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Essentiality of mmpL3 and impact 
of its silencing on Mycobacterium 
tuberculosis gene expression
Giulia Degiacomi1, Andrej Benjak2, Jan Madacki3, Francesca Boldrin1, Roberta Provvedi4, 
Giorgio Palù1, Jana Kordulakova3, Stewart T. Cole2 & Riccardo Manganelli1

MmpL3 is an inner membrane transporter of Mycobacterium tuberculosis responsible for the export of 
trehalose momomycolate, a precursor of the mycobacterial outer membrane component trehalose 
dimycolate (TDM), as well as mycolic acids bound to arabinogalactan. MmpL3 represents an emerging 
target for tuberculosis therapy. In this paper, we describe the construction and characterization of 
an mmpL3 knockdown strain of M. tuberculosis. Downregulation of mmpL3 led to a stop in bacterial 
division and rapid cell death, preceded by the accumulation of TDM precursors. MmpL3 was also shown 
to be essential for growth in monocyte-derived human macrophages. Using RNA-seq we also found that 
MmpL3 depletion caused up-regulation of 47 genes and down-regulation of 23 genes (at least 3-fold 
change and false discovery rate ≤1%). Several genes related to osmoprotection and metal homeostasis 
were induced, while several genes related to energy production and mycolic acids biosynthesis were 
repressed suggesting that inability to synthesize a correct outer membrane leads to changes in cellular 
permeability and a metabolic downshift.

Tuberculosis (TB) is the leading cause of death worldwide due to an infectious disease, surpassing malaria and 
HIV, with an estimated 10.4 million new cases of active TB and 1.8 million deaths in 20151,2. WHO estimates that 
there were 480,000 new cases of multidrug-resistant (MDR) tuberculosis and an additional 100,000 people with 
rifampicin-resistant TB1. Lately, considerable progress was achieved: several new or repurposed antimicrobial 
drugs are in advanced stages of clinical trials for MDR-tuberculosis, and two new antimicrobial drug candidates 
are in late-stage trials2. However, this is not sufficient to reach the goal of the eradication of TB by 2030. The low 
treatment success rates for MDR- and XDR-tuberculosis as well as HIV co-infections illustrate the urgent need 
for development of new anti-tubercular drugs, adjunct therapies, and vaccines to improve treatment outcomes.

The discovery and characterization of novel targets is a fundamental step for the development of drugs 
with new mechanisms of action and thus without cross-resistance problems. Recently, MmpL3, a transporter 
from the Mycobacterial Membrane Protein Large (MmpL) family, specific for Actinobacteria, was identified in 
high-throughput whole-cell screens as the target of several potent anti-mycobacterial agents3–11. MmpL proteins 
belong to the resistance-nodulation-cell division (RND) permease superfamily and are important in substrate 
transport across the inner membrane. Of the 13 MmpL proteins encoded in the Mycobacterium tuberculosis 
genome only MmpL3, shown to export trehalose monomycolate (TMM), the precursor of trehalose dimyco-
late (TDM) and mycolates bound to arabinogalactan3,12, was suggested to be essential13. The recently identified 
MmpL3 inhibitors are present as a variety of chemical scaffolds and differ in their spectrum of activity, raising the 
question whether they exert their action through specific inhibition of MmpL3 transporter functions or through 
an indirect mechanism involving the dissipation of the proton motive force14,15. MmpL3 is also an important 
drug target in non-tuberculous mycobacteria such as Mycobacterium abscessus for which treatment options are 
severely limited16.

The essentiality of mmpL3 for growth in axenic media and for establishing infection in a mouse model was 
recently demonstrated using a conditional knockdown mutant17. Moreover, it was also shown that depletion of 
MmpL3 had a rapid bactericidal effect and further rendered M. tuberculosis hyper-susceptible to MmpL3 inhibi-
tors, underlining the therapeutic potential of MmpL317. In this report, we constructed and characterized a similar 
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conditional mutant confirming the essentiality of MmpL3 for growth in axenic media and its role in TMM export, 
and also demonstrate its essentiality for intracellular growth. Finally, we applied a transcriptomic approach to 
better characterize its physiological role under standard laboratory growth conditions.

Experimental Procedures
Bacterial strains, media and growth conditions. M. tuberculosis H37Rv and its derivative strains were 
routinely cultured at 37 °C in either Middlebrook 7H9 (liquid medium) or 7H10 (solid medium, Difco), supple-
mented with 0.05% v/v Tween 80 (Sigma-Aldrich), 0.2% v/v glycerol (Sigma-Aldrich) and 10% ADN (2% glucose, 
5% BSA, 0,85% NaCl).

For cloning procedures, Escherichia coli DH5α  was grown in Luria Bertani (LB) broth and LB-agar. When 
required, antibiotics were added at the following concentrations: kanamycin (Sigma-Aldrich), 50 μ g/ml; hygro-
mycin (Invitrogen), 200 μ g/ml (E. coli); streptomycin (Sigma-Aldrich), 50 μ g/ml (E. coli); streptomycin, 20 μ g/ml 
(M. tuberculosis); hygromycin, 50 μ g/ml (M. tuberculosis). Anhydrotetracycline (ATc, Sigma) was added, when 
required, at a final concentration of 500 ng/ml.

M. tuberculosis mmpL3 conditional mutant construction. The mmpL3 conditional mutant was con-
structed using the TetR/Pip OFF repressible promoter system18. For this purpose, the first 787 bp of mmpL3 
were amplified using primers: RP1576: 5′ -TTTTATGCATTTCGCCTGGTGGGGTCGAACTG-3′  and RP1577 
5′ -ACTAGTCTCTTCGCGGAACCGGCTCA-3′ , and cloned downstream of the repressible promoter Pptr in a 
suicide plasmid conferring resistance to hygromycin. Ten μ g of the resulting plasmid were introduced by elec-
troporation into TB38, an M. tuberculosis strain with the TetR/Pip OFF system integrated into its genome and 
carrying a streptomycin resistant determinant18. Transformants were selected on 7H10 agar plates contain-
ing streptomycin and hygromycin and were screened by PCR, using an upper primer in the TetR-Pptr region  
(5′ -CCTGACGGATGGCCTTACGAGTT-3′ , RP1666) and a lower primer external to the homology region used 
for recombination (5′ -AGACAGGATGGCCGACAGCAT, RP1575) (data not shown). One representative mutant 
in which the mmpL3 physiologic promoter was replaced by Pptr by insertional duplication was selected and named 
TB416.

RNA extraction. Exponential phase M. tuberculosis cultures were pelleted and cells were flash frozen in 
liquid nitrogen and stored at − 80 °C until use. Bacteria were re-suspended in 1 ml Trizol (Ambion) and added 
to a 2-ml screw-cap tube containing 0.5 ml zirconia beads (BioSpec Products) for disruption by bead-beating 
(twice for 1 minute with a 2-minute interval on ice). The cell suspension was then transferred to a new tube, where 
chloroform-isoamylalcohol (24:1) extraction was performed. RNA was precipitated by adding 1/10 volume of 
sodium acetate (2 M, pH 5.2) and 0.7 volume of isopropanol, washed with 70% ethanol, air-dried and resuspended 
in DEPC-treated water. DNase treatment was carried out using TURBO DNA-free™  Kit (Ambion), following the 
manufacturer’s recommendations, and the reactions were subsequently cleaned up by phenol-chloroform extrac-
tion and ethanol precipitation. RNA was stored at − 80 °C in DEPC-treated water. Amount and purity of RNA 
were determined spectrophotometrically; integrity of RNA was assessed on a 1% agarose gel.

Library preparation for RNA-seq analysis and RNA-seq data analysis. The mmpL3 conditional 
mutant TB416 was grown until exponential phase with or without ATc [500 ng/ml] in roller bottles (two biolog-
ical replicates per condition). As a control for the effect of ATc alone, ATc-treated and untreated parental strain 
was used (one sample per condition). Total RNA was extracted as previously described, and used for the prepara-
tion of strand-specific Illumina libraries, with an additional ribosomal RNA depletion step. Ribosomal transcript 
depletion was performed on 1 μ g of total RNA using the Ribo-Zero rRNA Removal Kit for Gram-Positive Bacteria 
(Catalog Number MRZGP126; Illumina, San Diego, USA) according to the protocol provided by the supplier. 
Sequencing libraries were then generated using the resulting ribosomal transcript-depleted RNA and the Illumina 
TruSeq Stranded mRNA Library Prep Kit reagents (Catalog Number RS-122-2101) according to the protocol pro-
vided by the supplier. Sequencing cluster generation was performed with the resulting libraries and the Illumina 
TruSeq SR Cluster Kit v4 reagents (Catalog Number GD-401-4001) and sequenced on the Illumina HiSeq 2500 
using TruSeq SBS Kit V4 reagents (Catalog Number FC-401-4002) as single-end 100 nt-long reads. Sequencing 
data were processed using the Illumina Pipeline Software version 1.84. Reads were right-trimmed for the Illumina 
adapter sequence using Flexbar (https://sourceforge.net/projects/flexbar/) and aligned with Bowtie219. Counting 
reads over annotated features was done with featureCounts20. Annotation was taken from TubercuList release 
R27. To avoid the influence of transcripts deriving from the original 5′  fragment of mmpL3, a truncated version 
of mmpL3 was added to the annotation. Differential gene expression (DGE) analysis was done using DESeq221. 
Raw and processed data were deposited in the GEO database (https://www.ncbi.nlm.nih.gov/geo/)22 as Series 
record GSE89830.

Quantitative reverse transcription-PCR (qRT-PCR). qRT-PCR was performed as previously described 
using the primers shown in Supplementary Table S1. sigA mRNA was used as an internal invariant control for 
data normalization23. RNA samples that had not been reverse transcribed were included in all experiments to 
exclude significant DNA contamination. For each sample, melting curves were performed to confirm the purity 
of the products.

Analysis of the lipid composition of the mmpL3 conditional knockdown strain TB416. TB416 
was grown at 37 °C with shaking in Middlebrook 7H9 with/without ATc [500 ng/ml]. After 96 hours, cells were 
harvested by centrifugation and pellets used for analysis. Cultures of M. tuberculosis H37Rv were grown in the 
same conditions and used as a control. The cells were delipidated by 2 hrs extractions with 6 ml of chloroform/
methanol (1/2) and subsequently 2 ×  6 ml of chloroform/methanol (2/1) and stirring at 56 °C. Extracted lipids 
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were subjected to biphasic washes using chloroform/methanol/water (4:2:1)24, dried under N2 and resolved in 
chloroform/methanol (2/1); 100 μ l of solvent was used to extract material from cells grown in 30 ml culture, 
OD540 =  0.64. Five μ l of each sample were loaded on a TLC plate, which was developed in chloroform/metha-
nol/water (20/4/0.5). Lipids were visualized by spraying with CuSO4 (10% in 8% phosphoric acid solution) and 
heating.

Moreover, pellets from the same cultures were used to analyse cell wall-bound mycolic acids, as well as mycolic 
acids in the form of extractable lipids. For this aim, delipidated cell pellets and 50% of extracted lipids were sub-
jected to alkali saponification in 2 ml of 15% TBAH at 100 °C overnight. Mycolic acid methyl esters (MAMEs) 
were prepared according to Phetsuksiri and collaborators25. Briefly, after cooling, 3 ml of dichloromethane, 2 ml of 
water and 300 μ l of iodomethane were added to each sample and the mixtures were shaken by rotating for 4 hours 
at RT. The samples were centrifuged, the upper water phases were removed and organic phases were twice washed 
by water. Lower organic phases were dried under N2 and MAMEs were extracted by adding 3 ml of diethylether 
and sonication. After centrifugation, the extracts were removed, dried under N2 and resolved according to the 
OD540 of harvested cultures as described above. 5 μ l of cell wall-bound MAMEs and 10 μ l of methylesters from 
extractable lipids were loaded on a TLC plate, developed in n-hexane/ethyl acetate (95/5, 3x) and visualized with 
CuSO4.

Infection of macrophages. THP-1 monocytes (American Type Culture Collection) were grown in suspen-
sion at 37 °C in 5% CO2 in bicarbonate-buffered RPMI (Gibco), supplemented with 10% (vol/vol) fetal bovine 
serum (FBS) (Gibco), 50 μ M β -mercaptoethanol, up to a density of about 0.5 ×  106 cells/ml. Differentiation of 
monocytes into macrophages was achieved by plating the cells in 96-well plates at a density of 7.5 ×  104 cells/well 
in the presence of 50 ng/ml phorbol1 2-myristate 13-acetate (PMA) (Sigma-Aldrich). After 24 hours, PMA was 
removed and cells were infected with M. tuberculosis strains at a multiplicity of infection of 1:20 (CFU:cell) for 
90 min as previously described26. After infection, extracellular bacteria were removed by washing twice with PBS, 
then fresh medium with or without 200 ng/ml ATc was added. The medium was replaced every 48 hours. At dif-
ferent time points macrophages were lysed and serial dilutions of extracts plated on 7H10 medium to determine 
viable counts.

Results and Discussion
Generation and characterization in vitro of mmpL3 conditional mutant in M. tuberculosis. A 
repressible mmpL3 conditional knockdown (cKD) mutant (TB416) was constructed using the TetR/Pip OFF 
repressible promoter system, allowing target gene repression in the presence of ATc18. Unlike its parental strain, 
the conditional mutant TB416 was not able to grow on plates containing ATc (Fig. 1A). Accordingly, its growth 
was also inhibited in a dose-dependent manner in the presence of ATc in liquid media (Fig. 1B). We also analyzed 
the cell viability upon ATc addition, as reported by the number of colony-forming units (cfu), and confirmed that 
repression of mmpL3 leads to bacterial death, with a drop in viability of about 160-fold after 72 hours of expo-
sure to ATc (Fig. 2). It should be noted that while the number of cfu dropped dramatically, the optical density 

Figure 1. (A) Serial dilutions of log-phase cultures of the mmpL3 conditional mutant TB416 and its parental 
strain TB38 strains were spotted on Middlebrook 7H10 plates with or without 500 ng/ml ATc; (B) Growth 
curves of standing cultures of the mmpL3 conditional mutant in the presence of different ATc concentrations. 
Circles: ATc 500 ng/ml; squares: ATc 100 ng/ml; triangles: no ATc. The experiment was repeated three times 
giving comparable results. The figure shows one representative experiment.
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remained stable, suggesting that MmpL3 depletion did not kill the cells through cell lysis. The number of cfu 
surviving mmpL3 depletion levels off between 72 and 96 h of ATc exposure suggesting the presence of a bacte-
rial subpopulation able to survive (even if they cannot grow) in the presence of only residual activity of mmpL3 
expression.

Analysis of the lipid composition of the mmpL3 cKD strain. We analysed both the global lipid profile 
and the mycolic acids content of mmpL3 cKD strain upon ATc addition. The lipids extracted from cultures grown 
with or without ATc for 96 hours were examined by TLC. Consistent with the results published by Li and collab-
orators17, the mmpL3 cKD strain grown in the presence of ATc showed significant changes in the composition 
of the mycobacterial cell envelope, clearly producing less TDM and accumulating TMM in comparison with 
the untreated control and with the wild-type strain, as shown in Fig. 3. Moreover, we also observed significantly 
decreased amounts of cell wall bound mycolates in the mmpL3 cKD strain grown in the presence of ATc com-
pared to the control strains. These observations confirmed that depletion of MmpL3 leads to abolished flipping 
of TMM through the membrane resulting in a shortage of mycolic acids bound to arabinogalactan, as well as in 

Figure 2. Killing of the mmpL3 conditional mutant in the presence of ATc. The mutant was grown in roller 
bottles in Middlebrook 7H9 containing 500 ng/ml ATc. When the culture reached mid-log phase, bacteria 
were diluted in fresh media containing ATc (T0). Samples were collected at different time points and plated 
on Middlebrook 7H10 to determine the number of colony forming units (CFU). The line represents the 
optical density of the culture, while bars represent the CFU/ml. The experiment was repeated four times and 
comparable results were obtained. The figure shows one representative experiment.

Figure 3. Accumulation of TMMs in the MmpL3-depleted strain. (A) Lipids were extracted from M. 
tuberculosis TB416, grown in the absence and presence of ATc (ATc− /+ ), with CHCl3/CH3OH (1:2–1x; 2:1–2x), 
then separated by TLC in the solvent CHCl3/CH3OH/H2O (20:4:0.5) and detected with 10% (w/v) CuSO4 in 8% 
(v/v) H3PO4 for the complete lipid profiles. From the same cultures, delipidated cells, as well as lipid fractions 
were saponified with 15% TBAH. Free fatty/mycolic acids were derivatized to methylesters, analysed by TLC in 
n-hexane:ethyl acetate (95:5, 3x) and detected with a CuSO4 detection system. (B) Mycolic acids bound to cell 
wall. (C) Fatty and mycolic acids from extractable lipids. Samples are in duplicates. H37Rv was used as a control. 
TDM: trehalose dimycolate; TMM: trehalose monomycolate; PE: phosphatidylethanolamine; CL: cardiolipin; 
FAME: fatty acid methyl ester; α , methoxy, keto: respectively alpha-, methoxy- and keto-mycolic acids (MAME, 
mycolic acid methyl ester).
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the form of TDM. In panel A an unknown lipid running between phosphatidyl-ethanolamine and cardiolipin 
accumulates in H37Rv grown in the presence of ATc and in the mutant grown in the absence of ATc. The presence 
of this band varied between different samples (data not shown) and was neither associated with the presence of 
ATc nor MmpL3 depletion, so its nature was not further investigated.

Survival of M. tuberculosis in THP-1 derived macrophages upon MmpL3 depletion. To assess 
the essentiality of MmpL3 during intracellular growth, THP-1-derived human macrophages were infected with 
the mmpL3 cKD mutant and its parental strain at a multiplicity of infection (MOI) of 1:20 (bacteria per cell) and 
their growth was followed for a week in the presence or absence of ATc [200 ng/ml] in the cell culture medium. 
As shown in Fig. 4, the mmpL3 cKD was able to grow intracellularly to the same level as its parental strain. 
However, when ATc was added to the cell culture the number of viable counts of the cKD mutant dropped more 
than 100-fold during the first 4 days to below the limit of detection (20 cfu/well) from day 5 until the end of the 
experiment, thereby showing the essentiality of MmpL3 for intracellular growth and survival.

Transcriptomic response to mmpL3 depletion. The characterization of the global transcriptional 
response to MmpL3 depletion can lead to better knowledge of the physiological functions of MmpL3 and give 
hints on the physiological state of cells treated with drugs able to inhibit MmpL3 functions. Total RNA was 
extracted and analyzed by RNA-seq from TB416 cultures grown to mid-exponential phase (OD540 0.3) in the 
presence or absence of ATc 500 ng/ml. Cells were collected before MmpL3 depletion caused growth arrest and 
bacterial death. The complete set of data is shown in Supplementary dataset 1. We could not detect any significant 
variation of gene expression levels in TB416 parental strain in response to ATc. However, treatment of the condi-
tional mutant TB416 with ATc caused up-regulation of 47 genes and down-regulation of 23 genes (at least 3-fold 
change and false discovery rate ≤ 1%), listed in Supplementary dataset 2 and 3, respectively. Five differentially 
expressed genes (two induced and three repressed) were selected and their level of expression was analyzed by 
quantitative real-time PCR (qRT-PCR), confirming the RNA-seq data (Supplementary Table S2).

Induced genes. Out of eleven functional categories defined for M. tuberculosis27, one category: “regulatory 
proteins” was significantly enriched (“N-1” Chi-squared test, P =  0.0005) in the 47 up-regulated genes (17.02%) 
compared to its representation in the genome (4.82%). Twenty-six genes were located in nine clusters of adjacent 
genes suggesting their co-transcription. The most up-regulated gene was rv1057 (11.8 fold), coding for a protein 
of unknown function with a β -propeller structure. This gene was previously found to be induced in M. tuberculo-
sis strains 18b and H37Rv under conditions of surface stress and was hypothesized to be under the transcriptional 
regulation of MprA and SigE26,28,29.

Interestingly, several genes and operons up regulated in response to MmpL3 depletion are known to be 
induced by copper, as the cso operon, encoding a copper export system, cadI and arsC (encoding putative metal 
transporters), rv2963 (coding for a putative ABC permease), mymT (encoding a metallothionein protecting cells 
from copper toxicity), mmcO (encoding a multicopper oxidase required for copper resistance)30 and the adjacent, 
but divergently transcribed operon lpqS-cysK2-rv0849-rv0850, essential for virulence and copper resistance31–33. 
Interestingly, the latter operon has also been shown to be induced in response to hypoxia and oxidative stress, and 
contains a gene, cysK2, whose product is involved in the biosynthesis of S-sulfocysteine, a precursor of mycothiol 
that has been suggested to act as a signaling molecule triggering additional responses upon exposure to reactive 

Figure 4. Growth of the mmpL3 cKD mutant and its parental strain TB38 in THP-1-derived macrophages. 
Infection was performed at an MOI of 1:20 (bacteria/macrophage). The results are expressed as CFU/well. ATc 
(200 ng/ml) was added to the cell culture medium, when appropriate. Two separate infections were performed 
in duplicate. Triangles: mmpL3 mutant plus ATc; circles: parental strain TB38 plus ATc; squares: mmpL3 mutant 
with no ATc. While colonies were detectable until 4 days after infection starting from day 5 no colonies were 
detected from cell cultures infected with the mutant strain and treated with ATc (detection limit 20 cfu/well).
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oxygen species during dormancy34. Taken together, these data suggest that MmpL3 depletion affects cell permea-
bility and perturbs metal homeostasis and, consequently, the cytoplasmic redox potential.

Moreover, another induced gene was rv0516c, encoding a SigF anti-anti–σ -factor. Rv0516c was recently 
renamed osmosensory protein A (OprA) for its involvement in an osmosensory signaling pathway including 
PknD and SigF, which regulates peptidoglycan architecture35, suggesting that cells depleted in MmpL3 might 
experience osmotic stress, probably due to a change in surface permeability as a result of a different lipid com-
position. Consistent with this hypothesis, argC, the first gene of the arginine biosynthetic operon was found to 
be induced 3.9-fold: L-arginine is considered to be an osmoprotectant and induction of its biosynthetic operon 
was reported under conditions of osmotic stress35. Another sign of surface stress was the induction of the iniBAC 
operon, defined as a general cell wall stress operon that responds to cell wall biosynthesis inhibition upon addi-
tion of EMB and INH36,37 and recently shown to respond to mutations that cause defects in the biosynthesis of 
methyl-branched lipids38.

Upregulated genes also included several transcriptional regulators; particularly interesting was the induc-
tion of the genes encoding WhiB6 and WhiB7. The former has been recently shown to regulate the ESX-1 and 
DosR regulons in response to nitric oxide thereby modulating granuloma formation and virulence39, while the 
latter is known to regulate several drug resistance genes40, suggesting that MmpL3 depletion might interfere 
with virulence and with drug sensitivity. Finally, among the up-regulated mRNA we also found a small RNA: 
ASdes (MTB000053), which was previously shown to be an antisense RNA to desA1, encoding an acyl-carrier 
protein desaturase involved in mycolic acid biosynthesis, and with significant complementarity also to desA2, 
encoding a second acyl-carrier protein desaturase, thus suggesting a role in regulation of lipid metabolism41,42. 
Interestingly, both desA1 and desA2 were down-regulated (2.7 and 2.6-fold, respectively) after mmpL3 depletion 
(Supplementary dataset 1).

Repressed genes. The most represented functional category among genes repressed at least 3-fold was that 
of “lipid metabolism” (8 genes =  34.78%), which was significantly enriched compared to its representation in the 
genome (6.61%, P <  0.0001 in “N-1” Chi-squared test). Fifteen genes were located in 6 clusters of adjacent genes 
that are likely to be co-transcribed (Supplementary dataset 3). As expected, one of the most repressed genes 
was indeed mmpL3. In accordance with MmpL3 function, several genes encoding proteins involved in mycolic 
acid and TDM biosynthesis were repressed (e.g. acpM-kasA-kasB, or fbpB) suggesting the presence of feedback 
mechanisms downregulating this biosynthetic pathway as a consequence of the accumulation of TMM in the 
cytoplasm. Several other repressed genes, however, were involved in energy production such as sdaA, involved in 
gluconeogenesis from serine43, atpB, encoding a component of ATP synthase, nuoB, D and H encoding different 
subunits of NADH dehydrogenase, or the entire mce1 operon, hypothesized to encode a lipid re-uptake system 
that enables mycolic acid recycling44, suggesting a decrease in the metabolic activity of the cells.

Conclusions
After constructing an M. tuberculosis mmpL3 cKD mutant, we confirmed that MmpL3 is essential for growth 
in axenic culture and for transport of TMM17. We proved its essentiality for growth and survival of M. tuber-
culosis during human macrophage infection and showed that MmpL3 depletion leads to a complex change in 
the global transcriptional profile. In agreement with MmpL3′ s role in TMM export and its essentiality for cell 
replication, its depletion led to the repression of genes involved in mycolic acid and TDM biosynthesis as well as 
down-regulation of genes involved in energy production and respiration, probably in an attempt to reduce growth 
rate and oxidative stress in response to defective export of essential cell wall components. Analysis of the induced 
genes, however, suggested that MmpL3 depletion led to a modification of surface permeability, probably due to 
the inability to construct the cell wall correctly, leading to osmotic stress and disruption of metal homeostasis. 
These data suggest that the change in permeability due to the impossibility to build a correct cell wall is the main 
mechanism by which MmpL3 depletion affects cellular viability. Taken together, our findings, and those of oth-
ers17, underline the vulnerability of MmpL3 and the ensuing implications for drug development for tuberculosis 
and infections due to difficult to treat pathogens such as M. abscessus.

References
1. WHO. Global tuberculosis report 2016 (2016).
2. Wallis, R. S. et al. Tuberculosis-advances in development of new drugs, treatment regimens, host-directed therapies, and biomarkers. 

Lancet Infect Dis 16, e34–46, doi: 10.1016/S1473-3099(16)00070-0 (2016).
3. Grzegorzewicz, A. E. et al. Inhibition of mycolic acid transport across the Mycobacterium tuberculosis plasma membrane. Nat Chem 

Biol 8, 334–341, doi: 10.1038/nchembio.794 (2012).
4. Tahlan, K. et al. SQ109 targets MmpL3, a membrane transporter of trehalose monomycolate involved in mycolic acid donation to 

the cell wall core of Mycobacterium tuberculosis. Antimicrob Ag Chemother 56, 1797–1809, doi: 10.1128/AAC.05708-11 (2012).
5. La Rosa, V. et al. MmpL3 is the cellular target of the antitubercular pyrrole derivative BM212. Antimicrob Ag Chemother 56, 324–331, 

doi: 10.1128/AAC.05270-11 (2012).
6. Stanley, S. A. et al. Identification of novel inhibitors of M. tuberculosis growth using whole cell based high-throughput screening. 

ACS Chem Biol 7, 1377–1384, doi: 10.1021/cb300151m (2012).
7. Remuinan, M. J. et al. Tetrahydropyrazolo[1,5-a]pyrimidine-3-carboxamide and N-benzyl-6′ ,7′ -dihydrospiro[piperidine-4,4′ - 

thieno[3,2-c]pyran] analogues with bactericidal efficacy against Mycobacterium tuberculosis targeting MmpL3. PloS one 8, e60933, 
doi: 10.1371/journal.pone.0060933 (2013).

8. Ioerger, T. R. et al. Identification of new drug targets and resistance mechanisms in Mycobacterium tuberculosis. PloS one 8, e75245, 
doi: 10.1371/journal.pone.0075245 (2013).

9. Lun, S. et al. Indoleamides are active against drug-resistant Mycobacterium tuberculosis. Nat Commun 4, 2907, doi: 10.1038/
ncomms3907 (2013).

10. Rao, S. P. et al. Indolcarboxamide is a preclinical candidate for treating multidrug-resistant tuberculosis. Sci Transl Med 5, 214ra168, 
doi: 10.1126/scitranslmed.3007355 (2013).



www.nature.com/scientificreports/

7Scientific RepoRts | 7:43495 | DOI: 10.1038/srep43495

11. Tantry, S. J. et al. Whole cell screen based identification of spiropiperidines with potent antitubercular properties. Bioorg Med Chem 
Lett 25, 3234–3245, doi: 10.1016/j.bmcl.2015.05.087 (2015).

12. Varela, C. et al. MmpL genes are associated with mycolic acid metabolism in mycobacteria and corynebacteria. Chem Biol 19, 
498–506, doi: 10.1016/j.chembiol.2012.03.006 (2012).

13. Domenech, P., Reed, M. B. & Barry, C. E. 3rd. Contribution of the Mycobacterium tuberculosis MmpL protein family to virulence and 
drug resistance. Infect Immun 73, 3492–3501, doi: 10.1128/IAI.73.6.3492-3501.2005 (2005).

14. Li, K. et al. Multitarget drug discovery for tuberculosis and other infectious diseases. J Med Chem 57, 3126–3139, doi: 10.1021/
jm500131s (2014).

15. Li, W. et al. Novel insights into the mechanism of inhibition of MmpL3, a target of multiple pharmacophores in Mycobacterium 
tuberculosis. Antimicrob Ag Chemother 58, 6413–6423, doi: 10.1128/AAC.03229-14 (2014).

16. Dupont, C. et al. A new piperidinol derivative targeting mycolic acid transport in Mycobacterium abscessus. Mol Microbiol 101, 
515–529, doi: 10.1111/mmi.13406 (2016).

17. Li, W. et al. Therapeutic potential of the Mycobacterium tuberculosis mycolic acid transporter, MmpL3. Antimicrob Ag Chemother 60, 
5198–5207, doi: 10.1128/AAC.00826-16 (2016).

18. Boldrin, F. et al. Development of a repressible mycobacterial promoter system based on two transcriptional repressors. Nucleic Acids 
Res 38, e134, doi: 10.1093/nar/gkq235 (2010).

19. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat Methods 9, 357–359, doi: 10.1038/nmeth.1923 (2012).
20. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic 

features. Bioinformatics 30, 923–930, doi: 10.1093/bioinformatics/btt656 (2014).
21. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome 

Biol 15, 550, doi: 10.1186/s13059-014-0550-8 (2014).
22. Edgar, R., Domrachev, M. & Lash, A. E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository. 

Nucleic Acids Res 30, 207–210 (2002).
23. Manganelli, R., Dubnau, E., Tyagi, S., Kramer, F. R. & Smith, I. Differential expression of 10 sigma factor genes in Mycobacterium 

tuberculosis. Mol Microbiol 31, 715–724 (1999).
24. Folch, J., Lees, M. & Sloane Stanley, G. H. A simple method for the isolation and purification of total lipides from animal tissues. J 

Biol Chem 226, 497–509 (1957).
25. Phetsuksiri, B. et al. Antimycobacterial activities of isoxyl and new derivatives through the inhibition of mycolic acid synthesis. 

Antimicrob Ag Chemother 43, 1042–1051 (1999).
26. Manganelli, R., Voskuil, M. I., Schoolnik, G. K. & Smith, I. The Mycobacterium tuberculosis ECF sigma factor SigE: role in global 

gene expression and survival in macrophages. Mol Microbiol 41, 423–437 (2001).
27. Cole, S. T. et al. Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature 393, 537–544 

(1998).
28. He, H., Hovey, R., Kane, J., Singh, V. & Zahrt, T. C. MprAB is a stress-responsive two-component system that directly regulates 

expression of sigma factors SigB and SigE in Mycobacterium tuberculosis. J Bacteriol 188, 2134–2143 (2006).
29. Benjak, A. et al. Genomic and transcriptomic analysis of the streptomycin-dependent Mycobacterium tuberculosis strain 18b. BMC 

genomics 17, 190, doi: 10.1186/s12864-016-2528-2 (2016).
30. Rowland, J. L. & Niederweis, M. A multicopper oxidase is required for copper resistance in Mycobacterium tuberculosis. J Bacteriol 

195, 3724–3733, doi: 10.1128/JB.00546-13 (2013).
31. Festa, R. A. et al. A novel copper-responsive regulon in Mycobacterium tuberculosis. Mol Microbiol 79, 133–148, doi: 10.1111/j.1365-

2958.2010.07431.x (2011).
32. Ward, S. K., Hoye, E. A. & Talaat, A. M. The global responses of Mycobacterium tuberculosis to physiological levels of copper. J 

Bacteriol 190, 2939–2946, doi: 10.1128/JB.01847-07 (2008).
33. Sakthi, S. & Narayanan, S. The lpqS knockout mutant of Mycobacterium tuberculosis is attenuated in macrophages. Microbiol Res 168, 

407–414, doi: 10.1016/j.micres.2013.02.007 (2013).
34. Hatzios, S. K. & Bertozzi, C. R. The regulation of sulfur metabolism in Mycobacterium tuberculosis. PLoS Pathog 7, e1002036, doi: 

10.1371/journal.ppat.1002036 (2011).
35. Hatzios, S. K. et al. Osmosensory signaling in Mycobacterium tuberculosis mediated by a eukaryotic-like Ser/Thr protein kinase. Proc 

Natl Acad Sci USA 110, E5069–5077, doi: 10.1073/pnas.1321205110 (2013).
36. Alland, D., Steyn, A. J., Weisbrod, T., Aldrich, K. & Jacobs, W. R. Jr. Characterization of the Mycobacterium tuberculosis iniBAC 

promoter, a promoter that responds to cell wall biosynthesis inhibition. J Bacteriol 182, 1802–1811 (2000).
37. Colangeli, R. et al. Transcriptional regulation of multi-drug tolerance and antibiotic-induced responses by the histone-like protein 

Lsr2 in M. tuberculosis. PLoS Pathog 3, e87, doi: 10.1371/journal.ppat.0030087 (2007).
38. Boot, M. et al. iniBAC induction is Vitamin B12- and MutAB-dependent in Mycobacterium marinum. J Biol Chem 291, 19800–19812, 

doi: 10.1074/jbc.M116.724088 (2016).
39. Chen, Z. et al. Mycobacterial WhiB6 differentially regulates ESX-1 and the Dos regulon to modulate granuloma formation and 

virulence in zebrafish. Cell Rep 16, 2512–2524, doi: 10.1016/j.celrep.2016.07.080 (2016).
40. Ramon-Garcia, S. et al. WhiB7, an Fe-S-dependent transcription factor that activates species-specific repertoires of drug resistance 

determinants in actinobacteria. J Biol Chem 288, 34514–34528, doi: 10.1074/jbc.M113.516385 (2013).
41. Arnvig, K. B. & Young, D. B. Identification of small RNAs in Mycobacterium tuberculosis. Mol Microbiol 73, 397–408, doi: 

10.1111/j.1365-2958.2009.06777.x (2009).
42. Singh, A. et al. Identification of a desaturase involved in mycolic acid biosynthesis in Mycobacterium smegmatis. PloS one 11, 

e0164253, doi: 10.1371/journal.pone.0164253 (2016).
43. Hofreuter, D. et al. Contribution of amino acid catabolism to the tissue specific persistence of Campylobacter jejuni in a murine 

colonization model. PloS one 7, e50699, doi: 10.1371/journal.pone.0050699 (2012).
44. Forrellad, M. A. et al. Role of the Mce1 transporter in the lipid homeostasis of Mycobacterium tuberculosis. Tuberculosis 94, 170–177, 

doi: 10.1016/j.tube.2013.12.005 (2014).

Acknowledgements
The authors wish to thank Claudia Sala and Katarína Mikušová for helpful discussion and reading the manuscript 
and the Genomic Technologies Facility at the University of Lausanne for Illumina sequencing and technical 
support. This work was funded by the European Community’s Seventh Framework Programme under grant 
agreement 260872, the Swiss National Science Foundation under grant 31003A-140778 and by Slovak Research 
and Development Agency (Contract No. DO7RP-0015-11 to JK).

Author Contributions
Design of the study: R.M. and S.C.; mutant construction and characterization: G.D. and F.B.; RNA-seq 
experiments: A.B. and S.C; lipid analyses: J.K. and J. M.; data analysis: R.M., R.P., G.D., A.B. and G.P.; manuscript 
preparation: G.D, R.M. and R.P., All authors read and approved the final version of the manuscript.



www.nature.com/scientificreports/

8Scientific RepoRts | 7:43495 | DOI: 10.1038/srep43495

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Degiacomi, G. et al. Essentiality of mmpL3 and impact of its silencing on 
Mycobacterium tuberculosis gene expression. Sci. Rep. 7, 43495; doi: 10.1038/srep43495 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Essentiality of mmpL3 and impact of its silencing on Mycobacterium tuberculosis gene expression
	Experimental Procedures
	Bacterial strains, media and growth conditions. 
	M. tuberculosis mmpL3 conditional mutant construction. 
	RNA extraction. 
	Library preparation for RNA-seq analysis and RNA-seq data analysis. 
	Quantitative reverse transcription-PCR (qRT-PCR). 
	Analysis of the lipid composition of the mmpL3 conditional knockdown strain TB416. 
	Infection of macrophages. 

	Results and Discussion
	Generation and characterization in vitro of mmpL3 conditional mutant in M. tuberculosis. 
	Analysis of the lipid composition of the mmpL3 cKD strain. 
	Survival of M. tuberculosis in THP-1 derived macrophages upon MmpL3 depletion. 
	Transcriptomic response to mmpL3 depletion. 
	Induced genes. 
	Repressed genes. 

	Conclusions
	Acknowledgements
	Author Contributions
	Figure 1.  (A) Serial dilutions of log-phase cultures of the mmpL3 conditional mutant TB416 and its parental strain TB38 strains were spotted on Middlebrook 7H10 plates with or without 500 ng/ml ATc (B) Growth curves of standing cultures of the mmpL
	Figure 2.  Killing of the mmpL3 conditional mutant in the presence of ATc.
	Figure 3.  Accumulation of TMMs in the MmpL3-depleted strain.
	Figure 4.  Growth of the mmpL3 cKD mutant and its parental strain TB38 in THP-1-derived macrophages.



 
    
       
          application/pdf
          
             
                Essentiality of mmpL3 and impact of its silencing on Mycobacterium tuberculosis gene expression
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43495
            
         
          
             
                Giulia Degiacomi
                Andrej Benjak
                Jan Madacki
                Francesca Boldrin
                Roberta Provvedi
                Giorgio Palù
                Jana Kordulakova
                Stewart T. Cole
                Riccardo Manganelli
            
         
          doi:10.1038/srep43495
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43495
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43495
            
         
      
       
          
          
          
             
                doi:10.1038/srep43495
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43495
            
         
          
          
      
       
       
          True
      
   




