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A genome-wide association study identifies genomic loci
associated with backfat thickness, carcass weight, and body
weight in two commercial pig populations
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Abstract Growth and fatness traits are economically impor-
tant in the pig industry. To dissect the genetic architecture of
these traits in commercial pigs, we conducted a genome-wide
association study (GWAS) for carcass weight, backfat thick-
ness, and body weight in two commercial populations: Duroc
× (Landrace × Yorkshire) (DLY) and Duroc populations. To
enhance the detection power, three GWAS approaches includ-
ing single-trait GWAS, multi-trait GWAS and meta-analysis
were used in this study. A total of 13 suggestive loci were
identified on nine chromosomes. The most significant locus
was detected at 272.05 Mb on SSC1, and it was associated
with backfat thickness at the first rib in the DLY population.
Three genes at the identified loci (TBC1D1, BAAT and
PHLPP1) were highlighted as functionally plausible candi-
date genes for pig growth and fatness traits. Genome-wide

significant locus was not evidenced in this study, indicating
that large populations are required to identify QTL with minor
effects on growth and fatness traits in commercial pig popu-
lations, in which intensively artificial selections have been
imposed on these traits and small genetical variances usually
retain in these traits.

Keywords Backfat thickness . Carcass weight . Body
weight . Pig . Genome-wide association study .Meta-analysis

Introduction

Growth and fat deposition are economically important traits in
the global pig industry, and they have been intensively selected
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for several decades (Bosi and Russo 2010). Decoding the genetic
architectures of these traits would accelerate their genetic gain in
the pig-breeding program bymarker-assisted selection and there-
fore benefit the global pig industry. To understand the molecular
bases of phenotypic traits in pigs, many quantitative trait locus
(QTL) mapping studies have been conducted in the past 3 de-
cades. Up to now, 1363 and 2470 QTL/associations respectively
for growth and fatness traits have been deposited in the pig QTL
database (http://www.animalgenome.org/cgi-bin/QTLdb/index,
Release 33, August 26, 2017). Notably, a list of major QTL for
body weight and fat deposition on pig chromosomes (SSC for
Susscrofa chromosome) 1, 2, 4, 6, and 7 have been repeatedly
detected in multiple populations (Walling et al. 2000; Sato et al.
2003; Ma et al. 2009; Ai et al. 2012). However, due to a low
density of microsatellite markers, traditional QTL mapping usu-
ally resulted in a poor resolution with large confidence intervals
of 20 or more cM, hindering the application of the identified
QTL in pig breeding programs (Riquet et al. 2011).

With the commercialization of Illumina PorcineSNP60
Beadchip in 2008 (Ramos et al. 2009), genome-wide associ-
ation studies (GWAS) have been widely explored to detect
associations between high-density SNPs and economically
important phenotypes in pigs, including growth and fatness
traits (Fontanesi et al. 2012; Okumura et al. 2013; Fowler et al.
2013; Onteru et al. 2013; Do et al. 2014; Fontanesi et al. 2014;
Jiao et al. 2014; Long et al. 2015; Zhu et al. 2014; Howard
et al. 2015; Qiao et al. 2015; Wang et al. 2015; Sato et al.
2016). Althoughmost GWASwere conducted in experimental
populations, some were performed in commercial popula-
tions, including Large White (Fontanesi et al. 2012; Fowler
et al. 2013; Onteru et al. 2013; Fontanesi et al. 2014), Duroc
(Okumura et al. 2013; Fowler et al. 2013; Do et al. 2014; Jiao
et al. 2014; Long et al. 2015; Howard et al. 2015; Wang et al.
2015; Sato et al. 2016), and Pietrain (Fowler et al. 2013). The
aim of this study was to detect genomic loci associated with
backfat thickness, body weight, and carcass weight in two
commercial pig populations via three GWAS approaches.

Materials and methods

Compliance with ethical standards

All procedures involving animals followed the guidelines for the
care and use of experimental animals established by theMinistry
of Agriculture of China. The ethics committee of Jiangxi
Agricultural University specifically approved this study.

Animals and phenotypic recording

The first population was derived from a cross between Duroc
boars and Landrace × Yorkshire hybrid sows (hereafter re-
ferred to as DLY), consisting of 304 intact females and 306

castrated males. These 610 animals were raised under a com-
monmanagement system on a farm in Xiushui county, Jiangxi
province, and were fed ad libitum with a corn and soybean
meal based diet containing 3,100 kJ DE, 16% CP, and 0.78%
lysine. All animals accessed to fresh water and were
slaughtered at the age of 180 ± 3 day in a commercial abattoir.
Hot carcass weight (CW), backfat thicknesses at the first rib
(FBF) and at the last rib (LBF) were measured postmortem
according to the method described in our previous study (Ai
et al. 2012). The average backfat thickness (ABF) was the
mean of FBF and LBF. The second population was from a
purebred Duroc population comprising 983 intact boars.
These boars were also fed with a consistent diet containing
3,100 kJ DE, 16% CP, and 0.78% lysine on a farm in Xingxin
city, Guangdong province, and freely accessed to fresh water
and feed. LBF was recorded for each boar at body weight of
90–110 kg, and then adjusted to the backfat thicknesses at 100
(BF100) and 115 kg (BF115) using the formulae proposed by
National Swine Improvement Federation of United States of
America (NSIF, http://www.nsif.com/), respectively:

BF100 ¼ BF þ 100−BWð Þ � BF
BW þ 20ð Þ

� �

BF115 ¼ BF þ 115−BWð Þ � BF
BW þ 20ð Þ

� �

where BF and BW are the recorded backfat thickness (mm)
and body weight (kg) respectively.

Meanwhile, body weight was adjusted to a standardized
value at the age of 160 days (BW160) using the following
formula also from NSIF:

BW160 ¼ BW þ 160−Ageð Þ � BW
Age−50

where BWand Age are the recorded body weight (kg) and its
weighting age of days.

Genotyping and quality control

Genomic DNA of each animal was extracted from ear or tail
tissue using a routine phenol/chloroform extraction method,
and was diluted to a final concentration of 50 ng/μl. All indi-
viduals from both populations were genotyped using Illumina
PorcineSNP60 BeadChips (Illumina, San Diego, CA, USA)
following the manufacturer’s protocol. The unmapped SNPs
and those with multiple genomic locations on the pig refer-
ence genome assembly (Sscrofa10.2) were retained and
assigned to chromosome 0, and their positions were operation-
ally determined in an interval of 20 kb according to their
names in ascending order as described previously (Guo et al.
2013). PLINK was used for quality control of the data based
on the following criteria: (1) SNP call rate > 0.90, (2) minor
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allele frequency (MAF) > 0.01, (3) not significant deviation
from Hardy–Weinberg equilibrium (P < 10−5), and (4) animal
call rate > 0.9 (Purcell et al. 2007). The qualified animals and
SNPs were retained for further statistical analysis.

Statistical analysis

The means and standard deviations of the recorded traits were
calculated by the mean and SD functions of R (R3.2.0, R
Foundation for Statistical Computing, Austria), respectively.
The phenotypic differences between sexes were tested by the
t-test function in the DLY population. The correlation coeffi-
cients among these traits were calculated by the cor function,
and their differences between sexes were determined by a
Fisher’s transformation (Fisher 1925). The lm function was
used to determine the fixed factors and covariates in the
GWAS model.

A family-based score test (FASTA) implemented in the
GenABEL package of R (Aulchenko et al. 2007) was
used to detect the association between SNPs and traits
(Chen and Abecasis 2007). FASTA explored two-stage
analyses. The first stage estimated the phenotypic expec-

tation vector (E(y)), the polygenic additive variance σ̂2u
� �

and the residual variance σ̂2
e

� �
using the following mixed

model:

y ¼ 1μþ Xbþ Zuþ e

where y is the phenotype vector; μ is the population
mean; b is the vector of fixed effects (sex and batch) in
the DLY population (an additional fixed effect of carcass
weight was used in the analysis for backfat thicknesses),
and is year and month of birth in the Duroc population; u
is the predictor vector of polygenic addictive random ef-
fect following N(0, Gσu

2), where G is the genomic kin-
ship matrix calculated on the basis of the identity-by-state
of the SNPs on the autosomes (Amin et al. 2007) and σu

2

is the polygenic additive variance; 1, X, and Z are the
incidence vector and matrices for μ , b , and u ,
respectively.

During the second stage, the association between SNPs and
traits was evaluated by a FASTA test. The statistic (T2) for
each SNP was calculated using the maximum likelihood esti-

mates (E(y), σ̂2
u and σ̂2

e ) according to following formula:

T2 ¼
g−E gð Þ½ �0 Gσ̂̂2u þ I σ̂̂2e

� �−1
y−E yð Þ½ �

( )2

g−E gð Þ½ �0 Gσ̂̂2u þ I σ̂̂2e
� �−1

g−E gð Þ½ �

where g is the genotype vector for the tested SNP, E(g) is a
vector with identical elements that give the unconditional ex-
pectation of each genotype, and I is an identity matrix.

T2 statistics followed a λ∙χ2
1 distribution, where λ is the

residual inflation. λ was estimated from the genomic data
using the following formula:

λ̂̂¼ Median T2
� �

0:4549

where the numerator is the median of the statistic across the
genome, and the denominator is the median of χ2

1.
The estimate of λ can adjust the value of T2 at the tested

locus and make the corrected statistic following a chi-square
distribution with 1 degree of freedom. This procedure is known
as genomic control (Devlin and Roeder 1999). A permutation
approach with 10,000 iterations was explored to obtain the
threshold P values for suggestive (5% chromosome-wide),
5%, and 1% genome-wide significance levels of GWAS
(Churchill and Doerge 1994).

Multi-trait GWAS were performed to detect pleiotropic
polymorphisms using the method proposed by Bolormaa
et al. (2014). Briefly, a statistic, which approximately follows
a chi-square distribution with the number of traits tested as its
degrees of freedom, was calculated for each SNP according to
the following formula:

χ2
Multi−trait ¼ T

0
iV

−1Ti

where Ti is a vector of the signed t values of the ith SNP from

the above-mentioned single-trait GWAS and T
0
i is the trans-

pose of vector Ti; V
−1 is the inverse of the correlation matrix of

the traits, and the correlation between two traits was calculated
using the estimated effects of the qualified SNPs (signed t
values). The threshold P values for significant levels were
the same as those using in the single-trait GWAS.

A meta-analysis can increase statistical power especially
for a locus with small effect by collectively using information
from multiple independent studies (Evangelou and Ioannidis
2013). We used the METAL software (Willer et al. 2010) to
perform the meta-analysis of GWAS in the two populations.
The pooled effect and its standard error of a tested SNP were
weighted by the inverse of variance, and they were calculated
according to the following formula, respectively:

β ¼
∑n

i¼1

1

s2i
βi

∑n
i¼1

1

s2i

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

∑n
i¼1

1

s2i

vuuut
where n is the population number, and βi and si are the allele
effect and its standard error in the ith population respectively.
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A statistic (β divided by s) of Z-test is used to evaluate the
evidence of associations between SNPs and traits in the meta-
analysis. The threshold P values for suggestive, 5%, and 1%
genome-wide significance levels were the means of their
counterparts used in the two populations, respectively.

To determine the approximate positions of unmapped
SNPs surpassing the significant threshold, a two-point linkage
analysis was performed using CRI-MAP software (Green
et al. 1990) in a White Duroc × Erhualian F2 resource popu-
lation (Guo et al. 2013), in which all individuals were also
genotyped by Illumina PorcineSNP60 BeadChips.
Haplotypes of target regions were inferred by PLINK
(Purcell et al. 2007), and linkage disequilibrium (LD) blocks
were constructed by Haploview4.2 (Barrett et al. 2005) under
the default parameters. To highlight candidate genes for each
significant locus, the functions of all annotated genes within
an interval of 1.5 Mb around the top SNP at each locus were
searched via the GeneCards web (Rebhan et al. 1997). If a
gene is associated with any traits related to growth and fatness
in human, mouse, or other farm animals, it was considered a
candidate gene for the detected locus.

Results

Statistics of phenotypic data

Table 1 lists descriptive statistics of the recorded traits in the
two populations. In the DLY population, the castrated male’s
backfat was significantly thicker (P < 0.01) than the intact
female’s, while carcass weight was not different (P = 0.79)
between sexes. The simple correlation coefficients between
the recorded traits in two populations are shown in Table 4.
In the DLY population, all traits were significantly and posi-
tively correlated with each other (P < 0.01), and all correlation
coefficients were higher in males than in females (P < 0.05).
All traits were also significantly correlated with each other

(P < 0.01) in the Duroc population, while BW160 was nega-
tively correlated with BF100 and BF115.

Qualified SNPs and animals in the GWAS

A total of 607 pigs and 39,166 SNPs including 4,830 un-
mapped SNPs passed the quality control in the DLY popula-
tion, and 983 individuals and 38,077 SNPs including 4,833
unmapped SNPs in the Duroc population. The average phys-
ical distances between adjacent SNPs were 75.4 and 77.8 kb
respectively in the two populations. A common set of 29,508
qualified SNPs between the two populations was used in the
meta-analysis of GWAS, and the average physical distance
between adjacent common SNPs was 101.7 kb. Population
stratification existed in both populations as revealed by a prin-
cipal component analysis (Fig. S2). To adjust the relationships
between animals, a random polygenic effect estimated with a
genomic kinship was included in the GWAS model.

Single-trait GWAS results

In single-trait GWAS analyses, we only identified four
chromosomal regions associated with backfat thickness
traits at the suggestive significant level in the two popu-
lations (Table 2 and Fig. 1). Two loci associated with FBF
were identified in the DLY population. One was at
272,049,666 bp on SSC1, with the top SNP located in a
408-kb LD block (Fig. 2a), and the other was at
78,209,229 bp on SSC8. The other two loci, each at
176,159,526 bp in a 541-kb LD block (Fig. 2b) on
SSC1 and at 143,372,799 bp on SSCX, were associated
with both BF100 and BF115 in the Duroc population.

Although we did not detect any mapped SNPs significantly
associated with CW in the DLYpopulation and with BW160 in
the Duroc population, two unmapped SNPs including
MARC0026068 and MARC0062432 appeared to be associ-
ated with the two traits in the two populations at the suggestive

Table 1 Descriptive statistics of phenotypic traits measured in the two populations

Trait Symbol Male Female Male–female

N Mean ± S.E. N Mean ± S.E. Mean ± S.E. P value

DLY

Carcass weight, kg CW 305 85.10 ± 0.52 304 84.80 ± 0.44 0.26 ± 0.68 0.71

Backfat thickness at first rib, cm FBF 306 2.47 ± 0.04 304 1.92 ± 0.04 0.55 ± 0.05 9.1E-25

Backfat thickness at last rib, cm LBF 306 1.77 ± 0.03 303 1.48 ± 0.03 0.29 ± 0.04 3.9E-13

Average backfat thickness, cm ABF 306 2.12 ± 0.03 304 1.70 ± 0.03 0.42 ± 0.04 1.4E-22

Duroc

Backfat thickness at 100 kg, cm BF100 965 1.09 ± 0.01

Backfat thickness at 115 kg, cm BF115 965 1.24 ± 0.01

Body weight at 160 days, kg BW160 982 107.40 ± 0.44
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level , respect ively (Fig. 1) . MARC0026068 and
MARC0062432 were tightly linked to ALGA0117611
(rec = 0.0114, LOD = 65.12) at 139,538,709 bp on SSC6
and MARC0030372 (rec = 0.0029, LOD = 188.99) at
9,651,795 bp on SSC7, respectively. Therefore, we inferred
that there were two loci each associated with CWon SSC6 and
with BW160 on SSC7.

GWAS meta-analysis results

As shown in Table 3 and Fig. 5, only two suggestive loci were
identified in the meta-analysis of GWAS. One was associated
with backfat thickness around 34,634,619 bp on SSC7, and
the top SNP was M1GA0009933. The other was associated
with body weight at 156,381,110 bp on SSC2, and the top
SNP was ALGA0104903. In addition to the two loci, an un-
mapped SNP DIAS0001614 was also associated with body
weight at the suggestive significant level. This SNP was tight-
ly linked to ASGA0105629 (rec = 0.0000, LOD = 126.43) at
156,102,759 bp on SSC2.

Multi-trait GWAS results

No significant locus was identified in the DLY population
(Table 3, Fig. 6). Three suggestive loci were detected in the
Duroc population, each at 79,601,958 bp on SSC8, at
54,624,831 bp on SSC12 and at 5,800,383 bp on SSCX, and

the top SNPs at these three loci were MARC0059309,
ASGA0085214, and ASGA0080690 respectively.

Potential loci with P-value less than 0.001

Some potential chromosomal regions with P-value (corrected by
genomic control) less than 0.001 are listed in Tables 5 and 6.

Discussion

Comparison of our findings with previous reports

In this study, we conducted single-trait GWAS, multi-trait
GWAS, and meta-analyses of GWAS for backfat thickness,
carcass weight, and body weight in two commercial pig pop-
ulations. To our knowledge, this is the first meta-analysis of
GWAS for backfat thickness and body weight in commercial
pigs. A total of 13 loci on nine chromosomes were identified
in this study, six of which have also been detected in other
commercial populations. The locus for carcass weight at
139,538,709 bp on SSC6 is proximal to a locus for average
dairy gain (ADG) in Duroc (Sato et al. 2016) and Yorkshire
(Onteru et al. 2013) populations; and is also close to a locus
for days to 100 kg of body weight in a Duroc population
(Wang et al. 2015). Another locus for body weight at 160 days
at 9,651,795 bp on SSC7 is adjacent to a reported locus for
ADG in an Italian Large White population (Fontanesi et al.

Table 2 Suggestive loci for backfat thickness, body weight, and carcass weight identified by GWAS in this study

Trait1 Chromosome Top SNP2 Nearest gene Effect ± SE P-value

Name Position, bp Name Distance, bp3

FBF 1 ALGA0008905 272,049,666 GRIN3A 145,215 0.168 ± 0.037 5.28E-06

BF100 1 MARC0034873 176,159,526 PHLPP1 0 −0.451 ± 0.112 5.57E-05

BF115 1 MARC0034873 176,159,526 PHLPP1 0 −0.510 ± 0.127 5.85E-05

FBF 8 H3GA0024981 78,209,229 FRAS1 433,395 0.165 ± 0.041 5.72E-05

BF100 X H3GA0052163 143,191,017 F8 0 0.319 ± 0.079 5.85E-05

BF100 X M1GA0023920 143,256,700 DKC1 0 0.319 ± 0.079 5.85E-05

BF100 X ASGA0081645 143,372,799 GAB3 0 0.319 ± 0.079 5.85E-05

BF100 X ALGA0100314 143,387,775 ENSSSCG00000012826 −6925 0.319 ± 0.079 5.85E-05

BF115 X H3GA0052163 143,191,017 F8 0 0.362 ± 0.090 5.83E-05

BF115 X M1GA0023920 143,256,700 DKC1 0 0.362 ± 0.090 5.83E-05

BF115 X ASGA0081645 143,372,799 GAB3 0 0.362 ± 0.090 5.83E-05

BF115 X ALGA0100314 143,387,775 ENSSSCG00000012826 −6925 0.362 ± 0.090 5.83E-05

BF115 X ASGA0081629 143,146,945 F8 0 0.362 ± 0.090 5.90E-05

CW 6 MARC0026068 139,538,709 C1orf87 −126,774 −1.960 ± 0.463 2.34E-05

BW160 7 MARC0062432 9,651,795 PHACTR1 0 2.015 ± 0.491 4.00E-05

Note: 1 The abbreviations of the traits are as same as those listed in Table 1; 2 The last two SNPs in this table are unmapped, and their positions were
inferred from their tightly linked SNPs by a linkage analysis in a White Duroc × Erhualian F2 intercross (Guo et al. 2013);

3 The distance from the top
SNP to the nearest gene. Zero, minus, and positive values indicate the location of the top SNP within, upstream, and downstream of the nearest gene
respectively
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2014). The locus for backfat thickness at 34,634,619 bp on
SSC7 corresponds to a reported locus for backfat thickness in
two Duroc populations (Zhu et al. 2014; Sato et al. 2016).
Another locus for backfat thickness at 176,159,526 bp on
SSC1 confirms the previously reported locus for this trait at
178.02 Mb on this chromosome (Zhu et al. 2014). A multi-
trait locus at 54,624,831 on SSC12 is close to a locus for ADG
around 53.06 Mb in Duroc pigs (Howard et al. 2015), and
another multi-trait locus at 28,284,785 bp on SSC6 was evi-
denced to a locus for ADG in an Italian Large White popula-
tion (Fontanesi et al. 2014). These consistent loci provide
potential markers for selective breeding of growth and fatness
traits in commercial pig populations.

Large populations and high-density markers are required
to map loci for growth and fatness traits in commercial
populations

We used hundreds of pigs in the DLY (n = 607) and Duroc
(n = 983) populations, but only a total of 13 suggestive loci were
identified in this study. This could be explained by intensive
artificial selection on commercial populations. It is well known
that intensive artificial selection has been imposed on growth and
backfat thickness in commercial breeds like Duroc, Landrace,
and Large White during the past decades (Schiavo et al. 2016),
resulting in relatively small genetic variance in these traits.
Therefore, major loci for these traits could have been fixed in

Fig. 1 Manhattan plots of single-trait GWAS for fatness and growth traits in DLYand Duroc populations. The solid and dotted horizontal lines indicate
the 5% genome-wide and chromosome-wise (suggestive) significant threshold values respectively
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commercial populations by strong artificial selection. Large pop-
ulation size is required to detect minor loci, and hundreds of
animals are not enough to identify such small effects.
Moreover, the average physical distance between adjacent
SNPs was more than 75 kb in the two populations, and some
loci with minor effects could not be identified due to insufficient
marker coverage of the 60 K BeadChip (Becker et al. 2013).

Comparison of results from the three GWAS approaches

Except that one locus was identified on SSC8 by single-trait
GWAS in the DLY population (78.2 Mb) and by multi-trait
GWAS in the Duroc (79.6 Mb), no other common locus was
detected between the two populations or across the three
GWAS approaches (Tables 2 and 3, Figs. 1, 5 and 6). This

Fig. 2 Linkage disequilibrium (LD) blocks and candidate genes within
the significantly associated regions on SSC1. a DLY pigs (around
272 Mb), and b Duroc pigs (around 176 Mb). From top to below are

Manhattan plots, annotated genes within the chromosomal region that
were retrieved from the Ensemble genome browser (www.ensembl.org/
Sus_scrofa/Info/Index) and LD blocks, respectively

Table 3 Suggestive loci for backfat thickness and body weight identified by meta-analysis and multi-trait GWAS in this study

Traits Chromosome Population Top SNP Position, bp Effect ± SE P-value

Body weight 2 META ALGA0104903 156,381,110 1.559 ± 0.351 9.00E-06

Backfat thickness 7 META M1GA0009933 34,634,619 0.110 ± 0.026 2.35E-05

Body weight 14 META MARC0042258 140,893,834 −1.522 ± 0.376 5.07E-05

Multi-trait 11 DLY H3GA0056142 74,825,253 - 4.82E-05

Multi-trait 6 DLY ASGA0027977 28,284,785 - 6.75E-05

Multi-trait 8 Duroc MARC0059309 79,601,958 - 2.49E-05

Multi-trait 12 Duroc ASGA0085214 54,624,831 - 1.24E-06

Multi-trait 12 Duroc H3GA0034708 54,636,448 - 2.27E-05

Multi-trait X Duroc ASGA0080690 5,800,383 - 6.61E-06

Multi-trait X Duroc ASGA0098406 5,916,542 - 1.84E-05
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may be due to different genetic backgrounds between the two
populations and different theoretical assumptions of the three
GWASmethods. As mentioned in the 'Materials and methods'
section, the Duroc population was a purebred population, but
the DLY population was derived from a cross of three breeds
including Duroc, Landrace, and Large White. Therefore, the
two populations had different genetic backgrounds. In this
study, three GWAS methods were used to identify genomic
loci for growth and fatness traits from different facets. Single-
trait GWAS in single and multiple populations are powerful in
detecting QTL for target traits in each population and across
populations, respectively. Multi-trait GWAS is efficient in
mapping QTL with pleiotropic effects on target traits in each
population.

Candidate genes at the identified loci

SSC1 The top SNP (ALGA0008905) at the suggestive locus
for backfat thickness on SSC1 in the DLY population located
in a 408-kb LD block (Fig. 2A), and the BAAT (bile acid-
CoA:amino acid N-acyltransferase) gene was about 460 kb
upstream of the SNP and 49.55 kb upstream of the LD block.
BAAT is involved in bile acid metabolism and indirectly facil-
itates lipid- and fat-soluble vitamin absorption (Hadžić et al.
2012). Therefore, we considered BAAT a candidate gene for
backfat thickness. Another locus was evidenced in the Duroc
population, and the lead SNP (MARC0034873) at this locus
mapped at 176.16 Mb and resided in the PHLPP1 (PH do-
main leucine-rich repeat-containing protein phosphatase 1)
gene within a 541-kb LD block (Fig. 2B). PHLPP1 encodes
a phosphatase, and can terminate Akt signaling that is able to
regulate insulin levels (Dong et al. 2014). It has been reported
that PHLPP1 abundance was increased in adipose tissue and
skeletal muscle of obese individuals, and variants in this gene
have been associated with BMI and insulin resistance in
humans (Andreozzi et al. 2011) and average daily weight in
pigs (Howard et al. 2015). Thus, we propose PHLPP1 as a
candidate gene at this locus. We noted that MC4R, a well-
characterized gene for fatness, growth, and feed intake in pigs
(Kim et al. 2000; Óvilo et al. 2006; Fan et al. 2009), is located
2.39Mb downstream ofPHLPP1. It is worthwhile conducting
further investigations to test whetherMC4R is also a candidate
gene for this locus.

SSC8 We detected a suggestive locus associated with BW160

at 32.36 Mb on SSC8 in the Duroc population (Table 4).
TBC1D1 (TBC1 (tre-2/USP6, BUB2, cdc16) domain family,
member 1) gene is 1.31 Mb upstream of the top SNP at this
locus. This gene has been implicated in human obesity (Stone
et al. 2006; Meyre et al. 2008; Scherag et al. 2010), and func-
tional mutations in this gene led to leanness and protected
from diet-induced obesity in mice (Chadt et al. 2008).
Furthermore, it was associated with ham weight in Italian

Large White pigs (Fontanesi et al. 2011). Therefore, it is a
promising candidate gene for BW160.

Conclusion

We conducted single-trait GWAS, multi-trait GWAS, and
meta-analysis of GWAS for backfat thickness, carcass weight,
and bodyweight in two commercial pig populations.We show
that single-trait GWAS is powerful to detect trait-specific QTL
and multi-trait GWAS is efficient for mapping pleiotropic
QTL, while meta-analysis can improve the detection power
for common loci across multiple small populations. In total,
we identified only 13 suggestive loci with minor effects on the
tested traits. This indicates that intensive selection for lean
meat production during the past decades could cause the fix-
ation of major loci for growth and fatness in commercial
breeds such as Duroc, Landrace, Duroc, and Pietrain.
Therefore, large populations are required to identify QTL for
growth and fatness traits in these breeds. TBC1D1, BAAT, and
PHLPP1 are three functionally plausible candidate genes for
pig growth and fatness traits.
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