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Host defense peptides secreted by colonocytes and Paneth cells play a key role in innate host defenses in the gut. In Crohn’s dis-
ease, the burden of tissue-associated Escherichia coli commonly increases at epithelial surfaces where host defense peptides con-
centrate, suggesting that this bacterial population might actively resist this mechanism of bacterial killing. Adherent-invasive E.
coli (AIEC) is associated with Crohn’s disease; however, the colonization determinants of AIEC in the inflamed gut are unde-
fined. Here, we establish that host defense peptide resistance contributes to host colonization by Crohn’s-associated AIEC. We
identified a plasmid-encoded genomic island (called PI-6) in AIEC strain NRG857c that confers high-level resistance to �-helical
cationic peptides and �- and �-defensins. Deletion of PI-6 sensitized strain NRG857c to these host defense molecules, reduced
its competitive fitness in a mouse model of infection, and attenuated its ability to induce cecal pathology. This phenotype is due
to two genes in PI-6, arlA, which encodes a Mig-14 family protein implicated in defensin resistance, and arlC, an OmpT family
outer membrane protease. Implicit in these findings are new bacterial targets whose inhibition might limit AIEC burden and
disease in the gut.

Much experimental and observational data implicate infec-
tious agents in the initiation and maintenance of chronic

inflammation in the gastrointestinal tract (1). Escherichia coli is a
common Gram-negative species in the mammalian intestine.
Through acquisition of well-known virulence factors, such as tox-
ins, adhesins, and secretion systems, E. coli can develop patho-
genic traits that participate in intestinal and extraintestinal disease
processes (2). Adherent-invasive E. coli (AIEC) is a pathovar asso-
ciated with Crohn’s disease (CD), so named for its ability to ad-
here to mucosal epithelial cells and invade and survive within
epithelial cells and immune cells (3). Several studies have con-
firmed higher levels of AIEC in adults and children with CD (3–7);
AIEC bacteria are approximately six times more likely to be iso-
lated from ileal and colonic samples of adults and children with
CD than from healthy controls. Although genetic risk factors in
CD are becoming increasingly established (8, 9), research into the
interaction between human genes and enteric bacteria that might
contribute to the development of disease remains limited.

Paneth cells are a specialized type of secretory cell at the base of
small intestinal crypt villi that secrete a number of host defense
peptides (sometimes referred to as antimicrobial peptides), in-
cluding �- and �-defensins, cathelicidins, RegIII family antimi-
crobial lectins, and lysozyme (10). These host defense molecules,
widely used in nature, can kill target microorganisms by disrupt-
ing membrane integrity (11). The high local concentration of an-
timicrobial peptides in the crypt lumen and in the overlying mu-
cous layer likely prevent microbial invasion of the crypt, thereby
protecting the gut stem cells at the crypt base. Colonic epithelial
cells in the large intestine also release host defense peptides where
they provide a similar protective role (10, 12). Enteric pathogens,
including Salmonella enterica serovar Typhimurium can partially
evade antimicrobial peptides, in part by altering their outer mem-
brane surface charge through lipopolysaccharide (LPS) modifica-
tions (13), which contributes to their virulence potential (14).

One of the first human CD susceptibility genes identified was
NOD2, in which certain polymorphisms increase the risk of de-
veloping disease (15, 16). Early studies suggested that mutant
NOD2 alleles could produce defects in the production of some
�-defensins from humans (17) and mice (18) and offered a mech-
anism to account for an altered microbial composition and in-
flammatory response in CD. However, the precise role of NOD2 in
CD remains uncertain based on human (19, 20) and better-con-
trolled mouse studies (21) that show antimicrobial functions of
Paneth cells are independent of NOD2 status. Other antimicrobial
peptide classes, such as �-defensin 2 and �-defensin 3, are in-
creased in inflamed Crohn’s disease lesions (22, 23), while the
antimicrobial monokine MIG (monokine induced by gamma in-
terferon) (24) and LL-37 are elevated in the mucosa of ulcerative
colitis (UC) patients (25, 26), suggesting that bacteria living at the
mucosal surface with an active role in inflammatory bowel disease
(IBD) pathogenesis would require mechanisms to resist antimi-
crobial peptide defenses in the inflamed gut.

Previously we analyzed the genome sequence of AIEC strain
LF82 in comparison to AIEC strain NRG857c, both clinical iso-
lates from different patients with ileal CD (27). Although the chro-
mosomes of these two strains are highly similar, NRG857c con-
tains a unique plasmid related to one found in avian-pathogenic E.
coli strain APECO1 as well as a plasmid from neonatal meningitis-
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associated E. coli S88 (28–30). This extrachromosomal plasmid
encodes six apparent genomic islands, one of which contains two
genes from other bacterial species that are implicated in resistance
to host defense peptides. Here, we identify and characterize a
genomic island in Crohn’s disease-associated strain NRG857c that
confers resistance to a vast range of human and synthetic antimi-
crobial peptides. This genomic island, which we named PI-6, is an
important colonization determinant in AIEC, because deletion of
this genomic island sensitizes the bacteria to a range of antimicro-
bial peptides and reduces its ability to infect and colonize murine
hosts.

MATERIALS AND METHODS
Ethics statement. All animal experiments were conducted according to
guidelines set by the Canadian Council on Animal Care using protocols
approved by the Animal Review Ethics Board at McMaster University.

Bacterial strains. All bacterial strains and plasmids used in this study
are listed in Table 1. AIEC strain NRG857c was isolated from an ileal
biopsy sample from a German CD patient (31), and the genome sequence
was determined previously (27). Bacteria were routinely grown in LB
broth or on LB agar plates. Antibiotic selection was conducted using am-
picillin (200 �g/ml), chloramphenicol (34 �g/ml), or kanamycin (50 �g/
ml) as required. Deletion of the PI-6 locus, phoP, and the individual
arlABC genes was done using the one-step lambda red recombination
method (32). Due to extensive intrinsic antibiotic resistance of AIEC
NRG857c, we used the modified helper plasmids pKD46-Gm and
pCP20-Gm that confer gentamicin resistance (33). All mutants were con-
structed using the kanamycin resistance gene of pKD4 as the template for
construction of the appropriate deletion allele. For competitive infection
experiments (see below), the kanamycin resistance cassette was main-
tained in the infecting strain in order to permit differentiation of the
mutant from the unmarked wild-type strain. For in vitro susceptibility

testing or for noncompetitive monocolonization of animals, the FLP re-
combination target (FRT)-flanked resistance gene was removed using
pCP20-Gm to generate an unmarked mutant. For construction of the
chromosomal ompT mutants, we utilized the allelic exchange plasmid
p�EPompT in an NRG857c background in which the native chloram-
phenicol acetyltransferase gene (cat) was deleted by lambda red-mediated
recombination (34).

Antimicrobial peptide/defensin susceptibility testing. The sensitiv-
ities of strain NRG857c and derived mutants to the �-helical cationic
peptides CP10A, CP28, or LL-37 were determined by using a modified
broth microdilution protocol as described by the R. E. W. Hancock
laboratory (http://cmdr.ubc.ca/bobh/methods/MODIFIEDMIC.html).
Briefly, 10� stocks of the peptide being tested were 2-fold serially diluted
(640 �g/ml to 0.06 �g/ml) in a buffer containing 0.02% acetic acid and
0.01% bovine serum albumin. Ten microliters of each of these stocks was
added to 85 �l of low-salt LB medium in 96-well polystyrene microtiter
plates. The wells were then inoculated with 5-�l portions of bacterial
culture containing �5 � 104 CFU of the strain being tested. After the
bacteria were allowed to grow for 18 to 24 h at 37°C, the wells were visually
inspected for inhibition of growth. Values shown represent the modal
MICs from 5 to 10 replicates. Time-kill assays were conducted for indi-
vidual defensin/chemokine molecules. Stationary-phase (16- to 18-h)
cultures of the appropriate strains were diluted 1:50 in fresh LB broth and
grown for 2 h with shaking at 37°C. One milliliter of bacterial culture was
pelleted and washed, and bacteria were resuspended in 10 mM HEPES
buffer (pH 7.4). Killing was initiated by adding 50 �g/ml of recombinant
human �-defensin 2 (HBD2) or human �-defensin 5 (HD5) or 5 �g/ml of
MIG to the washed cultures. Survival was assessed after 2 h by plate count.
Controls included bacteria grown in the absence of peptide. The data
represent the means of 5 to 10 replicates.

FRET analysis of proteolytic activity. Bacteria were incubated over-
night with shaking at 37°C in LB broth and subcultured into N-minimal
medium [50 mM Bis-Tris, 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 mM
K2SO4, 0.5 mM KH2PO4, 38 mM glycerol, 0.1% casamino acids; pH 7.5]
supplemented with 0.2% glucose and 1 mM MgCl2 for approximately 3 h
to an optical density at 600 nm of approximately 0.5. When required,
kanamycin (Kan) (50 �g/ml) was added to the medium. The fluorescence
resonance energy transfer (FRET) peptide [2-aminobenzoyl (2-Abz)-
SLGRKIQIK2, 4-dinitrophenyl (Dnp)-NH2] containing the omptin diba-
sic cleavage site RK was purchased from AnaSpec and prepared in phos-
phate-buffered saline (PBS) as described previously (34). Bacteria were
added in triplicate to a black 96-well microtiter plate (Costar) in 75-�l
aliquots. Background fluorescence was measured prior to injection of
FRET substrate in a BioTek FLx800 multidetection microplate reader with
injector. Afterwards, 75 �l of 6 �M FRET peptide was dispensed into the
wells, and fluorescence was monitored at an excitation wavelength of 325
nm and an emission wavelength of 430 nm every 2 min for 60 min with
shaking between each measurement. Background fluorescence was sub-
tracted from samples for normalization.

Paneth cell isolation and bacterial killing assay. A section of ileum
(�5 cm) proximal to the ileocecal junction was removed from adult (6- to
10-week-old) C57BL/6 mice (Charles River) and immediately flushed
with PBS. The section was opened laterally and then incubated in 2 ml of
30 mM EDTA in PBS. The section was shaken on ice for 5 min, and the
section was washed 7 times. Washes were examined microscopically for
the presence of Paneth cell-containing ileal crypts in the eluted fractions
via staining with 0.25% amido black. Crypts typically eluted in washes 5 to
7. Fractions containing crypts were combined, washed in iPIPES buffer
(10 mM PIPES, 150 mM NaCl) and then resuspended in iPIPES buffer to
�105 crypts/ml. The cells were held on ice (generally less than 1 h) before
being used in the killing assay. Stationary-phase (16- to 18-h) bacterial
cultures were diluted 1:50 in fresh LB broth and grown for 2 h with shak-
ing at 37°C. One milliliter of bacterial culture was pelleted and washed,
and bacteria were resuspended in iPIPES buffer plus 20 �M carbamoyl
choline to �104 cells ml. To initiate killing, 20 �l of the crypt suspension

TABLE 1 Bacterial strains and plasmids used in this study

Bacterial strain or
plasmid Feature(s)

Reference or
source

Bacterial strains
NRG857c Clinical AIEC isolate 31
NRG857�PI-6::Kan Kan-marked deletion of PI-6 operon This study
NRG857�PI-6 Deletion of PI-6 operon This study
NRG857�arlA::Kan Kan-marked deletion of arlA gene This study
NRG857�arlA Deletion of arlA gene This study
NRG857�arlB::Kan Kan-marked deletion of arlB gene This study
NRG857�arlB Deletion of arlB gene This study
NRG857�arlC::Kan Kan-marked deletion of arlC gene This study
NRG857�arlC Deletion of arlC gene This study
NRG857�phoP Deletion of transcriptional regulator

gene phoP
This study

DK220 Clinical AIEC isolate Krause collectiona

DK221 Clinical AIEC isolate Krause collection
DK222 Clinical AIEC isolate Krause collection
DK223 Clinical AIEC isolate Krause collection
DK224 Clinical AIEC isolate Krause collection
UM146 Clinical AIEC isolate Krause collection
UM147 Clinical AIEC isolate Krause collection
HM605 Clinical AIEC isolate 64

Plasmids
pKD4 Template plasmid for lambda red-

mediated gene deletion
32

pKD46-Gm Lambda red recombinase-expressing
vector

33

pCP20-Gm FLP-mediated recombination vector 33
p�EPompT Allelic exchange deletion plasmid for

chromosomal ompT gene
34

a Krause collection, collection of D. O. Krause.
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(�2,000 crypts) was added to 10 �l of each bacterial culture in a 96-well
microtiter plate and incubated at 37°C for 2 h. Control cultures were
incubated with iPIPES buffer plus carbamoyl choline only. Surviving bac-
teria were enumerated by colony counting and normalized to the control
culture (iPIPES buffer only). Statistical significance was tested by one-way
analysis of variance (ANOVA) with Tukey’s posttest. A competitive assay
for Paneth cell killing was also developed. For this, individual mutants
were competed against the wild-type NRG857c strain during exposure to
Paneth cells. The experiment was performed as described above, with the
exception that approximately equal numbers of NRG857c and mutant
bacteria (marked with a kanamycin resistance cassette) were mixed to-
gether before diluting the cultures and initiating killing. Following plating
and growth, the ratio of mutant to wild-type bacteria was determined by
replica plating on medium containing kanamycin. The competitive index
(CI) was determined as follows:

CI �
CFU TSPC exposed ⁄ CFU WTPC exposed

CFU TSiPIPES ⁄ CFU WTiPIPES

where CFU TS is the number of CFU of the test strain, WT is wild-type
strain NRG857c, and the two strains were exposed to Paneth cell secre-
tions (PC) or grown in iPIPES buffer. Statistical significance was tested by
one-sample t test against a theoretical competitive index of 1.

Mouse infection studies. Six- to 8-week-old female CD-1 mice were
obtained from Charles River. Twenty-four hours before infection, mice
received 20 mg of streptomycin via orogastric gavage as described previ-
ously (35). For competitive infections, equal volumes of overnight cul-
tures of wild-type NRG857c strain and the kanamycin-resistant mutant
were mixed, and the bacteria were washed in PBS and resuspended to
�2 � 1010 CFU/ml. Groups of mice received 100 �l of this bacterial
suspension by orogastric gavage (total of �2 � 109 CFU). Fecal pellets
were collected every 2 or 3 days following infection, homogenized in 1 ml

of PBS, serially diluted, and plated for colony determination on agar
plates. The competitive index was calculated as follows:

CI �
CFU TSoutput ⁄ CFU WToutput

CFU TSinput ⁄ CFU WTinput

where TSoutput is the test strain shed in fecal output and TSinput is the test
strain administered to the mice. Mice that cleared the infection or mice
with fewer than �500 CFU/g feces were excluded from the final analysis.

TABLE 2 MICs of antimicrobial peptides and membrane-disrupting
agents

Straina

MIC (�g/ml) of
antimicrobial peptide:

MIC of
EDTA
(mM)b

MIC of
SDS
(%)bCP10A CP28 LL-37

NRG857c* 16–32 8 32–64 1.25 �10
NRG857�phoP* 4 2 8 0.625 10
NRG857�PI-6* 4–8 4 8 0.312 �10
NRG857�arlA* 8 8 16–32 1.25 �10
NRG857�arlB* 8 4 32 1.25 �10
NRG857�arlC* 4 4 8 1.25 �10
NRG857�cat 16–32 8–16 64 ND ND
NRG857�cat�ompT 16–32 8 32 ND ND
NRG857�cat�ompT�arlC::aph 4–8 4 16 ND ND
NRG857�PI-6(pCR2.1)* 4 2 8 0.625 �10
NRG857�PI-6(pCRarlABC)* 64 8 64 1.25 �10
LF82 8 4 8 ND ND
LF82(pCR2.1) 8 2 16 ND ND
LF82(pCRarlABC) 32 4 64 ND ND
DK221 4 4 16 ND ND
DK224 8 8 64 ND ND
DK234 8 4 8 ND ND
DK220 4 2 16 ND ND
DK223 4 4 8 ND ND
UM146 8 4 16 ND ND
UM147 8 16 32 ND ND
HM605 16 4 16 ND ND
a The strains with an asterisk were also tested for sensitivity to Tween 20 and Triton
X-100, and all showed resistance greater than the highest concentration tested (10%
[vol/vol]).
b ND, not determined.
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FIG 1 The PI-6 plasmid island encodes three antimicrobial peptide resis-
tance genes. (A) Structure of the PI-6 operon containing the arlA, arlB, and
arlC genes. The size of the gene is indicated below the gene. (B) Sensitivity
of AIEC NRG857c, �PI-6, �arlA, �arlB, and �arlC strains to human �-de-
fensin 5 (HD5), human �-defensin 2 (HBD2), and recombinant murine
MIG. Data are expressed as the percent difference in survival following a
2-h exposure to the indicated peptide. Survival in each experiment was
normalized to the value for the wild-type (wt) NRG857c strain, and the
results shown represent the means plus standard deviations (error bars) of
10 to 15 replicates. Statistical significance was determined by one-way
ANOVA. (C) Complementation of NRG857�PI-6 and LF82 strains with vec-
tor control (pCR2.1) or with a plasmid containing the arlABC locus (pCRar-
lABC). Data are expressed as the percent difference in survival following a 2-h
exposure to the indicated peptide. Survival was normalized to the vector con-
trol for each treatment, and statistical significance was determined by Stu-
dent’s t test comparing each peptide treatment independently as indicated.
Statistical significance is indicated as follows: �, P 	 0.05; ��, P 	 0.01; ���, P
	 0.001; ns, not significant.
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Single-strain infections were carried out as described above using 2 � 109

CFU of the strain being tested.
Histopathological analysis. At the indicated times (indicated in the

figures), the ilea, ceca, and colons of infected mice were removed, fixed in
buffered 10% formalin, embedded in paraffin, sectioned into 5-�m slices,
and then stained with hematoxylin and eosin (H&E) by Histology Services
at McMaster University. Multiple sections from the same tissue from sev-
eral animals at each time point were scored according to a published
pathology scoring matrix (36) with minor modifications (35).

RESULTS
arlABC in pO83 confers resistance to cationic antimicrobial
peptides. Genome sequencing of the CD AIEC isolate NRG857c
(27) revealed high sequence conservation and gene synteny with
the historical AIEC reference strain, LF82 (37). In spite of this
conservation, routine susceptibility testing revealed that strain
NRG857c exhibited dramatically increased resistance to the host
defense peptide LL-37 compared to strain LF82 (Table 2). Further

MIC testing demonstrated that strain NRG857c was also more
resistant to two other �-helical cationic antimicrobial peptides,
CP10A and CP28 (Table 2). Because the chromosomal gene con-
tent of strain NRG857c is highly similar to that of strain LF82, we
hypothesized that this phenotypic difference might be related to
gene content on the large plasmid in NRG857c that is divergent
from that in LF82 (27). Examination of this plasmid, pO83, re-
vealed a genomic island (PI-6) containing two genes whose or-
thologs in other bacterial species are involved in resistance to cat-
ionic antimicrobial peptides (Fig. 1A) (38–40). One of these genes
(NRG857_30278 or arlA) is an ortholog to a gene involved in
antimicrobial peptide resistance in Salmonella (38) and Pseu-
domonas aeruginosa (41). The second gene (NRG857_30283 or
arlC) is a probable paralog of an ompT family member protease
that has emerged as a more widely distributed antimicrobial pep-
tide protease (42, 43). A third gene in PI-6 (NRG857_30279 or
arlB) encodes a predicted NAD-dependent epimerase, and its role
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in peptide resistance was unclear. Deletion of PI-6 sensitized AIEC
NRG857c to the �-helical cationic peptides LL-37, CP10A, and
CP28 (Table 2). Loss of PI-6 reduced the MIC to LL-37 from 32 to
64 �g/ml to 8 �g/ml, which was similar to that observed in a
control phoP mutant as reported previously (40). Similarly, dele-
tion of PI-6 reduced the MIC of both CP10A and CP28. In light of
this phenotype, we named the genes encoded within the PI-6 re-
gion arlABC for antimicrobial peptide resistance locus ABC. The
�arlC mutant had identical MICs as the �PI-6 mutant to LL-37,
CP10A, and CP28. In in vitro susceptibility tests, the �arlA and
�arlB mutants had small, but reproducible MIC reductions to all
three peptides tested, demonstrating that these genes also play a
role in this type of resistance although to a lesser extent than the
putative arlC protease gene. We also tested whether the loss of the
PI-6 genes affected resistance to general membrane-disrupting
agents. As seen in Table 2, the resistance of the �phoP and �PI-6
strains to EDTA was reduced �2-fold compared to that of strain
NRG857c, while only the �phoP mutant showed any alteration in
susceptibility to SDS. The complementation with the arlABC lo-
cus in trans restored growth of the �PI-6 strain to wild-type levels.
The NRG857c strain also contains a chromosomal ompT gene that
we suspected might play a role in resistance to �-helical peptides.
However, deletion of ompT alone resulted in only a 2-fold reduc-
tion in the MIC to LL-37 compared to the isogenic control
(NRG857�cat) and did not affect the MIC to either CP10A or
CP28. The sensitivity profile of the double mutant NRG857�
cat�ompT�arlC::aph was similar to that of the single NRG857�arlC
mutant. Thus, although the chromosomally encoded OmpT pro-
tein plays a small role in resistance to cationic antimicrobial pep-
tides, our findings suggest that the plasmid-encoded arlC gene
product is more important under the conditions tested.

Complementation of the NRG857�PI-6 strain with PI-6 or
provision of the AIEC strain LF82 with a plasmid containing the
entire PI-6 locus in trans increased resistance to LL-37 by 8-fold
(NRG857�PI-6) or 4-fold (LF82) relative to a vector control. In-
creased resistance to CP10A and CP28 was also observed when
arlABC was provided in trans. Thus, our data indicate that PI-6
confers resistance to �-helical cationic peptides and that the arlC
gene contributes the majority of this activity in vitro.

Screening of human IBD isolates for arlA and arlC. We de-
signed primers to screen a panel of 97 clinical and control isolates
(41 CD, 23 UC, and 33 non-IBD/animal control) described pre-
viously (44) for arlA and arlC. In this strain collection, the pres-
ence of arlA and arlC was restricted to strains from IBD cases and
was not found in strains from non-IBD controls. Five of 96 strains
tested positive for arlA (strains NRG857c, HM605, UM147,
DK220, and DK224 from 4 CD patients and 1 UC patient) and
four were positive for arlC (strains NRG857c, HM605, DK220,
and DK224 from 3 CD patients and 1 UC patient). MIC testing of
the clinical isolates showed a concordance between the presence of
arlA and/or arlC and resistance to LL-37 (Table 2). One discor-
dant strain in this analysis was strain UM146 isolated from a pa-
tient with Crohn’s disease that was PCR negative for all of the arl
genes yet had intermediate resistance to both LL-37 and CP10A.
These data suggest that although both arlA and arlC genes of the
PI-6 locus are critical for the high-level resistance observed in
strain NRG857c, other gene products may also contribute to this
phenotype in other AIEC strains.

The arlABC locus increases resistance to human �- and
�-defensins and murine MIG. In addition to the �-helical cathe-

licidins produced by macrophages and neutrophils, enteric patho-
gens are exposed to a number of defensin and defensin-like mol-
ecules during infection (12). The NRG857�PI-6 mutant showed
increased susceptibility to both the �-defensin HD5 (19.0% sur-
vival relative to strain NRG857c), �-defensin HBD2 (45.6% sur-
vival relative to NRG857c), and murine MIG (31.3% survival rel-
ative to NRG857c) (Fig. 1B). Interestingly, all of the single-gene
deletions of arlA, arlB, or arlC showed significantly increased sus-
ceptibility to HD5 relative to the wild-type control (45.7%, 60.7%,
and 44.8% survival, respectively), suggesting that the combined
action of these gene products might be required for protection
from this class of molecules. In contrast, only the arlA and arlC
mutants were more sensitive to HBD2 (59.6% and 54.3%, respec-
tively), and only the arlC mutant was significantly sensitized to
MIG (40.2% survival) compared to the parental strain. Comple-
mentation of the NRG857�PI-6 mutant with pCRarlABC con-
taining the entire arlABC locus significantly increased survival fol-
lowing exposure to HD5, HBD2, or MIG compared to the same
strain containing empty pCR2.1 (250%, 630%, and 540%, respec-
tively) (Fig. 1C). Similarly, the pCRarlABC plasmid, when intro-
duced into strain LF82, conferred increased resistance to HD5 and
MIG (250% and 260%, respectively), demonstrating that these
genes are sufficient to provide defensin resistance to a defensin-
susceptible strain.
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arlC encodes an ompT family protease. The arlC gene encodes
a putative protein of the OmpT family of outer membrane pro-
teases with a high degree of similarity to OmpT and OmpP pro-
teases from E. coli (Fig. 2A). As proteins of the OmpT family have
been demonstrated to be important for host defense peptide re-
sistance in enteropathogenic E. coli (EPEC) and enterohemor-
rhagic E. coli (EHEC) (34), we sought to determine whether the
ArlC and OmpT proteins of AIEC strain NRG857c had similar
activity. Strain NRG857c exhibited robust cleavage of a synthetic
peptide with an internal dibasic recognition site, whereas deletion
of the PI-6 locus resulted in a significant reduction in cleavage
activity (Fig. 2B). This loss was dependent on the ArlC protein, as
the NRG857�arlC strain had activity similar to that of the
NRG857�PI-6 strain. Complementation of the NRG�PI-6 strain
with plasmid-encoded arlABC resulted in high cleavage of the
FRET substrate compared to a strain containing the empty vector
pCR2.1 (Fig. 2C). These results demonstrate that the ArlC protein
is an OmpT family protease and that it functions as such in strain
NRG857c.

Deletion of PI-6 or arlA sensitizes AIEC to Paneth cell secre-
tions. Paneth cells are a specialized secretory cell at the base of ileal

crypts that help maintain the barrier function of the intestinal
mucosa. They do so by secreting a large and diverse milieu of host
defense molecules, including cathelicidins, defensins, lysozyme,
antimicrobial C-type lectins, phospholipase, and other proteolytic
molecules (10). In an in vitro killing assay, �PI-6 cells were highly
sensitized to Paneth cells isolated from the ilea of C57BL/6 mice
(Fig. 3A). Killing of a �phoP mutant, used as a peptide-susceptible
control, reached �100% after 2 h. The survival of the individual
�arlA, �arlB, or �arlC mutants was not different from that of the
wild-type control in this assay; however, more-sensitive competi-
tion experiments revealed that the �arlA mutant showed an
�50% reduction in survival compared to the wild type (Fig. 3B).
These data indicate that PI-6, and in particular ArlA, aids in AIEC
resistance to isolated Paneth cells.

The PI-6 locus and the arlA gene are required for competitive
fitness in vivo. In order to quantify the in vivo fitness benefit of
ompT, PI-6, and the individual genes therein, we competed mu-
tant strains against the wild-type strain NRG857c using a model of
chronic infection in female CD-1 mice (35). The PI-6 mutant was
rapidly outcompeted by wild-type NRG857c, beginning on day 2
postinfection and reaching undetectable levels in fecal output by
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day 7 (Fig. 4A). To determine the gene(s) in PI-6 responsible for
this, the individual �arlA, �arlB, �arlC, and �ompT �arlC mu-
tants were competed separately against the wild type in mixed
infections of mice. Whereas �arlB, �arlC, and �ompT �arlC cells
competed equally with the wild type over time, the �arlA mutant
was highly attenuated (Fig. 4B). By day 11 after infection, the arlA
mutant was recovered at levels �10-fold lower than those of the
wild type. These data indicate that under these experimental con-
ditions, the competitive advantage provided by PI-6 during host
colonization is driven largely by arlA. This is consistent with the
enhanced sensitivity of the arlA mutant to biologically relevant
Paneth cell secretions. In in vivo complementation experiments,
the �PI-6 strain complemented with an arlABC-containing plas-
mid resulted in �100-fold enhanced fitness compared to a �PI-6
strain containing empty pCR2.1 vector. These in vivo competitive
index experiments demonstrated conclusively that the PI-6 locus,
and to a large extent, ArlA, is a critical fitness determinant in a
model of chronic AIEC colonization.

The PI-6 locus is required for robust intestinal colonization
and induction of cecal pathology in CD-1 mice. To examine the
relationship between AIEC colonization and pathology, we in-
fected groups of CD-1 mice with wild-type strain NRG857c or the
�PI-6 strain and monitored AIEC burden in feces, tissue-associ-
ated bacterial density, and pathology. Carriage of PI-6 allowed
AIEC to stabilize at �106 CFU/g feces, whereas colonization by
the �PI-6 mutant was significantly reduced between days 7 to 11
postinfection (Fig. 5A). The level of tissue-associated wild-type
AIEC was significantly greater in the colon and ileum compared to
the �PI-6 mutant at both 7 and 30 days after infection (Fig. 5B).

We previously showed that wild-type AIEC strain NRG857c
elicits chronic inflammation leading to transmural intestinal pa-
thology in both the small and large intestine (35). To quantify the
role of PI-6 in this pathology, we infected groups of CD-1 mice
with wild-type NRG857c and the �PI-6 mutant and quantified
ileal and cecal pathology on day 30. The ilea of animals infected
with strain NRG857c or with the �PI-6 mutant did not show
significant differences in pathology, although animal infected
with both strains had higher pathology scores than the control
animals did (data not shown). In the cecum, strain NRG857c in-
duced transmural inflammation with extensive submucosal
edema, hyperplasia, and cellular infiltration in the submucosa,
surface epithelium, and mucosa. Crypt loss was also evident in
areas of the mucosa where there was increased immune cell infil-
tration (disease activity index of 14.1) (Fig. 6A to D). The level of
histopathology in animals infected with the �PI-6 mutant was
significantly less than in animals infected with wild-type NRG857c
(disease activity index of 9.6) (Fig. 6C and D). This reduction was
mainly due to reduced involvement of the surface epithelium and
mucosal and submucosal regions of the cecum. The level of histo-
pathology observed in the animals infected with the �PI-6 mutant
was greater than in the PBS-treated controls, suggesting that al-
though the PI-6 locus contributes to immunopathology, other
non-PI-6 bacterial factors are also involved.

DISCUSSION

The incidence of IBD has been increasing in recent years (45, 46).
In spite of this growing disease burden, the cause(s) of IBD re-
mains elusive. Genome-wide association studies have uncovered a
large number of genes (�200) that are associated with IBD (8, 9).
Individually, each of these susceptibility loci explains only a small

amount of heritability of disease and total disease variance ex-
plained by these single nucleotide polymorphisms (SNPs) in IBD
is less than 15% (47), indicating that other factors, likely micro-
bial, are involved.

Several studies have now confirmed that the levels of AIEC are
higher in humans with Crohn’s disease (3, 6). A growing body of
work indicates genetic and phenotypic diversity among AIEC iso-
lated from human adults with IBD (7, 27, 35, 44, 48), children with
Crohn’s disease (4, 5), and companion animals (49, 50). This di-
versity suggests that host pathways might select for certain
AIEC genotypes. Using a model of chronic AIEC infection in
mice, we showed that two different clinical isolates of AIEC
significantly differed in their ability to colonize the small and
large bowel (35). The major genetic differences between these
two strains localize to a large extrachromosomal plasmid (27)
that we suspected contained genes that impact upon within-
host fitness. We prioritized one genomic island, PI-6, because it
contained genes that indicated an ability to resist host-derived
antimicrobial peptides.

One host pathway implicated in Crohn’s disease pathogenesis
is the innate defense functions of Paneth cells (51). These cells,
located at the base of small intestinal crypts, secrete a large reper-
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toire of antibacterial molecules that are thought to maintain the
barrier integrity of the epithelium and help regulate intestinal mi-
crobial ecology (10, 52). Infection-induced ablation of Paneth
cells leads to outgrowth of members of the family Enterobacteria-
ceae and increased gut pathology (53), suggesting that Paneth cells
create selective pressures on resident and acquired microbes.
Some antimicrobial peptide classes, such as �-defensin 2 and
�-defensin 3, are increased in inflamed Crohn’s lesions (22, 23),
suggesting that mucosally associated bacteria with an active role in
Crohn’s pathogenesis would require mechanisms to resist antimi-
crobial peptide defenses in the inflamed gut.

Susceptibility tests showed that AIEC NRG857c had higher
resistance to �-helical classes of cationic peptides (LL-37 and
semisynthetic insect-derived peptides) than did AIEC LF82. This
resistance was dependent upon the plasmid-encoded PI-6 island
in strain NRG857c, with each of the three genes, particularly arlC,
contributing to the observed resistance to �-helical cationic pep-
tides in vitro. The specificity of ArlC for �-helical peptides is con-
sistent with the ArlC-dependent resistance to MIG we observed.
MIG, a multifunctional chemokine that also possesses potent an-

timicrobial activity (24), contains an extended highly cationic C-
terminal �-helical domain.

Additional clinical isolates of AIEC that were positive for the
arlC gene also showed increased resistance to LL-37. It is impor-
tant to note that AIEC NRG857c also contains a chromosomal
ompT gene that is common to the E. coli lineage and has been
shown to be required for cleavage of LL-37 and protamine at the
cell surface (34, 54). Our data are consistent with ArlC having
combinatorial activity with OmpT toward �-helical cathelicidin
molecules like LL-37. This type of enhanced degradation capacity
has been seen previously in strains of E. coli carrying the F= plas-
mid-encoded OmpP protein as well as chromosomal OmpT (55).

Although there is a significant peptide susceptibility phenotype
to �-helical peptides in the �arlC mutant in vitro, there is no
fitness defect associated with this lesion in outbred CD-1 mice
under our experimental conditions. We attempted to potentiate
�-helical peptide sensitivity in vivo by competing the �arlC
�ompT double mutant against a wild-type strain. Even this strain,
which was very sensitive to LL-37 in vitro, exhibited no loss of
fitness during chronic intestinal colonization. Although this result

FIG 6 PI-6 contributes to cecal pathology. CD-1 mice were infected for 30 days before the animals were sacrificed and the cecal tips were scored for histopa-
thology. Images are representative of two experiments with five mice per group. (A) PBS-treated, uninfected controls; (B) NRG857c-infected mice; (C)
NRG857�PI-6-infected mice. The black arrows in panels A to C indicate regions of submucosal edema, cellular infiltration, and hyperplasia. Original magni-
fication, �200. (D) Pathological scoring of the lumen, surface epithelium, mucosa and submucosa within the ceca of CD-1 mice. (Inset) Cumulative pathology
score for the entire section. Values that are significantly different by Student’s t test are indicated by bars and asterisks as follows: �, P 	 0.05; ��, P 	 0.01. Scoring
for each compartment represents an average of eight views per section, five mice per group, and from two experiments. Data are expressed as the means plus
standard errors for each group.
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was unexpected, it is consistent with the limited importance of the
murine cathelicidin peptide, cathelin-related antimicrobial pep-
tide (CRAMP), in intestinal defense against E. coli or Salmonella.
For example, Strandberg et al. showed that murine CRAMP was
not responsible for selection against Salmonella pmrF mutant with
increased in vitro susceptibility to �-helical peptides (56). In a
murine model of EHEC-mediated colitis, there was no difference
in fecal shedding of EHEC in CRAMP-deficient animals from 3 to
12 days postinfection (57).

Deletion of arlA, which gave only modest susceptibility
changes to �-helical peptides, leads to significantly increased sen-
sitivity to HD5 and HBD2 in vitro. In addition, only the �arlA
mutant showed susceptibility to Paneth cell secretions, and this
was the only single gene deletion within PI-6 that was attenuated
during chronic mouse infections. The arlA gene is a homolog of
the mig-14 gene from Salmonella enterica serovar Typhimurium, a
known regulator of cationic peptide resistance (38, 39). The
mechanism by which Mig-14 provides resistance to host defense
peptides is not fully known. Proteins from this class are associated
with the inner membrane where they are thought to decrease the
penetrance of active peptide to the inner cytoplasmic membrane
(39, 41). Mig-14 family members seem to mediate resistance to a
wide range of structural classes of peptides, including colistin,
novaspirin G10, CRAMP, and protegrin, which is why ArlA might
have the greatest impact on in vivo fitness.

In mice, the �-defensin and �-defensin gene family is greatly
expanded and diversified, with C57BL/6 mice containing more
than 50 defensin and defensin-like coding genes (58). The reper-
toire of defensin expression is variable in different mouse strains,
and this variability affects microbial gut ecology and resistance to
enteric pathogens (59). Transgenic mice expressing the human
HD5 �-defensin molecule show greater resistance to infection by
Salmonella enterica (60), suggesting that the host defense peptide
milieu can affect susceptibility to enteric infection. Although de-
fined genetically, the specific antimicrobial activity of each indi-
vidual murine defensin (cryptdin) is poorly understood. Of the
cryptdins studied biochemically, their antimicrobial activity and
selectivity are quite varied (61, 62). While reduced production of
ileal �-defensins has been observed in CD patients in some studies
(63), other defense molecules such as HBD1 to HBD3 and LL-37
appear to be upregulated in IBD patients, particularly in inflamed
regions (22), suggesting that the role of defensin production in the
etiology of IBD is complex. Any remodeling and redistribution of
the defensin milieu in Crohn’s disease would be expected to gen-
erate a selective environment for microbes to acquire antimicro-
bial peptide resistance determinants. Here, we have found that
resisting host defense peptides appear to be one mechanism per-
mitting chronic host colonization by AIEC.
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