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Bacterial Genome Sequc--ce C-,, - d 
The publication of the first complete genome of a free-living organism, the bacterium H. influenzae, 

opens the way to a wealth of fundamental and practical information 
I 

These days the human geneticists tend to 
attract all the glory. That's not surprising 
given their many high-profile discoveries of 
the human genes that underlie serious dis- 
eases such as cystic fibrosis and breast cancer. 
But if a report in this week's issue of Science 
has its predicted impact, microbial genetics 
is about to join human genetics at the top of 
the cool science hierarchy. 

The achievement that's shaking up the 
field is the ultimate genome map of the bac- 
terium Haemophilus influenzae, reported on 
page 4% by a team led by 
Craig Venter of The Insti- 
tute for Genomic Research 
(TIGR) in Gaithersburg. 4 
Maryland, and Nobel lau- 
reate Hamilton Smith of 
Johns Hopkins University 

For Venter himself, the recognition is es- 
~ecially sweet. His earlier work in building 
up a database of gene fragments was largely 
shunned by the genome community until it 
proved to be extremely valuable in tracking 
downdisease genes (Saence, 16 December 1994, 

beginning of a wave of bacterial sequences 
that is destined to change the tranquil back- 
waters of microbiology into a surging torrent 
of new discoveries. In as yet unpublished 
work, the Venter group has already deter- 
mined the sequence of Mycoplasmu geni- 

taliurn, and at least two more 

-(L 5 bacterial sequences are ex- 
A $ pected within the year. 

in Baltimore. The map 
Ehfal*ns - Complete DNA sequence 

consists of the complete regulating elements and exact location of similar H. influenzae genets) 
1.8-megabase genomic se- 
quence of H. influenza 
Rd-a benign laboratory 
strain of a bacterium that 
in its wild form can cause 
ear infections and menin- 

Make ~rirners and clone aene 

gitis-together with a cata- 
T 

log of the genes' locations 
and many of their func- 
tions. ~ l t h o u ~ h  a handful c 

kx These discoveries, say 
er3 Weiss, Blattner, and others, 

$ will help researchers answer 
2 such fundamental questions 

as how microbes and higher 
organisms evolved. And 
they can have a practical 

I 
payoff as well, helping to 
identify genes that trans- 
form harmless bacteria into 
killers or enable them to 
thrive in the searing heat of 
deep-sea vents. That infor- 

V mation could aid in the de- 
sign of new antibiotic drugs 
or in identifying enzymes of 
industrial importance. 

Not that the H. influen- 

" 
of tiny viral genomes have 
already been sequenced, vi- purify 
ruses can grow and repro- pmtan ' \  
duce only with the help of 
the cells they infect. In 

J 
contrast, H. injkmza is 
the first free-1iving Orga- Versatile. The diagram illustrates that the H. influeme database 
nism whose genetic blue- can be put to uses ranging from understanding evolutionary bidogy 
print has been determined. to working out the functions of specific genes. A link to the TlGR da- 
As a result, it will provide tabase of genome sequence data can be accessed from the 
researchers with a guide- W w m  home Page @ttpJW.aaas.ors/W=ie--html by 
book to all the information dw"~ O" "Wo"d the P r i m  Page." 

needed to sustain life. 
"It's a tremendous accomplishment," says p. 1800). And his project to sequence H. 

genome scientist Robert Weiss of the Uni- influenza failed to win funding by the Na- 
versity of Utah, Salt Lake City. :it's going to tional Institutes of Health. Now Venter ar- 
be just fascinating to see the whole genome gues that the techniques he used to sequence 
and all that it encompasses." Frederick the organism in record time will help speed 
Blatmer of the University of Wisconsin, the sequencing of the human genome (see 
Madison, who leads the effort to sequence box). Those techniques allow massive seg- 
the genome of the bacterium Escherich coli, ments of DNA-in the case of H. influenza 
a one-time favorite to be the first fully se- the whole 1.8-megabase genome-to be bro- 
quenced free-living organism (Science, 13 ken into random fragments or "shotgunned," 
January, p. 172), is just as enthusiastic. "I'm sequenced, and then reassembled in one go. 
really thrilled. This is epic-making," he says. And the H. influenza sequence is just the 

zae genome isn't a break- 
through in its own right., It 
will provide the first infor- 
mation on how a complete 
genome is organized, giving 
a boost to the fledgling dis- 

cipline of genomics. The sequence may well 
also contain some bacterial equivalents to 
human disease-causing genes, helping re- 
searchers get a grip on the human genes' 
modi operandi. 

Mining the microbial genome 
The Venter and Smith groups have already 
begun to sift through the data they have ac- 
cumulated on H. inffuenza for clues to what . - 

makes the organism tick. Its genome con- 
tains 1743 genes, with-as is typicakfor bac- 
teria-little noncoding DNA. 

More than 40% of those genee736 in 
all-proved to have no counterparts of 
known function among the genes that have 
been sequenced from other organisms. This 
thick seam of previously unknown genes is 
expected to provide rich pickings for micro- 
bial geneticists. Now that every gene's se- 
quence is known, "knocking out" the mys- 
tery genes will be a trivial procedure in H. 
influenza, says Hopkins's smith. B stud ing L 



1 L Homing In on the Human Genome 

reast c h o s o i n e s  (Science, 16 June, p. 
1560) and a 2.2-megabase stretch of the 

success, says Venter, could help complete :enom of the nematode Caenorfi4bditis 
another major sequencing effort: the Hu- :tegans. But these effw required massive 
man Genome Project (HGP), whose goal :oIlaborations and took years. The success 
is the determination of the exact order of d the H. inauayae project, and of a subse- 
all 3 billion bases in the human genome. pent one on the genome of the mictobe 

In the 5 years since it began, the HGP bfycopkrmur g e n h k m  has given Venter 
has focused mainly on dedoping the mnfidence that similar techniques will 
physical and genetic maps needed to guide 
the sequencing effort. But Ehat all began to c 

99.99% to 99.90%. 

it undoubtedly means that Venter, Sulston, and Waterston-and 
as Waterston puts it, "just about everyone eIsen-are currently 
working feverishly to complete their proposals. 

the impact of the knockouts on the bacterium's 
biochemistry, researchers should be able to 
identify many of the proteins the genes en- 
code and also establish their functions. 

The remaining 1007 H. influenzue genes 
do have counterparts of known function in 
other organisms, and that helps to provide 
information on the genes' functions. These 

included, for example, genes that code for 
metabolic enzymes, transcription factors, 
and many of the other accouterments of a 
living cell. 

For the TIGR-Hopkins team, however, 
the genes that were not found in the H. 
influenzae genome proved just as interesting. 
For example, H. influenme turned out not to 

have three enzymes of the tricarboxylic acid 
(TCA) cycle, a key pathway forenergy pro- 
duction. "I would have expected virtually all 
bacteria to have a complete TCAcycle," says 
Smith. He concedes he has little clue about 
what this means, but suggests it could explain 
why the bacterium requires huge amounts of 
the amino acid glutamate to grow in the 
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laboratory. Glutamate may be needed to re- same repeated sequences at eight new loca- who expects to complete the E. coli genome 
place compounds missing because of the de- tions, at least seven of which are associated by 1997. Comparing the genomes of virulent 
fective TCA cycle. with suspected virulence genes, including and harmless strains of bacteria will further 

And in a second naner onnaee 538. Smith, one that resembles adhesin. a nrotein that aid microbioloeists in their search for dis- . . . - 
Venter, and their colleagues describe work enables bacteria to adhere to'hos; cells. "Un- ease-causing 
on an intriguing feature that H. influenza ti1 we actually looked into the genome, we And the full sequences of the thermo- 
shares with a few other bacteria: The bacte- really didn't have any idea how powerful it philes M. jannaschii and M. thermoauto- 
rial cells can recognize and take up the DNA was," says Moxon. "It knocks you over; we trophicum will help answer another slew of 
that other H. influenza cells leave behind wouldn't have been able to find [the repeats] questions. "How do the enzymes function at 
when they die. It's not clear why they do this, so quickly in any other way." [high temperatures]?" asks Moxon. "How on 
although the new work shows that the bac- Earth are they repaired? Why don't they just 
terial DNA is designed to maximize the Genetics, genomics crumple up?'' Those questions are not just of 
chances that it will be taken un. The Smith- This rich haul of data is iust an indication of academic interest. The bacteria mav wellcon- 
Venter team found that the H. influenzae the bonanza that lies ahead for microbiolo- tain enzymes of industrial importance that 
eenome contains 1465 identical conies of a eists. The Venter team has alreadv com- might be used for hieh-temnerature catalvsis. 
;ecognition sequence that marks the DNA ileted, although not yet published, ;he se- 

- - 
By comparing genomes from different 

for uptake by cells of the same species. The quence of M. genitalium, a bacterium that is groups of organisms, geneticists--or genom- 
fact that the bacterium devotes so much of its associated with reproductive-tract infections icists-also hope to gain a much-needed 
genome to this recognition sequence sug- and is renowned for having the shortest ge- fresh insight into evolution. In recent years, 
gests that DNA uptake is a significant sur- nome of all free-living organisms. The insti- a fierce and sometimes bitter debate has split 
viva1 advantage to the bacteria, says Smith. tute also expects to have the sequence of the field of microbial evolution wide open 

Other researchers are testing the H. influ- Methanococcus jannaschii, a bacterium that (Science, 3 July 1992, p. 32, and 27 May 1994, 
enza database's mettle in identifying the thrives at temperatures as high as 100°C, by p. 1251). One side contends that micro-orga- 
genes that contribute to the organ- , nisms called archaeons such as M. 
ism's pathogenicity in its wild state. 5 jannaschii and M . thermoautotrophicum 
Pediatrician and molecular biologist and micro-organisms called eubac- 
Richard Moxon, Derek Hood, and 2 teria such as H. influenzae and E.  coli 
Michael Jennings of Oxford Univer- belong on two distinct evolutionary 
sity in the United Kingdom are par- branches. In this view, the archaeons 
ticularly interested in identifying the are closer to higher organisms, includ- 
bacterial enzymes that synthesize ing humans, than they are to 
lipo-oligosaccharides (LOS), toxins eubacteria. Their major opponents 
located on the bacterial surface that believe that archaeons and eubacteria 
trigger many of the life-threatening belong on one evolutionary branch, 
symptoms of bacterial infection, such and that only some higher organisms 
as septic shock. By trawling the data- arose from archaeons. 
base, the team has identified 18 genes The debate has only been fueled, 
that might be needed for LOS syn- rather than quelled, by the partial data 
thesis and is now knocking them out that are currently available on the or- 
to see if they do in fact play that ganisms' gene sequences. But "the de- 
role. "We made more Progress in 6 Genome gang. This photograph shows the group that se- bate will disappear when we have the 
months, frankly, than we had in 3 quenced the H. influenzaegenome, with team leaders Craig whole genomes," predicts evolution- 
years," says Moxon. Venter at front left and Hamilton Smith at front right. ary biologist Ford Doolittle of the Ca- 

The Moxon team is also using the nadian Institute for Advanced Re- 
H .  influenzae database to investigate another year's end, and the sequence of another ther- search in Halifax, Nova Scotia, who is a 
pathogenic feature of bacteria. To pass from mophile, Methanobacterium thermoautoao- member of one of the first teams to start 
person to person-say in a sneeze-and phicum, is expected from the biotech firm sequencing an archaeon, Sulfolobus 
survive, a population of bacteria must be Genome Therapeutics Corp. of Waltham, solfatan'cus. The study of whole microbial ge- 
capable of rapidly adjusting to new envi- Massachusetts, by the same date. nomes, says Doolittle, will also help answer 
ronments. Six vears ago. Moxon and his In addition. since the comnletion of the auestions about the orieins of the genes of 
Oxford colleague ~effrei  Weiser provided a 
clue that helps explain how bacteria do 
that. The researchers found that the three 
H. influenza LOS genes that had been iden- 
tified at that time carry certain repeated se- 
quences that make them very susceptible to 
certain copying errors during DNA replica- 
tion. As a result, the bacteria in a population 
svnthesize a mix of LOS nroteins with slieht- 

H .  influenza genome was announced in May 
at the annual meeting of the American Soci- - 
ety for Microbiology (Science, 2 June, p. 
1273). the TIGR-Honkins team has received . . 
proposals to collaborate on the sequencing of 
30 different microbial genomes, including 
the pathogens that cause tuberculosis and 
syphilis. "People thought [that bacteria] were 
multivear. multimillion-dollar nroiects." Ven- 

- - 
humans and other multicellular organisms. 

Moreover, because so much of the work 
can be done on the computer, "it's going to 
empower the small investigator in ways that 
they had never dreamt," predicts the director 
of the Department of Energy's genome proj- 
ect, David Smith. Says Francis Collins, di- 
rector of the National Center for Human 
Genome Research in Bethesda. Marvland. 

s ,  , . 
1; different properties, eAsuring that at cast  ter sais. "we've shown that it can be done in the H. influenzae sequence "is milestone 
a fraction of the nonulation is suited to anv less than a vear and for less than 50 cents ner that people should look at verv closelv. Hav- - .  . . 
environmental change. ' base, [and] 'it's opened the floodgates." ' ing the complete sequence[s] 'of orgakism[s] 

In their recent search of the H. influenza As the number of fully sequenced ge- as a starting point is going to transform the 
genome, the Moxon team found that other nomes increases, the rate of discovery will way people approach biology, first in micro- 
virulence genes may make use of the same rise exponentially. "The interesting stuff organisms, and later in higher organisms." 
adaptive mechanism. They identified the comes from the comparisons," says Blattner, -Rachel Nowak 
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