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SUMMARY
Changes in the microbiota composition are associated with many human diseases, but factors that govern
strain abundance remain poorly defined.We show that a commensal Escherichia coli strain and a pathogenic
Salmonella enterica serovar Typhimurium isolate both utilize nitrate for intestinal growth, but each accesses
this resource in a distinct biogeographical niche. Commensal E. coli utilizes epithelial-derived nitrate,
whereas nitrate in the niche occupied by S. Typhimurium is derived from phagocytic infiltrates. Surprisingly,
avirulent S. Typhimurium was shown to be unable to utilize epithelial-derived nitrate because its chemotaxis
receptors McpB and McpC exclude the pathogen from the niche occupied by E. coli. In contrast, E. coli
invades the niche constructed by S. Typhimurium virulence factors and confers colonization resistance by
competing for nitrate. Thus, nutrient niches are not defined solely by critical resources, but they can be further
subdivided biogeographically within the host into distinct microhabitats, thereby generating new niche
opportunities for distinct bacterial species.
INTRODUCTION

The colon harbors the largest microbial community in the human

body, containing more than one hundred bacterial species (Hu-

man Microbiome Project, 2012; Qin et al., 2010) that are stably

maintained for months (David et al., 2014). For these bacterial

species to co-exist, each member within the microbial commu-

nity has to utilize some critical resources better than any of the

other coexisting species, and the abundance of these critical re-

sources determines the abundance of the microbe occupying

the corresponding nutrient niches (Freter et al., 1983). The co-ex-

istence of more than 100 bacterial species consequently sug-

gests that the colonic habitat comprises more than 100 discrete

nutrient niches, but their characteristics remain poorly defined
Cell Host & Microbe 30, 1–
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(Freter et al., 1983; Qin et al., 2010). A better understanding of

how diet and host environment carve out each available nutrient

niche will be critical for fully comprehending microbiota assem-

bly and function.

In the large intestine, dietary fiber is one of the critical re-

sources with the greatest abundance, making fermentation

of fiber one of the most successful metabolic traits in this

habitat patch. As a result, the colonic microbiota is dominated

by members of the classes Clostridia (phylum Firmicutes) and

Bacteroidia (phylum Bacteroidetes) (Human Microbiome Proj-

ect, 2012), two taxa that encode a broad spectrum of carbo-

hydrate-active enzymes (Kaoutari et al., 2013). While the role

of dietary fiber in maintaining dominant bacterial taxa within

the gut microbiota is a subject of intense investigation,
12, June 8, 2022 ª 2022 The Authors. Published by Elsevier Inc. 1
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comparatively little is known about the nutrient niches occu-

pied by minority species.

In addition to diet-derived factors that shape the environment

inhabited by the microbiota, the host generates microhabitats

through the release of antimicrobials or by providing critical re-

sources that sculpt microbial growth. Members of the Entero-

bacterales (ord. nov. [Adeolu et al., 2016]) are minority species

within the gut microbiota of mammals (Ley et al., 2008), which

utilize critical resources provided by the host. In the nutrient

niche they occupy in the large intestine, commensal Enterobac-

terales oxidize organic compounds using host-derived respira-

tory electron acceptors, including nitrate (Jones et al., 2007;

Jones et al., 2011). Nitrate is an inert end product of the host’s

nitric oxide metabolism, which depends on the synthesis of the

host enzyme inducible nitric oxide synthase (iNOS) in the gut (re-

viewed in the study conducted by Winter et al., 2013a). During

homeostasis, the scarcity of nitrate and other respiratory elec-

tron acceptors is one of the reasons why commensal members

of the Enterobacterales, such as Escherichia coli, are present

in low abundance within the microbiota (Byndloss et al., 2017).

In contrast, intestinal inflammation triggered by pathogenic

members of the Enterobacterales, such as Salmonella enterica

serovar (S. Typhimurium), increases the luminal availability of

host-derived respiratory electron acceptors, including nitrate,

which drives a pathogen expansion within the gut microbiota

(Lopez et al., 2015, 2012; Rivera-Chávez et al., 2016b; Winter

et al., 2010). Similarly, conditions of noninfectious intestinal

inflammation, such as inflammatory bowel disease in humans

or chemically induced colitis in mice, increases the availability

of host-derived nitrate in the intestinal lumen, which in turn drives

an expansion of commensal E. coli within the gut microbiota

(Winter et al., 2013b; Zhu et al., 2018). These data suggest that

host-derived nitrate is a critical resource that defines the nutrient

niche occupied by Enterobacterales and that the abundance of

this critical resource determines the abundance of this taxon

within the gut microbiota.

The main virulence factors required for inducing intestinal

inflammation are two Type III secretion systems encoded by

Salmonella pathogenicity islands—1 (T3SS-1) and 2 (T3SS-2),

respectively (Barthel et al., 2003; Hapfelmeier et al., 2005; Mat-

suda et al., 2019; Tsolis et al., 1999; Zhang et al., 2002). The abil-

ity to use these virulence factors to increase the availability of

critical host-derived resources is a property that distinguishes

S. Typhimurium from commensal species, such as E. coli (Gillis

et al., 2018; Lopez et al., 2015, 2012; Rivera-Chávez et al.,

2016b; Winter et al., 2010). It is therefore tempting to speculate

that an avirulent S. Typhimurium mutant that lacks functional

T3SS-1 and T3SS-2 would occupy the same nutrient niche in

the gut lumen as commensal E. coli, because both species utilize

the same critical resource, nitrate. However, this prediction rests

on data from population averages, whereas the microhabitats

occupied by these two closely related microorganisms in the

gut lumen or in the colonic mucus layers remain poorly charac-

terized. Here we combined microscopy with bacterial and host

genetics to provide a deeper understanding of the nutrient

niches occupied by closely related members of the Enterobac-

terales in the gut ecosystem. By illuminating the biogeography

of Enterobacterales populations in the large intestine, this

approach revealed how the host generates niche opportunities
2 Cell Host & Microbe 30, 1–12, June 8, 2022
for closely related microorganisms by sculpting discrete spatial

microhabitats.

RESULTS

Biogeographical features distinguish the niches
occupied by S. Typhimurium 14028 and E. coli

Nissle 1917
To investigate whether virulence factors are the sole source of

ecological diversification among closely related Enterobacter-

ales, we determined whether the inactivation of T3SS-1 and

T3SS-2 by mutations in invA and spiB, respectively, would result

in an avirulent S. Typhimurium strain that occupies an ecological

position similar to commensal E. coli. To this end, we compared

the commensal E. coli strain Nissle 1917 (Nissle, 1925), a human

isolate that is marketed as a probiotic, with derivatives of S. Ty-

phimurium strain ATCC14028 that were either fully virulent (wild

type) or avirulent (invA spiBmutant) (Table S1). E. coli strain Nis-

sle 1917 is similar in its ability to confer colonization resistance

against S. Typhimurium infection in mice as murine commensal

E. coli isolates (Velazquez et al., 2019). To ensure engraftment

of E. coli and S. Typhimurium strains at levels high enough for

detection by fluorescence microscopy, mice were pretreated

with a single dose of streptomycin, an antibiotic commonly

used to study intestinal colonization by these species in the

mouse model (Barthel et al., 2003; Hapfelmeier et al., 2005;

Jones et al., 2007, 2011). Infection with wild-type S. Typhimu-

rium triggers migration of phagocytes into the intestinal lumen,

which was visualized in mice expressing the gene encoding

enhanced green fluorescent protein (EGFP) under control of

the lysozyme M (LysM) promoter (lys-EGFP-ki mice), in which

phagocytes belonging to the granulocyte, monocyte, and

macrophage lineages are green fluorescent (Faust et al., 2000).

Infection with the S. Typhimurium wild type resulted in marked

accumulation of green fluorescent phagocytes in the intestinal

lumen, where they were found in close association with the path-

ogen (Figure 1A), which was consistent with a previous report

(Loetscher et al., 2012). In contrast, no fluorescent phagocytes

were detected in the intestinal lumen of mice infected with the

S. Typhimurium invA spiB mutant (Figure 1B) or mice inoculated

with sterile medium (mock infection) (Figure 1C). These data sug-

gested that whereas phagocytes recruited to the intestinal lumen

during infection with the S. Typhimuriumwild type visibly remod-

eled the intestinal environment, the invA spiB mutant encoun-

tered a habitat that more closely resembled that encountered

in mock-infected mice, suggesting the latter might occupy a

niche similar to commensal E. coli.

To test this idea, we compared the localization of the avirulent

S. Typhimurium invA spiBmutant with that of commensal E. coli

in the colon of streptomycin-pretreated C57BL/6 mice (Fig-

ure 1D).We used immunofluorescence to determine the distribu-

tion of bacteria within the intestinal lumen by segmenting images

(Figure 1E) and measuring distances from representative bacte-

rial ‘‘seed pixels’’ to the actin brush border of the epithelium (Fig-

ure 1F). We found that E. coli was concentrated close to the

brush border (Figure 1F), whereas the S. Typhimurium invA

spiB mutant had a much broader distribution (Figure 1G). We

quantified this difference by computing the interquartile range

of distances for each strain and found a significant difference
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Figure 1. Visualization of microhabitats occupied by E. coli and S. Typhimurium in the colon of streptomycin-pretreated mice

(A–C) Groups of streptomycin-pretreated lys-EGFP-ki mice (N = 4) were infected with the S. Typhimurium wild type (STm WT) (A), an avirulent invA spiB mutant

(STm invA spiB) (B), or mock infected (Mock) (C). Sections of the cecum were stained for EGFP (green fluorescence), the O12-antigen of S. Typhimurium

lipopolysaccharide (LPS) (white fluorescence), actin (red fluorescence), and DAPI nuclear stain (blue fluorescence). (A) The red rectangle in the top panel indicates

an area that is shown at higher magnification in the three bottom panels, which show staining for S. Typhimurium LPS (anti-STm LPS; left panel), EGFP synthesis

in phagocytes (EGFP; middle panel) and an overlay (right panel).

(D–G) Groups of streptomycin-pretreated C57BL/6 mice (N is indicated in G) were mock infected (Mock) or infected with an avirulent S. Typhimurium invA spiB

mutant (STm invA spiB), a nonmotile avirulentS. Typhimurium invA spiB fliC fljBmutant (STm invA spiB fliC fljB), E. coliNissle 1917 (EcNWT), or a nonmotile E. coli

Nissle 1917 fliC mutant (EcN fliC).

(D) Sections of the colon were stained for actin (red fluorescence), DAPI nuclear stain (blue fluorescence), and either the O12-antigen of S. Typhimurium LPS

(white fluorescence, top panels) or the O6-antigen of E. coli Nissle 1917 LPS (white fluorescence, bottom panels).

(E–G) Quantification of bacterial distance from epithelium.

(E) Example of quantitative analysis of an immunofluorescence image (top left panel) by segmenting the actin brush border (actin boundary) and bacterial

colonization zones (top right panel), removing background outside the masked areas (bottom left panel) and generating seed pixels within colonization zones to

represent bacterial positions (bottom right panel).

(F) Lines connecting each seed pixel with the closest pixel within the actin boundary (left panel) are colored to indicate their lengths according to the color scheme

shown below. The graph on the right plots the number of lines (values) against their lengths for a section from amouse infected with E. coli Nissle 1917 (EcNWT).

(G) The graph plots the number of lines (values) against their lengths for a section from amouse infected with an avirulent S. Typhimurium invA spiBmutant (STm

invA spiB).

(H) The graph shows the average interquartile range of distances from the actin boundary for the indicated bacterial strains (bars). Each symbol (dots/squares)

represents data from one microscopic image. *p < 0.05; ***p < 0.001; ns, p > 0.05.

ll
OPEN ACCESSArticle

Please cite this article in press as: Liou et al., Host cells subdivide nutrient niches into discrete biogeographical microhabitats for gut microbes, Cell
Host & Microbe (2022), https://doi.org/10.1016/j.chom.2022.04.012
(Figure 1H), suggesting that each strain might occupy a distinct

spatial habitat in the gut lumen.

To determine whether this difference in the spatial distribution

of bacteria required motility, the experiment was repeated after

mutating genes encoding flagellin, the major protein subunit of

flagella, in E. coli (fliC mutant) and avirulent S. Typhimurium

(invA spiB fliC fljB mutant). Interestingly, a nonflagellated E. coli

strain colonized the colon at a significantly increased interquar-

tile range of distance from the actin brush border, producing a

similar spatial distribution as observed for the nonflagellated

avirulent S. Typhimurium strain (Figures 1D and 1H). The depen-

dence of E. coli localization on flagella-based motility suggested

that its nutrient niche involved a spatial component.
Genetic evidence suggests that nitrate is available in
two distinct nutrient niches
Spatial information from microscopic analysis (Figure 1H) raised

the question as to whether its localization in closer proximity to

the epithelial brush border provided commensal E. coli access

to a nutrient niche that differed from the one occupied by avirulent

S. Typhimurium (invA spiB mutant). Flagella-based motility en-

ables E. coli to seek out environments rich in respiratory electron

acceptors, such as nitrate, through a process termed energy taxis

(Greer-Phillips et al., 2003; Rebbapragada et al., 1997). We thus

investigated whether the fitness advantage conferred by nitrate

respiration during growth of E. coli in the colons of strepto-

mycin-pretreated mice (Spees et al., 2013) was dependent on
Cell Host & Microbe 30, 1–12, June 8, 2022 3
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Figure 2. E. coli and S. Typhimurium use motility and energy taxis to access nitrate in distinct microhabitats

(A and B) Groups of streptomycin-pretreated C57BL/6 mice (N is indicated by the number of dots) were infected with the indicated mixtures of E. coliNissle 1917

(EcN) or S. Typhimurium (STm) strains and colon contents collected 6 days after infection (A) or 4 days after infection (B) to determine the competitive index. Bars

represent geometric mean ± geometric error. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p R 0.05.
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motility and energy taxis. Genetic ablation of nitrate respiration

through mutations in the nitrate reductase genes narZ, narG,

and napA reduced fitness of E. coli, as indicated by reduced re-

covery of the narA narG napA mutant compared with the wild

type from streptomycin-pretreated mice inoculated with a 1:1

mixture of both strains (Figure 2A). E. coli used mainly nitrate

reductase A encoded by the narGHI genes for nitrate respiration

in its nutrient niche, as revealed by comparing the fitness of the

wild type with mutants lacking either narZ, narG, or napA. This

fitness advantage conferred by nitrate respiration required

motility, because it was no longer observed when we compared

fitness of a nonmotile strain (E. coli fliC mutant) with that of a

nonmotile nitrate-respiration-deficient strain (E. coli fliC narZ

narG napAmutant). Similarly, genetic ablation of tsr, the gene en-

coding the energy taxis receptor for nitrate (Rivera-Chávez et al.,

2013), abrogated the fitness advantage conferred by nitrate respi-

ration in E. coli (Figure 2A). Furthermore, an E. coli tsrmutant colo-

nized the colon at a significantly increased interquartile range of

distance from the actin brush border compared with E. coli wild

type (Figure 1G). Notably, similar numbers of an avirulent S. Ty-

phimrium (invA spiB) mutant and an avirulent nitrate-respiration-

deficient S. Typhimurium (invA spiB narZ narG napA) mutant

were recovered from mice inoculated with a 1:1 mixture of both

strains (Figure 2A). These results provided genetic evidence that

the nutrient niches occupied by E. coli and avirulent S. Typhimu-

rium differed, because only the former resided in a habitat that

provided access to nitrate.

Interestingly, previous reports suggest that nitrate respiration

provides a growth benefit for virulent wild-type S. Typhimurium

in the large intestine (Lopez et al., 2015, 2012; McLaughlin

et al., 2019), suggesting that colitis generates a nutrient niche

in which the pathogen has access to nitrate. Consistent with

these reports, the S. Typhimurium wild type was recovered in

higher numbers than a nitrate-respiration-deficient strain (narZ

narG napA mutant) when streptomycin-pretreated mice were

inoculated with a 1:1 mixture of both strains (Figure 2B). In

contrast to E. coli (Figure 2A), S. Typhimurium used mainly the

periplasmic nitrate reductase NapA for nitrate respiration in its

nutrient niche, as revealed by comparing the fitness of the wild

type with mutants lacking either narZ, narG, or napA (Figure 2B).
4 Cell Host & Microbe 30, 1–12, June 8, 2022
The fitness advantage conferred by nitrate respiration required

motility, because it was no longer observed when we compared

fitness of a nonmotile strain (S. Typhimurium fliC fliBmutant) with

that of a nonmotile nitrate-respiration-deficient strain (S. Typhi-

murium fliC fliB narZ narG napAmutant). Similarly, genetic abla-

tion of energy taxis toward nitrate by inactivation of tsr abrogated

the fitness advantage conferred by nitrate respiration in virulent

S. Typhimurium (S. Typhimurium tsr versus S. Typhimurium tsr

narZ narG napAmutant) (Figure 2B). However, unlike E. coli, avir-

ulentS. Typhimuriumwas not able to access host-derived nitrate

in the absence of intestinal inflammation, as indicated by equal

recovery of an avirulent S. Typhimrium (invA spiB) mutant and

an avirulent nitrate-respiration-deficient S. Typhimurium (invA

spiB narZ narG napA) mutant from streptomycin-pretreated

mice inoculated with a 1:1 mixture of both strains (Figure 2B).

Collectively, these data suggested that the nitrate-containing

nutrient niche constructed by S. Typhimurium virulence factors

was distinct from the nitrate-containing nutrient niche occupied

by E. coli Nissle 1917.

Virulence factors construct a nutrient niche containing
phagocyte-derived nitrate
To further characterize the nutrient niche inhabited by S. Typhi-

murium, streptomycin-pretreated mice were mock infected or

infected with the S. Typhimurium wild type, a S. Typhimurium

invA spiB mutant, or E. coli. Inflammatory lesions in histological

sections of the colon (Figure 3A), elevated expression of proin-

flammatory genes in the cecal mucosa (Figure 3B) and a robust

increase in the concentration of nitrate in cecalmucus (Figure 3C)

were only observed after infection with virulent wild-type S. Ty-

phimurium, but not in mice inoculated with an avirulent S. Typhi-

murium strain (invA spiBmutant), with commensal E. coli, or with

sterile medium (mock infection). Furthermore, only infection with

virulent S. Typhimurium (wild type) triggered an obvious increase

in the concentration of the granulocyte marker myeloperoxidase

(MPO) in cecal contents (Figure 3D), thus corroborating the strik-

ing remodeling of the luminal environment by phagocytes

observed by microscopic analysis (Figure 1A).

Based on these observations we postulated that both wild-

type S. Typhimurium and E. coli use motility and chemotaxis to
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Figure 3. Phagocyte-derived nitrate constructs a nutrient niche for S. Typhimurium that can also be accessed by commensal E. coli

(A–D) Groups of streptomycin-pretreated C57BL/6J mice were mock infected (Mock) or infected with E. coli Nissle 1917 (EcN WT), avirulent S. Typhimurium

(STm invA spiB), or virulent S. Typhimurium (STm WT) and organs collected 4 days after infection.

(A) Histological sections of the cecum were blinded and scored for lesions by a veterinary pathologist. Each bar represents data from one animal.

(B) Transcript levels of the indicated proinflammatory genes were determined by quantitative real-time PCR in RNA isolated from the cecal mucosa.

(C) Nitrate concentrations in cecal mucus scrapings determined by a modified Griess assay.

(D) Levels of myeloperoxidase in cecal contents was determined by ELISA.

(C and D) Each dot represents data from one animal.

(E and F) Lethally irradiated C57BL6/J-Ly5.1 mice received a bone-marrow transplant from wild-type (WT) C57BL/6 donor mice or Nos2-deficient donor mice.

The resulting groups of bone-marrow chimera mice along with groups of C57BL/6- and Nos2-deficient donor mice were pretreated with streptomycin and then

infected with the indicated mixtures of S. Typhimurium strains.

(E) Competitive index of S. Typhimurium strains recovered from colon contents. Bars represent geometric mean ± geometric error.

(F) Representative images showing flow cytometric analysis of intestinal cells from bone-marrow chimera mice to distinguish hematopoietic cells of the recipient

(CD45.1+) from hematopoietic cells of the C57BL/6- (top panel) or Nos2-deficient (bottom panel) donor (CD45.2+).

(G) Groups of streptomycin-pretreated C57BL/6 mice (N is indicated by the number of dots) were infected with the indicated S. Typhimurium (STm) strains,

followed by inoculation with E. coli (EcN) strain mixtures. Bars represent geometric mean ± geometric error. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;

ns, p > 0.05.
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reach a microhabitat in which their growth is fueled by nitrate

respiration (Figures 2A and 2B). However, although nitrate is a

critical resource for growth of both bacterial species, their

respective nutrient niches represent physically distinct micro-

habitats in the gut lumen. We further hypothesized that the

microhabitat occupied by wild-type S. Typhimurium is con-

structed by phagocytes that migrate into the intestinal lumen

(Figure 1A), and that an exclusive reliance on a phagocyte-

derived nutrient niche for accessing nitrate explains why the avir-

ulent S. Typhimurium invA spiBmutant can no longer access this

critical resource in the gut (Figures 2A and 2B). Generation of

host-derived nitrate requires Nos2, a gene encoding iNOS (Lo-

pez et al., 2012; Spees et al., 2013; Winter et al., 2013b). Consis-

tent with previous reports (Lopez et al., 2015, 2012), a nitrate-

respiration-dependent fitness advantage was no longer

observed in Nos2-deficient mice infected with a 1:1 mixture of

the S. Typhimurium wild type and a narZ narG napAmutant (Fig-
ure 3E), suggesting that production of host-derived nitrate

required an intact Nos2 gene. However, nitrate can be derived

from different host-cell types expressingNos2, such as epithelial

cells (Byndloss et al., 2017) or phagocytes (McLaughlin et al.,

2019). To test our hypothesis, we wanted to generate mice

that lack Nos2 expression in phagocytes but have intact Nos2

expression in the intestinal epithelium. To this end we generated

bone-marrow chimera mice through transfer of hematopoietic

cells from CD45.2-positive donor mice (Nos2-deficient mice or

C57BL/6 mice) into lethally irradiated recipient mice that were

positive for CD45.1 (C57BL/6-Ly5.1 mice). Allelic variants of

leukocyte common antigen CD45 (i.e., CD45.1 and CD45.2)

can be differentiated by flow cytometry, which confirmed suc-

cessful engraftment of hematopoietic cells from the respective

donor mice in each of the recipient mice (Figures 3F, S1, and

S2A). C57BL/6-Ly5.1 mice that received a bone-marrow trans-

plant from Nos2-deficient mice have somatic cells (e.g.,
Cell Host & Microbe 30, 1–12, June 8, 2022 5
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intestinal epithelial cells) that contain an intact Nos2 gene,

whereas their hematopoietic cells (e.g., phagocytes) are Nos2-

deficient. A fitness advantage of the S. Typhimurium wild type

over a narZ narG napA mutant was observed in the colon con-

tents of C57BL/6-Ly5.1mice that received a bone-marrow trans-

plant from C57BL/6 mice, but not in C57BL/6-Ly5.1 mice that

received a bone-marrow transplant from Nos2-deficient mice

(Figure 3E). In contrast, nitrate respiration did not provide a

fitness advantage in the spleens of donor mice or bone-marrow

chimera mice (Figure S2B). These data supported our hypothe-

sis that nitrate available in the nutrient niche occupied by wild-

type S. Typhimurium in the intestinal lumen required Nos2

expression in hematopoietic cells, whereas Nos2 expression in

somatic cells was not sufficient.

Next, we wanted to investigate whether commensal E. coli

could invade the nutrient niche that is constructed by S. Ty-

phimurium-induced inflammation (Figure 1A). Whereas a ni-

trate-respiration-dependent fitness advantage was observed

for E. coli in streptomycin-pretreated mice 6 days after infec-

tion (Figure 2A), this phenotype did not manifest at earlier time

points (i.e., 3 days) after infection (Figure 3G). However, when

E. coli strains (wild type and narZ narG napA mutant) were co-

administered together with wild-type S. Typhimurium, the

E. coli wild type was recovered in significantly higher numbers

than the E. coli narZ narG napA mutant already at 3 days after

infection. These data suggested that S. Typhimurium-induced

intestinal inflammation constructed a new nutrient niche that

enabled E. coli to access nitrate even at very early time points

after infection. In line with this hypothesis, nitrate respiration

of E. coli early after coinfection required S. Typhimurium viru-

lence factors, because it was no longer observed 3 days after

co-administrations of E. coli strains with an S. Typhimurium

invA spiB mutant. We then investigated whether napA, which

was used by S. Typhimurium for nitrate respiration (Figure 2B),

could serve as a genetic marker for the nutrient niche con-

structed by virulence factors of the pathogen. This idea would

predict that E. coli, which uses narG for nitrate respiration in

the healthy gut (Figure 2A), would require napA for nitrate

respiration once it invades the nutrient niche constructed by

S. Typhimurium virulence factors. Consistent with this predic-

tion, during coinfection with the S. Typhimurium wild type,

E. coli required both napA and narG for nitrate respiration,

as suggested by comparing the fitness of the E. coli wild

type with E. coli mutants lacking either narZ, narG, or napA

(Figure 3G).

To investigate whether E. coli relocalizes to a phagocyte rich

spacegeneratedbyS.Typhimuriumvirulence factors (Figure 1A),

we used immunofluorescence microscopy. Coinfection of strep-

tomycin-treated lys-EGFP-ki mice with the S. Typhimurium wild

type resulted recruitment of phagocytes in the intestinal lumen,

and E. coli was found in close association with these host cells

in the cecal lumen (Figure S3A). We then quantified the localiza-

tion of E. coli by computing the interquartile range of distances

from the brush border. In streptomycin-treated mice inoculated

with E. coli alone, the commensal was concentrated close to

the brush border, whereas during S. Typhimurium coinfection

E. coli had a broader distribution (Figure S3B), thus further sup-

porting the idea that the commensal invaded a spatial niche

generated by the pathogen.
6 Cell Host & Microbe 30, 1–12, June 8, 2022
Collectively, these data support the idea that S. Typhimurium

virulence factors construct a nutrient niche in which both the

pathogen and commensal E. coli can access phagocyte-derived

nitrate.

Commensal E. coli access epithelial-derived nitrate in
their nutrient niche
Whereas the data above suggest that phagocyte-derived nitrate

was a marker of the nutrient niche occupied by virulent S. Typhi-

murium, phagocytes are commonly absent from the intestinal

habitat encountered by commensal E. coli. Previous work shows

that luminal nitrate in streptomycin-treatedmice is attributable to

epithelial Nos2 expression (Byndloss et al., 2017). We therefore

wanted to determine whether commensal E. coli occupy a

niche in which they can access epithelial-derived nitrate. Strep-

tomycin pretreatment has recently been shown to induce Nos2

expression in the intestinal epithelium by decreasing signaling

through the peroxisome proliferator-activated receptor gamma

(PPAR-g), which is a negative regulator of the Nos2 gene

(Byndloss et al., 2017). To generate two lines of mice that

differed specifically with regard to epithelial Nos2 expression,

we bred mice lacking PPAR-g in the intestinal epithelium

(Ppargfl/flVillincre/� mice) and wild-type littermate control animals

(Ppargfl/flVillin–/– mice). Experiments using these mice were per-

formed without streptomycin pretreatment.

Consistent with a previous report (Byndloss et al., 2017),

detection of Nos2 transcripts in RNA isolated from prepara-

tions of colonic epithelial cells revealed increased Nos2

expression in mice lacking PPAR-g in the intestinal epithelium

(Ppargfl/flVillincre/� mice) compared with littermate control ani-

mals (Ppargfl/flVillin–/–mice) (Figure 4A). Furthermore, the nitrate

concentration in cecal mucus scrapings was elevated in mice

lacking PPAR-g in the intestinal epithelium (Ppargfl/flVillincre/–

mice) compared with littermate control animals (Ppargfl/flVillin–/–

mice) (Figure 4B). Inoculation of mice with a 1:1 mixture of the

E. coliwild type and an isogenic narZ narG napAmutant revealed

that genetic ablation of nitrate respiration reduced fitness inmice

lacking PPAR-g in the intestinal epithelium (Ppargfl/flVillincre/–

mice), but not in littermate control animals (Ppargfl/flVillin–/–

mice) (Figure 4C). These data supported the idea that, in the

absence of intestinal inflammation (Figure 4D), nitrate available

in the nutrient niche occupied by E. coli was derived from the in-

testinal epithelium. Interestingly, avirulent S. Typhimurium was

unable to access this source of nitrate, as indicated by equal re-

covery of nitrate respiration proficient (S. Typhimurium invA spiB

mutant) and nitrate-respiration-deficient (S. Typhimurium invA

spiB narZ narG napA mutant) bacteria from mice lacking

PPAR-g in the intestinal epithelium (Ppargfl/flVillincre/– mice) (Fig-

ure 4C). These data further support the idea that, in the absence

of intestinal inflammation, avirulent S. Typhimurium strains did

not have access to the nutrient niche that is occupied by

commensal E. coli.

The chemotaxis receptors McpB and McpC exclude S.

Typhimurium from a nutrient-niche containing
epithelial-derived nitrate
Next, we wanted to obtain mechanistic insights into why aviru-

lent S. Typhimuriumwas unable to enter the nutrient niche occu-

pied by commensal E. coli. Since localization of commensal
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Figure 4. Epithelial-derived nitrate constructs a nutrient niche for E. coli that cannot be accessed by avirulent S. Typhimurium

(A andB) The colonic epithelium (A) or cecal mucus (B) were collected from groups ofmice (N is indicated by the number of dots) lacking expression ofPparg in the

intestinal epithelium (Ppargfl/fl Villincre/�) or littermate controls (Ppargfl/fl Villin�/�).
(A) Nos2 transcript levels were determined by quantitative real-time PCR in RNA isolated from preparations of the colonic epithelium.

(B) Nitrate concentrations in mucus scrapings were determined by a modified Griess assay.

(A and B) The boxes in the whisker blot represent the first to third quartiles, and the line indicates the median value. Each dot represents data from one animal.

(C andD) Groups ofmice lacking expression ofPparg in the intestinal epithelium (Ppargfl/fl Villincre/�) or littermate controls (Ppargfl/fl Villin�/�) were infectedwith the

indicated S. Typhimurium (STm) or E. coli (EcN) strain mixtures.

(C) The competitive index in colon contents was determined 4 days after infection. Each dot represents data from one animal. Bars represent geometric mean ±

geometric error.

(D) Histological sections of the cecum were blinded and scored for lesions by a veterinary pathologist. Each bar represents data from one animal. *p < 0.05;

**p < 0.01; ns, p > 0.05.
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E. coli in a closer interquartile range of distance from the actin

brush border compared with avirulent S. Typhimurium requires

motility and chemotaxis (Figure 1H), we reasoned that the differ-

ence between the species could be explained either (1) by addi-

tional chemotaxis receptors in E. coli that mediate attraction to

the mucosal surface or (2) by additional chemotaxis receptors

in S. Typhimurium that mediate repulsion from the mucosal sur-

face. The first possibility was inconsistent with the fact that all

three chemotaxis receptors encoded in the E. coli Nissle 1917

genome (Tsr, Tar, and Aer) are also present in S. Typhimurium

(Figure 5A). E. coli Nissle 1917 lacks Trg, a chemotaxis receptor

present in other commensal E. coli strains and S. Typhimurium.

Notably, S. Typhimurium encodes three chemotaxis receptors,

McpA, McpB, and McpC, that are not present in E. coli (Frye

et al., 2006). Two of these, McpB and McpC, have previously

been shown to cooperate in mediating a repellent response to

avoid oxidative conditions (Lazova et al., 2012). We thus postu-

lated that McpB and McpC repel S. Typhimurium from oxidative

conditions at themucosal surface to limit its access to epithelial-

derived nitrate. This hypothesis predicted that genetic ablation

of McpB and McpC would enable avirulent S. Typhimurium

(invA spiB mutant) to respire nitrate. Furthermore, our hypothe-

sis predicted that an invA spiB mcpB mcpC mutant would

perform nitrate respiration using NarG, a genetic marker for ni-

trate respiration in the nutrient niche occupied by E. coli (Fig-

ure 2A). Consistent with previous results (Figure 2B), narG did

not confer a fitness advantage when streptomycin-pretreated

mice were infected with a 1:1 mixture of an avirulent S. Typhimu-

rium strain (invA spiBmutant) and an isogenic narGmutant (Fig-

ure 5B). In support of our hypothesis, mutations in mcpB and

mcpC provided avirulent S. Typhimurium with a narG-depen-

dent growth benefit, as indicated by increased recovery of an

invA spiB mcpB mcpC mutant over an invA spiB mcpB mcpC

narG mutant.
To determine whether a S. Typhimurium invA spiB mcpB

mcpC mutant localizes to a similar spatial niche as commensal

E. coli Nissle 1917, we used immunofluorescence microscopy

to determine the distribution of bacteria within the intestinal

lumen by segmenting images and measuring distances from

representative bacterial seed pixels to the actin brush border

of the epithelium (Figures 1E and 1F). We found that compared

with a S. Typhimurium invA spiB mutant, a S. Typhimurium

invA spiB mcpB mcpC mutant was concentrated significantly

closer to the brush border (Figure 5C), suggesting that the dele-

tion of mcpB and mpcC changes bacterial localization in the

gut lumen.

These data suggest that differences in the chemotaxis

receptor repertoire between commensal E. coli and avirulent

S. Typhimurium help explain why only the former can access a

nutrient niche containing epithelial-derived nitrate.

E. coliuses nitrate respiration to confer niche protection
against Salmonella

Finally, we wanted to determine whether invasion of the nutrient

niche constructed by S. Typhimurium virulence factors (Fig-

ure 3G) enables commensal E. coli to compete with the path-

ogen for nitrate. To this end, streptomycin-treated mice were

inoculated with E. coli strains that were either proficient for

motility and nitrate respiration (E. coli Nissle 1917 wild type),

nonmotile (fliC mutant), or deficient for nitrate respiration

(narZ narG napA mutant). 2 days later, mice were challenged

with a 1:1 mixture of the virulent S. Typhimurium wild type

and a nitrate-respiration-deficient strain (S. Typhimurium narZ

narG napA mutant) to assess the pathogen’s ability to colonize

the intestine and respire nitrate. Colonization with E. coli prior

to S. Typhimurium challenge markedly reduced numbers of

the pathogen in cecal contents (Figure 6A), which was consis-

tent with previous reports showing that commensal E. coli
Cell Host & Microbe 30, 1–12, June 8, 2022 7
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Figure 5. McpB and McpC exclude S. Typhimurium from a nutrient-niche-containing nitrate

(A) Genetic repertoire of chemotaxis receptor genes (blue and red arrows) in E. coli Nissle 1917 (left panel) and S. Typhimurium strain ATCC14028 (right panel).

(B) Groups of streptomycin-pretreated C57BL/6J mice were infected with the indicated mixtures of avirulent S. Typhimurium (STm) strains, and cecal contents

were collected 6 days after infection to determine the competitive index. Bars represent geometric mean ± geometric error.

(C) Groups (N = 8) of streptomycin-treatedmicewere infectedwith one of the indicatedS. Typhimurium strains, and the cecumwas collected for sectioning 2 days

later. The boxes in the whisker blot represent the first to third quartiles, and the line indicates themedian value of the interquartile range of distances from the actin

boundary. Each symbol (dots/squares) represents data from one microscopic image. ***p < 0.001.
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contribute to colonization resistance against S. Typhimurium

(Eberl et al., 2021; Velazquez et al., 2019; Wotzka et al.,

2019). Notably, E. coli strains that were either nitrate-respira-

tion deficient (E. coli narZ narG napA mutant) or nonmotile

(E. coli fliC mutant) were less potent in reducing numbers of

S. Typhimurium during a challenge (Figure 6A). Nitrate respira-

tion provided a fitness advantage to S. Typhimurium in strepto-

mycin-pretreated mice, as indicated by the recovery of higher

numbers of the S. Typhimurium wild type compared with a ni-

trate-respiration-deficient (narZ narG napA) mutant (Figure 6B).

However, colonization with wild-type E. coli prior to S. Typhi-

murium challenge abrogated the fitness advantage conferred

by nitrate respiration, as indicated by recovery of equal

numbers of the S. Typhimurium wild type and a narZ narG

napA mutant. Notably, the fitness advantage conferred by ni-

trate respiration in S. Typhimurium was restored when mice

were colonized with a nitrate-respiration-deficient E. coli strain

(narZ narG napA mutant) prior to S. Typhimurium challenge,

suggesting that E. coli competes with S. Typhimurium for

nitrate. Furthermore, E. coli required motility to compete with

S. Typhimurium for nitrate, because nitrate respiration provided

a fitness advantage for S. Typhimurium when mice were colo-

nized with a nonmotile E. coli strain (fliC mutant) prior to path-

ogen challenge. Collectively, these results supported the idea

that commensal E. coli use motility and nitrate respiration to

compete with S. Typhimurium for resources critical for path-

ogen expansion in the intestinal lumen.

To further assess competition between commensal E. coli

and avirulent S. Typhimurium, streptomycin-treated mice

were inoculated with both species simultaneously. Avirulent

S. Typhimurium (invA spiB mutant) colonized the murine

cecum at higher levels than E. coli Nissle 1917, which was

at least in part due to McpB/McpC-mediated chemotaxis,

because the fitness advantage over E. coli was markedly

reduced for a S. Typhimurium invA spiB mcpB mcpC mutant

(Figure 6C).
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DISCUSSION

Changes in the microbiota composition are associated with

numerous human diseases, thus making an analysis of the fac-

tors that govern strain engraftment and abundance relevant for

understanding the underlying disease process. Conventional

wisdom holds that each nutrient niche in the gut ecosystem is

defined by critical resources, the abundance of which deter-

mines the abundance of its microbial occupant (Freter et al.,

1983). However, here we show that a nutrient niche defined by

a critical resource can be further subdivided by the host bio-

geographically into distinct microhabitats (Figure 6D), a process

predicted to increase the number of nutrient niches that are pre-

sent, which in turn will increase the number of similar coexisting

species.

The idea that critical resources determine taxa abundance is

supported by work on primary fermenters of dietary fibers or gly-

cans. Dietary fiber escapes digestion by host enzymes in

the upper gastrointestinal tract and serves as a critical

resource for fiber-consuming bacteria (‘‘fiber eaters’’) in the

colon. A prolonged reduction in dietary fiber intake leads to an

irreversible extinction of fiber eaters that rely solely on this critical

resource, whereas fiber eaters that can switch to consuming

other critical resources, such as host-derived mucin glycans,

can persist in the gut microbiota during periods of dietary fiber

starvation (Desai et al., 2016; Sonnenburg et al., 2016; Sonnen-

burg et al., 2005). Conversely, dietary supplementation with a

complex polysaccharide that is not utilized by any member of

the microbiota generates a new nutrient niche that supports

engraftment of a fiber-eater that harbors genes necessary to

catabolize it (Shepherd et al., 2018). As a result, the presence

or absence of critical resources can drive changes in the micro-

biota composition.

Host-derived respiratory electron acceptors, such as oxygen

and nitrate, are critical resources whose abundance determines

the abundance of facultative anaerobic bacteria, such as
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Figure 6. E. coli uses nitrate respiration to confer colonization resistance against Salmonella
(A and B) Groups of streptomycin-pretreated C57BL/6J mice were inoculated with sterile LB broth (Mock) or with the indicated E. coli Nissle 1917 (EcN) strains.

Two days after inoculation with E. coli, mice were challenged with a 1:1 mixture of S. Typhimurium (STm) wild type (WT) and a nitrate-respiration-deficient mutant

(narZ narG napA).

(A) Total numbers of S. Typhimurium recovered from cecal contents.

(B) Competitive index of the indicated S. Typhimurium strains.

(C) Groups of streptomycin-pretreated C57BL/6J mice were inoculated with the indicated mixtures of S. Typhimurium and E. coli strains. The graph shows the

competitive index comparing fitness of the S. Typhimurium strain with the E. coli strain. Bars represent geometric mean ± geometric error. Each symbol (circles or

squares) represents data from one animal. *p < 0.05; **p < 0.01; ***p < 0.001.

(D) Model for the nutrient niche occupied by commensal E. coli (left panel), virulent S. Typhimurium (middle panel) and the competition between both species for

nitrate (right panel). Created with BioRender.com. NO, nitric oxide; O2
�, superoxide radical; NO3

�, nitrate.
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members of the Enterobacterales, within the colonic microbiota

(reviewed in the studies conducted by Rogers et al., 2021 and

Winter et al., 2013a). During homeostasis, Enterobacterales

likely maintain themselves using the limited amount of oxygen

emanating from the mucosal surface. Surprisingly, the bioavail-

ability of oxygen in the large intestine is not limited to a niche in

close proximity to the mucosal surface, because the growth

benefit conferred by aerobic respiration is not enhanced when

bacteria are attached to the epithelial surface compared with

bacteria occupying a niche in the intestinal lumen (Miller et al.,

2020). During homeostasis, the host produces nitrate constitu-

tively in the ileum (Rivera-Chávez et al., 2016a), but this electron

acceptor is not available in the colon. The low abundance of res-

piratory electron acceptors in the large intestine during homeo-

stasis relegates Enterobacterales to an existence as minority

species (Byndloss et al., 2017). However, conditions of intestinal

inflammation or environmental exposure to antibiotics or West-

ern-style high-fat diet increases the availability of respiratory

electron acceptors in the colon, thereby driving dysbiosis char-

acterized by an expansion of commensal Enterobacterales in

the fecal microbiota (Byndloss et al., 2017; Cevallos et al.,

2019; Chanin et al., 2020; Hughes et al., 2017; Lee et al., 2020;

Pötgens et al., 2018; Spees et al., 2013;Wang et al., 2019;Winter

et al., 2013b; Yoo et al., 2021; Zhu et al., 2019, 2018). Treatment

of mice with streptomycin induces Nos2 expression in the
colonic epithelium, which increases luminal nitrate levels to

enhance growth of E. coli by nitrate respiration (Byndloss et al.,

2017; Jones et al., 2011; Spees et al., 2013). We used strepto-

mycin-treated mice to study nutrient niches containing host-

derived nitrate, but a limitation of this approach is that an

antibiotic-mediated disruption of the gut microbiota depletes

short-chain fatty acids (Meynell, 1963; Meynell and Subbaiah,

1963). Therefore, we also validated our results in a mouse model

with genetically elevated Nos2 expression in the colonic epithe-

lium (Ppargfl/flVillincre/� mice), in which the microbiota remains

undisturbed and produces normal levels of short-chain fatty

acids (Byndloss et al., 2017).

Here we show that niche opportunities for Enterobacterales

are not solely created by an increased abundance of critical re-

sources; their formation also involves the construction of distinct

microhabitats in which these resources become available. For

example, antibiotic treatment increases the availability of nitrate

in the colon (Byndloss et al., 2017; Spees et al., 2013). Similarly,

S. Typhimurium-induced inflammation constructs a nutrient

niche in which nitrate fuels pathogen growth (Lopez et al.,

2015, 2012; McLaughlin et al., 2019; Rivera-Chávez et al.,

2016b). S. Typhimurium-induced inflammation increased the

availability of phagocyte-derived nitrate, a resource utilized by

commensal E. coli during coinfection. Commensal E. coli was

able to invade the nutrient niche constructed by virulence factors
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of the pathogen and compete with S. Typhimurium for nitrate,

which contributed to its ability to confer colonization resistance.

The finding that competition for nitrate only partially accounted

for protection conferred by E. coli against S. Typhimurium chal-

lenge is consistent with the finding that additional factors

contribute to colonization resistance, includingmicrocin produc-

tion by E. coli (Sassone-Corsi et al., 2016), and competition for

other critical resources, such as oxygen (Velazquez et al.,

2019) and polyols (Eberl et al., 2021).

Notably, the nutrient niche constructed by antibiotic treat-

ment provided access to epithelial-derived nitrate, which could

be exploited only by a commensal E. coli strain, and not by an

avirulent S. Typhimurium strain. The underlying mechanism

was the presence of two chemotaxis receptors in S. Typhimu-

rium, termed McpB and McpC, which cooperate to repel the

pathogen from oxidative conditions (Lazova et al., 2012). Inter-

estingly, a commensal E. coli strain occupied an ecological po-

sition in closer proximity to the mucosal surface compared with

an avirulent S. Typhimurium strain, providing further support for

the idea that both organisms occupied distinct nitrate-contain-

ing microhabitats. Based on the observation that two E. coli

strains, which differ in their ability to form biofilms in the mucus

layer, can co-colonize the streptomycin-treated mouse gut

(Leatham-Jensen et al., 2012), the ‘‘restaurant hypothesis’’ pro-

poses that microbes consuming the same critical resources

can co-exist if they occupy spatially distinct niches (Pereira

and Berry, 2017). However, the role the host plays in providing

different spatial niches has remained unexplored. Our data

support the concept that different host-cell types can create

distinct spatial microhabitats containing the same critical

resource, host-derived nitrate, thereby providing niche oppor-

tunities for distinct bacterial species (Figure 6D). Thus, by

shaping the biogeographical diversity of the gut microbiota,

the host can enlarge the number of available ecological posi-

tions, which is predicted to increase the number of coexisting

species within the gut microbiota. The spatial microhabitats

generated by the host are lost in the test tube, which likely

contributes to the reduction in diversity of host-associated mi-

crobial communities observed upon in vitro culture (Ahmadi

et al., 2019; Kim et al., 2011).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

InVivoMAb anti-mouse Ly-6G (1A8) Bio X Cell Cat#BE0075-1

InVivoMAb rat IgG2a isotype control, anti-trinitrophenol (2A3) Bio X Cell Cat# BE0089

InVivoMAb rat IgG2b isotype control, anti-keyhole

limpet hemocyanin (LTF-2)

Bio X Cell Cat# BE0090

Salmonella O Antiserum Factor 12 Becton Dickinson Cat# 227791

Goat IgG Fraction to Mouse Complement C3 MP Biomedicals ICN 55463

Alexa Fluor 568 donkey anti-rabbit IgG (H+L) Invitrogen Cat # A10042

Alexa Fluor 568 donkey anti-goat IgG (H+L) Invitrogen Cat # A11057

Alexa Fluor 488 donkey anti-mouse IgG (H+L) Invitrogen Cat # A21202

PE anti-mouse CD3 (17A2) BioLegend Cat # 100206

PE anti-mouse/human CD45R/B220 (RA3-6B2) BioLegend Cat # 103207

PE anti-mouse NK-1.1 (PK136) BioLegend Cat # 108708

PE/Cy7 anti-mouse/human CD11b (M1/70) BioLegend Cat # 101215

Brilliant Violet 421 anti-mouse CD115 (CSF-1R) (AFS98) BioLegend Cat # 135513

APC Ly-6G/Ly-6C Monoclonal Antibody (RB6-8C5) eBioscience Cat# 17-5931-82

Bacterial and virus strains

For strains used in this study see Table S1 see Table S1 see Table S1

Biological samples

For plasmids used in this study see Table S1 see Table S1 see Table S1

Chemicals, peptides, and recombinant proteins

Digitonin Sigma-Aldrich Product # D141

Saponin Sigma-Aldrich Product # S4521

Diphenyleneiodonium chloride (DPI) Sigma-Aldrich Product # D2926

Chloroquine diphosphate salt Sigma-Aldrich Product # C6628

Hoechst 33342 Invitrogen Cat # H3570

ProLongTM Diamond Antifade Mountant Invitrogen Cat # P36965

Hydrogen peroxide EMD Cat # HX0635

Luminol Sigma-Aldrich Product # 123072

BD CytofixTM Fixation buffer Becton Dickinson Cat # 554655

Live/Dead Fixable Aqua Dead Cell Stain kit Invitrogen Cat # L34957

Critical commercial assays

TRI-reagent Molecular Research Center Cat # TR118

DNA-free DNA Removal Kit Applied Biosystems Cat# AM1906

SYBR Green PCR Master Mix Applied Biosystems Cat # 4309155

Zymoclean Gel DNA Recovery Kit Zymo Research Cat# D4001

QIAprep Spin Miniprep Kit Qiagen Cat# 27106

Experimental models: Organisms/strains

Mus musculus C57BL/6J Jackson Labs Strain # 000664

For qRT-PCR primers used in this study see Table S1 see Table S1 see Table S1

Software and algorithms

Prism v8.0 GraphPad https://www.graphpad.com/

scientific-software/prism/

MacVector v15.5.4 MacVector https://macvector.com/

downloads.html
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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, Andreas

J. B€aumler (ajbaumler@ucdavis.edu).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability
d The study did not create large datasets suited for deposition in a repository.

d The study did not generate or use custom code

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments
The Institutional Animal Care and Use Committee at the University of California, Davis, approved all animal experiments. Prior to

transport, mice at Jackson were fed LabDiet 5K52 formulation (6% fat). Upon arrival, 8-10 week-old adult female mice from each

cohort were randomly assigned into individually ventilated cages on one rack at a housing density of 3 to 4 animals per cage and

allowed to acclimate in our vivarium for at least a week undisturbed. Feed was switched to irradiated TEKLAD GLOBAL 18% protein

rodent diet 2918 (Envigo), which was also used for in-house breeding of lys-EGFP-kimice, Ppargfl/flVillincre/- mice and Ppargfl/flVillin-/-

mice. Clean (but not sterile) paper towels were utilized for fecal sample collections and 70% ethanol was used to disinfect surfaces

and gloves between groups.

For pre-treatment with streptomycin and infection with E. coli or S. Typhimurium strains or strain mixtures, lys-EGFP-kimice (bred

in house), bone marrow chimera mice (see below), wild-type (C57BL/6J) mice (Jackson Laboratories, Bar Harbor, ME) or Nos2-defi-

cient (B6.129P2-Nos2tm1Lau/J) mice (Jackson Laboratories, Bar Harbor, ME) were given streptomycin at 20mg/mouse in 0.1mL ster-

ile water intragastrically 24 hours prior to inoculation with bacteria. In competition experiments, a 1:1 ratio of competing strains at a

final concentration of 13 109 CFU/mouse in 0.1 mL LB broth was given intragastrically. In coinfection experiments, S. Typhimurium

wild type or invA spiB mutant was given one day after streptomycin treatment, followed by inoculation with a 1:1 ratio of competing

E. coli strains at a final concentration of 13 109 CFU/mouse in 0.1mL LBbroth intragastrically one day afterS. Typhimurium infection.

In single infections, 1 3 109 CFU/mouse of a single strain in 0.1 mL LB broth was given intragastrically.

For determining the effect E. coli have on colonization resistance againstS. Typhimurium,mice (Jackson Laboratories, Bar Harbor,

ME) were given streptomycin at 20 mg/mouse in 0.1 mL sterile water intragastrically 24 hours prior to inoculation with bacteria. Mice

were inoculated intragstrically with E. coli strains (1 3 109 CFU/mouse in 0.1 ml LB) or 0.1 mL sterile LB broth (mock) one day after

streptomycin treatment. Two days later mice were challenged with a 1:1 ratio of competing S. Typhimurium strains at a final concen-

tration of 1 3 107 CFU/mouse in 0.1 mL LB broth intragastrically. Mice were euthanized 4 days after S. Typhimurium infection.

After euthanasia cecal or colonic tissue collected for histopathology was fixed in 10% buffered formalin phosphate overnight,

whereas cecal tip sections for murine RNA analysis were flash frozen and stored at �80�C. Cecal contents were stored in phos-

phate-buffered saline (PBS) on ice. CFU counts were determined by plating serial 10-fold dilutions of the inoculum or colon content

on selective medium. Plates were incubated overnight at 37�C under atmospheric oxygen conditions. For competitive infections, the

output ratio of recovered bacteria strains was divided by the input ratio of the inoculum to determine the competitive index.

To generate bone marrow chimeras, recipients were subjected to lethal irradiation of 1000rad one day prior to bone marrow trans-

fer of 5x106 cells by intravenous injection. Mice were kept on antibiotics for 6 weeks following irradiation by diluting 5mL of sulfatrim

pediatric suspension (Pharmaceutical Associates) containing 200mg sulfamethoxazole and 40mg trimethoprim into 250mL of water

in water bottles.

Successful chimera generation was confirmed by flow cytometry on peripheral blood at 7-8 weeks post-donor cell injection.

Approximately 50 ul of blood permousewas collected from the facial vein into a sodium heparin-coated tube and placed immediately

on ice until processing. After euthanasia, spleens were collected in DPBS and placed on ice until processing. Ceca were removed,

fileted longitudinally, contents were gently removed by scraping with the blunt end of scissors. The cleaned cecal tissuewas stored in

RPMI on ice until processing. Single cell suspensions from the spleen and intestinal lamina propria were prepared as described below

for analysis by flow cytometry.

Bacterial strains and culture conditions
The E. coli and S. Typhimurium strains used in this study are listed in Table S1. Bacteria were cultured routinely in Luria-Bertani (LB)

broth (BD Biosciences #244620) or on LB plates unless otherwise indicated. For animal experiments, bacterial cultures were grown

overnight at 37�C in LB broth under aerobic (atmospheric oxygen) conditions. 10ml of overnight culture were spun down and pelleted
e2 Cell Host & Microbe 30, 1–12.e1–e6, June 8, 2022
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at 4�C, then resuspended to a final concentration of 1x1010 CFU/ml in fresh media. Antibiotics were used at the following concen-

trations when required: carbenicillin (Carb), 0.1 mg/ml; chloramphenicol (Cm), 0.015mg/ml; kanamycin (Kan), 0.1 mg/ml; tetracycline

(Tet), 0.02 mg/ml; spectinomycin (Spec), 0.1 mg/ml.

METHOD DETAILS

Construction of E. coli mutants
To generate E. coli DnapA and DnarZmutants, respectively, plasmid pSW224 and pSW237 were transformed into E. coli S17-1 lpir

and conjugated into E. coli Nissle1917 carrying the temperature-sensitive plasmid pSW172 for counter selection. Conjugation was

performed at 30�C and exconjugants in which the suicide plasmid had integrated into the chromosome were recovered on LB plates

containing carbenicilin and chloramphenicol. Subsequent sucrose selection was performed on sucrose plates (5% sucrose, 8 g/L

nutrient broth base, 15 g/L agar) to select for a second crossover events. PCR was performed to detect events that lead to the un-

marked deletion of the napA or narZ genes, respectively. Plasmid pSW172 was then cured by cultivating bacteria at 37�C.
To construct a fliC::tetmutation in E. coli, primers were designed to overlap the 70 flanking base pairs on both ends of the E. coli fliC

gene and 20 base pairs of the tetRA cassette from pSPN61. PCR was used to amplify the fragment with NEBuilder HiFi DNA Assem-

bly Master Mix (NEB), run on an agarose gel, and gel purified via the Zymoclean Gel DNA Recovery kit (Zymo Research). The

fliC::tetRA PCR product was desalted via drop dialysis using nitrocellulose membrane filters (Millipore), and subsequently DpnI

(NEB) treated. The E. coliNissle 1917 and E. coliDnapADnarGDnarZmutant (SW930) were electroporated with the temperature sen-

sitive inducible lambda red recombinase plasmid pKD46 in which the ampicillin cassette has been replaced with a spectinomycin

cassette. Nissle 1917(pKD46) and SW930(pKD46) were grown overnight at 30�C, 300ml were subcultured into 30ml of fresh media

with spectinomycin at 30�C the next morning until OD600=0.2, and the plasmid recombinase was induced with 10 mM arabinose.

Nissle 1917(pKD46) and SW930(pKD46) was further grown at 30�C until OD600=0.6, then spun down and washed with cold distilled

water, and the fliC::tetRA PCR product introduced by electroporation. Mutants were selected via tetracycline resistance and

confirmed for loss of pKD46 by loss of spectinomycin resistance. The mutations were verified via PCR screening.

For construction of the tsr::tetmutant we used the strategy described above, but primers were designed to overlap the 70 flanking

base pairs on both ends of the E. coli tsr gene and 20 base pairs of the tetRA cassette from pSPN61.

Construction of S. Typhimurium mutants
To construct a narZ::Cmmutation in S. Typhimurium, primers were designed that overlapped the 70 flanking base pairs on both ends

of the S. Typhimurium narZ gene and 20 base pairs of the chloramphenicol cassette from pKD3. PCR was used to amplify the

fragment with NEBuilder HiFi DNA Assembly Master Mix (NEB), run on an agarose gel, and gel purified via the Zymoclean Gel

DNA Recovery kit (Zymo Research). The narZ::Cm PCR product was desalted via drop dialysis using nitrocellulose membrane filters

(Millipore), and subsequently DpnI (NEB) treated. S. Typhimurium strain IR715 was electroporated with the temperature sensitive

inducible lambda red recombinase plasmid pKD46 in which the ampicillin cassette has been replacedwith a spectinomycin cassette.

IR715(pKD46) was grown aerobically inmedia with spectinomycin overnight at 30�C, 300ml were subcultured into 30ml of freshmedia

with spectinomycin at 30�C the next morning until OD600=0.2, and the plasmid recombinase was induced with 10mM arabinose. The

induced IR715(pKD46) was further grown at 30�C until OD=0.6-0.8, then spun down and washed with cold distilled water, and the

narZ::Cm PCR product introduced by electroporation. Mutants were selected via tetracycline resistance and confirmed for loss of

pKD46 by loss of spectinomycin resistance. The insertion in narZ was verified via PCR screening and then transduced (P22, see

below) into S. Typhimurium strain IR715, to generate strain ML96.

AS. Typhimurium tsr::tetRAmutant was constructed using the strategy described above, but primers were designed to overlap the

70 flanking base pairs on both ends of the S. Typhimurium tsr gene and 20 base pairs of the tetRA cassette from pSPN61. The mu-

tation were verified via PCR screening.

P22 lysates (see below) of CAL34, CAL27, ML96 were prepared and transduced into S. Typhimurium strains IR715 (wild type),

SPN487 (invA spiB mutant), and ML162 (tsr mutant) to generate a napA::KanR narZ::CmR narG::pCAL5 mutant, a DinvA DspiB

napA::KanR narZ::CmR narG::pCAL5 mutant, and a tsr::tetR napA::KanR narZ::CmR narG::pCAL5 mutant, respectively.

P22 lysates (see below) of QW111 and SM19 were prepared and transduced into S. Typhimurium strains SPN487 (invA spiB

mutant) to generate a DinvA DspiB mcpB::KanR mcpC::CmR mutant, termed ML211. P22 lysate of CAL27 was then transduced

into ML211 and ML108 (IR715 DinvA DspiB phoN:: KanR) to generate a DinvA DspiB mcpB::KanR mcpC::CmR narG::pCAL5 mutant,

termed ML212, and a DinvA DspiB phoN:: KanR narG::pCAL5 mutant, termed ML215.

Plasmid pSPN29was transformed into E. coliS17-1 lpir and conjugated into S. Typhimurium strain CAL50 using sucrose selection

to select for double cross-over as described above to construct a DfliC narG::pCAL5 DnarZ DnapA mutant, named ML53. A P22

lysate (see below) of an S. Typhimurium fljB5001::MudCmmutant (SPN287) was transduced intoML53 to create aDfliC fljB::MudCm

narG::pCAL5 DnarZ DnapA mutant termed ML61.

Phage transduction
To generate S. Typhimurium phage lysates, we incubated 1 ml of an overnight culture of the strain of interest with 4 ml of P22 broth

(LB broth supplemented with E minimal medium, 0.2% glucose, and 1010 to 1011 PFU/ml P22 HT-int) overnight at 37�C. Debris was

removed by centrifugation at 10,000 3 g for 5 min, and the phage-containing supernatant was mixed with chloroform (20% final
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volume) and stored at 4�C. To transfer mutations between strains, diluted phage lysate prepared from the donor strain was incubated

for 1 h at room temperature with an overnight culture of the recipient bacterial strain. The bacteria were then spread onto plates with

the appropriate antibiotic. Resulting colonies were streaked onto Evans blue uranine agar plates (10 g/liter tryptone, 5 g/liter yeast

extract, 5 g/liter NaCl, 2.5 g glucose, 15 g/liter Difco agar, 0.00125% Evans blue solution, 0.5% K2HPO4, 0.0025% sodium fluores-

cein) to select for non-lysogenic colonies. The sensitivity of the resulting strains to reinfection with P22 was determined by cross-

streaking of the bacterial strain with P22 H5.

Nitrate measurements
Intestinal nitratemeasurements were performed as described previously (Winter et al., 2013b). Briefly, micewere euthanized, and the

intestine was removed and divided along its sagittal plane. The mucus layer was gently scraped from the tissue and homogenized in

200 ml PBS and then placed on ice. Samples were centrifuged at 5,0003 g for 10 min at 4�C to remove the remaining solid particles.

The supernatant was then filter sterilized (0.2-mm Acrodisc syringe filter, Pall Life Sciences). Measurement of intestinal nitrate fol-

lowed an adaptation of the Griess assay. In this assay, nitrate was first reduced to nitrite by combining 50 ml of each sample with

50 ml of Griess reagent 1 containing vanadium(III) chloride (0.5 M HCl, 0.2 mM VCl3, 1% sulfanilamide), and then the mixture was

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

to each sample. Absorbance at 540 nmwas measured immediately after the addition of Griess reagent 2 to detect any nitrite present

in the samples. The samples were then incubated for 8 h at room temperature (to allow for reduction of nitrate to nitrite), and the

absorbance at 540 nmwasmeasured again. The initial absorbance (prior to reducing nitrate to nitrite) was subtracted from the absor-

bance after 8 h to determine nitrate concentrations in the cecal mucus layer. Samples were tested in duplicate, and all measurements

were standardized to the initial sample weight. Nitrate concentrations were determined based on a standard curve derived from simi-

larly treated dilutions of sodium nitrate.

Generation of bone marrow chimeras
To generate bone marrow chimeras, recipient C57BL/6-Ly5.1 mice (Jackson Laboratories, Bar Harbor, ME) were subjected to lethal

irradiation of 1000rad one day prior to bone marrow transfer of 5x106 cells from donor mice (C57BL6/J or B6.129P2-Nos2tm1Lau/J

mice from Jackson Laboratories, Bar Harbor, ME) by intravenous injection. Mice were kept on antibiotics for 6 weeks following

irradiation by diluting 5mL of sulfatrim pediatric suspension (Pharmaceutical Associates) containing 200mg sulfamethoxazole and

40mg trimethoprim into 250mL of water in water bottles. Successful chimera generation was confirmed by flow cytometry on periph-

eral blood at 7-8 weeks post-donor cell injection. Approximately 50 mL of blood per mouse was collected from the facial vein into a

sodium heparin-coated tube and placed immediately on ice until processing.

Flow cytometry and tissue processing
‘‘Staining media’’ was prepared with mouse isotonic HEPES buffered balanced salt solution (840 ml/L of 1.68M NaCl, 21 ml/L of

1.68M KCL, 21 ml/L of 1.12M CaCl2, 7 ml/L of 1.68M MgSO4, 14 ml/L of 0.84M KH2PO4 + 0.56M K2HPO4, and 84 ml/L of 0.84M

HEPES + 0.84M NaOH), 3.5% neonatal calf serum, and 1 mmol EDTA, pH 7.2 (Rothaeusler and Baumgarth, 2006).

To process the blood samples, staining media was used to transfer blood into a 15 ml Falcon tube, which was then spun at 500g x

5 mins and the supernatant removed. 1 ml ACK (Lonza Bioscience) was added to lyse red blood cells, samples were incubated at

room temperature for 5 mins, then 4 ml staining media was added, the samples spun at 500g x 5 mins, and the supernatant was

removed. Samples were then stained as described below with CD45.1-FITC (Biolegend) and CD45.2-PE (Biolegend).

Single cell suspensions of spleens were generated by grinding tissues between the frosted edges of two microscope slides, sus-

pending in stainingmedia, spinning at 500g x 5min and removing supernatant, treating with ACK lysis buffer as described above, and

filtered through a 50 mm nylon mesh. For collection of intraepithelial and lamina propria lymphocytes from the large intestines, intes-

tines were opened longitudinally and stored in RPMI on ice until processing. Samples were washed in PBS, then diced, transferred in

a C-tube (Miltenyi) with 300 units DNAse I (Roche) and 0.54W units of Liberase (Sigma), then run on the gentleMACS (Miltyenyi) Brain

1.01 cycle twice. Samples were then incubated with rotation at 37�C for 35 mins and run on gentleMACS Brain 1.01 cycle until ho-

mogenized, filtered through a 50 mm nylon mesh, and washed as described above with staining media. Cells were counted using

Trypan Blue to exclude dead cells. Cells were stained at a concentration of 6.25x105 cells/25 mL usingCD3-eFluor780 (eBiosciences),

CD11b-Alexa700 (eBiosciences), CD11c-PerCP Cy55 (eBiosciences), CD45.1-FITC (Biolegend), CD45.2-PE (Biolegend), CD45R-

PECy7 (eBiosciences), Ly6c-Pacblue (Biolegend), Ly6g-APC (Biolegend), and NK1.1-BV605 (BD).

Fc receptors were blocked using an unlabeled anti-CD16/32 antibody (Invitrogen) and stained with the indicated fluorochrome

conjugates at previously determined optimal staining concentrations. Samples were washed with staining media between each

step and maintained on ice, protected from light, throughout the staining process. Dead cells were identified using Live/Dead

Fixable Aqua (Invitrogen). All samples were fixed with BD Cytofix fixation buffer for 30 minutes, then stored at 4�C until analysis.

FACS analysis was performed on a 3-laser, 16-color LSRII (BD Bioscience). Data were analyzed using FlowJo software

(FlowJo LLC).

RNA isolation and quantitative real-time PCR
Murine colon tissue samples were collected as described previously (Lopez et al., 2012). Samples were homogenized in TRI Reagent

(Molecular Research Center, Inc.) using a Mini-Beadbeater (BioSpec Products) and RNA was isolated following the manufacturer’s
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protocol. RNA was eluted in DNAse buffer and contaminating DNA was removed using the DNA-free kit (Applied Biosystems), and

RNAwas stored at�80�C.RNA concentration and quality were measured spectrophotometrically using a Nandrop (ND-1000, Nano-

drop Technologies). Isolated RNA from murine samples was reverse transcribed using random hexamers and MuLV reverse tran-

scriptase (Applied Biosystems). Quantitative real-time PCR (qPCR) was performed using SYBR green PCRmix (Applied Biosystems)

and the primer sets listed in Table S2 to a concentration of 0.25 mM. Delta delta Ct was used to calculate fold change between

groups.

Histopathology
Colonic tissue was fixed in 10 % phosphate-buffered formalin and 5 mm sections of the tissue were stained with hematoxylin and

eosin. Scoring of blinded tissue sections was performed by a veterinary pathologist based on the criteria listed in Table S3. Repre-

sentative images were taken using an Olympus BX41 microscope.

Detection of myeloperoxidase
Cecal contents frommice were collected in PBS and stored on ice until processing. Larger particles were removed by centrifugation

at 20,000 g for 5 min at 4�C and the supernatant stored at -20�C. Murine myeloperoxidase (R&D Systems, 10 DY3667) levels were

determined by sandwich enzyme-linked immunosorbent assay (ELISA) in cecal content supernatant according to themanufacturer’s

instructions. A minimum of 4 biological replicates were used for each experimental group.

Fluorescence imaging
For imaging the murine colon, 10-15 mm segments of mid-colon were fixed with 4% PFA, dehydrated with 20% sucrose, frozen in

Optimal Cutting Temperature (OCT) compound (Fisher HealthCare) and cut in transverse sections to a thickness of 7mm, and per-

meabilized with 0.2% Triton-X 100 before staining. For imaging the murine ceca, 5-10 mm segments of the cecal tip and processed

as described above. S. Typhimurium cells were stained with a rabbit anti-Salmonella O12 serum (Becton-Dickson, 227791), E. coli

cells were stained with a rabbit anti-E. coliO6 (Abcam, ab78824) and a goat anti-rabbit Alexafluor 647conjugate (Abcam, ab150079).

LysM-EGFP cells were stained with a goat anti-GFP antibody (Abcam, ab6673) and a donkey anti-goat Alexa Fluor 488conjugate

(Abcam, ab150129). Nuclei were stained with DAPI (ThermoFisher). Actin was stained using phalloidintetramethylrhodamine B iso-

thiocyanate (Sigma Aldrich). Sections were mounted in Immu-Mount (Thermofisher).

Segmentation of immunofluorescence images
Segmentation and quantitative analysis of immunoflourescence images was performed using MATLAB. First, segmentation of the

epithelial brush border was performed on actin immunofluorescence images to determine the apical epithelial surface. General

segmentation of actin-rich regions was achieved via automated pixel intensity thresholding using the ‘graythresh’ function in

MATLAB followed by removal of small (<15 mm2) objects and morphological closing (mask dilation followed by erosion) using

MATLAB’s ‘imclose’ function to smooth mask edges. Masks of the brush border were isolated by manually identifying and

removing the basement membrane from masks using the ‘drawpolygon’ and ‘createMask’ functions in MATLAB. Next, segmen-

tation of bacterial colonization zones was performed on bacterial immunofluorescence images via automated pixel intensity

thresholding using the ‘graythresh’ function in MATLAB, removal of small (<6 mm2) objects, morphological closing to smooth

mask edges, and mask dilation using a disk-shaped structuring element with a radius of 3 pixels (�1.8 mm). Regions of the bac-

terial masks that occurred behind the epithelial boundary were removed to ensure that artifacts from sample preparation did not

affect quantitative measurements.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of bacterial distance from epithelium
We wanted to determine the distance between bacterial colonization zones and the epithelium while accounting for the non-uni-

form densities of bacteria within these zones. To this end, we generated a set of ‘‘seed pixels’’ within colonization zones to repre-

sent bacterial positions with a smaller number of discrete points, with local point densities determined by the local intensity of the

bacterial immunofluorescence signal. We first generated contoured bacterial masks with four contour regions corresponding to

different fluorescence intensity intervals. Immunofluorescence images were smoothed using a Gaussian filter of width 5 pixels

(3.1 mm) to reduce pixel noise. Contoured regions were then determined using pixel intensity thresholding based on four intensity

ranges (0 % contour1 < 30, 30 % contour2 < 60, 60 % contour3 < 120, and contour4 R 120). The ranges were chosen such that

the number of pixels in each contour were similar, and ranges were kept constant across all images. The seed pixels in each con-

tour were set using MATLAB’s ‘meshgrid’ function to generate regularly spaced pixel grids and different pixel densities were

achieved by adjusting the block size for each contour (block sizes were 1, 2, 3, or 4 pixels going from high-intensity to low-intensity

contours). Finally, original bacterial masks were applied to the seed pixel contours to restrict seed pixels to the bacterial coloni-

zation zones. Distance values were calculated by measuring the distance between each seed pixel in the contoured bacterial

masks and the closest pixel within corresponding epithelial masks. We did not use methods to determine whether the data

met assumptions of the statistical approach.
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Statistical analysis
Data for all experiments displayed as bar graphs represent the geometric mean and the geometric error of themean. For experiments

involving Ppargfl/flVillincre/- mice, differences between experimental groups were determined using an unpaired, one-tailed Mann-

Whitney test (for comparing two groups). For all other experiments, differences between experimental groups were determined using

an unpaired, two-tailed Mann-Whitney test (for comparing two groups) or ANOVA followed by Fisher’s LSD post hoc test (for com-

parison of more than two groups). A P-value of less than 0.05 was considered significant. We did not use methods to determine

whether the data met assumptions of the statistical approach.
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