
III SCIENCE'S COMPASS 

Shotgun Sequencing of the 
Human Genome 

J. Craig Venter, Mark D. Adams, Granger G. Sutton, 
Anthony R. Kerlavage, Hamilton 0. Smith, Michael Hunkapiller 

T h e  Human Genome Project (HGP) was 
officiallv launched in the United States on 1 
October 1990 as a 15-year program to map 
and sequence the complete set of human 
chromosomes and those of several model or- 
ganisms. The HGP is laying the groundwork 
for a revolution in medicine and biology. Its 
importance is underscored by the level of 
funding from the National Institutes of 
Health, the Department of Energy (DOE), 
the Wellcome Trust, and other govem- 
ments and foundations around the world. 

From the incevtion of the HGP. maior , , 

technical innovations that would affect its 
timetable and cost were considered essential 
to success. The development of bacterial ar- 
tificial chromosomes (BACs) (1 ) provided a 
key advance. BACs are propagated in 
Escherichia coli and carry large [-150- 
kilobase pairs (kbp)] inserts stably. In con- 
trast, ordered cosmid clones that served as 
the basis of yeast (2) and Caenorhabditis 
ekgans (3) genome sequencing projects are 
less stable and much shorter (-35 kbp). 
Fluorescent labeling of DNA fragments gen- 
erated by the Sanger dideoxy chain termi- 
nation method has been the mainstay of al- 
most all large-scale sequencing projects 
since the introduction of the first semi-auto- 
mated sequencer by Applied Biosystems in 
1987 and the development of Taq cycle se- 
quencing in 1990. New models of the se- 
quencer that can process more samples, Taq 
polymerase engineered especially for se- 
quencing, and higher sensitivity dyes have 
improved throughput, accuracy, and operat- 
ing. costs. Publication of the first genome - - 
from a self-replicating organism, Haemo- 
philw influenzae, was based on a whole-ge- 
nome shotgun (random sequencing) method 
(4). A set of algorithms called the TIGR 
Assembler (5) together with scaffolding se- 
quences from both ends of 18-kbp inserts in 
bacteriophage lambda clones were critical 
for determination of correct order and as- 
sembly. Eight additional genomes have 
since been completed by these methods (4, 

6, 7), and several others are nearing com- 
pletion, including genomes with high G C  
(-65%) and high A T  (-82%) composition, 
which present special problems for sequenc- 
ing and assembly. 

Current approaches to human genomic 
sequencing rely on building sequence-ready 
maps over regions ranging in size from hun- 
dreds of kilobase pairs to whole chromo- 
somes and then sequencing individual 
BACs spanning these regions through a 
combination of shotgun and directed ap- 
proaches. This method can produce highly 
accurate sequence with few gaps, although 
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most sequencing centers have encountered 
regions that appear to be unsequenceable by 
current technology. The up-front steps of 
building and validating the sequence-ready 
map and subclone library construction and 
the downstream steps of directed gap filling 
are generally considered to be rate limiting. 
About 120 Mbp of human genomic se- 
quence were completed through 1997, and 
another 200 Mbp are planned for 1998. 

The recent announcement by Perkin- 
Elmer of a new, fully automated sequencer 
(ABI PRISM 3700) permits a reevaluation 
of strategies for completing the human ge- 
nome seauence. This instrument is a cavil- 
lary-based sequencer that can process - 1000 
sam~les Der dav with minimal hands-on OD- . . 
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sample purification and sequencing chemis- 
try enabled by the sequencer's improved de- 
tection sensitivity, suggests that the tens of 
millions of sequencing reactions necessary 
to complete the human genome can be per- 
formed more quickly and at' lower cost than 
previously anticipated. The Institute for Ge- 
nomic Research (TIGR) and Perkin-Elmer 
have started a program to complete this task 
within 3 years using this new technology 
and a whole-genome shotgun strategy that 
obviates the need for a sequence-ready map 
before sequencing. We intend to form a new 
company to carry out this venture and de- 
velop a commercial business based on these 
efforts. The cost of the project is estimated 
to be between $200 million and $250 mil- 
lion, including the complete computational 
and laboratory infrastructure to develop the 
finished sequence and informatics tools to 
support access to it. 

The whole-genome shotgun strategy in- 
volves randomly breaking DNA into seg- 
ments of various sizes and cloning these 
fragments into vectors. The presence of re- 
peat elements, regions that are unclonable 
in a particular vector, and the benefit of 
having more DNA available in clones than 
is actually sequenced (see figure and table) 
require that multiple vector libraries be 
used. A library of pUC18-based plasmids 
containing -2-kbp inserts will provide most 
of the sequencing templates. These clones 
will be sequenced from both ends to produce 
pairs of linked sequences representing -500 
bp at the ends of each insert. End sequences 
from a library of low-copy number plasmid 
clones containing - 10-kbp inserts will pro- 
vide medium-range linking, including span- 
ning the common Line-1 and THE repeat 
elements. Use of multiple cloning systems 
should help to reduce the effect of sequences 
that are unclonable or otherwise not present 
in one of the libraries. The goal is to gener- 
ate 70 million high-quality DNA sequences 
totaling -35 billion bp ( lox coverage) of 
raw human sequence. 

An argument for whole-genome shotgun 
sequencing of the human genome was made 
(8) and rebutted (9) in 1997. A year later, 
we see developments in technology and a 
new resource for this project consisting of a 
large database of end sequences of BAC 
clones. This will provide a framework for 
linking contigs over larger regions. Cur- 
rently, the DOE is funding a program at 
TIGR and the University of Washington to 
sequence both ends (-500 bp from each 
end) of 300,000 human BAC clones. This 
BAC-end sequencing strategy was origi- 
nally proposed to accelerate genome se- 
quencing by providing markers every 5 kbp 
throughout the genome (1 0). 

The new human genome sequencing fa- 
cility will be located on the TIGR campus 
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in Rockville, Maryland, and will consist of 
230 ABI PRISM 3700 DNA sequencers with 
a combined daily capacity of -100 Mbp of 
raw sequence. The facility will also have the 
infrastructure to produce - 100,000 template 
preps and -200,000 sequencing reactions 
daily. This includes both custom and off-the- 
shelf robotic devices for picking colonies, 
pipetting, and thermal cycling. Quality con- 
trol and assessment procedures will be imple- 
mented at each stage of the ~rocess. " 

Accompanying the challenge of obtain- 
ing the primary sequence data in a rapid and 
cost-effective way is the major challenge of 
assembling raw data into contiguous blocks 
(contigs) and assigning those to the correct 
location in the genome. Complete contigu- 
ity of the clone map should theoretically be 
achieved by about 9x coverage, so the 46x 
coverage (see table) allows for substantial de- 
viation from the statistical model. The pairs 
of end sequences from each template are con- 
strained by the assembly algorithms to be di- 
rected toward one another in the final assem- 
bly and located at a given distance apart de- 
pending on the insea size of the oriiinating 
library. Although the BAC end sequences 
will be the primary scaffold onto which the 
end sequences from the smaller clones will 
be assembled, other available resources will 
be used to verify the alignments and place 
contigs on individual chromosomes. The 
most important of these resources is the 
large number of sequence tagged site (STS) 
markers that constitute the physical maps 
that have been produced by many lahrato- 
ries during the first phase of the HGP. There 
currently are about 45,000 STS sequences, 
including about 30,000 that are well ordered 
along the chromosomes and provide a de- 
fined marker approximately every 100 kbp 
(1 1 ). Expressed sequence tags (ESTs) that 
tag 50 to 80% of human genes (1 2) and full- 
length cDNA sequences spanning up to 5 
Mbp of genomic sequence will be used to 
verify the final assemblies. There are likely 
to be contigs that are misassembled or incor- 
rectly linked together because of the pres- 
ence of long, duplicated segments of the ge- 
nome. We expect to recognize and correct 
ambiguous or conflicting assembly struc- 
tures using a combination of manual inspec- 
tion and directed experimental effort. 

The aim of this project is to produce 
highly accurate, ordered sequence that 
spans more than 99.9% of the human ge- 
nome (1 3). The 10x sequence coverage 
means that the accuracy of the sequence 
will be com~arable to the standard now 
prevalent in the genome sequencing com- 
munity of fewer than one error in 10,000 bp. 
It is likely that several thousand gaps will re- 
main, although we cannot predict with con- 
fidence how many unclonable or unse- 
quenceable regions may be encountered. 

We look forward to w o r k  with other ge- 
nome centers to ensure that the sequence 
meets the requirements of the scientific 
community for accuracy and completeness; 
this will include making clones and electro- 
pherograms available. 

An essential feature of the business plan 
is that it relies on complete public availabil- 
ity of the sequence data. The four primary 
business areas are high-throughput contract 
sequencing, gene discovery, database ser- 
vices, and high-throughput polymorphism 
screening. A major consequence of the 
analysis of data generated by this project 
will be the creation of a comprehensive hu- 
man genomic database. It will contain an 

with particular genetic loci. The 
II assay systems will also be marketed by 

r 
Perkin-Elmer to third parties for in-house 
research. Although we do not plan to seek 
patent protection for the randomly selected 
SNPs, we may seek patents on diagnostic 
tests based on the association of particular 
SNPs with important phenotypic traits. 

We also do not plan to seek patents on 
primary human genome sequences. However, 
we expect that we and others will be able to 
use these primary data as a starting point for 
additional biological studies that could iden- 
tdy and define new phahaceutical and diag- 
nostic targets. Once we have fully character- 
ized important structures (including, for ex- 
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Analysis of coverage. A s  each clone is not completely sequenced, there is a greater coverage of 
clones than sequences in the assembly. We assume a 500-bp average read length and 3.5-Gbp 
genome size. 

extensive set of DNA and protein features 
derived from the primary sequence. DNA 
features will include identified genes and 
their regulators, repeats, links with genetic 
and physical mapping data, synteny with 
other species, and polymorphisms. Because 
of the importance of this information to the 
entire biomedical research communitv. kev * .  , 
elements of thii database, including primary 
seauence data, will be made available with- 
out use restrictions. In this regard, we will 
work closely with national DNA reposito- 
ries such as National Center for Biotechnol- 
ogy Information. We plan to release contig 
data into the public domain at least every 3 
months and the complete human genome 
sequence at the end of the project. We also 
envision providing at a minimum connect 
fee online access to these data and many of 
the informatics tools to interpret them. We 
will also market the database svstem to com- 
mercial companies engaged in pharmaceuti- 
cal and biotechnolom research. 

Because the whc&e-genome shotgun ap- 
 roach will contain data from multi~le indi- 
iiduals (the exact number has not iet  been 
determined), we will generate a large number 
of precisely located single-nucleotide poly- 
morphic (SNP) sites spanning the genome. 
Using technology being developed at Perkin- 
Elmer, we will generate assay systems to vali- 
date these markers and select a hghly infor- 
mative set of at least 100,000 SNPs. We plan 
to work with commercial partners to screen 
DNA samples associated with diseases or 
other conditions in an effort to link them 

ample, defining biological function), we ex- 
pect to seek patent protection as appropri- 
ate. Given both the complexity and scope of 
the information contained in human ge- 
nome sequence, as well as its public avail- 
ability, we would expect to focus our own 
biological research efforts on 100 to 300 
novel gene systems from among the thou- 
sands of potential targets. If we are success- 
ful in these efforts. the Datents would be 
available for licensing to interested parties. 

Although it is clear that shotgun se- 
quencing at this scale has never been at- 
tempted, it is our hypothesis that the desired 
result is achievable. While building the hu- 
man genome sequencing infmtructure we 
plan to attempt to demonstrate the effec- 
tiveness of the shotgun strategy on a large 
and complex genome, in collaboration with 
Gerald Rubin (Howard Hughes Medical In- 
stitute/University of California Berkeley) 
and the Berkeley Drosophila Genome 
Project (BDGP). Drosophila melamgaster 
represents a good system for testing the 
whole-genome shotgun strategy because of 
the extensive physical and genetic maps 
that exist, the presence of about 12% of the 
genome A hiih-quality finished sequence 
with which to compare shotgun assemblv - 
results, and its importance as a model organ- 
ism. We will work fully with the BDGP to 
facilitate the final closure process (which 
includes making clones and electrophero- 
grams available), with the expected result 
being a highly accurate and contiguous set 
of chromosome sequences. The Drosophila 
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genome sequence will be deposited in 
GenBank both while in progress and at 
completion. An international workshop is 
being organized for September 1998 to de- 
velop a plan for completing the Drosophila 
genome that encourages participation of all 
groups currently work~ng on this prolect. 

It is our hope that this program is comple- 
mentarv to the broader scientific efforts to 
define and understand the information con- 
tained in our genome. It owes much to the - 
efforts of the pioneers both in academia and 
government who conceived and initiated the 

tribution to important human conditions 
and justifies expanded government invest- 
ment in further understanding of the ge- 
nome. We look forward to a mutually re- 
warding partnership between public and 
private institutions, which each have an 
important role in using the marvels of mo- 
lecular biology for the benefit of all. 
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A portentous book title as bold as this- 
Life-is bound to raise a few eyebrows. It is 
also almost certain to catch the eye of the 
book browser. In a drama bolder and more 
sweeping than Gone with the Wind,  Richard 
Fortev sketches the full stow of life on 
~ a r t h ;  the stage and the actors, over more 
than four billion years. Originally published 
in Britain as Life: A n  Unauthorized Biography 
(Harper Collins, 1997), this bright brown 
volume, plastered with the imprint of Ar- 
chaeopteryx (the oldest known bird), is as 
encompassing as its title suggests. Fortey, se- 
nior palaeontologist at the Natural History 
Museum, London, takes us on a roller 
coaster from the spawning of the simplest 
unicellular organisms during violent infancy 
of the Earth; through monumental crustal 
upheavals, voyages of continents, and mass 
extinctions: to an endine at the dawn of hu- 

u 

man-recorded history. 
The key to this book, a layperson's guide 

to the secrets of fossils and environments 
most ancient, is the way the author has 
magically transposed and integrated his aca- 
demic biography and intellectual growth 
into the natural history of life. I know of no 
other "autobiographyn-if the book can be 
called one--quite like this, where the 
author's life is stitched into such an im- 
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Laurent~an Univers~ty, Sudbury. Ontarlo. Canada P3E 
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mense stretch of time. Neatly and adroitly, 
Fortey weaves his personal observations, his 
encounters with scientists (famous and less 
well known), and his introductions to con- , , 

troversies (century-old and contemporary) 
into a chronological tapestry of life on Earth. 

The text literally begins with Salterella, 
the vessel that in 1967 carried Fortev. then a , . 
young Cambridge undergraduate, to his first 
field season in Spitsbergen. Salterella is also 
one of the oldest shelly fossils, a curious Early 
Cambrian genus named after the ~ioneering 

Ordovician "sea beetle." Guaranteed an ex- 
cellent fossil record by their calcite carapaces, 
trilobites are the characterist~c creatures of the 
Early Paleozoic. (Ceraurus pleurexanthemus, 
from Ontarlo.) 

trilobite specialist John W. Salter. First de- 
scribed in 1861 from the shores of Labrador 
(where I have collected thousands of the 
little conical shells around some of the earli- 
est metazoan reefs), its affinities can only be 
guessed: is it a worm, a coral, a mollusk? 

Coincidence, circumstance, and chance, 
and their effects on the global gene pool 
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through time, are pervasive themes articu- 
lated throughout the book. At the personal 
level, Fortey explores how one chooses a ca- 
reer path, who happens to win the prizes 
and scholarshi~s, and who loses out to dis- . , 
appear from sight. In the fossil record we 
learn about the luck of the gene draw. evo- - 
lution through the trials of mass extinctions, 
the consequences of changing climates, 
continental drift, and cosmic impacts. 

The book has many strengths. Fortey lyri- 
cally raises fossils from the dead, re-creating 
vibrant, vivid organisms that absorb light, 
breathe, eat, function, and interact with 
their ecosystems. Read his descriptions of 
the Middle Cambrian Burgess Shale from 
Canada ("on the dark shales there was a 
fishmonger's slabful of arthropods"), a Car- 
boniferous rainforest ("the air is so humid that 
the moisture congeals upon your shoulders"), 
and the Eocene Messel Grube from Germany 
("imagine a delicate bat, Palarochiropteryx, as 
fragile as a paper kite, with every bone laid 
out upon a dark slab, as if it had been waiting 
its turn as an extra in a Dracula movie"). 
The author presents bites of life's story se- 
quentially, from oldest to newest, as if to 
suggest (probably rightly so) that the past is 
the key to understanding the present and the 
future. He moves continents about like card- 
board cut-outs to exulain mieration uaths of " 

continental tetrapods and plants. He lucidly 
spells out the "rules of the evolutionary 
game" (which organisms needed to follow to 
succeed, compete, and survive over millenia), 
and how these are displayed in the fossil 
record. Fortey provides a bird's eye view of 
the science of paleontology, and an insider's 
perspective of the "psycho-cultural" she- 
nanigans that often come with the paleo- 
priesthood: the cladist cult, the mass ex- 
tinction dichotomy of catastrophists and 
uniformitarians, the taxonomic schism of 
splitters and lumpers, the heretic leaders, and 
the hermits who wait in isolation to reach 
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