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Mycobacterium tuberculosis remains a major human pathogen, causing widespread disease and mortality, particularly in
the poorest countries of the world. The heightened susceptibility of human immunodeficiency virus-infected persons to M.
tuberculosis and the emergence of increasingly drug-resistant
strains underscore the urgency of implementing effective methods to control tuberculosis, as well as the challenges in doing so
(10). A major factor in the difficulty in controlling tuberculosis
is the 6- to 9-month course of treatment that is required to
achieve cure of both active and latent tuberculosis. One reason
that such prolonged treatment is thought to be needed is the
lack of activity of current antituberculars against populations
of nonreplicating persistent bacteria (53).
In contrast to many bacterial pathogens, where virulence
mechanisms such as toxin production or secretion of other
effector molecules cause host cell death and lead to acute
disease following infection, primary M. tuberculosis infection
typically causes minimal disease (26). Though in a small minority of persons initial infection may progress to clinically
apparent disease, more commonly the infection is contained
and infected individuals remain asymptomatic. In some infected persons, years to decades later, active bacterial replication resumes, causing disease that results both from extensive
bacterial replication and a host inflammatory response that is
unable to control the infection.
This disease pattern suggests the need for sophisticated bac-

terial mechanisms that are driven by the host environment, to
allow initial active replication, long-term persistence, and the
ability to resume active replication. While substantial progress
has been made in identifying many genes required for initial
replication and virulence in short-term infection models, these
processes may be most relevant only for the early stages of M.
tuberculosis infection. Adaptations associated with macrophage infection, starvation, and hypoxia have been identified
(1, 31, 42, 44). Relatively little is known, however, about mechanisms that allow this organism to transition from active replication to a state of long-term persistence in the absence of
extensive replication and then back again to active replication.
Most bacterial adaptations result from changes in specific
gene expression. Our laboratory has focused on the regulation
of M. tuberculosis transcription by alternative sigma factors as
a mechanism by which this bacterium can achieve transcriptional regulation in response to specific stimuli. By controlling
multiple genes and operons, alternative sigma factors can modify bacterial physiology and/or modulate the host-pathogen
interaction in response to environmental signals. In past work,
we and others have identified regulatory pathways that play
critical roles in mycobacterial stress response regulation and in
virulence in acute infection models in mice (16, 19, 22, 29, 30,
38, 40, 48, 52). In the current work, we have characterized the
regulon of the M. tuberculosis alternative sigma factor SigM.
Negative regulation of virulence-associated surface lipids and
positive regulation of Esx family secreted protein and nonribosomal peptide synthetase genes by this sigma factor suggest
that SigM activity may play a role in long-term in vivo adaptation to specific host environments, rather than in virulence
early during the course of infection.
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The Mycobacterium tuberculosis genome encodes 12 alternative sigma factors, several of which regulate stress
responses and are required for virulence in animal models of acute infection. In this work we investigated M.
tuberculosis SigM, a member of the extracytoplasmic function subfamily of alternative sigma factors. This
sigma factor is expressed at low levels in vitro and does not appear to function in stress response regulation.
Instead, SigM positively regulates genes required for the synthesis of surface or secreted molecules. Among
these are genes encoding two pairs of Esx secreted proteins, a multisubunit nonribosomal peptide synthetase
operon, and genes encoding two members of the proline-proline-glutamate (PPE) family of proteins. Genes up
regulated in a sigM mutant strain include a different PPE gene, as well as several genes involved in surface lipid
synthesis. Among these are genes involved in synthesis of phthiocerol dimycocerosate (PDIM), a surface lipid
critical for virulence during acute infection, and the kasA-kasB operon, which is required for mycolic acid
synthesis. Analysis of surface lipids showed that PDIM synthesis is increased in a sigM-disrupted strain and
is undetectable in a sigM overexpression strain. These findings demonstrate that SigM positively and negatively
regulates cell surface and secreted molecules that are likely to function in host-pathogen interactions.
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LOWESS method (23). Statistical analysis was performed using BRB array tools
(wt versus mutant arrays) (45) (http://linus.nci.nih.gov/BRB-ArrayTools.html)
and the National Institute of Aging array analysis tool (overexpression versus
mutant arrays) (43) (http://lgsun.grc.nia.nih.gov/ANOVA/). We used the most
conservative error model, “the maximum of averaged and actual error variance,”
in order to reduce false positives. P values are false detection rate values, i.e., the
proportion of false positives expected among genes detected as significant.
RNA preparation and primer extension. RNA isolation and primer extension
experiments were performed as described previously (38). Total RNA was isolated from wild-type M. tuberculosis, the sigM mutant strain, and the sigMoverexpressing strain grown to mid-log phase (optical density at 600 nm ⫽ 0.4).
Acetamide was added to each culture to a concentration of 0.2% at 1 hour prior
to harvesting. For primer extension analysis, 0.5 pmol of ␥-32P-labeled reverse
primer was mixed with 8 g of RNA in a 6-l volume. Reverse transcription
reactions were then performed as described, and the reaction products were
analyzed on a sequencing gel. DNA sequencing reactions, performed with the
same primer used for primer extension, were run in adjacent lanes to determine
the sizes of the transcripts generated. Specific transcripts were quantified with a
phosphorimager and normalized to a sigA transcript generated from the same
RNA sample.
Lipid analysis. Nonpolar surface lipids were extracted from late-log-phase
cultures of wt, sigM insertional mutant, and sigM-overexpressing strains of M.
tuberculosis. Each strain was grown in 50 ml of medium in a 250-ml flask to late
log phase, and the wet weights of the cell pellets were determined. The pellets
were resuspended in 1 ml of hexane and vortexed for 5 min. The cell suspension
was centrifuged at 3,000 rpm for 5 minutes, and the hexane fraction was collected. Three milliliters of chloroform-methanol (1:1) was added to the hexane
fraction. The extracted lipids in hexane-chloroform-methanol were dried under
a stream of nitrogen and resuspended in 0.5 ml of chloroform-methanol (1:1).
The lipids were separated by silica thin-layer chromatography (TLC) with
hexane and chloroform (9:1) as the solvent system. The lipids were visualized by
spraying with acid (8% sulfuric acid and 3% cupric acetate) followed by heating
at 110°C for 15 min. Pthiocerol dimycocerosate (PDIM) containing PIM A, PIM
B, and PIM C from the laboratory of Gurdyal Besra was used as a standard.
For mass spectrometry (MS) analysis, hexane-extracted surface lipids from
various strains and PDIM standards were loaded onto 250-m silica-coated glass
TLC plate (10 by 20 cm) and then developed in a hexane-chloroform (9:1)
solvent system. The lipids were visualized by spraying the plate with water, and
three spots comigrating with the PDIM standard were marked. After overnight
air drying, silica at the marked spots was loaded into a nanospray tip, and lipids
were dissolved in 10 l of 10 mM ammonium acetate (NH4C2H3O2) in chloroform-methanol (2:1) for positive-mode electrospray ionization mass spectrometry (ThermoFinnigan LCQ Advantage). Selected ions were analyzed by collisionally induced dissociation (CID)-MS/MS. The MS data were compared to the
PDIM molecular structure described by Camacho et al. (5).

RESULTS
Mutant construction, in vitro growth, and sigM expression.
Genome sequence analysis indicates the presence of a homologue of M. tuberculosis sigM in Mycobacterium bovis, Mycobacterium smegmatis, and Mycobacterium avium paratuberculosis
(18, 25, 50). In each of these organisms sigM is located 5⬘ of a
thioredoxin reductase-thioredoxin operon, with a single gene
of unknown function separating sigM from the thioredoxin
reductase gene (trxB2) (Fig. 1A). In Mycobacterium leprae,
remnants of a sigM homologue are present in the corresponding region, but this organism does not appear to contain a
functional copy of sigM. Targeted inactivating mutations were
made in sigM in both M. smegmatis and M. tuberculosis. Candidate mutants were screened by PCR and confirmed by
Southern blot analysis (Fig. 1B shows results for M. tuberculosis). Complemented strains were prepared by integrating a
single copy of sigM under the control of its own promoter into
the L5 phage attB site of the sigM mutant (24). An inducible
overexpression strain was constructed by introducing a copy of
sigM under the control of the inducible acetamidase promoter
(33) into wt H37Rv at the L5 attB site.
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Bacterial strains and growth conditions. M. tuberculosis H37Rv was used as
the parental strain for generating sigM mutant and sigM overexpression strains
and as the wild type (wt) for microarray experiments. Mycobacteria were grown
in Middlebrook 7H9 medium (Difco) supplemented with ADC (0.5% albumin,
0.2% dextrose, and 0.085% sodium chloride), 0.2% glycerol, and 0.05% Tween
80. Liquid cultures were grown in vented flasks that were shaken at 100 rpm at
37°C. Solid medium was made using Middlebrook 7H9 supplemented with ADC,
0.2% glycerol, and 1.5% agar.
Escherichia coli strains DH5␣ (Life Technologies), TOP10 (Invitrogen), and
XL1-Blue (Stratagene) were used as host strains for cloning experiments. LuriaBertani (LB) broth or agar plates containing appropriate antibiotic were used for
growing E. coli strains; 50 g/ml kanamycin, 100 g/ml ampicillin, and 100 g/ml
hygromycin were added to the culture medium as indicated, and 10% sucrose
was added to the solid medium for counterselection of M. tuberculosis mutants.
Real time RT-PCR for mRNA quantitation. RNA extracted from M. tuberculosis H37Rv starting at early log phase and ending at stationary phase was used
to measure growth phase-dependent changes in expression of sigM. The reverse
transcription and PCR were performed using the QuantiTech SYBR green
reverse transcription-PCR (RT-PCR) kit (QIAGEN) and an ABI7000 sequence
detection system. Duplicates of each reaction with 200 ng of templates were
performed. Control reactions were performed using the sigA gene, which has
been shown to be stably expressed during growth (28). Serial dilutions of
genomic DNA were amplified using the sigM or sigA primers to generate standard curves of sigA or sigM DNA versus threshold cycle. The relative amounts of
cDNA produced in the RT-PCRs were interpolated from these standard curves
and expressed as the ratio of sigM to sigA.
Construction of M. tuberculosis sigM mutant and sigM-overexpressing strains
and complementation. The M. tuberculosis sigM mutant was constructed by
targeted mutagenesis using a temperature-sensitive sacB delivery system as described previously (35, 38). Briefly, sigM was disrupted by insertion of a kanamycin resistance gene, and the resulting construct was cloned into pRH1351,
which harbors the sacB and xylE genes (38). The resulting vector was electroporated into M. tuberculosis H37Rv, and transformants were selected at 30°C on
kanamycin plates. Single colonies were grown in broth at 30°C and then plated
on sucrose plates at 39°C. The resulting colonies were analyzed by PCR, and
candidate sigM mutants were confirmed by Southern analysis.
An M. tuberculosis strain overexpressing sigM from the inducible acetamidase
promoter was created as described previously (19). The sigM open reading frame
was PCR amplified and cloned downstream of an inducible acetamidase promoter in the integrating vector pMV306 (47). The construct was sequenced and
electroporated into wild-type M. tuberculosis H37Rv. The transformants were
selected for kanamycin resistance. An extra copy of sigM at the L5 phage attB site
was confirmed by PCR. Expression of sigM was measured by real-time PCR to
confirm inducible expression.
Complementation of the sigM mutant was performed as described previously
(19). Briefly, sigM with the 5⬘ region containing the sigM promoter sequences was
cloned into the integrating vector pMV306 containing a hygromycin resistance
cassette. The construct was electroporated into the sigM mutant strain of M.
tuberculosis, and the colonies were selected for hygromycin resistance. The resulting clones were screened by PCR.
Microarray experiments and gene identification. Oligonucleotide microarrays
of M. tuberculosis obtained from the Pathogen Functional Genomic Resource at
The Institute for Genomic Research were used for microarray experiments to
identify SigM-regulated genes. These microarrays represent all the annotated
genes of M. tuberculosis H37Rv and additional genes from M. tuberculosis strain
CDC1551. These additional genes either are not annotated or are differently
annotated in strain H37Rv.
Two separate sets of microarray expression experiments were performed. In
one set the wild type was compared to the sigM mutant, and in the second set the
sigM overexpression strain of M. tuberculosis was compared to the sigM mutant.
Six independent RNA samples were hybridized and analyzed for the comparison
of wild type versus sigM mutant, and three independent samples were analyzed
in the comparison of sigM overexpression strain versus mutant. In all experiments
the test sample (wt or sigM overexpression strain) was labeled with Cy5 and the
control (sigM mutant) was labeled with Cy3. In experiments involving the sigM
overexpression strain, 0.2% acetamide was added to the cultures 1 hour prior to
harvesting. RNA isolation, cDNA synthesis, labeling, and hybridization were
performed as described previously (38).
The hybridized slides were scanned using an Axon 4000B scanner. Microarray
spot intensities were defined and quantified using GENEPIX software (Axon,
Union City, CA). The median value from the raw data was normalized by the
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Comparison of growth in Middlebrook 7H9 liquid medium
was performed for the wt and sigM mutant strains. These two
strains had nearly identical growth rates throughout the growth
cycle (Fig. 2A). Analysis of sigM gene expression was performed at serial time points during in vitro growth. The expression of M. tuberculosis sigM was shown to be markedly
lower than that of the primary sigma factor gene, sigA, which
was stably expressed at all stages of growth (Fig. 2B). Expression of sigM did not increase significantly at any growth stage,
suggesting that sigM is not likely to play a major role in nutrient-replete growth or in stationary phase adaptation.
Based on its location adjacent to the thioredoxin reductasethioredoxin locus in M. tuberculosis and M. smegmatis, we
hypothesized that sigM might play a role in regulation of oxidative stress responses. Examination of survival following exposure to several types of oxidative stress (diamide, hydrogen
peroxide, cumene hydroperoxide, and plumbagin) was per-

formed, utilizing disc diffusion assays on agar plates and timekill assays in broth culture. These experiments did not show a
significant effect on viability of the M. smegmatis or M. tuberculosis sigM mutants relative to the parental wt strain (data not
shown).
Identification of SigM-regulated genes and consensus
SigM-dependent promoter elements. In the absence of an apparent role in oxidative stress adaptation, we sought to determine the genes that are regulated by this sigma factor as a
means to gain insight into SigM function. Genome-wide transcription profiling experiments were performed using oligonucleotide glass slide microarrays. Initial experiments compared
gene expression between the wt and the sigM mutant during
log-phase growth in broth culture. In these experiments, a
small number of positively regulated genes were identified.
The signal strength and the expression ratios of genes with
increased expression in the wt versus the sigM mutant in these
experiments were quite low (spot intensity of ⬍1% of maximum). Primer extension experiments performed with five
genes that showed increased expression in the wt versus the
sigM mutant did not identify any promoters that were clearly
SigM dependent. These microarray experiments also confirmed the low basal expression of sigM in wt H37Rv.
Several genes were determined to have significantly increased expression in the sigM mutant versus the wt strain
(Table 1). Most striking was the markedly increased expression
of PPE60 in the sigM mutant. This gene encodes a protein in
the proline-glutamate (PE)_polymorphic GC-rich repetitive
sequence (PGRS) family of over 100 homologous proteins.
These proteins contain a PE or proline-proline-glutamate
(PPE) motif near the amino-terminus, and the PE_PGRS proteins also encode peptides that rich in glycine and alanine.
Some of these proteins have been shown to be surface associated and to be recognized by the host immune system during
infection (3, 12). Also notable was the moderately increased
expression of several lipid biosynthetic genes, including most
genes from the first operon of the PDIM biosynthetic and
transport locus, and the independently transcribed mas gene
from this locus, but not the fadD28-mmpL7 operon, which is

FIG. 2. Growth of H37Rv versus that of the sigM mutant and expression of sigM in broth culture. A. Cultures were grown in Middlebrook 7H9
liquid medium, and the optical density at 600 nm (OD600)was measured at serial time points. B. RNA was extracted from H37Rv cultures at serial
time points during growth and subjected to quantitative RT-PCR. Relative expression of sigM is shown as a ratio of sigM cDNA to sigA cDNA.
Experiments were performed twice, with representative results of one experiment shown.
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FIG. 1. The M. tuberculosis sigM locus and mutant construction. A.
sigM is located 5⬘ of the thioredoxin reductase-thioredoxin operon.
Our sequence data indicate a 93-bp intergenic region between sigM
and Rv3912 in H37Rv, identical to the CDC1551 genome sequence but
distinct from the published H37Rv sequence (9, 17). B. Southern blot
analysis demonstrates the insertional inactivation of sigM. Wt, H37Rv;
M⫺, sigM mutant, C, complemented sigM mutant.
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TABLE 1. Genes with increased expression in the sigM mutant
strain versus H37Rva
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TABLE 2. Genes with increased expression in the sigM
overexpression strain versus the sigM mutanta

Ratio

P value

Gene product

Gene

Ratio

P value

Gene product

Rv0237
Rv0885
Rv1180
Rv2245
Rv2246
Rv2247
Rv2248
Rv2524c
Rv2590
Rv2931
Rv2932
Rv2933
Rv2934
Rv2935
Rv2936
Rv2937
Rv2938
Rv2940c
Rv2950c
Rv3130c
Rv3131
Rv3133c
Rv3134c
Rv3135
Rv3136
Rv3137
Rv3138
Rv3478
Rv3616c
Rv3689
Rv3825c

1.7
1.8
1.8
1.6
1.8
1.9
1.6
1.9
1.6
2.0
3.5
3.6
3.1
2.3
1.7
1.7
2.1
1.8
1.7
10.9
5.9
1.7
2.2
2.2
1.9
2.0
1.6
117.8
2.0
1.7
1.8

0.007
0.007
0.001
0.002
⬍0.001
⬍0.001
0.002
0.003
0.002
0.005
0.001
⬍0.001
⬍0.001
0.002
⬍0.001
0.009
0.004
0.008
0.007
0.003
0.005
0.004
0.004
0.001
⬍0.001
0.001
0.009
⬍0.001
0.009
0.009
0.002

LpqI
HP b
Pks3
KasA
KasB
AccD6
HP
Fas
FadD9
PpsA
PpsB
PpsC
PpsD
PpsE
DrrA
DrrB
DrrC
Mas
FadD29
HP
HP
DevR
HP
PPE50
PPE51
HP
PflA
PPE60
HP
HP
Pks2

MT2638
Rv0098
Rv0099
Rv0100
Rv1361
Rv1457c
Rv2514c
Rv2515c
Rv3396c
Rv3422c
Rv3439c
Rv3440c
Rv3443c
Rv3444c
Rv3445c
Rv3904c
Rv3905c
Rv3906c
Rv3907c
Rv3911

6.4
10.9
10.9
8.6
8.1
7.3
7.0
9.2
6.5
6.1
735.7
321.5
6.5
66.8
1,792.3
58.3
95.3
573.1
6.7
77.9

⬍0.001
⬍0.001
⬍0.001
⬍0.001
0.022
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
0.012
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001

HPb
HP
FadD10
HP
PPE19
HP
HP
HP
GuaA
HP
HP
HP
RplM
EsxT
EsxU
EsxE
EsxF
HP
PcnA
SigM

a
Data are from six biological replicates. Genes with an expression ratio of
ⱖ1.6 and a P value of ⬍ 0.01 are shown.
b
HP, hypothetical protein.

also required for PDIM synthesis and export (5). Also up
regulated were genes in the kasA-kasB operon, which functions
in mycolic acid synthesis, as well as other independently transcribed lipid biosynthesis genes. Expression of several genes in
the region of the devR-devS-Rv3134c hypoxia-induced twocomponent system operon (44) was also increased in the sigM
mutant.
To attempt to more definitively identify SigM-regulated
genes, additional microarray experiments were performed
comparing RNA from an inducible sigM overexpression strain
to RNA from the sigM mutant, also treated with inducer.
Induction increases sigM expression approximately 60-fold in
the overexpression strain, as determined by quantitative RTPCR (data not shown), similar to the 78-fold induction observed in the microarray experiments. Several genes with
highly increased expression in the sigM overexpression strain
were identified, many of which clustered into apparent operons
based on analysis of the M. tuberculosis genome sequence. The
most highly regulated genes are shown in Table 2. The data for
all significantly regulated genes from both sets of microarray
experiments are available in the CIBEX database (accession
no. CBX13).
Among the most highly regulated genes were sigM itself,
though not the adjacent 3⬘ gene Rv3912, and several genes
predicted to be involved in the production of molecules that
localize to the bacterial surface or are secreted. These include

a
Data are from three biological replicates. Genes with an expression ratio of
⬎6 and a P value of ⬍0.05 are shown.
b
HP, hypothetical protein.

genes encoding the ESAT-6-like secreted proteins EsxU and
EsxT, which are part of the Esx-4 putative protein secretion
locus; a separate two-gene operon (Rv3440c-Rv3439c) of unknown function adjacent to this locus; and two other Esx family
proteins (EsxE and EsxF) that are encoded in a different region of the chromosome. Also regulated by SigM were a twogene operon carrying a gene of unknown function, PPE19, and
an operon carrying PPE1 and a nonribosomal peptide synthetase (NRPS) gene together with three genes of unknown
function and a putative fatty acid biosynthetic gene.
To identify candidate SigM-regulated promoters, primer extension analysis was performed on genes with the highest expression ratios. Where multiple genes from an apparent
operon were up regulated in the sigM overexpression strain,
primer extension analysis was performed on the first gene in
the operon. These experiments identified several promoters
that appear to be wholly dependent on SigM and one for which
the majority of expression is SigM dependent (Fig. 3). The
SigM-dependent esxU promoter identified in these experiments lies within the esxU coding region in the H37Rv and
CDC1551 annotated genome sequences. This result indicates
that the in vivo start codon of this gene is further 3⬘ than
predicted. The potential initiation codons 3⬘ of the transcription start site would result in an EsxU protein of 105 or 92
amino acids (rather than the annotated 125 residues), which is
more consistent with the predicted sizes of the other Esx proteins, which range in size from 90 to 119 residues.
By aligning the transcription start sites of these promoters,
consensus ⫺35 and ⫺10 elements were identified (Fig. 4),
suggesting that these promoters are directly regulated by SigM.
The ⫺35 consensus sequence is similar to that of other sequences recognized by mycobacterial extracytoplasmic function (ECF) sigma factors. The SigM-dependent ⫺35 sequence
appears to be more highly conserved than the ⫺10 element,
consistent with the primary importance of the ⫺35 element
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FIG. 3. Primer extension analysis of SigM-dependent promoters. RNA was isolated from the sigM overexpression strain (M⫹) and the sigM
mutant (M⫺) and reverse transcribed with gene-specific antisense primers. A sequencing reaction was performed with the same primer, and
reactions were resolved on sequencing gels to identify transcription start sites. Reverse transcription was performed using the same RNA with a
sigA primer as a control in each experiment.

trast, no spots were visible in this region in the sigM overexpression strain (Fig. 6A). To verify the identity of these lipids
that were negatively regulated by SigM, preparative TLC was
performed and lipids comigrating with PDIM standards were
directly transferred to nanospray tips, extracted from the
matrix, and analyzed by mass spectrometry. Initial analysis
showed ions from all three TLC spots with mass/charge (m/z)
ratios similar or identical to m/z ratios observed in the PDIM
standards (Fig. 6B). The top spot in the triad was further
analyzed, and two series of ions were observed. One series of
monovalent ions (m/z 1376, 1390, 1404, 1418, and 1432) corresponded to the sodium adducts (M ⫹ Na)⫹ of PDIM A
containing 91 to 95 carbon atoms (5). Another ion series corresponded to the same set of molecules detected as ammonium
adducts (M ⫹ NH4)⫹ (Fig. 6B). CID-MS/MS of the ion at m/z
1390.4 generated the product ion at m/z 951.9 ([M ⫹ Na]⫹)
corresponding to the loss of one mycocerosic acid, and the
mycocerosic acid could be detected directly as well ([M ⫹
Na]⫹ ⫽ 461). Fragmentation of the ion of m/z 951.9 generated
a product ion corresponding to that expected from loss of the
second mycocerosic acid (Fig. 6C and D). These results confirm the identity of the SigM down-regulated lipids as PDIM.
DISCUSSION
This work defines a SigM regulon that includes genes encoding two pairs of Esx family secreted proteins, two additional
genes adjacent to the Esx-4 secretion locus, a nonribosomalpeptide synthesis operon, two PPE genes, and several genes of
unknown function. The low-level expression of this regulon in
vitro during vegetative growth suggests that sigM expression is

FIG. 4. Alignment of SigM-dependent promoters. The regions 5⬘ of experimentally determined SigM-dependent transcription start sites were
aligned. The conserved sequences in the ⫺35 and ⫺10 regions are boxed, with conserved bases shown in boldface. The transcription start site of
each gene is underlined and shown in boldface.
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sequence in promoter recognition by many ECF subfamily
sigma factors (27).
Negative regulation of PDIM synthesis by SigM. The microarray experiments indicated that SigM negatively regulates
a number of lipid biosynthetic genes, including several genes
involved in PDIM biosynthesis. To confirm this result, primer
extension analyses were performed to examine specific transcript levels by using RNA from wt, sigM mutant, and sigM
overexpression strains. Transcript signals were quantified for
each strain and compared to signals from sigA transcripts generated using the same batches of RNA. These experiments
confirmed moderately decreased expression of the transcript
originating at the promoter of the first gene in the first PDIM
operon, fadD26, in the sigM overexpression strain (Fig. 5). In
contrast, fadD28 transcription, which was not found to be significantly different in the sigM mutant versus overexpression
strains in the microarray analysis, was also not significantly
altered in the sigM mutant or overexpression strains relative to
the wt in the primer extension experiments. These experiments
also confirmed decreased transcription in the sigM overexpression strain of pks2, a mas-like lipid biosynthetic gene whose
product has been shown to synthesize precursors of sulfolipids
(46) (Fig. 5).
To determine whether the effects of sigM expression on
transcription of PDIM biosynthesis genes resulted in altered
PDIM production, nonpolar surface lipids were extracted from
wt, sigM mutant, and sigM overexpression strains and analyzed
by TLC (Fig. 6A). Three faintly visible spots from the wild-type
extracts comigrated with a standard containing a mixture of
PDIM A, PDIM B, and PDIM C. Markedly stronger spots
were consistently present in the sigM-disrupted strain. In con-
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likely to be induced in response to specific stimuli during infection. In contrast to these positively regulated genes, our
data show that SigM negatively regulates PPE60 expression
and the expression of several genes involved in surface lipid
biosynthesis and transport.
The function of the PPE proteins and the related PE and
PE_PGRS proteins is not known. Different members of this
family have been shown to be induced or repressed in response
to different conditions in vitro, and some of these proteins have
been shown to be antigenic during human or animal infection
or to be required for virulence (7, 8, 32, 37, 51). These data
suggest that these proteins function to modulate immunity or
other aspects of host-pathogen interactions. The positive regulation by SigM of PPE1 and PPE19, versus negative regulation of PPE60 by SigM, suggests distinct functions for these
PPE proteins in vivo and is consistent with the recently described opposite regulation in vivo of PE_PGRS16 versus
PE_PGRS26 (14).
Among the lipid genes negatively regulated by SigM are the
kasA-kasB operon, required for mycolic acid synthesis; the type
I fatty acid synthase gene fas; pks2 and pks3; and several genes
involved in the synthesis and transport of PDIMs. These data
suggest that sigM expression may have extensive effects on
regulating the content and/or quantity of M. tuberculosis surface lipids. Consistent with the gene expression data, we observed striking derepression of PDIM surface lipids in the M.
tuberculosis sigM deletion strain. PDIMs have been shown to
be important virulence determinants required for efficient replication in the lung during short-term infection of mice (6, 11).
The negative regulation by SigM of these lipid virulence determinants suggests that SigM is not required for virulence
early during the course of infection. In support of this interpretation, microarray experiments examining gene expression
following acute macrophage infection did not demonstrate induction of sigM expression, nor was sigM expression significantly increased during short-term mouse infection (42, 49).
Also consistent with this inference, a recent study in which
sigma factor mutant strains were examined in the guinea pig, a
highly susceptible animal model of tuberculosis, found that a
sigM-deleted strain was not attenuated (21). Strikingly, how-

ever, and consistent with our data showing derepression of
PDIM synthesis, the sigM mutant strain appeared to be hypervirulent at the early time points in this model, with greater
numbers of granulomas and increased necrosis compared to
the wild type.
Our transcription and lipid synthesis data, together with
these infection data, suggest the hypothesis that regulation of
gene expression by SigM may play a role in bacterial adaptation later in the course of in vivo infection or in specific host
tissues. In this model, SigM activity, induced in response to
specific host stimuli, would result in adaptation not only via
increased expression of SigM-dependent genes but also by
down-regulating surface lipids and other factors that are important in acute infection. Microarray transcription analysis of
in vitro models of persistence that may be relevant to latency,
i.e., starvation and hypoxia, does not show increased expression of sigM or the genes that it regulates under these conditions (1, 44). Similarly, our data do not show increased sigM
transcription on entry into stationary phase. If SigM does play
a role in adaptation to specific host environments, these data
indicate that the host signals required to induce sigM expression are not modeled by these in vitro conditions.
SigM also regulates the Esx proteins EsxT and EsxU,
present in the Esx-4 putative secretion locus, and two other Esx
proteins, EsxE and EsxF, that are not physically linked to genes
encoding a putative secretion apparatus. ESAT-6 and Cfp-10,
the first-described members of the Esx family of small secreted
proteins, have been extensively characterized as potent T-cell
antigens and important virulence factors (reviewed in reference 4). Of the other 21 M. tuberculosis Esx proteins, EsxG and
EsxH have been shown to be regulated by IdeR in response to
iron depletion, and a number of Esx proteins have been shown
to be recognized by immune T cells in humans or animals
infected with M. tuberculosis (4, 41). Based on the data discussed above, in contrast to ESAT-6 and Cfp-10, which are
important in the pathogenesis of acute infection, we hypothesize that these SigM-regulated Esx proteins may function in
bacterial adaptation and/or host modulation at later stages of
infection.
The SigM-dependent operon encoding an NRPS (Rv0096-
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FIG. 5. sigM expression represses PDIM biosynthetic gene transcription. A. Quantitative primer extension analysis was performed using equal
amount of total RNA from the H37Rv (wt), sigM mutant (M⫺), and sigM overexpression (M⫹) strains of M. tuberculosis. The numbers below each
lane indicate quantification of the transcript relative to expression in the wt, normalized to sigA expression in the same experiment. Experiments
were performed twice, and representative results are shown. B. Organization of the PDIM biosynthesis and transport locus. Arrows indicate the
three transcripts previously identified in this region (5).
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Rv0101) is also likely to function in modulation of the hostbacterium interaction. In Streptomyces spp., where they have
been extensively studied, NRPSs synthesize a wide range of
bioactive molecules, including several antibiotics, many of
which are secreted. A separate M. tuberculosis gene cluster that
includes genes encoding NRPSs and polyketide synthases has
been shown to synthesize mycobactins, secreted iron-chelating
siderophores that are required for bacterial replication in
macrophages (13, 36). The SigM-dependent NRPS-encoding
operon is highly conserved in M. bovis and M. leprae but not in
M. smegmatis, although there is significant similarity between
an M. smegmatis NRPS-encoding gene and the M. tuberculosis
nrp gene. Disruption of this M. smegmatis locus, which contains
four NRPS modules, resulted in absence of glycopeptidolipid
biosynthesis, suggesting that these genes may synthesize the
peptide core of the glycopeptidolipids in this species (2).
Though only Rv0101 is annotated as encoding an NRPS in the

M. tuberculosis H37Rv genome, using sequence- and structurebased motif analysis methods (15), we have identified NRPS
motifs in both Rv0099 and Rv0100. This analysis indicates that
Rv0099 (annotated as fadD10) encodes an adenylation/activation domain-containing protein and that Rv0100 encodes a
peptidyl carrier protein. In addition, our analysis indicates that
the amino terminus of Rv0101 (nrp) contains an unannotated
NRPS condensation domain. These analyses indicate that this
operon encodes an NRPS composed of three modules, each of
which contains activation, peptidyl carrier, and condensation
domains, with the first two domains of the first module encoded in Rv0099 and Rv0100.
This NRPS-encoding operon has previously been shown to
be up regulated in an M. tuberculosis mutant strain in which the
gene encoding the response regulator of the SenX3-RegX3
two-component system was deleted. This mutant was attenuated for growth in macrophages and mildly attenuated for
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FIG. 6. sigM expression inhibits PDIM synthesis. A. Nonpolar surface lipids were extracted and subjected to silica TLC in comparison with a
PDIM standard B. Mass spectrometry analysis of lipids corresponding to the uppermost spot in the PDIM triad, which were directly scraped onto
nanospray tips, extracted by solvent, and analyzed by nanospray electrospray ionization-MS, yielding ions that correspond to those expected from
an alkane series of ammonium (m/z 1371, 1385, 1399, 1413, and 1427) and sodium (m/z 1376, 1390, 1404, 1418, and 1432) adducts of PDIM. C and
D. CID mass spectra of the ion at m/z 1390.4 yielded fragment ions corresponding to sodium adducts of products that have lost one (m/z 951.9)
or two (m/z 513.5) mycocerosic acids (m/z 461).
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stages of infection, e.g., during latency or in specific host tissue
environments. Elucidation of the function of SigM-dependent
genes and analysis of the expression of SigM-regulated genes
during the course of acute and chronic infection will be essential to gain insight into the role of the SigM regulon in the
complex pathogenesis of tuberculosis.
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replication in vivo in mice, suggesting that the products of the
PPE1-NRPS operon are not required for macrophage survival
or short-term infection in mice (34), which is consistent with
the hypothesis that SigM-regulated genes are not required for
acute infection. This locus was also analyzed in a transposon
mutant of M. bovis in which Mb100, the homologue of Rv0097,
was disrupted (20). These authors observed that this strain did
not produce PDIM or glycosylphenol-PDIM, and they hypothesized that this locus is directly involved in PDIM biosynthesis.
They also demonstrated marked up regulation of transcription
5⬘ of the insertion and decreased gene expression 3⬘ of the
insertion (including all genes containing NRPS motifs). Our
data suggest a mechanism for the increased expression of the
5⬘ genes of this operon and an alternative explanation for the
absence of PDIMs in the Mb100-disrupted strain. Our data
suggest a model in which sigM is repressed by the products of
the nrp locus. Expression of sigM is derepressed in the Mb100disrupted strain because of decreased expression of NRPSencoding genes 3⬘ of the insertion. Increased sigM expression
leads to increased expression from the SigM-dependent promoter 5⬘ of PPE1, the first gene of this operon. The absence of
PDIMs in this strain would result from repressed transcription
of the known PDIM biosynthesis genes that we have shown to
be negatively regulated by SigM.
This work also identified clear SigM-dependent consensus
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promoters recognized by four other ECF sigma factors, SigD,
SigE, SigH, and SigL, have been identified experimentally (19,
38–40). When the SigM-dependent consensus is compared to
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other groups’ published microarray data do not suggest that
the SigM-regulated genes identified here are also significantly
regulated by any of these other ECF sigma factors (19, 22, 30,
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for efficient promoter binding and/or transcription initiation of
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element and from differences in the ⫺10 region sequences.
This work demonstrates the regulation by SigM of genes that
are likely to modulate the host-pathogen interaction. Changes
in SigM activity provide a mechanism by which the production
of surface-associated and secreted molecules can be altered
during infection. The absence of induction of sigM following
macrophage or short-term mouse infection, the negative regulation by SigM of PDIM synthesis, the increased virulence of
a sigM mutant in guinea pigs, and the attenuation in macrophages and short-term mouse infection of a mutant in which
the SigM-dependent PPE1-nrp operon is up regulated indicate
that the SigM regulon does not play a role in M. tuberculosis
virulence early during infection. Rather, we hypothesize that
SigM may function in M. tuberculosis pathogenesis at later
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