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SUMMARY

The intestinal epithelium separates host tissue and gut-associated microbial communities. During
inflammation, the host releases reactive oxygen and nitrogen species as an antimicrobial response.
The impact of these radicals on gut microbes is incompletely understood. We discovered that the
cryptic appBCX genes, predicted to encode a cytochrome bd-11 oxidase, conferred a fitness
advantage for £. coliin chemical and genetic models of non-infectious colitis. This fitness
advantage was absent in mice that lacked epithelial NADPH oxidase 1 (NOX1) activity. In
laboratory growth experiments, supplementation with exogenous hydrogen peroxide enhanced £.
coli growth through AppBCX-mediated respiration in a catalase-dependent manner. We conclude
that epithelial-derived reactive oxygen species are degraded in the gut lumen, which gives rise to
molecular oxygen that supports aerobic respiration of £. coli. This work illustrates how epithelial
host responses intersect with gut microbial metabolism in the context of gut inflammation.
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eTOC blurb

During inflammation, the intestinal epithelium produces antimicrobial products to impede
bacterial growth. Chanin ef a/. report that one of these antimicrobial products, reactive oxygen
species, also promotes the outgrowth of £. coli. Detoxification of inflammatory reactive oxygen
species through AppBCX allows E£. colito respire in an otherwise anaerobic environment.
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INTRODUCTION

The colonic epithelium creates a protective interface between gut-associated microbial
communities and the host. The interaction between gut microbes and the epithelium is
mutually beneficial. Bacterial products instruct the immune system, promote cellular
differentiation, and support host metabolism (Pickard et al., 2017; Rakoff-Nahoum et al.,
2004; Velazquez et al., 1997). Conversely, the metabolism of epithelial cells in the large
intestine promotes an environment suitable for anaerobic bacteria to colonize in the lumen
(Litvak et al., 2018).

During inflammation, reactive oxygen species (ROS) prevent microbes from entering the
tissue (reviewed in (Aviello and Knaus, 2018)). One of the main sources of ROS during
inflammation are NADPH oxidases, membrane bound protein complexes that produce
superoxide from molecular oxygen. Superoxide dismutases catalyze the disproportionation
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of superoxide to hydrogen peroxide (H»0O5). In turn, H,O, is converted to hydroxyl radicals
in the Fenton reaction, to hypochlorite by myeloperoxidase activity, or to molecular oxygen
by catalases. NADPH oxidase 1 (NOX1) is primarily produced in the large intestine and
smooth muscle (Panday et al., 2015; Suh et al., 1999), while phagocyte oxidase (PHOX,
NOX2) and myeloperoxidase are predominantly expressed by professional phagocytic cells
(Panday et al., 2015). Individuals lacking PHOX activity experience recurrent infection with
fungal and bacterial pathogens and are at increased risk for atypical opportunistic infections
(Curnutte et al., 1988; Dinauer et al., 1987). While the release of inflammatory ROS in the
tissue is generally considered an antimicrobial host response, the impact of ROS on gut
microbial communities is incompletely understood (Imlay, 2019).

The composition of the microbiota changes in inflammatory diseases (Arthur et al., 2012;
Barman et al., 2008; Frank et al., 2007; Lupp et al., 2007; Normann et al., 2013; Stecher et
al., 2007; Vujkovic-Cvijin et al., 2013). An increase in the relative abundance of facultative
anaerobic bacteria, primarily members of the Enterobacteriaceae family (phylum
Proteobacteria), characterizes inflammation-associated changes (dysbiosis) (Shin et al.,
2015). In mouse models of non-infectious colitis, gut microbiota dysbiosis is not merely a
bystander effect, but can worsen disease symptoms (Garrett et al., 2007; Zhu et al., 2018).

Oxygen availability impacts the composition and spatial organization of the gut microbiota
(Albenberg et al., 2014; Byndloss et al., 2017). Increased oxygen availability during oral
antibiotic treatment, enteric infection, and non-infectious colitis promotes the outgrowth of
Enterobacteriaceae, including Escherichia coli (Byndloss et al., 2017; Hughes et al., 2017;
Rivera-Chavez et al., 2016). The outgrowth of £. coli depends in part on the cytochrome ba-
| oxidase, CydABX, a respiratory quinol:O, oxidoreductase (Byndloss et al., 2017; Hughes
etal., 2017). In contrast, the £. coli Cyo enzyme, a cytochrome bostype oxidase, requires
highly oxygenated environments and does not function in the inflamed gut (Hughes et al.,
2017).

The E. coli appBCX (cbd or cyx) genes encode an additional, putative cytochrome bd
oxidase (Dassa et al., 1991; VanOrsdel et al., 2013) with approximately 60% amino acid
sequence identity to CydABX (Dassa et al., 1991) (Fig. 1A). Biochemical analyses of the
isolated AppBCX enzyme complex suggest it reduces oxygen while oxidizing quinol and
thus functions as a terminal oxidase, akin to CydABX (Bekker et al., 2009; Sturr et al.,
1996). Transcription of gupBCX is regulated by low levels of oxygen, carbon, and phosphate
starvation, as well as stationary phase growth (Atlung and Brondsted, 1994; Atlung et al.,
1997; Brondsted and Atlung, 1996; Sousa et al., 2012). The physiological function of
AppBCX is incompletely understood, likely because AppBCX expression is low when
cultured under standard laboratory conditions. Mutants defective in AppBCX do not exhibit
overt growth defects and phenotypes only manifest in the absence of other respiratory
systems (Bekker et al., 2009; Dassa et al., 1991) (Fig. S1A). Here, we used chemical and
genetic models of colitis to probe the physiological function of the putative cytochrome ba-
Il oxidase, AppBCX, in £. coli.
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The putative cytochrome oxidase AppBCX provides a fitness advantage in the inflamed gut

We surmised that more physiologically relevant conditions, such as the murine large
intestine, may reveal the function of AppBCX. We therefore analyzed the function of
AppBCX in a chemically-induced murine model of colitis (dextran sulfate sodium; DSS
colitis) in which low levels of oxygen are available for respiration (Hughes et al., 2017). For
our initial experiments, we used the human commensal strain £. co/i Nissle 1917 (EcN). We
colonized groups of male and female C57BL/6 mice with an equal ratio of ECN wild-type
strain and an isogenic aopC mutant. We then treated these animals with DSS in the drinking
water and obtained samples at pre-determined time points. DSS elicited progressively
worsening inflammatory responses (Fig. 1B — D; Fig. S1B). We plated cecal and colonic
contents on selective agar and determined abundance of each strain (Fig. S1C and D). The
competitive index (CI) was calculated by determining the ratio of wild-type to mutant
bacteria, normalized by corresponding ratio in the inoculum (Fig. 1E). Initially, both strains
were recovered in similar numbers. However, on day 4 and at later time points, the wild-type
strain was recovered in higher numbers than the mutant. The phenotype of the gupC mutant
coincided with disease onset (Fig. 1B — D; Fig. S1B). The fitness advantage conferred by
AppBCX was not unique to ECN; an aopBC mutant in the murine commensal £. coli strain
MP1 (Lasaro et al., 2014) was less efficient at colonizing the murine intestinal lumen in the
DSS colitis model compared to the MP1 wild-type strain (Fig. S1E). These results suggest
that AppBCX provides a fitness advantage during colitis, thus creating an opportunity to
study the physiological role of AppBCX.

Epithelial-derived ROS provide a fitness advantage through AppBCX

Next, we determined the origin of the AppBCX substrate in the murine gut. During
inflammation, ROS and reactive nitrogen species change the metabolite landscape (Winter et
al., 2010; Winter et al., 2013). We hypothesized that inflammatory ROS may degrade into
oxygen in the gut lumen, thereby allowing for aerobic microbial respiration (Fig. 2A). One
of the NADPH oxidases expressed in the intestinal tissue is the NOX1 complex (Suh et al.,
1999). We therefore repeated the competitive colonization experiment in NMoxZ-deficient
mice and littermate controls treated with DSS for 9 days (Fig. 2B and S2A). In the absence
of Nox1, the fitness advantage supplied by AppBCX was ablated in the cecal content. We
observed a similar trend in the colon content.

NOX1 is expressed in colonocytes as well as other cell types (Konior et al., 2014). We
therefore generated mice in which NOX1 function was defective in gut epithelial cells. NOX
activator 1 (NOXAL) licenses NOX1 activity and is required for the generation of ROS
(Banfi et al., 2003; Maehara et al., 2010). We then repeated the competitive colonization
experiment in Noxal4/EC (Noxa1™ Tg( Vil-cre)*'~) mice and littermate controls (Noxa1™"
Tg(Vil-cre)™) (Fig. S3). The lack of NOXAL in the epithelium had no discernable effect on
the severity of inflammation in the DSS colitis model (Fig. S3A and B). Importantly, the
fitness advantage conferred by AppBCX was significantly reduced in NoxaZ4/E€ mice, (Fig.
S3C). Over the course of 9 days of DSS treatment, the integrity of the intestinal mucosa is
compromised (Fig. 1B and C). To specifically interrogate the role of epithelial-derived ROS
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prior to epithelial damage, we decreased the length of DSS treatment to 5 days as this was
sufficient to observe a fitness phenotype of the aopC mutant (Fig. 1E). In wild-type
littermate controls, aupC provided a fitness advantage after 5 days of DSS treatment, while
in NoxaI4'EC mice, this fitness advantage was ablated (Fig. 2C and S2B). These results
indicate that epithelial NOX1 is required for £. colito benefit from AppBCX function.

Reactive oxygen species and respiration confer an AppBCX-dependent growth advantage

in vitro

We next sought to establish an /n vitro culture system to study the physiological function of
AppBCX. We hypothesized that ROS and oxygen availability may help mimic conditions
found in the inflamed gut and induce AppBCX activity. We used mucin broth (Spiga et al.,
2017), composed of hog mucin suspended in NCE minimal media, and added H,0,. H,05 is
a much longer-lived species than other forms of ROS and diffuses more freely through
membranes. By modifying preincubation protocols in the anaerobic chamber, we were able
to adjust initial oxygen levels between about 0.2 % and 18 % (ambient) oxygen (Fig. 3A and
Fig. S4A).

We first determined the competitive fitness of the ECN wild-type strain and the appC mutant
in mucin broth, with an initial concentration of approximately 1.5 % oxygen (Fig. 3B). We
added various concentrations of HoOoto the media at the beginning of the experiment. After
6 h, we plated cultures on selective agar and the Cl was determined. Regardless of the H,O»
concentration, AppBCX provided no significant growth advantage as the wild-type EcN and
the gupC mutant were recovered in similar numbers (Fig. 3B). Under these conditions, H,O»
concentrations exceeding 15 uM impeded growth of £. col.

The ArcAB two-component system regulates transcription of appBCX (Park et al., 2013).
ArcAB senses the redox state of membrane-bound quinones in the electron transport chain.
We hypothesized that active electron transport, sensed by ArcAB, may be required to
observe AppBCX activity. We therefore quantified gopC mRNA levels in mucin broth
supplemented with the alternative electron acceptor nitrate and H,O, (Fig. 3C). Addition of
both nitrate and H,0O, significantly increased the transcription of 4opC (Fig. 3C), suggesting
that optimal AppBCX induction might require both cues. In contrast, neither nitrate or H,O»
alone or together increased transcription of cydA (Fig. S4B). We next repeated the
competitive growth experiment and added varying concentrations of H,0, to the media (Fig.
3D). In the presence of nitrate, the ECN wild-type strain outcompeted the gupC mutant upon
the addition of 15 pM H,0O,. Consistent with the idea that nitrate induces appBCX
transcription via the respiration-sensing ArcAB system, the fithess advantage conferred by
AppBCX was ablated in a mutant lacking all three nitrate reductases (NarZYWV, NarGHJI,
and NapABC; NR mutant) (Fig. 3D).

We hypothesized that the substrate for AppBCX is derived from H,O,. However, under
these experimental conditions, a small amount of oxygen (1.5%) was present (Fig. 3A) and
it is possible that residual oxygen serves as the terminal electron acceptor under these
conditions. We reduced background levels of oxygen to about 0.2 % by increasing the
surface area-to-volume ratio of the culture vessel (Fig. 3A and E). Akin to our previous
results, the EcN wild-type strain exhibited a significant fitness advantage over the aopC
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mutant in nitrate-containing media upon the addition of H,0, in a dose-dependent manner
(Fig. 3E), supporting the idea that the substrate for AppBCX is indeed derived from H,0,.
Under these culture conditions, the other cytochrome bd oxidase CydABX does not function
(Fig. S4B and S4C).

We next determined whether H,O, or its breakdown product oxygen is the substrate for
AppBCX. The catalases KatE and KatG could convert H,O5 to oxygen, which in return
could serve as the substrate for AppBCX. Alternatively, cytochrome ba-type oxidases
exhibit catalase activity (Borisov et al., 2013) /n vitro. To test the former idea, we analyzed
the fitness advantage conferred by AppBCX in the absence of KatE and KatG (katE katG
mutant vs. katE katG appC mutant) (Fig. 3E). At a concentration of 5 pM H,05, the wild-
type strain outcompeted the aopC mutant, while the katE katG mutant and the katE katG
appC mutant were recovered in similar numbers under identical culture conditions (Fig. 3E).
At this H,O, concentration, growth of the catalase deficient mutants was not significantly
inhibited (data not shown). We also performed an analogous experiment in the DSS colitis
model (Fig. 2D and S2C). Catalase-deficient mutants are highly susceptible to oxidative
stress and we thus decreased the DSS concentration. Wild-type mice were treated with 1.5%
DSS in the drinking water for 9 days. On day 4, mice were colonized with a mixture of the
EcN wild-type strain and the agpC mutant or with a mixture of the katE katG and the katE
katG appC mutant. The magnitude of the fitness advantage conferred by gopC in this
modified DSS model (Fig. 2D) was somewhat reduced compared to our previous
observations, yet catalase-deficient mutants were proficient for gut colonization under these
conditions (Fig. S2C). Most importantly, the competitive growth advantage conferred by
appC was abolished in the absence of catalase activity. Taken together, these experiments
suggest that oxygen, generated by catalase-mediated degradation of ROS, serves as the
terminal electron acceptor for AppBCX.

AppBCX provides a fitness advantage in a genetic model of colitis

At later time points, DSS treatment results in profound epithelial erosion. Therefore, we
investigated the role of AppBCX in /207~ mice. These animals develop colitis
spontaneously over their lifetime, a process that can be accelerated by providing piroxicam
in the diet (Hale et al., 2005). We fed groups of /07~ mice or wild-type BALB/c mice a
piroxicam-fortified or control diet (Fig. 4). To facilitate engraftment in this model, we used
the mouse-adapted commensal £. colistrain MP1. We colonized mice with a 1:1 ratio of
wild-type MP1 and an isogenic 4opBC mutant. After 14 days, piroxicam administration
resulted in increased mMRNA levels of proinflammatory markers (Fig. 4A and B) and the
development of inflammation in the cecal tissue (Fig. 4C and D). The MP1 wild-type strain
outcompeted the 4ppBC mutant in piroxicam-fed /207~ mice, while we observed no fitness
advantage in mice on the standard diet (Fig. 4E and S4D). These data suggest that AppBCX
provides a fitness advantage in a murine model of inflammatory bowel disease.

DISCUSSION

The mechanisms driving the bloom of Enterobacteriaceae family members in IBD patients
or in models of non-infectious inflammatory diarrhea are not completely understood. During
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antibiotic- and pathogen-induced dysbiosis, changes in colonocyte metabolism allow oxygen
to diffuse into the gut lumen, supporting growth of facultative anaerobic bacteria (Byndloss
et al., 2017; Rivera-Chavez et al., 2016). Furthermore, in mouse models of colitis, genes
encoding components of the bacteria respiratory chain are a signature of a dysbiotic
microbiota (Hughes et al., 2017), suggesting that oxygen respiration may occur during non-
infectious colitis. At the same time, recruitment of inflammatory cells, especially
neutrophils, influences local oxygen levels. The oxidative burst mounted by neutrophils
consumes oxygen, creating a hypoxic microenvironment termed inflammatory hypoxia
(reviewed in (Campbell et al., 2016; Taylor and Colgan, 2017)). Our study provides an
explanation for these seemingly contradictory observations on oxygen availability and
bacterial respiratory processes during non-infectious colitis. The picture emerging from our
work is that ROS generated by NOX1 at the epithelial interface serve as a local source of
oxygen to support AppBCX-mediated respiration by £. coliand possibly other
Enterobacteriaceae family members. Curiosuly, £. coli utilizes sublethal amounts of ROS as
a substrate for /n vitro growth through a cytochrome c¢ peroxidase (Khademian and Imlay,
2017). It is conceivable that the £. coli cytochrome ¢ peroxidase provides a fitness advantage
by direct degradation of hydrogen peroxide in the inflamed gut.

Very early onset IBD patients, those diagnosed before the age of 6, often have genetic
mutations in genes related to the generation of host-derived ROS (reviewed in (Moran,
2017)). This finding suggests a complex role of host-derived ROS in the development of
disease. Many of the ROS damage DNA, proteins, and lipids, and are bactericidal in high
concentrations. Lack of this immune response may allow closer microbial contact, from both
commensal and pathogenic bacteria, initiating an inflammatory event. Work in a mouse
model of NADPH oxidase deficiency suggests that a lack of host-generated ROS in the gut
can be partially rescued by production of H,O5 by Lactobacilli populations (Pircalabioru et
al., 2016). It is conceivable that lack of NOX1 activity in the NoxZ™~ and NoxaI®/EC mice
could alter microbial community composition and metabolism in our colitis model, however,
this did not compensate for the lack of host-produced ROS since the fitness defect of the
appC mutant was abolished in both NoxZ-deficient and NoxaZ®/EC mice.

In addition to the antimicrobial properties of ROS, many ROS play important roles in host
signaling during health and disease. While further research is needed to fully elucidate the
role of ROS in host response, the concentration, subcellular localization, and route of
signaling (autocrine/paracrine/microbiota-derived) appear to be important factors (Schmidt
et al., 1995; Voltan et al., 2008). In particular, both NOX1- and DUOX2-derived ROS
contribute to wound repair responses in the epithelium, pathogen recognition, and immune
cell recruitment (Coant et al., 2010; Kawahara et al., 2004; Leoni et al., 2013; Thiagarajah et
al., 2017). While we cannot formally rule out the possibility that the signaling function of
NOX1-derived ROS contributes to the aopC phenotype, we did not observe any overt
changes in the overall inflammatory responses in NoxaZ2'EC animals in our model.

About half of all genes encoded by E. coliare not well characterized (Riley et al., 2006). By
using conditions found in the inflamed gut, such as nitrate (Winter et al., 2013) and H,0,,
we were able to deduce cues needed for expression of genes that were considered cryptic. /n
vitro experiments have identified additional layers of regulation of AppBCX (Atlung and
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Brondsted, 1994; Atlung et al., 1997; Brondsted and Atlung, 1996), some of which are
critical for gut colonization (Lasaro et al., 2014). In some bacteria, oxidative and nitrosative
stress induce expression of bd oxidases and bd oxidase mutants are more susceptible to
H,0, (Lindqvist et al., 2000; Wall et al., 1992). E. coli has two well described regulators
that detect HoO»stress (OxyR) and redox-active compounds (SoxS and SoxR). In previous
research, AppBCX has not been found to be a part of the SoxS or OxyR regulon. Similarly,
we found no effect of sublethal amounts of H,O, on appC transcription. The exact
mechanisms that govern AppBCX expression remain to be determined.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to Sebastian E. Winter (Sebastian.Winter@UTSouthwestern.edu).

Materials Availability—All plasmids and bacterial strains generated in this study are
available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—This study did not generate any datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains—The £. colistrains used in this study are listed in the Key Resource
Table. Strains were grown aerobically in LB broth (10 g/l tryptone, 5 g/l yeast extract, 10 g/l
NaCl) or on LB agar plates (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, 15 g/l agar) at
37°C. When appropriate, carbenicillin (Carb), chloramphenicol (Cm), and kanamycin (Kan)
were added to the media at a final concentration of 100 pg/ml, 20 ug/ml, and 50 pg/ml,
respectively. Strains deficient for cydA, katE, and katG were generated and cultured
anaerobically (90 % Ny, 5 % CO,, 5 % Hy; Sheldon Manufacturing) using preincubated
media.

Animal experimentation—All mouse experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at UT Southwestern Medical Center. Mice
were kept in a specific pathogen free environment with standard 12 h light/dark cycles.
Animals had ad /ibitum access to feed and water.

DSS model of colitis—We used male and female 7-12-week-old wild-type C57BL/6 WT
and C57BL/6 NoxaI®EC€ mice. For C57BL/6 Nox1"™KKT/j we used 7-12-week-old male
mice. Colitis was induced by administering dextran sulfate sodium (DSS; Alfa Aesar) in the
drinking water. For all experiments, 3 % DSS was used, except for the experiments shown in
Fig. 2D and S2C, in which 1.5 % was used. Mice were randomly assigned into cages or
separated by genotype 3 days before the experiment. In the competitive colonization
experiments, animals were inoculated with 5 x 108 CFU of each £. colistrain at the
indicated time point. For experiments in the DSS colitis model that used 3% DSS and lasted
for a total of 9 days, DSS-supplemented drinking water was switched to filter-sterilized
water one day prior to the end of the experiment. After euthanization, cecal and colonic
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content were harvested in sterile PBS and stored on ice. The £. coli burden in the luminal
contents was determined by plating serial 10-fold dilutions on LB plates supplemented with
the appropriate antibiotics.

Piroxicam-accelerated 1110~ model of colitis—7-12-week-old male and female
/107~ BALB/c were randomly assigned into cages before oral inoculation with 5 x 108
CFU of the £. coli MP1 wild-type strain and 5 x 108 CFU of the appBC mutant. Regular
mouse chow was replaced with Piroxicam-fortified diet (100 ppm; Teklad custom research
diets, Envigo) and changed daily. After 14 days, mice were euthanized and the samples were
collected as described above.

METHOD DETAILS

Plasmids—All plasmids used in this study are listed in the Key Resource Table. EcN and
MP1 strains were differentially marked with the low-copy number plasmids pWSK29 and
pWSK129 (Wang and Kushner, 1991) to facilitate recovery and enumeration of strains
(Winter et al., 2013). All plasmids were created using the Gibson Assembly Cloning kit
(New England Biolabs) and following standard molecular cloning techniques. For plasmids
created in this study (pRC6, pRC8, pRC11, pSW296), DNA regions immediately upstream
and downstream of katE, katG, appBC and appC were PCR amplified using Q5 Hot Start
High Fidelity DNA Polymerase (New England Biolabs) from EcN or MP1 using the primers
specified in the Table S1. DNA fragments were ligated using the Gibson method into the
Sphl-digested plasmid pGP706 or pRDH10 as noted. Plasmid inserts were verified by
Sanger DNA sequencing.

Construction of bacterial mutants by allelic exchange—The routine host for
suicide plasmids was DH5a. A pir. For conjugations, plasmids were transferred to S17-1

A pirhosts to serve as the donor strain. To allow for recovery of exconjugants, ECN and MP1
recipient strains contained the heat-sensitive plasmid pSW172. Exconjugants, in which the
suicide plasmid had integrated into the chromosome by single crossover, were selected for
using LB plates containing Kan or Cm, respectively. All conjugation experiments with EcN
and MP1 were carried out at 30 °C to enable stable replication of the heat sensitive plasmid
pSW172. Integration of the plasmids in the chromosome was confirmed by PCR when
appropriate. Subsequently, second crossover events were selected for using sucrose plates (5
% sucrose, 15 g/L agar, 8 g/L nutrient broth base). This second event leads to an unmarked
deletion, which was confirmed by PCR. pSW172 was cured by growing the bacteria
overnight at 37 °C. MW139 and RC147 were generated by introducing pSW296 into EcN
and SW930, respectively. RC75 and RC32 were generated by introducing pRC11 and pRC6
into ECN and MP1, respectively. The EcN katE katG appC mutant (RC115) was created
similarly by introducing the kafG mutation into RC32 (kat£) and by subsequently creating a
mutation of appCin RC76 (katE katG). Mutations were confirmed by PCR.

Histopathology—Fomalin-fixed (10% buffered formalin phosphate; Thermo Fischer)
tissue was embedded in paraffin and stained with hematoxylin and eosin. The samples were
blinded and scored by a veterinary pathologist according to criteria described in (Winter et
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al., 2013). Representative images were uniformly linearly adjusted using Adobe Photoshop
Elements 15.

Intestinal MRNA analysis—The relative transcription levels of Mos2and Tnfgenes was
determined by RT-gPCR. Cecal tissue was homogenized in a Mini beadbeater (Biospec
Products, Bartlesville) and RNA was extracted using the TRI reagent method (Molecular
Research Center, Cincinnati). For samples from DSS-treated mice, residual DSS
contaminants were further purified using the Dynabeads mRNA Direct Kit (Life
Technologies) per the manufacturer’s instructions. cDNA was generated by TagMan reverse
transcription reagents (Life Technologies). Real-time PCR was performed using SYBR
Green (Life Technologies). Data was processed in a QuantStudio 6 Flex instrument (Life
Technologies) and analyzed using the comparative Ct method. The primers listed in the
Table S1 were added at a final concentration of 250 nM. Target gene transcription of each
sample was normalized to £e2mRNA (Eissa et al., 2016).

In vitro growth assays—To limit background levels of oxygen in the culture media, all
assays were conducted in an anaerobic chamber and bacterial strains were inoculated,
grown, and prepared in the anaerobic chamber. Competitive growth assays were performed
in LB broth or mucin broth, as indicated in the figure legend. Mucin broth contained 0.5%
(w/v) hog mucin (Sigma-Aldrich, St. Louis) in no-carbon E medium (3.9 g/L KHyPOy, 5.0
g/L anhydrous KoHPQy, and 3.5 g/L NaNH4HPO,4 * 4 H,0) (Berkowitz et al., 1968) and
was supplemented with 1 mM MgSO4. Hog mucin was sterilized by dissolving 100 mg in
70% Ethanol, heating to 65 °C for 2 h, and incubating at 25 °C for 18 h prior to dehydration
(Vacufuge plus, Eppendorf). Sodium nitrate (Sigma Aldrich, St. Louis) and H,0, (Henry
Schein) were added at the indicated final concentrations.

For competitive growth assays, 1 mL of mucin broth was inoculated with the indicated
strains at a final concentration of 1 x 103 CFU/mL per strain in a 1.5 mL microcentrifuge
tube. After addition of the indicated concentration of H,O, or water, tubes were closed and
incubated for 6 h at 37 °C in the anaerobic chamber. In some experiments, all media and
reagents were preincubated in 200 mL flasks for 48 h; the high surface area to volume ratio
facilitates gas exchange and the removal of oxygen.

For comparison of aerobic and anaerobic growth of various £. co/if mutants, 100 mL of LB
broth was inoculated with 1 mL of an overnight culture. Aerobically grown samples were
placed in a shaker at 37 °C. Cultures grown under anaerobic conditions were kept in an
anaerobic chamber and preincubated media was used (Bactron EZ Anaerobic Chamber; 5%
hydrogen, 5% CO5, 90% nitrogen; Sheldon Manufacturing). The ODggg of each sample was
taken every 45 min. Generation time was calculated using logarithmic growth rate.
Experiments were done in triplicate.

In vitro mRNA analysis—Mucin broth was preincubated in the anaerobic chamber for 48
h prior to experimental start. Five mL of medium was inoculated with 100 pl of overnight
EcN in a 15 mL sealable conical tube. Nitrate (0.4mM) was added as indicated. After 4 h of
growth in the anaerobic chamber, H,0, (12.5 uM final concentration) or water was added to
the cultures. Cultures were allowed to grow for an additional 30 minutes. RNA was
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extracted using the Aurum total RNA minikit (Bio-Rad). Double the indicated volumes of
lysozyme, lysis buffer, and isopropanol were used. The RNA was then DNase treated
(Invitrogen) twice according to the manufacturer’s instructions. cDNA was generated by
TagMan reverse transcription reagents (Life Technologies). A reaction with no reverse
transcriptase was performed to quantify contamination with DNA. Real-time PCR was
performed as above. The primers listed in the Table S1 were added at a final concentration
of 250 nM. Target gene transcription of each sample was normalized to gmk mRNA.

Oxygen measurement—A Clark-type oxygen sensor (Unisense) was used to quantify
the amount of oxygen in pre-incubated media. 750 pL aliquots of mucin broth were removed
from the anaerobic chamber with a 1 mL layer of pre-incubated mineral oil placed on top.
The probe was polarized and calibrated according to manufacturer’s recommendation.
Signal (S) was converted from partial pressure to concentration (C) using the following
equation, where atmospheric level solubility (a) was estimated to be 230.2, (Sp) is
calibration for zero oxygen, and (S) is the calibration for atmospheric reading: C =a x (S -

So) / (Sat - So)-

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed and graphs created using Prism and Microsoft Excel. p values of less
than 0.05 were considered statistically significant. In some instances, the p value is shown in
the graph. Unless otherwise stated, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not
statistically significant. The definition of bar height and error bars is listed in each figure
legend.

In vitro experiments—The number of dots shown in each graph corresponds to samples
obtained from independent repeats of the experiments. Bacterial growth experiments
performed under laboratory conditions were analyzed using the Kruskal-Wallis test with
Dunn’s post hoc multiple analyses test.

Mouse experiments—The number of dots shown in each graph refers to the number of
animals from which samples were taken. Sample sizes, such as the number of animals per
group, were not estimated a priori since effect sizes in our system are difficult to predict.
Animals that had no detectable colonization by experimentally introduced bacterial strains
were removed from the analysis. We determined colonization to be greater than 1 colony per
100 pL of resuspended intestinal content. In total, 18 mice were excluded from our study.
The majority of these excluded mice (16 of the 18) were from non-inflamed control groups
or mice treated with DSS for 5 days or less. Mice that had to be euthanized for humane
reasons prior to the predetermined time point were also not further analyzed. All competitive
indices in murine models were analyzed using the Mann-Whitney U-test. All bacterial
colonization abundances were analyzed using the Wilcoxon signed rank test (for paired
comparisons).

DATA AND CODE AVAILABILITY

No large datasets or code were generated as part of this study.
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Highlights
. AppBCX promotes the outgrowth of E. coliin murine models of gut
inflammation.
. AppBCX respiration requires reactive oxygen species produced by epithelial
NOX1.

. Hydrogen peroxide, detoxified to oxygen, supports AppBCX respiration in
vitro.
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Figure 1. AppBCX provides a fitness advantage in the inflamed murine intestine.
See also Fig. S1.

(A) Schematic representation of the gupBCX and cydABX gene loci in EcN. (B — E) Groups
of wild-type C57BL/6 male and female mice were intragastrically inoculated with a 1:1
mixture of an EcN wild-type strain and an isogenic ggpC mutant. On the day of gavage,
mice were given 3% DSS in the drinking water. On day 2, 3, 4, 5, and 9, samples were
obtained. (B) Representative H+E stained sections of the cecum. Scale bar, 100 ym. (C) H
+E stained sections were scored by a veterinary pathologist for submucosal edema (light
gray bars), epithelial damage (black bars), infiltration by polymorphonuclear cells; PMN
(dark gray bars), and exudate (white bars). Bars for each histopathology category are the
average per group. (D) DSS-treated (black symbols) and mock-treated mice (gray symbols)
were weighed daily and weight change was recorded. Symbols represent geometric means +
95% confidence intervals. (E) The CI of the wild-type strain and the gppC mutant in the
cecal (black bars) and colonic (gray bars) content was determined.

Bars represent geometric means + 95% confidence intervals.
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Figure 2. Epithelial-derived ROS induce an AppBCX-conferred fitness advantage in the
inflamed murine intestine.

See also Fig. S2 and S3.

(A) Schematic of host-derived ROS detoxification in the intestinal lumen. (B) Groups of
male NMoxI-deficient mice and littermate controls (WT) were intragastrically inoculated with
an equal mixture of the EcN wild-type strain and an isogenic appC mutant. On the day of
gavage, mice received 3% DSS in the drinking water. Nine days later, the ClI in the intestinal
contents was determined. (C) Groups of male and female NoxaZ>'EC mice and littermate
controls (ctrl) were colonized with an equal mixture of EcN wild-type strain and an aopC
mutant and treated with DSS. After 5 days, the CI in the intestinal content was determined.
(D) Groups of male and female C57BL/6 mice were given 1.5 % DSS in the drinking water
for 9 days. On day 4, mice were intragastrically inoculated with an equal mixture of EcN
wild-type strain and an gopC mutant or a katE katG and a katE katG appC mutant. On day 9,
the CI in the intestinal content was determined.

Bars represent geometric means + 95% confidence intervals. *, p < .05; ***, p < 0.001.
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Figure 3. AppBCX provides a fitness advantage during anaerobic growth in the presence of low
levels of HyOo.

See also Fig. S4.

(A) Mucin broth, in microcentrifuge tubes (low surface area to volume ratio) or in glass
flasks (high surface area to volume ratio), was incubated anaerobically for the indicated
period of time. The oxygen concentration in the media was determined using a Clark-type
oxygen sensor. (B) Mucin broth in microcentrifuge tubes (low surface area to volume ratio)
was preincubated anaerobically for 48 h and then inoculated with a 1:1 mixture of an ECN
wild-type strain and an isogenic gopC mutant. HoO, was added at the indicated
concentrations. (C) EcN wild-type bacteria were grown in mucin broth, prepared as in (B),
supplemented with either water or nitrate (0.4 mM). After four hours of growth, H,O, (12.5
UM) or water was added. Thirty minutes later, RNA was isolated and samples analyzed via
RT-gPCR. gupC mRNA levels were normalized to gmk mRNA. (D) Mucin broth was
prepared as in (B) and supplemented with 0.4 mM nitrate and various concentrations of
H>0,. This media was inoculated with a 1:1 mixture of the indicated strains and after 6 h,
the CI was determined. (E) Mucin broth was preincubated anaerobically in a flask (high
surface area to volume ratio) for 48 h. Nitrate (0.4 mM) and various concentrations of H,0,
were added and the media inoculated with a 1:1 mixture of the indicated strains. After 6 h,
the CI was determined.
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Bars represent geometric means + 95% confidence intervals. *, p <.05; ***, p < 0.001; ns,
not statistically significant)
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Figure 4. AppBCX provides a fitness advantage in a piroxicam-accelerated 1120~/~ model of

colitis.
See also Fig. S4.

Groups of male and female wild-type BALB/c mice or /107~ BALB/c were intragastrically
inoculated with a 1:1 ratio of the MP1 wild-type strain and an isogenic 4opBC mutant.
Beginning with the day of the gavage, one group of BALB/c //107~ were fed a piroxicam
fortified diet. After 14 days, mice were euthanized and samples analyzed. (A — B) mRNA
levels of 7nfa (A) and Nos2 (B) in the cecal tissue. (C) Samples were scored by a veterinary
pathologist for submucosal edema (light gray bars), epithelial damage (black bars),
infiltration by polymorphonuclear cells; PMN (dark gray bars), and exudate (white bars).
Bars for each histopathology score category are the average per treatment group. (D)
Representative images of H+E stained sections of the cecum. Scale bar, 500 um. (E) CI of
the MP1 wild-type strain and the agpBC mutant in the cecum content.

Bars represent geometric means + 95% confidence intervals. *, p < 0.05; **, p < 0.01; ns,
not statistically significant.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial Strains

2xx.RP4 2-(Tet":Mu) (Kan":Tn7) Apir (Simon, 1983) S17-1 Apir
FendA1 hsdR17 (rm™*) supE44 thi-1 recAl gyrA relAl (Pal et al., 2005) DH5a Apir

A(lacZYA-argF) U189 p80lacZAM15 A pir

E. coliNissle 1917 (06:K5:H1)

(Grozdanov et al., 2004)

E. coliNissle 1917

E. coliNissle 1917 AcydA (Hughes et al., 2017) SW1362

E. coliNissle 1917 AappC This study MW139

E. coliNissle 1917 AkatE This study RC32

E. coliNissle 1917 AkatE AkatG This study RC76

E. coliNissle 1917 AkatE MkatG AappC This study RC115

E. coliNissle 1917 AnarG AnapA DnarZ (Winter et al., 2013) SW930

E. coliNissle 1917 AnarG AnapA AnarZ AappC This study RC147

E. coliMP1 (Lasaro et al., 2014) MP1

E. coliMP1 AappBC This study RC75
Chemicals, Peptides, and Recombinant Proteins

SYBR Green gPCR Master Mix Life Technologies Cat# 4309155
Mucin from porcine stomach, Type |1 Sigma Cat# M2378
Sodium Nitrate Sigma Cat# S5506
Dextran sulfate sodium Alfa Aesar Cat# J63606 (lots U03C023, T11D032,

MO06B017, N15F027)

TRI Reagent

Molecular Research

Cat# TR118

Piroxicam diet (100ppm)

Envigo

Custom diet

Hydrogen Peroxide (3%)

Henry Schein

Cat# 112-7069

LB Broth, Miller (Luria Bertani) Becton Dickinson Cat# 244520
LB Agar, Miller (Luria Bertani) Becton Dickinson Cat# 244620
Lysozyme from chicken egg white Sigma Cat# L4919
Kanamycin Sulfate Fisher Cat# BP906
Chloramphenicol Fisher Cat# BP904
Carbenicillin, Disodium Salt VWR Cat# J358
Critical Commercial Assays

Gibson Assembly Cloning Kit New England Biolabs Cat# E2611

Q5 Hot Start 2x Master Mix

New England Biolabs

Cat# M0494L

TURBO DNA-free Kit Invitrogen Cat# AM1907
QIAfilter Plasmid Midi Kit Qiagen Cat# 12245
QIAEX Il Gel Extraction Kit Qiagen Cat# 20021
Aurum Total RNA Mini Kit Bio-Rad Cat# 7326820
Dynabeads mRNA Direct Kit Life Technologies Cat# 61012
TagMan Reverse Transcription Reagents Applied Biosystems Cat# N8080234
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: WT: C57BL/6J The Jackson Laboratory Cat# 000664

Mouse: NoxI: B6.12X1-Nox1imiKki|) The Jackson Laboratory Cat# 018787

Mouse: Noxal4ES: Noxa1™ Tgy(Vil-cre)*’= This study

Mouse: BALB/c: BALB/cJ The Jackson Laboratory Cat# 000651

Mouse: /107~ C.129P2(B6)-//10™1Car|) The Jackson Laboratory Cat# 004333

Mouse: B6.Cg-Tg( Vi/1-cre)997Gum/J The Jackson Laboratory Cat# 004586

Oligonucleotides

Information regarding oligonucleotides used in this study is

listed in Table S1

Recombinant DNA

0ri(R101) repA101ts Carb" (Winter et al., 2013) pSW172

ori(pSC101) Carb" (Wang and Kushner, 1991) | pWSK29

ori(pSC101) Kan" (Wang and Kushner, 1991) | pWSK129

0ri{R6K) mobRP4 sacRB Cm'" Tet" (Kingsley et al., 1999) pRDH10

or{R6K) mobRP4 sacRB Kan" (Gillis et al., 2018) pGP706

Upstream and downstream regions of the MP1 aopBC genes in This study pRC11

pGP706

Upstream and downstream regions of the Nissle appC gene in This study pSW296

pRDH10

Upstream and downstream regions of the Nissle katG gene in This study pRC8

pGP706

Upstream and downstream regions of the Nissle katE gene in This study pRC6

pGP706

Software and Algorithms

Excel for Mac 16.16 Microsoft https://www.microsoft.com/en-us/
microsoft-365/excel#pivot-forPersonal

Prism V8.0 Graph Pad https://www.graphpad.com/scientific-
software/prism/

MacVector V13.5.2 Mac Vector https://macvector.com/

QuantStudiob

ThermoFisher

https://www.thermofisher.com/us/en/home/
life-science/pcr/real-time-pcr/real-time-pcr-
instruments/quantstudio-7-flex-real-time-pcr-
system.html

Photoshop Elements 15 Adobe https://www.adobe.com/products/photoshop-
elements.html

Other

Oxygen Probe Unisense OX-N-14839

Anaerobic Chamber Sheldon Manufacturing Bactron300
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