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Citrobacter rodentium is an attaching and effacing pathogen which causes transmissible colonic hyperplasia
in mice. Infection with C. rodentium serves as a model for infection of humans with enteropathogenic and
enterohemorrhagic Escherichia coli. To identify novel colonization factors of C. rodentium, we screened a
signature-tagged mutant library of C. rodentium in mice. One noncolonizing mutant had a single transposon
insertion in an open reading frame (ORF) which we designated reg4 because of its homology to genes encoding
members of the AraC family of transcriptional regulators. Deletion of regA in C. rodentium resulted in markedly
reduced colonization of the mouse intestine. Examination of lacZ transcriptional fusions using promoter
regions of known and putative virulence-associated genes of C. rodentium revealed that RegA strongly stimu-
lated transcription of two newly identified genes located close to reg4, which we designated adc4 and kfcC. The
cloned adcA gene conferred autoaggregation and adherence to mammalian cells to E. coli strain DH5«, and a
kfc mutation led to a reduction in the duration of intestinal colonization, but the kfc mutant was far less
attenuated than the reg4 mutant. These results indicated that other genes of C. rodentium whose expression
required activation by RegA were required for colonization. Microarray analysis revealed a number of RegA-
regulated ORF's encoding proteins homologous to known colonization factors. Transcription of these putative
virulence determinants was activated by RegA only in the presence of sodium bicarbonate. Taken together,
these results show that RegA is a global regulator of virulence in C. rodentium which activates factors that are

required for intestinal colonization.

Citrobacter rodentium is the causative agent of transmissible
colonic hyperplasia of mice (2, 40) and a member of a family of
bacterial pathogens that cause attaching and effacing (A/E)
lesions in the intestines of their affected hosts. The histopatho-
logical hallmarks of these lesions include intimate bacterial
attachment to host intestinal epithelial cells and localized dam-
age to brush border microvilli as a consequence of cytoskeletal
rearrangement within the host cell (13). Prominent members
of the A/E family of pathogens responsible for human disease
include enteropathogenic Escherichia coli (EPEC) and entero-
hemorrhagic E. coli (EHEC). EPEC is an important causative
agent of infantile diarrhea, whereas EHEC causes diarrhea,
hemorrhagic colitis, and the hemolytic-uremic syndrome (31).
Because it is a natural pathogen of mice, C. rodentium has
emerged as a valuable model for studying the pathogenesis of
AJE bacteria, as it induces A/E lesions that are morphologi-
cally indistinguishable from those caused by EPEC and EHEC
(40).

The capacity to evoke A/E lesions requires a pathogenicity
island termed the locus of enterocyte effacement (LEE).
Among the LEE-encoded factors responsible for this pheno-
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type are regulators of LEE gene expression (Ler and GrlR/
GrlA), the eae-encoded outer membrane adhesin (intimin) and
its translocated receptor (Tir), a type III secretion system, and
several secreted effector proteins (10, 11, 38). The LEE patho-
genicity island of C. rodentium shares a high degree of simi-
larity with those of EPEC and EHEC (10).

Adherence to and colonization of host tissues are key events
in bacterial pathogenesis. The type IV bundle-forming pilus of
EPEC is an essential virulence determinant that is required for
attachment of EPEC to host epithelial cells (6, 16, 25, 48). In
C. rodentium, a type IV pilus colonization factor, designated
Cfc, is also required for virulence (30). Cfc was identified by
use of signature-tagged mutagenesis (STM), a high-throughput
system which has facilitated the identification of a large num-
ber and variety of genes required for the virulence and survival
of many different bacterial pathogens (1, 42). Here, we de-
scribe a previously unrecognized transcriptional regulator of C.
rodentium, which was detected in an STM screen and is re-
quired for colonization of the mouse intestine by C. rodentium.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains,
plasmids, and PCR primers used in this study are listed in Tables 1 and 2.
Bacteria were grown at 37°C on solid Luria-Bertani (LB) medium or in liquid LB
medium unless otherwise specified. Where appropriate, media were supple-
mented with antibiotics at the following concentrations: ampicillin, 100 pg/ml;
chloramphenicol, 10 pg/ml; kanamycin, 50 pg/ml; nalidixic acid, 50 wg/ml; and
trimethoprim, 40 wg/ml.
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid Description Reference(s) or source
Strains
DH5a Nonpathogenic E. coli K-12 laboratory strain 39
1CC169 Spontaneous Nal" derivative of wild-type C. rodentium biotype 4280 (Nal") 30, 52
P1A2 Random transposon mutant of ICC169 (Kan") 21, 30
EMHI1 C. rodentium regA::aphA-2 (Nal" Kan") This study
EMH2 C. rodentium adcA::aphA-2 (Nal" Kan") This study
EMH3 C. rodentium kfc::cat (Nal" Cm") This study
Plasmids
pACYC184 Medium-copy-number cloning vector (Cm" Tet") Fermentas, Burlington,
Ontario, Canada
pAT153 Medium-copy-number cloning vector (Amp") 49
pBAC1 pBluescript II carrying the cat gene from pACYC184 (Amp" Cm") Praszkier?
pEH4 Derivative of pAT153 carrying reg4 (Amp") This study
pEH6 Derivative of pACYC184 carrying reg4 (Cm") This study
pEH32 Derivative of pAT153 carrying adcA (Amp") This study
pGEM-T Easy High-copy-number cloning vector (Amp") Promega, Madison, WI
pKD46 Red recombinase system expression plasmid (Amp") 9
pMU2385 Low-copy-number transcriptional fusion vector derived from pMUS575 (Tmp") 37
pTOPO-TA Medium-copy-number cloning vector (Amp" Kan") Invitrogen, Carlsbad,
CA
pUC4-KIXX pUC4K derivative containing aphA-2 gene (kanamycin resistance cassette) Pfizer Ltd., West Ryde,

from Tn5 (Kan' Ble")

NSW, Australia

“J. Praszkier, Department of Microbiology and Immunology, The University of Melbourne, Victoria, Australia.

TABLE 2. Oligonucleotide primers used in this study

Primer Sequence (5'-3") Specificity

aidAF  CGGGATCCTAATGTCGGAG  adcA promoter region
ACGTCCAGG

aidAR  CCAAGCTTTTGTGCGAAATC  adcA promoter region
GCGATAGG

em3l TCTGCATGACCATATGGGAT  regA
GGAGCAAGCG

em32  GGAATACTAAGCTTATTTCC  regd
ATTAGTAGCTCCGG

em33  ATGGAAATAAGCTTAGTATT  regd
CCTTGAGGCCTCGG

em34  TTCACGAAATTCATTAGATT  regd
CATATGGCCG

em4l  GGGGTACCTAACTTTACACC  regAd
ACGGACGG

em42  GCTGTAGAAACGCTATTTAA  regAd
TCCTCCGG

em52  TCAAGCTGATAGTTGCTGGG adcA

em53  ATCGGTTAAAGCTTAACTAA  adcA
AATCAGCCATGGG

em54  TTTTAGTTAAGCTTTAACCG  adcA
ATTTGCCTGGCAG

em55  AATATCGTAATGACCG adcA
AAGG

em64  CGGGATCCTGTTACCTACAT  kfcC promoter region
CTGAGGCG

em65  CCAAGCTTTTCCTAAGTCAA  kfcC promoter region
CACTGGCG

em66  CGAGCTCTGATAGATTACAG adcA
GTCGCAG

em67  GCTCTAGATCTGATCTGTAA  adcA
GCAAGCG

em69  AATTGTGGCAGTCTTGGGTG  kfcC

em70 CGGGATCCAATAGCCTTATC  kfcC
CGTCTCGG

em76  CGGGATCCAATGCCAAGTTA kfcH
ATAACGGG

em77 TAAATGTCACCGGCAAGCTG kfcH

Construction of C. rodentium nonpolar deletion mutants. Nonpolar mutants
with mutations in the reg4, adcA, and kfcC-kfcH genes were constructed using
the N Red recombinase system (9). Target genes were deleted and replaced
with the kanamycin resistance gene cassette (aphA-2) from plasmid pUC4-KIXX
or the chloramphenicol resistance gene (cat) from plasmid pBACI. Overlapping
PCR was used to generate ~700-bp fragments containing the 5’ and 3’ ends of
the genes of interest flanking a HindIII restriction site from genomic DNA of C.
rodentium strain ICC169. Primers em31, em32, em33, and em34 were used to
generate fragments specific for reg4; primers em52, em53, em54, and em55 were
used to generate fragments specific for adcA; and primers em69, em70, em76,
and em77 were used to generate fragments specific for kfcC and kfcH. The PCR
fragments generated were cloned into the multiple-cloning site of plasmid
pGEM-T Easy (Promega Corp., Madison, W1.), and the resultant plasmids were
subsequently digested with HindIII and ligated to the HindIII-digested kanamy-
cin or chloramphenicol resistance genes. Fragments containing the resistance
gene flanked by regions of homology to the genes of interest were electroporated
into C. rodentium strain ICC169 expressing N Red recombinase (encoded by
plasmid pKD46), and mutants were selected on LB agar supplemented with
kanamycin or chloramphenicol. All mutations were confirmed by PCR amplifi-
cation using primers external to the disrupted gene(s) (data not shown).

Construction of plasmids carrying regd. The low- to medium-copy-number
plasmid pAT153 was used in complementation studies (49). A wild-type copy of
the regA gene was amplified from genomic DNA of C. rodentium strain ICC169
using PCR primers em41 and em42. A 1.5-kb fragment encompassing reg4 and
its ~300-bp flanking sequences was cloned into the Kpnl and Xbal sites of
PATI153 behind the lac promoter to generate plasmid pEHA4. The latter plasmid
was then electroporated into a reg4 mutant, EMHI, to generate the comple-
mented reg4 mutant EMHI1(pEH4). The same reg4 fragment was also cloned
into BamHI/Sall-digested pACYC184 (a 13-copy vector) to generate pEH6 in
order to analyze RegA-mediated transcriptional regulation in C. rodentium.

Construction of promoter-lacZ transcriptional fusions. Various lacZ tran-
scriptional fusions were constructed by PCR amplification of DNA fragments
containing the predicted promoter sequences of ler, sepZ, orf12, sepL, cfcA, regA,
adcA, kfcC, or the efal homolog using genomic DNA of C. rodentium strain
ICC169 as the template. The primers used to amplify the promoter regions of
adcA and kfcC are shown in Table 2. Each of the PCR fragments was cloned into
plasmid pTOPO-TA (Invitrogen Corp., Carlsbad, CA) and sequenced with an
ABI Prism 377 DNA sequencer using ABI Prism BigDye Terminators (Applied
Biosystems, Foster City, CA). The fragments were then excised from the
pTOPO-TA derivatives and cloned into the appropriate sites of the single-copy
plasmid pMU2385 to create lacZ transcriptional fusions (37). The resulting
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FIG. 1. Genetic location of regA: schematic diagram of reg4 and
surrounding ORFs. P1A2 and EMHI1 indicate the sites of insertion of
the TnS transposon and kanamycin resistance gene, respectively. The
amplified region containing regA4 is indicated by a dashed rectangle,
and the amplified region containing adcA is indicated by a dotted
rectangle.

plasmids were electroporated into E. coli DH5a and C. rodentium strains ICC169
and EMHI1.

B-Galactosidase assay. 3-Galactosidase activity was assayed as described by
Miller (29), and the specific activity was expressed in Miller units. The data
presented below are the results of at least three independent assays in which
samples were processed in duplicate.

Cloning of adcA, the aidA h log of C. rod A wild-type copy of adcA,
an aidA gene homolog, was amplified from genomic DNA of C. rodentium strain
ICC169 using PCR primers em66 and em67. The 4.6-kb fragment containing
adcA and its flanking regions (Fig. 1) was cloned into the SacI and Xbal sites of
PpAT153 behind the lac promoter to generate plasmid pEH32, which was then
electroporated into E. coli strain DHS5a.

Suspension and autoaggregation assays. An autoaggregation assay was per-
formed as described previously (50). Briefly, overnight cultures of test strains
were washed and resuspended in phosphate-buffered saline (PBS) at the same
optical density at 600 nm (ODy). Five milliliters of each suspension was mixed
vigorously for 30 s. The cultures were then left undisturbed, and at selected time
points 100-ul samples were taken from each tube approximately 0.5 cm from the
top for measurement of the ODy,. The data were expressed as a mean absor-
bance percentage by determining the absorbance at the time examined relative
to the mean absorbance at time zero. The degree of autoaggregation was in-
versely proportional to the turbidity. To visualize cell clumping, overnight cul-
tures of test strains were resuspended in an equal volume of 20 mM Tris-HCl
(pH 6.4). Ten-microliter portions of the bacterial suspensions were spotted onto
glass slides and observed at a magnification of X1,000 using phase-contrast
microscopy.

Assay for bacterial adhesion to HEp-2 cells. The assay used to determine the
extent and pattern of bacterial adherence to HEp-2 epithelial cells was based on
the CVD method reported previously (51). Bacteria were grown in Penassay
broth without shaking at 37°C overnight. HEp-2 cells were passaged at 37°C in
air containing 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum and 2 mM glutamine. HEp-2 monolayers
that were ~70% confluent on 12-mm-diameter glass coverslips were incubated
with 10 wl of a washed bacterial suspension for 3 h. The coverslips were then
washed three times with PBS, and the cells were fixed with Giemsa buffer
(Serensen buffer, 34 mM KH,PO,, 33 mM Na,PO,, 0.005% sodium azide [pH
6.8]) and 100% methanol and stained with 10% Giemsa stain. The patterns of
bacterial adherence to HEp-2 cells were defined as described elsewhere (51).
Adherence was quantified by determining the number of bacteria adhering to 50
HEp-2 cells.

Infection of mice. Four- to five-week-old male, specific-pathogen-free
C57BL/6 mice were housed in groups of five in cages with filter tops, and they
had free access to food and water. The cages were kept in ventilator cabinets, and
mice were handled in a class II biohazard cabinet. Screening of the STM library
of C. rodentium in C57BL/6 mice has been described previously (21).

Unanesthetized mice were given 200 ul of a bacterial suspension containing 2 X
10° CFU in PBS by gavage using a feeding needle (Cole-Palmer, Vernon Hills,
IL). The viable count of each inoculum was determined by plating on LB agar.
At specified time points after inoculation, three to five fecal pellets were col-
lected aseptically from each mouse and emulsified in PBS to obtain a final
concentration of 100 mg/ml. The number of viable bacteria per gram of feces was
determined by plating serial dilutions of the samples onto media containing
appropriate antibiotics. The limit of detection was 1 X 10> CFU/g.

In infection experiments with two bacterial strains, mice received 2 X 10° CFU
of the test strain and an approximately equal number of wild-type C. rodentium
CFU in 200 pl PBS via oral gavage. At selected times after inoculation, mice
were killed using inhaled CO,, after which the colon of each mouse was removed
and incised so that the fecal pellets could be removed. Colonic tissue was
homogenized in PBS to obtain a final concentration of 100 mg/ml. To determine
the ratio of mutant bacteria to wild-type bacteria, dilutions of the original
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inoculum and samples from the colon were plated on LB agar containing nali-
dixic acid to select for C. rodentium and on LB agar containing nalidixic acid and
kanamycin to select for the C. rodentium mutant. The ability of each mutant to
compete with the wild-type strain was analyzed by using at least five animals, and
a competitive index (CI) was calculated by determining the ratio of mutant to
wild-type bacteria recovered from animals compared to the ratio of these bacteria in
the inoculum (14). Mutants with a CI of <0.5 were considered attenuated.

Histology and crypt length measurement. Full-thickness colonic samples were
fixed in 10% neutral buffered formalin. Sections (4 wm) were cut and stained
with hematoxylin and eosin. Photomicrographs were taken using a Leica DM-LB
HC microscope and Leica DC200 digital camera (Leica Microsystems GmbH,
Wetzlar, Germany). Crypt lengths were measured by using micrometry, and 10
measurements were obtained for the distal colon of each mouse. Only well-
oriented crypts were measured.

Antisense C. rodentium microarrays. We designed custom antisense oligonu-
cleotide microarrays using the Agilent eArray platform (Agilent Technologies,
Santa Clara, CA). The arrays contained 4,307 open reading frames (ORFs)
representing all gene predictions for C. rodentium strain ICC168 available at the
Wellcome Trust Sanger Institute website (http:/www.sanger.ac.uk/Projects/C
_rodentium/). Each ORF was represented by at least three different oligonucle-
otides.

RNA isolation and labeling. Overnight cultures of C. rodentium strains EMH1
(RegA ™) and EMHI1(pEH6) (RegA™) were inoculated into LB medium or LB
medium containing NaHCOj; (45 mM) to obtain an ODg, of 0.1 and grown until
the ODg, was 0.88. Ten milliliters of a culture was incubated with 20 ml of an
RNAprotect solution (Qiagen, Valencia, CA) at room temperature for 15 min.
Cells were pelleted, and RNA was purified using a FastRNA Pro Blue kit
(Qbiogene Inc., Carlsbad, CA). The RNA samples were then treated with DNase
I using an RNase-free DNase set (Qiagen) before they were purified further
using an RNeasy MiniElute kit (Qiagen). For direct labeling of RNA with Cy5-
and Cy3-ULS, 5 pg of total RNA was labeled as described in the Kreatech ULS
labeling procedure (Kreatech Diagnostics, Amsterdam, The Netherlands). The
RNA quality and concentration and the degree of labeling were determined with
an Agilent 2100 bioanalyzer and an ND-1000 spectrophotometer (NanoDrop
Technologies, Rockland, DE).

Fragmentation, microarray hybridization, scanning, and analysis. Fragmen-
tation and hybridization were performed at the Australian Genome Research
Facility Ltd. (AGRF, Melbourne, Australia) as described in the Agilent two-
color microarray-based gene expression analysis manual (version 5.7). Following
hybridization, all microarrays were washed as described in the manual and
scanned using an Agilent microarray scanner and Feature Extraction software
(Agilent). Normalization and data analysis were performed using the limma
package in bioconductor (45-47). Genes were considered differentially expressed
if they showed an average change of =2-fold with an adjusted P value of =0.05.

Accession numbers. The GenBank accession number for the reg4 sequence
reported in this paper is FJ222237. The supporting microarray data have been
deposited in the Gene Expression Omnibus (GEO) database, series accession
number GSE12876.

RESULTS

Characterization of RegA. In a study reported previously
(21), signature-tagged mutants of C. rodentium strain ICC169
(30) were tested to determine their abilities to colonize 4- to
5-week-old male C57BL/6 mice. Pools of 12 mutants were used
to infect mice, and fecal and colon samples were collected 5
and 7 days after inoculation, respectively. Mutants that were
missing from the output pools were retested in mixed-infection
experiments with wild-type C. rodentium, and the mutants with
a CI less than 0.1 were considered highly attenuated. One
mutant of particular interest, P1A2, carried a transposon in-
sertion in a gene encoding a putative regulator with similarity
to the AraC family of transcriptional regulators (21). The pre-
dicted 31.6-kDa gene product, which we designated RegA for
regulation factor A, showed homology to regulators of viru-
lence genes, including Rns of enterotoxigenic E. coli (ETEC)
(7), AggR of enteroaggregative E. coli (EAEC) (32), and PerA
of EPEC (17, 36) (Fig. 2). A comparison of the sequences of
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AggR (EAEC)  ——————————-— MKLKQNIEKE-TIIKINNIRIHQYTVLYTSNCTIDVYTK-EGSNTYLR-N 46
Rns (ETEC)  ——————————— MDFKYTEEKE-TIKINNIMIHKYTVLYTSNCIMDIYSE-EEKITCEFS-N 46
RegA (C.r.) MNRQSALSNLSIPAKNSLAHNNMLVLKKIRFYNCAITHLRDAQLLIRTK-DGQTLNIPPE 59
PerA (EPEC) ———MLTSKKEMQSSENKQEENLALLLTNYISYQNIVIFTGGNQFKIRNKKEFTEYTIESN 57
AggR ELIFLERGINISVRLQKKKSTVNPFIAIRLSSDTLRRLKDALMIIYGISKVDACSCPNWS 106
Rns RLVFLERGVNISVRMQKQILSEKP YVAFRLNGDMLRHLKDALMIIYGMSKIDTNACRSMS 106
Regh SLCYVEKNTVMDVALKVLG-SGVPYEVYHVDSDVLRCICKVMEPLL----LDPQRVNHTR 114
PerA SLFFLAKNTHWDMETVGID-NSNPYRKITIDDALTKLLHS—————————— ISSDDSCYVK 106

* .- - - - * . - .. - -
AggR KGIIVADADDSVLDTFKSIDHN--—-DDSRITSDLIYLISKIENNRKIIESIYISAVSFF 162
Rns RKIMITEVNKTLLDELKNINSH-——-DNSAFISSLIYLISKLENNEKIIESIYISSVSFF 162
RegA RKIFTCAVDETDTRIFKRLTGSN--VPQHRLVYKITYLLSKVNDIESLVYSLSVSTDTTF 172
PerA KKIFTANLNEMQLNIVSNIITDIKYSGNNKKIFKILYLLSFFNDYNDIVNVILSASSKSI 166
HEE . ..t : R : S
AggR SDKVRNTIEKDLSKRWTLAIIADEFNVSEITIRKRLESEYITFNQILMQSRMSKAALLLL 222
Rns SDKVRNLIEKDLSRKWTLGIIADAFNASEITIRKRLESENTNENQILMQLRMSKAALLLL 222
RegA TEKLKVIIEADLSRSWRLVDLANILHMSEVSIRKKLEKESNNFNALVLDIRMYHAAKLIT 232
PerA VDRVIKVIELDISKNWKLGDVSSSMFMSDSCLRKQLNKENLTFKKIMLDIKMKHASLELR 226
HEH AER okgkr Kok i F HEahd R I S
AggR DNSYQISQISNMIGFSSTSYFIRLFVKHFGITPKQFLTYFKSQ————— 265
Rns ENSYQISQISNMIGISSASYFIRIFNKHYGVTPKQFEFTYFKGG————— 265
RegA TSDKHINSIANEVGYTSTSYFIRNFKEFFGITPKQFSLKVKKQP—-——- 276
PerA TTDKNIDEISCLVGFNSTSYFIKVFKEYYNTTPKKYNGVYSITQGTLP 274

. K * - - % * - kK dk - Kk

ok ok - -

FIG. 2. Comparison of the predicted amino acid sequences of the regulatory proteins AggR, Rns, and PerA with the amino acid sequence of
RegA. Sequences were aligned by using the ClustalW program. The amino acids in the putative helix-turn-helix regions are underlined. Identical
amino acid residues are indicated by asterisks, conserved residues are indicated by a colons, and semiconserved residues are indicated by periods.

C. r., C. rodentium.

RegA and related members of the AraC family of DNA-bind-
ing proteins showed that the homology was most pronounced
toward the C-terminal end, where two predicted helix-turn-
helix motifs occur. The second helix-turn-helix motif is highly
conserved among members of this family and is thought to
contain all the domains necessary for the proteins to interact
with target DNA sequences and RNA polymerase, thus acti-
vating transcription from target promoters (15).

To confirm that the reduced colonizing ability of the signa-
ture-tagged mutant P1A2 was directly attributable to reg4, a
targeted regA deletion mutant was constructed using the A Red
recombinase system (9). The reg4 deletion mutant obtained in
this way, EMHI1, was then complemented in frans with a
wild-type copy of the reg4 gene using plasmid pEH4. The
regA deletion mutant and the complemented mutant were
then tested in single- and mixed-infection experiments with
C57BL/6 mice. In a mixed infection with wild-type C. roden-
tium, mutant EMH1 was markedly attenuated, with a CI on
day 7 of <107>. In contrast, the CI of the complemented
mutant was >1, indicating that this strain was not outcompeted
by wild-type C. rodentium.

In single-infection studies, the mean maximum number of
CFU of reg4 mutant EMH1 in feces was 1.2 X 10* CFU/g,
which was 0.02% of the level of the wild type (6.2 X 107 CFU/g;
P = 0.005, two-tailed Student’s ¢ test) (Fig. 3). The extent of
attenuation of EMH1 was similar to that of the STM mutant
P1A2 (data not shown). EMHI carrying pAT153, the vector
used to construct the frans-complementing plasmid pEH4,
showed colonizing ability similar to that of EMHI1 (data not
shown). However, when an intact copy of the disrupted regA
gene was supplied in frans, wild-type levels of colonization
were restored, and for the complemented mutant, EMHI1
(pEH4), the mean maximum count was 3.8 X 10® CFU/g feces,

compared to 6.2 X 107 CFU/g for the wild-type strain (P = 0.5,
two-tailed Student’s ¢ test) (Fig. 3). In addition, the mice in-
fected with the reg4 mutant (EMHI1) or the signature-tagged
mutant (P1A2) showed less severe intestinal pathology than
the mice infected with wild-type C. rodentium, exhibiting sig-
nificantly reduced crypt lengths 6 and 14 days after inoculation
(Table 3). These results established that C. rodentium requires
regA for normal intestinal colonization of mice.

Targets for regulation by RegA in C. rodentium. Regulatory
factors can function as virulence genes by controlling the ex-
pression of genes more directly involved in pathogenesis. The
role of RegA in the regulation of LEE genes was initially
investigated by performing fluorescence actin staining (FAS),

Log1o CFU/g feces

0 2 4 6 8 10 2 14 18
Days after inoculation

FIG. 3. Colonization of C57BL/6 mice by derivatives of C. roden-
tium. The data are the means and standard errors of the mean for feces
from at least five individual mice at selected time points after inocu-
lation. Mice received (via oral gavage) 2 X 10° CFU of C. rodentium
wild-type strain ICC169 (M), regd deletion mutant EMH1 (V), or
trans-complemented reg4 mutant EMH1(pEH4) (@).

n
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TABLE 3. Colon crypt length in C57BL/6 mice infected with
derivatives of C. rodentium 1CC169

Crypt length (pm) on®:

Strain of

C. rodentium® Day 6 Day 10 Day 14
None 141 £ 12 136 = 18 124 £ 18
P1A2 151 =25 160 = 11 145 = 16
EMH1 189 = 21 214 = 18 190 = 19
I1CC169 208 = 18 221 + 27° 292 = 27°4

@ C57BL/6 mice were orally inoculated with approximately 2 X 10° CFU C.
rodentium wild-type strain ICC169 or reg4 mutant P1A2 or EMHI1.

® The values are the means = standard errors of the means for three to five
individual animals.

¢ The value is significantly higher than the value for mice infected with strain
P1A2 at the same time (P < 0.05, two-tailed Student’s ¢ test).

@ The value is significantly higher than the value for mice infected with strain
EMHI at the same time (P < 0.05, two-tailed Student’s 7 test).

which showed that wild-type strain ICC169 and regA deletion
mutant EMH1 exhibited equivalent FAS activities (data not
shown). However, any possible downregulation of LEE pro-
moters due to the absence of RegA in mutant EMHI1 was
unclear due to the qualitative nature of the FAS assay and the
weak adherence phenotype of both the wild-type and mutant
strains. Accordingly, we performed a quantitative analysis of
the regulation of known and putative virulence determinants of
C. rodentium by RegA. The potential targets selected for this
investigation included LEE genes (ler, sepZ, orfl2, and sepL);
cfcA, which encodes the fimbrial subunit of Cfc (30); and a
gene encoding a homolog of the EHEC adhesin, efal. All of
these genes play a proven or putative role in colonization (33).
PCR fragments that were ~700 bp long and contained the
promoters of interest were directionally cloned into pMU2385
to create promoter-lacZ transcriptional fusions. pMU2385 is a
single-copy vector which carries a promoterless lacZ structural
gene with its own translational signals (37). Each of the
pMU2385 derivatives was transformed into RegA™ and
RegA™ E. coli and C. rodentium strains. B-Galactosidase ac-
tivity was assessed for each of the transformants grown in LB
broth and DMEM at 37°C. Regardless of the host strain or
culture medium, RegA did not affect the B-galactosidase ac-
tivity of any of the promoter-lacZ transcriptional fusions in-
vestigated (data not shown), indicating that RegA does not
directly regulate the expression of any of these genes.
Bioinformatic analysis of the C. rodentium genome revealed
a large ORF upstream of reg4 encoding a protein with homol-
ogy to an autotransporter involved in diffuse adherence
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(AIDA) (83% identity at the amino acid level), as well as a
predicted operon with homology to the K99 fimbrial cluster of
ETEC (24 to 48% identity) (Fig. 1). Promoter-lacZ transcrip-
tional fusions were constructed using the two predicted pro-
moter regions from these ORFs, and -galactosidase activity
was assayed as described above.

Wild-type C. rodentium (RegA™) carrying the aid4A homolog
promoter-lacZ transcriptional fusion showed no increase in
B-galactosidase expression when it was grown in LB medium,
but the expression was 10.5-fold greater than that of the
RegA™ strain, EMHI1 carrying the control vector pACYC184,
when both strains were grown in DMEM (Table 4). Comple-
mentation of EMHI1 carrying pACYCI184 encoding regA
(pEHO6) resulted in a 1.6-fold increase in B-galactosidase ex-
pression when bacteria were grown in LB medium and a 97.4-
fold increase when they were cultured in DMEM (Table 4).
For C. rodentium strains carrying the K99 homolog transcrip-
tional fusion, the expression of B-galactosidase in the presence
of RegA did not increase significantly in LB medium, but it
increased 4.0-fold in DMEM in the wild-type background and
increased 38.1-fold in DMEM in EMHI carrying pACYC184
containing reg4 (pEHO6). These results indicated that tran-
scription of both the aid4 and K99 homologs was strongly
stimulated by RegA and that this increase was more pro-
nounced in DMEM.

Role of the AIDA homolog of C. rodentium in adhesion and
intestinal colonization. The afimbrial adhesin AIDA is associ-
ated with the adherence of strains of E. coli to a wide range of
human and nonhuman cell types in vitro (3, 23, 41), as well as
enhancement of biofilm formation and mediation of auto-
aggregation of E. coli cells (44). To determine if the AIDA
homolog of C. rodentium functions as an adhesin, the puta-
tive aidA gene homolog of C. rodentium was cloned into
pAT153 to generate plasmid pEH32, which was electropo-
rated into E. coli DH5a. When overnight broth cultures of
E. coli DH5a(pEH32) containing the cloned aidA4 gene ho-
molog were left to stand, the cells readily aggregated and
settled (Fig. 4). In contrast, cells in broth cultures of DHS5«a
containing the pAT153 vector alone remained in suspension
under the same conditions. To explore the autoaggregation
phenotype further, we studied the kinetics of AIDA homolog-
mediated aggregation. As shown in Fig. 4, a suspension of
DHS5a(pEH32) cells had almost entirely settled 90 min after it
was left to stand, whereas cells of strain DH5a with the
pAT153 vector control remained in suspension throughout the

TABLE 4. Promoter activity of adcA and kfcC transcriptional fusions in C. rodentium host strains EMH1 and ICC169 cultured in LB broth
and DMEM, showing the effects of RegA on levels of expression

B-Galactosidase sp act (Miller units) of C. rodentium strains grown in“:

LB broth DMEM
Transcriptional fusion
® AECI%{giS 4) ICC169 EMHI1(pEH6) o AECI\;I{Ié}S 4) ICC169 EMHI1(pEH6)
(RegA™) (RegA™) (RegA™) (RegA™) (RegA™) (RegA™)
adcA-lacZ (aidA homolog) 20 24 (1.2) 31 (1.6) 39 41 (10.5) 380 (97.4)
kfcC-lacZ (K99 homolog) 41 43 (1.0) 44 (1.1) 40 161 (4.0) 1,525 (38.1)

“ The B-galactosidase activities are the averages for three independent assays in which samples were tested in duplicate, and the standard deviations were less than
15%. The numbers in parentheses indicate the level of activation (fold), which is the ratio of the specific activity of B-galactosidase of the RegA™ strain to the specific

activity of B-galactosidase of the corresponding RegA ™ strain.
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FIG. 4. Effect of adcA from C. rodentium on cell-cell adherence in E. coli DH5a. (A) Settling of bacterial cells after 90 min, (B) quantitative
autoaggregation, and (C) the microscopic appearance of bacteria were investigated using static liquid suspensions of strains DHSa(pAT153)
(vector control) (@) and DHS5a(pEH32) (adcA cloned from strain ICC169) (O). The data are the means of two independent assays. The
aggregation phenotype in panel C was visualized by phase-contrast microscopy (original magnification, X1,000).

observation period. Microscopic analysis of DHS5a(pEH32)
showed that bacterial aggregates formed, while DHS5«a cells
containing the vector alone showed no aggregation (Fig. 4).
Together, these results indicated that the product of the aidA4
homolog mediates bacterium-bacterium interactions. A similar
analysis of wild-type C. rodentium wild-type strain ICC169 and
an aidA-homolog deletion mutant showed that neither strain
was capable of forming bacterial aggregates, suggesting that
insufficient amounts of the gene product were synthesized by

C. rodentium in vitro or that other molecules on the surface of
C. rodentium may interfere with autoaggregation.

In addition to mediating bacterial aggregation, the AIDA
protein of E. coli is known to confer a diffuse pattern of ad-
herence to HeLa cells (4). When incubated with HEp-2 cell
monolayers for 3 h, cells of E. coli DH5a(pEH32) expressing
the aidA homolog adhered to HEp-2 cells in a diffuse pattern
(Fig. 5B), an effect which was greatly enhanced when reg4 was
also present (Fig. 5C). In contrast, cells of strain DH5« and

-~

FIG. 5. Adherence of E. coli DH5a strains to HEp-2 cells. (A) DH5a(pAT153) (nonadherent vector control). (B) DHS5«a(pEH32) expressing

adcA of C. rodentium showing a diffuse pattern of adherence. (C) DH5a(pEH6, pEH32) expressing both adcA and regA of C. rodentium showing
an enhanced diffuse adherence pattern. Bar = 50 wm. The arrows indicate adherent bacteria. The preparations were stained with Giemsa stain.
The mean =+ standard deviation number of adherent bacteria per HEp-2 cell is shown for each strain.



VoL. 76, 2008

A

Logyy CFU/g feces

L L
0o 2 4 6 8 10 12 14 16 18
Days after inoculation

Log,, CFU/g feces

0 2 4 6 8 1IO 12 14 16 18 20
Days after inoculation

FIG. 6. Colonization of C57BL/6 mice with derivatives of C. roden-
tium. The data are the means and standard errors of the means for
feces from at least five individual mice at selected time points after
inoculation. Mice received (via oral gavage) 2 X 10° CFU of (A) C.
rodentium wild-type strain ICC169 (M) or adcA deletion mutant EMH2
() or (B) wild-type strain ICC169 (M) or kfc deletion mutant EMH3
(O). The limit of detection is indicated by a dotted line. *, P < 0.05; **,
P < 0.005 (two-tailed Student’s ¢ test).

strain DHS5a with the pAT153 vector control showed no evi-
dence of adherence (Fig. 5A), even when reg4 was present
(data not shown). These results (i) demonstrated that the aidA
homolog of C. rodentium, which we designated adcA (adhesin
involved in diffuse Citrobacter adhesion), encodes an adhesin
that mediates binding of bacteria to tissue culture cells and (ii)
provided a clear link between reg4 and the expression of adcA.

To determine if adcA contributes to the ability of C. roden-
tium to colonize the mouse intestine, mice were given 2 X 10°
CFU of the C. rodentium wild-type strain or its isogenic adcA
mutant, EMH2, in a single-infection experiment. Enumeration
of bacteria in feces showed that there was no significant dif-
ference in the abilities of the two strains to colonize mice (Fig.
6) and that the maximum mean concentrations of bacteria in
feces were 3 X 107 and 9 X 10”7 CFU/g, respectively (P = 0.2,
two-tailed Student’s ¢ test). In addition, in mixed-infection ex-
periments, mutant EMH2 was not outcompeted by wild-type
C. rodentium on day 7 after inoculation (CI, >1), indicating
that adcA on its own does not make a significant contribution
to the colonization of mice by C. rodentium.

Role of the K99 homolog of C. rodentium in colonization of
mice. K99 is a fimbrial adhesin of certain ETEC strains that
mediates bacterial attachment to the small intestines of neo-
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natal calves, lambs, and piglets and is an essential virulence
determinant of these bacteria (19, 20). The detection of ORFs
in C. rodentium that are homologous to the genes encoding
K99 suggested that C. rodentium may produce a K99-like ad-
hesin that is required for virulence. This suggestion was rein-
forced by the observation that the K99 homolog was regulated
by RegA and by the observation that in reg4 mutants there was
a pronounced reduction in colonizing ability. To determine if
C. rodentium requires the K99 homolog to colonize the mouse
intestine, we constructed a K99 homolog mutant, EMH3, and
examined its ability to infect mice. In single-infection experi-
ments, the mean concentration of EMH3 10 days after inocu-
lation was 6 X 10% CFU/g feces, which was similar to the
concentration of the wild-type strain (4 X 10® CFU/g) at the
same time (Fig. 6). Although the timing and extent of maximal
fecal excretion for EMH3 did not differ from the timing and
extent of maximal fecal excretion for the wild-type strain,
EMH3 was cleared somewhat more effectively than the wild-
type strain, and the number of CFU of EMH3 recovered from
the feces 15 to 20 days after inoculation was significantly lower
than the number of CFU of the wild-type strain recovered (P <
0.05, two-tailed Student’s ¢ test) (Fig. 6). Although modest, the
differences in colonization during the later stages of infection
were reproducible in independent experiments. Given its ap-
parent role in virulence, we designated the operon encoding
the K99 fimbrial homolog kfc (K99-like factor involved in
Citrobacter colonization). Importantly, however, the attenua-
tion of kfc mutant EMH3 was not nearly as pronounced as that
of regA mutant EMH]1, and in mixed-infection studies, EMH3
was not outcompeted by strain ICC169 (CI, >0.5).

To measure possible differences in colonization that may
have occurred at times other than the standard sampling time
(7 days), the mixed-infection studies were repeated, and bac-
terial colonization of the colon was measured at 3-day intervals
up to 18 days after inoculation. At no time point did the
numbers of CFU of the kfc mutant and wild-type bacteria
recovered differ significantly, indicating that the two strains
colonized equally well in a competitive environment. This weak
contribution to virulence was confirmed by examination of a
adcA kfc double-deletion mutant, whose colonization pheno-
type did not differ significantly from that of EMH3, which had
a mutation only in kfc (data not shown).

Microarray analysis of the RegA regulon. Although our re-
sults indicated that expression of both adcA and kfc was
strongly stimulated by RegA, deletion of adcA and kfc from C.
rodentium did not lead to the same degree of attenuation of the
regA mutant, suggesting that there are additional factors that
are regulated by RegA and contribute to the ability of C.
rodentium to colonize mice.

To identify more target gene candidates for RegA, we com-
pared the genome-wide transcription profiles of strains ex-
pressing and lacking RegA by using oligonucleotide microar-
rays. Yang et al. (53) previously reported that bicarbonate acts
as an environmental stimulus for RegA-mediated activation;
therefore, the transcription profiles of reg4 deletion mutant
EMHI1 were compared to those of RegA-expressing strain
EMHI1(pEH6) in the presence and absence of bicarbonate.
Altogether, two comparisons were performed, resulting in eight
microarray data sets.

Fifty-five of the ORFs showed a >2-fold increase in expres-



5254 HART ET AL. INFECT. IMMUN.
TABLE 5. Genes strongly activated by RegA identified by microarray analysis
Increase (fold)”
ORF(s)” LB LB medium + Product
medium bicarbonate

ROD3421 9 126 Homolog of Aap (dispersin) of EAEC and virulence factor
CexE of ETEC (accession no. 2JVU_A and ABM92275)

ROD3431, ROD3451, ROD3461, 2 12 Homolog of the Aat ABC transporter of EAEC (accession

ROD3471, ROD3481 no. AY351860)

ROD15971 1 5 65% identity and 83% similarity to unknown protein of E.
coli O157:H7 (accession no. NP_287725)

ROD16181 1 11 69% identity and 80% similarity to unknown protein
encoded by prophage CP-933K E. coli O157:H7
(accession no. AAG55113)

ROD16201 5 23 Homolog of porin protein SfpA of Y. enterocolitica
(accession no. ABF0643)

ROD41031, ROD41041, ROD41051 1 8 Gene cluster encoding an unknown protein and homologs
of the HlyD and HlyB secretion proteins of Shewanella
woodyi (accession no. ACA88067 and ACA88066)

ROD41241, ROD41261, 1 16 Kfce

ROD41271, ROD41291

ROD41301 1 20 AdcA°

ROD41311 13 56 Unknown ORF located immediately upstream of reg4

RORS50001 1 5 Homolog of a putative virulence-related PagC-like

membrane protein of E. coli O157:H7 (accession no.
NP_289546)

“ ORF designations were obtained from http://www.sanger.ac.uk/Projects/C_rodentium/C_rod_genome_CDS.tab.
® The increases were derived from the average log, ratio of the transcript levels for RegA™ strain EMH1(pEH6) to the transcript levels for the RegA ™ strain in the

absence or presence of 45 mM bicarbonate (a value of 1 indicates no change).
¢ Determined in this study.

sion under both culture conditions, and Table 5 shows 17
ORFs that exhibited a >5-fold increase. The finding that tran-
scription of kfc and adcA was strongly upregulated in the pres-
ence of bicarbonate was in agreement with the results of the
B-galactosidase assays using promoter fusions performed in
DMEM, which contains bicarbonate (44 mM). The results of
the microarray analysis were also in complete agreement for
the promoters that were negative in the B-galactosidase assay
(namely, ler, sepZ, orfl2, sepL, cfcA, and efal). Interestingly,
the expression of two ORFs, ROD3421 and ROD16201, which
encode homologs of putative colonization factors, Aap and
SfaA, was also dramatically increased. These results indicate
that RegA is a global regulator that activates multiple genes
involved in colonization and virulence.

DISCUSSION

The AraC family of regulators includes more than 100 pro-
teins, the majority of which are positive transcriptional activa-
tors, which typically regulate carbon metabolism, stress re-
sponses, or virulence (15). Members of this family which
regulate the synthesis of virulence factors are found mainly in
bacteria that colonize mucosal surfaces, where they act by
stimulating the synthesis of proteins involved in adhesion, in-
vasion, capsule synthesis, or iron uptake (12). The AraC-like
regulators which show homology to RegA include the Rns
protein of ETEC, which activates synthesis of the CS1, CS2,
CS3, and CS4 pili (8), and PerA of EPEC. The latter is a global
regulator which stimulates the production of bundle-forming
pili (17), mediates activation of its own promoter (26), and
functions as part of a regulatory cascade by activating ler
expression in the LEE] operon (27). Based on sequence

similarity, we hypothesized that RegA may function in a
similar fashion to activate expression of virulence determi-
nants, specifically fimbriae and LEE-encoded factors. How-
ever, investigation of promoter-lacZ transcriptional fusions
constructed using known virulence determinants of C. roden-
tium showed that RegA did not directly activate any of these
genes. By contrast, RegA did strongly stimulate the transcrip-
tion of the following two adjacent gene loci encoding putative
colonization factors: adcA, a homolog of aidA which encodes
the autotransporter involved in diffuse adherence of diarrhea-
associated E. coli, and the kfc operon, a putative operon ho-
mologous to the operon for the K99 fimbriaec of ETEC (24).

Members of the autotransporter family of exported proteins
in gram-negative bacteria have multiple roles in bacterial
pathogenesis (22). The subfamily of autotransporters named
for the adhesin involved in diffuse adherence, AIDA (3, 4),
contains some of the best-characterized autotransporter pro-
teins (18). In addition to specialized roles, such as adhesion to
mammalian cells (4, 23), members of this subfamily are capa-
ble of mediating bacterial aggregation via self-association and
are highly efficient initiators of bacterial biofilm formation (22,
44). Bacterial aggregation helps bacteria survive during pas-
sage through the stomach and enhances the infectivity of Vibrio
cholerae (54), while AIDA-expressing E. coli biofilms are re-
sistant to detergents and hydrodynamic shear forces (44), sug-
gesting that these traits are closely associated with bacterial
virulence and persistence.

In vitro characterization of AdcA of C. rodentium showed
that this putative autotransporter can function as an adhesin by
mediating autoaggregation and adherence to mammalian cells
when it is expressed by a laboratory strain of E. coli. However,
deletion of adcA from C. rodentium caused no significant re-
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duction in the ability of C. rodentium to colonize the mouse
intestine, indicating that, on its own, AdcA does not play a
major role in colonization.

In this study, we also identified a cluster of genes (kfc)
homologous to the genes encoding the K99 fimbriae of ETEC,
whose transcription was strongly stimulated by RegA. Al-
though it seemed likely that this operon may play a role in
colonization, infection of mice with a kfc deletion mutant
showed only that the mutant was cleared only slightly more
efficiently than the wild type. Importantly, the kfc mutant was
far less attenuated in terms of its colonizing ability than the
regA mutant. This observation and the finding that a adcA kfc
double-deletion mutant was no more attenuated than the kfc
single mutant suggested that RegA regulates additional factors
which are essential for normal colonization of mice by C.
rodentium.

Using microarray analysis, we identified over 50 new targets
whose expression was activated by RegA. The majority of these
targets appear to have been horizontally acquired as they were
flanked by insertion sequences and transposases. None of the
transcriptional units which were upregulated more than five-
fold encoded housekeeping proteins; instead, they encoded
surface proteins, secreted factors, and their transporters. Con-
sistent with our previous observation that bicarbonate, which is
abundant in the intestinal tract, is an environmental signal for
RegA-mediated activation of adcA and kfc (53), we found that
bicarbonate also stimulated the transcription of all of the
RegA-regulated genes identified by our microarray analysis.

The gene target most highly upregulated by RegA in C.
rodentium was ROD3421 (Table 5). Transcription of this ORF
was activated 9- and 126-fold by RegA alone and by RegA plus
bicarbonate, respectively. ROD3421 codes for a putative 122-
amino-acid protein which is a homolog of the Aap dispersin of
EAEC and the CexE virulence factor of ETEC (35, 43). Aap
and CexE appear to be involved in colonization and virulence
of EAEC and ETEC and are upregulated by the AraC-like
regulators AggR and Rns, respectively (35, 43).

Immediately adjacent to the ROD3421 locus is a gene clus-
ter which includes ORFs ROD3431, ROD3451, ROD3461,
ROD3471, and ROD3481. Expression of this transcriptional
unit is weakly activated by RegA alone (2-fold) and strongly
stimulated by RegA and bicarbonate (12-fold) (Table 5). The
products of this gene cluster exhibit extensive homology to
the Aat ABC transporter complex of EAEC, which is respon-
sible for export of the Aap dispersin onto the cell surface. (34).
Like the aap gene, the aat gene cluster is positively regulated
by the AggR activator (34).

The ROD16201 locus was upregulated 23-fold by RegA and
bicarbonate (Table 5). This locus encodes a protein homolo-
gous to the SfpA protein (systemic factor protein A) of Yersinia
enterocolitica. SfpA is a membrane porin protein and is re-
quired for sustained colonization of Y. enterocolitica in mice
(28).

The gene cluster consisting of ROD41031, ROD41041, and
ROD41051 encodes an unknown protein, as well as homologs
of HlyD and HlyB, which are key components of the type I
protein secretion pathway (5). This secretion pathway is re-
sponsible for the export of HIyA toxin (hemolysin). Whereas
hlyA and hlyC (encoding a protein involved in the posttrans-
lational modification of HIyA) together with hlyB and hlyD
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form a single operon in uropathogenic E. coli (5), the hly4 and
hlyC genes form a separate transcriptional unit in C. rodentium.
Transcription of hlyB-hlyD and hlyA-hlyC were activated eight-
and twofold, respectively, by RegA, and the upregulation of
both operons was bicarbonate dependent (Table 5 and results
not shown).

ROD41311 is located immediately upstream of the reg4
gene. Transcription of this locus was strongly upregulated by
RegA both in the absence and in the presence of bicarbonate
(Table 5). Part of this ORF codes for a polypeptide which is
homologous to the region 4 segment of the sigma 70 subunit of
E. coli RNA polymerase. Our preliminary data showed that the
promoter of this gene is responsible for the expression and
regulation of the reg4 gene (A. Tan and J. Yang, unpublished
results).

In summary, we showed that the RegA regulatory protein is
an essential virulence determinant of C. rodentium. Although
RegA strongly activated expression of two adjacent operons,
adcA and kfc, which code for a putative autotransporter and
K99-like fimbriae, respectively, these factors did not play an
important role in colonization. Microarray analysis identified
more than 50 additional unlinked gene targets whose expres-
sion was upregulated by RegA in the presence of bicarbonate.
These newly identified ORFs encode homologs of known col-
onization and virulence factors and proteins with unknown
functions. Experiments are currently under way to elucidate
the contribution of each of the putative virulence operons to
the pathogenesis of C. rodentium infection.
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