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ABSTRACT

Mycobacterium tuberculosis disrupted in a 13-gene operon (mce1) accumulates free mycolic acids (FM) in its cell wall and
causes accelerated death in mice. Here, to more comprehensively analyze differences in their cell wall lipid composition,
we used an untargeted metabolomics approach to compare the lipid profiles of wild-type and mce1 operon mutant strains.
By liquid chromatography-mass spectrometry, we identified >400 distinct lipids significantly altered in the mce1 mutant
compared to wild type. These lipids included decreased levels of saccharolipids and glycerophospholipids, and increased
levels of alpha-, methoxy- and keto mycolic acids (MA), and hydroxyphthioceranic acid. The mutant showed reduced
expression of mmpL8, mmpL10, stf0, pks2 and papA2 genes involved in transport and metabolism of lipids recognized to
induce proinflammatory response; these lipids were found to be decreased in the mutant. In contrast, the transcripts of
mmpL3, fasI, kasA, kasB, acpM and RV3451 involved in MA transport and metabolism increased; MA inhibits inflammatory
response in macrophages. Since the mce1 operon is known to be regulated in intracellular M. tuberculosis, we speculate that
the differences we observed in cell wall lipid metabolism and composition may affect host response to M. tuberculosis
infection and determine the clinical outcome of such an infection.
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INTRODUCTION

In 2013, more than 8 million new cases of tuberculosis (TB) and
1 million deaths were estimated to occur globally (WHO 2013).
Exposure to Mycobacterium tuberculosis, the etiologic agent of TB,
results in immediate clearance, establishment of latent TB in-
fection (LTBI), rapidly progressive disease or reactivation dis-
ease after a period of LTBI. Some of these outcomes may result
from host’s responses to cell wall reorganization M. tuberculosis

during a course of an infection. Here, we examined a mutant
of M. tuberculosis shown previously to undergo profound struc-
tural changes in its cell wall during growth. Mycobacterium tu-
berculosis contains four homologous copies of an operon called
mce1-4, which resemble ATP-binding cassette transporters pos-
sibly involved in lipid importation (Cole et al. 1998; Casali and
Riley 2007; Pandey and Sassetti 2008). Disruption of one of
these operons (mce1) renders this mutant hypervirulent in mice
(Shimono et al. 2003; Lima et al. 2007). Themce1 operonmutant is
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unable to induce a strong Th1 type T-cell immune response and
organized granuloma formation in lungs (Shimono et al. 2003).
Dunphy et al. (2010) showed that the mutant is diminished in
growth in minimal medium supplied with mycolic acid (MA) as
the sole carbon source but not with other fatty acids. Cantrell
et al. (2013) and Forrellad et al. (2014) reported thatM. tuberculosis
disrupted in the mce1 operon accumulates several-fold greater
amount of free MA in its cell wall compared to wild-type M. tu-
berculosis. Both groups suggested that the operonmay encode an
importer system to recycle MA released from M. tuberculosis as
they die in vivo (Cantrell et al. 2013; Forrellad et al. 2014). Further-
more, Sequeira, Senaratne and Riley (2013) showed that MA can
inhibit TLR-2-mediated proinflammatory response in RAW264.7
cells as well as in human lung epithelial cells (A549). Taken to-
gether, these observations suggest that themce1 operon is some-
how involved in remodeling M. tuberculosis cell wall that has a
dampening effect on proinflammatory response in mice that is
associated with rapid progression to death (Shimono et al. 2003;
Lima et al. 2007).

Here,we used anuntargetedmetabolomics approach tomore
comprehensively compare the cell wall lipid species of wild-type
vs mce1 mutant strains of M. tuberculosis. We performed global
profiling ofM. tuberculosis lipids to determine if we could identify
cell wall composition differences that could potentially explain
the host immunopathologic response differences we previously
observed in mice infected with these strains.

METHODS
Growth and maintenance of Mycobacterial strains

The following bacterial strains were used: wild-type M. tuber-
culosis, mce1 operon mutant and complemented strain. The

construction of the mce1 operon mutant as well as its comple-
mented strain was previously described (Shimono et al. 2003).
TheM. tuberculosis strains were grown in Middlebrook 7H9 broth
(Difco, MD) containing 10% ADC (Beckton-Dickinson, MD) and
0.2% glycerol (Fisher Scientific, NJ). These liquid cultures were
grown at 37◦C until saturation.

Lipid extraction for LC-MS

Mycobacterial cultures were grown for 14 days to stationary
phase (OD600 > 1.8) in five tissue culture flasks each containing
30 ml of 7H9 (without Tween) and 10% ADC. To extract lipids,
we pelleted the culture and resuspended 100 mg of the pellet
of each strain in 3 ml of chloroform:methanol (2:1) plus 1 ml
of phosphate-buffered saline (pH 7.4). Dodecylglycerol (10 nmol)
and pentadecanoic acid (PDA) (10 nmol) internal standards were
then added to the solution. Organic and aqueous layers were
separated by centrifugation at 1000 × g for 5 min and the or-
ganic layer was collected, dried down under N2 and dissolved in
120 μl chloroform.

Metabolomic profiling

Metabolites were chromatographically separated by liquid chro-
matography as previously described (Benjamin et al. 2013). MS
detection in positive and negative ionization modes was per-
formed on 10μl of resuspended lipids injected onto theHPLC-MS
with an electrospray ionization (Schlesinger, Hull and Kaufman
1994) source on an Agilent 6430 QQQ LC-MS/MS. The capillary
voltage was set to 3.0 kV. The drying gas temperature was 350◦C,
the drying gas flow rate was 10 L min−1 and the nebulizer pres-
sure was 35 psi.

Figure 1. Comparative lipidomics analysis of M. tuberculosis mce1 operon mutant vs wild-type Erdman strains. The green dots represent metabolites with fold-change
> 2 and P-value < 0.05. (A) Volcano plot comparative analysis of 5559 molecular features shown to be increased or decreased in level; (B) lipid profile of 346 features

and heatmap of the highest fold-changed acyl forms of the identified lipids that are decreased; (C) lipid profile of 64 features and heatmap of the highest fold-changed
acyl forms of the identified lipids are increased. Each dot represents results of analysis of five replicates samples. Only the lipid species depicted in the heatmap were
normalized to the PDA internal standard. The numbers in parenthesis refer to the dot in the volcano plot.
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Figure 1 – continued

We performed an untargeted LC-MS analysis by scan-
ning a mass range of m/z 50–1200 and data were ex-
ported as mzdata files and uploaded to XCMS Online
(xcmsserver.nutr.berkeley.edu) (Tautenhahn et al. 2012b) to
identify molecular features (defined as retention time [RT],
mass-to-charge ratio [m/z], and peak intensity detected in quin-
tuplicate for wild type and triplicate for mce1 operon mutant)
that differed significantly between the lipid samples extracted
from wild type vs the mce1 operon mutant and complemented
M. tuberculosis strains.Chemical names of lipid species based on
the features from untargeted analysis were putatively identified
via the METLIN online (Tautenhahn et al. 2012a) and MycoMass
databases. Then lipid species identities were confirmed by
analysis of molecular features performed with an ESI source
on an Agilent 6520 Accurate-Mass QTOF LC-MS on technical
replicates of samples previously analyzed by untargeted LC-MS
(Layre et al. 2011b).

The ppm tolerance for the accuratemassmeasurements was
within 5 ppm. Standards for MAs (Sigma-Aldrich) and phos-
phatidylethanolamines (Avanti Polar Lipids) were used to con-
firm accurate mass and coelution of the standard with the

metabolite of interest. Standards were mixed in chloroform and
analysis was performed with an ESI source on an Agilent 6520
Accurate-Mass QTOF LC-MS. Quantitation was performed based
on extracted ion chromatograms from the MS data of samples
analyzed in untargeted mode on metabolites with identity con-
firmed by QTOF analysis. Metabolite ions were quantified by in-
tegrating the area under the peak, which was then normalized
to the PDA internal standard to control for extraction efficiency.
Metabolites were then expressed as fold-change of ion abun-
dance in mce1 operon mutant relative to wild type. Samples run
for untargeted analysis were analyzed once each for biological
quintuplets (wild-type and complemented strain) or triplicate
(mce1 operon mutant).

RNA preparation and real-time quantitative PCR
(RT-qPCR)

DNA-free RNA was extracted from 30 ml of 7-day-old cultures
of M. tuberculosis (wild type, �mce1), according to a standard Tri-
zol RNA extraction protocol supplied by Invitrogen (Invitrogen,
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Figure 2. Lipid species that were decreased in themce1mutant compared to wild-typeM. tuberculosis. Bar graphs of relative levels of acyl forms of identified lipids that

are significantly decreased in M. tuberculosis mutant strain relative to wild type are shown. Data in bar graphs are presented as mean ± SEM; n = 3–5/group. Each lipid
species is labeled as acyl length:number of unsaturation (m/z). Significance is presented as ∗ P < 0.05 compared to wild type.

Life Technologies). Briefly, 30 ml of cultures were harvested by
centrifugation at 4300 rpm for 20 min. The cell pellet was resus-
pended in 2ml of Trizol reagent and transferred to a 2-ml screw-
cap microcentrifuge tube containing 0.1-mm-diameter zirco-
niumbeads. Cellswere disruptedwith a FastPrep-24 bead-beater
for 45 s at a speed of 6 m s−1. The beating was done three times
with 2min ice incubations between beating runs. Total RNAwas
then extracted from the cells following the manufacturer’s in-
structions. Extracted RNA was treated with DNase (Qiagen) to
ensure that no DNA was present in the samples.

DNA-free RNA (500 ng) was mixed with 50 ng of random
hexamers (Invitrogen) in 20 μl of final volume and reverse-
transcribed to total cDNA with Superscript III reverse transcrip-
tase (Invitrogen) following the manufacturer’s recommenda-
tions. Identical reactions containing the same amount of RNA
and lacking reverse transcriptase were also performed to con-
firm the absence of genomic DNA in all samples.

As targets of RT-qPCR, we selected 14 genes encoding prod-
ucts reported in the literature and Tuberculist to be involved in
the metabolism and transport of the lipids found in this study
to be significantly fold altered between the two M. tuberculosis
strains (Belisle et al. 1997; Jackson et al. 1999; Behr et al. 2000;
Converse et al. 2003; Matsunaga et al. 2004; Mougous et al. 2004;
Ojha et al. 2005; Takayama, Wang and Besra 2005; Kumar et al.
2007, Hatzios et al. 2009, Biswas et al. 2013). The primers were de-
signed to produce a 100–195 bp amplicon for each gene. The sigA
gene was used as an internal control. Q-PCR reactions were per-
formed with 25 ng of total cDNA previously generated and the

Maxima SYBR Green/ROX qPCR Master Mix (2X) (Fermentas) ac-
cording to manufacturer’s instructions. Relative changes in the
gene expression between themce1 operonmutant and wild type
were calculated according to the method of analysis previously
described (Livak and Schmittgen 2001).

RESULTS
Comparative lipidomic analysis of M. tuberculosis
wild-type, mce1 operon mutant and complemented
strains

We used an unbiased, untargeted LC-MS platform to broadly
compare difference in metabolite abundance in lipids extracted
frommce1mutant, its complement and wild-typeM. tuberculosis
cultures grown in vitro. We then used the bioinformatics plat-
form XCMS (Tautenhahn et al. 2012b) to identify, align, integrate
and compare the molecular features of each group acquired in
the negative and positive ionization mass-spectrometry mode
(Supplementary data S1A-D). We found 5559 raw features to
be altered in the mce1 operon mutant compared to the wild-
type M. tuberculosis (Fig. 1a). We further manually processed the
XCMS-generated dataset for noise filtering, peak quality and iso-
topomers, which yielded a final list of 410 distinct metabolite
mass-to-charge ratios (m/z) that were significantly altered in lev-
els in themce1mutant compared to wild type. Of these, 346 were
decreased (Fig. 1b) and 64 were increased (Fig. 1c) in the mutant
strain, compared to wild type.
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Figure 3. Lipid species that were increased in the mce1 mutant compared to wild-type M. tuberculosis. Bar graphs of relative levels of acyl forms of identified lipids that

are significantly increased in M. tuberculosis mutant strain relative to wild type are shown. Data in bar graphs are presented as mean ± SEM; n = 3–5/group. Each lipid
species is labeled as acyl length:number of unsaturation (m/z). Significance is presented as ∗ P < 0.05 compared to wild type.

Identification of altered M. tuberculosis lipid species

To gain more detailed information on identity of the lipid
metabolites detected by our untargeted platform, we employed
high-resolution quantitative time-of-flight (QTOF) LC-MS to an-
alyze the samples initially run on our untargeted LC-MS plat-
form. We then used these high-resolution MS data to confirm
the molecular features, including m/z, of our final list and used
the MycoMass database (Layre et al. 2011b) to identify specific
lipid species based on these features.

Cell wall lipids that were characteristically decreased in level
in the mutant strain were ascribed to lipid categories that in-
cluded saccharolipids, glycerophospholipids, and the fatty acyl
phthienoic and phthioceranic acids (Fig. 2). In the diacyltre-
halose (DAT) subclass belonging to the saccharolipid category,
the ion chromatogram intensities were lower in levels by 5- to
29.7-fold in the mutant strain in 13 of 107 possible acyl forms
(Fig. 2a). In the saccharolipid family we identified 4 acyl forms of
23 possible diacylated sulfoglycolipids (Ac2SGL), well described
in reference (Layre et al. 2011a), that were lowered in levels

by 3.4- to 9.9-fold in the mce1 operon mutant (Fig. 2b). Among
glycerophospholipids, phosphatidic acid levels were reduced by
3- to 3.7-fold (Fig. 2c) and 4 of 128 phosphatidylethanolamine
species were lowered in levels by 7.6 to 15-fold (Fig. 2d) in the
mce1 operon mutant. The levels of two fatty acids, phthienoic
acid and phthioceranic acid, in the mutant were reduced by
3.8- and 2.5-fold, respectively (Figs 2e and f). Except for phos-
phatidylethanolamine, all other species were detected in nega-
tive mode.

The molecular features of metabolites that increased in level
in the mutant that we were able to identify are shown in Fig. 3.
They included 14 of 32 possible MA species (Fig. 3a–c), which
were confirmed based on standards by QTOF LC-MS and by
validating molecular features against initial untargeted analy-
sis and the MycoMass database. QTOF LC-MS analysis also al-
lowed the confirmation of 4 of 18 possible alkyl forms of hy-
droxyphthioceranic acid (HPA), all elevated in the mce1 operon
mutant strain (Fig. 3d). Two other metabolites that increased by
8.2- and 20.7-fold in the mce1 operon mutant strain were puta-
tively identified in XCMS as triacylglycerol but they could not
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Figure 4. RT-PCR analysis of selectedM. tuberculosis genes recognized to be involved in lipid metabolism and transport. Fold-difference in gene expression levels in the
mce1 operonmutant relative to wild-typeM. tuberculosis from 7-day old cultures is shown. Data in bar graphs are presented asmean ± SD; n = 3/group. Gene expression

was normalized to the sigA gene.

be validated by QTOF LC-MS analysis (data not shown). Of the
species identified, only triacylglycerol was detected in positive
mode.

The chemical names of other lipid species that increased or
decreased in level in the mutant could not be determined.

Except for phthienoic, phthioceranic and phosphatidic acids,
all other lipids thatwere lowered or increased in level in themce1
operonmutant showed only residual or no alteration in the com-
plemented strain (Tables S1 and S2, Supporting Information).

Changes in expression of selected M. tuberculosis gene
transcripts involved in lipid metabolism and transport

Based on our observations from these lipidomic analyses, we
compared the transcriptional profiles of selected M. tuberculosis
genes involved in lipid metabolism and transport in the mce1
operon mutant vs the wild-type strain (Fig. 4). Genes involved in
MA anabolism (Takayama, Wang and Besra 2005) that included
fas I, kasA, kasB and acpMwere, respectively, 3.8-, 2.8-, 2- and 2.4-
fold upregulated in the mutant relative to the wild-type strain.
Also, themmpL3 that encodes an innermembrane protein trans-
porter of trehalose monomycolate (TMM) (Grzegorzewicz et al.
2012) was increased 2-fold. A hydrolase encoded by RV3451 that
releases MA from trehalose dimycolate (TDM) (Yang et al. 2014)
was increased 1.8-fold. On the other hand, the expression of
RV0494, a member of the GntR/FadR family of regulators, was
decreased 6.7-fold in the mutant. This gene has been described
as a transcriptional regulator which binds to its operator do-
main upstream of the kas operon (Biswas et al. 2013). The gene
tgs1 involved in synthesis of triacylglycerol (Sirakova et al. 2006),
increased 1.9-fold in the mutant compared to the wild type
(Fig. 4).

We also examined the relative expression of the genes
reported to be involved in the synthesis and transport of
sulfolipid-1 (SL-1) based on our LC-MS observation that diacy-
lated sulfoglycolipids (Ac2SGL) decreased in the mutant (Fig. 4).
Expression of genes pks2, stf0 and papA2 that are reported to
be involved in the biosynthesis of SL-1 (Sirakova et al. 2001;
Mougous et al. 2004; Kumar et al. 2007) was decreased (1.7-, 1.5-
and 2.6-fold, respectively) in the mutant. Finally, the expression
of SL-1 transporter gene mmpL8 and the DAT transporter gene
mmpL10 also decreased in the mutant (2.6- and 3.4-fold, respec-
tively).

DISCUSSION

We compared cell wall lipid profiles of two isogenic strains
of M. tuberculosis, in which one was mutated in an operon
that is putatively involved in long-chain fatty acid transport
(Dunphy et al. 2010). This analysis followed the guideline for
comparative M. tuberculosis lipidomics described by Layre et al.
that suggested this approach as a way to provide unbiased,
statistically valid comparisons of lipid changes that may occur
among strains of mycobacteria during different phases of their
infection in a host (Layre et al. 2011b). The mutant causes accel-
erated death in mice and is unable to stimulate a Th1-type im-
mune response (Shimono et al. 2003; Lima et al. 2007). The lung
pathology observed in mice infected with this mutant is char-
acterized by poorly formed granulomas with aberrant migration
of pro-inflammatory cells. Subsequent studies have shown that
the operon is regulated by a GntR-family transcription factor
Mce1R, involved in lipid metabolism (Haydon and Guest 1991;
Dirusso and Black 2004; Casali and Riley 2007). Casali, White
and Riley (2006) discovered that the mce1 operon is repressed
by Mce1R when the wild-type M. tuberculosis is intracellular. In
fact, in mouse lungs, the wild-type M. tuberculosis does not ex-
press any of the mce1 operon gene products before 8 weeks of
infection, suggesting that during the early phase of infection,
the wild-type strain may undergo a metabolic state exhibited by
themce1 operon mutant we observed in vitro (Uchida et al. 2007).
Although we have no evidence, we speculate that the cell wall
lipid changes we found in the mutant may occur in the wild-
type strain during its natural course of infection that may exert
a modulatory host response as described below.

Dunphy et al. (2010) disrupted fadD5, one of the genes in the
mce1 operon that encodes a fatty acyl-coenzyme A synthetase,
and showed that this mutant is diminished in growth in min-
imal medium supplied with MA as the sole carbon source, but
not with other long-chain fatty acids. Cantrell et al. (2013) and
Forrellad et al. (2014) independently found that the mce1
operon mutant contained several-fold greater amount of MA
unattached to any carbohydrate substrates in the cell wall com-
pared to the wild type. This observation led both groups to
suggest that the mce1 operon may serve as an importer of
MA to recycle these fatty acids released from M. tuberculosis
as they die (Dunphy et al. 2010). Sequeira, Senaratne and Riley
(2013) reported that free MA as well as the mutant can inhibit
proinflammatory response in RAW 264.7 macrophage cells and
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Figure 5. Proposed model of cell wall lipid reorganization in M. tuberculosis. The beta-oxidation cycle of M. tuberculosis has two pathways that lead to the synthesis of
either acetyl-CoA/malonyl CoA or propionyl-CoA/methylmalonyl-CoA (Munoz-Elias and McKinney 2005). The synthesis of these metabolites is determined according

to cytoplasmic availability of fatty acid precursors. In wild-type M. tuberculosis, the mce1 operon (a putative MA importer) is repressed during the first 4–8 weeks of
infection in mice (Uchida et al. 2007), or when the organism is intracellular (Casali, White and Riley 2006). During this period, the acetyl-CoA pathway may be favored,
which causes gradual free mycolate (FM) accumulation on the bacterial surface (Cantrell et al. 2013) with a block in MA import (indicated in red) (Dunphy et al. 2010),
while diacylated sulfoglycolipid (Ac2SGL), poly and diacyltrehalose (PAT/DAT) and phthiocerol dimycocerosates (PDIM) export decreases (indicated in blue). The cell

wall thickened with excess FM allows M. tuberculosis to resist host effector cells and molecules. However, the thickened cell wall also limits nutrient uptake, which
eventually triggers a starvation response, whichwill induce themce1 operon to be turned on andM. tuberculosis to synthesize theMA transporter in the innermembrane
to import MA from its surface back into the cytoplasm (Dunphy et al. 2010). The imported MA degraded in the cytoplasm enters the propionyl CoA/methylmalonyl

CoA synthetic pathway that will favor transport of proinflammatory lipids to the bacterial surface and bacterial replication. Although we have no evidence that these
lipid changes actually occur in vivo, we hypothesize that these lipid changes in the cell wall may induce different host responses that determine clinical outcome of an
infection. The rapid progression to death in mice infected with themce1 operonmutant (Shimono et al. 2003), which is constitutively diminished in its ability to import
FM (Dunphy et al. 2010), is an example of a clinical outcome that may be due to the cell wall lipid changes in this mutant. (AG: arabinogalactan layer; PG: peptidoglycan

layer; CM: cytoplasmic membrane; SL-1: sulfoglycolipid-1; TMM: trehalose monomycolate; TDM: trehalose dimycolate).

human alveolar epithelial cells A549 in a TLR-2-dependentman-
ner. These observations together demonstrate that the cell wall
lipid changes in M. tuberculosis exert a profound effect on host
immunopathologic response.

Here, we confirmed the increased abundance ofMA, reported
byCantrell et al. (2013) and Forrellad et al. (2014), but also revealed
more than 400 other lipids to be significantly altered in the mu-

tant that were not detected previously. Of the lipid species we
identified using the MycoMass lipidomics database, we were
able to confirm the increased levels of fatty acyl category of
lipids that included all three forms of MA. The upward expres-
sion of free MA in the mutant is consistent with the observation
that the genes involved in MA biosynthesis (fas I, kas A, kas B
and acPM), transport (mmpL3) and TDM hydrolysis (Rv3451) that
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releases MA from TDM were all upregulated (Yang et al. 2014)
(Fig. 4).

The increased abundance of HPA in the mce1 mutant is a
new observation. HPA comprises one of polydeoxypropionate
arms coupled to the trehalose sugar core of Ac2SGL and SL-1
(Converse et al. 2003; Layre et al. 2011a). The other arm is phthio-
ceranic acid, which we found to decrease in the mutant strain
(although the decrease was not significant and a similar alter-
ation was observed in complemented strain (Fig. 1b and Table
S1, Supporting Information). The synthesis of SL-1 precursor
Ac2SGL requires sulfotransferase Stf0, acyltransferases PapA1
and PapA2, and polyketide synthase Pks2 (Sirakova et al. 2001;
Mougous et al. 2004; Kumar et al. 2007). The inner membrane
transporter MmpL8 is believed to flip Ac2SGL across the plane of
the cell membrane, allowing it to be further modified into ma-
ture SL-1 before it is delivered to the outer leaflet of the cell wall
(Converse et al. 2003). Biosynthesis of SL-1 is completed by acyla-
tion of Ac2SGL by phthioceranic acid and HPA groups (Mougous
et al. 2004). Here, we found that four acyl forms of Ac2SGL were
altered downward in the mutant (Figs 1b and 2b), which is sup-
ported by our observation of the downregulation of the genes
that encode the SL-1 precursor biosynthesis (pks2, stf0, papA2)
and transport (mmpL8) (Fig. 4). With the decrease in the sub-
strate Ac2SGL, HPA may accumulate in the mycobacterial cell
wall. Ac2SGLs as well as SL-1 are potent antigens capable of elic-
iting interferon-γ production in CD1b-restricted T-cell subsets in
TB patients (Gilleron et al. 2004). The diminished proinflamma-
tory response in mice or RAW macrophages associated with the
mutant infection (Shimono et al. 2003; Sequeira, Senaratne and
Riley 2013) is consistent with the downward alteration of this
category of saccharolipids.

Several acyl forms of DAT were lowered in the mutant strain
(Fig. 2a) which is consistent with the downregulation ofmmpL10
that encodes a transporter of DAT (Domenech, Reed, and Barry
2005; Hatzios et al. 2009) (Fig. 4). Poly, tri and some forms of DAT
are potent inhibitors of leukocyte migration in vitro (Saavedra
et al. 2001) and also inhibit the proliferation of murine T cells
in vitro (Saavedra et al. 2001). The lower amounts of these lipids
in the mce1 operon mutant are again consistent with the lung
pathology results we observed in mice infected with the mu-
tant, which were characterized by diffusedly organized granu-
lomas with aberrant migration of inflammatory cells (Shimono
et al. 2003; Lima et al. 2007).

Phthiocerol dimycocerosate (PDIM) and triacylglycerol (Gala-
gan et al.) expression can also change when M. tuberculosis is
exposed to stressful conditions (Sirakova et al. 2006; Galagan
et al. 2013). Mycobacterium tuberculosis deficient in PDIM is atten-
uated in mice and becomes more susceptible to host effector
molecules (Cox et al. 1999; Rousseau et al. 2004; Day et al. 2014).
TAGs were not validated by QTOF LC-MS analysis and the m/z
of PDIM ranges from 1213 to 1563, which precluded us from ac-
curately confirming their changes in mce1 operon mutant. Nev-
ertheless, we found that the genes involved in PDIM (pks12)
and TAG synthesis (tgs1) were decreased 2.8-fold and increased
2-fold, respectively, in the mutant strain.

The intriguing question that arises from these results is the
relationship of the M. tuberculosis mce1 operon to the changes
of more than 400 lipids in the mutant compared to the wild
type. Since the operon is not expressed in the wild type during
the first 4–8 weeks of infection in mice (Uchida et al. 2007), it is
possible that the mutant lipid profiles we found in vitro may be
exhibited in vivo. Mycobacterium tuberculosis primarily uses fatty
acid substrates during the chronic phase of infection (Munoz-
Elias and McKinney 2005). The beta-oxidation cycle degrades

fatty acids into acetyl-CoA and propionyl-CoA (Munoz-Elias and
McKinney 2005). If indeed, the mce1 operon is involved in MA
import as suggested by Dunphy et al. (2010), the prolonged ab-
sence of any external carbon source when the mce1 operon is
under repression in the wild type (by Mce1R) may serve as a sig-
nal to increase the synthesis of MA via the acetyl-CoA/malonyl-
CoA pathway (Takayama, Wang and Besra 2005). During this
nutrient-limited state, M. tuberculosis may dampen the host’s
proinflammatory response by downregulating the propionyl-
CoA/methylmalonyl-CoA pathway involved in the synthesis of
proinflammatory lipids such as SL-1, while increasing the syn-
thesis of MA, which has an anti-inflammatory effect (Munoz-
Elias andMcKinney 2005; Sequeira, Senaratne and Riley 2013). In
themutant, the beta-oxidation cycle appears to favor the acetyl-
CoA pathway, as evidenced by decreased levels of precursors of
SL-1, DAT and PDIM, with a concomitant increase in the levels
of MA (proposed model depicted in Fig. 5).

We found many other altered lipids in the mce1 operon
mutant that could not be identified further in the MycoMass
database. They most likely play a role in M. tuberculosis’s adap-
tive lifestyle in its host that serves both as its natural habitat and
disease target.
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