
Introduction

Growth and development are important for pig
production systems and have major effects on
meat quality and fatness traits in pigs. These traits
are controlled by polygenes with additive or
non-additive effects. A few genes may account for
a relatively large proportion of the genetic varia-
tion (Lande 1981). However, few major genes af-
fecting growth and fatness have been
characterized in pigs.

The SLC6A14 gene encodes a sodium- and
chloride-dependent transporter of neutral and
cationic amino acids and is a member of the neuro-

transmitter transporter gene family (SLC6) (Sloan
and Mager 1999; Chen et al. 2004). Neurotrans-
mitters are amino acids, like �-aminobutyric acid
(GABA), glycine or aspartate, or other
low-molecular-weight molecules, like acetylcho-
line, dopamine, serotonin, norepinephrine, and
their levels are controlled by SLC6 proteins
(Höglund et al. 2005). Serotonin (5-hydroxy-
tryptamine) controls a variety of physiological
functions in the central and peripheral nervous
systems (Niesler et al. 2003). The SLC6A14 pro-
tein potentially regulates tryptophan availability
for serotonin synthesis and thus possibly affects
appetite control and mood (Höglund et al. 2005).
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Moreover, SLC6A14 nt.20649C>T and
nt.22510C>G polymorphisms seem to be associ-
ated with human obesity (Suviolahti et al. 2003;
Durand et al. 2004).

Several studies have consistently reported
quantitative trait loci (QTLs) for growth and fat-
ness in the Sw2456-Sw1943 region on pig chromo-
some X (SSCX) in various porcine resource
populations (Rohrer and Keele 1998a, 1998b;
Bidanel et al. 2001; Harlizius et al. 2000; Milan
et al. 2002; Cepica et al. 2003; Rohrer et al. 2006).
SLC6A14 has been mapped to human chromo-
some Xq24 (Öhman et al. 2000). Humans and pigs
have a complete syntenic relationship between
their X chromosomes (McCoard et al. 2002). Ac-
cording to its physiological role and chromosomal
localization in humans, SLC6A14 could be a com-
parative-functional candidate gene for the QTL af-
fecting porcine fat deposition and growth traits on
SSCX. The aim of this study was to characterize
the porcine SLC6A14 gene and evaluate the asso-
ciation of SLC6A14 polymorphisms with growth
and fatness-related traits in a large-scale White
Duroc × Erhualian resource population.

Materials and methods

Animals and phenotypic data

A 3-generation resource population was devel-
oped from a cross between 2 White Duroc boars
and 17 Chinese Erhualian sows. A total of 68 F1

parents (9 males and 59 females) were
intercrossed to produce 1912 F2 animals (967
males and 945 females) from 110 full-sib families.
The average size of 110 full-sib families was
17.3 ± 7.7 and the sizes ranged from 3 to 34. De-
tailed information about pedigree and animal
management of this population was described in
Guo et al. (2009).

In this study, 995 F2 animals were weighed at 0,
21, 46, and 240 days. All animals were slaugh-
tered at the age of 240 ± 3 days for measurements
of fatness-related traits, including leaf fat weight,
caul fat weight, abdomen fat weight, first rib
backfat thickness, tenth rib backfat thickness, last
rib backfat thickness and lumbar fat thickness.
Genomic DNA was extracted from either ear clip
or blood samples by a standard phenol-chloroform
extraction method. All the procedures involving
animals followed the guidelines for the care and
use of experimental animals established by the
Ministry of Agriculture of China.

cDNA isolation

Total RNA was extracted from the small intestine
of a 240-day-old F2 individual with the RNeasy
Mini Kit (QIAgen, Hilden, Germany), following
the supplier’s protocol. First-strand cDNA was
synthesized with the BD SMARTTM RACE cDNA
Amplification Kit (BD Bioscience, Heidelberg,
Germany), according to the manufacturer’s in-
structions.

A 1058-bp partial porcine SLC6A14 cDNA se-
quence (AY375265) was used to design porcine
SLC6A14 gene-specific primers (5R-1, 5R-2,
5R-3; Table 1) for 5’ RACE assay. Three-round
amplifications were performed to determine the
5’-untranslated region (UTR) and the transcription
initiation site. Each PCR reaction was performed
in a total volume of 25 µL, containing 10 ng of
double-stranded cDNA or 1 mL of the PCR prod-
uct, 10 × QIAGEN PCR buffer, 5 × Q-solution, 1.5
U of Taq polymerase (QIAgen, Hilden, Germany),
10 mM dNTP mix, 10 pM of each primer, BD
UPM (universal primer mix) or NUP (nested uni-
versal primer mix, both from BD Clontech). PCR
conditions were routine programs with optimal an-
nealing temperatures (Table 1).

For 3’-RACE assay, primers (3F, Table 1)
were initially designed on the basis of a highly
conserved region after the alignment of human,
murine, canine, and bovine SLC6A14 mRNA se-
quences (BC093710, NM_020049, XM_549207
and XM_589043). After sequencing the PCR
product, three SLC6A14-specific primers (3F-1,
3F-2, 3F-3; Table 1) were designed to amplify the
first-strand cDNA together with 3’-RACE CDS
primer A. All amplifications were performed as
mentioned above at optimal annealing tempera-
tures (Table 1). Both 5’-RACE and 3’-RACE
products were gel-purified with the QIAquick Gel
Extraction Kit (QIAgen, Hilden, Germany) and
cloned into pGEM®-T Easy Vector (Promega,
Madison, USA). After transformation into Esche-

richia coli DH5, the recombinant plasmid was pu-
rified and sequenced.

Full-length DNA sequence determination

The obtained pig SLC6A14 cDNA sequence
(GenBank accession no. GQ387269) was aligned
with human SLC6A14 DNA sequence
(AL034411) to reveal pig SLC6A14 genomic
structure. A total of 13 primer pairs flanking each
putative intron were designed to amplify genomic
DNA in a routine way at optimal annealing tem-
peratures (Table 1). Amplicons of more than 3 kb
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were obtained with the LA PCR™ Kit Ver.2.1 ac-
cording to the manufacturer’s protocol (TaKaRa,
Dalian, China). All PCR products were purified

and bidirectionally sequenced for determination of
the full-length DNA sequence of the SLC6A14
gene. Genomic organization and exon–intron
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Table 1. Characteristics of primers and amplicons used in this study

Primer name Primer sequence (5’-3’) Size
(bp)

Tm (°C )

3’-RACE CDS primer AAG CAGTGGTATCAACGCAGAGTACT(30)N_ 1N

NUP AAGCAGTGGTATCAACGCAGAGT

UPM CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT

Snapshot-1 AGTGAGTACAGTAAGTTACCTACACCTTAAGCAGATGTAATT

Snapshot-2 GGAAAATGTTTACACATGCAAAGATAACTTGGGTCCACAATGATTAAT

Forward Reverse

5R-1 AGCAAACTGAGAGTCCAGACCCAA 65.0

5R-2 TACAATGGCATCTGAGTAGCAA 72.0–65.5

5R-3 TTGATGCAGGTAAGATTGTTGG 72.0–65.5

3F-1 CAGAAGCTCTAGCCCAACTCCC
AGG

65.0

3F-2 TGTTTCTCCTTGGTCTCGTCTG 65.0–55.0

3F-3 TTCTGGCTATGGTGGAGAGCTT
GCTG

65.0–55.0

3F CAGAAGCTCTAGCCCAACTCCC
AGG

TACACCAGCCTAGAGCAACTCCCCA 58.0

RT-PCR GGTCCTGATATCCATTTTTGTG TACAATGGCATCTGAGTAGCAA 58.0

ß-Actin GAGAAGCTCTGCTACGTCGC CCAGACAGCACCGTGTTGGC 58.0

Mapping GGTCCTGATACTCATTTTTGTG AGAAATGCTTTAGCCTTACTGC

SLC6A14-Intron1 AAGCTCTGCCAGACTGCG CCCCAATCCCACTGCATA 1170 63.7

SLC6A14-Intron2 ATCTGAGGATTTCCACATTCG GAAAGAACAAAGGCAAAC CAG 3684 61.4

SLC6A14-Intron3 ATTGGCTGGTTTGCCTTTG GGACCATTGTAATCCCCAC 2098 62.9

SLC6A14-Intron4 GGTCCTGATATCCATTTTTGTG TTGATGCAGGTA AGATTGTTGG 1034 60.3

SLC6A14-Intron5 GTTTATCAGCCAGGGCAGC CCATTCCACTCGACCGTTG 1558 68.4

SLC6A14-Intron6 AACGGTCGAGTGGAATGG TGCTCCTCGGATCAACAG 2234 64.6

SLC6A14-Intron7 CCCCTATGTTGTTCTACTCATC
CTG

GATAGAGCAACTAAACCACCCCAAG 4503 68.0

SLC6A14-Intron8 CACACAGATATTTTACTCCC AGCAAACTGAGAGTCCAGACCCAA 2413 58.4

SLC6A14-Intron9 TAGCCCAACTCCCAGGTG CCAAGCAGCAACCCAAAG 1869 64.4

SLC6A14-Intron10-11 TGAGGGTTCCCATAACTTT GTAATGACAAACCAGCAAGC 993 53.2

SLC6A14-Intron12 TCTGGCTATGGTGGAGAGCTTG
CTG

TACACCAGCCTAGAGCAACTCCCCA 1964 58.0

SLC6A14-Intron13 TGCCAAAATTCCATACCCTGA TTTCTCCACGGTGTCTTTCCA 3018 58.4

SLC6A14-Exon1 AAGCTCTGCCAGACTGCG CACACTTGCGGGTGGTT 232 61.4

SLC6A14-Exon2 GAAAGCATTCTCCCTGGC CAACCTCCCACTAACCCA 426 56.3

SLC6A14-Exon3 GCTGCTTGTAAAGTGCCATC AAGGACAGCTACATGCAGGA 262 58.4

SLC6A14-Exon4 GGATCTGGCATTGTCTCTGTG ATGCTTTAGCCTTACTGCCTG 630 63.0

SLC6A14-Exon5 ACCCCCAGTTTAGTAGCAGAG AATTTACCCTGATTCCATGCC 466 61.4

SLC6A14-Exon6 TGCCCCTCCATACAACAGT TCAGCTAGAAGGGTCCAAG 543 59.2

SLC6A14-Exon7 TCTCTGATAATTTCCACTGGC CTTTTACGGTTTACCTCCTCA 289 53.0

SLC6A14-Exon8 ACCAAGGCATTTCACTCACG GTGCCCCTAAAAAGCAAACA 632 61.0

SLC6A14-Exon9 CACACTTTCACATTATCACAGC CAACACGAGTAAGAAAAGGATG 402 57.5

SLC6A14-Exon10 AAAAGCAAAGAGCAGGGC TGGGAAAAAATCTGGGCT 395 58.0

SLC6A14-Exon11 GCAGAGGTGAAACCAAGAAG CAAAGAATTCATTCAGCCCT 459 58.0

SLC6A14-Exon12 CTTGGGTCCACAATGATTAA AATTTAGGCACCTTGGAGAC 338 58.4

SLC6A14-Exon13 ACCTATCCAAAGCCAAATACA
AGT

CGAAGATATAGCAGCAAGTGAGAT 595 52.0

SLC6A14-Exon14 GACGTGATAATGTTGCTTGAAT
GG

ATCTCATTCTGGTTTTCTACTGCC 413 58.4

SLC6A14 g.7944 A>T GCATCAATGGAAGCGAAGTTT GCAGATTACTACTACTCACAC 240 64.0

SLC6A14 c.1438 G>A GGTTTTGTTTCTCCTTGGTCA(T)
C

TGTGTGCTCTGTAGTAGCTGCC 264 50.5

SLC6A14 g.21063 G>T GGTTCCTTTTTATTATGTTTGCT CACCTTTTTGCTCCAATCATC 256 58.0

Tm = melting temperature



boundaries were identified by comparison of nu-
clear DNA (GenBank accession no. GQ387268)
and cDNA sequences (GenBank accession no.
GQ387269).

Analysis of expression profiles in tissues

Total RNA was extracted from 18 porcine tissues
(adrenal gland, kidney, lung, pituitary gland,
ovary, adipose tissue, prostate, testis, heart mus-
cle, thymus gland, epididymis, small intestine, tra-
chea, stomach, liver, hypothalamus, thyroid gland,
bladder) with the RNeasy Mini Kit (QIAgen,
Hilden, Germany), according to the manufac-
turer’s protocol. Full-length cDNA was synthe-
sized with Super BD SMARTTM PCR cDNA
Synthesis Kit (BD Bioscience, Heidelberg, Ger-
many), according to the manufacturer’s instruc-
tion. One microliter of cDNA was used as a
template in a reverse transcriptase polymerase
chain reaction (RT-PCR, Table 1). The reaction
was performed in a total of 25 µL, containing
100 µM dNTPs, 10 pM of SLC6A14 specific prim-
ers, and 2.5 U of Taq polymerase (QIAgen,
Hilden, Germany) at an annealing temperature of

58°C. Primers for a housekeeping gene (�-Actin)
were used for amplification as an internal control.
The PCR products were separated by electropho-
resis on 1.5% agarose gels and visualized by
ethidium bromide staining.

Radiation hybrid (RH) mapping

The 7000-rad IMpRH (INRA-Minnesota porcine
radiation hybrid panel) (Yerle et al. 1998) was
screened to localize the SLC6A14 gene. Briefly,
hybrid DNA, porcine genomic DNA (positive
control), and hamster genomic DNA (negative
control) were amplified with SLC6A14-specific
primers (marked as “Mapping” in Table 1) in a

volume of 25 �L, containing 25 ng of the template
and 10 pmol of each primer. PCR reactions were
performed at 94°C for 3 min, followed by 35 cy-
cles of amplification (94°C for 30 s, 60.3°C for
30 s, and 72°C for 30 s), with a final extension at
72°C for 10 min. PCR products were recorded by
agarose gel electrophoresis and ethidium bromide
staining. All hybrids were screened twice and
were scored for presence/absence of the amplified
product. The results were analyzed by the IMpRH
online tool available at http://www.toulouse
.inra.fr/lgc/lgc. Two-point and multipoint analy-

ses were carried out to determine the most likely
location of the SLC6A14 gene.

SNP identification and genotyping

A total of 14 primer pairs flanking each exon (Ta-
ble 1) were used to screen SLC6A14 mutations.
Single-nucleotide polymorphisms (SNPs) were
identified by directly sequencing amplicons of
2 White Duroc founder boars and 17 Erhualian
founder sows. All amplifications were performed
on PTC-200 thermocyclers (Bio-Rad, Waltham,
USA). The amplification program consisted of
94°C for 3 min, 35 cycles of 94°C for 30 s, anneal-
ing temperature (Table 1) for 30 s, and 72°C for
30 s, with a final extension step of 72°C for
10 min. PCR products were purified with the
QIAquick PCR Purification Kit (QIAgen, Hilden,
Germany) and bidirectionally sequenced with the
respective PCR primers to identify
polymorphisms.

Three highly informative SNPs (minor allele
frequencies > 0.3), namely c.1438 G>A, g.7944
A>T, and g.21063 G>T (GenBank accession no.
GQ387268), were chosen for genotyping across
the entire White Duroc × Erhualian intercross. A
primer mutagenesis test was used to genotype the
c.1438 G>A polymorphism with specific primers
(Table 1). The PCR products were digested with
HpyCH4 IV (New England` Biolabs, Hercules,
USA) at 37°C for at least 4 h. The restriction prod-
ucts were separated in 3.5% agarose gels. The
g.7944 A>T and g.21063 G>T polymorphisms
were genotyped by the SNaPshot assay with
ABI-SNaPshot Multiplex Kit according to the
supplier’s protocol in a 3130XL Genetic Analyzer
(Applied Biosystems, Foster City, USA).

Statistical analyses

A linkage analysis was performed for SLC6A14
with 16 microsatellite markers on SSCX in the
White Duroc × Erhualian intercross, as described
previously (Guo et al. 2009). The SLC6A14 geno-
type data were scrutinized for any unlikely double
recombinants, which were discarded for further
association analysis. Association analyses were
performed by the F-test with the GLM procedure
of the SAS 9.0 software package (SAS Institute
Inc, Cary, NC, USA) to address the effects of
SLC6A14 polymorphisms on fat deposition and
growth traits. The statistical model for each trait
included the fixed effects of genotype, sex and
batch, and random effect of family. In case of car-
cass traits, slaughter weight was used as a
covariate.
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Results

Full-length cDNA

The full-length porcine SLC6A14 cDNA was iso-
lated as described above. Two 3’-RACE
amplicons of 498 bp and 653 bp and two 5’-RACE
amplicons of 389 bp and 629 bp were directly se-
quenced or cloned into the pGEM-T Easy vector
for subsequent sequencing analysis. The align-

ment of these amplicons revealed 2 transcripts of
1997 bp and 2237 bp (GenBank accession no.
GQ387269). Each transcript differed only in the
3’-flanking end sequence (Figure 1). The shorter
transcript has no transcription termination codon
(TGA) and complete open reading frame (ORF),
and hence was discarded for further analysis.

The porcine SLC6A14 mRNA is composed of
5’-UTR (57 bp), 3’-UTR (254 bp), and an ORF
(1926 bp). The ORF encodes a protein of 642
amino acids with a molecular mass of 72.475 kDa
and an isoelectric point (pI) of 7.82. The porcine
SLC6A14 gene has no typical polyadenylation sig-
nal (AATAAA) in the 3’ region. Instead, it has a
potential polyadenylation signal (AATGAA).

The porcine SLC6A14 cDNA and predicted
amino acid sequence were similar to those of other

mammalian SLC6A14 genes in length and compo-
sition. BLASTn or BLASTp (http://www.ncbi.
nlm.nih.gov/BLAST/) analysis indicated that the
porcine sequence shared high identities in the coding
region (>87%) and the deduced amino acid se-
quences (>90%) with orthologs of the human
(BC093712 and BC093710), rat (NM_001037544),
mouse (NM_020049), dog (NM_549207), and cattle
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Figure 1. Alignment of the 3’-end sequences of two SLC6A14 transcripts (GQ387269). Asterisks denote identity
between the sequences.

Figure 2. The phylogenetic tree of the SLC6A14 genes in the dog (NM_549207), human (BC093712 and BC093710),
mouse (NM_020049), cattle (NM_589043), and rat (NM_001037544).



(NM_589043). A neighbor-joining phylogenetic
tree was constructed with the Mega4.0 software
package (Kumar et al. 2004). The human, dog,
pig, and cattle genes were closer in evolutionary
relationship, whereas the corresponding mouse
and rat genes were evolutionarily divergent (Fig-
ure 2).

The protein motif analysis by Scan Prosite
(http://www.expasy.org/tools/scanprosite/) indi-
cated that the porcine SLC6A14 gene contained
6 casein kinase II phosphorylation sites,
8 N-glycosylation sites, 4 protein kinase C
phosphorylation sites, 1 leucine zipper structure,
10 N-myristoylation sites, and 1 tyrosine kinase
phosphorylation site. Comparison of the SLC6A14
motif in mammals revealed that the tyrosine kinase
phosphorylation site existed only in pigs.
Hydrophobicity prediction (http://www.ch.embnet.
org/software/TMPREDform.html) suggested 12
putative membrane-spanning domains in the por-
cine SLC6A14, which was similar to other mam-
malian SLC6A14 proteins.

Genomic organization

The porcine SLC6A14 gene is composed of 14
exons and 13 introns, spanning 24 541 bp
(GenBank accession no. GQ387268). The exons
vary in length from 48 to 229 bp, and introns from
252 to 4314 bp. All exon/intron junctions showed
the conserved GT/AG dinucleotide and were simi-
lar to those of the human SLC6A14 genomic DNA.
Exon size was conserved between pig and human
SLC6A14 genes except for exon 14, which encom-
passed the C-terminal region of the coding se-
quence and the contiguous 3’-UTR.

Expression profiles in various tissues

A semi-quantitative RT-PCR analysis was used to
assess the expression pattern of SLC6A14 in 18 pig
tissues. To avoid cross-amplification of DNA
fragments, the PCR primers were designed from
exons 2 and 8, spanning a 9327-bp genomic DNA
sequence. The results indicated that SLC6A14 was
highly expressed in the kidney, lung, pituitary
gland, ovary, prostate, thymus gland, small intes-
tine, trachea, stomach, thyroid gland, and bladder.
The expression in the testis, epididymis, and hypo-
thalamus was weak, and the transcript was not de-
tected in the adrenal gland, adipose tissue, heart
muscle, and liver (Figure 3). The results suggested
that the expression of the SLC6A14 gene is tis-
sue-specific in pigs.

Chromosomal location

The porcine SLC6A14 gene was localized by RH
and linkage mapping. The RH mapping vector
(11011 11101 00000 10110 00100 11100 11100
00001 10100 00010 10101 01000 10110 01011
00100 10001 00000 00110 10110 00110 11001
10010 00111 011) was subjected to the online
IMpRH mapping tool, and multipoint linkage
analysis indicated that the most significantly
linked marker was SW1522 on SSCX, with a LOD
score of 9.02. Moreover, the genetic linkage anal-
ysis showed that the SLC6A14 gene is located at
66.3 cM in the SW1426-SW1522 region on
SSCXp13.
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Figure 3. The expression pattern of the porcine SLC6A14 gene in 18 tissues, including the adrenal gland, kidney, lung,
pituitary gland, ovary, adipose tissue, prostate, testis, heart muscle, thymus gland, epididymis, small intestine, trachea,
stomach, liver, hypothalamus, thyroid gland, and bladder. As an internal quality control, �-actin expression was

monitored in parallel. Marker: 1-kb DNA ladder; negative control = hamster genomic DNA.



SNP identification and genotypes

Erhualian and White Duroc are genetically diver-
gent breeds and were thus chosen for SLC6A14

SNPs screening with 13 primer pairs covering
each exon. Four SNPs, including 1 cSNP and 3
intronic polymorphisms, were detected in the
SLC6A14 gene. SLC6A14 c.1438 G>A in exon 10
caused a non-conservative amino acid change
from valine to isoleucine (V461I), and SLC6A14

g.7944 A>T, g.21063 G>T and g.22993 T>A
caused changes located in introns 5, 11, and 12, re-
spectively. For the c.1438 G>A polymorphism, al-
lele A was represented by a 264-bp fragment, and
allele G, by 2 fragments of 244 bp and 20 bp after
HpyCH4 IV digestion of amplicons. The g.7944
A>T and g.21063 G>T polymorphisms were
genotyped by the SNaPshot assay, and recorded in
a 3130XL Genetic Analyzer.

Association of SLC6A14 polymorphisms with

growth and fatness

A total of 1072 animals in the White Duroc ×
Erhualian intercross were genotyped for SNPs
c.1438 G>A, g.7944 A>T, and g.21063 G>T. As-
sociation results of these SNPs with growth and
fatness traits are summarized in Table 2. The
SLC6A14 c.1438 G>A polymorphism was associ-
ated with birth weight and 21-day body weight
(P < 0.05); SLC6A14 g.7944 A>T showed signifi-
cant association with 46-day body weight; and
g.21063 G>T was not associated with any fatness
and growth-related traits in this resource popula-
tion.

Discussion

In this study, we reported full-length cDNA,
genomic structure, chromosomal location, and
polymorphisms of the porcine SLC6A14 gene, and
evaluated association of SLC6A14 poly-
morphisms with fat deposition and growth traits.
A 1058-bp fragment of porcine SLC6A14 cDNA
was deposited in the NCBI database before this
study (Laspiur et al. 2004). However, it was in-
complete and lacked the start and stop codons.
Here we obtained the full-length porcine
SLC6A14 cDNA by the RACE and RT-PCR
method. The 2237-bp-long cDNA contained an
1926-bp ORF encoding a peptide of 642 amino ac-
ids, and had a relatively short 5’-UTR compared
with a long 3’-UTR. At the nucleotide and de-
duced amino acid levels, it showed high identities

with human, dog, cattle, mouse, and rat orthologs.
Although the typical polyadenylation signal
(AATAAA) was not observed in the pig SLC6A14

cDNA, a putative polyadenylation AATGAA was
observed at 10 bp downstream of the stop codon.
The biological role of this polyadenylation signal
site has been proved in eukaryotic cells (Battersby
et al. 1999; Fukasawa et al. 1986; Wu et al. 1993).

Results of the 5’ and 3’RACE assay suggested
that the porcine SLC6A14 gene might have multi-
ple transcripts. The number and size of SLC6A14

transcripts depends on species and tissues. In hu-
mans, 2 transcripts of 4.5 and 2.0 kb were detected
in lung tissue, and the longer transcript was the
predominant transcript (Sloan and Mager 1999).
The possible presence of various SLC6A14 tran-
scripts in other porcine tissues cannot be ruled out.
This phenomenon may be associated with
SLC6A14 activity in various tissues.

In this study, we determined the genomic struc-
ture of the porcine SLC6A14 gene. Similar to other
mammalian SLC6A14 genes, particularly in terms
of exon size and exon/intron boundary, the porcine
SLC6A14 gene spans approximately 25 kb, and
contains 14 exons and 13 introns. The exon/intron
boundaries are absolutely conserved and conform
to the GT/AG splicing rule. These significantly
similar features indicate the importance of their
conservation through the evolution of higher ver-
tebrates. Differences were observed in the length
of introns and 3’-UTR in SLC6A14 among spe-
cies.

SLC6A14 expression profiles have been re-
ported in the mouse and human (Sloan and Mager
1999; Nakanishi et al. 2001; Höglund et al. 2005).
Laspiur et al. (2004) reported that SLC6A14 was
expressed in mammary glands in pigs. In the pres-
ent study, expression of the SLC6A14 gene was
observed in a variety of pig tissues, showing a dif-
ferent tissue-specific expression pattern than in
humans. SLC6A14 is highly expressed in the pitu-
itary gland, stomach, and prostate in pigs, but low
levels of SLC6A14 transcripts were detected in
these tissues in humans (Sloan and Mager 1999).
This phenomenon may reflect different physiolog-
ical essentiality of SLC6A14 in these species.

SLC6A14 is located in 115.48-115.50 Mb of
human chromosome X at the UCSC genome
browser (http://genome.ucsc.edu). We assigned
the porcine SLC6A14 gene to the region around
SW1522 on SSCX, which was consistent with the
known conservation relationship between human
and pig chromosomes X (http://www.toulouse.
inra.fr/lgc/pig/RH/). The linkage analysis map-
ping confirmed the chromosomal assignment of
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Table 2. Results of association analysis (F-test) of SLC6A14 polymorphisms with fatness and growth traits in the White Duroc × Erhualian resource population

Polymor-
phism

Genotype N Leaf fat weight
(g)

Abdomen fat
weight (g)

Caul fat weight
(g)

Backfat thickness (cm) Lumbar fat
thickness
(cm)

Body weight (kg)

1st rib 10th rib last rib 0 days 21 days 46 days 240 days

SLC6A14

g.7944 A>T
AA 156 2261.6 ± 384.0 1654.2 ± 154.3 1421.4 ± 128.9 4.65 ± 0.35 3.17 ± 0.38 2.38 ± 0.35 2.66 ± 0.44 1.29 ± 0.11 5.22 ± 0.42 10.96 ± 1.05a 113.05 ± 7.17

AT 177 2168.9 ± 379.0 1643.0 ± 152.2 1350.4 ± 127.2 4.56 ± 0.34 3.21 ± 0.38 2.45 ± 0.35 2.65 ± 0.44 1.30 ± 0.11 5.32 ± 0.41 11.59 ± 1.04b 115.94 ± 7.06

AY 390 2151.6 ± 379.9 978.2 ± 152.6 1209.7 ± 127.5 3.39 ± 0.34 3.13 ± 0.38 2.29 ± 0.35 2.46 ± 0.44 1.09 ± 0.11 5.25 ± 0.41 11.08 ± 1.04ab 80.49 ± 7.08

TT 63 2190.6 ± 390.4 1671.7 ± 156.9 1412.7 ± 131.0 4.73 ± 0.35 3.30 ± 0.39 2.62 ± 0.36 2.8 ± 0.45 1.32 ± 0.11 5.30 ± 0.42 11.20 ± 1.07ab 111.89 ± 7.29

TY 138 2207.4 ± 384.7 1043.6 ± 154.5 1199.7 ± 129.1 3.41 ± 0.35 3.23 ± 0.38 2.40 ± 0.35 2.60 ± 0.44 1.09 ± 0.11 5.40 ± 0.42 11.64 ± 1.06ab 81.14 ± 7.17

P values 0.790 0.061 0.122 0.189 0.603 0.122 0.453 0.801 0.422 0.011 0.021

SLC6A14
c.1438G>A

AG 143 2008.2 ± 276.2 1535.8 ± 111.1 1288.1 ± 90.3 4.39 ± 0.25 3.19 ± 0.28 2.37 ± 0.26 2.48 ± 0.32 1.30 ± 0.08ab 5.69 ± 0.30a 11.84 ± 0.76 107.08 ± 5.2

AY 37 2192.3 ± 294.1 1154.7 ± 118.1 1354.4 ± 96.3 3.51 ± 0.27 3.07 ± 0.30 2.53 ± 0.27 2.93 ± 0.34 0.96 ± 0.08a 4.94 ± 0.32ab 11.41 ± 0.81 89.17 ± 5.54

GG 180 2032.1 ± 268.6 1532.7 ± 107.9 1206.9 ± 87.9 4.37 ± 0.25 3.18 ± 0.27 2.34 ± 0.25 2.42 ± 0.31 1.34 ± 0.08b 5.35 ± 0.29b 11.27 ± 0.73 108.68 ± 5.04

GY 394 2309.9 ± 270.1 1082.6 ± 108.5 1321.2 ± 88.4 3.65 ± 0.25 3.13 ± 0.28 2.37 ± 0.25 2.68 ± 0.31 1.03 ± 0.08ab 5.04 ± 0.29ab 10.92 ± 0.74 86.53 ± 5.08

P values 0.802 0.122 0.040 0.300 0.970 0.670 0.370 0.015 0.008 0.111 0.090

SLC6A14
g.21063G>T

GG 142 2245.4 ± 379.2 1659.7 ± 153.1 1373.2 ± 126.7 4.61 ± 0.35 3.18 ± 0.39 2.36 ± 0.35 2.61 ± 0.45 1.28 ± 0.11 5.28 ± 0.42 11.10 ± 1.05 112.33 ± 7.09

GT 259 2209.3 ± 373.9 1663.4 ± 151.0 1364.8 ± 125.0 4.63 ± 0.35 3.27 ± 0.38 2.52 ± 0.35 2.73 ± 0.44 1.29 ± 0.11 5.33 ± 0.42 11.55 ± 1.04 115.38 ± 6.99

GY 396 2130.4 ± 375.0 963.6 ± 151.4 1212.3 ± 125.4 3.38 ± 0.35 3.09 ± 0.38 2.27 ± 0.35 2.42 ± 0.44 1.08 ± 0.11 5.22 ± 0.42 10.93 ± 1.04 80.47 ± 7.01

TT 62 2159.3 ± 385.9 1655.4 ± 155.8 1340.9 ± 129.0 4.64 ± 0.36 3.23 ± 0.39 2.52 ± 0.36 2.77 ± 0.46 1.34 ± 0.11 5.16 ± 0.43 11.34 ± 1.07 112.04 ± 7.22

TY 136 2118.0 ± 379.6 1015.0 ± 153.3 1193.3 ± 126.9 3.37 ± 0.35 3.18 ± 0.39 2.38 ± 0.35 2.56 ± 0.45 1.07 ± 0.11 5.38 ± 0.42 11.45 ± 1.05 79.94 ± 7.10

P values 0.967 0.098 0.819 0.486 0.670 0.135 0.375 0.263 0.282 0.055 0.017

Genotypes AY, GY and TY indicate hemizygotes in male animals. Uncorrected P values are given and values with different lowercase superscripts are significantly different



the porcine SLC6A14 gene. Several QTLs for fat
deposition and backfat thickness in pigs have been
reported in the region containing SLC6A14 on
SSCX (Rohrer and Keele 1998a, 1998b; Harlizius
et al. 2000; Bidanel et al. 2001; Milan et al. 2002;
Cepica et al.2003; Rohrer et al.2006).

Only 4 SNPs (SLC6A14 g.7944A>T,
c.1438G>A, g.21063G>T and g.22993 T>A) were
detected in the porcine SLC6A14 gene by using
DNA from Chinese Erhualian and White Duroc
pigs, reflecting evolutionary conservation of this
gene. Three polymorphisms including
g.7944A>T, c.1438G>A and g.21063G>T were
genotyped across the entire White Duroc ×
Erhualian intercross, while the g.22993 T>A poly-
morphism was discarded because of low informa-
tive content in this experimental population. The
association results showed that only the
c.1438G>A polymorphism was associated with
birth weight and 21-day body weight, and g.7944
A>T was significantly associated with 46-day
body weight. The observed significant association
may be caused by linkage disequilibrium between
the tested marker and the causative mutation(s). It
should be noted that considerable linkage disequi-
librium exists in a large genomic interval in the
intercross population. Hence, a larger-scale asso-
ciation analysis of the SLC6A14 gene with fatness
and growth traits within commercial lines are re-
quired to explore the feasibility of these SNPs as a
marker for pig breeding programs, considering
that the association might disappear in outbred
populations. More recently, we refined the QTL
for growth and fatness traits to the region of 53-58
cM on SSCX (unpublished data), in which the
SLC6A14 gene did not fall. The flanking region of
this QTL is a recombination hotspot (Cepica et al.
2002; McCoard et al. 2002), so it is conceivable
that the SLC6A14 polymorphisms were not signif-
icantly associated with fatness and growth traits in
the current population.

In conclusion, we isolated and characterized
the porcine SLC6A14 gene and assigned it to the
SW1426-SW1522 region on SSCX. The associa-
tion analysis and QTL mapping results excluded it
as a positional candidate gene for the QTL affect-
ing fatness and growth traits on SSCX.

Acknowledgements. This study was supported by
the Doctoral Fund of the Ministry of Education of
China (20050410003) and the National Natural Sci-
ence Foundation of China (30400312).

REFERENCES

Battersby S, Ogilvie AD, Blackwood DHR, Shen S,
Muqit MMK, Muir WJ, et al. 1999. Presence of
multiple functional polyadenylation signals and a
single nucleotide polymorphism in the 3’ untrans-
lated region of the human serotonin transporter
gene. J Neurochem 72: 1384–1388.

Bidanel JP, Milan D, Iannuccelli N, Amigues Y,
Boscher MY, Bourgeois F, et al. 2001. Detection of
quantitative trait loci for growth and fatness in pigs.
Genet Sel Evol 33: 289–309.

Cepica S, Rohrer GA, Masopust M, 2002. Gene linkage
mapping of the porcine chromosome X region har-
bouring QTL for fat deposition. In: XXVIII Interna-
tional Conference on Animal Genetics, Göttingen:
87–88.

Cepica S, Reiner G, Bartenschlager H, Moser G,
Geldermann H, 2003. Linkage and QTL mapping
for Sus scrofa chromosome X. J Anim Breed Genet
120: 144–151.

Chen NH, Reith MEA, Quick MW, 2004. Synaptic up-
take and beyond: the sodium and chlo-
ride-dependent neurotransmitter transporter family
SLC6. Pflügers Arch-Eur J Physiol 447: 519–531.

Durand E, Boutin P, Meyre D, Charles MA, Clement K,
Dina C, et al. 2004. Polymorphisms in the amino
acid transporter solute carrier family 6 (neurotrans-
mitter transporter) member 14 gene contribute to
polygenic obesity in French Caucasians. Diabetes
53: 2483–2486.

Fukasawa KM, Li WH, Yagi K, Luo CC, Li SSL, 1986.
Molecular evolution of mammalian lactate
dehydrogenase-A genes and pseudogenes: associa-
tion of a mouse-processed pseudogene with a B1 re-
petitive sequence. Mol Biol Evol 3: 330–342.

Guo YM, Mao HR, Ren J, Yan XM, Duan YY,
Yang GC, et al. 2009. A linkage map of the porcine
genome from a large-scale White Duroc×Erhualian
resource population and evaluation of factors af-
fecting recombination rates. Anim Genet 40: 47–52.

Harlizius B, Rattink AP, de Koning DJ, Faivre M,
Joosten RG, van Arendonk JAM, et al. 2000. The X
chromosome harbors quantitative trait loci for
backfat thickness and intramuscular fat content in
pigs. Mamm Genom 11: 800–802.

Höglund PJ, Adzic D, Scicluna SJ, Lindblom J,
Fredriksson R, 2005. The repertoire of solute carri-
ers of family 6: Identification of new human and ro-
dent genes. Biochem Biophys Res Commun 336:
175–189.

Kumar S, Tamura K, Nei M, 2004. MEGA3: integrated
software for molecular evolutionary genetics analy-
sis and sequence alignment. Brief Bioinform 5:
150–163.

Lande R, 1981. The minimum number of gene contrib-
uting to qualitative variation between and within
populations. Genetics 99: 541–553.

Laspiur JP, Burton JL, Weber PSD, 2004. Amino acid
transporters in porcine mammary gland during lac-
tation. J Dairy Sci 87: 3235–3237.

pig SLC6A14 gene isolation 307



McCoard SA, Fahrenkrug SC, Alexander LJ,
Freking BA, Rohrer GA, Wise TH, et al. 2002. An
integrated comparative map of the porcine X chro-
mosome. Anim Genet 33: 178–185.

Milan D, Bidanel JP, Iannuccelli N, Riquet J,
Amigues Y, Gruand J, et al. 2002. Detection of
quantitative trait loci for carcass composition traits
in pigs. Genet Sel Evol 34: 705–728.

Nakanishi T, Hatanaka T, Huang W, Prasad PD,
Leibach FH, Ganapathy ME, et al. 2001. Na+– and
Cl–-coupled active transport of carnitine by the
amino acid transporter ATB0,+ from mouse colon
expressed in HRPE cells and Xenopus oocytes. J
Physio 532: 297–304.

Niesler B, Frank B, Kapeller J, Rappold GA, 2003.
Cloning, physical mapping and expression analysis
of the human 5-HT3 serotonin receptor-like genes
HTR3C, HTR3D, and HTR3E. Gene. 310:
101–111.

Öhman M, Oksanen L, Kaprio J, Koskenvuo M,
Mustajoki P, Rissanen A, et al. 2000. Genome-wide
scan of obesity in Finnish sibpairs reveals linkage to
chromosome Xq24. J Clin Endocrinol Metab 85:
3183–3190.

Rohrer GA, Keele JW, 1998a. Identification of quanti-
tative trait loci affecting carcass composition in

swine: I. Fat deposition traits. J Anim Sci 76:
2247–2254.

Rohrer GA, Keele JW, 1998b. Identification of quanti-
tative trait loci affecting carcass composition in
swine: II. Muscling and wholesale product yield
traits. J Anim Sci 76: 2255–2263.

Rohrer GA, Thallman RM, Shackelford S, Wheeler T,
Koohmaraie M, 2006. A genome scan for loci af-
fecting pork quality in a Duroc–Landrace F2 popu-
lation. Anim Genet 37: 17–27.

Sloan JL, Mager S, 1999. Cloning and functional ex-
pression of a human Na+ and Cl–-dependent neutral
and cationic amino acid transporter B0+. J Biol
Chem 274: 23740–23745.

Suviolahti E, Oksanen LJ, Ohman M, Cantor RM,
Ridderstrale M, Tuomi T, et al. 2003. The SLC6A14
gene shows evidence of association with obesity. J
Clin Invest 112: 1762–1772.

Wu L, Ueda T, Messing J, 1993. 3’-end processing of
the maize 27 kDa zein mRNA. Plant J 4: 535–544.

Yerle M, Pinton P, Robic A, Alfonso A, Palvadeau Y,
Delcros C, et al. 1998. Construction of a
whole-genome radiation hybrid panel for
high-resolution gene mapping in pigs. Cytogenet
Cell Genet 82: 182–188.

308 G.L.Yang et al.


