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ARTICLE INFO ABSTRACT

Keywords: Water contamination by pathogenic bacteria is a global public health problem. Contamination of surface water

E. coli utilized to irrigate food products, or for human consumption, causes outbreaks of foodborne and waterborne

Diarrheagenic disease. Of these, those caused by diarrheagenic Escherichia coli (DEC) strains present substantial morbidity and

Antibiotic resistance mortality. The aim of this study was, therefore, to investigate the microbiological quality of surface water and

Water sources the presence of DEC strains in different water bodies. A total of 472 water samples were collected from irrigation
canal, dam, river, and dike water bodies from January through December 2015 in Sinaloa, a State located in
Northwestern Mexico. Our studies demonstrated that 47.0% (222/472) of samples contained thermotolerant
coliforms above permissive levels whereas E. coli strains were isolated from 43.6% (206/472). Among these E.
coli isolates, DEC strains were identified in 14% (29/206) of samples including in irrigation canal (26/29) and
river water (3/29) collected from the northern (83%) and central area (17%). Isolated DEC strains were clas-
sified as enteroaggregative E. coli (EAEC) 34.4% (10/29), enteropathogenic E. coli (EPEC) 31.0% (9/29), diffuse
adherent E. coli (DAEC) 27.5% (8/29), and enterotoxigenic E. coli (ETEC) 6.8% (2/29). Moreover, 90% of iso-
lated DEC strains exhibited resistance to at least one commonly prescribed antibiotic in Mexico whereas 17%
were multi-drug resistant. In conclusion, the presence of DEC strains in surface water represents a potential
source for human infection, and thus routine monitoring of DEC in surface water and other indirect affected
areas should be considered at northwestern Mexico.

who still do not have basic sanitation facilities, and at least 1.8 billion
people are estimated to drink water contaminated with feces (WHO,

1. Introduction

Water is the most important natural source for life, being essential
for humans and indispensable for all ecosystems (WHO, 2011). How-
ever, there are several factors that have affected the quality of fresh
water, including the influence of organic materials that are incessantly
discharged into the environment, and the fecal pollution derived mainly
from human settlements and cattle, pigs, and poultry rearing facilities
that can carry a myriad of pathogens. According to the 2017 report of
the joint monitoring program, there are 2.3 billion people worldwide
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2017). Thus, an important aspect to consider is to analyze for micro-
organisms present in water, in which the most common infectious
agents include Salmonella sp, Shigella sp, Giardia lamblia, Vibrio cholerae,
Cryptosporidium parvum, pathogenic Escherichia coli strains and enteric
viruses (Leclerc et al., 2002).

To date, there is no single approach to encompass the analysis of a
water sample for all pathogenic agents of interest. According to the
World Health Organization (WHO), thermotolerant coliforms including
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Escherichia coli strains, can be used as indicator of water sanitary quality
(WHO, 2001). Despite E. coli is considered a commensal bacterium that
it is normally found in the gut of humans and warm-blooded animals, it
can become an important pathogen causing disease in intestinal and
extra-intestinal tissues of humans and other mammals (Robins-Browne
et al., 2016).

The pathotypes of E. coli that are associated with intestinal disease
are known as diarrheagenic E. coli (DEC) (Robins-Browne et al., 2016).
Based on a number of virulence factors (e.g., adhesins, capsule, and
invasiveness), and thus pathogenic mechanisms, clinical presentation,
and epidemiology, DEC strains are classified into six different cate-
gories. i) Enteropathogenic E. coli (EPEC) strains are characterized by
the presence of a pathogenicity island known as the “locus of enterocyte
effacement” (LEE). The LEE island carry the eae gene that encodes an
outer membrane adhesive protein known as intimin. EPEC strains also
carry a plasmid called EPEC adherence factor (EAF), because it encodes
genes of the bundle forming pili (BFP), including bfpA. Intimin and BFP
are responsible for the EPEC's ability to produce attaching and effacing
(A/E) lesions, and their genes (i.e., eae, and bfpA) have been used for
the molecular identification of EPEC strains. EPEC strains can be sub-
typed in typical and atypical strains. Atypical EPEC carries LEE and
therefore presents the A/E phenotype but does not possess the EAF
plasmid [bfpA~ (Trabulsi et al., 2002)]. ii) Enterotoxigenic E. coli
(ETEC) strains are defined by the production of enterotoxins including
the heat labile and heat-s toxins (LT and ST) (Nataro and Kaper, 1998;
Robins-Browne et al., 2016). iii) Enteroinvasive E. coli (EIEC) strains
invade the epithelium of the colon using the transcription activator
virF, and the type three secretion system (T3SS). The T3SS is encoded in
the pInv plasmid, which also carry the invasion associated pathogen
antigen (ipaH) (Adler et al., 1989). iv) Enteroaggregative E. coli (EAEC)
strains present a characteristic aggregative adherence (AA) pattern on
diverse cell lines that is associated to a 60-MDa plasmid. The pAA
plasmid carries virulence genes including the anti-aggregation protein
transporter (CVD432), aggregative adherence fimbria I and II (aggA/
aggAll), dispersin secretory protein (aap), and the transcriptional acti-
vator gene (aggR) which is a central regulator of EAEC virulence. EAEC
strains carrying the AggR regulon are classified as typical EAEC (Aslani
et al., 2011; Jenkins et al., 2006). v) Diffuse adherent E. coli (DAEC)
strains are characterized by the presence of genes encoding afimbrial
(Afa) or fimbrial (Dr) adhesins, which are responsible for their diffusely
adherent phenotype on HEp2 cells (Clements et al., 2012). vi) Vero
toxin-producing/Shiga toxin-producing E. coli (VTEC/STEC) are terms
used in the developed world for pathotypes that cause enteric E. coli
infections associated to production of toxins. Enterohemorrhagic E. coli
(EHEQC) is the most prevalent subgroup, which carries in addition to
stx1 and/or stx2 gene encoding for shiga toxins the eaeA gene encoding
intimin responsible for attaching and effacing lesions (Clements et al.,
2012; Nataro and Kaper, 1998). Most of these categories (EPEC, EIEC,
EHEC, ETEC and EAEC serotypes) are important waterborne pathogens;
these strains are commonly transmitted through contaminated water
and have been isolated from gastroenteritis patients (Ram et al., 2009;
Teng et al., 2004; Yang et al., 2007).

Despite advances in food and water management and sanitation,
food and waterborne diseases continue to occur in developed countries.
The 2011 German E. coli food-borne outbreak was due to a new Shiga
toxin (Stx) type 2a-producing enteroaggregative E. coli (EAEC), which
was extended to 15 countries around the world (Greece, United
Kingdom, Austria, Spain, Czech Republic, Netherlands, Norway,
Denmark, France, Luxembourg, Poland, Sweden, Switzerland, Canada,
and United States) (Boisen et al., 2015; Canizalez-Roman et al., 2013;
Rasko et al., 2011). Mexico, like many developing countries, experi-
ences a high incidence of foodborne and waterborne diseases (Aijuka
et al., 2018; Delgado-Gardea et al., 2016). In 2013, our group demon-
strated DEC contamination of different food products in Sinaloa,
Mexico (Canizalez-Roman et al., 2013). We then showed that multidrug
resistant DEC strains were isolated from nearly one out of four cases of
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acute diarrhea diagnosed in Sinaloa (Canizalez-Roman et al., 2016).
Sinaloa is a State located in the northwest of Mexico that presents large
irrigation sources, which has contributed to position it as one of the
main agronomic States of Mexico. Sinaloa distributes annually large
amount of vegetables and fruits within the country and exports to dif-
ferent international destinations (INEGI, 2016).

Since many DEC can be transported by river channels, drains,
streams, and dike, and deposited into bodies of water that could later be
used for irrigation, recreation or even drinking, it is of vital importance
to monitor the quality of fresh water sources in order to decrease wa-
terborne infections and thereby controlling the morbidity and mortality
caused by contaminated water (Leclerc et al., 2002). Moreover, the
occurrence of antibiotic-resistant bacteria is very common worldwide,
due in part to the widespread use of antimicrobial compounds in human
therapy, and feed additives used to promote growth in both animals and
aquaculture (Giowanella et al., 2015; Poma et al., 2016).

Thus, the aim of this study was to evaluate the microbiological
quality of irrigation canal, river, dike and dam water in the State of
Sinaloa, Mexico. To accomplish this following using WHO re-
commendations, we analyzed thermotolerant coliforms and E. coli
bacteria contamination. We additionally investigated the prevalence
and distribution of different DEC strains using a recently-developed
scheme of PCR reactions. Finally, the antibiotic resistance profiles of
DEC strains were determined.

2. Materials and methods
2.1. Bacterial strains

DEC reference strains utilized in this study belong to our laboratory
collection and include ETEC H10407 (It + and st+) (Fleckenstein et al.,
2000), EPEC E2348/69 (eae + and bfpA+), EIEC (ipaH+ and virF-),
EHEC O157:H7 EDL933 (eae+, hlyA+, stx1+, and stx2+), DAEC
(daaE+), EAEC 042 (aggR+, aap+, pCVD432+, and aafll+) and E.
coli DH5a (Canizalez-Roman et al., 2013). Bacteria were routinely
grown overnight in Luria-Bertani (LB) broth (0.5% yeast extract, 1%
tryptone and 0.5% NaCl) and incubated at 37 °C in a shaker incubator
(Thermo Scientific, Waltham, Massachusetts USA).

2.2. Sample collection

Water samples were collected from different water bodies situated
in 12 out of 18 municipalities of Sinaloa, from January to December
2015. A total of 472 samples were collected from: irrigation canal
(n = 429), river water (n = 29), dike water (n = 9) and dam water
(n=5) (Fig. 1). Approximately, 300 mL of water samples were col-
lected in 500 mL sterile, wide mouth, plastic bottles, according to the
American Public Health Association, and placed in 4 °C cooling boxes
for processing within 6 h of collection (APHA, 2012).

2.3. Bacteriological analyses

Samples were first screened for thermotolerant coliforms, as fecal
origin bacteria, which include Escherichia spp., Klebsiella spp., and
Enterobacter spp., and the subgroup E. coli that produce (3-galactosidase
but not urease, as described by the Standard and Bacteriological
Analytical Manual of the Food and Drug Administration (Feng et al.,
2002) and Mexican Official Norms (NOM-127-SSA1-1994; NOM-003-
ECOL-1997) reported in the Official Journal of the Federation (NOM,
1994, 1998).

The most probable number (MPN) of fecal coliforms was de-
termined according to the FDA's Bacteriological Analytical Manual.
Serial dilutions of water samples (1 mL, 0.1 mL, and 0.01 mL) were
inoculated in lauryl sulfate tryptose broth media and incubated at 35 °C
for 48 h. Positive tubes, which presented turbidity and formed gas, were
seeded into brilliant green broth with 2% lactose and further incubated
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Fig. 1. Map showing the geographical locations of sampling sites. A total of 472 water samples (irrigation canal, n = 429; dike water, n = 9; dam water n = 5; and
river water, n = 29) were collected from 222 different sites during 2015 distributed in regions from northern (120 sites: Aho = Ahome, Fuer = El Fuerte,
Gua = Guasave, Sina = Sinaloa de Leyva, Ang = Angostura, Salv = Salvador Alvarado), central (93 sites: Nav = Navolato, Cln = Culiacan, Elo = Elota) and

southern (9 sites: Maz = Mazatldn, Ros = Rosario, Esc = Escuinapa) Sinaloa.

at 35°C for 48 h and inoculated into E. coli (EC) broth (45°C -24h).
Samples yielding =1104 coliforms cfu/g, or cfu/mL, were considered
contaminated with coliforms according to Mexican norms (NOM-003-
ECOL-1997 and NOM-001-ECOL-1996) (NOM, 1994, 1998).

Positive tubes for EC broth were streaked on McConkey agar. Pink-
colored colonies were presumptive identified as E. coli, and transferred
to both eosin methylene blue (EMB) and violet red bile agar. These
colonies were further phenotypically (Biochemical, API 20E;
bioMerieux) and genotypically (PCR, as described below) identified.

2.4. Sequential multiplex PCR, scheme to identify DEC strains
2.4.1. Preparation of template DNA

Five colonies of presumptive E. coli per sample were grown in 3 mL
of LB broth for 18 h to reach stationary phase. Cells were centrifuged at

10,000 x g for 10 min, the pellet was resuspended in 0.3 mL of distilled
water, and heated at 100 °C for 10 min, vortexed for 10s, and cen-
trifuged at 12000 xg for 3min. DNA-containing supernatants were
transferred into 0.5 mL microfuge tubes and stored at —20°C until
used.

2.5. Sequential multiplex PCR

E. coli strain were confirmed molecularly by PCR according to the
protocol described by Tsen et al. (1998). DEC strains among E. coli
isolates were further identified using a scheme of sequential multiplex,
duplex, and singleplex PCR reactions, as previously reported
(Canizalez-Roman et al., 2013). These sequential multiplex PCR reac-
tions identify the most prevalent DEC groups in decreasing order; re-
action #1 identified EPEC strains and negative samples were further
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Table 1
Detection of Coliforms and Escherichia coli in water samples from Sinaloa
Mexico, during 2015.

Water sample collected from: N (%) Coliforms N (%) E. coli N (%)
Irrigation canal 429 (90.8) 206 (48.0) 190 (44.3)
Dike 9(1.9 3(33.3) 3(33.3)
Dam 5 (1.05) 2 (40.0) 2 (40.0)
River 29 (6.14) 11 (37.9) 11 (37.9)
Total 472 222 (46.6) 206 (43.6)

used as template for reactions #2 and #3 to identify EAEC strains, and
so on. Multiplex PCR reaction #1 contained primers to amplify the
intimin gene (eae) and the structural subunit of the bundle-forming
pilus (Bfp) gene (bfpA) and detected both typical (eae + and bfpA+)
and atypical (eae + and bfpA-) EPEC strains. Multiplex PCR reaction #2
contained primers detecting a gene encoding a regulator protein (aggR)
and a fimbriae gene (aafI). Multiplex PCR reaction #3 contained pri-
mers to amplify the gene coding a protein dispersin (aap) and the AA
pattern associated plasmid (pCVD432) to identify typical (pCVD432 +
and aggR+ and/or aafll+ aap+) and atypical (pCVD432+ and aggR-
and/or aafll+ aap+) EAEC strains. Duplex PCR reaction #4 amplified
both the gene encoding the heat labile toxin (Lt) and that encoding the
heat stable toxin (stII) present in ETEC strains. PCR reaction #5 con-
tained primers that amplified the structural subunit gene of the F1845
fimbria (daaE) to detect DAEC strains. Detection of EIEC strains was
performed with reaction #6, this reaction contained primers to amplify
the invasion genes (virF) and (ipaH). Negative strains and DEC
eae + strains (from reaction #1) were screened in multiplex PCR re-
action #7 to detect possible EHEC strains. This reaction amplified genes
stx1 and/or stx2, EHEC strains encode Shiga toxin genes and the eae
gene whereas STEC strains were eae-. Finally, multiplex PCR reaction
#8 contained primers that amplified the hemolysin gene (hlyA), the
rfbE gene coding for production of the lipopolysaccharide O of E. coli
0157 and the fliC gene which encodes the E. coli flagellum H7 serotype
and so detecting EHEC O157:H7 strains. Primer sequences, PCR con-
ditions, and product sizes were reported by Canizalez-Roman et al.
(Canizalez-Roman et al., 2013).

2.6. Antimicrobial agent susceptibility testing

Antibiotic susceptibility testing of pathogenic isolates was per-
formed by the Kirby-Bauer disk diffusion method (Bauer et al., 1966)
following the guidelines developed by the Clinical Laboratory Standard
Institute (CLSI) (Cockerill, 2011). Mueller-Hinton agar plates were
swabbed with inoculum prepared as indicated by the CLSI protocol and
the following antibiotic disks (BD BBL, Franklin Lakes, NJ) were added
to the plates under a sterile environment: gentamicin, ciprofloxacin,
nalidixic acid, sulfamethoxazole-trimethoprim, tetracycline, ampicillin,
ceftazidime, cefotaxime and chloramphenicol. The plates were in-
cubated at 37 °C for 18 to 20 h. The diameters (in millimeters) of clear
zones of growth inhibition around the antimicrobial agent disks were
measured using a precision digital caliper (Absolute, Mitutoyo, Japan).
E. coli ATCC 25922 and E. coli ATCC 35218 obtained from the American
Type Culture Collection (ATCC) were used as control. Recommenda-
tions by the National Antimicrobial Resistance Monitoring System for E.
coli were utilized to define breakpoints of antibiotics and thus cate-
gorize the isolates as resistant, intermediate, or sensitive. Multidrug
resistance (MDR) was defined as acquired non-susceptibility to at least
one agent in three or more antimicrobial categories. Antibiotics were
selected based on their importance in treating human (Amabile-Cuevas,
2010), or animal E. coli infections and their used as feed additives to
promote growth in animals. They represent different classes of anti-
microbial agents that are available to treat Gram negative infections in
Mexico.
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2.7. Comparison of antibiotic resistance of DEC strains and statistical
analysis

Statistical analysis of antibiotic resistance of DEC strains isolated
from food items (Canizalez-Roman et al., 2013), clinical isolates
(Canizalez-Roman et al., 2016), investigated in previous studies, and
surface water (the current study) was performed. In these three studies,
strains were isolated from the same geographical regions of Sinaloa
Mexico, and antibiotic resistance was investigated using the same CLSI-
recommended method, as detailed above. Data were analyzed using
Sigma Plot software (version 11.0; Systat Software, Inc., USA) and Epi
Info TM version 7. Percentages were compared using a Pearson chi-
square test to establish mutual relatedness among the DEC resistant to
antibiotics. p-values of 0.05 were considered statistically significant.

3. Results
3.1. Fecal coliform and E. coli in different water bodies

A total of 472 water samples including 429 from irrigation canal, 9
from dike water, 5 from dam water, and 29 river water samples were
collected from different sites distributed in northern, central, and
southern of Sinaloa (Fig. 1). Selected samples were first analyzed for
fecal contamination indicators such as thermotolerant coliforms and E.
coli bacteria.

Results of water fecal contamination analysis revealed that 47%
(222/472) of the studied samples were contaminated above the per-
missible level with fecal coliforms (= 1104 cfu), according to both
Mexican guidelines and WHO guidelines. Of these samples, 43.6%
(206/472) mainly contained E. coli, as detected by conventional bac-
teriological cultures and PCR analysis. The prevalence of the isolated E.
coli is shown in Table 1. E. coli strains were isolated from all studied
water sources. In irrigation canals E. coli strains were detected in 44.3%
(190/429) of samples, in dam water in 40.0% (2/5) of samples, in river
water in 37.9% (11/29), and dike water 33.3% (3/9).

3.2. Detection of diarrheagenic E. coli pathotypes from water samples

All 206 E. coli strains were further examined with a multiplex PCR
approach to identify DEC strains. Our studies revealed that DEC strains
were detected in 14% (29/206) of samples containing E. coli, which
represented a prevalence of 6.14% (29/472) in all screened water
samples. Twenty-six DEC strains were isolated from irrigation canal and
3 in river water samples. DEC strains were not detected in dam and dike
water (Table 2). The most frequent DEC pathotype identified was en-
teroaggregative E. coli (EAEC) accounting for 34.5% (10/29), with
seven typical and three atypical strains. Enteropathogenic E. coli (EPEC)
was isolated from 31.0% (9/29) of water samples with eight typical and
only one atypical strain. Diffuse adherent E. coli (DAEC) comprised
27.6% (8/29); and enterotoxigenic E. coli (ETEC) 6.89% (2/29) of
strains. Enteroinvasive E. coli (EIEC) and enterohemorrhagic E. coli
(EHEC) were not isolated from these water samples (Table 3).

3.3. Geographical locations of diarrheagenic E. coli pathotypes

For this study, Sinaloa was divided into three regions as follows,
norther, central, and southern regions (Fig. 2). Most DEC strains were
detected in irrigation canal and river samples from the northern region
24/29 (83%) with DAEC, EAEC, typical, and atypical EPEC and ETEC
categories. The remaining DEC were isolated from samples collected at
the central region 5/29 (17%) with DAEC, EAEC, typical EPEC, and
ETEC categories. It is noteworthy that in the southern region DEC
strains were not isolated. This is probably because the water sample size
was much smaller in the southern region (16) than at the central (159)
or the northern region (297).

Antimicrobial resistance of diarrheagenic E.coli strains isolated from
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Table 2
Detection of diarrheagenic Escherichia coli pathotypes from water samples.
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Water samples No. Diarrheagenic Escherichia coli (DEC)
EAEC (%) EPEC (%) DAEC (%) ETEC (%)
Typical Atypical Typical Atypical
Irrigation canal 26 7 (26.9) 3 (11.5) 8 (30.76) 1(3.84) 6 (23.1) 1(3.8)
River 3 * * 2 (66.7) 1(33.3)
Total 29 10 (34.5) 9 (31.0) 8 (27.6) 2 (6.9)

DEC pathotypes were not detected in dike and dam water samples. EIEC and EHEC were not detected in analyzed samples. *Denotes absence of DEC pathotypes.

water sources.

The antibiotic resistance of isolated DEC strains is shown in Table 3.
Ninety percent (26/29) of DEC strains were resistant to at least one
antimicrobial agent; 51% (15/29) were resistant to at least two; and
17% (5/29) were multi-drug resistant. Of note, nearly half of the strains
were resistant to cefotaxime (48%), followed by ampicillin (44%),
tetracycline (38%), sulfamethoxazole-trimethoprim (14%), ceftazidime
(10%), and gentamicin (7%). A very low resistance rate was observed
for chloramphenicol, nalidixic acid, and ciprofloxacin (4%). Among
analyzed DEC, EPEC strains presented resistance to tetracycline and
cefotaxime (44%), sulfamethoxazole-trimethoprim, ampicillin, and
gentamicin (22%), and ciprofloxacin and nalidixic acid (11%). EAEC
strains showed resistance to ampicillin and cefotaxime (40%), and
tetracycline and ceftazidime (20%), while DAEC isolates presented re-
sistance to cefotaxime (75%), ampicillin (63%), tetracycline (38%), and
trimethoprim-sulfamethoxazole and chloramphenicol (13%). Finally,
ETEC strains presented resistance to tetracycline and ampicillin (7%),
and trimethoprim-sulfamethoxazole (4%) (Table 3).

3.4. Multiple antimicrobial resistance phenotype of E. coli strains
Overall 17% of DEC strains were multi-drug resistant and ~70%
were resistant to only one or two antibiotics. EPEC strains, for example,

were 55.5% (5/9) resistant to one drug, 33% (3/9) resistant to two, and

Table 3

11% (1/9) multi-drug resistant. DAEC isolates were 38% (3/8) resistant
to one and two drugs and 25% (2/8) multi-drug resistant, while EAEC
strains were found as the less resistant DEC pathotype with 30% (3/10)
of strains resistant to one and two antibiotics and 10% (1,/10) multi-
drug resistant (Table 3). We isolated only two ETEC strains, one strain
was resistant to two drugs and, despite the low isolation rate, the other
strain was multi-drug resistant.

An analysis of co-resistance to antibiotics was made and is shown in
Table 4. The more prevalent co-resistance observed for DEC strains
were tetracycline + ampicillin (n = 3, 30%) and ampicillin + cefotaxime
(n = 3, 30%), followed by tetracycline + cefotaxime (n = 1, 10%), tet-
racycline + Sulfamethoxazole-trimethoprim (n = 1, 10%), ampicillin
+ ceftazidime (n = 1, 10%) and cefotaxime + gentamicin (n = 1, 10%).
More prevalent co-resistance combinations to three antibiotics was
tetracycline + ampicillin + cefotaxime (n = 2, 66.6%) followed by tet-
racycline + ampicillin + Sulfamethoxazole-trimethoprim n=1,
33.3%). Co-resistance to four antibiotics only was to tetracycline
+ Sulfamethoxazole-trimethoprim + gentamicin + ciprofloxacin and to
five antibiotics only was to tetracycline + Sulfamethoxazole-trimetho-
prim + ampicillin + cefotaxime + chloramphenicol (Table 4).

3.5. Comparison of antibiotic resistant DECs obtained from different sources

The susceptibility to antibiotics obtained in the current study for

Antibiotic resistance among diarrheagenic Escherichia coli strains isolated from water samples.

Class and antimicrobial

Total (n = 29)

Pathotypes and percentage of resistance

EPEC EAEC DAEC ETEC
n=9) (n=10) n=28) (n=2)
Aminoglycoside
Gentamicin 2/29 (6.9%) 2/9 (22.2%) 0 0 0
Quinolones and Fluoroquinolones
Ciprofloxacin 1/29 (3.5%) 1/9 (11.1%) 0 0 0
Nalidixic acid 1/29 (3.5%) 1/9 (11.1%) 0 0 0
Sulfonamides and potentiated sulfonamides
Sulfamethoxazole-trimethoprim 4/29 (13.8%) 2/9 (22.2%) 0 1/8 (12.5%) 1/2 (50%)

Tetracyclines
Tetracycline
Beta lactams
Ampicillin
Cephalosporins
Ceftazidime
Cefotaxime
Phenicols
Chloramphenicol
Antibiotics resistance to:
0 antibiotics
1 antibiotic
2 antibiotics
3 antibiotics
4 antibiotics
5 antibiotics

11/29 (37.9%)

13/29 (44.8%)

3/29 (10.4%)
14/29 (48.3%)

1/29 (3.5%)

3 (10.3%)
11 (37.9%)
10 (34.5%)
3 (10.3%)
1 (3.5%)
1 (3.5%)

4/9 (44.4%)

2/9 (22.2%)

2/10 (20%) 3/8 (37.5%)

4/10 (40%) 5/8 (62.5%)

2/2 (100%)

2/2 (100%)

0 2/10 (20%) 1/8 (12.5%) 0

4/9 (44.4%) 4/10 (40%) 6/8 (75%) 0

0 0 1/8 (12.5%) 0

0 3 (30%) 0 0

5 (55.5%) 3 (30%) 3 (37.5%) 0
3(33.3%) 3 (30%) 3 (37.5%) 1 (3.5%)
0 1 (10%) 1 (12.5%) 1 (3.5%)

1(11.1%) 0 0 0

0 0 1 (12.5%) 0

Strains with resistance to 6, 7, 8 and 9 drugs were not detected.
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Fig. 2. Geographical locations of DEC isolates from water samples. A total of 29 DEC were detected in 472 water samples (irrigation canal n = 26 and river water
n = 3) during 2015 in regions of northern (Aho = Ahome, Fuer = El Fuerte, Gua = Guasave, Sina = Sinaloa de Leyva, Ang = Angostura, Salv = Salvador Alvarado),
central (Nav = Navolato, Cln = Culiacan, Elo = Elota) and southern (Maz = Mazatlédn, Ros = Rosario, Esc = Escuinapa) Sinaloa.

DEC strains isolated from water samples (n = 29) was compared with
that obtained from previous CLSI-recommended antibiotic resistance
studies, performed by our group, on DEC strains isolated from humans
(n = 242) (Canizalez-Roman et al., 2016) and Food samples (n = 56)
(Canizalez-Roman et al., 2013). Except for resistance to ceftazidime and
cefotaxime, the proportion of DEC strains with resistance to all other
antibiotics was statistically significant higher in strains isolated from
humans than that from DEC strains isolated from food or water samples
(Fig. 3). In contrast, a similar proportion of DEC strains with resistance
to all antibiotics was observed when strains isolated from food and
water sources were statistically analyzed (p > 0.10). Interestingly, the

prevalence of strains with resistance to the cephalosporin cefotaxime
was statistically significant increase in DEC strains isolated from water
(~50%) than in those DEC isolated from human sources [~25%,

(p = 0.03)].
4. Discussion

This study describes the presence of DEC strains in several water
sources of Sinaloa, one of the main regions of Mexico where food
products are produced and distributed nationally, and exported to USA
and other international destinations. Different surface waters including
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Table 4
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Multiple resistance to antibiotics of DEC strains isolated in water samples from Sinaloa.

Number of antibiotics resistant to ~ Strains (N)

Co-Resistant to Antibiotic evaluated

DEC Strains

EPEC EAEC DAEC ETEC

2 Tetracycline and Ampicillin 1 1 1
Tetracycline and Cefotaxime 1
10 Tetracyclineand Sulfamethoxazole-trimethoprim 1
Ampicillin and Cefotaxime 1 2
Ampicillin and Ceftazidime 1
Cefotaxime and Gentamicin 1
3 Tetracycline and Ampicillin and Cefotaxime 1 1
Tetracycline and Ampicillin and Sulfamethoxazole-trimethoprim 1
4 1 Tetracycline and Sulfamethoxazole-trimethoprim and Gentamicin and Ciprofloxacin 1
5 1 Tetracycline and Sulfamethoxazole-trimethoprim and Ampicillin and Cefotaxime and 1
Chloramphenicol
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Fig. 3. Comparison of antibiotic resistant DECs obtained from different sources. Antimicrobial resistance (%) of diarrheagenic E. coli strains isolated from surface
waters (this study, n = 29), food items (n = 56) (Canizalez-Roman et al., 2013), and clinical isolates (n = 242) .(Canizalez-Roman et al., 2016). The proportion of
DEC strains resistant to antibiotics from clinical isolates was statistically significant high than those isolated from surface water and food items p value <0.05 (*). The
proportion of DEC strains with resistance to antibiotics isolated from surface water were statistically significant high than those DEC from clinical specimens and food

items p value <0.05 (**).

irrigation canal, dike water, dam water, and river water, were re-
presented by 472 water samples. Nearly half of the samples analyzed
(43.6%, 206/472) contained high, non-permissible, levels of E. coli
contamination. Molecular analysis of E. coli isolates demonstrated that
14% (29/206) of contaminated water contained DEC strains. The most
frequently isolated DEC category was EAEC, followed by EPEC, DAEC,
and ETEC. Isolated DEC strains were present only in irrigation canal
and river water, and mostly in the northern and central region of
Sinaloa. Whereas all DEC strains bear pathogenic potential, we identi-
fied a subset of DEC strains (17%) that had a multi-drug resistance
phenotype and therefore represent a threat to those in risk of infection.
To our knowledge this is the first study that assessed the bacteriological
quality of water sources of Sinaloa.

Contamination of surface waters, particularly in developing coun-
tries, is a big concern. Besides studies describing outbreaks of

waterborne bacterial infections in Mexico, the prevalence and cate-
gorization of enteropathogenic bacteria in water samples has been
poorly studied. There are only a few reports in which the micro-
biological quality of water has been evaluated (Gortares-Moroyoqui
et al., 2011; Ramirez Castillo et al., 2013; Requena-Castro et al., 2018).
In this study, all four selected water bodies exhibited an overall poor
bacteriological quality with 46.6% of analyzed samples surpassing
Mexican and WHO irrigation water guidelines for fecal coliforms
(NOM, 1994, 1998; WHO, 2001, 2006), and in 43.6% of samples were
isolated E. coli. Irrigation canal was found as the most affected with
44.3% of E. coli contamination. Fecal coliforms levels were found si-
milar to that reported by Ramirez-Castillo et al. for San Pedro River,
Aguascalientes, Mexico (Ramirez Castillo et al., 2013); while, E. coli
contamination was found lower to that reported by Giowanella et al.
whose study found 69% of E. coli contamination in rivers of Caritibia,
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Parand, Brazil (Giowanella et al., 2015). The high prevalence of water
contamination found in Sinaloa could be mainly explained due to the
use of rivers for recreational activities, the intense agricultural activ-
ities, industry, and the poor sanitation facilities (Poma et al., 2016).

DEC strains have been isolated from diverse ecological niches ran-
ging from mammalians intestines to various aquatic environments in-
cluding surface waters, and different food products. In a previous study
conducted by our group, DEC strains were isolated from several food
items including meat products, dairy products, beverages and ice,
seafood and fish, and prepared foods in Sinaloa (Canizalez-Roman
et al., 2013). We also demonstrated that DEC strains were the main
cause of gastrointestinal disease in 25% of patients presenting acute
diarrhea during a 4-year period of surveillance in Sinaloa (Canizalez-
Roman et al., 2016). We have further identified in this study a potential
source of DEC strains that contaminates food products and perhaps
cause a significant burden of human gastrointestinal disease. Of the 206
isolated E. coli, 14% of them were molecularly characterized as DEC,
from which four different categories were detected based on the ana-
lysis of genes encoding for specific virulence factors. The prevalence of
DEC strains was lower in comparison to the reported by Ramirez-Cas-
tillo et al. (57%) (Ramirez Castillo et al., 2013) and Requena-Castro
et al. (42.5%) (Requena-Castro et al., 2018) in studies analyzing water
samples from the San Pedro river, Aguascalientes, Mexico and the
Bravo river, Tamaulipas, Mexico, respectively. The lower prevalence of
DEC strains found in the present study could be explained due to the
fact that both reports were focused on river waters, and their sampling
sites were selected based on the presence of important discharges of
treated and untreated wastewater into the rivers. Meanwhile, in this
study, four different water bodies were analyzed and the sampling sites
were randomly selected.

This study also shows that out of 29 detected DEC, 26 corresponded
to irrigation canal, and 3 to river water samples, with no DEC isolated
from dams and dikes water samples. The most frequently isolated ca-
tegory from irrigation water was EAEC, followed by EPEC, DAEC, and
ETEC. The increased prevalence of EAEC found in this study is in line
with the reported by Aijuka et al. for irrigation water in South Africa
(Aijuka et al., 2018). None of the EAEC strains isolated in this study
carried the stx2 gene. For river water, the only DEC strains isolated
were DAEC and ETEC although other categories such as EPEC, ETEC
and STEC have been reported to be present in other rivers of Mexico
(Ramirez Castillo et al., 2013; Requena-Castro et al., 2018). It is note-
worthy that the DEC frequency pattern found (EAEC, EPEC, DAEC and
ETEC) for irrigation canal was similar to that reported previously for
DEC strains isolated in cases of human infections (Canizalez-Roman
et al., 2016). This may suggest that in Sinaloa, humans have been ac-
quiring infection by a direct contact with irrigation water or by con-
suming food contaminated with irrigation water such as vegetable and
fruits. The absence of EIEC and EHEC strains implies that selected water
bodies may not be major reservoirs of these categories, and thus in-
dicates a low risk for EIEC and EHEC strains associated diseases, as
reported in our previous study (Canizalez-Roman et al., 2016).

Different DEC strains have been associated with sporadic cases of
diarrheal diseases in human and a number of waterborne gastroenteritis
outbreaks. EHEC was the first strain recognized as pathogen during an
outbreak of hemorrhagic colitis in 1982 (Riley et al., 1983) and, up to
now, represent the most often isolated strain from outbreaks (Gobin
et al., 2018; Lienemann et al., 2011). The major outbreak caused by
EAEC strains was in Germany 2011, which was due to a Shiga toxin-
producing EAEC strain infecting over 4000 individuals (Bielaszewska
et al., 2011; Rasko et al., 2011); while, the pathogenicity of atypical
EAEC has not been completely described (Huang et al., 2006). Typical
EPEC strains are highly prevalent in developing community settings,
and were initially associated with gastroenteritis outbreaks in infants
and, in recent studies, it has been also isolated from waterborne out-
breaks in adults (Nataro and Kaper, 1998; Wedley et al., 2013). Very
little is known about the pathogenicity of atypical EPEC with only a few
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studies indicating an association with endemic diarrhea outbreaks
(Alikhani et al., 2006; Wedley et al., 2013), and there are no reports of
DAEC causing outbreaks with only a few studies showing its virulence
(Giron et al., 1991; Vial et al., 1988). Waterborne outbreaks due to
ETEC have been extensively reported in developing countries (Ram
et al., 2009), and it represents the most common cause of “travelers'
diarrhea” affecting individuals from industrialized countries travelling
to the developing world (Poma et al., 2016).

The occurrence of antibiotic-resistant bacteria, particularly patho-
genic E. coli, has become a serious public health threat. In this study,
DEC isolates from both irrigation canal and river water were resistant to
most of the traditionally used antimicrobial agents in Mexico. The
overall high antimicrobial resistance found could be explained due to
the indiscriminate use of antibiotics and discharge of industries, parti-
cularly antibiotic production plants and urban wastewater treatment
plants, as suggested by several authors (Kruse and Sorum, 1994;
Sidrach-Cardona et al., 2014). However, while comparing the anti-
microbial resistant DEC found in the present study with the anti-
microbial resistant DEC previously reported in Sinaloa for food items
(Canizalez-Roman et al., 2013) and clinical isolates (Canizalez-Roman
et al., 2016), we concluded that clinical isolates exhibited higher re-
sistance for most of the analyzed antibiotics (Fig. 3). We hypothesized
that, in the northwest of Mexico, the increase of DEC-induced cases of
human gastroenteritis is caused by the spread of antibiotic resistance
clones.

The prevalence of multi-drug resistance phenotypes of E. coli de-
scribed here are in line with previous reports, particularly those per-
formed in developing countries (Aslani et al., 2011; Poma et al., 2016;
Ram et al., 2009). Xu et al. (2018) stated that many bacteria mutate to
acquire their multi-antimicrobial resistance by the effect of the en-
vironment pressure. Several bacterial antibiotic-resistant genes, such as
those towards R-lactams, amoxicillin/ampicillin (blargy,), tetracycline
(tet), chloramphenicol (cmlA), vancomycin (van), and streptomycin/
spectinomycin (aadA) have been reported in bacteria from various
aquatic ecosystems (Thevenon et al., 2012). These genes are often in-
serted in integrons, transposons, and plasmids, from where they can be
exchanged to other bacteria by horizontal transfer (Giowanella et al.,
2015; Ochman et al., 2000). Thus, waters containing antibiotics and
antibiotic-resistant bacteria may play an instrumental role in the spread
of genes encoding resistance factors.

5. Conclusions

This study demonstrates a moderate prevalence of diarrheagenic E.
coli strains in various water sources of Sinaloa, Mexico. However, a
subset of these DEC strains have a high pathogenic potential as they
exhibited a multi-drug resistant phenotype. If these multi-drug re-
sistant, water-borne pathogens, infect humans and cause gastro-
intestinal disease, the physician will have limited treatment options.
The presence of diarrheagenic E. coli in waters warrants the im-
plementation of environmental safety strategies in order to avoid the
dissemination of clones to people leaving in the area but particularly
those more vulnerable communities who utilize these waters for do-
mestic and industrial purposes. In Sinaloa, as one of the main agro-
industrial regions of Mexico that produce food for exportation, there is
a necessity for better management practices, remediation strategies,
and overall increased awareness of the global issues associated with
water pollution.
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