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The human genome is thought to harbor 50,000 to 100,000 genes, of which about half
have been sampled to date in the form of expressed sequence tags. An international
consortium was organized to develop and map gene-based sequence tagged site
markers on a set of two radiation hybrid panels and a yeast artificial chromosome
library. More than 16,000 human genes have been mapped relative to a framework map
that contains about 1000 polymorphic genetic markers. The gene map unifies the
existing genetic and physical maps with the nucleotide and protein sequence databas-
es in a fashion that should speed the discovery of genes underlying inherited human
disease. The integrated resource is available through a site on the World Wide Web at
http://www.ncbi.nlm.nih.gov/SCIENCES6/.

Central to the description of an organism’s
genome is a comprehensive catalog of the
sequence and location of all its genes. Gene

maps are now available for those organisms
whose complete genomic sequence has been
determined, including 141 viruses, 51 or-
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ganelles, two eubacteria, one archeon, and
one eukaryote (the yeast, Saccharomyces cer-
evisiae) (I). Such a map of the human ge-
nome should become available by 2005, as a
result of the efforts by the Human Genome
Project to determine the complete 3 billion
nucleotides of the human DNA sequence
and develop suitable computer and labora-
tory tools for recognizing genes.

In view of the tremendous value of a
human gene map for biomedical research, it
is not reasonable to wait until the complete
sequence is available to begin preparing such
a map. There are compelling reasons for
constructing a series of increasingly compre-
hensive gene maps and cross-referencing
them to the human genetic map. A key
application is the positional cloning (Fig. 1)
of disease-causing genes. Genetic mapping
of affected families with polymorphic mark-
ers that span the genome permits localiza-
tion of the disease gene to a candidate re-
gion, often in the range of 2 to 5 megabases
(Mb). Such intervals are physically mapped
with overlapping DNA clones, which usual-
ly serve as substrates to identify genes (“tran-
scripts”) in the region. Subsequently, the
genes are scrutinized for the presence of
sequence mutations in affected individuals.
Regional transcript mapping by current
methods, which is difficult and time-con-
suming, would be supplanted by the avail-
ability of a comprehensive, whole-genome
gene map. Such a resource would accelerate
gene searches for simple Mendelian traits
and is essential in the case of complex (poly-
genic) traits, for which limited genetic
resolution will necessitate sifting through
multimegabase regions. The availability of
an expanding gene inventory for any candi-
date region is predicted to make the “posi-
tional candidate” approach the predominant
method for cloning human disease genes
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(2). Gene maps are also valuable because
they shed light on genome organization, in-
cluding clustering of related genes and con-
servation of gene order among species.

Constructing a human gene map re-
quires two tools: a large database of genes
and an efficient mapping methodology.
Both have become available in the past
few years through a convergence of
high-throughput mapping and sequencing
technologies. An international consor-
tium of groups in North America, Europe,
and Japan was organized to coordinate a
mapping effort (3). This article is the first
report from this consortium.

Human Gene Catalog:
The UniGene Set

The human genome has been estimated to
contain 50,000 to 100,000 genes, on the
basis of a variety of indirect techniques (4).
Yet, the number of genes actually identified
was less than 2000 as recently as 5 years ago
(5). Scientists such as Brenner (6) called for
large-scale complementary DNA (cDNA)
sequencing efforts as a component of the
Human Genome Project. The idea was tak-
en up most vigorously by Venter and col-
leagues, who focused on generating short
cDNA fragments, which they called ex-
pressed sequence tags (ESTs) (7). A num-
ber of other laboratories followed suit (8-
10), and since that time, particularly in the
past 2 years, the public cDNA collection
has swelled to more than 600,000 sequences
(about 450,000 of which are human), rep-
resenting 65% of the entries in the Gen-
Bank database (Fig. 2). The EST collection
includes portions from 50 to 70% of genes
discovered by other means, suggesting that
the current EST databases may represent
more than half of all human genes (10).
[This may be an overestimate, inasmuch as
both EST collections and known genes may
be biased against rare messenger RNAs
(mRNAs).]

* To create a human gene catalog, it was
necessary to cluster these sequence frag-
ments into groups representing distinct
genes. A gene may be represented by multi-
ple ESTs, which may correspond to different
portions of a transcript or various alterna-
tively spliced transcripts (Fig. 3). To illus-
trate the importance of this task, consider
that a single gene product, serum albumin, is
represented by more than 1300 EST se-
quences in GenBank. To make mapping
-efficient and cost-effective, it was necessary
to select a single representative sequence
from each unique gene. This was accom-
plished by focusing on 3’ untranslated re-
gions (3" UTRs) of mRNAs, whose se-
quences can be efficiently converted to
gene-specific sequence tagged sites (STSs)

(11) for mapping, as originally proposed by
Sikela and co-workers (12).

We developed an information resource
called UniGene (Table 1) that is the result
of large-scale DNA sequence comparisons
among 163,215 3’ ESTs and 8516 3’ ends of
known genes selected from GenBank. These
sequences were subjected to an optimal
alignment procedure to identify sequence
pairs with at least 97% identity (13). Se-
quences were grouped into 49,625 clusters,
which is a reasonable estimate of the num-
ber of human genes sampled so far. Of these,
4563 (9%) correspond to known genes, with
the remainder represented only by ESTs.
Other efforts have resulted in similar gene
catalogs (14).

Global Mapping Methodologies:
RH and YAC Mapping

A variety of techniques have been used for
mapping genes. In genetic mapping, genes
are localized by analysis of transmission of
polymorphic loci. The concept of a “tran-
script map” has existed for more than 30
years since Jacob and Monod coined the
term “messenger RNA,” localized the B-ga-
lactosidase gene to a genetically defined bin
on the Escherichia coli chromosome, and
postulated a discrete starting point for tran-
scription {15). The first “whole genome”
transcript- maps were constructed in the
mid-to-late 1970s by analysis of mRNA-
DNA hybridization on viral or organelle
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Fig. 1. Steps in positional cloning. Positioning of disease loci to chromosomal regions with genetic
markers has become increasingly straightforward, particularly given the recent release of the Généthon
genetic map containing 5264 markers (77). However, identification and evaluation of the genes within
the implicated region remains a major stumbling block.
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genes, a special division of GenBank devoted to these EST sequences was created in 1992. For
several years the growth of the EST division was comparable with other GenBank divisions, but a
sharp increase in this rate was seen at the beginning of 1995, which corresponded to the appearance
of the first data from the Washington University-Merck & Company EST project (70). In the most
recent release (15 August 1996), 65% of all GenBank entries were ESTs. Considering only those
sequences of human origin, there were 447,642 sequences in the EST division compared with
52,667 in the PRI (primate) division. These human ESTs provide an abundant, but redundant, source

of mapping candidates.
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genomes by means of S1 nuclease mapping
or electron microscopy (16). Because of the
small size of these genomes, these tech-
niques allowed researchers to characterize

temporal aspects of gene expression as well .

as gene locations. These methods, however,
are not suitable for high-throughput con-
struction of a human gene map.

In the past few years, genome mapping
has converged around a unified approach in
which the presence or absence of loci in a
panel of mapping reagents is scored. Loci
are typically defined by short stretches of
unique sequence (STSs) and are tested by
means of a polymerase chain reaction
(PCR) assay (11).

Two STS loci are determined to lie near-
by one another in the genome if they yield
similar patterns of presence or absence in a
panel of mapping reagents. By examining a
sufficiently large collection of loci, one can
assemble a “framework” map spanning all or
most of the genome. Further loci can then
be mapped relative to this framework.

There are three basic types of mapping
reagents: genetic mapping panels, consist-
ing of cell lines from human families that
provide various meiotic products of the pa-
rental chromosomes; radiation hybrid (RH)
panels, consisting of hamster cell lines that

Fig. 3. One gene, many r
sequences. A single

contain many large fragments of human
DNA produced by radiation breakage; and
yeast artificial chromosome (YAC) librar-
ies, consisting of yeast cells that contain
individual fragments of human DNA. Ge-
netic mapping can only be performed on
polymorphic STSs (those showing variant
forms that make it possible to distinguish
presence or absence against the background
of a complete human genome), whereas RH
and YAC mapping are suitable for use with
any unique human STS.

Various genome-wide STS-based human
maps were completed in 1995, including a
genetic map with 5264 genetic markers pro-
duced by Généthon (17), a YAC map with
2601 STSs by Centre d’Etude du Polymor-
phisme Humain (CEPH) (18), a RH map
with 850 STSs produced by Généthon and
Cambridge University (19), and an integrat-
ed YAC-RH genetic map with 15,086 STSs
produced by the Whitehead Institute and
Généthon (20). These maps provide com-
prehensive frameworks for positioning addi-
tional loci, with the current genetic and RH
maps spanning essentially 100% of the hu-
man genome and the YAC maps covering
~95%. Few genes, however, have yet been
localized on these framework maps [limited

to 3235 on the Whitehead-Généthon map

gene may be represent-
ed multiple times and by
multiple forms in Gen-
Bank, which makes se-
lection of unique map-
ping candidates difficult. L
Among ESTs, redundan-
cy is a consequence of
multiple observations of
the same gene, particu-
larty for highly expressed
genes and despite pro-
cedures designed to min-
imize resampling (45). For
known genes, human
sequences from the pri-
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mate (PRI) division of GenBank were used as a starting point and their 3’ UTRs were extracted with
various combinations of features of type “CDS,” “mRNA,” “prim_transcript,” “premsg,” and “exon.”

Table 1. Uniform resource locators (URLs) for gene map information on the World Wide Web.

Information source

URL

Integrated gene map

Mapping laboratory sites
Généthon
The Sanger Centre
Stanford Human Genome Center
Wellcome Trust Centre for Human Genetics
Whitehead Institute/MIT

Allied resources
RHdb, European Bioinformatics Institute
UniGene, National Center for Biotechnology

Information

http://www.ncbi.nlm.nih.gov/SCIENCES6/

http://www.genethon.fr/
http://www.sanger.ac.uk/
http://www-shgc.stanford.edu/
http://www.well.ox.ac.uk/
http://www.genome.wi.mit.edu/

http://www.ebi.ac.uk/RHdb/
http://www.ncbi.nim.nih.gov/UniGene/
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(20) and 318 mapped by researchers at the
University of Colorado (21)].

The goal of the consortium was to devel-
op and map a large collection of gene-based
STSs relative to RH and YAC panels. We
used two RH panels and one YAC panel.
The Genebridge4 RH panel was produced by
Goodfellow and colleagues and consists of 93
hamster cell lines, each retaining ~32% of
the human genome in random fragments of
~10 Mb (19). The G3 RH panel was pro-
duced by Cox and colleagues and consists of
83 hamster cell lines, each retaining ~15%
of the human genome in random fragments
of ~4 Mb (22). The YAC library produced
at CEPH contains 32,000 clones with inserts
of ~1 Mb, providing roughly eightfold cov-
erage of the human genome. STSs were
mapped against one or more of these panels
and were then localized relative to a com-
mon framework map. The use of different
mapping resources to create an integrated
map minimizes the effect of any artifacts or
deficiencies of particular reagents. Also, fea-
tures of different reagents often complement
one another. For the common framework,
we selected a set of 1000 well-spaced genetic
markers from the Généthon genetic map.
Somewhat different framework subsets .were
used in each mapping panel, but at least 70%
of the markers were common to all three

‘mapping panels (23).

To coordinate mapping efforts, the
groups in the consortium selected nonover-
lapping sets of UniGene entries (24), devel-
oped primer pairs, and registered these map-
ping candidates in RHalloc, a database used
by the consortium to track which sequences
were being mapped and to flag potential
duplications. Raw RH mapping results were
deposited in the database RHdb, a freely
available public database (Table 1). Al-
though the groups used different mapping
protocols, some tests were duplicated to
monitor and control error rates.

Construction of the Gene Map

A total of 20,104 gene-based STSs were
mapped (Table 2), from about 30,000 STS
assays attempted (25). Because some genes
were independently mapped at more than
one laboratory (thereby facilitating compar-
ison and quality assessment), these gene-
based STSs correspond to 16,354 distinct
loci. Nearly 19,000 gene-based STSs were
successfully screened on at least one of the
RH panels. An addidonal 1090 were
mapped on the Whitehead Institute STS
content YAC map. The contribution of each
mapping method and mapping group is sum-
marized in Table 2.

The integrated map is shown in the ac-
companying chart. Use of selected Géné-
thon polymorphic markers as a mapping
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framework allowed the positions of gene-
based markers to be resolved to specific in-
tervals measured in centimorgans (cM). The
distributions of gene-based STSs along the
Généthon maps for each chromosome were
plotted as histograms, with the height of the
bars proportional to the number of distinct
loci per centimorgan (26). Genes localized
telomeric to the most distal genetic frame-
work markers are in separate bins above and
below the histograms. To correlate these
data with earlier work, cross-references to
the standard ideograms were plotted for
those genetic markers that have been local-
ized by fluorescent in situ hybridization
(FISH) to banded metaphase chromosomes
(27). The genetic (17) and estimated phys-
ical (28) lengths of the chromosomes are
given below the maps.

As a counterpart to the chart, a World
Wide Web site (Table 1) has been devel-
oped for more effective use of the map. For
example, given a single marker or pair of
markers, it is possible to retrieve an inven-
tory of genes mapping to the specified genet-
ic interval (29). Furthermore, technical
mapping details are presented along with
links to maps from individual laboratories
(Table 1); these maps represent subsets of
the genes in the integrated map that were
often placed at higher resolution and accom-
panied by scores describing the confidence of
map placement. Another function of the
electronic version of this map is to connect
gene-based STSs to nucleotide and protein
sequences (see below). These associations, in
turn, serve as links to a larger information
space consisting primarily of the biomedical
literature represented in MEDLINE, but also
databases of three-dimensional structures
(30). Such information should be of value in
prioritizing disease gene candidates.

Quality of the Maps

The reliability of the maps can be assessed
by examining the 3114 out of 20,104 loci
mapped by two different laboratories. In

98% of these cases, the two laboratories
assigned the locus to the same chromosome.
From the 2% discordance rate, one can es-
timate that there is an overall error rate of
1% of loci placed on the wrong chromo-
some. There are many explanations for such
conflicts, including laboratory errors, map
construction errors, data management er-
rors, and assays that detect loci present at
multiple locations in the genome.

To study these problems, the Whitehead
group tested a subset of 78 loci that appeared
to be discordant with results from other
groups. Using an independent mapping
method (involving testing loci on the
NIGMSI polychromosomal hybrid mapping
panel), the Whitehead group confirmed its
own chromosomal assignment in 32 cases,
confirmed the conflicting assignment in 28
cases, and found instances consistent with an
assay detecting multiple loci in 13 cases (31).
In a separate test, the Sanger and Whitehead
groups examined five discrepancies in STSs
derived from different sequences within a
single UniGene cluster. In three cases, the
different sequences mapped unambiguously
to distinct locations (32).

Conflicts in the localization of genes
along a chromosome were also examined. Of
the 3049 loci independently mapped to the
same chromosome by more than one group,
92% mapped to either the same, overlapping,
or adjacent genetic intervals. Fewer than
2.5% of markers were assigned to intervals
that differed by more than 10 cM. Potential
sources of such errors include those men-
tioned above as well as errors in the typing of
nearby framework markers (33). For cases in
which assignments could not be resolved,
both positions were listed in the gene map.

Broadly speaking, quality assessment
demonstrates that 99% of the loci are
placed on the correct chromosome and 95%
are mapped with relatively high precision
to the correct subchromosomal location;
however, the data contain a low frequency
of erroneous results, often due to repeated
loci or other technical complications.

Table 2. Numbers of cDNAs localized with different mapping resources.

Mapping resource

Contributor Total
G3 GB4 YAC
Whitehead Institute/MIT Center for Genome Research - 8,116 1,090 9,206
Sanger Centre 349 2,654 - 2,903
Stanford Human Genome Center 2,875 - - 2,875
Généthon - 2,629 - 2,629
Wellcome Trust Centre for Human Genetics - 2,068 - 2,068
National Center for Human Genome Research - 165 - 165
University of Colorado Health Sciences Center - 127 - 127
Kazusa DNA Research Institute 10 113 - 128
Total mapped cDNAs 3,234 15,804 1,090 20,128
Unigue mapped cDNAs 3,102 13,767 1,070 16,354
SCIENCE ¢ VOL.274 « 25 OCTOBER 1996
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Distribution of Human Genes

The distribution of gene-based markers, rel-
ative to the Généthon genetic map, is shown
for each chromosome on the accompanying
chart. To examine the distribution of genes
across the genome, we focused only on loci
identified from random ESTs, ignoring the
3091 loci derived from full-length genes in
GenBank or chromosome-specific mapping
projects, as there are systematic biases in the
chromosomal distribution of these genes. By
comparing the number of mapped ESTs to
the cytogenetic length of the chromosome,
we observed a significant excess of genes on
chromosomes 1, 17, and 19 and a significant
deficit on chromosomes 4, 13, 18, 21, and X
(Table 3). The findings were consistent with
conclusions based on the study of 3300
genes on the Whitehead map. The only
substantial difference was that the previ-
ously reported excess of genes on chromo-
some 22 (20) was not seen, a conclusion
that may have resulted from the small
number of ESTs and random STSs used to
calculate the relative densities.

The distribution of genes across individ-
ual chromosomes appears to show striking
fluctuations (see histograms on the chart).
Preliminary impressions suggest a higher
gene density occurring in lightly staining
chromosomal bands, as previously proposed
on the basis of smaller samples of mapped
genes (34). However, firm conclusions can-
not yet be drawn because of fundamental
uncertainties in the map. First, the genes are
shown with respect to framework genetic

Table 3. Expected (Exp) and observed (Obs)
chromosomal distributions of mapped cDNAs.

Chromosome Obs Exp Obs/Exp  x2

1 1378 1088 127 77.29™

2 1106 1053 1.056 2.66

3 954 886 1.08 5.21

4 640 838 076 46.78™

5 696 803 087 1425

6 720 759 095 2.00

7 730 706 1.08 0.81

8 573 640 0.89 7.01

9 594 601 0.99 0.08
10 581 596 0.99 0.04
11 691 596 116  15.14
12 574 592 097 0.54
13 266 404 063 54217
14 434 386 1.12 5.96
15 416 368 1.13 6.26
16 412 404  1.02 0.15
17 548 382 144 7213"
18 261 351 074 23.07"
19 446 276 161 104.7"
20 368 298 123 1644
21 105 162 065  20.05"
22 186 180 1.03 0.2

X 369 680 054 142.2*

*Statistically significant at # < 0.0005.
significant at P < 0.0001.

**Statistically
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markers, and genetic distances are known
not to be directly proportional to physical
distances. Second, some gene clustering may
be due to errors in the underlying framework
map that may exclude loci from certain re-
gions. Third, the correspondence between
the genetic framework and cytogenetic map
is indirect and incomplete.

Many multigene families cluster in the
same physical region of the genome. With
the gene map one can examine such clus-
tering by searching for regions containing
cDNAs showing sequence similarity to re-
lated proteins recognized by common key-
words in Swiss-Prot database entries. To
demonstrate this, we sorted marker sequence
sets by keywords and then assigned them to
50-cM bins on the basis of their map loca-
tions. Several clustered multigene families
were identified without prior knowledge of
their localization. For example, marker sets
with sequence matches to Swiss-Prot entries
containing the keyword ‘“keratin” were
tightly clustered in two regions: one on
chromosome 17 (5/13 sets; P < 0.0001), and
another on chromosome 12 (7/13 sets; P <
0.0001). This correlates well with the
known locations of the type 1 and type Il
cytokeratin genes (35). Similarly, gene
sets matching the keyword “MHC” were
tightly clustered to chromosome 6 (18/25
sets; P < 0.0001), corresponding to the
known location of the major histocompat-
ibility gene family (36). The “serpin” fam-
ily of serine protease inhibitors clustered
on chromosome 18 (4/18 sets; P < 0.005)
and chromosome 14 (6/18 sets; P <
0.0001), corresponding to previously re-

i

ported locations (37). These findings sug-
gest that the map is sufficiently dense to
identify clustered multigene families that
have not been previously described.

Comparative Genomics

Evolutionary conservation of homologous
genes from different organisms is of theoret-
ical and practical interest. Often, the puta-
tive function of a newly isolated human
disease gene is revealed by its sequence sim-
ilarity to a well-studied gene in another
organism. Notable examples include homol-
ogy between the Alzheimer’s disease gene
AD3 and a protein encoded by the genome
of the nematode C. elegans, and the similar-
ity between the DPC4 gene involved in
pancreatic carcinoma and a Drosophila gene
implicated in the transforming growth fac-
tor— pathway (38). There is a wealth of
examples in which yeast genes have shed
light on human disease (39). It was of inter-
est, therefore, to analyze our data set of
mapped human genes with respect to poten-
tial homologs in other organisms, particular-
ly because more than 90% of our markers
derive from ESTs corresponding to proteins
of unknown function rather than from char-
acterized genes. Information on similarities
with better understood genes in other organ-
isms serves as a form of sequence annotation
and might provide clues to possible func-
tions. We compared protein translations of
all of the cDNAs mapped in this study (in-
cluding the corresponding 5’ ends of
mapped 3’ ESTs) to all of the protein se-
quences in the Swiss-Prot database (5). For

Table 4. Reciprocal cross-referencing of the products of mapped human genes to known proteins found
in humans and other organisms. Species-specific subsets of the Swiss-Prot database (5) were constructed
as described in the text. Reciprocal similarity searches were conducted with the TBLASTN and BLASTX
programs (40) with the Swiss-Prot proteins and the UniGene cDNASs, respectively, as query sequences.
Any sequence matches with a probability of chance occurrence of P < 10~¢ were considered significant
cross-references. Scoring was based on PAM matrices (40) that were chosen to'maximize the detectability
of moderately conserved proteins known experimentally to be homologs among various species.

Swiss-Prot proteins Mapped genes
Organism PAM Sequen- Proteins % of Genes % of
ces matched  proteins  matched  genes
Homo sapiens 20 3480 1877 54% 2640 17%
Mus musculus 20 2131 1098 52% 1767 11%
Rattus norvegicus 20 1857 1044 56% 1714 1%
Bos taurus 20 815 482 59% 921 6%
Gallus gallus 40 637 377 59% 769 5%
Xenopus laevis 40 508 266 52% 522 3%
Drosophila melanogaster 60 818 399 49% 885 6%
Caenorhabditis elegans 80 1006 322 32% 709 5%
Arabidopsis thaliana 120 499 179 36% 167 1%
Saccharomyces cerevisiae 140 3676 741 20% 756 5%
Schizosaccharomyces pombe 160 640 223 36% 250 2%
Escherichia coli 220 3480 173 5% 174 1%
Hemophilus influenzae 220 1578 121 8% 127 1%
Bacillus subtilis 220 1397 108 7% 118 1%
Salmonella typhimurium 220 603 43 7% 44 0%
Other organisms 120 29905 1184 4% 1761 1%
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each of the 15 most highly represented or-
ganisms in Swiss-Prot, species-specific pro-
tein subsets were generated and compared
with the human sequences by using the
BLASTX program and scoring systems opti-
mized for the different evolutionary distanc-
es (40). Human genes were thus reciprocally
cross-referenced to the most significant
matching sequences in each of the 15 select-
ed organisms, plus the one best match to an
organism outside of this group (labeled
“Other organisms” in Table 4). Altogether,
21% of the 16,354 mapped genes have prod-
ucts with significant (P < 1079) similarity
to at least one known protein. This level of
similarity may seem low, but many ESTs
consist only of 3’ UTRs, which are not
protein-encoding, and thus no significant
BLASTX matches (40) would be detected,
even for related genes. Thus, the values in
Table 4 are conservative estimates of the
extent of cross-referencing possible between
mapped human genes and genes in other
organisms.

The results of these comparisons are
shown in Table 4. For example, when the
2131 mouse (Mus musculus) protein se-
quences in Swiss-Prot were compared against
the 16,354 mapped UniGenes, 1098 (52%)
of the mouse proteins matched 1767 Uni-
Gene open reading frames (ORFs) with a
chance probability of P < 107, Notably, for
those organisms whose genomes have been
entirely (S. cerevisiae) or extensively (C. el-
egans) sequenced, the number of matching
proteins is a smaller fraction of the total for
these organisms than is observed for most
other eukaryotes. One explanation for this
observation is that whole-genome sequenc-
ing is systematic and thorough and thus has
generated large numbers of novel genes, only
some of which have been conserved or ob-
served to date in humans. Another explana-
tion is bias in the database caused by tech-
nical aspects of “functional” cloning or the
fact that, after initial cloning of a particular
gene, its homologs are often systematically
cloned from selected other species.

In the analysis of putative new genes from
whole-genome sequencing projects, it is com-
mon practice to describe or annotate poten-
tial gene products as “hypothetical proteins”
or simply “ORFs.” Over 400 cases of mapped
human genes or ESTs aligned with high sig-
nificance to yeast hypothetical proteins or
ORFs, indicating that both the yeast and
human sequences represent authentic genes
maintained over a vast evolutionary distance.
Similarly, we observed more than 200 cases
of significant matches between human genes
or ESTs and hypothetical proteins encoded
in the nematode genome. Such cross-phylum
sequence conservation implies that these
gene products are important for some as-yet-
undiscovered biological functions.



Conclusions and Future
Directions

The value of a human gene map has be-
come increasingly clear in recent years. In
some notable cases, disease-gene hunts have
been dramatically accelerated by combining
approximate-linkage information with par-
tial inventories of candidate genes in the
region. In the most favorable case, the region
contains a “positional candidate” whose
known or inferred function relates to the
pathophysiology of the disease. Examples in-
clude the identification of APOE in late-
onset Alzheimer’s disease, MLHI in heredi-
tary nonpolyposis colon cancer, FGFR3 in
achrondroplasia, and RET as the gene re-
sponsible for both multiple endocrine neo-
plasia type 2A and Hirshsprung’s disease
(41). Even in the absence of such a “smoking
gun,” regional gene catalogs accelerate the
search by providing a wealth of markers and
transcripts. A comprehensive gene map
would ideally allow investigators to proceed
immediately to gene characterization (42).

The work reported here has greatly in-
creased the number of mapped human
genes. At the end of 1994 (about the time
this project began), there were 5131 human
genes described as mapped in the Genome
Data Base (43); however, the technical ap-
proaches used to map these genes were vari-
able, as were the levels of accuracy and
resolution. Many of these previously mapped
genes were remapped by this project to pro-
vide sequence-based markers on a common
and consistent framework. Thus, the num-
ber of mapped human genes has more than
tripled compared with what was available 22
months ago, and the 16,354 genes on the
current map may represent one-fifth of all
protein-coding genes in our genome. Fur-
thermore, this new map has sufficient accu-
racy and resolution to localize genes to with-
in a few megabases, which corresponds well
with the regions typically encountered in
disease-gene hunts.

This article represents the fruits of the first
18 months of an international collaboration.
There is no fundamental barrier to extending
this effort toward the goal of localizing the
majority of human genes, while recognizing
that the gene map will never be truly com-
plete until the entire sequence is in hand. To
achieve this, it will be necessary to extend the
gene diversity in the public EST database
[perhaps through the sequencing of ¢cDNA
libraries made by subtractive cloning to di-
minish resampling of known genes (44)] and
to continue EST mapping [by generating ad-
ditional STS assays from genes that were not
successfully mapped initially (45), and from
newly identified genes]. With continued ef-
forts in the years ahead, disease-gene hunts
should be transformed into the systematic

interrogation of suspects, with revolutionary
consequences for our approach to under-
standing genetic susceptibilities to disease.
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Life with 6000 Genes
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The genome of the yeast Saccharomyces cerevisiae has been completely sequenced
through a worldwide collaboration. The sequence of 12,068 kilobases defines 5885
potential protein-encoding genes, approximately 140 genes specifying ribosomal RNA,
40 genes for small nuclear RNA molecules, and 275 transfer RNA genes. In addition, the
complete sequence provides information about the higher order organization of yeast’s
16 chromosomes and allows some insight into their evolutionary history. The genome
shows a considerable amount of apparent genetic redundancy, and one of the major
problems to be tackled during the next stage of the yeast genome project is to elucidate
the biological functions of all of these genes.

The genome of the yeast Saccharomyces
cerevisiae has been completely sequenced
through an international effort involving
some 600 scientists in Europe, North Amer-
ica, and Japan. It is the largest genome to be
completely sequenced so far (a record that
we hope will soon be bettered) and is the
first complete genome sequence of a eu-
karyote. A number of public data libraries
compiling the mapping information and
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nucleotide and protein sequence data from
each of the 16 yeast chromosomes (1-16)
have been established (Table 1).

The position of S. cerevisiae as a model
eukaryote owes much to its intrinsic advan-
tages as an experimental system. It is a
unicellular organism that (unlike many
more complex eukaryotes) can be grown on
defined media, which gives the experiment-
er complete control over its chemical and
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physical environment. S. cerevisize has a life
cycle that is ideally suited to classical ge-
netic analysis, and this has permitted con-
struction of a detailed genetic map that
defines the haploid set of 16 chromosomes.
Moreover, very efficient techniques have
been developed that permit any of the 6000
genes to be replaced with a mutant allele, or
completely deleted from the genome, with
absolute accuracy (17-19). The combina-
tion of a large number of chromosomes and
a small genome size meant that it was pos-
sible to divide sequencing responsibilities
conveniently among the different interna-
tional groups involved in the project.

Old Questions and New Answers

The genome. At the beginning of the se-
quencing project, perhaps 1000 genes en-
coding either RNA or protein products had
been defined by genetic analysis (20). The
complete genome sequence defines some
5885 open reading frames (ORFs) that are
likely to specify protein products in the
yeast cell. This means that a protein-encod-
ing gene is found for every 2 kb of the yeast
genome, with almost 70% of the total se-
quence consisting of ORFs (21). The yeast
genome is much more compact than those
of its more complex relatives in the eukary-
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