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Abstract

Objective

The goal of the current study was to gain insight into the prevalence and concentrations of
antimicrobial resistant (AMR) Escherichia coli in Dutch surface water, and to explore the
role of wastewater as AMR contamination source.

Methods

The prevalence of AMR E. coli was determined in 113 surface water samples obtained from
30 different water bodies, and in 33 wastewater samples obtained at five health care institu-
tions (HCls), seven municipal wastewater treatment plants (MWWTPs), and an airport
WWTP. Overall, 846 surface water and 313 wastewater E. coli isolates were analysed with
respect to susceptibility to eight antimicrobials (representing seven different classes): ampi-
cillin, cefotaxime, tetracycline, ciprofloxacin, streptomycin, sulfamethoxazole, trimethoprim,
and chloramphenicol.

Results

Among surface water isolates, 26% were resistant to at least one class of antimicrobials,
and 11% were multidrug-resistant (MDR). In wastewater, the proportions of AMR/MDR E.
coli were 76%/62% at HCls, 69%/19% at the airport WWTP, and 37%/27% and 31%/20%
in mMWWTP influents and effluents, respectively. Median concentrations of MDR E. coli
were 2.2x10%, 4.0x10%, 1.8x107, and 4.1x10 cfu/l in surface water, WWTP effluents,
WWTP influents and HCI wastewater, respectively. The different resistance types occurred
with similar frequencies among E. coli from surface water and E. coli from municipal waste-
water. By contrast, among E. coli from HCI wastewater, resistance to cefotaxime and resis-
tance to ciprofloxacin were significantly overrepresented compared to E. coli from municipal
wastewater and surface water. Most cefotaxime-resistant E. coliisolates produced ESBL. In
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two of the mMWWTP, ESBL-producing variants were detected that were identical with re-
spect to phylogenetic group, sequence type, AMR-profile, and ESBL-genotype to variants
from HCI wastewater discharged onto the same sewer and sampled on the same day
(A4/ST23/CTX-M-1, B2,/ST131/CTX-M-15, Do/ST405/CTX-M-15).

Conclusion

In conclusion, our data show that MDR E. coli are omnipresent in Dutch surface water, and
indicate that municipal wastewater significantly contributes to this occurrence.

Introduction

The use of antimicrobials in human and animal health care has resulted in the widespread
prevalence of antimicrobial resistant (AMR) bacteria not only in humans and animals, but also
in the environment, e.g. in surface water and soil [1-4]. As a consequence, the probability of
getting exposed to AMR bacteria outside a health care setting has increased. For instance, peo-
ple may get exposed through the preparation and consumption of contaminated meat products
[5-7], vegetables, herbs and fruits [8-14], or contact with and ingestion of contaminated sur-
face water, for instance during recreational activities [15,16]. Dissemination of bacteria with ac-
quired resistance to antimicrobials may represent both direct and indirect risks to human
health. The direct risk entails exposure to AMR pathogens, resulting in hard to treat infections.
Indirect risks are associated with the exposure to relatively harmless AMR bacteria, such as
commensal bacteria that are able to colonize gut, skin or mucosa, resulting in asymptomatic
carriage of AMR bacteria. The public health risks associated with asymptomatic carriage com-
prise transfer of resistance genes between commensals and pathogens, transfer of AMR com-
mensals (that are often opportunistic pathogens) to people who are more vulnerable to
infection (e.g. the elderly, immunocompromised individuals and individuals with underlying
disease), or asymptomatic carriers entering a stage of increased vulnerability themselves (e.g.
hospitalization).

The threat AMR poses on global public health necessitates mitigation of dissemination of
AMR bacteria, and therefore the identification of possible dissemination routes. One of the
routes that should be considered, in particularly with respect to dissemination of faecal AMR
bacteria, is surface water. Faecal bacteria, among which AMR variants, are emitted to the
aquatic environment with human sewage and animal faeces. In the Netherlands, AMR bacteria
are highly prevalent among livestock, in particular broilers, veal calves and slaughter pigs [17].
This high prevalence is related to years of massive use of antimicrobials in animal husbandry
[17], a practice which has been curbed five years ago as a result of a covenant between multiple
parties in the animal husbandry sector. Notwithstanding the concomitant decrease in antimi-
crobial use in Dutch livestock during the past couple of years, the prevalence of AMR gut bacte-
ria is still very high. For example, for enterococci and E. coli prevalence figures of 50% to over
90% are reported for specific antimicrobial—animal combinations [17]. Contamination of sur-
face water with faeces from livestock may occur through run-off of manure that is applied to
the land for fertilization, or manure introduced unintentionally through run-off from farm
premises or in the form of droppings of pasture and free-range animals. Faecal contamination
of surface water through sewage occurs through the discharge of treated wastewater or the dis-
charge of untreated sewage through sewage overflows during heavy rainfall. In the Nether-
lands, 352 wastewater treatment plants (WW'TPs) are operational, the majority of which use
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biological treatment processes to reduce organic matter and nutrients. Only a small minority of
these WWTPs use additional disinfection processes, such as UV, ozone treatment or mem-
brane filtration to specifically remove microorganisms. During biological wastewater treatment
without disinfection, concentrations of faecal bacteria are only partially reduced, e.g. for coli-
form bacteria in the order of 1-3 log;o units [18]. AMR bacteria and AMR genes are highly
prevalent in sewage and sludge, and multiple studies have indicated that treated wastewater
may indeed contribute to the contamination of surface water with AMR bacteria [19-29].

Surface water is an important source for drinking water production and is used for recrea-
tional activities and irrigation of crops. Through these uses, the human population may be ex-
posed to AMR bacteria. Moreover, also animals (livestock, wild life) may be exposed to these
bacteria, by drinking from or foraging in contaminated water. Over the past eight years, our re-
search group has been engaged in multiple small-scale projects concerning the prevalence of
AMR E. coli in surface water and wastewater, under the authority of different governmental
bodies and ministries. The main goal of the present study was to gain insight into the preva-
lence and concentrations (and variation therein) of AMR E. coli in Dutch surface water, by an
integrated data analysis of results from these multiple small-scale studies, and to explore the
possible role of wastewater as AMR contamination source of Dutch surface water.

Materials and Methods
Sample description

Between 2006 and 2013, 30 surface water locations were sampled as part of different small-
scale research projects on the authority of the Ministry of Infrastructure and Environment.
Sampling sites were situated in different parts of the country, and consisted of different types of
waterbodies: rivers, canals, rivulets, lakes and the North Sea. Sites were sampled once or multi-
ple times, resulting in 113 samples (Table 1). For purpose of analysis of proportions of AMR
and multidrug resistant (MDR) E. coli (i.e. to minimize the introduction of inaccuracies due to
relatively low numbers of isolates per sample) the surface waters were grouped based on sam-
pling region and year of sampling (Table 1). Surface water samples (1 liter) were taken accord-
ing to NEN-EN-ISO 19458 [30].

Between 2009 and 2013, wastewater was sampled at multiple wastewater treatment plants
(WWTP) and health care institutions (HCIs) (Table 2). Five HCIs were sampled: two nursing
homes (HCI-1, HCI-2), one top-clinical regional hospital (HCI-3), one regional hospital (HCI-
4) and one university hospital (HCI-5). All HCI wastewater samples consisted of untreated
wastewater, which was, in all cases but one, discharged onto the public sewage system. The ex-
ception was HCI-3, where at the time of the second sampling (2010), an experimental tertiary
WWTP was operational (which included membrane filtration). Although in this case both in-
fluent and effluent were sampled, no E. coli was obtained from the effluent sample, and dis-
cussed results concern untreated hospital wastewater only. Wastewater was sampled at the
WWTP of an international airport (aWWTP), where wastewater is derived from passengers,
aviation industry and airplanes, and at seven municipal WWTPs (mWWTP-1 to mWWTP-7).
Overall, seven influent samples (one from the aWWTP, six from mWWTPs) and 19 effluent
samples (one from the aWWTP and 18 from mWWTPs) were obtained (Table 2). At the
aWWTP and four of the mWWTP, influent and effluent samples were obtained at the same
date and time. Each of the WWTPs including the aWWTP applied mechanical and biological
treatment processes only, and effluents were not disinfected. Nursing home HCI-2 and region-
al hospital HCI-4 both discharged onto the public sewage treated at mWWTP-2, and the 2011
samples from these locations were taken at the same day. The same holds true for University
Hospital HCI-5 and mWWTP-3. The majority of wastewater samples consisted of 24h flow
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Table 1. Surface water samples.
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Year of sampling

2006
2008/2009
2008/2009
2008/2009
2012
2012
2012
2012
2013

— I GG TmmOO >

No. samples? No. locations? Types of water (humber of different water bodies)
24 4 Rivers (3), rivulet (1)

13 1 River (1)

14 1 River (1)

13 1 River (1)

9 3 Canals (2), lake (1)

8 2 Lake (1; two different sites)

12 4 Canals (3), North sea (1)

9 3 River (1; two different sites), lake (1)

11 11 Rivulets (11)

3A total of 113 samples were taken at 30 locations scattered over eight different regions (group A and group H contained different water bodies, but were
located in the same regional area). For each group, the number of samples analysed per location is calculated by dividing the no. of samples by the no. of
locations; this number also equals the number of different sampling dates per site.

doi:10.1371/journal.pone.0127752.t001

proportional samples collected by staff from WWTPs, water boards or HClIs, using automated
systems. When 24h flow proportional samples were not available (both samples of HCI-3, in-
fluent from mWWTP-1, and one of four effluent samples of mWWTP-3), grab samples were
taken. All samples were transported to the laboratory shortly after sampling, where they were
stored at 5+3°C and analysed within 24 hours.

Isolation and enumeration of E. coli

From each sample, multiple volumes were filtered through 0.45 um pore size membrane filters
(Millipore, Amsterdam, the Netherlands). Because samples were analysed as part of different
projects, the method used for isolation and enumeration of E. coli varied and entailed either the
use of tryptone soya agar (TSA) and tryptone bile agar (TBA), as described in to ISO 9308-1
‘Rapid test’ [31], or alternatively, tryptone bile x-glucuronide agar (TBX) in accordance with

Table 2. Wastewater samples.

Type of wastewater No. Sampling location (year of sampling)
samples
Nursing home 2 HCI-1 (2009), HCI-2 (2011)
Hospital 5 HCI-3(2009, 2011); HCI-4 (2010, 2011); HCI-5 (2011)
Airport WWTP 1 aWWTP (2010)
influent
Airport WWTP 1 aWWTP (2010)
effluent
Municipal WWTP 6 mWWTP-1 (2009), mWWTP-2 (2010, 2011), mMWWTP-3 (2011),
influent mWWTP-6 (2013), mMWWTP-7 (2013)
Municipal WWTP 18 mWWTP-2 (2010, 2011), mMWWTP-3 (2011, 2012") mWWTP-4
effluent® (2012%), mMWWTP-5 (2012¥), mMWWTP-6 (2012", 2013), mWWTP-7
(2013)

HCI = Health Care Institution, WWTP = Wastewater Treatment Plant

aEffluents were obtained three () or four () times during 2012.

Underlined years indicate that influents and effluents from the same year and location were sampled at the
same time-point.

doi:10.1371/journal.pone.0127752.t002
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ISO 16649-2 [32]. In short, filters were incubated on TSA or TBX for 4-5 hours at 36+2°C,
and subsequently transferred to TBA or maintained on TBX and incubated for 19-20 hours at
44+0.5°C. Presumptive E. coli identified using the TSA/TBA method (i.e. indole-positive), were
additionally confirmed as E. coli by testing for 8-glucuronidase-activity on Brilliance E. coli/co-
liform agar (BECSA; Oxoid, Badhoevedorp, the Netherlands) or using API20E (Biomerieux).
Beta-glucuronidase-positive colonies identified using TBX were additionally confirmed by test-
ing for indole-activity using BBL Dry Slide (BD, Breda, The Netherlands). E. coli concentra-
tions were based on the number of indol-positive (TSA/TBA) or 8-glucuronidase-positive
(TBX) colonies and the fraction of these colonies that was confirmed to be E. coli. The concen-
trations were calculated using Mathematica software 9.0.1 (WolframResearch, Champaign, IL,
USA).

Analysis of antimicrobial resistance

Overall, 1,159 E. coli isolates (846 from surface water and 313 from wastewater) were obtained.
These were screened for susceptibility to a panel of antimicrobials of human and veterinary
clinical relevance, using broth micro dilution supplemented with Etests (Biomerieux, Boxtel).
For broth micro dilution, the Sensititre SensiTouch system (TREK, MCS Diagnostics, Swal-
men) was used, using custom made sensititre plates. Both methods were performed according
to the manufacturers’ instructions and CLSI guidelines [33]. All isolates were screened for sus-
ceptibility to one or two antimicrobial representatives from seven classes of antimicrobials: am-
picillin (penicillins), cefotaxime (3" generation cephalosporins), tetracycline (tetracyclines),
ciprofloxacin (fluoroquinolones), streptomycin (aminoglycosides), sulfamethoxazole and tri-
methoprim (folate pathway inhibitors), and chloramphenicol (phenicols). Resistance was de-
fined as having a minimal inhibitory concentration (MIC) above the ecological cut-off value
available at the EUCAST website [34]. Multi-drug resistance was defined as resistance to 3 or
more different classes of antimicrobials [35]. Proportions of AMR and MDR resistant E. coli
variants were calculated at the sample group level rather than at individual sample level, to
minimize inaccuracies in proportions introduced by analysis of low numbers of isolates (on av-
erage 8 isolates per sample, range 1 to 15). Concentrations of AMR and MDR E. coli were esti-
mated by multiplying the observed E. coli concentration in a sample, with the proportion of
AMR and MDR E. coli calculated for the corresponding sample group.

Antimicrobial resistance occurrence frequencies

For each type of antimicrobial resistance, the occurrence frequency within the different E. coli
populations (population being defined as a set of E. coli isolates from one type of water source,
e.g. surface water, HCI wastewater etc.) was calculated. This was done by dividing the times re-
sistance to a specific antimicrobial was observed in an E. coli population by the total number of
resistances observed in the same population. The obtained values were additionally compared
with occurrence frequencies observed among E. coli from slaughter pigs, veal calves and broil-
ers. For these animals the required parameters, i.e. total number of resistances (including only
the types of resistance investigated in the current study) and the times resistance to a specific
antimicrobial was observed, were deduced from percentages resistant E. coli and total numbers
of isolates tested, which were reported as part of Dutch surveillance studies performed during
2010 and 2011 [36].

Isolation and enumeration of ESBL-producing E. coli

From 2010 onwards, samples were screened for the presence and numbers of ESBL-producing
E.coli, using selective medium (49 of 113 surface water samples: groups E through I, and 30 of
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33 wastewater samples). Either TBX supplemented with 1pg/ml of cefotaxime (CTX) or
ChromID ESBL agar (Biomerieux) was used. Plates were incubated for 18-24 hours at 36+2°C,
or for 4-5 hours at 36+2°C followed by 18-19 hours at 44+0.5°C or. Suspected ESBL-E. coli
isolates (i.e. 3-glucuronidase-positive on both types of medium) were confirmed to be indole-
positive using BBL Dry Slide (BD), and subsequently tested for ESBL-production by disk
diffusion following CLSI guidelines [33], using Sensi-Discs (BD, Breda, the Netherlands). Zone
diameters were determined for cefotaxime (30ug), cefotaxime (30pg) + clavulanic acid (10pg),
ceftazidime (30pg), ceftazidime (30ug) + clavulanic acid (10pug), and cefoxitin (30 pg). ESBL-
producing isolates were defined as strains resistant to cefotaxime (zone diameter < 22 mm)
and/or ceftazidime (zone diameter < 17 mm), and an increase in zone diameter of > 5 mm
with the disks containing clavulanic acid [33]. Isolates without a significant effect of clavulanic
acid and resistant to cefoxitin (zone diameter < 14 mm) were considered AmpC-producing
[37]. ESBL-producing E. coli concentrations were calculated from the numbers of 3-glucuroni-
dase-positive colonies, and the fraction of isolates confirmed to be indole-positive and
ESBL-producing. Concentrations were calculated using Mathematica software 9.0.1 (Wolfram-
Research, Champaign, IL, USA).

Characterization of wastewater ESBL-producing isolates

The set of wastewater samples included two small wastewater chains: one consisting of nursing
home HCI-2, hospital HCI-4 and mWWTP-2, and one consisting of hospital HCI-5 and
mWWTP-3. For ESBL-producing isolates from these samples, AMR profiles, ESBL-genes, phy-
logenetic groups and sequence types were determined in order to establish potential relation-
ships between strains detected in different samples along the water chains. AMR profiles were
determined for the same antimicrobials used for E. coli, and additionally for ceftazidime and
nalidixic acid (using Etests). For ESBL-gene analysis, the presence of genes encoding CTX-M-
group 1, CTX-M-group 2, and CTX-M-group 9 ESBL, and blagxa-, blasyyv- and blargy-genes,
was established by multiplex PCRs using primers, primer concentrations and amplification
conditions described by Dalenne et al. [38]. PCR products of the expected size were treated
with ExoSAP-IT (GE Healthcare, Hoevelaken, the Netherlands) and sequenced using the same
primers used for PCR. Obtained sequences were compared with ESBL-gene sequences in the
GenBank database and on the Lahey website (www.lahey.org/studies). Isolates were allotted to
phylogenetic groups A, B1, B2 or D, using PCR targeted to the chuA, yjaA genes and TspE4.C2
DNA fragment, using primers described by Clermont et al. [39] at a concentration of 0.2uM.
Amplification conditions were as follows: 5 min 95°C, followed by 35 cycles of 30 s 95°C, 30 s
62°C, 30 s 72°C, and a final elongation step of 10 min 72°C. Strains were sub-grouped in seven
groups/subgroups: Ag, A, B, B2,, B2;, Dy, and D,, according to the definitions used by Esco-
bar-Paramo et al. [40]. Isolates identical with respect to AMR profile, ESBL-genotype and phy-
logenetic group were further characterized using multi-locus sequence typing (MLST) as
described by Wirth et al. [41]. Primer sequences were obtained from the E. coli MLST database
website http://mlst.warwick.ac.uk/mlst and used in a concentration of 0.2uM. Amplification
conditions were as follows: 5 min 95°C, followed by 35 cycles of 30s 95°C, 30s 60°C (adk, icd,
mdh, purA, recA) or 30s 64°C (fumC, gyrB), 45s 72°C, and a final elongation step of 10 min
72°C. PCR-products of the expected size were treated with ExoSAP-IT (GE Healthcare) fol-
lowed by sequencing using the same primers used for PCR. Obtained sequences were imported
in the E. coli MLST database website to determine MLST types.
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Fig 1. Resistant and multi-drug resistant E. coli in surface water (A) and wastewater (B). For each group of isolates from surface water (A) and
wastewater (B), percentages of isolates resistant to 0, or 1 to 7 different antimicrobial classes are shown. On the x-axis, indicated between brackets (n = x;y;
z) are the number of isolates (x), the number of samples (y), and the number of sample locations (z). MDR = multidrug resistant, i.e. resistant to three or more
different classes of antimicrobials, AMR = antimicrobial resistant, i.e. resistant to at least one class of antimicrobials. For airport wastewater results from
influent and effluent were combined because of small sample sizes. **P<0.01 relative to surface water values, Pearson Chi-Square Test.

doi:10.1371/journal.pone.0127752.g001

Statistics

The independent sample Kruskal Wallis Test was used to compare E. coli populations from dif-
ferent water sources with respect to the average number of resistances per isolate. The Pearson
Chi-Square test was used to compare the proportions of antimicrobial resistant E. coli (i.e. with
respect to AMR, MDR, and individual resistance types), and antimicrobial resistance frequen-
cies between different E. coli sources. The diversity of ESBL-producing isolates in different
wastewater samples was calculated using the Simpson’s Index of Diversity (1-D), which was
calculated from:

b==Nw~n-1

where n; represents the number of variants with the i pheno-/genotype, and N the total num-
ber of isolates.

Results
Prevalence of AMR resistant E. coli in surface waters and wastewaters

The proportion of E. coli isolates resistant to at least one class of antimicrobials (AMR E. coli)
varied from 7% to 49% between surface water groups (Fig 1A). The proportion of MDR E. coli
varied from 2% to 22%. Overall, 26% of all 846 E. coli isolates from surface water were AMR,
and 11% were MDR (Fig 1B). Among E. coli isolates originating from hospital wastewater the
proportions of AMR (77%) and MDR (68%) E. coli were significantly higher compared to
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those from surface water (P<0.001, Pearson Chi square test). This was also the case for isolates
from nursing home wastewater, with 74% and 47% of the E. coli being AMR and MDR, respec-
tively (relative to surface water: P<0.0001, Pearson Chi Square test). In wastewater from mu-
nicipal WWTPs, the proportions of AMR variants were slightly (and statistically not
significant) higher than those in surface water: 37% and 31% in influents and effluents respec-
tively, vs. 26% in surface water; differences with respect to the proportions of MDR variants
were more pronounced: 27% and 20%, respectively, vs. 11% in surface water (P = 0.01, Pearson
Chi Square Test; Fig 1B).

Compared to municipal wastewater, airport wastewater contained relatively high propor-
tions of AMR E. coli (69%) but similar proportions of MDR E. coli (19%). In WWTP effluents,
the proportions of AMR and MDR E. coli were slightly reduced relative to those in influents
(AMR: 31% vs. 37%, MDR: 20% vs. 27%, respectively). Six of the effluent and influent samples
were obtained at the same time at the same WWTP (once at the aWWTP and five times at
mWWTP, see Table 2). When only these six pairs of effluent and influent samples were includ-
ed for analysis, the difference in proportions of AMR and MDR E. coli between both types of
wastewater appeared more distinct: respectively 30% (16/53) and 45% (23/51) of the E. coli iso-
lates from matching effluent and influent were resistant to at least one antimicrobial, and 17%
(9/53) and 27% (14/51) were MDR. Although these differences were not statistically significant
(P =0.1, Pearson Chi Square Test), these results may indicate a slightly higher decline rate for
AMR E. coli than for susceptible E. coli during wastewater treatment.

Detection frequencies of resistance types among E. coli from different
water sources

In surface water and municipal wastewater, E. coli isolates resistant to sulfamethoxazole, tri-
methoprim, ampicillin, streptomycine or tetracycline (from here on indicated as ‘STAST” anti-
microbials) were more prevalent than isolates resistant to cefotaxime, ciprofloxacin or
chloramphenicol (Table 3, left). In contrast, in HCI wastewater ciprofloxacin-resistant isolates
were as common as isolates resistant to either of the ‘STAST” antimicrobials, and also cefotax-
ime-resistant isolates were frequently detected (Table 3, left). For each individual antimicrobial,
the proportion of resistant isolates was significantly higher among isolates from HCI wastewa-
ter compared to isolates from surface water (P-values from <0.001 to 0.007, Pearson Chi
Square Test; Table 3, left). With the exception of the proportion of cefotaxime—resistant iso-
lates, this was also true for isolates from mWWTP wastewater (P-values from <0.001 to 0.048,
Pearson Chi Square Test; Table 3, left).

The average number of resistances per isolate was 0.7 (596/846), 1.1 (265/234) and 3.6 (224/
63) for E. coli isolates from surface water, municipal wastewater and HCI wastewater, respec-
tively (P<0.0001, Kruskal-Wallis Test). Irrespective of the water source, resistance to each of
the ‘STAST’ antimicrobials contributed 13% to 22% of all resistances in different E. coli popula-
tions (Table 3, right). Overall, the antimicrobial resistance occurrence frequencies were very
similar for surface water and municipal wastewater (Table 3, right). By contrast, resistance to
cefotaxime (9.4% vs. 2.3%, P<<0.001, Pearson Chi Square Test) and to a lesser extent ciprofloxa-
cin (15% vs 7%, P<0.001, Pearson Chi Square Test), constituted a significantly larger propor-
tion of observed resistances among E. coli from HCI wastewater compared to E. coli from
surface water. Similarly, some types of resistance occurred more frequently among isolates
from livestock compared to isolates from surface water (e.g. ciprofloxacin-, tetracycline-, and
chloramphenicol resistance in broilers, slaughter pigs and veal calves, respectively) (Table 3,
right). By contrast, some resistance types occurred more frequently among surface water iso-
lates compared to livestock isolates (e.g. cefotaxime-resistance compared to slaughter pig/veal
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Table 3. AMR resistance and relative distribution of resistance types among E. coli from different water sources and livestock

Percentages of E. coli isolates Occurrence of resistance (%) relative tototal no. of resistances (B)
resistant to antimicrobial (A)

Surface mWWTP ww  HCI ww Surface mWWTP HCl ww Broilers (n, Slaughter Veal

water (Ngc =  (Nec = 234) (Nec = water (n, = ww (n, = (n, = =2342)" pigs (n, = calves(n,

846) 63) 596) 265) 224) 1556) P =1095) P
Sulfamethoxazole 15.5 21.8* 55.6%* 22.0 19.4 15.6* 16.3%* 20.0 16.8%*
Trimethoprim 9.6 17.1%* 49.2%* 13.6 15.2 13.8 14.1 17.6% 13.7
Ampicillin 125 21.8** 57.1** 17.8 19.4 16.1 17.3 12.6%* 14.1*
Streptomycin 11.1 19.2%* 47.6** 15.8 17.1 134 15.6 20.7* 17.0
Tetracycline 12.9 17.9% 50.8** 18.3 16.0 14.3 13.5%* 23.8** 22.6*
Cefotaxime 1.7 1.3 33.3*%* 2.3 1.1 9.4%* 3.2 0.48** 0.74**
Ciprofloxacin 5.0 8.5% 54.0%* 7.0 7.5 15.2%* 14.4%* 0.44%* 6.6
Chloramphenicol 2.2 4.7% 7.9%* 3.2 4.2 22 5.6* 4.4 8.6**
Total 70° 113? 3567 100 100 100 100 100 100

Indicated are (A) the percentages of E. coli with the indicated type of resistance, proportional to the total number of E. coli (nec) obtained from the indicated
water sources and (B) the proportion of the indicated types of resistance, relative to the total number of resistances (n;) in the respective E.

coli populations.

**P<0.01 and

*P<0.05 relative to surface water values, Pearson Chi Square Test.

mWWTP = municipal wastewater treatment plant

ww = wastewater

HCl-health care institution.

& The sum of all percentages does not add-up to the total percentage of AMR isolates because of the existence of multidrug resistant isolates.
PCalculated from the numbers of E. coli isolates and the percentages of E. coli isolates resistant to the antimicrobials under study reported in MARAN
2012 [34].

doi:10.1371/journal.pone.0127752.t003

calve isolates, ciprofloxacin-resistance compared to slaughter pig isolates). Cefotaxime-resis-
tance constituted a low proportion of all resistances in E. coli from veal calves (0.74%) and
slaughter pigs (0.48%), yet a comparatively high proportion of all resistances in E. coli from
broilers (3.2%), a value intermediate to that observed in surface water (2.3%) and HCI waste-
water (9.4%).

Prevalence of ESBL- and AmpC- producing E. coli

Eight surface water isolates (0.95%), obtained from seven of 113 (6.2%) surface water samples
had combined cefotaxime and ampicillin resistance, which is indicative of ESBL- or AmpC-
production. Five of these isolates (all from group B) were identified as ESBL-producers, and
two (both from group I) were identified as AmpC-producers; one B-lactam-resistant isolate
(from group A) has not been tested for ESBL-production. Twenty-five wastewater isolates
from 9 of 33 wastewater samples (27%) were suspected ESBL- or AmpC-producers. Of these
isolates, six were from nursing homes (32% of nursing home isolates), 15 from hospitals (34%),
one from aWWTP (6.3%), and three from mWWTPs (1.3%). Twenty-two were confirmed to
produce ESBL, and three produced AmpC.

Samples obtained after 2009 (surface water groups E through I: n = 49 and wastewater:
n = 30) were also cultured on ESBL-selective media. Using selective media, ESBL-producing E.
coli were detected in 55% of the surface water samples (in all five surface water groups) and in
100% of the wastewater samples. The characteristics of the ESBL-producing E. coli from most
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of these isolates (surface waters groups E, F, G and H, and effluents from mWWTP-3 through
mWWTP-6 that were obtained in 2012) have been described elsewhere [19].

ESBL-producing E. coli in wastewater chains

Among wastewater samples, two wastewater chains had been included: one consisting of nurs-
ing home HCI-2, regional hospital HCI-4 and mWWTP-2, and one consisting of university
hospital HCI-5 and mWWTP-3. ESBL-producing isolates from these samples were character-
ized with respect to AMR profiles, ESBL-genes and phylogenetic groups (Table 4). In the nurs-
ing home (HCI-2) and the regional hospital (HCI-4), little to no diversity was observed in
pheno/genotypes among ESBL isolates (Simpson’s index of diversity of 0.20 and 0.00 respec-
tively). By contrast, in the university hospital HCI-5 and municipal wastewater, diversity was
high (Simpson’s index of diversity of 0.93, 1.00 and 0.89 for HCI-5, WWTP-2 and WWTP-3
respectively). In wastewater from each of the three HCIs, one pheno/genotype was prevalent
with (near) identical counterparts in wastewater from the connected mWWTP (1A, 1C and
2C, see Table 4). These variants constituted 100% and 12.5% (1A), 90% and 12.5% (1C) and
12.5% and 5.6% (2C) of the isolates from HCI and connected mWWTP respectively. To further
confirm the similarity between 1A-, 1C-, and 2C-type variants from different origin, the se-
quence type was determined for a subset of each of these variants. The isolates were identified
as A,/ST23/CTX-M-1, B2;/ST131/ CTX-M-15 and D,/ST405/CTX-M-15.

Concentrations of AMR, MDR and ESBL-producing E. coli in wastewater
and surface water

The median E. coli concentration in surface water was 2.4x10> cfu/l (range <10-2.3x10°,

Fig 2A). Based on these concentrations, the estimated median concentrations of AMR and
MDR E. coli were 5.0x10? (range <0.67-9.5x10%) and 2.2x10? (range <0.22-2.7x 10%) cfu/l, re-
spectively. In the subset of samples where ESBL-producing E. coli were enumerated, total-,
AMR-, MDR-, and ESBL-producing E. coli concentrations were, 9.9x10% 1.5x107 88, and 1.5
(range <1.5-5.9x10%) cfu/l, respectively. Wastewater from HCIs and WWTP influents con-
tained median E. coli concentrations of 6.7x10” cfu/l and 7.2x107 cfu/l respectively, while in
WWTP effluents concentrations were approximately 2-log,o lower (Fig 2B). Estimated median
concentrations of AMR and MDR E. coli were in the same order of magnitude, with a maxi-
mum difference of 0.5-log;, units relative to the median E. coli concentration observed in
WWTP effluents. The median ESBL-concentrations were 2.0x107, 8.2x10°, 1.5x10? in HCI,
WWTP influents and WWTP effluents respectively (Fig 2B).

Discussion

Given the observed prevalence of AMR E. coli in surface water, transmission to humans
through surface water contact is a realistic scenario. The chance of transmission will amongst
others, depend on the function of the contaminated water body, e.g. whether it is used for
recreational activities or irrigation. Water-borne transmission has been demonstrated to be a
relevant route of transmission for faecal bacterial species, including Campylobacter, Salmonella
and E. coli [16,42-45]. Additional studies have described outbreaks of infections with Entero-
bacteriaceae associated with consumption of fresh produce [46], which may take-up these
bacteria via irrigation water [47]. These examples confirm the contribution of water in dissemi-
nation of gut bacteria to humans. This will also hold true for AMR variants of these species. To
establish risks of human exposure quantitatively, the framework of quantitative microbial risk
assessment could be used [48]. This approach was successfully applied for assessing exposure
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Table 4. Characteristics of ESBL-producing E. coli isolates from wastewater chains.

Sampling
location

Wastewater
chain 1

HCI-4 (n=9)
HCI-2 (n=10)

mWWTP-2
Influent (n = 2)
mWWTP-2
Effluent (n = 6)

Wastewater
chain 2

HCI-5 (n = 8)

mWWTP-3
Influent (n = 8)

mWWTP-3
Effluent (n = 10)

* Am = ampicillin
Cx = cefotaxime
Cz = ceftazidime
Te = tetracyclin

Variant
ID

1A
1B
iC
1D
iC
1E
1F
1G
1H
1l

1A

2A
2B
2C
2D
2E
2F

2G
2C
2H
2

2J

2K
2L
M
2N
20

2P
2
2J

St = streptomycin
Ci = ciprofloxacine
Na = nalidixic acid

Su = sulfamethoxazole
Tr = trimethoprim

Ch = chloramphenicol.
MICs were determined with Etests (Cz, Na, Su, Ch) and microbroth dilution (remainder of antimicrobials), resistance defined as MIC greater than or equal

to the epidemiological cut-off (EUCAST).
Indicated in bold are pheno-/genotypes present in HCl and municipal wastewater.

No.
resistances

© © N o o O © N N N O oo N O oo

N N oo o o =2 © 0o o b

© o

doi:10.1371/journal.pone.0127752.t004

AMR profile*

AmCxCzTeStCiNaSuTr
AmCxCzTeCiNaSuTr
AmCxCzTeStCiNaSuTr
AmCxCzTeStSuTr
AmCxCzTeStCiNaSuTr
AmCxCzCiNa
AmCxCzTeSu
AmCxCzStCiNaTr
AmCxCzTeStSuTr
AmCxCzTeStSuTr
AmCxCzTeStCiNaSuTr

AmCxCzCiNa
AmCxCzStCiSu
AmCxCzTeCiNa
AmCxCzTeStSuTr
AmCxCzTeStCiNaSuTr
AmCxCzTeStCiNaSuTr

AmCxCzCh
AmCxCzTeCiNa
AmCxCzTeCiNaSuTr
AmCxCzTeStCiNaSuTr
AmCxCzTeStCiNaSuTrCh
AmCxCzSuTr
AmCxCzSuTr
AmCxCzStTrSuTr
AmCxCzCiNaSuTr
AmCxCzStCiSuTr

AmCxCzTeStCiSuTr
AmCxCzTeStCiNaSuTr
AmCxCzTeStCiNaSuTrCh

ESBL

CTX-M-1
CTX-M-1
CTX-M-15
CTX-M-1
CTX-M-15
CTX-M-14
CTX-M-1
CTX-M-1
CTX-M-1
CTX-M-1
CTX-M-1

CTX-M-15
SHV-12

CTX-M-15
CTX-M-14
CTX-M-15

CTX-M-15,
SHV-12

CTX-M-14
CTX-M-15
CTX-M-15
CTX-M-27
CTX-M-1
CTX-M-1
CTX-M-1
CTX-M-1
CTX-M-15

CTX-M-9,
SHV-12

CTX-M-15
CTX-M-27
CTX-M-1

Extra B-
lacamases

TEM-1
TEM-1
OXA-1
TEM-1

TEM-1

TEM-1

OXA-1
TEM-1
TEM-1, OXA-1
TEM-1, OXA-1

TEM-1

TEM-1

Phylo-genetic
subgroup

A,
B1
B2,
Aq
B2,
Ay
B1
Aq
Aq
B1
A,

B2,
D>
D,
D>
B2,

B2,
D,
A,
B2,
Ao
Ao
B2,
B2,
B2,
D>

D4
B2,
Ao

No. of
isolates (%)

9 (100%)
1 (10%)
9 (90%)
1 (50%)
1 (50%)
1 (16.7%)
1 (16.7%)
1 (16.7%)
1 (16.7%)
1 (16.7%)
1 (16.7%)

2 (25%)
1 (12.5%)
1 (12.5%)
1 (12.5%)
2 (25%)
1 (12/5%)

1 (12.5%)
1 (12.5%)
1 (12.5%)

ST (no. of isolates
tested)

ST23 (3)
n.t.

ST131 (3)
n.t.

ST131 (1)
n.t.

n.t.

n.t.

n.t.

n.t.

ST23 (1)

n.t.
nt.
ST405 (1)
nt.
nt.
nt.

n.t.
ST405 (1)
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.

n.t.

n.t.
n.t.

n.t.
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and infection risks of Campylobacter from food consumption [49] and of bacterial and other
pathogens from consumption of drinking water and recreational water [50,51].

The prevalence of AMR E. coli varied between surface waters that differed with respect to re-
gion, type of water body, level of faecal contamination, and time of the year at sampling. Since
the different surface waters had been investigated as part of different research projects, sam-
pling was not set up to study factors that influence variation in prevalence of AMR bacteria in
space and time, and data are therefore not suitable to draw conclusions in that regard. Presum-
ably, prevalence may vary with the number of faecal contamination sources in the vicinity of
sampling sites, the distance to these sources combined with hydrologic features of the receiving
water body (e.g. volume, flow speed), the origin of the faeces (e.g. the proportions derived from
human, live stock or wild life sources), and factors influencing when and how often emission
takes place (continuously or variable with climate or season). For instance, run-off of manure
from livestock is likely to be highest during the main manure application season (which in the
Netherlands is from the end of February until early May), and dependent on weather condi-
tions (e.g. more run-off during rainy days). Sewage overflows will contribute only during spells
of heavy rainfall, while WWTPs are continuous sources of faecal bacteria.

With respect to the proportions of AMR and MDR variants, municipal wastewater con-
tained intermediate numbers compared to surface water and HCI wastewater. Even though E.
coli concentrations in mWWTP effluents were on average 2-log units higher than those in sur-
face water, the proportions of AMR and MDR (including ESBL-producing) variants were, on
average, not markedly different. Moreover, despite the fact that surface waters and wastewater
investigated in the current study were largely unrelated in space and time, a near identical dis-
tribution of types of resistance among E. coli in municipal wastewater and surface water was
noted. Especially when comparing less prevalent types of resistance, such as resistance to cefo-
taxime, ciprofloxacin, and chloramphenicol, the occurrence frequency of resistance types
among E. coli from surface water and municipal wastewater were very similar, while both were
markedly different for E. coli from HCI wastewater and livestock sources. These data suggest a
major contribution of municipal wastewater to contamination of Dutch surface water at a
country level. However, the relative contribution of animal and human sources presumably
varies with region (urban vs. agricultural areas) as well as with season. Results from research
performed by our group demonstrated elevated levels of ESBL-producing E. coli in surface
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water nearby broiler farms (H. Blaak et al. in preparation), indicating for instance, that also
livestock farms must be taken into account. Future studies are needed to establish to what ex-
tent wastewater effluents contribute to the prevalence of AMR E. coli in Dutch surface water,
proportional to that of other possible contamination sources. For instance, by comparing bac-
terial load and epidemiological links between isolates from different suspected contamination
sources and in parallel sampled upstream and downstream surface water sites, during
different seasons.

In HCI wastewater, approximately three quarters of E. coli were resistant to at least one anti-
microbial, and half to two-third of all isolates were resistant to three or more different classes
of antimicrobials. These proportions were significantly higher than those observed in incoming
sewage at mWWTPs, despite the similar concentrations of total E. coli in HCI and untreated
municipal wastewater. This is not surprising, considering that per head, the use of antimicrobi-
als, and hence acquisition of resistance, is higher in hospitals compared to the community (in
2011 in the Netherlands the defined daily dose was 11 per 1000 inhabitant-days in the commu-
nity versus 71 per 100 patient-days in hospitals) [52]. In this regard, hospitals and nursing
homes can be viewed as ‘hotspots’ of AMR resistance. The observed skewed distributions of re-
sistance to cefotaxime and ciprofloxacin in HCI wastewater relative to that in municipal waste-
water presumably reflect the higher use of these antimicrobials in hospitals than in primary
care [52]. At least part of the E. coli with such hospital-associated types of resistance detected
in municipal sewage are likely to originate from HCIs. This was supported by the detection of
ESBL-producing E. coli isolates identical with respect to AMR profile, ESBL-genes, phylogenet-
ic group and sequence type, in HCI wastewater and wastewater from the downstream situated
WWTPs. These variants were identified as A;/ST23/CTX-M-1, B2;/ST131/ CTX-M-15 and
D,/ST405/CTX-M-15. CTX-M-15-producing E. coli ST131 and ST405 have been associated
with urinary tract infections, are disseminated worldwide [53-55], and have previously been
isolated from Dutch patients with bacteraemia [56].

Our data confirm results from previous studies performed in Ireland and Poland [25,57]. In
the former study, ESBL-producing E. coli were demonstrated in hospital wastewater, sewage
downstream of the hospital and during various stages of treatment in the receiving WWTP,
even though based on AMR profiles and PFGE types, these isolates appeared not to be geneti-
cally related. In the latter study, an overlap in ESBL-genotypes was demonstrated in hospital
wastewater and municipal wastewater, although no further tests were performed to establish
the relationship between isolates from hospital and municipal wastewater.

Conclusions

Multidrug resistant E. coli, among which ESBL-producing variants, were frequently detected in
different types of surface waters located in different regions in the Netherlands that were sam-
pled between 2006 and 2013. Our data indicate that municipal wastewater, amongst others
containing wastewater from the community and from HClIs, significantly contributes to the
presence of antimicrobial-resistant E. coli in surface water. The omnipresence of AMR E. coli
in surface water substantiates the potential role of surface water in dissemination of AMR fae-
cal bacteria. Given the serious threat posed by multidrug resistant bacteria on public health,
timely and rigorous actions are needed to limit their spread. Prevention of contamination of
the aquatic environment should be considered as one of the tools to reach that goal. Future re-
search needs to be aimed at establishing both the exposure risks associated with surface waters
specifically used for recreational activities and irrigation, and the relative contributions of dif-
ferent types of contamination sources and factors influencing variation in the prevalence of
AMR bacteria in surface water. This knowledge can then be used to predict the effect of
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interventions, e.g. disinfection of HCI wastewater or mWWTP effluents, or manure treatment
processes, on the level of surface water contamination and risks of human exposure.

Acknowledgments

The authors would like to thank Harold van den Berg, Lianne Kerkhof-de Heer, Patrick de
Kruijf, Arieke Docters van Leeuwen, Froukje Lodder Verschoor, Sharon van Rooyen, Mierelle
Schuit, and Christiaan Veenman for technical assistance; Evert-Jan van den Brandhof for pleas-
ant collaboration and sharing wastewater samples between projects; water boards (‘Wetterskip
Fryslan’, ‘Hoogheemraadschap Rijnland’, ‘Waterschap Rijn en IJssel’, ‘Waterschap Hunze en
Aas’, ‘Waterschap de Dommel', “‘Waterschap Groot Salland’, Rijkswaterstaat IJsselmeergebied,
Rijkswaterstaat Waterdienst, and people working at the WWTPs and health care centres for
providing samples and/or location information.

Author Contributions

Conceived and designed the experiments: HB GL RI RH FS ARH. Performed the experiments:
HB GL RI RH. Analyzed the data: HB RH. Wrote the paper: HB GL RI RH FS ARH.

References
1.  Kimmerer K. Resistance in the environment. J Antimicrob Chemother. 2004; 54: 311-320. PMID:
15215223

2. Wright GD. Antibiotic resistance in the environment: a link to the clinic? Curr Opin Microbiol. 2010; 13:
589-594. doi: 10.1016/j.mib.2010.08.005 PMID: 20850375

3. Zhang XX, Zhang T, Fang HHP. Antibiotic resistance genes in water environment. Appl Microbiol Bio-
technol. 2009; 82: 397—414. doi: 10.1007/s00253-008-1829-z PMID: 19130050

4. Baquero F, Martinez JL, Cantén R. Antibiotics and antibiotic resistance in water environments. Curr
Opin Biotechnol. 2008; 19: 260-265. doi: 10.1016/j.copbio.2008.05.006 PMID: 18534838

5. Carattoli A. Animal reservoirs for extended spectrum beta-lactamase producers. Clin Microbiol Infect.
2008; 117-123.

6. EFSA, ECDC. The European Union Summary Report on antimicrobial resistance in zoonotic and indi-
cator bacteria from humans, animals and food in 2012. EFSA Journal. 2014; 12: 3590 [3336 pp.].

7. Seiffert SN, Hilty M, Perreten V, Endimiani A. Extended-spectrum cephalosporin-resistant Gram-nega-
tive organisms in livestock: an emerging problem for human health? Drug Resist Updat. 2013; 16: 22—
45. doi: 10.1016/j.drup.2012.12.001 PMID: 23395305

8. Abriouel H, Omar NB, Molinos AC, Lopez RL, Grande MJ, Martinez-Viedma P, et al. Comparative anal-
ysis of genetic diversity and incidence of virulence factors and antibiotic resistance among enterococcal
populations from raw fruit and vegetable foods, water and soil, and clinical samples. Int J Food Micro-
biol. 2008; 123: 38—49. doi: 10.1016/j.ijfoodmicro.2007.11.067 PMID: 18180067

9. Boehme S, Werner G, Klare I, Reissbrodt R, Witte W. Occurrence of antibiotic-resistant enterobacteria
in agricultural foodstuffs. Mol Nutr Food Res. 2004; 48: 522—-531. PMID: 15538714

10. Schwaiger K, Helmke K, Holzel CS, Bauer J. Antibiotic resistance in bacteria isolated from vegetables
with regards to the marketing stage (farm vs. supermarket). Int J Food Microbiol. 2011; 148: 191-196.
doi: 10.1016/j.ijfoodmicro.2011.06.001 PMID: 21700353

11. Schwaiger K, Helmke K, Holzel CS, Bauer J. Comparative analysis of the bacterial flora of vegetables
collected directly from farms and from supermarkets in Germany. Int J Environ Health Res. 2011; 21:
161-172. doi: 10.1080/09603123.2010.515672 PMID: 21506036

12. McGowan LL, Jackson CR, Barrett JB, Hiott LM, Fedorka-Cray PJ. Prevalence and antimicrobial resis-
tance of enterococci isolated from retail fruits, vegetables, and meats. J Food Prot. 2006; 69: 2976—
2982. PMID: 17186667

13. Osterblad M, Pensala O, Peterzens M, Heleniusc H, Huovinen P. Antimicrobial susceptibility of Entero-
bacteriaceae isolated from vegetables. J Antimicrob Chemother. 1999; 43: 503-509. PMID: 10350379

14. VeldmanK, Kant A, Dierikx C, van Essen-Zandbergen A, Wit B, Mevius D. Enterobacteriaceae resis-
tant to third-generation cephalosporins and quinolones in fresh culinary herbs imported from Southeast
Asia. Int J Food Microbiol. 2014; 177: 72—77. doi: 10.1016/j.ijfoodmicro.2014.02.014 PMID: 24607424

PLOS ONE | DOI:10.1371/journal.pone.0127752 June 1,2015 14/16


http://www.ncbi.nlm.nih.gov/pubmed/15215223
http://dx.doi.org/10.1016/j.mib.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20850375
http://dx.doi.org/10.1007/s00253-008-1829-z
http://www.ncbi.nlm.nih.gov/pubmed/19130050
http://dx.doi.org/10.1016/j.copbio.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18534838
http://dx.doi.org/10.1016/j.drup.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23395305
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.11.067
http://www.ncbi.nlm.nih.gov/pubmed/18180067
http://www.ncbi.nlm.nih.gov/pubmed/15538714
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21700353
http://dx.doi.org/10.1080/09603123.2010.515672
http://www.ncbi.nlm.nih.gov/pubmed/21506036
http://www.ncbi.nlm.nih.gov/pubmed/17186667
http://www.ncbi.nlm.nih.gov/pubmed/10350379
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24607424

@’PLOS ‘ ONE

Antibiotic Resistant E. coli in Surface Water and Wastewater

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.
35.

36.

Blaak H, de Kruijf P, Hamidjaja RA, van Hoek AHAM, de Roda Husman AM, Schets FM. Prevalence
and characteristics of ESBL-producing E. coli in Dutch recreational waters influenced by wastewater
treatment plants. Vet Microbiol. 2014; 171: 448—459. doi: 10.1016/j.vetmic.2014.03.007 PMID:
24690376

Soraas A, Sundsfjord A, Sandven |, Brunborg C, Jenum PA. Risk factors for community-acquired uri-
nary tract infections caused by ESBL-producing enterobacteriaceae—a case-control study in a low
prevalence country. PloS one. 2013; 8: €69581. doi: 10.1371/journal.pone.0069581 PMID: 23936052

MARAN. Monitoring of antimicrobial resistance and antibiotic usage in animals in the Netherlands in
2012.2013. Available: http://www.wageningenur.nl/nl/Expertises-Dienstverlening/
Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm.

George |, Crop P, Servais P. Fecal coliform removal in wastewater treatment plants studied by plate
counts and enzymatic methods. Water Res. 2002; 36: 2607—2617. PMID: 12153028

Blaak H, de Kruijf P, Hamidjaja RA, van Hoek AH, de Roda Husman AM, Schets FM. Prevalence and
characteristics of ESBL-producing E. coli in Dutch recreational waters influenced by wastewater treat-
ment plants. Vet Microbiol. 2014.

Iwane T, Urase T, Yamamoto K. Possible impact of treated wastewater discharge on incidence of anti-
biotic resistant bacteria in river water. Water Sci Technol. 2001; 43: 91-99. PMID: 11443992

Servais P,Passerat J. Antimicrobial resistance of fecal bacteria in waters of the Seine river watershed
(France). Sci Total Environ. 2009; 408: 365—-372. doi: 10.1016/j.scitotenv.2009.09.042 PMID:
19853889

Koczura R, Mokracka J, Jablonska L, Gozdecka E, Kubek M, Kaznowski A. Antimicrobial resistance of
integron-harboring Escherichia coli isolates from clinical samples, wastewater treatment plant and river
water. Sci Total Environ. 2012; 414: 680-685. doi: 10.1016/j.scitotenv.2011.10.036 PMID: 22119028

Goni-Urriza M, Capdepuy M, Arpin C, Raymond N, Caumette P, Quentin C. Impact of an urban effluent
on antibiotic resistance of riverine Enterobacteriaceae and Aeromonas spp. Appl Environ Microbiol.
2000; 66: 125-132. PMID: 10618213

Novais C, Coque TM, Ferreira H, Sousa JC, Peixe L. Environmental contamination with vancomycin-re-
sistant enterococci from hospital sewage in Portugal. Appl Environ Microbiol. 2005; 71: 3364-3368.
PMID: 15933043

Korzeniewska E, Korzeniewska A, Harnisz M. Antibiotic resistant Escherichia coli in hospital and mu-
nicipal sewage and their emission to the environment. Ecotoxicol Environ Saf. 2013; 91: 96-102. doi:
10.1016/j.ecoenv.2013.01.014 PMID: 23433837

Gomez M, Diaz MT, Araujo M, Sueiro R, Garrido J. Waste water treatment plants as redistributors of re-
sistance genes in bacteria. WIT Transactions on Ecology and the Environment. 2010; 135: 83-94.

Guardabassi L,Dalsgaard A. Occurrence, Structure, and Mobility of Tn1546-Like Elements in Environ-
mental Isolates of Vancomycin-Resistant Enterococci. Appl Environ Microbiol. 2004; 70: 984—990.
PMID: 14766580

Amos GC, Hawkey PM, Gaze WH, Wellington EM. Waste water effluent contributes to the dissemina-
tion of CTX-M-15 in the natural environment. J Antimicrob Chemother. 2014; 69: 1785—1791. doi: 10.
1093/jac/dku079 PMID: 24797064

Ojer-Usoz E, Gonzalez D, Garcia-Jalén |, Vitas Al. High dissemination of extended-spectrum beta-lac-
tamase-producing Enterobacteriaceae in effluents from wastewater treatment plants. Water Res. 2014;
56: 37—47. doi: 10.1016/j.watres.2014.02.041 PMID: 24651016

Anonymous. NEN-EN-ISO 19458. Water quality—Sampling for microbiological analysis.2007.

Anonymous. NEN-EN-ISO 9308-1 Water—Detectie en enumeratie van Escherichia coli en bacterién
van de coligroep—Deel 1: Methode met membraanfiltratie. 2000.

Anonymous. ISO 16649-2 Microbiology of food and animal feeding stuffs—Horizontal method for the
enumeration of beta-glucuronidase-positive Escherichia coli—part 2: Colony count technique at 44°C
using 5-bromo-4-chloro-3-indolyl beta-D-glucuronide. 2001.

Clinical and Laboratory Standards Institute (2010) Performance standards for antimicrobial susceptibili-
ty testing; twentieth informational supplement M100-S20. CLSI, Wayne, PA, USA.

EUCAST.2014. Available: http://www.eucast.org/. Accessed February 2015.

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, et al. Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin Microbiol Infect. 2012; 18: 268-281. doi: 10.1111/].
1469-0691.2011.03570.x PMID: 21793988

MARAN. Monitoring of antimicrobial resistance and antibiotic usage in animals in the Netherlands in
2010/2011.2012. Available: http://www.wageningenur.nl/nl/Expertises-Dienstverlening/
Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm.

PLOS ONE | DOI:10.1371/journal.pone.0127752 June 1,2015 15/16


http://dx.doi.org/10.1016/j.vetmic.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24690376
http://dx.doi.org/10.1371/journal.pone.0069581
http://www.ncbi.nlm.nih.gov/pubmed/23936052
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://www.ncbi.nlm.nih.gov/pubmed/12153028
http://www.ncbi.nlm.nih.gov/pubmed/11443992
http://dx.doi.org/10.1016/j.scitotenv.2009.09.042
http://www.ncbi.nlm.nih.gov/pubmed/19853889
http://dx.doi.org/10.1016/j.scitotenv.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22119028
http://www.ncbi.nlm.nih.gov/pubmed/10618213
http://www.ncbi.nlm.nih.gov/pubmed/15933043
http://dx.doi.org/10.1016/j.ecoenv.2013.01.014
http://www.ncbi.nlm.nih.gov/pubmed/23433837
http://www.ncbi.nlm.nih.gov/pubmed/14766580
http://dx.doi.org/10.1093/jac/dku079
http://dx.doi.org/10.1093/jac/dku079
http://www.ncbi.nlm.nih.gov/pubmed/24797064
http://dx.doi.org/10.1016/j.watres.2014.02.041
http://www.ncbi.nlm.nih.gov/pubmed/24651016
http://www.eucast.org/
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm

@’PLOS ‘ ONE

Antibiotic Resistant E. coli in Surface Water and Wastewater

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Jacoby GA. AmpC B-lactamases. Clin Microbiol Rev. 2009; 22: 161—182. doi: 10.1128/CMR.00036-08
PMID: 19136439

Dallenne C, Da Costa A, Decré D, Favier C, Arlet G. Development of a set of multiplex PCR assays for
the detection of genes encoding important 3-lactamases in Enterobacteriaceae. J Antimicrob Che-
mother. 2010; 65: 490-495. doi: 10.1093/jac/dkp498 PMID: 20071363

Clermont O, Bonacorsi S, Bingen E. Rapid and simple determination of the Escherichia coli phylogenet-
ic group. Appl Environ Microbiol. 2000; 66: 4555—-4558. PMID: 11010916

Escobar-Paramo P, Le Menac'h A, Le Gall T, Amorin C, Gouriou S, Picard B, et al. Identification of
forces shaping the commensal Escherichia coli genetic structure by comparing animal and human iso-
lates. Environ Microbiol. 2006; 8: 1975—1984. PMID: 17014496

Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, et al. Sex and virulence in Escherichia coli: an
evolutionary perspective. Mol Microbiol. 2006; 60: 1136—-1151. PMID: 16689791

Domingues AR, Pires SM, Halasa T, Hald T. Source attribution of human campylobacteriosis using a
meta-analysis of case-control studies of sporadic infections. Epidemiol Infect. 2012; 140: 970-981. doi:
10.1017/S0950268811002676 PMID: 22214729

Domingues AR, Pires SM, Halasa T, Hald T. Source attribution of human salmonellosis using a meta-
analysis of case-control studies of sporadic infections. Epidemiol Infect. 2012; 140: 959—969. doi: 10.
1017/S0950268811002172 PMID: 22152439

Evers EG, van der Vels-Klerx HJ, Nauta MJ, Schijven JF, Havelaar AH. Campylobacter source attribu-
tion by exposure assessment. Int J Risk Assessment and Managment. 2008; 8: 174—189.

Rangel JM, Sparling PH, Crowe C, Griffin PM, Swerdlow DL. Epidemiology of Escherichia coli O157:H7
outbreaks, United States, 1982—-2002. Emerg Infect Dis. 2005; 11: 603—609. PMID: 15829201

Franz E,van Bruggen AH. Ecology of E. coli O157:H7 and Salmonella enterica in the primary vegetable pro-
duction chain. Crit Rev Microbiol. 2008; 34: 143—161. doi: 10.1080/104084 10802357432 PMID: 18728991

Solomon EB, Yaron S, Matthews KR. Transmission of Escherichia coli O157:H7 from contaminated
manure and irrigation water to lettuce plant tissue and its subsequent internalization. Appl Environ
Microbiol. 2002; 68: 397—400. PMID: 11772650

Haas CN, Rose JB, Gerba C, Regli S. Risk assessment of virus in drinking water. Risk Anal. 1993; 13:
545-552. PMID: 8259444

Nauta M, Hill A, Rosenquist H, Brynestad S, Fetsch A, van der Logt P, et al. A comparison of risk as-
sessments on Campylobacter in broiler meat. Int J Food Microbiol. 2009; 129: 107—123. doi: 10.1016/j.
iffoodmicro.2008.12.001 PMID: 19136176

Schets FM, Schijven JF, de Roda Husman AM. Exposure assessment for swimmers in bathing waters and
swimming pools. Water Res. 2011; 45: 2392—-2400. doi: 10.1016/j.watres.2011.01.025 PMID: 21371734

Schijven JF, Teunis PF, Rutjes SA, Bouwknegt M, de Roda Husman AM. QMRAspot: a tool for quanti-
tative microbial risk assessment from surface water to potable water. Water Res. 2011; 45: 5564-5576.
doi: 10.1016/j.watres.2011.08.024 PMID: 21885080

NETHMAP. Consumption of antimicrobial agents and antimicrobial resistance among medically impor-
tant bacteria in the Netherlands. 2013. Available: http://www.wageningenur.nl/nl/Expertises-
Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-
Rapporten.htm.

Coque TM, Novais A, Carattoli A, Poirel L, Pitout J, Peixe L, et al. Dissemination of clonally related
Escherichia coli strains expressing extended-spectrum beta-lactamase CTX-M-15. Emerg Infect Dis.
2008; 14: 195-200. doi: 10.3201/eid1402.070350 PMID: 18258110

Rogers BA, Sidjabat HE, Paterson DL. Escherichia coli O25b-ST131: a pandemic, multiresistant, com-
munity-associated strain. J Antimicrob Chemother. 2011; 66: 1—14. doi: 10.1093/jac/dkq415 PMID:
21081548

Smet A, Martel A, Persoons D, Dewulf J, Heyndrickx M, Claeys G, et al. Characterization of extended-
spectrum beta-lactamases produced by Escherichia coli isolated from hospitalized and nonhospitalized
patients: emergence of CTX-M-15-producing strains causing urinary tract infections. Microb Drug Re-
sist. 2010; 16: 129—134. doi: 10.1089/mdr.2009.0132 PMID: 20370505

van der Bij AK, Peirano G, Goessens WH, van der Vorm ER, van Westreenen M, Pitout JD. Clinical
and molecular characteristics of extended-spectrum-beta-lactamase-producing Escherichia coli caus-
ing bacteremia in the Rotterdam Area, Netherlands. Antimicrob Agents Chemother. 2011; 55: 3576—
3578. doi: 10.1128/AAC.00074-11 PMID: 21502612

Galvin S, Boyle F, Hickey P, Vellinga A, Morris D, Cormican M. Enumeration and characterization of an-
timicrobial-resistant Escherichia coli bacteria in effluent from municipal, hospital, and secondary treat-
ment facility sources. Appl Environ Microbiol. 2010; 76: 4772—4779. doi: 10.1128/AEM.02898-09
PMID: 20525867

PLOS ONE | DOI:10.1371/journal.pone.0127752 June 1,2015 16/16


http://dx.doi.org/10.1128/CMR.00036-08
http://www.ncbi.nlm.nih.gov/pubmed/19136439
http://dx.doi.org/10.1093/jac/dkp498
http://www.ncbi.nlm.nih.gov/pubmed/20071363
http://www.ncbi.nlm.nih.gov/pubmed/11010916
http://www.ncbi.nlm.nih.gov/pubmed/17014496
http://www.ncbi.nlm.nih.gov/pubmed/16689791
http://dx.doi.org/10.1017/S0950268811002676
http://www.ncbi.nlm.nih.gov/pubmed/22214729
http://dx.doi.org/10.1017/S0950268811002172
http://dx.doi.org/10.1017/S0950268811002172
http://www.ncbi.nlm.nih.gov/pubmed/22152439
http://www.ncbi.nlm.nih.gov/pubmed/15829201
http://dx.doi.org/10.1080/10408410802357432
http://www.ncbi.nlm.nih.gov/pubmed/18728991
http://www.ncbi.nlm.nih.gov/pubmed/11772650
http://www.ncbi.nlm.nih.gov/pubmed/8259444
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.12.001
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19136176
http://dx.doi.org/10.1016/j.watres.2011.01.025
http://www.ncbi.nlm.nih.gov/pubmed/21371734
http://dx.doi.org/10.1016/j.watres.2011.08.024
http://www.ncbi.nlm.nih.gov/pubmed/21885080
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://www.wageningenur.nl/nl/Expertises-Dienstverlening/Onderzoeksinstituten/Central-Veterinary-Institute/Publicaties-CVI/MARAN-Rapporten.htm
http://dx.doi.org/10.3201/eid1402.070350
http://www.ncbi.nlm.nih.gov/pubmed/18258110
http://dx.doi.org/10.1093/jac/dkq415
http://www.ncbi.nlm.nih.gov/pubmed/21081548
http://dx.doi.org/10.1089/mdr.2009.0132
http://www.ncbi.nlm.nih.gov/pubmed/20370505
http://dx.doi.org/10.1128/AAC.00074-11
http://www.ncbi.nlm.nih.gov/pubmed/21502612
http://dx.doi.org/10.1128/AEM.02898-09
http://www.ncbi.nlm.nih.gov/pubmed/20525867

