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ABSTRACT

Iron availability functions as an environmental cue for enteropathogenic bacteria, signaling arrival within the human host. As
enterotoxigenic Escherichia coli (ETEC) is a major cause of human diarrhea, the effect of iron on ETEC virulence factors was
evaluated here. ETEC pathogenicity is directly linked to production of fimbrial colonization factors and secretion of heat-labile
enterotoxin (LT) and/or heat-stable enterotoxin (ST). Efficient colonization of the small intestine further requires at least the
flagellin binding adhesin EtpA. Under iron starvation, production of the CFA/I fimbriae was increased in the ETEC H10407 pro-
totype strain. In contrast, LT secretion was inhibited. Furthermore, under iron starvation, gene expression of the cfa (CFA/I) and
etp (EtpBAC) operons was induced, whereas transcription of toxin genes was either unchanged or repressed. Transcriptional
reporter fusion experiments focusing on the cfa operon further showed that iron starvation stimulated cfaA promoter activity in
ETEC, indicating that the impact of iron on CFA/I production was mediated by transcriptional regulation. Evaluation of cfaA
promoter activity in heterologous E. coli single mutant knockout strains identified IscR as the regulator responsible for inducing
cfa fimbrial gene expression in response to iron starvation, and this was confirmed in an ETEC AiscR strain. The global iron re-
sponse regulator, Fur, was not implicated. IscR binding sites were identified in silico within the cfaA promoter and fixation con-

firmed by DNase I footprinting, indicating that IscR directly binds the promoter region to induce CFA/I.

IMPORTANCE

Pathogenic enterobacteria modulate expression of virulence genes in response to iron availability. Although the Fur transcrip-
tion factor represents the global regulator of iron homeostasis in Escherichia coli, we show that several ETEC virulence factors
are modulated by iron, with expression of the major fimbriae under the control of the iron-sulfur cluster regulator, IscR. Fur-
thermore, we demonstrate that the apo form of IscR, lacking an Fe-S cluster, is able to directly fix the corresponding promoter
region. These results provide further evidence implicating IscR in bacterial virulence and suggest that IscR may represent a more
general regulator mediating the iron response in enteropathogens.

Iron is an essential nutrient for almost all organisms due to its
ability to switch between two oxidative states. Implicated in cell
processes including DNA replication, metabolism, and the response
to oxidative stress, iron levels are tightly regulated to ensure cellular
function while limiting production of damaging free radicals via the
Fenton reaction. Within the human host, iron availability is limited
due to insolubility at physiological pH and sequestration by iron
binding proteins. To circumvent this challenge, enteropathogenic
bacteria secrete high-affinity siderophores capable of scavenging both
free and complexed ferric iron, among other strategies (1). However,
bacteria can also take advantage of low-iron conditions to sense ar-
rival within the host environment and to trigger virulence. Toxin
gene expression in particular is induced in many bacteria, including
Escherichia coli (a-hemolysin and Shiga-like toxin 1) and Vibrio
cholerae (hemolysin), at low iron concentrations (2). As secreted
toxins can induce cell lysis, this may represent an additional mech-
anism to increase iron availability. Indeed, several studies have
found an increased risk of bacterial infection in pathologies with
iron overload (3). This likely results from a combination of low-
ered intestinal barrier integrity and enhanced bacterial growth in
the presence of iron, as seen for Vibrio vulnificus and Yersinia
enterocolitica (4, 5). Recently, Salmonella enterica serovar Typhi-
murium growth and adhesion to epithelial cells were also shown
to be enhanced in the presence of iron in vitro (6).
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Enterotoxigenic Escherichia coli (ETEC) represents a major
cause of diarrhea in children under 5 years of age in developing
countries and is the leading cause of travelers’ diarrhea (7). Viru-
lence within the small intestine is characterized by the presence of
one or more colonization factors (CFs), mediating adherence to
the intestinal epithelium, and the secretion of heat-labile entero-
toxin (LT) and/or heat-stable enterotoxin (ST), inducing aqueous
diarrhea. Although the majority of studies have been performed
on the prototype fimbrial colonization factor CFA/I, recent works
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have identified several additional factors that appear to be in-
volved in host colonization by ETEC, including the EtpA protein,
which localizes at the flagellar tip following secretion (8).

The cfaABCE (cfa) and eltAB operons, encoding the CFA/I fim-
briae and the LT, are regulated in response to various environ-
mental signals, including temperature and glucose, via the H-NS
and cyclic AMP receptor protein (CRP) transcriptional regula-
tors, respectively (9-13). cfa expression is further activated by the
specific virulence regulator CfaD, although it remains unknown
whether CfaD activation is dependent on any external cues (9).
Production of CFA/I also responds to iron concentration in vitro
(14). In contrast, the effect of iron on production of other viru-
lence factors, including LT and ST, remains unclear.

Regulation of bacterial iron homeostasis is most commonly
mediated either directly or indirectly by the ferric uptake regula-
tor, Fur. In the presence of its cofactor Fe(II), Fur forms a ho-
modimer capable of binding to a 19-bp A/T-rich palindromic
motif or Fur box, thereby blocking gene expression (15). In the
absence of iron, apo-Fur dissociates, permitting expression of tar-
get genes associated with iron capture and virulence. In contrast to
Fur-mediated repression, gene activation is indirect in most bac-
terial species, including E. coli. In the presence of iron, Fur re-
presses transcription of the small RNA RyhB, which would other-
wise lead to targeted RNA degradation via recruitment of the
degradosome (16).

However, other regulators are also implicated in the iron re-
sponse. OxyR and SoxR mediate the oxidative stress response fol-
lowing exposure to hydrogen peroxide and superoxide, respec-
tively. Both OxyR and SoxR activate fur expression to inhibit iron
acquisition and thereby minimize oxidative stress, indicating a
strong interplay between the iron and oxidative stress responses
(17). Furthermore, SoxR possesses a [2Fe-2S] cluster for redox
sensing and is dependent on Fe-S cluster biogenesis controlled by
the iron-sulfur cluster regulator IscR (18). In contrast to the E. coli
Fur repressor, IscR is capable of binding promoter regions in both
holo and apo forms, based on the presence or absence of an inter-
nal [2Fe-2S] cluster (19). IscR can therefore also respond to both
iron limitation and oxidative stress.

Both Fur and IscR are implicated in bacterial pathogenesis. A
V. cholerae fur mutant shows reduced colonization in a murine
model, as does a Campylobacter jejuni fur mutant in the chick
model (20, 21). Similarly, a V. vulnificus iscR mutant has reduced
virulence in vivo (22, 23), while a Yersinia pseudotuberculosis iscR
mutant shows lower effector secretion through the type III secre-
tion system (H. K. Miller, L. Kwuan, L. Schwiesow, D. L. Bernick,
H. A. Ramirez, ]. M. Ragle, P. P. Chan, T. M. Lowe, and V. Auer-
buch, presented at the West Coast Bacterial Physiologists Annual
Asilomar Conference, Pacific Grove, CA, 13 to 15 December
2013). In E. coli, apo-IscR activates transcription of the fimE re-
combinase gene under low-iron conditions, leading to decreased
type I fimbrial expression and reduced biofilm formation (25).

Given the critical role of iron in enterobacterial infection, the
goal of this study was to further explore its effect on virulence gene
expression in the ETEC H10407 prototype strain. Interestingly, we
show that iron starvation reduces LT secretion while activating
cfaA promoter activity. cfaA promoter activity was further exam-
ined in ETEC H10407 Afur and AiscR mutants and in heterolo-
gous E. coli strains inactivated for transcriptional regulators con-
nected with iron homeostasis, including Fur, IscR, OxyR, and
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SoxR. The impact of iron starvation on the cfaA promoter was
found to be mediated by IscR.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. The ETEC H10407 prototype
strain (provided by the Culture Collection at the University of Goteborg)
and ETEC E24377A (provided by S. Savarino) were chosen for analysis, as
they have been fully sequenced. Strains were grown in Luria-Bertani (LB)
broth for introduction of plasmids and generation of stocks or in CFA
broth (1% Casamino Acids [Difco], 0.15% yeast extract [Difco], 0.4 mM
MgSO,, 0.04 mM MnCl,, pH 7.4) for all other analyses (26). Cultures
were performed at 37°C with aeration. For iron chelation, the culture
medium was supplemented with 1 to 50 wM deferoxamine mesylate
(Sigma). Antibiotics were used as needed at the following concentrations:
100 wg ml™ " ampicillin, 37 pg ml~" chloramphenicol, and 50 pug ml™!
kanamycin.

Western blotting. Electrophoresed whole-cell bacterial lysate was
transferred onto a 0.2-pm nitrocellulose membrane using a Novex semi-
dry blotter (Invitrogen). The membrane was blocked with 5% skim milk
in phosphate-buffered saline (PBS) (pH 7.4) prior to incubation with
rabbit sera raised against the purified CFA/I fimbriae (1:2,000) (27) or
GroEL (1:40,000; Sigma). Membranes were then incubated with goat anti-
rabbit IgG coupled to IRDye800CW (1:5,000; Rockland) for fluorescent
revelation. After incubation with the primary and secondary antibodies,
membranes were washed in PBS-0.1% Tween 20. Revelation was per-
formed with the Odyssey infrared imaging system (LiCor).

Dot blotting. Bacteria were pelleted and resuspended in 50 mM Tris-
HCI (pH 8.0) at 2.5 X 10 CFU ml ™. Whole-cell suspensions were serially
diluted in a 96-well plate with 50 pl dotted on a wet 0.45-pm nitrocellu-
lose membrane. After drying for 5 min, the membrane was blocked with
TBS (50 mM Tris-HCI, 150 mM NaCl, pH 8.0) containing 1% (wt/vol)
skim milk (Difco), followed by incubation with rabbit serum raised
against the purified CFA/I fimbriae (1:1,000 in TBS). After washing in
TBS, the membrane was incubated with goat anti-rabbit secondary anti-
body coupled to horseradish peroxidase (1:1,000 in TBS). All incubations
were performed for 1 h at 37°C with agitation. CFA/I surface expression
was visualized by colorimetry with the Opti4CN kit (Bio-Rad).

GM1 ELISA for quantification of LT. Following overnight growth in
CFA broth, culture supernatant was treated with antiprotease (Roche),
filter sterilized, concentrated using an Amicon Ultra-4 filter (Millipore),
and frozen at —70°C until quantification of secreted LT. Periplasmic LT
was released from bacterial pellets as previously described (28). The sus-
pension underwent at least 4 freeze-thaw cycles before recovery of the
cleared lysate. LT quantification was performed by GM1 enzyme-linked
immunosorbent assay (ELISA) as previously described and normalized to
bacterial density at 600 nm (Ag,) (29).

RNA extraction and real-time quantitative PCR (RT-qPCR) analy-
sis. Bacteria were treated with RNA Later (Ambion) and pellets frozen at
—70°C. Total RNA was extracted on-column using the NucleoSpin RNA
IT kit (Macherey-Nagel) according to the manufacturer’s instructions,
treated with DNase I (Invitrogen) at 37°C for 30 min, and repurified via
on-column cleanup using the NucleoSpin RNA II kit. Total RNA quantity
was determined via NanoDrop and quality evaluated via the 2100 Agilent
Bioanalyzer (Agilent Technologies).

c¢DNA was generated from 500 ng of total RNA with the ThermoScript
RT-PCR system for first-strand cDNA synthesis with random hexamers
according to the manufacturer’s instructions (Invitrogen). For ETEC
H10407, specific target amplification was performed on cDNA to selec-
tively amplify transcripts of interest using the TagMan Preamp master
mix (Applied Biosystems) and target primers, followed by treatment with
ExoSAP-IT (Affymetrix). Primers were designed and validated by Fluid-
igm (San Francisco, CA) and are listed in Table S1 in the supplemental
material. Samples were diluted 1:5 in TE-4 buffer (10 mM Tris-HCI, 0.1
mM EDTA, pH 8.0) and analyzed by RT-qPCR in a 96.96 integrated

jb.asm.org 2897


http://jb.asm.org

Haines et al.

TABLE 1 Bacterial strains and plasmids

Strain or plasmid

Characteristic(s)”

Source or reference

Strains
H10407
H10407 Afur
H10407 AiscR
H10407 AiscR-C
E24377A
BW25113
JW0669
JW5714
JW3933
JW4024
JW2515
JW2514
JW2513
JW2512
JW1674
JW5273
H10407-cfaA
H10407-cfaD
H10407-eltA
H10407-fepA
H10407fur-cfaA
H10407fur-cfaD
H10407fur-eltA
H10407fur-fepA
SH200
SH201
SH202
SH203
SH204
SH205
SH206
SH207
SH208
SH209
SH210
SH211
SH212
SH213
SH214
SH215
SH216
SH301
SH302
SH303
SH304

Plasmids
PMA-T
pMK
PMA-T-cfaA
pSUB7
pKD46
pBAD33
pBAD33-cfaD
pPROBE-AT
pPROBE-cfaD
pPROBE-cfaA
pPROBE-fepA
PPROBE-eltA
pCA24N (gfp-)
pCA24N-iscR
pSP401
pSP401-iscR

078:H11:K80 CFA/I STh STp LT
H10407 fur::kan

H10407 iscR::kan

H10407 iscR::kan pCA24N-iscR
0139:H28 CS1 CS3 LT STh

F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514

BW25113 fur:kan

BW25113 zur::kan

BW25113 oxyR::kan

BW25113 soxR::kan

BW25113 iscR::kan

BW25113 iscS::kan

BW25113 iscU::kan

BW25113 iscA::kan

BW25113 sufA::kan

BW25113 sufB::kan

H10407 pPROBE-cfaAp

H10407 pPROBE-cfaDp

H10407 pPROBE-eltAp

H10407 pPROBE-fepAp
H10407Afur pPROBE-cfaAp
H10407Afur pPROBE-cfaDp
H10407Afur pPROBE-eltAp
H10407Afur pPROBE-fepAp
BW25113 pBAD pPROBE-cfaAp
BW25113 pBAD-cfaD pPROBE-cfaAp
JW0669 pBAD pPROBE-cfaAp
JW0669 pBAD-cfaD pPROBE-cfaAp
JW5714 pBAD pPROBE-cfaAp
JW5714 pBAD-cfaD pPROBE-cfaAp
JW3933 pBAD pPROBE-cfaAp
JW3933 pBAD-cfaD pPROBE-cfaAp
JW4024 pBAD pPROBE-cfaAp
JW4024 pBAD-cfaD pPROBE-cfaAp
JW2515 pBAD pPROBE-cfaAp
JW2515 pBAD-cfaD pPROBE-cfaAp
JW2514 pBAD-cfaD pPROBE-cfaAp
JW2513 pBAD-cfaD pPROBE-cfaAp
JW2512 pBAD-cfaD pPROBE-cfaAp
JW1674 pBAD-cfaD pPROBE-cfaAp
JW5273 pBAD-cfaD pPROBE-cfaAp
BW25113 pCA24N pPROBE-cfaAp
BW25113 pCA24N-iscR pPROBE-cfaAp
JW2515 pCA24N pPROBE-cfaAp
JW2515 pCA24N-iscR pPROBE-cfaAp

ColEI Amp*

ColEI Kan"

cfaA promoter (—223 to +77), Amp"
kan cassette template

\ Red recombinase, Amp"

Pgap Cm"

cfaD under Py, 1, control, Cm"
Promoterless GFP reporter, Amp"
cfaD promoter (—274 to + 285), Amp"
cfaA promoter (—223 to +77), Amp"
fepA promoter (—125 to +175), Amp*
eltA promoter (—134 to +166), Amp*
T7 promoter, GFP~ Cm"

iscR under T7 promoter control, GFP~ Cm"

ColEI Kan®, T7 promoter
iscR under T7 promoter control, Kan"

67
54
This study
This study

55

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

GeneArt (Life Technologies)
GeneArt (Life Technologies)
This study

69

33

34

This study

32

This study

This study

This study

This study

33

36

This study

This study

@ p, promoter; Cm", Amp", and Kan", chloramphenicol, ampicillin, and kanamycin resistance, respectively.
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fluidic circuit chip using the BioMark system (Fluidigm) with the Taq-
Man Gene Expression master mix (Applied Biosystems) and EvaGreen
(Biotium). A thermal mix was performed with incubation at 50°C for 2
min, 70°C for 30 min, and 25°C for 10 min to enhance sample and primer
diffusion within the chip, followed by 50°C for 2 min to ensure uracil-
DNA glycosylase protection and 95°C for 10 min for hot-start PCR. Am-
plification was then performed for 35 cycles at 95°C for 15 s followed by
60°C for 1 min. A melting curve was generated at the end of each run to
verify primer specificity. Expression was normalized against the three
most stable housekeeping genes from the set consisting of bglA, gapA, hns,
rpID, rpoA, and tufB, as determined by GeNorm (30). For supplementary
analysis of virulence genes expressed in ETEC E24377A or within the cfa
operon in H10407, RT-qPCR was performed on a Stratagene Mx3000P
with SYBR green and data normalized against the 16S housekeeping gene.
Relative gene expression was calculated using the 224" method. Fold
changes represent the ratio of expression in treated versus untreated cul-
tures.

Construction of transcriptional fusions. The promoter and partial
coding region of cfaD (—274 to +285 relative to the transcription start
site) (31) was amplified from ETEC H10407 genomic DNA with primers
cfaDF (GCTGGATCCAAAATATAATTCGTCAAAG) and cfaDR (TAAG
AATTCGCAACATATGGCCTTTCTGA). BamHI and EcoRI restriction
sites were added, as shown by underlined sequences, and the PCR product
directionally cloned into the pPROBE-AT vector. pPROBE-AT is a low-
copy-number plasmid with a promoterless green fluorescent protein
(GFP) reporter gene used for the generation of transcriptional fusions
(32).

The fepA (—125 to +175), eltA (—134 to +166), and cfaA (—223
to +77) promoters were assembled from synthetic nucleotides with ad-
dition of HindIIl and Kpnl sites to the 5 and 3’ ends, respectively
(GeneArt; Life Technologies). The fepA promoter was inserted into the
PMA-T cloning vector using Sfil sites, while the eltA and cfaA promoters
were inserted into the pMK cloning vector using Sacl and Kpnl sites
(GeneArt; Life Technologies). Vectors were then digested with HindIII/
Kpnl for directional cloning into pPROBE-AT.

ETEC H10407 iscR mutant construction. The iscR deletion mutant
was generated by PCR amplification of a kanamycin cassette flanked by
FLP recombination target (FRT) sites from pSUB7 with 50-bp flanking
regions homologous to the regions surrounding the iscR gene (under-
lined) using the primers IscR-FRT-FW (5'-ATACCCCCACTTTTACAA
TAAAAAACCCCGGGCAGGGGCGAGTTTGAGGTGAAGTAAGACT
GTAGGCTGGAGCTGCTTCG-3") and IscR-FRT-RV (5'-GGATGTAC
GACCGTGTTTACGAAGTATTTAGCACTCCGGCCTGATTCTGAAT
TCTTTTTACATATGAATATCCTCCTTAG-3') (Recombina). The PCR
product was introduced into ETEC strain H10407 previously transformed
with pKD46, carrying the phage N red recombinase system under the
control of an inducible promoter, as described previously (33). Successful
recombination was verified by PCR amplification of the region using the
primers IscR-Verif-FW 5'-GAATGTCAGACTTGACCCTGC-3" and
IscR-Verif-RV  5'-CACTCAATGCAAGGAATCAGG-3" (Recombina).
The H10407 AiscR strain was complemented with the pCA24N-iscR over-
expression plasmid.

Construction of cfaD and iscR expression vectors. The ¢faD coding
sequence was assembled from synthetic oligonucleotides with addition of
Xbal and HindI1I sites to the 5" and 3" ends, respectively, and inserted into
the pMA-T cloning vector at the Sfil site (GeneArt; Life Technologies).
The gene was then directionally cloned into the pBAD33 expression vec-
tor using the Xbal and HindIII sites to place cfaD under the control of the
araBAD promoter (pBAD-cfaD) for arabinose-inducible expression (34).

The iscR gene was assembled from synthetic nucleotides with addition
of Ncol and HindIII sites to the 5" and 3’ ends, respectively, and inserted
into the pMA-T cloning vector using Sfil sites (GeneArt; Life Technolo-
gies). The vector was digested with Ncol/HindIII for directional cloning
into pSP401, placing iscR under the control of the T7 promoter.
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GFP reporter assay. pPROBE transcriptional fusions were electropo-
rated into the ETEC H10407 and E. coli BW25113 strains as previously
described (35). The empty pBAD vector or pBAD-cfaD was electropo-
rated into BW25113 strains in addition to pPROBE constructs to evaluate
the effect of CfaD on promoter activity. The pCA24N empty vector or
pCA24N-iscR lacking the GFP gene was electroporated into BW25113
wild-type (WT) and AiscR strains for complementation (36). Following
electroporation, plasmid maintenance in H10407 was validated by colony
PCR using CFA/Tand LT primers (37). Cultures were grown to stationary
phase with shaking overnight in the presence of 0.66 WM arabinose for
pBAD induction or 50 wM IPTG (isopropyl-B-p-thiogalactopyranoside)
for pCA24N induction. Two hundred microliters of bacterial suspension
was distributed in duplicate in a black 96-well microplate (Thermo-
Fisher). GFP fluorescence was quantified by fluorometry using a Varios-
kan Flash microplate reader with an excitation wavelength of 490 nm and
an emission wavelength of 510 nm = 1 nm. Fluorescence was expressed in
relative fluorescence units (RFU) normalized against the A,.

In silico analysis of IscR binding sites. IscR binding motifs were gen-
erated by MEME using a training set based on sites previously validated by
footprinting for both apo- and holo-IscR in E. coli K-12 (38). IscR binding
site locations within the defined c¢faA promoter region were predicted by
MAST (39).

IscR purification. IscR was purified from E. coli BL21 transformed
with pSP401-iscR following growth at 37°C under aerobic conditions in
LB broth. iscR expression was induced with 500 uM IPTG for 1 h from
Agoo 0.4 to 0.6. Purification was performed under aerobic conditions as
previously described (40). Briefly, bacteria were harvested by centrifuga-
tion and resuspended in buffer A (50 mM Tris-HCI [pH 8.0], 10% glyc-
erol, 1 mM dithiothreitol [DTT], 5 mM EDTA, 0.1 mM phenylmethyl-
sulfonyl fluoride) supplemented with 0.5 M KCI and lysed by passage
through a French press. Cell debris was removed by centrifugation at
20,000 X g at 4°C for 15 min. The supernatant was further diluted by
adding 3 volumes of buffer A to decrease the KCI concentration and
loaded on a 5-ml HiTrap heparin column (GE Healthcare) equilibrated in
buffer A containing 0.1 M KCl at a flow rate of 1 ml min~'. The column
was washed with 5 volumes (25 ml) of buffer A containing 0.1 M KCl, and
IscR was eluted with a linear gradient of 0.1 to 1.0 M KCl in buffer A.
Fractions containing IscR were pooled, diluted by adding 2 volumes of
buffer A to decrease the KCI concentration, and loaded onto a 5-ml Hi-
Trap Q FF column (GE Healthcare) at 1.4 ml min~", and IscR was eluted
as described above. Purified IscR was dialyzed against conservation buffer
(20 mM Tris-HCI [pH 8.0], 50% glycerol, 400 mM KCI, 1 mM DTT, 5
mM EDTA), and residual iron levels were determined by inductively cou-
pled plasma mass spectrometry (ICP-MS) (41). No iron could be de-
tected, indicating that IscR was in the apo form.

DNase I footprinting. The cfaA promoter region (300 bp) was isolated
from pMA-T by digestion with AfIIIT and KpnI and the coding strand
labeled by incorporation of [a-**P]dCTP (3,000 Ci mmol ~'; Amersham)
at the AfIIII site with the Klenow fragment. The labeled fragment was
isolated on a 2% agarose gel and purified with the QIAquick gel extraction
kit (Qiagen). DNase I footprinting was performed as described previously
(42), with the modifications listed below. Labeled DNA (100,000 cpm; at
least 2 nM) was incubated with IscR under aerobic conditions for 20 min
at 37°C in buffer containing 20 mM Tris-HCI (pH 8.0), 70 mM KCI, 100
pg ml~! bovine serum albumin (BSA), I mM DTT and Nonidet P-40
(Roche Applied Science) at a final concentration of 0.1% (vol/vol). The
buffer was adjusted to include 10 mM MgCl, and 5 mM CaCl, prior to the
addition of 0.01U DNase I (Roche Applied Science) and incubated for 20
s at 37°C. The digestions were blocked by the addition of 25 pl of stop
solution (50 mM EDTA [pH 8.0], 40 p.g glycogen), and 100 .l of ice-cold
Tris-EDTA (TE) (pH 8.0) was added to increase the volume of the mix-
ture. After phenol-chloroform extraction, DNA fragments were ethanol
precipitated, resuspended in a formamide dye mixture, and separated by
electrophoresis on a 6% polyacrylamide sequencing gel. Bands were visu-
alized by autoradiography.
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FIG 1 CFA/I production and LT secretion under iron starvation. ETEC
H10407 was cultured overnight in the presence or absence of 50 uM deferox-
amine (Def) unless otherwise indicated. (A) Western blot of bacterial lysate,
showing protein levels of the CFA/I major subunit CfaB using anti-CFA/I
serum. GroEL was detected with anti-GroEL serum and served as the loading
control. (B) Dot blot of surface-expressed CFA/I using anti-CFA/I sera, with
an initial concentration of 2.5 X 10~ ® bacteria/ml (lane 1) followed by 2-fold
serial dilutions (lanes 2 to 9). Circled blots indicate the last bacterial dilution
with detectable CFA/I under each condition. (C) Periplasmic LT and secreted
LT were quantified by GM1 ELISA via analysis of the periplasmic fraction and
culture supernatant, respectively. LT was normalized against bacterial density.
ND, not detected. Means from at least three independent replicates are shown,
with error bars representing the standard error of the mean (SEM). Statistical
analyses were performed using the Student ¢ test. **, P < 0.01.

Statistical analyses. Statistical analyses were performed on fold
change data using the one-sample ¢ test and on comparisons between
groups using the Student ¢ test (SigmaPlot 11.0; Systat Software Inc.). P
values of <0.05 were considered significant.

RESULTS

Effect of iron starvation on CFA/I fimbriae and LT. ETEC
H10407 was grown to stationary phase overnight in CFA me-
dium supplemented or not with the iron chelator deferox-
amine. CFA/I production was increased in the presence of de-
feroxamine from 5 wM as shown by detection of the CFA/I
major subunit, CfaB, by Western blotting (Fig. 1A). Evaluation
of CFA/I surface expression by dot blotting of intact bacteria
confirmed this result, indicating that deferoxamine increased
both total and surface-exposed CFA/I levels (Fig. 1B). As CFA
broth contains approximately 5 wuM iron (43), 50 pM deferox-
amine was chosen for future analyses to ensure complete iron
chelation. In contrast to the results obtained for CFA/I, LT
levels in the periplasm were significantly decreased in the pres-
ence of 50 wM deferoxamine, as shown by GM1 ELISA (Fig. 1C).
Furthermore, the amount of secreted LT detected in the culture
supernatant dropped to undetectable levels under iron starvation.
As LT production occurs early during infection (12), periplasmic
LT levels were also quantified in exponentially growing cells to
determine if the in vitro growth phase influenced the toxin re-
sponse. Although the total amount of LT was higher during expo-
nential growth phase, a similar decrease in LT was seen in cultures
treated with deferoxamine (data not shown).
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FIG 2 Temporal expression of iron-regulated genes and two major ETEC
virulence genes under iron starvation. Gene expression analysis of ETEC
H10407 was performed following growth to exponential phase (2 h) or early
stationary phase (5 h) in CFA medium alone or supplemented with 50 uM
deferoxamine. Data are represented as the fold change ratio of expression in
treated versus untreated cultures, calculated from relative expression values
using the 2724 method. Values are log, transformed. Means from at least
three independent replicates are shown, with error bars representing the SEM.
Statistical analyses were performed using the one-sample t test. *, P < 0.05.

These results indicate that iron starvation increased CFA/I pro-
duction, as expected (14), but inhibited LT secretion.

Temporal gene expression analysis under iron starvation. To
determine if ¢faABCE (CFA/I) or eltAB (LT) operon expression
was modified in response to iron starvation, RT-qPCR analysis was
performed. Gene expression was evaluated in both exponential and
early stationary growth phases, as several ETEC virulence genes have
previously been shown to be growth phase regulated (44). As this is
the first study to evaluate the impact of iron starvation on gene ex-
pression in ETEC, we first analyzed the expression levels of iron-
regulated genes (fur, ryhB, fepA, fyuA, and ompW) previously charac-
terized in other E. coli strains (16, 45, 46).

Although the iron response regulator Fur (fur product) is
moderately autoregulated in E. coli (47), we found no major
change in gene expression under iron starvation in either the ex-
ponential or early stationary growth phase compared to control
cultures (Fig. 2). However, genes known to be repressed by Fur in
E. coli were induced in the presence of deferoxamine in ETEC
H10407, as expected. The small RNA ryhB and the fepA and fyuA
genes, encoding siderophore receptors, were upregulated under
iron starvation (16, 45, 46), with the strongest expression in expo-
nential phase. In contrast, the gene encoding the outer membrane
protein OmpW, implicated in resistance to environmental stress,
was inhibited under iron starvation, as shown previously in E. coli
(45, 48), with the strongest repression in early stationary phase.
Thus, although fur gene expression was unchanged in exponential
phase, Fur responded to changes in iron availability with derepres-
sion of Fur-regulated genes in the presence of deferoxamine.

We next examined the expression of the major ETEC virulence
operon ¢faABCE, represented here by the adhesin gene cfaE. Un-
der iron starvation, expression of cfaE was weakly repressed in
exponential growth phase, while its transcription was increased
nearly 4-fold in early stationary phase (Fig. 2). Further expression
analysis of the ¢faABCE operon showed upregulation of all four
genes under iron starvation in early stationary phase, indicating
that they behave in a similar manner (see Fig. S1 in the supple-
mental material). The increase in CFA/I production under this
condition was therefore associated with mRNA levels. In contrast
to that of cfaE, expression of eltB, encoding the LT B subunit, was
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FIG 3 Effect of iron starvation on ETEC virulence gene expression. Gene
expression analysis of ETEC H10407 was performed in early stationary phase
(5 h) in CFA medium alone or treated with 50 wM deferoxamine. Data are
represented as the fold change ratio of expression in treated versus untreated
cultures, calculated from relative expression values using the 27AACT method.
Values are log, transformed. The median is indicated as a band within the box
plot. Whiskers represent minimum and maximum values. Statistical analyses
were performed using the one-sample t test. ¥, P < 0.05; **, P < 0.01; ***, P <
0.001.

unchanged under iron starvation during both exponential and
early stationary growth phases. The reduced amount of LT found
in the periplasm and in the culture supernatant was therefore
independent of eltAB transcription.

Effect of iron starvation on expression of additional ETEC
virulence genes. The impact of iron starvation on additional
genes implicated in ETEC adhesion and toxicity was further investi-
gated. As expression of the ¢fa operon appears to be growth phase
dependent, with induction in early stationary phase, the global viru-
lence response was evaluated in this growth phase. In addition to ¢faE
and eltB, genes selected for this experiment were cfaD, cexE, aatA,
etpB, sta3, stal, astA, clyA, leoA, tia, csgA, and csgE.

Expression of the major virulence regulator gene cfaD was sig-
nificantly increased under iron starvation compared to expression
in control cultures, as was expression of several other plasmid-
based virulence genes. These included efpB (encoding the outer
membrane protein of the Etp two-partner secretion system), cexE
(encoding the small secreted protein CexE), and aatA (encoding
an outer membrane protein of the Aat type I secretion system
[T1SS]) (Fig. 3). Like CFA/I, the EtpBAC two-partner secretion
system is implicated in early colonization, secreting the highly
glycosylated protein EtpA, which then localizes to the tip of the
flagellum to mediate attachment to epithelial cells (8). Based on
homology to enteroaggregative E. coli, the Aat T1SS may be re-
sponsible for CexE secretion, although the function of CexE in
ETEC has not yet been described (49, 50). Thus, it is not surprising
that they showed similar expression profiles here. Of note, cfaD,
cfaABCE, and cexE are all known members of the CfaD regulon (9,
49, 51).

In contrast to these plasmid-based genes, chromosomal genes
encoding the Tia adhesin and curli fimbriae were repressed. Tia
was previously shown to interact with host cell surface proteogly-
cans to promote adherence and invasion, while curli are impli-
cated in adherence and biofilm formation (52). As the curli genes
are divided into two operons (csgBA and c¢sgDEFG), we evaluated
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the effect of iron starvation on both operons and found them to be
similarly repressed under iron starvation.

The toxin gene encoding EAST1 (astA) showed no significant
change in expression, as shown for eltB. However, genes encoding
the STp (stal), STh (sta3), and cytolysin A (clyA) toxins were all
repressed under iron starvation in early stationary phase. Further-
more, leoA, encoding a GTPase involved in LT secretion from the
periplasm (28, 53), was also repressed under iron starvation. As
expression of the eltB gene was not affected by iron starvation, the
repression of leoA could explain the absence of LT in culture su-
pernatant.

Promoter activity in response to iron starvation in ETEC
H10407 WT and Afur strains. We hypothesized that the Fur re-
pressor might be implicated in cfaABCE regulation, as it is the
central regulator of iron homeostasis in enterobacteria. To deter-
mine if the iron response was mediated by Fur at the transcrip-
tional level, the activity of promoter-GFP transcriptional fusions
was evaluated in the ETEC H10407 wild-type (WT) strain and its
isogenic fur mutant (Afur) (54). Analysis of transcriptional fu-
sions incorporated directly into the ETEC strain allowed us to
evaluate the iron response under native conditions, in the pres-
ence of the virulence plasmids and the CfaD regulator, which is
responsible for activation of the cfaABCE operon (9). Activity of
the fepA, eltA (eltAB operon), cfaA (cfaABCE operon), and cfaD
promoters was measured after overnight growth in the presence
or absence of deferoxamine.

As expected, the activity of the control promoter, fepA, was
derepressed in the WT strain in the presence of deferoxamine and
in the Afur strain in iron-replete medium (Fig. 4). No further
significant increase in promoter activity occurred in the Afur
strain under iron starvation, indicating that promoter activity was
already at the maximum level in the absence of Fur. In contrast,
eltA promoter activity was unchanged under all conditions, as
expected based on the earlier RT-qPCR analysis, confirming that
it is not transcriptionally regulated in response to iron (Fig. 4).
Evaluation of the activity of the fepA and eltA promoters validated
the use of the pPROBE reporter system in ETEC.

Like that of fepA, promoter activity of both cfaA and cfaD was
increased under iron starvation compared to activity in untreated
cultures (Fig. 4). Basal levels of cfaD promoter activity were ap-
proximately 10-fold lower than those seen for ¢faA in CFA me-
dium. Furthermore, under iron starvation, cfaA promoter activity
increased by nearly 5-fold, whereas cfaD promoter activity in-
creased by only 2-fold. Therefore, the cfaA promoter appears to be
more sensitive to iron starvation than the cfaD promoter.

However, no difference in promoter activity could be seen be-
tween the WT and Afur strains, indicating that Fur does not reg-
ulate cfaA or cfaD at all, including through direct control. Thus,
both genes are induced in response to iron starvation but are Fur
independent. Further transcript quantification in ETEC WT and
Afur strains by qPCR also showed no difference in ¢faE and cfaD
mRNA levels under iron-replete conditions, in contrast to results
obtained for ryhB, which was upregulated as expected in the ab-
sence of fur (see Fig. S2 in the supplemental material). These re-
sults eliminated a possible modification in the stability of the cfakE
or ¢faD transcripts in the Afur background.

Opverall, these data indicate that Fur does not modulate cfa or
cfaD expression in response to iron starvation.

Modulation of c¢faA promoter activity in response to tran-
scriptional regulators implicated in iron homeostasis. As the cfa
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FIG 4 Promoter activity of selected genes in the ETEC H10407 wild-type
strain and its isogenic fur mutant in response to iron starvation. Transcrip-
tional fusions of fepA, eltA (LT operon), cfaA (CFA/I operon), and c¢faD pro-
moter regions to the GFP reporter gene were introduced into the ETEC
H10407 wild-type (WT) strain and its isogenic fur mutant (Afur). GEP fluo-
rescence was measured following overnight growth in CFA broth in the pres-
ence or absence of 50 uM deferoxamine (Def). Background fluorescence was
subtracted, with fluorescence normalized against the bacterial density at 600
nm and expressed as relative fluorescent units (RFU). Means from at least
three independent replicates are shown, with error bars representing the SEM.
Statistical analyses were performed using the Student # test. **, P < 0.01; ***, P
< 0.001. The difference in fluorescence of the fepA-GFP gene fusion in the fur
mutant was not significant.

operon undergoes transcriptional regulation in response to iron
starvation with no implication of the Fur repressor, the effect of
other transcriptional regulators was evaluated. The E. coli KEIO
collection, including single-gene deletion mutants for nearly all
chromosomal genes in strain BW25113, represents a powerful
screening tool (55), enabling us to circumvent the need to gener-
ate individual knockout mutants of ETEC H10407. We took ad-
vantage of this heterologous system to evaluate ¢faA promoter
activity in strains lacking transcriptional regulators that may be
associated with iron homeostasis, including Fur, OxyR, SoxR,
IscR, and Zur. Both OxyR and SoxR respond to oxidative stress,
which is associated with iron concentration due to the generation
of hydroxyl radicals via the Fenton reaction (17). IscR regulates
iron-sulfur cluster biogenesis (40). A bioinformatic analysis iden-
tified Zur as the only known Fur homolog in ETEC H10407 (data
not shown).

cfaA promoter activity was evaluated in the absence or pres-
ence of the CfaD regulator, as it is a key activator of ¢fa expression
in ETEC but absent in E. coli BW25113. To this end, the cfaD gene
was placed under the control of an arabinose inducible promoter
in the pBAD vector and introduced into BW25113 in addition to
the pPROBE-cfaA plasmid. Given the inability of E. coli BW25113
to metabolize arabinose and the low glucose concentration in CFA
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FIG 5 ¢faA promoter activity in E. coli deletion mutants. E. coli BW25113
wild-type and mutant strains containing the pPROBE-cfaA transcriptional
fusion were cultivated in CFA medium in the presence or absence of 50 uM
deferoxamine (Def). GFP reporter fluorescence was measured following over-
night growth in the presence of the empty pBAD vector (A) or in the presence
of pBAD-cfaD (B). Cultures were performed in the presence of 0.66 .M L-ar-
abinose for pBAD induction. GFP fluorescence was normalized against bacte-
rial density at 600 nm and expressed as relative fluorescent units (RFU). Means
from at least three independent replicates are shown, with error bars repre-
senting the SEM. Statistical analyses were performed using the Student ¢ test. *,
P < 0.05;**, P < 0.01; ***, P < 0.001.

medium, 0.66 wM arabinose was sufficient to induce cfaD over-
expression.

In the E. coli BW25113 WT strain, c¢faA promoter activity was
significantly increased under iron starvation, as seen previously in
ETEC H10407. CfaD was not required, as promoter activity was
increased in both the absence and presence of the activator under
iron starvation (Fig. 5). However, cfaA promoter activity was 7- to
10-fold higher in the presence of CfaD than in the control cultures
(empty pBAD vector), indicating that CfaD did indeed increase
cfaA promoter activity in E. coli BW25113 (Fig. 5B). The effects of
iron starvation and CfaD activation on cfaA promoter activity
were additive, with the highest activity in the presence of both
factors.

cfaA promoter activity was significantly increased under iron
starvation in all mutant strains tested except the AiscR strain (Fig.
5). cfaA promoter activity in the Afur, Azur, and AsoxR strains
showed profiles similar to that in the WT strain in both the ab-
sence and presence of the CfaD activator, although promoter ac-
tivity was slightly reduced in the Afur strain in the presence of
CfaD (Fig. 5). The AoxyR strain showed higher promoter activity
than the WT strain in the absence of CfaD in both treated and
untreated cultures, indicating that this effect was not specific to
the iron response.

Promoter activity was unchanged in the AiscR strain in both
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FIG 6 Effect of iron starvation on gene expression in ETEC H10407 AiscR.
Gene expression analysis was performed following growth to late log phase in
CFA medium alone or treated with 50 pM deferoxamine. cfaE (top) or eltB
(bottom) gene expression was evaluated in the H10407 wild-type strain (WT),
the isogenic AiscR deletion mutant (AiscR), or the mutant complemented with
an iscR overexpression plasmid and induced with 50 WM IPTG [AiscR(C)].
Data are represented as the fold change ratio of expression in treated versus
untreated cultures, calculated from relative expression values using the
27 4ACT method. Values are log, transformed. Means from three independent
replicates are shown, with error bars representing the SEM. Statistical analyses
were performed using the one-sample ¢ test. **, P < 0.01. ND, not detected; ns,
not significant.
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the presence and absence of CfaD, suggesting that the effect of IscR
is independent of CfaD. The phenotype associated with the iscR
mutant was successfully restored to wild-type levels in the pres-
ence of the IscR expression vector, pPCA24N-iscR (see Fig. S3 in the
supplemental material). Moreover, overexpression of IscR in the
WT strain further increased cfaA promoter activity under iron
starvation (see Fig. S3 in the supplemental material).

Based on these data, we infer that IscR is the major regulator
responsible for mediating the impact of iron starvation on the cfaA
promoter.

We next investigated the action of IscR in ETEC H10407 by
generating an isogenic iscR deletion mutant. While cfaE gene ex-
pression was induced in the WT strain under iron starvation, this
effect was abolished in the AiscR strain (Fig. 6). Complementation
of the AiscR strain with a plasmid overexpressing IscR permitted
recovery of cfaE expression, indicating that the effect of IscR was
specific. In contrast, eltB (LT) expression remained unchanged
under iron starvation in all strains, consistent with previous re-
sults (Fig. 6).

As IscR transcriptionally regulates the iscRSUA and sufABCDE
operons, which are associated with Fe-S cluster biogenesis, cfaA
promoter activity may depend on these downstream elements
rather than directly on IscR. ¢faA promoter activity was therefore
evaluated in E. coli isc and suf deletion mutant strains (AiscS,
AiscU, AiscA, AsufA, and AsufB) in the presence of CfaD (see Fig.
$4 in the supplemental material). cfaA promoter activity was in-
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duced in all mutant strains under iron starvation, in contrast to
the AiscR mutant, as shown previously (Fig. 5; see Fig. S4 in the
supplemental material). This suggests that cfaA promoter activity
is directly dependent on IscR rather than Fe-S cluster biogenesis.

Although IscR can regulate gene expression in both its holo
(presence of an internal [2Fe-2S] cluster) and apo (absence of the
[2Fe-2S] cluster) forms, cfaA promoter activity was increased in a
AiscU strain under iron-rich conditions (see Fig. S4 in the supple-
mental material). As iscU encodes the scaffold protein essential for
generation of Fe-S clusters via the Isc pathway and maturation of
IscR to its holo form (56), these data further suggest that the effect
of IscR may be specifically mediated by its apo form.

Identification of IscR binding sites within the cfaA promoter.
To determine if IscR could function by directly binding to the cfaA
promoter, we searched the ¢faA promoter for IscR binding site
motifs. IscR can directly bind DNA using two consensus binding
motifs (19,42, 57). Although holo-IscR binds both type 1 and type
2 motifs, apo-IscR can bind only the type 2 motif (57). Here, type
1 and type 2 motifs were generated by MEME (Fig. 7A), based on
IscR binding sites previously identified and validated by DNase I
footprinting in E. coli (42). These motifs were then used to identify
potential binding sites within the ¢faA promoter by MAST. No
binding sites similar to the type 1 motif were identified within the
cfaA promoter. Two putative binding sites similar to the type 2
motif were identified, from position —164 to —137 (site A, 5'-AT
ATCCACAGGAACTGCATATTGGA-3") and from position —40
to —16 (site B, 5'-TTTTTATCTCATTTTTTTTTGTTTT-3") rel-
ative to the start of transcription (Fig. 7B). Furthermore, both site
A and site B showed 80% identity to a previously published type 2
motif generated with a different algorithm (5'-WWWWCCXYA
XXXXXXXTRXGGWWWW-3" where WisAorT,RisAorG,Y
is C or T, and X is any base) (57). Site B overlapped with a previ-
ously identified CfaD binding site and the —35 site, whereas site A
was located upstream of all previously identified regulator binding
sites (49).

As the putative binding sites identified in silico were similar to
motif 2, IscR may be capable of interacting with the ¢faA promoter
in both holo and apo forms. However, as promoter activity was
induced under iron starvation conditions, which lead to increased
apo-IscR levels, we hypothesized that apo-IscR may interact with
the c¢faA promoter. DNase I footprinting studies on the coding
strand of the cfaA promoter confirmed that apo-IscR bound the
cfaA promoter. Complete protection of site A (—138 to —165)
could be seen from 50 nM apo-IscR, indicating high affinity (Fig.
7C), while apo-IscR bound site B (—7 to —48) with moderate
affinity from 200 nM. The hypersensitivity that occurs at the —10
region upon IscR binding indicates a DNA structural modifica-
tion that may facilitate binding of the RNA polymerase or pro-
moter opening. In contrast, no sites were identified on the non-
coding strand (data not shown).

These data therefore suggest that apo-IscR functions as a direct
activator of cfaABCE operon expression under iron starvation,
leading to increased presentation of the CFA/I fimbriae.

DISCUSSION

Within the human gastrointestinal tract, pathogenic bacteria are
exposed to extreme, rapidly changing environmental conditions
such as pH, oxidative stress, and nutrient availability. Therefore,
production of virulence factors and the programs associated with
virulence must be tightly coordinated for appropriate disease de-
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FIG 7 Identification of IscR binding sites within the cfaA promoter. (A) Type 1 or type 2 IscR binding site motifs generated by MEME were used to identify
potential IscR binding sites within the ¢faA promoter. (B) Two type 2 binding motifs (site A and site B, boxed) were identified in silico by MAST. Key features of
the ¢faA promoter are shown, including Rns/CfaD binding sites (underlined) (46), possible —10 and —35 sites (bold), the transcription start site (arrow), and the
translation initiation codon of the cfaA gene (ATG, bold). (C) Apo-IscR binding sites were identified in vitro by DNase I footprinting from positions —7 to —48
and —138 to —165 under aerobic conditions. Lanes 1 and 6 do not contain IscR. Lanes 2 to 5 contain 50, 100, 200, and 500 nM IscR, respectively. The sequence
is numbered relative to the transcription start site, indicated by an arrow. Protected regions within the coding strand of the cfaA promoter are indicated by bars,
and hypersensitive regions induced by binding of apo-IscR are indicated by closed circles. These sites are also shown in panel B with the same symbol. To localize
bands generated by DNase I digestion, sequencing reactions run in parallel were used as a ladder.

velopment in response to diverse environmental factors. Iron
availability represents a key factor in initiation of bacterial patho-
genesis, signaling arrival within the small intestine. Indeed, dietary
iron acquisition occurs in the duodenum and upper jejunum of
the small intestine to generate a longitudinal gradient in mammals
(58).

In ETEC H10407, we found that the major virulence factors
CFA/I and LT showed a differential response to iron starvation in
the CFA medium. Iron starvation led to increased production of
the CFA/I fimbriae but inhibited LT secretion, supporting the
hypothesis that ETEC-specific fimbriae and toxins may be differ-

activity further revealed that iron starvation induced the expres-
sion of several genes encoding ETEC virulence factors at the tran-
scriptional level. These included genes encoding the CFA/I fim-
briae (cfa operon), the transcriptional regulator CfaD (cfaD), the
small secreted protein CexE (cexE), the Aat T1SS (aat), and the Etp
two-partner secretion system responsible for secretion of the EtpA
adhesin (efp operon). All upregulated genes were located on the
major virulence plasmid p948, with CfaD responsible for activa-
tion of ¢faD, the cfa operon, and cexE (49, 51). The similar expres-
sion profiles seen for cexE, aatA, and etpB suggest that these genes
may be expressed in tandem with c¢fa in ETEC to permit early

entially regulated. Indeed, differential expression between CFs
and the LT has been previously observed in vitro in the presence of
glucose or bile salts (10, 13, 44).

Quantification of transcripts and measurement of promoter
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adhesion to epithelial cells upon arrival in the ileum (59). Follow-
ing initial epithelial cell contact, intimate adhesion events may
then be mediated by outer membrane adhesins, such as EaeH,
which were not evaluated here (60). In contrast to the known roles
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of the cfa and etp operons in pathogenesis, the role of cexE remains
unknown (49). However, in enteroaggregative E. coli, the Aat se-
cretion system secretes dispersin, a CexE homolog that modifies
outer membrane surface charge to permit fimbrial extension (61).
An analogous role for Aat in CexE secretion in ETEC has been
suggested (50, 62). The similar gene expression profile seen here
for both cexE and the aat operon supports this hypothesis.

In contrast to the induction of these plasmid-based genes,
genes encoding both curli and the Tia adhesin were repressed
under iron starvation, suggesting that they are not required during
early colonization by ETEC. Indeed, a recent study of ETEC viru-
lence factors found that Tia is not associated with disease (63). We
hypothesize that repression of these nonspecific adhesins may en-
hance presentation of ETEC-specific colonization factors within
the small intestine.

Preliminary analyses of virulence gene expression in the heter-
ologous ETEC strain E24377A also show induction of CF expres-
sion under iron starvation for both cooA (CS1) and c¢stA (CS3), as
seen for cfaE (CFA/I) in H10407 (see Fig. S5 in the supplemental
material). This suggests that the virulence response to iron starva-
tion may be more widespread among ETEC strains than seen for
other environmental factors, including glucose and bile, which are
strain dependent (44, 64).

Although iron starvation has a positive effect on toxin expres-
sion in other pathogens (2), we found that it did not positively
influence the expression of any toxin gene considered here. Simi-
lar results were seen for eltB (LT) transcription in E24377A (see
Fig. S5 in the supplemental material) and are consistent with pre-
vious data showing that ferrous iron has no effect on LT synthesis
in ETEC (65). Interestingly, an H10407 AleoA mutant was previ-
ously shown to have impaired LT secretion from the periplasm
(28). LeoA is a dynamin-like GTPase encoded within a chromo-
somal pathogenicity island, with a major role in LT secretion in
H10407 (53). As leoA expression was significantly inhibited with
iron starvation, reduced LeoA levels may in turn decrease the
amount of secreted LT seen here. Finally, it is important to note
that although LT and ST have previously been shown to undergo
differential expression (11), neither was induced under iron star-
vation here. Consistent with recently published data (12), our data
support the hypothesis that LT and ST secretion may occur in
tandem, responding in a similar manner to key environmental
cues.

Although an early study suggested that Fur might repress ex-
pression of CFA/I (14), our results indicate that Fur has no major
influence on either gene expression or promoter activity of the cfa
operon under iron starvation. In addition, ¢faA promoter activity
was induced under iron starvation in all E. coli deletion mutants
evaluated except the AiscR mutant, identifying IscR as a possible
regulator of the ¢fa operon. Moreover, RT-qPCR analyses indicate
that the iscR gene is subject to upregulation under iron starvation
in both ETEC H10407 and E24377A, suggesting that IscR induc-
tion may lead to the upregulation of colonization factors (Fig. 6;
see Fig. S5 in the supplemental material).

Apo-IscR has been previously implicated in modulating type 1
fimbrial phase variation in E. coli via activation of the fimE recom-
binase under iron starvation (25). Indeed, a type 2 motif has been
identified in the fimE promoter from position —178 to —153 (25).
Apo-IscR also binds two sites with high affinity within the suf
promoter, from —60 to —26 and from —164 to —132 (66). In the
cfaA promoter, we also identified two sites with high affinity in
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similar locations, overlapping the —35 hexamer and from —163 to
—124. Thus, based on site localization, IscR likely functions in a
similar manner at the fim, suf, and cfa promoters.

While the regulatory role of Fur in both the iron response and
bacterial virulence has been largely documented (2), the role of
IscR in virulence regulation continues to be elucidated. The results
presented here provide further support for the involvement of
IscR in modulation of bacterial virulence and should motivate
further investigation concerning the possible coordination of vir-
ulence programs in pathogenic E. coli.
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