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It is estimated that nearly 2 billion people currently suffer from
latent Mycobacterium tuberculosis infection. Although the key
front-line antituberculosis drugs are effective in treating individ-
uals with acute tuberculosis, these drugs are ineffective in elimi-
nating M. tuberculosis during the persistent stages of latent infec-
tion. Consequently, therapeutics that directly target persistent
bacilli are urgently needed. We have conducted a global analysis
on a group of regulatory determinants that may play a role in M.
tuberculosis virulence, and identified a two-component response
regulator whose expression is required for entrance into and
maintenance of persistent infection. Inactivation of this response
regulator, Rv0981 (termed here mprA for mycobacterial persis-
tence regulator), affected M. tuberculosis H37Rv growth in vivo in
an organ- and infection stage-specific fashion. These results indi-
cate that two-component systems are important for adaptation of
the tubercle bacillus during stages of persistent infection.

Tuberculosis remains a serious health concern worldwide with
more than one-third of the world’s population being latently

infected with Mycobacterium tuberculosis (1). The success of M.
tuberculosis as a pathogen is caused, in part, by its ability to survive
in macrophages and establish long-term, persistent infection in the
host during periods of control by the cell-mediated immunity. The
persistent, latent infection is one of the least understood aspects of
tuberculosis despite the fact that latency plays a crucial role in the
propagation of tuberculosis and maintenance of effective infectious
cycles in human populations (2). Although several M. tuberculosis
factors contributing to the initial stages of disease pathogenesis
have been identified (2–6), little is known about factors that
contribute to persistent infection. Recently, isocitrate lyase, an
enzyme in the glyoxylate shunt, was shown to be required by M.
tuberculosis for survival in macrophages in vitro and during persis-
tent infection in vivo (7), implicating intermediary metabolism
adjustments during latency periods. Cell-surface components also
contribute to long-term persistence of M. tuberculosis in vivo (8).
Other candidate determinants, including a family of glycine-rich
proteins, ProyGlu polymorphic repetitive sequences with unknown
function are required for persistent infection and granuloma for-
mation in poikilothermic animal models infected with another
pathogenic mycobacterial species, Mycobacterium marinum (9).

Adaptive responses and virulence determinants in pathogenic
organisms are frequently controlled by two-component signal
transduction systems (10, 11). M. tuberculosis contains 11 com-
plete two-component systems and several unlinked sensor kinase
or response regulator homologs (12). The importance of two-
component systems in M. tuberculosis physiology has already
been suggested. For example, mtrA is an essential gene in the
tubercle bacillus (13), and the prrA-prrB two-component system
is expressed during growth of M. tuberculosis in human macro-
phages in vitro but not during growth in artificial media (14).
Here we present a concerted effort to examine the role of
two-component signal transduction systems in the physiology
and virulence of M. tuberculosis. We show expression analysis of
M. tuberculosis response regulator genes in infected macrophages
by using global analysis with green fluorescent protein (GFP)
technology, and present evidence indicating a role for these

systems in persistence-related adaptation phenomena, including
entrance into and maintenance of chronic infection stages.

Materials and Methods
Bacterial Strains and Growth Conditions. M. tuberculosis H37Rv
(ATCC 27294), Mycobacterium bovis bacillus Calmette–Guérin
Pasteur (ATCC 27291), and Escherichia coli DH5a were used.
Mycobacteria were grown under standard laboratory conditions
in Middlebrook 7H9 broth and Middlebrook 7H10 or 7H11 agar
medium (Difco Laboratories) supplemented with 0.5% glycerol,
10% albumin-dextrose-catalase or oleic acid-albumin-dextrose-
catalase, and 0.05% Tween 80. E. coli was grown in LB medium.
When required, media were supplemented with 25 or 50 mg of
kanamycin sulfate, or 50 and 100 mg of hygromycin B for
Mycobacterium and E. coli, respectively.

Genetic Analyses. Homologs of M. tuberculosis H37Rv two-
component systems and adjacent genes were determined from
currently available mycobacterial genomes including Mycobac-
terium avium strain 104, Mycobacterium leprae, M. bovis, Myco-
bacterium smegmatis, and M. tuberculosis CSU#93 by using
BLAST database searches available from the Sanger Center
(www.sanger.ac.uk) or TIGR (www.tigr.org). Conservation of M.
tuberculosis two-component systems in other mycobacteria was
further confirmed from detailed genetic analyses of cosmid or
genomic sequence information.

Construction of gfp Reporter Plasmids and Analysis of GFP Fluores-
cence. Plasmids pmtrA-gfp, phsp60-gfp, and pMYGFP2 have been
described (15). PCR was used to amplify promoter regions from
the Rv0844c (narL), Rv0757 (phoP), Rv0903c (prrA), Rv0981
(mprA), Rv1033c (tcrR), Rv3133c (devR), Rv3765c, Rv0818,
Rv1626, and Rv2884 M. tuberculosis H37Rv response regulators.
PCR products were cloned into pMYGFP2. All constructs were
sequenced to confirm the correct orientation of promoter frag-
ments with gfp. Transformants were screened by semiquantita-
tive PCR for the presence of gfp by using equal amounts of
template chromosomal DNA. Infection of macrophage mono-
layers and fluorescence microscopic analyses have been de-
scribed (13). When indicated, infected macrophage monolayers
were stained with auramine-rhodamine to visualize intracellular
bacilli present but not fluorescent by GFP.

Disruption and Complementation of the Rv0981 Response Regulator
in M. tuberculosis H37Rv. pTZ198, a derivative of pPR27 (16), was
used for the disruption of Rv0981 and was constructed as follows.
An NheI-XbaI fragment containing the xylE reporter gene from
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pHSX-1 (17) was first cloned into the XbaI site of pPR27 to
create pTZ184. A 2.0-kb fragment containing the Rv0981 gene
including upstream and downstream sequences was amplified
from the H37Rv chromosome and cloned into pTZ184 to create
pTZ186. Finally, an NheI-SpeI fragment encoding the Kmr

cassette from pMV206 (18) was cloned into an engineered SpeI
site present in the Rv0981 coding sequence from pTZ186 to
create pTZ198. Disruption of Rv0981 was as described (16).
xylE2 colonies (white upon spraying with catechol) resistant to
both Km and 2% sucrose were screened by PCR for legitimate
double-crossover homologous recombination. Insertional inac-
tivation was confirmed by Southern blot analysis with an Rv0981-
specific probe generated by PCR. The Rv0981::Kmr mutant was
complemented by transformation with pTZ215, a site-specific
integration vector carrying wild-type Rv0981-Rv0982. The
Rv0981-Rv0982 coding sequence was PCR-amplified from M.
tuberculosis H37Rv by using Pfu polymerase and primers con-
taining engineered NotI sites at their 59 ends. This fragment was
cloned into pCR2.1, digested with NotI, and cloned into the NotI
site of pTZ189, a derivative of pMV306 (18) containing the Hygr

gene from pOLYG (19). pTZ215 was sequenced to confirm the
absence of mutations in the Rv0981-Rv0982 coding sequence.

M. tuberculosis Survival in Murine and Human Macrophages. Wild-
type M. tuberculosis H37Rv, the isogenic Rv0981::Kmr mutant, or
Rv0981::Kmr [attB::pTZ215] were infected into J774 macro-
phages, bone marrow macrophages derived from C57BLy6 mice
(20), or human macrophages derived from peripheral blood
monocytes (21) as described (13). For some experiments, murine
macrophages were activated 24 h before infection and during the
course of infection by the addition of 500 units of mouse IFN-g
and 500 ng of bacterial lipopolysaccharide (LPS) to tissue culture
medium. Bacterial survival was determined by diluting macro-
phage lysates in sterile water containing 0.05% Tween and
plating onto 7H10 medium.

In Vivo Growth Competition Between M. tuberculosis H37Rv and
Rv0981::Kmr. Virulence of the Rv0981::Kmr mutant of M. tuber-
culosis was measured by using an in vivo growth competition
assay. Groups of five 6- to 8-week-old BALByc mice (Harlan
Sprague, Indianapolis) were infected intravenously with a bollus
of 5.7 3 104 single-cell tubercle bacilli containing a mixture of
wild-type H37Rv and its isogenic mutant Rv0981::Kmr. At
various times after infection (t 5 24 h, 14 days, 28 days, 119 days,
and 147 days) mice were killed and the lung, spleen, and liver
recovered. Organs were homogenized and diluted in PBS con-
taining 0.05% Tween 80. Total colony-forming units were
determined by plating onto 7H11 agar medium. The fraction of
mutant bacilli was subsequently determined by patching onto
7H10 agar medium and 7H10 agar medium containing kana-
mycin. Before the 147-day point, a group of five mice were given
two s.c. injections (spaced 5 days apart) of a 25-mg hydrocorti-
sone acetate emulsion (22) to suppress the immune system
during the persistent stage of infection.

Statistical Analyses. All statistical analysis (ANOVA and Fisher’s
protected least significant difference) was performed with
ANOVA (Version 1.11; Abacus Software, Abacus Concepts,
Berkley, CA).

Results and Discussion
Global Analysis of M. tuberculosis Two-Component Systems. Fig. 1
shows comparative genomic analysis of two-component systems
in M. tuberculosis and other mycobacterial species. It also
indicates the response regulator genes where it was possible to
generate promoter-gfp fusions because of paired arrangements
with cognate sensor kinase genes. Transcriptional fusions be-
tween response regulator promoters and gfp were introduced

into M. tuberculosis H37Rv or M. bovis bacillus Calmette–Guérin
Pasteur and analyzed for expression levels by epif luorescence
microscopy upon infection of macrophages. Two types of cells
were used: the murine macrophage-like cell line J774, and
human peripheral blood monocyte-derived macrophages (Fig.
2). M. tuberculosis response regulators could be grouped into five
classes based on expression patterns: (i) those constitutively
expressed in vivo and in vitro (data not shown) in both M. bovis
bacillus Calmette–Guérin and M. tuberculosis H37Rv (Fig. 2,
class I; e.g., phoP and Rv0818); (ii) those expressed in M. bovis
bacillus Calmette–Guérin and in M. tuberculosis H37Rv during
growth in macrophages with signs of induction of expression in
vivo (Fig. 2, class II; e.g., mtrA; ref. 13); (iii) those expressed in
M. bovis bacillus Calmette–Guérin but not expressed in M.
tuberculosis H37Rv under the conditions tested (Fig. 2, class III;
e.g., Rv0981 and Rv3143); (iv) those with no detectable expres-
sion in M. bovis bacillus Calmette–Guérin but induced for
expression in M. tuberculosis H37Rv during growth in macro-
phages (Fig. 2, class IV; e.g., Rv3133c); and (v) those with no
detectable expression by the method used in our study (narL,
Rv0903c, Rv1033c, Rv3765c, Rv1626, and Rv2884).

Expression of reporter constructs from class I was consistently
higher in M. bovis bacillus Calmette–Guérin than expression
levels observed in M. tuberculosis H37Rv during growth in vitro
(data not shown) and during growth in macrophages (Fig. 2). For
example, after 3 days of growth in J774 macrophages, the mean

Fig. 1. Conservation of M. tuberculosis H37Rv two-component signal trans-
duction systems. Homologs of these genes in other mycobacterial species
were: 1, present with conserved genetic arrangement; ✻, present with dif-
ferences in genetic arrangement; or 2, absent from the genomes of M. avium
(Ma), M. bovis (Mb), M. leprae (Ml), M. smegmatis (Ms), and M. tuberculosis
CSU#91 (Mt). When indicated (F), promoter fragments from response regu-
lators were fused to the promoterless gfp gene. Note that not all response
regulator promoters could be fused to gfp because of paired arrangements
with sensor kinase genes.
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relative fluorescence intensity from the pphoP-gfp reporter
plasmid in M. bovis bacillus Calmette–Guérin was 432 6 34,
whereas the mean relative fluorescence intensity from the same
reporter construct in M. tuberculosis H37Rv was 70 6 5 (Fig. 3
A and B; P , 0.0001; ANOVA). Similar results were obtained for
pphoP-gfp after growth of M. tuberculosis H37Rv in macrophages
derived from human peripheral blood monocytes (Fig. 3C; P ,
0.0001; ANOVA). Differences in expression levels were not
simply caused by variation in plasmid copy number or loss of
reporter constructs during infection, because similar amounts of
gfp were amplified from strains before infection by using semi-
quantitative PCR (Fig. 2), and expression from strains contain-
ing the phsp60-gfp control plasmid did not vary between M.
tuberculosis H37Rv and M. bovis bacillus Calmette–Guérin (Fig.
2, row g; Fig. 3 J–L).

Expression of Rv0981 Is Repressed in M. tuberculosis H37Rv but Not in
M. bovis Bacillus Calmette–Guérin During Growth in Macrophages.
We next focused on the response regulators that we hypothesized
might play a role in persistent infection. We reasoned that class
III response regulators may be candidate regulators of M.
tuberculosis virulence factors that play a role in later stages of
infection, because their expression was silenced in virulent M.
tuberculosis H37Rv, whereas their expression was deregulated
and detectable in the avirulent M. bovis bacillus Calmette–
Guérin strain. The response regulator Rv0981 fits this pattern
because it showed a strong difference in expression between M.
bovis bacillus Calmette–Guérin, where it was inducible in mac-
rophages, and M. tuberculosis H37Rv, where its expression in
macrophages was not detectable by monitoring gfp transcrip-
tional fusion activity (Fig. 2, row d). Fluorescence of M. bovis
bacillus Calmette–Guérin containing the pRv0981-gfp reporter
construct was induced after growth in J774 macrophages (Fig. 2,
row d) and showed fluorescence of 211 6 11 relative units (Fig.
3D). Increased Rv0981 expression was also quantitated by flow
cytometric analysis of M. bovis bacillus Calmette–Guérin in
macrophages and changed from 9% to 22% in the high fluo-
rescence gate depending on time after infection. In contrast,
f luorescence from the pRv0981-gfp reporter construct in M.
tuberculosis H37Rv was undetectable during growth in vitro (data
not shown) and during growth in J774 macrophages at all times
examined (Fig. 2, row d; Fig. 3E). Rv0981 expression was also
undetectable in M. tuberculosis (pRv0981-gfp)-infected human
monocyte-derived macrophages (Fig. 2, row d; Fig. 3F). The

inability to detect f luorescence from pRv0981-gfp in M. tuber-
culosis during intracellular growth was not a result of inefficient
infection into macrophage monolayers, because intracellular

Fig. 2. In vivo expression of M. tuberculosis response regulators in macrophages. Response regulator promoter fusions were transformed into M. tuberculosis
H37Rv or M. bovis bacillus Calmette–Guérin Pasteur and analyzed for expression during growth in macrophages by epifluorescence microscopy. Semiquantitative
PCR was used to analyze differences in reporter plasmid copy number between strains. M. tuberculosis response regulator fusions not shown exhibited no
detectable fluorescence in M. bovis bacillus Calmette–Guérin or in M. tuberculosis during growth in vitro or during growth in macrophages. 1, 0–100 relative
fluorescence units (RFU); 11, 100–225 RFU; 111, 225–450 RFU.

Fig. 3. Epifluorescence microscopy of macrophage-grown M. tuberculosis
H37Rv or M. bovis bacillus Calmette–Guérin representative response regulator
promoter fusions from class I (A–C), class III (D–F), class IV (G–I), or the hsp60-gfp
control (J–L) are shown. Mean fluorescence intensity was determined from M.
bovis bacillus Calmette–Guérin-infected J774 monolayers (A, D, G, and J), M.
tuberculosis H37Rv-infected J774 monolayers (B, E, H, and K), or M. tuberculosis
H37Rv-infected human peripheral blood monocyte-derived macrophages (C, F, I,
and L). Insets show intracellular bacilli stained with rhodamine-auramine.
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bacilli were detected in all macrophage infections by rhodamine-
auramine staining (Fig. 3 D–F Insets), and the presence of
pRv0981-gfp in M. tuberculosis H37Rv was verified by PCR (Fig.
2). However, the absence of a discernible GFP signal with
Rv0981 in M. tuberculosis H37Rv does not preclude low-level
expression of this gene. For example, another response regula-
tor, Rv0903c, not expressed at high levels in our experiments (i.e.,
being classified with five other response regulators in the cate-
gory of genes with no detectable signals by using gfp fusions) has
been reported as having detectable expression by a PCR-based
method (14). Furthermore, inactivation of Rv0981 in M. tuber-
culosis H37Rv had a phenotypic effect on growth in macro-
phages (see next section), supporting the notion that this gene is
most likely expressed in the intracellular environment of phago-
cytic cells, albeit at low levels. Nevertheless, it is possible to
conclude that expression of Rv0981 is differentially regulated in
avirulent M. bovis bacillus Calmette–Guérin where it is ex-
pressed upon macrophage infection, relative to virulent M.
tuberculosis H37Rv, where its expression was not detectable by
GFP for the duration of in vitro macrophage infection.

Inactivation of Rv0981 Enhances M. tuberculosis H37Rv Survival in
Resting Macrophages. The high-level expression of Rv0981 in the
avirulent strain M. bovis bacillus Calmette–Guérin and its si-
lencing or low-level expression in the virulent M. tuberculosis
strain H37Rv during growth in macrophages at first seems
counterintuitive if a gene is to be associated with virulence.
However, the pattern of Rv0981 expression observed in M.
tuberculosis and M. bovis bacillus Calmette–Guérin during
growth in macrophages in vitro fit the profile of the type of
regulator that we rationalized may play a role in persistent
infection. To test this hypothesis, we generated an Rv0981::Kmr

mutant of M. tuberculosis H37Rv by allelic exchange (see Ma-
terials and Methods). First, we tested survival of the Rv0981::Kmr

mutant in macrophages infected in vitro. Growth of the
Rv0981::Kmr mutant was significantly higher than that observed
with wild-type H37Rv after infection into J774 and murine bone
marrow-derived macrophages (Fig. 4 A and C). For example, the
number of Rv0981::Kmr bacilli recovered 5 days after infection
was significantly higher than the number of wild-type H37Rv
recovered from macrophages (Fig. 4 A and C; P , 0.0001;
ANOVA). Growth of the Rv0981::Kmr mutant was also higher
after infection of human macrophages derived from peripheral
blood monocytes (data not shown). The difference in survival
between the Rv0981::Kmr mutant and wild-type H37Rv was not
simply caused by differences in growth rate, because no signif-
icant differences in growth were observed in 7H9 medium during
the same period. The improved survival in macrophages of the
Rv0981::Kmr mutant relative to wild-type H37Rv was also not
caused by a polar effect of the Kmr insertion on downstream gene
expression, because complementation of the Rv0981::Kmr

mutant with wild-type Rv0981-Rv0982, Rv0981::Kmr

[attB::pTZ215], reversed the improved growth of the mutant in
macrophages to wild-type levels (Fig. 4 A and C). We also
examined survival of the Rv0981::Kmr mutant during infection of
macrophages activated with IFN-g and LPS. The enhanced
growth of the Rv0981::Kmr mutant in resting macrophages was
abrogated upon activation with IFN-g an LPS (Fig. 4 B and D).

Response Regulator Rv0981 Is Important for Persistent Infection in an
Organ- and Infection Stage-Specific Fashion. To examine the profile
of the Rv0981::Kmr mutant for survival in vivo, we performed
growth experiments by using a modification of a low-infection-
dose murine model of tuberculosis (23). Mice infected with M.
tuberculosis by this method develop a persistent infection (24)
that can be reactivated during the chronic stage on suppression
of the immune system (22). We chose to examine differences in
virulence between the Rv0981::Kmr mutant and its parental

strain with an in vivo growth competition assay (25–27), because
this method is highly sensitive and results in a low variation in
inoculum dosage between strains (25–29). After i.v. infection of
BALByc mice, the Rv0981::Kmr mutant was evaluated in lungs,
spleens, and livers of infected animals at different stages of
infection. The infection presented a typical course in total
colony-forming units recovered from different organs at various
times after inoculation (Fig. 5 A, C, and E; ref. 30). In the spleen,
the Rv0981::Kmr mutant was attenuated for growth during the
acute phase of infection and failed to establish a persistent
infection (Fig. 5B). For example, although the mutant comprised
75% 6 3% of total colony-forming units in the spleen 1 day after
infection, the Rv0981::Kmr mutant comprised only 2% of total
colony-forming units in the spleen 147 days after infection (Fig.
5B; P , 0.0001; ANOVA). The decline in Rv0981::Kmr survival
was initiated during the acute phase of infection where 64% 6
4% of the bacteria recovered 14 days after infection were mutant
(Fig. 5B; P 5 0.141; ANOVA), and became significant by 28 days
after infection following the onset of acquired immunity (Fig.
5A), when only 48% 6 8% of total colony-forming units
recovered were the Rv0981::Kmr mutant (Fig. 5B; P 5 0.0017,
ANOVA). In the lungs, the Rv0981::Kmr mutant was not,
however, attenuated for growth during acute infection. Instead,
the Rv0981::Kmr mutant was unable to maintain viability and
persist during the latent stage of infection. For example, no
statistically significant decline in Rv0981::Kmr mutant growth
was observed in the lungs of infected animals during acute
infection (Fig. 5D), even though total colony-forming units in the
lung increased 1,000-fold (Fig. 5C). However, after the emer-
gence of cell-mediated immunity and entrance of the tubercle
bacillus into a persistent state of infection, the mutant was
unable to remain in the lungs of latently infected mice. A

Fig. 4. Survival of M. tuberculosis strains growing in macrophages in vitro.
Wild-type H37Rv (squares), the Rv0981::Kmr mutant (diamonds), or
Rv0981::Kmr [attB::pTZ215] (circles) were used to infect J774 macrophages
(J774; A and B) and murine bone marrow-derived macrophages (BMM; C and
D). When indicated, macrophages were activated with IFN-g and LPS 24 h
before and during the course of infection (B and D). Bacterial survival has been
normalized to the 2-h time point and set to 100%. No growth of M. tuber-
culosis was observed in tissue culture medium alone. Values represent the
mean and standard error of at least three independent experiments. Statis-
tical significance for Rv0981::Kmr relative to H37Rv or Rv0981::Kmr

[attB::pTZ215] at each time point: ✻✻, P , 0.01 (ANOVA).
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significant reduction in the fraction of Rv0981::Kmr mutant
recovered was observed in the lungs of infected mice at 147 days
after infection (Fig. 5D; P 5 0.0001; ANOVA). The inability to
maintain persistent infection in the lungs of infected mice was
tissue-specific, because no significant difference in survival
between wild-type H37Rv and the Rv0981::Kmr mutant was
observed in the liver during the course of infection (Fig. 5F). In
addition, the inability to establish infection in the spleen or
maintain persistent infection in the lung was partially indepen-

dent of host immunity, because only a minor additional drop in
Rv0981::Kmr mutant bacilli was observed between 119 and 147
days after infection in the lungs and spleens of mice treated with
hydrocortisone relative to control mice (Fig. 5 B and D). Immune
suppression and reactivation of bacteria from persistent infec-
tion in these experiments was efficient, as evidenced by a
significant increase in total colony-forming units observed in
hydrocortisone-treated animals (Fig. 5 A and C). Taken to-
gether, these results support a role for two-component systems,
specifically Rv0981, in the establishment and maintenance of
persistent infection by M. tuberculosis.

Conclusion. This work has established a role for two-component
signal transduction systems in the virulence of M. tuberculosis. The
data presented show that Rv0981, now designated mprA (mycobac-
terium persistence regulator), is required for maintenance of per-
sistent lung infection by M. tuberculosis in a murine model of
tuberculosis. The inability of the mprA::Kmr (Rv0981::Kmr) mutant
to maintain persistent infection in the lung is likely associated with
altered adaptation phenomena under conditions of latent infection
to which the mprA mutant cannot adjust.

Several conditions present in the host have been suggested to
affect persistence of M. tuberculosis. Low oxygen, believed to
exist in granulomatous lesions, has been suggested to contribute
to persistence of M. tuberculosis in vivo (31). For example,
isocitrate lyase is induced 4-fold upon entry of M. tuberculosis
into a low-oxygen-induced state in vitro (32), is required for M.
tuberculosis survival in activated macrophages in vitro, and is
important for intermediary metabolism processes during the
persistent stage of infection in the murine model of tuberculosis
in vivo (7). In addition to isocitrate lyase, the 16-kDa a-crystal-
line-like small-heat-shock protein is also induced on oxygen
limitation in vitro and is required for survival of M. tuberculosis
during intracellular growth in macrophages (33, 34). Apart from
genes regulated in response to microaerophilic environments,
other genetic determinants may also be required for persistent
infection, including genes encoding cell-surface components (8),
and genes from the ProyGlu polymorphic repetitive sequence
family of proteins (9). The identification of the mprAB system as
critical during stages of persistent infection is, to our knowledge,
the first report of a regulatory system in the tubercle bacillus
required for latency-related phenomena. Although the growth
defect of the M. tuberculosis mprA::Kmr mutant observed in the
lungs of infected animals during the persistent stage of infection
is less overt than the growth defect of the mprA::Kmr mutant
observed in the spleen, the degree of attenuation in virulence is
significant and is similar to that observed with other ‘‘persis-
tence’’ mutants (7, 8). However, unlike other persistence mu-
tants that have been identified to date, the disruption of mprA
in M. tuberculosis H37Rv is tissue-specific and affects processes
required for growth of the tubercle bacillus during multiple
stages of the infection process. Further characterization of this
two-component system should provide additional insights into
the genes and conditions required for the establishment and
maintenance of persistent infection by M. tuberculosis.
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