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DISSERTATION ABSTRACT 

  All bacteria must carefully regulate carbon acquisition and utilization to meet their 

metabolic demands. Uniquely, bacterial pathogens such as Listeria monocytogenes (L. 

monocytogenes) face the additional challenge of acquiring host-derived nutrients while avoiding 

detection by the host immune system. L. monocytogenes represents an exceptional model for 

studying host-pathogen metabolic interactions, as it is both genetically tractable and a 

professional cytosolic pathogen. However, a comprehensive understanding of L. 

monocytogenes—and other intracellular pathogens’—carbon metabolism has been limited by 

technical constraints and an incomplete characterization of metabolic genetic determinants. 

Unraveling these metabolic strategies may provide critical insight into novel antimicrobial 

targets and undiscovered host immune pathways. 

It has been widely accepted that L. monocytogenes primarily utilizes host-derived 

glycerol and hexose phosphates during intracellular infection, as demonstrated by isotopologue 

analyses from the Goebel and Eisenreich labs. However, L. monocytogenes mutants lacking the 

ability to catabolize glycerol (ΔglpD/ΔgolD) and/or import hexose phosphates (ΔuhpT) display 

near wild-type levels of intracellular growth and only modest virulence defects. These findings 

suggest that L. monocytogenes must exploit alternative cytosolic carbon sources to sustain 

intracellular replication and pathogenesis. 

In support of this hypothesis, we have demonstrated that mutants lacking key components 

of the phosphotransferase system (PTS), specifically ΔptsI and ΔptsH, are unable to grow in the 

macrophage cytosol and exhibit significant attenuation in vivo. Strikingly, when we 

simultaneously disrupt all known major carbon acquisition pathways 
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(ΔuhpT/ΔglpD/ΔgolD/ΔptsI), the resulting strain is completely defective for cytosolic replication 

and is nearly avirulent in vivo. These results reveal that L. monocytogenes relies on a previously 

underappreciated metabolic strategy and depends heavily on PTS-mediated carbon uptake to 

support intracellular proliferation. More broadly, these findings highlight the potential for 

pathogens to use PTS as a critical mechanism for nutrient acquisition in the host cytosol. This 

discovery may inform our understanding of other bacterial pathogens’ metabolic strategies and 

reveal novel vulnerabilities for therapeutic intervention. Additionally, our data suggest that 

previously described attenuation in pdh mutants is, in part, due to a loss of PTS function and 

associated redox imbalance. Together our work centralizes that PTS are both an essential 

acquisition tool for cytosolic pathogens and L. monocytogenes must be metabolically primed to 

be able to use these in the restrictive host cell environment. 

While our work defines a broad role for PTS in supporting cytosolic growth, the specific 

carbon substrates imported via these systems remain unknown. Furthermore, how PTS interact 

with transcriptional regulation and mediate bacterial adaptation to the host environment is not yet 

fully understood. Given the high diversity of PTS systems among L. monocytogenes strains, 

these differences may contribute to variation in disease severity, host cell tropism, and 

persistence in food production environments. Understanding the specific roles of these systems 

may offer valuable insights for improving food safety and developing strain-specific 

interventions against L. monocytogenes. 
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Introduction and Listeria monocytogenes as a model organism and bacterial pathogen 

 Mortality caused by infectious diseases is projected to become the leading cause of death 

by 2050 (1). A subset of these infectious agents includes bacterial pathogens, which persist in 

various environmental reservoirs until an opportunity arises to infect a suitable host, save for 

those which are obligate human pathogens (2). One significant reservoir for bacterial pathogens 

is the food processing and production industry (3). Despite rigorous screening and treatment 

measures, certain pathogens, including Escherichia coli, Salmonella spp., Campylobacter spp., 

and Listeria monocytogenes (L. monocytogenes), are capable of surviving in these environments 

and causing disease (4). Notably, L. monocytogenes is the only Gram-positive bacterium among 

this group and is unique in its ability to exploit the host cytosol as a replicative niche (5,6). It is 

classified as a zero-tolerance pathogen in the food chain due to its significant public health 

implications (7). Even in the face of this classification L. monocytogenes is the source of 

multiple deadly outbreaks worldwide with some of the most notable being the 2011 U.S. 

cantaloupe outbreak, the 2017-2018 South African polony outbreak, and most recently the 2024 

U.S. Boar’s Head outbreak (8–10).  

L. monocytogenes is a ubiquitous organism found in soil and the gastrointestinal tracts of 

various animals (11). It has been implicated in significant disease outbreaks in wildlife, particularly 

in Canidae, based on necropsy findings from infected animals (12,13). In addition, it is found to 

both colonized and infected livestock such as cattle, sheep, and goats (14). Beyond this list, L. 

monocytogenes is known to cause disease in a wide range of wildlife and pets in isolated case 

reports (15–17). Due to its public health significance, L. monocytogenes has been extensively 
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studied as a foodborne pathogen, a model for intracellular pathogenesis, and a tool for examining 

the innate and adaptive immune response. 

Clinically, L. monocytogenes can cause the severe illness known as listeriosis, which is 

associated with high morbidity and mortality (18). Upon ingestion, L. monocytogenes  must first 

withstand the highly bactericidal acidic environment of the stomach (19,20). Once in the 

intestines the exact mechanism by which L. monocytogenes gains access to the intracellular 

environment and disseminates within the host is still debated. Some evidence show that the 

bacterium gains access to colonic epithelial cells at the tips of villi through exposed E-cadherin, 

replicates, and disseminates via cell-to-cell spread (21,22). Other evidence suggests that it gains 

access to goblet cells and transcytoses into the lamina propria and  where it is subsequently 

phagocytosed by resident macrophages in which it can replicate and disseminate (23). Finally, 

some work suggest that M cell may phagocytose L. monocytogenes allowing it to cross the 

epithelial barrier (23). Once across the epithelium, an essential part of its pathogenesis is to enter 

macrophages or dendritic cells through phagocytosis, facilitating its transport to mesenteric 

lymph nodes and systemic dissemination via hematogenous spread (24). Primary sites of 

infection include the spleen and liver, where L. monocytogenes predominantly infects 

splenocytes, macrophages, hepatocytes, and Kupffer cells (21,25). In severe cases, L. 

monocytogenes can breach the placental and blood-brain barriers, leading to severe outcomes 

such as fetal loss or neonatal infections and cerebellar meningitis, respectively (26,27). In 

response to the former, pregnant people are advised to avoid pre-processed meats, soft cheese, 

and unpasteurized dairy products (28). Because of the latter, when patients present with severe 

meningitis of unknown origin they are prophylactically treated with ampicillin to treat potential 

L. monocytogenes infection (29). While the precise mechanism by which L. 
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monocytogenes crosses the blood-brain barrier remains unclear, hypotheses include monocyte-

mediated trojan horse entry, direct infection via cranial nerve V following oral ingestion, or 

dissemination through the vagus nerve after colonic colonization (26). The latter hypotheses is 

supported by evidence demonstrating bacterial migration along nerve axons at a rate of 

approximately one inch per hour, though this route has yet to be definitively confirmed 

experimentally (30). Despite appropriate diagnosis and treatment, listeriosis carries a case 

fatality rate of 20–30%, though this figure may be inflated due to underreporting of mild 

gastroenteritis cases that do not require medical intervention (31,32). Notably, humans may 

ingest L. monocytogenes more frequently than previously assumed, with studies suggesting an 

average annual exposure of four instances per person and detection in approximately 1-14% of 

raw sushi samples (33–35). This is exemplified by seminal work showing that 10% of human 

fecal samples show shedding of L. monocytogenes (36). Therefore, despite frequent exposure, L. 

monocytogenes can cause severe, often fatal listeriosis by surviving gastric acidity, invading 

intestinal and immune cells, and disseminating to organs including the liver, spleen, placenta, 

and brain, highlighting its complex and multifaceted pathogenesis. 

Beyond its role as a significant public health threat, L. monocytogenes serves as a well-

established model organism due to its defined intracellular lifecycle, genetic tractability, and 

robust infection models. This research has enabled robust characterization of L. monocytogenes’ 

intracellular pathogenesis, particularly its master virulence regulator PrfA and its associated 

regulon (37,38). PrfA, a member of the Crp/Fnr family, senses the host cytosolic environment 

via glutathione binding and regulates virulence gene expression by recognizing a 14-base pair 

palindrome (PrfA box) within the -40 region of PrfA-dependent promoters (39,40). Mutations 
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that uncouple PrfA activation from glutathione binding, such as the Gly-145Ser mutation, lead to 

constitutive virulence gene expression known as PrfA* (41). 

To successfully invade host cells, L. monocytogenes utilizes the PrfA regulated proteins 

internalin A (InlA) and internalin B (InlB) to bind host cell receptors E-cadherin and hepatocyte 

growth factor receptor (Met), respectively (42). Other tissue and cell specific internalins have 

been identified, but they do not appear to be conclusively essential for systemic L. 

monocytogenes infection and are most specific to complicating events such as placental or 

neurologic invasion (43,44). Alternatively, L. monocytogenes can be phagocytosed by immune 

cells, where it enters through an acidified phagolysosome. In either case, L. 

monocytogenes employs listeriolysin O (LLO), a pore-forming toxin encoded by hly, to escape 

into the host cytosol. Notably, LLO is specifically activated in acidic environments due to a pH-

sensing acidic triad (E247, D208, D320), preventing inadvertent host cell damage (45–49). 

Additionally, LLO targets cholesterol-containing membranes, avoiding pore formation in 

bacterial membranes that lack cholesterol (50). Together this shows that to initiate infection, L. 

monocytogenes employs distinct invasion strategies and tightly regulated expression of virulence 

factors like internalins and listeriolysin O, enabling host cell entry and phagosomal escape while 

minimizing host damage. 

Once in the cytosol, L. monocytogenes encounters a highly reducing environment 

enriched with glutathione, further promoting PrfA activation (39). This regulation is reinforced 

by a temperature-sensitive riboswitch that unfolds at 37°C, ensuring virulence factor expression 

occurs only at host physiologic temperatures (51). Since glutathione is essential for activating 

wild-type PrfA, L. monocytogenes imports it via oligopeptide permeases with cysteine 
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transporters (Opp/Ctp) or synthesizes it through glutathione synthetase (gshF), a PrfA-regulated 

gene critical for cytosolic survival (52–54). Current work suggests that L. monocytogenes is 

likely more reliant on the self-production of glutathione as opposed to acquiring it from the host 

(53). Finally, a well-characterized PrfA-regulated metabolic gene is uhpT, which encodes a 

hexose phosphate:phosphate antiporter thought to be important for L. monocytogenes to acquire 

host derived hexose phosphates (55). 

Concurrent with cytosolic replication, L. monocytogenes exploits ActA, an additional 

PrfA regulated protein that recruits the host Arp2/3 complex to initiate actin polymerization, 

enabling intracellular motility and cell-to-cell spread via actin rockets (56–58). This process is 

facilitated by phospholipases PlcA and PlcB which degrade host membranes to promote 

dissemination to neighboring cells (59,60). Emerging evidence suggests that L. 

monocytogenes subpopulations within infected cells exhibit distinct roles, with pioneering 

bacteria prioritizing cell-to-cell spread while others remain metabolically active in the primary 

infected cell (61,62). This emerging perspective of bacteria population level division of labor is 

reminiscent of Salmonella spp. intracellular dynamics described by the Helaine lab (63,64). 

L. monocytogenes has evolved sophisticated mechanisms to circumvent host immune 

defenses. For instance, it employs peritrichous flagella at lower temperatures for motility, yet 

represses flagellar expression at 37°C to evade cytosolic Toll-like receptor 5 (TLR5) detection 

(65). Extensive research into these virulence strategies has enabled the use of L. 

monocytogenes mutants as valuable controls in experimental models and has paved the way for 

novel therapeutic applications. Fo example, despite L. monocytogenes’ evolved traits to avoid 

host cell detection it has been shown to be a potent activator of TLRs and STING, which does 
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permit robust protective responses (66,67). Further, our lab has shown that L. monocytogenes  

infection results in substantial, but transient, increase in prostaglandin-E2 production which is 

essential for robust T-cell mediate immunity and memory (68). One notable example is the 

development of live-attenuated L. monocytogenes-based vaccines, such as the Listeria-based 

attenuated double-deletion (LADD) strain, which lacks ActA and InlB to limit cell-to-cell spread 

and hepatocyte invasion. These mutations lead to approximately 1000-fold attenuation making it 

a stable platform (69,70). This platform has been explored for inducing potent T-cell responses 

against tumor antigens, demonstrating potential as an immunotherapeutic strategy against cancer 

(71). Through evolved immune evasion strategies and robust immunostimulatory properties, L. 

monocytogenes has become both a model for studying host-pathogen interactions and a 

promising platform for vaccine and cancer immunotherapy development. 

Given its dual role as a model pathogen and a tool for studying intracellular survival 

strategies, L. monocytogenes remains a crucial focus of microbiological research. While many of 

its virulence determinants are well characterized, substantial gaps remain in understanding its 

metabolic adaptations to the cytosolic environment. Investigating these factors is particularly 

challenging due to the intricate interplay between host and bacterial metabolism, compounded by 

the limitations of ex vivo cell culture systems. Nevertheless, further exploration of L. 

monocytogenes’ metabolic and genetic determinants promises to enhance our broader 

understanding of intracellular bacterial pathogenesis, with implications for developing novel 

therapeutics against not only L. monocytogenes but related pathogens. 
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The host cytosol as a restrictive replicative niche 

For many years, it was believed that if a pathogen could access the host cytosol, it would 

encounter a highly protected, nutrient-replete, and privileged environment conducive to survival 

and replication. However, over the past two decades, this notion has been challenged (72). It is 

now clear that the cytosol is not merely a safe haven, but rather a hostile compartment that 

demands specialized machinery and evolutionary adaptations for access and survival. 

Initial evidence suggesting that the cytosol constituted a permissive replicative niche 

emerged in the 1990s, when Bielecki et al. engineered a nonpathogenic Bacillus subtilis strain to 

express the pore-forming toxin listeriolysin O (LLO) from L. monocytogenes, enabling cytosolic 

entry. Once inside, B. subtilis proliferated readily, suggesting that the key limitation to cytosolic 

pathogenesis was the absence of virulence factors facilitating access (73). This conclusion was 

later refuted by Goebel and colleagues, who bypassed natural entry mechanisms by directly 

microinjecting bacteria into the cytosol of Caco-2 cells (74). Notably, bacterial species not 

specifically adapted to cytosolic life, such as Bacillus and Salmonella, were unable to survive 

and replicate; in fact, Bacillus was rapidly cleared. In contrast, other pathogens such as Shigella 

spp. and enteroinvasive Escherichia coli (EIEC) could replicate within single cells, while L. 

monocytogenes uniquely replicated and spread to neighboring cells (74). In partial reconciliation 

of these disparate findings, Goebel showed that rare replication of B. subtillis does occur in dead 

or dying cells (74). These findings underscored that cytosolic survival is a selective trait 

requiring distinct evolutionary adaptations. Moreover, they affirmed a critical distinction: 

cytosolic replication is mechanistically separate from the capacity to spread intercellularly—each 

requiring specific bacterial machinery. 
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While Salmonella spp. have since been recognized as capable of cytosolic replication 

under certain conditions, discrepancies between studies likely stem from differences in mode of 

entry and the transcriptional programs activated upon cytosolic exposure (75). The early work of 

Bielecki et al. has been further challenged by findings that L. monocytogenes mutants lacking 

ActA—a protein not encoded in B. subtilis—exhibit increased co-localization with polyubiquitin, 

the autophagy receptor p62, and LC3, a marker of mature autophagosomes, during macrophage 

infection (76,77). This autophagy-mediated targeting significantly reduces L. monocytogenes 

replication in the cytosol. Further evidence of host cell killing of pathogens not specifically 

adapted to the restrictive host cytosol include that sifA mutants of Salmonella enterica serovar 

Typhimurium are able to replicate in the cytosol of epithelial cells but are killed in the 

macrophage cytosol (78). Finally, sdhA mutants of Legionella pneumophilia cannot maintain 

vacuolar integrity and are killed once released into the cytosol (79). In sum, Cytosolic replication 

is tightly restricted by host defenses, with pathogens like L. monocytogenes, Salmonella, and 

Legionella requiring specific adaptations to avoid autophagy and cytosolic killing across 

different host cell types. 

The work by Goebel et al. helped define a crucial subfield in bacterial pathogenesis: that 

cytosolic pathogens are a distinct class of bacterial pathogens warranting dedicated study, and 

that the cytosol is an environment with diverse defensive properties. Although we have thus far 

referred to the cytosol as a uniform compartment, research has shown that neither cytosolic 

composition nor access pathways to the cytosol are homogenous. In particular, cytosols of cells 

specialized in pathogen detection and clearance—such as macrophages and neutrophils—are 

particularly inhospitable to bacteria (80,81). For instance, phagosomes in neutrophils and 

macrophages mature rapidly and deploy toxic mechanisms to eliminate invaders, whereas 



10 
 

dendritic cells delay phagosomal maturation to preserve antigenic peptides for presentation 

(82,83). Further, our lab has previously shown that some L. monocytogenes mutants killed in the 

macrophage cytosol are not kill in the cytosol of Caco-2 cells (84). Finally, many myeloid cells 

that are interferon-g stimulated produce guanylate binding proteins (GBPs) that can assemble of 

the surface of bacteria to activate the downstream inflammasome limiting bacterial survival 

(85,86). Taken together these findings show that not all cytosols are the same in their properties 

and so pathogens must be specifically adapted to the cytosol of each type of host cell they infect.  

Multiple pattern recognition receptors (PRRs) monitor the cytosol for pathogen-

associated molecular patterns (PAMPs), including AIM2-like receptors (ALRs), NOD-like 

receptors (NLRs), and the stimulator of interferon genes (STING), which detect bacterial double-

stranded DNA, peptidoglycan fragments, and cyclic di-nucleotides, respectively, all of which 

have been implicated is L. monocytogenes pathogenesis (67,87–90). Despite these robust 

defenses, it has paradoxically been observed that intracellular bacteria often exploit cytosols of 

bactericidal immune cells—particularly macrophages—as replicative niches. This phenomenon, 

termed the “macrophage paradox,” reflects the tendency of bacterial pathogens to preferentially 

target the macrophage cytosol despite its potent antimicrobial capabilities (91). It has been 

hypothesized that the reason for this is that macrophage cytosol serves as a “great filter” such 

that if a bacterial pathogen evolutionarily attempts to establish the cytosol as a replicative niche 

its must be able to do so in macrophages due to their role as key sentinels of bacterial invaders 

(91).  

Further, multiple studies have revealed that cytosolic detection extends beyond structural 

recognition of PAMPs. Host cells can sense bacterial behavior—such as metabolic activity—

within the cytosol (92,93). While many molecular mechanisms underpinning cytosolic immunity 
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have been characterized, much less is understood about how host metabolic state, host sub-

tissues, and immune activation affect the shared metabolism between host and pathogen. A 

central theme in host-pathogen interactions is the co-evolution of metabolic strategies that permit 

survival without mutual destruction. One critical facet of this relationship is host-pathogen 

metabolic interplay. Host cells and bacteria have developed competing strategies: hosts utilize 

"nutritional immunity" to restrict access to key metabolites, while pathogens evolve mechanisms 

to circumvent or exploit these defenses (94–97). A well-known example of nutritional immunity 

is natural resistance-associated macrophage protein 1 (NRAMP1), which facilitates iron and 

manganese export during phagosomal maturation,  thus limiting bacterial access to these 

essential cofactors (98,99). In another example of nutritional immunity, host-derived itaconate, 

produced by IRG1 in response to inflammation, inhibits bacterial succinate dehydrogenase 

(SDH), an essential component of the tricarboxylic acid (TCA) cycle (100,101). Intriguingly, 

many intracellular pathogens, including L. monocytogenes, lack SDH and exhibit a disrupted 

TCA cycle—possibly as an evolutionary adaptation to evade such inhibition (102). However, not 

all host attempts at nutrient sequestration hinder pathogens. In another example of nutritional 

immunity,  the host expression of interferon-γ–induced indoleamine 2,3-dioxygenase (IDO) 

which limits intracellular tryptophan (103), however, in response to IDO activation, 

Mycobacterium tuberculosis upregulates its de novo tryptophan biosynthesis pathway (103). For 

instance, L. monocytogenes mutants deficient in riboflavin transporter RibU are unable to grow 

extracellularly and become obligate intracellular pathogens that scavenge riboflavin that has 

been sequestered into host cytosol (104). Similarly, L. monocytogenes must acquire host-derived 

lipoic acid from lipoyl peptides to support key dehydrogenase complexes (105). In summary, 

host-pathogen interactions in the cytosol are shaped by a dynamic metabolic arms race, where 
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hosts deploy nutritional immunity to restrict key nutrients and pathogens like L. monocytogenes 

evolve diverse strategies to evade or exploit these defenses for survival. 

Macrophage polarization is another key component in shaping the metabolic environment 

during infection. The classical M1 vs. M2 paradigm reflects both functional and metabolic 

divergence: M1 macrophages, activated by IFN-γ, LPS, or GM-CSF, are pro-inflammatory and 

exhibit a glycolytic “Warburg-like” metabolic profile (106). M2 macrophages, induced by IL-4, 

IL-10, or IL-13, are anti-inflammatory and rely more on fatty acid oxidation and oxidative 

phosphorylation (107). Wild-type L. monocytogenes infection typically promotes an M1 

phenotype, while attenuated strains have been shown to shift macrophages toward an M2 state 

(108,109). Interestingly, Miskoci et al. reported that L. monocytogenes infection in a zebrafish 

tail wound model recruited both M1- and M2-like macrophages (110). The rationale for 

promoting M1 polarization remains speculative, but may relate to the metabolic environment 

needed to support cytosolic bacterial growth. To date, no experiments in the literature have 

shown how M2-like macrophage polarization may differentially impact L. monocytogenes’ 

ability to grow in the host cytosol. However, intriguing evidence that tangentially supports that 

M2-macrophages may be more restrictive to L. monocytogenes include that Hofbauer cells, a 

form of placental macrophages that display an M2-like phenotype basally, display low 

susceptibility to L. monocytogenes (111). 

Although nutritional immunity is well characterized, a major emerging question is 

whether host cells can detect pathogen derived metabolism itself. Supporting this concept, 

groundbreaking work from the Bogyo lab (2016) showed that macrophages monitor their own 

metabolic flux using mitochondrial NAD⁺/NADH ratios. Inhibition of flux—either via chemical 

inhibitors or Salmonella infection—triggered cell death and reduced infection. Supplementing 
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exogenous pyruvate rescued host mitochondrial function and redox balance (112). Similarly, 

Tucey et al. (2018) demonstrated competition for sugars between Candida spp. and host 

macrophages, where metformin-mediated increases in free sugar improved host survival (113). 

While bacterial metabolite theft can be detected, so to can the secretion of metabolites. For 

example, the Brodsky lab has shown that Salmonella spp. lacking aconitase induce rapid 

inflammasome activation via NLRP3 detection of altered mitochondrial activity secondary to 

excess secretion of citrate by the pathogen (114). These findings support the idea that bacterial 

pathogens must both carefully modulate their metabolic intake and outputs to prevent host cell 

detection and subsequent elimination. 

Ultimately, regardless of the pathogen or host cell type, bacterial survival and replication 

hinge on metabolic adaptability. The ability to acquire or synthesize necessary nutrients is 

fundamental to intracellular pathogenesis. What remains to be fully understood is this metabolic 

interplay is a determinant of L. monocytogenes cytosolic survival and replication—both from the 

perspective of the pathogen and the host—with a particular focus on metabolism (93). 

Use of forward genetic screens to identify metabolic genes essential for growth and 

virulence 

Despite the significant selective pressures imposed by the host cytosol, bacterial 

pathogens—including Listeria monocytogenes—have evolved an array of tools to navigate these 

challenges and persist in this hostile environment. This phenomenon can be understood through 

the lens of the “Red Queen hypothesis,” which posits that in predator-prey dynamics, such as 

host-pathogen interactions, both organisms undergo continual evolutionary changes to 

outcompete the other. This perpetual arms race continues until one party is driven to extinction 

(115–117). 
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While this co-evolutionary arms race may be more apparent in organisms that interact 

frequently, it is still critical determinant of pathogenesis for facultative intracellular pathogens 

like L. monocytogenes, which divides its life cycle between environmental reservoirs (as a 

saprophyte) and mammalian hosts (as a pathogen) (118). Although the specific environmental 

reservoir for L. monocytogenes remains poorly defined beyond detection in soil and decaying 

organic matter, the bacterium stably maintains all virulence determinants and pathogenic 

potential (119,120). This stability suggests frequent enough host interactions to preserve these 

traits under selective pressure. 

A complementary, though not mutually exclusive, framework is the “Black Queen 

hypothesis.” This theory proposes that evolutionary pressures may favor genome reduction, 

whereby organisms lose genes that are no longer essential due to reliance on shared functions 

provided by their environment or microbial community (121,122). Applying both hypotheses in 

parallel, one can posit that professional cytosolic pathogens such as L. monocytogenes possess 

streamlined genomes containing specialized genes finely tuned to withstand host-derived 

pressures. This insight opens the door for leveraging bacterial genetics and forward genetic 

screens to identify the determinants required for cytosolic survival and, in turn, uncover novel 

host defense mechanisms. 

Forward genetic screens offer a powerful strategy to identify genes responsible for 

virulence phenotypes. These screens typically involve introducing random mutations across the 

bacterial genome and subjecting the resulting mutant library to a selective pressure—often within 

a host or host-derived environment—to pinpoint genes critical for survival. The conceptual 

foundation for bacterial genetic screening predates molecular genetics. In 1928, Frederick 
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Griffith performed a landmark experiment in which he co-injected mice with a non-virulent 

rough strain of Streptococcus pneumoniae and heat-killed cells from a virulent smooth strain. 

Remarkably, he recovered viable smooth strain bacteria from the mice’s hearts, demonstrating 

that bacteria could exchange genetic material and that this material encoded virulence (123). The 

significance of genetic determinants in pathogenesis was further formalized by Stanley Falkow, 

who adapted Koch’s postulates into a molecular framework. Falkow’s molecular Koch’s 

postulates state: 

1. The virulence phenotype should be associated with pathogenic strains of a species; 

2. Disruption of the gene responsible for the virulence trait should attenuate pathogenicity; 

and 

3. Restoration of the gene should restore virulence (124). 

These principles have underpinned the use of forward genetic screens as one of the most robust 

tools available for interrogating bacterial and host determinants of infection. Early screens relied 

on random mutagenesis via chemical agents (e.g., ethyl methanesulfonate) or ultraviolet 

radiation, with mutant libraries then challenged under selective conditions to identify phenotypes 

of interest—typically survival or loss thereof, the breadth of which is beyond the scope of this 

thesis. 

A major advancement in bacterial forward genetics was the development of the Himar1 

transposon system (125,126). Himar1 is a Class II DNA transposon from the mariner family that 

randomly inserts at TA dinucleotides, allowing high-density mutagenesis across the genome and 

enabling nearly comprehensive interrogation of non-essential genes. Transposon mutagenesis has 

been widely applied to numerous bacterial pathogens, including L. monocytogenes, and was 
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pivotal in the discovery of key virulence genes such as prfA, hly (encoding LLO), and inlA/B 

(127). 

Our lab and others have employed Himar1 transposon mutagenesis to identify L. 

monocytogenes genes essential for cytosolic survival. In one early example, Zemanksy et al., 

(2009) utilized a Himar 1 mariner transposon to screen ~50,000 mutants for hypohemolytic 

phenotypes (126). This screen unveiled 8 mutants defect for hemolysis by L. monocytogenes and 

resulted in the characterization of prsA2-mediated LLO folding (126). More recently, the 

Woodward group (2024) utilized RECON-deficient mice—known to be hypersusceptible to L. 

monocytogenes infection—to screen an incomplete transposon library for virulence determinants 

during in vivo infection using Tn-Seq (128).  

Notably, our lab designed and performed an unbiased forward genetic screen in 2017 

aimed specifically at identifying L. monocytogenes genes required for survival in the cytosol 

(84). In brief, a gridded transposon-mutagenized library of L. monocytogenes was engineered to 

carry a plasmid encoding luciferase under control of a eukaryotic cytomegalovirus (CMV) 

promoter. These strains were then screened using immortalized bone marrow-derived 

macrophages (BMDMs) to identify bacterial mutants prone to cytosolic killing. Because wild-

type (WT) L. monocytogenes only rarely lyses in the cytosol, mutants that exhibit increased lysis 

must harbor physiological defects that compromise intracellular survival. Upon lysis, the 

plasmid-encoded luciferase is released and expressed by the host cell, allowing mutant detection 

luminescence-based readouts (84). Screening thousands of mutants identified several genes 

critical for cytosolic survival. Intriguingly, the majority of mutants exhibiting increased 

bacteriolysis were disrupted in genes associated with key metabolic pathways. These included 



17 
 

genes involved in central carbon metabolism (e.g., pyruvate metabolism), anaerobic nucleotide 

biosynthesis, and menaquinone production. Additionally, this screen identified several mutants 

defective for cell wall biosynthesis, which we have now repeatedly shown to be an essential 

component of L. monocytogenes pathogenesis. Importantly, these mutants did not show 

increased lysis under in vitro conditions, underscoring that their defects were specific to the 

cytosolic host environment (84). Ongoing work in our lab and others continues to investigate 

these mutants to determine the underlying physiological mechanisms that govern L. 

monocytogenes survival in the cytosol. Together, these studies illustrate the power of forward 

genetic screens in uncovering bacterial factors essential for navigating host defenses, with 

metabolism emerging as a recurring and central theme. 

Intracellular carbon metabolism of bacterial pathogens including L. monocytogenes 

 For bacterial pathogens to achieve their virulence goals and replicate, they—like all 

life—require access to sufficient carbon sources and metabolites within their respective niches. 

For intracellular pathogens, I posit three key tenets must be met: 

1. The pathogen must acquire essential metabolites, either through auto-synthesis or via 

auxotrophic acquisition form the host. 

2. It must compete with the host for specific resources when biosynthesis is not possible; 

and 

3. It must avoid host detection, either during metabolite acquisition or through secretion of 

metabolic byproducts. 
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Failure to satisfy any of these requirements can compromise the pathogen’s ability to meet its 

metabolic needs or may lead to immune recognition and elimination. Importantly, pathogens 

must meet these requirements for all metabolite classes—including metals, vitamins, amino 

acids, lipids, and carbohydrates. 

Although technical limitations, non-physiologic models, and the dynamic metabolic 

landscape during infection have made it difficult to comprehensively define carbon source usage 

by intracellular pathogens, several broadly accepted models have emerged. One of the most 

studied frameworks is the concept of bipartite metabolism, in which intracellular pathogens 

partition carbon flux into catabolic and anabolic pathways, utilizing distinct substrates for energy 

production and biosynthesis, respectively (129,130). This model is supported by both isotopolog-

based metabolic flux analysis and bacterial genetic studies. Notably, not all intracellular 

pathogens reside in the cytosol—many have adapted to life within pathogen-containing vacuoles, 

where nutrients are delivered via host solute carrier (SLC) transporters. Examples of vacuolar 

pathogens thought to use bipartite metabolism include Legionella pneumophila, Coxiella 

burnetii,  and Chlamydia trachomatis (129,131–133). In several of these pathogens, bipartite 

metabolic strategies appear to be temporally regulated, with carbon source preference shifting 

according to growth phase during infection. For example, L. pneumophila preferentially utilizes 

the amino acids serine, cysteine, and alanine for energy production during exponential growth, 

while switching to carbohydrate metabolism during the post-exponential phase to fuel anabolic 

needs. Interestingly, L. pneumophila is also capable of scavenging host-derived pyruvate, though 

the relevance of this activity to virulence remains unclear (131,134–136). Similar patterns of 

partitioned carbon utilization have been reported in C. burnetii and Salmonella enterica serovar 

Typhimurium (132,137,138). Mycobacterium tuberculosis, another primarily vacuolar pathogen, 
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uses amino acids and performs fatty acid β-oxidation to generate acetyl-CoA and fuel the 

tricarboxylic acid (TCA) cycle (139,140). 

Among other intracellular pathogens, C. trachomatis consumes host malate to support its 

TCA cycle and encodes a hexose phosphate transporter functionally analogous to L. 

monocytogenes UhpT, enabling the uptake of host-derived hexose phosphates for cell wall 

biosynthesis (133). In L. monocytogenes, isotope-based flux studies suggest utilization of host-

derived glycerol and hexose phosphates during intracellular growth (129). Glycerol is thought to 

enter the cell via diffusion or through two independent transport facilitators, after which it is 

funneled through parallel pathways that converge at dihydroxyacetone phosphate (DHAP), 

feeding into the lower half of glycolysis for catabolic purposes (141,142). Hexose phosphates are 

imported via UhpT and routed into the pentose phosphate pathway to support anabolic processes 

such as nucleotide and cell wall biosynthesis (55,129). However, at the start of this thesis work it 

remained undetermined whether these metabolite are essential for L. monocytogenes 

pathogenesis. The reason for why these incorrect conclusions were made is difficult to assess, 

but is likely influenced by the complexity of isotopologue tracing of intracellular pathogens due 

to host metabolism of fed carbon sources and distortion of original carbon source. This 

observation underscores the need to further dissect L. monocytogenes’ metabolic capabilities in 

the cytosol. 

While the bipartite metabolism model provides a compelling explanation for how 

intracellular pathogens balance metabolic demands and immune evasion, it does not universally 

apply. A notable exception is Shigella flexneri, which has been shown to rely heavily on host-

derived pyruvate for fueling its TCA cycle and supporting gluconeogenesis, with minor 



20 
 

contributions from glycerol and potentially glycolytic carbohydrates (143). Nonetheless, S. 

flexneri mutants deficient in pyruvate import remain virulent, implying the pathogen can access 

alternative carbon sources within the cytosol (143). This finding highlights the metabolic 

redundancy and adaptability of intracellular pathogens that requires further studies for a global 

understanding of metabolic pathogenicity. 

Taken together, these studies illustrate that intracellular pathogens deploy diverse 

strategies to access carbon sources and meet their metabolic demands. The specific substrates 

used likely depend on several factors, including metabolic demand, nutrient availability, and the 

pathogen’s enzymatic capacity to acquire and process particular metabolites. For instance, L. 

monocytogenes lacks a functional fatty acid degradation pathway and has never been shown to 

consume fatty acids in vitro or in vivo (102). Similarly, it lacks both the glyoxylate shunt and 

Entner–Doudoroff pathway, limiting its ability to convert two-carbon compounds into 

carbohydrates or metabolize sugars into pyruvate outside of central glycolysis (102). Curiously, 

L. monocytogenes and multiple other intracellular pathogen encode a “broken” TCA cycle, but 

the significance of this metabolic adaption remains unclear (102).  

Beyond the capacity to utilize certain metabolites for anabolic or catabolic purposes, 

some metabolites can be inherently toxic or serve as signals that affect virulence gene regulation. 

This is best exemplified by sugar phosphate toxicity in a variety of bacteria, where accumulation 

of sugar-phosphate in the bacterial cytosol activates inhibitory enzymes or induces generalized 

stress responses (144,145). Thus, carbon metabolism is not only a matter of nutrient availability 

but also a key interface for immune evasion and virulence control. The field’s current 

understanding of intracellular metabolism—and its integration with host responses—remains 
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limited. Addressing this knowledge gap will require new genetic approaches and more tractable 

in vivo systems to monitor metabolite dynamics during infection. Ultimately, a deeper 

understanding of how bacterial metabolism interfaces with the host environment holds the 

potential to advance our knowledge of pathogenesis, reveal new antimicrobial targets, and 

inform the development of attenuated bacterial strains for therapeutic purposes, including 

applications in cancer immunotherapy. 

Role and function of phosphotransferase systems (PTS) in carbon acquisition and 

pathogenesis 

 As discussed previously, most bacterial pathogens must survive in both host associated 

and saprophytic conditions; as such, bacterial metabolism must be well adapted to both 

environments (92,130,146). One way bacterial pathogens have been primarily thought to acquire 

carbohydrates in the environment is using Phosphotransferase systems (PTS) (147,148). PTS are 

carbon import and metabolite uptake systems that are nearly universal in prokaryotes but notably 

absent in eukaryotes (147). More specifically, PTS are predominantly found in anaerobic and 

facultatively anaerobic bacteria, with fewer occurrences in obligate aerobes(149). This 

evolutionary divergence supports the idea that PTS, being unique to a subset of prokaryotes—

and particularly to some bacterial pathogens—may represent valuable targets for future 

antimicrobial therapies (150–152). 

PTS can mediate the uptake of a wide range of carbon substrates, including 

monosaccharides, disaccharides, amino sugars, and polyols, by catalyzing their import into the 

bacterial cytosol in a phosphorylated form (149). Interestingly, PTS have also been implicated in 

other cellular processes, such as peptidoglycan shedding and recycling, and in metabolite sharing 
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between co-inhabiting pathogens—for example, Pseudomonas and Staphylococcus species in 

cystic fibrosis lung infections (153). The phosphorylation and intake of sugars through PTS are 

driven by the conversion of phosphoenolpyruvate (PEP) to pyruvate. The phosphate from PEP is 

initially transferred to enzyme I (EI, encoded by ptsI), which then passes it to the HPr protein 

(encoded by ptsH), specifically at its phosphorylatable histidine residue. These initial steps are 

conserved across all known PTS systems. The phosphoryl group is subsequently transferred from 

HPr to a carbohydrate-specific permease complex, comprising components referred to as EIIA, 

EIIB, EIIC, and occasionally EIID. Once phosphorylated, these EII components facilitate sugar 

import and concomitant phosphorylation (149). The EII complexes are highly variable depending 

on the carbohydrate substrate (154). They are often redundant and may exhibit partial substrate 

promiscuity (155). There is substantial evidence that EII subunits can be shared across different 

PTS systems to compensate for incomplete complexes, albeit inefficiently (155,156). Together, 

these modular systems operate in a coordinated fashion to support carbohydrate import and 

central metabolism in many bacterial species (147). 

Because multiple carbon sources may be available in most ecological niches, bacteria 

have evolved carbon catabolite repression (CCR) to prioritize the most energetically favorable 

substrates—typically via PTS (157,158). This hierarchical usage is exemplified by enteric 

bacteria preferentially consuming glucose before switching to secondary carbon sources, often 

producing a classic diauxic growth curve (149). One mechanism underlying this preference is 

known as inducer exclusion. When glucose is actively transported and phosphorylated via PTS, 

fewer EII proteins remain in their phosphorylated state. These dephosphorylated forms inhibit 

the uptake and metabolism of non-PTS carbohydrates. In parallel, decreased phosphorylation of 

EII components reduces activation of adenylate cyclase, thereby decreasing intracellular cAMP 
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levels—further modulating the expression of catabolic genes. Thus, while PTS systems are 

principally involved in carbohydrate acquisition, they also play a broader regulatory role in 

coordinating bacterial metabolism and gene expression (148,149,159). 

PTS systems are increasingly recognized for their role in regulating bacterial virulence 

(92,102,141,160). For example, Streptococcus pyogenes mutants lacking ptsI (EI) exhibit 

increased skin lesion sizes and murine mortality despite lower bacterial loads, suggesting 

dysregulated virulence expression (161). Another proposed mechanism involves the 

phosphorylation of HPr at a conserved serine residue (HPr-Ser), a modification dependent on 

metabolic cues such as fructose-1,6-bisphosphate and ATP (149,162). This phosphorylation is 

mediated by HPr kinase (HPrK), generating HPr-Ser-P. Although the downstream regulatory 

targets remain unclear, it has been hypothesized that this modified form of HPr may directly 

influence virulence regulators such as PrfA in Listeria monocytogenes (163). Additionally, in L. 

monocytogenes, mutants with defective ptsH or hprK exhibit elevated expression of prfA and 

enhanced listeriolysin O (LLO)-mediated hemolytic activity (164,165).  

Interestingly, the inverse relationship between PTS and virulence is not universally 

conserved. In Salmonella enterica, transposon insertions in ptsI lead to reduced expression of 

virulence genes associated with quorum sensing, SPI-3, type III secretion systems, flagella, and 

the PhoPQ regulon, as revealed by transcriptomic analyses (166). Notably, while core PTS 

components such as EI and HPr have not been comprehensively evaluated in Salmonella, some 

data suggest that PTS are important for intracellular nutrient acquisition. For example, deletion 

of the glucose-specific PTS results in moderate attenuation of virulence (138,160). In contrast, 

deletion of the 6-phosphofructokinase, responsible for the upper glycolytic conversion of 
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fructose-6-phosphate to fructose-1,6-bisphosphate, results in near full intracellular attenuation 

and clearance. This suggestes that other carbon sources, potentially some being PTS mediated, 

are feeding upper glycolysis to support Salmonella’s intracellular replication (138). However, 

due to the high redundancy of PTS systems, it remains challenging to isolate the contribution of 

individual transporters to pathogenesis. 

Large-scale genomic analyses have provided further insight into the distribution and 

diversity of PTS systems across bacterial species. Several microbial lineages—including 

Actinobacteria (Mycobacterium, Tropheryma), Cyanobacteria, certain Proteobacteria (e.g., the 

cytosolic pathogen Rickettsia), and all known Archaea—lack PTS entirely (154). Others, such 

as Burkholderia pseudomallei, encode only a single PTS system, which has not yet been studied 

in the context of its cytosolic pathogenesis (154). In stark contrast, L. monocytogenes encodes 29 

complete PTS systems involving 84 distinct genes. Moreover, PTS content can vary by clonal 

complex. For instance, clonal complex 4 (CC4), a hypervirulent lineage, encodes a cluster of six 

cellobiose-family PTS that appear to contribute to its enhanced pathogenicity (119). 

Nevertheless, the importance of PTS during infection remains variable. For 

example, Shigella species lacking ptsI can still grow intracellularly using imported pyruvate as a 

carbon source (143). 

Taken together, PTS represent a highly diverse and adaptable set of carbohydrate import 

systems that support both nutrient acquisition and virulence gene regulation. The distribution of 

PTS across bacterial pathogens is heterogeneous, and their modularity allows for functional 

interchangeability of components. Surprisingly, despite their prevalence among intracellular and 

cytosolic pathogens, relatively few PTS systems have been studied in the context of infection. 
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We argue that a deeper understanding of PTS will improve our grasp of the carbon sources 

available inside host cells, reveal how host cells respond to bacterial metabolism, and identify 

new therapeutic avenues for disrupting bacterial nutrient acquisition. 

Role and function of pyruvate dehydrogenase (PDH) physiological and during pathogenesis 

Carbon acquisition is only one aspect of bacterial metabolism during infection. An 

additional key question—and a major focus of our work—is how these acquired carbon sources 

are funneled through available metabolic pathways to support the unique demands of the 

cytosolic niche. As described above, our lab performed a large-scale forward genetic screen 

in Listeria monocytogenes to identify transposon mutants that exhibit increased susceptibility to 

bacteriolysis in the cytosol of bone marrow-derived macrophages (84). While multiple genes and 

metabolic pathways were identified, one mutant of particular interest remains uncharacterized: a 

disruption in the pyruvate dehydrogenase complex (pdhC::Tn). Notably, although this mutant is 

killed at a higher rate in macrophages compared to wild type (WT), it grows readily in rich broth 

without lysis. This indicates that the defect is not due to a general physiological impairment, but 

rather reflects increased sensitivity to specific pressures encountered within the host cytosol (84). 

The pyruvate dehydrogenase (PDH) complex operates at a critical metabolic junction 

between glycolysis and the tricarboxylic acid (TCA) cycle (149). It catalyzes the irreversible 

conversion of pyruvate to acetyl-CoA, a process essential for aerobic metabolism. This reaction 

plays a key role in the respiro-fermentative metabolism of L. monocytogenes, which our lab has 

previously shown to be important for the fitness of respiration-defective mutants (167–169). 

Although L. monocytogenes also encodes pyruvate formate lyase (PFL), which can convert 

pyruvate to acetyl-CoA under anaerobic conditions, this enzyme is highly sensitive to oxygen 
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due to its glycyl radical cofactor and produces formate—a toxic metabolic byproduct 

(141,165,169). Under aerobic or respiro-fermentative conditions, L. 

monocytogenes predominantly generates acetate from acetyl-CoA to regenerate NAD⁺, and 

secondarily converts pyruvate to lactate (169). 

The PDH complex itself is composed of multiple subunits with distinct roles. The E1 

component (pdhA and pdhB) decarboxylates pyruvate, forming a reactive acetyl group bound to 

thiamine pyrophosphate (TPP) (149). This intermediate is then oxidized by the disulfide moiety 

in lipoic acid, which is covalently attached to the E2 subunit (pdhC). Of note, L. monocytogenes 

must acquire this lipoic acid from host cells and does not have its own lipoic acid biosynthesis 

pathway further supporting the metabolic interplay between L. monocytogenes and the host 

(105). The acetyl group is then transferred to coenzyme A (CoASH), generating acetyl-CoA and 

reduced lipoic acid. The E3 component (pdhD, also referred to as dihydrolipoamide 

dehydrogenase) subsequently reoxidizes the lipoic acid, passing electrons to FAD and ultimately 

reducing NAD⁺ to NADH (149). Throughout this multistep reaction, metabolic intermediates 

remain tightly bound to the enzyme complex, likely to prevent dilution and unwanted side 

reactions. The net result of PDH activity is the generation of acetyl-CoA, NADH, and CO₂, using 

NAD⁺ and CoASH as cofactors (149,170). Because PDH serves as a gatekeeper between 

glycolysis and the TCA cycle, its activity is tightly regulated. Known inhibitors of PDH include 

acetyl-CoA and NADH, which signal sufficient energy or metabolic flux. Conversely, the 

enzyme can be activated by high levels of phosphoenolpyruvate (PEP) and AMP, which serve as 

indicators of glycolytic flux and energy demand, respectively (170). In Escherichia coli, 

mutations that alter NADH sensitivity in PDH have been shown to restore activity under 
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otherwise inhibitory conditions (171). Despite the centrality of PDH in bacterial metabolism, 

relatively little is known about its role during pathogenesis—especially within the host cytosol. 

Nonetheless, emerging studies are beginning to shed light on PDH’s importance during 

infection (172,173). In Shigella flexneri, which relies on host-derived pyruvate that is ultimately 

converted to acetate, PDH is essential for intracellular survival and virulence (143). In contrast, 

pathogens that can bypass PDH through the uptake and metabolism of acetate or malate—

feeding directly into the TCA cycle—may be less dependent on this complex. One instance 

where pathogens require the PDH complex is Vibrio cholerae requires PDH to metabolize host 

mucins and successfully colonize the gut (174). On instance where the PDH complex can be 

bypassed in in Legionella pneumophila where TCA metabolite are supplemented from fatty acid 

and amino acid degradation (134). However, other pathogens can bypass this need Beyond its 

metabolic function, recent work suggests that PDH may also influence host immune responses. 

In a striking example, Staphylococcus aureus was shown to suppress macrophage activation 

through the release of lipoylated E2-PDH subunits, indicating potential immunomodulatory roles 

beyond metabolic flux (175). 

Taken together, these findings highlight that while PDH is a well-characterized metabolic 

enzyme, its role in L. monocytogenes’, and more generally bacterial pathogens’, virulence and 

intracellular survival remains poorly understood. Studying the pdhC::Tn mutant and its 

associated phenotypes may uncover novel metabolic requirements for bacterial persistence in the 

host cytosol and provide insight into how intracellular pathogens adapt their core metabolism to 

evade host defenses. 
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Conclusions and relevance to this thesis 

 In aggregate, it is clear that L. monocytogenes, like many other bacterial pathogens, has 

evolved specifically to withstand the pressures of its replicative niche during infection. 

Understanding how L. monocytogenes adapts to and overcomes these pressures not only provides 

deeper insight into its unique biology but also offers broader insights into our understanding of 

other intracellular pathogens and how to effectively treat the infections they cause. In studying 

bacterial pathogenesis, we also gain valuable perspective on the host—how it detects, responds 

to, and defends itself against microbial invaders—and how both host and pathogen continually 

adapt within the ongoing evolutionary arms race. 

This thesis approaches these questions through the lens of shared host–pathogen 

metabolism. More specifically, I examine current understanding of cytosolic bacterial carbon 

acquisition and metabolic adaptation. We aim to define the systems that L. monocytogenes uses 

to acquire carbon within the host cytosol and how these systems support its intracellular survival 

and virulence. To address this, we first utilized targeted mutagenesis to disrupt genes involved in 

the utilization of previously hypothesized cytosolic carbon sources—namely glycerol and hexose 

phosphates. Surprisingly, deletion of these pathways resulted in only modest impairment of L. 

monocytogenes virulence suggesting that additional, unidentified carbon sources are critical for 

intracellular replication. To identify these sources, we turned to an unbiased metabolic screen 

and found evidence that L. monocytogenes relies on phosphotransferase systems (PTS) as a 

major route for cytosolic carbon acquisition. We further investigated this through deletion of 

universally conserved PTS components (ptsI and ptsH), and found that without functional 

PTS, L. monocytogenes is unable to grow in the macrophage cytosol and is significantly 
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attenuated in vivo—especially when hexose phosphate and glycerol metabolism are also 

disrupted. 

Next, we sought to understand the physiological basis for the virulence defects observed 

in pyruvate dehydrogenase (PDH) mutants, which are rapidly killed in the host cytosol (84). 

Using both hypothesis-driven experiments and unbiased metabolomics, we found that PDH 

mutants are globally starved for carbon and unable to utilize PTS-mediated carbon sources 

unless redox balance is restored or growth occurs under anaerobic conditions. To further probe 

this relationship, we performed a suppressor screen by growing PDH mutants on defined media 

containing PTS-dependent carbon sources and identified suppressor mutations that partially 

restored growth and virulence. These findings strongly suggest that a central defect in PDH 

mutants is the loss of access to PTS-acquired carbon sources—a phenotype that is genetically 

suppressible. 

Together, this work advances our understanding of how L. monocytogenes acquires and 

metabolizes carbon within host cells. While these findings are novel, many questions remain. 

The specific carbon sources transported by PTS systems during infection are still undefined, and 

although the inability to utilize these sources explains a major component of the PDH mutant 

phenotype, these defects are likely pleiotropic. Further research is needed to understand the full 

range of physiological disruptions caused by PDH deficiency. Finally, one of the key open 

questions motivating this work is how host cells respond to and potentially detects metabolically 

perturbed bacteria. While this question lies beyond the scope of the current thesis, answering it 

will be critical to fully understanding L. monocytogenes pathogenesis—and more broadly, the 

pathogenesis of cytosolic and intracellular pathogens. 
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ABSTRACT 

The metabolism of bacterial pathogens is exquisitely evolved to support virulence in the 

nutrient-limiting host. Many bacterial pathogens utilize bipartite metabolism to support 

intracellular growth by splitting carbon utilization between two carbon sources and dividing flux 

to distinct metabolic needs. For example, previous studies suggest that the professional cytosolic 

pathogen Listeria monocytogenes (L. monocytogenes) utilizes glycerol and hexose phosphates 

(e.g. Glucose-6-Phosphate) as catabolic and anabolic carbon sources in the host cytosol, 

respectively. However, the role of this putative bipartite metabolism in L. monocytogenes 

virulence has not been fully assessed.  Here, we demonstrate that when L. monocytogenes is 

unable to consume either glycerol (ΔglpD/ΔgolD), hexose phosphates (ΔuhpT), or both 

(ΔglpD/ΔgolD/ΔuhpT), it is still able to grow in the host cytosol and is 10- to 100-fold 

attenuated in vivo suggesting that L. monocytogenes consumes alternative carbon source(s) in 

the host. An in vitro metabolic screen using BioLog’s phenotypic microarrays unexpectedly 

demonstrated that WT and PrfA* (G145S) L. monocytogenes, a strain with constitutive virulence 

gene expression, use phosphotransferase system (PTS) mediated carbon sources. These findings 

contrast with the existing metabolic model that cytosolic L. monocytogenes expressing PrfA 

does not use PTS mediated carbon sources. We next demonstrate that two independent and 

universal phosphocarrier proteins (PtsI [EI] and PtsH [HPr]), essential for the function of all 

PTS, are critical for intracellular growth and virulence in vivo. Constitutive virulence gene 

expression using a PrfA* (G145S) allele in ΔglpD/ΔgolD/ΔuhpT  and  ΔptsI failed to rescue in 

vivo virulence defects suggesting phenotypes are due to metabolic disruption and not virulence 

gene regulation. Finally, in vivo attenuation of ΔptsI and ΔptsH was additive to  

ΔglpD/ΔgolD/ΔuhpT, suggesting that hexose phosphates and glycerol and PTS mediated carbon 



49 
 

source are relevant metabolites. Taken together, these studies indicate that PTS are critical 

virulence factors for the cytosolic growth and virulence of L. monocytogenes.   
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AUTHOR SUMMARY 

Listeria monocytogenes is an important bacterial pathogen and the causative agent of 

listeriosis, a foodborne infection associated with significant morbidity and mortality. L. 

monocytogenes lives in a diverse set of environments including as a saprophyte in the soil and in 

the cytosol of host cells during infection. Understanding the metabolic crosstalk between host 

cells and their bacterial invaders can illuminate mechanisms of bacterial pathogenesis and the 

host response and could lead to the development of novel treatments in a world of ever-

increasing antibiotic resistance. Here we use bacterial genetics combined with metabolic screens 

to identify how L. monocytogenes acquires nutrients from the host during infection. We find that 

L. monocytogenes uses a combination of host cell derived hexose phosphates, glycerol, and free 

sugars to support its metabolic needs during infection. Specifically, we find L. monocytogenes 

requires its arsenal of phosphotransferase systems (PTS), a set of free sugar importers, to survive 

and replicate during infection. Together our results broaden our understanding of how cytosolic 

pathogens acquire nutrients to support their metabolic needs during infection and highlight novel 

targets for future therapeutic intervention. 
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INTRODUCTION 

 The mammalian cytosol is a stringent and hostile environment that restricts the growth of 

bacteria not specifically adapted to that niche (1–5). One mediator of bacterial growth restriction 

in the host cytosol is nutrient availability whereby cells actively or passively limit access to vital 

nutrient resources preventing bacterial growth. For example, intracellular pathogens are 

metabolically restricted through limited access to metal ions, vitamin cofactors, and amino acid 

pools (6–9). More specifically, macrophages contribute to this metabolic foray by shifting 

metabolism between M1 or M2 states, altering concentrations of metals, and rewiring glycolysis 

and the tricarboxylic acid cycle to control bacterial pathogens (10–12). Despite this well-

orchestrated defense, canonical cytosolic pathogens such as Listeria monocytogenes (L. 

monocytogenes) can replicate in this environment at a rate equivalent to that in rich media (13). 

This rapid growth allows L. monocytogenes to overtake host defenses and disseminate to distant 

sites of infection from the intestine (spleen, liver, & meninges), resulting in a mortality rate 

approaching 30% (14–16). Defining bacterial metabolism can reveal novel targets for antibiotics 

and a better understanding of host-pathogen interactions. Despite significant progress, there are 

significant unknowns about what metabolites pathogens such as L. monocytogenes are using in 

their respective host environments, how these nutrients are acquired, and what impact this has on 

the host response to infection (17–20). Key challenges to progress in understanding host-

pathogen metabolisms include an incomplete understanding of the metabolic profile of host cells 

during infection and redundant metabolic pathways in both the host and the pathogen.  

In addition to L. monocytogenes’ role as an important pathogen, it serves as a powerful 

model organism to answer questions about host-pathogen interactions (21). L. monocytogenes’ 

virulence genes and intracellular lifecycle have been well studied including in macrophages 
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which serve as a primary replicative niche and host dissemination vehicle (13,22). L. 

monocytogenes encodes the master transcriptional virulence regulator, PrfA, that controls many 

key virulence factors to mediate the L. monocytogenes cytosolic lifecycle including Listeriolysin 

O (LLO) that facilitates cytosolic access, the phospholipase Cs (PLCs) that contribute to 

secondary vacuole escape, ActA which mediates intracellular motility and cell-to-cell spread, 

and the hexose phosphate transporter UhpT which contributes to cytosolic metabolism (13,22). 

PrfA is activated upon entry into the cytosol via allosteric regulation by glutathione, however 

PrfA* mutations such as the G145S mutation result in constitutive virulence gene expression and 

upregulation of uhpT, the L. monocytogenes hexose phosphate transporter (23–25).  Finally, 

well-defined ex vivo and in vivo models of L. monocytogenes infection and its genetic tractability 

allow for a thorough examination of how metabolic perturbation might impact its virulence and 

host response to that metabolic perturbation (26).  

Previously, L. monocytogenes has been employed as a tool to understand bacterial 

cytosolic metabolism through isotopologue analysis. Specifically, this work examined the 

metabolism of L. monocytogenes during the infection of macrophages, a necessary step in 

disseminated infection in vivo (27,28). The Eisenreich and Goebel groups previously identified 

glycerol and hexose phosphates (e.g. Glucose-6-Phosphate) as the primary carbon metabolites 

used by L. monocytogenes during cytosolic replication (29–32). These findings were supported 

by the fact that Listeria innocua, a non-pathogenic Listeria species, lacks the transporter 

necessary for use of hexose phosphates (UhpT) and that glycerol is a common metabolite used 

by a variety of intracellular pathogens (33,34). Further, these analyses suggested that glycerol 

and hexose phosphates are primarily funneled into lower glycolytic catabolism and pentose 

phosphate pathway anabolism, respectively. Despite this, L. monocytogenes mutants lacking the 
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ability to use glycerol (ΔglpD) or hexose phosphates (ΔuhpT) individually maintain intracellular 

growth and significant virulence (29,32). The lack of robust virulence phenotypes could be due 

to incomplete perturbation of specific carbon source use, a lack of physiologic relevancy of the 

ex vivo models, or the ability of L. monocytogenes to utilize alternative, yet to be defined carbon 

sources (35–39).  

In addition to being able to replicate in the host cytosol following infection, L. 

monocytogenes also lives as a saprophyte in the environment and in food production facilities 

where its metabolic potential has also been studied intensely (40–42). Like many other bacteria, 

L. monocytogenes can utilize phosphotransferase systems (PTS) in these environments to acquire 

free sugar (43). The L. monocytogenes 10403s strain used in this study encodes 29 complete 

PTS, encoded by a collection of 86 genes (39,44,45). Interestingly, other L. monocytogenes 

strains as well as different Listeria species such as L. innocua and L. welshimeri vary in the 

specific PTS they encode suggesting flexibility in the use of PTS (46–49). Early work has shown 

these differences may be important for virulence, but a global understanding of their importance 

remains unknown (46,49,50). Mechanisms of PTS function are well-defined and reviewed 

elsewhere (51); yet, there are many open questions about the relationship between PTS 

components’ structure, sugar specificity, regulatory inputs/outputs, and ultimately their 

importance during infection (51). PTS mediate carbon source import and phosphorylation, with 

secondary functions on transcriptional regulation having been reported (52). PTS import free 

sugars following binding of a sugar to pre-phosphorylated import permeases. This pre-

phosphorylation is tied to the lower glycolytic conversion of phosphoenolpyruvate (PEP) to 

pyruvate through two phosphocarrier proteins (PtsI [EI] & PtsH [HPr-His]). The result of this 

phospho-cycling is that free sugars are phosphorylated during import and readied for direct 
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funneling to glycolysis. It has previously been reported that PrfA-dependent virulence gene 

expression is repressed when L. monocytogenes is utilizing primarily PTS-dependent carbon 

sources (42,53,54). Conversely, when PTS function is blocked via deletion of the HPr 

phosphocarrier protein (ΔptsH), PrfA-dependent virulence gene expression is significantly 

increased in vitro (20,32,54,55). Because of these observations, PTS have been widely believed 

to be inactive during L. monocytogenes intracellular growth and virulence (39,44,45,56,57).  

In this work, we assessed the contribution of glycerol and hexose phosphate metabolism 

to L. monocytogenes virulence in vivo finding that glycerol and hexose phosphates are neither 

sufficient nor essential to support intra-macrophage growth and although they do contribute to 

virulence of L. monocytogenes in vivo. A metabolic screen of carbon sources revealed highly 

similar metabolite utilization between WT and PrfA* (G145S) L. monocytogenes, including the 

use of PTS mediated carbon sources. Ablation of all PTS-mediated carbon acquisition via 

deletion of the phosphocarrier proteins EI (ΔptsI) or HPr (ΔptsH) revealed that L. monocytogenes 

requires PTS function to support intracellular growth and virulence. In vivo virulence defects 

could not be rescued by constitutive virulence gene expression with the PrfA* (G145S) allele in 

ΔptsI or ΔglpD/ΔgolD/ΔuhpT suggesting that the virulence defects are due to metabolic 

disruption and not altered virulence gene expression. Further, ΔptsI and ΔglpD/ΔgolD/ΔuhpT 

mutants both showed basally increased levels of hemolytic activity relative to WT L. 

monocytogenes suggesting increased PrfA activity. Finally, the phenotypes associated with loss 

of PTS function are additive with the inability to utilize glycerol and hexose phosphates 

(ΔglpD/ΔgolD/ΔuhpT/ΔptsI or ΔglpD/ΔgolD/ΔuhpT/ΔptsH) demonstrating that L. 

monocytogenes uses a highly complex and varied network of metabolites to promote rapid 

intracellular replication during infection.  
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RESULTS 

glpD/golD and uhpT genes are required for L. monocytogenes to consume glycerol and 

hexose phosphate, respectively 

L. monocytogenes uses host-derived glycerol and hexose phosphates during cytosolic 

replication, as defined using isotopologue metabolomics analysis by the Goebel and Eisenreich 

labs (29,31,32), however whether these are the predominant carbon sources used during in vivo 

infection has not been fully explored. Although uhpT, glpD and golD mutants have been studied 

in isolation, the phenotype of combination metabolic mutants of parallel glycerol utilization 

pathways (ΔglpD/ΔgolD) and of glycerol with hexose phosphate pathways 

(ΔglpD/ΔgolD/ΔuhpT) have not been assessed (Fig 1A). We aimed to test the hypothesis that 

combination metabolic mutants of ΔglpD/ΔgolD, ΔuhpT, and combination ΔglpD/ΔgolD/ΔuhpT 

would completely ablate L. monocytogenes growth on glycerol, hexose phosphates, and both, 

respectively. To do this we generated these metabolic mutants and assessed growth in Listeria 

synthetic media (LSM) with glucose, glycerol, glucoe-6-phosphate (+glutathione), or 

glycerol/glucose-6-phosphate (+glutathione) as the sole carbon source (Fig 1B-E.). LSM with 

defined sole carbon sources was inoculated with WT L. monocytogenes or the indicated mutants, 

and growth was assessed via OD600 absorbance every 15 minutes. Importantly, any LSM 

containing hexose phosphates required further supplementation with 10 mM reduced glutathione 

to induce prfA, and therefore uhpT, expression (23,58). Of note, we found that a ΔglpD mutant 

was still able to grow in LSM supplemented with glycerol and a second glycerol utilization 

pathway required ablation (ΔgolD) to limit in vitro growth (38). We found that glycerol 

(ΔglpD/ΔgolD), hexose phosphate (ΔuhpT), and combined (ΔglpD/ΔgolD/ΔuhpT) mutants were 

not defective for in vitro growth when compared to WT L. monocytogenes in LSM with glucose 
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as the sole carbon source (Fig 1B). In contrast, when ΔglpD/ΔgolD or ΔuhpT mutants were 

supplied with glycerol and hexose phosphates, respectively, they were unable to grow while WT 

L. monocytogenes sustained growth (Fig 1E). Mutants lacking only the hexose phosphate 

transporter (ΔuhpT) showed sustained growth in LSM with glycerol alone, but they were only 

able to growth modestly in LSM with glycerol and hexose phosphates (Fig 1C and 1E). Finally, 

a mutant defective for glycerol and hexose phosphate (ΔglpD/ΔgolD/ΔuhpT) utilization was 

fully capable of growing in defined media with glucose as the carbon source but was unable to 

grow on glycerol, hexose phosphates, or glycerol/hexose phosphates combined when compared 

to WT L. monocytogenes (Fig 1B-E).  Taken together, these data demonstrate that there are not 

additional unknown glycerol or hexose-phosphate utilization pathways and that the 

ΔglpD/ΔgolD/ΔuhpT mutant is incapable of growing on glycerol and hexose phosphates as 

primary carbon sources. Similarly, the ΔglpD/ΔgolD/ΔuhpT mutant shows no growth defects 

when supplied with glucose as its sole carbon source. 

 

ΔglpD/ΔgolD/ΔuhpT L. monocytogenes mutants unable to use hexose phosphates and glycerol 

replicate in macrophages and are attenuated in vivo 

Glycerol and hexose phosphates have been demonstrated via isotopologue metabolomic 

flux analysis to be utilized by L. monocytogenes during intra-macrophage replication (30,31). 

We hypothesized that mutants deficient in both pathways would be attenuated for virulence. To 

determine if glycerol, hexose phosphates, or both were necessary for cytosolic replication of L. 

monocytogenes we performed intra-macrophage growth curves in murine bone marrow-derived 

macrophages (BMDMs). Intracellular growth curves in BMDM demonstrated that individual 

(ΔglpD/ΔgolD and ΔuhpT) and combined (ΔglpD/ΔgolD/ΔuhpT) metabolic mutants unable to 



57 
 

use glycerol and/or hexose phosphates were still able to grow in the host cytosol with kinetics 

like WT L. monocytogenes (Fig 2A). This data suggests that in a single cycle infection in 

primary BMDMs, L. monocytogenes does not require glycerol or hexose phosphate to support 

cytosolic replication. Further, this data suggests that L. monocytogenes must be able to use 

alternate undefined carbon source(s) to support cytosolic growth. 

In vivo, L. monocytogenes not only replicates in the primary infected cell but must spread 

to neighboring cells using ActA mediated actin-based motility (22). This intracellular replication 

and spread is modeled ex vivo using a plaquing assay (59,60). Mutants with replication defects, 

impaired cytosolic survival, or defects in actin-based motility and secondary vacuole escape all 

produce small plaques as this assay measures both replication and cell-to-cell spread over 

multiple infectious cycles and days. Thus, plaque assays can further elucidate minor defects due 

to their more stringent conditions. To further test the hypothesis that glycerol and hexose 

phosphates contribute to cytosolic replication and cell-to-cell spread, we measured the plaque 

sizes of the metabolic mutants relative to WT L. monocytogenes.   Hexose phosphate acquisition 

deficient L. monocytogenes (ΔuhpT) formed statistically significantly smaller plaques (Fig 2B). 

In contrast, mutants defective for glycerol utilization (ΔglpD/ΔgolD) generated plaques 

indistinguishable from WT. L. monocytogenes. Finally, a mutant defective for both glycerol and 

hexose phosphate utilization (ΔglpD/ΔgolD/ΔuhpT) phenocopied a hexose phosphate mutant 

(ΔuhpT) alone suggesting no additive role for glycerol in the context of multicycle infection and 

cell to cell spread in fibroblasts (Fig 2B). This data indicates that while glycerol utilization is 

dispensable in single cycle infections in BMDMs and plaque multi-cycle plaque assays, hexose 

phosphates contribute to L. monocytogenes fitness in the context of multi-cycle infections and/or 

cell-to-cell spread, but not single cycle BMDM growth curves. 
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Given the apparent role for hexose phosphates in multicycle infections in the plaquing 

assay, we wanted to test the hypothesis that glycerol and hexose phosphates would be required 

for virulence in vivo. Mutants with replication and survival defects will sometimes show more 

robust virulence defects in murine models compared to ex vivo assays given the more restrictive 

physiology and multicycle infectious nature (61). To test this hypothesis, we utilized a murine 

disseminated listeriosis model and assessed virulence via bacterial burdens in the spleen and 

liver 48 hours after intravenous infection (Fig 2C). Consistent with results from the intracellular 

growth curves and the plaquing assay, glycerol mutants (ΔglpD/ΔgolD) were not statistically 

significantly attenuated, although there was a trend towards lower bacterial burdens 48 hours 

post infection. Additionally, hexose phosphate mutants (ΔuhpT) showed statistically significant 

attenuation in both organs with approximately 1.5-2 logs of virulence reduction. Finally, failure 

to use glycerol in addition to hexose phosphates (ΔglpD/ΔgolD/ΔuhpT) resulted in more 

significant attenuation than hexose phosphate mutants alone (ΔuhpT) in the spleen, while a 

similar trend was observed in the liver (Fig 2C). Taken together this data suggests that hexose 

phosphates, and not glycerol, are essential for multi-cycle replication ex vivo and full virulence 

during in vivo infection. Importantly, even though a mutant defective for utilization of both 

glycerol and hexose phosphates is attenuated in vivo relative to wild-type L. monocytogenes, it is 

unexpected that it can grow the host cytosol, productively invade neighboring cells, and maintain 

significant bacterial burdens in a murine model. These observations suggest that additional, yet 

to be defined, carbon source(s) are major contributors to replication and virulence of L. 

monocytogenes in vivo. 
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BioLog phenotype microarray screening reveals WT and PrfA* (G145S) L. monocytogenes 

equivalently respire on PTS mediated carbon sources 

The unexpected results that ΔglpD/ΔgolD/ΔuhpT L. monocytogenes can grow the host 

cytosol and maintain virulence in a murine model led us to hypothesize that L. monocytogenes 

must use additional carbon sources during infection. To identify potential metabolites used by L. 

monocytogenes that could support cytosolic growth, we employed BioLog’s phenotypic carbon 

microarrays (PM1 and PM2A) to screen for differential carbon source respiration between WT 

and PrfA* (G145S) L. monocytogenes (25). PrfA* mutants contain a G145S mutation in the 

virulence regulator PrfA that results in constitutive virulence gene expression, including 

upregulation of uhpT for the use of hexose phosphates (23–25). We hypothesized that PrfA* 

(G145S) L. monocytogenes may differentially use carbon sources relative to WT L. 

monocytogenes, similar to its differential use of hexose phosphates, which could reveal targets 

used to support cytosolic growth. Inoculation and setup of phenotypic microarray plates were 

performed as previously described, assays were performed in triplicate and plates were incubated 

at 37° stationary for 48 hours (62,63). At 48 hours post-inoculation, plates were assessed for 

change in tetrazolium dye color, indicating bacterial respiration on the carbon source. OD490 

values were normalized to glucose, a carbon source known to be used by both strains, for each 

respective strain to account for potential global metabolic variance between strains. 190 total 

carbon sources were assessed for use by L. monocytogenes relative to glucose respiration (Fig 3, 

Table 1, and Table 2). WT L. monocytogenes was able to use 51 carbon sources at or above the 

level of glucose, of which, 35 are hypothesized to be available in the host cytosol according to 

the human metabolome database (64). PrfA* was able to consume all these same carbon sources 

and had significantly increased respiration on hexose phosphates as expected based on its known 
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upregulation of uhpT (Fig 3 and Table 1). PrfA* also showed a statistically significant 

decreased respiration on a single PTS mediated carbon source, a-D-Lactose. Notably, PrfA* L. 

monocytogenes had overall similar use of most carbon sources, including PTS mediated carbon 

sources (Fig 3 and Table 1). The glycerol and hexose phosphate (ΔglpD/ΔgolD/ΔuhpT) mutant 

was similarly tested using PM1 and PM2A and phenocopied WT L. monocytogenes except for 

the loss of the ability to respire glycerol and a-Methyl-D-Glucoside (Fig 3, S4 Table, and Table 

2). Contrary to our hypothesis that PrfA* mutants would utilize metabolites differentially relative 

to WT L. monocytogenes, the only metabolites utilized more readily in PrfA* L. monocytogenes 

were hexose phosphates. Nevertheless, we were surprised to find that PrfA* L. monocytogenes 

readily utilized PTS-dependent carbon sources nearly identically to WT L. monocytogenes. This 

was striking given the established model in the field that PTS are not used during infection. 

However, PrfA* L. monocytogenes using PTS-mediated carbon sources is not mutually exclusive 

to the existing literature, in which, PTS transcripts are repressed during PrfA activation and use 

of PTS-mediated carbon sources’ reciprocally repress prfA expression (42,54).  

 

PTS are necessary for intracellular L. monocytogenes growth and virulence in vivo 

Based on the similar utilization of PTS-mediated carbon sources between WT and PrfA* 

L. monocytogenes and the incomplete attenuation of the △glpD/△golD/△uhpT mutant, we 

hypothesized that PTS-dependent sugars could be an alternative carbon source during infection. 

The L. monocytogenes strain 10403s used in this study encodes 29 complete PTS systems 

encoded by 86 genes making it difficult to test individual PTS for importance during 

infection(44). Therefore, to test the hypothesis that PTS contribute to L. monocytogenes 

virulence we instead targeted the universally conserved phosphocarrier proteins essential for the 
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function of all PTS, HPr (ptsH) and EI (ptsI) (Fig 4A). ΔptsI mutants were constructed in WT 

and △glpD/△golD/△uhpT L. monocytogenes backgrounds to assess the relative contribution of 

hexose phosphates and glycerol vs PTS-dependent metabolites during cytosolic growth and 

virulence. To assess the role of PTS in cytosolic growth we infected primary murine BMDMs 

with WT, △glpD/△golD/△uhpT, ΔptsI, and △glpD/△golD/△uhpT/ΔptsI L. monocytogenes. 

While △glpD/△golD/△uhpT and WT L. monocytogenes were able to replicate in the macrophage 

cytosol as previously demonstrated (Fig 2B and Fig 4B), PTS deficient strains were completely 

unable to replicate, independent of the presence or absence of glycerol and hexose phosphate 

utilization pathways.  Taken together these data demonstrate that PTS-dependent metabolites are 

both necessary and sufficient to support replication in the cytosol of BMDMs.  

The striking lack of cytosolic replication of PTS deficient L. monocytogenes in BMDMs, 

led us to ask whether PTS systems were similarly required for replication and cell-to-cell spread 

in more protracted multi-cycle infections by performing a plaquing assay in L2 fibroblasts. As 

previously demonstrated, △glpD/△golD/△uhpT mutants had a statistically significant plaquing 

defect relative to WT L. monocytogenes; however, in contrast to the BMDM growth phenotype 

of PTS deficient mutants, L. monocytogenes strains lacking only ptsI demonstrated no plaquing 

defects (Fig 4C). Combining PTS deficiency with glycerol and hexose phosphate deficiency led 

to a complete loss of plaque formation (Fig 4C). Taken together these data suggest that while 

PTS are absolutely required for replication in the macrophage cytosol, PTS are only 

conditionally required in fibroblasts when glycerol and hexose phosphates are not available.  

These data suggest that there are differences in nutrient availability in different cell types, and 

further, that L. monocytogenes uses metabolic flexibility to grow in diverse cell types.  
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Given the differential requirements of PTS in macrophages versus fibroblasts ex vivo, we 

wanted to determine the role of PTS during in vivo infection in a murine disseminated listeriosis 

model. As we previously demonstrated, △glpD/△golD/△uhpT mutants had 10-100-fold lower 

bacterial burdens relative to wild type L. monocytogenes 48 hours post infection (Fig 4D). In 

contrast, ΔptsI mutants were 500-fold and 5000-fold attenuated in the spleens and livers of 

infected mice respectively (Fig 4D). Furthermore, loss of PTS function in the absence of glycerol 

and hexose phosphate utilization led to an additive virulence defect whereby the 

△glpD/△golD/△uhpT/ΔptsI mutants were more attenuated than the △glpD/△golD/△uhpT 

mutants or the ΔptsI mutants alone (Fig 4D).  Intra-macrophage growth, cell-to-cell spread, and 

virulence in vivo were proportionally rescued with constitutive overexpression trans-

complementation of ptsI (Fig 4C and 4D). Together this data suggests that PTS mediated carbon 

acquisition is an important contributor to in vivo virulence. Furthermore, the additive attenuation 

of the △glpD/△golD/△uhpT/ΔptsI mutant relative to ΔptsI mutant alone demonstrates that 

glycerol, hexose phosphates and PTS mediated carbon sources are all significant contributors to 

L. monocytogenes virulence in vivo. 

 

Virulence defects of ΔglpD/ΔgolD/ΔuhpT and ΔptsI mutants are not due to lack of PrfA 

activation 

Given the intertwined nature of L. monocytogenes’ metabolism and its virulence gene 

regulation it is possible that all or part of ΔglpD/ΔgolD/ΔuhpT and ΔptsI virulence defects could 

be attributed to virulence gene mis-regulation. To test the hypothesis that ΔglpD/ΔgolD/ΔuhpT 

and ΔptsI are attenuated due to incomplete PrfA activation, a constitutively active PrfA* (G145S) 

allele was cloned in situ into WT, ΔglpD/ΔgolD/ΔuhpT and ΔptsI L. monocytogenes. These strains 
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[PrfA* (G145S), ΔglpD/ΔgolD/ΔuhpT::PrfA* (G145S) and ΔptsI::PrfA* (G145S)] were 

compared to each other and their isogenic counterparts (WT, ΔglpD/ΔgolD/ΔuhpT and ΔptsI) in a 

murine burden assay. As previously demonstrated, ΔglpD/ΔgolD/ΔuhpT mutants display a 1-2 log 

defect in both the spleen and liver, while ΔptsI mutants were 500-fold and 5000-fold attenuated in 

the spleens and livers of infected mice respectively (Fig 5A). Meanwhile, PrfA* (G145S), 

ΔglpD/ΔgolD/ΔuhpT::PrfA* (G145S), and ΔptsI::PrfA* (G145s) strain showed no restoration of 

virulence compared to WT L. monocytogenes and no statistically significant benefit compared to 

their isogenic counterparts (Fig 5A). Taken together this suggests that defective PrfA-regulon 

expression does not account for the virulence defects observed in ΔglpD/ΔgolD/ΔuhpT and ΔptsI 

L. monocytogenes and supports that these virulence defects are due to metabolic deficiencies.  

Overall, the lack of rescue associated with the PrfA* (G145S) allele in a ΔptsI mutant was 

consistent with prior literature showing that disruption of PTS should result in increased PrfA-

regulon expression and terminal activity (54). In contrast, based on the literature suggesting that 

PTS function is inversely related to PrfA activation, it was somewhat surprising that 

ΔglpD/ΔgolD/ΔuhpT L. monocytogenes, a strain dependent on PTS for virulence (Fig 4C, D), 

showed no benefit from the PrfA* (G145S) allele (23,32,54). To assess PrfA activation in our 

metabolic mutants we assessed Listeriolysin-O (LLO)-dependent hemolysis of sheep red blood 

cells (RBCs), an established surrogate of PrfA activity (65), using supernatants from 

ΔglpD/ΔgolD/ΔuhpT and ΔptsI L. monocytogenes compared to WT as previously described (65). 

Strains were grown overnight at 37°C shaking to overcome RNA thermosensor repression of PrfA, 

supernatants harvested, serially diluted and incubated with sheep RBCs, and hemoglobin release 

quantified via OD420 (65,66). A standard curve of detergent driven hemolysis was used to calculate 

percent hemolysis across dilutions of each strain in each biological replicate. From these values, 
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percent hemolysis was interpolated as a function of OD600 for each strain and the resultant equation 

was used to calculate percent hemolysis at an OD600 of 0.025.  An OD600 of 0.025 was selected as 

it was where ~50% hemolysis occurred in our experimental strains. Hemolysis from the 

supernatants of ΔglpD/ΔgolD/ΔuhpT and ΔptsI L. monocytogenes showed significantly more 

activity than that of WT L. monocytogenes (Fig 5B). This was further visualized and verified by 

left shift of toxin dose-response curves from a single representative biological replicate relative to 

WT L. monocytogenes (Fig 5C).  Taken together these data indicate that both ΔglpD/ΔgolD/ΔuhpT 

and ΔptsI L. monocytogenes have excess LLO activity, and therefore PrfA activity, relative to WT. 

Further this demonstrates why PrfA* alleles did not rescue virulence of these strains and indicates 

that the primary defect of these mutants is metabolic in nature.  

 

Loss of HPr (ptsH) phenocopies loss of EI (ptsI) 

To further confirm that the loss of virulence in the ΔptsI mutant was due to loss of 

function of PTS and not another unknown function of EI, we created deletion mutants in the 

other conserved essential phosphocarrier protein HPr (ptsH). HPr is known to have a secondary 

role in genetic regulation via CcpA through phosphorylation by HPr kinase, therefore we 

hypothesized that ΔptsH  should, at minimum, phenocopy ΔptsI, with the potential for further 

attenuation. Consistent with PTS being essential for growth in the macrophage cytosol, ΔptsH 

mutants were unable to replicate in BMDM alone or when combined with hexose phosphate and 

glycerol (△glpD/△golD/△uhpT/ΔptsH) mutants (Fig 6A). Similarly, ΔptsH mutants were 

significantly attenuated for virulence in vivo and when combined with glycerol and hexose 

phosphate mutants, △glpD/△golD/△uhpT/ΔptsH mutants were essentially avirulent in vivo (Fig 

6B). Taken together, these data suggest that PTS are major contributors to virulence of L. 
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monocytogenes in vivo and that a loss of PTS combined with loss of glycerol and hexose 

phosphate utilization leads to almost complete attenuation of L. monocytogenes in vivo. 

  

DISCUSSION 

Mechanisms of carbon acquisition, catabolism, and anabolism by cytosolic pathogens 

remain incompletely defined, but are vitally important virulence factors in driving pathogenesis. 

A mechanistic understanding of bacterial metabolism during infection can help identify novel 

anti-microbial targets and host targeted metabolic interventions. Despite L. monocytogenes being 

both an important pathogen and a model organism that has been studied for decades, we still 

have a relatively limited understanding of its metabolism during infection. In this work, we 

demonstrated that although hexose phosphate and glycerol contribute to L. monocytogenes 

infection in vivo, they are dispensable for cytosolic replication in macrophages in contrast to 

previous suggestions from isotopologue metabolomics. Further, combining an unbiased screen 

using BioLog’s Carbon Phenotypic Microarrays (PM1 and PM2A) with genetic deletions of 

conserved PTS phosphocarrier proteins, we demonstrate that PTS are essential for replication in 

the macrophage cytosol and are critical for virulence in vivo. We then separated L. 

monocytogenes’ metabolism from virulence gene regulation using a PrfA* (G145S) allele in the  

ΔglpD/ΔgolD/ΔuhpT and ΔptsI backgrounds and found no rescue of in vivo virulence and further 

demonstrate that ΔglpD/ΔgolD/ΔuhpT and ΔptsI mutants have increased LLO mediated 

hemolytic activity relative to WT L. monocytogenes. Together our data suggest that L. 

monocytogenes is utilizing a previously underappreciated and more diverse metabolic strategy to 

replicate in the cytosolic environment and potentiate infection. These findings illuminate a 
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generally overlooked contributor to virulence, PTS, and point to a system not previously 

identified as necessary for successful intracellular growth and virulence. 

Despite PTS’ broad and well-defined role in carbon acquisition and previous 

demonstrated roles in the growth of Shigella flexneri and Streptococcus pyogenes during 

infection, they have largely been viewed as either minor contributors or in some cases active 

inhibitors of bacterial pathogenesis more broadly (40,42,44,52,54,67–69). In L. monocytogenes, 

work demonstrating that PTS activity represses prfA expression lead to a widespread and often 

repeated assumption that PTS are not used during infection, as virulence gene repression was 

considered detrimental to pathogenesis (39,44,45,56). Nevertheless, our findings demonstrate 

that a ΔglpD/ΔgolD/ΔuhpT mutant L. monocytogenes with presumed obligate use of PTS, can 

still readily cause infection (32,54). Interestingly, this mutant even showed increased LLO-

mediated hemolysis relative to WT L. monocytogenes, however the mechanism by which this is 

mediated remains unclear. These results indicate that more must be done for the field to 

understand how more specific metabolic mutants’, such as ΔuhpT or metabolite-specific PTS 

mutants, regulate their virulence gene expression through PrfA. Our results demonstrate that over 

reliance on PTS, and consequential PrfA regulon repression is not the driver of virulence defects 

of ΔglpD/ΔgolD/ΔuhpT L. monocytogenes observed in vivo as a PrfA* (G145S) allele does not 

rescue in vivo virulence. Like ΔglpD/ΔgolD/ΔuhpT, ΔptsI mutant L. monocytogenes shows 

elevated PrfA-regulon activity and are not rescued by PrfA* (G145S) allele. Interestingly while 

not statistically significant, ΔptsI mutant L. monocytogenes subjectively appear harmed by PrfA-

regulon over expression. We hypothesize this may be due to the substantial metabolic demand of 

constitutive PrfA activity, hexose phosphate toxicity as described in other organisms, or some 

unknown regulatory effects of PrfA* on bacterial metabolism (70). One remaining question is 
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why L. monocytogenes would use this complex metabolic strategy utilizing such a wide array of 

carbon sources including those with potentially negative impacts on virulence gene expression? 

We hypothesize that L. monocytogenes may be using a balance of carbon sources to optimize 

virulence gene expression while maximizing carbon acquisition for metabolism and growth 

potential while avoiding host cell detection. One indicator in our data that this hypothesis might 

be correct is that ΔglpD/ΔgolD/ΔuhpT mutants show mild declines during intra-macrophage 

growth and virulence defects in plaque assays and murine burdens, This strain may be attenuated 

later during its intracellular life cycle due to starvation from depletion of host metabolites 

through PTS, resultant host cell death, bacterial physiologic defects, or even host cell detection 

and elimination. As such, we conclude the phenotypes uncovered through these studies represent 

the relative metabolic insufficiencies due to failure of glycerol, hexose phosphates, and PTS 

mediated carbon source acquisition and use in the host. 

Bacterial PTS encode two phosphocarrier proteins that are necessary for the function of 

all PTS regardless of sugar: PtsI (EI) and PtsH (HPr) (43). Despite these two proteins sharing 

universal roles in PTS carbon acquisition, they have diverse functions, and per our results, 

phenotypes. ΔptsI L. monocytogenes are defective for only carbon acquisition through PTS as 

PtsI has no described role as a transcriptional regulator. In contrast, HPr (ptsH) has been shown 

previously to not only impact carbon acquisition through PTS but also to play a central role in 

transcriptional regulation of virulence through the phosphorylation of the HPr-Ser-46 residue 

(54,69). The HPr-Ser residue is phosphorylated by HPr Kinase (HprK) dependent on upper 

glycolytic flux and the abundance of fructose-1,6-bisphosphate and ATP. Importantly, these 

functions are not linked to lower glycolytic PEP to pyruvate conversion or PtsI (EI) function 

(68). The exact mechanism by which HPr-Ser-P enacts this repression is unknown (42,53).  
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Consistent with this, ΔptsH (HPr) mutants in the WT and △glpD/△golD/△uhpT L. 

monocytogenes backgrounds show decreased virulence relative to those of ΔptsI in an isogenic 

background suggesting that that the transcriptional dysregulation due to loss of ptsH is key to the 

additional virulence defects. Our favored hypothesis is that ΔptsH L. monocytogenes is failing to 

modulate expression of genes necessary for alternate carbon source acquisition and/or deal with 

stresses unique to the host cytosol and these functions are retained in ΔptsI. For example prior 

work has shown that HprK mediated phosphorylation of CcpA plays an important role in 

hierarchal carbon source utilization and stress responses in L. monocytogenes (71,72). Because 

the exact transcriptional changes mediated by HPr-Ser-P are not well defined, it would be 

valuable to test how phospho-ablative and -mimetic HPr-Ser and HPr-His mutants behave 

differently through virulence assays and transcriptomic profiling. Overall, PtsI (EI) and PtsH 

(HPr) have separate but overlapping, functions that once characterized could unveil how and 

why bacteria connect the function of PTS to gene expression.  

Previous isotopologue analysis by the Eisenreich and Goebel groups have shown that L. 

monocytogenes uses hexose phosphates and glycerol to support its cytosolic growth (29–33,73). 

These carbon substrates are logical carbon sources for an intracellular pathogen such as L. 

monocytogenes because not only does L. monocytogenes have dedicated  transporters for these 

carbon sources but, equally importantly, they are available in the host cytosol (29,32). Nearly all 

sugar that is brought into eukaryotic cells is phosphorylated to prevent backward diffusion to the 

extracellular space. Once a sugar is phosphorylated it has two primary fates: 1. Funneling into 

glycolysis. 2. De-phosphorylation for use as a moiety/metabolite component in more complex 

forms, such as glycogen in the liver (74–76). Nevertheless, for PTS to be essential for L. 

monocytogenes growth in the cytosol, free sugars (monomers or polymers) must be present in 
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abundance to support bacterial growth. Consistent with existing literature that PTS cannot 

facilitate transport of phosphorylated sugars, the △glpD/△golD/△uhpT mutant relying on PTS 

was unable to grow hexose phosphates in vitro but retained ability to grow in the host cytosol. 

Therefore, L. monocytogenes must have access to unphosphorylated sugar in the cytosol. 

Whether these unphosphorylated, free sugars are liberated by the host or bacteria during the 

course of L. monocytogenes infection remains an unknown and critical component in 

understanding the use of PTS. One hypothesis is that L. monocytogenes is using a yet to be 

defined phosphatase to dephosphorylate and liberate free sugars. These putative phosphatases 

could represent high value targets for the development of antivirulence based antimicrobials 

(77). Alternatively, host cells could attempt to dephosphorylate sugars to allow sugar diffusion in 

an act of nutritional immunity, a process that L. monocytogenes might have evolved to take 

advantage of. Ultimately, understanding how L. monocytogenes accesses free sugars in the 

cytosol of an infected cell could inform whether other cytosolic pathogens could have access to 

and use similar carbon sources during infection. 

Answering what specific PTS and corresponding carbon source might be used by L. 

monocytogenes is extremely challenging given the intertwined nature of the L. monocytogenes-

macrophage metabolism and the redundancy of PTS systems in the L. monocytogenes genome 

(78). Importantly, while our work shows that the carbon acquisition function of PTS is an 

important contributor to L. monocytogenes cytosolic growth, we do not know specifically what 

PTS mediated sugars might be consumed. Because of the diverse arsenal of PTS encoded by L. 

monocytogenes, it is possible that there are multiple redundant carbon sources consumed by L. 

monocytogenes in the cytosol (44). Additionally, our observation that L. monocytogenes PTS 

mutants have unique host cell and organ specific phenotypes suggests the presence of divergent 
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metabolites within host cells that L. monocytogenes might be consuming. For example, ΔptsI 

mutants show very different phenotypes in BMDMs where no growth occurs compared to the L2 

fibroblast plaquing assay where ΔptsI mutants are indistinguishable from wild type L. 

monocytogenes. Similarly, there are subjectively different bacterial burdens in spleens versus 

liver for ΔptsI during in vivo murine infection. Comparison of these growth conditions through 

advancing techniques in metabolomics may unveil the metabolic underpinning of these 

phenotypes. Identifying what specific carbon sources L. monocytogenes acquires from the host 

via PTS may unveil unique metabolic strategies to avoid host cell detection and support cytosolic 

bacterial physiology.  

It is challenging to develop a complete picture of cytosolic pathogen metabolism given the 

ill-defined composition of the host cytosol, challenging technical methods, inherent metabolic 

redundancy, and diverse environments encountered in the host in different tissues. Our work 

demonstrates for the first time that PTS are essential for L. monocytogenes cytosolic growth and 

critical for virulence in contrast with the current dogma in the field (39,45,56). These highly 

conserved and redundant systems are understudied, and therefore their role in carbon acquisition 

by bacterial pathogens within the host cell is not well understood. Further work is needed to 

elucidate if PTS are critical for the cytosolic growth of other pathogens. Additionally, more work 

is needed to identify the preferred sugars for cytosolic pathogens and how these sugars are 

liberated. Finally, how differential carbon source availability across cell types, organ systems and 

even host species impacts bacterial pathogenesis remains to be elucidated.  
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MATERIALS AND METHODS 

Ethics Statement  

All animal-based experiments were performed using the protocol (M005916-R01-A01) approved 

by the Animal Use and Care Committee of the University of Wisconsin—Madison and 

consistent with the standards of the National Institutes of Health.  

Bacterial strains and culture 

All Listeria monocytogenes strains used for experiments in this study were in a 10403s 

background. All L. monocytogenes strains were grown overnight in BHI and at 30°C stationary 

for all experiments, except as described. Escherichia coli strains were grown in Luria broth (LB) 

at 37°C shaking. Antibiotics used on E. coli were at a concentration of 100 µg/ml carbenicillin or 

30 µg/ml kanamycin when appropriate. Antibiotics used on L. monocytogenes were at a 

concentration of 200 μg/mL streptomycin and/or 10 μg/mL chloramphenicol, when appropriate. 

Plasmids were transformed into chemically competent E. coli and further conjugated in L. 

monocytogenes using SM10 or S17 E.coli.  

Construction of strains 

pLIM (from Arne Rietsche at Case Western) suicide plasmid or pKSV7 plasmid was used for 

generation of in frame deletions (61,79). The pPL2 integrative vector pIMK2 was used for 

constitutive expression of L. monocytogenes genes (80). pLIM and pKSV7 knockout constructs 

were cloned in XL1-Blue E. coli with 100 µg/ml carbenicillin (30μg/mL Kanamycin for pIMK2) 

and grown for plasmid harvest using Promega MiniPrep Kit. Harvested plasmid sequences were 

confirmed using was performed by Plasmidsaurus using Oxford Nanopore Technology with 

custom analysis and annotation. Plasmid were then shuttled into L. monocytogenes through 
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conjugation with SM10 (pLIM1 and pKSV7) or S17 (pIMK2) E. coli. In-frame deletions of 

genes in L. monocytogenes were performed by allelic exchange using suicide plasmid pLIM as 

previously described with p-chlorophenylalanine as a counter selectable marker (81). De novo 

PrfA* (G145S) allele introduction was performed by amplifying the PrfA* allele and flanking 

regions and assembling into pLIM (25). Following initial homologous recombination, 

enrichment of PrfA* (G145S) mutants was by performed by passaging merodiploid strains at 

30°C shaking in selective Listeria Synthetic Media (LSM) with 55mM glucose-6-phosphate 

without glutathione (Sigma-Aldrich G7879) and plated on p-chlorophenylalanine as a counter 

selectable marker. Generated strains were frozen in 50:50 (glycerol:overnight culture) solution at 

-80°C. All mutants were confirmed via PCR, plasmid sequencing, and whole-genome 

sequencing using Oxford Nanopore technology from Plasmidsaurus with custom analysis and 

annotation. 

In vitro Growth Assays 

Bacteria were grown overnight in BHI at 30°C stationary. Overnight cultures were used to 

generate inoculums with ~3.7x108 CFU in PBS. 100 µLs per well of a flat bottom clear 96-well 

plate of Listeria synthetic media (LSM) with carbons source (supplied in 55 mM glucose carbon 

equivalents) was inoculated with 2 µL of inoculums. Plates were parafilmed on the edge to 

prevent evaporation and evaluated for OD600 in plate reader at 37°C shaking (250 r.p.m.) and 

reads every 15 minutes for times displayed.  

Intra-macrophage growth curves 

Bone marrow-derived macrophages were isolated from CL57/BL6 mice and cultured as 

previously described in Roswell Park Memorial Institute Medium (RPMI) based media 

(Invitrogen: 11875093) (82). BMDMs were plated into 60 mm dishes contain 13 degassed 
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coverslips. BMDMs cells were infected with L. monocytogenes strains at a multiplicity of 

infection [MOI] of 0.2. Inoculums of L. monocytogenes were grown in 3mL of BHI at 30°C 

stationary until all strains had reach stationary phase. Colony forming units to OD600 ratios were 

determined for each strain and adjusted to ensure infection results in a comparable MOI across 

strains. After 30 minutes BMDM media was exchanged for media containing 50 µg/ml 

Gentamycin. Coverslips were harvested, cells lysed in pure water, bacteria rescued isotonically, 

and plated to quantify CFU at displayed time points. All strains were assayed in biological 

triplicate and data displayed is one representative biologic replicate. 

Plaque Assay 

Plaque assays were conducted using a L2 fibroblast cell line grown in Dulbecco’s Minimal 

Essential Media (DMEM) based media (Thermo Fischer: 11965092) as previously described 

with minor modifications for visualization and quantification of plaques (59,60). L2 fibroblasts 

were seeded at 1.2 × 106 per well of a 6-well plate, then infected at an MOI of 0.5 to obtain 

approximately 10-30 PFU per dish. Inoculums of L. monocytogenes were grown in 3mL of BHI 

at 30°C stationary until all strains had reached stationary phase. Colony forming units to OD600 

ratios were determined for each strain and adjusted to ensure infection results in a comparable 

MOI across strains. At 4 days postinfection, cells were stained with 0.3% crystal violet for 10 

min and washed twice with deionized water. Stained wells were scanned, uploaded, and areas of 

plaque formation were measured on ImageJ analysis software. All strains were assayed in 

biological triplicate and the average plaque areas of each strain (one-well per strain were 

normalized to wild-type plaque size within each replicate. 
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Murine Infection and Organ Burdens 

Infections were performed as previously described (83). Briefly, 6 to 12-week-old female and 

male C57BL/6 mice were infected IV with 1×105 CFU logarithmically growing L. 

monocytogenes (optical density at 600 nm [OD600] = 0.5) in 200 µL of PBS. Colony forming 

units to OD600 ratios were determined for each strain and adjusted to ensure infection results in 

a comparable MOI across strains. 48 hours post-infection, mice were euthanized, and livers and 

spleens were harvested, homogenized in water with 0.1% NP-40, and plated for CFU. Two 

independent replicates of each experiment with 5 mice per group were performed.  

Cell Culture 

L2 cells were all kind gifts from Daniel Portnoy (UC Berkeley) (60). Bone marrow-derived 

macrophages (BMDM) were prepared from 6-to-8-week-old mice as previously described (82). 

Phenotypic Microarrays 

Phenotype Microarrays 1 (Cat. #12111) and 2A (Cat. #12112) were obtained from BioLog 

(BioLog). Plates were prepared and inoculated as previously described (63,84). OmniLog 

incubation was substituted with incubation at 37°C stationary. OD490 was collected for each 

plate at 24 and 48 hours. Data was then normalized to consumption of a-D-glucose for each 

strain and replicate, and averaged across triplicate. Value were clustered based on similarity 

using clustergrammer and plotted as a heat-map in Prism 6 (85). Data normalized to glucose was 

used for statistical analysis and displayed in tables. Statistics are representative of a student’s T-

test between two strains.  
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Hemolysis Assays 

Hemolysis assays were performed as described previously with minor modification to optimize 

assay utility and interpretation. In short, overnight cultures were grown at 37°C in a 50:50 

mixture of Luria Broth (LB) and Brain Heart Infusion (BHI) to optimize growth of metabolic 

mutants while maintaining PrfA expression. Supernatants containing L. monocytogenes’ primary 

hemolytic toxin, Listeriolysin-O (LLO), were harvested by pelleting overnight cultures (15000 

rcf for 1.5 minutes) and supernatants taken. These were 2-fold serially diluted with un-inoculated 

overnight broth 10 times to obtain robust dynamic range of sheep red blood cell (RBC) lysis. 

Simultaneously, a standard curve was generated by taking un-inoculated overnight broth and 

adding 0.1% Triton-100 and mixing in 1:1 ratio with washed 5% RBC solution and serially 

diluting as described above. Samples were then mixed in a 50:50 with washed 5% RBC solution 

and incubated for 30 minutes at 37°C stationary in round-bottom 96-well plates. After 

incubation, this mixture was centrifugated at 500 r.p.m. for 10 minutes to pellet unlysed RBCs. 

75 µL of supernatants were transferred to a flat-bottom 96-well plate for measurement of free 

hemoglobin at OD420 in a plate reader. Percent hemolysis of each strains’ dilution was calculated 

using each biological replicates’ standard curve. Percent homolysis was then graphed as a 

function of OD600. Graphs for each replicate and each strain were individually interpolated 

using Prism 6’s (GraphPad Software) non-linear Sigmoidal, 4PL, X analysis. This provided values 

to fill in the sigmoidal equation and calculate percent hemolysis (‘Y’) for any given OD600 (‘X’): 

𝑌 = 	
(𝐵𝑜𝑡𝑡𝑜𝑚	 + (𝑋!"##$#%&') ∗ (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚))

(𝑋!"##$#%&' + 𝐼𝐶50!"##$#%&')  
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The closest mid-inflection point for the majority of strains was identified (OD600 = 0.025) and input 

into the above equation with individual replicate values to calculate interpolated percent hemolysis 

for 3 replicates, averaged, and evaluated using one-way ANOVA.  

Statistical Analysis 

Prism 6 (GraphPad Software) was used for statistical analysis of data. Means from two groups of 

BioLog plates were compared with unpaired two-tailed Student’s T-test. Means from more than 

two groups for all other assays were analyzed by one-way ANOVA test. Independently, Mann-

Whitney Test was used to analyze two group comparison of non-normal data from animal 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 for all statistical tests displayed. 
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FIGURES  

 

Figure 1. Mutants defective for consumption of glycerol (ΔglpD/ΔgolD) and/or hexose 

phosphates (ΔuhpT) require alternative carbon sources to support growth in a defined 

medium. (A) Simplified model of glycerol being imported and funneled into two parallel 

glycerol utilization pathways (glpD and golD) for entry into central catabolic glycolysis. Hexose 

phosphate imported and funneled into the anabolic pentose phosphate pathway. Indicated strains 

were grown in LSM at 37°C, shaking at 250 r.p.m. with the addition of 55mM glucose (B) or 

carbon equivalent amounts of glycerol (C), hexose phosphates (+10mM glutathione) (D), and 

glycerol and hexose phosphates (+10mM glutathione) (E). OD600 was monitored every 15 
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minutes for 24 hours. Data represents average of three technical replicates from one 

representative of three biological replicates.   
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Figure 2. Mutants defective for metabolism of glycerol (ΔglpD/ΔgolD) and/or hexose 

phosphates (ΔuhpT) are readily able to grow in the host cytosol and maintain virulence. (A) 

Intracellular growth of WT, ΔglpD/ΔgolD, ΔuhpT, ΔglpD/ΔgolD/ΔuhpT was determined in 

BMDMs following infection at an MOI of 0.2. Growth curves are representative of at least three 

independent experiments. Error bars represent the standard deviation of the means of technical 

triplicates within the representative experiment. (B) L2 fibroblasts were infected with indicated 

L. monocytogenes strains at an MOI of 0.5 and were examined for plaque formation 4 days post 
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infection. Assays were performed in biological triplicate and data displayed is the median and 

SEM of a strain’s plaque size relative to WT in one of three representative biological replicates. 

(C) Bacterial burdens from the spleen and liver were enumerated at 48 hours post-intravenous 

infection with 1x105 bacteria. Data are representative of results from two separate experiments. 

Horizontal dashed lines represent the limits of detection, and the bars associated with the 

individual strains represents the mean and SEM of the group.  
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Figure 3. Carbon metabolite respiration of WT, △glpD/△golD/△uhpT, and PrfA* L. 

monocytogenes is globally similar, identified using Biolog’s Phenotypic Microarrays. 

Clustered heatmaps indicating level of tetrazolium dye color change as measured by OD490 at 48 

hours in response to △glpD/△golD/△uhpT (Top), WT (Middle), and PrfA* (Bottom) respiration 

of carbon metabolites (PM1 & PM2A) at 37°C stationary. Each bar indicates the average of 3 

biologic replicates. Samples were normalized to readings of a a-D-glucose control (~1 on scale 

and labeled) and sorted based on cluster analysis. Select differentially used metabolites from 

Table 1 and Table 2 of hexose phosphates, glycerol, and lactose are labeled above. 
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Table 1. Statistically significant and greater than 2-fold differentially used metabolites 

between WT and PrfA* L. monocytogenes 

Metabolite Fold Change (WT/PrfA*) P-Value 
D-Glucose-6-Phosphate 0.16 <0.001 
D-Glucose-1-Phosphate 0.16 <0.001 
D-Fructose-6-Phosphate 0.21 <0.001 

alpha-D-Lactose 2.12 0.002 
Purple highlights indicate metabolites used more in PrfA* strains compared to wild-type and 

gold highlights are less used by PrfA*. 
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Table 2. Statistically significant and greater than 2-fold differentially used metabolites 

between WT and △glpD/△golD/△uhpT L. monocytogenes 

Metabolite 
Fold Change 

(WT/△glpD/△golD/△uhpT) P-Value 
Glycerol 7.97 0.001 

alpha-Methyl-D-Glucoside 2.25 0.005 
Purple highlights indicate metabolites used more in WT strains compared to 

△glpD/△golD/△uhpT L. monocytogenes. 
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Figure 4. ΔptsI mutants are impaired for intramacrophage growth and virulence, with 

more decreased virulence in a ΔglpD/ΔgolD/ΔuhpT background and can be trans-

complemented with ptsI over expression for intracellular growth and virulence. (A) PTS 

mediated free sugar import and phosphorylation by phosphocarrier protein phospho-cycling from 

the terminal conversion of phosphoenol-pyruvate (PEP) to pyruvate. (B) Intracellular growth of 

WT, ΔglpD/ΔgolD/ΔuhpT, ΔptsI, and ΔglpD/ΔgolD/ΔuhpT/ΔptsI was determined in 
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BMDMs following infection at an MOI of 0.2. Growth curves are representative of at least three 

independent experiments. Error bars represent the standard deviation of the means of technical 

triplicates within the representative experiment. (C) L2 fibroblasts were infected with indicated 

L. monocytogenes strains at an MOI of 0.5 and were examined for plaque formation 4 days post 

infection. Assays were performed in biological triplicate and data displayed is the median and 

SEM of a strain’s plaque size relative to WT in one of three representative biological replicates. 

(D) Bacterial burdens from the spleen and liver were enumerated at 48 hours post-intravenous 

infection with 1x105 bacteria. Data are representative of results from two separate experiments. 

Horizontal dashed lines represent the limits of detection, and the bars associated with the 

individual strains represents the mean and SEM of the group.  
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Figure 5. ΔglpD/ΔgolD/ΔuhpT and ΔptsI mutants are not rescued by constitutively active 

PrfA and show basally higher levels of virulence protein activity. (A) Bacterial burdens from 

the spleen and liver were enumerated at 48 hours post-intravenous infection with 1x105 bacteria. 

Data are representative of results from two separate experiments. Horizontal dashed lines 

represent the limits of detection, and the bars associated with the individual strains represents the 
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mean and SEM of the group. (B) Median and SEMs of percent hemolysis interpolated at OD600 

of 0.025 from biological triplicate for displayed strains. (C) Representative toxin dose-response 

curves from a single biological replicate used for interpolation and generation of continuous 

percent hemolysis data as a function of OD600.  
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Figure 6. ΔptsH mutants are more attenuated for intracellular growth and virulence than 

in ΔptsI in all backgrounds. (A) Intracellular growth of wild-type, ΔglpD/ΔgolD/ΔuhpT, 

ΔptsH, and ΔglpD/ΔgolD/ΔuhpT/ΔptsH was determined in BMDMs following infection at an 

MOI of 0.2. Growth curves are representative of at least three independent experiments. Error 

bars represent the standard deviation of the means of technical triplicates within the 

representative experiment. (B) Bacterial burdens from the spleen and liver were enumerated at 

48 hours post-intravenous infection with 1x105 bacteria. Data are representative of results from 

two separate experiments. Horizontal dashed lines represent the limits of detection, and the bars 

associated with the individual strains represents the mean and SEM of the group. 

 



89 
 

SUPPLEMENTARY INFORMATION 

Supplemental Table 1. Bacterial strains used in this study. Listed here are all bacterial strains 

used in this work. Those derived from prior works have been cited and those generated by us 

have been labeled under the ‘Reference’ column as ‘This Work’. Relevant strain numbers have 

been so that if others wish to use one of these strains in their own work it can be sourced from 

our strain repository.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain Description Reference 
XL1-Blue competent E. coli strain (61) 

SM10 E. coli strain for conjugations into L. 
monocytogenes; KmR (61) 

S17 E. coli strain for conjugations into L. 
monocytogenes; SpR (80) 

10403S [JDS1] Background L. monocytogenes 10403s strain (86) 
JDS237 PrfA* (G145S) (25) 

JDS2641 & 
MJF35 ΔuhpT This Work & 

(29) 
JDS2642 & 

MJF112 ΔglpD/ΔgolD This Work 

JDS2643 & 
MJF121 △glpD/△golD/△uhpT This Work 

JDS2644 & 
MJF279 ΔptsI This Work 

JDS2645 & 
MJF281 △glpD/△golD/△uhpT/ΔptsI This Work 

JDS2646 & 
MJF286 ΔptsI::ptsI-C (pIMK2) This Work 

JDS2647 & 
MJF288 △glpD/△golD/△uhpT/ΔptsI::ptsI-C (pIMK2) This Work 

JDS2648 & 
MJF223 ΔptsH This Work & 

(54) 
JDS2649 & 

MJF225 △glpD/△golD/△uhpT/ΔptsH This Work 

JDS2650 & 
MJF346 

 PrfA* (G145S) Cleanly generated in JDS1 
background This Work 

JDS2651 & 
MJF342 △glpD/△golD/△uhpT::PrfA* (G145S) This Work 

JDS2652 & 
MJF348 ΔptsI::PrfA* (G145S) This Work 
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Supplemental Table 2. Primers used in this study. Below are primers used to generate the 

complement and clean-deletion constructs in pIMK2 or pLIM and pKSV7, respectively. 

Restriction enzyme cut sites used for homologous overlaps for Gibson Assembly have been 

provided.  

Primers Sequence Description Restriction 
Sites 

TACGAATTCGAGCTCGGTACCCGGG
GATCCTTTGAATATAGCGATGGAAA
AAATGTTCTA 

pKSV7 Construct uhpT 
deletion; Fragment 1 
Forward BamHI 

TCT TCA CTC ATT GTT TTC AAC 
TTA TAG ATG TAA TGA CAT TAT 
AAT TTT CCT TTC CAG TGT 

Construct uhpT deletion; 
Fragment 1 Reverse N/A 

ACACTGGAAAGGAAAATTATAATG
TCATTACATCTATAAGTTGAAAACA
ATGAGTGAAGA 

Construct uhpT deletion; 
Fragment 2 Forward N/A 

GAC GGC CAG TGC CAA GCT TGC 
ATG CCT GCA GGT GCG GGC GCT 
GCG CTT GGT CCA GCT TTC G 

pKSV7 Construct uhpT 
deletion; Fragment 2 
Reverse PstI 

GGTACCCGGGGATCCCTACCAGCAA
TGAAAGC 

pKSV7 Construct glpD 
deletion; Fragment 1 
Forward BamHI 

TTGAATTTTAATTATCTATCGTGTTG
TACCATTTTGTTTGC 

Construct glpD deletion; 
Fragment 1 Reverse N/A 

GCAAACAAAATGGTACAACACGAT
AGATAATTAAAATTCAA 

Construct glpD deletion; 
Fragment 2 Forward N/A 

CTTGCATGCCTGCAGGCTTCGGTAG
TACTAACACC 

pKSV7 Construct glpD 
deletion; Fragment 2 
Reverse PstI 

GAGCTCGGTACCCGGGGATCCTAGA
ATCAATCATTGATCTAAGC 

pKSV7 Construct golD 
deletion; Fragment 1 
Forward BamHI 

GAACTTTAAAGCTGAATACTTTATT
TAATAAAAGTCATTTTTCATTACCT
CC 

Construct golD deletion; 
Fragment 1 Reverse N/A 

GGAGGTAATGAAAAATGACTTTTAT
TAAATAAAGTATTCAGCTTTAAAGT
TC 

Construct golD deletion; 
Fragment 2 Forward N/A 

CAGTGCCAAGCTTGCATGCCTGCAG
GGCGTTTTACTGCCAG 

pKSV7 Construct golD 
deletion; Fragment 2 
Reverse PstI 
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ATTCGAGCTCGGTACCCGGGGATCC
TAGAGCATTGTCACTCGG 

pLIM Construct ptsI 
deletion; Fragment 1 
Forward BamHI 

GTCTTTATTCAGATATTATTCTGCAG
TCTCTTTAGCCATTATTCAGCC 

Construct ptsI deletion; 
Fragment 1 Reverse N/A 

GGCTGAATAATGGCTAAAGAGACT
GCAGAATAATATCTGAATAAAGAC 

Construct ptsI deletion; 
Fragment 2 Forward N/A 

CAAGCTTGCATGCCTGCAGGGATCC
TGCACCAATCCCTTGAC 

pLIM Construct ptsI 
deletion; Fragment 2 
Reverse BamHI 

CCCATGGAAAAGGATCCATGGCTA
AAGAGTTGAAAGGTATC 

Construct ptsI 
complement; pIMK2 
Vector Foreward BamHI 

ATATCGAATTCCTGCAGGTCTAGGT
CTTTATTCAGATATTATTCTGC 

Construct ptsI 
complement; pIMK2 
Vector Reverse PstI 

ATTCGAGCTCGGTACCCGGGGATCC
TGTTGCCTCTATCTTGCTG 

pLIM Construct ptsH 
deletion; Fragment 1 
Forward BamHI 

CCATTATTCAGCCAATCCTTCAAAA
CTTGCTTGTTCCATAATTTAC 

Construct ptsH deletion; 
Fragment 1 Reverse N/A 

GTAAATTATGGAACAAGCAAGTTTT
GAAGGATTGGCTGAATAATGG 

Construct ptsH deletion; 
Fragment 2 Forward N/A 

GCAGGTCGACTCTAGAGGATCCAG
ATTCAAACATACCAATAAACATGTC 

pLIM Construct ptsH 
deletion; Fragment 2 
Reverse BamHI 

AGCTCGGTACCCGGGGATCCagactgct
tatcaagcttccaaag 

pLIM Construct PrfA* 
(G145S) Revertant FWD BamHI 

TTGCATGCCTGCAGGGATCCgtgatgatc
tagtagtggtttcacc 

pLIM Construct  PrfA* 
(G145S) Revertant RVS BamHI 
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Supplemental Table 3. Results of BioLog PM1 and PM2A at 48 hours for WT, 

ΔglpD/ΔgolD/ΔuhpT, and PrfA*. The ‘Metabolite’ column shows scientific names for all 

metabolites screened using BioLog Phenotypic Microarrays. Fold usage of each metabolite for 

each strain [WT, ΔglpD/ΔgolD/ΔuhpT, and PrfA* (G145S)] is displayed relative the a-D-

Glucose usage. Finally, p-values from comparisons of average metabolite usage per strain is 

shown for all metabolites. Comparison data was limited to WT v.s. ΔglpD/ΔgolD/ΔuhpT and 

WT v.s. PrfA*. 

 
Fold Usage Normalized to a-D-

Glucose 
P-value (Student’s T-

Test) 

Metabolite WT ΔglpD/ΔgolD/ΔuhpT PrfA* 

WT v.s. 
ΔglpD/ΔgolD/Δu

hpT 

WT 
v.s. 

PrfA* 
Amygdalin 1.24 1.18 1.15 0.25 0.10 

N-Acetyl-D-Glucosamine 1.06 0.99 1.05 0.30 0.76 
Maltotriose 1.08 1.01 1.04 0.22 0.18 
D-Trehalose 0.93 0.96 1.03 0.39 0.01 

D-Glucose-6-Phosphate 0.17 0.17 1.02 0.97 <0.01 
D-Fructose-6-Phosphate 0.21 0.19 1.01 0.68 <0.01 

Beta-Methyl-D-Glucoside 1.03 1.02 1.01 0.78 0.72 
alpha-Cyclodextrin 1.14 1.05 1.11 0.41 0.71 
alpha-D-Glucose 1.00 1.00 1.00 N/A  N/A  

D-Mannose 1.18 1.06 0.99 0.14 0.01 
D-Cellobiose 0.98 0.96 0.99 0.70 0.83 

Arbutin 1.17 1.15 1.08 0.53 0.06 
D-Glucose-1-Phosphate 0.16 0.17 0.98 0.58 <0.01 

Beta-Cyclodextrin 1.12 1.04 1.07 0.24 0.30 
D-Fructose 1.06 0.91 0.96 0.25 0.38 

Beta-D-Allose 1.12 1.04 1.04 0.25 0.16 
Xylitol 1.18 1.06 1.03 0.30 0.24 
Sailcin 1.03 1.03 1.05 0.98 0.63 

Gamma-Cyclodextrin 0.98 0.99 1.02 0.88 0.55 
N-Acetyl-Beta-D-Mannosamine 0.92 0.88 0.93 0.23 0.82 

Glycerol 1.05 0.13 0.92 <0.01 0.31 
L-Rhamnose 1.07 0.94 0.92 0.35 0.32 
Gentiobiose 0.94 0.96 0.99 0.55 0.05 
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D-Psicose 1.05 0.92 0.89 0.31 0.20 
Dihydroxy Acetone 1.15 0.99 0.94 0.24 0.14 

D-Glucosamine 1.04 1.00 0.91 0.71 0.12 
Uridine 0.93 0.80 0.81 0.45 0.48 

Alpha-Methyl-D-Mannoside 1.17 1.08 0.86 0.36 0.12 
L-Lyxose 0.89 0.70 0.75 0.21 0.36 

2-Deoxy-D-Ribose 0.86 0.74 0.77 0.34 0.44 
alpha-Methyl-D-Glucoside 1.23 0.55 0.79 <0.01 0.02 

D-Arabitol 0.99 0.95 0.74 0.77 0.01 
D-Ribose 0.78 0.68 0.65 0.41 0.27 
Maltose 1.12 1.07 0.64 0.25 <0.01 

alpha-D-Lactose 1.24 1.14 0.59 0.30 <0.01 
D-Malic Acid 0.14 0.16 0.58 0.09 0.39 

D-Xylose 0.65 0.54 0.54 0.47 0.49 
Acetic Acid 0.59 0.57 0.51 0.69 0.35 

5-Keto-D-Gluconic Acid 0.60 0.53 0.52 0.27 0.20 
Capric Acid 0.46 0.43 0.46 0.85 0.98 

Inosine 0.57 0.48 0.40 0.51 0.23 
N-Acetyl-D-Glucosaminitol 0.53 0.43 0.43 0.27 0.25 

Acetoacetic Acid 0.41 0.37 0.38 0.73 0.80 
Sorbic Acid 0.48 0.44 0.42 0.39 0.23 

Dextrin 0.70 0.57 0.42 0.33 0.07 
L-Arabinose 0.42 0.37 0.36 0.51 0.47 

m-Tartaric Acid 0.14 0.16 0.35 0.08 0.42 
Adenosine 0.40 0.35 0.34 0.57 0.48 

D-Arabinose 0.48 0.40 0.34 0.21 0.04 
alpha-keto-Butyric Acid 0.48 0.48 0.30 1.00 <0.01 

Palatinose 0.38 0.33 0.28 0.25 0.02 
Mucic Acid 0.31 0.39 0.25 0.50 0.59 
D-Fucose 0.28 0.30 0.27 0.69 0.78 

Beta-Methyl-D-Galactoside 0.30 0.28 0.26 0.81 0.54 
Putrescine 0.20 0.18 0.27 0.71 0.28 
D-Tagatose 0.36 0.32 0.26 0.59 0.18 
Thymidine 0.24 0.27 0.23 0.50 0.73 

3-Methyl Glucose 0.32 0.31 0.25 0.94 0.50 
Adonitol 0.25 0.23 0.22 0.70 0.66 

Oxalic Acid 0.29 0.31 0.24 0.79 0.22 
Glyoxylic Acid 0.24 0.26 0.22 0.88 0.65 
Sedoheptulosan 0.25 0.24 0.24 0.88 0.84 
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Glucuronamide 0.27 0.24 0.21 0.15 0.03 
D,L-Octopamine 0.22 0.20 0.23 0.65 0.90 

2-Deoxy-Adenosine 0.26 0.29 0.20 0.56 0.29 
Pyruvic Acid 0.26 0.27 0.20 0.69 0.01 

Oxalomalic Acid 0.27 0.24 0.22 0.59 0.31 
2,3-Butanedione 0.25 0.22 0.22 0.38 0.37 

Mannan 0.24 0.21 0.22 0.57 0.67 
L-Histidine 0.23 0.21 0.21 0.57 0.41 
Turanose 0.31 0.25 0.21 0.30 0.09 

Pectin 0.29 0.29 0.21 0.86 0.06 
Sebacic Acid 0.60 0.22 0.20 0.21 0.19 

L-Sorbose 0.23 0.22 0.20 0.88 0.56 
alpah-Keto-Valeric Acid 0.24 0.21 0.19 0.60 0.35 

Sec-Butylamine 0.22 0.22 0.19 0.94 0.37 
Beta-Methyl-D-Xyloside 0.21 0.24 0.19 0.54 0.66 

L-Fucose 0.22 0.21 0.17 0.80 0.27 
N-Acetyl-Neuaminic Acid 0.21 0.20 0.19 0.48 0.31 

Methyl Pyruvate 0.20 0.21 0.17 0.46 0.02 
Propionic Acid 0.20 0.24 0.17 0.32 0.20 

3-0-Beta-D-Galactopyranosyl-D-
Arabinose 0.26 0.24 0.18 0.67 0.07 

L-Alanyl-Glycine 0.25 0.26 0.16 0.34 <0.01 
L-Galactonic Acide-gamma-lactone 0.19 0.19 0.16 0.80 0.23 

Inulin 0.34 0.27 0.18 0.46 0.11 
L-Pyroglutamic Acid 0.21 0.19 0.17 0.49 0.30 

D-Melezitose 0.23 0.21 0.18 0.67 0.31 
L-Lactic Acid 0.26 0.25 0.16 0.83 0.03 

L-Alanine 0.19 0.21 0.16 0.59 0.26 
Tween 40 0.18 0.19 0.15 0.51 0.14 
D-Sorbitol 0.21 0.18 0.15 0.08 0.02 

D-Galactose 0.20 0.17 0.15 0.57 0.29 
D,L-alpha-glycerol-phosphate 0.17 0.17 0.15 0.85 0.38 

D-Galactonic Acid-gamma-Lactone 0.16 0.16 0.15 0.55 0.57 
alpha-Methyl-D-Galactoside 0.18 0.18 0.15 0.99 0.49 

D-Glucuronic Acid 0.19 0.19 0.15 0.89 0.20 
L-Alaninamide 0.20 0.19 0.16 0.94 0.23 
Butyric Acid 0.20 0.26 0.16 0.47 0.19 

2-Aminoethanol 0.17 0.18 0.14 0.44 0.14 
L-Methionine 0.20 0.16 0.16 0.46 0.55 
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alpha-Hydroxy Butyric Acid 0.21 0.21 0.14 0.96 0.13 
D-Galacturonic Acid 0.18 0.18 0.14 0.93 0.04 

L-Arabitol 0.19 0.16 0.16 0.34 0.26 
Maltitol 0.22 0.18 0.16 0.47 0.29 

D-Mannitol 0.17 0.17 0.14 0.83 0.20 
Tween 80 0.17 0.17 0.14 1.00 0.09 

m-Hydroxy Phenyl Acetic Acid 0.17 0.18 0.14 0.57 0.06 
Glycogen 0.21 0.19 0.15 0.49 0.09 
Dulcitol 0.17 0.16 0.14 0.69 0.19 

Glycyl-L-Proline 0.22 0.19 0.14 0.17 0.02 
Beta-Methyl-D-Glucuronic Acid 0.20 0.18 0.15 0.64 0.24 

Lactitol 0.20 0.19 0.15 0.81 0.26 
Delta-Amino Valeric Acid 0.16 0.15 0.15 0.70 0.75 

L-Glucose 0.20 0.18 0.15 0.58 0.23 
L-Leucine 0.16 0.15 0.15 0.55 0.62 
Glycine 0.18 0.17 0.15 0.68 0.27 

Caproic Acid 0.18 0.17 0.15 0.58 0.20 
L-Proline 0.18 0.18 0.14 0.94 0.07 

Succinic Acid 0.17 0.18 0.14 0.72 0.06 
D-Gluconic Acid 0.17 0.18 0.14 0.61 0.12 
Negative Control 0.18 0.17 0.14 0.84 0.03 
Negative Control 0.18 0.16 0.15 0.49 0.43 

3-Hydroxy-2-Butanone 0.21 0.17 0.15 0.41 0.27 
Bromo Succinic Acid 0.15 0.18 0.13 0.35 0.21 

D-Alanine 0.16 0.17 0.13 0.55 0.21 
2-Hydroxy Benzoic Acid 0.16 0.17 0.15 0.62 0.39 

L-Aspartic Acid 0.17 0.16 0.13 0.50 0.03 
Apha-Hydroxy Glutaric Acid-

gamma-lactone 0.16 0.18 0.13 0.33 0.24 
p-Hydroxy Phenyl Acetic Acid 0.16 0.17 0.13 0.58 0.01 

i-Erythritol 0.19 0.17 0.15 0.26 0.05 
Beta-Hydroxy Butyric Acid 0.20 0.19 0.15 0.91 0.16 

Sucrose 0.16 0.17 0.13 0.65 0.22 
D-Threonine 0.14 0.15 0.13 0.63 0.51 

D-Ribono-1,4-Lactone 0.16 0.16 0.15 0.96 0.26 
Tyramine 0.16 0.17 0.13 0.57 0.18 

Glycolic Acid 0.15 0.17 0.13 0.16 0.10 
Chondroitin Sulfate C 0.19 0.16 0.15 0.33 0.18 

L-Threonine 0.16 0.18 0.13 0.44 0.08 
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D-Saccharic Acid 0.17 0.18 0.13 0.87 0.11 
D-Melibiose 0.17 0.18 0.13 0.91 0.10 

4-Hydroxy Benzoic Acid 0.21 0.19 0.14 0.46 0.06 
D-Raffinose 0.19 0.16 0.14 0.34 0.11 

Alpha-Keto-Glutaric Acid 0.17 0.16 0.13 0.86 0.17 
Gelatin 0.21 0.18 0.14 0.42 0.11 

L-Lysine 0.18 0.17 0.14 0.73 0.26 
Stachyose 0.19 0.18 0.14 0.65 0.19 
L-Serine 0.17 0.17 0.13 0.96 0.01 

Mono Methyl Succinate 0.16 0.17 0.13 0.39 0.01 
Laminarin 0.17 0.18 0.14 0.92 0.15 

Glycyl-L-Aspartic Acid 0.18 0.17 0.13 0.56 0.14 
D-Aspartic Acid 0.15 0.16 0.13 0.61 0.17 

Lactulose 0.17 0.21 0.13 0.42 0.15 
L-Glutamic Acid 0.17 0.18 0.13 0.74 0.06 

Tricarballylic Acid 0.15 0.17 0.13 0.31 0.09 
Citraconic Acid 0.18 0.18 0.14 0.95 0.27 
1,2-Propanediol 0.16 0.17 0.13 0.81 0.25 

L-Valine 0.17 0.17 0.14 1.00 0.27 
Formic Acid 0.15 0.17 0.13 0.35 0.10 

Phenylethylamine 0.15 0.16 0.13 0.39 0.30 
N-Acetyl-L-Glutamic Acid 0.18 0.17 0.14 0.87 0.22 

Fumaric Acid 0.15 0.17 0.13 0.30 0.08 
Citric Acid 0.14 0.16 0.13 0.29 0.19 

Succinamic Acid 0.18 0.16 0.14 0.55 0.17 
N-Acetyl-D-Galactosamine 0.16 0.16 0.14 0.96 0.38 

Glycyl-L-Glutamic Acid 0.17 0.17 0.13 0.75 0.03 
L-Homoserine 0.17 0.16 0.14 0.71 0.16 

Tween 20 0.15 0.14 0.12 0.91 0.44 
L-Glutamine 0.15 0.16 0.12 0.18 0.07 
L-Isoleucine 0.17 0.16 0.14 0.92 0.31 
myo-Inositol 0.15 0.17 0.12 0.15 0.08 
L-Ornithine 0.17 0.17 0.14 0.94 0.10 

2,3-Butanediol 0.19 0.17 0.14 0.58 0.12 
Glycolic Acid 0.17 0.17 0.14 0.93 0.18 

D-Serine 0.15 0.14 0.12 0.90 0.13 
Itaconic Acid 0.16 0.14 0.14 0.47 0.36 
L-Asparagine 0.16 0.17 0.12 0.79 0.12 

Hydroxy-L Prline 0.18 0.17 0.14 0.56 0.10 
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Quinic Acid 0.18 0.17 0.13 0.65 0.03 
Melibionic Acid 0.23 0.20 0.13 0.82 0.32 

gamma-Amino Butyric Acid 0.17 0.17 0.13 0.97 0.24 
D,L-Malic Acid 0.16 0.17 0.12 0.58 0.06 

D-Glucosaminic Acid 0.15 0.17 0.12 0.21 0.10 
L-Malic Acid 0.15 0.15 0.12 0.39 <0.01 
L-Arginine 0.17 0.16 0.13 0.48 0.11 

D,L-Carnitine 0.17 0.17 0.13 0.88 0.10 
Acetamide 0.18 0.17 0.13 0.71 0.10 

D-Tartaric Acid 0.17 0.17 0.13 0.94 0.14 
Citramalic Acid 0.17 0.17 0.13 0.95 0.17 
L-Phenylalanine 0.17 0.16 0.13 0.85 0.11 

D-Lactic Acid Methyl Ester 0.16 0.16 0.13 0.97 0.07 
L-Tartaric Acid 0.17 0.17 0.13 0.88 0.02 
Malonic Acide 0.17 0.16 0.12 0.52 0.10 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

REFERENCES:  

1. Goetz M, Bubert A, Wang G, Chico-Calero I, Vazquez-Boland JA, Beck M, et al. 
Microinjection and growth of bacteria in the cytosol of mammalian host cells. Proc Natl 
Acad Sci USA. 2001 Oct 9;98(21):12221–6.  

2. Creasey EA, Isberg RR. The protein SdhA maintains the integrity of the Legionella -
containing vacuole. Proc Natl Acad Sci USA. 2012 Feb 28;109(9):3481–6.  

3. Zhao W, Moest T, Zhao Y, Guilhon AA, Buffat C, Gorvel JP, et al. The Salmonella effector 
protein SifA plays a dual role in virulence. Sci Rep. 2015 Aug 13;5(1):12979.  

4. Lamason RL, Bastounis E, Kafai NM, Serrano R, Del Álamo JC, Theriot JA, et al. Rickettsia 
Sca4 Reduces Vinculin-Mediated Intercellular Tension to Promote Spread. Cell. 2016 
Oct;167(3):670-683.e10.  

5. Gehre L, Gorgette O, Perrinet S, Prevost MC, Ducatez M, Giebel AM, et al. Sequestration of 
host metabolism by an intracellular pathogen. eLife. 2016 Mar 16;5:e12552.  

6. Murdoch CC, Skaar EP. Nutritional immunity: the battle for nutrient metals at the host–
pathogen interface. Nat Rev Microbiol. 2022 Nov;20(11):657–70.  

7. Olive AJ, Sassetti CM. Metabolic crosstalk between host and pathogen: sensing, adapting 
and competing. Nat Rev Microbiol. 2016 Apr;14(4):221–34.  

8. Keeney KM, Stuckey JA, O’Riordan MXD. LplA1‐dependent utilization of host lipoyl 
peptides enables Listeria cytosolic growth and virulence. Molecular Microbiology. 2007 
Nov;66(3):758–70.  

9. Marquis H, Bouwer HG, Hinrichs DJ, Portnoy DA. Intracytoplasmic growth and virulence of 
Listeria monocytogenes auxotrophic mutants. Infect Immun. 1993 Sep;61(9):3756–60.  

10. Flannagan RS, Farrell TJ, Trothen SM, Dikeakos JD, Heinrichs DE. Rapid removal of 
phagosomal ferroportin in macrophages contributes to nutritional immunity. Blood 
Advances. 2021 Jan 26;5(2):459–74.  

11. Luan HH, Medzhitov R. Food Fight: Role of Itaconate and Other Metabolites in 
Antimicrobial Defense. Cell Metabolism. 2016 Sep;24(3):379–87.  

12. Benoit M, Desnues B, Mege JL. Macrophage Polarization in Bacterial Infections. The 
Journal of Immunology. 2008 Sep 15;181(6):3733–9.  



99 
 

13. Portnoy DA, Auerbuch V, Glomski IJ. The cell biology of Listeria monocytogenes infection. 
The Journal of Cell Biology. 2002 Aug 5;158(3):409–14.  

14. Scobie A, Kanagarajah S, Harris RJ, Byrne L, Amar C, Grant K, et al. Mortality risk factors 
for listeriosis - A 10 year review of non-pregnancy associated cases in England 2006-2015. J 
Infect. 2019 Mar;78(3):208–14.  

15. Swaminathan B, Gerner-Smidt P. The epidemiology of human listeriosis. Microbes and 
Infection. 2007 Aug 1;9(10):1236–43.  

16. Todd ECD. Surveillance of listeriosis and its causative pathogen, Listeria monocytogenes. 
Food Control. 2011;7.  

17. Eisenreich W, Dandekar T, Heesemann J, Goebel W. Carbon metabolism of intracellular 
bacterial pathogens and possible links to virulence. Nat Rev Microbiol. 2010 Jun;8(6):401–
12.  

18. Rohmer L, Hocquet D, Miller SI. Are pathogenic bacteria just looking for food? Metabolism 
and microbial pathogenesis. Trends in Microbiology. 2011 Jul;19(7):341–8.  

19. Stokes JM, Lopatkin AJ, Lobritz MA, Collins JJ. Bacterial Metabolism and Antibiotic 
Efficacy. Cell Metabolism. 2019 Aug;30(2):251–9.  

20. Milenbachs AA, Brown DP, Moors M, Youngman P. Carbon‐source regulation of virulence 
gene expression in Listeria monocytogenes. Molecular Microbiology. 1997 Mar;23(5):1075–
85.  

21. Hamon M, Bierne H, Cossart P. Listeria monocytogenes: a multifaceted model. Nat Rev 
Microbiol. 2006 Jun 1;4(6):423–34.  

22. Tilney LG, Portnoy DA. Actin filaments and the growth, movement, and spread of the 
intracellular bacterial parasite, Listeria monocytogenes. Journal of Cell Biology. 1989 Oct 
1;109(4):1597–608.  

23. Bruno JC, Freitag NE. Constitutive Activation of PrfA Tilts the Balance of Listeria 
monocytogenes Fitness Towards Life within the Host versus Environmental Survival. Ii 
RMR, editor. PLoS ONE. 2010 Dec 7;5(12):e15138.  

24. Vega Y, Rauch M, Banfield MJ, Ermolaeva S, Scortti M, Goebel W, et al. New Listeria 
monocytogenes prfA * mutants, transcriptional properties of PrfA* proteins and structure–
function of the virulence regulator PrfA. Molecular Microbiology. 2004 Jun;52(6):1553–65.  



100 
 

25. Miner MD, Port GC, Freitag NE. Functional impact of mutational activation on the Listeria 
monocytogenes central virulence regulator PrfA. Microbiology. 2008 Nov 1;154(11):3579–
89.  

26. Cossart P. Illuminating the landscape of host–pathogen interactions with the bacterium 
Listeria monocytogenes. Proc Natl Acad Sci USA. 2011 Dec 6;108(49):19484–91.  

27. Drevets DA. Dissemination of Listeria monocytogenes by Infected Phagocytes. Tuomanen 
EI, editor. Infect Immun. 1999 Jul;67(7):3512–7.  

28. Melton-Witt JA, Rafelski SM, Portnoy DA, Bakardjiev AI. Oral Infection with Signature-
Tagged Listeria monocytogenes Reveals Organ-Specific Growth and Dissemination Routes 
in Guinea Pigs. Camilli A, editor. Infect Immun. 2012 Feb;80(2):720–32.  

29. Chico-Calero I, Suárez M, González-Zorn B, Scortti M, Slaghuis J, Goebel W, et al. Hpt, a 
bacterial homolog of the microsomal glucose- 6-phosphate translocase, mediates rapid 
intracellular proliferation in Listeria. Proc Natl Acad Sci USA. 2002 Jan 8;99(1):431–6.  

30. Eylert E, Schär J, Mertins S, Stoll R, Bacher A, Goebel W, et al. Carbon metabolism of 
Listeria monocytogenes growing inside macrophages. Molecular Microbiology. 2008 
Aug;69(4):1008–17.  

31. Grubmueller S, Schauer K, Goebel W, Fuchs TM, Eisenreich W. Analysis of carbon 
substrates used by Listeria monocytogenes during growth in J774A.1 macrophages suggests 
a bipartite intracellular metabolism. Front Cell Infect Microbiol; 4. Available from: 
http://journal.frontiersin.org/article/10.3389/fcimb.2014.00156/abstract 

32. Joseph B, Mertins S, Stoll R, Schär J, Umesha KR, Luo Q, et al. Glycerol Metabolism and 
PrfA Activity in Listeria monocytogenes. J Bacteriol. 2008 Aug;190(15):5412–30.  

33. Slaghuis J, Goetz M, Engelbrecht F, Goebel W. Inefficient Replication of Listeria innocua in 
the Cytosol of Mammalian Cells. J INFECT DIS. 2004 Feb;189(3):393–401.  

34. Best A, Kwaik YA. Nutrition and bi-partite metabolism of intracellular pathogens. 2020;19.  

35. Cantor JR, Abu-Remaileh M, Kanarek N, Freinkman E, Gao X, Louissaint A, et al. 
Physiologic Medium Rewires Cellular Metabolism and Reveals Uric Acid as an Endogenous 
Inhibitor of UMP Synthase. Cell. 2017 Apr;169(2):258-272.e17.  

36. Rossiter NJ, Huggler KS, Adelmann CH, Keys HR, Soens RW, Sabatini DM, et al. CRISPR 
screens in physiologic medium reveal conditionally essential genes in human cells. Cell 
Metabolism. 2021 Jun;33(6):1248-1263.e9.  



101 
 

37. Leney-Greene MA, Boddapati AK, Su HC, Cantor JR, Lenardo MJ. Human Plasma-like 
Medium Improves T Lymphocyte Activation. iScience. 2020 Jan;23(1):100759.  

38. Crespo Tapia N, den Besten HMW, Abee T. Glycerol metabolism induces Listeria 
monocytogenes biofilm formation at the air-liquid interface. International Journal of Food 
Microbiology. 2018 May 20;273:20–7.  

39. Chen GY, Pensinger DA, Sauer JD. Listeria monocytogenes cytosolic metabolism promotes 
replication, survival, and evasion of innate immunity. Cellular Microbiology. 2017 
Oct;19(10):e12762.  

40. Wang S, Orsi RH, Tang S, Zhang W, Wiedmann M, Boor KJ. Phosphotransferase System-
Dependent Extracellular Growth of Listeria monocytogenes Is Regulated by Alternative 
Sigma Factors σ L and σ H. Appl Environ Microbiol. 2014 Dec 15;80(24):7673–82.  

41. Muchaamba F, Eshwar AK, Stevens MJA, von Ah U, Tasara T. Variable Carbon Source 
Utilization, Stress Resistance, and Virulence Profiles Among Listeria monocytogenes Strains 
Responsible for Listeriosis Outbreaks in Switzerland. Front Microbiol. 2019 May 3;10:957.  

42. Liu Y, Ceruso M, Jiang Y, Datta AR, Carter L, Strain E, et al. Construction of Listeria 
monocytogenes Mutants with In‐Frame Deletions in the Phosphotransferase Transport 
System (PTS) and Analysis of Their Growth under Stress Conditions. Journal of Food 
Science;78(9). Available from: https://ift.onlinelibrary.wiley.com/doi/10.1111/1750-
3841.12181 

43. Barabote RD, Saier MH. Comparative Genomic Analyses of the Bacterial 
Phosphotransferase System. Microbiol Mol Biol Rev. 2005 Dec;69(4):608–34.  

44. Stoll R, Goebel W. The major PEP-phosphotransferase systems (PTSs) for glucose, mannose 
and cellobiose of Listeria monocytogenes, and their significance for extra- and intracellular 
growth. Microbiology. 2010 Apr 1;156(4):1069–83.  

45. Sauer JD, Herskovits AA, O’Riordan MXD. Metabolism of the Gram-Positive Bacterial 
Pathogen Listeria monocytogenes. Fischetti VA, Novick RP, Ferretti JJ, Portnoy DA, 
Braunstein M, Rood JI, editors. Microbiol Spectr. 2019 Jul 19;7(4):7.4.26.  

46. Abdelhamed H, Ramachandran R, Narayanan L, Islam S, Ozan O, Freitag N, et al. Role of 
FruR transcriptional regulator in virulence of Listeria monocytogenes and identification of 
its regulon. Wen ZT, editor. PLoS ONE. 2022 Sep 2;17(9):e0274005.  

47. Buchrieser C, Rusniok C, The Listeria Consortium, Kunst F, Cossart P, Glaser P. Comparison 
of the genome sequences of Listeria monocytogenes and Listeria innocua : clues for 



102 
 

evolution and pathogenicity. FEMS Immunology & Medical Microbiology. 2003 
Apr;35(3):207–13.  

48. Hain T, Steinweg C, Kuenne CT, Billion A, Ghai R, Chatterjee SS, et al. Whole-Genome 
Sequence of Listeria welshimeri Reveals Common Steps in Genome Reduction with Listeria 
innocua as Compared to Listeria monocytogenes. J Bacteriol. 2006 Nov;188(21):7405–15.  

49. Vu-Khac H, Miller KW. Regulation of Mannose Phosphotransferase System Permease and 
Virulence Gene Expression in Listeria monocytogenes by the EII t Man Transporter. Appl 
Environ Microbiol. 2009 Nov;75(21):6671–8.  

50. Maury MM, Tsai YH, Charlier C, Touchon M, Chenal-Francisque V, Leclercq A, et al. 
Uncovering Listeria monocytogenes hypervirulence by harnessing its biodiversity. Nat 
Genet. 2016 Mar;48(3):308–13.  

51. Saier Jr. MH. The Bacterial Phosphotransferase System: New Frontiers 50 Years after Its 
Discovery. Microb Physiol. 2015;25(2–3):73–8.  

52. Postma PW. Phosphoenolpyruvate:Carbohydrate Phosphotransferase Systems of Bacteria. 
MICROBIOL REV. 1993;57.  

53. Brehm K, Ripio MT, Kreft JR. The bvr Locus of Listeria monocytogenes Mediates Virulence 
Gene Repression by ␤-Glucosides. 1999;181.  

54. Mertins S, Joseph B, Goetz M, Ecke R, Seidel G, Sprehe M, et al. Interference of 
Components of the Phosphoenolpyruvate Phosphotransferase System with the Central 
Virulence Gene Regulator PrfA of Listeria monocytogenes. J Bacteriol. 2007 Jan 
15;189(2):473–90.  

55. Aké FMD, Joyet P, Deutscher J, Milohanic E. Mutational analysis of glucose transport 
regulation and glucose‐mediated virulence gene repression in Listeria monocytogenes. 
Molecular Microbiology. 2011 Jul;81(1):274–93.  

56. Freitag NE, Port GC, Miner MD. Listeria monocytogenes — from saprophyte to intracellular 
pathogen. Nat Rev Microbiol. 2009 Sep;7(9):623–8.  

57. Görke B, Stülke J. Carbon catabolite repression in bacteria: many ways to make the most out 
of nutrients. Nat Rev Microbiol. 2008 Aug;6(8):613–24.  

58. Portman JL, Dubensky SB, Peterson BN, Whiteley AT, Portnoy DA. Activation of the 
Listeria monocytogenes Virulence Program by a Reducing Environment. Miller JF, editor. 
mBio. 2017 Nov 8;8(5):e01595-17.  



103 
 

59. Camilli A, Tilney LG, Portnoy DA. Dual roles of plcA in Listeria monocytogenes 
pathogenesis. Mol Microbiol. 1993 Apr;8(1):143–57.  

60. Sun AN, Camilli A, Portnoy DA. Isolation of Listeria monocytogenes small-plaque mutants 
defective for intracellular growth and cell-to-cell spread. Infect Immun. 1990 
Nov;58(11):3770–8.  

61. Chen GY, McDougal CE, D’Antonio MA, Portman JL, Sauer JD. A Genetic Screen Reveals 
that Synthesis of 1,4-Dihydroxy-2-Naphthoate (DHNA), but Not Full-Length Menaquinone, 
Is Required for Listeria monocytogenes Cytosolic Survival. Swanson MS, editor. mBio; 8(2). 
Available from: https://journals.asm.org/doi/10.1128/mBio.00119-17 

62. Fox EM, Bierne H, Stessl B, editors. Listeria Monocytogenes: Methods and Protocols 
[Internet]. New York, NY: Springer US; 2021. (Methods in Molecular Biology; vol. 2220). 
Available from: http://link.springer.com/10.1007/978-1-0716-0982-8 

63. Luque-Sastre L, Jordan K, Fanning S, Fox EM. High-Throughput Characterization of 
Listeria monocytogenes Using the OmniLog Phenotypic Microarray. In: Fox EM, Bierne H, 
Stessl B, editors. Listeria Monocytogenes: Methods and Protocols. New York, NY: Springer 
US; 2021. p. 107–13. Available from: https://doi.org/10.1007/978-1-0716-0982-8_8 

64. Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, et al. HMDB: the Human 
Metabolome Database. Nucleic Acids Research. 2007 Jan 3;35(Database):D521–6.  

65. Zemansky J, Kline BC, Woodward JJ, Leber JH, Marquis H, Portnoy DA. Development of a 
mariner -Based Transposon and Identification of Listeria monocytogenes Determinants, 
Including the Peptidyl-Prolyl Isomerase PrsA2, That Contribute to Its Hemolytic Phenotype. 
J Bacteriol. 2009 Jun 15;191(12):3950–64.  

66. Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P. An RNA 
Thermosensor Controls Expression of Virulence Genes in Listeria monocytogenes. Cell. 
2002 Sep;110(5):551–61.  

67. Dozot M, Poncet S, Nicolas C, Copin R, Bouraoui H, Mazé A, et al. Functional 
Characterization of the Incomplete Phosphotransferase System (PTS) of the Intracellular 
Pathogen Brucella melitensis. Moreno E, editor. PLoS ONE. 2010 Sep 10;5(9):e12679.  

68. Deutscher J, Francke C, Postma PW. How Phosphotransferase System-Related Protein 
Phosphorylation Regulates Carbohydrate Metabolism in Bacteria. Microbiol Mol Biol Rev. 
2006 Dec;70(4):939–1031.  

69. Gera K, Le T, Jamin R, Eichenbaum Z, McIver KS. The Phosphoenolpyruvate 
Phosphotransferase System in Group A Streptococcus Acts To Reduce Streptolysin S 



104 
 

Activity and Lesion Severity during Soft Tissue Infection. Camilli A, editor. Infect Immun. 
2014 Mar;82(3):1192–204.  

70. Boulanger EF, Sabag-Daigle A, Baniasad M, Kokkinias K, Schwieters A, Wrighton KC, et al. 
Sugar-Phosphate Toxicities Attenuate Salmonella Fitness in the Gut. O’Toole G, editor. J 
Bacteriol. 2022 Dec 20;204(12):e00344-22.  

71. Behari J, Youngman P. A Homolog of CcpA Mediates Catabolite Control in Listeria 
monocytogenes but Not Carbon Source Regulation of Virulence Genes. J BACTERIOL. 
1998;180.  

72. Thomasen RSS, Jespersen MG, Jørgensen K, Dos Santos PT, Sternkopf Lillebæk EM, Skov 
MN, et al. The Global Regulator CcpA of Listeria monocytogenes Confers Sensitivity to 
Antimicrobial Fatty Acids. Front Microbiol. 2022 May 3;13:895942.  

73. Fuchs TM, Eisenreich W, Kern T, Dandekar T. Toward a Systemic Understanding of Listeria 
monocytogenes Metabolism during Infection. Front Microbio;3. Available from: 
http://journal.frontiersin.org/article/10.3389/fmicb.2012.00023/abstract 

74. Han HS, Kang G, Kim JS, Choi BH, Koo SH. Regulation of glucose metabolism from a 
liver-centric perspective. Exp Mol Med. 2016 Mar 11;48(3):e218–e218.  

75. Leong DSZ, Tan JGL, Chin CL, Mak SY, Ho YS, Ng SK. Evaluation and use of 
disaccharides as energy source in protein-free mammalian cell cultures. Sci Rep. 2017 Mar 
30;7(1):45216.  

76. Naftalin RJ, Smith PM. A model for accelerated uptake and accumulation of sugars arising 
from phosphorylation at the inner surface of the cell membrane. Biochimica et Biophysica 
Acta (BBA) - Biomembranes. 1987 Feb;897(1):93–111.  

77. Wilton M, Halverson TWR, Charron-Mazenod L, Parkins MD, Lewenza S. Secreted 
Phosphatase and Deoxyribonuclease Are Required by Pseudomonas aeruginosa To Defend 
against Neutrophil Extracellular Traps. Whiteley M, editor. Infect Immun. 2018 
Sep;86(9):e00403-18.  

78. Demiroz D, Platanitis E, Bryant M, Fischer P, Prchal-Murphy M, Lercher A, et al. Listeria 
monocytogenes infection rewires host metabolism with regulatory input from type I 
interferons. O’Riordan M, editor. PLoS Pathog. 2021 Jul 8;17(7):e1009697.  

79. Halsey CR, Glover RC, Thomason MK, Reniere ML. The redox-responsive transcriptional 
regulator Rex represses fermentative metabolism and is required for Listeria monocytogenes 
pathogenesis. O’Riordan M, editor. PLoS Pathog. 2021 Aug 16;17(8):e1009379.  



105 
 

80. Lauer P, Chow MYN, Loessner MJ, Portnoy DA, Calendar R. Construction, 
Characterization, and Use of Two Listeria monocytogenes Site-Specific Phage Integration 
Vectors. J BACTERIOL. 2002;184.  

81. Argov T, Rabinovich L, Sigal N, Herskovits AA. An Effective Counterselection System for 
Listeria monocytogenes and Its Use To Characterize the Monocin Genomic Region of Strain 
10403S. Nojiri H, editor. Appl Environ Microbiol. 2017 Mar 15;83(6):e02927-16.  

82. Sauer JD, Pereyre S, Archer KA, Burke TP, Hanson B, Lauer P, et al. Listeria monocytogenes 
engineered to activate the Nlrc4 inflammasome are severely attenuated and are poor inducers 
of protective immunity. Proc Natl Acad Sci USA. 2011 Jul 26;108(30):12419–24.  

83. Smith HB, Li TL. Listeria monocytogenes MenI Encodes a DHNA-CoA Thioesterase 
Necessary for Menaquinone Biosynthesis, Cytosolic Survival, and Virulence. Infection and 
Immunity. 2021;89(5):12.  

84. Vehkala M, Shubin M, Connor TR, Thomson NR, Corander J. Novel R Pipeline for 
Analyzing Biolog Phenotypic Microarray Data. Aziz RK, editor. PLoS ONE. 2015 Mar 
18;10(3):e0118392.  

85. Fernandez NF, Gundersen GW, Rahman A, Grimes ML, Rikova K, Hornbeck P, et al. 
Clustergrammer, a web-based heatmap visualization and analysis tool for high-dimensional 
biological data. Sci Data. 2017 Oct 10;4(1):170151.  

86. Bécavin C, Bouchier C, Lechat P, Archambaud C, Creno S, Gouin E, et al. Comparison of 
Widely Used Listeria monocytogenes Strains EGD, 10403S, and EGD-e Highlights Genomic 
Differences Underlying Variations in Pathogenicity. Casadevall A, editor. mBio. 2014 
May;5(2):e00969-14.  

 

 

 

 

 

 

 



106 
 

CHAPTER 3: Understanding the Role of Pyruvate Dehydrogenase in Listeria monocytogenes 
Virulence 

 
Authors and their contributions: 

Matthew J. Freeman**: Planned and conducted experiments, wrote, and edited this manuscript. 

- Experiments independently conducted include Figures 1C-D, 6, 7, 8, and 9B; Tabel 2; and 

Supplemental Figure 1. Figures assisted in data generation and analysis include Figures 2, 4, 

and 9A. 

Noah Eral**: Planned and conducted experiments, wrote, and edited this manuscript. 

- Experiments independently conducted include Figures 1A-B, 3, and 5. Figures assisted in 

data generation and analysis include Figures 2, 4, and 9A.  

Abigail M. Debrine: Planned and conducted experiments, wrote, and edited this manuscript 

David M. Stevenson: Ran LC/MS and HPLC 

Daniel Amador-Noguez: Provided equipment and resources for experiments 

John-Demian Sauer: Supervised all research and contributed to the design of experiments, edited 

this manuscript. 

*ChatGPT-4o was used for copy editing of my original ideas and writings using the 

prompt: “Can you copy edit part of my thesis to use correct scientific nomenclature and 

formatting while improving flow?” 

**Denotes Co-First Authorship from substantial contributions of both parties to all 

aspects of the preparation of the manuscript.  

 

 



107 
 

ABSTRACT 

To survive within the host, bacterial pathogens must possess finely tuned physiological 

adaptations to withstand the unique pressures of the restrictive intracellular environment. One such 

niche inhabited by Listeria monocytogenes (L. monocytogenes) is the host cell cytosol—a 

compartment characterized by significant barriers to entry, metabolic limitation, and immune 

surveillance. Our lab has previously identified multiple L. monocytogenes transposon mutants 

defective for intracellular survival due to disruptions in key metabolic pathways, including cell 

wall biosynthesis, menaquinone production and pyruvate metabolism including one mutant 

mapped to a central component of the pyruvate dehydrogenase (PDH) complex, pdhC::Tn. 

Notably, this mutant exhibited pronounced survival defects in both the macrophage cytosol and in 

murine infection models, despite retaining robust growth and survival in nutrient-rich media. 

These findings suggest that pdhC::Tn is not broadly impaired in core physiology but is instead 

uniquely susceptible to host-specific environmental stressors. We found that disruption of 

pdhA::Tn and pdhD::Tn similarly led to virulence attenuation during intra-macrophage growth, 

plaquing assays, and murine infections. To define the mechanism underlying PDH mutant 

attenuation we demonstrated that pdhC::Tn mutants displayed altered respiro-fermentative with 

more prominent secretion of lactate while unbiased metabolomic profiling revealed a global 

starvation phenotype with lower levels of upper glycolytic intermediates and TCA cycle 

intermediates coupled with elevated intra-bacterial levels of pyruvate and lactate. We then 

demonstrated that PDH mutants are unable to efficiently utilize PTS-dependent carbon sources 

and that their growth can be rescued using non-PTS-mediated carbon sources through an unbiased 

metabolic screen and directed experimentation. To identify genetic suppressors of PDH deficiency, 

we performed an EMS mutagenesis screen using fructose—a PTS-transported carbon source—as 
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the sole carbon source. Five independent suppressors each contained a single independent mutation 

in the redox sensing regulator rex and loss of Rex restored pdhC::Tn mutant intracellular growth, 

but not virulence in vivo. Together, these findings indicate that a key defect in PDH mutants is the 

inability to import and metabolize PTS-dependent carbon sources in the host cytosol. We posit this 

impairment leads to disruptions in redox balance and a shift in respiro-fermentative metabolism, 

ultimately contributing to the loss of intracellular fitness and virulence. 
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INTRODUCTION 

Listeria monocytogenes (L. monocytogenes) is a Gram-positive, cytosolic bacterial 

pathogen capable of causing severe morbidity and mortality through the disease listeriosis (1–3). 

It is well established that for L. monocytogenes to successfully infect and cause disease, it must 

invade host cells, and survive in the restrictive host cytosol (4–8). To access the cytosol, L. 

monocytogenes employs a well-characterized arsenal of virulence factors under the control of its 

master regulator, PrfA (9,10). Key among these is listeriolysin O (LLO), a pore-forming toxin 

that targets cholesterol-containing membranes and enables escape from the acidified, toxified 

phagolysosome (11–13). Once in the cytosol, L. monocytogenes induces expression of its hexose 

phosphate transporter, UhpT, and hijacks host actin polymerization machinery via ActA to 

facilitate intracellular movement and spread to neighboring cells (14–16). While the canonical 

virulence factors supporting the intracellular lifecycle of L. monocytogenes are well defined, 

much less is known about the metabolic genes and pathways that support survival in this unique 

niche (17). L. monocytogenes is a professionally adapted cytosolic pathogen capable of surviving 

in this environment, unlike many other bacteria that are not adapted to cytosolic life (4,18,19) 

however a comprehensive understanding of the metabolic factors that allow L. monocytogenes to 

use this niche remains elusive.  

To investigate how L. monocytogenes hijacks the host cell cytosol, our lab previously 

executed a forward genetic screen to identify genes essential for L. monocytogenes survival in 

the macrophage cytosol (20). We identified mutants with defects in cell wall biosynthesis, 

menaquinone synthesis, and pyruvate metabolism (20). Interestingly, these mutants showed no 

growth defects in rich media, suggesting that their attenuation results from specific 

vulnerabilities to host cytosolic conditions rather than general physiological impairment. Why 
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pyruvate metabolism, specifically the pyruvate dehydrogenase (PDH) complex, is required for 

cytosolic survival but not in vitro viability, remains unresolved (21–23). 

In L. monocytogenes, the PDH complex consists of four subunits encoded in a single 

operon that form a large multiprotein complexe that converts pyruvate into acetyl CoA. (24). The 

E1 subunit is composed of two proteins encoded by pdhA (LMRG_00514) 

and pdhB (LMRG_00515), which decarboxylate pyruvate to form an active acetaldehyde 

intermediate bound to thiamine pyrophosphate (TPP). The E2 subunit, encoded by pdhC 

(LMRG_00516), then catalyzes transacetylation to CoA and reduces lipoic acid. The E3 subunit, 

encoded by pdhD (LMRG_00517), reoxidizes lipoic acid and transfers electrons to NAD⁺, 

generating NADH. In sum, PDH irreversibly converts pyruvate to acetyl-CoA during aerobic 

metabolism through tightly coordinated steps that minimize dilution of intermediates and off-

target reactions (25). PDH enzymatic activity is allosteric regulated; it is stimulated by 

phosphoenolpyruvate (PEP) and AMP, and inhibited by NADH and acetyl-CoA, presumably to 

define when energy sources are low, but resources are high (25,26). Because PDH sits at the 

metabolic junction between glycolysis and the tricarboxylic acid (TCA) cycle, its disruption is 

likely to result in broad, pleiotropic effects. For example, PDH mutants are deficient in acetyl-

CoA production, a precursor essential for fatty acid biosynthesis (27). In addition, reduced TCA 

cycle flux may impair NADH generation necessary for electron transport chain function and the 

synthesis of TCA-derived amino acids (14,28). Thus, analysis of PDH-deficient mutants and 

their virulence phenotypes must consider this range of interconnected metabolic disruptions.  

In evaluating these pleiotropic defects, it is also critical to assess the carbon sources being 

acquired and funneled into the PDH complex, as well as its broader impact on cellular redox and 
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energy states. Our lab recently demonstrated that intracellular L. monocytogenes is only modestly 

reliant on glycerol and hexose phosphates, and instead depends heavily on phosphotransferase 

systems (PTS) to acquire host-derived carbon sources (29). PTS function is tightly linked to 

pyruvate metabolism, as it terminally relies on the conversion of PEP to pyruvate to transfer 

phosphate groups via PtsI and HPr to substrate-specific EII complexes (25,30–32). These 

transporters phosphorylate incoming sugars, which then enter upper glycolysis (25). 

Interestingly, PTS encoding genes are enriched in bacteria that are facultative or strict anaerobes 

and PTS appear to be less common among strict aerobes (33,34). It has been hypothesized this 

evolutionary selection is because for PTS to import and phosphorylate a new carbohydrate a 

molecule of PEP is used; thus, leaving only one PEP from glycolysis for biosynthetic pathways 

(33,35). In aerobic organisms, this PEP will be rapidly used, while anaerobic organism can more 

readily retain PEP for essential biosynthetic purposes (33,34). Some evidence in the field suggest 

the L. monocytogenes splits its carbon use of different metabolites for either anabolic or catabolic 

processes (36,37). However, recent evidence suggests these previously described carbon sources 

are not essential for infection and therefore the relevance of this model remains undetermined 

(29). Thus, for simplicity, from initial phosphorylation, carbon is funneled through glycolysis 

and into the TCA cycle, generating ATP, NADH, and FADH₂ (25). Under aerobic conditions, 

these reduced cofactors support oxidative phosphorylation and ATP synthesis. Importantly, cells 

have evolved highly sophisticated methods of detecting the successful balance of NADH and 

NAD+ (23,38), a process particularly important for bacteria that have both the ability to ferment 

and respire as they must be able to modulate between these states to promote the most efficient 

use of carbon and deal with unique environmental stressors (23,39,40).  
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Bacterial pathogens employ metabolic strategies that allow them to utilize carbon while 

evading host cell pressures and immune detection (41–43). One example of host defenses 

targeting bacterial metabolism is the use of reactive nitrogen species (RNS) by macrophages, 

which inhibit bacterial aerobic respiration (44,45). From the pathogen side, some bacterial 

species—including Salmonella enterica and Staphylococcus aureus—require aerobic respiration 

for full virulence (46–50). L. monocytogenes, on the other hand, is known to dynamically 

modulate its metabolism between fermentation and respiration, often using both simultaneously 

in what is referred to as respiro-fermentative metabolism (23). During respiration, L. 

monocytogenes regenerates NAD⁺ from NADH by transferring electrons through the electron 

transport chain (ETC) (23) employing two respiratory chains: one utilizing oxygen as the 

terminal electron acceptor, and another using extracytosolic ferric iron and fumarate 

(22,23,51,52). Under aerobic conditions, L. monocytogenes shifts its fermentative output from 

lactate to acetate in order to maximize ATP production, albeit at the expense of NADH 

regeneration (53). To balance this redox requirement, a portion of carbon cannot be fully 

oxidated and continues to be fermented to lactate, which supports NADH regeneration but yields 

less ATP. This metabolic modulation results in markedly different carbon consumption profiles 

and distinct metabolic by-products, which can be used to infer the bacterium’s metabolic state: 

elevated lactate levels indicate purely fermentative metabolism, while acetate production is 

associated more with respiro-fermentative state (23,53).  

To solve the challenge of balancing metabolic demand, bacterial pathogens have acquired 

sophisticated muli-layered method of sensing cellular metabolic and redox homeostasis (38). 

Some of this sensing occurs by enzymes that require these cofactors such as dehydrogenase 

complexes (25,26). One advantage of this model is it allows enzyme to be at the ready for their 
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respective functions while detecting the metabolic state of the cell. One downside is that it is 

highly costly for bacteria to produce and retain these enzymes if they are not functional. To 

overcome this limitation bacteria also utilize regulators and metabolic sensors to control the 

production of the enzymes and thus control metabolism. L. monocytogenes and other pathogens 

encode Rex, a redox-sensing transcriptional regulator that responds to intracellular NAD⁺/NADH 

ratios (38,54,55). When NAD⁺ levels are low, Rex derepresses genes involved in fermentation 

(54). Conversely, high NAD⁺/NADH ratios lead to repression of key fermentation genes. While 

the full significance of Rex-mediated regulation remains unclear, preliminary data suggest that 

rex mutants of L. monocytogenes are modestly attenuated during oral infection in murine models 

but retain normal ex vivo growth within macrophages (38). 

In this study, we evaluated the contribution of pyruvate dehydrogenase (PDH) deficiency 

to L. monocytogenes virulence. We found that mutants lacking any individual PDH component 

(pdhA, pdhC, or pdhD) exhibited equivalent defects in virulence, indicating that loss of any one 

component completely ablates the function of the complex. pdhC::Tn mutants also showed an 

altered respiro-fermentative metabolism with a shift from acetate production toward that of 

lactate. Metabolomic profiling of a pdhC::Tn mutant revealed global depletion of upper 

glycolytic and TCA cycle intermediates, accompanied by an accumulation of pyruvate and 

lactate when grown in rich media. We further demonstrated that PDH mutants are defective in 

utilizing phosphotransferase system (PTS)-transported carbon sources. However, their growth 

could be restored in defined media supplemented with hexose phosphates (+glutathione). A 

suppressor screen identified five independent suppressor mutations in the gene encoding the 

redox-sensing transcriptional regulator, Rex that restored pdhC::Tn mutant growth on PTS-

dependent carbon sources. One suppressor, which introduced a premature stop codon in rex, 
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restored growth of pdhC::Tn mutants ex vivo in macrophages, though it did not rescue virulence 

in vivo. Collectively, our findings demonstrate that L. monocytogenes requires rapid conversion 

of pyruvate to acetyl-CoA via PDH to sustain both redox homeostasis and PTS-dependent 

carbon acquisition—two processes essential for intracellular growth and pathogenesis. At least 

part of the virulence defect in macrophages for PDH mutants is attributable to an inability to 

utilize PTS-transported carbon sources, likely due to Rex-mediated repression of fermentation 

under redox-imbalanced conditions. 

RESULTS 

Pyruvate dehydrogenase mutants are significantly attenuated for intracellular growth and 

virulence, while maintain WT levels of growth in rich media 

 The pdhC::Tn mutant identified in our previous work exhibits significant virulence 

defects across multiple assays (20). Notably, this mutant was completely unable to grow within 

the cytosol of bone marrow-derived macrophages and was actively cleared, as indicated by 

decreasing bacterial burdens over time and bacteriolysis in the macrophage cytosol (20). During 

acute murine infection, the pdhC::Tn mutant was fully attenuated, with bacterial burdens falling 

to the limit of detection by 48 hours post-infection (20). In contrast, L2 fibroblast plaquing 

assays—which assess both intracellular growth and cell-to-cell spread—revealed that 

the pdhC::Tn mutant retained partial function, forming plaques approximately 50–70% the size 

of those formed by wild-type L. monocytogenes (20). These findings suggest that the pyruvate 

dehydrogenase complex (PDH) is critical for intracellular survival and full virulence of L. 

monocytogenes, however, it remained unclear whether these phenotypes were specific to the E2 

subunit (PdhC) or were generalizable to other subunits of the PDH complex. 
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First, we hypothesized that loss of any individual component of the PDH complex would 

result in similar virulence defects, but like pdhC::Tn would retain the ability to grow in rich 

media. To test this, we obtained unpublished transposon mutants in pdhA and pdhD from Dr. 

Daniel Portnoy (University of California, Berkeley) and conducted a series of standard in vitro 

growth curves and virulence assays to determine the contributions of individual PDH subunits.. 

Notably, a pdhB mutant has never been isolated from bacterial forward genetic screens, perhaps 

due to functional redundancy with the E1β subunit of the branched chain keto-acid 

dehydrogenase complex which shares 62% identity and ~75-80% similarity with the PDH E1β 

subunit (56,57).  in vitro growth curves of PDH mutants in rich media demonstrated that 

pdhA::Tn, pdhC::Tn and pdhD::Tn  mutants readily grow in rich media (Figure 1A), again 

highlighting that PDH mutant defects during virulence are specific to L. monocytogenes 

physiology during infection. Next, we performed intracellular growth curves in bone marrow-

derived macrophages (BMDMs) to assess cytosolic invasion and replication over an 8-hour 

period in the cytosol of cells that L. monocytogenes uses as it primary in vivo niche (58,59). All 

available PDH subunit mutants were unable to grow and were cleared from the host cytosol, 

mirroring the phenotype of the original pdhC::Tn mutant (Figure 1B). This supported that loss 

of any one component of the PDH complex would result in the inability to survive and replicate 

in the cytosol.  

Next, we evaluated the requirement for PDH in L. monocytogenes L2 fibroblast plaquing 

assays, predicting—based on our prior results with pdhC—that pdhA and pdhD mutants would 

retain some ability to grow and spread. While intramacrophage growth curves measure invasion, 

single cycle infection and growth, plaque assays offer insight into bacterial virulence across 

prolonged periods of growth and the ability to spread to neighboring cells. While all mutants of 



116 
 

the PDH complex were attenuated relative to WT L. monocytogenes, there was no statistically 

significant difference between individual subunit mutants (Figure 1C). Together this data shows 

that PDH mutants share virulence phenotypes across assays, but do perhaps have minorly 

different virulence capabilities during more prolong multi-cycle infections versus single cycle 

infections in macrophages.  

Ultimately, to assess virulence in vivo under physiologically relevant metabolic and 

immune pressures, we performed acute murine infection and organ burden assays. In short, 

C57BL/6 mice were infected intravenously with 1 × 10⁵ CFU of each strain, and spleens and 

livers were harvested 48 hours post-infection to quantify bacterial burdens. All PDH complex 

mutants displayed severe attenuation, with bacterial counts near or below the assay’s detection 

limit in the spleens. Notably, each of the PDH complex mutants displayed occasional very low 

levels of bacterial burdens in the livers, displaying an organ specific sensitivity (Figure 1D).   

In summary, our results demonstrate that loss of any PDH complex subunit leads to 

comparable virulence defects, suggesting a shared physiological basis (Figure 1A-D). Further, 

all defects of pdhC::Tn could be rescued to near WT levels with heterologous overexpression of 

pdhC (Figure 1A-D). Moving forward we sought to investigate the mechanism of L. 

monocytogenes’ virulence attenuation from PDH complex deficiency using pdhC::Tn  as a 

representative mutant.  

PdhC::Tn mutants show altered respiro-fermentative metabolic byproduct secretion 

relative to that of WT L. monocytogenes 
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 Due to an incomplete tricarboxylic acid (TCA) cycle, L. monocytogenes relies on a 

respiro-fermentative metabolism in which pyruvate is predominantly directed toward 

fermentative acetate production (53). Previously, our lab identified that Listeria 

monocytogenes mutants deficient in menaquinone biosynthesis—and therefore lacking functional 

respiratory chains—exhibit substantial alterations in their respiro-fermentative metabolism 

marked by increased lactate production relative to acetate, indicating a shift toward fermentative 

metabolism over oxidative metabolism (20–23,60). Further this fermentative byproduct shift has 

also been observed in aro mutants similarly defective for respiration (60). We hypothesized that 

PDH complex mutants may display similar metabolic alterations due to their impaired ability to 

efficiently channel carbon from glycolysis into the tricarboxylic acid (TCA) cycle resulting in 

insufficient levels of NADH for the electron transport chain. To test whether the inability to 

funnel carbon into the TCA resulted in an altered respiro-fermentative metabolism, we grew each 

strain overnight in rich media (brain, heart infusion) and analyzed the bacterial supernatants and 

standards via high-performance liquid chromatography (HPLC) to quantify the relative and 

absolute abundance of acetate and lactate, fermentative byproducts with standards for 

quantification.  

As expected, WT L. monocytogenes showed a strong predominance toward the 

production of acetate versus lactate (Figure 2). HPLC of pdhC::Tn supernatants revealed that, 

like other respiration-deficient strains, PDH mutants produce significantly altered respiro-

fermentative profiles (Figure 2 and Supplemental Figure 1B) (21–23,60). Specifically, PDH 

mutants exhibited a marked increase in lactate production with a corresponding decrease in 

acetate, suggesting a shift away from oxidative metabolism with acetate fermentative byproduct 

production (Figure 2). This phenotype could be restored to that of WT L. monocytogenes 
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through the heterologous overexpression of pdhC (Figure 2). Taken together this data 

demonstrates that loss of PDH results in a disruption in the respirofermentative metabolism of L. 

monocytogenes in vitro  marked by a shift to lactate production. 

Pyruvate dehydrogenase mutants are not rescued by restoration of NAD+ production using 

NOX 

 We previously demonstrated that one of the primary defects in L. 

monocytogenes menaquinone mutants that contributes to a loss of virulence is an impaired ability 

to regenerate NAD+ (23). This deficiency is largely attributed to their inability to oxidize NADH 

via electron transfer through the respiratory chain resulting in a shift in fermentative metabolism 

toward lactate. In menaquinone-deficient strains, this redox imbalance can be rescued through 

overexpression of the water-forming NADH oxidase (NOX), which facilitates NADH oxidation 

independently of the respiratory chain (23). Importantly, NOX overexpression restores virulence 

in menaquinone mutants across multiple assays, including intracellular growth curves, fibroblast 

plaquing, and murine infection models (23). 

Based on these prior findings and the observation that pdhC::Tn mutants show a respiro-

fermenatative metabolism shifted toward lactate, we hypothesized that pdhC::Tn mutants suffer 

from NAD⁺ depletion due to impaired flux through the tricarboxylic acid (TCA) cycle and 

therefore impaired respiration. To test this hypothesis, we tested whether overexpression of NOX 

might similarly rescue virulence defects in pdhC::Tn mutants.  To test this, we conjugated a 

NOX overexpression plasmid into the pdhC::Tn background and evaluated virulence using the 

L2 fibroblast plaquing assay, which had previously shown the greatest residual growth 

in pdhC::Tn and provided the least stringent defects for rescue. In contrast to our hypothesis, 
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the pdhC::Tn + NOX strain showed no improvement in plaque formation relative to the 

isogenic pdhC::Tn mutant, and remained significantly attenuated compared to WT L. 

monocytogenes (Supplemental Figure 1A). This was further confirmed by analysis of 

fermentative byproducts produced. We found that the pdhC::Tn-NOX strain show modest rescue 

of acetate production, but not nearly to the extent of menaquinone deficient strains 

(Supplemental Figure 1A). These results suggest that, unlike menaquinone mutants, the 

virulence defects in pdhC mutants cannot be rescued by redox rebalancing through NOX 

overexpression alone. In sum, we found that rapid regeneration of NAD+ via NOX is insufficient 

to rescue pdhC::Tn virulence in plaquing assays and that the defect must not be driven purely by 

an inability to regenerate NAD+ via oxidative metabolism.  

Unbiased metabolomics reveals elevated pyruvate and lactate levels in pdhC::Tn, but 

otherwise globally decreased metabolites 

 Given that the pdhC::Tn mutant could not be rescued by NOX overexpression—despite 

exhibiting an altered respiro-fermentative metabolic profile—we sought to gain a more global 

view of metabolic dysregulation in this strain. We hypothesized that PDH-deficient strains would 

accumulate upstream glycolytic intermediates due to impaired flux through pyruvate, while 

tricarboxylic acid (TCA) cycle intermediates would be depleted owing to inefficient conversion 

of pyruvate to acetyl-CoA. To test this hypothesis, we performed untargeted metabolomics on 

WT L. monocytogenes and pdhC::Tn mutants grown in defined medium supplemented with 110 

mM of glucose. The use of defined medium was essential, as complex media, such as BHI, 

contains abundant background metabolites that interfere with LC/MS metabolite detection and 

analysis. Additionally, excess glucose supplementation (110 mM versus 55 mM) was required 
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because our lab had observed that PDH mutants show impaired growth in defined medium 

containing standard glucose concentrations (55mM) (Data not shown). We focused our analysis 

on glycolytic and TCA cycle intermediates, with supplemental analysis of intracellular levels of 

the fermentative byproduct lactate. Consistent with our hypothesis, relative to WT L. 

monocytogenes, pdhC::Tn mutants exhibited elevated concentrations of pyruvate and lactate, and 

a marked depletion of TCA cycle metabolites (Figure 3). In contrast to our hypothesis however, 

we observed significantly reduced levels of upper glycolytic intermediates in the 

pdhC::Tn mutants relative to WT (Figure 3). Taken together this data suggested three different 

facets of pdhC::Tn mutant metabolism: 1. pdhC::Tn was fermenting what sugars it was able to 

acquire more toward lactate compared to WT. 2. pdhC::Tn mutants are reduced in their capacity 

to funnel metabolites into the TCA cycle compared to WT. 3. pdhC::Tn mutants are defective for 

the acquisition of carbon as represented by lower levels of upper glycolytic metabolites 

compared to WT.  

pdhC:Tn shows reduced utilization of multiple PTS mediated carbon sources on BioLog 

Phenotypic MicroArrays 

 The unexpected finding that pdhC::Tn L. monocytogenes mutants have reduced levels of 

upper glycolytic intermediates, despite a block downstream in the conversion of pyruvate to 

acetyl-CoA, led us to hypothesize that pdhC::Tn mutants may be defective in acquiring carbon 

sources, some of which might be available within the host cytosol. This hypothesis was 

supported by prior observations from our lab showing that pdhC::Tn mutants are unable to grow 

in defined media supplemented with standard concentrations of glucose (55 mM) (Data not 

shown). Glucose uptake in L. monocytogenes occurs primarily through the phosphotransferase 
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system (PTS), in addition to PTS independent GLUC transporters (30,61). This phenotype, 

coupled with the buildup of pyruvate in pdhC::Tn mutants, which would inhibit the PTS 

dependent phosphorelay initiated by the conversion of phospoenolpyruvate to pyruvate by PtsI, 

led to the hypothesis that pdhC::Tn mutants would show impaired respiration of PTS-mediated 

carbon sources relative to WT L. monocytogenes (32). To identify carbon sources 

that pdhC::Tn is unable to utilize effectively, we performed phenotypic screening using BioLog 

phenotypic carbon microarrays (PM1 and PM2) (62). Assays were performed in biological 

triplicate, with plates inoculated and incubated under stationary conditions at 37°C for 48 hours. 

Following incubation, respiration was quantified by measuring tetrazolium dye reduction at 

OD₄₉₀ using a plate reader. To account for strain-specific differences in overall metabolic 

activity, OD₄₉₀ values were normalized to glucose for each strain. In total, 190 distinct carbon 

sources were assessed for differential utilization between WT and pdhC::Tn strains (Figure 4). 

Of these, 11 carbon sources were used at significantly lower levels—at least twofold less—by 

the pdhC::Tn mutant compared to WT (Figure 4 and Table 1). Two of these carbon sources are 

not PTS-mediated, L-alynyl-glycine and L-alanine. Supporting our hypothesis, 9 of these 

underutilized substrates are canonically classified as PTS-dependent carbon sources (Figure 4 

and Table 1). However, pdhC::Tn exhibited broadly similar usage of many other carbon 

sources, including many that are also PTS-mediated. This partial overlap complicates 

interpretation, as the BioLog assay does not disclose the exact concentrations of individual 

metabolites—a critical variable based on our prior observations that PDH complex mutants fail 

to grow under suboptimal carbon concentrations in defined media. Another import caveat to 

understanding these phenotypes is that this was a terminal assay and does not display kinetics of 

carbon source utilization. Nevertheless, the impaired utilization of a subset of PTS-dependent 
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carbon sources is consistent with our internal data and aligns with previous findings that PTS 

systems are essential for cytosolic growth of L. monocytogenes (29). These data provide 

incremental support for the model in which defective carbon acquisition, specifically PTS-

mediated carbon sources, contributes to the virulence defects observed in PDH complex mutants. 

pdhC:Tn shows an impaired ability to grow in LSM supplied with PTS-mediated carbon 

sources and can be rescued for growth on PTS-independent hexose phosphates 

 
 To test the hypothesis that pdhC::Tn is impaired in its ability to consume PTS-mediated 

carbon sources we assessed growth in Listeria synthetic media (LSM) with glucose, fructose, 

mannose, and glucoe-6-phosphate (+glutathione) as the sole carbon source (110 mM). LSM 

containing defined sole carbon sources was inoculated with WT L. monocytogenes or the 

indicated mutants, and growth was monitored by measuring OD₆₀₀ every 15 minutes for 24 

hours. Notably, LSM supplemented with hexose phosphates required the addition of 10 mM 

reduced glutathione to induce prfA—and consequently uhpT—expression. As expected, WT L. 

monocytogenes was able to grow readily on all of these carbon sources (Figure 5A-D). Of note, 

we found that pdhC::Tn was significantly impaired for growth on PTS-mediated carbon sources 

of glucose, fructose, and mannose (Figure 5A-C). This was characterized by slow growth that 

did not reach the OD 600 of WT until nearly 24 hours after inoculation. Importantly, each of 

these growth defects could be rescued to WT levels with heterologous overexpression of pdhC. 

Interestingly, pdhC::Tn showed WT levels of growth in LSM supplied with hexose phosphates 

(+glutathione), consistent with a specific defect in the acquisition of PTS dependent carbon 

sources (Figure 5D). Taken together, these data demonstrate the pdhC::Tn is able to grow on 

PTS mediated carbon sources but that growth is significantly slowed relative to WT L. 
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monocytogenes. Further, pdhC::Tn can be rescued for growth in LSM on PTS-independent 

carbon sources such as hexose phosphates (Figure 5A-D).  

 

PdhC::Tn Suppressor screen reveals strains with restored growth on PTS-mediated carbon sources  

 L. monocytogenes uses host-derived PTS-mediated carbon sources to be able to survive 

and replicate in the host cytosol (29). As PDH mutants are unable to grow in defined media 

supplemented with phosphotransferase system (PTS)-mediated carbon sources we hypothesized 

that a key contributor to the attenuated virulence of PDH mutants is their inability to utilize PTS-

dependent carbon substrates (29). To test this hypothesis, we conducted a pdhC::Tn mutant 

suppressor screen on LSM supplemented with 55 mM fructose as the carbon source to identify 

suppressor mutations that would allow growth of PDH deficient mutants on PTS substrates. 

Fructose was chosen because it is acquired exclusively via the PTS and, as a hexose sugar, 

provides a carbon input comparable to glucose or glucose-6-phosphate. Additionally, WT L. 

monocytogenes grows robustly in LSM + 55 mM fructose, whereas pdhC::Tn mutants require at 

least 110 mM fructose to support even limited growth (Figure 5B). To efficiently induce 

suppressor mutations, exponentially growing pdhC::Tn cultures were mutagenized with ethyl 

methanesulfonate (EMS) for five minutes, washed to remove residual mutagen, and stored in 

40% glycerol at –80 °C. To avoid false-positive suppressors arising from growth on carryover 

metabolites in frozen stocks, the mutagenized library was thawed, washed with phosphate-

buffered saline (PBS), centrifuged, and resuspended in PBS prior to screening. Approximately 

10⁷ EMS-mutagenized pdhC::Tn mutants were plated per dish across ten LSM + 55 mM fructose 

plates and incubated at 37 °C for two days. Resulting suppressor colonies were restreaked on 

selective media to confirm retention of the transposon. Five suppressor colonies that retained the 
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transposon and exhibited restored growth on LSM + 55 mM fructose plates were selected for 

analysis by whole-genome sequencing. Strikingly, all five suppressor mutants contained 

mutations in only one gene and all contained mutations in the same 

gene, LMRG_01223 (annotated as rex), which encodes a redox-sensing transcriptional repressor 

(Table 2). Of the five identified mutations in rex, three were missense mutations, one was a 

premature stop codon, and one was a large C-terminal deletion extending beyond the native stop 

codon (Table 2). Taken together, these results suggest that inactivation of rex is a highly 

reproducible mechanism of restoring growth of pdhC::Tn mutants on PTS-dependent fructose. 

pdhC::Tn suppressor mutations for growth on PTS-mediated carbon sources are primarily 

in the DNA binding domain of Rex  

 To better understand how the identified mutations may impact Rex function, we sought to 

map their locations onto a model of the L. monocytogenes Rex structure. Previous studies in 

other organisms have shown that Rex forms homodimers capable of binding NAD⁺ or NADH, 

adopting open or closed conformations, respectively (54). In the open conformation, Rex bound 

to NAD⁺ associates with Rex-specific operator sequences in the bacterial genome to repress 

genes involved in fermentative metabolism (38,54). This NAD⁺-dependent binding is thought to 

signal active oxidative metabolism, indicating sufficient NAD⁺ regeneration relative to NADH 

(54). Consequently, when possible, the bacterium prioritizes respiration over fermentation to 

maximize ATP production and biosynthetic efficiency (25). To model this interaction, we used 

AlphaFold3 to predict the structure of the L. monocytogenes Rex homodimer in complex with 

NAD⁺ and target DNA (63). The resulting model was visualized using Jmol (Jmol: an open-

source Java viewer for chemical structures in 3D. http://www.jmol.org/), where residue coloring 



125 
 

and mutation annotations were added for clarity. Structural modeling revealed that all three 

missense mutations reside within the predicted DNA-binding domain (alpha helices 1-4) of Rex 

in its NAD⁺-bound, open conformation (Figure 6). This suggests that the mutations likely impair 

DNA binding and thus prevent Rex from properly regulating gene expression. Notably, none of 

the mutations are located within the NAD⁺/NADH binding pocket, further supporting the 

interpretation that impaired DNA binding, rather than cofactor recognition, underlies the 

observed regulatory defects (Figure 6). 

pdhC::Tn suppressor mutants show restored growth in LSM with fructose 

 Suppressor mutations enabling pdhC::Tn growth on LSM supplemented with fructose 

were initially identified on solid media but not in liquid cultures. To confirm that these mutations 

would similarly support growth on PTS-mediated carbon sources in liquid media, we assessed 

growth in liquid LSM containing fructose. As expected, wild-type (WT) L. 

monocytogenes exhibited robust growth in LSM+fructose, while the pdhC::Tn mutant displayed 

severely impaired growth, requiring approximately 24 hours to begin approaching the terminal 

OD₆₀₀ achieved by WT (Figure 7). Notably, all five suppressor mutants demonstrated rescued 

growth in LSM with fructose, reaching OD₆₀₀ values comparable to WT with similar kinetics, 

confirming their restored ability to utilize this PTS-mediated carbon source (Figure 7). These 

results validate that the identified suppressor mutations permit pdhC::Tn to grow efficiently on 

fructose in both solid and liquid media, supporting the conclusion that loss of rex-mediated 

repression facilitates PTS-dependent carbon source utilization. 

pdhC::Tn mutants cannot grow on PTS-mediated carbon sources in oxygenated defined 

media, but can when grown anaerobically or on PTS-independent carbon sources 
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  Previous work by Halsey et al. (2021) demonstrated that L. monocytogenes Rex 

functions as a transcriptional repressor of fermentative metabolism when respiration is available, 

a state sensed through elevated NAD⁺ levels (38). Building upon this finding—and considering 

that all five identified rex mutations in our suppressor screen either disrupt the predicted DNA-

binding domain or result in presumed loss-of-function alleles (e.g., premature stop codons or 

large C-terminal deletions)—we hypothesized that loss of Rex activity in 

the pdhC::Tn background relieves fermentative repression (Table 2 and Figure 7). If 

true, pdhC::Tn mutant growth should be rescued on fructose under anaerobic conditions and 

should phenocopy the pdhC::Tn-rex suppressor mutants grown under aerobic conditions. To test 

this hypothesis, we compared the growth of WT, pdhC::Tn, pdhC::Tn complemented with pdhC 

(pdhC::Tn + pdhC-C), and pdhC::Tn Suppressor #4 (Rex – Arg51-STOP) under both aerobic 

and anaerobic conditions. Cultures were inoculated into LSM containing 110 mM fructose and 

incubated at 30 °C for 48 hours, either aerobically (stationary incubation) or anaerobically in a 

GasPak chamber. After incubation, cultures were mixed and transferred to a 96-well plate for 

optical density measurement at 600 nm (OD₆₀₀). Under aerobic conditions, 

WT, pdhC::Tn + pdhC-C, and pdhC::Tn Suppressor #4 (Rex – Arg51-STOP) all achieved 

comparable levels of growth (Figure 8A). In contrast, pdhC::Tn exhibited markedly impaired 

growth, supporting the interpretation that functional Rex represses growth on fructose when 

aerobic respiration is possible (Figure 8A). Under anaerobic conditions, however, all strains—

including pdhC::Tn—grew to similar levels, consistent with the loss of Rex-mediated repression 

in the absence of respiration (Figure 8B). Taken together, these findings support the conclusion 

that pdhC::Tn is capable of growing on PTS-mediated fructose in defined media either by 
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genetic disruption of rex or by shifting to anaerobic culture conditions that naturally relieve 

fermentative repression. 

pdhC::Tn supressor #4 (Rex – Arg51-STOP) rescues intramacrophage growth, but not in 

vivo virulence 

Our lab has previously demonstrated that Listeria monocytogenes requires a functional 

phosphotransferase system (PTS) for growth within the macrophage cytosol and for full 

virulence in vivo (29). We hypothesized that rex suppressor mutants of pdhC::Tn that rescue PTS 

mediated growth would partially restore virulence. To test this hypothesis, we measured 

intracellular growth in BMDM to assess the ability of pdhC::Tn Suppressor #4 (Rex – Arg51-

STOP) to replicate within the host cytosol. As expected, WT L. monocytogenes grew robustly in 

the macrophage cytosol, expanding by approximately 1.5 logs over an 8-hour infection (Figure 

9A). In contrast, pdhC::Tn mutants failed to grow and were progressively cleared, consistent 

with prior observations (Figure 9A and Figure 1B). Remarkably, pdhC::Tn Suppressor #4 (Rex 

– Arg51-STOP) mutants exhibited intracellular replication comparable to WT, indicating that 

loss of Rex-mediated fermentative repression not only restored growth on PTS carbon sources in 

vitro but also enabled survival and replication in the macrophage cytosol (Figure 9A). These 

data suggest that inability to acquire PTS dependent carbon sources restricts survival and 

replication of PDH deficient mutants in the macrophage cytosol.  

To evaluate whether this rescue extended to in vivo infection, we performed an acute 

murine virulence assay. C57BL/6 mice were intravenously infected with 10⁵ CFU of each strain 

suspended in 200 μL of PBS. After 48 hours, mice were euthanized and bacterial burdens in the 

spleen and liver were enumerated. WT L. monocytogenes successfully colonized both organs 
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with bacterial burdens of ~107 CFU/organ, while pdhC::Tn was completely attenuated, with 

burdens falling below the assay's limit of detection (Figure 9B). In contrast to the rescue of 

intracellular growth observed in BMDMs, pdhC::Tn Suppressor #4 (Rex – Arg51-STOP) did not 

rescue virulence in vivo and exhibited organ burdens indistinguishable from the 

parental pdhC::Tn mutant (Figure 9B). These results suggest that, although Rex inactivation 

permits cytosolic replication in cultured macrophages, additional host-specific pressures in vivo 

prevent the suppressor strain from establishing systemic infection. This implies that the murine 

host imposes metabolic or immunological constraints more stringent than those encountered in 

ex vivo macrophage models—constraints that remain restrictive for both pdhC::Tn and 

its rex suppressor derivative. 

 

DISCUSSION 

 Mechanisms of carbon acquisition, catabolism, and anabolism are critical virulence 

determinants that support the pathogenesis of intracellular bacterial pathogens (29,36,41,42). 

However, these mechanisms remain incompletely defined. In particular, how bacterial pathogens 

acquire nutrients and efficiently metabolize these nutrients while evading host defenses within 

the nutrient-limited and hostile environment of the cytosol is not fully understood (17). 

Elucidating how pathogens regulate metabolism during infection is essential to identifying key 

metabolic determinants of virulence and potential targets for antimicrobial therapies (64). 

Listeria monocytogenes is both an important human pathogen and a well-characterized model 

organism (3,65). Despite extensive study, our understanding of the metabolic factors that 

contribute to its virulence remain limited. In this work, we expand upon findings from Chen et 
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al. (2018), which demonstrated that a pdhC::Tn mutant of L. monocytogenes exhibits a severe 

defect in cytosolic growth within macrophages and near-complete attenuation of virulence (20). 

To further investigate the role of the pyruvate dehydrogenase (PDH) complex during infection, 

we characterized additional transposon mutants in two other components of this 

complex: pdhA::Tn and pdhD::Tn. pdhA::Tn and pdhD::Tn mutants phenocopy pdhC::Tn—

exhibiting wild-type (WT) growth in rich media but defective intracellular replication and 

virulence in both L2 fibroblast plaquing assays and acute murine infection models. We then 

focused on dissecting the virulence defect of pdhC::Tn and found that it alters respiro-

fermentative metabolism, producing elevated levels of lactate and reduced levels of acetate 

compared to WT L. monocytogenes. This secreted metabolic profile resembles that of previously 

described L. monocytogenes mutants impaired in respiration (21–23). However, unlike those 

mutants, the virulence defect of pdhC::Tn was not rescued by heterologous expression of NADH 

oxidase (NOX). Unbiased metabolomic analysis further revealed that pdhC::Tn accumulates 

pyruvate and lactate while being depleted in upper glycolytic and tricarboxylic acid (TCA) cycle 

intermediates. Using BioLog Phenotypic Microarrays (PM1 and PM2A) alongside targeted 

growth experiments, we discovered that pdhC::Tn is significantly impaired in its ability to utilize 

phosphotransferase system (PTS)-mediated carbon sources. Based on this observation, we 

performed a suppressor screen to select for mutants capable of growing on minimal medium 

containing fructose as the sole PTS-dependent carbon source. Whole-genome sequencing and 

SNP analysis of five independent suppressor strains revealed mutations in a single 

gene, rex (LMRG_01223), a redox-sensing transcriptional repressor. These mutations included 

missense mutations in the DNA-binding domain, premature stop codons, and truncations likely 

resulting in loss of function. Functional assays demonstrated that rex acts as a fermentative 
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repressor in pdhC::Tn mutants grown on PTS-dependent carbon sources and that loss of rex in 

a pdhC::Tn background restored intracellular growth in macrophages ex vivo but failed to rescue 

virulence in murine infection models. These findings further support that L. 

monocytogenes requires the ability to acquire and use PTS-mediated carbon sources to grow in 

the host cytosol, but also unveil that other pleiotropic defects of PDH complex mutants must be 

critical for full virulence in vivo. Furthermore, they indicate that Rex likely promotes respiratory 

metabolism in the host cytosol through fermentative repression, which is essential for full 

virulence (23).  

Although central glycolytic and TCA cycle enzymes have been extensively studied for 

their roles in carbon metabolism, their contributions to bacterial pathogenesis remain 

underexplored across many species (25,66). While the necessity of the PDH complex during L. 

monocytogenes infection is loosely established, the specific physiological mechanisms leading to 

the avirulent phenotype of PDH mutants—despite their robust growth in rich media—has not 

been elucidated (18). Interestingly, all PDH subunit mutants (pdhA::Tn, pdhC::Tn, 

and pdhD::Tn) retain the capacity to form plaques in L2 fibroblast monolayers, albeit 

significantly smaller than WT, suggesting that while the PDH complex is important across 

multiple host environments, it is not universally essential. This phenotypic discrepancy points to 

differences in the pressures imposed by distinct host cell types, experimental timelines, or 

experimental conditions. One hypothesis is that plaque formation may occur independently of 

robust intracellular replication. Preliminary evidence suggests that L. monocytogenes can spread 

cell-to-cell when host cells reach their carrying capacity, even under metabolically limiting 

conditions (67). Thus, PDH mutants might form plaques despite failing to survive within 

macrophages or establish infection in vivo due to the ability to bypass metabolic depletion. 
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Differences in the ability of PDH complex mutants to grow in L2 fibroblast, but not 

macrophages, may also reflect variation in host cell detection and response to altered bacterial 

metabolism, possibly driven by differential nutrient availability or immune signaling thresholds. 

It has been shown that intracellular levels of lactate and acetate can act as signal of infection and 

host cell response (68–71). Although not addressed in this study, we hypothesize that individual 

PDH subunit mutants altered fermentative byproducts in their metabolic may be impacting 

interaction with L2 fibroblast and macrophages, divergently. One way to further identify how 

production of these organic acids impact host response would be to limit the ability of PDH 

complex mutants to produce them through deletion of acetate kinase and/or lactate 

dehydrogenase and assess virulence capabilities and host cell responses. 

One key unanswered question in the field is the relative contribution of fermentative 

versus respiratory metabolism during infection. L. monocytogenes appears to balance these 

states, potentially as an evolutionary adaptation to evade host detection of metabolic byproducts. 

Rex, previously characterized by Halsey et al. 2021, is largely dispensable for virulence in WT 

strains (38). However, its role in repressing fermentation during infection may be context-

dependent. For instance, aro mutants and menaquinone-deficient mutants lacking respiratory 

capacity are highly attenuated, but both have only been assessed in the presence of Rex (21–

23,60). Our findings suggest that Rex enforces respiratory metabolism in macrophages, and loss 

of Rex may permit survival via fermentation and restoration of PTS-mediate carbon source use. 

To dissect the respective roles of fermentation and respiration, strains lacking essential 

respiratory components should be tested in both rex-positive and rex-negative contexts. 

Conversely, strains deficient in fermentation could be constructed with Rex overexpression to 

assess reliance on respiratory metabolism. An example of this would be to delete ackA and ldh, 
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enzymes essential for L. monocytogenes’ production of fermentative byproducts with Rex 

hyperexpression. This mutant would in theory be completely dependent on respiration for growth 

and could isolate one side of the respiro-fermentative metabolism. These experiments will clarify 

how host cells detect and respond to distinct bacterial metabolic states and what is whether 

respiration or fermentation is the predominant need of cytosolic pathogens.  

Unexpectedly in pdhC::Tn, acetate is still predominantly produced despite the absence of 

a functional PDH complex. The suggests that pdhC::Tn can still funnel substantial amounts of 

carbon into acetyl-CoA and the TCA cycle, supporting a minimal respiratory capacity. We 

hypothesize that some of this metabolic flux in mediated by alternative pathways of pyruvate 

metabolism include pyruvate oxidase and pyruvate carboxylase (25). It would seem unlikely this 

is mediate via enzymes such as pyruvate formate lyase, which are intoxicated in the presence of 

oxygen due to a glycyl free-radical (73). Nevertheless, the conversion of pyruvate to acetyl-CoA, 

and therefore acetate, seems to be critical for full virulence of L. monocytogenes. This is 

supported by the fact that neither loss of rex or addition of NOX was sufficient to rescue 

pdhC::Tn. Understanding what pathways are active for this conversion may be critical to 

understanding L. monocytogenes virulence in the cytosol.  

Another question raised by this work is the role of rex in L. monocytogenes’ metabolic 

regulation and its role during L. monocytogenes pathogenesis. Preliminary work to identify how 

rex impacts virulence has been previously characterized by Halsey et al. 2021 (38). In which, 

they showed that rex mutants replicate readily in the macrophage cytosol, form larger plaques 

than WT L. monocytogenes, and are only modestly attenuated for in vivo virulence of the liver 

and spleen via an oral infection model (38). Importantly, to date nobody has assessed a rex 
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mutant during intravenous infections, which we hypothesize may show less attenuation via this 

method of delivery due lack of metabolic transition from the gut to intracellular environment. 

However, it is also possible that this strain could be more attenuated due to rex mutants lacking 

the ability to repress their fermentation and therefore having a metabolism not well-adjusted for 

the in vivo cytosolic environment. In either case, it is difficult to assess what the metabolism of a 

rex mutant is during cytosolic growth. This is obfuscated by the fact that rex mutants don’t lack 

any metabolic capabilities, rather they have access to metabolic pathways likely repressed during 

infection. Therefore, it is important to ask why certain metabolic pathways are in fact repressed 

by rex during infection and does relying on these pathways for energy generation impact 

virulence. Initial work done by the Reniere lab has evaluated genes known to be regulated by rex 

and they have shown a wide variety of genes repressed including many PTS, core fermentative 

enzyme like lactate dehydrogenase and pyruvate format lyase, and some virulence genes 

including internalins (38). One important question raised by these findings is how over 

expression of some of these enzymes may independently impact PDH mutants’ virulence with 

rex intact, such as lactate dehydrogenase. While restoration of some PTS expression likely 

explains the phenotypes identified in this work, it is possible that use of PTS could be 

independently impacting virulence due to the intertwined nature of metabolism and virulence 

gene regulation. While it is clear that rex participates in the repression of internalins, it is 

possible that rex-mediated repression of PTS may be further impacting prfA and other virulence 

gene expression. For that reason, it would be important to assess whether PrfA* addition can 

further rescue virulence phenotypes of rex and PDH mutants. Together, this work could further 

define how pdhC::Tn is rescued by loss of rex and further how metabolic shifts in vivo may be 

connected to virulence gene expression.  
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Pinpointing the exact cause of virulence defects in PDH mutants is challenging due to the 

centrality of this complex to metabolism. While we show that carbon acquisition via PTS is 

impaired in PDH-deficient strains, additional physiological perturbations likely contribute to 

attenuation. Notably, cell-type-specific phenotypes suggest that individual host environments 

present distinct metabolic challenges or immune barriers. The restoration of intramacrophage 

growth in rex-deficient pdhC::Tn mutants, coupled with persistent in vivo attenuation, implies 

that host tissues may be more metabolically stringent or better equipped to detect altered 

bacterial metabolism. It is possible that PDH complex mutants with loss of function Rex may be 

producing excess lactate and this is being detected by host cells in vivo, but not ex vivo. Potential 

reasons for lack of ex vivo detection could be the supraphysiologic conditions as well as pH 

buffering of the media. A deeper understanding of how host cells detect bacterial fermentation 

versus respiration will yield insight into both immune surveillance mechanisms and pathogen 

evasion strategies. Similarly, understanding how pdhC::Tn retains the ability to bypass PDH 

complex mediated conversion of pyruvate into acetyl-CoA may unveil pathways essential for 

virulence.  

 

MATERIALS AND METHODS 

Ethics Statement  

All animal-based experiments were performed using the protocol (M005916-R01-A01) approved 

by the Animal Use and Care Committee of the University of Wisconsin—Madison and 

consistent with the standards of the National Institutes of Health.  

Bacterial strains and culture 
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All Listeria monocytogenes strains used for experiments in this study were in a 10403s 

background. All L. monocytogenes strains were grown overnight in BHI and at 30°C stationary 

for all experiments, except as described. Escherichia coli strains were grown in Luria broth (LB) 

at 37°C shaking. Antibiotics used on E. coli were at a concentration of 100 µg/ml carbenicillin or 

30 µg/ml kanamycin when appropriate. Antibiotics used on L. monocytogenes were at a 

concentration of 200 μg/mL streptomycin and/or 10 μg/mL chloramphenicol and/or 2 μg/mL 

erythromycin, when appropriate. Plasmids were transformed into chemically competent E. coli 

and further conjugated in L. monocytogenes using S17 E.coli.  

Construction of strains 

The pPL2 integrative vector pIMK2 was used for constitutive expression of L. monocytogenes 

genes (74). pIMK2 complement constructs were cloned in XL1-Blue E. coli with 30μg/mL 

Kanamycin and grown for plasmid harvest using Promega MiniPrep Kit. Harvested plasmid 

sequences were confirmed using was performed by Plasmidsaurus using Oxford Nanopore 

Technology with custom analysis and annotation. Plasmid were then shuttled into L. 

monocytogenes through conjugation with S17 (pIMK2) E. coli. All mutants were confirmed via 

PCR, plasmid sequencing, and whole-genome sequencing using Oxford Nanopore technology 

from Plasmidsaurus with custom analysis and annotation. 

In vitro Growth Assays 

Bacteria were grown overnight in BHI at 30°C stationary. Overnight cultures were used to 

generate inoculums with ~3.7x108 CFU in PBS. 100 µLs per well of a flat bottom clear 96-well 

plate of Listeria synthetic media (LSM) with carbons source (supplied with amounts noted in 

text and figures) was inoculated with 2 µL of inoculums. Plates were parafilmed on the edge to 
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prevent evaporation and evaluated for OD600 in plate reader at 37°C shaking (250 r.p.m.) and 

reads every 15 minutes for times displayed.  

Terminal Optical Density Aerobic and Anaerobic Growth Assays 

Bacteria were grown overnight in BHI at 30°C stationary. Overnight cultures were used to 

generate inoculums with ~3.7x108 CFU in PBS. 14 mL tubes were setup with 3 mL of Listeria 

synthetic media (LSM) with carbon sources (supplied with amounts noted in text and figures) 

and inoculated with 20 µL of inoculums. Tubes were loosely capped and placed, slanted, in 30°C 

incubator either exposed to air (aerobic) or placed in GasPak (anaerobic) chambers with 2 

GasPaks for oxygen depletion (Fischer: 11-816-2). Samples were left for 48 hours and then 100 

µL was harvested from each and plated into 96-well plate for OD600 to be taken in a plate 

reader. Optical density values were normalized to WT and averaged for display and statistical 

analysis.  

Intra-macrophage growth curves 

Bone marrow-derived macrophages were isolated from CL57/BL6 mice and cultured as 

previously described in Roswell Park Memorial Institute Medium (RPMI) based media 

(Invitrogen: 11875093) (75). BMDMs were plated into 60 mm dishes contain 13 degassed 

coverslips. BMDMs cells were infected with L. monocytogenes strains at a multiplicity of 

infection [MOI] of 0.2. Inoculums of L. monocytogenes were grown in 3mL of BHI at 30°C 

stationary until all strains had reach stationary phase. Colony forming units to OD600 ratios were 

determined for each strain and adjusted to ensure infection results in a comparable MOI across 

strains. After 30 minutes BMDM media was exchanged for media containing 50 µg/ml 

Gentamycin. Coverslips were harvested, cells lysed in pure water, bacteria rescued isotonically, 
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and plated to quantify CFU at displayed time points. All strains were assayed in biological 

triplicate and data displayed is one representative biologic replicate. 

Plaque Assay 

Plaque assays were conducted using a L2 fibroblast cell line grown in Dulbecco’s Minimal 

Essential Media (DMEM) based media (Thermo Fischer: 11965092) as previously described 

with minor modifications for visualization and quantification of plaques (21). L2 fibroblasts 

were seeded at 1.2 × 106 per well of a 6-well plate, then infected at an MOI of 0.5 to obtain 

approximately 10-30 PFU per dish. Inoculums of L. monocytogenes were grown in 3mL of BHI 

at 30°C stationary until all strains had reached stationary phase. Colony forming units to OD600 

ratios were determined for each strain and adjusted to ensure infection results in a comparable 

MOI across strains. At 4 days postinfection, cells were stained with 0.3% crystal violet for 10 

min and washed twice with deionized water. Stained wells were scanned, uploaded, and areas of 

plaque formation were measured on ImageJ analysis software. All strains were assayed in 

biological triplicate and the average plaque areas of each strain (one-well per strain were 

normalized to wild-type plaque size within each replicate. 

 

Murine Infection and Organ Burdens 

Infections were performed as previously described (21). Briefly, 6 to 12-week-old female and 

male C57BL/6 mice were infected IV with 1×105 CFU logarithmically growing L. 

monocytogenes (optical density at 600 nm [OD600] = 0.5) in 200 µL of PBS. Colony forming 

units to OD600 ratios were determined for each strain and adjusted to ensure infection results in 

a comparable MOI across strains. 48 hours post-infection, mice were euthanized, and livers and 
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spleens were harvested, homogenized in water with 0.1% NP-40, and plated for CFU. Two 

independent replicates of each experiment with 5 mice per group were performed.  

Fermentation Byproduct Measurement 

Indicated strains of L. monocytogenes were grown in BHI at 37°C, shaking overnight. Cultures 

were centrifuged to pellet bacteria, and 1 mL of the supernatant was filtered using a 0.2µm-pore-

size syringe filter (09-740-113; Fisher Scientific). Supernatants were then treated with 2μL of 

H2SO4 to precipitate running buffer incompatible bacterial components. The samples were then 

centrifuged at >16000 r.c.f. for 10 min. Subsequently, 200μL of each supernatant was transferred 

to an HPLC vial. HPLC analysis was performed using a ThermoFisher (Waltham, MA) Ultimate 

3000 UHPLC system equipped with a UV detector (210 nm). Compounds were separated on a 

250 × 4.6 mm Rezex© ROA-Organic acid LC column (Phenomenex Torrance, CA) run with a 

flow rate of 0.2 mL min−1 and at a column temperature of 50 °C. Prior to injection samples were 

kept at 4 °C. Separation was isocratic with a mobile phase of HPLC grade water acidified with 

0.015 N H2SO4 (415 µL L−1). Byproduct standards were 100, 20, 4, and 0.8mM concentrations 

of lactate or acetate. HPLC peaks were analyzed and quantified using the Thermofisher 

Chromeleon 7 software package. 

 

Metabolic Profiling using HPLC 

Overnight cultures of wild-type (WT) and pdhC::Tn L. monocytogenes were grown in brain heart 

infusion (BHI) broth at 30°C. The following day, 1 mL of each culture was washed with 

phosphate-buffered saline (PBS) and used to inoculate 50 mL of Listeria Synthetic Medium 

(LSM) supplemented with 110 mM glucose in baffled flasks. Cultures were incubated at 37°C 
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with shaking until mid-log phase (OD₆₀₀ ≈ 0.4) was reached. At this point, 5 mL of each culture 

was filtered through a 0.2 μm nylon membrane filter. Filters were then transferred to sterile petri 

dishes containing 1.5 mL of cold extraction solvent (acetonitrile:methanol:water, 2:2:1). The 

solvent was gently swirled and pipetted across the filter surface to extract intracellular 

metabolites, after which the filter was flipped and the process repeated to maximize extraction 

efficiency. The pooled extract was transferred to centrifuge tubes, vortex vigorously for 2 

minutes, and centrifuged at maximum speed (≥13,000 × g) for 5 minutes to pellet insoluble 

material. A 200 μL aliquot of the clarified supernatant was collected, dried under a stream of 

nitrogen gas, and resuspended in 70 μL of HPLC-grade water prior to analysis. All cultures were 

grown in biological triplicate and processed in technical duplicate.  

Metabolite quantification and analysis was performed as previously described. In short, samples 

were run through an ACQUITY UPLC BEH C18 column in an 18-min gradient with Solvent A 

consisting of 97% water, 3% methanol, 10 mM tributylamine (TBA), 9.8 mM acetic acid, pH 

8.2, and Solvent B being 100% methanol. Gradient was 5% Solvent B for 2.5 min, gradually 

increased to 95% Solvent B at 18 min, held at 95% Solvent B until 20.5 min, returned to 5% 

Solvent B over 0.5 min, and held at 5% Solvent B for the remaining 4 min. Ions were generated 

by heated electrospray ionization (HESI; negative mode) and quantified by a hybridquadrupole 

high-resolution mass spectrometer (Q Exactive Orbitrap, Thermo Scientific). MS scans consisted 

of full MS scanning for 70 to 1,000 m/z from time zero to18 min, except that MOPS m/z of 208 

to 210 was excluded from 1.5 to 3 min. Metabolite peaks were identified from Kegg Known 

Compound list and quantified in Metabolomics Analysis and Visualization Engine (MAVEN). 
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In vitro Suppressor Screen 

The ΔpdhC::Tn mutant was mutagenized by a 5-minute exposure to ethyl methanesulfonate 

(EMS) as previously described (76,77). One ml of the library was thawed, washed in 10 mL PBS 

and resuspended in PBS to a concentration of 7x108 CFU/mL, and plated across 10 Listeria 

synthetic media (LSM) agar plates with 55 mM fructose. Plates were incubated for 48 hours 

post-inoculation, at which time single colonies were picked and selected for on BHI plates with 

erythromycin and streptomycin to confirm resistance. Successful growth of colonies were grown 

overnight at 37°C with shaking, pelleted by centrifugation, resuspended in 100 μl BHI + 40% 

glycerol, and stored at -80°C. All five isolates from the LSM with fructose plates was 

subsequently grown overnight in BHI broth, and subjected to whole genome sequencing and 

SNP analysis as described below. 

Whole genome sequencing and SNP identification 

PdhC::Tn L. monocytogenes suppressor isolates were grown overnight in 3 mL culture of BHI. 

Genomic DNA was purified using the MasterPure Gram-positive DNA purification kit 

(Epicentre) per the manufacturer’s instructions, except that 5 U/μl mutanolysin was used instead 

of lysozyme. DNA was submitted Plasmidsaurus for whole-genome sequencing using Oxford 

Nanopore technology. Fastq reads were uploaded to Galaxy and mapped onto the L. 

monocytogenes 10403S reference sequence (GCA_000168695.2_ASM16869v2) using Snippy 

(version 4.6.0). Single nucleotide polymorphisms (SNPs) were assessed for impact on L. 

monocytogenes coding sequences and genes manually utilizing Jbrowse (Version 1.16.11).  
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Cell Culture 

L2 cells were all kind gifts from Daniel Portnoy (UC Berkeley). Bone marrow-derived 

macrophages (BMDM) were prepared from 6-to-8-week-old mice as previously described (78). 

Phenotypic Microarrays 

Phenotype Microarrays 1 (Cat. #12111) and 2A (Cat. #12112) were obtained from BioLog 

(BioLog). Plates were prepared and inoculated as previously described (62,79). OmniLog 

incubation was substituted with incubation at 37°C stationary. OD490 was collected for each 

plate at 24 and 48 hours. Data was then normalized to consumption of a-D-glucose for each 

strain and replicate, and averaged across triplicate. Value were clustered based on similarity 

using clustergrammer and plotted as a heat-map in Prism 6 (80). Data normalized to glucose was 

used for statistical analysis and displayed in tables. Statistics are representative of a student’s T-

test between two strains.  

Statistical Analysis 

Prism 6 (GraphPad Software) was used for statistical analysis of data. Means from two groups of 

BioLog plates were compared with unpaired two-tailed Student’s T-test. Means from more than 

two groups for all other assays were analyzed by one-way ANOVA test. Independently, Mann-

Whitney Test was used to analyze two group comparison of non-normal data from animal 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 for all statistical tests displayed. 
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FIGURES 

 
 
Figure 1. PDH complex mutants retain wild-type growth in rich media and have 

phenotypically similar virulence defects. (A) Indicated strains were grown in Brain, Heart 

Infusion (BHI) at 37°C, shaking at 250 r.p.m. and had OD600 measured every 15 minutes for 12 

hours in a plate reader. (B) Intracellular growth of indicated strains was determined in BMDMs 

following infection at an MOI of 0.2. Growth curves are representative of one experiment. Error 

bars represent the standard error of the means of technical triplicates within the representative 

experiment. (C) L2 fibroblasts were infected with indicated L. monocytogenes strains at an MOI 

of 0.5 and were examined for plaque formation 4 days post infection. Assays were performed in 
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biological triplicate and data displayed is the Mean and SEM of a strain’s plaque size relative to 

WT in one of three representative biological replicates. (D) Bacterial burdens from the spleen 

and liver were enumerated at 48 hours post-intravenous infection with 1x105 bacteria. Data are 

representative of results from one experiments. Horizontal dashed lines represent the limits of 

detection, and the bars associated with the individual strains represents the mean and SEM of the 

group. 

 

 

 

 

 

 

 

 

 

 

 

 



144 
 

 
 
Figure 2. PdhC::Tn mutants show altered respiro-fermentative metabolite byproducts 

relative to WT L. monocytogenes. High-performance liquid chromatography (HPLC) was used 

to quantify fermentation products (acetate and lactate) produced and secreted by the indicated L. 

monocytogenes strains grown aerobically in BHI medium at 37°C to stationary phase. The mean 

percentage of acetate and lactate production by each strain was compared to that of the wild-type 

L. monocytogenes. 
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Figure 3. Metabolomic profiling of pdhC::Tn and WT L. monocytogenes glycolytic, 

fermentative byproduct, and TCA cycles metabolites. Indicated L. monocytogenes strains 

were grown to mid-log phase (OD₆₀₀ ≈ 0.4) in Listeria Synthetic Medium (LSM) supplemented 

with 110 mM glucose. Intracellular metabolites were extracted and analyzed via HPLC-MS. 

Tricarboxylic acid (TCA) cycle intermediates, upper glycolytic metabolites, and lactate were 

identified based on accurate mass-to-charge (m/z) ratios and retention times using reference 

values from the KEGG Compound Database, as implemented in MAVEN software. Peak areas 

were quantified and normalized to wild-type (WT) levels for each metabolite. Data represent 

three biological replicates, each with two technical replicates. Statistical comparisons were 

performed using unpaired two-tailed Student’s t-tests for each metabolite within a strain. 
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Figure 4. Carbon metabolite respiration of WT and pdhC::Tn L. monocytogenes show 

differential use of PTS mediated carbon source. Clustered heatmaps indicating level of 

tetrazolium dye color change as measured by OD490 at 48 hours in response to pdhC::Tn (Top) 

and WT (Bottom) respiration of carbon metabolites (PM1 & PM2A) at 37°C stationary. Each bar 

indicates the average of 3 biologic replicates. Samples were normalized to readings of a a-D-

glucose control (~1 on scale and labeled) and sorted based on cluster analysis. Select 

differentially used metabolites clusters are labeled above for full list see Table 1. 
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Table 1. Statistically significant and greater than 2-fold differentially used metabolites between WT 

and pdhC::Tn L. monocytogenes 

Metabolite Fold Usage (WT/pdhC::Tn) P-value 
D-Psicose 5.10 <0.001 
Glycerol 3.55 <0.001 
alpha-keto-Butyric Acid 3.96 <0.001 
L-Alanyl-Glycine 2.38 <0.001 
alpha-D-Lactose 5.19 <0.001 
D-Melezitose 2.94 <0.001 
alpha-Methyl-D-Glucoside 3.59 0.001 
L-Alanine 2.25 0.001 
Pyruvic Acid 2.87 0.005 
Turanose 2.13 0.005 
Sedoheptulosan 3.13 0.006 
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Figure 5. PdhC::Tn mutants are defective for growth on PTS-mediated carbon Source of 

glucose, fructose, and mannose, but retain growth on non-PTS-mediated hexose 

phosphates. Indicated strains were grown in LSM at 37°C, shaking at 250 r.p.m. with the 

addition of 110mM glucose (A) or molar equivalent amounts of fructose (B), mannose (C), or 

hexose phosphates (+10mM glutathione) (D). OD600 was monitored every 15 minutes for 24 

hours is a plate reader. Data represents average of three technical replicates from one 

representative of three biological replicates.   
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Table 2. Suppressors mutations in rex (LMRG_01223) of pdhC::Tn L. monocytogenes 

growth on LSM with fructose plates. 

Suppressor 
Name 

Genomic 
Location 

Basepair 
Change 

Mutation 
Classification 

Amino 
Acid 
Change 

Color in 
Figure 5 

pdhC::Tn 
Supp 1 

LMRG_01223 
b.p 2107837 

G to A Missense Serine-36-
Phenylala
nine  

Red 

pdhC::Tn 
Supp 2 

LMRG_01223 
b.p. 2107901 

G to A Missense Arginine-
14-
Methionin
e  

Red 

pdhC::Tn 
Supp 3 

LMRG_01223 
b.p. 2107763 

C to A Missense Glycine-
60-
Cysteine  

Red 

pdhC::Tn 
Supp 4 

LMRG_01223 
b.p. 2107790 

G to A  Premature 
Stop 

Argine-51-
STOP  

Red 

pdhC::Tn 
Supp 5 

LMRG_01223 
b.p. 2107239 

TAAAAGGCGT
AAAAAAACCT
GTAGAAAGTA
AGTTTAGCTTA
CCTTCTACAG
GTTTTTTTATTC
TGTTTTCGCTG
GATAATTTTCC
AGGAAATAGA
TTAACGTTTGT
AATTCCGTTGT
AAGGTCGATA
TGGTGCACAC
GAACTTGTTTT
GGAACACTG 
to T 

Deletion of 
~100 BP from 
C-terminus 

Loss of 
RISVPKQV
RVHHIDLT
TELQTLIYF
LENYPAKT
E-C' 

Orange 

 

 

 

 

 



150 
 

 

Figure 6. Suppressors of pdhC::Tn growth on PTS mediated carbon sources mapped onto 

L. monocytogenes’ Rex (LMRG_01223) homodimer bound to NAD+ and DNA. L. 

monocytogenes (10403s) protein sequence for Rex (LMRG_01223) was obtained from NCBI 

(GCA_000168695.2_ASM16869v2) and was input into AlphaFold as a homodimer with the 

ligands of NAD+ (pink) and Rex-specific DNA-binding sequences (grey DNA helix). Predicted 

output was further processed in Jmol to represent amino acids modified (red) or lost (orange) due 

to suppressor mutations. Complete molecular structure is pictured from two angles: side-side (A) 

and bottom-up (B).  
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Figure 7. PdhC::Tn suppressor mutants restore growth in define media with fructose as the sole 

carbon source. Indicated strains were grown in LSM at 37°C, shaking at 250 r.p.m. with the addition of 

110mM Fructose. OD600 was monitored every 15 minutes for 24 hours is a plate reader. Data represents 

average of three technical replicates from one biological replicate.   
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Figure 8. Loss of rex permits pdhC::Tn growth on PTS-mediated carbon sources 

aerobically similar to that of anaerobic growth. Indicated strains were grown in LSM at 30°C, 

stationary for 48 hours with the addition of 110mM Fructose. OD600 was taken at 48 hours and 

normalized to WT. Data represents average of three biological replicates and statistical analysis 

was performed comparing all strains using one-way ANOVA with Tukey correction. 

 
 
 
 



153 
 

 
Figure 9. PdhC::Tn rex suppressor mutations rescue intramacrophage growth but fail to 

rescue in vivo. (A) Intracellular growth of indicated strains was determined in BMDMs 

following infection at an MOI of 0.2. Growth curves are representative of one experiment. Error 

bars represent the standard error of the means of technical triplicates within the representative 

experiment. (D) Bacterial burdens from the spleen and liver were enumerated at 48 hours post-

intravenous infection with 1x105 bacteria. Data are representative of results from one 

experiments. Horizontal dashed lines represent the limits of detection, and the bars associated 

with the individual strains represents the mean and SEM of the group. 
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SUPPLEMENTARY INFORMATION 

 
Supplemental Figure 1. Overexpression of NADH Oxidase, NOX, fails to rescue pdhC::Tn 

virulence as measured by plaquing assay and fermentative byproducts. (A) L2 fibroblasts 

were infected with indicated L. monocytogenes strains at an MOI of 0.5 and were examined for 

plaque formation 4 days post infection. Assays were performed in biological triplicate and data 

displayed is the Mean and SEM of a strain’s plaque size relative to WT in one of three 

representative biological replicates. (B) Note data for WT, pdhC::Tn, and pdhC::Tn-pdhC-C is 

recapitulation of data presented in Figure 2. High-performance liquid chromatography (HPLC) 

was used to quantify fermentation products (acetate and lactate) produced and secreted by the 

indicated L. monocytogenes strains grown aerobically in BHI medium at 37°C to stationary 

phase. The mean percentage of acetate and lactate production by each strain was compared to 

that of the wild-type L. monocytogenes. 
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Supplemental Table 1. Bacterial strains used in this study. 

 
 
 
 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Description Reference 
XL1-Blue competent E. coli strain (80) 

S17 E. coli strain for conjugations into L. monocytogenes; 
SpR (77) 

10403S [JDS 1] Background L. monocytogenes 10403s strain (84) 
JDS 875 pdhA::Tn This Work 
JDS 1203 pdhC::Tn (20) 
JDS 876 pdhD::Tn This Work 
JDS 1064 pdhC::Tn – pdhC-C This Work 
MJF 363 pdhC::Tn - NOX This Work 
MJF 368 pdhC::Tn Supp 1 This Work 
MJF 370 pdhC::Tn Supp 2 This Work 
MJF 372 pdhC::Tn Supp 3 This Work 
MJF 374 pdhC::Tn Supp 4 This Work 
MJF 376 pdhC::Tn Supp 5 This Work 
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Supplemental Table 2. Results of BioLog PM1 and PM2A at 48 hours for WT and pdhC::Tn 

  Fold Usage Normalized to a-D-
Glucose 

P-value (Student’s T-Test) 

Metabolite WT pdhC::Tn WT v.s. pdhC::Tn 

alpha-Methyl-D-Glucoside 1.99 0.55 <0.001 

Amygdalin 1.52 1.17 <0.001 

alpha-D-Lactose 1.44 0.28 <0.001 

Xylitol 1.40 1.11 0.006 

Beta-Cyclodextrin 1.39 1.31 0.451 

Alpha-Methyl-D-Mannoside 1.39 0.76 <0.001 

Arbutin 1.39 1.30 0.259 

Uridine 1.32 0.93 0.001 

Glycerol 1.31 0.37 0.000 

alpha-Cyclodextrin 1.31 1.30 0.823 

D-Psicose 1.27 0.25 0.000 

L-Rhamnose 1.26 0.94 <0.001 

D-Arabitol 1.25 0.97 0.007 

Beta-Methyl-D-Glucoside 1.24 1.18 0.330 

Maltose 1.24 0.76 0.008 

Gentiobiose 1.19 1.07 0.062 

L-Lyxose 1.18 0.85 <0.001 

Beta-D-Allose 1.18 1.17 0.890 

Gamma-Cyclodextrin 1.18 1.24 0.357 

D-Mannose 1.12 1.15 0.476 

Dihydroxy Acetone 1.12 0.89 0.006 

D-Glucosamine 1.11 0.98 0.084 

Sailcin 1.10 0.91 0.010 

Dextrin 1.10 0.70 <0.001 

D-Trehalose 1.06 1.24 0.066 

N-Acetyl-D-Glucosamine 1.05 1.04 0.855 

Maltotriose 1.01 1.00 0.902 

alpha-D-Glucose 1.00 1.00 1.000 

D-Cellobiose 0.97 0.98 0.827 

D-Fructose 0.97 1.03 0.108 

Capric Acid 0.90 0.53 0.054 
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N-Acetyl-Beta-D-Mannosamine 0.88 1.06 0.001 

Acetic Acid 0.86 0.66 0.082 

D-Ribose 0.84 0.65 0.001 

Acetoacetic Acid 0.84 0.57 <0.001 

Inosine 0.73 0.74 0.933 

D-Melezitose 0.72 0.24 <0.001 

2-Deoxy-D-Ribose 0.71 0.52 <0.001 

Turanose 0.71 0.33 0.005 

D-Xylose 0.63 0.55 0.020 

D-Fucose 0.62 0.36 0.201 

5-Keto-D-Gluconic Acid 0.60 0.46 0.001 

Sedoheptulosan 0.60 0.19 0.006 

N-Acetyl-D-Glucosaminitol 0.55 0.32 0.002 

D-Arabinose 0.52 0.40 0.004 

Butyric Acid 0.51 0.39 0.060 

Sorbic Acid 0.50 0.41 0.090 

L-Arabinose 0.47 0.40 0.002 

Caproic Acid 0.46 0.29 0.013 

Adenosine 0.42 0.79 0.002 

Mucic Acid 0.42 0.24 0.075 

alpha-keto-Butyric Acid 0.41 0.10 <0.001 

Palatinose 0.40 0.27 0.022 

3-0-Beta-D-Galactopyranosyl-D-Arabinose 0.39 0.23 <0.001 

Propionic Acid 0.35 0.23 0.043 

Sec-Butylamine 0.34 0.25 0.079 

D-Tagatose 0.31 0.36 0.394 

Oxalic Acid 0.31 0.30 0.750 

Gelatin 0.30 0.11 0.099 

Pyruvic Acid 0.27 0.10 0.005 

Mannan 0.27 0.18 0.002 

L-Alanyl-Glycine 0.27 0.11 <0.001 

2,3-Butanedione 0.27 0.20 0.018 

L-Methionine 0.27 0.14 0.015 

Chondroitin Sulfate C 0.27 0.33 0.576 

Inulin 0.25 0.15 0.034 

Glycogen 0.25 0.16 0.002 
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Glucuronamide 0.24 0.19 <0.001 

Negative Control 0.24 0.18 0.188 

3-Hydroxy-2-Butanone 0.24 0.15 0.106 

Pectin 0.24 0.18 <0.001 

L-Sorbose 0.23 0.16 0.035 

D-Raffinose 0.23 0.17 0.117 

Glycyl-L-Aspartic Acid 0.22 0.12 0.005 

Stachyose 0.22 0.13 0.005 

Oxalomalic Acid 0.22 0.16 0.067 

Tween 20 0.21 0.14 <0.001 

N-Acetyl-D-Galactosamine 0.21 0.15 0.005 

Glyoxylic Acid 0.21 0.17 0.011 

Beta-Methyl-D-Galactoside 0.21 0.11 0.004 

3-Methyl Glucose 0.21 0.23 0.417 

Tween 40 0.20 0.14 0.005 

L-Isoleucine 0.20 0.12 0.025 

L-Fucose 0.20 0.17 0.008 

Acetamide 0.20 0.12 0.028 

D,L-Octopamine 0.20 0.13 0.032 

D-Saccharic Acid 0.19 0.14 0.028 

Maltitol 0.19 0.15 0.205 

D-Fructose-6-Phosphate 0.19 0.16 0.035 

L-Lactic Acid 0.19 0.10 <0.001 

Beta-Methyl-D-Xyloside 0.19 0.12 0.149 

2-Deoxy-Adenosine 0.19 0.34 <0.001 

Melibionic Acid 0.19 0.18 0.927 

L-Leucine 0.19 0.12 0.010 

N-Acetyl-Neuaminic Acid 0.19 0.15 0.012 

L-Valine 0.19 0.12 0.007 

L-Glucose 0.18 0.12 0.029 

Thymidine 0.18 0.31 0.001 

alpah-Keto-Valeric Acid 0.18 0.12 0.026 

D-Glucuronic Acid 0.18 0.13 0.001 

L-Proline 0.18 0.13 0.013 

Glycyl-L-Proline 0.18 0.11 0.002 

2,3-Butanediol 0.17 0.10 0.016 
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Succinic Acid 0.17 0.11 <0.001 

D-Sorbitol 0.17 0.14 0.016 

Lactulose 0.17 0.09 0.002 

Methyl Pyruvate 0.17 0.10 <0.001 

Adonitol 0.17 0.10 0.001 

L-Galactonic Acide-gamma-lactone 0.17 0.12 0.015 

L-Alanine 0.16 0.07 <0.001 

Negative Control 0.16 0.11 <0.001 

D-Galactonic Acid-gamma-Lactone 0.16 0.13 <0.001 

L-Aspartic Acid 0.16 0.11 0.008 

Beta-Methyl-D-Glucuronic Acid 0.16 0.11 <0.001 

Sebacic Acid 0.16 0.09 <0.001 

D-Glucose-6-Phosphate 0.16 0.10 0.005 

alpha-Methyl-D-Galactoside 0.16 0.10 0.006 

L-Lysine 0.16 0.09 0.004 

Lactitol 0.16 0.09 0.004 

Tween 80 0.16 0.10 0.002 

L-Asparagine 0.16 0.09 <0.001 

D,L-alpha-glycerol-phosphate 0.16 0.11 <0.001 

Dulcitol 0.16 0.11 <0.001 

D-Glucosaminic Acid 0.16 0.10 <0.001 

D-Galactose 0.16 0.13 0.017 

p-Hydroxy Phenyl Acetic Acid 0.15 0.10 0.002 

L-Ornithine 0.15 0.12 0.166 

L-Arabitol 0.15 0.10 0.004 

L-Alaninamide 0.15 0.09 0.015 

Putrescine 0.15 0.09 0.010 

myo-Inositol 0.15 0.09 <0.001 

D-Melibiose 0.15 0.10 <0.001 

Phenylethylamine 0.15 0.10 0.002 

Glycyl-L-Glutamic Acid 0.15 0.10 0.002 

L-Threonine 0.15 0.08 0.003 

2-Aminoethanol 0.15 0.10 <0.001 

L-Serine 0.15 0.09 0.003 

D-Galacturonic Acid 0.15 0.11 0.006 

4-Hydroxy Benzoic Acid 0.15 0.10 0.004 
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1,2-Propanediol 0.15 0.10 <0.001 

Sucrose 0.15 0.10 0.022 

m-Hydroxy Phenyl Acetic Acid 0.14 0.10 0.002 

D-Alanine 0.14 0.11 0.004 

L-Pyroglutamic Acid 0.14 0.11 0.027 

D-Gluconic Acid 0.14 0.11 0.007 

L-Histidine 0.14 0.08 <0.001 

D-Aspartic Acid 0.14 0.09 <0.001 

alpha-Hydroxy Butyric Acid 0.14 0.08 <0.001 

D-Lactic Acid Methyl Ester 0.14 0.09 0.005 

L-Arginine 0.14 0.09 0.012 

Laminarin 0.14 0.12 0.013 

i-Erythritol 0.14 0.11 0.225 

Alpha-Keto-Glutaric Acid 0.14 0.09 <0.001 

L-Glutamic Acid 0.14 0.10 0.002 

D-Serine 0.14 0.10 <0.001 

D-Threonine 0.14 0.08 0.006 

Glycine 0.14 0.11 0.015 

Formic Acid 0.13 0.09 <0.001 

Mono Methyl Succinate 0.13 0.08 0.001 

Hydroxy-L Prline 0.13 0.08 <0.001 

D-Mannitol 0.13 0.09 0.001 

L-Phenylalanine 0.13 0.09 0.007 

D-Glucose-1-Phosphate 0.13 0.09 0.003 

Beta-Hydroxy Butyric Acid 0.13 0.08 0.011 

D,L-Carnitine 0.13 0.09 0.012 

Itaconic Acid 0.13 0.09 0.050 

Citraconic Acid 0.13 0.08 <0.001 

Apha-Hydroxy Glutaric Acid-gamma-lactone 0.13 0.08 <0.001 

L-Homoserine 0.13 0.08 <0.001 

2-Hydroxy Benzoic Acid 0.13 0.08 0.010 

Fumaric Acid 0.13 0.08 0.001 

Citric Acid 0.13 0.09 0.007 

Succinamic Acid 0.13 0.08 0.002 

L-Glutamine 0.13 0.09 0.002 

N-Acetyl-L-Glutamic Acid 0.13 0.08 <0.001 
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Tricarballylic Acid 0.13 0.08 <0.001 

Tyramine 0.13 0.19 0.552 

Delta-Amino Valeric Acid 0.13 0.09 0.011 

Bromo Succinic Acid 0.13 0.08 0.001 

Quinic Acid 0.12 0.08 0.004 

D-Tartaric Acid 0.12 0.08 0.010 

L-Tartaric Acid 0.12 0.08 0.001 

D-Malic Acid 0.12 0.08 0.005 

gamma-Amino Butyric Acid 0.12 0.08 0.004 

L-Malic Acid 0.12 0.08 0.001 

D,L-Malic Acid 0.12 0.09 0.001 

Glycolic Acid 0.12 0.08 <0.001 

Glycolic Acid 0.12 0.08 0.015 

Citramalic Acid 0.11 0.08 0.003 

Malonic Acide 0.11 0.08 0.003 

m-Tartaric Acid 0.11 0.08 0.004 

D-Ribono-1,4-Lactone 0.11 0.08 0.015 
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OVERVIEW 

 Intracellular pathogens are specifically and exquisitely adapted to survive and replicate 

within distinct host cell niches (1–3). Among this broad class of bacterial pathogens, a smaller 

subset has evolved to utilize the host cell cytosol as a primary replicative niche (2,4,5). However, 

the cytosol is a restrictive environment that imposes unique pressures, requiring specialized 

bacterial adaptations for survival and replication (2,4). Listeria monocytogenes is one such 

pathogen capable of entering the cytosol and withstanding the defense mechanisms and 

metabolic constraints imposed by host cells (3,6–8). This capacity has established L. 

monocytogenes as both a clinically significant pathogen and a valuable model organism for 

studying cytosolic bacterial pathogenesis (9). 

Understanding the strategies employed by L. monocytogenes to persist and proliferate 

within the cytosol is critical, as these insights can inform the development of novel antimicrobial 

therapies targeting L. monocytogenes and other intracellular pathogens (9). While numerous 

factors contribute to cytosolic pathogenesis, components of central metabolism—particularly 

those governing carbon acquisition and utilization—are increasingly recognized as key virulence 

determinants (1,8,10–12). This growing appreciation has led to the broader conclusion that 

bacterial metabolism not only reveals vulnerabilities for therapeutic intervention but also offers a 

lens through which to interrogate host defenses and responses (13,14). 

The research presented in this thesis aims to define the metabolic strategies employed 

by L. monocytogenes to support cytosolic survival and replication. In Chapter 2, I characterize 

the genetic determinants of what have long been considered the primary cytosolic carbon sources 

for L. monocytogenes (1,15,16). Through a comprehensive genetic analysis, we demonstrate that 
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previous assumptions regarding the central role of hexose phosphates and glycerol during 

infection were overstated (11,12,16–18). While these carbon sources do contribute to in 

vivo pathogenesis, mutants deficient in their acquisition and utilization retain substantial 

intracellular growth and virulence (16). 

Instead, we identify phosphotransferase systems (PTS) as primary drivers of carbon 

acquisition and virulence during cytosolic infection (16). Notably, our data reveal that L. 

monocytogenes employs a previously underappreciated diversity of carbon transport systems 

within the host cytosol. These systems not only contribute to metabolic flexibility but also 

significantly influence virulence gene expression—though in ways that differ from prior models 

(12,16,19). Taken together, our findings establish PTS transporters as essential virulence factors 

supporting cytosolic carbon acquisition by L. monocytogenes (16). This work offers a 

foundational framework for understanding cytosolic carbon metabolism, though many questions 

remain about which systems are indispensable for virulence: what host-derived carbon sources 

are being utilized, and how host cells respond to metabolic perturbation by bacterial mutants? 

In Chapter 3, we investigate the role of the pyruvate dehydrogenase (PDH) complex in L. 

monocytogenes virulence. Consistent with previous work from our laboratory, we confirm that 

disruption of any single PDH complex component results in significant attenuation of virulence 

and an inability to replicate in the host cytosol (8). Using unbiased metabolite screening and 

metabolomic profiling, we find that PDH complex mutants are markedly deficient in upper 

glycolytic and tricarboxylic acid (TCA) cycle intermediates. Additionally, these mutants exhibit 

altered respiro-fermentative metabolism, marked by a shift in fermentation end products from 

acetate to lactate. 
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These findings led us to hypothesize—and subsequently demonstrate—that PDH 

complex mutants are impaired in their ability to utilize PTS-transported carbon sources. 

Leveraging this insight, we employed an unbiased genetic screen to isolate suppressor mutations 

that restore the growth of PDH-deficient strains on fructose, a PTS-dependent carbon source, in 

defined media. All suppressor mutations were identified as deleterious alleles in rex, which 

encodes a redox-sensing transcriptional repressor. We show that Rex normally represses 

fermentative pathways, and that its loss relieves this repression in PDH mutants, thereby 

enabling fermentation of PTS-transported sugars. 

Remarkably, these rex suppressor mutants not only restored growth on fructose in vitro, 

but also rescued intracellular replication during macrophage infection. However, these 

suppressors did not restore full in vivo virulence, indicating that additional factors contribute to 

the attenuation observed in PDH complex mutants during infection. These findings suggest the 

need for further investigation into the metabolic and regulatory mechanisms underpinning L. 

monocytogenes virulence in host tissues. 

Defining macrophage responses to carbon utilization by L. monocytogenes 

 An emerging concept in the study of host–pathogen interactions is that shared metabolic 

interdependencies may serve as a mechanism by which host cells detect bacterial invaders 

(8,13,14,20). Conversely, bacterial pathogens may sense host cell metabolism as an 

environmental cue to regulate distinct stages of infection (18,21,22). Even in the absence of 

direct host cell sensing of bacterial metabolism, increasing evidence suggests that during 

physiological infections, pathogens and host cells compete for nutrient sources to support their 
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respective metabolic demands (20). Therefore, the area of shared host-pathogen metabolism 

deserves further study to characterize these previously underappreciated interactions.  

It is well established that pathogenic bacteria must possess highly evolved and adaptable 

metabolic strategies to survive and replicate within specific host niches (1,23). In Chapter 2 of 

this thesis, we advance the current understanding of cytosolic metabolism in Listeria 

monocytogenes. We demonstrate that hexose phosphates and glycerol contribute only marginally 

to the intracellular metabolic needs of L. monocytogenes, whereas phosphotransferase (PTS)-

mediated carbon sources constitute a major component of its cytosolic metabolism (16). The 

identification of these preferred metabolic inputs, along with the development of corresponding 

mutant strains, now enables deeper exploration into the shared metabolic landscape between 

macrophages and L. monocytogenes. 

With this foundation, we can begin to address a central question: Why do L. 

monocytogenes and many other intracellular bacterial pathogens engage in multipronged 

metabolic strategies during infection (1)? We hypothesize that this approach enables intracellular 

pathogens to evade host detection by diversifying their carbon source consumption, thereby 

minimizing perturbations to any single host metabolic pathway. If this is correct, it raises the 

question of how host cells detect and respond to bacterial carbon acquisition. Using L. 

monocytogenes and the metabolic mutant strains developed in Chapter 2, we can begin to 

investigate this phenomenon experimentally. 

One way to conceptualize the potential for host detection is through metabolic burden 

estimates. For example, it has been calculated that producing a single daughter cell 

of Escherichia coli requires approximately 8 × 10⁹ ATP molecules (24). If we assume L. 
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monocytogenes requires a similar energetic investment, then generating 50–100 daughter cells 

per infected macrophage would necessitate ~4 × 10¹¹ ATP (25). To meet this demand solely 

through glucose metabolism, L. monocytogenes would need to consume a volume of glucose 

that, in theory, could fill the entire cytosolic space of a macrophage—assuming no concurrent 

glucose consumption by the host cell itself (26). This rudimentary calculation alone highlights 

the considerable metabolic burden imposed by cytosolic bacterial replication. Coupled with 

published data showing that macrophages can detect and respond to nutrient deprivation induced 

by cytosolic pathogens, these observations underscore the importance of understanding how 

macrophages respond to metabolically disruptive infections by L. monocytogenes (13). To fully 

elucidate how macrophages ex vivo may respond to bacterial metabolism, it is essential to 

employ models that are more physiologically relevant than those currently used in this thesis and 

more broadly in the literature. Unfortunately, evaluating host cell responses in vivo remains 

challenging due to difficulties in harvesting infected cells and conducting analyses like 

metabolomics and RNA-seq on the appropriate timescale. 

A major advancement toward physiologic modeling in recent years has been the 

development of Human Plasma-Like Medium (HPLM) (27–29). Culturing immune cells in 

HPLM has been shown to significantly alter cellular metabolism, immune responsiveness, and 

intracellular bacterial metabolism (28,30). Thus, to evaluate macrophage responses to 

metabolically perturbed Listeria monocytogenes, one could isolate bone marrow-derived 

macrophages (BMDMs) from C57BL/6 mice and differentiate them in HPLM. This approach 

would maintain macrophages under more physiological conditions during their differentiation 

and subsequent exposure to L. monocytogenes. 
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Under such conditions, the metabolic burden imposed by L. monocytogenes' cytosolic 

replication may become sufficient to elicit detectable host responses. For these experiments, 

macrophages could be infected with various metabolic mutants: strains deficient in hexose 

phosphate acquisition (DuhpT), glycerol utilization (DglpD/DgolD), or both 

(DglpD/DgolD/DuhpT), as well as mutants impaired in phosphoenolpyruvate-dependent 

phosphotransferase system (PTS)-mediated carbon uptake (DptsI). A wild-type L. 

monocytogenes strain would serve as a baseline control to determine whether host responses are 

specifically triggered by metabolic perturbation or WT carbon acquisition. Notably, a mutant 

defective in PTS-mediated carbon uptake has been shown to be effectively metabolically inert as 

evidence by lack of cytosolic growth, and such a strain would serve as a valuable control to 

assess host responses to non-replicating bacteria (16). 

Given that the specific PTS-imported carbon sources of L. monocytogenes remain 

incompletely defined, one could prevent cytosolic bacterial metabolism by treating WT L. 

monocytogenes with irreversible glycolytic inhibitors, such as 3-bromopyruvate (31). This 

compound targets multiple glycolytic enzymes—including hexokinase, glycerol-3-phosphate 

dehydrogenase, and lactate dehydrogenase—and may effectively suppress bacterial central 

metabolism (31). Alternatively, a phosphofructokinase (PFK) knockout strain could be 

constructed; however, transposon mutagenesis screens have identified housekeeping PFK as 

essential in L. monocytogenes (32). Therefore, such a mutant may require an inducible 

expression system to support bacterial growth in vitro prior to infection, followed by withdrawal 

of the inducer (e.g., IPTG) to abrogate PFK expression within the host cytosol (33). 
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A key assumption underlying this strategy is that glycolytic flux is not maintained 

through alternative pathways such as through 1-phosphofructokinases, which can convert 

fructose-1-phosphate to fructose-1,6-bisphosphate after fructose uptake via PTS (25). Each of 

these proposed metabolic mutants would rely on distinct categories of carbon sources, thereby 

enabling us to directly test the hypothesis that L. monocytogenes employs metabolic diversity to 

avoid host cell detection. 

However, even under more physiological conditions afforded by HPLM, host cells may 

still not experience the same degree of starvation stress as they would in vivo. To further 

sensitize macrophages, one could replace HPLM post-infection with glucose-deficient media or 

treat cells with upper glycolytic inhibitors such as 2-deoxy-D-glucose (2-DG), which inhibits 

hexokinase (34). Importantly, 2-DG should selectively inhibit host glycolysis, as L. 

monocytogenes can utilize glycerol (downstream of hexokinase), glucose-6-phosphate 

(bypassing hexokinase), or PTS-imported sugars (phosphorylated independently of hexokinase) 

(11,15,25,35). Literature evidence supports this approach, showing that 2-DG-induced metabolic 

stress enhances host resistance to L. monocytogenes infection in mice (36). 

To evaluate how macrophages respond to cytosolic L. monocytogenes under these 

metabolic stress conditions, several assays should be employed. First, unbiased approaches such 

as transcriptomic profiling (RNA-seq) could reveal global gene expression changes in infected 

macrophages. Additionally, cytokine production in culture supernatants could be assessed using 

multiplex cytokine bead arrays. These analyses may uncover host defense or cell death pathways 

activated in response to metabolically perturbed L. monocytogenes. 
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Given previous studies from the Bogyo and Brodsky labs, which demonstrate that 

metabolic stress from cytosolic bacterial replication can induce inflammasome-dependent cell 

death, it is reasonable to suspect pyroptotic death in the context of infection with metabolically 

perturbed L. monocytogenes (13,14). To test this, infected cells could be assayed for lactate 

dehydrogenase (LDH) release and propidium iodide uptake over time (37,38). If inflammasome-

mediated death is implicated, macrophages from CASPASE-1-deficient mice could be used to 

determine whether cell death is rescued in the absence of canonical pyroptosis (38).  

Bacterial viability could also be measured using bacteriolysis assays previously 

established in our lab, alongside intracellular growth curves to track pathogen clearance over 

time (39). Should these experiments demonstrate that metabolic perturbation renders L. 

monocytogenes detectable and eliminable by host macrophages, the findings could be 

extended in vivo. Mice could be infected with the engineered metabolic mutants, with or without 

2-DG pre-treatment, and evaluated for IL-1β production (via cytokine bead analysis) and 

bacterial burden in CASPASE-1-deficient mice. 

Taken together, the experiments proposed here—using metabolically perturbed L. 

monocytogenes strains developed in Chapter 2—may illuminate whether host cells can detect 

and respond to bacterial metabolism under metabolically stressful conditions. Moreover, these 

studies directly test the hypothesis that L. monocytogenes utilizes a diversified carbon acquisition 

strategy to evade immune detection. Long-term implications of these findings may include new 

insights into host cell death pathways triggered by metabolic disruption and potential 

applications for optimizing L. monocytogenes as an anti-cancer immunotherapeutic through 

modulation of host immune memory and response (40). 
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Defining the role of macrophage polarization in L. monocytogenes intracellular growth and 

pathogenesis 

 This thesis has primarily focused on how Listeria monocytogenes acquires and utilizes 

carbon within the host cytosol. However, one natural extension of this work—yet still 

unexplored here—is how host cell metabolic states may influence L. monocytogenes intracellular 

growth and pathogenesis. Within the field of innate immune metabolism, it is well established 

that macrophages exist along a continuum of polarization, classically described as M1 versus M2 

(41). M1 macrophages are typically characterized by heightened glycolytic activity, whereas M2 

macrophages rely more heavily on oxidative phosphorylation and mitochondrial metabolism via 

the tricarboxylic acid (TCA) cycle (42,43). 

This polarization is largely governed by cytokine and pathogen-associated molecular 

pattern (PAMP) signaling (41). M1 polarization is generally induced by stimuli such as 

lipopolysaccharide (LPS), interferon-γ (IFN-γ), granulocyte-macrophage colony-stimulating 

factor (GM-CSF), and tumor necrosis factor-α (TNF-α), whereas M2 polarization arises in 

response to anti-inflammatory cytokines like interleukin-4 (IL-4) and interleukin-13 (IL-13) 

(42,43). These metabolic states can be hijacked by bacterial pathogens to their advantage, or 

alternatively, represent a form of host defense against infection (41,44). 

Despite the importance of macrophage polarization, it remains unclear whether L. 

monocytogenes preferentially drives or thrives within a particular polarization state, and how this 

may influence its cytosolic survival. Conflicting evidence exists. For example, in murine models 

of L. monocytogenes infection, macrophages have been reported to polarize predominantly 

toward an M1 phenotype (45,46). In contrast, work from the Huttenlocher lab at the University 
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of Wisconsin–Madison has demonstrated that, in zebrafish wound models infected with L. 

monocytogenes, macrophages tend to adopt an M2-like state (47). These results suggest that L. 

monocytogenes can induce both M1 and M2 phenotypes depending on host species, tissue 

context, bacterial strain, and the surrounding immunological milieu. 

Understanding how L. monocytogenes interacts with polarized macrophages—and 

whether it preferentially induces or benefits from one polarization state over another—is 

essential, particularly given the tissues this pathogen targets. For example, tissue-resident 

macrophages in the liver (Kupffer cells) and brain (microglia) often exhibit M2-like 

characteristics under homeostatic conditions (48,49). L. monocytogenes is well known to 

establish necrotic foci within the liver, and these lesions contain both M1- and M2-like 

macrophages, with M2 macrophages playing a dominant role in tissue repair and resolution of 

inflammation (3,50). Moreover, some studies suggest that M2-like macrophages may restrict L. 

monocytogenes growth more effectively. This has been observed in Hofbauer cells—placental 

macrophages with M2-like traits—in which L. monocytogenes is significantly impaired in its 

ability to replicate (51). 

Together, these findings raise two unresolved questions relevant to host–pathogen 

metabolic interplay: (1) What is the dominant polarization state of macrophages in vivo during L. 

monocytogenes infection? (2) Does macrophage polarization influence the ability of L. 

monocytogenes to grow and survive? 

While defining the dominant in vivo macrophage polarization induced by L. 

monocytogenes lies outside the scope of this thesis, it remains an important question for the field 

(50). However, within the scope of this work is the investigation of how macrophage polarization 
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influences bacterial intracellular growth and virulence. Chapter 2 of this thesis identifies PTS-

mediated carbon sources as critical for L. monocytogenes cytosolic growth and full virulence 

(16). While hexose phosphates and glycerol are minor contributors to virulence, they still play 

meaningful roles (16). Importantly, M1 and M2 macrophages exhibit distinct profiles of these 

carbon metabolites (52). M1 macrophages—defined by elevated glycolytic flux—harbor 

increased levels of free sugars and hexose phosphates, whereas M2 macrophages, driven by 

mitochondrial and TCA cycle activity, contain relatively fewer upper glycolytic intermediates 

(52). It is possible, then, that L. monocytogenes does not employ a multi-partite metabolism 

primarily to evade host detection, but instead to enable growth across a range of cell types, 

including macrophages with distinct metabolic profiles. 

Based on this, I hypothesize that M1 macrophages will be more permissive to L. 

monocytogenes mutants deficient in the acquisition and utilization of hexose phosphates and 

glycerol (DglpD/DgolD/DuhpT), as these mutants should still retain access to PTS-derived carbon 

sources that are enriched in M1-polarized cells (50). Conversely, I expect that these same 

mutants will be significantly restricted in M2-polarized macrophages, due to limited availability 

of their preferred carbon substrates. This hypothesis can be directly tested using the metabolic 

mutants developed in Chapter 2 by infecting M1- or M2-polarized macrophages and assessing 

bacterial replication, cytosolic lysis, and host cell death (e.g., via LDH release assays). However, 

this represents only a targeted view of the broader question: what are the genetic determinants 

that govern L. monocytogenes survival in macrophages of different polarization states?  

To address this on a larger scale, I propose using transposon insertion sequencing (TIS) 

to identify genes that are differentially essential in M1 versus M2 macrophages (53). Our lab can 
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employ established protocols to generate a high-density transposon mutant library using 

the Himar1 mariner system (39). This complex library would be used to infect macrophages 

polarized toward either an M1 or M2 phenotype, at a multiplicity of infection (MOI) ≤1 to avoid 

phenotypic complementation among mutants within a single cell. After approximately 6 hours of 

infection, macrophages would be lysed using sterile water to recover viable intracellular bacteria. 

Recovered mutants would be briefly outgrown in rich medium, followed by genomic DNA 

isolation, fragmentation, and PCR amplification of transposon-adjacent sequences. Sequencing 

would be performed using high-throughput platforms such as the NovaSeq 6000 at the UW–

Madison Biotechnology Center. TIS outputs from M1- and M2-polarized macrophages would 

then be compared to the input library and to one another. If the above hypothesis is correct, 

genes such as uhpT (required for hexose phosphate transport) would remain prevalent after 

passage through M1 macrophages but would be depleted following passage through M2 

macrophages. Conversely, genes universally required for cytosolic survival, such as prfA (PrfA) 

and hly (LLO), should be depleted in both polarization states but not in the rich medium control. 

Candidate genes uniquely essential in either M1 or M2 macrophages could be validated via 

targeted knockouts and functional assays both ex vivo and in vivo. 

Together, the experiments outlined here aim to clarify why L. monocytogenes relies on a 

multi-partite metabolism during cytosolic growth and how macrophage polarization affects its 

survival. More broadly, they illuminate how host–pathogen metabolic interactions shape 

intracellular infection outcomes. These findings contribute to the central conceptual aim of this 

thesis: to understand how hosts and pathogens share metabolic resources, and how perturbation 

of this shared metabolism alters the landscape of their interactions. 
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Generation of macrophage cytosol-like media and identification of carbon source and respective 

PTS used by L. monocytogenes in the macrophage cytosol   

 One of the most challenging yet critical questions that emerges from Chapter 2 of this 

thesis is: which specific PTS systems are utilized by Listeria monocytogenes to support growth 

in the host cytosol, and what carbon sources are these systems extracting from the host? Early in 

this work (data not shown), we attempted to address this question using a dual host–pathogen 

metabolomics approach (54). Macrophages cultured ex vivo were infected with L. 

monocytogenes, and after six hours of intracellular replication, the shared host–pathogen 

metabolome was extracted and analyzed via HPLC–MS. However, these efforts yielded little 

detectable differential carbon utilization. We suspect this was primarily due to 

the supraphysiologic conditions of ex vivo macrophage culture systems, which allow for near-

constant replenishment of depleted metabolites. Furthermore, untargeted metabolomics is 

intrinsically limited in its ability to distinguish among carbon sources of similar mass and charge 

(55). As a result, new methods and models are needed to disentangle these complex questions. 

Seminal work by the Whiteley lab has demonstrated that in vivo models do not always 

faithfully recapitulate bacterial physiology during infection (56,57). To address this, they 

developed a method using detailed and iterative omics analyses to characterize bacterial niches 

and then recreate them in vitro using media formulations that mimic the in vivo transcriptome of 

pathogens (56–58). Building upon this approach, Dr. Marvin Whiteley founded a company 

called Synthbiome (https://www.synthbiome.com), which seeks to commercially develop 

defined in vitro media that simulate host environments. 

I propose leveraging this technology to generate a macrophage cytosol-like medium, 

which could then be used to more precisely identify the carbon sources and transport systems 
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that L. monocytogenes depends on during intracellular growth. Fortunately, the transcriptomic 

profile of wild-type L. monocytogenes during cytosolic growth in macrophages is well defined 

(59,60). Therefore, using this known bacterial transcriptome as a reference, Synthbiome could 

perform detailed metabolomic analysis of the macrophage cytosol to inform in vitro media 

design, followed by iterative optimization to mimic the cytosolic environment as closely as 

possible. 

One major advantage of using macrophage cytosol-like media is that it would be fully 

defined and compositionally static. This enables precise monitoring of metabolite consumption 

and depletion over time. Once developed, wild-type and metabolically perturbed L. 

monocytogenes strains (characterized in Chapter 2) could be grown in this medium. At mid-log 

phase, cultures would be centrifuged and filtered to remove bacteria, and the resulting 

supernatants subjected to HPLC–MS. Because the media composition is defined and stable, 

both unbiased and targeted metabolomics (using known standards) could be applied to identify 

carbon sources utilized by wild-type and mutant strains (61). 

If successful, a natural extension of this work would be to identify which PTS 

systems specifically support growth on the relevant carbon sources in this macrophage cytosol-

like environment (16). As previously described, one powerful method for this would be 

transposon insertion sequencing (TIS). A high-density transposon mutant library of wild-type L. 

monocytogenes could be screened for defects in growth in macrophage cytosol-like media—

either in its full formulation or in modified versions containing only the most depleted carbon 

sources identified above (53). From this screen, a set (or sets) of PTS systems essential for 

growth could be identified. Clean, defined gene deletions in these systems could then be 
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constructed and evaluated using our lab’s well-established in vitro, ex vivo, and in vivo infection 

models. 

In sum, these proposed experiments offer a powerful and unbiased way to define both 

the carbon sources utilized by L. monocytogenes in the macrophage cytosol and the PTS systems 

responsible for their acquisition. Beyond directly answering the questions raised by Chapter 2, 

the development of macrophage cytosol-like media could revolutionize our broader 

understanding of L. monocytogenes physiology during intracellular infection. These efforts 

should also be viewed in the context of adjacent sections of this thesis, which explore host cell 

responses to bacterial metabolism, genetic determinants of survival in polarized macrophages, 

conditionally essential mutations in metabolic pathways, and potential non-metabolic roles of 

PTS systems. Many of these features are likely to be interdependent on understanding which 

carbon sources and transport systems L. monocytogenes relies on during infection. 

 

Identification of function of uhpT in L. monocytogenes pathogenesis 

 Another challenging but important question arising from Chapter 2 of this thesis concerns 

the nonessentiality of uhpT during Listeria monocytogenes growth in the macrophage cytosol—

and its only modest role in in vivo virulence (11,16,62). Generally, bacterial pathogens are highly 

evolved to survive and replicate within their host niches, and, in line with the Black Queen 

Hypothesis, tend toward genome reduction in pursuit of this goal (63). It is therefore striking 

that L. monocytogenes encodes uhpT, a gene tightly regulated by PrfA—the master virulence 

regulator of Listeria—yet appears largely dispensable for intracellular growth under the 

conditions tested (11,16). Further supporting the importance of uhpT is its presence in 

pathogenic L. monocytogenes strains, but not in nonpathogenic relatives such as Listeria innocua 
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(64,65). Taken together with our findings that uhpT is largely dispensable for cytosolic growth 

and only modestly impacts in vivo infection, this raises a compelling question: why does this 

finely tuned pathogen maintain a transporter that appears to have limited importance under 

standard experimental conditions? 

I hypothesize that uhpT does not contribute meaningfully to steady-state intracellular 

metabolism but instead serves as a virulence-regulated metabolic “kickstarter”—priming L. 

monocytogenes for subsequent PTS-dependent carbon acquisition. Many bacterial pathogens are 

known to use different carbon sources at various infection stages (18,66,67). Our data in Chapter 

2 illustrate that PTS-mediated carbon uptake is critical for L. monocytogenes intracellular 

replication (16). However, data in Chapter 3 suggest that PTS function depends on the 

availability of upper glycolytic intermediates, particularly phosphoenolpyruvate (PEP), as a 

phosphate donor. Therefore, it is possible that L. monocytogenes being starved requires carbon 

uptake to initiate the use of PTS for sustained intracellular growth, possible through uhpT. 

Notably, most of the models used in this thesis involve infections initiated with L. 

monocytogenes grown in rich, non-physiological conditions—either in nutrient-rich media or in 

macrophages cultured in supra-physiologic environments. These conditions likely mask the true 

nutrient limitations encountered during natural infections (68,69). I propose that uhpT allows L. 

monocytogenes to import host-derived hexose phosphates early during infection—helping restore 

glycolytic intermediates (including PEP)—and thereby enabling activation of PTS-mediated 

carbon uptake. This would explain the gene’s conservation, virulence regulation, and context-

specific importance, and could resolve the differential phenotypes observed between ex 

vivo and in vivo models described in Chapter 2. 
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To test this hypothesis, I propose an in vitro model followed by in vivo validation. 

First, L. monocytogenes inocula should be pre-starved of carbon sources to simulate the early 

metabolic constraints of infection. This can be accomplished by growing strains overnight in 

defined minimal media containing limiting glucose as the sole carbon source. The ideal glucose 

concentration can be empirically determined by titrating glucose levels and identifying a 

threshold where further reduction diminishes growth. After overnight culture to stationary phase 

under glucose-limited conditions, bacteria should be washed and resuspended in PBS to 

minimize metabolite carryover. These metabolically deprived cultures can then be used for 

both in vitro growth curves and infection-based assays. To test whether uhpT functions as a 

metabolic kickstarter, metabolically starved L. monocytogenes strains constitutively 

expressing uhpT (to bypass PrfA or glutathione regulation) could be inoculated into defined 

media containing: 

• 55 mM fructose (PTS-dependent carbon source) 

• 50 mM fructose + 5 mM hexose phosphates (PTS substrate + UhpT substrate) 

If uhpT-mediated hexose phosphate uptake accelerates the restoration of PEP and glycolytic 

flux, we would expect a shorter lag phase in the presence of hexose phosphates. Metabolomic 

profiling could complement these assays by measuring intracellular metabolite restoration over 

time. 

To extend this into a physiologically relevant context, these metabolically starved strains 

could be used for intravenous or oral infections in wild-type, uhpT knockout, and uhpT-

overexpressing strains. However, intravenous models may not fully recapitulate the metabolic 

stress encountered during natural infection. Therefore, oral infection models—in which L. 
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monocytogenes must traverse nutrient-limited environments such as the gastrointestinal tract and 

compete with commensals—may be more appropriate (70). 

If uhpT serves as a metabolic kickstarter, we would expect a greater attenuation of uhpT-

deficient strains under these metabolically stressful oral infection conditions, compared to 

intravenous infection. Finally, this hypothesis could be tested more directly via in vivo 

competition assays, comparing wild-type, uhpT-deficient, and uhpT-overexpressing strains 

during oral infection (71). Together, these experiments test one of several hypotheses for why L. 

monocytogenes encodes a transporter for hexose phosphates—despite its apparent dispensability 

under standard laboratory conditions. These studies may also help explain why L. 

monocytogenes employs a multipartite carbon acquisition strategy: not merely to evade host cell 

detection, but to maintain metabolic flexibility and readiness during complex, physiologically 

relevant stages of infection that are not fully recapitulated in the models used throughout this 

thesis. 

Defining L. monocytogenes’ broken TCA cycle as a metabolic determinant of virulence 

 One of the key deficits in the pyruvate dehydrogenase complex (PDH) mutants 

characterized in Chapter 3 of this thesis is their impaired ability to direct carbon from pyruvate 

into acetyl-CoA and subsequently into the tricarboxylic acid (TCA) cycle. Despite this 

impairment, it is apparent from our data that some carbon flux into the TCA cycle still occurs. 

This is evidenced by metabolomic profiling, which detects TCA cycle intermediates—albeit at 

reduced levels. Additionally, analysis of fermentative byproduct production indicates 

that pdhC::Tn mutants still readily produce acetate, which is derived from the TCA cycle 

intermediate acetyl-CoA. 
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Taken together, these findings suggest that although the TCA cycle is still being supplied 

in PDH mutants, it is relatively starved compared to WT L. monocytogenes. This raises the 

question: what is the actual contribution of the TCA cycle to L. monocytogenes virulence? We 

hypothesize that impaired TCA cycle flux may partially account for the virulence defects 

observed in PDH mutants. One way to test this hypothesis would be to mutate genes encoding 

enzymes immediately downstream of PDH in the TCA cycle, such as citrate synthase (citZ, 

LMRG_01400), aconitase (citB, LMRG_01325), and isocitrate dehydrogenase 

kinase/phosphatase (citC, LMRG_01401). Deleting these genes in both WT and PDH mutant 

backgrounds, followed by assessment using our lab’s standard virulence assays—including 

intracellular growth curves, plaque formation, and acute murine infections—would allow us to 

evaluate how much of the PDH mutant-associated virulence defect is attributable to impaired 

TCA cycle flux, as opposed to altered fermentation or an inability to utilize PTS-mediated 

carbon sources. 

On a broader scale, the contribution of broken or incomplete TCA cycles to bacterial 

virulence remains poorly understood. Intriguingly, L. monocytogenes—like many other 

intracellular pathogens—encodes a fragmented TCA cycle (7,8,72–74). We hypothesize that this 

is an evolutionary adaptation to evade host cell detection (14). Supporting this idea, the Brodsky 

lab has demonstrated that Salmonella tightly regulates its TCA cycle to avoid immune 

recognition (14). Interestingly, our own data may suggest a similar phenomenon in L. 

monocytogenes: complementation of pdhC::Tn with an overexpression construct for pdhC does 

not fully rescue the virulence defect and surprisingly remains attenuated (Chapter 3). This could 

be due to inappropriate or excessive carbon flux into the TCA cycle—a flux pattern that would 

not naturally occur in wild-type L. monocytogenes. 
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To test this, I propose two complementary genetic approaches: 

1. Overexpression of TCA cycle components in L. monocytogenes to assess whether 

increased flux results in further attenuation due to heightened host immune detection. 

2. Reconstitution of a complete TCA cycle in L. monocytogenes by expressing the missing 

enzymes—α-ketoglutarate dehydrogenase, succinyl-CoA synthetase, and malate 

dehydrogenase—using codon-optimized sequences from the closely related Bacillus 

subtilis. These constructs could be stably expressed under constitutive or inducible 

promoters. 

If the fragmented TCA cycle is indeed an evolutionary adaptation, we would expect that L. 

monocytogenes strains expressing a completed TCA cycle would be broadly attenuated across 

multiple virulence assays, including intracellular replication, plaque formation, and in 

vivo infection models. 

Together, the experiments proposed here could clarify the relative contribution of the TCA 

cycle to L. monocytogenes pathogenesis, as well as the evolutionary rationale behind its 

incomplete architecture. These studies would also help define the extent to which impaired TCA 

flux accounts for the virulence defects of PDH complex mutants. Ultimately, understanding this 

metabolic feature may explain why many other intracellular pathogens also harbor broken TCA 

cycles—and how such adaptations contribute to their success within host environments. 

 

Characterization the HPr role as a regulator of L. monocytogenes pathogenesis 

 As explored in Appendix 3 of this thesis, HPr functions not only as a component of the 

phosphotransferase system (PTS) for sugar import, but also as a regulatory factor influencing 
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multiple aspects of Listeria monocytogenes biology and virulence (19,75,76). This regulatory 

function is distributed across HPr’s two phosphorylation sites. The conserved histidine residue is 

responsible for phosphor-relay activity necessary for sugar uptake and phosphorylation, whereas 

the serine residue plays a more direct role in gene regulation (25). 

Evidence for HPr’s regulatory importance comes from the observation that 

overexpression of HPr is detrimental to plaque formation in both DptsH and WT L. 

monocytogenes strains. This toxicity manifests as stationary-phase lysis on agar plates (data not 

shown), impaired intracellular growth, and reduced plaque-forming ability. The underlying 

mechanism remains unclear, but it is likely related to disruptions n relative prevelance of 

phosphorylated and unphosphorylated HPr-Ser. Overexpression may increase both 

phosphorylated and unphosphorylated HPr-Ser; however, given the limiting availability of 

phosphate, it is more plausible that the primary effect is an accumulation of unphosphorylated 

HPr, which may be physiologically disruptive (75,77,78). 

This hypothesis is further supported by genetic evidence: attempts to generate a 

phosphorylation-incompetent HPr mutant through deletion of its respective kinase (DhprK; 

LMRG_01765) in a wild-type background were unsuccessful, yet the same mutation could be 

readily introduced in a DptsH background. This suggests that expression of unphosphorylated 

HPr-Ser in the presence is toxic, possibly due to dominant-negative effects or interference with 

regulatory networks. To further test this model, we propose generating phosphoablative and 

phosphomimetic mutants at the regulatory serine residue (Ser46) of HPr. Substitution of Ser46 

with alanine (S46A) would prevent phosphorylation and model a constitutively 
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unphosphorylated state, while substitution with aspartic acid (S46D) would mimic constitutive 

phosphorylation (33). 

While HPr’s regulatory effects are thought to occur via phospho-dependent interactions 

with other proteins, there is evidence that phosphorylated HPr binds to the transcriptional 

regulator CcpA, enabling CcpA to bind DNA and modulate gene expression (79). To investigate 

both dimensions of HPr regulation—phosphorylation-mediated signaling and DNA-associated 

transcriptional control—we propose performing phosphoproteomic analysis of wild-type, HPr 

S46A, and HPr S46D strains of L. monocytogenes. These experiments should be performed in 

vitro using defined media that include or exclude PTS sugars as the sole carbon source (e.g. 

fructose versus hexose phosphates), to determine how HPr-mediated regulation shifts in response 

to nutrient availability. This approach could uncover PTS-dependent and independent regulatory 

pathways and may help identify genes involved in virulence that are misregulated in these 

mutants. 

In parallel, bacterial RNA-seq should be conducted during ex vivo macrophage infection 

to assess transcriptional responses of the phosphoablative and phosphomimetic ptsH mutants in 

the cytosolic environment. This would help reveal how HPr phosphorylation status affects 

virulence gene regulation, stress adaptation, and metabolic response during infection. 

Although DptsH strains exhibit significant attenuation in vivo, it remains unclear what 

proportion of this defect is due to the loss of carbon source acquisition versus disruption of HPr-

mediated regulatory functions. The similar virulence phenotypes observed 

between DptsH and DptsI (EI) mutants suggest that the majority of the defect stems from 
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impaired carbon import. However, some portion may result from misregulated gene expression 

or metabolic imbalance (Chapter 2) (16). 

Importantly, a DptsH mutant eliminates all HPr function, but it does not replicate the 

physiological effects of unphosphorylated HPr accumulation, which may occur in 

overexpression or phosphoablative contexts. Thus, understanding the distinct phenotypes of HPr 

mutants with altered phosphorylation states is essential for dissecting its dual role as both a 

metabolic and regulatory hub in L. monocytogenes pathogenesis. 

 Together, this work highlights the dual role of HPr, encoded by ptsH, in L. monocytogenes 

as both a central player in phosphotransferase system (PTS)-mediated carbon acquisition and as 

a regulatory protein that influences virulence. Evidence from overexpression toxicity and mutant 

analysis suggests that imbalances in HPr phosphorylation—particularly accumulation of 

unphosphorylated HPr—may disrupt cellular physiology. To dissect these roles, we propose 

generating phosphoablative and phosphomimetic HPr mutants and analyzing their 

phosphoproteomes and transcriptional profiles under defined metabolic conditions and during ex 

vivo macrophage infection. These approaches aim to clarify how HPr integrates metabolic and 

regulatory functions and to determine whether HPr-mediated signaling contributes to the 

virulence defects observed in DptsH mutants beyond impaired carbon source uptake. 

 

CONCLUSION 

 Overall, this thesis investigates the role of carbon acquisition and utilization by Listeria 

monocytogenes during its intracellular life cycle. In Chapter 2, we examined the importance of 

the phosphotransferase system (PTS) in L. monocytogenes virulence and moved one step closer 
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to defining the specific carbon sources utilized during infection. We demonstrate that functional 

PTS components are essential for L. monocytogenes replication in the host cytosol and for full 

virulence (16). In Chapter 3, we explored the mechanistic consequences of L. 

monocytogenes lacking a functional pyruvate dehydrogenase complex (PDH). Our findings 

reveal that the ability to metabolize PTS-derived carbon sources is a key determinant of 

intracellular virulence, though it is less critical during in vivo infection. We further show that 

PDH mutants can be rescued for growth on PTS sugars when repression by the redox-sensitive 

regulator Rex is alleviated, highlighting the interplay between carbon metabolism and redox 

regulation in supporting cytosolic survival. Finally, in the Discussion and Conclusion, we outline 

several ongoing and emergent questions stemming from this work, including how L. 

monocytogenes interacts with the host through shared metabolic pathways, the evolutionary 

rationale behind certain metabolic adaptations, and the potential non-metabolic roles of carbon 

acquisition systems in pathogenesis. Together, this thesis represents an incremental but 

meaningful step toward elucidating how L. monocytogenes engages with the host cell 

environment. These insights contribute not only to Listeria biology but also to a broader 

understanding of host–pathogen metabolic interactions and the fundamental principles 

underlying bacterial pathogenesis. 
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ABSTRACT 

Listeria monocytogenes is a remarkably well-adapted facultative intracellular pathogen that can 

thrive in a wide range of ecological niches. L. monocytogenes maximizes its ability to generate 

energy from diverse carbon sources using a respiro-fermentative metabolism that can function 

under both aerobic and anaerobic conditions. Cellular respiration maintains redox homeostasis by 

regenerating NAD+ while also generating a proton motive force (PMF). The end products of the 

menaquinone (MK) biosynthesis pathway are essential to drive both aerobic and anaerobic cellular 

respiration. We previously demonstrated that intermediates in the MK biosynthesis pathway, 

notably 1,4-dihydroxy-2-naphthoate (DHNA), are required for the survival and virulence of L. 

monocytogenes independent of their role in respiration. Furthermore, we found that restoration of 

NAD+/NADH ratio through expression of water-forming NADH oxidase (NOX) could rescue 

phenotypes associated with DHNA deficiency. Here we extend these findings to demonstrate that 

endogenous production or direct supplementation of DHNA restored both the cellular redox 

homeostasis and metabolic output of fermentation in L. monocytogenes. Further, exogenous 

supplementation of DHNA rescues the in vitro growth and ex vivo virulence of L. monocytogenes 

DHNA-deficient mutants. Finally, we demonstrate that exogenous DHNA restores redox balance 

in L. monocytogenes specifically through the recently annotated NADH dehydrogenase Ndh2, 

independent of the extracellular electron transport (EET) pathway. These data suggest that the 

production of DHNA may represent an additional layer of metabolic adaptability by L. 

monocytogenes to drive energy metabolism in the absence of respiration-favorable conditions. 
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INTRODUCTION 

Listeria monocytogenes is a Gram-positive, facultative intracellular pathogen that is 

exceptionally well-adapted to survive and replicate in the restrictive mammalian host cytosol (1–

3). Bacteria that lack the specific adaptations required to survive or replicate in the host niche are 

effectively cleared (4–7), often by triggering host defense mechanisms comprised of innate 

immune pathways (8–13). L. monocytogenes utilizes its internalin proteins to facilitate invasion 

into the host cell where it becomes captured in a phagosome (14, 15). The pore-forming 

cytolysin listeriolysin O (LLO) then facilitates escape from the phagosome into the cytosol (14, 

16), where L. monocytogenes can utilize ActA to mediate actin-based motility by hijacking the 

host’s actin machinery (17–20). Using this motility, L. monocytogenes moves into adjacent cells 

where they again invade the cytosol by expressing LLO and two phospholipase Cs, PlcA and 

PlcB, enabling it to restart its life cycle (14, 21).   

L. monocytogenes can also thrive in a diverse range of ecological niches that contain 

highly variable pools of fermentable and non-fermentable carbon sources (2, 22) L. 

monocytogenes employs both fermentative and respiratory metabolic mechanisms to maximize 

its energy output from scavenged nutrients (22, 23). In contrast to canonical respiratory 

organisms however, L. monocytogenes contains an incomplete tricarboxylic acid (TCA) cycle 

and is therefore unable to fully oxidize its carbon substrates (24). Accordingly, L. monocytogenes 

utilizes a respiro-fermentative metabolism characterized by glycolysis-derived pyruvate that is 

funneled into the fermentative production of acetate, generating ATP through substrate-level 

phosphorylation (SLP) via the activity of acetate kinase (24, 25). During the respiro-fermentative 

process, the activity of L. monocytogenes’ respiratory electron transport chain (ETC) enables it 

to regenerate NAD+, without having to rely upon lactate dehydrogenase, while also producing a 
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functional proton motive force (PMF) (22, 24, 25). Further lending to its diverse metabolic 

adaptability, L. monocytogenes possesses two distinct respiratory ETCs that allow it to respire 

both aerobically and anaerobically (26). The aerobic ETC in L. monocytogenes mediates electron 

transfer from a type II NADH dehydrogenase, Ndh1, to a membrane-bound menaquinone (MK) 

and subsequently to terminal cytochrome oxidases QoxAB (aa3) or CydAB (bd) for final transfer 

to O2 (27, 28). In contrast, the recently annotated anaerobic respiratory pathway in L. 

monocytogenes uses a flavin-based ETC to drive extracellular electron transfer (EET) to 

extracytosolic acceptors such as fumarate or ferric ion using a novel NADH dehydrogenase 

(Ndh2) and an alternative demethylmenaquinone (DMK) intermediate (26, 29). Both of the 

respiratory ETC in L. monocytogenes rely upon the MK biosynthesis pathway to generate their 

respective quinone electron acceptors, with the biosynthetic intermediate 1,4-dihydroxy-2-

naphthoate (DHNA) functioning as a mutual branching point (Fig. S1) (26). 

The requirement for L. monocytogenes to perform cellular respiration during infection 

has been well documented (30–33). However, understanding the specific contributions of 

maintaining cellular redox homeostasis via NAD+ regeneration versus the production of a 

functional PMF to achieve virulence has remained elusive. Further complicating our ability to 

dissect the specific contributions that cellular respiration may have during infection, the MK 

intermediates DHNA-CoA and DHNA have recently been reported to be required for the 

survival and virulence of L. monocytogenes independent of MK synthesis and aerobic respiration 

(30, 32, 33). Importantly, although it was observed that the supplementation of exogenous 

DHNA could rescue the in vitro growth of a DHNA-deficient L. monocytogenes mutant, this 

rescue did not coincide with the restoration of its PMF (32). Therefore, although DHNA-

deficient strains of L. monocytogenes possess the downstream enzymes to produce MK or DMK, 
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these data suggest that exogenous DHNA is not utilized to promote either aerobic or anaerobic 

cellular respiration. Recent work from Rivera-Lugo et al. sought to dissect the relative 

importance of maintaining redox homeostasis versus PMF generation for the pathogenesis of L. 

monocytogenes using a water-forming NADH oxidase (NOX) that specifically regenerates 

NAD+ independent of respiration and PMF function (25). Through the heterologous expression 

of NOX in respiration-deficient strains of L. monocytogenes, it was concluded that the 

regeneration of NAD+ represents a major role for cellular respiration during pathogenesis.  

The studies presented here sought to define the respiration-independent mechanisms of 

DHNA utilization to promote the survival and virulence of L. monocytogenes. Consistent with 

observations from Rivera-Lugo et. al, in the absence of respiration, the ex vivo and in vivo 

virulence defects associated with DHNA-deficiency were a result of impaired redox homeostasis 

which could be rescued upon ectopic NOX expression. Similarly, exogenous DHNA 

supplementation rescues the in vitro and ex vivo growth and cytosolic survival of DHNA-

deficient mutants. Indeed, DHNA-dependent rescue by direct supplementation resulted in a 

restored cellular redox homeostasis with a concurrent shift of fermentative flux from lactate 

production to acetate in L. monocytogenes, independent of respiration. We further go on to show 

that the recently annotated anaerobic-specific Ndh2 is essential for DHNA-deficient L. 

monocytogenes mutants to utilize exogenous DHNA for growth in defined medium, independent 

of its canonical role in EET, suggesting that Ndh2 is the NADH dehydrogenase specifically 

required for the restoration of redox homeostasis via DHNA. Taken together, these data suggest 

that the endogenous production of DHNA can be utilized by L. monocytogenes to restore both its 

intracellular redox homeostasis and fermentative metabolic flux through an undefined 

mechanism requiring Ndh2.   
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RESULTS 

Redox homeostasis via NOX shifts fermentative output and rescues in vitro growth of 

DHNA-deficient L. monocytogenes. 

Two main outcomes of cellular respiration include 1) maintaining intracellular redox 

homeostasis by regenerating NAD+ from NADH and 2) the generation of a PMF to drive 

oxidative phosphorylation and various other aspects of bacterial physiology. A recent study 

employed a water-forming NADH oxidase (NOX) expression system in L. monocytogenes to 

dissect the relative importance of cellular respiration in maintaining redox homeostasis versus 

PMF generation (25). We had previously demonstrated that L. monocytogenes mutants lacking 

the key MK biosynthetic intermediate DHNA were attenuated, in part, independent of loss of 

respiration (30, 32, 33). We hypothesized that restoration of NAD+ pools might rescue these 

virulence defects similar to the rescue observed for mutants lacking components of the 

respiratory chains (25). To test this hypothesis, we assessed NAD+/NADH levels in ΔmenB, 

ΔmenI and ΔmenA mutants +/- expression of NOX in trans. The inability to generate 

endogenous DHNA by the ΔmenB mutant results in a severely diminished redox homeostasis as 

measured by the ratio of oxidized NAD+ to reduced NADH. This imbalance was significantly 

restored by ectopic expression of NOX to a level similar to the ΔmenA mutant (Fig. 1A). The 

ΔmenI mutant, which can generate DHNA-CoA, displays an intermediate phenotype between 

ΔmenB and ΔmenA levels, which is similarly rescued upon NOX expression (Fig. 1A), 

consistent with possible respiration independent roles for DHNA in NAD+/NADH redox 

balancing.  

L. monocytogenes employs a respiro-fermentative metabolism due to an incomplete TCA 

cycle, characterized by the funneling of pyruvate towards the fermentative production of acetate 
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(23, 24). Respiration-deficient mutants of L. monocytogenes are impaired in their ability to 

maintain cellular redox homeostasis and as a result nearly exclusively produce lactate rather than 

acetate as a metabolic byproduct (25). To test whether impaired redox homeostasis due to 

DHNA-deficiency would similarly result in the predominant production of lactate, we analyzed 

fermentation byproducts in bacterial supernatants using high-performance liquid chromatography 

(HPLC). As expected, wild-type L. monocytogenes predominantly generated acetate whereas 

DHNA-deficient ΔmenB had a drastic shift to lactate production (Fig. 1B). Heterologous NOX 

expression rescued ΔmenB acetate production back to wild-type levels, consistent with restored 

redox homeostasis driving acetate production to generate ATP (Fig. 1B). Consistent with the 

results seen in our NAD+/NADH experiments, the ΔmenI mutant displayed an intermediate 

phenotype by producing similar levels of acetate and lactate, which was also fully restored to 

wild-type upon NOX expression (Fig. 1B). The ΔmenA mutant produced slightly more lactate 

and less acetate when compared to wild-type, likely attributed to the difference in redox 

homeostasis observed previously (Fig. 1A, B).  

Finally, we have previously shown that the production of DHNA is critical for L. 

monocytogenes in vitro growth in chemically defined medium (30, 32, 33). To test whether 

restoration of redox homeostasis can rescue this growth defect, we’ve assayed for in vitro growth 

of the above mutants complemented with NOX in defined medium. As expected, ΔmenB showed 

the largest growth defect followed by ΔmenI, and both mutants showed wild-type level growth 

upon NOX complementation (Fig. 1C). Together, these data suggest that metabolic defects 

associated with DHNA deficiency in L. monocytogenes are due to NAD+/NADH redox 

imbalances and that restoration of this balance can rescue ΔmenB mutant growth and carbon 

metabolism in L. monocytogenes.  
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Restoration of redox homeostasis rescues virulence defects associated with DHNA-

deficiency.  

Based on the restoration of in vitro growth of ΔmenB mutants via expression of NOX, we 

hypothesized that restoration of NAD+ pools would similarly rescue virulence defects of DHNA-

deficient mutants. DHNA-deficient mutants are susceptible to cytosolic killing in the 

macrophage cytosol, therefore we assessed cytosolic survival of ΔmenB, ΔmenI, and ΔmenA 

with or without expression of NOX in trans (30, 34). As hypothesized, ΔmenB and ΔmenI 

displayed increased cytosolic killing and NOX expression rescued their survival in the 

macrophage cytosol (Fig. 2A). Rescue by NOX expression was specific to mutants with 

disrupted NAD+/NADH redox homeostasis as NOX expression was unable to rescue cytosolic 

survival of a ΔglmR mutant susceptible to cytosolic killing due to cell wall defects (Fig 2A) (34–

36). Consistent with NAD+ pool restoration supporting cytosolic survival, ΔmenB mutant 

replication in the macrophage cytosol was also rescued upon expression of NOX in trans (Fig. 

2B).  

Finally, we had previously demonstrated that DHNA-deficient mutants are more 

attenuated in vivo than respiration-deficient mutants, suggesting that DHNA contributes to 

virulence in a respiration independent manner (30, 32, 33). To determine if the respiration 

independent function of DHNA during in vivo infection is due to NAD+/NADH homeostasis 

defects, we assessed virulence of ΔmenB, ΔmenI, and ΔmenA mutant L. monocytogenes with and 

without expression of NOX in trans. Ectopic NOX expression rescued the in vivo burden of 

ΔmenB mutants by ~100-fold in the spleen and liver (Fig. 2C) and an even greater rescue for 

ΔmenI mutants in the liver following NOX expression was also observed (Fig. 2C). However, 

unlike our in vitro data, NOX expression did not rescue in vivo virulence back to wild-type 
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levels. Interestingly, there was little to no change in the in vivo virulence of ΔmenA upon the 

introduction of NOX (Fig 2C). This is in agreement with our previous results that showed both 

redox homeostasis and acetate production of the ΔmenA mutant was also not significantly altered 

upon NOX expression (Fig 1A, B). Taken together, these data suggest that in L. monocytogenes 

maintaining cellular redox homeostasis in the absence of DHNA is sufficient to promote survival 

and virulence both ex vivo and in vivo. 

DHNA production or supplementation promotes similar effects to NOX complementation 

in L. monocytogenes.     

We have previously demonstrated that exogenous addition of either purified DHNA or 

culture supernatant from DHNA sufficient strains of L. monocytogenes could rescue the in vitro 

growth of DHNA-deficient L. monocytogenes in defined media (32), suggesting that L. 

monocytogenes, like other bacteria including Propionibacterium spp. and Lactobacillus spp., 

may secrete DHNA (37, 38). To test the hypothesis that L. monocytogenes secretes DHNA, we 

assayed culture supernatants for DHNA via mass spectrometry. As hypothesized, wild-type L. 

monocytogenes contained abundant levels of DHNA, while ΔmenB mutants contained no 

detectable extracellular DHNA (Fig. S2). Given that exogenous DHNA could rescue the in vitro 

growth of DHNA-deficient L. monocytogenes mutants and that DHNA-deficient mutants could 

similarly be rescued by NAD+ regeneration through NOX expression, we hypothesized that 

exogenous DHNA could act to restore NAD+ levels in ΔmenB mutants. To test this hypothesis, 

we measured cellular NAD+/NADH with or without DHNA supplementation. Consistent with 

the results observed with NOX expression, the exogenous supplementation of DHNA rescued 

redox homeostasis of ΔmenB mutants to levels similar to those seen with ΔmenA mutants, 

suggesting that exogenous DHNA might be utilized in a similar fashion to DHNA produced 
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endogenously (Fig. 3A). Consistent with DHNA supplementation of ΔmenB rescuing cellular 

redox homeostasis, exogenous DHNA also shifted the metabolic flux of ΔmenB back towards 

acetate production, similar to ΔmenA levels (Fig. 3B). Importantly, we had previously 

demonstrated that exogenous DHNA does not restore respiration and membrane potential (32). 

Taken together, these data suggest that DHNA, independent of its role in respiration, restores 

cellular redox homeostasis, subsequently shifting the fermentative output from lactate back 

towards acetate that likely drives ATP production through acetate kinase (24, 25). 

Having previously observed that DHNA can restore NAD+ redox homeostasis and that 

NOX-dependent NAD+ restoration could restore virulence defects of ΔmenB mutants, we 

hypothesized that exogenous DHNA supplementation during infection may similarly rescue the 

cytosolic survival and intracellular growth of DHNA-deficient L. monocytogenes. Indeed, the 

addition of exogenous DHNA during macrophage infection with ΔmenB or ΔmenI mutants 

restored their cytosolic survival back to wild-type and ΔmenA levels (Fig. 3C). Importantly, as 

observed with NOX expression, DHNA supplementation did not rescue the cytosolic survival of 

ΔglmR mutants whose virulence phenotypes are due to cell wall stress response defects (Fig. 3C) 

(35, 36), demonstrating that the rescue of cytosolic survival by DHNA is specific to DHNA-

deficient L. monocytogenes. Accordingly, supplementing DHNA during macrophage infection 

also rescued the ability of ΔmenB mutants to replicate intracellularly to levels similar of that 

during ΔmenA infection (Fig. 3D). Taken together, these results demonstrate that exogenously 

provided DHNA can balance NAD+/NADH redox homeostasis thereby potentiating L. 

monocytogenes virulence.   
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Ndh2 is conditionally essential for DHNA utilization in vitro.  

Although DHNA can drive regeneration of NAD+ in L. monocytogenes upon exogenous 

supplementation, it does not restore membrane potential suggesting that it is not simply imported 

and used to synthesize MK as described in Streptococci (39, 40). We hypothesized that the two 

annotated L. monocytogenes’ NADH dehydrogenases encoded by ndh1 (LMRG_02734) and 

ndh2 (LMRG_02183), respectively, may utilize DHNA independent of the respiratory pathways 

to facilitate NAD+/NADH homeostasis (23, 26). To test this hypothesis, we generated 

Δndh1/menB::Tn and ΔmenB/ndh2::Tn mutants and assayed for growth with or without 5µM 

exogenous DHNA in defined medium. As expected, both double mutants were unable to grow 

without exogenous DHNA due them being a ΔmenB mutant (Fig. 4A). DHNA supplementation 

rescued growth of the Δndh1/menB::Tn mutant suggesting that Ndh1 is not required for DHNA-

dependent NAD+/NADH redox homeostasis. In contrast, the ΔmenB/ndh2::Tn mutant was 

unable to grow in the presence of exogenous DHNA (Fig. 4B). ndh2 is required for the function 

of the recently described EET pathway in L. monocytogenes (26), therefore we hypothesized that 

EET may be necessary to utilize DHNA for NAD+/NADH redox homeostasis. To test this 

hypothesis, we transduced pplA::Tn, dmkA::Tn, eetA::Tn, and fmnA::Tn mutations into a ΔmenB 

background. The growth of all four of these double mutants were rescued upon DHNA 

supplementation in defined medium (Fig. S3). Finally, exogenous MK supplementation can 

restore not only growth of DHNA deficient mutants but also their membrane potential (32, 33), 

likely through direct insertion of MK in the membrane and subsequent restoration of the aerobic 

respiratory chain. To ensure that ΔmenB/ndh2::Tn mutants are not more generally incapable of 

growing in defined media, we supplemented ΔmenB/ndh2::Tn mutants with either DHNA or MK 

directly. Supplementation of MK rescued growth of ΔmenB/ndh2::Tn in defined medium unlike 
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DHNA, showing that this mutant is specifically dysfunctional in the use of DHNA as a redox 

homeostasis substrate (Fig. 4C). Taken together, these data suggest that Ndh2 facilitates DHNA-

dependent NAD+/NADH redox homeostasis in the absence of respiration in L. monocytogenes.   

Ndh2 is required for DHNA-dependent rescue of intra-macrophage replication ex vivo. 

Given that DHNA supplementation in vitro cannot rescue growth of the ΔmenB/ndh2::Tn 

mutant, we asked whether this growth defect would impact ex vivo virulence. To test the 

hypothesis that ΔmenB/ndh2::Tn mutant has ex vivo virulence defects that cannot be rescued by 

DHNA, we assessed intracellular growth in both DHNA-treated and non-treated macrophages. 

As expected, DHNA-deficient ΔmenB mutants failed to grow to wild-type levels in macrophages 

without exogenous DHNA (Fig. 5A). Interestingly, the double mutants (ΔmenB/pplA::Tn and 

ΔmenB/ndh2::Tn) displayed further growth defects compared to ΔmenB suggesting a potential 

DHNA-independent role of EET in regard to intra-macrophage replication. The ΔmenB/ndh2::Tn 

mutant was not rescued to wild-type level replication with exogenous DHNA (Fig. 5B), 

consistent with our in vitro observation (Fig. 4B). Importantly, exogenous DHNA was sufficient 

to rescue intra-macrophage replication defects of the ΔmenB/pplA::Tn mutant, suggesting that 

disruption of EET, in general, does not hinder DHNA utilization (Fig. 5B). Taken together, these 

data further reinforce that Ndh2, independent of its role in EET, is required for DHNA utilization 

and virulence.   

DISCUSSION 

Cytosolic pathogens require specific adaptations to survive and replicate within the host. 

In L. monocytogenes, MK biosynthetic intermediate DHNA is among those factors necessary for 

cytosolic survival, independent of its known role in MK synthesis and cellular respiration (30, 
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32). In the present study, we sought to address the respiration-independent mechanism by which 

DHNA is required for the survival and virulence of L. monocytogenes. Utilizing a heterologous 

NOX expression system, we demonstrated that virulence defects associated with loss of DHNA 

could be rescued by restoration of NAD+/NADH homeostasis (Fig. 1, 2). However, NOX 

expression did not fully rescue in vivo virulence defects back to wild-type levels in DHNA-

deficient strains (Fig. 2C), possibly due to combined effects of the general lack of in vivo fitness 

of these mutants and the incomplete restoration of NAD+/NADH levels compared to wild-type 

(Fig. 1A).  

 We then found that exogenous DHNA supplementation restores NAD+/NADH balance, 

cytosolic survival, and intracellular replication of the DHNA-deficient mutant ΔmenB (Fig.3). 

Balancing of redox homeostasis also coincided with a marked shift in fermentative flux from 

lactate to acetate upon DHNA production or supplementation (Fig. 3B) to maximize ATP 

production via SLP through the activity of acetate kinase (25, 41). Importantly, we provide 

evidence that Ndh2 is the NADH dehydrogenase responsible for restoring redox homeostasis 

during exogenous DHNA utilization (Fig. 4), independent of its role in EET. In vivo 

supplementation of DHNA was unsuccessful due to toxicity of DMSO, the solvent used to 

deliver DHNA, when injected in mice intravenously. Additionally, DHNA is a known agonist of 

aryl hydrocarbon receptors, a ligand-activated transcriptional regulator of cellular metabolism 

and inflammatory responses ((42, 43)), which could lead to unexpected immunomodulatory 

effects that may prevent accurate in vivo virulence assessment. Due to such technical challenges 

and potential complications, we’ve determined virulence of the ΔmenB/ndh2::Tn mutant ex vivo 

by assessing intra-macrophage replication. In agreement with our in vitro data, the 
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ΔmenB/ndh2::Tn mutant was not rescued upon DHNA supplementation, suggesting that Ndh2 is 

required for DHNA-dependent virulence.  

Although we’ve demonstrated that Ndh2 is conditionally essential for DHNA utilization 

in L. monocytogenes, it is still unclear how Ndh2 utilizes DHNA to maintain intracellular redox 

homeostasis. One possibility is that DHNA, or one of its derivatives, may be used as an 

alternative quinone to directly accept electrons from Ndh2, regenerating NAD+ similar to the 

system recently described in Shewanella oneidensis MR-1. Mevers et al. recently demonstrated 

that a derivative of DHNA, 2-amino-3-carboxy-1,4-naphthoquinone (ACNQ), could serve as a 

novel electron shuttle that functioned to promote redox balance and energy metabolism (44). The 

authors went on to show that ACNQ is produced non-enzymatically from extracellular DHNA 

under oxidizing conditions in the presence of a nitrogen donor (i.e. ammonium or amino 

acids)(44). We have confirmed that indeed, DHNA is secreted by wild-type L. monocytogenes 

(Fig. S2) and extracellular DHNA is readily converted to ACNQ in our defined medium based 

on mass spectrometry analysis (data not shown). Based on this model, it is possible that DHNA 

produced by L. monocytogenes is secreted outside of the cell to shuttle electrons away where it is 

then freely oxidized non-enzymatically in the local environment to form ACNQ. Newly formed 

ACNQ would then be imported back into L. monocytogenes to be reduced again through the 

activity of Ndh2. The repeated oxidation and reduction of DHNA and/or ACNQ is the hallmark 

of an “electron shuttle” and is one of the proposed mechanisms of EET in S. oneidensis (44, 45). 

A strikingly similar model has been described in Pseudomonas aeruginosa in which endogenous 

production of phenazine is cyclically reduced intracellularly, shuttled outside of the cell, and 

oxidized by a terminal electron acceptor where it is then imported again by the cell (46). Studies 

to determine whether DHNA/ACNQ fuels an Ndh2-dependent electron shuttle to maintain 
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intracellular redox homeostasis or whether DHNA works via an alternative mechanism are 

currently ongoing.  

It has been proposed that in addition to serving as an electron shuttle by P. aeruginosa, 

secreted phenazine may be used as a shared resource by the surrounding microbial community to 

fuel their own redox shuttling (47). The function of phenazine as a shared metabolite is also 

similar to what has been previously documented with the secretion of DHNA being used as a 

shared resource to fuel metabolic processes of other localized microbes (32, 37–39). 

Furthermore, a recent study by Tejedor-Sanz et al. reported that the homofermentative lactic acid 

bacteria Lactiplantibacillus plantarum contains the EET gene locus previously annotated in L. 

monocytogenes, however it is missing the upstream genes necessary for quinone biosynthesis 

(48). Upon addition of exogenous DHNA, L. plantarum was observed to employ an Ndh2-

dependent form of EET that functioned to increase intracellular redox homeostasis by enhancing 

metabolic flux through fermentative pathways, generating additional lactate, while increasing 

ATP generation through SLP (48). Importantly, the capacity of DHNA supplementation to 

induce EET in L. plantarum did not coincide with the generation of a PMF to drive oxidative 

phosphorylation, similar to the phenotypes observed in L. monocytogenes. Whether there are 

functions of L. monocytogenes secreted DHNA as a shared metabolite in complex microbial 

communities such as those found in the intestine during the early stages of infection will require 

additional future studies.  

Overall, we’ve shown that L. monocytogenes can utilize DHNA to maintain redox 

homeostasis through the anaerobic-specific NADH dehydrogenase Ndh2, independent of other 

EET proteins. Utilization of extracellular DHNA can aid DHNA-deficient L. monocytogenes 

mutants to restore their ability to grow and replicate within the cytosol by potentially driving a 
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yet unclear method of energy metabolism. Pathways involved in unique energy metabolism by 

various pathogens are increasingly viewed as attractive drug targets and as such future studies 

utilizing the important model pathogen L. monocytogenes to understand the mechanisms of 

DHNA-dependent redox homeostasis could provide novel insights into the generation of new 

antimicrobials. 

 

MATERIALS AND METHODS 

Bacterial strains, plasmid construction, and growth conditions in vitro  

L. monocytogenes strain 10403S is referred to as the wild-type strain, and all other strains 

used in this study are isogenic derivatives of this parental strain. Vectors were conjugated into L. 

monocytogenes by Escherichia coli strain S17 or SM10 (51). The integrative vector pIMK2 was 

used for constitutive expression of L. monocytogenes genes for complementation (52).  

L. monocytogenes strains were grown at 37°C or 30°C in brain heart infusion (BHI) 

medium (237500; VWR) or defined medium supplemented with glucose as the sole carbon 

source. Defined medium is identical to the formulation described by Smith et al. (33). 

Escherichia coli strains were grown in Luria-Bertani (LB) broth at 37°C. Antibiotics were used 

at concentrations of 100 µg/ml carbenicillin (IB02020; IBI Scientific), 10 µg/ml 

chloramphenicol (190321; MP Biomedicals), 2 µg/ml erythromycin (227330050; Acros 

Organics), or 30 µg/ml kanamycin (BP906-5; Fisher Scientific) when appropriate. Medium, 

where indicated, was supplemented with 5 µM 1,4-dihydroxy-2-naphthoate (DHNA) (281255; 

Sigma) or 5 µM menaquinone (MK) (V9378; Sigma), both of which were dissolved in DMSO.   
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Phage Transduction 

Phage transductions were performed as previously described (53). Briefly, MACK L. 

monocytogenes was grown overnight in 3mL LB at 30°C stationary to propagate U153 phage 

stocks. MACK cultures were pelleted and resuspended in LB + 10mM CaSO4 + 10mM MgCl2 

and added into LB + 0.7% agar + 10mM CaSO4 + 10mM MgCl2 at 42°C. This mixture was 

immediately poured on BHI plates and incubated overnight at 30°C. U153 phage plaques were 

collected and soaked out with 10mM Tris (pH7.5) + 10mM CaSO4 + 10mM MgCl2. Donor 

plaque soak-outs were propagated the same way and were filter-sterilized using a 0.2μm syringe 

filter (09-740-113; Fisher Scientific) and additionally kept sterile by adding 500μL chloroform. 

Recipient ΔmenB strain was infected with these donor soak-outs for 30 minutes at room 

temperature and subsequently plated on BHI agar with erythromycin for selection at 37°C. 

Intracellular bacteriolysis assay  

Standard intracellular bacteriolysis assays were performed as previously described (30). 

Briefly, primary or immortalized bone marrow-derived IFNAR -/- macrophages ( 5	 × 10( per 

well of 24-well plates) were grown in a monolayer overnight in 500 µL volume. L. 

monocytogenes strains carrying the bacteriolysis reporter pBHE573 (34) were grown at 30°C 

without shaking overnight. Cultures were then diluted to a final concentration of 5	 × 10) 

CFU/mL in PBS and used to infect macrophages at a MOI of 10. At 1 hr postinfection, media 

were removed and replaced with media containing 50 µg/ml gentamicin. At 6 hr post infection, 

media from the wells were aspirated and macrophages were lysed using TNT lysis buffer (20 

mM Tris, 200 mM NaCl, 1% Triton [pH 8.0]). Cell lysates were transferred to opaque 96-well 

plates, and luciferin reagent was added and assayed for luciferase activity (Synergy HT, BioTek; 

Winooski, VT). 
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Intracellular growth assay 

Bone marrow-derived macrophages (BMDMs) were prepared from C57BL/6 mice as 

previously described (54). BMDMs were plated on coverslips at 5	 × 10* cells per 60mm dish 

and allowed to adhere overnight. For assays including DHNA treatment, BMDMs were 

pretreated prior to infection for 30 minutes with media containing 5µM DHNA. BMDMs were 

then infected at an MOI of 0.2 with their respective strain and infection proceeded for 8 hr. At 30 

min postinfection, media were removed and replaced with media containing 50 µg/ml 

gentamicin. Total CFU were quantified at various time points as previously described (55). 

NAD+ and NADH measurements 

L. monocytogenes strains were grown in defined medium at 37°C with shaking to mid-

logarithmic phase (OD600 0.4-0.6). Cultures were centrifuged and then resuspended in PBS. 

Resuspended bacteria were then lysed (2	 × 10) total CFU) by a 1:1 addition of 1% 

dodecyltrimethylammonium bromide (DTAB) (AC409310250; Fisher Scientific) for 5 min with 

agitation. Lysates were then processed to measure NAD+ and NADH levels using the 

NAD/NADH-Glo assay (Promega, G9071) per the manufacturer’s protocol. 

Fermentation byproduct measurements 

Cultures of L. monocytogenes were grown in BHI at 37°C with shaking overnight. 

Bacteria were then centrifuged and 1 mL of the resulting supernatant was filtered through a 

0.2µm-pore-size syringe filter (09-740-113; Fisher Scientific). Supernatant samples were next 

treated with 2μL of H2SO4 to precipitate any components that might be incompatible with the 

running buffer. The samples were then centrifuged at 16000 × g for 10 min and then 200μL of 

each sample transferred to an HPLC vial. HPLC analysis was performed using a ThermoFisher 

(Waltham, MA) Ultimate 3000 UHPLC system equipped with a UV detector (210 nm). 
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Compounds were separated on a 250 × 4.6 mm Rezex© ROA-Organic acid LC column 

(Phenomenex Torrance, CA) run with a flow rate of 0.2 mL min−1 and at a column temperature 

of 50 °C. The samples were held at 4 °C prior to injection. Separation was isocratic with a 

mobile phase of HPLC grade water acidified with 0.015 N H2SO4 (415 µL L−1). At least two 

standard sets were run along with each sample set. Standards were 100, 20, 4, and 0.8mM 

concentrations of lactate or acetate. The resultant data was analyzed using the Thermofisher 

Chromeleon 7 software package. 

Acute virulence assay 

All techniques were reviewed and approved by the University of Wisconsin — Madison 

Institutional Animal Care and Use Committee (IACUC) under the protocol M02501. Female 

C57BL/6 mice (6 to 8 weeks of age; purchased from Charles River) were used for the purposes 

of this study. L. monocytogenes strains were grown in BHI medium at 30°C without shaking 

overnight. These cultures were then back-diluted the following day 1:5 into fresh BHI medium 

and grown at 37°C with shaking until mid-exponential phase (OD600 0.4-0.6). Bacteria were 

diluted in PBS to a concentration of 5	 × 10(  CFU/mL and mice were injected intravenously 

with 1	 × 10( total CFU. At 48 hr postinfection, spleens and livers were harvested and 

homogenized in 0.1% Nonidet P-40 in PBS. Homogenates were then plated on LB plates to 

enumerate CFU and quantify bacterial burdens. 

Statistical analysis 

Statistical significance analysis (GraphPad Prism, version 6.0h) was determined by one-

way analysis of variance (ANOVA) with a Dunnett’s posttest comparing wild-type to all other 

indicated strains or by one-way ANOVA with Tukey’s multiple comparisons test unless 

otherwise stated (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). 
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FIGURES 

 

Figure 1. Redox homeostasis via NOX shifts fermentative output and rescues in vitro 

growth of DHNA-deficient L. monocytogenes. (A) NAD+/NADH ratios of indicated L. 

monocytogenes strains +/- NOX plasmid complementation grown aerobically at 37°C in defined 

medium to mid-logarithmic phase (OD600 0.4-0.6). ΔmenB mutant fails to grow in defined 

medium, thus these culture samples were spiked with 2 × 108 total CFU from an overnight BHI 

culture during experimental setup. (B) HPLC quantification of fermentation products (Lactate 

and Acetate) produced and secreted by indicated L. monocytogenes strains +/- NOX plasmid 

complementation grown in BHI media aerobically at 37°C to stationary phase. (C) L. 

monocytogenes strains +/- NOX plasmid complementation were grown in defined medium at 

37°C. OD600 was monitored for 20 hours. Data are representative of three (A, C) or two (B) 

independent experiments. ns, not significant; WT, wild-type     
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Figure 2. Restoration of redox homeostasis rescues virulence defects associated with 

DHNA-deficiency. (A) Indicated L. monocytogenes strains (MOI of 10) +/- NOX plasmid 

complementation were tested for cytosolic survival in immortalized IFNAR-/- bone marrow-

derived macrophages (BMDM) over a 6 hr infection. Data are normalized to wild-type levels of 

bacteriolysis and presented as the standard deviation of the means from three independent 

experiments. (B) Intracellular growth of wild-type, ΔmenB, or ΔmenB-NOX was determined in 

BMDMs following infection at an MOI of 0.2. Growth curves are representative of at least three 

independent experiments. Error bars represent the standard deviation of the means of technical 

triplicates within the representative experiment. (C) Bacterial burdens from the spleen and liver 

were enumerated at 48 hr post-intravenous infection with 1 × 105 total CFU of indicated L. 

monocytogenes strains +/- NOX plasmid complementation. Data are representative of results 
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from two independent experiments. Horizontal bars represent the limits of detection and the bars 

associated with the individual strains represents the mean of the group. ns, not significant. 
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Figure 3. DHNA production or supplementation promotes similar effects to NOX 

complementation in L. monocytogenes. (A) NAD+/NADH ratios of indicated L. monocytogenes 

strains +/- 5µM exogenous DHNA supplementation grown aerobically at 37°C in defined 

medium to mid-logarithmic phase. Again, ΔmenB were spiked with 2 × 108 total CFU from an 

overnight BHI culture during experimental setup. Data are presented as the standard deviation of 

the means from three independent experiments. (B) HPLC quantification of fermentation 

products (Lactate and Acetate) produced and secreted by indicated L. monocytogenes strains +/- 

exogenous DHNA supplementation grown in BHI media aerobically at 37°C to stationary phase. 

Data are representative of two independent experiments. (C) Indicated L. monocytogenes strains 

(MOI of 10) +/- DHNA supplementation were tested for cytosolic survival in primary IFNAR -/- 
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BMDMs over a 6 hr infection. Data are normalized to wild-type levels of bacteriolysis and 

presented as the standard deviation of the means from three independent experiments. (D) 

Intracellular growth of wild-type, ΔmenB, or ΔmenA was determined in BMDMs following 

infection at an MOI of 0.2. Growth curves are representative of at least three independent 

experiments. Error bars represent the standard deviation of the means of technical triplicates 

within the representative experiment. ns, not significant. 
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Figure 4. Ndh2 is conditionally essential for DHNA utilization in vitro. Indicated strains of L. 

monocytogenes were grown in defined medium without (A) or with (B) 5µM DHNA 

supplementation aerobically at 37°C and monitored for OD600 over 20 hr. (C) ΔmenB/ndh2::Tn 

L. monocytogenes was grown aerobically in defined medium with either 5µM DHNA or 5µM 

MK and monitored for growth (OD600) over 20 hr. All data represent one representative out of 

three biological replicates.   
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Figure 5. Ndh2 is necessary for DHNA utilization in macrophages ex vivo. Intracellular 

growth of indicated strains of L. monocytogenes was assayed in both untreated and DHNA-

treated BMDMs at an MOI of 0.2. BMDMs were treated with media containing 5µM DHNA for 

30 minutes prior to infection. Growth curves are representative of two independent experiments. 

Error bars represent the standard deviation of the means of technical triplicates within the 

representative experiment.  
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SUPPLEMENTAL INFORMATION 

Figure S1. Menaquinone biosynthetic pathway in Listeria monocytogenes. Chorismate is 

generated by the upstream shikimate biosynthesis pathway and is converted to DHNA by the 

series of listed enzymes (MenFDCHEBI). Red arrows indicate DHNA branching point towards 

aerobic respiration. Blue arrow indicates DHNA branching point towards anaerobic respiration. 

Corresponding gene locus numbers for L. monocytogenes strains EGD-e (Lmo) and 10403S 

(LMRG; parental strain used in this study) are listed underneath reaction arrows. OSB, o-

succinylbenzoate; DMK, demethylmenaquinone.  
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Figure S2. Detection of secreted DHNA by mass spectrometry. Detection of DHNA from the 

cell-free supernatants of overnight aerobic cultures of wildtype or ΔmenB strains by mass 

spectrometry. Data were analyzed via Metabolomics Analysis and Visualization Engine 

(MAVEN) (49, 50) and plotted for Peak AreaTop, the mean signal intensity of the three top 

points in the peak identified as DHNA. Error bars represent the standard deviation of the means 

from two independent experiments. ND, not detected.   
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Figure S3. Other EET mutants in a ΔmenB background were rescued upon DHNA 

supplementation in vitro. Indicated strains were grown in defined medium at 37°C with the 

addition of 5µM DHNA. OD600 was monitored for 20 hours. Data represents one representative 

out of three biological replicates.   
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Table S3.1 Strains used in this study. 

Strain Description Reference 
XL1-Blue Competent E. coli strain - 

SM10 E. coli strain for conjugations into Lm; KmR (51) 

10403S Parental L. monocytogenes (Lm) 10403s strain [Wild-
type] - 

JDS18 Lm with pBHE573 (34) 
 HS28 Lm with pPL2-NOX (25) 

JDS2328 Lm with pBHE573 and pPL2-NOX (25) 
JDS25 Lm ∆glmR (34) 
JDS21 Lm ∆glmR with pBHE573 (34) 

JDS2327 Lm ∆glmR with pPL2-NOX This work 
JDS2329 Lm ∆glmR with pBHE573 and pPL2-NOX (25) 
JDS1161 Lm ∆menB (30) 
JDS1175 Lm ∆menB with pYL116 (33) 
JDS1958 Lm ∆menB with pPL2-NOX (25) 
JDS1191 Lm ∆menB with pBHE573 (30) 
JDS2333 Lm ∆menB with pBHE573 and pPL2-NOX (25) 
JDS2240 Lm ∆menI  (33) 
JDS2155 Lm ∆menI with pBHE573 (33) 
JDS2325 Lm ∆menI with pPL2-NOX This work 
JDS2326 Lm ∆menI with pBHE573 and pPL2-NOX This work 
JDS1047 Lm ∆menA (30) 
JDS813 Lm ∆menA with pBHE573 (30) 
HS30 Lm ∆menA with pPL2-NOX This work 

JDS2330 Lm ∆menA with pBHE573 and pPL2-NOX This work 
JDS1213 Lm ∆menD (56) 
JDS17 SM10 E. coli with pBHE537 (34) 

JDS1957 SM10 E. coli with pPL2-NOX (25) 
KL1 Lm Δndh1/menB::Tn This work 
KL4 Lm ΔmenB/ndh2::Tn  This work 
KL9 Lm ΔmenB/dmkA::Tn  This work 
KL10 Lm ΔmenB/pplA::Tn This work 
KL11 Lm ΔmenB/fmnA::Tn  This work 
KL12 Lm ΔmenB/eetA::Tn This work 
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Table S3.2 Plasmids used in this study. 

Plasmids Description Reference 
pBHE573 Bacteriolysis reporter; CamR (34) 

pIMK2 Constitutive expression vector for complementation, Phelp; KanR (52) 
pYL116 menB cloned into pIMK2  (33) 

pPL2-NOX NADH oxidase (NOX) cloned into the backbone of pPL2 (25) 
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ABSTRACT 

C-di-AMP is an essential second messenger that regulates many cellular processes in bacterial 

cells. Unregulated c-di-AMP accumulation confers several phenotypes related to stress response, 

cell wall integrity, and virulence. Except for osmotic stress response, the molecular mechanisms 

underlying these phenotypes are not well defined. A Listeria monocytogenes mutant lacking both 

c-di-AMP phosphodiesterases, denoted as the ΔPDE mutant, accumulates a high c-di-AMP level 

and is significantly attenuated in the mouse model of systemic infection. We therefore utilized the 

ΔPDE mutant to define the molecular functions of c-di-AMP. Our transcriptomic analysis revealed 

that the ΔPDE mutant is significantly impaired for the expression of virulence genes regulated by 

the master transcription factor PrfA, which is activated by reduced glutathione (GSH) during 

infection. Subsequent quantitative gene expression analyses revealed that the ΔPDE strain is 

defective for PrfA-regulated gene expression both at the basal level and upon activation by GSH. 

We further found the ΔPDE strain to be significantly depleted for cytoplasmic GSH, and impaired 

for GSH uptake. The ΔPDE strain was also deficient in GSH under conditions that activate GSH 

synthesis by the synthase GshF, and upon constitutive expression of gshF, suggesting that c-di-

AMP accumulation inhibits GSH synthesis activity or promotes GSH catabolism. A constitutively 

active PrfA* variant, PrfA G145S, which mimics the GSH-bound conformation, restored virulence 

gene expression in ΔPDE in broth cultures supplemented with GSH, but did not rescue virulence 

defect in a mouse model of infection. Therefore, virulence attenuation at high c-di-AMP is likely 

associated with defects outside of the PrfA regulon. For instance, the ΔPDE strain was sensitive 

to oxidative stress, a phenotype partially attributed to GSH deficiency. Our data highlights the 

complex role of c-di-AMP in bacterial pathogenesis, and reveals GSH metabolism as another 

pathway that is regulated by c-di-AMP.  
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IMPORTANCE  

C-di-AMP regulates both bacterial pathogenesis and interactions with the host. Although 

c-di-AMP is essential in many bacteria, its accumulation also attenuates the virulence of many 

bacterial pathogens. Therefore, disrupting c-di-AMP homeostasis is a promising antibacterial 

treatment strategy, and has inspired several studies that screened for chemical inhibitors of c-di-

AMP phosphodiesterases. However, the molecular functions of c-di-AMP are still not fully 

defined, and the underlying mechanisms for attenuated virulence at high c-di-AMP levels are 

unclear. Our analyses in L. monocytogenes indicate that virulence-related defects are likely 

outside of the virulence gene regulon. We found c-di-AMP accumulation to impair L. 

monocytogenes virulence gene expression and disrupt GSH metabolism. Further studies are 

necessary to establish the relative contributions of these regulations to virulence and host 

adaptation.    
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INTRODUCTION 

The Gram-positive bacterial pathogen Listeria monocytogenes is a leading cause of mortality 

and hospitalization among foodborne illnesses. Although acquired orally, L. monocytogenes can 

cross the intestinal barrier to cause systemic infection with mortality rates approaching 16% in 

clinical cases (1). A hallmark of L. monocytogenes pathogenesis is its intracellular life cycle (2). 

L. monocytogenes can invade many mammalian cell types, including non-phagocytic cells, using 

surface-anchored internalins such as InlA and InlB. Following host-cell entry, L. monocytogenes 

escapes the vacuole using the pore-forming toxin listeriolysin O (LLO, encoded by the hly gene), 

the phospholipases PlcA and PlcB, and the metalloprotease Mpl. In the cell cytosol, L. 

monocytogenes uses ActA to polymerize host actin, required for intracellular motility and cell-to-

cell spread. All virulence genes required for the intracellular lifestyle, including those listed above, 

are transcriptionally regulated by the master transcription factor PrfA (3).  

PrfA belongs to the Crp/Fnr family of transcription factors, which function as homodimers 

with a DNA-binding helix-turn-helix motif in each monomer (3, 4). Unlike other Crp/Fnr proteins 

that require a co-factor for DNA binding, apo-PrfA can bind to its consensus palindromic DNA 

operator, called PrfA box, to maintain a basal expression of some virulence genes in the absence 

of activating signals. During infection, PrfA is allosterically activated by reduced glutathione 

(GSH), which is derived from the host or synthesized by L. monocytogenes (5). GSH binds PrfA 

at the stoichiometry of one GSH per PrfA monomer, inducing an active DNA-binding 

conformation of the helix-turn-helix motif (6). A single mutation (G145S) near the GSH binding 

site renders PrfA constitutively active by mimicking the GSH-bound conformation (6, 7). During 

broth growth in Listeria Synthetic Medium (LSM), PrfA can be activated by supplementation with 

GSH or reducing reagents such as TCEP (8).  
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L. monocytogenes makes and secretes c-di-AMP, a nucleotide second messenger that regulates 

many molecular targets in bacterial cells (9, 10). C-di-AMP-binding proteins within L. 

monocytogenes have different cellular functions, such as potassium and carnitine uptake, central 

metabolism and ppGpp synthesis, and signal transduction (11–15). During infection, secreted c-

di-AMP is recognized by mammalian cytosolic receptors to activate inflammatory and type I 

interferon responses (9, 16). Type I interferon response promotes L. monocytogenes pathogenesis 

in an intravenous model of infection (17). By contrast, secreted c-di-AMP activates an antibacterial 

response during foodborne infection, although this response is mediated by STING rather than 

type I interferon signaling (18).  

C-di-AMP homeostasis is critical to L. monocytogenes growth and infection. In L. 

monocytogenes, c-di-AMP is synthesized from ATP by a single diadenylate cyclase, DacA, and 

degraded by the phosphodiesterases PdeA and PgpH into the linear nucleotide pApA (19). In rich 

media, such as Brain Heart Infusion (BHI) broth, the ΔdacA mutant accumulates a toxic level of 

ppGpp that inhibits bacterial growth (20). By contrast, the ΔpdeA ΔpgpH mutant (hereafter 

denoted as the ΔPDE mutant) does not exhibit an appreciable growth defect in BHI, but is greatly 

attenuated for virulence in the mouse model of intravenous infection, despite hyper-activating type 

I interferon response (21). These phenotypes indicate that the mechanisms underlying ΔPDE 

virulence attenuation are related to bacterial defects during infection.  

Exploiting the ΔPDE mutant as a genetic tool to study c-di-AMP functions, we found that c-

di-AMP accumulation inhibits the expression of the PrfA core regulon in L. monocytogenes. We 

attribute this defect to a depletion of cytoplasmic GSH, required to activate PrfA during infection. 

A constitutive PrfA* variant, PrfA G145S, rescued the ΔPDE strain for virulence gene expression 

in vitro but does not rescue virulence in the mouse model of infection, suggesting that c-di-AMP 
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accumulation impairs host adaptation mechanisms outside of the PrfA regulon, such as oxidative 

stress sensitivity or diminished cell wall integrity. 

RESULTS 

The ΔPDE mutant is defective for virulence gene expression in the PrfA core regulon 

The ΔPDE mutant does not have an appreciable growth defect in broth media (Fig. S1), but is 

highly attenuated for virulence in a mouse model of infection (21). To identify genes that could 

contribute to ΔPDE virulence defect, we performed RNAseq to profile the transcriptomes of the 

wild-type (WT) and ΔPDE strains, grown in LSM to mid-exponential phase (20). The cDNA 

libraries were sequenced at the depth of 17 – 20 million reads, and had 856x-1042x mapped read 

coverage of the L. monocytogenes genome.  Compared to WT, the ΔPDE strain displayed mostly 

a transcriptional downshift, with 67 genes being down-regulated by ≥4-fold, and 9 genes being up-

regulated by ≥4-fold (P value < 0.05) (Table S1). Remarkably, the vast majority of down-regulated 

genes in ΔPDE belong to the 10403S prophage locus (41 genes) or the PrfA core regulon (11 

genes) (Fig. 1A). In addition to the core regulon, PrfA has been shown to putatively or indirectly 

regulate the expression of up to 145 other genes (22). We did not observe those genes among the 

most significantly altered in ΔPDE, except for the upregulation of a cellobiose transporter 

(lmo2683) and two genes of hypothetical function (lmo0186 and lmo0019) (Table S1). 

Furthermore, kdpA expression was also reduced by ~6-fold in the ΔPDE strain, consistent with an 

inhibitory effect of c-di-AMP on the expression of the kdp operon, which encodes a potassium 

uptake system (Table S1) (13, 23). 

PrfA is the master transcription factor that upregulates L. monocytogenes virulence gene 

expression required for the intracellular life cycle (4). Our RNAseq analysis revealed that the PrfA 



246 
 

core regulon was significantly down-regulated in the ΔPDE strain (Fig. 1A-B). To validate 

RNAseq results, we employed RT-qPCR to quantify the expression of three genes in the PrfA core 

regulon: prfA, hly (an early gene), and actA (a late gene). In LSM cultures, the ΔPDE strain was 

significantly impaired for the expression of all three genes, reflecting a defect in basal PrfA 

function (Fig. S2). To examine gene expression upon PrfA activation, we next performed RT-

qPCR for cultures grown in the presence of GSH. Although these genes were up-regulated by GSH 

in both the WT and ΔPDE strains, their expression levels in ΔPDE remained significantly lower 

than in WT (Fig. S2). Furthermore, of the three genes, we noticed that the ΔPDE strain was most 

impaired for actA expression, which was reduced by 10 – 100-fold compared to the basal and 

activated levels in WT (Fig. S2C). As an independent method to quantify actA expression, we 

used a red fluorescent reporter fused with the actA promoter (PactA-RFP) (8). This assay confirmed 

that the ΔPDE strain was significantly defective for actA expression both at the basal level and 

upon PrfA activation by GSH or TCEP (Fig. 1C-D). Finally, immunoblots revealed that PrfA 

protein level is significantly reduced in ΔPDE compared to WT, both in broth cultures and infected 

macrophages (Fig. S3). 

Defective PrfA function contributes to diminished virulence expression at high c-di-AMP 

levels 

Reduced gene expression in the PrfA core regulon suggests that the ΔPDE strain is defective 

for PrfA function or activation. We tested this idea by replacing the native prfA allele with a 

constitutive PrfA* variant (G145S) that structurally mimics the GSH-bound form (6, 7). In 

transcriptional reporter assays with PactA-RFP, the prfA* strain exhibited constitutive actA 

expression, independent of GSH supplementation, as expected (Fig. 2). In the ΔPDE background, 

the prfA* allele restored actA expression to the WT level in LSM + GSH (Fig. 2). Interestingly, 
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actA expression was not constitutive in ΔPDE prfA*. These data indicate that impaired PrfA 

activity is responsible for low virulence gene expression in ΔPDE. Furthermore, there appears to 

be factors that inhibit PrfA activity in the absence of GSH. 

The ΔPDE strain is deficient in glutathione 

The restorative effect of PrfA* on virulence gene expression suggests that the ΔPDE strain 

might be impaired for PrfA activation by GSH. We quantified cytoplasmic GSH in L. 

monocytogenes cells using a luminescence-based assay, which couples glutathione-S-transferase 

activity with firefly luciferase. We found that GSH levels were significantly depleted in the ΔPDE 

strain compared to WT, in all culture conditions that we quantified PrfA-regulated gene expression 

(with or without GSH/TCEP treatments) (Fig. 3A-B). GSH deficiency was not due to oxidation, 

since the total glutathione pool and oxidized glutathione (GSSG) were also reduced in ΔPDE (Fig. 

S4A-B). Furthermore, a previous study found that methylglyoxalase is important to maintain a 

sufficient GSH pool in L. monocytogenes (24). We found no evidence for an impaired 

methylglyoxalase activity in the ΔPDE strain, since ΔPDE exhibited a comparable methylglyoxal 

susceptibility to WT (Fig. S4C). 

L. monocytogenes synthesizes GSH by the glutathione synthase GshF (25), and also imports 

GSH via CtaP and OppDF (26). The ΔPDE strain could fully induce actA expression to the 

activated level in WT, but only upon both GSH supplementation and gshF over-expression (Fig. 

3C and Fig. S5). These data suggest that GSH deficiency impairs PrfA activity in the ΔPDE strain 

in broth cultures. 
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C-di-AMP accumulation inhibits GSH uptake  

GSH depletion in the ΔPDE strain could be due to impaired uptake, synthesis, or increased 

catabolism. We evaluated GSH uptake in the ΔgshF and ΔPDE ΔgshF strains, which cannot 

synthesize GSH. These strains were grown in LSM until mid-exponential phase, then 

supplemented with GSH for ~0.7 doubling times, and quantified for cytoplasmic GSH levels. In 

these assays, we found that ΔPDE ΔgshF accumulated about one third of GSH levels compared to 

ΔgshF, suggesting a GSH uptake defect at high c-di-AMP levels (Fig. 4A). We further verified 

this phenotype in 3H-GSH uptake assays for the ΔgshF and ΔPDE ΔgshF cultures (Fig. 4B).  

The intracellular lifecycle of L. monocytogenes, including cytosolic replication and cell-to-cell 

spread, can be assessed by a plaque formation assay upon infection of murine fibroblasts (L2 cells) 

(27). To evaluate GSH uptake during infection, we performed an L2 plaque formation assay. 

Consistent with a previous study (5), we found the ΔgshF mutant to form significantly smaller 

plaques than the WT strain (Fig. 4C). Compared to ΔgshF, the ΔPDE ΔgshF strain was much 

further diminished for plaque formation, indicating that c-di-AMP accumulation impairs GSH 

uptake during infection (Fig. 4C).  

The Ctp complex and OppDF ATPases mediate high-affinity GSH/GSSG uptake by L. 

monocytogenes (28). Our RNAseq data indicated that the WT and ΔPDE strains exhibit similar 

levels of ctaP (encoding the substrate-binding component of Ctp) and oppD gene expression in 

LSM, and qPCR revealed comparable expression of these genes in LSM + GSH (Fig. S6). These 

data indicate that GSH uptake defect in ΔPDE is not at the transcriptional level. Of note, the ΔPDE 

strain does not appear defective for cysteine uptake, since it exhibited a similar cysteine level to 

WT (Fig. S5C). Therefore, the GSH uptake defect is likely caused by an impaired Opp activity. 

C-di-AMP also depletes cytoplasmic GSH by inhibiting synthesis or promoting catabolism 
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The ΔPDE mutant was deficient in intracellular GSH during growth in the absence of GSH 

supplementation, suggesting a defect in GSH synthesis (Fig. 3A). L. monocytogenes GshF is a bi-

functional GSH synthase that uses glycine, cysteine, and glutamate as substrates, all of which are 

provided in LSM (29). Our LC-MS did not reliably quantify glutamate, but we found glycine and 

cysteine levels to be comparable in ΔPDE and WT (Fig. S5C). Given that cysteine is the limiting 

substrate for GshF activity in bacterial cells (30), it is unlikely that the ΔPDE strain is lacking in 

substrates for GSH synthesis.  

The gene expression levels of gshF were comparable in the WT and ΔPDE strains, with and 

without exogenous GSH in the culture medium (Fig. S5A). Therefore, we next examined post-

transcriptional regulation of GshF by replacing the native gshF gene with a constitutively 

expressed allele (Pspac-gshF). To evaluate GSH synthesis, we grew cultures in the absence or 

presence of TCEP, which activates GSH synthesis without adding GSH to the culture medium (8). 

Even upon constitutive gshF expression, the ΔPDE mutant was still significantly depleted for 

GSH, both under the basal condition and TCEP activation, despite exhibiting a similar level of 

GshF protein to the WT strain (Fig. 5A and Fig. S5B). In L2 plaque formation assay, gshF over-

expression only moderately increased the ΔPDE plaque sizes, suggesting that GshF activity might 

be impaired (Fig. 5B). However, we noticed that the ΔPDE ΔgshF strain formed significantly 

smaller plaques than the ΔPDE strain, indicating that GSH synthesis is not completely inhibited at 

high c-di-AMP levels during infection (Fig. 4C). Therefore, c-di-AMP accumulation might also 

promote GSH catabolism.  

A constitutive PrfA* variant does not rescue ΔPDE for virulence 

Given an impaired PrfA activity and virulence gene expression in ΔPDE in broth cultures, we 

next examined the contribution of PrfA defect to ΔPDE virulence attenuation in a mouse model of 
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intravenous infection. The prfA* allele modestly increased median bacterial burdens by ~2-fold in 

the WT strain, in both the spleen and liver, as expected (Fig. 6). Although deemed statistically 

significant, prfA* increased bacterial burdens by a similar magnitude in the ΔPDE genetic 

background. Unexpectedly, immunoblots revealed a reduced PrfA protein level in the ΔPDE prfA* 

strain compared to prfA* (Fig. S7). Nevertheless, this reduced PrfA protein level was apparently 

sufficient to fully induce actA expression in the ΔPDE prfA* strain. Therefore, virulence-related 

defects conferred by c-di-AMP accumulation are most likely outside of the PrfA regulon.  

GshF is important for oxidative stress resistance 

GSH is an established anti-oxidant that quenches reactive oxygen species such as 

superoxide and H2O2 (31). Consistent with a previous report that GshF is important for H2O2 

tolerance in BHI cultures of L. monocytogenes (32), we found the ΔgshF strain to be also highly 

sensitive to H2O2 in LSM (Fig. 7). Although much more resistant than ΔgshF, the ΔPDE strain 

was also H2O2 sensitive, and this phenotype was substantially exacerbated in the absence of GshF, 

highlighting a pronounced role of GshF in oxidative stress resistance upon c-di-AMP 

accumulation. 

DISCUSSION 

C-di-AMP homeostasis is critical for bacterial growth and pathogenesis. The attenuated 

virulence conferred by c-di-AMP accumulation is widely observed in many pathogens, including 

Mycobacterium tuberculosis, which does not require c-di-AMP for growth (33, 34), and Borrelia 

burgdorferi, which produces a very low level of c-di-AMP (35, 36). In the c-di-AMP 

phosphodiesterase (ΔdhhP) mutant of B. burgdorferi, the transcription factor BosR is inhibited, 

causing reduced expression of the major virulence factor OspC (35). However, the B. burgdorferi 
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ΔdhhP mutant also has a significant growth defect, and DhhP might degrade other nucleotides in 

addition to c-di-AMP (37, 38). For Bacillus anthracis, the ΔPDE mutant also grows poorly and is 

diminished for anthrax toxin production, a defect that is partially attributed to the upregulation of 

the transcriptional repressor AbrB (39). The molecular mechanisms by which c-di-AMP inhibits 

virulence factor expression in these bacteria are unclear, and the mechanisms by which c-di-AMP 

impairs the virulence of other pathogens are even less understood. 

The L. monocytogenes c-di-AMP ΔPDE mutant does not have a significant growth defect in 

rich media, but is attenuated for virulence, suggesting defects that are pertinent to replication and 

adaptation in the host. Our findings here reveal GSH metabolism as another pathway that is 

regulated by c-di-AMP with implications for L. monocytogenes pathogenesis. First, we found that 

c-di-AMP accumulation inhibits GSH uptake. High affinity GSH transport in L. monocytogenes 

was recently shown to require the Ctp complex and the ATPases OppDF, the latter of which are 

components of the Opp complex that transports oligopeptides (28). Since the ΔPDE strain was not 

deficient in cysteine, which is provided in LSM, it is unlikely that c-di-AMP inhibits Ctp activity 

(40). Based on the demonstrated function of c-di-AMP in inhibiting potassium, Mg2+, and carnitine 

transporters (10), it is conceivable that c-di-AMP might inhibit the OppDF ATPase function 

particularly. As for how c-di-AMP accumulation depletes cytoplasmic GSH, we found that c-di-

AMP does not inhibit gshF gene expression or impair GshF stability. Although our ex vivo 

infection and H2O2 susceptibility data suggests that GshF is operational in the ΔPDE strain during 

infection, its activity might be reduced. Finally, c-di-AMP might also activate GSH catabolism. 

Future investigations are necessary to distinguish these mechanisms.  

Because GSH is an allosteric activator of the master virulence factor PrfA, an expected 

consequence of GSH depletion is a reduced virulence program expression in vitro. Indeed, we 
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found virulence gene expression to be impaired at high c-di-AMP levels, but can be restored by a 

constitutive PrfA* variant, or a combination of increased GSH synthesis and GSH 

supplementation. However, PrfA* did not rescue ΔPDE virulence in vivo. Interestingly, the ΔPDE 

prfA* strain exhibited a reduced PrfA protein level compared to prfA*, and investigating this 

phenotype will likely reveal interesting mechanisms of PrfA regulation and c-di-AMP function. 

Nevertheless, a reduced PrfA level in the ΔPDE prfA* mutant still appeared sufficient to induce 

actA expression in vitro, suggesting that virulence attenuation upon c-di-AMP accumulation is 

likely due to defects outside of the PrfA regulon.   

As an example of infection-relevant defects, we found the ΔPDE strain to be sensitive to 

oxidative stress, although this phenotype was rather modest compared to ΔgshF. The mechanisms 

for H2O2 sensitivity in the ΔPDE strain are unclear, but an impaired PrfA function can contribute 

to this phenotype (41). Furthermore, we previously reported that the L. monocytogenes ΔPDE 

strain is sensitive to cell wall-targeting antimicrobials, including lysozyme that is abundant in 

mammalian cell cytosol (42). Given the requirement of cell wall homeostasis for successful 

infection by L. monocytogenes (43–45), it is conceivable that cell wall defects also contribute to 

ΔPDE virulence attenuation. Another well-established function of c-di-AMP in L. monocytogenes 

is the inhibition of the carnitine transporter OpuC and multiple potassium uptake channels (12, 

13). However, mutants abolished for carnitine transport do not exhibit a systemic infection defect 

like the ΔPDE strain (46), and the cell cytosol is highly enriched in potassium (47). Therefore, 

reduced osmolyte uptake may not significantly impact L. monocytogenes replication in the cytosol. 

Among other c-di-AMP-binding proteins that have been studied in L. monocytogenes, PstA has a 

minor role in infection (14); and the ΔPDE mutant does not have a growth defect that would be 

associated with a significantly reduced pyruvate carboxylase function (11, 48). The roles of other 
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c-di-AMP molecular targets in L. monocytogenes pathogenesis should be investigated in future 

studies. 

In addition to recognizing GSH as a virulence signal, L. monocytogenes also metabolizes GSH 

as a source of essential cysteine and uses GSH as antioxidant in broth cultures (26, 32). Consistent 

with previous studies, we found GshF to be important for oxidative stress resistance in L. 

monocytogenes (31, 32, 49). The role of GshF appears even more pronounced in the ΔPDE strain, 

suggesting an increase in reactive oxygen species or impairment in other redox stress resistance 

mechanisms (50, 51). In addition, if GSH is a relevant cysteine source in the mammalian host, a 

defect in GSH uptake can confer a nutritional disadvantage and explain why the ΔPDE prfA* strain 

was not fully restored for virulence. Furthermore, a reduced function of the GSH importers Ctp 

and OppDF at high c-di-AMP levels can also deprive L. monocytogenes of nutrient oligopeptides, 

which are also imported through these uptake channels (40, 52).  

It is curious that the PrfA* (G145S) variant, which is active independent of GSH binding, did 

not confer constitutive actA expression in ΔPDE in the absence of GSH supplementation. Outside 

of the allosteric activation site that binds GSH, PrfA has four cysteine residues that can be 

glutathionylated, although this model is yet to be biochemically validated (5). PrfA 

glutathionylation, if existed, would modestly contribute to PrfA activation in the WT strain (5), 

but might have a more significant role at high c-di-AMP levels. Furthermore, the regulatory 

mechanisms of PrfA activity are complex, and PrfA can be inhibited by several factors such as 

metals or oligopeptides that do not contain cysteine (4). It is conceivable that the ΔPDE strain 

accumulates those PrfA inhibitors that can be identified in future metabolomics studies. 

Altogether, our studies present an exciting avenue to investigate how c-di-AMP disrupts GSH 

metabolism in L. monocytogenes. Given the importance of GSH as a virulence signal, nutrient, 
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and antioxidant in different bacteria (53), it will be interesting to examine whether c-di-AMP 

regulates GSH metabolism in other species, and the consequences of such regulation on bacterial 

growth and infection. 

MATERIALS AND METHODS 

Strains and culture conditions 

L. monocytogenes strains are listed in Table S2. Improved Listeria Synthetic Medium (LSM) 

was prepared based on published recipe (20). Over-expression of genes was accomplished using 

the integrative plasmid pPL2 (54). Gene allelic exchange was performed using plasmid pKSV7. 

For all experiments related to broth cultures, L. monocytogenes was grown at 37°C with shaking 

and without antibiotics. For glycerol stocks and maintenance, strains carrying derivatives of the 

integrative plasmid pPL2 were grown in Brain Heart Infusion broth with 200μg/mL streptomycin 

and 10μg/mL chloramphenicol. For mouse and L2 cell infection, L. monocytogenes was grown 

static in BHI at 30°C.  

RNAseq and data analysis 

L. monocytogenes cultures were grown to OD600 of ~ 0.5, and harvested by mixing 1:1 with 

cold methanol and centrifugation. RNA was extracted using acidified phenol:chloroform at pH 5.2 

as previously described (55). Contaminated DNA was removed from extracted RNA using Turbo 

DNase (Thermo Scientific). RNA sequencing and read mapping was performed by MiGS 

Sequencing Center (Pittsburgh, PA). Reads were mapped to the L. monocytogenes 10403S genome 

(NCBI:txid393133). Differentially expressed gene analysis was performed by EdgeR (56).   

RT-qPCR for L. monocytogenes genes in broth 
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For quantification of PrfA activity upon activation by GSH, L. monocytogenes cultures were 

grown in LSM or LSM + 10mM GSH to OD600 ~0.5. For PrfA activation by TCEP, L. 

monocytogenes cultures were grown in LSM to OD ~0.5, then split into two aliquots of identical 

volumes. One culture aliquot was left untreated and the other was supplemented with 2mM TCEP 

for 2 hours, and both were shaken at 37°C. RNA was extracted, treated with Turbo DNase and 

converted to cDNA using iScript cDNA synthesis kit (BioRad). Gene expression was quantified 

using iTaq Universal SYBR Green (BioRad) with primers specific to each target, with rplD as the 

control housekeeping gene. Primers are listed in Table S3. 

Quantification of GSH and GSSG 

L. monocytogenes cultures were grown to an OD600 of ~0.5 and harvested by centrifugation. 

Cell pellets were washed three times in phosphate-buffered saline, and lysed by sonication. Lysates 

were centrifuged to remove cell debris. GSH and GSSG were quantified using the luminescence-

based GSH/GSSG-Glo assay kit (Promega). The assay system utilizes glutathione-S-transferase to 

convert GSH and luciferin-NT into luciferin, which serves as the substrate for the coupled 

luciferase activity to generate a luminescence read out. GSH standards of 0.5 – 20 µM were 

quantified to determine the linear range of luminescence readings, and bacterial lysates were 

diluted appropriately such that luminescence values were within the linear range. 

L2 plaque assay 

Plaque formation upon L. monocytogenes infection of L2 cells was quantified as previously 

described (27, 55). Briefly, 1.2x106 cells were infected with L. monocytogenes at multiplicity of 

infection (MOI) of 0.25. At 1 hour post infection, cells were washed, and fresh cell medium in 

0.7% agarose was supplemented with 10µg/mL gentamicin to kill extracellular L. monocytogenes. 
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At 5 days post infection, cells were stained with 0.3% crystal violet to visualize plaques. Plaque 

sizes were analyzed using ImageJ software. 

PactA::RFP assay 

A pPL2 plasmid expressing red fluorescent protein from the actA promoter was used to 

quantify transcriptional activity. Fluorescence assays were performed based on published methods 

(8). Briefly, L. monocytogenes strains carrying pPL2-PactA::RFP were grown in overnight at 37°C 

in LSM. Cultures were diluted 1:10 into fresh LSM, LSM + 10mM GSH, or LSM + 2mM TCEP 

and grown to OD600 of 1.5-2. Cultures were harvested by centrifugation and resuspended in 

phosphate-buffered saline to achieve a 5X concentration. Fluorescence was quantified in black-

bottom 96-well plates (Greiner Bio) for fluorescence measurement (excitation 540nm, emission 

650nm) (BioTek Synergy H1 Microplate Reader). Fluorescence values were normalized to OD600.  

Mouse infection 

All techniques were reviewed and approved by the University of Wisconsin—Madison 

Institutional Animal Care and Use Committee under the protocol M005916-R01-A01. Five 6-

week-old female C57BL/6 mice (Charles River NCI facility) per bacterial strain were infected via 

tail vein injection with 0.2 cc of PBS with 1x105 of logarithmically growing bacteria. At 48hpi, 

spleens and livers were harvested, and homogenized in organ lysis buffer. Organ homogenates 

were diluted, as necessary using PBS, spiral plated on LB agar, and CFU counts were obtained 

using the Q count. Bacterial CFUs per organ were calculated using known dilution factors.  

3H-GSH uptake assay 

Cultures were grown in LSM to an OD600 of ~0.5, harvested by centrifugation, washed twice 

in uptake buffer (phosphate-buffered saline + 5mM glucose), and resuspended in an equivalent 
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volume of LSM lacking cysteine. Cultures were grown an additional 45 minutes, then pelleted and 

resuspended in 52µL uptake buffer. 2µL of resuspension was reserved for OD600 measurement. 

0.5µL 1µCi/µL 3H-GSH, and 0.5µL10mM cold GSH was added to remaining 50µL and incubated 

at room temperature for 30 minutes. Cells were added to a filter membrane fitted on a vacuum 

filter unit and washed with ~10mL phosphate-buffered saline. Filter membrane containing washed 

cells was transferred to a scintillation vial containing 3mL scintillation fluid, and counts per minute 

(CPM) were measured on a liquid scintillation counter and normalized to OD600. 

Quantification of amino acids by LC-MS 

       L. monocytogenes strains were grown overnight in 3mL LSM cultures at 37°C, shaking. 

Overnight cultures were diluted 1:100 in LSM and grown with aeration to mid logarithmic phase 

(0.4-0.6 OD600) at 37°C, shaking at 200 rpm. Bacterial metabolite extraction and quantification 

were performed as previously described (44). Briefly, bacterial cells were filtered and resuspended 

in extraction solvent (HPLC-grade acetonitrile, methanol, and water at a 2:2:1 ratio), and 

immediately frozen on in dry ice. Samples were analyzed on a Dionex UHPLC system coupled 

with a hybrid quadrupole–high-resolution mass spectrometer (Q Exactive Orbitrap; Thermo 

Scientific), using an Acquity UPLC BEH C18 column (Waters). Solvent A was composed of 97% 

water, 3% methanol, 10 mM tributylamine, pH 8.1-8.2. Solvent B was 100% methanol. Mobile 

phase was run on a gradient from 5 – 95% solvent B over 25 minutes. MS data in mzXML format 

was used for metabolite identification with the MAVEN software (57) 

Western Blot for L. monocytogenes proteins in broth and during macrophage growth.  

For broth cultures, L. monocytogenes overnight cultures were subcultured 1:10 into LSM or 

LSM + 10mM GSH, and grown to OD600 of 1.5-2. Cultures were washed in one in 1x PBS and 
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pellets were stored at -80C. For macrophage infections, immortalized bone marrow-derived 

macrophages were infected with L. monocytogenes strains at MOI of 10, with washing and 

supplementation of 10μg/mL gentamicin at 1 hpi. L. monocytogenes was harvested at 8 hpi using 

Tris-buffered saline (TBS) + 0.5% Tween-20. Lysed cells were pelleted, washed in PBS, and 

resuspended in TBS + 0.05% �-mercaptoethanol + 1mM PMSF, and sonicated until lysates were 

clear. Saturated trichloroacetic acid was added to a final concentration of 6% and samples were 

precipitated on ice for one hour and washed 3x with 100% acetone. Pellets were fully dried in a 

SpeedVac, resuspended in 10% SDS + 0.05% �-mercaptoethanol, and boiled for 5 minutes. 

Redissolved pellet was mixed with Laemmli sample loading buffer for SDS-PAGE gel with 12.5% 

acrylamide. Protein transfer onto nitrocellulose membrane was performed at 90V for 60 minutes. 

Membrane was incubated with primary antibodies overnight in TBS + 0.1% Tween-20. Anti-PrfA 

antibody (ThermoFisher Scientific, #PA5-144446) was diluted 1:5000, and Anti-RpoA antibody 

(a gift from Briana Burton) was diluted 1:15,000. Secondary antibody (Anti-Rabbit IgG (H+L), 

HRP Conjugate, #W4011, Promega) was diluted 1:2500. Membrane was visualized using the 

Clarity Western ECL Substrate Kit (BioRad) and imaged with a BioRad system using the 

chemiluminescence setting. Images were quantified using ImageJ software to subtract background 

and measure band areas.  

H2O2 Susceptibility 

Strains were grown overnight in LSM, washed once in PBS, and normalized to an OD600 of 0.01 

in 1mL of LSM or LSM containing indicated concentrations of H2O2. Cultures were grown shaking 

at 37°C for 16 hours, at which point OD600 was measured.  
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 FIGURES

 

Figure 1: C-di-AMP accumulation impairs virulence gene expression in L. monocytogenes. 

A. Volcano plot of differentially expressed genes in the ΔPDE mutant compared to the WT strain. 

RNAseq was performed on mid-log cultures grown in Listeria Synthetic Medium (LSM). Blue 

dots indicate genes within the PrfA core regulon. B. Log2fold change of PrfA-regulated gene 

expression was calculated from read counts per million (cpm) of two independent ΔPDE cultures, 

compared to the average of two independent WT cultures. Data in A and B are from the same 

RNAseq experiment. C. PrfA-regulated gene expression was quantified in L. monocytogenes 

strains carrying PactA::RFP transcriptional reporter. The ΔprfA and prfA* strains were examined as 
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negative and positive controls, respectively. Cultures were grown to mid-log in LSM or LSM + 

10mM GSH. Red fluorescence was normalized to OD600 of each respective culture. D. Red 

fluorescence was quantified as in C. LSM cultures were left untreated or treated with 2mM TCEP 

for 2 hours. Data in C and D are average of 3-6 independent experiments. Error bars show standard 

deviations. Statistical analyses were performed by two-way ANOVA with multiple comparisons 

for the indicated pairs: ns, non-significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001 
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Figure 2: A constitutive PrfA variant (PrfA*) restores virulence gene expression in vitro. A. 

PactA::RFP transcriptional activity was quantified in WT, ΔPDE, and isogenic strains in which the 

native prfA allele is replaced with prfA* (G145S). Red fluorescence, normalized to OD600, was 

measured for mid-log cultures grown in LSM or LSM + 10mM GSH, and normalized to OD600. 

Error bars show standard deviations. Statistical analyses were performed by two-way ANOVA, 

with multiple comparisons for the indicated pairs: ns, non-significant; **, P < 0.01; ****, P < 

0.0001. 
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Figure 3: A deficiency in reduced glutathione (GSH) contributes to diminished virulence 

gene expression at high c-di-AMP levels. A. Reduced glutathione (GSH) levels of mid-log 

cultures grown in LSM or LSM + 10mM GSH. GSH levels are reported by luminescence and 

normalized to OD600. Several GSH standards were quantified to determine the linear range of the 

assay, and all biological samples were quantified at appropriate dilutions to ensure measurements 

were within the linear range. B. Mid-log LSM cultures were left untreated, or treated with 2mM 

TCEP for 2 hours, and quantified for GSH levels as in A. C. actA gene expression by RT-qPCR. 
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Cultures were grown in LSM or LSM + 10mM GSH to mid-log phase. In each culture, the 

expression level of actA was normalized to that of rplD as a housekeeping gene. Error bars 

represent standard deviations. Statistical analyses were performed by two-way ANOVA with 

multiple comparisons for the indicated pairs: ns, non-significant; *, P < 0.05; **, P < 0.01; ****, 

P < 0.0001 
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Figure 4: C-di-AMP accumulation inhibits GSH uptake in broth culture and ex-vivo 

infection. A. The ΔgshF and ΔPDE ΔgshF strains were grown to mid-log phase in LSM and 

supplemented with 10mM GSH for one hour (approximately 0.7 doublings in LSM). Cultures were 

thoroughly washed and quantified for intracellular GSH, reported as luminescence normalized to 

OD600. B. 3H-GSH uptake assay. Cultures were grown to mid-log, then supplemented with 3H-

GSH for 30 minutes. Uptake activity was assessed by radioactivity normalized to OD600. C. 

Plaque formation at 4 days post infection of L2 fibroblasts. Plaque sizes were quantified by ImageJ. 

In each experiment, the average plaque size by each strain was normalized to the average WT 

plaque size, set at 1. Error bars represent standard deviations. Statistical analyses were performed 

by Student’s t-test in A-B and one-way ANOVA in C, with multiple comparisons for the indicated 

pairs: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 
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Figure 5: Activation of GSH synthesis activity does not restore GSH levels in the ΔPDE 

strain. A. Intracellular GSH levels. Cultures were left untreated or treated with 2mM TCEP for 2 

hours. GSH levels are reported as luminescence normalized to OD600 of each culture. B. Plaque 

formation at 4 days post infection of L2 fibroblasts. Plaque sizes were quantified by ImageJ. In 

each experiment, the average plaque size by each strain was normalized to the average WT plaque 

size, set at 1. Error bars show standard deviations. Statistical analyses were performed by two-way 

ANOVA in A and one-way ANOVA in B, with multiple comparisons for the indicated pairs: ns, 

non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 
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Figure 6: A constitutive PrfA* variant does not rescue DPDE virulence defect. Bacterial 

burdens in the spleen and liver at 48 hours post-intravenous infection with 1 x 105 cfu of L. 

monocytogenes. Each dot represents L. monocytogenes burden from one animal. Bars represent 

medians of the groups. Statistical analyses were performed Mann-Whitney tests: ns, non-

significant; *, P < 0.05; **, P < 0.01.  
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Figure 7: The ΔPDE strain is sensitive to H2O2. L. monocytogenes cultures were grown 

with shaking in LSM with varying H2O2 concentrations for 16 hours. For each strain, OD600 

of cultures grown in H2O2 were normalized to OD600 of the same strain grown in LSM only. The 

ΔgshF strains did not grow at 125 �M H2O2 in panel A, and were re-examined at lower H2O2 

concentrations in panel B. Statistical analyses were performed by one-way ANOVA: ***, P < 

0.001; ****, P < 0.0001.
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Appendix 3 – Preliminary Work in Further Understanding the Role of PTS During L. 

monocytogenes infection 
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INTRODUCTION 

 As discussed extensively in Chapter 2 and the Introduction of this thesis, 

phosphotransferase systems (PTS) are essential for the growth and survival of Listeria 

monocytogenes in the host cytosol (1). However, the data presented thus far primarily implicate 

PTS in carbon acquisition and do not fully address their roles in transcriptional regulation during 

pathogenesis. In this appendix, I present preliminary results that begin to explore specific carbon 

source imported by L. monocytogenes PTS, additional regulatory contributions of PTS to L. 

monocytogenes virulence, and I outline experimental approaches to further interrogate these 

roles. 

PTS systems include two core phospho-cycling proteins: HPr and EI, encoded 

by ptsH and ptsI, respectively (2). Importantly, EI has not been shown to directly participate in 

transcriptional regulation. Therefore, the virulence phenotype associated with DptsI, as described 

in Chapter 2, is likely attributable to the inability to import carbon sources via PTS. DptsH, on 

the other hand, was used primarily in Chapter 2 to validate the essential role of PTS in virulence 

(1). Although DptsI and DptsH mutants largely phenocopy one another in terms of attenuation, 

the DptsH mutant appears slightly more attenuated and is less readily complemented by 

overexpression constructs (Chapter 2) (1). These observations suggest an additional role for HPr 

beyond its canonical function in sugar transport during virulence. 

HPr-mediated transcriptional regulation is thought to be governed primarily through 

phosphorylation at the conserved serine-46 residue (3–5). This phosphorylation is carried out by 

HPr kinase (HPrK) in response to elevated intracellular levels of ATP and fructose-1,6-

bisphosphate, effectively linking HPr activity to cellular energy status and glycolytic flux (2,5). 
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Once phosphorylated at serine-46, HPr can bind to the transcriptional regulator CcpA and co-

regulate specific gene targets, mostly associated with carbon source acquisition (6–8). This 

mechanism has been studied extensively in the context of carbon catabolite repression and 

hierarchical carbon source utilization (6,9). Additionally, serine-phosphorylated HPr has been 

proposed to donate its phosphate group to other regulators, including PrfA, potentially 

influencing virulence gene expression (3). Despite these insights, the full impact of HPr 

abundance—and its phosphorylation state—on L. monocytogenes virulence remains poorly 

understood, both in this organism and in related bacterial pathogens (10–12). 

Another unresolved question from Chapter 2 is what governs the transcriptional 

regulation of PTS systems during L. monocytogenes pathogenesis. It is broadly recognized that 

PTS expression is regulated by sigma factors (13–15). Among these, σB (encoded by sigB) is the 

most prominently studied in the context of PTS regulation is the setting of bacterial stess 

responses (14,16). Intriguingly, laboratory-passaged L. monocytogenes often accumulates 

mutations in sigB, suggesting a strong selective pressure against σB activity under artificial 

growth conditions (17). A better understanding of which PTS genes are transcriptionally up- or 

downregulated during infection may help identify which PTS are active during the cytosolic 

phase of infection, and how their activity contributes to virulence. 

In this appendix, I describe preliminary data that support a regulatory role for HPr in 

virulence. First, we utilized BioLog phenotypic microarrays to compare carbon source utilization 

between wild-type L. monocytogenes and a DptsH mutant. Second, we show that HPr abundance 

influences L. monocytogenes fitness: altered levels of HPr impact growth, intracellular 

replication, and survival. These data provide an initial list of carbon sources that may be lost in 
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PTS-deficient strains and potentially utilized by L. monocytogenes during infection. Finally, we 

describe a possible suppressor mutation arising in DptsI. This mutation appears to confer a 

growth benefit in the absence of functional PTS but becomes detrimental when PTS systems are 

reactivated, suggesting compensatory metabolic rewiring. Together, these findings open new 

avenues for investigating how PTS components function beyond carbon transport and how their 

regulation influences the pathogenesis of L. monocytogenes. They also underscore the 

importance of considering both metabolic and regulatory dimensions of PTS activity in future 

studies. 

RESULTS & DISCUSSION 

 Overall, the work presented in Chapter 2 of this thesis demonstrates that Listeria 

monocytogenes requires a functional phosphotransferase system (PTS) to support intracellular 

growth and virulence (1). However, one outstanding question is which specific carbon sources 

are imported via PTS and support L. monocytogenes replication in the host cytosol. To begin 

addressing this, we employed BioLog Phenotypic Microarrays (PM1 and PM2A) to screen 190 

different carbon sources for differential utilization between WT and DptsH  L. monocytogenes 

strains (18,19). We hypothesized that a subset of carbon sources would be differentially 

metabolized and that some of these may also be available within the host cytosol. Surprisingly, 

the DptsH mutant utilized many of the same carbon sources as WT L. monocytogenes (Figure 1). 

However, 20 carbon sources were used at least twofold less and statistically significantly impaird 

for use by the DptsH mutant (Table 1). Notably, 19 of these 20 metabolites are found in human 

samples according to the Human Metabolome Database (Table 1) (20). This screen provides an 
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important list of candidate carbon sources that should be prioritized in future studies 

investigating PTS-dependent nutrient acquisition in the cytosol. 

Given the differential virulence phenotypes observed between DptsH and DptsI mutants, 

we next sought to understand why DptsH was generally more attenuated. Consistent with data 

from Chapter 2, ΔptsH exhibited significantly reduced virulence in L2 plaque assays, more so 

than DptsI mutants (Chapter 2 and Figure 2A). Strikingly, when all known carbon acquisition 

pathways were deleted (ΔuhpT/ΔglpD/Δglo/ ΔptsH), the resulting strain was completely avirulent 

in the plaque assay. Similarly, ΔptsH was unable to replicate in macrophages, and the quadruple 

mutant was similarly impaired (Figure 2B). These results indicate that 

while DptsH and DptsI mutants share many phenotypes, DptsH exhibits distinct and more 

pronounced defects. This suggests that the additional attenuation in the DptsH mutant may be 

due to transcriptional dysregulation of genes involved in carbon acquisition or cytosolic stress 

adaptation—functions in which HPr is known to participate (9,21). To test whether these defects 

could be complemented, and to assess how HPr overexpression affects virulence, we 

cloned ptsH under constitutive expression using the pIMK2 vector (22). Complementation 

of ΔptsH (ΔptsH::ptsH-C) only partially restored virulence in plaque assays and intracellular 

growth, indicating that HPr function is sensitive to expression level (Figure 2A&B). Notably, 

WT L. monocytogenes overexpressing ptsH also showed reduced plaque formation, further 

supporting the idea that precise regulation of HPr is required for optimal virulence (Figure 2A). 

We hypothesize that overexpression leads to accumulation of unphosphorylated HPr, particularly 

at the regulatory serine residue, which may disrupt transcriptional control and contribute to the 

observed defects. This hypothesis is further supported by genetic evidence: attempts to generate 

a phosphorylation-incompetent HPr mutant through deletion of its respective kinase (DhprK; 
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LMRG_01765) in a wild-type background were unsuccessful, yet the same mutation could be 

readily introduced in a DptsH background (Data not shown). 

During the course of these experiments, we became aware of discrepancies between 

our DptsI mutant phenotypes and those reported by the Reniere lab (1,23). Specifically, the 

Reniere lab ΔptsI strain exhibited restored intracellular growth between 5 and 8 hours post-

infection, while our ΔptsI remained unable to grow (1,23). Additionally, their strain showed only 

mildly reduced plaque formation, whereas ours phenocopied WT L. monocytogenes. Most 

intriguingly, their ΔptsI strain became more attenuated upon complementation with a native-

promoter-driven ptsI construct, while our strain showed no such defect when complemented 

using a hyperexpression construct (1,23). 

To investigate whether these differences were due to distinct complementation strategies 

or genetic background, we obtained both the Reniere lab’s ΔptsI and ΔptsI::ptsI-C strains. When 

we assessed them using our plaque assay, we confirmed that our and their ΔptsI strains, as well 

as our complemented strain, were all phenotypically similar to WT L. monocytogenes (Figure 3). 

However, their ΔptsI strain remained attenuated in plaque formation—even when complemented 

with either their native-promoter construct or our hyperexpression vector (Figure 3). These 

results led us to hypothesize that their ΔptsI strain carries an additional mutation that interferes 

with complementation. 

To test this, we performed full-genome sequencing of the Reniere lab ΔptsI strain and its 

isogenic parent using Oxford Nanopore sequencing (Plasmidsaurus). Remarkably, we identified 

a single-nucleotide polymorphism (SNP) in the ΔptsI strain located 49 base pairs upstream 

of LMRG_02456, which encodes a PTS beta-glucoside EIICBA component. While the functional 



280 
 

impact of this mutation remains unknown, its location in a putative promoter region is striking. 

We hypothesize that this SNP may prevent effective complementation by altering the regulatory 

environment in a way that compensates for loss of ptsI but becomes detrimental when PTS 

systems are restored. 

To evaluate this hypothesis, several experiments are needed. First, engineering this SNP 

into a WT L. monocytogenes  background will test whether it alone can confer the observed 

complementation failure. Second, qPCR of LMRG_02456 in the presence or absence of this SNP 

will determine whether the mutation alters expression levels. An if so, to what extent. These 

simple experiments could ultimately identify a PTS transporter that plays a critical role in L. 

monocytogenes pathogenesis. 

In sum, this appendix provides three important insights into the role of PTS systems in L. 

monocytogenes virulence. First, we offer a preliminary, but prioritized, list of carbon sources 

likely imported by PTS and potentially available in the cytosol. Second, we provide evidence 

that tight regulation of HPr expression is essential for virulence and that increased levels of 

unphosphorylated HPr-Ser may be detrimental. Finally, we identify a potential suppressor 

mutation that appears to restore some ΔptsI phenotypes while being deleterious when PTS 

systems are functional. Understanding the function of this mutation may help uncover a 

previously unrecognized PTS components critical for cytosolic survival. Together, these findings 

provide valuable leads for future exploration of PTS regulation and function in L. monocytogenes 

intracellular pathogenesis. 
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MATERIALS AND METHODS 

Bacterial strains and culture 

All Listeria monocytogenes strains used for experiments in this study were in a 10403s 

background. All L. monocytogenes strains were grown overnight in BHI and at 30°C stationary 

for all experiments, except as described. Escherichia coli strains were grown in Luria broth (LB) 

at 37°C shaking. Antibiotics used on E. coli were at a concentration of 100 µg/ml carbenicillin or 

30 µg/ml kanamycin when appropriate. Antibiotics used on L. monocytogenes were at a 

concentration of 200 μg/mL streptomycin and/or 10 μg/mL chloramphenicol, when appropriate. 

Plasmids were transformed into chemically competent E. coli and further conjugated in L. 

monocytogenes using SM10 or S17 E.coli.  

Construction of strains 

pLIM (from Arne Rietsche at Case Western) suicide plasmid or pKSV7 plasmid was used for 

generation of in frame deletions (24,25). The pPL2 integrative vector pIMK2 was used for 

constitutive expression of L. monocytogenes genes (22). pLIM and pKSV7 knockout constructs 

were cloned in XL1-Blue E. coli with 100 µg/ml carbenicillin (30μg/mL Kanamycin for pIMK2) 

and grown for plasmid harvest using Promega MiniPrep Kit. Harvested plasmid sequences were 

confirmed using was performed by Plasmidsaurus using Oxford Nanopore Technology with 

custom analysis and annotation. Plasmid were then shuttled into L. monocytogenes through 

conjugation with SM10 (pLIM1 and pKSV7) or S17 (pIMK2) E. coli. In-frame deletions of 

genes in L. monocytogenes were performed by allelic exchange using suicide plasmid pLIM as 

previously described with p-chlorophenylalanine as a counter selectable marker (26). Generated 

strains were frozen in 50:50 (glycerol:overnight culture) solution at -80°C. All mutants were 
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confirmed via PCR, plasmid sequencing, and whole-genome sequencing using Oxford Nanopore 

technology from Plasmidsaurus with custom analysis and annotation. 

Cell Culture 

L2 cells were all kind gifts from Daniel Portnoy (UC Berkeley). Bone marrow-derived 

macrophages (BMDM) were prepared from 6-to-8-week-old mice as previously described (27). 

Phenotypic Microarrays 

Phenotype Microarrays 1 (Cat. #12111) and 2A (Cat. #12112) were obtained from BioLog 

(BioLog). Plates were prepared and inoculated as previously described (18,19). OmniLog 

incubation was substituted with incubation at 37°C stationary. OD490 was collected for each 

plate at 48 hours. Data was then normalized to consumption of a-D-glucose for each strain and 

replicate, and averaged across triplicate. Value were clustered based on similarity using 

clustergrammer and plotted as a heat-map in Prism 6 (28). Data normalized to glucose was used 

for statistical analysis and displayed in tables. Statistics are representative of a student’s T-test 

between two strains.  

Plaque Assay 

Plaque assays were conducted using a L2 fibroblast cell line grown in Dulbecco’s Minimal 

Essential Media (DMEM) based media (Thermo Fischer: 11965092) as previously described 

with minor modifications for visualization and quantification of plaques (29). L2 fibroblasts 

were seeded at 1.2 × 106 per well of a 6-well plate, then infected at an MOI of 0.5 to obtain 

approximately 10-30 PFU per dish. Inoculums of L. monocytogenes were grown in 3mL of BHI 

at 30°C stationary until all strains had reached stationary phase. Colony forming units to OD600 

ratios were determined for each strain and adjusted to ensure infection results in a comparable 
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MOI across strains. At 4 days postinfection, cells were stained with 0.3% crystal violet for 10 

min and washed twice with deionized water. Stained wells were scanned, uploaded, and areas of 

plaque formation were measured on ImageJ analysis software. All strains were assayed in 

biological triplicate and the average plaque areas of each strain (one-well per strain were 

normalized to wild-type plaque size within each replicate. 

Intra-macrophage growth curves 

Bone marrow-derived macrophages were isolated from CL57/BL6 mice and cultured as 

previously described in Roswell Park Memorial Institute Medium (RPMI) based media 

(Invitrogen: 11875093) (30). BMDMs were plated into 60 mm dishes contain 13 degassed 

coverslips. BMDMs cells were infected with L. monocytogenes strains at a multiplicity of 

infection [MOI] of 0.2. Inoculums of L. monocytogenes were grown in 3mL of BHI at 30°C 

stationary until all strains had reach stationary phase. Colony forming units to OD600 ratios were 

determined for each strain and adjusted to ensure infection results in a comparable MOI across 

strains. After 30 minutes BMDM media was exchanged for media containing 50 µg/ml 

Gentamycin. Coverslips were harvested, cells lysed in pure water, bacteria rescued isotonically, 

and plated to quantify CFU at displayed time points. All strains were assayed in biological 

triplicate and data displayed is one representative biologic replicate. 

Statistical Analysis 

Prism 6 (GraphPad Software) was used for statistical analysis of data. Means from two groups of 

BioLog plates were compared with unpaired two-tailed Student’s T-test. Means from more than 

two groups for all other assays were analyzed by one-way ANOVA test. Independently, Mann-
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Whitney Test was used to analyze two group comparison of non-normal data from animal 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 for all statistical tests displayed. 
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FIGURES 

 

Figure 1. Carbon metabolite respiration of WT and ΔptsH L. monocytogenes show 

differential use of PTS mediated carbon source. Clustered heatmaps indicating level of 

tetrazolium dye color change as measured by OD490 at 48 hours in response to ΔptsH (Top) and 

WT (Bottom) respiration of carbon metabolites (PM1 & PM2A) at 37°C stationary. Each bar 

indicates the average of 3 biologic replicates. Samples were normalized to readings of a a-D-

glucose control (~1 on scale and labeled) and sorted based on cluster analysis. Select 

differentially used metabolites clusters are labeled above for full list see Table 1. 
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Table 1. Statistically significant and greater than 2-fold differentially used metabolites 

between WT and ΔptsH L. monocytogenes 

Metabolite Fold Usage (WT/pdhC::Tn) P-value In 
Humans? 

D-Psicose 8.91 <0.001 Yes 

L-Alanyl-Glycine 2.37 <0.001 Yes 

Beta-Methyl-D-Glucoside 3.48 <0.001 Yes 
N-Acetyl-Beta-D-
Mannosamine 7.26 <0.001 

Yes 

Pyruvic Acid 2.11 0.012 Yes 

alpha-D-Lactose 13.99 <0.001 Yes 

D-Trehalose 8.78 <0.001 Yes 

Maltose 5.51 <0.001 Yes 

Gentiobiose 2.85 <0.001 Yes 

Beta-D-Allose 8.15 <0.001 Yes 

Melibionic Acid 0.44 0.450 No 

Amygdalin 8.35 <0.001 Yes 

D-Melezitose 2.49 0.001 Yes 

D-Arabitol 10.62 <0.001 Yes 

alpha-Methyl-D-Glucoside 2.08 0.001 Yes 

Turanose 2.08 0.005 Yes 

Arbutin 2.48 <0.001 Yes 

Xylitol 9.76 <0.001 Yes 

Alpha-Methyl-D-Mannoside 3.48 0.001 Yes 

Palatinose 2.08 <0.001 Yes 
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Figure 2. DptsH are attenuated for plaquing and intracellular growth and failed 

complementation with ptsH hyperexpression. (A) L2 fibroblasts were infected with indicated 

Lm strains (MOI of 0.5) and were examined for plaque formation 4 days post infection. Data are 

normalized to wild-type plaque size and represent the standard deviation of the means from a 

single well’s plaques. ND, not detected. (B) Intracellular growth of wild-type, 

DglpD/DgolD/DuhpT, DptsH, DglpD/DgolD/DuhpT/DptsH, and ΔptsH::ptsH-C was determined in 

BMDMs following infection at an MOI of 0.2. Growth curves are representative one 

independent experiments. Error bars represent the standard deviation of the means of technical 

triplicates within the representative experiment. 
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Figure 3. Sauer and Reniere ΔptsI phenocopy and complementation of Reniere ΔptsI via 

hyper- and native-expression fails to rescue plaquing. L2 fibroblasts were infected with 

indicated L. monocytogenes strains grown in Brain Heart Infusion (BHI) overnight at 30°C 

stationary (MOI of 0.5) and were examined for plaque formation 4 days post infection. Data 

from all strains (one-well per strain) are normalized to WT plaque size in each assay and the bars 

associated with the individual strains represents the median and SEM of the group. Assays were 

performed in biological replicates and data displayed is of one representative biological replicate. 

* p < 0.05 
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