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ABSTRACT. Many QTLs for fatness traits have been mapped on pig
chromosome 7q1.1-1.4 in various pig resource populations. Eight novel
markers, including seven SNPs and one insertion or deletion within
BTNL1, COL21A1, PPARD, GLP1R, MDFI, GNMT, ABCC10, and
PLA2G7 genes, as well as two previously reported SNPs in SLC39A7 and
HMGA1 genes, were genotyped in Large White and Meishan pig breeds.
Except for two SNPs in HMGA1 and ABCC10 genes, allele frequencies
of the other eight markers are highly significant different between
Chinese indigenous Meishan breeds and Large White pig breeds. Eight
polymorphic sites were then used for linkage and QTL mapping to refine
the fatness QTL in a Large White × Meishan F2 resource population.
Five chromosome-wise significant QTLs were detected, of which the
QTLs for leaf fat weight, backfat thickness at 6-7th rib and rump, and
mean backfat thickness were narrowed to the interval between PPARD
and GLP1R genes and the QTL for backfat thickness at thorax-waist
between GNMT and PLA2G7 genes on SSC7p1.1-q1.4.
Key words: Single nucleotide polymorphism; Quantitative trait locus;
Carcass traits; Sus scrofa chromosome 7 (SSC7)
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INTRODUCTION
To date, about 95 quantitative trait loci (QTL) related to fat deposition traits have
been described on Sus scrofa chromosome 7 (SSC7) according to PigQTLdb (http://www.
animalgenome.org/QTLdb/pig.html). We previously mapped significant QTL for backfat
thickness and leaf fat weight between Sw1856 and Sw859 on SSC7 using a Large White x
Meishan F2 resource population (Zuo et al., 2004). It is interesting to note that the regions
containing the QTL for fat deposition are in good agreement with the many results reported
in various Meishan-derived populations (Milan et al., 1998; Moser et al., 1998; Rohrer and
Keele, 1998; de Koning et al., 1999, 2001; Rohrer, 2000; Rattink et al., 2000; Bidanel et
al., 2001; Sato et al., 2003; Demeure et al., 2005). Nearly all the QTL were located in the
p1.1-q1.4 region, homologous to the short arm of human chromosome 6 (HSA6p), where
QTL for some obesity indices in humans reside (Norman et al., 1995), and the allele with
higher backfat thickness originated from the commercial breed and not from the Meishan
pigs. Therefore, there is a strong possibility that the same cryptic QTL exist in the Meishan
population and more research should be conducted to explore this possibility. Improving the
genetic marker resolution of the linkage map in this QTL region would facilitate the search
for QTL candidate genes. Single nucleotide polymorphism (SNP) maps are becoming the
gold standard for genetic markers, even for linkage analyses (Bellenguez et al., 2009). Recently, the Wellcome Trust Sanger Institute released a partial BAC-based assembly of the
porcine genome (Sscrofa5), which includes assemblies for pig chromosome 7. The gene
order and genomic sequence at SSC7p1.1-q1.4 region can be accessed through the website
http://www.ncbi.nlm.nih.gov/projects/mapview/maps.cgi?taxid=9823&chr=7. In this study,
an SNP-based genetic linkage map was constructed and used for the refined localization of
fatness QTL on this region.

MATERIAL AND METHODS
Animals and fatness traits
Two populations, including Large White and Chinese indigenous Meishan pigs,
were used for allele frequency estimation. The Large White x Meishan resource population
including 315 F2, 54 F1 and 21 grandparent animals were used for the linkage and QTL analysis (Zuo et al., 2007; Yang et al., 2010). Three of the seven Large White and eight of the
fourteen Meishan founders of the resource population came from the populations used for
allele frequency estimation. The animals were born and raised in the Huazhong Agriculture
University Jingpin pig farm. All pigs were fed twice daily with diets formulated according
to age under the standardized feeding and management regimen, and given free access to
water. The F2 pigs were slaughtered at an average of 200 days, with a slaughter weight of
87.0 ± 7.07 kg. The pigs were slaughtered following a common protocol (Xiong and Deng,
1999). The fatness traits included thickness at shoulder (BFT1, cm), backfat thickness at
thorax-waist (BFT2, cm), backfat thickness at rump (BFT3, cm), backfat thickness at 6-7th
rib (BFT4, cm), average backfat thickness at shoulder, thorax-waist and rump (ABF, cm),
leaf fat weight (LFW, kg), and caul fat weight (kg).
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SNP identification and genotyping
The order of ten genes was shown on the BAC fingerprint contig from the Wellcome
Trust Sanger Institute (http://www.ncbi.nlm.nih.gov/projects/mapview/maps.cgi?taxid=
9823&chr=7). According to this map, the genomic region on SSC7q1.1-1.4 spans approximately 20 Mb, and the corresponding human region contains about 160 annotated genes.
Based on gene information, ten genes (BTNL1, SLC39A7, COL21A1, HMGA1, PPARD,
GLP1R, MDFI, GNMT, ABCC10, and PLA2G7) were selected. Two SNPs in SLC39A7 and
HMGA1 genes were reported in the literature (Kim et al., 2006; Chen et al., 2009). The
other SNPs were identified by comparative DNA sequencing of four Large White and four
Meishan pigs and then confirmed using PCR or PCR-restriction fragment length polymorphisms (RFLP). Sequencing was done by a commercial service (Biotech Company, Beijing, China). Nucleotide sequences of all primers, annealing temperatures, allele pattern,
and restriction endonucleases of eight makers are shown in Table 1. Animal genotyping
was performed by PCR or PCR-RFLP with the application of the restriction endonucleases
and separated on agarose gel or polyacrylamide gel.

Linkage and QTL mapping analysis
Linkage analysis was performed using CRIMAP version 2.4 (Green et al., 1990).
Least square regression interval mapping was used for QTL detection (Haley et al., 1994).
QTL analysis was carried out on internet (http://www.xmarks.com/site/qtl.cap.ed.ac.uk/).
Using multi-marker information, three probabilities were calculated at 1-cM intervals along
the chromosome. P(QQ), P(qq) and P(Qq) are the probability that F2 offspring inherited two Large
White alleles, two Meishan alleles and one from each breed, respectively. At every centimorgan (cM) across the genome, the following model was fitted:
yijk = u + si + fj + βcovijk + cak a + cdk d + eijk,
where yijk is the trait record of the kth offsping; u is the overall mean; si is the ith sex effect (i = 1,
2); fj is the full-sib family (j = 1 - 37). Weight and age at slaughter were used as the covariate
for carcass traits and meat quality traits, respectively. a and d are the estimated additive and
the dominance effects of a putative QTL, respectively. cak is the additive coefficient of the kth
individual at a putative QTL position and the probability 1/2(P(QQ) - P(qq)). cdk is the dominant
coefficient of the kth individual at a putative QTL position and the probability P(Qq). eijk is the
residual. In this study, additive effects are estimated for the Large White QTL allele. Thus,
positive values of the additive effects denote an increase of the trait due to the Large White
QTL allele. Chromosome-wise significant thresholds are obtained by 1000 iterations of permutation (Churchill and Doerge, 1994). The confidence intervals of QTL were estimated by
a bootstrap method with 1000 iterations (Visscher et al., 1996). The percentage of phenotype
variances explained by QTL (h2Q) is calculated using the formula below:
h2Q = (MSreduce1 - MSfull) / MSreduce x 100%,
where MSfull, MSreduce1 and MSreduce are residual mean squares of the model with all detected QTL,
the rest detected QTL except for a given one, and without QTL, respectively (Liu et al., 2009).
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RESULTS AND DISCUSSION
Except for two SNPs in SLC39A7 and HMGA1 genes, eight novel markers including
seven SNPs and one insertion or deletion within BTNL1, COL21A1, PPARD, GLP1R, MDFI,
GNMT, ABCC10, and PLA2G7 genes, respectively, were identified and confirmed in this
study. The 10 polymorphic sites were genotyped in Large White and Meishan pigs and allele
frequencies were estimated (Table 2). The χ2 test showed that allele frequencies of the other
markers were highly significantly different between Chinese indigenous Meishan and Large
White pig breeds except for two SNPs in HMGA1 and ABCC10 genes. Due to the genotypic
distribution skewing and the resulting low polymorphic information contents of two SNPs in
HMGA1 and ABCC10 genes in the resource family, these two substitutions were excluded
from further analysis. As a result, eight polymorphic sites were used for linkage mapping
in a three-generation Large White x Meishan resource family. Mendelian segregation of the
polymorphisms was observed in the resource family. The most probable order and position of
DNA markers are shown in Table 1. The sex-averaged linkage map spanned 24.6 cM, with an
average interval of 3.51 cM. The QTL mapping results are presented in Table 3. In this study,
a total of five chromosome-wise significant QTL were detected (Figure 1).
The most significant QTL was that affecting BFT2 at position 23 cM between GNMT
and PLA2G7 (P < 0.05). The QTL for BFT2 could explain approximately a 5.207% fraction of
the phenotypic variation. Individuals homozygous for the Large White alleles were on average 0.396 cm thicker than those homozygous for Meishan alleles, and the Large White allele
caused an increase in BFT2. The significant QTL for BFT3, BFT4, ABF and LFW were all
mapped to the same marker interval between PPARD and GLP1R. These facts indicated that
the overlapping QTL for these fatness traits could be caused by the same major gene. Three
QTL for BFT3, ABF and BFT4 explaining, respectively, 4.999, 3.975 and 4.668% of the genetic variance were found with high significance at positions 11 and 12 cM on SSC7q1.1-1.4.
The negative additive estimate of BFT3, BFT4 and ABF QTL indicated higher backfat thickness for the Large White allele compared to the allele of the Meishan breed. The QTL for LFW
was detected at position 11 cM explaining 4.575% of total genetic variance, with the Meishan
allele decreasing the phenotypic value. For all the QTL detected in this study, the favorable
allele decreasing the fat deposition originated from the Meishan breed, which was contrary
to the breed characteristic difference in fatness traits, but it confirmed many previous QTL
effects according to PigQTLdb (Hu et al., 2005). Moreover, a two-QTL model analysis was
performed to confirm if there were two QTL on this region, but no significant evidence for the
existence of two QTL versus one QTL was observed. The order of 10 genes was also shown
on the BAC fingerprint contig from the Wellcome Trust Sanger Institute. From this map, the
new refined fatness QTL region from PPARD to GLP1R spans approximately 3.5 Mb, and the
corresponding human region contains at least 28 annotated genes. Thus, the most probable
position of fatness QTL between PPARD and GLP1R was located within a region of about
3.5 Mb including 28 putative porcine genes. Several functional genes have been demonstrated
to play important roles in the regulation of adiposity, including PPARD, CLPS and GLP1R
genes, which could be considered as possible positional candidates. Meta-analysis of QTL in
mice showed that PPARD and CLPS were all contained in one prominent region with linkage
for body weight and body fat on mouse chromosome 17 (Wuschke et al., 2007). Therefore, a
more comprehensive genetic and functional characterization of the candidate genes including
Genetics and Molecular Research 10 (4): 3090-3097 (2011)
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TT (10)
GG (19)
DD (7)
TT (0)
GG (8)
CC (19)
TT (13)
TT (17)
AA (8)
AA (12)

CT (8)
GA (9)
ID (11)
TC (2)
TG (18)
CT (1)
TC (28)
TG (3)
AG (6)
AG (12)

CC (5)
AA (4)
II (2)
CC (18)
TT (2)
TT (0)
CC (8)
GG (2)
GG (1)
GG (8)

T (0.609)
G (0.734)
D (0.625)
T (0.050)
G (0.607)
C (0.975)
T (0.659)
T (0.841)
A (0.733)
A (0.600)

C (0.391)
A (0.266)
I (0.375)
C (0.950)
T (0.393)
T (0.025)
C (0.342)
G (0.159)
G (0.267)
G (0.400)

TT (24)
GG (5)
DD (0)
TT (0)
GG (1)
CC (0)
TT (0)
TT (3)
AA (9)
AA (0)

CT (9)
GA (12)
ID (0)
TC (6)
TG (6)
CT (2)
TC (0)
TG (3)
AG (9)
AG (0)

Large White					

CC (0)
AA (25)
II (28)
CC (13)
TT (20)
TT (13)
CC (45)
GG (12)
GG (2)
GG (28)

Meishan

I: 708 bp
D: 378 bp
T:723 bp
C:596 bp + 127 bp
G: 377 bp
T: 256 bp + 121 bp
C: 387 bp
T: 269 bp + 118 bp
T: 182 bp + 37 bp
C: 113 bp + 69 bp + 37 bp
T: 43 bp + 149 bp + 10 bp
+ 37 bp + 64 bp + 143 bp
G: 43 bp + 149 bp +
10 bp + 37 bp + 24 bp
+ 40 bp + 143 bp
A: 404 bp
G: 329 bp + 75 bp
A: 308 bp
G: 168 bp + 140 bp

10.3
12.7
15.9
18.1

24.6

BSP120I
Eco130I
Hin6I
AsuC2I

SspI
XhoI

T (0.864)
A (0.738)
I (1.000)
C (0.842)
T (0.852)
T (0.933)
C (1.000)
G (0.750)
G (0.325)
G (1.000)

-

PdiI

C (0.136)
G (0.262)
D (0.000)
T (0.158)
G (0.148)
C (0.067)
T (0.000)
T (0.250)
A (0.675)
A (0.000)

6.6

*Cited from Chen et al. (2009). The numbers in parentheses after the genotypes are the samples genotyped and after the alleles are the allele frequencies.

BTNL1
SLC39A7*
COL21A1
HMGA1
PPARD
GLP1R
MDFI
GNMT
ABCC10
PLA2G7

Gene		

Table 2. Genotype and allele distribution of 10 markers in Large White and Meishan pigs.

CU607018:
F: CCCCATCGCTGTTGTAG
61.5
g.71795_72125ins R: TGGCGAGTTCTGCTCAAGG		
AY039511:
F: AGAAGGAGCCCAGCGAAGT
62
g.576T>C
R: ACAGTGCTCACCCAATGGC		
EU169095:
F: CACGCTGCTATACTGCCTAC
60
g.40395T>G
R: ATCCGCTGCATCATCTGG		
CU582979:
F: CACCAAGTGCAGGTGATGTAGC
61
g.51354C>T
R: CCAGCAGCGGGATGAGTGT		
CT737369:
F: CGAGTTCCTGACGCTGTGC
60
g.15616C>T
R: CAGGAGGAGAAGCAGAGCC		
Glycine N-methyltransferase,
CR956379:
F: GTGTACCGGACCCGCTCCCT
63.5
GNMT
g.127283G>T
R: TCGGCCTCGCCCTGCTCCTCGTTCT		
				
				
				
ATP-binding cassette,
CU633197:
F: TAGACCCTAATGTGAATGG
57.5
sub-family C, member 10, ABCC10 g.860A>G
R: GGAGGGTGCTCTTAGTGA		
Phospholipase A2, group VII,
DQ249147:
F: GACCCTTCTGACACCCTC
61.5
PLA2G7
g.34G>A
R: CCTGCACCATAGCTCACG		

-

1.4

HpaII

C: 324 bp
T: 206 bp + 118 bp
G: 402 bp
A: 250 bp + 152 bp

0

F: TTGAAATGCGAGTCCCT
60
R: CTCACCACATGACCCAGA		
F: ATCCTGCTGAGTTTTGCTTCG
63
R: TGGGGATGGACACATTGAGAC		

BcnI

BX323846:
g.41159T>C
EU016094:
c.205G>A

Butyrophilin-like protein 1,
BTNL1
Solute carrier family 39
(zinc transporter), member 7,
SLC39A7
Collagen, type XXI, alpha 1,
COL21A1
High mobility group
AT-hook protein 1, HMGA1
Peroxisome proliferator-activated
receptor delta, PPARD
Glucagon-like peptide
1 receptor, GLP1R
MyoD family inhibitor, MDFI

Genetic
distance (cM)

Restriction
endonuclease

Gene
Marker
Primer (5'-3')
Annealing Tm (°C)
Allele patterns
					

Table 1. Information on the 10 molecular markers.
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Table 3. QTL analysis for the fatness traits analyzed.
Traits
LFW
CFW
BFT1
BFT2
BFT3
BFT4
ABF

Position (cM) F-statistic
11
20
11
23
11
12
11

7.63
3.44
3.76
8.56
8.18
7.60
6.71

Marker interval

a ± SEM

d ± SEM

h2Q

Chromosome-wise significance level

PPARD-GLP1R
GNMT- PLA2G7
PPARD-GLP1R
GNMT- PLA2G7
PPARD-GLP1R
PPARD-GLP1R
PPARD-GLP1R

-0.085 ± 0.022
-0.023 ± 0.025
-0.191 ± 0.075
-0.198 ± 0.048
-0.225 ± 0.061
-0.209 ± 0.057
-0.186 ± 0.055

0.024 ± 0.029
0.099 ± 0.040
-0.051 ± 0.099
-0.042 ± 0.080
-0.078 ± 0.081
-0.045 ± 0.075
-0. 056 ± 0.073

4.575
1.709
1.965
5.207
4.999
4.668
3.975

<0.01
<0.01
<0.01
<0.01
<0.05

LFW = leaf fat weight; CFW = caul fat weight; BFT1, 2, 3, 4 = backfat thickness at shoulder, thorax-waist, rump,
and 6-7th rib, respectively; ABF = average backfat thickness at shoulder, thorax-waist and rump. a = additive effect;
d = dominance effect; SEM = standard error; h2Q = fraction of phenotypic variance explained by the QTL. Negative
values of the additive effects denote a decrease of the trait due to the Meishan alleles.

Figure 1. QTL mapping curve of fatness traits on SSC7 q1.1-1.4 region. The x-axis indicates the relative position
on the linkage map and the y-axis represents the F-ratio.
Genetics and Molecular Research 10 (4): 3090-3097 (2011)
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expression analyses in target tissues should be performed to identify the gene responsible and
ultimately the causative molecular genetic variation.
In summary, this study identified eight novel molecular markers and detected five
significant QTL for fatness traits in a Large White x Meishan F2 resource population based on
a new SNP linkage map. The results narrowed the previous QTL on SSC7p1.1-q1.4 and laid
the basis for further comprehensive scanning of SNPs within the candidate functional genes.
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