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As the first phase of the Human Genome Project approaches
completion, attention shifts from questions of genome structure to
problems of gene function. Gene maps and DNA sequences appear
at an exponential rate in public databases for humans, mice, and
other species. Within several years, the sequence of the human,
mouse, and many other genomes is expected to be complete. The
emerging challenge will then be to assign functions to the esti-
mated 100,000 genes in these genomes.

Two important strategies, called ‘gene-based’ and ‘phenotype-
based’, are being pursued to relate genes and their functions. Ex-
amples of gene-based strategies are transgenesis, gene targeting,
and DNA sequence analysis. Large collections of ES cells with
engineered mutations are being produced and are expected to in-
clude most genes in the mouse genome in the near future. Ex-
amples of phenotype-based strategies are positional cloning, QTL
analysis, expression surveys, proteomics, and mutagenesis. These
strategies ask different questions and provide complementary in-
sights. Rapid progress in genome research has greatly expanded
the reagents, technologies, and information databases to support
these studies.

The laboratory mouse has provided many extraordinary mod-
els of human diseases, and these in turn yield important clues to
gene function (Bedell 1997a, 1997b). However, there is growing
realization that availability of mutants is a major factor limiting the
use of mice for structure-function studies. Despite large collections
of mice discovered or engineered over nearly 100 years of re-
search, fewer than several thousand mutants are known for the
100,000 genes in the mouse genome, and most of these mutants are
known only by a single allele. The remaining genes no doubt have
important functions that remain to be genetically and functionally
characterized. Thus, the problem, which has been called the ‘phe-
notype gap’, is obtaining mutant alleles for the remaining genes
and assigning functions to their proteins (Brown and Peters 1996).

Chemical mutagenesis with agents such as ENU is a possible
solution to the need for mutants for functional studies (Rinchik
1991; Martin and Fisher 1997; Brown and Nolan 1998; Hrabé de
Angelis and Balling 1998; Schimenti and Bucan 1998). Modest-
scale studies have demonstrated the power of ENU mutagenesis
for inducing important mouse models of human disease (MacDon-
ald et al. 1990; Harding et al. 1992; Montagutelli et al. 1994;
Pickard et al. 1995; King et al. 1997; Cox et al. 1999). For ex-
ample, ENU induced a mutation in the mouse homolog of theApc
gene, which led in turn to discovery of an unlinked gene that
modulates polyp number in early stages of colon cancer.Apc and
the many other mutants that have been reported (Su et al. 1992;
Dietrich et al. 1993) illustrate the power of ENU mutagenesis. An
important and sometimes unappreciated aspect of mutagenesis
with agents such as ENU is that mutagenized mice usually have
many independent molecular lesions with phenotypic effects.

These mutagenized mice are, therefore, a potentially rich resource
of new models of human disease if comprehensive phenotyping
programs can be efficiently assembled.

An important question is whether large-scale mutagenesis and
phenotyping are feasible, efficient, economical, and productive.
Can modest-scale studies become large-scale surveys just as cer-
tain aspects of genetics have been scaled for genomics? Can a
series of phenotypic assays be integrated to survey a common
resource of mutagenized mice? Are there effective phenotyping
programs to capture the large numbers of mutated genes in ENU-
mutagenized mice? Are we limited to ‘muta-genetics’ or is ‘muta-
genomics’ possible? In this paper, the opportunities and challenges
presented by large-scale mutagenesis and phenotyping are ad-
dressed.

Spontaneous mutations

For many years, the genetics community relied solely on sponta-
neous mutations as a source of mouse models. Many of these
mutant mice provided deep insight into many developmental and
physiological processes. Mutants such as obese (leptin) and dia-
betes (leptin receptor),gld (Fas ligand) andlpr (Fas receptor), and
steel (Kit ligand) and white (Kit receptor) are notable examples
(Bedell et al. 1997a, 1997b).

Issues concerning detection and numbers seriously limit the
general utility of spontaneous mutations. Many of the important
classical mutants have an obvious phenotype such as coat color,
obesity, or behavior that was evident simply through visual in-
spection. These overt phenotypes are both useful and limiting.
Often these phenotypes are pleiotropic consequences of the mu-
tated gene. Usually other less obvious aspects of development and
physiology are affected. These subtle phenotypes are often more
important than the original phenotype. A striking example is the
nude mutant, which was originally discovered by its obvious skin
phenotype (Flanagan 1966). Subsequent studies revealed the ab-
sence of a thymus and T cells as well as immunodeficiency. Al-
though providing important clues to the functional networks un-
derlying biological processes, pleiotropic mutations are problem-
atic because it is sometimes desirable to study mutations with more
restricted effects. These classes of genes and functions often re-
main undetected unless specific assays are used.

The second limitation of spontaneous mutants is that, because
their frequency is low, very large mouse facilities are needed to
produce adequate numbers. In addition, large-scale phenotypic
surveys for spontaneous mutants are usually not cost effective
because of the low ‘hit’ rate. As a result, reliance on pleiotropy to
detect mutants, together with the need for very large mouse colo-
nies, limits the systematic discovery of spontaneous mutants.

Gene-based strategies

Discovering clues to protein function with gene-based strategies
has been extraordinarily successful. DNA sequence analysis hasJ.H. Nadeau;E-mail: jhn4@po.cwru.edu
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led to the discovery of new proteins for use as possible drug targets
or therapeutic agents. The ability to engineer mutations at will has
revolutionized the use of laboratory mice for making models of
human disease (Matzuk and Bradley 1994; Sharan and Bradley
1995; Smithies and Maeda 1995). Perhaps the most important
limitation of gene-based studies is that protein function is some-
times not predictable and occasionally not evident even with the
engineered mouse in hand. In the extreme case, some engineered
mutant mice have little utility until an affected function has been
found. Considerable research is often needed to discover these
functions.

Functional studies are necessarily idiosyncratic to each mu-
tated gene, and these assays are often difficult to generalize, with
many assays being specific to assessing the particular property
being studied. Moreover, functional studies are open-ended with
gene function often depending on stage-of-life, anatomical loca-
tion, genetic context, and environmental perturbations. Despite
these challenges, gene-based strategies will continue to make pro-
found contributions to functional studies.

Large-scale mutagenesis

Functional surveys of chemically mutagenized mice are an impor-
tant complement to gene-based studies. An advantage of chemical
mutagenesis is simple molecular lesions. DNA sequence analysis
of induced mutants revealed that ENU primarily causes simple
A:T to G:C transitions (Marker et al. 1997). Most of these muta-
tions compromise protein function, but some result in alternative
functions. Other agents such as X-irradiation (Russell and Russell
1992) and chlorambucil (Rinchik et al. 1990) induce deletions, but
these often involve adjacent genes, and functional interpretation
can be problematic.

The strong bias of ENU towards particular lesions limits its
general utility to collect comprehensive series of mutant alleles
because C:G bases are unlikely to mutate. As a result, allelic series
that are essential for structure-function studies will be biased.
However, other chemical mutagens such as EMS are biased to-
wards different molecular lesions (Levin and Ames 1986; Kunz et
al. 1992) that could be used to make more complete collections of
mutant alleles (Davis and Justice 1998a). These other agents need
to be tested for the frequency of induced mutations.

ENU is a potent mutagen, and in specific-locus tests the fre-
quency of induced mutations with recessive phenotypic effects is
high (Russell et al. 1979; Russell and Russell 1992; Davis and
Justice 1998b). The current estimate is∼1/750, or one mutant with
a recessive phenotypic effect per 750 tested gametes (mice) (Davis
et al. 1999). This estimate is based on crosses of mutagenized mice
to unmutagenized mice that are homozygous for mutations such as
albino, brown, dilute, and piebald that have recessive effects on
coat color. The resulting hybrid mice have a normal coat color,
unless a mutation has been induced in the wild-type allele in any
of these coat color genes, thereby resulting in the recessive coat
color. For example, an ENU induced in the hearing mutant called
kreisler was found in a specific-locus survey of only 597 mice
(Cordes and Barsh 1994). Mutations with dominant effects are also
induced with ENU, but their frequency is not known reliably.
Thus, surveys with modest sample sizes can efficiently discover
mutant mice with phenotypic effects. Samples of this magnitude
are not prohibitive considering that similar numbers are commonly
used in linkage tests, QTL analyses, and positional cloning crosses.
Schimenti and Bucan (1998) examined the logistics of dominant
and recessive surveys. Although their analysis is based on some-
what uncertain rate estimates, their results provide a sense of the
challenges of mutagenesis programs.

The specific-locus frequency suggests that each mutagenized
mouse has many induced mutations with phenotypic effects. If we
assume that there are 100,000 genes in the mouse genome, then

each mutagenized mouse should have approximately 30 indepen-
dent mutations with recessively inherited phenotypic effects. Thus,
each mouse is a potentially rich source of mutant genes. In 1000
mice, as many as 30,000 mutations with phenotypic effects are
available for discovery. Although most of these mutations involve
unique genes, some will be redundant, according to Poisson sta-
tistics. However, even these multiple hits are valuable. Because
multiple hits in a given gene are unlikely to be identical, they
contribute to an allelic series for structure-function studies (Davis
and Justice 1998b).

An important advantage of function-based studies with agents
such as ENU is that many more genes are targets for mutagenesis
than is apparent from specific-locus tests. A specific-locus test
screens for mutations in specific genes that are planned prior to the
study, e.g., albino, dilute, piebald, and kreisler. However, assays
for any mutation affecting a particular phenotype should in general
have many more potential targets and should, therefore, have a
substantially higher ‘hit’ rate. The source of these targets is the
genes that compose the developmental and physiological pathways
that underlie biological systems. Any gene in these pathways is a
target if it has measurable phenotypic effects when appropriately
mutated. For example, by simply measuring the levels of a blood
amino acid, all of the enzymatic steps that impinge on the amino
acid level can be monitored. In general, if induced mutations in
either of two genes produce the trait, then the frequency of hits
should be 2 in 750; if mutations in any of 10 genes produce the
trait, the frequency would be 10 in 750 mice. Unlike some other
kinds of studies where increasing multigenic complexity con-
founds the study, assays of developmental and physiological path-
ways in mutagenized mice should yield many ‘hits’.

An important concern with chemical mutagenesis is uncer-
tainty about the induced mutation frequency. The first source of
uncertainty is that the estimates are based on a small number of
genes. Probably fewer than 20 genes have been included in spe-
cific-locus tests. A recent study showed that the induced mutation
frequency can vary substantially among genes (Rinchik and Car-
penter 1999). This variability is in part attributable to gene size
(large gene being bigger targets), in part to sequence composition
(AT-rich genes being more susceptible), and in part to other poorly
understood factors. The frequency estimates are also based on
small number of induced mutations at each gene and therefore
have a large variance. The assays are also based on specialized
assays for a particular class of genes. Moreover, many specific-
locus tests are sensitized with mutations in specific genes, often
those affecting coat color. Whether other kinds of genes in con-
ventional crosses show similar mutation frequencies remains to be
determined. The evidence is even weaker for induced mutations
with dominant effects. Reliable frequency estimates of induced
mutation with dominant or recessive effects for many kinds of
genes are urgently needed to assess the feasibility of large-scale
studies.

Sensitized surveys for enhancers and suppressors

A powerful application of chemical mutagenesis involves sensi-
tized surveys for phenotypic modifiers of engineered mutations.
Naturally occurring modifiers have provided insight into many
biological processes. For example, Rozmahel et al. (1996) discov-
ered a genetic variant that restores many aspects of cell membrane
physiology in CFTR-deficient mice. This variant is present in
some strains but absent in others and is not linked to the CFTR
gene. This modifier may be an alternative drug target for treating
cystic fibrosis. Similar surveys among inbred strains are under way
for modifiers of other engineered mutations. In general, any engi-
neered mutation could be used in these modifier surveys. The
major limitation is the modest genetic diversity in the existing
700–1000 inbred strains; it seems likely that most naturally occur-
ring modifiers will soon be discovered for traits of interest. How-
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ever, the complexity of biological pathways suggests that many
other genes might also act as modifiers if appropriately modified
with agents such as ENU.

An important aspect of known modifiers is that most have been
discovered in surveys for naturally occurring genetic variants with
semi-dominant effects (Dietrich et al. 1993; Asada et al. 1994;
Rozmahel et al. 1996). Although most show their extreme pheno-
typic effect when homozygous, most known modifiers also have a
measurable phenotypic effect in heterozygotes. These semi-
dominant effects greatly simplify surveys for modifiers by en-
abling assays directly as dominant tests rather than the more com-
plicated and expensive breeding schemes needed for recessive
tests.

The principle concern is that the frequency of induced muta-
tions with modifier effects is not known. Conventional surveys
involve tests for induced mutations that either compromise func-
tion or produce alternative functions with detectable phenotypic
effects. Modifier surveys test for specific mutations that enhance
or suppress traits in mice with engineered mutations. It is likely
that the frequency of induced mutations with modifier effects is
much lower than conventional mutants. Whether the rate is ad-
equate to make modifier screens feasible remains to be determined.
If the rate is reasonable, then modifier surveys will be extremely
powerful because they simultaneously yield mutants involving the
trait of interest as well as evidence for functional dependencies.

Large-scale phenotyping

Phenotyping rather than mutagenesis is emerging as the rate-
limiting step in large-scale studies. Every study has produced hun-
dreds to thousands of induced mutations with phenotypic effects;
every study has discarded the vast majority of these mutants. Why?
Simply because appropriate phenotypic assays were not applied.
The implication is that, by assembling appropriate combinations of
assays, large numbers of mutants can be discovered, thereby in-
creasing the efficiency of the survey and reducing the cost per
mutant.

What kinds of assays are appropriate? Any trait that has a
genetic basis could be included in a mutagenesis survey. If an
assay is available, mutants affecting the trait can be discovered.
We are probably limited only by our ability to interrogate biologi-
cal processes with clever phenotypic assays.

Many phenotype assays have been developed that can be con-
ducted on large numbers of mice for modest cost and with highly
reliable results. They can be designed to provide insight into traits
relevant to human diseases and essential to biological functions. In
some cases, the phenotyping assays have matured so that rigorous
and standardized protocols have been proposed (Irwin 1968;
Crawley et al. 1997; Crawley and Paylor 1997; Rogers et al. 1997).
Additional work is needed to develop standardized protocols for
other assays and to establish normative data for inbred strains.

An important aspect of function-based studies is that assays
can be directed at the specific trait of interest, regardless of the
identity of the underlying genes. Targeted traits could be the end-
phenotype or intermediate phenotypes that are closer to the pri-
mary nature of gene action. Instead of surveying for tumor forma-
tion in studies of carcinogenesis, for example, assays could focus
on defects in DNA mismatch repair, methylation, cell death, and
signal transduction. An advantage of assessing intermediate phe-
notypes is that clues to the identity of the mutated gene are gained,
which is crucial information for identifying the mutated gene in
positional cloning studies.

Phenotype assays can be assembled into a series of primary
and secondary tests. The most important attribute of primary tests
is that they assess traits of interest in a meaningful, reliable, and
efficient way. The assays should have strong consistency so that
decisions can be reliably made whether a particular mouse

should be bred to determine if it has an induced mutation affecting
the trait of interest. Some trait assays can distinguish populations
but not individuals with high probability. In these cases, special
breeding protocols, such as progeny tests, may be required to infer
the status of mutagenized mice.

Primary tests can also be sued to identify and prioritize mice
for more detailed studies with secondary tests. These primary tests
can be modestly invasive as long as they do not compromise
fertility or health of the mouse, particularly in surveys for muta-
tions with dominant effects. Secondary tests can be more invasive
and comprehensive; the range of tests is greatly expanded because
at this point inheritance tests have been completed and small colo-
nies of mice with the induced mutation are available for study.

Another important question is the theme of the assays: should
they be focused on particular disease models and specific biologi-
cal systems, or should they be more general? There is probably no
right answer. The ‘best’ strategy probably depends on local re-
search interests and funding opportunities. Whether as free-
standing studies or as a component in broader programs, focused
efforts could have profound impact by integrating a series of as-
says on a particular trait. For example, a research group with
interests in cardiovascular diseases could assemble a series of as-
says to systematically assess properties such as heart electrical
activity, heart rate, and blood chemistry and pressure (Smithies
and Maeda 1995; Walsh 1998). In addition, responses to stress,
exercise, diets, and drugs could be assessed. This close integration
of genetics and cardiology could revolutionize our understanding
of heart function and cardiovascular diseases.

Given all of these considerations and opportunities, results for
large-scale pilot studies, such as those underway at Harwell, the
GSF, Mishima, and several other locations (see appropriate papers
in this issue), are urgently needed to assess efficient phenotype
testing strategies.

In vitro mutagenesis and engineered deletions

Alternatives to in vivo chemical mutagenesis are being explored.
These emerging paradigms are based on combining chemical mu-
tagenesis in ES cells with engineered deletions. The deletions are
usually made in vitro, either with cre-lox (Ramirez-Solis et al.
1995; Justice et al. 1997) or with a targeted selectable marker and
irradiation (You et al. 1997a, 1997b; Kushi et al. 1998; Thomas et
al. 1998). The obvious strength of these methods is saturating a
chromosome segment with mutations. This paradigm is largely at
the proof-of-concept stage; it is too early to know whether it will
scale for large-scale studies.

Why systematic collections rather than anecdotal examples?

By combining many phenotypic assays with large-scale mutagen-
esis, significant numbers of novel mutants affecting traits of inter-
est can be systematically collected as a permanent research re-
source. These collections of phenotypically and genetically char-
acterized mutants will revolutionize biomedical research just as
gene sequence databases are revolutionizing many genetic and
molecular studies. These mutants can be used to define and dissect
developmental and physiological pathways, to obtain allelic series
for structure-function studies, and as an alternative to QTL analy-
sis for dissecting complex traits.

A legitimate question concerns the value of large-scale collec-
tions when so much can be learned from a few examples of mutant
mice affecting particular biological systems. For example, identi-
fication of the obese and the agouti yellow genes revolutionized
research on energy metabolism and obesity by serving as entry
points into the complex pathways whose components continue to
be identified (Friedman and Halaas 1998; Yaswen et al. 1999). It
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could be argued that gene targeting together with modest-scale
chemical mutagenesis surveys should produce enough mutants for
biomedical research. Sensitized mutagenesis surveys including
mutations such as obese and agouti yellow could be used to ge-
netically and functionally characterize these medically important
physiological pathways.

There is an obvious parallel with structural genomics. Many
aspects of genetics research were revolutionized by reagents (e.g.,
BAC libraries), technologies (e.g., capillary sequencing and ex-
pression arrays), and information (e.g., gene and EST databases).
These have greatly enhanced biomedical research by facilitating, at
an unprecedented pace, the discovery of disease genes (Collins
1997), revealing fundamental patterns of genome organization and
evolution (Henikoff et al. 1997; Tatusov et al. 1997), and provid-
ing new insights into the transcriptional regulation of biological
processes (Yuh et al. 1998; Duggan et al. 1999; Thieffry 1999).
Surely, new functions and pathways will be discovered among the
more than 100,000 genes whose functions remain to be defined. In
the fullness of time, they would eventually be discovered; large-
scale mutagenesis and phenotyping may simply identify these
genes and functions more efficiently, provide mouse models of
human disease more quickly, and characterize biological processes
more systematically.

Phenotype databases

Phenotype databases are an essential component of large-scale
mutagenesis and phenotyping programs. Genomics databases such
GDB (human), MGD (mouse), RGD (rat), and those maintained by
NCBI provide indispensable archives of genetic information, tools
for data analysis, and interfaces to the primary literature. These
databases are emerging as the foundation for deciphering and an-
notating the genetic code. Several first-generation phenotype da-
tabases such as OMIM and MLC have been successfully devel-
oped. These databases summarize current knowledge about the
genetics and phenotypes of individuals with disease genes and
organisms with mutant genes.

Now there is an urgent need to develop second-generation
phenotype databases (Spence and Aurora 1999). These databases
are needed not only as an archive of assay conditions and test
results, but more importantly as unique research resources for
discovering complex and multivariate relations between develop-
mental and physiological traits. Several important prototype phe-
notype databases are being developed in conjunction with the
emerging large-scale mutagenesis and phenotyping programs. The
lessons learned from these efforts are eagerly awaited.

Future

The Human Genome Project evaluated ability to scale technolo-
gies and concentrate resources in focused and specialized pro-
grams within genome centers. The experience gained from these
efforts prepared the genomics community for the massive scale-up
that is now under way to sequence the human genome. In a parallel
way, second-generation programs need to explore the feasibility of
large-scale mutagenesis and phenotyping studies. Many questions
must be answered about mutation frequencies, sensitized surveys,
integration of diverse phenotypic assays, and phenotypic data-
bases. Perhaps the greatest among these is the challenge to assess
physiological functions in a deep and rigorous way. If these fea-
sibility studies are promising, then the challenge of relating genes
and function may be met in part by large-scale mutagenesis and
phenotyping programs.
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