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� Clarithromycin was the most abundant antimicrobial found in hospital wastewaters.
� 94% of E. coli were fully or intermediately resistant to the tested drugs.
� 61% of the bacterial isolates were categorized as multidrug-resistant.
� E. coli isolates frequently harbored blaTEM, blaCTX-M, tetA, qnrS, and sul2.
� PCPs likely facilitated the maintenance and persistence of ARB and ARGs.
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a b s t r a c t

The presence of antimicrobials, antimicrobial-resistant bacteria (ARB), and the associated antimicrobial
resistance genes (ARGs) in the environment is a global health concern. In this study, the concentrations of
25 antimicrobials, the resistance of Escherichia coli (E. coli) strains in response to the selection pressure
imposed by 15 antimicrobials, and enrichment of 20 ARGs in E. coli isolated from hospital wastewaters
and surface waters were investigated from 2016 to 2018. In hospital wastewaters, clarithromycin was
detected at the highest concentration followed by sulfamethoxazole and sulfapyridine. Approximately
80% of the E. coli isolates were resistant, while 14% of the isolates exhibited intermediate resistance
against the tested antimicrobial agents. Approximately 61% of the examined isolates were categorized as
multidrug-resistant bacteria. The overall abundance of phenotypes that were resistant toward drugs was
in the following order: b-lactams, tetracycline, quinolones, sulfamethoxazole/trimethoprim, amino-
glycosides, and chloramphenicol. The data showed that the E. coli isolates frequently harbored blaTEM,
blaCTX-M, tetA, qnrS, and sul2. These results indicated that personal care products were significantly
associated with the presence of several resistant phenotypes and resistance genes, implying their role in
co-association with multidrug resistance. Statistical analysis also indicated a disparity specific to the site,
treatment, and year in the data describing the prevalence of ARB and ARGs and their release into
downstream waters. This study provides novel insights into the abundance of antimicrobial, ARB and
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ARGs in Sri Lanka, and could further offer invaluable information that can be integrated into global
antimicrobial resistance databases.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Pharmaceutically active compounds such as antimicrobials and
biocides/preservatives (often referred to as personal care products
[PCPs]) are introduced into aquatic environments via numerous
pathways, including the direct discharge of untreated or treated
wastewater from municipal wastewater treatment plants
(WWTPs), hospitals, industrial WWTPs, and sewage overflow
(Azuma et al., 2016; Coutu et al., 2013; Larsson et al., 2007; Paulshus
et al., 2019; Verlicchi et al., 2012). The effluent from WWTPs is
considered a major source of antimicrobials found in aquatic eco-
systems, and considerable variations in their concentrations have
been reported across geographical regions (Reviewed by Tran et al.,
2018).

Among all the classes of drugs targeting humans and animals,
antimicrobials are indispensable in clinical practice for the control
of infectious diseases. However, excessive and inappropriate use of
such drugs and their subsequent release into the aquatic environ-
ments could accelerate the risk of emergence and proliferation of
ARB and the increase in the copy number of ARGs in such bacteria
(Reviewed by Bouki et al., 2013; Reviewed by Qiao et al., 2018;
WHO, 2014; Zhang et al., 2009). ARB and ARGs are a cross-cutting
issues that pose a risk to global health and could hamper the ad-
vances made in medical science for the treatment of infectious
diseases (Hendriksen et al., 2019). Even very low concentrations of
antimicrobials in the environment could facilitate the development
and maintenance of bacterial resistance (Gullberg et al., 2011).
WWTPs, including hospital WWTPs, have been recognized as res-
ervoirs of resistant bacteria (Galvin et al., 2010; Reviewed by Rizzo
et al., 2013) and major routes for the transmission of antimicrobial
resistance from man-made sources into the environment (Baquero
et al., 2008; Reviewed by Pazda et al., 2019). Considering its close
association with humans and ease of isolation and identification,
E. coli is one of the most widely monitored bacteria in the assess-
ment of antimicrobial resistance in the environment (Akiba et al.,
2016; Figueira et al., 2011; Paulshus et al., 2019).

The global consumption of antimicrobials and other pharma-
ceuticals has continued to increase, and the bulk of this increase has
been observed in developing nations (Klein et al., 2018). Global
monitoring of antimicrobial resistance (AMR) based on meta-
genomic analyses of urban sewage has revealed that the abundance
of resistance genes is highly correlated with socio-economic,
health, and environmental factors, and varies across regions
(Hendriksen et al., 2019). However, data regarding the distribution
and abundance of ARB and ARGs in the environment at national
and global scales are inadequate, which limits the evaluation of the
risk of AMR transmission among bacteria (Berendonk et al., 2015).
Therefore, it is necessary to investigate the regional differences in
the occurrence and distribution of antimicrobials and ARB/ARGs in
WWTPs and their receiving waters to facilitate efforts aimed at
alleviating the spread of AMR in aquatic environments (P€arn€anen
et al., 2019; Yuan et al., 2020).

Previously, 16 antimicrobials were detected in surface waters
across Sri Lanka. It was reported that certain concentration
thresholds of such drugs in urbanwastewater canals pose high risks
to the ecosystem and suggested that hospital wastewater discharge
could be a major source of such antimicrobials (Guruge et al., 2019).
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Although large-scale urban WWTPs are not well established in
major Sri Lankan cities, hospital wastewater is treated before
discharge. Nevertheless, precise data on the levels of multiple an-
timicrobials, ARB, and ARGs in hospital wastewaters in Sri Lanka are
limited. Therefore, the present study aimed to investigate 1) the
presence of 25 antimicrobials, 2) the prevalence of E. coli pheno-
types resistant to 15 selected antimicrobials, 3) the prevalence of 20
frequently detected ARGs in E. coli, and 4) the effects of multiple
antimicrobials on the selective potential of ARB and ARGs in
wastewaters collected from three hospitals and a nearby upstream
lake and a downstream canal in 2016e2018.

2. Materials and methods

2.1. Sample collection

Samples were collected from five locations, including three
hospitals, a lake, and a wastewater canal from Kandy, the second-
largest city in Sri Lanka. Details outlining the study area and sam-
ple collection are presented in Fig. 1 and Supplementary Table S1.

Three hospitals were selected in the study area (hospital names
and locations have not been disclosed). Hospital 1 (H1) was the
largest, with 78 wards for the treatment of in-house patients, fol-
lowed byHospital 2 (H2) and Hospital 3 (H3), with 21 and 11wards,
respectively. The sewage/wastewater treatment capacity in H1, H2,
and H3 was 600, 450, and 300 m3/day, respectively. Surface water
samples were collected from Kandy Lake and the downstream Mid
Canal (Meda Ela), which originates from the Kandy Lake and passes
through a densely populated area where several public and private
hospitals and clinical laboratories are located in the city. Grabwater
samples were collected in clean 500 mL polypropylene bottles
three times in December 2016, September 2017, and September
2018. Typically, themonths from September to December represent
periods with relatively low or no rainfall in the sampling area. A
total of 34 samples were collected from the treatment plants at the
hospitals, Kandy Lake, and theMid Canal (Supplementary Table S1).
All samples were transported to Japan within 48 h of sampling.
Soon after arrival, an aliquot of each sample was fixed using 30%
sterilized glycerin, mixed well, and stored at �80 �C until further
bacterial isolation. The remaining sample was stored at �20 �C for
chemical residue analyses. The samples were analyzed in Japan due
to inadequate laboratory facilities in Sri Lanka. The microbiological
analyses were performed at the National Institute of Animal
Health-NARO, Tsukuba, Japan, and the chemical analyses were
conducted at the Ehime University, Matsuyama, Japan. The
permission for sampling and sample transportation was obtained
from the hospital authorities and the Department of Civil Engi-
neering, University of Peradeniya, Sri Lanka. Previously, it was
observed that several target compounds were stable during storage
and transportation (Prabhasankar et al., 2016), and the sample
quality was adequate for conducting both chemical and microbio-
logical analyses (Akiba et al., 2015; Guruge et al., 2019).

2.2. Antimicrobial analyses

Twenty-five antimicrobials (18 antibiotics and seven PCPs) were
analyzed in the present study; 13 isotopic internal standards (ISs)



Fig. 1. The location of the sampling sites in Sri Lanka.
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were used for quality control and quality assurance of the analytical
methods (Supplementary Table S2) (Guruge et al., 2019). High pu-
rity (>95%) analytical standards of the target compounds, ISs,
organic solvents, and deionized water were purchased from com-
mercial suppliers (Guruge et al., 2019).

2.3. Sample extraction

Samples were extracted according to the methods proposed in a
previous study (Guruge et al., 2019). Briefly, all the samples were
filtered through glass fiber filters to remove suspended solids. The
filtrate (50 mL for surface waters or 5 mL for hospital wastewater)
was spiked with internal standards (Supplementary Table S2) and
loaded onto a preconditioned Oasis HLB Plus Light cartridge (Wa-
ters, Milford, MA, USA). The cartridge was washed with Milli-Q
water and vacuum-dried. The analytes retained in the cartridge
were eluted, and the eluate was concentrated under nitrogen gas
flow. The residue was reconstituted in methanol/Milli-Q water and
filtered before analysis.

2.4. Instrumental analysis, quality assurance, and quality control

Identification and quantification of the analytes were performed
using an ultra-fast liquid chromatography system (Shimadzu,
Japan) coupled with an AB Sciex Qtrap 5500 mass spectrometer
(Applied Biosystems, Tokyo, Japan) operating under positive and
negative electrospray ionization (ESI) modes withmultiple reaction
3

monitoring (MRM). Detailed information on the liquid chroma-
tography and mass spectrometry parameters, chromatographic
separation, ion sources, MRM transitions, and data acquisition has
been presented in a previous publication (Guruge et al., 2019).

The concentrations of target compoundswere determined using
the isotope-dilution method (Guruge et al., 2019). IS-corrected
(relative) recovery rates ± standard deviation (SD) and method
detection limits (MDLs) of the target compounds are listed in
Supplementary Table S2. The recovery rates were determined by
analyses of surface water samples spiked with native standards at
concentrations of 4, 20, and 100 ng/L (in triplicate). MDLs were
calculated from the SDs of nine replicate injections of surface water
extracts spikedwith native standards at low concentrations. During
data calculations and statistical analyses, the concentrations below
the MDL were considered as zero.

2.5. Isolation and identification of bacteria

The standard operating procedures for bacterial isolation have
been described in a previous study (Akiba et al., 2015). Briefly, the
frozen water samples were thawed and diluted appropriately with
sterilized phosphate-buffered saline. The diluted wastewater
samples were plated on chromocult coliform agar (Merck KGaA,
Darmstadt, Germany) and incubated at 37 �C under aerobic con-
ditions. The plates were examined after 24 h, following which, vi-
olet coloniesdpositive for both b-galactosidase and b-
glucuronidase, indicating the presence of E. colidwere randomly
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isolated. Up to 10 violet colonies were selected from each sample.
Kovacs’ indole reagent (Merck KGaA, Darmstadt, Germany) was
used for the detection of indole production. PCR was used to
confirm the indole-positive isolates as E. coli (Iguchi et al., 2015).
The isolates were stored in Luria-Bertani broth (Becton, Dickinson
and Company, Franklin Lakes, NJ) with 25% glycerol at �80 �C until
further use.
2.6. Antimicrobial susceptibility tests

Antimicrobial susceptibility was assessed by the KirbyeBauer
disk diffusion test using Sensi-Disc susceptibility test discs (Bec-
ton, Dickinson and Company, Franklin Lakes, NJ, USA) on Muller-
Hinton agar plates (Becton, Dickenson and Company) according
to the recommendation of the Clinical and Laboratory Standards
Institute (CLSI, 2017). In the present study, the following 15 anti-
microbials were tested: ampicillin (AMP; 10 mg), cefazolin (CEZ;
30 mg), cefotaxime (FOX; 30 mg), cefoxitin (CTX; 30 mg), chloram-
phenicol (CHLP; 30 mg), tetracycline (TC; 30 mg), streptomycin (SM;
10 mg), kanamycin (KM; 30 mg), gentamicin (GM; 10 mg), sulfa-
methoxazole/trimethoprim (SMXZ/TRI; 23.75/1.25 mg), nalidixic
acid (NA; 30 mg), ciprofloxacin (CIP; 5 mg), levofloxacin (LVX; 5 mg),
ofloxacin (OFX; 5 mg), norfloxacin (NORF; 10 mg).
2.7. Bacterial DNA extraction and identification of ARGs

DNA from each E. coli isolate was extracted using the alkaline-
boiling method described previously (Ooka et al., 2009). All DNA
samples were stored at �20 �C until further analysis. PCRs were
conducted to detect 20 ARGs, including 3 b-lactam (blaCTX-M, blaSHV,
and blaTEM), 3 sulfonamide (sul1, sul2, and sul3), 4 trimethoprim
(dfrA1, dfrA5/14, dfrA7/17, and dfrA12), 2 TC (tetA and tetB), 2 S M
(aadA and strAB), 1 KM (aphA1-Iab), 2 CHLP (cat and cmlA), and 3
quinolone (qnrA, qnrB, and qnrS) resistance genes. Each gene-
specific primer and PCR conditions are listed in the references
given in the Supplementary Table S3. The PCR products were
analyzed by electrophoresis on 2% agarose gels.
2.8. Statistical analysis

All data were tested for normality and homogeneity of variance
and were log10 transformed wherever necessary to meet these
criteria. Comparisons of average chemical concentrations among
various sample settings were performed using one-way ANOVA,
followed by Tukey’s multiple comparison test. The correlation be-
tween the concentration of antimicrobials and prevalence of
antimicrobial-resistant E. coli or ARGs was determined by linear
regression analysis. In addition, multivariate logistic regression
analyses were performed to assess the associations between the
concentrations of fluoroquinolones (FQs) and PCPs, locations,
treatment process (influent or effluent), and sampling year, while
selecting the prevalence of antimicrobial resistance of E. coli as the
target variable (Akiba et al., 2015). The concentration of FQs and
PCPs, location, treatment step and sampling year were designated
as the explanatory variables. Similarly, the effects of these
explanatory variables on the persistence of resistance genes (target
variable) were also studied. For each explanatory variable, H1 (the
largest hospital) as the location, influent data, and data obtained in
2016 were used as reference levels to determine the significance.
Resistance data were used for all statistical analyses (intermediate
resistance data not included). The analysis was conducted with the
R Core Team (2019). Differences were considered significant if
p < 0.05.
4

3. Results

3.1. Presence of antimicrobials in hospital wastewaters and surface
waters

A summary of the concentrations of the detected compounds is
presented in Table 1. Among the 25 investigated compounds, 19
were detected in the water samples. Among the sulfonamides,
sulfapyridine (SPR) and SMXZ were detected at concentrations of
up to 14,120 and 15,300 ng/L in the influent and effluent waters of
H1, respectively. However, sulfamethazine (SMT) was detected only
in samples obtained from H1 and the Mid Canal, with maximum
concentrations of 6.2 and 3.2 ng/L, respectively. The SPR (p < 0.05)
and SMXZ (p < 0.001) concentrations were significantly higher in
the influent and effluent waters of H1 than those of other hospitals,
Kandy Lake, and the Mid Canal. In addition, SMXZ levels in the H1
effluent were significantly higher (p < 0.001) than those in the
influent. Among all target compounds, clarithromycin (CLA), a
macrolide, was present at the highest concentrations (18,800 ng/L)
in the H1 influent. The highest concentrations of the other two
macrolides, namely, erythromycin (ERY) and roxithromycin (ROX)
were 838 ng/L and 29 ng/L in the H2 and H1 influents, respectively.
Among the fluoroquinolones (FQs), CIP was dominant in the H1
influent followed by LVX and NORFwith the highest concentrations
of 11,300 ng/L, 3760 ng/L, and 144 ng/L, respectively. All three
compounds were detected at 100% frequency in H1 and the Mid
Canal samples. However, no compound was observed in the sam-
ples collected from Kandy Lake. The LVX concentrations in the H1
influent were significantly higher than those in the H3 influent
(p < 0.05).

The concentrations of TRI, which is often administered in
combination with SMXZ, were significantly higher (p < 0.05) in the
H1 effluent than those in the H1 influent and at all other sites
(p < 0.01). The highest TRI levels (2440 ng/L) were observed in the
H1 influent, while its mean concentrations in the Mid Canal (75 ng/
L) increased by two orders of magnitude when compared to the
concentrations in Kandy Lake. The highest lincomycin (LIN) con-
centration of 1316 ng/L was observed in the H1 influent; however, it
was not detected in Kandy Lake. Notably, CHLP, a phenicol, was not
detected in H1, Kandy Lake, and the Mid Canal samples, and was
observed mostly in the effluents of H2 and H3, reaching up to the
concentrations of 4100 ng/L and 2115 ng/L, respectively. In addition,
CHLP concentrations in the H2 effluent were significantly higher
(p < 0.05) than those observed in the influent.

The concentrations of PCPs varied considerably across all loca-
tions. Triclocarban (TCC) was detected in all samples excluding lake
water, with the highest value recorded in the H1 effluent (363 ng/
L). The maximum triclosan (TCS) concentration of 77 ng/L was
detected in the H3 influent. Among parabens, the maximum con-
centrations of methyl paraben (MeP), ethyl paraben (EtP), and
propyl paraben (PrP) were 468 ng/L, 96 ng/L, and 525 ng/L,
respectively, which were detected in H2 influent. While butyl
paraben (BuP) concentrations were the highest in H3 influent
(11 ng/L). Notably, N,N-diethyl-3-toluamide (DEET) was detected in
all Mid Canal samples with the highest concentration of 626 ng/L.
Its mean value was one order of magnitude greater than the value
observed in the sample collected from the lake.

3.2. Prevalence of antimicrobial-resistant E. coli phenotypes

A total of 297 E. coli colonies selected randomly from 30 samples
were tested for sensitivity against 15 antimicrobials. The prevalence
rates of non-susceptible E. coli are listed in Table 2. Eighty, fourteen
and six percent of the total isolates exhibited resistance, interme-
diate resistance, and susceptibility to the tested antimicrobials,



Table 1
Concentrations (ng/L) of antimicrobials measured in the Kandy Lake, hospital influents, hospital effluents and the Mid Canal.

Compound Kandy Lake (n ¼ 3) Hospital 1 (n ¼ 8) Hospital 2 (n ¼ 10) Hospital 3 (n ¼ 10) Mid Canal (n ¼ 3)

Influent Effluent Influent Effluent Influent Effluent

Range Det. %b Range Det. % Range Det. % Range Det. % Range Det. % Range Det. % Range Det. % Range Det. %

Mean Mean Mean Mean Mean Mean Mean Mean

SPR <MDLa-1.7 67 1458e14,120 100 7050e8920 100 24e4660 100 3.6e1536 100 28e1232 100 3.1e752 100 157e262 100
0.76 6540 8230 1474 1166 555 322 216

SMT <MDL <MDL-2.7 60 1.7e6.2 100 <MDL <MDL <MDL <MDL 1.0e3.2 100
2.6 3.4 1.9

SMXZ 0.90e4.2 100 1248e7040 100 10,320-15,3000 100 42e2000 100 5.2e416 100 46e260 100 4.0e642 100 119e450 100
2.2 4610 13,167 470 210 147 247 244

TRI 0.59e0.82 100 22e2440 100 1470e2040 100 42e918 100 28e262 100 24e110 100 19e181 100 27e118 100
0.67 673 1850 253 156 84 73 75

LIN <MDL 52e1316 100 184e1256 100 <MDL-596 80 <MDL-1162 100 <MDL-3.8 40 <MDL-3.4 40 15e58 100
557 896 182 512 1.4 1.4 34

ERY <MDL 42e122 100 161e355 100 2.9e838 100 42e165 100 23e760 100 33e455 100 27e31 100
67 262 181 110 292 225 29

CLA 0.37e3.1 100 2780e18,800 100 4800e6350 100 636e10,880 100 282e5800 100 486e3560 100 264e948 100 284e388 100
1.9 6840 5817 5020 3576 1312 612 273

ROX <MDL <MDL-29 40 <MDL <MDL <MDL-3.9 40 <MDL-6.2 60 <MDL-5.4 40 <MDL
5.7 1.3 2.6 1.9

CHLP <MDL <MDL <MDL <MDL-39 40 <MDL-4100 60 <MDL-108 40 <MDL-2115 80 <MDL
20 2009 22 428

NORF <MDL <MDL-144 40 9.5e138 100 <MDL <MDL-47 40 <MDL <MDL-18 40 <MDL
32 53 17 5.9

LVX <MDL 85e3760 100 252e1438 100 <MDL-119 80 <MDL-406 80 19e177 100 <MDL-29 80 9.5e33 100
1414 648 77 151 59 18 18

CIP <MDL 214e11,300 100 872e2800 100 116e1516 100 12e1370 100 101e690 100 <MDL-229 100 18e63 100
3493 1382 660 600 296 108 34

TCC <MDL 23e265 100 53e363 100 30e233 100 52e310 100 33e231 100 14e314 100 15e31 100
99 165 93 120 110 112 23

TCS <MDL-5.5 33 <MDL-22 40 17e20 100 <MDL-67 60 <MDL-44 40 <MDL-77 60 <MDL-32 40 <MDL-19 67
1.9 8.4 18 22 16 27 7.4 12

MeP <MDL-42 67 <MDL-163 40 <MDL-237 67 <MDL-468 40 <MDL-29 20 <MDL-275 40 <MDL-73 40 <MDL
26 63 148 165 5.7 103 25

EtP <MDL-9.3 33 <MDL-19 60 <MDL-22 67 <MDL-96 40 <MDL <MDL-52 40 <MDL-20 40 <MDL
3.1 8.2 14 23 18 6.9

PrP <MDL-9.1 33 <MDL-330 80 <MDL-270 67 <MDL-525 60 <MDL <MDL-380 80 <MDL-10 20 <MDL-60 67
3.0 111 169 170 142 2.1 22

BuP <MDL <MDL-4.6 40 <MDL-4.5 67 <MDL-10 60 <MDL <MDL-11 40 <MDL <MDL
1.2 2.1 2.7 3.9

DEET <MDL-47 67 <MDL-40 40 <MDL-69 67 <MDL-44 20 <MDL-30 20 <MDL-382 20 <MDL-558 60 145e626 100
29 13 36 8.7 5.9 76 125 319

a MDL: Method detection limit.
b Detection frequency.
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Table 2
Prevalence of complete antimicrobial resistance and intermediate resistance phenotypes in E. coli observed in hospital wastewaters and surface waters.

Antimicrobial Kandy Lake [8]a Hospital 1 [80] Hospital 2 [100] Hospital 3 [79] Mid Canal [30]

Resistant I. resistantb Resistant I. resistant Resistant I. resistant Resistant I. resistant Resistant I. resistant

AMP 5 (63)c 1 (13) 64 (80) 2 (3) 78 (78) 3 (3) 54 (70) 0 16 (53) 2 (7)
CEZ 3 (38) 5 (63) 44 (55) 24 (30) 67 (67) 23 (23) 45 (57) 20 (25) 9 (30) 18 (60)
CTX 1 (13) 0 32 (40) 9 (11) 57 (57) 12 (12) 35 (44) 3 (4) 1 (3) 10 (33)
FOX 0 (0) 0 8 (10) 5 (6) 12 (12) 16 (16) 17 (22) 2 (3) 1 (3) 0
SM 1 (13) 3 (38) 21 (26) 23 (29) 20 (20) 34 (34) 8 (10) 28 (35) 10 (33) 10 (33)
KM 2 (25) 1 (13) 22 (28) 6 (8) 20 (20) 10 (10) 14 (18) 6 (8) 3 10) 5 (17)
GM 1 (13) 0 6 (8) 0 6 (6) 0 7 (9) 0 1 (3) 0
CHLP 0 0 8 (10) 4 (5) 7 (7) 1 (1) 5 (6) 0 6 (20) 0
TC 4 (50) 0 42 (53) 0 52 (52) 0 37 (47) 0 17 (57) 0
SMXZ/TRI 4 (50) 0 38 (48) 3 (4) 32 (32) 1 (1) 28 (35) 2 (3) 13 (43) 1 (3)
NA 2 (25) 2 (25) 43 (54) 7 (9) 60 (60) 4 (4) 24 (30) 14 (18) 15 (50) 4 (13)
CIP 2 (25) 0 32 (40) 8 (10) 34 (34) 19 (19) 12 (15) 6 (8) 12 (40) 1 (3)
LVX 2 (25) 0 31 (40) 5 (6) 33 (33) 2 (2) 12 (15) 0 11 (37) 1 (3)
OFX 2 (25) 0 33 (41) 3 (4) 34 (34) 1 (1) 12 (15) 1 (1) 12 (40) 0
NORF 2 (25) 0 30 (38) 3 (4) 33 (33) 1 (1) 11 (15) 1 (1) 12 (40) 0

a Number of total isolates.
b Intermediate resistant.
c Number of isolates and percentage of isolates in parenthesis.
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respectively. The percentage of isolates exhibiting intermediate
resistance against CEZ, SM, KM, and NA was higher than that of
isolates exhibiting intermediate resistance against other drugs.
When considering only resistant isolates, samples collected from all
hospitals demonstrated �70% resistance against AMP, with H1
samples showing the highest resistance rate (80%). Upon exam-
ining cephem resistance in hospitals, it was observed that resis-
tance against CEZ (55e67%) was dominant when compared to
resistance against CTX (40e57%) and FOX (10e22%).

The prevalence of E. coli exhibiting resistance against TC and
SMXZ/TRI was in the range of 47e53% and 32e48%, respectively.
Unique trends of resistance against FQ were observed in the
wastewaters and surface waters, where the rates of isolates
exhibiting resistance against CIP, LVX, OFX, and NORF were in the
range of 25e41%. However, the rates of resistance were almost
similar at each site. NA exhibited the highest resistance rates among
all quinolones, ranging from 30 to 60% in the hospitals and the Mid
Canal. Resistance to aminoglycosides was relatively low. SM and
KM resistance rates ranged from 10 to 26% and 18e28%, respec-
tively, while GM resistance rates were the lowest (6e9%) in the
hospitals. The CHLP resistance rates were also low at all hospitals
(6e10%). In the samples collected from Kandy Lake, resistance was
studied only in 8 isolates. Nevertheless, data obtained from Kandy
Lake located upstream along the flow of hospital discharges indi-
cated that the lake had the lowest abundance rate of E. coli exhib-
iting resistance against most of the target compounds. During the
three incidences of sampling at the Mid Canal, resistance against
target drugs ranged from 3 (CTX, FOX and GM) to 57% (TC). The
abundance of resistant phenotypes in 297 E. coli isolates is shown in
Supplementary Fig. S1.

When a microorganism is resistant to at least one agent in three
or more antimicrobial classes it can be considered to demonstrate
multi-drug resistance (MDR). It was observed that 180 (61%) of the
examined isolates demonstrated MDR. The MDR rates in all hos-
pital samples were 69% (H2), 66% (H1), and 47% (H3). The MDR
rates in the Mid Canal and Kandy Lake samples were 53% and 63%,
respectively. Furthermore, 40%, 32%, and 17% isolates observed in
the samples collected from H1, H2, and H3 were resistant toward
more than 8 tested antimicrobials, respectively. None of the isolates
were resistant to all the 15 targeted antimicrobials (Supplementary
Table S4).
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3.3. Abundance of antimicrobial-resistance genes

In this study, 20 resistance genes imparting resistance toward
antimicrobials from seven drug classes in E. coli isolates were
analyzed. QnrA was not detected in any isolates (Table 3). BlaCTX-M
and tetA were the most abundant genes in the isolates observed
from the samples collected from H1, followed by qnrS, blaTEM, and
sul2. The highest blaCTX-M (51%) detection rates were observed in
the isolates of samples collected from H2, while blaTEM, tetB, sul2,
and qnrS were enriched in over 20% of the isolates. The tetA and
qnrS detection rates were higher than those of blaCTX-M in the iso-
lates of samples collected from H3. The detection rates of TRI
resistant genes showed that dfrA5/14 was dominant in the isolates
of H1 samples, while dfrA7/17 demonstrated higher detection rates
in H3 samples. In addition, all aminoglycoside resistance genes
(aadA, strAB, aphA1-Iab) demonstrated higher detection rates in H1
samples than those observed in the samples collected from the
remaining two hospitals. However, dfrA1 and blaSHV were detected
only in samples collected from H1 and H2, respectively. Detection
frequencies of blaTEM and tetAwere higher in the samples collected
from Kandy Lake and Mid Canal. Notably, blaSHV was observed only
in H2 samples, while blaCTX-M was not observed in the Mid Canal
samples.

It was observed that 112 (38%) and 105 (35%) of all isolates were
enriched in blaTEM and blaCTX-M (Supplementary Fig. S2) genes,
respectively. Tetracycline resistance genes, namely, tetA and tetB,
were detected in 91 (30%) and 58 (20%) isolates, respectively, while
sulfonamide resistance genes, sul1 and sul2 were observed in 60
(20%) and 76 (26%) isolates, respectively. Quinolone resistance
gene, qnrS, was observed in 80 (27%) isolates. However, the
detection rates of aminoglycoside resistance genes, namely, aadA
and strAB, were 16% and 20%, representing 49 and 59 isolates,
respectively. Trimethoprim and chloramphenicol resistance genes
were detected with a lower frequency.
3.4. Relationships among resistance rates of E. coli phenotypes and
other variables

The manner in which potentially confounding variables, i.e.,
location, treatment process, and sampling year, were associated
with the prevalence of E. coli isolates resistant toward a selected



Table 3
Prevalence of antimicrobial resistance genes in E. coli isolated in hospital wastewaters and surface waters.

Gene Kandy Lake (8)a Hospital 1 (80) Hospital 2 (100) Hospital 3 (79) Mid Canal (30)

Number Detection Number Detection Number Detection Number Detection Number Detection

of detection % of detection % of detection % of detection % of detection %

blaCTX-M 1 13 30 38 51 51 23 29 0 0
blaSHV 0 0 0 0 7 7 0 0 0 0
blaTEM 5 63 23 29 48 48 21 27 15 50
sul1 1 13 21 26 17 17 16 20 5 17
sul2 1 13 22 28 27 27 20 25 6 20
sul3 0 0 15 19 9 9 1 1 9 30
dfrA1 0 0 4 5 0 0 0 0 0 0
dfrA5/14 2 25 14 18 9 9 13 16 1 3
dfrA7/17 0 0 6 8 9 9 15 19 1 3
dfrA12 1 13 5 6 2 2 1 1 0 0
tetA 4 50 30 38 17 17 26 33 14 47
tetB 0 0 11 14 32 32 12 15 3 10
aadA 1 13 19 24 15 15 4 5 10 33
strAB 1 13 21 26 16 16 15 19 6 20
aphA1-Iab 2 25 15 19 9 9 10 13 2 7
Cat 0 0 2 3 5 5 5 6 1 3
cmlA 0 0 6 8 4 4 0 0 5 17
qnrB 2 25 4 5 9 9 17 22 5 17
qnrS 1 13 26 33 22 22 26 33 5 17

a Number of isolates.
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antimicrobial was investigated. The multivariable logistic regres-
sion analysis showed that the occurrence of phenotypes resistant
toward CTX in H2 samples was significantly higher (p < 0.01).
However, the presence of phenotypes resistant toward GM in H2
samples was significantly lower (p < 0.05) compared to that in
observed the H1 samples (Fig. 2). In contrast, the occurrence of
phenotypes resistant toward GM (p < 0.01), CIP (p < 0.01), LVX
(p < 0.01), OFX (p < 0.001) and NORF (p < 0.01) in H3 samples were
significantly lower than those observed in H1 samples.

When data obtained from the samples collected before and after
treatment at the hospitals were compared (treatment process), the
occurrence of SMXZ/TRI-resistant phenotypes in the effluents was
slightly higher than that observed in the influents (p < 0.05)
(Fig. 3A). In contrast, the occurrence rates of phenotypes resistant
toward CEZ and CTX in the effluents were significantly lower
(p < 0.001) than those observed in the influents. The analysis
Fig. 2. Box-and-whisker plots showing the detection rates of E. coli phenotypes resistant tow
the minimum and the maximum concentration, the median (�), the mean (x), and the first
are noted in the text) between H1 and the other locations were estimated by multivariate
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demonstrated that in the samples collected in 2018, the prevalence
of phenotypes resistant toward AMP (p < 0.01), CHLP (p < 0.05), TC
(p < 0.05), SMXZ/TRI (p < 0.01), NP (p < 0.01), CIP (p < 0.01), LVX
(p < 0.01), OFX (p < 0.01), and NORF (p < 0.01) was significantly
lower than that observed in 2016 (Fig. 3B).

A similar statistical analysis was conducted to study the effects
of the aforementioned variables on the abundance of resistance
genes in E. coli isolates. When compared to the H1, occurrence of
blaTEM (p < 0.01) and tetB (p < 0.05) was significantly higher while
occurrences of tetA (p < 0.05) and qnrB (p < 0.01) were significantly
lower in H2 wastewaters (Fig. 4). Likewise, the occurrences of sul3
(p < 0.05), aadA (p < 0.05) and qnrB (p < 0.01) were significantly
lower in the H3 samples compared to those in the H1 samples.
Interestingly, the occurrence rates of blaTEM (p < 0.01), sul3
(p < 0.05), and cmlA (p < 0.05) in the Mid Canal samples were also
significantly higher than those observed in the H1 wastewaters.
ard antimicrobials observed in the Kandy Lake, hospitals, and Mid Canal. Plots include
(5%) and third quartiles (95%). Significant differences (B negative, C positive, p values
logistic regression analysis.



Fig. 3. Box-and-whisker plots showing the detection rates of E. coli phenotypes resistant toward antimicrobials in the treatment step (A) and from 2016 to 2018 (B). Plots include
minimum and maximum concentrations, the median (�), the mean (x), and the first (5%) and third quartiles (95%). Significant differences (B negative, C positive, p values are
noted in the text) between the influent and effluent (A) and between 2016 and the other two years (B) were estimated by multivariate logistic regression analysis.

Fig. 4. Box-and-whisker plots showing the detection rates of resistance genes in E. coli in Kandy Lake, hospitals, and Mid Canal. Plots include the minimum and maximum
concentrations, the median (�), the mean (x), and the first (5%) and third quartiles (95%). Significant differences (B negative,C positive, p values are noted in the text) between H1
and the other locations were estimated by multivariate logistic regression analysis.
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The treatment process influenced the presence of resistance
genes inwhich the rates of dfrA5/14, tetA, strAB, aphA1-lab, and qnrB
were significantly higher (p < 0.05 ~ p < 0.01) in the effluents.
However, the rates of blaCTX-M were significantly lower (P < 0.05) in
effluents than those observed in the influents (Fig. 5A). Moreover,
the prevalence of resistance genes was also influenced by the
sampling year. In the year 2017, sul2 and strAB demonstrated higher
occurrence rates (p < 0.01) while tetB (p < 0.05) and qnrB
(p < 0.001) showed lower rates than those observed in 2016
(Fig. 5B). In 2018, occurrence rates for aadA (p < 0.05) and qnrB
8

(p < 0.001) were lower than those observed in 2016.
Further investigations on how the concentrations of antimi-

crobials are associated with the prevalence of resistant phenotypes
and resistance genes by performing multivariable logistic regres-
sion analysis were conducted. Nevertheless, with respect to the
confounding explanatory variables, no significant correlation was
observed between the antibiotic concentrations and the selection
of resistant phenotypes of E. coli. In contrast, concentrations of PCPs
showed a significant positive correlation with the occurrence of
phenotypes resistant to several tested antimicrobials (Table 4). For



Fig. 5. Box-and-whisker plots showing the detection rates of resistance genes in E. coli in the treatment step (A) and during 2016e2018 (B). Plots include the minimum and
maximum concentrations, the median (�), the mean (x), and the first (5%) and third quartiles (95%). Significant differences (B negative, C positive, p values are noted in the text)
between the influent and effluent (A) and between 2016 and the other two years (B) were estimated by multivariate logistic regression analysis.

Table 4
Associations (p) between concentration of antimicrobials and the prevalence of antimicrobial-resistant phenotypes and resistance genes.

Antimicrobial Resistant phenotype Resistance gene

CEZ CTX FOX KM GM SMXZ/TRI blaCTX-M blaTEM sul1 sul2 sul3 dfrA7/17 tetA tetB strAB qnrB

S Fluoroquinolone <0.01
DEET <0.05 <0.05
TCS <0.01 <0.05 <0.001
MeP <0.05 <0.05 <0.05a <0.05 <0.01 <0.05
EtP <0.05 <0.05 <0.05 <0.001 <0.05 <0.05
PrP <0.01 <0.01
BuP <0.01 <0.05
TCC <0.05 <0.05 <0.01 <0.05 <0.01 <0.01 <0.01

a Italics indicate negative correlation.
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instance, concentrations of DEET and TCS were positively associ-
ated with the rates of CEZ and GM resistance, respectively. The MeP
concentration was positively correlated with the occurrence of
cephalosporin resistance (CEZ and CTX). In addition, EtP levels were
correlated significantly with the presence of FOX and SMXZ/TRI
resistant isolates. The TCC concentrations demonstrated positive
correlations with the prevalence of CTX-resistant E coli. In contrast,
MeP and TCC demonstrated weak and negative associations with
FOX and KM resistance, respectively. Moreover, the total concen-
tration of FQs demonstrated a significant positive correlation with
the rates of blaTEM (Table 4). The presence of all seven PCPs was
positively correlated with the enrichment of several genes.
Conversely, negative associations were also noted between MeP
and sul2, MeP and strAB, BuP and sul2, TCC and sul2, and TCC and
strAB (Table 4).
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4. Discussion

4.1. Occurrence of antimicrobials in hospital wastewater and
adjacent surface water

The concentrations of targeted compounds detected in the
hospitals were several folds higher than those previously reported
in two municipal sewage treatment plants (Samaraweera et al.,
2019). These results indicate that hospital effluents require more
consideration as antimicrobial pollution sources in Sri Lanka. The
maximum concentration of SMXZ detected in the effluent of H1
was higher than themaximum concentrations reported in hospitals
and WWTP wastewater in Asia, Europe, and North America
(Cardenas et al., 2016; Kleywegt et al., 2016; Tran et al., 2018). The
maximum SPR concentration detected in the H1 influent was
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higher than those reported in the UK (Petrie et al., 2015). The fre-
quency of the detection of SMXZ and SPR observed in the present
study indicated their regular use in hospitals. In contrast, SMT was
detected at low frequency, with several-folds lower levels when
compared to the levels reported in Asia, North America, and Europe
(Tran et al., 2018). The level of CLA was higher than the levels re-
ported globally, including in Canada and Japan (Tran et al., 2018;
Azuma et al., 2016; Kleywegt et al., 2016). Previously, the presence
of CLA and CHLP was not detected in a municipal WWTP
(Samaraweera et al., 2019), suggesting that these drugs might pri-
marily be used in clinical settings in Sri Lanka. Among the FQs, CIP
levels detected in the current samples were higher than those re-
ported for the Asian region but lower than those reported for North
America and Europe (Tran et al., 2018; Ratola et al., 2012).

Biocides were detected at low frequencies at all the sampling
sites. The TCC and TCS levels were lower than those reported for
WWTPs in Asia and other parts of the world, including India, Korea,
and the UK (Tran et al., 2018; Balakrishna et al., 2017; Petrie et al.,
2015). The concentrations of all parabens detected in the present
study were lower than the concentrations in WWTPs in the UK
(Kasprzyk-Hordern et al., 2009). DEET is used in insect repellents.
Hence, the high DEET pollution in the Mid Canal emphasizes the
fact that increased amounts of DEET may largely stem from un-
treated domestic waste released from densely populated areas in
the vicinity. Domestic WWTPs also demonstrated higher TCC
detection rates when compared to the detection rates in other
treatment plants (Subedi et al., 2014), suggesting that the frequency
of the use of such biocides in medical institutions is lower than that
in domestic settings.

Although a wide range of antimicrobials have been detected in
Kandy Lake and the Mid Canal, their concentrations typically did
not exceed the concentrations reported in other studied (Bu et al.,
2013; Patel et al., 2019; Tran et al., 2019). The presence of various
antimicrobials in hospital effluents at high concentrations might be
a major source of downstream contamination, considering that the
drugs have been detected widely in urban canals and other surface
waters in Sri Lanka (Guruge et al., 2019). The mean levels of all the
chemicals measured in the two sites were several-fold higher than
the levels reported based on samples collected in 2013 (Guruge
et al., 2019). These results demonstrate an increase in aquatic
pollution in the study area.

4.2. Prevalence of E. coli with AMR phenotypes

AMR E. coli strains have been studied extensively in wastewater
and surface waters, and the antimicrobial resistance associated
with the antimicrobials targeted in the present study is common in
urban settings. The previously reported rates of resistance in E. coli
toward aminopenicillins, sulfonamides, and tetracyclines are
higher than those toward aminoglycosides (reviewed by Rizzo
et al., 2013; Rosas et al., 2015), which is consistent with the find-
ings of the present study. In contrast, a recent study demonstrated
that E. coli isolated from a hospital effluent demonstrated up to
100% resistance toward FQs, TC, and SMXZ (Kumar et al., 2020).
These results indicate significant discrepancies based on various
locations in Sri Lanka. The data suggest that the resistance of
extended-spectrum b-lactamase (ESBL) - producing E. coli was
dominant when compared with other resistant phenotypes in
hospital wastewaters. These findings might reflect the prevalent
use of b-lactamase drugs in the hospitals and are consistent with
the results of a previous study conducted with samples collected
from Southern India. The rates of resistance toward AMP, CFZ, and
CTX were the highest, while CHLP demonstrated the lowest resis-
tance rates in the samples collected from Southern India (Akiba
et al., 2016). Similarly, resistance toward AMP was prominent,
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while the least prevalent resistance phenotypes were observed
toward CHLP and GM in the USA, Sweden, and Norway (Flach et al.,
2018; Kappell et al., 2015; Paulshus et al., 2019). In addition, a
recent study involving 10 major European countries revealed that
the prevalence of E. coli resistance toward AMPwas higher than the
prevalence of E. coli resistance toward CFZ, CTX, and GM, while
resistance toward AMP varied significantly among regions in clin-
ical and urban wastewaters (Huijbers et al., 2020). In contrast, the
highest resistance in E. coli isolated from WWTPs and hospital
wastewater was observed toward SMXZ in Portugal and Vietnam
(Figueira et al., 2011; Lien et al., 2017). These results were incon-
sistent with those reported by Korzeniewska et al. (2013), where
the prevalence of CTX - and GM-resistant phenotypes was promi-
nent in Polish hospital wastewaters.

The presence of ARB might differ across different hospitals and
ward types, and ARB concentrations in treatment plants of hospi-
tals with clinical isolation wards could be higher than the con-
centrations in other mixed WWTPs (Le et al., 2016). In line with
previous reports, a significant variation in the presence of resistant
phenotypes was observed among hospitals. Especially, selection for
SMXZ/TRI and FQs was low in H3, which was the smallest among
the three hospitals. Le et al. (2018) reported that both CAS and
membrane bioreactor (MBR) systems could effectively reduce rates
of ARB. Therefore, treatment with CAS and MBR systems could be
effective at H3, where a lower number of isolates that were resis-
tant toward SMXZ/TRI and FQs were observed compared to those
noticed in H1 and H2 samples (with the availability of only CAS-
treatment). In this study, a significant annual variation in preva-
lence rates among resistant isolates and genes in wastewaters and
surface waters was observed. This might be an outcome of the
combined effect of variation in the operational parameters, such as
sludge removal, rainfall, and hydraulic load (Pallares-Vega et al.,
2019) and the type and number of patients treated at the hospi-
tals during the sampling. Hence, further monitoring studies should
be performed.

Most E. coli strains isolated in the present study showed resis-
tance toward multiple antimicrobials, indicating that favorable
selection conditions for ARB, are prevalent in the urban streams
located adjacent to hospital effluent discharge sites in Sri Lanka.
The presence of E. coli with MDR phenotypes has been reported in
similar environmental settings, which is significantly higher in
hospital effluents when compared to the abundance in domestic/
municipal wastewaters (Akiba et al., 2015; Korzeniewska et al.,
2013; Paulshus et al., 2019). A previous study reported that E. coli
isolated from the Tama river were primarily resistant to SMXZ/TP,
AMP, and TC, which is surrounded by the densely urbanized Tokyo
Metropolitan area (Ham et al., 2012). In the Tama River, only 4% of
the isolates demonstrated resistance to six out of the 12 antimi-
crobials tested. However, 32% of the isolates were resistant to seven
or more antimicrobials in the samples collected fromMid Canal, Sri
Lanka. In contrast, urban waterways demonstrated higher occur-
rence rates of MDR E. coli phenotypes when compared to human-
derived sources such as domestic sewage and effluents of clinical
origin (Kappell et al., 2015). Overall, the present data along with the
globally published data obtained from other regions indicate that
the abundance of AMR E. coli phenotypes in hospital wastewaters
and adjacent surface waters is influenced significantly by the
wastewater treatment methods and pharmaceuticals. The preva-
lence of phenotypes resistant toward 11e12 drugs in the down-
stream Mid Canal raises concerns on water quality since the canal
discharges water directly to the Mahaweli River, which is the
largest river in the country, and the major source of drinking for
Kandy, the second-largest city in Sri Lanka.
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4.3. Prevalence of resistance genes in E. coli

In this study, 19 genes imparting resistance toward drugs
belonging to seven major antimicrobial classes were detected. The
presence of blaTEM encoding b-lactamase was dominant in H2
hospital wastewaters and the Mid Canal. This gene was widely
observed in WWTPs globally, from Asia, Europe, and America
(Pazda et al., 2019). Resistant E. coli strains harboring multiple
resistance genes (MRGs) have been reported in the samples ob-
tained post-treatment from hospital wastewater (Lien et al., 2017;
Yuan et al., 2020). The abundance of sul and tet genes in treated
water in WWTPs remained consistently high in the final effluents
and sludge (Wang et al., 2015). In contrast, the diversity of ARGs and
their transfer potentials in E. coli. Could be largely source-
dependent; hospital sources could show less potential compared
to sources such as livestock and municipal wastewater (Yuan et al.,
2020). The collated data demonstrated that the frequency of
resistance genes was significantly altered before and after treat-
ment, with potential enrichment of several gene determinants
during treatment processes, especially for tetracyclines, strepto-
mycin, and quinolones. All hospitals investigated in the study had
activated sludge treatment processes, while only H3 had an addi-
tional MBR treatment. Biswal et al. (2014) reported that the acti-
vated sludge treatment had no effect on the removal of ARG
carrying E. coli, and instead, could increase ARG against several
types of drug classes. In addition, all hospital treatment plants
selected in the present study chlorinated the wastewaters. How-
ever, chlorination may not eliminate ARGs effectively (Yuan et al.,
2015). This study revealed that approximately 61% of the E. coli
isolates harbored MRGs in all samples, while the occurrence rate in
downstream samples was 53%, indicating that the conditions in the
study area remained favorable for the enrichment of MRGs.
Therefore, further surveillance studies should be performed at the
national level to identify and collect data for understanding the
distribution of the MRGs in aquatic environments and their po-
tential impact on public health.

4.4. Correlation among antimicrobials, resistant phenotypes, and
resistant genes

This is the first comprehensive study to examine the effects of a
wide range of antimicrobials used in clinical settings on the
phenotype and genotype of E. coli in Sri Lanka. However, statistical
analysis showed that the concentrations of the 12 antibiotics
detected in the samples did not significantly facilitate the resis-
tance selection of E. coli. Antibiotics may not directly select their
own resistance mechanisms owing to the high abundance of genes
conferring cross-resistance to many compounds (Murray et al.,
2019). Likewise, apart from the presence of high concentrations
of antibiotics, the complexity of wastewater treatment facilities and
physicochemical parameters, and changes in the bacterial taxo-
nomic composition might influence the selection of the ARGs
(Bengtsson-Palme et al., 2016; Wang et al., 2015). The findings of
the present study demonstrated that the total FQ concentrationwas
significantly associated with the enrichment of blaTEM. Exposure to
CIP, the primary FQ detected in all samples, significantly increased
the presence of genes resistant to several drug classes other than
quinolone genes (Kraupner et al., 2018; Murray et al., 2019). In
addition, 1000 ng/L of CIP demonstrated the lowest observable ef-
fect for quinolone resistance selection in complex bacterial com-
munities (Kraupner et al., 2018). A similar average concentration
was detected in hospital wastewaters, implying that current
discharge levels could increase the risk of AMR selection and in-
fluence the microbial community in the surrounding environment.

Certain active substances in PCPs used in various settings can
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lead to an increased presence of ARB since bacteria exhibit similar
mechanisms of resistance to both biocides and antibiotics, which
would result in the co-selection of AMR (reviewed by Ortega-
Morente et al., 2013, Murray et al., 2019; SCENIHR, 2019). Howev-
er, the presence of biocides and their influence on AMR co-selection
in wastewaters are not well documented. Remarkably, EtP detected
in the present study were positively correlated with the prevalence
of SMXC/TRI resistant phenotype and its respective genes (sul2 and
sul3), demonstrated the potential of EtPs for the co-selection of
AMR. In addition, exposure to MeP also demonstrated the co-
selection potential of cephalosporin resistance phenotypes in
combinationwith their relevant ESBL-producing gene blaCTX-M. The
data further indicated that EtP and PrP concentrations were
significantly positively correlated with the occurrence of amino-
glycoside and quinolone resistance genes, suggesting that parabens
may facilitate the co-selection of AMR. TCS concentrations also
demonstrated significant co-selection of aminoglycoside resistance
and enrichment of sulfonamide and quinolone resistance genes.
Exposure to TCS might lead to increased TCS resistance and
frequently result in cross-resistance to a wide range of antimicro-
bials with a spread of MDR in microbial communities in the envi-
ronment (Carey and McNamara, 2014; Fujimoto et al., 2018). The
potential of DEET-related resistance in bacterial communities is not
well known. The positive correlations observed between DEET
levels, cephalosporin resistance, and the TRI-resistance gene indi-
cate that DEET should be investigated further in AMR studies. TCC
could select for a multidrug efflux pump encoded by themexB gene
in a mixed microbial community (Carey et al., 2016). Significant
positive correlations were noted between TCC levels and enrich-
ment of resistance genes to multiple drug classes such as sulfon-
amide-, tetracycline- and FQs. In some cases, exposure to biocides
could significantly reduce ARGs including efflux genes in
conjunction with the associated bacterial community (Murray
et al., 2019). Likewise, the present data demonstrated that PCPs
such as MeP, BuP, and TCC, can negatively affect the abundance of
ARGs, which is indicative of their multifaceted resistance mecha-
nism. Collectively, focusing on the presence of PCPs at low con-
centrations in the environment and their potential effects on the
co-selection of resistance along with gene enrichment in the bac-
terial community would enhance the knowledge regarding the
relationships between co-exposure to multiple antimicrobials.

In this study, it was not possible to analyze the parameters of
water quality, such as biological oxygen demand, chemical oxygen
demand, and total suspended solids in water samples. Conse-
quently, their potential effects on the prevalence of ARB and ARGs
have not been explored.

5. Conclusions

To the best of our knowledge, this is the first three-year in-depth
analysis of antimicrobials, AMR phenotypes, ARGs specifically in
E. coli present in the samples collected from hospital wastewaters
and surface waters in Sri Lanka. The concentrations of antimicro-
bials detected inwastewater were proportional to hospital capacity.
Several-fold increases in antimicrobial concentrations were
observed downstream when compared to the concentrations up-
stream, indicating that hospital effluent was considerably influ-
enced by downstream contamination. This study demonstrated
that most E. coli isolates demonstrated MDR and the rate of prev-
alence of isolates resistant toward b-lactams, tetracyclines, sul-
fonamides/trimethoprim, and quinolones were relatively high.
However, such rates were relatively low toward aminoglycosides
and phenicols. In addition, the occurrence of resistance genes in
E. coli isolates demonstrated an increased possibility of carrying
bla-genes, tetA, qnrS, and sul2. The statistical analysis showed that
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the concentrations of PCPs likely facilitated the maintenance and
persistence of ARB and ARGs. These results implied that further
studies should be performed on how the presence of multiple an-
timicrobials and their collective cocktail-effects in wastewater
could implicate the role in the co-selection of resistance. The data
obtained in this study on the current status of antimicrobials, ARB,
and ARGs in hospitals and neighboring aquatic environments in Sri
Lanka provide invaluable information at the national level and will
facilitate long-term monitoring programs. Hospital effluents in Sri
Lanka require further treatment with appropriate technologies, and
centralized WWTPs are required in cities to prevent ecological
damage and public health risks in the country.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors acknowledge the hospital staff for permission
granted to collect samples and the support provided by the Kandy
CityWastewater Management Project of the National Water Supply
and Drainage Board during sampling. The authors also like to thank
Dr. S. Subasinghe (University of Peradeniya, Sri Lanka), Dr. K.
Yamamoto, Dr. Y. Murato, and Ms. M. Abe (NIAH-NARO, Japan), for
their valuable inputs on various aspects of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2021.130591.

Funding

This work was supported by the Japan Society for the Promotion
of Science through a Grant-in-Aid for Scientific Research (B) [Grant
no. 17H01865] provided to KSG and TO.

Author declaration

Keerthi S. Guruge: Conceptualization; Funding acquisition; Su-
pervision; Writing. Yukino A. Tamamura: Microbiological analysis,
Validation, Formal analysis. Prasun Goswami: Visualization; Formal
analysis. Rumi Tanoue: Chemical analysis, Formal analysis. K. B. S. N.
Jinadasa: Investigation, Sampling. Kei Nomiyama: Methodology
Takeshi Ohura: Funding acquisition. Tatsuya Kunisue: Resources.
Shinsuke Tanabe: Supervision. Masato Akiba: Methodology.

References

Akiba, M., Senba, H., Otagiri, H., Prabhasankar, V., Taniyasu, S., Yamashita, N., Lee, K.,
Yamamoto, T., Tsutsui, T., Ian Joshua, D., Balakrishna, K., Bairy, I., Iwata, T.,
Kusumoto, M., Kannan, K., Guruge, K.S., 2015. Impact of wastewater from
different sources on the prevalence of antimicrobial-resistant Escherichia coli in
sewage treatment plants in South India. Ecotoxicol. Environ. Saf. 115, 203e208.

Akiba, M., Sekizuka, T., Yamashita, A., Kuroda, M., Fujii, Y., Murata, M., Lee, K.,
Joshua, D.I., Balakrishna, K., Bairy, I., Subramanian, K., Krishnan, P.,
Munuswamy, N., Sinha, R.K., Iwata, T., Kusumoto, M., Guruge, K.S., 2016. Dis-
tribution and relationships of antimicrobial resistance determinants among
extended-spectrum-cephalosporin-resistant or carbapenem-resistant Escher-
ichia coli isolates from rivers and sewage treatment plants in India. Antimicrob.
Agents Chemother. 60, 2972e2980.

Azuma, T., Arima, N., Tsukada, A., Hirami, S., Matsuoka, R., Moriwake, R., Ishiuchi, H.,
Inoyama, T., Teranishi, Y., Yamaoka, M., Mino, Y., Hayashi, T., Fujita, Y.,
Masada, M., 2016. Detection of pharmaceuticals and phytochemicals together
with their metabolites in hospital effluents in Japan, and their contribution to
sewage treatment plant influents. Sci. Total Environ. 548e549, 189e197.
12
Balakrishna, K., Rath, A., Praveenkumarreddy, Y., Guruge, K.S., Subedi, B., 2017.
A review of the occurrence of pharmaceuticals and personal care products in
Indian water bodies. Ecotoxicol. Environ. Saf. 137, 113e120.

Baquero, F., Martinez, J.L., Canton, R., 2008. Antibiotics and antibiotic resistance in
water environments. Curr. Opin. Biotechnol. 19, 260e265.

Bengtsson-Palme, J., Hammar�en, R., Pal, C., €Ostman, M., Bj€orlenius, B., Flach, C.F.,
Fick, J., Kristiansson, E., Tysklind, M., Larsson, D.G.J., 2016. Elucidating selection
processes for antibiotic resistance in sewage treatment plants using meta-
genomics. Sci. Total Environ. 572, 697e712.

Berendonk, T.U., Manaia, C.M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh, F.,
Bürgmann, H., Sørum, H., Norstr€om, M., Pons, M.N., Kreuzinger, N., Huovinen, P.,
Stefani, S., Schwartz, T., Kisand, V., Baquero, F., Martinez, J.L., 2015. Tackling
antibiotic resistance: the environmental framework. Nat. Rev. Microbiol. 13,
310e317.

Biswal, B.K., Mazza, A., Masson, L., Gehr, R., Frigon, D., 2014. Impact of wastewater
treatment processes on antimicrobial resistance genes and their co-occurrence
with virulence genes in Escherichia coli. Water Res. 50, 245e253.

Bouki, C., Venieri, D., Diamadopoulos, E., 2013. Detection and fate of antibiotic
resistant bacteria in wastewater treatment plants: a review. Ecotoxicol. Environ.
Saf. 91, 1e9.

Bu, Q., Wang, B., Huang, S., Deng, S., Yu, G., 2013. Pharmaceuticals and personal care
products in the aquatic environment in China: a review. J. Hazard Mater. 262,
189e211.

Cardenas, M.A.R., Ali, I., Lai, F.Y., Dawes, L., Ricarda Their, R., Rajapakse, J., 2016.
Removal of micropollutants through a biological wastewater treatment plant in
a subtropical climate, Queensland-Australia. J. Environ. Health Sci. Engineer. 14,
14.

Carey, D.E., McNamara, P.J., 2014. The impact of triclosan on the spread of antibiotic
resistance in the environment. Front. Microbiol. 5, 780.

Carey, D.E., Zitomer, D.H., Krassimira, Hristova, R., Kappell, A.D., McNamara, P.J.,
2016. Triclocarban influences antibiotic resistance and alters anaerobic digester
microbial community structure. Environ. Sci. Technol. 50, 126e134.

Clinical and Laboratory Standards Institute (CLSI), 2017. In: Performance Standards
for Antimicrobial Susceptibility Testing, 27th ed. Clinical and Laboratory Stan-
dards Institute, Wayne, PA. CLSI supplement M100.

Coutu, S., Rossi, L., Barry, D.A., Rudaz, S., Vernaz, N., 2013. Temporal variability of
antibiotics fluxes in wastewater and contribution from hospitals. PloS One 8,
e53592.

Figueira, V., Serra, E., Manaia, C.M., 2011. Differential patterns of antimicrobial
resistance in population subsets of Escherichia coli isolated from waste- and
surface waters. Sci. Total Environ. 409, 1017e1023.

Flach, C.F., Genheden, M., Fick, J., Larsson, D.G.J., 2018. A Comprehensive screening
of Escherichia coli isolates from Scandinavia’s largest sewage treatment plant
indicates No selection for antibiotic resistance. Environ. Sci. Technol. 52,
11419e11428.

Fujimoto, M., Carey, D.E., McNamara, P.J., 2018. Metagenomics reveal triclosan-
induced changes in the antibiotic resistome of anaerobic digesters. Environ.
Pollut. 241, 1182e1190.

Galvin, S., Boyle, F., Hickey, P., Vellinga, A., Morris, D., Cormican, M., 2010.
Enumeration and characterization of antimicrobial-resistant Escherichia coli
bacteria in effluent from municipal, hospital, and secondary treatment facility
sources. Appl. Environ. Microbiol. 76, 4772e4779.

Gullberg, E., Cao, S., Berg, O.G., Ilb€ack, C., Sandegren, L., Hughes, D., Andersson, D.I.,
2011. Selection of resistant bacteria at very low antibiotic concentrations. PLoS
Pathog. 7, e1002158.

Guruge, K.S., Goswami, P., Tanoue, R., Nomiyama, K., Wijesekara, R.G.S.,
Dharmaratne, T.S., 2019. First nationwide investigation and environmental risk
assessment of 72 pharmaceuticals and personal care products from Sri Lankan
surface waterways. Sci. Total Environ. 690, 683e695.

Ham, Y.S., Kobori, H., Kang, J.H., Matsuzaki, T., Iino, M., Hayashi, N., 2012. Distri-
bution of antibiotic resistance in urban watershed in Japan. Environ. Pol. 162,
98e103.

Hendriksen, R.S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O.,
R€oder, T., Nieuwenhuijse, D., Pedersen, S.K., Kjeldgaard, J., Kaas, R.S.,
Clausen, P.T.L.C., Vogt, J.K., Leekitcharoenphon, P., van de Schans, M.G.M.,
Zuidema, T., de Roda Husman, A.M., Rasmussen, S., Petersen, B., Global Sewage
Surveillance Project, Consortium., Amid, C., Cochrane, G., Sicheritz-Ponten, T.,
Schmitt, H., Alvarez, J.R.M., Aidara-Kane, A., Pamp, S.J., Lund, O., Hald, T.,
Woolhouse, M., Koopmans, M.P., Vigre, H., Petersen, T.N., Aarestrup, F.M., 2019.
Global monitoring of antimicrobial resistance based on metagenomics analyses
of urban sewage. Nat. Commun. 10, 1124.

Huijbers, P.M.C., Larsson, D.G.J., Flach, C.F., 2020. Surveillance of antibiotic resistant
Escherichia coli in human populations through urban wastewater in ten Euro-
pean countries. Environ. Pollut. 261, 114200.

Iguchi, A., Iyoda, S., Morita-Ishihara, T., Scheutz, F., Ohnishi, M., Pathogenic E. coli
Working Group in Japan, 2015. Escherichia coli O-Genotyping PCR: a compre-
hensive and practical platform for molecular O serogrouping. J. Clin. Microbiol.
53, 2427e2432.

Kappell, A.D., DeNies, M.S., Ahuja, N.H., Ledeboer, N.A., Newton, R.J., Hristova, K.R.,
2015. Detection of multi-drug resistant Escherichia coli in the urban waterways
of Milwaukee, WI. Front. Microbiol. 29 (6), 336.

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of pharma-
ceuticals, personal care products, endocrine disruptors and illicit drugs during
wastewater treatment and its impact on the quality of receiving waters. Water
Res. 43, 363e380.

https://doi.org/10.1016/j.chemosphere.2021.130591
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref1
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref2
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref4
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref5
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref5
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref5
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref5
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref6
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref6
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref6
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref7
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref8
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref9
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref9
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref9
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref9
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref10
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref10
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref10
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref10
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref11
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref11
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref11
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref11
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref12
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref12
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref12
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref12
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref13
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref13
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref14
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref14
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref14
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref14
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref15
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref15
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref15
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref16
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref16
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref16
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref17
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref17
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref17
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref17
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref18
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref18
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref18
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref18
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref18
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref19
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref19
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref19
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref19
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref20
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref20
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref20
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref20
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref20
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref21
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref21
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref21
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref21
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref22
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref22
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref22
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref22
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref22
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref23
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref23
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref23
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref23
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref24
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref25
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref25
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref25
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref26
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref26
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref26
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref26
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref26
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref27
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref27
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref27
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref28
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref28
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref28
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref28
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref28


K.S. Guruge, Y.A. Tamamura, P. Goswami et al. Chemosphere 279 (2021) 130591
Klein, E., Van Boeckel, T., Martinez, E., Pant, S., Gandra, S., Levin, S.A., Goossens, H.,
Laxminarayan, R., 2018. Global increase and geographic convergence in anti-
biotic consumption between 2000 and 2015. Proc. Natl. Acad. Sci. Unit. States
Am. 115, E3463eE3470.

Kleywegt, S., Pileggi, V., Lam, Y.M., Elises, S., Puddicomb, A., Purba, G., Caro, J.D.,
Fletcher, T., 2016. The contribution of pharmaceutically active compounds from
healthcare facilities to a receiving sewage treatment plant in Canada. Environ.
Toxicol. Chem. 35, 850e862.

Korzeniewska, E., Korzeniewska, A., Harnisz, M., 2013. Antibiotic resistant Escher-
ichia coli in hospital and municipal sewage and their emission to the envi-
ronment. Ecotoxicol. Environ. Saf. 91, 96e102.

Kraupner, N., Ebmeyer, S., Bengtsson-Palme, J., Fick, J., Kristiansson, E., Flach, C.F.,
Larsson, D.G.J., 2018. Selective concentration for ciprofloxacin resistance in
Escherichia coli grown in complex aquatic bacterial biofilms. Environ. Int. 116,
255e268.

Kumar, M., Ram, B., Sewwandi, H., Honda, R., Chaminda, T., 2020. Treatment en-
hances the prevalence of antibiotic-resistant bacteria and antibiotic resistance
genes in the wastewater of Sri Lanka, and India. Environ. Res. 183, 109179.

Larsson, D.G., de Pedro, C., Paxeus, N., 2007. Effluent from drug manufactures
contains extremely high levels of pharmaceuticals. J. Hazard Mater. 148,
751e755.

Le, T.-H., Ng, C., Chen, H., Yi, X.Z., Koh, T.H., Barkham, T.M.S., Zhou, Z., Gin, K.Y.-H.,
2016. Occurrences and characterization of antibiotic-resistant bacteria and
genetic determinants of hospital wastewater in a tropical country. Antimicrob.
Agents Chemother. 60, 7449e7456.

Le, T.-H., Ng, C., Tran, N.H., Chen, H., Yew-Hoong Gin, K., 2018. Removal of antibiotic
residues, antibiotic resistant bacteria and antibiotic resistance genes in
municipal wastewater by membrane bioreactor systems. Water Res. 145,
498e508.

Lien, T.Q., Lan, P.T., Chuc, N.T.K., Hoa, N.Q., Nhung, P.H., Thoa, N.T.M., Diwan, V.,
Tamhankar, A.J., Stålsby Lundborg, C., 2017. Antibiotic resistance and antibiotic
resistance genes in Escherichia coli isolates from hospital wastewater in Viet-
nam. Int. J. Environ. Res. Publ. Health 214, 699e710.

Murray, A.K., Zhang, L., Snape, J., Gaze, W.H., 2019. Comparing the selective and co-
selective effects of different antimicrobials in bacterial communities. Int. J.
Antimicrob. Agents 53, 767e773.

Ooka, T., Terajima, J., Kusumoto, M., Iguchi, A., Kurokawa, K., Ogura, Y.,
Asadulghani, M., Nakayama, K., Murase, K., Ohnishi, M., Iyoda, S., Watanabe, H.,
Hayashi, T., 2009. Development of a multiplex PCR-based rapid typing method
for enterohemorrhagic Escherichia coli O157 strains. J. Clin. Microbiol. 47,
2888e2894.

Ortega Morente, E., Fern�andez-Fuentes, M.A., Grande Burgos, M.J., Abriouel, H.,
P�erez Pulido, R., G�alvez, A., 2013. Biocide tolerance in bacteria. Int. J. Food
Microbiol. 162, 13e25.

Pallares-Vega, R., Blaak, H., van der Plaats, R., de Roda Husman, A.M., Hernandez
Leal, L., van Loosdrecht, M.C.M., Weissbrodt, D.G., Schmitt, H., 2019. De-
terminants of presence and removal of antibiotic resistance genes during
WWTP treatment: a cross-sectional study. Water Res. 161, 319e328.

P€arn€anen, K., Narciso-da-Rocha, C., Kneis, D., Berendonk, T.U., Cacace, D., Do, T.T.,
Elpers, C., Fatta-Kassinos, D., Henriques, I., Jaeger, T., Karkman, A., Martinez, J.L.,
Michael, S.G., Michael-Kordatou, I., O’Sullivan, K., Rodriguez-Mozaz, S.,
Schwartz, T., Sheng, H., Sørum, H., Stedtfeld, R.D., Manaia, C.M., 2019. Antibiotic
resistance in European wastewater treatment plants mirrors the pattern of
clinical antibiotic resistance prevalence. Sci. Adv. 5 (3), eaau9124.

Patel, M., Kumar, R., Kishor, K., Mlsna, T., Pittman Jr., C.U., Mohan, D., 2019. Phar-
maceuticals of emerging concern in aquatic systems: chemistry, occurrence,
effects, and removal methods. Chem. Rev. 119, 3510e3673.

Paulshus, E., Kühn, I., M€ollby, R., Colque, P., O’Sullivan, K., Midtvedt, T., Lingaas, E.,
Holmstad, R., Sørum, H., 2019. Diversity and antibiotic resistance among
Escherichia coli populations in hospital and community wastewater compared
to wastewater at the receiving urban treatment plant. Water Res. 161, 232e241.
13
Pazda, M., Kumirska, J., Stepnowski, P., Mulkiewicz, E., 2019. Antibiotic resistance
genes identified in wastewater treatment plant systems e a review. Sci. Total
Environ. 69720, 134023.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contami-
nants in wastewaters and the environment: current knowledge, understudied
areas and recommendations for future monitoring. Water Res. 72, 3e27.

Prabhasankar, V.P., Joshua, D.I., Balakrishna, K., Siddiqui, I.F., Taniyasu, S.,
Yamashita, N., Kannan, K., Akiba, A., Praveenkumarreddy, Y., Guruge, K.S., 2016.
Removal rates of antibiotics in four sewage treatment plants in South India.
Environ. Sci. Pollut. Res. 23, 8679e8685.

Qiao, M., Ying, G.G., Singer, A.C., Zhu, Y.G., 2018. Review of antibiotic resistance in
China and its environment. Environ. Int. 110, 160e172.

R Core Team, 2019. A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Ratola, N., Cincinelli, A., Alves, A., Katsoyiannis, A., 2012. Occurrence of organic
microcontaminants in the wastewater treatment process. A mini review. J.
Hazard. Mater. 239e240, 1e18.

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.C., Michael, I., Fatta-
Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for antibiotic
resistant bacteria and genes spread into the environment: a review. Sci. Total
Environ. 447, 345e360.

Rosas, I., Salinas, E., Martínez, L., Cruz-C�ordova, A., Gonz�alez-Pedrajo, B.,
Espinosa, N., Am�abile-Cuevas, C.F., 2015. Characterization of Escherichia coli
isolates from an urban lake receiving water from a wastewater treatment plant
in Mexico city: fecal pollution and antibiotic resistance. Curr. Microbiol. 71,
490e495.

Samaraweera, D.N.D., Liu, X., Zhong, G., Priyadarshana, T., Malik, R.N., Zhang, G.,
Khorram, M.S., Zhu, Z., Peng, X., 2019. Antibiotics in two municipal sewage
treatment plants in Sri Lanka: occurrence, consumption and removal efficiency.
Emerg. Contam. 5, 272e278.

SCENIHR (Scientific Committee on Emerging and Newly Identified Health Risks),
2009. Assessment of the antibiotic resistance effects of biocides. Avalaible on-
line at: http://ec.europa.eu/health/archive/ph_risk/committees/04_scenihr/
docs/scenihr_o_021.pdf. (Accessed 7 March 2020).

Subedi, B., Lee, S., Moon, H.B., Kannan, K., 2014. Emission of artificial sweeteners,
select pharmaceuticals, and personal care products through sewage sludge
from wastewater treatment plants in Korea. Environ. Int. 68, 33e40.

Tran, N.H., Reinhard, M., Gin, K.Y.H., 2018. Occurrence and fate of emerging con-
taminants in municipal wastewater treatment plants from different
geographical regions-a review. Water Res. 133, 182e207.

Tran, N.H., Hoang, L., Nghiem, L.D., Nguyen, N.M.H., Ngo, H.H., Guo, W., Trinh, Q.T.,
Mai, N.H., Chen, H., Nguyen, D.D., Ta, T.T., Gin, K.Y., 2019. Occurrence and risk
assessment of multiple classes of antibiotics in urban canals and lakes in Hanoi.
Vietnam. Sci. Total. Environ. 692, 157e174.

Verlicchi, P., Al Aukidy, M., Zambello, E., 2012. Occurrence of pharmaceutical
compounds in urban wastewater: removal, mass load and environmental risk
after a secondary treatment–a review. Sci. Total Environ. 429, 123e155.

Wang, J., Mao, D., Mu, Q., Luo, Y., 2015. Fate and proliferation of typical antibiotic
resistance genes in five full-scale pharmaceutical wastewater treatment plants.
Sci. Total Environ. 526, 366e373.

WHO (World Health Organization), 2014. Antimicrobial Resistance: Global Report
on Surveillance (Geneva: Switzerland).

Yuan, Q.B., Guo, M.T., Yang, J., 2015. Fate of antibiotic resistant bacteria and genes
during wastewater chlorination: implication for antibiotic resistance control.
PloS One 10, e0119403.

Yuan, W., Tian, T., Yang, Q., Riaz, L., 2020. Transfer potentials of antibiotic resistance
genes in Escherichia spp. strains from different sources. Chemosphere 246,
125736.

Zhang, X., Zhang, T., Fang, H.H.P., 2009. Antibiotic resistance genes in water envi-
ronment. Appl. Microbiol. Biol. 82, 397e414.

http://refhub.elsevier.com/S0045-6535(21)01062-6/sref29
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref29
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref29
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref29
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref29
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref30
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref30
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref30
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref30
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref30
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref31
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref31
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref31
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref31
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref32
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref32
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref32
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref32
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref32
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref33
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref33
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref33
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref34
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref34
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref34
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref34
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref35
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref35
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref35
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref35
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref35
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref36
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref36
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref36
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref36
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref36
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref37
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref37
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref37
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref37
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref37
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref38
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref38
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref38
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref38
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref39
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref40
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref41
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref41
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref41
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref41
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref41
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref42
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref43
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref43
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref43
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref43
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref44
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref45
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref45
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref45
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref45
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref46
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref46
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref46
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref46
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref47
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref47
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref47
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref47
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref47
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref48
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref48
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref48
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref49
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref49
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref50
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref50
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref50
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref50
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref50
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref51
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref51
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref51
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref51
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref51
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref53
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref54
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref54
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref54
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref54
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref54
http://ec.europa.eu/health/archive/ph_risk/committees/04_scenihr/docs/scenihr_o_021.pdf
http://ec.europa.eu/health/archive/ph_risk/committees/04_scenihr/docs/scenihr_o_021.pdf
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref56
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref56
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref56
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref56
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref57
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref57
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref57
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref57
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref58
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref58
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref58
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref58
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref58
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref59
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref59
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref59
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref59
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref60
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref60
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref60
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref60
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref61
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref61
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref62
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref62
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref62
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref63
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref63
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref63
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref64
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref64
http://refhub.elsevier.com/S0045-6535(21)01062-6/sref64

	The association between antimicrobials and the antimicrobial-resistant phenotypes and resistance genes of Escherichia coli  ...
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Antimicrobial analyses
	2.3. Sample extraction
	2.4. Instrumental analysis, quality assurance, and quality control
	2.5. Isolation and identification of bacteria
	2.6. Antimicrobial susceptibility tests
	2.7. Bacterial DNA extraction and identification of ARGs
	2.8. Statistical analysis

	3. Results
	3.1. Presence of antimicrobials in hospital wastewaters and surface waters
	3.2. Prevalence of antimicrobial-resistant E. coli phenotypes
	3.3. Abundance of antimicrobial-resistance genes
	3.4. Relationships among resistance rates of E. coli phenotypes and other variables

	4. Discussion
	4.1. Occurrence of antimicrobials in hospital wastewater and adjacent surface water
	4.2. Prevalence of E. coli with AMR phenotypes
	4.3. Prevalence of resistance genes in E. coli
	4.4. Correlation among antimicrobials, resistant phenotypes, and resistant genes

	5. Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	Funding
	Author declaration
	References


