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 2 

SUMMARY 29 

 30 

The gut microbiota benefits the host by limiting enteric pathogen expansion (colonization resistance) partially via 31 

the production of inhibitory metabolites. Propionate, a short-chain fatty acid produced by microbiota members, 32 

is proposed to mediate colonization resistance against Salmonella enterica serovar Typhimurium (S. Tm). Here, 33 

we show that S. Tm overcomes the inhibitory effects of propionate by using it as a carbon source for anaerobic 34 

respiration. We determined that propionate metabolism provides an inflammation-dependent colonization 35 

advantage to S. Tm during infection.  Such benefit was abolished in the intestinal lumen of Salmonella-infected 36 

germ-free mice.  Interestingly, S. Tm propionate-mediated intestinal expansion was restored when germ-free 37 

mice were monocolonized with Bacteroides thetaiotaomicron (B. theta), a prominent propionate producer in the 38 

gut, but not when mice were monocolonized with a propionate production-deficient B. theta strain.  Taken 39 

together, our results reveal a novel strategy used by S. Tm to mitigate colonization resistance by metabolizing 40 

microbiota-derived propionate.  41 

 42 
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 3 

 56 

MAIN TEXT 57 

 58 

Introduction  59 

 The intestines are occupied by a complex microbial community, the gut microbiota, mainly composed of 60 

obligate anaerobic bacteria. By residing in the gut, the microbiota contributes to host health through nutrient 61 

production (1, 2), immune education (3, Reviewed in 4), and protection against enteric pathogens (colonization 62 

resistance) (5, 6). Colonization resistance is accomplished through diverse mechanisms (7). For instance, the 63 

gut microbiota can indirectly inhibit pathogen expansion by activating the host's immune response or by 64 

enhancing the intestinal mucosal barrier (8, 9, 10). On the other hand, direct antagonism of enteric pathogens 65 

by the gut microbiota is achieved through niche competition or the production of inhibitory molecules (11, 12).  66 

A proposed microbiota-derived metabolite that mediates colonization resistance is propionate (13, 14). 67 

Propionate, an abundant short-chain fatty acid (15), is generated by the fermentation of sugars by anaerobic 68 

bacteria, specifically members of the Bacteroides genus (16).  As a predicted component of colonization 69 

resistance, propionate has previously been studied for its specific role in inhibiting Salmonella enterica serovar 70 

Typhimurium (S. Tm). The complete mechanism by which propionate exerts its toxic effect on S. Tm remains 71 

unknown. Initially, propionate was shown to inhibit S. Tm by generating toxic by-products produced during 72 

propionate catabolism (14). Propionate was recently shown to acidify the intracellular space of S. Tm and 73 

significantly reduce the S. Tm’s growth rate (13).  However, the mechanisms employed by enteric pathogens to 74 

overpower propionate-mediated colonization resistance, a key step for successful gut colonization, remain 75 

largely unknown.  76 

 S. Tm has evolved several mechanisms to overcome colonization resistance. Upon infection, S. Tm 77 

invades the intestinal epithelium and activates the host's innate immune system and inflammatory response (17). 78 

As a result, the host produces reactive nitrogen species (RNS), specifically nitric oxide, to inhibit the growth of 79 

the pathogen (18). Host-generated nitric oxide can react with other compounds in the intestinal lumen to generate 80 

nitrate (19, 20). Interestingly, S. Tm can take advantage of the nitrate generated by the host immune response 81 

by using it as an alternative electron acceptor to fuel anaerobic respiration (21). By performing anaerobic 82 

respiration, S. Tm can outgrow the resident microbiota whose metabolism relies on fermentation (22, 23). In 83 
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addition to the energetic benefits of anaerobic respiration compared to fermentation, S. Tm’s metabolic adaption 84 

in the inflamed gut enables the pathogen to access new nutrient niches and metabolize novel carbon sources 85 

(24, 25). 86 

The carbon sources utilized by S. Tm during anaerobic respiration remain largely uncharacterized. 87 

Interestingly, is it possible that S. Tm may use propionate as a carbon source during infection, as this pathogen 88 

possesses the machinery necessary for propionate catabolism (26, 27). Specifically, the prpBCDE operon 89 

encodes the enzymes required to convert propionate into pyruvate through the 2-methylcitrate cycle (27). 90 

Furthermore, genes in the prp operon are nonfunctional in extraintestinal serovars of S. Tm, raising the possibility 91 

that propionate metabolism is required for successful S. Tm colonization in the inflamed intestinal lumen (28). In 92 

this study, we show that the ability of S. Tm to metabolize propionate relies on nitrate-dependent anaerobic 93 

respiration.  We then use conventional and germ-free mouse models of S. Tm gastroenteritis to demonstrate 94 

that S. Tm uses inflammation-dependent anaerobic respiration to overcome propionate-mediated colonization 95 

resistance. 96 

 97 

Results 98 

Propionate supports S. Tm growth during anaerobic respiration in vitro. 99 

 Previous investigations into the function of the prp operon have focused on the use of propionate as a 100 

carbon source under aerobic conditions (14, 29) (Figure 1A and S1A). However, as an enteric pathogen, S. Tm 101 

encounters propionate in the intestinal lumen, which is mainly anaerobic (30). Therefore, we sought to investigate 102 

the ability of S. Tm to metabolize propionate under conditions relevant to intestinal disease. We first determined 103 

if propionate could support S. Tm growth in vitro if alternative electron acceptors (i.e., DMSO, TMAO, fumarate, 104 

tetrathionate, nitrate) generated during S. Tm-induced inflammation were available (20, 28, 31) (Figure 1B).  105 

Interestingly, we observed that propionate significantly increased S. Tm growth only when nitrate was added to 106 

the media (Figure 1B). Propionate did not increase S. Tm growth when the other alternative electron acceptors 107 

were added (Figure 1B). We next tested if a range of propionate concentrations (5 – 50 mM), physiologically 108 

relevant for mice and humans (15, 16), supported S. Tm growth in the presence or absence of nitrate. S. Tm 109 

was able to grow in increasing concentrations of propionate when nitrate was present in the media (Figure 1C), 110 
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suggesting that S. Tm may be able to metabolize high levels of propionate during infection. Notably, S. Tm could 111 

not ferment propionate as no growth is observed in the absence of nitrate (Figure 1C). 112 

 To determine whether anaerobic respiration affects expression of the prpBCDE operon, we measured 113 

changes in S. Tm gene transcription when propionate, nitrate, or propionate and nitrate were available. 114 

Propionate alone induced expression of prpR, the transcriptional activator of the prpBCDE operon (Figure 1D). 115 

However, addition of nitrate (nitrate + propionate media) was necessary to increase expression of the propionate 116 

utilization genes prpB and prpC (Figure 1E and 1F), supporting the specific role of nitrate in propionate 117 

catabolism. We next confirmed that the prpBCDE operon was necessary for S. Tm growth in the presence of 118 

propionate and nitrate. Deletion of the prpBCDE operon or prpC in S. Tm blunted the pathogen’s growth on 119 

propionate under anaerobic respiration conditions (Figure 1G, S1B, S1C). However, no defects in growth were 120 

observed when mutants were given glucose or glycerol as a carbon source (Figure S1D and S1E). Growth on 121 

propionate could be restored in DprpC by reintroducing the prpC gene by plasmid complementation (Figure 1G). 122 

These experiments reveal that nitrate respiration supports propionate catabolism in vitro through the prpBCDE 123 

operon.  124 

 125 

Nitrate respiration allows S. Tm to overcome the inhibitory effects of propionate under low pH. 126 

 The ability of S. Tm to use propionate as a carbon source under anaerobic respiration conditions may be 127 

confounded by the acidifying effects of this short-chain fatty acid (13, 32), particularly in the low pH of the 128 

intestines (ranging from pH 7.4 to 5.7) (33). Thus, we determined how changes in pH impact the growth of S. 129 

Tm with propionate and nitrate in vitro. Notably, S. Tm grew significantly more at pH 7.0, pH 6.5, and pH 6.0 130 

when propionate and nitrate were present than with propionate alone (Figure 2A-C). Wildtype S. Tm also grew 131 

significantly better than DprpC, which failed to grow when given propionate and nitrate at all pH values tested 132 

(Figure 2A-C). The growth of wildtype S. Tm at pH 6.0 was reduced compared to growth at pH 6.5 and pH 7.0 133 

(Figure 2C). However, decreased growth is observed when S. Tm is grown with glycerol and nitrate at pH 6.0, 134 

suggesting that reduced growth at pH 6.0 is not specific to propionate metabolism (Figure S2A and S2B). 135 

 Previous research revealed that propionate mediated colonization resistance by decreasing the growth 136 

rate of S. Tm (13). To address if nitrate prevented this effect of propionate, the generation time of S. Tm at pH 137 

7.0, 6.5, and 6.0 was calculated when S. Tm was grown in the presence of propionate and nitrate or propionate 138 
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alone.  The addition of nitrate significantly decreased the generation time of wildtype S. Tm at all pH values 139 

tested (Figure 2D-F). Furthermore, the generation time of wildtype S. Tm was markedly shorter than DprpC at 140 

each pH tested when propionate and nitrate were present (Figure 2D-F). Although nitrate led to a significant 141 

reduction in generation time for DprpC at pH 6.5, no difference in generation time was observed at pH 7.0 and 142 

pH 6.0 when both nitrate and propionate were available (Figure 2D-F). These data show that nitrate can mitigate 143 

the inhibitory effects of propionate on S. Tm growth by promoting propionate metabolism through the prpBCDE 144 

operon.  145 

 146 

Propionate metabolism provides a growth advantage to S. Tm in the inflamed gut.  147 

After discovering that S. Tm can metabolize propionate under anaerobic respiration conditions in vitro, 148 

we next investigated whether propionate catabolism provided S. Tm with a colonization advantage in vivo. We 149 

infected C57BL/6 mice, pretreated with streptomycin, with an equal mixture of wildtype S. Tm and DprpC. Four 150 

days after infection, the bacterial load of each strain was determined by plating the colon contents on selective 151 

media, and the ratio of S. Tm wildtype and DprpC (competitive index) was calculated. To determine the role of 152 

propionate catabolism in S. Tm colonization of systemic sites, we also assessed S. Tm wildtype vs. ∆prpC mutant 153 

competitive index in spleen and liver sampled from infected mice. Interestingly, we observed a significant 154 

competitive advantage for WT S. Tm over DprpC in the colon contents, but not in the liver or spleen (Figure 3A). 155 

These experiments reveal that propionate metabolism benefits S. Tm during infection specifically in the 156 

gastrointestinal tract.  157 

Next, we investigated whether inflammation was required for propionate metabolism to confer an 158 

advantage to S. Tm. C57BL/6 mice, pretreated with streptomycin, developed significant intestinal inflammation 159 

characterized by edema, epithelial damage, infiltration of inflammatory cells in the submucosa and exudate in 160 

the intestinal lumen four days after S. Tm infection (Fig. 3C, D). S. Tm uses two type III secretion systems (T3SS) 161 

to invade the intestinal epithelium and perform intracellular replication (17). A mutant strain (DinvA DspiB) of S. 162 

Tm is defective in both T3SS and does not cause inflammation in a mouse model (34, 35). Thus, we constructed 163 

an DprpC mutant in the S. Tm inflammation-deficient background (DinvA DspiB DprpC) and then infected 164 

streptomycin pretreated C57BL/6 mice with an equal mixture of DinvA DspiB and DinvA DspiB DprpC. The 165 
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competitive index was determined four days after infection. In contrast to the competitive advantage observed 166 

for wildtype over DprpC, no competitive advantage was observed for DinvA DspiB over DinvA DspiB DprpC, 167 

revealing that inflammation is required for propionate metabolism to be advantageous to S. Tm (Figure 3B). 168 

Histopathology analysis confirmed that infection with S. Tm DinvA DspiB did not induce intestinal inflammation 169 

(Fig. 3C, D).  The concentration of propionate was measured in the feces of mice infected with wildtype or DinvA 170 

DspiB and no significant differences were observed (Figure 3E), indicating that the lack of an advantage of DinvA 171 

DspiB over DinvA DspiB DprpC was not due to decreased levels of propionate in DinvA DspiB-infected mice. 172 

 173 

Nitrate respiration is required for S. Tm to benefit from propionate metabolism in vivo.  174 

We observed in vitro that the only alternative electron acceptor that can support S. Tm growth on 175 

propionate is nitrate (Fig. 1). To perform anaerobic respiration using nitrate as an alternative electron acceptor, 176 

S. Tm relies on three nitrate reductases, narGHI, narZYV, napABC (36). Indeed, a DnapA DnarZ DnarG mutant 177 

strain of S. Tm is unable to perform nitrate-dependent anaerobic respiration (22, 36). To investigate if nitrate 178 

respiration is required for propionate metabolism to be advantageous in vivo, we infected streptomycin pretreated 179 

C57BL/6 mice with an equal mixture of S. Tm DnapA DnarZ DnarG and S. Tm DnapA DnarZ DnarG DprpC and 180 

measured the competitive index four days after infection. In contrast to the competitive advantage observed for 181 

wildtype over DprpC, no advantage was observed for DnapA DnarZ DnarG over DnapA DnarZ DnarG DprpC 182 

(Figure 4A), suggesting that nitrate respiration is required for propionate metabolism to benefit S. Tm in vivo.  183 

As an alternative approach, we investigated if propionate metabolism was advantageous to S. Tm if the 184 

availability of inflammation-derived nitrate was decreased. During Salmonella infection, inflammatory monocytes 185 

and intestinal epithelial cells upregulate inducible nitric oxide synthase (iNOS) encoded by Nos2, leading to the 186 

production of nitric oxide (22, 23) (Figure 4B). Nitric oxide reacts with superoxide radicals to form peroxynitrate, 187 

which can then decompose into nitrate (31). Therefore, we repeated the competitive infection assays in mice 188 

treated with the iNOS inhibitor aminoguanidine (31), and in iNOS (Nos2)-deficient mice. In mock-treated wildtype 189 

mice, we observed a competitive advantage for wildtype S. Tm over DprpC (Figure 4C). However, this advantage 190 

was abrogated both in mice treated with aminoguanidine and in Nos2-deficient mice (Figure 4C). Nitrate 191 

measurements from colonic and cecal mucosa revealed a significant decrease in nitrate levels in mice treated 192 
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with aminoguanidine and in Nos2-deficient mice (Figure 4D). Despite differences in nitrate levels, inflammation 193 

was similar between the three treatment groups (Figure 4E). Propionate levels were similar in the feces of 194 

aminoguanidine-treated mice and were elevated in the feces of Nos2 -/- mice compared to mock-treated wildtype 195 

mice (Figure 4F), confirming that lack of a competitive advantage of wildtype S. Tm over ∆prpC in 196 

aminoguanidine-treated or in Nos2 -/- mice was not due to decreased propionate or differences in inflammation 197 

between experimental groups.   Together, these data reveal that the host-derived nitrate supports propionate 198 

utilization by S. Tm during pathogen-induced gastroenteritis.  199 

 200 

Microbiota-derived propionate provides a growth advantage to S. Tm in the presence of nitrate.  201 

While we predict that the advantage of wildtype S. Tm over DprpC (Figure 3) is due to the ability of 202 

wildtype S. Tm to overcome propionate-mediated colonization resistance, it is possible that other microbiota-203 

derived metabolites may contribute to this phenotype. Therefore, we sought to examine the advantage of 204 

wildtype versus DprpC using an in vitro approach in which propionate levels can be controlled. As a source of 205 

propionate, we used Bacteroides thetaiotaomicron, a representative of the Bacteroides genus and a predominant 206 

propionate producer in the gut (37).  As a negative control, we also cultured B. theta BT1686-89, an isogenic 207 

propionate production-deficient B. theta mutant strain (38). B. theta BT1686-89 was grown anaerobically in 208 

mucin-broth for four days to adjust for a growth defect, while wildtype B. theta was grown for two days (Figure 209 

S3A and S3B). Growth of wildtype B. theta led to an accumulation of propionate in the media while B. theta 210 

BT1686-89 supernatant contained significantly less propionate (Figure 5A). Then, to determine whether 211 

microbiota-derived propionate provides a growth advantage to S. Tm, we cultured wildtype S. Tm and S. Tm 212 

DprpC in supernatant from wildtype B. theta or B. theta BT1686-89, and B. theta supernatants were either left 213 

untreated or supplemented with nitrate (Figure 5B-C). In the absence of nitrate, no differences in growth were 214 

observed between wildtype S. Tm or DprpC cultured in supernatant from either wildtype B. theta or B. theta 215 

BT1686-89 (Figure 5A). However, addition of nitrate enabled wildtype S. Tm to grow to significantly higher levels 216 

than DprpC in supernatant from wildtype B. theta, but not in supernatant from B. theta BT1686-89 (Figure 5B-217 

C). Restoring propionate levels in supernatant of B. theta BT1686-89 (Figure 5A) rescued wildtype S. Tm’s 218 

ability to grow significantly more than DprpC in the presence of nitrate (Figure 5B-C). These results indicate that 219 
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the growth advantage of wildtype S. Tm over DprpC is specific to propionate and not due to other B. theta-derived 220 

metabolites. Moreover, these results demonstrate that microbe-derived propionate can fuel S. Tm growth in the 221 

presence of nitrate in a prpBCDE-dependent manner.  222 

 223 

Metabolism of Bacteroides-produced propionate supports S. Tm growth in vivo.  224 

To determine whether Bacteroides-produced propionate promotes S. Tm intestinal colonization in vivo, 225 

we investigated the role of S. Tm propionate utilization during intestinal infection in a germ-free mouse model. 226 

Germ-free mice were left germ-free or were colonized with wildtype B. theta or B. theta BT1686-89 (Figure 6A). 227 

In addition, a subset of mice colonized with B. theta BT1686-89 were treated with propionate in their drinking 228 

water (Figure 6A). Measurement of propionate in the feces of mice seven days after colonization revealed that 229 

mice given wildtype B. theta had significantly higher levels of propionate than mice colonized with B. theta 230 

BT1686-89 (Figure 6B). Supplementation with propionate in the drinking water of mice colonized with B. theta 231 

BT1686-89 increased the amount of propionate in the feces (Figure 6B). Colonization of the three groups with 232 

their respective strain of Bacteroides was confirmed after seven days (Figure 6C). Next, we infected each group 233 

with an equal mixture of wildtype S. Tm and DprpC. Wildtype S. Tm was able to outcompete the DprpC mutant 234 

in mice colonized with wildtype B. theta three days after infection, (Figure 6D-E). The wildtype S. Tm competitive 235 

advantage was abrogated in mice colonized with B. theta BT1686-89 but restored if B. theta BT1686-89 mice 236 

are given propionate in the drinking water (Figure 6D-E). All experimental groups had equal levels of intestinal 237 

inflammation, revealing that differences in propionate-dependent intestinal colonization by S. Tm in mice 238 

colonized with wildtype B. theta or B. theta BT1686-89 were not due to altered host-immune responses (Figure 239 

6F). Collectively, these experiments show that S. Tm can overcome the inhibitory effects of Bacteroides-derived 240 

propionate in the inflamed gut.  241 

 242 

Discussion 243 

 For decades, the antimicrobial properties of propionate have been leveraged to limit Salmonellae 244 

infection in agricultural animals (32, 39). However, in this study, we report findings that S. Tm can overcome the 245 

inhibitory effects of propionate if inflammation-derived nitrate is available. Our data show that S. Tm upregulates 246 

machinery used to perform propionate catabolism if nitrate is present. This leads to an advantage in vivo as 247 
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strains of S. Tm that can perform propionate metabolism have an advantage over strains that cannot catabolize 248 

propionate. Collectively, we describe a novel mechanism by which S. Tm contends with a component of 249 

colonization resistance by performing anaerobic respiration in the inflamed gut (Figure S4).  250 

 A recent report determined that propionate production by gut microbiota members inhibited S. Tm 251 

colonization in vivo (13).  For the study, the researchers utilized a mouse model of chronic S. Tm infection, 252 

characterized by lower bacterial burden and mild intestinal inflammation (13). In contrast, we investigated the 253 

interaction between propionate and S. Tm in a mouse model of S. Tm- induced gastroenteritis that results in 254 

severe inflammation (40) (Figure 3C-D). S. Tm causes inflammation by invading the intestinal epithelium and 255 

triggering an immune response (17). Consequently, innate immune cells release reactive oxygen and nitrogen 256 

species that react to generate alternative electron acceptors, including tetrathionate and nitrate (23, 31, 41). The 257 

presence of alternative electron acceptors provides S. Tm with the opportunity to perform anaerobic respiration 258 

and outgrow the obligate anaerobic microbiota (22, 23, 41). Furthermore, the inflamed gut is a unique niche in 259 

which S. Tm alters its metabolism and begins to utilize carbon sources that require respiration (28). Some of 260 

these carbon sources have been identified, including 1,2-propanediol, ethanolamine, and fructose-asparagine 261 

(24, 25, 42). However, many remain unknown (28). Here, we show that S. Tm can metabolize propionate via 262 

anaerobic respiration, and this provides S. Tm with an advantage in vivo. Interestingly, propionate utilization was 263 

specific to the availability of nitrate in vitro and in vivo, supporting the idea that nitrate is involved in the regulation 264 

of the prpBCDE operon.  By utilizing a different model of S. Tm infection, we show a new mechanism by which 265 

S. Tm mitigates the effects of propionate. 266 

 Multiple mechanisms have been proposed by which propionate inhibits Salmonella and other enteric 267 

pathogens. Initial studies hypothesized that propionate reduced S. Tm growth through the generation and 268 

accumulation of toxic intermediates (14). Subsequent research focused on the ability of propionate to diffuse 269 

into the cytoplasm of the bacteria and decrease intracellular pH (13, 16). This is predicted to impede the ability 270 

of S. Tm to colonize its host (13). Additional modes of inhibition include repression of S. Tm invasion through 271 

destabilization of hilD, a regulator of Salmonella Pathogenicity Island 1 (SPI1) (43). However, past studies that 272 

examined the inhibitory effects of propionate did not consider the presence of inflammation-derived alternative 273 

electron acceptors. Indeed, we showed that the addition of nitrate to cultures containing propionate increased 274 

the growth rate of S. Tm despite acidic conditions. Therefore, we propose that inflammation-derived nitrate 275 
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provides S. Tm with the ability to overcome propionate-induced toxicity. The impact of inflammation-dependent 276 

propionate catabolism in regulation of S. Tm invasion remains to be explored.  277 

 By leveraging a mono-colonized germ-free mice model, we determined that the advantage observed for 278 

wildtype S. Tm over a prpC deficient mutant is specific to microbiota-derived propionate. The 2-methylcitrate 279 

cycle is fueled by 1,2-propanediol and propionate; both metabolites are produced by members of the microbiota 280 

(25). A previous study identified that 1,2-propanediol fuels S. Tm growth during infection (25). In this work, we 281 

showed that the advantage observed for wildtype S. Tm over a prpC deficient mutant is specific to propionate 282 

and not 1,2-propanediol using germ-free mice colonized with the specific strains of B. theta. Future work should 283 

examine how S. Tm integrates microbiota-derived 1,2-propanediol and propionate to grow in vivo.   284 

 In conclusion, this study shows that intestinal inflammation enables S. Tm to overcome propionate-285 

mediated colonization resistance. Together, our findings provide the paradigm-shifting perspective that, during 286 

infection, microbiota-derived propionate may aid in intestinal pathogen colonization. Therefore, in addition to the 287 

role of propionate in promoting colonization resistance, we propose that during infection, microbiota-derived 288 

propionate may also support S. Tm expansion in the intestinal tract. The inhibitory and beneficial effects of 289 

propionate during pathogen colonization may have significant implications on the use of microbiota-derived 290 

propionate as an antimicrobial treatment during S. Tm gastroenteritis and will be an important area of future 291 

research.  292 

 293 
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FIGURE LEGENDS 317 

 318 

Figure 1. Propionate fuels S. Tm growth in the presence of nitrate in vitro. (A) Simplified model of propionate 319 

catabolism in S. Tm. Genes in the prpBCDE operon (red) metabolize propionate into pyruvate. prpE, propionyl-320 

CoA synthase; prpC, methylcitrate synthase; prpD, methylcitrate dehydratase; prpB, 2-methylisocitrate lyase. 321 

(B) NCE minimal media containing 40 mM of an alternative electron acceptor alone or 40 mM alternative electron 322 

acceptor + 10 mM propionate was inoculated with S. Tm and grown anaerobically for 24 hours. Fold change 323 

calculated by comparing growth of alternative electron acceptor + 10 mM propionate to growth with alternative 324 

electron acceptor alone. (C) NCE minimal media containing increasing propionate concentration with or without 325 

40 mM nitrate was inoculated with S. Tm. OD600 of S. Tm was measured after 24 hours of anaerobic growth. (D 326 

– F) Relative transcription of prpR (D), prpB (E), prpC (F) in NCE minimal media supplemented with propionate, 327 

nitrate, or both propionate and nitrate was determined by qRT-PCR. Transcription of target genes was 328 

normalized to gyrB rRNA.  (G) NCE minimal media containing propionate or propionate and nitrate was 329 

inoculated with wildtype S. Tm, ΔprpC, or a complemented strain of ΔprpC (ΔprpC_pprpC). Media was 330 

supplemented with 200 µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) to induce expression of prpC in the 331 

complemented mutant strain. OD600 of each strain was measured after 24 hours of anaerobic growth.  Each dot 332 

represents one biological replicate. Bars represent the geometric mean. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 333 

****, p < 0.0001; ns, not statistically significant.  See also Figure S1. 334 

 335 

Figure 2. Nitrate prevents inhibitory effects of propionate on S. Tm in vitro.  (A-C) NCE minimal media was 336 

adjusted to pH 7.0 (A), pH 6.5 (B), and pH 6.0 (C). Media was supplemented with 10 mM propionate or 10 mM 337 

propionate + 40 mM nitrate and inoculated with wildtype S. Tm or ΔprpC. The culture was grown anaerobically 338 

for 14 hours, and samples were taken every two hours to plate for CFUs. N=4. (D-F) Cultures grown in A-C were 339 

used to calculate the generation time of wildtype S. Tm or ΔprpC at pH 7.0 (D), pH 6.5 (E), pH 6.0 (F).   Each 340 

dot represents one biological replicate. Bars represent the geometric mean. *, p < 0.05; **, p < 0.01; ****, p < 341 

0.0001. See also Figure S2.  342 

 343 
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Figure 3. Propionate utilization confers an advantage to S. Tm in an inflammation-dependent mechanism.  344 

(A) Streptomycin-pretreated C57BL/6 mice were inoculated with an equal mixture of wildtype S. Tm and ΔprpC. 345 

The competitive index in the colon content and homogenized samples from the liver or spleen was determined 346 

four days after infection. (B) Streptomycin-pretreated C57BL/6 mice were inoculated with an equal mixture of the 347 

indicated S. Tm strains. The competitive index in the colonic content was determined four days after infection. 348 

(C) Combined histopathology score of pathological lesions in the cecum of mice from (B). (D) Representative 349 

images of Hematoxylin and Eosin-stained cecal tissue of mice from (C). Scale bar equals 200 μm. (E) Propionate 350 

concentration in the cecal content was determined by liquid chromatography/ mass spectrometry (LC/MS) two 351 

days after infection. Each dot represents one animal. Bars represent the geometric mean. *, p < 0.05; **, p < 352 

0.01; ***, p < 0.001; ****, p < 0.0001. 353 

 354 

Figure 4. Inflammation generated nitrate required for propionate catabolism by S. Tm.  (A) Streptomycin-355 

pretreated C57BL/6 mice were inoculated with an equal mixture of the indicated S. Tm strains. The competitive 356 

index in the colon content was determined four days after infection. (B) Streptomycin-pretreated C57BL/6 mice 357 

were inoculated with S. Tm or mock-treated. mRNA levels of Nos2 were measured in the cecal mucosa 4 days 358 

post-infection and normalized to β-actin mRNA levels. (C) Streptomycin-pretreated C57BL/6 wildtype mice  and 359 

Nos2-deficient mice were inoculated with an equal mixture of the wildtype S. Tm and ΔprpC mutant. One group 360 

was treated with aminoguanidine as indicated. The competitive index in the cecal content was determined four 361 

days post-infection. (D) Nitrate concentration in the colonic mucus layer was determined in wildtype mice, 362 

wildtype mice treated with aminoguanidine, and Nos2-deficient mice by a modified Griess assay. (E) Combined 363 

histopathology score of pathological lesions in the cecum of mice from (C). (F) Propionate concentration in the 364 

cecal content was determined by liquid chromatography/ mass spectrometry (LC/MS) two days after infection. 365 

Each dot represents one animal. Bars represent the geometric mean. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 366 

****, p < 0.0001. 367 

 368 

Figure 5. Bacteroides produced propionate is a carbon source for S. Tm if nitrate is present.  (A-C) Mucin 369 

broth was inoculated with wildtype B. thetaiotaomicron (WT) or B. thetaiotaomicron BT1686-89 (BT1686-89). B. 370 

theta BT1686-89 was cultured anaerobically for 4 days and wildtype B. theta was cultured for 2 days. (A) 371 
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Propionate concentration in the digested mucin broth from WT or BT1686-89 B. theta culture (supplemented or 372 

not with propionate) was determined by liquid chromatography/ mass spectrometry (LC/MS). (B) Filter-sterilized 373 

wildtype B. theta or B. theta BT1686-89-digested mucin broth was inoculated with an equal mixture of wildtype 374 

S. Tm and ΔprpC. 40 mM nitrate and 10 mM propionate were added where indicated. Cultures were plated after 375 

16 hours of anaerobic growth.  (C) Competitive index was calculated from CFU counts in (A). Nitrate and 376 

propionate were added as indicated. Each dot represents one biological replicate.  Bars represent the geometric 377 

mean. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. See also Figure S5.  378 

 379 

Figure 6. S. Tm utilization of microbiota-derived propionate provides an advantage during infection. (A) 380 

Schematic representation of the experiment and groups used. Germ-free mice were colonized with either 381 

wildtype B. theta (WT) or B. theta BT1686-89 for 7 days before infection with an equal mixture of wildtype S. Tm 382 

and a ΔprpC mutant. (B) Propionate concentration in the feces was measured after 7 days of colonization with 383 

different strains of Bacteroides and propionate supplementation. (C) Before infection, fecal samples were 384 

collected from monocolonized mice and plated on blood agar to confirm equal colonization between different 385 

Bacteroides strains. (D) Monocolonized mice were infected with an equal mixture of the wildtype S. Tm and 386 

ΔprpC mutant. The abundance of each strain in the colon content was determined by selective plating three days 387 

post-infection.  (E) Competitive index was calculated from CFU counts in (D). (F) Combined histopathology score 388 

of pathological lesions in the cecum of mice from (D). Each dot represents one animal. Bars represent the 389 

geometric mean. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 
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 400 

Material and Methods 401 

 402 

Contact for reagent and resource sharing 403 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 404 
Lead Contact, Mariana X. Byndloss (mariana.x.byndloss@vumc.org). All unique reagents generated in this study 405 
are available from the lead contact without restriction. 406 

 407 

Experimental models 408 

Mouse husbandry 409 

All animal experiments were approved by the Institution of Animal Care and Use Committee at Vanderbilt 410 

University Medical Center. Female C57BL/6J mice and Nos2-deficient (on the C57BL/6J background), aged 6 411 

weeks, were obtained from The Jackson Laboratory. Mice were housed in individually ventilated cages with ad 412 

libitum access to chow and water. Germ-free (G.F.) Swiss Webster mice were initially purchased from Taconic 413 

Farms and maintained by the investigators at Vanderbilt University Medical Center. Experiments in this study 414 

were performed with 6-week-old male and female G.F. mice.   415 

Animals were randomly assigned to treatment groups before experimentation. At the end of the 416 

experiment, mice were humanely euthanized using carbon dioxide inhalation. Animals that had to be euthanized 417 

for humane reasons before reaching the predetermined time point were excluded from the analysis. 418 

 419 

Bacterial culture 420 

S. Tm strains (Table S1) were routinely grown aerobically at 37 °C in L.B. Broth (10 g/L tryptone, 5 g/L 421 

yeast extract, 10 g/L sodium chloride) or on L.B. agar plates (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium 422 

chloride, 15 g/L agar). When appropriate, L.B. agar plates and broth were supplemented with 100 μg/mL 423 

streptomycin (Strep), 30 μg/mL chloramphenicol (Cm), 100 μg/mL carbenicillin (Carb), 50 μg/mL kanamycin 424 

(Kan). B. thetaiotaomicron strains were cultured in an anaerobic chamber (85% nitrogen, 10% hydrogen, 5% 425 

carbon dioxide, Coy Lab Products). B. thetaiotaomicron strains (Table S1) were routinely cultured on blood agar 426 

plates (37 g/L brain heart infusion medium, 15 g/L agar, 50 mL sheep blood).  427 
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 428 

Experimental procedure 429 

Construction of bacterial strains and plasmids 430 

All S. Tm mutants were generated from the SL1344 parent strain. To construct a DprpC mutant, upstream 431 

and downstream regions of approximately 0.5 kb in length were amplified by PCR and then purified. The pRDH10 432 

suicide vector was digested with SalI, purified, and assembled with the prpC PCR fragments to form 433 

pRDH10::DprpC. pRDH10::DprpC was then transformed into E. coli S17-1 λpir. Conjugation was then performed 434 

at 30°C, and exconjugants in which the suicide plasmid had integrated into the chromosome of S. Tm were 435 

recovered on L.B. agar plates containing streptomycin and chloramphenicol. Subsequent sucrose selection was 436 

performed on sucrose plates (5% sucrose, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride, 15 g/l 437 

agar) to select for a second crossover events. PCR was performed to detect events that lead to the unmarked 438 

deletion of prpC. The DprpBCDE mutant strain was constructed as described above, but with primers designed 439 

for regions upstream of prpB and downstream of prpE in order to create pRDH10::DprpBCDE. To generate DinvA 440 

DspiB, invA was deleted from SL1344 using the lambda red recombination method (44). The KanR cassette was 441 

amplified from pKD13 using the primers with homology to upstream and downstream of invA. The resulting PCR 442 

product was integrated into the invA region in a wildtype strain containing the plasmid pKD46, followed by the 443 

selection of DinvA::Kan mutants. The KanR cassette was removed using the plasmid PCP20 (44). The double 444 

mutant DinvA DspiB was then constructed by deleting spiB from DinvA using lambda red recombination as 445 

detailed previously.  To generate DinvA DspiB DprpC, prpC was deleted from DinvA DspiB using the lambda red 446 

recombination method as described above. To construct a DnapA DnarG DnarZ DprpC mutant, conjugation was 447 

performed with DnapA DnarG DnarZ (22) and S17-1 λpir transformed with pRDH10::DprpC. Exconjugants were 448 

recovered on L.B. agar plates containing streptomycin, carbenicillin, and chloramphenicol, and then sucrose 449 

selection was performed for second crossover events. PCR was performed to detect events that lead to the 450 

unmarked deletion of prpC. To introduce selectable marker, the phoN::KanR or phoN::CmR mutation was 451 

transduced by phage P22 HT int-105 (45) into strains as indicated in Table S1. To complement the prpC deletion, 452 

the prpC gene was amplified and then combined with the BamHI-digested pUHE21-2lacIq plasmid using Gibson 453 

Assembly. The resulting plasmid was transformed into E. coli DH5a, and selected for on L.B. agar plates 454 
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containing carbenicillin. Plasmid ligation was confirmed by PCR, and pUHE21-2lacIq::prpC was then transformed 455 

into DprpC. B. thetaiotaomicron containing a deletion in genes BT1686-89 (B. theta BT1686-89) was constructed 456 

previously (38), and both wildtype B. thetaiotaomicron VPI-5482 Dtdk (B. theta) (46) and B. theta BT1686-89 457 

strains were provided to the investigators by Dr. Eric Martens.  458 

 459 

In vitro growth assays 460 

Non-Carbon E Salts (NCE media) containing 3.94 g/l monopotassium phosphate, 5.9 g/l dipotassium 461 

phosphate, 4.68 g/l ammonium sodium hydrogen phosphate tetrahydrate, 2.46 g/l magnesium sulfate 462 

heptahydrate, 1 mM magnesium sulfate, 0.1% casamino acids, 1% vitamin and mineral supplements (A.T.C.C.) 463 

was supplemented with 40 mM of an electron acceptor (dimethyl sulfoxide (DMSO), trimethylamine N-oxide 464 

(TMAO), fumarate, potassium tetrathionate, or sodium nitrate) or a combination of 10 mM propionate and an 465 

electron acceptor. Media was placed in the anaerobic chamber 48 hours prior to inoculation. Overnight aerobic 466 

cultures of S. Tm strains were harvested, washed in PBS, and resuspended in NCE media. wildtype S. Tm was 467 

then added to anaerobic media containing different electron acceptors (plus or minus propionate) at a final 468 

concentration of 1 x 104 CFU/mL. Growth was determined after 24 hours by spreading serial ten-fold dilutions on 469 

LB agar plates.  470 

To measure anaerobic growth of wildtype S. Tm, DprpC, and DprpBCDE with propionate and/or nitrate, 471 

overnight cultures of each strain were diluted into anaerobic NCE media containing 40 mM glycerol and sodium 472 

nitrate. Strains were incubated for four hours, harvested, washed in PBS, and resuspended in NCE media. In a 473 

96 well plate, strains were added to NCE media containing propionate, nitrate, or a combination of both at a final 474 

OD600 = 0.001. OD600 was measured after 24 hours using the Epoch 2 plate reader (BioTek). Similarly, growth of 475 

wildtype S. Tm, DprpC, and DprpBCDE in NCE media containing 40 mM glycerol and nitrate or 5 mM glucose 476 

was determined as described above with the exception that no anaerobic back-dilution was done.  477 

To confirm growth of a complemented DprpC strain, overnight cultures of wildtype S. Tm + pUHE21-478 

2lacIq,  DprpC + pUHE21-2lacIq, and DprpC + pUHE21-2lacIq::prpC were harvested, washed in PBS, and 479 

resuspended in NCE media. Strains were then added to NCE media containing 200 µM isopropyl β-D-1-480 

thiogalactopyranoside (IPTG) and 10 mM propionate or 200 µM IPTG, 10 mM propionate, and 40 mM nitrate at 481 
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a final O.D. = 0.001. OD600 was measured after 24 hours using the Epoch 2 plate reader (BioTek). In vitro growth 482 

assays were performed in triplicate with different colonies. 483 

 484 

In vitro gene expression  485 

Overnight cultures of wildtype S. Tm were harvested and 1 x 109 CFU was added to 5 mL of NCE media 486 

or NCE media supplemented with either 10 mM propionate, 40 mM nitrate, or a combination of both. Cultures 487 

were incubated for 4 hours prior to R.N.A. extraction (performed according to instructions for SurePrep TrueTotal 488 

RNA Purification Kit). R.N.A. (500 ng) was reverse transcribed using an iScript gDNA Clear cDNA synthesis kit 489 

(Bio-Rad). Quantitative PCR was performed using S.Y.B.R. green (SsoAdvanced; Bio-Rad) for prpR, prpB, and 490 

prpC. The expression of target genes was normalized to that of gyrB. Primers are listed in Table S2. 491 

 492 

Growth and generation time of S. Tm at decreasing pH  493 

NCE media was adjusted to pH 7.0, pH 6.5, and pH 6.0 using 10 M hydrochloric acid (HCl). 10 mL of 494 

media from each pH was supplemented with 10 mM propionate or 10 mM propionate + 40 mM nitrate and placed 495 

in the anaerobic chamber. Overnight cultures of wildtype S. Tm and DprpC were washed in PBS and 496 

resuspended in NCE media. Cultures were adjusted to an O.D. = 0.1 and then diluted 1:100 into pH-adjusted 497 

media. Samples were incubated at 37 °C, and aliquots were removed every two hours for 14 hours. Aliquots 498 

were then serially diluted and plated onto LB agar to determine bacterial numbers. Generation time (G) was 499 

calculated according to (47) and using the following formula: G = (T2 – T1)/(3.3log(B2/B1) where T2 equals the 500 

time at the end of exponential phase, and T1 is the time at the beginning of the exponential phase. B2 corresponds 501 

to the bacterial number at T2, and B1 equals the bacterial number at T1.  502 

 503 

Growth of Bacteroides thetaiotaomicron strains in mucin broth  504 

Porcine mucin was dissolved in 1x NCE salts at a final concentration of 0.5% (w/v).  Mucin broth was 505 

inoculated with a fresh colony of B. theta BT1686-89.and incubated under anaerobic conditions for 96 hours at 506 

37°C or inoculated with wildtype B. theta and incubated for 48 hours at 37°C. To measure the growth of B. theta 507 

BT1686-89, aliquots were removed from cultures, and ten-fold serial dilutions were plated on blood agar plates 508 
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to calculate bacterial numbers. Digested mucin broth from each strain was filter-sterilized (0.5 μm pore size) 509 

before propionate measurements or competitive growth assays. 510 

 511 

Competitive growth assays 512 

Competition assays were performed in either digested mucin broth or NCE Media. Propionate (10 mM) 513 

or nitrate (40 mM) were added as indicated. A 1:1 ratio of two overnight bacterial strains at a final concentration 514 

of 1 x 104 CFU/mL were added to the media and incubated anaerobically for 18 hours. Bacterial numbers were 515 

determined by plating serial dilutions on selective LB Agar plates. In vitro competition assays were performed in 516 

triplicate with different colonies 517 

 518 

Animal experiments  519 

Streptomycin-treated mouse model: Groups of 6 – 7-week-old C57BL/6 mice were treated with 5 g/L 520 

streptomycin in the drinking water for 48 hours which was then removed 24 hours before infection with S. Tm. 521 

For competitive infections, mice were orally inoculated with a 1:1 mixture of 1 x 109 CFU of each strain. Fecal 522 

samples were collected two days after infection for propionate measurement. Four days after infection, samples 523 

for histopathology, cecal tissue for RNA extraction, colonic luminal content for bacterial plating, and cecal content 524 

for propionate measurements were collected.  In some experiments, mice were given 1 g/L aminoguanidine 525 

hydrochloride in their drinking water immediately after infection with S. Tm.  526 

 527 

Germ-Free Swiss Webster mice: Groups of 6-week-old germ-free mice were colonized with 528 

approximately 1 x 108 CFU of wildtype B. theta or B. theta BT1686-89. Four days after colonization a subset of 529 

mice colonized with B. theta BT1686-89were given 20 mM propionate in the drinking water. After 7 days, fecal 530 

samples were collected from mono-colonized mice to measure B. theta colonization and propionate levels. 531 

Mono-colonized and germ-free mice were then infected with an equal mixture of 1 x 107 CFU of wildtype S. Tm 532 

and DprpC. Three days after infection with S. Tm samples were collected as described above.  533 

 534 

Nitrate measurements  535 
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Intestinal nitrate measurements were performed as described previously (48). Briefly, mice were 536 

euthanized, and the intestine was removed and divided along its sagittal plane. The mucus layer was gently 537 

scraped from the tissue and homogenized in 200 μl PBS and then placed on ice. Samples were centrifuged at 538 

5,000 × g for 10 min at 4°C to remove the remaining solid particles. The supernatant was then filter sterilized 539 

(0.2-μm pore size). Measurement of intestinal nitrate followed an adaptation of the Griess assay. In this assay, 540 

nitrate was first reduced to nitrite by combining 50 μl of each sample with 50 μl of Griess reagent 1 containing 541 

vanadium(III) chloride (0.5 M HCl, 0.2 mM VCl3, 1% sulfanilamide), and then the mixture was incubated at room 542 

temperature for 10 min. Next, 50 μl of Griess reagent 2 [0.1% (1-naphthyl)ethylenediamine dichloride] was added 543 

to each sample. Absorbance at 540 nm was measured immediately after the addition of Griess reagent 2 to 544 

detect any nitrite present in the samples. The samples were then incubated for 8 h at room temperature (to allow 545 

for reduction of nitrate to nitrite), and the absorbance at 540 nm was measured again. The initial absorbance 546 

(prior to reducing nitrate to nitrite) was subtracted from the absorbance after 8 h to determine nitrate 547 

concentrations in the mucus layer.  548 

 549 

Quantification of Nos2 expression by qRT-PCR 550 

Cecal tissue was homogenized using a FastPrep-24 and RNA extracted using the TRI reagent method. 551 

RNA (1 µg) was reverse transcribed using an iScript gDNA Clear cDNA synthesis kit (Bio-Rad). Quantitative 552 

PCR was performed with SYBR green (SsoAdvanced; Bio-Rad) for Nos2 (Primers listed in Table S2). The 553 

expression of Nos2 was normalized to the housekeeping gene Act2b, encoding b-actin.  554 

 555 

Propionate measurements 556 

Extraction and normalization.  Fecal matter was weighed, diluted to a final density of 0.125 g/mL in 557 

MeOH/H2O (1:5) and homogenized with a cordless Pellet Pestle tissue grinder equipped with disposable 558 

polypropylene mixers (Fisher).  Insoluble debris was removed by centrifugation (12,000 x g, 30 min, 5 °C); the 559 

supernatants were transferred to clean Eppendorf tubes and stored at -20 °C until the day of analysis. 560 

Propionate Analysis.  Propionate was derivatized with the reagent dansylhydrazine and the carboxyl 561 

activating agent 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and measured as its corresponding 562 

dansylhydrazone derivative (49).  Briefly, fecal extracts (10 µL) were spiked with a stable isotope-labeled internal 563 
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standard propionate-d5 (1 nmol) and derivatized in H2O/DMSO (2:1) containing 50 mM sodium phosphate buffer 564 

(pH = 4), 12.5 mg/mL dansylhydrazine, and 12.5 mg/mL EDC.  Due to the limited stability of EDC in water, stock 565 

solutions of EDC should be made up in ice-cold water and used immediately.  After two hours at room 566 

temperature, dansylated derivatives were extracted once with ethyl acetate (750 µL).  The organic (top) layer 567 

was transferred to a clean Eppendorf tube, dried under a gentle stream of nitrogen gas, and reconstituted in 150 568 

µL of acetonitrile/water (1:1) prior to analysis.  Calibration standards for unlabeled propionate were prepared in 569 

water, derivatized, and extracted in the same manner.  LC-MS/MS analysis was performed using a Thermo TSQ 570 

Quantum mass spectrometer interfaced to a Thermo HTC PAL refrigerated autosampler and a Thermo Surveyor 571 

HPLC pump.  A Waters XTerra MS analytical column (2.1 mm x 100 mm, 3.5 µm) was used for all 572 

chromatographic separations.  Mobile phases were made up of 0.2% acetic acid and 15 mM ammonium acetate 573 

in (A) H2O/CH3CN (9:1) and in (B) CH3CN/CH3OH/H2O (90:5:5).  Gradient conditions were as follows: 0–1 min, 574 

B = 0 %; 1–8 min, B = 0–100 %; 8–10 min, B = 100 %; 10–10.5 min, B = 100–0 %; 10.5–15 min, B = 0 %.  The 575 

flow rate was maintained at 300 µL/min; a software-controlled divert valve was used to transfer eluent from 0–576 

2.0 min of each chromatographic run to waste.  The total chromatographic run time was 15 min.  The autosampler 577 

tray temperature and the column compartment temperature were maintained at 5 °C and 50 °C respectively.  578 

The sample injection volume was 10 µL.  The autosampler injection valve and the sample injection needle were 579 

flushed and washed sequentially with mobile phase B (two cycles) and mobile phase A (two cycles) between 580 

each injection.    The mass spectrometer was operated in positive ion mode.  Quantitation was based on single 581 

reaction monitoring detection of the following dansylated analogues: propionate, m/z 322 ® 235, C.E. 15; 582 

propionate-d5: m/z 327 ® 235, C.E. 15.  The following optimized source parameters were used for the detection 583 

of analytes and internal standards.  N2 sheath gas 40 psi; N2 auxiliary gas 5 psi; spray voltage 4 kV; capillary 584 

temperature 300 °C; tube lens voltage 120 V; declustering voltage 20 V.  Data acquisition and quantitative 585 

spectral analysis were done using Thermo-Finnigan Xcalibur version 2.0.7 SP1 and Thermo-Finnigan LCQuan 586 

version 2.7, respectively.  Calibration curves were constructed by plotting peak area ratios (analyte / internal 587 

standard) against analyte concentrations for a series of nine calibration standards, ranging from 0.01 to 100 nmol 588 

propionate.   A weighting factor of 1/C2 was applied in the linear least-squares regression analysis to maintain 589 

homogeneity of variance across the concentration range (%RE £ 15% at C > LLOQ). 590 
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 591 

Histopathology scoring 592 

Formalin fixed cecal tissue sections were stained with hematoxylin and eosin, and a veterinary 593 

pathologist performed a blinded evaluation using criteria shown in Table S3 as described previously (50).  594 

Representative images were taken using a Leica DM750 microscope and a Leica ICC50W camera. 595 

 596 

Quantification and statistical analysis 597 

Statistical data analysis was performed using Graphpad PRISM. Fold changes of ratios (bacterial 598 

competitive index and mRNA levels), and bacterial numbers were transformed logarithmically prior to statistical 599 

analysis. An unpaired Student’s t test was used on the transformed data to determine whether differences 600 

between groups were statistically significant (p < 0.05). When more than two treatments were used, statistically 601 

significant differences between groups were determined by one-way ANOVA followed by Tukey’s HSD test 602 

(between > 2 groups). Significance of differences in histopathology was determined by a one-tailed non- 603 

parametric test (Mann-Whitney).  604 

 605 

  606 
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FIGURE 1 773 
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FIGURE 2 790 
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FIGURE 3 806 
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FIGURE 4 818 
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FIGURE 5 834 
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FIGURE 6 847 
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SUPPLEMENTARY MATERIAL  858 

Supplemental Table 1. Bacterial strains were used in this study. 859 

 860 

Bacterial strains Source 

S. Typhimurium, SL1344 StrepR 42 

S. Typhimurium, ΔprpC  This study 

S. Typhimurium, ΔprpC phoN::KanR This study 

S. Typhimurium, ΔprpBCDE This study 

S. Typhimurium, ΔprpBCDE phoN::KanR This study 

S. Typhimurium, ΔinvA This study 

S. Typhimurium, ΔinvAΔspiB This study 

S. Typhimurium, ΔinvA ΔspiB ΔprpC This study 

S. Typhimurium, ΔinvA ΔspiB ΔprpC phoN::KanR This study 

S. Typhimurium, ΔnapA ΔnarZ narG::pCAL 22 

S. Typhimurium, ΔnapA ΔnarZ narG::pCAL5 phoN::KanR 22 

S. Typhimurium, ΔnapA ΔnarZ narG::pCAL5 ΔprpC This study 

S. Typhimurium, ΔnapA ΔnarZ narG::pCAL5 ΔprpC phoN::CmR This study 

E. coli, S17-1 λpir, zxx::RP4 2-(TetR::Mu) (KanR::Tn7) λpir recA1 thi pro hsdR (r−m+) 45 

B. thetaiotaomicron, VPI 5482 Δtdk 46 

B. thetaiotaomicron, Δtdk Δ1686-1689  38 

 861 

  862 
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Supplemental Table 2. Primers used in this study.  863 

 864 

RT-qPCR 

Organism Target gene Forward primer (5' - 3') Reverse primer (5' - 3') 

S. Tm prpC TTCAACGCCTCGACGTTTAC CCAAAGCCAATCACCACCTC 

S. Tm prpR CGGCTTTACTTGCCTTTCAG TGTCAGACGGGTCATATCCA 

S. Tm prpB GGGATTTCTACGCTGGATGA CCATCTCCTCTTTCGAGAC 

S. Tm gyrB ATAACGCCACGCAGAAAATGA TGGCTGATACACCAGCTCTTTG 

Targeted mutagenesis and complementation 

Purpose Primer Sequence (5' - 3') 

Deletion of prpC 

TCTCAAGGGCATCGCTCGATCGTGCGCAGGCTTA               

CGAGGACAATGTGTCGCTGGAAATTCAACA                    

CCAGCGACACATTGTCCTCGTCATTATTGT                     

GCATAAGGGAGAGCGTGGGTAGACATAGGGTACGT    

Confirmation of 

prpC deletion 

CGCGCTGTACAGGAATAAAA                

TAATCGCGGAGTAGACATCC                         

Deletion of 

prpBCDE 

TCTCAAGGGCATCGGCTATTATCGCGCGGAGCGC        

TGGATGATGTCCGACGGCGCAAATCCGCAA 

GCGCCGTCGGACATCATCCAGCGTAGAAAT                      

GCATAAGGGAGAGCGATTTCTCGCGTCCCCAGCCG      

Deletion of invA 
GTGCTGCTTTCTCTACTTAACAGTGCTCGTTTACGACCTGTGTAGGCTGGAGCTGCTTC 

TTATATTGTTTTTATAACATTCACTGACTTGCTATCTGCTCTGTCAAACATGAGAATTAATTCC 

Deletion of spiB 
TCCAAAGAGTTCCTGGAAAATACGTTTTTTAGGTCACGTTTGTAGGCTGGAGCTGCTTC 

TCACTTAAAATCTAATGGATAGTTAATCAAAGTATCATAACTGTCAAACATGAGAATTAATTCC 

Deletion of prpC 

in ΔinvA ΔspiB 

GCCTCAATACCCTACACATTACAATAATGACGAGGACAATTGTAGGCTGGAGCTGCTTCG 

AAAACCAGTCGAGATTCGGGAACATCTTTTTGGTCTCCCAATTCCGGGGATCCGTCGACC 

Complementation 

of ΔprpC 

GGAGAAATTAACTATGAGAATGACAGACACGACGATCCT                 

AGCTTGGCTGCAGGTCGACTTATTTTTAATAAGAGTGAG                   
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Mus musculus Nos2 TTGGGTCTTGTTCACTCCACGG CCTCTTTCAGGTCACTTTGGTAGG 

Mus musculus Act2b GCTGAGAGGGAAATCGTGCGTG CCAGGGAGGAAGAGGATGCGG 

 865 

 866 

Supplementary Table 3. Criteria for blinded scoring of histopathological changes 867 

Score Submucosal 

edema 

Epithelial 

damage 

Exudate Submucosal 

neutrophil infiltration 

(cells/high power 

field) 

Submuocosal 

mononuclear cell 

infiltration 

(cells/high power 

field) 

0 No changes No changes No changes No changes (0-5) No changes (0-5) 

1 Detectable 

(<10%) 

Desquamation Slight focal 

accumulation 

(6-20) (5-10) 

2 Mild 

(10-20%) 

Mild erosion Mild focal 

accumulation 

(21-60) (10-20) 

3 Moderate 

(20-40%) 

Marked 

erosion and/or 

mild ulceration 

Moderate 

multifocal 

accumulation 

(61-100) (20-40) 

4 Marked 

(>40%) 

Multifocal 

ulceration 

Marked diffuse 

accumulation 

(>100) (>40) 

  868 

 869 
 870 

 871 

 872 

 873 

 874 

 875 
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 876 

 877 

 878 

Figure S1. Disruption to prpBCDE operon prevents propionate catabolism during anaerobic respiration. 879 

(A) Complete model of propionate catabolism in S. Tm. Genes in the prpBCDE operon (red) metabolize 880 

propionate into pyruvate.  The intermediate propionyl-CoA is also produced by 1, 2 propanediol catabolism (pdu 881 

operon (grey). acs, acetyl-CoA synthetase, ackA, acetate kinase, pta, phosphotransferase (blue). (B) NCE 882 

minimal media containing 10 mM propionate and 40 mM nitrate was inoculated with wildtype S. Tm, ΔprpC, or 883 

ΔprpBCDE. OD600 of each strain was measured after 24 hours of anaerobic growth. (C) NCE minimal media 884 

containing 10 mM propionate, 40 mM nitrate, 10 mM propionate and 40 mM nitrate was inoculated with equal 885 

mixture of the S. Tm wildtype strain and ΔprpBCDE. The competitive index was determined after 24 hours of 886 

anaerobic growth. (D – E) NCE minimal media containing 40 mM glycerol and 40 mM nitrate (D) or NCE minimal 887 

media containing 5 mM glucose (E) were inoculated with wildtype S. Tm, ΔprpC, or ΔprpBCDE. OD600 of each 888 

strain was measured after 24 hours of anaerobic growth. Each dot represented one biological replicate. Bars 889 

represent the geometric mean. **, p < 0.01.  890 
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 891 

 892 

 893 

 894 

 895 

Figure S2. Low pH decreases S. Tm growth during anaerobic respiration. (A) NCE minimal media was 896 

adjusted to pH 6.0, 6.5, and 7.0 and either 10 mM propionate or 10 mM propionate + 40 mM nitrate was added. 897 

Media was inoculated with wildtype S. Tm and grown anaerobically for 24 hours. Fold change calculated by 898 

comparing growth of S. Tm in media containing propionate alone to S. Tm grown with both propionate and 899 

nitrate. (B) NCE minimal media was adjusted to pH 6.0, 6.5, and 7.0 and either 40 mM glycerol or 40 mM glycerol 900 

+ 40 mM nitrate was added. Media was inoculated with wildtype S. Tm and grown anaerobically for 24 hours. 901 

Fold change calculated by comparing growth of S. Tm in media containing glycerol alone to S. Tm grown with 902 

both glycerol and nitrate. Each dot represents one biological replicate. Bars represent the geometric mean.  903 

 904 
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 907 
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 909 
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 910 

 911 

 912 

 913 

 914 

 915 

Figure S3. In vitro growth of Bacteroides strains. (A) Mucin broth was inoculated with B. thetaiotaomicron 916 

BT1686-89 and aliquots taken every 24 hours for plating on blood agar. Dots represent mean, error bars 917 

represent SD (n = 4). (B) Mucin broth was inoculated with wildtype B. thetaiotaomicron (WT) or B. 918 

thetaiotaomicron BT161-89 (BT161-89). B. theta BT161-89 was cultured anaerobically for 4 days and wildtype 919 

B. theta was cultured for 2 days. Growth determined by plating on blood agar. Bars represent mean, error bars 920 

represent SD (n = 3). 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 
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 929 

 930 

 931 

 932 

Figure S4. Schematics of S. Tm propionate utilization in the inflamed gut. Upon infection, S. Tm (red) uses 933 

its’ T3SS-1 to invade the intestinal epithelium. Innate immune cells (red) recognize this invasion and produce 934 

nitric oxide (NO) that can be converted into nitrate (NO3
-). Propionate is produced by microbiota members (blue 935 

and gray). We propose S. Tm overcomes microbiota-mediated colonization resistance by using propionate as a 936 

carbon source to respire via alternative electron acceptors.  937 
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