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The human pathogen enterohemorrhagic Escherichia coli (EHEC) O157:H7 has two histidine sensor kinases, QseC and QseE,
which respond to the mammalian adrenergic hormones epinephrine and norepinephrine by increasing their autophosphoryla-
tion. Although QseC and QseE are present in nonpathogenic strains of E. coli, EHEC exploits these kinases for virulence regula-
tion. To further investigate the full extent of epinephrine and its sensors’ impact on EHEC virulence, we performed transcrip-
tomic and phenotypic analyses of single and double deletions of qseC and qseE genes in the absence or presence of epinephrine.
We showed that in EHEC, epinephrine sensing seems to occur primarily through QseC and QseE. We also observed that QseC
and QseE regulate expression of the locus of enterocyte effacement (LEE) genes positively and negatively, respectively. LEE acti-
vation, which is required for the formation of the characteristic attaching and effacing (A/E) lesions by EHEC on epithelial cells,
is epinephrine dependent. Regulation of the LEE and the non-LEE-contained virulence factor gene nleA by QseE is indirect,
through transcription inhibition of the RcsB response regulator. Finally, we show that coincubation of HeLa cells with epineph-
rine increases EHEC infectivity in a QseC- and QseE-dependent manner. These results genetically and phenotypically map the
contributions of the two adrenergic sensors QseC and QseE to EHEC pathogenesis.

In mammals, the adrenergic hormones epinephrine and norepi-
nephrine are an integral part of the stress response (16). These

hormones are recognized by mammalian cells by means of
membrane-bound G protein-coupled receptors (GPCRs) to
which they bind, initiating a regulatory cascade. In microorgan-
isms, the hormones epinephrine and norepinephrine have been
shown to be sensed by a variety of disease-causing organisms,
including enterohemorrhagic Escherichia coli (EHEC) O157:H7
(8, 21, 59, 71), enterotoxigenic E. coli (ETEC) (42), Salmonella
enterica serovar Typhimurium (1, 3, 4, 49), and Vibrio parahae-
molyticus (52), as well as recently in the fish and human pathogen
Edwardsiella tarda (79). These enteric pathogens use epinephrine
as a signal for differential regulation of virulence factors, including
motility (3, 8, 79), invasion (49, 59), and attaching and effacing
(A/E) lesion formation, which are typical of EHEC and entero-
pathogenic E. coli (EPEC) infections (48, 73).

EHEC is an enteric bacterium that causes hemorrhagic colitis
(31). In some cases, complications may arise, including hemolytic
uremic syndrome (HUS) and thrombotic thrombocytopenic pur-
pura (TTP) (18). In a similar fashion to other pathogens, EHEC
controls virulence gene expression aiming for maximal energy
efficiency. It senses signals from both the mammalian and intes-
tinal microbial flora, to discern its arrival at its colonization niche,
the colon. EHEC has been shown to sense the autoinducer 3
(AI-3) signal produced by the intestinal microbial flora, as well as
the aforementioned host-produced hormones epinephrine and
norepinephrine (8, 21, 59, 71).

Two histidine sensor kinases have been identified as sensors of
epinephrine and norepinephrine in EHEC. The first, histidine ki-
nase QseC, has been reported to increase its autophosphorylation
in response to epinephrine, norepinephrine, or AI-3 (8). QseC
then transfers its phosphate to, not only its cognate response reg-
ulator (RR) QseB, but also two other RRs, QseF and KdpE (21).
QseC via QseB regulates flagellar and motility genes through the
direct binding of QseB to the promoter region of flhDC, the mas-

ter regulator of the flagellar regulon (10, 21). Through QseF, QseC
activates Shiga toxin production (21, 41, 42).

A/E lesion formation, which is characterized by the attachment
of bacteria to colonic epithelial cells followed by an induction of
extensive actin rearrangement underneath the bacteria and efface-
ment of surrounding microvilli (29, 36, 48, 73), has been shown to
be regulated by QseC through the KdpE RR (21, 59; J. Njoroge et
al., submitted for publication). We have shown that KdpE directly
binds to the promoter region of ler, which codes for the master
regulator of the locus of enterocyte effacement (LEE) genes that
are required for A/E lesion formation (44). The LEE genes are
mostly organized into five operons (LEE1 to -5), with the first
operon encoding the LEE transcriptional activator Ler (13, 44, 45,
69). Most of the genes in the LEE are necessary for A/E lesion
formation and include genes that encode the structural compo-
nents of a type 3 secretion system (TTSS), as well as some effectors
that are translocated through this TTSS into the host epithelial cell
(26, 44). EspA, a LEE4-encoded secreted protein, forms part of the
translocon of the TTSS, providing a structural direct link between
the bacteria and the infected host cell (27, 34, 56). The LEE5 gene
tir codes for an effector that gets translocated through the TTSS
into the host cell, where it serves as a receptor for another LEE5-
encoded protein, the adhesin intimin (encoded by the eae gene)
(28, 33). The interaction of these two proteins allows for the inti-
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mate attachment of EHEC to the host epithelial cell. The TTSS also
translocates non-LEE-encoded effectors such as EspFu/TccP (7,
15) and NleA/EspI (19, 50, 51, 63), which mimic mammalian
signaling proteins and hijack host cell signal transduction. The
NleA effector is an important virulence factor that has been shown
to be required for virulence in the Citrobacter rodentium murine
model (19, 51). It has been reported to disrupt intestinal tight
junctions (74) and to localize to the Golgi apparatus, where it
inhibits cellular protein secretion (35). The positive control of the
LEE genes, Shiga toxin production, and motility by QseC culmi-
nates in the activation of the EHEC virulence repertoire. Deletion
of qseC has been shown to attenuate virulence of not only EHEC
but also Salmonella enterica Typhimurium, Francisella tularensis,
uropathogenic E. coli (UPEC), and Edwarsiella tarda (3, 8, 37, 59,
79) in vitro and in vivo.

The second epinephrine sensor, the histidine kinase QseE, re-
sponds to epinephrine, phosphate, and sulfate by increasing its
autophosphorylation level and then transfers its phosphate to its
cognate RR, QseF (61). Importantly, QseC acts upstream of qseEF,
given that QseC activates expression of qseEF (62). The QseEF
two-component system has been characterized as being impor-
tant for espFu transcription (62). The fact that both QseC and
QseE increase their phosphorylation in an epinephrine-
dependent manner and that QseC has been shown to initiate a
signal transduction cascade in response to this hormone posed an
interesting question of how this intricate control of epinephrine-
dependent pathogenesis is maintained. To answer this question,
we performed thorough transcriptional and phenotypical analy-
ses of strains lacking one or both of the genes coding for these
kinases, in the absence or presence of the hormone epinephrine.
Although the influence of epinephrine on QseC-dependent regu-
lation of the LEE genes, motility, and Shiga toxin production has
been previously reported (8, 59), the effect of this hormone on
QseE-dependent regulation of downstream genes has not been
determined. In this work, we show that the adrenergic kinases
QseC and QseE act in an antagonistic manner to regulate both
LEE-contained and non-LEE-contained genes in order to control
overall virulence of the enteric pathogen EHEC. We also report
the role of epinephrine-dependent increase in A/E lesion forma-
tion and the important role that these two adrenergic kinases play
in the formation of these lesions.

MATERIALS AND METHODS
Strains and growth media. All bacterial strains used in this study are listed
in Table 1. Unless otherwise stated, strains were grown in Luria-Bertani
(LB) medium or low-glucose Dulbecco’s modified Eagle’s medium
(DMEM) at 37°C and 250 rpm. Medium was supplemented, when neces-
sary, with 50 �g ml�1 streptomycin, 50 �g ml�1 kanamycin, and 100 �g
ml�1 ampicillin. For epinephrine studies, strains were grown under light-
protected conditions after addition of epinephrine to a final concentra-
tion of 50 �M.

Recombinant DNA methods. Methods used for PCR amplification,
plasmid purification, restriction enzyme digestion, ligation, and transfor-
mation were performed according to standard protocols (64). IDT and
Primer Express v1.5 (AB) were used to design the oligonucleotide primers
(Table 2) utilized in this work. Construction of the �qseC and �qseE
mutants has been described previously (62, 72). The nonpolar �qseC
�qseE double mutant and the �rcsB mutant were constructed using a �
Red-mediated recombination method (11). In brief, using the helper plas-
mid pKD4 as a template, primer pairs YfhKP1 and YfhKP2 for qseE and
JrcsB redF and JrcsB redR for rcsB were used to amplify PCR products that

were then gel purified (Qiagen). The �qseC and wild-type (wt) strains
transformed with the helper plasmid pKD46 were prepared for electropo-
ration and transformed with the qseE and the rcsB PCR products, respec-
tively. The electroporated cells were then recovered in SOC medium
(0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM
MgCl2, 10 mM MgSO4, 20 mM glucose) for 6 h at 30°C, plated on
kanamycin-supplemented LB plates, and incubated overnight at 42°C.
The resultant colonies were screened for ampicillin sensitivity and kana-
mycin resistance. The kanamycin cassette was then resolved by electropo-
rating deletion candidates with the resolvase plasmid pCP20, heat shock-
ing at 42°C, and then screening the resulting colonies for sensitivity for
both ampicillin and kanamycin. Final verification was performed by PCR
amplification and sequencing.

Plasmids for mutant complementation and �-galactosidase assays (see
Table 4) were constructed by amplifying the coding regions from the
EHEC strain 86-24 using Phusion polymerase, digesting with the appro-
priate restriction enzymes, and ligating with T4 ligase (NEB) as previously
described (72). Briefly, primer pair JqseEbad33F/JqseEbad33R were used
to amplify the qseE gene, and the resulting PCR product was ligated into
the pBAD33 vector predigested with XbaI and HindIII. The primer pair
JrcsBmycF/JrcsBmycR were used to amplify the rcsB gene, and the result-
ing PCR product was ligated into the pBADmycHis vector predigested
with KpnI and EcoRI.

RNA extraction. Cultures grown overnight aerobically at 37°C in LB
were diluted 1:100 into low-glucose DMEM and grown in triplicate to an
optical density at 600 nm (OD600) of 1.0. TRIzol (Invitrogen) and the
Ribopure bacterial isolation kit (Ambion) were then used to extract RNA
from these biological replicates according to the manufacturer’s proto-
cols.

qRT-PCR. Quantitative real-time reverse transcriptase PCR (qRT-
PCR) was performed as follows. RNA transcription levels were quantified
using the Applied Biosystems ABI 7500 sequence detection system in a

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid
Reference or
source Description

Strains
Wild type (wt) 18 wt O157:H7 (86-24 clinical isolate)

VS138 72 �qseC
VS179 72 �qseC strain complemented with

pqseC (pVS155)
NR01 62 �qseE
JN080 This study �qseE strain complemented with pqseE

(pJN62)
JN07 This study �qseC �qseE
JN071 This study �qseC �qseE strain complemented

with pqseC and pqseE
JN18 This study �rcsB
JN081 This study �rcsB strain complemented with prcsB

(pJN63)

Plasmids
pKD4 11 � Red template plasmid
pKD46 11 � Red helper plasmid
pCP20 11 � Red helper plasmid
pBAD-myc-hisA Invitrogen C-terminal Myc-His tag cloning vector
pBAD33 20 cloning vector
pRS551 68 lacZ reporter gene fusion vector
pVS155 72 qseC in pBADmyc His
pJN62 This study qseE in pBAD33
pJN63 This study rcsB in pBADmyc His
pVS175 70 fliC::lacZ in pRS551
pVS182 70 flhD::lacZ in pRS551

EHEC Virulence Regulation by QseC and QseE

February 2012 Volume 80 Number 2 iai.asm.org 689

http://iai.asm.org


one-step reaction as previously described (78). In brief, extracted RNA
was added (final dilution of 5 ng/�l) to a mixture containing Sybr green,
validated primers (Table 2), RNase inhibitor, and reverse transcriptase
(AB). Using ABI Sequence Detection 1.3 software, data were collected and
normalized to endogenous rpoA levels. Analysis was performed using the
comparative critical threshold cycle (CT) method, and data are presented
as fold changes over wt levels. The error bars represent the standard devi-
ations of the ��CT value.

Microarray global analysis. Microarray (E. coli 2.0 Affymetrix) global
analysis was performed on extracted RNA according to the manufactur-
er’s instructions as outlined in the Affymetrix Gene Expression Technical
Manual (http://www.affymetrix.com). Briefly, RNA extracted as de-
scribed above was used as a template for reverse transcription to cDNA.
The cDNA was then processed and hybridized to the E. coli Genome
GeneChip 2.0. The GeneChips contain over 10,000 probe sets directed
toward 20,366 genes from four different strains of E. coli: the K-12 labo-

ratory strain MG1655, the O157:H7 EHEC strain EDL933, the O157:H7
EHEC strain Sakai, and the uropathogenic strain CFT073.

To analyze the results, output from scanning replicates was collected
using GCOS v1.4 according to the manufacturer’s instructions. The data
were then normalized using Robust Multi-array analysis (5, 23) and ana-
lyzed for differences in gene expression due to the addition of epinephrine
and/or the deletion of qseC and qseE.

Motility assays. Assays were performed as described previously (21).
Briefly, overnight cultures grown shaking at 37°C were used to stab mo-
tility agar plates (0.3% agar, 1% tryptone, and 0.25% NaCl). These plates
were then incubated at 37°C for 8 h, after which the motility halo diame-
ters were measured and images were taken.

�-Galactosidase assays. The fliC transcriptional fusion plasmid
pVS177 was transformed into appropriate strains, and the resultant
transformants were used to perform �-galactosidase assays as previ-
ously described (70). Briefly, overnight cultures were grown in LB to

TABLE 2 Oligonucleotides used in this study

Oligonucleotide
name Description/use Oligonucleotide sequence

yfhKP1 qseE deletion for JN07 GGCAAAGCCTGAATGCGCCTTAGCGACCAGGCGGCGCTGGTCAACCGCACCACGCTTATCGATGCCC
GGCGCAGCGAAGCAATGACCAACGCGGCGCTGGATGTAGGCTGGAGCTGCTTC

yfhKP2 TTGCCCGCTCTCGTCGACCAGATACAGTTCCCCTTGCATACGGCGAATACAATCCCTGGCAATGCTTAA
TCCCAGACCGCTGCCCTTCACCGCCCCTTTTATATGAATATCCTCCTTA

JrcsB redF rcsB deletion for JN18 CGTGAACGTAATTATTGCCGATGACCATCCGATAGTCTTGTTCGGTATTCGTGTAGGCTGGAGCTGCTTC
JrcsB redR CGCCAGCTTCATCATCGCAGATTTCTTCTGGCTACTGATGGTTTTAATACTGCATATGAATATCCTCCTT

JrcsB checkF Deletion check for rcsB CGAACCAGTGACTTTGCTGCGTTAGC
JrcsB checkR CGCTGTTGAAATAATGGGAATCGTAGGACGGA

JqseE bad33F Complement plasmid
pJN62

GCTCTAGAGGCTATTCGCGTCTGACGAGAGTA

JqseE bad33R CCCAAGCTTTTATTTCGTGTTTTTCGACGACGGTAATTCAATG

JrcsB mycF Complement plasmid
pJN63

CTCGGTACCAACAATATGAACGTAATTATTGCCGATGACCA

JrcsB mycR CTCGAATTCGTCTTTATCTGCCGGACTTAACGTTACTG

rpoA RTF rpoA RT-PCR GCGCTCATCTTCTTCCGAAT
rpoA RTR CGCGGTCGTGGTTATGTG

espA RTF espA RT-PCR TCAGAATCGCAGCCTGAAAA
espA RTR CGAAGGATGAGGTGGTTAAGCT

ler RTF ler RT-PCR CGACCAGGTCTGCCCTTCT
ler RTR GCGCGGAACTCATCGAAA

tir RTF tir RT-PCR CCATGGAGAGCAGACGTAGCT
tir RTR CGGTGATCCTGGATTTAACCTT

eae RTF eae RT-PCR GCTGGCCTTGGTTTGATCA
eae RTR GCGGAGATGACTTCAGCACTT

nleArt549F nleA RT-PCR AGCCACTACTTCGACGGTAACC
nleArt624R ACGAACCACTTGAGCTGTTAATCC

rcsBF rcsB RT-PCR TCTCTCGCCAAAAGAGAGTGAAG
rcsBR CGATCTCGGTCACCAGGAA

qseC RT1 443F qseC RT-PCR AATGGGAATACCGTGAAGACATG
qseC RT1 505R CCAACCACGGGATCAATTG

QseE RTF qseE RT-PCR CCCTTCACCGCCCCTTT
QseE RTR CGCGCCATGATCTTCGA
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the mid-exponential growth phase (OD600, 0.5) and then assayed for
�-galactosidase activity using o-nitrophenyl-�-D-galactopyranoside
(ONPG) as a substrate, as described previously (40).

FAS. To examine pedestal formation, fluorescent actin staining (FAS)
assays were performed as previously described (36, 62). HeLa cells were
grown on coverslips in plates in DMEM supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) and 1% PSG (penicillin-streptomycin-
glutamine) antibiotic mixture at 37°C in 5% CO2 overnight to about 80%
confluence. The FBS used was dialyzed to remove all molecules with a
molecular weight less than 10,000, including any epinephrine that may be
present. The wells containing the coverslips were then washed three times
with phosphate-buffered saline (PBS) and replaced with fresh medium
lacking antibiotics. For epinephrine studies, the drug was added to a final
concentration of 50 �M. Overnight static bacterial cultures were then
used to infect the washed cells. The plates were light protected and incu-
bated for 6 h at 37°C in 5% CO2. The coverslips were then washed, fixed,
and permeabilized. Fluorescein isothiocyanate (FITC)-labeled phalloidin
was used to stain actin green, and propidium iodide (PI) was utilized to
stain bacteria and HeLa nuclei red. The coverslips were then mounted on
slides and visualized with a Zeiss Axiovert microscope. To quantify in-
fected cells, at least 100 cells were counted per coverslip, and the number
of bacteria infecting them was counted. Serially diluted samples of the
original bacterial cultures were also plated to confirm similar CFU were
used for the infection.

Statistical analysis. To analyze significance of the results obtained
from the assays in this work, all experiments were performed at least twice
with at least triplicate samples each time. Student’s unpaired t test was
used to determine statistical significance. A P value of �0.05 was consid-
ered significant.

Microarray accession number. Array data have been deposited in the
NCBI GEO database, and the GEO number is GSE33895.

RESULTS
Global assessment of QseC and QseE gene regulation in EHEC.
Previous microarray data comparing the single �qseC and �qseE
single mutants to wild-type (wt) EHEC O157 in Dulbecco’s mod-
ified Eagle’s medium (DMEM) have shown divergences in global
gene regulation by these two adrenergic receptors (21, 60). We
have previously reported the role of QseC in the activation of the
expression of genes involved in motility (9, 10), Shiga toxin pro-
duction (21), and the LEE pathogenicity island (21; Njoroge et al.,
submitted). We have also reported the role of QseE in the regula-
tion of espFu (62). The regulation of virulence factors by these two
sensor kinases as had been identified before this work is summa-
rized in Fig. 1A (8, 21, 61, 62; Njoroge et al., submitted). As the
summary indicates, both QseC and QseE have been shown to
sense epinephrine (8, 61). Epinephrine-dependent gene expres-
sion had only been reported for genes downstream of QseC but
not for targets downstream of QseE. Another open question was
whether QseC and QseE are the only sensors of epinephrine in
EHEC O157. To address these issues, we first needed to define
genes that were regulated by both kinases and then test their ex-
pression in response to the presence of this adrenergic hormone.
Additionally, we hypothesized that if these two kinases were the
only epinephrine sensors, deletion of both QseC and QseE would
make the resultant double mutant unable to respond to epineph-
rine. We therefore constructed a nonpolar qseC and qseE gene
double deletion mutant (the �qseC �qseE strain). Using quanti-
tative real-time reverse transcriptase PCR (qRT-PCR), we con-
firmed the deletion of both genes as well as the efficacy of plasmid
encoded QseC and QseE to rescue gene transcription (Fig. 1B).

Next, using Affymetrix E. coli 2.0 microarrays, we performed a
global transcriptomics analysis of the wt, �qseC, �qseE, and �qseC

�qseE double mutant strains grown in DMEM, which is optimal
for the expression of TTSS genes and other EHEC virulence fac-
tors. These growth conditions were performed in the presence of
AI-3, which is endogenously produced by EHEC O157 and is
sensed by QseC to differentially regulate its targets (8, 71, 78). The
arrays contain over 10,000 probe sets that cover genes in the ge-
nomes of the two sequenced EHEC strains (EDL933 and Sakai),
the K-12 strain MG1655, and the UPEC strain CFT073, as well as
intergenic regions that can code for small RNAs (sRNAs) or non-
annotated small open reading frames (ORFs).

The microarray analysis revealed that although a majority of
the probe sets in the double-kinase mutant were unchanged com-
pared to the wt, 510 probe sets showed increased expression, with
47% of these being pathogen specific (Table 3). Additionally, a
total of 300 probe sets in the double mutant had decreased expres-
sion, with 65% of the genes being pathogen specific. This percent-
age of pathogen-specific genes that were differentially regulated in
the double mutant was similar to that in the �qseC strain. The
�qseC strain had 149 probe sets increased and decreased, with the
pathogen-specific ones representing 52% of both the increases
and the decreases. On the other hand, the �qseE global gene reg-
ulation profile revealed more differential expression than is seen
in the double mutant, with twice as many probe sets increased in
the �qseE strain as in the �qseC �qseE strain (1,282 versus 510).
Additionally, more than four times as many probe sets in the
�qseE strain were decreased than in the �qseC �qseE mutant
(1,294 versus 300). The mostly upregulated probe sets in the
double-kinase mutant, as indicated by the microarray, included
many hypothetical genes, metabolism genes, and a few (putative)
sensor kinase genes, such as yedV and zraS. These genes’ expres-
sion remained unchanged in the single mutants’ profiles, suggest-
ing that QseC’s and QseE’s regulatory effects on them may be
redundant, and only the deletion of both sensors could make a
difference in their expression. The most highly downregulated
probe sets in the double-kinase mutant, which included
pathogen-specific genes such as Z4320, c1516, and c4309, had dif-
ferential regulation in the single mutants that did not follow a
distinct pattern.

Next we investigated whether there were any commonly regu-
lated genes in the arrays. The �qseC �qseE mutant has more
downregulated genes in common with the �qseC mutant (49
genes) than with the �qseE mutant (29 genes) (Fig. 2A). Addition-
ally the �qseC �qseE strain shares more upregulated genes with
the �qseE strain (91 genes) than with the �qseC strain (43 genes)
(Fig. 2B). These data suggest that the double-kinase mutant has
the plasticity to regulate gene expression to mimic either one of
the single mutants, depending on the set of genes being evaluated.
Of the 300 genes decreased in the �qseC �qseE strain, only 4 genes
were commonly regulated in the �qseC and �qseE mutants (Fig.
2A), while of the 510 genes increased in the double-kinase mutant,
only 8 genes were commonly regulated in the single-kinase mu-
tants (Fig. 2B). These commonly regulated genes included four
that were metabolism related (fruA, rbsD, ais, and srlA) and four
that were involved in metal sensing (ygiW, ais, arnF, and basR).
The others were hypothetical genes. This leaves a total of 610 genes
(226 decreased and 384 increased) that are differentially regulated
in the �qseC �qseE strain that are not shared with the single mu-
tants. This indicates that the double-kinase mutant transcriptome
does not fully overlap with the single-kinase mutants, suggesting
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that deletion of one or both kinases promotes extensive rewiring
of downstream signaling.

Another possible explanation for the paucity of commonly reg-
ulated targets may be that the two kinases conversely regulate
similar target genes. Indeed in the single mutant arrays, we iden-
tified a total of 95 genes conversely regulated by these two kinases.
Expression of 78 genes was decreased in the �qseC strain, and
increased in the �qseE strain, while expression of 17 genes was
increased in the �qseC strain and decreased in the �qseE strain
(Fig. 2C and D). These conversely regulated genes included the

LEE genes and nleA encoding a non-LEE effector. Altogether,
these data indicated that although there may be convergent regu-
lation of some genes by QseC and QseE, other genes may be reg-
ulated by only one of these adrenergic kinases.

QseC and QseE conversely regulate transcription of the LEE
and nleA. Global transcriptome analysis of the single- and double-
kinase mutants indicated that there was differential regulation of
some targets (Fig. 2). These included the LEE genes, previously
reported to be activated by QseC in DMEM (21, 59), and nleA,
which had also been previously reported to be mildly activated by

FIG 1 Confirmation of nonpolar deletion and rescue of expression of the adrenergic kinase-encoding genes qseC and qseE. (A) Summary of the QseC- and
QseE-dependent signaling cascade involved in virulence regulation as reported prior to this work. Genes whose expression had been shown to be affected by
epinephrine have � next to them. Asterisks indicate that the ler promoter is highly regulated by many transcription factors, including GrlA, Pch, GadE, QseA, and
H-NS (2, 6, 25, 30, 67). epi, epinephrine; NE, norepinephrine; AE, attaching and effacing. (B) qRT-PCR analysis examining qseC and qseE expression in the wt
and �qseC, �qseE, and �qseC �qseE mutant strains and the complemented double mutant strains grown to an OD600 of 1.0 in low-glucose DMEM. The genes’
transcript levels were quantified as fold differences normalized to wt gene transcription levels. The samples’ rpoA transcript levels were used as internal controls
to normalize the output CT values. The data are from at least three independently grown replicates.
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QseC in DMEM (21). However, whether QseE played any role in
the regulation of the LEE or nleA was still an open question, as well
as if and how QseC and QseE may interface in this regulation. We
first performed qRT-PCR to compare the differences in mRNA
levels of genes in the LEE4 an LEE5 operons. RNA was extracted
from the wt and �qseC, �qseE, and �qseC �qseE mutant strains
grown in low-glucose DMEM to an OD600 of 1.0 and assessed for
differences in transcription of the tir and eae genes (both within
LEE5) and the espA gene (LEE4). The mRNA levels of all three of
these genes were significantly decreased in the �qseC strain com-
pared to the wt (Fig. 3A to C), with tir, eae, and espA transcription
decreasing 2-fold for all three. On the other hand, the same genes
had a significant increase in transcription in the �qseE mutant
relative to the wt, with mRNA levels of tir, eae, and espA being
augmented 12-fold, 4-fold, and 6-fold, respectively. When the
mRNA levels of the three LEE genes in the �qseC �qseE mutant
were evaluated, their levels were comparable to those of the �qseE

strain (tir up 9-fold and eae and espA up 6-fold). Transcription of
all genes was rescued upon complementation.

Next, we evaluated whether this converse gene regulation by
QseC and QseE extended beyond those encoded by the LEE
pathogenicity island. NleA is a non-LEE-encoded effector trans-
located by the LEE TTSS into host cells, and it has been shown to
play an important role in virulence (19, 35, 74). It has been shown
to be mildly activated by QseC in DMEM (21). The microarray
data indicated that nleA’s expression was decreased in the �qseC
strain, increased in the �qseE strain, and also elevated in the �qseC
�qseE strain. This differential nleA regulation by these two kinases
mirrored the LEE regulation. Therefore, we assessed whether nleA
transcriptional analysis using the more sensitive qRT-PCR
method would also mirror these previous observations. Com-
pared to the wt, nleA mRNA levels were decreased 2-fold in the
�qseC strain, while we observed over a 10-fold increases in both
the �qseE and �qseC �qseE mutants (Fig. 3D). These findings
support a positive role and negative role for QseC and QseE, re-
spectively, in the regulation of both LEE genes and the gene en-
coding the non-LEE effector, NleA. Although both kinases regu-
lated LEE4, LEE5, and nleA (Fig. 4C), QseE is epistatic to QseC, as
observed by the fact that the double mutant has a phenotype com-
parable to that of a mutant with a qseE deletion.

Deletion of both kinases eliminates the epinephrine-
dependent regulation of virulence genes. Previous studies have
shown that both QseC and QseE sense the hormone epinephrine
(4, 8, 21, 49, 61). Given that both adrenergic kinases regulate the
LEE genes as well as nleA (Fig. 2), we next investigated the role that
epinephrine plays in this regulation. We grew the wt and the mu-
tants in low-glucose DMEM in the absence or presence of epi-
nephrine (final concentration, 50 �M), extracted RNA, and eval-
uated nleA and, as a representative of the LEE genes, espA mRNA
levels. In the presence of epinephrine, the mRNA levels of both
genes were significantly increased in the wt compared to the wt
with no drug (Fig. 4), with espA levels increased 2-fold and nleA
levels increased 6-fold. Interestingly, the epinephrine effect on
transcription in the single-deletion mutants differed depending
on the gene evaluated. When espA transcription was compared

TABLE 3 Comparison of the effects of deletion of QseC, QseE, or both
kinases on global gene expression in EHEC O157

Comparison and
parameter

No. of genes with result:

Increased
expression

Decreased
expression

No
change Total

wt vs �qseC mutant
MG1655 specific 71 71 3,928 4,070
Pathogen specific 78 78 5,787 5,943
Total 149 149 9,715 10,013

wt vs �qseE mutant
MG1655 specific 558 871 2,641 4,070
Pathogen specific 724 423 4,796 5,943
Total 1,282 1,294 7,437 10,013

wt vs �qseC �qseE
mutant

MG1655 specific 268 104 3,698 4,070
Pathogen specific 242 196 5,505 5,943
Total 510 300 9,203 10,013

FIG 2 Global analysis of QseC’s and QseE’s effects on EHEC O157 gene transcription. Venn diagrams show the number of overlapping downregulated (A) and
upregulated (B) genes between the �qseC, �qseE, and �qseC �qseE mutant strains compared to the wt. (C) Venn diagram indicating genes that are decreased in
the �qseC strain and increased in the �qseE strain. (D) Venn diagram indicating genes with expression that is increased in the �qseC strain and decreased in the
�qseE strain. Strains for the microarrays were grown to an OD600 of 1.0 in low-glucose DMEM.
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between nontreatment and treatment with epinephrine, no
change was observed in the �qseC strain, while there was a 3-fold
increase in espA mRNA levels in the epinephrine-treated �qseE
strain compared to the nontreated �qseE strain (Fig. 4A). These
results indicate that although both kinases are involved in espA
gene regulation, epinephrine-dependent regulation of espA oc-
curs primarily via QseC. In the double mutant, no significant
change was observed between nontreatment and treatment with
epinephrine. When we evaluated nleA mRNA levels in the absence
and presence of epinephrine, we observed a 6-fold increase in wt
(Fig. 4B). In the �qseC strain in the presence of epinephrine, we
observed a 2.5-fold increase in nleA transcription compared to the
�qseC mutant without epinephrine. However, there was no sig-
nificant change between the �qseE strain in the presence of epi-
nephrine and that without epinephrine. These data suggest that
although QseC and QseE both regulate nleA transcription,
epinephrine-dependent regulation of nleA occurs primarily via
QseE. The �qseC �qseE double mutant was also blind to the effects
of epinephrine. Altogether, these results support our hypothesis
that QseC and QseE sense epinephrine to regulate the expression
of LEE and non-LEE effectors (Fig. 4C) and that in the absence of
these two adrenergic kinases, EHEC is unable to sense this hor-
mone and is consequently unable to differentially regulate these
genes.

Global analysis of epinephrine-dependent EHEC gene regu-
lation by the two adrenergic kinases QseC and QseE. Since tran-
scription of the LEE genes and nleA in the �qseC �qseE double-
kinase mutant is epinephrine independent (Fig. 4), we next
investigated the extent of this lack of response to epinephrine.
Using Affymetrix E. coli 2.0 microarrays, we performed a global
gene analysis of the wt and the single and double mutants grown in

low-glucose DMEM in the absence or presence of 50 �M epineph-
rine. The microarray data indicated that there was more differen-
tial regulation when the wt was treated with epinephrine than
when the mutants were treated with epinephrine (Table 4). When
the wt with epinephrine was compared to wt with no treatment,
21% of the genes were upregulated, while 12% were downregu-
lated, indicating a possible dual role for epinephrine as both an
activator and a repressor of its target genes. Altered genes were
observed both in the K-12 genes from strain MG1655, which con-
tains the conserved E. coli backbone, and in the pathogen-specific
probe sets. It is interesting to note that a higher percentage of the
pathogen-specific genes were upregulated than downregulated
(24% increased versus 3% decreased). Comparison of the �qseC
�qseE mutant in the presence of epinephrine to the �qseC �qseE
mutant with no treatment indicated very few genes were differen-
tially regulated, with 0.3% being upregulated and 1.4% being
downregulated. This indicated to us that deletion of both qseC and
qseE left the double mutant strain mostly unable to sense epineph-
rine, which correlates with the epinephrine unresponsiveness ob-
served by qRT-PCR (Fig. 4). This relative unresponsiveness was
also observed in the single mutants. Adding epinephrine to the
�qseC strain culture only altered the expression of 0.4% of the
total genes, while addition of epinephrine to the �qseE strain cul-
ture led to only 1% of the genes being differentially regulated. The
fact that a total of 34% of the genes were differentially regulated
when epinephrine was added to the wt culture, while less than 2%
of the genes were differentially regulated when epinephrine was
added to either the single or the double mutant cultures, indicates
that deletion of QseC and QseE results in EHEC being mostly
unable to sense epinephrine and that both kinases seem to work in
concert toward the proper sensing of this signal.

FIG 3 Both QseC and QseE regulate the LEE genes and nleA. qRT-PCR analyses of tir (LEE5) (A), eae (LEE5) (B), espA (LEE4) (C), and nleA (D) transcription.
The mRNA levels for all of these genes were quantified and normalized to the mRNA levels of the endogenous internal control gene, rpoA. The mRNA levels were
graphed as fold changes compared to wt transcript levels. The results are from at least three independent samples.
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Transcriptome comparison of the four array sets revealed that
in the wt, epinephrine increased the regulation of most of the LEE
genes (Fig. 5A), as well as most of the genes that encode confirmed
and predicted non-LEE EHEC O157 effectors (77) (Fig. 5B). The
heat maps comparing the �qseC strain with and without epineph-
rine treatment indicated that in the presence of epinephrine, genes
encoding the non-LEE effectors were differentially regulated,
while the LEE genes were unaffected. On the other hand, epineph-
rine increased the LEE genes’ expression in the �qseE strain but
did not affect non-LEE effector gene expression. In the �qseC
�qseE double-kinase mutant, neither set of genes responded to the
addition of epinephrine. These heat maps mirrored the qRT-PCR
data (Fig. 4), which had suggested that the LEE genes were still
responsive to epinephrine in the �qseE strain but not in the �qseC
strain, while non-LEE-encoded effectors such as nleA were still
responsive to epinephrine in the �qseC strain but not in the �qseE
strain. These results also confirmed the �qseE �qseC qRT-PCR
data, which indicated that in the double-kinase mutant, the tran-
scription of both the LEE genes and nleA is unaffected by epineph-
rine.

QseE regulation of the LEE- and non-LEE encoded effectors
occurs through RcsB. We have shown that QseC and QseE con-
versely regulate genes both within and outside the LEE pathoge-
nicity island (Fig. 3 and 4). We next explored the mechanism of
this differential regulation. We have previously shown that QseC
regulation of the LEE occurs through the KdpE RR (21; Njoroge et
al., submitted). Unlike QseC, which phosphorylates three RRs

TABLE 4 Comparison of effect of epinephrine on wt and mutants

Comparison and
parametera

No. of genes with result:

Increased
expression

Decreased
expression

No
change Total

wt vs wt � epi.
MG1655 specific 727 1,011 2,332 4,070
Pathogen specific 1,423 185 4,335 5,943
Total 2,150 1,196 6,667 10,013

�qseC mutant vs �qseC
mutant � epi.

MG1655 specific 5 4 4,061 4,070
Pathogen specific 12 20 5,911 5,943
Total 17 24 9,972 10,013

�qseE mutant vs �qseE
mutant � epi.

MG1655 specific 25 23 4,022 4,070
Pathogen specific 19 37 5,887 5,943
Total 44 60 9,909 10,013

�qseC �qseE mutant vs
�qseC �qseE
mutant � epi.

MG1655 specific 21 83 3,966 4,070
Pathogen specific 14 76 5,853 5,943
Total 35 159 9,819 10,013

a � epi., in the presence of epinephrine.

FIG 4 Effect of epinephrine on QseC- and QseE-dependent regulation of LEE and non-LEE genes. Expression of espA (LEE4) (A) and nleA (B) was evaluated by
qRT-PCR in the wt strain and the mutant strains grown to the late exponential phase in the absence and presence of epinephrine (final concentration, 50 �M).
The error bars indicate standard deviations of the ��CT values. The levels of endogenous rpoA mRNA were used to normalize the CT values. (C) Representation
of the converse regulation of the LEE genes and nleA transcription by the epinephrine-sensing kinases QseC and QseE. Although both kinases regulate the LEE
genes and nleA, epinephrine-dependent regulation of the LEE genes is mostly via QseC (dotted arrow with �), while epinephrine-dependent regulation of nleA
is mostly via QseE (dotted line with �).
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(QseB, KdpE, and QseF), QseE phosphorylates only its cognate
RR, QseF (80). QseF is a DNA binding transcriptional regulator
that binds �54-dependent promoter regions (62). The transcrip-
tion of the espA gene’s LEE4 operon, as well as the tir and eae LEE5
operon, is �70 dependent (38, 65). As none of these genes has a
�54-dependent promoter, it is unlikely that QseE’s regulation of
these genes is through QseF. We have previously shown that QseE
regulates expression of several two-component systems at the
transcriptional level, including the RcsBC system (60). The re-

sponse regulator of the system, RcsB, has been shown to be in-
volved in the regulation of the LEE genes in the Sakai strain of
EHEC (76). To explore whether RcsB was an intermediate in the
QseE regulation of these genes, we assessed rcsB mRNA levels in
the wt, �qseC, �qseE, and �qseC �qseE mutant. The transcription
of rcsB was unaffected in the �qseC strain but increased signifi-
cantly in the �qseE and �qseC �qseE strains (Fig. 6A). These re-
sults suggested that the upregulation of the rcsB observed in the
�qseE mutant and the double mutant may be due to the fact that

FIG 5 Deletion of the two adrenergic kinases QseC and QseE impairs epinephrine-dependent regulation of multiple EHEC virulence factors. Shown are heat
maps from microarray analysis representing the effects of epinephrine (Epi) on the wt and �qseC, �qseE, and �qseC �qseE mutant strains. The strains treated with
epinephrine were compared to the same strains with no treatment. Red indicates upregulation, green indicates downregulation, and black indicates no change.
(A) Heat map representing differential regulation of the LEE genes. (B) Heat map showing the differential expression of non-LEE genes.
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QseE is an inhibitor of rcsB transcription, which is in agreement
with our previous report (60).

Next we constructed a nonpolar mutant of rcsB. RNA was then
extracted from the wt, the mutant, and the complemented strain,
and the absence and rescue of rcsB expression in these strains were
confirmed by qRT-PCR (Fig. 6B). We then assessed the impact of
RcsB regulation on the expression of the LEE genes tir, eae, and
espA. Transcription of all of these genes was significantly de-
creased in the �rcsB strain (2.5-fold for tir and espA and 4-fold for
eae), and expression was rescued upon complementation with
rcsB on a plasmid (Fig. 6C). It is worth noting that the expression
of the genes assessed was much higher in the complement than in
the wt, probably due to the fact that the complement overex-
pressed rcsB. Because the LEE genes are activated by Ler, the mas-
ter regulator of the LEE pathogenicity island, we assessed the effect
of rcsB deletion on ler transcription. We observed a significant
downregulation of 5-fold in ler transcription in the mutant. We
also observed a 2-fold reduction in the expression of the nleA gene
in the rcsB mutant (Fig. 6D). Altogether, these data suggest that
QseE repression of the LEE and nleA transcription occurs indi-
rectly via the RcsB RR. The QseEF proteins repress expression of
RcsBC, impeding RcsB activation of LEE and nleA expression.

A/E lesion formation. Since the presence of epinephrine and
the deletion of qseC, qseE, or both qseC and qseE together affect the
expression of nleA as well as the LEE genes, we next used fluores-
cent actin staining (FAS) to investigate whether this differential
regulation affected the formation of A/E lesions. As most com-
mercially available fetal bovine serum (FBS) used to supplement
HeLa epithelial cell culture medium contains traces of epineph-
rine, we used a dialyzed FBS (Gibco, Invitrogen), which has all
molecules with a molecular mass less than 10,000 Da removed.
HeLa epithelial cells were infected for 6 h with the wt or the mu-
tant strains in the absence or presence of epinephrine to a final
concentration of 50 �M. The infected cells were then fixed and
stained with FITC-phalloidin (which stains filamentous actin
green) and propidium iodide (which stains the HeLa nuclei and
bacteria red). The pedestals were visualized as red bacteria cupped
by bright green actin (Fig. 7A). To ensure comparable levels of
infection by the different strains, an aliquot of the input was also
serially diluted and plated to confirm similar bacterial numbers
were used for infection. Infection rates were calculated as the
number of HeLa cells with bacteria attached as a percentage of the
total number of HeLa cells.

Incubation of HeLa cells with wt EHEC O157, in the absence of

FIG 6 QseE regulates nleA and the LEE genes through its inhibition of rcsB transcription. (A) Transcription (qRT-PCR) of rcsB in the wt and �qseC, �qseE, and
�qseC �qseE mutant strains. (B) Confirmation by qRT-PCR of the deletion and rescue in expression of rcsBi. (C) Transcriptional LEE gene expression for the wt
strain, �rcsB mutant, and its complement. (D) qRT-PCR evaluating the transcription of nleA in the wt and �rcsB mutant. Error bars indicate the standard
deviations of the ��CT values. The mRNA levels of endogenous rpoA were used to normalize the CT values. (E) Representation of how the inhibition of the
expression of the LEE genes and nleA by QseE is indirect via RcsB. RcsB, whose transcription is inhibited by QseE, is a transcriptional activator of the LEE genes
and nleA.
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epinephrine, led to a 40% infection rate (Fig. 7B). When the in-
fection was carried out in the presence of epinephrine, the per-
centage of cells infected increased a significant 2-fold. Upon �qseC
mutant incubation with these epithelial cells in the absence of
epinephrine, the percentage of infected cells decreased 2-fold
compared to that of the wt. Supplementation with epinephrine
did not increase infection. These results are consistent with the
observation that LEE expression is decreased in the �qseC mutant
(Fig. 4A) and that addition of epinephrine to the �qseC strain did
not lead to increased LEE expression. Next, when the FAS assay
was performed with the �qseE mutant, we observed that in the
absence of epinephrine infection, rates were 2-fold higher than
that of the wt without epinephrine and comparable to that of the
wt in the presence of epinephrine. Addition of epinephrine to the
�qseE infection assay did not increase infection rates. The infec-
tion rate in the �qseC �qseE strain was comparable to that of the
wt but was unaffected by coincubation with epinephrine. These
results give further evidence that epinephrine-dependent LEE reg-
ulation in EHEC O157 is dependent on only QseC and QseE.

Regulation of motility is dependent on QseC but not QseE.
We have previously shown that the regulation of motility in EHEC
is QseC dependent (10, 21, 72). Given that LEE gene regulation
shows a converse relationship between QseC and QseE, we inves-

tigated whether this phenomenon was also observed in motility
regulation. We assessed the motility of the wt, �qseC, �qseE, and
�qseC �qseE strains and their complements in 1% tryptone–agar
media. As expected, the motility of the �qseC strain compared to
the wt was significantly diminished, with the halo diameters of the
mutant reduced almost 5-fold (Fig. 8A and B). Deletion of qseE
did not affect motility, with halo diameters for the �qseE strain
comparable to those of the wt. When both qseC and qseE were
deleted, the double mutant had a motility defect similar to that of
the �qseC mutant, and this decrease in swimming could be res-
cued upon complementation with qseC and qseE in trans.

To confirm these motility plate results, we assessed whether
the transcription of fliC, which codes for flagellin (Fig. 8C), was
affected by deletion of qseC and/or qseE. The strains were trans-
formed with the fliC-lacZ transcription fusions, and
�-galactosidase assays were performed. In both the �qseC and
�qseC �qseE fliC mutants, transcription was significantly re-
duced compared to that in the wt. In the �qseE strain, tran-
scription of fliC was comparable to that of the wt (Fig. 8C).
Altogether these results indicate that regulation of motility is
QseE independent but QseC dependent. Also the double mu-
tant data suggest that as far as motility is concerned, qseC is
epistatic to qseE.

FIG 7 Fluorescent actin staining (FAS) assays. HeLa cells were infected for 6 h in the absence or presence of epinephrine (final concentration, 50 �M). HeLa cell
actin was stained green with FITC-phalloidin, while HeLa cell nuclei and bacteria were stained red with propidium iodide. Formation of pedestals was visualized
as bright green (actin) cups holding red bacterial cells. The experiments were performed in duplicate at least three times. For every slide, at least 100 cells were
evaluated. (A) Visualization of pedestals formed by bacteria on HeLa cells. (B) Representation of the percentage of infected HeLa cells.
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DISCUSSION

Bacterial populations have evolved the ability to sense their sur-
roundings through chemical signaling (66). In the 1970s, the ma-
rine bacteria Vibrio fischeri and Vibrio harveyi were shown to sense
increasing concentrations of self-produced compounds (later
termed autoinducers), in order to monitor their population den-
sity, and at the optimal concentration of these signals, the bacteria
activate expression of bioluminescence genes (12, 54, 55). Since

then, a multitude of microbes have been shown to communicate
within as well as outside their species (22).

Communication between bacterial species has also been re-
ported in EHEC O157, where it has been shown that this enteric
pathogen senses the AI-3, which is produced by itself as well as gut
resident microbiota (71). As the infectious dose of EHEC O157 is
estimated to be �50 CFU (31), it is unlikely that the self-produced
AI-3 is sufficient to promote gene regulation when this pathogen

FIG 8 Motility regulation is QseC dependent but QseE independent. (A) Tryptone motility plates with the wt strain and the �qseC, �qseE, �qseC �qseE mutants
and their complemented strains. (B) Representation of the diameter of the bacterial halos. (C) �-Galactosidase assays were performed using plasmid pVS177 with
an fliC::lacZ promoter fusion in the wt and �qseC, �qseE, and �qseC �qseE mutant strains. (D) Representation indicating the QseC-dependent and QseE-
independent activation of motility genes. QseC phosphorylates QseB, which directly binds to the regulatory region of flhDC, encoding the master regulators of
flagella, leading to increase fliC expression, production of flagella, and motility (10).
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reaches the intestine. Therefore, it has been proposed that EHEC
O157 senses the AI-3 produced by the gut microbial flora to ini-
tiate regulation of virulence genes (71). Through the QseC AI-3
sensor, EHEC upregulates motility, which probably allows the
bacteria to swim closer to the gut epithelium, where it may be
exposed to the host-produced epinephrine and/or norepineph-
rine hormones (8, 71). This exposure to these human adrenergic
hormones is thought to further augment positive regulation of
genes important for colonization and formation of A/E lesions.

Here we show that exposure of EHEC O157 to epinephrine
increases its ability to infect HeLa cells and form pedestals. This
effect is QseC and QseE dependent (Fig. 7). QseC has been previ-
ously reported to be an activator of virulence. It has been shown to
positively regulate motility in EHEC O157, Salmonella, and UPEC
(3, 4, 10, 21, 37, 49, 72), invasion in Salmonella (49), and overall
virulence in many other pathogens (47, 57, 59, 79). Here, we have
shown that deletion of qseC significantly decreases formation of
A/E lesions on HeLa cells and that the qseC mutant’s ability to
form these lesions is unaffected by epinephrine (Fig. 7). These data
are consistent with the observation that the qseC mutant was un-
able to respond to epinephrine to activate LEE expression (Fig.
4A). However, it is worth noting that with regard to the regulation
of nleA transcription, the qseC mutant still appears to sense epi-
nephrine (Fig. 4B). NleA is an important virulence factor, but it is
not involved in A/E lesion formation. This would explain why the
epinephrine-dependent A/E lesion formation pattern (Fig. 7) mir-
rored the epinephrine-dependent transcription of the LEE genes

(Fig. 4A) and not the epinephrine-dependent transcription of
nleA (Fig. 4B). A probable explanation for this may be that al-
though both QseC and QseE regulate nleA transcription, QseE
may play a more significant role in this gene’s regulation, the result
of which would be that in the qseC mutant, the QseE that is present
still senses epinephrine and responds to it, consequently altering
nleA transcription. We have also shown that the other epinephrine
sensor, QseE, inhibits pedestal formation, with the �qseE strain
forming significantly more pedestals than the wt, and its infection
rate is unaffected by epinephrine. Interestingly when espA tran-
scription was assessed, the �qseE strain still sensed epinephrine
(Fig. 4A). A likely reason for this observation is that in the absence
of qseE, qseC is still present, and though both kinases regulate the
LEE, QseC is the principal epinephrine-dependent regulator of
espA. Therefore, in the qseE mutant, the QseC that is still present
senses epinephrine and alters espA transcription. When we tested
the �qseC �qseE double mutant in phenotypic assays with epi-
nephrine, we observed an inability to sense this hormone (Fig. 4A
and b, 5, and 7A and B). Transcription of the LEE genes, and
consequently A/E lesion formation, was unchanged in the absence
and presence of epinephrine, which indicated to us that these two
kinases, QseC and QseE, are the only sensors of epinephrine in
EHEC O157 involved in the regulation of the LEE. Interestingly,
although the �qseC �qseE strain’s regulatory pattern for the LEE
genes is similar to that for QseE, the double mutant’s pattern for
motility regulation is similar to QseC. These data indicate that

FIG 9 Model of the QseC and QseE regulatory cascade. Solid lines with arrows indicate confirmed positive interactions, while dotted lines indicate indirect or
unconfirmed direct interactions. QseC phosphorylates QseB, which directly activates transcription of flhDC to promote expression of flagella. Through
phosphorylation of KdpE, QseC activates expression of the LEE genes. QseF is phosphorylated by both QseC and QseE. QseF indirectly activates expression of
espFu and Shiga toxin. QseE inhibits rcsB transcription in an as yet undetermined manner. Given that RcsB activates expression of the LEE and nleA, QseE
inhibition of rcsB inhibits LEE and nleA expression. How QseC influences nleA expression is unknown. epi, epinephrine; NE, norepinephrine; AE, attaching and
effacing; HUS, hemolytic-uremic syndrome.
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QseC and QseE have a complex interplay in the regulation of
virulence in EHEC.

Bacteria have evolved complex systems to regulate their viru-
lence, with numerous points of control. The first step usually in-
volves the sensing of an environmental signal through a
membrane-bound or intracellular sensor (58). The sensor in turn
may in a few cases directly alter transcription of target genes or
more commonly initiates a regulatory cascade that culminates in
gene regulation (14, 17, 46). A multitude of sensors have been
shown to be important for bacterial virulence. Enterococcus faeca-
lis, a human enteric pathogen, has been reported to respond to
self-produced pheromones through the kinase FsrC in order to
differentially regulate virulence (53). The plant pathogen Agrobac-
terium tumefaciens uses the kinase ChvG to regulate tumorigenesis
by directly or indirectly sensing extracellular acidity (39). Other
examples include cis-2-dodecenoic acid sensing by Burkholderia
cenocepacia BCAM0227 (43) and LAI-1 sensing by Legionella
pneumophila LqsS (75).

Here we show that epinephrine sensing is very complex (Fig.
9). QseC senses AI-3, epinephrine, and norepinephrine, and then
through the phosphorylation of three RRs (QseB, QseF and KdpE)
is able to regulate motility, Shiga toxin production and A/E lesion
formation (21). Adding another layer of complexity, QseC also
activates expression of the qseEF genes (62). Regulation of motility
depends exclusively on QseC, not on QseE (Fig. 8). However, in
concert with QseC, QseE play a role in the regulation of the LEE.
QseE senses epinephrine, phosphates, and sulfates and subse-
quently negatively regulates expression of the LEE, and A/E lesion
formation (Fig. 3, 4, and 7). This regulation by QseE is indirect
through inhibition of rcsB transcription, which is a positive regu-
lator of the LEE and nleA (Fig. 6). Tobe et al. reported that both
overexpression and deletion of rcsB led to increased transcription
of the LEE in the Sakai strain of EHEC (76). We, however, show by
qRT-PCR that in the �rcsB strain the transcription of ler, tir, eae,
and espA is significantly decreased compared to the wt, and this
reduction could be rescued by complementation in trans (Fig. 6).
In agreement with Tobe et al., we show that overexpression of rcsB
in the complemented strains increased LEE gene expression. It is
also important to note that the strain we use in our research, an
isolate from an EHEC O157:H7 hemorrhagic colitis outbreak
(18), is different from the Sakai strain used by Tobe et al., and this
may explain the disparate results. Recent work by Islam et al. and
Kendall et al. has also highlighted the occurrence of differential
gene regulation among different EHEC strains (24, 32).

Here we have shown how EHEC O157 has evolved to use two
histidine kinases to sense hormones produced by its host in order
to fine-tune the temporal and energy efficient expression of its
virulence factors. This control is very complex, and better under-
standing of the intricacies of this signaling cascade may contribute
to the development of future antivirulence therapies.
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