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Abstract

This chapter is an overview of the current and
growing knowledge of the genetics of labora-
tory rodents, specifically the mouse (Musmus-
culus) and the rat (Rattus norvegicus), the two
main species used in biomedical research. We
present basic information aboutMendelian ge-
netics and on the structure of the mouse and rat
genomes, including the protein-coding DNA
and the more intriguing non-coding DNA se-
quences, abundant in repetitive DNA, trans-
posable elements and different types of ge-
netic polymorphisms. Experiments should be
performed with carefully designed and ap-
proved protocols, including the use of genet-
ically defined animals. Thus, in this chapter
we discussed the different types of genetically
standardized laboratory strains and the aspects
related to their genetic quality control. We also
present the different types of genetically al-
tered mice and rats, including spontaneous and
chemically induced mutations, random trans-
genesis, targeted mutagenesis using embry-

F. Benavides (�)
Department of Epigenetics and Molecular
Carcinogenesis, The University of Texas MD Anderson
Cancer Center, Smithville, TX, USA
e-mail: fbenavid@mdanderson.org

J.-L. Guénet
Institut Pasteur (Emeritus), Paris, France

onic stem cells and the novel genome editing
techniques. It is very important for the veteri-
narians and technicians in charge of animal fa-
cilities, as well as for researchers and students
using mouse and rat models that they have an
available up-to-date information devoted to the
genetics of these species.
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1 Introduction to Mendelian
Genetics and Genomics

1.1 Genes, Alleles and Their
Interactions

Several years after GregorMendel’s seminal pub-
lication Experiments on Plant Hybridization was
published (1866), Hugo de Vries published In-
tracellular Pangenesis (1889) in which he rec-
ommended the word pangens be used to spec-
ify Mendel’s ‘hereditary particles’. The Danish
biologist Wilhelm Johannsen proposed in 1909
that the (Danish) word gen be used to describe
the units of heredity. Almost at the same time,
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Johannsen introduced the terms phenotype and
genotype. William Bateson proposed the term
genetics to describe the science dealing with gens
(genes). Shortly after the confirmation that DNA
was the molecular basis of inheritance (seminal
work published by Avery,McCarty andMacLeod
in 1944), the gene was defined in molecular terms
as ‘a segment of DNA of variable size encod-
ing an enzyme’. This definition was revised to
‘one gene, one polypeptide’ when it was recog-
nized that some proteins are not enzymes. With
the completion of the first (draft) sequences of
the human (2001), mouse (2002) and rat (2004)
genomes and the confirmation that many genes
are not translated into polypeptides, the definition
of the gene changed again.

Today, a gene corresponds to a segment of
DNA that is transcribed into RNA. Some RNA
molecules, like messenger RNAs (mRNAs), are
translated into polypeptides, whereas many oth-
ers are not translated but nevertheless have im-
portant functions. Recently, information collected
from the systematic analysis of a single tran-
scriptome revealed that mammalian DNA is per-
vasively transcribed from both strands and that
the proportion of DNA transcribed into RNA is
much greater than expected. The same analysis
also revealed that not all mammalian genes are
easily identified in DNA; on the contrary, their
limits are often difficult to delineate, with some
small genes being nested inside the larger ones
(e.g. inserted in the introns). Thus, it seems clear
that the concept of the gene must be reconsidered
and its definition reformulated. Nonetheless, we
will work with the idea that a gene is a functional
unit contained in a short DNA segment that is
transcribed into RNA and whose inheritance can
be followed experimentally generation after gen-
eration. Genes can be precisely localized on a spe-
cific chromosome using a variety of techniques,
and this position defines its locus (plural loci), the
Latin word for ‘place’.

For decades, genome is referred to the
collection of genes in a given species. Now, the
concept includes both the genes (i.e. the coding
sequences) and the sum of heterogeneous DNA
intermingled with the genes. Thus, when we refer
to the genome sequence, we are referring to the

sequence of all nuclear DNA. The number of
protein-coding genes in the mammalian genome
is predicted to be 22,000 to 24,000 genes, on
par with the 22,628 currently listed in the mouse
GRCm38 assembly and the 22,250 in the rat
Rnor_6.0 assembly. However, some genes vary
in copy number across different strains, and
even between individuals, with many being non-
functional, whereas others are present in only
some strains (or species) and absent in others.
Such gene variations complicate accurately
evaluating organismal gene number. Predicting
gene number becomes even more difficult given
that multiple RNAs (coding and non-coding) can
be transcribed from the same gene via alternative
splicing, tremendously increasing the number
and diversity of molecules potentially encoded
in the genome. Obviously, it is the sum of these
transcripts, not the raw number of genes that is
important for defining the genome.

Most genes exist in alternative forms (variants)
called alleles. The word ‘allele’ is an abbrevi-
ation of the ancient word allelomorph, which
described the different forms of a gene. Formerly,
the concept of alleles was tightly associated with
mutations that produce phenotypes different from
wild type (i.e. the version most commonly found
in wild animals), for example, a different coat
colour, a heritable skeletal defect or a debilitating
neurological disease. The new version of the gene
was called a mutant allele. The concept of the
allele, like the gene, has changed over time so
that now any alteration of DNA sequence within
a gene is defined as a new allele, regardless of
whether the change produces a phenotype.

The term polymorphism can refer to many
things, including the alleles present at a specific
locus or to all loci of a strain or species. Thewhole
collection of alleles segregating in a given popu-
lation represents what geneticists call the genetic
polymorphism. In the mouse, the gene encoding
tyrosinase (Tyr), an enzyme that is instrumental
for the synthesis of the pigment melanin, was one
of the first (if not the first) genes to be identified
based on a variation in coat colour. At the Tyr
locus, the wild-type allele encodes a functional
tyrosinase, but many mutant alleles encode non-
functional enzymes resulting in albinism. Over
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120 different mutations have been identified at
the Tyr locus, some of them affecting coat colour
(e.g. chinchilla, Tyrc-ch; extreme dilution, Tyrc-e;
and Himalayan, Tyrc-h).

1.1.1 Dominance, Recessivity
and Co-dominance

When the alleles at a given locus are identical on
both chromosomes, the animal is homozygous for
that allele. When the two alleles are different, the
animal is heterozygous, and the phenotype will
depend upon the interactions between the two al-
leles. To illustrate, we will again consider the Tyr
gene in the mouse. Tyr has several alleles, some
of which are non-functional, like Tyrc. Tyrc/Tyrc

mice are albino, but Tyrc/Tyr+ heterozygotes are
pigmented like wild mice because themutant Tyrc

allele is recessive to the dominantwild-type allele
(Tyr+ or sometimes only+). In this case, the lack
of functional tyrosinase due the presence of the
Tyrc allele is completely compensated for by a
single copy of the wild-type allele.

Other Tyr alleles have less dramatic effects
than Tyrc on the synthesis of melanin. In many
cases the mice are pigmented, although always
less than or differently from the wild type. Mice
homozygous for the chinchilla allele Tyrc-ch have
a diluted coat colour, but mice homozygous for
the Himalayan allele Tyrc-h have a remarkable
pattern of pigmentation. They have light-ruby
eyes and a coat that is mainly white with only
the tip of the nose, tip of the ears and the tail
pigmented normally, like Siamese cats. This
pattern results from the Tyrc-h allele-encoded,
thermo-labile tyrosinase being active only in the
colder parts of the body, where the temperature
is below 35 ◦C. With so many Tyr alleles
available, one could breed a wide variety of mice
heterozygous or homozygous for the different
alleles to find that the normal allele (Tyr+) is
dominant over all other alleles. However, if the
mice were graded based on decreasing coat
colour intensity for all possible combinations
of the Tyr+, Tyrc-ch, Tyrc-e and Tyrc alleles, we
would observe an almost continuous gradient of
pigmentation fromwild type to albino. Therefore,
dominance and recessivity must be considered
only in the context of a specific allele pair.

Semi-dominance (sometimes referred to as
incomplete dominance) describes mutant alleles
that produce heterozygotes with a phenotype
that is different from and often intermediate to
both kinds of homozygotes. A typical example
is the KitW-f allele. KitW-f /+ heterozygous mice
have a light grey coat with a white spot on the
belly and on the forehead, whereas KitW-f /KitW-f

homozygous mice are extensively spotted.
Amazingly, the tails of these mice perfectly
characterize the situation; the tail is completely
pigmented from the base to the tip in wild-
type mice, half-pigmented in heterozygotes and
unpigmented in homozygotes.

Another type of allelic interaction common
in mammals is co-dominance. Co-dominance
occurs when the two alleles at a given locus
are both expressed in the heterozygote to create
a unique phenotype. Most genetics textbooks
illustrate the concept of co-dominance using
the AB blood groups in humans, where AB
heterozygotes have a phenotype in which both
the A and B antigens are expressed on red blood
cells. Blood groups homologous to the human
AB system do not exist in the mouse or rat, but
nearly all alleles that encode forms of the same
protein that vary by charge are co-dominantly
expressed.

Other allelic interactions have been discovered
by studying the process such as sex determina-
tion. In mammalian species, males have only one
X-chromosome and therefore are hemizygous for
all genes carried by this chromosome, and all
are fully expressed. In females, X-inactivation, a
mechanism of dosage compensation causes most
X-linked genes to be functionally haploid; only
one copy of each gene is transcribed, and the
other copy is switched off. The choice of which
allele to inactive is usually a random process. In
mammals, a few genes in the so-called pseudo-
autosomal region of the X-chromosome are not
inactivated and behave as autosomal genes [1].
Notably, certain autosomal regions, sometimes
reduced to one or a few genes, are also func-
tionally haploid, expressing the allele(s) inherited
from only one of the two parents, a phenomenon
called genomic imprinting, also resulting from
epigenetic mechanisms [2, 3].
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1.1.2 Epistasis and Pleiotropy
Many phenotypic traits are controlled by more
than one gene, and a single gene can contribute
to the phenotypic expression of one or several
other genes. Epistasis occurs when the pheno-
typic expression of gene (or allele) A depends on
the presence of one or more specific alleles (B, C,
D) at other loci to modify or suppress the classical
phenotype of gene A. In other words, epistasis is
an interaction between nonallelic genes in which
one gene suppresses or enhances the expression
of another. The gene that is expressed is epistatic
over the other genes, which are themselves hypo-
static. The genes that determine coat colour offer
simple, didactic examples. Exploiting the variety
of alleles at the five major loci governing mouse
coat colour (agouti, A; tyrosinase, Tyr; brown,
Tyrp1; dilute, Myo5a; and pink-eyed dilution,
Oca2), one can generate a large collection ofmice
with awide array of coat colours. However, some-
times the effects of a given mutant allele cannot
be observed in the presence of another particular
allele. For example, a mouse with a non-agouti
brown coat colour (genotype a/a; Tryp1b/Tyrp1b)
would appear ‘chocolate’, except in the presence
of two copies of the Tyrc mutant allele (homozy-
gous) that causes the mouse to be albino. In this
case, the Tyrc allele exhibits an epistatic inter-
action with all other coat colour genes because
without tyrosinase there is no pigment.

Pleiotropy describes a common genetic phe-
nomenon in which a mutant allele influences
multiple phenotypic traits. In fact, if we carefully
analyse mutants with deleterious phenotypes, we
would discover that almost all of them exhibit
a range of altered phenotypes. The yellow allele
(Ay) was identified because of its beautiful yellow
coat colour, but these mutants are also slightly
diabetic, exhibit liver hypertrophy and often be-
come obese and sterile following the first few
months of life [4]. Compared to normal mice,
these mice are also more susceptible to several
kinds of tumours and are more aggressive. Given
that the products of most genes have multiple
functions, pleiotropy is more a rule than an ex-
ception. It simply means that the gene in question
codes for a product that is used by various cell
types, signals tomultiple targets or regulatesmore
than one pathway, as a transcription factor might.

1.1.3 Penetrance and Expressivity
Penetrance is a term used to express the fraction
(percentage) of individuals of a given genotype
that effectively exhibits the expected phenotype.
For example, if a particular dominant mutation
has 80% penetrance, then 80% of the mice carry-
ing the mutant allele will develop the phenotype,
and 20% will look normal. A genotype exhibits
variable expressivity when individuals with that
genotype differ in the extent to which they ex-
press the phenotype. One example illustrating the
concept of expressivity and differentiating it from
the concept of penetrance (which is not always
easy) is the case of spotting in cattle. When ob-
serving an herd of Holstein Friesian cattle, one
may notice that, although all the cows are spotted
(penetrance is 100%), the ratio of black/white is
highly variable from one animal to the next. The
spotting is highly variable in shape (no surprise)
and extent (which is more surprising). Similarly,
rodents can also display a large amount of phe-
notypic variations among individuals with the
same genotype, for example, the case of a mu-
tation in the brachyury gene (T) which encodes a
transcription factor important for proper forma-
tion of the tail and the Ednrbs spotting mouse
mutation (Fig. 1).

The causes of variable penetrance and
expressivity are not well understood. In the
mouse and rat, one can study the phenotypic
expression of the same mutation in different
genetic backgrounds and note more or less
consistent differences, indicating the influence of
a genetic component (modifier genes). However,
one can also observe phenotypic variations in
animals having exactly the same mutation in
exactly the same genetic background – meaning
that nongenetic factors, such as epigenetic and
environmental factors, also influence penetrance
and expressivity.

1.2 Genomes and Genetic
Variation

The sizes of the laboratory mouse (Mus muscu-
lus strain C57BL/6J) and rat (Rattus norvegicus
mixed female BN and male SHR) genomes are
2.7 Gbp and 2.8 Gbp, respectively [5, 6]. Both
genomes are 14%smaller than the human genome
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Penetrance Expressivity

All mice T/+ All mice Ednrbs/Ednrbs

Ednrbs: endothelin receptor type B gene

piebald spontaneous mutation

T: brachyury gene

spontaneous deletion

All mice belong to the C57BL/6 inbred strain

Fig. 1 Penetrance and expressivity. The picture illustrates
two major characteristics of the phenotypic expression of
mutant alleles in mammalian species. In the present case,
all seven mice on the left panel are affected by the same
mutation (brachyury (T), with 100% penetrance) affecting
the length of the tail, but they exhibit great variations in
the phenotype, with some mice (top of the picture) with
a normal-looking tail. On the right-hand side, all mice
exhibit a spotted coat with wide variations in expressivity

(mutation Ednrbs). The penetrance characterizes the frac-
tion of individuals of a given genotype that actually shows
a particular phenotype irrespective of the degree of its
expression. The expressivity characterizes the phenotypic
variation among individuals having the same genotype. It
is now well established that modifier genes influence the
phenotypic expression, but these genes cannot explain all
the variations, since these deviations are also observed in
inbred strains

(3.1 Gbp) likely due to a higher rate of deletions
in the mouse lineage [5]. Such sequence loss indi-
cates that the mammalian genome is a mosaic of
sequences of dissimilar importance. This sugges-
tion is supported by the decades-old observations
of cytogeneticists who found that certain large
chromosomal deletions (i.e. visible through the
optical microscope) did not affect the phenotype
of mice homozygous for the deletion. Below, we
will briefly review the different kinds of DNA se-
quences within the mammalian genome. Besides
the genome sequence of C57BL/6J, deep genome
sequencing and variation analysis has been now
finalized for new mouse inbred strains, including
wild-derived strains [7, 8]. These new sequences
show that, remarkably, genetically similar inbred
strains can sometimes show divergent phenotypes
and that extensive strain-specific haplotype vari-
ation still exists in these supposedly completely
inbred genomes. These new genomes not only
improve the mouse reference genome but also
help in the discovery of unknown genes.

Approximately 5% of mammalian genome
contains highly conserved sequences, of which
no more than 1.5% encode proteins (one estimate
is 1.27% for the mouse genome and 1.0% for the

human genome) [9] (Fig. 2). The remaining 3.5%
consists of sequences whose functions are only
partially known but includes sequences important
for regulating gene expression (e.g. DNA-binding
sites), chromosome architecture and folding and
binding to the mitotic spindle. Interestingly, some
of these conserved non-coding sequences have
been completely eliminated in mice without
substantially affecting phenotype [10].

Annotation of the mouse and rat genomes (the
process of identifying functional elements along
the DNA sequence) is progressing thanks, in part,
to the thousands of spontaneous and induced mu-
tations. Yet, only 14,700 mouse genes have been
functionally annotated based on the existence of
one or more mutant alleles or through expres-
sion assays (MGI, October 2018). Because many
genes are conserved in both sequence and func-
tion, genes identified in any one of the human,
mouse or rat genomes may also aid in the an-
notation of related genes in the other species.
For example, approximately 99% of mouse genes
have a human orthologue. This and other exam-
ples clearly justify the ‘comparative genomics’
approach [11–13].
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Mouse Genome
~ 2,700 Mb

Genes and gene-related
Sequences (~30%)

Intergenic DNA 
(~70%)

Exons
~1.5%

Related sequences

Pseudogenes Introns
~24%

Transposable 
elements 

~37%

class I
LTR and non-LTR 
retrotransposons 

class II
DNA transposons 

Tandem Repeats
Satellite DNA
Minisatellites

Microsatellites

Repetitive
DNA sequences

Unique and low copy
DNA sequences

Fig. 2 Types of DNA in the mammalian genome. The
graphic shows the different types of DNA sequences
present in mammalian genomes, including rodents. It is
estimated that only around 30% of the genome is rep-
resented by genes (protein-coding sequences) and gene-
related sequences (e.g. introns, regulatory sequences and
pseudogenes). On the other hand, the so-called intergenic
DNA constitutes up to 70% of the genome. This non-
coding DNA corresponds to different categories of repeti-

tive and transposable sequences, together with single copy
and low copy number sequences (see text for details). This
DNA (inaccurately referred to as ‘junk’ DNA) is poorly
known; however, many non-coding DNA sequences are
highly conserved between mammals, most likely because
they have important biological functions. At the same
time, genetic variations in non-coding sequences have
been widely used as tools in rodent genetics, including
quality controls

1.2.1 Genes, Gene Families
and Pseudogenes

Mouse and rat genes have an architecture similar
to other mammalian genes, typically composed
of coding exonic and non-coding intronic se-
quences flanked by additional canonical upstream
and downstream sequences. The smallest gene
known is 0.1 kbp and encodes t-RNATyr. The
biggest gene is 2.3Mbp in mouse, rat and humans
and encodes dystrophin (Dmd). Gene introns also
vary in size, ranging from 0.5 kbp for the shortest
intron to 30 kbp for the biggest Dmd, with an
average intron size of 4.7 kbp. For exons, the
average exon size is 300 bpwith the shortest being
only 9 bp (exon 2 of MyoVIa) and the longest
being 7.6 kbp (exon 26 of Apob). The number
of exons per gene varies from 1 to 314 with an
average of 7.5 [14], and about 4000 genes have
only one exon.

As in other species, mouse and rat genes are
alternatively spliced, meaning that not all exons
of a given gene are represented in all transcripts
(mRNA) from that gene. Alternative splicing is a
clever, evolutionarily conserved mechanism that

allows more than one protein to be encoded by
a single gene, based on the exons present in a
particular transcript. This also means that the
number of genes in an organism does not reflect
the degree of genetic complexity of that organism.
Instead, the total number of exons may provide a
better estimate of complexity. Interestingly, inter-
specific comparisons indicate that although most
exons in the mouse, rat and human genomes are
strongly conserved, exons present only in alterna-
tively spliced forms are less conserved and likely
represent recent exon creation or loss events [15].

Interspecific comparisons of mouse and other
mammalian genomes indicate that the mouse
genes are syntenic with those of humans and
rats. That is, most mouse genes are conserved in
blocks, with the same linear arrangement as in
the human or rat genomes. For example, when a
hypothetical gene G2 is flanked by genes G1 and
G3 in mouse, there is a very high probability that
the same linear order (G1-G2-G3) is preserved
in the other two species. This conservation of
synteny (from the Greek, meaning ‘on the same
ribbon’) helps validate candidate genes. It also



Rodent Genetics 17

aids in identifying duplications and/or deletions
among species. For example, about 90% of the
mouse and human genomes can be partitioned
into regions of conserved synteny, reflecting the
structural organization of the chromosome in the
common ancestor. These genomes share about
350 segments of conserved synteny, with sizes
ranging from 300 kbp to 65 Mbp.

In contrast to genes conserved across species,
the mouse and rat genomes also contain rodent-
specific genes. The majority of these belong to
gene families associated with reproductive func-
tions, exhibiting spermatid- or oocyte-specific ex-
pression, or with vomeronasal receptors [9, 16].
Some of these new genes originate from relatively
recent duplication events in the mouse linage
subsequent to its divergence from the rat, around
20 million years ago (http://www.timetree.org/).
In comparison, the human genome (the primate
lineage) has lost genes coding for olfactory and
vomeronasal receptors [17].

The mammalian genome contains a great
number of sequences that resemble protein-
coding genes but are not. These pseudogenesmay
be processed or unprocessed. Processed pseudo-
genes originate from the retro-transcription of
messenger RNAs back into the genomic DNA in
more or less random locations. They lack introns
and contain mutations, including frameshift
mutations and premature stop codons, indicating
that they are not transcribed. Unprocessed
pseudogenes arise from either the tandem
duplication of a gene during DNA replication or
are degenerated genes that become inactive and
are no longer under selection. There are roughly
12,000 pseudogenes in themouse genome assem-
bly (Mouse Reference GRCm38), but identifying
them is often difficult. Synonymous mutations,
those that will not modify the amino acid
sequence, occur at the same frequency in genes
and pseudogenes, whereas non-synonymous
mutations are rare in functional genes. The ratio
of the number of non-synonymous substitutions
to the number of synonymous substitutions in or-
thologous genes is a strong evidence for deciding
whether a ‘gene’ is a true gene or a pseudogene.

As mentioned, the majority of the mammalian
genome consists of non-coding sequences. How-

ever, even some non-coding sequences are highly
conserved between humans and rodents, likely
because they have important biological functions
[18]. The function of these conserved non-coding
sequences is the subject of intense research, and
it has been suggested that these sequences may be
associated with certain diseases [19]. However, a
significant portion of non-codingDNA is not con-
served and therefore exhibits a higher degree of
genetic variation (polymorphism) than conserved
non-coding DNA.

1.2.2 Repetitive DNA Sequences
Repetitive DNA sequences are non-coding se-
quences present in multiple copies within mam-
malian genomes. Depending on the number of re-
peats, they are classified as moderately or highly
repetitive DNA sequences. The latter include tan-
dem and interspersed repeats. Interspersed re-
peats are derived from transposable elements, as
explained in Sect. 1.2.3. Tandem repeats form
when multiple copies of a motif are adjacent
to each other in the genome. Depending on the
number of nucleotides in the motif, these repeats
are categorized as satellite DNA (between 120
and 250 nucleotides), minisatellites (between 10
and 60 nucleotides) and microsatellites (between
2 and 6 nucleotides). Polymorphisms result from
variations in the number of tandem repeats within
a locus and allow different alleles to be distin-
guished. In the mouse, satellite DNA comprises
about 5% of the genome with major satellite re-
peats being 6 Mb long and located pericentrically
and minor satellite repeats being from 500 kb to
1.2 Mb long and located in the centromere [20].
Minisatellite loci, also known as variable number
tandem repeats (VNTRs), are 5–10 kb in size,
extremely abundant and distributed throughout
the mammalian genome [21]. These highly poly-
morphic loci were used as genetic markers in the
late 1980s, particularly in human studies. They
were also the basis for the famed DNA finger-
printing that revolutionized forensic science [22].
However, even though minisatellites were used in
a few mouse linkage studies and for the genetic
monitoring of inbred strains (isogenic individuals
within an inbred strain share the same band pat-
tern) [23–25], the use of DNA fingerprinting in

http://www.timetree.org/


18 F. Benavides and J. Guénet

genetic monitoring was quickly surpassed by the
use of microsatellite makers. Microsatellites are
very abundant (hundreds of thousands of copies
per genome), extremely polymorphic and widely
distributed throughout the genomes of animals
and plants. Since the early 1990s, microsatellites
have been ideal genetic markers because their
analysis is simple, affordable and highly reliable
[2]. Microsatellites are valuable for genome scans
in linkage studies and background characteriza-
tion of mouse and rat inbred strains [26, 27]. The
use of microsatellites for genetic quality control
is described in Sect. 4.

1.2.3 Copy Number Variations,
Indels, Transposable Elements
and SNPs

Although deletions, insertions and other large
genomic rearrangements have been known since
the 1980s, over the last decades, there has been
an increasing interest in the study of segmental
duplications and copy number variations (CNVs).
CNVs are structural variants that result in copy
number changes in a specific chromosomal
region. As a consequence, certain large DNA
segments (from 1 kb to several Mb and with
more than 90% sequence conservation) can
vary in copy number when compared with a
reference genome, with other individuals of
the same species or between inbred strains.
Most importantly, CNVs are thought to affect
gene expression (altering transcript dosage) and
phenotypic variability in genetic diseases (e.g.
affecting the penetrance of the trait) [28]. This can
be particularly relevant given that the genomes of
two randomly selected individuals may differ by
at least 1%, mainly due to CNVs and SNPs. In
the mouse, approximately 100 genomic regions
harbour CNVs across the 19 autosomes, ranging
in size from 20 kb to 2Mb [29–31]. The change in
gene dosage associated with these CNVs could
easily explain their involvement in phenotypic
variation in the mouse [32].

Transposable elements (TEs), found in virtu-
ally all eukaryotes, are genomic DNA sequences
that move from location to location and exist
as interspersed, repetitive DNA sequences. TEs
can be inserted into different locations through

DNA recombination, and after many generations,
the repeated sequence can spread over various
regions. There are two classes of TEs: class I,
composed of long terminal repeats (LTRs) and
non-LTR retrotransposons, which transpose via
an RNA intermediate in a ‘copy and paste’ fash-
ion, and class II, composed of DNA transposons,
further divided into subclasses 1 and 2, which use
a ‘cut and paste’ mechanism that does not involve
an RNA intermediate [33, 34]. LINEs (long inter-
spersed nuclear elements) and SINEs (short in-
terspersed nuclear elements) are among the most
studied class I non-LTR retrotransposons.

LINEs are autonomous retrotransposons and
include the family of LINE-1 (L1) sequences, the
most active non-LTR element identified in mam-
malian genomes, with 100,000 copies per haploid
genome. SINEs are non-autonomous retrotrans-
posons with repeated motifs of approximately a
few hundreds of base pairs. Common examples
are the Alu sequences in humans and the B1
and B2 sequences in mice, rats and other rodents
[35]. In evolutionary terms, these interspersed
sequences are classified as linage-specific (added
to the mouse or rat genomes after the divergence
from a common ancestor with other rodents) or
ancestral (before the divergence). It is estimated
that linage-specific sequences make up 32% of
the mouse genome, compared with 24% in the
human genome. In contrast, ancestral sequences
represent only 5% of the mouse genome, com-
pared with 22% of the human genome [36].

The nature of the TE-host relationship (e.g.
parasitism, symbiosis or commensalism) and the
role of TEs in disease and evolution have been
debated extensively. There are several reports of
human diseases caused by L1-driven insertional
mutagenesis [35], but compared to endogenous
retrovirus insertions, LINE- and SINE-related
pathologies are less common in mice [37].
Even though the role of TEs in the evolution
of vertebrate genomes remains controversial,
these mobile elements can facilitate sequence-
mediated chromosomal rearrangements that can
potentially generate new gene regulatory sites
[38]. Finally, these transposable elements have
made pathways to new germline mutagenesis
systems, such as Sleeping Beauty and PiggyBac,
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in the mouse and other mammals [39, 40].
This section would not be complete without
mentioning endogenous retroviruses. Retroviral
infections have also shaped the rodent genome.
Endogenous retrovirus expression has been
associated with both physiological function and
disease [41]. In the mouse, a classic example of
an endogenous retrovirus acting as a mutagen is
the insertion into the hairless (Hr) gene creating
the hairless (hr) allele [42]. Here, the insertion
affects a gene splicing event and results in a
hairless phenotype.

Although single nucleotide polymorphisms
(SNPs) have been known for many years, their
use in linkage and genome-wide association
studies has rapidly expanded more recently. A
SNP (pronounced ‘snip’) is a single nucleotide
change identified by comparing the genomes
of individuals of the same species or inbred
strains (Fig. 3). SNPs are the most abundant
genetic variation and are present in both coding
and non-coding sequences. In coding sequences,
non-synonymous SNPs create an amino acid
change, whereas synonymous SNPs do not.
Nonsense SNPs introduce a premature stop
codon. Almost all SNPs are bi-allelic; only
two variants segregate in a population (e.g.
homozygous G/G or T/T or heterozygous G/T).
In humans, the frequency of certain SNPs varies
between populations, that is, a SNP allele can
be common in one geographical or ethnic group
and atypical in another [43]. Inbred mouse and
rat strains possess long segments of DNA with
either extremely high (40 SNPs per 10 kb) or
extremely low (0.5 SNPs per 10 kb) levels of
polymorphism, creating SNP-poor and SNP-rich
genomic segments [36, 44]. Nonetheless, several
SNP panels, with markers evenly distributed
across the mouse and rat genome, have been
developed [45–47]. The use of SNPs for genetic
quality control will be presented in Sect. 4.

1.2.4 Functional Annotation
of the Mouse Genome

As discussed earlier, the massive size and het-
erogeneous sequence structure of the mammalian
genome makes it difficult to analyse. Some ele-
ments are repeated, some are unique and some

are present but not essential. To make sense of
the bulk of available sequence data, creating and
improving the current reference gene annotation
that identifies and describes gene structures are
essential.

Gene annotation procedures are largely
computational but are continually refined man-
ually. We believe that annotation efforts should
concentrate on the myriad of genomic transcripts
(tRNA, rRNA, shRNA, miRNAs, snoRNAs,
lncRNA, etc.) rather than genomic sequence per
se. Both the GENCODE and FANTOM projects
are essential to the process. The GENCODE
project (https://www.gencodegenes.org/mouse/)
produces comprehensive gene annotation for the
reference mouse genome [48]. The FANTOM
consortium (Functional Annotation of the
Mammalian Genome), at RIKEN in Yokohama,
has collected and sequenced 103,000 full-length
mouse cDNAs [49]. The FANTOM project has
been fundamental; it improved estimates of the
total number of genes (and their alternative
transcript isoforms) in the mouse, expanded our
knowledge of gene families and revealed that a
large fraction of the transcriptome is non-coding.
Currently, tissue-specific expression of genes is
being catalogued; consequently, it is already pos-
sible, for example, to make an exhaustive inven-
tory of those genes that are expressed in the brain
at a particular embryonic day [50] (see the Eur-
express Atlas at http://www.eurexpress.org/ee/).

Readers seeking more detailed genomic
information can consult the Mouse Genome
Informatics (MGI) resource [51], an international
database that provides integrated genetic, ge-
nomic and biological data. The MGI consortium
(http://www.informatics.jax.org) coordinates
several databases and resources, including the
Mouse Phenome Database (MPD), the Mouse
Genome Database (MGD), the Gene Expression
Database (GXD), the Mouse Tumor Biology
Database (MTB), the Gene Ontology Project
(GO), MouseMine, the International Mouse
Strain Resource (IMSR), Cre recombinase
activity data, on-line books and information
regarding standard nomenclature. TheMGI-LIST
is a forum for topics in mouse genetics and MGI
news updates. It is an active, moderated, email-

http://en.wikipedia.org/wiki/Stop_codon
https://www.gencodegenes.org/mouse/
http://www.eurexpress.org/ee/
http://www.informatics.jax.org
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Fig. 3 Single nucleotide polymorphisms (SNPs). SNPs
are discrete DNA sequence variations occurring when a
single nucleotide in the genome differs between members
of the same species. These SNPs are common and they are
scattered throughout the genome of all species. They result
from random point mutations occurring at a constant rate
during evolution, either in the coding regions or in between
genes, and they are inherited like a Mendelian trait. In the
mouse genome, they are very unevenly distributed along
the chromosomes with ‘SNP-rich’ and ‘SNP-poor’ regions

depending on the phylogenetic origin of the chromosomal
segment. This allows the determination of a SNP pattern,
which is unique to a given strain and accordingly can be
used for assessing strain purity. The upper panel represents
a C/T SNP that is polymorphic between strains DBA/2 and
CAST (homozygous for the ‘T’ allele) and other common
inbred strains (homozygous for the ‘C’ allele). The lower
panel presents DNA sequencing electropherograms show-
ing the SNP (arrow)

based bulletin board for the scientific community
supported by the MGD User Support group.

The Rat Genome Database (RGD, http://rgd.
mcw.edu) provides the most comprehensive data
repository and informatics platform related to the
laboratory rat, one of the most important model
organisms for disease studies. It includes (i) ge-
nomic variation, (ii) phenotypes and diseases, (iii)
data related to the environment and experimental
conditions and (iv) datasets and software tools
that allow the user to explore and analyse the
interactions among these and their impact on dis-
ease [52, 53].

2 Standardized Strains
of Laboratory Rodents

Clarence C. Little, while at Harvard University,
was the first to try to develop ‘pure’ mouse

lines by inbreeding. Simultaneously, Helen D.
King worked towards developing inbred rat lines
at The Wistar Institute, eventually creating the
WKA and PA inbred rat strains. The first mouse
inbred strain, dba, was started in 1909 by Little
through inbreeding mice homozygous for three
recessive coat colour alleles (d, dilute; b, brown;
and a, non-agouti). Similarly, Little established
strain C57BL/6 in 1921 via a cross between two
‘black’ mice, female 57 and male 52, obtained
from Miss Abbie Lathrop, a retired teacher and a
mouse supplier from Massachusetts. A few other
mouse strains were developed concurrently by
other scientists, in particular Leonell C. Strong
(C3H strain) at Cold Spring Harbor and Nadine
Dobrovolskaia-Zavadskaia in Paris [54, 55]. In
addition to these North American and European
researchers, Japanese scientists established a
number of colonies from fancy mice [56].

http://rgd.mcw.edu
http://rgd.mcw.edu
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2.1 Inbred Strains and Substrains

According to the definition of the International
Committee on Standardized Genetic Nomen-
clature for Mice, ‘Strains can be termed inbred
if they have been mated, brother × sister (sib-
mating), for 20 or more consecutive generations,
and individuals of the strain can be traced to a
single ancestral pair at the 20th or subsequent
generation’. However, it has been estimated that
24 generations of sib-mating are needed to reach
a heterozygosity rate < 1% and 36 generations
to reach complete fixation [57] and be regarded,
for most purposes, as genetically identical (Fig.
4a). In practice, most of the mouse strains
commonly used in research laboratories have
undergone several tens of generations of brother
× sister matings (indicated with an ‘F’, for filial),
with some of the oldest lines surpassing 200
generations (e.g. in 2018 DBA/2 J reached F224).
The definition of an inbred strain calls for some
explanation. Individuals of the same inbred strain
are genetically identical except for the sex-linked
characters, and because of strict inbreeding, all
of the individuals of a given strain have become
homozygous at all loci that were segregating in
the founder ancestors (the original or ancestral
breeding pair). Each mouse is homozygous for
the same allele, meaning that the maternal and
paternal chromosomes are identical. This is also
known as autozygosity because the two alleles are
copies of the same ancestral allele. To describe
this important characteristic, geneticists refer
to the animals as being genetically identical or
isogenic. The process leading to homozygosity by
progressive allele loss (or fixation) is simply that,
if an allele that was present at generation Fn is not
transmitted to at least onemember of the breeding
pair at generation Fn + 1, then it is permanently
lost. In other words, as inbreeding progresses,
alleles are constantly lost but never introduced
(with the exception of de novo mutations),
leading to both homozygosity and isogenicity
(Fig. 4b) [2].

During inbreeding, the progression towards
homozygosity is not linear. During the first few
generations, many genes become homozygous,
but fewer genes become homozygous in subse-

quent generations. Still, after 20 generations of
inbreeding, no more than 2% of the loci that
were heterozygous in the ancestors will still be
segregating. This is because the genes becoming
homozygous are linked and arranged linearly on
chromosomes and the evolution towards homozy-
gosity involves variable-sized blocks of DNA, not
individual genes. This also explains why inde-
pendent inbred strains carrying the same allele at
a given locus have a greater chance of sharing
the same short segment of neighbouring DNA
(haplotype) flanking the allele in question. For ex-
ample, if we analyse four classical albino strains
(A, AKR, BALB/c and SJL), they are likely to be
homozygous for the same short segment of chro-
mosome 7 that flanks the albino mutation (Tyrc),
because the mutation shared by these strains re-
sults from an event that occurred well before the
creation of these strains (i.e. identical by descent).
In fact, all of the common albino rat strains share
the same Tyr missense mutation, suggesting that
they also share a common ancestor [58].

In most mammalian species, inbreeding of a
natural population often has deleterious effects
of variable intensity. These adverse manifesta-
tions are commonly referred to as inbreeding
depression. Recent genetic studies suggest that
inbreeding depression is caused predominantly
by the presence of recessive deleterious muta-
tions in natural populations that are progressively
fixed in the homozygous state while inbreed-
ing progresses. Alternative explanations, such as
epistatic interactions, are also possible. Surpris-
ingly, inbreeding depression is not a serious issue
in some rodent species if the breeders stem from
the same natural population of closely related
individuals. Besides mice and rats, there are a
few inbred strains from other rodents, like the
Syrian hamster (Mesocricetus auratus) LSH/N
strain, the guinea pig (Cavia porcellus) classical
2/N and 13/N strains and the gerbil (Meriones
unguiculatus) MON/Tum strain.

The fact that all members of the same inbred
strain are nearly genetically identical is the ma-
jor reason why they have become so prevalent
in biomedical research. Scientists working with
the same inbred strain, but in different labora-
tories or at different time periods, can perform
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Fig. 4 Inbred strains. (a) This drawing represents
schematically the breeding system that is commonly
used to produce an inbred strain: mating a male and a
female from the same litter (brother x sister) in successive
generations. The uppercase letter F, followed by the
number of generations, symbolizes each generation of
inbreeding. When this number is not known, a question
mark is often used; F? + 27, for example, would indicate
that the number of brother x sister matings was not known
when the strain was acquired, but 27 generations of

unrelaxed inbreeding have been added since this time.
According to the definition of the International Committee
on Standardized Genetic Nomenclature for Mice, strains
can be termed inbred if they have been mated (sib-mating)
for 20 or more consecutive generations. (b) The curve
was drawn based on the Fibonacci series and represents
relatively faithfully the cumulated percentage of genes that
have become fixed in the homozygous state as inbreeding
progresses. From generation F5 onwards, this percentage
is incremented by 19.6% at each generation

experiments where, by definition, variations in
experimental results will not be due to differences
in the genetic constitution of the animals. Finally,
being isogenic, mice and rats of the same inbred
strain are also histocompatible (or syngeneic).
This means that they permanently accept tissue
transplantations from any individual of the same
strain (and sex). Researchers have used this pe-
culiarity extensively, since it allows studying the
fate of cells with an immunological function in

different contexts (cellular cooperation), espe-
cially for the serial transplantation of cancer cell
lines.

While inbreeding effectively eliminates a pro-
portion of new mutant alleles, another fraction
may become progressively fixed in the homozy-
gous state (estimated between 10 and 30 mu-
tations per generation) and replace the original
allele, a process known as genetic drift. Genetic
drift, a slow but unavoidable natural process, con-
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tributes inexorably to strain divergence and the
generation of substrains when the same strain
is propagated independently in different places
[59]. Examples of mouse substrains are abun-
dant, for example, there are 10 BALB/c substrains
and 15 C57BL/6 substrains including the J and
N substrains from The Jackson Laboratory and
the National Institutes of Health, respectively.
Some spontaneous mutations differentially seg-
regate in these common substrains of C57BL/6,
first separated in 1951. These include a retinal
degenerationmutation in theCrb1 gene (Crb1rd8)
and a non-synonymous SNP in the Cyfip2 gene,
present only in the N substrain, and a deletion in
the Nnt gene, present only in the J substrain [60–
62] (Table 1). The most comprehensive compar-
ative phenotypic and genomic analysis of these
popular substrains was recently published [63].
Notably, we can take advantage of genetic drift
to accelerate the identification of causative mu-
tations resulting in phenotypic differences be-
tween closely related substrains [62]. Consid-
ered as substrains (although we could argue that
they are just related strains), the 129 family of
strains is unusual for its high level of divergence,
including different coat colours. For example,
129X1/SvJ and 129P3 strains are albino (or chin-
chilla), whereas 129S1, 129S4, 129S6 and 129S7
(Still group) are agouti [64] (Table 2) (for more
information see http://www.informatics.jax.org/
mgihome/nomen/strain_129.shtml). In the same
way, many rat inbred strains present at least two
substrains, for example, SHR has four substrains,
including SHR/Ola and SHR/NCrl, and WKY
and F344 have three substrains each. Substrain
variability has been confirmed by sequencing for
these rat substrains, withWKY showing the high-
est degree of substrain variation [65].

The insidious and unavoidable occurrence of
new mutations in strains justifies the recommen-
dation in the Guidelines for Nomenclature of
Mouse and Rat Strains that inbreeding should
never be relaxed. Inbreeding is inefficient in
preventing mutations but helps eliminate a
substantial proportion of new mutant alleles, thus
preserving the genetic profile of a given strain.
Similarly, the same international committee
on nomenclature has stated that two strains

with the same origin, but separated in different
colonies for 20 or more generations (e.g. 12
generations in laboratory A and 10 in laboratory
B), should be considered two different substrains
and designated appropriately. The Institute of
Laboratory Animal Resources (ILAR) maintains
the International Laboratory Code Registry
(https://www.nationalacademies.org/ilar/lab-
code-database). Each lab code contains one to
five letters and identifies the institute, laboratory
or investigator that produced and/or maintains a
particular strain [66].

Inbred strains are often described as artifi-
cial populations because their genetic constitu-
tion (isogenicity and homozygosity) has no nat-
ural equivalent. This description is supported by
historical records indicating that modern mouse
lines do not stem from a single subspecies of
the Mus genus. Indeed, the polyphyletic origin
(i.e. from different subspecies) of modern inbred
strains has been substantiated by the complete
high-resolution sequencing of the genomes of a
large panel of inbred strains [45, 67]. Overall, the
genomes of inbred laboratory mice are a mosaic
of chromosomal regions with distinct subspecific
origins. Recent estimates indicate classical in-
bred strains were predominantly derived fromM.
m. domesticus (94%), with variable contributions
from M. m. musculus (5%) and M. m. castaneus
(<1%) subspecies [68].

Over the last 30 years, a variety of strains
derived from small groups of wild specimens
trapped in well-defined geographical regions
and belonging to well-characterized taxonomic
groups, have been established in various
laboratories [69]. With the increasing use of
PCR amplification for the detection of genetic
polymorphisms, the inbred strains derived from
these wild populations have become valuable
for gene mapping. Examples of theses strains
are PWK/PhJ (Mus m. musculus), MOLD/RkJ
(Mus m. molossinus) and CAST/EiJ (Mus m.
castaneus). Special mention must be made
of those derived from Mus spretus (SEG/Pas,
SPRET/Ei and STF/Pas) because this species
is one of the most distantly related to the
laboratory strains that can still produce fertile
hybrids with them. In contrast to laboratory

http://www.informatics.jax.org/mgihome/nomen/strain_129.shtml
http://www.informatics.jax.org/mgihome/nomen/strain_129.shtml
https://www.nationalacademies.org/ilar/lab-code-database
https://www.nationalacademies.org/ilar/lab-code-database
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mice, all laboratory rat strains have been
derived exclusively from Rattus norvegicus (no
subspecies are recognized).

2.2 F1 Hybrids

F1 hybrids result from the cross of two inbred
strains and are heterozygous at all loci for which
the parental strains have different alleles but, like
inbred strains, are genetically uniform (Fig. 5).
They are also histocompatible and permanently
accept tissue transplantations from either parental
strain, from their littermates and from all their
offspring; however, the parental strains will not

BALB/c DBA/2

(BALB/c x DBA/2)F1

Fig. 5 Hybrid F1. This figure depicts the creation of
hybrid F1 mice by intercrossing parental inbred strains
BALB/c (albino, with coat colour loci AA;bb;cc;DD) and
DBA/2 (diluted brown, with loci aa;bb;CC;dd). Below the
mouse pictures, only one pair of chromosomes is shown
as an example, with different colours representing the
different backgrounds (although not all alleles will be
polymorphic between the parental strains). Note that the
hybrid F1 mouse obtained has the characteristic brown
agouti ‘cinnamon’ coat colour (Aa;bb;Cc;Dd genotype).
The standard nomenclature is (BALB/c x DBA/2)F1 (ma-
ternal strain listed first). Also acceptable is the abbreviated
version CD2F1. Note that hybrid F1 mice are isogenic
because they all receive the same maternal and paternal
chromosomes. However, crossing F1 mice will generate
hybrid F2mice that are not isogenic because theywill have
recombinant chromosomes showing different patterns of
BALB/c and DBA/2 alleles
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accept a graft from the F1 hybrids. F1 mice and
rats also exhibit hybrid vigour (heterosis), the op-
posite of inbreeding depression, making them the
material of choice in many experimental proto-
cols, e.g. in the protocols aimed at the production
of genetically engineered animals. In this case, F1
hybrids are used because of their robust produc-
tion of preimplantation embryos that are highly
resistant to manipulation (e.g. DNA pronuclear
microinjection). However, a major drawback is
that their progeny (F2) is genetically heteroge-
neous when intercrossed, since the alleles at all
polymorphic loci start segregating, due to meiotic
recombination events, in the F1 gametes. Inter-
strain hybrids can also be used to generate geneti-
cally heterogeneouspopulations. For example, F1
hybrids between strain A and strain B (abbrevi-
ated ABF1 or AXBF1) can be crossed with F1
hybrids between strain C and strain D (CDF1 or
CXDF1) to generate a four-way heterogeneous
stock. In this case, the basic ingredients of the
genetically heterogeneous stock (i.e. the original
inbred strains A, B, C and D) are perfectly iden-
tified, and similar, but not identical stocks can be
produced.

2.3 Co-isogenic, Congenic
and Consomic Strains

When a mutation occurs in the breeding nucleus
of an inbred strain, and the new mutant allele has
replaced the original one (probability= 0.25), the
new inbred strain differs from the original at only
that one specific locus. If the newmutant is viable
and the mutation does not impair fertility, the new
strain can be propagated by mating brother to sis-
ter mutant mice or, preferably, by mating, at each
generation, to a nonmutant mouse of the original
inbred strain. The original strain and new mutant
strain are co-isogenic. Co-isogenic strains are ex-
tremely useful for gene annotation because they
allow a comparison of the phenotypes associated
with the original and mutant alleles without the
influence of genetic background. A large number
of co-isogeneic strains are held in several mouse
and rat repositories worldwide. Some common
mouse strains, like C57BL/6, have several co-

isogenic ‘companion’ strains segregating for a
variety of allelic forms controlling, for example,
coat colour. Co-isogenic C57BL/6-Tyrc (albino)
mice are commonly used to create easily recog-
nizable chimeric mice derived from C57BL/6 ES
cells injected into albino C57BL/6-Tyrc/Tyrc blas-
tocysts [70]. In addition to coat colour, other mu-
tations in co-isogenic strainsmay cause detrimen-
tal effects on development or metabolism. These
strains have aided the analysis of developmental
andmetabolic pathophysiology by providing both
the experimental animal and its control. However,
co-isogenic strains have two major drawbacks
inherent to their origin: (i) they arise mainly as a
consequence of a rare mutation, and (ii), although
they can emerge in any inbred strain, they gen-
erally emerge in a strain other than the one of
primary interest.

Congenic strains are an alternative to co-
isogenic strains with the advantage that any allele
of interest may be moved (i.e. introgressed) into
any inbred background. The donor strain carries
the allele or chromosome region of interest (i.e.
spontaneous, induced or targeted mutations, as
well as transgenes) and is crossed to the recipient
or background strain. The F1 offspring generated
by crossing the donor and recipient strains are
again backcrossed to the background strain, and
the offspring that carry the allele of interest (i.e.
the one originating from the donor strain) are
repeatedly backcrossed to the background strain,
typically for ten or more successive generations
(Fig. 6), unless marker-assisted breeding is used
(see Sect. 4.4). Ideally, the crosses initiate with
a donor female and a recipient male. Then,
the F1 mutant males will carry the correct Y-
chromosome, and after mating to a recipient
female, males of the N2 generation will carry the
correct X- and Y-chromosomes of the recipient
strain.

During the successive backcrosses, the chro-
mosomes of the background strain progressively
replace those of the donor, except for the one that
carries the allele of interest. For this chromosome,
the segment containing the selected allele is re-
duced in size only when a recombination event
occurs that replaces a piece of chromosome of
the donor for the homologous segment of the
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Selection for 
“carrier” 

heterozygous 
mice

F1 
50%

R

N2
75%

R

N3
87.5%

R

Donor Strain Recipient StrainR

Full CongenicN10
>99%

Fig. 6 Congenic strains. This scheme represents the suc-
cessive steps in the establishment of a congenic strains.
The first step is to cross a mouse from the donor strain
(albino in the example) carrying the gene of interest (e.g.
a transgene or a targeted null allele) with a mouse from
the recipient inbred strain. At each generation a breeder
carrying the gene of interest (*) is backcrossed to a partner
of the recipient strain (black in this example). The letter

‘N’ is used to indicate the generation of backcross, starting
with N2. The degree of grey colour is only to show
how, after each backcross generation, the offspring have
increasing amounts of the recipient genome. After each
backcross generation, on the average, 50% of the genomic
DNA of the donor strain is replaced by the equivalent
proportion of genomic DNA of the (recipient) background
strain

background strain. Over generations, such re-
placement events cause the chromosome carrying
the targeted allele to gradually be ‘eroded’ on
both sides of the allele in a nonlinear manner.
Ultimately, the chromosomal segments flanking
the selected locus generally remain associated
with it, thus marking the basic difference between
congenic and co-isogenic strains. In other words,
while co-isogenic strains differ from the back-
ground strain at a single locus, congenic strains
differ not only at the locus but also by a short
chromosomal segment flanking the targeted lo-
cus, with the size of the flanking region being
progressively reduced during backcrossing.

On average, at each generation, an equiva-
lent proportion of the background strain replaces

one half of the genome of the donor strain; thus
the progression of genome substitution is given
by the formula 1/2N, where N is the number
of backcross generations. Theoretically, after ten
backcross generations, only 1/210 (1/1000) of the
donor genome will remain in the congenic strain;
however this is only an approximation. The actual
percentage of donor genome replaced at each gen-
eration will vary. In addition, and as previously
discussed, this estimate is valid only for those
chromosomes lacking the allele of interest. For
the chromosome bearing the allele of interest,
the reduction in size is a much slower process.
It is estimated that there is only a 10% chance
that the segment carrying the introgressed gene
will be smaller than 1 cM after a series of ten
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backcrosses. This is not negligible: on average,
1 cM (1.8Mbp) of themouse genomewill contain
dozens of genes, depending on the region. Con-
genic strains have been used extensively since the
early days of mouse genetics and are still used
as tools for the analysis of quantitative (complex)
traits. It is precisely by developing such strains
that George D. Snell and his colleagues from The
Jackson Laboratory were able to elucidate the ge-
netic determinism of histocompatibility resulting
in a Nobel Prize in 1980 to G.D. Snell, J. Dausset
and B. Benacerraf.

Consomic strains, also called chromosome
substitution strains (CSSs), are a variation on
the congenic strain concept, but the introgressed
DNA is a complete chromosome, rather than
a piece of chromosome flanking a given gene
[71]. These strains are useful for rapidly mapping
phenotypic traits to a specific chromosome and
for QTL analysis. QTLs, or quantitative trait
loci, are chromosomal regions that influence
a particular complex, multigenic/multifactorial
phenotype (e.g. resistance or susceptibility to
carcinogenesis). However, in consomic strains,
small fragments of donor strain chromosomes
might escape the selection process.

2.4 Recombinant Inbred Strains
and Recombinant Congenic
Strains

Recombinant inbred strains (RISs) are developed
by crossing two parental inbred strains to generate
F1 hybrids followed by intercrossing these F1 to
generate F2s. Then, randomly chosen F2 animals
are brother-sister mated over 20 or more genera-
tions to develop a group of related inbred strains
(Fig. 7) [72]. A collection of RISs derived from
the same parental strains form a set (also referred
to as a panel). For example, the largest RISmouse
panel is currently C57BL/6 × DBA/2 (BXD)
with more than 100 strains and thousands of
measured phenotypes and typed genetic markers
(see GeneNetwork at http://www.genenetwork.
org/webqtl/main.py). RISs are true inbred strains
(an ‘immortal’ resource), homozygous at all loci
but with a unique, fixed combination of parental

alleles in a 50:50 ratio (on average). For example,
each strain of the set of 33 AXB-BXA strains,
derived from the initial cross of a C57BL/6mouse
with a A/J mouse, carries either the B6 allele or
the A allele at each genetic locus. By typing
all of these allelic forms, one can establish a
strain distribution pattern (SDP) for each strain,
listing the collection of alleles inherited from
either parental strain A or parental strain B6.
High-resolution maps of some mouse RISs and
CSSs are also available [57]. Sets of rat RISs
have also been created between the LE/Stm
and F344 inbred strains (LEXF) [73]. Overall,
RISs have proven very helpful for gene mapping,
particularly for the rapid regional assignment of
microsatellites on a given chromosome. They
have also been used to map QTLs involved in
controlling behaviour (e.g. alcohol intake, etc.)
and certain immunological responses.

Recombinant congenic strains (RCSs) resem-
ble RISs in their genomic structure except that the
proportion of the parental alleles in a given strain
is not 50:50 but 75:25 or 87.5:12.5, depending
on the set. RCSs are established by inbreeding
mice of the first or second backcross genera-
tion onto the background strain. RCSs are help-
ful for identifying genes associated with poly-
genic inheritance, especially when the number
of genes is high. For example, RCSs have been
very helpful for unravelling the genetic deter-
minism of colon cancer in the mouse [74]. In-
terspecific recombinant congenic strains (IRCSs)
have also been developed from the parental strain
C57BL/6JPas and SEG/Pas (Mus spretus) [75].
This set of strains has proven particularly useful
for describing the genetic basis of some anatom-
ical traits [76].

2.5 TheMouse Collaborative
Cross

The Collaborative Cross (CC) is a variation on
the RIS concept but with a much higher power of
resolution and level of genetic diversity segregat-
ing in the panel [77, 78]. The CC is a randomized
cross of eight inbred mouse strains that have been
carefully selected by a panel of mouse geneticists

http://www.genenetwork.org/webqtl/main.py
http://www.genenetwork.org/webqtl/main.py
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Fig. 7 Recombinant inbred strains. This diagram repre-
sents the creation of a set of three recombinant inbred
strains (RIS) originated by intercrossing parental inbred
strains DBA (D) and AKR (A) (only one pair of chro-
mosomes is shown as an example). The positions of
four hypothetical loci are indicated with dotted lines in
the parental chromosomes (numbers 1–4). The rectangles
show alleles that are already fixed (D or A) in some
breeders at the F2 generation. After >20 generations of
inbreeding, we obtained truly inbred strains that carry,

on average, 50% of alleles from each parental strain.
The boxes on the right represent the same chromosome
pair showing identical patterns in four random mice from
three different RIS (AKXD-1, AKXD-2 and AKXD-3).
Individual RISs have a unique combination of loci derived
by recombination of the alleles present in the original
parental strains. Since RISs are inbred and each strain has
a unique genotype, RISs have a number of advantages over
F2 or backcross mouse populations as tools for mapping
genes or quantitative trait loci (QTL)

(the Complex Trait Consortium). These strains
consist of (i) three classical inbred strains (A/J,
C57BL/6J, 129S1/SvImJ), (ii) two inbred strains
afflicted by diabetes or obesity (NOD/LtJ and
NZO) and (iii) three strains recently derived
from wild progenitors (CAST/Ei, PWK and
WSB/Ei). The eight strains are first crossed
pairwise to make all (8 × 7 = 56) possible
G1 parents; then all eight genomes are brought
together in a series of crosses, and the offspring
of these crosses are inbred for several generations
(Fig. 8). Several hundreds of new inbred strains
(recombinant for variable proportions of the
original eight parental strains) are progressively
becoming available. These strains can be used to
make biologically relevant correlations among
thousands of measured traits providing an
unprecedented power of resolution [79, 80]. To

increase mapping resolution power, investigators
may also use the first-generation (F1) progeny
from crosses of CC strains (designated CC-
recombinant intercross or CC-RIX).

2.6 Outbred Stocks

Outbred stocks are populations of laboratory ani-
mals that are genetically heterogeneous and there-
fore radically different from those already dis-
cussed. Outbred stocks are ‘closed populations
(for at least four generations) of genetically vari-
able animals that are bred to maintain maximum
heterozygosity’. Compared with inbred strains,
F1 hybrids and congenic strains, the genetic con-
stitution of a given animal taken randomly from
an outbred stock is not known a priori. Outbred
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Fig. 8 The Collaborative Cross (CC). (a) This is a ran-
domized cross of eight unrelated mouse inbred strains de-
signed by members of the Complex Trait Consortium. The
lines are first crossed pairwise to make all 56 possible G1
parents. A set of possible four-way crosses is performed,
keeping Y-chromosome and mitochondrial balance. Fi-
nally, all eight genomes are brought together in G2:F1, and
the offspring of this cross are inbred. The Collaborative
Cross is a community resource that was initially designed

for the purpose of mapping complex traits. (b) The ini-
tial previsions were to breed around 1000 inbred strains
where all the alleles of the initial inbred strains would be
associated in a wide and unique variety of combinations.
Only one strain is represented in this illustration; other
strains would be similar but with a different pattern of
parental strain distribution. The pool of strains selected
for the CC is constituted by five classical unrelated inbred
strains (A/J, C57BL/6J, 129S1, NOD and NZO) and three
wild-derived strains (CAST/Ei, PWK/PhJ and WSB/Ei)

stocks are normally bred according to a system
that minimizes inbreeding andmaintains a certain
amount of heterozygosity in the population [81].
One frequently used outbreeding system is the
‘rotational breeding’ system described by Poi-
ley [82]. Software for generating random mating
schemes is freely available [83].

The degree of genetic heterogeneity in out-
bred colonies depends on colony history [84].
Heterogeneity can be very low, for example, as
a consequence of genetic drift (or the bottleneck
effect) or when the pool of breeders has been
accidentally or intentionally reduced to a few
individuals, as is common when starting a new
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breeding programwith a small group of imported
breeders. In contrast, genetic heterogeneity can
be very high when the stock has been recently
outcrossed. Although the methodology and re-
sults are not always made public, it is likely that
reputable commercial breeders regularly monitor
the polymorphisms segregating in their outbred
stocks. Examples of outbred stocks of mice are
ICR (CD-1), CFW and NMRI (all derived from
the original ‘Swiss’ mice imported to the USA
by Clara J. Lynch in 1926) and the non-Swiss
CF-1 mice [84]. Examples of outbred rat stocks
are Sprague Dawley (SD),Wistar (WI) and Long-
Evans (LE). Outbred stocks of other laboratory
rodents, including guinea pig, Syrian hamster,
Chinese hamster (Cricetulus griseus), gerbil, cot-
ton rat (Sigmodon hispidus) and sand rat (Psam-
momys obesus), are also available.

Because outbred colonies, like human popu-
lations, are heterogeneous, they are often con-
sidered the most appropriate category of labo-
ratory animals for toxicology and pharmacology
research. However, several geneticists have dis-
puted this point and have even suggested that in
many studies, outbred mice were used inappro-
priately, wasting animals’ lives and research re-
sources on suboptimal experiments [85]. In fact,
any outbred stock can be replaced with a ‘syn-
thetic’ population obtained by intercrossing clas-
sical inbred strains. As mentioned, crossing two
inbred strains to produce F1 progeny followed
by crossing two independent F1 individuals gen-
erates a four-way polymorphic population. This
population is heterogenic, in the sense that in-
dividuals are genetically different. In addition,
the population often carries a greater number
of allelic forms, which is generally considered
an advantage compared to a classical outbred
population. Recently, however, researchers have
realized that outbred stocksmight be useful for re-
fining QTL mapping experiments, because these
heterogeneous stocks accumulate many recom-
bination breakpoints that over time split their
chromosomes into ‘fine-grained mosaics’, facil-
itating high-resolution mapping of complex traits
[86, 87]. Other investigators recently claimed that
contrary to conventional understanding, outbred

mice might be better subjects for some biomedi-
cal research [88].

3 Genetically Altered (GA)
Rodents

There are numerous terms used to describe ge-
netic changes in rodents. In mice, the terms ge-
netically engineered mice (GEM) and genetically
modified mice (GMM) typically describe any ge-
netically modified mouse. Here, we use the term
genetically altered (GA) rodent to also include
animals carrying spontaneous and/or chemically
induced mutations and refer to ‘lines’ rather than
‘strains’ for GA rodents. GA lines are created
using various genetic manipulation technologies
that are summarized in several popular books
and articles [89–91]. We also recommend visit-
ing the webpage of the International Society for
Transgenic Technologies (ISTT) at http://www.
transtechsociety.org/.

3.1 Spontaneous and Chemically
Induced Mutants

Every scientist in charge of a colony of inbred
mice or rats, even if only for a few years, has
almost certainly discovered a mutation segregat-
ing in a breeding nucleus. For example, dominant
spotting (KitW), a mutant allele of the oncogene
Kit, is very common and easy to identify on
a C57BL/6, C3H or CBA background because
it lightens coat colour, particularly in the tail,
and often induces a white belly spot. In fact,
74 spontaneous mutations have been identified
for Kit, with similar but not completely identi-
cal phenotypes. Other mutations are also quite
common, especially those with an obvious viable
phenotype (e.g. skeletal anomalies, cerebellar de-
fects, neuromuscular syndromes, anaemia, skin
defects and inner ear defects), and are generally
either recessive or dominant. Since inbreeding in-
creases the level of homozygosity in populations,
it also enhances the probability of discovering
recessive mutant phenotypes; however, inbreed-

http://www.transtechsociety.org/
http://www.transtechsociety.org/
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ing does not primarily increase the frequency of
mutations.

It is also important to classify mutations based
on their effect on the activity of their gene prod-
ucts. For example, an amorphic allele (null or loss
of function) will eliminate activity completely,
whereas a hypomorphic allele will produce a gene
product with less activity than the wild-type gene
product. In the same way, a hypermorphic allele
will have increased activity, a neomorphic allele
will have a new function and an antimorphic
allele will have a dominant negative function.

Spontaneous mutations typically occur at low
frequency, but frequency varies among loci. Some
advantages of working with spontaneous muta-
tions are that they are produced at virtually no
cost and are usually freely available. In addition,
they generally have an obvious phenotype, given
that they are identified based on observation. Col-
lectively, spontaneous mutations represent a great
variety of molecular events, including deletions,
insertions and point mutations. Such mutations
generate not only loss-of-function alleles but also
hypomorphs and hypermorphs. In many cases,
spontaneous mutations can help establish bet-
ter animal models than those produced by KO
models [92–94]. Unfortunately, spontaneous mu-
tations also have drawbacks. One major disad-
vantage is that the mutation’s primary molecu-
lar defect is almost always unknown and there-
fore has unpredictable utility for gene annota-
tion. Nonetheless, documenting spontaneous mu-
tations is important; the Mouse Mutant Resource
(MMR) at The Jackson Laboratory has been char-
acterising (genetically and phenotypically) mice
carrying spontaneous mutations for decades.

Ever since William Russell, of Oak Ridge Na-
tional Laboratory, USA [95], reported that N-
ethyl-N-nitrosourea (ENU) was ‘the most potent
mutagen in the mouse’, ENU and other chemical
mutagens have been used to generate mutations.
ENU has numerous advantages as a mutagen, and
its mode of action has been studied extensively
[96, 97]. ENU is an alkylating agent producing
mostly base pair changes (point mutations). In
optimal conditions, ENU induces an average of
0.7–1.9 nucleotide substitutions per Mbp of DNA
or one mutation at a specific locus in every 670–

1000 mice of a G3 generation. Several collabora-
tive projects aimed at the mass production of new
mutant alleles were launched in the late 1990s,
particularly in Europe, Japan and North America
[98, 99]. In most instances, these projects were
associated with downstream phenotypic screens
designed to recover specific types of mutations
(e.g. mutations leading to neuromuscular defects
or to deafness). Interestingly, data contained in
the Mutagenetix database (https://mutagenetix.
utsouthwestern.edu) of mouse phenotypes and
mutations induced with ENU indicates, based on
over 100,000 mutations, that putative null muta-
tions have a 61% probability of causing (pheno-
typically) detectable damage in the homozygous
state [100].

Forward genetics is one genetic strategy used
to identify the gene(s) responsible for a particular
phenotype or biological process. It is a bottom-up
approach that proceeds from the phenotype to the
genotype. In this strategy individuals with spon-
taneous or induced mutations causing a pheno-
type of interest supply the raw material. Mapping
the mutation requires subsequent breeding and a
genetic map with as many informative genetic
markers as possible [101]. Positional cloning is
the process of identifying a gene based on its
position in the genome, without any prior idea
of its function. A good historical example of
positional cloning is the identification of the gene
responsible for the obese mutation (ob, later re-
named Lepob) [102].

3.2 Classical Transgenesis
by Pronuclear Microinjection
(Random Insertion)

Transgenic rodents are created by the microinjec-
tion of foreign DNA fragments directly into one
of the two pronuclei of one-celled embryos (zy-
gotes), a technique widely used in the mouse and
to a lesser extent in the rat [103–105]. In this pro-
cess of additive transgenesis, the microinjected
transgene randomly integrates into the genome as
a concatemer with variable copy number (Fig. 9).
The mouse and rat models created with this sys-
tem typically overexpress a transgene placed un-

https://mutagenetix.utsouthwestern.edu
https://mutagenetix.utsouthwestern.edu
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Flowchart for the generation of transgenic mice
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Fig. 9 Producing transgenic mice by pronuclear injec-
tion. The flowchart represents the different steps for the
production of transgenic mice by pronuclear injection.
One-cell embryos are flushed out of the oviduct imme-
diately after fertilization, and then the transgene is mi-
croinjected in vitro with a glass micropipette into one
of the pronucleus (typically the male pronucleus). Once
injected, the embryos are kept in vitro for a few hours

and then transplanted into pseudo-pregnant females (pre-
viously mated with vasectomized males). Genotyping of
the G0 (presumptive) transgenic mice can be achieved at
any time from birth onwards. Every pup genotyped as
positive by PCR (i.e. hemizygous Tg/0 carrier) or express-
ing a reporter protein (e.g. GFP) should be considered
a ‘founder’, and independent lines should be developed
from each founder

der the control of a tissue-specific, developmental
stage-specific or ubiquitous promoter (along with
other regulatory elements), all contained in the
transgene DNA construct.

The number of copies of the transgene that
integrates into the host genome is not controlled
and ranges from one to several tens or hundreds.
DNA copies are generally arranged in head-to-
tail arrays in the transgenic insertion with po-
tential rearrangements in the flanking regions. In
addition, the site of integration is random and
can seriously influence transgene expression due
to position effects. Position effects cause unpre-
dictable, unexpected and somewhat erratic varia-
tions in transgene expression. For example, when
an insertion occurs in a hyper-methylated region
of the genome, the transgene will be weakly or
not expressed. Position effects are one of themain
weaknesses of pronuclear transgenesis. As it is
impossible to predict either the integration site

or the number of copies that will integrate, it is
impossible to know how well a transgene intro-
duced by this method will be expressed. There-
fore, when developing a transgenic line, it is
highly recommended to compare the offspring
of several different founder mice. Likewise, it is
important to avoid intercrossing mice originating
from different founders; independent transgenic
lines should be developed from each founder.

The recommended generic symbol for a
transgenic insertion is Tg. Founder transgenic
animals are hemizygous for the newly introduced
DNA segment and are designated Tg/0.
Establishing a transgenic line, in which the
transgene is propagated by sexual reproduction,
requires genotyping each generation to which the
transgene was transmitted, unless the carriers
have an obvious phenotype [106]. Lines are
normally kept by backcrossing transgenic carriers
(hemizygous Tg/0) with wild-type animals from
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the inbred background strain and by selecting
carriers at each generation. When viability and
fertility are unaffected, a transgene may be
maintained by keeping transgenic lines in the
homozygous state. Traditionally, to distinguish
between homozygous (Tg/Tg) and hemizygous
(Tg/0) mice, the mouse of interest was crossed
to a non-transgenic partner, and the progeny was
statistically analysed for Mendelian segregation
of the transgene. Today, quantitative real-
time PCR (qPCR) can be used to distinguish
hemizygous from homozygous transgenic mice
[107]. In order to achieve a pure genetic
background, it is recommended to inject the
transgene into embryos derived from an inbred
strain, such as FVB/N, which is widely used
because its zygotes possess large and prominent
male pronuclei and the females are excellent
breeders that produce large litters [108].

A later improvement on the original constructs
used for transgenesis was the introduction of in-
ducible systems allowing transgene expression to
be turned on and off. Currently, the most com-
mon strategies are the Tet-on and Tet-off expres-
sion systems. In these systems, transcription of
a given transgene is placed under the control
of a tetracycline-controlled transactivator protein,
which can be regulated, both reversibly and quan-
titatively, by exposing the transgenic mice to ei-
ther tetracycline (Tc) or one of its derivatives,
such as doxycycline (Dox). Both Tet-on and Tet-
off are binary systems that require the generation
of double transgenic (bigenic) mice. These mice
carry both a responder construct, consisting of
a tetracycline response element (TRE)-regulated
transgene, and an effector construct (tTA or rtTA),
containing a tetracycline-controlled transactiva-
tor [109].

3.3 Targeted Mutagenesis Using
ES Cells

Another mouse genetic engineering technology
uses pluripotent embryonic stem (ES) cell
lines. ES cells are undifferentiated pluripotent
embryonic cells derived from the inner cell
mass of preimplantation blastocysts that can

participate in the formation of the germ cell
lineage of chimeric mice, an indispensable step
in generating founder mice carrying the targeted
mutation (Fig. 10). Most early ES cell lines were
derived from embryos of the 129 families of
inbred strains (129S2, 129P3, etc.). Today, ES cell
lines come from a variety of strains. For example,
the ES cell lines derived from C57BL/6N have
become widespread and are often selected for
many international projects (e.g. EUCOMM). In
contrast to mice, the development of germline-
competent ES cells in rats has only recently
become possible [110], and their use remains
limited.

Chimeras resulting from the admixture of en-
gineered ES cells (carrying the targeted mutation
in the gene of interest) with cells of the inner cell
mass of a recipient blastocyst can be identified
as soon as a few days after birth based on their
dappled coat colour. The dappled coat is obvious
when the ES cells are derived from C57BL/6N
(which is non-agouti a/a – i.e. solid back) and
the recipient blastocyst is from either a wild-
type (agouti A/A) or albino (Tyrc/ Tyrc) strain. In
these conditions, the chimeras exhibit a mixture
of black and agouti (or albino) spots. Using coat
colour as a reference, one can estimate the de-
gree of chimerism, but a high level of chimerism
does not necessarily parallel with a high rate of
germline transmission. Although chimeras can be
from either sex, males are generally the only sex
with germline transmission because the majority
of ES cell lines are XY. To avoid mixed back-
ground lines down the road, it is recommended
to generate co-isogenic KO/KI lines by crossing
the chimeras with wild-type mice from the same
inbred background as the ES cells. For example,
when C57BL/6-derived ES cells are injected into
albino C57BL/6 blastocysts, the chimeric mice
are easily identified because their coats exhibit
white and black patches. These chimeras can
then be crossed with albino C57BL/6 mice to
test for germline transmission, validated by the
appearance of ES cell-derived black offspring
[70].

Other gene-targeting strategies have been de-
veloped to create conditional rather than constitu-
tive KO mutations. Conditional mutations bypass
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Generation of germ line chimeras from embryo-derived stem (ES) cells
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Fig. 10 Targeted mutagenesis in the mouse using engi-
neered ES cells. The flowchart represents the different
steps for the production of targeted mutants (KO and KI)
using genetically modified ES cells. Pluripotent ES cells
can be cultured in vitro, for several generations, remaining
in an undifferentiated state. While in vitro, the ES cells
can be manipulated like ordinary somatic cell lines and
selected on the basis of specific criteria. ES cells are
then typically injected into blastocysts (less commonly
into eight-cell or morula stage) where they spontaneously

merge with the inner cell mass. After embryo transfer into
the uterus of a pseudo-pregnant female, and provided that
the ES cells are still pluripotent, fertile chimeric mice can
result from these reconstructed blastocysts. The chimeras
with the best level of chimerism are then crossed with
wild-type mice in order to confirm germ line transmission,
basically the production of genotypically heterozygous
mice carrying the targeted allele. One extra generation
is necessary to observe the alteration in the homozygous
state

some of the drawbacks of using constitutive null
alleles of endogenous genes (e.g. pre- and post-
natal lethality, fertility and welfare problems).
With conditional mutations, the time and tissue in
which the gene is inactivated can be controlled.
Conditional KO production requires a cross be-
tween two independent lines to generate bigenic
mice. The most popular conditional KO strategy
is based on the Cre-loxP system, although a Flp-
FRT system also exists. In the Cre-loxP strategy,
Cre recombinase, derived from bacteriophage P1,
cuts and recombines the DNA strand at specific
sites called loxP sites (short for locus of X-ing
over P1). These loxP sites consist of two 13-bp
inverted (palindromic) repeats separated by an
8-bp asymmetric spacer region that define the
orientation of the site. When the loxP sites are in
the same orientation and on the same strand (in
cis), the intervening stretch of DNA is excised as a

circular loop. When two loxP sites are in opposite
orientations and on the same chromosome, the in-
terveningDNA segment is inverted. Finally, when
the loxP sites are on two different chromosomes
(in trans), the recombinase generates a reciprocal
translocation [111].

The Cre transgene can be made inducible,
adding more sophistication to the system, for
example, by using CreERT2, which can be induced
by administration of tamoxifen [112]. Nowadays,
many Cre-expressing lines are produced as KI
mice with the Cre sequence incorporated directly
into the gene of interest (rather than creating
transgenic lines using pronuclearmicroinjection).
The Cre-loxP strategy can also be used to control
the expression of reporter genes. For example,
the lacZ gene can be driven by a ubiquitous
promoter (e.g. Rosa 26) with a floxed ‘stop’ se-
quence consisting of a short segment of DNA
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with several termination codons inserted between
the promoter and the lacZ coding sequence, thus
preventing translation of the lacZ gene product
beta-galactosidase. When the Cre activity causes
deletion of the floxed ‘stop’ sequence in spe-
cific cells or tissues, beta-galactosidase is pro-
duced in those cells or tissues. [113]. Because
of the widespread use of this conditional target-
ing approach, databases cataloguing strains that
synthesize Cre (designated Cre-deleters), either
ubiquitously or in specific tissues, have been de-
veloped (see, for example, The Jackson Labora-
tory Cre Portal at https://www.jax.org/research-
and-faculty/resources/cre-repository or the MGI
Mouse Recombinase at http://www.informatics.
jax.org/home/recombinase).

When using the Cre-loxP system, keep in mind
the following: (i) Results may vary depending
upon whether Cre is transmitted from the fe-
male or the male parent (e.g. Cre is significantly
more efficient when transmitted maternally in the
EIIa-Cre line). (ii) The presence of Cre alone
might produce a phenotype (always include a
Cre + control mouse without floxed sequences).
(iii) The Cre-loxP system can be combined with
the Tet-on or Tet-off inducible system. (iv) Cre
mosaicism has been reported in some strains,
resulting in variable expression. (v) Some floxed
alleles are more easily recombined than others.
(vi) Tamoxifen-inducible Cre lines can be leaky,
that is, Cre can sometimes be active in the absence
of tamoxifen.

3.4 Gene Editing Using Nucleases

Over the last 10 years, several new techniques
have been developed using engineered nucleases
to create targeted mutations. These techniques
provide ES cell-independent approaches for the
production of targeted mutations in mice, rats and
other species [114].

3.4.1 Zinc-Finger Nucleases
and TALEN

The production of mutations using zinc-finger
nucleases (ZFNs) relies on the precise design
of a chimeric protein containing a specifically

designed zinc-finger DNA-binding domain and a
FokI endonuclease domain. Two complementary
and sequence-specific multifinger peptides are
designed to recognize a specific DNA sequence
spanning 9–18 bp on either side of a 5–6 bp
sequence, which defines the targeted region.
When injected into the pronucleus or the
cytoplasm of zygotes, the ZFNs bind tightly
on both sides of the targeted site, one on each
strand, allowing dimerization of FokI which
then makes double-strand breaks (DSBs) at
the selected site. Once cleaved by FokI, the
cellular mechanisms controlling DNA integrity
(DNA repair pathways) are triggered to repair
the damage by either homology-dependent
repair (HDR) or nonhomologous end joining
(NHEJ). HDR requires a homologous sequence
as a template to direct repair and accurately re-
establish the original sequence. NHEJ is a much
less precise mechanism that restores damaged
strands incompletely, leaving behind deletions,
thus creating frameshifts that commonly result
in loss-of-function mutations. ZFN technology
can be used to create a homozygous KOmutation
faster than traditional KO strategies using ES
cells and is applicable to all strains of mice and
rats, allowing for the production of mutations
in different inbred backgrounds. Mice and
rats carrying null alleles or sequence-specific
modifications have already been produced using
ZFN technology [115, 116].

Like ZFN technology, transcription activator-
like effector nuclease (TALEN) technology com-
bines a nonspecific DNA endonuclease having
robust cleavage activity with a DNA-binding do-
main that can be easily engineered to target a
particular DNA sequence. In recent years, several
groups have used TALENs (originally described
in bacterial pathogens of crop plants) to modify
endogenous genes in a wide variety of species,
including zebrafish, rat, mouse, pig and cow [117,
118]. The advantages of TALENs over ZFNs are
easier design and assembly, higher specificity and
lower cost.

3.4.2 CRISPR-Cas System
This newly developed technology depends on
small RNAs for RNA-guided cleavage of specific

https://www.jax.org/research-and-faculty/resources/cre-repository
https://www.jax.org/research-and-faculty/resources/cre-repository
http://www.informatics.jax.org/home/recombinase
http://www.informatics.jax.org/home/recombinase
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Fig. 11 Genome editing using site-specific RNA-guided
DNA endonuclease (CRISPR/Cas system). (a) With the
CRISPR strategy, Cas9 unwinds the DNA duplex and
performs a double-strand break (DSB) after recognition
of a specific (20 bp) target by the gRNA, provided that
the correct protospacer adjacent motif (PAM) is present.
(b) DSBs are repaired through nonhomologous end join-
ing (NHEJ) or through homology-directed repair (HDR).
In the case of DSBs repaired by NHEJ, the mechanism
will induce indels and potentially produce KO alleles.

For HDR to occur requires that a DNA molecule or a
single-stranded synthetic DNA be added as a template.
If the sequence of the template differs from the endoge-
nous sequence by the addition or substitution of some
nucleotides (light blue colour), this results in a KI allele.
These methods for producing mutations at specifically
targeted sites are very efficient. Figures kindly provided by
Dr. Lluis Montoliu, CNB-CSIC, CIBERER-ISCIII, Cen-
tro Nacional de Biotecnología, Campus de Cantoblanco,
Madrid, Spain

DNA sequences by aCas endonuclease. The strat-
egy was developed after the identification and
characterization of a primitive bacterial/archaeal
defence mechanism called CRISPR-Cas that al-
lows these organisms to fight against infections
from viruses, plasmids and phages [119, 120].
Engineered modifications to CRISPR (clusters of
regularly interspaced short palindromic repeats)
and the Cas enzyme (Cas9 is the most commonly
used RNA-guided DNA nuclease) have led to an
efficient system to produce DSBs at will. The
guide RNA (gRNA or sgRNA) binds to the target
DNA sequence and directs the Cas9 nuclease to
create precise DSBs at the location of interest
(Fig. 11).

RNA-guided endonucleases can be engineered
to cleave virtually any DNA sequence by
appropriately designing the gRNA, for example,
to generate KO mice and rats [121–123].
CRISPR-Cas9 has several advantages over ZFNs
and TALENs. It can be used to create mutations in
multiple genes across the genome in a single step,
by injecting multiple gRNAs targeting different
sequences simultaneously. Such multiplex gene

editing has proven successful not only to modify
cells in vitro but also to modify mouse and rat
embryos [124]. This saves substantial breeding
time when several specific mutations are required
in the same genome. Given the ease and speed of
this method, it is clear why it is revolutionizing
mammalian genetic engineering [125–128].
CRISPR-Cas also confers the possibility of
producing KO lines on any inbred background
because constructs are introduced either by
injection into the cytoplasm or pronuclei of
one-cell or two-cell stage embryos [129] or
by electroporation [130, 131], thus avoiding
ES cells and chimera production. However,
as each indel mutation generated is unique,
CRISPR-Cas-based genetic engineering requires
extensive sequencing and bioinformatic analyses
to characterize multiple founders (G0) to ensure
against mosaicism and off-target mutations while
also verifying the presence of the expected
genetic change. The selected founder should
then be bred with wild-type animals to evaluate
transmission of the mutation to their offspring.
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4 Genetic Quality Control for
Mice and Rats

Genetic markers are specific DNA sequences
with a known chromosomal location. The current
gold standard for genetic quality control of
laboratory rodents requires the analysis of
polymorphic genetic markers that can distinguish
between different genetic backgrounds. Histori-
cally, many of the techniques used to detect and
analyse these markers have been shared with
forensic DNA profiling.

4.1 Current Tools for Genetic
Quality Control

Although many polymorphisms have been
described in the mouse and rat, only two types
are widely used in modern QA programmes:
microsatellites (also known as simple sequence
length polymorphisms (SSLPs) or short tandem
repeats (STRs)) and/or SNPs. It is still too early
to determine whether high-throughput, whole-
exome sequencing (sequencing the exons of
all protein-coding genes in a genome) will be
useful for QA purposes, but it does provide
both a robust method to discover hereditary
factors contributing to rare Mendelian disorders
in humans and a means to identify the precise
molecular aberration underlying mutations
mapped through positional cloning in mice
and rats [132]. Whole-exome sequencing could
also be very useful for the characterization of
substrains.

4.1.1 Microsatellite (SSLP) Markers
Microsatellite markers are still used in genetic
quality control programmes because they are
extremely easy to type at a very low cost. Mi-
crosatellite analysis requires PCR amplification
of the short, tandemly arranged, repeating DNA
sequences, typically di- and tri-nucleotides (Fig.
12). The PCR products, 100–300 bp in size,
are analysed on agarose or polyacrylamide gels.
There are enormous numbers of microsatellite
loci in the mouse and rat genomes (105), and

identifying a set of markers whose amplification
products will create a strain-specific pattern is
not generally problematic. Routine analysis of
DNA samples with microsatellite markers will
confirm isogenicity (in the case of inbred strains)
and provided the markers have been carefully
selected, strain authenticity. One advantage
of microsatellites is that they are multiallelic
markers, meaning that, when tested in different
inbred strains, a single marker can identify
multiple alleles, distinguished by PCR products
of different sizes. Microsatellite technology
has been enhanced through the introduction
of fluorescently labelled primers combined
with capillary electrophoresis to provide a fast,
automated system for genetic monitoring [27].
Here, PCR products are distinguished from each
other by both their size and the fluorescent dye
associated with them. The availability of different
dyes allows multiplexing the PCR reaction (i.e.
combiningmultiple primer sets to simultaneously
amplify multiple loci in one reaction) and/or
pooling several PCR reactions/products into one
capillary [46]. Well-defined panels of SSLPs for
mouse and rat inbred strains are available [27,
133, 134].

The MGI [51] presents comprehensive
SSLP data, including primer sequences and
the expected sizes of their amplified products
for several mouse inbred strains (http://www.
informatics.jax.org/marker). A collection of
mapped SSLP markers for inbred strains of
rats is available at the Rat Genome Database
(RGD).

4.1.2 Single Nucleotide
Polymorphisms (SNPs)

SNP genotyping is inexpensive and can be
performed in most research institutions or
outsourced to providers. Petkov and co-workers
from The Jackson Laboratory have described
the allelic distribution of 235 SNPs in 48 mouse
strains and selected a panel of 28 such SNPs,
enough to characterize most of the approximately
300 inbred, recombinant inbred, wild-derived,
congenic and consomic strains maintained at The
Jackson Laboratory [135]. This set of markers,
encompassing all mouse chromosomes, is an

http://www.informatics.jax.org/marker
http://www.informatics.jax.org/marker
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Fig. 12 Microsatellite markers. (a) The cartoon shows
three different alleles at a hypothetical microsatellite locus
composed of TG repeats (motif). Note that the number
of repeats is variable, and this is the base of the poly-
morphism. Using specific primers flanking these repeats,
we can amplify and detect the various allele combinations
as shown in the schematic gel with possible genotypes.
(b) The picture depicts the PCR products for five indi-
vidual microsatellite markers (ethidium bromide-stained
4% agarose gel). These PCR products were obtained

using species-specific and locus-specific primers along
with genomic DNA from four different mice (genetically
contaminated in this case) plus a BALB/c control DNA
(last in group). The first lane of the gel shows the 100-
bp ladder. The standard nomenclature for microsatellites
(also known as SSLPs or STRs) is as follows: D [# of
chromosome] [lab code] [ID of marker]. For example,
D1Mit171 is the SSLP assigned with ID #171 on chro-
mosome 1, identified by Massachusetts Institute of Tech-
nology (MIT)

excellent tool for detecting genetic contamination
in mouse facilities. The Jackson Laboratory
has also developed a set of 1638 informative
SNPs, selected from publicly available databases
and tested them in 102 inbred strains using
Amplifluor genotyping [136]. The selected
SNPs are distributed 1.5 Mb apart across the
mouse genome. On average, 37% of these SNPs
will be polymorphic between any two classical
inbred strains. SNPs can also reveal differences
between closely related substrains, for example,

between C57BL/6J and C57BL/6N [63, 137–
139]. Several publications have reported lists of
rat SNPs: Zimdahl and colleagues described a
map with more than 12,000 gene-based SNPs
from transcribed regions [140]; in another study,
485 SNPs were identified in 36 commonly used
inbred rat strains [141]. More recently, the STAR
(rats backwards) consortium reported identifying
a set of 20,000 SNPs across 167 inbred rat strains
[142].
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Fig. 13 SNP databases. This figure shows the results of
a search using the Mouse Phenome Database seeking for
polymorphism between inbred mouse strains for a SNP
(ID rs3023864) located on chromosome 17. In this case,
the Sanger4 set of 37 inbred strainswas selected as dataset.

The bottom of the figure is a screen capture of the results
of the query showing the alleles (G or A) present in each
of the strains (A=A/A; G=G/G). There are several other
options for searching SNP data online (see text)

SNP genotyping is the current method chosen
for genetic monitoring by most commercial
suppliers of laboratory mice and rats. SNP
genotyping assays are currently based on allele-
specific PCR (including KASPar fluorescent
technology) [47], real-time PCR (TaqMan®),
direct sequencing and DNA arrays [101].
Another clever option is to exploit those
SNPs that create a restriction fragment length
polymorphism (RFLP) [143], making them
easy to identify using simple technology.
Databases, including the Mouse Phenome
Database (MPD), theMouseGenome Informatics
(MGI), the Sanger Institute’s Mouse Genomes
Project and the Rat Genome Database (RGD),
contain information for hundreds of thousands
of SNPs for common mouse and rat inbred
strains regarding their genomic locations and

which alleles (C, G, A or T) to expect for
a particular SNP/strain combination (Fig.
13).

4.2 Genetic Quality Control
of Inbred Strains and Outbred
Stocks

Historically, most techniques used to assay the
genetic quality of inbred strains were based on
the postulate that each inbred strain is expected a
priori to be homozygous at almost all loci [144].
These techniques were designed based on the
genetic tools available contemporaneously and
generally consisted of analysing a few traits,
controlled by a set of specific alleles, to define
a unique pattern for each strain. Analysis of
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biochemical markers, mainly enzymatic proteins
(isozymes), by electrophoresis became popular
in the mid-1970s; however, this technique was
expensive because each test required specific
and costly reagents. Other techniques used for
genetic monitoring have included immunological
markers (particularly H2 haplotype), osteometry
(mandible) traits and coat colour testcrosses
[144–146].

Although genetic monitoring now relies on
molecular techniques, the genetic purity of rodent
populations must also be considered in a broader
context that includes monitoring nonmolecular
parameters, such as coat colour, behaviour, char-
acteristics of genetic predispositions, breeding
performance and/or other unique strain features
[145]. For example, a sudden increase in litter
sizes or elevation of the breeding index in an in-
bred strain is a strong indicator of possible genetic
contamination. Likewise, monitoring for strain-
specific pathologies is also important for quickly
discovering possible genetic contamination and
genetic drift.

Commercial breeders are extremely sensitized
to the risk linked with genetic contamination
and perform regular monitoring of their strains
to detect such contamination. Most breeders
monitor their nucleus colonies using SNPs,
and larger vendors typically establish special
programmes to tackle the issue of genetic
drift. For example, The Jackson Laboratory
has developed the patented Genetic Stability
Program, initiated in 2003 [147]. This programme
effectively limits cumulative genetic drift by
rebuilding foundation stocks from cryopreserved
(pedigreed) embryos every five generations.
Starting in 2005, The Jackson Laboratory
began selling only C57BL/6J mice descended
from two chosen mice (Adam and Eve mice)
through hundreds of frozen embryos of the
duo’s grandchildren, enough to last for 25–
30 years [148]. For academic institutions, The
International Council for Laboratory Animal
Science (ICLAS) is promoting and helping
develop genetic monitoring programmes to
improve the level of QA for academically
held mouse and rat models. Current ICLAS
recommendations were recently reviewed by
Fahey et al. [149].

4.2.1 Genetic Monitoring to Confirm
Strain Identity

When inbred mice and rats are kept in-house, it
is best to purchase animals from reliable ven-
dors and refresh the colony with mice from the
same vendor every 3–5 years rather than maintain
independent colonies of classical inbred strains.
Established vendors have excellent genetic qual-
ity programmes that allow smaller facilities to
circumvent genetic monitoring altogether. As an
additional benefit, acquiring animals from the
same vendor prevents the formation of substrains
harbouring potential mutations. Nonetheless, it is
the best practice to use a small panel of SSLPs for
strain authentication in those facilities that lack
sophisticated equipment but wish to authenticate
strains in-house. The number of markers to use
has not been standardized because each situation
and facility is different. However, a panel of 30–
40 SSLPs, evenly distributed across the autoso-
mal chromosomes, is generally considered ade-
quate to rule out (recent) genetic contamination,
typically resulting from accidental crosses with
animals of a different inbred strain or outbred
stock. Accidental crosses aremore commonwhen
a facility maintains strains with the same coat
colour in the same room, a particularly danger-
ous practice if not using individually ventilated
cage (IVC) systems. The key characteristic of the
SSLP panel used to detect contamination is that
the markers must be polymorphic between the
suspected strains.

An alternative to authenticating strains main-
tained in-house is to request SNP genotyping ser-
vices from a commercial laboratory. Most com-
mercial services are based on fixed DNAmicroar-
rays, so it is important to consider that only a
fraction of the SNPs on any one array will be
polymorphic between the strains under analysis
(e.g. 40% for some classical inbred strain com-
binations). In addition to small-scale SNP geno-
typing (100–400 SNPs), there are high-density
microarrays available. Although high-density ar-
rays were designed primarily for gene mapping
purposes, they may also be used to perform a
complete SNP profile characterization for new or
non-characterized inbred strains and substrains.
For example, the Mouse Universal Genotyping
Array (MUGA) in its MiniMUGA format has
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11,000 SNPs, and the MegaMUGA format has
78,000 SNPswith both being built on the Illumina
Infinium platform.

4.2.2 Discrimination of Substrains
The consensus is that if an inbred colony has
been isolated for more than 20 generations, it
should be considered a substrain, regardless of
whether genetic differences between it and the
parental strain have been confirmed. Opposed
to standard genetic monitoring, the use of
SSLPs is not recommended for identification of
substrains because there are insufficient numbers
of informative markers to distinguish between
most of the common substrains. Instead, SNPs
should be used, but the initial characterization
of a substrain that has been isolated from the
parent for several years requires a large set of
SNPs. As an example, a pairwise comparison
of sister strains using the MegaMUGA array
showed that the number of polymorphic SNPs
is 154 between C57BL/6J and C57BL/6N,
134 between BALB/cJ and BALB/cByJ and
827 between C3H/HeJ and C3H/HeN [150].
However, only complete exome sequencing can
provide exhaustive information regarding specific
mutations accumulated in protein-coding genes.
Nevertheless, if the goal is only to identify to
which classical substrain a colony (or an animal)
is associated with, then a small number of SNPs,
based on the information available in the SNP
databases, can be selected for comparison. This
is particularly easy for common substrains such
as C57BL/6J and C57BL/6N, where small sets of
markers have already been published [137–139].

4.2.3 Genetic Monitoring for Outbred
Colonies

Genetic monitoring of outbred stocks is much
more complex, because the essential nature of
these mice and rats is that they are not genet-
ically uniform. Outbred colonies are groups of
closely related animals with common ancestors
and group identity (e.g. tame, albino, prolific,
etc.), but that still exhibits some level of genomic
heterozygosity [81]. Outbred colonies should be
treated as a population, making it difficult to es-
tablish a standard genetic monitoring programme

with just a few genetic markers. However, moni-
toring the frequencies of different alleles present
in the population with an adequate number of
SNPs or SSLPs could reveal stock identity and
help preserve the genetic heterogeneity (and al-
lele pool) of a colony. This complex process
requires analysing a large number of animals and
access to historical allelic frequency (and level of
heterozygosity) data for that particular colony.

One of the main issues with maintaining small
colonies of outbred rodents with a very small
number of breeders is that it reduces the number
of alleles in the population and increases the
inbreeding coefficient. Therefore, these colonies
are neither truly outbred nor inbred. In any case,
if it is not possible to keep a large number of
breeders, it is better to purchase outbred rodents
from vendors that maintain a very large colony
and use special breeding schemes that reduce
inbreeding.

4.3 Background Characterization
for GA Rodents

The recent enormous increase in the number of
GA lines will likely exacerbate the problem of
undefined ‘mixed backgrounds’ in experimental
rodents. This is particularly worrying in the case
of inducible and conditional models that require
the cross of two independent lines (e.g. Cre-
expressing lines crossed with ‘floxed’ lines). It
is well recognized that the genetic background
(i.e. all genomic sequences other than the gene
of interest) can influence the phenotype of an
animal model. Spontaneous and induced muta-
tions, transgenes and targeted alleles that are in-
trogressed into a different background have been
reported to exhibit altered phenotypes [151, 152].
These changes are mainly due to the influence of
modifier genes in the genetic background.

One of the first cases documenting the
influence of modifier genes involved the classical
diabetes mutation Leprdb that presented transient
diabetes in the C57BL/6 background but overt
diabetes in the C57BLKS background [153].
Later, the dominant ApcMin (adenomatosis
polyposis coli) mutation presented with an
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increased frequency of intestinal tumours in
C57BL/6 mice but not in an AKR background. In
this case, the responsible genetic modifier is an
amorphic allele of Pla2g2a fixed in C57BL/6
[154]. Other examples include background
effects on survival rate in Egfr (epidermal growth
factor receptor) KOmice [155], effects on tumour
incidence and spectrum in Trp53 and Pten KO
mice [156, 157] and milder phenotypes in the
Dmdmdx mouse model for Duchenne muscular
dystrophywhenmoved to 129X1 [158]. There are
also examples from rat models, like the influence
of genetic background on prostate tumorigenesis
in Pb-SV40 transgenic rats [159] and changes
in phenotype severity in Ednrbsl mutant rats
[160].

On the other hand, mutations hidden in the
genomes of introgressed strains or substrains
(congenic lines) that can affect the outcome
of an experiment are sometimes referred to as
‘passenger mutations’ [161]. There are many
examples in the literature where substrains,
although stemming from the same original
inbred strains, have acquired new and unique
phenotypes as a consequence of genetic drift [61,
162]. Mice of the C57BL/6JOlaHsd substrain,
for example, are homozygous for a deletion of
the Snca locus (encoding for α-synuclein) on
chromosome 6 [163]. Alone, this deletion has
modest phenotypic effects, but it could interfere
unpredictably with other mutations if used as
a background strain for making a knockout.
Another interesting example stems from using
different substrains of C57BL/6 mice as controls
in acetaminophen-induced liver injury studies of
Jnk2 KOs. Researchers reported exactly opposite
conclusions regarding JNK2 in helping or hurting
liver health [164]. Similarly, due to the presence
of a spontaneous mutation at the Tlr4 locus
(encoding for a Toll-like receptor) in substrain
C3H/HeJ, where all mice are homozygous for
the defective allele Tlr4Lps-d , when C3H/HeJ
mice are experimentally infected with Gram-
negative bacteria, they may react very differently
from mice of substrain C3H/HeN that lacks this
mutation [165]. Berghe and colleagues recently
reported that passenger mutations are common in
most GA lines derived from 129 ES cells and that
these mutations persist even after the creation of

fully congenic strains [161]. This is not trivial;
Berghe et al. estimate that close to 1000 protein-
coding genes might be aberrantly expressed in
the 129-derived chromosomal segments that are
still segregating in these congenic lines. This
finding emphasizes the need for proper controls to
identify phenotypes due to backgroundmutations
or the combination of background mutations and
the genetic modification of interest, rather than
the modification itself.

Genome scans can be performed on a GA
line with a mixed background to estimate the
percentages of the genome contributed by differ-
ent inbred origins. This process is referred to as
a background characterization and is a service
offered by some commercial enterprises and in-
stitutional core facilities. A typical background
characterization requires genetic markers that are
polymorphic between the most likely involved
inbred strains and evenly distributed across the
genome. In most mouse cases, these are C57BL/6
(the most common background strain for GA
lines) and 129 substrains. The reason for the
prevalence of 129 substrains is that, historically,
the ES cells needed for the development of KO
and KI were derived exclusively from 129 sub-
strains [64]. The dominance of 129 substrains
is now slowly changing with the availability of
ES cell lines derived from other strains, particu-
larly C57BL/6, and the arrival of genome editing
techniques that create targeted alterations in any
mouse or rat strain.

In any case, it is recommended to circumvent
the problem of mixed background altogether
by (i) injecting transgenes or nucleases (Cas9-
sgRNA) into inbred embryos from the strain
of choice, (ii) modifying the gene of interest
in ES cells from the preferred background
strain (e.g. using C57BL/6 ES cells) and (iii)
crossing chimeras and KO/KI founders with
mice of the same strain as the ES cells used
for the targeting. Finally, if the GA is already
developed (acquired from a collaborator or
repository), a background characterization
should be performed, and if needed, a fully
congenic strain should be established through
either classical backcrossing protocols or speed
congenics.
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4.4 Marker-Assisted Backcrossing
(Speed Congenics)

Compared to traditional backcrossing schemes,
marker-assisted backcrossing, or speed congen-
ics, is a rapid and rigorous method that acceler-
ates congenic strain development through the use
of DNA markers [166, 167]. The principle that
underlies the speed congenic process is based on
the selection of breeders, at each generation of
backcrossing, based on their percentage of donor
genome as determined by analysing the pres-
ence of polymorphic genetic markers covering
the whole genome. The animal with the lowest
percentage of donor DNA is then selected as a
breeder for setting the next backcross (Fig. 14).
This process greatly reduces the number of gener-
ations necessary to reach full congenicity. Using
marker-assisted crosses, we can obtain 80% re-
cipient background at N2, 94% at N3 and 99% at
N4 (instead of the classical mean values of 75.0%,
87.5% and 93.7%, respectively). It is important
to note that once a marker is typed ‘homozygous’
for the allelic form of the background strain, it is
no longer necessary to genotype the offspring of
the future N generations for this marker because

it is permanently fixed. Using additional mark-
ers also assists in the selection of breeders with
the smallest amount of flanking DNA, helping
to alleviate the ‘flanking gene’ concern [168,
169].

5 Mouse and Rat Phenomics

5.1 Standardized Phenotyping
Protocols

Researchers now have all the means and tools to
create a great variety of alterations in the mouse
and rat genomes. Many of these alterations are
expected to result in changes in phenotype, and
the careful analysis of these phenotypic changes
is fundamental for the process of genome anno-
tation. However, even if it is relatively easy to
characterize a DNA sequence, it remains difficult
to unambiguously establish the link between a
DNA alteration and an abnormal phenotype. The
collection of physical and biochemical traits of an
animal is known as the phenome, and phenomics
is the discipline that deals with the measurement
of these traits.

Speed Congenic Timeline (~18 months)

� Start crossing donor (carrier) female with recipient strain male in 
order to generate F1 carrier males (PI). 

� Backcross F1 males to generate ~20 N2 carrier males (~25%) (PI)

� Scan N2 carriers with SNPs and select the best breeders (Service)

� Cross best N2 males with several recipient strain females (PI)

� Generate ~20 N3 carrier males (~25%) (PI)

� Genotype N3 mice for heterozygous SNPs in N2 analysis (Service)

� Cross best N3 males with several recipient strain females (PI)

� Repeat same scheme at N4 (and if necessary at N5)

Fig. 14 Speed Congenics Timeline. Selecting at each
backcross generation, the breeder with the lowest percent-
age of introgressed (donor) DNA greatly accelerates the
establishment of a congenic strain. It is important to note
that genotyping requires many polymorphic DNAmarkers
only for the first backcross progeny (N2). Once a marker
is characterized as homozygous, it is no longer necessary
to type it in the forthcoming generations. Although carrier
males (heterozygous for the gene of interest) are typically

recommended as ‘best breeders’, females can also be used,
as long as they have high percentages of the recipient
genome. The prediction of >98% recipient genome at N5
is based on the use of 20 best breeders (carriers) at each
generation (Markel et al. [167]); however this number is
not always available, and fewer breeders can be used, with
disparate results, depending also on chance. PI, Principal
Investigator
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Phenotyping of rodent models has become a
main concern over the last decades. Therefore,
many laboratories and institutions have devel-
oped highly standardized phenotyping protocols.
The range of phenotyping platforms, including
dual-energy X-ray absorptiometry, electrocardio-
graphy, high-resolution imaging and FACS, en-
sures the recovery of phenotype data across mul-
tiple systems and disease states. In most cases
the basic protocols include behaviour, neurol-
ogy, clinical chemistry, development, immunol-
ogy, energy metabolism, vision and hearing, pain
perception and cardiovascular and gross pathol-
ogy assessments. The use of standard procedures
and defined protocols allows data to be compa-
rable and shareable, even across species, which
may help identify mouse and rat models of human
diseases [170]. However, phenotyping loss-of-
function mutations cannot predict the relevance
of these alleles (and their phenotypes) to complex
human diseases that are likely driven by several
alleles of modest effect [171].

5.2 International Mice
Phenotyping Consortiums

One of the earliest collaborative projects using
standard phenotyping procedures was the
European Eumorphia project. This programme
also developed the Europhenome data repository
and the European Mouse Phenotyping Resource
for Standardized Screens [172]. The European
Mouse Disease Clinical programme, together
with the SangerMouseGenetics Program (MGP),
continued the collaborative work of Eumorphia,
developing protocols and phenotyping mutant
mouse lines (mostly from the IKMC mutant
ES cell lines) [173]. The Jackson Laboratory
has developed a programme to collect baseline
phenotypic data on the most commonly used
inbred strains of mice through a coordinated
international effort. Information collected
through this programme (The Mouse Phenome
Database) is freely available to the community
through the Internet (http://phenome.jax.org/)
[174]. The establishment (and updating) of this
database is possible only because inbred mice are
isogenic and genetically stable in the long term.

The International Mouse Phenotyping
Consortium (IMPC) was established in 2011
with several goals: (i) to maintain and expand
a worldwide consortium of institutions with
capacity and expertise to produce germ line
transmission of targeted KO mutations in ES
cells, (ii) to test each mutant mouse line through
a broad-based primary phenotyping pipeline, (iii)
to systematically aim to discover and ascribe
biological function to each gene, (iv) to maintain
and expand collaborative ‘networks’ with
specialist phenotyping consortia or laboratories
and (v) to provide a centralized data centre and
portal for free, unrestricted access to primary and
secondary data from the scientific community
[175]. The current European members of IMPC
are the Medical Research Council (Harwell), the
WellcomeTrust Sanger Institute (Cambridge) and
the European Bioinformatics Institute (Hinxton)
in the UK; the Helmholtz-Zentrum Muenchen
in Germany; the PHENOMIN (Strasbourg) in
France; the CNR (Monterotondo) in Italy; the
Czech Centre for Phenogenomics in the Czech
Republic; and the Universitat Autònoma de
Barcelona in Spain [176]. Phenotyping data
are accessible on the IMPC website (http://
www.mousephenotype.org/). Using both gene
trapping and gene targeting approaches, the
IMPC has developed mutant ES cells (many
with conditional mutations) for more than 18,000
genes representing more than 90% of the mouse
protein-coding genes [171]. The ultimate goal is
to produce a comprehensive catalogue of mouse
gene functions by generating and characterizing
null mutations for every mouse gene.

So far, the IMPC has used ES cells [177] to
generate the mouse mutants, all on a C57BL/6N
background (National Institutes of Health
substrain). For example, EUCOMM and KOMP-
CSD (CHORI, Sanger Institute and UC Davis)
use promoter-less and promoter-driven targeting
cassettes for the generation of the KO alleles
[178]. This strategy relies on the identification
of a critical exon common to all transcript
variants that, when deleted, creates a frameshift
mutation. The KO-first (Tm1a) allele is flexible
and can produce reporter knockouts, conditional
knockouts and null alleles following exposure to
site-specific recombinases. For example, excising

http://phenome.jax.org/
http://www.mousephenotype.org/
http://www.mousephenotype.org/
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the Tm1a allele with Cre creates the Tm1b (lacZ
tagged) allele that is a true KO because skipping
over the lacZ cassette will no longer restore
gene expression. The cassette expresses lacZ in
tissues where the gene of interest is knocked
out. Beta-galactosidase staining can be used
to follow the tissue expression of the gene of
interest. Finally, the Tm1c (conditional ready)
allele has a phenotypically wild-type state where
the exons are spliced together normally. However,
the critical exon(s) are still flanked by loxP
sites. Crosses with tissue-specific Cre-deleter
mice can be used to create a tissue-specific KO
line. Nowadays, the IMPC is starting to use
CRISPR/Cas9 technology to generate the KO
mutants by deleting an early critical exon.

The IMPC uses the International Mouse
Phenotyping Resource of Standardised Screens
(IMPReSS) phenotyping protocols, which are
essential for the characterization of mouse
phenotypes (see https://www.mousephenotype.
org/impress). In this case, homozygous (or
heterozygous in the case of embryonic lethal
mutations) adult mutantmice enter a standardized
pipeline [179] where cohorts of males and
females undergo a wide range of phenotyping
tests from 9 to 16 weeks, followed by a variety of
terminal tests. The phenotyping of both male and
female cohorts has allowed an in-depth analysis
of the extent of sexual dimorphism. To date, the
IMPC has generated over 7000 mutant lines, and
phenotype data have been collected on over 5000
lines with a large number of novel phenotypes
revealed [179]. More importantly, approximately
90%of the gene-phenotype annotations described
by the IMPC have not been previously reported
[171]. Data from the IMPC shows that around
24% of genes will not produce homozygous
KO (null allele) offspring because they are
homozygous lethal.
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