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ABSTRACT

Teat number is an important economic trait in the pig breeding industry and is directly related to the
livability and growth status of piglets. By applying genetic technology, it may be possible to increase
the number of teats and thus enhance production. Previous research has shown that teat number
exhibits moderate levels of heritability that could be accelerated by the use of a genetic marker, such as
microsatellites. Based on our preliminary sequencing data, the present study describes the use of timeof-flight mass spectrometry (TOF-MS) to identify the locations of four new microsatellites in Qinghai
Bamei pig (n=256), an indigenous breed of Chinese pig. TOF-MS demonstrated that the L1-(GT)n locus
had three alleles: 152 bp, 164 bp, and 166 bp. The three other loci, L2-(AC)n, L3-(TC)n, and L4-(TGA)n,
all had two alleles. Alignment of our sequencing data with the Sus scrofa reference genome (Sscrofa11.1)
revealed that the L1-(GT)n microsatellite, which features a GT repeat motif, was located in the retinoic
acid induced 2 gene (RAI2) on chromosome X in Sus scrofa (SSCX). Analysis further revealed that the
L2-(AC)n locus, featuring AC repeats, and the L3-(TC)n locus, featuring TC repeats, were located in
intergenic regions on SSC14 and SSC5, respectively. TGA repeats within the L4-(TGA)n locus were
located in the inner mitochondrial membrane peptidase subunit 2 gene (IMMPL2) on SSC18. Further
association analysis revealed that the L1-(GT)n locus was significantly associated with teat number (p <
0.05) and that the 152-bp allele exhibited the most positive association. Our data indicate that the L1-(GT)
microsatellite could represent a potential DNA marker with which to increase the number of teats. Thus
n
could help to improve production in the pig breeding industry.
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eat number is one of the most economically important
traits in the pig industry (Patterson and Foxcroft,
2019; Zhou et al., 2019a). As breeding programs aim to
increase litter size, it is important that they also aim to
increase the number of teats in order to provide sufficient
nutrition to all piglets. This is essential if we are to enhance
the livability of piglets and their subsequent growth
(Patterson and Foxcroft, 2019). Like most economically
important traits, teat number is a complex quantitative trait
that is likely to be controlled by one major gene working
together with several minor genes (http://www.thepigsite.
com/articles/5215/genetics–of–teat–number–in–swine/).
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Although it is difficult to achieve significant genetic
progress in the short term when using traditional breeding
methods (Dong et al., 2019), previous studies have shown
that teat number in pigs is a moderately heritable trait, with
heritability figures ranging from 0.2 to 0.4 (Chalkias et al.,
2013; Felleki and Lundeheim, 2015; Earnhardt, 2019).
Consequently, there is significant potential for breeders to
apply molecular techniques to increase the number of teats
(Ding et al., 2009; Rohrer and Nonneman, 2017). Several
studies have reported that the Vertnin gene (VRTN), widely
considered to be the gene responsible for thoracic vertebral
number, can exert significant influence on teat number in
pigs (Duijvesteijn et al., 2014; Yang et al., 2016; Rohrer
and Nonneman, 2017; Tan et al., 2017). However, genome
wide association studies (GWAS) have identified other
significant polymorphic variations and genes that may play
a potential role in the determination of teat number in pigs;
however, the specific association between these molecular
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factors and teat number have yet to be elucidated (Zhou et
al., 2019b).
Microsatellites are the main sources of polymorphic
variation and are often referred to as short tandem
repeats (STRs) or simple sequence repeats (SSRs) (Tian
et al., 2011). These are DNA motifs consisting of 1 - 6
nucleotides and are widely distributed within the genomes
of prokaryotic and eukaryotic organisms (Tian et al.,
2011). Throughout evolution, microsatellites exhibit a
high mutation rate that ranges from 103 to 106 mutations
per cell generation, far more than the frequency of point
mutations (Gemayel et al., 2012). Due to their high degree
of genetic variability, microsatellites often exhibit high
levels of heterozygosity and multiple alleles (Ellegren,
2004). Because of these features, microsatellites are highly
useful molecular markers for genetic diversity, markerassisted selection (MAS), linkage analysis, and forensics
(Charoensook et al., 2019; Srivastava et al., 2019).
Numerous studies have reported that some microsatellites
show significant associations with traits that are beneficial
to pig breeding (Cho et al., 2015; Wu et al., 2018; Xin et
al., 2018). However, very few studies have explored the
potential relationship between microsatellite markers and
teat number in pigs (Hirooka et al., 2001; Sato et al., 2006;
Zhang et al., 2007; Ding et al., 2009).
It is well established that indigenous pig breeds exhibit
certain characteristics that are typical of commercial
breeds. The Qinghai Bamei pig is a Chinese local pig
breed that inhabits the Qinghai province, an area subject to
a plateau continental climate (Zhang et al., 2018). In this
particular ecological environment, and under the influence
of both natural and artificial selection, Qinghai Bamei pigs
exhibit a range of advantageous characteristics, including
high resistance, excellent adaptability, good meat quality,
a large litter size, and good maternal qualities (Zhang et
al., 2018). However, this breed is also associated with
some disadvantages, including slow growth, low fattening
benefit, and low lactation performance (The editorial
committee of Chinese livestock and poultry resources,
2004; Zhang et al., 2018). As with commercial pig breeds,
Qinghai Bamei pigs have 6 to 7 pairs of teats. In contrast,
the Taihu pig breed usually has 8 to 9 pairs of teats,
although some individuals have been reported to have up to
18 pairs (The editorial committee of Chinese livestock and
poultry resources, 2004). By applying genetic technology,
it may be possible to increase the number of teats in
Qinghai Bamei pigs and thus enhance their production.
Increasing the number of teats would increase the supply
of nutrients for piglets and improve the economic value of
this breed with regard to commercial breeding. However,
to our knowledge, no attempts have been made to identify
potential molecular markers associated with teat number
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in the Qingai Bamei breed.
In a previous pilot sequencing data (unpublished), we
found four new microsatellites in the genomes of Qinghai
Bamei pigs. Therefore, in the present study, we identified
these microsatellites and analyzed the association between
these microsatellites and teat number in Qinghai Bamei
pigs. We hoped to identify effective molecular markers
with which to improve the production performance of
these animals and to provide reference guidelines for the
pig breeding industry.

MATERIALS AND METHODS
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Ethics
All animal procedures, including sample collection
and the measurement of specific traits, were carried out in
accordance with relevant laws and institutional guidelines.
In addition, our research was approved by the Institutional
Animal Care and Use Committee of the Academy of
Animal Science and Veterinary Medicine of Qinghai
University (Approval number: NQH2019102).
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Samples and data collection
A total of 256 adult female Qinghai Bamei pigs were
randomly selected from the Qinghai Bamei Pig Original
Breeding Farm, the Qinghai Huzhu Bamei Pig Breeding
Farm, and the Qinghai Huangzhong County Breeding
Farm. Ear samples were collected from each pig to allow
for the extraction of genomic DNA. We also recorded the
number of teats on each pig to analyze the genetic effects
of the four target microsatellites.

DNA extraction and primer design
Samples of genomic DNA were extracted from ear
tissue using the high-salt extraction method (Aljanabi and
Martinez, 1997; Hui et al., 2020). The purity and quality
of the extracted DNA samples were then determined
using a Nanodrop 2000 Spectrometer (Thermo Scientific,
Waltham, MA, USA). Then, the extracted DNAs were
diluted to a working concentration of 20 ng/μL and stored
at -20°C.
In a previous pilot study, we identified four new
microsatellites in the genomes of Qinghai Bamei pigs by
comparing transcriptome sequencing data and reducedrepresentation sequencing data (unpublished). This
genomic sequence data showed only minor differences
when compared with the Sus scrofa reference genome
(Sscrofa11.1: GCF_000003025.6; National Center for
Biotechnology Information (NCBI)). In the current study,
we used genomic sequences from the Qinhaiu Bamei pig
to design four specific pairs of primers to amplify the four
target loci (Table I).
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Table I. The primers used for detection of microsatellites.
Primer
names
L1-(GT)n

Primer sequences (5’ - 3’)

Sizes (bp) Repeat
motifs

Genes

Genome location

F: CGGTCAATGCCAAAAGAAGT

152

GT

RAI2

ChrX:14403028-14403187
(NC_010461.5)

192

AC

intergenic
region

Chr14:29017381-29017572
(NC_010456.5)

111

TC

intergenic
region

Chr5:31862546-31862656
(NC_010447.5)

115

TGA

IMMP2L

Chr18:34033513-34033627
(NC_010460.4)

R: GAGCTCAACCTGAGCACACA
L2-(AC)n

F: GTTGCTGTCAGCTGTGGTGT
R: TGACCTTTTACTTTCTTTTCTTTCC

L3-(TC)n

F: GAGAGGATTCCTTCCCTTGG
R: GTAGCGAATGGCCAAGTCAT

L4-(TGA)n

F: GTTGTCATTTGTGTGCCTGC
R: AAAAAGGTTGGAACACTCAAAG

e
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RAI2, retinoic acid induced 2; IMMP2L, inner mitochondrial membrane peptidase subunit 2. The location of all amplified fragments and microsatellites
were aligned with Sus scrofa reference genome (Sscrofa11.1).
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Table II. Genotypic and allelic frequencies and genetic diversity of four microsatellites in Qinghai Bamei pig
population.
Loci

Sample size

L1-(GT)n

n = 238

L2-(AC)n

L3-(TC)n
L4-(TGA)n

n = 249

n = 254
n = 256

Genotypic frequencies

Ho

0.419

152-/152-

0.210

152-

152-/164-

0.109

164-

152-/166-

0.383

166-

164-/164-

0.017

164-/166-

0.046

166-/166-

0.235

190-/190-

0.558

190-/192-

0.374

192-

192-/192-

0.068

105-/109-

0.114

105-

0.057

109-/109-
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190-

0.886

109-

0.943

110-/110-

0.180

110-

0.232

110-/113-

0.105

113-

0.768

113-/113-

0.715
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Allelic frequencies
0.456

F

ri s
0.094

0.450

0.745

0.620

He

0.581

0.380

Ne

PIC

2.385

0.489

HWE
χ2 = 9.070
p = 0.003

1.613

0.308

χ2 = 0.072
p = 0.788

0.255
0.892

0.108

1.120

0.102

χ2 = 0.013
p = 0.748

0.644

0.356

1.554

0.293

χ2 = 127.024
p = 1.84×10-29

Ho, homozygosity; He, heterozygosity; Ne, effective allele numbers; PIC, polymorphism information content; HWE, Hardy–Weinberg equilibrium.

PCR amplification and the genotyping of microsatellites
by time-of-flight mass spectrometry (TOF-MS)
The procedure for microsatellites genotyping
mainly contained three steps: PCR amplification, MS
detection, and results analysis, which were conducted by
the company (Saisike Biotechnology Co., Ltd., Xining,
Qinghai, China). The detailed procedure simply described
as follows. First, genomic DNA was amplified from each
pig using specific primers (Table I). Second, each PCR
product was dropped to a SpectroCHIP Array and detected
by MassARRAY® System (Agena Bioscience, San Diego,
USA) according to the manufacturer’s instructions. The
different mass of DNA fragments determined the relative

time of flight (Ragoussis et al., 2006). Finally, according
to the arrival time of DNA fragments, the system drew a
mass spectrum that displayed different genotyping.
Statistical analysis
Genotypic and allelic frequencies, along with the
Hardy-Weinberg equilibrium (HWE), were calculated
using standard methodology (Wang et al., 2020a).
Population indexes, including polymorphism information
content (PIC), homozygosity (Ho), heterozygosity (He),
and effective allele numbers (Ne), were calculated as
described previously by Liu et al. (1998).
Analysis of variance (ANOVA), a general linear
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model, was used to analyze the relationship between
different genotypes and teat number and was carried out
with SPSS 26.0 statistical software package (IBM, New
York, NY, USA). The statistical model was Yij = μ + Gi +
εij, in which Yij represents the teat number, μ represents the
population mean, Gi represents the fixed effect of genotype,
and εij represents random error (Lan et al., 2007). The
model excluded the effects of farm, age, and sire, which
have been proven to have no significant effects (p > 0.05)
on the variation of the traits examined in this population
(Lan et al., 2007). The student’s t-test was used for twogroup comparisons and ANOVA was used for multi-group
comparisons following correction by Tukey’s multiple test
(Wang et al., 2019, 2020b). All data are presented as the
mean ± standard error of the mean (S.E.M.), and p < 0.05
was considered to be statistically significant.
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RESULTS
The identification of microsatellite polymorphisms in
Qinghai Bamei pigs
In our previous study, we identified four new
microsatellites in the genomes of Qinghai Bamei pigs.
Using this data, we designed specific primers (Table I) to
amplify fragments of genomic DNA that included these
loci. We then sequenced the PCR amplicons and analyzed
them by TOF-MS. The TOF-MS data demonstrated that
the four microsatellites were present in several different
genotypes (Figs. 1-4). The L1-(GT)n locus possessed GT
repeat variations and was observed in six genotypes in our
study population: 152-/152-, 152-/164-, 152-/166-, 164/164-, 164-/166-, and 166-/166-bp (Fig. 1). Alignment with
the Sus scrofa genome (Sscrofa11.1) revealed that the (GT)
microsatellite was located in the retinoic acid induced 2
n
gene (RAI2) on chromosome X in Sus scrofa (SSCX) (Table
I). The L2-(AC)n locus featured a repeat AC motif and was
associated with three genotypes: 190-/190-, 190-/192-,
and 192-/192-bp (Fig. 2). This microsatellite was located
in the intergenic region of SSC14, which lies between the
uncharacterized LOC110256597 gene and the zinc finger
protein 664 gene (ZNF664) (Table I). Only two variants
of the L3-(TC)n locus (105-/109- and 109-/109-bp) were
detected (Fig. 3); this (TC)n microsatellite polymorphism
was located in the intergenic region between the cullinassociated and neddylation-dissociated 1 gene (CAND1)
and the dual specificity tyrosine phosphorylation regulated
kinase 2 gene (DYRK2) on SSC5 (Table I). Finally, the
L4-(TGA)n locus was associated with three different
genotypes: 110-/110-, 110-/113-, and 113-/113-bp (Fig. 4).
This microsatellite was located in the inner mitochondrial
membrane peptidase subunit 2 gene (IMMPL2) on SSC18
(Table I).
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Fig. 1. Genotyping of the L1-(GT)n locus in pigs using
TOF-MS.
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Fig. 2. Genotyping of the L2-(AC)n locus in pigs using
TOF-MS.

Genotypic and allelic frequencies and the genetic diversity
of microsatellites in Qinghai Bamei pigs
The genotypic and allelic frequencies of the four
microsatellites in Qinghai Bamei pigs are shown in Table II;
the minimum allele frequencies (MAF) were 0.094, 0.255,
0.057 and 0.232 for the L1-(GT)n, L2-(AC)n, L3-(TC)n, and
L4-(TGA)n loci, respectively. Next, we calculated a range
of population indices (Ho, He, Ne, and PIC) to evaluate
the genetic diversity of the four microsatellites (Table II).
When compared with other loci, individuals with the L1(GT)n locus showed the highest levels of heterozygosity;
there were six genotypes created by the three alleles at this
particular locus. With the exception of the L3-(TC)n locus,
the other three loci all show moderate levels of genetic
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diversity (0.25 < PIC < 0.5). Furthermore, chi-squared
analysis demonstrated that only the L2-(AC)n and L3-(TC)
loci were in accordance with HWE (p > 0.05; Table II).
n

Fig. 3. Genotyping of the L3-(TC)n locus in pigs using
TOF-MS.

e
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Association analysis of the four microsatellites with teat
number in Qinghai Bamei pigs
Association analysis demonstrated that the L1-(GT)
locus
was significantly associated with teat number (p <
n
0.05; Table III). Pigs possessing the 152-/152-, 152-/164-,
and 152-/166-bp genotypes at the L1-(GT)n locus all had
a greater number of teats than those with any of the other
genotypes (p < 0.05). Pigs with the 164-/164-bp genotype
had the lowest number of teats (p < 0.05). However,
none of the other three microsatellites had any significant
association with teat number (p > 0.05; Table III).
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DISCUSSION
Teat number is an important economic trait in the pig
breeding industry and is directly related to the livability and
growth status of piglets. By applying genetic technology,
it may be possible to increase the number of teats and thus
enhance production (Patterson and Foxcroft, 2019; Zhou
et al., 2019). Research has shown that teat number is a
trait with moderate levels of heritability. As such, selection
could be expedited by the application of genetic makers,
such as SNPs, indels, and microsatellites (Felleki and
Lundeheim, 2015; Earnhardt, 2019). However, thus far,

only a very limited number of candidate quantitative trait
loci (QTLs) and genes have been identified that show some
form of association with teat number in pigs, although the
VRTN gene appears to be promising (Duijvesteijn et al.,
2014; Yang et al., 2016; Rohrer and Nonneman, 2017;
Tan et al., 2017; Zhou et al., 2019). However, as this type
of quantitative trait cannot be controlled effectively by a
limited number of genes or loci, it is vital that we identify
a wider range of functional genetic markers. In the current
study, we selected an indigenous breed of Chinese pig
(Qinghai Bamei) and investigated the association between
specific microsatellites and teat number. In our previous
research, we identified four new microsatellites in Qinghai
Bamei pigs. In the present study, we used TOF-MS to
genotype these microsatellites in a large population of
pigs. TOF-MS has developed rapidly over recent years,
largely due to its high levels of sensitivity and accuracy,
and because it provides a rapid and automated approach
to screening (van den et al., 2001; Mann, 2019). The
combination of conventional PCR amplification and
TOF-MS is a far more suitable method for analyzing
microsatellites than next generation sequencing because
continuous repeat sequences may confuse the recognition
and assembly of sequence fragments in the latter technique.
Using TOF-MS, we found that the four microsatellites
exhibited multiple alleles in Qinghai Bamei pigs. The L1(GT)n locus possessed a GT repeat motif and had three
alleles (152-, 164-, and 166-bp) and six genotypes (Fig.
1); the other three loci only had two alleles (Figs. 2-4). The
frequencies of the 152- and 166-bp alleles at the L1-(GT)
locus were both >0.45; however, the frequency of the
n
164-bp allele was only 0.094 (Table II). The major alleles
of the other three microsatellites were 190-, 109-, and 113bp, respectively; the frequency exceeded 0.70 in each case
(Table II)). The genetic distribution and frequency data
demonstrated that the (GT)n repeat sequences have greater
levels of genetic diversity and that the 164-bp allele may
be gradually eliminated in Qinghai Bamei pigs during both
natural and artificial selection.
Alignment of our sequencing data with the Sus
scrofa reference genome (Sscrofa11.1), showed that
these new microsatellites were scattered across different
chromosomes. The L1-(GT)n microsatellites were located
in the RAI2 gene on SSCX (Table I). More specifically,
the (GT)n repeat element was located in intron 1 of
the RAI2 isoform X1 (mRNA accession numbers:
XM_021080586.1, XM_021080587.1, XM_021080588.1,
XM_021080589.1;
protein
accession
numbers:
XP_020936245.1, XP_020936246.1, XP_020936247.1,
XP_020936248.1) or were located in the 5’ untranslated
region (UTR) of the X1 (XM_021080590.1;
XP_020936249.1)
and
X3
(XM_021080591.1,

e
l
c

i
t
r

A
t

ri s

F

Fig. 4. Genotyping of the L4-(TGA)n locus in pigs using
TOF-MS.
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XM_021080592.1, XM_021080594.1, XM_021080595.1,
XM_013985950.2; XP_020936250.1, XP_020936251.1,
XP_020936253.1, XP_020936254.1) isoforms of RAI2.
The L2-(AC)n microsatellites were intergenic and located
downstream of the refilin A gene (NC_010456.5) and the
LOC110256597 gene, and upstream of the ZNF664 gene,
on SSC14 (Table I). The other dinucleotide microsatellite,
L3-(TC)n, possessed a TC repeat sequence and was located
between the CAND1 gene and the DYRK2 gene on SSC5
(Table I). The L4-(TGA)n locus, a (TGA)n trinucleotide
microsatellite, was located in the 5’-UTR of the IMMP2L
gene of all four isoforms on SSC18 (Table I). Since these
microsatellites were distributed in non-coding regions,
it is possible that they may result in changes to the
elements responsible for the initiation of transcription and
translation, particularly if located in the 5’-UTR; they may
also affect mRNA splicing or cause export to the cytoplasm
if located in intronic regions (Li et al., 2004). Furthermore,
it is possible that these variants could be linked with other
QTLs and thus exert an indirect effect on gene expression
and phenotypes (Zhang et al., 2019).
Next, we investigated whether these new
microsatellites were associated with teat number. Our
analysis indicated that only the L1-(GT)n microsatellite
had a significant association with teat number (p < 0.05;
Table III). Further analysis showed that the 152-/152-,
152-/164-, and 152-/166-bp genotypes were superior and
that the 152-bp allele was a superior allele. Data further
indicated that shorter GT repeats were associated with a
greater number of teats. Considering the specific genomic
locations of this variant, which was located in either the
5’-UTR or intron 1 of the RAI2 gene, we hypothesize that
a change in the number of repeats might play a role in the
post-transcriptional processing of RAI2, particularly in
terms of mRNA splicing. We presume that (GT)n repeats
may participate in this process as a recognized element
of the spliceosome (Wahl et al., 2009), because the only
difference is the first exon skipping or not when pre-mRNA
was processed to mature mRNA. The RAI2 gene encodes
retinoic acid-induced 2 protein, a protein that is considered
to play a key role in development (Jonk et al., 1994). By
participating in the retinoic acid signaling pathway, the
RAI2 protein also plays key roles in cellular growth and
cell differentiation (Cañete et al., 2017), and is expressed
widely in various mammalian tissues (Liao et al., 2011).
The RAI2 protein has also been linked with a number of
human diseases, including Nance-Horan syndrome (Liao
et al., 2011). Recent studies have reported that RAI2 acts
as a novel oncogenic factor in colorectal cancer (Yan et
al., 2018), breast cancer (Werner et al., 2015; Katharina et
al., 2018), and prostate cancer (Hoffmann et al., 2017). As
yet, there are no publications indicating that RAI2 plays
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a direct role in the determination of teat number or other
related physiological processes, such as thoracic vertebral
development. Future studies are now needed to address
these unanswered questions.
Table III. Association of four microsatellites with teat
number of pigs.
Loci

Genotypes Numbers Mean ± S.E.

p Values

L1-(GT)n

152-/152-

46

12.78a ± 0.18

p = 0.044

152-/164-

25

13.04 ± 0.33

152-/166-

63

12.60a ± 0.17

164-/164-

4

164-/166-

6

166-/166-

34

190-/190-

75

190-/192-

50

192-/192-

14

12.79 ± 0.45

105-/109-

22

12.73 ± 0.31

109-/109-

L2-(AC)n

L3-(TC)n
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11.25b ± 0.48
12.17ab ± 0.54
12.26ab ± 0.20
12.51 ± 0.15

p = 0.589

12.72 ± 0.17

121

12.62 ± 0.12

L4-(TGA)n 110-/110-

29

12.31 ± 0.22

110-/113-

13

13.00 ± 0.47

113-/113-

101

12.66 ± 0.13

p = 0.727
p = 0.248

Values with different letters (a, b) differ significantly at p < 0.05.

Previous research has also reported that several QTLs
on chromosome (SSC) X in Sus scrofa are related to teat
number in pigs (Cepica et al., 2003); the area mapped
to these QTLs (0-35.2 cM) also include the L1-(GT)
locus (please refer to the QTL map featured in the Pig
n
Quantitative Trait Locus Database (Pig QTLdb) (Hu et al.,
2019). In addition, by reference to the Pig QTLdb, we also
identified other QTLs that were related to teat number on
the same chromosome, including an SNP (rs336814005)
within the thymosin beta 4 X-linked gene (TMSB4X) gene
(Zhou et al., 2019), and several SNPs with a more dominant
effect (ALGA0098952, H3GA0051701, MARC0069431,
H3GA0051890, ALGA0099918, MARC0068856) (Rohrer
and Nonneman, 2017). These loci, including the L1-(GT)n
locus, might be linked with each other, or with other QTLs
on other chromosomes, such as QTLs in the VRTN gene, in
order to exert indirect effects on gene expression.
Although the three other microsatellites (L2-(AC)
,
L3-(TC)
, and L4-(TGA)n) had no significant effects
n
n
on teat number in Qinghai Bamei pigs, it is possible
that they might affect key production traits. According
to the Pig QTLdb database, the L2-(AC)n locus on
SSC14 is located close to some QTLs that are known to
be associated with average daily gain, daily feed intake
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(Onteru et al., 2013), litter size (He et al., 2017), and
obesity index (Kogelman et al., 2014). The L3-(TC)n
microsatellites on SSC5 are also located in close proximity
to sites related to the ear area (Zhang et al., 2014). With
regard to the L4-(TGA)n locus, we found that the repeat
motif (TGA)n was located in the 5’-UTR of the IMMPL2
gene, a gene that is known to be involved in processing the
transmembrane of proteins from the inner mitochondrial
membrane to the inter-membrane space. Mutations in
the IMMPL2 gene have been identified in patients with
Tourette’s syndrome (Petek et al., 2007). In addition,
this mitochondrial protease has been shown to suppress
cellular senescence (Yuan et al., 2018). Furthermore,
analysis of the Pig QTLdb has shown that loci located
in close proximity of L4-(TGA)n can influence a number
of key traits, including age at puberty (Nonneman et al.,
2014), blood pH (Reiner et al., 2009), palmitic acid content
(Ramayo–Caldas et al., 2012), and several growth-related
traits (Liu et al., 2008; Wei et al., 2011). Considering the
function of the IMMPL2 gene, and its proximity to QTLs,
we hypothesize that the L4-(TGA)n locus might exert
unknown effects that need to be investigated further.
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