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ABSTRACT

We compared the prevalence of pathogenic and extended-spectrum beta-lactamase (ESBL) —
producing Escherichia coli in effluents of a municipal wastewater treatment plant (WWTP)
receiving wastewater from a slaughterhouse. A total of 1248 isolates were screened for the
presence of virulence genes associated with enterohemorrhagic E. coli (EHEC) (stx;, Stx, and eae)
and extraintestinal pathogenic E. coli (EXPEC) (sfa/focDE, kpsMT K1, hlyA, papEF, afa/draBC, cIbN,
f17A and cnf). The prevalence of atypical enteropathogenic E. coli (EPEC) was 0.7%, 0.2% and
0.5% in city wastewater, slaughterhouse wastewater and in the treated effluent, respectively.
One stx;, and stxyp-positive E. coli isolate was detected in city wastewater. The prevalence of
EXPEC was significantly higher in city wastewater (8.4%), compared to slaughterhouse
wastewater (1.2%). Treatment in the WWTP did not significantly impact the prevalence of
ExPECin the outlet effluent (5.0%) compared to city wastewater. Moreover, the most potentially
pathogenic EXPEC were isolated from city wastewater and from the treated effluent. ESBL-
producing E. coli was also mainly detected in city wastewater (1.7%), compared to slaughter-
house wastewater (0.2%), and treated effluent (0.2%). One ESBL-producingE. coli, isolated from
city wastewater, was eae-g1 positive. These results showed that pathogenic and/or ESBL-
producing E. coli were mainly detected in human wastewater, and at a lesser extend in ani-
mal wastewater. Treatment failed to eliminate these strains which were discharged into the
river, and then these strains could be transmitted to animals and humans via the environment.
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* Corresponding author. Ecole Nationale Vétérinaire de Toulouse, 23 Chemin des Capelles, BP 87 614, 31 076 Toulouse Cedex 3, France.
Tel.: +33 (0) 561 193 903; fax: +33 (0) 561 491 263.
E-mail address: d.bibbal@envt.fr (D. Bibbal).
0043-1354/$ — see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.watres.2013.04.047


mailto:d.bibbal@envt.fr
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.watres.2013.04.047&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
http://dx.doi.org/10.1016/j.watres.2013.04.047
http://dx.doi.org/10.1016/j.watres.2013.04.047
http://dx.doi.org/10.1016/j.watres.2013.04.047

4720

WATER RESEARCH 47 (2013) 4719—4729

1. Introduction

Waterborne pathogens are frequently associated with fecal
pollution from diverse sources such as wastewater, agricultural
fecal wastes and wildlife fecal droppings (Leclerc et al., 2002).
Domestic and slaughterhouse wastewater contains important
microbiological contaminations. Wastewater treatment has an
impact on the microbial quality of surface waters. Most
wastewater treatment plants (WWTP) are designed to eliminate
organic matter, which allows elimination of pathogens at the
same time (Curtis, 2003). Escherichia coli is the most used indi-
cator to monitor the microbial quality of water (Wu et al., 2011).
E. coli are natural habitants of the digestive tract of humans and
animals. However, certain strains can be pathogenic for
humans (Kaper et al., 2004). Moreover, antibiotic resistant E. coli,
and in particular extended-spectrum beta-lactamase (ESBL)-
producing E. coli, had been detected in effluents from human
and animal origin (Dolejska et al., 2011; Galvin et al., 2010; Mesa
et al., 2006; Sabate et al., 2008).

ESBL mediate resistance to extended-spectrum beta-lac-
tam antibiotics, which are among the most clinically impor-
tant antibiotics in human medicine (Poole, 2004). However, to
date, studies of the detection of pathogenic and/or resistant E.
coli in sewage from human or animal origin tended to address
the issue in terms of the presence or absence of these bacteria.
There are few reports of quantitative data on the presence of
pathogenic and/or resistant E. coli in sewage (Anastasi et al.,
2010; Blanch et al., 2003; Galvin et al., 2010; Garcia-Aljaro
et al., 2004). As quantitative microbial risk assessment is
increasingly used, quantitative data are needed to assess the
impact of the effluent process in removing pathogenic and/or
resistant E. coli. Moreover, the identification of the source of
such E. coli discharged into the river after treatment is
important to establish proper risk assessment and abatement
procedures for human and animal wastewater.

Pathogenic E. coli can be categorized as intestinal pathogenic
E. coli or extraintestinal pathogenic E. coli (EXPEC) (Russo and
Johnson, 2000). Among the intestinal pathogenic E. coli, enter-
ohemorrhagic E. coli (EHEC) are responsible for severe clinical
symptoms, such as hemorrhagic colitis and the potential lethal
hemolytic uremic syndrome (Karmali et al., 2010). EHEC strains
are zoonotic pathogens as domestic ruminants, mainly cattle,
sheep, and goats have been established as major natural res-
ervoirs for EHEC (Ferens and Hovde, 2011). Several outbreaks
attributed to E. coli 0157:H7 were associated with recreational
water and drinking water (Craun et al.,, 2005; Hunter, 2003),
underlying the importance of eliminating these pathogens from
human and animal wastewater.

ExXPEC strains have the ability to cause extraintestinal in-
fections such as urinary tract infections, neonatal meningitis
and sepsis, and wound infections which can lead to serious
complications and death (Bonacorsi and Bingen, 2005; Ron,
2006; Wiles et al., 2008). The host’s own digestive tract is the
conventionally recognized source of the ExPEC that cause
human infections (Yamamoto et al., 1997). Although it is
difficult to retrace the origin of EXPEC that had established
residence in the intestinal tract of humans, it is possible that
ExPEC from animals could contaminate humans (Belanger
et al,, 2011; Manges and Johnson, 2012). Indeed, EXPEC are

widespread in animal reservoirs, where they also cause dis-
eases (Dho-Moulin and Fairbrother, 1999; Johnson et al.,
2008a). Moreover, human and animal pathogenic strains
share common genetic backgrounds (Clermont et al., 2011;
Girardeau et al.,, 2003). Whether animals are a source for
human EXPEC is still a matter of debate. Nevertheless, E. coli
strains with uropathogenic virulence characteristics have
been detected in sewage of animal origin (Sabate et al., 2008).

Finally, transmission of antimicrobial-resistant bacteria
from animals to humans can also occur (Marshall and Levy,
2011). In particular, there is a growing concern about the
impact of the presence ESBL-producing E. coli isolated from
animals on public health (Ewers et al., 2012; Smet et al., 2009).
ESBLs of the CTX-M type are the most prevalent. CTX-M pro-
ducing E. coli isolates have been recognized as the cause of
hospital but also community onset infections (Pitout et al.,
2005). These bacteria have been also isolated from livestock
(Trott, 2012). In a ‘One Health’ perspective, epidemiological
studies are required to precise a potentially zoonotic trans-
mission of ESBL-producing E. coli.

The objective of the present study was to evaluate and to
compare the prevalence of EHEC, EXPEC and ESBL-producing
E. coli in effluents of a WWTP receiving wastewater from a
slaughterhouse. The goals were to identify the human or an-
imal origin of such strains, and to evaluate the impact of the
treatment on their prevalence. Pathogenic and/or ESBL-
producing E. coli were further characterized, in order to pre-
cise their ability to cause illness in humans, and to allow
comparisons between isolates from different origins.

2. Materials and methods
2.1. Wastewater treatment plant and sampling

Samples were taken from a municipal wastewater treatment
plant (WWTP) located in France in April 2009. The WWTP
employed activated sludge process. It serviced population
equivalent to 60,000 and wastewater from a hospital were
included. It also received wastewater from a multi-species
slaughterhouse. The slaughterhouse plant slaughtered cat-
tle, sheep, pigs and horses up to 9000 tons per year. Waste-
water had received a pre-treatment before entering into the
WWTP. City wastewater had been screened. Slaughterhouse
wastewater had been screened, sieved and treated with ferric
chloride (coagulation-flocculation). Samples were taken from
(i) city wastewater, (ii) slaughterhouse wastewater, and (iii)
treated effluent released into the river. The outlet effluent was
taken three days after the inlet effluents in order to take into
account the hydraulic residence time. Flows were recorded for
wastewater from slaughterhouse and for the outlet treated
effluent. For each effluent, an average 24-h sample was per-
formed using automatic samplers. Concerning city waste-
water, the automatic sampler was programmed in order to
take into account the variations observed in the flows during
the 24-h period. Due to the presence of buffer tank in the
slaughterhouse and in the WWTP, slaughterhouse waste-
water and the outlet effluent were not subjected to these
variations. Five liters of slaughterhouse wastewater and the
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outlet effluent, and 0.5 L of city wastewater were then trans-
ported to the laboratory in isothermal containers with eutectic
plates, and processed upon arrival at the laboratory.

2.2. Enumeration and isolation of E. coli

Samples were concentrated stepwise to a final volume of
5 mL. Decimal dilutions of the concentrated samples were
then plated onto selective medium for E. coli (Petrifilm™ Select
E. coli Count Plate, Grosseron, Saint Herblain, France). The
plates were incubated at 42 °C for 24 h; and bacterial
enumeration was performed. In a second stage, for each
sample, about 20 Petrifilm™ Select E. coli Count Plates were
inoculated with the dilution giving about 20 well isolated
colonies. After incubation, 416 isolates were randomly picked
for each sample and were grown separately with agitation at
37 °Cin LB broth. They were then stored at —80 °C in LB broth
containing 30% glycerol in 96-well microtiter plates for further
analysis. In all, 1248 isolates were saved, as 416 isolates were
saved for each of the three sampling points.

2.3. Screening for potentially pathogenic E. coli

The presence of 3 EHEC-associated genetic markers (eae, stx;
and stx,) and 8 ExPEC-associated genetic markers (sfa/focDE,
kpsMT K1, hlyA, papEF, afa/draBC, clbN, fl7A and cnf) was
investigated in the collection of 1248 isolates. DNA was
extracted from overnight cultures using NaOH. It was then
subjected to multiplex and uniplex PCR sets. A triplex PCR was
performed to detect eae, stx; and stx, genes as already
described (China et al., 1996). EHEC 0O157:H7 RIMD 050992
(Sakai) was used as a positive control (Hayashi et al., 2001).
Concerning the EXPEC, one triplex PCR was performed to
detect sfa/focDE (Le Bouguenec et al., 1992), kpsMT K1 (Johnson
and Stell, 2000) and hlyA (Johnson and Stell, 2000), one duplex
PCR to detect papEF (Yamamoto et al., 1995) and afa/draBC
(Johnson and Stell, 2000), and three single PCR assays to detect
cIbN (Johnson et al., 2008b), f17A (Bertin et al., 1996b) and cnf
genes (Yamamoto et al., 1995). Two duplex PCR sets allowed to
identify f17c-A and f17a-A, f17b-A and f111 (Bertin et al., 1996b);
and two simplex PCR sets allowed to identify cnfl and cnf2
(Toth et al., 2003). Furthermore, the presence of fuyA (Johnson
and Stell, 2000) and hlyF (Moulin-Schouleur et al., 2007) genes
was investigated in isolates positive for at least one of the 8
screened genes associated with EXPEC. Control strain J96 was
used as positive control for sfa/focDE, hlyA, papEF and fuyA
genes (Johnson et al., 1997), SP15 for kpsMT K1 and hlyF
(Johnson et al., 2002), A30 for afa/draBC (Johnson and Stell,
2000), IHE3034 for cIbN (Korhonen et al.,, 1985), 25KH9 for
f17a-A (Girardeau et al., 1988), S5 for f17b-A and cnf2 (Smith,
1974), 31A for f17c-A (Bertin et al., 1996a), 111KH86 for f111
(Bertels et al., 1989) and 28c for cnfl (Dozois et al., 1997). Based
on the PCR results, E. coli isolates were classified as EXPEC
when they carried at least three virulence genes among the 10
tested genes associated with EXPEC. The PCR were performed
on two apparatus (PCR System 9700 Gene Amp® and PTC-200
Peltier thermal cycler MJ Research). Isolates that tested posi-
tive for at least one virulence gene were confirmed to be E. coli
with an API 20E test (bioMérieux, Marcy I'Etoile, France).

2.4. Screening for ESBL-producing E. coli and detection of
B-lactamase genes

In order to detect ESBL-producing E. coli, an initial screening
was performed on the 1248 isolates. They were inoculated onto
Mueller Hinton agar (Biorad Laboratories) containing 1 pg/ml
cefotaxime and onto Mueller Hinton agar containing 1 pg/ml
ceftazidime, and incubated at 37 °C for 24 h. Isolates growing
on plates containing cefotaxime or ceftazidime were con-
firmed to be E. coli with an API 20E test. ESBL-producing E. coli
isolates were then identified by Etest for cefotaxime and cef-
tazidime including clavulanic acid, according to manufac-
turer’s instructions (bioMérieux, Marcy I’Etoile, France). E. coli
ATCC 25922 and K. pneumonia ATCC 700603 were used as con-
trol strains. The presence of blargm blasyy and blacrx-m genes
was investigated by PCR, using primers already described
for blatgy and blacrx-m genes (Bibbal et al., 2009; Saladin et al.,
2002). For the detection of blasyy genes, forward and re-
verse primers were 5-AGATCGGCGACAACGTCAC-3' and
S'TCATTCAGTTCCGTTTCCCAG-3/, respectively. The blargm
genes were amplified and sequenced, as already described
(Coque et al., 2002). Concerning blacrx.m genes, an initial
sequencing was performed, in order to identify the CTX-M
group (Saladin et al., 2002). Further, gene identification was
performed using specific primers and sequencing as described
elsewhere (Dutour et al., 2002; Simarro et al., 2000). PCR prod-
ucts were purified using the Min Elute PCR Purification KIT
(Qiagen, The Netherlands). Sequences were obtained using the
BigDye Terminator v3.1 Cycle Sequencing kit (Applied Bio-
systems, USA) with an ABI 3730 sequencer (Applied Bio-
systems, USA). E. coli JS238(pOFX326) provided by Olivier Fayet
(CNRS-LMGM-UMRS5100, France), E. coli 6UZ4 (from our collec-
tion), E. coli 149 77-3018-11 and S. Virchow 75-22438-1 provided
by Lisbeth Andersen (National Food Institute, Denmark), were
used as control strains.

2.5. Isolation of the five major EHEC

To improve the sensitivity of detection of the five major EHEC
(0157:H7, 026:H11, 0145:H28, O111:H8 and 0103:H2), a com-
plementary isolation procedure was performed. Concentrated
samples (1 mL) were enriched in 15 mL of modified Trypticase
soy broth, supplemented with novobiocin at 20 mg/L and acri-
flavin at 10 mg/L, at 42 °C for 6 h. Immunomagnetic separation
of E. coli 0157, 026, 0145, 0103, 0111 and 0103 were performed
according to the manufacturer’s instructions (Dynabeads,
Invitrogen, Cergy Pontoise, France). The beads were plated onto
cefixime-tellurite-sorbitol-MacConkey agar (Oxoid, Dardilly,
France) for E. coli 0157, and onto REBECCA® (Rapid Enter-
obacteria E. coli coliform Agar) (AES, Bruz, France) for the other
serogroups. Presumed E. coli 0157, 026, 0145, 0103, 0111 were
confirmed with serogroup specific antisera (Statens Serum
Institut, Copenhagen, Danemark) by slide agglutination.

2.6. Phylogenetic group classification

E. coli isolates positive for at least one virulence gene and
ESBL-producing E. coli were tested for phylogenetic groups
using multiplex PCR with the chuA and yjaA genes and the
DNA fragment TSPE4.C2 according the method described by
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Clermont et al. (Clermont et al., 2000). Representative E. coli
Reference Collection strains were used as template control.

2.7.  Antimicrobial susceptibility testing

E. coli isolates positive for at least one virulence gene and ESBL-
producing E. coli were subjected to antimicrobial susceptibility
testing. Antimicrobial susceptibility tests were performed by
using a disk diffusion method according to the CLSI standards
(CLSI, 2009a) on Mueller-Hinton agar (Bio-Rad Laboratories). E.
coli ATCC 25922 was used as the control strain. The 16 antibiotic
disks (Bio-Rad Laboratories) used in this study were ampicillin,
amoxicillin plus clavulanic acid, cephalothin, ceftazidime,
cefotaxime, cefepime, cefuroxime, streptomycin, gentamicin,
kanamyecin, nalidixic acid, ciprofloxacin, tetracycline, chlor-
amphenicol, trimethoprim and sulfamethoxazole. Resistance
to imipenem was tested for ESBL-producing E. coli isolates. The
susceptibility breakpoints for all antimicrobials were those
recommended by CLSI (CLSI, 2008, 2009b). Isolates were clas-
sified as multiresistant when they exhibited resistance to three
or more classes of antimicrobial agents (Schwarz et al., 2010).
The presence of major resistance genes to beta-lactam antibi-
otics (blatgm), sulfonamides (sull, sulll, sullll), phenicols ( floR,
cmlA, catl, catll and catlll ); streptomycin- spectinomycin (strA-
strB, aadA1l), tetracycline (tetA and tetB) and the presence of the
integrase genes intll1 and intl2 was investigated in the resistant
strains, using specific primers and the E. coli control strains
described elsewhere (Bibbal et al., 2009).

2.8. Characterization of stx- and eae-positive E. coli
isolates

Subtyping of stx; and stx, genes was performed using specific
primers and control strains as described by Scheutz et al.
(Scheutz et al., 2012). The presence of eae 1, v1, ¢ and y2/0
variants was screened in eae-positive E. coli by real-time PCR,
using primers and control strains previously described (Madic
et al,, 2011). In addition, potential EPEC were PCR-tested for
the presence of bfpA and EPEC adherence factor (EAF) plasmid
as already described (Franke et al., 1994; Gunzburget al., 1995).
E2348/69 was used as control strain (Levine et al., 1985). Based
on PCR results, E. coli isolates were classified as STEC or
atypical EPEC. E. coli isolates positive for stx; and/or stx, genes
were classified as STEC, Isolates positive for eae gene, and
negative for stx,, stx,, bfpA and EPEC adherence factor (EAF)
plasmid were classified as atypical EPEC (Trabulsi et al., 2002).
The five major serotypes associated with EHEC (0157:H7,
026:H11, 0145:H28, 0111:H8 and 0103:H2) were investigated
in STEC and potential EPEC isolates, by real-time PCR with
conditions and control strains described elsewhere (Madic
et al.,, 2011; Perelle et al., 2004, 2005).

2.9. Statistical analysis

A Pearson’s Chi-squared test was used to test if STEC, poten-
tial EPEC, EXPEC, ESBL producing E. coli and virulence genes
associated with EXPEC were evenly distributed among sam-
pling points (null hypothesis). The statistical significance was
set at a P value <0.05. When the null hypothesis was rejected,
sampling points were compared in pairs using a chi-square

test, with significance set at a P value <0.017, to take into ac-
count multiplicity. Statistical tests were performed using
Excel 2010.

3. Results
3.1. Characteristics of the effluents of the WWTP

The flow of the outlet treated effluent was 17,323 m>3/24 h.
Slaughterhouse wastewater contributed up to 1.7% to this
outlet effluent. Bacterial counts showed that city wastewater
and slaughterhouse wastewater contained 1.9 x 10* CFU/mL
and 7.7 x 10* CFU/mLE. coli respectively. After treatment in the
WWTP, the effluent released in the river contained
2.9 x 10% CFU/mLE. coli.

3.2. Prevalence and characteristics of EXPEC

EXPEC associated genetic markers ( papEF, sfa/focDE afa/draBC,
cnf, f17A, hlyA, clbN, and kpsMT K1) were screened in the
collection of 1248 isolates. EXPEC associated genetic markers
were detected in 57 E. coli isolated from city wastewater, 7 E. coli
from slaughterhouse wastewater and 27 E. coli from the outlet
effluent (Table 1). The prevalence of these virulence genes was
lower than 7%, and papEF, clbN, kpsMT K1 sfa/focDE, hlyA were
the most identified genes (Table 2). Moreover, the prevalence of
these 5 virulence genes was significantly higher in city waste-
water compared to slaughterhouse wastewater (P < 0.017).
Concerning the remaining genes, afa/draBC, cnfl, fl7a-A, f17¢-A
and f111 were only detected in city wastewater and/or in the
treated effluent; whereas cnf2 was only detected in the inlet
effluent from the slaughterhouse. Isolates positive for at least
one of the 8 genes associated with EXPEC were screened for fyuA
and hlyF genes in a second stage. These two genes were only
tested in a second stage because preliminary results had shown
that their prevalence was very high in E. coli isolated from the
three effluents. Isolates carrying at least three EHEC-associated

Table 1 — Prevalence of pathogenic and ESBL-producing E.

coli isolated from city wastewater, slaughterhouse
wastewater and treated effluent.

City Slaughterhouse Treated

wastewater wastewater  effluent
(n = 416) (n = 416) (n = 416)
E. coli positive for 13.7% (57) 1.7% (7) 6.5% (27)
at least one
ExXPEC associated
genetic marker®P<
EXPEC?® 8.4% (35) 1.2% (5) 5.0% (21)
Atypical EPEC 0.7% (3) 0.2% (1) 0.5% (2)
STEC 0.2% (1) 0.0% (0) 0.0% (0)
ESBL-producing 1.7% (7) 0.2% (1) 0.2% (1)
E. coli

Statistically significant differences (P < 0.017) in prevalence indi-
cated by superscript letters.

a Between city wastewater and slaughterhouse wastewater.

b Between city wastewater and treated effluent.

c Between slaughterhouse wastewater and treated effluent.
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Table 2 — Prevalence of virulence genes in city

wastewater, slaughterhouse wastewater and treated
effluent.

Virulence City Slaughterhouse Treated
genes wastewater wastewater effluent
(n = 416) (n = 416) (n = 416)
ExXPEC-associated genetic markers
papEF®< 6.3% (26) 0.7% (3) 3.1% (13)
clbN?© 5.0% (21) 0.5% (2) 2.9% (12)
RpsMTK1%P 5.3% (22) 0.5% (2) 1.4% (6)
sfa/focDE? 3.8% (16) 0.5% (2) 2.2% (9)
hlyA®P 3.6% (15) 0.2% (1) 0.7% (3)
f17A%C 1.4% (6) 0.0% (0) 1.9% (8)
fl7a-A 0.5% (2) 0.0% (0) 0.0% (0)
fl7c-A 1.0% (4) 0.0% (0) 0.7% (3)
fl11 0.0% (0) 0.0% (0) 1.0% (4)
afa/draBC 1.0% (4) 0.0% (0) 1.0% (4)
cnf 0.7% (3) 0.2% (1) 0.7% (3)
enfl 0.7% (3) 0.0% (0) 0.7% (3)
cnf2 0.0% (0) 0.2% (1) 0.0% (0)
EHEC-associated genetic markers
eae 0.7% (3) 0.2% (1) 0.5% (2)
stx 0.2% (1) 0.0% (0) 0.0% (0)

Statistically significant differences (P < 0.017) in prevalence indi-
cated by superscript letters.

a Between city wastewater and slaughterhouse wastewater.

b Between city wastewater and treated effluent.

c Between slaughterhouse wastewater and treated effluent.

genetic markers were defined as EXPEC. The prevalence of
EXPEC was 8.4% in city wastewater, 1.2% in slaughterhouse
wastewater and 5.0% in the outlet effluent (Table 1). The prev-
alence of EXPEC was significantly higher in city wastewater
compared to slaughterhouse wastewater (P < 0.017). No signif-
icant difference was observed between the prevalence of EXPEC

in city wastewater compared to the treated effluent. A signifi-
cant difference was observed between the prevalence of EXPEC
in slaughterhouse wastewater compared to the treated effluent
(P < 0.017).

ExPEC isolates mainly belonged to phylogroup B2 (82.0%),
and to a lesser extent, to phylogroup D (13.1%) and A (4.9%).
Concerning the antimicrobial resistance, the results showed
that 57.4% of the EXPEC isolates were resistant to at least one
antibiotic; and that 31.1% were multiresistant. EXPEC isolates
were mainly resistant to ampicillin (44.2%), sulfonamide
(36.1%), streptomycin (26.2%) and tetracycline (26.2%). More-
over, 13.1% were resistant to the association amoxicillin plus
clavulanic acid; and 4.9% were resistant to ciprofloxacin.
Finally, the characteristics of the 14 most potential pathogenic
EXPEC, i.e. harboring more than five genes associated with
EXPEC, are shown in Table 3. Eleven of these strains were
isolated from city wastewater and three from the treated
effluent. The main association of virulence genes was the
combination of fyuA, papEF, hlyA, sfa/focDE, and cIbN genes.
This combination of genes was detected in 9 strains. In addi-
tion, all the strains belonged to phylogenetic group B2; and 8
strains were resistant to at least one of the tested antibiotics.

3.3. Prevalence and characteristics of atypical EPEC and
STEC

No isolate harboring both eae and stx genes was detected. Six
eae-positive E. coli isolates were isolated (Table 2). They were
negative for bfpA and EPEC adherence factor (EAF) plasmid
(Table 4), which justified their classification as atypical EPEC
(Kaper et al., 2004). Their prevalence was 0.7%, 0.2% and 0.5%,
in city wastewater, slaughterhouse wastewater and in the
outlet effluent, respectively (Table 1). No significant difference
was observed according to the sampling point. A unique STEC
isolate was detected in city wastewater.

Table 3 — Characteristics of EXPEG carrying at least five virulence genes isolated from the inlet and outlet effluents of the

wastewater treatment plant.

Strain Location Combination of Phylogenetic Resistance Combination of
virulence genes group phenotype?® resistance genes

M41 City wastewater fyuA, papEF, hlyA, sfa/focDE, cIbN, kpsMT K1 B2 AMC AMP SMX blarenm, sulll

M46 City wastewater fyuA, papEF, hlyA, sfa/focDE, cIbN B2 AMC AMP STR SMX blargy, sulll

M50 City wastewater fyuA, hlyA, sfa/focDE, cIbN, kpsMT K1, B2 AMC AMP STR blarem, aadA,

hlyF, cnfl SMX TET sull, tetA, intl1

M52 City wastewater  fyuA, hlyA, sfa/focDE, cIbN, cnfl B2 S

M60 City wastewater  fyuA, papEF, hlyA, sfa/focDE, clbN, kpsMT K1 B2 AMC AMP blarem

Mé61 City wastewater fyuA, papEF, hlyA, cIbN, kpsMT K1 B2 S

Mé64 City wastewater fyuA, papEF, hlyA, sfa/focDE, cIbN B2 S

M66 City wastewater  fyuA, papEF, sfa/focDE, cIbN, kpsMT K1 B2 AMP

M75 City wastewater  fyuA, papEF, hlyA, sfa/focDE, clbN, kpsMT K1 B2 AMP KAN STR blargy, StrA-strB,

SMX TET sulll, tetA

M83 City wastewater  fyuA, papEF, hlyA, sfa/focDE, clbN B2 S

M94 City wastewater  fyuA, papEF, hlyA, sfa/focDE, cIbN, cnfl B2 S

M116 Treated effluent fyuA, papEF, sfa/focDE, cIbN, cnfl B2 AMP STR SMX blarey, sulll

M120 Treated effluent  fyuA, papEF, hlyA, sfa/focDE, cIbN, cnfl B2 S

M122 Treated effluent fyuA, papEF, hlyA, sfa/focDE, cIbN B2 AMP blarem

a AMC, amoxicillin + clavulanic acid, AMP, ampicillin; KAN, kanamycin, STR, streptomycin; SMX, sulfamethoxazole; TET, tetracycline; S,

susceptible to all tested antibiotics.
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Table 4 — Characteristics of STEC and atypical EPEC isolated from the inlet and outlet effluents of the wastewater treatment
plant.

Strain Location Presence of*: Serotype® Phylogenetic Resistance01
eae (variant®) stx bfpA  EAF ol phenotype

(subtype)

M1 City wastewater + (ND) - - - ND B2 S

M2 City wastewater + (ND) = = = ND B2 S

M3 City wastewater = =F NA NA ND Bl S5
(stx12—StXp)

M4 City wastewater + (81) = = = ND A AMP CEF CXM STR CHL NAL

SMX TMP TET
M6 Slaughterhouse + (81) - - - 0103:H2 B1 S
wastewater
M7 Treated effluent + (ND) - - - ND B2 S
M8 Treated effluent + (ND) — — — ND B2 S}

a +, present; —, absent; NA, Not analyzed.

b The presence of eae variants 81, y1, e and y2/6 was screened in eae-positive isolates; ND, Not detected.

¢ Serotypes 0157:H7, 026:H11, 0145:H28, O11:H8 and 0103:H2 were investigated; ND, Not detected.

d S, susceptible to all tested antibiotics; AMP, ampicillin; CEF, cephalothin; CXM, cefuroxime; STR, streptomycin; CHL, chloramphenicol; NAL,
nalidixic acid; SMX, sulfamethoxazole, TMP, trimethoprim; TET, tetracycline.

In order to precise the ability of E. coli strains positive for
virulence genes to cause illness in humans, these isolates
were better characterized. Among the seven atypical EPEC
isolated, eae-81 was detected in two E. coli isolated from
wastewater (Table 4). One eae-g1-positive E. coli was isolated
from city wastewater (strain M4). The second eae-81-positive
E. coli, isolated from slaughterhouse wastewater, belonged to
the serotype 0103:H2 (strain M6). The other isolates were not
assigned to the five major serotypes frequently associated
with EHEC in France. Atypical EPEC mainly belonged to
phylogenetic group B2 (4/6). Concerning the antimicrobial
resistance, 5 of the 6 atypical EPEC were susceptible to all of
the tested antibiotics. The only resistant atypical EPEC strain,
belonging to phylogenetic group A, was resistant to 9 anti-
biotics and produced ESBL (strain M4). The only STEC, iso-
lated from the inlet effluent from the city, carried both stx;,
and stx,p genes; and was susceptible to all tested antibiotics
(strain M3).

The specific detection, after enrichment and immuno-
magnetic separation, of E. coli belonging to the five major
serogroups associated with EHEC in France (0157, 026, 0145,
0103, 0111), failed to isolate EHEC.

3.4. Prevalence and characteristics of ESBL-producing
E. coli

Among the 1248 tested isolates, nine ESBL-producing E. coli
were detected. Their prevalence was 1.7% in city wastewater,
0.2% in slaughterhouse wastewater and 0.2% in the treated
effluent (Table 1). No significant difference was observed be-
tween the sampling points. From the seven ESBL-producing
E. coli isolated from city wastewater, the gene blargy.s, Was
detected in six isolates, while blactx-m-14 Was detected in one
isolate (Table 5). The two ESBL-producing E. coli isolated from
slaughterhouse wastewater and treated effluent harbored
blacrx-m-1 gene (strains M30 and M19). All ESBL-producing E.
coli harbored blargy.1 gene, and none of these isolates
harbored blasyy gene. Eight isolates were multiresistant, and

one isolate was resistant to ciprofloxacin. Moreover, all ESBL-
producing E. coli were susceptible to imipenem. Class 1 inte-
gron was detected in eight ESBL-producing E. coli. The distri-
bution of the ESBL-producing E. coli according to the
phylogenetic groups shown that eight of the nine isolates
belonged to group A. The remaining strain belonged to group
B1. Finally, screenings of virulence genes associated with
EHEC and ExPEC only detected the presence of eae-81 gene in
one of the 9 tested ESBL-producing E. coli (strain M4).

4, Discussion

We sampled outlet and inlet effluents, taken into account the
residence time, in order to evaluate the impact of the treat-
ment on the prevalence of pathogenic and/or resistant E. coli.
The treatment in the WWTP eliminated about 99% of the load
of the inlet effluents. However, up to 10?2 CFU/mL E. coli were
released into the river, and these values are consistent with
what has already been described (Harwood et al., 2005; Pignato
etal., 2009; Reinthaler et al., 2003). Among these E. coli isolates,
we detected pathogenic and/or resistant E. coli which had been
disseminated in the environment. As the WWTP received inlet
effluents from the city and from a slaughterhouse, we were
also able to compare the prevalence of pathogenic and/or
resistant E. coli according to human or animal origin. Never-
theless, isolates from city wastewater were not strictly from
human sources, as feces from companion animals or birds
might be released into domestic wastewater. However, this
contribution should be very low in terms of flow and number
of E. coli. Moreover, isolates from slaughterhouse wastewater
might have a human origin as toilets of workers were released
into this effluent. But this contribution to the final effluent
should be very low too.

The most prevalent and the most pathogenic isolated E. coli
strains for humans were EXPEC. The prevalence of EXPEC was
significantly higher in city wastewater, compared to slaugh-
terhouse wastewater. After treatment, no significant difference
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Phylogenetic group

Combination of resistance genes

Resistance phenotype®

Type of p-lactamase genes?®

Location

Strain

Non-ESBL

ESBL

sull, sulll, catl, tetA, intll

AMP CEF CXM STR CHL NAL SMX TMP TET
AMP CEF CXM STR CHL NAL SMX TMP TET

<

11, catl, tetA, intll
11, catl, tetA, intll

11, catl, intl1

< <<

11, catl, tetA, intll
11, catl, tetA, intll

B1

111, cmlA, intll

aadAl, su

aadAl, su

AMP CEF CXM CTX STR CHL NAL SMX TMP TET
AMP CEF CXM STR CHL NAL SMX TMP TET
AMP CEF CXM STR CHL NAL SMX TMP TET
AMP CEF CXM STR CHL NAL SMX TMP TET

aadAl, su

aadAl, su
aadAl,

aadAl, su

AMP CEF CXM STR CHL NAL CIP SMX TMP TET

AMP CEF CXM SMX TMP
AMP CEF CXM CTX

sulll, intl1

City wastewater

M4

City wastewater

M16
M18
M20
M24
M25
M32
M30

M19

City wastewater

City wastewater

City wastewater

City wastewater

b

City wastewater

Slaughterhouse wastewater

Treated effluent

a PCR detection and gene identification were performed for blargm, blasyy and blacrs-m genes.
b AMP, ampicillin; CEF, cephalothin; CXM, cefuroxime; CTX, cefotaxime; STR, streptomycin; CHL, chloramphenicol; NAL, nalidixic acid; CIP, ciprofloxacin; SMX, sulfamethoxazole, TMP,

trimethoprim; TET, tetracycline.

was observed compared to city wastewater. On the other hand,
the outlet prevalence was significantly higher compared to
slaughterhouse wastewater. This might be explained by the fact
that slaughterhouse wastewater contributed little to the final
effluent, in terms of flow and number of E. coli. Regarding the
prevalence of genetic markers associated with ExXPEC, we
showed that the prevalence of the main virulence genes ( papEF,
clbN, kpsMT K1, sfa/focDE, hlyA) was significantly higher in
wastewater from human origin compared to animal origin. This
result is consistent with what have been observed by Escobar-
Paramo et al. (Escobar-Paramo et al.,, 2006) comparing the
presence of extraintestinal virulence genes ( pap, sfa, hly and
aer) in collections of commensal isolates from human and an-
imal origin. They showed that human isolates exhibited a
clearly higher proportion of virulence genes than animal iso-
lates. The cIbN gene was shown to be significantly associated
with bacteremia (Johnson et al., 2008b). Here, we showed that
cIbN gene was detected in E. coli isolated from city wastewater,
and to a lesser extend in E. coli isolated from slaughterhouse
wastewater. Concerning the less identified genes, cnfl was only
detected in city wastewater and in the outlet effluent; whereas
cnf2 was only detected in slaughterhouse wastewater. This
result is in agreement with other studies showing that cnfl-
positive isolates have mostly been isolated from extra-
intestinal infections from humans, and cnf2-positive isolates
have been isolated from calves with septicemia or diarrhea (De
Rycke et al., 1999). Finally, f17a-A, f17c-A, f111 and afa/draBC
were only detected in city wastewater and/or in the outlet
effluent. The fact that we detected the f17a-A gene in two E. coli
isolated from city wastewater is surprising, as f17a-A is known
to be detected in pathogenic E. coli isolated from bovine with
diarrhea (Le Bouguenec and Bertin, 1999).

The screened virulence genes have been detected in E. coli
isolated from extraintestinal infections (Johnson, 2003;
Johnson and Russo, 2005). They encode for virulence factors.
The presence of additional virulence factors in the same
ExPEC isolate acts in additive fashion, enhancing the cumu-
lative impact of pathogenicity in urinary tract infections
(Yamamoto et al., 1996). We identified 14 EXPEC in effluents
(city wastewater and treated effluent) harboring more than
five virulence genes, and they all belonged to phylogroup B2.
Clinical isolates of ExXPEC typically belong to phylogenetic
groups B2 and, at a lesser extend D (Picard et al., 1999). It is
worthy of note that the most potentially pathogenic EXPEC for
humans were all isolated in wastewater from human origin
and treated effluent. EXPEC released into the river might
persist in the environment. In fact, isolates, with the same
virulence characteristics that we detected, were isolated from
surfaces waters in St. Clair River and Detroit River areas, from
recreational waters collected in Great Lakes in Canada, from
estuarine waters collected in Australia (Hamelin et al., 2006,
2007; Masters et al., 2011). Recently, Anastasi et al. detected
identical E. coli isolates with uropathogenic characteristics in
final effluents of WWTP and in the environment near these
effluents had been released (Anastasi et al., 2012). They sug-
gested that E. coli strains surviving wastewater treatment can
also survive in the environment.

The screening of EHEC associated genetic markers revealed
that the prevalence of these genes was very low in effluents.
None of these 1248 isolates harbored both ede and stx genes.
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Atypical EPEC were detected in city wastewater, slaughterhouse
wastewater and in the treated effluent. Other studies showed
the presence of eae-positive E. coli isolates in effluents from
human and animal origin (Awais et al., 2007; Garcia-Aljaro et al.,
2005; Holler et al., 1999; Vernozy-Rozand et al., 2004). Loukiadis
et al. detected 54 eae-positive E. coli isolates among 5001 isolates
from various effluents from 12 slaughterhouses in France
(Loukiadis et al., 2006). Here, we confirmed that the prevalence of
eae-positive E. coli isolates in effluents was very low. Among the
five isolated EPEC, two were eaeBl-positive, which a subtype
frequently detected in atypical EPEC in humans isolates
(Hernandes et al., 2009). Hamilton et al. detected eae-positive E.
coli isolates with the same characteristics in Avalon Bay, CA.
Most of these isolates were atypical EPEC and also carried the
intimin subtype (Hamilton et al., 2010). These results suggest
that, as EXPEC, atypical EPEC released by WWTP might persist in
the environment. The pathogenic potential of atypical EPEC re-
mains controversial, butrecently atypical EPEC have been linked
to outbreaks of human diseases (Ochoa and Contreras, 2011).

We only detected one STEC in city wastewater. Using colony
hybridization, Garcia-Aljaro et al. (2004) detected one stx2-
positive E. coli isolate per 1000 coliform colonies in municipal
sewage. These results are in agreement with what we observed.
It is worthy of note that we did not isolate STEC in slaughter-
house wastewater, whereas Garcia-Aljaro et al.detected one
stx2-positive E. coli isolate per 100 coliform colonies in waste-
water from animal origin (Garcia-Aljaro et al., 2004). Moreover,
we did not detect any STEC in the outlet effluent. This might be
explained by the low prevalence of STEC in the studied efflu-
ents, and this is consistent with the fact that we did not isolate
EHEC after enrichment and immunomagnetic separation of E.
coli belonging to the five major serogroups.

Finally, we detected ESBL-producing E. coli in inlet and
outlet effluents at a low prevalence. These isolates were
multiresistant, as observed for the majority of clinical ESBL
producers (Livermore et al., 2007). They did not harbor viru-
lence genes, with the exception of one isolate which was eae-
B1-positive. ESBL-producing E. coli were mainly detected in
city wastewater. Amongst these strains, the gene blargm.s»
was predominant. Only one isolate harbored a blacrx-m-14
gene. This distribution differs from that published for ESBL-
producing E. coli isolated from healthy subjects and patients
in France, where CTX-M-producing isolates were predomi-
nant (Arpin et al., 2009; Janvier et al., 2011; Nicolas-Chanoine
et al., 2013). It is worthy of note that differences in the distri-
bution of blacrx.m Were also observed between these studies,
confirming the fact that many factors may affect the digestive
carriage of ESBL-producing E. coli. In our study, it would be
interesting to evaluate the genetic relatedness of E. coli iso-
lates carrying the gene blargm-s», in order to precise if a clonal
isolate was widespread in city wastewater. One CTX-M-1-
producing E. coli was isolated from slaughterhouse effluent.
This is in agreement with other studies showing that blacrx-m
genes are predominant in ESBL-producing E. coli isolated from
cattle and pig in France (Madec et al., 2008; Meunier et al.,
2006; Valat et al,, 2012). Finally, one CTX-M-1-producing E.
coli was isolated from the treated effluent and was released in
the river. Here, we confirmed the fact that WWTP failed to
eliminate ESBL-producing E. coli, in agreement with other
studies (Dolejska et al., 2011; Galvin et al., 2010).

5. Conclusion

e In conclusion, we have shown that STEC, atypical EPEC,
ExXPEC and/or ESBL-producing E. coli were present in efflu-
ents of a WWTP, receiving slaughterhouse effluents.

e Among the investigated strains, the most prevalent and the

most potentially pathogenic were EXPEC. The prevalence of

ExPEC was significantly higher in wastewater from the city

compared to the slaughterhouse. Moreover, the prevalence

of EXPEC was not impacted by treatment in the WWTP.

ESBL-producing E. coli had mainly a human origin too.

The prevalence of atypical EPEC was very low, and a unique

STEC was isolated from human wastewater.

EXPEC, atypical EPEC and ESBL-producing E. coli, discharged

into the river might persist in the environment and could be

transmitted to humans and animals.
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