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Abstract
Molecular marker-assisted selection (MAS) provides an efficient tool for pig breeding. In this study, according to the litera-

ture, we selected eight effective or causal mutations from eight functional genes, including five causal mutations in PHKG1
(rs330928088), MUC13 (rs319699771), IGF2 (g.3072G>A), VRTN (g.20311_20312ins291), and MYH3 (XM_013981330.2:g.-1805_-1810del)
genes, and three effective mutations in LIPE (rs328830166), LEPR (rs45435518), and MC4R (rs81219178) genes, to investigate their
potential breeding effect in 418 Lulai pigs. The linear model was used to analyse the association between mutations and in-
tramuscular fat (IMF) content, average backfat thickness, and muscle moisture %. The results revealed that amongst the three
effective mutations, only the mutation in the LEPR gene, which affects IMF deposition, was significantly associated with IMF
content. However, the other molecular markers were not significantly associated with the affected traits reported in previous
studies, and these mutations are ineffective for MAS in the Lulai black pig population. Therefore, causal mutations in PHKG1,
IGF2, and VRTN genes, and an effective mutation in LEPR gene could be used as effective breeding makers for MAS in Lulai pigs.
These results can provide helpful information for further breeding in Lulai black pigs.

Key words: Lulai black pigs, effective mutations, causal mutations, marker-assisted selection

Résumé
La sélection assistée par marqueur moléculaire (MAS——« molecular marker-assisted selection ») offre un outil efficace pour la

reproduction des porcs. Dans cette étude, selon la littérature, nous avons choisi huit mutations efficaces et causales provenant
de huit gènes fonctionnels, incluant cinq mutations causales dans les gènes PHKG1 (rs330928088), MUC13 (rs319699771), IGF2
(g.3072G>A), VRTN (g.20311_20312ins291) et MYH3 (XM_013981330.2:g.-1805_-1810del), et trois mutations efficaces dans les gènes
LIPE (rs328830166), LEPR (rs45435518) et MC4R (rs81219178), afin d’étudier les effets potentiels de celles-ci sur la reproduction de
418 porcs Lulai. Le modèle linéaire a été utilisé pour analyser l’association entre les mutations et la teneur en gras intramuscu-
laire (IMF——« intramuscular fat »), l’épaisseur moyenne du gras dorsal (ABT——« average backfat thickness »), et le pourcentage
d’humidité dans le muscle (MMP ——« muscle moisture percent »). Les résultats ont révélé que parmi les trois mutations effi-
caces, seule la mutation dans le gène LEPR, qui a un effet sur le dépôt d’IMF, était associée de façon significative à la teneur en
IMF. Par contre, les autres marqueurs moléculaires n’étaient pas associés de façon significative avec les caractéristiques affec-
tées rapportées dans les études préalables, et ces mutations sont non efficaces pour la MAS dans la population de porcs noirs
Lulai. Donc, les mutations causales dans les gènes PHKG1, IGF2 et VRTN, et une mutation efficace dans le gène LEPR pourraient
être utilisées comme marqueurs efficaces de reproduction pour la MAS chez les porcs Lulai. Ces résultats pourraient offrir de
l’information utile pour la reproduction ultérieure chez les porcs noirs Lulai. [Traduit par la Rédaction]

Mots-clés : porcs noirs Lulai, mutations efficaces, mutations causales, sélection assistée par marqueur moléculaire

Introduction
Breeders in China have devoted themselves to the genetic

improvement of pigs for a long time and have achieved re-
markable achievement through steadily advancing in the last
decade (Palombo et al. 2021). However, the improvement of
breeding efficiency and accuracy is still a challenge. With
the development of molecular marker techniques, marker-
assisted selection (MAS) has become a rapid and simple

method for molecular breeding (Chen et al. 2019; Yang et
al. 2020). It uses the linkage between phenotypes of a cer-
tain trait and molecular markers in the genomic. By selecting
target genotype, individuals with target traits were quickly
and accurately selected. It is regarded as one of the effective
means of improving breeding efficiency.

In pigs, some causal genes or tightly linked genes affect-
ing crucial traits and used in practical production have been
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reported in previous studies, such as PHKG1 (rs330928088) (Ma
et al. 2014), MUC13 (rs319699771) (Zhang et al. 2008), IGF2
(g.3072G>A) (Burgos et al. 2012), VRTN (g.20311_20312ins291)
(Ren et al. 2012a; Fan et al. 2013), MYH3 (XM_013981330.2:g.-
1805_-1810del) (Cho et al. 2019), LIPE (rs328830166) (Zhao et al.
2009), LEPR (rs45435518) (Ros-Freixedes et al. 2016), and MC4R
(rs81219178) (Schroyen et al. 2015). The mutations in these
genes could be used as markers for MAS to accelerate the
breeding progress in pigs.

Amongst the genes mentioned above, PHKG1 is a vital can-
didate gene affecting pork water-holding capacity, pH value,
pork colour, and glycolysis (Zappaterra et al. 2019). C to A
substitution at position 8283 in intron 9 of PHKG1 gene will
lead to the decrease of the rate of glycogenolysis in muscle
tissue. However, excessive glycogen could induce the accu-
mulation of lactate, which leads to the decrease of final pH
value and the increase of drip loss (Ma et al. 2014; Florowski
et al. 2017; Liu et al. 2019b). MUC13 is a major gene that af-
fects diarrhoea in neonatal and young pigs. The mutation
rs319699771 in MUC13 can influence the adhesion of entero-
toxigenic Escherichia coli f4ac to the small intestinal villous of
pigs. Amongst the genotypes, individuals with GG genotype
are resistant ones, and individuals with AG and AA genotypes
are susceptible ones (Ren et al. 2012b; Shi et al. 2017; Liu et
al. 2019a). IGF2 is a causal gene affecting the lean meat rate
in pigs. Base change of G to A in intron 3 of IGF2 gene can
increase muscle production and reduce backfat (BF) deposi-
tion (Van Laere et al. 2003). The indel g.20311_20312ins291 in
VRTN gene is the causative mutation affecting the thoracic
vertebrae number in pigs, and individuals with this muta-
tion have more than one thoracic vertebra than the wild type
(Fan et al. 2013; Yang et al. 2016). MYH3 gene encodes the em-
bryonic heavy chain myosin, which is mainly used to control
the traction and slide of muscles (Knight and Molloy 2000;
Maheshwari et al. 2017; Cope et al. 2020). Recently, Cho et al.
(2019) reported that the causal mutation XM 013981330.2:g.-
1805-1810del, which is a 6 bp deletion variant in the pro-
moter region of MYH3 gene, could affect intramuscular fat
(IMF) content and red flesh colour (a∗) in pigs. The protein
encoded by the hormone-sensitive lipase (LIPE) gene is one of
the lipolytic enzyme. The gene plays a crucial role in control-
ling lipid deposition (Lampidonis et al. 2011; Piórkowska et
al. 2018; Al-Thuwaini et al. 2020). Several studies have sug-
gested that the mutation (rs328830166) of LIPE is significantly
correlated with IMF content in the crossbred pigs (Duroc ×
Shanzhu pigs), and the IMF content of individuals with al-
lele A was higher (Xue et al. 2015). LEPR gene encoding pro-
teins binding to leptin protein could regulate several phys-
iological processes including body energy balance and fat
metabolism (Zhang et al. 2016). Individuals with the TT geno-
types of rs45435518 in LEPR have more saturated fatty acids
(SFA) than ones with wild type. In addition, genome-wide as-
sociation studies have confirmed that LEPR gene is one of
the major loci that affect IMF content and fatty acid com-
position in Duroc (Rodriguez et al. 2010; Galve et al. 2012;
Ros-Freixedes et al. 2016). MC4R gene is one of the candidate
genes affecting growth, BF thickness, and meat quality. When
a G/A substitution at position 298 of MC4R gene occurs, it will
significantly increase BF thickness, carcass weight, moisture

content, and the content of SFA (Fontanesi et al. 2013; Hirose
et al. 2014; Choi et al. 2016).

China is rich in pig species resources and has many local
pigs. Most local pigs have high fecundity and the characteris-
tics of strong stress resistance, and especially the meat quality
is significantly better than foreign pig breeds (Cheng-yi et al.
2003). Lulai black pig is a new variety with the comprehen-
sive advantages of local pigs and foreign pigs from the cross
between Laiwu pig (representative of North China black pig)
and Yorkshire pig after six generations of breeding (Chen et
al. 2017; Wang et al. 2019). Known for its high IMF content,
it is the best animal model to study fat deposition and ani-
mal breeding. It was released by the National livestock and
Poultry Genetic Resources Management Committee in 2006.
And it was announced by the Ministry of Agriculture of the
People’s Republic of China and issued the certificate as a new
variety of Lulai black pig. In this study, Lulai black pigs were
used to analyse the frequency distribution of the abovemen-
tioned eight effective or causal mutation sites in the above-
mentioned eight genes by restricted fragment length poly-
morphism (RFLP) analysis or sequencing. Moreover, we inves-
tigated the correlation between the effective mutation sites
and the meat quality traits in the Lulai black pig population.
The aim of the present study was to provide a theoretical ba-
sis for Lulai black pig breeding about the disease resistance,
meat quality, and growth performance. In addition, the in-
sights provided are valuable for the application and improve-
ment of MAS in pig breeding.

Materials and methods

Ethics statement
All the methods during slaughter were carried out follow-

ing the national standards (GB/T 17236-2019) from the State
Administration for Market Regulation of the People’s Repub-
lic of China. The Ethical Committee approved all procedures
of animal handling of Qingdao Agricultural University.

Animals
In this study, 418 Lulai black pigs, including 267 males and

151 females, were used. All pigs were fed in the breeding pig
farm of Jinan Laiwu Pig Breeding Co., Ltd. Ear tissues of each
pig were collected in tubes containing 75% ethanol and stored
at −20 ◦C for DNA extraction.

Phenotypic determination and genomic DNA
extraction

Lulai black pigs were slaughtered when their body weight
(BW) reached approximately 90 kg. Pigs were fasted for 24 h
before slaughter, then BW was measured. After slaughtering,
the BF thicknesses of the dorsal line shoulder, the BF thick-
nesses of the thoracolumbar junction, and the BF thicknesses
of the last lumbar vertebrae were measured using Vernier
callipers. The average of three values was regarded as the
result. The longissimus dorsi (LD) muscle tissues at the last
rib were collected to measure IMF content and muscle mois-
ture % (MMP) of LD. Before the measurements, the periph-
eral fascia was separated. Then, the LD was minced using a
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meat grinder and oven-dried at 65 ◦C to a constant weight in
a dryer. Finally, the moisture content was calculated by di-
viding the weight difference before and after mass by fresh
weight. The IMF content was analysed using the Soxhlet ex-
traction method (Wang et al. 2019).

Collected ear tissues were used to isolate genomic DNA us-
ing TIANamp Genomic DNA Kit from TIAGEN Biotech (Bei-
jing, China) following the manufacturer’s instructions. DNA
quality and concentrations were checked using SpectraMax
QuickDrop Micro-Volume Spectrophotometer (Molecular De-
vice, USA). The DNA samples with an A260/A280 ratio be-
tween 1.8 and 2.0 and an A260/A230 ratio greater than 2.0
were qualified DNA. The DNA concentration in multiple sam-
ples was diluted to a range of 20−50 ng/μL by ddH2O and the
samples were used for a subsequent test.

Primer design and PCR (Polymerase Chain
Reaction) amplification

The primers containing IGF2 (g.3072G>A), VRTN
(g.20311_20312ins291), and MYH3 (XM_013981330.2:g.-1805_-
1810del) mutation sites were designed using Premier 5.0
based on the IGF2, MYH3, and VRTN sequence of GenBank.
The primers are described in Table 1. All primers were
synthesized by the TSINGKE Company (Qingdao, China).

The multiplex PCR reaction of MYH3 and VRTN, performed
in a 25 μL total volume, contained 12.5 μL of Dream Taq™
Green PCR Master Mix (2×), 8.5 μL of ddH2O, 1 μL of Primer F
and Primer R, and 2 μL of genomic DNA. The PCR programme
was as follows: 94 ◦C for 5 min, 35 cycles (94 ◦C for 30 s, 61.5 ◦C
for 30 s, and 72 ◦C for 1 min), 72 ◦C for 10 min, and hold at
4 ◦C. The multiplex PCR reaction of IGF2, performed in a 25
μL total volume, contained 0.25 μL of Ex Taq DNA Polymerase
(5 U/μL), 12.5 μL of 2× GC Reaction Buffer, 5 μL of GC En-
hancer Buffer (5 mol/L), 1 μL of dNTP Mix (10 mmol/L each), 1
μL of Primer F and Primer R, 2.25 μL of RNase free water, and
2 μL of genomic DNA. The PCR programme was as follows:
94 ◦C for 1 min, 35 cycles (98 ◦C for 10 s, 63.2 ◦C for 30 s, and
72 ◦C for 30 min), 72 ◦C for 5 min, and hold at 4 ◦C. PCR prod-
ucts obtained were electrophoresed on 1.5% agarose gel, and
the gel running conditions were 180 V for 35 min. PCR prod-
ucts with bright and single bands were used for subsequent
tests.

Genotyping
The PCR products of IGF2 were sent to TSINGKE Company

(Qingdao, China) for Sanger sequencing. The sequencing re-
sults were analysed by using DNAMAN 8.0.8 (Lynnon Corpora-
tion, Canada) and Chromas 2.6.5 (Technelysium Pty, Ltd., Ire-
land) to identify mutations. The VRTN (g.20311_20312ins291)
genotypes results were determined by electropherograms.
The mutant (QQ) genotype generates a band of 411 bp,
whereas the wild type (qq) genotypes a band of 120 bp and
two bands for heterozygous (Qq) genotype (Fig. 1). Genotyp-
ing of the MYH3 gene was performed by PCR–RFLP. The mul-
tiplex PCR reaction of HpyCH4IV in a 25 μL total volume con-
tained 10 μL of PCR product, 0.5 μL of HpyCH4IV, 2.5 μL of
10× NEBuffer, and 12 μL of ddH2O. The reaction was incu-

bated for 15 min at 37 ◦C. The genotypes were determined
by electrophoresis on a 3% agarose gel (one band: 143 bp
for wild type (qq) genotype; two bands: 91 and 46 bp for
the mutant (QQ) genotype; and three bands: 143, 91, and
46 bp for heterozygous (Qq) genotype) (Fig. 2). The remain-
ing five sites were genotyped by Tianhao Biotechnology Com-
pany (Shanghai, China) through SNaPshot, including PHKG1
(rs330928088), MUC13 (rs319699771), LIPE (rs328830166), LEPR
(rs45435518), and MC4R (rs81219178).

Statistical analyses
The total number of animals analysed here was 418. Al-

lelic and genotypic frequencies were calculated by genetic
equilibrium law. Polymorphic information content (PIC), ob-
served heterozygosity (HO), and expected heterozygosity (HE)
were computed by using H0 = ∑k

i=1P2
i , He = 1 − ∑k

i=1P2
i , and

PIC = 1 − ∑k
i=1P2

i − ∑k
i=1P2

i

∑k
j=i+12P2

i P2
j , where Pi and Pj are

the frequencies of the i-th and j-th alleles, respectively, and
k is the number of alleles. A PIC value from 0 to 0.25 indi-
cates low polymorphism, a PIC value from 0.25 to 0.5 indi-
cates intermediate polymorphism, and a PIC value from 0.5
to 1 indicates high polymorphism.

Normality distribution test was performed on the data us-
ing SPSS software (Version 26). Correlation function within
the R package “Performance Analytics” was used to calculate
the correlation between IMF, MMP, and average backfat thick-
ness (ABT) and to generate the correlation scatter plot. And
the sex and weight were adjusted when calculating the phe-
notypic correlation. Association analyses were done using the
linear model in PLINK software (Purcell et al. 2007). Sex and
weight were included as fixed effects. The full model is y =
αSNP + xb + e. y denotes the phenotypic values. α is the marker
effects for each SNP. x is design matrices for the fixed effects,
and b is the sex and weight fixed-effect vectors. e is the resid-
ual error. Excel was used to calculate the FDR (False Positive
Rate) value of the statistical results, so as to perform multiple
tests on the p value. In general, FDR = Q value = adjusted p
value. The calculation formula is Q value = p × (m/k), where
m is the number of tests and k is the ranking of p value of this
test amongst all tests. The individuals with significant differ-
ences were analysed by ANOVA (Analysis of Variance) using
the SPSS (Version 26).

Results

Phenotypic measurement results of Lulai black
pig and descriptive statistics

The results of measurements for traits of 418 Lulai black
pigs are shown in Table 2. The means of ABT and MMP of
the Lulai black pig population were 38.50 ± 5.66 mm and
71.15 ± 2.83%, respectively, and the means of overall IMF
content were 5.02 ± 3.10%. MMP had the smallest coefficient
of variation (CV; 3.98%), and IMF was the most remarkable
(61.94%) in the population. That suggested that interindivid-
ual variation in IMF content was wide.
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Table 1. Primer sequences and annealing temperature.

Prime Sequence of the primer (5′−3′) Length of the fragment (bp) Annealing temperature (◦C)

VRTN-F GGCAGGGAAGGTGTTTGTTA 411 61.5

VRTN-R GACTGGCCTCTGTCCCTTG

IGF2-F ACTGTTGAAGTCCCCGAGAG 283 63.2

IGF2-R GAAGGGAGGAAGCCGAGAG

MYH3-F GGGCTACCTCCCTCTCA 143 61

MYH3-R GTTGTGGCAGGAATGTGT

Fig. 1. The electrophoretogram of the PCR amplification of
VRTN gene.

Fig. 2. The electrophoretogram of the PCR amplification of
MYH3 gene.

Table 2. Statistical description of carcass and meat quality
traits in Lulai black pig population.

Traits N Min Max Mean ± SD CV

ABT (mm) 418 21.15 61.39 38.50 ± 5.66 17.81%

MMP (%) 418 54.10 75.79 71.15 ± 2.83 3.98%

IMF (%) 418 1.02 18.78 5.02 ± 3.10 61.94%

Note: Mean ± SD represents the means with standard deviations for diverse
genotypes; Max refers to the maximum value of the phenotype; Min refers to
the minimum value of the phenotype; CV = coefficient of variation.

Phenotype correlation analysis of Lulai black
pigs

The degree of phenotypic correlation amongst traits of Lu-
lai black pigs is shown in Figs. 3 and 4. Q–Q plots are approx-
imately linear. And tests for normality indicated that three
traits followed an approximately normal distribution. The
correlation was strongest for IMF and MMP, showing a nega-

tive correlation, with a correlation coefficient of −0.87. How-
ever, there is a weak correlation between IMF and ABT, with a
correlation coefficient of 0.22. As the ABT and MMP changed,
the results revealed that a corresponding increase/decrease
was seen in IMF content.

Genetic analysis of effective/causal mutations of
Lulai black pigs

The allele frequency, genotype frequency, and genetic di-
versity parameters (HO, HE, and PIC) of the effective/causal
sites in the PHKG1, VRTN, MYH3, LIPE, and other genes are
summarized in Table 3. The frequencies of favourable alle-
les were higher in mutation sites of causal genes PHKG1,
VRTN, and MYH3, means 0.927 (C), 0.854 (q), and 0.523 (Q),
respectively. And the population lacks individuals with ho-
mozygous genotype from VRTN unfavourable alleles. The fre-
quencies of favourable alleles were lower in MUC13 and IGF2,
means 0.394 (G) and 0.075 (A), respectively. The favourable ho-
mozygous genotype of the IGF2 gene was only 5 cases in 418
Lulai black pigs. For other candidate genes, the frequencies of
favourable alleles were higher in LIPE, mean 0.737 (A); the fre-
quencies of favourable alleles were lower in LEPR and MC4R,
means 0.275 (T) and 0.122 (A), respectively. The favourable
homozygous genotype of the MC4R gene was only one case.

In the Lulai black pig population, the homozygosity of all
effective/causal mutation sites was higher than the heterozy-
gosity. The effective/causal mutations of MUC13, MYH3, LIPE,
and LEPR genes were moderately polymorphic, with 0.364,
0.375, 0.313, and 0.319 PIC values. The rest of the sites be-
longed to a low polymorphic locus (0 < PIC < 0.25). The values
of HE and PIC of the PHKG1, IGF2, and MC4R were low due to
the small number of homozygous mutants.

Association analysis between Lulai black pigs’
effective mutation sites and ABT, MMP, and IMF

In the population, we performed association analysis be-
tween effective mutation sites and ABT, MMP, and IMF. As-
sociation analysis results of effective mutation sites LIPE
(rs328830166), LEPR (rs45435518), and MC4R (rs81219178) with
ABT, MMP, and IMF are shown in Table 4. The results revealed
that the effective mutation site of the LEPR gene was signifi-
cantly associated with MMP and IMF (p < 0.05) with sex and
baseline weight as fixed effects, and IMF of the CC genotype
(5.32% ± 0.22%) was significantly higher than that of the TT
genotype (4.29% ± 0.42%). However, the effective mutation
sites of the LIPE and MC4R genes had no significant associa-
tion with ABT, MMP, and IMF.
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Fig. 3. Examining plots of normal distribution. (A) Normal
Q–Q plot of ABT; (B) normal Q–Q plot of MMP; and (C) normal
Q–Q plot of IMF.

In addition, amongst the five causal genes, Huang et al.
(2021) discovered that the XM_013981330.2:g.-1805_-1810del
mutation in MYH3 was not a causal mutation. Therefore, in
this study, the association analyses of genotypes with meat
quality traits were conducted. It was found that the mutant

genotype reported in MYH3 was not significantly associated
with IMF.

Discussion
Improving meat quality has become the aim of pig farming

and the primary goal of pig genetic breeding programmes
(Huang et al. 2021). In this study, we analysed the phenotypic
data of IMF, MMP, and ABT of Lulai black pigs. The results
revealed that the value of the CV% of MMP was deficient and
stable in the group, and that of IMF was considerably high,
which may be due to a large separation of IMF phenotypes
in the Laiwu pig population (Chen et al. 2017; Wang et al.
2020). The ancestor of Lulai black pigs may not have been
intensively selected for the IMF during the breeding process.

In addition, to screen the molecular markers that were
valuable for meat quality trait improvement, this test
analysed the genotype distribution and genetic varia-
tion of eight effective/causal mutation sites, including
PHKG1 (rs330928088), MUC13 (rs319699771), and MYH3
(XM_013981330.2:g.-1805_-1810del), and others, in the Lu-
lai black pig population. The study further explored the
association between genotypes at the effective mutation
sites and meat quality traits. In the five causal mutations,
the PHKG1 gene mutation is a loss-of-function mutation,
resulting in muscle glycogen degradation defects, forming
sour meat, reducing pork quality, and bringing significant
economic losses for pork production (Ma et al. 2014). The
unfavourable mutant allele was fixed in the Duroc and pigs
with Duroc kinship (Liu et al. 2019b). The mapping popula-
tion used in this study was Lulai black pig, a new hybrid of
Laiwu pigs and Yorkshire pigs. Thus, the unfavourable allelic
frequency of the A allele was considerably low, and the num-
ber of “Sour Meat” alleles, AA genotypes, was smaller. Still,
12% of Lulai black pigs with unfavourable alleles (AA and AC)
were observed, phasing out during the follow-up breeding.
MUC13 disease resistance gene has been extensively used
for identifying susceptible and resistant individuals with
piglet diarrhoea (Ren et al. 2012b). The results revealed that
the frequency of the favourable gene G was lower than A
in the Lulai black pig population, and the number of GG
genotypes was smaller. Therefore, in the breeding process of
Lulai black pigs, individuals with the AA genotypes should be
appropriately eliminated. Individuals with the G allele could
be selected from generation to generation to establish a
core group of the pig individuals with homozygous resistant
alleles. The process can effectively reduce the diarrhoea rate
of piglets. A causal mutation in IGF2 (g.3072G>A) is paternally
expressed. The mutant AA genotype could increase lean meat
production by 3–4% (Van Laere et al. 2003), improving re-
markable economic benefits. Studies indicate that these gene
polymorphisms were distributed in Landrace, Large White
breed, and Erhualian pig. The A allele was the superior allele
in the Landrace and Large White breed (Yang et al. 2006). The
study revealed that the frequency of the favourable allele A
was only 0.075 in the Lulai black pig population, responsible
for the characteristics of low lean meat. A method in which
paternal AA type and maternal GG type can be cultivated
in breeding exists, increasing the frequency of the A alleles
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Fig. 4. Phenotypic correlation coefficients between carcass and meat quality traits in Lulai black pig population. | r | ≤ 0.3,
weak correlation; 0.3 < | r | ≤ 0.4, moderate correlation; and | r | > 0.4, strong correlation. ∗∗p < 0.05; ∗∗∗p < 0.01. [Colour online.]

Table 3. Genetic parameters of eight causal or effective mutations in 12 genes of Lulai black pigs.

Gene (SNP) Chromosome Genotype (number) Frequency HO HE PIC

Genotype Allele

PHKG1 3 CC (368) 0.880 0.927 (C) 0.865 0.135 0.126

rs330928088 CA (39) 0.094

AA (11) 0.026 0.073 (A)

MUC13 13 AA (144) 0.344 0.606 (A) 0.522 0.478 0.364

rs319699771 AG (219) 0.524

GG (55) 0.132 0.394 (G)

IGF2 2 GG (358) 0.863 0.925 (G) 0.861 0.139 0.129

g.3072G>A GA (52) 0.125

AA (5) 0.012 0.075 (A)

VRTN 7 QQ (0) 0 0.146 (Q) 0.750 0.250 0.180

g.20311_20312ins291 Qq (121) 0.292

qq (294) 0.708 0.854 (q)

MYH3 12 qq (41) 0.098 0.477 (q) 0.501 0.499 0.375

XM_013981330.2:g.-1805_-1810del Qq (318) 0.759

QQ (60) 0.143 0.523 (Q)

LIPE 6 GG (15) 0.036 0.263 (G) 0.612 0.388 0.313

rs328830166 GA (190) 0.454

AA (213) 0.510 0.737 (A)

LEPR 6 CC (221) 0.529 0.725 (C) 0.601 0.399 0.319

rs45435518 CT (164) 0.392

TT (33) 0.079 0.275 (T)

MC4R 1 GG (317) 0.758 0.878 (G) 0.786 0.214 0.191

rs81219178 GA (100) 0.239

AA (1) 0.003 0.122 (A)

and improving the shortboard with a low lean meat rate
of cultivated varieties with high consanguinity. In addition,
our results revealed extremely high vertebra number alleles
VRTN (g.20311_20312ins291) in this population. No homozy-
gous genotyped individuals with unfavourable alleles of the
VRTN gene were observed. Vertebra numbers are an essential
economic trait in a pig that can influence carcass length
meat production, and its heritability was remarkably high

(Borchers et al. 2004). Chinese and Western purebred pigs,
such as Laiwu pigs and Landrace, harbour beneficial alleles,
and the frequency is higher in Western pigs. Several studies
indicate that mutation leading to changes in vertebra num-
bers originated from Chinese native pigs (Fan et al. 2013;
Yang et al. 2016). Results of this trial provided a basis for
the favourable mutant allele derived from Chinese native
pigs.
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Table 4. Association analysis of eight effective/causal mutations in eight genes with ABT, MMP, and IMF of Lulai black pigs.

Gene (SNP)
Genotype
(number) ABT (mm) MMP (%) IMF (%)

Mean ± SE p value Q value Mean ± SE p value Q value Mean ± SE p value Q value

PHKG1rs330928088 CC (368) 38.52 ± 0.35 0.3421 1.19E-02 71.12 ± 0.15 0.3349 1.20E-02 5.05 ± 0.16 0.4114 1.12E-02

CA (39) 39.63 ± 1.21 71.02 ± 0.45 5.08 ± 0.51

AA (11) 35.56 ± 1.87 72.62 ± 0.82 3.69 ± 0.81

MUC13rs319699771 AA (144) 38.31 ± 0.54 0.1421 9.75E-03 71.38 ± 0.21 0.4748 1.11E-02 4.79 ± 0.23 0.8351 1.01E-02

AG (219) 38.53 ± 0.50 71.01 ± 0.21 5.23 ± 0.23

GG (55) 39.26 ± 0.72 71.11 ± 0.30 4.77 ± 0.35

IGF2g.3072G>A GG (358) 38.47 ± 0.36 0.7542 1.01E-02 71.02 ± 0.16 0.07196 9.00E-03 5.18 ± 0.17 0.05221 8.50E-03

GA (52) 39.09 ± 1.01 72.01 ± 0.24 3.89 ± 0.23

AA (5) 36.81 ± 1.55 70.72 ± 1.11 5.97 ± 1.78

VRTNg.20311_20312ins291
QQ (0) 0 0.6412 1.03E-02 0 0.5577 1.05E-02 0 0.4428 1.09E-02

Qq (121) 38.89 ± 0.62 70.96 ± 0.27 5.27 ± 0.31

qq (294) 38.58 ± 0.40 71.21 ± 0.16 4.93 ± 0.17

MYH3XM_013981330.2:
g.-1805_-1810del

qq (60) 27.14 ± 0.68 0.8756 1.01E-02 70.98 ± 0.38 0.4976 1.09E-02 5.32 ± 0.46 0.6493 1.03E-02

Qq (318) 27.20 ± 0.32 71.15 ± 0.16 4.96 ± 0.17

QQ (41) 27.80 ± 0.98 71.45 ± 0.43 5.01 ± 0.48

LIPErs328830166 GG (15) 37.02 ± 1.59 0.2218 1.12E-02 71.61 ± 0.56 0.2068 1.09E-02 4.91 ± 0.57 0.3040 1.17E-02

GA (190) 38.30 ± 0.50 71.32 ± 0.21 4.81 ± 0.21

AA (213) 38.88 ± 0.47 70.97 ± 0.19 5.21 ± 0.23

LEPRrs45435518 CC (221) 38.59 ± 0.51 0.8690 1.00E-02 70.85 ± 0.19b 0.02007 7.81E-03 5.32 ± 0.22a 0.03396 8.80E-03

CT (164) 38.61 ± 0.44 71.42 ± 0.23ab 4.76 ± 0.24ab

TT (33) 37.97 ± 1.33 71.84 ± 0.41a 4.29 ± 0.42b

MC4Rrs81219178 GG (317) 38.60 ± 0.38 0.6626 1.03E-02 71.14 ± 0.16 0.8237 1.02E-02 5.07 ± 0.18 0.5198 1.09E-02

GA (100) 38.26 ± 0.71 71.18 ± 0.26 4.88 ± 0.29

AA (1) 52.32 ± 0.00 72.25 ± 0.00 2.87 ± 0.00

Note: Mean ± SE represents the means with standard errors for different genotypes; superscripts with different lowercase letters indicate a significant difference between genotypes (p < 0.05);
p < 0.05, significant; p < 0.01, extremely significant
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Studies have indicated that the causal mutation affects IMF
in pigs, a 6 bp deletion variant in the porcine MYH3 promoter
region. Still, the results of this study revealed that the muta-
tion was not significantly associated with IMF content. Thus,
the result could not support that the mutation occurred at a
causal mutation site, affecting the IMF content of Lulai black
pigs. The result is consistent with previous studies (Huang
et al. 2021). The finding of the causal mutation for the QTL
(Quantitative Trait Locus) on SSC8 affecting IMF content by
Cho et al. (2019) must be further studied.

For other essential three candidate genes, the results of
our study revealed that individuals with the CC genotype of
the LEPR (rs45435518) gene had higher IMF content, further
confirming that the mutation in the LEPR gene (rs328830166)
was an effective mutation affecting the IMF content. How-
ever, its specific mechanism of action needs further research
in Lulai black pig population. Although the MC4R and the
LIPE genes were candidate genes associated with meat quality
traits and lipid deposition control, the association between
MC4R (rs81219178) and LIPE (rs328830166) mutation genotypes
and ABT, MMP, and IMF meat quality traits exhibited no sig-
nificant level in Lulai black pigs. Therefore, the MC4R and LIPE
effective mutations could not be used as a molecular marker
for improving the ABT, MMP, and IMF meat quality traits of
Lulai black pigs.

Conclusions
In this study, the eight effective/causal mutation sites af-

fecting fat deposition, meat quality, growth, and disease re-
sistance traits were detected and analysed in 418 Lulai pigs.
The results indicated that the eight effective/causal muta-
tion sites were all genetically polymorphic in Lulai black pig
population. The causal mutation of MYH3 (XM_013981330.2:g.-
1805_-1810del) was not significantly associated with IMF con-
tent (p > 0.05). In contrast, amongst the three effective mu-
tation sites, the effective mutation of the LEPR gene was sig-
nificantly associated with IMF content in Lulai black pigs (p
< 0.05). With overall evaluation, the causal mutation sites of
PHKG1 (rs330928088), MUC13 (rs319699771), IGF2 (g.3072G>A),
and VRTN (g.20311_20312ins291), and the effective mutation
site of LEPR (rs45435518) have critical breeding values to Lulai
black pigs.
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Piórkowska, K., Żukowski, K., Ropka-Molik, K., Tyra, M., and Gurgul, A.
2018. A comprehensive transcriptome analysis of skeletal muscles in
two Polish pig breeds differing in fat and meat quality traits. Genet.
Mol. Biol. 41: 125–136. PMID: 29658965.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A., Bender,
D., et al. 2007. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81: 559–575.
doi:10.1086/519795. PMID: 17701901.

Ren, D., Ren, J., Ruan, G., Guo, Y., Wu, L., Yang, G., et al. 2012a. Map-
ping and fine mapping of quantitative trait loci for the number of
vertebrae in a White Duroc × Chinese Erhualian intercross resource
population. Anim. Genet. 43: 545–551. doi:10.1111/j.1365-2052.2011.
02313.x.

Ren, J., Yan, X., Ai, H., Zhang, Z., Huang, X., Ouyang, J., et al. 2012b.
Susceptibility towards enterotoxigenic Escherichia coli F4ac diarrhea
is governed by the MUC13 gene in pigs. PLoS One, 7: e44573.

Rodriguez, M., Fernandez, A., Carrasco, C., Garcia, A., Gomez, E., De Mer-
cado, E., et al. 2010. Effect of LEPR c. 2002 C>T SNP on feed intake and
growth in heavy Duroc × Iberian crossbred pigs. Proceedings of the
Ninth World Congress on Genetics Applied to Livestock Production,
1–6 August 2010. Leipzig, Germany.

Ros-Freixedes, R., Gol, S., Pena, R.N., Tor, M., Ibáñez-Escriche, N., Dekkers,
J.C., and Estany, J. 2016. Genome-wide association study singles out
SCD and LEPR as the two main loci influencing intramuscular fat
content and fatty acid composition in Duroc pigs. PLoS One, 11:
e0152496. doi:10.1371/journal.pone.0152496. PMID: 27023885.

Schroyen, M., Janssens, S., Stinckens, A., Brebels, M., Bertolini, F., Lam-
berigts, C., et al. 2015. The MC4R c. 893G>A mutation: a marker for
growth and leanness associated with boar taint odour in Belgian pig
breeds. Meat Sci. 101: 1–4. PMID: 25462375.

Shi, N., Li, N., Duan, X., and Niu, H. 2017. Interaction between the gut
microbiome and mucosal immune system. Mil. Med. Res. 4: 1–7.
doi:10.1186/s40779-017-0122-9. PMID: 28116111.

Van Laere, A.-S., Nguyen, M., Braunschweig, M., Nezer, C., Collette, C.,
Moreau, L., et al. 2003. A regulatory mutation in IGF2 causes a major
QTL effect on muscle growth in the pig. Nature, 425: 832–836. doi:10.
1038/nature02064. PMID: 14574411.

Wang, H., Wang, J., Yang, D.-D., Liu, Z.I., Zeng, Y.Q., and Chen, W. 2020.
Expression of lipid metabolism genes provides new insights into in-
tramuscular fat deposition in Laiwu pigs. Asian-Australas. J. Anim.
Sci. 33: 390. doi:10.5713/ajas.18.0225. PMID: 31480195.

Wang, Y., Ning, C., Wang, C., Guo, J., Wang, J., and Wu, Y. 2019. Genome-
wide association study for intramuscular fat content in Chinese Lulai
black pigs. Asian-Australas. J. Anim. Sci. 32: 607. doi:10.5713/ajas.18.
0483. PMID: 30381738.

Xue, W., Wang, W., Jin, B., Zhang, X., and Xu, X. 2015. Association of the
ADRB3, FABP3, LIPE, and LPL gene polymorphisms with pig intramus-
cular fat content and fatty acid composition. Czech J. Anim. Sci. 60:
60–66. doi:10.17221/7975-CJAS.

Yang, A.-Q., Chen, B., Ran, M.-L., Yang, G.-M., and Zeng, C. 2020. The ap-
plication of genomic selection in pig cross breeding. Yi Chuan, 42:
145–152. PMID: 32102771.

Yang, G.C., Ren, J., Guo, Y.M., Ding, N.S., Chen, C.Y., and Huang, L.S.
2006. Genetic evidence for the origin of an IGF2 quantitative trait
nucleotide in Chinese pigs. Anim. Genet. 37: 179–180. doi:10.1111/j.
1365-2052.2006.01416.x. PMID: 16573535.

Yang, J., Huang, L., Yang, M., Fan, Y., Li, L., Fang, S., et al. 2016. Possible in-
trogression of the VRTN mutation increasing vertebral number, car-
cass length and teat number from Chinese pigs into European pigs.
Sci. Rep. 6: 1–8. PMID: 28442746.

Zappaterra, M., Sami, D., and Davoli, R. 2019. Association between the
splice mutation g. 8283C>A of the PHKG1 gene and meat quality
traits in Large White pigs. Meat Sci. 148: 38–40. PMID: 30300804.

Zhang, B., Ren, J., Yan, X., Huang, X., Ji, H., Peng, Q., et al. 2008. In-
vestigation of the porcine MUC13 gene: isolation, expression, poly-
morphisms and strong association with susceptibility to enterotoxi-
genic Escherichia coli F4ab/ac. Anim. Genet. 39: 258–266. doi:10.1111/
j.1365-2052.2008.01721.x. PMID: 18454803.

Zhang, W., Zhang, J., Cui, L., Ma, J., Chen, C., Ai, H., et al. 2016. Genetic
architecture of fatty acid composition in the longissimus dorsi mus-
cle revealed by genome-wide association studies on diverse pig pop-
ulations. Genet. Sel. Evol. 48: 1–10. doi:10.1186/s12711-016-0184-2.
PMID: 26743767.

Zhao, S., Ren, L., Chen, L., Zhang, X., Cheng, M., Li, W., et al. 2009. Differ-
ential expression of lipid metabolism related genes in porcine muscle
tissue leading to different intramuscular fat deposition. Lipids, 44:
1029. doi:10.1007/s11745-009-3356-9. PMID: 19847466.

Downloaded From: https://bioone.org/journals/Canadian-Journal-of-Animal-Science on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

http://dx.doi.org/10.1139/CJAS-2021-0108
http://dx.doi.org/10.1016/j.meatsci.2016.08.009
https://pubmed.ncbi.nlm.nih.gov/27610754
http://dx.doi.org/10.1016/j.livsci.2013.07.006
http://dx.doi.org/10.1016/j.livsci.2012.01.010
http://dx.doi.org/10.1111/asj.12134
https://pubmed.ncbi.nlm.nih.gov/24128088
http://dx.doi.org/10.3389/fvets.2021.672852
https://pubmed.ncbi.nlm.nih.gov/12471889
http://dx.doi.org/10.1016/j.gene.2011.01.007
https://pubmed.ncbi.nlm.nih.gov/21241784
http://dx.doi.org/10.1111/age.12807
http://dx.doi.org/10.1371/journal.pgen.1004710
https://pubmed.ncbi.nlm.nih.gov/25340394
http://dx.doi.org/10.1074/jbc.M116.772426
https://pubmed.ncbi.nlm.nih.gov/28676499
http://dx.doi.org/10.3390/ani11061612
https://pubmed.ncbi.nlm.nih.gov/34072469
https://pubmed.ncbi.nlm.nih.gov/29658965
http://dx.doi.org/10.1086/519795
https://pubmed.ncbi.nlm.nih.gov/17701901
http://dx.doi.org/10.1111/j.1365-2052.2011.02313.x
http://dx.doi.org/10.1371/journal.pone.0152496
https://pubmed.ncbi.nlm.nih.gov/27023885
https://pubmed.ncbi.nlm.nih.gov/25462375
http://dx.doi.org/10.1186/s40779-017-0122-9
https://pubmed.ncbi.nlm.nih.gov/28116111
http://dx.doi.org/10.1038/nature02064
https://pubmed.ncbi.nlm.nih.gov/14574411
http://dx.doi.org/10.5713/ajas.18.0225
https://pubmed.ncbi.nlm.nih.gov/31480195
http://dx.doi.org/10.5713/ajas.18.0483
https://pubmed.ncbi.nlm.nih.gov/30381738
http://dx.doi.org/10.17221/7975-CJAS
https://pubmed.ncbi.nlm.nih.gov/32102771
http://dx.doi.org/10.1111/j.1365-2052.2006.01416.x
https://pubmed.ncbi.nlm.nih.gov/16573535
https://pubmed.ncbi.nlm.nih.gov/28442746
https://pubmed.ncbi.nlm.nih.gov/30300804
http://dx.doi.org/10.1111/j.1365-2052.2008.01721.x
https://pubmed.ncbi.nlm.nih.gov/18454803
http://dx.doi.org/10.1186/s12711-016-0184-2
https://pubmed.ncbi.nlm.nih.gov/26743767
http://dx.doi.org/10.1007/s11745-009-3356-9
https://pubmed.ncbi.nlm.nih.gov/19847466


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


