
Mycobacterium Tuberculosis Metabolism
and Host Interaction: Mysteries
and Paradoxes

Sabine Ehrt and Kyu Rhee

Abstract Metabolism is a widely recognized facet of all host–pathogen interac-
tions. Knowledge of its roles in pathogenesis, however, remains comparatively
incomplete. Existing studies have emphasized metabolism as a cell autonomous
property of pathogens used to fuel replication in a quantitative, rather than qual-
itatively specific, manner. For Mycobacterium tuberculosis, however, matters
could not be more different. M. tuberculosis is a chronic facultative intracellular
pathogen that resides in humans as its only known host. Within humans,
M. tuberculosis resides chiefly within the macrophage phagosome, the cell type,
and compartment most committed to its eradication. M. tuberculosis has thus
evolved its metabolic network to both maintain and propagate its survival as a
species within a single host. The specific ways in which its metabolic network
serves these distinct, through interdependent, functions, however, remain incom-
pletely defined. Here, we review existing knowledge of the M. tuberculosis–host
interaction, highlighting the distinct phases of its natural life cycle and the diverse
microenvironments encountered therein.
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1 Introduction

Most bacterial pathogens reside in polymicrobial niches and seek to replicate as
quickly as possible to overtake their host niche. However, humans are the only
known host and reservoir of M. tuberculosis. M. tuberculosis has thus evolved
within a niche, in which either unrestrained replication or perfect symbiosis
threaten its very existence as a species. Instead, the M. tuberculosis lifecycle
consists in a prolonged period of replicative quiescence tolerant to host immunity
and conventional chemotherapy, and while sometimes lasting decades, if not the
lifetime of the host, is followed by an obligatory episode of replication, required
for transmission to a new host. M. tuberculosis thus both replicates and persists
within the same host species.

Interest in metabolic aspects of the M. tuberculosis–host interaction dates to
Koch’s discovery of M. tuberculosis and its distinct chemical staining properties
among the ‘‘heaping nuclei and detritus’’ of tuberculous lesions in animals that had
died from tuberculosis several weeks earlier, suggesting the existence of specific
metabolic differences (Sakula 1983). This discovery prompted several decades of
human autopsy, experimental animal, bacteriologic, and biochemical studies that
focused chiefly on histopathologic descriptions of the host niches occupied by
M. tuberculosis, its crude biochemical composition, and cell autonomous growth
capabilities (Rich 1946; Youmans 1979). The advent of protein biochemistry later
shifted attention to descriptions of its enzymatic activities as reported by whole
cell lysates and indirect chemical reporters (Murthy et al. 1962; Wheeler and
Blanchard 2005). Based on such studies, Segal and Bloch adduced seminal evi-
dence that M. tuberculosis grown in vitro and recovered from the lungs of infected
animals existed in distinct metabolic states, in the latter of which it was found to
preferentially respire on fatty acids rather than on carbohydrates more typically
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used to cultivate M. tuberculosis in vitro (Bloch and Segal 1956). Following
publication of the M. tuberculosis genome sequence in 1998, studies of the
M. tuberculosis–host interaction turned heavily, if not exclusively, to the use of
comparative genomics, transcriptional profiling, homology-based bioinformatic
modeling, and gene knockout approaches (Cole et al. 1998; Sassetti et al. 2001;
Rhee et al. 2011; Griffin et al. 2011). These studies afforded unprecedented gen-
ome-scale insight into the biology of M. tuberculosis with single nucleotide
resolution.

Notwithstanding, knowledge of the M. tuberculosis–host interaction remains
incomplete. Unlike the case for other cellular processes, metabolism consists of
reactions whose substrates and products are atomic, rather than molecular, in
diversity and often cannot be inherently deduced from genetic information. As a
result, homology-based comparison have failed to suggest a function for nearly
40 % of M. tuberculosis annotated genes, while up to 30 % of detected enzymatic
activities have not been ascribed to a known gene (Cole et al. 1998; Chen 2007).
Their levels, connectivities, and directionalities remain similarly undefined due to
regulation by multiple pathways and regulatory circuits, many of which are non-
genetic in nature. In this regard, efforts to infer the in vivo metabolic state of
M. tuberculosis based on its transcriptional profile or survival of gene knockouts in
animal models of tuberculosis have been hindered by fundamental biochemical
ambiguities. While emergent metabolomics technologies have begun to resolve
such ambiguities, these same technologies have simultaneously revealed unique
properties of its metabolic network that have prompted a re-evaluation current
experimental knowledge.

All tools and approaches have inherent strengths and limitations. Classical
bacteriology and biochemistry have provided insight into the cell autonomous
traits and capabilities of M. tuberculosis and its proteins but also been limited by
the artificial culture conditions used to study them. Genetic approaches, by con-
trast, have afforded a singular specificity but relied almost completely on the
accuracy and completeness of their accompanying bioinformatic gene annotations.
Metabolomics, defined as the simultaneous measurement of all metabolites in a
biological system under a given set of conditions, is the youngest of systems level
disciplines and begun to deliver unique insights into the intracellular biochemistry
of M. tuberculosis and its response to perturbation. However, while metabolites
represent the integrated product of a cell’s genome, proteome and environment,
and most direct reporters of a cell’s metabolic state, technical limitations have thus
far precluded the ability to profile M. tuberculosis recovered from host cells or
tissues (Rhee et al. 2011).

Technical limitations aside, knowledge of the M. tuberculosis–host interaction
has been limited by biological dissociations between M. tuberculosis life cycle in
vitro and in vivo. As a result, experimental studies of M. tuberculosis pathogenesis
have primarily focused on its ability to persist, while its physiology has been most
extensively studied when replicating at maximal growth rates.
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Here, we review and assimilate existing knowledge of M. tuberculosis
physiologic and pathophysiologic traits within the context of its natural life cycle
and primary experimental evidence.

2 The Mycobacterium tuberculosis Host Niche: Down
the Rabbit Hole

Following aerosol transmission to a new host, M. tuberculosis first encounters the
terminal airspace, or alveolus, of the lung where it is phagocytosed by tissue
resident alveolar macrophages and dendritic cells. M. tuberculosis is then believed
to undergo a period of unrestricted replication, migrate to the local draining lymph
node, and spread throughout the bloodstream, infecting additional macrophages
and reseeding additional regions of the lung to establish a systemic infection until
contained by the onset of cellular immunity. Activation of the adaptive immune
response results in the production of interferon-c (IFN-c), which enables macro-
phages to kill or restrain replication of M. tuberculosis and marks the onset of a
period in which M. tuberculosis persists in a non- or slowly-replicating state that
often lasts decades, if not the lifetime of the host (Russell 2001; Barry et al. 2009;
Philips and Ernst 2012).

Mycobacterium tuberculosis has been reported to infect and/or be found in both
phagocytic and nonphagocytic cell types, including myeloid dendritic cells, neu-
trophils, adipocytes, and epithelial cells (Neyrolles et al. 2006; Wolf et al. 2007;
Nathan 2009). However, macrophages constitute the quantitatively largest and the
most significant cellular reservoir of M. tuberculosis during the establishment and
maintenance of a chronic infection. Moreover, not all macrophages, nor their
phagosomes, are the same. Though microscopically well defined, phagosomes are
both diverse and dynamic. Following internalization of a particle or pathogen,
phagosomes undergo a series of rapid and extensive changes in their biochemical
composition and function that can be further modulated by immune activation.
Nascent phagosomes, for example, while hypoxic and nutrient poor, are generally
not competent to kill intracellular bacteria (James et al. 1995; Vieira et al. 2002).
However, subsequent fusion with endomembrane compartments, such as lyso-
somes, leads to a progressive acidification, alteration in ionic composition, and
accumulation of lytic enzymes, oxygenated lipids, and reactive oxygen species that
can be further intensified with immune activation by cytokines. Cytokines such as
IFN-c can further modify this chemistry with the coordinated production and
trafficking of reactive oxygen and nitrogen intermediates, antimicrobial peptides
and mediators of autophagy, such as inducible nitric oxide synthase (iNOS), the
immunity-related GTPase LRG-47, and guanylate-binding proteins (GBPs)
(MacMicking et al. 1997; MacMicking 2003; Gutierrez et al. 2004; Alonso et al.
2007; Purdy and Russell 2007; Kim et al. 2011; Shenoy et al. 2012).
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Mycobacterium tuberculosis-containing phagosomes have long been noted to
exhibit an exceptional degree of heterogeneity (Russell 2001; Rohde et al. 2007).
Unlike the case for pyogenic bacteria, some M. tuberculosis-containing phago-
somes are remarkably long lived, lasting days, rather than hours, in vitro, and
years, rather than days, in vivo, while others succumb to their replication, and yet
others undergo apoptosis (Fratazzi et al. 1999). In addition, considerable bio-
chemical and cell biologic evidence has established that M. tuberculosis can
actively regulate the phagosome, by preventing its fusion with the lysosome and
antagonizing its acidification (Sturgill-Koszycki et al. 1994; Schaible et al. 1998).
More recent studies have suggested that M. tuberculosis may even escape the
phagosome to reside in the cytosol (van der Wel et al. 2007; Houben et al. 2012).

Given this extensive heterogeneity, it is likely, if not certain, that M. tuber-
culosis encounters phagosomal environments that vary according to the specific
cell type, location, and time of infection. Indeed, bone marrow-derived macro-
phages, alveolar macrophages, and dendritic cells have all been shown to be
capable of producing similar levels of nitric oxide (NO) (the major determinant of
immune control of M. tuberculosis in mice), upon immune stimulation with IFN-c
(MacMicking et al. 1997; Bodnar et al. 2001; Choi et al. 2002; Roy et al. 2004).
Yet, infection of each is associated with a distinct physiologic outcome. For
example, alveolar macrophages support sufficient replication to enable M. tuber-
culosis to establish infection, while dendritic cells achieve sufficient control to
enable maturation of a T cell response and bone marrow-derived macrophages,
which are believed to predominate during the chronic or persistent phase of
infection, and characterized by their unique ability to restrict, if not kill,
M. tuberculosis over prolonged periods of time. Such differences thus highlight
key, yet unresolved, differences in the cellular microenvironments associated with
the M. tuberculosis lifecycle.

From an experimental perspective, it is important to note that biochemical
studies of the host milieu of M. tuberculosis have relied heavily, if not exclusively,
on the in vitro use of murine bone marrow-derived macrophages or immortalized
cell lines (Vogt and Nathan 2011) that, when used, have been challenged by
methodologic shortfalls associated with identifying their constituents and pre-
serving their concentrations during subcellular fractionation.

Limitations aside, experimental studies of M. tuberculosis-infected macro-
phages of immunocompetent mice or humans have provided direct biochemical
(rather than inferred genetic) evidence for: a transient burst of ROI mediated by
assembly of the phagocyte oxidase complex accompanying formation of the
phagocytic cup; decreased oxygen; a pH of about 6.3 in resting macrophages, due
to exclusion of the vacuolar proton-exchanging ATPase, that can be overcome
with IFN-c-stimulation to achieve a pH of approximately 4.5; and NO generated
upon IFN-c-induced production and vesicular localization of iNOS as well as from
chemical dismutation of its auto-oxidation product, nitrite (Nathan and Shiloh
2000; MacMicking 2003; Vandal et al. 2008). The relevance of NO-derived
species in human TB has been specifically affirmed by the demonstration of
co-localizing immunoreactivity of iNOS and nitrotyrosine, a biochemical footprint
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of NO reactivity (Choi et al. 2002). Transcriptional profiling studies of M. tuber-
culosis recovered from macrophages in vitro and from the lungs of infected mice
have been used to infer the availability of fatty acids, and lack carbohydrates,
lysine, leucine, and iron in resting and immune-activated phagosomes
(Sambandamurthy et al. 2002; Schnappinger et al. 2003; Timm et al. 2003;
Voskuil et al. 2003). However, direct biochemical support for such inferences
remains lacking. Interestingly, studies of M. tuberculosis’ bioactive cell surface
lipids and secreted proteins have documented trafficking into host cytosol and
extracellular vesicles, while electron microscopy has demonstrated co-localization
of M. tuberculosis-containing phagosomes with host lipid bodies, suggesting a
potential biochemical connectivity (Russell 2001; Russell et al. 2009).

Looking more macroscopically, both human patient and animal studies have
extended this heterogeneity to include broader changes in the tissue surrounding
M. tuberculosis-infected macrophages. For example, while the initial infection of
alveolar macrophages triggers a localized inflammatory response consisting in
tumor necrosis factor (TNF)-a and IFN-c, the concurrent release of inflammatory
chemokines initiates the formation of a granuloma, the pathologic hallmark of
tuberculosis (Russell 2006). Initially the granuloma, is an amorphous mass of
macrophages, monocytes, and neutrophils, but over time undergoes differentiation
giving rise to specialized cell types, including multinucleated giant cells, foamy
macrophages and epithelioid macrophages, that organize into a multicellular
structure consisting in a macrophage-rich center surrounded by a mantle of lym-
phocytes and fibrous sheath. This microanatomic heterogeneity is accompanied by
further variations in vascular supply and oxygen tension that can range from
neovascularized to hypoxic necrotic granulomas within the same host (Via et al.
2008; Russell et al. 2010). Moreover, studies of rabbit and human tuberculous
granulomas have shown M. tuberculosis to exist in anatomically distinct tran-
scriptional states within a single lesion (Kaplan et al. 2003).

Albeit brief, M. tuberculosis also traverses key extracellular environments that
are critical to completion of its life cycle. As granulomas progress, their fibrous
sheath becomes more marked, while their vasculature wanes and the number of
foamy macrophages increases. These changes are accompanied by further
increases in hypoxia, as reported by in situ staining with pimonidazole, and pre-
sumptive gradients of other blood borne nutrients, that culminate in necrosis, a
central caseation that is sometimes surrounded by calcification, and accumulation
of extracellular bacilli (Boshoff and Barry 2005; Russell 2006; Via et al. 2008).
Biochemical analysis of the major lipid species within this caseum has revealed an
abundance of cholesterol ester, cholesterol, and triacylglycerol, and also a high
level of lactosylceramide (Kim et al. 2010). Ultimately, such granulomas rupture
into the airways, perhaps via an increase in levels of matrix metalloproteinase 9
(MMP9), and spill thousands of viable bacilli, poised to re-enter cell cycle (Russell
2006; Elkington and D’Armiento 2011). Once released into the airways,
M. tuberculosis completes its lifecycle via infectious sputum aerosol and trans-
mission to a new host. Though generally considered aerated mucus polysaccha-
rides and epithelial cell debris of the lower respiratory tract, cytologic studies of
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M. tuberculosis-containing sputum have identified a significant number of expelled
bacteria within neutrophils, while bacteriologic and transcriptional profiling
studies of M. tuberculosis have revealed distinct subpopulations of nonreplicating
as well as viable but not culturable subpopulations suggestive of a more complex
environment (Garton et al. 2008; Eum et al. 2010; Mukamolova et al. 2010).
Sputum aerosol studies have further established a distinct array of physical
characteristics associated with droplets of different size that may further contribute
to the heterogeneity of this critical niche (Rieder 1999).

3 The Mycobacterium tuberculosis Looking Glass: Current
Gaps in Knowledge

3.1 Eating and Sleeping on an Atkins Diet?

Looking from the pathogen seminal studies from Segal and Bloch taught that
M. tuberculosis isolated from the lungs of infected mice preferentially metabolized
fatty acids over carbohydrates implicating fatty acids as the predominant carbon
source encountered by M. tuberculosis in vivo (Bloch and Segal 1956). This view
was later enforced with the completion of the M. tuberculosis genome and
discovery of its extensive duplications of genes encoding enzymes associated with
beta-oxidation (Cole et al. 1998). Genome wide transcriptome analyses of
M. tuberculosis recovered from primary mouse macrophages, mouse lungs and TB
patients similarly revealed that genes encoding enzymes required for lipid and
fatty acid metabolism were induced in the host niche (Schnappinger et al. 2003;
Timm et al. 2003).

The specific lipid and fatty acid substrates accessible to M. tuberculosis remain
incompletely defined. However, M. tuberculosis expresses a number of lipases and
phospholipases capable of catalyzing the release of fatty acids from host lipids
(Côtes et al. 2008; Singh et al. 2010; Dedieu et al. 2012). Accordingly, an M.
tuberculosis strain lacking three phospholipase C enzymes failed to persist normally
during mouse infection indicating a potential demand for lipid degradation in the
later phase of infection (Raynaud et al. 2002). In addition, a large fraction of bacilli
isolated from tuberculosis patient sputum samples have been shown to contain lipid
bodies similar to those observed in hypoxic, nonreplicating M. tuberculosis (Garton
et al. 2002, 2008; Daniel et al. 2004; Deb et al. 2006). The dominant component of
these lipid bodies consists of triacylglycerol (TAG), which intracellular bacilli seem
to synthesize directly from fatty acids released from host TAG (Daniel et al. 2011).
Mycobacterium tuberculosis-infected macrophages have similarly been found to
undergo foamy maturation followed by migration of M. tuberculosis-containing
phagosomes toward newly formed intracellular lipid bodies, which ultimately
encapsulate the pathogen (Peyron et al. 2008). Such encapsulation provides
M. tuberculosis with potential access to nutrients in the form of fatty acids from host
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TAG that can be stored in its own lipid bodies as potential source of energy, even
when not replicating. LipY a TAG hydrolase (Deb et al. 2006; Mishra et al. 2007)
has been detected in the M. tuberculosis cytosol and on the bacterial surface sug-
gesting that it is involved in hydrolysis of intrabacterial, stored TAGs as well as
TAGs from host lipid bodies (Dedieu et al. 2012).

Studies of genetically engineered M. tuberculosis mutant strains have provided
similar evidence of fatty acids in the host niche. Bacteria grown on fatty acid-
derived acetyl-CoA rely on gluconeogenesis and the anaplerotic glyoxylate shunt
(Fig. 1). Accordingly, M. tuberculosis mutants lacking the glyoxylate shunt
enzyme isocitrate lyase (ICL) or phosphoenolpyruvate carboxykinase (PEPCK),
catalyzing the first committed of gluconeogenesis, were shown to be incapable of
growing on fatty acids in vitro and found to be profoundly attenuated during the
acute and chronic phases of mouse infections (McKinney et al. 2000; Muñoz-Elías
and McKinney 2005; Marrero et al. 2010; Blumenthal et al. 2010). Together, these
mutants implicated fatty acid metabolism as essential for growth and survival of
M. tuberculosis in vivo.

More detailed interpretations of these phenotypes, however have proven
challenging. For example, recent work showed that M. tuberculosis ICL functions
as a bifunctional isocitrate and methylisocitrate lyase (Muñoz Elías et al. 2006),
thus making it unclear which of its bifunctional metabolic roles in the glyoxylate
shunt and methylcitrate cycles explains the profound attenuation of ICL-deficient
M. tuberculosis in vivo. Loss of methylisocitrate lyase activity is predicted to
result in the accumulation of toxic propionyl-CoA metabolites (Upton and Mc-
Kinney 2007), while loss of isocitrate lyase activity is expected to impair carbon
assimilation through inactivation of the glyoxylate shunt. While disruption of the
methylcitrate cycle via deletion of the downstream enzymes, prpDC encoding
methylcitrate synthase and methylcitrate dehydratase (Fig. 1), attenuated
M. tuberculosis growth on propionate and in isolated macrophages, replication and
persistence in mice was unimpaired, suggesting the primacy of the glyoxylate
shunt (Muñoz Elías et al. 2006). However, absence of methylcitrate cycle activity
can also be compensated for by the vitamin B12-dependent methylmalonyl
pathway (Savvi et al. 2008; Griffin et al. 2012), while the ability of M. tuberculosis
to scavenge vitamin B12 from the host or synthesize it during infection remains to
be investigated.

The failure of M. tuberculosis lacking PEPCK to replicate in resting macro-
phages or during acute mouse infections further supports the view that M.
tuberculosis relies on gluconeogenesis for biomass during growth within a host.
However, the profound death following PEPCK deletion or silencing in vivo at
early and at late stages of the infection remains unexplained. In contrast to the ICL
deficient mutant, the growth defect of M. tuberculosis lacking PEPCK in media
containing fatty acids could be rescued by supplementation with glucose or
glycerol (Marrero et al. 2010). Lack of PEPCK may, however, cause metabolite
perturbations that might sensitize M. tuberculosis to stresses encountered within
the host and lead to its death. Together, these examples illustrate that, while
powerful, the use of genetically engineered M. tuberculosis strains as a bioprobes
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Fig. 1 Central metabolic pathways of M. tuberculosis. Enzymes and their encoding genes are
color coded to reflect their dedicated pathways: glycolysis (light blue), gluconeogenesis (red),
glycolysis and gluconeogenesis (purple), TCA cycle (green), glyoxylate shunt (orange), and
methylcitrate cycle (dark blue). Reactions that convert a-ketoglutarate into succinate are detailed
in Fig. 2
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of the host–pathogen interaction can be complicated by their limited biochemical
resolution, as exemplified by their inability to determine if the attenuation of a
given enzymatic mutant is due to depletion of its product or an intoxication arising
from the accumulation of an upstream or distantly related metabolite. Nonetheless,
that fatty acids and lipids are relevant carbon substrates during M. tuberculosis
growth and persistence in macrophages and during infections remain the pre-
vailing paradigm.

3.2 Good Cholesterol?

Cholesterol is an essential constituent of mammalian cell membranes where it
plays important structural and regulatory roles (Munro 2003; Brown and Goldstein
2008; Yuan et al. 2012). It is also a component of lipid droplets, which accumulate
in alveolar macrophages of tuberculosis patients and in foamy macrophages of
mouse granulomas (Russell et al. 2009). In fact, M. tuberculosis can induce the
formation of foamy, lipid-loaded macrophages, and electron microscopy showed
that the bacilli containing phagosomes are found in close proximity to intracellular
nonmembrane bound lipid bodies (Peyron et al. 2008; Melo and Dvorak 2012).
These foamy macrophages appear to provide a hospitable niche for M. tubercu-
losis as they protect the bacilli from direct contact with lymphocytes, appear to
have lost bactericidal activity and might facilitate the acquisition of lipid and fatty
acid nutrients. That M. tuberculosis utilizes cholesterol in vivo is supported by a
wealth of data. It encodes a dedicated cholesterol uptake system and the complete
pathway for its degradation (van der Geize et al. 2007), can catabolize cholesterol
in vitro and use it as sole carbon source for replication (Pandey and Sassetti 2008;
Griffin et al. 2012). Catabolism of cholesterol is predicted to yield propionyl-CoA,
acetyl-CoA, and pyruvate (van der Geize et al. 2007) and cholesterol contributes to
M. tuberculosis propionyl-CoA pool in vitro and when it resides in macrophages
(Yang et al. 2009; Griffin et al. 2012).

Mycobacterium tuberculosis mutants whose ability to degrade cholesterol is
impaired via deletion of the mce4-encoded cholesterol transporter, or abolished
due to lack of enzymes required for cholesterol catabolism, fail to persist normally
in the chronic phase of mouse and guinea pig infections (Pandey and Sassetti 2008;
Nesbitt et al. 2009; Yam et al. 2009; Hu et al. 2010). This suggested that cho-
lesterol is an important nutrient in vivo, but also indicates access to alternative
carbon sources prior to the onset of adaptive immunity. A mutant lacking the
‘‘intracellular growth (igr)’’ locus, that encodes enzymes important for early steps
in cholesterol degradation was similarly attenuated during early mouse infections
(Chang et al. 2009). This phenotype has been attributed to a presumptive intoxi-
cation from cholesterol metabolites as disruption of the Mce4 cholesterol trans-
porter suppressed the in vivo growth defect of the irg mutant. In contrast, M.
tuberculosis lacking 3b-hyroxysteroid dehydrogenase (HSD), the enzyme cata-
lyzing the first step in cholesterol catabolism, grew normally in guinea pig lungs
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and persisted normally for up to 7 weeks suggesting that cholesterol is not an
essential nutrient source for M. tuberculosis during infection of guinea pigs (Yang
et al. 2011). The dispensability of HSD could be explained if M. tuberculosis has
access not only to intact cholesterol, but also the product of HSD, cholest-4-en-3-
one; or it expresses a second, regulated HSD that is only induced during infection.
However, while these data further highlight the complexity of interpreting the
phenotypes of gene deletion mutants, they clearly support a role for cholesterol as
a ‘‘good’’ carbon source for M. tuberculosis during chronic infection.

3.3 Carb Counting and the Role of Sugar Transporters

While the weight of prevailing evidence has clearly implicated fatty acids as an
essential carbon source for M. tuberculosis in vivo, roles for other carbon sources
remain conspicuously unresolved. Recent work showed that, unlike most bacterial
pathogens, M. tuberculosis is capable of utilizing multiple carbon substrates
simultaneously (de Carvalho et al. 2010a; Rhee et al. 2011). In addition, genetic
studies have clearly demonstrated that the LpqY-SugA-SugB-SugC carbohydrate
transporter is required for normal growth of M. tuberculosis in mouse lungs and
spleens (Kalscheuer et al. 2010). This transporter was shown to be highly specific
for uptake of the disaccharide trehalose, which is not present in mammals, but can
be released by M. tuberculosis from trehalose-containing cell wall glycolipids
(Kalscheuer et al. 2010). The intracellular fate of recycled trehalose remains to be
identified; it might serve as a precursor for a-glucans, for trehalose-containing
glycolipids, which are very prevalent in the mycolic acid cell wall, and as a
reservoir of glucose. Trehalose biosynthesis is mediated by three biosynthetic
pathways (De Smet et al. 2000) and is required for growth of M. smegmatis, likely
because it serves as an essential precursor for cell wall biosynthesis. In vitro, M.
tuberculosis can grow with trehalose as sole carbon source (Kalscheuer et al. 2010)
presumably due to conversion of trehalose to glucose by trehalase (Carroll et al.
2007). Trehalose hydrolysis by trehalase yields two molecules of glucose, while
trehalose phosphorylase catalyzes the phosphorolytic cleavage of trehalose into
glucose 1-phosphate and glucose (Argüelles 2000). A phosphate dependent tre-
halase yet, has been purified from M. smegmatis and M. tuberculosis contains a
homolog. Yet, despite the requirement for phosphate, there was no evidence of
phosphorolytic cleavage, suggesting that the enzyme produces two molecules of
glucose. No matter how it is metabolized, it is intriguing to speculate that trehalose
serves as carbon store in M. tuberculosis in form of cell wall glycolipids such as
trehalose dimycolate. Within the host, M. tuberculosis may also have a direct
access to glucose and glucose-phosphate. Salmonella typhimurium uses primarily
glucose when replicating in the phagosome (Bowden et al. 2009), while glucose-6-
phosphate serves as a carbon source for intracellular Listeria monocytogenes
(Chico-Calero et al. 2001). Uptake of glucose-6-phosphate is mediated by a spe-
cific hexose-phosphate transporter, which is present in several intracellular
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pathogens such as L. monocytogenes, Shigella flexneri, Salmonella enterica, and
Chlamydia pneumonia (Schwoppe et al. 2002; Fuchs et al. 2011), but has not been
identified in M. tuberculosis. Glucose-6-phosphate is an important precursor for
anabolic processes, especially cell wall and nucleotide biosynthesis and serves as a
source of reducing power in mycobacteria (Hasan et al. 2010). Whether glucose
metabolism is important for the generation of biomass during in vivo growth
remains to be shown. M. tuberculosis expresses two hexokinases (Cole et al.
1998). Transposon mutant analysis suggested that one of them, encoded by ppgK,
is important for replication in mouse spleens (Sassetti and Rubin 2003), but this
awaits confirmation with gene deletion mutants. Thus, while it is clear that M.
tuberculosis relies on trehalose recycling during mouse infections, the intracellular
fate of trehalose remains to be determined and the importance of host-derived
glucose or glucose-6-phosphate at any stage of the infection unresolved.

3.4 The Glycerol Paradox

Early studies showed that M. tuberculosis growth was most strongly enhanced
with the inclusion of glycerol in the culture medium. Glycerol-fed M. tuberculosis
grows faster and the bacilli reach a higher density than when metabolizing other
carbon sources such as glucose or fatty acids, which has thus led to the use of
glycerol in virtually all standard mycobacterial growth media (Dubos 1947; Edson
1951). Recent work, however, demonstrated that M. tuberculosis lacking glycerol
kinase GlpK, which is essential for the first step in glycerol catabolism (Fig. 1),
was unable to utilize glycerol as sole carbon source in vitro, yet replicated and
persisted like wild type M. tuberculosis in mouse lungs suggesting that glycerol is
not a critical carbon source for M. tuberculosis, at least in the mouse model (Pethe
et al. 2010). After uptake, glycerol is phosphorylated by glycerol kinase and
glycerol-3-phosphate dehydrogenase converts the resulting glycerol-3-phosphate
(glycerol-3-P) to dihydroxyacetone phosphate, which enters glycolysis and glu-
coneogenesis (Fig. 1). The possibility of a redundant glycerol kinase induced in
the intracellular environment during infection thus remains to be evaluated. An
alternative model consistent with the foregoing observations is that M. tuberculosis
utilizes glycerol-3-P liberated from phospholipids and metabolizes it via glycerol-
3-P dehydrogenase into dihydroxyacetone phosphate, at the same time perhaps
metabolizing the released free fatty acid chains. E. coli expresses glycer-
ophosphodiester phosphodiesterase, which can convert phospholipid derived
glycerophosphodiesters into glycerol-3-P (Larson et al. 1983), however this
enzyme has not been identified in M. tuberculosis. The pathogen might instead
utilize host-derived glycerol-phosphate consistent with the observation that
intracellular M. tuberculosis induced expression of the ugp operon encoding a
putative ABC transporter for glycerol-3-P (Schnappinger et al. 2003). M. tuber-
culosis contains two genes encoding probable glycerol-3-phosphate dehydrogen-
ases, glpD1 and glpD2 (Fig. 1) and the latter is required for normal growth on
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solid media containing glycerol and glucose (Griffin et al. 2011). Their importance
during host infection has not yet been investigated. The phagosome might not
provide easy access to glycerol-3-P; however, M. tuberculosis that escaped to the
cytosol (van der Wel et al. 2007; Houben et al. 2012) or to the extracellular space
might face a less restricted nutritional environment. Of note, there is ample evi-
dence that glycerol and glycerol-3-P serve as major carbon sources for several
cytosolic pathogens including Shigella flexneri and cytosolic Listeria monocyt-
ogenes (Eisenreich et al. 2010). In summary, while M. tuberculosis does not
appear to utilize glycerol to replicate or persist during mouse infections, glycerol-
3-P potentially derived from host phospholipids might serve as alternative carbon
source in vivo.

3.5 Eating and Breathing at the Same Time: Effects
of Oxygen and Carbon Dioxide Tensions
on Mycobacterium tuberculosis’s Central Carbon
Metabolism?

Putting aside the specific nutrients consumed in the host, M. tuberculosis resides
within granulomas, which are frequently hypoxic (Via et al. 2008) and situated in
the CO2-rich environment of the lung. Not surprisingly, M. tuberculosis’s meta-
bolic activity has been found strongly influenced by oxygen tension and CO2

availability. That M. tuberculosis can utilize CO2 as source of carbon has been
known for many years (Nishihara 1954); however, the functional relevance of this
was unknown until recently. 13C metabolic flux analysis revealed that in a carbon-
limited chemostat M. tuberculosis dissimilated pyruvate via the glyoxylate shunt
and incorporated CO2 into central carbon metabolism as shown by CO2-derived
13C incorporation into several amino acids and produced succinyl-CoA (Beste
et al. 2011). Importantly, in conditions of low oxygen tension, at levels that mimic
those identified in lung granulomas, M. tuberculosis generated fumarate though the
reductive TCA cycle, assimilated CO2, and used fumarate as an electron sink
(Watanabe et al. 2011). Reduction of fumarate generates succinate, which
M. tuberculosis actively secretes into the extracellular environment thereby
maintaining an energized membrane (Watanabe et al. 2011). This led to the
hypothesis that, in hypoxic granulomas, M. tuberculosis might reverse its TCA
cycle, incorporate CO2 and accumulate and secrete succinate to maintain a state of
persistence, if provided a glycolytic carbon source. While PEPCK was found to
catalyze the conversion of oxaloacetate to PEP in vitro in oxygenated conditions, it
is possible that it may also function in the reverse direction, especially during
nonreplicative persistence, contributing to CO2 utilization and energy generation
instead of anabolism and biomass production (Zhang et al. 2010; Watanabe et al.
2011).
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These studies separately emphasize the inherent dependence of all genetic
studies of M. tuberculosis metabolism on the limitations of the specific host model
used. The mouse strains most commonly used for such studies do not form necrotic
and caseating granulomas in response to M. tuberculosis infection (McMurray
et al. 1996; Rhoades et al. 1997; Flynn 2006). Accordingly granulomas from
C57BL/6 mice were not severely hypoxic in contrast to those in guinea pigs,
rabbits, and nonhuman primates (Aly et al. 2006; Tsai et al. 2006; Via et al. 2008).
This difference in pathology and oxygen tension might be associated with an
altered nutritional environment and different metabolic adaptations of the bacilli
within the lung of mice compared to humans, nonhuman primates, rabbits, and
guinea pigs. Notwithstanding, hypoxia is likely not the only cue triggering CO2

utilization as this is also associated with slow growth (Beste et al. 2011); even in
mouse lesions the oxygen concentration may be reduced and growth of M.
tuberculosis is significantly slowed with the onset of adaptive immunity so that
metabolic adaptations become essential that enable the pathogen to maintain its
energy metabolism during phases of persistence.

3.6 Adapting to Nutritionally Diverse Environments

As described above, M. tuberculosis encounters a diverse and dynamic array of
microenvironments during infection that require the pathogen to adapt its carbon
and energy metabolism accordingly. While the intracellular phagosomal envi-
ronment is clearly one of the chief niches M. tuberculosis resides in, the bacilli can
actively escape into the cytosol (van der Wel et al. 2007; Houben et al. 2012), are
found in the acellular center of caseating granulomas (Kaplan et al. 2003), and
must survive at least for some time in air during transmission. In addition, when
the host responds to infection, the intracellular niches change. Several examples
indicate that M. tuberculosis is metabolically flexible and well capable of utilizing
and realigning different metabolic pathways to optimally exploit available nutri-
ents or adapt to nutrient deficiency. Many bacteria use available carbons substrates
selectively: when presented with a mix of carbon substrates, they first catabolize
their preferred carbon source, which in model organisms such as E. coli and
Bacillus subtilis is glucose and only when this preferred substrate is exhausted will
they catabolize secondary substrates (Görke and Stülke 2008). This carbon
catabolite repression is mediated by different sophisticated regulatory mechanisms
and represents one of the most studied global control systems in bacteria. Similar
to some highly host-adapted pathogens such as Chlamydia trachomatis, M.
tuberculosis lacks classical carbon catabolite repression and instead regulates its
growth through simultaneous co-catabolism of multiple carbon sources (Nicholson
and Chiu 2004; de Carvalho et al. 2010a). When fed with 13C-labled glucose and
acetate, M. tuberculosis metabolized glucose preferentially through glycolysis and
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the pentose phosphate pathway and converted acetate mostly into intermediates of
the TCA cycle. Yet, at the same time, it incorporated low amounts of acetate-
derived carbon into glycolytic/gluconeogenic and pentose phosphate intermediates
and dextrose-derived carbon into intermediates of the TCA cycle. M. tuberculosis
thus metabolizes different carbon substrates simultaneously to feed different
pathways and is capable to segregate carbon flow through the same metabolic
pathway but in opposite directions. This unusual metabolic network topology
likely benefits the capacity of M. tuberculosis to adapt to different host niches.

Other examples of metabolic plasticity come from M. tuberculosis’s TCA cycle
enzymes. An M. tuberculosis mutant, whose pyruvate dehydrogenase (PDH)
complex was inactivated due to the deletion of dlaT, coding for dihydrolipoamide
dehydrogenase, the E2 of PDH, upregulated a branched-chain keto acid dehy-
drogenase (BCKADH) complex (Venugopal et al. 2011). BCKADH activity
prevented accumulation of pyruvate, branched-chain amino acids, and branched-
chain keto acids in DlaT deficient M. tuberculosis. The genes encoding BCKADH
were also upregulated in response to nutrient starvation (Betts et al. 2002) sug-
gesting that catabolism of branched-chain keto and/or amino acids in nutrient
restricted environments might fuel M. tuberculosis’s energy metabolism.

Metabolic capabilities aside, the nature of M. tuberculosis’s TCA cycle has
proven surprisingly difficult to dissect. It was thought to lack a functional a-keto-
glutarate dehydrogenase (KDH) complex (Tian et al. 2005b) and the predicted E1
enzyme was found to function as a thiamine diphosphate-dependent a-ketoglutarate
decarboxylase (KGD) (Tian et al. 2005a). This enzyme also has carboligase activity
and produces 2- hydroxy-3-oxoadipate (HOA) from a-ketoglutarate and glyoxylate
(de Carvalho et al. 2010b), thereby perhaps detoxifying the cell from high glyoxylate
concentrations or producing biosynthetic precursors. The discovery of an aero-
tolerant anaerobic-type a-KG ferredoxin oxidoreductase (KOR) that could link the
oxidative and reductive branch of the TCA cycle and produce succinyl-CoA from a-
KG and CoA-SH further supported the model that M. tuberculosis lacks KDH
(Baughn et al. 2009). Recent work, however, revealed that M. tuberculosis’s KGD is
in fact multifunctional and in vitro capable of catalyzing KG dehydrogenase, KG
decarboxylase, and HOA synthase activities (Wagner et al. 2011) (Fig. 2). KGD and
KOR together could enable M. tuberculosis to convert a-ketoglutarate into succinate
via three parallel pathways linking the oxidative and reductive branch of the TCA
cycle. M. tuberculosis lacking KOR grew like wt when provided with either
heightened CO2 concentration, in the absence of fatty acids, or when the glyoxylate
cycle was inhibited (Baughn et al. 2009). KOR thus appears to be necessary to
provide succinyl-CoA, CO2 and reducing equivalents during growth on fatty acids,
thereby fueling gluconeogenesis. A different not mutually exclusive interpretation
of the data is that KOR is important when the reverse TCA cycle, which requires
CO2, is active. Operation of the reverse TCA cycle has only been demonstrated with
glycolytic carbon sources and in a hypoxic environment (Watanabe et al. 2011),
however it is plausible that additional metabolic cues and environmental conditions
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trigger reversal of the cycle. Notwithstanding, these alternative functional pathways
of the TCA cycle might provide metabolic flexibility required for growth and sur-
vival in nutritionally diverse environments and allow the pathogen to consume
various carbon sources.

3.7 How Do Others Do It?

Elegant work has investigated the intracellular lifestyle and metabolic require-
ments of S. typhimurium (reviewed in Eisenreich et al. 2010; Dandekar 2012), a
pathogen that remains within a vacuole throughout its life inside the host. This
revealed that metabolism of carbohydrates including glucose via glycolysis is
essential for intracellular growth of Salmonella in macrophages and during mouse
infections (Bowden et al. 2009; Paterson et al. 2009; Götz and Goebel 2010). Fatty
acid catabolism and gluconeogenesis, by contrast, were dispensable for virulence
of S. typhimurium in mice (Tchawa Yimga et al. 2006). This differs significantly
from the metabolic pathways required by M. tuberculosis and suggests that
intracellular pathogens, despite sharing the intraphagosomal habitat, have evolved
distinctive carbon acquisition strategies. Host-derived amino acids are essential for
the intracellular growth of Legionella pneumophila, which parasitizes various
protozoan species, but can also be transmitted to humans where it infects and

Fig. 2 M. tuberculosis’s TCA cycle reactions. a-Ketoglutarate (a-KG) can be converted to
succinate via (1) a-KG ferredoxin oxidoreductase (KOR, Rv2254c, Rv2455c), (2) a-KG
decarboxylase (KGD, Rv1248c) and (3) a-KG dehydrogenase complex (KDH) consisting of
KGD, dihydrolipoamide dehydrogenase (DlaT, Rv2215) and lipoamide dehydrogenase (LpdC,
Rv0462). KGD also functions as 2-hydroxy-3-oxoadipate synthase (HOAS). GabD, succinic
semialdehyde dehydrogenase (GabD1, Rv0234c; GabD2, Rv1731); SucC/D, succinyl- CoA
synthetase (SucC, Rv0951; SucD, Rv0952)
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replicates in alveolar macrophages causing Legionnaires’ disease (Sauer et al.
2005; Wieland et al. 2005; Newton et al. 2010). L. pneumophila replicates within a
specialized endosome-derived vacuole that maintains a neutral pH and acquires
characteristics of the endoplasmic reticulum. While it seems to depend on
metabolism of amino acids (George et al. 1980), it can also utilize glucose via the
Entner-Doudoroff pathway (Eylert et al. 2010). Recent work revealed that
Legionella ‘hijacks’ the host proteasome to generate amino acids from poly-
ubiquitinated proteins (Price et al. 2011). Whether this strategy is exploited by
other intracellular pathogens remains to be seen; M. tuberculosis might rely on its
own proteasome for the generation of amino acids as carbon substrates during
nutrient starvation, as a proteasome mutant was unable to survive in stationary
phase, during chronic mouse infections and in a model of strict carbon starvation
(Gandotra et al. 2010).

It is possible that some of the differences in nutrient dependence between
intracellular M. tuberculosis and Salmonella or Legionella may be explained by
the ability of M. tuberculosis to gain access to the cytosol. L. monocytogenes,
which replicates in the cytosol, relies predominantly on glycerol for intracellular
growth and also utilizes sugar phosphates (Eisenreich et al. 2010; Fuchs et al.
2012). In contrast, glucose seems not to play a role (Stoll and Goebel 2010) and
there is no evidence that L. monocytogenes accesses lipids or catabolizes fatty
acids inside a host. In fact, L. monocytogenes lacks the genes for b–oxidation and
the glyoxylate shunt (Eisenreich et al. 2010); its TCA cycle is interrupted
(Eisenreich et al. 2006) and it requires pyruvate carboxylase (PYC) for the syn-
thesis of oxaloacetate from pyruvate bypassing TCA cycle activity (Schar et al.
2010). This is essential for in vivo growth as a mutant lacking PYC was strongly
attenuated in a mouse sepsis model (Schar et al. 2010). Major differences thus exist
with respect to both the carbon sources that different pathogens scavenge from
their host cells and the metabolic pathways they employ for biomass and energy
generation.

It is similarly possible that pathogens may manipulate host metabolism to
directly or indirectly modifying the metabolic environment they are confronted
with. For example, macrophage activation by IFN-c and proinflammatory cyto-
kines induces NADPH oxidase and iNOS. NADPH oxidase consumes ATP, whose
production requires flux through glycolysis; generation of NO requires arginine, is
accompanied by recycling of citruline and inhibition of ornithine and polyamine
biosynthesis (Gordon 2003; Mori and Gotoh 2004; Naderer and McConville 2007).
In contrast, macrophages activated by Th2-type cytokines IL-4 or IL-13 are
characterized by increased arginase activity and production of polyamine bio-
synthesis precursors (Gordon 2003). Leishmania parasites induce a Th2 response
in susceptible mouse strains (Sacks and Anderson 2004) and benefit from the
increased availability of essential amino acids and polyamines supporting their
intracellular replication (Naderer and McConville 2007).

Finally, hormone-, growth factor-, and nutrient-regulated signaling pathways
control the metabolism of mammalian host cells (Levine and Puzio-Kuter 2010).
Pathogens might directly interfere or modulate such signaling pathways in
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pathogen-specific ways thereby altering host cell metabolism and controlling
nutrient accessibility.

4 Concluding Remarks

Multiple lines of evidence have implicated M. tuberculosis’ metabolic network as
a central mediator of its pathogenicity. However, knowledge of how it achieves
this remains incomplete. Most textbooks depict metabolism as a housekeeping
activity of all cells relegated to bulk restocking of biosynthetic precursors and
energy. We believe that such views are both outdated and incomplete. They
misequate evolutionary conservation with biological law, neglect the selective
pressure of an organism’s ecologic and nutritional niche on its physiology, and
dissociate metabolism from cell physiology. Moreover, it remains a fact that cells
have evolved an extensive array of mechanisms to regulate the activity of indi-
vidual pathways and that metabolism serves as the chemical arbiter of all cellular
reactions.

Existing studies have focused on compiling a molecular inventory and
homology-based reconstruction of M. tuberculosis’ metabolic network. However,
facts do not equate into knowledge nor knowledge into understanding. Key
challenges thus await. Chief among them is a more detailed understanding of the
specific biochemical needs served by M. tuberculosis’ metabolic network during
each phase of its nutrient-limited life cycle. Studies of the M. tuberculosis cell
surface components have revealed their distinct host regulatory activities, ranging
from phagocytosis by alveolar macrophages to phagolysosomal maturation of
bone marrow-derived macrophages to secretion of pro-inflammatory cytokines.
These are associated with specific cell wall lipids and carbohydrates, and pre-
sumably derive from distinct metabolic pathways that await elucidation (Torrelles
and Schlesinger 2010; Mishra et al. 2011; Neyrolles and Guilhot 2011). Knowl-
edge of such links, however, is likely to require more integrated views of
metabolism that include balanced homeostasis of essential noncarbon metabolites,
such as sulfur, nitrogen, and phosphorous, as well as metals including but not
limited to Fe, Cu, Zn, Mg, Mn, and Mo.

An equally important area of M. tuberculosis metabolism in need of further
study is its nutrient uptake and transport mechanisms (Niederweis 2008). Con-
siderable knowledge about lipid transport across the cytoplasmic membrane has
been gained (Jackson and Stadthagen 2007), and transporters of nitrogen, phos-
phate, sulfates, and several metal ions have been identified using bio-informatic
methods (Niederweis 2008). Such analyses, for example, helped predict five car-
bohydrate transporters in M. tuberculosis, whereas M. smegmatis was predicted to
encode 28 such transporters, underscoring important differences in their physiol-
ogy (Titgemeyer et al. 2007). Direct biochemical and structural understanding of
these and most other nutrient transport processes however remains scarce, while
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transport across the outer membrane of M. tuberculosis is even less well under-
stood (Niederweis 2008; Niederweis et al. 2010).

A larger mystery awaiting investigation is how M. tuberculosis senses various
nutrients and different forms of nutrient limitations. Some bacteria can regulate
their cell size in response to nutrient availability (Schaechter et al. 1958; Chien
et al. 2012). In B. subtilis, the glucosyl transferase UgtP serves as UDP-glucose
dependent metabolic sensor of nutrient availability to coordinate cell size with
growth rate thus linking nutritional information from the environment with cell
division (Weart et al. 2007). Whether M. tuberculosis employs similar nutritional
regulatory pathways remains to be investigated. Addressing these questions may
thus help further elucidate the intracellular lifestyle of M. tuberculosis and its
interaction with the host.
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