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ABSTRACT: Using the mouse as a model of livestock, our 
previous QTL analyses with congenic and subcongenic 
mice revealed several QTLs affecting body weight and re-
lated traits that were closely linked in a limited congenic 
region of chromosome 2. In this study, exome sequencing 
revealed many synonymous and nonsynonymous substitu-
tions and several structural mutations for genes in the con-
genic region. RNA sequencing revealed eight genes in a 17-
Mb subcongenic region that were differentially expressed in 
the liver, a major organ regulating metabolic homeostasis. 
Some of the eight genes are putative candidate genes for 
QTLs affecting body weight and gonadal fat pad weight, 
although further validation studies will be needed. The re-
sults provide crucial information to identify causative genes 
for livestock QTLs in conserved syntenic regions with the 
mouse region. 
Keywords: mouse; body weight; fat weight; Exome se-
quencing; RNA sequencing 
 
 

Introduction 
 

Most traits of livestock, such as body weight and 
meat quality, are quantitative traits that are controlled by 
multiple genetic loci called QTLs (quantitative trait loci), 
environmental factors and their interactions. To understand 
the genetic architectures of quantitative traits, the laboratory 
mouse has been long and widely used as a pilot animal 
model because of its small body size, cost-effective rearing, 
extensive genomic information and other merits (Peters, 
Robledo, Bult et al., 2007). Thousands of QTLs affecting a 
wide variety of quantitative traits have so far been mapped 
to chromosomal regions of the mouse (Eppig, Blake, Bult et 
al. 2012). 

 
In a backcross population between the C57BL/6J 

inbred strain and wild Mus musculus castaneus mice cap-
tured in the Philippines, our previous genome-wide QTL 
analysis revealed 24 QTLs affecting postnatal body weight 
and body weight gain on 13 mouse chromosomes (Ishika-
wa, Matsuda, Namikawa, 2000; Ishikawa, Namikawa, 
2004; Ishikawa, Hatada, Nagamine et al. 2005). These 24 
QTLs have main effects, epistatic interaction effects and/or 
sex-specific effects on the traits. Among the 24 QTLs, the 
most potent QTL (named Pbwg1) on chromosome 2 ac-
counts for 3.7-12.1% of the phenotypic variance, and the 
Pbwg1 allele derived from wild mice retards growth (Ishi-
kawa, Hatada, Nagamine et al. 2005). To confirm the pres-
ence of Pbwg1 and to narrow down its chromosomal loca-
tion, I developed a congenic strain named B6.Cg-Pbwg1 

with a wild-derived genomic region of approximately 44 
Mb on the C57BL/6J genetic background (Ishikawa, Kim, 
Bolor et al. 2007). I also developed more than 20 subcon-
genic strains with overlapping and non-overlapping ge-
nomic regions. Further QTL analyses with the congenic and 
subcongenic mice developed revealed several QTLs affect-
ing body weight, heterosis of body weight and body length, 
and other body composition traits that were closely linked 
in the 44-Mb congenic region (Ishikawa, Kim, Bolor et al. 
2007; Ishikawa, 2009; Mollah, Ishikawa, 2010). Among the 
QTLs, the wild-derived allele at the Pbwg1.12 QTL unique-
ly increases body weight despite a smaller body size in wild 
mice than in C57BL/6J mice (Ishikawa, Kim, Bolor et al. 
2007), whereas this allele at the Pbwg1.5 QTL decreases 
gonadal white fat pad weight (Mollah, Ishikawa, 2010). 
These unique QTLs are located in a limited 17-Mb subcon-
genic region. 

 
In an attempt to identify possible candidate genes 

for the above unique QTLs, I performed exome and RNA 
sequencing analyses with mice of the congenic and subcon-
genic strains developed. 

 
Materials and Methods 

 
Exome sequencing. Genomic DNA was extracted 

from the tail of a B6.Cg-Pbwg1 congenic mouse. Enrich-
ment of the genomic DNA for the 44-Mb congenic region 
was performed with NimbleGen sequence capture. Exome 
sequencing was carried out using the next-generation se-
quencer Roche GS FLX. Sequence reads obtained were 
mapped to the mouse reference sequence (RefSeq) database 
mm9 obtained from C57BL/6J.  

 
RNA sequencing. F2 mice were produced from an 

intercross between C57BL/6J and a subcongenic strain with 
a 17-Mb genomic region derived from wild mice. Among 
the F2 mice, a set of three F2 mice was selected within a 
litter. Each mouse had one of three diprotypes (B/B, B/C 
and C/C, where B is the haplotype derived from C57BL/6J 
mice and C is the haplotype derived from wild castaneus 
mice) which were determined by genotyping microsatellite 
markers. Total RNA was extracted from the liver, a major 
organ regulating metabolic homeostasis. RNA sequencing 
was performed using the next-generation sequencer Illu-
mine Hiseq 2000. Sequence reads obtained were mapped to 
RefSeq mm9. I considered that a gene was differentially 
expressed among the three F2 mice if the RPKM (reads per 
kilobase of exon per million mapped reads) value for the 



gene was more than 0.3 and if the RPKM ratio of C/C or 
B/C to B/B was either more than 2.0 or less than 0.5. 

 
Prediction of deleterious nonsynonymous sub-

stitutions. Effects of nonsynonymous substitution muta-
tions detected by the above exome sequencing on the func-
tions of proteins were investigated with two web-based 
computational software programs, SIFT (Kumar, Henikoff, 
Ng, 2009) and PolyPhen-2 (Adzhubei, Schmidt, Peshkin et 
al., 2010). Since PolyPhen-2 was developed for human pro-
teins, this software was implemented after converting the 
positions of amino acid substitutions in the mouse protein 
to the corresponding positions of the human protein. 

 
Results and Discussion 

 
Since no sequence data have been reported for the 

Philippine wild mice used in this study, I performed se-
quencing of 2,205 exons for 153 genes in the 44-Mb con-
genic region of chromosome 2. According to RefSeq mm9, 
target bases for the exons were 767,440 bp. The NimbleGen 
sequence capture covered 97.1% of the target bases, i.e., 
745,515 bp. As summarized in Table 1, exome sequencing 
analysis revealed a large number of synonymous and non-
synonymous substitution mutations. It also revealed several 
structural mutations consisting of deletion, insertion and 
nonsense.  

 
Table 1. Summary of mutations revealed by exome se-
quencing. 

 sSNP nsSNP Del In Nonsense 
No. genes 130 79 8 8 3 
No. mutations 840 334 9 10 5 
Mean no. 5.5 2.2 0.1 0.1 0.03 
SD 7.8 5.0 0.3 0.3 0.3 
Range 0-56 0-43 0-2 0-3 0-3 
sSNP = synonymous SNP; nsSNP = nonsynonymous SNP; Del = deletion; 
In = insertion; SD = standard deviation. 
 
Table 2. Summary of read statistics for RNA sequenc-
ing. 

Diprotype Total no. 
reads 

% Mapped 
reads 

% Unmapped 
reads 

B/B 67,386,940 73.9 26.1 
B/C 73,682,031 72.6 27.4 
C/C 59,278,224 73.5 26.5 

 
 
Table 2 shows a summary of read statistics ob-

tained by RNA sequencing analysis of genes in the 17-Mb 
subcongenic region. Approximately 73% of the total num-
ber of reads in each of the mice with three diprotypes was 
successfully mapped to RefSeq mm9. The remaining reads 
were not mapped and were composed of a few percent of 
ribosomal and low-quality RNA reads and approximately 
25% of unmapped reads. Novel genes might be buried in 
the unmapped reads. The RNA sequencing analysis re-
vealed eight genes that were differentially expressed. Three 
of those genes were up-regulated, whereas five were down-
regulated in the mouse with the C/C diprotype. 

Among the eight genes differentially expressed, 
except for synonymous substitutions, six genes had non-
synonymous substitutions only and two had neither non-
synonymous substitutions nor structural mutations. Both 
SIFT and PolyPhen-2 predicted that none of the nonsynon-
ymous substitutions detected in the six genes could inflict 
possible damage on corresponding protein functions.  

 
Taken together, the results indicated that some of 

the eight genes differentially expressed are putative candi-
date genes for the two unique QTLs for increased body 
weight and decreased fat pad weight mentioned earlier, 
although further investigations such as RT-qPCR analysis 
in a segregating population will be needed to confirm the 
expression differences observed in this study. The mouse 
chromosome 2 region, on which the two QTLs are located, 
has a conserved synteny with regions of cattle chromosome 
2, pig chromosome 15 and chicken chromosome 7 (Ensem-
ble, 2013). In these livestock regions, QTLs for body 
weight, abdominal and subcutaneous fat weight, and other 
body composition traits have been reported (Animal 
QTLdb, 2013).  
 

Conclusion 
 
This study revealed eight differentially expressed 

genes in a 17-Mb genomic region of mouse chromosome 2. 
No deleterious nonsynonymouse substitutions affecting 
protein function were predicted for the genes. Some of the 
genes are putative candidate genes for previously reported 
QTLs affecting body weight and white fat weight, although 
further validation studies will be needed. Identification of 
actual candidate genes in the mouse will provide crucial 
information to pinpoint causative genes for livestock QTLs 
in conserved syntenic regions with the mouse region. 
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