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SUMMARY

During Salmonella-induced gastroenteritis, mucosal inflammation creates a niche that favors the 

expansion of the pathogen population over the microbiota. Here, we show that S. Typhimurium 

infection was accompanied by dysbiosis, decreased butyrate levels, and substantially elevated 

lactate levels in the gut lumen. Administration of a lactate dehydrogenase inhibitor blunted lactate 

production in germ-free mice, suggesting that lactate was predominantly of host origin. Depletion 

of butyrate-producing Clostridia, either through oral antibiotic treatment or as part of the 

pathogen-induced dysbiosis, triggered a switch in host cells from oxidative metabolism to lactate 

fermentation, increasing both lactate levels and Salmonella lactate utilization. Administration of 

tributyrin or a PPARγ agonist diminished host lactate production and abrogated the fitness 

advantage conferred to Salmonella by lactate utilization. We conclude that alterations of the gut 

microbiota, specifically a depletion of Clostridia, reprogram host metabolism to perform lactate 

fermentation, thus supporting Salmonella infection.
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Intestinal infection with Salmonella Typhimurium results in inflammation-induced dysbiosis. 

Gillis et al. demonstrate that depletion of commensal Clostridia reduces butyrate availability and 

subsequently alters host metabolism to produce lactate. Lactate oxidation by Salmonella enhances 

fitness in the gut and allows the pathogen to outcompete the microbiota.

INTRODUCTION

In the anaerobic environment of the intestine, commensal bacteria have evolved 

sophisticated strategies to compete for limiting amounts of complex polysaccharides to 

support growth. Bacterial pathogens invading this ecosystem are likely to have evolved 

unique metabolic adaptations to circumvent nutritional competition with commensal 

microbes.

The invasive enteric pathogen Salmonella enterica Typhimurium (S. Tm) is a common cause 

of bacterial food-borne gastroenteritis (reviewed in (Monack, 2013; Rivera-Chavez and 

Baumler, 2015; Santos, 2014)). In murine models of S. Tm infection, two spatially distinct 

but cooperative populations of the pathogen exist in the gut (Ackermann et al., 2008). One 

population invades and replicates in the gut mucosa, a process that depends on two distinct 

type three secretion systems (T3SS-1 and T3SS-2) (Galan and Curtiss, 1989; Hensel et al., 

1995; Tsolis et al., 1999; Zhang et al., 2002). Tissue invasion and replication trigger 

inflammatory host immune responses that keep the infection localized to the intestinal tract. 

The induction of a potent host inflammatory response is essential for effective colonization 

of the gastrointestinal tract (Barman et al., 2008; Sekirov et al., 2010; Stecher et al., 2007). 

A subpopulation of S. Tm in the gut lumen relies on mucosal inflammation to fundamentally 

change the environment of the gut. The creation of a novel niche in the lumen of the 

intestinal tract fosters an outgrowth of S. Tm at the expense of the microbiota (Barman et al., 

2008; Stecher et al., 2007).

Recent studies have identified nutrients that specifically enhance growth of S. Tm during gut 

inflammation. For example, production of reactive oxygen and nitrogen species generates 
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the alternative electron acceptors tetrathionate and nitrate (Lopez et al., 2015; Lopez et al., 

2012; Winter et al., 2010). Inflammation-associated changes in epithelial metabolism allow 

molecular oxygen to diffuse from the tissue into the gut lumen (Rivera-Chavez et al., 2016). 

Respiration facilitates the utilization of poorly fermentable carbon sources such as 

ethanolamine, 1,2-propanediol, fructose-asparagine, and succinate (Ali et al., 2014; Faber et 

al., 2017; Spiga et al., 2017; Thiennimitr et al., 2011). Furthermore, oxidation of sugars by 

nitric oxide gives rise to the aldaric acids galactarate and glucarate (Faber et al., 2016). 

Collectively, these studies suggest that inflammation-driven changes in the nutritional 

environment of the gut lumen are critical for S. Tm niche creation and competition with the 

microbiota.

A survey of more than 300 compounds demonstrated that S. Tm is able to utilize over 70 

structurally diverse compounds as carbon sources in vitro (Gutnick et al., 1969). 

Comprehensive analyses of the S. Tm metabolism during systemic infection revealed 

significant redundancy in nutrient acquisition (Becker et al., 2006; Steeb et al., 2013). Thus, 

it is conceivable that during gut colonization S. Tm relies on a variety of carbon sources, the 

identity and source of which are unknown.

Here, we performed metabolic profiling to identify nutrients that are accessible to S. Tm in 

the niche of the inflamed gut lumen. We discovered that luminal lactate levels are increased 

during S. Tm infection. Lactate availability in the gut was dependent on both the gut 

microbiota and host metabolism. Alterations in the gut microbiota led to decreased butyrate 

levels, prompting host cell metabolism to switch from an oxidative metabolism to lactate 

fermentation. Utilization of host-derived lactate enhanced fitness of S. Tm. These results 

identify lactate as a connection between host and microbial metabolism.

RESULTS

Lactate levels in the gut lumen are increased during S. Tm infection

To better understand how the metabolic landscape of the intestine changes during S. Tm 

infection, we performed semi-quantitative profiling of extracellular metabolites in the gut 

lumen. Groups of Swiss Webster mice were intragastrically inoculated with the S. Tm wild-

type strain or mock-treated with LB broth. Seven days after infection, the cecal content was 

collected and subjected to gas chromatography mass spectrometry (GC/MS) (Table S1). This 

analysis identified several extracellular metabolites with differential abundance in the cecal 

contents of infected mice compared to mock-treated mice. In this profiling, lactate was the 

most abundant metabolite during S. Tm infection while only small amounts of this 

compound were detected in mock-treated mice. To validate this finding, we developed a 

quantitative gas chromatography tandem mass spectrometry-based assay (GC/MS/MS) to 

measure lactate concentrations in the intestinal content (Fig. 1A). Compared to mock-treated 

animals, cecal lactate levels were significantly increased during S. Tm infection, confirming 

the results of the metabolic profiling. This finding led us to hypothesize that lactate may be a 

nutrient for S. Tm during infection.
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Lactate utilization provides a fitness advantage in the inflamed gut

The S. Tm chromosome is predicted to encode two respiratory lactate dehydrogenases, LldD 

and Dld (McClelland et al., 2001). To investigate the function of the S. Tm enzymes, we 

performed competitive growth assays in vitro (Fig. S1). To this end, we generated a mutant 

lacking both lldD and dld (ΔlldD Δdld mutant). Mucin broth was inoculated with 1:1 

mixture of the wild-type strain (AJB715) and a ΔlldD Δdld mutant, and incubated for 18 h. 

The relative titer of each strain was enumerated on selective agar and the ratio of wild-type 

strain to mutant bacteria, corrected by the ratio in the inoculum, was used to calculate the 

competitive index (Fig. S1A). Both strains were recovered in similar quantities in the 

absence of lactate suggesting that there was no general anaerobic growth defect for the 

ΔlldD Δdld mutant. When the media was supplemented with both lactate and exogenous 

electron acceptors, the wild-type strain outcompeted the ΔlldD Δdld mutant (Fig. S1A and 

B), a finding that is consistent with the respiratory function of membrane-bound LldD and 

Dld.

We then evaluated whether respiratory lactate dehydrogenases provide a fitness advantage to 

S. Tm in a model of infection. We intragastrically inoculated conventionally-raised Swiss 

Webster mice with equal amounts of both the S. Tm wild-type strain and a ΔlldD Δdld 
mutant. Eight days after infection, host responses in cecal and colonic tissue as well as 

luminal bacterial populations were analyzed. Infection with S. Tm resulted in substantial 

pathological changes in the cecal mucosa (Fig. S2A – D), while infrequent and limited 

changes were observed in the colon (data not shown). The wild-type strain was recovered 

from the cecal content at significantly higher numbers than the ΔlldD Δdld mutant (13-fold; 

P < 0.05 when comparing the individual wild-type and ΔlldD Δdld populations) (Fig. 1B). 

To determine whether lactate oxidation provides a fitness advantage in competition with the 

gut microbiota, we intragastrically inoculated groups of Swiss Webster mice with the S. Tm 

wild-type strain and the ΔlldD Δdld mutant, respectively (single infection). Eight days after 

infection, colonization of the cecal and colonic lumen by the ΔlldD Δdld mutant was 

significantly reduced compared to the wild-type strain (Fig. 1C). Respiratory lactate 

dehydrogenase activity did not significantly enhance S. Tm fitness during systemic infection 

(Fig. S2E). Collectively, these data indicated that during gut colonization, S. Tm accessed 

the lactate pool and that lactate degradation provided a fitness advantage for the pathogen.

Lactate utilized by S. Tm is host-derived

Next, we investigated the source of lactate in the gut lumen. As a simple fermentation end 

product, lactic acid can be generated by virtually all members in the tree of life, including 

gut bacteria (Belenguer et al., 2007) and mammalian cells (Augoff et al., 2015). To 

determine if lactate originated from the mouse diet, we repeated the S. Tm competition 

experiment in mice that were fed a defined, lactate-free diet (Fig. 1B). In this experiment, 

the wild-type strain outcompeted the lactate utilization deficient strain to a similar extent as 

with our standard rodent diet (9-fold, P < 0.05 when comparing the individual wild-type and 

ΔlldD Δdld populations), indicating that dietary lactate only plays a minor role during S. Tm 

infection.
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The S. Tm genome encodes a third lactate dehydrogenase, ldhA, which is involved in 

fermentative lactate production. It is conceivable that cross-feeding of lactate could occur 

between two S. Tm subpopulations in the gut lumen. To explore this possibility, we 

determined the competitive fitness of a ΔldhA mutant and a ΔldhA ΔlldD Δdld mutant. In 

the absence of ldhA, respiratory lactate dehydrogenase activity still provided a fitness 

advantage in colonizing the cecal lumen (Fig. 1B), demonstrating that lactate does not 

originate from S. Tm.

Given that many members of the microbiota can produce lactate (Belenguer et al., 2007), we 

tested the hypothesis that the microbiota was the predominant source of lactate during S. Tm 

infection using a gnotobiotic mouse model. Mice reared in a germ-free environment rapidly 

succumb to S. Tm infection due to uncontrolled systemic replication. To circumvent this 

limitation, we generated a S. Tm mutant that lacks a functional T3SS-2 (ΔsseD mutant) and 

thus is unable to replicate at systemic sites (Hensel et al., 1995). Germ-free mice were 

intragastrically inoculated with an equal mixture of the ΔsseD mutant and an isogenic ΔsseD 
ΔlldD Δdld mutant. Significant cecal inflammation was observed ten days after infection 

(Fig. S3 and S4). Importantly, the ΔsseD mutant was recovered in higher numbers than the 

isogenic ΔsseD ΔlldD Δdld mutant (35-fold, P < 0.05 when comparing the individual wild-

type and ΔlldD Δdld populations; Fig. 1D), suggesting that lactate utilization still provides a 

fitness advantage for S. Tm even in the absence of the microbiota.

We next investigated whether the host could be a major source of lactate. As a proof of 

principle experiment, germ-free Swiss Webster mice were either mock-treated or received 

sodium oxamate, an inhibitor of fermentative lactate dehydrogenases, in the drinking water 

for 2 days. We measured the concentration of lactate in the cecal content using GC/MS/MS 

(Fig. 1E). Lactate was abundant in the cecal lumen of germ-free mice (~ 0.38 mM). 

Oxamate treatment significantly reduced lactate levels, suggesting that host lactate 

dehydrogenases are a major source of lactate in germ-free animals. Also, oxamate treatment 

of conventionally-raised, S. Tm-infected mice significantly decreased lactate concentrations 

(Fig. 1A), an observation that is consistent with the notion that increases in lactate levels 

during S. Tm infection were likely of host origin.

S. Tm can utilize both L-(+)- and D-(−)- lactate in vitro (Fig. S1B). The lactate-degrading, 

respiratory lactate dehydrogenases LldD and Dld allow for the utilization of L-(+)- and D-

(−)- lactate, respectively (Fig. S1B). Lactate-generating, mammalian lactate dehydrogenases 

solely generate the L-enantiomer while fermenting microbes in the gut microbiota produce 

both enantiomers. Based on our hypothesis that the majority of lactate during S. Tm 

infection is host-derived, we predicted that S. Tm would predominantly utilize L-lactate 

during infection. A mutant lacking only LldD activity (ΔlldD mutant) recapitulated the 

fitness defect of the ΔlldD Δdld double mutant (Fig. 1B), supporting this hypothesis. This 

fitness advantage is also seen when we competed a genetically complemented strain (ΔlldD 
phoN::lldD+) against the L-lactate utilization deficient mutant (ΔlldD) (Fig. 1B). A mutant 

lacking only Dld activity did not display a competitive colonization defect (data not shown). 

Collectively, these experiments suggest that utilization of host-derived lactate enhances S. 

Tm fitness in the inflamed gut.
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Depletion of microbial butyrate changes epithelial cell metabolism to lactate fermentation

Under homeostatic conditions, fermentation of host-inaccessible complex polysaccharides 

by members of the microbiota, primarily Clostridia clusters IV and XIVa, gives rise to the 

short chain fatty acid butyrate (Barcenilla et al., 2000; Pryde et al., 2002). In intestinal 

epithelial cells, butyrate is consumed through β-oxidation and energy is generated by 

oxidative phosphorylation. In the absence of butyrate, e.g. in germ-free mice, intestinal 

epithelial cells change their metabolism from fatty acid oxidation to glucose fermentation 

with lactate as the main fermentation end product (Donohoe et al., 2012). In animal models 

of infectious and non-infectious colitis, a depletion of members in the class Clostridia and 

concomitant decreases in butyrate availability have been reported to alter colonocyte 

metabolism (Ahmad et al., 2000; Byndloss et al., 2017; Kelly et al., 2015; Rivera-Chavez et 

al., 2016). Thus, we hypothesized that ablation of Clostridia through antibiotic treatment 

would recapitulate these changes in the absence of a pathogen and result in lactate 

accumulation in the gut lumen. To test this idea, conventional C57BL/6 mice were orally 

treated with a single dose of streptomycin (Fig. 2). Streptomycin treatment decreased 

Clostridia populations by more than 4 orders of magnitude, with Clostridia populations 

returning to normal levels after 3 to 4 days (Fig. 2A). Concomitant with the ablation of 

Clostridia, a significant decrease in butyrate concentrations in the cecal content was 

observed (Fig. 2B). In contrast, lactate levels were significantly increased 2, 3, and 4 days 

after streptomycin-induced perturbation (Fig. 2C), mirroring the decline in butyrate levels. 

To determine whether exogenous supplementation with butyrate was sufficient to suppress 

the spike in lactate levels, streptomycin-treated mice were orally treated with tributyrin 

(glyceryl tributyrate) (Fig. 2D). This exogenous supplementation with a butyrate source 

significantly decreased the cecal lactate concentration three days after streptomycin 

treatment.

In germ-free mice, colonocytes perform lactate fermentation due to a lack of microbial short 

chain fatty acids (Donohoe et al., 2012). We reasoned that colonization of gnotobiotic mice 

with a butyrate-producing bacterial strain would decrease availability of lactate. To test this 

idea, we repeated the competitive infection experiment with the ΔsseD and the ΔsseD ΔlldD 
Δdld mutant in germ-free mice that had been mono-associated with Clostridium symbiosum 
3 days prior to infection. The fitness advantage conferred by S. Tm lactate dehydrogenases 

in the absence of other microbes was significantly reduced in the presence of C. symbiosum 
(Fig. 1D). No significant differences in cecal inflammation between the germ-free mice and 

those that had been pre-colonized with C. symbiosum prior to infection were noted (Fig. S3 

and S4). Taken together, these experiments indicate that the lack of microbial butyrate 

induces a shift in host metabolism to lactate fermentation.

Lactate utilization during post-antibiotic expansion of the S. Tm population

Antibiotic therapy predisposes to infection with non-typhoidal Salmonella serovars in both 

immune-competent and immune-suppressed individuals (Pavia et al., 1990). In murine 

models, oral pre-treatment with streptomycin decreases colonization resistance and leads to 

a pronounced post-antibiotic expansion of the Salmonella population in the gut lumen 

(Stecher et al., 2007). Given our findings on streptomycin-induced perturbations on lactate 

production by the epithelium, we investigated the role of S. Tm lactate metabolism in 
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streptomycin pre-treated mice. Conventional C57BL/6 mice were intragastrically treated 

with one dose of streptomycin. One day later, these animals were intragastrically inoculated 

with S. Tm. Five days after infection, the cecal contents were collected for 16S qPCR 

analysis and measurements of lactate and butyrate concentrations (Fig. 3; Fig. S5E). 

Compared to healthy control mice, streptomycin-treated and S. Tm infected mice exhibited a 

significant decrease in Clostridia and Bacteroidetes populations and a bloom of the 

Enterobacteriaceae population (Fig. 3A). Cecal butyrate levels were significantly decreased 

while lactate levels were elevated in streptomycin-treated and S. Tm infected mice compared 

to mock-treated controls (Fig. 3B and C). Respiratory lactate dehydrogenases (5.4-fold), in 

particular the L-lactate dehydrogenase LldD (5.1-fold), provided a fitness advantage in 

colonizing the murine cecum since the S. Tm wild-type strain was recovered in higher 

numbers than isogenic ΔlldD Δdld and ΔlldD mutants in competitive infection experiments 

(Fig. 3D). Similarly, lactate utilization provided a fitness advantage in the absence of 

T3SS-1 and T3SS-2-induced inflammation (ΔinvA ΔspiB mutant background) (Fig. 3D – E; 

Fig. S5A – C).

Streptomycin is effective at removing Gram-positive Clostridia (Fig. 2A). In contrast, oral 

pre-treatment with neomycin, an antibiotic that primarily targets Gram-negative bacteria 

(Macdonald and Beck, 1983), did not enable lactate utilization by S. Tm (Fig. 3D). We 

therefore concluded that streptomycin-induced perturbation of the microbiota is sufficient 

for lactate accumulation to occur.

To evaluate whether inhibition of fermentative host lactate dehydrogenases is sufficient to 

decrease lactate availability during S. Tm infection, groups of streptomycin pre-treated mice 

were intragastrically inoculated with the S. Tm wild-type strain and the ΔlldD Δdld mutant 

and were either mock-treated or received sodium oxamate in the drinking water and 

determined the competitive index 4 days after infection. Administration of sodium oxamate 

abolished the fitness advantage conferred by lactate oxidation in S. Tm in vivo (Fig. 3F). 

Sodium oxamate did not directly inhibit respiratory LldD and Dld activity (Fig. S1C) in 
vitro. Taken together, the experiments provide further support for the idea that during S. Tm 

infection, increased lactate levels are caused by altered host metabolism.

S. Tm-induced dysbiosis is characterized by a depletion of butyrate-producing Clostridia

To investigate microbiota changes induced by S. Tm, groups of conventional Swiss Webster 

mice were intragastrically inoculated with the S. Tm wild-type strain or mock-treated. After 

8 days, the cecal content of these mice was collected for 16S rDNA sequencing (Fig. 4A – 

C). Unweighted principal coordinate analysis of microbiota composition showed distinct 

clustering of the microbiota of mock treated mice compared with that of infected mice (Fig. 

4A). Taxonomic analysis of microbiota composition of mock treated mice revealed that 

during S. Tm infection, the phyla Bacteroidetes and Firmicutes were significantly decreased 

(Fig. 4B). In particular, populations of the class Clostridia were significantly diminished (3-

fold; P < 0.05). In contrast, a bloom of Gammaproteobacteria, the class to which S. Tm 

belongs, was observed (Fig. 4C). In agreement with our initial profiling (Table S1), targeted 

measurements of butyrate by GC/MS demonstrated that mock-treated mice had nearly 10-

fold higher levels of butyrate in their cecal content compared to that of S. Tm infected mice 
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(Fig. 4D) and a concomitant increase in lactate concentrations (Fig. 1A). The fitness 

advantage conferred by lactate oxidation was time-dependent and correlated with the 

magnitude of cecal inflammation (Fig. S6). In a model of chemically-induced colitis 

(dextran sulfate sodium-induced colitis model; Fig. S5E), lactate oxidation provided a fitness 

advantage for Salmonella in the absence of bacterial virulence factors, consistent with the 

idea that gut inflammation is sufficient to increase luminal lactate levels (Fig. 3D). 

Collectively, these data suggest that Salmonella-induced inflammation is associated with a 

depletion of butyrate-producing Clostridia, which in turn correlates with increased 

availability of lactate.

Manipulation of PPARγ signaling influences lactate production during S. Tm infection

PPARγ is a transcription factor that controls fatty acid-based metabolism in the host. 

PPARγ is expressed in intestinal epithelial cells (Adachi et al., 2006) and orchestrates the 

switch from fermentation of glucose to β-oxidation in this cell type (Byndloss et al., 2017) 

(Fig. 5A). We therefore hypothesized that lactate production by the intestinal epithelium 

could be prevented by pharmacological activation of PPARγ signaling. We administered the 

PPARγ agonist rosiglitazone or a vehicle control via intraperitoneal injection to 

streptomycin-treated C57BL/6 mice to drive epithelial β-oxidation (Fig. 5B and C). As 

expected, rosiglitazone did not interfere with the streptomycin-induced depletion of butyrate 

in the cecal content (Fig. 5B). Interestingly, cecal lactate levels were significantly reduced 

during rosiglitazone treatment (Fig. 5C). Administration of rosiglitazone in the 

streptomycin-treated mouse model of Salmonella infection decreased the fitness advantage 

conferred by L-lactate utilization (Fig. 5D). These experiments support the idea that PPARγ 
controls the metabolic switch that is responsible for host epithelial lactate production during 

S. Tm infection.

Oxygen is the terminal electron acceptor for lactate utilization

We next wanted to determine the identity of the terminal electron acceptor for lactate 

utilization. Under homeostatic conditions, β-oxidation consumes most of the oxygen 

available at the gut mucosal interface (Kelly et al., 2015). During S. Tm infection, 

unconsumed oxygen leaks into the gut lumen where it enables respiration by the facultative 

anaerobic pathogen (Rivera-Chavez et al., 2016). In addition, S. Tm respires nitrate and 

tetrathionate, byproducts of the inflammatory oxidative burst (Lopez et al., 2015; Lopez et 

al., 2012; Winter et al., 2010). In vitro, lactate utilization occurs in fully aerated media and 

under microaerobic conditions (1 % oxygen) (Fig. S1A and 6A). Under anaerobic in vitro 
conditions, lactate dehydrogenases provide a growth advantage only in the presence of 

nitrate or tetrathionate (Fig. S1A). To test if anaerobic nitrate or tetrathionate respiration is 

required for lactate utilization, we created a mutant that lacked moaA. The moaA gene 

product catalyzes the first step of molybdopterin biosynthesis, an essential cofactor in the 

anaerobic tetrathionate and nitrate reductases. We then performed competition experiments 

in the streptomycin-treated C57BL/6 model (Fig. S5D). The fitness advantage conferred by 

lactate dehydrogenase genes was recapitulated in the absence of molybdopterin biosynthesis, 

i.e. in the moaA mutant background, suggesting that molybdenum cofactor-dependent 

anaerobic respiratory pathways are dispensable for lactate utilization. To test the idea that 

oxygen could be the terminal electron acceptor for lactate utilization, we created a mutant 
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lacking cytochrome bd oxidase (CydAB) activity. CydAB is a terminal oxidase that is 

expressed under microaerobic conditions. Using the streptomycin-treated mouse model, we 

then determined the competitive fitness of the ΔcydA mutant against an isogenic strain that 

is unable to utilize L-lactate (ΔcydA ΔlldD). The fitness advantage conferred by LldD (Fig. 

3D and 6B) was negated in the absence of CydAB activity (Fig. 6A and B), suggesting that 

oxygen is the preferred electron acceptor for oxidation of L-lactate during S. Tm infection.

DISCUSSION

The nutritional mechanisms that support S. Tm outgrowth during inflammation, specifically 

the carbon sources that can be accessed by S. Tm in the inflamed intestine, remain poorly 

characterized. To address this question, we took an untargeted metabolic profiling approach 

to identify metabolites that become more abundant during S. Tm induced inflammation. This 

experiment identified lactate as a potential nutrient that increased in abundance in the 

infected cecum. Disruption of the normal microbiota composition through antibiotic 

treatment or the onset of mucosal inflammation can lead to accumulation of microbial 

metabolites, for example because consumers of small metabolites are depleted (Ferreyra et 

al., 2014; Hughes et al., 2017; Ng et al., 2013). We thus had initially hypothesized that most 

of the lactate in the gut lumen during S. Tm infection was of microbial origin. Contrary to 

this initial hypothesis, increased lactate levels were not primarily due to changes in gut 

microbial community composition or their metabolism. Instead, the increase in gut lactate 

levels was caused by a shift in the central metabolism of the host, most likely intestinal 

epithelial cells. While the microbiota was not directly responsible for increased lactate levels 

in our animal models, it played a major functional role by providing butyrate, the preferred 

carbon source of intestinal epithelial cells. Depletion of butyrate-producing Clostridia, either 

through streptomycin administration, DSS treatment, or during S. Tm induced dysbiosis, 

was sufficient to induce the production of host-derived lactate. The picture emerging from 

this study is that during S. Tm infection, butyrate and lactate link the metabolism of the gut 

microbiota, the host, and the pathogen at the mucosal interface.

Recent work by Rivera-Chavez et al. demonstrates how a change in intestinal epithelial cell 

metabolism from β-oxidation to fermentation results in the leakage of oxygen from the 

tissue into the intestinal lumen, supporting growth of facultative anaerobic S. Tm (Rivera-

Chavez et al., 2016). In our study, we found that terminal oxidase activity (CydAB) was 

required for S. Tm to benefit from lactate utilization, indicating that oxygen was the terminal 

electron acceptor for lactate degradation in vivo. A respiratory metabolism allows S. Tm to 

be much more energetically competitive with the gut microbiota, which is largely comprised 

of strict anaerobes that solely rely on fermentative processes. While oxygen is required for 

L-lactate oxidation in vivo, luminal oxygenation is not sufficient for S. Tm to utilize lactate 

from other sources (e.g. microbiota), since inhibition of host lactate production with 

oxamate abolished the fitness advantage conferred by lactate oxidation. Our findings suggest 

that lactate dehydrogenases and terminal oxidases form a disease-specific metabolic module. 

Thus, manipulation of epithelial metabolism through S. Tm-induced dysbiosis produces both 

the electron donor and an electron acceptor for lactate oxidation.

Gillis et al. Page 9

Cell Host Microbe. Author manuscript; available in PMC 2019 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



S. Tm also exploits a corresponding shift in host cell metabolism during systemic infection. 

During persistent S. Tm infection, anti-inflammatory M2 macrophages represent a major 

replicative niche for the pathogen, especially during later stages of infection (Eisele et al., 

2013; McCoy et al., 2012; Nix et al., 2007). M2 macrophages perform a fatty-acid oxidation 

based metabolism, which is controlled by the transcriptional regulator PPARδ. Reliance on 

β-oxidation for energy production liberates intracellular glucose for consumption by S. Tm, 

which supports replication inside of M2 macrophages (Eisele et al., 2013). In intestinal 

epithelial cells, reprogramming of central metabolism is controlled by PPARγ (Byndloss et 

al., 2017). Consistent with this recent report, we found that activation of PPARγ during S. 

Tm infection decreased availability of lactate in the gut lumen.

The inverse relationship between elevated fecal L-lactate and decreased butyrate levels 

during episodes of inflammation has been known for almost fifty years. Elevated levels of 

fecal L-lactate are frequently found in patients with non-infectious chronic diarrhea, 

especially during severe ulcerative colitis and in a subset of Crohn’s disease patients with 

colon involvement. Interestingly, in Crohn’s disease patients in which disease activity is 

restricted to the ileum, no such trend is observed (Bjerrum et al., 2015; Hove et al., 1995; 

Hove and Mortensen, 1995; Montgomery et al., 1968; Vernia et al., 1988a; Vernia et al., 

1988b). In many of these patient samples a decrease in butyrate concentrations was noted 

(Vernia et al., 1988a; Vernia et al., 1988b). This metabolic switch has also been shown in 

germ-free mice (Donohoe et al., 2012) and in ex vivo-cultured colonocytes from DSS-

treated mice (Ahmad et al., 2000), a chemical model of experimental colitis. The inverse 

correlation between elevated luminal lactate levels and severe colonic inflammation is 

consistent with our results showing that inflammation-associated dysbiosis induces a 

metabolic reprogramming (e.g. lactate production), and suggests that this mechanism could 

also be occurring in patients with chronic non-infectious diarrhea. In patients with 

inflammatory bowel disease, it was speculated that disease-associated increases in certain 

metabolites were due to malabsorption or altered microbiota metabolism; in contrast, our 

studies in animal models of S. Tm colitis raise the possibility that increases in lactate, and 

possibly other metabolites, are in fact generated by the host metabolism during disease. 

Overall, by combining bacterial genetics with targeted and untargeted metabolomics, our 

work revealed a metabolic connection between the gut microbiota, the host, and the enteric 

pathogen S. Tm and expands our understanding of how microbiota dysbiosis affects tissue 

homeostasis.

STAR METHODS

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Sebastian Winter (Sebastian.Winter@UTSouthwestern.edu)

Experimental model and subject details

Mouse lines—Conventional Swiss Webster and C57BL/6 mice were bred in-house in 

barrier specific pathogen-free facilities at UT Southwestern. Mice were mixed and 

randomized 3 days prior to the beginning of each experiment. Male and female mice aged 6–
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8 weeks were used for all experiments and no differences between male and female mice 

were identified. Germ-free mice were reared in germ-free facilities at UT Southwestern and 

fed sterile food and water. All mice were on a 12-hour light/dark cycle and received food 

and water ad libitum. Mice that were euthanized early due to health concerns and mice that 

were insufficiently colonized (<10 colonies in 100 μL of undiluted sample; competitive 

infections only) were excluded from analysis. All mouse experiments were performed in 

accordance with the Institutional Animal Care and Use Committee at UT Southwestern 

(APN#2014-0061 and 2016-101801).

Bacterial strains—All strains used in this study are listed in the Key Resources Table. All 

S. Tm and E. coli strains were cultured in LB broth (10 g/L tryptone, 5 g/L yeast extract, 10 

g/L sodium chloride) or on LB plates (LB broth, 15 g/L agar) and incubated at 37 °C. 

Nalidixic acid (Nal), carbenicillin (Carb), Kanamycin (Kan), and Chloramphenicol (Cm) 

were added to LB broth and LB agar plates at a concentration of 50 mg/mL, 100 mg/mL, 

100 mg/mL, and 15 mg/mL, respectively, as needed. Clostridium symbiosum was grown on 

thioglycollate plates for 2 days at 37 °C under anaerobic conditions and in pre-reduced 

chopped meat media for 3 days at 37 °C under anaerobic conditions. To distinguish between 

S. Tm strains, the chromogenic substrate 5-Bromo-4-chloro-3-indolyl phosphate (X-phos) 

was used to detect the activity of the acidic phosphotase PhoN. All plasmids and primers 

used in this study are listed in the key resources table. All suicide plasmids were constructed 

using the Gibson Assembly Cloning kit. To generate plasmids pCG1, pCG2, and pCG89, 

upstream and downstream regions of the gene were amplified using the Q5 Hot Start High 

Fidelity DNA Polymerase. PCR products were ligated into SphI-digested pRDH10 during 

the Gibson Assembly reaction. For pMW1, the upstream and downstream regions of sseD 
were amplified and cloned into digested pGP706 as described above. The lldD promoter 

region and coding regions were then cloned into SphI digested pSW327 to generate 

pCG142. The insertion in all newly constructed plasmids except for pCG142 were 

sequenced. The cloning strain for all plasmids was DH5α λpir. For the construction of 

CG1, CG2, CG89, CG124, CG171 and MW285, suicide plasmids were grown in DH5α 
λpir and extracted before transformation into S17-1 λpir, which served as a donor strain for 

conjugation with S. Tm. Single crossover events were selected by using LB plates 

containing the appropriate antibiotics. Counterselection was performed to identify second 

crossover events using sucrose plates (5 % sucrose, 15 g/L agar, 8 g/L nutrient broth base). 

This results in the creation of a clean and unmarked deletion. For the construction of CG142, 

pCG142 was conjugated into IR715 using S17-1 λpir. A single crossover event was selected 

for using Carb resistant plates followed by picking and patching onto Nal and X-phos plates. 

Integration into the phoN gene was identified by the white color of the colonies on X-phos 

plates. A P22 HT int-105 phage lysate was then prepared from the exconjugates, which 

transduced the mutation into CG2. CG9 was generated by transducing ΔlldD using phage 

P22 HT int-105 into CG2. phoN::Kanr was similarly transduced into CG9 to generate 

CG110. pMW1 was conjugated into CG9 via S17 λpir to generate MW292. ΔldhA was 

transduced into CG9 to generate CG111. phoN::Kanr was also transduced into CG89 to 

generate CG116. Δdld and ΔlldD were sequentially transduced into SPN487 to generate 

CG12 and CG30. phoN::Cmr was transduced into MW285 to generate MW287. To generate 

SW1401, phoN::Kanr was transduced into SPN487. SW1401 was generated by transducing 
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phoN::Kanr into SPN487. To generate CG127 and CG131, ΔlldD and phoN::Kanr were each 

transduced into CG124. To generate CG115, Δdld and ΔlldD were sequentially transduced 

into FF283. To generate CG107 phoN::Kanr was transduced into FF283.

Method Details

S. Tm infections in conventional Swiss Webster mice—Six to eight-week-old male 

and female Swiss Webster mice were gavaged with 1 × 109 CFU of S. Tm strains. For 

competition experiments, mice were administered 5 × 108 CFU of each strain. After 8 days 

of infection, mice were sacrificed and colonic content, cecal content, and tissue were 

collected. Colonic and cecal contents were placed into sterile Phosphate Buffered Saline 

(PBS; pH = 7.4) and were serially diluted on selective agar plates to determine CFU/g of 

each S. Tm strain. For the ΔlldD and WT competition time course experiment, mice were 

also sacrificed on day 4 and day 6 after infection and samples were taken as described for 

the 8-day infection. Competitive indices were calculated by dividing the CFU/g of wild-type 

S. Tm recovered over the CFU/g of mutant S. Tm recovered, which was then divided by the 

same ratio in the inoculum. In the lactate-free diet experiment, mice received lactate-free 

food for all 8 days of the experiment. For single infection experiments, groups of Swiss 

Webster mice received 1 × 109 CFU of either WT S. Tm or the isogenic ΔlldD Δdld mutant. 

Eight days after infection, cecal content was collected and plated to determine the CFU/g of 

each strain. To evaluate the contribution of the host lactate dehydrogenase, groups of S. Tm 

infected mice were treated with 0.5 % sodium oxamate, or mock (sterile water) in their 

drinking water for the duration of the 8-day experiment. The exact number of mice used in 

each group is indicated above each graph or in the figure legend.

S. Tm infections in C57BL/6 mice—Seven-week-old C57BL/6 male and female mice 

were intragastrically pre-treated with 20 mg of sterile streptomycin sulfate or neomycin 

trisulfate hydrate one day prior to infection. For all experiments, except for the sodium 

oxamate administration in the streptomycin-treated C57BL/6 model, mice were inoculated 

with 1 × 105 CFU of S. Tm strains. During competition experiments, mice were 

administered 5 × 104 CFU of each strain. After 5 days of infection, mice were euthanized 

and samples were collected as described above. Rosiglitazone-treated, S. Tm infected mice 

received 200 μL of 0.75 mg/mL rosiglitazone solution or vehicle control (50% DMSO in 

PBS) by intraperitoneal injection for the last 3 days of the infection. Dextran sulfate sodium 

(DSS)-treated mice received sterile 2.7% DSS in their drinking water for 4 days prior to 

infection with 1 × 105 CFU of S. Tm strains. After 5 days of infection, the competitive index 

in the cecal content was determined as described above. For sodium oxamate administration 

in the streptomycin-treated C57BL/6 model, mice were infected with 1 × 109 CFU of S. Tm 

strains. (5 × 108 CFU of each competitor strain). These mice received 0.5 % sodium 

oxamate in their drinking water or mock (sterile water) beginning the day after infection and 

were sacrificed 4 days after infection. Sample collection was done as described for other 

experiments to determine the competitive index. For intraperitoneal infections with S. Tm, 

C57BL/6 mice were injected intraperitoneally with 1 × 104 CFU of S. Tm strains (5 × 103 

CFU of each competitor strain). After 3 days, mice were sacrificed and the spleen, liver and 

mesenteric lymph nodes were collected for analysis. Organs were homogenized and plated 
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on selective agar to determine the competitive index as described above. The exact number 

of mice used in each group is indicated above each graph or in the figure legend.

Treatments in Streptomycin-treated C57BL/6 mice—Mice treated only with 

streptomycin received 20 mg of intragastric streptomycin sulfate and were sacrificed 1 to 5 

days after treatment. Tributyrin treated mice received 5 % tributyrin fortified chow and 100 

μL of undiluted sterile tributyrin by gavage every day after streptomycin treatment. Mice 

were sacrificed 3 days after streptomycin treatment. Rosiglitazone-treated mice received 200 

μL of 0.75 mg/mL rosiglitazone solution or vehicle control by intraperitoneal injection for 

one day following streptomycin treatment. Cecal content and tissue was collected from these 

experiments for analysis 2 days after streptomycin treatment. The exact number of mice 

used in each group is indicated above each graph or in the figure legend.

S. Tm infections in germ-free Swiss Webster mice—Germ-free Swiss Webster mice 

were gavaged with 1 × 105 CFU of S. Tm strains. During competition experiments, mice 

were administered 5 × 104 CFU of each strain. Germ-free mice pre-colonized with C. 
symbiosum were gavaged with 3 × 109 CFU of C. symbiosum three days prior to a 10-day 

infection with S. Tm. For sodium oxamate experiments, germ-free Swiss Webster mice 

received sterile 0.5 % sodium oxamate in their drinking water or mock treatment (sterile 

water) for two days. The exact number of mice used in each group is indicated above each 

graph or in the figure legend.

Gas Chromatography Mass Spectroscopy metabolic profiling and 
measurements of lactate and butyrate—Cecal content was collected, resuspended in 

sterile PBS, and placed on ice. Samples were then vortexed for two minutes and centrifuged 

at 6,000 × g for 15 minutes at 4 °C. The supernatant was aliquoted and mixed with 5 μM of 

deuterated lactate (sodium L-lactate-3,3,3-d3), succinate (succinic-2,2,3,3,-d4 acid) and 

butyrate (sodium butyrate-d7) as internal standards. Samples were centrifuged in a vacuum-

centrifuge until dry and stored at −80 °C. Dried samples were resuspended in pyridine, 

sonicated for 1 minute, and incubated at 80 °C for 20 minutes. Samples were then 

derivatized in N-tert-butyldimethylsilyl-N-methylfluorotriacetamide with 1 % tert-
Butyldimethylchlorosilane and incubated at 80 °C for 1 hour. The samples were then 

centrifuged for 1 minute at 16,000 × g and the supernatant was transferred to autosampler 

vials for analysis. All experiments were conducted using a Shimadzu TQ8040 triple 

quadrupole GC-MS. The injection temperature was 250 °C and the in jection split ratio was 

set to 1:100 with an injection volume of 1 μL. The oven temperature started at 50 °C for 2 

min, increasing to 100 °C at 20 °C per min and to 330 °C at 40 °C per min with a final hold 

at this temperature for 3 min. Flow rate of the helium carrier gas was kept constant at a 

linear velocity of 50 cm/s. The column used was a 30 m × 0.25 mm × 0.25 μm Rtx-5Sil MS. 

The interface temperature was 300 °C. The electron impact ion source temperature was 

200 °C, with 70 V ionization voltage and 150 μA current. For qualitative experiments, Q3 

scans (ranging from 50–550 m/z to 1000 m/z per second) were performed and putative 

compounds identified by searching the NIST/EPA/NIH Mass Spectral Library (Standard 

Reference Database v14). The retention times for lactate and deuterated lactate were 9.898 

and 9.891 minutes, respectively. To measure butyrate, Q3 scans were performed as described 
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above, and the retention times for butyrate and deuterated butyrate were 5.818 and 5.748 

minutes, respectively. Multiple reaction monitoring was then used to quantitatively measure 

lactate and deuterated lactate. Lactate had a target ion of m/z 261>233 and a reference ion of 

m/z 261>189. Deuterated lactate had a target ion of m/z 264>236 and a reference ion of m/z 

264>189. The target and reference ions for butyrate and were m/z 145 and m/z 75>146. The 

target and reference ions for deuterated butyrate were m/z 152 and m/z 76>153, respectively.

Analysis of microbiota composition by qPCR—Cecal content was flash frozen in 

liquid nitrogen and stored at −80 °C. Bacterial DNA was then isolated using the PowerFecal 

DNA Isolation Kit. Microbiota composition was determined using SYBR Green based 

qPCR. Two μL of template DNA and 250 nM of each primer were used, with a final reaction 

volume of 11 μL. Primer sequences are listed in Supplementary Table 3. Data was obtained 

through the QuantStudio 6 Flex Instrument. Serial dilutions of plasmids containing the gene 

of interest cloned into the TOPO cloning vector were also analyzed to generate a standard 

curve and calculate absolute counts of the gene of interest.

16S rDNA sequencing and analysis—Cecal content was collected and the DNA was 

extracted from fecal samples using the MoBio PowerFecal kit per the recommendations of 

the manufacturer. The 16sV4 Region was amplified with the 515f–806R primer pair, and 

barcoded prior to sequencing. The barcoded amplicons were purified and quantified on a 

2200 TapeStation. The libraries were sequenced to generate 250bp paired end reads using an 

Illumina Miseq system. A standard workflow for processing and quality assessment was 

applied to process the raw 16S sequence data (Caporaso et al., 2010). The QIIME 

(Quantitative Insights into Microbial Ecology) open source software package (Version 1.91) 

(Caporaso et al., 2010) was employed to perform sequence alignment, operational 

taxonomic units (OTUs) picking against the Silva database (Version 128, released on 

02/06/2017) (Quast et al., 2013) clustering, phylogenetic and taxonomic profiling, ANOSIM 

and beta diversity analysis on the demultiplexed sequences. The analysis of beta diversity 

(principle coordinate analysis) was visualized using Emperor (Vazquez-Baeza et al., 2013).

Cytokine mRNA quantification from intestinal tissue—Flash frozen tissue was 

homogenized using a Mini-BeadBeater and RNA was extracted using the TRI Reagent 

manufacturer protocol. RNA preparations were also subjected to DNase I treatment prior to 

use. cDNA was made using TaqMan reverse transcription reagents. qPCR analysis of Nos2, 

Cxcl1, and Tnf, was then conducted as described previously, using 2 μL of cDNA as a 

template.

Histopathology analysis—Tissue was fixed in 10 % phosphate buffered formalin, 

followed by storage in 70 % ethanol. Samples were embedded in paraffin, cut into 5 μm 

sections and stained with hematoxylin and eosin. Blinded samples were then scored for 

signs of inflammation, including neutrophil and mononuclear cell infiltration, edema, 

epithelial damage, and exudate as listed in Supplementary Table 2 (Winter et al., 2013).

Growth competitions in mucin broth—Sterile hog mucin (0.5% [w/v]) was dissolved 

in No-carbon E (NCE) medium (0.2 g/L MgSO4*7 H2O, 3.9 g/L KH2PO4, 5.0 g/L 

anhydrous K2HPO4, and 3.5 g/L NaNH4HPO4*4 H2O) (Berkowitz et al., 1968; Vogel and 
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Bonner, 1956). Sodium D,L-lactate, D-lactate, or L-lactate was added to designated samples 

at a final concentration of 40 mM. Sodium nitrate and potassium tetrathionate were added to 

a final concentration of 20 mM. Where indicated, sodium oxamate was added to mucin broth 

at a final concentration of 5% [w/v].1.8 mL of mucin broth was inoculated with a 1:1 ratio 

of the indicated strains and incubated in an anaerobic chamber, in a microaerobic chamber, 

or aerobically in a shaking culture (250 RPM) for 18 hours. The CFU/mL of each indicator 

strain was determined by plating serial dilutions on indicator agar. Each experiment was 

performed with at least 4 independent biological replicates.

Quantification and Statistical analysis

Data analysis was performed in Microsoft Excel and GraphPad Prism v7.0. Histopathology 

scores and PMN counts were analyzed using the non-parametric Mann-Whitney U-test. All 

other data was transformed by the natural logarithm before inferential and descriptive 

statistical analysis. The log-transformed data was normally distributed, as determined by the 

D’Agostino-Pearson normality test for large groups and the Shapiro-Wilk normality test for 

smaller groups, except for lactate concentrations in mock-treated mice (Fig. 1A), butyrate 

concentrations measured day 2 after streptomycin treatment (Fig. 2B), the competitive index 

in the systemic sites (Fig. S2E), and the competitive index shown in Fig. S6B at the day 4 

time point. No predicted statistical outliers were removed since the presence or absence of 

these potential statistical outliers did not affect the overall interpretation. Mice that were 

euthanized early due to health concerns and mice that were insufficiently colonized (<10 

colonies in 100 μL of undiluted sample; competitive infections only) were excluded from 

analysis. A two-tailed, paired Student’s t-test was used to determine statistical differences 

between wild-type and mutant bacterial populations within the same animal (competitive 

infection experiments). A two-tailed, unpaired Student’s t-test was applied to the log-

transformed data to determine statistical difference between groups of mice. A P value of 

less than 0.05 was considered significant. Unless otherwise stated, *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ns, not statistically significant. In all mouse experiments, N refers to the 

number of animals from which samples were taken. Sample sizes (i.e. the number of animals 

per group) were not estimated a priori since effect sizes in our system cannot be predicted.

Data and software availability

16S rDNA sequencing data has been deposited in the European Nucleotide Archive under 

the accession number PRJEB21705 (https://www.ebi.ac.uk/ena/data/view/PRJEB21705).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Salmonella Typhimurium utilizes L-lactate as a nutrient during gut infection

• Lactate used by S. Tm during infection is primarily host-derived

• Depletion of Clostridia from the microbiota alters host metabolism to produce 

lactate

• Oxygen is the terminal electron acceptor for L-lactate utilization by S. Tm
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Figure 1. The host is a source of lactate during S. Tm infection
(A) Groups of Swiss Webster mice were inoculated with the S. Tm wild-type strain (WT) or 

mock-treated with LB broth. One group of S. Tm-infected mice received 0.5 % sodium 

oxamate in their drinking water for the duration of the experiment. After 8 days of infection 

the mice were sacrificed and lactate concentration in the cecal content analyzed by 

GC/MS/MS. (B) Groups of Swiss Webster mice were intragastrically inoculated with a 1:1 

ratio of the indicated S. Tm strains. Samples were collected 8 days after infection. 

Competitive indices were calculated using the relative abundance of each strain in the cecal 

content, corrected by the ratio in the inoculum. (C) Two groups of Swiss Webster mice were 

intragastrically infected with the S. Tm wild-type strain or the ΔlldD Δdld mutant, 

respectively. The S. Tm populations in the cecal and colonic content (CFU/g) was 

determined after 8 days. (D) Groups of germ-free mice were pre-colonized with C. 
symbiosum or were mock-treated. After 3 days, both groups were intragastrically inoculated 

with an equal mixture of a ΔsseD and a ΔsseD ΔlldD Δdld mutant. Cecal content was 

collected 10 days after infection to determine the CI. (E) Germ-free Swiss Webster mice 

were treated with oxamate in their drinking water for 2 days or were mock-treated. Lactate 

concentrations in the cecal content were quantified by GC/MS/MS.
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Bars represent geometric means ± standard error. *, P < 0.05. The number of animals per 

group (N) is indicated above each bar. See also Fig. S1 – S4.
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Figure 2. Perturbation of the gut microbiota by oral streptomycin treatment results in elevated 
lactate levels
(A–C) Groups of C57BL/6 mice received a single oral dose of streptomycin (Strep). 

Samples of cecal content were taken 1 to 5 days after streptomycin administration. Mock-

treated controls represent the 0-day time point. (A) qPCR analysis of DNA extracted from 

the cecal content to assess Clostridia populations in the microbiota. (B and C) The 

concentration of butyrate (B) and lactate (C) in the cecal content was quantified by GC/MS. 

(D) Groups of C57BL/6 mice were treated with a single dose of streptomycin. Animals then 

received oral tributyrin treatment through gavage and fortified chow, or were mock-treated. 

Lactate levels in the cecal content were measured 3 days after streptomycin treatment.
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Bars represent geometric means ± standard error. ***, P < 0.001. The number of animals per 

group (N) is indicated above each bar.

Gillis et al. Page 24

Cell Host Microbe. Author manuscript; available in PMC 2019 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. S. Tm utilizes lactate during post-antibiotic expansion
(A–C) Groups of C57BL/6 mice, pretreated with a single dose of oral streptomycin (Strep) 

were infected with the S. Tm wild-type strain (WT) or were mock-treated. Five days after 

infection, cecal content was collected for analysis. (A) 16S qPCR analysis of Clostridia, 

Bacteroidetes, and Enterobacteriaceae populations in the cecal microbiota. (B – C) 

Concentrations of butyrate (B) and lactate (C) in the cecal content were measured by 

targeted GC/MS. (D–E) C57BL/6 mice were pretreated with a single dose of streptomycin 

(Strep), neomycin (Neo), or 4 days of dextran sulfate sodium (DSS) treatment and were 

subsequently infected with an equal mixture of the indicated S. Tm strains through the 

intragastric route. DSS treatment was continued throughout the duration of the experiment, 

as indicated. Five days after infection, samples were collected for analysis. T3SS1/2, ΔinvA 
ΔspiB mutant. See also Fig. S5E. (D) Competitive indices of the indicated strains in the 

cecal content. (E) Combined histopathology score of cecal tissue. Each dot represents one 

animal while lines represent the average ± standard deviation. See also Fig. S5A – C. (F) 

Streptomycin-pretreated mice, infected with the S. Tm wild-type strain and the ΔlldD Δdld 
mutant, were treated with sodium oxamate in the drinking water or mock treated beginning 

one day after infection until the end of the experiment. The competitive index in the cecal 

content was determined 4 days after infection. See also Fig. S5E.

Bars represent geometric means ± standard error. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

ns, not statistically significant; nd, not detected. The number of animals per group (N) is 

indicated above each bar.
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Figure 4. Gut microbiota changes during S. Tm infection
(A – C) Groups of Swiss Webster mice were intragastrically infected with the S. Tm wild-

type strain (WT) or mock-treated. Eight days after infection, cecal content was collected for 

16S rDNA profiling. (A) Principal coordinate (PC) plot of unweighted UniFrac distances 

generated from cecal microbial communities. Mock treatment, green spheres; S. Tm 

infection, red spheres. (B) Cecal microbiota composition at the phylum level. (C) 

Abundance of the classes Clostridia and Gammaproteobacteria in the ceca of mock-treated 

(black bars) and S. Tm-infected mice (gray bars). In mock-treated animals, 

Gammaproteobacteria were detected at very low abundance (less than 0.15%) (D) Swiss 

Webster mice were infected as described above. Butyrate concentrations in the cecal 

contents were determined 8 days after infection using GC/MS. See also Fig. 1A.

Bars represent geometric means ± standard error. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

The number of animals per group (N) is indicated above each bar.
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Figure 5. Effect of PPARγ signaling on lactate availability during S. Tm colitis
(A) Schematic model of the effect of PPARγ on host cell metabolism. (B and C) Groups of 

C57BL/6 mice were given a single oral dose of streptomycin (Strep). The following day, 

rosiglitazone or vehicle (50 % DMSO in PBS) was administered intraperitoneally. 

Concentrations of butyrate (B) and lactate (C) in the cecal content were measured by 

GC/MS the day after. (D) Groups of streptomycin-pretreated C57BL/6 mice were infected 

with an equal mixture of the S. Tm wild-type strain and a ΔlldD mutant for 5 days. 

Rosiglitazone or vehicle control was administered intraperitoneally for the last 3 days of 

infection.

Bars represent geometric means ± standard error. *, P < 0.05; ns, not statistically significant. 

The number of animals per group (N) is indicated above each bar.
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Figure 6. Impact of aerobic respiration on lactate utilization in S. Tm
(A) Mucin broth supplemented with L-lactate was inoculated with an equal mixture of the S. 

Tm wild-type strain (WT) and a ΔlldD mutant or a ΔcydA and a ΔcydA ΔlldD mutant and 

incubated in a Coy chamber with 1% oxygen. Fitness was measured by determining the 

competitive index. The experiment was performed independently at least four times. (B) 

Groups of C57BL/6 mice were pre-treated with streptomycin (Strep) and subsequently 

infected with the indicated S. Tm strains. Five days after infection, cecal content was 

collected to determine the competitive index.

Bars represent geometric means ± standard error. *, P < 0.05. The number of animals per 

group (N) is indicated above each bar. See also Fig. S5D.
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