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INTRODUCTION

Tuberculosis (TB), one of the oldest recorded human afflic-
tions, is still one of the biggest killers among the infectious
diseases, despite the worldwide use of a live attenuated vaccine
and several antibiotics. New vaccines and drugs are needed to
stem the worldwide epidemic of TB that kills two million peo-
ple each year. To rationally develop new antitubercular agents,
it is essential to study the genetics and physiology of M. tuber-
culosis and related mycobacteria. It is equally important to
understand the M. tuberculosis-host interaction to learn how
these bacteria circumvent host defenses and cause disease. The
approaches described in this review identify M. tuberculosis
genes that are or are potentially involved in virulence. In the
future, some of these genes and the proteins they encode, as
well as newly discovered ones, should provide new bacterial
targets that can be used for creating vaccines and drugs as well
as more selective diagnostic reagents. To help the reader better
understand the context for these approaches, a summary of
various aspects of TB is presented initially, including a history
of the disease, its clinical manifestations, as well as host and
bacterial responses during infection. Because of space consid-
erations, this initial discussion must omit important areas and
can only touch on the many topics covered. For more extensive

background material, there are many excellent books and re-
views (30, 100, 116, 245).

HISTORY OF TUBERCULOSIS

TB, as described in the next section, can present in various
forms, including one that attacks bone and causes skeletal
deformities. Hard tissues like bone can be preserved for thou-
sands of years, allowing the almost certain identification of
individuals with bone TB who died more than 4,000 years ago.
The frequency of unearthed skeletons with apparent tubercu-
lar deformities in ancient Egypt suggests that the disease was
common among that population. The discovery of similarly
deformed bones in various Neolithic sites in Italy, Denmark,
and countries in the Middle East also indicates that TB was
found throughout the world up to 4,000 years ago. The origin
of M. tuberculosis, the causative agent of TB, has been the
subject of much recent investigation, and it is thought that the
bacteria in the genus Mycobacterium, like other actimomycetes,
were initially found in soil and that some species evolved to live
in mammals. The domestication of cattle, thought to have
occurred between 10,000 and 25,000 years ago, would have
allowed the passage of a mycobacterial pathogen from domes-
ticated livestock to humans, and in this adaptation to a new

464 SMITH CLIN. MICROBIOL. REV.



host, the bacterium would have evolved to the closely related
M. tuberculosis. Specifically, it has been hypothesized that M.
bovis, which causes a TB-like disease in cattle, was the hypo-
thetical evolutionary precursor of M. tuberculosis (274). This
hypothesis is now considered doubtful in the light of new data,
since it was formulated before the genomes in the M. tubercu-
losis complex, including the human and animal pathogens M.
africanum, M. microti, and M. canetti, as well as M. tuberculosis
and M. bovis, were characterized by DNA sequencing and
related methods. These studies have shown a greater than
99.9% similarity of DNA sequence among the members of the
M. tuberculosis complex (38), but the existence of rare synon-
ymous single-nucleotide polymorphisms (sSNP) allows dis-
crimination between these closely related bacteria. sSNP anal-
yses suggest that M. bovis evolved at the same time as M.
tuberculosis (273), and a study of the distribution of deletions
and insertions in the genomes of the M. tuberculosis complex
provides strong evidence for the independent evolution of both
M. tuberculosis and M. bovis from another precursor species,
possibly related to M. canetti (38).

In recorded history, Assyrian clay tablets describe patients
coughing blood in the seventh century B.C., and Hippocrates
(fifth century B.C.) writes of patients with consumption (the
Greek term is phthisis), i.e., wasting away associated with chest
pain and coughing, frequently with blood in the sputum. By
this time, the frequency of descriptions of patients with TB-like
symptoms indicates that the disease was already well en-
trenched. It is thought that TB may have been introduced into
these regions by the migration of Indo-European cattle herders
who were carrying it by virtue of their exposure to cattle in-
fected with the tubercle bacillus. Analysis of various human
phenotypic traits, like lactose tolerance, that are associated
with the raising of cattle and selection for the ability to utilize
milk, as well as the resulting exposure to M. tuberculosis, has
also suggested that Indo-Europeans spread the disease to Eu-
rope and Asia during their migrations into these regions (118).

Europe, with its population explosion in the second millen-
nium A.D. and the growth of large urban centers, become the
epicenter for many TB epidemics starting in the 16th and 17th
centuries. This disease peaked in Europe in the first half of the
19th century, and it is estimated that one-quarter Europeans
died of TB. In one study in a Paris hospital at this time, 250 of
696 cadavers examined showed that the individuals had died of
this disease (77). In the last half of the 19th century, mortality
due to TB decreased, largely due to improved sanitation and
housing, of which the best-known example is the urban renewal
of Paris in the 1850s, initiated and directed by Baron Georges
Haussmann. Of course, the motivation for this massive project
was not only public health concerns but also political consid-
erations, since the wide, straight boulevards of the rebuilt
Right Bank allowed better control of the increasingly radical-
ized working class by Louis Bonaparte’s troops (51). It has also
been postulated that natural selection of humans resistant to
TB may have played a major role in the 19th-century decrease
in the incidence of this disease, but the decline has been too
rapid to be explained by these changes (165).

European immigrants to the New World brought the disease
with them, and while the mortality rate never reached the
levels found in Europe, large urban centers like Boston and
New York had TB death rates of 6 to 7 per 1,000 in 1800,

declining to 4 per 1,000 in 1860 to 1870 (62). Presumably public
health measures also played a role in these declining mortality
rates.

TB morbidity and mortality rates due to TB steadily dropped
during the 20th century in the developed world, aided by better
public health practices and widespread use of the M. bovis
BCG vaccine (discussed below), as well as the development of
antibiotics in the 1950s. This downward trend ended and the
numbers of new cases started increasing in the mid-1980s. The
major causes of this were increased homelessness and poverty
in the developed world and the emergence of AIDS, with its
destruction of the cell-mediated immune response in coin-
fected persons. Only by massive expenditures of funds and
human resources, mainly by directly monitored antibiotic de-
livery, has this “miniepidemic” of new TB cases been reversed
in Europe and the United States (99).

However, the underdeveloped world is still suffering from
TB, as shown by the following statistics. The incidence of TB
ranges from less than 10 per 100,000 in North America to 100
to 300 per 100,000 in Asia and Western Russia to over 300 per
100,000 in Southern and Central Africa. There is one death
from TB every 15 s (over two million per year), and eight
million people develop TB every year. Without treatment, up
to 60% of people with the disease will die (152). Essentially all
these cases are in the Third World (318a), reflecting the pov-
erty and the lack of healthy living conditions and adequate
medical care (301). This global crisis is compounded by the
emergence of multidrug resistance in countries like the former
Soviet Union, South Africa, and India, where some antibiotics
are available but are of inferior quality or are not used for a
sufficient time to control the disease according to recom-
mended regimens (140, 203).

Throughout the centuries, doctors and scientists have de-
scribed TB in its many forms and sought to understand the
origins of the disease, in order to use this information for
better diagnoses, prevention, and cures. Hippocrates thought
the disease was largely inherited, while Aristotle (4th century
B.C.) stressed its contagious nature, as did Galen, greatest of
Roman physicians, in the 2nd century A.D. This opposing view
of the origins of TB reemerged in the second half of 17th
century, where Italian physicians, continuing Galen’s ideas and
influencing countries in the Mediterranean basin, still main-
tained that TB was contagious. Conversely, doctors and savants
in Northern countries favored constitutional or hereditary
causes of this disease. Reflecting the empiricism of medical
authorities of the time like Paracelsus of Switzerland, it was
believed that the Southern theory of contagion was not rigor-
ously proven scientifically and did not explain why some people
in urban settings did not get TB even where there was a high
incidence of the disease (118). This philosophic difference,
which can be paraphrased as the well-known nature-versus-
nurture conundrum, came to its high point in the 19th century.
In 1865, Jean-Antoine Villemin, a French military physician,
reported that he had been able to give TB to laboratory rabbits
by inoculating them with tuberculous tissue from a cadaver.
This report was immediately assailed by the French medical
establishment, notably Herman Pidoux, who strongly main-
tained that there had to be more “modern” and more social
solutions to the problem of TB, which he and others felt arose
in the poorer (working) classes from external causes like mal-
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nutrition, poor sanitation, and overwork. The report by Robert
Koch 17 years later (155), which conclusively showed that TB
was indeed caused by a bacterium discredited many of Pidoux’s
arguments. However, belief in the societal causes of TB still
continued into the early 20th century as the revolutionary
syndicalist movement in France, in their struggle for an 8-h
working day, used TB as an example of a disease that was
caused by overwork and malnutrition. Contemporary expo-
nents of this view tried to discredit Koch’s conclusive experi-
ments, using arguments similar to those of Northern European
doctors of the 17th century and Pidoux and his colleagues (17).

Starting with Edward Trudeau’s work in the late 19th and
the early 20th centuries, the apparent dichotomy in explaining
the etiology of tuberculosis was resolved. In a classic experi-
ment, which by today’s standards might be considered statisti-
cally limited, he showed that TB could be induced in rabbits
with a purified culture of virulent M. tuberculosis but that the
environmental conditions in which the animals were main-
tained greatly influenced the course of the disease (290). In
this study, five M. tuberculosis-infected rabbits were kept in a
crowded, dark cage with minimal food. Of these, four died of
TB within 3 months, and one became severely ill with the
disease. When five similarly infected animals were allowed to
live outdoors on a small island with additional food, one rabbit
died within a month of infection but the other four were still
alive after 6 months, with no sign of the disease. The control
series, i.e., five uninfected rabbits confined to a dark, crowded
cage with little food, became malnourished and clearly un-
happy but did not get TB (290). This simple experiment gave
scientific validity to the treatment of TB (fresh air and ample
food) that was the basis of the TB sanitarium movement
started by European physicians in the mid-1800s and that was
also used by Trudeau in his Saranac Lake TB treatment center
that opened in 1884. The history of research and treatment of
TB at the Trudeau Institute has been described in a fascinating
and informative review (57).

Thus, TB is caused by a bacterium, but environmental fac-
tors play a major role, an idea that Rene Dubos clearly rear-
ticulated 50 years ago (77). To Dubos, purely medical solutions
alone would not work to cure and prevent TB. Unfortunately,
the events of the last half of the 20th century have shown how
prescient he was. The antibiotic era, begun by the discovery of
streptomycin by Schatz and Waksman in the 1940s and its use
to treat TB and followed by the introduction of many other
antibiotics like isoniazid, rifampin, and pyrazinamide that are
useful against TB, has not eliminated the disease (248). Like-
wise, the widespread use of BCG, an attenuated vaccine strain
produced by the sequential passage of a virulent M. bovis strain
by Calmette and Guerin in Paris in the 1920s, has not lowered
the incidence of TB in recent years (4), and there is more TB
today than ever before (301). Clearly, new vaccines and drugs
are needed for TB control, and approaches discussed in this
review are designed to help in this search. However, it is always
important to remember Dubos’ cautionary words, which
stressed the social nature of TB.

CLINICAL MANIFESTATIONS

As discussed earlier in this review, pulmonary TB has been
variously described as consumption and phthisis, both terms

indicating the severe wasting and the coughing of blood asso-
ciated with later stages of the disease. Pott’s disease or spinal
tuberculosis, marked by spinal deformity and other bone de-
fects, was named after an 18th-century English physician, but
Hippocrates thought there was a great similarity between this
bone disease and pulmonary tuberculosis and possibly a com-
mon origin. Scrofula, or cervical lymphadenitis, was a common
disease in the middle ages that presented with swelling of
lymph nodes in the neck. It was also called “The King’s Evil”
because of the myth that it could be cured by the touch of a
reigning monarch. Villemin (mentioned above) showed in the
1860s that scrofula and pulmonary TB had an identical cause.
Tuberculosis also can develop in the central nervous system, in
which case meningitis is the predominant form of the disease,
and also in the urogenital tract, the digestive system, and cu-
taneously in the form named lupus vulgaris. The incidence of
these various extrapulmonary forms of tuberculosis varies from
country to country, such that on the average between 1964 and
1989, 20% of the 20,000 new cases of TB in the United States
were extrapulmonary while 5 to 10% of the approximately
seven million new cases each year in the developing countries
were extrapulmonary (283). This distribution also can be af-
fected by origin of the individuals within a country. In one
study of TB patients in England, 20% of patients of European
origin had extrapulmonary TB, of which lymph node, bone and
joint, and genitourinary involvement accounted for almost
90%. Of patients whose origin was on the Indian subcontinent,
45% had extrapulmonary tuberculosis, and 60% of these sites
of infection were in lymph nodes and in bones and joints (319).
Autopsies of deceased human immunodeficiency virus (HIV)-
negative TB patients in another study in New York City
showed that 68% had extrapulmonary TB whose lesions were
widely and randomly distributed throughout the body with no
apparent predilection for a limited number of sites as noted in
the English study (143).

In modern times, most TB infections are initiated by the
respiratory route of exposure now that milk products are gen-
erally pasteurized, at least in the developed world. One study
in 1978, prior to the AIDS epidemic, showed that 85% of new
TB cases were pulmonary (132). Thus, the different forms of
the disease discussed above usually arise from dissemination of
the bacilli from infected lungs. TB in many cases follows a
general pattern as described by Wallgren, who divided the
progression and resolution of the disease into four stages
(302). In the first stage, dating from 3 to 8 weeks after M.
tuberculosis contained in inhaled aerosols becomes implanted
in alveoli, the bacteria are disseminated by the lymphatic cir-
culation to regional lymph nodes in the lung, forming the
so-called primary or Ghon complex. At this time, conversion to
tuberculin reactivity occurs. The second stage, lasting about 3
months, is marked by hematogenous circulation of bacteria to
many organs including other parts of the lung; at this time in
some individuals, acute and sometimes fatal disease can occur
in the form of tuberculosis meningitis or miliary (disseminat-
ed) tuberculosis. Pleurisy or inflammation of the pleural sur-
faces can occur during the third stage, lasting 3 to 7 months
and causing severe chest pain, but this stage can be delayed for
up to 2 years. It is thought that this condition is caused by
either hematogenous dissemination or the release of bacteria
into the pleural space from subpleural concentrations of bac-
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teria in the lung. The free bacteria or their components are
thought to interact with sensitized CD4 T lymphocytes that are
attracted and then proliferate and release inflammatory cyto-
kines (149). The last stage or resolution of the primary com-
plex, where the disease does not progress, may take up to 3
years. In this stage, more slowly developing extrapulmonary
lesions, e.g, those in bones and joints, frequently presenting as
chronic back pain, can appear in some individuals. However,
most humans who are infected with TB do not exhibit progres-
sion of the disease. One-third of exposed HIV-negative indi-
viduals become infected, and of this number 3 to 5% develop
TB in the first year. An additional 3 to 5% of those infected
develop TB later in their lives. It is thought that most adult TB
in non-HIV-infected patients is caused by reactivation of pre-
existing infection (104). HIV-positive persons infected with M.
tuberculosis have a 50% chance of developing reactivation
(postprimary) TB at some time in their lives. These individuals
and others who are immunosuppressed can also be newly in-
fected with M. tuberculosis and in many cases show rapid pro-
gression to active disease (105). Adult TB, whether resulting
from activation or new infection in HIV-infected patients, is
almost always pulmonary and is associated with differing de-
grees of lung involvement and damage, notably necrosis, cav-
itation, and bleeding (143).

M. TUBERCULOSIS VIRULENCE AND THE
DISEASE PROCESS

The previous section described the different stages of human
TB at the level of the infected patient and the involved organ
systems. This section summarizes events in infection from the
cellular and molecular viewpoint of both the infecting bacte-
rium and its host. An excellent review of host innate immunity
and responses to M. tuberculosis infection has recently ap-
peared in this journal (297), and to avoid repetition, some
areas are mentioned only briefly.

Events in the Infectious Process

Early events. As discussed above, M. tuberculosis usually
enters the alveolar passages of exposed humans in an aerosol
droplet, where its first contact is thought be with resident
macrophages, but it is also possible that bacteria can be initially
ingested by alveolar epithelial type II pneumocytes. This cell
type is found in greater numbers than macrophages in alveoli,
and M. tuberculosis can infect and grow in these pneumocytes
ex vivo (24, 190). In addition, dendritic cells play a very im-
portant role in the early stages of infection since they are much
better antigen presenters than are macrophages (286) and pre-
sumably play a key role in activating T cells with specific M.
tuberculosis antigens (31, 114). Since dendritic cells are migra-
tory, unlike differentiated macrophages (164), they also may
play an important role in dissemination of M. tuberculosis.
However, this discussion is limited to the much more exten-
sively studied and better understood M. tuberculosis-macro-
phage interaction. The bacteria are phagocytosed in a process
that is initiated by bacterial contact with macrophage mannose
and/or complement receptors (254). Surfactant protein A, a
glycoprotein found on alveolar surfaces, can enhance the bind-
ing and uptake of M. tuberculosis by upregulating mannose

receptor activity (107). On the other hand, surfactant protein
D, similarly located in alveolae, inhibits phagocytosis of M.
tuberculosis by blocking mannosyl oligosaccharide residues on
the bacterial cell surface (90), and it is proposed that this
prevents M. tuberculosis interaction with mannose receptors on
the macrophage cell surface. Cholesterol in cell plasma mem-
branes is thought to be important for this process, since re-
moval of this steroid from human neutrophils decreases the
phagocytosis of M. kansasii (221) and similar depletion exper-
iments prevented the entry of M. bovis BCG into mouse mac-
rophages (106). The human toll-like receptor 2 (TLR2) also
plays a role in M. tuberculosis uptake (201), and this important
interaction with bacterial components is discussed later in this
review. On entry into a host macrophage, M. tuberculosis and
other intracellar pathogens initially reside in an endocytic vac-
uoule called the phagosome. If the normal phagosomal matu-
ration cycle occurs, i.e., phagosome-lysosome fusion, these
bacteria can encounter a hostile environment that includes
acid pH, reactive oxygen intermediates (ROI), lysosomal en-
zymes, and toxic peptides. Reactive nitrogen intermediates
(RNIs) produced by activated mouse macrophages are major
elements in antimicrobial activity (197), and mice with muta-
tions in the gene encoding the macrophage-localized cytokine-
inducible nitric oxide synthase gene are more susceptible to
various pathogens, including Leishmania major (311), Listeria
monocytogenes (169), and M. tuberculosis (168). The M. tuber-
culosis result is consistent with the results of other experiments
showing that RNIs are the most significant weapon against
virulent mycobacteria in mouse macrophages (48, 50) and the
observation that resistance to RNIs among various strains of
M. tuberculosis correlates with virulence (48, 50, 202). The
presence of RNIs in human macrophages and their potential
role in disease has been the subject of controversy, but the
alveolar macrophages of a majority of TB-infected patients
exhibit iNOS activity (200).

Since most macrophage killing of bacteria occurs in the
phagolysosome (89), intracellular pathogens have evolved
many ways to avoid this hostile vacuolar microenvironment.
Listeria and Shigella physically escape the phagosome and rep-
licate in the cytoplasm (252), and Legionella inhibits phago-
some-lysosome fusion (134). Salmonella enterica serovar Ty-
phimurium phagosomes also are diverted from the normal
endocytic pathway of phagosome-lysosoma fusion (42, 233),
and this bacterium requires acidification of the phagosome to
survive in macrophages (234). Pathogenic mycobacteria also
inhibit phagosome-lysosome fusion (6, 98), but unlike the sit-
uation for Salmonella, the mycobacterial phagosome is not
acidified (60). This is presumably due to the exclusion of pro-
ton ATPases from the mycobacterial phagosome (281), but it is
not clear that the blocking of endosomal maturation is essen-
tial for M. tuberculosis survival in macrophages. Live M. tuber-
culosis cells can made to traffic to late endosomes by opsoniza-
tion with polyclonal antibodies against M. tuberculosis H37Rv,
which presumably directs bacterial binding to Fc receptors.
However, this rerouting has no effect on bacterial growth in
mouse peritoneal macrophages (6). On the other hand, a re-
cent study in which human monocyte-derived macrophages
(MDMs) were infected with M. tuberculosis Erdmann opso-
nized with a polyclonal antibody raised against the M. tuber-
culosis cell surface glycolipid lipoarabinomannan (LAM)
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showed that this treatment causes 80% loss of bacteria as well
as increased trafficking to late, more acidic endosomes (175).
The different results in these two experiments have not been
resolved but could be in part due to the source of the macro-
phages, the nature of the antibodies, and the bacterial strains
used. An interesting finding in the latter work is that Ca2�

signaling is inhibited when M. tuberculosis enters human mac-
rophages but not when killed M. tuberculosis or antibody-op-
sonized M. tuberculosis cells are phagocytosed (175). This ef-
fect was correlated with trafficking to late endosomes; i.e.,
elevated Ca2� levels were associated with phagolysosome for-
mation. Since Ca2� can stimulate many host responses to in-
fection, e.g., the respiratory burst as well as NO and cytokine
production, preventing increases in Ca2� levels would help M.
tuberculosis avoid these host defense mechanisms. It has also
been postulated that a selective advantage to M. tuberculosis of
staying in an early endosome is that there would be less host
immunosurveillance by CD4� T cells. In agreement with this
idea, there is a decrease in the expression of major histocom-
patibility complex class II (MHC-I) proteins and in the
MHC-II presentation of bacterial antigens in macrophages
after M. tuberculosis infection (201). As discussed below, this
effect seems to be induced by presence of the secreted or
surface-exposed M. tuberculosis 19-kDa lipoprotein, which is
thought to interact with TLR2 in the early phase of bacterial
entry into macrophages (287). The mechanism by which viru-
lent mycobacteria prevent phagosomal maturation is not
known, but in the normal maturation of the mycobacterial
phagosome there is a successive recruitment of Rab proteins,
which are small GTPases involved in endosome trafficking; i.e.,
Rab5 associates with early endosomes, and Rab7 is found in
later endosomes. The M. tuberculosis phagosome that does
contain Rab5 does not recruit Rab7 (298). Also, TACO, a
member of the coronin family of actin binding proteins, is
preferentially recruited to the mycobacterial phagosome of
infected murine macrophages, where it was reported to be
retained in phagosomes containing live and not killed M. bovis
BCG (91). However, a more recent study, in which phago-
somes and other macrophage organelles were isolated, has
shown that the association of coronin with phagosomes con-
taining live M. bovis BCG in both murine and human macro-
phages is transient and is retained only on phagosomes con-
taining clumped bacteria (257). These latter results suggest
that coronin is not involved with the arrest in phagosome
trafficking observed in M. tuberculosis infections of macro-
phages. It is also not known whether the exclusion of Rab7
and/or the decreased Ca2� signaling discussed above is directly
responsible for this block in phagosome maturation or is a
secondary consequence.

Later events. The relative ease of working with tissue culture
has provided many data on M. tuberculosis entrance and traf-
ficking in the macrophage and on other responses of the in-
fected cells, as discussed above, but there is much less infor-
mation on how the bacterium survives and grows during later
stages of infection in the lung. It is known that infected mac-
rophages in the lung, through their production of chemokines,
attract inactivated monocytes, lymphocytes, and neutrophils
(297), none of which kill the bacteria very efficiently (89).
Then, granulomatous focal lesions composed of macrophage-
derived giant cells and lymphocytes begin to form. This process

is generally an effective means of containing the spread of the
bacteria. As cellular immunity develops, macrophages loaded
with bacilli are killed, and this results in the formation of the
caseous center of the granuloma, surrounded by a cellular zone
of fibroblasts, lymphocytes, and blood-derived monocytes (63).
Although M. tuberculosis bacilli are postulated to be unable to
multiply within this caseous tissue due to its acidic pH, the low
availability of oxygen, and the presence of toxic fatty acids,
some organisms may remain dormant but alive for decades.
The strength of the host cellular immune response determines
whether an infection is arrested here or progresses to the next
stages. This enclosed infection is referred to as latent or per-
sistent TB and can persist throughout a person’s life in an
asymptomatic and nontransmissible state. In persons with ef-
ficient cell-mediated immunity, the infection may be arrested
permanently at this point. The granulomas subsequently heal,
leaving small fibrous and calcified lesions. However, if an in-
fected person cannot control the initial infection in the lung or
if a latently infected person’s immune system becomes weak-
ened by immunosuppressive drugs, HIV infection, malnutri-
tion, aging, or other factors, the granuloma center can become
liquefied by an unknown process and then serves as a rich
medium in which the now revived bacteria can replicate in an
uncontrolled manner. At this point, viable M. tuberculosis can
escape from the granuloma and spread within the lungs (active
pulmonary TB) and even to other tissues via the lymphatic
system and the blood (miliary or extrapulmonary TB). When
this happens, the person becomes infectious and requires an-
tibiotic therapy to survive (63).

Currently, there is little information concerning how M. tu-
berculosis responds to the environment of the lung, preventing
the development of rational strategies for treating latent and
chronic infections as well acute manifestations of the disease.
Some experiments on M. tuberculosis “persistence” or “laten-
cy” have been performed, using two chronic-infection models
in mice in which bacteria can be maintained in a steady state in
the absence of disease or are actually not cultivatible (reviewed
in reference 95). However, it is still not certain whether bac-
teria in the chronic-disease models are actually viable but non-
growing, which would reflect a true latent state, or whether
they are growing and dying at the same rate. The fact that M.
tuberculosis in a chronically infected mouse model is suscepti-
ble to isoniazid (INH) (238), a drug that is effective only
against growing M. tuberculosis (308), provides evidence for the
latter explanation, i.e., balanced growth and death. There is
biochemical evidence that the intermediary metabolism of M.
tuberculosis changes, during the course of chronic mouse in-
fections, from an aerobic, carbohydrate-metabolizing mode to
one that is more anaerobic and lipid utilizing (258, 259). It is
only in recent years that the full significance of these apparent
changes in intermediary metabolism for acute or chronic in-
fection has become apparent, as discussed later in this review.

DEFINING M. TUBERCULOSIS VIRULENCE

What makes M. tuberculosis virulent? Unfortunately, there is
no simple answer yet, despite the knowledge obtained in the
last 100 or more years. M. tuberculosis does not have classical
virulence factors like those which are the major causes of
diseases due to other bacterial pathogens, e.g., toxins produced
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by Corynebacterium diphtheriae, Escherichia coli O157:H7, Shi-
gella dysenteriae, and Vibrio cholerae. The goal of much of the
research discussed in this review is to help answer this ques-
tion, i.e., to define M. tuberculosis virulence by finding the
factors that are important for the progression of TB. While
there is limited knowledge of how M. tuberculosis causes dis-
ease, its virulence can be measured. This quantitative view can
then used to ascertain the effects of modifying the bacterium
on the disease process. The standard terms “mortality” and
“morbidity” are used for a description of M. tuberculosis viru-
lence and can be defined in the following ways: mortality is the
percentage of infected animals that die and is also measured as
the time taken for an animal to die after being infected. An-
other important parameter that is usually associated with vir-
ulence is bacterial load or burden, i.e., numbers of bacteria
found in the infected host after the initial infection. This in-
formation allows a comparison of the fitness of different bac-
terial strains to survive host responses during an infection. In
addition, M. tuberculosis virulence mutants that have lower
bacterial loads during animal infections exhibit different
growth curves during this process; in one publication, they
were grouped into various classes: sgiv (for “severe growth in
vivo”) (i.e., mutants that do not replicate at all but either are
cleared rapidly or can persist with no increase in cell numbers),
giv (for “growth in vivo”) (i.e., mutants that grow initially but at
lower rates than the wild type), and per (for “persistence
genes”) (i.e., those growing normally at earlier stages but de-
clining in numbers at the onset of cell-mediated immunity)
(109). This classification of mutations, especially when more
are obtained, will be useful for understanding how the stages of
the infectious process are controlled by different bacterial
genes. In this review, to conform to standard genetic nomen-
clature, M. tuberculosis mutants that show attenuated growth in
mice are classified with the same terminology but as pheno-
types, i.e., SGIV, GIV, and PER. Morbidity, as measured by
histopathology analyses, is important to characterize another
class of M. tuberculosis mutants affecting virulence, i.e., those
that do not affect the bacterial load. An example of one of
these is the M. tuberculosis sigH mutant, which shows normal
M. tuberculosis growth and survival in macrophages and mice
(151, 181) but whose histopathology in infected mouse lungs is
much lower than that caused by wild-type M. tuberculosis (151).

To better measure morbidity and mortality caused by M.
tuberculosis it is important to understand the pathogenesis
associated with TB. Uncontrolled M. tuberculosis growth in its
human host, given the usual site of the infection, is associated
with extensive lung damage that ultimately causes death by
suffocation due to insufficient oxygen. This anoxia is caused the
obliteration of lung parenchymal cells involved in oxygen up-
take as well as obstruction of bronchiolar passages by granu-
lomatous growths and by blood released during the rupture of
liquefied granulomas in adjacent lung tissue (104). Other un-
treated forms of tuberculosis such as tubercular meningitis,
which occurs in the meningial membranes of the brain, can
result in death because of inflammation in brain tissue and the
resulting hydrocephalus and seizures. Tuberculomas, another
form of TB in the brain, are large structures formed by by the
enlargement of brain granulomas, also due to inflammatory
responses, and they are also associated with seizures (329).

Inflammatory responses are also thought to play a role in other
extrapulmonary manifestations of TB, e.g., in bone (189).

Inflammation is a keyword here, since the growth of M.
tuberculosis elicits inflammatory host responses that are neces-
sary to control infections but can also cause extensive tissue
damage. Among the cellular agents involved in tissue destruc-
tion are various proteases like cathepsin D (196) that are also
thought to be major factors in the liquefaction of granulomas
(58). In addition, M. tuberculosis uptake can cause apoptosis of
macrophages (153, 157), and this could play a role in adjacent
tissue damage. A key cytokine in the inflammatory or Th1
response of the cellular immune system is tumor necrosis fac-
tor � (TNF-�), which is necessary to control infection. Mice
that are unable to produce or respond to TNF-� cannot form
granulomas to restrict bacterial dissemination (260). However,
when this cytokine is present in large amounts during an aero-
sol model of mouse infection, severe lung inflammation and
early death occurs (21). TNF-� is a major determinant of
disease in a rabbit model of TB meningitis, since there is a
direct correlation between the extent of disease caused by
several M. bovis and M. tuberculosis strains and levels of this
cytokine in the cerebrospinal fluid (291). However, data from
analyses of cytokine responses and virulence in mice infected
with various M. tuberculosis strains indicate that there are fac-
tors additional to TNF-� in TB progression. M. tuberculosis
CDC1551 is a clinical strain that was originally thought to be
highly virulent (142); it has more recently been shown that
CDC1551 induces levels of cytokines, including TNF-�, that
are higher than those induced by other M. tuberculosis strains
in mice. However, it is not more virulent than the other strains,
as defined by bacterial load and mortality (177). Similar results
were obtained when the virulence of CDC1551 and H37Rv
were compared in a rabbit model of infection (29). Also, an-
other study compared the ability of two clinical M. tuberculosis
strains, HN878 and NHN5, to cause disease and to elicit a
cytokine response in a mouse model. HN878, the more virulent
of the two as determined by mortality measurements, induced
smaller amounts of TNF-� and other inflammatory cytokines
than NHN5 did (178). Interestingly, HN878 induced higher
levels of alpha interferon (IFN-�) and Th2 cytokines like in-
terleukin-4 (IL-4).

It has also been reported that the apoptosis that is some-
times observed when M. tuberculosis infects macrophages is
dependent on TNF-� and that more virulent M. tuberculosis
strains cause less apoptosis (10). The above experiments illus-
trate the complexity of the immune system and its effectors,
since their results are not consistent with a simple direct rela-
tionship between the levels of one or a few cytokines such as
TNF-� and the progression of the disease in clinical or model
settings. Clearly, an optimal balance of these immunomodula-
tors is crucial. Despite the different results, which make it
difficult to interpret the data in these studies, they are of value
because they show that some M. tuberculosis strains are more
virulent than others in animal models (78).

Models for Measuring M. tuberculosis Virulence

Animal models. M. tuberculosis virulence is studied both in
tissue culture, mainly using macrophages and more recently
dendritic cells (31, 126, 145) and pneumocytes (24, 28), and in
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animal models. While tissue culture models are easier to work
with and give faster results, they are limited to the early stages
of infection. Thus, the animal models are ultimately better
because all the stages of TB can be studied. The choice of
animal models for virulence studies is important, and the three
major models, mice, guinea pigs, and rabbits, each have their
advantages and disadvantages. Mice are the most frequently
used in vivo models because of their well-studied genetics (the
existence of inbred strains, including some that have mutations
in the immune system) the availability of reagents to measure
cytokine levels, and their low costs of maintenance relative to
other animal models (205). Another big advantage to mouse
experiments is that there are inbred strains that show widely
different levels of resistance to M. tuberculosis and other patho-
gens, which allows the mapping of pertinent loci. In one such
study that analyzed the offspring of a mating between the
relatively sensitive C3H mouse strain and the resistant B6
strain, a locus, sst1, was mapped that had a major effect on
susceptibility to tuberculosis (156). However, it was shown in
these experiments that resistance or susceptibility to M. tuber-
culosis is a complex trait and that other, unidentified loci must
also play a role. In an ambitious and significant study, a set of
recombinant congenic mouse strains that were made by mating
strains A/J and C57/BL6 is now being used to chromosomally
map loci conferring resistance or sensitivity to bacterial infec-
tions (97). Hopefully, these mouse strains will be used in the
near future to map the other loci determining host resistance
to M. tuberculosis infections. The progression of TB in mice is
unlike that in humans, in that the granulomas formed are not
as distinct, but the fact that mice are generally not as sensitive
to the disease as other animal models and can become chron-
ically infected is more like the human situation. Guinea pigs
are very sensitive to M. tuberculosis infection, and the stages of
the disease, including early stages of granuoma formation, in
this animal are similar to those in humans (205). The disad-
vantages are the lack of inbred strains and reagents as well as
the high maintenance costs. The rabbit model has one big
advantage over the other animal system in that the lung gran-
ulomas formed during the disease show the same progression
of stages, i.e., caseation, liquefaction, and cavitation, as ob-
served in advanced cases of human TB (58). The disadvantages
of rabbits are similar to those of guinea pigs, but their upkeep
is even more expensive.

Macrophages. Since M. tuberculosis is an intracellular patho-
gen and infects macrophages primarily, these phagocytic cells
are also used to analyze the virulence of M. tuberculosis strains
and mutants. These ex vivo studies serve as a model for the
early stages of infection, which involve the phagocytosis of M.
tuberculosis by resident macrophages in the lung alveoli. Since
human alveolar macrophages are difficult to obtain, model
macrophage systems are generally used. These can be from
mice or humans and can be primary cultures or immortalized
cell lines. Macrophages from other animals are not as useful
because of the lack of suitable reagents. Mouse macrophages
can be primary, isolated from bone marrow, from lung alveoli
by bronchial lavage, and from peritoneal exudates after injec-
tion of thioglycolic acid into the peritoneal cavities of mice.
Primary macrophages are natural (not immortalized) and are
more representative of the actual in vivo situation, but they are
usually harder to obtain and are more variable, especially mac-

rophages from human donors. There are many mouse macro-
phage cell lines available, including the widely used J774 line
and MH-S cells, the latter being an immortalized alveolar
macrophage cell line whose behavior is very similar to that of
primary mouse alveolar macrophages (191). Since the mouse is
the most widely used animal model, there are advantages to
using macrophages from this mammal, including reagent avail-
ability, as discussed above. In addition, the use of primary
mouse cells allows the preparation of macrophages from ani-
mals with defined mutations so that the effect of specific host
factors on interactions with M. tuberculosis at the macrophage
level can be tested (83). Activation of primary mouse macro-
phages or macrophage cell lines by the addition of IFN-� and
lipopolysaccharide, which induces the levels of the iNOS en-
zyme needed to form NO, is necessary to observe the M.
tuberculosis-killing activity of these cells (50).

Human macrophages are also widely used, and a big advan-
tage of these studies is that the early stages of human disease
can be studied. Human macrophages used in these experi-
ments are primary cultures derived from peripheral blood
monocytes (MDMs) that are allowed to differentiate into mac-
rophages, as well as the more difficult-to-obtain alveolar mac-
rophages derived by branchiolar lavage. Transformed mono-
cytic cell lines like THP-1, which can be differentiated into
macrophage-like phagocytic cells by the addition of phorbol
esters (292), are frequently used, as are similar immortalized
monocytic cell lines like U937 (310). Studies have shown that
differentiated THP-1 macrophages are quite similar to human
MDMs in their response to M. tuberculosis infection (279). In
addition, many reagents are available to study human host
responses to M. tuberculosis infection. Human macrophages
from TB-negative donors or cell lines do not kill M. tuberculosis
well, presumably because they do not produce NO (69). This is
an advantage if one is testing the survival of bacterial mutants,
since the wild-type M. tuberculosis cells usually grow well and
mutant growth phenotypes can be more accurately compared
than in activated mouse macrophages (182).

There are certain caveats in using macrophages for virulence
studies, however. Some M. tuberculosis mutants do not exhibit
an attenuated phenotype in macrophages yet are defective for
growth in mice and/or cause fewer histopathologic changes, as
discussed later in this review (74, 275). Thus, genetic selections
or screens for M. tuberculosis virulence phenotypes that use
macrophages alone may miss some attenuated M. tuberculosis
mutants. Another problem is that macrophages isolated from
different organs of the same animal may respond differently to
M. tuberculosis infection. A dramatic example of these tissue
differences comes from a recent comparative study of the in-
teractions between M. tuberculosis H37Rv and primary macro-
phages isolated from the sensitive I/St and resistant A/S mouse
strains (174). In these experiments, macrophages isolated from
lungs of the sensitive mice were killed more readily by M.
tuberculosis and permitted better bacterial growth than did
their counterparts from the resistant strain. On the other hand,
peritoneal macrophages from the sensitive strain were more
resistant to M. tuberculosis killing and restricted bacterial
growth more than did the resistant peritoneal macrophages
isolated from the resistant mice.
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GENETICS OF M. TUBERCULOSIS

Until quite recently, the genetics of M. tuberculosis was a
neglected subject because of difficulties in working with the
organism and lack of suitable tools. A review published as
recently as 1994 stated that this field “. . . is still in its infancy”
(55), but the study of mycobacterial genetics has blossomed in
recent years, as demonstrated by the publication an entire
book dedicated to this topic (122). This is due to the develop-
ment of many genetic methods, mainly by the Gicquel and
Jacobs laboratories (109, 218), and to the DNA sequencing

and annotation of the M. tuberculosis H37Rv genome (53) and
those of related mycobacteria that have been or are currently
being completed by The Institute for Genomic Research (94)
and by the Sanger Center-Pasteur Institute consortium.

Description of the M. tuberculosis Genome

The M. tuberculosis H37Rv genome consists of 4.4 � 106 bp
and contains approximately 4,000 genes (Fig. 1) (53). Annota-
tion of the M. tuberculosis genome shows that this bacterium

FIG. 1. Circular map of the chromosome of M. tuberculosis H37Rv. The outer circle shows the scale in megabases, with 0 representing the origin
of replication. The first ring from the exterior denotes the positions of stable RNA genes (tRNAs are blue, and others are pink) and the
direct-repeat region (pink cube); the second ring shows the coding sequence by strand (clockwise, dark green; anticlockwise, light green); the third
ring depicts repetitive DNA (insertion sequences, orange; 13E12 REP family, dark pink; prophage, blue); the fourth ring shows the positions of
the PPE family members (green); the fifth ring shows the positions of the PE family members (purple, excluding PGRS); and the sixth ring shows
the positions of the PGRS sequences (dark red). The histogram (center) represents the G�C content, with �65% G�C in yellow and �65% G�C
in red. The figure was generated with software from DNASTAR. Reprinted from reference 53 with permission from the senior author and the
publisher.
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has some unique features. Over 200 genes are annotated as
encoding enzymes for the metabolism of fatty acids, compris-
ing 6% of the total (Table 1). Among these are approximately
100 that are predicted to function in the �-oxidation of fatty
acids, while E. coli only has 50 enzymes involved in fatty acid
metabolism. The distantly related actinomycete Streptomyces
coelicolor has a total of 115, corresponding to a little more than
1% of the proteins, of which 59 are annotated as being in-
volved in fatty acid degradation (23). This large number of M.
tuberculosis enzymes that putatively use fatty acids may be
related to the ability of this pathogen to grow in the tissues of
the infected host, where fatty acids maybe the major carbon
source. This important aspect of M. tuberculosis physiology
during infection is described later in this review.

Another unusual feature of the M. tuberculosis genome is the
presence of the unrelated PE and PPE families of acidic, gly-
cine-rich proteins. The names come from the Pro-Glu (PE)
and Pro-Pro-Glu (PPE) sequences found in the two conserved
N-terminal regions in each of these protein families that are
approximately 110 and 180 amino acids long, respectively. The
172 genes, 104 of the PE class and 68 of the PPE variety,
comprise over 4% of the genes in M. tuberculosis, and similar
levels of abundance are noted in other members of the M.
tuberculosis complex for which sequence data are available
(39). PE and PPE genes are not unique to members of the M.
tuberculosis complex, since M. leprae has 26 genes for these two
families. Nineteen of these are pseudogenes, reflecting the
extensive physical and genetic downsizing of the M. leprae
genome by deletion and mutation during the evolution of this
obligate parasite (54). M. marimum, a pathogenic mycobacte-
rium that infects frogs and fish and causes a TB-like disease,
has some PE genes that are involved in virulence (231). These
proteins are not restricted to pathogenic mycobacteria, since
M. smegmatis has some proteins of the PE-PGRS family (13).
In M. tuberculosis, proteins encoded by the 104 PE genes can
be further subdivided into three classes, containing 29 proteins
with the PE region alone, 8 proteins in which the PE region is
followed by unrelated C-terminal sequences, and 67 proteins
that form the PE-PGRS subfamily. This group of proteins has
the conserved PE domain followed by C-terminal extensions
with multiple repeats of Gly-Gly-Ala or Gly-Gly-Asn that are
in the PGRS (for “polymorphic GC-rich repetitive sequences”)
domains. The function of these large families of related pro-
teins is unknown, but size variation has been observed in mem-

bers of the PE-PGRS subfamily family in clinical TB strains,
and many of these proteins have been localized in the cell wall
and cell membrane (13). These data and the antigenicity of
these proteins have led to the hypothesis that at least some of
these proteins may be involved in antigenic variation of M.
tuberculosis during infection (13). Significantly, many of the PE
genes that encode proteins containing only the 110-amino-acid
domain are closely followed by a gene encoding a PPE protein.
In one case, a tandem PE-PPE pair, Rv2431c-Rv2430c, are
coexpressed and can form a complex (M. Strong and D. Eisen-
berg, personal communication).

Otherwise, M. tuberculosis is not remarkable in its annotated
content of most groups of genes and their products that are
found in microorganisms. For example, among transcriptional
regulatory proteins, M. tuberculosis has 13 sigma factors (pro-
teins that confer transcriptional specificity on RNA poly-
merases), corresponding to 0.3% of the total genes and, 22
other regulatory proteins, including 13 two-component re-
sponse regulators (usually transcriptional regulators that are
activated by and serve to transduce environmental signals),
corresponding to 0.6% of the total. These numbers are quite
similar to the frequency of genes that encode these regulators
in the genomes of C. diphtheriae, Bacillus subtilis, and E. coli.
This is much lower than the corresponding numbers for the
soil-dwelling, spore-forming S. coelicolor, which has 55 sigma
factor genes, 0.7% of the total, and 74 response regulator
genes, over 2% of the total (23). It has been postulated that the
soil environment in which Streptomyces species are found has
selected for the ability of these microorganisms to adapt to
radically changing conditions. This would occur by by gene
duplication and divergent evolution that would give rise to
many transcriptional regulators, allowing appropriate bacterial
responses to a changeable environment. In agreement with this
idea of environmental selection, the number of predicted
transport proteins encoded in the S. coelicolor genome is 614,
corresponding to 8% of the total genes. The equivalent num-
ber in M. tuberculosis is 125 annotated genes for transport
functions, corresponding to 3% of the total. Circumstantial
evidence for this idea of gene duplication is provided by the
fact that the S. coelicolor genome is over 8.5 � 106 bp, twice as
big as that of M. tuberculosis and encoding twice as many
proteins (23). There must be additional reasons for these dra-
matic differences in the Streptomyces genome compared to
other eukaryotes. B. subtilis is also a spore-forming soil
dweller, but its 4 � 106-bp genome has levels of regulatory and
transporter proteins that are similar to bacteria other than
Streptomyces.

Methods of Genetic Analysis in Mycobacteria

The complete sequence and annotation of the M. tuberculo-
sis genome has allowed many new genetic approaches to stud-
ies of the physiology and pathogenicity of this organism, but
much important work was done in this area before the ge-
nome-sequencing project was initiated. These pregenome ap-
proaches dealt largely with developing methods for creating
mutations in specific genes. The choice of which genes to use
and ultimately inactivate in order to study virulence was fre-
quently based on on the existence of naturally mutations oc-
curing in normally virulent strains that affected pathogenicity,

TABLE 1. General classification of M. tuberculosis genes

Function No. of
genes

% of
total

% of Total
coding capacity

Lipid metabolism 225 5.7 9.3
Information pathways 207 5.2 6.1
Cell wall and cell processes 517 13.0 15.5
Stable RNAs 50 1.3 0.2
IS elements and bacteriophages 137 3.4 2.5
PE and PPE proteins 167 4.2 7.1
Intermediary metabolism and

respiration
877 22.0 24.6

Regulatory proteins 188 4.7 4.0
Virulence, detoxification and adaptation 91 2.3 2.4
Conserved hypothetical function 911 22.9 18.4
Proteins of unknown function 607 15.3 9.9
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e.g., sigA and katG (56, 317), or predictions of which genes
should be important in some aspect of M. tuberculosis virulence
and/or physiology by inference from studies of other bacterial
pathogens, e.g., genes encoding sigma factors and iron acqui-
sition regulators (267). The following discussion addresses
methods used for genetic analysis of mycobacterial species.
Their application to the identification and characterization of
M. tuberculosis genes that play a role in virulence is discussed
later in this review. There are some methods, such as bacterial
conjugation (211) and generalized bacteriophage-mediated
transduction (282), that have been used for genetic studies of
M. smegmatis but are not discussed here because they have not
yet been successfully applied to M. tuberculosis.

Initial genetic studies. Early studies on the creation of mu-
tations in mycobacteria concentrated on the faster-growing
nonpathogenic species because of the relative ease of working
with these bacteria. There is no requirement for biosafety level
3 containment facilities, and the experiments are relatively
rapid; e.g., M. smegmatis has a 3-h generation time while that
of M. tuberculosis is 20 to 24 h. Several techniques were devel-
oped to inactivate genes in these bacteria, with the first reports
of M. smegmatis and M. bovis BCG transformation being pub-
lished in 1988 (268) and the subsequent development of a
highly transformable M. smegmatis strain, MC2155, being pub-
lished in 1990 (269). These and more recent articles have been
reviewed (187). While these methods had some success in
investigating M. tuberculosis, the process was still difficult. In
addition to its extremely slow growth, which makes it time-
consuming to do the standard types of gene inactivation (it
takes 3 weeks for a single M. tuberculosis cell to become a
visible colony on solid media), this bacterium was thought to
have lower rates of homologous recombination and higher
rates of illegitimate recombination than other mycobacteria,
which would complicate gene disruption by standard gene re-
placement techniques. In fact, earlier attempts to inactivate M.
tuberculosis genes by allelic exchange resulted in illegitimate
recombination (148, 316). The original observation that the M.
tuberculosis RecA protein was synthesized with an intein (pro-
tein intron) that had to be spliced out (65) led to speculation
that this process contributed to the reported low levels of
homologous recombination in this species (65, 187). However,
later results indicated that the M. tuberculosis recA gene is
equally competent in restoring function to a M. smegmatis recA
mutant as is the M. smegmatis inteinless gene, suggesting that
the splicing out of inteins does not affect the capability of RecA
for homologous recombination (101, 208). In addition, more
recent experiments have shown that M. tuberculosis has similar
rates of homologous recombination to those of the faster-
growing nonpathogenic M. smegmatis (214).

Current genetic methods. Despite the problems mentioned
in the previous section, several current techniques have been
successful in inactivating M. tuberculosis genes. Gene disrup-
tion techniques in mycobacteria, as described below, can be
divided into directed and global methods but generally require
a selectable phenotype, usually resistance to an antibiotic. The
most frequently used antibiotic resistance cassettes in myco-
bacteria are those conferring resistance to kanamycin, hygro-
mycin, and streptomycin (47). These antibiotics are also useful
for selection in E. coli, allowing most cloning procedures to
take place in this organism with appropriate plasmid vectors.

Selection for kanamycin resistance (Kanr) is favored in many
mycobacteria like M. smegmatis because of the generally low
levels of spontaneous Kanr mutations and the high stability and
low cost of the antibiotic. However, kanamycin resistance is not
a good selective marker in M. tuberculosis because there is a
high spontaneous mutation rate that results from the presence
of only one rRNA (rrn) cistron in which the 16S rRNA gene
can undergo mutations to Kanr at a significant level. M. smeg-
matis has two rrn cistrons, and mutations to Kanr in one of
these is masked by the dominance of the second, sensitive rrn
cistron (251). The high background to Kanr in M. tuberculosis
can be avoided by introducing a second resistance marker, such
as a streptomycin resistance cassette, into the plasmid con-
struct and doing a double-antibiotic selection for kanamycin
and the second antibiotic (streptomycin in this case) (244), but
this modification requires a more complex cloning strategy.
Hygromycin resistance is the preferred antibiotic selection in
M. tuberculosis in spite of its cost, because the frequency of
spontaneous mutation to this drug is very low.

(i) Directed gene disruption. Directed gene inactivation en-
tails the insertion of an antibiotic resistance cassette in the
middle of the gene of interest and then the transformation of
this DNA into mycobacteria as a linear or circular molecule,
using electroporation. The desired result is allelic replacement
of the chromosomal gene by the mutated one. In members of
the M. tuberculosis complex, directed gene disruptions have
been made with long linear molecules, up to 40 kb (9), or
shorter ones, in the range of 4 kb (1, 240). The use of single-
stranded linear DNA increases allelic replacement by homo-
logus recombination in Streptomyces (204), and this effect is
also observed in gene inactivation experiments in M. smegmatis
and in the M. tuberculosis complex (127). The advantage of the
linear-DNA method is that cloning is relatively easy, especially
when short DNA fragments are used. A disadvantage is that
unique restriction enzyme sites are required unless one em-
ploys more elaborate manipulation of the DNA sequence of
interest, and this problem is magnified as the DNA increases in
length. This is true for linear DNAs and plasmid-based systems
described below. One early way of avoiding this problem was
by the use of transposition systems that function in E. coli to
disrupt genes contained in large segments of mycobacterial
DNA that were cloned into plasmids with E. coli replicons.
Many transposition insertion events in several genes contained
in a 7-kbp M. smegmatis chromosomal fragment were obtained
in E. coli using transposon m��-200 (96). The desired disrup-
tion in the ideR gene contained in the M. smegmatis DNA
fragment, determined by restriction enzyme digestion analyses,
was then used to create an M. smegmatis ideR mutant gene by
homologous recombination, using techniques described in the
next paragraph (79). A newer transposon delivery system uses
a cell-free approach to disrupt mycobacterial genes. A com-
plex, called the transpososome, is made between the transpos-
able element Tn 5 containing a selectable antibiotic resistance
marker and its transposase, the enzyme responsible for the
integration of the transposon into other DNAs. The transposo-
some is commercially available and has been used to make
random mutations in cloned mycobacterial DNAs as well as
intact mycobacteria after electroporation of the transposo-
some into recipient bacteria (70).
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Most directed mutations in mycobacteria are performed
with bifunctional or shuttle plasmid vectors that can be main-
tained in E. coli, and many are available for this use (47).
Circular plasmid integration, using a vector that cannot repli-
cate in the recipient or has a temperature-sensitive (ts) repli-
con (216), is the most widely used method for directed gene
disruption by allelic replacement in mycobacteria (187). It usu-
ally entails a two-step process in which the plasmid containing
the desired gene disrupted with an antibiotic resistance cas-
sette integrates into the genome by a single crossover event
(Campbell-type integration) at the region of homology, select-
ing for the antibiotic resistance cassette. This event forms a
direct repeat at one of two positions relative to the antibiotic
cassette. In a second crossover event, the plasmid backbone is
excised by means of recombination at the other direct repeat
than the one initially used, when the antibiotic selection is
maintained, resulting in the desired gene disruption. This tech-
nique can be relatively efficient when coupled with a counters-
election to facilitate plasmid elimination in the second step.
Two methods have been used for counterselection; the first is
resistance to streptomycin (Strr), using wild-type rpsL in the
plasmid vector and a mutated rpsL (Strr) allele in the chromo-
some of the recipient (250). Since the sensitive rpsL allele is
dominant, resistance to streptomycin is observed only when it
is lost along with the plasmid backbone, leaving the unique rpsl
(Strr) chromosomal gene. The second counterselection is su-
crose resistance when sacB encoding levansucrase is in the
plasmid backbone. This enzyme converts sucrose to levans that
are toxic to cells such as mycobacteria that lack a functional
levanase that coverts levans to fructose and glucose (215). In
both cases, the presence of the vector in the bacterial chromo-
some prevents bacterial growth on selective media, i.e., either
streptomycin or sucrose. Of the two methods, the sacB selec-
tion is easier because one does not have make a specific Strr

recipient in which rpsL, but not rrnA, is mutated. Another
advantage to the sacB sucrose counterselection is that it can be
used to introduce silent or unmarked mutations into the chro-
mosome of the recipient, dispensing with the need for any
antibiotic resistance marker. This method was used with M.
smegmatis (217) and later with M. tuberculosis (214) and is
necessary for the development of live, attenuated M. tubercu-
losis vaccine strains, as discussed later in this review. The draw-
backs of the two-step procedure are, again, the necessity for a
unique restriction site in the gene of interest coupled with the
time required for the process, i.e., approximately 3 to 5 months
from the initial transformation to the verification, by DNA
analysis, of the gene disruption in survivors of the counter-
selection. In addition, mutations that inactivate the plasmid-
borne rpsl or sacB during the selection and counterselection
procedure will be erroneously scored as desired events in
which the plasmid has been excised from the chromosome. A
way of avoiding these false-positive results is to introduce an-
other easily screenable marker in the plasmid backbone that
should also be eliminated with the vector. An Strr cassette
(244) and reporter fusions that give a visible plate phenotype
have been used for this purpose, including fusions with xylE
(327) and lacZ (209).

A simpler and faster one-step variation of single-crossover
gene inactivation with circular DNA has been used to inacti-
vate mycobacterial genes. This technique takes advantage of

the property of internal gene fragments carried on a circular
DNA (e.g., a nonreplicating plasmid) to disrupt the corre-
sponding gene when the DNA integrates into the chromosome
by a single Campbell-type event. It has been possible to disrupt
the M. smegmatis sodA gene with DNA fragments as short as
180 bp by this method (80). These events can be unstable,
however, since recombination at the direct repeats in the chro-
mosome formed during the plasmid integration, which is the
basis of the two-step plasmid procedure, can lead to excision of
the plasmid, restoring the intact wild-type gene, in the absence
of the selecting antibiotic.

The major problem with the above methods is they are for
the most part inefficient since the frequency of introducing
DNA into mycobacterial species, especially M. tuberculosis, by
the standard electroporation technique is quite low, even with
the utilization of modifications that increase transformation,
e.g., raising the temperature at which the DNA is introduced
into M. tuberculosis (304). A new method of directed gene
inactivation, termed specialized transduction, using a ts bacte-
riophage delivery system has been described recently that by-
passes these problems and is the current method of choice for
directed mutation (108). A recent review by the recently de-
ceased S. Bardarov, the inventor of the mycobacterial special-
ized-transduction system, is quite useful because it gives a
detailed description of the method. This article also shows how
the �� resolvase system can be used to make silent mutations
in mycobacteria, allowing the creation of multiply mutated
bacterial strains (14). In the specialized-transduction system,
the gene of interest that has been disrupted with an antibiotic
resistance cassette is cloned into a plasmid containing the
mycobacteriophage phAE87 genome with a ts replicon and
also has a bacteriophage lambda-packaging site. This allows
the formation of viable transducing bacteriophage particles by
an in vitro packaging reaction that can be transduced into E.
coli. Cosmid DNA is prepared in E. coli and is then trans-
formed into M. smegmatis at 30°C, the pemissive temperature
which allows the formation of infectious mycobacteriophage.
M. smegmatis lysates with the bacteriophage construct are then
used to infect M. tuberculosis at 37°C the nonpermissive tem-
perature, with high enough multiplicities to transduce all of the
bacteria. Transductants are then selected on antibiotic-con-
taining media for events in which the M. tuberculosis gene has
integrated into the chromosome. This technique is very effi-
cient because essentially all of the recipient cells can be trans-
duced and the selection is robust.

(ii) Global gene inactivation. The principle of global gene
inactivation is the insertion of foreign DNA, usually a trans-
posable element, into many sites in the bacterial genome, ide-
ally on a completely random basis. These events require a
selectable phenotype, generally an antibiotic resistance marker
carried within the transposable element. Two groups have de-
veloped efficient transposition systems that produce integra-
tion events in the genomes of mycobacterial species, including
M. tuberculosis. These systems use transposable elements car-
ried by vectors that cannot replicate at temperatures above
39°C: in one case, a ts plasmid that carries Tn 1096 (216), and
in the other, a ts bacteriophage, similar to the one described in
the previous section, that carries Tn 5367 or Tn 5370 (15). The
advantage of these systems is that one can start with a trans-
formed or infected population of cells and easily obtain many
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integrative events by passage at the restrictive temperature.
Both systems have been used to identify M. tuberculosis viru-
lence genes by using the signature-tagged mutagenesis (STM)
method developed to clone Salmonella genes essential for bac-
terial survival during mouse infections (124). In this technique,
uniquely tagged transposon M. tuberculosis mutants were made
in broth cultures and were negatively screened by hybridization
for those that did not survive during animal infections (46, 59).

A drawback of these systems when used with M. tuberculosis
is that the transposition events are not completely random in
that there seem to be “hot spots” of transposition integration,
based on the genes found in initial STM screens, as discussed
below (46, 59). Since the M. tuberculosis genome has approx-
imately 4,000 open reading frames (ORFs), many events would
be needed to saturate the genome and mutagenize every gene
when using a nonrandom inactivating system. A transposition
system has been developed more recently from the mariner
transposable element Himar-1 that overcomes some of these
drawbacks. The mariner element recognition sequence is sim-
ply an A-T base pair and is be expected to be truly random in
its integration, unlike Tn 1096 and Tn 5367, which recognize
much larger integration sites. The Himar-1 system has been
used to introduce transposition events in M. smegmatis (247),
M. bovis BCG (253), and, more recently, M. tuberculosis
H37Rv, where 100,000 transposon insertions have been ob-
tained. DNA sequencing and other analyses indicate that over
2,600 M. tuberculosis genes have been inactivated thus far (E.
Rubin, personal communication). STM tagging was not used to
make these mariner transposon mutations, and so there is no
simple global screening method for virulence genes as there
are with the two transposon systems described above. The
transpososome method mentioned above can also be used to
make random mutations in mycobacterial genomes (71), but a
tagging system has not been developed for this method either,
limiting its usefulness in screening for mutants with attenuated
virulence.

(iii) Complementation. Genetic complementation has also
been used to identify M. tuberculosis virulence genes. These
studies use M. tuberculosis strains that are known to be aviru-
lent or nonpathogenic as recipients for genes that can be se-
lected on the basis of encoding a virulence phenotype, using
assays described earlier in this review. In vivo complementa-
tion has been made possible by using integration-proficient
vectors, which allow the stable propagation of genomic librar-
ies as well as individual genes in bacteria during animal infec-
tions (160). It was shown that the random cloning of an M.
tuberculosis cosmid library into an avirulent M. bovis strain
localized the attenuating mutation in sigA, encoding the major
mycobacterial sigma factor, since the wild-type sigA restored
virulence in a guinea pig morbidity (spleen focus) assay (56). A
similar M. tuberculosis cosmid library transformed into the
avirulent M. tuberculosis strain H37Ra permitted the isolation
of a DNA fragment that increased bacterial survival in mouse
spleens but not lungs (212). The nonpathogen M. smegmatis
was also used as the host in similar experiments. In one case, a
cosmid library made with M. bovis BCG DNA was transformed
into M. smegmatis, allowing the identification of a chromo-
somal fragment that modestly increased bacterial survival in
mouse spleens and in mouse peritoneal macrophages (87). An
M. tuberculosis plasmid library was used to identify eis, a gene

that increased the survival of M. smegmatis in the human mac-
rophage-like cell line U937 (310), and another plasmid library
allowed the isolation of mce1, a gene that increases the entry of
E. coli into HeLa cells that are nonphagocytic (7). A related
approach but using a specific gene has also been tested. The M.
leprae thioredoxin-thioredoxin reductase gene, cloned into a
plasmid vector, was able to increase the survival of M. smeg-
matis in human MDMs (313).

(iv) Antisense methods. Antisense RNAs are used to reduce
the expression of specific genes because they prevent the trans-
lation of the mRNAs to which they are complementary. They
are especially useful in systems where gene inactivation is dif-
ficult and also when genes are essential because antisense
inhibition of translation is rarely, if ever, complete. A general
system for conditionally controlling the production of anti-
sense RNA in mycobacteria was developed, using the regulat-
able acetamide/acetamidase system (210). In a demonstration
of the usefulness of this method, a prototrophic M. smegmatis
stain was made into a histidine auxotroph when a hisD5 anti-
sense RNA was induced by acetamide. Other applications of
the antisense method were in M. bovis to lower the levels of
AhpC (315) and in M. tuberculosis H37Rv to reduce the
amounts of SodA (82). These are discussed later in this review.
A related antisense approach, but using phosphorothioate an-
tisense deoxyoligonucleotides, was used to decrease levels of
the M. tuberculosis glutamine synthetase in growing cells (121).

Other (nongenetic) methods. Gene inactivation, either di-
rected or global, and the subsequent analysis of mutant phe-
notypes is the most straightforward way to identify and char-
acterize genes and proteins that are involved in a specific
process and, for M. tuberculosis, is virulence. A major problem
with this approach is that some genes may be essential and
cannot be disrupted. Thus, methods that do not rely on the
absence of a function are also useful, and these “nongenetic”
screens usually rely on the differential expression of genes and
their products in different environments. As in the genetic
methods, they can be used to characterize the expression of
individual genes identified by other means or can function in
global searches for genes that show the desired pattern of gene
expression. The output of these methods can be enzyme activ-
ity using reporter genes, levels of RNA or proteins, and in
some cases direct selection of genes using a selectable or
screenable phenotype.

(i) Reporter fusions and promoter traps. A general method
for studying bacterial gene expression is that of reporter gene
methodology. This utilizes plasmid vectors that contain a pro-
moterless gene encoding a protein that, in most cases, catalyzes
an easily assayable enzymatic reaction. Specific promoter se-
quences from known genes or random chromosomal fragments
are cloned upstream of the promoterless reporter gene, and
this construct is electroporated into the mycobacterial cell so
that the activity of the gene in question can be simply measured
under different in vitro conditions and for M. tuberculosis dur-
ing infections. Among the reporter genes used for this purpose
in mycobacteria and the proteins they encode are lacZ (�-
galactosidase), xylE (catechol-2,3-dioxygenase), phoA (alkaline
phosphatase), lux (luciferase), gfp (green fluorescence protein
[GFP]), and cat (chloramphenicol acetyltransferase), and plas-
mid vectors with these reporters have been described previ-
ously (reviewed in reference 294). In addition to measuring the
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levels of individual M. tuberculosis genes under different con-
ditions, e.g., during infection of macrophages (66, 128) and
iron starvation (243), reporter technology has permitted the
selection or screening of mycobacterial genes that are differ-
entially expressed, a technique known as promoter trap clon-
ing. The cat gene was used for the cloning of physiologically
functional promoters of M. smegmatis and M. tuberculosis by
means of chloramphenicol resistance (64), and lacZ screening
on solid indicator media allowed the cloning of M. tuberculosis
H37Rv genes that were induced by NO (128). M. marinum
genes that are more highly expressed during infection of mac-
rophages were also cloned by differential fluorescence of gfp
fusions, using fluorescence-activated cell sorting (16, 231), and
a similar method was used for M. bovis BCG (288).

A novel promoter trap system has been recently developed
that has allowed the cloning of several M. tuberculosis genes
induced in human macrophages (75). This selection system is
similar in principle to in vitro expression technology, which was
initially developed to identify virulence genes in gram-negative
pathogens (171, 172). The M. tuberculosis system is based on
the observation that overexpression of the inhA gene in myco-
bacteria confers resistance to the front-line antitubercular drug
INH (11). This occurs because the mode of action of INH,
when activated, is to irreversibly bind to and inactivate the
essential InhA protein that is involved in mycolic acid biosyn-
thesisis (230). Thus, the drug will be sequestered as it is bound
by the high levels of InhA, resulting in phenotypic INH resis-
tance. The promoter trap selection uses a plasmid in which a
library of M. tuberculosis DNA fragments can be inserted up-
stream of a promoterless inhA gene. M. tuberculosis cells con-
taining plasmids with functional promoters are then selected
by growth in the presence of INH under different conditions,
e.g., during macrophage infections (75) and in the lungs of M.
tuberculosis-infected mouse lungs (E. Dubnau and I. Smith,
unpublished results).

(ii) Hybridization-based methods. Several methods that
characterize M. tuberculosis mRNAs have been described, and
these can be used to quantitate the expression of specific genes
or to globally identify and measure many RNA transcripts.
Generally these techniques are based on the production of
cDNA from RNA, using specific primers for known genes or
random priming for unknown ones, frequently followed by
PCR amplification. Among these methods used with M. tuber-
culosis to measure individual transcripts are classical reverse
transcriptase followed by PCR amplification (RT-PCR), which
was used to examine differences in levels of specific mRNAs in
M. bovis BCG after heat shock (213) and during human mac-
rophage (43) and animal infections (136). A similar study was
carried out with several bacterial genes during M. tuberculosis
H37Rv infection of human macrophages (184).

One of the problems in the standard RT-PCR method when
used to measure specific M. tuberculosis RNA transcripts dur-
ing infection is that the products of the PCR amplification step
are frequently not unique because of contaminating host RNA.
Quantitation of the transcripts is also not always reliable. A
variation of RT-PCR has been developed that uses fluorescent
molecular beacons to measure the levels of the PCR product in
real time with a spectrophotofluorometric thermal cycler
(180). Molecular beacons are single-stranded DNA probes
that fluoresce only when hybridized to a single-stranded DNA

sequence (296). The hairpin structure of the molecular beacon
gives extremely high specificity to its annealing with its target,
so that a 1-base mismatch will eliminate this interaction (295,
296). This highly specific and accurate assay has been used to
measure levels of several sigma factor gene mRNAs when M.
tuberculosis H37Rv is grown under different stress conditions
(179) and to quantitate the mRNAs of various M. tuberculosis
genes during infections of human macrophages (75) and mouse
lungs (264).

Amplification-based hybridization techniques have also
been used to globally identify M. tuberculosis transcripts. Ex-
amples of these procedures are (i) differential display, which
has allowed the identification of several genes that are differ-
entially expressed in M. tuberculosis H37Rv grown in broth and
in its avirulent descendant, M. tuberculosis H37Ra (242); (ii) a
cDNA method (DECAL), which eliminates abundant RNAs
which could interfere with the specificity of PCR amplification
and also optimizes various parameters and was used to identify
transcripts induced after antibiotic treatment of M. tuberculosis
growing in broth culture (2); (iii) a method involving random
cDNA synthesis followed by subtractive hybridization and
PCR amplification (SCOTS), which was used to identify M.
tuberculosis (115) and M. avium (135) genes expressed in hu-
man macrophages.

An important benefit of the completion of the M. tubercu-
losis genome and its annotation has been the development of
DNA arrays that allow expression profiling of all the M. tuber-
culosis genes. DNA arrays (DNA chips) are dense grids of
DNA bound to a solid matrix that can be probed with a com-
plex mixture of labeled cDNAs. The major advantages of mi-
croarrays over older technology are the increase in the number
of genes being analyzed, the substantial reduction in sample
size requirements, and the use of fluorescence detection
schemes that provide high-signal-to-noise ouputs. Microarrays
can be used for genotyping, as well as for expression profiling
studies.

Two major DNA chip platforms are currently in use, and
many more are in development. The most widely used method
is based on a technique (spotting arrays) invented by Pat
Brown and colleagues at Stanford University (84). It begins
with the isolation and placement of individual (500- to 5,000-
bp) PCR products (representing individual genes) on a small
glass microscope slide in an array format with each gene oc-
cupying a unique location. The PCR products are robotically
printed and bonded onto the glass slide, denatured, and hy-
bridized to two fluorescence-labeled samples representing the
expressed mRNAs from two different cell types or conditions.
Generally the fluorescent dyes Cy5 and Cy3 are used to label
cDNA made from the input RNA. The reference sample is
prepared by isolating mRNA from cells growing under one
condition and generating a fluorescently labeled probe. A sec-
ond sample of mRNA is extracted from differently treated cells
and used to generate a second probe labeled with the other
colored fluorescent molecule. Labeled cDNAs from the two
cell samples are simultaneously applied to a single microarray,
where they competitively react with the arrayed cDNA mole-
cules. Each position on the microarray can then be scanned for
the two fluorescent colors, using fluorescence detection cou-
pled to microscanning instrumentation. Since the fluorescence
intensity is proportional to the expression level of a gene in a
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particular sample, determining the ratio of the two fluorescent
intensities provides a highly accurate and quantitative mea-
surement of differences in the relative levels of gene expression
in the two samples. The Brown-type platform has been used
for many prokaryotic systems including pathogens, and an
ORF array of essentially all of the M. tuberculosis genes was
first made by Gray Schoolnik’s group at Stanford University
(256). This and more recently developed arrays have been used
for several different studies, including a genotyping analysis of
the evolutionary relationship between M. bovis BCG vaccine
strains (20) and a study to localize insertion sites for the IS
6110 element (154). TB DNA arrays have been used for a
global gene expression analysis of M. tuberculosis that has been
exposed to the antitubercular drug INH (314) and to acidic
growth conditions (93) and heat shock (276), as well for a study
of the effects of mutations in M. tuberculosis genes encoding
transcriptional regulatory proteins on global gene expression.
Among the mutants analyzed are some with disrupted genes
encoding sigma factors (151, 181, 182), two-component signal-
ing proteins (263, 312; S. Walters and I. Smith, unpublished
results), and the major M. tuberculosis iron flux regulator, IdeR
(244).

A second microarray platform, which essentially differs in
the manufacturing of the microarray, is available exclusively
from Affymetrix Inc. Instead of using PCR products, approxi-
mately 15 pairs of overlapping oligonucleotide 25-mers are
synthesized for every gene. For each pair, one represents the
wild-type sequence and the second contains a single-nucleotide
mismatch located in the center of the oligonucleotide se-
quence. Each oligonucleotide is coupled on a unique glass
wafer as it is synthesized in parallel using photolithographic
methods. An Affymetryx chip for for the complete M. tubercu-
losis genome has not been described yet, but one has been
developed for genotyping that has DNA sequences corre-
sponding to several alleles of the M. tuberculosis rpoB gene and
multiple sequences of the 16S rRNA gene of the M. tubercu-
losis rrnA cistron (289). In addition, two recent studies used
Affymetrix chips made with mouse (83) and human (198) genes
to study mouse and human macrophage responses to M. tuber-
culosis infection. This significant work is discussed later in this
article.

(iii) Proteomics. Proteomic analyses have also provided
global information on gene expression by measuring the levels
of proteins during different M. tuberculosis growth conditions
such as iron starvation (44) and macrophage infections (159).
Two-dimensional gene electrophoresis technology to resolve
many of the M. tuberculosis proteins, together with mass spec-
trophotometric determinations that can identify these mole-
cules (147, 194), has also been used to study proteins whose
presence is not predicted by the DNA sequence (146), some of
whose levels are regulated by iron starvation (318) and low
levels of oxygen (246), and to identify proteins that are re-
leased into the extracellular media when M. tuberculosis is
grown in broth culture (271). Determination of individual pro-
tein levels on a global scale is a very important complementary
procedure to DNA array analyses because levels of proteins
can frequently be determined by regulation at posttranscrip-
tional steps, e.g., intein excision of polypeptides from M. tu-
berculosis RecA precursor, as discussed above.

However, knowledge of the levels of specific mRNAs and
the proteins they encode, obtained from DNA arrays and pro-
teomic determinations, respectively, still does not give a com-
plete picture of the levels of functional proteins when M. tu-
berculosis or any cell is exposed to different conditions. The
activities of many proteins can also be controlled by various
posttranslational processes which themselves may be regu-
lated. Among these are protein-protein interactions between
certain sigma factors, anti-sigma factors, and anti-anti-sigma
factors (reviewed in reference 123) which also occur in M.
tuberculosis (19; S. Rodrigue et al., unpublished experiments).
In addition, the activity of proteins can be controlled by cova-
lent modification, e.g., the phosphorylation of two-component
response regulators (129) and the activation of some DNA
binding proteins by the electrostatic binding of divalent metals,
the best-known examples being the activation of proteins in the
Fur (103) and DtxR (285) families by iron and related metals.
IdeR, a mycobacterial protein in the DtxR family, regulates
genes involved in iron acquisition and storage (110, 244) and
requires the binding of divalent metal ions like iron for its
interaction with specific DNA sequences (255).

Validation of results obtained from genetic and gene expres-
sion studies. The use of the techniques described in this sec-
tion for studying the genetics of M. tuberculosis have already
identified many genes that are important for virulence or some
physiological property or are differentially expressed under
various conditions, including infection of macrophages or an-
imal models. In many of these studies, the initial results must
be considered preliminary until they are validated by separate
experiments.

In the case of the genetic experiments in which a mutated
phenotype is obtained when a gene is inactivated, it is essential
to secondarily construct a mutant strain that contains a wild-
type copy of the gene, ideally integrated into the chromosome
in single copy at an ectopic site and under the control of its
natural promoter. For this purpose, plasmid vectors that utilize
the att system of mycobacteriophage L5 for ectopic integration
of DNA are widely used (160). The complemented mutant
strain should show reversion of all mutant phenotypes to those
of the wild-type parent. Only in this way can one be sure that
the phenotypes observed after a gene is inactivated are specif-
ically due to the mutation. Since many genes are in polycis-
tronic clusters, it is always possible that the phenotype associ-
ated with a mutation is due to a polar effect on a downstream
gene. Even if a gene is monocistronic and polarity effects can
be ruled out, other events not directly due to the mutation can
occur when a gene is disrupted. An example of this occurred
during the construction of an M. tuberculosis mutant with a
disrupted ideR gene (244). The mutant had very clear in vitro
phenotypes, such as deregulated (iron-independent) sid-
erophore production and a weakened response to oxidative
stress, that were completely restored to those of the wild type
in a complemented mutant strain. The poor growth of the
mutant in human macrophages was also returned to wild-type
levels when the wild-type ideR gene was present. However, the
extremely attenuated growth phenotype of the mutant in mice,
manifested by a bacterial load that was 4 log units lower than
that of the wild type, was not restored in the complemented
strain (G. M. Rodriguez and I. Smith, unpublished experi-
ments). Other experiments then showed that the mutant and
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the complemented mutant strains were deficient in the uptake
of iron so that they could not grow in low-iron-containing
media. Evidently, a suppressor mutation that affected the abil-
ity of M. tuberculosis to acquire iron had occurred during the
disruption of ideR, which is now thought to be an essential
gene. Thus, the initial conclusion that ideR was necessary for
M. tuberculosis growth in mice was wrong and only by using the
complemented mutant could the erroneous conclusion be cor-
rected (244). The majority of studies in which M. tuberculosis
genes are inactivated do show that complementation with the
wild-type gene restores all phenotypes to the normal situation,
but there some examples in the literature in which this was not
done. Since many of the M. tuberculosis gene inactivation stud-
ies concern virulence phenotypes, any conclusion that a gene is
important for virulence should be interpreted with caution
unless this phenotype can be complemented with the wild-type
gene.

Results obtained from gene expression studies, especially
those done on a global scale, should be considered preliminary
until they are validated using a different technique, in which
the levels of individual mRNAs are directly measured by RT-
PCR, Northern, or primer extension analysis. In DNA array
analyses, since the levels of 4,000 genes are being compared
usually as a ratio between two conditions or bacterial strains,
many factors such as background noise (84) and statistical
considerations (137, 161) may give erroneous results for the
values obtained with specific genes. Validation for representa-
tive genes is routinely done in most M. tuberculosis DNA array
studies (181, 182, 314).

Similarly, results obtained in experiments in which gene ex-
pression is studied with multicopy plasmids should be con-
firmed. The use of multicopy plasmids for reporter fusions (66)
or promoter traps (16, 75, 231) simplifies cloning, but fre-
quently chromosomal genes are regulated differently when
contained on plasmids, presumably because the DNA confor-
mation is altered. An example of this is the M. tuberculosis
hsp60 gene, which is induced after heat shock but is constitu-
tive when present on a multicopy plasmid (280). In work pre-
viously discussed, a promoter trap carried on a multicopy plas-
mid during M. tuberculosis infection of human macrophages
was used to identify 43 genes as being induced during the
infection based on their differential resistance to INH (75). To
validate these results, molecular beacon RT-PCR was used to
measure the mRNA of a subset of these genes, and it was
found that 8 of the 13 tested genes were induced during infec-
tion of macrophages by normal (plasmid-free) M. tuberculosis
H37Rv (75). This result indicates that the InhA promoter trap
was useful in identifying some genes that have the desired gene
expression pattern, allowing further investigation of their roles
in virulence, but that false-positives are also selected.

M. TUBERCULOSIS VIRULENCE FACTORS

As described above, the virulence of M. tuberculosis can be
measured during the infection of macrophages and animals,
using several different assays, and various strategies have been
developed to make mutations in M. tuberculosis genes. A com-
bination of these methods has allowed researchers to identify
several genes that are important for various aspects of M.
tuberculosis pathogenicity, and this part of the review discusses

some of these genes and the cellular components they encode.
They are grouped below according to the known or predicted
function of the proteins, based on DNA sequence annotation.
Some genes have also been identified as being upregulated
during infection. In most cases, their essentiality for virulence
has not been established by gene inactivation studies, and some
of them are briefly discussed in the context of related genes
that are known to be essential to this process.

Cell Secretion and Envelope Function

In this category are listed genes encoding proteins that are
expected to be exposed to the environment in which M. tuber-
culosis grows, either in culture media or in the mycophago-
some. Among these are secreted proteins and enzymes that
play a role in the synthesis of various cell surface molecules.
The structure of the mycobacterial cell wall and envelope is
extremely complex, and a discussion of this important and
unique barrier that separates M. tuberculosis from its external
enviroment is beyond the scope of this review. However, there
are some excellent reviews on this subject (36, 61).

Culture filtrate proteins. M. tuberculosis culture filtrate pro-
teins (CFPs) are those found in the culture medium in which
M. tuberculosis is grown. They are so defined because mecha-
nisms of secretion are not known for all these proteins, of
which there are approximately 200 (271). In addition, some of
these proteins are associated with cells, so the definition of
CFP is an operational one. CFPs are actively studied by many
M. tuberculosis researchers, since many are recognized by the
sera of TB patients. It has also been postulated that live atten-
uated M. tuberculosis vaccines are better than those made from
heat-killed cells because during growth in the host, M. tuber-
culosis releases CFPs that stimulate host immune mechanisms
(3). Interestingly, KatG (catalase-peroxidase) and SodA (su-
peroxide dismutase), enzymes that degrade ROIs and are im-
portant for M. tuberculosis survival during infection (as dis-
cussed below), are found in the culture filtrate. The
significance of this localization is not known, but it has been
speculated that the location may allow more efficient detoxifi-
cation of harmful molecules produced by the host in the
phagosome (35). Many of the proteins founds in the culture
filtrate, e.g., SodA KatG, and GlnA (glutamine synthase), do
not have leader sequences that are usually involved in protein
secretion, but the fact that they were be released from cells
early in growth suggested that this localization was physiolog-
ical and not dependent on cell lysis. However, more recent
experiments show that only proteins highly expressed in M.
tuberculosis, such as GlnA and SodA, which are also very sta-
ble, are found in early culture filtrates, while less abundant
intracellular proteins or those that are unstable are not found
extracellularly (293). These results strongly suggest that the
presence of many proteins in culture filtrates, especially those
with missing leader sequences, is caused by bacterial leakage or
lysis.

(i) HspX (Rv2031c, hspX). HspX, also known as Acr, i.e., the
�-crystalline protein homolog or the 16-kDa protein, is a major
M. tuberculosis antigen recognized by the sera of a high pro-
portion of TB patients and is induced under anoxic conditions
(306). This gene is also induced in human THP-1 macro-
phages, and a M. tuberculosis mutant in which the hspX gene
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was inactivated was severely attenuated for growth in these
macrophages (324). It is postulated that the chaperone-like
HspX is an important controlling element in M. tuberculosis
latency or persistence, since overexpression of the protein in-
hibits M. tuberculosis growth (325). As discussed below, the
induction of hspX under anoxic conditions requires the re-
sponse regulator Rv3133c (263).

(ii) Esat6/CF-10 (Rv3875, Rv3874). The Esat6 and CF-10
proteins are members of the Esat6 family of related small
secreted proteins found in M. tuberculosis culture filtrates.
Both proteins are immunodominant antigens that are recog-
nized by the sera in a majority of TB patients (265). A mutation
that disrupts both closely linked genes in M. bovis results in
severe attenuation in a guinea pig model of infection, using the
criteria of histopathology in several tissues and bacterial load
in spleens (305). It is not known which of the two genes (or
both) are necessary for the virulence of M. bovis in this animal
model. Rv3874 and Rv3875 are located in the RD1 deletion
region, the first deletion found when comparing the genome of
a wild-type M. bovis strain and M. bovis BCG (170). RD1
contains the structural genes for nine proteins, Rv3971 through
Rv23979 (53). This region is found in all virulent M. tubercu-
losis and M. bovis strains but is the only deletion found in all M.
bovis BCG strains (38), initially suggesting that some of the
genes in this region were important for virulence. This has now
been confirmed by two independent series of experiments. In
one case, using a knockout strategy, a deletion of the RDI
region was made in M. tuberculosis H37Rv, and the resulting
mutant had the same attenuated virulence phenotype as the
classical M. bovis BCG strains (162). The other experiments
used a knockin approach, in which the RD-1 region was in-
serted into the chromosome of M. bovis BCG. These studies
showed that the complemented strain was much more virulent
than its attenuated parent (227). It is not yet known whether
any of the other genes of the RD1 region are necessary for
virulence. Significantly, the avirulent M. microti, which has
been used as a live vaccine strain, also contains the RD1
deletion, and its virulence is increased when the RD1 region
from M. tuberculosis is introduced by knockin methods (227).

The Esat6 and CF-10 genes are cotranscribed in M. tuber-
culosis (27); when coexpressed in E. coli, they form a tight 1:1
complex (239). The members of the M. tuberculosis Esat6 fam-
ily are frequently found in the same type of genomic arrange-
ment since many of their genes are found in closely linked pairs
in the M. tuberculosis genome (53). This suggests that similar
1:1 complexes will also be formed. Another member of the
Esat6 family, Rv0288, has been identified as being differentially
expressed in mouse lungs by using a promoter trap screen, and
it is also induced in macrophages, as determined by RT-PCR
analysis (Dubnau and Smith, unpublished). TB10.4, the prod-
uct of Rv0288, is recognized by sera from 70% of TB patients,
and T cells from this cohort show a strong cytokine response
(IFN-� release) when the protein is presented (265). The role
of the virulence of Rv0288 in virulence has not been analyzed
yet, but experiments are in progress. Rv0288 is also found
adjacent to another gene, Rv0287, that encodes a member of
the Esat6 family, suggesting a complex of these two proteins.

(iii) 19-kD protein (Rv3763, lpqH). The 19-kDa protein is an
immunodominant antigen that is recognized by T cells and sera
from TB patients. When M. tuberculosis enters macrophages

and other phagocytic cells, this surface-exposed glycolipopro-
tein is thought to cause host signaling events as it interacts with
TLR2 (201, 287). However, there are confusing and contradic-
tory reports regarding host responses to this protein. It was
originally noted that M. tuberculosis strain I2646 did not pro-
duce the 19-kDa protein, and subsequent DNA sequence anal-
yses demonstrated that the I2646 lpqH gene was disrupted. The
strain was rapidly cleared from the lungs and spleen of infected
mice, a SGIV phenotype. Adding back the wild-type M. tuber-
culosis gene to M. tuberculosis I2646 allowed growth in lungs
that was similar to the growth of standard wild-type strains,
strongly suggesting that the 19-kDa protein is essential for
virulence (158). Later experiments were less conclusive be-
cause was shown that mutations in the gene encoding the
19-kDa protein had no effect on M. intracellulare virulence
(173) and that the addition of genes encoding the 19-kDa
protein to nonpathogenic mycobacteria actually lowered their
efficacy as vaccines (320). In addition, it was found that neither
overexpressing the 19-kDa protein nor deleting its structural
gene in M. bovis BCG had any effects on the ability of these
strains to serve as protective vaccines in a mouse infection
model (321). Equally uncertain is the effect of the protein on
host responses during M. tuberculosis infection of macro-
phages. It has been reported that addition of the purified
19-kDa protein to human MDMs causes upregulation of the
important Th1 cytokine IL-12 (37). Similarly, addition of the
19-kDa protein can activate human neutrophils (199). On the
other hand, when the gene for the 19-kDa protein was intro-
duced into M. smegmatis and the recombinant strain was used
to infect human MDMs, IL-12 production was inhibited (224).
When M. tuberculosis is used to infect murine macrophages,
IL-12 levels are not elevated (126, 198), suggesting that the
context in which the 19-kDa protein is presented is a key factor
in macrophage response. Interestingly, murine dendritic cells
infected with M. tuberculosis do show elevated levels of IL-12
(126). Another report demonstrated that the addition of the
19-kDa protein to murine macrophages causes the inhibition
of MHC-II expression and MHC-II antigen processing (201),
also suggesting that macrophage responses to M. tuberculosis
infection are downregulated.

(iv) Glutamine synthase (Rv2220, glnA1). The inclusion of
glutamine synthase is an operational one, since (as discussed
above) its presence in culture filtrates probably results from
cell leakage and lysis. glnA1 mutations have not been made in
M. tuberculosis, but the specific glutamine synthase inhibitor
L-methionine-SR-sulfoximine (MSO) inhibits the growth of M.
tuberculosis in vitro and in human MDMs (120) as well as in
guinea pigs (119) but has no effect on nonpathogenic myco-
bacteria or nonbacterial microorganisms. In addition to its
essential role in nitrogen metabolism, MSO inhibition studies
have shown that the M. tuberculosis glutamine synthase is in-
volved in the synthesis of a poly-L-glutamate-glutamine cell
wall component found in pathogenic mycobacteria (120).
These results suggest that this enzyme is a good target for the
development of new drugs with less toxicity than MSO for the
mammalian host.

Cell surface components. As discussed above, the mycobac-
terial cell wall and envelope is a complex structure containing
many proteins, lipids, and carbohydrates, many of which are
found only in these bacteria. Is a subset of these components
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are unique to pathogenic mycobacteria and thus are expected
to be excellent targets for further investigations of M. tubercu-
losis virulence.

(i) Erp (Rv3810, erp). Erp is a surface-located protein that
was originally identified by means of a phoA fusion strategy to
identify secreted M. tuberculosis proteins (25, 26). The protein
is similar to an exported 28-kDa antigen (the PLGTS antigen)
in M. leprae and is not found in nonpathogenic mycobacteria.
The M. tuberculosis protein has six tandem repeats with the
sequence (PA/G)LTS, which is similar to the M. leprae protein.
The M. tuberculosis erp gene was inactivated by a two-step
plasmid procedure, and the mutant showed attenuation of
growth in primary murine macrophages and was also attenu-
ated in the lungs and spleen of infected mice, exhibiting a
SGIV phenotype. A similar erp mutation was made in M. bovis
BCG, and this mutant showed a PER attenuation phenotype in
mice (26). The function of the protein is unknown because the
mutant shows normal growth in vitro but mutant bacteria re-
covered from infected mice grow much more slowly that the
wild-type and complemented mutant strains.

(ii) Mas (Rv2940c, mas). mas encodes mycocerosic aid syn-
thase, an enzyme that catalyzes the synthesis of long-chain,
multiply methylated branched fatty acids, called mycocerosic
acids, that are found only in pathogenic mycobacteria. The mas
gene was disrupted in M. bovis BCG, using a linear DNA
construct, and was shown to be deficient in the synthesis of
mycocerosic acids and their phthiocerol dimycoserate (PDIM)
derivatives (8). No data on the virulence phenotypes of the mas
mutant were presented, but citation of unpublished experi-
ments mentioned that it was attenuated for growth in macro-
phages and mice. This is consistent with the results of other
published studies that are discussed in the following sections.
The Kolattukudy group has also created mutations in genes
encoding related cell wall components, but their virulence phe-
notypes have not been reported (8, 73).

(iii) FadD26 (Rv2930, fadD26). FadD26 was originally an-
notated as an acyl coenzyme A (acyl-CoA) synthetase involved
in fatty acid degradation. It was inactivated by the STM pro-
cedure in M. tuberculosis strain 103, and when the mutant was
individually tested for bacterial load at one time point, 3 weeks
after infection, it grew approximately 2 log units less well in
mouse lungs than did the wild-type strain. In the same studies,
M. bovis BCG grew 3 log units less well than did the wild type
(46). Similar mouse results were obtained by another group
using STM technology with M. tuberculosis H37Rv; the fadD26
mutant in this study exhibited a GIV phenotype (59). In this
latter case, the transposon inserted in the promoter region of
fadD26 and the disruption also affected the expression of the
downstream ppsA to ppsE operon (Rv2931 to 2935) encoding
a polyketide synthase required for phthiocerol biosythesis (8),
and one of the mutant phenotypes is the absence of PMID. It
is not known whether the phenotypes of the fadD26 transposon
insertion mutations are solely due to a polar effect on the
downstream pps operon or also reflect a role for FadD26 in
these processes. However, the close linkage between fad26 and
genes for PMID synthesis, including mas, suggests that
FadD26 may have a synthetic rather than a degradative func-
tion, as originally annotated.

(iv) FadD28 (Rv2941, fadD28). fadD28 was found in one of
the STM searches that identified fadD26 (59). Like the latter

gene, it was also annotated as a fatty acid CoA synthase, and
the fadD28 mutant has a similar GIV phenotype in mice.
fadD28 is in the mas region, and the mutant also does not make
PDIM.

(v) MmpL7 (Rv2942, mmpL7). MmpL7 was identified in
STM transposon searches as being important for M. tubercu-
losis virulence (46, 59). This protein is a member of a large
group of related proteins, and one of the phenotypes of the
mutant is the failure to transport PMID, although it does
synthesize this complex molecule (45, 59). The mutant is at-
tenuated for growth in mice exhibiting a GIV phenotype.
Other members of the mmpL family were identified in one of
the transposon searches, as were several other genes but they
are not discussed here because they not yet been studied in
great detail (46).

(vi) FbpA (Rv3804c, fbpA). Mycobacteria have three myco-
lyl-transferase enzymes, encoded by three genes, fbpA, fbpB,
and fbpC, that transfer long-chain mycolic acids to trehalose
derivatives, and the proteins can also bind the cell matrix
protein fibronectin (22). The Fbp proteins are also found in the
culture filtrate and are also known as the antigen 85A, 85B,
and 85C complex or the 30- to 32-kDa proteins. The three fbp
genes have been separately inactivated, but only the M. tuber-
culosis fbpA mutant, made with a linear DNA construct,
showed severely attenuated growth phenotypes in human and
murine macrophages (5). The observation that these proteins
are immunodominant has led to the creation of a new live
vaccine that was made by introducing the M. tuberculosis fbpB
gene into M. bovis BCG (133). This recombinant strain shows
better protection against virulent M. tuberculosis infection than
does the parent BCG strain in a guinea pig model. This vaccine
strategy has not been used with the M. tuberculosis fbpA gene,
but presumably this will be done, given the reported virulence
phenotype of the fbpA mutant.

(vii) MmaA4 (Rv0642c, mmaA4). A gene cluster in M. tu-
berculosis has been described that encodes four closely related
methyltransferases whose function is to form methoxy and keto
derivatives of the meromycolic acid chain that are unique to
members of the M. tuberculosis complex (76, 323). It was pos-
tulated that the reaction catalyzed by the methyltransferase
encoded by mmaA4, i.e., a methylation of a double bond, is the
initial step for all subsequent derivatizations of meromycolic
acids (76). To verify this and to see the effects of this mutation
on M. tuberculosis virulence, the M. tuberculosis mmaA4 gene
was inactivated by a two-step plasmid procedure (74). The
mutant grows normally but does not make the methoxy- and
ketomycolates, as originally predicted. In addition, it shows
marked cell wall alteration since it is less permeable to various
compounds such as glycerol and chenodeoxycholate but is
more resistant to oxidative stress than the wild-type M. tuber-
culosis H37Rv. The mutant strain was attenuated in mice
showing a GIV phenotype (74).

(viii) PcaA (Rv0470c, pcaA). PcaA is a methyltransferase
that forms cyclopropane residues in mycolic acids. It was orig-
inally detected on the basis of the unusual colony morphology
of an M. bovis BCG transposon mutant (108). Microscopic
examination of the mutant showed a corded structure of the
clumped bacterial cells, and sequence analyses of the mutated
gene showed it was a member of a family of proteins that
introduce cyclopropane residues into mycolic acids. To analyze
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the role of PcaA in M. tuberculosis physiology and virulence,
the structural gene was inactivated by a bacteriophage-medi-
ated system (108). The colonial and microscopic phenotypes of
the mutant were similar to those of the M. bovis BCG pcaA
mutant, and biochemical studies indicated that the role of the
enzyme was to synthesize the proximal cyclopropane ring of
the �-mycolate chain of mycolic acids. While the BCG mutant
was cleared more rapidly from the lungs than its parent, the
growth of the M. tuberculosis mutant was essentially similar to
that of the wild type. However, the M. tuberculosis pcaA mutant
was less virulent in a mortality assay, in which five of five mice
infected with the wild type all died after 219 days while all five
mice infected with the mutant were still alive at this time.
Microscopic observations showed much less pathology in the
lungs of mice infected with the mutant strain than in the lungs
of those infected with the wild-type strain.

(ix) OmpA (Rv0899, ompA). A porin-like protien, OmpA,
has been found in M. tuberculosis H37Rv, and it can form pores
in liposomes, a property of porin family proteins (261). ompA
expression was induced by low pH and also during growth in
macrophages, and an ompA mutant, made by a two-step plas-
mid procedure, demonstrated the following phenotypes: it
showed delayed growth at acid pH but ultimately grew at
wild-type levels; it could not take up small molecules like
serine at low pH; it was attenuated for growth in both human
and murine macrophages; and in mice it showed a GIV phe-
notype in both lungs and spleens (237). This is an extremely
interesting result, suggesting that the environment faced by M.
tuberculosis during infection is acidic and that OmpA plays a
role in the bacterial reponse to this condition. One caveat to
this hypothesis is that true complementation experiments were
not performed in these studies, i.e., introducing the wild-type
ompA gene into the mutant to see if virulence was restored to
normal levels. As discussed elsewhere in this review, comple-
mentation is essential for concluding that a particular pheno-
type is caused by a mutation.

(x) HbhA (Rv0475, hbhA). HbhA is a heparin-binding hem-
agglutin protein (220) that is localized on the surface of viru-
lent mycobacteria but is not found in M. smegmatis. hbhA was
inactivated in M. tuberculosis 103 by the plasmid ts replicon-
sucrose two-step selection method, and the virulence pheno-
types of the mutant were tested (220). The mutant exhibited
wild-type ability to be phagocytosed by and to grow in murine
or human macrophages. However, it was taken up poorly by
pneumocytic cells, although the bacterial generation time was
normal intracellularly. The mutant grew normally in the lungs
of infected mice but had a longer generation time and reached
a lower bacterial load in spleens compared to the wild-type and
complemented mutant strains. The unique properties of this
mutant indicate that HbhA is important for M. tuberculosis
interaction with pneumocytes and also that this interaction
may play a role in extrapulmonary dissemination.

(xi) LAM. LAM is included in this list of virulence factors
because of its importance as an immunomodulator as detemi-
ned by experiments similar to those described above for the
19-kDa protein. LAM, a complex glycolipid that contains re-
peating arabinose-mannose disaccharide subunits, is a major
component of the M. tuberculosis cell wall (138). Addition of
LAM to murine macrophages depresses IFN-� production,
which, in turn, blocks the expression of IFN-�-induced genes

(49). LAM can also scavenge oxygen radicals, in vitro, and
inhibits the host protein kinase C. These multiple phenotypes
suggest that LAM functions to downmodulate host responses
to M. tuberculosis infection, protecting the bacterium from
potentially lethal mechanisms like the respiratory burst (49).
M. tuberculosis mutants that do not make components of LAM
and that prevent its synthesis have not been isolated yet, but
these should be valuable for the insights they will provide into
M. tuberculosis-host interactions.

Enzymes Involved in General Cellular Metabolism

Since many pathogens become starved for certain essential
nutrients and cofactors, e.g., carbon sources, amino acids, pu-
rines, pyrimidines, and divalent metals like Mg2� and Fe2�,
during infection, M. tuberculosis researchers have systemati-
cally created mutations in genes encoding enzymes in the bio-
synthetic/degradative pathways and acquisition systems for
some of these factors. In addition, mutations have been cre-
ated in genes encoding respiratory enzymes and enzymes that
protect against oxidative stresses occurring during normal aer-
obic respiration, as well those created by infected hosts.

Lipid and fatty acid metabolism. As discussed above, obser-
vations made approximately 50 years ago indicated that M.
tuberculosis shifts from a metabolism that preferentially uses
carbohydrates when growing in vitro to one that utilizes fatty
acids when growing in the infected host (258, 259). These old
observations are supported by more recent work, e.g., the
complete sequencing and annotation of the M. tuberculosis
genome, in which over 200 genes were annotated as being
involved in fatty acid metabolism (53), and in work discussed
directly below.

(i) Icl (Rv0467, icl or aceA). Icl (isocitrate lyase) is an enzyme
that converts isocitrate to succinate in the glyoxalate shunt.
This allows bacteria and plants to grow on acetate or fatty acids
as sole carbon sources since the glyoxalate shunt provides a
source of carbon that can enter the Krebs cycle. Initial obser-
vations made using an in vitro model to study M. tuberculosis
persistence showed that isocitrate lyase activity increases dra-
matically as the cells reach stationary phase (307) and that its
mRNA level increases when M. tuberculosis infects human
macrophages (75, 115). The M. tuberculosis Erdman icl was
inactivated by means of allelic replacement using a two-step
plasmid system, and the mutant cannot grow on C2 carbon
sources (188). It initially grows normally in mice but stops
growing in lungs and is cleared at the time when cell-mediated
immunity is initiated, a PER phenotype (188). The mutant has
wild-type growth in IFN-� knockout mice and in inactivated
primary murine macrophages but is killed more rapidly than
the wild type when these macrophages are activated with
IFN-� and lipopolysaccharide. Additional evidence indicating
the importance of isocitrate lyase includes the observation that
icl mRNA levels increase in the lungs of M. tuberculosis-in-
fected mice as the infection progresses (264).

(ii) LipF (Rv3487c, lipF). LipF is annotated as a lipase/
esterase that may function in lipid degradation. It was identi-
fied in one of the STM experiments that found fadD26 (dis-
cussed above) and had a similar attenuated phenotype in mice
(46). Nothing more is known about the function of this protein
or why it is essential for bacterial survival in vivo.
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(iii) FadD33 (Rv1345, fadD33). There are 36 genes anno-
tated in the M. tuberculosis genome as being orthologs of E.
coli fadD. E. coli FadD is an acyl-CoA synthase that adds a
CoA moiety to free fatty acids, the first step in fatty acid
�-oxidation. Since M. tuberculosis H37Rv shows much higher
expression of fadD33 than does the avirulent H37Ra strain,
this gene was inactivated in H37Rv, using the two-step plasmid
method, to test the effect of the disruption on pathogenicity
(241). Inactivation of fadD33 caused a complex virulence phe-
notype in mice, since the wild-type parent and fadD33 mutant
grew normally in the spleens and lungs of infected mice but the
mutant grew less well in livers (approximately 1 log unit less).
This phenotype was similar to that exhibited by M. tuberculosis
H37Ra, and complementation of this latter strain as well as the
H37Rv fadD33 mutant with the wild-type fadD33 gene re-
stored growth in livers to normal levels. The reason for the
tissue-specific phenotype of the mutant is not known, and
neither is the actual function of the FadD33 protein.

Other annotated fatty acid metabolic genes (fadA4, fadA5,
and echA19) have been identified as being induced in human
macrophages by using a promoter trap selection, but only the
fadA4 results were tested and validated by mRNA determina-
tion (75). Similar promoter trap experiments have now iden-
tified nine annotated fad genes as being induced in the lungs of
M. tuberculosis-infected mice, including fadA4 (E. Dubnau et
al. unpublished experiments). These mouse results have not
been validated yet, and no mutations have been made in any
promoter trap-identified genes to determine their virulence
phenotypes, but these experiments are under way.

(iv) Phospholipases C (Rv2351c, Rv2350c, Rv2349c,
Rv1755c, plcA, plcB, plcC, plcD). The M. tuberculosis genome
has four ORFs annotated as encoding phospholipase C-type
enzymes. Three of these, plcA, plcB, and plcC, are closely
linked to each other, but plcD is not. plcD is missing or dis-
rupted in many M. tuberculosis strains, including H37Rv, and
the plcABC cluster is not present in M. bovis and its BCG
derivatives (236). Disruptions of the plc genes were obtained
by screening a transposon mutant library made in M. tubercu-
losis 103 that has an intact plcD gene. In addition, some mu-
tations were made by a two-step plasmid procedure (236).
Phospholipase C activity was determined in cell extracts of
strains that had individual and multiply mutated plc genes, and
all individual mutants have lower enzyme activities than that of
the wild-type M. tuberculosis 103. Triple (plcABC) and quadru-
ple (plcABCD) mutants have negligible enzyme activity, and
strains made by using a plcABC mutant as the recipient for
individual plc genes showed that all restore some activity.
plcABC in M. tuberculosis H37Rv are induced in human
(THP-1) macrophages, but the triple and quadruple plc mu-
tants of M. tuberculosis 103 grow normally in these cells. How-
ever, both of these multiple plc mutants are attenuated in mice,
showing a GIV phenotype.

(v) PanC/PanD (Rv3602c, Rv3601c, panC, panD). Pantothe-
nate is essential for for the synthesis of CoA and other impor-
tant molecules involved in fatty acid biosynthesis and degra-
dation, intermediary metabolism, and other cellular processes.
The M. tuberculosis H37Rv panC and panD genes, encoding
pantothenate synthetase and aspartate-1-decarboxylase, re-
spectively, which are involved in pantothenate biosynthesis,
were deleted using the specialized transduction method. The

mutant was attenuated for virulence, as determined by mea-
suring the survival time of SCID and immunocompetent mice
and the bacterial burden in immunocompetent animals (249).
In the former experiments, the SCID mice infected with the
panCD mutant survived for an average of 250 days while mice
infected with the wild-type H37Rv lived an average of 5 weeks.
Similar results were observed for immunocompetent mice.
Bacterial burden assays showed that the mutant had a PER
phenotype in lungs and an SGIV phenotype in spleens and
livers. In addition, the histopathologic changes in the lungs of
mice infected with the mutant were much smaller than those
observed in wild-type infections. Complementation of the mu-
tant with the M. tuberculosis panCD genes restored all viru-
lence phenotypes to normal levels. When injected into mice,
the mutant was also protective against an aerosol challenge
with virulent M. tuberculosis, showing protection similar to that
conferred by M. bovis BCG.

Amino acid and purine biosynthetic genes. As discussed
earlier in this section, initial attempts to isolate attenuated M.
tuberculosis strains focused on amino acid auxotrophs, follow-
ing a strategy that was used to create effective live attenuated
vaccine strains of S. enterica serovar Typhimurium (130, 278).

(i) LeuD (Rv2987c, leuD). leuD, encoding isopropylmalate
isomerase, an enzyme that functions in the biosynthesis of
leucine, was inactivated by a two-step plasmid procedure in M.
tuberculosis H37Rv, and it was found that the mutant could not
grow in primary murine macrophages or kill SCID mice (131).
The leuD auxotroph was also able to protect against virulent M.
tuberculosis infection of wild-type mice to approximately the
same extent as M. bovis BCG could. leuD mutations were also
made earlier in M. bovis BCG, and the mutants also could not
grow in mice, exhibiting a SGIV phenotype (186), or in human
macrophages (12).

(ii) TrpD (Rv2192c, trpD). TrpD is anthranilate phosphori-
bosyl transferase, which is involved in the tryptophan biosyn-
thetic pathway. The M. tuberculosis gene was inactivated by a
two-step plasmid procedure but with an initial denaturing
DNA step to increase the frequency of homologous recombi-
nation (209). The mutant was severely attenuated in murine
macrophages, hardly grew in SCID mice (suggesting a SGIV
phenotype), and did not kill any of these mice (266).

(iii) ProC (Rv0500, proC). ProC is a pyrroline-5-carboxlate
reductase, which is involved in proline biosynthesis, and the M.
tuberculosis gene was inactivated in the same manner as the
trpD gene described above (266). Its virulence phenotype is
intermediate between that of the the wild-type M. tuberculosis
H37 parent and the trpD mutant (266). It is killed in murine
macrophages but not as rapidly as the trpD strain, and it kills
SCID mice with median killing time of 130 days, in contrast to
the wild-type infection, in which all mice are killed by 29 days.

(iv) PurC (Rv0780, purC). PurC is 1-phosphoribosylamino-
imidazole-succinocarboxamide synthase, which is involved in
purine biosynthesis, and it was inactivated in both M. bovis
BCG and M. tuberculosis 103 by a two-step plasmid procedure
(141). The growth of both mutants in inactivated murine mac-
rophages is attenuated, with the M. bovis BCG mutant showing
a large decrease in bacterial numbers while the M. tuberculosis
mutant does not grow, maintaining the initial numbers of bac-
teria. Both mutants are severely attenuated in mice with an
SGIV phenotype.
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Metal uptake. Magnesium and iron are essential for life, and
defects in the uptake of these elements frequently lessen the
virulence of bacterial pathogens. Following this rationale, two
mutants have been made in M. tuberculosis that reportedly
affect the uptake of these metals and cause the attenuation of
virulence.

(i) MgtC (Rv1811, mgtC). The Salmonella MgtC is a trans-
porter involved in Mg2� uptake (195) and is essential for this
pathogen to grow in low-Mg2� media and in macrophages,
indicating that this environment is limiting for this divalent
cation (117). Since there is an mgtC ortholog annotated in the
M. tuberculosis genome, this gene was inactivated in M. tuber-
culosis Erdman, using a linear DNA construct containing the
M. tuberculosis Erdman mgtC disrupted with an antibiotic re-
sistance cassette (41). The mutant grows poorly in low-Mg2�

media and in human MDMs, suggesting that M. tuberculosis
MgtC has the same function as Salmonella PhoP and that the
mycobacterial phagosome is also limiting for Mg2�. The mu-
tant is also severely attenuated for growth in mice, exhibiting a
SGIV phenotype. However, a similar mgtC mutant made in M.
tuberculosis H37Rv has no attenuated phenotype in THP-1
human macrophages and is able to grow in media containing
low Mg2� (S. Walters and I. Smith, unpublished results). The
reasons for these discordant results in two laboratories are not
known, but different M. tuberculosis strains and macrophages
were used in the two sets of experiments. The actual role of
mgtC in M. tuberculosis physiology and virulence as well as its
regulation awaits further investigation.

(ii) MbtB (Rv2383c, mbtB). The mbt operon, consisting of
mbtA through mbtJ, encodes enzymes whose function is to
synthesize mycobactin and carboxymycobactin (72, 229), the
major siderophores in M. tuberculosis (235). This regulon is
repressed by IdeR in high-iron conditions (110, 244). MbtB is
an enzyme in this pathway and catalyzes the formation of an
amide bond between salicylate and serine, a step in mycobactin
synthesis. Since iron is essential for most lifeforms but is usu-
ally in the form of the largely insoluble ferric salts in the
environment, iron uptake systems are required to solubilize
these salts and to transport the iron into the cell. In bacteria,
siderophores usually perform this chelation and solubilization
function, and the iron they carry is taken into cells by high-
affinity transporters. In addition, pathogens require iron acqui-
sition systems, usually siderophores, during infection to obtain
iron from host iron-containing proteins such as transferrin and
lactoferrin. In response to infection, the host frequently se-
questers iron to prevent bacterial growth (166). Since muta-
tions in siderophore-biosynthetic genes frequently cause atten-
uation of virulence in bacterial pathogens, the M. tuberculosis
mycobactin locus was disrupted by inactivation of the mbtB
gene, using a two-step plasmid procedure (72). The mutant
shows wild-type growth in iron-rich media, grows poorly when
iron is limiting, and is unable to synthesize the two mycobactin-
derived siderophores. It also grows more slowly than the wild
type in human macrophages, as measured by a luminescence
assay, indicating the mycophagosome may be low in iron. This
latter hypothesis is supported by experiments which show that
levels of mbtB and mbtI mRNA are increased during M. tuber-
culosis infection of human macrophages (110). There is no
published report on the growth phenotype of the mbtB mutant
in mice, but several lines of evidence, in addition to its mac-

rophage growth phenotype, suggest that it will be attenuated.
These all indicate that iron is limiting in the M. tuberculosis-
infected host. (i) Excess iron exacerbates the progression of TB
in humans and animal models (167). (ii) Measurements of
bacterial mRNA in M. tuberculosis-infected mouse lungs show
that mbtB is highly induced compared to its levels when M.
tuberculosis is grown in broth culture (J. Timm et al., unpub-
lished experiments). (iii) A mutation in M. tuberculosis that
prevents growth in low-iron-containing media and is thought to
affect a component of the high-affinity iron uptake system
(244) also severely attenuates growth in mice since the mutant
does not replicate; i.e., it has a SGIV phenotype (M. Rodriguez
and I. Smith, unpublished results). The identity of this gene is
currently under investigation and, when found, should be an
important tool with which to study M. tuberculosis virulence.
Another reason suggesting that iron is limiting for M. tubercu-
losis growth during mouse infections is presented in the fol-
lowing section.

(iii) IdeR (Rv2711, ideR). IdeR is a DNA binding protein
whose ability to interact with a conserved DNA sequence re-
quires the binding of Fe2� or related divalent cations, and it is
a structural and functional homolog of the C. diphtheriae DtxR
(223, 255). IdeR is the major mycobacterial regulator of iron
uptake and storage genes, repressing the former and activating
the latter (79, 110, 243, 244). ideR is an essential gene in M.
tuberculosis and can be inactivated only in the presence of a
second site suppressor (244); thus, it has not been possible to
directly assess the role of IdeR in virulence. However, it is
included in this section on virulence factors because of a report
that the presence of a mutated DtxR, which exhibits iron-
independent repression in other contexts, decreases the growth
of M. tuberculosis in mice (176). Although it was not demon-
strated directly in vitro or during infection, it was postulated
that the mutated DtxR is repressing M. tuberculosis iron uptake
genes during growth of the bacterium in mice. Despite certain
caveats, this interesting observation suggests that iron acquisi-
tion is essential for M. tuberculosis growth in mice and could be
a target for therapeutic intervention, as discussed below.

Anaerobic respiration and oxidative stress proteins. M. tu-
berculosis was originally thought to be an obligate aerobe, but
much work referred to in this review indicates that it may
encounter microareophilic environments during later stages of
infection, e.g., in lung granulomas. On the other hand, most
aerobic organisms, including bacteria, have enzymes that de-
grade peroxides and H2O2, which are normal by-products of
aerobic respiration and can give rise to toxic ROIs if allowed to
accumulate. These enzymes, generally superoxide dismutases
and catalases, as well as related enzymes, are also important
for the response to various external oxidative stresses. Since
phagocytic cells produce ROIs to kill invading bacteria, it is not
surprising that these enzymes are important for M. tuberculosis
virulence.

(i) Nitrate reductase (Rv1161, narG). NarG is a subunit of
the prokaryotic respiratory (anaerobic) nitrate reductase that
plays major role in respiration in the absence of oxygen, and
anaerobic nitrate reductase activity increases when M. tuber-
culosis becomes microaerophilic (306). The M. tuberculosis ge-
nome has several ORFs with similarity to genes encoding the
subunits of nitrate reductase, including one gene cluster that is
annotated as narGHIJ, the usual nitrate reductase-encoding
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genomic structure in prokaryotes (53). The M. tuberculosis
narGHIJ cluster was shown to encode anaerobic nitrate reduc-
tase proteins, and a narG mutation was made in M. bovis BCG
by using a two-step plasmid procedure (309). The mutant had
no anaerobic nitrate reductase activity, but its growth under
aerobic or anaerobic conditions was unaffected. When the M.
bovis BCG narG mutant was used to infect mice, a significant
virulence phenotype was observed. When SCID mice were
infected, the wild-type parent grew well while the mutant
showed no replication but was not cleared. In normal mice, the
wild-type BCG strain did not replicate but the mutant was
rapidly cleared from the lungs, livers, and kidneys, exhibiting a
SGIV phenotype (102). These results have not been confirmed
for M. tuberculosis yet, but they suggest that anaerobic or
microareophilic growth is an important feature of M. tubercu-
losis physiology during infection.

(ii) KatG (Rv1908c, katG). KatG is a catalase:peroxidase
that degrades H2O2 and organic peroxides. It is the only en-
zyme with catalase activity in M. tuberculosis, and in addition to
degrading ROIs, it activates the prodrug INH to form a reac-
tive species that inhibits mycolic acid biosynthesis (183). Spon-
taneous mutations to INH resistance are usually found in katG,
and a mutant of this type in M. bovis was attenuated in guinea
pigs in a spleen morbidity assay (317). In addition, an M.
tuberculosis H37Rv katG mutant, also isolated on the basis of
its resistance to INH, was shown to be attenuated in the lungs
and spleens of infected mice and was rapidly cleared after
initial normal growth, a PER phenotype (125). Another katG
mutant of M. tuberculosis H37Rv showed a similar PER-type
phenotype in mice, and virulence in guinea pigs was also at-
tenuated by the M. tuberculosis katG mutation. Complementa-
tion with the wild-type katG restored enzyme activity and vir-
ulence (163). In M. smegmatis (328) and M. tuberculosis (228)
katG is negatively regulated by the FurA protein, whose struc-
tural gene is directly upstream of katG. The role of FurA in
virulence is not currently known.

(iii) AhpC (Rv2428, ahpC). AhpC is an alkyl hydroperoxide
reductase, and enzymes of this type function to detoxify or-
ganic hydroxyperoxides. Attempts to inactivate this gene in the
M. tuberculosis complex have been unsuccessful, and an anti-
sense method was used to phenotypically lower the expression
of the ahpC gene in M. bovis (315). The resulting phenotypic
mutant produced less AhpC than did the wild type and was
more sensitive to H2O2 and cumene hydroperoxide. The mu-
tant was also much less virulent in a guinea pig model, showing
3 log units fewer CFUs than the wild type. It has been postu-
lated that AhpC can compensate for the lack of lack of cata-
lase:peroxidase activity in M. tuberculosis katG mutants, since
there some reports of increased ahpC expression in some katG
mutants (125, 262). However, levels of AhpC are not corre-
lated with the virulence of katG mutants (125).

(iv) SodA (Rv3846, soda). SodA is the iron-factored super-
oxide dismutase that degrades superoxides, which are normal
by-products of normal aerobic respiration and are also pro-
duced by the phagocytic repiratory burst enzyme. It is there-
fore important for the survival of intracellular pathogens dur-
ing infections. SodA is the major enzyme with this activity in M.
tuberculosis, and attempts to inactivate this gene have not been
successful (81), unlike the situation in M. smegmatis, where it
was possible to inactivate sodA (79). To circumvent this prob-

lem, as was done with the ahpC gene discussed above, an
antisense approach was used to make a phenotypic sodA mu-
tation in M. tuberculosis H37Rv (82). The phenotypic mutant
produced much less SodA protein and was severely attenuated
in mice, showing up to 5 log units fewer CFUs than the wild
type in lungs and spleens, and it was rapidly cleared, demon-
strating an SGIV phenotype. Recent results have indicated
that M. tuberculosis SodA inhibits redox signaling by macro-
phages, and it is proposed that this would affect the initiation
of the cellular immune response after infection (D. Kernodle,
personal communication).

(v) SodC (Rv0342, sodC). SodC is the Cu,Zn-factored super-
oxide dismutase that is responsible for a small part of total Sod
activity in M. tuberculosis. Two laboratories have inactivated
this gene in M. tuberculosis, with different virulence results. In
one case, sodC was inactivated in M. tuberculosis Erdman,
using a linear DNA construct, and the resulting mutant was
more sensitive to superoxides than the wild type and was killed
more efficiently than the wild-type parent in activated primary
(peritoneal) murine macrophages. It was not affected in inac-
tivated murine macrophages or activated macrophages from
respiratory burst-deficient mice (222). In the other study, the
M. tuberculosis H37Rv sodC was inactivated by a two-step
plasmid procedure, and while this mutant also showed in-
creased sensitivity to superoxides and H2O2, it exhibited wild-
type growth in activated primary (bone marrow) murine mac-
rophages and in guinea pigs (81). The reasons for the
discrepant results are not known, but different M. tuberculosis
strains and macrophages were used.

Transcriptional Regulators

Since transcriptional regulators control the transcription of
many genes, a directed mutational strategy to inactivate regu-
latory genes would be expected to find some that are important
for M. tuberculosis virulence, as has been demonstrated in
other pathogens, such as the S. enterica serovar Typhimurium
virulence factors alternative sigma factor RpoS (88) and the
response regulator PhoP (92, 192).

Sigma factors. One of the major strategies used by pro-
karyotes to radically change their life-style in response to a
changed environment involves using RNA polymerase holoen-
zymes with different promoter specificities. This is achieved by
the formation of new holoenzymes containing different sigma
factors, which allows the transcription of genes required for the
new conditions. Pathogens, including M. tuberculosis, also use
this tactic for the transcription of genes that are important for
virulence.

(i) Sigma A (Rv2703, sigA). Sigma A is the essential principal
mycobacterial sigma factor and is presumably necessary for
most mycobacterial housekeeping gene transcription (112,
225). Unlike the products of most of the other transcriptional
regulatory genes that were directly inactivated, sigma A was
identified as a virulence factor by complementation of an at-
tenuated M. bovis strain (ATCC 35721) with an M. tuberculosis
cosmid library, using a guinea pig morbidity assay (56). The
original mutation in sigA that causes attenuation is a partial
loss of function that allows the sigma A protein to function in
general transcription, since the mutant grows normally in vitro
(broth cultures and solid media), but it is presumably unable to
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transcribe at least one virulence gene. The attenuating muta-
tion is an arginine-to-histidine change at amino acid residue
515 (R515H) of the protein and is localized to a C-terminal
domain that, in other sigma factors, interacts with transcrip-
tional activators. This suggested that sigma A must interact
with a transcriptional activator that allowed the expression of a
gene(s) necessary for virulence (112). Recent experiments
have confirmed this hypothesis since it has been shown that
WhiB3 (Rv3416) interacts with sigma A (277). This important
finding is discussed below. Hopefully, DNA array analyses will
soon compare the global expression profiles of strain ATCC
35721 and its complemented derivative strain to see which
genes are not transcribed in the mutant strain, as has been
done for other M. tuberculosis sigma factor mutations. These
analyses should allow the identification of genes in the sigma A
regulon that require WhiB3 and should ultimately lead to the
identification of those that are essential for virulence.

(ii) Sigma F (Rv3286c, sigF). The derived amino acid se-
quence of M. tuberculosis sigma F is very similar to those of the
sigma F proteins of S. coelicolor and B. subtilis, which are
essential for sporulation in these two species, as well as to
those of sigma B of B. subtilis, which controls responses to
environmental stress (68). It was speculated that the latency of
M. tuberculosis in human TB could be similar to bacterial
sporulation, and to provide evidence for this hypothesis, sigF in
M. tuberculosis CDC1551 was inactivated by allelic replace-
ment, using a two-step plasmid method (52). The mutant has
no macrophage phenotype and is attenuated for virulence in
mice, using mortality as a criterion. The mice infected with the
mutant all died by 334 days after infection (50% died at 246
days), while mice infected with the wild type were all dead by
184 days (50% died at 161 days). It is not known which genes
transcribed by RNA polymerase containing sigma F (RNAP-
sigma F) are important for this virulence phenotype. Recently,
direct transcription assays have identified genes transcribed by
RNAP-sigma F, and a promoter sequence has been identified
that strongly resembles the B. subtilis RNAP-sigma B consen-
sus promoter sequence (19). This information and future DNA
array analyses should allow the identification of sigma F-de-
pendent M. tuberculosis virulence genes. Interestingly, this lat-
ter work also showed that the activity of sigma F is controlled
posttranslationally by its binding to an anti-sigma protein
(Rv3287c) that previously had been identified as having se-
quence similarity to the anti-sigma F and anti-sigma B proteins
of B. subtilis (67). In turn, the activity of the M. tuberculosis
anti-sigma F protein is downregulated by its binding to two
different anti-anti-sigma factors, Rv1356c and Rv3687c, an in-
teraction that allows sigma F to function (19). Significantly, the
function of Rv1356c is regulated by the redox potential, while
it is proposed that Rv3687c activity is controlled by phosphor-
ylation (19)

(iii) Sigma E (Rv1221, sigE). Sigma E is a member of the
ECF (for “extracytoplasmic function”) group of sigma factors
that control the bacterial response to external stimuli. sigE
transcripts are induced after exposure of M. tuberculosis to
various environmental stresses such as high temperature and
detergent stress (179). Since these stresses might be found
during M. tuberculosis infections and since hybridization-based
methods showed that sigE mRNA levels increased during M.
tuberculosis growth in human macrophages (115, 144), there

was a possibility that sigma E would be necessary for virulence.
To test this idea, sigE was inactivated in M. tuberculosis H37Rv
by allelic replacement, using a two-step plasmid procedure,
and its phenotype was analyzed in vitro and during infection of
mouse and human macrophages (182). The mutant is more
sensitive to detergent, high temperature, and oxidative stress
than is the wild-type parent M. tuberculosis H37Rv and grows
more poorly than the wild type in both types of macrophages.
Preliminary results show that the mutant is attenuated in wild-
type mice with a GIV phenotype and kills SCID mice more
slowly than the wild type does: all mice infected with the
mutant were dead by 70 days, while M. tuberculosis H37Rv
killed all mice by 30 days (R. Manganelli et al., unpublished
results). DNA array analyses comparing the sigE mutant and
the wild-type parent showed that 38 genes required sigma E for
their expression during normal growth while 23 other genes in
13 transcription units required this transcription factor for
their induction after sodium dodecyl sulfate (SDS) stress. Nine
of these transcription units had a conserved ECF sigma factor-
like promoter sequence in the region directly upstream of the
first gene in each unit. Among the genes requiring sigma E for
their expression during unstressed growth are some encoding
proteins involved in translation, transcriptional control mycolic
acid biosynthesis, electron transport and the oxidative stress
response. Genes requiring sigma E during SDS stress encode
proteins that are involved in fatty acid degradation, some that
are heat shock proteins, and several that are putative transcrip-
tional regulators. sigB encoding sigma B, a nonessential sigma
factor (M. Gomez and I. Smith, unpublished results), required
sigma E under both stressed and unstressed conditions, and
recent experiments have shown that RNAP-sigma E can tran-
scribe sigB (Rodrigue et al., unpublished). sigB mutations do
not affect M. tuberculosis pathogenicity (Gomez and Smith,
unpublished), nor is it known which of the other genes requir-
ing sigma E for their transcription are necessary for virulence.
This question is currently being investigated. As is the case
with many ECF sigma factors, sigma E activity is downregu-
lated by an anti-sigma factor, RseA, that is encoded by a gene,
Rv1222, adjacent to sigE (Rodrigue et al. unpublished). The
possible role of RseA in virulence is not known and is also
being studied.

(iv) Sigma H (Rv3223c, sigH). Sigma H is another member
of the ECF family of sigma factors, like sigma E, and is very
similar to the sigma R of Streptomyces species. Sigma R re-
sponds to certain types of oxidative stress, such as diamide
treatment, that oxidize protein-SH groups, which then form
intramolecular disulfide bonds (207). Its promoter recognition
activity is blocked by binding of an anti-sigma factor, RsrA,
that is encoded by a gene adjacent to sigR. On oxidative (dia-
mide) stress, key SH groups in RsrA become oxidized and its
binding to sigma R is disrupted (150). Sigma R is then able to
transcribe several genes such as its own structural gene sigR
and the trx operon, encoding thioredoxin and thioredoxin re-
ductase, which can reduce proteins that were oxidized by dia-
mide treatment. Thioredoxin and its reductase function to
return the system to the unstressed state, since the newly re-
duced RsrA can again bind to sigma R (206). The M. tubercu-
losis sigH is induced after various stresses like heat shock and
SDS treatment (179) and during macrophage infection (115).
Subsequently, this gene was inactivated in three laboratories
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(151, 181, 232). The phenotype of the sigH mutant is as ex-
pected from the Streptomyces experiments and the earlier M.
tuberculosis gene expression experiments, since it is sensitive to
SDS, diamide, and heat shock. A combination of DNA array
analyses and individual gene expression assays showed that
there are no genes that require sigma H during unstressed
growth (181), but genes similar to those transcribed by the
Streptomyces RNAP-sigma R, including those encoding thiore-
doxin reductase and two thioredoxins, are dependent on sigma
H for their expression after diamide stress (151, 181, 232).
Many of these M. tuberculosis genes have a promoter sequence
identical to the one used by the Streptomyces RNAP-sigma R
and also the one thought to be recognized by mycobacterial
RNAP-sigma E. Transcription assays have shown that some of
these genes are transcribed by mycobacterial RNAP-sigma H
(232). Among these is sigB, which is also transcribed by myco-
bacterial RNAP-sigma E which uses the same sigB promoter as
the RNAP-sigma H (Rodrigue et al, unpublished). The viru-
lence phenotype of the sigH mutant is subtle in that its growth
in macrophages and mice is normal in terms of bacterial load
(151, 181), but there are differences in lung histopathology,
including fewer granulomas and a generally delayed pulmo-
nary inflammatory response (151). As is the case for Strepto-
myces, M. tuberculosis has an anti-sigma H factor, RshA
(Rv3221A), whose sequence is similar to that of the Strepto-
myces RsrA, and its structural gene maps near sigH. Biochem-
ical experiments have shown that the purified M. tuberculosis
RshA binds to sigma H, preventing it from functioning in
transcription, similar to the Streptomyces RsrA-sigma R inter-
action (Rodrigue et al., unpublished).

Response regulators. The other major strategy used by bac-
teria to respond to changing environments involves elaborate
signal transduction networks, These are the “two-component
systems” that respond to environmental signals via sensor pro-
teins, histidine kinases, which, in turn, activate cognate effector
proteins, the response regulators, which are usually transcrip-
tional regulatory factors. As discussed earlier in this review,
bacteria have multiple two-component systems, each respond-
ing to different stimuli, and several laboratories have made
mutations in M. tuberculosis two-component genes to test their
effects on virulence.

(i) PhoP (Rv0757, phoP). PhoP shows high similarity to the
PhoP response regulator of S. enteric serovar Typhimurium,
which senses Mg2� starvation and controls the expression of
virulence genes (117). On this basis, phoP was disrupted in a
clinical M. tuberculosis isolate, strain MT103, by a two step
plasmid procedure and virulence phenotypes were determined
(219). The mutant grows poorly in mouse macrophages and is
severely attenuated in mouse organs, where it has an SGIV
phenotype. These results have been confirmed and extended as
phoP has been disrupted in M. tuberculosis H37Rv by the
two-step plasmid procedure and this mutant is also attenuated
in human and mouse macrophages as well as in mice, where it
is has a SGIV phenotype (Walters and Smith, unpublished). In
vitro experiments have shown that the M. tuberculosis H37Rv
phoP mutant grows poorly in low-Mg2�-containing media, and
it is now thought that the M. tuberculosis PhoP senses Mg2�

starvation as does the S. enteric serovar Typhimurium PhoP
(Walters and Smith, unpublished). Genes controlled by PhoP

are not known yet, including those important for virulence, and
this is currently being investigated.

(ii) PrrA (Rv0903c, prrA). PrrA is one of the 13 annotated
response regulators in the M. tuberculosis genome. It had been
previously shown that this gene was upregulated during M.
tuberculosis infection of human macrophages (115), and
screening of an ordered transposon mutagenesis library for
mutants found one with an insertion near the beginning of the
coding sequence for PrrA (86). The growth of the prrA mutant
in mouse primary macrophages was slightly lower than that of
the wild-type M. tuberculosis 103 at 3 and 6 days, reaching
wild-type levels at 7 days, and the mutant grew essentially as
well as the wild type in mice, with a small decrease in bacterial
load that was observed only in spleens. In agreement with these
observations, the use of GFP reporter fusions with the prrA
promoter showed that this gene was transiently induced in
macrophages, with peak levels of gene expression 4 h after
infection and with levels declining after that time. The signif-
icance of PrrA to virulence is not clear, given the very subtle
attenuation phenotype.

(iii) Rv0981 (Rv0981, mprA). Rv0981 is another M. tubercu-
losis two-component response regulator, and it was inactivated
in M. tuberculosis H37Rv by a two-step plasmid procedure
(327). The mutant had an unusal phenotype in that it grew
better than the wild type in murine macrophages and human
MDMs. However, it did not persist in the lungs and livers of
infected mice, growing initially and being cleared after 140
days, respectively, showing a delayed PER phenotype. mprA is
induced when M. bovis BCG infects macrophages, using a
mprA-GFP fusion, but the same mprA-GFP construct in M.
tuberculosis H37Rv does not show induction of mrpA in mac-
rophages (327).

Virulence phenotypes of other two-component gene muta-
tions have been measured, e.g., in the reponse regulator
RegX3 (Rv0491) and in the histidine kinase TrcS (Rv1032c).
No macrophage phenotype was observed, and these genes
were not induced in macrophages (86). In agreement with
these results, 10 of the 13 two-component response regulator
genes in M. tuberculosis were inactivated and only the phoP
mutant (discussed above) had a virulence phenotype in human
macrophages (Walters and Smith, unpublished). Included in
this group were mutants with disruptions in regX and trcS.
Other two-component systems in M. tuberculosis have been
studied. MtrA-MtrB (Rv3264c-Rv3245c) is essential for
growth since mtrA cannot be disrupted (326). Interestingly,
GFP reporter fusions with the mtrA promoter in M. bovis BCG
are induced in murine macrophages, but this does not occur
when the fusion is in M. tuberculosis, as was observed in gene
expression studies with Rv0981 (discussed above). Another
response regulator, DosR (Rv3133c), controls the global re-
sponse to oxidative stress and low oxygen response, including
the expression of the anoxia-induced hspX gene as well as its
own expression (263). A proteomic analysis of M. bovis BCG
grown under microaerophilic conditions showed upregulation
of the same genes (34); M. smegmatis genes corresponding to
Rv3133c and Rv3132c, encoding the cognate histidine kinase
and hspX, were also induced in anoxic conditions (185). Thus,
DosR is important for the mycobacterial response to various
environmental stresses, and a recent report shows that disrup-
tion of the M. bovis BCG dosR causes a loss of viability during
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long-term hypoxia, using an vitro model for M. tuberculosis
persistence (33). While a mutation in M. tuberculosis Rv3133c
has no effect on M. tuberculosis growth in human macrophages
(Walters and Smith, unpublished), it would be expected to
cause an attenuated phenotype in mice, given its effect on
bacterial survival in vitro, but this has not get been tested.

Other transcriptional regulators. In addition to sigma fac-
tors and response regulators, bacteria use other types of tran-
scriptional regulators to control the expression of large groups
of genes. As discussed above, there are many ORFs that are
annotated as transcriptional regulators in the M. tuberculosis
genome, but surprisingly few have been studied to determine
their functions in general physiology and virulence. Among the
rarely characterized M. tuberculosis regulatory proteins that
affect virulence are IdeR (see above), as well as HspR and
WhiB3. Other transcriptional regulators have been described
that are potentially important for virulence, like RelA (226),
since relA mutant shows defects in long-term survival in vitro
while its macrophage growth is normal. However, there have
been no published reports describing the relA mutant pheno-
type in animal models.

(i) HspR (Rv0353, hspR). HspR is a repressor of key heat
shock genes like hsp70, where it binds to a specific DNA
sequence, the HAIR element (for “HspR-associated inverted
repeat”) in the hsp70 promoter region, in S. coelicolor (40) and
H. pylori (272). The repression occurs at the permissive tem-
perature of 37°C and is lifted at 45°C. M. tuberculosis also has
an ortholog of this ORF (113). The synthesis of M. tuberculosis
heat shock proteins, some of which are immunodominant an-
tigens (322), is increased after infection (159). Investigations
were carried out to see whether the M. tuberculosis HspR was
a repressor of hsp70 and whether the regulation of heat shock
proteins would be important for virulence (275). Biochemical
studies showed that purified M. tuberculosis HspR binds to
DNA sequences containing the HAIR element, and physiolog-
ical experiments indicated that hspR mutants in both M. tuber-
culosis and M. bovis BCG, constructed by the two-step plasmid
technique, are derepressed for Hsp70 synthesis at 37°C, unlike
the wild-type strains. The M. tuberculosis mutant survives bet-
ter than the wild type after heat shock, presumably because of
the protective effect of the higher level of HSPs. Thus, M.
tuberculosis HspR functions in the same manner as other bac-
terial HspRs. While the M. tuberculosis hspR mutant has no
phenotype in murine macrophages, it is attenuated in mice,
with a GIV phenotype. The reason for this attenuation is not
known, but it was suggested that the higher levels of HSPs in
the mutant may cause increased host immunosurveillence fol-
lowed by more efficient killing of the pathogen (275).

In addition to potential roles in immunosurveillance, M.
tuberculosis HSPs may play a more direct role in virulence.
GroES is a highly conserved HSP that has chaperonin activity
and is also known as cpn10. M. tuberculosis GroES (Rv3418c)
is found as a major constituent in the culture filtrate or media
in which M. tuberculosis grows (271), suggesting that it will be
directly exposed to the intraphagosomal milieu. Recombinant
M. tuberculosis GroES is a stimulator of bone resorption and
induces osteoclast recruitment in bone explant cultures while
also inhibiting the proliferation of an osteoblast bone-forming
cell line (189). It has recently been shown that M. tuberculosis
GroES binds calcium (284). This suggests a role for GroES in

Pott’s disease, the extrapulmonary form of TB discussed ear-
lier in this review that is marked by the weakening and resorp-
tion of spinal vertebrae. This role could be related to the
physical depletion of calcium in bones and/or the disruption of
calcium signaling in host cells by GroES during-long term TB
infection (284).

(ii) WhiB3 (Rv3416, whiB3). WhiB was originally described
in S. coelicolor, and disruptions of its structural gene and that
of WhiD, a closely protein, prevent sporulation and cell sep-
tation in this bacterium (193). There are seven members of the
WhiB family in M. tuberculosis H37Rv, and it has been spec-
ulated that the persistence or latent state of M. tuberculosis is
analagous to bacterial sporulation (270). For this reason, stud-
ies of mycobacterial WhiB orthologs have been performed,
initially with M. smegmatis. It was shown that WhmD, a WhiB2
homolog in M. smegmatis, is required for cell division and
septation (111) but that a disruption of the M. smegmatis whiB3
homolog had no effect on cell growth or stationary-phase sur-
vival (139). In M. tuberculosis, as previously mentioned, a
search utilizing a yeast two-hybrid system has found that M.
tuberculosis WhiB3 specifically interacts with the region 4.2
domain of the wild-type M. tuberculosis sigma A but not the
equivalent region from the protein containing the R515H mu-
tation (277). whiB3 was inactivated in M. tuberculosis H37Rv,
and while there was no effect on bacterial growth in either mice
or guinea pigs, mice infected with the mutant survived longer
than did those infected with the wild-type parent; i.e., mice
infected with the wild type all died by 225 days, with 50% of the
animals dying at 150 days, and the comparable figures for
mouse infections with the whiB3 mutant were 350 and 260
days. The same whiB3 mutation was made in M. bovis and
resulted in a mutant that was severely attenuated for growth in
guinea pigs, exhibiting a bacterial load in spleens that was 5 log
units lower than that of the wild-type M. bovis (277). This
attenuation phenotype is similar to that observed in the orig-
inal M. bovis sigA R515H mutant (56). This result indicates
significant differences in virulence mechanisms of these two
members of the M. tuberculosis complex. Genome comparisons
of M. tuberculosis and M. bovis have shown that the former
species has 61 ORFs that are not found not in the latter (20),
but the role of most of these proteins (outside of those in the
RD1 region) in virulence or the dependence of their expres-
sion on sigma A and WhiB3 is not known. Also not known is
the role in virulence of other members of the M. tuberculosis
WhiB family. A promoter trap search has identified whiB2
(Rv3260c) as being differentially expressed in the lungs of M.
tuberculosis H37Rv-infected mice, and the possible function of
this protein in virulence is currently being studied (Dubnau
and Smith, unpublished).

FUTURE RESEARCH

Genetic Approaches

As shown in this review, much work has been performed in
the search for M. tuberculosis virulence factors. Various targets
have been identified, e.g., enzymes involved in the synthesis of
unique cell wall structures and secreted proteins. More work
has to be performed so that that every potential gene is sys-
tematically inactivated in the M. tuberculosis genome and the
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virulence of these mutants can be assayed. Ideally, the mariner
transposon system (253) can be modified to incorporate signa-
ture tagging so that many potential mutants can be tested in
vivo at the same time. In addition to this global search, there
are more specific approaches that can be undertaken. For
example, as mentioned earlier in this review review, some M.
tuberculosis clinical strains are more virulent than others (178).
The numerous comparative genomic sequencing projects being
conducted now may identify potential genes that are respon-
sible for these phenotypes, and these could then be individually
characterized. As previously discussed, all M. bovis BCG
strains have one common deletion, RD1, that causes their
attenuated phenotype (162, 227). Of the nine genes in the
deleted region, only Rv3875, encoding Esat6 has been impli-
cated in virulence, since a mutant with a disruption in this gene
is attenuated for virulence (305). It is not known whether any
of the other genes in the RD1 region are also important for M.
tuberculosis pathogenicity, and it should be relatively easy to
use knockout strategies to answer this question, which has
significance for making a better “BCG-like” live-cell vaccine.

New Ways To Study M. tuberculosis-Host Interactions

As an intracellular pathogen, M. tuberculosis has developed
global strategies to survive and grow in macrophages and gran-
ulomas formed in various organs of its host. In the same way,
the infected phagocytic cell and surrounding tissue respond in
a global sense to the presence of an intruding pathogen. As
discussed earlier in this review, DNA arrays have been used to
study the global expression of genes in wild-type and mutant
M. tuberculosis strains grown under different conditions. Pro-
teomic techniques have also been used to measure the levels of
large numbers of bacterial proteins when M. tuberculosis is in
different environments. The purpose of this section is to dis-
cuss how new global methods are currently being used and
could be used in the near future to study the interactions
between M. tuberculosis and its host.

M. tuberculosis-macrophage interactions. There have been
some descriptions of host responses when macrophages are
allowed to phagocytose M. tuberculosis or purified bacterial
components like LAM. However, these macrophage responses
have generally been limited to the expression of a small num-
ber of genes or the levels of a few proteins, and as discussed
earlier in this review, there are often widely discordant results
from different laboratories. e.g., the effects of adding the 19-
kDa glycolipoprotein to macrophages. Recently, DNA array
analyses have been used to study host gene expression during
M. tuberculosis infection of human (198) and murine (83) mac-
rophages. The latter study showed that exposure of murine
macrophages to IFN-� and M. tuberculosis altered the expres-
sion of 25% of the monitored mouse genome (83). This study
also used primary macrophages from mutant mice, providing
significant information on mechanisms of the host response to
infection.

To more completely describe the M. tuberculosis-macrophage
interaction, the next step will be to combine global expression
methods to analyze the expression of both bacterial and host
genes during the same macrophage infections. As an example
of this combined approach, mutations in the M. tuberculosis
regulatory genes sigE (182) and phoP (219) (Walters and

Smith, unpublished) cause attenuation of virulence pheno-
types, and DNA array analyses with both mutants identified
several genes that require sigma E or PhoP for their expres-
sion. Recent developments in DNA array technology have now
made it feasible to use much smaller amounts of bacterial
RNA (1 to 2 	g) for these studies. Thus, global expression
profiling with DNA arrays can now be used to identify the M.
tuberculosis genes that require sigma E or PhoP during the
infection of macrophages, i.e., comparing the expression pro-
file of the sigE or phoP mutants with that of the wild-type M.
tuberculosis strain. This was recently done with wild-type S.
anterica serovar Typhimurium infecting murine macrophages
(85). At the same time, it will be possible to globally compare
the expression of macrophage genes during the infection with
wild-type M. tuberculosis and the two regulatory mutants, as
was done with S. enteria serovar Typhimurium phoP mutant
and wild-type strains during a human macrophage infection
(71). However, since these regulators presumably control many
genes that are differentially expressed during macrophage in-
fection, it may not be possible to determine initially the identity
of the bacterial effector molecules important for virulence that
are missing in the mutants. Thus, it will be important also to
characterize the M. tuberculosis genes requiring the regulators
during macrophage infection by performing functional assays
and by testing the virulence phenotypes of mutations in their
structural genes. Since mutations in some M. tuberculosis ef-
fector molecules that affect virulence are already known, e.g.,
in the 19-kDa protein and other secreted or membrane-asso-
ciated proteins, it will be important to use these mutants to
study global host gene expression. In these experiments, one
could compare the effect of the presence or absence of a
molecule like the 19-kDa protein on host gene expression
during M. tuberculosis infection of macrophages. The results of
such studies, in which effector molecules are presented to the
macrophage in their normal context or are not presented,
should clarify their roles in virulence.

For want of a better term, this section discusses M. tubercu-
losis-host interactions at stages after the initial encounter be-
tween the bacterium and the macrophage. As discussed above,
one of the early stages in progression of TB is the formation of
a granuloma as monocytes and lymphocytes are recruited to
the site of the original infection in the lung, ultimately sur-
rounding and isolating the infectious bacteria, if the infection
is controlled. Thus, it is important to study M. tuberculosis
virulence at these stages, using the new technologies described
in this review. Generally, most experiments have been done in
animal models, and at various stages in infection, infected
organs, e.g., lungs, livers, and spleens, are isolated along with
the bacteria and various assays are performed. There have not
been many studies involving systems that are not as complex as
the whole infected animal but that allow the interaction be-
tween infected macrophages and lymphocytes. Several at-
tempts have been made to bridge the gap between simple ex
vivo (macrophage) and in vivo (animal model) experiments,
and two examples are cited. A whole-blood assay has been
used to study early stages in M. tuberculosis infection, and it
utilizes blood drawn from TB patients or noninfected individ-
uals (303). The advantages of this system are that monocytes
and lymphocytes present in blood can interact as they do or-
dinarily and that M. tuberculosis is rapidly phagocytosed and
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remains intracellular for at leat 72 h. Another system assem-
bles cellular components thought to be involved in early M.
tuberculosis infection, by using a tissue culture bilayer system
(28). In this study, human lung epithelial type II pneumocytes
were separated from endothelial cells by a microporous mem-
brane and the movement of M. tuberculosis and monocytes
through the membrane and their interaction was studied. It
would seem that systems like these can be used to study bac-
terial and host responses in a much more physiological setting
than in simple macrophage infections.

It is also essential to have more efficient ways to study M.
tuberculosis in an actual granuloma, since this is where the
bacterium spends the majority of its lifespan during an infec-
tion. As discussed in this review, some studies of M. tubercu-
losis gene expression in mouse organs have been performed by
using RT-PCR techniques to measure the mRNAs of individ-
ual genes, but this approach is limited by its individual gene-
by-gene nature. A global promoter trap technique has allowed
the identification of several genes that are induced in mouse
lungs (Dubnau and Smith, unpublished), but this method is
quite labor-intensive and takes a long time to first identify and
then validate putative upregulated genes. Clearly, a global
gene expression method like DNA array analyses is needed.
Unfortunately, current DNA array methods are not sensitive
enough to use the purified M. tuberculosis RNA purified from
one infected mouse lung. However, it may be possible to iso-
late sufficient bacteria from lung granulomas of infected rab-
bits since these are much larger and more delimited than those
of mice and frequently contain large numbers of M. tubercu-
losis (29). In addition, it will be important to analyze host
expression in cells comprising the granuloma. A major prob-
lem with this type of study, which also must be considered in
macrophage response experiments, is the contribution of non-
infected cells to any quantitative analysis. This problem is trac-
table in tissue culture studies, since protocols can be readily
designed to ensure that essentially all macrophages are in-
fected, but the problem is much more complex in infected
organ tissues. A relatively new technique, laser capture micros-
copy (LCM), has been developed to isolate pure cells from
specific microscopic regions of tissue sections (32). A laser
beam focally activates a special transfer film, which binds to
cells in the tissue section and allows their isolation from un-
wanted cells on the basis of desired criteria such as cytochem-
ical and/or immunological staining. The cells and their macro-
molecules are not affected by the laser beam because its energy
is absorbed by the film. One study of M. tuberculosis infection
in mice has shown that a panel of nine host genes isolated from
lung granulomas by LCM show patterns of gene expression
that are markedly different from those obtained from whole
infected lungs (J. Chan, personal communication). It is ex-
pected that LCM will soon be widely used to study the host
response in granulomas formed during M. tuberculosis infec-
tions and will provide much important information.

PROSPECTS FOR NEW ANTITUBERCULAR AGENTS

With several M. tuberculosis targets already found and the
expectation of finding new ones, the next question is what
should be done with this information. It is beyond the scope of
this review to discuss in detail new vaccines and drugs, and

these areas have been recently reviewed (18, 299). These con-
cluding remarks will list some of the areas that could be ex-
ploited for better therapies. It is still worthwhile to pursue live
vaccines that are more protective than M. bovis BCG, even
though the problem of administering them to immunocompro-
mised individuals must be addressed. The use of vaccines in-
volving recombinant M. bovis BCG containing M. tuberculosis
genes is a new approach that has great promise (133), and it
will be important to use other M. tuberculosis genes in this
delivery system as well. Another approach to the synthesis of
live vaccines is to systematically use attenuated M. tuberculosis
mutants for protection studies. In this regard, the protection
results obtained with a phenotypic M. tuberculosis sodA mutant
are extremely encouraging (82). It will be important to use for
protection assays other mutants that are obtained by standard
allelic replacement since there will be a lower chance of rever-
sion. For this purpose, silent mutations, i.e., those made with-
out antibiotic resistance cassettes, will be necessary. Subunit
vaccines and DNA vaccines are other areas that should be
developed as more M. tuberculosis virulence factors are iden-
tified. The identification of new antitubercular drugs is an
important and complex undertaking, and again it would seem
that unique systems found in M. tuberculosis are prime candi-
dates as new targets for rational drug design. One area, among
others, that should be exploited is the M. tuberculosis iron
acquisition system, since this essential element is limiting for
M. tuberculosis growth in vivo in animal experiments (176, 244).
Since M. tuberculosis siderophores, and presumably their re-
ceptors, are highly specific, it should be possible to use them to
deliver toxic agents directly to M. tuberculosis without affecting
the host.

The advances in our understanding of M. tuberculosis viru-
lence summarized in this review are expected to result in many
new treatments that should help prevent or control the spread
of TB throughout the world. However, it is again important to
remember the history of TB research starting over 100 years
ago that led to the development of the BCG vaccine and then
the discovery of antibiotics over 50 years ago. We must remem-
ber Rene Dubos’ cautionary words from 1952, mentioned at
the beginning of this review, that are still as pertinent as ever
(77). They can be restated in 2002 as follows: doctors and
researchers must continue their fight against TB, and the new
vaccines and drugs that are developed will hopefully be more
effective than M. bovis BCG, streptomycin, and INH were in
the past. However, TB will be completely eradicated only when
poverty and unequal development are ended throughout the
world.
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cille Calmette-Guérin. Proc. Natl. Acad. Sci. USA 88:3111–3115.

161. Lee, M. L., F. C. Kuo, G. A. Whitmore, and J. Sklar. 2000. Importance of
replication in microarray gene expression studies: statistical methods and
evidence from repetitive cDNA hybridizations. Proc. Natl. Acad. Sci. USA
97:9834–9839.

162. Lewis, K. N., R. Liao, K. M. Guinn, M. J. Hickey, S. Smith, M. A. Behr, and
D. R. Sherman. 2003. Deletion of RD1 from Mycobacterium tuberculosis
mimics bacille Calmette-Guerin attenuation. J. Infect. Dis. 187:117–123.

163. Li, Z., C. Kelley, F. Collins, D. Rouse, and S. Morris. 1998. Expression of
katG in Mycobacterium tuberculosis is associated with its growth and per-
sistence in mice and guinea pigs. J. Infect. Dis. 177:1030–1035.

164. Lipscomb, M. F., and B. J. Masten. 2002. Dendritic cells: immune regula-
tors in health and disease. Physiol. Rev. 82:97–130.

165. Lipsitch, M., and A. O. Sousa. 2002. Historical intensity of natural selection
for resistance to tuberculosis. Genetics 161:1599–1607.

166. Litwin, C. M., and S. B. Calderwood. 1993. Role of iron in regulation of
virulence genes. Clin. Microbiol. Rev. 6:137–149.

167. Lounis, N., C. Truffot-Pernot, J. Grosset, V. R. Gordeuk, and J. R. Boelaert.
2001. Iron and Mycobacterium tuberculosis infection. J. Clin. Virol. 20:123–
126.

168. MacMicking, J., R. North, R. LaCourse, J. Mudgett, S. Shah, and C.

Nathan. 1997. Identification of nitric oxide synthase as a protective locus
against tuberculosis. Proc. Natl. Acad. Sci. USA 94:5243–5248.

169. MacMicking, J. D., C. Nathan, G. Hom, N. Chartrain, D. S. Fletcher, M.
Trumbauer, K. Stevens, Q.-W. Xie, K. Sokol, N. Hutchinson, H. Chen, and
J. S. Mudgett. 1995. Altered responses to bacterial infection and endotoxic
shock in mice lacking inducible nitric oxide synthase. Cell 81:641–650.

170. Mahairas, G. G., P. J. Sabo, M. J. Hickey, D. C. Singh, and C. K. Stover.
1996. Molecular analysis of genetic differences between Mycobacterium
bovis BCG and virulent M. bovis. J. Bacteriol. 178:1274–1282.

171. Mahan, M., J. Slauch, and J. J. Mekalanos. 1993. Selection of bacterial
virulence genes that are specifically induced in host tissues. Science 259:
686–688.

172. Mahan, M. J., J. W. Tobias, J. M. Slauch, P. C. Hanna, R. J. Collier, and
J. J. Mekalanos. 1995. Antibiotic-based selection for bacterial genes that
are specifically induced during infection of a host. Proc. Natl. Acad. Sci.
USA 92:669–673.

173. Mahenthiralingam, E., B. I. Marklund, L. A. Brooks, D. A. Smith, G. J.
Bancroft, and R. W. Stokes. 1998. Site-directed mutagenesis of the 19-
kilodalton lipoprotein antigen reveals no essential role for the protein in the
growth and virulence of Mycobacterium intracellulare. Infect. Immun. 66:
3626–3634.

174. Majorov, K. B., I. V. Lyadova, T. K. Kondratieva, E. B. Eruslanov, E. I.
Rubakova, M. O. Orlova, V. V. Mischenko, and A. S. Apt. 2003. Different
innate ability of I/St and A/Sn mice to combat virulent Mycobacterium
tuberculosis: phenotypes expressed in lung and extrapulmonary macro-
phages. Infect. Immun. 71:697–707.

175. Malik, Z. A., G. M. Denning, and D. J. Kusner. 2000. Inhibition of Ca2�

signaling by Mycobacterium tuberculosis is associated with reduced phago-
some-lysosome fusion and increased survival within human macrophages. J.
Exp. Med. 191:287–302.

176. Manabe, Y. C., B. J. Saviola, L. Sun, J. R. Murphy, and W. R. Bishai. 1999.
Attenuation of virulence in Mycobacterium tuberculosis expressing a consti-
tutively active iron repressor. Proc. Natl. Acad. Sci. USA 96:12844–12848.

177. Manca, C., L. Tsenova, C. E. Barry III A. Bergtold, S. Freeman, P. A.
Haslett, J. M. Musser, V. H. Freedman, and G. Kaplan. 1999. Mycobacte-
rium tuberculosis CDC1551 induces a more vigorous host response in vivo
and in vitro, but is not more virulent than other clinical isolates. J. Immunol.
162:6740–6746.

178. Manca, C., L. Tsenova, A. Bergtold, S. Freeman, M. Tovey, J. M. Musser,
C. E. Barry III, V. H. Freedman, and G. Kaplan. 2001. Virulence of a
Mycobacterium tuberculosis clinical isolate in mice is determined by failure
to induce Th1 type immunity and is associated with induction of IFN-alpha/
beta. Proc. Natl. Acad. Sci. USA 98:5752–5757.

179. Manganelli, R., E. Dubnau, S. Tyagi, F. M. Kramer, and I. Smith. 1999.
Differential expression of 10 sigma factor genes in Mycobacterium tubercu-
losis. Mol. Microbiol. 31:715–724.

180. Manganelli, R., S. Tyagi, and I. Smith. 2001. Real time PCR using molec-
ular beacons: a new tool to identifypoint mutations and to analyze gene
expression in Mycobacterium tuberculosis, p. 295–310. In T. Parish and N.
Stoker (ed.), Methods in molecular medicine: Mycobacterium tuberculosis
protocols, vol. 54. Humana Press, Inc., Totowa, NJ.

181. Manganelli, R., M. I. Voskuil, G. K. Schoolnik, E. Dubnau, M. Gomez, and
I. Smith. 2002. Role of the extracytoplasmic-function sigma Factor sigma H
in Mycobacterium tuberculosis global gene expression. Mol. Microbiol. 45:
365–374.

182. Manganelli, R., M. I. Voskuil, G. K. Schoolnik, and I. Smith. 2001. The
Mycobacterium tuberculosis ECF sigma factor sigma E: role in global gene
expression and survival in macrophages. Mol. Microbiol. 41:423–437.

183. Marcinkeviciene, J. A., R. S. Magliozzo, and J. S. Blanchard. 1995. Purifi-
cation and characterization of the Mycobacterium smegmatis catalase-per-
oxidase involved in isoniazid activation. J. Biol. Chem. 38:22290–22295.

184. Mariani, F., G. Cappelli, G. Riccardi, and V. Colizzi. 2000. Mycobacterium
tuberculosis H37Rv comparative gene-expression analysis in synthetic me-
dium and human macrophage. Gene 253:281–291.

185. Mayuri, G. Bagchi, T. K. Das, and J. S. Tyagi. 2002. Molecular analysis of
the dormancy response in Mycobacterium smegmatis: expression analysis of
genes encoding the DevR-DevS two component system, Rv3134c and chap-
erone �-crystalline homologues. FEMS Microbiol. Lett. 211:231–237.

186. McAdam, R. A., T. R. Weisbrod, J. Martin, J. D. Scuderi, A. M. Brown, J. D.
Cirillo, B. R. Bloom, and W. R. Jacobs, Jr. 1995. In vivo growth character-
istics of leucine and methionine auxotrophic mutants of Mycobacterium
bovis BCG generated by transposon mutagenesis. Infect. Immun. 63:1004–
1012.

187. McFadden, J. 1996. Recombination in mycobacteria. Mol. Microbiol. 21:
205–211.

188. McKinney, J. D., K. H. Z. Bentrup, E. J. Munoz-Elias, A. Miczak, B. Chen,
W. T. Chan, D. Swenson, J. C. Sacchettini, W. R. Jacobs, Jr., and D. G.
Russell. 2000. Persistence of Mycobacterium tuberculosis in macrophages
and mice requires the glyoxalate shunt enzyme isocitrate lyase. Science
406:735–738.

189. Meghji, S., P. A. White, S. P. Nair, K. Reddi, K. Heron, B. Henderson, A.
Zaliani, G. Fossati, P. Mascagni, J. F. Hunt, M. M. Roberts, and A. R.

VOL. 16, 2003 M. TUBERCULOSIS PATHOGENESIS AND VIRULENCE DETERMINANTS 493



Coates. 1997. Mycobacterium tuberculosis chaperonin 10 stimulates bone
resorption: a potential contributory factor in Pott’s disease. J. Exp. Med.
186:1241–1246.

190. Mehta, P. K., C. H. King, E. H. White, J. J. Murtagh, Jr., and F. D. Quinn.
1996. Comparison of in vitro models for the study of Mycobacterium tuber-
culosis invasion and intracellular replication. Infect. Immun. 64:2673–2679.

191. Melo, M. D., and R. W. Stokes. 2000. Interaction of Mycobacterium tuber-
culosis with MH-S, an immortalized murine alveolar macrophage cell line:
a comparison with primary murine macrophages. Tubercle Lung Dis. 80:
35–46.

192. Miller, S. I., A. M. Kukral, and J. J. Mekalanos. 1989. A two component
regulatory system (phoP and phoQ) controls Salmonella typhimurium viru-
lence. Proc. Natl. Acad. Sci. USA 86:5054–5058.

193. Molle, V., W. J. Palframan, K. C. Findlay, and M. J. Buttner. 2000. WhiD
and WhiB, homologous proteins required for different stages of sporulation
in Streptomyces coelicolor A3(2). J. Bacteriol. 182:1286–1295.

194. Mollenkopf, H. J., P. R. Jungblut, B. Raupach, J. Mattow, S. Lamer, U.
Zimny-Arndt, U. E. Schaible, and S. H. Kaufmann. 1999. A dynamic two-
dimensional polyacrylamide gel electrophoresis database: the mycobacte-
rial proteome via Internet. Electrophoresis 20:2172–2180.

195. Moncrief, M. B., and M. E. Maguire. 1998. Magnesium and the role of
MgtC in growth of Salmonella typhimurium. Infect. Immun. 66:3802–3809.

196. Munger, J. S., and J. H. A. Chapman. 1996. Tissue destruction by proteases,
p. 353–361. In W. N. Rom and S. Garay (ed.), Tuberculosis. Little, Brown
and Co., Boston, Mass.

197. Nathan, C. F., and J. J. B. Hibbs. 1991. Role of nitric oxide synthesis in
macrophage antimicrobial activity. Curr. Opin. Immunol. 3:65.

198. Nau, G. J., J. F. Richmond, A. Schlesinger, E. G. Jennings, E. S. Lander,
and R. A. Young. 2002. Human macrophage activation programs induced by
bacterial pathogens. Proc. Natl. Acad. Sci. USA 99:1503–1508.

199. Neufert, C., R. K. Pai, E. H. Noss, M. Berger, W. H. Boom, and C. V.
Harding. 2001. Mycobacterium tuberculosis 19-kDa lipoprotein promotes
neutrophil activation. J. Immunol. 167:1542–1549.

200. Nicholson, S., M. da G. Bonecini-Almeida, J. R. Lapa e Silva, C. Nathan,
Q. W. Xie, R. Mumford, J. R. Weidner, J. Calaycay, J. Geng, N. Boechat, C.
Linhares, W. Rom, and J. L. Ho. 1996. Inducible nitricoxide synthase in
pulmonary alveolar macrophages in patients with active pulmonary tuber-
culosis. J. Exp. Med. 183:2293–2302.

201. Noss, E. H., R. K. Pai, T. J. Sellati, J. D. Radolf, J. Belisle, D. T. Golenbock,
W. H. Boom, and C. V. Harding. 2001. Toll-like receptor 2-dependent
inhibition of macrophage class II MHC expression and antigen processing
by 19-kDa lipoprotein of Mycobacterium tuberculosis. J. Immunol. 167:910–
918.

202. O’Brien, L., J. Caramichael, D. B. Lowrie, and P. W. Andrew. 1994. Strains
of Mycobacterium tuberculosis differ in susceptibility to reactive nitrogen
intermediates in vitro. Infect. Immun. 62:5187–5190.

203. O’Brien, R. J. 2001. Tuberculosis: scientific blueprint for tuberculosis drug
development. Global Alliance for TB Drug Development, New York, N.Y.

204. Oh, S. H., and K. F. Chater. 1997. Denaturation of circular or linear DNA
facilities targeted integrative transformation of Streptomyces coelicolor
A3(2): possible relevance to other organisms. J. Bacteriol. 179:122–127.

205. Orme, I. M., and D. N. McMurray. 1996. The immune response to tuber-
culosis in animal models, p. 269–280. In W. N. Rom and S. Garay (ed.),
Tuberculosis. Little, Brown and Co., Boston, Mass.

206. Paget, M. S., V. Molle, G. Cohen, Y. Aharonowitz, and M. J. Buttner. 2001.
Defining the disulphide stress response in Streptomyces coelicolor A3(2):
identification of the sigma R regulon. Mol. Microbiol. 42:1007–1020.

207. Paget, M. S. B., J.-G. Kang, J.-H. Roe, and M. J. Buttner. 1998. 
R, an
RNA polymerase sigma factor that modulates expression of the thioredoxin
system in response to oxidative stress in Streptomyces coelicolor A3(2).
EMBO J. 17:5776–5782.

208. Papavinasasundaram, K. G., M. J. Colston, and E. O. Davis. 1998. Con-
struction and complementation of a recA deletion mutant of Mycobacterium
smegmatis reveals that the intein in Mycobacterium tuberculosis recA does
not affect RecA function. Mol. Microbiol. 30:525–534.

209. Parish, T., B. G. Gordhan, R. A. McAdam, K. Duncan, V. Mizrahi, and
N. G. Stoker. 1999. Production of mutants in amino acid biosynthesis genes
of Mycobacterium tuberculosis by homologous recombination. Microbiology
145:3497–3503.

210. Parish, T., and N. G. Stoker. 1997. Development and use of a conditional
antisense mutagenesis system in mycobacteria. FEMS Microbiol. Lett. 154:
151–157.

211. Parsons, L. M., C. S. Jankowski, and K. M. Derbyshire. 1998. Conjugal
transfer of chromosomal DNA in Mycobacterium smegmatis. Mol. Micro-
biol. 28:571–582.

212. Pascopella, L., F. M. Collins, J. M. Martin, M. H. Lee, G. F. Hatfull, C. K.
Stover, B. R. Bloom, and W. R. Jacobs, Jr. 1994. Use of in vivo comple-
mentation in Mycobacerium tuberculosis to identify a genomic fragment
associated with virulence. Infect. Immun. 62:1313–1319.

213. Patel, B. K., D. K. Banerjee, and P. D. Butcher. 1991. Characterization of
the heat shock response in Mycobacterium bovis BCG. J. Bacteriol. 173:
7982–7987.

214. Pavelka, M. S., Jr., and W. R. Jacobs, Jr. 1999. Comparison of the con-
struction of unmarked deletion mutations in Mycobacterium smegmatis,
Mycobacterium bovis bacillus Calmette-Guerin, and Mycobacterium tuber-
culosis H37Rv by allelic exchange. J. Bacteriol. 181:4780–4789.

215. Pelicic, V., J.-M. Reyrat, and B. Gicquel. 1996. Expression of the Bacillus
subtilis sacB gene confers sucrose sensitivity on mycobacteria. J. Bacteriol.
178:1197–1199.

216. Pelicic, V., M. Jackson, J. M. Reyrat, W. R. Jacobs, B. Gicquel, and C.
Guilhot. 1997. Efficient allelic exchange and transposon mutagenesis in
Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 94:10955–10960.

217. Pelicic, V., J.-M. Reyrat, and B. Gicquel. 1996. Generation of unmarked
directed mutations in mycobacteria, using sucrose counter-selectable sui-
cide vectors. Mol. Microbiol. 20:919–925.

218. Pelicic, V., J. M. Reyrat, and B. Gicquel. 1998. Genetic advances for study-
ing Mycobacterium tuberculosis pathogenicity. Mol. Microbiol. 28:413–420.

219. Perez, E., S. Samper, Y. Bordas, C. Guilhot, B. Gicquel, and C. Martin.
2001. An essential role of phoP in Mycobacterium tuberculosis virulence.
Mol. Microbiol. 41:179–187.

220. Pethe, K., S. Alonso, F. Biet, G. Delogu, M. J. Brennan, C. Locht, and F. D.
Menozzi. 2001. The heparin-binding haemagglutinin of M. tuberculosis is
required for extrapulmonary dissemination. Nature 412:190–194.

221. Peyron, P., C. Bordier, E. N. N’Diaye, and I. Maridonneau-Parini. 2000.
Nonopsonic phagocytosis of Mycobacterium kansasii by human neutrophils
depends on cholesterol and is mediated by CR3 associated with glyco-
sylphosphatidylinositol-anchored proteins. J. Immunol. 165:5186–5191.

222. Piddington, D. L., F. C. Fang, T. Laessig, A. M. Cooper, I. M. Orme, and
N. A. Buchmeier. 2001. Cu,Zn superoxide dismutase of Mycobacterium
tuberculosis contributes to survival in activated macrophages that are gen-
erating an oxidative burst. Infect. Immun. 69:4980–4987.

223. Pohl, E., R. K. Holmes, and W. G. Hol. 1999. Crystal structure of the
iron-dependent regulator (IdeR) from Mycobacterium tuberculosis shows
both metal binding sites fully occupied. J. Mol. Biol. 285:1145–1156.

224. Post, F. A., C. Manca, O. Neyrolles, B. Ryffel, D. B. Young, and G. Kaplan.
2001. Mycobacterium tuberculosis 19-kilodalton lipoprotein inhibits Myco-
bacterium smegmatis-induced cytokine production by human macrophages
in vitro. Infect. Immun. 69:1433–1439.

225. Predich, M., L. Doukhan, G. Nair, and I. Smith. 1995. Characterization of
RNA polymerase and two 
 factor genes from Mycobacterium smegmatis.
Mol. Microbiol. 15:355–366.

226. Primm, T. P., S. J. Andersen, V. Mizrahi, D. Avarbock, H. Rubin, and C. E.
Barry III. 2000. The stringent response of Mycobacterium tuberculosis is
required for long-term survival. J. Bacteriol. 182:4889–4898.

227. Pym, A. S., P. Brodin, R. Brosch, M. Huerre, and S. T. Cole. 2002. Loss of
RD1 contributed to the attenuation of the live tuberculosis vaccines Myco-
bacterium bovis BCG and Mycobacterium microti. Mol. Microbiol. 46:709–
717.

228. Pym, A. S., P. Domenech, N. Honore, J. Song, V. Deretic, and S. T. Cole.
2001. Regulation of catalase-peroxidase (KatG) expression, isoniazid sen-
sitivity and virulence by furA of Mycobacterium tuberculosis. Mol. Microbiol.
40:879–889.

229. Quadri, L. E. N., J. Sello, T. A. Keating, P. H. Weinreb, and C. T. Walsh.
1998. Identification of a Mycobacterium tuberculosis gene cluster encoding
the biosynthetic enzymes for assembly of the virulence-conferring sid-
erophore mycobactin. Chem. Biol. 5:631–645.

230. Quemard, A., A. Dessen, M. Sugantino, J. W. R. Jacobs, J. C. Sacchettini,
and J. S. Blanchard. 1996. Binding of catalase-peroxidase-activated isoni-
azid to wild-type and mutant Mycobacterium tuberculosis enoyl-ACP reduc-
tases. J. Am. Chem. Soc. 118:1561–1562.

231. Ramakrishnan, L., N. A. Federspiel, and S. Falkow. 2000. Granuloma-
specific expression of Mycobacterium virulence proteins from the glycine-
rich PE-PGRS family. Science 288:1436–1439.

232. Raman, S., T. Song, X. Puyang, S. Bardarov, W. R. Jacobs, Jr., and R. N.
Husson. 2001. The alternative sigma factor SigH regulates major compo-
nents of oxidative and heat stress responses in Mycobacterium tuberculosis.
J. Bacteriol. 183:6119–6125.

233. Rathman, M., L. P. Barker, and S. Falkow. 1997. The unique trafficking
pattern of Salmonella typhimirium-containing phagosomes in murine mac-
rophages is independent of the mechanism of entry. Infect. Immun. 65:
1475–1485.

234. Rathman, M., M. D. Sjaastad, and S. Falkow. 1996. Acidification of phago-
somes containing Salmonella typhimirium in murine macrophages. Infect.
Immun. 64:2765–2773.

235. Ratledge, C., and M. Ewing. 1996. The occurrence of carboxymycobactin,
the siderophore of pathogenic mycobacteria, as a second extracellular sid-
erophore in Mycobacterium smegmatis. Microbiology 142:2207–2212.

236. Raynaud, C., C. Guilhot, J. Rauzier, Y. Bordat, V. Pelicic, R. Manganelli,
I. Smith, B. Gicquel, and M. Jackson. 2002. Phospholipases C are involved
in the virulence of Mycobacterium tuberculosis. Mol. Microbiol. 45:203–217.

237. Raynaud, C., K. G. Papavinasasundaram, R. A. Speight, B. Springer, P.
Sander, E. C. Bottger, M. J. Colston, and P. Draper. 2002. The functions of
OmpATb, a pore-forming protein of Mycobacterium tuberculosis. Mol. Mi-
crobiol. 46:191–201.

494 SMITH CLIN. MICROBIOL. REV.



238. Rees, J. R. W., and P. D’Arcy Hart. 1961. Analysis of the host-parasite
equilibrium in chronic murine tuberculosis by total and viable bacillary
counts. Br. J. Exp. Pathol. 42:83–88.

239. Renshaw, P. S., P. Panagiotidou, A. Whelan, S. V. Gordon, R. G. Hewinson,
R. A. Williamson, and M. D. Carr. 2002. Conclusive evidence that the major
T-cell antigens of the Mycobacterium tuberculosis complex ESAT-6 and
CFP-10 form a tight, 1:1 complex and characterization of the structural
properties of ESAT-6, CFP-10, and the ESAT-6�CFP-10 complex. Impli-
cations for pathogenesis and virulence. J. Biol. Chem. 277:21598–21603.

240. Reyrat, J. M., F.-X. Berthet, and B. Gicquel. 1995. The urease gene of
Mycobacterium tuberculosis and its utilization for the demonstration of
allelic exchange in Mycobacterium bovis BCG. Proc. Natl. Acad. Sci. USA
92:8768–8772.

241. Rindi, L., L. Fattorini, D. Bonanni, E. Iona, G. Freer, D. Tan, G. Deho, G.
Orefici, and C. Garzelli. 2002. Involvement of the fadD33 gene in the
growth of Mycobacterium tuberculosis in the liver of BALB/c mice. Micro-
biology 148:3873–3880.

242. Rivera-Marrero, C. A., M. A. Burroughs, R. A. Masse, F. O. Vannberg,
D. L. Leimbach, J. Roman, and J. J. Murtagh, Jr. 1998. Identification of
genes differentially expressed in Mycobacterium tuberculosis by differential
display PCR. Microb. Pathog. 25:307–316.

243. Rodriguez, G. M., B. Gold, M. Gomez, O. Dussurget, and I. Smith. 1999.
Identification and characterization of two divergently transcribed iron reg-
ulated genes in Mycobacterium tuberculosis. Tubercle Lung Dis. 79:287–298.

244. Rodriguez, G. M., M. I. Voskuil, B. Gold, G. K. Schoolnik, and I. Smith.
2002. ideR, An essential gene in Mycobacterium tuberculosis: role of IdeR in
iron-dependent gene expression, iron metabolism, and oxidative stress re-
sponse. Infect. Immun. 70:3371–3381.

245. Rom, W. N., and S. Garay (ed.). 1996. Tuberculosis. Little, Brown and Co.,
Boston, Mass.

246. Rosenkrands, I., R. A. Slayden, J. Crawford, C. Aagaard, C. E. Barry, and
P. Andersen. 2002. Hypoxic response of Mycobacterium tuberculosis studied
by metabolic labeling and proteome analysis of cellular and extracellular
proteins. J. Bacteriol. 184:3485–3491.

247. Rubin, E. J., B. J. Akerley, V. N. Novik, D. J. Lampe, R. N. Husson, and J. J.
Mekalanos. 1999. In vivo transposition of mariner-based elements in en-
teric bacteria and mycobacteria. Proc. Natl. Acad. Sci. USA 96:1645–1650.

248. Ryan, F. 1992. The forgotten plague. Little, Brown and Co., Boston, Mass.
249. Sambandamurthy, V. K., X. Wang, B. Chen, R. G. Russell, S. Derrick, F. M.

Collins, S. L. Morris, and W. R. Jacobs, Jr. 2002. A pantothenate auxo-
troph of Mycobacterium tuberculosis is highly attenuated and protects mice
against tuberculosis. Nat. Med. 8:1171–1174.

250. Sander, P., A. Meier, and E. C. Bottger. 1995. rpsl�: a dominant selectable
marker for gene replacement in mycobacteria. Mol. Microbiol. 16:991–
1000.

251. Sander, P., T. Prammananan, and E. Bottger. 1996. Introducing mutations
into a chromosomal rRNA gene using a genetically modified eubacterial
host with a single rRNA operon. Mol. Microbiol. 22:841–848.

252. Sansonetti, P. J., A. Ryter, P. Clerc, A. T. Maurelli, and J. Mounier. 1986.
Multiplication of Shigella flexneri within HeLa cells: lysis of the phagocytic
vacuole and plamid-mediated contact hemolysis. Infect. Immun. 51:461–
469.

253. Sassetti, C. M., D. H. Boyd, and E. J. Rubin. 2001. Comprehensive iden-
tification of conditionally essential genes in mycobacteria. Proc. Natl. Acad.
Sci. USA 98:12712–12717.

254. Schlesinger, L. S. 1993. Macrophage phagocytosis of virulent but not at-
tenuated strains of Mycobacterium tuberculosis is mediated by mannose
receptors in addition to complement receptors. J. Immunol. 150:2920–2930.

255. Schmitt, M. P., M. Predich, L. Doukhan, I. Smith, and R. K. Holmes. 1995.
Characterization of an iron-dependent regulatory protein (IdeR) of Myco-
bacterium tuberculosis as a functional homolog of the diphtheria toxin re-
pressor (DtxR) from Corynebacterium diphtheriae. Infect. Immun. 63:4284–
4289.

256. Schoolnik, G. K. 2002. Microarray analysis of bacterial pathogenicity. Adv.
Microb. Physiol. 46:1–45.

257. Schuller, S., J. Neefjes, T. Ottenhoff, J. Thole, and D. Young. 2001. Coronin
is involved in uptake of Mycobacterium bovis BCG in human macrophages
but not in phagosome maintenance. Cell. Microbiol. 3:785–793.

258. Segal, W., and H. Bloch. 1956. Biochemical differentiation of Mycobacte-
rium tuberculosis grown in vivo and in vitro. J. Bacteriol 72:132–141.

259. Segal, W., and H. Bloch. 1957. Pathogenic and immunogenic differentiation
of Mycobacterium tuberculosis grown in vivo and in vitro. Am. Rev. Tuberc.
Pulm. Dis. 75:495–500.

260. Senaldi, G., S. Yin, C. L. Shaklee, P. F. Piguet, T. W. Mak, and T. R. Ulich.
1996. Corynebacterium parvum- and Mycobacterium bovis bacillus Calmette-
Guerin-induced granuloma formation is inhibited in TNF receptor 1 (TNF-
RI) knockout mice and by treatment with soluble TNF-RI. J. Immunol.
157:5022–5026.

261. Senaratne, R. H., H. Mobasheri, K. G. Papavinasasundaram, P. Jenner,
E. J. Lea, and P. Draper. 1998. Expression of a gene for a porin-like protein
of the OmpA family from Mycobacterium tuberculosis H37Rv, J. Bacteriol.
180:3541–3547.

262. Sherman, D. R., P. J. Sabo, M. J. Hickey, T. M. Arain, G. G. Mahairas, Y.
Yuan, C. E. Barry, and C. K. Stover. 1995. Disparate responses to oxidative
stress in saprophytic and pathogenic mycobacteria. Proc. Natl. Acad. Sci.
USA 92:6625–6629.

263. Sherman, D. R., M. Voskuil, D. Schnappinger, R. Liao, M. I. Harrell, and
G. K. Schoolnik. 2001. Regulation of the Mycobacterium tuberculosis hy-
poxic response gene encoding alpha-crystallin. Proc. Natl. Acad. Sci. USA
98:7534–7539.

264. Shi, L., Y. J. Jung, S. Tyagi, M. L. Gennaro, and R. J. North. 2003.
Expression of Th1-mediated immunity in mouse lungs induces a Mycobac-
terium tuberculosis transcription pattern characteristic of nonreplicating
persistence. Proc. Natl. Acad. Sci. USA 100:241–246.

265. Skjot, R. L. V., T. Oettinger, I. Roswnkrands, P. Ravn, I. Brock, S. Jacob-
sen, and P. Andersen. 2000. Comparative evaluation of low-molecular-mass
proteins from Mycobacterium tuberculosis identifies members of the
ESAT-6 family as immunodominant T-cell antigens. Infect. Immun. 68:
214–220.

266. Smith, D. A., T. Parish, N. G. Stoker, and G. J. Bancroft. 2001. Character-
ization of auxotrophic mutants of Mycobacterium tuberculosis and their
potential as vaccine candidates. Infect. Immun. 69:1142–1150.

267. Smith, I., O. Dussurget, G. M. Rodriguez, J. Timm, M. Gomez, E. Dubnau,
B. Gold, and R. Manganelli. 1998. Extra- and intracellular expression of
Mycobacterium tuberculosis genes. Tubercle Lung Dis. 79:91–97.

268. Snapper, S. B., L. Lugosi, A. Jekkel, R. E. Melton, T. Kieser, B. R. Bloom,
and W. R. Jacobs, Jr. 1988. Lysogeny and transformation in mycobacteria:
stable expression of foreign genes. Proc. Natl. Acad Sci. USA 85:6987–6991.

269. Snapper, S. B., R. E. Melton, S. Mustapha, T. Kieser, and W. R. Jacobs, Jr.
1990. Isolation and characterization of efficient plasmid transformation
mutants of Mycobacterium smegmatis. Mol. Microbiol. 4:1911–1919.

270. Soliveri, J. A., J. Gomez, W. R. Bishai, and K. F. Chater. 2000. Multiple
paralogous genes related to the Streptomyces coelicolor developmental reg-
ulatory gene whiB are present in Streptomyces and other actinomycetes.
Microbiology 146:333–343.

271. Sonnenberg, M. G., and J. T. Belisle. 1997. Definition of Mycobacterium
tuberculosis culture filtrate proteins by two-dimensional polyacrylamide gel
electrophoresis, N-terminal amino acid sequencing, and electrospray mass
spectrometry. Infect. Immun. 65:4515–4524.

272. Spohn, G., and V. Scarlato. 1999. The autoregulatory HspR repressor
protein governs chaperone gene transcription in Helicobacter pylori. Mol.
Microbiol. 34:663–674.

273. Sreevatsan, S., X. Pan, K. E. Stockbauer, N. D. Connell, B. N. Kreiswirth,
T. S. Whittam, and J. M. Musser. 1997. Restricted structural gene poly-
morphism in the Mycobacterium tuberculosis complex indicates evolution-
arily recent global dissemination. Proc. Natl. Acad. Sci. USA 94:9869–9874.

274. Stead, W. W. 1997. The origin and erratic global spread of tuberculosis.
How the past explains the present and is the key to the future. Clin. Chest
Med. 18:65–77.

275. Stewart, G. R., V. A. Snewin, G. Walzl, T. Hussell, P. Tormay, P. O’Gaora,
M. Goyal, J. Betts, I. N. Brown, and D. B. Young. 2001. Overexpression of
heat-shock proteins reduces survival of Mycobacterium tuberculosis in the
chronic phase of infection. Nature Med. 7:732–737.

276. Stewart, G. R., L. Wernisch, R. Stabler, J. A. Mangan, J. Hinds, K. G.
Laing, D. B. Young, and P. D. Butcher. 2002. Dissection of the heat-shock
response in Mycobacterium tuberculosis using mutants and microarrays.
Microbiology 148:3129–3138.

277. Steyn, A. J., D. M. Collins, M. K. Hondalus, W. R. Jacobs, Jr., R. P.
Kawakami, and B. R. Bloom. 2002. Mycobacterium tuberculosis WhiB3
interacts with RpoV to affect host survival but is dispensable for in vivo
growth. Proc. Natl. Acad. Sci. USA 99:3147–3152.

278. Stocker, B. A. 2000. Aromatic-dependent salmonella as anti-bacterial vac-
cines and as presenters of heterologous antigens or of DNA encoding them.
J. Biotechnol. 83:45–50.

279. Stokes, R. W., and D. Doxsee. 1999. The receptor-mediated uptake, sur-
vival, replication, and drug sensitivity of Mycobacterium tuberculosis within
the macrophage-like cell line THP-1: a comparison with human monocyte-
derived macrophages. Cell. Immunol. 197:1–9.

280. Stover, C. K., V. F. de la Cruz, T. R. Fuerst, J. E. Burlein, L. A. Benson,
L. T. Bennett, G. P. Bansal, J. F. Young, M. H. Lee, G. F. Hatfull, S. B.
Snapper, R. G. Barletta. W. R. Jacobs, Jr., and B. R. Bloom. 1991. New use
of BCG for recombinant vaccines. Nature 351:456–460.

281. Sturgill-Koszycki, S., P. H. Schlesinger, P. Chakraborty, P. L. Haddix, H. L.
Collins, A. K. Fok, R. D. Allen, S. L. Gluck, J. Heuser, and D. Russell. 1994.
Lack of acidification in Mycobacterium phagosomes produced by exclusion
of the vesicular proton-ATPase. Science 263:678–681.

282. SundarRaj, C. V., and T. Ramakrishnan. 1970. Transduction in Mycobac-
terium smegmatis. Nature 228:280–281.

283. Talavera, W., R. Miranda, K. Lessnau, and L. Klapholz. 2001. Extrapul-
monary tuberculosis, p. 139–190. In L. N. Friedman (ed.), Tuberculosis:
current concepts and treatment, 2nd ed. CRC Press, Inc., Boca Raton, Fla.

284. Taneja, B., and S. C. Mande. 2001. Metal ions modulate the plastic nature
of Mycobacterium tuberculosis chaperonin-10. Protein Eng. 14:391–395.

285. Tao, X., N. Schiering, H. Y. Zeng, D. Ringe, and J. R. Murphy. 1994. Iron,

VOL. 16, 2003 M. TUBERCULOSIS PATHOGENESIS AND VIRULENCE DETERMINANTS 495



DtxR, and the regulation of diphtheria toxin expression. Mol. Microbiol.
14:191–197.

286. Tascon, R. E., C. S. Soares, S. Ragno, E. Stavropoulos, E. M. Hirst, and
M. J. Colston. 2000. Mycobacterium tuberculosis-activated dendritic cells
induce protective immunity in mice. Immunology 99:473–480.

287. Thoma-Uszynski, S., S. Stenger, O. Takeuchi, M. T. Ochoa, M. Engele,
P. A. Sieling, P. F. Barnes, M. Rollinghoff, P. L. Bolcskei, M. Wagner, S.
Akira, M. V. Norgard, J. T. Belisle, P. J. Godowski, B. R. Bloom, and R. L.
Modlin. 2001. Induction of direct antimicrobial activity through mammalian
toll-like receptors. Science 291:1544–1547.

288. Triccas, J. A., F. X. Berthet, V. Pelicic, and B. Gicquel. 1999. Use of
fluorescence induction and sucrose counterselection to identify Mycobacte-
rium tuberculosis genes expressed within host cells. Microbiology 145:2923–
2930.

289. Troesch, A., H. Nguyen, C. G. Miyada, S. Desvarenne, T. R. Gingeras, P. M.
Kaplan, P. Cros, and C. Mabilat. 1999. Mycobacterium species identifica-
tion and rifampin resistance testing with high-density DNA probe arrays.
J. Clin. Microbiol. 37:49–55.

290. Trudeau, E. L. 1887. Environment in its relation to the progress of bacterial
invasion in tuberculosis. Am. J. Sci. 94:118–123.

291. Tsenova, L., A. Bergtold, V. H. Freedman, R. A. Young, and G. Kaplan.
1999. Tumor necrosis factor alpha is a determinant of pathogenesis and
disease progression in mycobacterial infection in the central nervous sys-
tem. Proc. Natl. Acad. Sci. USA 96:5657–5662.

292. Tsuchiya, S., Y. Kobayashi, Y. Goto, H. Okumura, S. Nakae, T. Konno, and
K. Tada. 1982. Induction of maturation in cultured human monocytic leu-
kemia cells by a phorbol diester. Cancer Res. 42:1530–1536.

293. Tullius, M. V., G. Harth, and M. A. Horwitz. 2001. High extracellular levels
of Mycobacterium tuberculosis glutamine synthetase and superoxide dis-
mutase in actively growing cultures are due to high expression and extra-
cellular stability rather than to a protein-specific export mechanism. Infect.
Immun. 69:6348–6363.

294. Tyagi, A. K., S. K. D. Gupta, and S. Jain. 2000. Gene expression: reporter
technologies, p. 131–147. In G. F. Hatfull and W. R. Jacobs, Jr. (ed.),
Molecular genetics of mycobacteria. American Society for Microbiology,
Washington, D.C.

295. Tyagi, S., D. B. Bratu, and F. R. Kramer. 1998. Multicolor molecular
beacons for allele discrimination. Nat. Biotechnol. 16:49–53.

296. Tyagi, S., and F. R. Kramer. 1996. Molecular beacons: probes that fluoresce
upon hybridization. Nat. Biotechnol. 14:303–308.

297. van Crevel, R., T. H. Ottenhoff, and J. W. van der Meer. 2002. Innate
immunity to Mycobacterium tuberculosis. Clin. Microbiol. Rev. 15:294–309.

298. Via, L. E., D. Deretic, R. J. Ulmer, N. S. Hibler, L. A. Huber, and V. Deretic.
1997. Arrest of mycobacterial phagosome maturation is caused by a block
in vesicle fusion between stages controlled by rab5 and rab7. J. Biol. Chem.
272:13326–13331.

299. von Reyn, C. F., and J. M. Vuola. 2002. New vaccines for the prevention of
tuberculosis. Clin. Infect Dis. 35:465–474.

300. Reference deleted.
301. Waaler, H. T. 2002. Tuberculosis and poverty. Int. J. Tubercle Lung Dis.

6:745–746.
302. Wallgren, A. 1948. The time table of tuberculosis. Tubercle 29:245–251.
303. Wallis, R. S., M. Palaci, S. Vinhas, A. G. Hise, F. C. Ribeiro, K. Landen,

S. H. Cheon, H. Y. Song, M. Phillips, R. Dietze, and J. J. Ellner. 2001. A
whole blood bactericidal assay for tuberculosis. J. Infect. Dis. 183:1300–
1303.

304. Wards, B. J., and D. M. Collins. 1996. Electroporation at elevated temper-
atures substantially improves transformation frequency of slow-growing
mycobacteria. FEMS Microbiol. Lett. 145:101–105.

305. Wards, B. J., G. W. de Lisle, and D. M. Collins. 2000. An esat6 knockout
mutant of Mycobacterium bovis produced by homologous recombination
will contribute to the development of a live tuberculosis vaccine. Tubercle
Lung Dis. 80:185–189.

306. Wayne, L. G. 1994. Dormancy of Mycobacterium tuberculosis and latency of
disease. Eur. J. Clin. Microbiol. Infect. Dis. 13:908–914.

307. Wayne, L. G., and K. Y. Liu. 1982. Glyoxalate metabolism and adaptation
of Mycobacterium tuberculosis to survival under anaerobic conditions. In-
fect. Immun. 37:1042–1049.

308. Wayne, L. G., and H. A. Sramek. 1994. Metronidazole is bactericidal to
dormant cells of Mycobacterium tuberculosis. Antimicrob. Agents Che-
mother. 38:2054–2058.

309. Weber, I., C. Fritz, S. Ruttkowski, A. Kreft, and F. C. Bange. 2000. Anaer-
obic nitrate reductase (narGHJI) activity of Mycobacterium bovis BCG in

vitro and its contribution to virulence in immunodeficient mice. Mol. Mi-
crobiol. 35:1017–1025.

310. Wei, J., J. L. Dahl, J. W. Moulder, E. A. Roberts, P. O’Gaora, D. B. Young,
and R. L. Friedman. 2000. Identification of a Mycobacterium tuberculosis
gene that enhances mycobacterial survival in macrophages. J. Bacteriol.
182:377–384.

311. Wei, X.-Q., I. G. Charles, A. Smith, J. Ure, G.-J. Feng, F.-P. Huang, D. Xu,
W. Muller, S. Moncada, and F. Y. Liew. 1995. Altered immune responses of
mice lacking inducible nitric oxide synthase. Nature 375:408–411.

312. Wernisch, L., S. L. Kendall, S. Soneji, A. Wietzorrek, T. Parish, J. Hinds,
P. D. Butcher, and N. G. Stoker. 2003. Analysis of whole-genome microar-
ray replicates using mixed models. Bioinformatics 19:53–61.

313. Wieles, B., T. H. M. Ottenhoff, T. M. Steenwijk, K. L. M. C. Franken,
R. R. P. deVries, and J. A. M. Langermans. 1997. Increased extracellular
survival of Mycobacterium smegmatis containing the Mycobacterium leprae
thioredoxin-thioredoxin reductase gene. Infect. Immun. 65:2537–2541.

314. Wilson, M., J. DeRisi, H. H. Kristensen, P. Imboden, S. Rane, P. O. Brown,
and G. K. Schoolnik. 1999. Exploring drug-induced alterations in gene
expression in Mycobacterium tuberculosis by microarray hybridization. Proc.
Natl. Acad. Sci. USA 96:12833–12838.

315. Wilson, T., G. W. de Lisle, J. A. Marcinkeviciene, J. S. Blanchard, and
D. M. Collins. 1998. Antisense RNA to ahpC, an oxidative stress defence
gene involved in isoniazid resistance, indicates that AhpC of Mycobacterium
bovis has virulence properties. Microbiology 144:2687–2695.

316. Wilson, T., B. J. Wards, S. J. White, B. Skou, G. W. de Lisle, and D. M.
Collins. 1997. Production of avirulent Mycobacterium bovis strains by ille-
gitimate recombination with deoxyribonucleic acid fragments containing an
interrupted ahpC gene. Tubercle Lung Dis. 78:229–235.

317. Wilson, T. M., G. W. de Lisle, and D. M. Collins. 1995. Effect of inhA and
katG on isoniazid resistance and virulence of Mycobacterium bovis. Mol.
Microb. 15:1009–1015.

318. Wong, D. K., B. Y. Lee, M. A. Horwitz, and B. W. Gibson. 1999. Identifi-
cation of fur, aconitase, and other proteins expressed by Mycobacterium
tuberculosis under conditions of low and high concentrations of iron by
combined two-dimensional gel electrophoresis and mass spectrometry. In-
fect. Immun. 67:327–336.

318a.World Health Organization. 2002. Global tuberculosis control: surveil-
lance, planning, Finance. WHO/CDS/2002.295. World Health Organiza-
tion, Geneva, Switzerland.

319. Yates, M. D., and J. M. Grange. 1993. A bacteriological survey of tuber-
culosis due to the human tubercle bacillus (Mycobacterium tuberculosis) in
south-east England: 1984–91. Epidemiol. Infect. 110:609–619.

320. Yeremeev, V. V., I. V. Lyadova, B. V. Nikonenko, A. S. Apt, C. Abou-Zeid,
J. Inwald, and D. B. Young. 2000. The 19-kD antigen and protective im-
munity in a murine model of tuberculosis. Clin. Exp. Immunol. 120:274–
279.

321. Yeremeev, V. V., G. R. Stewart, O. Neyrolles, K. Skrabal, V. G. Avdienko,
A. S. Apt, and D. B. Young. 2000. Deletion of the 19kDa antigen does not
alter the protective efficacy of BCG. Tubercle Lung Dis. 80:243–247.

322. Young, D., R. Lathigra, R. Hendrix, D. Sweetser, and R. A. Young. 1988.
Stress proteins are immune targets in leprosy and tuberculosis. Proc. Natl.
Acad. Sci. USA 85:4267–4270.

323. Yuan, Y., and C. E. Barry III. 1996. A common mechanism for the biosyn-
thesis of methoxy and cyclopropyl mycolic acids in Mycobacterium tybercu-
losis. Proc. Natl. Acad. Sci. USA 93:12828–12833.

324. Yuan, Y., D. D. Crane, R. M. Simpson, Y. Zhu, M. J. Hickey, D. R.
Sherman, and C. E. Barry III. 1998. The 16-kDa �-crystallin (Acr) protein
of Mycobacterium tuberculosis is required for growth in macrophages. Proc.
Natl. Acad. Sci. USA 95:9578–9583.

325. Yuan, Y., D. D. Crane, and C. E. Barry III. 1996. Stationary phase-associ-
ated protein expression in Mycobacterium tuberculosis: function of the my-
cobacterial alpha-crystallin homolog. J. Bacteriol. 178:4484–4492.

326. Zahrt, T. C., and V. Deretic. 2000. An essential two-component signal
transduction system in Mycobacterium tuberculosis. J. Bacteriol. 182:3832–
3838.

327. Zahrt, T. C., and V. Deretic. 2001. Mycobacterium tuberculosis signal trans-
duction system required for persistent infections. Proc. Natl. Acad. Sci.
USA 98:12706–12711.

328. Zahrt, T. C., J. Song, J. Siple, and V. Deretic. 2001. Mycobacterial FurA is
a negative regulator of catalase-peroxidase gene katG. Mol. Microbiol.
39:1174–1185.

329. Zugar, A., and F. D. Lowy. 1996. Tuberculosis of the brain, meninges, and
the spinal cord, p. 541–556. In W. N. Rom and S. Gary (ed.), Tuberculosis.
Little, Brown and Co., Boston, Mass.

496 SMITH CLIN. MICROBIOL. REV.

View publication statsView publication stats

https://www.researchgate.net/publication/312655908

