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Abstract: Colonization of the intestinal lumen precedes invasive infection for a wide range 1 

of enteropathogenic and opportunistic pathogenic bacteria. Here we show that combining oral 2 

vaccination with engineered or selected niche-competitor strains permits pathogen exclusion 3 

and strain replacement in the mouse gut lumen. This approach can be applied both 4 

prophylactically to prevent invasion of non-typhoidal Salmonella strains, or therapeutically to 5 

displace an established Escherichia coli. Both intact adaptive immunity and metabolic niche 6 

competition are necessary for efficient vaccine-enhanced competition. Our findings imply that 7 

mucosal antibodies have evolved to work in the context of gut microbial ecology, by 8 

influencing the outcome of competition. This has broad implications for the elimination of 9 

pathogenic and antibiotic-resistant bacterial reservoirs, and for rational microbiota 10 

engineering. 11 

One sentence summary: Combining oral vaccination with a bacterial niche competitor 12 

allows complete replacement of wildtype Salmonella or Escherichia coli with non-pathogenic 13 

strains in the gut lumen. 14 

 15 

Keywords: Oral vaccine, niche competition, microbiota, IgA, Salmonella, probiotic  16 
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Main Text: 17 

Introduction 18 

Drug-resistant infections with Escherichia coli (E. coli) and Salmonella spp. are increasing 19 

(1). Both species typically colonize the gut before initiating disease and can be carried 20 

asymptomatically in the gut lumen. There is a pressing need for control and prevention 21 

strategies that are independent of antibiotics, and which target not only disease but also gut 22 

pathogen reservoirs. 23 

Most current vaccines focus on clearing infection from tissues, relying on serum antibodies 24 

and cellular immunity. However, protection from colonization of the gut lumen, topologically 25 

outside of the body, is fundamentally different. Invasion into this densely populated microbial 26 

ecosystem is a crucial step in enteropathogenic bacterial infections(2, 3). Correspondingly, the 27 

microbiota plays a role in recovering homeostasis and excluding colonizing opportunistic 28 

pathogens (4, 5). For example, fecal microbiota transplantation can be curative in recurrent 29 

Clostridioides difficile infections (6) and dietary shifts or antibiotic treatment break 30 

colonization resistance, permitting Salmonella infection (3). Consequently, protective 31 

intestinal immune mechanisms have evolved to work in the context of gut microbial ecology. 32 

Whole-cell inactivated oral vaccines induce high-affinity T cell-dependent IgA responses 33 

against the Salmonella enterica subspecies enterica serovar Typhimurium (S.Tm) and E. coli 34 

surface, including the O-antigens of lipopolysaccharide (7, 8). This IgA response aggregates 35 

S.Tm in the gut lumen via enchained growth, increasing bacterial clearance due to rapid 36 

flushing of aggregates, and exerting a selective pressure (7, 9). Consequently, oral vaccination 37 

can alter the outcome of competition between O-antigen variants of Salmonella (10). 38 

Generalizing this concept, we expect high-affinity IgA to generate a fitness disadvantage for 39 

any targeted strain. Combining oral vaccination with oral supplementation of a live bacterial 40 
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niche competitor could therefore drive competitive exclusion of the pathogen. An ideal niche 41 

competitor would be a non-pathogenic strain with complete metabolic niche overlap, a faster 42 

growth-rate, and an absence of surface antigen cross-reactivity to the pathogen of interest. We 43 

here define the combination of a whole-cell inactivated oral vaccine with a live niche 44 

competitor as “vaccine-enhanced competition”. 45 

To explore the quantitative limits of vaccine-enhanced competition, we generated a model. 46 

This is based on exponential growth of wildtype Salmonella, a competitor strain and the 47 

microbiota (modelled as a single entity) in the presence of finite shared and private niches, 48 

and clearance due to flow and death. Kinetic parameters were estimated from in vivo 49 

competition assays, combined with direct quantification of bacterial generation numbers using 50 

the unstable plasmid pAM34 (11) (Supplementary Model). Finite niches were defined to be 51 

(i) available to the microbiota only, (ii) available to Salmonella and its competitor only, or 52 

(iii) competitively used by both Salmonella and the microbiota (see Supplementary Model 53 

Text). The rate of elimination of the target is expected to be related to (i) the magnitude of 54 

IgA-driven increase in clearance rate of the target and (ii) the extent of metabolic competition 55 

between the competitor and target strains, which suppresses the available niche for the 56 

pathogen (Supplementary model text). The model predicts clearance of virulent Salmonella 57 

within a few days if a typical IgA response is combined with a fast-replicating competitor. 58 

Neither IgA alone, nor competitor alone led to complete clearance. The model predicts 59 

complete robustness to the timing of competitor introduction, if some competitor bacterium is 60 

present at the time of challenge. 61 

Using these timings as a guide, we explored vaccine-enhanced competition in the context of 62 

two in vivo models. Firstly, we applied vaccine-enhanced competition to prevent disease and 63 

eliminate colonization in the murine model of non-typhoidal Salmonellosis in resistant 64 

(Nramp1+/+) mice (12, 13). Secondly, we demonstrated that vaccine-enhanced competition 65 



6 
 

can be applied therapeutically to eliminate E. coli from the gut lumen of C57BL/6 mice. 66 

Vaccine-enhanced competition has broad potential to manipulate enterobacteriaceal 67 

colonization and disease.  68 
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Salmonella-based niche competitors enhance vaccine protection 69 

As a proof-of-concept, a niche-competitor with complete metabolic niche overlap was 70 

constructed by engineering the pathogen itself i.e., S.Tm SL1344. To improve competitive 71 

fitness and abolish virulence, we deleted the master regulator of Salmonella Pathogenicity 72 

Island 1 (SPI-1) genes, hilD, and the Salmonella Pathogenicity Island 2 (SPI-2) component 73 

ssaV (14, 15). Antibody cross-reactivity was reduced by inactivating the abequose O-74 

acetylase oafA (16), converting the wildtype serovar O:4[5],12 to O:4,12 serovar S.TmComp 75 

(fig. S1). It should be noted that the O-antigen densely carpets the surface of Salmonella, and 76 

O-antigen modification alone is therefore sufficient to dramatically decrease live-cell 77 

recognition by antibodies specific for the unmodified O-antigen (10). 78 

We first tested vaccine-enhanced competition based on oral vaccination against the wildtype 79 

S.Tm, combined with pre-colonization with S.TmComp at 3 days or 19 days prior to challenge 80 

in the streptomycin non-typhoidal Salmonellosis model (12) (Fig. 1A, fig. S2). Antibody 81 

titres at endpoint were not altered by the presence of S.TmComp (Fig. 1B). In control mice, 82 

S.TmWT robustly colonized the gut lumen to day 10 post-infection (Fig 1C+D, fig. S2). Niche 83 

competitor (S.TmComp) or oral vaccination alone mildly suppressed colonization (Fig. 1C+D, 84 

fig. S2). In mice that were both vaccinated and colonized with S.TmComp, S.TmWT initially 85 

colonized poorly (Fig. 1D, fig. S2) and was rapidly cleared. S.TmWT was undetectable in the 86 

cecum content in 7 of 13 mice in this group at day 10 of infection (Fig. 1C+D, fig. S2), and 87 

was suppressed more than 100’000-fold in the remaining animals. As S.TmComp persists at low 88 

levels for several weeks in our SPF mouse colony (fig. S1), the time of pre-colonization with 89 

S.TmComp did not significantly influence clearance efficacy (fig. S2, fig. S3). This is 90 

practically important as it indicates that a niche competitor can be fed considerably before an 91 

infection occurs. This highlights the need for rigorous safety testing, as these organisms need 92 

to colonize the gut long-term or to be delivered frequently.  93 
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Wherever S.TmWT was rapidly eliminated from the gut lumen, systemic sites were also sterile 94 

(Fig. 1E+F, fig. S2). Pathology, as measured longitudinally by fecal Lipocalin-2 (LCN2) and 95 

at endpoint by histopathology (Fig. 1G-I) mirrored intestinal colonization. Pathology was 96 

prevented by the vaccine-enhanced competition regimen, but only partially prevented by each 97 

intervention alone.  98 

To further corroborate our findings of sterilizing immunity, we performed fecal microbiota 99 

transplants (FMT) from infected vaccine-enhanced competition-treated mice at day 9 into 100 

naïve streptomycin pretreated mice (Fig. 1A). Transfer of 1 to 10 CFUs is sufficient to cause 101 

full-blown disease in this model (15, 17). Despite the high-dose fecal transfer, only one 102 

animal of eight showed transmission of S.TmWT (Fig. 1J+K). Intriguingly, this donor did not 103 

have the highest fecal S.TmWT counts at the time of transfer, but the lowest 104 

competitor:wildtype ratio of all donors (40-fold excess, compared to over 1000-fold excess). 105 

This suggests an additional benefit of the approach: a competitor can prevent transmission 106 

even in cases where sterilizing immunity in the gut lumen is incomplete. In contrast, all mice 107 

receiving feces from the untreated control group of S.Tm-infected mice became infected 108 

(Fig. 1J+K). Therefore vaccine-enhanced competition permitted clearance of high-dose 109 

S.TmWT challenge from the gut and prevention of invasion into all examined sites. This also 110 

largely prevented transmission to naïve hosts, providing herd immunity.  111 

Metabolic niche overlap is necessary for vaccine-enhanced competition 112 

To investigate whether vaccine-mediated clearance from the gut lumen required complete 113 

metabolic niche overlap, we compared the functionality of S.TmComp to a galactitol-utilization 114 

mutant S.TmComp DgatABC (Fig. 2A) (18, 19). Lack of overlap for a single sugar (galactitol) in 115 

the competitor resulted in significantly slower competitive exclusion of S.TmWT in vaccinated 116 

mice, as compared to a full niche overlap (Fig. 2B). The mechanism therefore requires 117 

metabolic niche overlap.  118 
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We next investigated the ability of a more distantly related mouse commensal B2 E. coli 8178 119 

(Ec8178) to act as a niche competitor against S.Tm. This strain has a partial niche overlap with 120 

S.Tm in vivo (20, 21). A benefit of using a more distantly related probiotic is that this E. coli 121 

produces a completely unrelated O-antigen structure, allowing us to use the “evolutionary 122 

trap” version of our S.Tm vaccine (10) (Fig. 3A) i.e., a version of the vaccine covering all 123 

common S.Tm O-antigen variations. Colonization with Ec8178 did not induce detectable 124 

Ec8178-binding intestinal IgA nor serum IgG (fig. S4). Vaccine-enhanced competition based 125 

on combining the S.TmWT-vaccination with Ec8178 could decrease initial S.TmWT expansion 126 

about 1000-fold and completely prevented gut inflammation (Fig. 3B-H) (7, 22). 127 

These experiments were then repeated using a completely unrelated probiotic strain 128 

(Lactobacillus casei), that has minimal niche overlap with Salmonella (23). Despite robust 129 

colonization, L. casei had no significant effect on vaccine-mediated protection (fig. S5).  130 

A final aspect of niche competition tested is whether a more intact microbiome may 131 

contribute to niche competition. High-fat diet feeding induces mild and transient microbiota 132 

disruption (21). In this model, oral vaccination alone and niche-competitor alone were 133 

effective in preventing Salmonella colonization. However, vaccine-enhanced competition 134 

performed slightly better in preventing disease, suggesting that combining oral vaccination 135 

and niche competition has benefits also in the presence of natural competitors (fig. S6). In the 136 

murine typhoid model, mice are orally infected with a high dose of Salmonella without 137 

pretreatment or pre-existing damage to the microbiota (13). Vaccine-enhanced competition 138 

also provides robust protection from colonization and gut inflammation in this model. Of 139 

note, as the high infection dose permits immediate invasion of Salmonella into Peyer’s 140 

patches, protection of systemic sites was weak in this model (fig. S7) (7, 24-26).  141 

Vaccine-enhanced competition can displace an E. coli strain from the gut microbiota 142 
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To discover whether vaccine-enhanced competition can eliminate a strain already present in 143 

the microbiota we used the non-encapsulated commensal E. coli strain HS as a target (27). 144 

These experiments were performed in C57BL/6 mice carrying a low-complexity microbiota 145 

that permits continuous E. coli colonization at up to 108 CFU/g feces without antibiotic 146 

pretreatment (28). After pre-colonization with E. coli HS, mice were fed oral vaccine on days 147 

3, 13 and 20 and the niche-competitor cocktail on days 10 and 17. E. coli HS and niche 148 

competitor levels were monitored in feces until day 23 (Fig. 4A). Whole-cell inactivated oral 149 

vaccines for E. coli HS induced an IgA response against the surface of live E. coli HS, but not 150 

against the three E. coli strains making up the niche-competitor probiotic (Fig. 4B). Vaccine-151 

enhanced competition resulted in complete displacement of the targeted E. coli strain in 50% 152 

of the treated animals, with strongly suppressed colonization seen in the remaining animals 153 

(Fig. 4C+D). Each treatment alone had only a very mild effect on E. coli HS colonization 154 

levels (Fig. 4C+D). 155 

Therefore, the concept of oral vaccine-driven strain replacement is generalizable to non-156 

encapsulated E. coli and can eradicate a bacterium already present in the gut microbiota. 157 

Vaccine-enhanced competition requires intact adaptive immune system 158 

Finally, as immune stimulation could potentially induce antibody-independent effects 159 

contributing to pathogen clearance (29), we tested the role of adaptive immunity in vaccine-160 

enhanced competition. As genetically immunodeficient lines were not easily available, we 161 

used antibodies to depleted more than 90% of all CD4+ T cells and B cells from the spleen, 162 

mesenteric lymph nodes and blood of treated mice (Fig. 5A+B, fig. S8). CD4+ T cell and B 163 

cells depletion during the vaccination period strongly suppressed induction of vaccine-164 

specific IgA in both SPF 129SJL mice and gnotobiotic C57BL/6 mice (Fig. 5C, fig. S8). In 165 

the therapeutic clearance of E. coli, suppression of T-dependent antibody responses 166 

completely prevented E. coli HS elimination, while isotype-treated mice robustly cleared 167 
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E. coli HS. This is consistent with a major contribution of vaccine-induced adaptive immunity 168 

(Fig. 5D+E). In prevention of Salmonella using Ec8178 as a competitor, only the isotype-169 

control-treated mice receiving the vaccination-enhanced protection treatment remained 170 

healthy throughout the experiment, with no bloom of Salmonella and effective prevention of 171 

systemic spread (fig. S8), again confirming the role of vaccine-induced adaptive immunity. 172 

Conversely, depleting CD4+ and CD8+ T cells only after vaccination, i.e. after induction of a 173 

T cell-dependent antibody responses, had no impact on vaccine-enhanced competition 174 

(fig. S9). As the only adaptive immune component present in non-inflamed gut are secretory 175 

antibodies, these findings are consistent with a role of T-dependent IgA in vaccine-enhanced 176 

competition.  177 

Our high-dose inactivated oral vaccines are not potent inducers of effector T cell responses, in 178 

contrast to live-attenuated vaccines (24). Correspondingly, live-attenuated vaccines are poor 179 

at preventing gut colonization but do generate T cell-dependent protection of deep tissues 180 

(fig. S9). This highlights a dichotomy in protective mechanisms between the gut lumen and 181 

systemic sites and between vaccine-enhanced competition and live-attenuated Salmonella 182 

vaccines. 183 

 184 

Discussion 185 

The concept that gut microbes contribute to prevention of pathogen colonization is well 186 

accepted (2, 3, 30, 31). We know secretory IgA increases the clearance rate of intestinal 187 

Salmonella and E. coli via enchained growth (7), and that this exerts selective pressure on 188 

IgA-targeted bacteria (10). Here, we show that these processes work best together. This 189 

represents a fundamental shift in approach to designing vaccines for enteric bacteria. 190 

Published nutrient blocking and rationally designed microbiome engineering approaches can 191 
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supress Salmonella loads to around 105 CFU/g feces (32, 33), while our combined approach 192 

can generate more than a 109-fold reduction in colonization, down to undetectable levels.  193 

Vaccine-enhanced competition requires both rational oral vaccine design and optimal niche 194 

competitor selection. Earlier work on evolutionary trap vaccines provided a starting point for 195 

oral vaccine design targeting the O-antigen of non-encapsulated Enterobacteriaceae (10). 196 

Here, we explored two ends of the spectrum for niche competitor selection/design, first by 197 

rationally modifying the target strain itself to generate a “perfect” competitor and second by 198 

testing commensal E. coli strains and a distantly related Lactobacillus strain (21, 27). There 199 

has been considerable progress in the genomic prediction of community function and 200 

metabolic niche overlap(34), recently defined as nutrient blocking (32), indicating improved 201 

approaches are likely to involve designed niche competitor consortia.  202 

We can imagine several scenarios where this type of prophylaxis could be relevant. 203 

Prevention of enteropathogenic bacterial infections during travel could be achieved by 204 

vaccine-enhanced competition, given shortly before and potentially during travel. Orally 205 

administered vaccines and probiotics are ideal for self-administration. Additionally, we have 206 

shown that we can replace a strain already present in the gut, which allows elimination of 207 

opportunistic pathogen reservoirs, for example in patients scheduled for high-risk 208 

interventions (35, 36). This could be game-changing in preventing invasive, and increasingly 209 

multi-drug-resistant disease in vulnerable human patients. Another interesting hypothesis is 210 

that IgA-mediated strain replacement may occur frequently without our intervention, i.e. is an 211 

evolved function of secretory IgA. This is consistent with observations of instability of E. coli 212 

at the strain level, but not the species level, over time in healthy volunteers (37). 213 

Our observations may also explain some controversies in the existing Salmonella literature. 214 

For example, the extent of protection from non-typhoidal Salmonellosis obtained with 215 

different types of oral vaccines in different laboratories varies extensively (38). Our data 216 
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indicate that the variable efficacy of Salmonella niche competitors in the microbiota of mice 217 

is a critical determinant of protective efficacy. Microbiota composition also varies extensively 218 

between humans and over time (39). The vaccine-enhanced competition approach should 219 

remove the lottery of natural niche-competitor abundance and allow robust protection or 220 

therapy in most treated individuals. A limitation we would like to highlight here is that, due to 221 

practical and ethical restrictions, we have worked over relatively short timescales. We have 222 

not addressed the longevity of vaccine-induced responses, nor potential within-host evolution 223 

of competitor strains that might be observed over months or years. In this context, we cannot 224 

exclude that very small, below-detection limit reservoirs of infection may re-emerge at very 225 

late time-points post-treatment, even in this very robust prophylaxis system.  226 

Currently, we have focused on one strain of pathogenic Salmonella and one commensal 227 

E. coli strain. Given the extensive strain-level variation in antigenicity, pathogenicity and 228 

metabolism between gut bacterial pathogens (40), the identification of the most relevant 229 

vaccine compositions and niche competitors may not be a case of simple extrapolation. 230 

Beyond non-encapsulated Enterobacteriaceae, there are open challenges in determining what 231 

the most relevant bacterial surface antigens are for IgA targeting and/or for designing oral 232 

vaccine strategies that optimally induce such responses. For example, C. difficile produces an 233 

S-layer with highly polymorphic exposed epitopes which is challenging for vaccine design 234 

(41). Klebsiella species that have been implicated in exacerbating inflammatory bowel disease 235 

symptoms (42) are heavily encapsulated, likely requiring glycoconjugate vaccines for 236 

induction of relevant antibody responses (43). Further important future directions therefore 237 

include (i) improving the breadth and affinity/avidity of IgA responses induced and (ii) 238 

optimizing the design of niche competitors/competitor consortia.  239 

In conclusion, we have identified a mechanism to prevent Salmonella colonization and 240 

achieve E. coli strain replacement in the gut. These results lay the foundation for targeted 241 



14 
 

treatments for bacterial infections in mammals, promising significant advancements in 242 

medical science.  243 
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Figure titles and legends 426 

Figure 1. Vaccine-enhanced competition based on an inactivated whole-cell oral 427 

vaccination and S.TmComp can eliminate S.TmWT from the gut and prevent S.TmWT 428 

transmission. (A) Experimental procedure. PBS (blue) or PA-S.Tm-vaccinated (pink) 429 

129S6/SvEv mice were pretreated with streptomycin and infected with 1∙106 S.TmWT. Indicated 430 

groups were pre-colonized with 5∙103 S.TmComp at day -3 (filled symbols). (B) S.TmWT-specific 431 

intestinal IgA titres at endpoint. S.Tm CFUs in cecum content (C), feces (D) MLN (E) and 432 

spleen (F). S.TmWT-free mice in (D) refers to Vacc.+S.TmComp group. (G-I) Intestinal 433 

inflammation determined by fecal lipocalin-2 (G) and cecum histopathological scoring (H). 434 

(I) Representative images of H&E-stained cecum. Arrowheads indicate goblet cells. Scale: 435 

100 µm. (J-K) Streptomycin-pretreated naïve 129S6/SvEv mice received a FMT with feces 436 

collected on day 9 from A-K. S.TmWT and S.TmComp CFUs in feces (J) and cecum content (K). 437 

The pink open triangle depicts a donor from the Vacc.+S.TmComp group in which S.TmWT 438 

transmission occurred. 439 

Pooled data from two independent experiments with switched antibiotic resistances 440 

(n=5-8 mice/group (A-I) or n=8 mice/group (J-K)). 441 

Solid lines: median. error bars: interquartile range. Dotted lines: detection limit. Shaded area: 442 

detection limit range. Open triangles: (n=1) euthanized prematurely due severe disease. One-443 

way ANOVA (H) performed on log-normalized data (B-C, E-F) or area under the curve (AUC) 444 

(D, G). Unpaired two-tailed t-test performed on log-normalized data (B-C, E-F). DF, dilution 445 

factor; Lu., lumen; MFI, median fluorescence intensity; S.E., submucosal edema. 446 

 447 

Figure 2. Metabolic niche overlap of S.TmWT and S.TmComp favours vaccine-enhanced 448 

competition. (A) Experimental procedure. PBS or PA-S.Tm-vaccinated 129S6/SvEv mice 449 

were pre-colonized with 5∙103 S.TmComp or S.TmCompDgatABC 3 days before infection and infected 450 

with a 1:1 ratio of 1∙106 S.TmWT and S.TmDgatABC. (B) S.Tm CFUs in feces (n=5 mice/group). 451 

Solid lines: median, error bars: interquartile range. Dotted lines/shading: detection limit and 452 

range. Two-way ANOVA on log-normalized data between S.TmWT and S.TmDgatABC and one-453 

way ANOVA on AUC comparing S.TmWT between treatment groups was performed.  454 

 455 

Figure 3. Vaccine-enhanced competition with an imperfect niche competitor limits 456 

S.TmWT colonization and prevents inflammation. (A) Experimental procedure. PBS (blue) 457 

or EvoVax vaccinated (pink) 129S6/SvEv mice were pretreated with ampicillin and infected 458 
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with 1∙106 S.TmWT. Two groups were pre-colonized with 5∙103 E. coli 8178 3 days before 459 

infection. (B-E) CFUs in feces (B), cecum content (C), liver (D) and spleen (E). Intestinal 460 

inflammation determined by fecal lipocalin-2 (F) and histopathological scoring of cecum (G). 461 

(H) Representative images of H&E-stained cecum. Arrowheads show goblet cells. Scale bars: 462 

100 µm. 463 

Pooled data from two independent experiments (n=6-8 mice/group). Solid lines: median, error 464 

bars: interquartile range. Dotted lines and shading: detection limit and range (when detection 465 

limit depends on sample weight). Open triangles: mice (n=3) euthanized due to excessive 466 

pathology. One-way ANOVA (E) on log-normalized data (C) or area under the curve (AUC) 467 

(B-D). Unpaired two-tailed t-test on log-normalized data for comparing 2 groups (C).  468 

 469 

Figure 4. Vaccine-enhanced competition can be used to therapeutically replace a gut 470 

E. coli strain. (A) Experimental procedure. C57BL/6 low-complexity microbiota mice were 471 

colonized with the commensal E. coli HS strain. 3 days later, vaccination with either vehicle 472 

alone or PA-E. coli HS was started and a cocktail of competitor E. coli was introduced orally 473 

on day 10 and 17. (B) Intestinal IgA titres specific for E. coli HS and the competitor strains at 474 

endpoint. (C) Fecal and (D) cecal CFUs. Pooled data from two independent experiments 475 

(n=6-10 mice/group). Solid lines: median, error bars: interquartile range. Dotted lines and 476 

shading: detection limit and range. One-way ANOVA on log-normalized data (B, D) or area 477 

under the curve (AUC) (C).  478 

 479 

Figure 5. Therapeutic clearance of E. coli is antibody dependent. (A) Experimental 480 

procedure. C57BL/6 “low-complexity microbiota” mice were colonized with E. coli HS. 3 days 481 

later, vaccination with either vehicle alone or PA-E. coli HS was started, and a cocktail of 482 

competitor E. coli was introduced orally on day 10 and 17. Mice were treated with anti-CD4 483 

and anti-CD20 or isotype controls one day before vaccination. (B)  CD4+ T cells and B cells in 484 

blood at endpoint. (C)  E. coli HS-specific intestinal IgA titres at endpoint. (D) Fecal and 485 

(E) cecal CFUs. Pooled data from two independent experiments (n=4-5 mice/group). Solid 486 

lines: median. error bars: interquartile range. Dotted lines and shading: detection limit and 487 

range. One-way ANOVA (B) on log-normalized data (C, E) or area under the curve (AUC) (D).  488 



Figure 1. Vaccine-enhanced competition based on an inactivated whole-cell oral vaccination and S.TmComp can eliminate S.TmWT from the gut and
prevent S.TmWT transmission.
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Figure 4. Vaccine-enhanced competition can be used to therapeutically replace a gut E. coli strain.
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Figure 5. Therapeutic clearance of E. coli is antibody dependent.
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Materials and Methods  451 

Strains and plasmids 452 

All strains and plasmids used in this study are listed in table S1. 453 

Table S1. Strains and plasmids used in this study. 454 

Strains Strain 
number 

Relevant genotype Resistance Reference 

S.TmWT SB300 SL1344, Wild-type Sm (25) 

S.Tm TAG13 aphT 
 

WITS13-aphT Sm, Kan (45) 
S.Tm TAG13 cat 

 
WITS13-cat Sm, Cm (45) 

S.TmComp  A58 ΔoafA ΔhilD ssaV::aphT Sm, Kan This work 
S.TmComp  B62  ΔssaV ΔoafA ΔhilD marT::cat Sm, Cm This work 
S.TmDgatABC  ΔgatABC WITS2-aphT Sm, Kan (19) 
S.TmComp DgatABC F78 ΔssaV ΔoafA ΔhilD ΔgatABC Tn7::aac3-VI Apra This work 
E. coli 8178 p2cured 

 
p2 cured 

 
(46) 

E. coli Nissle  Nissle 1917 wild-type Sm (46) 
E. coli HS, WT  Wild-type  (47) 
E. coli HS MDBZ1822 Tn7::aphT Kan This work 
E. coli EMIL, WT MDBZ1611 Wild-type, ST602 commensal strain  This work 
E. coli EMIL MDBZ1775 Tn7::cat Cm This work 
L. casei WS01.02   Sm, Pen FAM 
L. casei WS20.11   Sm, Pen, 

Tet 
FAM 

S.TmaroA D12 ∆aroA WITS13-cat Sm, Cm This work 

Plasmids Used in Description Resistance Reference 
pAM34 S.TmWT 

and 
S.TmComp 

ColE type vector requiring IPTG for 
replication 

Amp (11) 

pM975 S.TmWT 
and Ec8178 

used to confer ampicillin resistance Amp (48) 

pBAD24 S.TmWT 
and Ec8178 

used to confer ampicillin resistance Amp (49) 

pCP20 
 

FLP recombinase Amp, Cm (50) 
pCutamp Template 

for aac3-VI 
cassette 

The plasmid harboring SpCas9, SacB and 
sgRNA targeting Amp promote 

Apra (51) 

pGRG36 Tn7 
tagging 

Mini-Tn7 delivery plasmid, temperature-
sensitive origin from pSC101 

Amp (52) 

pGRG36-aac3-VI  Tn7:: 
aac3-VI 
tagging 

pGRG36 derivative, mini-Tn7 ::aphT 
delivery plasmid 

Amp, Apra This work 

pGRG36-aphT Tn7::aphT 
tagging 

pGRG36 derivative, mini-Tn7 ::aphT 
delivery plasmid 

Amp,Km This work 

pGRG36-cat Tn7::cat 
tagging 

pGRG36 derivative, mini-Tn7 ::cat 
delivery plasmid 

Amp,Cm This work 

pKD3 Template 
for cat 
cassette 

frt-cat-frt template plasmid Cm (53) 



3 
 

pKD4 Template 
for aphT 
cassette 

frt-aphT-frt template plasmid Km (53) 

All E. coli and S.Tm were cultivated in lysogeny broth (LB) containing appropriate antibiotics (100 µg/ml 455 
streptomycin (Sm, AppliChem); 15 µg/ml chloramphenicol (Cam, AppliChem); 50 µg/ml kanamycin 456 
(Kan, AppliChem); 50 µg/ml ampicillin (Amp, AppliChem), 50 µg/ml apramycin (Apra, Sigma-Aldrich). 457 
L. casei (isolates from the Swiss Federal Dairy Research Station (FAM), Liebefeld) was grown in De 458 
Man–Rogosa–Sharpe (MRS) Broth + 0.2% Tween 80 containing appropriate antibiotics. Dilutions were 459 
prepared in Phosphate Buffered Saline (PBS, Difco). 460 

Gene-deletion mutants in Salmonella were created by generalized transduction with bacteriophage 461 
P22 HT105/1 int-201 in an S.Tm SL1344 background as described in(54), using pre-existing mutants 462 
marked with antibiotic resistances. When needed, antibiotic resistance cassettes were removed using 463 
the temperature sensitive FLP recombinase encoded on pCP20 (50). Deletions originated from in-464 
frame deletions made in S.Tm 14028S, kind gifts from Prof. Michael McClelland (University of 465 
California, Irvine). Primers used for verifications of gene deletions or genetic background are listed in 466 
table S2. 467 

 468 

In order to chromosomally tag E. coli and Salmonella strains with Tn7 transposons carrying distinct 469 
resistance genes, three plasmids derived from the mini-Tn7 delivery plasmid pGRG36 (51) were 470 
constructed. The aphT (KmR), aac3-VI (ApraR) or cat (CmR) resistance genes were PCR-amplified 471 
(Phusion DNA polymerase, ThermoFisher) from template plasmids pKD4, pCutamp or pKD3 with 472 
primer pairs aphT-Tn7_Fw/Rv, ApmR-Tn7_Fw/Rv or cat-Tn7_Fw/Rv, respectively. The resulting blunt-473 
end PCR fragments were inserted into the mini-Tn7 of plasmid pGRG36, as follows: pGRG36 was 474 
linearized with SmaI (NEB) and the resistance genes were ligated using T4 DNA Ligase (NEB). The 475 
ligation reactions were transformed into electro-competent E. coli DH5α cells and colonies carrying 476 
the plasmids pGRG36-aphT, pGRG36- aac3-VI or pGRG36-cat were selected at 30° C on LB agar plates 477 
supplemented with Km, Apra or Cm, respectively. The resistance gene sequences and orientation in 478 
the resulting plasmids were checked by Sanger sequencing, using primers Tn7L_Fw and Tn7L_Rv. The 479 
Tn7 transposons carrying the antibiotic resistance were inserted downstream of chromosomal gene 480 
glmS, using the methodology described by McKenzie and Craig (52). Finally, the temperature sensitive 481 
pGRG36 plasmids were eliminated by a passage at 42° C and site-specific insertions of Tn7 were 482 
confirmed by PCR and Sanger sequencing using primer pairs glms_check_fw/rv for E. coli or 483 
glmS_Sal_check_fw/rv for Salmonella.  484 

E. coli EMIL was isolated from the microbiota of a contaminated 129S6/SvEvTac WT mouse cage. 485 
Genome comparison identified it to belong to the ST602 sequence type.  486 
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Table S2. Primers used in this study. 487 

Primer name Sequence (5' - 3') Purpose Reference 
hilD_fw TCTCGATAGCAGCAGATTAC Deletion 

verification hilD 
(55) 

hilD_rv CAGTATAAGCTGTCTTCCG (55) 
oafA_fw CCGCCATAGTTACGTTTTG Deletion 

verification oafA 
(10) 

oafA_rv AAGCTATACACATAAAATAATTTGC (10) 
ssaV_fw GCAGCGTTCCAGGGTATTCC Deletion 

verification ssaV 
(56) 

ssaV_rv CAGCAAGTTCTTCTCCAGGC (56) 
aroA_fw CATGATCGATTTTGAGCGT Deletion 

verification aroA 
This study 

aroA_rv ATAGTGCGAATACGGACTCG This study 
marT_fw AGCCCTACACCCAGACACAG Deletion 

verification marT 
This study 

marT_rv GCCACAGCATCAGACTATAC This study 
gatABC_fw CTGAACAACGTCACATTGCC Deletion 

verification gatABC 
(19) 

gatABC_rv CTCAGCGTGAATAACCACTG (19) 
ApmR-Tn7_Fw GGGGACGTCCCGCGGCTGACGCCGTTGGATAC Construction of 

pGRG36-aac3-VI 
This study 

ApmR-Tn7_Rv GATGAGCTCAGCCAATCGAC This study 
aphT-Tn7_Fw GGGGACGTCCCGCGGGCGCAAGGGCTGCTAAAG Construction of 

pGRG36-aphT 
This study 

aphT-Tn7_Rv GTCCCGCTCAGAAGAACTCG This study 
cat-Tn7_Fw GGGGACGTCCCGCGGCGCGCCTACCTGTGACGGA Construction of 

pGRG36-cat 
This study 

cat-Tn7_Rv TTACGCCCCGCCCTGCCACT This study 
Tn7L_Fw GGGAACTGGGTGTAGCGTCG Sequencing in 

pGRG36 
This study 

Tn7R_Rv GGCGGACAATAAAGTCTTAAAC This study 
glms_check_fw GCATGTGGAAGAGGTGATTG PCR-check of Tn7 

insertion in the 
glmS-pstS locus of 
E. coli 

This study 

glms_check_rv AATGTCTCCTGGGAGGATTC This study 

glmS_Sal_check_fw CGTTCCGCTGCAACTGCTGG PCR-check of Tn7 
insertion in the 
glmS-STM3860 
locus of Salmonella 

This study 

glmS_Sal_check_rv ATCCACCTGAATAACCTGGG This study 

Plasmids were transferred by electro-transformation into competent cells (39, 44). 488 

 489 

Mice 490 

All animal experiments were performed in accordance with Swiss Federal regulations approved by the 491 
Commission for Animal Experimentation of the Kanton Zurich or Basel-Stadt (licenses 193/2016, 492 
158/2019, 120/2019, and 109/2022; Kantonales Veterinäramt Zürich, Switzerland and licences #30480 493 
and #33580; Basel-Stadt Kantonales Veterinäramt, Switzerland). Specific opportunistic pathogen-free 494 
(SPF, containing a complete microbiota free of an extended list of opportunistic pathogens) 495 
129S6/SvEvTac WT mice were used in all experiments except for fig. S2 A-F, where C57BL/6J WT mice 496 
and Fig. 4 and 5 where low-complexity microbiota (LCM) C57BL/6J WT mice were used (30). Mice were 497 
bred and housed in individually ventilated cages with a 12 h light/dark cycle in the ETH Phenomics 498 
Center (EPIC, RCHCI), ETH Zürich or at Biozentrum Basel, University of Basel. All mice used in the 499 
experiments were E. coli free, as determined by plating of feces. All mice were maintained on standard 500 
chow (Kliba Nafag, 3537; autoclaved; per weight: 4.5% fat, 18.5% protein, ~50% carbohydrates, 4.5% 501 
fibre). As indicated, mice were shifted to a high fat diet without fibre (HFD; BioServ, S3282; 60% kcal 502 
fat; irradiated; per weight: 36% fat, 20.5% protein, 35.7% carbohydrates, 0% fibre). All mice included 503 
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in experiments were 4 weeks or older and objectively healthy as determined by routine health checks. 504 
Wherever possible an equal number of males and females was used in each group. Mice were allocated 505 
cage-wise to groups with a minimum of two cages per group. As strong phenotypes were expected, 506 
we adhered to standard practice of analysing at least five mice per group. Researchers were not 507 
blinded to group allocation to decrease the risk of contamination and because the majority of readouts 508 
were quantitative and not subjective (CFU determination, ELISA). The one exception to this was 509 
histopathology scoring, for which a blinded researcher (S.A.F.) not otherwise involved in the 510 
experiment carried out all scoring. All animals were euthanized by exposure to a slowly rising carbon 511 
dioxide concentration, followed by exsanguination to confirm death. 512 

 513 

Vaccinations 514 

Mice were orally vaccinated with peracetic acid (PA) killed vaccines unless otherwise specified. 515 

Peracetic acid killed vaccines were produced as previously described (8). Briefly, bacteria were grown 516 
overnight to late stationary phase, harvested by centrifugation and re-suspended to a density of 517 
109-1010 per ml in sterile PBS. Peracetic acid (Sigma-Aldrich) was added to a final concentration of 518 
0.4% v/v. The suspension was mixed thoroughly and incubated for 60 min at room temperature. 519 
Bacteria were washed three times in 50-100 ml sterile PBS. The final pellet was resuspended to yield a 520 
density of 1011-1012 particles per ml in sterile PBS. The exact number was determined by flow cytometry 521 
with counting beads (Fluoresbrite® Multifluorescent Microspheres). Vaccines were stored at 4 °C for 522 
up to six weeks. Each batch of vaccine was tested for sterility before use. Vaccine lots were released 523 
for use only when a negative enrichment culture had been confirmed. Mice were vaccinated with 524 
1010-1011 PA-killed bacteria by oral gavage or voluntary feeding, once weekly for 4 weeks. Where 525 
multiple strains were used for vaccination, 1010-1011 of each strain were mixed and given as a single 526 
dose. 527 

For the one experiment series with live-attenuated S.TmaroA vaccination, the vaccine strain was grown 528 
overnight in LB containing chloramphenicol. The cells were washed in PBS and resuspended at a 529 
density of 1010 bacteria per ml. Mice were orally vaccinated with 109 S.TmaroA in 100 μl three times in 530 
bi-weekly intervals without antibiotic pretreatment. 531 

Vaccinations were started in mice at an age of 4-6 weeks. 532 

 533 

Bacterial competitor colonizations and Salmonella challenge infections 534 

The competitor strain was grown overnight in LB containing the appropriate antibiotics. In the 535 
morning, the bacteria were washed with sterile PBS and diluted. The competitor was introduced by 536 
oral gavage into the respective groups as stated in the respective figures. 537 

Non-typhoidal Salmonella infections were carried out as previously described (12). In brief, mice were 538 
orally pretreated 24 h before infection with 25 mg (roughly 1 mg/g body weight) streptomycin or 539 
20 mg (roughly 0.8 mg/g body weight) ampicillin. Strains were cultivated overnight separately in LB 540 
containing the appropriate antibiotics. Subcultures were prepared before infections by diluting 541 
overnight cultures 1:20 in fresh LB without antibiotics and incubation for 3 h at 37 °C to produce an 542 
inoculum in late-log phase growth. The cells were washed in PBS, diluted, and 100 µl of bacteria were 543 
used to infect mice by orogastric gavage, as indicated in the respective figure legends/text. A detailed 544 
layout of the vaccination and infection schedule is shown in the figures. 545 
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Salmonella infections in high-fat diet treated mice were carried out similarly, but instead of antibiotic 546 
treatment, all mice were switched to a high-fat diet (described above) 24 h prior to challenge.  547 

 548 

For the murine typhoid model, no pretreatment is given and Salmonella infection is carried out with 549 
5x107 CFU per mouse given by orogastric gavage. 550 

 551 

Feces were sampled daily, homogenized in 500 μl PBS by bead beating (3 mm steel ball, 25 Hz for 552 
2.5 min in a TissueLyser (Retsch)), and large particles were sedimented by centrifugation at 500x g for 553 
1 minute. Bacteria were enumerated by selective plating on MacConkey agar, MRS agar or LB Agar 554 
supplemented with the appropriate antibiotics. Fecal samples for lipocalin-2 measurements were kept 555 
homogenized in PBS at -20 °C. At endpoint, blood was collected from the heart into 1.1 ml serum gel 556 
tubes (Sarstedt). Intestinal lavages were harvested by flushing the small intestinal content with 2 ml of 557 
PBS using a cannula. The middle part of the cecum was placed into OCT Compound (Tissue-Tek), snap-558 
frozen and stored at -80 °C until analysis. Spleen, liver, mesenteric lymph nodes were collected and 559 
homogenized in 1 ml PBS at 30 Hz for 3 min. Cecum content was collected and homogenized in 500 μl 560 
PBS at 25 Hz for 2.5 min. After centrifugation at 500x g for 1 minute, bacteria were plated on selective 561 
MacConkey agar.  562 

 563 

Bacterial competitor colonizations and E. coli HS clearance 564 

E. coli HS was grown overnight in LB containing the appropriate antibiotics. In the morning, the bacteria 565 
were washed with sterile PBS and diluted. The E. coli HS was introduced by oral gavage into all groups 566 
of low-complexity microbiota C57BL/6 mice on day 0. 567 

From day 3, mice received a once weekly vaccination of 1010 particles of peracetic acid-killed E. coli HS. 568 
On day 10 and day 17, mice received a cocktail of three competitor E. coli strains (E. coli8178, E. coliNissle, 569 
E. coliEMIL). A detailed layout of the vaccination and infection schedule is shown in the figures. 570 

Feces were sampled daily, homogenized in 500 μl PBS by bead beating (3 mm steel ball, 25 Hz for 571 
2.5 min in a TissueLyser (Retsch)), and large particles were sedimented by centrifugation at 500x g for 572 
1 minute. Bacteria were enumerated by selective plating on MacConkey agar, MRS agar or LB Agar 573 
supplemented with the appropriate antibiotics. At endpoint, blood was collected from the heart into 574 
1.1 ml serum gel tubes (Sarstedt). Intestinal lavages were harvested by flushing the small intestinal 575 
content with 2 ml of PBS using a cannula.  576 

 577 

B and T cell depletion 578 

For CD4+ T cell and B cell depletion during S.Tm and E. coli vaccinations, mice were injected i.p. with 579 
100 μg anti-CD4 (GK 1.5, Bioxcell, BE0003-1) and anti-CD20 (MB20-11, Bioxcell, BE0356) or 100 μg rat 580 
IgG2b isotype control (LTF-2, Bioxcell, BE0090) and mouse IgG2c isotype control (DV5-1, Bioxcell 581 
BE0366) one day prior to each vaccination. 582 

For T cell depletion during S.Tm infection, mice were injected i.p. with 100 μg anti-CD4 (GK 1.5, Bioxcell, 583 
BE0003-1, AB_1107636) and anti-CD8α (2.43, Bioxcell, BE0061, AB_1125541) or 100 μg rat IgG2b 584 
isotype control (LTF-2, Bioxcell, BE0090, AB_1107780) one day prior to infection, and then every fourth 585 
day (for a total of three injections). 586 

https://antibodyregistry.org/search.php?q=AB_1107636
https://antibodyregistry.org/search.php?q=AB_1125541
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 587 

Confirmation of depletion 588 

T and B cell depletions were confirmed in blood, spleen and mesenteric lymph nodes by flow 589 
cytometry. Spleens and MLNs were harvested and disintegrated using a 70 μm cell strainer (Falcon) to 590 
obtain a single cell suspension in FACS buffer (PBS, 2% FBS, 5 mM EDTA). Cells were washed twice and 591 
1/5 was used for staining in 50 μl LIVE/DEAD™ Fixable Aqua Dye (ThermoFisher Scientific, L34957) 592 
diluted in FACS buffer. Cells were incubated at 4 °C for 20 min, washed and stained for cell surface 593 
markers. The following antibodies were used for surface staining: Alexa Fluor 488 anti-mouse CD3 594 
(17A2, Biolegend, 1.25 µg/ml, 100210, AB_389301), Alexa Fluor 647 anti-mouse CD3 (17A2, Biolegend, 595 
5 µg/ml, 100209, AB_389323), Brilliant Violet 605 anti-mouse CD4 (RM4-5, Biolegend, 0.33 µg/ml, 596 
100548, AB_2563054), FITC anti-mouse CD4 (RM4-5, Biolegend, 5 µg/ml, 100510, AB_312712), APC 597 
anti-mouse CD8a (53-6.7, Biolegend, 0.5 µg/ml, 100712, AB_312751), Brilliant Violet 421 anti-mouse 598 
CD8a (53-6.7, Biolegend, 2 µg/ml, 100737, AB_10897101), PE/Cyanine7 anti-mouse CD11b (M1/70, 599 
Biolegend, 0.5 µg/ml, 101216, AB_312799), APC/Cyanine7 anti-mouse CD11b (M1/70, Biolegend, 600 
2 µg/ml, 101226, AB_830641), PE anti-mouse CD11c (HL3, BD Bioscience, 0.5 µg/ml, 553802, 601 
AB_396684), PerCP anti-mouse CD45 (30-F11, Biolegend, 2 µg/ml, 103130, AB_893339), Brilliant Violet 602 
605 anti-mouse CD45 (30-F11, Biolegend, 2 µg/ml, 103139, AB_2562341), PerCP anti-mouse CD45.2 603 
(104, Biolegend, 2 µg/ml, 109826, AB_893349), Brilliant Violet 421 anti-mouse CD45R/B220 (RA3-6B2, 604 
Biolegend, 0.1 µg/ml, 103239, AB_10933424), PE anti-mouse CD45R/B220 (RA3-6B2, Biolegend, 605 
2 µg/ml, 103208, AB_312992), APC/Cyanine7 anti-mouse Ly-6G/Ly-6C (RB6-8C5, Biolegend, 2 µg/ml, 606 
108424, AB_2137485). Staining was done in 50 μl FACS Buffer at 4 °C for 20 min. Cells were washed 607 
and incubated for 10 min in 500 μl BD FACS™ Lysing solution (BD Bioscience, 349202) at room 608 
temperature. The lysis was stopped by the addition of FACS Buffer and the cells washed once before 609 
acquisition on a LSR Fortessa Flow Cytometer on a Beckmann-Coulter Cytoflex S. 610 

 611 

Quantification of fecal lipocalin-2 612 

Fecal pellets were processed as described above. Homogenized feces was centrifuged at 16000x g for 613 
5 min and the resulting supernatant was analysed in duplicates using the mouse lipocalin-2 ELISA 614 
duoset (R&D, DY1857) according to the manufacturer's instructions. 615 

 616 

Analysis of specific antibody titres by bacterial flow cytometry 617 

Specific antibody titres in mouse intestinal washes and serum were measured by flow cytometry as 618 
described (57). Briefly, intestinal washes and blood were collected as described above. Blood was 619 
centrifuged at 10000x g for 5 min to obtain serum, heat-inactivated at 56 °C for 30 min and stored 620 
at -20 °C until further analysis. Intestinal lavage was centrifuged at 16000x g for 5 min to clear all 621 
bacterial-sized particles and stored at -20 °C until analysis. Bacterial targets (antigen against which 622 
antibodies are to be titred) were grown overnight in LB, then gently pelleted for 2 min at 7000x g. The 623 
pellet was washed with 0.2 µm-filtered PBS before resuspending at a density of approximately 107 624 
bacteria per ml. After thawing, intestinal washes were centrifuged again at 16000x g for 5 min. 625 
Supernatants were used to perform serial dilutions. 50 μl of the dilutions were incubated with 50 μl 626 
bacterial suspension for 15 min at room temperature. Bacteria were washed twice with 150 μl PBS by 627 
centrifugation at 7000x g for 5 min, before resuspending in 25 μl of 0.2 µm-filtered PBS containing 628 
polyclonal Alexa Fluor 647 Rabbit Anti-Mouse IgG (Jackson ImmunoResearch, 15 µg/ml, 315-605-003, 629 
AB_2340239) or monoclonal Brilliant Violet 421 Rat Anti-Mouse IgA (BD Bioscience, 2 µg/ml, 743293, 630 
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AB_2741405). After 5 min of incubation at RT, bacteria were washed twice with PBS as above and 631 
resuspended in 100 μl PBS for acquisition on a Beckman Coulter Cytoflex S using FSC and SSC 632 
parameters to threshold acquisition in logarithmic mode. Data were analysed using FlowJo (Treestar). 633 
After gating on bacterial particles, log-median fluorescence intensities (MFI) were plotted against 634 
lavage dilution factor for each sample and 4-parameter logistic curves were fitted using Prism 635 
(Graphpad, USA). Titers were calculated from these curves as the dilution factor giving an above-636 
background signal (typically MFI=300).  637 

 638 

Histological procedures 639 

Tissue embedded in OCT Compound was cut into 5 μm cryosections and mounted on glass slides. 640 
Cryosections were air dried overnight at room temperature and stained with hematoxylin and eosin 641 
(H&E). Scoring of cecal inflammation was done in a blinded manner assessing the following four criteria 642 
as previously described (48). 643 

(i) Submucosal edema. Submucosal edema was scored as follows: 0 = no pathological changes; 644 
1 = mild edema (the submucosa accounts for <50% of the diameter of the entire intestinal 645 
wall - tunica muscularis to epithelium); 2 = moderate edema (the submucosa accounts for 50 646 
to 80% of the diameter of the entire intestinal wall); and 3 = profound edema (the submucosa 647 
accounts for >80% of the diameter of the entire intestinal wall). 648 

(ii) PMN infiltration into the lamina propria. Polymorphonuclear granulocytes (PMN) in the lamina 649 
propria were enumerated in 10 high-power fields (x400 magnification; field diameter of 650 
420 μm), and the average number of PMN/high-power field was calculated. The scores were 651 
defined as follows: 0 = <5 PMN/high-power field; 1 = 5 to 20 PMN/high-power field; 2 = 21 652 
to 60/high-power field; 3 = 61 to 100/high-power field; and 4 =	>100/high-power field. 653 
Transmigration of PMN into the intestinal lumen was consistently observed when the number 654 
of PMN was >60 PMN/high-power field. 655 

(iii) Goblet cells. The average number of goblet cells per high-power field (magnification, x400) 656 
was determined from 10 different regions of the cecal epithelium. Scoring was as follows: 657 
0 = >28 goblet cells/high-power field; 1 = 11 to 28 goblet cells/high-power field; 2 = 1 to 10 658 
goblet cells/high-power field; and 3 = <1 goblet cell/high-power field. 659 

(iv) Epithelial integrity. Epithelial integrity was scored as follows: 0 = no pathological changes 660 
detectable in 10 high-power fields (x400 magnification); 1 = epithelial desquamation; 661 
2 = erosion of the epithelial surface (gaps of 1 to 10 epithelial cells/lesion); and 3 = epithelial 662 
ulceration (gaps of >10 epithelial cells/lesion; at this stage, there is generally granulation tissue 663 
below the epithelium). The combined pathological score for each tissue sample was 664 
determined as the sum of these scores. It ranges between 0 and 13 arbitrary units and covers 665 
the following levels of inflammation: 0 = intestine intact without any signs of inflammation; 1 666 
to 2 = minimal signs of inflammation (this was frequently found in the ceca of SPF mice; this 667 
level of inflammation is generally not considered as a sign of disease); 3 to 4 = slight 668 
inflammation; 5 to 8 = moderate inflammation; and 9 to13 = profound inflammation. 669 

 670 

Estimation of in vivo growth rates in the gut by plasmid dilution 671 

Absolute S.Tm growth rates in the gut were assessed using replication-incompetent plasmid pAM34, 672 
which has been described previously(7, 11). Briefly, pAM34 is a ColE1-like vector in which the 673 
replication of the plasmid is under the control of the LacI repressor, whereby plasmid replication only 674 
occurs in the presence of isopropyl β-d-1-thiogalactopyranoside (IPTG). S.Tm carrying the pAM34 675 
plasmid was therefore cultured overnight in the presence of 1 mM IPTG in LB containing streptomycin. 676 
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Cultures were diluted 1:20 into fresh LB broth without IPTG or antibiotics and sub-cultured for 3 h at 677 
37 °C. Inocula for infections were prepared as described above. Concurrently, the inoculum was serially 678 
diluted into fresh LB broth without IPTG and cultured for 20 h at 37 °C to generate a standard curve 679 
relating plasmid loss to generations undergone for each experiment. pAM34-carrying bacteria within 680 
the overnight cultures and the feces were determined by selective plating on agar plates containing 681 
50 µg/ml ampicillin and 1 mM IPTG. To quantify the total population size, samples were further plated 682 
on agar plates containing 100 µg/ml streptomycin. The fraction of pAM34-carrying bacteria was 683 
calculated using the ratio of pAM34-carrying CFU to the total population CFU and generations 684 
estimated by interpolation from the matched standard curve. 685 

 686 

Non-typhoidal Salmonella transmission 687 

Donor mice were vaccinated with PA-S.Tm as described above, orally pretreated with 25 mg 688 
streptomycin, and colonized 24 h later with 5·103 S.TmComp. 2 days later, mice were treated again with 689 
25 mg Streptomycin by orogastric gavage, and 24 h later infected with 1·106 S.TmWT. On day 9 post 690 
infection, one fecal pellet was collected from each mouse, weighed, and homogenized in 200 μl PBS. 691 
Large debris was removed by centrifugation at 500x g for 1 minute and 50 μl of the supernatant were 692 
immediately given by oral gavage to streptomycin pretreated naïve recipient mice. As a control, the 693 
same procedure was done using naïve mice without competitor colonization as donor mice. Recipient 694 
mice were euthanized, and organs were collected on day 3 post transmission. In both donor and 695 
recipient mice, fecal pellets were collected daily and selective plating was used to enumerate 696 
Salmonella and determine the relative proportions of both competing bacterial strains. 697 

 698 

Flow cytometry for analysis of O:5 and O:12-0 intensity on Salmonella clonal cultures 699 

Overnight cultures (1 µl) made in 0.2 µm-filtered lysogeny broth was stained with 0.2 µm-filtered 700 
solutions of STA5 (human recombinant monoclonal IgG2 anti-O:12-0, 3.2 µg/ml) (7) or rabbit anti-701 
Salmonella O:5 (Difco, 1:200, 226601). After incubation at 4 °C for 30 min, the bacteria were washed 702 
twice by centrifugation at 7000x g and resuspension in PBS/2% BSA. The bacteria were then 703 
resuspended in 0.2 µm-filtered solutions of appropriate secondary reagents (Alexa 647-anti-human 704 
IgG (Jackson ImmunoResearch, 1:100, 109-605-098, AB_2337889) and Brilliant Violet 421-anti-rabbit 705 
IgG (BioLegend, 1:100, 406410, AB_10897810)). This was incubated for 30 min at 4 °C before the cells 706 
were washed as above and resuspended for acquisition on a Beckman Coulter Cytoflex S. 707 

 708 

Statistical analysis 709 

Sample size was determined based on previous experiments (7, 10). Where large effect sizes where 710 
expected a minimum of five mice/group were used. Researchers were not blinded for the assignment 711 
of the experiments and the data analysis except for histopathological scoring. Where errors are 712 
expected to be log-normal distributed (e.g., CFU determination or ELISA data based on serial 713 
dilutions), all statistical tests were carried out on log normalized data. Where two groups of data 714 
were compared, analysis was carried out using unpaired two-tailed t-test. One-way ANOVA followed 715 
by Tukey’s Test was used for comparison of three or more groups. Statistical analysis on time course 716 
data was either done by mixed-effects analysis or by calculating the area under the curve (AUC) of 717 
the log normalized data and then assessing differences in AUC with one-way ANOVA and Tukey’s test 718 
or false discovery rate (FDR) using the Benjamini–Hochberg procedure with alpha set to 0.05 or two-719 
way ANOVA followed by Šídák's multiple comparisons test. Statistical analysis was performed with 720 
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Graphpad Prism Version 9.2.0 for Windows (GraphPad Software, La Jolla, California USA). P values of 721 
less than 0.05 are reported. 722 

  723 
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Supplementary Figures 1-12 724 

  725 
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Figure S1. S.TmComp is not pathogenic in 129S6/SvEv and C57BL/6J mice. (A) Schematic depiction of 728 

the introduced mutations rendering S.TmComp non-pathogenic and preventing vaccine-induced IgA to 729 

bind. The expression of the type 3 secretion system (T3SS)-1 and T3SS-2 were inactivated by deletion 730 

of the genes encoding the master regulator HilD and an essential component of T3SS-2 ssaV, 731 

respectively. Around a third of the S.Tm population in an infection will not express T3SS-1 enabling 732 

faster growth, while still profiting from T3SS-1 induced inflammation from the rest of the population. 733 

SPI-2 will enable intracellular replication during invasive infection. To reduce IgA binding induced by 734 

vaccination with S.TmWT, the acetylation of abequose was prevented by deletion of oafA, generating 735 

an O:4,12 serovar. (B-F) 129S6/SvEv mice were pretreated with streptomycin and colonized with a 736 

total of 105 of a 1:1 mixture of two isogenic S.TmComp strains and colonization was followed for 737 

10 days. S.TmComp strains differed only in their antibiotic resistance. S.TmComp CFUs were determined 738 

by selective plating in feces (A) cecum content (B), MLN (C), liver (D) and spleen (E). Low numbers of 739 

live apathogenic bacteria are expected to be found in MLNs due to active sampling of luminal bacteria. 740 

(F) Intestinal inflammation was determined by measuring fecal lipocalin-2. (G-L) Mice of the highly 741 

susceptible (due to the lack of Nramp1) C57BL/6 strain were pretreated with streptomycin and 742 

infected with a total of 104 of a 1:1 mixture of two isogenic S.TmComp strains and colonization was 743 

followed long-term for a total of 7 weeks. S.TmComp CFUs were determined by selective plating in 744 

feces (G) cecum content (H), MLN (I), liver (J) and spleen (K). (L) Intestinal inflammation was 745 

determined by measuring fecal lipocalin-2. Taken together, the absence of systemic S.TmComp counts 746 

and intestinal inflammation in Nramp1+/+ and Nramp1-/- mice even upon long-term colonization 747 

confirms the avirulence of the designed S.Tm competitor. 748 

N = 5-7 mice. Solid lines depict the median, error bars the interquartile range. Dotted lines show the 749 

detection limit and the shaded area the range for cases in which the detection limit is dependent on 750 

sample weight. Statistics were performed by an unpaired two-tailed t-test on log-normalized area 751 

under the curve (AUC) (A, G). CFU, colony forming unit; LCN2, lipocalin-2; MLN, mesenteric lymph 752 

node. 753 
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Figure S2. Vaccine-enhanced competition protects independently of the timepoint of S.TmComp 
administration.
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Figure S2. Vaccination-enhanced competition protects independent of the timepoint of S.TmComp 758 

administration. The generated mathematical model, based on in vivo competition data, predicted that 759 

timing of competitor introduction would not change the outcome on S.TmWT clearance as long as the 760 

competitor was still present at the time of challenge. As S.TmComp persisted in the intestine for several 761 

weeks, we decided to challenge PBS (blue symbols) or PA-S.Tm-vaccinated (pink symbols) 762 

streptomycin-pretretated 129S6/SvEv mice with 1·106 S.TmWT 19 days after receiving 5·103 S.TmComp. 763 

This timing would be feasible, for example, for pre-travel prophylaxis. (A)  Experimental procedure. 764 

(B) S.TmWT-specific intestinal IgA and serum IgG titres at 10 days post infection as determined by flow 765 

cytometry. Fecal (C) and cecum content (D) S.Tm CFUs as determined by selective plating. (E) Intestinal 766 

inflammation as determined by fecal lipocalin. (F) Representative images of H&E-stained cecal tissue 767 

sections. Arrowheads show exemplary goblet cells. Scale bars: 100 µm. (G-I) S.Tm CFUs in MLN (G), 768 

liver (H) and spleen (I). 769 

N = 5 mice/group. Solid lines depict the median, error bars the interquartile range. Dotted lines show 770 

the detection limit and the shaded area the range for cases in which the detection limit is dependent 771 

on sample weight. Open triangles show mice (n = 2) that had to be euthanized prematurely due to 772 

excessive weight loss (≥ 15%) or disease symptoms. Statistics were performed by one-way ANOVA on 773 

log-normalized data (B, D, G-I) or area under the curve (AUC) (C, E). Where only two groups were 774 

compared, an unpaired two-tailed t-test on log-normalized data was done (D, G-I). CFU, colony forming 775 

unit; LCN2, lipocalin-2; Lu., lumen; MFI, median fluorescence intensity; MLN, mesenteric lymph node; 776 

S.E., submucosal edema. 777 
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Figure S3. Timing of S.TmComp pre-colonization does not influence the efficacy of vaccine-enhanced 
competition.
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Figure S3. Timing of S.TmComp pre-colonization does not influence the efficacy of vaccine-enhanced 782 

competition. Endpoint data from Fig. 1 and fig. S2. PBS or PA-S.Tm-vaccinated 129S6/SvEv mice were 783 

pre-colonized with 5·103 S.TmComp either 3 or 19 days prior to infection with 1·106 S.TmWT. S.Tm CFUs 784 

in cecum content (A), liver (B), MLN (C) and spleen (D). 785 

Pooled data from three independent experiments (n = 5-8 mice/group). Solid lines depict the median. 786 

Dotted lines show the detection limit and the shaded area the range for cases in which the detection 787 

limit is dependent on sample weight. Statistics were performed by one-way ANOVA on log-normalized 788 

data. 789 
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Figure S4. Vaccination with EvoVax generates an intestinal IgA and serum IgG response against all 793 

S.Tm O-antigen variants but not the competitor strain E. coli 8178. The “evolutionary trap” version of 794 

our S.Tm vaccine, consisting of all possible O-antigen variants of S.Tm, induces an IgA response that 795 

rapidly selects for loss of the polymerized O-antigen, and correspondingly for attenuation of S.Tm (10). 796 

Therefore, we here combine a more powerful inactivated oral vaccine with a less ideal (but safer) niche 797 

competitor, which is not recognized by induced antibodies. 798 

129S6/SvEv mice were mock-vaccinated with PBS (blue symbols) or EvoVax vaccinated (pink symbols) 799 

and later infected with 1·106 S.TmWT with or without pre-colonization with 5·103 E. coli 8178. 10 days 800 

after S.TmWT infection, S.Tm- and E. coli 8178-specific antibody responses were determined in 801 

intestinal lavage (A-E) and serum (F-J) by flow cytometry. (A+F) S.Tm O:4[5],12-0. (B+G) S.Tm O:4,12-0. 802 

(C+H) S.Tm O:4[5],12-2. (D+I) S.Tm O:4,12-2. (E+J) E. coli 8178. 803 

Pooled data from two independent experiments (n = 6-8 mice/group). Solid lines depict the median. 804 

Dotted lines show the detection limit. Open triangles show mice that had to be euthanized prematurely 805 

due to excessive weight loss (≥ 15%) or disease symptoms. Statistics were performed one-way ANOVA 806 

on log-normalized data and Tukey’s test (A-F). Where only two groups were compared, an unpaired 807 

two-tailed t-test on log-normalized data was done (G-J). DF, dilution factor; MFI, median fluorescence 808 

intensity. 809 
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Figure S5. An unrelated probiotic strain does not improve S.TmWT clearance or intestinal inflammation
on top of vaccination.
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Figure S5. An unrelated probiotic strain does not improve S.TmWT clearance or intestinal 813 

inflammation on top of vaccination. L. casei has been demonstrated to enhance IgA production and 814 

immunological protection via enhanced innate immune functions (23). The limited impact of L. casei 815 

in our experiments, suggests that these mechanisms are not major drivers of vaccine-enhanced 816 

competition in this model. 817 

PBS or PA-S.Tm-vaccinated 129S6/SvEv mice were pre-colonized with with 5·103 L. casei and 3 days 818 

later infected with 1·106 S.TmWT. (A)  Experimental procedure. (B) S.TmWT-specific intestinal IgA and 819 

serum IgG titres at 10 days post infection as determined by flow cytometry. CFUs in feces (C), cecum 820 

content (D), MLN (E), liver (F) and spleen (G) as determined by selective plating. (H) Intestinal 821 

inflammation as determined by fecal lipocalin. 822 

N = 5 mice/group. Solid lines depict the median, error bars the interquartile range. Dotted lines show 823 

the detection limit and the shaded area the range for cases in which the detection limit is dependent 824 

on sample weight. Statistics were performed by one-way ANOVA on log-normalized data (B, D, E-G) or 825 

area under the curve (AUC) (C, H). Where only two groups were compared, an unpaired two-tailed t-826 

test on log-normalized data was done (D, E-G). CFU, colony forming unit; LCN2, lipocalin-2; MFI, median 827 

fluorescence intensity; MLN, mesenteric lymph node. 828 
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Figure S6. Vaccine-enhanced competition with an imperfect niche competitor is sufficient for 
protection in cases of less severe and transient microbiota disruptions.

D E

C

Ec8178

S.Tm O:4[5],12-2 S.Tm O:4,12-2

Ec8178

Naive EvoVax
+ +

Ec8178 Ec8178

Naive EvoVax Naive EvoVax Naive EvoVax Naive EvoVax

0

S.Tm O:4[5],12-0

Naive EvoVax
+ +

0

S.Tm O:4,12-0

B

Ec8178

Naive EvoVax
+ +

0

S.Tm O:4[5],12-0

Ec8178

Naive EvoVax
+ +

0

S.Tm O:4[5],12-2

Naive EvoVax

DL DL

+ +

0

10

S.Tm O:4,12-0

Naive EvoVax
+ +

0

S.Tm O:4,12-2

H I

F G

++ ++ ++ ++

HFD
-1-3 -2Week:

Daily fecal sampling

Euthanize

5∙107

Ec8178
5∙107

S.TmWT
S.

Tm
W

T  C
FU

s 
g-1

 fe
ce

s
C

FU
s 

g-1

ce
cu

m
 c

on
te

nt

C
FU

s/
M

LN

S.TmWT Ec8178

Ec
81

78
 C

FU
s 

g-1
 fe

ce
s

Day:-4 -3 -2-4 -1 0 1 2 3 4 5 6 7 8 9 10

Vaccination with
EvoVax/PBS129S6/SvEv

In
te

st
in

al
 Ig

A 
D

F
(M

FI
 =

 2
00

)

DL

DL

DL

S.TmWT Ec8178

DL

Naive
++ ++++ ++Ec8178 Ec8178

Naive EvoVax Naive EvoVax Naive EvoVax EvoVax

C
FU

s 
g-1

 li
ve

r

C
FU

s/
sp

le
en

S.TmWT Ec8178

DL

S.TmWT Ec8178

DL

Days post infection Days post infection

DL

Naive EvoVax
+ +

0

Naive EvoVax
+ +

0 DLSe
ru

m
 Ig

G
 D

F
(M

FI
 =

 1
00

)

Se
ru

m
 Ig

G
 D

F
(M

FI
 =

 1
00

)
In

te
st

in
al

 Ig
A 

D
F

(M
FI

 =
 1

00
0)

<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001

Naive w/o Ec8178

Naive + Ec8178

EvoVax w/o Ec8178

EvoVax + Ec8178
Naive + Ec8178

EvoVax + Ec8178

<0.0001

<0.0001
0.0778

0.0002
0.0368

LC
N

2 
(n

g 
g-1

 fe
ce

s)

he
al

th
y

Days post infection

Naive w/o Ec8178

Naive + Ec8178

EvoVax w/o Ec8178

EvoVax + Ec8178

0.0079

0.0258
0.0075

0.0245

<0.0001
<0.0001

<0.0001

0.0001
0.0001

0.0007 0.0020
0.0020

0.0396

0.0002

0.0074
0.0014

0.0098
0.0116 0.0085

0.0116

0.0197
0.0002

0.01970.0396
0.0156

0.0156

0.0007<0.0001



23 
 

Figure S6. Vaccine-enhanced competition with an imperfect niche competitor is sufficient for 832 

protection in cases of less severe and transient microbiota disruptions. As diet switches are common 833 

in human, especially when travelling, we wanted to test the protectiveness of vaccine-enhanced 834 

competition in a high-fat diet model. In comparison to antibiotic treatment, this causes only a mild 835 

microbiota disruption. Due to the decreased stringency of this model both oral vaccination alone and 836 

niche-competitor alone are effective in preventing S.Tm colonization but vaccine-enhanced 837 

competition shows slightly better protection from systemic spread. PBS or EvoVax vaccinated 838 

129S6/SvEv mice were switched to a fibre-free high fat diet (HFD) for 4 days and infected with 5·107 839 

S.TmWT. Two groups were pre-colonized with 5·107 E. coli 8178 3 days before infection. 840 

(A) Experimental procedure. Antibody responses were determined in intestinal lavage (B) and 841 

serum (C) against all S.Tm O-antigen variants by flow cytometry. (D) Fecal CFUs as determined by 842 

selective plating. (E) Intestinal inflammation as determined by fecal lipocalin. CFUs in cecum 843 

content (F), MLN (G), liver (H) and spleen (I). 844 

N = 5-7 mice/group. Solid lines depict the median, error bars the interquartile range. Dotted lines show 845 

the detection limit and the shaded area the range for cases in which the detection limit is dependent 846 

on sample weight. Statistics were performed by one-way ANOVA on log-normalized data (B-C, F-I) or 847 

area under the curve (AUC) (D-E). Where only two groups were compared, an unpaired two-tailed t-848 

test on log-normalized data was done (F-I). CFU, colony forming unit; LCN2, lipocalin-2; MFI, median 849 

fluorescence intensity; MLN, mesenteric lymph node. 850 
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Figure S7. Vaccine-enhanced competition protects better against intestinal pathology but not 854 

systemic invasion of S.TmWT in the murine Typhi model. To benchmark vaccine-enhanced 855 

competition, we tested it in the murine oral typhoid model, i.e. a high-dose oral challenge without 856 

antibiotic pre-treatment. Vaccine-enhanced competition could prevent intestinal colonization and 857 

supress any detectable increase in intestinal lipocalin-2 levels. 858 

PBS (blue circles) or EvoVax + Ec8178 (pink diamonds) 129S6/SvEv mice were infected with 5·107 S.TmWT 859 

without antibiotic pretreatment. EvoVax vaccinated mice were pre-colonized with 1·109 E. coli 8178 3 860 

days before infection. (A) Experimental procedure. Fecal (B) and cecum content (C) CFUs as 861 

determined by selective plating. (D) Intestinal inflammation as determined by fecal lipocalin-2. (E-G) 862 

CFUs in MLN (E), liver (F) and spleen (G). 863 

N = 5 mice/group. Solid lines depict the median, error bars the interquartile range. Dotted lines show 864 

the detection limit and the shaded area the range for cases in which the detection limit is dependent 865 

on sample weight. Open triangles show mice that had to be euthanized prematurely due to excessive 866 

weight loss (≥ 15%) or disease symptoms (n = 1). 867 

Statistics were performed by one-way ANOVA on log-normalized data (C, E-G) or area under the curve 868 

(AUC) (B, D). CFU, colony forming unit; LCN2, lipocalin-2; MLN, mesenteric lymph node. 869 
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Figure S8. Antibodies are an integral part of protection in vaccine-enhanced competition.
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Figure S8. Antibodies are an integral part of protection in vaccine-enhanced competition. As it has 873 

been reported that initial suppression of Salmonella growth is mediated by non-specific innate 874 

immune mechanisms (29), we depleted both B cells and CD4+ T cells in our vaccine-enhanced 875 

competition model. This showed that vaccine-induced antibodies limited initial S.TmWT expansion and 876 

systemic spread. 877 

(A)  Frequency of B cells and CD4+ T cells among CD45+ cells in depleted 129S6/SvEv (129 depleted) or 878 

control 129S6/SvEv (129 control) and C57BL/6 mice were measured in blood, spleen and MLNs by flow 879 

cytometry. Solid lines show the mean. (B) Experimental procedure. PBS (blue circles) or EvoVax 880 

vaccinated (pink diamonds) 129S6/SvEv mice were pretreated with ampicillin and infected with 1·106 881 

S.TmWT. Some groups were pre-colonized with 1·109 E. coli 8178 3 days before infection as indicated. 882 

Mice were treated with anti-CD4 and anti-CD20 or isotype control one day prior to every vaccination. 883 

(C) S.TmWT-specific antibody responses were determined in intestinal lavage and serum at endpoint. 884 

CFUs in feces (D), cecum content (E), MLN (F), liver (G) and spleen (H). 885 

N = 5 mice/group. Solid lines depict the median unless stated otherwise, error bars the interquartile 886 

range. Dotted lines show the detection limit and the shaded area the range for cases in which the 887 

detection limit is dependent on sample weight. Open triangles show mice (n = 5) that had to be 888 

euthanized prematurely due to excessive weight loss (≥ 15%) or disease symptoms. Statistics were 889 

performed by one-way ANOVA on log-normalized data (C, E-G). CFU, colony forming unit; MLN, 890 

mesenteric lymph node. 891 
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Figure S9. T cells mediate protection from invasive disease provided by live-attenuated vaccination but
play only a minor role in protection provided by vaccine-enhanced competition.
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Figure S9. T cells mediate protection from invasive disease provided by live-attenuated vaccination 897 

but play only a minor role in protection provided by vaccine-enhanced competition. The efficiency 898 

of vaccine-enhanced competition based on whole-cell inactivated oral vaccines prompted us to 899 

mechanistically compare this to live-attenuated Salmonella vaccines. In the non-Typhoidal 900 

Salmonellosis model, tissue invasion can be prevented either by sufficiently suppressing gut 901 

colonization levels (22), or via effector T-cell mediated immunity (24). Consistent with these vaccines 902 

relying predominantly on differing mechanisms, vaccine-enhanced competition, but not live-903 

attenuated vaccines, dramatically reduced gut lumen colonization. Live-attenuated vaccines, but not 904 

whole-cell inactivated oral vaccines, provide T-cell mediated protection of deep tissues. Therefore 905 

vaccine-enhanced competition, based on whole-cell inactivated oral vaccines, functions 906 

predominantly by suppressing gut colonization and preventing initial tissue invasion, which protects 907 

both gut tissues and systemic sites, and prevents transmission. In contrast, live-attenuated vaccines 908 

provide protection of systemic sites despite strong gut colonization but very little protection of the gut 909 

tissues or impact on gut infectious reservoir. 910 

PBS (blue circles), EvoVax vaccinated (pink diamonds) or S.TmaroA vaccinated (green triangles) 911 

129S6/SvEv mice were pretreated with ampicillin and infected with 1·106 S.TmWT. EvoVax vaccinated 912 

mice were pre-colonized with 1·109 E. coli 8178 3 days before infection. Mice were treated with 913 

anti-CD4 and anti-CD8 or isotype control the day before infection, and then every fourth day. 914 

(A) Experimental procedure. (B)  Frequency of T cells among CD45+ cells in spleen. Frequency of CD4+ 915 

and CD8+ T cells among total T cells. Solid lines show the mean. (C) Gating strategy. CFUs in liver (D), 916 

spleen (E), feces (F), cecum content (G) and MLN (H). (I) Intestinal inflammation as determined by fecal 917 

lipocalin. (J) Representative images of H&E-stained cecal tissue sections. Arrowheads show exemplary 918 

goblet cells. Scale bars: 100 µm. 919 

N = 4-6 mice/group. Solid lines depict the median unless stated otherwise, error bars the interquartile 920 

range. Dotted lines show the detection limit and the shaded area the range for cases in which the 921 

detection limit is dependent on sample weight. Open triangles show mice (n = 5) that had to be 922 

euthanized prematurely due to excessive weight loss (≥ 15%) or disease symptoms. Statistics were 923 

performed by one-way ANOVA (B) on log-normalized data (D-E, G-H) or area under the curve (AUC) (F, 924 

I). CFU, colony forming unit; LCN2, lipocalin-2; Lu., lumen; MLN, mesenteric lymph node; S.E., 925 

submucosal edema. 926 

  927 
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Supplementary Modelling text: Mathematical modeling of S.TmWT extinction in the gut 928 

 929 

As competitive intestinal colonization is necessarily a highly dynamic process, we built a simple 930 
mathematical model to generate predictions of the requirements for extinction of S.TmWT from the gut 931 
lumen, and for the time-to-extinction. Based on previous quantification in the non-typhoidal 932 
Salmonella mouse model (7, 17, 22, 26), minimizing the time to extinction in the gut lumen should 933 
have three beneficial consequences:  934 

1) By minimizing the duration and intensity of contact between wildtype Salmonella and host tissues, 935 
this minimizes the risk of Salmonella invasive disease.  936 

2) By minimizing the number of wildtype Salmonella shed to the environment in feces, this minimizes 937 
the risk of transmission.  938 

3) By minimizing the effective population size of wildtype Salmonella, this minimizes the risk of 939 
bacterial evolution of immune escape.  940 

Of note, we do not attempt to model the influence of bacterial evolution on the outcome of 941 
vaccination, but based on our previous work (10) we expect that ignoring this parameter will lead to 942 
an overestimate of the efficacy of vaccination alone, and much less of an overestimate of the efficacy 943 
of vaccination plus niche competition. 944 

 945 

In this model we assumed that the microbiota (of size M(t)), S.TmComp (of size C(t)) and S.TmWT (of size 946 
W(t)) have access to three categories of resources that can be used for growth.  947 

1) Undefined public resources, for which Salmonella, its competitor and the microbiota compete to 948 
contribute to the carrying capacity, K1. 949 

2) Undefined private resources that the microbiota cannot access, and Salmonella strains compete for, 950 
finally contributing to a carrying capacity K2, i.e. in the absence of a competitor, wildtype Salmonella 951 
can colonize this niche long-term. 952 

3) a private undefined resource for the microbiota that Salmonella cannot compete for, contributing 953 
to a carrying capacity K3.  954 

We assume that the two Salmonella strains and the microbiota have independent growth and 955 
clearance rates. This broadly represents the observation that avirulent Salmonella can colonize at a 956 
low density, long-term in mice from our SPF mouse colony. 957 

 958 

In a deterministic view, the size of the populations evolves as 959 

  960 
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 961 
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where rw, rc and rm correspond to the growth rate of S.TmWT, S.TmComp and the microbiota, respectively. 963 
The parameters cw, cc and cm correspond to the clearance rates of these populations. 964 

In order to predict “extinction probability” and “extinction time”, we required realistic estimates of 965 
the population dynamics of the two S.Tm strains and the “average microbiome”. S.Tm growth and 966 
clearance rates in the presence or absence of IgA were estimated by fitting the obtained fecal CFU data 967 
for S.TmWT and S.TmComp where both bacteria were administered simultaneously into vaccinated and 968 
naïve mice (Fig. S10A-C). The non-replicating plasmid, pAM34, was used to track generation numbers 969 
over the first 12 hours of infection to directly infer the number of generations starting from an 970 
inoculum of 1e4 or 1e6 S.TmWT (Fig. S10A and B). This confirmed the predicted slightly higher net 971 
growth rate for S.TmComp as compared to S.TmWT. Integrating these numbers into the time-course of 972 
S.TmWT colonization also confirms the suppression of growth by the niche competitor and the elevated 973 
clearance rate of S.TmWT in vaccinated mice (see table S3). 974 

rw rc rm 

 

33.7 day-1 38.7 day-1 18.7 day-1 

cw cc cm 

6.4 day-1 5.9 day-1 1.7 day-1 

K1 K2 K3 m0 

5.9·109 2.3·104 107 105 

 975 

Table S3. Kinetic parameter values inferred from direct competition data shown in fig. S10C below (for 976 
vaccinated + S.TmComp group). rw, rc and rm: growth rate of S.TmWT, S.TmComp and the microbiota, 977 
respectively. cw, cc and cm: clearance rates of S.TmWT, S.TmComp and the microbiota. K1, K2, K3: carrying 978 
capacities of S.Tm and the microbiota, S.TmWT and S.TmComp and the microbiota alone. m0: size of 979 

Eq. 1 
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microbiota after antibiotic clearance at time point of infection with S.TmWT. See section below for 980 
details. 981 

 982 

 983 

Fig. S10: Parameter estimation for S.TmWT extinction in the presence of vaccination and/or niche 984 
competition. (A) PBS (blue symbols) or PA-S.Tm-vaccinated (pink symbols) 129S6/SvEv mice were 985 
pretreated with streptomycin and co-infected with a total of 104 of a 1:1 mixture of two isogenic S.TmWT 986 
strains (circles) or S.TmWT and S.TmComp (S.TmhilD ssaV oafA, filled diamonds). Number of generations 12 hours 987 
post infection was estimated based on the loss of pAM34. Open and filled circles show the two isogenic 988 
S.TmWT strains. (B) PBS (blue symbols) or PA-S.Tm-vaccinated (pink symbols) 129S6/SvEv mice were 989 
pretreated with streptomycin and infected with 1·106 S.TmWT. Two groups were pre-colonized with 5·103 990 
S.TmComp 3 days before infection. Number of generations 12 hours post infection was calculated based on 991 
the loss of pAM34. Solid lines depict the mean. Statistics were performed by one-way ANOVA. (C)  PBS (blue 992 
symbols) or PA-S.Tm-vaccinated (pink symbols) 129S6/SvEv mice were pretreated with streptomycin and 993 
infected with a total of 104 of a 1:1 mixture of two isogenic S.TmWT strains (circles) or S.TmWT and S.TmComp 994 
(S.TmhilD ssaV oafA, filled diamonds). Feces were collected over 10 days and CFU/g of S.TmWT calculated via 995 
plating. 996 

 997 

For simplicity, all mathematical modelling was based on the arithmetic mean of the log-normalized 998 
experimental data, except if explicitly stated otherwise. 999 

We consider a case where K2 ≪ K1 because the height of final S.TmComp “plateau” observed in 1000 
competition data (which is proportional to K2, see calculations below) is much lower than the size of 1001 
S.TmComp population at day 1 (which is proportional to K1, see calculations below). We successively 1002 
consider the cases K1 ≪	K3 and K3 ≪	K1 and conclude that the latter is more compatible with the 1003 
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competition data. In the competition data (vaccinated group with S.TmComp), several distinct regimes 1004 
can be observed (fig. S11), which are also highlighted below with the model. 1005 

 1006 

 1007 

Fig. S11: Different regimes used for mathematical modelling. PA-S.Tm-vaccinated 129S6/SvEv mice were 1008 
pretreated with streptomycin and infected with a total of 104 of a 1:1 mixture of S.TmWT (blue symbols) 1009 
and S.TmComp (purple symbols). R1 defines the time window where S.TmWT, S.TmComp and the microbiota 1010 
are all below their carrying capacity. R2 is defined by S.TmComp being more abundant than S.TmWT and the 1011 
microbiota, and being in the order of magnitude of K1. R3 is defined by the microbiota being more 1012 
abundant than S.TmWT and S.TmComp but S.TmComp is still present in higher numbers than its carrying 1013 
capacity in equilibrium K2. R4 is defined by the microbiota being much more abundant than S.TmWT and 1014 
S.TmComp and S.TmComp being in the order of magnitude of K2. 1015 

 1016 

  1017 

R4R3R2R1
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Case where microbiota private-resources (K3)  ≫	resources shared by Salmonella and the 1018 
microbiota (K1) 1019 

 1020 

Regime R1 (i.e. rapid expansion phase) with starting population sizes (W, M, C) ≪	K1 1021 

In this case, the equations become: 1022 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ (𝑟! − 𝑐!) 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ (𝑟$ − 𝑐$) 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ (𝑟% − 𝑐%) 

 1023 

Thus, we have 1024 

 

𝑊(𝑡)	~	exp	(𝑡 ∙ (𝑟! − 𝑐!)) 

 

𝐶(𝑡)	~		exp	(𝑡 ∙ (𝑟$ − 𝑐$)) 

 

𝑀(𝑡)	~		exp	(𝑡 ∙ (𝑟% − 𝑐%)) 

 1025 

Regime R2 (i.e. prior to microbiome recovery) with W, M ≪	C~ Θ(K1) 1026 

  1027 
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In this case, the equations become 1028 

 1029 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ <𝑟! ⋅ <1 −
𝐶
𝐾"
= − 𝐶!= 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ <𝑟$ ⋅ <1 −
𝐶
𝐾"
= − 𝐶$= 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ *𝑟% ⋅ *1 −
1

𝐾"
𝐶 + 𝐾&𝑀

2− 𝐶%2 

 1030 

Note: in this regime, '!
(
≫ '"

)
. Thus, we have 1031 

 

𝑊(𝑡)	~	exp>𝑡 ⋅ <𝑟! ⋅
𝑐$
𝑟$
− 𝑐!=? 

 

𝐶(𝑡)	~		𝐾"	∙ <1 −
𝑐$
𝑟$
= 

 

𝑀(𝑡)	~		exp	(𝑡 ∙ (𝑟% − 𝑐%)) 

 

Note that we assume C is the first to be close to the carrying capacity K1. Then, at t = τ, we have 1032 
M ~	C, that is 1033 

𝐾" ⋅ <1 −
𝑐$
𝑟$
=~	𝑚* ⋅ expA𝑡 ⋅ (𝑟% − 𝑐%)B 

 1034 

Regime R3 (i.e. during microbiota regrowth) with C, W ≪ M and C	≫	K2 1035 

In this regime, we have '"
(+,+)

+ '#
)
	~	'"

(
+	'#

)
	≪ 1. This implies that there are no nutrients 1036 

available to C and W. In this case, the equations become 1037 

 1038 

 1039 
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𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ (−𝑐!) 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ (−𝑐$) 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ <𝑟% ⋅ <1 −
𝑀
𝐾&
= − 𝑐%= 

 

Thus, we have 1040 

 

𝑊(𝑡)	~	exp	(−𝑡 ∙ (𝑐!)) 

 

𝐶(𝑡)	~		exp	(−𝑡 ∙ (𝑐$)) 

 

𝑀(𝑡)	~	𝐾& ∙ <1 −
𝑐%
𝑟%
= ⋅ >1 + <

𝐾&
𝑚*

⋅ <1 −
𝑐%
𝑟%
= − 1= ⋅ AexpA𝑡 ⋅ (𝑟% − 𝑐%)BB?

-"

 

 

Regime R4 (i.e. robust microbiome recovery) with W, M ≪	C~ Θ(K2) 1041 

In this case, the equations become 1042 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ <𝑟! ∙ (1 −
𝐶
𝐾#
) − 𝑐!= 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ <𝑟$ ∙ (1 −
𝐶
𝐾#
) − 𝑐$= 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ <𝑟% ∙ (1 −
𝑀
𝐾&
) − 𝑐%= 

  1043 
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Thus, at long times we have 1044 

𝑊(𝑡)	~	exp>𝑡 ⋅ <𝑟! ⋅
𝑐$
𝑟$
− 𝑐!=? 

 

𝐶(𝑡)	~		𝐾#	∙ <1 −
𝑐$
𝑟$
= 

 

𝑀(𝑡)	~		𝐾&	∙ <1 −
𝑐%
𝑟%
= 

 

In this regime, the slopes expected for log (C) and log (W) are -cc and -cw, respectively. Thus, if we 1045 
estimate the slopes of log (C) and log (W) from in vivo data (vaccinated group) for R3, we should get an 1046 
estimation of the clearance rate values. Table S4 shows the slopes obtained from experiments: they 1047 
range from -1.8 to -3.9 day-1, which would correspond to extremely slow clearance rates. This suggests 1048 
that the case K1 ≫	K3 is probably not well suited to describe the data. 1049 

 

Width of the regime Slope for log (C) Slope for log (W) 

day 3 to day 7 -3.4 day-1 -2.2 day-1 

day 3 to day 6 -3.7 day-1 -1.8 day-1 

day 4 to day 7 -3.3 day-1 -2.4 day-1 

day 4 to day 6 -3.9 day-1 -1.9 day-1 

Table S4: Estimation of the slopes of log (C) and log (W) from in vivo data (vaccinated group + 1050 
S.TmComp). The estimation was performed for different possible durations of this regime. 1051 

Case where shared resources (K1) ≫	microbiota-specific resources (K3) 1052 

 1053 

  1054 
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Regime R1 with W, M, C ≪	K1 1055 

If we also have M ≪	K3, the equations become 1056 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ (𝑟! − 𝑐!) 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ (𝑟$ − 𝑐$) 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ (𝑟% − 𝑐%) 

 

 1057 

Thus, we have 1058 

 

𝑊(𝑡)	~	exp	(𝑡 ∙ (𝑟! − 𝑐!)) 

 

𝐶(𝑡)	~		exp	(𝑡 ∙ (𝑟$ − 𝑐$)) 

 

𝑀(𝑡)	~		exp	(𝑡 ∙ (𝑟% − 𝑐%)) 

 1059 

 1060 

Regime R2 with W, M ≪	C~ Θ(K1) 1061 

 1062 

  1063 
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In this case, the equations become 1064 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ *𝑟! ⋅ *1 −
1
𝐾"
𝐶
2 − 𝐶!2 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ *𝑟$ ⋅ *1 −
1
𝐾"
𝐶
2 − 𝐶$2 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ *𝑟% ⋅ *1 −
1

𝐾"
𝐶 + 𝐾&𝑀

2− 𝐶%2 

 

Thus, we have 1065 

 

𝑊(𝑡)	~	exp>𝑡 ⋅ <𝑟! ⋅
𝑐$
𝑟$
− 𝑐!=? 

 

𝐶(𝑡)	~		𝐾"	∙ <1 −
𝑐$
𝑟$
= 

 

When M is in a regime such that K3 ≪ M ≪ K1, then	𝑀(𝑡)~ expC𝑡 ⋅ D𝑟% ⋅ $$
.$
− 𝑐%EF. 1066 

1067 
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Regime R3 with C, W ≪ M and C	≫	K2 1068 

In this case, the equations become 1069 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ⋅ <𝑟! ⋅ <1 −
𝑀
𝐾"
= − 𝑐!= 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ <𝑟$ ⋅ <1 −
𝑀
𝐾"
= − 𝑐$= 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ <𝑟% ⋅ <1 −
𝑀
𝐾"
= − 𝑐%= 

 1070 

Thus, we have 1071 

 

𝑊(𝑡)~ exp >𝑡 ⋅ <𝑟! ⋅
𝑐%
𝑟%

− 𝑐!=? 

 

𝐶(𝑡)~ exp>𝑡 ⋅ <𝑟$ ⋅
𝑐%
𝑟%

− 𝑐$=? 

 

𝑀(𝑡)~(𝐾") ⋅ <1 −
𝑐%
𝑟%
= 

 

  1072 



41 
 

Regime R4 with W, M ≪	C~ Θ(K2) 1073 

In this case, the equations become 1074 

 

𝑑𝑊
𝑑𝑡

= 𝑊 ∙ *𝑟! ⋅ *1 −
1

𝐾"
𝑀 +𝐾#𝐶

2 − 𝑐!2 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ∙ *𝑟$ ⋅ *1 −
1

𝐾"
𝑀 +𝐾#𝐶

2 − 𝑐$2 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ <𝑟% ⋅ <1 −
𝑀
𝐾"
= − 𝑐%= 

Thus, we have 1075 

 

𝑊(𝑡)~ exp>𝑡 ⋅ <𝑟! ⋅
𝑐$
𝑟$
− 𝑐!=? 

 

𝐶(𝑡)~
𝐾#

* 1
1 − 𝑐$𝑟$

2 − * 1
1 − 𝑐%𝑟%

2

 

 

𝑀(𝑡)~(𝐾") ⋅ <1 −
𝑐%
𝑟%
= 

Kinetic parameter estimation 1076 

Below we describe the different methods use to estimate the values of the kinetic parameters of the 1077 
model from the competition data (see fig. S10). Table 1 recapitulates these results. These results 1078 
suggest that S.TmComp has a higher replication rate than the S.TmWT and that vaccination induces a 1079 
higher clearance rate for S.TmWT strain. 1080 

Replication rates 1081 

The replication rates can be estimated from in vivo experiments using Salmonella carrying a low-copy-1082 
number plasmid with an IPTG-dependent origin of replication (pAM34) (11) (see fig. S10 A and B). 1083 
pAM34 carriage can be tracked by ampicillin resistance encoded on the plasmid, on IPTG-containing 1084 
agar. In the absence of IPTG, the plasmid fails to replicate and after a brief dilution phase, half of the 1085 
daughter cells and each division will be plasmid-negative and therefore ampicillin-sensitive. Therefore, 1086 
the final proportions of plasmid-carriers y0 can be linked to the number of generations, g0: 1087 
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log 2(𝑦*) = 𝑑 − (1 − 𝜀) ⋅ 𝑔* 

 

where 2d and ε are related to the initial number of plasmid copies per cell and to the residual 1088 
replication rate of the plasmid, respectively. The measurement of the in vitro proportion of plasmid-1089 
carriers y0 for successive dilutions enables the estimation of d and ε. Table S5 shows the estimation of 1090 
d and ε values from in vitro data. 1091 

Strain d ε 

S.TmWT KanR 2.15 0.11 

S.TmWT CmR 1.9 0.1 

S.TmComp CmR (D0) 3.43 0.22 

S.TmComp CmR (D-3) 3.38 0.16 

 

Table S5: Estimation of d and ε from in vitro data. The value in brackets for S.TmComp gives the day when 1092 
S.TmComp was given as compared to S.TmWT. 1093 

 1094 

The replication rates can then be obtained from in vivo competition data. Indeed, in these experiments, 1095 
each strain followed an exponential growth regime at short times. In this regime, we can estimate the 1096 
number of generations g at time t given access to the maximum replication rate r as 1097 

2/ = exp(𝑟 ⋅ 𝑡) 

 

Here g was estimated from the in vivo proportion of plasmid-carriers at 12 h post infection and from 1098 
the in vitro estimation of d and ε. Table S6 shows the growth rate calculated for each strain for the 1099 
different competition conditions. 1100 

 

Group Strain Growth rate (day-1) # mice 

Naive w/o S.TmComp 
S.TmWT KanR 34.4±2.4 3 

S.TmWT CmR 32±3.3 2 

Naive + S.TmComp 
S.TmWT KanR 31.8±4.8 3 

S.TmComp CmR 36±4.3 3 

Vacc. w/o S.TmComp 
S.TmWT KanR 30.4 1 

S.TmWT CmR 25.9±3.6 2 
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Vacc. + S.TmComp 
S.TmWT KanR 33.7±3.7 3 

S.TmComp CmR 38.7±0.4 3 

Table S6: Estimation of the growth and clearance rates from in vivo competition data at t = 12 h. For 1101 
each experiment k, we have expressed the value of the growth rate 𝑟0 as 𝑟0 = 𝑟0N ± 𝛿𝑟0 with 𝑟0N =

"
1
⋅1102 

Q 𝑟2,0
1
24"  and 𝛿𝑟0 =

"
1-"

⋅R A𝑟2,0 − 𝑟0NB
#1

24"
. The index n (column #) corresponds to the number of 1103 

mice having not out-diluted plasmids at t = 12 h. Initial S.TmWT KanR/S.TmWT CmR CFU: 6000-7500. 1104 
Initial S.TmWT KanR/S.TmComp CmR CFU: 3600. 1105 

Clearance rates, c 1106 

To estimate the clearance rates in naive mice, we have used the fact that the size of S.TmWT starts to 1107 
decrease exponentially after a few days in the presence of the competitor strain. For the naive group, 1108 
we can thus write 1109 

 

𝑊15267(𝑡)~ exp><𝑟! ⋅
𝑐$
𝑟$
− 𝑐!,15267= ⋅ 𝑡? 

 

that is 1110 

 

logA𝑊15267(𝑡)B = 𝛥𝑟1 ⋅ 𝑡 + 𝛾 = <𝑟! ⋅
𝑐$
𝑟$
− 𝑐!,15267= ⋅ 𝑡 + 𝛾 

 

This holds approximatively from day 1 to day 8 post infection, after which the bacterial number 1111 
plateaus. Here we suppose that the clearance rates of S.TmWT and S.TmComp are similar in the naïve 1112 
case, that is cw,naïve = cc. The underlying hypothesis is that the clearance rates of S.TmWT and S.TmComp 1113 
are only different in the vaccinated group due to more efficient clearance of aggregated S.TmWT (7, 9). 1114 

Thus, the slope 𝛥𝑟1 D𝑟! ⋅
$$
.$
− 𝑐$E can be estimated from the in vivo CFUs. If we use the replication 1115 

rates estimated above and make the assumption that the clearance rate of S.TmComp and S.TmWT are 1116 
the same in the naive case, we get the naïve clearance rate as 1117 

 

𝑐$ = 𝛥𝑟1 ⋅ <
𝑟!
𝑟$
− 1=

-"
 

 

Similarly for the vaccinated group from day 1 to day 3 post infection, we can write 1118 

 



44 
 

𝑊65$$(𝑡)~ exp><𝑟! ⋅
𝑐$
𝑟$
− 𝑐!,65$$= ⋅ 𝑡? 

 

that is 1119 

 

logA𝑊65$$(𝑡)B = 𝛥𝑟6 ⋅ 𝑡 + 𝛿 = <𝑟! ⋅
𝑐$
𝑟$
− 𝑐$= ⋅ 𝑡 + 𝛿 

 

Again 𝛥𝑟6 can be estimated from the data and using the value of 𝑐$  obtained from the naive case, we 1120 
get an estimation for the clearance rate of S.TmWT in the vaccinated case: 1121 

 

𝑐! = 𝑟! ⋅
𝑐$
𝑟$
− 𝛥𝑟6 

 

Table S7 shows the values of 𝑐! and 𝑐$  estimated with this method. 1122 

 1123 

𝑟! (day-1) 𝑟" (day-1) 𝑐! (day-1) 𝑐" (day-1) 

33.7 38.7 6.4 5.9 

Table S7: Clearance rate values. 1124 

Carrying capacities, K 1125 

Three carrying capacities need to be estimated. K1 can be obtained from the following expression: 1126 

 

𝐾"~𝐶%58 ⋅ <1 −
𝑐$
𝑟$
=
-"

 

where 𝐶%58 is the size of the S.TmComp population at its maximum (typically at t = 24 h) in the vaccinated 1127 
group.  1128 

 1129 

For K2, we have 1130 

 

𝐾#~𝐶9:5;75< ⋅ U*
1

1 − 𝑐$𝑟$
2 − *

1

1 − 𝑐%𝑟%
2V 
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where 𝐶9:5;75< is the mean size of the S.TmComp population when it reaches a plateau around 7-10 days 1131 
post infection. This estimation leads to K1 = 5.9·109 and K2 = 2.3·104. The value of K3 needs to be 1132 
determined by curve fitting (see below). 1133 

 1134 

Microbiota kinetic parameters: ratio between clearance and replication rate 1135 

The ratio between clearance and replication rate can be estimated as follows: 1136 

In the case K3 ≪ K1 when the microbiota has recovered (that is M ≫ C,W) and where C ≫ K2, we have 1137 

 

𝑊(𝑡)~ exp >𝑡 ⋅ <𝑟! ⋅
𝑐%
𝑟%

− 𝑐!=? 

 

𝐶(𝑡)~ exp>𝑡 ⋅ <𝑟$ ⋅
𝑐%
𝑟%

− 𝑐$=? 

 

𝑀(𝑡)~𝐾" ⋅ <1 −
𝑐%
𝑟%
= 

 

where rm and cm are the replication rate and the clearance rate of the microbiota, respectively. 1138 

We thus have 1139 

 

log(𝐶) = 𝛼$ ⋅ 𝑡 + 𝛾 = <𝑟$ ⋅
𝑐%
𝑟%

− 𝑐$= ⋅ 𝑡 + 𝛾 

 

log(𝑊) = 𝛼! ⋅ 𝑡 + 𝛾 = <𝑟! ⋅
𝑐%
𝑟%

− 𝑐!= ⋅ 𝑡 + 𝛾 

where the value of the slopes αc and αw can be estimated experimentally and gives access to the ratio 1140 
between clearance and replication rate of the microbiota, $%

.%
. The ratio was calculated as 1141 

 

𝑐%
𝑟%

= 0.5 ⋅ >(𝛼$ + 𝑐$) ⋅ <
1
𝑟$
= + (𝛼! + 𝑐!) ⋅ <

1
𝑟!
=? 

 

 

 1142 
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Data fitting 1143 

Three kinetic parameter values still need to be estimated: the size of the microbiota at S.Tm infection, 1144 
m0, the microbiota replication, rm (its clearance rate is then directly obtained from the ratio estimated 1145 
above) and the value of the carrying capacity K3. 1146 

These parameters were estimated by fitting the model to the S.TmWT and S.TmComp data (vaccinated 1147 
group) with a least squares method (see Fig. S12A for the best fit and table S8 for the corresponding 1148 
values). 1149 

 

 

𝑚# (CFUs g-1 feces) 𝑟$ (day-1) K3 Res. norm 

105 18.7 107 4 

 

Table S8: Parameter values obtained from data fitting. The fit was performed with the nonlinear 1150 
least-squares solver lsqcurvefit of MATLAB R2015a. corresponds to the value of the squared 2-norm 1151 
of the residual ∑(𝑓(𝜌, 𝑥𝑑𝑎𝑡𝑎) − log"*(𝑦𝑑𝑎𝑡𝑎))# with p = rm and where f is the log10 of the solution 1152 
of the ODE system. The algorithm was run for m0 values ranging between 105 and 107. The algorithm 1153 
was run for K3 values ranging between 107 and 5·108. 1154 

 1155 

  1156 
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Extinction probability and extinction time: critical parameters for protection 1157 

For an intervention (either vaccination, or niche competition, or both combined) to be beneficial, it 1158 
must minimize the time needed for the extinction of the S.TmWT population. For the sake of simplicity, 1159 
we only consider cases where the initial number of newly introduced bacteria is large, that is W0 > 100. 1160 
In this case, the dynamics of the invasion process can be divided into two time windows (Fig. S12). The 1161 
first time window starts with the inoculation and ends when the number of S.TmWT bacteria becomes 1162 
< 100: all populations are thus large so that time spent in this time window is evaluated by integrating 1163 
until the time τ when W (τ) = 100 for the following deterministic equations:  1164 

=,
=;
= 𝑊 ⋅ C𝑟! ⋅ C1 −

"
&"

'()(*+
&#
)(*

F − 𝑐!F 1165 

 

𝑑𝐶
𝑑𝑡

= 𝐶 ⋅ *𝑟$ ⋅ *1 −
1

𝐾"
𝑀 + 𝐶 +𝑊 + 𝐾#

𝐶 +𝑊
2− 𝑐$2 

 

𝑑𝑀
𝑑𝑡

= 𝑀 ⋅ *𝑟% ⋅ *1 −
1

𝐾"
𝑀 + 𝐶 +𝑊 +𝐾&𝑀

2− 𝑐%2 

 

 1166 

The second time window starts when the resident population becomes < 100 and ends with its 1167 
extinction: a stochastic description is used here because of the small size of the resident population. 1168 
The distribution of the times needed to go from W = 100 to extinction can be obtained numerically 1169 
with the Gillespie algorithm. 1170 

Using 2500 iterations of a stochastic version of this model, we could derive extinction-related 1171 
parameters. Based on continuous growth and clearance of the gut luminal Salmonella population, 1172 
these models indicate clearance of virulent Salmonella within eight days of infection in mice treated 1173 
with the vaccine-enhanced competition regimen (i.e. vaccination plus S.TmComp), compared to 1174 
continuous colonization in untreated or vaccine-only mice (Fig. M3). Note that while microbiota re-1175 
growth can be a major contributor to K1 in vaccinated mice, in the absence of competitor we still expect 1176 
the entirety of K2 to be made up of S.TmWT, i.e. we never see complete clearance. As the relative size 1177 
of K1, K2 and K3 will vary based on the microbiome composition, the host diet, and any perturbations 1178 
applied to the system such as antibiotics or diet shifts, the relative importance of the competitor will 1179 
also vary in real-world situations. The model therefore predicts that both vaccination and niche 1180 
competition as required to drive pathogen extinction, and that clearance is expected between 6 and 1181 
12 days post-exposure. 1182 

1183 
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 1184 

Fig. S12: Modelling of S.TmWT extinciton for simultaneous or a priori S.TmComp colonization, in vaccinated 1185 
mice. (A) The model was adjusted to experimental data where S.TmComp was administered simultaneous 1186 
to infection. The thick lines correspond to the best fit from the model and the thin lines with diamonds to 1187 
the experimental data (median ± interquartile range). Initial S.TmWT and S.TmComp CFUs: 4·103. (B) 1188 
Comparison of the predictions of the model to data where S.TmComp was administered 3 days before 1189 
infection, in vaccinated mice. The thick solid lines correspond to the prediction from the model, using the 1190 
value of the dynamical parameter inferred from an experiment with simultaneous S.TmWT and S.TmComp 1191 
infection. The thin lines with diamonds to the experimental data (median ± interquartile range). Initial 1192 
S.TmWT CFUs: 9·105. Initial S.TmComp CFUs: 4·103. Parameter values: rw = 33.7 day-1, cw = 6.4 day-1, 1193 
rc = 38.7 day-1, cc = 5.9 day-1, rm = 18.7 day-1, cm = 1.7 day-1, K1 = 5.9·109, K2 = 2.3·104, K3 = 107 and m0 = 105. 1194 
rw, rc and rm: growth rate of S.TmWT, S.TmComp and the microbiota, respectively. cw, cc and cm: clearance rates 1195 
of S.TmWT, S.TmComp and the microbiota. K1, K2, K3: carrying capacities of S.Tm and the microbiota, S.TmWT 1196 
and S.TmComp and the microbiota alone. m0: size of microbiota after antibiotic clearance. For parameter 1197 
estimation, our computations were based on the log of the arithmetic mean of experimental data (4 mice). 1198 
(C) Extinction time probability distribution for S.TmWT and S.TmComp given simultaneously. Simulations were 1199 
performed with the deterministic model for large population size. For small size of S.TmWT population 1200 
(S.TmWT < 100), simulations were performed with the Gillespie algorithm (5000 realizations). Upper panel: 1201 
the red line corresponds to a trajectory whose extinction time is around the median extinction time. The 1202 
gray area shows trajectories of the 2.5th percentile extinction time and the 97.5th percentile extinction time. 1203 
Lower panel: extinction time probability distribution. The y-axis corresponds to (bin height*bin width). 1204 
Median extinction time: 8.5 days. 2.5th percentile: 7.6 days. 97.5th percentile: 11 days. Initial S.TmWT CFUs: 1205 
4·103. Initial S.TmComp CFUs: 4·103. (D) Extinction time probability distribution for a priori colonization with 1206 
S.TmComp. Simulations were performed with the deterministic model for large population size. For small size 1207 
of S.TmWT population (S.TmWT < 100), simulations were performed with the Gillespie algorithm (5000 1208 
realizations). Upper panel: the red line corresponds to a trajectory whose extinction time is around the 1209 
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median extinction time. The gray area shows trajectories of the 2.5th percentile extinction time and the 1210 
97.5th percentile extinction time. Lower panel: extinction time probability distribution. The y-axis 1211 
corresponds to (bin height*bin width). Median extinction time: 6 days. 2.5th percentile: 5.7 days. 1212 
97.5th percentile: 7.2 days. Initial S.TmWT CFUs: 9·105. Initial S.TmComp CFUs: 4·103. The dotted line depicts 1213 
the mean detection limit of the experimental data. (A, C+D) Parameter values: rw = 33.7 day-1, cw = 6.4 da-1, 1214 
rc = 38.7 day-1, cc = 5.9 day-1, rm = 18.7 day-1, cm = 1.7 day-1, K1 = 5.9·109, K2 = 2.3·104, K3 = 107 and m0 = 105. 1215 
rw, rc and rm: growth rate of S.TmWT, S.TmComp and the microbiota, respectively. cw, cc and cm: clearance rates 1216 
of S.TmWT, S.TmComp and the microbiota. K1, K2, K3: carrying capacities of S.Tm and the microbiota, S.TmWT 1217 
and S.TmComp and the microbiota alone. m0: size of microbiota after antibiotic clearance. 1218 
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