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Legionella pneumophila is a ubiquitous environmental bacterium that thrives in fresh

water habitats, either as planktonic form or as part of biofilms. The bacteria also grow

intracellularly in free-living protozoa as well as in mammalian alveolar macrophages,

thus triggering a potentially fatal pneumonia called “Legionnaires’ disease.” To establish

its intracellular niche termed the “Legionella-containing vacuole” (LCV), L. pneumophila

employs a type IV secretion system and translocates ∼300 different “effector” proteins

into host cells. The pathogen switches between two distinct forms to grow in its extra- or

intracellular niches: transmissive bacteria are virulent for phagocytes, and replicative

bacteria multiply within their hosts. The switch between these forms is regulated by

different metabolic cues that signal conditions favorable for replication or transmission,

respectively, causing a tight link between metabolism and virulence of the bacteria.

Amino acids represent the prime carbon and energy source of extra- or intracellularly

growing L. pneumophila. Yet, the genome sequences of several Legionella spp. as

well as transcriptome and proteome data and metabolism studies indicate that the

bacteria possess broad catabolic capacities and also utilize carbohydrates such as glucose.

Accordingly, L. pneumophila mutant strains lacking catabolic genes show intracellular

growth defects, and thus, intracellular metabolism and virulence of the pathogen are

intimately connected. In this review we will summarize recent findings on the extra- and

intracellular metabolism of L. pneumophila using genetic, biochemical and cellular

microbial approaches. Recent progress in this field sheds light on the complex interplay

between metabolism, differentiation and virulence of the pathogen.

Keywords: amoeba, Dictyostelium, Legionella, macrophage, metabolism, nutrition, pathogen vacuole, type IV
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INTRODUCTION

Legionella pneumophila is an environmental bacterium ubiqui-

tously found in freshwater, where it is associated with biofilm

communities (Lau and Ashbolt, 2009; Hilbi et al., 2011).

Protozoan predators like amoebae are part of these communities

and feed on bacteria residing within these biofilms. L. pneu-

mophila has developed a way to survive and replicate within these

free-living protozoa by forming a unique compartment called the

Legionella-containing vacuole (LCV). The LCV is a pathogen vac-

uole, wherein L. pneumophila dodges lysosomal degradation by

acquiring components of early and late endosomes, mitochon-

dria, the endoplasmic reticulum and ribosomes (Isberg et al.,

2009; Urwyler et al., 2009a; Hilbi and Haas, 2012). To establish

this intracellular niche, the bacterial Icm/Dot type IV secretion

system (T4SS) is essential, as it translocates around 300 different

“effector” proteins into the host cell, many of which target central

eukaryotic pathways like endocytic, secretory or retrograde vesicle

trafficking by exploiting small GTPases, phosphoinositide lipids

and other host factors (Hubber and Roy, 2010; Finsel et al., 2013;

Haneburger and Hilbi, 2013; Rothmeier et al., 2013; Hoffmann

et al., 2014a). Besides its natural protozoan hosts, L. pneumophila

also replicates within human alveolar macrophages and epithe-

lial cells, thus causing a severe pneumonia called Legionnaires’

disease. Most processes involved in survival in protozoa or

macrophages are very similar and appear to be evolutionarily con-

served (Gao et al., 1997; Greub and Raoult, 2004; Hoffmann et al.,

2014b). In addition to biofilm and protozoan niches, Legionella

spp. are also naturally found in physically more challenging habi-

tats, such as extremely acidic environments, antarctic freshwater

lakes and water sources with temperatures over 60◦C (Hilbi

et al., 2011). Accordingly, these facultative intracellular bacteria

are an example of a microorganism colonizing many different

environmental niches.

To survive within its extra- and intracellular niches, L. pneu-

mophila employs a biphasic life cycle, where it alternates between

two different forms in response to environmental and metabolic

stimuli (Molofsky and Swanson, 2004). In its transmissive form

the pathogen is motile, resistant to environmental stress like

nutrient starvation and infectious to host cells. In its replica-

tive form the bacteria lack these traits but are able to replicate

intracellularly (Rowbotham, 1986; Brüggemann et al., 2006).

Further manifestations of L. pneumophila differentiation include
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a mature intracellular form (MIF) that develops late during

infection (Garduno et al., 2002). MIFs are motile, metabolically

inert, highly infectious and loaded with cytoplasmic inclusions

of poly-3-hydroxybutyrate. Moreover, under harsh conditions,

L. pneumophila appears to adopt a viable but non-culturable

(VBNC) state (Steinert et al., 1997; Garcia et al., 2007; Al-Bana

et al., 2014). To ensure bacterial survival in different environ-

ments, the biphasic life cycle of L. pneumophila is strictly reg-

ulated. Consequently, L. pneumophila employs a multitude of

regulatory systems devoted to the control of gene expression,

including transcriptional regulators and two-component systems

(Molofsky and Swanson, 2004).

As L. pneumophila survives in various environmental niches,

it is likely that the bacterium exploits numerous different car-

bon and energy sources. Furthermore, the intracellular milieu

might represent a richly set table for pathogens, as eukaryotic

host cells contain many different nutrients, which are poten-

tially accessible to intracellular pathogens (Eisenreich et al., 2010;

Rohmer et al., 2011; Abu Kwaik and Bumann, 2013). An intrigu-

ing aspect of intracellular metabolism is its compartmentalization

into processes that occur within the host cytoplasm, the LCV

lumen or the bacteria (Figure 1).

Early metabolic studies suggested that amino acids are

the major if not only source of carbon and energy for

L. pneumophila (Pine et al., 1979; Tesh and Miller, 1981; Tesh

et al., 1983). However, the subsequent availability of genome

sequences, transcriptome, proteome and metabolism data indi-

cated that L. pneumophila possess much broader metabolic capac-

ities (Cazalet et al., 2004; Chien et al., 2004; Urwyler et al., 2009b;

Eylert et al., 2010; Faucher et al., 2011; Hoffmann et al., 2014a;

Schunder et al., 2014). In this review we will summarize the

metabolic capacities of L. pneumophila regarding amino acid and

carbohydrate degradation. Moreover, we will highlight further

nutrient requirements of the bacteria and assess the regulation of

their life cycle by metabolites.

AMINO ACID METABOLISM

Initial studies of the nutrient requirements of L. pneumophila in

chemically defined minimal media showed a preference for amino

acids as main source of carbon and energy (Pine et al., 1979;

Ristroph et al., 1981; Tesh and Miller, 1981; Tesh et al., 1983).

A preference for amino acid utilization is also illustrated in the

genome sequence of L. pneumophila, where around 12 classes

of ATP binding cassette transporters, amino acid permeases and

FIGURE 1 | Compartmentalization of the metabolism of L. pneumophila.

Within eukaryotic host cells L. pneumophila forms a membrane-bound

replication-permissive compartment, the Legionella-containing vacuole. The

bacteria gain access to nutrients through intrinsic membrane transporters

localizing to the plasma membrane or the pathogen vacuole membrane,

respectively, or through fusion with host vesicles and compartments such as

endosomes/macropinosomes or the endoplasmic reticulum. Amino acids

represent the main carbon and energy source of L. pneumophila, yet

carbohydrates and complex polysaccharides are also catabolized. For details

see text.
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proteases can be found (Cazalet et al., 2004; Chien et al., 2004).

Furthermore, genes involved in synthesis and transport of amino

acids are highly induced during growth inside macrophages

(Faucher et al., 2011). L. pneumophila employs transport systems

to take up and utilize amino acids (Sauer et al., 2005), but also

exploits host cell transporters (Wieland et al., 2005) and host

proteolytic processes (Price et al., 2011).

L. pneumophila is an obligate aerobe organism and auxotroph

for several amino acids including cysteine, arginine, isoleucine,

leucine, threonine, valine, and methionine. The observed aux-

otrophy corresponds to the notion that cysteine biosynthetic

genes and other anabolic genes are absent in the genomes of

L. pneumophila (Cazalet et al., 2004; Chien et al., 2004; Glöckner

et al., 2007; D’Auria et al., 2010; Schroeder et al., 2010) and

L. longbeachae (Cazalet et al., 2010; Kozak et al., 2010). Compared

to chemically defined media, the complex ACES-buffered yeast

extract (AYE) broth routinely used to grow L. pneumophila con-

tains several additional amino acids: alanine, asparagine, glu-

tamine and glycine. The common solid growth medium for

Legionella species is buffered charcoal-yeast extract (BCYE) agar,

supplemented with L-cysteine and ferric pyrophosphate. L. pneu-

mophila growth depends on excess cysteine in the medium (Feeley

et al., 1979; George et al., 1980). Yet, the amount of cysteine added

to the BCYE medium is much higher than what is required to sup-

port growth. The major part of cysteine in the Legionella growth

medium is rapidly oxidized to cystine and becomes unavail-

able to the bacteria, as L. pneumophila is not able to utilize this

compound (Ewann and Hoffman, 2006). The remaining concen-

tration of cysteine is around 0.5 mM, which is enough to support

Legionella growth. Furthermore, using radio-labeled cysteine and

mutant strains, it was found that cysteine is not only imported by

specific transporters but also consumed during L. pneumophila

growth (Ewann and Hoffman, 2006).

L. pneumophila is also auxotroph for arginine, as the bacte-

ria lack enzymes that allow synthesis of arginine from glutamate.

However, the bacteria produce arginine in chemically defined

medium supplemented with ornithine or citrulline, which are

precursors of arginine emerging in the later steps of the synthe-

sis from glutamate (Tesh and Miller, 1983; Hovel-Miner et al.,

2010). Furthermore, L. pneumophila mutants lacking the argi-

nine repressor ArgR fail to replicate within host cells. ArgR might

sense the availability of arginine within the host. This leads to

the expression of genes (many of them not involved in argi-

nine metabolism), which are required for intracellular growth

(Hovel-Miner et al., 2010).

The identification of the phagosomal transporter A (PhtA)

revealed a major role of threonine not only for replication but

also for differentiation of L. pneumophila (Sauer et al., 2005)

(Figure 1). A mutant strain lacking phtA does not grow in a chem-

ically defined medium, but is rescued by excess tryptone or dipep-

tides containing threonine, indicating that PhtA is not the only

threonine uptake system. Intriguingly, phtA mutant bacteria are

defective for intracellular replication in macrophages due to their

inability to differentiate from the transmissive to the replicative

state. Analogously, PhtJ was identified as a valine transporter also

required for differentiation and replication within macrophages

(Sauer et al., 2005; Chen et al., 2008). These findings highlight

the role of the Pht transporters as means for L. pneumophila to

scavenge amino acids from host cells.

Further evidence for the importance of the Pht transporter

family for nutrient acquisition of L. pneumophila was obtained

by investigating the phtC-phtD locus (Chen et al., 2008). The

phtC and phtD genes are paralogs in an operon containing genes

involved in nucleotide metabolism. The transporter genes are

required for successful replication within macrophages and sur-

vival of thymidine deprivation. Expression of phtC and phtD in

E. coli bestowed pyrimidine transport activity upon strains lack-

ing all known nucleoside transporters, identifying PhtC and PhtD

as thymidine transporters (Fonseca et al., 2014).

To take up and utilize amino acids, L. pneumophila does

not only produce many own systems, but also exploits host

metabolic functions (Figure 1). The eukaryotic neutral amino

acid transporter SLC1A5 was found to be upregulated in L. pneu-

mophila-infected cells, and blocking the transporter with the

competitive inhibitor BCH (2-amino-2-bornonane-carboxylic

acid) or depletion by RNA interference impaired intracellular

growth of L. pneumophila (Wieland et al., 2005). This study

demonstrated the requirement of a single host cell transporter

for intracellular replication and also indicated that SLC1A5 may

be recruited to the LCV, thus enabling L. pneumophila to import

amino acids from the cytoplasm into the LCV lumen. Other host-

cell transporters might be utilized in a similar manner. Notably,

similar to L. pneumophila, Francisella tularensis modulates the

expression of SLC1A5 upon infection of THP-1 human mono-

cytes and is also impaired for intracellular replication when this

transporter is downregulated (Barel et al., 2012).

L. pneumophila uses the Icm/Dot T4SS to translocate effector

proteins across the LCV membrane to interfere with central host

cell processes (Figure 1). The Icm/Dot substrate AnkB subverts

amino acid metabolism and protein degradation by hijacking

the host cell ubiquitination machinery and the proteasome to

create nutrients for bacterial growth (Al-Khodor et al., 2010).

AnkB harbors several eukaryotic domains: an F-box domain that

allows interaction with the host SCF1 ubiquitin ligase complex,

two ANK domains, which mediate protein-protein interactions

in eukaryotes and a CaaX motif that is modified by farnesylation

(Price et al., 2009, 2010a,b; Ensminger and Isberg, 2010; Ivanov

et al., 2010; Lomma et al., 2010). Farnesylation of AnkB leads

to localization of the effector to the LCV membrane, and intra-

cellular replication of L. pneumophila fails when farnesylation is

blocked. Anchoring of the effector to the LCV membrane recruits

polyubiquitinated host cell proteins, which are degraded by the

host proteasome generating a pool of amino acids utilized for

intracellular bacterial replication (Price et al., 2011).

Isotopolog profiling is a powerful approach to study metabolic

pathways. The method is based on the incorporation of car-

bon isotopes from stable isotope-labeled precursors such as

[U-13C3]serine or [U-13C6]glucose. To elucidate the metabolic

pathways and fluxes used, key metabolites such as protein-

derived amino acids or storage compounds are then analyzed

for the presence of labeled carbon atoms (Zamboni et al.,

2009). Metabolomic flux analysis and isotopolog profiling have

recently provided detailed insights into the metabolism of the

pathogenic bacteria Listeria monocytogenes (Gillmaier et al.,
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2012) or Streptococcus pneumonia (Hartel et al., 2012), and the

metabolic responses of infected host cells to the pathogens have

also been investigated (Eisenreich et al., 2013).

Upon growth of L. pneumophila in AYE medium supple-

mented with [U-13C3]serine, incorporation of the 13C-label

indicated that the amino acid was not only used for protein

biosynthesis but also to synthesize other amino acids and poly-

3-hydroxybutyrate (Eylert et al., 2010). Thus, in agreement with

earlier studies (Pine et al., 1979; George et al., 1980; Ristroph et al.,

1981) serine can serve as a major carbon source during growth

of L. pneumophila in broth. Yet, no 13C-label was detected in

isoleucine, leucine, phenylalanine, tyrosine, histidine, proline or

valine, confirming the auxotrophy of L. pneumophila regarding

these amino acids (Eylert et al., 2010). Finally, isotopolog pro-

filing also revealed that L. pneumophila growing intracellularly

in Acanthamoeba castellanii previously fed with [U-13C6]glucose

utilizes amoebae-derived amino acids (e.g., phenylalanine,

tyrosine) for protein biosynthesis (Schunder et al., 2014).

CARBOHYDRATE AND POLYSACCHARIDE METABOLISM

While amino acids seem to represent the preferred carbon source

of L. pneumophila, the bacteria can also metabolize carbohy-

drates, other small organic compounds and complex nutrients

(Figure 1). Early studies using 14C-radio-labeled substrates indi-

cated that glucose, α-ketoglutarate, pyruvate, glycerol and acetate

are metabolized by L. pneumophila, yet only some of these com-

pounds stimulated extracellular bacterial growth under the con-

ditions used (Pine et al., 1979; Weiss et al., 1980; Tesh et al.,

1983). Moreover, during infection of macrophages L. pneu-

mophila genes required for glycerol catabolism—namely lpg1414

and glpD—were highly upregulated compared to growth in rich

broth (Faucher et al., 2011). Therefore, glycerol likely plays a role

during intracellular growth of L. pneumophila, similar to other

intracellular bacteria such as L. monocytogenes (Eylert et al., 2008;

Joseph et al., 2008) and Salmonella enterica (Steeb et al., 2013).

Glucose was not found to stimulate growth of Legionella

spp.; however, the genomes of L. pneumophila (Cazalet et al.,

2004; Chien et al., 2004; Glöckner et al., 2007; D’Auria et al., 2010;

Schroeder et al., 2010) as well as L. longbeachae (Cazalet et al.,

2010; Kozak et al., 2010) encode complete pathways required for

metabolism of carbohydrates, including the Emden-Meyerhof-

Parnas (EMP) pathway, the Entner-Doudoroff (ED) pathway, as

well as an incomplete pentose phosphate (PP) pathway. In sup-

port of the notion that carbohydrate metabolism is crucial during

infection, genes associated with the ED pathway, as well as a

glucokinase and a glucoamylase, were upregulated upon intra-

cellular growth of L. pneumophila in A. castellanii (Brüggemann

et al., 2006). Another intracellular pathogen that depends on

sugar assimilation via the ED pathway during intracellular growth

is S. enterica. Yet, in this case the parallel exploitation of several

different host nutrients enhances bacterial virulence (Steeb et al.,

2013).

Using isotopolog profiling, it was recently shown that L. pneu-

mophila indeed catabolizes glucose via the ED pathway (Eylert

et al., 2010). Upon growth in a chemically defined medium

containing [U-13C6]glucose, followed by analysis of the iso-

topolog pattern by mass spectrometry and NMR spectroscopy,

the 13C-label was recovered with high efficiency in alanine and

also in poly-3-hydroxybutyrate. In contrast, an L. pneumophila

mutant lacking the glucose-6-phosphate dehydrogenase gene

(zwf ), the first gene of an operon comprising the genes of the ED

pathway (zwf -pgl-edd-glk-eda-ywtG), did not incorporate label

from glucose and was outcompeted by the wild-type strain in co-

infection experiments using A. castellanii (Eylert et al., 2010). In

line with these observations, L. pneumophila lacking other com-

ponents of the ED pathway, either glucokinase (glk), phospho-

gluconate dehydratase (edd), 2-keto-3-deoxy-phosphogluconate

aldolase (eda) or the putative sugar transporter (ywtG), was no

longer able to metabolize glucose and was defective for growth

in Acanthamoeba culbertsoni or mammalian cells (Harada et al.,

2010). Together, these findings strongly support the notion that

the ED pathway is essential for glucose metabolism and intra-

cellular growth of L. pneumophila. The results also implicate that

under the conditions prevailing within LCVs in host cells L. pneu-

mophila does not solely grow on amino acids as carbon and

energy sources, but rather, carbohydrates are also utilized (at least

as co-metabolites). Yet, the relative contribution of amino acids

and carbohydrates to intracellular growth is difficult to assess, and

many carbohydrates do not support extracellular growth as sole

source of carbon and energy.

The transporters promoting the uptake of sugars have not been

studied in molecular detail at present. The gene ywtG (lpg0421) is

conserved among L. pneumophila and L. longbeachae, and anno-

tated as a putative D-xylose (galactose, arabinose)-proton sym-

porter (Cazalet et al., 2004, 2010). However, arabinose appears

to be barely taken up by L. pneumophila (excluding genetic

approaches based on the arabinose promoter, Pbad). Moreover,

glucose-1-phosphate is metabolized much faster than glucose-6-

phosphate or glucose, suggesting that the former compound is

transported efficiently into the cells (Weiss et al., 1980).

In addition to simple carbohydrates and small organic com-

pounds, polymeric compounds also likely serve as carbon sources

for L. pneumophila. The exogenous supply of polyamines during

infection moderately favored intracellular replication of L. pneu-

mophila (Nasrallah et al., 2011). Moreover, similar to other bac-

teria (Khosravi-Darani et al., 2013), L. pneumophila might use

the intracellular “energy reserve” poly-3-hydroxybutyrate as an

endogenous source of carbon and energy, which is synthesized via

pyruvate and acetyl-coenzyme A (James et al., 1999; Eylert et al.,

2010). Further support for the notion that Legionella spp. degrade

complex polysaccharides stems from the genome sequences.

L. longbeachae harbors a number of genes likely involved in cel-

lulose degradation (Cazalet et al., 2010), and L. pneumophila

contains genes putatively involved in the degradation of cellulose,

chitin, starch and glycogen (Cazalet et al., 2004).

The Lsp type II secretion system (T2SS) is essential for intra-

cellular growth of L. pneumophila in amoebae and macrophages

(Hales and Shuman, 1999a; Liles et al., 1999) (Figure 1).

Proteome studies on the type II “secretome” of L. pneumophila

revealed that the bacteria secrete a chitinase (ChiA), as well

as an endoglucanase, which metabolizes carboxymethyl cellu-

lose (Debroy et al., 2006). An endoglucanase (CelA) was indeed

found to degrade cellulose (Pearce and Cianciotto, 2009), and

a eukaryotic-like glycoamylase (GamA) degraded carboxymethyl
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cellulose, glycogen and starch (Herrmann et al., 2010). Yet, nei-

ther CelA nor GamA was required for growth of L. pneumophila in

amoebae. In summary, insights from genomics, transcriptomics,

metabolomics, as well as biochemical experiments indicate that

L. pneumophila utilizes simple and also complex carbohydrates

as important sources of carbon and energy during extra- and

intracellular growth.

MICRONUTRIENT REQUIREMENTS

Iron is essential for growth of most if not all bacteria, as it

is a co-factor for many enzymes of the central metabolism

as part of prosthetic groups like heme or iron-sulfur clus-

ters (Ratledge and Dover, 2000). Moreover, the availability of

iron is especially important for pathogens, as iron limitation

plays an important role in host defense against infections. For

L. pneumophila iron represents an essential nutrient and has

to be supplemented in high concentrations to growth media

(Reeves et al., 1981; Ewann and Hoffman, 2006). The major

iron-containing protein of L. pneumophila is aconitase of the

tricarboxylic acid cycle (Mengaud and Horwitz, 1993). L. pneu-

mophila grown under iron-limited conditions showed reduced

virulence and was impaired for survival in host cells (James et al.,

1995). Furthermore, host cells treated with iron chelators did

not support growth of L. pneumophila, presumably due to iron

limitation, as the addition of iron as iron-transferrin or ferric

iron-nitrilotriacetate reversed growth inhibition (Gebran et al.,

1994; Byrd and Horwitz, 2000; Viswanathan et al., 2000). Notably,

patients with iron overload or smokers are at increased risk

for Legionnaires’ disease, probably because their lungs contain

increased levels of iron (Fields et al., 2002; Vikram and Bia, 2002).

Iron exists in equilibrium between a ferrous (Fe2+) and a fer-

ric (Fe3+) form, depending mostly on the pH and availability

of oxygen (Williams, 2012). In L. pneumophila, many systems

are devoted to iron metabolism and involved in iron reduction,

complexation and transport (Figure 1). Iron reductase enzymes

may promote iron assimilation in the periplasm and cytoplasm

(Johnson et al., 1991; Poch and Johnson, 1993). Iron reduction

is also catalyzed by the secreted compound homogentisic acid

(HGA) and its polymerized derivative HGA-melanin (Chatfield

and Cianciotto, 2007; Zheng et al., 2013). HGA is a product of

the phenylalanine and tyrosine catabolism of L. pneumophila and

was identified as the brown pigment secreted by L. pneumophila,

which is produced from oxidative polymerization of HGA to

HGA-melanin (Steinert et al., 2001). HGA and HGA-melanin

stimulate growth of L. pneumophila under iron-limiting condi-

tions, enhance the uptake of iron and can release ferrous iron

from transferrin and ferritin, two major protein iron chelators of

mammalian cells (Zheng et al., 2013).

L. pneumophila chelates and transports iron with the secreted

high-affinity iron siderophore legiobactin (Liles et al., 2000;

Starkenburg et al., 2004). The gene lbtA, which has homology

with siderophore synthetases, and lbtB that encodes a homolog

of a multidrug efflux pump, were identified as key players in the

synthesis of legiobactin (Allard et al., 2006). Moreover, an L. pneu-

mophila lbtA mutant strain showed reduced ability to infect lungs

of A/J mice, demonstrating the importance of legiobactin in vivo

(Allard et al., 2009). Iron is also transported in L. pneumophila

via the FeoAB system (Robey and Cianciotto, 2002). The L. pneu-

mophila feoAB operon bears homology to the E. coli system,

a well-characterized ATP-driven ferrous iron transporter. An

L. pneumophila feoB mutant was outcompeted by wild-type bac-

teria during infection of A/J mice, highlighting an important role

of the transporter in vivo.

Finally, in addition to iron, the extracellular growth of L. pneu-

mophila is also stimulated by calcium, magnesium and zinc.

Calcium and magnesium might also play a role in biofilm forma-

tion, as the two metal ions enhance the adherence of Legionella to

surfaces (Reeves et al., 1981; Koubar et al., 2013).

METABOLIC REGULATION OF DIFFERENTIATION AND

VIRULENCE

The biphasic life cycle of L. pneumophila is regulated by a

variety of environmental and metabolic stimuli (Molofsky and

Swanson, 2004). As long as nutrients are not limiting, the post-

transcriptional regulator CsrA suppresses transmission traits and

promotes replication (Molofsky and Swanson, 2003). Given the

importance of amino acids as carbon source for L. pneumophila,

it is not surprising that these compounds are also main regulatory

factors of the phenotypic switch (Byrne and Swanson, 1998; Sauer

et al., 2005). Amino acid starvation or otherwise nutrient-limiting

conditions trigger the shift from the replicative/non-motile to

the virulent/motile form of L. pneumophila, which is mediated

through the second messenger guanosine 3′,5′-bispyrophosphate

(ppGpp) (Hammer and Swanson, 1999; Dalebroux et al., 2010)

(Figure 2). The “alarmone” ppGpp is synthesized by the synthase

RelA as part of the “stringent response” that senses the accumu-

lation of uncharged tRNAs at the ribosome. A second stringent

response enzyme called SpoT also synthesizes ppGpp (Dalebroux

et al., 2009). However, rather than sensing amino acid short-

age, SpoT monitors fatty acid biosynthesis by interacting with

the acyl-carrier protein ACP (Edwards et al., 2009). In addition,

SpoT hydrolyzes ppGpp during exponential growth to ensure that

transmissive traits are not expressed during replication.

The alternative sigma factor RpoS (σ38/σS) represents the piv-

otal transcriptional regulator of the L. pneumophila life cycle

(Hales and Shuman, 1999b; Bachman and Swanson, 2001;

Zusman et al., 2002). An L. pneumophila rpoS mutant is not

affected regarding extracellular growth in broth and retains signif-

icant stress resistance, but is not able to replicate in amoebae. This

severe defect in intracellular replication is not due to impaired

Icm/Dot function or icm/dot gene expression, but because of

major transcriptional changes affecting basic cellular processes

and other central regulatory networks (Hovel-Miner et al., 2009).

The transcription of more than 70 genes required for central

metabolism, 40 of these associated with amino acid metabolism,

was negatively regulated in the rpoS mutant. Furthermore, small

regulatory RNAs (rsmY and rsmZ) (Rasis and Segal, 2009; Sahr

et al., 2009), two component systems (CpxRA, PmrAB), the tran-

scriptional regulator ArgR and the quorum sensing response reg-

ulator LqsR (Tiaden et al., 2007) are regulated by RpoS (Bachman

and Swanson, 2004; Hovel-Miner et al., 2009) (Figure 2).

At least three two component systems and one quorum sens-

ing system influence the virulence of L. pneumophila: CpxRA

(Gal-Mor and Segal, 2003a; Altman and Segal, 2008), PmrAB
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FIGURE 2 | Regulation of replicative and transmissive traits of

L. pneumophila. L. pneumophila senses its metabolic state by means of the

two ppGpp synthases RelA and SpoT. RelA detects amino acid starvation,

whereas SpoT monitors disturbances in fatty acid synthesis. When nutrients

become limiting, the “alarmone” ppGpp acumulates in the bacteria leading to

production of the alternative sigma factor RpoS. In turn, RpoS regulates the

two component or quorum sensing systems CpxRA, PmrAB, LetAB, and

LqsRS, which control metabolism/replication, motility as well as virulence

traits, and hence, govern the transition from the replicative to the

transmissive form. The RNA-binding global regulator CrsA controls the

biphasic switch as an antagonist of the two component and quorum sensing

systems.

(Zusman et al., 2007; Al-Khodor et al., 2009; Rasis and Segal,

2009), LetAS (GacAS) (Hammer et al., 2002; Gal-Mor and Segal,

2003b; Lynch et al., 2003) and the Legionella quorum sens-

ing (lqs) gene cluster (Tiaden et al., 2010) (Figure 2). The lqs

system of L. pneumophila comprises the autoinducer synthase

LqsA, the sensor kinases LqsS and LqsT (Kessler et al., 2013),

and the response regulator LqsR (Tiaden et al., 2007). LqsA

produces the compound LAI-1 (Legionella autoinducer-1, 3-

hydroxypentadecane-4-one) (Spirig et al., 2008), which presum-

ably binds to the cognate sensor kinases. The kinase-mediated

phosphorylation signal converges on LqsR (Schell et al., 2014),

which among many other processes also controls the switch

from the stationary phase to the replicative phase (Tiaden et al.,

2007). Lqs-regulated processes include pathogen-phagocyte inter-

actions, production of extracellular filaments, natural compe-

tence for DNA uptake and the expression of a 133 kb genomic

“fitness island” (Tiaden and Hilbi, 2012). Furthermore, tran-

scriptome analysis of L. pneumophila strains lacking lqsR, lqsS or

lqsT or the entire lqs cluster indicates that the Lqs system also

regulates a number of metabolic pathways (Tiaden et al., 2007,

2008; Kessler et al., 2013).

CONCLUSIONS AND PERSPECTIVES

The amoebae-resistant bacterium L. pneumophila colonizes a

variety of extra- and intracellular niches in the environment.

Upon reaching the human lung, L. pneumophila grows in

mammalian macrophages and possibly also in epithelial cells.

Accordingly, the bacteria are equipped to utilize a broad range of

compounds as carbon and energy sources. In addition to amino

acids, which initially have been regarded as the main if not sole

nutrients, carbohydrates have recently been shown to be catabo-

lized by extra- and intracellularly growing L. pneumophila. Novel

technological approaches such as isotopolog profiling allow ana-

lyzing metabolic fluxes with unprecedented resolution and sensi-

tivity. Transcriptome and genome studies indicate that a number

of other compounds, including complex polysaccharides, are also

metabolized by L. pneumophila. Further studies will unravel the

manifold and robust metabolic pathways that the bacteria employ
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to thrive in diverse environmental niches. Importantly, future

investigations will also shed light on the intricate relationship

between the physiology and pathogenesis of L. pneumophila, and

thus might contribute to control Legionnaires’ disease.
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