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Substrains matter in phenotyping of C57BL/6 mice
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Abstract: The inbred mouse strain C57BL/6 has been widely used as a background strain for spontaneous and
induced mutations. Developed in the 1930s, the C57BL/6 strain diverged into two major groups in the 1950s,
namely, C57BL/6J and C57BL/6N, and more than 20 substrains have been established from them worldwide. We
previously reported genetic differences among C57BL/6 substrains in 2009 and 2015. Since then, dozens of reports
have been published on phenotypic differences in behavioral, neurological, cardiovascular, and metabolic traits.
Substrains need to be chosen according to the purpose of the study because phenotypic differences might affect
the experimental results. In this paper, we review recent reports of phenotypic and genetic differences among
C57BL/6 substrains, focus our attention on the proper use of C57BL/6 and other inbred strains in the era of genome
editing, and provide the life science research community wider knowledge about this subject.
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Origin of the C57BL/6 Mice

The inbred mouse strain C57BL/6 has a long history.
It was derived from the C57BL line, which was estab-
lished in 1921 by Dr. C.C. Little, who mated littermates
female 57 and male 52, which were obtained from the
stock of Ms. A.E. Lathrop. This line was separated into
sublines 10 and 6 in 1937, thereby establishing the
C57BL/10 and C57BL/6 strains, respectively [1]. The
C57BL/6 strain was introduced to the Jackson Labora-
tory (Bar Harbor, ME, USA) in 1948, and in 1951, the
mice were sent from the Jackson Laboratory to the Na-
tional Institutes of Health (NIH; Bethesda, MD, USA);
thereafter, the strain was separately maintained at both
institutions [2, 3]. Subsequently, the Jackson Labora-
tory’s C57BL/6J and NIH’s N strains became the major
lineages of C57BL/6 mice, with a large number of sub-
strains having since been derived from each [4, 5]. At
present, seven C57BL/6 substrains are available from
domestic vendors in Japan, and 11 are offered by over-
seas vendors (Supplementary Table 1). Various sub-

strains have been maintained for many years within in-
dividual laboratories in Japan, including the National
Institute of Genetics (Ms; Mishima, Japan) and the
National Institute of Radiological Sciences (Nrs; Chiba,
Japan), all of which are substrains of C57BL/6J or
C57BL/6N (Fig. 1). The C57BL/6J strain was the first
line for which the mouse genome was sequenced [8],
and it continues to be used as a representative inbred
mouse strain in various life science fields. Through com-
munity effort, a highly germline-competent embryonic
stem cell line was established from the C57BL/6NTac
strain [9], and it has been used as a background strain in
the International Knockout Mouse Project and the Inter-
national Mouse Phenotyping Consortium [10-13].

We analyzed the substrain status of 2,939 genetically
modified C57BL/6 mice deposited at the RIKEN Bio-
Resource Research Center (BRC) (Fig. 2). Each sub-
strain was further subdivided into substrains supplied by
several vendors. In addition, over 600 strains (21% of
the total) had a mixed genetic background of C57BL6/J
and C57BL6/N or a genetic background of uncertain
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Genealogy of the C57BL/6 substrains. Dates and relationships are derived from the vendors’
websites and Mekada et al. (2009 and 2015) [6, 7]. Abbreviations: J, The Jackson Labora-
tory (JAX); Jcl, CLEA Japan, Inc.; Jms, Institute of Medical Science, Japan; Slc, Japan
SLC, Inc.; Ms, National Institute of Genetics; Ei, Dr. Eva M. Eicher; Lac, Laboratory Ani-
mal Centre (MRC Carshalton Lab Animal Centre); Ola, Olac, Ltd.; Hsd, Harlan Sprague-
Dawley, Inc.; CSAL, Centre de Sélection des Animaux de Laboratoire; Rj, Centre D’Elevage
R. Janvier; Rce, RCC Ltd.; Han, Zentralinstitut fur Versuchstierzucht, Hannover; M&B A/S,
Taconic’s Bomholtgard, Denmark, facility; Tac, Taconic Biosciences, Inc.; Nrs, National
Institute for Quantum and of Radiological Science and Technology; N, National Institutes
of Health; Hla, Hilltop Lab Animals, Inc.; Jic, Central Institute for Experimental Animals,
Japan; Cr, NCI, DCTD Animal Production Program; Sim, Simonsen Laboratories, Inc.; Crl,
Charles River Laboratories; Crlj, Charles River Laboratories Japan; Seac, Seac Yoshitomi,
Ltd. (Kyodo Co., Ltd.); By, Dr. Donald W. Bailey. *Derived from embryos frozen in 1984.
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The numbers in parentheses indicate numbers of substrains.

Fig. 2. Summary of a survey on the use of C57BL/6 substrains in Japan. According
to information provided by the developer scientists of the 2,939 mouse strains
deposited at RIKEN BRC, 49% were crossed with C57BL/6J substrains,
including C57BL/6JJcl, C57BL/6JJmsSlc, and C57BL/6J, and 30% were
crossed with C57BL/6N substrains, including C57BL/6NJcl, C57BL/6NCrSlc,
C57BL/6NCrlCrlj (including CS7BL/6NCrl in 35 strains), and C57BL/6NTac.
Another 13% were crossed with C57BL/6 substrains of mixed background,
and 8% were crossed with uncertain C57BL/6 substrains.
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C57BL/6 substrain. We interviewed several scientists
who either developed or deposited these strains and
found that they had purchased and used the mice without
knowing about the substrain distinctions or had not kept
detailed breeding records. Similar occurrences have been
reported elsewhere. Over 70% of the genetically engi-
neered strains generated at German and Austrian institu-
tions had a mixed genetic background [14]. A survey of
Finnish institutions revealed that 39.5% of researchers
did not consider the importance of differences among
substrains and that 26% did not know which C57BL/6
substrain they had used [15]. Furthermore, 58% of the
studies that were published in Diabetes during 2010-
2014 and involved genetically modified mice provided
incomplete descriptions of the background strains [16].
Despite the reported non-negligible phenotypic differ-
ences among C57BL/6 substrains, there seems to be
little awareness of the importance of substrain selection
within the research community.

Phenotypic Differences Among C
Substrains Caused by Identified G

Variants

To date, dozens of papers have reported various phe-
notypic differences among C57BL/6 substrains (Table
1). This information is classified according to the phe-
notype terms defined in the Mammalian Phenotype On-
tology [116] and includes descriptions of phenotypes or
phenotyping tests, the names of tested C57BL/6 sub-
strains, and relevant references. Moreover, several of
these phenotypic differences have been analyzed with
the aim of identifying causative genes or genomic re-
gions, as described below (summarized in Table 2).

The C57BL/6J strain is missing the exon that encodes
the nicotinamide nucleotide transhydrogenase (Nnt)
gene, which plays an important role in glucose homeo-
stasis and insulin secretion, and therefore has abnormal
glucose tolerance and impaired insulin secretion [117,
118, 126]. A study using mitogen-activated protein ki-
nase 9 (Mapk9) knockout mice demonstrated that sus-
ceptibility to acetaminophen-induced liver injury was
influenced by the presence or absence of the Nnt gene
defect carried by C57BL/6 mice [127]. The Nnt gene
mutation in the C57BL/6J strain is a prominent pheno-
type-associated mutation in C57BL/6 substrains that
affects protein expression in the mitochondria of many
tissues and consequently many different metabolic traits
[62, 72, 78, 82, 88, 106, 128]. The Nnt gene deletion
status differs among C57BL/6]J substrains, and the Nnt
gene defect likely originated in C57BL/6J mice at the
Jackson Laboratory after 1976 (Fig. 3).

C57BL/6JOlaHsd mice are known to lack a 365 kb
genomic region that includes the synuclein, alpha (Snca)
and the nearby multimerin 1 (Mmrnl) gene [119, 120].
SNCA aggregates in the nervous system of individuals
with Parkinson’s disease [129]. Loss of the Snca gene
in C57BL/6JOlaHsd mice does not appear to contribute
to prion disease-mediated synaptotoxicity or neurode-
generation but may affect motor neuron degeneration
[130—133]. In addition, the C57BL/6JOlaHsd strain has
a low trabecular bone mass, which has been shown to
be associated with the lack of Snca and Mmrnl genes,
suggesting a role for these genes in bone metabolism
[110]. Deletion of this genomic region is specific to the
C57BL/6JOlaHsd strain; the mutation has not been iden-
tified in C57BL/6JRccHsd, C57BL/6J, C57BL/6NCrl,
and C57BL/6NHsd strains [ 119]. Notably, we confirmed
that the genotype is normal in other C57BL/6J and
C57BL/6N substrains available in Japan (Supplemen-
tary Fig. 1). Furthermore, partial deletion of a chromo-
somal region was recently observed in C57BL/6JBomTac
mice. In this strain, approximately 40 Mb of the long
arm of the Y chromosome is deleted, and an increased
rate of sperm morphological abnormalities, unbalanced
sex ratio, and deregulation of several transcripts ex-
pressed in the testes have also been observed [70, 125].

Similarly, genetic mutations affecting physiological
functions have been reported in C57BL/6N substrains.
A nonsense mutation (retinal degeneration 8, rd8) that
converts the amino acid codon of the crumbs family
member 1, photoreceptor morphogenesis associated
(Crbl) gene into a termination codon occurs in
C57BL/6N substrains [121, 122]. Affected mice present
with the typical lesions of »d8, which are detected by
fundoscopy and histopathology at as early as 6 weeks of
age. Although this mutation is seen in C57BL/6N sub-
strains, C57BL/6J substrains have the wild-type geno-
type [121].

C57BL/6NHsd mice have a copy-number variant in
the dedicator of cytokinesis 2 (Dock2) gene, which has
been shown to affect B cell signaling and immune toler-
ance, but this is not found in other C57BL/6 substrains
[123, 134]. The dysfunction of this gene has likely con-
tributed to the negative outcomes of experiments using
the sialic acid acetylesterase (Siae) knockout mice with
an unclear C57BL/6 origin. Although the Siae gene was
initially thought to be involved in B cell development
and signal transduction, it was found that congenic mice
generated by backcrossing to the C57BL6]J strain did not
reproduce the same negative outcomes. After much re-
search, the cause was identified as a mutation in the
Dock?2 gene of the C57BL/6NHsd strain [134].
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Table 1. C57BL/6 substrains used for testing various phenotypes

Phenotype terms Descriptions and/or tests C57BL/6 substrains tested Publication
Behavior/neurological Aggression, light-dark box, nest-building C57BL/6JNmg (Nijmegen Univ.), C57BL/6JKun [17]
phenotype (Nijmegen Univ.)
Alcohol preference C57BL/6J (JAX), C57BL/6NCrSim (Simonsen [18]
Lab)
C57BL/6J (JAX), C57BL/6NCrl (CRL) [19]
C57BL/6J (JAX), C57BL/6J (Univ. of Albeta) [20]
C57BL/6J (JAX), C57BL/6NCrl (CRL) [21]
Alcohol preference and innate immune response C57BL/6J (JAX), C57BL/6NJ (JAX) [22]
Behavioral response to amphetamine C57BL/6J (JAX), C57BL/6By (JAX) [23]
Conditioned place preference C57BL/6J (JAX), C57BL/6NCrl (CRL) [24]
Corticosterone sensitivity C57BL/6J (JAX), C57BL/6NCrl (CRL) [25]
Degree of cuprizone-induced binge-like eating reduction C57BL/6J (JAX), C57BL/6NJ (JAX) [26]
Degree of naloxone-induced conditioned place aversion C57BL/6J (JAX), C57BL/6NJ (JAX) [27]
Eight-arm radial maze, elevated plus maze, open field, C57BL/6J (JAX), C57BL/6NCrlICrlj (CRL Japan), [28]
rotarod, Porsolt forced swim, prepulse inhibition, wire C57BL/6NCrSlc (Japan SLC)
hang
Elevated plus maze, fear conditioning, light-dark box, C57BL/6J (JAX), C57BL/6]JRccHsd (Envigo), [15]
prepulse inhibition, open field, social approach, acoustic C57BL/6JR]j (Janvier Labs), C57BL/6NCrl
startle (CRL), C57BL/6NHsd (Envigo), C57BL/6NRj
(Janvier Labs)
Elevated plus maze, hole board, light—dark box C57BL/6JOlaHsd (Envigo), C57BL/6NCrl (CRL) [29]
Fear conditioning C57BL/6JIco (CRL), C57BL/6NCrl (CRL) [30]
C57BL/6J (Hsd) (Envigo), C57BL/6NCrl (CRL) [31]
C57BL/6J (JAX), C57BL/6JOlaHsd (Envigo), [32]
C57BL/6NCrl (CRL)
C57BL/6JOlaHsd (Envigo), C57BL/6NCrl (CRL) [33]
C57BL/6JOlaHsd (Envigo), C57BL/6NCrIBR [34]
(CRL)
Fear conditioning, hot plate, rotarod, tail withdrawal C57BL/6J (JAX), C57BL/6NCrl (CRL), [35]
C57BL/6NHsd (Envigo), C57BL/6NTac (TAC)
Fear conditioning, Morris water maze, open field, rotarod C57BL/6J (JAX), C57BL/6NJ (JAX) [36]
Food consumption in conditioned site preference C57BL/6J (JAX), C57BL/6NJ (JAX) [37]
High-fat diet-induced mechanical sensitivity C57BL/6J (JAX), C57BL/6NCrl (CRL), [38]
C57BL/6NJ (JAX)
Light-dark box C57BL/6J (Envigo), C57BL/6ChR (CRL) [39]
Locomotor activity and anxiety-like behavior during the C57BL/6J (JAX), C57BL/6JJcl (CLEA Japan) [40]
postpartum period
Locomotor response to cocaine C57BL/6J (JAX), C57BL/6N (NCI) [41]
Metabolic and behavioral response to shortened 21-h day C57BL/6J (JAX), C57BL/6NCrl (CRL) [42]
and high-fat diet
Morris water maze C57BL/6J (JAX), C57BL/6NTac (TAC) [43]
Open field C57BL/6J (JAX), C57BL/6NTac (TAC) [44]
Open field, rotarod C57BL/6JBomTac (TAC), C57BL/6NCrljOri (Ori- [45]
ent Bio), C57BL/6NTacSam (Samtako Bio)
Prepulse inhibition C57BL/6J (JAX), C57BL/6NHsd (Envigo) [46]
Response to formalin-induced pain C57BL/6J (JAX), C57BL/6NCrl (CRL) [47]
Response to circadian disruption and wheel-running C57BL/6J (JAX), C57BL/6NCrl (CRL) [48]
access
Response to neuropathic pain C57BL/6NCrl (CRL), C57BL/6NTac (TAC) [49]
Sensitivity to the convulsant pilocarpine C57BL/6J (JAX), C57BL/6NJ (JAX) [50]
C57BL/6J (JAX), C57BL/6JOlaHsd (Envigo), [51]
C57BL/6NCrl (CRL), C57BL/6NHsd (Envigo)
Sensitivity to nicotine C57BL/6J (JAX), C57BL/6NCrl (CRL) [52]
Sensitivity to thermal nociception C57BL/6J (JAX), C57BL/6NJ (JAX) [53]
Susceptibility to cocaine-induced seizure C57BL/6J (JAX), C57BL/6ByJ (JAX) [54]
Susceptibility to pilocarpine-induced status epilepticus C57BL/6JJcl (CLEA Japan), C57BL/6NJcl (CLEA [55]
Japan)
Tail suspension C57BL/6J (JAX), C57BL/6NHsd (Envigo) [56]
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Table 1. (Continued)

Phenotype terms Descriptions and/or tests C57BL/6 substrains tested Publication
Cardiovascular system Cardiac effects of tribromoethanol and ketamine-mid- C57BL/6J (JAX), C57BL/6NCrl (CRL) [57]
phenotype azolam
Cardiac functional and metabolic flux parameters C57BL/6J (JAX), C57BL/6NCrl (CRL) [58]
Echocardiographic and electrocardiographic values C57BL/6J (HZM), C57BL/6N (HZM) [59]
Incidence of cardiac rupture after myocardial infarction C57BL/6J (JAX), C57BL/6J (Hsd) (Envigo) [60]
Incidence of dilated cardiomyopathy C57BL/6J (JAX), C57BL/6NTac (TAC) [61]
High-fat diet-induced vascular superoxide C57BL/6J (JAX), C57BL/6NJ (JAX) [62]
Response to Ang II-dependent left ventricle remodeling CS57BL/6J (JAX), C57BL/6NJ (JAX) [63]
Response to left ventricular pressure overload C57BL/6J (JAX), C57BL/6NCrl (CRL), [64]
C57BL/6NTac (TAC)
Response to neonatal hypoxia/ischemia C57BL/6J (JAX), C57BL/6NCrl (CRL) [65]
Response to transverse aortic constriction stimulation C57BL/6J (JAX), C57BL/6NTac (TAC) [66]
Salt sensitivity of blood pressure C57BL/6J (JAX), C57BL/6NTac (TAC) [67]
Systolic blood pressure level C57BL/6J (JAX), C57BL/6NJ (JAX) [68]
Vulnerability to neonatal hypoxia-ischemia C57BL/6J (Saarland Univ.), C57BL/6N (Saarland [69]
Univ.)
Cellular phenotype Abnormal sperm head morphology C57BL/6JBomTac (TAC), C57BL/6NTac (TAC) [70]
Hydrogen peroxide-producing capacities of liver mito- C57BL/6J (JAX), C57BL/6NCrl (CRL) [71]
chondria
Mitochondrial redox abnormalities C57BL/6J (JAX), C57BL/6JUnib (CEMIB) [72]
Embryonic phenotype Incidence of fetal alcohol syndrome C57BL/6J (JAX), C57BL/6NCrl (CRL) [73]
Patterns of alcohol-induced facial dysmorphology C57BL/6J (JAX), C57BL/6NHsd (Envigo) [74]
Susceptibility to Porphyromonas gingivalis C57BL/6J (JAX), C57BL/6NJ (JAX) [75]
Endocrine/exocrine Susceptibility to cerulein-induced chronic pancreatitis C57BL/6J (JAX), C57BL/6NHsd (Envigo) [76]
gland phenotype
Hearing/vestibular/ear Susceptibility to aminoglycoside-induced ototoxicity C57BL/6J (JAX), C57BL/6NHsd (Envigo) [77]
phenotype
Hematopoietic system Sensitivity of hematopoietic stem cells to oxidative stress C57BL/6J (JAX), C57BL/6NCrl (CRL) [78]
phenotype
Homeostasis/metabolic ~ Clinical chemistry parameters C57BL/6J (JAX), C57BL/6NTac (TAC) [79]
phenotype Effects of oats on plasma cholesterol and lipoproteins C57BL/6JBomTac (TAC), C57BL/6NCrl (CRL) [80]
Hematological and iron-related parameters C57BL/6J (JAX), C57BL/6NCrl (CRL) [81]
Insulin secretory response to high-fat diet C57BL/6J (JAX), C57BL/6J (WEHI), [82]
C57BL/6NCrl (CRL), C57BL/6NHsd (Envigo),
C57BL/6NJ (JAX), C57BL/6NTac (TAC)
Response to intermittent hypoxia C57BL/6J (JAX), C57BL/6NCrl (CRL) [83]
Response to diet-induced obesity CS57BL/6JR]j (Janvier Labs), C57BL/6NTac (TAC) [84]
C57BL/6JRj (Janvier Labs), C57BL/6NTac (TAC) [85]
C57BL/6J (JAX), C57BL/6NJ (JAX) [86]
Response to glucose-stimulated insulin secretion C57BL/6J (JAX), C57BL/6NCrl (CRL) [87]
Response to high-fat diet C57BL/6J (JAX), C57BL/6NJ (JAX) [88]
C57BL/6J (JAX), C57BL/6JBomTac (TAC), [89]
CS57BL/6JRj (Janvier Labs)
Skeletal and metabolic responses to high-fat diet C57BL/6J (JAX), C57BL/6NCrl (CRL) [90]
Immune system phe- Neutrophil recruitment in response to inflammatory C57BL/6J (JAX), C57BL/6N (NCI) [91]
notype stimuli
Non-ecotropic ERV expression level C57BL/6J (JAX), C57BL/6NJ (JAX) [92]
Susceptibility to influenza A virus C57BL/6J (JAX), C57BL/6NCrl (CRL) [93]
Susceptibility to Listeria monocytogenes C57BL/6J (JAX), C57BL/6ByJ (JAX) [94]
Integument phenotype Sensitivity to Aldara™-induced psoriasiform dermatitis C57BL/6JRj (Janvier Labs), C57BL/6NRj (Janvier [95]
Labs)
Liver/biliary system Susceptibility to acetaminophen-induced liver injury C57BL/6J (JAX), C57BL/6NCr (NIH) [96]
phenotype Susceptibility to CCly- and high-fat diet-induced non- C57BL/6J (JAX), C57BL/6NCrSlc (Japan SLC) [97]
alcoholic steatohepatitis
Neoplasm phenotype Incidence of 1,2-dimethylhydrazine—induced colorectal C57BL/6J (JAX), C57BL/6N (NIH), C57BL/6Ha [98]
tumors (Health Research Inc.)
Susceptibility to Ehrlich ascites carcinoma C57BL/6J (Andreevka), C57BL/6N (Pushchino) [99]
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Table 1. (Continued)

Phenotype terms Descriptions and/or tests C57BL/6 substrains tested Publication
Nervous system Degree of stroke vulnerability C57BL/6J (JAX), C57BL/6JEiJ (JAX), [100]
phenotype C57BL/6NCrl (CRL), C57BL/6NJ (JAX),
C57BL/6NTac (TAC), C57BL/6ByJ (JAX)
Ectopic distribution of cerebrospinal fluid contacting C57BL/6J (JAX), C57BL/6NCrl (CRL) [101]
neurons
Hippocampal mossy fiber morphology C57BL/6JKun (Nijmegen Univ.), C57BL/6JNmg [102]
(Nijmegen Univ.)
Hippocampal mossy fiber morphology, radial arm maze C57BL/6JKun (Nijmegen Univ.), C57BL/6JNmg [103]
(Nijmegen Univ.)
Prevalence of molecular-layer heteropia C57BL/6J (JAX), C57BL/6NCrl (CRL), [104]

Susceptibility to scopolamine-induced neuronal impair-

C57BL/6NCrSim (Simonsen Lab),
C57BL/6NHla (Hilltop Lab.), C57BL/6NHsd
(Envigo), C57BL/6NTac (TAC)

C57BL/6J (Dae Han Bio Link), C57BL/6N (Dae [105]

ment Han Bio Link)
Renal/urinary system Degree of glyoxylate-induced kidney crystal deposition C57BL/6J (JAX), C57BL/6NCrl (CRL) [106]
phenotype
Respiratory system Airway responsiveness C57BL/6J (JAX), C57BL/6NCrl (CRL), [107]
phenotype C57BL/6NTac (TAC), C57BL/6NHsd (Envigo),
CS57BL/6NCr (NIH)
Response to neonatal hyperoxia-induced lung injury C57BL/6J, C57BL/6N [108]
Skeleton phenotype Bone structure and unloading-induced bone loss in C57BL/6J (HIAX), C57BL/6NJ (JAX) [109]
adolescents
Trabecular bone mass C57BL/6J (JAX), C57BL/6JOlaHsd (Envigo), [110]
C57BL/6JRccHsd (Envigo)
Vision/eye phenotype Constriction during pupillary light response with aging C57BL/6J, C57BL/6N [111]
Ocular dominance plasticity C57BL/6J (JAX), C57BL/6JOlaHsd (Envigo) [112]
Susceptibility to laser-induced choroidal neovasculariza- C57BL/6J (JAX), C57BL/6NTac (TAC) [113]
tion
Susceptibility to photoreceptor oxidative stress C57BL/6J (JAX), C57BL/6NCrl (CRL) [114]
Comprehensive phe- EMPReSSslim pipelines C57BL/6J (JAX), C57BL/6NTac (TAC) [115]

notype*

The phenotype terms column basically follows the Mammalian Phenotype Ontology [116]. The parentheses to the right of the strain names indicate the vendor
or facility where the mice were produced. JAX, The Jackson Laboratory; CRL, Charles River Laboratories; TAC, Taconic Biosciences; WEHI, Walter and
Eliza Hall Institute; HZM, Helmholtz Zentrum Miinchen; CEMIB, Multidisciplinary Center for Biological Investigation on Laboratory Animal Science, The
University of Campinas. Strains without parentheses are those for which information on the vendor or production facility was not included in the publication.
*By comprehensive phenotype screening (substrain differences were identified in cardiovascular, hematopoietic, adipose tissue, behavioral/neurological, renal/

urinary, skeletal, hematopoietic, vision/eye, and immune system phenotypes).

Other Phenotypic Differences Amo

C57BL/6 Substrains

In addition to the abovementioned cases in which the
causative genes were identified, phenotypic differences
have been reported among the substrains used to gener-
ate the C57BL/6 congenic strain. Greater improvement
in terms of seizure severity and viability was achieved
in Dravet syndrome model mice with knockout of the
sodium channel, voltage-gated, type I, alpha (Scnla)
gene generated on a C5S7BL/6NJ versus C57BL/6J back-
ground [135]. Obvious phenotypic differences have been
demonstrated between C57BL/6J and C57BL/6N sub-
strains, as shown in studies on knockout of the coagula-
tion factor VIII (F§) and fatty acid binding protein 1,
liver (Fabpl) genes, suggesting the presence of genetic
factors that differentially modify phenotypes between
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the substrains [136, 137]. It has also been demonstrated
that tumor cell rejection in E4-TCLI1 transgenic mice, a
model of chronic lymphocytic leukemia, is associated
with differences between the C57BL/6 substrains, sug-
gesting that acute immune rejection may be mediated by
antigens that differ between C57BL/6J and C57BL/6N
mice [138]. In addition, C57BL/6J-XYPOS congenic
mice, which have a Y chromosome derived from Mus
musculus poschiavinus on a C57BL/6J genetic back-
ground, form ovotestes or ovaries [139, 140]. Changing
from a C57BL/6J to C57BL/6N background increases
the likelihood of testis-forming individuals, suggesting
that genetic differences involved in the regulation of the
sex determining region of Chr Y (Sry) and the SRY (sex
determining region Y)-box 9 (Sox9) gene expression,
which play an important role in testicular differentiation,
exist between the C57BL/6J and N substrains [141, 142].
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Table 2. Genetic or genomic structural variations affecting phenotypes among C57BL/6 substrains

Strain name Reported genetic or genomic variations Affected phenotypes
C57BL/6 (JAX), C57BL/6JJcl (CLEA Japan), 17,814 bp deletion between exons 6 and Abnormal glucose tolerance and
C57BL/6JJmsSlc (Japan SLC), C57BL/6JMs 12, which corresponds to exons 7-11 of impaired insulin secretion
(National Institute of Genetics) the Nnt gene [117, 118].
C57BL/6JOlaHsd (Envigo) 365 kb spontaneous deletion of chromo- No significant effects on brain
some 6, including the Snca and Mmrnl structure or composition, but may
genes [119, 120]. affect motor neuron degeneration and

trabecular bone mass

All C57BL/6N substrains, including Single base deletion of the Crb1 gene, Typical lesions of rd8 retinal degen-
C57BL/6ByJ (JAX) and C57BL/6JBy (JAX) causing a frameshift and premature stop eration

codon which truncates the transmembrane

and cytoplasmic domain of the protein

[121, 122].

C57BL/6NHsd (Envigo) Genomic duplication of exons 28 and 29 Affected B cell signaling and immune
and a frameshift mutation after exon 29 in tolerance
the Dock2 gene [123, 124].

C57BL/6JBomTac (TAC) 40 Mb-long deletion between 6.12/6.57 Increased rate of sperm morpho-
and 46.73/47.31 Mb on the Y chromosome  logical abnormalities, unbalanced sex
long arm [125]. ratio, and dysregulation of several

transcripts expressed in the testes

The parentheses to the right of the strain names indicate the vendor or facility where the mice were produced. JAX, The Jackson Laboratory;
TAC, Taconic Biosciences.

Differences in prevalence of sexual dimorphism
) among C57BL/6 substrains should also be considered.
g cg';\ Significant variation in brain injuries has been reported
%‘\\ among C57BL/6 substrains [69, 143]. In mouse stroke,
male and female C57BL/6N mice show similar infarct

Size sizes, although female C57BL/6J mice tend to have
170 bp smaller infarcts [100]. Such substrain-specific sexual
dimorphisms have also been identified in analyses of

229bp  Dbehavioral characteristics, serum biochemistry, and im-
mune function [36, 79, 115]. Therefore, in studies of the

162bp effects of genetic modifications on sex differences, het-
148bp  erogeneity in substrain backgrounds would likely com-
plicate the interpretation of experimental results. Thus,

Exon 10 211bp  the phenotypic differences among C57BL/6 substrains
are quite numerous, and they should be reported more
Exon 11 222 bp .
in the future.
Exon 12 175 bp

Genetic Polymorphisms in C57B

Fig. 3. The deletion of exons 7—11 in the Nat gene of C57BL/6J Substrains
substrains. Genomic polymerase chain reaction (PCR)
analysis of exons 6—12 in the Nnt gene showed the absence
of PCR products from exons 7-11 in the C57BL/6J,
C57BL/6JJcl, C57BL/6JJmsSlc, and C57BL/6JMs sub- ~ Widely used genetic markers in genomes and are useful
strains. The deletion of the Nnt gene occurred in the  for uncovering genetic differences between genetically
C57BL/6J colony of the Jackson Laboratory between 1976
and 1984. The branching years of each strain from the
original C57BL/6J strain are given in parentheses. PCR
and gel electrophoresis procedures were performed accord- ~ mapping sequence data from other inbred lines using the

ing to the protocol described in Mekada et al. (2009) [6].  Jackson Laboratory’s C57BL/6J strain as a reference
PCR product size data are from Huang et al. (2000)[117)- 1144 149] SNPs that distinguish each C57BL/6J sub-
strain can be extracted from candidates specific to the
C57BL/6J strain in SNP databases as well as by identify-

Single nucleotide polymorphisms (SNPs) are the most

similar lineages, including substrains. In laboratory
mouse strains, SNP databases have been developed by
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ing the genotypes of candidate SNP loci for each
C57BL/6] substrain [6, 150—152]. In Table 3, genotypes
of C57BL/6J substrains and the C57BL/6N strain at 45
SNP loci are shown in chronological order with
C57BL/6N at the bottom and eight C57BL/6J substrains
and the current C57BL/6J strain at the top. This table
clearly indicates that the ancestral-type SNPs (shaded in
blue) of C57BL/6J and N (as represented by the
C57BL/6N strain) have decreased and been replaced by
the C57BL/6J-type SNPs at the 23 loci (shaded in red)
since 1951. The SNPs are considered to have occurred
and accumulated in the original C57BL/6J strain. Since
the SNP genotype pattern of each substrain branched at
different years is distinct, these SNP loci genotypes can

be used to distinguish every C57BL/6] substrain avail-
able in the research community.

The lymphocyte antigen 5 (Ly5) congenic strain is a
representative mouse strain derived from the C57BL/6J
substrain. The lymphoid cell surface antigen produced
by the protein tyrosine phosphatase, receptor type, C
(Ptprc; Ly5/Cd45 gene) gene distinguishes between he-
matopoietic cells from donor and recipient mice; hence,
this strain has been widely used as a cell marker for bone
marrow transplantation studies [153, 154]. The C57BL/6-
Ly5.1 congenic inbred strain (B6JBoy.SJL-Ptptc?;
RBRC00144) was established by Boyes ef al. at Sloan—
Kettering Institute through introduction of the Ly5./ of
the SJL/J strain into the C57BL/6JBoy strain background

Table 3. Single nucleotide polymorphisms (SNPs) in C57BL/6J substrains

. No. of C57BL/6 Locus No."
. Branching
Strain name " ancestral-type
year SNPs 1 2 3 4 5 6 7 8 9 10 1 12 13 14 Is
C57BL/6] 0 T/T A/A G/G A/A C/C T/T G/G T/T T/T C/C A/A T/T T/T A/A T/T
C57BL/6JJcl 1989 3 T/T A/A A/A A/A C/C A/A G/G T/T T/T C/C A/A T/T T/T A/A T/T
C57BL/6JJmsSlc 1987 5 T/T A/A A/A A/A C/C A/A G/G T/T T/T C/C A/A C/C T/T A/A T/T
C57BL/6]JMs 1984 7 T/T A/A A/A C/IC C/C A/A G/G T/T T/T C/IC A/A C/C T/T A/A T/T
C57BL/6JEiJ 1976 13 T/T A/A A/A C/IC C/C A/A G/G T/T T/T C/C A/A C/C T/T A/A T/T
C57BL/6JOlaHsd 1974 14 T/T A/A A/A C/C C/C A/A C/C T/T T/T C/IC A/A C/C T/T A/A T/T
C57BL/6JRccHsd 1973 14 T/T A/A A/A C/C C/C A/A C/C T/T T/T C/C A/A C/C T/T A/A T/T
C57BL/6JBomTac 1971 17 T/T T/T A/A C/IC C/C A/A C/C T/T T/T C/IC A/A C/C T/T A/A A/A
C57BL/6]Nrs 1965 23 T/T T/T A/A C/IC T/T A/A C/C C/C T/T C/IC A/A C/C T/T A/A A/A
C57BL/6N substrains 1951 45 C/C T/T A/A C/C T/T A/A C/IC C/C C/C A/A G/G C/IC A/A G/IG A/A
. No. of C57BL/6 Locus No.*
. Branching
Strain name " ancestral-type
year SNPs 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
C57BL/6] 0 A/A A/A T/T T/T A/A T/T T/T T/T G/G T/T T/T C/IC G/G T/T G/G
C57BL/6JJcl 1989 3 A/A A/A T/T T/T A/A T/T T/T T/T GG T/T T/T C/C G/G T/T G/G
C57BL/6JJmsSlc 1987 5 A/A A/A T/T T/T A/A T/T T/T T/T G/G T/T T/T C/IC G/G T/T G/G
C57BL/6]JMs 1984 7 A/A A/A T/T C/C A/A T/T T/T T/T GG T/T T/T C/C G/G T/T G/G
C57BL/6JEiJ 1976 13 A/A A/A C/C C/C A/A T/T T/T T/T G/G T/T T/T C/IC G/G T/T G/G
C57BL/6JOlaHsd 1974 14 A/A A/A C/C C/IC A/AA /T T/T T/T GG T/T T/T C/C G/G T/T G/G
C57BL/6JRccHsd 1973 14 A/A A/A C/C C/C A/A T/T T/T T/T G/G T/T T/T C/IC G/G T/T G/G
C57BL/6JBomTac 1971 17 A/A A/A C/C C/IC A/A /T T/T T/T G/G C/C T/T C/C G/G T/T G/G
C57BL/6JNrs 1965 23 A/A G/G C/C C/IC A/A T/T T/T T/T G/G C/C T/T C/C G/G T/T G/G
C57BL/6N substrains 1951 45 G/G G/G C/C C/IC G/G C/C C/IC C/C A/A C/IC A/A T/T A/A C/IC T/T
. No. of C57BL/6 Locus No."
. Branching
Strain name " ancestral-type
edl SNPs 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
C57BL/6J 0 G/G A/A T/T G/IG A/A A/A A/A T/T C/IC A/A T/T T/T G/G G/G A/A
C57BL/6]1Jcl 1989 3 A/A A/A T/T G/IG A/A A/A A/A T/T C/IC A/A T/T T/T G/G G/G A/A
C57BL/6JJmsSlc 1987 5 A/A A/A T/T G/G A/A A/A A/A T/T C/IC A/A T/T T/T G/G G/IG T/T
C57BL/6JMs 1984 7 A/A A/A T/IT G/G A/A A/A A/A T/T C/IC A/A T/T T/T G/G G/G T/T
C57BL/6JEi] 1976 13 A/A A/A A/JA G/G C/C A/A G/G T/T C/IC A/A T/T C/C G/G T/T T/T
C57BL/6JOlaHsd 1974 14 A/A A/A A/A G/G C/C A/A G/G T/T C/IC A/A T/T C/IC G/G T/T T/T
C57BL/6JRccHsd 1973 14 A/A A/A A/JA G/G C/C A/A G/G T/T C/IC A/A T/T C/C G/G T/T T/T
C57BL/6JBomTac 1971 17 A/A A/A A/A G/G C/C A/A G/G T/T C/IC A/A T/T C/IC G/G T/T T/T
C57BL/6JNrs 1965 23 A/A A/A A/A G/G C/C A/A G/G T/T T/T G/G T/T C/C C/IC T/T T/T
C57BL/6N substrains 1951 45 A/A G/G A/A A/A C/C G/G G/G C/C T/T G/G C/C C/C C/IC T/T T/T

*The year in which each C57BL/6 substrain branched from the C57BL/6]J strain of the Jackson Laboratory. fCorresponds to Locus No. in Sup-
plementary Table 2. The genotypes of all SNP loci were identical among the C57BL/6N substrains, including C57BL/6NTac, C57BL/6NHsd,
C57BL/6NJ, C57BL/6Seac, C57BL/6NJcl, C57BL/6NCrSim, C57BL/6NCrlCrlj, C57BL/6NCrl, C57BL/6NCrSle, C57BL/6BylJ, and C57BL/By.
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(Ly5.2 allele) by 23 serial backcrosses [155, 156]. The
exact point at which the C57BL/6JBoy strain diverged
from the C57BL/6J strain is not clear, but the literature
suggests that divergence occurred in the 1970s, or pos-
sibly even earlier [157]. According to genetic background
testing using C57BL/6J-specific SNP markers, the ge-
netic background should be similar to that of older
C57BL/6J substrains, which have an earlier divergence
date (Table 4). Although C57BL/6-Ly5 antigen congenic
mice are currently available from several vendors, a spon-
taneous mutation in the natural cytotoxicity triggering
receptor 1 (Ncrl) locus and residual chromosomal frag-
ments of the donor SJL/J strain, both of which affect
immune response, have been reported [158, 159]. These
effects must be considered to properly interpret the results
of experiments involving these strains [158, 159].

Genetic Polymorphisms in C57B
Substrains

In the C57BL/6N substrain, genotyping of the above
C57BL/6J-specific SNP loci could not detect polymor-
phism as observed in C57BL/6J [6]. This is because the
previous C57BL/6J-specific SNP information was ob-

tained by mapping the abundant reference sequence data
of C57BL/6J mice to the sequences of other strains.
However, there was a lack of previous sequence data for
C57BL/6N, and thus the detection of C57BL/6N strain-
specific SNPs was infeasible. Later, in 2011, a re-se-
quencing analysis of the C5S7BL/6NJ strain was per-
formed [160, 161], and highly accurate sequence
information was published on the website of the Sanger
Institute (Hinxton, United Kingdom; https://www.sanger.
ac.uk/sanger/Mouse _SnpViewer/rel-1505). The results
enabled a subsequent search for C57BL/6N strain SNPs
and revealed SNP loci specific to the C57BL/6NJ strain
and their genotypes in seventeen C57BL/6 substrains
[7]. There were 86 polymorphic SNP loci at regular in-

Table 4. Genetic background of C57BL/6JBoy congenic strains

tervals on every chromosome, selected from approxi-
mately 1,400 C57BL6/N1J strain-specific SNP candidate
loci. As results similar to those of the C57BL/6J group,
the number of C57BL/6N-specific SNPs was correlated
with the branching year and breeding history of each
lineage (see Fig. 1 in Mekada et al. 2015 [7]). The previ-
ous information required for genotyping each SNP locus
listed in Mekada et al. 2015 [7] was updated with ad-
ditional primer information for allele-specific PCR, and
it is listed in Supplementary Table 3.

Our research group continues to search for SNPs that
can distinguish among various C57BL/6 substrains; such
information is expected to improve our understanding
of the genetic background of these strains. In addition
to SNPs, DNA polymorphisms such as indels and short
tandem repeats as well as structural variants, including
C57BL/6-specific genetic variants found in Nnt and Snca
genes, can be used to distinguish C57BL/6 strains in
terms of genetic background [14, 115, 162]. These DNA
polymorphism markers may be useful for comparing
substrains and can also be applied to gene mapping in-
volving the crossing of C57BL/6 substrains. A genetic
screening model based on these principles would enable
the mapping of polymorphic loci that contribute to the
variability of a trait among strains with a largely homog-
enous background; this could lead to improvements in
mapping resolution and aid in the selection of candidate
genes. To date, numerous quantitative trait loci have been
identified, including genes associated with susceptibil-
ity to heat nociception [53], diet-induced obesity [84],
dominant obesity [163], circadian activity [164], feeding
disorder [37], response to cocaine [41], defective neu-
trophil recruitment [91], and non-ectopic endogenous
retroviral dysregulation [92]. With advances in genome
sequencing technology, genomic information for inbred
mice, including substrains, is being continually updated
[165, 166]. It is expected that many new strain-specific
haplotypes will be identified in the future.

. Branching Locus No."

Strain name "

year 2 4 6 7 8 14 16 17 21 23 24 25 27 29 37 39 40 41 42 43
C57BL/6J A/A A/JA T/T G/G T/T A/A A/A A/A T/T T/T G/G T/T C/C T/T A/A C/C A/A T/T T/T G/G
C57BL/6JJcl 1989 A/A A/JA A/A G/G T/T A/A A/A A/A T/T T/T G/G T/T C/C T/T A/A C/C A/A T/T T/T G/G
C57BL/6]JMs 1984 A/A C/C A/A G/G T/T A/A A/A A/A T/T T/T G/G T/T C/C T/T A/A C/IC A/A T/T T/T G/G
C57BL/6JEi) 1976 A/A C/C A/A G/G T/T A/A A/A A/A T/T T/T G/G T/T C/C T/T G/G C/C A/A T/T C/C G/G
C57BL/6JOlaHsd 1974 A/A C/C A/A C/C T/T A/A AJ/A A/A T/T T/T G/G T/T C/C T/T G/G C/C A/A T/T C/IC G/G
C57BL/6JBomTac 1971 T/T C/C A/A C/C T/T A/A A/A A/A T/T T/T G/G C/C C/C T/T G/G C/C A/A T/T C/IC G/G
C57BL/6JNrs 1965 T/T C/C A/A C/C C/C A/A A/A G/G T/T T/T G/G C/C C/C T/T G/G T/T G/G T/T C/C C/C
B6JBoy.SJL-Ptprc [Ly5.1] T/T C/C A/A C/C C/C A/A A/A G/G T/T T/T G/G C/C C/C T/T G/G T/T G/G C/C C/C C/C
B6JBoy.RF-Cd8* Cd8bh1° [Ly2.1, Ly3.1] T/T C/C A/A C/C C/C A/A A/A G/G T/T T/T G/G C/C C/C T/T G/G T/T G/G C/C C/C C/C
C57BL/6N substrains 1951 T/T C/C A/A C/C C/C G/G G/G G/G C/C C/C A/A C/C T/T C/C G/G T/T G/G C/C C/C C/C

*The year in which each C57BL/6 substrain branched from the C57BL/6] strain of the Jackson Laboratory. fCorresponds to Locus No. in Supplementary Table 2.
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Large-scale and Complex Resourc

C57BL/6J substrains have been the most widely used
background for many mutant strains, including geneti-
cally-modified lines. Another major lineage, the
C57BL/6N substrain, has been used as the genetic back-
ground for embryonic stem cells in large-scale genera-
tion of knockouts [12]. As a result, many mutant mice
derived from the C57BL/6J and C57BL/6N substrains
are used worldwide, including in Japan. However, given
that the substrains are widely considered interchange-
able, significant phenotypic differences among substrains
are often overlooked. The phenotypic differences among
C57BL/6 substrains reported to date should be consid-
ered by researchers. For example, certain substrains
should be used with caution in conditional knockout
models because conditional knockout mice should be
crossed with Cre and/or Fip recombinase mice. Combin-
ing recombinase strains with different genetic back-
grounds might produce knockout animals with mixed
genetic backgrounds, leading to unexpected phenotypic
variations. When the genetic backgrounds of experimen-
tal mice are not identical, erroneous conclusions are
likely to be drawn. If a suitable substrain cannot be used,
wild-type littermates might serve as an appropriate con-
trol group. Recently, it has become clear that pheno-
typic differences among substrains are caused by a
complex combination of genetic and microbial altera-
tions [167, 168]. Use of wild-type littermates might
standardize the microbiota, thereby facilitating investiga-
tion of the phenotype or function of specific genes that
could be affected by the microbial community [169, 170].

Genome-edited Mice

Today, the rise in prominence of genome editing tech-
nologies has made it possible to directly generate various
types of genetically modified mice, including gene
knockout, conditional knockout, and gene knock-in, by
using the fertilized eggs of inbred mice without the need
for embryonic stem cells. At present, more than 50% of
the strains deposited at the RIKEN BRC have been gen-
erated by genome editing using fertilized eggs from
inbred strains, although not necessarily C57BL/6 mice.
Just as there are C57BL/6 substrains, there are also sub-
strains of other inbred lines, and as is the case with the
C57BL/6 strain, an accumulation of genetic and pheno-
typic differences is to be expected. More recently, many
mouse models have been generated for coronavirus re-
search; the BALB/c mouse strain is known to be popular
in the immunology field and susceptible to SARS-CoV-2
[171, 172], and it is increasingly being used as a back-

154 | doi: 10.1538/expanim.20-0158

ground strain for COVID-19 research [173-175]. The
BALB/c strain has a long history in the form of the above
B6 mice [2, 3]. Atleast 16 BALB/c substrains, including
BALB/cJ, BALB/cBy, and BALB/cAnN, available to
the research community can be found by performing a
PubMed research with the search term “BALB/c”. Fur-
thermore, several papers have reported phenotypic
variations in infection and immune responses [176—178].
Therefore, we should pay much more attention to the
substrain status of BALB/c mice in research on COV-
ID-19, which is increasing around the world.

Conclusion

Experimental data must be robust, reliable, and repro-
ducible; only under these circumstances can science
progress [179]. To ensure experimental reproducibility
and minimize bias, researchers should recognize poten-
tial phenotypic differences among substrain mouse mod-
els, select appropriate substrains for their own research
purposes, and share the full names of the substrains used
with the scientific community. In the future, it is ex-
pected that journals will adopt a policy requiring a de-
tailed description of the substrain and the breeding his-
tory of model mice used in research.
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