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ABSTRACT
Crohn’s disease and ulcerative colitis in humans and experimental immune-mediated colitis in 
mice are likely due in part to overactive immune responses to resident intestinal bacteria, including 
certain strains of adherent-invasive Escherichia coli (E. coli) such as E. coli NC101. We have 
previously shown that specific E. coli NC101 stress responses are upregulated during experimental 
colitis and attenuate inflammation. However, the roles of broader stress response pathways in 
E. coli NC101 during experimental colitis are unknown. We hypothesize that the global stress 
response regulator in E. coli, oxyS, also reduces experimental colitis. We show that intestinal E. coli 
NC101 upregulate oxyS expression during colitis in monocolonized interleukin-10 deficient mice. 
Furthermore, we demonstrate that oxyS-sufficient E. coli NC101 have decreased motility and 
biofilm formation in vitro and attenuated intestinal translocation and colitogenic potential 
in vivo compared with oxyS-deficient E. coli. These data suggest that activation of a generalized 
E. coli stress response, oxyS, reduces experimental colitis and may be a potential therapeutic target.
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Introduction

Inflammatory bowel diseases (IBDs), including 
Crohn’s disease and ulcerative colitis, are chronic 
immune-mediated diseases that cause significant 
morbidity. While the pathogenesis of IBDs is not 
completely understood, most recent evidence sug
gests that they are due to a combination of genetic 
susceptibility and environmental exposures that 
lead to sustained T cell–mediated immune 
responses in the intestines.1 Of the many potential 
environmental factors that may contribute to IBDs, 
resident intestinal bacteria are likely dominant.

The human intestine is home to over 1000 spe
cies of bacteria that normally peacefully coexist 
with the mucosal immune system. In patients 
with IBDs, the composition and function of the 
resident enteric bacteria are altered in ways that 
might cause chronic intestinal inflammation. For 
instance, multiple studies demonstrate decreased 
numbers of Firmicutes and increased number of 
Enterobaceriacea including adherent-invasive 
strains of Escherichia coli (E. coli) in patients with 

IBDs compared with healthy controls.2–4 Whether 
these bacteria are the cause or consequence of 
human IBDs is difficult to prove. However, animal 
models of IBDs permit direct testing of this 
question.

While no animal model perfectly resembles 
human IBDs, almost all of them require the pre
sence of intestinal microbes in order for disease to 
manifest.5,6 This is particularly true of the inter
leukin-10 deficient (Il10−/−) mouse model of 
colitis.7,8 When raised in germ-free conditions, 
the mice remain healthy. However, colonization 
of the mice with a variety nonpathogenic bacteria 
results in rapid onset chronic, T cell–mediated 
colon inflammation that resembles some aspects 
of human IBDs. Moreover, we and others have 
shown that monocolonizing the Il10−/− mice with 
a single strain of adherent-invasive E. coli, E. coli 
NC101, also induces colitis.9–11 While some other 
models such as the Vill-hCC6 mouse model are 
particularly useful to study interactions with 
human IBD-associated strains of adherent- 
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invasive E. coli,12 the Il10-/- colitis model has 
advantages because germ-free colonies are readily 
available and because it harbors an immunological 
defect that has been associated with very early 
onset IBD.13

The interactions between E. coli NC101 and the 
host immune system are bi-directional. In addition 
to E. coli NC101 stimulating innate and adaptive 
immune responses in the colon, colitis also affects 
E. coli NC101 function. For instance, we have pre
viously shown that intestinal inflammation induces 
transcription of the specific bacterial stress 
response genes, ibpAB and gadAB, in luminal 
E. coli NC101.11,14 We have also determined that 
the presence of these stress response pathways 
attenuates experimental colitis. However, the 
effects of colitis on global stress response regulators 
such as oxyS in E. coli NC101 are unknown.

E. coli oxyS is important to normal bacterial phy
siology and disease pathogenesis. The primary func
tion of oxyS in E. coli physiology is to protect 
bacteria from oxidative damage such as that induced 
by hydrogen peroxide treatment.15 Mechanistically, 
oxyS impairs cell division,16,17 decreases intracellular 
peroxide concentrations,18,19 decreases translation 
of rpoS,20 and downregulates formate 
metabolism.21 Pathologically, oxyS has been shown 
to facilitate E. coli colonization of the mouse urinary 
tract in models of urinary tract infection.22 However, 
the role of E. coli oxyS in gastrointestinal pathology 
has not been previously described.

Methods

Bacterial strains and bacterial lysates

The nonpathogenic murine E. coli strain NC101 
was originally isolated from a wild-type 129/SvEv 
mouse housed in specific pathogen free conditions 
as described previously.9 NC101ΔoxyS was con
structed using the λ-red recombinase method as 
described elsewhere.23 Briefly, the FRT-flanked 
kanamycin cassette in pKD4 was amplified using 
primers oxySKOF 5’-g cat agc aac gaa cga tta tcc cta 
tca agc att ctg act gtg tag gct gga gct gct tc-3’ and 
oxySKOR 5’-acc gtt cta tca ggc tct ctt gct gtg ggc ctg 
tag aat cat atg aat atc ctc ctt agt tcc-3’ each of which 
contains 40 nucleotides that are homologous to the 
5′ and 3′ regions of the oxyS gene in NC101, 

respectively. The PCR product was gel-purified, 
digested with DpnI, and transformed into NC101 
that had previously been transformed with pKD46. 
A kanamycin resistant clone in which the oxyS 
gene was replaced by the kanamycin resistance 
cassette was transformed with pCP20 in order to 
remove the kanamycin resistance cassette. Loss of 
pCP20 and pKD46 from the resultant colonies was 
confirmed by replicate plating onto kanamycin and 
carbenicillin agar plates. The oxyS gene region on 
the NC101 chromosome was sequenced to confirm 
deletion of the coding region. Bacterial lysates for 
ex vivo mesenteric lymph node cell stimulation 
were prepared as previously described.9

Mice

Germfree Il10−/− and wild-type mice on the 129S6/ 
SvEV background were originally derived under 
sterile conditions by hysterectomy at the 
Gnotobiotic Laboratory (University of Wisconsin, 
Madison) and have since been continuously main
tained in germ-free conditions at the University of 
North Carolina National Gnotobiotic Rodent 
Resource Center. Germ-free mice were monocolo
nized with bacterial strains by adding 50 mL of 
overnight bacterial cultures to food pellets and bed
ding. Mice were maintained in gnotobiotic isola
tors at the National Gnotobiotic Rodent Resource 
Center at the University of North Carolina, Chapel 
Hill, for the indicated times. The absence of isolator 
contamination was confirmed by Gram stain and 
culture of cecal contents on brain heart infusion 
(BHI) agar plates under aerobic and anaerobic 
conditions. All animal protocols were approved 
by the UNC Chapel Hill Institutional Animal 
Care and Use Committee.

RNA isolation from cecal contents and bacterial 
cultures

100–300 mg of freshly harvested cecal contents 
were snap frozen in liquid nitrogen and stored 
at −80°C. Frozen samples were thawed into 1 mL 
of Bacterial RNAProtect (Qiagen) while vortex
ing, incubated at 25°C for 5 min, and bacterial 
RNA was isolated as described previously.11 To 
measure flhD and fliC transcript abundance, 
overnight bacterial cultures grown in Luria 

2 D. ARSENE ET AL.



broth (LB) were diluted 1:1000 in fresh LB and 
incubated at 37°C with shaking for the indicated 
times. Two mL of culture were removed and 
bacteria pelleted by centrifugation for 15 sec at 
12,000×g after which the pellet was resuspended 
in 0.5 mL of Bacterial RNAProtect and RNA iso
lated using RNeasy Mini columns (Qiagen) 
according to the manufacturer’s instructions. 
Purified RNA was treated with either on-column 
DNase treatment (Qiagen) or Baseline-Zero 
DNase (Epicentre) according to the manufac
turer’s instructions.

Real-time PCR

The following real-time polymerase chain reaction 
oligonucleotide primers were designed using 
Primer 3 software based on E. coli NC101 genomic 
DNA sequences published in GenBank: E. coli 16S, 
16SF 5’-gaatgccacggtgaatacgtt-3’, 16SR 5’- 
acccactcccatggtgtga-3’; E. coli oxyS, oxySF 5’- 
gaatttgcccgctaagcgtcgg-3’, oxySR 5’-ggcagtt 
ttgtttttgcttcctt-3’; E. coli flhD, flhDF 5’- 
cagcgtctgattgttcagga-3’, flhDR 5’- gcttaaccatttgcg
gaaga-3’; E. coli fliC, fliCF 5’-gccaccgacggtatttctgt 
-3’, fliCR 5’-tagtcccggtagaagcctga-3’. First-strand 
cDNA was synthesized were performed as 
described previously,11 and quantitative real-time 
PCR was performed using Bio-Rad iTaq SYBR 
green PCR Supermix in the QuantStudio 6 Flex 
real-time PCR machine (Applied Biosystems) per 
manufacturer instructions. Relative gene expres
sion compared to E. coli 16S rRNA was calculated 
using the ∆ΔCt method.

In vitro bacterial survival assays in H2O2

Overnight bacterial cultures grown in LB were 
diluted 1:100 in fresh LB and incubated aerobically 
at 37°C until cultures reached mid-log growth phase 
(approximately 2 hours). Phosphate buffered saline 
or a sufficient volume of 8.82 M H2O2 stock was 
added to 6 mL aliquots of mid-log bacterial culture 
to achieve the indicated final concentrations of H2 
O2. Cultures were then incubated at 37°C for 30 min 
with shaking and then serial dilutions were plated 
onto LB agar to determine bacterial concentrations.

In vitro bacterial motility assays

Overnight bacterial cultures grown in LB were 
diluted 1:10 in LB and then 20 μL of the diluted 
bacteria were injected with a pipet tip into the 
center of 15 cm diameter plates of Tryptic Broth 
containing 0.3% agar. The plates were incubated at 
37°C for 12 hrs, then 25°C for 9 hrs at which point 
the diameter of the bacterial growth ring was 
measured.

Quantification of luminal bacteria

Concentrations of luminal bacteria were measured 
as previously described.11

Histological scoring

Histologic inflammation scores of colon segments 
were determined as previously described.11 Briefly, 
individual sections of cecum, proximal colon, mid 
colon, and distal colon were scored in a blinded 
fashion based on the following four parameters: 
crypt epithelial hyperplasia, goblet cell dropout, 
lamina propria mononuclear cell infiltration, and 
transmural inflammation/crypt abscesses. A score 
of 1–4 (4 most severe) for each of the four para
meters was assigned to each section and then the 4 
scores were averaged for each colon section. The 
average score for each of the 4 sections from a given 
mouse were then summed and reported as compo
site histological inflammation score with a range of 
0–16 (16 most severe).

Mesenteric lymph node preparation and culture

Mesenteric lymph node cells were isolated and 
stimulated ex vivo with E. coli NC101 bacterial 
lysate for 72 hours as previously described.11

Cytokine measurements

IFN-γ concentrations in supernatants of stimulated 
mesenteric lymph node cells were measured by 
enzyme-linked immunosorbent assays as pre
viously described.11
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In vitro biofilm assays on polystyrene

Overnight bacterial cultures were diluted 1:100 in 
LB and 130 μL/well was added to 96-well non- 
tissue culture treated polystyrene plates (Costar 
#3370) and incubated at 37°C for 24 hrs. 
Supernatant was removed by gentle aspiration 
and each well was gently washed twice with 
200 μL of PBS after which 150 μL of 1% crystal 
violet solution was added to each well and the 
plate incubated at 25°C for 20 min. The super
natant was aspirated and each well washed twice 
with 300 μL PBS after which 200 μL of 95% etha
nol was added to each well and the plate incu
bated at 25°C for 20 min with occasional rocking. 
The absorbance of each well at 570 nm was then 
measured using a spectrophotometer and back
ground absorbance from media-only wells was 
subtracted.

Quantification of mucus-associated bacteria

Whole intestinal pieces without luminal contents 
were filleted open longitudinally, cut into 1 cm- 
long pieces, and vigorously washed in PBS followed 
by three 5-minute washes with 1 mL/cm tissue of 
0.016% dithiothreitol (DTT) in PBS while vortex
ing the tissue at 150rpm. Combined DTT washes 
were diluted and plated onto LB agar for enumera
tion. The intestinal tissue was then briefly blotted 
on a sterile paper towel to remove excess liquid and 
weighed.

Quantification of intra-epithelial bacteria

Whole intestinal pieces without luminal contents 
were filleted open, cut into 1 cm-long pieces, 
and vigorously washed in PBS. To remove 
epithelial cells, and kill extracellular bacteria, 
the pieces were transferred to 1.5 µM EDTA 
containing 50 µg/mL gentamicin. Pieces were 
rocked gently at 45 rpm at 4°C for 30 minutes, 
transferred to 5 mL of PBS, and shaken vigor
ously at 3 shakes/second x 5 seconds to remove 
epithelial cells. 10 µl aliquots of epithelial cell 
suspensions were removed and crypts contain
ing live epithelial cells were quantified using the 
trypan blue method. The epithelial cell suspen
sions were centrifuged at 300×g for 5 minutes at 

4°C, and pellets were resuspended in 250 µl of 
0.05% Triton X-100 in water by vigorously 
pipetting up and down to disrupt epithelial 
cells. Intraepithelial bacteria were diluted in 
PBS and plated onto LB agar.

Quantification of sub-epithelial tissue-associated 
bacteria

Whole intestinal pieces without luminal contents 
were filleted open, cut into 1 cm-long pieces, and 
vigorously washed in PBS, followed by 1.5 µM 
EDTA in PBS with 50 µg/mL gentamicin to remove 
epithelial cells and kill extracellular bacteria. 
Epithelial crypts were enumerated as described 
above. Following wash steps, the remaining tissue 
was homogenized in 1 mL of molecular grade water 
using a disperser (IKA WorksT25 basic). 
Subepithelial tissue-associated bacteria was diluted 
in PBS and plated onto LB agar.

Statistical analysis

Data are presented as the mean ± SEM. p values 
were calculated using the unpaired, 2-tailed 
Student’s T-test.

Results

E. coli upregulate oxyS expression during 
experimental colitis

We have previously shown that E. coli upregulate 
specific oxidative stress (ibpAB) and acid stress 
(gadAB) response genes during experimental coli
tis. Therefore, we hypothesized that E. coli may also 
increase expression of the global stress response 
regulator, oxyS, that is upregulated during oxida
tive stress and controls expression of the stress 
response genes gadB, rpoS, and yhiV. To test this, 
we monocolonized germ-free interleukin 10 
knockout (Il10−/−) and wild-type (wt) mice with 
E. coli NC101 and quantified severity of colitis as 
well as E. coli NC101 oxyS expression. We pre
viously reported that histological colon inflamma
tion scores and spontaneous IL-12/23p40 secretion 
by colon explant cultures increases over time in the 
Il10−/−, but not wt, mice.11 Additionally, we have 
previously reported similar E. coli concentrations 

4 D. ARSENE ET AL.



in colon luminal contents from E. coli NC101 
monocolonized Il10-/- and wt mice and absent his
tological colon inflammation in germ-free Il10-/- 

and wt mice.14 In the current studies, we find that 
oxyS transcript abundance as measured by quanti
tative PCR (qPCR) continuously increases with 
time in cecal bacteria from Il10−/− mice with colitis, 
but only transiently increases in cecal bacteria from 
healthy wt mice (Figure 1). These data show that 
colitis is associated with increased oxyS expression 
in luminal E. coli and suggest that resident intest
inal bacteria respond to chronic immune-mediated 
colitis by activating global stress response 
pathways.

E. coli oxyS impairs bacterial motility

The role of E. coli oxyS in protecting E. coli from 
oxidative stress is well studied.15 Since NC101 also 
upregulates acid tolerance genes during experi
mental colitis,14 we tested whether oxyS confers 
a growth advantage to NC101 in acidic environ
ments and found no significant effect (data not 
shown). In addition to regulating stress response 
pathways, E. coli oxyS also impacts expression of 
genes important for bacterial motility. Others have 
previously shown that overexpression of oxyS 

impairs expression of flhD, a master transcriptional 
regulator of flagellar genes that are important for 
bacterial motility.24 However, whether physiologi
cally normal levels of oxyS decrease expression of 
flhD is unknown. Moreover, the effects of physio
logic levels of oxyS on the expression of fliC, the 
primary monomeric subunit of the flagellar fila
ment, as well as bacterial motility are unknown. 
To examine the effects of endogenous levels of oxyS 
on flagellar gene expression and bacterial motility, 
we first generated a deletion mutant of oxyS in 
E. coli NC101 (NC101ΔoxyS) using the λ-red 
recombinase method. We showed that the absence 
of oxyS had minimal effect on the growth of NC101 
in Luria-Bertani (LB) liquid media (Figure 2(a)). 
We confirmed the genetic absence of oxyS using 
PCR and the functional absence of oxyS by challen
ging the bacteria with hydrogen peroxide. As 
expected, hydrogen peroxide is more toxic to 
NC101ΔoxyS compared with the parental strain 
(Figure 2(b)). We then measured flhD and fliC 
transcript abundance in the mutant and parental 
strains grown in LB media and detected increased 
levels of both flhD and fliC mRNA in NC101ΔoxyS 
compared with the parental strain (Figure 2(d-e)). 
Motility assays in soft agar also revealed that 
NC101ΔoxyS is more motile than the parental 
strain (Figure 2(c)). These data indicate that the 
presence of physiologic levels of oxyS decreases 
flagellar gene expression and motility in E. coli.

E. coli oxyS attenuates experimental colitis

Others have previously shown that the flagellum, 
particularly FliC, promotes adherence and invasion 
of E. coli in intestinal epithelial cell monolayers and 
exacerbates chemically induced colitis.25–30 Since 
the presence of oxyS is associated with decreased 
levels of FliC and bacterial motility, we hypothe
sized that oxyS would also attenuate chronic, 
immune-mediated colitis in mice. To test this, we 
mono-colonized germ-free Il10−/− mice with 
NC101ΔoxyS or the parental strain for up to 
10 weeks and quantified intestinal inflammation. 
As predicted, we detected less histological inflam
mation in colon tissue and decreased IFNγ secre
tion by stimulated mesenteric lymph node cells 
from Il10−/− mice colonized with NC101 compared 
with NC101ΔoxyS (Figure 3(b-d)). We have 

Figure 1. E. coli oxyS expression levels in luminal bacteria during 
experimental colitis. E. coli oxyS transcripts relative to bacterial 
16S transcripts were quantified in cecal bacterial RNA from wild- 
type (WT) and interleukin-10 deficient (Il10−/−) mice monocolo
nized with E. coli NC101 for the indicated times. Data are 
expressed as means ± SEM (n=4–5 mice/group, *p<0.05 Il10−/ 

− v. WT).
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previously shown that IFNγ secretion by stimu
lated mesenteric lymph node cells from germ-free 
Il10−/− mice is negligible.14 The decreased inflam
mation was not due to reduced number of bacteria 
in luminal contents as colony forming units in 
cecal contents of the two groups of mice were 
similar (Figure 3(a)). These data suggest that the 
presence of oxyS attenuates chronic immune- 
mediated colitis by affecting other bacterial proper
ties than growth.

E. coli oxyS reduces bacterial translocation in the 
mouse intestine

We next aimed to determine mechanisms by 
which oxyS reduces experimental colitis. 
Increased bacterial biofilms are associated with 
human IBDs and bacterial flagella promote 
increased binding of E. coli to epithelial cells 

and intestinal mucus.25–28,31–34 Because oxyS is 
associated with impaired expression of flhD and 
fliC and decreased bacterial motility, we pre
dicted that oxyS expression also decreases biofilm 
formation and adherence to intestinal epithelial 
cells.

To test this, we first performed in vitro biofilm 
assays by growing E. coli NC101 on polystyrene 
surfaces and quantifying biofilm using crystal vio
let staining. We found that E. coli NC101 formed 
less biofilm on plastic surfaces compared with 
NC101ΔoxyS (Figure 4(a)). However, this was not 
due to differences in curli fiber expression as col
ony colors and morphologies of NC101 and 
NC101ΔoxyS grown on Congo red agar plates 
were similar (data not shown). We next measured 
adherence to colonic mucus in vivo by monocolo
nizing germ-free mice with E. coli NC101 or 
NC101ΔoxyS for 1 week and then quantifying 

Figure 2. In vitro characterization of E. coli NC101ΔoxyS. a) Aerobic growth in LB liquid media measured by optical density at 600nm. 
Data presented as the means ± SEM (n=3 cultures/strain). b) Survival in the presence of the indicated concentrations of H2O2. Data are 
expressed as percent survival compared to cultures without added H2O2 and are presented as means ± SEM (n=3 cultures per strain 
per condition, *p<0.05 relative to NC101ΔoxyS). c) Motility in soft agar over 12 hours. Data are expressed as the diameter of the growth 
ring (mm) and are presented as means ± SEM (n=3 assays per strain per condition, *p<0.05 relative to NC101. d and e) Flagellar gene 
expression during growth. Data are expressed as the abundance of flhD and fliC transcripts relative to bacterial 16S at the indicated 
times of growth in liquid LB and are presented as the means ± SEM (n=3 assays per strain per condition, *p<0.05 relative to NC101).
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bacteria in dithiothreitol washings of cecum and 
distal colon tissue. We found no statistically sig
nificant difference in numbers of mucus-associated 
bacteria in the two groups of mice though there 
appears to be a trend toward decreased numbers in 
mice monocolonized with NC101 v. NC101ΔoxyS 
(Figure 4(b)). We next measured bacterial numbers 
in intestinal epithelial cell preparations as well as 
homogenized intestinal tissue depleted of mucus 
and epithelial cells (i.e subepithelial tissue). We 
detected significantly fewer bacteria in subepithe
lial cecal tissue from mice monocolonized with 
NC101 v. NC101ΔoxyS (Figure 4(d)). There were 
statistically insignificant trends toward lower num
bers of bacteria in intra-epithelial and sub- 
epithelial distal colon tissues from mice monoco
lonized with NC101 v NC101ΔoxyS (Figure 4 
(c-d)). We could not detect significant numbers 
of E. coli in the subepithelial compartment of 
colon tissue from NC101 or NC101ΔoxyS mono
colonized mice using immunofluorescence 

microscopy, likely due to the rarity of bacterial 
translocatoin events or short-lived nature of sub
epithelial bacteria (data not shown). However, the 
culture data shown in Figure 4 suggest that the 
presence of oxyS might impair E. coli adherence 
to intestinal mucus, invasion into epithelial cells 
and translocation to subepithelial tissues where 
the majority of the intestinal immune cells typically 
reside. We speculate that the possible decreased 
translocation of bacteria into subepithelial tissues 
may contribute to the decreased colitis observed in 
NC101 vs. NC101ΔoxyS monocolonized mice.

Discussion

Microbial-host interactions play key roles in the 
pathogenesis of inflammatory bowel diseases and 
experimental colitis. We have shown in the current 
studies that a global E. coli stress response regula
tor, oxyS, is upregulated during experimental coli
tis and attenuates bacterial motility, biofilm 

Figure 3. E. coli oxyS attenuates experimental colitis in monocolonized Il10−/− mice. a) Colony forming units of E. coli in cecal contents, 
b) Composite histological inflammation scores (range 0–16), and c) IFNγ secretion by mesenteric lymph node cells stimulated ex vivo 
with sterile NC101 bacterial lysate. Data are presented as means ± SEM (n=6 mice/group/timepoint, *p<0.05 relative to NC101- 
colonized mice. d) Representative photomicrographs of cecal tissue from mice monocolonized for 80 days (40x).
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formation, epithelial translocation, and intestinal 
inflammation.

Similarly, we have previously reported that spe
cific E. coli stress response genes that protect 
against heat shock, oxidative stress, and acid expo
sure are upregulated during colitis and decrease the 
colitogenic potential of E. coli.11,14 OxyS is unique 
among these previously described stress response 
genes in that it encodes a small regulatory RNA 
that impacts the expression of several downstream 
target genes.15 Unlike gadAB and ibpB, oxyS 
expression potentially alters the function of multi
ple bacterial stress response pathways. Therefore, 
assuming that bacterial stress response pathways in 
general attenuate experimental colitis and IBDs as 
has been observed with gadAB14 and ibpB,11 then 
pharmacologically augmenting oxyS expression 
may more effectively decrease intestinal inflamma
tion. Since the environment of the inflamed colon 
likely imposes physiological stress on luminal bac
teria, it is not surprising that they respond by 

upregulating pathways that counteract the stressful 
stimuli. However, the evolutionary reasons why the 
presence of intact bacterial stress responses such as 
oxyS attenuates colon inflammation and yet does 
not enhance bacterial survival are still enigmatic.

We show that the presence of the native oxyS gene 
decreases transcription of native flagellar genes and 
bacterial motility. Our findings are consistent with 
those of others who have previously shown that 
plasmid based overexpression of oxyS impairs 
expression of an flhDC reporter construct by binding 
to the 5’ UTR of flhDC mRNA and that oxyS over
expression decreases E. coli motility.24 However, our 
finding that oxyS also reduces transcription of fliC, 
the major subunit of the flagellar filament that is 
expressed late in the flagellar assembly process, has 
not been previously reported as far as we are aware. 
There are no known oxyS binding sites in the reg
ulatory regions of fliC or the sigma 28 factor respon
sible for fliC transcription,35 so the mechanisms by 
which oxyS regulates fliC expression remain unclear.

Figure 4. E. coli oxyS decreases biofilm formation in vitro and bacterial translocation in the cecum of monocolonized Il0−/− mice. a) 
Quantity of bacterial biofilm on a polystyrene surface as measured by the optical density of crystal violet-stained bacterial biofilms 
(570nm)/optical density of bacterial cultures prior to biofilm staining (630nm). Data are presented as the means ± SEM (n=16 cultures 
per strain). b-d) Colony forming units of tissue associated E. coli in the cecum and distal colon from Il10−/− mice monocolonized with 
E. coli for 1 week. Data are presented as the means ± SEM (n=5 mice/group, *p<0.05 relative to NC101).
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We speculate that inflammatory bowel diseases 
and experimental colitis are driven in part by trans
location of resident intestinal bacteria across the 
intestinal epithelial cell layer and subsequent acti
vation of the subepithelial mucosal immune sys
tem. Indeed, in studies of patients with Crohn’s 
disease, others have shown that unique types of 
bacteria translocate to mesenteric fat36 and still 
other types of bacteria induce antigen specific anti
body responses.37 Our data demonstrate that the 
absence of oxyS in E. coli NC101 is associated with 
increased inflammation in the Il10-/- model of 
experimental colitis and increased numbers of bac
teria in subepithelial cecal tissues and perhaps 
increased adherence to mucus and invasion into 
intestinal epithelial cells. It is unknown whether the 
decreased intestinal bacterial translocation is the 
cause of attenuated colitis in these mice, but the 
decreased IFNγ production by E. coli antigen sti
mulated mesenteric lymph node cells supports this 
hypothesis.

These studies have focused solely on a single 
murine E. coli isolate, NC101. We chose to study 
E. coli NC101 because it reproducibly and reliably 
causes severe, rapid onset colitis in our gnotobiotic 
monocolonized Il10-/- mice and has an annotated 
genome sequence. While this isolate shares some 
properties with adherent-invasive, human-derived, 
IBD-relevant E. coli strains,14,38 it is uncertain 
whether the findings presented here using NC101 
can be extrapolated to these other adherent-inva
sive E. coli strains. Therefore, further investigation 
of the role of oxyS in human-derived, IBD-relevant 
E. coli strains during experimental colitis is 
warranted.

In summary, we show that the E. coli stress 
response regulator, oxyS, is significantly upregulated 
in luminal E. coli during experimental colitis and 
that the presence of oxyS attenuates bacterial moti
lity, biofilm formation, and translocation as well as 
colitis severity. Further studies of bacterial stress 
responses to intestinal inflammation may lead to 
new understanding of the pathogenesis and optimal 
treatment of inflammatory bowel diseases.
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