
Identification of Novel Efflux Proteins
Rv0191, Rv3756c, Rv3008, and Rv1667c
Involved in Pyrazinamide Resistance in
Mycobacterium tuberculosis

Yumeng Zhang,a Jia Zhang,a Peng Cui,a Ying Zhang,a,b Wenhong Zhanga

Key Laboratory of Medical Molecular Virology, Institute of Medical Microbiology, Department of infectious
Diseases, Huashan Hospital, Fudan University, Shanghai, Chinaa; Department of Molecular Microbiology and
Immunology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland, USAb

ABSTRACT Pyrazinamide (PZA) is a critical drug used for the treatment of tubercu-
losis (TB). PZA is a prodrug that requires conversion to the active component pyrazi-
noic acid (POA) by pyrazinamidase (PZase) encoded by the pncA gene. Although re-
sistance to PZA is mostly caused by pncA mutations and less commonly by rpsA,
panD, and clpC1 mutations, clinical strains without these mutations are known to ex-
ist. While efflux of POA was demonstrated in Mycobacterium tuberculosis previously,
the efflux proteins involved have not been identified. Here we performed POA bind-
ing studies with an M. tuberculosis proteome microarray and identified four efflux
proteins (Rv0191, Rv3756c, Rv3008, and Rv1667c) that bind POA. Overexpression of
the four efflux pump genes in M. tuberculosis caused low-level resistance to PZA and
POA but not to other drugs. Furthermore, addition of efflux pump inhibitors such
as reserpine, piperine, and verapamil caused increased susceptibility to PZA in M.
tuberculosis strains overexpressing the efflux proteins Rv0191, Rv3756c, Rv3008, and
Rv1667c. Our studies indicate that these four efflux proteins may be responsible for
PZA/POA efflux and cause PZA resistance in M. tuberculosis. Future studies are
needed to assess their roles in PZA resistance in clinical strains.
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Tuberculosis (TB) remains a major global public health problem despite the avail-
ability of current chemotherapy and the Mycobacterium bovis BCG vaccine. In 2015,

there were an estimated 10.4 million new TB cases and 1.4 million deaths worldwide (1).
The number of new cases of multidrug-resistant tuberculosis (MDR-TB) has reached
480,000. PZA is an important TB drug that shortens the duration of therapy from the
previous 9 to 12 months to 6 months (2) due to its ability to kill a population of persister
bacilli that are not killed by other TB drugs (3, 4). However, clinically, resistance to PZA
is becoming an increasing problem (5–8), and its mechanisms of resistance are not
completely understood.

PZA is a prodrug that requires conversion to its active form, POA, by pyrazinamidase
(PZase) encoded by the pncA gene (9). Mutations in pncA leading to the loss of PZase
activity are the major mechanism of PZA resistance (4, 10, 11). PZA is known to interfere
with multiple functions in Mycobacterium tuberculosis, including cytoplasmic acidifica-
tion (12), disruption of membrane energy and transport function (12, 13), inhibition of
the protein degradation pathway via RpsA involved in trans-translation (14) and also
ClpC1 protease (15, 16), and energy production via PanD (17–19). Although resistance
to PZA is mostly caused by pncA mutations and less commonly by rpsA, panD, and
clpC1, clinical strains without these mutations such as 9739 (20) are known to exist.
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Efflux pumps are known to play a major role in drug resistance in other bacteria (21,
22). More recently, efflux proteins were shown to be involved in resistance to bedaqui-
line and clofazimine (CFZ) (23–25). The efflux pump systems can be divided into the
ATP-binding cassette (ABC) superfamily, the major facilitator superfamily (MFS), the
multidrug and toxic compound extrusion (MATE) family, the small multidrug resistance
(SMR) family, and the resistance nodulation division (RND) superfamily. So far, the efflux
pumps reported in M. tuberculosis have belonged to the ABC, MFS, and SMR super-
families (26). It has been demonstrated that M. tuberculosis has a weak POA efflux
activity that can be inhibited by reserpine and energy inhibitors, but in contrast,
Mycobacterium smegmatis has a very efficient efflux system (12, 13). However, despite
many studies, the efflux proteins involved in PZA/POA extrusion have not been
identified.

In this study, we took a different approach by looking at proteins that bind POA
from the M. tuberculosis proteome microarray and identified four putative efflux
proteins: Rv0191, Rv3756c, Rv3008, and Rv1667c. We demonstrate that overexpression
of the genes coding for these four proteins in M. tuberculosis caused resistance to PZA
but not to other TB drugs and that inhibitors of efflux pumps caused increased
susceptibility to PZA.

RESULTS
POA binding study with M. tuberculosis proteome microarray. The Mycobacte-

rium tuberculosis proteome microarray contains 4,262 recombinant proteins, covering
more than 95% of the coding genes (27). The candidate list was generated by
calculating the signal-to-noise ratio (SNR). The SNR of each protein was averaged for
the two duplicated spots on each microarray to ensure reproducibility. Here the
positive criterion for binding was determined as an SNR of �3. We identified 85 positive
proteins that bound POA (Fig. 1), and in this study, we focused on four proteins that are
functionally related to drug efflux/transport for further study: Rv0191 (a predicted
arabinose efflux permease), Rv3756c (glycine betaine/carnitine/choline/L-proline ABC
transporter permease), Rv3008 (uncharacterized membrane protein YhiD, involved in
acid resistance), and Rv1667c (macrolide-transport ATP-binding ABC transporter).

Overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c caused PZA and POA
resistance in M. tuberculosis. To determine if Rv0191, Rv3756c, Rv3008, and Rv1667c
are involved in PZA resistance, we overexpressed the genes coding for these four
proteins from M. tuberculosis in M. tuberculosis strain H37Ra. Results showed that
overexpression of the Rv0191, Rv3756c, Rv3008, and Rv1667c genes caused PZA resis-
tance (MIC of �200 �g/ml at pH 6.8 [Fig. 2B, C, D, and E, respectively]) in M. tuberculosis
strain H37Ra compared with the pOLYG vector control (MIC of �100 �g/ml at pH 6.8
[Fig. 2A]). In addition, as an irrelevant control, the strain overexpressing Rv2535c
involved in clofazimine (CFZ) resistance was sensitive to PZA (MIC of �50 �g/ml at pH
6.8 [Fig. 2F]). These results suggested that overexpression of Rv0191, Rv3756c, Rv3008,
and Rv1667c was responsible for the increased PZA MIC of M. tuberculosis H37Ra.
Results of POA susceptibility testing showed that Rv0191, Rv3756c, Rv3008, and Rv1667c
overexpression strains were all resistant to POA at 25 �g/ml, while the pOLYG vector
control was sensitive at this concentration (Fig. 3).

Overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c did not cause resis-
tance to other drugs. To determine whether Rv0191, Rv3756c, Rv3008, and Rv1667c
are specific to PZA or can transport multiple unrelated drugs, susceptibility to other
drugs, including other first-line and second-line drugs, was performed in the same way.
We found that overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c caused no
resistance to frontline drugs isoniazid (INH) and ethambutol (EMB) (INH, � 0.05 �g/ml;
EMB, �1.0 �g/ml) or second-line drugs CFZ, amikacin (AMK), streptomycin (STR), and
levofloxacin (LEV) (CFZ, �0.5 �g/ml; AMK, �1.0 �g/ml; STR, �0.25 �g/ml; LEV, �0.25
�g/ml) (data not shown). These findings suggest that Rv0191, Rv3756c, Rv3008, and
Rv1667c do not seem to transport the other TB drugs and instead participate in
extruding PZA specifically.
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Validation of Rv0191, Rv3756c, Rv3008, and Rv1667c overexpression in H37Ra
by real-time RT-PCR. Overexpression of the Rv0191, Rv3756c, Rv3008, and Rv1667c
genes in the H37Ra/pOLYG-Rv0191, H37Ra/pOLYG-Rv3756c, H37Ra/pOLYG-Rv3008, and
H37Ra/pOLYG-Rv1667c strains was confirmed by real-time reverse transcription (RT)-
PCR. As shown in Fig. 4, 77.1 � 12.8-, 64.0 � 19.0-, 71.3 � 0.3-, and 12.3 � 0.8-fold
increases in expression of Rv0191, Rv3756c, Rv3008, and Rv1667c were detected in

FIG 2 PZA susceptibility testing of strains overexpressing Rv0191, Rv3756c, Rv3008, and Rv1667c. (A) pOLYG vector control. (B) pOLYG-Rv0191. (C) pOLYG-
Rv3756c. (D) pOLYG-Rv3008. (E) pOLYG-Rv1667c. (F) pOLYG-Rv2535c.

FIG 1 POA binding study with the M. tuberculosis proteome microarray. Each array contained biotin-
labeled BSA as a positive control. Positive proteins are marked with an arrow.
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strains containing pOLYG-Rv0191, pOLYG-Rv3756c, pOLYG-Rv3008, and pOLYG-Rv1667c,
respectively, compared to the strain containing only the pOLYG vector.

Mutations of Rv0191, Rv3756c, Rv3008, and Rv1667c in PZA-resistant clinical
strains in the GMTV database. The results of a search of the Genome-wide
Mycobacterium tuberculosis Variation (GMTV) database showed that mutations of
Rv0191, Rv3756c, Rv3008, and Rv1667c are associated with PZA resistance in clinical
strains (Table 1). Among them, mutations of Rv0191 were the most common, where 406
mutations in the Rv0191 gene are associated with PZA resistance in the GMTV database,
most of which occurred in the 213th and 66th codons. These findings suggest that
mutations in Rv0191, Rv3756c, Rv3008, and Rv1667c may play important roles in PZA
resistance in clinical strains of M. tuberculosis.

Efflux inhibition decreased PZA resistance in strains overexpressing Rv0191,
Rv3756c, Rv3008, and Rv1667c. In the presence of the efflux pump inhibitors res-
perine, piperine, and verapamil, PZA resistance caused by overexpression of Rv0191,
Rv3756c, Rv3008, and Rv1667c was reduced (Fig. 5). The efflux inhibition by reserpine
and verapamil in overexpression strains showed a 2-fold decrease in MICs of PZA (Fig.
5A and C, respectively). Piperine also had an inhibitory effect on the resistance levels
(Fig. 5B). The PZA MIC of the overexpression strains was decreased, which provides
further evidence that the function of these genes is indeed encoding efflux pumps
for POA.

DISCUSSION

PZA resistance is mainly caused by mutations in the pncA gene, encoding PZase
involved in conversion of prodrug PZA to the active form POA (8, 9). Mutations in
potential drug targets PanD, RpsA, and ClpC1, involved in energy metabolism and
protein degradation, respectively (14, 17, 18, 28) are less common. However, there are
still some clinical strains, such as strain 9739 (20), that do not have any of the known
resistance gene mutations in pncA, rpsA, panD, and clpC1 (unpublished observation).
Although mutations of drug targets are thought to be the primary mechanism of drug
resistance, efflux pumps are also found to be an important resistance mechanism in

FIG 3 POA susceptibility testing of strains overexpressing Rv0191, Rv3756c, Rv3008, and Rv1667c. (A)
pOLYG vector control. (B) pOLYG-Rv0191. (C) pOLYG-Rv3756c. (D) pOLYG-Rv3008. (E) pOLYG-Rv1667c.

FIG 4 Relative quantitation of efflux pump genes overexpressed by real-time reverse transcription-PCR.
M. tuberculosis 16S rRNA was used as a reference gene.
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many bacteria (21, 29). It has been reported that M. tuberculosis has a weak or deficient
POA efflux mechanism that can be inhibited by efflux pump inhibitors such as
reserpine or the energy inhibitor valinomycin (13, 30). However, the efflux pump
involved in PZA/POA extrusion in M. tuberculosis has never been identified. Here, we
used a novel approach to identify possible POA binding proteins from the entire M.
tuberculosis proteome, identified 4 potential efflux proteins (Rv0191, Rv3756c, Rv3008,
and Rv1667c), and demonstrated that their overexpression specifically caused resis-
tance to PZA and POA but not to other TB drugs.

We found that recombinant strains showed a �60-fold increase in expression of
Rv0191, Rv3756c, and Rv3008 and �12-fold increases in expression of Rv1667c as
confirmed by real-time PCR analysis. Our experiments showed that MICs of PZA in
recombinant strains were increased (4-fold) compared with that of the control strain. In
addition, a strain overexpressing Rv2535c involved in clofazimine resistance as an

TABLE 1 Mutations in Rv0191, Rv3756c, Rv3008, and Rv1667c in PZA-resistant strains in
the GMTV database

Gene No. of SNPsa

Most common nucleotide
variation (no.) Codon no. Effectb

Rv0191 406 GCT/ACT (299) 213 Nonsynon
GCC/GCT (87) 66 Synon

Rv3756c 58 GTT/GTG (42) 78 Synon
Rv3008 16c

Rv1667c 19 CCG/CCT (9) 136 Syn
aSNPs, single nucleotide polymorphisms.
bNonsyn, nonsynonymous; Syn, synonymous.
cAll 16 SNPs are distinct.

FIG 5 Efflux inhibitors decreased PZA resistance caused by overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c. (A) PZA plus
resperine. (B) PZA plus piperine. (C) PZA plus verapamil.
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irrelevant control was still susceptible to PZA, suggesting that overexpression of
Rv0191, Rv3756c, Rv3008, and Rv1667c is specifically involved in PZA resistance.
Furthermore, the PZA MICs for H37Ra strains carrying pOLYG-Rv0191, pOLYG-Rv3756c,
pOLYG-Rv3008, and pOLYG-Rv1667c were also decreased in the presence of the efflux
inhibitors reserpine, piperine, and verapamil. These findings with efflux inhibitors
provide further support for the involvement of the 4 newly identified PZA efflux
proteins in PZA resistance in M. tuberculosis.

Results of POA susceptibility testing showed that overexpression of Rv0191, Rv3756c,
Rv3008, and Rv1667c caused a low level of POA resistance. PZA is a prodrug that enters
the bacilli by passive diffusion and is converted by PZase into POA, which exits cells via
passive diffusion and a deficient efflux mechanism in M. tuberculosis (12). This mode of
action of PZA provides explanation for the low-level resistance caused by strains
overexpressing Rv0191, Rv3756c, Rv3008, and Rv1667c. In addition, a small amount of
PZA may be extruded by efflux pumps before activation, which can explain a higher
level of PZA resistance but lower level of resistance to POA.

To further confirm Rv0191, Rv3756c, Rv3008, and Rv1667c are involved in the efflux
of PZA, mutations of these four genes were analyzed in clinical strains resistant to PZA
in the GMTV database. The results showed that there were indeed many mutations in
Rv0191, Rv3756c, Rv3008, and Rv1667c, where mutations of Rv0191 were the most
common. In addition, 299 of the 406 strains carried nonsynonymous single nucleotide
polymorphisms at the 213th codon (GCT/ACT) of Rv0191, suggesting that this mutation
may be related to PZA resistance clinically. There existed high-frequency synonymous
mutations in the 66th codon (GCC/GCT [87 of 406]) of Rv0191, in the 78th codon
(GTT/GTG [42 of 58]) of Rv3756c, and in the 136th codon (CCG/CCT [9 of 19]) of Rv1667c.
Synonymous mutations usually seem not to affect the final amino acid sequences of
proteins, but several studies have shown that synonymous mutations are associated
with carcinogenesis, indicating a functional role of synonymous mutations (31, 32).
Changes in biases of codon and mRNA secondary structure may affect mRNA stability,
ribosomal translation, or protein folding (33). It remains to be determined whether
these mutations in Rv0191, Rv3756c, and Rv1667c are associated with PZA resistance in
clinical strains in future studies.

The finding that overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c conferred
a resistance phenotype to PZA and POA but not to other drugs suggests that these
efflux proteins are specifically responsible for resistance to PZA. However, we observed
a consistent higher susceptibility to INH in the overexpression strains, suggesting
Rv0191, Rv3756c, Rv3008, and Rv1667c may participate in INH transport or uptake.
Structurally, PZA and INH are structural analogs of nicotinamide, and studies in mice
showed a negative interaction of INH and PZA (34). Hence, PZA and the structurally
related molecule INH may be identified by the same transport protein. Future studies
are needed to address this possibility and the substrate specificity of the efflux proteins
by detailed uptake and biochemical studies.

In summary, we identified four new PZA/POA efflux proteins (Rv0191, Rv3756c,
Rv3008, and Rv1667c) that are involved in PZA resistance in M. tuberculosis. Our findings
are significant as they offer a possible new mechanism of PZA resistance via efflux in
M. tuberculolsis. Future studies are needed to determine their contribution in PZA
resistance in clinical isolates.

MATERIALS AND METHODS
POA binding study using the M. tuberculosis proteome microarray. POA was biotinylated (Fanbo

Biochemicals, China) as shown in Fig. 6. First, the M. tuberculosis proteome microarray (BC Biotech, China)
was blocked in blocking buffer (3 ml 10% bovine serum albumin [BSA], 7 ml 1� phosphate-buffered
saline [PBS]) with shaking 50 to 60 rpm at room temperature for 1 h. Then, 0.5 mM biotin-POA and 0.5
mM biotin-BSA as a control (Sigma-Aldrich) were prepared in incubation buffer (3 ml 10% BSA, 7 ml 1�
PBS-Tween 20 [PBST]) and added to cover the microarray after removal of the blocking buffer. After
incubation at room temperature with shaking for 1 h, the microarray was washed with 1� PBST for three
times with shaking. Then 3 ml Cy3-streptavidin (Sigma-Aldrich) was added, followed by incubation at
room temperature with shaking in the dark for 1 h. After being washed three times in 1� PBST and twice
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in double-distilled water (ddH2O), the microarray was dried and scanned using a LuxScan 10�-A scanner.
Data were analyzed with GenePix Pro 6.0 software.

Candidate gene overexpression. Rv0191, Rv3756c, Rv3008, and Rv1667c were amplified by PCR from
M. tuberculosis strain H37Ra. The primers used are listed in Table 2. Since the vector pOLYG we used was
a noninducible vector, the forward primers of genes we designed were taken about 150 to 300 bp
upstream of the start codon to include their own promoters (35). The PCR products were digested with
the restriction enzymes XbaI and HindIII (Thermo Fisher) and ligated to the plasmid pOLYG digested with
the same enzymes. Recombinant constructs were confirmed by DNA sequencing and electroporated into
M. tuberculosis H37Ra (36). The complete pOLYG vector alone was electroporated into M. tuberculosis
H37Ra as a control. Simultaneously we overexpressed Rv2535c, which encodes cytoplasmic peptidase
PepQ involved in clofazimine resistance (25) rather than an efflux pump as another control.

RNA preparation. Total RNA from M. tuberculosis cultures was isolated by TRI reagent. Briefly, 1.0 ml
of TRI reagent was added to the cells and the mixture was vortexed. Suspensions were incubated at room
temperature for 5 min, and 200 �l chloroform was added. Treated samples were shaken vigorously for
15 s and incubated at room temperature for 2 to 3 min. The samples were centrifuged at no more than
12,000 � g for 15 min at 4°C. The upper aqueous phase was collected and precipitated with 500 �l
isopropyl alcohol. Samples were incubated at room temperature for 10 min and centrifuged at no more
than 12,000 � g for 10 min at 4°C. The RNA pellet was washed with 75% ethanol twice and centrifuged
at no more than 7,500 � g for 5 min at 4°C. The pellet was air dried and dissolved in RNase-free water.
RNA (0.5 �g) was taken for cDNA by PrimeScript RT master mix (TaKaRa, Japan). The cDNA was diluted
5-fold.

Real-time RT-PCR. Overexpression of Rv0191, Rv3756c, Rv3008, and Rv1667c in H37Ra was confirmed
by real-time reverse transcription-PCR in a Light Cycler 480 II (Roche Diagnostics, Germany) using
LightCycler 480 SYBR green I master mix (Roche Diagnostics, Germany). The primers for RT-PCR are listed
in Table 3. 16S rRNA was used as a normalization control. The annealing temperatures of all primers were
60°C. Crossing point (Cp) values of controls and samples were recorded in each case. Mean ΔCp values
were calculated and normalized to that of 16S rRNA by the threshold cycle (2�ΔΔCT) method. Relative
quantification was done to determine overexpression of the Rv0191, Rv3756c, Rv3008, and Rv1667c genes

FIG 6 Structure of biotin-labeled POA.

TABLE 2 Primers used for candidate gene overexpression

Gene Primer orientation Primer sequence (5=¡3=)a

Rv0191 Forward GCTCTAGACAGATCAGCGCCGTCAC
Reverse CCCAAGCTTTTAGCCGTCGCCGGG

Rv3756c Forward GCTCTAGAACTGCCGCTGTCTATCCC
Reverse CCCAAGCTTCTACCGTAGGGCGTGTC

Rv3008 Forward GCTCTAGAGCCTGGGTTGTCACCAC
Reverse CCCAAGCTTTTAGTTGCCGTCCGCGG

Rv1667c Forward GCTCTAGACGTGGAGCTGGCCAAG
Reverse CCCAAGCTTTCATTCGAGCATCTCCGAAAG

aPrimers were flanked with recognition sequences of restriction enzymes XbaI and HindIII at their 5’ end
with 2 or 3 additional bp at the extreme 5’ end in both primers. The forward primers of genes were taken
about 300 bp upstream of the start codon to include their own promoters. The reverse primers of genes
were taken 15 to 25 bp from the stop codon.
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in H37Ra/pOLYG-Rv0191, H37Ra/pOLYG-Rv3756c, H37Ra/pOLYG-Rv3008, and H37Ra/pOLYG-Rv1667c
compared to that of H37Ra/pOLYG, respectively.

Drug susceptibility testing. For PZA susceptibility testing, PZA (Sigma-Aldrich, St. Louis, MO) was
dissolved in sterile water and filter sterilized. 7H11 agar plates (pH 5.8, 6.0, and 6.8) with increasing
concentrations of PZA (i.e., 25, 50, 100, 200, 400, 800, and 1,600 �g/ml) were prepared. For the controls,
7H11 agar plates without PZA were used. PZA susceptibility testing was performed for different M.
tuberculosis strains (wild-type H37Ra, H37Ra/pOLYG, H37Ra/pOLYG-Rv0191, H37Ra/pOLYG-Rv3756c,
H37Ra/pOLYG-Rv3008, H37Ra/pOLYG-Rv1667c, and H37Ra/pOLYG-Rv2535c) in 7H11 agar. Cultured M.
tuberculosis strains (1 � 107 CFU/ml), were transferred from 96-well plates onto 7H11 agar plates in
triplicate followed by incubation at 37°C for 2 to �4 weeks. The MIC of PZA was determined based on
growth or no growth on the PZA-containing plates.

POA, isoniazid (INH), ethambutol (EMB), clofazimine (CFZ), amikacin (AMK), streptomycin (STR) and
levofloxacin (LEV) were purchased from Sigma-Aldrich (St. Louis, MO). INH, EMB, AMK, and STR were
dissolved in ddH2O. POA and CFZ were dissolved in dimethyl sulfoxide (DMSO). LEV was dissolved in
hydrochloric acid. All of these drugs were filtered for sterilization. 7H11 agar plates were prepared with
increasing concentrations of drugs: POA, 25, 50, 100, 200, 400, and 800 �g/ml; INH, 0.0125, 0.025, 0.05,
0.1, and 0.2 �g/ml; EMB, 0.1, 0.25, 0.5, 1.0, and 2.0 �g/ml; CFZ, 0.1, 0.25, 0.5, 1.0, and 2.0 �g/ml; AMK, 0.2,
0.5, 1.0, 2.0, and 5.0 �g/ml; STR, 0.1, 0.25, 0.5, 1.0, and 2.0 �g/ml; and LEV, 0.1, 0.25, 0.5, 1.0, 2.0, and 5.0
�g/ml. The bacterial suspension was transferred from 96-well plates, imprinted on 7H11 agar in triplicate,
and incubated at 37°C for 2 to �4 weeks.

Database analysis for mutations in Rv0191, Rv3756c, Rv3008, and Rv1667c. Genome-wide
Mycobacterium tuberculosis Variation (GMTV) is a database that covers the whole-genome sequencing
information of 1,084 M. tuberculosis isolates from various data sets in different regions of Russia (37). The
GMTV database contains data involving molecular biology, epidemiology, tuberculosis clinical data, year,
region, and drug resistance information for Mycobacterium tuberculosis, which can be used to identify the
genetic variation of drug resistance, clinical outcomes, or pathogens related to geographical distribution.
PZA resistance was selected in the database, and Rv0191, Rv3756c, Rv3008, and Rv1667c were input to
identify mutations of these genes in the clinical strains.

Efflux inhibition study. Resperine, piperine, and verapamil (potency of �99%) were purchased from
Sigma-Aldrich (St. Louis, MO), dissolved in DMSO, and filtered for sterilization. Resperine (3 �g/ml),
piperine (10 �g/ml), and verapamil (40 �g/ml) were added, respectively, to 7H11 agar plates at
increasing concentrations as efflux inhibitors (38, 39). The final concentration of DMSO was �1%, and this
concentration had no effect on M. tuberculosis growth. PZA susceptibility testing was performed for
different M. tuberculosis strains (pOLYG-Rv0191, pOLYG-Rv3756c, pOLYG-Rv3008, and pOLYG-Rv1667c) in
7H11 agar as described above.
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