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Summary 21 

Non-antibiotic drugs can alter the composition of the gut microbiome, with largely 22 

undefined implications for human health. Here we compared the susceptibility of 23 

commensal and pathogenic bacteria to non-antibiotic drugs and found that pathogens 24 

show higher drug resistance, which could favor their expansion after treatment. We 25 

then developed a model system to screen for drug-microbiome interactions that 26 

increase the risk of enteropathogenic infections. Approximately 35% of the >50 drugs 27 

we tested increased the abundance of Salmonella Typhimurium in synthetic and 28 

human stool-derived microbial communities. This was due to direct effects of non-29 

antibiotics on individual commensals, altered microbial interactions within 30 

communities and the potential of Salmonella to exploit different metabolic niches. Non-31 

antibiotic drugs that favored Salmonella expansion in vitro also promoted other enteric 32 

pathogens and increased Salmonella loads in gnotobiotic and conventional mice. 33 

These findings may inform future strategies to control pathogen proliferation and to 34 

assess individual microbiota-drug-pathogen risks for infection. 35 
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Introduction 45 

The human gastrointestinal tract is vulnerable to invasion by non-resident 46 

bacteria, including pathogenic members of the class Gammaproteobacteria such as 47 

non-typhoidal Salmonella, Shigella, Vibrio cholerae, and enteropathogenic or 48 

enterotoxigenic Escherichia coli1. By preventing pathogen colonization and 49 

overgrowth of indigenous pathobionts, the gut microbiome provides protection against 50 

intestinal infections. This colonization resistance arises from competitive microbe-51 

microbe interactions and the induction of host immune responses2,3. Disruption of the 52 

microbiome, for instance, during oral antibiotic usage, increases the infection risk2. 53 

Consistently, post-antibiotic expansion of Salmonella Typhimurium (S. Tm) has been 54 

demonstrated in vitro3,4, in mouse models5,6, and in clinical studies7,8. 55 

Non-antibiotic drugs can collaterally damage the human gut microbiome9. At 56 

physiologically relevant concentrations, hundreds of non-antibiotic drugs can directly 57 

inhibit the growth of commensal gut bacteria10. As a result, pharmaceuticals from 58 

diverse therapeutic classes can alter the composition and function of this microbial 59 

community. This includes commonly prescribed antidiabetic11, antihypertensive12, and 60 

antipsychotic drugs13±16. Moreover, drug-mediated changes to the microbiome are 61 

often dose dependent17, can synergize in multi-medicated patients, and can add up 62 

with repeated exposures18±22. These side effects may cause gastrointestinal 63 

symptoms such as diarrhea and gastrointestinal mucosal injury2,23. 64 

Population-based metagenomic analyses have shown that intake of several 65 

non-antibiotic drugs is associated with higher loads of pathobionts that can cause 66 

severe infections20. However, it remains unclear whether pathobiont overgrowth 67 

results from direct interactions of drugs with the gut microbiome, or from disrupted host 68 

immune responses induced by drug use or associated with disease. 69 

Here, we developed a high-throughput in vitro assay to test the hypothesis that 70 

non-antibiotic medications disrupt the ability of the gut microbiome to resist invaders 71 

by interfering with its composition and function. We focused on the growth of S. Tm in 72 

synthetic microbial communities treated with antibiotics and non-antibiotic drugs, and 73 

screened for compounds that alter S. Tm expansion after treatment. We identified 18 74 

drugs that promote S. Tm growth and 3 drugs that restrict it. Using drug sensitivity 75 

assays and synthetic communities of different composition, we showed that alterations 76 

to the taxonomic profiles of the community, together with the metabolic characteristics 77 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?GKovKN
https://www.zotero.org/google-docs/?vNXVUs
https://www.zotero.org/google-docs/?ZAG87D
https://www.zotero.org/google-docs/?bZJJ9Q
https://www.zotero.org/google-docs/?3fjsNE
https://www.zotero.org/google-docs/?4z8XWb
https://www.zotero.org/google-docs/?iI4zTJ
https://www.zotero.org/google-docs/?xQ2Nb9
https://www.zotero.org/google-docs/?G7GKLG
https://www.zotero.org/google-docs/?dtyJjB
https://www.zotero.org/google-docs/?nG524K
https://www.zotero.org/google-docs/?3Kx1U8
https://www.zotero.org/google-docs/?tFMrMj
https://www.zotero.org/google-docs/?zprOXh
https://www.zotero.org/google-docs/?qbgw6r
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

4 

of S. Tm, help explain the successful post-drug expansion of the pathogen. We 78 

observed similar effects for other pathogenic Gammaproteobacteria species, as well 79 

as in complex microbial communities derived from multiple human donors. Selected 80 

drugs that strongly enhanced the community invasion of the pathogen in vitro also 81 

disrupted colonization resistance in gnotobiotic mice colonized with the synthetic 82 

community and in conventional mice with a complex microbiome.   83 
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Results 84 

Gammaproteobacteria species are more resistant to non-antibiotic drugs than 85 

gut commensal bacteria 86 

Using a previously established experimental setup for commensals10, we 87 

investigated the direct inhibitory effects of approximately 1200 FDA-approved drugs 88 

on five pathogenic Gammaproteobacteria species: Salmonella enterica serovar 89 

Typhimurium (S. Tm), Haemophilus parainfluenzae, Shigella flexneri, Vibrio cholerae 90 

and Yersinia pseudotuberculosis. Overall, these pathogens showed different 91 

sensitivity profiles compared to a panel of commensal gut bacteria (Supplementary 92 

Figure 1a). While pathogens and gut commensals were inhibited by a similar number 93 

of antibiotics (median ± IQR pathogens = 78 ± 4; commensals = 80 ± 16, two-sided t-94 

test t(10.45) = -0.62,  adjusted P value = 0.55), pathogens were affected by fewer non-95 

antibiotics compared to commensals (median ± IQR pathogens = 17 ± 7; commensals 96 

= 53 ± 37, two-sided t-test t(14.51) = 6.56 adjusted P value < 0.01; Figure 1a, 97 

Supplementary Table 1, 20 µM).  98 

We further assessed the effect of drugs on gut commensals and 99 

Gammaproteobacteria pathogens across a wide range of concentrations. For this, we 100 

established a panel of 20 bacterial species from the human gut microbiome24 and 5 101 

pathogenic Gammaproteobacteria species (Salmonella enterica serovar 102 

Typhimurium, Shigella flexneri, Vibrio cholerae, Yersinia pseudotuberculosis and 103 

Yersinia enterocolitica; Supplementary Table 2) and selected 67 antibacterial and non-104 

antibacterial drugs with wide-ranging inhibitory effects across these species in pure 105 

culture (Methods, Supplementary Figure 1b). A species was considered to be inhibited 106 

by a compound when drug treatment led to a reduction of at least 25% in in vitro growth 107 

(inhibitory concentration 25; IC25). Overall, gut commensals were inhibited at lower 108 

concentrations than pathogens by both non-antibiotics and antibiotics: at 20 µM, a 109 

physiologically relevant concentration for drugs in the large intestine10, 30% of the 110 

commensals were inhibited, while only 14% of the pathogens were affected across all 111 

drugs (Figure 1b).  112 

These results suggest that differences in susceptibility to pharmaceuticals, and 113 

particularly to non-antibiotics, between commensals and pathogens might result in 114 

alterations of the gut microbiome that allow pathogenic Gammaproteobacteria to 115 

thrive, even at low concentrations.  116 
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Microbial community exposure to non-antibiotic drugs modulates S. Tm 117 

expansion 118 

Next, we assembled a synthetic community comprising the 20 gut commensals 119 

tested above. This community, henceforth Com20, is phylogenetically and functionally 120 

diverse, spanning 6 bacterial phyla, 11 families, and 17 genera; together, these 20 121 

species encoded up to 61.3% of the metabolic pathways present in healthy human gut 122 

microbiomes (Supplementary Figure 2a). Members of the community grew together 123 

stably and reproducibly in the gut mimetic medium mGAM24, and robustly colonized 124 

the gastrointestinal tract of mice for up to 57 days after inoculation of germ-free mice 125 

(Figure 2a). 126 

To investigate the effect of drug exposure on the community and S. Tm 127 

proliferation, we developed a high-throughput challenge assay that mimics the 128 

predominance of gut commensal bacteria in the initial stage of community invasion by 129 

the pathogen: Com20 was drug-treated for 24 h, after which it was challenged by 130 

spiking in S. Tm at a small fraction of the biomass of the community (Pathogen to 131 

Com20 ratio = 1:500, based on optical density (OD)) in fresh medium. Pathogen 132 

growth in Com20 was quantified 4.5 h after challenge using a plasmid-based 133 

constitutive luminescence reporter. In absence of any treatment S. Tm growth in the 134 

synthetic community was lower than in pure culture (S. Tm in untreated community: 135 

median colony forming units (CFU) 2 x 106 CFU/mL, median relative luminescence 136 

units (RLU) 2777 RLU/s. S. Tm in pure culture: 2,1 x 108 CFU/mL, 14439 RLU/s) 137 

(Supplementary Figure 2b-d). Before pathogen challenge, overall community biomass 138 

was measured by OD (Figure 2b). This approach allowed us to differentiate between 139 

drugs that altered pathogen growth by reducing overall community biomass from those 140 

that altered community composition.  141 

Using this assay, we tested 52 of the 67 drugs previously evaluated in 142 

monoculture, at 5 concentrations in triplicate.  Drugs inhibiting growth of S. Tm were 143 

excluded from the challenge assay. Both S. Tm luminescence and Com20 OD values 144 

were normalized to untreated controls. Measurements were reproducible across 145 

replicates (linear regression R2 = 0.63-0.76 and 0.86-0.92 for luminescence and OD, 146 

respectively; Supplementary Figure 2e).  147 

 We observed a strong negative correlation between normalized community 148 

biomass and normalized S. Tm growth: dilution of untreated communities resulted in 149 
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DQ�LQFUHDVHG�SDWKRJHQ�JURZWK��6SHDUPDQ¶V�UKR� � -0.98, P value < 0.01; Figure 2c, 150 

red dots and line), suggesting that drugs that reduce overall community abundance 151 

might open up niches for S. Tm. Indeed, antibiotics such as clindamycin favored S. 152 

7P�JURZWK�E\�VWURQJO\�GHFUHDVLQJ�&RP��¶V�ELRPDVV��HYHQ�DW�WKH�ORZHVW�FRQFHQWUDWLRQ�153 

tested.  154 

In contrast, non-antibiotic drugs had a comparatively smaller effect on 155 

community biomass, yet resulted in a wide range of different effects on pathogen 156 

abundance (Figure 2c, Supplementary Table 3). For instance, certain non-antibiotics, 157 

such as the selective estrogen receptor modulator clomiphene and the antihistamine 158 

terfenadine, had a concentration-dependent effect on Com20 biomass, resulting in 159 

increased S. Tm loads in Com20 at higher drug concentrations. Yet other drugs, such 160 

as the antimetabolite floxuridine, increased S. Tm levels in Com20, despite having 161 

only a minor effect on the overall community biomass (Figure 2c, Supplementary Table 162 

3). This observation suggests a second mechanism for drug-mediated pathogen 163 

invasion beyond the reduction of Com20 biomass, which is based on changes in its 164 

composition. Importantly, changes in the composition of Com20 could not only 165 

increase but also decrease S. Tm levels, as observed with the calcium channel blocker 166 

felodipine and the osteoarthritis drug diacerein (Figure 2d). Similarly, the leukotriene 167 

receptor antagonist zafirlukast also tended to reduce S. Tm levels in Com20 (Figure 168 

2c, Supplementary Table 3).  169 

To focus on drugs that alter the microbial composition rather than suppressing 170 

the complete microbial community, we removed treatments that resulted in a 171 

community OD relative to untreated controls < 0.2 from downstream analyses; this led 172 

to the removal of 20 treatments corresponding to 10 drugs (Figure 2d). We classified 173 

treatments into three groups based on the confidence interval of the mean S. Tm 174 

growth in treated compared to untreated communities: 'S. Tm-favoring' (25 175 

concentrations, 11 drugs), 'S. Tm-UHVWULFWLQJ¶����FRQFHQWUDWLRQV����GUXJV��RU�
1R�HIIHFW
�176 

(212 concentrations, 48 drugs) (Figure 2d, Supplementary Figure 2f-g, Supplementary 177 

Table 3).  178 

For a subset of treatments, we determined the relative abundance of the 179 

commensal species by 16S rRNA gene sequencing post-treatment but before 180 

challenge with S. Tm (Figure 2b, Supplementary Figure 2h). By normalizing OD to 181 

species abundances, we obtained a measure of the contribution of each species to 182 
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community biomass. Drug treatment resulted in diverse final community compositions 183 

depending on the drug used (Supplementary Figure 2i). Community composition post-184 

treatment largely behaved as expected from IC25 data: we assessed the ratio of the 185 

abundance of each member of the community after treatment to its abundance in a 186 

control community and contrasted this to the ratio of growth in monoculture after drug 187 

exposure to untreated growth. This allowed us to determine whether the growth of 188 

each member in a given community followed the same pattern as in monoculture, be 189 

it a reduction or unaffected growth, or whether the microbe was protected or sensitized 190 

when part of a microbial community. Across all drugs and all members of Com20, more 191 

than 3/4 of drug-microbe interactions followed the IC25 results (expected reduced 192 

growth = 44.3%; expected unchanged growth = 32.4%). Among the community 193 

effects, cross-protection was more frequent than cross-sensitization (protection in 194 

community = 19.1%, sensitization in community = 4.2%) (Supplementary Figure 2j), 195 

consistent with our previous observations17. These results suggest that drug 196 

sensitivities in monocultures are largely predictive of the effect of the drug on 197 

community biomass, which in turn can be used as an indicator of S. Tm expansion in 198 

the drug-treated community.  199 

To disentangle the influence of community composition on the growth of S. Tm 200 

from the effect of the drug on the members of the community, we manually generated 201 

four communities whose composition resembled that of drug-treated communities 202 

based on 16S rRNA gene sequencing (Supplementary Figure 2k). Specifically, we 203 

selected floxuridine (20µM) and zafirlukast (80µM), two drugs that altered S. Tm 204 

community abundance with minor effect on Com20 biomass, and erythromycin (20µM) 205 

and sertindole (80µM) with influence on both Com20 biomass and community 206 

composition. We then used these communities to perform a challenge assay. To mimic 207 

the change in OD after drug treatment, we performed a serial dilution of the community 208 

before spiking in the pathogen. For erythromycin and sertindole, the drug-mimicking 209 

conditions did not fully phenocopy treatment. In the case of zafirlukast and floxuridine, 210 

drugs that primarily affected S. Tm abundance by altering community composition, 211 

changing the community composition in the absence of the drug was sufficient to 212 

phenocopy the effect on S. Tm expansion (Supplementary Figure 2l). These results 213 

indicate that changes in the community composition can influence the growth of S. Tm 214 

in the absence of drug treatment. 215 
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Overall, we identified two possible mechanisms by which the effect of drugs on 216 

a bacterial community can influence pathogen invasion: first, via a global change in 217 

community biomass, and second, via modulation of community composition. For many 218 

non-antibiotic drugs, both mechanisms seem to act simultaneously. 219 

  220 

Treatment with non-antibiotic drugs alters the taxonomic profile and metabolic 221 

potential of the microbial community 222 

To further assess the association between community composition and S. Tm 223 

expansion, we identified species whose abundance differed significantly in S. Tm-224 

favoring communities compared to untreated Com20 in the set of samples we had 225 

amplicon sequencing data. We found that S. Tm-favoring communities were enriched 226 

in Collinsella aerofaciens, Enterocloster bolteae, Dorea formicigenerans, and 227 

Agathobacter rectalis (Figure 3a). Conversely, Phocaeicola vulgatus, Bacteroides 228 

fragilis, Bacteroides uniformis, and Streptococcus parasanguinis were depleted.  229 

We next assessed how interaction of the pathogen with each member of 230 

Com20 affected S. Tm growth using two complementary approaches: first, a dropout 231 

assay, in which we assembled 19-member communities, each missing one of the 232 

bacterial species; second, a co-culture assay, in which we co-cultured S. Tm with each 233 

species (Figure 3b). Community composition remained relatively stable across most 234 

dropout assays, with the exception of the community missing Clostridium perfringens, 235 

which resulted in an increase in A. rectalis, S. parasanguinis and members of 236 

Bacteroidales. However, this shift did not translate into changes in S. Tm growth 237 

(Figure 3b). Moreover, of the 4 species significantly enriched in the S. Tm-favoring 238 

group, only the removal of E. bolteae led to significantly lower pathogen levels, and 239 

removal of C. aerofaciens even resulted in increased growth. Thus, the growth of S. 240 

Tm in the drop-out communities did not follow the enrichment patterns observed in the 241 

drug-treated communities. The same was true for the pairwise co-culture assays. 242 

Based on the enrichment analysis, we expected E. bolteae or C. aerofaciens to favor 243 

S. Tm growth, however, both E. bolteae or C. aerofaciens significantly decreased S. 244 

Tm growth in co-culture. Together, these observations suggest that S. Tm abundance 245 

within Com20 is an emergent community property that cannot be fully predicted from 246 

the mere presence or absence of single members of the community.  247 
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To determine whether differences in the functional potential of the microbial 248 

communities correlated with the ability of S. Tm to proliferate, we carried out a 249 

metagenome prediction of the communities using PICRUSt2. We compared the 250 

RYHUDOO�SUHGLFWHG�IXQFWLRQDO�FDSDFLW\�RI�HDFK�RI� WKH�WKUHH�WUHDWPHQW�JURXSV��µS. Tm-251 

IDYRULQJ¶��µS. Tm-UHVWULFWLQJ¶��µ1R�HIIHFW¶��WR�XQWUHDWHG�&RP���DQG�LQFOXGHG�FRPPXQLW\�252 

OD as a covariate in the model to account for the effect of biomass on S. Tm growth. 253 

In all cases, we observed significant differences in the overall metagenome potential, 254 

indicating that drug treatment results in changes in the functional capacity of the 255 

microbiome, independent of its ability to resist pathogens (Supplementary Figure 3a). 256 

The largest shifts were observed in the S. Tm-favoring group (pairwise PERMANOVA 257 

adjusted R2 = 0.08, 0.05, and 0.02 for S. Tm-favoring, No effect, and S. Tm-restricting, 258 

respectively; adjusted P value < 0.05 in all cases). In addition, compared to untreated 259 

Com20 more pathways were significantly different in the S. Tm-favoring group than in 260 

the S. Tm-restricting group (Supplementary Figure 3b, Supplementary Table 4). 261 

In summary, these findings suggest that treatment with non-antibiotic drugs 262 

leads to changes in the taxonomic composition and metabolic potential of microbial 263 

communities, which are linked to their ability to control pathogen invasion.  264 

 265 

Presence of niche competitor E. coli hampers S. Tm expansion after drug 266 

treatment 267 

Since differences in the metabolic potential of the microbial community were 268 

associated with the ability of S. Tm to proliferate, we asked whether modifying the 269 

niches available to the pathogen influenced its invasiveness. We assessed whether 270 

S. Tm occupies a distinct metabolic niche from other members of Com20 using 271 

predicted genome-scale metabolic models of all species from their genome sequences 272 

using CarveMe25. We used these models to calculate metabolic competition and 273 

complementarity indices with PhyloMint26: the metabolic competition index is 274 

calculated based on the number of compounds required but not synthesized by both 275 

species; the metabolic complementarity index is calculated based on the number of 276 

compounds that one species produces that the second species requires but cannot 277 

synthesize. We found that S. Tm tends to have a lower competition index than most 278 

other members of Com20, while having a metabolic complementarity index 279 

comparable to that of several members of the community (Figure 4a). Thus, the 280 
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SDWKRJHQ�FDQ�SRWHQWLDOO\�H[SORLW�QLFKHV�WKDW�GRQ¶W�RYHUODS�WKRVH�RI�WKH�PHPEHUV�RI�WKH�281 

community, while also benefiting from metabolites produced by other bacteria.  282 

Based on the above, we reasoned that introducing a bacterium into Com20, 283 

which hinders the growth of S. Tm by competing for nutrients, would enable us to 284 

investigate the role of niche competition in drug-mediated community invasion. E. coli, 285 

a member of the Enterobacteriaceae family with similar metabolic characteristics as 286 

S. Tm (Figure 4a), is commonly found in the human gut microbiome. Certain E. coli 287 

strains are known to restrict Salmonella species in the intestines of mice and chickens 288 

by competing for limiting resources27,28. To test whether the presence of E. coli in a 289 

microbial community inhibits S. Tm growth, we added the commensal strain E. coli 290 

ED1a to Com20, thus generating Com21. The presence of E. coli in the microbial 291 

community increased the representation of pathways detected in the human 292 

microbiome up to 68.6 % (Supplementary Figure 2a). E. coli-containing Com21 293 

significantly reduced the growth of S. Tm (0.0144 relative S. Tm growth to the growth 294 

of S. Tm alone) compared to Com20 (0.0363 relative S. Tm growth to the growth of S. 295 

Tm alone) (Supplementary Figure 2d). We challenged Com21 with 48 out of 52 drugs 296 

evaluated in Com20, at 5 concentrations (Figure 4b); we observed a positive 297 

correlation between drug effects on S. Tm growth in Com20 and drug effects on S. Tm 298 

JURZWK�LQ�&RP����6SHDUPDQ¶V�UKR� �������3�YDOXH���������)LJXUH��F��6XSSOHPHQWDU\�299 

Table 5). However, for some drugs, we observed a different pattern of S. Tm growth 300 

in Com21 and Com20. In particular, drugs that decreased the abundance of E. coli in 301 

the community, such as doxycycline, erythromycin, and streptozotocin, led to an 302 

increase in S. Tm growth in Com21 compared to Com20. Conversely, drugs that 303 

increased the abundance of E. coli, such as clindamycin, sertindole, and tiratricole, 304 

hindered S. Tm post-treatment expansion (Figure 4d, Supplementary Figure 4). 305 

These results indicate that drug-induced alterations to the abundance of a niche 306 

competitor highly influence the ability of a pathogen to expand within a microbial 307 

community. Differences in drug sensitivity of niche competitors will therefore have a 308 

substantial impact on invasion outcomes. 309 

 310 
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Certain non-antibiotics can also open niches for other Gammaproteobacteria 311 

pathogens 312 

Other pathogenic members of Gammaproteobacteria exhibited similar 313 

metabolic requirements (Supplementary Figure 5a) and resistance profiles to non-314 

antibiotics (Figure 1a, Supplementary Figure 1b) as S. Tm. Therefore, we asked 315 

whether the drugs that influenced post-treatment expansion of S. Tm would also affect 316 

the growth of other enteropathogens in the absence of closely related competitors. We 317 

applied our challenge assay in Com20 to test 12 out of 52 drugs tested before on S. 318 

Tm, at 5 concentrations on 6 pathogens and pathobionts (Figure 5a, Supplementary 319 

Figure 5b). The growth of the other pathogens in drug-treated Com20 was largely 320 

consistent with our S. Tm results (Figure 5b, Supplementary Table 6). We identified 4 321 

drugs from different classes, namely clindamycin, floxuridine, simvastatin and 322 

sertindole, that favored growth across all pathogens tested, including S. Tm. 323 

Conversely, the effect of certain drugs was pathogen-specific. For example, 324 

clotrimazole favored the abundance of all pathogens in Com20 except for S. Tm. 325 

Treatment with clomiphene led to an increase in pathogen growth except for 326 

uropathogenic E. coli CFT073 and V. cholerae A1552, similar to terfenadine. 327 

Chlorpromazine-treated Com20 promoted the levels of E. coli CFT073, S. flexneri 328 

24570 and K. pneumoniae MKP103 but no other pathogens. On the other hand, 329 

zafirlukast restricted the growth of S. flexneri 24570 Y. pseudotuberculosis YPIII, and 330 

Y. enterocolitica WA-314 but favored the growth of E. coli CFT073. 331 

These findings indicate that some community-disrupting effects can be 332 

generalized to other pathogenic Gammaproteobacteria (Figure 5c). However, certain 333 

drug-induced changes modulate the growth of specific pathogens, highlighting the 334 

importance of considering pathogen-specific aspects of colonization resistance.  335 

 336 

S. Tm expansion in human-stool-derived communities after non-antibiotic 337 

treatment recapitulates in vitro assays 338 

Our synthetic communities are simplified models. As such, they are 339 

advantageous for studies in vitro and in gnotobiotic mice, however compared to the 340 

human gut microbiome, they have reduced species diversity, lack intraspecies 341 

variation and do not recapitulate individual differences. Thus, we sought to test 342 

whether drug treatment of complex and microbially diverse communities resulted in 343 
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similar expansion of S. Tm. For this, we derived stable microbial communities3,29 from 344 

fecal samples from 8 healthy adults, which we used for in vitro assays. We found that 345 

the sensitivity of the stool-derived communities to diverse drugs varied across donors 346 

(Supplementary Figure 6), suggesting inter-individual differences in how these 347 

communities respond to drug exposure. Next, for 8 drugs at various concentrations, 348 

we evaluated the ability of S. Tm to grow in these communities after treatment. S. Tm 349 

growth in Com20 and Com21 was positively correlated with growth in the stool-derived 350 

communities (Figure 6a, Supplementary Table S7). Notably, the mean correlation 351 

DFURVV�GRQRUV�ZDV�KLJKHU�IRU�&RP���WKDQ�&RP����6SHDUPDQ¶V�UKR� ������DQG������352 

for Com20 and Com21, respectively; Figure 6b), and the number of significant donor-353 

community correlations was higher with Com21 (8 and 5 for Com21 and Com20, 354 

respectively; Figure 6b). The increased similarity between the response of Com21 and 355 

stool-derived communities compared to that of Com20 might be explained by the 356 

presence of the genus Escherichia, which strongly increased the representation of 357 

metabolic pathways present in the human gut microbiome (Supplementary Figure 2a). 358 

Similar to the differences in drug sensitivity between the different communities, S. Tm 359 

levels after treatment with non-antibiotics varied between individuals (Figure 6). This 360 

suggests that the effect of drugs on S. Tm invasion can be further modulated by 361 

individual community properties. 362 

Collectively, these findings support the notion that non-antibiotic drugs can 363 

influence the levels of S. Tm and other pathogenic Gammaproteobacteria species in 364 

the human gut microbiome, and that the extent of the shifts induced by treatment with 365 

non-antibiotics might vary based on the individual microbiome composition. In 366 

addition, these results further validate our synthetic communities as models for 367 

studying the effects of these compounds on the human gut microbiome. 368 

 369 

Non-antibiotic drugs disrupt colonization resistance against S. Tm in mice 370 

Finally, we assessed whether the modulation of S. Tm growth by non-antibiotics 371 

observed in vitro would translate into a disruption of colonization resistance in vivo 372 

using two animal models (Figure 7a): first, gnotobiotic mice colonized with Com20 to 373 

test the transferability of our in vitro work and second, conventional specific pathogen 374 

free (SPF) mice to test a complex mouse microbiome (on average, 199 amplicon 375 

sequence variants (ASV) before treatment). 376 
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We first validated these models by assessing S. Tm growth after a single dose 377 

of 800 mg/kg streptomycin, which was expected to disrupt colonization resistance5. 378 

Twenty-four hours post challenge, pathogen levels reached 108-109 colony forming 379 

units (CFU) per gram of feces in both models (Supplementary Figure 7a), confirming 380 

their suitability for investigating drug effects on S. Tm colonization.  381 

Next, we selected 5 drugs with distinct effects in vitro (Figure 2c and 2d): 382 

clotrimazole (No effect on S. Tm but on most other pathogens), chlorpromazine (No 383 

effect on S. Tm expansion in Com20 but in Com21, pathogen-favoring on most other 384 

pathogens), zafirlukast (No effect on S. Tm but restricting other pathogens), and 385 

terfenadine and clomiphene (favoring most pathogens, including S. Tm). We 386 

administered these drugs to mice at concentrations equivalent to the human dose for 387 

chronic treatment (3-60 mg/kg, Figure 7a). In Com20-colonized mice, most tested 388 

drugs resulted in significantly higher S. Tm levels compared to the DMSO control, with 389 

the exception of zafirlukast, which was expected given our in vitro results (Figure 7b). 390 

Interestingly, clotrimazole and chlorpromazine, which only showed a significant effect 391 

in the in vitro assay for pathogens other than S. Tm, resulted in higher S. Tm levels in 392 

vivo, suggesting that the contribution of non-antibiotics to the disruption of colonization 393 

resistance may be underestimated in our in vitro data. In SPF mice, all drugs, including 394 

zafirlukast, resulted in significantly higher S. Tm levels, indicating that the effect of 395 

zafirlukast might be dictated by the community and/or host context (Figure 7b). 396 

In either mice model, the composition of the microbiota after drug treatment 397 

compared with untreated controls and adjusting for baseline taxa abundances did not 398 

undergo extensive changes. In gnotobiotic mice, only treatment with clotrimazole and 399 

zafirlukast resulted in significant changes in the abundance of 4 and 5 species, 400 

respectively (Figure 7c, Supplementary Figure 7b, Supplementary Table S8). 401 

Similarly, 31, 2 and 1 amplicon sequence variants (ASVs) were significantly different 402 

in SPF mice treated with clomiphene, clotrimazole and zafirlukast, respectively (Figure 403 

7d, Supplementary Table S9). This implies that communities are more protected from 404 

drugs in vivo, possibly by emergent behaviors in the host context and reduced effective 405 

drug concentrations in the colon. Regardless of statistical significance, the change in 406 

abundance of certain taxonomic groups was consistent across treatments. In 407 

gnotobiotic mice, drug treatment tended to increase the abundance of E. lenta, C. 408 

aerofaciens, and C. perfringens (Supplementary Table S8). In SPF mice, the 409 
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proportion of ASVs from the orders Lachnospirales and Oscillospirales that showed 410 

changes in abundance was comparable, however, more ASVs from the order 411 

Bacteroidales tended to increase than decrease in abundance in treated mice 412 

(Supplementary Table S9). 413 

We did not observe any significant changes in E. coli counts in SPF mice after 414 

drug treatment (Supplementary Figure 7c), suggesting that despite the presence of a 415 

close competitor (Figure 4a), S. Tm has a growth advantage in drug-disturbed 416 

microbial communities. In none of the mouse models did higher S. Tm loads lead to 417 

host symptoms, signs of intestinal inflammation or systemic infection 24 h after S. Tm 418 

challenge (Supplementary Figure 7d). This is consistent with previous reports 419 

indicating that S. Tm loads in the range of 108 CFU/ g feces are required to trigger 420 

inflammation5.  421 

Overall, our results confirm our in vitro findings by showing that non-antibiotic 422 

drugs from different therapeutic classes abrogate colonization resistance against S. 423 

Tm in mice with defined and complex microbiotas. For certain drugs, the interference 424 

with colonization resistance depended on the specific microbiome composition, as 425 

shown for zafirlukast. 426 

  427 
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Discussion 428 

In this study, we systematically investigated how drug-induced disruption of 429 

microbial communities affected pathogen invasion in vitro and in vivo. Starting from a 430 

set of more than 1200 compounds, our approach led to the identification of non-431 

antibiotic drugs that increased S. Tm pathogen load in gnotobiotic and conventional 432 

mice. These drugs included compounds from a wide range of therapeutic classes, 433 

including anti-asthmatic, antipsychotic, selective estrogen receptor modulators, 434 

antifungal and antihistaminic drugs. However, we also discovered drugs, such as 435 

zafirlukast, which hindered the expansion of multiple pathogenic 436 

Gammaproteobacteria species in vitro. Overall, we found more compounds that 437 

favored S. Tm expansion rather than restricted it, consistent with our observation that 438 

Gammaproteobacteria were more resistant to drugs.  439 

To the best of our knowledge, the present study is the first to demonstrate that 440 

non-antibiotic drugs can disrupt colonization resistance, increasing the burden of 441 

pathobionts and pathogens. This is consistent with a population-level metagenomic 442 

cohort study in which an association between non-antibiotic drug consumption and 443 

higher pathobiont load was reported20. This implies a previously underestimated risk 444 

of infection, with potentially severe consequences in vulnerable populations such as 445 

immunocompromised individuals or those taking multiple or chronic non-antibiotic 446 

medications.  447 

 Our approach is based on 20/21-member model communities, which are 448 

ideally suited to dissect intricate species-species and drug-species interactions within 449 

the human gut microbiome.  The members of these communities are prevalent and 450 

abundant gut bacterial species and have been thoroughly characterized for the direct 451 

interaction across 1200 marketed drugs10,30.  While only encompassing a small 452 

number of species, both communities encoded roughly two thirds of the metabolic 453 

pathways detectable in the human gut microbiome by state-of-the-art metagenome 454 

profilers31,32. Several properties make these communities an attractive model to study 455 

colonization resistance. First, in addition to its utility for in vitro analyses, this 456 

community stably colonized the mouse gut. Second, the overall community 457 

composition was similar both in vitro and in vivo, with the dominant members belonging 458 

to the phyla Bacteroidota and Bacillota, the main phyla in the human gut microbiota. 459 

Third, without drug treatment, Com20/21 hindered the growth of 460 
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Gammaproteobacteria pathogens, recapitulating key features of colonization 461 

resistance. Fourth, the outcome of the S. Tm challenge assays using Com20/21 462 

positively correlated with the response observed in human-stool-derived communities. 463 

Therefore, although it is a reductionist model, it recapitulates many of the 464 

characteristics of a natural microbiome. Our overall strategy makes it possible to 465 

disentangle the contribution of individual microbes or microbial consortia from that of 466 

the host in preventing pathogen expansion after drug treatment. All the above make 467 

our approach a powerful tool for the study of mechanistic aspects of colonization 468 

resistance and provide a complement to standard preclinical animal models and cohort 469 

studies. 470 

The present study represents a conservative estimate of the number of non-471 

antibiotics with the potential to increase the pathogen load. This is because the in vitro 472 

assay is unable to measure host-mediated aspects of colonization resistance, such as 473 

immunological (e.g., antimicrobial peptides) and physical barriers (e.g., mucus, spatial 474 

variation along the intestine), a shortcoming of our approach. Consequently, we may 475 

have overlooked non-antibiotic drugs that promote post-treatment pathogen growth 476 

due to microbiome-independent factors. One such group are proton-pump inhibitors, 477 

which strongly inhibit gastric acid production and are considered a risk factor for 478 

antibiotic-induced diarrhea33,34. 479 

Using the model communities, we found that non-antibiotic drugs can affect 480 

both the composition as well as the overall abundance of microbes, and that both 481 

factors are linked to the ability of multiple Gammaproteobacteria pathogens to 482 

proliferate. According to the nutrient-niche concept, the success of a pathogen in 483 

colonizing the intestine depends on its ability to identify a suitable niche and 484 

outcompete other members of the ecosystem by efficiently consuming limiting 485 

substrates35,36. After antibiotic treatment, large shifts in microbiome composition and 486 

function lead to an increased release of monosaccharides, facilitating S. Tm 487 

expansion23,37,38 and resulting in the induction of self-promoting host 488 

inflammation23,37,38,39. Our work expands upon this concept by incorporating 489 

differences in drug sensitivities into the ecological considerations. While antibiotics 490 

can affect a very wide range of species, non-antibiotics tend to target specific 491 

commensal bacteria. This precise inhibition can have critical consequences for 492 

community composition and/or function and might explain why pathogen load 493 
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increases even after non-antibiotic treatment, although the overall collateral damage 494 

is smaller compared to antibiotics.  495 

As a metabolic generalist, Salmonella can easily adjust to diverse post-drug 496 

nutrient landscapes. However, this adaptability is also a property of direct niche 497 

competitors such as commensal E. coli28, which is similarly resistant to non-antibiotics. 498 

Thus, minor differences in drug sensitivities between resident microbes and invading 499 

pathogens, combined with their differential ability to utilize limited substrates, will likely 500 

influence colonization and, ultimately, infection outcomes. Importantly, the variation in 501 

sensitivity to non-antibiotics we observed in stool-derived communities in vitro and the 502 

variation of these communities to hinder S. Tm proliferation suggests that, at a fine 503 

scale, inter-individual differences in microbiome compositions influence colonization 504 

outcomes. 505 

While it is known that the gut microbiome confers colonization resistance 506 

against enteric pathogens40, the exact role played by specific commensals is not clear 507 

and reports are contradictory. It has been reported that B. thetaiotaomicron can 508 

exacerbate the colonization by enteric pathogens in mice41. Conversely, others have 509 

shown that Bacteroides species can block Salmonella colonization via production of 510 

the short-chain fatty acid (SCFA) propionate42. The latter finding is consistent with our 511 

observations: B. uniformis, B. fragilis, and P. vulgatus were depleted in communities 512 

that favored S. Tm growth in vitro after drug treatment and the abundance of these 513 

species was lower on average in drug-treated gnotobiotic mice compared to untreated 514 

controls. In contrast, our results with SPF mice showed that members of the order 515 

Bacteroidales were enriched in drug-treated mice compared to untreated controls, 516 

while the orders Oscillospirales and Lachnospirales exhibited lower abundances. 517 

These latter two orders are diverse clades whose members are fiber degraders and 518 

SCFA-producers, commonly found in the mammalian gut microbiome43, and are 519 

largely associated with positive health outcomes in humans44. One plausible reason 520 

for the apparent inconsistency in Bacteroidales outcomes in our in vivo and in vitro 521 

models may be that control of pathogen growth is linked to the levels of short-chain 522 

fatty acids, rather than the abundance of the specific taxa responsible for their 523 

production. 524 

In summary, the present work emphasizes the risks posed by non-antibiotic 525 

drugs in disrupting the microbiome's ability to protect against pathogen colonization 526 
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and increasing the likelihood of infections. Our approach provides a basis for 527 

understanding the mechanisms of non-antibiotic-mediated expansion of pathogenic 528 

bacteria, which is critical for the development of strategies to reduce pathogen burden 529 

in vulnerable populations. Future studies examining the effects of non-antibiotic drugs 530 

across a wide range of microbiome compositions, drug dosages, and treatment 531 

regimens will be pivotal in the development of strategies to predict, mitigate, and 532 

minimize microbiome-mediated side effects of these medications. 533 

  534 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

20 

References 535 

1. Troeger, C., Blacker, B.F., Khalil, I.A., Rao, P.C., Cao, S., Zimsen, S.R., Albertson, 536 
S.B., Stanaway, J.D., Deshpande, A., Abebe, Z., et al. (2018). Estimates of the 537 
global, regional, and national morbidity, mortality, and aetiologies of diarrhoea in 538 
195 countries: a systematic analysis for the Global Burden of Disease Study 2016. 539 
Lancet Infect. Dis. 18, 1211±1228. 10.1016/S1473-3099(18)30362-1. 540 

2. de Nies, L., Kobras, C.M., and Stracy, M. (2023). Antibiotic-induced collateral 541 
damage to the microbiota and associated infections. Nat. Rev. Microbiol., 1±16. 542 
10.1038/s41579-023-00936-9. 543 

3. Aranda-Díaz, A., Ng, K.M., Thomsen, T., Real-Ramírez, I., Dahan, D., Dittmar, S., 544 
Gonzalez, C.G., Chavez, T., Vasquez, K.S., Nguyen, T.H., et al. (2022). 545 
Establishment and characterization of stable, diverse, fecal-derived in vitro 546 
microbial communities that model the intestinal microbiota. Cell Host Microbe 30, 547 
260-272.e5. 10.1016/j.chom.2021.12.008. 548 

4. Harris, H.C., Best, E.L., Normington, C., Saint-Lu, N., Sablier-Gallis, F., de 549 
Gunzburg, J., Andremont, A., Wilcox, M.H., and Chilton, C.H. (2020). Optimization 550 
of an Assay To Determine Colonization Resistance to Clostridioides difficile in 551 
Fecal Samples from Healthy Subjects and Those Treated with Antibiotics. 552 
Antimicrob. Agents Chemother. 65, e01401-20. 10.1128/AAC.01401-20. 553 

5. Barthel, M., Hapfelmeier, S., Quintanilla-Martínez, L., Kremer, M., Rohde, M., 554 
Hogardt, M., Pfeffer, K., Rüssmann, H., and Hardt, W.-D. (2003). Pretreatment of 555 
mice with streptomycin provides a Salmonella enterica serovar Typhimurium colitis 556 
model that allows analysis of both pathogen and host. Infect. Immun. 71, 2839±557 
2858. 10.1128/IAI.71.5.2839-2858.2003. 558 

6. Lawley, T.D., Bouley, D.M., Hoy, Y.E., Gerke, C., Relman, D.A., and Monack, D.M. 559 
(2008). Host transmission of Salmonella enterica serovar Typhimurium is 560 
controlled by virulence factors and indigenous intestinal microbiota. Infect. Immun. 561 
76, 403±416. 10.1128/IAI.01189-07. 562 

7. Pavia, A.T., Shipman, L.D., Wells, J.G., Puhr, N.D., Smith, J.D., McKinley, T.W., 563 
and Tauxe, R.V. (1990). Epidemiologic evidence that prior antimicrobial exposure 564 
decreases resistance to infection by antimicrobial-sensitive Salmonella. J. Infect. 565 
Dis. 161, 255±260. 10.1093/infdis/161.2.255. 566 

8. Gradel, K.O., Dethlefsen, C., Ejlertsen, T., Schønheyder, H.C., and Nielsen, H. 567 
(2008). Increased prescription rate of antibiotics prior to non-typhoid Salmonella 568 
infections: a one-year nested case-control study. Scand. J. Infect. Dis. 40, 635±569 
641. 10.1080/00365540801961248. 570 

9. Zimmermann, M., Patil, K.R., Typas, A., and Maier, L. (2021). Towards a 571 
mechanistic understanding of reciprocal drug-microbiome interactions. Mol. Syst. 572 
Biol. 17, e10116. 10.15252/msb.202010116. 573 

10. Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E.E., 574 
Brochado, A.R., Fernandez, K.C., Dose, H., Mori, H., et al. (2018). Extensive 575 
impact of non-antibiotic drugs on human gut bacteria. Nature 555, 623±628. 576 
10.1038/nature25979. 577 

11. Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Le Chatelier, E., Sunagawa, 578 
S., Prifti, E., Vieira-Silva, S., Gudmundsdottir, V., Pedersen, H.K., et al. (2015). 579 
Disentangling type 2 diabetes and metformin treatment signatures in the human 580 
gut microbiota. Nature 528, 262±266. 10.1038/nature15766. 581 

12. Vieira-Silva, S., Falony, G., Belda, E., Nielsen, T., Aron-Wisnewsky, J., 582 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

21 

Chakaroun, R., Forslund, S.K., Assmann, K., Valles-Colomer, M., Nguyen, T.T.D., 583 
et al. (2020). Statin therapy is associated with lower prevalence of gut microbiota 584 
dysbiosis. Nature 581, 310±315. 10.1038/s41586-020-2269-x. 585 

13. Michaelis, L., Berg, L., and Maier, L. (2023). Confounder or Confederate? The 586 
Interactions Between Drugs and the Gut Microbiome in Psychiatric and 587 
Neurological Diseases. Biol. Psychiatry, S0006-3223(23)01358-6. 588 
10.1016/j.biopsych.2023.06.004. 589 

14. Bahr, S.M., Tyler, B.C., Wooldridge, N., Butcher, B.D., Burns, T.L., Teesch, L.M., 590 
Oltman, C.L., Azcarate-Peril, M.A., Kirby, J.R., and Calarge, C.A. (2015). Use of 591 
the second-generation antipsychotic, risperidone, and secondary weight gain are 592 
associated with an altered gut microbiota in children. Transl. Psychiatry 5, e652. 593 
10.1038/tp.2015.135. 594 

15. Bahr, S.M., Weidemann, B.J., Castro, A.N., Walsh, J.W., deLeon, O., Burnett, 595 
C.M.L., Pearson, N.A., Murry, D.J., Grobe, J.L., and Kirby, J.R. (2015). 596 
Risperidone-induced weight gain is mediated through shifts in the gut microbiome 597 
and suppression of energy expenditure. EBioMedicine 2, 1725±1734. 598 
10.1016/j.ebiom.2015.10.018. 599 

16. Flowers, S.A., Evans, S.J., Ward, K.M., McInnis, M.G., and Ellingrod, V.L. (2017). 600 
Interaction Between Atypical Antipsychotics and the Gut Microbiome in a Bipolar 601 
Disease Cohort. Pharmacotherapy 37, 261±267. 10.1002/phar.1890. 602 

17. Garcia-Santamarina, S., Kuhn, M., Devendran, S., Maier, L., Driessen, M., Mateus, 603 
A., Mastrorilli, E., Brochado, A.R., Savitski, M.M., Patil, K.R., et al. (2023). 604 
Emergence of community behaviors in the gut microbiota upon drug treatment. 605 
Preprint at bioRxiv, 10.1101/2023.06.13.544832 10.1101/2023.06.13.544832. 606 

18. Forslund, S.K., Chakaroun, R., Zimmermann-Kogadeeva, M., Markó, L., Aron-607 
Wisnewsky, J., Nielsen, T., Moitinho-Silva, L., Schmidt, T.S.B., Falony, G., Vieira-608 
Silva, S., et al. (2021). Combinatorial, additive and dose-dependent drug-609 
microbiome associations. Nature 600, 500±505. 10.1038/s41586-021-04177-9. 610 

19. Aasmets, O., Krigul, K.L., Lüll, K., Metspalu, A., and Org, E. (2022). Gut 611 
metagenome associations with extensive digital health data in a volunteer-based 612 
Estonian microbiome cohort. Nat. Commun. 13, 869. 10.1038/s41467-022-28464-613 
9. 614 

20. Nagata, N., Nishijima, S., Miyoshi-Akiyama, T., Kojima, Y., Kimura, M., Aoki, R., 615 
Ohsugi, M., Ueki, K., Miki, K., Iwata, E., et al. (2022). Population-level 616 
Metagenomics Uncovers Distinct Effects of Multiple Medications on the Human 617 
Gut Microbiome. Gastroenterology 163, 1038±1052. 618 
10.1053/j.gastro.2022.06.070. 619 

21. Falony, G., Joossens, M., Vieira-Silva, S., Wang, J., Darzi, Y., Faust, K., 620 
Kurilshikov, A., Bonder, M.J., Valles-Colomer, M., Vandeputte, D., et al. (2016). 621 
Population-level analysis of gut microbiome variation. Science 352, 560±564. 622 
10.1126/science.aad3503. 623 

22. Vich Vila, A., Collij, V., Sanna, S., Sinha, T., Imhann, F., Bourgonje, A.R., Mujagic, 624 
Z., Jonkers, D.M.A.E., Masclee, A.A.M., Fu, J., et al. (2020). Impact of commonly 625 
used drugs on the composition and metabolic function of the gut microbiota. Nat. 626 
Commun. 11, 362. 10.1038/s41467-019-14177-z. 627 

23. Ng, K.M., Aranda-Diaz, A., Tropini, C., Frankel, M.R., Van Treuren, W.W., 628 
2¶/DXJKOLQ��&���0HUULOO��%�'���<X��)�%���3UXVV��.�0���2OLYHLUD��5�$���HW�DO�� ��������629 
Recovery of the gut microbiota after antibiotics depends on host diet, community 630 
context, and environmental reservoirs. Cell Host Microbe 26, 650-665.e4. 631 
10.1016/j.chom.2019.10.011. 632 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

22 

24. Müller, P., de la Cuesta-Zuluaga, J., Kuhn, M., Baghai Arassi, M., Treis, T., 633 
Blasche, S., Zimmermann, M., Bork, P., Patil, K.R., Typas, A., et al. (2023). High-634 
Throughput Anaerobic Screening for Identifying Compounds Acting Against Gut 635 
Bacteria in Monocultures or Communities. Nat. Protoc. accepted for publication 636 

25. Machado, D., Andrejev, S., Tramontano, M., and Patil, K.R. (2018). Fast 637 
automated reconstruction of genome-scale metabolic models for microbial species 638 
and communities. Nucleic Acids Res. 46, 7542±7553. 10.1093/nar/gky537. 639 

26. Lam, T.J., Stamboulian, M., Han, W., and Ye, Y. (2020). Model-based and 640 
phylogenetically adjusted quantification of metabolic interaction between microbial 641 
species. PLoS Comput. Biol. 16, e1007951. 10.1371/journal.pcbi.1007951. 642 

27. Litvak, Y., Mon, K.K.Z., Nguyen, H., Chanthavixay, G., Liou, M., Velazquez, E.M., 643 
Kutter, L., Alcantara, M.A., Byndloss, M.X., Tiffany, C.R., et al. (2019). Commensal 644 
Enterobacteriaceae Protect against Salmonella Colonization through Oxygen 645 
Competition. Cell Host Microbe 25, 128-139.e5. 10.1016/j.chom.2018.12.003. 646 

28. Eberl, C., Weiss, A.S., Jochum, L.M., Durai Raj, A.C., Ring, D., Hussain, S., Herp, 647 
S., Meng, C., Kleigrewe, K., Gigl, M., et al. (2021). E. coli enhance colonization 648 
resistance against Salmonella Typhimurium by competing for galactitol, a context-649 
dependent limiting carbon source. Cell Host Microbe 29, 1680-1692.e7. 650 
10.1016/j.chom.2021.09.004. 651 

29. Aranda-Díaz, A., Willis, L., Nguyen, T.H., Ho, P.-Y., Vila, J., Thomsen, T., Chavez, 652 
T., Yan, R., Yu, F.B., Neff, N., et al. (2023). Assembly of gut-derived bacterial 653 
FRPPXQLWLHV�IROORZV�³HDUO\-ELUG´�UHVRXUFH�XWLOL]DWLRQ�G\QDPLFV��3UHSULQW�DW�ELR5[LY��654 
10.1101/2023.01.13.523996 10.1101/2023.01.13.523996. 655 

30. Maier, L., Goemans, C.V., Wirbel, J., Kuhn, M., Eberl, C., Pruteanu, M., Müller, P., 656 
Garcia-Santamarina, S., Cacace, E., Zhang, B., et al. (2021). Unravelling the 657 
collateral damage of antibiotics on gut bacteria. Nature 599, 120±124. 658 
10.1038/s41586-021-03986-2. 659 

31. Beghini, F., McIver, L.J., Blanco-Míguez, A., Dubois, L., Asnicar, F., Maharjan, S., 660 
Mailyan, A., Manghi, P., Scholz, M., Thomas, A.M., et al. (2021). Integrating 661 
taxonomic, functional, and strain-level profiling of diverse microbial communities 662 
with bioBakery 3. eLife 10, e65088. 10.7554/eLife.65088. 663 

32. Douglas, G.M., Maffei, V.J., Zaneveld, J.R., Yurgel, S.N., Brown, J.R., Taylor, 664 
C.M., Huttenhower, C., and Langille, M.G.I. (2020). PICRUSt2 for prediction of 665 
metagenome functions. Nat. Biotechnol. 38, 685±688. 10.1038/s41587-020-0548-666 
6. 667 

33. Kwok, C.S., Arthur, A.K., Anibueze, C.I., Singh, S., Cavallazzi, R., and Loke, Y.K. 668 
(2012). Risk of Clostridium difficile infection with acid suppressing drugs and 669 
antibiotics: meta-analysis. Am. J. Gastroenterol. 107, 1011±1019. 670 
10.1038/ajg.2012.108. 671 

34. Trifan, A., Stanciu, C., Girleanu, I., Stoica, O.C., Singeap, A.M., Maxim, R., Chiriac, 672 
S.A., Ciobica, A., and Boiculese, L. (2017). Proton pump inhibitors therapy and risk 673 
of Clostridium difficile infection: Systematic review and meta-analysis. World J. 674 
Gastroenterol. 23, 6500±6515. 10.3748/wjg.v23.i35.6500. 675 

35. Freter, R., Brickner, H., Fekete, J., Vickerman, M.M., and Carey, K.E. (1983). 676 
Survival and implantation of Escherichia coli in the intestinal tract. Infect. Immun. 677 
39, 686±703. 10.1128/iai.39.2.686-703.1983. 678 

36. Freter, R., Brickner, H., Botney, M., Cleven, D., and Aranki, A. (1983). Mechanisms 679 
that control bacterial populations in continuous-flow culture models of mouse large 680 
intestinal flora. Infect. Immun. 39, 676±685. 10.1128/iai.39.2.676-685.1983. 681 

37. Ng, K.M., Ferreyra, J.A., Higginbottom, S.K., Lynch, J.B., Kashyap, P.C., 682 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

23 

Gopinath, S., Naidu, N., Choudhury, B., Weimer, B.C., Monack, D.M., et al. (2013). 683 
Microbiota-liberated host sugars facilitate post-antibiotic expansion of enteric 684 
pathogens. Nature 502, 96±99. 10.1038/nature12503. 685 

38. Oliveira, R.A., Ng, K.M., Correia, M.B., Cabral, V., Shi, H., Sonnenburg, J.L., 686 
Huang, K.C., and Xavier, K.B. (2020). Klebsiella michiganensis transmission 687 
enhances resistance to Enterobacteriaceae gut invasion by nutrition competition. 688 
Nat. Microbiol. 5, 630±641. 10.1038/s41564-019-0658-4. 689 

39. Stecher, B., Robbiani, R., Walker, A.W., Westendorf, A.M., Barthel, M., Kremer, 690 
M., Chaffron, S., Macpherson, A.J., Buer, J., Parkhill, J., et al. (2007). Salmonella 691 
enterica serovar typhimurium exploits inflammation to compete with the intestinal 692 
microbiota. PLoS Biol. 5, 2177±2189. 10.1371/journal.pbio.0050244. 693 

40. Caballero-Flores, G., Pickard, J.M., and Núñez, G. (2023). Microbiota-mediated 694 
colonization resistance: mechanisms and regulation. Nat. Rev. Microbiol. 21, 347±695 
360. 10.1038/s41579-022-00833-7. 696 

41. Curtis, M.M., Hu, Z., Klimko, C., Narayanan, S., Deberardinis, R., and Sperandio, 697 
V. (2014). The gut commensal Bacteroides thetaiotaomicron exacerbates enteric 698 
infection through modification of the metabolic landscape. Cell Host Microbe 16, 699 
759±769. 10.1016/j.chom.2014.11.005. 700 

42. Jacobson, A., Lam, L., Rajendram, M., Tamburini, F., Honeycutt, J., Pham, T., Van 701 
Treuren, W., Pruss, K., Stabler, S.R., Lugo, K., et al. (2018). A Gut Commensal-702 
Produced Metabolite Mediates Colonization Resistance to Salmonella Infection. 703 
Cell Host Microbe 24, 296-307.e7. 10.1016/j.chom.2018.07.002. 704 

43. Youngblut, N.D., de la Cuesta-Zuluaga, J., Reischer, G.H., Dauser, S., Schuster, 705 
N., Walzer, C., Stalder, G., Farnleitner, A.H., and Ley, R.E. (2020). Large-Scale 706 
Metagenome Assembly Reveals Novel Animal-Associated Microbial Genomes, 707 
Biosynthetic Gene Clusters, and Other Genetic Diversity. mSystems 5, e01045-708 
20. 10.1128/mSystems.01045-20. 709 

44. Sorbara, M.T., Littmann, E.R., Fontana, E., Moody, T.U., Kohout, C.E., Gjonbalaj, 710 
M., Eaton, V., Seok, R., Leiner, I.M., and Pamer, E.G. (2020). Functional and 711 
Genomic Variation between Human-Derived Isolates of Lachnospiraceae Reveals 712 
Inter- and Intra-Species Diversity. Cell Host Microbe 28, 134-146.e4. 713 
10.1016/j.chom.2020.05.005. 714 

45. Asare, P.T., Lee, C.-H., Hürlimann, V., Teo, Y., Cuénod, A., Akduman, N., Gekeler, 715 
C., Afrizal, A., Corthesy, M., Kohout, C., et al. (2023). A MALDI-TOF MS library for 716 
rapid identification of human commensal gut bacteria from the class Clostridia. 717 
Front. Microbiol. 14. 718 

46. Tramontano, M., Andrejev, S., Pruteanu, M., Klünemann, M., Kuhn, M., Galardini, 719 
M., Jouhten, P., Zelezniak, A., Zeller, G., Bork, P., et al. (2018). Nutritional 720 
preferences of human gut bacteria reveal their metabolic idiosyncrasies. Nat. 721 
Microbiol. 3, 514±522. 10.1038/s41564-018-0123-9. 722 

47. Kruschke, J.K. (2013). Bayesian estimation supersedes the t test. J. Exp. Psychol. 723 
Gen. 142, 573±603. 10.1037/a0029146. 724 

48. Hoiseth, S.K., and Stocker, B.A. (1981). Aromatic-dependent Salmonella 725 
typhimurium are non-virulent and effective as live vaccines. Nature 291, 238±239. 726 
10.1038/291238a0. 727 

49. Soldan, R., Sanguankiattichai, N., Bach-Pages, M., Bervoets, I., Huang, W.E., and 728 
Preston, G.M. (2021). From macro to micro: a combined bioluminescence-729 
fluorescence approach to monitor bacterial localization. Environ. Microbiol. 23, 730 
2070±2085. 10.1111/1462-2920.15296. 731 

50. Parada, A.E., Needham, D.M., and Fuhrman, J.A. (2016). Every base matters: 732 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

24 

assessing small subunit rRNA primers for marine microbiomes with mock 733 
communities, time series and global field samples. Environ. Microbiol. 18, 1403±734 
1414. 10.1111/1462-2920.13023. 735 

51. Apprill, A., McNally, S., Parsons, R., and Weber, L. (2015). Minor revision to V4 736 
region SSU rRNA 806R gene primer greatly increases detection of SAR11 737 
bacterioplankton. Aquat. Microb. Ecol. 75, 129±137. 10.3354/ame01753. 738 

52. Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., and 739 
Holmes, S.P. (2016). DADA2: High-resolution sample inference from Illumina 740 
amplicon data. Nat. Methods 13, 581±583. 10.1038/nmeth.3869. 741 

53. Wright, E.S. (2016). Using DECIPHER v2.0 to Analyze Big Biological Sequence 742 
Data in R. R J. 8, 352±359. 743 

54. Smirnova, E., Huzurbazar, S., and Jafari, F. (2019). PERFect: PERmutation 744 
Filtering test for microbiome data. Biostatistics 20, 615±631. 745 
10.1093/biostatistics/kxy020. 746 

55. Mallick, H., Rahnavard, A., McIver, L.J., Ma, S., Zhang, Y., Nguyen, L.H., Tickle, 747 
T.L., Weingart, G., Ren, B., Schwager, E.H., et al. (2021). Multivariable association 748 
discovery in population-scale meta-omics studies. PLOS Comput. Biol. 17, 749 
e1009442. 10.1371/journal.pcbi.1009442. 750 

56. Turnbaugh, P.J., Ley, R.E., Hamady, M., Fraser-Liggett, C.M., Knight, R., and 751 
Gordon, J.I. (2007). The Human Microbiome Project. Nature 449, 804±810. 752 
10.1038/nature06244. 753 

57. Lokmer, A., Cian, A., Froment, A., Gantois, N., Viscogliosi, E., Chabé, M., and 754 
Ségurel, L. (2019). Use of shotgun metagenomics for the identification of protozoa 755 
in the gut microbiota of healthy individuals from worldwide populations with various 756 
industrialization levels. PLoS ONE 14, e0211139. 10.1371/journal.pone.0211139. 757 

58. 2NVDQHQ�� -��� %ODQFKHW�� )�*��� .LQGW�� 5��� /HJHQGUH�� 3��� 0LQFKLQ�� 3��� 2¶+DUD�� 5���758 
Simpson, G., Solymos, P., Stevenes, M., and Wagner, H. (2012). Vegan: 759 
Community Ecology Package. R package version 2.0-2. 760 

59. Levy, R., and Borenstein, E. (2013). Metabolic modeling of species interaction in 761 
the human microbiome elucidates community-level assembly rules. Proc. Natl. 762 
Acad. Sci. 110, 12804±12809. 10.1073/pnas.1300926110. 763 

60. Zeileis, A., Köll, S., and Graham, N. (2020). Various Versatile Variances: An 764 
Object-Oriented Implementation of Clustered Covariances in R. J. Stat. Softw. 95, 765 
1±36. 10.18637/jss.v095.i01. 766 

61. Zeileis, A., and Hothorn, T. (2002). Diagnostic Checking in Regression 767 
Relationships. 2. 768 

  769 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://www.zotero.org/google-docs/?7iTFpF
https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

25 

Acknowledgments 770 

The authors thank all members of the Maier lab and Athanasios Typas (EMBL 771 

Heidelberg) for fruitful discussions and comments on the manuscript, the Foster lab 772 

(Oxford, UK) for plasmid pIJ11282 ilux, Libera Lo Presti for proof-reading, Lena 773 

Michaelis and Johann Zent for support of our animal work, the Gnotobiotic Research 774 

Center Tübingen (GRCT), and the NGS Competence Center Tübingen (NCCT). L.M. 775 

acknowledges funding from the DFG (Cluster of Excellence CMFI EXC 2124, Emmy 776 

Noether Programme MA 8164/1-1). J.dlC.Z. and L.M. received support from the 777 

BMBF-funded de.NBI Cloud within the German Network for Bioinformatics 778 

Infrastructure (031A532B, 031A533A, 031A533B, 031A534A, 031A535A, 031A537A, 779 

031A537B, 031A537C, 031A537D, 031A538A). K.C.H. acknowledges funding from 780 

NIH RM1 GM135102 and R01 AI147023, and NSF grants EF-2125383 and IOS-781 

2032985. K.C.H. is a Chan Zuckerberg Biohub Investigator. T.H.N. is supported by 782 

the NSF Graduate Research Fellowship. 783 

 784 

Authors contributions 785 

Conceptualization: L. M.; Methodology: A. G., T. Z., P. M., J.d.l.C.Z and L. M.; 786 

Formal analysis: J.d.l.C.Z, A. G., T. Z., and P. M.; Investigation: A. G., T. Z., C. G., P. 787 

M., H. C., K. S., C. P., E. B., and T. H. N. ; Writing-Original Draft: J.d.l.C.Z, A. G., and 788 

L. M; Writing-Review & Editing: all, Supervision: K. C. H., and L. M.; Funding 789 

Acquisition: L. M. 790 

 791 

Declaration of interests 792 

The authors declare no competing interests. 793 

 794 

  795 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

26 

Resource Availability 796 

Lead contact 797 

Further information and requests for resources and reagents should be directed 798 

to the lead contact, Lisa Maier (l.maier@uni-tuebingen.de). 799 
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Data availability 805 

The 16S rRNA gene amplicon sequencing data generated during this study 806 

have been deposited in the European Nucleotide Archive with accession ID 807 

PRJEB65315. Any additional information required to reanalyze the data reported in 808 

this paper is available from the lead contact upon request. 809 

 810 

Code availability 811 

The R notebooks with the code used for data analysis are available at 812 

https://github.com/Lisa-Maier-Lab/HTD_CR. 813 

 814 

Methods 815 

Bacterial cultivation of monocultures, Com20/21, and stool-derived 816 

communities 817 

The species used in this study are listed in the Supplementary Table S10. They 818 

were purchased from DSMZ, BEI Resources, ATCC, or Dupont Health & Nutrition, or 819 

were generously provided as gifts from the Denamur Laboratory (INSERM), the 820 

Blokesch Laboratory (EPFL), the Andrews-Polymenis Laboratory (Texas A&M 821 

University), the Darby Laboratory (UCSF), or the Wagner Laboratory (University of 822 

Tübingen). All gut commensal species, whether grown individually or as a community, 823 

were cultivated in mGAM medium (HyServe GmbH & Co.KG, Germany) at 37 °C, with 824 

the exception of Veillonella parvula and Bilophila wadsworthia monocultures. V. 825 

parvula was cultured in Todd-Hewitt Broth supplemented with 0.6% sodium lactate 826 

and B. wadsworthia was cultured in mGAM supplemented with 60 mM sodium formate 827 

and 10 mM taurine. The media were pre-reduced for a minimum of 24 h under anoxic 828 
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conditions (2% H2, 12% CO2, 86% N2) in an anaerobic chamber (Coy Laboratory 829 

Products Inc.). The species were inoculated from frozen stocks into liquid culture 830 

media and passaged twice (1:100) overnight to ensure robust growth. The purity and 831 

identity of the species was regularly verified via sequencing of the 16S rRNA gene 832 

and/or MALDI TOF mass spectrometry (MS)45.  833 

A representative set of prevalent and abundant species from the human gut 834 

microbiome was selected as previously described10,46. From this set, 31 835 

phylogenetically diverse species, differing >3 % in their 16S rRNA gene sequences in 836 

the V4 region, were selected. When monocultures of all species were mixed in equal 837 

ratios, 20 of these species were consistently detectable and their levels were stable 838 

after several passages17.  839 

For experiments involving human stool-derived material informed consent was 840 

obtained from all 8 donors (approved by the Ethics Committee of the University 841 

Hospital Tübingen, project ID 314/2022B02). Stool-derived communities were 842 

generated from fresh human fecal samples as previously described29,30 by inoculating 843 

from frozen glycerol stocks into 3 mL of BHI and serial dilution of 1:200 for 3 48-h 844 

passages to ensure that composition reached a steady state before measurements. 845 

Experiments were performed in clear, flat-bottomed 96-well plates (Greiner Bio-One). 846 

Plates were sealed with breathable AeraSeals (Excel Scientific). Communities were 847 

stored with glycerol as frozen stocks at -80 °C, inoculated from frozen stocks into fresh 848 

mGAM and grown overnight.  849 

Selective plating of pathogens was performed under aerobic conditions. For 850 

animal experiments, S. Tm was cultured in LB broth supplemented with 0.3 M NaCl, 851 

and S. Tm loads in intestinal contents and organs were determined on MacConkey 852 

agar supplemented with 50 µg/mL streptomycin.  853 

 854 

Prestwick library screening for pathogens 855 

Prestwick library screening was performed as previously described10 on five 856 

pathogenic bacterial species in mGAM medium under anaerobic conditions. In brief, 857 

the library, which consists of approximately 1200 FDA-approved drugs, was diluted to 858 

100-fold the working concentration in DMSO (2 mM) in V-bottom polypropylene plates 859 

(Greiner Bio-One, cat. No. 651261). For the screening experiments, drug master 860 

plates were diluted to 2-fold the working concentration in mGAM (40 µM) in U-bottom 861 
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plates (ThermoScientific, cat. No. 168136), aliquoted (50 µL per plate) and stored at -862 

20 °C for a maximum of one month. The DMSO control wells within each 96-well plate 863 

served as controls. For experiments with H. parainfluenzae, mGAM was 864 

supplemented with 0.5 mg/L hemin and 2 mg/L NAD. Prior to inoculation, the drug 865 

plates were pre-reduced overnight in an anaerobic chamber. 866 

Before the screening experiments, bacterial strains were passaged twice 867 

overnight (1:100) anaerobically and OD at 578 nm (OD578) was adjusted to 0.02. After 868 

inoculation, the starting OD578 for all bacterial species was 0.01 and the drug 869 

FRQFHQWUDWLRQ� LQ� WKH�SODWH�ZDV����ȝ0�ZLWK� ���'062��$OO� SODWHV�ZHUH� VHDOHG�ZLWK�870 

breathable membranes (Breathe-Easy, Sigma-Aldrich, cat. No. Z380059). Bacterial 871 

growth was tracked by measuring the OD578 every hour for 24 h using a microplate 872 

spectrophotometer (EON, Biotek) coupled with a Biostack 4 microplate stacker 873 

(Biotek), both housed inside an incubator (EMBL workshop). All screening 874 

experiments were performed in three biological replicates. For analysis, growth curves 875 

were truncated at the transition from exponential to stationary phase for analysis. The 876 

area under the curve (AUC) was calculated using the trapezoidal rule and normalized 877 

to the solvent/DMSO controls within the same plate. We identified hits from normalized 878 

AUC measurements by fitting heavy-tailed distributions, specifically the scaled 879 

6WXGHQW¶V�W-distribution47, to the wells containing controls. P values for each drug and 880 

strain were combined across replicates using Fisher's method, and the False 881 

Discovery Rate (FDR) was calculated using the Benjamini-Hochberg method over the 882 

entire matrix.  883 

 884 

Drug selection 885 

Drugs for the in vitro challenge assay were selected based on their direct 886 

inhibitory effect on members of Com2010. We aimed to identify drugs with different 887 

inhibition profiles across the 20 species so that we could generate communities with 888 

sufficient compositional variation. We performed hierarchical clustering (Euclidean 889 

distance metric and complete linkage method) using the normalized AUC values of 890 

the 172 drugs that showed significant inhibition (adjusted P value < 0.01) against at 891 

least 5 of the 20 species in Com20. From these clusters, we selected 30 drugs 892 

representing diverse inhibition spectra across Com20 members. Additionally, we 893 

incorporated 25 clinically relevant drugs, resulting in a final selection of 52 drugs. None 894 
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of the drugs interfered with the luminescence readout of the assay. Drugs directly 895 

inhibited S. Tm growth were excluded. We further excluded beta-lactam antibiotics 896 

due to the presence of ampicillin resistance on the pilux plasmid used in the S. Tm 897 

invasion assay. Among this final set, there were 43 human-targeted drugs from distinct 898 

therapeutic classes and 7 antibiotics (Supplemantary Table S3). For each drug, we 899 

tested five concentrations. Drugs with reported intestinal concentrations exceeding 20 900 

µM10 were screened at concentrations from 10 to 160 µM, and the remaining drugs 901 

were screened at concentrations from 2.5 to 40 µM. 902 

 903 

IC25 determination  904 

All drugs were dissolved in DMSO, except for clomipramin, doxorubicin, and 905 

tobramycin, which were dissolved in water. Drug master plates at a concentration 100 906 

times the working concentration were prepared by serially diluting the stock solutions 907 

two-fold in DMSO or water. The dilutions were carried out column-wise in V-bottom 908 

96-well plates (Greiner Bio-One, cat. No. 651261), starting from 160 mM. Each column 909 

in the plate contained 8 two-fold dilutions of a drug, except for column 7 containing 910 

DMSO or water as a control. This strategy resulted in 11 drugs screened per plate. 911 

The master plates were diluted to 2 times the assay concentration in 50 µL of mGAM 912 

in U-bottom 96-well plates (Thermo Fisher Scientific, cat. No. Z168136) and stored at 913 

-20 °C for a maximum of one month. Prior to the assay, the plates were thawed and 914 

pre-reduced overnight in an anaerobic chamber.  915 

Monocultures or stool-derived communities24 were grown overnight in 5 mL of 916 

mGAM. The next day, they were diluted to OD578 RI� ������ 7KHQ�� ��� ȝ/� RI� WKLV�917 

suspension were added to the drug plates to result in a starting OD578 of 0.01 and a 918 

DMSO concentration of 1% in all wells. Plates were sealed with a Breathe-Easy 919 

breathable membrane (Sigma-Aldrich, cat. No. Z380059). Growth curves of OD578 920 

were monitored every hour after 1 min of linear shaking under anaerobic conditions 921 

using an Epoch2 microplate reader coupled with a Biostack 4 microplate stacker (both 922 

Agilent) housed in a custom-made incubator (EMBL workshop24). At least three 923 

biological replicates were analyzed for each species. 924 

To calculate the AUC, the growth curves were analyzed as previously 925 

described10,24 ZLWK� WKH� 5� SDFNDJH� µQHFND5¶� �KWWSV���JLWKXE�FRP�/LVD-Maier-926 

Lab/neckaR), using control wells within the plate that did not contain any drugs to 927 
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define normal growth. The median AUC was calculated for each concentration across 928 

the three replicates. To conservatively remove the effects of noise, monotonicity was 929 

enforced. If the AUC decreased at lower concentrations, it was set to the highest AUC 930 

measured at higher concentrations. The IC25 was defined as the lowest concentration 931 

at which a median AUC <0.75 was observed. 932 

 933 

In vitro invasion assay for S. Tm 934 

Preparation of drug master plates 935 

Drug master plates were prepared in V-bottom 96-well plates at 100-fold the 936 

drug working concentration in DMSO as described above. Concentration gradients of 937 

the drugs (16 mM±1 mM or 4 mM±0.25 mM) were represented by each column, with 938 

row B and G having the highest and lowest concentration, respectively. In each deep- 939 

well plate, Row E each served as solvent controls containing only DMSO or water. To 940 

prepare the 96-deep-well plates (Thermo Fisher Scientific, cat. No. AB-0564) for the 941 

S. Tm challenge assay, 5 µL of the drug master plate were transferred to the deep-942 

well plate, which already contained 95 µL of mGAM medium. Subsequently, the deep- 943 

well plates (5 times the drug working concentration in 5% DMSO) were pre-reduced 944 

overnight in an anaerobic chamber. Wells on the border contained only mGAM media 945 

(sterile controls).  946 

 947 

Assembly of Com20/Com21 948 

For Com20/Com21 assembly, each member was inoculated from frozen stocks 949 

and cultured anaerobically in 5 mL of mGAM over two overnight passages (1:100) as 950 

monocultures. OD578 was individually measured for each species. The cultures were 951 

mixed together in the volume required to achieve a total OD578 of 0.0125 (e.g., in 952 

Com20, each species contributed an OD578 of 0.000625) and 400 µL of this 953 

suspension were added to wells of 96-deep-well plates containing drugs as described 954 

above to achieve a starting OD578 of 0.01 (total volume of 500 µL). 955 

The deep-well plate with the drugs and communities was sealed with an 956 

AeraSeal breathable membrane (Sigma-Aldrich, cat. No. A9224) and incubated 957 

anaerobically at 37 °C for 24 h. The 24 h of incubation with drugs disrupted the 958 

composition of the communities, which were used for the in vitro S. Tm challenge 959 

assay. Pellets from 300 µL of the cultures were frozen for 16S rRNA gene analysis. 960 
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In vitro S. Tm challenge assay  961 

For the luminescence-based invasion assay, we used the human gut pathogen 962 

Salmonella enterica serovar Typhimurium strain SB30048 with the plasmid pIJ11282 963 

ilux (pRS16591, S. Tm pilux; gift from Foster Lab, University of Oxford) for constitutive 964 

expression of the ilux operon under the nptII promoter49. S. Tm pilux was grown 965 

anaerobically at 37 °C overnight in mGAM supplemented with 100 µg/mL ampicillin 966 

and then sub-cultured by diluting 1:100 in the same medium. The next day, we 967 

measured the OD578 of 100 µL of all drug-perturbed communities in a 96-well clear, 968 

flat-bottom plate. To assess the growth potential of S. Tm pilux in the drug-perturbed 969 

communities, 50 µL from each well of the drug-perturbed communities were 970 

transferred into new pre-reduced, deep-well plates. S. Tm pilux was diluted to an OD578 971 

of 0.0025 and 200 µL of this suspension were added to the assay deep-well plate. 972 

Two hundred fifty microliters of mGAM were added so that the total volume was 500 973 

µL, resulting in a starting OD578 for S. Tm of 0.001 and for the untreated community of 974 

0.5. The assay plate was sealed with an AeraSeal breathable membrane (Sigma-975 

Aldrich, cat. No. A9224) and incubated anaerobically at 37 °C for 4.5 h. Thereafter, 976 

the plate was taken out of the anaerobic chamber. The contents of the wells were 977 

thoroughly mixed and 25 µL of 2 mg/mL chloramphenicol were added to each well to 978 

halt S. Tm growth and stabilize the luminescence signal. One hundred microliters of 979 

the cell suspension were transferred to a white 96-well plate (Thermofisher 236105). 980 

Approximately 10 min later, the plate was incubated for 10 min at 37°C in a Tecan 981 

Infinite 200 PRO microplate reader and luminescence was measured. 982 

The in vitro S. Tm challenge assay involved testing 260 conditions, consisting 983 

of 52 drugs at 5 different concentrations, and was performed in triplicates. We obtained 984 

two measurements: the OD578 of communities after overnight incubation with the 985 

drugs, and the luminescence emitted by S. Tm as a proxy for pathogen growth within 986 

the drug-perturbed communities. For data analysis, OD578 values were first corrected 987 

by subtracting the baseline OD578 from mGAM medium. Subsequently, the 988 

luminescence and OD578 values were normalized to the control column in row E, which 989 

contained the unperturbed community (solvent controls). Both S. Tm luminescence 990 

and Com20 OD578 were highly correlated among the three replicates (R2=0.63-0.76 991 

and R2=0.86-0.92, respectively; Supplemantary Figure 2e). 992 

 993 
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Variations of the in vitro S. Tm challenge assay: pairwise co-culture and single-species 994 

dropout assays 995 

Pairwise co-culture assays were conducted to measure the contribution of each 996 

member of Com20 to S. Tm growth alone. The commensal strain and S. Tm pilux were 997 

grown anaerobically overnight in mGAM and subcultured once before the experiment. 998 

On the following day, the commensal and S. Tm pilux were mixed in 96-deep-well 999 

plates with a total volume of 500 µL of mGAM medium. The initial OD578 of the 1000 

commensals was set to 0.1, while S. Tm had an initial OD578 of 0.0002 (commensal to 1001 

pathogen ratio 500:1), as described above for the S. Tm challenge assay in Com20. 1002 

Control wells contained only S. Tm in monoculture. After a growth period of 4.5 h at 1003 

37 °C under anaerobic conditions, S. Tm levels were calculated as described for the 1004 

in vitro S. Tm challenge assay.  1005 

The single-species dropout assay was performed similar to the in vitro S. Tm 1006 

challenge assays, but one strain at a time was omitted when assembling the synthetic 1007 

community. 1008 

 1009 

Quantification of S. Tm in treatment-mimicking communities 1010 

To validate our screen, we selected four conditions (treatment with 1011 

erythromycin, floxuridine, sertindole, and zafirlukast). Based on the composition of 1012 

Com20 after treatment with these drugs, we assembled treatment-mimicking 1013 

FRPPXQLWLHV�FRQWDLQLQJ�RQO\�WKH�PHPEHUV�ZLWK�D�PHDQ�UHODWLYH�DEXQGDQFH�����DIWHU�1014 

24 h of drug exposure. Com20 and treatment-mimicking communities were grown in 1015 

a deep-well plate at 37 °C anaerobically. After 24 h, dilution series of these 1016 

communities were performed in a deep-well plate in a total volume of 400 µL. We 1017 

transferred 100 µL from each dilution and Com20 to a flat-bottom plate and measured 1018 

the OD578. Fifty microliters were transferred to a new deep-well plate containing 250 1019 

µL mGAM per well. In addition, 200 µL of S. Tm pilux (OD578 0.0025) were added to 1020 

each well and the plate was incubated for 4.5 h at 37 °C. The remaining volume of the 1021 

dilution series was kept for DNA isolation and 16S rRNA gene sequencing. After 4.5 1022 

h, S. Tm levels were determined via luminescence measurements as described 1023 

above. The experiment was performed in triplicate and luminescence values detected 1024 

in treatment-mimicking communities were normalized to luminescence values 1025 

detected in Com20. We compared the log2-fold change of S. Tm luminescence and 1026 
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OD578 between treatment-mimicking communities and drug-treated communities to 1027 

identify the dilution step that best mimicked the drug-treated community. 1028 

 1029 

Analysis of community composition using 16S rRNA gene amplicon sequencing 1030 

'1$�ZDV�H[WUDFWHG�IURP�SHOOHWV�RI�����ȝ/�FXOWXUH�XVLQJ�D�'1HDV\�8OWUD&OHDQ�1031 

96 Microbial Kit (Qiagen 10196-4) or from whole fecal pellets using a DNeasy 1032 

PowerSoil HTP 96 kit (Qiagen 12955±4). Library preparation and sequencing was 1033 

performed at the NGS Competence Center NCCT (Tübingen, Germany). Genomic 1034 

DNA was quantified with a Qubit dsDNA BR/HS Assay Kit (Thermo Fisher) and 1035 

adjusted to 100 ng input for library preparation. The first step PCR was performed in 1036 

25 µL reactions including KAPA HiFi HotStart ReadyMix (Roche), 515F50 and 806R51 1037 

primers (covering a ~350-bp fragment of the 16S V4 region) and template DNA (PCR 1038 

program: 95 °C for 3 min, 28X (98 °C for 20 s, 55 °C for 15 s, 72 °C for 15 s), 72 °C 1039 

for 5 min). Initial PCR products were purified using 28 µL of AMPure XP beads and 1040 

eluted in 50 µL of 10 mM Tris-HCl. Indexing was performed in a second step PCR 1041 

including KAPA HiFi HotStart ReadyMix (Roche), index primer mix (IDT for Illumina 1042 

DNA/RNA UD Indexes, Tagmentation), purified initial PCR product as template (PCR 1043 

program: 95 °C for 3 min, 8X (95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s), 72 °C for 1044 

5 min). After another bead purification (20 µL of AMPure XP beads, eluted in 30 µL of 1045 

10 mM Tris-HCl), the libraries were checked for correct fragment length on an E-Base 1046 

device using E-Gel 96 Gels with 2% mSYBR Safe DNA Gel Stain (Fisher Scientific), 1047 

quantified with a QuantiFluor dsDNA System (Promega), and pooled equimolarly. The 1048 

pool was sequenced on an Illumina MiSeq device with a v2 sequencing kit (input 1049 

molarity 10 pM, 20% PhiX spike-in, 2×250 bp read lengths. 1050 

 1051 

Computational processing of 16S rRNA amplicon sequences 1052 

We used the DADA2 v. 1.21.052 package of R (R v. 4.2.0) following its standard 1053 

operating procedure at https://benjjneb.github.io/dada2/bigdata.html. Briefly, after 1054 

inspecting the quality profiles of the raw sequences, we trimmed and filtered the 1055 

paired-end reads using the following parameters: trimLeft: 23, 24; truncLen: 240, 200; 1056 

maxEE: 2, 2; truncQ: 11. The filtered forward and reverse reads were dereplicated 1057 

separately and used for inference of amplicon sequence variants (ASVs) using default 1058 

parameters, after which the reads were merged on a per-sample basis. Next, we 1059 
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filtered the merged reads to retain only those with a length between 250 and 256 bp 1060 

and carried out chimera removal. 1061 

We performed the taxonomic assignment in two steps. First, the final set of 1062 

ASVs was classified up to genus level using a curated DADA2-formatted database 1063 

based on the genome taxonomy database (GTDB) release R06-RS20252 at 1064 

https://scilifelab.figshare.com/articles/dataset/SBDI_Sativa_curated_16S_GTDB_dat1065 

abase/14869077. Next, ASVs belonging to genera expected to be in COM20 were 1066 

further classified at the species level using a modified version of the aforementioned 1067 

database that contained only full length 16S rRNA sequences of the 20 members of 1068 

the synthetic community. The sequence of each ASV was aligned against this 1069 

database using the R package DECIPHER v. 2.24.053; we classified an ASV as a given 1070 

species if it had sequence similarity >98% to the closest member in the database. The 1071 

abundance of each taxon of COM20 was obtained by aggregating reads at the species 1072 

level. ASVs from in vitro communities and gnotobiotic mice were classified using the 1073 

two-step processes; ASVs from SPF mice were classified using only the first step. We 1074 

removed potential contaminant sequences from SPF mouse samples using the 1075 

permutation filtering method implemented in the PERFect v. 1.14.0 R package54; on 1076 

average, we retained 92.3% of the original sequencing reads (range 77.2%-99.1%). 1077 

 1078 

Classification of drug treatments according to S. Tm growth 1079 

We grouped treatments according to their effect on COM20 in vitro. To do so, 1080 

we calculated the mean normalized luminescence and the 95% confidence interval 1081 

(CI) of each drug-concentration combination. A treatment was classified as 'S. Tm-1082 

favoring' if its mean normalized luminescence was >2 and the 95% CI did not span 2, 1083 

the treatment was classified as 'S. Tm -restricting' if the mean normalized 1084 

luminescence was <0.5 and the 95% CI did not span 0.5, and the treatment was 1085 

classified as having 'No effect' if the mean normalized luminescence was between 0.5 1086 

and 2. Communities with a normalized OD578 <0.2 were also classified but marked for 1087 

removal in downstream analyses to minimize the bias introduced by low-biomass 1088 

samples. 1089 

 1090 
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Assessment of drug treatment on the microbiome of synthetic communities in 1091 

vitro 1092 

We assessed differences in the composition of the microbial communities 1093 

DPRQJ�FRORQL]DWLRQ�JURXSV��L�H���µS. Tm-IDYRULQJ¶��µS. Tm-UHVWULFWLQJ¶��DQG�µ1R�HIIHFW¶���1094 

We transformed the ASV abundances using the centered-log-ratio (clr) to account for 1095 

the compositional nature of the sequencing data. Positive clr values imply that an ASV 1096 

is more abundant than average; conversely, negative values imply that the ASV is less 1097 

abundant than average. Low biomass samples were removed. Next, we fitted linear 1098 

regression models to determine which species were differentially abundant between 1099 

each colonization group and controls using the MaAsLin2 v. 1.13.0 R package55; we 1100 

included normalized OD578 as a covariate to account for the biomass of the community, 1101 

with the OD578 values of control samples set to 1. P values were adjusted using the 1102 

Benjamini-Hochberg method and a significance threshold of 0.1 was used. 1103 

 1104 

Prediction of functional potential of synthetic communities and analysis of 1105 

differentially abundant functions 1106 

We used the 16S rRNA gene amplicon data from control and drug-treated 1107 

Com20 and Com21 in vitro communities and untreated gnotobiotic mice samples to 1108 

predict the metabolic potential of the microbial communities using PICRUSt232 v. 2.4.1. 1109 

PICRUSt2 maps the nucleotide sequence of each ASV to a database of genomes, 1110 

which is used to retrieve the functions encoded by each of the detected taxa in a 1111 

microbial community. Since the composition of the synthetic communities is known, 1112 

we retrieved the full-length sequences of the 16S rRNA gene for each of the member 1113 

species and used them together with the species abundance data to predict 1114 

metagenome functions. For our analyses, we used MetaCyc pathway abundances. 1115 

We compared the number of metabolic pathways detected in the untreated in 1116 

vitro and in vivo synthetic communities to actual human gut metagenomes. To do so, 1117 

we retrieved publicly available tables of MetaCyc pathway abundances processed 1118 

using HUMAnN2 from 1119 

https://github.com/gavinmdouglas/picrust2_manuscript/tree/master/data/mgs_validati1120 

on. These tables comprised 156 samples from the Human Microbiome Project56 and 1121 

57 from Cameroon57. For each set of samples, we considered a pathway as present if 1122 

LW�ZDV�GHWHFWHG�LQ������RI�VDPSOHV� 1123 
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For downstream analyses we used the predicted abundance of MetaCyc 1124 

pathways, which we transformed using the clr to account for the compositional nature 1125 

of the sequencing data. Positive clr values imply that the pathway is more abundant 1126 

than average; conversely, negative values imply that the pathway is less abundant 1127 

than average. Low biomass samples were removed. 1128 

We calculated differences in functional beta diversity between colonization 1129 

JURXSV� �L�H��� µS. Tm-IDYRULQJ¶�� µS. Tm-UHVWULFWLQJ¶�� DQG� µ1R� HIIHFW¶�� DQG� XQWUHDWHG�1130 

controls with a permutational multivariate analysis of variance (PERMANOVA) test on 1131 

Aitchison's distance matrices (Euclidean distance using clr-transformed abundances) 1132 

using the vegan v. 2.6-4 R package58. We performed pairwise PERMANOVA tests 1133 

contrasting each treatment group to untreated controls accounting for normalized 1134 

OD578 in the models; the OD578 value of control samples was set to 1. P values were 1135 

adjusted using the Benjamini-Hochberg method and a significance threshold of 0.1 1136 

was used. We then fitted linear regression models to determine which predicted 1137 

pathways were differentially abundant between treatment groups compared to controls 1138 

using the MaAsLin2 v. 1.13.0 R package55. We used clr-transformed abundances and 1139 

included the normalized OD578 as a covariate to account for community biomass, the 1140 

OD578 value of control samples was set to 1. P values were adjusted using the 1141 

Benjamini-Hochberg method; since this analysis is based on a bioinformatics 1142 

prediction and not an actual metagenome measurement, we used a more stringent 1143 

significance threshold of 0.01. 1144 

 1145 

Evaluation of metabolic overlap between S. Tm and members of the synthetic 1146 

community 1147 

We estimated potential niche overlap between S. Tm and each member of 1148 

COM21 by calculating the competition and complementarity indices using PhyloMint26 1149 

v. 0.1.0. The metabolic competition index is a proxy of the metabolic overlap of two 1150 

species; this index is a non-symmetric measure, and it is calculated based on the 1151 

number of compounds required but not synthesized by both species59 Conversely, the 1152 

metabolic complementarity index is a proxy for potential syntrophy between species; 1153 

this index is a non-symmetric measure calculated based on the number of compounds 1154 

that one species produces that the second species requires but cannot synthesize59. 1155 

Briefly, PhyloMint takes as input the whole genome sequence of each strain, which it 1156 
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uses to obtain a genome-scale metabolic model with CarveMe25 v. 1.1, extract the 1157 

metabolite seed sets, and calculate the competition and complementarity indices. 1158 

 1159 

in vitro challenge assay for other pathogenic Enterobacteriaceae  1160 

Plasmid transformation 1161 

Bacterial strains were grown overnight in 6 mL of LB medium at 27 °C (WA-1162 

314, YpsIII) or 37 °C (Kp MKP103, Ec CFT073). Overnight cultures were centrifuged 1163 

for 5 min at 4000g. Pellets were washed twice with 5 mL of 300 mM sucrose solution, 1164 

transferred in 1 mL of 300 mM sucrose solution to an Eppendorf cap, and centrifuged 1165 

for 1 min at 10,000g. The supernatant was removed, the bacteria were resuspended 1166 

in 100 µL of 300 mM sucrose solution and transferred to a Gene Pulser Cuvette (0.2-1167 

cm electrode gap, Bio-Rad), and 100 ng of plasmid DNA (pEB1GM or pEB2GO) were 1168 

added. Subsequently, electroporation was performed using a Gene Pulser (Bio-Rad) 1169 

and 1 mL of LB was immediately added. The bacterial suspension was then shaken 1170 

at the appropriate temperature for 1 h and plated on LB-gentamicin plates overnight. 1171 

Successful electroporation was verified by measuring chemiluminescence of the lux 1172 

reporter. 1173 

 1174 

Adaptations of the S. Tm challenge assay to other pathogens 1175 

Other Gammaproteobacteria species were screened similarly to S. Tm in the 1176 

challenge assay described above. Drug master plates were prepared in the same 1177 

manner, except that only 12 drugs were tested and the master plate concentration 1178 

ranged from 10 mM to 1 mM. Moreover, only the outer rows were left empty to serve 1179 

as medium controls. Post-drug expansion of other Gammaproteobacteria was only 1180 

tested in COM20, which was assembled as described above. For the luminescence-1181 

based assay, we used the human gut pathogens Escherichia coli CFT073, Klebsiella 1182 

pneumoniae MKP103, Shigella flexneri 24570, Yersinia enterocolitica WA-314, 1183 

Yersinia pseudotuberculosis YPIII, and Vibrio cholerae A1552. Except for V. cholerae, 1184 

all pathogens contained a variant of the pilux plasmid that enabled constitutive 1185 

expression of the lux reporter. All pathogens were grown anaerobically at 37 °C 1186 

overnight in mGAM supplemented with 100 µg/mL ampicillin (S. flexneri), 15 µg/mL 1187 

gentamicin (E. coli, Y. enterocolitica, Y. pseudotuberculosis) or 75 µg/mL gentamicin 1188 

(K. pneumoniae) and then sub-cultured by diluting 1:100 in the same medium. We 1189 
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continued as described in the above section on the in vitro S. Tm challenge assay but 1190 

incubated the plates at 37 °C for a species-specific amount of time (4.5 h for E. coli, 5 1191 

h for S. flexneri and K. pneumoniae, 5.5 h for V. cholerae, 7 h for Y. enterocolitica and 1192 

Y. pseudotuberculosis). 1193 

 For V. cholerae, the plates were serially diluted (101-108 fold) in PBS and 1194 

selectively plated aerobically on LB agar with 100 µg/mL ampicillin for pathogen 1195 

enumeration. For the other pathogens, their levels were determined as described for 1196 

S. Tm pilux with a Tecan Infinite 200 PRO microplate reader.  1197 

The in vitro pathogen challenge assay involved testing 60 conditions, consisting 1198 

of 12 drugs at 5 concentrations, and was performed in triplicate. We obtained two 1199 

measurements: the OD578 of communities after overnight incubation with the drugs 1200 

and the luminescence emitted by the pathogens (CFU in the case of V. cholerae) as 1201 

a proxy for pathogen growth within the drug-perturbed communities. For data 1202 

analyses, both the luminescence (CFU for V. cholerae) and OD578 values were 1203 

normalized to the median of the controls in row E, which contained the unperturbed 1204 

community (solvent controls). 1205 

 1206 

In vivo colonization assays for S. Tm 1207 

Animal experiments were approved by the local authorities in Tübingen 1208 

(Regierungspräsidium Tübingen, H02/20G and H02/21G). Five to six week-old mice 1209 

were used and randomly assigned to experimental groups. 1210 

 1211 

Defined colonized mice 1212 

Germfree C57BL/6J mice were bred in house (Gnotobiotic Mouse Facility, 1213 

Tübingen), housed under germ-free conditions in flexible film isolators (Zoonlab), and 1214 

transferred to the Isocage P system (Tecniplast) to perform experiments. We supplied 1215 

PLFH�ZLWK�DXWRFODYHG�GULQNLQJ�ZDWHU�DQG�Ȗ-irradiated maintenance chow (Altromin) ad 1216 

libitum. Female (n = 25) and male (n = 14) mice were kept in groups of 3-4 animals 1217 

and were scored daily for their health status.  1218 

Specific pathogen free mice 1219 

Male specific pathogen free (SPF) C57BL/6J mice (cat. no. 632C57BL/6J) were 1220 

purchased from Charles River Laboratories (Sulzfeld, Germany, Room A004) at the 1221 

age of 35-41 days. After delivery, mice were kept in groups of 3 in individually 1222 
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ventilated cages (IVC) and had a 2-week acclimatization period. Mice were supplied 1223 

with autoclaved drinking water and maintenance diet for mice (Sniff) ad libitum. We 1224 

performed the experiments in a laminar flow system (Tecniplast BS60) and scored 1225 

animals daily. 1226 

 1227 

Preparation of the Com20 bacterial community and colonization of germ-free mice 1228 

We prepared Com20 under anaerobic conditions (2% H2, 12% CO2, rest N2) in 1229 

a chamber (Coy Laboratory Products Inc). Consumables, glassware, and media were 1230 

pre-reduced at least 2 days before inoculation of bacteria. We grew each strain as a 1231 

monoculture overnight at 37 °C in 5 mL of their respective growth medium. The next 1232 

day, bacteria were subcultured 1:100 in 5 mL of fresh medium and incubated for 16 h 1233 

at 37 °C, except Eggerthella lenta, which was grown for 2 days. We measured the 1234 

OD578 and mixed bacteria in equal ratios to a total OD578 of 0.5 (OD578 of 0.025 for 1235 

each of the 20 strains) in a final volume of 10 mL. After adding 2.5 mL of 50% glycerol 1236 

(with a few crystals of palladium black (Sigma-Aldrich)), 200 µL aliquots were prepared 1237 

in 2-mL glass vials (Supelco, Ref. 29056-U) and frozen at -80 °C. Frozen vials were 1238 

used within 3 months. 1239 

To colonize germ-free mice, cages were transferred to an ISOcage Biosafety 1240 

Station (IBS; Tecniplast) through a 2% Virkon S disinfectant solution (Lanxess) dipping 1241 

bath. Glycerol stocks of the frozen Com20 community (one per mouse) were kept on 1242 

dry ice before being thawed during transfer into the IBS. We used the mixtures directly 1243 

after thawing with a maximal time of exposure to oxygen of 3 min. We colonized mice 1244 

by oral gavage (50 µL), and gavaged again after 48 h using the same protocol. The 1245 

IBS was sterilized with 3% perchloracetic acid (Wofasteril, Kesla Hygiene AG).  1246 

To monitor in vivo stability of Com20 in gnotobiotic mice, we collected fresh 1247 

fecal samples from every defined colonized mouse after 2, 6, 28, and 57 days after 1248 

the second colonization. DNA was extracted using the DNeasy PowerSoil HTP 96 Kit 1249 

and community composition was analyzed via 16S rRNA amplicon sequencing.  1250 

 1251 

In vivo S. Tm challenge 1252 

The day before infection, we inoculated an S. Tm culture in LB broth 1253 

supplemented with 0.3 M NaCl using colonies from a plate and grew the culture for 12 1254 

h on a rotator (Stuart, SB3, speed 9) at 37 °C. Fifty microliters of S. Tm were sub-1255 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


 

 

40 

cultured in 5 mL of LB broth supplemented with 0.3 M NaCl and incubated for 3 h in 1256 

the same conditions. We washed 1 mL of the subculture twice with 1 mL of ice-cold 1257 

PBS in a 2 mL Eppendorf tube via centrifugation at 4 °C and 14000g for 2 min. The 1258 

pellet was resuspended in 1 mL of ice-cold PBS and kept on ice until oral 1259 

administration. Mice were infected with a S. Tm load of 5×106 CFU in 50 µL of PBS.  1260 

 1261 

S. Tm growth inhibition in defined colonized mice 1262 

To determine whether Com20 confers colonization resistance in mice, we 1263 

colonized germ-free mice with Com20 for 28 days. We then treated them with either 1264 

50 µL of 25% DMSO (solvent control, full colonization resistance) or with 50 µL of 25% 1265 

DMSO supplemented with 20 mg streptomycin (no colonization resistance). For 1266 

comparison, we treated conventional SPF mice with a complex microbiome in the 1267 

same manner as the mice colonized with Com20. The next day we infected all groups 1268 

with 50 µL of 5×106 CFU of S. Tm. After 16-20 h, mice were euthanized via CO2 and 1269 

cervical dislocation, dissected, and intestinal contents were collected from the colon. 1270 

We weighed the fecal samples, diluted them in a buffer (2.5 g of BSA, 2.5 mL of 1271 

Tergitol, 497.5 mL of PBS) and plated the samples on MacConkey agar containing 50 1272 

µg/mL streptomycin. After incubation overnight at 37 °C, we counted colonies of S. 1273 

Tm. 1274 

 1275 

Treatment with non-antibiotic drugs and infection with S. Tm  1276 

Five non-antibiotic drugs were chosen based on the S. Tm challenge assay. 1277 

Clotrimazole (38 mg/kg), zafirlukast (20 mg/kg), chlorpromazine (3 mg/kg), terfenadine 1278 

(25 mg/kg), and clomiphene (60 mg/kg) were dissolved in 25% DMSO (DMSO + 1279 

autoclaved drinking water), aliquoted, and stored in 2-mL glass vials (Supelco, Ref. 1280 

29056-U) at -80 °C. For every experiment, drugs were freshly prepared. Defined 1281 

colonized (28 days post colonization) and SPF mice were orally gavaged daily for 6 1282 

days with 50 µL of non-antibiotic drug or 25% DMSO. We collected fresh fecal samples 1283 

directly before the first treatment (day 0) and after 6 days of treatment (day 6), directly 1284 

before the infection with S. Tm.  1285 

Fifteen to twenty h later, mice were euthanized by CO2 and cervical dislocation, 1286 

dissected, and intestinal contents were taken from colon and cecum in pre-weighed 2-1287 

mL Eppendorf tubes. After weighing the samples, 500 µL of buffer (2.5 g of BSA, 2.5 1288 
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mL of Tergitol, 497.5 mL of PBS) and one sterile steel ball (Agrolager, art. No RB-1289 

5/G20W) per tube were added. Half a spleen, mesenteric lymph nodes, and half a liver 1290 

lobe were collected in 2-mL Eppendorf tubes containing 500 µL of buffer and one steel 1291 

ball. All samples were lysed with a TissueLyser II (Qiagen) for 1 min at 25 Hz. Intestinal 1292 

contents and organs were plated on MacConkey plates supplemented with 50 µg/mL 1293 

streptomycin. We incubated the plates at 37 °C aerobically for one night and counted 1294 

colonies the next day to determine CFU/organ. 1295 

 1296 

Assessment of drug treatment on the microbiome composition of gnotobiotic 1297 

and SPF mice 1298 

We assessed the effect of drugs on the composition of the gut microbiome of 1299 

gnotobiotic and SPF mice after 6 days of treatment and compared to untreated 1300 

controls. For this comparison, we carried out an ANCOVA incorporating the 1301 

abundance of each ASV at day 0 (pre-treatment), thus estimating the baseline 1302 

adjusted difference between groups at day 6. ANCOVA models were fitted using a 1303 

multiple linear regression; robust standard errors were calculated using the sandwich 1304 

v. 3.0-2 R package60, which were then evaluated by a coefficient test as implemented 1305 

in the lmtest v. 0.9-40 R package61. To account for the compositional nature of the 1306 

sequencing data, we transformed ASV abundances with the centered log-ratio. P 1307 

values were adjusted using the Benjamini-Hochberg method and a significance 1308 

threshold of 0.1 was used. 1309 

 1310 

  1311 
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Supplementary Information 1312 

 1313 

Supplementary Table Legends 1314 

Table S1:  Prestwick library screen results of pathogenic Gammaproteobacteria 1315 

species, including H. parainfluenzae, S. enterica serovar Typhimurium, 1316 

S. flexneri, Y. pseudotuberculosis, and V. cholerae. 1317 

Table S2:  IC25 values for 67 drugs used to treat 5 pathogens and 19 gut 1318 

commensal species. 1319 

Table S3:  Results of the S. Tm in vitro challenge assay in Com20. 1320 

Table S4:  Altered pathways in S. Tm-favoring conditions. 1321 

Table S5:  Results of the S. Tm in vitro challenge assay in Com21. 1322 

Table S6:  Results of the in vitro challenge assay for additional pathogenic 1323 

Gammaproteobacteria. 1324 

Table S7:  Log2-fold change in the luminescence signal of S. Tm in Com20, Com21 1325 

and stool-derived communities after drug treatment. 1326 

Table S8:  Differential abundance of bacterial taxa in Com20-colonized drug-1327 

treated mice compared to DMSO controls. 1328 

Table S9:  Differential abundance of bacterial taxa in drug-treated SPF mice 1329 

compared to DMSO controls. 1330 

Table S10:  Key resources used in this study. 1331 
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Supplementary Figure 1: Gammaproteobacteria species respond differently to 
drugs than other gut bacteria. 
b. Heatmap of the AUC for each member of the Com20 community after treatment 
with 170 drugs, normalized to untreated controls. Color strip indicates whether a drug 
was included (TRUE, in blue) in our follow-up S. Tm challenge assay in Com20. 
Columns and rows were clustered hierarchically with complete linkage. 
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Supplementary Figure 2: Experimental setup and validation of the in vitro S. Tm 
challenge assay. 
a. Upset plot showing the overlap in the number of MetaCyc metabolic pathways predicted 
to be present in Com20 (in vivo and in vitro), Com21 (in vitro), and human gut metagenomes 
from the Human Microbiome Project (HMP) and a Cameroonian cohort. b. S. Tm growth 
curves based on selective plating (top) or S. Tm-specific luminescence (bottom), either 
alone or within Com20; the line indicates the mean of three biological replicates. At 4.5 h 
(red vertical line), S. Tm growth curves transition to stationary phase. At this time point, 
luminescence can be used as a proxy of S. Tm levels. c. Relative growth of S. Tm in Com20 
compared to pure culture, dependent on the starting OD578 of Com20. S. Tm was quantified 
by luminescence. Red points and bars represent the mean of three biological replicates ± 
SE. d. Relative growth of S. Tm in Com20, Com21 (consisting of Com20 + E. coli ED1a), 
and a community derived from a fecal sample of a healthy human donor, compared to pure 
culture. S. Tm was quantified by luminescence. Red points and bars represent the mean of 
three biological replicates ± SE. Adjusted P values from two-sided Wilcoxon-test with 
correction are shown. e. Association of community OD578 and S. Tm luminescence relative 
to an untreated community in each of three replicates. R2 and P values from linear 
regression models are shown. f. Illustrative example of the classification of drug treatments 
based on relative S. Tm growth in the challenge assay; dashed line represents S. Tm growth 
on an untreated community. Points show the mean luminescence of 3 replicates, bars 
represent the 95 % confidence interval (95% CI). We considered a treatment as S. Tm-
favoring if its mean normalized luminescence was > 2 and the 95% CI did not span 2; if the 
mean normalized luminescence was < 0.5 and the 95% CI did not span 0.5, the treatment 
was classified as S. Tm-restricting; if the mean normalized luminescence was between 0.5 
and 2 (gray band), the treatment was classified as having 'No effect'. g. Dot plot of 
normalized S. Tm luminescence (left) and community OD578 (right) in the challenge assay 
by treatment group. Black points represent the mean across three replicates. Sample sizes 
are shown in the top border. Red points and bars represent mean ± SE. h. Scatter plot 
similar to Figure 2c, highlighting samples that were selected for 16S rRNA gene sequencing 
(57 out of 260) across the distribution of relative community OD578 and S. Tm luminescence 
values. i. The biomass-scaled relative abundance of each member of a given drug-treated 
community, calculated by multiplying the normalized OD578 of the community by the relative 
abundance of each taxon from 16S rRNA gene sequencing. The gray-scale column on the 
left shows the mean OD578 of three replicates of the community normalized to an untreated 
control. j. The number of bacterial species displaying emergent (protection or sensitization 
in community) or expected responses to drug treatments across 52 drugs. An expected 
response in a community (gray shades) refers to a similar growth pattern (i.e., reduction in 
growth or similar growth) in monoculture as measured by AUC compared to the OD-scaled 
relative abundance (i.e., relative abundance * OD) of the microbe as measured by 16S 
amplicon sequencing; in both cases, measures are normalized to the value of an untreated 
control. Community protection (yellow) means that the species is affected by drug treatment 
in monoculture but remains unaltered in the treated community; conversely, community 
sensitization (burgundy) means that species growth is not affected in monoculture but its 
abundance decreases in the treated community. Note that the total number of tested species 
differs between treatments; at the tested concentrations, the analysis of monoculture assays 
was hampered by erratic bacterial growth patterns, which led to the removal of several 
growth curves during quality control24. k. The relative abundances of drug-treated (+) versus 
drug-mimicking (-) communities for four conditions as determined by 16S rRNA gene 
sequencing. Each bar represents one biological replicate. l. S. Tm challenge assay in 
communities mimicking the composition of Com20 after treatment with erythromycin, 
floxuridine, sertindole or zafirlukast. The communities were diluted to mimic both the 
composition and the density of the communities after treatment. Dots represent the mean of 
three replicates, and red lines represent ± SE. Gray dots represent results of the S. Tm 
challenge assay in drug-treated Com20 (replotted from Supplementary Figure 2i) for 
comparison. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

Lisa Maier
54

https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


��������	��	
���
���



����	 ����	 																							��� ���
����	����
���
������	���������

�
�
��

��	��
��
��

��������	��	���
���


�

�����
���	�������
���	
�	��������
�	���
�����
���	�������
���	� 	!���������"
#$%	
��&���	��
����	��
���
�������$	�������
���

������
����	��	��

�����'	������'	���	����������	���
��
��
�

(���

�����	�������
���	��

�������	����	!�������������"	���
��
��
�

������������	�����
���	�
������	��������
�
	�������
���	�	!���������"
�����
���	������
���
	�������
���	���
�����
�
�	���
��
��
�
	��	!���
����	���	����

"
���
�
�	���
���
�	��
����

������
����	��	���������	���
��
��
�
	�
���
������
�
����
�	���
��
��
�
	�

������
����	��	��������	���	���������	���
��
��
�


������
����	��	(�
�����	���	�������	���
��
��
�
	�
(���������	���
��
��
�
	��	!���
��	�����"
���
�
����
�	���	����)���	$	���
��
��
�
	�
������������
�
	�
(���������	���
��
��
�
	�	!&��	(�����
����"
(���������	���
��
��
�
	� 	!���������
����"
�������
��	������
�
���
�������
�
	��	!����	����
�
�	*����
���
�"
���&���+��
���+�

���	�����
,%-�#����
���%������
�����	���
��
��
�
	�
.�&��	���
��
��
�
	�	!���
����	���	����

"
*����������
������������
����	�����
���
�	���
��
��
�
	���	!���������"
�������
�
	�	!����	�����
�	*����
���
�"
(���
���	���
��
��
�
	�
�����
�����������	���
��
��
�
	����	��������
�	�'���������	�
�����
�����������	
��&���	����	����������	��
*����������
������������
����	�����
���
�	���
��
��
�
	�
�����
�����������	
��&���	����	����������	�
/���
����	��������	����0
	���
��
��
�
	!��	����"

������
����	��	����������	���������������
���
	�������
���
����)���	$	���
��
��
�
	�

������
����	��	(��
���
�
�	���	(��
��������	���
��
��
�


������
����	��	
�
�����������
�	���
��
��
�
	���	
��&���

������
����	��	��������������	�����
���
�	���
��
��
�
	��	!&��	��-"
��
������
���
��	���
���
�	��
����	�
��
������
���
��	���
���
�	��
����	��
���
�����1����
���
�	���
��
��
�
	�

������	
��&���	��
�����
���	����������
���
	��	��&�	���
��
��
�

#$%	���
��
��
�
	�	!����	�
���
�
�"
�����
��
�	���
��
��
�
	�
�����
��
�	���
��
��
�
	����	2��������3����
�
(���
���	���
��
��
�
	 �
������������)���	����������
���	���
��
��
�
	��

������
����	��	������������)���	����������
���	���
��
��
�

(���
���	���
��
��
�
	���
������������)���	����������
���	���
��
��
�
	�

4#$	��������
#$%	
��&���	��
����	�
���
���������	���
��
��
�
	�	!��
���������������
�	���
������"
���
���������	���
��
��
�
	���	!�������
����"

������
����	��	�����
��	�����	����	���
��
��
�

,%-�#����
��������������
����
���	���
��
��
�
	��	!��
�������
������"
,�-	���
��
��
�

,%-�#����
��������������
����
���	���
��
��
�
	�	!��
���������������
�	���
������"


����	�������
���	 
�����
�
�	�������
���	�	!(�����	��
����"
���
���
������������	���
��
��
�
	�	!���

����"
���
���
������������	���
��
��
�
	��	!�������

����"
��������	���
��
��
�
	�	!����	$%-�%�5����
�"
�%-���������������	���
��
��
�
	��
�%-���������������	���
��
��
�
	�
��
�&������
�	���
��
��
�

�����
���	����������
���
	��	��&�	���
��
��
�

����&�
�	������
�
���	
�	���
�
�	���	���
�
�	��

������
����	��	���
��������	���
��
��
�
	�	!���
����"
�6%-�(�������
�	���
��
��
�
	�
��������	�������
���	�	!���
�����"
�������
�
	���	!����	�����
�"
������
�	���
��
��
�
	!���������"

������
����	��	����������	��������
�
	
��&���

������
����	��	�����
���	������
���
	��	��&�	���
��
��
�
	��

������
����	��	�����
���	������
���
	��	��&�	���
��
��
�
	�

���)���	���
��
��
�
	�	!��	����"
���
�
�	���
���
�	��
����	!���������
�&�	������"

7����8�����

6���
���

$&�����
��	+9	:�	;�

$&�����
��	+9	 <�	;�

����������	<�	;�

���
��������	��	;�

=����������	��	;�

��
��
����
�	:�	;�

-��
�������	�
�
�����
�	<�	;�

7��&�

�
��	<�	;�

7
���
�)�
����	<�	;�

6�)����
��	:�	;�

6���
������	<�	;�

�2�

���

�9�

�

9�

��

�9� � 9� �� 2�
-��9	!�>�:9?"

-
�
��
	!9
��
�*
?
"

6���
���
	�����
���6����&�����
���6����

���
���
#�	�����

���
���

� .CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.564936doi: bioRxiv preprint 

Lisa Maier
55

Lisa Maier
Supplementary Figure 3

https://doi.org/10.1101/2023.11.06.564936
http://creativecommons.org/licenses/by/4.0/


Supplementary Figure 3: Com20 and S. Tm metabolic responses post treatment. 
a. Principal coordinate analysis (PCoA) of drug-treated microbial communities based 
on Aitchison's distances calculated from predicted MetaCyc pathway abundances. 
Colors indicate the S. Tm treatment group. Large solid points represent the centroid 
of each group, ellipses represent 95% confidence intervals. b. Dot plot of the mean 
clr-transformed abundance of predicted MetaCyc pathways that differed significantly 
between S. Tm-favoring treatments compared to untreated controls. Point color 
indicates treatment, triangles represent the mean abundance in controls, and triangle 
orientation indicates whether a pathway had a higher abundance in treatments 
(upward) or in controls (downward). 
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