
Experimental Animals

Original

Characterization of single nucleotide polymorphisms 
for a forward genetics approach using genetic crosses 
in C57BL/6 and BALB/c substrains of mice

Ikuo MIura1–3), Yoshiaki KIKKawa1,3), Shumpei P. YaSuda3), akiko ShInogI2),  
daiki uSuda2,4), Vivek KuMar5), Joseph S. TaKahaShI6), Masaru TaMura2),  
hiroshi MaSuYa4) and Shigeharu waKana2,7)

1)Division of Molecular Genetics, Department of Cooperative Graduate School, School of Medicine, Graduate School of 
Medical and Dental Sciences, Niigata University, 1-757 Asahimachi-dori, Chuo-ku, Niigata-shi, Niigata 951-8510, Japan

2)Technology and Development Team for Mouse Phenotype Analysis, Japan Mouse Clinic, RIKEN BioResource Research 
Center, 3-1-1 Koyadai, Tsukuba, Ibaraki 305-0074, Japan

3)Deafness Project, Department of Basic Medical Sciences, Tokyo Metropolitan Institute of Medical Science, 2-1-6 
Kamikitazawa, Setagaya-ku, Tokyo 156-8506, Japan

4)Integrated Bioresource Information Division, RIKEN BioResource Research Center, 3-1-1 Koyadai, Tsukuba, Ibaraki 
305-0074, Japan

5)The Jackson Laboratory, 600 Main Street, Bar Harbor, Maine 04609, United States
6)Department of Neuroscience, University of Texas Southwestern Medical Center, 5323 Harry Hines Blvd, Dallas, Texas 

75390, United States
7)Department of Animal Experimentation, Foundation for Biomedical Research and Innovation at Kobe, Creative Lab for 

Innovation in Kobe, 5F 6-3-7, Minatojima-Minamimachi, Chuo-ku, Kobe, Hyogo 650-0047, Japan

Abstract: Forward genetics is a powerful approach based on chromosomal mapping of phenotypes and has 
successfully led to the discovery of many mouse mutations in genes responsible for various phenotypes. Although 
crossing between genetically remote strains can produce F2 and backcross mice for chromosomal mapping, the 
phenotypes are often affected by background effects from the partner strains in genetic crosses. Genetic crosses 
between substrains might be useful in genetic mapping to avoid genetic background effects. In this study, we 
investigated single nucleotide polymorphisms (SNPs) available for genetic mapping using substrains of C57BL/6 
and BALB/c mice. In C57BL/6 mice, 114 SNP markers were developed and assigned to locations on all chromosomes 
for full utilization for genetic mapping using genetic crosses between the C57BL/6J and C57BL/6N substrains. 
Moreover, genetic differences were identified in the 114 SNP markers among the seven C57BL/6 substrains from 
five production breeders. In addition, 106 SNPs were detected on all chromosomes of BALB/cAJcl and BALB/
cByJJcl substrains. These SNPs could be used for genotyping in BALB/cJ, BALB/cAJcl, BALB/cAnNCrlCrlj, and 
BALB/cCrSlc mice, and they are particularly useful for genetic mapping using crosses between BALB/cByJJcl and 
other BALB/c substrains. The SNPs characterized in this study can be utilized for genetic mapping to identify the 
causative mutations of the phenotypes induced by N-ethyl-N-nitrosourea mutagenesis and the SNPs responsible 
for phenotypic differences between the substrains of C57BL/6 and BALB/c mice.
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Introduction

Mouse models are important tools for understanding 
the phenotypes of human diseases, genes responsible for 
diseases, and molecular mechanisms for the development 
of disease phenotypes. The approaches to developing 
mouse models include reverse genetics and forward ge-
netics [1–4]. reverse genetics is a powerful approach 
based on gene targeting and genome editing. This ap-
proach has successfully produced null mutations in al-
most all genes and mimics mutations associated with 
several human diseases. although reverse genetics is a 
major approach in mouse genetics, forward genetics is 
a powerful approach based on chromosomal mapping of 
phenotypes and has led to the discovery of numerous 
mutations in genes responsible for various spontaneous 
phenotypes [4]. Moreover, the combination of forward 
genetics and large-scale n-ethyl-n-nitrosourea (Enu) 
mutagenesis studies has uncovered the functions of un-
known genes and mutations [1, 5–7].

To identify genes associated with spontaneous and 
Enu-induced phenotypes using the classical forward 
genetic approach, researchers first produced experimen-
tal populations of chromosomal recombinants—F2 and 
backcross (n2) mice—by crossing between the mutant 
and wild-type mice. wild-type mice must be chosen from 
other strains with different genetic backgrounds and 
mutants, and they are preferred over genetically diverse 
strains with mutants. This is because the mutations map 
to a chromosomal region via genotyping of the polymor-
phic markers, such as microsatellites and single nucleo-
tide polymorphisms (SnPs), between both parental 
strains. Therefore, interspecific, intersubspecific, and 
interstrain genetic crosses have been used for classical 
chromosomal mapping of mutants of interest because of 
the availability of many polymorphic markers for geno-
typing in F2 and n2 mice from these genetic crosses [8].

however, partner strains that show highly similar 
phenotypes should be chosen to create a genetic cross in 

cases involving the mapping of causative mutations for 
mild phenotypes, which are easily affected by the ge-
netic background of the partner strain. Crosses with 
similar phenotypic strains are effective for the mapping 
of behavioral and sensorial traits. Since there are indi-
vidual differences in these phenotypic traits, phenotypic 
noise caused by modifiers in the genetic background of 
the partner strain should be reduced. Substrains may be 
candidate partners for genetic crosses. genetically dif-
ferent substrains have been established in most classical 
inbred strains [9–12]. although there are far fewer ge-
nomic polymorphisms between substrains than between 
strains, previous studies have successfully identified the 
mutations associated with phenotypes via linkage and 
quantitative trait loci (QTL) analysis using intersubstrain 
genetic crosses [13–17].

To perform linkage and QTL analyses using intersub-
strain genetic crosses, it is important to set up polymor-
phic markers between substrains of mice without large 
gaps on the chromosomes. Therefore, we investigated the 
SnPs that are available for immediate use in linkage and 
QTL analyses using substrains. In this study, we chose 
substrains of C57BL/6 and BaLB/c mice as the research 
targets. These are very common inbred mice, and sev-
eral substrains have been established. Moreover, there 
are potential mutants available as human disease models 
because several large-scale Enu mutagenesis studies 
have been carried out based on Enu-treated male mice 
from both strains [18–21]. Therefore, marker sets based 
on SnPs between substrains can be a useful tool for iden-
tifying new phenotypes associated with human diseases.

Materials and Methods

Mice and ethics statement
The C57BL/6 and BaLB/c substrains used in this 

study were purchased from each their respective produc-
tion breeders (Table 1). This study was reviewed and 
approved by the Institutional animal Care and use Com-

Table 1. C57BL/6 and BaLB/c substrains used in this study

Strain Substrain Breeder

C57BL/6 C57BL/6J The Jackson Laboratory via Charles river Laboratories Japan
C57BL/6JJcl CLEa Japan
C57BL/6JJmsSlc Japan SLC
C57BL/6nTac Taconic Biosciences via  CLEa Japan
C57BL/6nJcl CLEa Japan
C57BL/6nCrl Charles river Laboratories Japan
C57BL/6nCrSlc Japan SLC

BaLB/c BaLB/caJcl CLEa Japan
BaLB/cByJJcl CLEa Japan
BaLB/cannCrlCrlj Charles river Laboratories Japan
BaLB/cCrSIc Japan SLC
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mittee of the rIKEn Tsukuba Branch and the animal 
Care and use Ethics Committee of the Tokyo Metro-
politan Institute of Medical Science.

Preparation of PCR templates
all PCr templates were obtained from the pinna and/

or tail samples of adult mice euthanized by carbon di-
oxide inhalation. The pinna (diameter: 2 mm) and tail 
(length: less than 2 mm) samples were incubated in 50 
µl of lysis buffer solution (50 mM Tris-HCl, pH 8.0; 20 
mM EDTA, pH 8.0; 100 mM NaCl; and 1% sodium do-
decyl sulfate) with 0.5 µl of proteinase K solution (20 
mg/ml) at 37°C overnight and then incubated at 95°C 
for 10 min. The solution samples were diluted with wa-
ter (1:200) and used as PCR templates.

Validation of SNPs between C57BL/6J and 
C57BL/6N substrains

To prepare novel SnP markers, we selected SnPs 
between the C57BL/6J and C57BL/6n substrains, based 
on published data [16, 22–24]. For several SnPs, the 
flanking sequences including the SNPs were amplified 
by PCr using ampliTaq gold dna Polymerase (Ther-
mo Fisher Scientific, Waltham, MA, USA) or TaKaRa 
Ex Taq (Takara Bio, Inc., Kusatsu, Japan) and the prim-
ers listed in Supplementary Table 1 according to the 
manufacturer’s protocol. The SnPs were validated via 
Sanger sequencing of the PCr products. The PCr prod-
ucts were purified using the ExoSAP-IT (Thermo Fish-
er Scientific) and sequenced using an Applied Biosys-
tems 3130xl Genetic Analyzer and 3730xl DNA 
Analyzer (Thermo Fisher Scientific) by the Genetic 
analysis division of Fasmac Co., Ltd. (atsugi, Japan).

SNP genotyping
a set of validated SnPs was used to design TaqMan 

assays using a custom TaqMan SnP genotyping assay 
(Thermo Fisher Scientific; Supplementary Table 2). PCR 
template solutions (1 µl) were dispensed into each well 
of 384-well plates and dried using a speed-vacuum dry-
ing system. The reaction mixtures for genotyping using 
TaqMan Genotyping Master Mix (Thermo Fisher Scien-
tific) and the custom TaqMan assays were dispensed into 
384-well plates and amplified via PCR following the 
manufacturer’s instructions. The PCr products were 
analyzed using the TaqMan genotyper software with an 
aBI PrISM 7900hT Sequence detection System (Ther-
mo Fisher Scientific) or QuantStudio 12K Flex Real-
Time PCR System (Thermo Fisher Scientific) according 
to the manufacturer’s instructions.

Detection of SNPs between BALB/cA and BALB/
cByJ substrains

To obtain information on SnPs between BaLB/ca-
Jcl (BaLB/ca) and BaLB/cByJJcl (BaLB/cByJ) mice, 
next-generation sequencing (NGS) technology was used. 
For sequencing, genomic DNA was extracted from the 
spleens of female BaLB/ca and BaLB/cByJ mice using 
a QIaamp dna Mini Kit (QIagEn, hilden, germany). 
whole genome sequencing and listing of mutations were 
performed by hokkaido System Science Co., Ltd. (hok-
kaido, Japan). Paired-end reads of 150 bp were gener-
ated with hiSeq X with hiSeq X Ten reagent Kit v2.5 
(Illumina, San diego, Ca, uSa) to achieve more than 
30× genome coverage. The sequence reads were mapped 
on the reference genome sequence (mouse genome ref-
erence assembly, grCm38.p6) and analyzed using Sam-
tools/BCFtools version 1.2 [25] and SnpEff version 4.1g 
[26]. The quality of a given base call is measured as a 
Phred quality score, which indicates the probability that 
the base is correctly called. The scores generally range 
from 2 to 40, with higher scores indicating greater con-
fidence in the call. The candidate SNPs between BALB/
cA and BALB/cByJ were confirmed via Sanger sequenc-
ing.

Results

Construction of marker sets for genetic mapping of 
genetic crosses between C57BL/6J and C57BL/6N 
substrains

we previously developed 101 primer and probe sets 
(Supplementary Table 2) for TaqMan assays and suc-
ceeded in linkage mapping of several phenotypes using 
these sets [14–17]. To place markers on chromosomal 
regions for linkage mapping at equal intervals without 
the absence of markers in the long-range chromosomal 
region, SnPs were screened from databases. Thirteen 
SNPs were identified as available for linkage mapping 
in genetic crosses between the C57BL/6J and C57BL/6n 
substrains via Sanger sequencing (Supplementary Tables 
1 and 2). The locations of all markers for TaqMan assays 
are shown in Fig. 1. The markers were assigned at 20.58 
Mb intervals on the chromosomes on average in the case 
of choosing either one from the neighboring markers 
(D2SNP38/D2SNP39, D3SNP39/D3SNP48, D4SNP38/
D4SNP42 ,  D12SNP38/D12SNP41 ,  D17SNP34/
D17SNP32, and D19SNP23/D19SNP26) located within 
10 Mb (Fig. 1 and Supplementary Table 2). although the 
SnP markers were absent in several long-range genom-
ic regions (e.g., D6SNP32–D6SNP33, 50.18 Mb, and 
DXSNP58–DXSNP52, 48.43 Mb), we predicted that the 
marker sets for identifying the loci linked with pheno-
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types could be assigned to all chromosomes.
The marker sets were designed based on the SnPs 

between C57BL/6J mice from The Jackson Laboratory 
and C57BL/6nTac mice from Taconic Biosciences. 
C57BL/6J is the most commonly used substrain in bio-
medical research, and its genomic sequence was first 
published as a reference genome sequence by the Mouse 
genome Sequencing Consortium (MgSC) [27, 28]. 
C57BL/6nTac was selected by the Knockout Mouse 
Project and the International Mouse Phenotyping Con-
sortium as a background strain to produce genetically 
engineered mutants [29–31]. however, previous studies 
have reported that there are several SnPs at the intrasu-
bstrain level in both C57BL/6J and C57BL/6n mice from 

each breeder [22, 32]. Therefore, we investigated SnPs 
in C57BL/6J and C57BL/6n mice purchased from three 
major breeders (Table 1) in Japan using TaqMan assays. 
SnPs were detected in 25 markers, and SnPs in 13 mark-
ers were detected within the C57BL/6J substrains. The 
genotypes of 13 markers in C57BL/6JJmsSlc mice and 
5 markers in C57BL/6JJcl mice were identical to those 
of all C57BL/6n mice (Fig. 1 and Table 2). In C57BL/6n 
mice, SnPs were detected in 12 markers and were iden-
tical to those of all C57BL/6J mice (Fig. 1 and Table 2). 
Twelve SnPs were detected in C57BL/6nCrSlc mice, 
and only one SnP was detected in C57BL/6nCrl mice. 
There were no SnPs in C57BL/6nTac and C57BL/6nJcl 
mice.

Fig. 1. Chromosomal map of the 114 SnP markers for genotyping of genetic crosses between the C57BL/6J (C57BL/6J, 
C57BL/6JJcl, and C57BL/6JJmsSlc) and C57BL/6n (C57BL/6nTac, C57BL/6nJcl, C57BL/6nCrl, and 
C57BL/6nCrSlc) substrains. The vertical gray lines and black diamonds indicate chromosomes and locations of 
SnP markers, respectively. The SnP markers common between C57BL/6J and C57BL/6n substrains are labeled in 
black. The intrasubstrain polymorphisms were detected in 25 markers, which are labeled in red, blue, green, and 
magenta.
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Table 2. SnPs among the C57BL/6 substrains within the markers developed in this study

SnP marker Chr dbSnP_Id
C57BL/6J C57BL/6n

ref J JJcl JJmsSlc ntac nJcl nCrl nCrSlc

D1SNP40 1 rs32685032 a a a a T T T T
D1SNP34 1 rs31362610 T T T T C C C C
D1SNP39 1 rs13475886 T T T T C C C C
D1SNP35 1 rs32481241 T T C C C C C C
D1SNP41 1 rs30928757 T T T T C C C C
D1SNP37 1 rs6327099 T T T T C C C C
D1SNP38 1 rs6341208 a a a a T T T T
D1SNP42 1 rs242712390 C C C C a a a C
D2SNP11 2 rs13476337 a a a a T T T T
D2SNP38 2 rs33064547 a a a a g g g g
D2SNP39 2 rs33488914 a a a a g g g g
D2SNP40 2 rs33162749 C C C T T T T T
D2SNP45 2 rs227312316 g g g g a a a g
D2SNP44 2 rs13476801 T T T T C C C C
D2SNP42 2 rs29818510 C C C C g g g g
D2SNP46 2 rs29673978 T T T T C C C C
D3SNP35 3 rs13476956 C C C C T T T T
D3SNP39 3 rs13477019 T T a a a a a a
D3SNP48 3 rs237712466 T T T T g g g T
D3SNP47 3 rs13477132 g g g g C C C C
D3SNP44 3 rs31154737 a a a T T T T T
D3SNP45 3 rs31321678 a a a a g g g g
D3SNP46 3 rs31594267 a a a a C C C C
D4SNP41 4 rs32143059 g g g g a a a a
D4SNP101 4 rs13477622 T T T T C C C C
D4SNP40 4 rs13477746 T T T T C C C C
D4SNP38 4 rs3680956 a a g g g g g g
D4SNP42 4 rs245725397 C C C C T T T C
D4SNP39 4 rs6397070 T T T T C C C C
D5SNP35 5 rs247844351 C C C C T T T T
D5SNP31 5 rs33508711 C C C C T T T T
D5SNP33 5 rs13478320 C C C C a a a a
D5SNP32 5 rs33249065 a a a a g g g g
D5SNP21 5 rs3662161 a a a a g g g g
D5SNP14 5 rs33208334 T T T C C C C C
D6SNP34 6 rs30450019 a a a a g g g g
D6SNP20 6 rs30764547 T T T T a a a a
D6SNP35 6 rs30892442 a a a C C C C C
D6SNP32 6 rs6157367 T T T T a a a a
D6SNP33 6 rs13478995 C C C C g g g g
D6SNP36 6 rs235068709 g g g g T T T g
D7SNP45 7 rs242748489 g g g g a a a g
D7SNP41 7 rs31221380 a a a a C C C C
D7SNP42 7 rs32060039 C C C C g g g g
D7SNP43 7 rs243575509 C C C C T T T C
D7SNP37 7 rs13479522 a a a a g g g g
D8SNP27 8 rs13479605 C C C C a a a a
D8SNP28 8 rs13479672 T T T T C C C C
D8SNP23 8 rs32729089 T T T T a a a a
D8SNP24 8 rs33601490 T T T T C C C C
D8SNP25 8 rs33219858 T T T T C C C C
D8SNP26 8 rs32577205 a a a a g g g g
D9SNP13 9 rs33672596 a a a a g g g g
D9SNP21 9 rs13480122 T T T T C C C C
D9SNP27 9 rs29644859 T T T T g g g g
D9SNP30 9 rs260373537 T T T T C C C T
D9SNP31 9 rs30431245 T T T T C C C C
D10SNP43 10 rs50477269 a a a a g g g g
D10SNP36 10 rs13480575 T T T T C C C C
D10SNP37 10 rs13480619 T T T T C C C C
D10SNP42 10 rs13459122 a a a a T T T T
D10SNP39 10 rs13480759 C C C C T T T T
D10SNP44 10 rs236992510 g g g g a a a a
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Identification of SNPs for genetic mapping of the 
genetic crosses between BALB/cA and BALB/cByJ 
substrains

Next, we performed NGS whole-genome sequencing 
to screen SnPs used for genetic mapping of the genetic 
crosses between the BaLB/ca and BaLB/cByJ sub-

strains. In total, 912,105,404 and 636,697,536 reads of 
BaLB/ca and BaLB/cByJ mice, respectively, were 
mapped to the reference genome sequence. a large num-
ber of SnPs were detected in BaLB/ca and BaLB/cByJ 
mice via this analysis. however, the quality of the se-
quence data was low because the read coverage was poor 

SnP marker Chr dbSnP_Id
C57BL/6J C57BL/6n

ref J JJcl JJmsSlc ntac nJcl nCrl nCrSlc

D11SNP101 11 rs3659787 g g g g a a a a
D11SNP24 11 rs259140591 C C C C T T T T
D11SNP18 11 rs13481014 T T T T C C C C
D11SNP23 11 rs13481117 g g g g T T T T
D11SNP22 11 rs29411641 T T T T g g g g
D11SNP25 11 rs49027247 T T T T C C C C
D12SNP38 12 rs29158719 a a g g g g g g
D12SNP41 12 rs29142759 a a a a g g g g
D12SNP42 12 rs29487143 g g g g C C C C
D12SNP43 12 rs29133146 a a a C C C C C
D12SNP39 12 rs13481569 g g g g a a a a
D12SNP40 12 rs13481634 a a a a C C C C
D13SNP14 13 rs30039194 a a a a T T T T
D13SNP30 13 rs3722313 T T T T C C C C
D13SNP31 13 rs29802434 g g g g C C C C
D13SNP29 13 rs3702296 a a a a g g g g
D14SNP27 14 rs31187642 g g g g a a a a
D14SNP33 14 rs31133670 a a a a g g g g
D14SNP29 14 rs30264676 T T T T a a a a
D14SNP30 14 rs31059846 a a a a g g g g
D14SNP31 14 rs31273189 a a a a g g g g
D14SNP23 14 rs31233932 C C C C T T T T
D15SNP33 15 rs257670740 T T T T C C C C
D15SNP34 15 rs261563123 C C C C T T T T
D15SNP24 15 rs3702158 a a a a g g g g
D15SNP32 15 rs31858887 T T T T C C C C
D15SNP35 15 rs31921278 a a a g g g g g
D16SNP24 16 rs219190959 C C C C T T T C
D16SNP19 16 rs4165065 T T T T C C C C
D16SNP23 16 rs4187179 T T T T C C C C
D16SNP22 16 rs4214728 T T T T C C C C
D17SNP28 17 rs4137196 T T T T C C C C
D17SNP29 17 rs29512740 C C C C a a a a
D17SNP30 17 rs33334258 g g g a a a a a
D17SNP24 17 rs13483055 T T T T C C C C
D17SNP34 17 rs229426697 C C C C T T C C
D17SNP32 17 rs33132419 T T T T C C C C
D18SNP38 18 rs13483221 C C C C T T T T
D18SNP36 18 rs13483296 a a a a T T T T
D18SNP39 18 rs13483369 a a a a C C C C
D18SNP37 18 rs29690544 T T T T C C C C
D19SNP24 19 rs31112038 g g g g C C C C
D19SNP27 19 rs30709918 T T T C C C C C
D19SNP28 19 rs30953636 g g g g T T T T
D19SNP23 19 rs3724876 g g g g T T T T
D19SNP26 19 rs30447436 C C T T T T T T
DXSNP58 X rs250603596 T T T T a a a T
DXSNP52 X rs6368704 a a a a g g g g
DXSNP56 X rs259126064 g g g g T T T g
DXSNP57 X rs213430510 a a a a T T T T
DXSNP54 X rs31266096 a a a a g g g g

SNPs with the reference genome sequence (genome assembly: GRCm38.p6) of C57BL/6J (Ref) are highlighted in gray. J, 
C57BL/6J; JJcl, C57BL/6JJcl; JJmsSlc, C57BL/6JJmsSlc; NTac, C57BL/6NTac; NJcl, C57BL/6NJcl; NCrl, C57BL/6NCrl; 
and nCrSlc, C57BL/6nCrSlc.

Table 2. (continued)
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in many genomic regions, including these SnPs. There-
fore, candidate SnPs for genotyping between BaLB/ca 
and BALB/cByJ mice were filtered according to several 
criteria that included read coverage, allele frequency, 
and genotype information (Supplementary Table 3). In 
addition, we selected SnPs that were assigned dbSnP 
IDs from the filtered SNPs to increase the reliability of 
SnPs because a large amount of SnP data generated 
using oligonucleotide arrays in BaLB/cByJ mice have 
previously been reported [33]. Finally, 632 candidate 
SnPs were screened between BaLB/ca and BaLB/cByJ 
mice (Supplementary Table 3). To construct the marker 
sets for genetic mapping using F2 and n2 progeny be-
tween the BaLB/c substrains, we used Sanger sequenc-
ing to validate SnPs selected based on the genomic loca-

tions. One hundred six SNPs were detected on all 
chromosomes in BaLB/ca and BaLB/cByJ mice 
(Supplementary Table 4). Figure 2 shows the locations 
of the 106 SnPs. Most of the SnPs were assigned loca-
tions on all chromosomes, as planned. The average in-
terval between the SnPs was 21.18 Mb when either SnP 
was chosen from the neighboring markers (D10SNP302/
D10SNP303, D16SNP304/D16SNP305, D18SNP301/
D18SNP302, D19SNP301/D19SNP302, D19SNP302/
D19SNP303, and DXSNP303/DXSNP304) located with-
in 10 Mb. however, we could not detect the SnPs in the 
long-range genomic region (~39.12 Mb) of the centro-
mere on chromosome 1 because of difficulty of design-
ing primer sets for Sanger sequencing to validate them. 
This was attributed to the presence of repetitive sequenc-

Fig. 2. Chromosomal map of the 106 SnP markers for genotyping of genetic crosses between the BaLB/c (BaLB/cJ, 
BaLB/ca, BaLB/cByJ, BaLB/can and BaLB/cCr) substrains. The vertical gray lines and white diamonds indicate 
chromosomes and locations of SNP markers, respectively. The genotypes of the SNP markers are shown in different 
colors (black, red, and blue) for each marker name.
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es and long stretches of a single nucleotide in the flank-
ing sequence of all candidate SnPs. we also could not 
detect the SNPs on the proximal region (1–28.12 Mb) 
of chromosome 18 because there were no candidate 
SnPs in this region (Supplementary Table 3).

regarding BaLB/c substrains, the whole-genome 
sequence of BaLB/cJ mice has been published by the 
wellcome Trust Sanger Institute [23]. In addition, 106 
SnPs were genotyped in BaLB/cannCrlCrlj (BaLB/
can) and BaLB/cCrSIc (BaLB/cCr) mice. Table 3 
shows comparisons of the genotypes of the 106 SnPs 
among the five substrains. The genotypes of BALB/cJ 
and BaLB/ca mice were identical at 90 SnPs. In con-
trast, the same genotypes were detected in only 16 posi-
tions in BaLB/cJ and BaLB/cByJ mice. The genotypes 
of the 106 SNPs matched exactly in BALB/cAn and 
BaLB/cCr mice. The genotypes at 73, 57, and 49 SnPs 
of BaLB/can and BaLB/cCr were identical to those of 
BaLB/cJ, BaLB/ca, and BaLB/cByJ, respectively.

Discussion

This study provides information on available SnP 
marker sets for genotyping of C57BL/6 and BaLB/c 
substrains. as mentioned in the Introduction, a useful 
application of these marker sets is linkage and QTL 
analyses of the phenotypes produced by Enu mutagen-
esis. Large-scale Enu mutagenesis studies in mice have 
been powerful discovery platforms for identifying 
novel genes or gene functions associated with disease 
phenotypes [1, 5]. We also identified several genes and 
gene functions associated with several disease pheno-
types, such as hair formation [34, 35], amelogenesis [36], 
development of single positive thymocytes [37], and 
abnormal behavior due to neurological disorders [38–
40]. however, we could not identify the loci associated 
with several phenotypes by linkage and QTL analyses. 
In particular, the genetic mapping of several mild mor-
phological and behavioral phenotypes, which were de-
tected using a modified SHIRPA (SmithKline, Harwell, 
Imperial College, royal hospital, Phenotype assess-
ment) protocol, failed [20]. we have previously used 
interstrain genetic crosses between Enu-treated 
C57BL/6J and dBa/2J (or C3h/heJ) mice for linkage 
and QTL analyses. we predicted that these mild pheno-
types might be overlooked by the genetic background 
effects of DBA/2J and C3H/HeJ mice. In contrast, sev-
eral studies have identified causative mutations associ-
ated with disease phenotypes using intersubstrain ge-
netic crosses. hossain et al. (2016) identified 
obesity-related genes based on genetic mapping of the 
n2 progeny between Enu-treated C57BL/6J and 

C57BL/6n mice [14]. Funato et al. (2016) and Miyoshi 
et al. (2019) identified sleep-related genes by a forward 
genetics approach using the same intersubstrain cross 
[13, 15]. as it was assumed that target phenotypes in 
these studies are susceptible to genetic background ef-
fects, we predict that substrain crosses will become a 
key strategy for the successful identification of these 
causative genes.

In addition, we expect that the marker sets developed 
in the present study will be useful tools for identifying 
loci and mutated genes associated with phenotypic dif-
ferences between substrains of C57BL/6 and BaLB/c 
mice. Kirkpatrick et al. (2017) identified a robust differ-
ence in binge eating between C57BL/6 substrains and a 
major genetic factor associated with the phenotype by 
QTL mapping using C57BL/6J × C57BL/6n-F2 mice 
[41]. Kumar et al. (2013) confirmed that substrain dif-
ferences in the locomotor response to cocaine in 
C57BL/6J and C57BL/6n mice were caused by an SnP 
[16]. Previous studies have reported several phenotypic 
differences among substrains of C57BL/6 and BALB/c 
mice [9, 11, 42, 43]. although almost all causative genes 
and mutations are still unknown, they may be identified 
by linkage and QTL analyses using intersubstrain cross-
es and SnP markers in both substrains.

The phenotypic differences are estimated to be associ-
ated with approximately 10,000 SNPs between the 
C57BL/6J and C57BL/6n substrains [11, 23, 42]. In 
addition, Mekada et al. (2015) reported genetic differ-
ences among substrains of C57BL/6J and C57BL/6n 
mice produced by breeders [44]. we also detected sev-
eral SnPs in both the C57BL/6J and C57BL/6n sub-
strains from different breeders. Although we investi-
gated only Japanese breeders, the genetic differences in 
mice from different breeders would probably be de-
tected in mice from different breeders in other countries. 
Therefore, it is essential to pay attention to the genetic 
background of the mutant and control mice for the pro-
duction of genetic crosses to perform linkage and QTL 
analyses using SnP markers between the C57BL/6J and 
C57BL/6n substrains.

In this study, we investigated and confirmed the SNPs 
between the BaLB/cByJ and BaLB/ca substrains pur-
chased from CLEa Japan for linkage and QTL analyses, 
since this approach has been successful in discovering 
several phenotypic differences between these substrains. 
however, most reports have described phenotypic dif-
ferences between BaLB/cByJ and BaLB/cJ substrains 
[45–48]. although 90 markers within our marker sets 
are available for the genotyping of these substrains, SnP 
markers were absent in several long-range genomic re-
gions (e.g., D6SNP302–305 ,  D9SNP302–304 , 
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Table 3. SnPs among the BaLB/c substrains within the markers developed in this study

Marker Chr dbSnP_Id cJ ca cByJ can cCr

D1SNP301 1 rs33109340 C C T C C
D1SNP302 1 rs33057227 C C T C C
D1SNP303 1 rs33365833 a a T a a
D1SNP304 1 rs31397868 g g a g g
D1SNP305 1 rs33202907 T T a a a
D2SNP301 2 rs243288053 g a g g g
D2SNP302 2 rs27169047 g g T g g
D2SNP303 2 rs27981830 g g a g g
D2SNP304 2 rs238060283 a a g g g
D2SNP305 2 rs27250976 C C T T T
D2SNP306 2 rs27622613 T T C C C
D3SNP301 3 rs46220062 C C T T T
D3SNP302 3 rs29938481 g g T T T
D3SNP303 3 rs36544985 a a g g g
D3SNP304 3 rs36506426 g g a g g
D3SNP305 3 rs221745548 g g a a a
D3SNP306 3 rs30857183 a a g g g
D4SNP301 4 rs231525592 C C T C C
D4SNP302 4 rs27767340 C C T C C
D4SNP303 4 rs3706082 T T C T T
D4SNP304 4 rs28126314 g g a g g
D4SNP305 4 rs27512361 C C T T T
D4SNP306 4 rs32877825 g g a g g
D5SNP301 5 rs31133755 C C a C C
D5SNP302 5 rs50896597 C C T T T
D5SNP303 5 rs52019376 g g a a a
D5SNP304 5 rs31892920 T T C T T
D5SNP305 5 rs32347776 g g a a a
D6SNP301 6 rs32502983 C C T C C
D6SNP302 6 rs36885644 g g T g g
D6SNP303 6 rs216689099 C T C C C
D6SNP304 6 rs230573527 C T C C C
D6SNP305 6 rs31952322 g g a a a
D7SNP301 7 rs32408583 a a C C C
D7SNP302 7 rs32445754 g g a a a
D7SNP303 7 rs33056660 a a C C C
D7SNP304 7 rs31482312 T T g g g
D7SNP305 7 rs51219759 a a T a a
D8SNP301 8 rs47376668 g g a g g
D8SNP302 8 rs30733023 C C T C C
D8SNP303 8 rs36881999 g g a g g
D8SNP304 8 rs38305200 g g a g g
D8SNP305 8 rs262469470 g a g g g
D9SNP301 9 rs51304512 T T C T T
D9SNP302 9 rs37879512 g g a a a
D9SNP303 9 rs38922776 a g a a a
D9SNP304 9 rs33134771 g g a a a
D9SNP305 9 rs50594159 C C T C C
D10SNP301 10 rs45892832 C C T T T
D10SNP302 10 rs33688332 C C a a a
D10SNP303 10 rs50315385 C C a a a
D10SNP304 10 rs46748961 C C T C C
D10SNP305 10 rs47483530 T T a T T
D10SNP306 10 rs233492562 a a g a a
D11SNP301 11 rs26833083 g g a a a
D11SNP302 11 rs26912518 T T C T T
D11SNP303 11 rs220626677 g a g g g
D11SNP304 11 rs252587388 C T C C C
D11SNP305 11 rs27014504 C C T T T
D12SNP301 12 rs46528175 a a g g g
D12SNP302 12 rs231844185 a g a a a
D12SNP303 12 rs37803925 a a C a a
D12SNP304 12 rs51364971 C C T C C
D12SNP305 12 rs247716364 g a g g g
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D11SNP302–305, and proximal and distal regions on 
chromosome 16; Fig. 2 and Table 3). Additional markers 
will need to be developed at several positions to perform 
detailed linkage and QTL analyses using genetic cross-
es between BaLB/cByJ and BaLB/cJ substrains. In 
addition, we screened the genotypes of SnPs in BaLB/
can and BaLB/cCr mice purchased from the Charles 
River Laboratories Japan and Japan SLC, respectively; 
however, the genotypes of these strains were the same 
for all SnPs. our SnP markers might be used for linkage 
and QTL analyses to cross these mice (BaLB/can and 
BaLB/cCr) and BaLB/cByJ mice. however, whole-
genome genotyping is difficult for crosses between 

BaLB/ca, BaLB/cJ, BaLB/can, and BaLB/cCr mice 
using only our SnP markers because of the lack of poly-
morphisms in many chromosomal regions. whole-ge-
nome sequencing of BaLB/can and BaLB/cCr mice 
can help screen the SnPs and compare them with those 
in other BaLB/c substrains.

In the present study, we developed a genotyping sys-
tem on 384-well plates using TaqMan assays. The ap-
proach can promptly distinguish the homozygous and 
heterozygous genotypes in progeny from the genetic 
crosses between C57BL/6 substrains, as shown in Sup-
plementary Fig. 1. This genotyping system can provide 
researchers with the ability to identify the responsible 

Marker Chr dbSnP_Id cJ ca cByJ can cCr

D13SNP301 13 rs33751539 C a C C C
D13SNP302 13 rs29965851 T T a T T
D13SNP303 13 rs30245925 C C T C C
D13SNP304 13 rs47717539 C C T C C
D13SNP305 13 rs38228777 g g C g g
D14SNP301 14 rs51648802 g g a g g
D14SNP302 14 rs50148147 T T C T T
D14SNP303 14 rs46892447 C C T C C
D14SNP304 14 rs32226962 a a g a a
D14SNP305 14 rs51211980 C C a C C
D15SNP301 15 rs48122948 g g C g g
D15SNP302 15 rs212086590 C C T C C
D15SNP303 15 rs220101808 C T C C C
D15SNP304 15 rs38263969 g g a g g
D16SNP301 16 rs49608214 a g a a a
D16SNP302 16 rs46364658 C C T C C
D16SNP303 16 rs50933320 C C T C C
D16SNP304 16 rs254664546 g a g g g
D16SNP305 16 rs227119859 a T a a a
D17SNP301 17 rs49061265 g g a a a
D17SNP302 17 rs45641253 C C a C C
D17SNP303 17 rs49487329 g g a g g
D17SNP304 17 rs47460807 g g a a a
D18SNP301 18 rs51512767 a a T a a
D18SNP302 18 rs221424480 C T C C C
D18SNP303 18 rs31785839 T T C T T
D18SNP304 18 rs39281136 C C T C C
D18SNP305 18 rs37625494 T T g T T
D19SNP301 19 rs36448887 g g a a a
D19SNP302 19 rs37039649 g g a g g
D19SNP303 19 rs38082986 g g a g g
D19SNP304 19 rs50157060 T T C T T
D19SNP305 19 rs36495646 a a g g g
D19SNP306 19 rs48624001 C C T T T
DXSNP301 X rs33287577 T T a T T
DXSNP302 X rs30035452 a a C a a
DXSNP303 X rs29043150 T T C C C
DXSNP304 X rs241499720 g g T g g
DXSNP305 X rs8268104 C C a a a
DXSNP306 X rs3718396 C C T C C
DXSNP307 X rs29299426 g g a g g
DXSNP308 X rs31827558 T C T T T

Locations of SnPs are according to the mouse genome reference assembly (grCm38.p6). SnPs 
with the genomic sequence (Mouse Genome Project: https://www.sanger.ac.uk/sanger/Mouse_
SnpViewer/rel-1505) of BALB/cJ (cJ) are highlighted in gray. cA, BALB/cAJcl; cByJ, BALB/
cByJJcl; cAn, BALB/cAnNCrlCrlj; and cCr, BALB/cCrSlc.

Table 3. (continued)
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and modifier genes via linkage and QTL analyses using 
genetic crosses between the C57BL/6 substrains. we are 
currently developing a similar high-throughput genotyp-
ing system for BaLB/c substrains using the SnPs iden-
tified in the present study.
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