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T
here is little doubt that infec-
tious diseases are the major
challenge of medicine at the
opening of this new century

(1). They are still by far the major popu-
lation control factor of our species. At
the very least, this peril of emerging and
reemerging infectious diseases (2) has
the beneficial side effect of boosting
basic research. It is indeed a paradox
that, for example, the basic biology of
Mycobacterium tuberculosis, the causative
agent of a major human disease, is far
less well known than that of Escherichia
coli, potentially because tuberculosis was
more or less effectively controlled in the
north. Facing the threat of tuberculosis
epidemics throughout the world, scien-
tists are currently erasing the somewhat
artificial border between basic and ap-
plied research and are generating data
that have both a strong added value in
terms of basic science and an immediate
usefulness for epidemiology and medi-
cine. The two companion papers by
Tsolaki et al. (3) and Hirsh et al. (4) in
this issue of PNAS are perfect examples
of this new scientific school, as well as
of the opportunities offered by the
progress of modern biotechnology when
they are wisely used.

Like many organisms, the whole ge-
nome of M. tuberculosis has now been
entirely sequenced (5). In itself, this is a
major technological achievement that
carried with it a great deal of raw mate-
rial and crude data. The analysis of this
bacterium’s genome sequence has itself
led to informative hypotheses on its bi-
ology (6). However, because only one
reference strain (H37Rv) was originally
sequenced (5), information on the spe-
cies’ genetic variability was lacking.
Using this sequence and the powerful
technology of microarrays, Tsolaki,
Hirsh, and colleagues (3, 4) built a
highly resolvent tool of comparative
genomics to explore the genetic diversity
of 100 M. tuberculosis isolates from tu-
berculosis patients in San Francisco.
This subsample had been taken from a
broader sample of 1,802 isolates col-
lected in the same area between 1991
and 1999, which had been characterized
by using two molecular methods: IS6110
and polymorphic G-C-rich sequence
(PGRS). These well standardized typing
tools are widely used by molecular epi-
demiologists working with M. tuberculo-
sis. They are the basis for international
electronic networks of researchers (7).

These two markers are not perfect tools
in terms of phylogenetic analysis and
population genetics, because their target
molecules are very specific DNA se-
quences that are not representative of
the entire genome, and because they do
not permit the analysis of a large num-
ber of independent genetic loci (8).
However, they give useful information
on the epidemiological relationships
among strains. In the two papers ana-
lyzed here (3, 4), isolates exhibiting the
same profile for both IS6110 and PGRS
were considered as the same ‘‘strain,’’
related to clustered (epidemiologically
linked) cases. The final sample of 100
isolates was composed of 50 clustered
and 50 nonclustered isolates.

Large deletions are assumed to play a
major role in the molecular evolution of
M. tuberculosis (9). The two companion
papers used these deletions as markers
to answer distinct, although complemen-
tary, questions. Tsolaki et al. (3) took
the clear working hypothesis that these
large sequence polymorphisms play a
more important role than simple DNA
base substitutions (single nucleotide
polymorphisms) in the phenotypic ex-
pression of M. tuberculosis, including
antibiotic resistance and pathogenicity.
Through PCR amplification and se-
quencing of the regions that flank dele-
tions, it was possible to map them to the
base pair. Through statistical randomiza-
tion procedures, the authors (3, 4) ex-
plored how far the localization of dele-
tions departs from random expectations.
They found two types of deletions: those
that are limited to phylogenetically re-
lated isolates and those that are distrib-
uted throughout the species. Three
deletions combined both types of distri-
bution. Those deletions that are cluster-
specific likely stem from a genetic event
specific to this lineage, whereas widely
distributed deletions reflect properties

of the involved sequences that are gen-
eral in the species.

The H37Rv reference strain was
found to comprise slightly more than
4,000 genes (5). In Tsolaki et al.’s (3)
study, a total of 224 genes were partially
or totally deleted by comparison with
the reference genome H37Rv. This per-
centage of 5.5% is significantly lower
than the percentage of 22% found in
other bacteria such as Helicobacter pylori
(10) and Staphylococcus aureus (11).
However, not all genes are equally ex-
pressed. Few mutated genes can have
drastic effects. Here the authors (3) pos-
tulate that this is the case for the agent
of tuberculosis and explore the effects
of the deletions on the epidemiology of
the disease. They find that, generally,
deletions have slight deleterious effects.
By comparing different functional gene
categories, they discovered that some
categories were overrepresented in de-
leted genes. This was the case for those
genes involved in intermediary metabo-
lism, respiration, and cell wall produc-
tion. It is surprising that genes with such
a crucial activity are frequently deleted.
The hypothesis proposed is that they
produce antigens and therefore undergo
the selective pressure of the host’s im-
munological system. Isolates that harbor
deletions for these genes therefore have
a short-term selective advantage, be-
cause they are able to better escape the
host’s immune defenses. However, be-
cause these genes are indispensable in
the long run, their functionality is then
restored. Other deletions had obvious
advantages. One enhanced the resis-
tance to isoniazid, a major antitubercu-
losis antibiotic. Others disrupted the
genes that allow the bacillus to survive
in environments with little oxygen. This
last property enables the bacteria to re-
main in a latency phase, without symp-
toms. When the genes are disrupted, the
disease produces more severe symptoms,
including cough, which obviously favors
the dissemination of the bacterium (only
pulmonary clinical forms are highly
contaminating).

Whereas Tsolaki et al. (3) focused on
the phenotypic effects of large deletions,
Hirsh et al. (4) used them as phyloge-
netic markers corresponding to unique
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event polymorphisms, that is to say, evo-
lutionary events that occur only once for
all and cannot revert to their former
state. Here we have again a very clean
working hypothesis: the authors (4) pos-
tulated that many tuberculosis patients
analyzed in the urban San Francisco
area harbor M. tuberculosis strains that
infected them in their mother countries.
Based on this initial idea, it becomes
possible to see whether different kinds
of M. tuberculosis lineages circulate in
different regions of the world. Data fully
support the working hypothesis. By ana-
lyzing the phylogenetic trees and birth
countries of the patients, the authors (4)
evidenced four major clades (Fig. 1):
one including mainly strains from South-

east Asia patients, one including mainly
strains from Filipino patients, and the
last two composed chiefly of strains hav-
ing the dominant North American type.
Interestingly, Hirsh et al. (4) showed
that even patients recently contaminated
in San Francisco (clustered cases) tend
to be infected by those strains that are
more specific to their regions of origin.
The authors attributed this last result to
sociological and epidemiological param-
eters. The transmission of the bacterium
usually requires extensive contact.
Moreover, like many large western cit-
ies, San Francisco is divided into ethnic
districts. Immigrants from the same
countries tend to settle together and

have, of course, more contact with one
another than with other immigrants.

This approach is an extreme example
of what modern molecular biology can
offer when it depends on a thorough
knowledge of the epidemiological and
sociological reality. The implications in
terms of public health could be im-
mense; for example, it has been hypoth-
esized that the variable efficacy of bacil-
lus Calmette–Guérin in different parts
of the world could be due to the circula-
tion of different M. tuberculosis strains
in these areas. In terms of basic science
and evolutionary biology, Hirsh et al.’s
results show a very fine example of co-
evolution: the pathogen can be consid-
ered a character of the host and vice
versa.

These two works are major contribu-
tions to our knowledge of the evolution
of M. tuberculosis and illustrate the
power of new technologies in modern
biology. The results and hypotheses they
contain have obvious implications in
terms of medical research as well, be-
cause they tell us much about the evolu-
tionary strategies utilized by M. tuber-
culosis to resist antibiotics, disseminate,
and infect different human populations.
Apart from satisfying our legitimate
desire for pure knowledge, this kind
of good science builds the foundation
for the antibiotics and vaccines of
tomorrow.
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Fig. 1. Correspondence between molecular phylogeny of M. tuberculosis strains isolated in San Francisco
and birth regions of the corresponding patients. Four large geographic regions are indicated by color:
blue, East Asia; pink, The Philippines; black, the Americas; orange, Africa, Europe, and the Middle East.
Here and in figure 3 b and c of ref. 4, country of origin is indicated by the abbreviations at the top of the
tree: CB, Cambodia; CH, China; CO, Colombia; ET, Ethiopia; HK, Hong Kong; IR, Iran; MC, Macau; MX,
Mexico; RP, Philippines; RQ, Puerto Rico; U.S., United States; VM, Vietnam; YO, Yugoslavia. [Reproduced
with permission from ref. 4 (Copyright 2004, National Academy of Sciences)].
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