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Correlation appraisal of antibiotic resistance with fecal, metal
and microplastic contamination in a tropical Indian river, lakes
and sewage
Bhagwana Ram 1 and Manish Kumar 2*

The present study compares the prevalence of antibiotic-resistant bacteria (ARB) in the urban water of Ahmedabad (India), to
understand the correlation of ARB with the fecal, metal, and microplastic contamination. Eleven samples, i.e., three locations of
Sabarmati River along with one sample each from two (Chandola and Kankaria) lakes, and influents and effluents from three
Sewage Treatment Plants (STPs) were analyzed in this study. E. coli isolated from the samples were subjected to three
fluoroquinolones (Levofloxacin (LVX), Ciprofloxacin (CIP), and Norfloxacin (NFX)) and three non-fluoroquinolones (Kanamycin
Monosulphate (KM), Tetracycline (TC), and Sulfamethoxazole (ST)) antibiotics for resistance quantification. Prevalence of the E. coli
in the Sabarmati River (19,467–76,600 cfu mL−1) was higher than the lakes and STP(s), except the influent sample at Juhapura STP.
Among the lake samples, Kankaria Lake (KL) exhibited 0% resistance towards all six antibiotics despite 5× prevalence of E. coli than
that of Chandola Lake (CL) exhibiting up to 60% resistance for non-fluoroquinolones and 40% resistance to NFX. Multivariate
statistical analyses suggest that resistance for ST, KM, and TC is more prevalent and correlated with electrical conductivity (EC), finer
size microplastic, manganese (Mn), and nickel (Ni), whereas the resistance for fluoroquinolones (LVX, CIP, and NFX) seems highly
influenced by seasonal temperature variation. Larger size microplastic clustered with salinity, ORP, and Pb. Further, fecal
contamination and antibiotic resistance seem to be governed by the same source and processes, yet it does not show good
correlation except for the river samples. This result may be attributed to the dynamic river–human interface, substantial wastewater
discharge into the river, stagnant water flow, and urbanization-related discharge conditions rather than the upstream condition.
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INTRODUCTION
Rapid urbanization and industrialization, growing energy
demands, and intensive agriculture have adversely affected the
physicochemical and biological properties of the ambient water.1,2

Antibiotic resistance is a condition that enables the microorgan-
isms to become capable of reproduction and survival within the
target sites in the presence of antibiotics.1 According to the World
Health Organization, antibiotic-resistant bacteria (ARB) and
antibiotic-resistant gene (ARG) are the two major threats to public
health in the twenty-first century.2 The worldwide prevalence of
ARB is on the rise due to continual increment in overall
consumption of antibiotics in various medical, domestic, agricul-
tural, and veterinary applications.3 Acquiring the ability of
antibiotic resistance does not remain restricted to any particular
type of microorganism that might be targeted by a given
antibiotic.4 The consequence of ARB is a significant disquiet in
treating life-threatening diseases for both humans and animals.5,6

In the last 15 years (2000–2015), India witnessed 103% (3.2–6.5
billion defined daily doses) increase in antibiotic consumption.7

Estimates suggest that the global consumption of antimicrobials
will increase from 63,151 to 105,596 tons (67%) between 2010 and
2030.8 Moreover, there is no regulation in India for the use of
antibiotics in food products/industry, animal husbandry, or
medical industry.9 Altogether, ARB triggers several public and
environmental health concerns.10,11

Such accelerated and unregulated antibiotic consumption has
drastically influenced microbial ecology12 and, thus, the detection

of ARB and ARG in various environmental components has been
becoming ubiquitous viz. in municipal solid-waste leachate,13

sludge,12 sediments,14 wastewater,5,15,16 drinking water,17 and
groundwater.18 In general, the number of resistant bacteria
isolated from contaminated water should be relatively higher
than less polluted water. However, the opposite cases are
frequently reported at the wastewater treatment plants (WWTPs)
where the effluent exhibited more percentage of ARB than that of
influent,16,19,20 owing to antimicrobial activity, chemical properties
of antimicrobial agents, and horizontal gene transfer and
treatment conditions.21 This implies that antibiotics discarded
into wastewater are not being efficiently removed in WWTPs,22 yet
effluents are released to the environment.15,23 WWTPs represent
reservoirs of human and animal commensal bacteria where
antibiotic resistance determinants or organisms persist. Owing
to nutritional richness, availability of residual antibiotics,12 and
high bacterial density,19 WWTPs are considered as hotspots for
horizontal gene transfer that play a significant role in spreading
ARB via gene transfer through intercellular interactions.13

A significant correlation between the prevalence of ARB and
urban discharge in the river water has been reported.24 Among
other factors, environmental and anthropogenic indices were also
found significantly correlated with occurrence, prevalence, var-
iance, distribution, and migration of antibiotic-resistant Escherichia
coli in the natural waters.25 Urban lakes also exhibited a
relationship among the covariations of antibiotics and metal
concentration with ARGs.26 Rodriguez-Mozaz et al.2 reported a
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positive correlation between the concentrations of antibiotics and
corresponding ARGs in urban surface waters, including hospital
waste and WWTPs samples.26 In Vietnam and Thailand, prevalence
of fluoroquinolone-resistant bacteria in the surface water was not
found correlated with its concentration; however, for sulfamethox-
azole (ST), the concentration and occurrence of ST-resistant
bacteria were positive.27 E. coli, isolated from the Chao Phraya
Delta, a dense canal network in Thailand, has demonstrated
higher antibiotic resistivity near urban lands.28 Recently, high
prevalence of ARB and antimicrobials agents are reported10 in
Indian Rivers like Gomati,29,30 Ganga,31 and Torsa,32 which is a
serious issue. Therefore, an explicit understanding is necessary
about the distribution and frequency of antibiotic resistance in the
ambient urban waters to prevent future disease outbreaks.
Recently, microplastic pollution has become the contaminants

of emerging concerns owing to its ubiquitous presence, high
strength-to-weight ratio, bio-inertness, durability, danger to
aquatic life and human health implications.33,34 In 2016 along,
global plastic production was mammoth (~335 million metric
tons) with increased production of 260 Mt/Year productions in
Europe alone. Owing to a wide variety of sizes (meter to
micrometers) of plastic existing in the environment,35 microplas-
tics is yet not universally defined based on the size. However,
since 2010, any plastic fragments size smaller than 5mm has been
considered as microplastic. Microplastics have been reported in
the water column and municipal waste streams35 and sediments
worldwide.36–38 Hundreds to thousands of years are required to
completely mineralize plastics, which act as the adsorptive
surfaces to organic/inorganic contaminant, microorganisms, and
hydrophilic/hydrophobic compounds. Further, microplastics can-
not be efficiently removed by WWTPs and thus eventually stays in
the urban freshwater ecosystems.39 In response to growing
concerns from the scientific community, microplastics were
banned from personal care products in Europe (UNEP40). Further,
metal contamination has been reported to induce antibiotic
resistance through co-selection, cross-resistance, and co-
regulation.3,41 In the freshwater microcosms, a decrease in
microbial abundance was reported after high frequencies of
ARBs.41–43 Spreading of ARBs has also been found associated with
microplastic in the marine ecosystem.44 However, correlations
between the prevalence of ARB with metals, microplastic, and
fecal contamination in a single study probably have not been yet
reported. In addition, we provide here the correlations among
these emerging water issues in different water systems, i.e., lake,
river, and wastewater.
In general, ambient water quality standards in India does not

include antibiotic resistance parameter and most of the prominent
cities lack any baseline data on the prevalence of ARB. Only
traditional parameters such as Biological Oxygen Demand (BOD),
major ions, and metals are available. Among microbial parameters,
only total coliform or E. coli counts are taken into account. Above
all, many cities lack domestic WWTPs and untreated waste is
directly discharged into the water bodies in the vicinity without
any guidelines. Under the light of the above discussions of the
prevailing situation and concern, we have selected the UNESCO
heritage city of Ahmedabad located in the province of Gujarat for
assessing the extent of antibiotic resistance threat present in the
river, lakes, and wastewater treatment systems of the city. The
specific objectives of the study were fourfold viz. (i) Comparative
evaluation of the prevalence of E. coli and total coliform in the
wastewater and surface water in Ahmedabad; (ii) status of
antibiotic resistance in isolated E. coli among different urban
water bodies; (iii) derivation of correlating equation between
resistance and E. coli prevalence, and (iv) correlation appraisal of
antibiotic resistance with fecal, metal, and microplastic
contamination.Ta
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RESULTS AND DISCUSSION
Prevalence of E. coli
The prevalence of E. coli and total coliform colony-forming unit
per milliliter (cfu mL−1) is presented (Table 1) along with in-situ
parameters such as pH, electrical conductivity (EC), total dissolved
solids (TDS), oxidation–reduction potential (ORP), salinity, and
temperature. E. coli in the river ranged between 19,467 and
76,600 cfu mL−1, which is an alarmingly higher number compared
with the lakes and Sewage Treatment Plants (STPs) (except for
influent at Juhapura STP). Sardar Bridge at Sabarmati Riverfront
(R2) exhibited the highest E. coli count owing to dynamic
river–human interface, substantial wastewater discharge into the
river, and stagnant water flow.24 Further, E. coli value obtained in
this study are much higher than the reported average fecal
coliform count (FCC) in the Ganges near Varanasi (except at
Varuna River confluence, i.e., 2.0 × 105 cfu mL−1 of FCC45) and in
Wenyu River China (1.7 × 104 cfu mL−1).46 Even in the extreme
lower reaches of the Ganges, i.e., West Bengal stretch, the
reported FCC was much lower with the most probable number
(MPN) of 75–2950mL−1 of samples than the one obtained in the
present study.47 The observed E. coli prevalence (cfu mL−1) in the
Sabarmati River was higher than several tropical rivers like in Chao
Phraya River (70), Nan River (4.8), Ping River (42), Wang River (0.47),
and Yom River (5.4) in Thailand,28 as well as Damodar River (70) in
India.1

Among the lake samples, the prevalence of E. coli was ~5 times
higher at Kankaria Lake (KL) (15,333 cfu mL−1) than Chandola Lake
(CL) (3467 cfu mL−1), owing to higher recreational activities at KL,
i.e., 13000–15000 tourists/day.48 The maximum statistical thresh-
old value allowed as per the Recreational Water Quality Criteria for
all fresh water body types designated for “primary contact

recreational use” is 4.1 cfu mL−1 that still may cause 36 illness
per 1000 recreators49. The guideline of Indian agency like Central
Pollution Control Board allows <500 MPN 100mL−1 and <5000
MPN 100mL−1 for drinking water source and bathing, respec-
tively. As per these regulations, none of the water bodies sampled
in this study qualifies for being used as a source for drinking water
even after conventional treatment and disinfection and/or
recreational activities.
The prevalence of E. coli in STP ranged from 2893 to 96,393 cfu

mL−1 with a reduction ratio of 14.53%, 31.45%, and 90.1% at S1,
S2, and S3, respectively. Significant observations made are as
follows: (i) all three STPs have different level of incoming fecal
contamination as reflected by 4× and 20× prevalence at S1 and S3
than that of S2, (ii) E. coli reduction ratio depends on both
prevalence and disinfection practices, and (iii) water at KL and
several locations of the river shows the imprints of wastewater.
The prevalence of E. coli noticed in the present study was similar
to the influent of WWTP in southern Austria that ranged between
20,000 and 61,000 cfu mL−1 .16 A slight difference between total
coliform and E. coli counts suggests that the STP water, both
influent and treated, mainly comprised E. coli.

Occurrences of Antibiotic-Resistant Bacteria
Figure 1 illustrates the sensitivity towards six antibiotics used in
this study. River locations R1 and R3 showed 0% antibiotic
resistance, whereas location R2 showed 40% resistance towards all
antibiotics, except 60% resistance for Kanamycin Monosulphate
(KM) (Table 2). Similar to the case reported for Chaophraya River
and its tributaries,28 the highest resistance in the Sabarmati was
observed at the central urban location, (R2) between R1 and R3. It
implies that the degree of resistance depends on urbanization and

Fig. 1 Bar diagram showing percentage sensitivity towards antibiotics (resistive, intermediate and sensitive) for (a) LVX, (b) CIP, (c) NFX, (d) KM,
(e) TC, and (f) ST for three locations of Sabarmati River (R1–R3), Kankaria Lake (L1), Chandola Lake (L2), and three STPs (S1–S3) with I-influent,
E-effluent.
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related discharge condition rather than the upstream condition.
Among the lake samples, despite having 5× prevalence of E. coli
at KL than CL, KL exhibited 0% resistance towards all six
antibiotics, whereas CL showed up to 60% resistance for
Tetracycline (TC), and ST, and 40% resistance to Norfloxacin

(NFX). Such observation suggests that even if discharge received
by CL has less E. coli, but most of them have already gained
resistance before being discharged to the Lake. This is more likely,
as CL occasionally receives runoff from Pirana open solid-waste
dumping site.50

Table 2. Antibiotic resistance percentage of isolated E. coli in the river, lake, and sewage treatment plant and comparison with previous studies of
the urban wastewater treatment plant.

Sample ID LVX CIP NFX KM TC ST Reference

River

R1 0 0 0 0 0 0 Present study

R2 40 40 40 60 40 40

R3 0 0 0 0 20 0

Yamuna River NA 27.5 38 NA 28.2 NA 78

Brahmaputra River 40–100 50–100 40–100 10–100 10–100 40–100 79

Chao Phraya River 0–100 0–71.4 0–80 NA 12.5–78.3 29.4–80.0 26

River upstream of WWTP NA 11.1 5.6 44.4 61.1 94.4 80

River downstream of WWTP 55.6 55.6 86.7 82.2 100

Seine River NA 0–9.6 NA 6.5–19.3 22.1–43.6 5.3–17.5 81

Crevon stream 0 0 23.7 2.6

Lake

L1 0 0 0 0 0 0 Present study

L2 0 0 40 0 60 60

Sewage treatment plant

S1

Influent 40 40 40 0 0 0 Present study

Effluent 20 0 0 20 0 20

S2

Influent 20 0 20 40 20 0

Effluent 20 20 20 60 0 0

S3

Influent 0 0 0 0 20 0

Effluent 0 0 0 0 0 0

WWTP

Effluent NA 60 50 60 100 80 80

UWTP northern

Influent NA 2.5 NA NA 32.1 22.2 5

Portugal

Effluent 9.7 36.8 22.5

Dundas STP

Effluent NA 0 NA 7 4 85 82

Hamilton STP

Effluent 0 0 8 92

Waterdown STP

Effluent 0 0 3 73

Plant A

Influent NA 0 0 NA 21 4 17

Effluent 0 0 27 4

Plant B

Influent 0 0 6 4

Effluent 0 0 16 0

Plant C

Influent 0 0 29 2

Effluent 0 0 35 10

CIP Ciprofloxacin, KM Kanamycin Monosulphate, LVX Levofloxacin, NA not analyzed, NFX Norfloxacin, TC Tetracycline, ST Sulfamethoxazole, UWTP Urban
wastewater treatment plant.
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Among STPs, the influent of S1 showed 40% resistance to a
fluoroquinolone and 0% resistance to non-fluoroquinolone. High
resistance for fluoroquinolone is usually reported for the influents
of domestic origin,13,23 as they are generally prescribed to treat a
variety of illnesses such as respiratory and urinary tract infections.
Influent of S2 showed a 20% resistance to Levofloxacin (LVX), NFX,
and TC, 40% resistance to KM but S3 influent showed 0%
resistance to all antibiotics, except TC. Overall, there is no
consistent pattern except the high resistance to fluoroquinolones
as is the case with the Chaophraya River, Thailand, and its
tributaries.28 Owing to high price affordability by urban dwellers,
the resistance to fluoroquinolones was higher at urban locations,
whereas location (L2) near slum areas exhibited higher resistance
for cheaper non-fluoroquinolones (NFQs). In S1 and S2, resistance
for some antibiotics increased after treatment, similar to the
studies reported from Austria and Sweden.16,51

The abundance of E. coli and antibiotic resistance had
significantly increased from upstream to downstream in Zenne
River, Belgium, especially after the confluence of Brussel’s WWTPs
discharge.52 The municipal wastewater containing high density
and diversity of bacteria, nutrients, exposure of antibiotics,
chlorine, detergents, long retention time, and aeration enhances
the generation and replication of ARB. The most probable reason
for the increase in resistance may be longer contact time with the
wastewater.53 Overall, the ARB and ARG increment or decrement
or any substantial change is truly an unpredictable outcome in the
treatment process.54

Comparative Evaluation of Urban Water Bodies
A box plot for the gross comparison of antibiotic resistance in
different water resources of the city has been provided in Fig. 2a.
The E. coli resistance to TC was not found in the effluent of STPs
hinting at efficient removal of TC with soil and sediment during
primary treatment. As TC does not show any biodegradation
during the biodegradability test, sorption is expected to be the
main process of TC removal in activated sludge-based treatment
process.55 Thus, the fate and transport of TC are greatly influenced
by strong adsorption to clay materials,56 soils, and sediments.57–59

Resistance to fluoroquinolone (LVX, Ciprofloxacin (CIP), and NFX)
was found higher in the river and influent of STPs, whereas the
resistance to LVX and CIP was not found in lakes. This result may
be attributed to the consumption pattern of antibiotics in the
urban area as well as seasonality. This holds true due to the fact
that fate and transport of Fluoroquinolone are not only affected
by adsorption59,60 but photo-degradation and biodegradation
too.61 This is also why the resistance of CIP was found to be
decreased in STPs.62,63 There are reports of antimicrobial removal
agents in WWTPs through biodegradation and/or sorption.10,64

Therefore, the chemical properties of antimicrobial agents are
going to be the governing factors for the extent of antimicrobial
resistance in the STPs.
Further, to compare the status of anthropogenic impacts, the

status of metal pollution in these water bodies was also
investigated. CL exhibits the highest concentration of metal (Fig.
2b, c), with Pb and As being even higher than the acceptable limit

Fig. 2 The comparison in the different water source, i.e., river, lake, STPs influent and effluent for (a) antibiotic resistance and (b, c) metal.
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(Indian Standard IS 10500:2012). This may be attributed to
leachate received by lake from Pirana open solid-waste dumping
site and anthropogenic sources.65,66 Trend of average metal
concentrations in rivers, lakes, and STPs were similar, i.e., Cr > Ni >
Mn > Cu > Pb > Co ≥ As, implying the same source of pollution, i.e.,
runoff.67 Interestingly, Zn and Cd concentrations were lower, and
Ni and Cr were higher than the acceptable limit for drinking water
in all the samples.68 Sewage seems to be the sources of Co, Mn,
and Pb into the river water,69 whereas Cr seems to be attributed
from laundry chemicals, mordents, and dyes in the textiles, leather
tanning industry, road runoff due to tire wear, pigments, and
paints.70 Although the exhaustive use of fertilizers in agricultural
imparts metals such as Zn, Ni, As, Cd, Pb, and Hg, it is worth
mentioning that the average concentrations of Mn, Zn, Cu, Cd, Cr,
Ni, and Pb in the Ganga River, India, in three different seasons
varied from 132 to 423, 63 to 84, 5 to 6, 1 to 3, 14 to 20, 30 to 60,
and 7 to 20 µg L−1, respectively.71

Correlation between Occurrence of Resistance and Prevalence of
E. coli
Few correlations in the field of ARB/ARG research are still being
investigated, such as the relationship between the resistance and
the consumption of antibiotics;72–74 correlations between the
concentration of antibiotics present in the water and similar
prevalence of ARG and ARB;75,76 and prevalence of E. coli and
extent of ARB. A study reported an association between antibiotic
residues in sewage effluent and the presence of antibiotic-
resistant pathogens.77 However, no effort has been made to
investigate the later correlation among different water bodies.
Thus, all the resistance observed for all six antibiotics studied were
plotted against their corresponding E. coli count and classified as
per their origin, i.e., river, lake, and STP, to evaluate the relation
between the prevalence of E. coli and their resistance (Fig. 3a).
Interestingly, the correlation observed for river was significantly
higher (R2= 0.89) than that of lake (R2= 0.32) and STP (R2= 0.12).
Definitely, in the present case, lack of flow in the Sabarmati river is

responsible for higher correlation for river, yet the finding is
subjected to further monitoring.
The overall trend for all samples together irrespective of their

origin, shown in Fig. 3b exhibited R2= 0.40 and a polynomial
relation of antibiotic resistance expressed up to the power of 4 of
the prevalence. For linear fitting for the same, however, we
get almost no relation, i.e., R2= 0.008 (Fig. 3c). Similar weak linear
correlation (R2= 0.003–0.07) was reported between the antibiotic
concentration and numbers of resistance genes/bacteria by Gao
et al.76 Such weak linear relationships can be explained by the
following: (i) prevalence of E. coli is indicator of fecal pollution but
not the amount of antibiotic used or their resistance ability; (ii) an
antibiotic-free water body provides a better place for E. coli
growth; (iii) at STPs, the bacteria got concentrated in sludge and
require higher concentration of chlorine for being killed;78 and (iv)
the number of colonies was found to be decreased by 99.999% of
multi-drug resistant within 60 min of contact time with the
chlorine dosage >2.0 mg L−1.79,80 These explanations need to be
further substantiated through rigorous monitoring and further
statistical analyses using regional and worldwide data.

Microplastic Contamination
Microplastic was ranging from as small as 75 µm to 212 µm and
then 212 µm to 4mm, respectively, from the Sabarmati River
sediments. The most startling fact was that microplastics were not
found in the upstream of Ahmedabad city and gradually increased
after entering to the city with the highest amount of microplastic
detected in the vicinity of Pirana landfill. At Pirana-Gyaspur bank
of the river, 47.1 mg of microplastics of large category (Fig. 4a) and
4mg of small-sized microplastic particles were found (Fig. 4b).
More specifically, location US1 before the entrance in the city
showed a negligible abundance of microplastics in the sediment
(Fig. 4a, b). US2 location had exhibited an increase in abundance
and the maximum quantity of microplastics was observed at US3
near to Pirana dumping site. The source of microplastics was
illegal dumping.81 This particular location of US3 showed a seven-

Fig. 3 Trend showing antibiotic resistance percentage with prevalence of E. coli (a) separately in river (R2= 0.894), lake (R2= 0.320), and
STP (R2= 0.115), (b) combined in river, lake, and STP with polynomial of 4° (R2= 0.395), (c) combined in river, lake, and STP with linear
relationship (R2= 0.008).
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time increase in quantity compared with location US2. This
location was very near to the location the highest antibiotic
resistance was noticed.
Improper waste disposal, insufficient waste management, urban

runoffs, and washing machine effluent are supposed to be the
significant sources of microplastic in an urban setup like
Ahmedabad.44,45,47 Larger plastic debris that degrades into smaller
pieces while being exposed to the sun and weathering also adds
to the microplastic generation. Pirana solid-waste dumping site
adds a huge quantity of microplastics through runoff, especially
during wet weather.

Water Quality Influence on Antibiotic Resistance through
Multivariate Analyses
Bivariate statistical relation i.e. correlation matrix (Table S3) was
not enough to delineate the relationship between traditional
water quality parameters and emerging issue of antibiotic
resistance. Therefore, multivariate statistical analyses like principle
component analysis (PCA) and cluster analyses were performed
and presented in Fig. 5a, b. Table 3 shows four principle
components (PCs) explaining 71% of cumulative data variance.
Several authors use X–Y plot of the first two PCA loading for visual
interpretation; however, if first two loadings are <50%, it is always

recommended to use 3D loading expressions for more robust
visual interpretation.
In general, 50% of the variation could be explained by EC, TDS,

salinity, metal (Cu, As, Pb, Co, Mn, and Ni), and antibiotic resistance
for ST and TC. Fluoroquinones resistance and fecal contamination
are represented by PC3 and PC4, respectively, explaining ~25% of
the variation in the data. The first component (PC1) loading does
not exhibit any significant loading for antibiotic resistance but for
EC, TDS, salinity, Cu, and As, implying that metal contamination is
the first problem in the area. Simultaneously high component
loadings for metal as well as for antibiotic resistance exhibit the
presence of cross-resistance between ST and TC similar to various
other studies.28,82 This also indicated that people are suffering
more from intestinal infection and KM seems to be not in
much use. The third component (PC3) represented by LVX, CIP,
NFX, and temperature implies resistance to fluoroquinolones and
cross-resistance within this class as reported in the previous
study.28,83,84 The loading of three fluoroquinolones with tempera-
ture is an interesting result, as it hints at common usage of these
antibiotics during monsoon/summer and further relates to runoff
introduced contamination in the urban waters. Principle compo-
nent 4 shows higher loading for E. coli and total coliform,
accounting 11% variance in the data, which substantiates the fact

Fig. 4 Microplastic (a) 75–212 µm, (b) 212 µm−4mm at various location US1–IITGN campus, US2–Indira Bridge, US3–Subhash Bridge before
the location R1, and DS1–Gyaspur after the location R3.

Fig. 5 a Three-dimensional principal component diagram, (b) cluster analysis of river, lake, and STP antibiotic resistance percentage with
prevalence of E. coli, in-situ parameter, and metal (Microplastics1: 75–212 µm, Microplastics2: 212 µm–4mm).

B. Ram and M. Kumar

7

Published in partnership with King Fahd University of Petroleum & Minerals npj Clean Water (2020)     3 



that the percentage of antibiotics resistance is not correlated with
the prevalence of E. coli. Among the two types of microplastic,
only the smaller size (microplastic 1) shows the loading of 0.34
and 0.39 in PC3 and PC4, implying they are aligning towards
antibiotic resistance and fecal contamination. The relationship
between microplastic and antibiotic resistance needs to be further
investigated in the urban water resources. This is especially
because the microplastic cannot be removed by primary or
secondary treatment plants, owing to their small size and
buoyancy, and thus become critical from the safe water-supply
perspective.
Likewise, cluster analyses further explain the association of

water quality parameters, the prevalence of E. coli, total coliform,
microplastic, and antibiotic resistance. Three major groups are
clearly evident in the dendrogram (Fig. 5b), starting from the most
significant cluster at the bottom comprising EC, TDS, salinity,
metal, and resistance for TC and ST. This cluster is highly
dominated by industrial effluents leading to metal contamination
related to dissolved solids and first-generation antibiotics mainly
used in animal husbandry. Resistance for the remaining four
antibiotics tested in this study clustered together with tempera-
ture, which showed closer association with another cluster
comprising fecal coliform, microplastic, pH, and ORP. Thus, it
may be the inference that among water quality pH and ORP are
more sensitive parameters for antibiotic resistance. Overall, it can
be concluded that resistance for fluoroquinolones are attributed
to fecal pollution catalyzed by high, untreated runoff mixing to the
urban water bodies during monsoon season, and the resistance
for ST and TC are mainly due to their prevalent use for animal
husbandry.

The higher prevalence of E. coli and its antibiotics resistance
indicate deteriorated water quality of Sabarmati riverfront, KL, and
CL due to the dynamic river–human interface, point sources of
wastewater discharge, and stagnant water. Rivers themselves have
a self-purification mechanism, but limited water supply in
riverfront leads to stagnancy and more human interference leads
to higher resistance. For the lake like a closed system, E. coli
prevalence mainly depends upon the fecal contamination,
whereas for antibiotic resistance, the condition of the catchment
is also essential. In CL, prevalence is very less compared with KL,
but has a relatively higher antibiotic resistance, which is due to
nearby dumping site and slum areas. The antibiotics resistance
shows no significant correlation with E. coli prevalence, indicating
the need to include resistance as a necessary biological water
quality parameter. Microplastic of smaller size showed some
association and influence on antibiotic prevalence; however, this
relationship needs to be further investigated in the urban water
resources. Variation in various in-situ parameters shows an
increment towards a specific form of resistance, which can be
affirmed via further research and experimentation. The waste-
water containing antibiotics should be discharged after proper
tertiary treatment. Further research should be carried out to
understand different methods, their efficiency, reasonable cost for
removal of antibiotics, and disinfection of pathogenic bacteria, so
that optimum drinking water quality to the people of developing
countries like India could be maintained and the United Nations
Sustainable Development Goals may be realized.

METHODS
Study Area
Ahmedabad is the seventh largest city of India in terms of population and
an industrial hub with the presence of several sectors such as
pharmaceutical, electronics, electrical appliances, chemicals, metal pro-
ducts, passenger cars, textiles, plastics, machinery, and engineering. It is
located on the banks of the Sabarmati River, one of the monsoon-fed
major rivers of the western India that originates in the Aravalli hills of
Rajasthan and has basin areas in Rajasthan and Gujarat. An area of
60,000m2 in Sabarmati riverfront, spread between Sardar Bridge and Ellis
Bridge on the West Bank, has been designated for hosting events like the
Kite festival, the Marathon, the Cyclothon, and Garib Kalyan Mela (for the
urban poor).
Among the other water bodies, the KL is a multi-sided artificial lake with

34 sides with 64 × 104 m2 catchment area with an average depth of
6–7m.48 The lake is a recreational center surrounded by parks, zoo, boat
club, children’s gardens, gymnasium, tethered balloon complex, open-air
theater, and natural history museum. Hence, the human interface is
expected to be quite active. Most importantly, it has an urban catchment
area with stormwater drains as its water resource. The largest lake of
Ahmedabad is CL, also a man-made lake with the circular form which has
now been transformed into a dry dust bowl. The water in CL is supplied
through Kharicut canal. Slums and multiple small-scale industries surround
it. Extensive activities of washing and coloring of clothes are carried out in
the vicinity of the lake. Untreated wastewater from the industries and
surrounding slums is discarded into the lake.85 Among the STPs, Jaspur
(S1), Chankheda (S2), and STP Juhapura (S3) were sampled. STP S1 with 70
and STPs S2 and S3 are with 35 million litres per day treatment capacities.
The technology used in all three STPs is the Activated Sludge Process.
Effluents of S1 are used for wastewater irrigation for a gross area of
1834 ha86 and effluent from S2 is used for wastewater irrigation. The
effluent of S3 is released into the Sabarmati river post treatment.

Sample collection and analyses
The samples were collected from different locations (n= 11) in Ahmeda-
bad city, India, on 23 June 2018. Three locations were selected from
Sabarmati River representing upstream (R1), midstream (R2), and down-
stream (R3), two lakes, KL (L1) and CL (L2), and three STPs from Jaspur (S1),
Chankheda (S2), and Juhapura (S3) (Fig. 6). The samples were collected in
sterile bottles (Tarson-546041) of medical grade, which were then stored in
an icebox until their transfer to the laboratory. A multi-parameter probe,
HANNA HI9828 was used for onsite measurement of pH, EC, ORP, salinity,

Table 3. Principal component analysis of in-situ parameter, metal, E.
coli prevalence, and antibiotic resistance.

PC1 PC2 PC3 PC4

pH 0.49 −0.02 0.30 −0.10

Temp −0.27 −0.25 0.83 0.11

EC 0.91 0.24 −0.11 −0.14

TDS 0.96 0.19 −0.09 −0.08

Salinity 0.94 0.23 −0.15 −0.17

ORP 0.30 0.23 −0.29 0.28

Cu 0.88 0.33 −0.06 −0.27

Pb 0.27 0.82 −0.18 −0.17

As 0.71 0.68 −0.13 −0.08

Co 0.43 0.85 −0.03 −0.15

Mn 0.15 0.91 0.06 −0.10

Ni −0.14 0.70 0.15 −0.08

Cr 0.33 0.21 −0.06 0.17

E. coli −0.25 −0.03 0.08 0.94

Total coliform −0.24 −0.08 0.08 0.95

LVX −0.21 −0.01 0.87 −0.04

CIP −0.13 0.02 0.92 0.13

NFX 0.32 0.48 0.78 0.03

KM −0.05 −0.09 0.32 0.04

TC 0.37 0.76 0.02 0.42

ST 0.28 0.83 0.12 0.12

Eigen value 5.22 5.11 3.34 2.33

% of Variance 24.84 24.33 15.89 11.08

Cumulative % 24.84 49.17 65.06 76.14
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and TDS. For metal analysis, the sample was collected in polyethene
bottles. The samples were filtered using 0.45 µm filters and preserved
using 2% of concentrated HNO3. Samples were analyzed for metal by
APHA 2005 using inductively coupled plasma–mass spectrometry (Perki-
nElmer’s NexION® 2000).87–89

Isolation of E. coli
Water samples were diluted by appropriate tenfold serial dilution steps
using phosphate-buffered water with 0.8–0.85% NaCl solution considering
the anticipated E. coli prevalence. The 100mL of samples were filtered by a
sterile 0.45 µm membrane (47mm diameter, ADVANTEC®) cellulose
membrane filter. The Chromocult® Coliform Agar ES, (Merck Microbiology,
Darmstadt, Germany) was prepared following the manufacturer’s instruc-
tions. Agar solution is then poured into the Petri plates which once being
solidified, after that filter paper placed on that. The Petri plates were
inverted and incubated at 37 °C for 24 h. The number of colonies was
counted in each plate and an average of three plates was taken. To
maintain aseptic condition all the process done in the biosafety cabinet
with proper use of flame and 70% ethanol.

Antibiotic susceptibility test
Six antibiotics viz. KM, TC, NFX, CIP, LVX, and ST (Supplementary Table S1)
were tested for their resistance in E. coli. Susceptibility of each E. coli
isolates was tested for antibiotic using the Kirby-Bauer method.28 Twenty
similar colonies from each growth Petri plate were transferred with the
sterile colony picker and re-suspended in 4–5mL of Tryptic Soya Broth
(HiMedia Laboratories Pvt. Ltd, Mumbai) in sterile 15mL centrifuge tubes.
The tubes were then incubated at 35.5 °C for 18 h. For antibiotic resistance,
the PERLCORE® Sensitivity Test (ST) Agar (EIKEN Chemical Co., Ltd, Tokyo)
was prepared according to the manufacturer’s protocol. Then the agar was
poured into sterile 90mm Petri dishes. After the agar was set, the prepared
E. coli culture was smeared on ST agar with a sterile cotton swab. After
3–5min, antibiotic disks (KB Disk®, EIKEN Chemical Co., Ltd, Tokyo) were
placed on the ST agar using disk dispenser maintaining a distance of
minimum 24mm between disks. The dishes were placed in a preheated
incubator (37 °C) within 15min of placing the disks. After incubation for
16–18 h, the diameter of growth inhibition of the E. coli was measured with
antibiotic zone scale. The E. coli isolates were classified as resistant,
intermediate, and sensitive according to the measured diameter. The
resistance level of the colonies can be assessed using the criteria provided
in Supplementary Table S2.

Microplastic
River samples collected were analyzed for microplastic by Nel et al.90 and
Klein et al.,91 grain size distribution by dry sieving, and organic matter
content by loss on ignition test. To quantify the abundance of small
plastics, the river sediments were sampled at four stations. At each station,
2.5 kg samples were collected using a stainless-steel scoop from the upper
5 cm layer. The sediments were dried in an oven at 50 °C for 48–72 h, until
a constant weight was reached, and sorted according to size. To reduce
the risk of sample contamination such as clothing fibers during on-board
recovery, samples were held against the wind to avoid any airborne
contamination. In the laboratories, samples were first run through a
stacked series of metal sieves (5 mm, 2mm, and 212 μm) with Milli-Q
water. Pieces of biological organic material sized >5mm were rinsed and
discarded. All fractions were kept at 5 °C. To 1 kg of the sieved sediment
were transferred into a glass beaker by rinsing with local Milli-Q water and
subsequently stored in 10% NaCl in glass jars for conservation. Contents
were stirred vigorously to disaggregate and suspend plastic particles for
1 h and allowed to settle for 24 h. The supernatant solution was filtered
through Whatman GF/A.92 The filters were dried at room temperature and
sealed in Petri dishes. The microplastics upon the mesh were carefully
rinsed with distilled water into clean Petri dishes. The samples were then
visually sorted at ×50 magnifications, whereby all possible microplastic
particles were enumerated. Microplastic particles were identified by
possessing unnatural colouration and/or unnatural.93 The scanning
electron microscope analysis carried out for each location.

Statistical Analyses
The statistical package SPSS 21 was used to carry out the multivariate
analyses, i.e., PCA and hierarchical cluster analysis after performing the
normalization by obtaining Z-score for each parameter, i.e., subtracting the
mean of the parameter from individual value and then dividing with
standard deviation. Varimax rotation, an orthogonal mode of rotation, was
used to generate the non-related PCs.87,94 Results were then tabulated
with component loadings, eigenvalue, %, and cumulative variance
explaining up to 86% of variations is observed in the dataset. On the
other hand, cluster analyses showed proximity among the analyzed
parameters of all the samples.

DATA AVAILABILITY
All other relevant data are available from the corresponding author on request.

Fig. 6 Map showing sampling locations in Ahmedabad, Gujarat (i) upstream (R1), midstream (R2), and downstream (R3) of Sabarmati River, (ii)
Kankaria Lake (L1), (iii) Chandola Lake (L2), and (iv) three different Sewage Treatment Plants (STPs) (S1–S3).
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