
cient to  be preserved in  the borehole tem- 
perature profile. 

Practitioners of borehole-temperature 
naleothermomnetrv cove with the obstacle of , L 

limited thermal memory by striking a bal- 
ance between opposing goals. O n e  goal is fi- 
delity bet\veen borehole-temperature obser- 
vations and the predicted borehole tempera- 
ture nrofile based o n  the  inferred surface 
temperature history. T h e  other goal is sim- 
plicity of the  inferred surface-temperature 
history, namely, sufficient simplicity to  sup- 
press the  wild oscillations that would other- 
wise be introduced by random error in tem- 
perature measureme~t .  These two goals are 
opposing, because improvements in satisfy- 
ing one goal (say, simplicity of the  tempera- 
ture history) will detract from the  satisfac- 
t ion of the  other (fitting borehole-tempera- 
ture data). 

Cuffev et al. strike the  balance between 
the  oppdsing goals in  a remarkably adept 
manner that reflects their aim to challenge 
the  ice-core isotopic paleothermometer (3) .  
For the  goal of simplicity, Cuffey et al. de- 
mand that the  inferred surface-temnerature 
history be linearly related to  only the  broad- 
est time-scale patterns of the  oxygen-iso- 
tope record. For the  goal of fidelity, they 
minimize a least-square measure of misfit 
between the  observed borehole temnerature 
log and the  temperature profile predicted by 
the  inferred surface-temperature history. 
(This prediction involves a sophisticated 
ice-sheet temperature model, which is one 
of the  technical highlights of their analv- - " 

sis.) T h e  adjustable parameters, which are 
tuned to achieve this minimization, are 
simply the  slope and intercept of the  linear 
relation defining the  ice-core oxygen-iso- 
tope paleothermometer. 4 s  can be appreci- 
ated from figure 2 of the report by Cuffey et 
al., the  twin opposing goals are achieved, 
and the  ice-core oxygen-isotope paleother- 
mometer is both confirmed and calibrated. 

This success is qualified, however, by its 
applicability to only the broadest time-scale 
feature of the  surface-temperature history 
of the  GISPZ site, that is, the  glacial to in- 
terglacial warm-un. Other  interesting cli- 

u " 

mate features implied by the  ~ce -core   so- 
topic record, such as the  10,000-year-old 
Youneer Drvas event or the  nresence or lack 
of t h i  coniroversial ~ e m / i a n ~ a m o n  cold 
spells, may never be confirmed. These an- 
cient and short-lived features fall below the  
resolution threshold of borehole-tempera- 
ture paleothermometry (7). 

For sc~entists who generate and interpret 
ice-core naleoclimate data, the success of the 
analysis by Cuffey et al. is satisfying because 
it culminates several decades of effort to use 
borehole-temperature paleothermometry as 
a check o n  other techniques for deriving 
environmental histories. Of more general " 
interest, their work implies that  past esti- 

mates of the  glacial to  interglacial warm-up 
derived from the  ice-core isotone records 
have been too conservative ( that  is, were 
8°C when they should have been 16°C) 
(8). This deduction is in  accord with similar 
conclusions drawn recently about glacial- 
period temperatures in the  tropics (9)  and 
confirms that polar amplification of climate 
change (for instance, the  poles respond 
with greater amplitude than the  tropics) is a 
central characteristic of Earth's climate. 
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Life With 482 Genes 

Andre Goffeau 

F o r  many years we believed that the  first 
genome to be sequenced entirely would be 
that of the  bacterium Escherichia coli, esti- 
mated to be 4720 kilobases long (1 ). More 
recently, the prospect of completing the  
much longer genome of the  yeast Saccharo- 
myces cerevisiae ( 12,500 kilobases) before 
the  end of 1995 has been entertained (2) .  
But to everyone's sumrise, an  outsider won 
the  race fo; the  firstLcomplete genome se- 
auence-that of the bacterium Haemobhilus 
influenzae, a 1830-kb sequence, recently re- 
ported by a team from the  Institute for Ge-  
nomic Research (TIGR)  headed by Craig 
Venter (3) .  This "premiere" was performed 
o n  a verv small bacterial genome, and not  
o n  the  loAg mammalian fragment o n  which 
one might have expected TIGR to  have 
concentrated its powerful resources. Now, 
Venter and his colleagues have focused o n  
a n  even smaller. genome, that of ~Myco- 
plasma genitalium, the complete sequence of 
which is reported in the  paper by Fraser et 
al,  in this issue of Science (4). This parasite 
(but not necessarily a pathogen) of human 
genital and respiratory tracts has a genome 
of only 580-kb long. 

Sequencing of the  M. genitalium genome 
was the  product of a collaboration among 
three teams. Foremost among these is TIGR,  
a nonprofit institute with large-scale, high- 
throughput D N A  sequencing facilities that 
has given the  rights to commercialize its - - 
findings to an  allied company, Human Ge-  
nome Sciences, Inc. TIGR and its director 
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Craig Venter are known mainly for their 
mass production of sequence tags for human 
genes (ESTs) expressed in  different tissues 
(5). T h e  second team is led by Hamilton 
Smith from the  Johns Hopkins University 
School of Medicine, who is best known for 
his pioneering work o n  restriction enzymes 
in bacteria, work that opened the  field of 
molecular genetics and for which h e  won 
the  Nobel Prize in 1978. T h e  third team is 
that of Clvde Hutchison from the  Univer- 
sity of Noi th  Carolina, who is a n  interna- 
tionally recognized expert in the  study of 
~Mycoplasma species. 

O n e  of the  most impressive features of 
the  sequencing effort for the  M. genitalium 
genome is its efficiency, a testament to  
the  power of the  TIGR sequencing and 
informatics facilities. T h e  first D N 4  extrac- 
tion from M. genitalium was carried out in 
early January 1995, and the  manuscript was 
submitted o n  11 August 1995. 

O n  the  technical side, the  most sDec- 
tacular aspect of the work is the  application 
of random ("shotgun") sequencing and as- 
sembly of the  8650 needed sequencing re- 
actions in a single contig ( that  is, a collec- 
tion of overlapping clones that collectively 
cover the target region). This accomplish- 
ment  was made possible by the  develop- 
ment  of a series of highly performing 
informatics tools already tested during the 
sequencing of the  H.  inflzientae genome. O n  
the scientific front, the  originality of the  
work stems from the  fact that the  M. 
genitalizim genome has one of the  smallest 
known genomes of an) free livlng organ- 
Ism. It  1s therefore reasonable to assume 
that its genome sequence reveals the  near- 
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A circular representation of the M. genitalium chromosome. Outer concentric circle: Coding re- 
gions on the plus strand for which a gene was identified. Second concentric circle: Coding regions 
on the minus strand for which a gene was identified. Third concentric circle: The direction of tran- 
scription on each strand of the ch;omosome starting at the putative origin of replication. Fourth con- 
centric circle: Cosmid and lambda clones (blue). Fifth concentric circle: The locations of the sinale 
ribosomal operon (blue) and the 33 ~RNAS:   he clusters of tRNAs (trnA, trnB, trnC, trnD, and t r i ~ )  
are indicated by the letters A through E with the number of tRNAs in each cluster listed in parenthe- 
ses. Sixth concentric circle: Location of the MgPa operon (green) and MgPa repeat fragments 
(brown). Figure generated with TlGR Genome Display Tool (J. Slagel, unpublished data). [Figure 
from C. Fraser eta/., unpublished data] 

minimal set of genes necessary for indepen- 
dent life. Whether this means that each of 
the predicted coding regions is essential for 
growth remains to be determined experi- 
mentally. Nevertheless, it is likely that the 
minimal translation machinem reauires 
nearly 90 different proteins to proceed, 
whereas the complete DNA replication 
process requires only about 30 proteins. 
Many other observations can be made on 
minimalist metabolic or physiological path- 
ways. It is surprising, for example, that this 
bacterium, which contains only one type of 
membrane, has devoted 140 (30%) of its 
482 eenes to encode membrane-inserted . u 

proteins. Also unexpected is the observa- 
tion that up to 4.5% of the genome might 

be used for evasion of the mammalian host 
immune response. The scope of our present 
ignorance is measured by the fact that 117 
M. genitalium protein sequences (22%) do 
not match protein sequences from any 
other oreanism. - 

From an evolutionary perspective, se- 
quencing of the M. genitalium genome rep- 
resents the first complete molecular defini- 
tion of minimal life and will likely become a 
cornerstone for future comparisons of the 
genome contents from many species. An 
example of such an approach is given by the 
comparison of the gene content of H. 
influenzae and M .  genitalium sorted by func- 
tional category; for instance, H. influenzae 
devotes more than 10 times as many genes 

to regulatory functions than M. genitalium 
(64 genes compared with 5). 

How rapidly will the new information be 
exploited at the biochemical level? Two 
facts might hinder such progress, which in 
principle could result in a definition of the 
minimal biochemical mechanisms and 
pathways required for life. One limiting fac- 
tor might be the relatively small size of the 
scientific community actively working on 
molecular aspects of this bacteria (probably 
a few dozen compared to the thousands of 
molecular biologists studying yeast or 
Escherichia coli). Another difficulty is that 
the tools of classical or molecular genetics - 
cannot be applied; no auxotrophic or other 
mutants are presently available for this 
parasite, which cannot grow on synthetic 
media. For further studies to take place, 
each of the M. genitalium genes should be 
overexpressed in a heterologous host-a 
~rocedure that remains cumbersome. 

Another question concerns the true er- 
ror rate of the seauence. The authors admit 
that about 1% of the total sequence was de- 
termined from onlv one DNA strand. This 
contrasts with the requirement for 100% 
coverage of both strands in other svstematic - 
sequencing projects, such as those of yeast 
or Bacillus subtilis genomes. Whether full 
coverage on the second strand is always 
necessary when the sequence on the oppo- 
site strand is known is indeed oDen to dis- 
cussion. The authors estimate, rather intu- 
itively, that their error rate is less than 1 in 
10,000 bases. In some circles it is believed 
that this estimate. which corres~onds to the 
highest accepted standards, should have 
been assessed by independent quality con- 
trol on the basis of blind resequencing. The 
debate as to the measurement of exact error 
frequency should, however, in no way 
overeshadow this remarkable achievement, 
which will remain a landmark in contempo- 
rary biology. 
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