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Non-antibiotic drugs can alter the composition of the gut microbiome’, but they have
largely unknown implications for human health?. Here we examined how non-antibiotics
affect the ability of gut commensals to resist colonization by enteropathogens®. We
also developed aninvitro assay to assess enteropathogen growth in drug-perturbed
microbial communities. Pathogenic Gammaproteobacteria were more resistant to
non-antibiotics than commensals and their post-treatment expansion was potentiated.
For28% of the 53 drugs tested, the growth of Salmonella enterica subsp. enterica
serovar Typhimurium. (. Tm) in synthetic and human stool-derived communities was
increased, and similar effects were observed for other enteropathogens. Non-antibiotics
promoted pathogen proliferation by inhibiting the growth of commensals, altering
microbial interactions and enhancing the ability of S. Tm to exploit metabolic niches.
Drugs that promoted pathogen expansioninvitroincreased the intestinal S. Tm load
inmice. For the antihistamine terfenadine, drug-induced disruption of colonization
resistance accelerated disease onset and increased inflammation caused by S. Tm. Our

findings identify non-antibiotics as previously overlooked risk factors that may
contribute to the development of enteric infections.

The gut microbiome provides protection against intestinal infections
by preventing pathogen colonization and the overgrowth of indigenous
pathobionts. This resistance to colonization arises from antagonistic
microbe-microbe interactions driven by competition for nutritional
resources® ®and the induction of hostimmune responses’. Therefore,
perturbations to the microbial community, such as those caused by
antibiotic therapy, can lead to increased infection risk®™. Acommon
model organism used to study these processes is S. Tm, an invasive
foodborne pathogen that causes inflammatory diarrhoea in immu-
nocompetent individuals®> ™,

Many non-antibiotic drugs from diverse therapeutic classes can
also collaterally alter the composition and function of the human gut
microbiome?, often by directly inhibiting the growth of commensal
bacteria'. These perturbations are typically dose-dependent®, can syn-
ergize in multimedicated patients and can accumulate with repeated
exposure'® 2,

Similar to the effects of antibiotic treatment, alterations to the
composition of the gut microbiome caused by non-antibiotic treat-
ment could lead to aloss of colonization resistance. In support of this
hypothesis, population-based metagenomic analyses have shown that
intake of several non-antibiotics is associated with increased intesti-
nal loads of pathobionts'®. However, it remains unclear whether loss

of colonization resistance occurs generally. Moreover, it is unknown
whether pathogen levels increase owing to directinteractions of drugs
with the gut microbiome or from disrupted host responses caused by
druguse or disease. Insituations when the association is mediated by
the microbiome, identification of the specific effects of the drug on
the microbiome that promote pathogen expansion will be important
to ameliorate infection risk.

Here we develop a high-throughput in vitro assay to identify non-
antibiotic medications that interfere with the ability of gut commensal
communities to resist invaders. We also examine how drug-induced
changes in microbiome composition and function lead to patho-
gen expansion. We mainly focus on the growth of S. Tm in defined
microbial communities treated with non-antibiotics. We show that
S. Tm growth is modulated by drug-induced changes in community
biomass, community taxonomic composition, the presence of nutri-
tional competitors or a combination thereof. Similar effects were
observed for other pathogenic Gammaproteobacteria species and
in complex microbial communities derived from human donors.
Selected drugs that enhanced pathogen invasion in vitro also dis-
rupted colonization resistance in mouse models and led to a more
severe course of infection. Our results highlight the increased sen-
sitivity of gut commensals to non-antibiotic drugs and reveal that
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such drugs are neglected risk factors for the development of enteric
infections.

Pathogensresist non-antibiotics

The growth of human gut commensal bacteria is directly inhibited by
diverse non-antibiotic drugs'. Here we aimed to determine whether
inhibition patterns differ between gut commensals and pathogens
from the class Gammaproteobacteria. We investigated the direct
effects of 1,197 drugs (used at 20 uM) approved by the US Food and
Drug Administration (Extended Data Fig. 1a) on five Gammaproteo-
bacteriaspecies:S. Tm, Haemophilus parainfluenzae, Shigella flexneri,
Vibrio cholerae and Yersinia pseudotuberculosis. We compared the
responses of these pathogens to 43 commensal bacteria reported in
our previous study’. Both groups were inhibited by a similar number
of antibiotics (median * interquartile range (IQR) of 80 + 16 for com-
mensals and 78 + 4 for pathogens, adjusted P= 0.55, two-tailed t-test
with Benjamini-Hochberg correction). However, commensals were
affected by more non-antibiotics than pathogens (53 + 37 for commen-
salsand 17 + 7 for pathogens, adjusted P < 0.01, two-tailed ¢-test with
Benjamini-Hochberg correction) (Fig.1aand Supplementary Table1).

Toidentify dose-response relationships, we selected fromthe screen
65 antibiotic and non-antibiotic drugs with a wide range of inhibitory
effects (Methods and Extended Data Fig. 1b). Using a subset of 20 gut
commensals and 5 pathogens, we determined the concentration for
25% growth inhibition (IC,5). Non-antibiotics inhibited gut commen-
sals at lower concentrations than pathogens (Extended Data Fig. 2a
and Supplementary Table 2), which confirmed that commensals have
increased drugsensitivity. Compounds that affected a higher number
of commensals tended to be hydrophobic and have high molecular
mass and large three-dimensional volume (Extended Data Fig. 2b,c).
The set of drugs, both antibiotic and non-antibiotic, that inhibited a
given species varied widely in each phylum (Extended Data Fig. 3a,b).
Consequently, there was a weak association between drug sensitivity
profilesand phylogenetic relatedness (Mantel’s correlation: antibiot-
ics =0.08, P=0.04; non-antibiotics = 0.03, P= 0.18) (Extended Data
Fig.3c,d).

As Gram-negative pathogens, Gammaproteobacteria species are pro-
tected from many drugs by their selective outer membrane. Moreover,
compared with other commensals, their genomes have a higher propor-
tion of genes linked to efflux processes (P=0.008, one-tailed ¢-test)
andto antibiotic resistance and stress responses (P = 0.06, one-tailed
t-test) (Extended Data Fig. 3e,f). The importance of drug efflux for
Gammaproteobacteria pathogens compared with other Gram-negative
commensals became evident when efflux pumps were removed. In
S.Tm, the deletion of tolC, which encodes a key component of the
resistance nodulation cell-division multidrug efflux pump, induced
sensitivity to an additional 35 drugs out of the 1,471 tested. By con-
trast, deletion of a homologous pump in the commensal Phocaeicola
vulgatusinduced sensitivity to only four drugs (Extended Data Fig. 3g
and Supplementary Table 3).

These results suggest that stress and detoxification responses in
commensals are less effective at withstanding non-antibiotics. By
contrast, Gammaproteobacteria species may be more resistant to
these compounds owing to their adaptations to hostile environments,
such as those created by the host immune system during infection—
conditions that commensals are less likely to face.

Non-antibiotics drive pathogen expansion

Selective disruptive effects of drugs on gut commensals could alter
the ability of microbial communities toresist the growth of pathogenic
Gammaproteobacteria. To test this hypothesisin vitro, we developed a
high-throughput challenge assay using amodel synthetic community
composed of 20 gut commensals (Com20). Com20is phylogenetically
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and functionally diverse and encodes 246 of the metabolic pathways
inthe MetaCyc database, which represents 61.3% of the 372 pathways
detected with a prevalence of >20% in individuals from the Human
Microbiome Project (Fig. 1b and Extended Data Fig. 4a). Com20 grew
stably and reproducibly in vitro in the gut-mimetic medium mGAM*
and readily colonized the gastrointestinal tract of germ-free mice for
atleast 57 days after an initial 7-day adaptation phase (Fig. 1b).

To investigate the effect of drug exposure on the synthetic com-
munity and S. Tm proliferation, Com20 was first treated with drugs for
24 h. After drug treatment, the community was challenged with S. Tm
at1:500 of its biomass to mimic the predominance of gut commensal
bacteria in the initial stage of community invasion by S. Tm (Fig. 1c).
The untreated community restricted pathogen growth, as quantified
throughS. Tm-specificluminescence (the medianrelative luminescence
unit (RLU) of S. Tmin untreated Com20 was about 25 times lower thanin
pure culture) (Extended Data Fig. 4b-d). Using this assay, we tested 53
outofthe 65 drugs evaluated in monoculture at 5 concentrations (note
that we excluded drugs that directly inhibited S. Tm; Extended Data
Fig.1a). Theinvasion assay was robust, reproducible across replicates
and mostly unaffected by washing of Com20 before pathogen challenge
(Extended Data Fig. 4e,f). Different drugs led to distinct community
compositions (Extended Data Fig. 4g) that were often predictable from
IC,sdatafor speciestestedinisolation, with emergent behaviours result-
inginaminority of drug-microbeinteractions (cross-protection,19.0%
of drug-microbe interactions; cross-sensitization, 4.1%) (Extended Data
Fig.4h). Of the 53 drugs tested, 15 promoted S. Tm expansion, oftenin
aconcentration-dependent manner, whereas 2 drugs inhibited S. Tm
expansion in Com20, even though they had no inhibitory effects on
S. Tmgrowthinmonoculture (Fig.1d, Extended DataFig. 5a and Supple-
mentary Table 4). Community biomass (measured via an optical density
of 578 nm (ODs;)) was strongly negatively correlated with S. Tmgrowth
(as assessed by luminescence) across drug treatments and with serial
dilutions of untreated Com20 (Spearman’s p = -0.98, P< 0.01; Fig. 1d,
red dots and line). Non-antibiotic drugs had a smaller effect on com-
munity biomass than antibiotics; however, the effects were sufficient
to alter the ability of the community to resist colonization by S. Tm.

Giventhe similar response of other pathogenic Gammaproteobacte-
riaspecies to non-antibiotics in monoculture (Fig. 1a), we investigated
whether the drugs that influenced S. Tm expansion would also affect
the expansion of other pathogens. We performed challenge assays for
six additional enteric pathogens that invade Com20 (Extended Data
Fig. 5b,c) with a subset of ten drugs at five concentrations (Extended
DataFigs.1aand 5d). The invasion patterns of other Gammaproteobac-
teriaspecies in drug-treated Com20 were significantly and positively
correlated withthat of S. Tmand with each other (Spearman’s p > 0.48,
P<0.05inall cases) (Fig. 1e and Supplementary Table 5).

Our results suggest that the effects of non-antibiotic drugs on gut
commensals generally lead to the disruption of colonization resistance
against pathogenic Gammaproteobacteria. However, the variationin
pathogen-specific growthin drug-perturbed communities underscores
theimportance of pathogen-specific elements, such as their repertoire
of virulence factors, their metabolic capabilities or their interactions
with commensal bacteria.

Drug-driven community shifts favour pathogens

A reduction in Com20 biomass was not always necessary for S. Tm
levelstoincrease. Therefore, we analysed how drug-induced changesin
Com20 diversity, with and without alterations in biomass, were associ-
ated with pathogen growth. To do so, we quantified the composition of
53 drug-treated communities using 16S rRNA gene amplicon sequenc-
ing (Extended DataFig. 4g). On the basis of these taxonomic profiles,
we used isolates to construct communities for which composition
resembled that of four drug-treated Com20 communities (Extended
DataFig. 6a). In the absence of drugs, communities that mimicked
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biomass-reducing drugs (erythromycinand sertindole) led toincreased
pathogen levels only after dilution. Conversely, S. Tm levels in com-
munities that mimicked drug treatments and did not alter biomass
(zafirlukast and floxuridine) phenocopied drug-treated Com20 even
at high ODs,¢ values (Extended Data Fig. 6b).

We next asked how the diversity of the community was linked to
pathogen growth in the community. For this, we looked into the asso-
ciation between alpha diversity, as measured by the species richness
andthe Shannon’sindex, and S. Tm luminescence. We observed anega-
tive correlation between both diversity measures and S. Tm lumines-
cence (Spearman’s prichness =-0.37, Shannonindex = -0.39, adjusted
P<0.001inboth cases). However, both measures were also significantly
and positively correlated with community biomass (OD,s Spearman’s p
richness = 0.40, Shannonindex = 0.47, Benjamini-Hochberg-adjusted
P<0.001in both cases). Given this positive correlation, we asked
whether microbial diversity retained explanatory power after account-
ing for community biomass. For this analysis, we compared the fol-
lowing five linear models of S. Tm luminescence: (1) species richness;
(2) Shannon index; (3) ODs; (4) acombination of ODs,g and Shannon
index; and (5) acombination of ODs,s and species richness. The model of
S. Tmluminescence thatincorporated both OD,,s and species richness
provided the best fit (adjusted R?>= 0.26). This finding indicates that
when community biomass was accounted for, the number of species
present explains the growth of the pathogen better than how evenly
distributed the species are.

We then assessed drug effects on Com20 composition and their
links to S. Tm expansion. After removing low-biomass treatments, we
classified the remaining treatmentsinto three groups: S. Tm favouring
(9drugs and 9 treatments); S. Tmrestricting (1drug and 1treatment);
and S. Tm neutral (33 drugs and 37 treatments) (Fig. 2a,b, Extended
DataFig.5aand Supplementary Table 4). We then examined differences
in beta diversity among the groups. Community composition in all
three groups was significantly different from untreated controls while
accounting for ODs;g (S. Tm neutral versus controls, permutational
multivariate analysis of variance (PERMANOVA) adjusted R*=0.04;
S. Tmfavouring, adjusted R = 0.09; S. Tmrestricting, adjusted R? = 0.31;
Benjamini-Hochberg-adjusted P< 0.001 in all cases) (Fig. 2c). Drug
treatment resulted in changes in the composition of the community
profiles, regardless of the colonization outcome (Fig. 2c and Extended
Data Fig. 6¢). However, S. Tm-restricting community compositions
clustered together and were characterized by a depletion in Sarcina
perfringens (as per the Genome Taxonomy Database; also known as
Clostridium perfringens), Veillonella parvula and Fusobacterium nuclea-
tum (Benjamini—-Hochberg-adjusted P < 0.1in all cases) (Fig. 2c and
Extended Data Fig. 6d). Consistently, in the absence of any treatment,
theremoval of S. perfingensfrom Com20 substantially changed the com-
munity structure and significantly restricted S. Tm expansion (Fig. 2d
and Extended DataFig. 6e-g). We observed similar pathogen-restricting
community propertiesin the absence of S. perfringens for other meta-
bolically related pathogenic Gammaproteobacteria species, including
Klebsiella pneumoniae, S. flexneriand Yersinia enterocolitica (Extended
Data Fig. 7a—c). This observation highlights that specific changes in
community structure are consistently linked to colonization outcomes
across different drugs and pathogens. However, other associations
betweenindividual speciesand S. Tmlevels were only observedin the
context of drug treatment of Com20. In the absence of treatment,
direct pathogen-commensalinteractions were poor predictors of S. Tm
growth. That s, the expansion of a pathogen in pairwise co-cultures
or in dropout communities (19 members) did not follow the patterns
deduced from the drug treatments (Extended Data Fig. 6e-h and
Supplementary Note).

In summary, non-antibiotics can promote pathogen invasion by
changing the community biomass or by altering the diversity and com-
position of the community. These effects can occur concomitantly,
which emphasizes theimportance of species richness inacommunity
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for protection againsta pathogen. Moreover, the discordance between
pathogen-commensalinteractions and invasion of drug-treated com-
munitiesunderscores that colonization after drug treatmentisacom-
plex, context-dependent phenomenon.

Com20 treatment shifts S. Tm gene expression

Asdrugtreatment altered the taxonomic composition of the commu-
nity, we next evaluated gene expression patterns of the pathogen and
commensalsin drug-treated communities. For this, we used Transwell
plates in which S. Tm and drug-exposed Com20 were separated by a
membranebut shared the same culture mediumto ensure anadequate
quantity of S. Tm cellsunder all treatments. Four drugs that promoted
S. Tm expansion were assessed: clomiphene and terfenadine, which
decreased community biomass, and simvastatin and floxuridine, which
did not.

Although the distributions of expression of S. Tm genes were simi-
lar between treatments (Fig. 2e), it was possible to distinguish the
response of the pathogen growing in an untreated community from
treated communities (Fig. 2f). Biomass-depleting drugs (low-biomass
drugs) produced transcriptional profiles similar to those of S. Tm
grown in the absence of acommunity and were distinct from those in
biomass-preserving treatments (high-biomass drugs). Notably, the two
high-biomass treatments led to distinct transcriptional profiles.S. Tm
genesinvolvedincarbonmetabolismand the transport of simple sugars
weremore frequently upregulated intreated compared with untreated
communities (DMSO only). By contrast, genesinvolved in chemotaxis,
toxin production, the flagellar apparatus and ribosome assembly were
downregulated (Extended Data Fig. 8a and Supplementary Table 6).

In the community, treatment with high-biomass drugs resulted in
large changes in the distribution of transcript levels compared with
untreated Com20 and between both treatments (Fig. 2g), which pre-
cluded theidentification of differentially expressed genes. Therefore,
we examined the top 20% highest expressed genes of each species under
each condition and determined how many of the highest expressed
genes were previously identified as markers of stress responses in bacte-
ria?. After exposure, the fraction of stress response markersincreased
compared with untreated Com20 (mean + s.d., control = 0.40 + 0.06;
floxuridine = 0.42 + 0.08, adjusted P = 0.21; simvastatin = 0.46 + 0.09,
adjusted P=0.01; one-tailed ¢-test with Benjamini-Hochberg correc-
tion) (Extended Data Fig. 8b,c). In treated communities, pathways
involvedintranslation, protein folding, ribosome function and biofilm
formation were frequently represented among the most expressed
genes. By contrast, pathways for the synthesis of vitamins and other
secondary metabolites were less frequently represented among this
set (Supplementary Table 7).

These results suggest that the expansion of S. Tm in Com20 after
biomass-reducing treatments largely results from decreased competi-
tion with commensal bacteria for the available resources. Conversely,
theinvasion of high-biomass communitiesis facilitated by alterations
inthe function of the community, which are drug specific and involves
anactive response from the pathogen. In these cases, the response of
S. Tmvaries, which further highlights the role of context in coloniza-
tion resistance.

Niche competitor limits S. Tm growth post-treatment

Aniche competitor can help amicrobial community resista pathogen.
To study this scenarioin the context of drug-induced perturbations, we
generated a new community (Com21) by adding a species with meta-
bolic characteristics similar to S. Tm to Com20: the commensal strain
Escherichia coliED1a (Extended DataFig. 7d,e). This additionincreased
the metabolic diversity encoded by Com21 compared with Com20
(Extended DataFig.4a) and reduced S. Tmlevelsin the absence of drug
treatment (Extended Data Fig.4d). We observed a positive correlation
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across treatments. g, Distribution of mean gene expression levels of each
Com20 member across treatmentsin three biological replicates. Black vertical
linesindicate quartiles.

Nature | Vol 644 | 14 August 2025 | 501



Article

a Doxycycline 20 b °
Tazobactam \“ Clindamycin
3 .~ Erythromycin 160 Y
§ 4 Pentamidin>7 Streptozotocin 40 0.3 4 #
ke Doxycycline ° 3 4 °
(o}
3 Sertindole 160 < L
S i)
8 Clomiphene N ®p-0004
S il
£ 24 VVQQ Tiratricol 160 5 024 P =0.019
3 8 8 Y
E Clindamycin 20 S P =0.005
- 2 NS
@ e® 3 —_—
- Q
s © P =0.012
S ol g o
g £ o4 4 P=0.011
5 ©
o « A
=
>
S | p =062
P<22x107® + +
o +
T T T T T T T T T T T
-2 0 2 4 & &g ST RN
Ac}\’\\ 6&0 o@ Q% (@o .Qéo \(\Q
log,[fold change in S. Tm luminescence for Com20] *:\0 ‘\@ .@W Q _Qéfzy %z(\\ «,\&
b o
¢ d e Com20 Com21 Stool-derived
. 0 P=0013
08 ‘s NS P=0.016 P =0.031
7 16 ©1 NS N LN
€ : E
k) E =
] .
% 1 = 44 1] 4 +
Q *1 [ % +
c 06 @ 3 ¥
£ -5 g £ LI B ®
g E 2 5 2 +
2 = + °
5 g £
o . <4 < £
. 0.25 - S 025
0.4 4 9
0.0625 0.0625
T T T T T T T T T T T
Com20 Com21 S ‘())0 P oc'}‘\ ) \oc} $ & \o& ey oc}‘\ .\00\
i - & S & N &S S
Synthetic community é\ RPN N2 \ & <Y
@Q & @Q
<& & <

Fig.3|S. Tmgrowthindrug-disrupted communities is modulated by the
effect of treatment on the close niche competitor E. coliED1«. a, Growth of
S.Tmin Com20 compared with E. coli-containing Com21 across 240 drug-
concentration combinations. The regressionlineisindicated inred. Conditions
withalargedifferencein the growth of S. Tm between communities (log,[fold
change] of >3.5 or <-3.5) are highlighted. Conditions followed up by 16S rRNA
sequencingare shownin gold and pink. Numbers following the text labels
indicate drug concentrationsin uM. The Spearman’s correlation coefficientis
betweenthelog,[fold change]inS. Tmluminescence of Com20 and Com21.

b, Relative abundance of £. coli ED1a in Com21scaled by the total community
biomass (OD). Pink points correspond to treatments with lower S. Tm growthin
Com20 thanin Com21and gold pointsindicate treatments with higher S. Tm
growthin Com20 thanin Com21from a; grey points correspond to untreated

between drugeffectsonS. Tm expansionin Com20 and Com21 (Spear-
man’sp =0.62, P<0.01; Fig. 3aand Supplementary Table 8). Expansion
of the pathogen on treated communities was facilitated when E. coli
was targeted by the drug treatment. For treatments that included
E. coliinhibitors, we observed agreater S. Tm luminescencein treated
compared with untreated Com21and between treated and untreated
Com?20. Conversely, drugs that increased the relative abundance of
E. coliresulted in decreased pathogen levelsin Com21 compared with
the untreated community (Fig. 3b and Extended Data Fig. 9a-c).
Com20 and Com21 are simplified models of a typical human gut
microbial community, which contains many more species. To assess
whether our findings were generalizable to more diverse communi-
ties, we derived stable microbial communities from stool samples
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Comz2l1.Redlinesrepresent the mean +1s.e.m. Pvalues fromtwo-sided t-tests.
c,Spearman’s correlation coefficient of the growth of S. Tmin stool-derived
communities from eight donors (1-8) compared with Com20 or Com21across
multiple treatments. Red lines represent the mean +1s.e.m. across all stool-
derived communities. d, Growth of afumarate respiration-impaired AfrdD
S.Tmmutantrelativeto WTS. Tminaninvitro challenge assay, involving
exposuretoonlyE. coliED1a. Red lines represent the mean + 1s.e.m. Pvalues
arefrom one-tailed Wilcoxon test. e, Growth of S. Tm AfrdDrelative toWTin
Com20, Com21orahumandonor-derived community (stool-derived) after
treatment with E. coli-targeting streptozotocin and E. coli-sparing tiratricol.
Redlinesrepresentthe mean +1s.e.m.Adjusted P values with Benjamini-
Hochbergcorrection from one-tailed Wilcoxon tests.

of eight healthy adults. The sensitivity of the stool-derived com-
munities to drugs varied across donors (Extended Data Fig. 9d).
After treatment with ten drugs at various concentrations (Extended
Data Fig. 1a), S. Tm growth in the stool-derived communities was
positively correlated with growth in Com20 (mean Spearman’s cor-
relation across all stool samples = 0.61 + 0.17) and Com21 (mean cor-
relation = 0.66 + 0.17). This result held for all individual stool-derived
communities (Spearman’s p > 0.35, Benjamini—-Hochberg-adjusted
P<0.1in all cases) (Extended Data Fig. 9e and Supplementary
Table 9). The increased correlation between stool-derived com-
munities and Com21 compared with Com20 (Fig. 3¢) may be
explained by the presence of Escherichia species in the stool-derived
communities.



Next, we interrogated candidate biochemical pathways that could
drive nutritional competition betweenS. TmandE. coliin the presence
of drugs that promote E. coli growth. We proposed that competition
for fumarate as an electron acceptor in anaerobic respiration might
havearole, as fumarate respirationis key during various stages of gut
colonization®*. In co-culture with E. coli ED1a, a S. Tm mutant lacking
the frdD gene (AfrdD), whichencodes the D subunit of fumarate reduc-
tase, was outcompeted by wild-type (WT) S. Tm (P= 0.013, two-tailed
t-test) (Fig. 3d). Correspondingly, drug treatment with tiratricol,
whichincreased E. coli counts in Com21 and stool-derived communi-
ties, resulted ina competitive disadvantage for S. Tm AfrdD compared
withWTS. Tm (P=0.016 and P= 0.031, respectively; adjusted P values
with Benjamini-Hochberg correction are from one-tailed Wilcoxon
tests) (Fig. 3e). This finding indicates that fumarate respiration is an
important driver of S. Tm expansion during certain treatments.

These results suggest that drug-induced alterations in the abundance
ofaniche competitor caninfluence the ability of a pathogen to expand
inamicrobial community. Differences in the drug sensitivity of niche
competitors will lead to different community compositions and alter
the ecological dynamics, whichin turninfluence the outcome of inva-
sion depending on the fitness of the pathogen.

Drugsimpair S. Tmresistance in mice

We assessed whether the modulation of S. Tm growth by non-antibiotics
observedin vitrowould translate into disruption of colonization resist-
anceinvivo. For this, we used three animal models (Fig. 4a): gnotobiotic
mice colonized with Com20; specific-pathogen-free (SPF) mice; and
gnotobiotic mice colonized with a stool-derived community from a
human donor (hereafter referred to as humanized mice). We selected
five drugs on the basis of their effects in vitro (Extended Data Fig. 5a,d):
four that promoted pathogen growth (clotrimazole, chlorpromazine,
terfenadine and clomiphene) and one that restricted pathogen growth
(zafirlukast). Drugs were administered at concentrations equivalent
to their human dose for chronic treatment (3-60 mg kg™).

In Com20-colonized mice, the pathogen-favouring drugs led
to significantly higher S. Tm levels in faeces and the caecum 1 day
post-infection (d.p.i.) compared with controls (adjusted P values for
faeces: clotrimazole = 0.009, chlorpromazine = 0.012 and terfena-
dine =0.002; adjusted P values for caecum: clotrimazole = 0.004,
chlorpromazine = 0.019 and terfenadine = 0.009; Wilcoxon test
with Benjamini-Hochberg correction), whereas zafirlukast did not
(Fig. 4b,c). Similar results were observed in SPF mice, although in this
model, zafirlukast treatment led to increased S. Tm levels (adjusted
Pvalues for faeces: clotrimazole = 0.033, zafirlukast = 0.017, chlorpom-
azine = 0.011, terfenadine = 0.004 and clomiphene = 0.005; adjusted
Pvalues for caecum: zafirlukast = 0.017, chlorpromazine = 0.017,
terfenadine = 0.004 and clomiphene = 0.005; Wilcoxon test with
Benjamini-Hochberg correction) (Fig. 4d,e). Increased S. Tmloads did
notlead to host symptoms, signs of intestinal inflammation or systemic
infection 24 h after S. Tm challenge in either mouse model (Extended
DataFig.10a,b). For the humanized mouse model, we focused on ter-
fenadine as it had the strongest effects in Com20-colonized mice and
SPF mice. Terfenadine-treated animals exhibited higher S. Tm loads
infaecesatland 4 d.p.i. (P=0.036 for day 1and P=0.040 for day 4)
(Fig. 4f) and in the caecum at 4 d.p.i. (P=0.041) (Fig. 4g) but not at
systemicsites (Extended Data Fig.10c). Amorerapidincrease in faecal
lipocalin-2 (also known as NGAL) levels (P = 0.040 forday 2and P= 0.021
for day 3) (Fig.4h) and ahigher S. Tm pathoscoreat 4 d.p.i. (P=0.0022)
(Fig. 4i) indicated earlier disease onset and increased severity of inflam-
mation compared with controls.

Pathogen levels changed without large rearrangements in micro-
biome composition in treated mice (Extended Data Fig. 10d-f and
Supplementary Tables 10-12) or significant changes in £. coli counts
in SPF and humanized mice after drug treatment (adjusted P> 0.05

(not significant) in all cases, Wilcoxon test with Benjamini-Hochberg
correction) (Extended DataFig.10g,h). This result wasin line with our
in vitro work for biomass-lowering, non-£. coli-targeting drugs such
as terfenadine. Moreover, terfenadine treatment alone did not result
in proinflammatory effects, pathological changes or alterations in
epithelial hypoxialevels in caecal tissue, which are known to support
thegrowth of enteric pathogens'**%, These observations indicate that
increased S. Tmlevels are probably not caused by a host physiological
response to drug treatment (Supplementary Fig. 1).

Overall, these results confirmourin vitro findings by demonstrating
that non-antibiotic drugs across therapeutic classes disrupt coloniza-
tionresistance against S. Tmin mice with defined and complex micro-
biotas. For certain drugs (for example, zafirlukast), the interference
with colonizationresistance depended on the microbiome composition
of the host. For the antihistamine terfenadine, higher pathogen load
led to more rapid disease progression in humanized mice.

Discussion

Resistance againstinvasion of pathogenic bacteriais a key ecosystem
service provided by the microbiome to the host*>¥. Although it is well
established thatantibiotics can disrupt this community property™#2°,
the effects of non-antibiotics on colonization resistance were largely
unknown. Population-level metagenomic studies and epidemiological
analyses of large cohorts have identified a link between drug consump-
tion, higher pathobiont load" and symptoms consistent with gastro-
intestinal infections®®. We directly addressed this gap inknowledge by
systematically investigating how drug-induced disruption of communi-
ties of gut commensals affects pathogen invasion in vitro and in vivo.
Starting from a large number of compounds, our approach led to the
identification of non-antibiotic drugs thatincreased S. Tmload in mice.
The effect of drug exposure on microbial communities was generally
disruptive, with more compounds promoting S. Tm expansion than
restricting it. These drugs belonged to a wide range of therapeutic
classes, including antiasthmatic, antipsychotic, antifungal, antihis-
taminic and selective oestrogen receptor modulator agents. Notably,
unlike antibiotics, these drugs do not have broad antimicrobial effects.
Instead, they cause more subtle changes in microbial communities,
which highlights new ways in which drugs can impair colonization
resistance.

Drug-induced changes in the microbial community increased patho-
gen expansion in several ways. Non-antibiotics reduced the total bio-
mass of the microbial community by either killing or inhibiting the
growth of a subset of commensals, which therefore enabled the patho-
gen to proliferate in a similar way to post-antibiotic expansion (for
example, clomiphene; Fig. 1d). Alternatively, non-antibiotics shifted
the diversity or composition of the microbial community—without
necessarily affecting the biomass—towards a community state that is
unable to resist the growth of the pathogen (for example, floxuridine;
Fig. 2f,g). Moreover, drugs selectively targeted species with high nutri-
tional overlap with the pathogen, so that competition for resources
wasreduced (forexample, streptozotocin; Fig.3a,b). The level of colo-
nization resistance will depend on the degree to which each factor is
affected, whichis a function of the compound and the baseline state of
the community. As a metabolic generalist, S. Tm can adapt to diverse
post-druglandscapes; however, the ultimate success of the pathogen
will depend onits fitness relative to the community and community
members, especially niche competitors such as E. coli®. Therefore,
differencesin drugsensitivities between resident microorganisms and
invading pathogens (Fig. 1a), combined with their differential ability
to use limited substrates (Fig. 3d,e), willinfluence infection outcomes.

Community changes may occur through direct interference of a
drugwith bacterial structures or processes®**, sequestration of nutri-
ents®or theinduction of physiological changes in the host**3*, Conse-
quently, nutrient competition between commensals and pathogens
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Fig.4|Non-antibiotics fromdiverse therapeutic classes disrupt colonization
resistance inmice. a, Drug treatment and sampling scheme for three mouse
models: Com20-colonized mice (defined microbiome); SPF mice withacomplex
mouse microbiome; and humanized (Hum) mice witha complex human
microbiome. Oral gavage of drugs was performed daily for 6 days at the following
doses: 38 mg kg for clotrimazole; 20 mg kg™ for zafirlukast; 3 mg kg™ for
chlorpromazine; 25 mg kg™ for terfenadine; and 60 mg kg for clomiphene.
b,c,S. Tmloadinfaeces (b) and caecum (c) of drug-treated Com20-colonized
miceld.p.i.withS. Tm.Number of mice per treatment: 8 (DMSO), 7 (clotrimazole),
8 (zafirlukast), 8 (chlorpromazine) and 7 (terfenadine). CFU, colony-forming unit.
d,e,S. Tmloadinfaeces (d) and caecum (e) at1d.p.i.in SPF mice. Number of mice
pertreatment: 9 (DMSO), 9 (clotrimazole), 9 (zafirlukast), 9 (chlorpromazine),
9 (terfenadine) and 9 (clomiphene).f,g,S. Tmload in faeces (f) at1and 4 d.p.i.
andinthe caecum (g) at4 d.p.i.inhumanized mice. Number of mice per

will be altered, which affects the ability of the community to effectively
respond to the pathogen®. Furthermore, drugs can cause lysis of com-
mensal microorganisms to alter the pool of available substrates such
as microbiota-derived fumarate*, whichis used by S. Tm for anaerobic
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treatment: 8 (DMSO) and 7 (terfenadine). h, Lipocalin-2 levels were measured
by ELISA in faecal samples from humanized mice after treatment and before
infection (day 6) andat1and 4 d.p.i. Number of mice used areasing.Red lines
indicatethe mean +1s.e.m. of theabove number of biological replicates.
Adjusted P values with Benjamini-Hochberg correction from one-tailed
Wilcoxon tests for comparisons of drug-treated versus DMSO-treated mice.

i, Histopathological evaluation of caecal sections after haematoxylin and eosin
staining (Methods). Left, mice were either treated with DMSO (8 mice) or
terfenadine (6 mice). Right, mice were infected after treatment with DMSO
(Smice) or terfenadine (5 mice). Each point represents a pathoscore assigned to
oneanimal by anindependent evaluator. Generalized linear mixed models were
used with the animal identifier asarandom effect. Two-sided Wald z-tests
assessed fixed effects and post hoc comparisons.

respiration. Other factors, such as the production of inhibitory com-
pounds such as short-chain fatty acids® and bacteriocins® or the
inhibition of the expression of virulence factors®, can also modulate
pathogen growth. Beyond altered ecological dynamics as a general



consequence of drug treatments, no individual molecular interac-
tion or cellular process explained the loss of colonization resistance
across all drugs. Different compounds led to distinct community
compositions (Fig. 2c) and gene expression patterns (Fig. 2e-g), yet
exhibited similar reductions in resistance to S. Tm. Given the large
chemical diversity of non-antibiotic drugs, along with factors such
as dosage, treatment duration and inter-individual variation in the
microbiome, future studies should evaluate drug-microbe-host
interactionsin a context-dependent basis once arelevant phenotype
has been identified.

Our work is not without limitations. We propose a framework to
explain how non-antibiotics can alter the ecological properties of the
microbiome that resultsinaloss of colonization resistance. However,
this framework currently lacks insight into the underlying molecu-
lar and cellular mechanisms. Because different drugs may affect dif-
ferent microorganisms in distinct ways, future research will need to
take acomprehensive, case-by-case approach to uncover these pro-
cesses. Moreover, our in vitro analyses represent a conservative esti-
mate of the number of non-antibiotics with the potential to increase
pathogen load. As our high-throughput method cannot account for
host-mediated aspects of colonization resistance, we may have over-
looked non-antibiotic drugs that promote pathogen growth due to
microbiome-independent factors. Nonetheless, we demonstrated that
drug-induced loss of colonization resistance can occur in vivo. Using
models of varying microbial complexity, we showed that non-antibiotic
drugscanincrease S. Tmlevelsin the mouse gut and exacerbate inflam-
mation after—but not before—infection compared with untreated
animals.

In summary, the current work provides a basis for understanding
non-antibiotic-mediated microbiome disruption and the expansion
of pathogenic bacteria. Our results suggest that non-antibiotic drugs
can compromise colonization resistance through means similar to
classical antibiotics—primarily by reducing commensal biomass and
diversity—thereby weakening nutritional competition against patho-
gens. However, theimpact of non-antibiotics on commensal bacteriais
generally milder (Fig.1d), which means that higher doses or prolonged
exposure may be required to disrupt the microbial community. This
disruption may enable opportunistic colonization by enteric pathogens
and poses arisk that healthcare professionals may underestimate.
Thus, future studies should examine the effects of non-antibiotic drugs
across a wide range of microbiome compositions, drug dosages and
treatment regimens. The outcomes of these studies will be pivotal
in the development of strategies to predict, minimize and mitigate
microbiome-mediated disruptions.
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Methods

Bacterial cultivation of monocultures, Com20, Com21and
stool-derived communities

The speciesusedin thisstudy arelistedin Supplementary Table 13. They
were purchased from the Leibniz-Institut DSMZ-Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, BEI Resources, the
American Type Culture Collection or Dupont Health & Nutrition, or
were provided as gifts from the Denamur Laboratory (INSERM), the
Blokesch Laboratory (EPFL), the Andrews-Polymenis Laboratory (Texas
A&M University), the Darby Laboratory (UCSF) or the Wagner Labora-
tory (University of Tibingen). All gut commensal species, whether
grownindividually or asa community, were cultivated inmGAM (Nisui
Pharma Solutions) at 37 °C, with the exception of Veillonella parvula
and Bilophila wadsworthia monocultures. We cultured V. parvula
in Todd-Hewitt broth supplemented with 0.6% sodium lactate and
B. wadsworthiain mGAM supplemented with 60 mM sodium formate
and 10 mM taurine. We pre-reduced the medium for aminimum of24 h
under anoxic conditions (2% H,, 12% CO, and 86% N,) in an anaerobic
chamber (Coy Laboratory Products). The species were inoculated from
frozen stocks into liquid culture medium and passaged twice (1:100)
overnight to ensure robust growth. We periodically verified the purity
and identity of the species through sequencing of the 16S rRNA gene
and/or MALDI-TOF mass spectrometry®,

We selected a set of 31 prevalent and abundant species from the
human gut microbiome, which differed by >3% in their 16S rRNA gene
sequences in the V4 region. When monocultures of all species were
mixedinequal OD ratios, 20 of these species were consistently detect-
able and their levels were stable after several passages®.

For experimentsinvolving human stool-derived material, informed
consent was obtained from all eight donors (approved by the Eth-
ics Committee of the University Hospital Tiibingen, project ID
314/2022B02). We generated stool-derived communities from fresh
human faecal samples as previously described***° by inoculating from
frozen glycerol stocksinto 3 mlBHIand serial dilution of 1:200 for three
48-h passages. This process ensured that the composition reached a
steady state before measurements. We performed the experiments
in clear, flat-bottomed 96-well plates (Greiner Bio-One). We sealed
the plates with breathable AeraSeals (Excel Scientific). Communities
were stored with glycerol as frozen stocks at =80 °C, inoculated from
frozen stocks into fresh mGAM and grown overnight.

We carried out selective plating of pathogens under aerobic con-
ditions. For animal experiments, we cultured S. Tm in LB broth sup-
plemented with 0.3 M NaCl and determined S. Tm loads in intestinal
contentand organs on MacConkey agar supplemented with 50 ug mi™
streptomycin.

Prestwick library screening for pathogens

We carried out the Prestwick library screening as previously described!
onfive pathogenic bacterial species inmGAM under anaerobic condi-
tions. In brief, the library, which consists of 1,197 drugs approved by
the Food and Drug Administration, was diluted to 100-fold the work-
ing concentrationin DMSO (2 mM) in V-bottom polypropylene plates
(Greiner Bio-One, 651261). For the screening experiments, we diluted
drug master plates to 2-fold the working concentration in mGAM
(40 uM) in U-bottom plates (Thermo Scientific, 168136), aliquoted them
(50 plper plate) and stored them at —20 °C for amaximum of 1 month.
The DMSO control wells in each 96-well plate served as controls. For
experiments with H. parainfluenzae, we supplemented mGAM with
0.5 mg I heminand 2 mg "' NAD. Before inoculation, we pre-reduced
the drug plates overnight in an anaerobic chamber.

Before the screening experiments, we passaged bacterial strains
twice overnight (1:100) anaerobically and adjusted the OD;,5 to 0.02.
Afterinoculation, the starting ODss for all bacterial species was 0.01and
the drug concentrationinthe plate was 20 pM with 1% DMSO. We sealed

all plates with breathable membranes (Breathe-Easy, Sigma-Aldrich,
7380059). Bacterial growth was tracked by measuring the ODy,s every
hour for 24 h using a microplate spectrophotometer (EON, Biotek)
coupled with a Biostack 4 microplate stacker (Biotek), both housed
inside anincubator (EMBL workshop). All screening experiments were
performed in three biological replicates. For analysis, we truncated
growth curves at the transition from the exponential to the stationary
phase for analysis. We then calculated the area under the curve (AUC)
using the trapezoidal rule and normalized it to the solvent or DMSO
controls in the same plate. We identified hits from normalized AUC
measurements by fitting heavy-tailed distributions, specifically the
scaled Student’s t-distribution®, to the wells containing controls. We
combined P values for each drug and strain across replicates using
Fisher’s method, and calculated the false-discovery rate using the
Benjamini-Hochberg method over the entire matrix.

To compare drug effects between P. vulgatus WT and P. vulgatus
ABVU _1672-1675, we used an updated version of the Prestwick library,
which contains 1,520 drugs. We performed the screen as described for
the pathogens and calculated the normalized median AUC per drug-
strain combination'?. We defined compounds that reduced the median
AUC below 0.1 as hit compounds and compared total hit counts and
counts by class (antibiotic or non-antibiotic drug).

Targeted gene deletions in P. vulgatus

We generated genomic knockouts of target genes in P. vulgatus as
described elsewhere*. In brief, the method we used relies on a two-step
allelic exchange by homologous recombination. For this, the regions
flanking the gene of interest 1,500 bp upstream and downstream were
amplified from genomic DNA and cloned into the linearized anhy-
drotetracycline (aTc)-inducible suicide vector pLGB13 using HiFi—
Gibson assembly. This plasmid contains an ampicillin-resistance cas-
sette for maintenance in £. coli, an erythromycin-resistance cassette
as a selection marker in Bacteroidota species and the aTc-inducible
ssBfel counter selection cassette, which will express the highly toxic
effector Bfel from the type VIsecretion system of Bacteroides fragilis*.
We transformed the vector that contained the flanking regions into
E. coli DATC* using heat-shock transformation. We then conjugated
the plasmidinto P. vulgatus, whereitintegrates into the chromosome
at the site of the gene of interest through homologous recombina-
tionunder erythromycinselection. Using aTc counterselection, which
induces ssBfel-mediated rapid cell death, colonies that underwent a
second homologous recombination, thereby losing the integrated
plasmid again, were selected. We analysed colonies by PCR and Sanger
sequencing to verify whether they were WT revertants or knockouts.

Targeted gene deletionsinS. Tm

Weintroduced AfrdD::aphTintoS. TmSB300 from S. Tm 14028 AfrdD::
aphT* through P22 phage transduction and subsequent selection on
kanamycin. Successful phage transduction was confirmed by PCR using
tag-specific primers (aphT_fwd: 5-CTGGCTGCTATTGGGCGAAG-3;
frdD_rev: 5-GATTCACATCTTGGACCGCC-3).

Drugselection

We selected drugs for the in vitro challenge assay on the basis of their
direct inhibitory effect on members of Com20 in monocultures'. We
aimed toidentify drugs with different inhibition profiles across the 20
species so that we could generate communities with sufficient com-
positional variation. We performed hierarchical clustering (Euclidean
distance metric and complete linkage method) using the normalized
AUC values of the 172 drugs that showed significant inhibition (adjusted
P<0.01) against at least 5of the 20 speciesin Com20. From these clus-
ters, we selected 63 drugs that represented diverse inhibition spectra
across Com20 members (Extended Data Fig. 1a). We also included 3
drugs not part of the Prestwick library, which resulted in a panel of 65
drugs for the initial assays in Com20 members. This set was further



streamlined as we progressed through the experiments, asillustrated
inExtended DataFig.1a. None of the drugs interfered with the lumines-
cence readout of the assay. We excluded drugs that directly inhibited
S. Tm growth with IC, values < 5 uM (nalidixic acid and norfloxacin;
Supplementary Table 2). We further excluded B-lactam antibiotics
owing to the presence of ampicillin resistance on the pilux lumines-
cence plasmid used in the S. Tminvasion assay.

IC,;determination

We dissolved alldrugs in DMSO, except for clomipramin, doxorubicin
and tobramycin, which were dissolved in water. We prepared drug
master plates at a concentration 100 times the working concentra-
tion by serially diluting the stock solutions 2-fold in DMSO or water.
We diluted column-wise in V-bottom 96-well plates (Greiner Bio-One,
651261), starting from 160 mM. Each column in the plate contained
eight twofold dilutions of a drug, except for column 7, which contained
DMSO or water asa control. This strategy resulted in11 drugs screened
per plate. We diluted the plates to 2 times the assay concentration in
50 plmGAM in U-bottom 96-well plates (Thermo Scientific,168136) and
stored themat-20 °C foramaximum of 1 month. Before the assay, we
thawed and pre-reduced the plates overnight inan anaerobic chamber.

Monocultures or stool-derived communities* were grown overnight
in 5 ml mGAM. The next day, we diluted the communities to an OD;;g
of 0.02. We then added 50 pl of the suspension to the drug plates to
resultina starting ODs,5 of 0.01and a DMSO concentration of 1% in all
wells. We sealed plates with Breathe-Easy membranes (Sigma-Aldrich,
Z380059). Growth curves at OD,; were monitored every hour after
1 min of linear shaking under anaerobic conditions using an Epoch2
microplate reader coupled with aBiostack 4 microplate stacker (both
Agilent) housed in a custom-made incubator (EMBL workshop?). We
analysed at least three biological replicates for each species.

To calculate the AUC, we used the R package neckaR (https://github.
com/Lisa-Maier-Lab/neckaR), using control wells in the plate that did
not contain any drugs to define normal growth. We calculated the
median AUC for each concentration across the three replicates. To
conservatively remove the effects of noise, we enforced monotonicity.
Ifthe AUC decreased at lower concentrations, it was set to the highest
AUC measured at higher concentrations. The IC,; was defined as the
lowest concentration at which amedian AUC < 0.75was observed.

Assessment of correlations between phylogenetic relatedness
and responses to bacterial and non-antibiotic drugs

To evaluate the association between the response of microorganisms
toantibiotics and non-antibiotics in an evolutionary context, we used
the newly obtained AUCs from the Prestwick library screen, together
with those of previously reported commensal bacteria’, to determine
the similarity of the response between bacterial species, as measured
by the Euclidean distance. Only drugs that inhibited the growth of
>5 species were included in the analysis. We used the R package ape
(v.5.8)* to calculate the cophenetic distances between species; the
phylogeny was reconstructed using a multilocus alignment obtained
from whole bacterial genomes using phylophlan (v.3.0)*. Principal
coordinate plots were generated from Euclidean distance matrices. We
tested the global association between AUC and phylogenetic distances
using the Mantel test asimplementedin the R package Ade4 (v.1.7-22)*,
We further assessed the changein the strength of the association across
evolutionary distances using a phylocorrelogram with the R package
phylosignal (v.1.3.1)*’, which shows the correlation between the overall
response to the drugs and the phylogenetic distance between species
as afunction of the phylogenetic distance.

Prediction of antimicrobial resistance and stress-related genes
in pathogens and gut commensals

To assess the genetic repertoire of antimicrobial resistance and stress
response genes ingut commensals and pathogens, we first performed

gene calling from whole genome sequences using FragGeneScan
(v.1.31)*°. We identified genes involved in antimicrobial resistance,
efflux and stress responses using AMRFinderPlus (v.3.11)* and the
database (v.2023-09-26.1) with amino acid sequences as input. We
then used argNorm (v.0.2)*? to normalize the antibiotic-resistance
gene annotations.

Preparation of drug master plates for in vitro invasion assays
forS.Tm

For each drug, we tested five concentrations. Drugs with reported
intestinal concentrations exceeding 20 pM (ref.1) were screened at con-
centrations from10to160 pM, and the remaining drugs were screened
at concentrations from 2.5to 40 pM.

We prepared master platesin V-bottom 96-well plates at 100-fold the
drug working concentrationin DMSO as described above. Concentra-
tion gradients of the drugs (16 mM, 8 mM, 4 mM, 2 mM and 1 mM or
4 mM, 2 mM, 1 mM, 0.5 mM and 0.25 mM) were represented by each
column, withrows B and G having the highest and lowest concentration,
respectively. In each deep-well plate, row E served as solvent controls
that contained only DMSO or water. To prepare the 96-deep-well plates
(Thermo Fisher Scientific, AB-0564) for the S. Tm challenge assay, we
transferred 5 pl of the drug master plate to the deep-well plate, which
already contained 95 pl mGAM. Subsequently, we pre-reduced the
deep-well plates overnight (5 times the drug working concentration
in 5% DMSO) in an anaerobic chamber. Wells on the border contained
only mGAM (sterile controls).

Assembly of Com20 and Com21 for in vitro invasion assays
forS.Tm

For Com20 and Com21 assembly, we inoculated each member from
frozen stocks and cultured them anaerobically in 5 ml mGAM over
two overnight passages (1:100) as monocultures. We measured the
ODs,sindividually for each species. We mixed together the culturesin
the volume required to achieve a total ODs,5 of 0.0125 (for example,
in Com20, each species contributed an equal ODs,5 0of 0.000625) and
400 pl of this suspension was added to wells of 96-deep-well plates
that contained drugs as described above to achieve a starting OD;g
of 0.01 (total volume of 500 pl).

We sealed the deep-well plate with the drugs and communities with
aBreathe-Easier membrane (Sigma-Aldrich, Z763624) and incubated
them anaerobically at 37 °Cfor 24 h. The 24 h of incubation with drugs
disrupted the composition of the communities, and we used the dis-
rupted communities for theinvitroS. Tm challenge assay. We obtained
pellets from 300 pl of the cultures, which we then froze for 16S rRNA
gene analysis.

Invitro S. Tm challenge assay

For the luminescence-based invasion assay, we used the human gut
pathogen S. Tm strain SB300 (ref. 53) with the plasmid plJ11282 ilux
(pRS16591, S. Tm pilux; a gift from the Foster Laboratory, University of
Oxford) for constitutive expression of the ilux operon under the npti//
promoter®*. S. Tm pilux was grown anaerobically at 37 °C overnightin
mGAM supplemented with 100 pg mlampicillinand then subcultured
by diluting 1:100 in the same medium. The next day, we measured the
ODg;5 0f 100 pl of all drug-perturbed communities in a 96-well clear,
flat-bottom plate. To assess the growth potential of S. Tm pilux in the
drug-perturbed communities, we transferred 50 pl from each well of
the drug-perturbed communities into new pre-reduced, deep-well
plates. We diluted S. Tm pilux to an ODs, of 0.0025 and added 200 pl
ofthissuspensionto the assay deep-well plate. We added 250 pl mGAM
so that the total volume was 500 pl, which resulted in a starting ODs,g
for S. Tm of 0.001 and for the untreated community of 0.5. Of note,
this protocol resulted in the transfer of residual amounts of the drug,
up to10% of the original concentration. We sealed the assay plate with
aBreathe-Easier membrane (Sigma-Aldrich, Z763624) and incubated
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it anaerobically at 37 °C for 4.5 h. Thereafter, the plate was taken out
of the anaerobic chamber. We thoroughly mixed the contents of the
wells and added 25 pl of 2 mg ml ™ chloramphenicol to each well to
halt S. Tm growth and to stabilize the luminescence signal. The cell
suspension (100 pl) was transferred to a white 96-well plate (Thermo
Fisher, 236105). Approximately 10 min later, the plate was incubated
for 10 min at 37 °C in a Tecan Infinite 200 PRO microplate reader and
luminescence was measured.

We obtained two measurements: the ODs;s of communities after over-
nightincubation withthe drugs, and the luminescence emitted by S. Tm
asaproxy for pathogen growth in the drug-perturbed communities. For
dataanalysis, ODs,s values were first corrected by subtracting the base-
line OD;s from mGAM. Then, we normalized the luminescence and ODg;g
valuesto the control columninrow E, which contained the unperturbed
community (solvent controls) by dividing values of perturbed commu-
nities by values of untreated communities. Both S. Tm luminescence
and Com20 ODs,; were highly correlated among the three replicates
(R*=0.56-0.74and R*= 0.85-0.9, respectively; Extended Data Fig. 4¢).

Post-wash S. Tm challenge assay

We evaluated whether washing drug residue from the community after
treatment affected S. Tmgrowth. The post-wash S. Tm challenge assay
was conducted following the same protocol as the S. Tm challenge
assay, with the modification that the procedure was carried outin1.5 ml
Eppendorftubes. We tested the following drugs: 20 pM clotrimazole,
80 pM zafirlukast, 160 pM chlorpromazine and 80 pM terfenadine
fromthe colonization group S. Tm neutral; 80 uM clomiphene, 20 pM
floxuridine, 20 uM erythromycin and 80 uM sertindole from the
colonization group S. Tm favouring; and 1% DMSO as a control. Each
condition was carried out in two Eppendorf tubes. After 24 h of drug
treatment, we centrifuged one tube of each condition for 5 minat 3,000
gatroom temperature under anaerobic conditions. The supernatant
was removed and the pellet was resuspended in 500 pl mGAM. Next,
we transferred 50 pl of each tube of each condition in triplicate to a
deep-well plate containing 250 pl mGAM to compare the washed and
the unwashed culture. Finally, S. Tm was added and the luminescence
was measured after 4.5 h. Signals were normalized to S. Tm growingin
the DMSO-treated community.

Pairwise co-culture and single-species dropout assays
We conducted pairwise co-culture assays to measure the contribution
ofeach member of Com20to S. Tmgrowthindividually. The commensal
speciesandS. Tm pilux were grown anaerobically overnightin mGAM
and subcultured once before the experiment. On the following day, we
mixed the commensal and S. Tm pilux in 96-deep-well plates with atotal
volume of 500 pl mGAM. We set the initial ODs,5 of the commensal to
0.1, whereas S. Tm had aninitial OD,5 of 0.0002 (commensal to patho-
gen ratio of 500:1), as described above for the S. Tm challenge assay
in Com20. Control wells contained only S. Tm in monoculture. After
agrowth period of 4.5 h at 37 °C under anaerobic conditions, we cal-
culated S. Tmlevels as described for the in vitro S. Tm challenge assay.
The single-species dropout assay was performed in a similar way
as for thein vitro S. Tm challenge assays. We assembled 19-member
communities by omitting one strain at a time in the volume required
to achieve a total OD;;5 of 0.5. Then, we mixed 800 pl of this suspen-
sion with 200 pl 50% glycerol (with a few crystals of palladium black
(Sigma-Aldrich)). Communities preserved in1.8 mlcryovials (Thermo
Scientific NUNC, 10674511) were frozen at —80 °C and grown overnight
twice anaerobically at 37 °C before conducting the pathogen challenge
assay. We normalized the growth of S. Tm on dropout communities to
the growth of the pathogenin Com20.

Invitro Transwell S. Tm challenge assay
To analyse the transcriptional profile of both the community and
S. Tm after drug treatment, we performed the S. Tm challenge assay

ina Transwell format. For this, we selected treatments that led to alow
biomass of Com20 (160 pM terfenadine and 80 pM clomiphene) and
drugs that affected community composition but not biomass (20 pM
floxuridineand 80 pM simvastatin). Com20 and S. Tmwere inoculated
from a cryostock in 5 ml mGAM and incubated anaerobically over-
night at 37 °C. We diluted the drugs and the control solvent (DMSO)
in mGAM in glass tubes in a total volume of 4.5 ml. After overnight
incubation, we measured the ODs,s of Com20. Then, 500 pl Com20
at an ODs,; of 0.05 was added to tubes containing mGAM and drug or
solvent, which resulted in a total volume of 5 ml. This setup ensured a
final drug concentration of 1x and aninitial Com20 ODs,5 0of 0.005. We
incubated drug-treated Com20 anaerobically for 24 hat 37 °C; S. Tm
was subcultured. The next day, we transferred Com20 and S. Tm to
6-well cell culture plates (Greiner, 657160) in a total volume of 7 ml per
well. Weadded 2.3 mlmGAMto allwells and transferred 700 pl of each
drug-treated community in triplicate to the 6-well cell culture plate.
We placed the 6-well cell culture insert (CellQART, 0.4 um, 9300402)
in each well and filled all inserts with 4 ml S. Tm with an initial ODsg
of 0.001. Plates were anaerobically incubated at 37 °C. After 4.5 h, we
combined the 3 technical replicates in one 15 ml Falcon tube of either
S. Tmor the drug-treated community to reach a minimum of 10° cells
pertube. We took out the tubes from the anaerobic chamber to centri-
fugethemat4,300gfor 20 minat4 °C. After centrifugation, we placed
the tubes immediately on ice, removed the supernatant and added
1ml TRIzol (Invitrogen by Thermo Fisher Scientific, 15596026). After
vortexing the tubes, we transferred their content to a2 ml Eppendorf
tube before leaving the pellet for 10 min at room temperature and
freezing it at —-80 °C. We repeated the experiment three times across
three different weeks.

Samples were sent to Novogene for RNA isolation and sequencing.
Inbrief, total RNA was extracted using an in-house RNA purification kit
and ribosomal RNA was removed using a Ribo-Zero Plus rRNA depletion
kit (Illumina) followed by ethanol precipitation. After fragmentation,
the first-strand cDNA was synthesized using random hexamer prim-
ers. During the second-strand cDNA synthesis, dUTPs were replaced
with dTTPs in the reaction buffer. Directional libraries were gener-
ated using a Novogene NGS Stranded RNA Library Prep Set, which
involved end repair, A-tailing, adapter ligation, size selection, USER
enzyme digestion (New England Biolabs), amplification and purifica-
tion. Libraries were sequenced using an Illumina Novaseq X Plus-PE150
platform.

Quantification of S. Tm in treatment-mimicking communities
To validate our screen, we selected four conditions: treatment with
erythromycin, floxuridine, sertindole or zafirlukast. On the basis
of the composition of Com20 after treatment with these drugs, we
assembled treatment-mimicking communities that contained only
the members withameanrelative abundance of >3% after 24 h of drug
exposure. We incubated Com20 and treatment-mimicking commu-
nities in deep-well plates at 37 °C anaerobically. After 24 h, we per-
formed a dilution series of these communities in deep-well plates in
atotal volume of 400 pl. We transferred 100 pl of each dilution and
Com20 to flat-bottom plates and measured the ODs. Fifty microli-
tres was transferred to new deep-well plates containing 250 pl mGAM
per well. In addition, 200 pl S. Tm pilux (ODs,5 0.0025) was added to
each well and the plate was incubated for 4.5 h at 37 °C. We retained
the remaining volume of the dilution series for DNA isolation and 16S
rRNA gene sequencing. After 4.5 h, we measured S. Tm luminescence
as described above. We performed the experiment in triplicate, and
the luminescence measurements in treatment-mimicking communi-
ties were normalized to the luminescence in Com20. We compared
the log,[fold change] of S. Tm luminescence and the ODs,; between
treatment-mimicking communities and drug-treated communi-
ties to identify the dilution step that best matched the drug-treated
community.



S. TmWTand S. Tm AfrdD::aphT competition assay

To test whether fumarate respiration has an essential role in outcom-
peting a close niche competitor, we performed a competition experi-
ment between £. coli ED1a and Salmonella. E. coli ED1a, S. Tm SB300
WT, S. Tm SB300 AfrdD::aphT and S. Tm SB300 WITS-tag (kanamycin
resistant®), whichwere inoculated anaerobically for 2 nights at 37 °C.
Next, we measured the ODs,, of all bacteria and mixed themin a total
volume of 5 ml. E. coli ED1a was added to every condition with aninitial
ODs,5 of 0.5. In condition one, we tested the growth of Salmonella by
addingS. TmWT and S. Tm WITS-tag with aninitial ODs,30f 0.0005. In
condition two, we tested the growth of S. Tm lacking the subunit D of
fumaratereductase by addingS. TmWT and S. Tm AfrdD::aphTwith an
initial ODs,5 of 0.0005. We incubated tubes at 37 °C anaerobically for
24 hbefore plating out on selective agar. Condition one was plated out
on LB agar with streptomycin (50 pg ml™; from herein on LBStrep) to
obtain all Salmonella counts and on LB agar, streptomycin (50 pg ml™)
and kanamycin (30 pg ml™, henceforth LBStrepKan) to obtain counts
fromS. Tm WITS-tag. Condition two was plated out on the same selec-
tive agar plates; although LBStrep was used to obtain all Salmonella
counts, on LBStrepKan, only S. Tm AfrdD::aphT was able to grow. We
subtracted LBStrepKan counts from LBStrep counts to obtain S. Tm
WT and calculated their ratio. The experiment was performed in six
replicates.

To verify our findings in a community context, we selected strep-
tozotocin (40 uM), which targets E. coli ED1q, tiratricol (160 uM),
which does not affect £. coli ED1a, and DMSO as a control solvent. We
used Com20, which served as a simple synthetic community, Com21,
because it mirrors Com20 but contains a niche competitor (E. coli
ED1a) and the stool-derived community, because of its complexity.
All three communities were inoculated from cryogenic stock in 5 ml
mGAM anaerobically and incubated for one night at 37 °C.S. Tm WT
and S. Tm AfrdD::aphT were inoculated from plates in 5 ml mGAM
anaerobically and incubated for one night at 37 °C. We added drugs
and control solvent (DMSO) to a total amount of 4.5 mImGAM in glass
tubes. The next day, the OD,,5 of all communities was determined,
and communities were diluted to an initial OD of 0.005 and added
to tubes containing mGAM and drugs or solvent in a total volume of
5 ml, which resulted in a 1x drug concentration. Drug-treated com-
munities were incubated at 37 °C for 24 h anaerobically and Salmo-
nella was subcultured. After 24 h, drug-treated communities were
10x diluted into fresh mGAM and the ODs,; of S. Tm was determined.
Weadded S. TmWT and S. Tm AfrdD::aphTto each drug-treated com-
munity withaninitial OD of 0.0005 and incubated these tubes for 24 h
at37 °Canaerobically. The following day, we plated each condition on
either LBStrep to obtain all S. Tm counts or on LBStrepKan to count
only S. Tm AfrdD::aphT. We subtracted S. Tm AfrdD::aphT counts
fromall S. Tm counts to obtain S. Tm WT counts and calculated the
ratio of S. Tm WT/S. Tm AfrdD::aphT. The experiment was repeated
5-6times.

Plasmid transformation of pathogenic Enterobacteriaceae

We incubated bacterial strains overnightin 6 ml LB medium at 27 °C
(WA-314, Ypslll) or 37 °C (Kp MKP103, Ec CFT073). We centrifuged
the overnight cultures for 5 min at 4,000g, washed the pellets twice
with 5 ml of 300 mM sucrose solution, transferred 1 ml of 300 mM
sucrose solution to an Eppendorf cap and centrifuged for 1 min at
10,000g. The supernatant was removed, the bacteria were resus-
pended in 100 pl of 300 mM sucrose solution and transferred to a
Gene Pulser cuvette (0.2-cm electrode gap, Bio-Rad), and 100 ng of
plasmid DNA (pEB1GM or pEB2GO, synthesized by GenScript) was
added. Subsequently, we carried out electroporation using a Gene
Pulser (Bio-Rad) and immediately added 1 ml LB. The bacterial sus-
pension was then shaken at the corresponding temperature for1h
and plated on LB gentamicin plates (15 pg ml™ for WA-314, Ypslil and

Kp Ec CFT073; 75 pg ml™ for Kp MKP103) overnight. We verified the
success of the electroporation by measuring chemiluminescence of the
lux reporter.

Adaptation of the S. Tm challenge assay to other pathogens

We screened other Gammaproteobacteria speciesinasimilar mannerto
S. Tminthe challenge assay described above. We prepared drug master
plates in the same way, except that we tested 10 drugs and the master
plate concentration ranged from 10 mM to 1 mM. Moreover, only the
outer rows were left empty to serve as medium controls. We tested
post-treatment expansion of Gammaproteobacteria speciesin Com20,
whichwe assembled as described above. For the luminescence-based
assay, we used the human gut pathogens E. coli CFT073, K. pneumoniae
MKP103, S. flexneri 24570, Y. enterocolitica WA-314, Y. pseudotubercu-
losis YPIIl and V. cholerae A1552. With the exception of V. cholerae, all
pathogens contained a variant of the pilux plasmid that enabled consti-
tutive expression of the lux reporter. We incubated all pathogens anaer-
obically overnight at 37 °C in mGAM supplemented with 100 pg ml™*
ampicillin (S. flexneri), 15 pg m1™ gentamicin (. coli, Y. enterocolitica
andY. pseudotuberculosis) or 75 pg ml™ gentamicin (K. pneumoniae) and
thensubcultured by diluting 1:100 in the same medium. We proceeded
asfortheinvitroS. Tmchallenge assay butincubated the platesat 37 °C
for aspecies-specificamount of time (4.5 hfor E. coli, 5 hfor S. flexneri
and K. pneumoniae, 5.5 hfor V. choleraeand 7 hfor Y. enterocoliticaand
Y. pseudotuberculosis).

To measure the growth of V. cholerae, we serially diluted the plates
(10'-108%-fold) in PBS and selectively plated aerobically on LB agar
with 100 pg ml™ ampicillin for pathogen enumeration. For the other
pathogens, we measured their growth as described for S. Tm pilux with
a Tecan Infinite 200 PRO microplate reader. For each treatment, we
obtained two measurements: the ODs;; of communities after overnight
incubation with the drugs and the luminescence emitted by the patho-
gens (CFUinthe case of V. cholerae) as a proxy for pathogen growthin
the drug-perturbed communities. For data analyses, both the lumi-
nescence (CFU for V. cholerae) and ODs,¢ values were normalized to
themedian of the controlsinrow E, which contained the unperturbed
community (solvent controls).

We did not evaluate the effect of washing the community after drug
treatment but before pathogen introduction given the results we
obtained onasimilar experiment using S. Tm (see the section ‘Post-wash
S. Tmchallenge assay’). Moreover, even when the IC,; of the pathogens
was low, such as in the case of floxuridine (Supplementary Table 2),
community treatment at the highest concentrations of the compound
led to anincreased pathogen growth (Supplementary Table 5), despite
the potentially disrupting effect of the residual drug.

General statistical analyses

We used R (v.4.2.0) for data processing and formatting. The package
ggplot2 (v.3.5.1) was used for visualization. For hypothesis testing,
t-tests, Kruskal-Wallis tests and Wilcoxon tests were performed as
implemented in the package Rstatix (v.0.7.2).

Analysis of community composition using 16S rRNA gene
ampliconsequencing

DNA was extracted from pellets of 300 pl culture using a DNeasy
UltraClean 96 Microbial kit (Qiagen, 10196-4) or from whole faecal
pellets using a DNeasy PowerSoil HTP 96 kit (Qiagen, 12955-4). Library
preparation and sequencing was performed at the NGS Competence
Center NCCT. Genomic DNA was quantified with a Qubit dsDNA BR/
HS Assay kit (Thermo Fisher) and adjusted to 100 ng input for library
preparation. The first step PCR was performed in 25 pl reactions that
included KAPA HiFi HotStart ReadyMix (Roche), 515F*¢ and 806R¥
primers (covering about 350-bp fragment of the 16S V4 region) and
template DNA (PCR program: 95 °C for 3 min, 28x (98 °C for 20 s,
55°Cfor15s,72°Cfor155s),72 °Cfor 5 min). Initial PCR products were
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purified using 28 pl AMPure XP beads and eluted in 50 pl of 10 mM
Tris-HCI. Indexing was performed in a second step PCR that included
KAPA HiFi HotStart ReadyMix (Roche), index primer mix (IDT for Illu-
mina DNA/RNA UD Indexes, Tagmentation) and purified initial PCR
product as template (PCR program: 95 °C for 3 min, 8x (95°Cfor30s,
55°Cfor30s,72°Cfor30s),72°C for 5min). After another round of
bead purification (20 pl AMPure XP beads, eluted in 30 pl of 10 mM
Tris-HCI), the libraries were checked for correct fragment length on
anE-Base device using E-Gel 96 Gels with 2% mSYBR Safe DNA gel stain
(Fisher Scientific), quantified with a QuantiFluor dsDNA system (Pro-
mega) and pooled equimolarly. The final pool was set to4 nM (Illumina
standard value) before being brought to a loading concentration of
8 pM. The pool was sequenced on an Illlumina MiSeq device withav.2
sequencingkit (input molarity 10 pM, 20% PhiX spike-in, 2 x 250 bp read
lengths).

Computational processing of 16S rRNA amplicon sequences

We used the R package DADAZ2 (v.1.21.0)*8 following its standard oper-
ating procedure available from GitHub (https://benjjneb.github.io/
dada2/bigdata.html). In brief, after inspecting the quality profiles
of the raw sequences, we trimmed and filtered the paired-end reads
using the following parameters: trimLeft: 23, 24; truncLen: 240, 200;
maxEE: 2, 2; truncQ: 11. The filtered forward and reverse reads were
de-replicated separately and used for inference of amplicon sequence
variants (ASVs) using default parameters, after which the reads were
merged on a per-sample basis. Next, we filtered the merged reads to
retain only those with a length between 250 and 256 bp and carried
out chimera removal.

We performed the taxonomic assignment in two steps. First, the
final set of ASVs was classified up to the genus level using a curated
DADA2-formatted database based on the genome taxonomy data-
base (GTDB)* (release RO6-RS202; available at https://scilifelab.
figshare.com/articles/dataset/SBDI_Sativa_curated_16S_GTDB_data-
base/14869077). Next, ASVs belonging to genera expected to be in
Com20 were further classified at the species level using a modified
version of the aforementioned database that contained only full-length
16S rRNA sequences of the 20 members of the synthetic community.
The sequence of each ASV was aligned against this database using the
R package DECIPHER (v.2.24.0)%°; we classified an ASV as a given spe-
ciesifit had sequence similarity of >98% to the closest member in the
database. The abundance of each taxon of Com20 was obtained by
aggregatingreads at the species level. ASVs fromin vitro communities
andgnotobiotic mice were classified using the two-step processes; ASVs
from SPF mice were classified using only the first step. We removed
potential contaminant sequences from SPF mouse samples using the
permutation filteringmethod implemented inthe R package PERFect
(v.1.14.0)°.

Overlap of pathways encoded by Com20 and Com21and human
gut metagenomes

We used the 16S rRNA gene abundance from control Com20 and Com21
in vitro communities and untreated gnotobiotic mice samples to
predict the metabolic potential of the microbial communities using
PICRUSt2 (v.2.4.1)®%, As the composition of the synthetic communi-
ties is known, we retrieved the full-length sequences of the 16S rRNA
gene for each of the member species and used them together with the
species abundance data to predict metagenome functions. For our
analyses, we used MetaCyc pathway abundances. We compared the
number of metabolic pathways detected in the untreated in vitro and
in vivo synthetic communities to actual human gut metagenomes.
For this, we retrieved publicly available tables of MetaCyc path-
way abundances processed using HUMAnN2 from GitHub (https://
github.com/gavinmdouglas/picrust2_manuscript/tree/master/data/
mgs_validation). These tables comprised 156 samples from the Human
Microbiome Project® and 57 samples from Cameroon®. For each set

of samples, we considered a pathway as present if it was detected in
>20% of samples.

Classification of drug treatments according to S. Tmgrowth

We grouped treatments according to their effect on Com20invitro. To
do so, we calculated the mean normalized luminescence and the 95%
confidence interval (CI) of each drug-concentration combination. A
treatment was classified as S. Tm favouring ifits mean normalized lumi-
nescence was >2 and the 95% Cl did not span 2, whereas the treatment
was classified as S. Tmrestrictingif the mean normalized luminescence
was<0.5and the 95% Cl did not span 0.5. The treatment was classified
asS. Tmneutral if the mean normalized luminescence was between 0.5
and 2. Communities with anormalized ODs,5 < 0.2 were also classified
but marked for removal in downstream analyses to minimize the bias
introduced by low-biomass samples.

Assessment of drug treatment on the composition of synthetic
communities in vitro

To assess changes in microbial diversity after drug treatment, we cal-
culated the species richness and Shannon’sindex using the R package
vegan (v.2.6-8)%. Tables of taxa abundances were rarefied to an even
sequencing depth. We evaluated the association between S. Tm [umi-
nescence, OD,; of Com20 and these diversity measures by fitting linear
models, with luminescence as the response variable. Our linear models
evaluated eachresponse variable separately or included ODs,sand one
diversity measure as the main effects. We estimated the proportion
of variance explained by the models using the adjusted coefficient
of determination (R?) and assessed the goodness-of-fit of each model
with the Akaike information criterion.

We assessed differences in multivariate homogeneity of group
dispersions between colonization groups (that is, S. Tm favouring,
S. Tmrestricting and S. Tm neutral) and untreated controls, and cal-
culated differences inbeta diversity witha PERMANOVA test on Bray—
Curtis distance matrices using vegan (v.2.6-8). We performed pairwise
PERMANOVA tests contrasting each treatment group to untreated
controls accounting for normalized OD;,g in the models; the ODs,g
value of control samples was set to 1. P values were adjusted using
the Benjamini-Hochberg method and a significance threshold of 0.1
was used.

We next assessed differencesin the abundance of individual micro-
bial species between colonization groups (that is, S. Tm favouring,
S. Tmrestricting and S. Tm neutral) and untreated controls. We trans-
formed the unrarefied ASV abundances using the centred log-ratio to
accountfor the compositional nature of the sequencing data. Positive
centred log-ratio values imply that an ASVis more abundant than aver-
age; conversely, negative values imply that the ASV is less abundant
than average. Low-biomass samples were removed. Next, we fitted
linear regression models to determine which species were differen-
tially abundant between each colonization group and controls using
the R package MaAsLin2 (v.1.13.0)%. We included normalized ODsg
as a covariate to account for the biomass of the community, with the
0D, values of control samples set to 1. P values were adjusted using
the Benjamini-Hochberg method and a significance threshold of 0.1
was used.

Evaluation of metabolic overlap between S. Tm and members of
the synthetic community

We estimated potential niche overlap between S. Tm and each mem-
ber of Com21 by calculating the competition and complementarity
indices using PhyloMint (v.0.1.0)*”. The metabolic competition index
is a proxy of the metabolic overlap of two species; this index is a non-
symmetric measure and it is calculated on the basis of the number of
compounds required but not synthesized by both species®® Conversely,
the metabolic complementarity index is a proxy for potential syntrophy
between species; this index is a nonsymmetric measure calculated
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based on the number of compounds that one species produces that the
second species requires but cannot synthesize®®. In brief, PhyloMint
takes asinput the whole genome sequence of each strain, whichit uses
to obtain a genome-scale metabolic model with CarveMe (v.1.5.1)%°,
extracts the metabolite seed sets and calculates the competition and
complementarity indices.

Computational processing and analysis of S. Tm and Com20
transcriptomes

We used the nf-core taxprofiler pipeline (v.1.2)”° to pre-process and
taxonomically classify the raw reads. In brief, the pipeline used fastp
(v.0.23.4)™ for adapter trimming and complexity filtering and Bowtie
(v.2.5.2)” for the removal of eukaryotic contaminant reads, includ-
ing the human genome (references retrieved from Zenodo: https://
doi.org/10.5281/zenodo0.4629921). Then, clean reads were taxonomi-
cally classified using Kraken2 (v.2.1.3)”and Bracken (v.2.9)™ againsta
GTDB-formatted database based on the Unified Human Gut Genome
catalogue” (available at http://ftp.ebi.ac.uk/pub/databases/metagen-
omics/mgnify_genomes/human-gut/v2.0.2/). We retained the clean
reads, which we then used asinput for the nf-core metadenovo pipeline
(v.1.0.1; available at https://nf-co.re/metatdenovo/), using as the map-
ping reference the whole genome sequences of all Com20 members or
S. Tm (Supplementary Table 14). In brief, metadenovo performed gene
calling on the whole genomes used as the reference using prodigal,
mapped the reads against the predicted genes using BBmap (v.39.01)
fromthe BBTools suite (available at https://sourceforge.net/projects/
bbmap/), obtained counts per each gene presentin the assembly using
the package Subread (v.2.0.1; https://subread.sourceforge.net/) and
annotated the genes using EggNOG mapper (v.2.1.9)¢ and KOfamscan
(v.1.3.0)”".

For S. Tm, we assessed the distribution of transcript abundances
across treatments using the TPM values. We then used DESeq2
(v.1.44.0)8 to identify genes differentially expressed between each
treatment and the unperturbed community (DMSO controls). We
performed log[fold change] shrinkage to account for genes with
low expression and high variability. We considered a gene to be
differentially expressed if the absolute value of log,[fold change]
was >0.585 and the s value was <0.01. We then used the R pack-
age clusterProfiler (v.4.12.6)” to carry out an overrepresenta-
tion analysis of the differentially expressed genes based on KEGG
annotations. We used variance-stabilized transformed counts of
the 500 most abundant genes to perform a principal component
analysis.

For Com20, we assessed the distribution of transcript abundances
of each species across treatments using TPM values. Given the large
variation in expression levels between species across treatments, we
were unableto performadifferentialabundance analysis. Therefore, for
eachbacteriumoneach treatment, we performed an overrepresenta-
tion analysis with clusterProfiler and we examined the pathways repre-
sented by the 20% most expressed genes on each species based onKEGG
annotations. We also determined the fraction of the top 20% highest
expressed genes that were previously identified as stress-related mark-
ersinbacteria®. In brief, a previous study* assessed the gene expres-
sion profiles of 32 bacterial pathogens across 11 stress conditions; we
retrieved the ‘probability to be differentially expressed (PTDEX) score
fromthis publication and used it to classify agene asa marker of stress
ifits PTDEX = 0.25in at least 6 stress conditions.

Invivo colonization assays for S. Tm

Animal experiments were approved by the local authorities in Tiibingen
(Regierungsprasidium Tiibingen, H02/20G and H02/21G). Animals were
housed under a12-12-h light-dark cycle at atemperature of 22 + 2 °C
and arelative humidity of 50-56%. Group sizes were determined using
power analysis with G*Power. We used 5-6-week-old mice. Male and
female mice were housed in separate cages. These cages were then

randomly assigned to the experimental groups, ensuring that each
group included mice of both sexes. Inthe in vivo experiments, blinding
was not performed because drug-specific side effects needed to be
evaluated. However, pathoscoring was conducted inablinded manner
by two independent assessors.

Defined colonized and humanized mice
Germ-free C57BL/6) mice were bred in-house (Gnotobiotic Mouse
Facility, Tibingen) under germ-free conditions in flexible film isola-
tors (Zoonlab) and transferred to the Isocage P system (Tecniplast) to
performexperiments. We fed the mice with autoclaved drinking water
and y-irradiated maintenance chow (Altromin) ad libitum. We kept
micein groups of 3-4 animals and tracked their health status every day.
For the Com20 model, we used both female (n = 25) and male (n = 14)
mice. For the humanized model, we used three female mice and seven
male mice to test the effect of the drug on the host before infection,
and ten female mice and five male mice for the S. Tminfection. The gut
microbiome of these humanized mice contained a mean of 58 ASVs
before treatment.

SPF mice

Male (n =54) SPF C57BL/6) mice (632C57BL/6)) were purchased from
Charles River Laboratories at the age of 35-41 days. After delivery, we
kept mice in groups of 3 in individually ventilated cages for a 2-week
acclimatization period. Mice were fed with autoclaved drinking water
and amaintenance diet for mice (Sniff) ad libitum. We performed the
experiments in a laminar flow system (Tecniplast BS60) and scored
animals every day. The gut microbiome of these mice contained amean
of199 ASVs before treatment.

Preparation of bacterial communities and colonization of
germ-free mice

We prepared Com20 under anaerobic conditions (2% H,,12% CO,, the
restN,) inachamber (Coy Laboratory Products). Consumables, glass-
ware and mediawere pre-reduced at least 2 days before inoculation of
bacteria. We grew each strain as a monoculture overnight at 37 °Cin
5 mloftheirrespective growth medium. The next day, we subcultured
bacteria 1:100 in 5 ml fresh medium and incubated them for 16 h at
37 °C, except Eggerthella lenta, which was grown for 2 days. We meas-
ured the OD,,s and mixed bacteriain equal ratios to atotal ODy,5 0f 0.5
(OD4,5 of 0.025 for each of the 20 strains) in a final volume of 10 ml.
After adding 2.5 ml of 50% glycerol (with a few crystals of palladium
black (Sigma-Aldrich)), 200 pl aliquots were prepared in 2 ml glass
vials (Supelco, Ref. 29056-U) and frozen at -80 °C. We used frozen
vials within 3 months.

For the human donor-derived community, we inoculated 500 pl of
the stool mixtureinto 100 mlmGAM and incubated it overnight at 37 °C
under anaerobic conditions. The following day, we prepared 200 pl
aliquots following the protocol used for Com20 and stored the vials
at—80 °C. We used these aliquots within 3 months.

To colonize germ-free mice, cages were transferred to an ISOcage
Biosafety Station (IBS; Tecniplast) through a 2% Virkon S disinfectant
solution (Lanxess) dipping bath. We kept glycerol stocks of the fro-
zen Com20 community or the complex human microbiome (one per
mouse) on dry ice before thawing them during transfer into the IBS.
We used the mixtures directly after thawing with a maximal time of
exposure to oxygen of 3 min. We colonized mice by oral gavage volume
of 50 pl and gavaged them again after 48 h using the same protocol.
The IBS was sterilized with 3% perchloracetic acid (Wofasteril, Kesla
Hygiene).

Tomonitor thein vivo stability of Com20 in gnotobiotic mice, we col-
lected fresh faecal samples from every defined colonized mouse after
2,6,28 and 57 days after the second colonization. DNA was extracted
using a DNeasy PowerSoil HTP 96 kit, and community composition
was analysed by 16S rRNA amplicon sequencing, as described above.
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Invivo S. Tm challenge

Thedaybeforeinfection, weinoculateda$. Tm culturein LB brothsup-
plemented with 0.3 M NaCl using colonies from a plate and grew the
culture for12 honarotator (Stuart, SB3, speed 9) at 37 °C. Fifty microli-
tres of S. Tmwas subculturedin 5 mILB broth supplemented with 0.3 M
NaCl and incubated for 3 hin the same conditions. We washed 1 ml of
the subculture twice with1 mlof ice-cold PBSina2 mlEppendorftube
by centrifugation at 4 °C and 14,000g for 2 min. The pellet was resus-
pendedinlmlofice-cold PBS and keptonice until oral administration.
Mice were infected witha S. Tmload of 5 x 10 CFU in 50 pl PBS.

S.Tmgrowthinhibitionin defined colonized mice

To determine whether Com20 confers colonizationresistancein mice,
we colonized germ-free mice with Com20 for 28 days. We then treated
them with 50 pl of 25% DMSO (solvent control) to test for colonization
resistance levelsin this mouse model. For comparison, we treated con-
ventional SPF mice with acomplex microbiome inthe same manner as
the mice colonized with Com20. The next day we infected all groups
with 50 pl of 5 x 106 CFU of S. Tm. After 16-20 h, mice were euthanized
by CO, and cervical dislocation, dissected and their intestinal con-
tents were collected from the colon. We weighed the faecal samples,
diluted theminbuffer (2.5 gBSA, 2.5 ml Tergitol and 497.5 mI PBS) and
plated the samples on MacConkey agar containing 50 pg ml™ strep-
tomycin. After incubation overnight at 37 °C, we counted colonies
of S. Tm.

Treatment with non-antibiotic drugs and infection with S. Tm
Five non-antibiotic drugs were chosen on the basis of the S. Tm
challenge assay: clotrimazole (38 mg kg™), zafirlukast (20 mgkg™),
chlorpromazine (3 mg kg™), terfenadine (25 mg kg™) and clomi-
phene (60 mg kg™). We dissolved the drugs in 25% DMSO (DMSO and
autoclaved drinking water), aliquoted them and stored themin 2 ml
glass vials (Supelco, 29056-U) at =80 °C. For every experiment, we
prepared fresh drug solutions. Defined colonized (28 days after col-
onization), humanized (10 days of colonization) and SPF mice were
orally gavaged daily for 6 days with 50 pl non-antibiotic drug or 25%
DMSO. We collected fresh faecal samples immediately before the
first treatment (day O) and after 6 days of treatment (day 6), immedi-
ately before the infection with S. Tm. Humanized mice were infected
for 4 days, during which faecal samples were collected daily after
infection.

Fifteen to twenty hours afterwards for defined and SPF mice and
4 days afterwards for humanized mice, we euthanized mice by CO,
and cervical dislocation, dissected them and collected intestinal con-
tents from colon and caecum in pre-weighed 2 ml Eppendorf tubes.
After weighing the samples, we added 500 pl buffer (2.5 g BSA, 2.5 ml
Tergitol and 497.5 ml PBS) and one sterile steel ball (Agrolager, RB-5/
G20W) per tube. We collected half a spleen, mesenteric lymph nodes
and halfaliver lobe in 2-ml Eppendorf tubes containing 500 pl buffer
and one steel ball. All samples were lysed with a TissueLyser Il (Qiagen)
for1minat 25 Hz. We plated intestinal contents and organs on MacCo-
nkey plates supplemented with 50 pg ml™ streptomycin, and in case
of humanized mice, remaining intestinal content was kept at—20 °C to
measure mouse lipocalin-2. Weincubated the plates at 37 °C aerobically
overnight and counted colonies the next day to determine the CFU
perorgan.

ELISA of mouse lipocalin-2

We measured lipocalin-2 in humanized mice every day after infection
(days 1-4) as a proxy for intestinal inflammation. We collected faecal
samples each day after infection, which we centrifuged at 16,900g for
10 minat4 °C; we transferred the supernatant tonew 1.5 ml Eppendorf
tubes (see the section ‘Treatment with non-antibiotic drugs and infec-
tionwithS. Tm’). We stored the supernatant at—20 °C and thawed it no

more than three times before use. For the ELISA (Mouse Lipocalin-2/
NGAL, R&D Systems, DY1857-05) we used 96-well Maxisorp NUNC plates
(Thermo Scientific, 439454) and performed the assay and the analysis
according to the manufacturer’s instructions.

Pathoscoring

Histopathological analysis of caecal tissue was carried out as previously
described'. The following features were scored: submucosal oedema
(0-3), infiltration of polymorphonuclear neutrophils (0-4), loss of
goblet cells (0-3) and epithelial damage (0-3). The individual scores
were then summed to provide a final pathology score, categorized as
follows: 0-3 (no inflammation), 4-8 (mild inflammation) and 9-13
(severe inflammation). Scoring was conducted by two independent,
blinded examiners. Statistical analysis was performed using general-
ized linear mixed models (Ime4 v.1.1-35.5 package), with the animal
identifierincluded asarandomeffect to account for non-independence
owingtoscore replicates. Maximum likelihood estimation was carried
outusing the Laplace approximation. Ageneralized linear model with
an appropriate link function was used to accommodate log-normally
distributed errors, as determined from model residuals. Model conver-
gence was ensured using iterative derivative-free bound optimization
through quadratic approximation (bobyqa). The package emmeans
(v.1.10.6) was used to extract estimates of marginal means and contrasts
from the model. Fixed-effects coefficients and post hoc contrasts were
evaluated using two-sided Wald z-tests.

Immunohistochemistry

We used 25 ml 4% paraformaldehyde solution (ROTI Histofix, Carl
Roth, P087.2) tofix the caecal tissue of mice for 24 hatroom tempera-
ture. The next day, tissue was transferred to anew 50 ml Falcon tube
containing 25 ml fresh 4% paraformaldehyde solution and was fixed
foranother 24 hatroomtemperature. We placed the tissuein embed-
ding cassettes before it was dehydrated, embedded in paraffin and
cutto2 pmtissue slices. Slices were deparaffinized and rehydrated,
antigens were retrieved with Bond citrate solution (AR9961, Leica)
and Bond EDTA solution (AR9640, Leica). We incubated the slides with
primary antibodiesin Bond primary antibody diluent (AR9352, Leica)
followed by secondary antibodies (rabbit anti-rat IgG H&L pread-
sorbed;1:1,000 (Abcam) or polymer anti-rabbit poly-HRP-IgG (Leica))
and stained using a Bond Polymer Refine Detection kit (DS9800,
Leica) (Supplementary Table 13). The slides were scanned using a
whole-slide scanner (Aperio AT2, Leica) at x20 magnification. The
following antibodies were used: anti-CD31 (rat, 1:40; Dako, M0823);
anti-RelA (rabbit, 1:400; Novus Biological, NB100-2176); HIF1a (rab-
bit, 1:500; Novus Biological, NB100479); CD4 (rat, 1:1,000; Thermo
Fisher,14-9766-82); CD8 (rabbit,1:400; Cell Signaling, 98941S); CD11b
(rabbit, 1:10,000; Abcam, ab133357); CD11c (rabbit, 1:300; Cell Sign-
aling, 97585); F4/80 (rabbit, 1:400, Cell Signaling, 70076); cleaved
caspase-3 (rabbit, 1:300; Cell Signaling, 9661); Ki-67 (rabbit, 1:100;
Thermo Fisher, RM-9106-S1); and B220 (rat, 1:3,000; BD, 553084).
Slide scans were imported into QuPath (v.0.5.1)%° for quality control
and stain vector normalization. The caecal mucosal area (comprising
epithelial cells and the lamina propria, delineated by the muscularis
mucosae) was segmented to obtain approximately six representative
fields of view per animal per staining. This resulted in 664 unique
fields of view for the experiment without S. Tm infection and 898
for the infection experiment. On average, we analysed 30,610 cells
per field (95% Cl: 29,007-32,213) in the infection experiment and
15,759 cells per field (95% CI: 14,821-16,697) in the non-infection
experiment, which totalled 22,621,076 analysed cells for the infec-
tion experimentand 8,573,164 for the non-infection experiment. For
markersinwhich supracellular signals were of interest, Fiji (v.1.10.6)
was used to generate segmentation masks, which were then used to
extract morphometric data using the BioVoxxel Toolbox (v.2.6.0)
extended particle analyzer®.. The primary readout was defined as



either the number of positive cells per mm?, determined through
histogram-informed thresholding with additional correction for
residual staining to minimize bias from sample preparation, or, for
markers without a clear biological dichotomy, the quantitative char-
acterization of pixel intensities per cell. These intensities were hier-
archically summarized to derive the average cell staining intensity
per field of view. To account for potential biases due to variations in
tissue cellularity (for example, inflammatory cell infiltration), both
readouts (positive cells per mm?and average cell staining intensity)
were also analysed using the number of nucleiinstead of surface area
asacovariate. Generalized linear mixed models were fitted using Ime4
(v.1.1-35.5) to reflect non-independence of observations due to the
hierarchical structure of the data®. Maximum likelihood estimation
was performed using the Laplace approximation and linear regres-
sionwas generalized using appropriate link functions for normally or
log-normally distributed errors, as determined from model residuals.
Model convergence was ensured through iterative derivative-free
bound optimization by quadratic approximation (bobyqa) for maxi-
mum likelihood estimation. The package emmeans (v.1.10.6) was
used to extract estimates of marginal means and contrasts from the
model. Fixed-effects coefficients and post hoc contrasts were evalu-
ated using two-sided Wald z-tests.

Assessment of drug treatment on the microbiome composition
of gnotobiotic and SPF mice

We assessed the effect of drugs on the composition of the gut microbi-
ome of gnotobiotic, humanized and SPF mice after 6 days of treatment
and compared with untreated controls. For this comparison, we carried
out analysis of covariance incorporating the abundance of each ASV
atday O (pretreatment), thus estimating the baseline adjusted differ-
ence between groups at day 6. Analyses of covariance models were
fitted using a multiple linear regression; robust standard errors were
calculated using the R package sandwich (v.3.0-2)%, which were then
evaluated by a coefficient test asimplemented in the R package Imtest
(v.0.9-40)%*. To account for the compositional nature of the sequenc-
ing data, we transformed ASV abundances with the centred log-ratio.
Pvalues were adjusted using the Benjamini-Hochberg method and a
significance threshold of 0.1 was used.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The16S rRNA gene ampliconsequencing and transcriptomic datagen-
erated during this study have been deposited in the European Nucle-
otide Archive with accession PRJEB65315. The following databases
were used in this study: Genome Taxonomy Database (GTDB) release
202 (https://data.gtdb.ecogenomic.org/releases/release202/); AMR-
FinderPlus database v.2023-09-26.1; DADA2-formatted ASV database
based on GTDB release R06-RS20259 (https://scilifelab.figshare.com/
articles/dataset/SBDI_Sativa_curated_16S_GTDB_database/14869077);
Kraken2 and Bracken GTDB-formatted database based on the Unified
Human Gut Genome catalogue (http://ftp.ebi.ac.uk/pub/databases/
metagenomics/mgnify_genomes/human-gut/v2.0.2/). Source data
are provided with this paper.

Code availability

TheRnotebooks with the code used for dataanalyses are available from
GitHub (https://github.com/Lisa-Maier-Lab/HTD_CR).
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Extended DataFig.2|Commensal gutbacteriaarelessresistant tonon-
antibiotic drugs than pathogenic Gammaproteobacteriaspecies. a) Inhibitory
concentration of 25% growth inhibition (IC,s) values for a panel of 19 gut
commensals and 5 pathogenic taxa (Supplementary Table 2). The size of the
circlesindicate the percentage of species inhibited at agiven concentration
range. For example, clarithromycininhibits 20% of pathogens at concentrations
between2.5and 5 uM. For concentrations labeled as greater than (e.g.>20 pM),
theinhibition threshold was not reached at the indicated value, and values
greater than this (e.g. 40 pM) were not evaluated. Side heatmap shows the
cumulative proportion of gut commensals and pathogens inhibited at agiven

concentration. b) and ¢) Chemical properties of compounds from the Prestwick
library tested on pathogens (b) and commensals (c). Drugs were separated into
3groupsbased onthe number of bacteria they inhibited (Number of drugsin
(b):Noinhibition: 253, up to 3: 42, more than 3: 9. Number of drugsin (c): 0 to1:
104,2t05:84, more than 5:116). The properties assessed include molecular
weight, hydrophobicity (XLogP), polar surface area (TPSA in A%), complexity
and 3D volume (in A%). All properties were obtained from PubChem. Red
horizontal and vertical lines represent mean +1s.e.m. Adjusted Pvalues < 0.05
from Kruskal-Wallis test followed by aDunn’s test with Bonferroni correction
areshown.
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Extended DataFig. 3 | Differencesintherepertoire of stress-related genes encodedinthe genome of 42 commensal bacteriaand 5Gammaproteobacteria
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pathogens to drugs. a) and b) Principal coordinate analyses of Euclidean efflux processes (f). Red horizontal and vertical lines represent mean+1s.e.m.
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hypothesis of no phylogenetic autocorrelation. e) and f) Percentage of genes category after aquality check.
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Extended DataFig.4|Com20 broadly recapitulates the functional potential
ofthehuman gut microbiome, reduces the growth of S. Tmand allows the
emergence of complex ecologicaldynamicsinvitro. a) Upset plot showing
the overlapinthe number of MetaCyc metabolic pathways predicted to be
presentin Com20 (invivoand invitro), Com21 (in vitro), and human gut
metagenomes from the Human Microbiome Project (HMP) and aCameroonian
cohort.b) Growth curves of S. Tm based on CFU counts on selective plating
(top) or S. Tm-specific luminescence (bottom). Lines represent the mean of
threebiological replicates, the colorindicates whether the pathogen was
cultured alone or within Com20. At 4.5 h (red verticalline), S. Tmgrowth curves
transitioned to stationary phase and luminescence could be used as a proxy of
S.Tmlevels. c¢) Relative growth of S. Tmin untreated Com20 compared to pure
culture at different starting ODs,s of the community. S. Tm was quantified by
luminescence. Red horizontal and vertical lines represent the mean of three
biologicalreplicates +1s.e.m. Pvalues with Benjamini-Hochberg correction
from two-sided t-test are shown. d) Relative growth of S. Tmin untreated
Com20, Com21orahumanstool-derived community atastarting ODs,50f 0.5,
comparedto pure culture. S. Tmwas quantified by luminescence. Red horizontal
and vertical lines represent the mean of three biological replicates t1s.e.m.
Pvalues with Benjamini-Hochberg correction from two-sided t-test are shown.
e) Association of community ODs;sand S. Tm luminescence relative to untreated
Com20 across 53 treatments (253 drug-concentration pairings) in each of three

biological replicates. R?and Pvalues from linear regression models are shown.
f) Growth of S. Tmin drug-treated Com20 with and without anintermediate
washing step after treatment, but beforeinoculation of the pathogen. Each
pointrepresents abiological replicate. Drug concentrationsindicated at the
top.Red horizontal and vertical linesrepresent mean+1s.e.m.of three
biological replicates per treatment. Pvalues from two-sided t-test are shown.
ns: not significant; Pvalue > 0.05. g) Biomass-scaled relative abundance of each
member of drug-treated Com20 across 53 drug treatments plus a control,
calculated by multiplying the normalized ODs;5 of the community by the
relative abundance of each taxon from16S rRNA gene sequencing. The gray-
scale column on the left shows the mean ODs,5 of three biological replicates of
the community normalized to an untreated control. h) Distribution of bacterial
species displaying emergent (protection or sensitization in community)
orexpected responses to 51drugtreatments. An expected responseina
community (gray) refers to asimilar growth patternin monocultures compared
tothe OD-scaled relative abundance (relative abundance x OD). Measures are
normalized to the value of untreated Com20. Community protection (yellow)
meansthatthespeciesis affected by drug treatmentin monoculture but
remains unaltered in the treated Com20; conversely, community sensitization
(burgundy) means that species growthis not affected in monoculture but its
abundance decreasesinthetreated Com20. Missing values were due to quality
controlissuesonbacterial growth.
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Extended DataFig.5|Drugtreatment can hamper the ability of Com20 to
resist the growth of S. Tmand other Gammaproteobacteria pathogens.

a) Classification of drug (columns) and concentration (rows) pairings according
tothegrowthof S. Tmindrug-treated Com20.Samples marked withan X resulted
inacommunity biomass <0.2relative to an untreated community and were
excluded from downstream analyses. Note that zafirlukast tends to limit S. Tm
growth, butdue to high variance, itis not classified as S. Tm-restricting. b) Growth
curves for pathogenic members of Gammaproteobacteria based on plating
(top) or pathogen- specific luminescence (bottom). The curve indicates
themean of three biological replicates. The time point for luminescence

measurementsinthe challenge assays was selected based on the plating
results, indicated by vertical red lines. The growth of V. cholerae was not
quantified by luminescence. ¢) Growth of Gammaproteobacteriaspeciesin
untreated Com20 relative to pure culture. Pathogenloads fromluminescence,
except for V.cholerae, which was quantified by selective plating. Each point
correspondstoabiological replicate. Red horizontal and vertical lines represent
mean +1s.e.m.of threebiological replicates per condition d) Classification of
drug-concentration pairings according to the growth of Gammaproteobacteria
pathogensin Com20, similar to panel (a). Samples marked with an X resulted in
acommunity biomass <0.2relative to untreated Com20.
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Extended DataFig. 6| Community composition, biomass and the presence
of competitorsalter the growth of S. Tm after drug treatment. a) Composition
of Com20 after drug treatment with erythromycin, floxuridine, sertindole

or zafirlukast (+) or after manually mixing members at the corresponding
proportions to mimic the treatments (-). Abundances measured by 16S rRNA
genesequencing. Only species withameanrelative abundance >3% after 24 h
of drugexposure wereincluded in the mimic communities. Each bar represents
onebiological replicate.b) Growth of S. Tmin the treatment-mimicking
communities from (a). The communities were diluted to emulate alterations in
boththe compositionand the biomass of the communities after treatment.
Black pointsrepresent the mean of three biological replicates, and red lines
represent +1s.e.m.Blue pointsindicate the growth of S. Tmin drug-treated
Com?20.¢) Principal coordinate analysis of drug-treated Com20 based on
Bray-Curtis distances. Each pointrepresents a drug-treated community. Circle

borderindicates colonizationgroup and fillindicates the ODs,5 of the community.
d) Volcano plot showing effect size and adjusted Pvalues of linear regression
models of the abundance of members of Com20 in each treatment group
compared to untreated controls. Dashed linesindicate the adjusted Pvalue
significance threshold of 0.1. e-g) Principal coordinate analysis of 19-member
communities, colored by the presence of S. perfringense), species richnessf),
and Shannonindexg). h) S. Tm luminescencein pairwise co-cultures with each
member of Com20 (pathogen to commensal ratio=1:500), compared to S. Tm
inpure culture. Color of species names and order of the taxain the y-axis is
based onthe differential abundance analysis between S. Tm-favoring conditions
and controlsshownin (d). Red horizontal and vertical linesrepresent the mean
+1s.e.m.of threebiological replicates. Pvalues < 0.5are shown from two-sided
t-tests.
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Extended DataFig.7 | Community compositioninfluences the growth of S.Tmwith members of Com21.Red pointsand barsrepresent mean+1s.e.m.
various Gammaproteobacteria pathogens. a) Growth of K. pneumoniae, d,e) Distribution of competition d) and complementarity c) index values of

S.flexneri, Y. enterocoliticaand E. coliin19-member communities (each missing ~ each member of Com21againstall other members of the community and
thespeciesindicatedin the y-axis) compared to untreated Com20.Red vertical  againstS. Tmare shown by the boxplots (n =21other species per boxplot). The

and horizontallinesrepresent the mean +1s.e.m. across three biological exactvalues of theindices againstE. coliand S. Tmare indicated by black and
replicates. Pvalues from two-tailed t-tests; only values < 0.05 are shown. orange diamonds, respectively. Note that the indices are not symmetric.Inb-e)
b,c) Metabolic competition b) and complementarity indices c) of pathogenic boxplots show the median, IQR, whiskers to the min/max within1.51QR, and
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models (see Methods). Dashed horizontal lines indicate the mean levels of
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Extended DataFig. 8| Alterationsin the transcriptomic profiles of S. Tm
and commensals vary between drug treatments. a) KEGG pathways more
represented thanexpected among genes that are up-and -downregulated in
S.Tmafter growthin drug-treated Com20 or pure culture compared to untreated
Com?20. Circlesize represents the fraction of differentially expressed genes
from DESeq2 analysis that map to a pathway, relative to the total number of
differentially expressed genes. Values were calculated separately for upregulated
and downregulated genes. Circle colorsrepresent the adjusted Pvalues from
overrepresentation analysis. Pathways grouped by their KEGG category.

b) Number of genesin the 20 % of highest expression on each member of Com20
upontreatmentorinuntreated Com20; red bar indicates the number of genes
inthe setofstress-related markers identified by Avican etal.?. ¢) Fraction of
the top 20 % most expressed genes that are stress-related marker genes??in
each ofthe20 species of Com20 across controls and treatments; in other words,
fromb): redbar/(red bar + gray bar). Red horizontal and vertical lines represent
mean+1s.e.m.Pvalues with Benjamini-Hochberg correction from one-tailed
t-tests.
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Extended DataFig.9|Pathogengrowthindrug-
altered Com20isreplicated insyntheticand
stool-derived communities containingE. coli.

a) Classification of drug (columns) and concentration
(rows) pairings accordingto the growth of S. Tm
indrug-treated Com21. Samples marked withan
Xresultedinacommunity biomass <0.2relative
toanuntreated community. b) Relative abundance
of members of Com20 and Com21linuntreated
controls (DMSO) and after treatment with diverse
drugs. Abundances determined vial6S rRNA gene
sequencing. Eachbarrepresents one biological
replicate. c) Biomass-scaled relative abundance of
eachmember of drug-treated Com21, calculated by
multiplying the normalized ODs;,s of the community
by therelative abundance of each taxon obtained
by16SrRNA gene sequencing. Valuesindicate the
mean of three biological replicates. d) IC,; values of
25drugsinstool-derived communities of 8 healthy
humandonors. Tiles show the mean of three
biologicalreplicates. e) Association between the
growth of S. Tmin Com20 (top) and Com21 (bottom),
and the growth of the pathogeninstool-derived
microbial communities across 10 drugs at various
concentrations. Linear regression lines showninred.
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Extended DataFig.10|See next page for caption.




Extended DataFig.10|Six-day treatment of mice with the non-antibiotics
chlorpromazine, clomiphene, clotrimazole, terfenadine, and zafirlukast
results in mild effects on the microbiome and no change on E. colilevels.
a-c)S.Tmloadinthespleen, liver,and mesenteric lymph nodes (mLN) of
mice colonized witha) Com20, number of mice per treatment: DMSO: 8,
clotrimazole: 7, zafirlukast: 8, chlorpromazine: 8, terfenadine: 7; b) SPF mice,
DMSO:9, clotrimazole: 9, zafirlukast: 9, chlorpromazine: 9, terfenadine: 9,
clomiphene:9,and c¢) humanized (Hum) mice, DMSO: 8, terfenadine: 6. Days
postinfection (d.p.i.):1day a,b) or 4 days c). Black horizontal linesindicate
detectionlimits. Red horizontal lines represent the mean the above stated
biological replicates, with vertical bars showing + 1s.e.m. Pvalues from one-
tailed Wilcoxon test with Benjamini-Hochberg correction. d-f) Effect size and
adjusted Pvalues fromlinear models of the abundance of Com20 members d),

native microbiota ASVse), and human-derived-microbiota ASVsf) inmice

6 days after drug treatment compared to untreated controls. Models were
adjusted for species abundance onday 0. The dashed horizontal line marks
thesignificance threshold of 0.1. Point shape indicates whether an ASV was
significantly different (TRUE) from controls. g-h) E. colilevelsin the feces of g)
SPF mice, number of mice per treatment: DMSO: 10, clotrimazole: 8, zafirlukast: 9,
chlorpromazine: 9, terfenadine: 9, clomiphene: 7; or h) humanized mice,
DMSO0:13, terfenadine: 12, measured by selective plating on MacConkey agar,
before and 6 days after drug treatment. Red horizontal bars show the mean of
theabove number of biological replicates, with vertical bars representing +1
s.e.m.Adjusted Pvalues from a two-tailed Wilcoxon test>0.1in all cases. NS: not
significant; P> 0.05.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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Software and code

Policy information about availability of computer code

Data collection | Gen5 (v. 3.05 or higher, Agilent), Infinite F200 PRO i-control software (Tecan)

Data analysis No custom algorithms used for data analysis; the code used is available at https://github.com/Lisa-Maier-Lab/HTD_CR.
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metadenovo v. 1.0.1, nf-core taxprofiler v. 1.2, phylophlan v. 3.0, FragGeneScan v. 1.31, AMRFinderPlus v. 3.11, argNorm v. 0.2, DADA2 v.
1.21.0, BBmap v. 39.01, Subread v. 2.0.1, EggNOG mapper v. 2.1.9, KOfamscan v. 1.3.0, QuPath v. 0.5.1, fastp v. 0.23.4, Fiji v. 1.10.6)
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3.5.1,Rstatix v. 0.7.2, BioVoxxel Toolbox v. 2.6.0)
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1.21.0, BBmap v. 39.01, Subread v. 2.0.1, EggNOG mapper v. 2.1.9, KOfamscan v. 1.3.0, QuPath v. 0.5.1, fastp v. 0.23.4, Fiji v. 1.10.6)
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw sequencing reads from the 16S rRNA and transcriptome analyses have been deposited in the European Nucleotide Archive (accession ID: ID PRJIEB65315). All
other data are provided in the Supplementary Information or the Source Data files.

Databases used in this study:

Genome Taxonomy Database (GTDB) release 202 (https://data.gtdb.ecogenomic.org/releases/release202/)

AMRFinderPlus database v. 2023-09-26.1

DADA2-formatted ASV database based on GTDB release R06-RS520259 ( https://scilifelab.figshare.com/articles/dataset/
SBDI_Sativa_curated_16S_GTDB_database/14869077).

Kraken2 and Bracken GTDB-formated database based on the Unified Human Gut Genome catalog (http://ftp.ebi.ac.uk/pub/databases/metagenomics/
mgnify_genomes/human-gut/v2.0.2/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study was open to all genders and age groups.

Reporting on race, ethnicity, or The study was open to all these groups.
other socially relevant

groupings

Population characteristics The study was only open to participants that have, to the best of their knowledge, a healthy gut microbiota. The participants
should not have taken any antibiotics for 12 months prior to sample donation, and should not have been diagnosed with any
disease related to the intestinal microbiota. These include inflammatory
bowel disease, colon cancer, lactose intolerance, diabetes as well as recently experienced diarrhoea.
The sample processing procedure required participants to provide their fecal samples within minutes of collection; therefore,
all samples were collected on-site in our laboratories. All participants were international lab members aged between 20 and
40 years.

Recruitment Lab members of our laboratories

Ethics oversight Ethics Committee of the University Hospital Ttibingen, project 1D 314/2022B02

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For animal experiments, sample sizes were determined using power analysis with G*Power. For all non-animal experiments, no formal sample
size calculation was performed. We used three independent biological replicates per condition, which is standard practice in our
microbiological assays. Based on our experience, this number provides sufficient statistical power to detect reproducible effects, supports
basic statistical analyses, and allows for the identification of potential outliers, while maintaining a balance between resource use and
feasibility.

Data exclusions  Replicates with inconsistent growth behavior were excluded from our analysis (for details please see "Methods")

Replication We have three biological replicates for each strain in the Prestwick library screen and two to three biological replicates for the IC25 testing.
For the in vitro invasion assays, we have 3 -5 biological replicates and show correlations between replicates in ED Fig. 4e . Transcriptomic
analyses were performed in three biological replicates. All other experiments were performed in at least three independent replicates. For the
data reported, all attempts for replication were successful.
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Randomization  No randomization was applied in the microbiological experiments. For the animal experiments, male and female mice were housed in

separate cages. These cages were then randomly assigned to the experimental groups, ensuring that each group included mice of both sexes. g

In experiments involving human stool-derived microbial communities, all donor samples were included in every experimental group. =

®

Blinding No blinding was applied in the in vitro experiments. In the in vivo experiments, blinding was not performed because drug-specific side effects ©
needed to be evaluated. However, pathoscoring was conducted in a blinded manner by two independent assessors. ©
Gl

=

Behavioural & social sciences study design -
©

All studies must disclose on these points even when the disclosure is negative. e

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.
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Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.




Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? []ves [Ino

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.qg. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
™| Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX XX [
OOoOXOOb

Plants
Antibodies

Antibodies used anti-CD31 (rat, 1:40; Dako Ref. M0823), anti-RelA (rabbit, 1:400; Novus Biological Ref. NB100-2176), Hif1lalpha (rabbit, 1:500; Novus
Biological Ref. NB100479), CD4 (rat, 1:1000; Thermo fisher Ref. 14-9766-82), CD8 (rabbit, 1:400; Cell Signaling Ref. 98941S), CD11b
(rabbit, 1:10000; Abcam Ref. ab133357), CD11c (rabbit, 1:300; Cell Signaling 97585), F4/80 (rabbit, 1:400, Cell Signaling Ref. 70076),
Cl. Casp. 3 (rabbit, 1:300; Cell Signaling Ref. 9661), KI67 (rabbit, 1:100; Thermo Fisher Ref. RM-9106-S1), B220 (rat, 1:3000; BD Ref.
553084), Rabbit Anti-Rat IgG H&L (preadsorbed, 1:1000, abcam, cat. No. ab102248); Polymer Anti-rabbit Poly-HRP-IgG (Leica, cat.
No. DS9800).

Validation All primary and secondary antibodies used in this study were commercially available and well-characterized. They were selected

based on validated specificity for the target antigen and confirmed suitability for the species and application, as documented by the
manufacturers. No custom or unvalidated antibodies were used. Full details of all primary and secondary antibodies, including links
to the manufacturers’ information, are provided in the Methods section and in Supplementary Table 13.

Primary antibodies:

CD31, rat, 1:40, Dako, cat. No. M0823; https://www.agilent.com/store/productDetail.jsp?catalogld=M082329-2

Rel A, rabbit, 1:400, Novus Biologicals, cat. No. NB100-2176; https://www.novusbio.com/products/rela-nfkb-p65-
antibody_nb100-2176

Hif1 alpha, rabbit; 1:500, Novus Biologicals, cat. No. NB100479; https://www.novusbio.com/search?keywords=NB100479

CD4, rat, 1:1000, Thermo fisher, cat. No. 14-9766-82; https://www.thermofisher.com/antibody/product/CD4-Antibody-clone-4SM95-
Monoclonal/14-9766-82

CDS8, rabbit, 1:400, Cell Signaling, cat. No. 98941S; https://www.cellsignal.de/products/primary-antibodies/cd8a-d4w2z-xp-rabbit-
mab-mouse-specific/98941

CD11b, rabbit, 1:10000, abcam, cat. No. ab133357; https://www.abcam.com/cd11b-antibody-epr1344-ab133357.html

CD11c, rabbit, 1:300, Cell Signaling, cat. No. 97585; https://www.cellsignal.com/products/primary-antibodies/cd11c-d1v9y-rabbit-
mab/97585?_=1623060071874&Ntt=97585&tahead=true

F4/80, rabbit, 1:400, Cell Signaling, cat. No. 70076; https://www.cellsignal.com/products/primary-antibodies/f4-80-d2s9r-xp-rabbit-
mab/70076

Cl. Casp.3, rabbit, 1:300, Cell Signaling, cat. No. 9661; https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-
aspl75-antibody/9661?_=1594014347096&Ntt=9661&tahead=true

KI67, rabbit, 1:100, Thermo Fisher, cat. No. RM-9106-S1; https://www.fishersci.de/shop/products/ki-67-rabbit-monoclonal-
antibody/12603707
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B220, rat; 1:3000, BD, cat. No. 553084; https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/purified-rat-anti-mouse-cd45r-b220.553084

Secondary antibodies:

Rabbit Anti-Rat IgG H&L preadsorbed, 1:1000, abcam cat. No. ab102248; https://www.abcam.com/en-us/products/secondary-
antibodies/rabbit-rat-igg-h-I-preadsorbed-ab102248

Polymer Anti-rabbit Poly-HRP-IgG, Leica, cat. No. DS9800, https://shop.leicabiosystems.com/de/actions/ViewProductAttachment-
OpenFile?
Localeld=en_US&DirectoryPath=IFUs&FileName=ds9800.pdf&UnitName=LBS&srsltid=AfmBOopSn8V165zn5Egkvt4WsmLm-
KdlQpigq4SDhj3QGLRGbYofvI6QH

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Indicate where the specimens have been deposited to permit free access by other researchers.
If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where

they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Germ-free mice: Five to six week-old male and female C57BL/6J mice were bred in house (Gnotobiotic Mouse Facility, Tibingen).
Specific pathogen free mice: male specific pathogen free C57BL/6J mice (cat. no. 632C57BL/6J) were purchased from Charles River
Laboratories (Sulzfeld, Germany, Room A004) at the age of 35-41 days. Animals were housed under a 12:12-hour light-dark cycle at a
temperature of 22E+R2R°C and a relative humidity of 50-56%.

The study did not involve wild animals

Gnotobiotic animals: Female (n = 25) and male (n = 14) mice, SPF animals: only male mice

No field samples were collected in this study

Animal experiments were approved by the local authorities in Tibingen, Germany (Regierungsprasidium Tubingen, H02/20G and
H02/21G).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol
Data collection

Outcomes

Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Note where the full trial protocol can be accessed OR if not available, explain why.
Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[ ] Public health

|:| National security

|:| Ecosystems

XIXXX X &

|:| Crops and/or livestock

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

~<
™
%)

XX X X XX XX &
Oogooogdgg

Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was apptied-

Describe-any-atithentication-procedtres foreach seed stock-tised-or-novel- genotype generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.




Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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