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Abstract
In Escherichia coliO157:H7 (O157), the filamentous structure of the type III secretion sys-

tem is produced from the polymerization of the EspA protein. EspA filaments are essential

for O157 adherence to epithelial cells. In previous studies, we demonstrated that O157 hha
deletion mutants showed increased adherence to HEp-2 cells and produced abundant bio-

films. Transcriptional analysis revealed increased expression of espA as well as the csgA
gene, which encodes curli fimbriae that are essential for biofilm formation. In the present

study, we constructed hha espA, hha csgA, and hha csgA espA deletion mutants to deter-

mine the relative importance of EspA and CsgA in O157 adherence to HEp-2 cells and bio-

film formation. In vitro adherence assays, conducted at 37°C in a tissue culture medium

containing 0.1% glucose, showed that HEp-2 cell adherence required EspA because hha
espA and hha csgA espAmutants adhered to HEp-2 cells at higher levels only when com-

plemented with an espA-expressing plasmid. Biofilm assays performed at 28°C in a

medium lacking glucose showed dependency of biofilm formation on CsgA; however EspA

was not produced under these conditions. Despite production of detectable levels of EspA

at 37°C in media supplemented with 0.1% glucose, the biofilm formation occurred indepen-

dent of EspA. These results indicate dependency of O157 adherence to epithelial cells on

EspA filaments, while CsgA promoted biofilm formation under conditions mimicking those

found in the environment (low temperature with nutrient limitations) and in the digestive tract

of an host animal (higher temperature and low levels of glucose).

Introduction
Enterohemorrhagic E. coli O157:H7 (O157) is an important foodborne pathogen of humans,
causing symptoms ranging from watery diarrhea to hemorrhagic colitis and hemolytic uremic
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syndrome [1, 2]. O157 encodes a variety of cell surface structures that directly or indirectly pro-
mote its adherence to intestinal epithelial cells as well as cultured epithelial cells in vitro [3–5].
The EspA filaments are needle-like extensions of the type-three secretion system (T3SS) [6].
The T3SS spans both inner and outer bacterial cell membranes of O157 and about 20 genes
encoded in the locus of enterocyte effacement (LEE) are required for the assembly of the T3SS
[7–10]. The T3SS secretes virulence proteins called effectors that are delivered and injected
into host epithelial cells through EspA filaments [8, 11, 12]. EspA, which is secreted by the
T3SS, polymerizes at the tip of the needle of the T3SS, located in the outer membrane, to form
hollow filaments measuring 12 nm wide and reaching a length of 260 nm or longer depending
on the availability of the secreted EspA protein [6, 8, 13, 14]. Besides serving as a conduit for
the translocation of effectors, EspA filaments also serve as adhesive elements and promote ini-
tial adherence of O157 to epithelial cells [15, 16]. LEE also encodes an effector protein called
translocated-intimin receptor (TIR) that is secreted by the T3SS and translocated through
EspA filaments into host epithelial cells [15–18]. TIR subsequently localizes in the epithelial
cell’s cytoplasmic membrane to serve as a receptor for a LEE-encoded bacterial outer mem-
brane adhesin, called intimin [17]. TIR-intimin interactions facilitate intimate adherence of
O157 bacteria to cultured mammalian cells, intestinal epithelial cells of primary reservoir ani-
mals, such as cattle, and incidental human hosts [16, 19–25]. In O157-infected cattle and other
ruminants, intimate adherence to mucosal tissues located proximal to the rectoanal junction
leads to the formation of characteristic histopathology, termed attaching and effacing lesions
[16, 19–22, 24–28]. A recent study has also demonstrated that EspA filaments are involved in
biofilm formation by enteropathogenic E. coli [29].

In addition, the ability to adhere and colonize mammalian intestinal tissues by the LEE-
encoded intimate adherence mechanism initiated by EspA-epithelial cell interactions, O157
isolates have been shown to adhere to animal tissues, plants, and abiotic materials, such as plas-
tics, by employing unique sets of non-LEE encoded cell surface structures and proteins [30–
38]. For example, adherence to abiotic materials, which generally begins by the cessation of the
planktonic mode of existence, requires the expression of curli fimbriae [39–41]. Curli fimbriae
are highly aggregative bacterial functional amyloids promoting initial irreversible bacterial
adherence to abiotic surfaces as well as subsequent cell-cell interactions [42]. Curli fimbriae are
also an important constituent of the extracellular matrix of mature biofilms [39–43]. Curli fim-
briae, which range in size from 6 to 12 nm wide and 0.5 to 1 μm long, are composed primarily
of the curlin protein encoded by csgA of the csgBAC operon, which is transcribed divergently
from the csgDEFG operon [36]. The transcriptional regulator CsgD, encoded by csgD, is essen-
tial for the activation of these two operons [44, 45]. The csgDEFG operon also encodes proteins
needed for the transport of CsgA and the nucleator protein CsgB across the bacterial outer
membrane [46, 47]. Besides promoting survival of E. coli in the environment through biofilm
formation, there is increasing evidence that curli fimbriae contribute to virulence and dissemi-
nation of E. coli in animals by enhancing bacterial interactions with a variety of host matrices
and contact phase proteins [31, 36, 48]. Curli fimbriae have also been shown to promote bacte-
rial interactions with cultured epithelial cells, enhance bacterial invasion in animal models, and
contribute to severity of disease development in humans [32, 35, 49].

In previous studies, we demonstrated that hha is a negative transcriptional regulator of LEE,
including LEE-encoded espA, and the operons csgDEFG and csgBAC that encode proteins
mediating biosynthesis of curli fimbriae [33, 50]. Hha-mediated negative regulation of LEE
and the two curli operons results from direct repression of genes encoding transcriptional regu-
lators Ler and CsgD, which activate expression of genes encoded by LEE and the two curli
opreons, respectively [33, 50]. Thus, a hha deletion in O157 allowed increased expression of
LEE, enhanced secretion of effector proteins including EspA, and increased adherence of the
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hhamutant strain on cultured epithelial cells [50, 51]. Deletion of hha also resulted in the pro-
duction of higher amounts of biofilm due to increased expression of csgA and other genes
required for regulation and biosynthesis of curli fimbriae [33]. In the present study, we investi-
gated whether increased expression of espA and csgA in the hhamutant strain of O157 contrib-
uted to increased adherence and biofilm formation independently or if both genes had
incremental effects on these two processes.

Materials and Methods

Bacterial strains, culture media, and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 1. All strains were derived
from a streptomycin-resistant isolate of EHEC O157:H7 strain 86–24 originally linked to a
foodborne disease outbreak in humans [52, 53]. Bacterial strains were cultivated in Luria-Ber-
tani broth (LB) or LB agar supplemented with antibiotics as needed (streptomycin 100 mg per
liter; kanamycin 50 mg per liter; and carbenicillin 100 mg per liter).

Determination of bacterial growth rates
Bacterial strains were grown overnight on a shaker (200 rpm) incubator at 37°C in LB broth
containing carbenicillin (100 μg/ml). The overnight cultures were diluted 1:1000 and adjusted
to equivalent optical density readings at 600 nm (OD600) in YESCA (0.1% yeast extract and 1%
casamino acids) broth and Dulbecco’s Modified Eagle’s Medium containing 0.1% glucose
(DMEM) (Life Technologies, Grand Island, NY). Both media also contained carbenicillin at
100 μg per ml. These diluted samples (400 μl) were inoculated into the wells of 120-well Hon-
eycomb-2 plates. The plates were incubated at 37°C or 28°C in an automated growth curve
reader programmed for continuous shaking and collecting OD600 at 30 min intervals (Growth
Curves USA, Piscataway, NJ). The OD600 data were analyzed by using GraphPad Prism 6 soft-
ware (GraphPad Software, Inc., La Jolla, CA). The generation times of bacterial strains were
estimated from the exponential portions of the growth curves and equaled the time required
for the doubling of OD600.

Recombinant DNA procedures
The in-frame espA deletion mutants of EHEC O157:H7 strains 6491 (Δhha) and 6543 (Δhha
ΔcsgA) were constructed by using plasmid pSM552. Plasmid pSM552 was constructed by clon-
ing a 1.85 kb fragment generated by PCR using primers VS585 and VS972 (Table 2) and geno-
mic DNA of O157 strain 86–24. The 1.85 kb fragment contained 630 bp upstream of the espA
ORF (Open Reading Frame), 578 bp of the espA ORF, and 660 bp downstream of the espA
ORF. The PCR was carried out using FailSafe PCR Kit (Epicenter) according to the manufac-
turer’s instructions. The PCR fragment was purified by agarose gel electrophoresis. The DNA
fragment was recovered from an agarose gel using a Gel Extraction Kit according to manufac-
turer’s instructions (Qiagen, Valencia, CA). The gel-extracted 1.85 kb fragment was ligated
into pCRXL vector according to the manufacturer’s instructions (Invitrogen, Grand Island,
NY). The ligated DNA was electroporated into E. coli TOP10 cells as described above. The
recombinant plasmid pSM552 (pCRXL-1.85 kb fragment), thus constructed, was subjected to
PCR using primers VS257 and VS941 to delete the 578 bp espA ORF. The espA-deleted PCR
fragment of pSM552 was purified from agarose gel slices as described above and digested with
SalI to generate cohesive ends in SalI restriction sites present in primers VS257 and VS941.
The SalI fragment was self-ligated and electroporated into an E. coli TOP10 bacterial host. The
resultant recombinant plasmid (pSM556) was purified from a TOP10 isolate. The 0.86 kb
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kanamycin resistance fragment (kan) generated by PCR from oBBI 92/93-neo cassette [54]
using primers VS777 and VS778 was cloned at the SalI site generated by a deletion of the espA
ORF in pSM556. The new espA-deleted plasmid (pSM601) was digested with XbaI to isolate a
2.2 kb DNA fragment containing 630 bp upstream of the espA ORF, 0.86 kb kan, and 660 bp
downstream of the espA ORF. The 2.2 kb XbaI fragment was cloned at the XbaI site of plasmid
pAM450, which encodes ampicillin resistance and a temperature-sensitive origin of replication
[50, 55]. The new recombinant plasmid (pSM615) consisting of pAM450-2.2 kb fragment was
electroporated into strains 6491 and 6543 for deleting the espA gene by using a previously
described allelic replacement method [50]. The genomic DNA from kanamycin-resistant and
ampicillin-sensitive mutants was screened by PCR using primers VS585 and VS972 (Table 2)
to confirm that the espA gene was deleted and it was substituted by the 0.86 kb kan fragment.
For complementation experiments, a 4.2 kb DNA fragment containing the espA gene was iso-
lated by PCR from strain 86–24 using primers VS1085 and VS1086. Similarly, the 1.7 kb DNA
fragment containing the csgA gene was isolated from parental strain 86–24 by PCR using prim-
ers VS1087 and VS1088. These individual fragments were purified from agarose gels as
described above, digested with XbaI to produce cohesive 5’ and 3’ termini compatible for liga-
tion into the XbaI site of pSM694, a low-copy derivative of pACYC177 (New England Biolabs,
Ipswich, MA) carrying a 0.8 kb α-complementation fragment of β-galactosidase (Table 1). The

Table 1. Bacterial strains and plasmidsa.

Strain or
plasmid

Genotype and description Source or
reference

E. coli strains

86–24 stx2+ and streptomycin-resistant E. coli O157:H7 [52, 53]

6431 Δstx2 derivative of 86–24 [50]

6491 Δhha mutant strain of 6431 [33]

6543 ΔcsgA mutant of 6491 [33]

6550 ΔespA mutant of 6491 This study

6552 ΔespA mutant of 6543 This study

TOP 10 F− mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK rpsL (StrR)
endA1 nupG

Life Technologies

Plasmids

pCRXL Cloning vector Life Technologies

pACYC177 Low-copy cloning vector New England
Biolabs

pBluescript II
SK

Cloning vector Agilent
Technologies

pSM694 0.8 kb α-complementation fragment of lacZ (isolated by PCR from pBluescript) cloned at BamHI and BstEII sites
of pACYC177 for blue-white screening of bacterial colonies

This study

pAM450 Plasmid with a temperature-sensitive origin of replication [50, 55]

pSM552 1.85 kb fragment carrying the 578 bp espA gene, 660 bp upstream, and 627 bp downstream of espA This study

pSM556 pSM552 deleted of espA This study

pSM601 0.86 kb fragment carrying the kanamycin resistance gene of the oBBI 92/93-neo cassette cloned at SalI site
located between upstream and downstream sequences of pSM552

This study

pSM615 2.2 kb XbaI fragment (carrying the kanamycin resistance gene flanked by the upstream sequence at the 5’ and
the downstream sequence at the 3’ end) cloned at XbaI site of pAM450

This study

pSM706 pSM694 containing the espA- complementing DNA fragment isolated by PCR from 6431 This study

pSM708 pSM694 containing the csgA- complementing DNA fragment isolated by PCR from 6431 This study

a Detailed descriptions of the construction of bacterial strains and plasmids listed are provided under material and methods.

doi:10.1371/journal.pone.0149745.t001
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ligated DNAmixtures were separately transformed by electroporation into E. coli TOP10
according to manufacturer’s instructions. The new recombinant plasmids generated by this
ligation/electroporation were named pSM706 and pSM708. Plasmids pSM706 and pSM708
were electroporated into strains 6550 (Δhha ΔespA) and 6552 (Δhha ΔcsgA ΔespA) to comple-
ment deleted espA and csgA functions, respectively. The empty vector pSM694 was also electro-
porated into the parental and all other strains so that these strains could be used as controls in
subsequent experiments.

Determination of Congo red binding
Binding of Congo red by bacterial cells was monitored as described previously [33, 41]. Briefly,
O157 strains were inoculated on YESCA containing 1.5% noble agar, Congo red (40 μg/ml),
coomassie brilliant blue (6.24 μg/ml) and carbenicillin (100 μg/ml). The plates were incubated
at 28°C for 24–48 h. The intensity of the red color of bacterial growth produced on this
medium was captured by photography.

Visualization of curli fimbriae by transmission electron microscopy
For determining the presence of curli fimbriae, bacterial cells from 48 h old plates were sus-
pended in 2.5% glutaraldehyde solution, affixed to formvar grids, and stained with phospho-
tungstic acid. The stained grids were examined by transmission electron microscopy.

Biofilm quantification
The biofilm formation was determined by previously published procedures [33, 41]. Briefly,
bacterial cultures were grown overnight at 37°C (175 rpm) in YESCA broth containing carbe-
nicillin (100 μg/ml). The overnight cultures were diluted 1:10 in YESCA broth, YESCA broth
plus 0.1% glucose (YESCA-G), or DMEM containing carbenicillin (100 μg per ml). Two
hundred μl of diluted cultures were added to the wells of a 96-well polystyrene plate. After 48 h

Table 2. Primers used for PCR.

Primer Nucleotide sequencea Locationb or reference
E. coli Primersc

VS257F CAGGTCGACCTATATACCTCTTGATAATTTTTC 4662701–4662724

VS585F GCGTCTAGACATCGACTGCCGTTTGCAGTG 4661472–4661493

VS777F GATCGTCGACCGATAGCTGAATGAGTGACGTGC [54]

VS778R GATCGTCGACGCATAGAGCAGTGACGTAGTCGC [54]

VS941R GATCGTCGACCCGGAGATAACTATGCTTAAC 4662122–4662101

VS972R CAGTCTAGAAGATTTATTAGGCGAAGATGATTG 4663350–4663327

VS1065F GAAAATAGATCTCACATGTTCTTTCCTGCGTTATC pBluescript II

VS1068R GAAAATGGTTACCCTTAATGCGCCGCTACAGG pBluescript II

VS1085F GATCACTCTAGAAAAGGCACTGCCACAAAGAAAC 4659927–4659948

VS1086R GATCACTCTAGAGTAATGGTTTATCTGCTTCATAG 4664194–4664172

VS1087F GATCACTCTAGAACTGTCTGGTGTTTTTTGCTAG 1547911–1547932

VS1088R GATCACTCTAGACCTCAATGATTAGTCATCCTTG 1549630–1549609

a Nucleotide sequences of primers used in this study were selected from the published genome sequence of E. coli O157:H7 strain EDL933 with the

accession number AE005174.2.
b Location refers to the position of primer sequence in the genome of EDL933.
c Subscripts F and R denote forward and reverse primers, respectively.

doi:10.1371/journal.pone.0149745.t002
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of incubation at 28°C or 37°C, the culture liquid was aspirated, the wells were rinsed once with
PBS (phosphate-buffered saline), and the plate incubated at 80°C for 30 min. The heat-fixed
biofilms were stained with 0.1% crystal violet for 30 min and washed 3-times with distilled
water. Biofilm-bound crystal violet was eluted in 95% ethanol and absorbance of eluate was
determined at 590 nm (A590) using a spectrophotometer.

Determination of bacterial adherence to HEp-2 cells
Adherence assays were performed as described previously [56, 57]. Briefly, 1 x 105 bacterial
cells grown in LB broth (100 μg/ml carbenicillin) overnight at 37°C (200 rpm) were added to
HEp-2 cells (cultured in RPMI 1640 containing 10% fetal bovine serum) (Life Technologies,
Grand Island, NY) in chambered slides (for microscopic detection of adherent bacterial cells)
or in a 24-well tissue culture plate (for enumerating adherent bacterial cells) at ten bacteria to
one HEp-2 cell. After incubation for 3 h at 37°C in 5% CO2, slides and plates were processed as
follows. The slides were washed with Dulbecco’s Phosphate-Buffered Saline (DPBS) (Life tech-
nologies, Grand Island, NY) stained with toluidine blue, washed again, air dried, and examined
for adherent bacteria under a microscope equipped with a camera. The culture media was aspi-
rated from each well of the 24-well plate and saved into a sterile tube. Each well was washed
three times with one ml of DPBS and washes pooled with the aspirated culture medium corre-
sponding to that well to recover non-adherent bacterial cells. To recover adherent bacterial
cells, washed HEp-2 cells in each well were treated with 150 μl of 1% Triton-X100 for 10 min at
room temperature. The HEp-2 cell lysate was mixed with 850 μl of DPBS and homogenized by
repeated pipetting. Ten-fold serial dilutions of the pooled culture medium and HEp-2 cell
lysates were plated on LB agar (carbenicillin 100 μg/ml) plates and incubated at 37°C to deter-
mine the number of non-adherent and adherent bacterial cells, respectively. Non-adherent and
adherent bacterial counts were obtained from three independent assays with each assay per-
formed in duplicate wells.

Detection of EspA and CsgA
Western blotting was used for detection of EspA and CsgA produced by parental, mutant, and
complemented mutant strains. For detection of EspA, bacterial cultures were grown at 28°C or
37°C in YESCA broth, YESCA broth supplemented with 0.1% glucose (YESCA-G), or DMEM
containing 100 μg per ml of carbenicillin till the OD600 reached between 0.8–0.1(about 3.5 h).
The cells were harvested by centrifugation (10, 000 x g) for 5 min and the cellular pellet was
suspended in 2X SDS-sample buffer (Bio-Rad, Hercules, CA). The detection of CsgA was
accomplished by growing bacterial strains in YESCA broth, YESCA-G broth, or DMEM con-
taining carbenicillin (100 μg per ml) for 48 h at 28°C or 37°C. An aliquot of these cultures, stan-
dardized to roughly the equivalent of OD600, was centrifuged as above and the cellular pellet
was acidified with formic acid at one-fifth of the volume of the original culture. Curli fimbriae
are highly resistant to sodium dodecyl sulfate (SDS) and other chemical treatments that are
commonly employed for preparing protein samples for analysis by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Therefore, bacterial cells were treated with formic acid to depoly-
merize curli fimbriae to CsgA, the major constituent protein of curli fimbriae, in order to detect
this protein by SDS-PAGE. The acidified samples were kept on ice for 10 min and dried in a
miVac Centrifugal Vacuum Concentrator (Genevac, Inc., Stone Ridge, NY). The dried pellet
was dissolved in 2X SDS-sample buffer (BioRad, Hercules, CA). The 2X-SDS solubilized sam-
ples prepared for EspA and CsgA detection were heated for 10 min in a 95°C water bath,
loaded in to the wells of a 4–15% SDS-polyacrylamide gel, and subjected to electrophoresis
using a Tetra Cell electrophoresis unit according to the manufacturer’s instructions (BioRad,
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Hercules, CA). The proteins from the gels were transferred to the nitrocellulose membranes
using a mini Trans-Blot unit at 30 V overnight according to the manufacturer’s instructions
(BioRad, Hercules, CA). Following transfer, membranes were blocked in iBind solution and
placed protein-side down on an iBind Card of the iBind Western System (Thermo Scientific,
Grand Island, NY). Recommended volumes and dilutions of primary anti-rabbit EspA or anti-
rabbit CsgA antibodies (Pacific Immunology, Ramona, CA), iBind wash buffer, and goat-anti-
rabbit horseradish peroxidase-conjugated secondary antibody (KPL, Gaithersburg, MD) were
added in the designated slots of the iBind system. As a loading control, primary mouse anti-
Dnak antibody (AbCam, United Kingdom) was used for probing bacterial cell lysates to ensure
that the 75 kD DnaK protein was present in these lysates at similar levels. Following comple-
tion of protein transfer, the membranes were exposed to 3,3',5,5'-Tetramethylbenzidine Peroxi-
dase Substrate (KPL) to facilitate detection of blue-colored protein bands of predicted sizes.
The membranes were rinsed in water and photographed using an AlphaImager (ProteinSim-
ple, Wallingford, CT).

Statistical analyses
A two sample, Students-t test was used to determine the significance of the differences in
adherence and biofilm formation between the mutant and the complemented mutants relative
to the parental strain. The differences were considered significant at p< 0.05.

Results

Bacterial growth rates varied in response to growth medium and
temperature
The parental and the eight mutant strains showed identical growth profiles during the expo-
nential phase in DMEM or YESCA broth at 28°C and 37°C (Fig 1). For example, growth in
DMEM (Fig 1A) and YESCA broth (Fig 1B) at 28°C resulted in doubling times of about 240
min and 180 min, respectively, for all bacterial strains. Similarly, doubling times of 120 min
was observed for the parental and all mutant bacterial strains at 37°C irrespective of their
growth in DMEM (Fig 1C) or YESCA broth (Fig 1D). The longer doubling times observed
under these experimental conditions were due to the use of an automated growth reader
requiring culture volumes of less than one ml and allowing growth increases to occur in smaller
increments compared to growth curves generated by growing bacterial strains in large culture
vessels with a vigorous shaking. Overall, OD600 was markedly lower at 28°C during the station-
ary phase for bacterial strains expressing greater amounts of CsgA than the parental strain. On
the other hand, strains unable to express CsgA due to the deletion of csgA have higher OD600

compared to the parental strain during the stationary phase at 28°C in DMEM and YESCA
broth. All mutant strains had lower OD600 during the stationary phase compared to the paren-
tal strain at 37°C in DMEM or YESCA broth but the effect was less pronounced at 37°C than
that observed at 28°C.

EspA, but not CsgA, was essential for adherence of O157 to HEp-2 cells
Qualitative (microscopic) analysis of bacterial adherence to HEp-2 cells showed that the hha
mutant adhered to HEp-2 cells in large clusters consisting of several bacterial cells compared to
the parental, hha csgA, hha espA, and hha espA csgAmutant strains that adhered to HEp-2 cells
mostly as a few individual bacterial cells (Fig 2A). The complementation of hha espA and hha
espA csgAmutants with plasmid pSM706, encoding the espA gene, enabled the complemented
strains (espA+/hha espA, espA+/hha espA csgA) to adhere to HEp-2 cells as clusters, the
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adherence pattern resembling to that produced by the hhamutant strain (Fig 2A) and indicat-
ing the direct requirement of EspA in bacterial adherence to HEp-2 cells. On the other hand,
complementation of the hha espA csgAmutant with plasmid pSM708, encoding for CsgA,
resulted in the adherence phenotype of the complemented strain (csgA+/hha espA csgA) resem-
bling that of the uncomplemented hha espA csgAmutant strain showing very few bacterial cells
adhering to HEp2-cells (Fig 2A), indicating that CsgA is not essential for the direct adherence
of O157 to epithelial cells.

Quantitative analysis of adherence (Fig 2B), which involved removing non-adherent bacte-
rial cells and recovering bacterial cells adhering to HEp-2 cells, showed 19-fold (p = 0.002)
higher recovery of adherent bacterial cells for the hhamutant compared to the parental strain.
The percent adherence of the hha csgA deletion mutant was 5.5-fold higher (p = 0.026) than
the parental strain but 4-fold lower (p = 0.026) than the hha deletion mutant strain. Comple-
mentation with a csgA-encoding plasmid (pSM708) had no significant effect on the adherence
of the hha csgAmutant to HEp-2 cells as the percent adherence of the complemented mutant
remained 4-fold lower (p = 0.026) than the hhamutant strain. The adherence of hha espA dele-
tion mutant was not significantly (p = 0.093) different from the parental strain but was 4.5-fold

Fig 1. Determination of bacterial growth at 28°C and 37°C in DMEM and YESCA broth. Bacterial strains were grown overnight at 37°C in LB broth
containing carbenicillin (100 μg/ml) and diluted 1:1000 in DMEM or YESCA broth containing carbenicillin (100 μg/ml). The diluted samples were incubated at
28°C or 37°C for 24 h and optical density at 600 nm (OD600) was recorded every 30 min. Three independent cultures were tested in triplicate, and each point
on the growth curve represents an average of nine readings. The generation times were determined by computing the time required for doubling of OD600 of
the bacterial culture during the exponential phase of growth.

doi:10.1371/journal.pone.0149745.g001
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Fig 2. Effects of espA and csgA deletions on O157 adherence to HEp-2 cells and expression of EspA and CsgA. (A)Micrographs showing adherent
bacteria on HEp-2 cells (indicated by black arrows) of Parent (1), Δhha (2), Δhha ΔcsgA (3), csgA+/Δhha ΔcsgA (4), Δhha ΔespA (5), espA+/Δhha ΔespA (6),
Δhha ΔcsgA ΔespA (7), espA+/Δhha ΔcsgA ΔespA (8), csgA+/Δhha ΔcsgA ΔespA (9) mutant strains. (B) A bar graph showing the percent of adherent
bacteria on HEp-2 cells computed by dividing the number of adherent bacterial cells by the sum of non-adherent and adherent bacteria. Bars indicate
average of three independent assays and error bars represent standard deviation of 2. The * above the bars indicates p < 0.05 when Δhhamutant was
compared to the parent and the double and triple mutants were compared to the Δhhamutant strains. (C)Western blot analysis of cell lysates (prepared by
growing bacterial strains in DMEM at 37°C to an OD600 of 0.8 to 1.0) using anti-DnaK (top blot), anti-EspA (middle blot), and anti-CsgA (bottom blot)
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lower (p = 0.0087) than the hhamutant strain. However, complementation of the hha espA
mutant with the espA-encoding plasmid (pSM706) enhanced its adherence by 16.5-fold
(p = 0.002) compared to the parental strain, the level of adherence that was not significantly
different (p = 0.305) from that of the hhamutant strain. The percent adherence of the hha
mutant deleted of both espA and csgA (hha espA csgA) was not significantly different
(p = 0.305) from that of the parental strain. Although complementation of hha espA csgA
mutant with the espA-encoding plasmid (pSM706) enhanced its adherence by about 7-fold
(p = 0.002) relative to the parental strain and by about 3-fold (p = 0.032) compared to the
uncomplemented hha espA csgAmutant strain, the adherence of the complemented (espA+/
hha espA csgA) mutant was still 3-fold lower (p = 0.02) than the hhamutant strain. On the
other hand, complementation with the csgA-encoding plasmid (pSM708) kept the percent
adherence of the complemented (csgA+/hha espA csgA) mutant at a level not significantly
(p = 0.53) different from the uncomplemented hha espA csgAmutant strain, the level of adher-
ence that was still 6-fold lower than the hhamutant strain.

Western blot analysis of cell lysates (prepared from bacterial cultures grown to an OD600 of
0.8 to 1.0 at 37°C in DMEM-carbenicillin) using anti-EspA and anti-CsgA antibodies showed
the presence of 25 kD EspA and 17 kD CsgA bands in lysates of bacterial strains carrying either
a chromosomal copy of these two genes or were complemented for the deleted chromosomal
copies of these genes with a plasmid-encoded espA (pSM706) or csgA (pSM708) (Fig 2C). The
intensities of the bands corresponding to these two proteins were lowest for the parental strain
(Fig 2C) that also showed lowest adherence to HEp-2 cells (Fig 2A and 2B). On the other hand,
both EspA and CsgA bands were detected at much higher intensities in the highly adherent
hhamutant and hha espA and hha espA csgAmutants that were complemented with plasmid
pSM706 (Fig 2C). However, the hha espA and hha espA csgAmutants, which were unable to
produce EspA due to the espA deletion (Fig 2C), complemented with plasmid pS708 showed
highly reduced adherence compared to the hhamutant indicating that EspA is essential for epi-
thelial cell adherence (Fig 2A and 2B). Since 75 kD DnaK protein, used as a loading control,
was detected in the whole-cell lysates of all strains at identical levels (Fig 2C), the detection of
higher amounts of EspA and CsgA in the hhamutant strains harboring either the chromo-
somal or plasmid-encoded copies of these genes were likely due to the differential expression of
these two proteins in these strains.

Biofilm formation was CsgA-dependent and did not require EspA
Biofilm formation was initially examined after growth of each of the nine bacterial strains in
YESCA broth lacking glucose and incubation for 48 h at 28°C. Under these growth conditions,
which are normally considered conducive for biofilm formation, the hha and hha espAmutants
produced the highest biofilm biomass. This was indicated by the development of a dark blue
color (shown as black color) when the biofilms produced by these two mutants were stained
with a crystal violet solution (Fig 3A). On the other hand, the hha csgA and hha csgA espA
mutants were unable to produce detectable amounts of biofilms as the wells of the microtiter
plate corresponding to these strains did not stain with crystal violet and appeared similar in
coloration to the growth medium control (Fig 3A). When the hha csgA and hha csgA espA
mutants were complemented with csgA-encoding plasmid (pSM708) or with the espA-encod-
ing plasmid (pSM706), only pSM708 restored biofilm formation to these mutants as indicated
by the development of dark blue color with crystal violet staining of the wells inoculated with

antibodies. Molecular weights of protein standards (Lane M) are indicated in kD on right side of each blot. The locations of predicted or identified DnaK, EspA,
and CsgA proteina are indicated on the left. Lanes numbered 1 through 9 contains cell lysates of strains listed in the same order as in Fig 2A.

doi:10.1371/journal.pone.0149745.g002
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Fig 3. Qualitative and quantitative analysis of biofilm formation in YESCA broth at 28°C. (A) Single row of a microtiter plate showing the relative
intensity of crystal violet-stained biofilms produced in the wells inoculated with the Parent (1), Δhha (2), Δhha ΔcsgA (3), csgA+/Δhha ΔcsgA (4), Δhha ΔespA
(5), espA+/Δhha ΔespA (6), Δhha ΔcsgA ΔespA (7), espA+/Δhha ΔcsgA ΔespA (8), csgA+/Δhha ΔcsgA ΔespA (9) mutant strains. The last well in the row
represents the uninoculated growth medium. (B) Bar graph of the amount of biofilms produced by each of the nine strains listed on the X-axis. Bars represent
the means of three independent assays and error bars represent standard deviation of 2. The * above the bars indicates p < 0.05 when biofilm formation in
the mutant strains was compared to the parental strain. (C) Color photograph of the bacterial growth produced after 48 h of growth at 28°C on YESCA agar
containing Congo red. The numbers 1–9 correspond to strains listed in the same order as in Fig 3A.

doi:10.1371/journal.pone.0149745.g003
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the complemented (csgA+/hha csgA and csgA+/hha csgA espA) mutant strains (Fig 3A). Quanti-
fication (A590) of the intensity of the blue color showed that there was a 3-fold (p< 0.0001)
increase in the production of biofilm by the hha and hha espA deletion mutants compared to
the parental strain (Fig 3B). On the other hand, biofilm production declined by 4.6-fold for the
hha csgA (p< 0.0001) and 5.25-fold for hha csgA espAmutants compared to the parental strain
(Fig 3B). When compared to the quantity of biofilm biomass produced by the hha or hha espA
mutant, there were15 to 17-fold lower amounts of biofilm produced by hha csgA and hha csgA
espAmutants (Fig 3B). Only plasmid pSM708 but not pSM706 restored biofilm production to
the hha csgA and hha cgsA espAmutants at levels similar to that produced by the hha and hha
espAmutants (Fig 3B).

Since relative ability of O157 isolates to produce biofilms is also correlated with their ability
to bind the Congo red dye, we examined the Congo red binding phenotypes of bacterial strains
on media containing Congo red. The parental strain that produced very low amounts of bio-
film produced lighter red-colored colonies on Congo red medium (Fig 3C). The hha and hha
espAmutants that produced higher amounts of biofilms produced darker red colonies. The
hha csgA and hha csgA espAmutants produced white colonies but upon complementation with
pSM708, these strains were able to produce darker red colonies similar to those of hha and hha
espAmutants (Fig 3C).

Western blot analysis of formic acid-solubilized bacterial cells (grown in YESCA broth at
28°C for 48 h) using anti-CsgA antibody showed the presence of a ~ 17 kD protein band in the
parental, hha, and hha espAmutant strains that were wild-type for csgA (Fig 4A). Similarly, the
hha csgA and hha csgA espAmutant strains that were complemented for csgA deletion with
plasmid pSM708 also produced a 17 kD band (Fig 4A). However, probing of whole-cell lysates
with anti-EspA antibody showed no detectable 25 kD protein bands corresponding to EspA in
all nine strains grown at 28°C in YESCA broth at 28°C (Fig 4B). A 75 kD DnaK band was
detected in the whole-cell lysates of all strains at similar levels indicating efficient and equiva-
lent extraction of proteins in these lysates (Fig 4C).

In O157, the presence of curli fimbriae at the bacterial cell surface is dependent on the pro-
duction of CsgA, which is a major structural protein of curli fimbriae. Phenotypic expression
of curli fimbriae on bacterial cell surfaces could be determined by negative staining of glutaral-
dehyde-fixed bacterial cells using a transmission electron microscope [58]. As shown in Fig
4D, with the exception of hha csgA, hha csgA espA, and espA+/hha csgA espA, all other strains
possessed curli fimbriae as determined by electron microscopy of glutaraldehyde-fixed cells.
The production of curli fimbriae was restored on hha csgA and hha csgA espAmutants via com-
plementation with pSM708 (Fig 4D).

Growth at 28°C in the presence of 0.1% glucose did not induce EspA
production but allowed biofilm formation
Since EspA could not be detected in whole-cell extracts prepared from bacterial strains grown
under conditions that maximize biofilm formation (growth at 28°C for 48 h in YESCA broth
lacking glucose) (Fig 4B), the role of EspA in biofilm formation could not be discounted
unequivocally under these growth conditions. Growth of O157 at 37°C in a minimal essential
medium supplemented with glucose has been shown to enhance the production of EspA and
other LEE-encoded effector proteins [59]. We were also able to detect EspA in whole-cell
lysates of strains harboring a wild-type copy of the espA gene after growth at 37°C in DMEM
containing 0.1% glucose (Fig 2C). Therefore, we first examined whether growth of bacterial
strains at 28°C in DMEM and YESCA broth containing 0.1% glucose (YESCA-G) would
induce EspA production and help infer the role of EspA in biofilm formation. The amount of

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 12 / 23



biofilm produced by the hhamutant was about 2-fold (p< 0.0001) and 1.5 (p< 0.0001) higher
than the parental strain in DMEM (Fig 5A) and YESCA-G broth (Fig 5B), respectively.
Although the magnitude of biofilm biomass produced by the hha csgAmutant in DMEM and
YESCA-G broth was> 2-fold (p< 0.0001) lower than the hhamutant strain, complementa-
tion of hha csgAmutant with csgA-encoding plasmid pSM708 increased biofilm formation in
the complemented (csgA+/hha csgA) mutant by> 2-fold (p< 0.0001), levels similar to those
produced by the hhamutant strain in DMEM (Fig 5A) and YESCA-G broth (Fig 5B). These

Fig 4. Western blot analysis of cell lysates for detection of EspA and CsgA under growth conditions conducive for biofilm formation. (A)Western
blot of acid-solubilized cell lysates (prepared from bacterial cells grown in YESCA broth at 28°C for 48 h) probed with anti-CsgA antibody. A predicted protein
of 17 kD detected by anti-CsgA antibody in strains carrying the wild-type csgA gene is labeled on the left side of the blot. (B)Western blot prepared from
bacterial lysates and probed with anti-EspA antibody. The location of a predicted EspA protein of 25 kD, not detected in any of the nine strains, is indicated on
the left side of the blot. (C)Western blot of the loading control protein DnaK generated by probing of bacterial cell lysates with anti-DnaK antibodies.
Predicted location of a 75 kD DnaK band detected with anti-DnaK antibody is labeled on the left side of the blot. Molecular weights of protein standards (Lane
M) used in the blot are indicated in kD on the right side of each blot. (D) Transmission electron micrographs of glutaraldehyde-fixed bacterial cells of each of
the nine strains listed on the top of Fig 4A. Dark-stained structures represent bacterial cells and hair like structures present around them are curli fimbriae
(indicated by an arrow).

doi:10.1371/journal.pone.0149745.g004
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results indicated that biofilm formation is dependent on csgA. The biofilm production in the
hha espA and hha espAmutant complemented with espA-encoding plasmid pSM706 remained
at levels (> 2-fold; p< 0.0001) as high as in the hhamutant strain both in DMEM (Fig 5A)
and YESCA-G broth (Fig 5B), indicating that espA is not required for biofilm formation. The
importance of csgA in biofilm formation was further evidenced by the results showing 2 to

Fig 5. Effect of glucose on EspA and CsgA production and biofilm formation. Bar graphs of biofilms produced in the wells of a microtiter plate after 48 h
of growth at 28°C in DMEM (A) and YESCA-glucose broth (B). Bars represent means of three independent assays and error bars represent standard
deviation of 2. The * above the bars indicates p < 0.05 when biofilm formation in the mutant strains was compared to the parental or the hhamutant strain.
Western blot analysis of cell lysates prepared from bacterial strains grown in DMEM (C) and YESCA-glucose (D) and probed using anti-DnaK (top blot), anti-
EspA (middle blot), and anti-CsgA (bottom blot) antibodies. Molecular weights of protein standards are indicated in kD on the right side of each blot. The
locations of predicted or identified DnaK, EspA, and CsgA proteins are indicated on the left. Lanes numbered 1 through 9 contain cell lysates of strains listed
in the same order as in Fig 5A and 5B.

doi:10.1371/journal.pone.0149745.g005
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3-fold (p< 0.0001) reduction in biofilm formation in hha csgA espAmutant compared to the
hha and hha espAmutants, and restoration of biofilm formation to levels (> 2-fold higher than
the parental strain; p< 0.0001) produced by the hha and hha espAmutants by complementing
hha csgA espAmutant with plasmid pSM708 but not with pSM706 (Fig 5A and 5B). The maxi-
mal amounts of biofilm produced in DMEM and YESCA-G at 28°C were 6- (Fig 5A) and
2-fold (Fig 5B) lower than produced in glucose-free YESCA at 28°C (Fig 3B) indicating that
glucose is inhibitory to biofilm formation. Western blotting and probing of formic acid-solubi-
lized bacterial cell pellets, which were collected by centrifugation of cultures grown at 28°C in
DMEM (Fig 5C) or YESCA-G (Fig 5D) for 48 h, with anti-CsgA antibody showed the presence
of a predicted 17 kD protein band in all strains except the hha csgA, hha csgA espA, and
pSM706-complemented hha csgA espAmutant strain. However, no predicted protein band of
25 kD was detected when whole-cell lysates prepared from cultures grown to OD600 of 0.8 to
1.0 at 28°C in DMEM (Fig 5C) or YESCA-G (Fig 5D) were probed with anti-EspA antibody
indicating that EspA is not required for biofilm formation at 28°C.

Growth at 37°C in media containing glucose induced EspA production
but EspA was not required for biofilm formation
When bacterial strains were grown for 48 h in DMEM and YESCA-G at 37°C, with the excep-
tion of the hha csgA, hha csgA espA, and pSM706-complemented hha csgA espAmutant strains,
all other strains produced significantly (p< 0.05) higher biofilm biomass than the parental
strain (Fig 6A and 6B). For example, the magnitude of biofilm produced by the hhamutant
was about 2-fold (p< 0.0001) higher than the parental strain, but biofilm formation in the hha
csgAmutant was> 2-fold less than the hhamutant strain in DMEM (Fig 6A) and YESCA-G
broth (Fig 6B). However, complementation of the hha csgAmutant with plasmid pSM708
increased biofilm formation in the complemented (csgA+/hha csgA) mutant by> 2-fold
(p< 0.0001), levels similar to those produced by the hhamutant strain in DMEM (Fig 6A) and
YESCA-G broth (Fig 6B). The biofilm production in the hha espAmutant and hha espA
mutant complemented with plasmid pSM706 remained at levels� 2-fold (p< 0.0001) higher
than the parental strain but similar to those produced by the hhamutant strain (Fig 6A) and
(Fig 6B), indicating that csgA is indispensable for biofilm formation. The absolute requirement
of csgA in biofilm formation was affirmed by results showing� 2-fold (p< 0.0001) reduction
in biofilm formation in hha csgA espAmutant compared to the hha and hha espAmutants, and
restoration of biofilm formation to levels (> 2-fold higher than the parental strain; p< 0.0001)
similar to those produced by the hhamutant by complementing the hha csgA espAmutant
with plasmid pSM708 but not with pSM706 (Fig 6A and 6B). Western blot analysis using anti-
CsgA antibody of formic acid-solubilized bacterial cell pellets, prepared from cultures grown at
37°C in DMEM (Fig 6C) or YESCA-G (Fig 6D), showed the presence of a predicted 17 kD pro-
tein band in all strains except for the hha csgA, hha csgA espA, and pSM706-complemented
hha csgA espAmutant strains. Similarly, with the exception of the hha espA, hha csgA espA,
and pSM708-complemented hha csgA espAmutant strains, all other strains showed the pres-
ence of a 25 kD EspA in Western blots of cell lysates prepared from bacterial cultures grown to
an OD600 of 0.8 to 1.0 at 37°C in DMEM (Fig 6C) or YESCA-G (Fig 6D). These results indi-
cated that the addition of glucose and an incubation temperature of 37°C are critical to induce
espA expression. Despite production of EspA in DMEM and YESCA-G at 37°C, EspA was dis-
pensable for biofilm formation because complementation of the hha espA csgAmutant with
plasmid pSM706 failed to restore biofilm formation on this mutant to the levels produced by
the hhamutant strain.
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Discussion
In the present study, we show the relative importance of two outer membrane filamentous
adhesins in adherence of O157 to cultured epithelial cells and abiotic surfaces. The EspA fila-
ments along with other virulence proteins encoded by the LEE pathogenicity island are needed
for initial adherence to and subsequent translocation of effector proteins into epithelial cells
[15, 16]. Curli fimbriae belong to the amyloid class of proteins and are responsible for bacterial
interactions with both biotic and abiotic surfaces and subsequent interbacterial interactions
considered important during biofilm formation [42]. We have shown previously that hha is a
negative transcriptional regulator of LEE-encoded pathogenicity island and operons csgDEFG
and csgBAC encoding genes for biosynthesis of curli fimbriae that are essential for biofilm for-
mation [33, 50]. Thus the hha deletion mutant, in which expression of genes encoded by LEE
and the two curli operons is highly upregulated, provided an important model system to exam-
ine the specific contributions of EspA filaments and curli fimbriae in adherence of O157 to

Fig 6. Effect of temperature and glucose on EspA and CsgA production and biofilm formation. Bar graphs of biofilms produced in the wells of a
microtiter plate after 48 h of growth at 37°C in DMEM (A) and YESCA-glucose broth (B). Bars represent means of three independent assays and error bars
represent standard deviation of 2. The * above the bars indicates p < 0.05 when biofilm formation in the mutant strains was compared to the parental or the
hhamutant strain. Western blot analysis of cell lysates prepared from bacterial strains grown in DMEM (C) and YESCA-glucose (D) and probed using anti-
DnaK (top blot), anti-EspA (middle blot), and anti-CsgA (bottom blot) antibodies. Molecular weights of protein standards are indicated in kD on the right side
of each blot. The locations of predicted or identified DnaK, EspA, and CsgA proteins are indicated on the left. Lanes numbered 1 through 9 contain cell
lysates of strains listed in the same order as in Fig 6A and 6B.

doi:10.1371/journal.pone.0149745.g006
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epithelial cells and to polystyrene surfaces during biofilm formation. By deleting espA and
csgA, or both espA and csgA genes in the hhamutant strain, we showed that espA and csgA,
which encodes for EspA filaments and curli fimbriae, respectively, function independently of
each other with each having a dedicated function.

It has been shown that EspA filaments are produced by only a fraction of O157 bacterial
population through a posttranscriptional mechanism controlled by regulators whose expres-
sion are controlled by specific environmental signals and phase-variable events [60]. In agree-
ment with these findings, Western blot analysis of whole-cell lysates with anti-EspA antibody
showed very low-levels of EspA production in the parent compared to the isogenic hha dele-
tion mutant strain. We also observed a direct correlation between magnitudes of adherence to
HEp-2 cells with the levels of EspA production. The espA deletion mutant of hha showed
highly reduced adherence compared to the parental strain whose adherence was several-fold
lower than the hhamutant strain. Moreover, presence of high levels of curli fimbriae alone was
not able to compensate for the loss of adherence of the hha espA deletion mutants. These find-
ings clearly demonstrated that increased production of EspA not only enhanced the magnitude
of adherence, but it was also a critical element for the adherence of O157 to epithelial cells.

Curli fimbriae are encoded by the csgA gene and are highly diverse in their functional activi-
ties [3]. Curli fimbriae, because of their amyloid-like properties, are adhesive cell surface struc-
tures and have been shown to interact with a variety of animal tissues and abiotic surfaces [31,
32, 43, 61]. One of the best studied functions of curli fimbriae is in biofilm formation but there
are only a few studies describing the importance of curli fimbriae in direct interactions with
animal epithelial cells [3, 32, 35, 61]. In the current study employing the hhamutant producing
higher levels of curli fimbriae, we were able to show that contrary to the EspA-dependency of
adherence of O157 to epithelial cells, curli fimbriae were dispensable for direct adherence to
HEp-2 cells. This inference is supported by the results showing that complementing hha csgA
and hha espA csgAmutants with a csgA encoding plasmid (pSM708) did not enhance adher-
ence of the complemented mutants relative to the non-complemented mutant strains.

However, curli might indirectly contribute to the adherence of O157 to epithelial cells by
promoting interbacterial interactions as indicated by the reduction in the adherence of the hha
csgAmutants to HEp-2 cells compared to the hhamutant strain. For example, microscopic
observations revealed that the hhamutant produced an adherent phenotype characterized by
the presence of clusters of adherent cells. This would suggests that once a hhamutant bacterial
cell adheres to an HEp-2 cell using EspA and other LEE-encoded adherence factors, curli fim-
briae present on the adherent mutant bacterial cells might interact with nearby non-adherent
cells to produce clusters consisting of many cells. These clusters were not produced by the low-
level curli-producing parental and the curli-lacking hha csgAmutants indicating that increased
recovery of hhamutant adherent cells compared to the hha csgAmutant might be due to the
production of clustered adherence phenotype by the hhamutant. Interestingly, the csgA-
encoding plasmid (pSM708) was able to restore both the Congo red binding and biofilm pro-
duction to the hha csgAmutant after 48 h of incubations, but it failed to restore adherence of
this mutant to HEp-2 cells at the levels shown by the hhamutant. These results suggest that the
length of adherence assays that lasted only three hours might not be long enough for this plas-
mid to produce substantial levels of curli fimbriae needed to promote clustered adherence phe-
notype. It is also possible that temporal differences in the expression of csgA from the csgA-
encoding plasmid relative to the chromosomal copy of csgA in the hhamutant might be a limit-
ing factor for the csgA-complemented hha csgAmutant to achieve high levels of adherence that
is typical of the hhamutant strain.

The regulation of the expression of csgA and other genes required for biogenesis of curli fim-
briae is highly complex and triggered by factors, such as low temperature, low osmolarity, and
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nutrient limitation [3, 40, 62]. We first examined the abilities of hha and the hhamutant
deleted of espA or csgA or both espA and csgA to produce biofilms at 28°C in a medium (low
osmolarity and lacking glucose as a carbon source) conducive for biogenesis of curli fimbriae
[31]. Under these growth conditions, only the hha csgA and hha csgA espAmutants were
unable to produce detectable amounts of biofilms unless complemented with csgA-expressing
plasmid, confirming that CsgA production is essential for O157 to produce biofilms. Interest-
ingly, CsgA was detectable in cell-lysates of all mutants as long as they harbored the wild-type
csgA. However, EspA was not detected in lysates of all nine strains tested in this study.

The expression of espA and LEE is also very complex as numerous transcriptional regulators
and environmental conditions tend to modulate their expression [50, 63–70]. For example, the
expression of LEE, which encodes the espA gene, is induced under conditions mimicking the
host animal intestinal environment [59]. It has been demonstrated that optimal expression of
LEE can be induced in minimal essential medium supplemented with glucose and by utilizing
a growth temperature of 37°C. Thus, in order to understand the role of EspA in biofilm forma-
tion, we used DMEM and the YESCA broth supplemented with glucose to induce espA expres-
sion at 28°C and 37°C. None of the strains produced EspA in either of the two media at 28°C
but incubation at 37°C allowed EspA production in strains carrying a wild-type espA. Although
substantial amounts of biofilms were produced at 37°C by the hhamutant and the hhamutants
harboring the wild-type copy of the csgA gene, biofilm formation occurred independent of the
production of EspA.

While low temperature promotes biofilm formation, glucose at a concentration of 0.1% or
higher could potential inhibits initial stages or lower the amount of biofilm formation in E. coli
and other enterobacteriacea [71]. The inhibitory effects of glucose on biofilm formation have
in part been linked to cAMP and cAMP receptor protein-mediated catabolite repression affect-
ing expression of genes mediating biofilm formation. We did observe about 60% to 75% reduc-
tion in biofilm production in DMEM and YESCA containing 0.1% glucose at 28°C and 37°C
despite the detection of roughly the similar levels of CsgA under these conditions. The forma-
tion of lower amounts of biofilms observed in the presence of glucose could not be attributed
to the differences in bacterial growth rates (120 min and 240 min of doubling times at 37°C
and 28°C, respectively) because roughly the similar amounts of biofilms were produced in glu-
cose-containing DMEM and YESCA at 28°C or 37°C. Since highest amounts of biofilms were
produced at 28°C in YESCA broth lacking glucose (Fig 3), both the absence of a rapidly metab-
olizable energy source and growth at low temperatures are necessary for the expression of fac-
tors conducive for optimal levels of biofilm formation. Nonetheless, the ability to produce even
lower amounts of biofilms at 37°C in the presence of glucose could potentially be advantageous
to survival and persistence of O157 in the animal host, considering that low levels of glucose
are present in the intestinal environment [71–73].

Conclusions
In this study, we demonstrated that EspA and CsgA contribute independently to tissue adher-
ence and biofilm formation, respectively. We confirm previous findings that EspA production
requires bacterial growth at 37°C in the presence of glucose, conditions that attenuate biofilm
formation but still allow substantial expression of this adherence phenotype. Although we
determined that curli fimbriae have no direct role in O157 adherence to HEp-2 cells, curli fim-
briae might indirectly enhance adherence of O157 by promoting interactions between adherent
(mediated through EspA) bacterial cells with the non-adherent cells on epithelial cell surfaces.
Since curli fimbriae are also able to interact with a variety of host molecules, curli fimbriae
could exploit other matrices or cell surface molecules in the animal intestinal environment to
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promote bacterial adherence and biofilm formation. A high proportion of clinical isolates of
uropathogenic E. coli and sorbitol fermenting Shiga toxigenic E. coli isolated from patients
express curli fimbriae at 37°C and have been shown to interact with cells of the urinary tract
system and colonic cells, respectively [49, 61, 74].

Acknowledgments
We thank Lindsay Andersen and Bryan Wheeler for technical assistance in this study. We also
thank Shawn Bearson for the critical review of the manuscript.

Mention of trade names or commercial products in this article is solely for the purpose of
providing specific information and does not imply recommendation or endorsement by the U.
S. Department of Agriculture. USDA is an equal opportunity provider and employer.

Author Contributions
Conceived and designed the experiments: VKS. Performed the experiments: VKS JAS. Ana-
lyzed the data: VKS. Contributed reagents/materials/analysis tools: ITK BLB. Wrote the paper:
VKS BLB ITK.

References
1. Kaper JB. Enterohemorrhagic Escherichia coli. Curr Opin Microbiol. 1998; 1(1):103–8. Epub 1999/03/

06. PMID: 10066458.

2. Karmali MA, Arbus GS, Ish-ShalomN, Fleming PC, Malkin D, Petric M, et al. A family outbreak of hemo-
lytic-uremic syndrome associated with verotoxin-producing Escherichia coli serotype O157:H7. Pediatr
Nephrol. 1988; 2(4):409–14. Epub 1988/10/01. PMID: 3153052.

3. Barnhart MM, ChapmanMR. Curli biogenesis and function. Annu Rev Microbiol. 2006; 60:131–47.
Epub 2006/05/18. doi: 10.1146/annurev.micro.60.080805.142106 PMID: 16704339; PubMed Central
PMCID: PMC2838481.

4. Farfan MJ, Torres AG. Molecular mechanisms that mediate colonization of Shiga toxin-producing
Escherichia coli strains. Infect Immun. 2012; 80(3):903–13. doi: 10.1128/IAI.05907-11 PMID:
22144484; PubMed Central PMCID: PMCPMC3294676.

5. Jarvis KG, Giron JA, Jerse AE, McDaniel TK, Donnenberg MS, Kaper JB. Enteropathogenic Escheri-
chia coli contains a putative type III secretion system necessary for the export of proteins involved in
attaching and effacing lesion formation. Proc Natl Acad Sci U S A. 1995; 92(17):7996–8000. Epub
1995/08/15. PMID: 7644527; PubMed Central PMCID: PMC41273.

6. Daniell SJ, Kocsis E, Morris E, Knutton S, Booy FP, Frankel G. 3D structure of EspA filaments from
enteropathogenic Escherichia coli. Mol Microbiol. 2003; 49(2):301–8. PMID: 12828630.

7. Elliott SJ, Yu J, Kaper JB. The cloned locus of enterocyte effacement from enterohemorrhagic Escheri-
chia coliO157:H7 is unable to confer the attaching and effacing phenotype upon E. coli K-12. Infect
Immun. 1999; 67(8):4260–3. Epub 1999/07/23. PMID: 10417201; PubMed Central PMCID:
PMC96734.

8. Garmendia J, Frankel G, Crepin VF. Enteropathogenic and enterohemorrhagic Escherichia coli infec-
tions: translocation, translocation, translocation. Infect Immun. 2005; 73(5):2573–85. Epub 2005/04/23.
73/5/2573 [pii] doi: 10.1128/IAI.73.5.2573-2585.2005 PMID: 15845459; PubMed Central PMCID:
PMC1087358.

9. Jarvis KG, Kaper JB. Secretion of extracellular proteins by enterohemorrhagic Escherichia coli via a
putative type III secretion system. Infect Immun. 1996; 64(11):4826–9. Epub 1996/11/01. PMID:
8890245; PubMed Central PMCID: PMC174451.

10. Perna NT, MayhewGF, Posfai G, Elliott S, Donnenberg MS, Kaper JB, et al. Molecular evolution of a
pathogenicity island from enterohemorrhagic Escherichia coliO157:H7. Infect Immun. 1998; 66
(8):3810–7. Epub 1998/07/23. PMID: 9673266; PubMed Central PMCID: PMC108423.

11. Shaw RK, Daniell S, Ebel F, Frankel G, Knutton S. EspA filament-mediated protein translocation into
red blood cells. Cell Microbiol. 2001; 3(4):213–22. PMID: 11298645

12. Wolff C, Nisan I, Hanski E, Frankel G, Rosenshine I. Protein translocation into host epithelial cells by
infecting enteropathogenic Escherichia coli. Mol Microbiol. 1998; 28(1):143–55. PMID: 9593303.

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 19 / 23

http://www.ncbi.nlm.nih.gov/pubmed/10066458
http://www.ncbi.nlm.nih.gov/pubmed/3153052
http://dx.doi.org/10.1146/annurev.micro.60.080805.142106
http://www.ncbi.nlm.nih.gov/pubmed/16704339
http://dx.doi.org/10.1128/IAI.05907-11
http://www.ncbi.nlm.nih.gov/pubmed/22144484
http://www.ncbi.nlm.nih.gov/pubmed/7644527
http://www.ncbi.nlm.nih.gov/pubmed/12828630
http://www.ncbi.nlm.nih.gov/pubmed/10417201
http://dx.doi.org/10.1128/IAI.73.5.2573-2585.2005
http://www.ncbi.nlm.nih.gov/pubmed/15845459
http://www.ncbi.nlm.nih.gov/pubmed/8890245
http://www.ncbi.nlm.nih.gov/pubmed/9673266
http://www.ncbi.nlm.nih.gov/pubmed/11298645
http://www.ncbi.nlm.nih.gov/pubmed/9593303


13. Daniell SJ, Delahay RM, Shaw RK, Hartland EL, Pallen MJ, Booy F, et al. Coiled-coil domain of entero-
pathogenic Escherichia coli type III secreted protein EspD is involved in EspA filament-mediated cell
attachment and hemolysis. Infect Immun. 2001; 69(6):4055–64. doi: 10.1128/IAI.69.6.4055-4064.2001
PMID: 11349076; PubMed Central PMCID: PMC98469.

14. Delahay RM, Frankel G. Coiled-coil proteins associated with type III secretion systems: a versatile
domain revisited. Mol Microbiol. 2002; 45(4):905–16. PMID: 12180912.

15. Cleary J, Lai LC, Shaw RK, Straatman-Iwanowska A, Donnenberg MS, Frankel G, et al. Enteropatho-
genic Escherichia coli (EPEC) adhesion to intestinal epithelial cells: role of bundle-forming pili (BFP),
EspA filaments and intimin. Microbiology. 2004; 150(Pt 3):527–38. PMID: 14993302.

16. Ebel F, Podzadel T, Rohde M, Kresse AU, Kramer S, Deibel C, et al. Initial binding of Shiga toxin-pro-
ducing Escherichia coli to host cells and subsequent induction of actin rearrangements depend on fila-
mentous EspA-containing surface appendages. Mol Microbiol. 1998; 30(1):147–61. Epub 1998/10/24.
PMID: 9786192.

17. DeVinney R, Stein M, Reinscheid D, Abe A, Ruschkowski S, Finlay BB. Enterohemorrhagic Escherichia
coliO157:H7 produces Tir, which is translocated to the host cell membrane but is not tyrosine phos-
phorylated. Infect Immun. 1999; 67(5):2389–98. Epub 1999/05/04. PMID: 10225900; PubMed Central
PMCID: PMC115983.

18. Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay BB. Enteropathogenic E. coli (EPEC)
transfers its receptor for intimate adherence into mammalian cells. Cell. 1997; 91(4):511–20. PMID:
9390560.

19. Fitzhenry RJ, Pickard DJ, Hartland EL, Reece S, Dougan G, Phillips AD, et al. Intimin type influences
the site of human intestinal mucosal colonisation by enterohaemorrhagic Escherichia coliO157:H7.
Gut. 2002; 50(2):180–5. Epub 2002/01/15. PMID: 11788556; PubMed Central PMCID: PMC1773112.

20. Jerse AE, Kaper JB. The eae gene of enteropathogenic Escherichia coli encodes a 94-kilodalton mem-
brane protein, the expression of which is influenced by the EAF plasmid. Infect Immun. 1991; 59
(12):4302–9. PMID: 1682258.

21. Naylor SW, Low JC, Besser TE, Mahajan A, Gunn GJ, Pearce MC, et al. Lymphoid follicle-dense
mucosa at the terminal rectum is the principal site of colonization of enterohemorrhagic Escherichia coli
O157:H7 in the bovine host. Infect Immun. 2003; 71(3):1505–12. Epub 2003/02/22. PMID: 12595469;
PubMed Central PMCID: PMC148874.

22. Yu J, Kaper JB. Cloning and characterization of the eae gene of enterohaemorrhagic Escherichia coli
O157:H7. Mol Microbiol. 1992; 6(3):411–7. Epub 1992/02/01. PMID: 1552854.

23. Cookson AL, Woodward MJ. The role of intimin in the adherence of enterohaemorrhagic Escherichia
coli (EHEC) O157: H7 to HEp-2 tissue culture cells and to bovine gut explant tissues. Int J Med Micro-
biol. 2003; 292(7–8):547–53. Epub 2003/03/15. PMID: 12635938.

24. Hancock DD, Besser TE, Rice DH, Herriott DE, Tarr PI. A longitudinal study of Escherichia coliO157 in
fourteen cattle herds. Epidemiol Infect. 1997; 118(2):193–5. Epub 1997/04/01. PMID: 9129597;
PubMed Central PMCID: PMC2808780.

25. Moon HW,Whipp SC, Argenzio RA, Levine MM, Giannella RA. Attaching and effacing activities of rab-
bit and human enteropathogenic Escherichia coli in pig and rabbit intestines. Infect Immun. 1983; 41
(3):1340–51. PMID: 6350186.

26. Dean-Nystrom EA, Bosworth BT, Moon HW, O'Brien AD. Escherichia coliO157:H7 requires intimin for
enteropathogenicity in calves. Infect Immun. 1998; 66(9):4560–3. Epub 1998/08/26. PMID: 9712821;
PubMed Central PMCID: PMC108559.

27. Naylor SW, Roe AJ, Nart P, Spears K, Smith DG, Low JC, et al. Escherichia coliO157: H7 forms attach-
ing and effacing lesions at the terminal rectum of cattle and colonization requires the LEE4 operon.
Microbiology. 2005; 151(Pt 8):2773–81. Epub 2005/08/05. 151/8/2773 [pii] doi: 10.1099/mic.0.28060-0
PMID: 16079353.

28. Vlisidou I, Dziva F, La Ragione RM, Best A, Garmendia J, Hawes P, et al. Role of intimin-tir interactions
and the tir-cytoskeleton coupling protein in the colonization of calves and lambs by Escherichia coli
O157:H7. Infect Immun. 2006; 74(1):758–64. Epub 2005/12/22. 74/1/758 [pii] doi: 10.1128/IAI.74.1.
758-764.2006 PMID: 16369035; PubMed Central PMCID: PMC1346653.

29. Moreira CG, Palmer K, Whiteley M, Sircili MP, Trabulsi LR, Castro AF, et al. Bundle-forming pili and
EspA are involved in biofilm formation by enteropathogenic Escherichia coli. J Bacteriol. 2006; 188
(11):3952–61. Epub 2006/05/19. 188/11/3952 [pii] doi: 10.1128/JB.00177-06 PMID: 16707687;
PubMed Central PMCID: PMC1482920.

30. Macarisin D, Patel J, Sharma VK. Role of curli and plant cultivation conditions on Escherichia coli
O157:H7 internalization into spinach grown on hydroponics and in soil. Int J Food Microbiol. 2014;
173:48–53. doi: 10.1016/j.ijfoodmicro.2013.12.004 PMID: 24412958.

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 20 / 23

http://dx.doi.org/10.1128/IAI.69.6.4055-4064.2001
http://www.ncbi.nlm.nih.gov/pubmed/11349076
http://www.ncbi.nlm.nih.gov/pubmed/12180912
http://www.ncbi.nlm.nih.gov/pubmed/14993302
http://www.ncbi.nlm.nih.gov/pubmed/9786192
http://www.ncbi.nlm.nih.gov/pubmed/10225900
http://www.ncbi.nlm.nih.gov/pubmed/9390560
http://www.ncbi.nlm.nih.gov/pubmed/11788556
http://www.ncbi.nlm.nih.gov/pubmed/1682258
http://www.ncbi.nlm.nih.gov/pubmed/12595469
http://www.ncbi.nlm.nih.gov/pubmed/1552854
http://www.ncbi.nlm.nih.gov/pubmed/12635938
http://www.ncbi.nlm.nih.gov/pubmed/9129597
http://www.ncbi.nlm.nih.gov/pubmed/6350186
http://www.ncbi.nlm.nih.gov/pubmed/9712821
http://dx.doi.org/10.1099/mic.0.28060-0
http://www.ncbi.nlm.nih.gov/pubmed/16079353
http://dx.doi.org/10.1128/IAI.74.1.758-764.2006
http://dx.doi.org/10.1128/IAI.74.1.758-764.2006
http://www.ncbi.nlm.nih.gov/pubmed/16369035
http://dx.doi.org/10.1128/JB.00177-06
http://www.ncbi.nlm.nih.gov/pubmed/16707687
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24412958


31. Olsen A, Jonsson A, Normark S. Fibronectin binding mediated by a novel class of surface organelles
on Escherichia coli. Nature. 1989; 338(6217):652–5. doi: 10.1038/338652a0 PMID: 2649795.

32. Saldana Z, Xicohtencatl-Cortes J, Avelino F, Phillips AD, Kaper JB, Puente JL, et al. Synergistic role of
curli and cellulose in cell adherence and biofilm formation of attaching and effacing Escherichia coli and
identification of Fis as a negative regulator of curli. Environ Microbiol. 2009; 11(4):992–1006. Epub
2009/02/04. EMI1824 [pii] doi: 10.1111/j.1462-2920.2008.01824.x PMID: 19187284; PubMed Central
PMCID: PMC2672964.

33. Sharma VK, Bearson BL. Hha controls Escherichia coliO157:H7 biofilm formation by differential regula-
tion of global transcriptional regulators FlhDC and CsgD. Appl Environ Microbiol. 2013; 79(7):2384–96.
doi: 10.1128/AEM.02998-12 PMID: 23377937; PubMed Central PMCID: PMCPMC3623240.

34. Torres AG, Jeter C, LangleyW, Matthysse AG. Differential binding of Escherichia coliO157:H7 to
alfalfa, human epithelial cells, and plastic is mediated by a variety of surface structures. Appl Environ
Microbiol. 2005; 71(12):8008–15. Epub 2005/12/08. 71/12/8008 [pii] doi: 10.1128/AEM.71.12.8008-
8015.2005 PMID: 16332780; PubMed Central PMCID: PMC1317338.

35. Uhlich GA, Gunther NWt, Bayles DO, Mosier DA. The CsgA and Lpp proteins of an Escherichia coli
O157:H7 strain affect HEp-2 cell invasion, motility, and biofilm formation. Infect Immun. 2009; 77
(4):1543–52. Epub 2009/01/31. IAI.00949-08 [pii] doi: 10.1128/IAI.00949-08 PMID: 19179421; PubMed
Central PMCID: PMC2663176.

36. Hammar M, Arnqvist A, Bian Z, Olsen A, Normark S. Expression of two csg operons is required for pro-
duction of fibronectin- and congo red-binding curli polymers in Escherichia coli K-12. Mol Microbiol.
1995; 18(4):661–70. PMID: 8817489.

37. Hu J, Wang B, Fang X, MeansWJ, McCormick RJ, Gomelsky M, et al. c-di-GMP signaling regulates E.
coliO157:H7 adhesion to colonic epithelium. Vet Microbiol. 2013; 164(3–4):344–51. doi: 10.1016/j.
vetmic.2013.02.023 PMID: 23528649.

38. Pawar DM, RossmanML, Chen J. Role of curli fimbriae in mediating the cells of enterohaemorrhagic
Escherichia coli to attach to abiotic surfaces. J Appl Microbiol. 2005; 99(2):418–25. Epub 2005/07/22.
JAM2499 [pii] doi: 10.1111/j.1365-2672.2005.02499.x PMID: 16033475.

39. Cookson AL, CooleyWA, Woodward MJ. The role of type 1 and curli fimbriae of Shiga toxin-producing
Escherichia coli in adherence to abiotic surfaces. Int J Med Microbiol. 2002; 292(3–4):195–205. Epub
2002/10/26. PMID: 12398210.

40. Pesavento C, Becker G, Sommerfeldt N, Possling A, Tschowri N, Mehlis A, et al. Inverse regulatory
coordination of motility and curli-mediated adhesion in Escherichia coli. Genes Dev. 2008; 22
(17):2434–46. doi: 10.1101/gad.475808 PMID: 18765794; PubMed Central PMCID:
PMCPMC2532929.

41. Uhlich GA, Cooke PH, Solomon EB. Analyses of the red-dry-rough phenotype of an Escherichia coli
O157:H7 strain and its role in biofilm formation and resistance to antibacterial agents. Appl Environ
Microbiol. 2006; 72(4):2564–72. Epub 2006/04/07. 72/4/2564 [pii] doi: 10.1128/AEM.72.4.2564-2572.
2006 PMID: 16597958; PubMed Central PMCID: PMC1449024.

42. Larsen P, Nielsen JL, Dueholm MS, Wetzel R, Otzen D, Nielsen PH. Amyloid adhesins are abundant in
natural biofilms. Environ Microbiol. 2007; 9(12):3077–90. Epub 2007/11/10. EMI1418 [pii] doi: 10.1111/
j.1462-2920.2007.01418.x PMID: 17991035.

43. Kikuchi T, Mizunoe Y, Takade A, Naito S, Yoshida S. Curli fibers are required for development of biofilm
architecture in Escherichia coli K-12 and enhance bacterial adherence to human uroepithelial cells.
Microbiol Immunol. 2005; 49(9):875–84. Epub 2005/09/21. JST.JSTAGE/mandi/49.875 [pii]. PMID:
16172544.

44. Brombacher E, Baratto A, Dorel C, Landini P. Gene expression regulation by the Curli activator CsgD
protein: modulation of cellulose biosynthesis and control of negative determinants for microbial adhe-
sion. J Bacteriol. 2006; 188(6):2027–37. Epub 2006/03/04. 188/6/2027 [pii] doi: 10.1128/JB.188.6.
2027-2037.2006 PMID: 16513732; PubMed Central PMCID: PMC1428138.

45. Prigent-Combaret C, Brombacher E, Vidal O, Ambert A, Lejeune P, Landini P, et al. Complex regulatory
network controls initial adhesion and biofilm formation in Escherichia coli via regulation of the csgD
gene. J Bacteriol. 2001; 183(24):7213–23. Epub 2001/11/22. doi: 10.1128/JB.183.24.7213-7223.2001
PMID: 11717281; PubMed Central PMCID: PMC95571.

46. Gualdi L, Tagliabue L, Landini P. Biofilm formation-gene expression relay system in Escherichia coli:
modulation of sigmaS-dependent gene expression by the CsgD regulatory protein via sigmaS protein
stabilization. J Bacteriol. 2007; 189(22):8034–43. Epub 2007/09/18. JB.00900-07 [pii] doi: 10.1128/JB.
00900-07 PMID: 17873038; PubMed Central PMCID: PMC2168689.

47. Loferer H, Hammar M, Normark S. Availability of the fibre subunit CsgA and the nucleator protein CsgB
during assembly of fibronectin-binding curli is limited by the intracellular concentration of the novel lipo-
protein CsgG. Mol Microbiol. 1997; 26(1):11–23. PMID: 9383186

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 21 / 23

http://dx.doi.org/10.1038/338652a0
http://www.ncbi.nlm.nih.gov/pubmed/2649795
http://dx.doi.org/10.1111/j.1462-2920.2008.01824.x
http://www.ncbi.nlm.nih.gov/pubmed/19187284
http://dx.doi.org/10.1128/AEM.02998-12
http://www.ncbi.nlm.nih.gov/pubmed/23377937
http://dx.doi.org/10.1128/AEM.71.12.8008-8015.2005
http://dx.doi.org/10.1128/AEM.71.12.8008-8015.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332780
http://dx.doi.org/10.1128/IAI.00949-08
http://www.ncbi.nlm.nih.gov/pubmed/19179421
http://www.ncbi.nlm.nih.gov/pubmed/8817489
http://dx.doi.org/10.1016/j.vetmic.2013.02.023
http://dx.doi.org/10.1016/j.vetmic.2013.02.023
http://www.ncbi.nlm.nih.gov/pubmed/23528649
http://dx.doi.org/10.1111/j.1365-2672.2005.02499.x
http://www.ncbi.nlm.nih.gov/pubmed/16033475
http://www.ncbi.nlm.nih.gov/pubmed/12398210
http://dx.doi.org/10.1101/gad.475808
http://www.ncbi.nlm.nih.gov/pubmed/18765794
http://dx.doi.org/10.1128/AEM.72.4.2564-2572.2006
http://dx.doi.org/10.1128/AEM.72.4.2564-2572.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597958
http://dx.doi.org/10.1111/j.1462-2920.2007.01418.x
http://dx.doi.org/10.1111/j.1462-2920.2007.01418.x
http://www.ncbi.nlm.nih.gov/pubmed/17991035
http://www.ncbi.nlm.nih.gov/pubmed/16172544
http://dx.doi.org/10.1128/JB.188.6.2027-2037.2006
http://dx.doi.org/10.1128/JB.188.6.2027-2037.2006
http://www.ncbi.nlm.nih.gov/pubmed/16513732
http://dx.doi.org/10.1128/JB.183.24.7213-7223.2001
http://www.ncbi.nlm.nih.gov/pubmed/11717281
http://dx.doi.org/10.1128/JB.00900-07
http://dx.doi.org/10.1128/JB.00900-07
http://www.ncbi.nlm.nih.gov/pubmed/17873038
http://www.ncbi.nlm.nih.gov/pubmed/9383186


48. Ben Nasr A, Olsen A, Sjobring U, Muller-Esterl W, Bjorck L. Assembly of human contact phase proteins
and release of bradykinin at the surface of curli-expressing Escherichia coli. Mol Microbiol. 1996; 20
(5):927–35. PMID: 8809746.

49. Rosser T, Dransfield T, Allison L, HansonM, Holden N, Evans J, et al. Pathogenic potential of emergent
sorbitol-fermenting Escherichia coliO157:NM. Infect Immun. 2008; 76(12):5598–607. Epub 2008/10/
15. IAI.01180-08 [pii] doi: 10.1128/IAI.01180-08 PMID: 18852247; PubMed Central PMCID:
PMC2583558.

50. Sharma VK, Zuerner RL. Role of hha and ler in transcriptional regulation of the esp operon of enterohe-
morrhagic Escherichia coliO157:H7. J Bacteriol. 2004; 186(21):7290–301. Epub 2004/10/19. 186/21/
7290 [pii] doi: 10.1128/JB.186.21.7290-7301.2004 PMID: 15489441; PubMed Central PMCID:
PMC523200.

51. Sharma VK, Carlson SA, Casey TA. Hyperadherence of an hhamutant of Escherichia coliO157:H7 is
correlated with enhanced expression of LEE-encoded adherence genes. FEMSMicrobiol Lett. 2005;
243(1):189–96. Epub 2005/01/26. S0378-1097(04)00890-0 [pii] doi: 10.1016/j.femsle.2004.12.003
PMID: 15668018.

52. Griffin PM, Ostroff SM, Tauxe RV, Greene KD, Wells JG, Lewis JH, et al. Illnesses associated with
Escherichia coliO157:H7 infections. A broad clinical spectrum. Ann Intern Med. 1988; 109(9):705–12.
Epub 1988/11/01. PMID: 3056169.

53. Melton-Celsa AR, Rogers JE, Schmitt CK, Darnell SC, O'Brien AD. Virulence of Shiga toxin-producing
Escherichia coli (STEC) in orally-infected mice correlates with the type of toxin produced by the infect-
ing strain. Jpn J Med Sci Biol. 1998; 51 Suppl:S108–14. Epub 1999/04/22. PMID: 10211443.

54. Bearson BL, Lee IS, Casey TA. Escherichia coliO157: H7 glutamate- and arginine-dependent acid-
resistance systems protect against oxidative stress during extreme acid challenge. Microbiology. 2009;
155(Pt 3):805–12. Epub 2009/02/28. 155/3/805 [pii] doi: 10.1099/mic.0.022905-0 PMID: 19246751.

55. McKee ML, Melton-Celsa AR, Moxley RA, Francis DH, O'Brien AD. Enterohemorrhagic Escherichia
coliO157:H7 requires intimin to colonize the gnotobiotic pig intestine and to adhere to HEp-2 cells.
Infect Immun. 1995; 63(9):3739–44. Epub 1995/09/01. PMID: 7642319; PubMed Central PMCID:
PMC173523.

56. Letourneau J, Levesque C, Berthiaume F, Jacques M, Mourez M. In vitro assay of bacterial adhesion
onto mammalian epithelial cells. J Vis Exp. 2011( 51). doi: 10.3791/2783 PMID: 21633326; PubMed
Central PMCID: PMCPMC3197129.

57. Sharma VK, Sacco RE, Kunkle RA, Bearson SM, Palmquist DE. Correlating levels of type III secretion
and secreted proteins with fecal shedding of Escherichia coliO157:H7 in cattle. Infect Immun. 2012; 80
(4):1333–42. doi: 10.1128/IAI.05869-11 PMID: 22252878; PubMed Central PMCID:
PMCPMC3318423.

58. Romling U, Bian Z, Hammar M, Sierralta WD, Normark S. Curli fibers are highly conserved between
Salmonella typhimurium and Escherichia coli with respect to operon structure and regulation. J Bacter-
iol. 1998; 180(3):722–31. PMID: 9457880; PubMed Central PMCID: PMCPMC106944.

59. Li Y, Frey E, Mackenzie AM, Finlay BB. Human response to Escherichia coliO157:H7 infection: anti-
bodies to secreted virulence factors. Infect Immun. 2000; 68(9):5090–5. Epub 2000/08/19. PMID:
10948130; PubMed Central PMCID: PMC101746.

60. Roe AJ, Yull H, Naylor SW, Woodward MJ, Smith DG, Gally DL. Heterogeneous surface expression of
EspA translocon filaments by Escherichia coliO157:H7 is controlled at the posttranscriptional level.
Infect Immun. 2003; 71(10):5900–9. Epub 2003/09/23. PMID: 14500511; PubMed Central PMCID:
PMC201059.

61. Kai-Larsen Y, Luthje P, ChromekM, Peters V, Wang X, Holm A, et al. Uropathogenic Escherichia coli
modulates immune responses and its curli fimbriae interact with the antimicrobial peptide LL-37. PLoS
Pathog. 2010; 6(7):e1001010. doi: 10.1371/journal.ppat.1001010 PMID: 20661475; PubMed Central
PMCID: PMCPMC2908543.

62. White-Ziegler CA, Um S, Perez NM, Berns AL, Malhowski AJ, Young S. Low temperature (23 degrees
C) increases expression of biofilm-, cold-shock- and RpoS-dependent genes in Escherichia coli K-12.
Microbiology. 2008; 154(Pt 1):148–66. Epub 2008/01/05. 154/1/148 [pii] doi: 10.1099/mic.0.2007/
012021-0 PMID: 18174134.

63. Beltrametti F, Kresse AU, Guzman CA. Transcriptional regulation of the esp genes of enterohemorrha-
gic Escherichia coli. J Bacteriol. 1999; 181(11):3409–18. Epub 1999/05/29. PMID: 10348852; PubMed
Central PMCID: PMC93807.

64. Hansen AM, Kaper JB. Hfq affects the expression of the LEE pathogenicity island in enterohaemorrha-
gic Escherichia coli. Mol Microbiol. 2009; 73(3):446–65. Epub 2009/07/03. MMI6781 [pii] doi: 10.1111/j.
1365-2958.2009.06781.x PMID: 19570135; PubMed Central PMCID: PMC2770234.

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/8809746
http://dx.doi.org/10.1128/IAI.01180-08
http://www.ncbi.nlm.nih.gov/pubmed/18852247
http://dx.doi.org/10.1128/JB.186.21.7290-7301.2004
http://www.ncbi.nlm.nih.gov/pubmed/15489441
http://dx.doi.org/10.1016/j.femsle.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15668018
http://www.ncbi.nlm.nih.gov/pubmed/3056169
http://www.ncbi.nlm.nih.gov/pubmed/10211443
http://dx.doi.org/10.1099/mic.0.022905-0
http://www.ncbi.nlm.nih.gov/pubmed/19246751
http://www.ncbi.nlm.nih.gov/pubmed/7642319
http://dx.doi.org/10.3791/2783
http://www.ncbi.nlm.nih.gov/pubmed/21633326
http://dx.doi.org/10.1128/IAI.05869-11
http://www.ncbi.nlm.nih.gov/pubmed/22252878
http://www.ncbi.nlm.nih.gov/pubmed/9457880
http://www.ncbi.nlm.nih.gov/pubmed/10948130
http://www.ncbi.nlm.nih.gov/pubmed/14500511
http://dx.doi.org/10.1371/journal.ppat.1001010
http://www.ncbi.nlm.nih.gov/pubmed/20661475
http://dx.doi.org/10.1099/mic.0.2007/012021-0
http://dx.doi.org/10.1099/mic.0.2007/012021-0
http://www.ncbi.nlm.nih.gov/pubmed/18174134
http://www.ncbi.nlm.nih.gov/pubmed/10348852
http://dx.doi.org/10.1111/j.1365-2958.2009.06781.x
http://dx.doi.org/10.1111/j.1365-2958.2009.06781.x
http://www.ncbi.nlm.nih.gov/pubmed/19570135


65. Iyoda S, Honda N, Saitoh T, Shimuta K, Terajima J, Watanabe H, et al. Coordinate control of the locus
of enterocyte effacement and enterohemolysin genes by multiple common virulence regulators in enter-
ohemorrhagic Escherichia coli. Infect Immun. 2011; 79(11):4628–37. doi: 10.1128/IAI.05023-11 PMID:
21844237; PubMed Central PMCID: PMCPMC3257950.

66. Iyoda S, Watanabe H. Positive effects of multiple pch genes on expression of the locus of enterocyte
effacement genes and adherence of enterohaemorrhagic Escherichia coliO157: H7 to HEp-2 cells.
Microbiology. 2004; 150(Pt 7):2357–571. Epub 2004/07/17. PMID: 15256577.

67. Russell RM, Sharp FC, Rasko DA, Sperandio V. QseA and GrlR/GrlA regulation of the locus of entero-
cyte effacement genes in enterohemorrhagic Escherichia coli. J Bacteriol. 2007; 189(14):5387–92.
Epub 2007/05/15. JB.00553-07 [pii] doi: 10.1128/JB.00553-07 PMID: 17496094; PubMed Central
PMCID: PMC1951852.

68. Sperandio V, Mellies JL, NguyenW, Shin S, Kaper JB. Quorum sensing controls expression of the type
III secretion gene transcription and protein secretion in enterohemorrhagic and enteropathogenic
Escherichia coli. Proc Natl Acad Sci U S A. 1999; 96(26):15196–201. Epub 1999/12/28. PMID:
10611361; PubMed Central PMCID: PMC24796.

69. Sperandio V, Torres AG, Giron JA, Kaper JB. Quorum sensing is a global regulatory mechanism in
enterohemorrhagic Escherichia coliO157:H7. J Bacteriol. 2001; 183(17):5187–97. Epub 2001/08/08.
PMID: 11489873; PubMed Central PMCID: PMC95396.

70. Zhang L, Chaudhuri RR, Constantinidou C, Hobman JL, Patel MD, Jones AC, et al. Regulators
encoded in the Escherichia coli type III secretion system 2 gene cluster influence expression of genes
within the locus for enterocyte effacement in enterohemorrhagic E. coliO157:H7. Infect Immun. 2004;
72(12):7282–93. Epub 2004/11/24. 72/12/7282 [pii] doi: 10.1128/IAI.72.12.7282-7293.2004 PMID:
15557654; PubMed Central PMCID: PMC529121.

71. Jackson DW, Simecka JW, Romeo T. Catabolite repression of Escherichia coli biofilm formation. J Bac-
teriol. 2002; 184(12):3406–10. Epub 2002/05/25. PMID: 12029060; PubMed Central PMCID:
PMC135108.

72. Bertin Y, Chaucheyras-Durand F, Robbe-Masselot C, Durand A, de la Foye A, Harel J, et al. Carbohy-
drate utilization by enterohaemorrhagic Escherichia coliO157:H7 in bovine intestinal content. Environ
Microbiol. 2013; 15(2):610–22. doi: 10.1111/1462-2920.12019 PMID: 23126484; PubMed Central
PMCID: PMC3558604.

73. Bertin Y, Deval C, de la Foye A, Masson L, Gannon V, Harel J, et al. The gluconeogenesis pathway is
involved in maintenance of enterohaemorrhagic Escherichia coli O157:H7 in bovine intestinal content.
PLoS One. 2014; 9(6):e98367. doi: 10.1371/journal.pone.0098367 PMID: 24887187; PubMed Central
PMCID: PMC4041753.

74. Besser TE, Richards BL, Rice DH, Hancock DD. Escherichia coliO157:H7 infection of calves: infec-
tious dose and direct contact transmission. Epidemiol Infect. 2001; 127(3):555–60. Epub 2002/01/29.
PMID: 11811890.

Cellular Adherence and Biofilm Formation

PLOS ONE | DOI:10.1371/journal.pone.0149745 February 22, 2016 23 / 23

http://dx.doi.org/10.1128/IAI.05023-11
http://www.ncbi.nlm.nih.gov/pubmed/21844237
http://www.ncbi.nlm.nih.gov/pubmed/15256577
http://dx.doi.org/10.1128/JB.00553-07
http://www.ncbi.nlm.nih.gov/pubmed/17496094
http://www.ncbi.nlm.nih.gov/pubmed/10611361
http://www.ncbi.nlm.nih.gov/pubmed/11489873
http://dx.doi.org/10.1128/IAI.72.12.7282-7293.2004
http://www.ncbi.nlm.nih.gov/pubmed/15557654
http://www.ncbi.nlm.nih.gov/pubmed/12029060
http://dx.doi.org/10.1111/1462-2920.12019
http://www.ncbi.nlm.nih.gov/pubmed/23126484
http://dx.doi.org/10.1371/journal.pone.0098367
http://www.ncbi.nlm.nih.gov/pubmed/24887187
http://www.ncbi.nlm.nih.gov/pubmed/11811890

