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Abstract
Shiga toxin-producing Escherichia coli (STEC) are important foodborne pathogens responsible for a wide spectrum of diseases
including diarrhea, bloody diarrhea, and hemolytic uremic syndrome (HUS). A considerable number of outbreaks and sporadic
cases of HUS have been associated with ingestion of fresh ready-to-eat products. Maintenance and persistence of STEC in the
environment and foods can be related to its ability to form biofilm. A non-O157 STEC strain isolated from bovine feces was
distinguished by its great ability to form biofilm in abiotic surfaces. In the present study, we aimed to investigate the ability of this
strain to adhere to rocket leaves (Eruca sativa). Adherence assays were carried out for 3 h at 28 °C and analyzed by scanning
electron microscopy. The non-O157 STEC strain adhered to leaf surface and inside the stomata forming several bacterial
aggregates. The number of adherent bacteria per square millimeter of leaf was eightfold higher compared with an O157 STEC
strain. Deletion of the STEC autotransporter protein contributing to biofilm (Sab) reduced the adherence ability of the non-O157
strain in almost 50%, and deletion of antigen 43 (Ag43) almost abolished this interaction. Very few bacteria were seen on the leaf
surface, and these differences were statistically significant, suggesting the role of both proteins and especially Ag43 in the
interaction of the non-O157 STEC strain with leaves. The risk posed by non-O157 STEC adherence to leaves on fresh produce
contamination should not be neglected, andmeasures that effectively control adherence should be included in strategies to control
non-O157 STEC.
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Introduction

Shiga toxin-producing Escherichia coli (STEC) are consid-
ered important foodborne pathogens associated with diarrhea,
bloody diarrhea, and hemolytic uremic syndrome (HUS) in
humans [1]. Fresh leafy green vegetables contaminated with
Escherichia coli have been associated to numerous outbreaks
worldwide [2, 3]. It is suggested that maintenance and persis-
tence of these organisms in the environment and food is relat-
ed to its ability to form biofilm [4, 5]. Biofilm formation by

STEC has been associated with the presence of different
autotransporter (AT) proteins, such as “STEC autotransporter
contributing to biofilm formation” (Sab) and antigen 43
(Ag43). Sab was identified in a virulent LEE-negative
O113:H21 STEC and characterized as an AT protein that con-
fers the strain the ability to adhere to human epithelial cells
and mediate biofilm formation [6]. The Ag43 surface protein
encoded by the chromosomal flu gene is not only involved in
bacterial biofilm formation but also in its autoaggregation and
characteristic frizzy colony morphology on the surface of host
cells [7, 8].

In a previous study, one O105:H18 STEC strain isolated
from bovine feces drew attention for its great ability to form
biofilm in abiotic surfaces, and expression of Ag43 was sug-
gested as having a role in this process [9].

Considering the number of outbreaks and sporadic HUS
cases associated with ingestion of ready-to-eat fresh products,
we aimed to investigate the ability of this non-O157 STEC
strain to adhere to the surface of rocket leaves and search for
the bacterial components involved in this process.
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Our results show that wild-type O105:H8 strain extensively
adhered to the rocket leaf, emphasizing the importance of the
evaluation of STEC samples of different serotypes other than
O157, as well as LEE-negative samples, in health and food
industry.

Material and methods

Bacterial strains

STEC strain 473/01 was isolated from bovine feces and
belonged to O105:H18 serotype [10]. Its ability to form bio-
film in abiotic surfaces has been previously reported [9]. All
strains and plasmids presently used are listed in Table 1.
Strains were statically grown overnight at 37 °C on T medium
(triptose, 10 g; beef extract, 3 g; NaCl, 5 g/L) broth, and
bacterial cultures were standardized as previously described
to an O.D.600 nm of 0.4 (approximately 1 × 109 CFU/mL) [12].

Adherence to rocket leaves

Prior to the adherence assays, rocket leaves (Eruca sativa)
were immersed for 15 min at room temperature and with gen-
tle agitation in 100 mL of H20 with four drops of Hidrosteril®
(2.5% NaClO and 1% NaCl – commercial product for food
sanitation) in order to minimize the interference of the leaf
microbiota. The efficiency of this procedure was checked
out growing suspension of macerated leaves in nutrient agar
plates and MacConkey sorbitol agar plates. After the washing
procedure, a piece of 1.5 cm2 was cut with a filter paper mold.
The leaf piece was placed in a Petri dish containing 2.7 mL of
T medium broth, in which 300 μL of standard bacterial cul-
tures were added and incubation was carried out for 3 h at
28 °C as previously described [12]. Leaves were then washed
in phosphate-buffered saline (PBS), prepared, and fixed for
scanning electron microscopy (SEM).

Scanning electron microscopy (SEM)

After adherence assays using rocket leaves, the preparations
were gently washed with 1x PBS for three times and subse-
quently fixed with Karnovsky fixative solution for at least
24 h at 4 °C. Preparations were then washed three times with
0.1 M cacodylate buffer (10 min) and post-fixed with 1%
osmium tetroxide (prepared in the same buffer) for 30 min.
After further three washes with distilled water, preparations
were dehydrated through a graded series of ethanol (50%,
75%, 85%, 95%, and 100%) and, subsequently, critical point
dried (CPD030, Leica EM, Germany), mounted on stubs, and
sputter coated with gold (SCD050, Leica EM). Specimens
were then examined under SEM (QUANTA 250, FEI
Company, Netherlands) at 12.5 kV. The average number of
adherent bacteria per square millimeter of leaf was counted in
10 different and representative fields (photos taken using spot
size 2.5, average working distance of 5.5 mm, and magnifica-
tion of ×2500).

Construction of mutant strains defective in Sab
or Ag43 proteins

Derivative mutants were constructed using the lambda red
system for recombination [13]. Primers containing a region
homologous to the 5′ and 3′ extremities of the target genes
(sab and flu) and sequence for the zeocin (Zeo) resistance-
encoding gene were used to amplify the Zeo cassette.
Amplicons were purified from the agarose gel with the
QIAquick Gel Extraction Kit (Qiagen) and quantified
(BioPhotometer; Eppendorf). The fragments were
electroporated into competent STEC 473/1 cells containing
the pKOBEG-Apra plasmid. Selection of recombinant bacte-
ria on Zeo-containing LB agar plates (60 mg mL−1) was per-
formed. Primers employed for mutagenesis are described in
Table 2. PCRwas used to confirm the loss of the target gene in
the isogenic mutants, and mutants were checked for

Table 1 Bacterial strains and
plasmids used in this study Strain or plasmid Characteristicsa Reference

Strains

473/1 (wt) STEC O105:H18 biofilm forming in abiotic surfaces [9]

473/1 Δsab sab::zeo (Zeor) This study

473/1 Δflu flu::zeo (Zeor) This study

1711-4 ΔfliC Source of zeocin cassette [11]

230/2 STEC O157:H7 biofilm-forming in abiotic surfaces [12]

Plasmids

pKOBEG-Para Red recombinase system plasmid (Aprar) [11]

pBAD/Myc-His A Cloning vector Invitrogen

a Zeor , zeocin resistant; Aprar , apramycin resistant
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susceptibility to apramycin, indicative of the loss of
pKOBEG-Apra. A growth curve of all mutant strains was
obtained and evaluated by growing them as described above
and measuring their O.D. every 30 min.

Statistical analysis

Results of interactions of mutant strains with leaf surfaces
were compared with the wt strain used as control by
Student’s t test and considered significant when p < 0.05.

Results

Adherence of non-O157 STEC strain to rocket leaves

Prior to the adherence assays, rocket leaves were treated with a
chlorine-based solution. This process significantly reduced
the number of bacteria grown in nutrient agar plates and elim-
inated bacterial growth in MacConkey sorbitol agar plates. As
a result of this washing process, bacteria could not be seen in
the control leaf analyzed by SEM (Fig. 1a).

SEM analysis also showed that O105:H18 strain presented
a pronounced ability to adhere (Fig. 1b) forming several bac-
terial aggregates on the leaf surface (Fig. 1c) and adhered to
and within the leaf stomata (Fig. 1d). The O157:H7 STEC
strain used as a control adhered weakly to the rocket leaves
(Fig. 1e). Bacterial counting revealed that the number of
O105:H18 adherent bacteria per square millimeter of leaf
was eightfold higher compared with the O157:H7 strain
(Fig. 1f). Differences observed were statistically significant
(p < 0.05).

Mutagenesis

Loss of target genes in the isogenic mutants were confirmed
by PCR (Fig. 2a), and all mutants were confirmed to grow at

the same rate as the wild-type (wt) strain under the conditions
tested (Fig. 2b).

Adherence of isogenic mutants to rocket leaves

Deletion of sab reduced the ability of O105:H18 to adhere to
leaves in almost 50% compared with the wt strain (Fig. 3a, b).
Moreover, deletion of flu (Ag43) almost completely abolished
this interaction (Fig. 3c), with the number of adherent bacteria
being reduced in more than 50-fold compared with wt strain
(Fig. 3d). Very few bacteria were seen on the leaf surface, and
these differences were statistically significant (Fig. 3d).

Discussion

A large proportion of STEC-related illnesses have been asso-
ciated to non-O157 strains [15], and estimates from the US
Centers for Disease Control and Prevention indicate that non-
O157 STEC causes more illnesses than STEC O157:H7 [16].
The growing importance of non-O157 STEC as agents of
diarrhea and HUS stimulates studies on their virulence profile
and pathogenic attributes [17, 18].

In more recent years, foodborne outbreaks linked to con-
taminated fresh produce is being recognized worldwide [19]
leading to major concerns related to STEC widespread in ag-
ricultural environment. The occurrence of an outbreak caused
by multiple non-O157 STEC strains was reported in Finland,
and epidemiological investigations suggested rocket salad as
the cause of the outbreak [20].

Indeed the ability of STEC to adhere and form biofilms on
food and several other surfaces serves not only as an important
source of contamination [21] but can also contribute to main-
tenance and persistence of bacteria protecting them against
adverse environment conditions.

In the present study, the O105:H18 STEC strain showed a
pronounced ability to adhere to rocket leaves. Several bacte-
rial aggregates were seen on the leaf surface and bacteria

Table 2 Primers used for PCR amplification

Purpose and designation Primer sequence (5′–3′) Reference

Allelic exchange

sab-zeo F ATG AAATATAAA AAA ACA CTG TCATCG CTT GCATTA GAA AGG This study

sab-zeo R TTA CCA CTG CCA GCC CAC ACC GGA ATG ATG CAG AGATGTAAG This study

flu-zeo F ATG AAA CGA CAT CTG AATACG TCATCG CTT GCATTA GAA AGG This study

flu-zeo R TCA GAA GGT CAC ATT CAG CGT GGA ATG ATG CAG AGATGTAAG This study

Gene amplification by PCR

sab-F GGT GGATAC AGC AGG TAATG [6]

sab-R TAT CTC ACC ACC TGC TAT CG [6]

flu-F CCG GCG GGC AAT GGG TAC A [14]

flu-R CAG CTC TCA CAATCT GGC GAC [14]
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Fig. 1 Adherence of O105:H18 and O157:H7 STEC strains to rocket
leaves. Leaf squares were previously treated with Hidrosteril® in order
to minimize the interference of the leaf microbiota. Uninfected leaf was
used as the assay control (a). After 3-h infection at 28 °C, the O105:H18
strain presented a very pronounced ability to adhere to the rocket leaves
(b). In some areas, O105:H18 could be observed forming several bacterial

aggregates (c) and also adhered to and within the leaf stomata (d).
O157:H7 strain adhered very weakly to the rocket leaves (e). The number
of adherent bacteria per square millimeter of leaf observed for O105:H18
strain was eightfold higher than the number observed for O157:H7 strain
(f). Differences observed were statistically significant (p < 0.05)
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adhered to and within the leaf stomata. One can suggest that
such a behavior probably may aid bacterial maintenance even

after leaves washing. Moreover, previous studies showed that
this O105:H18 STEC strain was also able to produce a dense

Fig. 3 Adherence of O105:H18 STEC and mutant strains to rocket
leaves. After 3-h incubation at 28 °C, wt strain presented a strong adher-
ence to the rocket leaves (a), while deletion of sab reduced in almost 50%
the ability to adhere to leaves when compared with the wt strain (b and d).

Deletion of flu almost abolished the interaction (c), as the number of
adherent bacteria was reduced in more than 50-fold compared with wt
strain (d). Differences observed were statistically significant (p < 0.05).
Bars, 50 μm

Fig. 2 PCR and growth curve of
O105:H18 wt strain and mutants.
PCR showed that target genes
(sab and flu) were lost in the
isogenic mutants (a). Bacterial
growth curve (37 °C on T
medium) showed that all mutants
grew at the same rate as the wt
strain (b)
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biofilm in abiotic surfaces [9]. Thus, the great ability of the
O105:H18 STEC strain to adhere and form biofilm in abiotic
and in biotic surfaces, such as fresh produce, can be consid-
ered as a serious problem for microbial safety of foods. Albeit,
O105 serogroup is not among the non-O157 STEC
serogroups most commonly found causing human diseases,
known as the big six (O26, O45, O103, O111, O121, and
O145), STEC strains belonging to serotype O105:H18 have
been associated to HUS and diarrheal infections [22, 23].
Moreover, the pathogenic potential of a STEC isolate goes
far beyond an association with a particular serogroup or sero-
type, and this became more evident from the German and
Finland outbreaks [24, 20].

Different adhesive structures account for the capacity of
STEC to bind to several surfaces, and autotransporters are
important factors related to adherence and biofilm formation
of non-O157 STEC [25]. A high occurrence of flu genes has
been described among non-O157 STEC strains, but its pres-
ence was not statistically related to biofilm formation [26, 27].
In this study, it was shown that the adherence of O105:H18 to
rocket leaves significantly decreased when genes related to
Sab were deleted, confirming previous observations on the
participation of this AT in the adherence ability of non-O157
isolates [6]. Moreover, deletion of Ag43 AT gene (flu) almost
completely abolished the interaction of O105:H18 to leaf sur-
faces, showing its important role on adherence of this partic-
ular STEC isolate as previously suggested [9].

Conclusions

The data presently described highlight the important involve-
ment of Sab and Ag43 on the adhesion of non-O157 STEC to
fresh produce. Understanding STEC mechanisms involved on
adhesion will certainly help the development of new ap-
proaches for control and prevention of bacterial contamination
and persistence on food matrices and contact surfaces, there-
fore contributing to the microbiological safety of food.
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