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A B S T R A C T

The most commonly used indicator of fecal contamination in fresh produce production and packing is Escherichia
coli. In depth analysis of the prevalence and characteristics of naturally occurring E. coli strains in these en-
vironments is important because it can (1) serve as an indicator of sources of fecal contamination; and (2)
provide information on strain pathogenicity, persistence, and other defining characteristics such as multidrug
resistance. In this study, we analyzed 341 E. coli strains isolated from the jalapeño pepper, tomato and canta-
loupe farm environments, in Northeast Mexico. Strains were isolated from produce, farmworkers' hands, soil and
water. Pathotypes, genotypes, biofilm formation and antibiotic resistance were characterized. Phylogenetic
subgroups and identification of diarrheagenic E. coli were determined by PCR; biofilm formation was quantified
using a plate-based colorimetric method. Antibiotic resistance was analyzed by the Kirby Bauer diffusion disc
method. Most isolates (N=293, 86%) belonged to phylogenetic group A. Only four isolates (1.2%) were
diarrheagenic: EPEC (N=3) and ETEC (N=1). Antibiotic resistance to tetracycline (23.2%) and ampicillin
(19.9%) was high, and only 3.5% of the strains presented resistance to> 5 antibiotics. Biofilms were produced
by most strains (76%), among which 34.4% were categorized as high producers. The presence of antibiotic
resistant E. coli strains that may contain gene markers for pathogenicity and which can form biofilms suggests
potential health risks for consumers.

1. Introduction

Escherichia coli is a normal inhabitant of the digestive tract of warm
blooded animals, including humans (CDC, 2014). E. coli is one of the
dominant enteric species in human feces and it has been used as an
indicator of fecal contamination for close to a century. E. coli is often
regarded as harmless; however, there are E. coli groups which have
acquired virulence factors and have the ability to cause diarrheal dis-
ease in healthy humans (Kaper et al., 2004). A recent systematic review
reported a low prevalence of pathogenic E. coli on farms (range 0–1.6%)
and packing facilities (0–10%) from fourteen studies testing produce for
pathogens. Only in the US, at least nine documented outbreaks of pa-
thogenic E. coli have been linked to the consumption of fresh produce
such as lettuce, spinach and sprouts from 2010 to 2017 (CDC, 2018).

Produce can become contaminated in the field or from improper sani-
tation, handling or processing. The use of compost, sewage con-
taminated water for irrigation and droppings from wild and domes-
ticated animals and birds are all considered sources of pathogen
contamination on fresh produce (Liu et al., 2013).

The most commonly used indicator of fecal contamination in fresh
produce production and packing is Escherichia coli. In depth analysis of
the prevalence and characteristics of naturally occurring E. coli strains
in these environments is important because it can (1) serve as an in-
dicator of sources of fecal contamination through microbial source
tracking (Carlos et al., 2010); (2) identify potentially pathogenic
strains; (3) provide information about antimicrobial resistance profiles
that can be used to understand strain emergence and clinical treatment
of disease (Boehme et al., 2004); and (4) allow us to characterize of the
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propensity for biofilm formation to predict environmental persistence
of this organism (Balcazar et al., 2015).

For microbial source tracking, a classification system has been de-
veloped based on phylogenetic cluster characteristics of this bacterium
(Carlos et al., 2010; Lee, 2011). In this classification, A, B1, B2 and D
constitute the main phylogroups, and the subgroups A0, A1, B1, B22,
B23, D1 and D2, have been proposed to increase discrimination of E. coli
strains (Carlos et al., 2010). Recently, Clermont et al. (2013) proposed a
refined classification, adding four more phylogroups: C, E, F, and Es-
cherichia cryptic clade I. The strains of all phylogroups differ in phe-
notypic and genotypic characteristics (Carlos et al., 2010; Gordon et al.,
2008) such as their sugar metabolism, antibiotic resistance profiles,
growth temperature ranges, ecological niches, and the presence and/or
absence of select virulence factors (Carlos et al., 2010; Gordon et al.,
2008). The ability to identify phylogroups has been useful in predicting
human health risks. For example, diarrheal disease-causing E. coli are
more likely of the B1 and E phylogroups and extraintestinal infection-
causing E. coli strains are more likely of the B2 and E phylogroups
(Nowrouzian et al., 2006).

E. coli, though part of the normal intestinal biota of animals and
humans, has the potential to pose human health risks though acquired
pathogenic virulence factors that induce diarrhea. These diarrheagenic
E. coli (DEC) strains are classified into six different pathogenic types
also known as pathotypes that include: enterotoxigenic E. coli (ETEC),
enterohaemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), en-
teropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC) and
diffuse adherent E. coli (DAEC) (Kaper et al., 2004; Russo and Johnson,
2000). DEC strains have been associated with outbreaks of severe dis-
ease, i.e., bloody diarrhea and hemolytic uremic syndrome (HUS) as
well as travelers' diarrhea in association with consumption of con-
taminated food and water (FDA, 2012). In Mexico for instance, the
presence of EPEC, ETEC, STEC (E. coli producer of shiga toxin) and
ETEC has been reported in ready-to-eat cooked vegetable salads (León
et al., 2013), dairy, meat products, seafood, fish and prepared foods
(Canizalez-Roman et al., 2013).

E. coli can also be an indicator of human health risks if strains are
resistant to one or more antibiotics, and studies have identified isolates
from agricultural foodstuff and vegetables in which strains were re-
sistant to more than five antibiotics (Boehme et al., 2004; Schwaiger
et al., 2011). The antibiotic resistance and susceptibility profiles of E.
coli strains vary depending on geographic location, time of exposure to
the antimicrobial compound, and other environmental factors (Dombek

et al., 2000). Finally, the ability of E. coli to form biofilms may represent
a strategy for strains to persist in produce and the production en-
vironment. Biofilms can protect bacteria from sanitizers, predation,
desiccation and UV radiation (Costerton et al., 1995), providing an
advantage for bacterial survival and persistence.

Mexico is one of the top producers of fresh produce and a significant
trading partner with the U.S. and other countries. Eleven outbreaks
have occurred in the US due to the consumption of contaminated
produce originating from Mexico in the period 2006 to 2017 (CDC,
2018). The associated contaminated produce included sprouts, leafy
greens, spinach and lettuce (FDA, 2012). Hence, there is a need for
better understanding of the characteristics of naturally occurring E. coli
isolates from this region of the world. The purpose of this study was to
identify the phylogroups, pathotypes, antibiotic resistance profiles and
biofilm formation ability of E. coli strains previously isolated and ar-
chived (Heredia et al., 2016) from a longitudinal study along the pro-
duction chain of jalapeño pepper, tomato and cantaloupe from Nuevo
Leon and Coahuila, Mexico. This information provides knowledge
about the E. coli strains circulating in the farm environment, the pos-
sible sources of contamination in production, and the likelihood of
pathogenic and antibiotic resistant strains that could provide a risk to
public health.

2. Material and methods

2.1. Bacterial strains

In a previous study, 341 E. coli isolates (117 from jalapeño pepper
farms, 154 from tomato farms and 70 from cantaloupe farms) were
obtained from the production chain in the Nuevo Leon and Coahuila
states in Mexico (Heredia et al., 2016). Strains were isolated from water
[the intake before the irrigation hose (called source) (24.9%) and the
in-field irrigation hose (19.9%)]; from farmworkers hands [during
harvest (15.2%), at the distribution point (8.8%), or at packaging
(2.6%)]; produce [before harvest (9.4%), during harvest (4.7%), at
distribution (4.1%), and during packaging (4.7%)]; and from soil (5.6)
(Table 1). Control strains included E. coli O157:H7 ATCC 43895 (EHEC,
kindly provided by Dr. Lynne McLandsborough, University of Massa-
chusetts, Amherst, MA, USA); E. coli ATCC 25922 (non-pathogenic,
donated by Becton Dickinson Co., Mexico); and E. coli O111:NM ATCC
43887 (EPEC), E. coli O78:H11 ATCC 35401 (ETEC) (both commer-
cially acquired); and E. coli 042 (EAEC) (donated by Dr. Fernando

Table 1
Phylogroups of E. coli strains isolated along the in-field production chain of jalapeño pepper, tomato and cantaloupe.

Sample type Number of isolates (jalapeño,
tomato, cantaloupe)

Jalapeño pepper Tomato Cantaloupe

% Phylogroup (%)

Water Source (22, 58, 5) 24.9 A0 (54.5)a, A1 (22.7), D1

(22.7)
A0 (58.6), A1 (34.5), B1

(5.2), B22 (2)
A0 (20), A1 (80)

Irrigation hose (9, 44, 15) 19.9 A0 (66.7), A1 (22.2), B1

(11.1)
A0 (54.5), A1 (27.3), B1

(15.9), D1 (2.3)
A0 (73.3), B1 (6.7), D1 (20)

Hands Harvest (29, 8, 15) 15.2 A0 (69), A1 (17.2), D1

(13.8)
A0 (62.5), A1 (25), B1

(12.5)
A0 (66.7), A1 (20), B1 (13.3)

Distribution (14, 7, 9) 8.8 A0 (71.4), A1 (28.6) A0 (42.9), A1 (14.3), B1

(28.6), D1 (14.3)
A0 (22.2), A1 (55.6), B1 (11.1),
D1 (11.1)

Packaging (5, 0, 4) 2.6 A0 (100) ND A0 (75), B1 (25)
Produce Before harvest (19, 7, 6) 9.4 A0 (47.4), A1 (52.6) A0 (71.4), B1 (28.6) A0 (83.3), B1 (16.7)

During harvest (3, 10, 3) 4.7 A0 (66.7), A1 (33.3) A0 (60), A1 (10), D1 (30) A0 (66.7), A1 (33.3)
Distribution (6, 3, 5) 4.1 A0 (83.3), B1 (16.7) A1 (100) A0 (20), A1 (20), B1(40), B23 (20)
Packaging (1, 10, 5) 4.7 A0 (100) A0 (70), A1 (30) A0 (40), A1 (60)

Soil Around produce-plant sampled
(9, 7, 3)

5.6 A0 (11.1), A1 (77.8), B23
(11.1)

A0 (57.1), A1 (14.3), D1

(28.6)
A0 (100)

Total (117, 140, 70=341) 100 A0 (58.4), A1 (27.6), B1
(7.3), B22 (0.3), B23 (0.6), D1
(5.9)

A0 (60.7), A1 (29.1),
B1(1.7), B23 (0.9), D1 (7.7)

A0 (57.1), A1 (27.9),
B1(9.7), B22 (0.6), D1 (4.5)

A0 (57.1), A1 (24.3), B1(11.4),
B23 (1.4), D1 (5.7)

a Bold letter: phylogroup with the highest percentage of isolates; ND: not detected.
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Navarro-García, CINVESTAV, Mexico).
All strains were maintained in brain heart infusion broth (BHI, BD,

Franklin Lakes, NJ, USA) with glycerol (20% v/v, Sigma) at −80 °C.
Fresh cultures were made by inoculating an aliquot (10 μl) into 5ml
tryptone soy broth (TSB, BD, Franklin Lakes, NJ, USA), followed by
incubation for 18–24 h at 37 °C. Working cultures were prepared by
streaking an aliquot onto BHI agar tubes and incubating for 24 h at
37 °C. After the incubation, strains were kept at 4 °C until use. New
cultures were prepared every three months.

2.2. Determination of E. coli phylogroups

A triplex PCR was used as described by Clermont et al. (2000) to
determine phylogroups. Briefly, E. coli strains were grown in TSB and
incubated overnight at 37 °C. An aliquot (500 μl) from the culture was
used for DNA extraction (Wang et al., 1997), homogenized with 1ml of
phosphate buffer solution (PBS 0.05mol/l, pH 7.4) and centrifuged at
9000×g for 3min (Eppendorf Microcentrifuge 5415C). Pelleted bac-
teria were resuspended in 50 μl of ultrapure water (miliQ), diluted 1:10
with Triton X-100 (1% v/v, Sigma Aldrich Mexico) and heated
(95–100 °C) for 10min. Samples were cooled by immersion in ice water
after centrifugation. An aliquot of 3 μl of DNA-containing supernatant
was used as a template for PCR amplification. PCR was performed in a
ThermoHybaid (Model HBPX110) thermocycler. Primers were used to
amplify TSPE4.C2, chuA, and yjaA genes (Clermont et al., 2000). The
final volume of the PCR mixture was 20 μl containing 2.5 U Taq poly-
merase (BIOLINE, Mexico), MgCl2 1.5 mM, 0.2mM dNTP (BIOLINE,
Mexico), 2 μl of 10× reaction buffer, 3 μl of DNA template, and 1 μM of
each TSPE4.C2, chuA and yjaA oligonucleotides. The amplification
conditions included an initial denaturation step of 4min at 94 °C, fol-
lowed by 30 cycles comprised 94 °C for 5 s, 59 °C for 10s and a final
extension of 5min was done at 72 °C.

Amplicons (10 μl) were separated in a 2% agarose gel and visualized
after staining with ethidium bromide (50 μg/ml) under UV light (Gel
Logic 200 Imaging System, Kodak). E. coli ATCC 25922 (non-patho-
genic) was used as a control because it contains all three genes ana-
lyzed, does not produce biofilms, and belongs to phylogroup B2.
Isolates belonging to phylogroup A0 were confirmed according to the
PCR protocol of Higgins et al. (2007), in which a 365 bp fragment of the
beta-galactosidase gene (lac-Z) was amplified. Amplicons were sepa-
rated and visualized as described above.

2.3. Identification of pathotypes of E. coli (DEC)

Overnight TSB cultures were processed for DNA extraction as de-
scribed by Wang et al. (1997). This was followed by application of the
multiplex PCR of Vidal et al. (2005), using probes that amplified the
genes stx 1, stx 2, eae (EHEC), eae, bfp (EPEC), stII, lt (ETEC), virF, ipaH
(EIEC), aafII (EAEC) and daaE (DAEC). The amplification reaction
consisted of 10 U Taq polymerase, 1.5mM MgCl2, 1 mM dNTP, 5 μl of
reaction buffer 10 X, 3 μl of template DNA, and 0.5 μM of each set of
primers (in the case of EHEC and EPEC primers, the concentration used
was 0.1 μM) in a final volume of 50 μl. The amplification conditions
consisted of 35 cycles of 94 °C for 1.5 min, 60 °C for 1.5min, and 72 °C
for 1.5 min. The amplification products were visualized as described
above.

2.4. Biofilm formation assays

Biofilm formation assays were performed according to Naves et al.
(2008), with some modifications (media used and temperature of in-
cubation). Briefly, strains were grown in tubes containing 5ml of
Mueller Hinton (MH) broth (BD, Franklin Lakes, NJ, USA), and in-
cubated overnight (18 h) at 37 °C. Aliquots (20 μl) were inoculated into
96 well flat-bottomed polystyrene microtiter plates (Nunc™, Thermo
Scientific™, UK) containing 180 μl of Luria Bertani (LB) broth (EMD

Millipore Corporation, Germany) supplemented with sodium citrate
(1%) and glucose (0.2%). Plates were incubated overnight at 37 °C, and
optical densities (ODs) were read at 630 nm (Bio-Tek Epoch multi-vo-
lume spectrophotometer, Bio-Tek Instrument, Winooski, VT, USA).
Broth was removed and wells were rinsed once with 200 μl of distilled
water, air dried, and stained with 200 μl of 0.1% crystal violet (CV,
Sigma Aldrich, Mexico) for 15min. The colorant was discarded and
wells were rinsed five times with 200 μl of distilled water, and then air-
dried. To extract the CV from the biofilm, 200 μl of 96% ethanol (Sigma
Aldrich, Mexico) was added, and then incubated 5min at room tem-
perature. The ODs of the solutions were measured at 570 nm. Biofilm
formation was quantitated by determining the biofilm formation index
(BFI) obtained from the formula.

= −BFI (AB CW)/G,

where AB was the optical density of the stained attached micro-
organism, CW was the optical density of the stained control wells
containing microorganism-free medium only, and G corresponded to
the optical density of the cell growth in suspended culture (Teh et al.,
2010). According to BFI values, biofilm formation was categorized as
strong (> 1.10), moderate (0.70–1.09), weak (0.35–0.69), or no biofilm
formed (< 0.35) (Garcia-Heredia et al., 2016).

2.5. Determination of antibiotic resistance profile of E. coli

The Kirby-Bauer disk diffusion method reported in the Clinical and
Laboratory Standards Institute (CLSI, 2012) was used for these studies.
Antibiotics tested were chosen on the basis of their use to treat infec-
tions of Gram-negative bacteria (Amabile-Cuevas, 2010) and included:
nalidixic acid (NA, 30 μg), sulfamethoxazole/trimethoprim (SXT, 1.25/
23.75 μg), tetracycline (TE, 30 μg), gentamicin (CN, 10 μg), cipro-
floxacin (CIP, 5 μg), ampicillin (AMP, 10 μg), ceftazidime (CAZ, 30 μg),
cefotaxime (CTX, 30 μg) and chloramphenicol (C, 30 μg) (Oxoid Com-
pany, Cambridge, UK).

Bacterial strains were streaked onto MH agar plates and incubated
for 18–20 h at 37 °C. Isolated colonies were homogenized with sterile
saline solution (0.85% w/v), adjusted to No. 0.5 McFarland standard at
600 nm absorbance (approximately 1.5×108 CFU/ml), and decimal
serial dilutions were made with sterile saline solution. One hundred
microliter of the 106 CFU/ml dilution was spread onto MH agar plates
using a Drigalski spatula. After 15min, the antibiotic discs were placed
on the plates using sterile forceps. Plates were incubated at 37 °C for
16–18 h, and the inhibition halos were measured using a caliper. The
zones of inhibition were interpreted according Clinical and Laboratory
Standards Institute (CLSI, 2014) and the bacteria categorized as sensi-
tive (S: ≥15mm of diameter for CN and TE, ≥16mm of diameter for
SXT; ≥17mm of diameter for AMP;≥18 of diameter for C; ≥19mm of
diameter for NA;≥21mm of diameter for CAZ and CIP and≥26mm of
diameter for CTX); intermediate (I: 11–15mm of diameter for SXT;
12–14mm of diameter for TE; 13–14mm of diameter for CN;
13–17mm of diameter for C; 14–16mm of diameter for AMP;
14–18mm of diameter for NA, 16–20mm of diameter for CIP,
18–20mm of diameter for CAZ and 23–25mm of diameter for CTX); or
resistant (R: ≤10mm of diameter for SXT; ≤11mm of diameter for TE;
≤12mm of diameter for CN and C; ≤13mm of diameter for AMP and
NA; ≤15mm of diameter for CIP; ≤17mm of diameter for CAZ and
≤22mm of diameter for CTX).

2.6. Statistical analyses

At least two separate experiments, each with triplicates, were con-
ducted for each assay type. Statistical analyses were performed using
SPSS software (version 22.0.0.0, SPSS Inc., Chicago, IL). Results were
analyzed by the Chi-square (X2) test to determine associations between
phylogenetic groups, type of sample, biofilm formation and antibiotic
resistance. Differences were considered significant if the P value
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was<0.05.

3. Results

3.1. Phylogroups of E. coli isolates

Phylogroup analyses of the 341 isolates indicated that 293 (86%)
isolates belonged to phylogroup A; 25 (7.3%) to B1; 3 (0.9%) to B2; and
20 (5.9%) to D (Table 1). These groups were sub-classified into 7
subgroups as follow: 199 (58.4%) isolates belonged to phylogroup A0;
94 (27.6%) to A1; 25 (7.3%) to B1; 1 (0.3%) to B22; 2 (0.6%) to B23; 20
(5.9%) to D1; whereas none of the strains analyzed belonged to geno-
type D2 (Table 1). A0 was the phylogroup with highest prevalence
(58.4%) whereas B22 showed the lowest prevalence (0.3%).

Phylogroups A0, A1, B1, and D1 were represented by isolates from
all the three produce chains analyzed, while the subgroup B22 was
detected in only one sample (0.3%, from water source of a tomato farm)
and the subgroup B23 was detected in two samples (0.6%; from can-
taloupe at distribution and soil from jalapeño farm). The most prevalent
phylogroup was A0 with 60.7%, 57.1% and 57.1% of all isolates from
jalapeño pepper, tomato and cantaloupe chains, respectively (Table 1).
However, phylogroup A1 was predominant among isolates from pro-
duce (before harvest) and soil of jalapeño pepper, and from water
(source), farmworkers hands (distribution), and produce at packaging
point of cantaloupe. The phylogroup B1 was predominant in isolates of
the cantaloupe at their distribution point (Table 1). In general, no
statistically significant association (P > 0.05) was observed between
phylogroup and origin of the isolates, or between phylogroup and type
of produce. No differences among the collection points of the water
source, produce at distribution, produce pre-harvest and soil were de-
tected.

3.2. Pathotypes of E. coli isolates

From the 341 strains of E. coli analyzed, only 1.2% (4 isolates) were
positive for at least one of the tested genes. Three isolates (0.9%, two
from the source water from a tomato farm, and one from the soil from a
jalapeño pepper farm) were positive for the eae gene and belonged to
the EPEC pathotype. However, these strains were classified as atypical
EPEC (aEPEC) since only the eae (intimin) gene was amplified, whereas
the bfpA gene was not detected. Another isolate (0.3%, from the soil
from a jalapeño pepper farm) was positive for the lt gene, and was
classified as pathotype ETEC. Other pathotypes were not detected. The
EPEC strains detected belonged to the A0, B22, and B23 phylogroups,
whereas the ETEC strain was grouped as phylogroup A1.

3.3. Biofilm formation by strains

Biofilm formation was analyzed on 340 isolates. 117 (34.4%)
formed strong, 80 (23.5%) moderate, and 61 (17.9%) weak biofilms; 82
(24.1%) did not form biofilms (Table 2). Most strains classified as
strong biofilm formers (40.3%) were isolated from tomato farms, fol-
lowed by those isolated from jalapeño and cantaloupe farms (31.9 and
25.7%, respectively). Strains that formed moderate and weak biofilms
were mainly isolated from cantaloupe farms (24.3 and 20%, respec-
tively) followed by tomato (24 and 16.9%, respectively) and jalapeño
pepper farms (22.4 and 18.1%, respectively, Tables 2 and 3). Strains
that did not form biofilms were mainly from cantaloupe farms (30%),
followed by jalapeño pepper and tomato farms (27.6 and 18.8%, re-
spectively) (Table 2). Strong biofilm forming isolates were present in
water from tomato and jalapeño farms, whereas the water from can-
taloupe farms contained mainly weak biofilm forming organisms. In the
case of hands, produce, and soil isolates, the ability of isolates to form
biofilms varied (Table 2). A similar pattern was observed between the
degree of biofilm formation (strong, moderate, weak and non-forming)
and phylogroup (Table 3): A0 was the most common for each biofilm-

forming category, followed by A1. The relationships between patho-
types and biofilm formation were inconsistent. The EPEC isolates (one
from source water of tomato farm, and one from soil of jalapeño farm)
produced weak biofilms, whereas another isolate from the source water
of a tomato farm produced moderate biofilms. The ETEC isolate from
the soil of a jalapeño pepper farm formed a strong biofilm.

3.4. Antibiotic resistance profiles of E. coli isolates

Of the 341 strains analyzed, the greatest proportion of strains were
resistant to tetracycline (79/341, 23.2%), followed by ampicillin (68/
341,19.9%), ceftazidime (39/341,11.4%), chloramphenicol (31/341,
9.1%), sulfamethoxazole/trimethoprim (29/341, 8.5%), cefotaxime
(27/341, 7.9%), nalidixic acid (24/341, 7%), gentamicin (23/341,
6.7%) and ciprofloxacin (4/341, 1.2%; Table 4). It is noteworthy that
only 4 isolates (all from tomato at the packing point) were resistant to
ciprofloxacin.

Isolates from tomato and jalapeño were more resistant to antibiotics
than those from cantaloupe. Isolates from the tomato chain showed
greater resistance to antibiotics, especially to ampicillin and tetra-
cycline (29.9 and 28.6% of isolates, respectively). Almost 24% of iso-
lates from jalapeño samples showed resistance against tetracycline,
whereas strains isolated from the cantaloupe chain generally showed
lower resistance against all antibiotics analyzed (Table 4).

Multidrug resistance, defined as resistance to two or more classes of
antimicrobial agents, was observed mainly in strains isolated from
jalapeño and tomato chains, whereas most isolates from cantaloupe
chains showed resistance to only one or two antibiotics (Table 4).
Bacterial isolates with multidrug resistance came from all points of the
production chain; eight isolates from the tomato chain and four from
jalapeño pepper chains showed resistance to six antibiotics. An inter-
esting finding was that six strains isolated from tomato (3 at the dis-
tribution point and 3 at packaging) showed resistance against at least 5
of the antibiotics analyzed (Table 4).

Of the multidrug resistant isolates (6–7 antibiotics), seven corre-
sponded to phylogroup A1, and five isolates to A0; these were isolated
mainly from tomato and jalapeño pepper farms. The ETEC isolate from
the soil of a jalapeño pepper farm (phylogroup A1) was resistant to four
antibiotics, whereas the EPEC isolates were sensitive to all antibiotics
tested (data not shown).

4. Discussion

Escherichia coli is an important inhabitant of the gastrointestinal
tract of humans and warm-blooded animals; however, it also can be
present, in a transient stage, outside the host and is capable of con-
taminating water and soil (Tenaillon et al., 2010).

Comparative genomic studies of E. coli strains shows that only
around 2000 of the 4721 genes are conserved (called core genoma,
Hendrickson, 2009). The rest of these genes show a high degree of
genomic plasticity, readily gaining and losing genes (Rasko et al., 2008;
Touchon et al., 2009). Because of this, a genomic classification of E. coli
strains has been used as a simple and inexpensive method for assigning
E. coli isolates to a specific phylogroup. Evidence suggests that organ-
isms of the same phylogroup share phenotypic and genotypic char-
acteristics, ecological niches, life history traits and disease causing
ability (Tenaillon et al., 2010). Several phylogroups have been found in
specific hosts and appear to display the same level of environmental
adaptability (Bergholz et al., 2011).

In this study, of the 341 isolates analyzed, phylogroup A was the
most prevalent (86%), whereas phylogroup B2 (5.9%) was the least
commonly found. When the subgroups were analyzed, the most
common were A0 and A1, while the least common subgroup was B22.
These results differ from a previous report from the Mid-Atlantic region
of the USA, where 445 E. coli strains isolated from water, animal bodies,
and human and animal (pets and zoo) feces were analyzed, and 31%
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Table 3
Biofilm formation and phylogroup from E. coli isolates from the chain product of jalapeño pepper, tomato and cantaloupe and their genotypes.

Type of biofilm Jalapeño pepper Tomato Cantaloupe Total

n (%) Phylogroup n (%) Phylogroup n (%) Phylogroup # (%)

Strong 37/116
(31.6)

A0=18
A1=17
B1=1
D1=1

62/154
(40.3)

A0=29
A1=20
B1=7
D1=6

18/70
(25.7)

A0=12
B1=5
D1=1

A0 (59/117, 50.4)
A1 (37/117, 31.6)
B1 (13/117, 11.1)
D1(8/117, 6.8)
117 (34.4)

Moderate 26/116
(22.4)

A0=20
A1=1
B1=1
D1=4

37/154
(24)

A0=20
A1=12
B1=4
B22= 1

17/70
(24.3)

A0=12
A1=3
B1=1
B23=1

A0 (52/80, 65)
A1 (16/80, 20)
B1 (6/80, 7.5)
B22 (1/80, 1.3)
B23 (1/80, 1.3)
D1 (4/80, 5)
80 (23.5)

Weak 21/116
(18.1)

A0=16
A1=1
B23= 1
D1=3

26/154
(16.9)

A0=14
A1=7
B1=4
D1=1

14/70
(20)

A0=6
A1=3
B1=2
D1=3

A0 (36/61, 59)
A1 (11/61, 18)
B1 (6/61, 9.8)
B23 (1/61, 1.6)
D1 (7/61, 11.5)
61 (17.9)

None 32/116
(27.6)

A0=16
A1=15
D1=1

29/154
(18.8)

A0=25
A1=4

21/70
(30)

A0=10
A1=11

A0 (51/82, 62.2)
A1 (30/82, 36.6)
D1 (1/82, 1.2)
82 (24.1)

n: Strains forming biofilm/number total of isolates by produce.
#: Strains that formed the specific biofilm.

Table 4
Antibiotic resistance of E. coli isolates from the chain product of jalapeño pepper, tomato and cantaloupe.

Product Type of sample No isolates (% resistance)

n NA TE CN CIP AMP CTX CAZ C SXT

Jalapeño pepper Source water 22 4 (18.2) 4 (18.2) 3 (13.6) 3 (13.6) 2 (9.1)
Irrigation water 9 1 (11.1) 2 (22.2)
Preharvest product 19 8 (42.1) 3 (15.8) 2 (10.5) 3 (15.8) 2 (10.5)
Hands in harvest 29 2(6.9) 6 (20.7) 3 (10.3) 3 (10.3) 1 (3.4) 3 (10.3) 3 (10.3)
During harvest product 3 1 (33.3) 1 (33.3) 1 (33.3) 1 (33.3) 1 (33.3)
Hands in distribution 14 3 (21.4) 4 (28.6) 3 (21.4) 6 (42.9) 6 (42.9) 5 (35.7) 3 (21.4)
Product in distribution 6 2 (33.3) 3 (50) 1 (16.7) 2 (33.3) 2 (33.3)
Hands in packaging 5 1 (20) 2 (40)
Product in packaging 1
Soil 9 1 (11.1) 1 (11.1) 1 (11.1) 1 (11.1)
Total 117 7 (5.9) 28 (23.9) 10 (8.5) 0 17 (14.5) 15 (12.8) 18 (15.4) 9 (7.7) 6 (5.1)

Tomato Source water 58 1 (1.7) 9 (15.5) 1 (1.7) 12 (20.7) 6 (10.3) 9 (15.5) 1 (0.7) 3 (5.2)
Irrigation water 44 2 (4.5) 11 (25) 1 (2.3) 9 (20.5) 2 (4.5) 6 (13.6) 7 (15.9) 11 (25)
Preharvest product 7 5 (71.4) 1 (14.3)
Hands in harvest 8 2 (25)
During harvest product 10 5 (50) 6 (60) 1 (10) 4 (40)
Hands in distribution 7 1 (14.3) 1 (14.3) 1 (14.3) 2 (28.6) 1 (14.3) 3 (42.9) 1 (14.3)
Product in distribution 3 3 (100) 3 (100) 3 (100) 3 (100) 3 (100)
Hands in packaging 0
Product in packaging 10 8 (80) 10 (100) 7 (70) 4 (40) 10 (100) 3 (30) 3 (30) 9 (90) 5 (50)
Soil 7 1 (14.3)
Total 154 15(9.7) 44 (28.6) 13 (8.4) 4 (2.6) 46 (29.9) 12 (7.8) 21 (13.6) 22 (14.3) 23 (14.9)

Cantaloupe Source water 5 3 (60) 3 (60)
Irrigation water 15 1 (6.7) 1 (6.7)
Preharvest product 6
Hands in harvest 15 1 (6.7)
During harvest product 3 1 (33.3)
Hands in distribution 9
Product in distribution 5 1 (20) 1 (20)
Hands in packaging 4 2 (50)
Product in packaging 5
Soil 3
Total 70 2 (2.9) 7 (10) 0 0 5 (7.1) 0 0 0 0

TOTAL 341 24 (7) 79 (23.2) 23 (6.7) 4 (1.2) 68 (19.9) 27 (7.9) 39 (11.4) 31 (9.1) 29 (8.5)

* % resistance of total samples by produce.
NA: nalidixic acid, TE: tetracycline, CN: gentamicin, AMP: ampicillin, CTX: cefotaxime, CAZ: ceftazidime, C: chloramphenicol, STX: sulfamethoxazole/trimethoprim.
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belonged to phylogroup B1, 26% to A, 25% to D and 17% to B2
(Higgins et al., 2007).

Most extra-intestinal E. coli strains belongs to subgroup B2 and, to a
lesser extent, to group D (Johnson and Russo, 2002), and these appear
to have a greater propensity to carry more virulence factors than
members of phylogroups A and B1, although some members of the
latter have been classified as diarrheagenic strains (Clermont et al.,
2000; Le Gall et al., 2007). Several reports indicate that strains from
phylogroup B1 persist in the environment (soils and waters) (Julian
et al., 2015; Walk et al., 2007).

The abundance of strains belonging to phylogroup A found in this
study, is in agreement with Walk et al., 2007 which reported that
phylogroups A and B are found in environmental samples. The phy-
logroups A and B1 are considered sister groups, whereas subgroup B2 is
the most primitive taxon in terms of branching pattern (Lecointre et al.,
1998). Humans can host all the phylogroups (majors and subgroups)
with exception of the subgroup A0, with phylogroups A and B2 being
those of higher prevalence. In fact, the presence of phylogroup B23 has
been suggested as an indicator of contamination by human feces (Carlos
et al., 2010). In our study, only two isolates belonged to the B23 phy-
logroup, one isolate originating from the distribution point of canta-
loupe and the other from soil of jalapeño pepper (which corresponded
to pathotype EPEC).

Detection of potentially pathogenic E. coli strains in the fresh pro-
duce production chain is very important. Contamination of water and
soil could come from the feces of humans, wild and domestic animals.
In our study, only 1.2% of the isolates were positive for an E. coli pa-
thotype; three of them (two isolated from water of tomato farm and one
from soil of a jalapeño pepper farm) belonged to the EPEC pathotype,
and one (isolated from soil of a jalapeño farm) to the ETEC pathotype.
The phylogroups of the EPEC isolates were A0, B22, and B23, whereas
the ETEC strain belonged to phylogroup A1. Although in this study no
pathogens were detected in final produce samples, the risk of con-
tamination exists, since in-field vegetables can come into contact with
soil and water (Franz and van Bruggen, 2008; García-Heredia et al.,
2013). ETEC strains have been consistently found in surface waters,
leafy vegetables, serrano and jalapeño pepper (Begum et al., 2005;
Cerna-Cortes et al., 2012; Lothigius et al., 2008; Singh et al., 2010).
Infection with ETEC is the leading cause of travelers' diarrhea and an
important cause of diarrheal disease in lower-income countries, espe-
cially among children (CDC, 2014).

Biofilms are communities of microorganisms attached to surfaces by
means of polysaccharides, proteins and nucleic acids (Sauer et al.,
2007). Thirty-four percent of the strains analyzed in this study showed
the ability to form strong biofilms, particularly isolates from jalapeño
and tomato farms; however, 24% of the all isolates did not form bio-
films at all. Most isolates from produce during harvest and from soil
formed strong biofilm (56.3 and 47.4%, respectively). Since biofilm
formation has been associated with tolerance to stress conditions and to
increased pathogenicity (Naves et al., 2008), the ability of E. coli strains
to form biofilms in the environment may represent a survivorship
strategy, allowing them to persist longer and as a consequence, have
greater likelihood of contaminating food (Méric et al., 2013). However,
the in-vitro test used for biofilm formation does not directly predict
environmental persistence of bacteria, since biofilm formation is not the
only determinant of persistence. In produce, biofilms can protect
against different stresses such as desiccation and bactericidal agents
(Morris and Monier, 2003). It is recognized that soil represents a special
reservoir for microorganisms, including those potentially pathogenic
for humans (Opelt et al., 2007).

Many members of phylogroup B1 isolated from plants can form
strong biofilms, produce high quantity of extracellular matrix and uti-
lize sucrose, which can aid in colonization of surfaces (Méric et al.,
2013). These usually form significantly more biofilm and extracellular
matrix than mammalian-associated strains (Méric et al., 2013). In our
study, many strains belonging to phylogroups A0, A1, B1 and D1

formed strong biofilms (50.4, 31.6, 11.1 and 6.8%, respectively).
Agarwal et al. (2013) studied the phylogenetic background, virulence
genotypes and biofilm formation of 172 E. coli strains, and found no
significant differences in intensity and biofilm formation ability when
comparing phylogroups or virulence scores. In agreement with these
results, the EPEC isolates of this study showed weak and moderate
biofilm production, whereas the ETEC strain formed a strong biofilm.

The evolution of antibiotic resistance among bacteria results from
complex interactions with the environment where strains grow exposed
to antibiotics and genomic constraints (Davies and Davies, 2010).
Bacteria frequently are exposed to antibiotics due to their extensive use
in human and veterinary medicine, providing a source of antibiotic
resistance genes even to environmental bacteria (Walsh and Duffy,
2013). E. coli resistant to tetracycline, ampicillin and sulfonamide have
been detected from water isolates of aquatic ecosystems in the USA
(Hamelin et al., 2007). E. coli isolated from water and soil for agri-
cultural use in Sinaloa, Mexico showed resistance to tetracycline,
streptomycin and gentamicin (Lopez-Cuevas et al., 2009). Our study
suggested that isolates from the fresh produce production chain were
most often resistant to tetracycline (23.2%) and ampicillin (19.9%).
Multidrug resistance was observed mainly in the isolates from jalapeño
and tomato chains, whereas most isolates from the cantaloupe chain
showed resistance to one or two antibiotics only. Differences observed
in farms included less employee turnover rate in cantaloupe farms and a
dryer region compared to tomato and pepper farms (data not shown).

Twelve strains isolated from tomato and jalapeño farms (six from
produce packaging, four from farmworkers hands at the distribution
point, one from source water, and one from irrigation water) belonged
primarily to phylogroups A1 and A0 and showed resistance to six or
seven antibiotics (mainly nalidixic acid, tetracycline, gentamicin, am-
picillin and chloramphenicol). Our results agree with previous reports
that indicated that phylogroup A is detected as the most prevalent in
water samples, and could exhibit multidrug resistance against sulfa-
methoxazole, tetracycline, streptomycin and β-lactam antibiotics
(Hamelin et al., 2007). E. coli isolates from ready-to-eat salads in Por-
tugal, belonging to phylogroups A, B1 and D, showed resistance to
tetracycline, streptomycin, sulfamethoxazole, trimethoprim, ampicillin,
nalidixic acid, and less frequently to ciprofloxacin and chloramphenicol
(Campos et al., 2013). Multi-drug resistant E. coli isolated from lettuce,
irrigation water and soil from farms in Belgium also exhibited higher
resistance to ampicillin and cephalothin and other antibiotics (Holvoet
et al., 2013). It is important to recognize that antibiotic resistant bac-
teria in multispecies biofilms could protect other non-resistant strains in
this environment, and that biofilms can serve as reservoirs or sources of
antibiotic resistance genes to be transferred to other non-resistant
bacteria (Balcazar et al., 2015).

In general, our study showed no real association between E. coli
pathotype or phylogroup with respect to the origin of the strains, their
patterns of resistance to antibiotics, and their ability to form biofilms.
However, multidrug resistance was observed, with> 3.5% of the
strains resistant to six or seven antibiotics. Although in low proportion,
potential pathogenic E. coli strains were detected, and a relatively high
percentage of the isolates were able to form strong biofilms. The pre-
sence in the fresh produce production chain of E. coli strains having
multi-drug resistance, their ability to form biofilms, and the potential
pathogenicity of various isolates, could present significant opportu-
nities for contamination that results in health risks for consumers.
Efforts to keep E. coli out of the human food chain continue to be ne-
cessary throughout the farm-to-fork continuum.
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