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Summary

A hallmark of the Mycobacterium tuberculosis life
cycle is the pathogen’s ability to switch between rep-
licative and non-replicative states in response to host
immunity. Transcriptional profiling by qPCR of ~ 50 M.
tuberculosis genes involved in central and lipid
metabolism revealed a re-routing of carbon flow asso-
ciated with bacterial growth arrest during mouse lung
infection. Carbon rerouting was marked by a switch
from metabolic pathways generating energy and bio-
synthetic precursors in growing bacilli to pathways
for storage compound synthesis during growth
arrest. Results of flux balance analysis using an in
silico metabolic network were consistent with the
transcript abundance data obtained in vivo. Similar
transcriptional changes were seen in vitro when M.
tuberculosis cultures were treated with bacteriostatic
stressors under different nutritional conditions. Thus,
altered expression of key metabolic genes reflects
growth rate changes rather than changes in substrate
availability. A model describing carbon flux rerouting
was formulated that (i) provides a coherent interpre-
tation of the adaptation of M. tuberculosis metabolism
to immunity-induced stress and (ii) identifies features
common to mycobacterial dormancy and stress
responses of other organisms.

Introduction

Tubercle bacilli switch between replicative (growth) and
non-replicative (dormancy) states in response to the host
environment. Immunity-induced cessation of bacterial
growth leads to a chronic, asymptomatic infection that is
maintained by persisting tubercle bacilli. When host
immunity falters, tubercle bacilli can resume growth and
cause disease. Dormant bacilli present a formidable chal-
lenge to tuberculosis control, because they are much less
susceptible to antibacterial drugs than growing bacilli
(Zhang, 2004). Thus, a molecular understanding of events
occurring during the transition from growth to dormancy is
important for identifying critical targets for new tuberculo-
sis control strategies.

The metabolism of Mycobacterium tuberculosis during
infection has been an area of intense interest since the
origins of tuberculosis research. Seminal experiments
showed that the tubercle bacillus, which is metabolically
flexible (Wheeler and Ratledge, 1994), preferentially uti-
lizes fatty acids as carbon and energy source during
murine infection (Bloch and Segal, 1956). This preferen-
tial utilization is likely due to increased availability of lipids
in the infected host cell (Russell et al., 2009) and is
reflected in the M. tuberculosis genome as a significant
enrichment for fatty acid degradation genes (Cole et al.,
1998). Moreover, genes involved in fatty acid utilization
(glyoxylate shunt: icl; gluconeogenesis: glpX and pckA)
are required for growth and persistence in vivo (Collins
et al., 2002; Liu et al., 2003; Sassetti and Rubin, 2003;
Munoz-Elias and McKinney, 2005; Marrero et al., 2010).
Some of these genes (icl, pckA) are also upregulated in
non-growing bacilli during mouse infection (McKinney
et al., 2000; Schnappinger et al., 2003; Timm et al.,
2003). These observations led to the proposal that M.
tuberculosis switches its carbon source from sugars to
fatty acids during the persistent phase of infection (Bishai,
2000; Honer zu Bentrup and Russell, 2001; Timm et al.,
2003). However, similar metabolic changes are observed
in the stress response of other organisms, such as sporu-
lation in yeast (Cortassa et al., 2000), where they are
linked to the rerouting of carbon flow towards formation of
storage compounds. Indeed, tubercle bacilli obtained
from sputum of tuberculosis patients are rich in triacylg-
lycerol (TAG) (Garton et al., 2008), a common storage
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compound in Actinobacteria (Alvarez and Steinbuchel,
2002). Therefore, it has been unclear whether the meta-
bolic changes in the tubercle bacillus during infection
reflect implementation of a developmental programme
towards persistence or an adaptive response to changed
nutritional conditions.

In the present work we examined the response of M.
tuberculosis metabolism to the stress encountered during
infection with a multi-scale approach that included studies
in vivo (mouse infection), in silico and in vitro (broth
culture). We interrogated two aspects of carbon metabo-
lism of tubercle bacilli. One is central metabolism, which
provides energy, reducing power and biosynthetic precur-
sors. The other is the biosynthesis of major lipids, such as
mycobacterial cell wall components, which constitute a
sink for energy and biosynthetic precursors (Brennan,
2003), and triacylglycerol (TAG), which is a storage lipid
(Brennan, 2003; Garton et al., 2008; Low et al., 2009).
Transcription profiling of tubercle bacilli during infection of
mouse lungs led to a metabolic model in which carbon flow
redistributes at the phosphoenolpyruvate (PEP)/pyruvate-
oxaloacetate (OAA) node as growth stops, thereby switch-
ing from the generation of energy and biosynthetic
precursors to the synthesis of storage compounds. The in
vivo data provided conditions to perform in silico simula-
tions of metabolic flux patterns associated with M. tuber-
culosis growth arrest using a genome-scale metabolic
network of the tubercle bacillus (Beste et al., 2007). We
found that metabolic fluxes (i) were largely consistent with
the transcription profiles of M. tuberculosis central metabo-
lism genes seen during mouse infection and (ii) predicted
that utilization of different carbon sources would result in
similar flux solutions. This prediction was tested in vitro
using M. tuberculosis cultures subjected to bacteriostatic
stress in media containing different carbon sources. We
found that transcriptional changes of key metabolic genes
during M. tuberculosis growth arrest were independent of
stress signal and carbon source. Thus, M. tuberculosis
persistence shares critical metabolic features with bacte-
rial and yeast sporulation, plant seed formation and animal
hibernation. Our results lead to the novel view that the
metabolic changes of M. tuberculosis are part of a devel-
opmental decision rather than a response to changed
nutrient availability.

Results and discussion

To assess carbon flow distribution during the establish-
ment of persistent infection, we used a model of respira-
tory infection of mice in which M. tuberculosis replicates in
the lung for about 20 days, followed by stabilization of
bacterial numbers due to expression of acquired cell-
mediated immunity (Shi et al., 2003; 2005). We measured
changes of bacterial transcript abundance in the mouse

lung using qPCR with samples taken at multiple times
post-infection (day 12 through day 100). We then
expressed the data as a ratio of abundance at each given
time point relative to that measured at day 12 (mid-log
growth).

The in vivo data are presented below in two sections: (i)
central metabolism and fatty acid catabolism and (ii) lipid
biosynthesis. Of the lipid biosynthetic genes, we focused
on those involved in the synthesis of the major storage
compound TAG (Garton et al., 2008) and of the major
components of the mycobacterial cell wall, such as
mycolic acids and multimethyl-branched lipids. At the end
of each section, the data are interpreted through a meta-
bolic model of M. tuberculosis growth arrest. A scheme
showing the main pathways of carbon metabolism and the
representative genes in each pathway selected for analy-
sis is presented in Fig. 1 and Table S1.

Central metabolism

Glycolysis and the pentose phosphate pathway (PPP).
Glucose is oxidized through glycolysis and, to a lesser
extent, through the PPP (Jayanthi Bai et al., 1975). Gly-
colysis yields central metabolites such as PEP, pyruvate
and acetyl-CoA (AcCoA). PPP generates reducing
equivalents for reductive biosynthetic reactions and pro-
vides ribose 5-P for nucleotide synthesis. Enumeration
of transcripts encoding key glycolytic and PPP enzymes
of M. tuberculosis showed that most transcripts were
downregulated during growth arrest relative to log
growth (up to 15-fold decrease at day 30 of infection)
(Fig. 2A and B; Table S2). However, two genes encoding
phosphofructokinase differed in their response. pfkA was
downregulated, while pfkB was strongly upregulated: the
number of pfkB transcripts peaked at day 18 (65-fold)
and remained high for the remainder of infection (> 30-
fold at day 100) (Fig. 2A). Since pfkB is a member of the
devR/dosR regulon (Voskuil et al., 2003), pfkB upregu-
lation agrees with our previous observation that DevR/
DosR-regulated genes are induced by expression of
immunity in the mouse lung (Shi et al., 2003).

Sugars are presumably scarce during infection, and
most glycolytic reactions can be reversibly utilized for
gluconeogenesis. However, a decreased intracellular
concentration of C6 sugars should occur instead, due to,
the observed downregulation of most glycolytic genes
and the strong upregulation of pfkB, whose product
catalyses the irreversible and rate-limiting reaction of
glycolysis. This scenario is consistent with bacillary
growth arrest, since C6 sugars may serve as precursors
for macromolecular biosynthesis during growth.

Fatty acid degradation. Fatty acids, which are the main
source of carbon and energy for M. tuberculosis during
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Fig. 1. Pathways and genes in central metabolism and lipid metabolism in M. tuberculosis analysed in the present work. Gene names or Rv
numbering (Cole et al., 1998) are indicated. Abbreviations: PEP, phosphoenolpyruvate; MMA, methylmalonyl-CoA; TAG, triacylglycerol. Lines
may represent one or multiple reactions in a pathway. Fatty acid b-oxidation: fadE5 (Rv0244c) and fadE23 (Rv3140), acyl-CoA
dehydrogenase; fadA4 (Rv1323), acyl-CoA acetyltransferase; fadB (Rv0860), fatty acid oxidation protein. Glycolysis: ppgK (Rv2702),
glucokinase; pfkA (Rv3110c) and pfkB (Rv2029c), phosphofructose kinase; gap (Rv1436), glyceraldehyde 3-P dehydrogenase; pykA (Rv1617),
pyruvate kinase; dlaT (Rv2215) and lpdC (Rv0462), E2 and E3 components of pyruvate dehydrogenase. PPP: devB (Rv1445),
6-phosphogluconolactonase; zwf1 (Rv1121) and zwf2 (Rv1447c), glucose 6-P 1-dehydrogenase; tkt (Rv1449c), transketolase. TCA cycle: citA
(Rv0889c), citrate synthase II; gltA2 (Rv0896), citrate synthase I; acn (Rv1475), aconitase; icd1 (Rv3339c) and icld2 (Rv0066c), isocitrate
dehydrogenase; kgd (Rv1248c), a-ketoglutarate decarboxylase; sdhA (Rv3318), flavoprotein of succinate dehydrogenase; sdhC (Rv3316),
cytochrome B-556 of succinate dehydrogenase; mdh (Rv1240), malate dehydrogenase. Glyoxylate shunt: icl (Rv0467), isocitrate lyase; glcB
(Rv1837c), malate synthase. Methylcitrate cycle and methylmalonyl pathway: prpDC (Rv1130–1131), methylcitrate dehydratase and
methylcitrate synthase respectively; methylisocitrate lyase (mcl) activity is expressed by icl (Rv0467); mutAB (Rv1942-43), methylmalonyl-CoA
mutase, small and large subunit. Gluconeogenesis: mez (Rv2332), malic enzyme; pckA (Rv0211), PEP carboxykinase; glpX (Rv1099c),
fructose 1,6-bisphosphatase. Glutamate and glutamine synthesis: gltB (Rv3859), glutamate synthase (large subunit); glnA1 (Rv2220),
glutamine synthetase; gdh (Rv2476c), glutamate dehydrogenase. TAG synthesis: plsB2 (Rv2482c), glycerol 3-P acyltransferase; Rv2182c,
1-acylglycerol 3-P O-acyltransferase; tgs1 (Rv3130c), TAG synthase; Rv3734c and Rv3371, TAG synthase. Mycolic acid synthesis: fas
(Rv2524c), fatty acid synthase; fabH (Rv0533c), b-ketoacyl-AcpM synthase III; kasA (Rv2245), b-ketoacyl-AcpM synthase; fabG1 (Rv1483),
b-ketoacyl-AcpM reductase. Multimethyl-branched lipid synthesis: accD5 (Rv3280), PropCoA carboxylase b chain 5; mas (Rv2940),
mycocerosic acid synthase; fadD26 (Rv2930), fatty-acid-CoA ligase; fadD28 (Rv2941), fatty-acid-CoA synthetase; papA5 (Rv2939), conserved
polyketide synthase; pks2 (rv3825c), conserved polyketide synthase.
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Fig. 2. Changes in mRNA levels of M. tuberculosis genes involved in central metabolism and lipid metabolism during mouse lung infection.
Lungs were harvested from three to four mice at multiple time points (up to day 100) post-infection, as indicated. Total RNA was extracted and
qPCR enumeration of bacterial transcripts was performed. Bacterial mRNA copy numbers were normalized to 16S rRNA. Results are shown
as ratios of the mean of normalized mRNA copy numbers at each time point relative to the mean of normalized copy numbers at day 12
post-infection. Raw data (means and SD) for each time point are shown in Table S2. Each panel represents the indicated metabolic pathways.
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infection, are primarily catabolized via successive rounds
of b-oxidation. Even-chain fatty acids are degraded to
AcCoA, and odd-chain fatty acids are degraded to both
AcCoA and propionyl-CoA (PropCoA). It is likely that
tubercle bacilli catabolize a wide range of fatty acids,
since they possess a large number of duplicated genes
that are annotated as encoding b-oxidation enzymes
(Cole et al., 1998).

We examined four genes involved in b-oxidation, fadA4,
fadB, fadE5 and fadE23, which had previously been
reported to be induced in vivo (Dubnau et al., 2005) or
under several stress conditions in vitro (Wilson et al.,
1999; Schnappinger et al., 2003; Hampshire et al., 2004).
We found that the fadB transcript decreased > 10-fold by
day 30, while fadE5, fadE23 and fadA4 were moderately
upregulated during growth arrest (two- to fourfold induc-
tion between days 18 and 30) (Fig. 2C and Table S2). This
result shows that individual fad genes respond differently
in vivo, perhaps reflecting specific fatty acid substrates in
the infected cell.

Tricarboxylic acid (TCA) cycle. AcCoA derived from the
catabolism of fatty acids or sugars is assimilated via the
TCA cycle, which provides biosynthetic precursors and
reducing equivalents for energy generation and biosyn-
thetic reactions. In M. tuberculosis, the TCA cycle oper-
ates as a variant in which a-ketoglutarate is converted to
succinate by an a-ketoglutarate decarboxylase (kgd) and
succinic semialdehyde dehydrogenase (gabD1 and
gabD2) (Tian et al., 2005). Transcript levels of key TCA
cycle genes, including kgd, were downregulated during
growth arrest (up to 25-fold by day 30; Fig. 2D and
Table S2), implying that the TCA cycle in growth-arrested
bacilli functions differently than in growing cells.

Glyoxylate shunt and methylcitrate cycle. M. tuberculosis
utilizes two additional pathways for assimilating AcCoA
and PropCoA from fatty acid and cholesterol catabolism.
One is the glyoxylate shunt, which comprises the sequen-
tial activities of isocitrate lyase (icl ) and malate synthase
(glcB). It converts AcCoA into C4-intermediates while
bypassing the decarboxylation steps of the TCA cycle.
The second pathway is the methylcitrate cycle. In this
cycle PropCoA is converted to pyruvate via three specific
enzymatic activities, methylcitrate synthase (prpC), meth-
ylcitrate dehydratase (prpD) and 2-methyl-isocitrate lyase
(icl ) (Munoz-Elias et al., 2006). In M. tuberculosis,
2-methyl-isocitrate lyase and isocitrate lyase activities are
encoded by a single gene (called icl or icl1, rv0467)
(Gould et al., 2006).

Transcript enumeration by qPCR showed that expres-
sion of icl was moderately induced (up to threefold
between days 15 and 30), while glcB was downregulated
(10-fold) in growth-arrested bacilli. Levels of prpDC

mRNA peaked (> 10-fold) at day 21 and remained high
(fivefold at day 100) (Fig. 2E and Table S2). Thus, three
genes involved in the methylcitrate cycle (prpC, prpD and
icl ) are upregulated. We note that the lack of coordinated
regulation of icl and glcB separates M. tuberculosis from
other bacteria, including closely related Actinobacteria
such as Corynebacterium glutamicum (Wendisch et al.,
1997). We propose that, even though glcB is downregu-
lated, the flux through the shunt increases because isoci-
trate lyase is the key enzyme in the TCA cycle/glyoxylate
shunt transition (Walsh and Koshland, 1985).

Gluconeogenesis. Growth on fatty acids, TCA cycle inter-
mediates and other substrates that enter the TCA cycle
via AcCoA requires the synthesis of glycolytic
C3-intermediates, such as PEP and pyruvate, via the
decarboxylation of C4-intermediates of the TCA
cycle. The enzyme combinations required for C4-
decarboxylation and C3-carboxylation vary among bacte-
rial species. M. tuberculosis encodes pyruvate carboxy-
lase (pca), which catalyses the pyruvate to OAA reaction,
the malic enzyme (mez) for the malate to pyruvate reac-
tion, and PEP carboxykinase (pckA) for the irreversible
conversion of OAA to PEP. PEP carboxykinase activity is
essential for M. tuberculosis growth and persistence in
mice (Marrero et al., 2010). In addition, gluconeogenesis
requires dephosphorylation of fructose 1,6-bisphosphate
by a 1,6-bisphosphatase (glpX) (Movahedzadeh et al.,
2004). Of the above genes, only pckA was upregulated in
tubercle bacilli during mouse lung infection (up to three-
fold induction between days 18 and 50), as previously
observed (Timm et al., 2003). Levels of the pca transcript
were below detection, and transcript levels for mez and
glpX were downregulated (up to 10-fold at day 30, Fig. 2F
and Table S2). The combined upregulation of pckA and
downregulation of glpX, which encode enzymes catalys-
ing irreversible reactions, point towards C3-compound
synthesis during M. tuberculosis growth arrest.

Glutamate and glutamine synthesis. To gain insight on
how M. tuberculosis growth arrest affects carbon flux
between carbon and nitrogen metabolism via the TCA
cycle intermediate a-ketoglutarate, we probed the expres-
sion of genes involved in the metabolism of glutamate,
which is one of the most abundant cellular metabolites in
tubercle bacilli (Tian et al., 2005). Glutamate is synthe-
sized by glutamate synthase (gltDB) from a-ketoglutarate
and glutamine, the primary product of ammonium
assimilation. Glutamine is synthesized by glutamine syn-
thetase, which is encoded by the essential gene glnA1
(Tullius et al., 2003; Harth et al., 2005). Glutamate dehy-
drogenase (gdh) can also participate in glutamate
metabolism by catalysing the reversible reaction from
glutamate to a-ketoglutarate and ammonium.

Adaptation of Mycobacterium tuberculosis metabolism 5
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We found that glnA1 and gdh were downregulated
(approximately fivefold) by day 30 (Fig. 2G and Table S2).
In contrast, gltDB was induced (up to threefold) between
days 18 and 30, suggesting that M. tuberculosis directs its
carbon flux from a-ketoglutarate towards formation of
glutamate during growth arrest. This direction of the
carbon flux is supported by the decreased expression of
kdg in the TCA cycle variant (see above). Glutamate may
function as a nitrogen reserve to be utilized for bacterial
re-growth when environmental conditions become
favourable. It may also serve as a ‘compatible solute’ to
keep metabolic enzymes functional under stress condi-
tions (Kempf and Bremer, 1998). Moreover, glutamate
contributes to mycobacterial cell wall structure (Harth
et al., 2000). The observed downregulation of glutamine
synthetase (glnA1) in non-growing bacilli is consistent
with a reduced requirement for glutamine, which is a
precursor of the cell wall component poly-L-glutamine
(Tullius et al., 2003). Thus, the ratio of poly-L-glutamate to
poly-L-glutamine in the M. tuberculosis cell wall is
expected to increase during growth arrest.

Metabolic scheme I: accumulation of C3 compounds

The changes in mRNA abundance reported above
suggest that as tubercle bacilli stop replicating, they
respond to the decreased demand for energy and bio-
synthetic precursors by downregulating glycolysis, PPP
and the TCA cycle. The resulting reduced synthesis of
NADH from central metabolism fits well with the reduced
activity of the electron transport chain postulated in our
previous work (Shi et al., 2005). In the context of
decreased TCA cycle activity, C4 compounds (malate
and OAA) are mostly generated via the increased activity
of the glyoxylate shunt, which also serves an anaplerotic
function (Gottschalk, 1985). OAA is then converted to
PEP by PEP carboxykinase. Carbon from PropCoA is
directed towards pyruvate formation via the methylcitrate
cycle. In addition to the above pathways, PEP and pyru-
vate are formed via the concerted upregulation of glyco-
lytic phosphofructokinase (pfkB) and downregulation
of gluconeogenic fructose 1,6-bisphosphatase (glpX),
which would inhibit the late steps of gluconeogenesis.
Thus, the flux of carbon during growth arrest of M. tuber-
culosis is expected to be towards the generation of the
C3 compounds PEP and pyruvate.

Lipid biosynthesis

To explore the metabolic fate of C3 compounds during
growth arrest, we probed two aspects of lipid biosynthe-
sis: (i) synthesis of TAG, a storage lipid implicated in the
stress response and long-term survival of M. tuberculosis
(Daniel et al., 2004; Garton et al., 2008; Low et al., 2009),

and (ii) biosynthesis of major cell wall components, such
as mycolic acids and multimethyl-branched lipids, which
utilizes significant amounts of ATP, reducing power
and biosynthetic precursors generated from central
metabolism.

TAG synthesis. TAGs are synthesized from glycerol 3-P
and short- or intermediate-chain acyl primers. Genes
involved in synthesis of monoacylglycerol 3-P (plsB2) and
diacylglycerol 3-P (rv2182c) were expressed at an
unchanged or slightly reduced (approximately twofold)
level during growth arrest (Fig. 2H and Table S2). Of the
multiple TAG synthases encoded by M. tuberculosis, the
TAG synthase encoded by tgs1 (TGS1) accounts for most
of the TAG synthetic activity, at least when examined in
vitro (Daniel et al., 2004; Sirakova et al., 2006). This gene,
which is regulated by dosR/devR, was strongly upregu-
lated in growth-arrested bacilli (20- to 60-fold between
days 18 and 100) (Fig. 2H and Table S2), suggesting that
TAG accumulates in non-growing bacilli in mouse lungs,
as seen with non-growing bacilli in vitro (Garton et al.,
2002). Much smaller changes were seen with other TAG
synthase genes: rv3371 increased and rv3734 decreased
by two- to threefold at day 30.

Mycolic acid synthesis. Mycolic acids are long-chain,
high-molecular-weight a-alkyl, b-hydroxyl fatty acids that
are essential components of the mycobacterial cell wall.
They are synthesized by the type I and type II fatty acid
synthase systems (FAS-I and FAS-II) (Bhatt et al., 2007).
FAS-I, which is a single, multi-domain polypeptide
encoded by fas, mediates de novo synthesis of
intermediate-length, saturated a-chain of mycolic acids
(C26) and synthesis of short-chain fatty-acyl-CoA primers
(C16). FAS-II is a multi-enzyme complex that elongates
the acyl-CoA primers generated by FAS-I to produce the
full-length meromycolate chain of mycolic acids (Bhatt
et al., 2007). FAS-I and FAS-II are linked by the activity of
a b-ketoacyl-AcpM synthase III (fabH), which catalyses
the condensation between FAS-I acyl-CoA primers and
malonyl-AcpM (the product of malonyl-CoA activation by
malonyl-CoA:AcpM transacylase). The fabH gene product
also funnels precursors to FAS-II (Choi et al., 2000).

We observed that fas (FAS-I system) was upregulated
(up to 10-fold) between days 15 and 30 of infection. In the
FAS-II system, kasA, one of the kas operon genes (Gupta
and Singh, 2008), was modestly induced (twofold), while
expression of the unlinked fabG1 decreased ~ 10-fold. In
addition, fabH was strongly downregulated (25-fold)
(Fig. 2I and Table S2). The downregulation of fabH
strongly suggests uncoupling of the FAS-I- and FAS-II-
mediated reactions. The potential consequences of such
uncoupling on the fate of the FAS-I product and on the
structure of the cell wall of non-growing bacilli are dis-
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cussed below (Metabolic scheme II: TAG accumulation
and altered cell wall composition).

Synthesis of multimethyl-branched lipids. Multimethyl-
branched lipids, which include phthiocerol dimycoceros-
ate (PDIM) and sulpholipids (SL), are uniquely found in
the cell envelope of pathogenic mycobacteria, where they
have been associated with virulence and modulation of
host immune responses (Karakousis et al., 2004). These
compounds are synthesized by specialized polyketide
synthases that elongate straight-chain fatty acids by step-
wise addition of short acyl chains (Jackson et al., 2007).
Precursors for the synthesis of PDIM and SL are straight-
chain fatty-acid-acyl primers and methylmalonyl-CoA
(MMA), the product of PropCoA activation by a PropCoA
carboxylase (Gago et al., 2006).

Expression of accD5, which encodes the PropCoA car-
boxylase b chain, was decreased at day 21, concurrent
with bacterial growth arrest. Levels of mutAB, which
encodes the MMA-succinyl-CoA mutase that catalyses
the interconversion between MMA and succinyl-CoA
(Savvi et al., 2008), were below qPCR detection. Genes
involved in the synthesis of PDIM were downregulated (4-
to 10-fold), while pks2, which encodes a polyketide syn-
thase involved in the synthesis of the main sulpholipid
SL-1, was moderately upregulated (> 2-fold) by day 30
(Fig. 2J and Table S2). These data are consistent with
PDIM synthesis decreasing and, albeit modestly, SL-1
synthesis increasing as tubercle bacilli enter the non-
replicative state.

Metabolic scheme II: TAG accumulation and altered cell
wall composition

Based on the results reported above, we propose that the
strong downregulation (25-fold) of the fabH product,
which bridges the FAS-I and FAS-II systems during
mycolic acid synthesis, leads to uncoupling of the FAS-II
system (elongation) from FAS-I (de novo synthesis). Con-
sequently, the FAS-I product would be rerouted to other
pathways, including TAG synthesis. Indeed, TAG, which is
likely produced by de novo synthesis (Sirakova et al.,
2006), accumulates in tubercle bacilli as they stop
growing in response to stress in vitro, concurrent with
decreased fatty acid incorporation into phospholipids and
loss of acid-fastness (Deb et al., 2009).

Our data are also consistent with the possibility that the
cell wall of non-growing tubercle bacilli differs structurally
from that of growing bacilli. Once uncoupled from FAS-I,
the FAS-II system would elongate the existing meromy-
colate chain of mycolic acid rather than the newly made
FAS-I products. Additionally, the slight upregulation of
SL-1 synthetic genes and the concurrent downregulation
of PDIM biosynthetic genes suggest that MMA, a precur-

sor for both PDIM and SL-1, could be rerouted from PDIM
to SL-1, in agreement with biochemical data showing that
blocked synthesis of PDIM leads to increased relative
abundance and mass of SL-1 (Jain et al., 2007). Pepti-
doglycan, another cell wall component, is also remodelled
in non-replicating tubercle bacilli (Lavollay et al., 2008).

Carbon flow redistribution

Collectively, the transcription profiling data presented
above lead to a model of carbon flow redistribution during
growth arrest of M. tuberculosis (Fig. 3). The model pre-
dicts that, when tubercle bacilli stop replicating, the main
function of central metabolism shifts from providing
energy and biosynthetic precursors for bacterial growth
to accumulating the storage compounds TAG and
glutamate. A key functional shift occurs at the metabolic
node that mediates interconversion of C4 compounds
and C3 compounds, as seen in the response to stress
by many microorganisms (Cortassa et al., 2000; Sauer
and Eikmanns, 2005). The proposed accumulation of
glutamate and TAG is another common theme of meta-
bolic adaptation to stress (Kempf and Bremer, 1998;
Murphy, 2001; Alvarez and Steinbuchel, 2002; Walter-
mann and Steinbuchel, 2005). These storage compounds
may serve as carbon and energy sources for long-term
persistence and re-growth (Low et al., 2009). Aspects of
the model, such as upregulation of the glyoxylate shunt
and glutamate synthesis, are supported by the results of
isotopomer-assisted metabolite analysis of hypoxic adap-
tation in Mycobacterium smegmatis (Tang et al., 2009).

In silico simulation of M. tuberculosis metabolic state
during growth and growth arrest

The metabolic model sketched above is based on tran-
scriptional data obtained from key genes involved in
central and lipid metabolism. To begin to assess how
transcriptional data correlate with metabolic reactions, we
took an in silico approach utilizing metabolic networks and
flux balance analysis (FBA). With this approach, simula-
tions are performed in which input is nutritional substrate
and output is the biomass composition of an in silico ‘cell’.
Biomass is formed through reactions ordered in a meta-
bolic network. The outcome of the simulations is the esti-
mation of fluxes through each reaction in the metabolic
network required to obtain maximal biomass. We used
these methods to predict metabolic flux patterns in
growing and non-growing tubercle bacilli and to assess
whether the predicted fluxes were compatible with the
bacterial mRNA abundance data obtained in vivo. Even
though the in vivo transcriptional profiling interrogated
only selected metabolic pathways, we used a genome-
scale metabolic network of M. tuberculosis (GSMN-TB)
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[nearly 900 reactions (Beste et al., 2007)] for the simula-
tions in silico, because regulation of metabolism is a
global phenomenon rather than one that depends on par-
ticular rate-limiting steps (Fell, 1992).

We first constructed two in silico cells by adjusting
biomass composition. One cell represented growing M.
tuberculosis, while the other represented the more minimal
cell composition predicted for non-growing M. tuberculosis
(Experimental procedures and Tables S3 and S4A and B).
We then used FBA to predict optimal fluxes through each
reaction in the network in the models for growing and
non-growing cells, when glucose and phospholipid, alone
and in combination, were used as carbon sources. Ratios
of optimal fluxes were calculated to identify metabolic flux
differences between growing and non-growing bacilli. The
flux solutions, which are shown in Table S4C–H for all
(~ 100) central metabolism reactions in the GSMN-TB
network, were then compared with the qPCR data.

For critical pathways of central metabolism, the flux
solutions associated with the comparison between
growing and non-growing cells were consistent with the in

vivo data (Fig. 4). First, increased flux in the glyoxylate
shunt (Rn 103) and methylcitrate cycle (Rn 82–85) was
predicted under all nutritional conditions. This result sug-
gests that increased utilization of these pathways is a
response to reduced growth rate rather than to carbon
source changes. Second, fluxes through the PPP were
predicted to decrease, as expected from the mRNA
studies. Third, when glucose and phospholipid were used
together as substrate, fluxes through the reactions medi-
ated by PEP carboxykinase (pckA) and the malic enzyme
(mez) (Rn 72 and 101) towards C3-compound formation
were predicted to increase. Fourth, the only glycolytic
reaction predicted to increase was that mediated by phos-
phofructokinase (pfkA,B) (Rn 41), while the gluconeo-
genic reaction catalysed by fructose 1,6-bisphosphatase
(glpX) (Rn 43) was predicted to decrease. The latter two
sets of results agree with the PEP and pyruvate synthesis
proposed in the metabolic model in Fig. 3.

Differences between in vivo data and in silico predic-
tions were also observed. In general, a lower degree of
concordance was seen between experimental data and in

Fig. 3. Metabolic model of M. tuberculosis infecting the mouse lung. In growing bacilli, carbon from lipid and sugar catabolism is routed via
the central metabolism towards generation of energy and biosynthetic precursors required for bacterial growth. Assimilation of AcCoA and
PropCoA leads to the synthesis of major cell wall components such as mycolic acids, PDIM and poly-L-glutamine. The glyoxylate shunt is also
active, as shown by a requirement for isocitrate lyase activity throughout mouse lung infection (Munoz-Elias and McKinney, 2005). In
non-growing bacilli, glycolysis, PPP and TCA cycle are downregulated. AcCoA is preferentially assimilated through the glyoxylate shunt and
the gluconeogenetic reactions leading to PEP, while PropCoA is preferentially assimilated via the methylcitrate cycle leading to pyruvate. The
resulting formation of PEP and pyruvate, which also results from reduced de novo synthesis of sugars, leads to rerouting of carbon flow
towards glyceroneogenesis and TAG synthesis. Some AcCoA is also shunted into glutamate biosynthesis. Moreover, uncoupling of FAS-I and
FAS-II activities leads to rerouting of FAS-I product towards TAG synthesis and utilization of AcCoA for meromycolate elongation rather than
de novo synthesis. Together, reduced PDIM synthesis, slightly increased sulpholipid-1 (SL-1) synthesis, reduced poly-L-glutamine synthesis,
increased poly-L-glutamate synthesis and meromycolate elongation result in cell wall remodelling. Key intermediates and storage compounds
are shown in bold.

8 L. Shi et al. �

© 2010 Blackwell Publishing Ltd, Molecular Microbiology



silico fluxes when glucose and phospholipids were used
separately. For example, fluxes through several TCA
cycle steps (Rn 55, 56, 58, and 65) were predicted to be
higher in non-growing bacilli in silico (Fig. 4), but the cor-
responding genes were not upregulated in vivo. Other
differences involved obtaining the same metabolic
outcome in silico and in vivo, but with different routes/
reactions being utilized. For example, the mouse infection
data showed upregulation of icl (the first gene in the
glyoxylate shunt), while in silico analysis revealed an
increase in flux associated with the second reaction (Rn
103, mediated by malate synthase). Also, non-growing
cells showed upregulation of pckA, but not mez, in vivo,
while fluxes through both reactions were predicted to
increase in silico.

In conclusion, the results of the in silico simulations
were consistent with the main aspects of the metabolic
model derived from the qPCR data, although the same
metabolic outcome was sometimes obtained via different
routes in silico and in vivo. This result presumably indi-
cates a need for introducing additional constraints in silico
to fully recapitulate the in vivo state.

Adaptation of carbon metabolism of M. tuberculosis to
stress in vitro

The finding that metabolic shifts accompanying growth
arrest were largely independent of nutrient availability in

silico led us to test experimentally whether these metabolic
shifts were related to bacterial growth rate or to nutrient
availability. To address this question, we compared tran-
scription profiles associated with growth arrest of M. tuber-
culosis in the mouse lung with those of M. tuberculosis
cultures subjected to bacteriostatic treatments in media
containing different carbon sources.

Metabolic characteristics of growth-arrested bacilli in
enriched culture media. We first examined whether tran-
script abundance changes in the metabolic genes exam-
ined in vivo were also seen when M. tuberculosis cells
were cultured in standard rich media (containing glucose,
fatty acids and amino acids; see Experimental proce-
dures) and subjected to either of two bacteriostatic stres-
sors, gradual O2 depletion (Wayne and Hayes, 1996)
and treatment with nitric oxide (NO) released from
diethylenetriamine/NO (DETA/NO) (Voskuil et al., 2003).

We found a significant overlap in gene expression pro-
files between non-growing bacilli in vivo and in vitro. Key
carbon metabolic pathways/reactions upregulated in
mouse lungs were also induced in growth-arrested cul-
tures (Fig. 5 and Tables S2 and S5A and B). These
included glycolysis (pfkB), the glyoxylate shunt (icl ), glu-
coneogenesis (pckA), synthesis of short- to intermediate-
chain-length fatty acids (fas), elongation of meromycolate
of mycolic acid (kasA) and synthesis of TAG (tgs1)
(Fig. 5).
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Fig. 4. Metabolic flux changes during M. tuberculosis growth arrest predicted by in silico modelling. FBA of a genome-scale metabolic model
of M. tuberculosis containing ~ 900 unique reactions (Beste et al., 2007) was conducted. The indicated substrates were used as input, and
biomass of growing and non-growing tubercle bacilli cells was used as output (details in Tables S3 and S4A and B). Shown are ratios between
the predicted flux values for growing and non-growing cells for 17 central metabolism reactions described in the text. Flux ratio calculations for
all central metabolism reactions (~ 100) are shown in Table S4C–H. Positive ratios indicate fluxes in the same direction in growing versus
non-growing bacilli, and negative ratios indicate reactions in the opposite direction. Flux ratios that reach the +4/-4 value in the figure have
values outside the range shown (see Table S4C–H). Reaction numbers are from the metabolic model (Table S4C–H). Abbreviations: Gly,
glycolysis; GNG, gluconeogenesis; Pyr, pyruvate metabolism; TCA, tricarboxylic acid cycle; MCC, methylcitrate cycle; PPP, pentose phosphate
pathway; PCK, PEP carboxykinase; GS, glyoxylate shunt.
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The induction of tgs1 should result in accumulation of
TAG in non-growing bacilli. When we tested this possibility
in the gradual O2 depletion model by cytological staining
and microscopy, we found that hypoxic cultures gradually
accumulated neutral lipids while losing acid-fastness
(Fig. 6), as previously seen with M. tuberculosis cultures
subjected to multiple stress conditions (Deb et al., 2009).
Accumulation of TAG provides a phenotypic correlate of
tgs1 mRNA increase.

Only two sets of genes showed different profiles under
the three conditions (mouse, hypoxia and NO treatment).
One pertained to four fad genes, which responded differ-
ently in the three conditions, suggesting that fad gene
responses are condition-specific. The other was prpCD in
the methylcitrate cycle, which was induced during mouse
infection and under hypoxia, but not with NO exposure
(Figs 2 and 5, and Tables S2 and S5A and B). This result
may reflect different levels of the accessory sigma factor
E, which regulates the prpCD response (Manganelli et al.,
2001) under several stress conditions (P. Datta and M.L.
Gennaro, unpubl. data).

The observation that the vast majority of metabolic
genes probed gave the same response to three bacterio-
static conditions favours the possibility that these
responses are associated with growth arrest rather than
with nutrient availability (the latter presumably varies
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Fig. 5. Expression changes of metabolic genes of M. tuberculosis
during hypoxia and after treatment with NO in cultures grown in
enriched media. M. tuberculosis cells were cultured in standard
Dubos Tween-Albumin medium, and mid-log-phase cultures were
subjected to gradual O2 depletion (Wayne model) or treatment with
100 mM DETA/NO. Culture aliquots were harvested at multiple
times post-treatment. Transcripts were enumerated by qPCR and
normalized to 16S rRNA. Shown are ratios between the means of
normalized mRNA copy numbers [at hours 102 or 126 in hypoxia,
or after 0.5 h of DETA/NO treatment] and the mean of the
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M. tuberculosis cells during hypoxia.
A and B. M. tuberculosis cultures were subjected to gradual O2
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cultures at day 30 of the hypoxic time-course (anaerobiosis) (B)
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were counted from three microscopic fields. Means (and SD) of %
stain-positive cells are shown.
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between the in vivo situation and the culture conditions
utilized in vitro). This possibility was tested by utilizing
fatty-acid-free culture media (below).

Metabolic characteristics of growth-arrested bacilli in
media containing defined carbon sources. We next
carried out transcription profiling of M. tuberculosis cul-
tures grown in two media containing defined carbon
sources but no fatty acid. One culture medium was sim-
plified 7H9 medium in which glucose and glutamate serve
as carbon and energy source. The other was LIM minimal
medium in which glucose was the sole carbon and energy
source (media composition is found in Table S6A and B).
Potential sources of fatty acids, such as bovine serum
albumin (BSA) and Tween-80, were excluded (see Experi-
mental procedures).

When M. tuberculosis cultures grown in the above
media were treated with bacteriostatic concentrations of
NO, we found that key metabolic genes, such as icl, pckA
and tgs1, were induced (Table 1). These data clearly
establish that the upregulation of pathways, such as the
glyoxylate shunt, gluconeogenesis and TAG synthesis,
are not necessarily linked with a change of substrate from
sugar to fatty acids during infection, but with the change of
bacterial growth rate associated with the response to
stress.

Activity of key central metabolic enzymes during growth
arrest in vitro. We also measured changes in enzyme
activities occurring during hypoxia to determine how they
correlated with expression of the corresponding genes
under the same conditions. We first tested activity of three
enzymes encoded by genes seen as upregulated in the
hypoxic time-course. The activity of isocitrate lyase and

PEP carboxykinase increased during hypoxic stress
(Fig. 7A–D). The activity of methylcitrate synthase, which
is encoded by prpC, was much lower than that of citrate
synthase (~ 35- to 80-fold) (Table S7), likely reflecting the
relative low level of prpC expression. We then tested
activity of the products of three genes that were down-
regulated during hypoxia. We found that malate dehydro-
genase activity decreased during the hypoxic course
(Fig. 7E and F). A decrease was also observed during
hypoxic stress for glutamine synthetase activity (~ 10-
fold), which was more pronounced than the 5-fold
decrease in mRNA abundance of glnA1, the major
glutamine synthetase gene of M. tuberculosis (Tullius
et al., 2003; Harth et al., 2005) (Fig. 7G and H). The
pattern seen with glutamine synthetase and glnA1 was
also seen with glutamate synthase activity and gltB
expression. In this case, enzyme activity was low
(< 0.005 � 0.001 mmoles min-1 mg-1) during logarithmic
growth and was further reduced to below detection
(< 0.0001 mmoles min-1 mg-1) during hypoxic stress
(Table S7). Taken together, we found that the changes in
enzyme activity correlated well with changes in RNA
abundance with single isoform enzymes.

When multiple enzyme isoforms existed or when
genes encoding isoforms of the same enzyme
responded differently to the hypoxic stress, comparisons
between enzymatic activity and RNA abundance were
more complex. We examined two such cases. In one
example, the observed reduction in the activity of citrate
synthase, which is expressed from citA and gltA2,
tracked changes of mRNA abundance for citA, but not
for gltA2 (Fig. 7I and J). In another example, we
observed no significant increase in phosphofructokinase
activity (which is presumably expressed from pfkA and
pfkB) during hypoxic conditions, even though pfkB is
strongly induced (up to ~ 100-fold) (Fig. 7K and L). The
phosphofructokinase activity, which catalyses the irre-
versible, rate-limiting step of glycolysis, is highly regu-
lated (Thomas et al., 1972; Doelle, 1975; Kotlarz et al.,
1975), and the assay conditions may not reflect critical
requirements for activity of this enzyme, such as the
concentration of regulatory metabolites or relative
oxygen tension.

Collectively, with the exception of phosphofructoki-
nase, the changes in enzyme activities expressed by
genes critical to our metabolic model largely support the
mRNA abundance data.

Conclusions

The model proposed in Fig. 3 provides an integrated view
of components of the response of M. tuberculosis
metabolism to stress conditions imposed by host
immunity. Key aspects of the model are: (i) the PEP/

Table 1. Effects of NO on the transcript levels of selected M. tuber-
culosis central metabolism and lipid metabolism genes in cultures
grown with defined carbon sources.

Time

Fold change of mRNA copy number

LIM 7H9-S

icl pckA tgs1 icl pckA tgs1

0.5 h 10.2 4.7 118.0 6.3 3.0 45.2
1 h 4.1 3.6 264.6 14.0 21.2 97.2
2 h 1.9 1.4 268.7 10.4 12.1 60.8

Mycobacterium tuberculosis cultures were grown in modified
Middlebrook 7H9 and LIM minimal medium with defined carbon
sources, as described in Experimental procedures. Mid-log culture
was treated with 100 mM DETA/NO and samples were collected at
hours 0.5, 1 and 2 post-treatment. Transcripts were enumerated by
qPCR as per Fig. 2 legend. Shown are ratios of means of normalized
mRNA copy numbers (from three independent experiments) at the
indicated time points post-treatment relative to aerated mid-log
growth. 7H9-S, simplified 7H9 medium; LIM, LIM minimal medium.
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pyruvate-OAA node is a critical switch of carbon flow
distribution, as seen in other bacterial species under
stress (Sauer and Eikmanns, 2005), and (ii) carbon flow is
rerouted towards formation of storage compounds, such
as TAG and glutamate, as also seen in the stress
response of many biological systems, as diverse as
sporulating bacteria and fungi, plant seeds, and hibernat-
ing mammals (Cortassa et al., 2000; Murphy, 2001;
Alvarez and Steinbuchel, 2002; Waltermann and Stein-
buchel, 2005). Thus, our metabolic model characterizes
mycobacterial dormancy as a variation of the broader
stress–response theme developed in nature.

Our results redefine a central aspect of M. tuberculo-
sis biology. Our finding that metabolic activities central
to the model are upregulated in response to stress
regardless of carbon source or stress signal contradicts
the view that these activities are induced in response
to change in nutrient availability from sugar to fat
(e.g. Honer zu Bentrup and Russell, 2001; Timm et al.,
2003). The preferential utilization of fatty acids by
tubercle bacilli explains the observed requirement
for glyoxylate shunt and gluconeogenic genes, such
as icl and pckA, during infection, regardless of growth
rate (Munoz-Elias and McKinney, 2005; Marrero et al.,
2010). Instead, upregulation of the same (and other)
metabolic pathways associated with stress-induced bac-
teriostasis is best interpreted in the context of cell fate
decisions (transition from growth to dormancy) rather
than as an adaptive response to changed nutrient
availability.

A limitation of our metabolic model is that it is largely
based on transcript abundance data. However, critical
aspects of the model are consistent with in silico simu-
lations. Moreover, our experiments with hypoxic cultures
show high concordance between expression and activity
of key central metabolism enzymes affected during
stress-induced bacteriostasis in vitro, suggesting that a
similar concordance exists also in vivo. Furthermore, the
accumulation of TAG seen in hypoxic cultures provides a
phenotypic correlate to a key prediction of the model.
Further ways to test the model will include direct mea-
surements of carbon flux distribution using 13C-labelled
substrates (Eisenreich et al., 2010).

In conclusion, we propose that the carbon flow redistri-
bution associated with M. tuberculosis growth arrest is a
developmental response comparable to that seen with
other biological examples of adaptation to stress.

Experimental procedures

Mouse infection

C57BL/6 mice at 8–10 weeks of age were infected with M.
tuberculosis H37Rv with ª 2 ¥ 102 bacterial colony-forming

units (cfu) per mouse, as described (Shi et al., 2003). At
specified times (days 12, 15, 18, 21, 30, 50 and 100), lungs
from three to four mice were harvested and snap-frozen in
liquid nitrogen for subsequent RNA extraction.

Treatment of M. tuberculosis cultures in vitro

Unless otherwise specified, M. tuberculosis H37Rv was grown
at 37°C in Dubos Tween-Albumin broth (Becton Dickinson),
which contains glucose, asparagine and amino acids from a
pancreatic digest of casein, and Tween-80 to prevent cell
clumping. Tween-80 releases oleic acids that can also be
utilized by M. tuberculosis as carbon source (Cox et al.,
1978). Gradual oxygen depletion and treatment with
DETA/NO were performed as described (Wayne and Hayes,
1996; Shi et al., 2005). For culturing M. tuberculosis with
defined carbon sources, two additional culture media were
used: a modified Middlebrook 7H9 broth with glutamic acid
and glucose as carbon source (Table S6A), and LIM minimal
medium containing glucose as sole carbon source
(Table S6B). Sources of fatty acids were eliminated in the
media by replacing the surfactant Tween-80 with the non-
metabolizable Tyloxapol and by dispensing of BSA. Mid-log
cultures grown in these media were treated with 100 mM
DETA/NO and culture aliquots were harvested at hours 0.5, 1
and 2 by centrifugation and snap-frozen in dry-ice/ethanol for
subsequent RNA extraction.

Enumeration of bacterial transcripts

RNA extraction, RT-PCR and real-time PCR for bacterial
transcript enumeration from infected mouse lungs and cul-
tures were performed, as described (Shi et al., 2003). Briefly,
total RNA extraction from lungs or cultures utilized rapid
mechanical lysis of M. tuberculosis in a guanidinium
thiocyanate-based buffer. Reverse transcription was per-
formed with gene-specific primers (Table S8) and Thermo-
Script reverse transcriptase (Invitrogen). Quantification of M.
tuberculosis mRNAs was carried out by real-time PCR using
gene-specific primers, molecular beacons (Table S8) and
AmpliTaq Gold polymerase (Applied Biosystems) in a Strat-
agene Mx4000 thermal cycler. Measurements of mRNA copy
numbers per cell were obtained by dividing mRNA copy
number by the copy number of 16S rRNA in the same
sample, since 16S rRNA copy numbers closely parallel cfu
determinations throughout mouse lung infection (R 2 = 0.
9539) (Shi et al., 2003) and in hypoxic cultures in vitro (Des-
jardin et al., 2001).

In silico simulation of M. tuberculosis metabolic
pathways at different growth states

A GSMN-TB (Beste et al., 2007) and FBA were used to
assess selected metabolic pathways for growing and non-
growing bacilli in silico. GSMN-TB contains nearly 900
reactions, including the variant TCA cycle containing
a-ketoglutarate decarboxylase (kgd) and succinic semialde-
hyde dehydrogenase (Tian et al., 2005). In the metabolic
model, input was defined as substrate utilized; output was the
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generation of biomass of tubercle bacilli. Biomass of ‘growing
cells’ was defined as consisting of DNA, RNA, protein, and
major components of the cell wall, as previously described
(Beste et al., 2007), while biomass composition for ‘non-
growing cells’ comprised trehalose dimycolate, TAG and
polyglutamate/glutamine to reflect a shift towards the minimal
cell wall composition deduced from the transcription-derived
model in Fig. 3 (detailed biomass composition in Tables S3
and S4A and B). Flux distributions were obtained for maximal
biomass production at each growth state by using FBA, as
previously described (Beste et al., 2007). Briefly, the FBA
method uses linear algebra to calculate the flux in each
metabolic reaction of the model that optimizes some ‘objec-
tive function’, in our case, the production of biomass. From
the perspective of the FBA analysis, the difference between
growing and non-growing cells was the different biomass
composition. Therefore, FBA was used to calculate flux
values that would optimize production of biomass from
growing and non-growing cells. The ratio between these pre-
dicted flux values (for growing and non-growing cells) pro-
vided a predicted difference of metabolic flux in each reaction
between the two states.

Fluorescent staining with Auramine-O and Nile Red

Fluorescent acid-fast staining dye Auramine-O was used in
combination with lipid staining dye Nile Red (9-Diethylamino-
5H-benzo-a-phenoxazine-5-one). M. tuberculosis cultures
were taken at multiple time points during hypoxia and heat-
killed prior to staining. About 300 ml of cell suspensions were
added onto a poly-lysine-coated chambered borosilicate
cover glass system and incubated for 30 min at room
temperature. After removing excess cell suspension, cham-
bers were air-dried before staining. Acid-fast staining was
performed by using Mycobacteria Fluorescent stain kit
(Fluka). Briefly, each chamber was filled with 0.3% fluores-
cent Auramine-O (in 3% phenol solution), incubated in the
dark for 15 min, washed with distilled water and treated with
decolorizing solution for 2 min. After washing with distilled
waster, cells were stained with Nile Red dye (10 mg ml-1 in
ethanol), incubated in the dark for 15 min, washed with dis-
tilled water, treated with counterstain (0.1% potassium per-
manganate) for 3 min, washed with distilled waster and air-
dried. Each chamber was examined with 100 ¥ oil immersion
lens using a fluorescent microscope AXIOVERT 200 M
(Zeiss). The filter sets used for visualization of cells stained
with Auramine-O and Nile Red were Fluorescein (excitation
wavelength 475 nm and emission wavelength 530 nm) and
Texas Red (excitation wavelength 590 and emission wave-
length 630 nm) respectively. Scanned images were analysed
and projected by using the OPEN LAB software (Perkin
Elmer).

Preparation of cell-free extracts and enzyme assays

Mycobacterium tuberculosis was grown to either mid-log
phase with an approximate OD580 of 0.4 under aerobic con-
ditions and to multiple time points of non-replicating persis-
tence following gradual oxygen depletion in 500 ml flasks.
Cultures were harvested by placing them on ice for 2 h and

then washing them twice by centrifugation with cold 10 mM
phosphate buffer (pH 7.0) containing 0.05% Tween-80. Cells
were disrupted in 100 mM phosphate buffer (pH 7.0) contain-
ing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
dithiothreitol (DTT) and 1 mM phenylmethylsulphonyl fluoride
(PMSF) using a Mini-Bead Beater (Bio Spec Products,
Bartlesville, OK) with six repetitions of 30 s bursts with
cooling on ice between each cycle. Extracts were clarified by
centrifugation, and they were sterilized by filtration through a
0.45 mm pore SpinX filter (Corning, New York). The protein
concentration was determined with Bio-Rad protein assay
reagents (Bio-Rad Laboratories, Hercules, CA, USA).

Isocitrate lyase. Isocitrate lyase activity was measured as
the amount of glyoxylphenylhydrozone produced from gly-
oxylate (Hoyt et al., 1991). Fifty micrograms of cell extract
protein was added to a cuvette containing 50 mM MOPS
buffer (pH 7.5), 5 mM MgCl2 and 4 mM phenylhydrazine
hydrochloride. The reaction was started with the addition of
trisodium isocitrate to 2 mM, and the absorbance at 324 nm
monitored. A control reaction without isocitrate was
subtracted as background. An extinction coefficient
1.7 ¥ 104 M-1 cm-1 was used to calculate the rate of glyoxy-
late phenylhydrazone formation.

PEP carboxykinase. GTP-dependent PEP carboxykinase
was measured with a modified protocol (Mukhopadhyay
et al., 2001). Fifty micrograms of cell extract protein was
added to a reaction mix containing 200 mM HEPES buffer
(pH 7.2), 200 mM MnCl2, 4 mM MgCl2, 10 mM PEP, 100 mM
NaHCO3, 200 mM NADH and 3 units of malic dehydrogenase
from Thermus flavus. The reaction was initiated with the
addition of GDP to 2 mM and followed by measuring absor-
bance at 340 nm. An extinction coefficient of 6223 M-1 cm-1

was used to calculate the rates of NADH oxidation. A control
reaction without PEP was included and subtracted as
background.

Malate dehydrogenase. Malate dehydrogenase activity was
measured by the oxidation of NADH in the presence of OAA
according to published protocol with minor modifications
(Tian et al., 2005). Reaction mixture contains 50 mg of
protein, 50 mM HEPES (pH 8.0), 0.4 mM NADH and 0.4 mM
OAA. A control reaction without OAA was included and sub-
tracted as background.

Citrate synthase. The assay was carried out according to
published protocols (Munoz-Elias et al., 2006). Briefly, 50 mg
of cell extract protein was added to a 1 ml cuvette containing
50 mM HEPES buffer (pH 8.0), 100 mM 5,5-dithiobis-(2-
nitrobenozate) and 400 mM OAA (pH 8.0). The reaction was
initiated with the addition of AcCoA to 70 mM and thionitroben-
zene formation was followed by measuring absorbance at
412 nm. An extinction coefficient of 13 600 M-1 cm-1 was
used to calculate the rates. A control reaction without OAA
was subtracted as background.

Methylcitrate synthase. The assay for methylcitrate synthase
activity was the same as for citrate synthase with the excep-
tion that AcCoA was replaced with PropCoA.
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Phosphofructokinase. Phosphofructokinase activity mea-
surement was based on an assay involving aldolase, triose
phosphate isomerase and glycerol phosphate dehydrogenase
(Alves et al., 1997). Fifty micrograms of cell extract protein
was added to a reaction mix (pH 7.5) containing 50 mM Tris,
5 mM MgCl2, 3 mM NH4Cl, 1 mM KCl, 7 mM fructose 6-P,
160 mM NADH, 1 unit of fructose bisphosphate aldolase, 5
units of 3-P isomerase and 1 unit of a-glycerol 3-P dehydro-
genase. The reaction was initiated with the addition of ATP to
2.5 mM, and NADPH oxidation was monitored by measuring
the absorbance at 340 nm. A control reaction without 6-P
fructose was included and subtracted as background.

Glutamate synthase. The assay was carried out according to
published protocols (McCarthy, 1983). Fifty micrograms of
cell extract protein was added to a reaction mix containing
50 mM HEPES buffer (pH 8.0), 5 mM glutamine and 160 mM
NADH. NADH oxidation was measured by monitoring absor-
bance at 340 nm. A control reaction without glutamine acid
was included and subtracted as background.

Glutamine synthetase. The assay measures production of
g-glutamylhydroxamate by glutamine synthetase (Tullius
et al., 2001). Components were added to a final concentra-
tion of 20 mM Imidazole (pH 7.0), 20 mM arsenate, 60 mM
hydroxylamine, 1 mM MnCl2, 400 mM ADP and 50 mg of cell
extract protein. The reaction was initiated with the addition of
alpha-ketoglutarate to 5 mM. At 30 min intervals a 500 ml
sample was removed and added to 125 ml of Stop Solution
(8% w/v trichloroacetic acid, 3.3% w/v FeCl3 and 2 N HCl).
The absorbance at 540 nm was measured and compared
with a standard curve.
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