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ABSTRACT Although the de novo folate biosynthesis pathway has been well
studied in bacteria, little is known about its regulation. In the present study, the
sigB gene in Mycobacterium tuberculosis was deleted. Subsequent drug suscepti-
bility tests revealed that the M. tuberculosis ΔsigB strain was more sensitive to
para-aminosalicylic acid (PAS) and sulfamethoxazole. Comparative transcriptional
analysis was performed, and downregulation of pabB was observed in the ΔsigB
strain, which was further verified by a quantitative reverse transcription-PCR and
Western blot assay. Then, the production levels of para-aminobenzoic acid (pABA)
were compared between the sigB deletion mutant and wild-type strain, and the re-
sults showed that sigB deletion resulted in decreased production of pABA. In addi-
tion, SigB was able to recognize the promoter of pabB in vitro. Furthermore, we
found that deleting pabC also caused increased susceptibility to PAS. Taken to-
gether, our data revealed that, in M. tuberculosis, sigB affects susceptibility to antifo-
lates through multiple ways, primarily by regulating the expression of pabB. To our
knowledge, this is the first report showing that SigB modulates pABA biosynthesis
and thus affecting susceptibility to antifolates, which broadens our understanding of
the regulation of bacterial folate metabolism and mechanisms of susceptibility to
antifolates.
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Tuberculosis (TB), caused by one of the toughest human pathogens, Mycobacterium
tuberculosis, remains a serious public health concern in the world. The World Health

Organization (WHO) estimated that in 2015 there were 10.4 million new TB cases
worldwide, of which 580,000 cases were multidrug-resistant TB (MDR-TB) (1). Tradi-
tional effective anti-tubercular drugs, such as rifampin (RFP) and isoniazid (INH), were
challenged by the emergence of MDR-TB and extensively drug-resistant TB, which have
been major threats to global public health security due to the crisis of their detection
and treatment (2, 3). Worst of all, the design of new and repurposed antimicrobial drugs
has been slow (4). Thus, a better understanding of the molecular mechanisms medi-
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ating resistance or susceptibility in M. tuberculosis to preexisting antitubercular drugs is
urgently required (5).

Folate is essential for all sorts of life, but mammals are unable to synthesize it, which
makes the bacterial de novo folate biosynthesis pathway an ideal target for new
antimicrobial drug design (6). As is well known, the bacterial de novo folate biosynthetic
pathway has two branches: one for para-aminobenzoic acid (pABA) and the other for
pterins. The pABA branch has two enzymes: the aminodeoxychorismate synthase
composed of PabA and PabB and the aminodeoxychorismatelysase (PabC) (7–9).
Meanwhile, the pterin branch starts with GTP and finally yields 7,8-dihydropterin
pyrophosphate (DHPPP). These two branches are joined together by dihydropteroate
synthase (DHPS), which synthesizes dihydropteroate (DHP) by using pABA and DHPPP
as substrates. The DHP is then converted into dihydrofolate (DHF) through dihydrofo-
late synthase (DHFS), and is further reduced into tetrahydrofolate (THF) by dihydrofo-
late reductase (DHFR) (10–12). Thousands of antifolates have been designed targeting
bacterial DHPS and DHFR (13). Para-aminosalicylic acid (PAS), a second-line drug used
in clinical treatment of TB, was also classified as an antifolate that targets the de novo
folate synthesis of M. tuberculosis As an analog of pABA, PAS acts as a prodrug activated
by DHPS and DHFS and finally targets DHFR, thus leading to bactericidal effects (14, 15).
As a result, folC mutation, which encodes the DHFS in M. tuberculosis, causes PAS
resistance in M. tuberculosis clinical isolates by blocking drug activation (16, 17). In
addition to folC mutations, mutations of the thymidylate synthase coding gene thyA or
the upstream region of the ribD gene also result in PAS resistance in M. tuberculosis
clinical isolates (18–20). ThyA is involved in folate transformation, which converts
methylene THF into DHF (21). So far, mutations in these three genes could be identified
in about two-thirds of PAS-resistant clinical isolates, but resistance mechanisms in the
remaining third still need to be uncovered.

As essential components of the RNA polymerase (RNAP) holoenzyme, sigma factors
provide specific recognition of promoters in bacteria. There are 13 sigma factors in M.
tuberculosis, making the tough bacteria able to adapt to various environments (22). In
M. tuberculosis, �B, encoded by the well-conserved gene sigB, is very close to the major
sigma factor �A and identified to be positively regulated by the other three extracy-
toplasmic sigma factors: �E (23), �H (24), and �L (25). �B was also found to play a central
role in response to various stress conditions, including heat shock in M. tuberculosis,
sodium dodecyl sulfate (SDS), mild cold shock, cell envelope stress, and hypoxia in vitro
(26, 27).

Although de novo folate biosynthesis has been well studied in bacteria, little is
known regarding its regulation, especially in M. tuberculosis. Previously, deletion of sigB
in Corynebacterium glutamicum resulted in a significant decrease of expression level of
thyX and hypersensitivity to the DHFR inhibitor WR99210 (28). Very recently, sigB was
also found to be an antifolate resistance determinant in Mycobacterium smegmatis
through chemogenomic screening (29). These observations indicate that SigB might
play a role on folate metabolism, thus affecting susceptibility to antifolates in bacteria.
In this study, the sigB gene of M. tuberculosis H37Ra was deleted, and the effects on
folate metabolism and susceptibility to different types of antifolates were probed to
clarify the role of SigB on regulating folate metabolism in M. tuberculosis.

RESULTS
Effects of sigB deletion on bacterial growth. Although �B is highly homologous

to the primary sigma factor �A in mycobacteria, sigB is a nonessential gene in M.
tuberculosis (30, 31). To investigate the role of �B on susceptibility to antitubercular
drugs, we constructed a ΔsigB mutant by replacing the sigB gene with a hygromycin
cassette on the H37Ra genome. A complemented strain, H37RaΔsigB(pMV261::sigB),
was also constructed by reintroducing the episomal vector pMV261::sigB into the
H37Ra ΔsigB mutant (H37RaΔsigB).

A previous study showed that inactivation of sigB in H37Rv did not affect the survival
of H37Rv in macrophages but could make bacteria more sensitive to SDS stress and
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hypoxia in vitro (27). To probe the effect of sigB deletion on the bacterial growth of
H37Ra, growth curves of H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB) were
compared. As shown in Fig. 1, the ΔsigB mutant did show an obvious lag of growth
compared to the wild-type and complemented strains.

Deletion of sigB led to increased susceptibility to various antitubercular drugs.
The susceptibility of H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB) to various
antitubercular drugs was tested. The results showed that sigB deletion led to increased
sensitivities to most of the antitubercular drugs tested, as determined by MIC tests
(Table 1). As shown in Table 1, the MICs of four drugs (RFP, streptomycin [SM],
ethambutol [EMB], and norfloxacin) of the ΔsigB mutant were about 2- to 4-fold lower
than for the wild-type strain, whereas MICs of two drugs (INH and ofloxacin) did not
show any difference. Interestingly, we observed a remarkable decrease of MICs for the
two antifolates (PAS and sulfamethoxazole [SMX]) in the ΔsigB mutant (16-fold lower
than that of the wild-type strain). Moreover, changes in susceptibility to those drugs for
the ΔsigB mutant could be completely reversed in the complemented strain.

Effect of sigB deletion on the bactericidal effect of PAS against M. tuberculosis.
To further investigate the effect of sigB deletion on the bactericidal effect of PAS against
M. tuberculosis, PAS kill kinetics were compared between the sigB knockout mutant and
the wild-type strain. As shown in Fig. 2, we found that a dramatic decrease of viable
bacterial cell number (from 7 to 5.5 log10 CFU/ml) was observed for the ΔsigB mutant
after 24 h of PAS treatment but that only a slight decrease (�0.5 log10 CFU/ml) was

FIG 1 Growth curves of H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB) in liquid culture at 37°C. The
OD600 was measured by using a SynergyH1 Hybrid reader (BioTek, USA) every 48 h. Data represent the
means of three biological replicates, and error bars denote the standard deviations.

TABLE 1 MICs of various antitubercular drugs against H37Ra, H37RaΔsigB, and
H37RaΔsigB(pMV261::sigB) strains

Drug

MIC (�g ml�1)

Fold changeH37Ra H37Ra�sigB H37Ra�sigB(pMV261::sigB)

para-Aminosalicylic acid 0.04 0.0025 0.04 16
Sulfamethoxazole 25 1.5625 25 16
Rifampin 0.04 0.01 0.04 4
Isoniazid 0.1 0.1 0.1 1
Streptomycin 1.0 0.5 1.0 2
Ofloxacin 0.4 0.4 0.4 1
Norfloxacin 3.2 1.6 3.2 2
Ethambutol 1.25 0.625 1.25 2
WR99210 25.62 6.405 25.62 4
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observed for the wild-type strain. After treatment for 4 days, the viable bacterial cell
number of the ΔsigB mutant decreased to 3.5 log10 CFU/ml, while that of the wild-type
strain fell to 5.5 log10 CFU/ml. The viable cell number of the ΔsigB mutant continued
decreasing sharply from 8 days and onward, and no viable bacterial cells could be
detected in 10-�l cultures dropped on the 7H10 medium after 16 days of treatment
(data not shown). However, viable cell numbers of the wild-type strain could still be
detected after 16 days of PAS treatment (data not shown). During the course of PAS
treatment, survival of the complemented strain was very similar to that of the wild-type
strain.

Transcriptome analysis of the �sigB mutant. To obtain further insights on how
sigB deletion led to increased susceptibility to multiple antitubercular drugs, we
compared the global transcription profile between the ΔsigB mutant and wild-type
strain using transcriptome sequencing (RNA-seq) technology. Consequently, 175 genes
were identified to be significantly regulated, including 33 upregulated genes and 142
downregulated genes (see Table S1 in the supplemental material). Based on gene
ontology (GO) pathway enrichment analysis, changes in the expression level of many
genes involved in stress responses and pathogenesis could be observed (see Table S2
in the supplemental material), which was in consistent with the fact that �B plays a
central role in stress responses (27). We also found that 37 genes involved in bacterial
cell wall biosynthesis and 26 genes involved in bacterial plasma membrane biosynthe-
sis were downregulated, which might affect the permeability of the bacteria. In
addition, several transcriptional regulators were found to be up- or downregulated in
the ΔsigB mutant (Table 2). For example, the expression of whiB6, which plays a role on
regulating the ESX-1 secretion system and the Dos dormancy regulon in Mycobacterium
marinum (32), was downregulated in H37RaΔsigB.

Very importantly, we found that pabB, an essential component of the pABA synthe-
sis machinery in M. tuberculosis, was also downregulated in the ΔsigB mutant (Table 2),
and this was further proved by the subsequent quantitative real-time PCR (qRT-PCR)
analysis (Fig. 3A).

Deletion of sigB led to decreased expression level of PabB. A Western blot assay
was also performed to compare the expression level of PabB between different strains,
and the results showed that expression was significantly decreased in H37RaΔsigB
compared to the wild-type strain, which could be restored in the complemented strain
(Fig. 3B).

FIG 2 Killing curves of different M. tuberculosis strains after exposure to PAS at 0.4 �g ml�1 in liquid
medium (7H9 plus OADC). Experiments were performed in three biological replicates. Standard devia-
tions are indicated by error bars.
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Overexpression of pabB in M. tuberculosis led to PAS resistance. To further verify

that decreased expression of pabB was responsible for increased susceptibility to both
PAS and SMX in the ΔsigB strain, pabB was overexpressed in both H37RaΔsigB and the
wild-type strain. The results showed that the overexpression of pabB resulted in PAS
resistance (Table 3).

�B specifically recognized the promoter of pabB in vitro. To further investigate

whether �B could recognize the promoter of pabB directly, we performed an in vitro
transcriptional assay (Fig. 3C). We found that �B in combination with mycobacterial RNAP
core enzymes successfully initiated transcription from the promoter of the pabB gene.

Deletion of sigB caused decreased the production of pABA. The pabB

(MRA_1014) gene product was characterized to be the aminodeoxychorismate syn-
thase, an indispensable enzyme for the biosynthesis of pABA from chorismate in folate
de novo synthesis in bacteria. Consequently, decreased expression of PabB may lead
to decreased production of pABA. To determine production levels of pABA in H37Ra
and H37RaΔsigB mutant strains, an Escherichia coli W3110 ΔpabB mutant strain
(W3110ΔpabB) was constructed, which needed exogenous pABA to support its growth
both in E minimal medium and 7H9 plus oleic acid-albumin-dextrose-catalase (OADC)
medium (see Fig. S1 in the supplemental material). We also found that the in vitro
growth of E. coli W3110ΔpabB was pABA dose dependent (see Fig. S1A in the supple-
mental material). When E. coli W3110ΔpabB was cultured in E minimal medium plus
culture filtrates from different H37Ra strains, there was obviously less growth when

TABLE 2 Genes differentially regulated in the H37RaΔsigB strain versus the wild-type
H37Ra strain

Category and
gene Descriptiona

Fold
change Tendency

Growth
yrb1B Membrane protein 1.54 Up
yrbE4B ABC transporter permease 1.50 Up
pabB Aminodeoxychorismate synthase component I 0.54 Down
MRA_0320 Hypothetical protein 0.54 Down
MRA_0637 Hypothetical protein 0.57 Down
MRA_0881 Hypothetical protein 0.58 Down
mprB Two-component sensor histidine kinase 0.65 Down
cysD Sulfate adenylyltransferase subunit 2 0.60 Down
cysN Adenylyl-sulfate kinase 0.65 Down
MRA_1350 Membrane protein 0.67 Down
MRA_2389 Hypothetical protein 0.61 Down
MRA_2684 Antitoxin 0.21 Down
MRA_2056 Sugar ABC transporter substrate-binding

lipoprotein
0.63 Down

MRA_0067 RNase VapC1 0.59 Down
MRA_3842 Membrane protein 0.60 Down
sigB RNA polymerase sigma factor SigB 0.00 Down

Metabolic process
MRA_1007 Acetyltransferase 1.64 Up
msrA Peptide-methionine (S)-S-oxide reductase 0.56 Down
fabD2 Malonyl CoA-ACP transacylase 0.49 Down
pncA Bifunctional pyrazinamidase nicotinamidase 0.59 Down

Transcriptional
regulator

MRA_0471 Transcriptional regulator 0.53 Down
MRA_1735 Transcriptional regulator 0.46 Down
MRA_1828 Transcriptional regulator 1.76 Up
MRA_2649 Transcriptional regulator 0.54 Down
MRA_2671 Transcriptional regulator 0.62 Down
MRA_2909 Transcriptional regulator 1.67 Up
whiB6 Transcriptional regulator 0.43 Down

aCoA, coenzyme A.
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culture filtrates from H37RaΔsigB were used (Fig. 4), suggesting a decreased production
of pABA in the H37RaΔsigB mutant.

Disruption of pABA synthesis caused increased susceptibility to PAS. In M.
tuberculosis, pabA, pabB, and pabC are all essential genes for bacterial in vitro growth.
To confirm that decreased production of pABA finally caused increased susceptibility to
SMX and PAS, the pABA biosynthesis pathway was disrupted by deleting pabC in
H37Ra. We found that although pabC was predicted to be essential for in vitro growth
of M. tuberculosis, the first generation of the H37RaΔpabC mutant did grow on 7H10
solid plates without exogenous pABA and continued growing when inoculating into

FIG 3 PabB was regulated directly by �B in M. tuberculosis H37Ra. (A) Comparison of the transcriptional level of the
gene pabB during the exponential phase in H37Ra (WT) and H37RaΔsigB (KO) strains by qRT-PCR. The expression
levels of GAPDH mRNA were normalized as an endogenous control. Data are representative of three experiments,
and the statistical significance is indicated by an asterisk: *, P � 0.01. (B) Comparison of the expressional level of
PabB during the exponential phase in H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB) as determined by a
Western blot assay. Experiments were repeated at least three times, and representative results are shown. (a) Total
protein was normalized to 20 �g of each strain and then electrophoresed by SDS-PAGE and stained by Coomassie
brilliant blue. Lane M, the prestained protein marker; lane 1, total protein of H37Ra; lane 2, total protein of
H37RaΔsigB; lane 3, total protein of H37RaΔsigB(pMV261::sigB). (b) Western blot analysis of total protein immu-
noblotted with mice antisera of anti-PabB. Lane 1, anti-PabB immunoblotted to the total protein of H37RaΔsigB;
lane 2, anti-PabB immunoblotted to the total protein of H37RaΔsigB; lane 2, anti-PabB immunoblotted to the total
protein of H37RaΔsigB(pMV261::sigB). (C) [32P]RNA products synthesized in the in vitro transcription assay from the
indicated promoter of pabB. Transcription was performed by RNAP holoenzyme containing �B.

TABLE 3 PAS MICs against different mycobacterial strains

Strain Description MIC (�g ml�1)

H37Ra(pMV261) H37Ra transformed with pMV261 0.04
H37Ra(pMV261::pabB) H37Ra transformed with pMV261::pabB 0.64
H37RaΔsigB(pMV261::pabB) H37RaΔsigB transformed with pMV261::pabB 0.16
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liquid medium in the absence of pABA but stopped growing after it was subcultured
into liquid medium. Although the H37RaΔpabC mutant did not grow as well as the
wild-type strain in the absence of pABA on solid medium (see Fig. S2 in the supple-
mental material), it could be restored by the addition of a rather low concentration of
pABA (0.01 �g ml�1). Then, the susceptibility to PAS of the H37RaΔpabC mutant were
determined by MIC tests. The results showed that deletion of pabC led to increased
susceptibility to PAS in the presence of a limited amount of exogenous pABA (0.01 and
0.05 �g ml�1) (Table 4).

DISCUSSION

Previously, Thiede et al. reported that disruption of pABA biosynthesis potentiates
the antitubercular effect of anti-folates by up to 1,000-fold (33). Here, we showed that
SigB regulates the expression of pabB gene in M. tuberculosis and, as a result, deletion
of sigB results in decreased expression of pabB, impaired pABA production, and increase
susceptibility to antifolates.

Although the folate de novo biosynthesis pathway has been well studied in bacteria,
very little is known about its regulation. In 2010, a eubacterial riboswitch class that
selectively binds derivatives of folate was discovered, indicating a role of riboswitches
for the regulation of folate biosynthesis (34). However, further evidence is required to
prove this. Very recently, a vitamin B12-binding light sensing transcriptional regulator (PhrR)
was found in Halomonas, which modulates the expression of three genes related to folate
biosynthesis (folE, folK, and folM) and shows the existence of transcriptional regulation of
folate biosynthesis in bacteria (35). Further studies are necessary to see whether there
would be any homologue of PhrR in other bacteria beyond gammaproteobacteria.

Except for PhrR, sigB, a well-known transcriptional regulator in bacteria, has also
been shown to be related to folate metabolism. Previously, the alternative thymidylate
synthase ThyX, which is involved in folate transformation, was found to be regulated by
SigB (28). Since M. tuberculosis also has an alternative thymidylate synthase gene thyX

FIG 4 The synthesis of pABA was impaired in H37RaΔsigB. The growth curves of E. coli W3110ΔpabB were
determined in the presence of filtrates from culture of H37Ra (WT-filtrate) and H37Ra ΔsigB (KO-filtrate)
strains separately. The means of three biological replicates are shown, and error bars denoted the
standard deviations.

TABLE 4 PAS MICs against H37Ra and H37RaΔpabC strains supplemented with pABA

pABA concn (�g ml�1)

MIC (�g ml�1)

H37Ra H37Ra�pabC

0.01 0.32 0.02
0.05 �0.32 0.08
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(36), we wondered whether SigB could also regulate the expression of thyX in M.
tuberculosis. Therefore, we deleted the sigB gene in H37Ra and tested its effect on thyX
expression through Western blot analysis. Meanwhile, the susceptibility of the
H37RaΔsigB mutant to different types of antitubercular drugs, including antifolates, was
also tested. To our surprise, although deletion of sigB in M. tuberculosis caused in-
creased susceptibility to PAS and SMX, it did not affect the expression of thyX (see Fig.
S3 in the supplemental material). These data suggested that in M. tuberculosis SigB does
not regulate the expression of thyX and that the increased susceptibility to PAS and
SMX caused by sigB deletion was not related to thyX.

Although the microarray data of H37Rv ΔsigB under normal growth and stress
conditions had been reported (27), we failed to find any reasonable clue as to why the
sigB knockout mutant was more sensitive to antifolates. From the known action
mechanisms of PAS and SMX, we can see that pABA is able to antagonize the
antitubercular effects of both drugs, which means disruption of the pABA biosynthesis
pathway may result in increased sensitivity to both drugs. Thus, we speculated that the
deletion of sigB might affect the expression of genes involved in pABA biosynthesis. The
data from our comparative RNA-seq analysis between H37Ra and its sigB deletion
mutant strain showed that in M. tuberculosis the expression of pabB was regulated by
SigB, which was confirmed by subsequent qRT-PCR and Western blot analysis.

In addition, our data of in vitro transcriptional analysis further confirmed that sigB is
indeed able to recognize the promoter of pabB and initiate gene transcription. Al-
though the transcription of pabB could be initiated by �B in vitro, the expression of
pabB was not completely eliminated in the ΔsigB mutant (Fig. 3), suggesting the
existence of other transcriptional regulators, such as SigA, for pabB in M. tuberculosis.
The alternative sigma factor SigB of M. tuberculosis shows 62.9% identity to its
principal sigma factor SigA in amino acid sequences (37, 38). Furthermore, a
previous study showed that these two sigma factors recognize similar promoters
with a conserved �10 element in TANNNT (39). In accordance, the pabB promoter
contains a 5=-TAAGAT-3= as the �10 element upstream of the transcriptional start site
identified by Shell et al. (40). Thus, SigA and SigB may both be in charge of the initiation
of pabB transcription in M. tuberculosis.

Since pabB is essential for pABA biosynthesis and thus essential for in vitro bacterial
growth, we speculated that a decrease in pabB expression might result in decreased
production of pABA in the ΔsigB mutant. Thus, we used the E. coli W3110 ΔpabB mutant
to compare the pABA production level between different H37Ra strains, and the results
showed that the deletion of sigB led to decreased pABA production. Considering the
impairment to pABA synthesis caused by sigB deletion, SigB should not be only
regarded as an environmental stress responder in M. tuberculosis. In fact, it has been
reported that in C. glutamicum, SigB was involved in the positive regulation of glucose
metabolism even during the aerobic exponential phase (41). In addition, the homologue
of SigB in E. coli, RpoS, was also shown to play an important role in iron acquisition and
other metabolism gene regulation during exponential growth (42). Our data (in combina-
tion with those previous observations) suggested that SigB also played important roles
under standard physiological growth conditions, and as a result, inactivation of sigB led to
a slower growth under normal in vitro growth conditions (Fig. 1).

It has been previously reported that in Pseudomonas aeruginosa, RpoS (the homo-
logue of SigB) was involved in tolerance to multiple antibiotics (43, 44). Therefore,
except for antifolates, susceptibility to other antitubercular drugs was also tested for
the H37RaΔsigB mutant (Table 1). The results showed that the deletion of sigB in M.
tuberculosis also led to increased susceptibility to many other antitubercular drugs. To
obtain further insights into how sigB deletion affects susceptibility to multiple antitu-
bercular drugs, we returned to our comparative RNA-seq data and found that deletion
resulted in the downregulation of 37 genes involved in biosynthesis of the bacterial cell
wall and 26 genes involved in biosynthesis of bacterial the plasma membrane, which
might change bacteria permeability. However, further studies are required to probe the
effect of sigB deletion on M. tuberculosis cell permeability.
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Taken together, we found that deletion of sigB affected the in vitro growth of H37Ra
and susceptibility to various antitubercular drugs, including PAS and SMX. It seemed
that, in M. tuberculosis H37Ra, sigB could affect susceptibility to PAS and SMX through
at least two different ways: first, by regulating the expression of pabB, which has been
verified in this study, and second, by modulating the permeability of the bacterial cell,
which requires further verification. So far, this is the first report showing that SigB
modulates the biosynthesis of pABA by regulating the expression of pabB, which
broadens our understanding of both the physiological function of SigB and the
regulation mechanisms of folate biosynthesis in mycobacteria.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. M. tuberculosis strains were cultured at 37°C in

7H9 medium consisting of Middlebrook 7H9 broth (Difco), 10% (vol/vol) OADC (Difco), 0.5% (vol/vol)
glycerol, and 0.05% (vol/vol) Tween 80 (Sigma-Aldrich) or on 7H10 agar medium (Difco) supplemented
with 10% (vol/vol) OADC (Difco) and 0.5% (vol/vol) glycerol. Mycobacterium smegmatis mc2155 was
grown in Middlebrook 7H9 medium or on 7H10 agar medium, both without adding OADC. E. coli trains
HB101 and BL21(DE3) were cultured in Luria-Bertani (LB) medium (Difco) at 37°C or in E minimal medium
(citric·H2O [2 g/liter], MgSO4·7H2O [0.2 g/liter], K2HPO4·3H2O [13.09 g/liter], NaNH4HPO4·4H2O [3.5 g/liter])
supplemented with 0.5% D-(�)-glucose. Plasmid pET-21a (Novagen) and pMV261 were used for the
construction of expression plasmids. The gene-specific primers used for the construction of recombinant
plasmids are listed in Table S3 in the supplemental material. Where appropriate, the culture medium was
supplemented with hygromycin at 75 �g ml�1 for mycobacteria and 150 �g ml�1 for E. coli, kanamycin
at 25 �g ml�1 for mycobacteria and 50 �g ml�1 for E. coli, and ampicillin at 100 �g ml�1 for E. coli.

Construction of mycobacterial mutant and complemented strains. A modified strategy for
specialized transduction was used to construct the M. tuberculosis H37RaΔsigB mutant. Genomic regions
flanking sigB, 705 bp upstream (region containing MRA_2737 and MRA_2736) and 838 bp downstream
(region containing ideR), were amplified by PCR. The primers used for amplification of the upstream of
sigB were sigBkoLFP and sigBkoLRP, and those for the region downstream were sigBkoRFP and sigBkoRRP.
The recombinant plasmid p0004s-L�R was constructed by inserting the Van91I-digested PCR products
into the plasmid p0004s digested with Van91I. Then, the p0004s-L�R was digested with PacI and ligated
to the PacI-digested shuttle phasmid vector phAE159. After ligation, the recombinant cosmid phAE159-
p0004s-L�R was transduced into E. coli HB101 in an in vitro �-packaging reaction (Epicentre Biotech-
nologies, MaxPlax Lambda packaging extracts). Phasmid DNA prepared from confirmed selected
hygromycin-resistant transductants was electroporated into M. smegmatis mc2155 to generate the
specialized transducing phage. As described in a previous study (45), the transducing phage at the most
efficient titer was used to infect H37Ra at a multiplicity of infection of 10. Successful specialized
transduction of H37Ra was confirmed by comparing the size of the PCR-amplified product of
hygromycin-resistant colonies with wild-type H37Ra using primers sigBLYZ and sigBRYZ (see Table
S3 in the supplemental material). The gene sigB was amplified from M. tuberculosis H37Ra genomic
DNA using the specific primers sigB-L and sigB-R (see Table S3) and then cloned into pMV261 to yield
pMV261::sigB. The complemented strain was constructed by electrotransforming the recombinant
plasmid pMV261::sigB into the competent cell of H37RaΔsigB and plated on 7H10 medium supplemented
with hygromycin at 75 �g ml�1 and kanamycin at 25 �g ml�1.

Construction of the H37RaΔpabC mutant was performed by the same strategies described above
except for the last screening step in which, screening was performed on 7H10 medium supplemented
with hygromycin at 75 �g ml�1 and an additional 10 �g ml�1 pABA.

Drug susceptibility tests. Mycobacterial cells were cultured to optical density at 600 nm (OD600) of
0.5 to 1.0 and diluted to about 105 CFU ml�1 by 10-fold serial dilutions in fresh 7H9 medium with or
without 10% OADC. Bacteria were plated onto 7H10 agar solid plates containing various concentrations
of different drugs: PAS (0, 0.00125, 0.0025, 0.005, 0.01, 0.02, 0.04, 0.08, 0.16, and 0.32 �g ml�1), SMX (0,
0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, and 200 �g ml�1), WR99210 (0, 1, 2, 4, 8, 16, 32, 64, and
128 �M), INH (0, 0.00625, 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 �g ml�1), RIF (0, 0.000625, 0.00125,
0.0025, 0.005, 0.01, 0.02, 0.04, 0.08, and 0.16 �g ml�1), SM (0, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, and
8 �g ml�1), EMB (0, 0.15625, 0.3125, 0.625, 1.25, 2.5, 5, and 10 �g ml�1), ofloxacin (0, 0.025, 0.05, 0.1, 0.2,
0.4, 0.8, and 1.6 �g ml�1), and norfloxacin (0, 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 �g ml�1). All antibiotics were
purchased from Sigma-Aldrich and solubilized according to the manufacturer’s recommendations.
Cultures were incubated at 37°C for 21 days. The MIC was defined as the lowest required concentration
of antibiotics to inhibit the growth of 99% bacterial CFU. MIC tests for the H37RaΔpabC mutant were
performed on the 7H10 medium in the presence of different concentrations of pABA (0.01, and 0.05 �g
ml�1) with various concentrations of PAS as described above.

Kill kinetics of PAS against M. tuberculosis. Bacteria were grown to OD600 of 0.5 to 1.0 and diluted
to about OD600�0.1 (107 CFU ml�1) in fresh 7H9 medium with OADC, and 0.4 �g ml�1 (10�MIC of WT)
of PAS was used in PAS treatment. Cultures were incubated at 37°C, and aliquots of samples were taken
and plated on 7H10 medium after serial dilutions at days 0, 1, 4, and 8, separately.

RNA-seq. Total RNA was isolated using an RNeasy minikit (Qiagen, Germany). Library constructions
were prepared using TruSeq stranded total RNA sample preparation kit (Illumina, USA), and RNA
sequencing was conducted using an Illumina HiSeq 2500 at Shanghai Biotechnology Corporation. The
insert size conformation of purified libraries was validated by an Agilent 2100 bioanalyzer (Agilent
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Technologies, USA). Bowtie2 v2-2.0.5 was used to map the cleaned reads to the M. tuberculosis H37Ra
genome acquired from the National Center for Biotechnology Information (https://www.ncbi.nlm.nih
.gov/nuccore/148659757?report�GenBank). Then, HTSeq v2.1.1 was run with a reference annotation to
generate fragments per kilobase of exon model per million mapped reads values for estimation of fold
changes. Three biological replicates were used in RNA-seq and the P and q values were calculated. The
differentially expressed genes were selected using the following filter criteria: a false discovery rate
of �0.05 and a fold change of �1.5.

Quantitative real-time PCR assays. Total RNA was extracted as described previously, and cDNA was
synthesized with a ReverTra Ace qPCR kit (Toyobo) according to the manufacturer’s instructions.
Quantification of the gene expression levels was performed by real-time qPCR analysis on a 7900 HT
sequence detection system (ABI, USA) with ABI Power SYBR green PCR master mix. Primers specific to
pabB were designed and synthesized by Sangon Biotech (Shanghai) Co., Ltd. Expression levels of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA were normalized as an endogenous control. The
gene-specific primers pabB-qRT-L and pabB-qRT-R used are listed in Table S3 in the supplemental
material.

In vitro transcription assay. The recombinant M. tuberculosis RNAP core enzyme containing 6�His
tag at the C terminus of the �= subunit was purified from E. coli BL21(DE3) carrying pMR4 plasmid as
described previously (39). Mycobacterial SigB was expressed in Escherichia coli BL21(DE3) using pET28a
plasmid and purified as previously described (39). In vitro transcription was performed in transcription
buffer (20 mM Tris-HCl [pH 7.9], 50 mM NaCl, 5 mM MgSO4, 1 mM dithiothreitol, 0.1 mM EDTA, and 5%
glycerol) in a total volume of 5 �l. RNAP holoenzyme was assembled by mixing the 600 nM SigB with
200 nM core RNAP, followed by incubation for 5 min. A 15 nM promoter DNA fragment was added,
followed by incubation at 37°C for 10 min. Transcription was initiated by the addition of 50 �M ATP, GTP,
and CTP and 3 �Ci of [�-32P]UTP and then carried out for 10 min at 37°C. Reactions were stopped by
adding 8 M urea, and the synthesized RNA products were analyzed on denaturing (7 M urea) 18%
polyacrylamide gel electrophoresis (PAGE). The primers pabB-p-L and pabB-p-R listed in Table S3 in the
supplemental material were designed according to the reported transcription start site of pabB analyzed
by Shell et al. for in vitro transcriptional assay (40).

Purification of recombinant histidine-tagged PabB. PabB was amplified from M. tuberculosis
H37Ra genomic DNA using the specific primers MpabB-L and MpabB-R (see Table S3) and cloned into
pET21a to yield pET21a::pabB. After sequence verification, these recombinant plasmids were transformed
into E. coli BL21(DE3). The transformed E. coli BL21(pET21a::pabB) cells were grown at 37°C in LB broth
to an OD600 of �0.6. Then, 0.2 mM IPTG (isopropyl-�-D-thiogalactopyranoside) was added, followed by
incubation at 16°C for 20 h. The cells were harvested by centrifugation after incubation and resuspended
in 50 mM Tris-HCl, 500 mM NaCl, and 20 mM imidazole (pH 8.0). Suspensions were disrupted by
sonication and clarified by high-speed centrifugation. After centrifugation, the supernatants were mixed
with prewashed nickel-nitrilotriacetic acid His-Trap HP affinity resin (GE Healthcare) at 4°C overnight, and
nonspecifically bound protein was removed by washing the resin with 50 mM Tris-HCl, 0.5 M NaCl, and
60 mM imidazole (pH 8.0). Meanwhile, recombinant PabB was eluted with 50 mM Tris-HCl, 0.5 M NaCl,
and 200 mM imidazole (pH 8.0) separately. SDS-PAGE was used to analyze the acquired elution.

Antibody preparation of PabB. Five mice as a group were immunized with purified recombinant
PabB. They were injected intramuscularly with 0.5 mg of recombinant proteins in a ratio of 1:1 (vol/vol)
with Freund complete adjuvant for the first immunization. Then, every 2 weeks a similar injection was
subcutaneously administered, except that Freund incomplete adjuvant was used. Immune sera were
collected after four injections, and mice were bled a week after the fourth injection. The specificity of
antisera against recombinant proteins was tested by Western blotting assay.

Western blot analysis. The H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB) strains were cultured
in 50 ml of 7H9 medium at 37°C and harvested at log phase by centrifugation. For Western blot analysis,
pellets were resuspended in 50 mM Tris-HCl, 500 mM NaCl, and 20 mM imidazole (pH 8.0) and then lysed
by using zirconium beads. Protein samples acquired from the supernatant after centrifugation were
separated by SDS–10% PAGE and immediately transferred to a polyvinylidene difluoride membrane
(Merck Millipore, Darmstadt, Germany) by a Bio-Rad SD device (Bio-Rad Laboratories, Hercules, CA) at 15
V for 25 min. Finally, the proteins were probed with mice antisera against PabB.

Growth curves of the E. coli W3110 �pabB mutant. Filtrates from cultures of the three strains
[H37Ra, H37RaΔsigB, and H37RaΔsigB(pMV261::sigB)] were collected, respectively, through sterile filters
(Millipore). E. coli W3110ΔpabB was cultured to log phase in LB medium at 37°C and then harvested by
centrifugation. After that, the pellet was washed twice and resuspended for inoculation (at ca. 106 to 107

CFU/ml) into fresh E medium supplemented with 0.5% D-(�)-glucose for starvation. After incubation at
37°C to consume the endogenous pABA for 72 h, the E. coli W3110ΔpabB mutant was inoculated (105

CFU/ml) into 2 ml of ETG plus 8-ml filtrates from the different strains mentioned above. The growth of
bacterial cultures was measured by monitoring the OD600 every 24 h using a spectrophotometer
(Bio-Rad).
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