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Abstract: The emergence of antibiotic resistance is a major global and environmental health issue,
yet the presence of antibiotic residues and resistance in the water and sediment of a river subjected
to excessive anthropogenic activities and their relationship with water quality of the river are not
well studied. The objectives of the present study were a) to investigate the occurrence of antibiotic
residues and antibiotic-resistant Escherichia coli (E. coli) in the water and sediment of the Kshipra
river in India at seven selected sites during different seasons of the years 2014, 2015, and 2016
and b) to investigate the association between antibiotic residues and antibiotic-resistant E. coli in
water and sediment and measured water quality parameters of the river. Antibiotic residues and
resistant E. coli were present in the water and sediment and were associated with the measured
water quality parameters. Sulfamethoxazole was the most frequently detected antibiotic in water
at the highest concentration of 4.66 µg/L and was positively correlated with the water quality
parameters. Significant (p < 0.05) seasonal and spatial variations of antibiotic-resistant E. coli
in water and sediment were found. The resistance of E. coli to antibiotics (e.g., sulfamethiazole,
norfloxacin, ciprofloxacine, cefotaxime, co-trimoxazole, ceftazidime, meropenem, ampicillin, amikacin,
metronidazole, tetracycline, and tigecycline) had varying associations with the measured water
and sediment quality parameters. Based on the results of this study, it is suggested that regular
monitoring and surveillance of water quality, including antibiotic residues and antibiotic resistance,
of all rivers should be taken up as a key priority, in national and Global Action Plans as these can
have implications for the buildup of antibiotic resistance.
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1. Introduction

Antibiotic residues have been recognized in recent years as important emerging environmental
contaminants because of their potential adverse ecological and human health effects through the
development of antibiotic resistance [1–3]. The exposure of bacteria to antibiotic residues in the
environment contributes to the selection of resistance, and the environment acts as a reservoir and
a potential transmission route for resistant bacteria [4,5]. Various factors affect the concentrations of
detected antibiotics in the aquatic environment, such as the use of antibiotics in different periods over
time and environmental behaviors of antibiotics such as degradation and sorption [6,7].

Antibiotic residues and antibiotic-resistant bacteria enter the aquatic environment, including
river water [8], through various pathways such as discharge of industrial effluent [9–11], hospital
and municipal wastewater [12,13], and agricultural runoff [14]. Rivers appear to be a reservoir of
antibiotic resistance and play an important role in transportation of antibiotic resistance between
various environmental compartments [15,16]. River water might create possible pathways for
antibiotic resistance transmission between the environment, humans, and animals [17]. In this regard,
similar patterns in antibiotic resistance of Escherichia coli (E. coli) isolates from humans, animals, and their
water environment have been reported [18,19]. E. coli is a useful indicator of fecal contamination and is
considered a reservoir of antibiotic resistance in bacterial communities [20].

Kshipra river is the major source of water supply for the Ujjain district in India, where the water
is used for drinking and irrigation purposes [21]. Kshipra river is one of the holy Indian rivers which
hosts various mass bathing events including Simhastha Kumbh Mela, the largest mass-gathering event
which is organized every twelve years in Ujjain city. Pilgrims from all over the world come to bathe in
this holy river and perform various activities including worship rituals. As a consequence, the water
quality of the Kshipra river remains depleted [22,23]. We have previously reported seasonal variation
in antibiotic residues found in the Kshipra river over a one-year period [24]. However, knowledge of
the occurrence of antibiotic residues and resistance in water and sediments and their association with
the water quality parameters of the Kshipra river in the longer-term is lacking.

The objective of the present study was to investigate and monitor the occurrence of antibiotic
residues and antibiotic-resistant E. coli in water and sediments and the water quality of the Kshipra
river in central India during various seasons and at various sites over a 3-year period.

2. Materials and Methods

The methods are described in brief here; a detailed description of the methods is available in the
published protocol [25].

2.1. Setting

The study was conducted in Ujjain district of the Indian state of Madhya Pradesh. Madhya Pradesh
is the second largest state in India with almost 77% of its population of 72 million living in rural areas
with a low Human Development Index (HDI) score of 0.45 [26].

Specifically, the study was conducted within the reaches of the Kshipra river that flows through
the city of Ujjain. The reach extends from Triveni Ghat to Kaliyadeh Palace, the respective entry and
exit points of the river for the city of Ujjain.

A tributary of Kshipra, the Khan river, pollutes the water of Kshipra by industrial pollutants.
In order to keep Kshipra water clean from river Khan for the purposes of mass bathing, especially
during Simhastha-Kumbh Mela, which was held in Ujjain city from 22 April to 21 May 2016, the Khan
river was diverted through a pipeline in mid-March 2016 and water of another river—Narmada (which
carries cleaner water)—was diverted to Kshipra river in Ujjain from 25 February to 21 May 2014 and
from 17 April to 21 May 2016 [27].
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2.2. Sample Collection

Water samples from the river were collected in duplicate in sterile containers from seven selected
sites. Using an Ekman Dredge sediment sampler, sediment samples were also collected from the
same seven sites (Figure 1, Table S1). In total, 3.2 L of water was collected from each sampling point:
1 L for the analysis of antibiotic residues, 2 L for other water-quality estimations, and 200 mL for
colony counts and antibacterial-susceptibility tests. In addition, 2 kg of sediment was collected from
each sampling point: 1.5 kg for the analysis of antibiotic residues, 450 g for the sediment quality
parameters, and 50 g for colony counts and antibacterial-susceptibility tests [28]. The criteria for the
sampling sites included both point and non-point sources of pollution, and the locations were chosen
at places which have industries and agriculture activities, as well as at the confluence of the Khan
and Kshipra rivers. Khan river brings pollutants from pharma factories nearby. Further, there were
mass-bathing spots or spiritually important places where the pollution load was expected to be high
due to the bathing of people. Sampling was conducted once during each of the four seasons for
three consecutive years: summer (29 May 2014, 25 May 2015, 26 May 2016), rainy (15 July 2014,
27 July 2015, 1 August 2016), autumn (10 October 2014, 10 October 2015, 17 October 2016), and winter
(22 December 2014, 29 December 2015, 2 January 2017).
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Figure 1. Geographical location of the study site. The map shows (clockwise) India, Madhya Pradesh,
the sampling points on the Kshipra river, and Ujjain district. Note: Necessary required data are digitized
into shape files. Spatial formatted vector data are converted into shape files and georeferenced. Lambert
Conformal Conic Projection is selected to georeference the shapefile. All shapefile features, i.e., the
River Kshipra, Khan and minor tributaries, were acquired from base map of ArcInfo, and Google image.
Locations of study sampling points were obtained through a field survey using GPS. ArcMap 10.7.1
(ESRI, Redlands, CA, USA) was used to develop all lines as well as for point vectorization and map
composition. Map boundaries of India, Madhya Pradesh and districts were taken from the GADM
database (https://gadm.org/) where these are available freely for academic purposes. Jammu and
Kashmir and Ladakh were treated as one administrative division as the boundary maps separating the
two were not available in the retrieved databases.
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2.3. Transport of Water and Sediment Samples to the Laboratory

Samples for antibiotic residues were transported to the laboratories of the Shriram Institute for
Industrial Research in New Delhi within 12 h of sample collection in screw-capped amber bottles
wrapped in silver foil. Samples for studying the water-quality parameters and antibiotic susceptibility
were collected in plastic cans and sterilized 200 mL glass bottles, respectively. Sediment samples for
colony counts and antibiotic susceptibility and for other parameters were collected in 50-g sterilized
conical-bottomed tubes and sterile 1 L plastic containers, respectively [29].

2.4. Water Quality Parameters Measured in the Field

The following water quality parameters were measured immediately after the collection of
samples: pH, total dissolved solids (TDS), conductivity (Cond), free carbon dioxide (Free CO2),
ambient temperature (Abtemt), water temperature (Wtemp), and dissolved oxygen (DO). The ambient
and water temperatures were measured using a mercury (Hg) thermometer graduated to 100 ◦C with
an accuracy of 0.1 ◦C–0.2 ◦C. The pH, conductivity and TDS was measured using an ECO Tester
hand-held digital pH meter (Thermo Fisher Scientific, Mumbai, India), a 611-El Digital Conductivity
Meter (Electronic India, Parwanoo, India), and a digital TDS meter (AM-TDS-01, Aquasol Digital,
Rakiro Biotech Systems PVT LTD, Navi Mumbai, India), respectively. The titration method was used
to measure DO, free CO2, and carbonate alkalinity as per standard methods [25,30].

2.5. Water and Sediment Quality Parameters Examined in the Laboratory

Total hardness (TH), chloride (Cl), turbidity (Turb), nitrate nitrogen (NO3-N), total alkalinity (Talk),
methyl orange alkalinity (HCO3 Alk), total phosphorus (TP), ortho phosphorus (OrthoP), organic
phosphorus (OrgP), available phosphorus (AP), chemical oxygen demand (COD), biochemical oxygen
demand (BOD), total suspended solids (TSS), phenolphthalein alkalinity (CO3Alk), calcium hardness
(CaH), magnesium hardness (MgH), organic matter (OM), soluble bicarbonate (SolCO3), total coliform
(TCC), and total E. coli (TEC) were examined at the Central Research Laboratory of R.D. Gardi Medical
College, Ujjain [31,32].

A titration method was used to measure TH, Cl, and CaH. TSS was measured by filtering a known
quantity of sampled water through a pre-weighed filter and then weighing the filter paper after drying
at 105 ◦C. The 5-d BOD at 20 ◦C was measured. The open reflex method was applied to measure COD,
while NO3-N, TP, and the available phosphorus were determined by a spectrophotometer (UV-1800
Shimadzu, Kyoto, Japan). Turbidity was determined by the Nephelo Turbidity Meter (Deluxe turbidity
meter-385, Electronic India, Prwanoo, India). All sediment analysis of the various parameters was
carried out in the laboratory. The collected sediment samples were first air-dried at room temperature
before any analysis. Sediment samples were analysed for pH, Cl, SolCO3, NO3-N, AP, and OM.

2.6. Antibiotic Residue Analysis

River water and sediment samples were analyzed for the presence of antibiotics: ceftriaxone,
ofloxacin, norfloxacin, ciprofloxacin, sulfamethoxazole, metronidazole, and total residual antibiotics as
β-lactam. These antibiotics were selected based on antibiotic residues previously found in the same
geographical area [29,33], environmental stability, and known and suspected environmental impacts
of the antibiotic and the degree of antibiotic metabolism [34].

In brief, every water sample was homogenized by mixing thoroughly. The homogenized sample
(50 mL) was filtered through a 0.45 µm membrane filter paper. The sample was acidified with
1 N H2SO4 to pH 3 and then loaded on an activated C-18 cartridge (activated with 5 mL methanol,
5 mL methanol/water (50:50) followed by 5 mL of acidified water at pH 3). The cartridge was washed
with 5 mL of acidified water, and adsorbed compounds were eluted with 5 mL of 5% trimethylamine
in methanol. The eluent was evaporated to dryness with a gentle stream of nitrogen gas at 50 ◦C.
The residue was reconstituted with acetonitrile to make final volume of 1 mL.



Int. J. Environ. Res. Public Health 2020, 17, 7706 5 of 21

Sediment samples were homogenized by mixing thoroughly. Acidified water (100 mL, pH 3.5
adjusted with phosphoric acid) was added to 20 g of samples shaken for 1 h and filtered with the help
of filtration assembly through Whatman filter paper no. 41. The sample was loaded on an activated
C-18 cartridge. The cartridge was washed with 5 mL of acidified water, and adsorbed compounds
were eluted with 5 mL of 5% triethylamine in methanol. The eluent was evaporated to dryness with a
gentle stream of nitrogen gas at 50 ◦C. The residue was reconstituted with acetonitrile to 2 mL.

Antibiotic residues were detected by using solid-phase extraction followed by liquid
chromatography tandem-mass spectrometry (LC-MS/MS) (Waters 2695 Series Alliance Quaternary
Liquid Chromatography System, Waters, Milford, MA, USA) with a triple quadruple mass spectrometer
(Quatro-micro API, Micromass, Manchester, UK) equipped with an electro-spray interface and
Masslynx 4.1 software (Micromass, Manchester, UK) for data acquisition and processing. The respective
limits of quantification (LOQ in µg/L) and limits of detection (LOD µg/L) for antibiotics tested in
water samples were as follows: metronidazole—0.05 and 0.01, sulfamethoxazole—0.08 and 0.01,
norfloxacin—0.1 and 0.01, ciprofloxacin—0.1 and 0.01, ofloxacin—0.1 and 0.01, ceftriaxone—20 and 1.
The respective limits of quantification (LOQ µg/kg) and limits of detection (LOD ug/kg) for antibiotics
tested in sediment samples were as follows: metronidazole—0.05 and 0.05, sulfamethoxazole—0.08 and
0.05, norfloxacin—0.1 and 0.05, ciprofloxacin—0.1 and 0.05, ofloxacin—0.1 and 0.05, ceftriaxone—20
and 0.25.

2.7. Microbiological Methods

The received samples were processed as follows: (1) Ten-fold serial dilutions (1:100, 1:1000 as
per turbidity of samples) of surface water in 0.9% sterile saline (NaCl) solution. The whole sediment
sample was added to 100 mL of 0.9% normal saline, and then serial ten-fold dilutions were carried out.
The diluted samples were filtered following a standard membrane-filtration technique using nylon
membrane filters of 47 mm in diameter with a pore size 0.45 µm. After filtration, the membrane was
taken out from the assembly and placed on selective and differential media for the identification and
isolation of E. coli and non-E. coli isolates using HiCrome coliform agar with incubation at 37 ◦C for 24 h.
(2) Bacterial enumeration was carried out to estimate the total coliform count and total E. coli count in
colony-forming units (CFUs) per 100 mL on agar. (3) The isolation and subsequent DNA extraction of
six E. coli isolates per surface water and sediment sample were used for polymerase chain reaction
(PCR) testing. (4) Susceptibility tests for eight different classes of antibiotics inclusive of ampicillin,
cefotaxime, ceftazidime, cefepime, nalidixic acid, ciprofloxacin, nitrofurantoin, gentamicin, amikacin,
tetracycline, tigecycline, imipenem, meropenem, co-trimoxazole, and sulfamethiazole were conducted
using the Kirby Bauer disc-diffusion test on Muller Hinton (MH) agar by using a bacterial suspension
with 0.5 McFarland turbidity [35]. Clinical and Laboratory Standard Institute (CLSI) guidelines were
used to measure and interpret the zone diameter of bacterial growth inhibition [36]. E. coli ATCC25922
strain was used as a control when testing AST for E. coli and an extended spectrum beta-lactamases
(ESBL)-producing K. pneumoniae ATCC 700603 strain as per CLSI guidelines. The diameter of inhibition
zones according to manufacturer’s details (HiMedia Laboratories Pvt. Ltd., Mumbai, India) was
measured to the nearest millimetre by two technical experts independently with quality measures as
described in detail previously [25].

2.8. Molecular Methods

The DNA extraction of all E. coli isolates was carried out using the heat lysis method for the detection
of antibiotic resistance coding genes. Phenotypically classified E. coli was tested for the presence of
various genes such as ESBL-coding (blaCTX-M, blaSHV, and blaTEM), plasmid-mediated quinolone
resistance (qnrA, qnrB, and qnrS), carabapenemase resistance (VIM and NDM), and sulfonamide
resistance genes (sul I and sul II); the primer details and PCR and phylogenetic grouping (chuA, yjaA,
and TspE4C2) were presented in detail previously [24,37–39] and are briefly shown in Table S2.



Int. J. Environ. Res. Public Health 2020, 17, 7706 6 of 21

2.9. Data Management and Statistical Analysis

Descriptive statistics are used to present data as means and the range for continuous data, while
listed categorical variables are presented as numbers and percentages. Analysis of variance (ANOVA)
was conducted to determine seasonal variation in antibiotic residues and resistance among the seven
sites over a 3-year period. A post-hoc analysis was applied to test the difference in antibiotic residues
and resistance between seasons within each year. Tukey correction was used to adjust p-values for
multiple pairwise comparison. Correlations between antibiotics and water quality parameters were
analyzed with Pearson’s rank correlation test. The results are presented in tables with corresponding
p-values, and significant associations were determined by p-values < 0.05. All analyses were performed
in R 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria) [40].

The study was approved by the Ethics Committee of the R.D. Gardi Medical College, Ujjain, MP,
India (No: 2013/07/17-311). Water and sediment samples were taken from public places and no specific
permission was required for this purpose.

3. Results

3.1. Antibiotic Residues in River Water and Sediments

The numbers of samples with antibiotic residues detected in different seasons in water and
sediment are presented in Table S3. The mean concentrations of the antibiotics detected in the water of
Kshipra river in various seasons from the seven sampling sites over a 3-year period are presented in
Figure 2 and Table S4.
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Figure 2. Concentrations of antibiotic residues measured in waters of the Kshipra river in India in
various seasons and at various sites over a 3-year period. Note: significant (p < 0.05) seasonal and
spatial variations in the occurrence of sulfamethoxazole and ofloxacin were found over a 3-year period.
Information for all antibiotics is available in Table S4.

In water, norfloxacin was detected at the highest levels in autumn (0.98 µg/L) at site 2 of the first
year, and ofloxacin was detected at the highest levels in autumn (1.46 µg/L) at site 5 of the first year
compared to all other samples. The concentrations of metronidazole were relatively low as compared
to other antibiotics, with the highest level of 0.27 µg/L detected in the rainy season at site 6 of the
second year. Sulfamethoxazole was detected most consistently in different seasons and sites of the
first and second year, with the highest concentration of 4.66 µg/L found in autumn at site 2 of the
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first year. Samples showed total residual antibiotics as β-lactam (>5 ppb) in summer of the first year
at site 1, 2, 3, 4, 5, and 7. In addition, the concentration levels of sulfamethoxazole and ofloxacin
were significantly associated with different seasons, sites, and years (p < 0.05). In sediment, the only
antibiotics that were detected in the samples were ofloxacin (9.74 µg/Kg) in winter at site 4 of the first
year and sulfamethoxazole (8.23 µg/Kg) in winter at site 3 of the first year. In addition, samples showed
total residual antibiotics as β-lactam (>5 ppb) in the rainy season of the first year at site 1, 3, 5, and 7.

Seasonal pairwise comparisons of antibiotic residue concentrations in water are presented in
Table S5. Significant seasonal pairwise differences in sulfamethoxazole concentrations of the first and
second year (p < 0.05) were found.

3.2. Antibiotic-Resistant E. coli and Resistance Genes in River Water and Sediments

Antibiotic-resistant E. coli was present in the water and sediment during various seasons and
at various sampling sites over the 3-year period. In water, significant (p < 0.05) seasonal and spatial
variations in the resistance of E. coli to ampicillin, cefepime, amikacin, tetracycline, meropenem,
nalidixic acid, co-trimoxazole, and sulfamethizole were found (Figure 3). There were significant
differences in the occurrence of multidrug-resistant (MDR) E. coli during various seasons (Table 1).

In E. coli from sediment samples, significant (p < 0.05) seasonal and spatial variation in the
resistance was found to ampicillin, cefotaxime, ceftazidime, meropenem, and nitrofurantoin (Figure 4).
There were significant differences in the occurrence of extended spectrum β-lactamase (ESBL) and
MDR E. coli during various seasons (Table S6).

In the water and sediment, significant seasonal pairwise differences in antibiotic-resistant E. coli
were observed over the three years (Tables S7 and S8).

Antibiotic resistance genes were analyzed from river water and sediment samples.
The ESBL-coding gene, blaCTX-M1, was detected in different seasons from 19–66% of
cephalosporin-resistant E. coli isolates from water and 13–60% isolates from sediment. blaCTX-M9 was
found in water in rainy and summer seasons of the second and third year, respectively.

The qnrS plasmid-mediated quinolone-resistance gene was the most commonly detected gene.
The qnr A and carbapenems coding genes VIM and NDM were not detected in any sample while
sul-I and sul-II genes were present in 5–31% isolates from river water and 20–80% isolates from river
sediment. Most E. coli isolates from both river water and sediment belonged to phylogenetic groups A
and B1 (Tables 2–4).



Int. J. Environ. Res. Public Health 2020, 17, 7706 8 of 21
Int. J. Environ. Res. Public Health 2020, 17, x  8 of 22 

 

 

Figure 3. Antibiotic resistance patterns in E. coli isolated from water samples of the Kshipra river in 

India in various seasons and at various sites over a 3‐year period. Note: significant (p < 0.05) seasonal 

and spatial variations  in  the resistance of E. coli  to amikacin, ampicillin, co‐trimoxazole, cefepime, 

meropenem,  nalidixic  acid,  sulfamethizole,  and  tetracycline were  found  over  the  3‐year  period. 

Information for all antibiotics is available in Table 1. Abbreviations: AK: Amikacin, AMP: Ampicillin, 

COT: Co‐trimoxazole, CPM: Cefepime, MRP: Meropenem, NA: Nalidixic Acid, SM: Sulfamethizole, 

TE: Tetracycline. 

Figure 3. Antibiotic resistance patterns in E. coli isolated from water samples of the Kshipra river in
India in various seasons and at various sites over a 3-year period. Note: significant (p < 0.05) seasonal
and spatial variations in the resistance of E. coli to amikacin, ampicillin, co-trimoxazole, cefepime,
meropenem, nalidixic acid, sulfamethizole, and tetracycline were found over the 3-year period.
Information for all antibiotics is available in Table 1. Abbreviations: AK: Amikacin, AMP: Ampicillin,
COT: Co-trimoxazole, CPM: Cefepime, MRP: Meropenem, NA: Nalidixic Acid, SM: Sulfamethizole,
TE: Tetracycline.
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Table 1. Antibiotic resistance patterns in E. coli (857 total number of isolates, 303 in first year, 252 second year, 302 third year) from water samples of the Kshipra river
in India in various seasons and at various sites over a 3-year period, in: (A) first year; (B) second year; and (C) third year; (D) p-values.

Antibiotic

First Year

Summer Rain Autumn Winter

Site 1
(N = 10)

Site 2
(N = 10)

Site 3
(N = 10)

Site 4
(N = 10)

Site 5
(N = 10)

Site 6
(N = 10)

Site 7
(N = 10)

Site 1
(N = 12)

Site 2
(N = 11)

Site 3
(N = 12)

Site 4
(N = 12)

Site 5
(N = 12)

Site 6
(N = 10)

Site 7
(N = 11)

Site 1
(N = 9)

Site 2
(N = 9)

Site 3
(N = 10)

Site 4
(N = 11)

Site 5
(N = 8)

Site 6
(N = 12)

Site 7
(N = 11)

Site 1
(N = 12)

Site 2
(N = 12)

Site 3
(N = 12)

Site 4
(N = 12)

Site 5
(N = 11)

Site 6
(N = 12)

Site 7
(N = 12)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Ampicillin 0 (0) 1 (10) 0 (0) 1 (10) 3 (30) 1 (10) 5 (50) 3 (25) 2 (18) 4 (33) 4 (33) 4 (33) 4 (40) 2 (18) 1 (11) 2 (22) 2 (20) 3 (27) 5 (62) 8 (67) 10 (91) 3 (25) 8 (67) 0 (0) 3 (25) 0 (0) 3 (25) 1 (8)

Cefotaxime 2 (20) 1 (10) 0 (0) 0 (0) 2 (20) 0 (0) 4 (40) 0 (0) 1 (9) 2 (17) 3 (25) 4 (33) 2 (20) 1 (9) 0 (0) 1 (11) 2 (20) 1 (9) 4 (50) 2 (17) 4 (36) 2 (17) 5 (42) 0 (0) 1 (8) 0 (0) 3 (25) 1 (8)

Ceftazidime 0 (0) 1 (10) 0 (0) 0 (0) 2 (20) 1 (10) 4 (40) 0 (0) 1 (9) 2 (17) 3 (25) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 0 (0) 3 (37) 2 (17) 3 (27) 1 (8) 4 (33) 0 (0) 0 (0) 0 (0) 3 (25) 1 (8)

Cefepime 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 3 (25) 1 (8) 0 (0) 0 (0) 0 (0) 1 (11) 0 (0) 0 (0) 2 (25) 2 (17) 1 (9) 0 (0) 4 (33) 0 (0) 0 (0) 0 (0) 1 (8) 1 (8)

Amikacin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 2 (16)

Gentamicin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Tetracycline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (25) 2 (17) 0 (0) 1 (9) 0 (0) 0 (0) 0 (0) 3 (27) 0 (0) 2 (17) 1 (9) 1 (8) 4 (33) 0 (0) 1 (8) 0 (0) 1 (8) 0 (0)

Tigecycline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8)

Imipenem 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Meropenem 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (25) 0 (0) 2 (17) 3 (25) 0 (0) 3 (25) 0 (0) 3 (25) 4 (33)

NalidixicAcid 0 (0) 2 (20) 0 (0) 0 (0) 0 (0) 3 (30) 2 (20) 0 (0) 1 (9) 1 (8) 1 (8) 3 (25) 1 (10) 1 (9) 0 (0) 1 (11) 0 (0) 2 (18) 4 (50) 6 (50) 1 (9) 2 (17) 4 (33) 0 (0) 5 (42) 0 (0) 4 (33) 3 (25)

Ciprofloxacin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 0 (0) 0 (0) 0 (0) 0 (0) 3 (25) 2 (17) 1 (10) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (38) 3 (25) 2 (18) 1 (8) 3 (25) 0 (0) 1 (8) 0 (0) 2 (17) 1 (8)

Co-trimoxazole 1 (10) 0 (0) 0 (0) 1 (10) 0 (0) 0 (0) 3 (30) 2 (17) 0 (0) 0 (0) 2 (17) 4 (33) 3 (30) 0 (0) 0 (0) 1 (11) 1 (10) 1 (9) 1 (13) 5 (42) 4 (36) 2 (17) 3 (25) 0 (0) 2 (17) 0 (0) 2 (17) 1 (8)

Sulfamethizole 1 (10) 0 (0) 0 (0) 1 (10) 2 (20) 0 (0) 1 (10) 2 (17) 0 (0) 0 (0) 1 (8) 4 (33) 3 (30) 0 (0) 0 (0) 1 (11) 0 (0) 0 (0) 1 (13) 5 (42) 2 (18) 1 (8) 3 (25) 0 (0) 1 (8) 0 (0) 1 (8) 1 (8)

Nitrofurantoin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (11) 0 (0) 0 (0) 1 (13) 0 (0) 1 (9) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ESBL 0 (0) 1 (10) 0 (0) 0 (0) 2 (20) 0 (0) 4 (36) 0 (0) 0 (0) 1 (8) 2 (17) 3 (25) 2 (20) 1 (9) 0 (0) 1 (11) 2 (20) 1 (9) 2 (25) 0 (0) 4 (36) 1 (8) 1 (8) 0 (0) 1 (8) 0 (0) 1 (8) 1 (8)

MDR 0 (0) 0 (0) 0 (0) 0 (0) 2 (20) 0 (0) 0 (0) 2 (17) 0 (0) 1 (8) 3 (25) 5 (42) 3 (30) 1 (9) 0 (0) 2 (22) 1 (10) 0 (0) 4 (50) 7 (58) 5 (45) 3 (25) 7 (58) 1 (8) 3 (25) 0 (0) 4 (33) 2 (17)

(A)

Antibiotic

Second Year

Summer Rain Autumn Winter

Site 1
(N = 9)

Site 2
(N = 9)

Site 3
(N = 9)

Site 4
(N = 9)

Site 5
(N = 9)

Site 6
(N = 9)

Site 7
(N = 9)

Site 1
(N = 9)

Site 2
(N = 9)

Site 3
(N = 9)

Site 4
(N = 9)

Site 5
(N = 9)

Site 6
(N = 9)

Site 7
(N = 9)

Site 1
(N = 9)

Site 2
(N = 9)

Site 3
(N = 9)

Site 4
(N = 9)

Site 5
(N = 9)

Site 6
(N = 9)

Site 7
(N = 9)

Site 1
(N = 9)

Site 2
(N = 9)

Site 3
(N = 9)

Site 4
(N = 9)

Site 5
(N = 9)

Site 6
(N = 9)

Site 7
(N = 9)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Ampicillin 1 (11) 0 (0) 0 (0) 0 (0) 4 (33) 4 (33) 3 (43) 4 (33) 3 (25) 0 (09) 3 (25) 3 (25) 5 (42) 5 (42) 1 (10) 3 (27) 1 (25) 0 (0) 2 (25) 0 (0) 3 (30) 0 (0) 0 (0) 0 (09 1 (15) 4 (67) 5 (42) 4 (33)

Cefotaxime 1 (11) 0 (0) 0 (0) 0 (0) 3 (25) 1 (8) 2 (29) 4 (33) 1 (8) 1 (10) 4 (33) 3 (25) 2 (17) 4 (33) 1 (9) 0 (0) 1 (25) 0 (0) 2 (25) 1 (8) 2 (20) 0 (0) 0 (0) 0 (0) 0 (0) 3 (50) 3 (25) 2 (17)

Ceftazidime 1 (11) 0 (0) 0 (0) 0 (0) 3 (3) 1 (8) 2 (29) 2 (17) 1 (8) 0 (0) 2 (17) 1 (8) 1 (8) 3 (25) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13) 1 (8) 1 (10) 0 (0) 0 (0) 0 (0) 0 (0) 3 (50) 4 (33) 2 (17)

Cefepime 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 2 (17) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (50) 4 (33) 2 (17)

Amikacin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0)

Gentamicin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Tetracycline 0 (0) 0 (0) 0 (0) 0 (0) 3 (25) 3 (25) 0 (0) 3 (25) 3 (25) 0 (0) 0 (0) 5 (42) 1 (8) 4 (33) 1 (9) 3 (27) 0 (0) 0 (0) 1 (12) 0 (0) 3 (30) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 1 (8)

Tigecycline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Imipenem 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (14) 0 (0) 0 (0) 0 (0) 1 (8) 1 (8) 0 (0) 0 (0) 1 (9) 0 (0) 0 (0) 2 (22) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (17) 0 (0)

Meropenem 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (14) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33) 3 (25) 1 (8)

NalidixicAcid 0 (0) 0 (0) 0 (0) 0 (0) 5 (42) 5 (42) 7 (100) 2 (17) 3 (25) 2 (20) 6 (50) 5 (42) 1 (8) 5 (42) 1 (9) 1 (9) 3 (75) 0 (0) 2 (25) 0 (0) 2 (20) 1 (33) 0 (0) 0 (0) 2 (29) 2 (33) 7 (58) 5 (42)

Ciprofloxacin 0 (0) 0 (0) 0 (0) 0 (0) 3 (25) 5 (42) 3 (43) 1 (8) 3 (25) 1 (10) 3 (25) 3 (25) 1 (8) 1 (8) 1 (9) 0 (0) 1 (25) 0 (0) 1 (13) 0 (0) 2 (20) 0 (0) 0 (0) 0 (0) 2 (29) 2 (33) 3 (25) 1 (8)

Co-trimoxazole 0 (0) 0 (0) 0 (0) 0 (0) 2 (17) 3 (25) 0 (0) 2 (17) 2 (17) 1 (10) 3 (25) 2 (17) 2 (17) 6 (50) 0 (0) 1 (9) 1 (25) 0 (0) 0 (0) 0 (0) 2 (20) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 2 (17) 3 (25)

Sulfamethizole 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 3 (25) 0 (0) 2 (17) 2 (17) 1 (10) 3 (25) 2 (17) 2 (17) 5 (42) 0 (0) 1 (9) 2 (50) 6 (67) 5 (63) 0 (0) 4 (40) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 2 (17) 3 (25)

Nitrofurantoin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ESBL 1 (11) 0 (0) 0 (0) 0 (0) 3 (25) 1 (8) 0 (0) 4 (33) 1 (8) 0 (0) 2 (17) 2 (17) 2 (17) 4 (33) 1 (9) 0 (0) 1 (25) 0 (0) 2 (25) 1 (8) 2 (20) 2 (67) 1 (25) 0 (0) 3 (43) 3 (50) 2 (17) 1 (8)

MDR 1 (11) 0 (0) 0 (0) 0 (0) 4 (33) 3 (25) 2 (29) 3 (25) 3 (25) 2 (25) 3 (25) 4 (33) 2 (17) 6 (50) 1 (10) 3 (27) 2 (50) 5 (56) 1 (13) 0 (0) 3 (30) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33) 5 (42) 3 (25)

(B)
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Table 1. Cont.

Antibiotic

Third Year

Summer Rain Autumn Winter

Site 1
(N = 10)

Site 2
(N = 2)

Site 3
(N = 12)

Site 4
(N = 12)

Site 5
(N = 10)

Site 6
(N = 12)

Site 7
(N = 8)

Site 1
(N = 12)

Site 2
(N = 12)

Site 3
(N = 12)

Site 4
(N = 12)

Site 5
(N = 12)

Site 6
(N = 12)

Site 7
(N = 12)

Site 1
(N = 6)

Site 2
(N = 11)

Site 3
(N = 12)

Site 4
(N = 12)

Site 5
(N = 12)

Site 6
(N = 12)

Site 7
(N = 12)

Site 1
(N = 11)

Site 2
(N = 12)

Site 3
(N = 12)

Site 4
(N = 7)

Site 5
(N = 12)

Site 6
(N = 12)

Site 7
(N = 9)

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Ampicillin 4 (40) 1 (50) 3 (25) 1 (8) 6 (60) 5 (42) 4 (50) 12 (100) 8 (67) 2 (17) 10 (84) 11 (92) 10 (83) 12 (100) 6 (100) 8 (72) 10 (83) 9 (75) 12 (100) 7 (58) 12 (100) 5 (45) 3 (25) 5 (42) 2 (29) 6 (50) 3 (25) 5 (56)

Cefotaxime 3 (30) 0 (0) 1 (8) 1 (8) 5 (50) 1 (8) 3 (38) 0 (0) 3 (25) 2 (17) 5 (42) 2 (17) 3 (25) 5 (42) 0 (0) 5 (45) 6 (50) 4 (33) 6 (50) 3 (25) 6 (50) 0 (0) 2 (17) 3 (25) 1 (14) 5 (42) 2 (17) 5 (56)

Ceftazidime 3 (30) 0 (0) 1 (8) 1 (89 5 (50) 1 (8) 1 (13) 0 (0) 3 (25) 2 (17) 5 (42) 2 (17) 3 (25) 5 (42) 0 (0) 5 (45) 3 (25) 4 (33) 5 (42) 3 (25) 4 (33) 0 (0) 1 (8) 2 (17) 1 (14) 5 (42) 2 (17) 5 (56)

Cefepime 3 (30) 0 (0) 0 (0) 1 (8) 5 (50) 1 (8) 3 (38) 6 (50) 3 (25) 1 (8) 5 (42) 8 (67) 3 (25) 5 (42) 0 (0) 5 (45) 4 (33) 4 (33) 5 (42) 3 (25) 5 (42) 0 (0) 1 (8) 3 (25) 1 (14) 5 (42) 2 (17) 5 (56)

Amikacin 0 (0) 0 (0) 0 (0) 1 (8) 1 (10) 2 (17) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (9) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0)

Gentamicin 0 (0) 0 (0) 0 (0) 1 (8) 1 (10) 2 (17) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 1 (9) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 2 (17) 0 (0) 0 (0)

Tetracycline 3 (30) 1 (50) 2 (17) 6 (50) 3 (30) 3 (25) 2 (25) 2 (17) 2 (17) 0 (0) 5 (42) 2 (17) 2 (17) 1 (8) 0 (0) 1 (9) 1 (8) 2 (17) 2 (17) 1 (8) 3 (25) 5 (45) 2 (17) 4 (33) 2 (29) 3 (25) 4 (33) 3 (33)

Tigecycline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Imipenem 0 (0) 0 (0) 0 (0) 1 (8) 1 (10) 2 (17) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 3 (25) 0 (0) 0 (0) 0 (0) 1 (9) 0 (0) 1 (8) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 0 (0) 0 (0)

Meropenem 0 (0) 0 (0) 0 (0) 1 (8) 1 (10) 2 (17) 1 (12) 0 (0) 0 (0) 0 (0) 5 (42) 1 (8) 1 (8) 2 (17) 0 (0) 4 (36) 3 (25) 3 (25) 4 (33) 3 (25) 4 (33) 0 (0) 1 (8) 2 (17) 1 (14) 3 (25) 1 (8) 2 (22)

Nalidixic Acid 4 (40) 0 (0) 3 (25) 1 (8) 6 (60) 3 (25) 3 (38) 1 (8) 2 (17) 2 (17) 6 (50) 4 (33) 6 (50) 6 (50) 0 (0) 3 (27) 4 (33) 3 (25) 5 (42) 4 (33) 5 (42) 0 (0) 0 (0) 4 (33) 2 (29) 6 (50) 3 (25) 4 (44)

Ciprofloxacin 2 (20) 0 (0) 0 (0) 1 (8) 3 (30) 1 (8) 3 (38) 0 (0) 1 (8) 0 (0) 5 (42) 3 (25) 3 (25) 4 (33) 0 (0) 3 (27) 3 (25) 3 (25) 2 (17) 2 (17) 4 (33) 0 (0) 1 (8) 4 (33) 1 (14) 3 (25) 1 (8) 2 (22)

Co-trimoxazole 2 (20) 0 (0) 2 (17) 7 (58) 4 (40) 3 (25) 3 (38) 2 (17) 3 (25) 1 (8) 2 (17) 2 (17) 6 (50) 3 (25) 0 (0) 1 (9) 3 (25) 1 (8) 5 (42) 2 (17) 4 (33) 0 (0) 1 (8) 4 (33) 1 (14) 2 (17) 0 (0) 3 (33)

Sulfamethizole 3 (30) 0 (0) 2 (17) 7 (58) 3 (30) 1 (8) 3 (38) 2 (17) 2 (17) 1 (8) 2 (17) 2 (17) 3 (25) 3 (25) 0 (0) 0 (0) 3 (25) 1 (8) 5 (42) 2 (17) 3 (25) 0 (0) 1 (8) 5 (42) 1 (14) 1 (8) 0 (0) 3 (33)

Nitrofurantoin 1 (10) 1 (50) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (8) 1 (8) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (9) 0 (0) 0 (0) 1 (8) 1 (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ESBL 3 (30) 0 (0) 1 (8) 0 (0) 4 (40) 0 (0) 3 (38) 0 (0) 2 (17) 1 (8) 2 (17) 2 (17) 0 (0) 3 (25) 0 (0) 3 (27) 2 (17) 3 (25) 3 (25) 3 (25) 3 (25) 0 (0) 2 (17) 0 (0) 1 (14) 3 (25) 1 (8) 5 (56)

MDR 5 (50) 1 (50) 3 (25) 7 (58) 4 (40) 5 (42) 4 (50) 5 (42) 4 (33) 2 (17) 6 (50) 6 (50) 8 (67) 8 (67) 0 (0) 4 (36) 6 (50) 4 (33) 8 (67) 5 (42) 5 (42) 4 (36) 2 (17) 5 (42) 1 (14) 5 (42) 3 (25) 5 (56)

(C)

Antibiotic p-Value *

Ampicillin <0.0001

Cefotaxime 0.22

Ceftazidime 0.2

Cefepime 0.0003

Amikacin 0.04

Gentamicin 0.7

Tetracycline 0.0002

Tigecycline -

Imipenem 0.4

Meropenem <0.0001

Nalidixic Acid 0.04

Ciprofloxacin 0.11

Co-trimoxazole 0.0459

Sulfamethizole 0.02

Nitrofurantoin 0.63

ESBL 0.06

MDR 0.003

(D)
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Table 2. Antibiotic resistance genes detected in resistant E. coli isolated from water samples of the Kshipra river in India in various seasons over a 3-year period.

River Water Samples

Antibiotic Resistance Genes

First Year Second Year Third Year p-Value *

Summer Rainy Autumn Winter Summer Rainy Autumn Winter Summer Rainy Autumn Winter

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Cephalosporin resistance genes CTX-M1 a 8 (22) 10 (31) 9 (50) 8 (19) 9 (30) 12 (40) 11 (57) 9 (27) 9 (24) 11 (34) 14 (66) 12 (21) 0.00
CTX-M9 a 0 0 0 0 0 1 (3) 0 0 1 (3) 0 0 0 0.84

Quinolone resistance genes Qnr B b 1 (5) 2 (7) 0 0 0 0 0 0 1 (3) 0 0 0 0.77
Qnr S b 2 (10) 6 (23) 2 (8) 7 (16) 6 (15) 4 (17) 3 (14) 7 (17) 6 (18) 8 (23) 2 (7) 5 (10) 0.27

Sulfa resistance genes Sul-I c 2 (5) 4 (12) 3 (12) 4 (12) 8 (25) 3 (10) 5 (22) 5 (17) 10 (26) 5 (17) 3 (13) 7 (16) 0.82
Sul-II c 4 (10) 6 (18) 5 (20) 4 (12) 5 (15) 9 (31) 5 (22) 5 (17) 4 (10) 7 (25) 7 (31) 7 (16) 0.003

River water samples—first, second, and third year, respectively. a Summer-35/30/37, Rain-32/30/32, Autumn-18/19/21, Winter-42/33/55. b Summer-20/40/32, Rain-26/23/34, Autumn-25/21/26,
Winter-43/39/49. c Summer-40/32/38, Rain-33/29/28, Autumn-24/22/22, Winter-33/28/44. * The p-value is a comparison of the prevalence of genes in isolates in different seasons over
three years.

Table 3. Antibiotic resistance genes detected in resistant E. coli isolated from sediment samples of the Kshipra river in India in various seasons over a 3-year period.

River Sediment Samples

Antibiotic Resistance Genes

First Year Second Year Third Year p-Value *

Summer Rainy Autumn Winter Summer Rainy Autumn Winter Summer Rainy Autumn Winter

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Resistance
n (%)

Cephalosporin resistance genes CTX-M1 a 5 (31) 5 (25) 2 (40) 7 (41) 4 (28) 4 (50) 7 (46) 3 (20) 8 (47) 6 (60) 7 (43) 3 (13) 0.003
CTX-M9 a 0 0 0 0 0 0 0 0 0 0 0 0 -

Quinolone resistance genes Qnr B b 0 0 0 0 0 0 0 0 0 0 0 0 -
Qnr S b 2 (50) 0 3 (23) 2 (22) 2 (16) 3 (25) 2 (50) 2 (100) 2 (28) 2 (20) 2 (40) 1 (25) 0.75

Sulfa resistance genes Sul-I c 2 (28) 1 (25) 3 (33) 2 (33) 3 (33) 2 (66) 1 (14) 2 (66) 2 (33) 1 (20) 4 (80) 0 0.966
Sul-II c 2 (28) 1 (25) 3 (33) 4 (66) 2 (22) 0 2 (28) 0 5 (83) 4 (80) 4 (80) 1 (25) 0.995

River sediment samples—first, second and third year, respectively. a Summer-16/14/17, Rain-20/8/10, Autumn-5/15/16, Winter-17/15/23. b Summer-4/12/7, Rain-3/12/10, Autumn-13/4/5,
Winter-9/2/4. c Summer-7/9/6, Rain-4/3/5, Autumn-9/7/5, Winter-6/3/4. * The p-value is a comparison of the prevalence of genes in isolates in different seasons over the three years.
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Figure 4. Antibiotic resistance patterns in E. coli isolated from sediment samples of the Kshipra river in
India in various seasons and at various sites over a 3-year period. Abbreviations: AMP: Ampicillin,
CAZ: Ceftazidime, CTX: Cefotaxime, MRP: Meropenem, NIT: Nitrofurantoin. Note: significant
(p < 0.05) seasonal and spatial variations in the resistance of E. coli to ampicillin, ceftazidime, cefotaxime,
meropenem, and nitrofurantoin were found over the 3-year period. Information for all antibiotics is
available in Table S6.
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Table 4. Phylogenetic grouping of resistant E. coli isolated from water and sediment samples of the
Kshipra river in India.

Type of Sample
Phylogenetic Groups

(n) p-Value

A B1 B2 D

River water (n = 668) 410 154 25 73
0.00641River sediment (n = 205) 144 30 3 32

3.3. Correlation between Antibiotic Residues and Water Quality and Correlation between Antibiotic-Resistant
E. coli and Water Quality

The means and standard deviations of the water quality parameters observed in different seasons
and sites in the case of water of the Kshipra river over a 3-year period are presented in Table 5
and Table S9. Significant (p < 0.05) seasonal and spatial variations in water quality parameters
were observed.

Table 5. Average values (standard deviation) of water quality parameters of the Kshipra river in India
in various seasons and at various sites over a 3-year period.

Water Quality Parameter Mean SD

Ambient temperature (◦C) 28.4 6.2
Water temperature (◦C) 25.9 4.9

pH 8.2 0.4
Conductivity (µS/cm) 1035 360.3

Total dissolved solids (mg/L) 652 227.3
Dissolved oxygen (mg/L) 5.9 2.9

Turbidity (NTU) 90.4 157.3
Total suspended solids (mg/L) 124 161.3

Biochemical oxygen demand (mg/L) 26.5 19.1
Chemical oxygen demand (mg/L) 70.9 50.2

Free carbon dioxide (mg/L) 6 7.1
Phenolphthalein alkalinity (mg/L) 4.1 6
Methyl orange alkalinity (mg/L) 317.3 108.5

Total alkalinity (mg/L) 322.8 109.3
Chloride (mg/L) 159.8 67.8

Total hardness (mg/L) 307.6 114.6
Calcium hardness (mg/L) 154.1 63.4

Magnesium hardness (mg/L) 153.4 68.9
Nitrate nitrogen (mg/L) 7.4 3.5

Total phosphorus (mg/L) 3.8 2.2
Ortho phosphorus (mg/L) 3 2.2

Organic phosphorus (mg/L) 0.8 0.9
Total coliform (CFU/100) 76.5 43.7
Total E. Coli. (CFU/100) 52.6 31.9

Pearson’s rank correlation test for relationships between water quality parameters and antibiotic
residues indicated that sulfamethoxazole was significantly correlated with the water quality parameters
(p < 0.05), except for free carbon dioxide (free CO2) and phenolphthalein alkalinity (CO3alk). Ofloxacin
residues were also significantly associated with some measured water quality parameters (Table S10).

In addition, correlation tests were performed for measured water and sediment quality
parameters and antibiotic-resistant E. coli. The resistance of E. coli to antibiotics (e.g., sulfamethiazole,
norfloxacin, ciprofloxacine, cefotaxime, co-trimoxazole, ceftazidime, meropenem, ampicillin, amikacin,
metronidazole, tetracycline, and tigecycline) had varying associations with measured water and
sediment quality parameters such as water temperature, air temperature, pH, conductivity, dissolved
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oxygen, total dissolved solids, turbidity, phenolphthalein alkalinity, chloride, total hardness, ortho
phosphorus, and soluble bicarbonate (Table S11).

4. Discussion

To our knowledge, this is the first study that has followed antibiotic residues, antibiotic resistance
in E. coli, and water quality over a three-year period in water and sediment of one of the holy rivers of
India, Kshipra river. Antibiotic residues were present in both the water and sediment of the Kshipra
river over the 3-year period. Significant seasonal and spatial variation in antibiotic residues was
found in water. The water quality parameters had varying associations with antibiotic residues and
antibiotic-resistant E. coli.

The occurrence and levels of antibiotic residues in the water and sediment of Kshipra river
varied by season and site over the 3-year period. Among the analyzed antibiotics, sulfamethoxazole,
ofloxacin, norfloxacin, metronidazole, and total residual antibiotics as β- lactam were detected in water
samples. In general, the qualitative and quantitative variation in the occurrence of antibiotics in river
water and sediment can be ascribed to the variation of antibiotic consumption and anthropogenic
activities in the capture area, the physiochemical behavior of the antibiotics in the aquatic environment,
and agricultural, domestic and industrial activities along the river and its tributaries. For example, site 2
(Khan) is dominated by agricultural activities and is located on the banks of river Khan, a sub-tributary
of Kshipra river. Khan is the major contributor of the contamination and degrading of the water
quality of the Kshipra river [41]. Domestic as well as industrial waste water is disposed of without
treatment into Khan river from the nearby Indore city every day, which in turn pollutes the Kshipra
river [41]. In addition, several mass bathing events, including Simhastha Kumbh Mela, are organized
on the banks of Kshipra river. Mass bathing occasions have the potential to deteriorate the river
water quality, as millions of pilgrims take a bath in this holy river, leading to increased pollutants
in the water [22]. Sulfamethoxazole was the most abundant antibiotic in water in different seasons
and sites with the highest level in autumn at site 2 (Khan). Sulfamethoxazole is hydrophilic; it is
characterized by high water solubility and is found to be the most persistent sulfonamide in water,
with low biodegradability and high transport propensity [42,43]. Sulfamethoxazole, due to its low
adsorption, can also be transported from soil or manure through surface runoff into river water [8].
A previous study also reported that the sulfonamides were the most detected antibiotic residues in
the water of the Haihe river basin, China [8]. Fluoroquinolones, including norfloxacin and ofloxacin,
were detected at higher levels in autumn at sites 2 (Khan) and 5 (Mangalnath), respectively. Site 5
is located near the ancient Mangalnath temple situated on the bank of the river. Anthropogenic
activities such as bathing and washing by pilgrims are common features of this site. In the upstream
zone of this sampling site, two or three small tributaries join river Kshipra and bring domestic and
industry waste water of Ujjain city [44]. These could be contributory factors for the occurrence of
fluoroquinolones. Fluoroquinolones show high sorption potential, poor water solubility, and very low
biodegradability [45,46]. A previous study reported that up to 4.7 µg/L of norfloxacin and 10 µg/L of
ofloxacin were found in water samples in the Isakavagu-Nakkavagu river, closed to pharmaceutical
production plants in Hyderabad, India [47].

The occurrence of antibiotic residues in the environments is likely to lead to the development of
antibiotic-resistant bacteria and resistance genes, which eventually can pose risks to human health [48].
In the present study, antibiotic-resistant E. coli was present in water and sediment in various seasons,
sampling sites, and years. Significant seasonal and spatial variations of antibiotic-resistant E. coli in
water and sediment were observed. The resistance of E. coli to antibiotics had varying associations
with measured water and sediment quality parameters. E. coli has been proposed for monitoring of
antibiotic resistance in aquatic environments [49]. The resistance of E. coli, including resistance genes,
to different types of antibiotics differed in the water and sediment. This variation might be attributed to
the different behaviours of antibiotics between water and sediments that are affected by the structures
of the antibiotics and the physicochemical properties of the sediment. Sediment is a major sink and
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reservoir for antibiotics in water [50,51]. The profiles and the distribution of antibiotic-resistant bacteria
and resistance genes are in general influenced by a combination of factors including the use and type
of antibiotics, environmental behaviors of antibiotics, water quality, bacterial community structure,
and anthropogenic activity [19,52–54]. The environmental release of antibiotics in effluents from
various pollution sources, combined with direct contact between natural bacterial communities and
discharged antibiotic-resistant bacteria and their resistance genes, is a driver for the emergence of
resistant strains in the environment including rivers [55–57]. Antibiotics in the river water can act
as selective pressure and a major driving force in aquatic environments to develop and maintain
antibiotic-resistant bacteria and resistance genes. For example, the presence of sulfamethoxazole in the
water of Kshipra river might potentially lead to the development of resistance to co-trimoxazole and
sulfamethiazole in E. coli and the presence of sulfonamide resistance genes (sul-I and sul-II). The spread
of antibiotic resistance genes along with ESBL-producing E. coli isolates into rivers is worrisome and
contributes to the growing concerns about resistant bacteria and their potential risks to the environment
and public health [58–64]. CTX-M-producing E. coli is the most predominant type of ESBL-producing
E. coli from clinical and aquatic environments in recent years [65]. In the present study, the ESBL-coding
gene (blaCTX-M-1) and qnrS plasmid-mediated quinolone-resistance gene were found as the most the
prevalent in river water and sediment. Though the majority of the E. coli isolates from river water
and sediment belong to commensal phylogenetic groups A and B1, rivers are important reservoirs of
antibiotic resistance genes where the exchange and transfer of genes can take place among pathogenic
and commensal E. coli strains, and thus the resistant pathogenic E. coli load will increase, and if
this results in infection, the disease will be more difficult to treat. There is an association between
phylogenetic groups and the host species; human commensal strains belong mostly to group A and B1,
and strains isolates from animals fall mostly in group B1. The presence of phylogenetic groups A and
B1 can be thus considered an indicator of anthropogenic activities [66]. The reservoir of resistance
genes in rivers can thus serve as a potential source of resistance genes to other bacteria as river collects
surface water with resistant bacteria from various sources, e.g., municipal wastewater, agricultural
activities, etc. Previous studies have reported that high loads of antibiotic resistance gene pollution in
the water of rivers resulted from various anthropogenic pollution sources [67,68].

The pollutants of a river deteriorate and alter the water quality, affecting the occurrence and
the level of antibiotics in the river water. Further, these pollutants might cause a shift in the
bacterial community composition [69,70]. In addition, the bacterial community influences the shaping,
abundance, and diversity of antibiotic resistance [71]. As mentioned, Kshipra river receives pollutants
from domestic and industrial wastewater, animals and agriculture activities, runoff events, and other
inputs such as bathing and washing, especially on festive occasions including Simhastha Kumbh
Mela. Regarding Simhastha Kumbh Mela 2016, it might have contributed to the highest presence
of E. coli resistant to different antibiotics found in the third year. The current results have shown
that some of the water quality parameters of Kshipra river exceeded permissible limits including
conductivity, total dissolved solids, dissolved oxygen, turbidity, biochemical oxygen demand, chemical
oxygen demand, total alkalinity, total hardness, total phosphorus, total coliform, and total E. coli
(Table S12). It was also seen that antibiotic residues and antibiotic-resistant E. coli in water and
sediments were associated with measured water quality parameters. Water quality might contribute
to the persistence and the bioavailability of antibiotics in aquatic environments. Antibiotics that
occur in the environment in a bioavailable form may therefore pose a risk with respect to antibiotic
resistance development [72]. For example, pH, temperature, chloride, and nitrate affect processes such
as degradation (photo-degradation by sunlight and biodegradation by bacteria under aerobic and
anaerobic conditions) and sorption to organic particles. These processes determine the natural removal,
stability, mobility, and transport of antibiotics in the environment [73,74]. In addition, the water quality
such as the water temperature and the concentrations of carbon resources, phosphorus, and nitrogen
are important factors driving the bacterial community composition, diversity, and dynamics [75].
For instance, temperature and dissolved oxygen have significant associations with the frequency of
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resistance of E. coli to ampicillin; high temperature increases the natural transformation frequencies and
rates among the bacterial community in the environment; pH, temperature, and alkaline conditions can
affect the hydrolysis and degradation of β-lactams; and total dissolved solid may be involved in the
selection process for antibiotic resistance [76–79]. Previous studies showed antibiotic-resistant E. coli
and antibiotic resistance genes in aquatic environments as impacted by the bacterial community and
water quality parameters in Semenyih river, Malaysia, Ganga river and Cauvery river, India, and East
Tiaoxi river and Wen-Rui Tang river, China [71,80–83]. These studies, however, generally measured
individual samples and did not include all the parameters we analysed.

Considering the earlier discussion, it is necessary to include regular monitoring and routine
surveillance of water quality, antibiotic residues, and antibiotic resistance of all rivers including Kshipra
river in the national and Global Action Plans on containmentof antimicrobial resistance [1,84].

5. Conclusions

Antibiotic residues and antibiotic-resistant E. coli were present in the water and sediment of
the Kshipra river during different seasons, sampling sites, and years. Sulfamethoxazole was the
most frequently detected antibiotic in the water in different seasons and sites and was significantly
associated with the water quality parameters. Other antibiotics such as ofloxacin were also positively
correlated with some measured water quality parameters. Significant seasonal and spatial variations of
antibiotic-resistant E. coli in water and sediment were found. Antibiotic-resistant E. coli in the water and
sediments was associated with measured water quality parameters. Thus, routine antibiotic residue
and antibiotic resistance surveillance and monitoring of the Kshipra river are required to control
emerging resistance and its dissemination, which represents a potential threat to human health and the
environment. Further, scientifically assessed standards for acceptable levels of antibiotic residues and
antibiotic resistance are needed to inform policy and prioritize interventions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/21/7706/s1,
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3-year period. Table S11. Correlation analysis between antibiotics and sediment quality parameters of the Kshipra
river in India over a 3-year period. Table S12. Water quality standards.

Author Contributions: V.D. together with A.J.T. and C.S.L. initiated the concept and formulated the initial design
of the study. V.D. is the main person responsible for the study coordination. V.P. and V.D. were responsible for
data collection. M.P. and S.P.C. were responsible for the microbiological and molecular work. N.H. and E.R. were
responsible for data analysis. N.H. drafted the first version of the manuscript and revised it based on suggestions
from other authors. A.J.T. was the senior advisor to the project. C.S.L. is the principal investigator for the project.
All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the Swedish Research Council (grant no 2012-2889, 2017-01327). V.D. is a
recipient of scholarships from Erasmus Mundus External Cooperation Window India—Lot 15 and the Swedish
Institute. The funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Acknowledgments: The authors are thankful to the management of R.D. Gardi Medical College, Ujjain,
and H. Shah, R.D. Gardi Medical College, Ujjain. We are also thankful to Girish Jain, Praveen Chouahn,
Neha Sharma, Arjun Parihar, Vallabh Patidar, Richa Pandya, and Mansingh Padiyar for sample collection and
processing and Priyank Soni, Ankit Garg, and Giriraj Singh for database management as well as Jussi Kupari for
his contribution in designing the figures.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

http://www.mdpi.com/1660-4601/17/21/7706/s1


Int. J. Environ. Res. Public Health 2020, 17, 7706 17 of 21

References

1. UN. United Nations High-Level Meeting on Antimicrobial Resistance; WHO: New York, NY, USA, 2016. Available
online: http://www.who.int/antimicrobial-resistance/events/UNGA-meeting-amr-sept2016/en/ (accessed on
20 October 2020).

2. WHO. Antimicrobial Resistance: Global Report on Surveillance 2014. Available online: http://www.who.int/
drugresistance/documents/surveillancereport/en/ (accessed on 10 April 2018).

3. Ben, Y.; Fu, C.; Hu, M.; Liu, L.; Wong, M.H.; Zheng, C. Human health risk assessment of antibiotic resistance
associated with antibiotic residues in the environment: A review. Environ. Res. 2019, 169, 483–493. [CrossRef]
[PubMed]

4. Bengtsson-Palme, J.; Kristiansson, E.; Larsson, D.G.J. Environmental factors influencing the development
and spread of antibiotic resistance. FEMS Microbiol. Rev. 2018, 42, fux053. [CrossRef]

5. Gothwal, R.; Shashidhar, T. Role of environmental pollution in prevalence of antibiotic resistant bacteria in
aquatic environment of river: Case of Musi river, South India. Water Environ. J. 2017, 31, 456–462. [CrossRef]

6. Díaz-Cruz, M.S.; López de Alda, M.; Barceló, D. Environmental behavior and analysis of veterinary and
human drugs in soils, sediments and sludge. TrAC Trends Anal. Chem. 2003, 6, 340–351. [CrossRef]

7. Li, B.; Zhang, T. Biodegradation and adsorption of antibiotics in the activated sludge process.
Environ. Sci. Technol. 2010, 44, 3468–3473. [CrossRef] [PubMed]

8. Luo, Y.; Xu, L.; Rysz, M.; Wang, Y.; Zhang, H.; Alvarez, P.J.J. Occurrence and transport of tetracycline,
sulfonamide, quinolone, and macrolide antibiotics in the Haihe River Basin, China. Environ. Sci. Technol.
2011, 45, 1827–1833. [CrossRef] [PubMed]

9. Chang, X.; Meyer, M.T.; Liu, X.; Zhao, Q.; Chen, H.; Chen, J.; Qiu, Z.; Yang, L.; Cao, J.; Shu, W. Determination
of antibiotics in sewage from hospitals, nursery and slaughter house, wastewater treatment plant and
source water in Chongqing region of Three Gorge Reservoir in China. Environ. Pollut. 2010, 158, 1444–1450.
[CrossRef] [PubMed]

10. Jia, A.; Wan, Y.; Xiao, Y.; Hu, J. Occurrence and fate of quinolone and fluoroquinolone antibiotics in a
municipal sewage treatment plant. Water Res. 2012, 46, 387–394. [CrossRef]

11. Larsson, D.G.J.; de Pedro, C.; Paxeus, N. Effluent from drug manufactures contains extremely high levels of
pharmaceuticals. J. Hazard. Mater. 2007, 148, 751–755. [CrossRef]

12. Korzeniewska, E.; Korzeniewska, A.; Harnisz, M. Antibiotic resistant Escherichia coli in hospital and
municipal sewage and their emission to the environment. Ecotoxicol. Environ. Saf. 2013, 91, 96–102.
[CrossRef]

13. Schwartz, T.; Kohnen, W.; Jansen, B.; Obst, U. Detection of antibiotic-resistant bacteria and their resistance
genes in wastewater, surface water, and drinking water biofilms. FEMS Microbiol. Ecol. 2003, 43, 325–335.
[CrossRef] [PubMed]

14. Pei, R.; Kim, S.-C.; Carlson, K.H.; Pruden, A. Effect of river landscape on the sediment concentrations of
antibiotics and corresponding antibiotic resistance genes (ARG). Water Res. 2006, 40, 2427–2435. [CrossRef]
[PubMed]

15. Pruden, A.; Arabi, M.; Storteboom, H.N. Correlation Between Upstream Human Activities and Riverine
Antibiotic Resistance Genes. Environ. Sci. Technol. 2012, 46, 11541–11549. [CrossRef]

16. Xu, Y.; Guo, C.; Luo, Y.; Lv, J.; Zhang, Y.; Lin, H.; Wang, L.; Xu, J. Occurrence and distribution of antibiotics,
antibiotic resistance genes in the urban rivers in Beijing, China. Environ. Pollut. 2016, 213, 833–840. [CrossRef]
[PubMed]

17. Zhou, Z.-C.; Feng, W.-Q.; Han, Y.; Zheng, J.; Chen, T.; Wei, Y.-Y.; Gillings, M.; Zhu, Y.-G.; Chen, H.
Prevalence and transmission of antibiotic resistance and microbiota between humans and water environments.
Environ. Int. 2018, 121 Pt 2, 1155–1161. [CrossRef]

18. Purohit, M.R.; Chandran, S.; Shah, H.; Diwan, V.; Tamhankar, A.J.; Stålsby Lundborg, C. Antibiotic Resistance
in an Indian Rural Community: A “One-Health” Observational Study on Commensal Coliform from Humans,
Animals, and Water. Int. J. Environ. Res. Public Health 2017, 14, 386. [CrossRef]

19. Sayah, R.S.; Kaneene, J.B.; Johnson, Y.; Miller, R. Patterns of antimicrobial resistance observed in Escherichia
coli isolates obtained from domestic- and wild-animal fecal samples, human septage, and surface water.
Appl. Environ. Microbiol. 2005, 71, 1394–1404. [CrossRef]

http://www.who.int/antimicrobial-resistance/events/UNGA-meeting-amr-sept2016/en/
http://www.who.int/drugresistance/documents/surveillancereport/en/
http://www.who.int/drugresistance/documents/surveillancereport/en/
http://dx.doi.org/10.1016/j.envres.2018.11.040
http://www.ncbi.nlm.nih.gov/pubmed/30530088
http://dx.doi.org/10.1093/femsre/fux053
http://dx.doi.org/10.1111/wej.12263
http://dx.doi.org/10.1016/S0165-9936(03)00603-4
http://dx.doi.org/10.1021/es903490h
http://www.ncbi.nlm.nih.gov/pubmed/20384353
http://dx.doi.org/10.1021/es104009s
http://www.ncbi.nlm.nih.gov/pubmed/21309601
http://dx.doi.org/10.1016/j.envpol.2009.12.034
http://www.ncbi.nlm.nih.gov/pubmed/20096493
http://dx.doi.org/10.1016/j.watres.2011.10.055
http://dx.doi.org/10.1016/j.jhazmat.2007.07.008
http://dx.doi.org/10.1016/j.ecoenv.2013.01.014
http://dx.doi.org/10.1111/j.1574-6941.2003.tb01073.x
http://www.ncbi.nlm.nih.gov/pubmed/19719664
http://dx.doi.org/10.1016/j.watres.2006.04.017
http://www.ncbi.nlm.nih.gov/pubmed/16753197
http://dx.doi.org/10.1021/es302657r
http://dx.doi.org/10.1016/j.envpol.2016.03.054
http://www.ncbi.nlm.nih.gov/pubmed/27038570
http://dx.doi.org/10.1016/j.envint.2018.10.032
http://dx.doi.org/10.3390/ijerph14040386
http://dx.doi.org/10.1128/AEM.71.3.1394-1404.2005


Int. J. Environ. Res. Public Health 2020, 17, 7706 18 of 21

20. Bailey, J.K.; Pinyon, J.L.; Anantham, S.; Hall, R.M. Commensal Escherichia coli of healthy humans: A reservoir
for antibiotic-resistance determinants. J. Med. Microbiol. 2010, 59 Pt 11, 1331–1339. [CrossRef] [PubMed]

21. Satish, K.; Tiwari, H.; Galkate, R. Water availability assessment in shipra river. Int. J. Res. Eng. Technol. 2015,
11, 126–130.

22. Bhasin, S.; Shukla, A.N.; Shrivastava, S. Impact of mass bathing on water quality of river Kshipra at Triveni,
Ujjain, M.P. India. Int. J. Adv. Life Sci. 2015. Available online: http://www.unitedlifejournals.com/ms_files/
ijals/5._Impact_of_mass_bathing_on_waster_quality.pdf (accessed on 20 October 2020).

23. Pawar, R.S.; Bhatia, R.K. Assessment of Mass Bathing on River Water Quality During Simhastha Mahakumbh
Mela 2016 in Ujjain, Madhya Pradesh India. GRD J. Glob. Res. Dev. J. Eng. 2016, 1, 89–94.

24. Diwan, V.; Hanna, N.; Purohit, M.; Chandran, S.; Riggi, E.; Parashar, V.; Tamhankar, A.J.; Lundborg, C.S.
Seasonal Variations in Water-Quality, Antibiotic Residues, Resistant Bacteria and Antibiotic Resistance Genes
of Escherichia coli Isolates from Water and Sediments of the Kshipra River in Central India. Int. J. Environ.
Res. Public Health 2018, 15, 1281. [CrossRef] [PubMed]

25. Diwan, V.; Purohit, M.; Chandran, S.; Parashar, V.; Shah, H.; Mahadik, V.K.; Lundborg, C.S.; Tamhankar, A.J.
A Three-Year Follow-Up Study of Antibiotic and Metal Residues, Antibiotic Resistance and Resistance Genes,
Focusing on Kshipra-A River Associated with Holy Religious Mass-Bathing in India: Protocol Paper. Int. J.
Environ. Res. Public Health 2017, 14, 574. [CrossRef] [PubMed]

26. Government of Madhya Pradesh. Human Development Report for Madhya Pradesh Report No. 4. 2007.
Available online: http://www.dif.mp.gov.in/mphdr2007.htm (accessed on 20 October 2020).

27. Singh, N.; Mishra, N.; Murugesan, V. Re-thinking River Diversion Projects- A Political Ecology Perspective.
Int. J. Eng. Technol. 2018, 24, 341–347. [CrossRef]

28. WHO. Guidelines for Drinking-Water Quality. 1997. Available online: https://www.who.int/water_
sanitation_health/dwq/gdwqvol32ed.pdf?ua=1 (accessed on 20 October 2020).

29. Diwan, V.; Tamhankar, A.J.; Khandal, R.K.; Sen, S.; Aggarwal, M.; Marothi, Y.; Iyer, R.V.;
Sundblad-Tonderski, K.; Lundborg, S.C. Antibiotics and antibiotic-resistant bacteria in waters associated
with a hospital in Ujjain, India. BMC Public Health 2010, 10, 414. [CrossRef]

30. Adoni, A.D.J.G.; Ghosh, K.; Chourasia, S.K.; Vaishya, A.K.; Verma, H.G. Workbook on Limnology; Pratibha
Publishers: Sagar, India, 1985.

31. Eaton, A. Standard Methods for Examination of Water and Wastewater, 21st ed.; American Public Health
Association: Washington, DC, USA, 2005.

32. Trivedy, P.K.; Goel, P.K. Chemical and Biological Methods for Water Pollution Studies; Environmental Publications:
Karad, India, 1986.

33. Diwan, V.; Stalsby Lundborg, C.; Tamhankar, A.J. Seasonal and temporal variation in release of antibiotics in
hospital wastewater: Estimation using continuous and grab sampling. PLoS ONE 2013, 8, e68715. [CrossRef]

34. Huang, C.-H.; Renew, J.; Smeby, K.; Pinkston, K.; Sedlak, D. Assessment of Potential Antibiotic Contaminants
in Water and Preliminary Occurrence Analysis. J. Contemp. Water Res. Educ. 2011, 120, 4. Available online:
http://opensiuc.lib.siu.edu/jcwre/vol120/iss1/4 (accessed on 20 October 2020).

35. Nataro, J.; Bopp, C.; Fields, P.; Kaper, J.; Strockbine, N. Escherichia, Shigella, and Salmonella. In Manual of
Clinical Microbiology; ASM Press: Washington, DC, USA, 2007. Available online: http://www.asmscience.org/

content/book/10.1128/9781555816728.chap35 (accessed on 20 October 2020).
36. CLSI. Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fourth Informational Supplement;

Clinical and Laboratory Standards Institute: Wayne, MI, USA, 2014. Available online: http://www.facm.ucl.
ac.be/intranet/CLSI/CLSI-2015-M100-S25-original.pdf (accessed on 20 October 2020).

37. Chandran, S.P.; Diwan, V.; Tamhankar, A.J.; Joseph, B.V.; Rosales-Klintz, S.; Mundayoor, S.; Lundborg, C.S.;
Macaden, R. Detection of carbapenem resistance genes and cephalosporin, and quinolone resistance genes
along with oqxAB gene in Escherichia coli in hospital wastewater: A matter of concern. J. Appl. Microbiol.
2014, 117, 984–995. [CrossRef]

38. Zankari, E.; Hasman, H.; Kaas, R.S.; Seyfarth, A.M.; Agersø, Y.; Lund, O.; Larsen, M.L.; Aarestrup, F.M.
Genotyping using whole-genome sequencing is a realistic alternative to surveillance based on phenotypic
antimicrobial susceptibility testing. J. Antimicrob. Chemother. 2013, 68, 771–777. [CrossRef]

39. Inouye, M.; Harriet Dashnow, H.; Raven, L.-A.; Schultz, M.B.; Pope, B.J.; Tomita, T.; Zobel, J.; Holt, K.E.
SRST2: Rapid genomic surveillance for public health and hospital microbiology labs. Genome Med. 2014,
6, 90. [CrossRef]

http://dx.doi.org/10.1099/jmm.0.022475-0
http://www.ncbi.nlm.nih.gov/pubmed/20671087
http://www.unitedlifejournals.com/ms_files/ijals/5._Impact_of_mass_bathing_on_waster_quality.pdf
http://www.unitedlifejournals.com/ms_files/ijals/5._Impact_of_mass_bathing_on_waster_quality.pdf
http://dx.doi.org/10.3390/ijerph15061281
http://www.ncbi.nlm.nih.gov/pubmed/29914198
http://dx.doi.org/10.3390/ijerph14060574
http://www.ncbi.nlm.nih.gov/pubmed/28555050
http://www.dif.mp.gov.in/mphdr2007.htm
http://dx.doi.org/10.14419/ijet.v7i2.24.12079
https://www.who.int/water_sanitation_health/dwq/gdwqvol32ed.pdf?ua=1
https://www.who.int/water_sanitation_health/dwq/gdwqvol32ed.pdf?ua=1
http://dx.doi.org/10.1186/1471-2458-10-414
http://dx.doi.org/10.1371/journal.pone.0068715
http://opensiuc.lib.siu.edu/jcwre/vol120/iss1/4
http://www.asmscience.org/content/book/10.1128/9781555816728.chap35
http://www.asmscience.org/content/book/10.1128/9781555816728.chap35
http://www.facm.ucl.ac.be/intranet/CLSI/CLSI-2015-M100-S25-original.pdf
http://www.facm.ucl.ac.be/intranet/CLSI/CLSI-2015-M100-S25-original.pdf
http://dx.doi.org/10.1111/jam.12591
http://dx.doi.org/10.1093/jac/dks496
http://dx.doi.org/10.1186/s13073-014-0090-6


Int. J. Environ. Res. Public Health 2020, 17, 7706 19 of 21

40. R Core Team. R: A language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2017.

41. Abhineet, N.; Dohare, E.D. Physico-Chemical Parameters for Testing of Present Water Quality of Khan River
at Indore, India. Int. Res. J. Environ. Sci. 2014, 4, 74–81.

42. Patrolecco, L.; Rauseo, J.; Ademollo, N.; Grenni, P.; Cardoni, M.; Levantesi, C.; Luprano, M.L.; Caracciolo, A.B.
Persistence of the antibiotic sulfamethoxazole in river water alone or in the co-presence of ciprofloxacin.
Sci. Total Environ. 2018, 640–641, 1438–1446. [CrossRef]

43. Xu, B.; Mao, D.; Luo, Y.; Xu, L. Sulfamethoxazole biodegradation and biotransformation in the water–sediment
system of a natural river. Bioresour. Technol. 2011, 102, 7069–7076. [CrossRef] [PubMed]

44. Bhawna, M.; Dwivedi, H.S.; Dwivedi, P. Effect of Textile, Dyeing and Printing industrial effluents on river
Kshipra at Bherugarh Ujjain, M.P., India. Int. J. Innov. Sci. Res. 2014, 5, 68–72.

45. Kümmerer, K.; al-Ahmad, A.; Mersch-Sundermann, V. Biodegradability of some antibiotics, elimination
of the genotoxicity and affection of wastewater bacteria in a simple test. Chemosphere 2000, 40, 701–710.
[CrossRef]

46. Picó, Y.; Andreu, V. Fluoroquinolones in soil—Risks and challenges. Anal. Bioanal. Chem. 2007, 387, 1287–1299.
[CrossRef] [PubMed]

47. Fick, J.; Söderström, H.; Lindberg, R.H.; Phan, C.; Tysklind, M.; Larsson, D.G.J. Contamination of surface,
ground, and drinking water from pharmaceutical production. Environ. Toxicol. Chem. 2009, 28, 2522–2527.
[CrossRef] [PubMed]

48. Huerta, B.; Marti, E.; Gros, M.; López, P.; Pompêo, M.; Armengol, J.; Barceló, D.; Balcázar, J.L.;
Rodríguez-Mozaz, S.; Marcé, R. Exploring the links between antibiotic occurrence, antibiotic resistance,
and bacterial communities in water supply reservoirs. Sci. Total Environ. 2013, 456–457, 161–170. [CrossRef]

49. EFSA. Report from the Task Force on Zoonoses Data Collection Including Guidance for Harmonized
Monitoring and Reporting of Antimicrobial Resistance in Commensal Escherichia coli and Enterococcus spp.
from Food Animals. 2008. Available online: https://www.efsa.europa.eu/en/efsajournal/pub/rn-141 (accessed
on 20 October 2020).

50. Kim, S.-C.; Carlson, K. Temporal and spatial trends in the occurrence of human and veterinary antibiotics in
aqueous and river sediment matrices. Environ. Sci. Technol. 2007, 41, 50–57. [CrossRef]

51. Zhao, S.; Liu, X.; Cheng, D.; Liu, G.; Liang, B.; Cui, B.; Bai, J. Temporal-spatial variation and partitioning
prediction of antibiotics in surface water and sediments from the intertidal zones of the Yellow River Delta,
China. Sci. Total Environ. 2016, 569–570, 1350–1358. [CrossRef]

52. Edge, T.A.; Hill, S. Occurrence of antibiotic resistance in Escherichia coli from surface waters and fecal
pollution sources near Hamilton, Ontario. Can. J. Microbiol. 2005, 51, 501–505. [CrossRef] [PubMed]

53. Watkinson, A.J.; Micalizzi, G.B.; Graham, G.M.; Bates, J.B.; Costanzo, S.D. Antibiotic-resistant Escherichia
coli in wastewaters, surface waters, and oysters from an urban riverine system. Appl. Environ. Microbiol.
2007, 73, 5667–5670. [CrossRef] [PubMed]

54. Di Cesare, A.; Eckert, E.M.; Rogora, M.; Corno, G. Rainfall increases the abundance of antibiotic resistance
genes within a riverine microbial community. Environ. Pollut. 2017, 226, 473–478. [CrossRef] [PubMed]

55. Allen, H.K.; Donato, J.; Wang, H.H.; Cloud-Hansen, K.A.; Davies, J.; Handelsman, J. Call of the wild:
Antibiotic resistance genes in natural environments. Nat. Rev. Microbiol. 2010, 8, 251–259. [CrossRef]

56. Harris, S.J.; Cormican, M.; Cummins, E. Antimicrobial Residues and Antimicrobial-Resistant Bacteria: Impact
on the Microbial Environment and Risk to Human Health—A Review. Hum. Ecol. Risk Assess. Int. J. 2012,
18, 767–809. [CrossRef]

57. Xu, J.; Xu, Y.; Wang, H.; Guo, C.; Qiu, H.; He, Y.; Zhang, Y.; Li, X.; Meng, W. Occurrence of antibiotics and
antibiotic resistance genes in a sewage treatment plant and its effluent-receiving river. Chemosphere 2015,
119, 1379–1385. [CrossRef] [PubMed]

58. Kim, J.; Zheng, X.; Cho, J.; Sung, M.; Kim, K. Prevalence and characterization of extended-spectrum
beta—Lactamase among Escherichia coli isolated from Geumho River in Korea. J. Pure Appl. Microbiol. 2012,
6, 989–1000.

59. Zurfluh, K.; Hächler, H.; Nüesch-Inderbinen, M.; Stephan, R. Characteristics of extended-spectrum
β-lactamase- and carbapenemase-producing Enterobacteriaceae Isolates from rivers and lakes in Switzerland.
Appl. Environ. Microbiol. 2013, 79, 3021–3026. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2018.06.025
http://dx.doi.org/10.1016/j.biortech.2011.04.086
http://www.ncbi.nlm.nih.gov/pubmed/21596556
http://dx.doi.org/10.1016/S0045-6535(99)00439-7
http://dx.doi.org/10.1007/s00216-006-0843-1
http://www.ncbi.nlm.nih.gov/pubmed/17082879
http://dx.doi.org/10.1897/09-073.1
http://www.ncbi.nlm.nih.gov/pubmed/19449981
http://dx.doi.org/10.1016/j.scitotenv.2013.03.071
https://www.efsa.europa.eu/en/efsajournal/pub/rn-141
http://dx.doi.org/10.1021/es060737+
http://dx.doi.org/10.1016/j.scitotenv.2016.06.216
http://dx.doi.org/10.1139/w05-028
http://www.ncbi.nlm.nih.gov/pubmed/16121229
http://dx.doi.org/10.1128/AEM.00763-07
http://www.ncbi.nlm.nih.gov/pubmed/17616617
http://dx.doi.org/10.1016/j.envpol.2017.04.036
http://www.ncbi.nlm.nih.gov/pubmed/28438356
http://dx.doi.org/10.1038/nrmicro2312
http://dx.doi.org/10.1080/10807039.2012.688702
http://dx.doi.org/10.1016/j.chemosphere.2014.02.040
http://www.ncbi.nlm.nih.gov/pubmed/24630248
http://dx.doi.org/10.1128/AEM.00054-13


Int. J. Environ. Res. Public Health 2020, 17, 7706 20 of 21

60. Haque, A.; Yoshizumi, A.; Saga, T.; Ishii, Y.; Tateda, K. ESBL-producing Enterobacteriaceae in environmental
water in Dhaka, Bangladesh. J. Infect. Chemother. Off. J. Jpn. Soc. Chemother. 2014, 20, 735–737. [CrossRef]
[PubMed]

61. Bajaj, P.; Singh, N.S.; Kanaujia, P.K.; Virdi, J.S. Distribution and molecular characterization of genes encoding
CTX-M and AmpC beta-lactamases in Escherichia coli isolated from an Indian urban aquatic environment.
Sci. Total Environ. 2015, 505, 350–356. [CrossRef]

62. Blaak, H.; Lynch, G.; Italiaander, R.; Hamidjaja, R.A.; Schets, F.M.; de Roda Husman, A.M. Multidrug-Resistant
and Extended Spectrum Beta-Lactamase-Producing Escherichia coli in Dutch Surface Water and Wastewater.
PLoS ONE 2015, 10, e0127752. [CrossRef] [PubMed]

63. Dhawde, R.; Macaden, R.; Saranath, D.; Nilgiriwala, K.; Ghadge, A.; Birdi, T. Antibiotic Resistance
Characterization of Environmental E. coli Isolated from River Mula-Mutha, Pune District, India. Int. J.
Environ. Res. Public Health 2018, 15, 1247. [CrossRef]

64. Singh, N.S.; Singhal, N.; Virdi, J.S. Genetic Environment of blaTEM-1, blaCTX-M-15, blaCMY-42 and
Characterization of Integrons of Escherichia coli Isolated From an Indian Urban Aquatic Environment.
Front. Microbial. 2018, 9, 382. [CrossRef] [PubMed]

65. Hu, Y.-Y.; Cai, J.C.; Zhou, H.-W.; Chi, D.; Zhang, X.-F.; Chen, W.-L.; Zhang, R.; Chen, G.-X. Molecular typing
of CTX-M-producing escherichia coli isolates from environmental water, swine feces, specimens from healthy
humans, and human patients. Appl. Environ. Microbial. 2013, 79, 5988–5996. [CrossRef]

66. Escobar-Páramo, P.; Le Menac’h, A.; Le Gall, T.; Amorin, C.; Gouriou, S.; Picard, B.; Skurnik, D.; Denamur, E.
Identification of forces shaping the commensal Escherichia coli genetic structure by comparing animal and
human isolates. Environ. Microbial. 2006, 8, 1975–1984. [CrossRef] [PubMed]

67. Zheng, J.; Zhou, Z.C.; Wei, Y.Y.; Chen, T.; Feng, W.Q.; Chen, H. High-throughput profiling of seasonal
variations of antibiotic resistance gene transport in a peri-urban river. Environ. Int. 2018, 114, 87–94.
[CrossRef] [PubMed]

68. Graham, D.W.; Olivares-Rieumont, S.; Knapp, C.W.; Lima, L.; Werner, D.; Bowen, E. Antibiotic Resistance
Gene Abundances Associated with Waste Discharges to the Almendares River near Havana, Cuba.
Environ. Sci. Technol. 2011, 45, 418–424. [CrossRef] [PubMed]

69. Gupta, R.C.; Gupta, A.K.; Shrivastava, R.K. Assessment of water quality status of holy river kshipra using
water quality index. J. Indian Water Resour. Soc. 2012, 32, 33–39.

70. Prasad, B.; Antony, R.; Malviya, J.; Kaushal, A.; Tiwari, S. Bacterial screening of river Kshipra water at Ujjain
after Kumbh (Religious Fair). Int. J. Appl. Res. 2017, 3, 310–312.

71. Zhou, Z.-C.; Zheng, J.; Wei, Y.-Y.; Chen, T.; Dahlgren, R.A.; Shang, X.; Chen, H. Antibiotic resistance genes in
an urban river as impacted by bacterial community and physicochemical parameters. Environ. Sci. Pollut.
Res. Int. 2017, 24, 23753–23762. [CrossRef]

72. Zhang, Y.; Boyd, S.A.; Teppen, B.J.; Tiedje, J.M.; Li, H. Role of tetracycline speciation in the bioavailability to
Escherichia coli for uptake and expression of antibiotic resistance. Environ. Sci. Technol. 2014, 48, 4893–4900.
[CrossRef] [PubMed]

73. Poirier-Larabie, S.; Segura, P.A.; Gagnon, C. Degradation of the pharmaceuticals diclofenac and
sulfamethoxazole and their transformation products under controlled environmental conditions.
Sci. Total Environ. 2016, 557–558, 257–267. [CrossRef] [PubMed]

74. Batchu, S.R.; Panditi, V.R.; Gardinali, P.R. Photodegradation of sulfonamide antibiotics in simulated and
natural sunlight: Implications for their environmental fate. J. Environ. Sci. Health B 2014, 49, 200–211.
[CrossRef] [PubMed]

75. Kim, T.G.; Yun, J.; Hong, S.-H.; Cho, K.-S. Effects of water temperature and backwashing on bacterial
population and community in a biological activated carbon process at a water treatment plant.
Appl. Microbiol. Biotechnol. 2014, 98, 1417–1427. [CrossRef] [PubMed]

76. Maal-Bared, R.; Bartlett, K.H.; Bowie, W.R.; Hall, E.R. Phenotypic antibiotic resistance of Escherichia coli and
E. coli O157 isolated from water, sediment and biofilms in an agricultural watershed in British Columbia.
Sci. Total Environ. 2013, 443, 315–323. [CrossRef] [PubMed]

77. Mitchell, S.M.; Ullman, J.L.; Teel, A.L.; Watts, R.J. pH and temperature effects on the hydrolysis of three
β-lactam antibiotics: Ampicillin, cefalotin and cefoxitin. Sci. Total Environ. 2014, 466–467, 547–555. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.jiac.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25103169
http://dx.doi.org/10.1016/j.scitotenv.2014.09.084
http://dx.doi.org/10.1371/journal.pone.0127752
http://www.ncbi.nlm.nih.gov/pubmed/26030904
http://dx.doi.org/10.3390/ijerph15061247
http://dx.doi.org/10.3389/fmicb.2018.00382
http://www.ncbi.nlm.nih.gov/pubmed/29563901
http://dx.doi.org/10.1128/AEM.01740-13
http://dx.doi.org/10.1111/j.1462-2920.2006.01077.x
http://www.ncbi.nlm.nih.gov/pubmed/17014496
http://dx.doi.org/10.1016/j.envint.2018.02.039
http://www.ncbi.nlm.nih.gov/pubmed/29499451
http://dx.doi.org/10.1021/es102473z
http://www.ncbi.nlm.nih.gov/pubmed/21133405
http://dx.doi.org/10.1007/s11356-017-0032-0
http://dx.doi.org/10.1021/es5003428
http://www.ncbi.nlm.nih.gov/pubmed/24717018
http://dx.doi.org/10.1016/j.scitotenv.2016.03.057
http://www.ncbi.nlm.nih.gov/pubmed/26999369
http://dx.doi.org/10.1080/03601234.2014.858574
http://www.ncbi.nlm.nih.gov/pubmed/24380620
http://dx.doi.org/10.1007/s00253-013-5057-9
http://www.ncbi.nlm.nih.gov/pubmed/23836347
http://dx.doi.org/10.1016/j.scitotenv.2012.10.106
http://www.ncbi.nlm.nih.gov/pubmed/23202379
http://dx.doi.org/10.1016/j.scitotenv.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23948499


Int. J. Environ. Res. Public Health 2020, 17, 7706 21 of 21

78. Staley, C.; Gould, T.J.; Wang, P.; Phillips, J.; Cotner, J.B.; Sadowsky, M.J. High-throughput functional screening
reveals low frequency of antibiotic resistance genes in DNA recovered from the Upper Mississippi River.
J. Water Health 2015, 13, 693–703. [CrossRef] [PubMed]

79. Williams, H.G.; Day, M.J.; Fry, J.C.; Stewart, G.J. Natural transformation in river epilithon.
Appl. Environ. Microbiol. 1996, 62, 2994–2998. [CrossRef]

80. Ram, S.; Vajpayee, P.; Shanker, R. Prevalence of multi-antimicrobial-agent resistant, shiga toxin and enterotoxin
producing Escherichia coli in surface waters of river Ganga. Environ. Sci. Technol. 2007, 41, 7383–7388.
[CrossRef]

81. Skariyachan, S.; Mahajanakatti, A.B.; Grandhi, N.J.; Prasanna, A.; Sen, B.; Sharma, N.; Vasist, K.S.;
Narayanappa, R. Environmental monitoring of bacterial contamination and antibiotic resistance patterns
of the fecal coliforms isolated from Cauvery River, a major drinking water source in Karnataka, India.
Environ. Monit. Assess. 2015, 187, 279. [CrossRef]

82. Al-Badaii, F.; Shuhaimi-Othman, M. Water Pollution and its Impact on the Prevalence of Antibiotic-Resistant
E. coli and Total Coliform Bacteria: A Study of the Semenyih River, Peninsular Malaysia. Water Qual
Expo. Health 2015, 7, 319–330. [CrossRef]

83. Zheng, J.; Gao, R.; Wei, Y.; Chen, T.; Fan, J.; Zhou, Z.; Makimilua, T.B.; Jiao, Y.; Chen, H. High-throughput
profiling and analysis of antibiotic resistance genes in East Tiaoxi River, China. Environ. Pollut. 2017,
230, 648–654. [CrossRef] [PubMed]

84. Zumla, A.; Azhar, E.I.; Hui, D.S.; Shafi, S.; Petersen, E.; Memish, Z.A. Global spread of antibiotic-resistant
bacteria and mass-gathering religious events. Lancet Infect. Dis. 2018, 18, 488–490. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2166/wh.2014.215
http://www.ncbi.nlm.nih.gov/pubmed/26322755
http://dx.doi.org/10.1128/AEM.62.8.2994-2998.1996
http://dx.doi.org/10.1021/es0712266
http://dx.doi.org/10.1007/s10661-015-4488-4
http://dx.doi.org/10.1007/s12403-014-0151-5
http://dx.doi.org/10.1016/j.envpol.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/28715769
http://dx.doi.org/10.1016/S1473-3099(18)30242-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Setting 
	Sample Collection 
	Transport of Water and Sediment Samples to the Laboratory 
	Water Quality Parameters Measured in the Field 
	Water and Sediment Quality Parameters Examined in the Laboratory 
	Antibiotic Residue Analysis 
	Microbiological Methods 
	Molecular Methods 
	Data Management and Statistical Analysis 

	Results 
	Antibiotic Residues in River Water and Sediments 
	Antibiotic-Resistant E. coli and Resistance Genes in River Water and Sediments 
	Correlation between Antibiotic Residues and Water Quality and Correlation between Antibiotic-Resistant E. coli and Water Quality 

	Discussion 
	Conclusions 
	References

