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Summary

The National Institutes of Health/Department of Energy Human Genome Project has been funding directed
research for only 5 years, and it is understandably difficult to cite important research advances directly
attributable to the project. However, the project has been constructive in fostering multidisciplinary group
research and an inspiring and synergistic "just do it" attitude in both political and scientific circles, domestically
and abroad. This collaborative spirit has spawned large-scale genetic and physical mapping projects, with the
most impressive and useful results to date being the dense genetic maps produced by the Genethon, a French
organization largely supported by the French muscular dystrophy association. With the genetic and physical
map reagents now becoming available, disease-gene cloning is proceeding at an increasingly rapid pace. More
important than the predictable acceleration of disease-gene mapping are the unpredictable benefits: Will a dense
PCR-based dinucleotide-repeat genetic map open novel alternative approaches to disease-gene isolation? Will
it become possible to localize disease genes by simply analyzing unrelated, isolated probands rather than the
rarer "extended family"? Proband-based "linkage-disequilibrium cloning" may become possible if adequate
density, informativeness, and stability of polymorphic loci are obtained. In addition, "genome exclusion
cloning" will be added to the established positional, candidate-gene, and functional-disease-gene-cloning
experimental approaches. The anticipated exponential expansion of human genetic disease information over the
remainder of the 10-year tenure of the Human Genome Project unveils critical yet unresolved issues for medical
education and the practice of medicine. As we strive for the epitome of preventive medicine-a personal genetic
propensity database provided at birth-medical education must tool up to teach the meaning and use of this
valuable information. The insurance industry seems ill-equipped to use this information. Will the Human
Genome Project unintentionally force the hand of nationalized health care?

Introduction: Long-Term Objectives, Past and
Present

A thorough discussion of the history of the Human
Genome Project can be found in an accompanying
paper and elsewhere (Watson 1990; Jordan 1992;
Juengst 1994). In brief, government committees recom-
mended the initiation of a Human Genome Project in
1988. The Department of Energy (DOE) and National
Institutes of Health (NIH) began earmarking funds for
directed research in 1987 and 1988, respectively, and
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the National Center for Human Genome Research di-
vision of the NIH was established in 1989. The research
directives began with an initial 5-year (1990-95) plan
based on the combined $200-million/year funding of
the DOE and NIH. The strategies for the remaining 10
years of the total 15-year $3-billion Human Genome
Project were to be designed as evolving technology and
goals were reassessed.
About 4 years of the initial 5-year period have

elapsed. During this time, dozens of review articles have
been published proclaiming a future profound impact
of the Human Genome Project on medicine (Green and
Waterston 1991; Caskey and Rossiter 1992; Richard-
son 1992; Rosenburg 1992). However, the quickly
evolving nature of research has made specific predic-
tions difficult. Two concrete and partially realized
goals of the current 5-year period have been the devel-
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opment of informatics (Erickson 1992; Pearson, sub-
mitted) and the establishment of a research program in
ethics (Annas 1992; Garver and Garver 1994; Juengst
1994; Parker 1994). Recent developments in both ge-
netic and physical mapping have begun to crystalize
perceptions of the future impact of the project. This
discussion will begin with implications of Human Ge-
nome Project data for health care and medical educa-
tion and will then describe the research and research-
policy trends on which these projections are based,
using the four research directives originally set forth by
the organizers of the project: genetic maps, physical
maps, sequencing, and model organisms.

Implications for Health Care

Rapidly accumulating data from "human genetics"
research, facilitated and expedited by, but not synony-
mous with, the "genome project," will eventually lead
us to an intimate knowledge of the propensities of each
individual for multifactorial disorders. The day of the
personal DNA profile provided at birth, complete with
calculated risks of various cancers (e.g., breast or co-
lon), heart disease, alcoholism, and many other condi-
tions, could be an actuality by the time current first-
year medical students begin to practice medicine. The
potential impact on length and quality of life, and on
reduced cost of health care, are tremendous. For exam-
ple, a private-practice neurologist in a Washington, DC,
suburb currently prescribes -$5 million in magnetic
resonance imaging (MRI) scans per year, primarily to
rule out the small possibility of a vascular aneurism or
tumor as the cause of a headache. He claims he is typi-
cal. This neurologist and thousands of other physicians
across the country are forced into the costly "rule-out"
situation by threat of malpractice, the patient's knowl-
edge of the wonders of expensive procedures such as
MRI, and ready reimbursement by insurance compa-
nies. Everyone realizes this scenario must change, but
who is to determine who gets the MRI and who does
not? Now picture the situation 5 years from now, when
each person's genetic risk for cerebral aneurism or
brain tumor can be determined. These risks can be fac-
tored into logical and rational cost/benefit calculations
acceptable to patients, physicians, insurance compa-
nies, and lawyers alike. A similar example, already in
practice, concerns the recent identification of a colon
cancer susceptibility gene and the implementation of
colonoscopy screening for malignant growths in pa-
tients genetically determined to be at high risk (Aal-
tonen et al. 1993; Peltomaki et al. 1993).
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A second impending scenario is the extension of neo-
natal screening programs beyond identification of cur-
able metabolic disorders, to include molecular testing
for genetic propensities. Learning of a newborn's pro-
pensity for heart disease, the family and physician can
plan and execute a program of diet and exercise that
will dramatically increase the life expectancy of the
child and that will reduce the requirement for multiple
surgical interventions 50 years later-an ideal program
of preventive health care. The accurate knowledge of
risks, attainable through molecular studies, could have
a powerful influence on lifestyle, with consequent sav-
ings on health care that are potentially substantial.

These risk calculations, which should dramatically
benefit patient and doctor, are the same numbers
sought by insurance company actuaries. Why not
charge premiums for identified health risks? The ten-
sions among insurance company, physician, and patient
are already obvious: Lisch nodules detected inciden-
tally by eye exam are not reported by the ophthalmolo-
gist for fear that the stigmatizing yet benign diagnosis of
neurofibromatosis may threaten the patient's insurance
coverage. With the majority of health care in the United
States still focused on treatment rather than on preven-
tion, the predictive nature of genetic information is of
little positive value to the insurance industry. Thus, hu-
man genetics may force the hand of socialized medicine
in the United States.

Another foreseeable shortcoming of the current
health-care system pertains to the interpretation of mo-
lecular data by health-care professionals. In general, the
level of knowledge of primary-care physicians regarding
molecular diagnostic information is not dissimilar to
that of the patients being counseled. Many medical
schools are now altering curricula to increase the
amount of medical genetics taught-the University of
Pittsburgh Human Molecular Genetics course includes
26 hours of lectures and over 10 hours of group discus-
sion focusing on issues including insurance, ethics, mo-
lecular diagnostics, and gene therapy. Nevertheless,
such attempts to prepare future physicians for the im-
pending impact of medical genetics are probably insuf-
ficient and are often ill-received by the students, partic-
ularly those with weaker undergraduate science
backgrounds, who find the genetics thought process
obscure and irrelevant. Perhaps one solution to this
problem would be the requirement of mandatory rota-
tions through medical genetics. Currently, only a mi-
nority of medical schools offer any type of medical
genetics clinical rotations, and those that do, offer it as
an elective.
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Genetic counseling-training programs and their grad-
uates have admirably filled the gap between current
knowledge and patient care. However, even these pro-
grams have trouble keeping pace with molecular ge-
netic developments, as well as with the demand for new
counselors. The very limited molecular genetic knowl-
edge base of physicians now entering practice dictates
that the use of genetic counselors must expand beyond
the major academic medical centers currently housing
them.

Directive 1: A Genetic Map of the Human
Genome

A genetic map consists of polymorphic markers
spaced at determined intervals. The primary utility of a
genetic map is to facilitate the localization of disease
genes by family-based genetic linkage studies. Genetic
maps of humans have been available for decades:
knowing the segregation pattern of two phenotypic or
biochemical markers qualifies as a "genetic map" of
sorts. The goal of the Human Genome Project is to
make this map "complete and fully connected."
Clearly, "complete" and "connected" are relative
terms, subject to interpretation. The stated 5-year goal
of "markers spaced an average of 2-5 cM apart" may
sound ideal, yet such a map would be useless if the
constituent markers showed a low degree of heterozy-
gosity, were expensive or labor-intensive to use, or were
difficult to interpret.
The recent employment of simple sequence repeats

detected by PCR (e.g., CA repeats and microsatellites)
as the polymorphic markers of choice (Weber and May
1989) has provided the technological advance for
which the designers of the Human Genome Project had
hoped. These repeats are easy to find (occurring, on
average, every 30,000 bp throughout the genome), gen-
erally show a very high PIC (meioses are often >80%
informative), and are inexpensive, fast, and technically
simple to use. Indeed, even acquisition of the single
specific reagent required for each locus has become
streamlined; over the past year, >1,000 CA repeat PCR
primer pairs have become available through private
companies for only 20¢/reaction, and the number of
primers will probably double over the next year.
Who has isolated all the CA repeats, and what den-

sity have they reached? CA-repeat loci have been accu-
mulating on three fronts: "directed" isolation around
genes of interest, isolation by chromosome-specific uni-
versity-based groups funded by the NIH Genome Insti-
tute, and large-scale genomewide isolation by a few re-
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search groups. The disadvantage of the directed and
chromosome-specific strategies is that the resulting ge-
netic maps can be quite uneven, with some regions of
the genome replete with dozens of markers while other
regions remain barren. The genomewide isolation strat-
egy yields genetic maps of uniform density and recently
has proved its utility: Weissenbach et al. (1992) have
provided the Genome Database with the sequences for
808 CA-repeat PCR primer pairs distributed through-
out the genome. The majority (80%) of these loci show
heterozygosities of >70% and have an average spacing
of -5 cM. This landmark work attained the genetic
mapping goal of the first 5-year period of the NIH/
DOE Human Genome Project, 2.5 years ahead of
schedule.

Should we applaud the NIH, the DOE, and the Hu-
man Genome Project for this second-generation ge-
netic linkage map? Actually, the advent of simple se-
quence repeats largely preceded the initiation of
directed Human Genome Project funding. Moreover,
the pivotal work of Weissenbach et al. was done in a
French institute (Genethon) established and funded by
the French muscular dystrophy association (AFM), us-
ing monies acquired through nonprofit, private fund-
raising (telethons).

It is important to ask why the French were able to
surpass the American research machine, with respect to
both genetic and physical (described below) mapping,
despite the targeted domestic funding of the Human
Genome Project. The approaches were fundamentally
different: the French opted for a single group working
on genetic mapping of the entire genome, in a very
intensive manner, while the NIH Genome Institute orig-
inally opted for different university-based groups each
working on a single chromosome. The logic underlying
the chromosome-based strategy was that a multifac-
eted, multiuniversity approach would identify the opti-
mal experimental strategies, rather than placing all eggs
in one basket, and, further, that the funding of several
groups would spread the money and technology
around, preventing the creation of a single specialized
center. At the same time, scientists with an interest in a
specific chromosome (an interest primarily due to dis-
ease localization) could feel comfortable focusing their
efforts on that chromosome. In effect, NIH and DOE
created a number of small companies dedicated to de-
veloping alternative technologies for a product (a ge-
netic and physical map), hoping to identify the most
successful strategies in the process. Two years ago, it
looked as if the American NIH Genome Institute had
made the better choice: the French Genethon was ini-
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tially set up for large-scale automated Southern blot
analysis of RFLPs, only to have the methodology be-
come obsolete with the advent of PCR-based dinucleo-
tide repeats. However, the French aggressively retooled
for PCR-based dinucleotide analyses, making impres-
sive strides in the end analysis.
The NIH Genome Institute has recently decided to

fund a similar genomewide marker-isolation project (di-
rected by Jeffrey Murray at the University of Iowa), for
$14 million over 4 years (Roberts 1992). Between the
combined efforts of the French and American groups,
it is anticipated that the density of the genetic map may
approach 0.5 cM (-1 marker/500,000 bp) within the
next few years. It is important that the change in the
funding strategy of the NIH Genome Institute has
come at the expense of finding university homes for
about half of the chromosomes: the chromosome-
based-center grant philosophy is apparently being
phased out.

Is the genetic map complete? The current density of
PCR-based VNTRs has, on average, already reached
the 5-cM goal, which was to be achieved by 1995. How-
ever, there is variability in the density: many gaps of 20
cM still exist, and it seems that CA repeats are difficult
to isolate near telomeres, leading to uncharted regions.
As the holes in the maps become a major hurdle, the
chromosome-based strategy may again become the
more viable approach (just as NIH is phasing it out).

While the use of CA repeats permits acquisition of
high-density and informative genetic maps very quickly,
it also comes with some unwanted baggage. First, the
results can be difficult to interpret: there are often doz-
ens of alleles for any given locus, alleles often differ by
only 2 nt in length (a 1% change in size), and other
features of the PCR products cause the patterns to be
complex. Thus, mistypings of alleles are a recognized
technical problem. Even a single mistyping in a genetic
linkage study can ravage the accuracy of its conclu-
sions. Today, most laboratories search for the statisti-
cal "outliers" (meiotic events that do not fit with the
rest of the analysis) as signposts for typing errors. How-
ever, this approach can be likened to Russian roulette
in the statistical game of genetic linkage studies. An
alternative approach that is being pursued in our labora-
tory and in others is automated data acquisition and
computerized interpretation of CA repeat haplotypes
generated on automated sequencers.

Another potential problem with CA repeats is their
relatively high mutation rate. In the recent Weissen-
bach et al. (1992) data set, the mutation rate of the 814
markers studied was 0.1%, which is an order of magni-
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tude higher than that for the mutation-prone Du-
chenne muscular dystrophy (DMD) gene. This mutabi-
lity could cause problems in family linkage studies,
particularly if an allele being followed is converted to a
different allele already segregating in the same family,
causing misinterpretation of the linkage data. Neverthe-
less, the 1/1,000 meioses mutation rate should pose
such a problem only occasionally (for <1 family/100
studied).
What is the practical benefit to the human genetics

community of the rapidly evolving genetic map? Given
a "nice' monogenic disease (fully penetrant with ge-
netic homogeneity and large families available), a single
graduate student can map the guilty gene within 2 years.
This is 1-2 orders of magnitude less effort than has
characterized most genome-based genetic mapping
studies to date. Clearly, this is of immediate benefit to
the human genetics community: disease-gene mapping,
with the corollary disease-gene isolation and molecular
diagnostics of segregating families, will proceed at
breakneck speed.
Many of the most common and most insidious hu-

man health problems are recognized as multifactorial,
with an underlying genetic component termed "pro-
pensity." The genetic mapping and identification of
genes imparting genetic propensity for a disease permits
the subsequent identification of the nongenetic factors
that contribute to the development of that disease: a
group of people with identical genetic propensity can
be studied longitudinally to determine environmental
(extragenic) risk factors. The identification of risk fac-
tors for heart disease, cancer, glaucoma, obesity, suscep-
tibility to debilitating infectious disease, and other
common disorders would enable truly directed and ra-
tional "preventive medicine": a patient would simply
be advised of his risk factors and would be counseled
accordingly.
The successful mapping of complex genetic disorders

will probably proceed through one of two methods: (1)
linkage studies within large disease-segregating families
or (2) linkage-disequilibrium studies using large num-
bers of unrelated affected individuals. Family linkage
studies are often limited by the availability of large fami-
lies, genetic homogeneity, or both and also by the
correct modeling of disease inheritance (Kelsoe et al.
1989; Pauls 1993). Isolation of disease genes (both sim-
ple and complex) by proband-based linkage disequilib-
rium may offer an alternative approach to family stud-
ies. Many monogenic disorders show a single mutation
that is responsible for the majority of cases (e.g., sickle
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cell anemia, medium-chain acyl-dehydrogenase, Tay-
Sachs disease, and cystic fibrosis [CF]). All such dis-
orders show a founder effect, where a single mutation
becomes embedded in the gene pool at a relatively high
frequency for reasons that are generally not clear.
These same mutations show linkage disequilibrium
with nearby polymorphic loci. The finding of a specific
haplotype in linkage disequilibrium with a phenotype
has generally followed genetic mapping of the disease
locus. With dense and informative genetic maps, link-
age disequilibrium could conceivably be used to iden-
tify disease loci: one would simply study large numbers
of polymorphisms in isolated probands with a well-de-
fined disease showing a predilection for certain ethnic
populations. Certain polymorphisms should show a
skewed allele distribution frequency in the patients
compared with the control population, thus indicating
the location of the culpable gene. The design of such
studies should provide a challenge for statistical geneti-
cists in the years to come. One feature that must be
built into future statistical modeling of linkage disequi-
librium cloning is the relative instability of dinucleotide
repeat loci, although this parameter simply broadens
the concept of "allele" to include more than one dinu-
cleotide repeat. For example, a TA repeat found in the
CF gene shows a "clustering" of alleles (30-32 repeats)
in strong linkage disequilibrium with delta-F508, while
non-delta-F508 mutations and normal alleles show a
much different pattern of allele frequencies over the
possible 7-56 repeats (Zielenski et al. 1991).
Another developing approach is gene mapping

through "genomic exclusion." The high density of
highly informative markers makes it possible to search
for small regions of the genome that are shared by all
affected individuals but that are not shared by unaf-
fected individuals. For example, given an X-linked re-
cessive pedigree, it is possible to localize a gene to
within -1 million bp with only 10 meiotic events. A
variation of the affected sib pair method (Weeks and
Lange 1992; Ward 1993), this experimental design sim-
ply constructs concordance maps of regions of the X
chromosome. As with many of the methods relying on
dense and complex genetic linkage data, the develop-
ment of computerization of both data collection and
interpretation is critical, particularly if the analyses are
extended from a small region to the entire genome.

Finally, it should be mentioned that one of the origi-
nal directives of the Human Genome Project was to
have each polymorphic marker identified with a PCR-
based "sequence-tagged site" (STS) so that the marker
could be placed on the coevolving physical map. The

functional replacement of RFLPs with dinucleotide re-
peat polymorphisms has obviated this objective.

Directive 2: A Physical Map of the Human
Genome

The goals for the cloning of the human genome, as
stated in the 5-year plan, were twofold: (1) to develop
unique sets of PCR primers that would recognize sites
- 100,000 bp apart across the entire genome and (2) to
begin to generate large segments (2,000,000 bp, equiva-
lent to -1% of the X chromosome) of contiguous
cloned DNA at different defined sites in the genome.
As with genetic mapping, the initial approach taken

by the NIH Genome Institute toward this directive was
to fund specific groups for specific chromosomes.
Thus, "genome centers" were established that focused
on one or more chromosomes and whose goal it was to
work on the physical maps of those chromosomes as
defined by the 5-year plan. Over the past 3 years, ap-
proximately half of the human chromosomes have been
"assigned" to certain universities in the United States.
Again, the French (this time the CEPH) showed that
they could develop megabase YAC libraries covering
the genome, an accomplishment that, by its nature, cast
doubt on the chromosome-specific-center strategy of
the NIH. During the past year, the NIH has suddenly
shifted policy, awarding nearly $24 million to Eric
Lander (Massachusetts Institute of Technology) and
collaborators (including Daniel Cohen at CEPH) for a
5-year project to construct physical maps of both hu-
mans and mice (Roberts 1992).

This new policy may lead to a complete physical map
of the human genome in just a few years, thereby vastly
exceeding the expectations of the NIH/DOE 5-year
plan. Moreover, the centralization of this research
should ensure and facilitate the dissemination of re-
agents to other investigators. There are also some im-
pending negative effects of this policy shift. Both the
DOE and the NIH have now committed a substantial
part of their annual budget to a few centers, severely
restricting the funds available for new individual re-
search awards and new genome centers. For example,
some approved grant applications on Human Genome
Project topics are now being transferred from the cash-
strapped NIH Genome Institute to other medically ori-
ented NIH institutes for funding. Another evolving vari-
able in the funding policies of the NIH Genome
Institute involves the recruitment of Francis Collins as
the head of the National Center for Genome Research
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at the NIH. Collins hopes to start an intramural re-
search facility for genome research at the NIH Be-
thesda campus, with funding to reach $40 million by
1995 (representing 40% of the current NIH Genome
Institute annual budget) (Thompson 1993). In terms of
1993 numbers, the proposed NIH intramural program
and the large Iowa and MIT centers would soak up
35% of NIH funds earmarked for genome research.
The currently shifting sands of Human Genome Project
funding strategy may remain unstable for some time to
come.
The anticipated fulfillment of the complete physical

map far ahead of schedule will be a boon to both basic
and applied human genetics. When a disease gene is
genetically mapped, the corresponding genomic locus
in large YACs can be easily obtained from the physical
mapping projects, and the culpable disease gene subse-
quently identified. The identification of the gene (for
either monogenic or complex disorders) then leads to
mutation identity and, consequently, direct molecular
diagnostics. Again, the acceleration of disease-gene iso-
lation cannot be underestimated.

There are a few caveats to this idyllic picture. First,
knowledge of the genetic location of a disease gene
does not always lead immediately to the identification
of that gene. The elusive Huntington disease gene
serves as the most dramatic example of this point
(Hoffman and Jaffurs 1993; Huntington's Disease Col-
laborative Group 1993). An emerging objective of the
Human Genome Project, isolation and mapping of ex-
pressed sequences (cDNAs), could circumvent this
problem to some extent: any segment of the physical
map could come with a cohort of partially character-
ized genes located within that segment. Thus, we may
begin to see the marriage of the "positional cloning"
approach (so successful for DMD, CF, and neurofibro-
matosis, among many others) with the "candidate-
gene" approach (e.g., periodic paralysis, Marfan dis-
ease, and retinitis pigmentosa). Second, the recent
change of policy at the NIH Genome Institute epito-
mizes the feared funding of "big science" over smaller
individual research grants. The scale-down of huge de-
fense contracts may simply find a publicly acceptable
parallel in the buildup of technically demanding and
hardware-intensive biomedicine. Whether sufficient
funds will be allocated to support both big and small
biomedical research must await directives from chang-
ing political and scientific administrations. One must
feel some compassion for the NIH Genome Institute as
its members try to predict optimal experimental strate-
gies, as both politics and science rapidly evolve.
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Directive 3: Sequencing of the Human Genome

"Sequencing of the human genome" is considered by
many to be the manifesto of the Human Genome Proj-
ect. To the contrary, sequencing has taken a back seat
in the 5-year plan, largely because it is too expensive
and would not yield much practical data that could be
applied to human health problems. The goals stated in
the 5-year plan were to reduce the cost of sequencing to
50'/nt (current cost $2-$5/nt) and to sequence a total
of 10,000,000 bp at a few sites.

This aspect of the Human Genome Project is
currently of least concern to the human genetics com-
munity: the data generated to date are technical rather
than practical. In the future, it is hoped that the se-
quence data will facilitate identification of genes in the
physical map, thereby providing candidate genes for
genetic diseases.

Directive 4: Mice, Worms, Flies, and Yeast

The 5-year plan called for a genetic map of the mouse
and for physical maps of worms (Caenorhabditis ele-
gans), flies (Drosophila melanogaster), and yeast (Sac-
charomyces cerevisiae). Why? The hypothesis is that
these "model" organisms serve as paradigms for hu-
mans, in both health (basic molecular and cellular physi-
ology) and disease (identification of new disease genes).
The genetic mapping of these species was already well
underway before the inauguration of the Human Ge-
nome Project, and the project probably has not acceler-
ated genetic and physical mapping efforts in these or-
ganisms to the same extent that it has in humans.

Are there any past, current, or future benefits to hu-
man genetics that are attributable to model organisms?
Genetic diseases in animal models are often cited as
important tools in the elucidation of homologous hu-
man disease. However, more often the genetic basis for
human disease is uncovered first, followed by the iden-
tification or development of homologous animal mod-
els by using the human-derived molecular tools. Chro-
nology of discovery does not dictate utility, as all
animal models prove very valuable for understanding
human disease pathogenesis and treatment, regardless
of whether the human or animal gene was identified
first. However, the chronological distinction is relevant
to discussion of the Human Genome Project: genetic
and physical maps of animal models are generally not
necessary if the human disease gene is identified first.
Illustrative examples include malignant hyperthermia in
pigs (MacLennan and Phillips 1992); mouse, dog, and
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cat models of DMD (Hoffman et al. 1987; Cooper et al.
1988; Gaschen et al. 1992); and the horse model of
periodic paralysis (Rudolph et al. 1992)-all of which
were identified after discovery of the human disease
gene. On the other hand, there are a number of striking
examples of disorders in mice that, in retrospect, are
proving to be the molecular precedent for the homolo-
gous human disease-the murine equivalents of juve-
nile-onset insulin-dependent diabetes (Acha-Orbea and
McDevitt 1987) and Charcot-Marie-Tooth peripheral
neuropathy (Valentijn et al. 1992), to name two. Thus,
it is probably true that disorders of genetically well-
mapped mammals (e.g., mice) will continue to serve as
paradigms for certain human diseases.

Genetic disorders of D. melanogaster, Esherichia coli,
C. elegans, or S. cerevisiae do not yet, and probably will
not, serve as reliable paradigms for human disease: the
complex nature of the pathophysiological component
of most genetic diseases precludes accurate predictions
of cross-species genotype/phenotype relationships.
Nonetheless, coding sequences of genes are more easily
and quickly identified in these simpler organisms, and
the human homologues can then be identified and local-
ized on the human genetic and physical maps. In this
context, the lower-species model organism could have
value as an indirect source of "candidate genes" for
human disorders. Furthermore, basic principles of ge-
netics and biochemistry can be more readily learned in
these well-characterized and manipulable species. How-
ever, in general, the direct impact of invertebrate-mod-
el-organism genome studies on human genetics is not
expected to be immediately apparent.

Conclusion

Medical genetics is continuing to carve out a visible
and respected place in medical practice, and the Human
Genome Project will certainly accelerate this process.
The human genetics community will find itself in a po-
sition of ever-increasing importance in medicine: as the
tools developed by the Human Genome Project initia-
tives are used by disease-based research projects, the
identification, collection, and characterization of fami-
lies becomes crucial. The input of experienced medical
geneticists and counselors is imperative to the current
and future family studies that will quickly define both
monogenic and complex genetic traits. The role of the
human geneticist as educator of both physician and pa-
tient will become increasingly important and chal-
lenging.
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