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Abstract

Escherichia coli O157:H7 represents a major food safety concern, with cattle serving as the
primary reservoir host. A better understanding of the interactions between O157 and the
potential physiochemical indicators to which it is exposed to in the cattle hindgut would
lend insight into the O157 colonization process and aid in the development of effective
preharvest interventions to control O157 in its reservoir host. Bovine bile and oxygen are
two universal cues that O157 is exposed to upon entry into the cattle hindgut and that
vary between different segments of the gastrointestinal tract. Here, we exposed E. coli
0157:H7 strain EDL933 to whole bovine bile powder and oxygen, both individually and in
combination, and assessed the transcriptomic and phenotypic responses. Under aerobic
conditions, EDL933 increased the expression of adiC, and increased biofilm production
in vitro, while anaerobic conditions increased the expression of fimbrial genes, including
ydeR and fimA. Bovine bile induced the expression of pathways responsible for quorum
sensing and the utilization of mucus-derived sugars. These findings suggest that bovine bile
and oxygen impact the transcriptomic and phenotypic characteristics of EDL933 in vitro.
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1. Introduction

Escherichia coli O157:H7 (O157) is an important foodborne pathogen capable of causing
severe illness, ranging from diarrheal disease to hemorrhagic colitis and hemolytic uremic
syndrome. 0157 is one of the most well-known serotypes of Shiga toxin-producing E. coli
(STEC), a pathogroup comprising over 400 serotypes of E. coli, all of which can produce
Shiga toxin (Stx). Upon ingestion, STEC commonly infect the gastrointestinal tract (GIT)
of humans, producing Stx and causing a variety of symptoms ranging from severe hem-
orrhagic gastroenteritis to hemolytic uremic syndrome, resulting in acute kidney failure
and, in extreme cases, death [1]. O157 is responsible for >50,000 infections and dozens
of deaths in the USA on a yearly basis [2]. The natural reservoir for O157 is the cattle
GIT. O157 is present in multiple intestinal compartments of the cattle hindgut but prefers
colonization of the rectoanal junction (RAJ), where it forms microcolonies and is readily
shed in fecal material [3,4]. Contaminated fecal material allows O157 transmission between
hosts and contaminates beef and dairy products and, increasingly, produce such as lettuce
and spinach [5]. O157 contamination of food and water places a significant burden on the
agricultural industry, requiring additional testing, control measures, and, in the worst-case
scenarios, product recalls [6-8]. A better understanding of O157 colonization dynamics
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in the cattle GIT could enable development of targeted preharvest interventions that help
reduce industry costs and protect consumers.

Upon entering the cattle GIT, O157 and other bacteria must contend with a multitude
of drastic environmental shifts. Upon ingestion, 0157 enters the rumen, which is generally
considered to provide an inhospitable environment for O157 persistence, necessitating the
activation of numerous stress response and survival pathways [9,10]. O157 exits the rumen
and enters the highly acidic abomasum, a similarly stressful environment for 0157, before
entering the cattle hindgut [4]. The cattle hindgut offers a more hospitable environment
for O157 [9]. However, O157 still must contend with a variety of signals and stressors as
it transits the different compartments of the small and large intestine, and these signals,
both individually and in combination, impact the ability of O157 to survive, colonize, and
persist within the cattle host.

One of these signals is the secretion of liquid bile. Bile is a complex biofluid composed
of a variety of solutes dissolved in water [11]. Over half of the solutes found in bile are the
bile acids, a group of cholesterol-derived molecules responsible for the absorption of fats
and lipid-soluble vitamins from the diet [12]. Additional solutes present in bile include
phospholipids, fatty acids, cholesterol, and bilirubin, among others [11]. After synthesis
in hepatocytes, bile is stored in the gallbladder and, upon feeding, bile is transported via
the bile duct and secreted into the duodenum to aid in digestion [13]. In cattle, bile is
an especially interesting signal because it demarcates the transition from the rumen, a
stressful environment that significantly decreases viable O157 counts, to the duodenum,
the beginning of the more hospitable hindgut [4]. Bile is a major constituent of the early
compartments of the hindgut, but its various components are broken down as the intestinal
contents move along the GIT. Bile acid-modifying organisms begin the process of trans-
forming the primary, host-synthesized bile acids into microbially modified secondary bile
acids [14,15]. The phospholipids and proteins are quickly utilized by other bacteria, while
the bilirubin is degraded by the anaerobes present in the terminal ileum and colon [16].
Modification of the different bile components by commensal microbes in the GIT make
it a temporary indicator of location for O157, with bile presence mainly restricted to the
duodenum, jejunum, and proximal ileum [12,17-19]. Previous studies examining the O157
response to bile have exclusively focused on bile acids, a single component of liquid bile.
These studies have largely relied on commercially available blends of deconjugated bile
acids, which can impact bacterial physiology differently from the host-derived, conjugated
bile acids that are typically present in the liquid bile and small intestine of cattle [20-22].
Moreover, the composition of these commercial bile salt mixes does not reflect the bile
acid profiles of any individual segment of the cattle hindgut, making it difficult to put
these results into a physiologically relevant context [12,23]. However, challenges related to
sourcing and cost make the utilization of liquid bovine bile for in vitro studies challenging.
Bovine bile powders, sometimes referred to as oxgall powders, represent an inexpensive
and readily available alternative to liquid bovine bile for in vitro studies. Bovine bile pow-
der is compositionally similar across manufacturers and closely resembles the bovine bile
acid pool in the gallbladder and duodenum in vivo, with conjugated bile acids representing
>95% of the bile acid species present, predominantly taurocholic acid (TCA; >30%) and
glycocholic acid (GCA; >20%) [12,23]. Evaluating the response of EDL933, a strain of
0157, to whole bovine bile powder would provide a more accurate representation of the
physiological conditions encountered by O157 upon entry into, and traversal of, the bovine
small intestine.
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Oxygen is another molecule that varies considerably between compartments of the
cattle GIT, as well as within a given gut compartment. The rumen is a strictly anaerobic
environment, supporting a host of obligately anaerobic bacteria such as Lachnospiraceae
and Prevotellaceae [24,25]. As O157 moves from the rumen into the hindgut, there is an
increase in oxygen concentration, either due to the diffusion of oxygen across the thinner
mucus layer found in the duodenum and jejunum or to oxygen being introduced alongside
liquid bile as it enters the duodenum from the bile duct, potentially a combination of the
two [26-28]. Enough oxygen exists in the upper small intestine that strict anaerobes capable
of bile acid modification are inhibited, limiting bile acid modification until a more anaerobic
environment is achieved in the terminal ileum [29]. The terminal ileum and large intestine
of cattle are predominantly devoid of oxygen, which requires a shift in metabolism and
other physiological processes for a facultative anaerobe like O157 [28]. The large intestine
terminates in the RA]J, a short segment where lymphoid tissue-rich columnar epithelium
transitions to the keratinized squamous epithelium of the anus. This region serves as the
primary colonization site for EDL933, as well as other strains of O157 [30]. The reduced
thickness of the mucus layer and proximity to the anus make oxygen diffusion likely in this
segment, representing a transition back to an aerobic, or at least microaerobic, environment,
further exemplified by an increase in aerobic and aerotolerant bacteria at the rectal mucosa
of other mammalian species [31-34].

The fluctuating oxygen levels along the cattle GIT, along with other compartment-
specific signals such as bile, could serve as important indicators for EDL933, serving as
a sort of “roadmap” that impacts gene expression and promotes successful colonization.
Understanding these different signals and the way they impact the transcription of colo-
nization and metabolic pathways would aid in the development of targeted preharvest
interventions to reduce EDL933 colonization and dissemination, reducing product con-
tamination and instances of foodborne illness. Here, we assessed the hypothesis that
physiologically relevant concentrations of cattle bile powder and oxygen availability act
as key environmental signals shaping EDL933 gene expression and physiology in ways
that may influence its ability to determine locality within the cattle GIT, an important
component of the colonization process. These in vitro experiments will also help determine
how bovine bile and oxygen affect EDL933 growth and the regulation of metabolic and
colonization-associated traits and pathways, including biofilm formation, allowing for
a controlled evaluation of individual physiochemical signals. While the in vitro assays
utilized here cannot fully mimic the complexity of interactions among host tissues, phys-
iochemical gradients, and the native microbiota within the cattle GIT, this work provides
foundational observations for the generation of hypotheses about EDL933 behavior in the
cattle hindgut.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Escherichia coli O157 strain EDL933 (ATCC 43895) was initially obtained from the
American Type Culture Collection (ATCC) and maintained aerobically in Tryptic Soy Agar
(TSA; BD Difco, Franklin Lakes, NJ, USA) at 39 °C or Tryptic Soy Broth (TSB; BD Difco)
supplemented with 20 mM MOPS (TSB+MOPS; Sigma-Aldrich, Burlington, MA, USA)
at 39 °C unless otherwise noted. For assays conducted under anaerobic conditions (5%
H;:10% CO;: 85% Njy), a vinyl anaerobic chamber (Coy Laboratories, Grass Lake, MI, USA)
was used.
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2.2. Bacterial Growth Curve Analysis

EDL933 was grown in TSB overnight at 39 °C under aerobic or anaerobic conditions
as described above. Cells were pelleted at 5000x g for 10 min, and the supernatant
was removed. Cells were washed twice with 1x PBS (pH 7.0; Sigma-Aldrich) before
resuspension in fresh TSB + MOPS to an ODgy of 0.05 (£0.01) using a WPA Biowave
CO8000 Cell Density Meter (Biochrom, Cambridge, UK). Ten pL of the ODggg-adjusted cell
suspension was inoculated into a 96-well cell culture plate containing 190 pL of TSB + MOPS
or TSB + MOPS supplemented with either 0.02% (w/v), 0.2% (w/v), or 2.0% (w/v) dry,
unfractionated bovine bile powder (pH 7.0; Sigma-Aldrich). A SmartReader 96 MR9600-T
instrument (Accuris, Edison, NJ, USA) was used to incubate the plate at 39 °C for 24 h
and record serial ODg3p measurements every 15 min under aerobic or anaerobic conditions.
Each set of conditions was conducted with 12 biological replicates. The resultant ODg3q
measurements were imported into R (v4.5.1) to plot growth curves and calculate the time to
midlog phase (T;q), mean generation times (Tgen), and mean area under the logistic curve
(AUC) values for EDL933 grown under each set of conditions with the GrowthCurveR
package (v0.3.1) [35,36]. Statistical analysis (wilcox.test) with a Bonferroni correction and
figure generation were conducted with the stats (v4.3.1), ggsignif (v0.6.4), ggpubr (v0.6.1),
ggprism (v1.0.6), and ggplot2 (v3.5.2) packages [37-40].

2.3. RNA Sequencing (RNA-Seq) Sample Preparation and Analysis

EDL933 was grown overnight in TSB + MOPS as described above. Cells were pelleted
at 5000x g for 10 min, and supernatant was removed. Cells were washed twice with
PBS before resuspension in fresh TSB+MOPS to an ODggg of 0.05 (+0.01) using the WPA
Biowave CO8000 Cell Density Meter. Two hundred pL of ODggg-adjusted cell suspension
was inoculated into 4 mL of TSB + MOPS (1:20 dilution) with or without supplementation
with 0.2% (w/v) dry, unfractionated bovine bile powder (pH 7.0). Cultures were incubated
at 39 °C until reaching the mid-log phase of growth as determined by previously generated
growth curve data (Table S1). Upon reaching the mid-log phase, cultures were vortexed
and 500 puL of broth culture was inoculated directly into 1 mL of RNAprotect (Qiagen,
Hilden, Germany). After 5 min, the tubes were centrifuged at 5000x g for 10 min after
which the supernatant was removed. Cell pellets were stored at —80 °C prior to RNA
extraction. Samples were prepared under both aerobic and anaerobic conditions. For anaer-
obically prepared samples, all steps were conducted in a vinyl anaerobic chamber under
anaerobic atmospheric conditions with pre-reduced media to limit exposure of EDL933
to oxygen. Three biological replicates were conducted for each set of conditions. RNA
was extracted with an RNeasy kit (Qiagen) according to the manufacturers’ instructions.
Quality of extracted RNA (RINe) was measured using an RNA ScreenTape (Agilent, Santa
Clara, CA, USA) on the 4200 TapeStation system (Agilent) following the manufacturer’s
instructions. RNA quantity was determined with the Broad Range RNA kit (Qubit, Boston,
MA, USA) on a Qubit 4 Fluorometer instrument (Qubit) according to the manufacturer’s
instructions. RNA samples were submitted to the Iowa State University DNA Facility
where bacterial rRNA was depleted using a NEBNext rRNA Depletion kit for bacteria
(New England Biolabs, Ipswich, MA, USA) and mRNASeq libraries were prepared using an
Nlumina Stranded mRNA Prep kit (Illumina, San Diego, CA, USA), both according to the
manufacturer’s instructions. Resulting mRNA libraries were sequenced on a NovaSeq6000
instrument (Illumina) in paired-end mode with 150 cycles.

Each sample was sequenced across two lanes of an SP1 flow cell (Illumina), yielding
two sets of paired-end FASTQ files per sample. The paired FASTQ files generated from the
two sequencing runs were merged to produce one consolidated forward and reverse paired
dataset. Merged reads were assessed for quality using FastQC (v0.12.1) [41]. Adapter
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and low-quality base trimming were performed with cutadapt (v5.2) [42]. High-quality
reads were aligned to the E. coli O157:H7 str. EDL933 (ASM73296v1) reference genome
using bowtie2 (v2.5.4) with the very-sensitive alignment parameter [43]. The resulting
SAM files were converted to BAM format and indexed with samtools (v1.21) [44]. Gene-
level expression was quantified using featureCounts (v2.1.1) with default settings and
additional flags to count only read pairs for which both reads aligned and to exclude
chimeric pairs [45].

All downstream analyses were conducted in R. Count data from featureCounts were
analyzed with DESeq?2 (v1.50.2) for differential expression analysis [46]. Our design formula
was ~group where the groups were factored as Aerobic Bile, Anaerobic Bile, Aerobic TSB,
and Anaerobic TSB. Genes with counts of less than 10 across samples were filtered out. The
remaining counts were normalized via the median ratio standard DESeq2 command and
subjected to variance-stabilized transformation (VST). The comparisons conducted were
(1) Aerobic Bile vs. Anaerobic Bile, (2) Aerobic TSB vs. Anaerobic TSB, (3) Aerobic Bile vs.
Aerobic TSB, and (4) Anaerobic Bile vs. Anaerobic TSB, with an alpha value of 0.01 and
a gene significance threshold of padj < 0.01 and absolute fold change > 2. Results were
subjected to log-fold change shrinkage using the ashr method (ashr v2.2.63) [47]. No DEGs
of interest were detected in comparison (4) Anaerobic Bile vs. Anaerobic TSB.

Gene annotation data were parsed from the GCF_000732965.1_ASM73296v1_genomic.gff
file for E. coli O157:H7 str. EDL933 using rtracklayer (v1.70.1) for gene ontology (GO)
terms [48]. GO terms were binned into either Biological Process, Molecular Func-
tion, or Cellular Component using GO.db (v3.22.0) for GO full names and classifica-
tion. Enrichment analysis of GO terms was performed using the clusterProfiler (v4.18.4)
over-representation analysis (enricher) using the upregulated and downregulated DEGs
within those groups against all GO-annotated genes [49]. Multiple testing correction
was performed using the Benjamini-Hochberg false discovery rate (FDR) procedure
and GO terms with an adjusted p (FDR) < 0.01 were considered significantly enriched
(p-value cutoff < 0.01, g-value cutoff < 0.01).

2.4. Biofilm Formation Assay

Biofilm formation was assessed using previously described methods with minor
modifications [50,51]. Briefly, overnight cultures of EDL933 were prepared in TSB + MOPS
under aerobic and anaerobic conditions as described above. The overnight culture was
adjusted to an ODggg of 0.05 (£0.01) using sterile TSB + MOPS and the WPA Biowave
CO08000 Cell Density Meter. Ten pL of the ODggo-adjusted overnight culture was inoculated
into a 96-well culture plate pre-inoculated with 190 puL of TSB + MOPS or 190 uL of TSB +
MOPS supplemented with 0.2% (w/v) dry, unfractionated bovine bile powder. Plates were
incubated at 39 °C for 24 h, after which the supernatant was carefully removed so as to not
disturb any exopolysaccharide (EPS) matrix present. The wells were gently washed with
PBS, and plates were inverted and allowed to dry for 30 min. A 0.5% (w/v) crystal violet
solution (Fisher Scientific, Waltham, MA, USA) was applied to the wells and incubated
for 5 min at room temperature. The supernatant was carefully removed, and the wells
were washed five times with 1x PBS to remove any non-adherent bacteria. The plate was
again inverted to dry in a dark location. Wells were inoculated with 200 pL of 95% ethanol
and incubated for 30 min on an Orbit 300 orbital shaker (Labnet International, Edison, NJ,
USA) at 4 °C to solubilize the crystal violet for visualization. The plate was placed on
an Accuris SmartReader 96 MR9600-T instrument, and read at ODg3 to quantitate EPS.
Twenty-four biological replicates were conducted for each set of conditions. Resultant
ODg3p measurements were imported into R, and statistical analyses (wilcox.test) with a
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Bonferroni correction, as well as plotting were conducted with the stats, ggsignif, ggpubr,
ggprism, and ggplot2 packages.

2.5. Metabolic Characterization

EDL933 was grown overnight on TSA under the conditions described above. A well-
isolated colony was selected with a sterile cotton swab and resuspended in IF-A Gen III
inoculating fluid (Biolog, Hayward, CA, USA). The tube was vortexed, and the ODggy was
adjusted to 0.05 (+/—0.01). Ninety pL of cell suspension was added to a Gen III microbial
identification test panel microplate (Biolog) which was pre-inoculated with PBS or PBS
supplemented with 0.2% (w/v) dry, unfractionated bovine bile powder (pH 7.0). An Accuris
SmartReader 96 MR9600-T instrument was used to incubate the plate at 39 °C for 24 h and
record serial ODg3p measurements every 15 min. Plates were prepared under both aerobic
and anaerobic conditions. For anaerobically prepared plates, all steps were conducted in a
vinyl anaerobic chamber under anaerobic atmospheric conditions with pre-reduced media
to limit the exposure of EDL933 to oxygen. Plates prepared and incubated under each
set of conditions were repeated in triplicate, resulting in 3 biological replicates. Resultant
ODyg30 measurements were imported into R to plot growth curves and calculate mean area
under the logistic curve (AUC) values for EDL933 grown under each set of conditions with
GrowthCurveR. Statistical analysis (wilcox.test) with a Bonferroni correction and figure
generation were conducted with the stats, ggsignif, ggpubr, ggprism, and ggplot2 packages
in R.

3. Results
3.1. Growth Dynamics of EDL933 When Exposed to Bovine Bile and Oxygen

Growth performance of E. coli O157 strain EDL933 was examined in response to bovine
bile powder concentrations of 0.02% (w/v), 0.2% (w/v), and 2.0% (w/v) under aerobic
and anaerobic conditions, with 2.0% (w/v) and 0.2% (w/v) representing the upper and
lower physiological range of bovine bile in the proximal small intestine, and 0.02% (w/v)
approximating bovine bile concentrations in the distal small intestine [12,52]. EDL933
grown under anaerobic conditions produced significantly lower area under the curve
(AUC) values for all media types tested than EDL933 grown under aerobic conditions
(p < 0.001) (Figures 1A and S1). Significant differences in AUC were also observed for
EDL933 exposed to different bovine bile powder concentrations within an atmospheric
condition (Figure 1B). Under aerobic conditions, EDL933 grown in TSB supplemented with
0.02% (w/v) bovine bile powder produced a significantly higher AUC than EDL933 grown
in TSB alone (p < 0.05) and EDL933 grown in TSB supplemented with 2.0% (w/v) bovine bile
powder (p < 0.01). Under anaerobic conditions, EDL933 grown in TSB supplemented with
2.0% (w/v) bovine bile powder produced significantly lower AUC values than TSB-alone
(p < 0.001), TSB supplemented with 0.02% (w/v) bovine bile powder (p < 0.001), and TSB
supplemented with 0.2% (w/v) bovine bile powder (p < 0.001) (Figure 1B). The bovine
bile powder concentration of 0.2% (w/v) was selected for additional analyses as it did not
significantly impact EDL933 growth metrics and better represented the conditions in the
proximal small intestine.
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Figure 1. Growth of EDL933 exposed to different concentrations of bovine bile powder under aerobic
and anaerobic conditions. (A) Growth curves and (B) Area under the curve (AUC) values of EDL933
exposed to different concentrations of bovine bile powder under aerobic and anaerobic conditions.
EDL933 was grown in TSB alone or supplemented with 0.02% (w/v), 0.2% (w/v), or 2.0% (w/v) dry,
unfractionated bovine bile under either aerobic or anaerobic conditions. Growth was measured at
an optical density of 630 nm (ODg3q). Replicate growth curves for each condition were condensed,
and trend lines and confidence regions were determined using the geom_smooth command with
default settings (method = LOESS) using ggplot2 (v3.5.2) in R. AUC values were calculated from the
growth curve data using GrowthCurveR (v0.3.1). Twelve biological replicates were conducted for
each set of conditions. The solid black bar indicates the mean AUC for a given condition. Statistical
comparisons (wilcox.test) with Bonferroni correction were made between conditions using the stats
(v4.3.1), ggsignif (v0.6.4), and ggpubr (v0.6.1) packages in R. ** indicates p < 0.01; **** indicates
p < 0.0001.
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GO Term

3.2. Impact of Bovine Bile Powder and Oxygen Presence on EDL933 Transcriptome

To assess the impact of bovine bile powder and atmospheric conditions on the EDL933
transcriptome, a global transcriptional analysis was conducted on EDL933 grown to mid-
log phase in TSB or TSB supplemented with 0.2% (w/v) bovine bile powder under aerobic
and anaerobic conditions (Table S1). Samples yielded an average of 15 million reads per
sample, with >98.7% of reads aligning to the EDL933 genome. Two samples, S114 (1.4 M
reads) and 590 (1.4 M reads), displayed lower sequencing depth than the other samples but
did not substantially diminish the overall performance of the dataset. Gene ontology (GO)
terms were assigned to differentially expressed genes (DEGs), identifying multiple genes
and pathways that were upregulated and downregulated between the different conditions
(Figures 2 and S2; Tables S2-S5).
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Figure 2. Transcriptomic response (absolute fold change > 10) of EDL933 incubated aerobically or
anaerobically with and without exposure to 0.2% (w/v) bovine bile powder. Bars represent the max
absolute fold change > 2 per Biological Process GO term, limited to DEGs with an absolute fold
change > 10. Individual DEGs are represented as dots labeled by gene symbol. Enriched GO terms
are denoted by light-blue filled bars.

Under aerobic conditions, EDL933 grown in TSB supplemented with 0.2% (w/v)
bovine bile displayed 24 DEGs (24 up, 0 down; absolute fold change > 10) across multi-
ple physiological pathways compared to EDL933 grown in TSB alone (Figures 2 and S2;
Table S3). Bile powder exposure increased the expression of numerous pathways, including
those for PEP-dependent sugar phosphotransferase systems (yadl, ptsP, nagE) and regula-
tion of DNA-templated transcription (RS16675, ygeV, melR, tcdA, and galS), among others.
Other DEGs highly expressed (absolute fold change > 10) when exposed to both bile and
oxygen included several genes involved in metabolic processes for galactose (galK, gelE,
and galT) and fucose (RS14695 and fucP), glycerol (glpA, glpC, glpD, and glpT), and fatty
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acids (fadL) (Figure 2; Table S5). Additional trends were observed when analyzing all DEGs
displaying an absolute fold change > 2, with EDL933 grown in TSB supplemented with
bovine bile either increasing or decreasing the expression of genes involved in cell adhesion,
DNA repair, and peptidoglycan biosynthetic processes, among numerous other pathways,
compared to EDL933 grown in TSB alone (Figure S2; Table S5).

To assess the impact of oxygen presence on the EDL933 transcriptome, growth in
TSB under ambient air and anaerobic conditions was compared. Under aerobic condi-
tions, EDL933 displayed multiple highly expressed DEGs (2 up, 6 down; absolute fold
change > 10) compared to EDL933 grown under anaerobic conditions (Figure 2; Table S3).
The two DEGs (absolute fold change > 10) that were increased under aerobic conditions
were involved in transmembrane transport (adiC) and amino acid metabolic processes
(adiA) (Figure 2; Table S5). Other DEGs displaying an absolute fold change > 2 under
aerobic conditions compared to anaerobic conditions included genes for various stages of
the TCA cycle, the electron transport chain, and DNA repair (Figure S2; Table S5). EDL933
grown under anaerobic conditions displayed several DEGs (absolute fold change > 10)
with higher expression levels than under aerobic conditions, including those involved
in cell adhesion (ydeR, ydeS, and fimA), cell wall organization (RS10435), and pilus as-
sembly (RS10440), with additional DEGs (absolute fold change > 2) belonging to several
other pathways, including carbohydrate metabolic processes and transmembrane transport
(Figures 2 and S2; Table S5).

To assess the impact of oxygen presence on the EDL933 transcriptome when bovine
bile powder was also present, EDL933 grown under aerobic conditions with bile exposure
saw differential expression of numerous genes (42 up, 16 down; absolute fold change > 10)
across multiple physiological pathways compared to EDL933 grown in TSB+bile under
anaerobic conditions (Figure 2; Table S3). Numerous DEGs (absolute fold change > 10) were
increased in EDL933 exposed to bile under aerobic conditions compared to bile exposure
under anaerobic conditions. These DEGs were involved in transmembrane transport (ydjK
and potE), quorum sensing (IsrA and IsrK), and numerous metabolic pathways, including
those for nitrate (narH), glucuronate (uxaA and uxaC), galactose (galE, galK, and galT),
galactonate (ytfR), arabinose (araB), fucose (fuicP), amino acids (adiA, speF, and tcdB), and
lipids and fatty acids (fadl and glpQ), among others. Other DEGs (absolute fold change > 2)
that were enriched in aerobically grown, bile-exposed EDL933 included several involved
in type VI secretion system protein secretion, cell adhesion, and DNA recombination,
among others (Figure S2; Table S5). When exposed to bile under anaerobic conditions,
EDL933 increased the expression of genes (absolute fold change > 10) involved in signal
transduction (pdel and dcgL), cell adhesion (ydeR, ydeS, and fimA), spermidine transport
(mdt]), and transmembrane transport (proV and proW), among others, as compared to
bile-exposed EDL933 under aerobic conditions (Figures 2 and S2; Table S5).

There were no highly expressed DEGs (absolute fold change > 10) present when
comparing the transcriptome of EDL933 grown under anaerobic conditions in TSB and
EDL933 grown under anaerobic conditions in TSB supplemented with bovine bile powder.
There were 11 DEGs present at the absolute fold change > 2 level, all of which were
increased in anaerobically grown EDL933 exposed to bovine bile powder compared to
TSB alone. These DEGs included multiple genes involved in translation (ahpC, rpsR, rpIR,
and rpsQ), and ahpF, a gene involved in the response to reactive oxygen species (Figure S2;
Table S5). A full list of DEGs with an absolute fold change > 2 and associated GO terms
can be found in Supplementary Table S5.
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3.3. EDL933 Biofilm Formation Under Different Conditions

A biofilm assay was used to assess whether the increased expression of genes involved
in adherence and biofilm formation was associated with increased biofilm formation in vitro
(Figure 3). There were no significant differences in biofilm formation (p > 0.05) when
comparing EDL933 grown in TSB with and without bovine bile powder supplementation
under either aerobic or anaerobic conditions. Biofilm formation between EDL933 grown in
the same media type, either TSB alone or TSB supplemented with 0.2% (w/v) bovine bile
powder, under different atmospheric conditions displayed significant differences, with the
aerobic cultures forming significantly more biofilm than the anaerobic cultures for EDL933
grown in TSB (p < 0.001) and TSB supplemented with bile powder (p < 0.001) (Figure 3).
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Figure 3. Biofilm formation of EDL933 grown aerobically or anaerobically with and without exposure
to 0.2% (w/v) bovine bile powder. Biofilm biomass was measured at an optical density of 630 nm
(ODg3p). Twenty-four biological replicates were conducted for each set of conditions. The solid
black bar indicates the mean ODgj3 for a given condition. Statistical comparisons (wilcox.test) with
Bonferroni correction were made between conditions using the stats (v4.3.1), ggsignif (v0.6.4), and
ggpubr (v0.6.1) packages in R. *** indicates p < 0.001; “ns” indicates p > 0.05.

3.4. EDL933 Metabolic Characterization Under Different Conditions

The transcriptomic data showed that genes from numerous metabolism-related DEGs
as either upregulated or downregulated in EDL933 when comparing bovine bile exposure
and atmospheric conditions. To assess whether these differences in gene expression were
reflected in the metabolic phenotype, Biolog Genlll microplates were used to profile nutrient
utilization patterns of EDL933 under the conditions tested above (Figure 4; Tables S6 and S7).
Comparisons of the positive and negative control wells on the GenlIl microplates confirmed
that the incorporation of bovine bile powder did not significantly impact absorbance
readings or growth profiles of EDL933 (Figures S3 and S4). Nutrient utilization profiles
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varied across media types and atmospheric conditions (Figure 4). The area under the curve
(AUC) values from the growth curves generated for each well were used as a proxy to
assess growth performance. There were significant differences in AUC values observed
for 14 different nutrients between EDL933 grown under different conditions (Figure 4).
Most of the significant differences were observed between EDL933 grown under aerobic
and anaerobic conditions without the addition of 0.2% (w/v) bovine bile powder to the
media. D-fucose (p < 0.05), gentiobiose (p < 0.05), and mucic acid (p < 0.001), among
several other nutrients, produced significantly greater AUC values for EDL933 incubated
under anaerobic conditions than under aerobic conditions (Table S7). EDL933 grown under
aerobic conditions produced significantly lower AUC values in the presence of 3-methyl

glucose than both EDL933 grown under aerobic conditions supplemented with 0.2% (w/v)
bovine bile powder (p < 0.05) and EDL933 grown under anaerobic conditions (p < 0.01). In

the presence of bromo-succinic acid, EDL933 supplemented with 0.2% (w/v) bovine bile

powder produced significantly greater AUC values (p < 0.05) under anaerobic conditions
than under aerobic conditions (Tables S6 and S7).
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Figure 4. Nutrients on the Biolog GenlII microplates producing significantly different AUC values
for EDL933 grown under aerobic and anaerobic atmosphere with and without exposure to 0.2%
(w/v) bovine bile powder. Mean AUC values were determined from ODg3y growth curve data
through analysis with GrowthCurveR (v0.3.1). Three biological replicates were conducted for each
set of conditions. The solid black bar indicates the mean AUC for a given condition. Statistical
comparisons (wilcox.test) with Bonferroni correction were made between conditions using the stats

(v4.3.1), ggsignif (v0.6.4), and ggpubr (v0.6.1) packages in R. * indicates p < 0.05; ** indicates p < 0.01;
**** indicates p < 0.0001; “ns” indicates p > 0.05.
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4. Discussion

Escherichia coli O157 represents an important foodborne pathogen. Understanding
the interplay of the different physiochemical signals to which O157 is exposed to within
the bovine gastrointestinal tract (GIT) and how these signals, both individually and in
combination, impact the growth and transcriptomic responses of EDL933, a well-studied
strain of E. coli 0157, provides important information on the factors driving colonization
of the bovine hindgut. Delineating the roles of these different GIT signals will aid in
identifying intervention points for the development of preharvest controls to reduce O157
colonization, shedding, or downstream product contamination. Here, we investigated the
impact of bovine bile and oxygen presence, two physiochemical cues in the bovine hindgut,
on the growth, transcriptome, and various phenotypic traits of the 0157 strain EDL933.

Oxygen and bile concentrations vary between intestinal compartments as EDL933
transits the cattle hindgut. Oxygen levels vary both radially and longitudinally within the
GIT, with higher concentrations present at the beginning of the small intestine (duodenum)
and nearer the intestinal epithelial cell surface, and lower concentrations found in the large
intestine and in the intestinal lumen, though the rectoanal junction (RAJ), a primary site
of O157 colonization in cattle, may present elevated oxygen levels due to mucus layer
thinning, allowing increased oxygen diffusion at this site [28,29,34,53-55]. Bile is abundant
in the small intestine, where it is secreted into the duodenum, but is modified by the gut
microbiota as the intestinal contents move from the small intestine to the large intestine,
with the majority of the biliary components being actively reabsorbed prior to entering the
colon [12,13]. Together, bile and oxygen represent two conserved physiochemical stimuli
in the bovine hindgut. Both stimuli vary within and between segments of the GIT, and
the combination of the two could be utilized by EDL933, and potentially other strains of
0157, to determine location within the bovine hindgut, potentially controlling virulence,
colonization, and metabolic responses.

Significant differences in overall EDL933 growth were observed under aerobic and
anaerobic conditions, with EDL933 growing significantly better under aerobic conditions
regardless of bile concentration. Reduced growth of O157 under anaerobic conditions
has been observed previously, likely stemming from limitations in energy generation
between anaerobic fermentation and aerobic respiration [55-58]. When grown aerobically,
lower concentrations of bovine bile powder either minimally impacted, or significantly
improved, EDL933 growth. This is largely in line with previous reports of O157 growth
characteristics in the presence of commercial bile acid blends [20,22,59]. Bile concentrations
at the upper physiological limit, 2.0% (w/v), were detrimental to EDL933 growth. High
bile and bile acid concentrations are associated with membrane-disruptive and bactericidal
effects, resulting in growth inhibition in E. coli [60-62]. These results confirm that bile
concentrations at the high end of the physiological range impede overall EDL933 growth,
while lower concentrations have minimal or even positive impacts on growth, depending
on the surrounding atmosphere.

Prior studies suggest that oxygen is required for E. coli to successfully colonize the
GIT [63]. Here, EDL933 displayed significant shifts in several transcriptional pathways in
response to an aerobic atmosphere, with the largest increases in expression associated with
adiA and adiC, two genes involved in arginine metabolism and transport, a finding in line
with previous transcriptomic studies involving O157 and non-O157 strains of E. coli [64,65].
Increased expression of the agmatine transporter encoded by adiC improves adherence to
bovine rectoanal junction (RAJ) cells, the primary colonization site of EDL933 and other
0157 strains [66]. The agmatine transporter encoded by adiC has also been implicated in E.
coli biofilm formation, which may partially explain the significantly increased biofilm for-
mation observed under aerobic conditions compared to anaerobic conditions [67]. However,
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the role of adiC in EDL933 biofilm formation remains speculative, and additional studies
must be conducted to determine what role, if any, adiC plays in this process. While the
mechanisms of biofilm formation in EDL933 remain somewhat unclear, increased biofilm
formation may enhance EDL933 colonization both in the GIT and the external environment,
aiding its survival and dissemination to new hosts [68-70].

In unsupplemented TSB under anaerobic conditions, EDL933 significantly increased
the expression of several genes involved in fimbriae production, namely the ydeR, ydeS,
and fimA genes. The ydeR and ydeS genes are two putative fimbrial proteins involved
in colonization of the GIT by other E. coli [71,72]. The fimA gene is also involved in
the early phases of intestinal colonization by O157 and other enteric pathogens [73-75].
Anaerobiosis has been shown to increase fimbrial expression in O157, as well as in other E.
coli and even Salmonella, potentially in response to stressors encountered as these organisms
transit the GIT [76-79]. Smaller increases in transcription were observed under anaerobic
conditions for genes involved in glycine betaine transport. Glycine betaine functions as an
osmoprotectant for E. coli, an important defense mechanism against the osmotic stresses
encountered in the intestinal lumen during transit [69,70]. Together, these transcriptional
changes suggest that EDL933 could use a lack of oxygen presence as a physiochemical
indicator to increase fimbrial production in the intestinal lumen, where it begins to cope
with osmotic stress and other physiological hardships.

The presence or absence of oxygen impacted EDL933 metabolism, both transcriptomi-
cally and phenotypically. Under aerobic conditions, EDL933 increased expression of genes
and pathways involved in aerobic respiration, including those for various components of
the TCA cycle and electron transport chain, consistent with known E. coli physiology [80,81].
In anaerobic TSB, EDL933 increased expression of genes involved in fucose metabolism
and peptide transport, among a variety of other metabolic pathways. In vitro nutrient
utilization profiles broadly reflected transcriptional trends, with EDL933 increasing overall
growth in the presence of fucose and various amino acids under anaerobic conditions.
EDL933 also significantly increased growth in media containing mucic acid and fucose, two
byproducts of mucus layer degradation, under anaerobic conditions. This is consistent with
previous reports of O157 nutritional requirements in the GIT [82]. Interestingly, several
uncommon nutrient sources enhanced EDL933 growth under anaerobic conditions in vitro,
including stachyose and alpha-keto-glutaric acid. This may represent a metabolic shift
to focus on alternative, more readily available carbon and nitrogen sources, highlighting
the need for flexibility in EDL933 metabolism to compete in the anaerobic and microbially
dense intestinal lumen [81,82]. Together, the transcriptomic and nutrient utilization data
suggest that EDL933 shifts to alternative nutrient sources within the anoxic lumen of the
bovine hindgut, focusing on growth through the acquisition and utilization of the readily
available nutrients not commonly utilized by the native gut microbiota.

Bile and bile acids impact the colonization success of other foodborne pathogens,
suggesting that these physiochemical signals would impact EDL933, as well as other
0157 strains, during the colonization process [52,83,84]. Under aerobic conditions, the
presence of bile increased EDL933 expression of genes involved in numerous genetic
pathways. Several genes involved in quorum sensing, including IsrA, IsrK, and ygeV,
were upregulated in aerobically grown EDL933 exposed to bile compared to EDL933
grown in TSB alone. Quorum sensing in the cattle gastrointestinal tract is vital for O157,
playing a critical role in its stable colonization of the hindgut [85-88]. Upregulation of
EDL933 quorum sensing pathways upon bovine bile exposure suggests that bile may
serve as a signal to EDL933 that it has entered the microbially rich hindgut where it must
begin interacting with, and competing against, the resident microbiota. EDL933 increased
expression of yadL in response to bovine bile under aerobic atmosphere as well. yadL
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encodes a fimbrial adhesin that is important for colonization of the cattle GIT, indicating
bovine bile may act as a signal for EDL933 to begin the hindgut colonization process in
cattle [89,90]. Numerous DEGs belonging to a variety of metabolic pathways saw increased
expression when EDL933 was exposed to bovine bile under aerobic conditions, including
multiple genes involved in metabolic pathways for galactose, fucose, N-acetylglucosamine,
galactonate, and glucuronate, among others, when compared to EDL933 grown aerobically
in TSB alone and EDL933 exposed to bile under anaerobic conditions. Increased utilization
of the above mucin sugars, such as fucose and N-acetylglucosamine, which are released
during the degradation of intestinal mucus layer by the native microbiota, is critical for
0157 colonization and survival in the bovine GIT [82,91-94]. These results indicate EDL933
upregulates metabolic pathways for mucus-derived sugars when oxygen and bovine bile
are both present, likely reflecting the conditions present in the duodenum, jejunum, and
proximal ileum.

Interestingly, there were few significantly differentially expressed genes when com-
paring EDL933 grown under anaerobic conditions with and without bovine bile, none of
which were highly expressed (absolute fold change > 10). This may suggest a substantial
metabolic shift is required for anaerobic growth, which might supersede large-scale, bile-
specific transcriptional responses. However, this interpretation may also be impacted by our
sample size, growth-phase effects, or other experimental variables. Even with these caveats
in mind, this observation is consistent with previous studies of E. coli metabolism [95-97].
These results may indicate anaerobic atmospheres represent an overwhelming signal for
EDL933, largely masking responses to other stimuli, such as bovine bile. However, smaller
changes in gene expression and metabolic phenotype under anaerobic conditions with and
without bovine bile present suggest that metabolic and transcriptional nuances exist that
warrant further study.

Previous reports on O157 and other pathogenic E. coli suggest a general decrease
in the expression and activity of virulence and colonization factors in response to bile
salts [20,22,98,99]. We did not identify significant shifts in the expression of the LEE or
other colonization factors when exposing EDL933 to bovine bile powder under either
atmosphere. This likely reflects differences in the composition of the bile salts within
the dried bovine bile supplement used in our study and the bile salts mixes utilized in
prior studies, which are primarily composed of the bile salts deoxycholic acid (DCA) and
cholic acid (CA) [20,22,98,99]. CA and DCA are microbially modified bile acids which
are more prevalent in the distal hindgut, where bile acid concentrations are generally
lower [12,15]. Whole bovine bile preparations such as the one used in this work have bile
acid compositions more reflective of the duodenum, jejunum, and proximal ileum, with
conjugated bile acids, such as TCA and GCA, making up the vast majority of bile acids while
unconjugated bile acids, such as CA and DCA, represent <1% of the bile acids present [23].
The conjugation status of bile acids significantly impacts the effects on E. coli and other
enteric pathogens, making it important to select bile acids reflective of the specific GIT
compartments being queried [60,100,101]. Additionally, whole bile preparations contain
phospholipids, cholesterol, bile pigments, and other biliary components that are present
in vivo, making bile powder a more physiologically relevant proxy for the small intestinal
environment in cattle [11].

Taken together, these results suggest a speculative model of predicted EDL933 be-
havior in the cattle hindgut. Upon entering the duodenum and along the jejunal and
ileal mucosa, oxygen levels are relatively high and bile is abundant. Under these in vitro
conditions, EDL933 upregulates pathways involved in the metabolism of mucin-derived
monomers. This may be consistent with early colonization along the small intestine mu-
cosa, an area prior studies have identified as a key colonization and carriage site of O157
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in cattle [65,82,102,103]. Outside of the highly oxygenated duodenum, the lumen of the
jejunum and ileum is mainly anaerobic, with bile concentrations remaining high. When
exposed to bovine bile powder under anaerobic atmosphere in vitro, EDL933 seems to shift
its metabolic profile and upregulates the expression of fimbriae, potentially in response to
osmotic or other stressors present in the intestinal lumen [104]. Upon reaching the large
intestine, most bile acids and biliary components have been reabsorbed or microbially
transformed, which may diminish the direct impacts of bile on EDL933 [14,105,106]. As
EDL933 transits the large intestine, the lumen is anoxic and largely devoid of biliary com-
ponents. When simulating these conditions in vitro, EDL933 increased transcription of
fimbriae genes and nutrient utilization of metabolic byproducts or other nutrients that
may be readily available as they are not commonly utilized by the hindgut microbiota [12].
However, the distal hindgut is not completely devoid of oxygen, with both the crypts of
the large intestine and the RAJ exhibiting localized oxygen gradients [107]. When exposed
to oxygen in vitro, EDL933 increased adiC expression and biofilm formation, which might
help facilitate colonization of the bovine intestinal epithelia in the terminal hindgut [66].
The in vitro observations here may partially explain the sporadic O157 colonization within
the large intestine and the tropism that EDL933 displays for the RAJ [17,28,98,103,107-109].
When shed from the cattle host, the oxygen-driven increases in biofilm formation may
also enhance environmental survival, facilitating transmission between hosts as well as
contamination of meat, dairy, and produce [17,98,108,110,111]. However, the model above
remains a working hypothesis, and additional testing, especially in vitro tissue adherence
assays, intestinal organ culture, and in vivo studies, is required to more fully characterize
the role that bovine bile and oxygen presence have on EDL933 colonization dynamics in
cattle. Additional strains of O157 will also need to be tested, both in vitro and in vivo, to
confirm the generalizability of the results obtained in this work and the robustness of the
speculative model proposed here.

This work is not without limitations. While bovine bile powder, such as the prepa-
ration used in this work, is compositionally similar to the bile acid pool observed in the
bovine small intestine in vivo, additional work should be conducted with liquid bovine
bile to confirm the transcriptional and phenotypic trends observed here. Additionally, the
batch-specific bile acid composition and osmolarity were not determined for the bovine bile
powder utilized in this work. The relatively small sample size likely reduced the statistical
power and limited the complexity of models available for transcriptomic analysis. Differ-
ences in growth phase and exposure duration may have confounded the transcriptomic
responses observed here. Only a single strain of O157, EDL933, was used, which limits the
generalizability of the results. While numerous DEGs were identified as being impacted by
bovine bile powder and/or oxygen presence, additional RT-qPCR and functional assays,
including direct adherence assays, are required to more fully discern the role of these
DEGs in the EDL933 response to bovine bile and oxygen, and how these DEGs may impact
colonization dynamics. The results described here were solely based on in vitro work, and
further in vivo colonization studies are required to more fully capture the physiological
complexity of the O157 colonization process in cattle. Future work incorporating larger
numbers of biological replicates, additional O157 strains, and functional assays under a
greater variety of physiologically relevant conditions would improve statistical power and
help capture both inter- and intrastrain variations in the physiological response of O157 to
bovine bile and oxygen.

Ultimately, EDL933 colonization of the cattle GIT is a highly complex process involv-
ing multiple physiochemical signals. The work presented here suggests that both oxygen
availability and bovine bile presence are two important signals that might impact the
EDL933 transcriptional response and may affect adherence and metabolism, both facilitat-
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ing successful colonization and persistence in the cattle gut. Further studies into additional
chemical signals found within the cattle gastrointestinal tract, both individually and in
combination, would lend additional insight into the factors that enhance or inhibit EDL.933
colonization and persistence in cattle.

5. Conclusions

Here, we assessed the transcriptomic and phenotypic responses of E. coli O157 strain
EDL933 to the presence of oxygen and whole bovine bile, two major signals present in the
gastrointestinal tract of cattle. Under aerobic conditions, EDL933 increased the expression
of the adiC gene, an adherence and biofilm formation factor, and increased biofilm formation
in vitro. Anaerobic conditions induced significant shifts in numerous metabolic pathways,
enhancing the ability of EDL933 to utilize alternative and more readily available nutrient
sources that can be found in the cattle gut. Bovine bile impacted EDL933 expression of
pathways responsible for quorum sensing and the utilization of mucus-derived sugars.
Together, both bovine bile and oxygen presence impacted the transcriptome and phenotypic
characteristics of EDL933, suggesting that both may serve as signals for EDL933 during
colonization of the cattle gastrointestinal tract.
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Abbreviations

The following abbreviations are used in this manuscript:

GIT Gastrointestinal tract
0157 Escherichia coli O157:H7
EDL933  Escherichia coli O157:H7 strain EDL933

RAJ Rectoanal junction
TSA Tryptic Soy Agar
TSB Tryptic Soy Broth
DEGs Differentially expressed genes
GO Gene ontology
EPS Exopolysaccharide
AUC Area under the logistic curve
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