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in this area have been remarkable, but are 
fraught with controversy. Couples consider- 
ing pregnancy now have many options for 
genetic screening. In fact, those undergoing 
in vitro fertilization may now opt to have 
their embryos genetically screened before 
implantation (14). This can be helpful to cou- 
ples whose offspring are known to be at risk 
for an inherited disease. Although some view 
this technology as a wonderful breakthrough, 
critics argue that it borders on eugenics. 

In our lifetime, we have watched with 
amazement the progress of this field from the 
initial discovery of the structure of DNA in 
1953 by Watson and Crick (IS), to the pre- 
sent-day sequencing of the human genome. 
Increased understanding of the human 
genome may ultimately result in the eradica- 
tion of common diseases, but in the meantime 
we need to be on guard against potential mis- 
use of genetic information. This is an emerg- 
ing technology, and we should proceed with 
caution. The science is expanding at a breath- 
taking pace, and the overwhelming amount of 

new information puts governments under in-
creasing pressure to pass legislation. 

Eventually every country must decide what 
genetic information should be protected, who 
will have access to it, and how it may be used. 
In addition, governments must ensure that the 
public realizes practical gains from their in- 
vestment in genetic technology, because much 
of the research is made possible by taxpayer- 
supported federal enterprises in partnership 
with academic and industrial institutions. Fur- 
ther, for this partnership to continue, the public 
must understand the new technologies so that 
unfounded fears will not develop and slow 
progress. Ultimately, the greatest difficulty 
will be for policy-makers to strike a balance 
between timely promotion and use of the best 
genetic research and carell protection of peo- 
ple from genetic discrimination. 

Editor b note: The authors have chosen to 
express their individual views about future 
directions for legislation in the United 
States separately. see page 1250. 
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w ith the reports of the DNA se- ture and genome organization to questions 
quence of the human genome of protein function and interactions, de- 
and progress in sequencing the velopmental and physiological pathways, 

mouse genome, the first phase of the Hu- and systems biology. 
man Genome Project is complete (1-3). Various com~utational methods are be- 
Analysis of these DNA sequences will re- ing used to deduce functions for genes. 
veal the inventory of genes used for build- Analyses of the genome sequences of 
ing these organisms, as well as many reg- species such as Haemophilus injluenzae, 
ulatory elements that compose the "in- Helicobacter ~v lo r i .  Caenorhabditis ele- , 

struction manual" for converting the ge- guns, and Drosophila melanogaster, and 
netic "parts list" into organismal form and humans illustrate the power of these meth- 
function. Research attention is now begin- ods (1, 2). However, many fundamental 
ning to shift from problems of gene stkc- aspects of biological functions are not di- 

rectly evident in DNA sequences. It is not 
'The members of the IMMC are listed in (21). unusual to discover a gene sequence about 
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most of the remaining genes have yet to 
be proven (1, 2). Because of the striking 
sequence similarities between humans and 
mice ( I ) ,  discoveries in one species lead 

to strong inferences in the other. species can Laboratory mice and related 
make important contributions to -functional 
genomics and identification of new models 
of human disease. Many spontaneous mu- 
tants have contributed profoundly to 
biomedical research and our understanding 
of disease etiology and pathogenesis. The 
ability to make crosses between genetically 
defined strains, to work with large sample 
sizes, to engineer mutations in specific 
genes, and to generate mice with induced 
mutations facilitates identification of ge- 
netic variants of biomedical interest. By in- 
cluding known single-gene mutants in sur- 
veys of mutagenized mice (also known as 
"sensitized surveys"), induced mutations 
that modulate the mutant phenotype can be 
identified, as was done with great success 
in the discovery of naturally occurring vari- 
ants that suppress disease traits in Apc and 
Cf@mutant mice (4).These mouse models 
reveal new drug targets for adenomatous 
polyposis coli and cystic fibrosis, as well 
as provide ways to evaluate potential thera- 
peutics, predict treatment effects, and pri- 
oritize treatments for clinical trials. 

Remarkably, despite more than 100 
years of research in mouse genetics, fewer 
than 5000 out of an expected total of 
30,000 genes have functions attributed to 
them through direct experimental studies. 
Recent progress in mouse genetics and 
genomics has provided proof-of-principle 
for large-scale studies to produce compre- 
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hensive collections of mouse mutations. 
These mutant mice are a vermanent re-
source for future biomedical research, rais-
ing the possibility of attributing functions 
to every gene in the genome. 

International efforts to functionally anno-
tate the DNA sequence of the mouse 
genome can only be achieved with a combi-
nation of phenotype- and gene-based ap-
proaches in small- and large-scale public and 
private projects. Genome-wide mutagenesis, 
gene-trap, insertional mutagenesis, and 
large-scale genome alterations, as well as 
many kinds of targeted mutagenesis, are the 
methods of choice. Mutagenesis with agents 
such as ethyl nitrosourea (ENU) can be car-
ried out in a high-throughput fashion in phe-
notype-based surveys. Although ENU causes 
numerous sirnvle molecular lesions in each 
mutagenized mouse, its random action as a 
chemical mutagen can be a disadvantage in 
trying to study genes that warrant immediate 
attention because of their perceived impor-
tance. Other genes, such as the last gene in 
the genome to be mutated, are difficult to ob-
tain with agents that act randomly because of 
the properties of statistical sampling. In these 
cases, more directed strategies such as gene 
targeting and mutagenesis of embryonic 
stem (ES) cells in vitro are needed. Gene tar-
geting has traditionally been used to obtain 
loss-of-function mutations, but recent devel-
opments (5-7) raise the possibility of obtain-
ing many different kinds of mutations. In ad-
dition, systematic analysis of the effects of 
generalized or tissue-specific misexpression 
of gene products can also provide useful in-
sights into gene function. 

Public and private programs are under 
way in Australia, Canada, Germany, Japan, 
the United Kingdom, the United States, and 
other countries, with funding from govem-
mental agencies, private foundations, and 
companies. These programs involve surveys 
for genes and traits affecting diverse biologi-
cal traits and have already generated more 
than 1500 ENU-induced mutants (8,9), 1500 
gene-trap insertional mutations in ES cells 
(lo),and roughly 4000 engineered mutants. 
Leaders of these programs now believe it is 
time to call for an International Mouse Muta-
genesis Consortium (IMMC) that will sys-
tematically and comprehensivelyassign func-
tions to every gene in the genome and will 
identify every gene that affects traits of high 
biomedical interest. This proposal is based on 
a public-private partnership with research 
groups in academia and industry working to-
gether to develop and apply genetic, genom-
ic, phenotypic, bioinformatic, and computa-
tional methods to achieve the IMMC goals. 
Although we will focus here on commit-
ments fiom the academic research communi-
ty, we recognize that many companies are in-
creasingly interested in the research opportu-

nities in this area. With the establishment of 
the IMMC, we extend an open invitation to 
commercial entities to join us in this endeav-
or to create the enabling resources for the 
next generation of genomics research. 

lMMC Goals 
We propose these long-range goals: 

Produce at least one heritable mutation, 
in either ES cells or mice, in every gene in 
the genome. 

Identify every gene that affects key 
traits of biomedical interest. 

Establish an infrastructure for preserv-
ing and distributing mutant cells and mice. 

Enhance the informatics and database 
support for these functional studies. 

We propose the following 10-yeargoals: 
Establish the International Mouse Muta-

genesis Consortium. The IMMC mission is 
to encourage the exchange of information 
and resources among participating mutage-
nesis laboratories and centers, to facilitate 
the distribution of information and reagents 
to the wider community,and to demonstrate 
to h d i n g  agencies (public and private) that 
their local contributions are being leveraged 
into the larger international effort. 

Conduct a full-genome survey for key 
traits. The goal is to dig deep into the 
genome to find as many genes as possible 
that affect traits such as blood vressure. no-
ciception, learning, sleep, respiration, fertil-
ity, energy metabolism, thermal regulation, 
apoptosis, neural tube development, social 
behavior, and olfaction. The traits selected 
for these studies should involve every major 
developmental and physiological system. 

Develop more precise and efficient phe-
notyping methods. Success of the IMMC 
depends on improved phenotyping. Al-
though many of the proposed goals can be 
achieved with existing methods, improve-
ments are needed to reduce the amount of 
sample material for testing, to enable contin-
uous monitoring in conscious, unrestrained 
animals, and to provide high-resolution in 
vivo imaging. Several of these opportunities 
are discussed in more detail below. 

Establish standard operating proce-
dures. Phenotyping centers will publish on 
their Web sites the detailed protocols for 
each assay. These centers also need to co-
ordinate the assays so that similar testing 
procedures yield similar results in different 
laboratories. Such standardized protocols 
are also important for sharing with re-
search laboratories the assay conditions 
that were used in the original discovery 
and characterization of each mutant. 

Assign at least one function to as many 
genes as possible. The goal is to explore the 
breadth of biological functions. The chal-
lenge is to identify assays that will probe 
the extraordinary diversity of biological 

functions. This concerted effort will require 
ingenuity in devising many new screens for 
novel traits. These assays, which should be 
based on local research strengths and inter-
ests, will be applied to mutants on many 
different backgrounds. The need for diverse 
assays represents an opportunity for large 
and small research laboratories. 

Determine the chromosomal location of 
every mutant gene. 

Develop efficient mutation detection 
methods to identify mutated genes. 

Use "sensitized surveys" to find en-
hancers, suppressors, and interacting pro-
teins for selected single-gene mutations. 

Establish a network of phenotyping cen-
ters with expertise in particular traits and 
biological functions. 

Develop a centralized mouse phenotype 
database. 

Improve methods for preserving mutant 
mice in order to generate a permanent re-
source. 

Establish a cost-effective infrastructure 
for preserving and distributingmutant mice. 

Resources and Cost Estimates 
A network of resource centers is needed to 
make certain that mutant gametes, em-
bryos, and mice are readily available. The 
costs for these resource centers are sub-
stantial. Investments made today in mouse 
mutagenesis will be a foundation for fu-
ture biomedical research. 

The development of these comprehensive 
resources should be guided by principles that 
assure ready access and the broadest possible 
distribution. The value of the resources is 
their fundamental utility to enable subse-
quent research discoveries. Our goal is to 
create a "biological" operating system in 
support of research into mammalian biology. 
One of the most important principles of the 
Human Genome Project has been to assure 
the democratization of access to tools and 
reagents. The same standards that have been 
accepted by the community with respect to 
access to structuralgenomic reagents such as 
clones, libraries, genetic markers, maps, and 
sequences should be applied to the emerging 
functional genomics resources. 

Activities of the IMMC will be coordi-
nated under the auspices of the Interna-
tional Mammalian Genome Society (11). 
Being an IMMC member commits investi-
gators to the common philosophy of open 
sharing of information and resources. 

The costs include mutant production 
with chemical mutagenesis, gene-trapping, 
gene-targeting, phenotype surveys and 
evaluation, mutant gene mapping and 
cloning, phenotyping centers, informatics 
and databases, and preservation and re-
source centers. The total worldwide annual 
costs are estimated to be $200 million. 
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These estimates are based on the commu- 
nity experience in the various mutagenesis 
programs that are ongoing in various 
countries. We note that mutant costs vary 
considerably, sometimes as much as 20- 
fold, depending on the nature of the assays 
used and differences in local expenses. 

The following resources and technologies 
will enable the IMMC to pursue its goals: 

Improved methods to map mutant 
genes. Improvements in technologies for 
genotyping single nucleotide polymor- 
phism~ (SNPs) may yield the necessary 
cost, scale, and efficiency to map large 
numbers of mutant genes. 

Improved methods to identifL mutant 
genes. Although the mouse genome sequence 
provides the information and reagents for ef- 
ficient identification of mutated genes, fmd- 
ing them by means of sequence analysis, es- 
pecially with analysis of genomic DNA, is 
expensive. Methods that directly idenm mu- 
tated genes, through chip- 
based or molecular .technolo- 
gies, would have great utility. 

Improved phenotyping 
technologies. Progress with 
DNA chips, microengineered 
machine systems (MEMs), 
nanotechnology, and imaging 
technologies provide enor- 
mous opportunities to revolu- 
tionize in vim, ex vivo, and 
in vivo phenotyping methods 
by simdtaneously increasing 
throughput and efficiency 

the time of submission for publication. Muta- 
tions will be linked through the IMMC Web 
site to local sites for detailed phenotypic in- 
formation and rsnv data. 

More efficient and reliable methods are 
needed for archiving, managing, analyzing, 
displaying, and disseminating the complex 
phenotype data sets resulting fiom mutagen- 
esis programs. Unlike DNA sequence and 
genetic databases, there are no large-scale 
phenotype databases on which to model the 
databases for the mutagenesis centers, ex- 
cept perhaps those used to manage informa- 
tion for clinical and epidemiological studies. 
Several mutagenesis centers (8, 9) are ex- 
ploring paradigms for these databases. In 
collaboration with the center activities, 
MGD will serve as the community resource 
for integrating and unifying phenotypic in- 
formation with genetic information about 
the laboratory mouse. We also need tools to 
assist in the integration of the relevant 

be required. Considerable improvements 
are obviously needed to identify the mutat- 
ed genes more efficiently. In particular, we 
need to be able to map mutant genes to 
small intervals more efficiently, and we 
need to be able to identify the molecular le- 
sion in the critical region more quickly. 

Functionally characterizing trapped and 
engineered mutations. An important advan- 
tage of genebased strategies, such as gene 
trapping, gene-targeting, and chemical muta- 
genesis of ES cells in vitro, is that mutations 
can be obtained in specik genes of interest. 
The challenge with these gene-based methods 
is that the phenotypic consequences of the en- 
g i n d  mutations can be mcult to predict 
or detect. Moreover, the natural world re- 
quires individuals to respond, h m  b i  until 
death, to disease, infection, d e r ,  social in- 
teractions, and many other factors, conditions, 
and processes that are not enco- in the 
simplified world of a laboratory mouse 
colony. These responses require coordinated 
action of diverse developmental, neurological, 
physiological, metabolic, and immunological 
systems. Existing technologies and phenotyp- 
ic assessment paradigms are often madequate 
to assess the subtleties of the biological re- 

while reducing costs and the 
amount of sample material. 

sponses to these challenges. ~echnol&ies are 
urgently needed that assess organismal re- 

Fundig agencies: Do you want to build a milway ystun? 
Conunwitiw: ~o you mt o stotion in your t o w  
Individds: Do you want o ticket? 

- .  

sponses to challenges that are normally en- 
countered in the real world and to assess sub- 
tle differences in diverse biological functions. 

The recently announced Nan- 
otechnology Initiative (12) and other, similar databases that will allow queries of all as- 
multidisciplinary initiatives will contribute pects of the biology of laboratory mice fiom 
many of the devices and instrumentation that DNA sequence to phenotypes. The develop- 
will be the foundation for the next genera- ment of a Gene Ontology (15) will assist the 
tion of phenotyping technologies (13). development of the necessary phenotype 

Impmed infnnatim. A Web site has been vocabularies and the implementation of 
established (I I) that will act as a clearing- structured and meaningful data sets. 
house for information on mutagenesis activi- 
ties worldwide, including for each group their Key Challenges 
biological focus; genotype or phenotype At least two key challenges must be resolved 
screens; database access; and how to obtain for the proposed goals to be achieved: 
mice, sperm, embryos, tissues, or cells. The High-throughput DNA-based mutation 
site also pravides a mechanism for individuals detection systems. Positional cloning has 
and institutions worldwide to join the consor- been a successful approach for identifying 
tium. There is a need to ensure that all mu- mutant genes, and the rate of success is ex- 
tants, however generated, are recorded with a pected to increase dramatically with the 
unique identifier in a common database. The availability of finished genome sequences 
Mouse Genome Database (MGD) provides for humans and mice (1-3). However, if a 
the best means for achieving this goal, as each laboratory could positionally clone one 
allele is listed as a separate entity with its own gene per week, they would only identify 52 8 accession number (14). IMMC members are genes after a year of hard work. Even if one 

a committed to entering validated mutants into gene could be cloned per day, an extraordi- 
$ MGD as soon as they are available for com- nary rate with existing technologies, only 
g munity access. IMMC members are also 365 mutants would be cloned per year. With 
g committed to obtaining an accession number perhaps 30,000 genes in the mouse genome 
5 for any new mutation, however generated, at (3), a network of 100 cloning centers would 

Related Areas of Genetic Research 
We recognize that many other important g e  
netic research activities deserve increased re- 
search support. These include the genetic and 
phenotypic analysis of naturally occurring 
polygenic traits, which is occurring within 
the Phenome Project ( l a ,  as well as studies 
of quantitative traits (QTLs) with chromo- 
some substitution strains [(I 7) strains in 
which single chromosomes are replaced with 
the corresponding chromosome on a defied 
and inbred genetic background], deletion 
strains [(18) strains with deleted chromo- 
some 'g"&ts], and balancer chromosomes 
[(19) chromosomes with rearrangements that 
suppress recombination and with genetic 
markers so that inheritance can be readily fol- 
lowed]. Variation in naturally occurring traits 
is an important area, in part because many 
are models of human diseases. To date, how- 
ever, fmding QTLs has been difficult and ad- 
ditional research support is urgently need to 
map, clone, and characterize these genes in a 
more facile, high-throughput manner. In this 
article, we focused specifically on the chal- 
lenge of annotating DNA sequences with 
functions when large numbers of mutants, of 
many different kinds, are needed. We recog- 
nize that many other important genetic re- 
search activities deserve increased support, 
including comparative genomics with other 
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model svstems. such as the rat. Also reauired 
- -, 

are many other reagents, resources, and tech- 
nolOgies, such as I1l-length cDNAs; validat- 
ed exvression and protein arrays; additional 
recoI;lbination s;stems; a i d  improved 
methodologies for tissue-specific expression, 
overexpre~~ion,Or inducible expression of 
gene pioducts. 

Conclusions 
The availability of the mouse genome se- 
quence and the development of high-through- 
put, gene-based and phenotype-based muta- 
genesis paradigms constitute a turning point 
in biomedical research. We now set chal- 
lenging goals for the next 10 years. Achiev- 
ing these goals will require the biomedical 
research community to improve efficiencies, 
to reduce costs, and to coordinate interna- 
tional expertise and resources. The impact of 
these activities will be enormousdeeper 
insights into functions of genes individually 
and collectively; fundamental biological and 
disease processes; and ultimately improved 
diagnosis, prevention, and treatment of birth 
defects and adult diseases. 

References and Notes 
1. J. C.Venter et al., Science 291,1304 (2001). 
2. international Human Genome Sequencing Consor- 

tium. Nature 409.860 12001). 
3. A &use 	 genome &ue;he is krrendyavailable to sub-

scribers at www.celera.com/produbs/productrcfm. Infor-
mation about publicly funded programs sequencing the 
mouse genome can be found at www.ncbi.nlm.nih.gov/ 
Traces/trace.cgi 

4. J. H. Nadeau Nature Rev. Genet., in press. 
5. M.J. Justice, Nature Rev. Genet 1, lb9 (2000). 
6. B. Zheng et al, Mol. Cell. Biol. 20,648 (2000). 
7. D. Metzger, R. Feil, Curr. Opin. Biotechnol. 10. 470 

(1999). 
8. M. H. Hrabe de Angelis et al. Nature Genet. 25. 444 

(2000). 
9. P.M. Nolan et al., Nature Genet. 25,440 (2000). 

10. M.V.Wiles et dl.. Nature Genet. 24.13 (2000). 
11. w.imgs.org 
12. w.nano.gov 
13. www.nih.gov/science/modelslmouse 
14. www.informatics.jax.org/mgihomelnomen/ 

allmut-form.shtml 
15. M.Ashbumer et al, Nature Genet. 25.25 (2000). 
16. K. P. Paigen, J.T. Eppig, Mamm. Genome 11,715 (2000). 
17. J. H. Nadeau et aL Nature Genet. 24,221 (2000). 
18. H.Su et al. Nature Genet. 24,92 (2000). 
19. B. Zheng et al., Nature Genet 22,375 (1999). 
20. We thank G. Duyk and K. Moore for their many 

thoughtful insights and suggestions during the prepa- 
ration of this plan. 

21. Members of the IMMC: R Balling (President, Intemation- 
al Mammalian Genome Society). German Center for 
Biotechnology. D-38124 Braunschwieig. Germany. G. 
Barsh, Departments of Pediatrics and Genetics, Howard 
Hughes Medical Institute, Stanford University School of 
Medicine, Stanford, CA 94305, USA D. Beier, Genetics 
Division, Brigham and Women's Hospital, Boston, MA 
02115, USA 5. D. M. Brown. MRC Mammalian Genetics 
Unit, UK Mouse Genome Centre, Hatwell. OX11 ORD, 
UK. M. Bucan, Center for Neurobiology and Behavior, De- 
partment of Psychiatry, University of Pennsylvania, 
Philadelphia. PA 19104, USA 5. Camper (Secretariat, In- 
ternational Mammalian Genome Society), Department 
of Human Genetics, University of Michigan, Ann Arbor, 
MI 48109. USA G. Cadson. McLaughlin Research Insti- 
tute. Great Falls. MN 59405, USA N. Copeland. National 
Cancer Instiiute-Frederick, Frederick MD 21702. USA J. 
Eppig, Jackson Laboratory, Bar Harbor, ME 04609.USA 
C. Fletcher, The Genomics institute of the Novartis Re- 

search Foundation. San Dieeo. CA 92121. USA. W. N. 
Frankel J a h n  Labmtory, &r Harbor, ME 04609,USA. 
D. Ganten, Max DdbruckCenter for Molecular Medicine, 
13092 Befin-B*, Germany, D, GddowiQ Deparment 
of Anatomy and ~eurobiolG, University of ~ennewe, 
~ e m ~ h i s : ~ ~38163, USA.C. Goodnow. Medical 
Genome Centre, John Curtin School of Medical Research, 
The Australian National Universitv, Canberra.-.ACT 2601,-2. 


Australia. I.-L Guenet (Secretariat, international Mam- 
malian Genome Society), Unit6 de Genetique des Mam- 
miferes, institut Pasteur, 75724 Paris Cedex 15, Paris, 
France. G. Hi&, MICE Center for Mammalian Functional 
Genomics, Manitoba lnstitute of Cell Biology, University 
of Manitoba, Winnipeg. Manitoba R3F ~ ~ K ~ a n a d a .  M. 
Hrabe de Angelis, Genome Project Group, GSF National 
Research Center for Environment and Health lnstitute of 
Experimental Genetics, D-85764 Neuherbq Germany. 
I. Jackson (Vice President, lnternational Mammalian 
Genome Society), MRC Human Genetics Unit, Western 
General Hospital Edinburgh EH4 ZXU, Scotland. H. J. Ja-
cob, Human and Molecular Genetics Center, Milwaukee, 
WI 53226, USA. N. Jenkins, National Cancer 
institut&rederi& Frederick MD 21702, USA. D. John- 
son, Mammalian Genetics and Genomics, Oak Ridge 
National Laboratory, Oak Ridge, TN 37831, USA. M. 
Justice (Secretariat, lntemational Mammalian Genome 
Society), Department of Molecular and Human Genet- 
ics, Baylor College of Medicine, Houston, TX 77030, 
USA. 5. Kay, Department of Cell Biology,The Scripps Re- 
search Institute, La Jolla, CA 92037, USA. D. Kingsley, 
Department of Developmental Biology, Stanford Uni- 
versity, Stanford. CA 94305, USA. H. Lehrach. Max- 
Planck lnstitute of Molecular Genetics-Berlin, D-14195 

Berlin, Germany. T. Magnuson (Secretariat, Intemation- 
al Mammalian Genome Society), Department of Ge- 
netics, University of North Carolina-Chapel Hill, 
Chapel Hill, NC 27599, USA. M. Meisler (Past President, 
lntemational Mammalian Genome Society), Depart- 
ment of Human Genetics, University of Michigan, Ann 
Arbor, MI 48109, USA J. H. Nadeau (corresponding au- 
thor). A. Poustka, Division of Molecular Genome Analy- 
sis, German Cancer Research Center, 69120 Heidelbeg, 
Germany. E. M. Rinchik Mouse Genetiu and Mutagen- 
esis, Oak Ridge National Laboratory, Oak Ridge, TN 
37831, USA J. Rossant, Samuel Lunenfeld Research In- 
stitute, Mount Sinai Hospital, Toronto. Ontario MSG 
1x5, Canada. L B. ~usseli, Life Sciences Division, Oak 
Ridge National Laboratory, Oak Ridge,TN 37831, USA. 
J. Schirnenti, The Jackson Laboratory, Bar Harbor, ME 
04609, USA. T. Shiroishi (Secretariat, International 
Mammalian Genome Society), Mammalian Genetia 
Laboratory, National lnstitute of Genetics, Mishima, 
Shizuoka-ken 41 1-8540, Japan. W. C. Skames, Depart- 
ment of Molecular and Cell Biology, University of Cali- 
fomia at Berkeley, Berkeley, CA 94720, USA P. Soriano, 
Program in Developmental Biology, Division of Basic 
Sciences, Fred Hutchinson Cancer Research Center, 
Seattle, WA 98109, USA. W. Stanford, Lunenfeld Gene 
Trap Laboratory, Program in Development and Fetal 
Health, Samuel Lunenfeld Research Institute, Toronto, 
Ontario MSG 1x5, Canada. J. S. Takahashi, Howard 
Hughes Medical Institute, Northwestern University, 
Evanston, IL 60208, USA W. Wurst, Molecular Neuroge- 
net'=, Max-Plandc Institute of Psychiatry, 80604Munich, 
Germany A Zimmer, Department of Psychiatry, Universi- 
ty of Bonn, Bonn 53113, Germany. 

FUTURE DIRECTIONS: GENE NUMBER 

What IfThere Are Only 30,000 
Human Genes? 

Jean-MichelClaverie 

The confirmation that there might be 
fewer than 30,000 protein-coding 
genes in the human genome is one 

of the key results of the monumental work 
presented in this issue of Science by Ven- 
ter et al. (I).That a mere one-third in- 
crease in gene numbers could be enough 
to progress from a rather unsophisticat- 
ed nematode [Caenorhabditis elegans, 
with about 20,000 genes (2) ] to humans 
(and other mammals) is certainly quite 
provocative and will undoubtedly trigger 
scientific, philosophical, ethical, and re- 
ligious questions throughout the begin- 
ning of this new century. By the same 
token, humans appear only five times as 
complex as a bacterium like Pseudo-
monas aeruginosa (3) .Although a signif- 
icant uncertainty is still attached to this 
low number (see below), it was not total- 
ly unexpected, after the downward trend 
initiated by the analysis of the first two 
complete human chromosomes ( 4 ,5 ) ,  as 
well as two independent statistical stud- 
ies (6 ,  7), and the unexpectedly low 
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(14,000) Drosophila gene number (8). 
After the older C value paradox (9),we 

now have an apparent N value paradox on 
our hands: Neither the cellular DNA con- 
tent (in mass) nor its gene content appears 
directly related to our intuitive perception 
of organismal complexity. However, logic 
taught us that paradoxes often arise from 
the use of imprecise or ambiguous termi- 
nology. In a quick (admittedly nonrepre- 
sentative) survey among people in my lab- 
oratory, the answers to the question: "How 
much more complex is a human compared 
to a nematode?" ranged from a mere 100 
to near infinity. Those widely different 
opinions were mostly the result of the lack 
of an objective (physical) measurement of 
what we mean by "biological complexity." 
Some only considered the diversity of cell 
types, others considered brain circuitry, 
and others went as far as including the cul- 
tural achievements of the human species as 
a whole. Thus, 30,000 human genes is not 
equally surprising to everybody. 

Furthermore, any personal estimate of 
biological complexity K can be fitted to the 
gene number N, by arbitrarily choosing a 
suitable functional relationship K = f(N): 
proportional: K - N, polynomial: K - Na, 
exponential: K - aN,or even factorial: K -
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