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Summary

Bacterial pathogens have evolved to exploit humans as a rich source of nutrients to support 

survival and replication. The pathways of bacterial metabolism that permit successful colonization 

are surprisingly varied and highlight remarkable metabolic flexibility. The constraints and immune 

pressures of distinct niches within the human body set the stage for understanding the mechanisms 

by which bacteria acquire critical nutrients. Here we discuss how different bacterial pathogens 

carry out carbon and energy metabolism in the host, and how they obtain or use key nutrients for 

replication and immune evasion.

 I. The interface between two organisms is shaped by metabolic 

interactions

Why do organisms “eat”? This core question drives the study of biochemistry, specifically - 

metabolism. The short answer to this seemingly simple question is two-fold: first, eating 

provides cells with the physical building blocks for the generation of cellular components 

(i.e., growth of the physical cell – something must come from something); and second, 

eating is the way to extract energy to do cellular work (i.e., powering the process of growth – 

work is never done for free). These two processes – catabolism & anabolism – are 

inextricably linked. The pathways of catabolism, like glycolysis and the tricarboxylic acid 

(TCA) cycle, which break down molecules for energy metabolism, also branch off into 

anabolic pathways that generate building blocks for the cell. Bacterial metabolism is 

dynamic and flexible, with different bacterial species encoding different metabolic capacities 

within their genomes. Thus, the canonical TCA cycle may function fully in one bacterial 

species, while another bacterium, missing a key enzyme of the “cycle” now uses the other 

TCA enzymes in branched oxidative and reductive pathways. Moreover, depending on 

availability of carbon sources or oxygen, even if a bacterium encodes all of the enzymes for 

respiration, with its high-energy yield, the less energy efficient but faster process of 

fermentation may predominate. Thus, the flexible metabolic space of rapidly evolving 

bacterial genomes enables many different ways for bacteria to take advantage of nutrients in 

complex environments for robust replication.

The essential infrastructure of metabolism is made more complex during bacterial infection 

when one organism thrives by drawing nutrients from the other. From a bacterial 
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perspective, the mammalian host is a vast ecosystem, with some regions like the intestine, 

heavily populated with competitors, while other niches are wide open for exploitation. To 

appreciate how bacterial metabolism shapes infection, it is important to consider the 

localized host environment where the bacteria replicate, as well as the metabolic capacity of 

the pathogen. The host environment is not simply a source of food for bacteria. Rather, host 

cells are constantly controlling their own metabolic function, using available nutrients and 

removing waste products. In addition, host organisms actively survey their inner spaces for 

invading micro-organisms. Thus, bacterial pathogens must overcome constant pressure from 

the predatory immune system of the host. These defining aspects of the host:pathogen 

interaction are drivers of disease, whether it is acute or chronic, inflammatory or silent, mild 

or deadly.

In this chapter, we consider three aspects of metabolism in the host:pathogen interaction: 

first, how bacteria within a host employ specific modules of central metabolism to generate 

energy, second, how bacterial pathogens exploit the host for critical nutrients required for 

proliferation and lastly, how these bacterial invaders use metabolic tricks to sense their 

environment and to evade host immunity.

 II. Bacterial Energy Metabolism During Infection

This section focuses primarily on recent research that is revealing how bacterial pathogens 

maintain energy metabolism within the host environment – in other words, how do bacterial 

pathogens uniquely go about the business of eating inside a host to meet their energy 

demands (1)? First, a brief note on “energy”: it is worth noting that energy is not a thing, but 

rather, a potential, and that the energy all cells work to acquire is the energy that “lives” 

within the chemical bonds of what the cell eats. Ultimately, for cells to do work, chemical 

bond energy from some food source must be moved to a molecule that can be used directly 

to fuel cellular tasks – the predominant, but not exclusive, form being adenosine 

triphosphate (ATP). The idea that phosphate bond energy transfer is the way in which cells 

power most cellular work stands as a monumental paradigm shift in the natural sciences (2, 

3), ushering in the full elucidation of “central metabolism”, the foundational energy 

yielding pathways for all cellular life. A more intimate way of viewing central metabolism is 

as the process that best illustrates the close kinship of all cellular life. Glycolysis shows us 

how we are related to E. coli. The tricarboxylic acid cycle unites us with our cousins, the 

fungi. And no matter what the genetic content, there is a common need for ATP.

Thus, when considering the specific role of energy-yielding metabolism during bacterial 

infection, it is good to remember that both the pathogen and the infected host are engaging 

in non-stop, regulated central metabolic activity, often competing for the same resources and 

usually trying to influence the behavior of the other. Here, we start by exploring how some 

bacterial pathogens conduct energy metabolism during infection.

 What's for dinner inside the host?

Depending on where in the host an invading bacterium takes up residence, the food sources 

available within that niche will determine whether that microbe can successfully establish 

itself. Some pathogens, such as invasive streptococci, Salmonella enterica and Brucella 
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abortus, can feed their “sweet tooth” during infection by acquiring specific carbohydrates; 

whereas the “low-carb” pathogen Mycobacterium tuberculosis (M. tb) prefers to fuel itself 

with energy-rich fatty acids during a chronic infection that can last for many decades. Recent 

research is revealing some unique ways in which pathogens go about feeding themselves 

during host colonization.

Pathogenic streptococci are a group of Gram-positive bacteria that cause a range of disease 

from mild (dental caries) to severe (pneumonia and sepsis). These bacteria establish 

themselves on extracellular surfaces of the host, such as on the tissues of the human naso-

pharynx or in dental biofilms. Here, they are positioned to be fed directly by the host as the 

host feeds him or herself, or to acquire nutrients from the extracellular surfaces of host 

tissues. Streptococcus mutans, a major cause of dental caries, sets itself apart from the 

resident, non-pathogenic oral microbiota by having a large and flexible metabolic range with 

regard to nutrient acquisition. As the human diet has changed over time to become richer in 

carbohydrates, (especially sucrose) so has the physiological capability of S. mutans evolved 

(4, 5). A study that compared ancient and modern bacterial communities of dental plaque 

suggests that pathogenic S. mutans has become a more common resident of the human oral 

cavity as a result of this change in diet, especially in modern, post-industrial times (4). One 

of the reasons for this co-evolutionary success has been the expansion of the S. mutans 
genome to contain a wide range of genes involved in carbohydrate uptake, especially the EII 

permeases of the phosphoenolpyruvate:sugar phosphotransferase system (PTS), the multi-

enzyme pathway of carbohydrate uptake present in most bacteria. Also, the Carbohydrate 

Catabolite Repression (CCR) system, which allows bacteria to regulate which carbohydrates 

to use for energy catabolism by sensing intracellular nutrient content, also appears to be 

unique in S. mutans in that it has more levels of CCR flexibility than other Gram-positive 

bacteria (5, 6).

The PTS and CCR systems also have expanded roles in the more serious and invasive 

Streptococcus pathogens, S. pneumoniae and S. pyogenes, by being involved in controlling 

levels of virulence gene expression, such as the toxin Streptolysin S (7-9). Also, S. 
pneumoniae is able to use a wider range of carbon sources for energy catabolism compared 

to other Gram-positives (10) and has the ability to obtain and use complex carbohydrates 

that it is able to remove from host extracellular surfaces with specialized enzymes (11-13). A 

comprehensive review of streptococcal carbohydrate utilization during pathogenesis can be 

found elsewhere; rather, these brief examples introduce and highlight the themes that; (i) the 

ability of pathogens to exploit the host niche and obtain preferred food sources for energy 

catabolism is an important aspect of bacterial virulence; (ii) pathogens often set themselves 

apart from non-pathogens by having an expanded and flexible capability for obtaining 

preferred energy sources within the site of infection; and (iii) virulence gene expression is 

often intimately linked to the pathways of carbon acquisition and energy metabolism.

Focusing in more closely on central metabolism, it is essential to emphasize the key role 

played by glucose in energy-yielding catabolism. When considering energy metabolism via 

respiration, where glycolysis and the TCA cycle are both utilized, it is the simple sugar 

glucose that gives a fast and efficient energy yield in the form of ATP for host and pathogen 

alike. Thus, these pathways are important for many bacterial pathogens, such as Salmonella 
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and Brucella, which have evolved to be able to feed their energy-yielding pathways during 

infection specifically with glucose “stolen” from the host (Figure 1).

The pathogenic streptococci previously mentioned reside at the surface of cell tissues where 

glucose concentration is low (12) but where many other carbohydrates, both simple and 

complex, are vastly abundant. Salmonella enterica and Brucella abortus, on the other hand, 

are intracellular pathogens, and must go about feeding themselves from the inside of host 

cells where the range and concentration of available carbon sources is very limited. 

Therefore, rather than evolve an expanded ability to utilize a range of carbohydrates, these 

bacteria are able to more efficiently steal the fewer carbon sources available to them from 

within the host cell – primarily, glucose or glucose phosphate. Using a mouse model and a 

series of bacterial metabolic deletion mutants, it has been shown that Salmonella enterica 
serovar Typhimurium (S. Typhimurium) has a major dependence upon glucose, glycolysis 

and the TCA cycle both in tissue culture and during infection in mice (14, 15). The S. 

Typhimurium mouse model has been used to elucidate the molecular mechanism of infection 

for the human pathogen S. enterica serovar Typhi, which causes typhoid fever (16, 17). In 

their intracellular niche within host macrophages (phagocytic cells of the innate immune 

system), S. Typhimurium resides within a “Salmonella-containing vacuole” (SCV), where it 

is protected from host defenses, but where it nonetheless is able to obtain the nutrients 

needed for intracellular replication (18). Bacteria lacking both homologs of 

phosphofructokinase, a key enzyme unique to the glycolysis pathway, are unable to replicate 

within macrophage culture and are severely attenuated during infection of BALB/c mice 

(14), showing a major dependence on this pathway during intracellular infection. Also in 

this study, extensive use of 15 different metabolic mutants of S. Typhimurium, showed that 

glucose, specifically, is the preferred carbon source within macrophages and in the mouse 

host (14). Importantly, the key triple knockout strain from this study was lacking genes for 

both glucose uptake (two PTS systems) and glucose catabolism (glucokinase), resulting in a 

total glucose catabolic mutant. However, although this strain was highly attenuated in tissue 

culture and in vivo, it was still able to replicate at low levels, suggesting that although 

glucose is the predominant energy source in this model, there likely exists another, less 

preferred carbon source available within the host.

At this point, it is important to emphasize how fundamental a role the glycolysis pathway 

plays within the metabolic infrastructure of the cell. This one central pathway participates in 

a variety of activities which include: (1) providing the molecule pyruvate to the TCA cycle 

during aerobic or anaerobic respiration; (2) being a sole anaerobic energy yielding pathway 

called “fermentation”, which has a lower energy yield than respiration; and (3) providing 

most of the enzymes for gluconeogenesis, which is a glucose generating pathway that is 

basically “glycolysis in reverse”. So considering the previous finding that glycolysis and 

glucose are of primary importance to intracellular Salmonellae, one might ask what role the 

glycolysis pathway is serving for the bacterium. Again, using a systematic series of 

metabolic knockout strains, it has been shown that S. Typhimurium requires a fully intact 

TCA cycle within its host, in this case the BALB/c mouse, for full virulence (15). Just as 

importantly, this work revealed that certain metabolic pathways are not essential for S. 

Typhimurium during infection, including gluconeogenesis, fatty acid metabolism and the 

glyoxylate bypass (15). More recent refinement of this work has identified the specific steps 
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in the TCA cycle that are the most important for full virulence, including the conversion of 

fumarate to malate, and the conversion of malate to oxaloacetate and pyruvate (19) (Figure 

1). But what makes this work both complex and confusing is that different metabolic 

mutants show a range of virulence phenotypes, from totally avirulent, to attenuated, to fully 

virulent. This observation along with the wide range of metabolic flexibility and redundancy 

in bacterial genomes highlights the difficulty of pinpointing the precise modes of 

metabolism during microbe-host interactions. Regardless, this example illustrates the 

modularity of metabolic pathways and the presence of key vulnerable chokepoints that may 

be unique to each organism. In this case, the vulnerability of infectious S. Typhimurium for 

running a complete TCA cycle is its need for malate in order to generate pyruvate and 

oxaloacetate to replenish the cycle. Ablating enzymatic steps upstream of the two essential 

reactions for generating malate results in only slight attenuation, suggesting that the microbe 

is able to use molecules potentially scavenged from the host to generate the key malate 

precursor, succinate, outside of those two steps. The authors intriguingly hypothesize that 

succinate, ornithine or arginine scavenged from host cells may be used by the bacterium for 

malate generation; however, this idea needs further investigation.

This last point brings into focus the dynamic tension that exists between host cells and 

infecting microbes. To complete the discussion on the need for glucose, the following 

describes pathogens that rely on host cell behavior to provide adequate glucose needed for 

basic energy metabolism. Both S. Typhimurium and Brucella abortus infect and replicate 

within host cell macrophages, which are immune cells that can adopt a range of behaviors 

depending upon which of their many jobs they are performing. Both pathogens are able to 

establish a persistent, chronic infection within macrophages that are in the “M2” state, a 

non-inflammatory phenotype characterized by a certain repertoire of gene expression (20, 

21), in particular, the regulatory proteins of the peroxisome proliferator-activated receptors 

(PPAR) (22). Each pathogen relies upon host expression of a different PPAR protein to 

promote an intracellular environment with available glucose for bacterial metabolism. For S. 

Typhimurium, host expression of PPAR-delta is important for persistent infection, since the 

bacteria are not able to establish a persistent infection in Ppar-delta -/- cells or mice (23). 

Host expression of PPAR-delta is not necessary for other intracellular pathogens such as 

Listeria monocytogenes, Francisella tularensis and M. tb, illustrating the diversity in survival 

strategies of different pathogens. In general, PPAR-delta controls host cell metabolism, 

moving the macrophage away from glucose metabolism and promoting fatty-acid oxidation, 

putatively freeing up intracellular glucose that S. Typhimurium can then use. Testing 

whether increased glucose availability in the PPAR-delta expressing, fat-metabolizing 

macrophage was permitting S. Typhimurium to replicate, the authors observed that a 

bacterial mutant deficient in glucose transport was unable to replicate within the 

macrophage. Additionally, the authors saw that wild type bacteria were able to acquire a 

fluorescent glucose analog from the macrophages, and also replicated to higher levels when 

wild type host cells were treated with a PPAR-delta agonist (23). Together, these data 

provide strong evidence that the metabolic capacity of bacterial pathogens is strongly 

influenced by host metabolic function.

During chronic B. abortus infection in mice, “M2” type macrophages in the spleen harbor 

replicating bacterial cells and express the gene for the PPAR-gamma regulator (21), another 
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PPAR protein that tilts macrophage metabolism away from glucose usage and toward fatty 

acid oxidation. A PPAR-gamma agonist increased macrophage intracellular glucose 

concentration and also supported increased bacterial colonization, while blocking PPAR-

gamma activity with a specific inhibitor decreased splenic colonization of B. abortus in 

mice. As in the previous study, mutant B. abortus deficient in glucose transport were greatly 

attenuated for growth in cell culture and in mice, strongly suggesting that glucose 

availability is key for this microbe to establish chronic infection. Two important observations 

comparing these two studies are that: (1) both studies elucidated bacterial metabolism during 

persistent, chronic bacterial infections, suggesting that pathogens likely implement different 

metabolic strategies over the lifetime of an infection; and (2) whereas S. Typhimurium may 

be actively inducing increased expression of PPAR-delta in the host since infected 

macrophages upregulate this gene in the absence of cytokine stimulation, it appears that B. 
abortus does not directly cause macrophages to increase PPAR-gamma. Thus, bacterial 

pathogens may actively or passively take advantage of host cell metabolic capacity. These 

studies then raise the question as to why these two pathogens benefit from host expression of 

different PPAR proteins, since both homologs have similar roles in the macrophage. Lastly, 

the dependence on glycolytic metabolism in these two bacteria and their ability to obtain 

host glucose demonstrate that central metabolism is a key determinant in virulence and 

infectious persistence.

Glucose is not the only molecule that can be oxidized by cells for energy metabolism. In 

fact, fatty acids harbor much more potential energy than glucose, and oxidation of fatty acids 

can provide a greater yield of ATP (Figure 1). However, bacteria can only establish infection 

if they are able to acquire usable food sources. A landmark study revealed that the major 

pathogen M. tb prefers to metabolize fatty acids rather than glucose during persistent 

infection (24). The genomic era has expanded our view of M. tb metabolism by identifying 

the range of metabolic genes that this organism harbors, in particular, a high degree of 

redundancy in genes for fatty acid beta-oxidation enzymes (25). A large-scale genetic screen 

has shown that several M. tb glycolysis enzymes are not needed for growth in mice (26). 

More recent work has refined how this pathogen makes its energetic living during infection, 

answering key questions as to where in the host the microbes acquire their preferred food 

source, and what pathogen specific pathways/proteins are key for metabolism during 

infection.

The M. tb bacillus establishes a particularly resilient, chronic infection in the host lung by 

persisting in a semi-dormant state within granulomas, conglomerations of host immune cells 

putatively working to wall off the spread of infection, but inadvertently serving as a stable 

reservoir for bacilli. Recent work has shown that oxygenated mycolic acids, molecules 

found on the cell surface of certain Mycobacteria, can induce lung macrophages to 

transform into a phenotype called the “foamy macrophage”, an important component of the 

granuloma characterized by a high lipid content and ablation of bactericidal activity (27). 

But does induction of this macrophage phenotype only help protect the bacteria from 

clearance, or does the foamy macrophage contribute to bacterial metabolism? Despite being 

in a semi-dormant state, the bacilli within the granuloma associate closely with lipid droplets 

inside of these lipid-rich macrophages (27), and subsequent investigation has confirmed that 

M. tb are able to accumulate intracellular, host-derived triacylglycerols (TAG) (28). The use 
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of these host-derived TAG for bacterial metabolism during the dormant state is strongly 

supported by the observation that bacterial fatty acid oxidation genes are upregulated during 

residence within lipid-loaded macrophages (28). As to exactly how the bacteria are 

conducting metabolism in vivo, two bacterial homologs of isocitrate lyase (ICL1 and ICL2) 

are both needed for intracellular replication (29). These proteins are vital for the glyoxylate 

cycle in M. tb, a pathway needed for replenishment of TCA cycle intermediates during fatty 

acid metabolism when glycolysis is not being utilized (Figure 1).

Sugar and fat, and in a pinch, amino acids can be fed into central metabolism to yield 

energy. The questions explored in these examples regarding the preferred food sources and 

metabolic strategies of several bacterial pathogens are relevant for other pathogenic species 

as well. In the case of the human body, a wide range of tissue types and physiological 

environments exist where pathogens elicit disease, each one being unique in terms of carbon 

source content and availability. One might then speculate that pathogens that are able to 

infect numerous tissue types, like Staphylococcus aureus, display a range of metabolic 

behavior based on the variable levels of glucose, fatty acids and other carbon resources at 

different sites of infection. Also, do bacteria that infect immune privileged tissues, such as 

the brain and meninges, have the ability to acquire nutrients that are normally unavailable to 

other microbes? These and many other questions about energy metabolism during infection 

will certainly reveal more surprising capabilities of bacterial pathogens.

 The host is a crowded and sometimes bountiful place

One of the most exciting developments in microbiology has been the launching of the 

Human Microbiome Project (HMP) (30, 31), an undertaking to identify and investigate the 

myriad microorganisms that reside in and on the human body. This endeavor is now possible 

due to the availability of new genomic tools that allow researchers to investigate 

metagenomes, complex microbial communities composed of multiple species. But one of 

the most important aspects of the HMP is that it has increased appreciation for the ways in 

which the non-pathogenic, resident microbiota of the body can contribute to health and 

disease. In other words, our bodies are complex ecosystems, and when bacterial pathogens 

cause disease, they are often doing it within an environment where the growth of other 

microbes may have an influence, for better or worse. In terms of energy metabolism, it is 

important to appreciate that within a species-rich niche such as the gastrointestinal tract (GI) 

or the oral cavity, a multitude of resident bacterial species are engaging in a wide range of 

metabolism, consuming different food sources and excreting different waste products, 

creating a niche that some bacterial pathogens have found unique ways of exploiting.

One of the most severe pathogens of the GI system is the Gram-positive endospore-forming 

bacterium Clostridium difficile. An obligate anaerobe, the various classical virulence factors 

that this microbe produces, such as toxins, have been well characterized (32). But how does 

C. difficile make its living, metabolically speaking, within the gut milieu? It is extremely 

difficult to test this question directly in hosts that harbor a vastly diverse native gut 

microbiota. To simplify the situation, a model system using gnotobiotic mice (mice 

harboring a defined and limited microbiota) has helped reveal how C. difficile benefits from 

the fermentation products of one microbe in order to run its own fermentative metabolism 
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(33). The non-pathogenic, common gut microbe Bacteroides thetaiotaomicron (Bt) produces 

the metabolite succinate during fermentation of carbohydrates. In Bt-harboring mice, C. 
difficile is able to grow to higher population densities when the mice are fed a high 

carbohydrate diet compared to when they are fed a low-carbohydrate diet. Comparing the 

global transcriptional profile of C. difficile grown in Bt-harboring mice fed a standard, 

carbohydrate-rich diet versus a polysaccharide deficient one, the pathogen showed increased 

expression of multiple carbohydrate metabolism genes under the former condition, in 

particular, genes involved in the succinate to butyrate fermentation pathway. When mice are 

colonized with Bt only, high levels of succinate are detectable in the mouse gut. In mice co-

colonized with Bt and C. difficile, higher levels of butyrate are generated than in mice 

harboring C. difficile only. Thus, the C. difficile appear to adapt their metabolic strategy to 

use Bt-generated succinate when it is present, generating butyrate as an end-product. But in 

the normal gut, succinate levels are generally kept low due to the presence of other resident 

bacteria that produce other fermentation end-products, such as the short chain fatty acids 

acetate and butyrate. However, wild type mice treated with antibiotics have higher levels of 

succinate in the gut, suggesting that antibiotic treatment changes the microbiota population 

distribution, and thus changing the metabolite content as well. In antibiotic treated mice, 

wild type C. difficile greatly out-competes an isogenic mutant lacking the succinate 

transporter (33), supporting the idea that C. difficile experiences a growth environment that 

supports succinate fermentation when members of the microbiota that prevent the 

accumulation of succinate are absent. This defined experimental approach greatly 

illuminates our understanding of how a pathogen like C. difficile can be present in the gut at 

non-pathogenic levels under normal conditions, but then can expand and cause disease after 

antibiotic treatment, all due to a simple switch in energy-yielding metabolism.

The benign gut resident Bacteroides thetaiotaomicron (Bt) also may assist another enteric 

pathogen via succinate production. Enterohemorrhagic Esherichia coli (EHEC) has a curious 

way of colonizing the gut by forming what are called “attaching and effacing (AE) lesions”, 

causing intestinal epithelial cells to remodel their cytoskeleton to form pedestal-like 

extensions upon which the EHEC firmly attach themselves. EHEC exhibits lower levels of 

virulence gene expression in conditions that promote glycolysis (i.e., carbohydrate rich), 

while virulence expression is increased in sugar-poor conditions where gluconeogenesis is 

needed by the microbe (34, 35). EHEC grown in vitro in the presence of Bt showed 

enhanced expression of virulence genes, and AE lesion formation was much higher in tissue 

culture when EHEC was co-cultured with Bt (36). Interestingly, virulence gene expression in 

the presence of Bt was decreased in EHEC mutants lacking the protein Cra, which is a 

regulatory protein that senses sugar concentrations (36). Since Cra enhances virulence gene 

expression in nutritional environments that suppress glycolysis but enhance 

gluconeogenesis, the authors hypothesized that in vivo, EHEC benefits from localized 

succinate production by the resident microbiota in the sugar-limited region of the gut 

epithelial surface, as opposed to the carbohydrate-rich gut lumen (34, 36).

A final example of the dynamic metabolic interplay between bacterial pathogens and 

resident microbiota shows that “cross-feeding” of preferred food sources can alter virulence 

behavior. The bacterium Aggregatibacter actinomycetemcomitans can colonize the human 

oral cavity and cause aggressive periodontitis. A facultative anaerobe, A. 
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actinomycetemcomitans can use several carbon sources, but prefers to catabolize L-lactate 

over glucose, even though growth is slower using L-lactate (37). The microbe does not 

catabolize L-lactate anaerobically, but rather, oxidizes this food source in an oxygen 

dependent manner (38). When grown aerobically with glucose during in vitro co-culture 

with the non-pathogenic resident of the oral microbiota, Streptococcus gordonii, A. 
actinomycetemcomitans mutants deficient in L-lactate metabolism show diminished growth, 

though they are able to grow well in high-glucose mono-culture, suggesting that the ability 

to metabolize L-lactate is important specifically in the presence of S. gordonii. Using a 

mouse thigh abscess model (a common model system for examining oral bacterial 

pathogenesis), the authors further show that the ability to metabolize L-lactate is important 

only for A. actinomycetemcomitans infection during co-culture with S. gordonii, since 

mutants lacking the ability to catabolize L-lactate establish mono-culture infection as well as 

wild type, but are much less abundant in co-culture abscesses (38). These data strongly 

suggest that L-lactate produced by S. gordonii, and also potentially by host lactate 

dehydrogenase in the subgingival crevice, can affect enhance the growth of this pathogen in 

the human oral cavity.

These examples not only further illustrate that the ability to find and utilize preferred food 

sources during infection is important for bacterial pathogens, but also show that the host 

resident microbial landscape can have major effects on pathogen energy metabolism by 

providing specific nutritional environments. More importantly, these studies support the idea 

that changes to or perturbations in the host microbiota can create environments that can 

enhance or inhibit a pathogen's ability to engage in its preferred microbial metabolic 

pathways, thereby supporting or hindering damage to the host.

 The parts that make it all go

Yet another way of looking at central metabolism for bacterial pathogens is to ask questions 

about the enzymatic machinery that is essential for conducting preferred modes of 

metabolism. Organisms vary widely in their ability to generate essential cellular components 

from scratch and in their ability to acquire key components from exogenous sources when de 
novo synthesis is not possible. The intracellular pathogen Listeria monocytogenes replicates 

efficiently within the cytoplasm of host cells where it is able to acquire a variety of host 

molecules to support growth, including glucose-6-phosphate as a carbon source (39) and the 

essential thiol-containing co-factor lipoate (40) that is needed for several enzymes involved 

in aerobic metabolism (41). The L. monocytogenes genome does not contain genes 

necessary for de novo lipoate biosynthesis (42). However, this bacterium does produce two 

functional lipoate ligase enzymes (LplA1 and LplA2) that are able to catalyze the covalent 

attachment of lipoate to the enzyme pyruvate dehydrogenase (PDH), a critical enzyme for 

bacterial respiration (40, 43). The LplA1 enzyme is specifically needed for L. 
monocytogenes intracellular growth and virulence in mice (41). More importantly, LplA1 

but not LplA2 is needed for utilization of lipoyl-peptides, a specific form of lipoate that is 

available within the host cell (40). This example highlights the importance of organic 

accessory co-factors that bacteria need for running metabolism during infection, and also 

shows how pathogens may evolve to have an expanded ability for obtaining important co-

factors that exist in various forms within the host.

Passalacqua et al. Page 9

Microbiol Spectr. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 The end of the line – using a novel electron sink to outpace the competitors

The last example illustrating the flexible and opportunistic logic of one bacterial pathogen's 

approach to metabolism involves S. Typhimurium, which is able to make its metabolic living 

inside the host cell by acquiring intracellular glucose and undergoing standard aerobic 

respiration (glycolysis + TCA cycle). But this bacterium is also able to replicate within the 

lumen of the gastrointestinal tract, outside of host cells and amongst the intestinal 

microbiota, where oxygen is limiting, and where competition for carbon sources is fierce. 

The key to understanding the significance of these findings is an appreciation of the 

differences between using fermentation versus respiration for ATP generation. Fermentation 

can be simple glycolysis run cyclically, and is characterized by a low yield of ATP per 

oxidized carbon source input relative to respiration (Figure 1). Unlike fermentation, 

respiration capitalizes on energy released during the process of electron transport to create a 

proton gradient that drives enzymatic ATP synthesis (oxidative phosphorylation), resulting 

in a much larger yield of usable energy. But the central difference is that only respiration 

requires a highly oxidized, terminal electron acceptor to act as a sink at the end of electron 

transport, whereas fermentation relies on the enzymatic re-oxidation of the electron carriers 

that were reduced along the pathway (NADH to NAD+), generating some waste product in 

the process, often an acid such as lactate. Although the electron sink that supports the 

highest theoretical energy yield via respiration is oxygen, many other molecules (like nitrate 

or sulfate) can play the role of terminal electron acceptor as well. And this brings the 

discussion back to S. Typhimurium. Infection of mice with S. Typhimurium results in acute 

intestinal inflammation that is induced by various bacterial virulence factors, including two 

different bacterial secretion systems (44). The gut inflammation promotes a less hospitable 

environment for the resident microbiota, and allows the Salmonellae to outcompete the 

resident microbiota (45). Part of the mechanism that supports this growth advantage for S. 

Typhimurium in the inflamed gut is its unique ability to use the molecule tetrathionate as a 

terminal electron acceptor for anaerobic respiration. Bacteria in the mouse colon, a generally 

anaerobic environment, produce hydrogen sulphide as a fermentation byproduct, which is 

converted to the less toxic molecule thiosulphate by host mucosal cells. Importantly, 

thiosulphate can be converted to tetrathionate by a strong oxidant. In a mouse model of 

colitis, C57BL/6 mice infected with S. Typhimurium show acute levels of caecal 

inflammation whereas infection with bacteria lacking the ability to use tetrathionate in 

anaerobic respiration result in inflammation with increased caecal tetrathionate 

concentration (46). Tetrathionate was not detected in the gut of mice infected with S. 

Typhimurium lacking the virulence factors that cause inflammation, strongly supporting the 

idea that reactive oxygen species generated by the host during inflammation are responsible 

for the appearance of tetrathionate that is usable by the bacteria. Bacteria able to use 

tetrathionate respiration showed a strong growth advantage compared to tetrathionate 

metabolic mutants in the mouse gut, but not in the spleen, suggesting that this metabolic 

advantage is site-specific in the host (46). Importantly, generation of reactive oxygen by the 

host NADPH oxidase during inflammation, and not nitric oxide production by the nitric 

oxide synthase, seems to be responsible for the generation of tetrathionate in the inflamed 

gut, since wild type bacteria did not outcompete tetrathionate metabolic mutants in mice 

lacking the gene encoding the NADPH oxidase. The ability to undergo anaerobic respiration 

with a terminal electron acceptor generated by the combined activity of both the host 
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(reactive oxygen) and the resident microbiota (hydrogen sulfide) is a remarkably unique 

strategy to bolster a pathogenic metabolic advantage.

Tetrathionate anaerobic respiration is not the only trick used by S. Typhimurium to 

outcompete the microbiota in the colon. Nitrate is an even more electronegative electron 

acceptor than tetrathionate, and thus promotes an even stronger energy yield when used for 

anaerobic respiration. In a mouse model of colitis, a strain of S. Typhimurium lysogenized 

by a bacteriophage carrying the virulence gene sopE was able to switch to nitrate 

metabolism in the gut to outcompete the native microbiota (47). Like the tetrathionate 

example, the generation of nitrate in the gut is dependent on host inflammation. However, 

unlike tetrathionate, luminal nitrate concentration rises due to the host expression of the 

inducible nitric oxide synthase, which generates nitric oxide that then leads to nitrate. 

Bacteria with the sopE containing bacteriophage did not have a growth advantage in iNOS-

deficient mice. Interestingly, the lysogenized bacteria suppress the genes for tetrathionate 

metabolism both in vitro and in vivo when nitrate is available, illustrating a remarkable level 

of metabolic flexibility and control (47).

The examples outlined thus far clearly show that bacterial pathogens engage in energy 

yielding metabolism during infection in ways that take advantage of the specific host 

environment at the site of infection. The process of bacterial metabolism is extremely 

dynamic, and pathogens exhibit a wide range of metabolic control and flexibility during 

infection. A key point to emphasize about energy-yielding metabolic pathways is that, 

although we consider them mainly in terms of their importance in ATP generation, the 

reality is that intermediates for both anabolism and catabolism are constantly being fed into 

and siphoned off these pathways for many other metabolic needs, with constant regulation 

based on the moment-to-moment needs of the cell. Thus, each of the stories illustrated here 

represent a “tip of the iceberg” situation, posing new questions as to how pathogenic 

catabolic behavior is connected to the anabolic needs and strategies during infection as well.

 III. Ion and Nutrient Acquisition by Bacterial Pathogens

The human body is a rich reservoir of fundamental nutrients for bacteria that can exploit it, 

and nutrient acquisition is an essential aspect of host-pathogen interactions. The mechanisms 

of energy generation described in the previous section require high levels of carbon and 

other building blocks, and bacteria must extract these nutrients from resources found in the 

host, including sugars, amino acids, lipids and nitrogen-containing compounds. Moreover, 

transition metals like iron, zinc and manganese are essential for survival and proliferation of 

all living organisms. This section will focus on strategies used by bacteria to gain access to 

these critical nutrients from the complex host environment.

 Transition metal ions – precious metals for life

Transition metals, including iron, zinc, manganese and copper among others, are nutrients 

required for many biological processes. These metals have unique redox potential as they 

can undergo change in their oxidation state, and serve as essential co-factors for many 

enzymes (48). In bacteria, it is estimated that 30 to 45% of enzymes required a metal co-

factor for function (49). However, at high concentrations, these metals are toxic for the cells 
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as they perturb cellular redox potential and can drive production of highly reactive hydroxyl 

radicals. Therefore, all organisms possess biochemical systems to sense and regulate metal 

levels, and mammals have evolved strategies to sequester free metal ions to limit toxicity, 

and also to restrict availability of these metal ions to invading microorganisms. This concept 

of growth restriction by limiting access to essential metals is called nutritional immunity (50, 

51). As described below, pathogens have evolved numerous mechanisms for metal uptake or 

efflux to circumvent nutritional immunity (Table 2).

 (A) Iron—Iron (Fe) is the most abundant transition metal in the human body, but free iron 

is almost undetectable. Bacteria need concentrations on the order of 10-6M iron to survive 

and proliferate, whereas circulation of free iron in human blood is approximately 10-18M. 

Iron is a co-factor for many enzymes involved in fundamental cellular processes, including 

DNA replication, transcription, metabolism and energy generation through respiration.

 (1) Iron sequestration by the host: In vertebrates, most iron is stored intracellularly in 

complex with heme, a tetrapyrrole ring that binds a ferrous iron (Fe2+) atom. Heme is 

primarily found in the oxygen-transporting protein hemoglobin, contained within circulating 

erythrocytes. Moreover, free hemoglobin or heme is bound by the serum proteins 

haptoglobin and hemopexin, respectively (52). At physiological pH, free Fe2+ in the 

extracellular environment is rapidly oxidized to ferric iron (Fe3+) and captured by the serum 

protein, transferrin, or by lactoferrin, a glycoprotein found in human secretions such as 

saliva, tears and breast milk, rendering free ferrous iron unavailable for microorganisms. In 

cells, Fe3+ is captured by the storage protein ferritin. In phagocytic cells of the innate 

immune system, such as macrophages and neutrophils, the phagosomal membrane protein 

NRAMP1 (natural resistance associated macrophage protein 1), pumps Fe2+ out of the 

phagosomal compartment, which physically surrounds bacteria taken up by the host cell, in 

order to reduce metal ion availability to intracellular bacteria (53). These mechanisms of 

iron limitation also exist in plants and invertebrates, which suggest a conserved and 

universal innate immune response against invading pathogens (54, 55).

 (2) Bacterial mechanisms of iron acquisition: Host mechanisms of iron sequestration 

discussed above efficiently limit availability of iron, but bacterial pathogens possess their 

own weapons to counteract host innate defenses and to acquire Fe2+ that will be used as a 

nutrient source. Specific strategies used by a given pathogen mainly depend on the particular 

sites of infection and the intracellular or extracellular life-style. Bacterial mechanisms for 

iron acquisition can be divided into three major categories: siderophores, heme acquisition 

systems and free Fe2+ transporters (50). Free Fe2+ can enter the periplasm of Gram-negative 

bacteria through non-specific porins and gets transported across the cytoplasmic membrane 

of Gram-negative and Gram-positive bacteria by the FeoB family of transporters. Members 

of the FeoB family of metal transporters are important for virulence of many pathogens, 

including Streptococcus suis and Campylobacter jejuni (56-58).

Siderophores are low-molecular mass iron chelators secreted by bacteria that bind to Fe3+ 

with an affinity higher than mammalian Fe-binding proteins like lactoferrin and transferrin, 

allowing them to steal iron from these host proteins. Iron-bound siderophores are recognized 

at the bacterial surface by specific bacterial receptors and transported into the cytoplasm 
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where bound Fe3+ is reduced into Fe2+ or released by degradation of the siderophore. 

Epithelial cells and neutrophils can neutralize some siderophores by secreting the 

antimicrobial protein, lipocalin-2 (also know as neutrophil gelatinase-associated lipocalin), 

during acute infection (59). Lipocalin-2 expression is controlled by signaling through Toll-

like receptors, pattern recognition receptors of the innate immune system responsive to 

microbial ligands. Lipocalin-2 can sequester the catecholate siderophore, enterobactin, 

produced by common pathogenic enterobacteria, such as Escherichia coli and Salmonella 
enterica serovar Typhimurium, causative agents of gastrointestinal diseases (59). To 

circumvent this immune defense, some bacteria synthesize a modified siderophore, called 

salmochelin, which is a glucosylated derivative of enterobactin that is not recognized by 

lipocalin-2 (60). Production of salmochelin is essential for efficient colonization and growth 

of S. Typhimurium within the inflamed gut (61, 62).

Heme represents one of the most abundant sources of iron and pathogens have evolved heme 

uptake systems as well as hemophore systems. To gain access to heme, which is mainly 

bound to hemoproteins, bacteria secrete exotoxins to degrade hemoglobin (63). Free heme is 

captured by specific membrane complexes (TonB-dependent heme acquisition systems in 

Gram-negative bacteria, and Isd systems in Gram-positive bacteria) and transported into the 

cytoplasm where heme-catabolizing enzymes release Fe2+ (50, 64). Heme is the preferred 

source of iron of Staphylococcus aureus, a member of the skin microbiome that can cause 

tissue abscesses, as well as more severe diseases including bacteremia and endocarditis 

(65-67). S. aureus can growth in vitro with erythrocytes as the sole source of iron. 

Hemolysins secreted by S. aureus lyse erythrocytes, releasing hemoglobin, which is targeted 

by the IsdB (iron regulated surface determinant B) cell-wall receptor. As alternative routes 

for iron acquisition, IsdH recognizes the hemogloblin-haptoglobin complex, whereas IsdA 

captures free heme (68). The Isd system is critical for iron acquisition during systemic S. 
aureus infection and for efficient colonization of spleen, kidneys and heart (69). In addition 

to surface heme receptors, some bacteria also secrete hemophores, which are proteins that 

bind heme and can be re-acquired by the bacteria. Bacillus anthracis, the causative agent of 

anthrax, secretes two hemophores, IsdX1 and IsdX2, which bind heme and are required for 

growth in iron-depleted environments (70-72).

 (B) Zinc and manganese—Sequestration of zinc (Zn) and manganese (Mn) is also an 

important innate defense strategy used by vertebrates to fight bacterial infection. Zinc is 

used for its structural and catalytic roles in a large number of proteins. In bacteria, 5-6% of 

the proteome consists of zinc-binding proteins, justifying the need for specific acquisition 

systems (73). Among them, enzymes involved in central metabolic pathways, DNA repair, 

response to oxidative stress and antibiotic resistance require zinc as an essential co-factor 

(74). Manganese is also an important metal for bacteria, as many Mn-dependent enzymes 

encoded by pathogens are involved in central carbon metabolism and are necessary for 

resistance to oxidative stress (75).

 (1) Control of Mn2+ and Zn2+ levels by the host: Vertebrates secrete proteins that 

belong to the S100 family and inhibit bacterial growth by chelating Mn2+ and Zn2+. S100A7 

protein (also called psoriasin) is secreted as an homodimer by keratinocytes and inhibits E. 
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coli growth on human skin through sequestration and chelation of Zn2+ (76). Similarly, 

calprotectin, which is a heterodimer formed by S100A8 and S100A9 (also known as 

calgranulin A and B, respectively), represent ∼40% of the cytosolic protein pool in 

neutrophils, and exhibit antimicrobial activity against bacterial pathogens through chelation 

of nutrients Mn2+ and Zn2+ (77, 78). Calprotectin is the major neutrophil-derived protein 

found in abscesses formed by S. aureus (77). As is true for iron, immune cells also control 

Mn2+ and Zn2+ availability to intracellular bacteria by multiple mechanisms. Manganese is 

pumped out of the phagosome by the NRAMP1 protein, whereas zinc levels are reduced by 

the action of members of the ZIP and ZnT zinc transporter family (79-81).

 (2) Bacterial acquisition of Mn2+ and Zn2+: The fight for metals is a continuous 

ongoing process between bacteria and the host. As described for iron, bacterial mechanisms 

exist that minimize the chelation of zinc and manganese by calprotectin. To counteract this 

antimicrobial response, S. aureus expresses specialized manganese transporters, MntABC 

and MntH to compete with calprotectin for Mn2+ during systemic infection (82). Likewise, 

S. Typhimurium and Acinetobacter baumannii express the high-affinity zinc transporter 

ZnuABC to overcome the antimicrobial effect of calprotectin during infection (83, 84). S. 

Typhimurium, in addition to neutralizing the effect of calprotectin, also exploits the 

accumulation of this antimicrobial molecule during infection of the inflamed gut to 

advantageously compete with the resident host microbiota (84).

 (3) Use of zinc in host defense: In the constant battle to limit metal access during 

infection, mammals also exploit the toxicity associated with elevated concentrations of 

transition metals as an anti-microbial strategy. Macrophages control zinc levels inside the 

bacteria-containing phagosome during infection by M. tuberculosis. This increase in free 

Zn2+ results in accumulation of the metal inside the cytoplasm of M. tuberculosis, reducing 

intracellular growth. Mycobacterium resolves this zinc-dependent intoxication by expressing 

CtpC, a metal efflux P1-type ATPase (85). Similarly, the ZnuABC and ZupT zinc exporters 

are required for optimal colonization of mice bladders and kidneys during urinary tract 

infection cause by E. coli (86). Thus, it is clear that while bacteria must acquire metal ions 

for replication and metabolism, levels of these key nutrients within the bacteria themselves 

are tightly regulated.

 (C) Copper—Copper (Cu) is a redox-active metal ion that can exist in a reduced (Cu+) 

or an oxidized state (Cu2+) and, as a consequence, is critical for proteins involved in a wide 

range of cellular processes. Copper is also used by some metalloenzymes involved in 

electron transfer reactions, such as cytochrome oxidase (87). However, in contrast to Fe, Mn 

or Zn that are required for bacterial growth, copper is mainly recognized for its antimicrobial 

benefits and its role in innate immune defense against bacteria.

 (1) Copper toxicity: In mammals, the innate immune response provoked by secretion of 

the pro-inflammatory cytokine, interferon-γ, induces expression of Cu pumps, resulting in an 

increased Cu concentration at the infection site (88). In activated macrophages, the Cu+ 

transport protein 1 (CTR1) takes Cu+ inside the cell, whereas the P-type ATPase ATP7A 

pumps Cu+ inside the phagolysosome, again emphasizing the importance of precise 
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regulation of metal ion levels (89). Multiple mechanisms have been described to explain 

copper toxicity in bacteria. Macrophages use copper to increase bacterial killing by 

oxidative damage. In the phagosome, Cu+ can interact with hydrogen peroxide to produce 

the highly reactive hydroxyl anion and hydroxyl radical, which in turn causes lethal damage 

to lipids, proteins and nucleic acids. Unligated copper also causes disruption of iron-sulfur 

clusters by replacing the Fe atoms, resulting in the disruption of protein structure. Enzymes 

that contain a Fe-S cluster, such as dehydratases involved in branch-chain amino acid 

synthesis in E. coli, are targeted by Cu during infection (90). An alternative mechanism has 

been described during Neisseria gonorrhoeae infection where increased Cu levels result in 

increased sensitivity to reactive nitrogen species produced by innate immune cells (91).

 (2) Copper regulation by bacteria: The recurring theme of measure:countermeasure 

should be now apparent, as bacteria have evolved strategies to prevent copper toxicity 

imposed by the host and to tightly regulate the level of cytoplasmic copper (92). In general, 

bacterial proteomes contain only few copper-binding proteins (∼0.3%), and these proteins 

are mainly localized in the periplasm or in the cyoplasmic membrane, preventing unligated 

copper from accessing the cytoplasm. Bacteria can also express Cu-binding proteins to 

sequester free Cu+, such as the Mycobacterium methallothionein, (MymT), which protects 

the bacterium from copper toxicity (93). Many pathogenic bacteria encode a P-type ATPase 

Cu+ efflux protein that pumps copper outside of the bacterial cytoplasm. For E. coli, a 

mutant lacking the CopA ATPase is hypersensitive to killing by macrophage-like cells (89). 

Similarly, a CopA1 ATPase mutant of Pseudomonas aeruginosa is attenuated in a systemic 

mouse model of infection (94). Mycobacterium tuberculosis also encodes a membrane 

copper-transporter that is required to ensure resistance to copper toxicity and intracellular 

survival in vivo (95). Lastly, uropathogenic E. coli (UPEC) use an unusual method to limit 

copper toxicity. During bladder infection, UPEC secretes the siderophore, yersiniabactin, 

that allows capture of tessential iron, but this compound can also bind to copper and prevent 

its toxicity (96). Consistently, E. coli strains that produce yersiniabactin exhibit greater 

resistance to copper-related toxicity.

 Nutrient acquisition

In the host cell, many nutrients essential for bacterial growth are enclosed within complex 

molecules such as proteins and higher-order glycolipids and are not readily accessible. 

Moreover, depending on the particular niche colonized by the pathogen or the local 

inflammation state, nutrient supply might vary greatly during the course of infection. 

Therefore, nutritional restriction by the host is an important aspect of the innate immune 

defense against pathogens (97). The following section will highlight some of the 

mechanisms used by pathogenic bacteria to maximize nutrient acquisition in the complex 

environment of the host (graphically summarized in Figure 2).

 (A) The arsenal of microbial degradative enzymes—Host macromolecules are a 

good source of carbon and nitrogen when bacterial enzymes, such as proteases or 

phospholipases, can degrade these molecules to extract essential nutrients. Vibrio cholerae, 

the causative agent of the severe diarrheal disease cholera, utilize host sialic acid to generate 

carbon, nitrogen and energy (98, 99). Sialic acids are a family of nine-carbon amino sugars 
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found in abundance in the mammalian gut. V. cholera encodes a sialic acid catabolism gene 

cluster (the nan-nag cluster) located in the VPI2 pathogenicity island, which is only found in 

toxigenic strains that are the primary cause of disease. NanH, a neuraminidase, is required 

for cleavage of bound sialic acid from higher-order gangliosides found at the cell surface. 

The free sialic acid (mainly N-acetylneuraminic acid or Neu5Ac) is taken up by V. cholerae 
and converted in fructose-6-P that feeds into the glycolytic pathway. This catabolic pathway 

plays a significant role for V. cholera colonization of infant mice, an important animal model 

for studying human cholera (98). The nan cluster is also found in many other human 

pathogens that colonize the gut, including E. coli, S. Typhimurium, Shigella spp. and 

Clostridium spp., among others, and a correlation between sialic acid catabolism and 

bacterial fitness in the gut is now emerging (100). Of note, the use of NanH to hydrolyze 

host sialic acid as a carbon source is not restricted to gut pathogens, but is also required for 

biofilm formation and lung colonization by P. aeruginosa (101).

The γ-glutamyl transpeptidase, GGT, produced by F. tularensis is another striking example 

of a microbial strategy for nutrient acquisition (102). F. tularensis is a highly infectious 

Gram-negative bacterial pathogen that causes the deadly disease, tularemia. After entry into 

mammalian cells, F. tularensis replicates in the cytosol using amino acids as its major source 

of carbon and energy required for proliferation. F. tularensis particularly requires high levels 

of cysteine to support intracellular proliferation, as cysteine is metabolized into pyruvate, a 

key substrate of the TCA cycle. As cysteine is the most limiting amino acid in humans, F. 
tularensis has evolved to use host gluthathione (GSH), a tri-peptide (L-γ-L-glutamyl-L-

cysteinyl-glycine) that is abundant in the cytosol. The GGT enzyme of F. tularensis cleaves 

GSH to release cysteine; mutants of Francisella that lack this enzyme are severely impaired 

for growth in mouse macrophages and attenuated for virulence in mice (102).

 (B) Raiding the pantry: exploitation of host processes to provide food—
Chlamydia species are Gram-negative obligate human intracellular bacteria that manipulate 

the host cell to enhance nutrient and lipid acquisition. Chlamydia resides in a unique 

Chlamydia-containing inclusion in the cytosol of host cells, and is one of the few bacterial 

pathogens that need host-derived lipids such as sphingomyelin (SM) for intracellular 

proliferation. SM is incorporated into the Chlamydia cell wall as well as into the growing 

inclusion membrane during bacterial replication (103). To acquired host-derived SM, 

Chlamydia trachomatis uses the IncD protein, an effector of the syringe-like bacterial Type 

III secretion system, which is inserted into the inclusion membrane. IncD mediates 

recruitment of the host ceramide transfer protein, CERT, at the site of contact between the 

bacterial inclusion and the endoplasmic reticulum (ER) membrane (104). CERT is involved 

in the non-vesicular transfer of ceramides, precursors of SM, from the ER to the Golgi 

apparatus. The recruitment of CERT to the bacterial inclusion is required for C. trachomatis 
intracellular replication (105). Thus, Chlamydia, with its reduced genome, illustrates how 

obligate intracellular pathogens are able to extensively exploit host trafficking pathways to 

gain essential lipids/nutrients to support replication.

Some bacteria are able to obtain nutrients by manipulating host degradation processes rather 

than relying on their own degradative mechanisms, including C. trachomatis and Chlamydia 
pneumoniae. Lysosomes are cellular degradation compartments within the host cell that 
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contain an array of degradative enzymes that break down proteins, carbohydrates, nucleic 

acids and lipids. Depletion of amino acids within the lysosomal compartment results in 

growth inhibition of Chlamydia spp, which suggests these bacteria rely on degradation of 

exogenous cargo for nutrient acquisition within the inclusion (106). Coxiella burnetti, an 

obligate intracellular bacterium that causes human Q fever, also uses the degradative 

properties of the lysosome for nutrient acquisition (107). C. burnetti proliferates inside the 

host cell in a specialized vacuole, termed the parasitophorous vacuole (PV), which is a 

phagolysosome-like compartment (108). An acidic environment is required for optimal 

growth of these bacteria, and amino acids and others nutrients required for replication likely 

reach the PV via fusion of protein/peptide-loaded lysosomes to the PV.

One of the most well-studied bacterial pathogens that exploits host cell degradation capacity 

is Legionella pneumophila, a bacterium that replicates within alveolar macrophages causing 

pneumonia (Legionnaires's disease). Inside macrophages, L. pneumophila replicates within 

the Legionella-containing vacuole (LCV) that is remodeled by a series of secreted effectors 

and resembles the rough ER membrane (109). The level of amino acids, the main source of 

carbon and energy generation for Legionella, within the host cytosol is not sufficient to 

power the robust intracellular replication of this bacterium. To gain access to these key 

nutrients, Legionella boosts the cellular level of amino acids by subverting host proteasomal 

degradation processes (110). The secreted bacterial effector AnkB is anchored to the 

cytosolic face of the LCV membrane by a lipid modification, and triggers polyubiquitin 

tagging of proteins at the LCV surface. These ubiquitinated proteins are subsequently 

targeted to the 26S proteasome and rapidly degraded to generate a localized supply of amino 

acids (110). AnkB is also injected into the host cell directly after bacterial attachment and 

localized to the plasma membrane. This allows rapid polyubiquitination and degradation of 

host proteins and generates a nutrient-rich environment for the establishment of the LCV 

(111). Not surprisingly, the Legionella AnkB mutant has a severe growth defect for 

intravacuolar replication in macrophages and has a reduced ability to cause pulmonary 

disease in mice. L. pneumophila also encodes amino acid transporters, such as the PhtA 

transporter involved in import of threonine, an essential amino acid for Legionnella, into the 

bacteria during infection (112). The PhtA transporter is required for growth, but not survival 

inside macrophages.

F. tularensis, a bacterium that can replicate up to1000-fold in the host cell cytosol, also 

manipulates host degradation machinery to facilitate nutrient uptake. Acquisition of host 

amino acids is critical for this intracellular pathogen, as F. tularensis is auxotrophic for six 

amino acids, relying solely on the host to provide them. To promote a permissive growth 

environment, F. tularensis induces macroautophagy, a host recycling pathway normally 

stimulated by starvation that targets host proteins, organelles and invading pathogens for 

degradation (113). Macroautophagy inhibition results in decreased intracellular replication 

of Francisella, which can be rescued by adding excess amino acids, highlighting the role of 

this host pathway for bacterial proliferation (113). Autophagy has been studied mainly for 

its role in innate immune defense, but several bacterial pathogens like Francisella, have 

evolved mechanisms to evade killing by autophagic degradation and instead exploit this 

pathway to increase bacterial proliferation. Anaplasma phagocytophilum, an obligate 

intracellular bacterium that belongs to the Rickettsiales order and causes human granulocytic 
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anaplasmosis, is another example of a bacterium that actively induces autophagy to stimulate 

the richer host nutrient environment essential for proliferation (114).

 IV. Metabolic control of host:pathogen interactions

Pathogenesis is defined by the nature of the interaction between host and pathogen. As 

described above, bacterial pathogens are adept at exploiting the host as a chemical 

warehouse of sorts. However, the complex metabolic interactions of the bacteria with its host 

also signal regulatory processes that expand the bacterial repertoire for successful infection. 

In this section, we will tie in previous examples of pathogen metabolism with mechanisms 

used by bacteria to position themselves to take advantage of the host.

 (A) Orienteering: nutrient sensors control metabolism and niche adaptations

S. Typhimurium is able to outcompete resident gut microbiota by stimulating intestinal 

inflammation in a mouse model of colitis, and then relying on tetrathionate respiration for 

robust replication, as described earlier in this chapter (46). However, this striking result does 

not explain how S. Typhimurium can position itself at the intestinal interface where 

tetrathionate is most abundant. Previous studies had determined that chemotaxis, the energy-

dependent process by which bacteria move up or down chemical gradients, was important 

for the fitness of S. Typhimurium in models of colitis (115). Baumler and colleagues 

identified tetrathionate as a signal for the Aer methyl-accepting chemotaxis protein (116). 

Aer regulated chemotaxis towards tetrathionate, and only conferred a fitness advantage upon 

S. Typhimurium under conditions of tetrathionate respiration in vivo. These findings indicate 

that S. Typhimurium not only has the metabolic capacity to remodel the biochemical 

environment of the intestine to give itself a competitive edge, but also encodes the 

machinery to seek areas with the highest concentration of alternative electron acceptors, like 

tetrathionate, to enhance the opportunity for rapid replication.

In the previous case, S. Typhimurium succeeds by changing the host intestinal environment 

to a more inflammatory state that favors replication, however, other pathogens such as 

enterohaemorrhagic Escherichia coli (EHEC) take advantage of nutrient signals generated 

by the resident microbiota to control virulence and metabolic gene expression. EHEC 

encodes a two component sensing system, FusKR, that consists of a sensor kinase (FusK) 

and a response regulator (FusR). FusK senses fucose and is required for EHEC colonization 

of the mammalian intestine (35). Although fucose is present at high levels in the intestine, 

host cells incorporate most fucose molecules into complex carbohydrate structures, like 

mucin, which is abundant at the surface of the intestinal epithelium. Fucose can be liberated 

from mucin by the fucosidase activity of Bt, a common resident of the microbiota (117). 

During growth in mucin, Bt freed fucose for sensing by EHEC FusKR, regulating EHEC 

virulence and metabolic gene expression and thereby modulating pathogenesis (35). In this 

case, free fucose enabled EHEC to spatially orient in the mammalian intestine, likely 

limiting expression of fucose utilization and virulence genes to localized environments 

where such metabolic capacity provides a competitive advantage.
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 (B) Evading immune system predation

Metabolism can also provide powerful weapons used by bacteria to manipulate host immune 

responses, promoting pathogen survival. M. tb can be considered one of the most successful 

human pathogens, having been discovered in human remains thousands of years old. The 

success of M. tb likely relies in large part on the myriad ways in which the bacterium 

controls the immune response to its advantage. In a screen for M. tb genes that enhanced 

fitness in response to immune pressure, Rubin and colleagues identified genes of the 

tryptophan biosynthesis pathway (118). One established mechanism of nutritional immunity 

relies on the host enzyme, indoleamine 2,3-dioxygenase (IDO), which degrades the amino 

acid tryptophan, decreasing its availability to pathogens (119). IDO is induced by the pro-

inflammatory cytokine, interferon-γ, and can be effective in host resistance against 

pathogens that are tryptophan auxotrophs, like Chlamydia or Toxoplasma spp. (120). 

However, M.tb can upregulate trp biosynthesis genes within the infected host to overcome 

the lack of tryptophan availability. A trp mutant strain was hypersusceptible to killing by 

IFN-γ-treated macrophages compared to wildtype M.tb, and that hypersusceptibility was 

reversed by inhibiting IDO, or by addition of exogenous tryptophan (118). Thus, M.tb uses a 

metabolic strategy to counteract a specific mechanism of host nutritional immunity.

Host immune cell metabolism is increasingly appreciated as a critical determinant of 

immune function (121). The nucleoside adenosine has powerful immunosuppressive effects 

on the immune system, promoting T cell tolerance, or anergy (122). Adenosine receptors can 

play an important role in protecting the host from tissue damage or organ failure in models 

of polymicrobial sepsis (123). The Gram-positive pathogen Staphylococcus aureus is a 

common colonizer of human skin that can also cause abscesses, soft tissue infections and 

systemic disease (124). Mutations in the S. aureus adenosine synthase adsA gene were found 

to predispose bacteria to killing in human blood (125). AdsA was required for 

staphylococcal virulence and abscess formation, indicating the importance of this protein 

during infection in vivo. Notably, the AdsA protein is not found in the bacterial cytosol, but 

rather outside the bacterial cell, anchored to the cell wall. Incubation of S. aureus in blood 

increased the adenosine concentration in an AdsA-dependent manner, and this enzymatic 

activity contributed to virulence (125). These results indicate that S. aureus is able to 

synthesize adenosine in human blood, promoting an immunosuppressive environment. S. 
aureus adsA mutants were more susceptible to neutrophil killing, suggesting that at least one 

mechanism of adenosine-dependent immunosuppression occurs through modulation of 

innate immune effector functions.

The host:pathogen interactions described above indicate that bacterial metabolism is an 

essential component of the disease process. Acquisition of nutrients to support energy 

metabolism and biosynthesis drives bacterial replication within the host. Speed and 

efficiency of bacterial replication likely play a determining role in the outcome of disease. 

However, it is also apparent that bacterial metabolism can enhance other aspects of 

pathogenesis, including nutrient sensing and immune evasion. A deeper appreciation for 

pathogen metabolic capabilities will continue to emerge as we apply more sophisticated 

methodologies to our understanding of pathogenesis. Defining genomes, transcriptomes and 

metabolomes at a global level will paint a more comprehensive picture of how the 
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tremendous metabolic capacity of bacterial pathogens enables them to exploit the human 

host.
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Figure 1. An simplified view of catabolic energy-yielding pathways in bacteria and points of 
relevance for the indicated bacterial pathogens
The figure shows a simplified outline of some of the different pathways for utilizing 

carbohydrates or fatty acids for the generation of ATP. These catabolic pathways and the 

anabolic pathways that they feed are under extremely complex levels of control, which have 

been studied mainly in non-infectious organisms (126). However, the unique metabolic 

strategies employed by infectious bacteria are becoming more appreciated as important 

aspects of bacterial pathogenesis (1). *ATP generated by substrate level phosphorylation; 

**ATP generated by oxidative phosphorylation; Solid lines: Metabolic Pathway; Dashed 
lines: Substrates that feed into catabolic pathways and products generated by bacteria as a 

result of metabolism or required for metabolism; Dotted lines: Main energy yielding 

metabolites generated from pathways.

Blue letters indicate specific points of importance for the energy-yielding metabolism of 

select pathogens listed below (see Table 1 for summary):

A. Pathogenic Streptococci (S. mutans, S. pyogenes, S. pneumoniae); B. Salmonella enterica 
serovar Typhimurium; C. Brucella abortus; D. Mycobacterium tuberculosis; E. Clostridium 
difficile; F. Enterohemorrhagic Escherichia coli (EHEC); G. Aggregatibacter 
actinomycetemcomitans; H. Listeria monocytogenes.
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Figure 2. Graphical summary of bacterial mechanisms used to release intracellular host 
nutrients
Pathogenic bacteria perturb host cell functions to provide resources for survival and 

replication. Abbreviations: GSH (glutathione), GGT (γ-glutamyl transpeptidase), LCV 

(Legionella-containing vacuole), ER (endoplasmic reticulum), AA (amino acids), CERT 

(ceramide transfer protein), SM (sphingomyelin).
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Table 1
Summary points of energy-yielding metabolism for select pathogenic bacteria

Label Bacterium Points of interest for metabolism during infection Select references

A Pathogenic
Streptococci
Streptococcus mutans
S. pyogenes
S. pneumoniae

• Extracellular pathogens

• Rely on simple and complex carbohydrates from host diet or 
from host cell surfaces

• Genomes have expanded sugar uptake systems for dietary 
flexibility

• Can express enzymes that cleave host glycans for use in energy 
yielding metabolism

• Sugar uptake and control is tightly linked with expression of 
classic virulence factors

(1-13)

B Salmonella enterica
serovar Typhimurium

• Can infect both intracellularly and extracellularly

• Intracellular infection requires glucose, glycolysis and the TCA 
cycle

• Intracellular bacteria can influence host cell gene expression to 
favor glucose availability

• Specific TCA cycle reactions that generate malate are required 
for intracellular infection

• Bacteria that establish extracellular infection in the gut can 
engage in anaerobic respiration using resident metabolites 
generated by the host during inflammation and by the resident 
microbiota

(14, 15, 19, 23, 

44-47)

C Brucella abortus • Intracellular pathogen

• Requires glucose for intracellular infection

• Passively benefits from host cell metabolism for glucose

(21)

D Mycobacterium
tuberculosis

• Intracellular pathogen

• Utilize fatty acid oxidation for energy metabolism

• Associate with lipid bodies in specialized cells where they can 
acquire fatty acids

• Glyoxylate cycle required for replenishment of TCA cycle 
metabolites in the absence of glycolysis

(24, 27, 28, 29)

E Clostridium difficile • Extracellular pathogen and bligate anaerobe

• Fermentation is main energy yielding pathway

• May outcompete the resident microbiota by engaging in 
succinate to butyrate fermentation after antibiotic treatment by 
taking advantage of a rise in succinate generated by the gut 
microbiota

(33)

F Enterohemorrhagic
Esherichia coli
(EHEC)

• Extracellular pathogen that can form “attaching and effacing” 
lesions in the host gut

• May take advantage of co-localization with species of the 
resident microbiota in the carbohydrate-poor intestinal mucosal 
layer

• Metabolites produced by co-localized microbiota may induce 
shift from glycolysis to gluconeogenesis increasing virulence 
gene expression

(34-36)

G Aggregatibacter
actinomycetemcomitans

• Extracellular pathogen of the oral cavity (38)
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Label Bacterium Points of interest for metabolism during infection Select references

• Switches to L-lactate catabolism when co-localized with 
resident microbiota generating L-lactate

• Catabolic shift may favor bacterial expansion and increased host 
damage

H Listeria monocytogenes • Intracellular pathogen

• Specifically scavenges the essential co-factor lipoate from host 
lipoyl-peptides

• Host-derived lipoate essential for catabolic enzymes

(40, 41)
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Table 2
Summary of bacterial mechanisms for metal ion acquisition

Pathogens Infection site (model) Ion System contributing to virulence Ref.

S. Typhimurium Systemic infection (mice) Fe EntC, EntB, IroN (salmochelin/enterobactin) (62)

Streptococcus suis Systemic infection (mice) Fe FeoB, iron transporter (56)

Campylobacter jejuni Gastrointestinal tract (chick) Fe FeoB, iron transporter (58)

Staphylococcus aureus Systemic infection (mice) Fe Isd heme uptake system (69)

Yersinia pestis Systemic infection/bubonic plaque (mice) Fe Yef and Feo iron transporter (127)

Staphylococcus aureus Systemic infection (mice) Mn MntABC and MntH Mn transporters (82)

Escherichia coli (UPEC) Bladder and kidney (mice) Zn ZnuABC and ZupT Zn transporters (86)

S. Typhimurium Inflammed gut (mice) Zn ZnuABC Zn uptake system (84)

Acinetobacter baumannii Lungs (mice) Zn ZnuABC Zn uptake system (83)

Mycobacterium tuberculosis Differentiated human macrophages Zn CtpC P1-type ATPase, Zn efflux system (85)

Mycobacterium tuberculosis Lung and lymph nodes (Guinea pigs) Cu MctB copper transport protein B (95)

Escherichia coli Mouse macrophage-like cells Cu CopA ATPase, Cu+ export system (89)

Escherichia coli (UPEC) Bladder (mice) Cu Yersinibactin (96)

Pseudomonas aeruginosa Systemic infection (mice) Cu CopA1 P-type ATPase, Cu+ efflux system (94)
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