COMMENT

The Mycobacterium tuberculosis
genomic sequence: anatomy of a
master adaptor

he elucidation of the com-

plete genomic sequence of

Mycobacterium tuberculosis
H37Rv, reported by Stewart Cole,
Bart Barrell and colleagues in
Nature', is a technological triumph
that elevates M. tuberculosis into
the elite cadre of sequenced micro-
organisms. Poorly funded and
under-researched for many years,
the inexorable increase in tubercu-
losis (TB) incidence has vaulted this
disease into the public spotlight?
and has led to efforts such as this
Wellcome-Trust-funded sequenc-
ing project. The sequence is un-
doubtedly a major milestone in the
colorful history of TB research and
will be recorded on a par with the
discoveries of tuberculin, bacille
Calmette-Guérin (BCG), strepto-
mycin and multidrug therapy.

Weighing in at ~4.4 Mb, the
M. tuberculosis genome, which is
the fourteenth complete bacterial
sequence reported since that of
Haemophilus influenzae in 1995
(Ref. 3), is the second largest after
that of Escherichia coli* and one of
the most technically demanding.
Decoding DNA with a 65% GC
content requires multiple sequenc-
ing chemistries and high coverage
rates for reliable sequence ascer-
tainment. From a sequencing stand-
point, the unambiguous identifi-
cation of the genome’s 4 411 529 bp
and annotation of its 3 924 open
reading frames by the Sanger Centre
(Hinxton, UK) team is a laudable
accomplishment.

The sequence reveals the work-
ings of a master adaptor and
shows M. tuberculosis to be an un-
usually complex pathogen. Patho-
gens capable of causing disease in
healthy, immunocompetent indi-
viduals are typically ‘lean and
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mean’ with respect to genome size.
They have evolved as highly
adapted microorganisms whose
niche is usually restricted to, and
dependent on, the mammalian
host’. Hence, pathogens, such as
Neisseria meningitidis, Strepto-
coccus pneumoniae or Treponema
pallidum, typically have a limited
adaptive repertoire. Colonization
or full-blown disease are often the
only two adaptive choices avail-
able to them. Living in such re-
stricted environments, these patho-
gens operate with compact genomes
that are usually no greater than
2.5 Mb (Table 1).

Although M. tuberculosis fits
this definition of an obligate
pathogen, its generous genome
size is more akin to those of
opportunistic pathogens, such as
Pseudomonas aeruginosa (5.9 Mb)
or  Legionella  pneumophila
(4.1 Mb). These pathogens, which
rely on extremes of age, under-
lying disease or immune dysfunc-
tion in their victims, survive readily
in environmental reservoirs out-
side their mammalian hosts; infec-
tion and disease are minor facets
of their rich adaptive repertoire.
So, why does M. tuberculosis,
which is not known to exist in
environmental reservoirs, main-
tain such an ample genome? One
answer could be that its lifestyle
is more complex than expected
and requires greater genetic
capacity.
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Thus, the perception of M. tuber-
culosis as a plodding, monotonous
microorganism capable only of in-
exorable aerobic growth and self-
protecting ensconcement within a
waxy coat requires some revision.
The sequence reported by Cole et
al.' reveals a diverse genetic reper-
toire abounding in regulatory
circuits; there are 13 RNA poly-
merase sigma factors, 30 two-
component regulators, 14 protein
kinases or phosphatases and >140
transcriptional regulators. Such
regulatory complexity in the
genome is consistent with sophisti-
cated machinery for an intricate
infection process.

M. tuberculosis invests much of
its genomic inheritance in a com-
plex lipid metabolic apparatus em-
ploying >250 enzymes. In addition
to having elaborate lipid biosyn-
thetic and degradative enzymes, a
series of gene clusters for polyke-
tide synthesis are apparent in the
sequence. These large operons,
best characterized in Streptomyces,
encode multienzyme pathways
required to generate lipids, sec-
ondary metabolites and anti-
biotics®. The discovery of four dis-
tinct polyketide synthase operons
in M. tuberculosis raises the novel
possibility that aspects of its patho-
genicity might be associated with
secondary metabolite secretion
within the host.

Although M. tuberculosis is the
fourteenth complete genome to be
sequenced, it might gain the dis-
tinction of being the first micro-
organism to have two isolates
completely sequenced and pub-
lished for comparative purposes.
An  ongoing  NIH-supported
genome sequencing project at the
Institute for Genomic Research
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(TIGR) in Rockville, MD, USA is
completing the genome sequence
of a highly virulent M. tuberculo-
sis strain known as CSU93 or
Oshkosh. This strain has a hyper-
virulence phenotype in mice follow-
ing aerosol infection and caused a
major human TB outbreak in
1994-1996 in the USA (Ref. 7). In
comparison, the recently sequenced
H37Rv, which was first isolated at
the turn of the century and has
been passaged in the laboratory
for over nine decades, is of modest
virulence in animal models of TB
(Refs 8,9). Hence, comparison of
the two genomes holds the
prospect of revealing virulence-
associated differences between
H37Rv and CSU93.

The genomic sequencing effort
for Mycobacterium leprae, which
is supported by the Wellcome
Trust and the Heiser Foundation,
is >90% complete. Preliminary
observations on this uniquely
human-adapted pathogen, which
cannot be cultivated in vitro, re-
veal multiple apparently missing
enzymes and mutated genes in an
abbreviated mycobacterial genome
of just 2.8 Mb. Analogous to
T. pallidum, M. leprae might rep-
resent an extreme among human-
adapted pathogens that has gradu-
ally shed all but a small core of
genes needed for host survival'®!!,

Finally, another NIH- supported
sequencing project to complete the
genome sequence of Mycobac-
terium avium is under way at
TIGR. M. avium complex (MAC)
microorganisms are widely dis-

tributed in the environment but
have a predilection for causing dis-
seminated disease in late-stage
AIDS patients. Why this particular
pathogen, rather than others from
the vast collection of mycobac-
teria, prospers so well in the spe-
cific milieu of HIV co-infection is
poorly understood!?. Again, ge-
nomic comparisons among the
M. avium, M. tuberculosis and
M. leprae sequences will be infor-
mative in addressing this and a
host of other questions.

With the completed database
provided by the Sanger Centre, TB
research now enters the post-
genomic era. The sequence shows
M. tuberculosis to be a master of
adaptation, in spite of the fact that
it cannot survive for long periods
outside the human host. The large
genome size and extensive regu-
latory apparatus reflect the ca-
pacity of this microorganism to
cause a variety of disease syn-
dromes, ranging from the overt
cavitary destruction to covert latent
infection. Although the genome se-
quence does not deliver an instant
answer concerning the pathogene-
sis of TB, a full set of puzzle pieces
has now been scattered on the
table, and the task of interlocking
them into a coherent image has
been substantially advanced.
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