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SUMMARY
Large-scale studies of human gut microbiomes have revealed broad differences in composition across
geographically distinct populations. Yet, studies examining impacts of microbiome composition on various
health outcomes typically focus on single populations, posing the question of whether compositional differ-
ences between populations translate into differences in susceptibility. Using germ-free mice humanized with
microbiome samples from 30 donors representing three countries, we observe robust differences in suscep-
tibility to Citrobacter rodentium, a model for enteropathogenic Escherichia coli infections, according to
geographic origin. We do not see similar responses to Listeria monocytogenes infections. We further find
that cohousing themost susceptible andmost resistant mice confers protection fromC. rodentium infection.
This work underscores the importance of increasing global participation in microbiome studies related to
health outcomes. Diverse cohorts are needed to identify both population-specific responses to specific mi-
crobiome interventions and to achieve broader-reaching biological conclusions that generalize across pop-
ulations.
INTRODUCTION

Mechanistic studies have provided causal linkages between the

human gut microbiome and diseases ranging from inflammatory

bowel disease (Britton et al., 2019; Ni et al., 2017) to atheroscle-

rosis (Koeth et al., 2013), obesity (Ridaura et al., 2013), diabetes

(Uusitalo et al., 2016; Zhang et al., 2020), and mental disorders

(Zheng et al., 2016, 2019). However, these studies have primarily

involved human subjects from high-income and upper-middle-

income nations across North America, Europe, and Asia (Al-

meida et al., 2019; Brewster et al., 2019; Gupta et al., 2017;

Magne et al., 2016; Nayfach et al., 2019; Olesen et al., 2020; Pa-

solli et al., 2019; Porras and Brito, 2019). In spite of the growing

appreciation for the large-scale differences in the composition of

microbiomes throughout the world (Almeida et al., 2019; Brito

et al., 2016; De Filippo et al., 2010; He et al., 2018; Lin et al.,

2013; Martı́nez et al., 2015; Nayfach et al., 2019; Pasolli et al.,

2019; Yatsunenko et al., 2012; Zhong et al., 2019), studies caus-

ally linking the microbiome to health and disease outcomes have

not broadly considered the global diversity of human gut micro-

biomes. This unexplored diversity in the composition of the gut

microbiome can have important consequences for immunolog-

ical function in the host (Sonnenburg and Sonnenburg, 2019).
This is an open access article und
The microbiome factors significantly into the regulation of im-

mune homeostasis, and alterations of the gut microbiome can

lead to the development of autoimmune and metabolic disor-

ders, altered innate and adaptive immune responses to infection,

and inflammation (Libertucci and Young, 2019; Wu and Wu,

2012). Furthermore, there is supporting evidence that the organ-

isms that differ in their global distribution may contribute to pro-

moting or reducing inflammation and maintaining homeostasis.

For example, mucus-degrading species abundant in high-in-

come countries like those of the Bacteroides and Akkermansia

genera have been linked to anti-inflammatory properties and

improved metabolic function (Brown et al., 2019; Plovier et al.,

2017; Png et al., 2010). Species of the Prevotella genus, which

dominate many microbiomes in low- and middle-income coun-

tries, have been linked to improved glucose metabolism in

Swedish adults (Kovatcheva-Datchary et al., 2015). Yet, both

the Prevotella and Bacteroides genera have been associated in

other clinical and mouse studies with rheumatoid arthritis

(Maeda et al., 2016; Scher et al., 2013), hypertension (Scher

et al., 2013), obesity (Hu et al., 2015), and inflammatory bowel

disease (Hickey et al., 2015; Saitoh et al., 2002) in high-income

settings. Given these conflicting results, it is very difficult to

translate the roles of specific members of each population’s
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microbiomes and rather, consideration of geographic differ-

ences in gut microbiota composition on host health may be

more relevant in the context of global health.

In particular, diarrheal and enteric diseases remain a leading

cause of mortality with low- and middle-income countries

bearing most of the burden (GBD 2016 Diarrheal Disease Collab-

orators, 2018). Although many factors (host genetics, exposure

to pathogens, sanitation infrastructure, delivery of clinical ser-

vices, etc.) may contribute to population-level susceptibility to

enteric infections (Mandeville et al., 2009), reports from popula-

tions around the world have demonstrated the crucial role of the

gut microbiome in providing protection against exogenous en-

teropathogens. Fecal microbiota transplants in Italian, US, Ca-

nadian, and Dutch populations have proved effective for the

treatment of Clostridioides difficile infections (Ianiro et al.,

2018; Jiang et al., 2017; Lee et al., 2016; van Nood et al.,

2013). Moreover, an individual’s gut microbiome composition

can predict colonization by gut parasites like Entamoeba and

soil-transmitted helminths in rural African populations (Morton

et al., 2015; Rubel et al., 2020), and by Vibrio cholera in a pediat-

ric Bangladeshi cohort (Midani et al., 2018). These seminal

reports highlight the importance of exploring the causal relation-

ship between the gut microbiome and enteric infections while

considering global differences in microbiomes.

Studies in mice provide further evidence that gut microbes

mediate colonization resistance to prevent infections (Libertucci

and Young, 2019; McKenney and Pamer, 2015). For example, a

metabolite produced by Bacteroides species inhibits coloniza-

tion by Salmonella enterica (Jacobson et al., 2018), and, in

both immune-deficient Raggc and chemotherapy-treated

mice, gut microbes provide a defense against Listeriamonocyto-

genes infection (Becattini et al., 2017). Similarly, changes in the

microbiome can lead to increased pathogen colonization in

mouse models of Escherichia coli infections (Bailey et al.,

2010; Mullineaux-Sanders et al., 2017). Gut microbes regulate

colonization by enteropathogens not only through direct inter-

species competition but also through modulation of the host’s

immune system (Caballero and Pamer, 2015). Commensal gut

microbes have the capacity to induce interleukin (IL)-22- and

Th17-dependent immune responses to enteric infections (Ivanov

et al., 2008; Willing et al., 2011). Nonetheless, studies that

explore the causal relationship between the gut microbiome

and bacterial enteropathogens have not yet incorporated co-

horts that test the impact of global variation in gut microbiome

composition. We hypothesized that differences in the humanmi-

crobiome, largely defined by geography, may underlie differ-

ences in susceptibility to enteric infection.

To test this hypothesis, we sought to transplant stool samples

from three geographically distinct populations into germ-free

(GF) mice. We chose to compare individuals from an urban pop-

ulation in Guatemala, a suburban population in the United

States, and an agrarian community in the Fiji Islands. Humanized

GFmice have been used extensively to study the causal relation-

ship between gut microbiota and disease state (Baxter et al.,

2014; Berer et al., 2017; Chiu et al., 2017; De Palma et al.,

2017; Ridaura et al., 2013; Turnbaugh et al., 2006). Often, the

ability of these models to capture the inter-individual variability

of the human microbiome is limited by small donor numbers
2 Cell Reports 36, 109457, July 27, 2021
(one to five) or pseudo-replication of animal specimens (Walter

et al., 2020). This pseudo-replication arises when stool from a

single donor or pooled donors is transplanted into multiple

mice that are later analyzed as individual biological units, thus

inflating the biologically relevant sample size. To address these

issues, we included 30 individual donors (10 per country), whose

microbiota were individually transplanted into separate mice

such that the individual biological replicates were conserved.

Following colonization of the mouse guts, the animals were chal-

lenged with two enteric pathogens: (1) Citrobacter rodentium, to

model enteropathogenic and enterohermmorrhagic E. coli infec-

tions (Crepin et al., 2016) and (2) L. monocytogenes. This

approach allowed us to evaluate whether microbiome differ-

ences impact susceptibility to enteric infection in mice with mi-

crobiomes representative of those found in populations in the

United States, Fiji, and Guatemala.

RESULTS

Humanized gnotobiotic mice reflect their human donors
and respective populations
We first chose human donors in the United States, Fiji, and

Guatemala whose microbiomes were representative of their

respective populations. We identified suitable donors within a

cohort of Guatemalan donors from the city of Quetzaltenango re-

cruited for this study and a subset of 36 donors from the Fiji Com-

munity Microbiome Project (Brito et al., 2016) so that they were

gender and age (within 5 years) matched. For the subjects from

the United States, we recruited donors with similar demographics

and compared them to publicly available gut microbiome data

from the samecountry (Yatsunenkoet al., 2012).Weselecteda to-

tal of 10 donors (five male and five female) per country between

the ages of 23 and 43withmean agesof 32.1, 32.8, and 31.2 years

old for the American, Fijian, and Guatemalan donors, respectively

(Table 1). As expected based on previously published studies

(Brito et al., 2016; Yatsunenko et al., 2012), after rarefying the sam-

ples and performing community-level analyses, we observed

strong separation between the cohorts (Figure 1A) and significant

differences in phylogenetic diversity between countries but not

between donors and their respective populations (Figures S1A–

S1C). Additionally, the taxonomic composition of the selected

donor microbiomes was similar to that observed in other subjects

within their respective populations (Figure S1D). More specifically,

analysis of composition of microbes (Mandal et al., 2015) at the

family level revealed eight differentially abundant families between

US donors and the population, most of which are of low relative

abundance (Table S1). Only one differentially abundant family be-

tween Fijian donors and population were identified, and no differ-

ences were observed between the Guatemalan groups. In this

way, we confirmed that the selected donor microbiomes were

representative of their respective population microbiomes.

We next evaluatedwhether themicrobiomes of the humanized

gnotobiotic mice reflected those of their human donors. Mice

whose guts were colonized withmicrobiota from the same donor

were housed in pairs prior to inoculation with pathogenic micro-

organisms. A paired analysis (Fouladi et al., 2020) revealed that

53.6% ± 12.7%, 30.6% ± 13.6%, and 51.8% ± 12.6% of all am-

plicon sequence variants (ASVs) present in the US, FIJI, and



Table 1. Metadata of the human donors selected for this study

United States Fiji Guatemala

DonorID Gender Age DonorID Gender Age DonorID Gender Age

U1 F 28 F1 F 26 G1 F 27

U2 F 35 F2 F 34 G2 F 37

U3 M 23 F3 M 25 G3 M 23

U4 F 24 F4 F 26 G4 F 24

U5 M 29 F5 M 27 G5 M 27

U6 F 33 F6 F 35 G6 F 32

U7 M 34 F7 M 35 G7 M 31

U8 M 34 F8 M 40 G8 M 32

U9 M 43 F9 M 40 G9 M 39

U10 F 38 F10 F 40 G10 F 40

Ten donors per country were selected after matching for age and gender.
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GUAT mice, respectively, originated from their corresponding

human donor (Figure S2A). This limited colonization by human

donors is comparable to that reported by others in similar studies

using gnotobiotic mice (Fouladi et al., 2020). After considering all

ASVs in the dataset, we were able to identify that, on average,

the remaining ASVs likely originated from other donors in the

same country (24.1% ± 12.7% for all mice) and to a lesser extent,

from donors in other countries (12.2% ± 8.6%). A small propor-

tion of all mouse microbiomes was made up of ASVs identified

only in the mice (Figures S2B–S2D; Table S2). It is important to

note that even though the mice were housed in sterile filter-top

cages and handled with sterile technique, rather than in gnotobi-

otic isolators, their microbiomes remained relatively stable over

the course of the 4-week experiment (Figure S5).

To further understand the composition of the humanized

mouse microbiomes, it was necessary to move beyond a pres-

ence/absence analysis and quantify the relative abundances of

these ASVs. We identified that most of the US (85.3% ± 7.7%)

and GUAT (70.7% ± 20.2%) microbiomes are composed of

ASVs that were successfully transferred from the corresponding

donor (Figures S2B–S2D). While colonization of the FIJI guts by

microbiota associated with the corresponding donor was less

successful (37.6% ± 18.1%), most of the ASVs in these micro-

biomes originated from either the original donor or another Fijian

donor (total of 77.82% ± 13.4%). Not all bacterial phyla exhibit

the same colonization efficiency. Taxa belonging to the Proteo-

bacteria and Bacteroidetes phyla were better able to colonize

mouse guts compared to those in the Firmicutes phylum (Fig-

ure S2E). No statistically significant differences in phylogenetic

diversity were found across these mouse cohorts (Figures S3A

and S3B). An analysis of the beta diversity across experimental

groups revealed separation between them similar to that

observed in the human donors (Figure 1B).

Geographic differences in the microbiome lead to
differences in susceptibility to C. rodentium infection in
humanized mice
Todeterminewhether geographic differences in the humanmicro-

biome lead to differences in susceptibility to enteric infection, we

challenged the mice with C. rodentium (1 3 109 CFU) or PBS
14 days after colonization of their gutswith human-associatedmi-

crobiota (Figure 1C). Monitoring of C. rodentium shedding in the

stool after inoculation revealed an infection peak at day 5 for the

GUATmice compared to day 9 for both the US and FIJI mice (Fig-

ure 1D). Moreover, the GUAT mice exhibited significantly lower

bacterial shedding than the FIJI and US mice starting at days 7

and 9 post-infection, respectively, with the FIJI mice presenting

the highest levels of shedding throughout the course of the exper-

iment. These differences inC. rodentium shedding between coun-

tries are also reflected in the AUC values calculated over 14 days

post-infection (Figure 1E). Differences in susceptibility according

to the geography of the donors were confirmed by histological

analysis of explanted colons 14 days post-infection, where evi-

dence of colonic crypt hyperplasia was observed in the US and

FIJI mice but not in the GUAT mice (Figures 1F and 1G). Similar

differences in cell proliferation in the colon post-infection were

also observed through staining of the ki67 marker (Figure S4A).

No significant differences inmouse weight and food consumption

between countries were identified at any point of the experiment

(Figures S4B and S4C).

Basal inflammation levels in the GUAT mice may drive
resistance to C. rodentium infection
To assess the role of inflammation in these differences, we quan-

tified lipocalin-2 (LCN-2) and calprotectin levels in themouse stool

at the end of the experiment. Elevated levels of LCN-2were found

in the stool when comparing infected to control mice in all three

cohorts, as expected after a pathogenic infection (Figure 2A). Cal-

protectin levels in contrast were only significantly elevated in the

FIJI infected mice compared to the controls (Figure 2B). In both

cases, GUAT control mice exhibited higher LCN-2 and calprotec-

tin levels compared to their US and FIJI counterparts. We also

evaluated the secretion of several inflammatory cytokines known

to be involved in the defense againstC. rodentium through ex vivo

culture of the colon at the end of the experiment (Atarashi et al.,

2015; Basu et al., 2012; Chen et al., 2015; Ivanov et al., 2009).

Due to the financial and logistical limitations of germ-free mouse

experiments, we were not able to assess the production of these

cytokines in the early stages or at the peak of the infection, when

they would be expected to be at their highest levels (Silberger
Cell Reports 36, 109457, July 27, 2021 3
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Figure 1. Geographic differences in the microbiome lead to differences in susceptibility to C. rodentium infection in humanized mice

(A) PCoA of weighted UniFrac distances for the gut microbiomes of subjects from their respective populations including the human donors.

(B) PCoA of unweighted UniFrac distances for the gut microbiomes of the humanized mice 14 days after colonization with donor-associated microbiota.

(C) Experimental design.We obtained stool samples from 10 donors per country. Two germ-freemice receivedmicrobiota transplants from a single human donor

within 24 h of arrival at our facility. For each pair of mice associated with a single donor, onemouse was inoculated withC. rodentium and the other with PBS. The

infection was monitored for the following 14 days.

(D) Quantification ofC. rodentium shedding in stool. Data are presented asmean ±SEMand n = 10mice per country from two independent experiments. *p < 0.05

compared to GUAT mice at the same time point and p̂ < 0.05 compared to US mice at the same time point (repeated-measures two-way ANOVA followed by

Tukey’s multiple comparison test).

(E) Quantification of the area under the C. rodentium shedding curve.

(F) Representative images of H&E-stained colon sections of control and infected mice 14 days after infection. The arrows depict average crypt length with

hyperplasia observed in the US and FIJI mice. Scale bar represents 100 mm.

(G) Quantification of average colonic crypt depth in control and infected mice 14 days after infection.

For (E)–(G), data are presented as mean values ± SD, with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for comparisons shown (two-way ANOVA followed by

Tukey’s multiple comparison test). See also Figures S1–S5.
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Figure 2. Basal inflammation levels in the GUAT mice may drive resistance to C. rodentium infection

(A and B) Assessment of (A) lipocalin-2 and (B) calprotectin levels in the stool of control and infected mice 14 days after infection.

(C–E) Quantification of the production of the inflammatory cytokines (C) IL-17, (D) IL-22, and (E) IFN-g in ex vivo colon culture.

Data are presented as mean values ± SD, with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for comparisons shown (two-way ANOVA followed by Tukey’s

multiple comparison test, n = 10 biological replicates). See also Figure S4.
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Figure 3. Country-specific microbiome dif-

ferences in susceptibility to infection do not

extend to a Th1 L. monocytogenes infection

(A) Experimental design. Using stool samples from

the same donors in the C. rodentium infection

model, two germ-free mice per donor received

microbiota transplants within 24 h of arrival at our

facility. Two independent experiments were con-

ducted, in which one mouse per pair was infected

with L. monocytogenes, with the other mouse

receiving a PBS mock injection, either 2 or 4 weeks

after colonization with human-associated micro-

biota. Pathogen burden in the liver and spleen were

assessed 3 days after inoculation with this path-

ogen.

(B) Quantification of L. monocytogenes burden in

the liver and spleen of the humanized mice 3 days

after infection. Horizontal line represents the mean.

(C) Unweighted UniFrac distances between samples immediately before and 3 days post-infection. No statistically significant differences were observed between

countries (ns, not significant, two-way ANOVA followed by Tukey’s multiple comparison test). For all panels, n = 6–10 biological replicates. See also Figure S6.
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et al., 2017; Waki et al., 2017). Nonetheless, colonic sections iso-

lated from the infected GUAT mice produced significantly higher

amounts of the inflammatory cytokines interleukin-17 (IL-17; Fig-

ure 2C), interleukin-22 (IL-22; Figure 2D) and interferon gamma

(IFN-g; Figure 2E) compared to their infectedUS and FIJI counter-

parts. No statistically significant differences were observed in the

secretion of tumor necrosis factor alpha (TNF-a; Figure S4D) or

interleukin-10 (IL-10; Figure S4E). As was the case for LCN-2

and calprotectin, IL-22 and IFN-g were secreted in higher quanti-

ties in the GUAT control mice compared to the other two unin-

fected mouse cohorts (Figures 2D and 2E). These results indicate

a basal level of increased inflammation in the GUAT mice that

could explain the resistance against and early clearance of

C. rodentium in these mice, as well as the continued elevated

levels of these molecules in this cohort 14 days after inoculation.

After analyzing the microbiome of all mice, we found no signif-

icant changes in microbiome composition after inoculation with

either C. rodentium or PBS in any of the experimental groups

(Figures S5A–S5E). Phylogenetic factorization using PhyloFactor

(Washburne et al., 2017) did not identify specific ASVs or clades

definitely correlated with severity of infection (Figures S5F–S5N),

perhaps due to the inherent variability in the data. Additionally,

our microbiome analysis may be incomplete given that it does

not contained sequencing of mucosal-associated microbes

that are greatly impacted during C. rodentium infections (Hoff-

mann et al., 2009). Overall, the results from this experiment sug-

gest that the GUAT mice are more resistant to C. rodentium

infection than their US and FIJI counterparts and are able to

mount a stronger immune response against this pathogen.

Moreover, these differences in susceptibility to infection medi-

ated by the immune system are observed only 2 weeks post-

transplantation of human-associated microbiota.

Country-specific microbiome differences in
susceptibility to infection do not extend to a Th1
L. monocytogenes infection
Many extracellular enteric pathogens likeC. rodentium and E. coli

elicit a strong immune response mediated by T-helper 17 (Th17)

cells (Atarashi et al., 2015; Collins et al., 2014; Zambrano-Zara-
6 Cell Reports 36, 109457, July 27, 2021
goza et al., 2014). We were interested in determining whether

the same geographic effect on susceptibility to infection would

be observed when the mice were challenged with a pathogen

that primarily elicits a Th1 immune response (Hsieh et al., 1993;

Yang et al., 2014). Using microbiota from the same donors as

the C. rodentium experiments, germ-free mice were humanized

in two independent experiments (5 distinct donors per country

per experiment, same 10 donors total as the C. rodentium exper-

iment; Figure 3A). Half of the mice (one per donor) were then inoc-

ulated with L. monocytogenes (1 3 104 CFU) and the other half

with PBS either 2 or 4 weeks after microbiota transplantation to

model an acute systemic infection. No differences in pathogen

burden in the liver or spleen were observed across countries in

either experiment (Figure 3B). Similarly, the gut microbiomes of

these mice did not change significantly post-infection (Figure 3C;

Figure S6). These results indicate that the observed differences in

susceptibility to infection may be limited to the mucosal Th17

pathway within our experimental setup.

Resistance to Citrobacter rodentium infection in
susceptible gnotobiotic mice is transferrable after
exposure to resistant gnotobiotic mice
We next sought to establish whether resistance to C. rodentium

infection could be transferred through gut microbiota. First, we

identified the 5 most susceptible and 5 most resistant mice to

this pathogen in our previous experiment by comparing AUC

values for C. rodentium shedding in the stool (Table S3). Coinci-

dentally, the most susceptible and most resistant mice were

originally gavaged with stool slurries prepared from Fijian and

Guatemalan donors, respectively. We then transplanted the

cecal contents of each of these 10 mice into 2 germ-free mice

per donor. Twoweeks after colonization of their guts, onemouse

per donor was moved to a different cage to be cohoused with a

mouse of the other experimental group for a total of 5 cohoused

FIJI and GUAT pairs (Figure 4A). All mice were challenged with

C. rodentium (1 3 109 CFU) 2 weeks after the beginning of the

cohousing window.

As observed in the previous experiment, the single-housed

FIJI mice exhibited significantly higher levels of pathogen
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Figure 4. Resistance to Citrobacter rodentium infection in susceptible gnotobiotic mice is transferrable after exposure to resistant

gnotobiotic mice

(A) Experimental design. After identifying the 5 most (FIJI) and 5 least (GUAT) susceptible mice to C. rodentium infection, we transplanted the cecal contents of

those mice into germ-free mice (2 per donor, 20 mice total). Two weeks later, one mouse per donor was moved to a cage containing a mouse of the other

experimental group for cohousing. Fourteen days after the beginning of the cohousing stage, all mice were infected with C. rodentium.

(B) Quantification of C. rodentium shedding in stool. Data are presented as mean ± SEM and n = 5 mice per experimental group. *p < 0.05 compared to single-

housed Guatemalan mice at the same time point (repeated-measures two-way ANOVA followed by Tukey’s multiple comparison test).

(C) Quantification of the area under the C. rodentium shedding curve.

(D) Representative images of H&E-stained colon sections 14 days after infection. Scale bar represents 100 mm.

(legend continued on next page)
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shedding in the stool compared to the single-housedGUATmice

(Figure 4B). While the cohoused GUAT mice shed comparable

amounts of C. rodentium to their single-housed counterparts,

the cohoused FIJI mice excreted significantly lower levels of

bacteria compared to the single-housed controls matching the

levels of bacterial shedding observed in the GUAT mice (Figures

4B and 4C). Differences in pathophysiology were also evident

through histological analysis of explanted colons (Figure 4D),

where the average colonic crypts were significantly deeper in

the single-housed FIJI mice compared to both the cohoused

FIJI mice and GUAT group (Figure 4E). Furthermore, the

cohoused FIJI mice secreted significantly higher quantities of

IL-17 (Figure 4F) and IL-22 (Figure 4G) compared to the single-

housed FIJI mice and equivalent quantities to those produced

by both GUAT groups 14 days post-infection. Meanwhile, co-

housing appeared to have no effect on inflammatory cytokine

production for the GUAT mice (Figures 4F and 4G). No differ-

ences in the production of TNF-a (FigureS7A), IL-10 (Figure S7B),

or IFN-g (Figure S7C) were observed across donor countries or

cohousing conditions. To evaluate the role of basal inflammation

in this experiment, wemeasured LCN-2 levels in the stool on day

28, 2 weeks after cohousing, and immediately prior to inocula-

tion withC. rodentium. Consistent with prior results, higher levels

of LCN-2 were found in the single-housed GUATmice compared

to the single-housed FIJI mice (Figure 4H). In contrast, the co-

housed FIJI mice exhibited significantly higher secretion of

LCN-2 in the stool to levels comparable to both GUAT groups.

Given that the cohoused GUAT mice remained resistant to the

infection and the cohoused FIJI mice became less susceptible,

the transfer of microbiota and subsequent increase in basal

inflammation levels appeared to be sufficient in conferring resis-

tance against C. rodentium.

Transfer of microbiota from resistant to susceptible
mice confers resistance to infection after cohousing
We next examined the changes in the microbiome potentially

responsible for this transfer of resistance to C. rodentium infec-

tion. We identified increases in beta diversity in the FIJI mice after

2weeks of cohousingwithGUATmice but not their single-housed

counterparts (Figures 5A and 5B; Figure S7D). Specifically, the

microbiome composition of the cohoused FIJI mice started to

resemble that of their GUAT counterparts. To confirm these ob-

servations,weperformed a paired analysis of the ASV transfer be-

tween the pairs of cohousedmice.We identified a total of 94ASVs

that transferred from the GUAT to the FIJI mice across all pairs

during cohousing (Table S4; Figure 5C). In contrast, only 41

ASVs were transferred from the FIJI to the GUAT mice (Table

S4; Figure S7G). Among the ASVs transferred from the GUAT to

the FIJImice, those belonging to theBacteroides genus (including

B. intestinalis,B. fragilis,B. xylanisolvens, andB. stercoris),Akker-

mansia muciniphila, and Prevotella copri were among those pre-

sent in the FIJI guts at highest abundances after cohousing (Table
(E) Quantification of average colonic crypt depth 14 days after infection.

(F and G) Quantification of the production of the inflammatory cytokines (F) IL-17

(H) Assessment of LCN-2 in the stool 2 weeks after cohousing and immediately

For (C)–(H), data are presented as mean values ± SD, with *p < 0.05, **p < 0.01, ***

Tukey’s multiple comparison test). See also Figure S7.
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S4; Figure 5C). These results perhaps suggest a role for these

taxa inmodulating resistance to enteric infection byC. rodentium.

Notably, the ASVs that originated in the GUAT microbiomes

were able to colonize the FIJI mouse guts effectively, represent-

ing 28.7% ± 22.8% of the taxa identified in these mice, whereas

the ASVs that originated in the FIJI mice only made up 4.8% ±

4.4% of the GUAT microbiomes 2 weeks after cohousing (Fig-

ure 5D). No statistically significant changes in alpha diversity

were observed across experimental groups after 2 weeks of co-

housing (Figure S7E). The transfer of microbiota from the GUAT

to FIJI mice appeared to be greater than transfer in the opposite

direction. We also assessed the effect of C. rodentium infection

on the microbiomes of all mice. As was the case in the previous

experiment, inoculation with this pathogen did not lead to signif-

icant changes in the microbiome composition of FIJI and GUAT

mice regardless of their housing status (Figure S7F). Thus, the

transfer of ASVs from the GUAT to the FIJI mice was sufficient

to confer resistance to C. rodentium infection.

DISCUSSION

Here, we show that protection to enteric infection can be

improved by the introduction of gut microbiota from donors de-

pending on their geographic origins. We found microbiome-

induced differences, according to population, in the protection

against C. rodentium infections. More specifically, we saw

increased resistance to the infection inmice that exhibited higher

levels of basal inflammation after human microbiota transplanta-

tion. These effects were dynamic and could be modulated within

a 2-week time period, advancing the promise of immune-modu-

latory microbiome-based therapies. We suspect that these ef-

fects may translate to other Th17-mediated responses, such

as those involved in autoimmune disorders like rheumatoid

arthritis, multiple sclerosis, or systemic lupus erythematosus,

which have been linked with the microbiome (Jangi et al.,

2016; López et al., 2016; Maeda et al., 2016; Scher et al.,

2013). Evaluating the effects of microbiome compositions in

the context of gnotobiotic mice, such as we demonstrate here,

may help decouple the effects of microbiome composition

from confounding factors, including population genetics, differ-

ences in diet, and disparities in access to healthcare or sanitation

infrastructure. These analyses may prove important for under-

standing contributions of local microbiome compositions to

global patterns of infectious disease and Th17-mediated autoim-

mune disorders (Porras and Brito, 2019; Shapira et al., 2010).

The cohousing experiment presented here highlights the

malleable nature of the gut microbiome. Similar changes in mi-

crobiota composition have been reported in humans as a result

of changes in diet (Gehrig et al., 2019), temporary travel (Leo

et al., 2019), or permanent immigration (Vangay et al., 2018).

Furthermore, the transfer of resistance to infection from GUAT

to FIJI mice reinforces the potential for therapeutics that restore
and (G) IL-22 in ex vivo colon culture at the end of the experiment.

prior to inoculation with C. rodentium.

p < 0.001, ****p < 0.0001 for comparisons shown (two-way ANOVA followed by
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C

D

B

Figure 5. Transfer of microbiota from resistant to susceptible mice confers resistance to infection after cohousing

(A) PCoA of unweighted UniFrac distances for the gut microbiomes of the mice on day 28 of the experiment, 2 weeks after cohousing. Labels for the paired mice

are found next to each other on the figure legend.

(legend continued on next page)
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healthy functions to the host through the modification of the gut

microbiome. This is consistent with both mouse (Rosshart et al.,

2017; Smith et al., 2019; Villarino et al., 2016; Willing et al., 2011)

and human microbiota transplantation studies in the context of

resistance to infection (AlQahtani et al., 2020; Cheng et al.,

2019, 2020; Ianiro et al., 2018; Jiang et al., 2017; Krajicek

et al., 2019; Shin et al., 2019). These results support the hypoth-

esis that geographic-level differences in gutmicrobiome compo-

sition may influence health outcomes. Our data supports a

causal role for the microbiota irrespective of direct impacts of

population genetics, health infrastructure, and other confound-

ing factors. Nonetheless, we caution against interpreting

these results as evidence of the relative benefits or side effects

of any specific populations’ microbiome composition over

another for various reasons. First, these experiments measure

a single health outcome, susceptibility to C. rodentium and

L. monocytogenes infection. Additionally, microbiota or micro-

biome compositions identified as deleterious for one outcome

may provide a health benefit in another context or vice versa

(Gilbert and Lynch, 2019). Finally, the interpretation of gnotobi-

otic mouse studies must consider the possibility that differences

between cohorts arise due to the underlying colonization poten-

tial of the microbiomes being tested. Our results cannot exclude

this explanation, as the FIJI mice experienced lower colonization

by donor-associated microbiota overall. Mouse studies,

including ours, provide initial validation for hypotheses but

require follow-up experiments in human populations.

Our work also emphasizes the importance of study design in

drawing conclusions from necessarily small-scale germ-free or

gnotobiotic mouse experiments. Gnotobiotic mouse experiments

require additional care to ensure control over the gut microenvi-

ronment and therefore are not amenable to a large number of

donors. A recentmeta-analysis of this type of experiments (Walter

et al., 2020) found that most studies use a small (one to five) num-

ber of donors, whose microbiomes are then transplanted into a

larger number of mice. Careful choice of multiple representative

donors is therefore critical in extrapolating results obtained with

small sample sizes to entire disease cohorts or geographic popu-

lations. A strength of our approach is our utilization of 30 individ-

uals as donors, an unusually large number of donors, across

several control and experimental conditions. The inherent limita-

tions of germ-free mouse work can be partially mitigated by the

use of more donors and accounting of colonization efficacy.

Overall, this study highlights the need to expand microbiome

studies to account for the greater diversity in microbiome com-

positions globally not only in cohort-based studies (Mejı́a-León

et al., 2014; Monaco et al., 2016; Subramanian et al., 2014;

Zhong et al., 2019) but also in gnotobiotic animal experiments,

which serve as a predominant tool for examining causal linkages

between the microbiome and disease. On one hand, these

studies may reveal population-level differences that can
(B) UniFrac distance between paired mice prior to (day 14) and after (day 28) the c

0.001 for comparisons shown (two-way ANOVA followed by Tukey’s multiple co

(C) Heatmap of the percent relative abundances of the top 20 most abundant ta

housing. The mice are presented according to their corresponding cohousing pa

(D) Quantification of the relative abundances of the ASVs originally present in the

Figure S7 and Table S4.
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contribute to our understanding of the mechanisms by which

the microbiome affects immunity and disease and which may

contribute to geographic differences in incidence. At the same

time, comparative studies may also uncover universal principles

that more broadly capture mechanistic links between the micro-

biome and disease. Increasing the participation and inclusion of

diverse populations around the world is crucial for the advance-

ment of biomedicine. The historically poor representation of

women and racial/ethnic minorities in clinical trials performed

in the United States (Coakley et al., 2012; Oh et al., 2015) has

resulted in the under-appreciation of sex-based or ethnicity/

race-based differences in disease risk and therapeutic re-

sponses (Anderson, 2005; Dirks et al., 2004; Phan et al., 2009;

Rotger et al., 2006; Zopf et al., 2008). Intentional study designs

that consider the vast differences in microbiome composition

across global populations will impact the development of future

strategies to prevent or treat disease and inform their expected

efficacy across populations (Brooks et al., 2018; Gehrig et al.,

2019; Klatt et al., 2017; Mosquera et al., 2019; Panigrahi et al.,

2017; Rekdal et al., 2019). This is crucial for the development

of microbiome-based solutions to global health challenges.
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Induced Improvement in Glucose Metabolism Is Associated with Increased

Abundance of Prevotella. Cell Metab. 22, 971–982.

Krajicek, E., Bohm, M., Sagi, S., and Fischer, M. (2019). Fulminant Clostridium

difficile Infection Cured by Fecal Microbiota Transplantation in a Bone Marrow

Transplant Recipient With Critical Neutropenia. ACG Case Rep. J. 6, e00198.

Lee, C.H., Steiner, T., Petrof, E.O., Smieja, M., Roscoe, D., Nematallah, A.,

Weese, J.S., Collins, S., Moayyedi, P., Crowther, M., et al. (2016). Frozen vs

fresh fecal microbiota transplantation and clinical resolution of diarrhea in pa-

tients with recurrent clostridium difficile infection a randomized clinical trial.

JAMA -. JAMA 315, 142–149.

Leo, S., Lazarevic, V., Gaı̈a, N., Estellat, C., Girard, M., Matheron, S., Armand-
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

US human donor fecal samples Cornell University N/A

Guatemalan human donor fecal samples CeSSIAM N/A

Fijian human donor fecal samples FijiCOMP N/A

Antibodies

Rabbit anti-ki-67 Thermo Fisher RRID: AB_2341197

Mouse anti-E-cadherin BD Biosciences RRID: AB_397581

Goat anti-mouse IgG secondary antibody

Alexa Fluor 488

Thermo Fisher RRID: AB_2534069

Goat anti-rabbit Rhodamine Red-x Thermo Fisher RRID: AB_2556551

Bacterial strains

Citrobacter rodentium A gift from Valerie Crepin, Imperial

College London

ICC 180

Listeria monocytogenes A gift from Brian Rudd, Cornell University gB

Chemicals, peptides, and recombinant proteins

Brain heart infusion broth VWR Cat#89405-138

LB Broth VWR Cat#97064-110

Antigen unmasking solution, citrate-based Vector Laboratories Cat#H-3300-250

DAPI Sigma-Aldrich Cat#D9542

Fetal bovine serum VWR Cat#89510

Penicillin-streptomycin Sigma Cat#P4333

RPMI cell culture medium Sigma-Aldrich Cat#R8758

AMPure XP beads Beckman Coulter Cat#A63880

Critical commercial assays

Mouse TNF-alpha DuoSet ELISA R&D Systems DY410

Mouse IFN-gamma DuoSet ELISA R&D Systems DY485

Mouse IL-10 DuoSet ELISA R&D Systems DY417

Mouse IL-17 DuoSet ELISA R&D Systems DY421

Mouse IL-22 DuoSet ELISA R&D Systems DY582

Mouse Lipocalin-2 DuoSet ELISA R&D Systems DY1851

Mouse S100A8/S100A9 Heterodimer

DuoSet ELISA

R&D Systems DY582

Micro BCA protein assay kit Thermo Fisher Cat#23235

DNeasy PowerSoil HTP kit QIAGEN Cat#12955

Platinum Hot Start PCR Master Mix Thermo Fisher Cat#130000014

Deposited data

V4 16S rRNA genomic sequences This study BioProject ID PRJNA694000

Experimental models: Mouse strains

Germ-free C57BL/6NTac Taconic Biosciences Black 6 (B6NTac), B6

Germ-free C57BL/6 National Gnotobiotic Rodent

Resource Center

C57BL/6

Oligonucleotides

16S rRNA-Forward Primer 515F

GTGYCAGCMGCCGCGGTAA

(Parada et al., 2016) NA

(Continued on next page)

Cell Reports 36, 109457, July 27, 2021 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

16S rRNA-Reverse Primer 806R

GGACTACNVGGGTWTCTAAT

(Apprill et al., 2015) NA

Software and algorithms

PRISM 9 GraphPad https://www.graphpad.com/

scientific-software/prism/

QIIME2 (Bolyen et al., 2019) https://qiime2.org/

PhyloFactor (Washburne et al., 2017) https://github.com/reptalex/phylofactor

PhyloSeq (Callahan et al., 2016) https://joey711.github.io/phyloseq/

DADA2 (McMurdie and Holmes, 2013) https://benjjneb.github.io/dada2/

BioRender BioRender https://biorender.com/

Other

gentleMACS dissociator Miltenyi Biotec Cat#130-093-235

Coy vinyl anaerobic chamber COY Lab Products Cat#032714
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ilana

Brito (ibrito@cornell.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d V4-16S rRNA DNA sequences are available in raw format at the NCBI’s BioProject database (BioProject: PRJNA694000; https://

www.ncbi.nlm.nih.gov/bioproject/694000). Relevant metadata can be found in Table S5.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human stool donors
Human donors were recruited in a small college town in the United States (Ithaca, NY), the third largest urban center in Guatemala

(Quetzaltenango), and three agrarian villages in the Fiji Islands (Vanua Levu). Donors were required to be citizens of the respective

country. Donors were recruited country between the ages of 23 and 43 years old with equal representation of subjects who identified

as male and female (Table 1), Each participant provided fecal samples that were frozen within 30 minutes of collection at�20�C for a

maximum of 1 hour and then moved to storage at �80�C. The samples were shipped and permanently stored at �80�C. Informed

consent was obtained from all participants in accordance to the protocols approved by the Institutional Review Boards at Cornell

University, Columbia University, theMassachusetts Institute of Technology, and the Broad Institute, the Human Subjects Committee

at CeSSIAM inGuatemala, and the Research Ethics ReviewCommittees at the Fiji National University and theMinistry of Health in the

Fiji Islands for the Fiji Community Microbiome Project (Brito et al., 2016).

Mouse strain and husbandry
Ethical considerations

This study conformed to the National Institutes of Health guidelines on the care and use of laboratory animals. Mouse studies were

performed at Cornell University (Protocol ID #2016-0088) following protocols approved by the Cornell Institutional Animal Care and

Use Committee.

Mouse lines

Female germ-free C57BL/6 mice at 4-6 weeks of age were obtained from either Taconic Biosciences (C. rodentium experiments) or

the National Gnotobiotic Rodent Resource Center at the University of North Carolina at Chapel Hill (L. monocytogenes experiments).

Within 24 hours of arrival, the gnotobiotic mice were transferred from germ-free shipping containers to sterile filter-top cages, and

orally gavaged with a human stool slurry. Mice were maintained in barrier facilities with ad libitum access to autoclaved water and

rodent chow (autoclavable Teklad global 14% protein rodent maintenance diet #2014-S; Envigo) and water. To avoid cage effects
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on the microbiota, mice were initially housed in pairs that received stool from the same human donor and were split into individual

cages upon infection of one mouse per donor. Every week, food intake and animal weight were recorded, and mice were placed in

clean cages with freshly autoclaved chow and water. Mice were handled under inside a biosafety cabinet with frequent glove

changes and disinfection between mice during stool collection and monitoring of body weight. Stool was collected weekly

throughout the course of all experiments.

Bacterial strains
The Citrobacter rodentium ICC800 (Crepin et al., 2016) and Listeria monocytogenes gB (Rudd et al., 2011) strains were obtained,

respectively, from Professor Valerie Crepin (Imperial College) and Professo Brian Rudd (Cornell University). The strains were grown

aerobically at 37�C in LB media (C. rodentium; VWR) or Brain Heart Infusion Broth (L. monocytogenes; VWR).

METHOD DETAILS

Preparation of human stool slurries
Frozen human feces (�100mg) were resuspended in a coy anaerobic chamber (COY Lab Products) in 1mL of reduced phosphate

buffered saline (PBS) containing 0.05% L-cysteine-HCl (VWR). The fecal material sat in PBS for 15 minutes to soften followed by vor-

texing for 10minutes. To separate the suspended bacteria from fibrousmaterial, the slurries were centrifuged at 1000 g for 5minutes.

The mice were randomized into country and donor groups, and gavaged orally with 10 mL/g body weight of the corresponding slurry.

Mice were monitored daily following microbiota transfer.

C. rodentium infection model
Mice were infected with C. rodentium ICC800 two weeks after the transfer of human-associated microbiota following protocols for

this infection model outlined by Crepin et al. (Crepin et al., 2016). On the day prior to infection, a 15mL liquid culture of LB was inoc-

ulated from frozen C. rodentium glycerol stocks. The next day, the culture was centrifuged at 3,000xg at 4�C for 10 minutes and the

pellet was resuspended in sterile PBS to obtain a final concentration of 1x109 CFUs/mL. For each pair of mice inoculated with stool

from the same donor, onemouse per donor was inoculated with 200 mL of theC. rodentium suspension and the other was inoculated

with 200 mL of PBS. At that point, mice were individually caged for the rest of the experiment. Mice weremonitored for recovery 4-6hr

after the procedure. On the day after the infection and every 2 days after, mice were weighted, and stool pellets were collected and

frozen. Mice were euthanized through decapitation 14 days after inoculation withC. rodentium (4 weeks after arrival and gavage with

human stool slurries).

Monitoring C. rodentium shedding
Stool pellets were collected on the first day after inoculation and every two days after. Samples were weighed and resuspended at a

ratio of 0.1g/ml of PBS. Twenty minutes later, the stool was vortexed, and the mixture was centrifuged for 3 s at 2,500 g to separate

suspended bacteria from filamentousmaterial. Serial dilutions were prepared in PBS; 25 mL of each dilutionwas plated in triplicate onto

LB agar containing kanamycin (50 mg/mL; VWR) (Crepin et al., 2016). CFUs were enumerated 24 hours later after incubation at 37�C.

Listeria Monocytogenes Infection Model
Mice were inoculated with L. monocytogenes gB 2 or 4 weeks after transfer of human-associated microbiota. Each of these exper-

iments was conducted using stool samples from 5 unique donors per country for a total of the same 10 donors included in the

C. rodentium experiments. Two days prior to inoculation, frozen stocks of L. monocytogenes were streaked onto a BHI plate and

incubated at 37�C. The next day, an individual colony was picked from this plate, placed into 3mL of BHI media containing strepto-

mycin, and incubated at 37�C overnight. The starter culture was diluted 1:10 in fresh BHI media and cultured at 37�C for 2.5-3 hours.

Once the culture reached an OD600 between 0.4-0.7, the bacteria was centrifuged at 2,500 g for 10 mins and the pellet was resus-

pended in PBS to a final concentration of 1x105 CFU/(Smith et al., 2018; Zhang et al., 2017) Onemouse per donor was inoculated with

100 mL of the L.monocytogenes solution and another with 100 mL of PBS through an intraocular injection. At that point, mice were

individually caged for the rest of the experiment. Three days post-infection, mice were euthanized through decapitation.

Measurement of L. monocytogenes burden in the liver and spleen
Three days after inoculation with L. monocytogenes, the liver and spleen were collected, weighed, and placed in sterile-filtered

0.02%NP-40 (Sigma-Aldrich) in distilled deionized water. Organs were homogenized using the protein_01 program in a gentleMACS

Tissue Dissociator (Milteny Biotec). Serial dilutions of these homogenates were prepared in PBS; 25 mL of each dilution was plated in

triplicate on BHI plates supplemented with streptomycin and incubated at 37�C overnight (Rudd et al., 2011). Pathogen burden in the

liver and spleen was then calculated after counting the L. monocytogenes CFUs on these plates.

Cohousing experiment
First, we identified the 5 most and 5 least susceptible mice to the C. rodentium infection, which happened to be those originally gav-

aged with stool from Fijian and Guatemalan donors, respectively. These mice were identified by comparing the area under the curve
Cell Reports 36, 109457, July 27, 2021 e3
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for C. rodentium shedding in the stool of each individual mice in the original experiment (Table S3). Frozen cecal contents from these

donor mice was resuspended in 1ml of sterile PBS and processed as described for the human stool prior to oral gavage. Two germ-

freemice per donor were orally gavagedwith cecum slurry within 24 hours of arrival and housed in pairs in sterile-filter top cages. Two

weeks later, one mouse per least susceptible (originally GUAT) donor was randomly assigned for cohousing with one of the mice that

received a transplant from the most susceptible FIJI donors. The remaining mice (one per donor) were single housed for the

remainder of the experiment. Two weeks after the beginning of cohousing, all mice were inoculated with C. rodentium. Colonization

by this pathogen was monitored for 2 weeks and the mice were euthanized 14 days after inoculation (6 weeks after arrival).

Histological and immunofluorescent characterization of explanted colons
Upon euthanasia, 0.5cmof the terminal colonwas collected and cut open longitudinally. Stool was removed from the colon by quickly

flushing with cold PBS using a feeding needle (Braintree Scientific Inc.). Tissue sections were fixed in formalin for at least 48 hours.

The samples were then sent to the Animal Health Diagnostic Center at the Cornell University College of Veterinary Medicine for

paraffin embedding, sectioning, andH&E staining. Colorimetric images of the histological stain were collected on anOlympus upright

BX-50 microscope at the Cornell Institute of Biotechnology’s Imaging Facility.

Prior to immunofluorescent staining, tissue sections were deparaffinized and antigen retrieval was performed for 30 minutes in cit-

ric acid buffer (pH 6.0; Vector Laboratories) at 90�C. Tissue sections were permeabilized with 0.05% Triton X-100. Autofluorescence

by the tissue was quenched by incubating with 10mg/ml sodium borohydride (Sigma-Aldrich) in PBS for 30 mins at 4�C, followed by

washing in PBS and blocking with 10% goat serum for 1 hour at room temperature. This was followed by staining with monoclonal

antibodies against E-cadherin (1:200; BD Biosciences, RRID: AB_397581) and ki-67 (1:100, Thermo Fischer, RRID: AB_2341197)

diluted in 1% goat serum in PBS overnight at 4�C. After rinsing with PBS, secondary antibodies (Thermo Fisher, RRID:

AB_2534069 and AB_2556551) were applied diluted 1:500 in 1% goat serum in PBS. Finally, cell nuclei were stained with DAPI

(1:500) for 10 minutes at room temperature and coverslips were placed to image the tissues. Fluorescent images were obtained

on an inverted Leica DMi8 microscope.

Quantification of LCN-2 and calprotectin in mouse stool
To quantify lipocalin-2 and calprotectin levels in the stool, we followed the protocol described by Chassaing et al. (Chassaing et al.,

2012). Briefly, stool pellets were weighed and reconstituted in PBS containing 0.1% Tween 20 (100mg stool per mL) followed by

10mins of vortexing. Stool sampels were then centrifuged at 10,000xg for 10 mins and the supernatant was collected and frozen

at �20�C. LCN-2 and calprotectin levels were then quantified by ELISA (R&D Systems).

Quantification of inflammatory cytokine production ex vivo

Two small (1cm) sections of the colon were removed per mice after euthanasia and cut open longitudinally. The tissue was rinsed

thrice with sterile PBS and stored at 4�C for transport. Upon arrival at the cell culture laboratory, the tissues were transferred into

500 mL of RPMI medium (Sigma Aldrich) supplemented with 10% fetal bovine serum (VWR) and 1% penicillin-streptomycin (Sigma)

and incubated at 37�C for 24 hours in a humidified incubator. On the next day, the supernatants were collected and frozen at�20�C.
The concentration of secreted inflammatory cytokines (TNF-a, IFN-g, IL-10, IL-17, and IL-22) present in these ex vivo colonic cultures

was quantified using by ELISA (R&D Systems). Cytokine concentrations were normalized to the total amount of protein in the corre-

sponding tissue section measured using a Micro BCA protein assay kit (Thermo Fisher) after tissue lysis.

16S rRNA gene sequencing
Microbial genomic DNA was extracted from frozen human stool slurries and frozen mouse fecal pellets using QIAGEN DNeasy

PowerSoil kits following the manufacturer’s instructions. The extracted DNA was cleaned using AMPure XP beads (Beckman

Coulter). Following standard Earth Microbiome Project protocols (Caporaso et al., 2011), the V4 region of the 16S rRNA gene was

amplified in triplicate using 515F (Parada et al., 2016) and 806R (Apprill et al., 2015) primers (barcodes 515rcbc0 to 515rcbc287),

and the Platinum Hot Start PCR Master Mix (Thermo Fisher). PCR products were cleaned using AMPure XP beads and pooled for

each sample. The amplicon pools were then quantified with Quant-iT PicoGreen dsDNA Reagent (Invitrogen), and 100ng of ampli-

cons per sample were pooled prior to submission for sequencing. Paired-end sequencing (2x250bp) was performed on the Illumina

MiSeq platform at the Cornell Institute of Biotechnology.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of 16S rRNA gene sequencing
16S rRNAgenesequenceswere imported into theQuantitative Insights intoMicrobialEcology (QIIME2; https://qiime2.org/) (Bolyenet al.,

2019; Caporaso et al., 2010) pipeline for analysis. First, we used DADA2 (Callahan et al., 2016) for quality control to remove chimeric se-

quences, retain unique sequence variants, and trim forward and reverse reads to removepoor-quality bases. Taxonomieswereassigned

using QIIME20s Naive Bayes classifier trained with the SILVA rRNA database (https://www.arb-silva.de/). Prior to diversity analyses, the

feature tablewas rarefied to10,000sequencesper sample.We thenused the ‘core-metrics-phylogenetic’ function tocomputealphaand

beta diversity metrics. The UniFrac distance matrices were then exported to R v 4.0.0 to generate principal coordinate analysis plots.
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To analyze the transfer of the ASVs found in themicrobiomes after microbiota transplantation, ASVs that were present in fewer than

10% of samples of all three countries were removed prior to any statistical analyses, resulting in the identification of a total of 367

ASVs.We compared the presence of ASVs that were originally found in the corresponding donor, in other donors of the same country,

in donors of a different country, and only found in the mice following methods reported by Fouladi et al. (Fouladi et al., 2020). Briefly,

we compared the presence of ASVs between recipient mice, the corresponding human donor, and donors of the same or different

countries using paired and unpaired analyses. For each mouse, we quantified ASVs that were detected only in the mouse, shared

with the corresponding human donor, shared with human donors (other than the original donor) of multiple countries, or shared

with human donors (other than the original donor) of a single country. The relative abundances of the ASVs belonging to each of these

categories were also calculated.

PhyloFactor (choice = ‘F’, nfactor = 30), a method for identifying phylogenetic edges along which putative functional ecological

traits may have arisen, was used to identify the phylogenetic factors drivingC. rodentium colonization and bacterial shedding (Wash-

burne et al., 2017). To analyze the transfer of microbiota from resistant to susceptible mice after cohousing, without excluding any

ASVs, we compared the presence of SVs that were originally found in the mice prior to cohousing and transferred from their cohous-

ing partners. The transfer of an ASV between cohoused mice was determined only if the ASV was detected in the recipient mouse

after cohousing but not prior to it,

Human donor selection and comparison to their respective populations
To identify suitable donors for these experiments, we first selected human donors from a Guatemalan cohort recruited for this exper-

iment and a subset of thirty-six donors from the Fiji Community Microbiome Project (Brito et al., 2016). These donors were selected

taking into account age- (within 5 years and gender-matching criteria, and taxonomic composition of their microbiomes (Figure S1D).

Age- and gender-matched human donors in the United States were also recruited for this experiment. In order to evaluate the suit-

ability of these donors, we obtained additional publicly available data from another cohort in the United States (Yatsunenko et al.,

2012). The sample names for the downloaded data can be found in Figure S1D. Alpha and beta diversity metrics were calculated

to compare donors and their respective cohorts within and across countries. Finally, ANCOM (Mandal et al., 2015) was employed

to identify differentially abundant features between donors and their respective population for all countries.

Statistical analysis
We used GraphPad Prism v9 to perform statistical analysis for all data excluding that obtained from 16S rRNA gene sequencing.

Experimental groups were compared using two-way ANOVA followed by Tukey’s multiple comparisons test. Whenever time-series

data was included, repeated-measured ANOVA was used instead. The specific statistical tests used and significance thresholds are

indicated in figure legends.
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