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Escherichia coli O157:H7 Lacking the gseBC-Encoded Quorum-Sensing
System Outcompetes the Parental Strain in Colonization of Cattle
Intestines

V. K. Sharma, T. A. Casey
Food Safety and Enteric Pathogens Research Unit, National Animal Disease Center, ARS-USDA, Ames, lowa, USA

The gseBC-encoded quorum-sensing system regulates the motility of Escherichia coli 0157:H7 in response to bacterial autoin-
ducer 3 (AI-3) and the mammalian stress hormones epinephrine (E) and norepinephrine (NE). The gseC gene encodes a sensory
kinase that autophosphorylates in response to AI-3, E, or NE and subsequently phosphorylates its cognate response regulator
QseB. In the absence of QseC, QseB downregulates bacterial motility and virulence in animal models. In this study, we found
that 8- to 10-month-old calves orally inoculated with a mixture of E. coli O157:H7 and its isogenic gseBC mutant showed signifi-
cantly higher fecal shedding of the gseBC mutant. In vitro analysis revealed similar growth profiles and motilities of the gseBC
mutant and the parental strain in the presence or absence of NE. The magnitudes of the response to NE and expression of flagel-
lar genes flhD and fliC were also similar for the gseBC mutant and the parental strain. The expression of ler (a positive regulator
of the locus of enterocyte effacement [LEE]), the ler-regulated espA gene, and the csgA gene (encoding curli fimbriae) was in-
creased in the gseBC mutant compared to the parental strain. On the other hand, growth, motility, and transcription of flhD,
fliC, ler, espA, and csgA were significantly reduced in the gseBC mutant complemented with a plasmid-cloned copy of the gseBC
genes. Thus, in vitro motility and gene expression data indicate that the near-parental level of motility, ability to respond to NE,
and enhanced expression of LEE and curli genes might in part be responsible for increased colonization and fecal shedding of the

gseBC mutant in calves.

nterohemorrhagic Escherichia coli (EHEC) O157:H7 causes a

broad spectrum of diarrheal illnesses, including uncompli-
cated diarrhea, hemorrhagic colitis, and hemolytic uremic syn-
drome (1). Cattle, the major reservoir for EHEC O157:H7, are
colonized at the terminal portion of the large intestine, especially
the recto-anal junction (RAJ) (2, 3). Intestinal colonization results
in the fecal shedding of EHEC O157:H7, a major risk factor in the
contamination of beef and other meat products (4-6). EHEC
0157:H7 colonization of the large intestine produces characteris-
tic histopathology called attaching and effacing (A/E) lesions (7).

The genes for the production of A/E lesions are carried on a
43-kb pathogenicity island termed the locus of enterocyte efface-
ment (LEE) (8). The LEE contains 41 open reading frames (ORFs)
that are organized into five major operons (LEEI through LEE5).
Several genes contained in LEEI, LEE2, LEE3, and LEE4 encode
proteins for the synthesis of a type III secretion system, which
secrets various LEE and non-LEE-encoded proteins required for
the adherence of EHEC O157:H7 (9). The expression of LEE is
activated by Ler, encoded by the ler gene of the LEEI operon (10).

Besides the requirement for LEE, bacterial motility has been
suggested to be important in the ability of EHEC O157:H7 to
colonize cattle (11). Quorum-sensing signaling systems have been
implicated in the regulation of LEE and bacterial motility (12, 13).
Specifically, the gseBC-encoded two-component quorum-sensing
pathway regulates bacterial motility in response to bacterially pro-
duced quorum-sensing signals called autoinducers (AI) and the
mammalian stress hormones epinephrine and norepinephrine
(NE) (14, 15). Homologues of EHEC O157:H7 QseBC are present
in other pathogenic bacteria, including uropathogenic E. coli
(UPEC), enteropathogenic E. coli (EPEC), Salmonella enterica se-
rovar Typhimurium, Salmonella enterica serovar Typhi, Pasteu-
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rella multocida, Francisella tularensis, and Haemophilus influenzae,
as well as nonpathogenic E. coli K-12 strains (16).

QseC is a transmembrane protein that interacts through its
periplasmic sensory domain with AI-3 and the stress hormones
epinephrine and norepinephrine to undergo autophosphoryla-
tion at its cytoplasmic domain (14, 15). The phosphorylated QseC
transfers the phosphoryl group to its cognate response regulator
QseB, which activates transcription of FIhDC, the master tran-
scriptional regulator of the flagellar gene complex, and autoregu-
lates its own transcription by binding to the flhDC and gseBC
promoters, respectively (16, 17). However, constitutive expres-
sion of QseB, which occurs in gseC deletion mutants, has been
shown to attenuate virulence of EHEC O157:H7, UPEC, S. Typhi-
murium, and F. tularensis (18-21).

The mechanism for virulence attenuation in gseC deletion mu-
tants appears to be the presence of constitutively phosphorylated
QseB, which causes metabolic perturbations leading to dysregula-
tion of virulence gene expression (19). On the other hand, viru-
lence of a gseB deletion mutant of Aeromonas hydrophila is report-
edly attenuated due to changes in the expression of cyclic diGMP
levels resulting in reduced motility, biofilm formation, and pro-
tease production (22). According to another study, gseBC double
deletion mutants of S. Typhimurium colonized swine intestine at
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TABLE 1 Bacterial strains and plasmids®

Quorum Sensing in E. coli 0157:H7

Source or
Strain or plasmid Genotype and description references
E. coli strains
NADC 5570 stx, " and streptomycin-resistant strain 86-24 32,49
NADC 6557 AgseBC mutant of NADC 5570 This study
TOP 10 F~ mcrA A(mrr-hsdRMS-mcrBC) &b80lacZAM15 AlacX74 recAl araD139 A(ara-leu)7697 galU galK rpsL (Str") Invitrogen
endAl nupG \
Plasmids
PSMART-HC Cloning vector Lucigen
PAMA450 Plasmid with a temp-sensitive origin of replication 30, 33
pSM558 pCR2.1 carrying a cloned kan (neo) cassette encoding kanamycin resistance This study
pSM644 PSMART-LC containing in tandem 750-bp US and 750-bp DS regions of gseBC ORFs This study
pSM646 pSM644 with a 1.07-kb fragment encoding kanamycin resistance cloned between US and DS fragments This study
pSM648 2.57-kb fragment of pSM646 cloned at the Xbal site of pAM450 This study
pSM639 3.51-kb fragment containing gseBC ORFs and 750 bp US and DS sequences cloned in pPSMART-LC,,,,, This study

“ Detailed descriptions of bacterial strains and plasmids are provided in Materials and Methods.

the parental levels but exhibited increased motility compared to
that of the parent strain in response to norepinephrine, lending
support to the conclusion that additional genes might be involved
in norepinephrine-mediated regulation of bacterial motility (23).
These conclusions seem reasonable considering that the gseBC-
encoded quorum-sensing system cross talks with other two-com-
ponent bacterial quorum-sensing systems to enhance LEE expres-
sion, thereby enhancing EHEC O157:H7 adherence to target host
tissues (15). Thus, one could suggest that there are other two-
component systems to compensate for the loss of the QseBC sys-
tem in some bacterial pathogens, enabling them to express genes
in response to host or bacterial signals and to ascertain that they
have reached the right site in the host intestine to establish colo-
nization.

EHEC 0O157:H7 and many sorbitol-fermenting, nonmotile
EHEC 0157 serotypes recovered from patients with the hemolytic
uremic syndrome produce a variety of fimbrial adhesins, includ-
ing curli fimbriae, which play direct or indirect roles in adherence
of these bacteria to cultured epithelial cells and colonization of
animal intestines (24-27). In earlier reports, we demonstrated
that the hha deletion mutant of EHEC O157:H7 expresses LEE
and the curli-encoding gene csgA at higher levels, exhibits in-
creased adherence to cultured HEp-2 cells, and produces in-
creased amounts of biofilm biomass (28-30). However, neither
the production of curli fimbriae in animal intestines nor their role
in promoting EHEC O157:H7 adherence to and colonization of
intestinal tissues is fully understood. Considering that QseBC en-
hances bacterial motility (13) and knowing that there is an inverse
relationship between bacterial motility and curli expression (31),
EHEC O157:H7 lacking QseBC might show an aberrant relation-
ship between the expression of curli and bacterial motility.

In this study, we assessed the impact of the gseBC deletion on
the colonization of EHEC O157:H7 in cattle intestine by compar-
ing the duration and magnitude of fecal shedding of the gseBC
mutant with those of its isogenic parental strain. In addition, we
determined if the effects of gseBC deletion on EHEC O157:H7
colonization of bovine intestine would differ from those reported
for intestinal colonization of S. enterica serovar Typhimurium in
swine (18). We also correlated the relative effects of the gseBC
deletion on intestinal colonization with in vitro expression of vir-
ulence genes, especially those that promote bacterial motility and
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enhance bacterial adherence to tissues of the large intestine, a pre-
requisite for increased intestinal colonization and fecal shedding
of EHEC O157:H7 in cattle.

MATERIALS AND METHODS

Bacterial strains, culture media, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1. EHEC
0157:H7 strain NADC 5570, a streptomycin-resistant isolate of EHEC
0157:H7 strain 86-24 (32, 33), was used as a parental strain for construct-
ing an isogenic gseBC deletion mutant (NADC 6557). Bacterial strains
were cultivated in Luria-Bertani broth (LB) or LB agar (Sigma-Aldrich, St.
Louis, MO) supplemented with antibiotics (Sigma-Aldrich) as needed
(streptomycin, 100 mg liter ™~ '; kanamycin, 50 mg liter~'; and carbenicil-
lin, 100 mg liter ).

Determination of bacterial growth in pure and mixed cultures.
Overnight bacterial cultures grown in LB-carbenicillin broth at 37°C with
shaking (200 rpm) were diluted 1:100 in low-glucose Dulbecco modified
Eagle medium (DMEM) (Life Technologies, Grand Island, NY) contain-
ing carbenicillin, and 300 wl of diluted cultures was added to the wells of
a 100-well Honeycomb 2 plate. The plate was incubated at 37°C in an
automated growth curve reader programmed for continuous shaking and
collecting readings of optical density at 600 nm (ODy,) every 30 m over a
24-h period (Growth Curves USA, Piscataway, NJ). The optical density
data were analyzed by using the GraphPad Prism 6 software (GraphPad
Software, Inc., La Jolla, CA). The bacterial growth rate was calculated by
using the equation . = 2.303(log OD, — log OD,)/(t, — t,). For deter-
mining bacterial growth in mixed cultures, the overnight cultures of the
parental strain (streptomycin resistant) and its isogenic gseBC mutant
(resistant to streptomycin and kanamycin) were standardized to an OD,,
of 0.10 in low-glucose DMEM and incubated at 37°C with shaking (200
rpm). The 10-fold serial dilutions of the culture aliquots taken hourly
were plated on LB agar containing streptomycin (100 wg ml™"'). After
overnight incubation, the colonies that grew on these plates were counted
(representing the parental and the gseBC mutant colony counts) and then
transferred by replica plating to LB agar containing kanamycin (50 pg
ml™"). The number of colonies that grew on LB agar-kanamycin plates
(representing the gseBC mutant colony count) after overnight incubation
at 37°C were subtracted from the total colony counts obtained on LB-
streptomycin agar plates to compute the colony count of the parental
strain.

Recombinant DNA procedures. For constructing an in-frame gseBC
deletion mutant of EHEC O157:H7 strain NADC 5570, a 0.75-kb DNA
fragment upstream (US) and a 0.75 kb DNA fragment downstream (DS)
of the gseBC ORFs were PCR amplified using primer pairs gseBC-US;/
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TABLE 2 Primers used for PCR and qRT-PCR

Primer? Nucleotide sequence” Location or reference®
qseBC-USg GCGTCTAGATCTGGCTTTGGTTAACAGGAG 3975815-3975834
qseBC-USy GATCAGATCTTTTTTCATCCCTGCGATAACCG 3976571-3976549
qseBC-DSg GCGAGATCTAGATCTAGGGTAAGACTTTTGCTAAATC 3978576-39978598
qseBC-DSy GATCTCTAGAGAGTACGGATTTCTGCGATTAC 3979328-3979307
kany GATCAGATCTCGATAGCTGAATGAGTGACGTGC 18

kang GATCAGATCTGCATAGAGCAGTGACGTAGTCGC 18

qseBCy CAGGGCCATTACTGCGATTAC 3976381-3976401
qseBCy TCGTTCAGTTGACCATTGGAG 3978750-3978729

fliCy. (QRT-PCR)
fliCy (QRT-PCR)
fliCp (QRT-PCR)
csgAr (QRT-PCR)
csgAg (QRT-PCR)
csgAp (QRT-PCR)
fIhDCy. (QRT-PCR)
flhDCy (qQRT-PCR)
flhDC, (QRT-PCR)
rpoAr (QRT-PCR)
rpoAg (QRT-PCR)
rpoAp (QRT-PCR)

TTAGCTGCCACCCTTCATG
TCGTCAAGTTGCCTGCATC
TCTACGTATGCCTGGCTTCCACCG
TACTATTACCCAGCATGGTGG
CAAGAGTGGCGCTGTTACC
CCACGTTGGGTCAGATCGATTGAG
ACAACATTAGCGGCACTGAC
AGAGTAATCGTCTGGTGGCTG
AAACGGAAGTGACAAACCAGCTGATTG
GGCTTGACGATTTCGACATC
GGTGAGAGTTCAGGGCAAAG
TGAAGTTATTCTTACCTTGAATAAATCTGGCATTG

2700535-2700517
2700385-2700403
2700405-2700428
1548878-1548898
1548984-1548966
1548962-1548938
2655207-2655188
2655107-2655124
2655131-2655158
4242887-4242906
4242997-4242978
4242976-4242942

“ Subscripts F, R, and P denote forward primer, reverse primer, and TagMan probe, respectively.
b Nucleotide sequences of the primers used in this study were selected from the published genome sequence of E. coli O157:H7 strain EDL933 (50) (accession number AE005174.2).

¢ Position of primer sequence in the genome of EDL933 (50).

qseBC-USy and gseBC-DS/qseBC-DSy, respectively (Table 2). Xbal re-
striction sites were built into the primers gseBC-US and gseBC-DSy, and
BglII restriction sites were built into the primers gseBC-USy and gseBC-
DS;.. The US and DS fragments were cloned in the order 5" US-DS 3’ into
pSMART-HC (Lucigen Corp., Middleton, WI) and electroporated into E.
coli TOP10 according to the manufacturer’s instructions (Life Technolo-
gies) to generate recombinant plasmid pSM644. A 1.07-kb fragment en-
coding kanamycin resistance (kan) was isolated by PCR from a kan (neo)
cassette (28, 34) using the primers kan and kany containing the BglII
restriction sites (Table 2). The 1.07-kb kan fragment was purified by using
the QIAquick PCR purification kit (Qiagen, Valencia, CA) and ligated
into the pCR2.1TOPO TA cloning vector, and the ligated DNA was elec-
troporated into E. coli TOP10 cells according to the manufacturer’s in-
structions (Life Technologies). The pCR2.1-kan recombinant plasmid
(pSM558) was treated with the Change-IT multiple-mutation site-di-
rected mutagenesis kit according to manufacturer’s instructions (USB
Corp., Cleveland, OH). This mutagenesis treatment allowed removal of
the Xbal restriction sites, one located in the flippase recognition target
(FRT) sequence upstream and the other in the FRT sequence downstream
of the kan gene of the kan cassette (28, 34). Plasmid pSM558 was digested
with BglII, the digested DNA was resolved using standard agarose gel
electrophoresis, and the 1.07-kb kan fragment was recovered from gel
slices using a gel extraction kit (Qiagen). The kan fragment was cloned at
the BglII restriction site located at the junction of the 5" US and 3" DS
fragments of plasmid pSM644 to generate recombinant plasmid pSM646.
The 2.57-kb US-kan-DS fragment isolated by the Xbal restriction diges-
tion of pSM646 was cloned at the Xbal site of a plasmid (pAM450) en-
coding ampicillin resistance and temperature sensitive for its replication
(30, 33). The recombinant plasmid (pSM648) was electroporated into
EHEC O157:H7 strain NADC 5570 for deleting the gseBC genes by using
a previously described allelic replacement method (30). The genomic
DNA from kanamycin-resistant and ampicillin-sensitive mutants recov-
ered by the allelic replacement method was screened by PCR using the
primers gseBCr. and gseBCy, (Table 2) to confirm that the gseBC genes were
replaced by the 1.07-kb kan fragment. For complementation experiments,
a 3.51-kb DNA fragment containing the gseB and gseC genes was isolated
from strain NADC 5570 by PCR using the primers gseBC-US and gseBC-
DSy, and cloned into the low-copy vector pPSMART-LC (Lucigen Corp.).
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The recombinant gseBC-pSMART-LC (pSM639) or the empty-vector
PSMART-LC (Lucigen Corp.) was electroporated into the gseBC deletion
mutant strain (NADC 6557) to generate a gseBC-complemented gseBC
mutant (qseBC*/AgseBC) and the noncomplemented gseBC mutant
(AgseBC) containing the vector pPSMART-LC, respectively.

qRT-PCR. Bacterial strains were grown to an ODg, of 1.1 to 1.2 in
low-glucose DMEM lacking or containing 50 wM norepinephrine (18,
35). One milliliter of each bacterial culture was mixed with 2 ml of RNA-
Protect reagent, and total RNA was isolated by using the RNeasy kit ac-
cording to the manufacturer’s instructions (Qiagen, Valencia, CA). RNA
was subjected to DNase treatment using the Ambion Turbo DNA-free kit
to remove DNA contamination according to the manufacturer’s instruc-
tions (Invitrogen). Quantitative reverse transcription-PCR (qRT-PCR)
was performed by adding 25 ng of DNase-treated RNA, 0.75 uM (each)
antisense and sense primers, 0.25 wM TagMan probe (labeled at the 5
end with 6-carboxyfluorescein [FAM] reporter and at 3’ end with 6-car-
boxytetramethylrhodamine [TAMRA] quencher) (IDT, Coralville, IA) to
a qQRT-PCR master mix (Agilent Technologies, Santa Clara, CA). The
nucleotide sequences of the primers and probes used in qRT-PCR are
listed in Table 2. qRT-PCR was carried out in Mx3005P (50°C for 30 min
for cDNA synthesis; 95°C for 5 min; and 35 cycles of 95°C for 30 s, 55°C for
60 s, 72°C for 30 s for cDNA amplification and detection of amplification
products). The relative expression of the target genes was determined by
comparing the base-corrected and normalized (housekeeping gene rpoA)
fluorescence generated for the target gene in the mutant and the comple-
mented mutant strains to that in the parent strain.

Animal experiments. The animals were housed in climate-controlled
BL-2 barns per the guidelines of the American Association for Laboratory
Animal Care. The animals were fed twice daily with pelleted feed and
alfalfa hay cubes in amounts equal to 1% of their body weight, and water
was offered ad libitum. All animal protocols were approved by the Na-
tional Animal Disease Center Animal Care and Use Committee. Two
animal trials were conducted to study the effect of gseBC deletion on fecal
shedding of EHEC O157:H7. In each trial, 8- to 10-month-old male calves
(n = 8) were orally inoculated with 50 ml of phosphate-buffered saline
containing 1 X 10'° CFU of the parental strain (streptomycin-resistant
strain NADC 5570) and 1 X 10'® CFU of the isogenic gseBC mutant
(streptomycin and kanamycin resistant NADC 6557). Ten grams of feces,

Applied and Environmental Microbiology

158nB Aq #T0Z ‘ST 19qWaAoN Uo /610" wse:wae//:dny Woiy papeojumod


http://www.ncbi.nlm.nih.gov/nuccore?term=AE005174.2
http://aem.asm.org
http://aem.asm.org/

collected by rectal palpation, was resuspended in 90 ml of an enrichment
broth prepared by adding novobiocin (10 g ml™") and potassium tellu-
rite (0.75 wg ml™") to tryptic soy broth. Ten-fold serial dilutions of fecal
suspensions were spread-plated on sorbitol-MacConkey agar plates con-
taining 0.75 wg ml~ ! potassium tellurite (SMACT) and 100 ug ml~" of
streptomycin. After incubation at 37°C for 24 h, sorbitol-negative colo-
nies produced on SMACT agar plates were counted and confirmed as
0157 by agglutination with anti-O157 antiserum (Thermo Fisher Scien-
tific Inc., Waltham, MA). About 30 colonies confirmed as EHEC O157:H7
were picked from the streptomycin-SMACT medium to kanamycin-
SMACT medium to determine the relative proportion of the kanamycin-
resistant gseBC mutant strain. In order to detect very low levels of the
inoculated strains in feces, fecal suspensions prepared in the enrichment
broth were incubated overnight at 37°C before plating on SMACT agar
plates. The proportion of kan-resistant colonies was determined as de-
scribed above. A competitive index (CI) was determined using the for-
mula CI = (mutant CFU per g feces/parent CFU per g feces)/(mutant
CFU input/parent CFU input). To determine competitive index, fecal
counts were first normalized by using Y = Y + K, where K = 20. This
normalization allowed conversion of any fecal shedding value of zero to
nonzero value that could then be log transformed. A CI of <1.0 means
that the parent strain colonized at a higher level and showed higher fecal
shedding, and a CI of >1 indicates increased colonization and fecal shed-
ding of the mutant strain. The CI values for the fecal shedding were eval-
uated by using a single-sample ¢ test with a P value of <0.05 indicating the
significance of the CI for each sampling day.

Determination of bacterial motility. For swimming motility assays,
bacterial strains were grown in LB containing carbenicillin (100 p.g ml™")
at 37°C with shaking (175 rpm) for 18 to 24 h. The overnight-grown
bacterial cultures were standardized to an ODy, of 4.00, and 2 .l of these
cultures was spotted on soft-agar motility plates (DMEM containing 0.3%
Noble agar and 100 pg ml~" carbenicillin with or without 50 WM norepi-
nephrine). The diameter of motility halos produced on motility plates was
measured after 18 to 24 h of incubation at 37°C.

Statistical analyses. A two-sample, nonparametric Mann-Whitney
test was used to determine the significance of the difference in motilities
and expression of selected genes in the mutant and the complemented
mutants relative to the parent strain. The differences were considered
significant at a P value of <0.05. The significance of the CI values for fecal
shedding on each sampling day was evaluated by using a single-sample ¢
test with a P value of <0.05 indicating the significance of the CL

RESULTS

The gseBC deletion enhances fecal shedding of EHEC O157:H7
in cattle. The gseBC deletion mutant (AgseBC) generated by the
allelic replacement procedure as described in Materials and Meth-
ods was confirmed by PCR using primers gseBCy and gseBCy, (Ta-
ble 2) for the replacement of the gseBC genes by the kanamycin
gene (data not shown). Oral inoculations of calves (n = 8 per trial)
with a bacterial inoculum containing equal numbers of the strep-
tomycin-resistant parental strain (NADC 5570) and its isogenic
streptomycin- and kanamycin-resistant gseBC deletion mutant
(NADC 6557) showed that the mutant strain was always the pre-
dominant type, representing 77 to 99% of the total recoverable
CFU per gram of feces, during the course of a 4-week study in the
first trial (Fig. 1A and B). For example, in the first animal trial, the
mutant strain was recovered at about 5 X 10’ CFU g™ ' of feces
from day 1 through day 10, compared to the recovery of about 4 X
10> CFU g~' of feces for the parent strain on these days. The
mutant strain continued to be excreted at >10> CFU g ' of feces
from day 13 until day 28, compared to the shedding of <10> CFU
g~ ! of feces of the parent strain during these days. In a second
independent trial performed using 8- to 10-month-old calves
(n = 8), the fecal shedding of the gseBC mutant strain during the
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4 weeks of sampling represented about 85 to 99% of the total
recoverable bacterial counts in the feces of the animals inoculated
with the equal amounts of the mutant and the parental strain (Fig.
1C). The competitive indices (CIs) computed by using the results
shown in Fig. 1A and C are presented in Fig. 1B and D. The CI for
each sampling day was determined to be significant (P < 0.0001)
based on a single-sample ¢ test. The results shown in these graphs
represent bacterial counts of the two inoculated strains obtained
by the direct plating of fecal samples on SMACT agar plates. How-
ever, the fecal counts of the parental strain for day 17 (Fig. 1A) and
days 13,15, 17, and 20 (Fig. 1C), which are shown as gray circles on
these graphs, could be obtained only by plating of fecal suspen-
sions grown overnight in the enrichment broth.

The gseBC deletion does not affect the growth of the gseBC
mutant in a pure culture or in a mixed culture with the parental
strain. In order to determine if an altered growth profile of the
gseBC mutant compared to the parental strain could have contrib-
uted to the enhanced colonization by the gseBC mutant in the calf
intestine, we compared the growth of the mutant to that of the
parental strain in low-glucose DMEM with or without norepi-
nephrine. The growth rate for the gseBC deletion mutant (0.23
h™"') was not significantly different (P > 0.05) from that of the
parental strain (0.27 h™") (Fig. 2A). The gseBC-complemented
mutant showed a significantly (P < 0.0001) lower growth rate
(0.12 h™") and an early onset of the stationary phase, suggesting
that the increased expression of QseB and QseC exerts a negative
effect on bacterial growth (Fig. 2A). The examination of the
growth of the gseBC mutant in mixed cultures with the parental
strain showed equivalent recovery of the viable counts of the mu-
tant and the parental strains, indicating that the gseBC deletion
does not affect the growth and the viability of the mutant strain
(Fig. 2B).

Motility and NE signaling are not significantly impacted in
the gseBC mutant strain. Since QseBC-mediated quorum-sens-
ing signaling in EHEC O157:H7 enhances flagellar gene expres-
sion and motility (13, 15), which have indirectly been shown to be
important for colonization (36, 37), we compared the motility of
the gseBC deletion mutant to those of the parental and the gseBC-
complemented mutant strains in the presence or absence of the
QseBC-activating signaling molecule norepinephrine (NE). The
phenotypic analysis of motility on soft-agar plates revealed that a
deletion of the gseBC genes did not compromise bacterial motility.
As shown in Fig. 3A, the sizes of the motility zones produced by
the gseBC deletion mutant (19.0 mm * 0.63 mm; P = 0.82) on
DMEM lacking NE were similar to those for the parental strain
(19.0 mm =* 0.43 mm). Similarly, the motility zones produced by
the gseBC mutant (20.0 mm = 0.49 mm; P = 0.048) in the pres-
ence of NE were only slightly smaller than those produced by the
parental strain (22.0 = 0.77 mm) on DMEM containing NE (Fig.
3A). The gseBC mutant complemented with the gseBC-carrying
plasmid (pSM639) produced motility zones that were signifi-
cantly smaller on medium lacking (13.0 mm * 0.52 mm; P =
0.002) or containing (16.0 £ 0.20 mm; P < 0.0001) NE in com-
parison to the parental and gseBC mutant strains (Fig. 3A). Figure
3B shows a graphic presentation of the motility data generated by
determining the sizes of the motility zones produced by the spot
inoculation of soft-agar motility plates (containing or lacking NE)
from three independently grown cultures of the parent, gseBC
mutant, and gseBC-complemented mutant strains. As shown in
Fig. 3B, the mean diameter of the motility zones produced by the
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FIG 1 Magnitude of fecal shedding of the gseBC mutant relative to that of the parental strain. Eight- to 10-month-old calves (n = 8 per trial) inoculated with a
mixture of the parent (NADC 5570) and gseBC mutant (NADC 6557) strains were monitored over 28 days for fecal shedding of the inoculated strains in two
independent trials. (A and C) Bacterial counts are plotted as percentage of the average CFU per gram of feces recovered for the mutant and the parent strain on
each of the 13 fecal sampling days during the two animal trials. (B and D) Competitive indices (Cls), defined as the ratio of the mutant to the parent recovered
in the feces of calves, were calculated from the data presented in panels A and C, respectively. Cls of >1 are indicative that the mutant strain colonized at levels

significantly higher than the parental strain (P < 0.0001).

qseBC deletion mutant on medium containing NE was signifi-
cantly greater (20.0 mm * 0.47 mm; P = 0.031) than those on
medium without NE (19.0 mm * 0.43 mm). The parental strain
showed the highest increase in the size of its motility zones on
medium with NE (22.0 mm = 0.77 mm; P = 0.003) compared to
that in the absence of NE (19.0 mm =* 0.63 mm) (Fig. 3B). The
next-highest increase in motility in the presence of NE was ob-
served for the gseBC-complemented mutant, in which motility
zones increased from 13.0 mm * 0.32 mm in the absence of NE to
16.0 mm * 0.20 mm (P = 0.0002) in the presence of NE (Fig. 3B).
Overall, the gseBC-complemented mutant strain produced the
smallest motility zones but showed a positive response to NE. The
production of smaller motility zones by the complemented mu-
tant could presumably be attributed to the reduced growth of the
complemented strain (Fig. 2A) due to the increased expression of
the QseBC genes from the complementing plasmid (pSM639).
Transcription of flhD and fliC correlates with motility of the
parental, gseBC mutant, and complemented mutant strains. It
has been shown in previous studies that the reduced motility of
EHEC O157:H7 deleted of the sensor kinase-encoding gseC re-
sults from the reduced transcription of flhD and fliC (13). The
effects of deleting both gseC and its cognate response regulator-
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encoding gene gseB were not reported previously. Since we did not
observe a significant difference in the motility phenotypes pro-
duced by the gseBC mutant and the parental strain but observed a
significant reduction in the motility of the gseBC-complemented
mutant, we examined if the motility phenotypes produced by
these three strains would correlate with the transcriptional levels
of fIhD, the master regulator of the flagellar gene expression, and
the fliC gene, which encodes a major flagellar protein. qRT-PCR
analysis of RNAs prepared from bacterial strains grown in the
presence or absence of NE showed no significant (P > 0.05) dif-
ferences in the transcriptional levels of fIhD and fliC between the
qseBC mutant and the parental strain (Fig. 4). For example, as
shown in Fig. 4A, the transcriptional levels of flhD in the gseBC
mutant were 0.95 * 0.13 and 0.97 £ 0.09, compared to the tran-
scriptional levels of 1.03 = 0.01 and 1.01 = 0.05 in the parental
strain, in the absence or presence of NE, respectively. Similarly,
the transcriptional levels of fliC in the gseBC mutant were 0.97 *
0.09 and 1.02 = 0.08, compared to the transcriptional levels of
1.0 = 0.05 and 1.00 = 0.04 in the parental strain, in the absence or
presence of NE, respectively (Fig. 4B). However, the transcrip-
tional levels of flhD (0.49 * 0.11 without NE and 0.41 = 0.06 with
NE) and fliC (0.32 = 0.08 without NE and 0.56 * 0.15 with NE)
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FIG 2 Comparison of growth curves of bacterial strains grown in independent
or mixed cultures. (A) The growth curves of the parent, gseBC mutant, and the
complemented gseBC mutant strains grown as independent cultures were
deduced by measuring the optical density every 30 min over a period of 8 h.
Three independent cultures were tested in triplicate, and each time point on
the growth curve represents an average of nine readings. (B) The parent and
the gseBC mutant strains were also grown in mixed cultures at 37°C, and
10-fold serial dilutions were plated on LB agar containing streptomycin to
obtain total viable colony counts representing both strains. The colonies from
LB-streptomycin plates were screened for kanamycin resistance to determine
relative proportions of the gseBC mutant and the parental strain. The viable
colony counts for each strain represent the mean CFU ml ™' * standard error
of the mean (SEM) for the three independent mixed cultures of the parental
and the mutant strains.

were significantly reduced (P < 0.05) in the gseBC-complemented
mutant relative to the parental and gseBC mutant strains (Fig. 4A
and B).

Deletion of gseBC enhances LEE expression. The QseBC-me-
diated quorum-sensing pathway has been implicated in cross talk
with the other two-component signal transduction systems, such
as those that enhance expression of LEE (15). Since LEE encodes a
type III secretion system for secreting both the LEE- and non-
LEE-encoded virulence factors required for the adherence of
EHEC O157:H7 to the bovine intestine (33, 38, 39), we assessed
the expression of LEE-encoded ler and ler-regulated espA in the
qseBC mutant relative to the parental strain. qRT-PCR analysis
revealed 1.77-fold (P < 0.0001)- and 1.8-fold (P < 0.0001)-higher
expression of ler in the gseBC mutant than in the parental strain in
the absence or presence of NE, respectively (Fig. 5A). The tran-
scriptional levels of espA, which is positively regulated by Ler, were
significantly upregulated, as indicated by 2.47-fold (P < 0.0001)
and 2.4-fold (P = 0.002) increases in the espA expression in the
gseBC mutant compared to the parental strain in medium lacking
or containing NE, respectively (Fig. 5B). However, the transcrip-
tional levels of ler (0.83 = 0.17 [P = 0.037] without NE and 0.69 *
0.14 [P = 0.22] with NE) and espA (0.59 * 0.16 [P = 0.015]
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FIG 3 Determination of the relative motility of the parent, gseBC, and gseBC-
complemented mutant strains. Motilities of the parent, gseBC mutant
(AgseBC), and gseBC-complemented mutant (gseBC*/AgseBC mutant)
strains were determined by spotting overnight bacterial cultures grown in
LB-carbenicillin broth on motility agar plates containing or lacking NE. The
diameters of motility zones produced around the point of bacterial inocula-
tions (A) were measured after 24 h of incubation at 37°C. The mean diameters
(mm) of swimming or motility zones were computed from three independent
bacterial culturesand 9 or 10 replicates spotted on motility plates containing or
lacking NE (B). Statistical significance of the differences in the motilities of the
gseBC and gseBC-complemented mutants relative to parental strain is indi-
cated (, P = 0.0309; s, P = 0.0029; *:#:*, P = 0.0002).

without NE and 0.56 * 0.08 [P = 0.002] with NE) were variably
but significantly lower in the gseBC-complemented mutant than
in the parental and gseBC mutant strains (Fig. 5A and B). The
reduced transcription of ler and espA could at least partly be at-
tributed to reduced growth of the gseBC-complemented mutant
strain (Fig. 2A). This reduced growth is presumably caused by an
imbalanced stoichiometry of the sensory kinase and response reg-
ulator due to the increased expression of QseC and QseB, respec-
tively, from the complementing plasmid.

The gseBC deletion enhances curli gene expression. Curli
fimbriae are expressed by many pathogenic as well as nonpatho-
genic E. coli strains, and production of curli promotes adherence
and biofilm formation (24). Since several reports have also impli-
cated curli fimbriae in the virulence of many pathogenic E. coli
serotypes (26, 27), we determined the effect of the gseBC deletion
on the curli gene expression in EHEC O157:H7. The transcrip-
tional levels of csgA, which encodes the curlin protein of curli
fimbriae, were 2.67-fold higher in the gseBC mutant (2.67 % 0.55;
P = 0.026) than in the parental strain (1.02 * 0.12) when these
strains were grown without NE (Fig. 6A). In medium containing
NE, the expression of csgA in the gseBC mutant appeared to be
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FIG 4 Quantification of transcriptional levels of flhD and fliC. QRT-PCR was performed using DNA-free RNA prepared from bacterial strains grown in DMEM
with or without NE for 5 h to an ODg, of 1.1 to 1.2. (A) Relative expression of fIhD in the parent, gseBC mutant (AgseBC), and gseBC-complemented mutant
(gseBC*/AqseBC mutant) strains grown in the absence or presence of NE. (B) Transcriptional levels of fliC in the parent, gseBC mutant, and gseBC-comple-
mented mutant strains grown in medium lacking NE or containing NE. Bars represent the average of the relative expression, expressed as means * SEM for three
independent bacterial cultures and with each culture tested in triplicate. Significant (P < 0.05) differences in motility between the parent and mutant strains were
determined using the Mann-Whitney test (*, P = 0.0306; **, P = 0.003; ***, P = 0.0002).

higher (7.36 = 4.4) than that in the parental strain (1.0 = 0.00),
but this increase was not significant (P = 0.20) perhaps due to a
large standard error of the mean (Fig. 6B). The gseBC-comple-
mented mutant showed significantly lower transcriptional levels
of csgA in medium lacking (0.18 = 0.11; P = 0.026) (Fig. 6A) or
supplemented with (0.002 = 0.001; P = 0.028) (Fig. 6B) NE than
the parental strain (1.02 * 0.12 without NE and 1.14 = 0.34 with
NE). Significantly higher csgA transcription in the gseBC mutant
than in the parental strain also correlated with increased Congo
red binding by the mutant relative to the parental and the gseBC-
complemented mutant strains (data not shown).

DISCUSSION

In this study, we show for the first time that a gseBC deletion
mutant of EHEC O157:H7 gained a competitive advantage over
the parent strain in colonizing cattle intestines. There was a signif-
icant increase in the magnitude of fecal shedding of the gseBC
mutant by the calves inoculated with a mixture of the isogenic
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mutant and the parent strain during the course of a 4-week study.
That the mutant strain was better in colonizing the animals inoc-
ulated with the mixed inoculum was also indicated by competitive
indices (Cls) of >1 for the mutant strain on each fecal sampling
day. These results are unexpected compared to the reported effects
on bacterial virulence resulting from a gseC or gseB deletion alone.
For example, a gseC deletion reportedly attenuated virulence and
colonization of EHEC O157:H7, UPEC, and Salmonella Typhi-
murium, and Francisella tularensis in rabbit, mouse, and porcine
animal models (19, 21, 23). These negative effects of gseC deletion
on bacterial virulence have been attributed to the accumulation of
phosphorylated QseB due to a constitutive positive feedback loop
causing dysregulation of virulence and impairment of bacterial
metabolism (19). The appropriate balance between QseB and its
phosphorylated counterpart appears to be maintained by the
phosphatase activity of QseC, which dephosphorylates QseB to
regulate virulence gene expression in response to quorum sensing
(20). Augmentation of colonization with the gseBC deletion mu-

Applied and Environmental Microbiology

158nB Aq #T0Z ‘ST 19qWaAoN Uo /610" wse:wae//:dny Woiy papeojumod


http://aem.asm.org
http://aem.asm.org/

Quorum Sensing in E. coli 0157:H7

(A) QRT-PCR of ler
DMEM - NE DMEM + NE
2.5 4+
.g 2.04 .g 34
" 4
) 3 2
2 1.0 2
= =
& 05 g 1
0.0 ny S Q 0 @
Q
& R & o
v é\V &QQ
o?& ¢
(B) QRT-PCR of espA
DMEM - NE
4 DMEM + NE
4
= kkokk e
.g 34 .E 3-
5 ol g,
2 2
£ : £
E 11 E 1 sk ok ok
0- 0-
< 29\ g &(z : &C Xé@ X,é() X,é{)
] ¢ C\Vm & &&C &&c
Q
&& v é\v
&

FIG 5 Effects of gseBC deletion on transcriptional levels of ler and espA. The transcriptional levels of ler and espA in DNA-free RNA prepared from bacterial
strains grown in DMEM with or without NE for 5h (ODg,, of 1.1 to 1.2) were determined by qRT-PCR. (A) Relative expression of ler in the parent, gseBC mutant,
and gseBC-complemented mutant (AgseBC/qseBC™") strains grown in the absence or presence of NE. (B) Transcriptional levels of espA in the parent, gseBC, and
gseBC-complemented mutant strains grown in medium lacking NE or containing NE. Bars represent the average of the relative expression, expressed as
means * SEM for three independent bacterial cultures and with each culture tested in triplicate. Significance (P < 0.05) of the difference in the expression of
genes was evaluated by using the Mann-Whitney test (, P < 0.05; #*, P = 0.0083; #:#:, P = 0.002; sk, P << 0.0001).

tant, as indicated by the increased fecal shedding, suggests that the
complete removal of the gseBC-encoded quorum-sensing system
overcomes the negative effects on the virulence gene expression
that would otherwise result from the elevated levels of phosphor-
ylated QseB in gseC deletion mutants. The increased colonization
of the gseBC deletion mutant in calves, as reported in this study,
also deviates from no effects of gseBC or gseB deletion on virulence
of S. Typhimurium and UPEC in porcine and mouse challenge
models, respectively (20, 23). Additionally, in a clinical isolate of
Aeromonas hydrophila, gseB is essential for virulence in a septice-
mic mouse model in conjunction with gseC and cyclic diGMP-
mediated regulation of gene expression (22). These results there-
fore may suggest that the gseBC deletion affects different genetic
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networks in EHEC O157:H7 than in the other bacterial pathogens.
It may also be valid to conclude, based on the reported varied
effects of gseBC on the virulence of bacterial pathogens, that there
are different mechanisms of pathogenicity in different animals.
In our attempts to correlate the competitive edge of the gseBC
deletion mutant of EHEC O157:H7 in colonization of cattle intes-
tine over the parent strain, we found that expression of specific
sets of genes that are directly or indirectly linked to virulence and
colonization was upregulated in the gseBC deletion mutant rela-
tive to the parental strain. Furthermore, we observed that the abil-
ity of the gseBC mutant to respond to NE was not significantly
altered, as indicated by only a slight reduction in its motility com-
pared to that of the parent strain. Correlated with almost similar
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FIG 6 Effects of gseBC deletion on transcriptional levels of csgA and Congo red binding by bacterial cells. The transcription of csgA, the gene encoding curlin of
curli fimbriae, was determined by qRT-PCR using DNA-free RNA prepared from the parent, gseBC mutant, and complemented gseBC mutant strains. Bars
represent the average of the relative expression of csgA determined using RNA from three independent bacterial cultures grown at 37°C in the absence (A) or
presence (B) of NE. Bars represent the mean relative expression = SEM. The significance of the difference in the expression of csgA for the gseBC and
gseBC-complemented mutants relative to the parent strain was determined by using the nonparametric Mann-Whitney test (, P = 0.0286).

motilities of the gseBC mutant and parent strains were the similar
transcriptional levels of flagellar genes flhD and fliC irrespective of
the presence or absence of NE in the culture medium. These find-
ings, showing virtually unaltered motility of the gseBC mutant and
its ability to respond to NE in a manner that was similar to that of
the parent strain, were comparable to those reported for a Salmo-
nella Typhimurium gseBC deletion mutant, which also showed
parental motility and was unaffected in responding to NE (23).
However, the same study showed that pigs inoculated with the
Salmonella Typhimurium gseBC mutant shed the mutant strain at
the same magnitude as the parent strain (23). Only the gseC mu-
tant was shed poorly in these pigs, implying the importance of the
QseC sensor kinase in regulating the phosphorylation status of
QseB, which is essential for the virulence of Salmonella in pigs.
However, our finding that the parental strain was outcompeted by
the gseBC mutant suggests, as has been postulated for the gseBC
deletion mutants of S. Typhimurium (18), that the activation of
other, yet-unknown genetic systems could allow the expression of
near-parental motility in response to the presence of NE and bac-
terial autoinducers in bovine intestines. For example, it is possible
that one or more of the 32 response regulators identified in EHEC
0157:H7 (40) could, through cross talk (15), affect the expression
of a gene(s) that would allow the gseBC mutant to respond to NE
to upregulate motility.

In addition to a postulated role of motility in colonization of
bovine intestines by EHEC O157:H7 (36, 37), the type III secre-
tion system-mediated secretion of LEE- as well as non-LEE-en-
coded effectors are critical for EHEC O157:H7 adherence to and
colonization of cattle intestines (29, 37, 38, 41). Thus, significant
but low levels of increases in the transcriptional levels of LEE-
carried ler and espA, observed in the gseBC mutant irrespective of
the presence or lack thereof of NE, could be instrumental in im-
parting a competitive edge to the mutant relative to the parent
strain in intestinal colonization of calves. The transcriptional lev-
els of ler, which encodes Ler for the positive regulation of LEE, are
controlled by several known negative and positive transcriptional
factors, including QseA and QseD, whose expression is also mod-
ulated in response to quorum-sensing signaling (30, 42-48).
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Thus, it is possible that either a derepression of one or more of
these positive regulators or a repression of a negative regulator
could enhance LEE expression in the gseBC mutant, allowing it to
outcompete the parental strain in calves inoculated with a mixture
of these two strains.

Curli fimbriae are important adhesive structures that enable E.
coli to bind to various host proteins, colonize animal tissues, mod-
ulate immune functions, and promote biofilm formation on a
variety of matrices (24). Both EHEC O157:H7 and nonmotile
EHEC O157 serotypes are capable of producing curli, which have
been implicated in adherence of these bacterial strains to epithelial
cells (26, 27). Thus, higher transcription of ¢sgA and increased
Congo red binding, which are indicative of increased curli pro-
duction (51), could promote adherence of the gseBC mutant to
intestinal epithelial cells even in the absence of NE. This increased
adherence due to enhanced curli production might be one of the
factors contributing to higher fecal shedding of the gseBC mutant
than of the parental strain.

In summary, the near-parental-type motility, ability to re-
spond to NE, and increased espA and c¢sgA transcription observed
under in vitro growth conditions are suggestive that similar in vivo
increases in the expression of LEE and the genes encoding bacte-
rial motility and adhesive curli confer a competitive advantage to
the gseBC mutant in colonizing cattle intestines. In a recent study,
we demonstrated the importance of motility and LEE for in-
creased colonization of bovine intestines by EHEC O157:H7, since
mutants expressing LEE at very high levels but compromised in
bacterial motility were unable to colonize and persist in cattle
intestines (37). Thus, regulatory pathways that allow increased
expression of LEE and other adhesins, such as curli, without caus-
ing significant reductions in bacterial motility might explain the
increased colonization of cattle intestines by the gseBC mutant of
EHEC O157:H7.
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