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The Human Genome Project:
Reaching the Finish Line

R.Waterston and J.E. Sulston

he human DNA sequence will be the
Tcentral organizing principle for hu-

man genetics in the next century. It
will be an essential reference for all biolo-
gists, and it is therefore vital that a high
standard of accuracy, continuity, and ac-
cessibility be achieved as the sequence is
determined. Because of the intrinsic ex-
citement of unraveling the human genetic
code and its potential to benefit humanity,
there is a great temptation to acquire a
view of the human genome as fast as pos-
sible. New initiatives that accelerate and
enhance the program are to be welcomed
and integrated into the emerging product,
but none must divert us from the central
aim of producing the ultimate, complete
reference sequence.

Notable milestones in the International
Human Genome Project include a compre-
hensive human genetic map (/), on which
landmark-based physical maps of the
genome have been built (2), and a human
transcript map, also placed on the genetic
framework, which provides any user with
the positions of more than 30,000 human
genes (3). These resources have had an im-
mediate effect in accelerating the identifi-
cation of human disease genes. Since
1990, roughly 200 disease-associated
genes have been identified by strategies
that have benefited directly from map or
sequence information provided by the Hu-
man Genome Project (4, 5). Such studies
are leading to advances in the molecular
understanding of disease, the development
of powerful new diagnostic tests, and in-
creased hopes for preventive strategies,
new treatments, and even cures.

The systematic sequencing of the
genomes of such model organisms as
Haemophilus influenzae [1.8 megabases
(Mb)] (6) and Saccharomyces cerevisiae
(12.5 Mb) (7) have already given us more
than a glimpse of the future. The project to
sequence the 100-Mb genome of the nema-
tode Caenorhabditis elegans, expected to
be completed at the end of this year, will
reveal all the genes and other information
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encoded in the DNA of a multicellular or-
ganism. The sequences of these genomes,
combined with ever-growing amounts of
sequence data from a wide variety of other
organisms, have opened up new lines of
communication among biologists for an
explosion of discoveries. Suddenly, a gene
discovered in humans can be understood
through its relatives in other organisms (8).

When the C. elegans project began in
1990, there was little consensus about how
to sequence genomic DNA on this scale. In

directed fashion. In this “finishing” phase,
ambiguities and gaps in the assembled se-
quence are resolved by editing; by determi-
nation of further sequence data on existing
templates, using alternative sequencing
chemistries, custom primer walks, long
reads or reverse reads; and by generating
new templates by constructing small-insert
libraries of specific restriction fragments or
polymerase chain reaction products that
span gaps or difficult regions.

The Wellcome Trust, the National Hu-
man Genome Research Institute, the U.S.
Department of Energy, and other govern-
ment agencies launched a pilot phase of
systematic human sequencing in late 1995
and early 1996 to test the feasibility of ap-

plying the methods and strategy of the

model organism projects to human genom-
ic DNA. In only 2 years, the world total of
finished human genomic sequence has
gone from 15 to 180 Mb. If assembled but
as-yet-unfinished sequence is
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added on, then the total available
in the public domain exceeds 330
Mb, or 11% of the genome (/0).
With the increases in throughput
previously planned, more than
800 Mb would be finished by
2001, and a total of 1500 Mb of
finished and assembled sequence

Finishing seShotgu_n (half the genome) would be ex-
i pected to have appeared in the

l Contigs > 2 kb_,_ www public domain. This is the result

Assembled sequence ftp of a combined effort involving

1 EMRUNCRIDDE: large and small groups, coordi-

nating their efforts through a
publicly available map (/7).

Consensus strategy. Flow chart for complete sequencing

of the human genome.

fact, most scientists felt that revolutionary
technology would be required before se-
quencing of the human genome could be
undertaken. Instead, the continual evolu-
tion of sequencing methods and strategies
used for model organisms has brought the
human genome within reach. As a result,
there has been a remarkable convergence
by the scientific community on one general
process (9) (see the figure), outlined as fol-
lows: A clone representing the region un-
der study is selected from the map for sub-
cloning and sequencing. Individual se-
quences of 400 to 1000 bases are generated
by gel-based separation of dideoxy-termi-
nated products produced by in vitro DNA
synthesis, and the sequencing ladder is de-
tected with fluorescent labels. Sequences
are generated first from random fragments
of the DNA to be sequenced (the “shot-
gun” phase). After automatic assembly of
these sequence reads, based on sequence
overlaps, additional data are collected in a

In addition to convergence on
sequencing methods, the com-
munity has agreed on issues that
are key to the success of the pro-
ject and to coordination among groups, as
follows:

(i) The release of all data is immediate,
without constraints. The finished sequence
of each clone is submitted to the public
databases without delay and without
patenting. All unfinished assembled se-
quence is released every night (/2).

(i) All sequence is finished to high ac-
curacy. The agreed error rate for finished
sequence is less than 1 in 10,000 bases,
and all sequences are fully contiguous.
Without this standard of accuracy, the pow-
er and precision of computational searches
for genes and sequence variations are com-
promised, and investigators have to waste
time and money to correct and finish the
sequence before it is reliable. To achieve
this standard, rigorous cross-checking be-
tween laboratories has been carried out,
and new strategies for gap closure have
been developed (/3), so that even the most
difficult (for example, GC-rich) regions in
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the human sequence can be completed. The
only exceptions are large arrays of tandem
repeats; as these are variable in the popula-
tion and are unstable in available cloning
vectors, attempts to generate perfect se-
quence from them are unwarranted.

(iii) All clones used for sequencing are
physically mapped. This approach ensures
good coordination and cooperation be-
tween laboratories. Sequencing on a clone-
by-clone basis also has the advantage that
sequencing problems can be isolated and
solved more easily, which becomes critical
as the scale of the project increases. In
particular, the problem of assembling a
consensus sequence from individual reads
is greatly simplified.

The absence of a preexisting high-reso-
lution clone map of the human genome has
led to proposals that could avoid mapping.
A whole-genome shotgun approach was
proposed as an alternative by Weber and
Myers in 1996 (/4). This strategy, as re-
cently revived by Venter et al. (15), entails
subcloning random fragments of total hu-
man genomic DNA directly and using very
high-throughput sequencing technology to
generate random sequences to provide at
least 10-fold coverage of the genome. No
doubt a vast amount of useful sequence in-
formation will be derived. But a major
shortcoming of this strategy is that even
with accurate linking of forward and re-
verse reads from templates of varying
sizes, assembly would likely be woefully
inadequate (/6). This is chiefly because the
human genome is highly repetitive (40% or -
more), and many repeats exceed the length
of a single sequence read (/7). Sequences
containing very similar repeats will be au-
tomatically assembled into the same con-
tigs, and careful reanalysis will be neces-
sary to detect and correct such misassem-
blies. Even assemblies of shotgun sequence
data of 100- to 200-kb bacterial artificial
chromosome (BAC) clones or P1-derived
artificial chromosome (PAC) clones some-
times require editing and additional work
before they can be completed.

Another strategy to avoid mapping,
proposed by Venter in 1996, was to se-
quence each end of every BAC in a ge-
nomic library (/8). Matching a finished
sequence to one or more BAC ends per-
mitted selection of the next clone (/8).
However, this approach is also prone to er-
rors caused by repeats. Since then, the ac-
celeration in physical mapping has re-
moved doubts about the feasibility of tak-
ing a map-based approach (/9).

The success of the international consor-
tium gives us confidence that the human
genome sequence can be completed with
high quality by the target date of 2005.
However, there is a growing urgency world-
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wide to see the whole human sequence by
the millenium. More and more biologists
in universities and industries are depend-
ing on genomic sequence information.
Breakthroughs in understanding human
disease have been made with finished and
unfinished sequence.

The growing experience of the sequenc-
ing centers, plus advances in finishing
strategies, suggest that with added funds,
these groups could increase the output of
finished sequence above the projected
rates. It is also clear that the shotgun phase
does not need to remain strictly linked with
finishing and can be accelerated more
readily. The required increase in capacity is
being facilitated by advances in technolo-
gy, with capillary sequencers from at least
two commercial sources being developed.

The common view of the sequencing
centers is that acceleration of the mapping
and shotgun phases will provide a first
draft of the entire human genome within 3
years from now, of which one-third will be
finished. This would be of great value to
biologists as it would provide segments of
almost all genes for homology searching.
Every sequence read would be positioned
in the genome by the map location of the
parent clone. In addition, all sequence data
from other sources would readily be drawn
in and mapped, including all available
gene sequences, plus sequences from the
whole-genome shotgun initiative (/6) and
possibly other sources. Indeed, the quality
and organization of whole-genome shot-
gun initiatives will be considerably im-
proved with the benefit of the clone-based
sequence information. This should, in turn,
further accelerate completion of the refer-
ence human sequence.

Although the acceleration of parts of the
international program will require an initial
outlay in expenditure, these are not new
costs, but rather the earlier spending of
funds already committed to human genome
sequencing. More shotgun done now means
less shotgun required later. Internationally,
by June 2000, one-third of the genome will
be covered by already-planned efforts. Shot-
gun coverage of the remainder would be
achieved to a depth determined largely by
the amount of available funding. To allow
such a plan to proceed, the Wellcome Trust
has recently agreed to bring forward part of
its commitment to the Sanger Centre.

It is important to state explicitly that
production of the first draft must not de-
flect us from the real goal of finishing the
job, nor should it add to its overall cost.
Acceleration of the intermediate stage
must be carried out alongside the already
planned commitment to increase the rate
of finished sequence production. Highly
accurate, fully contiguous sequence is the

correct and most valuable product of the
Human Genome Project (20). It will be re-
quired to find all the genes in human
DNA, and it will be critical in mouse-hu-
man comparisons to refine gene predic-
tions and find regulatory and other func-
tional elements. Such studies will be vital
to a fuller understanding of the human
genome, as we have already seen with the
nematode and yeast genomes. Further-
more, in areas where nothing is known
now, accurate finished sequence is essen-
tial to facilitate future discovery.
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