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Abstract

Background Currently, meat cut traits are integrated in pig breeding objectives to gain extra profit. However, little
is known about the heritability of meat cut proportions (MCP) and their correlations with other traits. The aims of this
study were to assess the heritability and genetic correlation of MCP with carcass and meat quality traits using single
nucleotide polymorphism chips and conduct a genome-wide association study (GWAS) to identify candidate genes
for MCP.

Results Seventeen MCP, 12 carcass, and seven meat quality traits were measured in 2012 pigs from four populations
(Landrace; Yorkshire; Landrace and Yorkshire hybrid pigs; Duroc, and Landrace and Yorkshire hybrid pigs). Estimates of
the heritability for MCP ranged from 0.10 to 0.55, with most estimates being moderate to high and highly consistent
across populations. In the combined population, the heritability estimates for the proportions of scapula bone, loin,
back fat, leg bones, and boneless picnic shoulder were 0.44 +0.04, 0.36 +0.04, 0.44 +0.04, 0.38 £ 0.04, and 0.39 + 0.04,
respectively. Proportion of middle cuts was genetically significantly positively correlated with intramuscular fat
content and backfat depth. Proportion of ribs was genetically positively correlated with carcass oblique length and
straight length (0.35+0.08 to 0.45 4+ 0.07) and negatively correlated with backfat depth (— 0.26+0.10 to — 0.45+0.10).
However, weak or nonsignificant genetic correlations were observed between most MCP, indicating their independ-
ence. Twenty-eight quantitative trait loci (QTL) for MCP were detected by GWAS, and 24 new candidate genes related
to MCP were identified, which are involved with growth, height, and skeletal development. Most importantly, we
found that the development of the bones in different parts of the body may be regulated by different genes, among
which HMGAT may be the strongest candidate gene affecting forelimb bone development. Moreover, as previously
shown, VRTN is a causal gene affecting vertebra number, and BMP2 may be the strongest candidate gene affecting
hindlimb bone development.

Conclusions Our results indicate that breeding programs for MCP have the potential to enhance carcass composi-
tion by increasing the proportion of expensive cuts and decreasing the proportion of inexpensive cuts. Since MCP
are post-slaughter traits, the QTL and candidate genes related to these traits can be used for marker-assisted and
genomic selection.

Background
For a long time, the traditional pork sales model in
China consisted in cutting the carcass into pieces fol-
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of African swine fever and other epidemic diseases. In
addition, fast-paced and high-quality lifestyles and high-
standard consumption concepts have established new
market requirements [3]. As a result, precut and pre-
packaged cold meat is becoming increasingly popular.
The prices of different cuts vary greatly, with up to two
to three times differences between the highest and low-
est price products. Notably, Qin [4] calculated the sum
of sales of carcass cuts based on the average selling price
of meat cuts and compared it with the total sale price of
carcasses. He found that the sale of meat cuts represents
at least 19% more economic revenue than the sale of car-
casses, without considering costs such as labor and the
depreciation of machines. As a result, breeders and sci-
entists have become interested in investigating breeding
programs to improve meat cut proportions (MCP) and in
the genetic mechanisms underlying these traits.

As early as the 1970s, Whiteker et al. [5, 6] had already
evaluated the weight and yield of different meat cuts.
More recently, Overholt et al. [7] compared the differ-
ences in pork carcass cuts between barrows and gilts.
Alvarez-Rodriguez and Teixeira [8] investigated the
effect of slaughter weight and sex on carcass cuts based
on three sequential target slaughter body weights of 17,
32, and 79 kg in Bisaro pigs and found that slaughter
weight had a stronger impact on carcass cuts than sex.
In our previous study, we observed that carcass weight,
sex, and breed composition have significant effects on
the weight and proportion of most meat cuts [9]. In addi-
tion, the coefficient of variation for MCP ranged from
4.2 to 25.3%, which indicates substantial heterogeneity
between individuals [9]. Selecting elite pigs, including
those with a higher proportion of high-price meat cuts,
would benefit the pig industry. To implement a breeding
program for improving MCP, it is necessary to first evalu-
ate the genetic parameters and investigate the genetic
architecture of these traits. Several studies have reported
genetic parameters for meat cuts and found heritability
estimates for carcass traits that were moderate to high
[10-12]. However, these studies mainly focused on meat
cuts under the standards of the United Nations Economic
Commission for Europe (UNECE) and The Meat Buyer’s
Guide from the North American Meat Processors Asso-
ciation (NAMP). In this study, the cut products followed
the standards of Fresh and Frozen Pork and Pig By-Prod-
ucts (GB/T 9959) from the Standardization Administra-
tion of China, and included those reported in previous
studies [10—-12], as well as some novel meat cuts such as
arm bones, scapula bone, chine bones, leg bones, and tail
and pelvis bone. Between 2017 and 2018, the wholesale
price for these bone meat cuts ranged from 11.5 to 17.7
yuan/kg, which is slightly lower than the wholesale price
for the whole carcass (ranging from 14.5 to 19.4 yuan/kg),
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which is popular with consumers in China. Furthermore,
the heritability estimates previously reported for meat
cuts were mainly for commercial pigs, but estimates are
also needed for purebred pigs.

In this study, we compared the heritability estimates for
meat cuts between different breeds and crossbred popu-
lations and investigated their genetic correlations with
carcass and meat quality traits, which will benefit deci-
sion-making in breeding programs for meat cut traits.
Finally, we also performed a genome-wide association
study (GWAS) to identify quantitative trait loci (QTL)
for meat cut traits and, for the first time, the associated
genes.

Methods

Ethics statement

All procedures involving animals followed the guidelines
for the care and use of experimental animals approved by
the State Council of the People’s Republic of China. The
ethics committee of Jiangxi Agricultural University spe-
cifically approved this study.

Animals and phenotype data

In total, 2012 pigs from Muyuan Food Co., Ltd. (Henan,
China) were randomly sampled for the meat cut evalu-
ation experiment, as described in Lei et al. [9]. In brief,
four populations were used: 265 Landrace (LD, 95
sows and 170 barrows), 698 Yorkshire (YK, 435 sows
and 263 barrows), 689 Landrace and Yorkshire hybrid
(LY, 402 sows and 287 barrows), and 258 Duroc X Lan-
drace X Yorkshire hybrid (DLY, 115 sows and 143 bar-
rows). All pigs were raised under consistent feeding and
nutritional conditions and were given the same com-
mercial diets and access to water ad libitum, which were
formulated to meet the recommendations of the Chinese
National Feeding Standard (GB, 2004) at different growth
phases. After 180 days of age, they were centrally slaugh-
tered following standard pig slaughtering processes.

In the slaughterhouse, 12 carcass traits were measured,
including carcass straight length (CSL), carcass oblique
length (COL), thoracic length (THL), lumbar length (LUL),
thoracic number (THN), lumbar number (LUN), sin-
gle lumbar length (SLUL), shoulder backfat depth (SBD),
6th to 7th rib backfat depth (RBD), waist backfat depth
(WBD), hip backfat depth (HBD), and mean of backfat
depth (MBD). These traits were measured on the complete
carcass, which was hung vertically by fixing the hind legs.
Backfat depth refers to the thickness of the subcutaneous
fat on the back of the carcass. After 24 h of acid excretion,
the carcass was divided into three primal cuts (SC: shoul-
der cut, MC: middle cut, LC: leg cut), and 14 commercial
meat cuts (BBS: boneless Boston shoulder, BPS: boneless
picnic shoulder, FR: front ribs, AB: arm bones, SB: scapula
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bones, LO: loin, BE: belly, ribs, CB: chine bones, BF: back-
fat, BL: boneless leg, TL: tenderloin, LB: leg bones, TPB:
tail and pelvis bone). The three primal and 14 commercial
meat cuts obtained by dissecting the carcass in accordance
with the processing standard (GB/T 9959) are called car-
cass cuts or meat cuts. Details of the carcass cutting pro-
cess and the appearance of the meat cuts are described in
our previous study [9]. Each cut was carefully weighed and
measured by our investigators and the MCP were calcu-
lated by dividing the weight of the meat cut by the weight
of the carcass. Evaluation of the pork loin meat quality
followed the same method as outlined in [13, 14]. At 1-d
postmortem, seven meat quality traits, namely, pH, L* for
lightness (LIL), a* for redness (REA), b* for yellowness
(YEB), the proportion of fat areas in the image (PFAI),
visual marbling score (VMS) and loin muscle area (LMA),
were measured on the Jlongissimus dorsi muscle between
the 11th rib and the first lumbar vertebra.

Genotyping

As pedigree information was not available for most indi-
viduals, all individuals were genotyped. Genomic DNA
was isolated from the muscle tissue of each animal using
the routine phenol/chloroform extraction method. The
CC1 PorcineSNP50 BeadChip (51,368 SNPs) was used
to genotype individuals in accordance with the manu-
facturer’s protocol. Our previous study [13] provided
information on marker density and accuracy of the CC1
PorcineSNP50 BeadChip. All samples had a call rate
higher than 90%. SNPs with a call rate lower than 95%,
a minor allele frequency (MAF) lower than 5%, or that
were in Hardy—Weinberg disequilibrium (P<10E-5)
were filtered out using the PLINK (v1.90b6.24) software
[15]. In total, 2012 animals and 40,016 SNPs passed
quality control and were included for further statistical
analysis.

Model and estimation of variance components
The following two-trait animal model was used in the
analyses:

=l [a] <52 )+ [5]

where y; and y3 are the vectors of the phenotypes for the
two traits to be analyzed; o7 and ap are the vectors of the
fixed effects of traits 1 and 2, respectively, including sex,
population (LD, YK, LY, and DLY), and slaughter batch
(two slaughter batches, containing 1054 and 958 pigs
respectively); u; and uy are the vectors of the random
additive genetic effects, which were assumed to follow
the multivariate normal distribution
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kinship matrix calculated from the genome-wide SNP
genotypes, 031 and 032 are the additive genetic variance
for traits 1 and 2, respectively, and o,12 is the additive
genetic covariance; and ¢ and ¢, are the vectors of residu-
als, which were assumed to follow the multivazriate nor-
mal distribution [el } ~ MVN, < [ 0 } I {Gel 2 ]),
€ 0 0 o,

with I, being an identity matrix; cgl and 022 are the vari-
ance of the residuals for traits 1 and 2, respectively, and n
is the number of individuals phenotyped; W1, W2, Z4,
and Zj are the corresponding incidence matrices for the
effects in o1, &g, ug, and uy, respectively.

The variance—covariance matrix of y (the vector of
phenotypes for a single-trait) can be expressed as:

var(y) = Gog + Icg.

The genomic relationship matrix (G) was constructed
as in VanRaden [16]:

77’
G= —————,
2> pi(1 —p)

where Z is the matrix of centered SNP genotype dosages,
with dimensions equal to the number of individuals and
the number of SNPs, and pj; is the frequency of the refer-
ence allele at the i-th SNP. These allele frequencies were
computed based on the method of Gengler et al. [17].
The heritability was then estimated as h? = 02/ 6[2), where

012) is the phenotypic variance and the sum of 62 and o2
Genetic correlations were calculated as follows:

0al2

V O3l * O

Heritabilities and genetic correlations for all traits
were estimated by restricted maximum likelihood
(REML) methodology using the GCTA software (ver-
sion 1.93.1beta) [18]. Estimates of heritability for all
traits in the combined population were confirmed using
the REML method in the DMUAI module of the DMU
software (version 6) [19]. As the sample sizes for the
LD and DLY populations were small and the heritability
estimates for these populations were very different from

those for the YK and LY populations, we only estimated
heritabilities for the YK, LY, and combined populations.

I, =

Genome-wide association analyses

Genome-wide association studies (GWAS) were per-
formed using the GEMMA software [20] and the follow-
ing linear mixed model:
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y=Woa+XB+Zu+eg

u ~ MVN, (0, Gcaz),

€ ~ MVN, (0, Inoﬁ),

where vy is the vector of phenotypes; W is the indicator
matrix of the fixed effects, including sex, population, and
slaughter batch; « is the vector of the corresponding fixed
effects; X is the genotype indicator matrix; § is the vector
of SNP substitution effects; u is the vector of the random
polygenic effects, which was assumed to follow a multi-
variate normal distribution MVN, (0, Gcg), where G is

the kinship matrix calculated from the genome-wide SNP
genotypes; o2 is the additive genetic variance; Z is the
corresponding incidence matrix for the effects in u; € is
the vector of residual effects, which was assumed to fol-
lows a multivariate normal distribution MVN, (0, Incg),
where I, is an identity matrix; ag is the variance of the
residual; and n is the number of individuals phenotyped.

For GWAS, statistical significance was set using the
Bonferroni correction method. The genome-wide sig-
nificance threshold was set at 0.05/N, with 1/N indicat-
ing a suggestive significance threshold [21, 22], where N
is the number of SNPs (40,016) that passed quality con-
trol for GWAS, which resulted in p value thresholds of
1.25x107® and 2.50 x 107>, respectively.

Results

Phenotypes and their heritabilities

Based on our previous results, carcass weight, sex, and
breed composition had significant effects on the majority
of the meat cut, meat quality, and carcass traits [9]. The
coefficient of variation of these traits varied largely from
4.2% for the proportion of LC to 25.3% for the propor-
tion of BE. Here, the heritability was estimated using the
GCTA software after adjusting for the effects of carcass
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weight, sex, and breed composition for the YK, LY, and
combined populations (Fig. 1 and Table 1). In addition,
we used the DMU software to evaluate the heritability
for each trait in the combined population and found that
the results were similar to those obtained with the GCTA
software (Fig. 1).

The estimates of heritability (+SE) for MCP ranged
from 0.13 +0.04 for TPB to 0.44+0.04 for SB in the com-
bined population (Fig. 1 and Table 1). The estimates of
heritability for SC, FR, and TPB were low across all popu-
lations, and in the combined population they were equal
to 0.14+0.03, 0.15+0.04, and 0.13+0.04, respectively.
The estimates of heritability for SB, LO, BEF, LB, BPS,
and BBS in the combined population were 0.44 +0.04,
0.36+0.04, 0.44+0.04, 0.38+0.04, 0.39+0.04, and
0.33+0.04, respectively, which are among the highest
estimates of heritability found in this study. Overall, the
estimates of the heritability for most MCP were moderate
to high, which indicates that these traits can be improved
in swine breeding programs.

Genetic parameters for carcass traits and meat qual-
ity have been investigated for a long time [10-12]. Most
studies have reported moderate to high heritability esti-
mates for most carcass traits and low to moderate her-
itability estimates for meat quality traits. As expected,
the heritability estimates for carcass traits ranged from
0.39+0.05 for carcass weight in the combined population
to 0.50 +0.07 for carcass oblique length in the LY popula-
tion, and those for meat quality ranged from 0.20+0.04
for VMS to 0.34+0.04 for LIL in the combined popula-
tion (Fig. 1 and Table 1). Our results confirm the findings
of most of the genetic parameter estimates previously
reported for carcass and meat quality traits.

Genetic correlations between MCP, meat quality,

and carcass traits

In the combined population, we estimated the genetic
correlations between MCP, meat quality, and carcass
traits (Fig. 2 and [see Additional file 1: Table S1]). Among
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Fig. 1 Estimates of heritabilities for all evaluated traits in the four populations. YK, LY and CP represent heritabilities for all traits estimated using the
GCTA software in Yorkshire, Landrace Yorkshire and combined populations, respectively. CP_DMU represents heritabilities for all traits estimated

using the DMU software in the combined population
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Table 1 Estimates of heritabilities with their standard error (SE) for carcass cut proportions, carcass traits and meat quality of the

longissimus dorsi muscle in the LY, YK, and combined (CP) populations

Trait name Acronym n Estimates of heritability + SE
LY YK CcP
Number of animals evaluated 689 698 2012
Carcass cut proportions
Primal cuts
Shoulder cut SC 1959 0.12+0.06 0.13+0.06 0.14+0.03
Middle cut MC 1978 0.22+0.07 0.29+0.07 0.27+0.04
Leg cut LC 1964 0.19+0.07 0.39+0.07 031+0.04
Shoulder cuts
Boneless Boston shoulder BBS 1964 0.63+0.07 0.23£0.07 0.33+£0.04
Boneless picnic shoulder BPS 1966 0.37+0.07 046+0.07 0.39+0.04
Front ribs FR 1966 0.16+0.07 0.19+0.06 0.15+0.04
Arm bones AB 1967 0.33+0.08 0.46+0.07 0.38+0.04
Scapula bones SB 1965 0.59+0.07 0.63+0.07 0.44+0.04
Middle cuts
Loin LO 1985 0.52+0.07 042+0.07 0.36+0.04
Belly BE 1993 0.30+0.07 0.36+0.07 0.32+0.04
Ribs RI 1974 0.31+0.07 0.35+0.07 0.37+0.04
Chine bones CB 1976 0.33+0.08 0.17+0.06 0.23+0.04
Back fat BF 1984 0.38+0.08 045+0.07 044+0.04
Leg cuts
Boneless leg BL 1988 0.28+0.08 0.40+0.07 0.34+0.04
Tenderloin TL 1876 0.33+0.08 0.40+0.07 0.27 +0.04
Leg bones LB 1988 0.40+0.08 047+0.07 0.38+0.04
Tail and pelvis bone TPB 1724 0.03+0.06 0.13+0.06 0.13+0.04
Carcass traits
Carcass weight CcwW 1997 0.49+0.08 045+0.07 0.39+0.05
Half carcass weight HCW 1997 046+0.07 047 +0.07 040+0.04
Carcass straight length cSL 2008 045+0.07 047 +0.07 045+0.04
Carcass oblique length CoL 2008 0.50+0.07 0.48+0.07 045+0.04
Thoracic length THL 2011 047 +0.07 044 +0.07 043+0.04
Lumbar length LUL 2010 0.07+0.05 0.24+0.07 0.18+0.04
Thoracic number THN 2012 048+0.07 045+0.07 048+0.04
Lumbar number LUN 2010 0.09+0.06 0.12+0.06 0.12+0.03
Single lumbar length SLUL 2010 0.12+0.06 0.23+0.06 0.24+0.04
Backfat depth
Shoulder backfat depth SBD 2012 0.31+0.08 0.23+0.06 0.26+0.04
6th_7th rib backfat depth RBD 2012 0.33+0.08 0.33+0.07 0.32+0.04
Waist backfat depth WBD 2012 0.32+0.08 0.20+0.06 0.23+0.04
Hip backfat depth HBD 2012 0.23+0.07 0.25+0.07 0.32+0.04
Mean of backfat depth MBD 2012 0.39+0.08 041+0.07 043+0.04
Meat quality
pH 2010 0.40+0.08 0.29+0.06 0.28+0.04
Lightness, L* LIL 2000 0.40+0.08 040+0.07 0.34+0.04
Redness, a* REA 2000 0.50+0.07 0.39+0.07 0.34+0.04
Yellowness, b* YEB 2000 0.35+0.07 0.31+0.07 0.30+0.04
PFAI 1705 0.17+0.08 0.23+0.07 0.20+0.04
Visual marbling score VMS 1705 0.19+0.08 0.27+0.07 0.20+0.04
Loin muscle area LMA 1949 045+0.07 0.35+0.07 0.29+0.04

LY Landrace Yorkshire, YK Yorkshire, CP combined population, PFAI proportion of fat areas in the image
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Fig. 2 Estimates of genetic correlations of meat cut proportions with carcass and meat quality traits in the combined population

these, BF was positively correlated with BE, with a genetic
correlation estimate of 0.40+0.08, whereas BF and BE
had negative correlation estimates with other meat cuts
(except BBS, ranging from -0.26 +0.10 between BE and
TL to — 0.67+0.06 between BF and LB). In addition,
BF and BE were genetically positively correlated with
backfat depth (ranging from 0.49+0.09 to 0.84+0.04),
PFAI (ranging from 0.36+0.11 to 0.38+0.13), and

VMS (ranging from 0.32+0.11 to 0.36+0.12), suggest-
ing that selection to increase the proportion of BE may
increase backfat depth and the proportion of BF, which
would be detrimental to carcass sales. In addition, BPS
was positively genetically correlated with the proportion
of RI (0.36+0.08), but negatively correlated with TPB
(= 0.34+0.13), CB (- 0.44:+0.09), SB (— 0.56 +0.07), AB
(= 0.24+0.09), LO (— 0.44+0.08), BBS (- 0.71+0.07),
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and BF (— 0.20+0.08) [Fig. 2 and (see Additional file 1:
Table S1)]. Rib proportion was moderately to highly posi-
tively genetically correlated with COL (0.45+0.07), CSL
(0.35+0.08), THL (0.50+0.07), and THN (0.42+0.08),
and negatively correlated with backfat depth (rang-
ing from — 0.26+0.10 to — 0.45+0.10). The propor-
tion of LO was highly positively genetically correlated
with LMA (0.51+0.08) but negatively correlated with
pH (- 0.34+0.13). Moreover, TL was positively cor-
related with BL, with a genetic correlation estimate of
0.36+0.10, but was negatively correlated with backfat
depth (ranging from — 0.24+0.11 between TL and WBD
to — 0.53+0.1 between TL and SBD). However, BL was
genetically slightly unfavorably correlated with carcass
traits (ranging from — 0.21 +0.11 to — 0.35+0.08).

It is worth noting that positive genetic correlations
were estimated among the bone carcass cuts of LB, FR,
TPB, CB, SB, and AB (ranging from 0.20+0.13 between
TPB and LB to 0.69+0.14 between TPB and CB) but
negative genetic correlations were estimated for these
traits with BF, BE, BPS, and BL [Fig. 2 and (see Additional
file 1: Table S1)]. These bone carcass cuts were also esti-
mated to be negatively genetically correlated with backfat
depth (ranging from — 0.21 +0.09 between SB and WBD
to — 0.66+0.06 between LB and MBD), except for the
positive genetic correlation estimate between TPB and
SBD (0.35+0.16). The results indicate that, in the pig, the
growth and development of bones in different parts of
the body are synchronized.

As shown in Fig. 2 and Additional file 1: Table S1, we
found that the genetic correlations between most meat
cut traits were low (correlations lower than 0.3) or not
significant (p value>0.05). In addition, the majority of
the meat cut traits had low or nonsignificant genetic
correlations with carcass and meat quality traits. This
is consistent with previously reported results [9] of low
or nonsignificant phenotypic correlations between meat
cut, carcass, and meat quality traits (Fig. 2).

Genome-wide association analysis of carcass cut traits

Based on 40,016 SNPs and 2012 individuals, we identi-
fied 28 QTL that were associated with 15 carcass cut
traits and reached the suggestive significance thresh-
old (Table 2). There was no population stratification,
as shown in the Q-Q plots in Additional file 2: Fig. SI.
Among these QTL, six had a top SNP that exceeded the
genome-wide significance threshold (P=1.25x107°).

For shoulder cut traits, two genome-wide significant
SNPs and 20 suggestive significant (2.50x107°) SNPs
were identified to be associated with the proportion of
BBS, BPS, AB and SC. Among the SNPs in the region
between 29.99 and 30.57 Mb on the Sus scrofa chromo-
some (SSC) 7, two genome-wide significant SNPs were
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identified to be associated with the proportion of AB
(Fig. 3a). The most significant SNP associated with the
proportion of AB was located at position 30,100,555 bp
on SSC7 (rs0700767) with a p value of 1.37x 1078, and
was in strong linkage disequilibrium (D’=0.94) with SNP
rs0700777 (Fig. 3b). Phenotypes were corrected using
the linear mixed model for GWAS, and the phenotypes
of individuals were grouped into three classes accord-
ing to their genotypes (AA, AG, and GG) at this locus
(30,100,555 bp). Student’s t-test was performed between
each pair of the three classes (Fig. 3d). The pairwise t-test
p value were 0.268, 1.19x 1073, and 1.63x107!! for AA
vs. AG, AA vs. GG, and AG vs. GG, respectively (Fig. 3d).
Although the difference between individuals with geno-
types AA and AG was nonsignificant, this might be due
to a smaller number of individuals with the AA genotype.
Notably, the 29.99-30.57 Mb region on SSC7 includes
four genes that have been previously reported as poten-
tial candidates for limb bone length [23] and body height
in pigs, namely GRM4, HMGA1, RPS10 and NUDT3 [24,
25], and also with body mass index and height in humans
[26, 27].

For middle cut traits, multiple QTL in a 6.11-Mb
region (from 97.61 to 103.72 Mb) on SSC7 that included
12, 4, and 10 genome-wide significant SNPs were iden-
tified to be associated with RI, CB, and MC propor-
tions, respectively (Table 2). A previous study identified
a causal mutation (g.19034 A>C) in the VRTN gene
located within this region that affects thoracic vertebrae
number and performed a series of functional valida-
tion experiments [28]. The number of ribs and the THL
change with THN and we also identified QTL that were
significantly associated with THN and THL in the same
genomic region (see Additional file 3: Fig. S2a, b). The
most significant SNP for THN was located at position
97,614,602 bp (rs0702609), with a p value of 2.02 x 10717,
and this locus corresponded exactly to the causal muta-
tion g.19034 A>C. The most significant SNP for THL
(P=1.77x107%), located within the VRTN gene at posi-
tion 97,618,073 bp (rs0702038), was also the most sig-
nificant SNP for CB (P=6.94x107%, Fig. 4a), and was
in complete linkage disequilibrium with rs0702689
(see Additional file 3: Fig. S2c). The most significant
SNP for both RI and MC proportions was rs0702610
(Pp;=4.18x107'¢, P\,-=4.47x107'3, Fig. 4b, c, located
within the VRTN gene at position 97,615,897 bp, which
is in complete linkage disequilibrium with rs0702689 and
rs0702609 (see Additional file 3: Fig. S2c). This suggests
that alterations in THN and rib number due to causal
variants within the VRTN gene can influence RI, CB and
MC proportions.

For leg cut traits, we identified nine genome-wide sig-
nificant SNPs and 14 suggestive significant SNPs that are
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Table 2 Single nucleotide polymorphisms that are significantly associated with carcass cut proportions detected in the single-trait

genome-wide association studies

Traits TOP Chr Pos (bp) p value Nearest gene Dis (bp) Candidate gene

BBS rs1501030 15 44,344,760 1.72E-05 TENM3 Within

BPS rs0702610 7 97,615,897 9.33E-06 VRTN Within

AB rs0700767 7 30,100,555 1.37E-08 GRMA4 78,750 HMGAT,
NUDT3, GRM4

AB rs0501169 5 66,142,277 2.19E-06 CCND2 27,706

AB rs1705053 17 15,896,846 2.25E-05 BMP2 135,651 HAOT, BMP2

SB rs1501163 15 50,915,343 5.05E-06 UNC5D 112,675

SC rs0702610 7 97,615,897 2.76E-06 VRTN Within

SC rs0702516 7 121,223,217 2.01E-05 WARST Within DLKT

SC rs0201138 2 60,064,913 1.19E-05 MAPIS 35,048

LO rs0501038 5 57,616,938 9.18E-06 ERP27 Within

BE rs1806217 18 10,455,423 1.20E-05 UBN2 4168

BE rs0200123 2 6,851,449 245E-05 SLC25A45 168

RI rs0702610 7 97,615,897 4.18E-16 VRTN Within VRTN

CB rs0702038 7 97,618,073 6.94E—-08 VRTN Within VRTN

CB rs1402627 14 125,929,866 2.77E-06 ATRNLT Within

CB rs1500252 15 9,945,936 1.24E-05 LRP1B Within

CB rs1705053 17 15,896,846 1.53E-05 BMP2 135,651 BMP2

BF rs1100173 I 9,429,262 8.14E—-06 KL Within

MC rs0702610 7 97,615,897 447E-13 VRTN Within

BL rs1704784 17 2,382,922 7.70E—-06 sGCz Within

TL rs1303072 13 148,117,239 1.08E-05 CD96 Within

TL rs0602330 6 123,281,566 2.04E—-05 - -

LB rs1705079 17 16,788,523 267E-14 HAOT Within BMP2, BMP2

LB rs0501167 5 66,103,958 5.84E-08 CCND2 Within

LB rs0700777 7 30,235,367 3.80E-06 GRM4 Within HMGAT,
NUDT3, GRM4

LB rs1300094 13 3,477,035 1.02E-05 RFTNT Within

LC rs1603764 16 32,867,067 1.58E—-05 NDUFS4 7383

LC rs1806864 18 42,102,045 2.00E-05 MINDY4 Within

associated with the proportion of BL, TL, LB, and LC
(Table 2 and Fig. 4d). Specifically, one SNP on SSC5 and
eight SNPs on SSC17 were significantly (P<1.25x107)
associated with LB proportion (Fig. 4d). The region con-
taining the eight significant SNPs on SSC17 covers the
BMP?2 gene, a member of the bone morphogenetic pro-
tein (BMP) family, which is a candidate gene for LB pro-
portion. Abnormal expression of BMP2 results in failure
of some chondrogenic condensates to form in the limbs,
which affects vertebrate limb development and skele-
togenesis [29, 30]. The most significant SNP for LBP was
located at position 16,788,523 bp on SSC17 (rs0700767),
with a p value of 2.67 x 1074, explaining 2.7% of the phe-
notypic variation. The other top SNP associated with
LBP on SSC5 was located at position 66,103,958 bp
(rs0501167) with a p value of 5.84x 1078, and was within
the CCND?2 gene. In previous studies, the CCND2 gene

has been shown to regulate the cell cycle progression of
hematopoietic stem cells [31], and SNPs in CCND2 have
been found to be significantly associated with human
height [32]. Moreover, An et al. [33] identified CCND2
as a candidate gene for hip height, body height, and body
length in Chinese Wagyu beef cattle, while Le et al. [34]
reported that CCND2 participates in growth-related pro-
cesses and regulates conformational traits in pigs. These
results suggest that BMP2 and CCND2 are candidate
genes for LB.

Discussion

Cutting carcasses into different types of cut products can
efficiently increase their economic value. As a result, an
increasing number of academics and breeding compa-
nies are interested in selecting for carcass traits. Schol-
ars have investigated the process of carcass cuts and yield
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segmentation production since the 1970s [5, 6]. Recent
studies [7, 8], including our previous study [9], have
investigated the effects of sex, breed, carcass weight, and
other factors on meat cut traits. Using pedigree informa-
tion, Newcom et al. [35], van Wijk et al. [12], and Miar
et al. [11] estimated the heritability of such traits as well
as their genetic correlations with other carcass features
and with meat quality traits. They found that the herit-
ability for the majority of meat cut traits is moderate and
that the genetic correlations between these traits are low.
Here, we constructed a kinship matrix using the geno-
types for 40,016 SNPs and evaluated the genetic param-
eters of meat cut traits in various breeds. Our results
are comparable to those of previous studies. In addition,
based on the GB/T 9959 carcass cutting standards, we
evaluated the genetic parameters of other meat cut traits
than those that were evaluated in most previous reports,
including AB, SB, CB, LB, and TPB cut proportions,
which are favored by Chinese consumers.

The study of the heritability of meat cut traits from dif-
ferent breeds revealed that most of them had moderate
to high heritabilities, which suggests that there is great
potential to improve these traits in breeding programs.
However, when planning breeding for meat cut traits,
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the genetic correlations of such traits of interest with
other economically important traits must also be consid-
ered. Although the middle cut has a higher retail value
than other primal cuts and the proportion of MC has a
favorable positive genetic correlation with both BE pro-
portion and intramuscular fat content, it also has a posi-
tive genetic correlation with BF proportion and backfat
depth. Therefore, breeding to improve the proportion
of MC may lead to an undesirable increase in backfat.
In addition, rib proportion, which has the greatest retail
value, was favorably positively correlated with carcass
oblique length, straight length, thoracic number, and
thoracic length and was also negatively correlated with
backfat. Loin, which is a popular meat cut among con-
sumers, shows a favorable genetic positive correlation
with loin muscle area and a negative correlation with
backfat depth. Selection for these two cut traits would
also benefit fatness traits, which is consistent with results
of previous studies [10-12]. In general, the majority of
meat cuts had low or nonsignificant genetic correlations
with carcass and meat quality traits, which indicates that
breeding selection for carcass cuts has a limited impact
on carcass and meat quality traits.

Meat cuts are post-slaughter carcass composition
traits that are challenging to evaluate in vivo. Therefore,
marker-assisted selection and genomic selection would
be optimal methods to select for carcass cuts, as these
strategies can shorten the generation interval through
early selection and increase the accuracy of the pre-
dicted breeding values, especially for complex traits with
a low heritability and traits that are difficult to measure
[36—39]. However, few studies have dissected the genetic
mechanisms that underlie meat cut traits. In this study,
we report the detection of 28 QTL that are significantly
associated with meat cuts through GWAS. For example,
the causal SNP (g.19034 A >C) in the VRTN gene that is
associated with thoracic vertebrae number [28] is also
significantly associated with the proportions of middle
cut, chine bones, ribs, shoulder cut and picnic shoulder.
In addition, in previous reports, several candidate genes
located near these QTL that are significantly associated
with the proportions of arm bone and leg bone such as
BMP2, GRM4, HMGAI, CCND2, HAOI, and NUDTS3,
have all been found to be associated with skeletal devel-
opment [26, 27, 29, 30, 32] and height in humans [26, 27,
32], and with hip height, body height, and body length of
pigs [23, 25, 34]. Overall, the QTL and candidate genes
identified here for meat cut traits are relevant for the
selective breeding for meat cut traits and provide an
essential basis for further research of the genetic mecha-
nism underlying meat cut traits.

The body shape of pigs includes two dimensions:
body length (spine) and body height (forelimbs
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and hindlimbs). The carcass cuts in this study were
divided based on the pig’s bone structure and com-
mercial value, including the three types of bones: arm
bones (forelimb), chine bones (spine), and leg bones
(hindlimbs). We identified three candidate genes that
are significantly associated with these three types of
skeletal development, namely HMGAI, VRTN, and
BMP2 [26-30, 32]. Among these, HMGAI may be the
strongest candidate gene for forelimb bone develop-
ment, VRTN is a causal gene for vertebra number, as we
have previously shown, and BMP2 may be the strongest
candidate gene for hindlimb bone development. There-
fore, it seems that bone development in different parts
of the body is regulated by different genes. Analysis
of the genetic architecture of meat cut traits will help
analyze the molecular mechanism that underlies bone
development of the forelimbs, spine and hindlimbs and
lays a research foundation for the selection of the best
shapes in different parts of the body.

Conclusions

This study evaluated the genetic parameters of 17 car-
cass cut traits, 12 carcass traits, and six meat quality
traits in four populations of pigs. Genetic parameters
for some of these novel meat cut traits have not been
reported before. We found that some high economic
value meat cuts, such as ribs, belly, loin, and tenderloin,
have moderate to high heritabilities, which indicates
that improvement of these traits through breeding pro-
grams is possible. This could increase the market price
of the carcass by selecting on key meat cut traits. Esti-
mates of genetic correlations revealed weak or nonsig-
nificant correlations between many meat cut, carcass,
and meat quality traits. Rib proportion was favorably
correlated with carcass oblique length, straight length,
thoracic number, and thoracic length, and negatively
correlated with backfat depth. In addition, the GWAS
identified 28 QTL and several candidate genes for meat
cut traits for the first time. These findings provide a key
reference for marker-assisted selection and genomic
selection for meat cut traits.
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