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emphasize on the importance of establishing an in-
house genetic quality program.
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Introduction

During the last 15 years, awareness by the scientific 
community on the lack of reproducibility from pub-
lished studies in general, but most importantly from 
animal studies, has increased. It has been estimated 
that 36% of the cost of preclinical research is spent on 
irreproducible experiments due to errors of reagents 
used and materials including animals (Freedman et al. 
2015). Research resources including model organisms 
such as genetically-modified mouse strains reported 
in scientific literature often lack critical details so 
that the study can be reproduced (Percie du Sert et al. 
2020). This, coupled with the very low transferabil-
ity of animal studies to clinical research (Leenaars 
et  al. 2019), are of major concern and needs to be 
addressed in order to improve drug research and for 
obvious ethical reasons. Several causes for these have 
been suggested, such as: lack of statistical power anal-
ysis, poor experimental design, health and well-being 
of animals used, etc. For the purpose of this paper, we 
will focus on addressing the genetic quality of mice. 
When working with animal models of disease there 
are a series of considerations that scientists have in 

Abstract  Laboratory animal research involving 
mice, requires consideration of many factors to be 
controlled. Genetic quality is one factor that is often 
overlooked but is essential for the generation of repro-
ducible experimental results. Whether experimental 
research involves inbred mice, spontaneous mutant, 
or genetically modified strains, exercising genetic 
quality through careful breeding, good recordkeep-
ing, and prudent quality control steps such as valida-
tion of the presence of mutations and verification of 
the genetic background, will help ensure that experi-
mental results are accurate and that reference controls 
are representative for the particular experiment. In 
this review paper, we will discuss various techniques 
used for the generation of genetically altered mice, 
and the different aspects to be considered regarding 
genetic quality, including inbred strains and sub-
strains used, quality check controls during and after 
genetic manipulation and breeding. We also provide 
examples for when to use the different techniques and 
considerations on genetic quality checks. Further, we 

A. Yoshiki (*) 
Experimental Animal Division, RIKEN BioResource 
Research Center, Tsukuba 3050074, Japan
e-mail: atsushi.yoshiki@riken.jp

G. Ballard 
Comparative Medicine and Quality, The Jackson 
Laboratory, Bar Harbor, ME 04609, USA

A. V. Perez 
Humodigen, Delmar, NY, 12054, USA

http://orcid.org/0000-0002-9450-5151
http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-022-00314-w&domain=pdf


414	 Transgenic Res (2022) 31:413–430

1 3
Vol:. (1234567890)

mind in the experimental design like the animal spe-
cies, weight, sex and age of the animal, health and 
feed. However, genetic quality is often overlooked 
albeit being a very important factor. In this review, 
we will try to address the different aspects of genetic 
quality that need to be considered when using differ-
ent inbred strains or genetically modified mice.

Inbred strains

For the last 100 years, over 450 inbred mouse strains 
have been described in the literature since the genera-
tion of the first inbred strain (Beck et al. 2000). The 
first inbred mouse strain, DBA, was started in 1909 
by Dr. C. C. Little to try to understand the genetics 
of cancer susceptibility (Paigen 2003). Genetic theory 
of tumor transplantation was formulated and con-
firmed experimentally by Drs. C. C. Little and Ernest 
E. Tyzzer in 1914–1916 (Little and Tyzzer 1916). In 
1913 Dr. Halsey Bagg acquired a stock of albino mice 
to study from a commercial dealer and began breed-
ing a pedigreed line of these mice with the name of 
Bagg Albino (Potter 1985). The Bagg albino mice 
later contributed as one of the parents in the devel-
opment of inbred strains A, CBA, C3H and BALB/c 
to demonstrate segregation of the cancer incidence 
among the strains (Potter 1985; Beck et al. 2000). The 
C57 family of mouse strains such as C57BL, C57L, 
C57BR, C58 were generated by Dr C. C. Little in 
1921 (Festing 1979; Morse 2007). Inbred strains such 
as C57BL/6, C3H and BALB/c are used widely today 
as general-purpose standard strains (Festing 1979). 
They are useful because such genetically-defined 
mice are stable, breed relatively well, have acceptable 
background noise, have a convenient short life-span, 
and are well documented with substantial amount of 
detailed characterized genetic information (Festing 
1979).

According to the definition by the committee on 
standardized genetic nomenclature for mice in 1952, 
20 generations of full-sib mating is the minimum 
level of inbreeding required for a strain of mice to 
be designated as “inbred” (Green 1981). At 20 gen-
erations, on average at least 98.7% of the loci in each 
mouse are homozygous. Each inbred strain is also 
isogenic (genetically identical) because all individu-
als trace back to a common ancestor in the twenti-
eth or a subsequent generation. F1 hybrids, i.e. the 

first-generation of crossbred between two inbred 
strains are also useful in biomedical research because 
of their isogenicity. The isogenic feature of the inbred 
strains is particularly important to conduct reproduc-
ible experiments with minimal variability if it is care-
fully controlled.

The inbred C57BL/6  J mouse strain was the sec-
ond mammalian genome sequenced fully after human 
(Mouse Genome Sequencing Consortium, 2002; 
Church et  al. 2009). The genomes of twelve classi-
cal inbred mouse strains and four wild-derived strains 
have also been sequenced and sequence data has 
become available from the public repository (Lilue 
et  al. 2018). Because of the enriched genome infor-
mation, inbred mouse strains have been used as the 
premier organism for modeling human disease and 
functional genomic studies today.

Congenic mice and the importance of substrains

The reproducibility that inbred strains bring to 
research is also important when dealing with geneti-
cally modified mice. When generating a genetically 
modified strain through the use of pronuclear injec-
tion (Isola and Gordon 1991; Ittner and Götz 2007), 
homologous recombination (DeChiara et  al. 1990; 
Babinet and Cohen-Tannoudji 2001) or genome edit-
ing (Yang et al. 2014), it is ideal to use a well char-
acterized inbred mouse strain, as this allows for 
an easier phenotypic characterization of the newly 
introduced mutation. Which strain, however, can be 
an important consideration as the background strain 
the mutation is on, can significantly affect the pheno-
type of the mutation. One classic example of this is 
the difference in phenotype of the Lepob and Leprdb 
mutations on C57BL/6 vs C57BLKS/J mice (Cole-
man 1978). Both strains develop obesity and diabe-
tes with these mutations, but whereas the diabetes 
is transient in the C57BL/6 mice, it is lifelong and 
much more severe in the C57BLKS/J mice. Threadg-
ill et al. (1995), also showed that the knockout of the 
epidermal growth factor receptor in three different 
strains was lethal in all three strains, but was embry-
onic lethal on the CF-1 and 129 genetic backgrounds 
while the same mutation on a CD-1 background sur-
vived until 3 weeks after birth. There are many more 
examples of how mutations show a different pheno-
type depending on the genetic background or more 
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practically, depending on the inbred strain or more 
precisely, substrain used.

With the advent of CRISPR/Cas 9 genome editing 
technology, it is easier to generate a mutation or intro-
duce several mutations simultaneously, directly in the 
desired genetic inbred strain. However, there are still 
times in which a mutation might need to be moved 
to a different genetic background strain. Also, if an 
experiment requires the cross of two or more geneti-
cally modified mutants in different inbred strains, the 
resulting mice are typically backcrossed to the same 
inbred strain to generate a congenic strain (Rogner 
and Avner 2003). For example, if a targeted muta-
tion was generated in 129 mice, it is often advanta-
geous to then transfer the mutation to another strain 
through backcrossing. To do this, the original 129 
mice, called the donor strain, which contains the 
targeted mutation, are bred to a recipient strain, like 
C57BL/6J or C57BL/6N, over multiple generations. 
Each generation is tested to ensure the targeted muta-
tion is still present. After 10 generations of back-
crossing, the mice still have the mutation of interest, 
but now shares over 99% of identity with the recipient 
strain (Lutz et al. 2012). There are several reasons for 
why this might need to be done. For example, certain 
inbred strains are commonly used in different types 
of research. The most common background strain for 
genetically altered mice is C57BL/6, which is a com-
monly used general purpose laboratory strain, how-
ever, we will see below the importance of substrains. 
BALB/c substrains are widely used, particularly in 
studies of immunology. C3H substrains are used in 
areas like cancer, infectious disease and cardiovascu-
lar research, and DBA substrains are used in cardio-
vascular and glaucoma research (Lutz et al. 2012). In 
order to directly compare results from a novel muta-
tion to the existing literature, it may therefore be nec-
essary to move the mutation to a different strain. Also, 
it is possible that the recipient strain might be a more 
desirable model for the mutation, perhaps because it 
has a more pronounced phenotype. In terms of genetic 
integrity, this backcross process also removes any off-
target mutations which may have occurred during 
the mutagenesis process, as long as these unwanted 
mutations are not in the immediate area surrounding 
the mutation of interest, as the rest of the genome in 
congenic mice comes from the recipient strain. This 
process can be expedited using genetic markers, such 
as, Single Nucleotide Polymorphisms (SNPs), used 

for genetic monitoring, using a process called marker 
assisted speed congenics (Wakeland et al. 1997). The 
use of SNPs, and other markers, for genetic monitor-
ing is discussed in more detail below.

One potential pitfall for congenic mice, and in 
fact for all inbred mice, is ignoring the differences 
among different substrains within a given strain. For 
example, erroneously assuming that all C57BL/6 
mice, are identical. This is not true. A recent review 
by Mekada and Yoshki (2021) gives an overview of 
the many phenotypic differences seen in the differ-
ent C57BL/6 (B6) substrains, and the most common 
C57BL/6 substrains are C57BL/6J and C57BL/6N. 
However, there are many commercial distributors 
which have their own C57BL/6 substrain. C57BL/6 J 
and C57BL/6NJ are produced by the Jackson Labora-
tory, C57BL/6JBomTac and C57BL/6NTac are pro-
duced by Taconic Biosciences, C57BL/6JOlaHsd and 
C57BL/6NHsd are produced by Envigo, etc.

C57BL/6J and C57BL/6NJ, while originally from 
the same inbred strain, have been bred separately 
since 1951, and have acquired multiple genetic dif-
ferences (mutations or polymorphisms), indepen-
dently of one another. Simon et  al. (2013) com-
pared C57BL/6J and C57BL/6NJ SNPs and indels 
and found 34 SNPs and 2 indels in coding regions 
which were different between the two substrains. 
These included a mutation which led to blindness 
in C57BL/6NJ mice, Crb1rd8, and a nucleotide dele-
tion in the nicotinamide nucleotide transhydroge-
nase gene which causes the loss of exons 7–11 in 
C57BL/6J mice (Freeman et  al. 2006). It is impera-
tive to be aware of such differences and it is impor-
tant to emphasize that, for example, C57BL/6J and 
C57BL/6NJ cannot be used interchangeably. Bourdi 
et al. (2011) found completely different results when 
they studied liver injury in C57BL/6NJ c-Jun N-ter-
minal kinase 2 (JNK2) knockout mice when they 
used C57BL/6J mice as controls vs C57BL/6NJ mice. 
They found that if they used C57BL/6J in their con-
trol experiment it looked like the JNK2 knockout 
mice had increased liver damage. In actuality, when 
the C57BL/6NJ JNK2 knockout mice were com-
pared to the appropriate control, C57BL/6NJ mice, 
the JNK2 mutation was actually protective, leading 
to lower ALT levels, a biomarker for liver damage, 
in the blood. The difference in results was because 
C57BL/6NJ mice are more susceptible to liver dam-
age than C57BL/6J mice with the agents tested 
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(Acetaminophen and Concanavalin A). This is an 
important example of why not just strain, but also 
substrain, matters.

Genetically modified strains

As the mouse is a living organism, genetic drift, 
spontaneous mutations, and inadvertent cross-con-
tamination with other strains, can occur during breed-
ing and should be minimized for reproducible experi-
ments. In addition, many of the “tools” or techniques 
used to introduce genetic modifications bring poten-
tial problems if they are not considered or verified. 
It has become increasingly difficult for scientists that 
use genetically modified mouse models to analyze 
and interpret experimental results appropriately due 
to oversight of the different risks these techniques 
may introduce if left unchecked. It is strongly recom-
mended to confirm the genetic quality of genetically 
modified mouse models before starting a full-scale 
experiment. As a typical example, genetic contami-
nation tests by using primers to amplify widely used 
marker genes such as: neo, Pgk-neo, Tk-neo, IRES, 
lacZ, GFP, Cre, Flp, Puro, and Hyg, among oth-
ers (Fig.  1; Nakata et  al. 2009), on over 200 mouse 

strains submitted to RIKEN BRC in 2019, found 
that 21% were associated with incorrect information 
of the genetic modification and 6% contained actual 
genetic contamination (Fig.  2). It was also reported 
that genetic tests of approximately 400 mutant 
mouse lines submitted to The Jackson Laboratory 
and the Mouse Mutant Resource and Research Cent-
ers detected 15% of unintended mutations or genetic 
markers (Lloyd et al. 2015). 

Strains generated by Pronuclear Microinjections

This technique was the first one used to introduce 
genetic modifications to the mouse genome (Palmiter 
and Brinster 1985). Transgenic mice are generated by 
pronuclear microinjection of a one cell fertilized egg 
with a hybrid gene, usually consisting of the regula-
tory promoter of a gene fused to the structural ele-
ments of another gene (Palmiter and Brinster 1985; 
Polites and Pinkert 1994; Kim et  al. 1990). Larger 
bacterial artificial chromosomes (BACs), P-1 derived 
artificial chromosome (PAC), and yeast artificial 
chromosome (YAC) DNAs containing the coding 
gene, intronic and regulatory regions necessary for 
precise spatiotemporal gene expression have also 

Fig. 1   Schematic image 
of agarose gel of Multiplex 
PCR test result to detect 
marker genes widely used 
in genetically altered mice. 
The Tfrc gene as internal 
control was commonly 
detected in all strains A-D

M: molecular marker
1: strain A without marker gene
2: strain B with cre and Gfp
3: strain C with hyg, neo and Gfp
4: strain D with lacZ and neo
N: negative control
P: positive control DNA template

Marker 
gene symbol

Amplified 
fragment 
size (bp) 

Tfrc (IC) 1073

lacZ 895

flp 713

cre 596

hyg 489

neo 408

Gfp 327

cas9 243

puro 198

IRES 145

IC: Internal Control, mouse
transferine receptor gene

M 1 2 3 4 N P 

1.5 kbp

1 kbp

500 bp
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been used for microinjection to generate transgenic 
mice for functional genomic studies (Roguev and 
Krogan 2008; Yang et  al. 1997; Duff et  al. 2000; 
Lamb et al. 1999). Over 7,000 transgenic mouse lines 
have been registered and available in the International 
Mouse Strain Resource database (Eppig et al. 2015).

The expression of the fusion transgene is primar-
ily regulated by the promoter, which can either act 
ubiquitously in all cell-types or in a cell-type spe-
cific manner (Palmiter and Brinster 1986; Kim et al. 
1990). Together with the promoter, the integration 
site, and copy number of the transgene, can influ-
ence expression levels of the transgene (Tinkle et al. 
1994). Microinjected DNA fragments are integrated 
randomly in the genome usually as a tandem array of 
multiple copies. The random integration of the same 
DNA construct in different founder lines can result in 
multiple lineages with varying expression patterns, 
depending on the number of copies and integration 
sites of the transgene in the genome (Tinkle et  al. 
1994).

The quality of the transgenic mice can be evalu-
ated by the presence of the transgene, intactness of 
the entire transgenic construct being introduced, 
copy number, number of integration sites, and the 
orientation of tandem copies. Accurate information 
of the transgene integrated on the genome is critical 
to design valid quality control tests. Furthermore, 
if possible, sequencing of the transgene amplicon 
is recommended to verify that it is intact and there 
have been no rearrangements of the transgene dur-
ing its concatemerization/recombination, which hap-
pens as part of the genome insertion process. There 
is a recent review that discusses the potential recom-
bination mechanisms that occurs (Smirnov and Bat-
tulin 2021). It is recommended that original founder 

transgenic mice created by pronuclear microinjection 
are identified by Southern blot analysis. Southern blot 
analysis provides key information of the structure, 
integrity, and sometimes copy number of the inserted 
transgene (Nagy et  al. 2003). Based on such former 
reliable information about the inserted transgene, 
transgene-specific PCR tests can be designed by using 
a promoter-specific forward primer and a structural 
sequence-specific reverse primer to detect transgenic 
carrier mice with an appropriate positive and nega-
tive controls (Fig.  3A). If there are several similar 
reporter transgenic lines, in a mouse breeding facility, 
containing fluorescent protein variants such as EGFP, 
CFP, YFP and Venus (Cormack et  al. 1996; Tsien 
1998; Yang et al. 1998; Nagai et al. 2002) driven by 
the same promoter or, if the same fluorescent protein 
gene is driven by different promoters, highly specific 
PCR primers should be carefully designed in order to 
distinguish each promoter and reporter genes to check 
against accidental genetic contamination through 
breeding. Table  1 summarizes several genetically 
modifying techniques and their use. 

Strains generated by Mouse Embryonic Stem 
Cells

Mice generated by homologous recombination of 
DNA sequence electroporated into mouse embry-
onic stem (ES) cells (Evans & Kaufman 1981; 
Thomas & Capecchi 1987), was the first genetic 
manipulation technique that allowed targeted modi-
fications of genomic DNA to generate sophisticated 
mouse models of human disease (Smithies et  al. 
1985; Doetschman et al. 1987; Mansour et al. 1988; 
Colledge et al. 1995), and it won the Nobel Prize for 

Fig. 2   Genetic quality of 
mouse strains in Japan

Mice with correct genetic alterations and 
relevant information 

Mice with incomplete or incorrect 
information of genetic alterations

Mice lacking intended genetic alterations 
or contaminated with unintended genes

73%

21%

6%

228 strains
tested in
FY 2019
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the inventors (Vogel 2007). This technique refined the 
generation of DNA constructs introduced and allowed 
generation of conditional models (Nagy 2000). The 
null-knockout, conditional knockout and knockin 
mouse strains generated by targeted mutagenesis 
in ES cells increased dramatically during the early 
2000s and covered modification of more than half 
of the coding genome in mice. Since homologous 
recombination in mice is very inefficient and this is 
the process used to modify mouse embryonic stem 
cells, the primary genetic quality test should be a 
targeted gene-specific genotyping PCR to verify 
the precise location of the gene insertion and the 

integrity of the insert itself (Fig. 3B). These targeted 
ES cells and mouse strain resources are available in 
high quality from major mouse repositories such as 
KOMP, MMRRC, EMMA, The Jackson Laboratory 
and RIKEN BRC (Birling et  al. 2021). While early 
ES cell lines were primarily derived from the 129 
strains, ES cell lines with high germline transmission 
rates are now available for C57BL/6J or C57BL/6N 
substrains (Pettitt et  al. 2009; Tanimoto et  al. 2008; 
Hansen et  al. 2008; Zevnik et  al. 2014) and some 
other inbred strains (Bouabe and Okkenhaug 2013). 
Chimeras of 129 ES cells and C57BL/6 host blas-
tocysts are traditionally crossed with the pertinent 

A

B

C

D

Fig. 3   PCR tests for genetically altered mouse strains
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C57BL/6 substrain due to the poor breeding perfor-
mance of the 129 strains. Chimeras formed by using 
C57BL/6 ES cells can be crossed with the same 
inbred strains as ES cells to establish inbred knockout 
mice (Nagy et al. 2003) (Table 2).

Confirmation of structure of conditional alleles 
which carry loxP or FRT

More than 10,000 unique protein coding genes have 
been mutated in mice using targeted mutagenesis with 
embryonic stem cells for the last thirty years by the 
research community (Birling et al. 2021). Conditional 
mouse models generated by homologous recombi-
nation usually incorporate 34-bp sequences that are 
recognized by specific DNA recombinases (Nagy 
2000), and the most widely used are loxP (Sauer and 
Henderson 1988) and FRT (Sandowski 1995) among 
many other variants (Nagy et  al. 2003). For condi-
tional alleles, there are several complex allele struc-
tures containing multiple loxPs, FRTs and other func-
tional components (Birling et al. 2021; Skarnes et al. 

2011). The primary genetic quality test should be the 
validation of the presence or absence of the condi-
tional alleles, namely loxPs and FRTs that are neces-
sary for the conditional potential (Fig.  3C) (Nakata 
et al. 2021). These complex alleles are further modi-
fied by crossing Cre or Flp recombinase-carrying 
mice to generate a null, null reporter or a conditional 
mouse line (Skarnes et al. 2011). The PCR test should 
be designed to clearly distinguish genotypes of these 
allelic variants (Fig. 3D).

Tet transgenic mice

Genetic modification technology is essential to ana-
lyze experimentally the function of genes in  vivo. 
However, transgenesis and targeted mutagenesis as 
above do not necessarily provide precise control of 
gene expression in a site-specific and timely manner. 
The TET system provides the reversible modifications 
of the transcriptome, via the action of tetracycline-
controlled transcription factors. More than 500 Tet 
mouse lines have been published for modeling human 

Table 2   Genetic quality guide chart

Pronuclear Injec�ons Embryonic Stem 
(ES) Cells

Consider Gene�c 
Background

Maintain separate 
founder lines

Verify germline 
transmission of 

the targeted allele

Verify Mendelian 
Distribu�on of each line

Breed chimera to the 
same strain as host 

blastocyst

Verify a single site
of inser�on by PCR 

See Fig. 2a

Breeding Gene�cally
Altered Mice

Consider compa�bility of 
gene�c altera�ons and 

desired background strain

Breed strains and screen for 
gene�c altera�ons. Con�nue 

un�l desired zygosity is 
reached

Backcross to desired strain 
if needed

May want to confirm strain 
background before breeding

Consider Gene�c 
Background

Select founders carrying 
the intended allele. 

Founders are likely to be 
mosaic.

Breed founder to the 
same inbred strain as 

fer�lized egg

CRISPR/Cas9
Fer�lized eggs

PI/EP*
Embryonic Stem 

(ES) Cells

Select ES cell­
dominant chimeras

Assign Proper Nomenclature
*PI/EP: Pronuclear Injec�on or Electropora�on

Choose appropriate ES 
cells

Verify germline 
transmission of 

the targeted allele

Verify germline 
transmission of 

the targeted allele

Verify targeted alleles 
by allele­specific PCR

See Fig. 2b

Breed chimera to the 
same strain as host 

blastocyst

Select ES cell­
dominant chimeras

Verify targeted alleles 
by allele­specific PCR

See Fig. 2b

Verify targeted alleles 
by allele­specific PCR

See Fig. 2b

Choose appropriate ES 
cells
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diseases and analyses of brain functions (Schönig 
et al. 2013). There are two types of TET systems, Tet-
Off and Tet-On expression control system. The gene 
expression can be turned on/off by introducing a pair 
of genes, Tet transactivator and tTA/rtTA respon-
sive gene into transgenic mice and adding/removing 
doxycycline to the drinking water or by intraperito-
neal injection, and the gene expression level can also 
be controlled by the concentration of doxycycline. 
Therefore, the TET system is used by crossing at least 
two independent transgenic lines and often combined 
cre/loxP system as shown in Fig. 4 (Nakashiba et al. 
2008). Usually, these mouse mutants are generated 
by pronuclear injections or homologous recombina-
tion, therefore, the genetic quality checks previously 
described apply here as well.

Strains generated by genome editing

The advancement of genome editing technologies has 
made it possible to directly generate various types of 
genetic modifications by microinjection of genome 
editing reagents into fertilized eggs in mice and rats 
without the need to use embryonic stem cells (Wang 
et al. 2013; Meek et al. 2017), including gene knock-
out, knock-in, and conditional knockouts. Among 
the three major genome editing technologies used 
are zinc-finger nucleases, transcription activator-like 
effector nucleases (TALENs), and clustered regularly 
interspaced short palindromic repeats (CRISPR)-
associated Cas9 nuclease (CRISPR/Cas9) (Cong et al. 
2013). CRISPR/Cas9 is currently the technology 

most widely used for generation of genetically modi-
fied mice. This discovery brought the second Nobel 
Prize to the field (Cohen 2020).

The CRISPR/Cas9 system consists of the Cas9 
nuclease and a single guide RNA (sgRNA) contain-
ing the target complementary crRNA and the trans-
activating crRNA elements. Since target recognition 
is mediated entirely by the sgRNA, CRISPR/Cas9 
is considered as the most flexible and user-friendly 
platform for genome editing (Cong et al. 2013). How-
ever, recent investigations on the genetic quality of 
genome edited mice, namely of the founder genera-
tion (F0) have uncovered a wider range of on-target 
genomic changes such as inversions, duplications, 
structural variants, and complex rearrangements as 
well as indels and substitutions, including mosai-
cism and unwanted off-target events (Kraft et  al. 
2015; Boroviak et al. 2017; Kosicki et al. 2018). Such 
unintended genomic changes should have occurred in 
double-strand break repair pathways regulated by host 
early embryonic cells of F0 animals that have under-
gone genome editing (Yeh et  al. 2019). Therefore, 
when designing experiments using CRISPR/Cas9, 
much care should be used in designing the specificity 
of the sgRNA by using available software that helps 
zero-in specificity minimizing off target effects, using 
high fidelity nucleases, and fine-tuning lab protocols. 
Several publications (Iyer et  al. 2018; Dong et  al. 
2019) have focused on off-target analysis of CRISPR/
Cas9 genetically modified mice and it appears to be a 
consensus that for the most part off-target effects are 
minimal provided that precautions stated above were 
taken.

In most cases, the F0 mice are mosaic of heterog-
enous cells with multiple alleles generated by genome 
editing (Mizuno et  al. 2014). Therefore, appropri-
ate F0 mice with an intended mutation should be 
screened and carefully bred to establish a new mutant 
line. Ideally, potential off-target sites should be veri-
fied as intact through sequencing. The most advanced 
genetic quality tests for genome-edited mice include 
multiplex long-read sequencing and machine learn-
ing (Kuno et al. 2022). Once a line with the intended 
mutation is isolated, the same quality control checks 
used for the targeted mutation via embryonic stem 
cells should be used for the endonuclease-mediated 
mutation in the successive offspring. Additionally, if 
encountered with unexpected genetic quality control 

Fig. 4   The first triple transgenic line of Tg1 x Tg2 x Tg3-
TETX was generated to demonstrate that the action of tetanus 
toxin (TeTX) blocks neurotransmission in specific neurons in 
the hippocampus when Dox is not administered. Administra-
tion of Dox can reversibly release this blockade of neurotrans-
mission. The second crossbred of Tg1 x Tg2 x Tg3-GFP was 
to visualize neurons with GFP in the dentate gyrus (DG) of 
the hippocampus and the pyramidal neurons of CA3, and the 
expression of GFP disappeared by administration of Dox
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(QC) test results, one should try sequencing whenever 
necessary.

Strains generated by targeted transgenesis

Several of the techniques discussed above have been 
used to target specific, characterized loci in the 
genome, thus the name Targeted Transgenesis. Tar-
geting a predetermined site in the genome assures 
efficient and stable expression of a DNA construct, 
avoiding the significant QC issues associated with 
random transgenesis (Ohtsuka et al. 2015). Safe har-
bor loci such as Rosa26, Hprt1, and Cd6 gene loci, 
as well as Tigre and Hipp11 intergenic regions have 
been used in the mouse to insert CAG promoter 
driven transgenes, reporter genes, Cre-reporters, lacZ 
genes, human genes, TET system, BAC constructs, 
etc. (Soriano 1999; Vivian 1999; Heaney 2004; Zeng 
et al. 2008; Palais et al. 2009; Tasic et al. 2011; Ichise 
et al. 2014; Madisen 2015; Ma et al. 2017; Browning 
et  al. 2020). Targeted transgenesis can be achieved 
via conventional ES cell-techniques or microinjection 
of zygotes with CRISPR/Cas9 reagents and validated 
by relevant genetic quality control tests according to 
the genetic modifying techniques used (Table 1).

Use of standardized nomenclature as a tool 
of genetic quality

Mouse strain nomenclature is a critical part of animal 
identification and genetic quality. It follows nomen-
clature guidelines, including description of all genetic 
modifications and the inbred strain used with labo-
ratory code assigned by the Institute of Laboratory 
Animal Research (Eppig 2006). These are often omit-
ted in scientific publications. Recently, the Resource 
Identification Initiative (Vasilevsky et al. 2013; Band-
rowski et  al. 2015), has been launched to improve 
research resource transparency within the biomedical 
community by promoting the use of unique Research 
Resource Identifiers (RRIDs). Scientists are encour-
aged to cite specific RRIDs with the proper strain 
nomenclature. These concerted efforts will improve 
the ability to identify exact research resources used in 
publications and ensure study reproducibility.

Crossing multiple genetically modified mice

While mice with a single genetic modification 
are powerful models for scientific research, some 
research questions can only be addressed by com-
bining multiple genetic modifications onto the same 
mouse strain. For instance, combining a transgenic 
line with a knockout line. Attempting to cross two 
genetically modified mice has its own set of con-
siderations. First, it is essential that the two genetic 
modifications can independently assort. Ideally, they 
should be on different chromosomes, though if they 
are sufficiently spaced on the same chromosome the 
genes can independently assort, based on the num-
ber of centimorgans between them, with 1 cM being 
a 1% chance for crossing over to occur between the 
two genes. Complicating this assessment is the fact 
that, the incorporation site of many transgenes is not 
known, making it difficult to tell how compatible the 
transgene may be with a given knockout (Cain-Hom 
et al. 2017).

While certain modifications may not be compat-
ible because of their relative locations in the genome, 
they also may be incompatible or difficult for other 
reasons. Some combinations of modifications may 
lead to infertility or embryonic lethality. These modi-
fications may be more difficult or impossible to com-
bine. For infertility, if one gene is recessive, then the 
mice may be able to be maintained as heterozygous, 
with homozygous mice used in the study, but not as 
breeders. Alternatively, sometimes reproductive tech-
niques like ovarian transplant and/or artificial insemi-
nation may also be used. For mutations that prevent 
the viability of embryos, sometimes this can be over-
come using conditional expression. Systems like Cre, 
Flp or Tet, which were discussed earlier, can control 
the expression of a gene either temporally or in spe-
cific cells or tissue type (Becher and Waisman 2018). 
This may enable expression of the required gene 
either early on to overcome the embryonic lethality, 
followed by suppression later in the mouse’s life, or 
if the tissue or cell type of interest is not essential for 
embryonic development, by conditionally knocking 
out the gene in that specific tissue, while leaving it 
fully functional in other tissues or cell types.

In addition, when crossing mice with different 
genetic modifications, each modification will have 
its’ own passenger segment. The passenger segment 
is the portion of the donor strains DNA flanking the 
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modification site. This flanking DNA is always car-
ried with the mutation, even after many rounds of 
backcrossing, because of the low probability of close 
portions of DNA independently assorting due to 
crossing over. While these sections of donor DNA 
can be minimized by backcrossing, they cannot be 
eliminated, and are likely to contain at least one func-
tioning gene from the donor strain (Ackert-Bicknell 
and Rosen 2016). If a passenger gene is important to 
the study, it may make be difficult to compare these 
mice to control mice, as it would not be entirely 
clear if the differences are due to the mutation alone, 
or also because of differences in the passenger gene 
between the donor strain and recipient strain (Eisner-
Dorman et al. 2009). Table 2 summarizes the differ-
ent genetic modifications and its appropriate genetic 
quality checks.

Genetic monitoring during breeding

The basis of any good genetic monitoring program is 
consistent husbandry procedures, good recordkeep-
ing, a well-trained staff and a robust testing regime. 
Examples of procedures which can help prevent any 
mix-ups within an animal room include trying to 
separate mice with the same coat color as much as 
possible, using color coded cage cards, with differ-
ent colors used for adjacent strains and separate mice 
with similar strain names like BALB/cJ and BALB/
cByJ (Strobel et al. 2015). Having robust husbandry 
procedures which help mouse room staff avoid 
mistakes is an essential safeguard against genetic 
contamination.

Another important feature of a genetic monitoring 
program is good recordkeeping. Including keeping 
detailed records of mouse breeding and any mouse 
transfers. It is essential that all records include proper 
nomenclature for genetically modified animals to 
avoid any mix ups. These detailed records can both 
help avoid contamination of strains, and also aid in 
tracking down and eliminating contaminated animals, 
if an instance of genetic contamination does occur.

An essential element to any genetic monitoring 
program is a well-trained staff. As the staff interact 
with the mice daily, they are in the best position to 
notice any changes, either in behavior, breeding or 
physiology. Particularly with small colonies of mice, 
noticing deviations and eliminating them from the 

colony quickly can potentially prevent mutations 
from becoming fixed within the colony (Fahey et al. 
2013). Also, it is the mouse room staff that will carry 
out all the husbandry procedures and record keeping, 
so ensuring that procedures are executed accurately, 
and that all staff are aware of the importance of main-
taining genetic integrity in the mice.

While strong husbandry procedures, recordkeeping 
and a well-trained staff can prevent the vast majority 
of genetic contaminations, it is still essential to moni-
tor mice for genetic contaminations. Any method that 
is used to test for accidental genetic contamination 
must be sufficiently polymorphic so that it can dis-
tinguish between all strains in the facility (Fox et al. 
2007). Ideally it should also be inexpensive and easy 
to perform, so that testing can be frequent. The most 
commonly used markers which meet these criteria are 
single nucleotide polymorphisms and microsatellites, 
both of which will be described in more depth in a 
later section.

While modern molecular techniques for genetic 
contamination testing are indeed powerful, it is not 
meant to detect genetic drift. Genetic drift is a phe-
nomenon where spontaneously occurring mutations 
can become fixed in an inbred colony. Genetic drift 
accounts for some of the well documented differences 
between substrains, like lower endotoxin sensitivity 
in C3H/HeJ vs C3H/HeOuJ (Poltorak et al. 1998), or 
retinal degeneration in C57BL/6NJ but not C57BL/6J 
mice (Mattapallil et  al. 2012). Genetic drift is espe-
cially problematic in small colonies, where unwanted 
mutations can become rapidly fixed in the strain.

To minimize genetic drift, it is recommended to 
periodically refresh the breeding stock from a com-
mercial supplier typically at least every 10 genera-
tions (Flurkey 2009). Doing so prevents the estab-
lishment of a divergent substrain in the colony. Many 
commercial breeders periodically refresh their breed-
ers from a stock of frozen embryos, greatly reducing 
genetic drift. Cryopreservation is also recommended 
for any unique or genetically modified strains both to 
guard against loss of the colony either from a disaster 
or genetic contamination, and to prevent genetic drift 
by in house breeding. Such strains should be cryo-
preserved, either as embryos or sperm, and rederived 
every 10 generations to avoid genetic drift.

Genetic monitoring is an essential part of main-
taining animal colonies. While the importance of 
attentive animal care workers and robust husbandry 
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procedures and documentation in preventing strain 
contamination cannot be overstated, a genetic moni-
toring program, particularly in facilities which house 
multiple mice with the same coat color, is an impor-
tant verification step to catch any incidents of genetic 
contamination.

Genetic background testing: SNPs 
and microsatellites

Before molecular techniques became readily avail-
able, genetic background testing was carried out 
using phenotypic markers (like coat color, fecundity) 
as well as biochemical tests (like isoenzymes) and 
immunological tests, like skin grafts (Mahler and 
Nicklas 2012). The advent of widespread molecular 
methods for genetic monitoring has allowed much 
more high-throughput and higher confidence methods 
for screening for genetic background contamination. 
The two primary used methods of testing for genetic 
background involve either microsatellites or SNPs.

Microsatellites, sometimes also called Simple 
Sequence Length Polymorphisms (SSLPs), are abun-
dant sequences throughout the genome which are 
made of short tandem repeats (a repeated sequence 
of 2–6 bases), which are repeated between a few 
to several dozen times (Grover and Sharma 2014; 
Benavides et  al. 2020). The length of these repeats 
often differs between different inbred strains. This 
is because errors in replication of microsatellite 
regions are relatively common, causing an increase or 
decrease in the number of repeats present at that site 
(Dallas 1992). PCR primers, which immediately flank 
the location of the tandem repeats, can be used to 
amplify the repeated sequence and verifying its size. 
By looking at the length of numerous sites through-
out the genome, microsatellites can be used in mice 
(Basta et al. 2004) and other rodents (Bryda and Riley 
2008) to easily distinguish between inbred strains.

The other common type of marker used for genetic 
monitoring are SNPs. SNPs are polymorphic sites 
which are abundant throughout the genome, are pre-
sent in both coding and non-coding DNA and typi-
cally have only two alleles (Benavides et  al. 2020). 
The location of SNPs, are well documented for 
many inbred mouse strains, therefore, a panel which 
distinguishes between common inbred strains can 
be readily designed with multiple markers over all 

chromosomes. Information about the SNPs present 
in different inbred mice strains are readily available 
from sources including at the Mouse Genome Infor-
matics website (MGI; http://​www.​infor​matics.​jax.​org/​
home/​strain, 2020) and the Mouse Phenome Database 
(MPD https://​pheno​me.​jax.​org/​genot​ypes, 2020). 
There are also published panels of SNPs, such as 
the one in Petkov et  al. (2004), which have markers 
on all chromosomes and can be used to distinguish 
between many inbred mouse strains. Additionally, 
if SNP information is not available for a particular 
inbred strain, SNP microarrays are a cost-effective 
way to determine which SNP alleles are present in 
the order of tens or hundreds of thousands SNP sites 
(Morgan et al. 2016). SNPs are typically dimorphic, 
therefore detection methods for screening typically 
involve either allele specific primers or the use of 
allele specific probes to distinguish between alleles. 
One common system used for high throughput SNP 
genotyping is Kompetative Allele Specific PCR 
(KASP), which uses allele specific primers, combined 
with universal energy-transfer (ET) labeled primers 
(Myakishev 2001). As it uses universal ET primers, 
the KASP system tends to be less expensive than the 
other primary method of SNP detection, Real-Time 
PCR Taqman assay. Taqman assays use site specific 
primers combined with allele specific probes to deter-
mine which SNP allele is present at a given site. Both 
KASP and Taqman assays are highly sensitive and 
can be automated for high throughput testing.

A recent publication that will help with genetic 
quality control testing is the new version of the 
Mouse Universal Genotyping Array (MUGA) that 
was originally published in 2015, the MiniMUGA 
Genotyping Array (Sigmon et al. 2020). It is an Illu-
mina Infinium array-based platform that tests for 
11,000 probes at once and it is able to discriminate 
between mouse substrains from multiple commer-
cial vendors, detection of genetic elements used in 
DNA constructs when making genetically modified 
mice and chromosomal sex determination. This with 
the additional testing we have described in this paper 
offers a good option for maintaining genetic quality 
control in the characterization and maintenance of 
breeding mouse colonies.

Whether using microsatellites or SNPs to moni-
tor for genetic contamination, it is important to test 
enough markers to distinguish between all the strains 
and, ideally, substrains present in your facility. 

http://www.informatics.jax.org/home/strain
http://www.informatics.jax.org/home/strain
https://phenome.jax.org/genotypes
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Genetic monitoring is of little use if it is not sensi-
tive enough to discover a genetic contamination. SNP 
or Microsatellite Panels should contain critical mark-
ers on each chromosome that are able to distinguish 
between a large number of inbred strains, including 
substrains. It is understood that cost is also a fac-
tor and therefore larger panels, while more robust 
in terms of detecting contamination, also tend to be 
more expensive to run. A smaller panel, which can 
be run on more mice, with greater frequency, may be 
preferable. If your facility has many C57BL/6 mice 
of multiple substrains or unknown substrains, you 
may want to consider adding markers that distinguish 
between C57BL/6 substrains. There have been several 
publications of SNP markers which could be used 
for that purpose (Mekada et  al. 2015; Simon et  al. 
2013). Whatever the number of markers, verifying 
the inbred background of strains and substrains, in 
conjunction with routine verification on the presence 
or absence of mutations in genetically modified mice, 
are important components of a thorough genetic qual-
ity program.

International council for laboratory animal 
science (ICLAS) and genetic quality

The ICLAS laboratory Animal Quality Network 
Committee has as its goal to raise awareness of the 
scientific community on the importance of high-
quality laboratory animals used for research, as well 
as to maintain and improve the health and genetic 
quality on animals used in research (Turner et  al. 
2015). The Genetic Quality Monitoring Program 
promotes the development of self-assessment colony 
monitoring for research facilities and suppliers of 
rodent breeding, providing guidance and advice on 
genetic quality testing. In 2016, the GENRef pro-
gram was established and it provides reference of 
genomic DNA from the 12 most common inbred/sub-
strains of laboratory mice, namely: C57BL/6NTac, 
BALB/cAnNTac, C3H/HeNTac, 129S6/SvEvTac, 
C57BL/6J (reg. #664), BALB/cJ (reg. #651), NOD/
LtJ (reg #1976), A/J (reg. #646), DBA/2JJcl, C3H/
HeJJcl, DBA/2NJcl, FVB/NJcl. The DNA was pre-
pared in batch by the Donor providers (The Jackson 
Laboratory, Taconic Biosciences and Central Institute 
for Experimental Animals), and tested for verification 
by PCR and SNPs.

These samples are available so that research 
institutions throughout the world could use them 
to compare the genetic background of their mice to 
established strains widely used from commercial 
providers. Research institutes wishing to participate 
in the program can sign up at the ICLAS website at: 
https://​iclas.​org/​genet​ic-​monit​oring-​refer​ence-​progr​
am.

Concluding remarks

Genetic Quality is a critical component that plays 
a major role in animal research but is often over-
looked due to its complexity. We have addressed in 
this review the different genetic engineering tech-
nologies that are used in generating genetically modi-
fied mice and have pointed out ways to check them 
for genetic compliance. As part of ICLAS goals we 
are committed to assist the scientific community in 
establishing a genetic control program in their breed-
ing facilities and help with its compliance so that 
scientific publications provide all the important ele-
ments of the strain and/or genetic modifications of the 
mouse model used. We hope that this review clarifies 
and brings awareness to the genetic quality of mouse 
model research.
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