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Background: Escherichia coli O157:H7 (EHEC) is a food borne pathogen, which causes diarrhea and hemolytic
uremic syndrome (HUS). There is an urgent need of novel antimicrobials for treatment of EHEC as conventional
antibiotics enhance shiga toxin production and potentiate morbidity and mortality.
Methods: Six bioactive compounds were isolated, identified from citrus and evaluated for the effect on EHEC bio-
film andmotility. To determine the possiblemode of action, a series of genes known to affect biofilm andmotility
were overexpressed and the effect on biofilm/motility was assessed. Furthermore, the relative expression of
genes involved in motility and biofilm formation was measured by qRT-PCR in presence and absence of phyto-
chemicals, to examine the repression caused by test compounds.
Results: Theβ-sitosterol glucoside (SG)was identified as themost potent inhibitor of EHEC biofilm formation and
motility without affecting the cell viability. Furthermore, SG appears to inhibit the biofilm and motility through
rssAB and hnsmediated repression of flagellar master operon flhDC.
Conclusion: SG may serve as novel lead compound for further development of anti-virulence drugs.
General significance: Plant sterols constitute significant part of diet and impart various health benefits. Here we

present the first evidence that SG, a plant sterol has significant effect on EHECmotility, a critical virulence factor,
and may have potential application as antivirulence strategy.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Emergence of antibiotic resistance has produced substantial medical
challenges and a sense of urgency to identify and develop novel antimi-
crobials [1]. In order to overcome the virulence of antibiotic resistant
strains, novel targets are constantly being searched and identified. Ef-
forts in laboratories across the globe have identified several processes
and microbial structures such as type three secretion system, quorum
sensing, host–pathogen interaction, efflux systems and bacterial mem-
brane functions as significant targets for development of novel antimi-
crobials [1].

Enterohaemorrhagic Escherichia coli (EHEC) O157:H7 is a Gram-
negative foodborne pathogen that causes bloody diarrhea. EHEC colo-
nizes the large intestine and produces attaching and effacing (AE) le-
sions and Shiga toxin. EHEC and other Shiga toxin producing E. coli
strains harbor the gene encoding the toxin on a lysogenic phage. Antibi-
otic treatment often results in phage induction and hyper-production of
toxin, leading to fatal hemorrhagic colitis and hemolytic uremic syn-
drome [2]. Therefore, the treatment options for EHEC infections are lim-
ited to intravenous fluid supplementation. Although several strategies
vement Center, Department of
ollege Station, TX 77845, USA.
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such as antibodies against toxin, toxin binders, and Stx trafficking
blockers are being tested at different levels [3], none of these have en-
tered the clinical trials. Another potential prophylactic or therapeutic
approach could be disruption or prevention of bacterial attachment to
host surface.

Bacterial attachment to the host surface is mediated by a multitude
of factors. Two key structures, namely flagella and locus of enterocyte
effacement (LEE) help in colonization and attachment of EHEC to the
epithelial cell surface [4,5]. Once ingested, EHEC traverses to large intes-
tine by the guided flagellarmotility [4] and attaches to the epithelial cell
layer with the help of flagella, LEE and other surface structures such as
type 1 pili and hemorrhagic coli pilus [6–8]. In the colon, a two compo-
nent system involving Quorum Sensing E. coli Regulators (QseBC) regu-
lates the expression of flagellar transcriptional regulators flhDC in
response to the autoinducers (AI-2/AI-3) and endogenous hormones
epinephrine (EPI), norepinephrine (NE) [5,9]. QseB, the response regu-
lator directly binds to and induces expression of flagellarmaster regula-
tors flhD and flhC [8].

Biofilm communities show better tolerance to antimicrobials and
are a source of chronic infections [12]. Therefore, biofilm formation
and/or attachment of EHEC to biotic/abiotic surfaces are considered po-
tential targets for development of antimicrobials. Flagella are important
regulators of biofilm formation in E. coli under natural settings and help
in initial attachment and development of the complex community
[10,11]. The importance of flagella in EHEC pathogenesis as well as in
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Table 1
Bacterial Strains and plasmids used in the study.

Strain/Plasmid Genotype Reference/Source

Strain
E. coli O157:H7 EDL933 Wild type ATCC (#43895)
TEVS232 LEE1:lacZ [29]
VS138 EHEC 86-24 qseCmutant [9]
VS179 VS138 with plasmid pVS178

harboring qseBC
[9]

AV43 EHEC with plasmid pVS178 [17]
AV48 EHEC with plasmid pAV11 [17]
AV49 EHEC with plasmid pAV12 [17]
AV61 EHEC with plasmid pAV13 This study
AV64 EHEC with plasmid pAV15 This study
AV70 EHEC with plasmid pAV16 This study
AV75 EHEC with plasmid pAV18 This study
AV84 EHEC with plasmid pAV14 This study
AV81 EHEC with plasmid pAV19 This study
AV89 EHEC with plasmid pAV17 This study
AV90 EHEC with plasmid pAV20 This study
AV94 EHEC with plasmid pAV21 This study
AV100 EHEC with plasmid pAV22 This study

Plasmids
pBAD33 Low copy expression vector ATCC
pVS178 E. coli K12 qseBC in pBAD33 [9]
pAV11 EHEC qseC in pBAD33 [17]
pAV12 EHEC qseB in pBAD33 [17]
pAV13 EHEC flhD in pBAD33 This study
pAV14 EHEC flhC in pBAD33 This study
pAV15 EHEC flhDC in pBAD33 This study
pAV16 EHEC fliA in pBAD33 This study
pAV17 EHEC envZ in pBAD33 This study
pAV18 EHEC ompR in pBAD33 This study
pAV19 EHEC ompR-envZ in pBAD33 This study
pAV20 EHEC rrsAB in pBAD33 This Study
pAV21 EHEC hns in pBAD33 This Study
pAV22 EHEC grpE in pBAD33 This Study
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biofilm formationmakes it an attractive target for development of alter-
native intervention strategies. One potential strategy of intervention is
identification of small molecules that target and inhibit biofilm forma-
tion and attachment.

Natural products are the end products of secondary metabolism in
plants and microorganisms. They demonstrate diverse biological activ-
ities including antimicrobial properties [13]. By virtue of their diversity,
natural products provide an excellent source for identification of novel
molecules targeting bacterial virulence and pathogenesis. Numerous
plant secondary metabolites with wide-ranging activities have been
identified [13]. In our earlier studies, we identified several citrus
limonoids and flavonoids that interfere with quorum sensing and
virulence gene expression [14–17]. Additionally, the antimicrobial ac-
tivity of citrus peel oils and extracts has been extensively reported
[18,19]. However, the mechanism by which the essential oils exert
their antimicrobial action is not completely understood [18]. Citrus
peel is very complex matrix and contains many different classes of
bioactive compounds including flavonoids, limonoids, carotenoids, cou-
marins, sterols and phenolic compounds [20]. We and others have re-
ported diverse activities including bactericidal, bacteriostatic and anti-
quorum sensing activity for some of the compounds present in citrus
peel [14–16,21]. The present report describes the anti-virulence activi-
ties of coumarins, polymethoxyflavones and a phytosterol isolated
from citrus on the biofilm formation and motility of the devastating
pathogen EHEC.

2. Materials and methods

2.1. Isolation of bioactive compounds

Bergamottin [22], β-sitosterol glucoside (SG) [23], nobiletin,
sinensetin [24], heptamethoxyflavone [25], and imperatorin [26] were
purified in our lab. A 5 mM stock solution in DMSO was prepared and
used for the studies. Briefly, clementine peel was dried, powdered and
extracted with hexane using a Soxhlet type apparatus for 8 h. Vacuum
concentrated hexane extract was separated over a silica gel (particle
size 35–60 μm)flash columnon Teledyne Isco CombiFlash Rf 4× system
(Lincoln, NE). Compounds were eluted with increasing strength of ace-
tone in hexane at a flow rate of 60 mL/min. The eluentsweremonitored
at 340 nm. Three major peaks A, B and C were collected and vacuum
dried to obtain three polymethoxyflavones (Supplementary Fig. S1).
Further, β-sitosterol glucoside was purified by extracting defatted sour
orange seed powder with ethyl acetate. The extract was dried under
vacuum and separated on silica gel with 2:3 dichloromethane and ace-
tone [23]. Bergamottin was purified by extracting grapefruit juice with
ethyl acetate. The organic layer was concentracted under vacuum and
purified on silica gel with increasing polarity of ethyl acetate in hexane.
Fractions showing furocoumarin spot on TLC were pooled and further
separated using Waters preparative HPLC system (Waters Corporation,
Milford, Massachusetts, USA). Elution was carried out by increasing
strength of methanol in water in gradient fashion [22]. Fractions con-
taining bergamottin were pooled, concentrated and crystalized to ob-
tain N95% pure bergamottin. Imperatorin was isolated from Poncirus
trifoliata. The edible part of trifoliata oranges was freeze dried and
extracted with chloroform. The vacuumdried extract was then separat-
ed on silica gel using flash chromatography to obtain imperatorin [26].

The compounds were identified by ultra-high performance liquid
chromatography-time of flight-mass spectrometry (LC-QTOF-MS)
(maXis impact, Bruker Daltonics, Billerica, MA). Isolated compounds
were separated on a Kinetex C18 column (1.7 μm, 100 × 2.1 mm;
Phenomenex, Torrance, CA, USA) using an Agilent 1290 UHPLC instru-
ment (Agilent, Santa Clara, CA). The separation was carried out at
50 °C with a flow rate of 0.2 mL/min using gradient elution of 0.1%
formic acid and acetonitrile. Mass spectral analyses were performed
using the ESI-Q-TOF mass spectrometer equipped with an electrospray
ionization source in positive ionmode. Capillary voltagewasmaintained
at 2.9 kV, source temperature was set at 200 °C and nitrogen was used
as the desolvation gas (12 L/min).

2.2. Bacterial strains, media and samples

Bacterial strains used in this study are listed in Table 1. Unless other-
wise specified, bacterial cultures were grown at 37 °C in Luria–Bertani
(LB) medium. When appropriate, the medium was supplemented with
chloramphenicol 10 μg/ml and/or 0.2% arabinose.

2.3. Plasmids

A list of plasmids used in the study is presented in Table 1. All genetic
manipulationwere done as previously described [27]. The primerswere
designed by altering one base to create restriction sites. Total genomic
DNA from EHECwas purified using CTABmethod [27]. Expression plas-
mids were constructed by amplifying genomic DNA for each gene using
primer pairs listed in Table 2 and Deep VentR DNA polymerase (New
England Biolabs, Ipswich, MA). For flhD, a fragment of 623 bp starting
at 125 bp upstream to 138 bp downstream at 3′ end was amplified.
The fragment was digested with SacI and HindIII and cloned into
pBAD33 generating plasmid pAV13. flhC was amplified as 717 bp frag-
ment starting at −103 to +614 bp, digested with SacI and PstI and
cloned into pBAD33 generating plasmid pAV14. To generate plasmid
pAV15, a fragment of 1099 bp was amplified using flhD-F and flhC-R
primers, digested with SacI and PstI and cloned in pBAD33. For fliA a
960 bp fragment from −128 to +782 was amplified, digested with
SacI and PstI and cloned into pBAD33 to generate plasmid pAV16. ompR
was amplified as a fragment of 983 bp from −68 to +815, digested
with SacI and PstI and cloned into pBAD33 generating plasmid pAV18.
envZ was cloned into pBAD3 as a fragment of 1.72 kb from −170 to
+1559 digested with SmaI and HindIII, giving rise to plasmid pAV17. A



Table 2
List of primers used in this study.

Gene Orientation Sequence Restriction site Reference

qPCR primers
flhC F CGCTTTCCAGCATCTGCAA [15]
flhC R CGGGATATTCAGCTGGCAAT
flhD F TCATTCAGCAAGCGTGTTGAG [15]
flhD R TCCCGCGTTGACGATCTC
rpoA F GTTGCCGCACGACGAATCGC [15]
rpoA R CCCAATCGGCCGTCTGCTGG

Cloning Primers
flhD F AAAAGGTGAGCTCTGCTTAT SacI This study
flhD R TCTTTATAAAGCTTTATCAGGC HindIII This study
flhC F TTGACGAGCTCCAGCAA SacI This study
flhC R TTACCGCTGCAGGAATGT PstI This study
fliA F GCAACATAGAGCTCAATTTG SacI This study
fliA R AGGTGCTGCAGCATCATT PstI This study
ompR F GACGAACGTGAGCTCTTTTAAGA SacI This study
ompR R CCGTCCTGCAGTTGCAGT PstI This study
envZ F GCTCTCCCGGGATAAGCT SmaI This study
envZ R AACACCTAAGCTTCCCCGG HindIII This study
rssAB F TAATCTCCCGGGAAACAATAACGG SmaI This study
rssAB R GGCTTTCGTCGACGGCAACA SalI This study
hns F TTTAACCTCCCGGGCTGCGAAAT SmaI This study
hns R CACGGAATTTAAAGCTTGGCTTGAAG HindIII This study
grpE F GCTCAACGATGAGCTCGTAACCT SacI This study
grpE R ATTCGCCTGCAGGGCCGTGA PstI This study
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fragment of 2.34 kb amplifiedusing ompR-F and envZ-R primers, digested
with SacI and HindIII and inserted into pBAD33 generating plasmid
pAV19. RssAB in E. coli O157:H7 str. EDL933 was identified by homology
to rssB and rssA gene sequences from E. coli O157:H7 str. TW14359 using
BLAST search. The open reading frame (ORF) corresponding to hnr in Str.
EDL933 showed 100% identity to rssB from Str. TW14359. Similarly, the
upstream ORF ychK, showed 100% identity to rssA. Moreover, the geno-
mic arrangement of ychK andhnr is similar to rssA and rssB. The intergenic
region between ychK and hnr was 92 bp in Str. EDL933 compared to
110 bp in Str. TW14359. This analysis suggested that ychK/hnr are
homologs of rssA/rssB and thus were used in the analysis. The 3.05 kb re-
gion encompassing the ychK-hnr ORFs was amplified with primer pair
rssAB-F and rssB-R and digested with SmaI and SalI and cloned into
pBAD33 generating plasmid pAV20. hns gene was amplified as a frag-
ment of 812 bp from −206 to +606, digested with SmaI and HindIII
and cloned into pBAD33 giving rise to plasmid pAV21. The heat shock
protein grpE was amplified as 876 bp fragment from −243 to +633,
digested with SacI and PstI and cloned into pBAD33 generating plasmid
pAV22. All the plasmids were electroporated and maintained in E. coli
K12 substr. DH10B and selected on LB-Agar plates containing 10 μg/ml
of chloramphenicol. Colonies were picked up and screened for fragment
insertion by PCR using the primers used for cloning. One positive clone
for each was selected and maintained as freezer glycerol stock at −
80 °C. Each plasmidwas electroporated into the EHEC str. EDL933 to gen-
erate strains as listed in Table 1.

2.4. Growth activity

Overnight cultures of EHEC were diluted 100 fold in fresh LB media
and grown aerobically at 37 °C for 16 h in the presence of 100 μM test
compounds or the equivalent volume of DMSO as previously described
[16]. A600 was recorded every 15 min using the Synergy™ HT Multi-
Mode Microplate Reader (BioTek, Instruments, Winooski, VT). The
data are presented as the mean of three biological replicates.

2.5. Biofilm assay

Biofilm assays were conducted as described [15]. Briefly, overnight
cultures of E. coli O157:H7 strain ATCC 43895 were diluted 10 fold in
LB or M63 and inoculated in presence of 3.125, 6.25, 12.5, 50, or
100 μM of each test compounds or the equivalent amount of DMSO in
polystyrene 96-well plates at 26 °C for 24 h (48 h in case of VS138 and
VS179) without shaking. Biofilm was quantified by staining with 0.3%
crystal violet (Fisher, Hanover Park, IL) for 20 min. The inhibition of bio-
film formation was calculated as 100- [(OD570 of sample well/OD570 of
positive control) × 100] and expressed as percentage and SD values.

2.6. Motility assay

Motility assays were performed as described earlier [28]. Briefly di-
luted overnight cultures of EHEC were inoculated with sterile tooth-
prick in the center of 0.3% LB-agar plates containing 100 μM test com-
pounds or DMSO and incubated at 37 °C. Motility halos were measured
after 12 and 24 h. The average of five replicated plates inoculated on dif-
ferent days is presented as mean ± SD.

2.7. Quantitative PCR

Relative transcript levels of flhDC (Table 2) were measured by qRT-
PCR as previously described [15]. Briefly, overnight cultures of EHEC
and EHEC overexpressing flhD (AV61), flhC (AV84), flhDC (AV64), envZ
(AV89), ompR (AV75), ompR-envZ (AV81), fliA (AV70), rrsAB (AV90),
hns (AV94) and grpE (AV100) were diluted 100 fold with fresh LBmedi-
um containing 100 μM SG or DMSO and grown aerobically to
OD600 ≈ 1.0 at 37 °C. RNAwas extracted using TRIZOL (Life Technologies
Corporation, Carlsbad, CA). The cDNA was synthesized using MuLV re-
verse transcriptase enzyme and random hexamer [27] and purified
with QIAquick PCR-purification kit (Qiagen Inc.). Twenty five nanograms
of cDNA was amplified with 10 pmol target primers using SYBR Green
PCR master mix (Life Technologies Corporation, Carlsbad, CA) for 35
amplification cycles on anABI-Prism7000HT (Applied Biosystems, Fos-
ter City, CA). Dissociation curveswere generated to check the specificity
of the PCR amplification. The Ct values for primers were normalized
against that of 16S rRNA. Fold change in the gene expressionwas calcu-
lated by 2(−ΔΔCt) and expressed as fold change ±SD of three replicates.

2.8. AI-3 reporter assay

Preconditionedmedium (PM)was prepared as described [29]. Over-
night culture of TEVS232was diluted 100 fold in LBmedium and grown
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to OD600 ≈ 0.2. The cells were collected by centrifugation at 2500 ×g
for 10 min and resuspended in either fresh LB media supplemented
with 50 μMepinephrine or PMand treatedwith 100 μMtest compounds
or equivalent volume of DMSO. The β-galactosidase activity was mea-
sured after 30 min incubation at 37 °C using o-nitrophenyl β-D-
galactopyranoside and reported as mean ± SD of three replicates.

2.9. Statistical analysis

The effects of different compounds for each activity were analyzed
with an analysis of variance (ANOVA) followed by Tukey's pairwise
multiple comparison test on SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
The effect was considered significant at p b 0.05. For gene expression
analysis the deviations from hypothetical value of 1.0 fold (no change)
was calculated using SPSS 16.0.

3. Results

3.1. Identification of bioactive compounds

The isolated six compounds were identified by LC-MS with high
resolution accurate mass spectral data. Fig. 1 shows the ESI–TOF
mass spectra of the purified compounds from citrus. The compounds
were identified by their high resolution accurate TOF–MS/MS data as
heptamethoxy flavone 433.1508 [M + H]+, nobiletin 403.1386
[M + H]+, sinensitin 373.3735 [M + H]+, β-sitosterol glucoside
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Fig. 1.Mass spectra of isolated bioactive compounds identified by accuratemass liquid chromato
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599.4257 [M + Na]+, bergamottin 339.3931 [M + H]+, and imperatorin
271.0991 [M + H]+.

3.2. Effect of citrus bioactives on EHEC growth and biofilm formation

The EHEC biofilms were grown in rich and minimal medium and
inhibition by different bioactive compounds was recorded at six
concentrations ranging from 3.125 to 100 μM. The most potent
inhibitor of EHEC biofilm formation under the both conditions was SG,
followed by heptamethoxyflavone (Fig. 2A and B). To determine the
IC50 values, the data was fitted to 3-parameter model y = a/
(1 + exp(−(x −x0) / b)) using SIGMAPLOT 11.0 (Systat Software,
Inc.) and IC50 values were calculated from the resulting equation. The
IC50 values for SG in LB andM63were calculated as 8.3 and 13.9 μM re-
spectively. The calculated IC50 values for heptamethoxyflavone were
23.9 and 48.0 μM in LB and M63 respectively.

The growth of EHEC was measured to determine the effect of test
compounds on the EHEC viability. The results demonstrate that the test
compounds did not affect the growth of EHEC under the experimental
conditions (Fig. 2C).

3.3. Effect on EHEC motility

To determine the effect of test compounds on motility, overnight
cultures of EHEC were stabbed in the middle of 0.3% LB-agar plates pre-
pared with 100 μM of each compound. Zone diameters were recorded
after 12 and 24 h. All the tested compounds demonstrated significant
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(p b 0.05) inhibition themotility halos of EHEC (Fig. 3). SGwas themost
potent inhibitor and completely inhibited themotility of the EHEC. Even
after 24 h the EHEC demonstrated a motility halo of only 0.4 cm com-
pared to 6.73 cm halo of control (Fig. 3). The zone diameters for dif-
ferent compounds in ascending orders were SG b nobeletin b

imperatorin b sinensetin b heptamethoxyflavone b bergamotin b

DMSO at 12 h and SG b nobeletin b imperatorin b sinensetin b

bergamotin heptamethoxyflavone b DMSOat 24 h (Fig. 3), respectively.

3.4. Effect on AI-3/epinephrine mediated cell–cell signaling

Cell-cell signaling regulates biofilm and motility [9,30]; therefore,
we first tested the possibility that test compounds interfere with cell–
cell signaling. Interference with cell–cell signaling was determined
using the reporter strain TEVS231 [29], which carries a chromosomal
fusion LEE1:lacZ and responds to external AI-3 and epinephrine. The ex-
pression of LEE1was induced by suspending the cells in PM for 30 min
and β-galactosidase activity was measured. Significant (p b 0.05)
β-glactosidase activity was recorded in cells incubated in PM after
30 min compared to cells incubated in fresh LB media (data not
shown). To measure the interference, the test compounds were added
to the PM, which was used to suspend the cells, and β-glactosidase ac-
tivity was measured after 30 min. SG demonstrated significant
(p b 0.01) repression (≈2.8 fold) of β-glactosidase activity (Fig. 4A),
while β-glactosidase activity for cultures treatedwith other compounds
was similar to DMSO. Interference with epinephrine signaling was
measured in a similar fashion by adding 50 μM epinephrine in PM and
100 μM SG. The β-glactosidase activity for SG was similar to DMSO,
indicating that SG did not affect epinephrine induced cell–cell signaling
(Fig. 4B). Collectively, SG appears to interferewith AI-3 but seemsnot to
affect epinephrine induced activity. Other testcompounds do not seem
to interfere with AI-3 or epinephrine mediated cell–cell signaling. We
further measured the expression of stx2 gene using qPCR to determine
the stress response. The relative expression of stx2 was 1.6 (±0.12)
fold suggesting no adverse effect on the cell.
3.5. SG inhibits EHEC biofilm by repressing flhDC

Interference with AI-3 signaling and motility/biofilm formation by
SG, suggested a possible effect on flagella as it is an important contribu-
tory factor in biofilm and motility. To determine the effect on flagella,
expression of flhDC was measured using qRT-PCR. SG treatment re-
pressed the expression of flhC and flhD by ≈6 and 7 folds, respectively
(Fig. 5A). To further understand the effect of SG, the master regulators
flhD (AV61), flhC (AV84), and flhDC (AV64) were induced with 0.2%
arabinose and biofilm formation in presence of 100 μM SG or DMSO
were compared after 24 h. Overexpression of either flhD, flhC or flhDC
allowed similar levels of biofilm formation in presence of the SG or
DMSO (p N 0.05) (Fig. 5B). Together, these results indicated that SG ex-
erts a repressive effect on flhDC, and possibly modulates biofilm and
motility in an flhDC dependent manner.



Fig. 3. Representative images of EHEC motility at 24 h in presence of 100 μM (A) DMSO, (B) bergamotin, (C) nobiletin, (D) sinensetin, (E) heptamethoxyflavone, (F) SG and
(G) imperotorin. Mean zone diameter (calculated from five replicates) for various treatments are presented in (H). Star denotes significant difference at p b 0.01.
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3.6. The biofilm inhibition by SG is not mediated by qseBC, envZ/ompR or
fliA

Interferencewith AI-3mediated cell–cell signaling and repression of
flagellar master regulators flhDC indicated a potential involvement of
qseBC [31]. To determine the involvement of qseBC in SG-mediated re-
pression of flhDC and biofilm formation, biofilm formation in strains
ΔqseC (VS138) and qseBC complemented strain VS179 was measured.
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VS138 is a qseCmutant,where qseC gene is replacedwith gene encoding
tetracycline [9]. It was expected that in the absence of functional qseBC,
SG would not inhibit the EHEC biofilm. Indeed, the biofilm formation in
the ΔqseC strain was similar in the presence of DMSO and SG (Fig. 6A),
whereas a significant inhibition of biofilm formation by SGwas observed
in complemented strain VS179. In order to further understand the effect
of SG, qseBC (AV43), qseC (AV48) and qseB (AV49) were overexpressed
and biofilm formation was measured in presence of 100 μM SG. SG
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demonstrated significant (p b 0.01) inhibition of biofilms formed by the
three strains (Fig. 6B), suggesting that action of SG is not dependent
upon qseBC.

In addition to QseBC, EnvZ/OmpR and FliA are also reported to regu-
late flhDC [31,32]. The role of EnvZ/OmpR and FliA was investigated by
over-expressing the three genes from an arabinose controlled promoter
in vector pBAD33. It was postulated that if inhibition of biofilm formation
and flhDC by SG is mediated through EnvZ/OmpR or FliA, over-
expression of the corresponding gene will relieve the inhibitory effect
of SG. However, SG significantly (p b 0.05) inhibited the biofilms formed
by the strains overexpressing envZ (AV89), ompR (AV75), ompR-envZ
(81) and fliA (AV70) (Fig. 7A). Furthermore, flhDC was repressed ≈3.6
to 4.5 fold by 100 μM SG in strains overexpressing envZ, ompR, ompR-
envZ and fliA (Fig. 7B). These results indicate that SG inhibition of EHEC
biofilm formation and flhDC does not require EnvZ/OmpR or FliA.

3.7. Overexpression of hns and rssAB rescues the EHEC biofilm and motility

Since overexpression of qseBC, envZ/ompR and fliA failed to rescue
the biofilm inhibition and expression of flhDC, we next investigated
the role of three additional positive regulators grpE, hns and rssAB
[33–35]. The three genes were overexpressed under the arabinose-
controlled operon in pBAD33 in EHEC background. Interestingly,
overexpression of hns (AV94) and rssAB (AV90) resulted in higher bio-
film levels in presence of SG compared to DMSO (Fig. 8A), but grpE
(AV100) did not have an effect. Furthermore, expression of flhDC was
induced 2.1 and 1.2 fold in AV90 (rssAB) and AV94 (hns) in the presence
of 100 μM SG. In contrast, flhC and flhD were repressed the by 3.3 and
6.1 fold, respectively in AV100 overexpressing grpE (Fig. 8B).
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Fig. 6. Effect of SG on biofilm formation in (A) qseCmutant (VS138) and qseCmutant compleme
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To further confirm these results, we measured the motility of strains
overexpressing hns and rssAB (AV94 and AV90, respectively) in presence
of 100 μM SG. The measurements were recorded at 6.5 h to avoid the
overlapping of the motility zones. The results demonstrated that hns
and rssAB rescued the inhibition of themotility (Fig. 8C andD), andmotil-
ity halos were comparable to that of strain AV64, overexpressing flhDC.
Together, these results indicate that SG exerts its effect on EHEC biofilm
formation and motility in an hns and rssAB dependent manner.

4. Discussion

The present study investigated the effect of secondary metabolites
present in citrus on EHEC biofilm andmotility. The flavedo is the outer-
most part of citrus fruit and provide defense against biotic and abiotic
stress [36]. To aid in its function, the flavedo contains numerous struc-
tural adaptations and protective chemical constituents. The bioactive
compounds present in flavedo or produced in oil glands, such as β-
sitosterol, polymethoxyflavones and coumarins, are speculated to aid
in defense against biotic stress such as by deterring bacterial pathogens.
It is likely that these bioactive compoundsmay also demonstrate biolog-
ical activity against human pathogens. To test this hypothesis, we eval-
uated the effect of six phytochemicals isolated from citrus peel on EHEC
biofilm formation and motility.

Themicrotiter plate assay method, which non-specifically measures
the early events in biofilm formation and attachment/adherence of
bacterium to plastic surface was used to determine the effect of test
compounds. This method has the advantage of being high throughput
and mimics the early developmental stages of biofilm [37]. The experi-
mentwas conducted under nutrient rich andminimalmedia conditions
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as E. coli produces different appendages for attachment under the two
conditions. Different compounds demonstrated varying degree of inhi-
bition under the two experimental conditions (Fig. 2). The SG appeared
to be themost potent inhibitor of the EHEC biofilm (Fig. 2) andmotility
(Fig. 3) among the tested compounds under experimental conditions.
Furthermore, the effect of SG and other compounds do not seem to be
due to toxicity at tested concentrations.

AI-2/AI-3/epinephrine mediated cell-cell signaling regulates biofilm
formation and motility in EHEC [9]. Inhibition of both biofilm formation
andmotility indicated the possibility that the tested compounds interfere
with cell–cell signaling. Interference with AI-3/epinephrine mediated
signaling was determined using reporter strain TEVS232, induced by
PM or epinephrine. SG inhibited AI-3 mediated induction of LEE1 but
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was ineffective against epinephrine (Fig. 4). Epinephrine is a mammali-
an hormone and is thus unlikely to be present on the plant surfaces. As
secondary metabolites might have evolved to counter the endogenous
molecules and associated signaling pathways of microbes, it is possible
that SG selectively inhibit AI-3 signaling, and responds to AI-3 produced
by naturalmicroflora on citrus peels. Alternatively, it is possible that the
SG targets a different pathway to inhibit biofilm and motility. Since SG
was the most potent among the tested compounds, it was investigated
to determine mechanism of action.

Flagellamake an important contribution to EHECbiofilm andmotility
and are regulated by several genetic and environmental factors [9,32,33].
The flagellarmaster regulator flhDC regulates the transcriptional cascade
of the flagellar operon and therefore, is the target of transcriptional
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regulation by various factors. We first determined if SG modulates the
expression of flhDC using qRT-PCR. SG appears to repress flhDC. If SG
function requires flhDC, overexpression of flhDC may negate the inhibi-
tion of biofilm formation caused by SG. Indeed, overexpression of both
flhD and flhC relieved the inhibitory effect of SG on biofilm (Fig. 5A)
and motility (Fig. 8C) in our assays, suggesting that the effect of SG is
mediated by flhDC. Furthermore, transcriptional repression of flhDC in-
dicated that SG regulates the flagellar operon (Fig. 5B), plausibly by act-
ing on certain upstream factor/s.

QseBC is a two component systems, which regulates expression of
flhDC in response to AI-3 and epinephrine [9]. Since SG seems to inter-
fere with AI-3 signaling and repress flhDC, it was likely that SG function
requires QseBC. Therefore, we examined the effect of SG on QseBC by
usingΔqseC and qseBC complemented strains VS138 and VS179, respec-
tively. In ΔqseC, biofilm formation in the presence of SG was similar to
DMSO. However, ΔqseC formed very little biofilm even after 48 h and
it remained possible that the observed phenotypewas due to qseC dele-
tion and the effect of SG was not discernible. To further clarify, QseBC
were overexpressed from an arabinose-controlled promoter in EHEC
background. Overexpression of qseBC in EHEC background was
expected to relieve the inhibitory effect of SG on EHEC biofilm
formation. However, significant inhibition of the biofilm formation in
EHEC overexpressing qseBC (AV43), qseC (AV48) and qseB (AV49) sug-
gested that the effect of SG is not mediated through QseBC.

Several factors other than QseBC regulate flhDC. Some of the factors
such as empZ/ompR, rssAB, fliA, grpE and hns positively regulate the ex-
pression of flhDC [32–35]. To determine the roles of the selected factors,
each gene was over-expressed in EHEC background and biofilm forma-
tion in the presence of SGwasmeasured. The hypothesis was that over-
expression of the SG-target gene will rescue the biofilm formation.
Overexpression of empZ/ompR, fliA and grpE did not alter the inhibitory
effect of SG on biofilm and flhDC expression but over-expression of hns
and rssAB rescued biofilm formation and motility by restoring flhDC ex-
pression (Fig. 8C). Intriguingly, we observed a higher level of biofilm
formation in the presence of SG in strains overexpressing hns and
rssAB. However, the implications of this observation are not clear as of
yet and require further studies.

RssAB is a two component system that senses environmental signals
such as temperature and exogenous fatty acids and regulates swarming
[38]. In biological system, SGmay convert to sitosterol and glucosemol-
ecule, the lipophilic sitosterol may function through rssAB to repress
swarming in a similar fashion to saturated fatty acids. In summary, SG
appears to inhibit the EHEC biofilm and motility by repressing flhDC
via a mechanism involving hns and rssAB. Further work will be required
to clearly determine the target/s of SG and its potential use as a lead
molecule in developing novel antivirulence strategies. Another possible
advantage of using SG as anti-virulence agent may lie in its other bene-
ficial properties, which include cholesterol lowering and immunomod-
ulatory activities.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.07.022.
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