performed only on windows detected with the Bayesian analyses
that contained at least one significant or suggestive SNP of GEMMA using the annotated
Sscrofa11.1 genome available on NCBI (https://www.ncbi.nlm.nih.gov/).

Results and discussion

Table 1 summarizes some basic parameters of the analysed traits in the investigated pigs. A total
of 33,101 SNPs and 573 animals were retained for the QTL study. The results of the Bayesian
analyses are shown in Figure 1. A total of 29 QTL across the seven considered traits were
identified. Seven windows were detected for HWLFS located on Sus scrofa (SSC) 2, 4, 6, 7, 8
and 12. Four QTL were detected for VIF on SSC1, 7 and 8. Five windows were identified for
BFT on SSC1, 6, 7 and 8 and four QTL were detected for LC on SSC10 and 18. For the other
traits (HW, ADG and FGR), 10 windows were detected on SSC2, 9, 10, 11, 12, 13, 16 and 17.
The LMM analyses did not confirm three windows: one on SSC7 (99.14-99.99 Mb) for VIF, one
on SSC12 (7.05-7.98Mb) for HW and one on SSC2 (97.22-97.95 Mb) for ADG. All other QTL
were confirmed by one to six SNPs.

Three windows could be considered major QTL because they explained more than the
3% of the total variance for HWLFS [on SSC6 (151-152Mb) and SSC12 (18-19 Mb)] and ADG
[on SSC9 (23-24 Mb)]. Only one QTL window was reported for more than one trait. This may
hint that it could be possible using these detected QTL for the improvement of specific traits
without virtually affecting the other traits. The shared QTL region was on SSC10 (44-45 Mb) for
LC and HW that in the Italian Duroc breed are highly genetically correlated (0.77). This region
contains the CACNB2 gene associated with loin marbling score in Canadian Duroc pigs
(Neustaeter et al., 2014). This gene may be involved in myogenesis, muscle growth,
adipogenesis, lipogenesis/lipolysis, and in the utilization of energy substrates. Several other



genes included in the other QTL regions had been already associated with several production
traits that involved fat deposition and/or muscle structure. For example, the PGAM2 gene
detected within the QTL on SSC18 (48-49 Mb) had been already associated with HW in Italian
Large White (Fontanesi et al., 2008). Another gene, FUBP3, associated with VIF in our study
(SSC1:27-28 Mb) was associated with daily gain, back fat, chest width, and circumference of
chest in a Duroc population (Sato et al., 2016). Some genes may have strong biological role in
determining the muscle development/differentiation in other species: e.g. the ARHGAP1 gene
that in our work was associated with HWLFS (SSC2:15-16 Mb) is involved in determining
muscle mass in mice (Kärst et al., 2011).

Conclusions

This study reports for the first time GWAS results for all the considered traits in Italian Duroc
selection program. The identified QTL and candidate genes will be useful to dissect the genetic
basis for dry-cured ham quality traits that contribute to the total genetic merit index of Italian
Duroc pigs. As Duroc pigs are usually used as terminal sires, the effect of these QTL on the
crossbred commercial populations remains to be evaluated.
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Table 1. Summary of basic statistical parameters for the analysed traits (random residuals) in
the investigated Italian Duroc pigs. Min, minimum value; Max, maximum value; SD, standard
deviation. Acronyms of the traits are defined in the text.

Min Max Mean SD
VIF -1.05 0.90 -0.06 0.37
HWLFS -98.00 95.00 -1.42 31.58
BFT -12.71 21.24 0.16 4.39
LC -6.14 7.49 -0.20 2.22
HW -4.02 4.22 0.01 1.14
ADG -287.00 192.00 -3.58 62.93
FGR -0.90 1.08 0.02 0.25



Figure 1. Manhattan plots of the Bayesian analysis (1 Mb windows) for the seven investigated
traits. Acronyms of the traits are defined in the text. Windows that explained more than the 1%
of the total variance are above the red line.


