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Preface

This is the 6™ edition of The Jackson Laboratory Handbook on Genetically Standardized Mice,
which at The Jackson Laboratory, we often refer to simply as the Handbook.

The first edition was published in 1962 as a small booklet. The editor was Earl Green, the
Director of The Jackson Laboratory. At that time The Jackson Laboratory employed
approximately 350 people; 68 were researchers. We offered “over 60 strains of mice,” half of
which were maintained by researchers. The objective of that edition of the Handbook was to
provide assistance “in planning experiments, in choosing the best types of mice, and placing
orders for mice with our Production Department.”

In the 46 years since then, The Jackson Laboratory has undergone tremendous change—as have
the ways by which we record and access information. We now employ about 1,400 people, with
a research staff close to 500. We offer more than 4,000 strains of mice, which are used by
approximately 16,000 investigators in 53 countries. Ninety-seven percent of these strains are
available only at The Jackson Laboratory. Our website provides access to information about
mice in a variety of databases, several of which are updated daily. But the objectives of the
Handbook remain consistent: to support our mission by enabling research and education for the
global biomedical community, and by providing information about laboratory mice and about
choosing and ordering mice.

With this edition of the Handbook, we were faced with two major challenges: how to balance
the benefits of paper-based vs. web-based documentation, and how to avoid unnecessary
redundancy both within the Handbook and with other sources of information about JAX" Mice.
Our strategy is to include information that readers may want to browse or keep handy by their
desks. For information that is updated frequently, we refer the reader to the resource with the
most current information.

The organization of The Handbook
The Handbook is organized as follows:

Section |, Introduction (Chapters 1 and 2): background information about the history of
the laboratory mouse and its value as a mammalian genetics research tool; also, overview
information related to the genetics of laboratory mice.

Section Il, Using Mice in Research (Chapters 3-5): reference information about
laboratory mice and JAX" Mice and about selecting a strain and controls for research.

Section lll, Bioinformatics (Chapter 6): information about bioinformatics resources
available through our and other websites.

Section IV, Colony Management (Chapters 7-16): information about managing a mouse
colony, including animal health, genetic quality control, breeding strategies, day-to-day care,
emergency planning, and vivarium staff development.

Section V, Ordering JAX® Mice and JAX® Services (Chapters 17—19): information
about placing orders, getting technical help, and frequently asked questions; also, an overview
of JAX" Services and The Jackson Laboratory—West.

Back matter: Appendixes and an index.

Conventions used in the Handbook

Throughout the handbook, we include the JAX"® Mice stock number in parentheses after the full
strain name, as in B6.129P2-4poe™ Y"/J (002052). We define abbreviations the first time they
are used within each chapter. If we think a good portion of readers might not understand a term,
we define it within the text.
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Chapter 1: Why the Mouse?

Kevin Flurkey, Joanne M. Currer

It is a very exciting time for biomedical research. Over the past century, advances in science,
medicine, and public health have led to preventions and cures for many of the most devastating
infectious diseases. Polio has been virtually eliminated; smallpox has been completely
eliminated. Lifespan in developed countries has nearly doubled.

During the last half of the 20™ century, research efforts also led to a greater understanding of a
different category of major killers generally unrelated to infectious disease—chronic diseases
such as cancer, diabetes, and heart disease—which are heavily influenced by genetic factors.
The discovery, in the late 1970s, of the means to rapidly sequence DNA led to powerful
techniques for the identification of the very genes that determine the risk factors for developing
these diseases. As researchers learn more about the genetic bases for such diseases, they develop
more options for intervention, such as drug therapies that alter the way specific genes work.
Ultimately, today’s research sets the stage for the introduction of novel gene therapies that will
directly alter the functions of defective genes or even introduce entirely new genes.

From the beginning of mammalian genetics research, the mouse, especially the inbred mouse,
has been a critical tool in the endeavor to understand the genetics of human disease. Subsequent
developments in technology have led to a substantial increase in the versatility and value of the
inbred mouse. Today, the inbred mouse is universally accepted as the primary model for
inherited human disease (Davisson and Linder, 2006).

We anticipate that the great success of science and medicine over the past century will extend
into the current century to continue the remarkable progress in alleviating human suffering and
improving human health. Much of this progress will be a result of the revolution in genetic
technology and its application to research using models based on the inbred mouse.

1.A. From inbred sweet peas to mice
1.A.1. Mendel’s work with peas

For most of us, our first formal exposure to the genetics of inheritance was probably when we
learned about Gregor Mendel’s research on sweet peas, conducted in the 1860s in a monastery
in the Austrian Empire (now the Czech Republic). Ironically, Mendel had wanted to study mice,
but due to restrictions in the monastery, he instead worked with a species of peas that he bred
for generations so that characteristics that differed between plants were maintained constant
within a line. It is through Mendel’s work with these inbred peas that we learned about simple,
dominant vs. recessive, inherited traits: When he crossed purple-flowered plants with white-
flowered plants, he got more plants with purple flowers (dominant) than white flowers
(recessive). No flowers were pink. Even today, we call such “simple” traits, i.e., traits that are
determined primarily by a single gene, Mendelian traits.

1.A.2. Galton’s work with peas

Later in the 19™ century, Englishman Sir Francis Galton, who had a broad range of scientific
interests, studied inheritance in sweet peas from a different perspective: A pioneer in statistical
analysis, Galton’s research indicated that inheritance of some traits, such as the size of the peas,
was not quite as straightforward as Mendel’s conclusions regarding flower color. These traits
were complex, and often additive, and they were just as heritable as the traits Mendel studied.
Today, we call these types of traits “quantitative.” They are determined by multiple genes rather
than a single gene.
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1.A.3. Application of Mendel’s and Galton’s theories to mammals
Toward the end of the 19™ century and the beginning of the 20™ century, scientists began to ask
if the rules of inheritance formulated by Mendel and Galton applied to other organisms.
Mammals were an obvious choice as models to test these ideas because of the potential for

How do simple and quantitative traits relate
to human physiology and disease?

Inheritance of some human traits and disease is
simple—based on a single gene. One example
related to normal anatomy is ear lobe structure.
A single gene determines whether ear lobes are
attached or free. Another example relates to
blood type. Combinations of the three versions of
the same gene result in one of four blood types,
commonly known as A, B, AB, or O. Two
examples related to disease are cystic fibrosis
and Huntington’s disease, both of which are the
result of a mutation in just one gene.

However, most human traits and genetically-
based diseases are quantitative—related to
multiple genes. Several examples of normal
traits under complex genetic regulation are eye
color, size and shape of the nose, and height.
Several examples related to disease are type 2
diabetes and most types of cancer, which involve
multiple genes that interact with each other to
establish an individual’s risk of developing the
disease.

applications to normal human biology and to human disease.
These researchers became interested in the “fancy” mice that
hobbyists had been breeding in China, Japan, Europe, and the
United States to create pets with specific coat styles and colors.
These fancy mice were appealing as research models because
they were already domesticated, readily available, and easy to
breed and maintain. Importantly, variants of a simple phenotype,
coat color, were well known. In fact, the first paper describing
the application of Mendelian genetics to mammals was on the
coat colors of mice (Cuénot, 1902).

1.B. From mice to inbred mice
1.B.1. Little’s early research and ideas on

inbreeding

Clarence Cook Little was one of the early researchers interested
in using fancy mice. His first two papers, published when he was
still an undergraduate in William Castle’s laboratory at Harvard
University, were on the coat colors of mice (Castle and Little,
1909, 1910), but his interests also included the possibility that
the “new” field of genetics might provide solutions to the
problem of cancer. The discovery, in the late 19th century, that

tumors could survive transplantation in mice was exciting for researchers because it gave them a
way to experimentally control the incidence of cancer. Disappointment followed, however, as
success rates proved to be highly variable (Strong, 1978). Little believed that one way to
eliminate some of that variability would be to study animals as genetically similar as possible
(Staats, 1966). The only known strategy to achieve this was genetic fixation by inbreeding—
producing stocks that would “breed true” for any genetically determined characteristic. Little
recognized three distinct advantages with this strategy:

« By removing genetic variance within a strain, researchers could more directly relate disease
expression to a specific genotype.

* By developing multiple inbred strains, each with unique characteristics, researchers could
compare one inbred strain with another. Any difference between the strains could be defined
as genetically based, even though the genes involved were not known. By selectively
intercrossing inbred strains, researchers could begin to understand the heritability of disease .

* By using the same inbred strains in multiple laboratories and from program to program,
researchers could expect experimental results to be reliable and replicable.

1.B.2. Little’s and Strong’s development of inbred mice

Castle, among many others, recognized the advantages of inbreeding, but he was dubious that
inbred lines of mice would survive the severe impairments in reproductive performance
resulting from inbreeding depression. For some young scientists such as Little and Leonell
Strong, however, the potential payoff was worth the considerable effort and years of work
required in attempts to inbreed mice. Thus, in 1909, at the newly founded Bussey Institute
(Harvard), Little began developing the first inbred mouse lines for his study of coat color
genetics. His work succeeded, and eventually led to the first inbred strain—DBA. By 1918, at
the Cold Spring Harbor Laboratory (New York), Little and Strong were instrumental in
developing several of the most common inbred strains still in use today. One of these strains
was C57BL/6, the progenitor of the C57BL/6J (000664) strain of JAX" Mice—the first inbred
strain chosen (in fact, the first animal after humans) for complete DNA sequencing (Mouse
Genome Sequencing Consortium, 2002).
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1.C.1. Little’s founding of The Jackson Laboratory

Little continued his research using mice to explore the genetic basis of cancer. He further
developed his academic career as president of first, the University of Maine, and then the
University of Michigan. When he left the presidency of the University of Michigan in 1929 to
return to full-time research, it was funding by philanthropists that enabled him to found The

Jackson Laboratory.

1.C.2. Little’s vision for The Jackson
Laboratory

Little’s goal was to continue the development of inbred strains of
mice at The Jackson Laboratory and to use these strains to study
cancer and other genetically-based human diseases. With the
inclusion of Leonell Strong on the original Jackson Laboratory
staff, a number of inbred strains—including A, C3H, and CBA—
were added to the unique and growing collection maintained at
The Jackson Laboratory. As recognition of the value of inbred
mice grew, it became difficult for The Jackson Laboratory staff to
keep pace with requests from other researchers for breeding stocks
(Strong, 1978).

The stock market crash of 1929 decimated research funding
opportunities, which were primarily from private sources at the
time. Little was determined to continue his research, however. To
defray some of the costs of rearing the inbred strains at The
Jackson Laboratory, in the early 1930s he began a formal program
to distribute mice to other researchers. And thus he solidified the
mission of The Jackson Laboratory that exists to this day: to
conduct critical mammalian genetic research and to supply high-
quality inbred mice—JAX" Mice—to researchers throughout the
world (Rader, 2004).

1.D. JAX® Mice and The Jackson
Laboratory

Many important scientific discoveries related to genetics have
involved research using inbred mice at The Jackson Laboratory.

Why geneticists love mice...

The numerous advantages of mice as mammalian
research models include size (among the smallest
mammals, they are inexpensive to maintain);
robustness (they thrive and breed under a wide
range of environmental conditions); and fecundity
(they have a short gestation, produce large litters,
and develop rapidly, which allows for rapid
expansion of a colony). And, most laboratory mice
are quite tame.

As research with mice has progressed, a
surprising, yet frequent, observation has been
how closely mice and humans are related
biologically, despite the size difference. Mice have
almost all the same organs as humans, and they
share a 95% DNA coding sequence identity with
humans. Because of their close metabolic and
anatomical similarities to humans, mice have
many syndromes that are similar to human
inherited diseases. In fact, mice are at least as
closely related biologically to humans as any of
the familiar agricultural and domestic mammalian
species. Only primates are closer evolutionarily.
This results in the comparable ordering of genes
for long stretches on mouse and human
chromosomes (synteny), which makes the mouse
extremely useful for comparative genetics.

Almost certainly, the single most valuable
characteristic of the mouse as a research tool,
however, is the ability of some lineages to survive
inbreeding depression, permitting the
development of inbred strains.

Several examples are worth noting here because they advanced the field of mammalian genetics

and resulted in broad application to human health.

1.D.1. George Snell and congenic strain development

1.D.1.a. Snell’s research on tumor rejection among inbred strains

One of the most significant advances in the use of inbred mice as research tools was George
Snell’s development of congenic strains. In a congenic strain, a small segment of DNA
containing a genetic variant of interest is transferred from one strain into another through
directed breeding. In the 1940s, a few years after Snell joined The Jackson Laboratory, he began
looking for a research project that offered “the prospect of yielding some really clear-cut and
basic information.” (Snell, 1978.) Snell learned that Little had identified inbred mouse strains
that had genetic differences in tumor rejection and that these differences involved numerous
loci. Snell recognized that this work was relevant to the genetics of tissue rejection and that
understanding this issue had important biomedical implications. To progress, however, he
needed a way to isolate the loci that determined rejection (tumor resistance) so that he could

study each locus individually.
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Snell began the laborious process of creating his congenic lines by crossing a strain that
accepted a specific transplanted tumor (a susceptible strain) with a strain that rejected the
transplanted tumor (a resistant strain). He then tested the hybrid offspring using tumor
transplantation. Resistant mice were then backcrossed again to the susceptible strain. With
repeated backcrossing, the alleles unrelated to resistance eventually became extinct in the line.
This isolated the allele of the gene (or genes) in the selected congenic segment responsible for
resistance on a defined, inbred, genetic background.

An interesting problem was that, because tumor resistance is usually recessive, every backcross
to the susceptible recipient strain (producing offspring heterozygous for the susceptibility
alleles) produced only susceptible offspring. How was Snell to identify carriers of the resistant
alleles? He solved this problem with a creative breeding strategy (for the solution see Appendix
H, “Transfer of a Mutant or Variant Allele to a New Genetic Background by Phenotypic
Selection”), and after years of work, produced a series of “congenic resistance lines” that
identified a number of histocompatibility loci. One locus, the H2 locus, appeared far more
frequently in Snell’s lines than any of the other loci because it had a more powerful effect on
resistance than the other loci. This led to the discovery of a comparable locus in humans, the
major histocompatibility locus (MHC), which governs immune self-recognition and thus,
rejection of transplanted tissue in humans, as the 42 locus does in mice.

1.D.1.b. Snell’s legacy: organ transplantation, the congenic mouse...and
the Nobel Prize

Snell’s work is well known because it paved the way to successful organ transplantation in
humans. But this same research also resulted in two remarkable achievements specifically
related to the use of the inbred mouse in research. First, by creating a set of inbred lines that
differed at only at a defined genetic segment, he enabled future researchers to characterize the
molecular mechanisms of tissue rejection, as well as identify the mechanism of antigen
presentation, which helps determine the specificity of the acquired immune response. These
discoveries have implications for the treatment of virtually all infectious diseases, as well as all
autoimmune diseases such as lupus and type I diabetes. Second, Snell’s work demonstrated that
effects of a single gene could be isolated for study, even for a complex phenotype, by creating a
congenic strain—a “living tool.” Snell showed how a gene could be converted from one allele
type to another in a living animal, and thus, long before the development of modern genetics,
established a strategy that still is used extensively today, more than 50 years later. Indeed, the
use of congenic strains in conjunction with the tools of genetic engineering makes it possible for
researchers to isolate and archive, in living repositories, both natural and engineered genetic
variants that enable the study of virtually any gene in its vital setting. None of this could have
been accomplished without the inbred mouse.

Snell’s work, conducted in the 1940s and 1950s at The Jackson Laboratory, secured the value of
the congenic strain in biomedical research. Today, in fact, the congenic strain is the
predominant type of inbred strain populating The Jackson Laboratory’s national repository for
mutant mice, the Induced Mutant Resource (IMR). For his work using inbred mice, which laid
the foundation for tissue and organ transplantation, Snell was awarded the Nobel Prize in
Physiology or Medicine in 1980.

1.D.2. Donald Bailey, the recombinant inbred strain panel, and the
Collaborative Cross

1.D.2.a. The concepts of linked traits and linkage groups

Shortly after the rediscovery of Mendel’s laws at the end of the 19™ century, geneticists
recognized that Mendel’s law of independent assortment applied to groups of phenotypes, later
called linkage groups, rather than to all individual phenotypes. The assignment of phenotypes to
linkage groups was a major challenge to geneticists throughout the mid 20th century. The
results of this effort built the foundation for gene mapping and gene discovery in mice, which is
essential for today’s application of the genetics revolution to human health.
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Before 1985, mapping a genetic locus usually took years, and in many cases, was impossible.
Success depended on determining whether a phenotype of interest assorted independently of, or
was linked to, a previously mapped genetic marker (such as coat color) for each linkage group.
This was accomplished by testing for the co-expression of the phenotype and the marker in
progeny from crosses between a strain that expressed the phenotype and a strain that expressed
the marker. Such crosses are called mapping crosses. Mapping a locus for a new phenotype
required multiple mapping crosses and many hundreds of mice.

1.D.2.b. Bailey’s insight into preserving “recombinations” in a panel of
inbred strains

In the 1960s Don Bailey, explored ways to simplify mapping. Bailey’s insight (1971) was that
the unique, random recombinations of the genomes of two parental strains that are necessary for
mapping could actually be preserved for future research by creating inbred strains from the
progeny of a mapping cross. These inbred strains would make up a recombinant inbred (RI)
panel. Because, for each RI strain, the recombinant genotype would be stable across
generations, it would be necessary to genetically type the mice only once, no matter how many
mapping studies the RI panel was used for. To map a new phenotype, it would be necessary
only to evaluate that new phenotype in the RI strains of the panel.

Bailey’s work was pivotal in accelerating the pace of gene mapping in mice through the 1970s
and 1980s. The results provided the scaffolding necessary for later detailed mapping that
eventually led to the complete sequencing of the mouse genome in 2002 (Mouse Genome
Sequencing Consortium, 2002).

1.D.2.c. The reinvigoration of the recombinant inbred strain

Today, the powerful tools of molecular genetics have diminished the use of RI strains for
mapping fully penetrant phenotypes, i.e., phenotypes that are expressed in all individuals that
have the appropriate genotype. RI strains are still useful, however, for phenotypes with low
heritability or low penetrance because multiple individuals with the identical recombinant
genotype (i.e., individuals of the same RI strain) can be evaluated.

One of the drawbacks of the current RI strain panels is that they are primarily useful for
mapping monogenic traits, whereas the majority of disease traits are determined by complex
combinations of genes. This problem can be overcome by increasing the number of RI strains in
a panel and by increasing the diversity of founder strains. These tasks will soon be
accomplished through the efforts of the Complex Trait Consortium (Churchill et al., 2004;
Chesler et al., 2008), by creating a huge RI strain panel, called The Collaborative Cross, in
which hundreds of strains will be generated from a highly diverse 8-way cross. The genetic
diversity of the founder strains, which includes three subspecies, was devised to more accurately
simulate the genetic diversity of human populations, and specifically designed for complex trait
analysis. By providing a common set of genetically defined inbred mice in a very large RI
panel, the Collaborative Cross is intended to become a focal point for cumulative and integrated
data collection across institutions and time. These data will greatly expand the use the inbred
mouse by enabling a more effective analysis of the complex genetics of normal and pathological
functioning of the mammalian organism.
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1.D.3. The inbred mouse and further seminal research at The

Jackson Laboratory

Throughout the history of The Jackson Laboratory, many investigators have been involved in
pioneering research. Their scientific contributions, made possible by the genetic consistency of
inbred mice and related models, have influenced the course of biomedical research to improve
human health. Several examples follow.

1.D.3.a. A few of the biomedical research breakthroughs at The Jackson
Laboratory

Leroy Stevens, in the 1950s, conducted research on pluripotency and differentiation. Stevens
had observed that mice of the 129 strain were more susceptible than mice of other strains to
teratocarcinoma, a rare form of cancer in which tumor cells of one tissue spontaneously
differentiate into cell types of other tissues (for example, a teratocarcinoma cell in ovarian tissue
might differentiate into neuronal cells). Using directed breeding strategies, he created a 129
substrain with enhanced expression of the cancer, and was thus able to isolate and study the
pluripontency of the teratocarcinoma cells. This work led to the demonstration that embryonic
stem cells could be similarly isolated and studied, which enabled two revolutionary technologies
in genetics: First, with embryonic stem (ES) cells in culture, researchers gained access to the
cellular substratum required to create living knock-out and knock-in mouse models from
genomes genetically engineered in vitro. Second, with the knowledge that ES cells could
produce various differentiated cells, researchers recognized the real prospect of human stem cell
therapy.

Other researchers at The Jackson Laboratory used inbred mice in their pioneering work in the
field of physiological genetics. Elizabeth “Tibby” Russell’s work on hematopoiesis, using a
number of inbred strains, helped define the field of red blood cell biology and led to the first
bone marrow transplant to cure a disease—in this case, anemia.

Douglas Coleman discovered a recessive mutation that causes obesity and diabetes on one
inbred strain background, but only obesity on another. He observed the same background effect
when another recessive, obesity-producing mutation—originally discovered by Snell—was
studied on the same two strain backgrounds (the diabetes-susceptible background was
C57BLKS/J [000662]; the diabetes-resistant background was C57BL/6J [000664]). Both
mutations produced identical phenotypes when studied on the same inbred strain background,
but clearly were on different chromosomes. Coleman intuited that one might be a gene that
encodes a receptor in a satiety center, and the other its ligand. Indeed, the obesity-producing
mutation originally discovered by Snell was later found to encode leptin, the first hormone
shown to be secreted by fat tissue (and inform the brain as to nutrient homeostasis). The
mutation discovered by Coleman was in the leptin receptor gene. Coleman’s work not only
established the relationship between the two mutations, but also was the first demonstration of
the presence of modifier genes that differed in the various inbred strains of mice. This was a
seminal discovery in the field of biochemical genetics.

1.D.3.b. Bioinformatics

Groundbreaking work at The Jackson Laboratory also enhanced the way researchers collected,
organized, and disseminated information about inbred strains of mice. In 1958, Margaret Green
established an “index card” file of genetic data on inbred strains. In 1990, Muriel Davisson and
Thomas Roderick used these data as a foundation for one of the first computer-based mouse
databases (Gbase). And in 1992, Janan Eppig began the process of integrating the access to a
series of key databases related to mouse genetics. This work grew into the Mouse Genome
Informatics (MGI) database collaboration, which today provides integrated retrieval and
analysis of data on the genetics of the laboratory mouse to researchers throughout the world at
the click of a button. It is due to the genetic consistency of the inbred mouse that so much
reliable data has been collected throughout the years and that these data are still relevant today.
It is now possible for a researcher almost anywhere in the world to use the power of the
computer to expand the power of the inbred mouse—to analyze data and even develop novel
hypotheses—even before setting foot in a mouse room.
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1.D.3.c. JAX® Mice

Many researchers at The Jackson Laboratory have developed new inbred strains and new mouse
models based on the inbred strain. The Jackson Laboratory also has continued to import new
strains from other investigators, while maintaining even the oldest of the original inbred strains,
such as the C57BL/6J (000664) strain, which has now been inbred for more than 226
generations. The number of available strains of JAX" Mice is now around 4,000.

1.E. It is still about the inbred mouse...

It is not clear why mice can be successfully inbred. Perhaps it is because they evolved living in
small, closely knit family groups (demes). Whatever the reason, we are fortunate that a mammal
that physically is so ideally suited for research—and genetically so similar to humans—is also
so ideally suited for inbreeding.

Because mice could be inbred, a foundation of genetic information was established upon which
ever more sophisticated “living” research tools could be built. And because knowledge of the
mouse genome became more advanced than that of any other experimental mammal, the inbred
mouse became the ideal vehicle for translation of the recent genetics revolution to mammalian
biology. Today, we can add, subtract, or selectively alter virtually any gene in the mouse
genome, and we can even use the mouse as a host for genes from other species ranging from
algae to human. The present capability to manipulate the mouse genome was almost
unimaginable just 35 years ago, and the potential advancement of our understanding of
mammalian genetics, and its relationship to human disease, now seems virtually unlimited.

Little’s legacy—the inbred strains he developed and The Jackson Laboratory that he founded—
remain at the forefront of biomedical research today. As we search for tomorrow’s cures in the
21* century, we still turn to the inbred mouse—and models based on the inbred mouse—that
Little pioneered almost 100 years ago.

1.F. For more information...
To learn more about the history of the mouse in research or The Jackson Laboratory, see the
following resources:

Biology of the Laboratory Mouse, 2nd Edition. Staff of The Jackson Laboratory. Green EL, Ed.
1968. Dover Publications, NY.

The Jackson Laboratory website. www jax.org

The Laboratory Mouse. Hedrich HJ, Ed. 2004. Elsevier, London.

Making Mice: Standardizing Animals for American Biomedical Research, 1900-1955. Rader
KA. 2004. Princeton University Press.

Mouse Genetics: Concepts and Applications. Oxford University Press. Silver LM. 1995.
Available online from Mouse Genome Informatics (MGI):
www.informatics.jax.org/resources.shtml

Origins of Inbred Mice. Morse, HE 111, Ed. 1978. Academic Press, NY.
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Chapter 2: Some Basic Genetics of the Mouse

Kevin Flurkey, Joanne M. Currer

Throughout this handbook, we presume that readers have a familiarity with basic genetics. For
readers who might be unfamiliar with some of the concepts, especially as they apply to the

mouse, this chapter provides background and perspective.

The chapter is organized as follows:

2.A. Origins and basic genetic characteristics of the laboratory mouse........ 10
2.B. The vocabulary of genetic architecture...........ccceeveeerveieeererrereeeeeene. 11
2.B.1. TerminolOgy ......cccecueieierierienieriintsieeitetetete et 11
2.B.2. Selected tOPICS. . .eviririeieieienieriesieerie ettt 12
2.B.2.a. When is a “gene” not a gene?.......ccccoceveverereneecnennns 12
2.B.2.b. How can an allele be dominant and recessive at
the same time?.........cccoevivineineieiceenceeeec e 12
2.B.2.c. When is “dominance” not dominance?............cc.cc....... 13
2.B.2.d. Isalocus also a gene?........cceocevereninenerineneeieeeienen 13
2.B.2.e. What do geneticists mean by “segregation”?............... 13
2.B.2.f. Complex genetic regulation and the myth of the
Mendelian trait ..........cccocevecerinieinenineeeeneeeeeenn 14
2.C. The basic inbred strain experiment—strain differences capture
geNetic differeNnCeS. ....c.evuiiieieieieiecerc e 14
2.D. Linkage analySiS .......cccevierierieriererernieeieetetet ettt e 15
2.E. Genotyping: what it is and how it iS USed........coeevererrecirerieineieeeneen 16
2.F. Mapping: definition and toOlS..........ccceevierierierieneninininineeeeeeeeeeeenen 16
2.F.1. What is mapping? What is a centimorgan (CM)?........c.cccecenuuen 17
2.F.2. Why map a trait? ......ccecevieienienenienieeneeeeeeeee e 17
2.F.3. What strategies are used for mapping?........cccceeeveverererennnenne. 18
2.F.4. What tools are used for mapping?..........ccccevvevenenenerineneneennn 18
2.F.5. How can bioinformatics be used to enhance mapping? ............. 18
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2.A. Origins and basic genetic characteristics of the
laboratory mouse

Most conventional strains of laboratory mice are genetic mixtures of Mus musculus domesticus
(about 85-90%), M. m. musculus (about 5-15%) and M. m. castaneus (less than 1%) (Yang et
al., 2007). Most wild-derived lines are pure M. m. domesticus, M. m. musculus, or M. m.
castaneus; however, some are M. m. molossinus, which is an ancient mixture of M. m. musculus
and M. m. castaneus. Other M. musculus subspecies, such as M. m. bactrianus, M. m. praetextus
and M. m. wagneri, remain greatly underrepresented among inbred laboratory strains. Figure 2.1
provides an overview of the origins of mice used in research.

Figure 2.1. Origins of mice used in research.

Drawing adapted from Yoshiki and Moriwaki (2006).

Table 2.1. Basic genetic information about the laboratory mouse; comparisons with

humans.

Characteristic Value for mice Value for humans
Number of Haploid number = 20 Haploid number = 23
chromosomes (19 autosomes; 1 sex chromosome) (22 autosomes; 1 sex chromosome)

Diploid number = 40 Diploid number = 46
Number of genes 23,000 identified; 20,000-25,000 (Human Genome
potentially 25,000 Project Information, 2008)
Number of 1,500 3,000
centimorgans (cM)* (average chromosome: 75 ¢cM) (average chromosome: 130 cM)
Number of base pairs 2,700,000,000 3,200,000,000

*The centimorgan (cM) refers to genetic distance based on recombination frequency.
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2.B. The vocabulary of genetic architecture

The genetic architecture of a phenotype refers to the specific genes and alleles—and their
interactions—that influence the expression of the phenotype. Much of biomedical genetics is
concerned with elucidating the genetic architecture of heritable traits. Following are definitions
and comparisons of terms used when defining the genetic architecture of a phenotype.

2.B.1. Terminology

Basic terms used throughout the book include the following:

genome The genetic makeup of an organism as a whole, represented by a full set of
chromosomes.
genotype Depending on context, the allelic composition of

* asingle gene in an individual,
+ multiple genes that affect a single trait in an individual, or
« all the genes of an organism.

phenotype A physical characteristic determined by a genotype and its interaction with the
environment. The term phenotype is often used interchangeably with “trait” and
“character.”

Genetic diversity within a species occasionally is due to deletion or duplication of genes, but
usually is due to genes that are polymorphic.

polymorphic Refers to
* atrait that occurs in multiple versions, or
* alocus or gene with multiple alleles.
By convention, a trait or a locus is considered polymorphic when the most common
version or allele occurs at a frequency of less than 95%. This definition contrasts
with “monomorphic,” which refers to a trait or a locus with little or no variation
within a defined population.

Terms used to describe specific types of alleles include the following:

wild-type allele The most common allele of a gene within a population.
mutant allele An allele of a gene that appears at less than 1% frequency in the population.
variant allele An allele of a gene that appears less frequently than the wild-type allele, but at

greater than 1% frequency in the population.

All alleles arise through mutation. If the frequency of a mutant allele increases in a
population, it may be called a variant. The distinction, 1% frequency in the
population, is only approximate.

The relationship between the alleles at a specific locus is described by the following:

heterozygous Having two different alleles at a locus.
homozygous Having two identical alleles at a locus.
hemizygous Having only one allele at a locus, such as an allele on the unpaired Chr X of a male

or an unpaired transgene.

When, for a designated population, all alleles for a gene or a locus are identical, the
gene or locus is said to be “fixed.”

The terms used to describe the functional relationship of two different alleles at a specific locus
are the same terms used to describe the “mode of inheritance” of a phenotype:

Recessive For the phenotype to be expressed, the alleles must be homozygous.
Dominant For the phenotype to be expressed, the allele can be homozygous or heterozygous.

Semi-dominant or  The expression level of the phenotype in heterozygotes is intermediate between the
additive expression level of the phenotype in homozygotes for one allele and homozygotes
for the alternate allele.
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Most of the terms defined on the previous page refer to single genes or loci, or to traits
(phenotypes) that are determined primarily by a single gene. Many individual traits, however,
are influenced by multiple genes. The description of the additive and interactive effects of
polygenic regulation of a trait completes the description of the trait’s genetic architecture.

Simple trait A trait for which the genetic variance is due primarily to allelic variation at a single
locus.

Complex trait A trait for which the genetic variance can be apportioned among multiple loci.

Quantitative trait A complex trait—such as body weight—that is measured on a continuous scale.

Polygenic influences can be additive (the effect of the genotype at each locus is
independent of the genotypes at other loci) or interactive (the influence of the
genotype at one locus is altered by the genotype at another locus) or both.

Epistasis The result of an interaction of two or more loci on the expression of a phenotype
(e.g., see 2.B.2.¢c).

2.B.2. Selected topics

2.B.2.a. When is a “gene” not a gene?

“How many of you have the cystic fibrosis gene?” Eric Lander would ask as he began his
lecture on basic genetics at The Jackson Laboratory’s annual Short Course on Biomedical
Genetics. Typically, about half the class would raise their hands. Of course, everyone in the
class had the gene, as virtually all of us do. In fact, if you did not have the gene, you would have
the disease. The “cystic fibrosis gene” is a chloride ion channel gene formally named “cystic
fibrosis transmembrane conductance regulator” or CFTR. When both copies of the gene in a
person are null alleles (i.e., the alleles produce either nonfunctional CFTR proteins or no
protein), the person is completely missing the CFTR chloride ion channel. The disease, cystic
fibrosis, results. In other words, people with two cystic fibrosis alleles at their CFTR gene have
the disease; those with at least one wild-type allele at their CFTR gene are normal. But we all
have the “cystic fibrosis” gene, whether or not we have the disease.

A gene is a heritable unit that influences a phenotype. An allele is a version of a gene that
produces a specific phenotype. A given gene may have only one known allele, in which case the
terms are effectively interchangeable. Or, a given gene may be polymorphic, with two or more
known alleles, in which case the terms gene and allele refer to different things—for example,
the gene “leptin” (Lep); the alleles “leptin; obese 2 Jackson” (Lep®?), “leptin; obese” (Lep™),
and the wild-type allele “leptin; wild-type” (Lep").

The widespread practice of informally naming a gene after the deviant phenotype produced by a
mutation of the gene leads to occasional misunderstandings, even among geneticists. To say that
an inbred strain does not have the “gene” for some disease phenotype because it does not
express the disease is almost always incorrect (except where deletions are involved). The
practice of calling a mutant allele a “gene” has become entrenched because of its convenience,
and to simplify public communication, but it should be avoided in all scientific
communications.

Scientific communication is also not well served when investigators continue to use purely
phenotypic descriptors (originally used to name mutations) after the gene itself is identified. For
example, once a missense mutation in the carboxypeptidase E (Cpe) gene was shown to be the
molecular basis for the “fat” mutation, the correct nomenclature for the mutation became Cpef “
rather than “fat.”

2.B.2.b. How can an allele be dominant and recessive at the same time?
Formally, dominance is a phenotypic, not a genotypic, relationship. Mendel was unaware of our
concept of genotypes when he introduced the terms “dominant” and “recessive” to describe the
relationship between the phenotypes of traits he studied. Yet, for the sake of convenience, we
commonly refer to a “dominant” or “recessive” allele as the allele that produces a dominant or
recessive phenotype. This shorthand is generally clear, except in cases where the gene is
pleiotropic, i.e., it influences multiple phenotypes.
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The 2008 Wikipedia provides an example of how multiple modes of inheritance can apply to a
single allele. The allele that produces the sickle cell trait in red blood cells is caused by a base
pair substitution in the beta-globin gene that replaces a glutamine with a valine. When only one
of the two copies of the beta-globin gene is the mutant allele, resistance to malaria is conferred.
This indicates that the allele is dominant. But both copies of the same mutant allele are needed
to produce anemia. This indicates that the allele is recessive. Furthermore, the phenotype of
blood cell sickling is co-dominant—it occurs when only one copy of the mutant allele is present,
but it is more severe when both copies are the mutant allele. Thus, the same allele can display
different modes of inheritance if the gene is pleiotropic (has multiple effects), even though each
of the associated phenotypes has only one mode of inheritance.

2.B.2.c. When is “dominance” not dominance?

Dominance refers to a relationship of two traits that are controlled by the same locus. “Masking
epistasis” refers to a relationship of two genes, in which a particular genotype at one gene
prevents the expression of the other gene. For many phenotypes that involve complex
inheritance, dominance often gets confused with “masking epistatis.”

Coat color in mice provides a classical example. Among laboratory strains, at least five genes
have common variants that alter coat color. One of these, Tyr (tyrosinase), governs the influence
of the other genes on coat color because its activity is required to produce melanin, the pigment
responsible for coat and skin color. When 7Tyr is inactive, melanin is not produced, and albinism
results, no matter which alleles are at the other coat color genes. The albino trait “masks” the
expression of the other coat color genes. The albino trait is sometimes, incorrectly, said to be
dominant over other coat color phenotypes. But because both copies of the 7yr gene must be
inactive for albinism to result, the albino trait is recessive. Thus, albinism is a recessive trait that
masks the expression of other coat color genes; it is ot dominant over other coat color
phenotypes. (For more details about coat color genes, see 2.F., “Coat color genetics.”)

2.B.2.d. Is alocus also a gene?

Often the terms “locus” and “gene” are used interchangeably; however, they do have different
meanings. A locus is a segment of a chromosome that is demonstrated, by mapping, to contain
at least one genetic modification that influences a trait. That chromosomal segment may contain
hundreds of genes or only one gene. Although naming a locus for a specific trait (for example, a
hyperlipidemia locus) does not mean the gene is known, once a locus is named, often the
putative gene that influences the trait is referred to by the same name. Thus, as 0f 2008, a
hypertriglyceridemia locus (e.g., Tg/l) may be said to contain the “7g/ gene,” even though a
specific gene within that locus has not been unequivocally specified.

On the other hand, numerous genes that were historically identified as loci before the specific
gene was known may still be referred to as “loci.” The albino locus is one common example.
We now know that the albino phenotype results when the gene tyrosinase (7yr) is inactivated.
There is no need to continue to use the less precise term “albino locus” to refer to the gene;
however, the practice continues due to traditional usage. Thus, although “gene” and “locus”
have precise, and different, definitions, common usage often mixes the terms.

2.B.2.e. What do geneticists mean by “segregation”?

Segregation refers to the separation, in the parent, of two heterozygous alleles into different
gametes (and therefore, into different offspring) during meiosis. When geneticists refer to
segregation of a phenotype in a cross, they mean that the phenotype appears in some, but not all,
offspring because the genotype is not fixed. When a population is said to be segregating, it
means that the line is not fully inbred and that one or more loci are not fixed. It is worth noting
that variable expression of a phenotype is not sufficient evidence to claim that the phenotype is
segregating. For example, all genes affecting the phenotype may be fixed, but the phenotype
may display incomplete penetrance; i.e., environmental or random factors may prevent
expression of the phenotype in some individuals.
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2.B.2.f. Complex genetic regulation and the myth of the Mendelian trait
When Mendel started his studies of inheritance, he specifically chose to study only binary
traits—traits with only two alternatives, such as purple or white flowers. He also limited his
study population to plants that bred true, i.e., plants that did not express other flower colors,
seed coat varieties, or any alternate variations of the other binary traits. As a result, Mendel
studied traits that were each controlled by a single gene. Today, we use the term “Mendelian
trait” when referring to binary traits that appear to be controlled by a single locus.

However, there may be no true Mendelian traits. The idea that some phenotypes may be
determined by a single gene is an oversimplification. It is more likely that all phenotypes are
determined by networks of genes. But to simplify the study of a trait, researchers often create
experimental conditions so that a single locus accounts for almost all of the genetically
determined variance of a phenotype within their study population. (For example, researchers
will study genetic regulation of a trait using only two parental genotypes rather than genotypes
representing the entire population of mice.) Under such conditions, we still use the term
“Mendelian” as shorthand to indicate that much of the genetic variance can be explained by a
single locus.

An example of how this shorthand can create confusion is when a variant or mutant allele for a
“Mendelian” trait is transferred to a different genetic background, as when creating a congenic
strain. Often, the expression of the phenotype disappears or is altered by interactions of the gene
of interest with other genes that differ between the two backgrounds and act epistatically as
“modifier” genes. The altered phenotype can be surprising to those who considered the trait
truly Mendelian. Thus, it is wise to keep in mind that, although we may use the term Mendelian
as shorthand to describe the inheritance of a trait under limited conditions, the genetic regulation
of the trait is unlikely to be that simple.

2.C. The basic inbred strain experiment—strain
differences capture genetic differences

The basic inbred strain experiment compares the expression of a phenotype between two inbred
strains. Any strain difference indicates the existence a genetic difference that governs the
phenotype. This difference could be due to a variant allele, a mutation, or a deletion or addition
of a gene.

This experimental strategy is possible because of the nature of inbred strains. Mice were
originally inbred to make expression of a trait as consistent as possible by removing genetic
variance. Inbreeding achieves this by 1) fixing an allele that produces the trait, so that alternate
alleles are excluded from the lineage, and 2) removing variation in the background genotype, so
that epistatic interactions do not vary. The result is a strain of mice in which a// members are
genetically uniform. A profound consequence of this genetic uniformity is that, when comparing
two inbred strains under controlled conditions, any phenotypic difference between the strains
must result from a genotypic difference. For example, if researchers discover that mice from one
inbred strain have a different level of high density lipoproteins than mice from another inbred
strain, they have demonstrated that a gene or genes regulating blood lipids differs between the
two strains.

An additional advantage of inbreeding is that, by preserving exact genotypes, it facilitates
replication and greatly simplifies further study of the genetic regulation. Initial characterization
involves three steps. The first question is to resolve the degree of penetrance of the phenotype.
If the phenotype is expressed in some, but not all, individuals of a homogenic population (a
population in which all individuals have the same genotype, such as an inbred strain or an F1
population), it is considered incompletely penetrant. Incomplete penetrance must be taken into
account in further analysis.
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The next question concerns the mode of inheritance. Typically, this is determined by crossing
the strains that differentially express the trait, i.e., by making F1 hybrids. Additional information
about maternal and paternal effects can be obtained by analyzing reciprocal F1 hybrids—
hybrids produced by reversing the strains of the mothers and fathers.

The final question to resolve in a preliminary genetic analysis is whether the phenotype is
monogenic or polygenic, i.e., whether the trait is determined by one locus or more than one. To
address this question, typically, F1 mice are crossed to produce a population of F2 mice. The
distribution of values for the trait among the F2 mice is used to determine whether the trait is
monogenic or polygenic. The F2 mice can also be used to map the trait using linkage analysis,
thus identifying the approximate location of the gene (or genes) that controls expression of the

phenotypic difference.

2.D. Linkage analysis

Before it was possible to map a gene to a chromosome, researchers knew that not all traits
assorted independently. Two traits were considered “linked” when they appeared together in the
same individuals more often than expected by chance. Groups of linked traits were called

“linkage groups.”

If two traits distributed independently of each
other within a population, they were defined
as being from different linkage groups. The
more frequently two linked traits appeared
together, the “closer” they were considered to
be. In fact, the genetic distance between the
“linked” loci (that determined the linked
traits) was defined by the degree of
association between the linked traits. Thus,
even before researchers could determine the
physical positions of loci on chromosomes,
they could calculate genetic distances.

Once researchers assigned conveniently
scored genetic markers to each linkage group,
they could map a newly discovered
phenotype by evaluating the association of
the new phenotype with those established
genetic markers. Because researchers could
calculate the genetic distance of the new trait

How to get from a strain difference to a locus:

mapping a gene.

1. Cross 2 inbred strains that differ in a trait of
interest.

2. Phenotype the offspring in the first generation that
produces genetically unique individuals (usually
an F2 or N2 generation).

3. Genotype the offspring using about 6-10 DNA
markers (that distinguish the 2 strains) per
chromosome, as evenly spaced as possible.

4. Correlate the trait variation (phenotype) with the
allelic variation (genotype) at each DNA marker.

5. Where this correlation is very strong, express the
results as statistical scores and chromosomal
positions (loci) or confidence intervals that are
likely to contain a gene that regulates the trait.

6. Using statistical procedures on the mapping data,
test for epistatic interactions among the mapped
loci.

(Adapted from a presentation given by Ken Paigen

[2007].)

from other traits in the linkage group, they could identify a locus for the trait.

In 1971 Eva Eicher reported the first assignment of a linkage group (linkage group XII) to a
chromosome (Chr 19). Within a few years, assignment of the other linkage groups was
completed. By the mid 1980s, technical advances enabled the use of the numerous DNA
polymorphisms as markers for mapping. This method, which soon replaced the classical
physical and biochemical markers, allowed much more rapid and precise mapping of loci.
(Mapping is discussed further in 2.F.) Before the mid 1980s, it took years to map a simple trait;
today, multiple loci for complex traits can be mapped within months. Typically, the slowest
steps are the generation of the mapping cross (typically an F2 or N2) and the development of the
phenotype. The genotyping for hundreds of DNA markers, and association of the genotypic
variation with phenotypic variation among individuals in the cross, takes only days. The steps
involved in mapping the genes that govern a phenotypic variant are summarized in the sidebar,
“How to get from a strain difference to a locus: mapping a gene.”
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2.E. Genotyping: what it is and how it is used

As a noun, genotype refers to the genetic makeup of a locus, a genomic region, or an entire
organism. As a verb, genotype is a way to determine or identify a genetic composition.
Genotyping has multiple purposes, which include the following:

For single loci:

+ To select appropriate subjects for an experiment when the phenotype does not clearly
distinguish mice with differential genotypes, as occurs with many quantitative traits or when

the phenotype is not directly observable.

» To identify carriers, for example, when selecting appropriate breeders.

For portions of genomes or for entire genomes involving multiple loci:

* To map genes.

+ To test for genetic contamination due to inadvertent outcrossing.

* To determine lineage relationships among heterogenic mice.

Sometimes we can genotype mice by sight—a specific coat color or an observable phenotype
such as a kinky tail or a behavior. But sometimes, we need sophisticated techniques such as a
biological assay or a variation in DNA sequence such as a single nucleotide polymorphism
(SNP). Table 3.1 provides an overview of some of the most frequently used methods of
genotyping. For information on genotyping strains of JAX" Mice, refer to the sidebar, “If you
need to genotype your JAX”® Mice or have questions about genotyping...,” in 13.F.2,

“Confirming phenotypes and genotypes.”

Table 2.3. Commonly used methods of genotyping.

Markers

Single nucleotide polymorphisms (SNPs):

Allelic distinction based on a single nucleotide
difference in a very short DNA sequence. Typically,
any 2 strains differ by thousands of SNPs.

Simple sequence length polymorphisms (SSLPs),
sometimes called microsatellite markers or “MIT
markers”:

Allelic distinction based on DNA sequence
differences in base pair repeats (usually CA or CG).
Typically, any 2 strains differ by hundreds of
SSLPs.

Primers based on sequence variation of a vector or
engineered gene, for example, sequence variation of
a transgenic vector.

Biochemical markers (isoenzymes) and
immunological markers:

Comparison of proteins that exhibit different
physical characteristics, such as electrophoretic
mobility or enzymatic activity. Typically, any 2
strains differ by from 3-50 biochemical and
immunological markers.

Coat color and other observable phenotypes such as
body size, skeletal structure, behavior, reproductive
performance, tumor susceptibility, transplanted
tissue rejection.

Comments
« Uses polymerase chain reaction (PCR):
reliable, simple, quick, inexpensive;
amenable to high throughput.
* Suitable for large- and small-scale
production.
* Useful for typing mice before they are bred.

Same comments as for SNPs (above).

« Uses polymerase chain reaction (PCR):
reliable, simple, quick, inexpensive;
amenable to high throughput.

* Used frequently to genotype transgenics,
knockouts, and knockins.

* Quick, technically simple, readily
reproducible, inexpensive.

* Determinations can often be made from
plasma or red blood cell lysates.

* Readily observable indicators of possible
mutations or breeding errors.

* Can include disease onset and necropsy.
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2.F. Mapping: definition and tools

Genetic mapping locates a region of a specific chromosome that contains one or more genes that
influences a trait. Mapping is of particular interest for genes that control diseases and is usually
the first step in identifying the gene itself, which can lead to new approaches for treatment of the
disease.

2.F.1. What is mapping? What is a centimorgan (cM)?

The process of genetic mapping usually involves a mapping cross—a cross between individuals
of two different inbred strains that differentially express the trait of interest and that possess
numerous differences in genetic markers. (Markers are useful only when they distinguish
maternal- vs. paternal-derived alleles in the offspring.) The first generation of the cross (F1) is
homogenic (i.e., all individuals are identical to each other), with each pair of chromosomes
comprising one from the mother and one from the father. Gametes from a single F1, however,
will differ from each other because chromosomes assort independently during meiosis; each
gamete will carry a unique a mix of parental chromosomes.

By scoring the offspring in the F2 generation (the first segregating generation) for the genetic
markers and the trait, the researcher can identify which marker the trait associates with, thus
designating the chromosomal location of a gene or genes controlling the trait.

An additional feature of genetic mapping that permits resolution to a sub-region of a
chromosome involves recombination. When homologous chromosomes recombine during
meiosis, a genetic marker on one chromosome will cross over to the other chromosome. The
further apart two different markers are on one chromosome, the more crossovers will occur
between them. Thus, the frequency of crossovers between markers provides a genetic “distance”
between the markers that is approximately related to the physical distance between them. This
genetic distance is quantified in centimorgans (cM), a unit of measure of recombination
frequency that is equal to a 1% chance that a marker at one locus will be separated from a
marker at a second locus due to crossing over in a single generation. For example if 20% of the
offspring are the result of a recombination between two markers, the markers are said to be 20
cM apart. Binary traits, which have only two values (Mendel’s pea plant flowers that were
either purple or white, for example) can be treated exactly the same as genetic markers, and so
the genetic distance between a known genetic marker and a gene that controls a binary trait can
be determined directly in a segregating cross. For quantitative traits such as body weight, which
are measured on a continuous scale, the analytical procedure is somewhat different, but the
principle to determine the genetic distance between a marker and a gene is the same.

In mammals, recombinations do not occur entirely at random across the chromosome, but tend
to cluster in recombinational “hotspots.” As a result, centimorgans do not correlate precisely
with physical distances. Hundreds of hotspots are distributed across each chromosome. The
specific locations of hotspots along each chromosome differ among inbred strains.

2.F.2. Why map a trait?

Why do geneticists go to all this trouble just to determine the approximate chromosomal
location and number of genes that regulate a trait? As stated above, it is the first step in
identifying the specific genes that regulate a trait. In mice, this is relatively straightforward
when studying a trait for which a single gene accounts for most of the variance in a
phenotype—as with a mutant mouse—because researchers can create a segregating population
in which the phenotypic signal-to-noise ratio is very high. As a result, a large number of genes
have been identified by analyzing mutants.

However, for quantitative trait loci (QTLs), each of which accounts for only a portion of the
phenotypic variance of a trait, mapping has resulted in identification of far fewer genes. Yet,
researchers devote considerable effort to map quantitative traits because knowledge of map
locations enables further study of the gene, even before its identity is known. In particular,
researchers may construct congenic strains to isolate and highlight effects of the variant allele
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on a defined genetic background and to study genetic interactions with other (modifier) genes.
Also, researchers continue to develop more advanced mapping techniques that improve the
success rate of gene identification using QTLs (e.g., see 2.F.5, “How does bioinformatics
enhance mapping?”).

2.F.3. What strategies are used for mapping?

Generally, initial mapping is performed using an F2 (segregating) cross with four to ten
polymorphic markers per chromosome. An N2 population (a backcross to one of the parental
strains) may be used if the mode of inheritance is known. However, an N2 population will
reveal only recessive, not dominant, traits contributed by the parental strain to which the F1
generation is backcrossed, and only dominant, not recessive, traits of the other parental strain.
Additive traits can also be detected in backcrosses, but the power to do so is diminished because
the full range of the trait will not be expressed. In addition, because the background genotype in
a backcross is less diverse than in an F2 cross, the potential to discover epistatic interactions is
diminished. Thus, generally an F2 population is used for mapping an uncharacterized trait, and
an N2 population is used to test specific hypotheses about map locations.

Panels of inbred strains that were constructed specifically for mapping may also be used (see
3.D, “Recombinant strain panels”). Such panels “freeze” the recombinations of a cross by
creating inbred strains from the progeny of a cross. Because mice of these mapping panels are
inbred, the identical chromosomal recombination, represented in a given strain of the panel, can
be reproduced in any quantity (for example, see Figure 3.8, “Creation of recombinant inbred
[RI] lines). Use of a strain panel provides an opportunity to study traits with low penetrance,
where it may be necessary to generate multiple individuals before the trait can be observed in a
few individuals, and to study traits with high environmental variance, because effects of this
variance can be minimized by testing multiple individuals with the same recombinations. An
additional advantage of mapping panels is that information on the strains is cumulative; once the
strains are genotyped, studies of new traits do not require additional genotyping.

Initial mapping studies typically identify a locus that is 10-30 cM long, usually containing more
than 100 genes. Often, congenic strains are then created to study the mapped mutant or variant
allele on a standard genetic background or to investigate interactions with other genes. If the
locus is too large to identify a few good candidates for the specific gene that accounts for the
phenotype of interest, the next step in this process is to fine map—reduce the size of the locus,
usually to less than 1 cM, to a region containing just a few candidates. Fine mapping was
traditionally accomplished using crosses of up to 1,000 mice, often with F3 or F4 generations, to
produce a large number of crossovers and enhance the mapping precision. However, strategies
using the continually growing databases of phenotypic and genotypic information—
bioinformatics databases—are increasingly supplanting the large, advanced cross for fine

mapping.

2.F.4. What tools are used for mapping?

Two of the common genotyping methods (Table 2.3) are well suited for mapping studies: single
nucleotide polymorphisms (SNPs) and simple sequence length polymorphisms (SSLPs),
sometimes called microsatellite (or MIT) markers. The chromosomal density of these markers
for any strain comparison is much higher than the density for morphologic and biochemical
markers. Typically, hundreds to thousands of markers are polymorphic for most pairs of strains,
which permits the detailed mapping of any differential locus between all but the most closely
related strains.

2.F.5. How can bioinformatics be used to enhance mapping?
Bioinformatics refers to the computer access, integration, and analysis of collections of
biological data. The high-density genotyping information now available through multiple
databases can be employed to enhance mapping strategies. Four strategies using comparative
genomics and bioinformatics approaches were described by DiPetrillo ef al. (2005); their
application was illustrated by Burgess-Herbert et al., (2008):
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1) Comparative genomics uses synteny among species to narrow a locus for a phenotype.
Synteny refers to the comparable linear organization, between two species, of genes on a
chromosomal segment. Because of evolutionary relationships, long segments of
chromosomes from different related species contain homologous genes in the same order.

2)

3)

4)

Comparing mice to humans, about 340 syntenic segments are
conserved (Pennacchio, 2003).

Combined cross analysis compares results from different
mapping crosses for the same phenotype. Most of the
phenotypic differences among inbred strains result from the
different mixes of the ancestral substrain genotypes (primarily
M. m. domesticus and M. m. musculus), rather than fixed
mutations. Thus, when trait loci for the same phenotype are
found at the same chromosomal location in multiple crosses
using different inbred strains, all strains displaying the one
phenotype are assumed to share the same ancestral allele of
the same gene. In contrast, strains displaying the alternate

phenotype are assumed to share the alternative ancestral allele.

This assumption justifies the application of statistical methods
to combine data from multiple crosses of different inbred
strains to increase the power to map a given trait.

Interval-specific haplotype analysis, also called haplotype
block analysis, uses SNP-defined haplotypes as markers to
identify a chromosomal interval that could contain a causal
polymorphism. A haplotype, which is usually defined by
three—five SNPs, is a combination of alleles at loci that are so
closely linked that they rarely recombine. Thus, a given
haplotype generally derives from an ancestral source and is
unlikely to contain a DNA sequence variation. Among
different strains, haplotype polymorphisms at the same locus
are inherited from different ancestral sources, and thus,
potentially, contain a causal polymorphism. Compared to the
typical 10 cM trait locus identified by standard mapping
crosses, haplotypes are very small. Thus, when haplotypes
within a QTL are compared between strains in a cross, it is
often possible to considerably narrow the region that is
proposed to contain the causal polymorphism without
additional genotyping of the hundreds of mice traditionally
required for fine mapping.

Genome-wide haplotype association, unlike interval-specific
haplotype analysis, predicts the location of trait loci without
prior mapping studies. This analysis compares phenotypic
expression among multiple strains (a strain panel) with
haplotype differences across the genome, using a sliding

Application of bioinformatics techniques: from
quantitative trait locus to candidate genes.

Burgess-Herbert et al. (2008) illustrate the use of
combined bioinformatics strategies to
systematically specify candidate genes for
quantitative trait loci (QTL) for plasma levels of
high-density lipoprotein (HDL). Using combined
cross analysis, the researchers first identified a
QTL for HDL