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Abstract
Background: DNA methylation is a key epigenetic mechanism. Most of epigenetic studies of pigs to date
have focused on differential methylation analysis. However, few studies have conducted association
study between DNA methylation and phenotypic traits. Thus, it is critical to link DNA methylation and
phenotypic traits in order to understand the molecular mechanism on epigenomes. In this study, we
aimed to identi�ed CpG sites at which DNA methylation levels are associated with meat quality traits in
140 Yorkshire pigs, including pH at 45min (pH45min), pH at 24h (pH24h), drip loss (DL), meat redness value
(a*), yellowness (b*) and lightness (L*).

Results: Genome-wide methylation levels were measured in muscular tissue using reduced representation
bisul�te sequencing (RRBS). Associations between DNA methylation levels and meat quality traits were
examined using linear mixed-effect models that were adjusted for gender, year, month and body weight. A
Bonferroni-corrected P value lower than  was considered statistically signi�cant threshold. Eight CpG
sites were associated with DL, including CpG sites annotated to RBM14 gene (cpg301054, cpg301055,
cpg301058, cpg301059, cpg301066, cpg301072 and cpg301073) and NCAM1 gene (cpg1802985). Two
CpG sites were associated with b*, including RNFT1 and MED13 (cpg2272837) and TRIM37 gene
(cpg2270611). Five CpG sites were associated with L*, including GSDMA and LRRC3C gene
(cpg2252750) and ENSSSCG00000043539 and IRX1 gene (cpg2820178, cpg2820179, cpg2820181 and
cpg2820182). No signi�cant associations were observed with pH45min, pH24h or a*.

Conclusion: We reported associations of meat quality traits with DNA methylation and identi�ed some
candidate genes associated with these traits, such as NCAM1, MED13 and TRIM37 gene. These results
provide new insight into the epigenetic molecular mechanisms of meat quality traits in pigs.

1. Background
Meat quality are important traits in the pig industry. Meat quality traits mainly include, pH45m, pH24h,
water-holding capacity (WHC) or DL, meat color and intramuscular fat content (IMF). In the process of pig
genetics and breeding, the production performance of pig has always been the main breeding goal, and
has achieved remarkable results. However, in recent years, the meat quality of pig has attracted more and
more attention. Improving meat quality has become a high priority for the pork industry.

A great deal of progress has been made by genome-wide association studies (GWAS) to identify genetic
loci for meat quality traits[1, 2]. In recent decades, more than 30,000 quantitative trait loci (QTL) have been
released for public access on the Pig QTLdb (release 40, December 2019.
http://www.animalgenome.org/cgi-bin/QTLdb/SS/index). Among them, 730 QTLs have been found to
affect pork pH and 651 QTLs are associated with meat color.

While tremendous progress has been made in identifying QTLs associated with meat quality traits,
epigenetic mechanisms for regulating gene expression are less understood, such as DNA methylation,
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histone modi�cation and chromatin accessibility. In particular, DNA methylation at CpG sites plays an
important role in development, cell differentiation, imprinting and regulation of gene expression. DNA
methylation is an annotation system that marks genetic text to guide how and when to read information
and control transcription[3]. DNA methylation has been shown to be related to pig traits, including
growth[4], reproduction[5] and immune response[6].

Similar to GWAS, epigenome-wide association studies (EWAS) use epigenetic factors instead of SNP to
identify candidate genes for traits[7]. In recent years, EWAS have identi�ed associations for DNA
methylation and complex traits in humans, such as body-mass index (BMI)[8, 9], obesity[10, 11] and
diseases[12–15]. However, up to now, most EWAS studies have been carried out in human but no EWAS
studies have been conducted on pigs.

In this study, we aimed to investigate the association between DNA methylation and meat quality traits in
Yorkshire pigs by using muscular tissue. We conducted EWAS using RRBS data and then identi�ed 20
signi�cant CpG sites associations with meat quality traits. The results are a step toward realizing the
epigenetic molecular mechanisms of meat quality traits and identifying new loci.

2. Methods

2.1 Animals and DNA sample
A total of 140 Yorkshire pigs (51 male and 89 female) were used to extracted genomic DNA from
muscular tissue. The pigs were raised under the same recommended environment at the conservation
farm of Mingxing Agricultural science and Technology Development Co.,Ltd. All individuals were raised to
111.71Kg (±12.97Kg) weight, transported to the slaughterhouse, and were fasting for 24 h before
slaughter determination. After the carcass composition traits were determined, meat quality traits were
measured using methods previously described in detail[16, 17]. In this study, the meat quality traits
included pH45min, pH24h, DL, a*, b* and L*. Samples from the muscle tissue were snap-frozen in liquid
nitrogen then held at − 80 °C until analysis. Each sample was measured three times and the average
value was taken as the �nal result.

2.2 DNA methylation data
Brie�y, genomic DNA was isolated from �ash frozen muscular tissue. Then, the construction of RRBS
libraries and paired-end sequencing using Illumina HisSeq analyzer was performed at Novogene
technology co., LTD (Beijing, China). Raw sequencing data were processed by an Illumina base-calling
pipeline. Clean reads were aligned to the pig reference genome (Sscrofa11.1) using Bismark[18] after
removing adaptor sequences. Next, CpG methylation levels (ML) were measured using
bismark_methylation_extrator program. We �ltered ML data to keep only CpG cytosines across all
samples, and with CpG sites coverage in at least 105 samples (75%). This resulted in 3083713 CpGs. The
distribution of CpG sites were conducted using R package Rldeogram v0.2.2.
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2.3 Data analysis
We used the R package CpGassoc v2.60 to test for association between methylation and phenotype. We
applied the linear mixed-model with the CpG ML score (vary between 0 and 1) as the outcome, and
adjusted for sex, year, month, parity and body weight. We corrected for multiple comparisons using a
Bonferroni correction for 0.05/3083713 test setting signi�cant threshold P value to 7.79 × 10 −8. We
constructed Manhattan plots to present the results of epigenome-wide association analysis.

2.4 Candidate genes
Then we identi�ed candidate genes based on the signi�cant CpG sites by the Ensemble biomart
(http://www.biomart.org). The candidate genes listed for each site correspond to the gene itself for
intragenic, and the two nearest �anking genes by distance for intergenic, with the distance between the
site and each �anking gene listed for intergenic associations.

3. Results

3.1 Animals and meat quality traits
The characteristics of 140 Yorkshire pigs were presented in Table 1. All individuals were raised to
111.71Kg (± 12.97Kg) weight. In this study, we examined 6 traits related to meat quality using DNA
methylation pro�les from 140 Yorkshire pigs.
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Table 1
Descriptive statistics of meat quality

characteristics of muscular tissue from Yorkshire
pigs.

Characteristics Yorkshire pigs (mean ± 7SD)

N 140

Gender (male) 51

Weight (Kg) 111.71 ± 12.97

1pH45min
6.30 ± 0.29

2pH24h
5.91±0.33

3DL (%) 2.89±3.14

4a* 5.09 ± 1.24

5b* 2.36 ± 3.66

6L* 45.77 ± 2.43

1pH45min, pH at 45 min

2pH24h, pH at 24 h

3DL, drip loss

4a*, meat redness value

5b, meat yellowness value

6L*, meat lightness value

7SD, standard deviation

3.2 DNA methylation
We constructed RRBS libraries from muscular tissue to examine methylation patterns in 140 pigs. We
sequencing the libraries using Illumina HiSeq platform and then obtained on an average of 4.67 ± 
0.83 million raw reads per sample. After quality control, we obtained on an average of 4.59 ± 0.81 million
clean reads per sample. We �ltered ML data to keep only CpG cytosines across all samples, and with CpG
sites coverage in at least 105 samples (75%). This resulted in 3083713 CpGs for further analysis. Figure 1
showed the distribution of CpG sites for Yorkshire pigs in the 18 autosomal chromosomes.
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3.3 EWAS
We performed EWAS between CpG ML and 6 meat quality traits, including pH45min, pH24h, DL, a*, b* and
L*. We then used the R package “CpGassoc” to determine associations between DNA methylation and
phenotype, as is common practice for GWAS of quantitative traits. Based on the Bonferroni correction for
the number of CpG sites tested, associations were deemed signi�cant if P value were below 
7.79 × 10 −8.

A total of 15 signi�cant associations were detected, corresponding to 3 unique phenotypes (Fig. 2, Fig. 3
and Fig. 4) where the P value was below 7.79 × 10 −8. Table 2 summarized the signi�cant CpG sites
associated with these traits. However, we did not �nd signi�cant associations for pH45min, pH24h and a*
(Fig. 5).
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Table 2
Summary of signi�cant CpG sites associated with meat quality traits.

Traits CpG sites Chr Pos Intra/intergenic Candidate genes P
value

DL cpg301073 2 5783171 Intragenic RBM14 2.47e-
11

DL cpg301059 2 5783071 Intragenic RBM14 1.13e-
10

DL cpg301055 2 5783024 Intragenic RBM14 2.85e-
10

DL cpg301058 2 5783070 Intragenic RBM14 9.17e-
09

DL cpg301066 2 5783114 Intragenic RBM14 1.63e-
08

DL cpg301054 2 5783023 Intragenic RBM14 2.14e-
08

DL cpg301072 2 5783170 Intragenic RBM14 2.20e-
08

DL cpg1802985 9 40844891 Intragenic NCAM1 4.40e-
08

b* cpg2272837 12 36261646 Intergenic, 87 kb,
71 kb

RNFT1;

MED13

7.72e-
10

b* cpg2270611 12 35240816 Intragenic TRIM37 1.06e-
08

L* cpg2252750 12 22395823 Intergenic,17 kb,
3 kb

GSDMA;

LRRC3C

6.05e-
09

L* cpg2820178 16 77445768 Intergenic, 216 kb,
250 kb

ENSSSCG00000043539;

IRX1

2.20e-
10

L* cpg2820179 16 77445749 Intergenic, 216 kb,
250 kb

ENSSSCG00000043539;

IRX1

1.3e-
08

L* cpg2820181 16 77445775 Intergenic, 216 kb,
250 kb

ENSSSCG00000043539;

IRX1

2.44e-
08

L* cpg2820182 16 77445750 Intergenic, 216 kb,
250 kb

ENSSSCG00000043539;

IRX1

6.61e-
08
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Of the 17 signi�cant CpG sites, 9 CpG sites were intragenic, and 8 CpG sites were intergenic. The distance
between intergenic loci and nearby �anking genes ranged between 3 kb and 250 kb. The candidate genes
listed for each site correspond to the gene itself for intragenic, and the two nearest �anking genes by
distance for intergenic, with the distance between the site and each �anking gene listed for intergenic
associations.

3.4 Candidate genes
For DL trait, totals of 8 CpG sites reached signi�cant level and were regarded as signi�cant sites. Of the 8
CpG sites, 7 sites were located within the RBM14 gene, and the top CpG site was cpg301073
(SSC2:5783171, P = 2.47e-11). Besides, only 1 CpG site (cpg1802985, SSC9:40844891, P = 4.40e-08) were
located within the NCAM1 gene.

For meat color trait, totals of 2 and 5 CpG sites reached signi�cant level for b* and L*, respectively. For b*,
one of them, cpg2272837 (SSC12:36261646, P = 7.72e-10), was located in the intergenic region and the
nearest �anking genes were RNFT1 gene and MED13 gene. Another one was cpg2270611
(SSC12:35240816, p = 1.06e-8) that was located with the TRIM37 gene. In addition, for L*, the nearest
�anking genes of the cpg2252750 (SSC12:22395823, P = 6.05e-9) were GSDMA and LRRC3C. A total of 4
CpG sites were located in the intergenic region and the nearest �anking genes were
ENSSSCG00000043539 and IRX1 gene. Of them, the top CpG site was cpg2820178 (SSC16:77445768, P 
= 2.20e-10).

4. Discussion
The current study reports the results of an EWAS of meat quality traits in 140 Yorkshire pigs, including
pH45min, pH24h, DL, a*, b* and L*. We identi�ed 15 signi�cant associations, corresponding to 3 unique
phenotypes. Then we identi�ed 7 CpG sites within RBM14 gene and 1 CpG site within NCAM1 gene to be
related to DL trait. In addition, we reported that methylation of CpG sites with in TRIM37 gene and
methylation are associated with b* trait. Moreover, we also some signi�cant CpG sites are located in
intergenic region.

DL trait is used to describe the water-holding capacity of meats. The water-holding capacity of meats is
affected by multiple factors[19], including muscle cell structure, muscle contraction, muscle cell protein
and genetic factors. We observed that methylation of 7 CpG sites annotated to the RBM14 gene on SSC2
and 1 CpG site annotated to the NCAM1 gene on SSC9 were associated with DL trait. The RBM14 gene
encodes a ribonucleoprotein that functions as a general nuclear coactivator and an RNA splicing
modulator[20]. The NCAM1 gene encodes a cell adhesion protein that is a member of cell adhesion
molecules (CAMs) family. The CAMs are associated with the binding of a cell to another cell or to the
extracellular matrix. They play important role in cell proliferation, differentiation, tra�cking, motility,
apoptosis and tissue architecture. Up to now, it is not clear how methylation of RBM14 gene and NCAM1
gene are involved in DL. Multiple studies have shown that NCAM1 is associated with denervation and
reinnervation, and is often used as a marker of muscle �ber denervation. We cannot de�nitively know thatLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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the NCAM1 is associated with DL. However, that NCAM1 is associated with denervation and
reinnervation, and is often used as a marker of muscle �ber denervation[21, 22] provides evidence to
conclude that NCAM1 may be involved in WHC of muscle by regulating skeletal muscle �ber.

We also observed that the methylation levels 1 CpG site near RNFT1 and MED13 gene and 1 CpG site
annotated to the TRIM37 gene are associated with b* traits. The MED13 gene is a protein coding gene
that encodes a component of the mediator complex. A study in mice showed that MED13 inhibits the
expression of genes related to glucose uptake and metabolism in skeletal muscle by inhibiting the
nuclear receptor NURR1 and the MEF2 transcription factor[23]. The TRIM37 gene encodes a peroxisomal
protein (TRIM37) with E3 ubiquitin-ligase activity. The mutations in the TRIM37 gene caused mulibrey
(muscle-liver-brain-eye) nanism (MUL). Although the physiological function of TRIM37 in vivo is unclear,
a study has shown that members of the ubiquitin-proteosome pathway can participate in energy
metabolism by affecting the regulation of insulin signaling[24]. Energy metabolism plays an important
role in the process of muscle transformation after slaughter. Therefore, we speculate that MED13 and
TRIM37 may affect meat quality by participating in muscle energy metabolism.

Besides, we also found several associations such as GSDMA, LRRC3C and IRX1 which we found to be
associated with L* trait. The GSDMA, LRRC3C gene were regarded as contributors to in�ammatory bowel
disease susceptibility[25]. Interestingly, some studies have implicated IRX1 methylation as a potential
molecular marker for cancer, including head and neck squamous cell carcinoma[26], osteosarcoma[27] and
gastric cancer[28].

The current study outlines the method of examining epigenetics in muscle tissue of pigs, but is
constrained by limited genetic variability of the breed. The population is composed of 140 Yorkshire pigs,
and it is likely that some of our results will not extend to other breeds. Sample size is also an important
factor limiting our ability to identify more reliable sites[29]. Furthermore, methylation patterns are known to
differ between muscle tissue and adipose tissue[30], a question is to compare the effect of methylation in
muscle tissue and adipose tissue on meat quality. Therefore, comparing DNA methylation data from
muscle and adipose tissue may elucidate how these respond differently to meat quality traits. Finally,
using a limited set of CpG sites, we identi�ed some associations between methylation levels and meat
quality traits. Thus, these results remain to be determined in future studies.

In conclusion, we reported associations of meat quality traits with DNA methylation and identi�ed some
candidate genes associated with these traits, such as NCAM1, MED13 and TRIM37 gene. These results
provide insight in the mechanisms that are involved in meat quality traits and identify potential candidate
genes. Future studies should include a lager sample size and further investigate the causality of the
observed associations.
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pH24h: pH at 24h

DL: drip loss

a*: meat redness value
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IMF: intramuscular fat content

WHC: water-holding capacity
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Figures

Figure 1

The distribution of CpG sites for Yorkshire pigs in the 18 autosomal chromosomes
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Figure 2

Manhattan plot showing EWAS results for DL trait. Each dot represents an CpG site and the blue line
represents the threshold.

Figure 3
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Manhattan plot showing EWAS results for b* trait. Each dot represents an CpG site and the blue line
represents the threshold.

Figure 4

Manhattan plot showing EWAS results for L* trait. Each dot represents an CpG site and the blue line
represents the threshold.
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Figure 5

Manhattan plots showing EWAS results for other traits. Each dot represents an CpG site. (a) Manhattan
plot showing EWAS results for pH45min. (b) Manhattan plot showing EWAS results for pH24h. (c)
Manhattan plot showing EWAS results for a* trait.
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