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River systems in developing and emerging countries are often fragmented relative to land and waste manage
ment in their catchment. The impact of inconsistent waste management and releases is a major challenge in
water quality management. To examine how anthropogenic activities and estuarine effects impact water quality,
we characterised water conditions, in-situ microbiomes, profiles of faecal pollution indicator, pathogenic and
antibiotic resistant bacteria in the River Melayu, Southern Malaysia. Overall, upstream sampling locations were
distinguished from those closer to the coastline by physicochemical parameters and bacterial communities. The
abundances of bacterial DNA, total E. coli marker genes, culturable bacteria as well as antibiotic resistance ESBLproducing bacteria were elevated at upstream sampling locations especially near discharge of a wastewater
oxidation pond. Furthermore, 85.7% of E. faecalis was multidrug-resistant (MDR), whereas 100% of E. cloacae,
E. coli, K. pneumoniae were MDR. Overall, this work demonstrates how pollution in river estuaries does not
monotonically change from inland towards the coast but varies according to local waste releases and tidal
mixing. We also show that surrogate markers, such dissolved oxygen, Bacteroides and Prevotella abundances, and
the rodA qPCR assay for total E. coli, can identify locations on a river that deserve immediate attention to
mitigate AMR spread through improved waste management.

1. Introduction
Antimicrobial resistance (AMR) poses a serious global threat of
growing concern to human, animal, and environment health. The
aquatic environment can serve both as a natural reservoir of antibiotic
resistance and a conduit for the spread and propagation of antibiotic
resistant pathogens and clinical antibiotic resistance genes (ARGs)
(Review on AMR, 2015; United Nations, 2018). AMR rates in Low and
Middle Income Countries (LMICs) are generally higher than in High
Income Countries (HICs) and various physical, social, and economic
circumstances within LMICs potentially favour AMR dissemination
(Klein et al., 2018). The surface waters are under increased pressure
from urbanisation as chemicals from the household, clinical and

industrial environments disperse into water bodies due to multiple
anthropogenic activities (Ayukekbong et al., 2017; Pimentel et al.,
2007). Further, organic pollutants and microbial contaminants from
sewage emissions contribute significantly to the changes in physico
chemical properties and microbial composition in river systems (Menon
et al., 2020a). The landscape diversity and patterns, such as engineered
reservoir, dams and local waste management, are major influencers to
the spatial dynamics of faecal coliform and other aquatic contaminants.
In total, the above factors can make water quality along rivers in LMICs
highly variable over space and time, even in rivers where sub-reaches
have effective waste management (Liu et al., 2018; Zhang et al.,
2020). A study of the Almendares River in Cuba illustrated how ARG
levels increased by up to 3 orders of magnitude downstream of
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pharmaceutical factories and were highest where human population
densities were also high (Graham et al., 2011).
A global meta-analysis reported that up to 46% of the population in
the West Pacific, and 22% in Africa, have faecal colonisation with
extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae
(Karanika et al., 2016). Besides, other ‘priority pathogens’ (WHO,
2017), i.e., carbapenem resistant Enterobacteriaceae and vancomycin
resistant Enterococcus spp., are becoming prevalently detected in the
aquatic environment across the world (Hsu et al., 2017; Lata et al., 2009;
Nishiyama et al., 2017; Taucer-Kapteijn et al., 2016). The occurrence of
antibiotics and antibiotic resistance genes in riverine system stems from
the release of contaminated effluents from clinical, industrial, aquacul
ture, animal farm, and agricultural settings to the river, and faecal
contamination of surface waters (Laxminarayan and Chaudhury, 2016;
Rodriguez-Mozaz et al., 2015; Xu et al., 2015). Consequently, the
impacted water become focal points for the proliferation of antibiotic
resistant (AR) bacteria, influencing the global emergence and dissemi
nation of pan-resistant strains via mutation and horizontal gene transfer
(Baquero et al., 2008; Farkas et al., 2016; Graham et al., 2014).
In Southeast Asia (SEA), thousands of estuarine communities rely on
river water for sustaining their livelihoods, mainly via fisheries, coastal
farming and tourism. Such economic activities form an important waterfood nexus, which drives regional socioeconomic progress (El-Hifnawi
and Blancas, 2014; Mrozik et al., 2019; Pangare et al., 2014). However,
livelihoods are often challenged by water pollution. For example, AMR
exposure risks are elevated because riverine and nearshore villages may
have inadequate sanitation and contaminated water supply (Jong et al.,
2018; Singh, 2017). A recent report suggests SEA is at the highest risk of
the emergence and spread of AR in humans (Chereau et al., 2017).
Therefore, deeper environmental reconnaissance is a crucial
pre-emptive approach that would enable communities to assess and
control community infectious and other health morbidity (Robinson
et al., 2016; WHO, 2015). Currently, the best available techniques for
microbial community and ARB surveillance in aquatic environments
include classical and molecular microbiological methods (Acharya et al.,
2020; Field and Samadpour, 2007). However, very few studies have
examined microbial content, ARB and their characteristics in recrea
tional and coastal water in the tropical SEA (Ghaderpour et al., 2015;
Honda et al., 2016; Tissera and Lee, 2013).
Here, we comprehensively characterised water quality in a suburban river estuary with variable waste management near Johor
Bahru, Johor, the third largest state in Peninsular Malaysia. Specifically,
microbial abundances, communities, virulence factors, faecal indicator
bacteria (FIB), multidrug-resistant (MDR) ESBL-producing bacteria and
their resistance mechanisms were systematically characterised versus
waste sources. Methods included MinION 16S rRNA gene-based
sequencing, qPCR of marker genes, and plate count techniques. The
ESBL-producing bacteria and non-resistant Enterococci were also iso
lated from river samples for genotyping, MDR and Minimum Inhibitory
Concentration (MIC) determination, and elucidation of the genetic
resistance mechanisms. Although fragmentation of river ecology by
physical barriers has been extensively studied, fragmentation of river
microbiomes which are due to anthropogenic activities and tidal effects
in estuaries remain poorly understood. In this study, we present a
methodology with multiple lines of evidence to pinpoint river segments
with greater and lesser exposure risk, which is highly relevant for public
health. To our knowledge, this study provides the most comprehensive
assessment of physiochemical and microbial water quality of a subur
ban, tidally influenced river in South East Asia. The study also highlights
the value of a multi-pronged approach which combines culture-based
quantification of faecal indicator and multidrug-resistant bacteria with
gene-specific quantitative PCR and MinION next-generation sequencing
to identify microbiome induced fragmentation and AMR sources in the
river. The overall data shows how variable river water quality can be,
even over relatively short reaches, due to different land uses, inconsis
tent waste management, tidal mixing and anthropogenic activities.

2. Materials and methods
2.1. Study site and sample collection
The River Melayu (approximately 10 km in total length) is located in
suburban Johor Bahru, Johor state, where the peninsular MalaysiaSingapore water region flanks at the Johor Straits (Fig. 1). In the
study area, the river network flows through suburban residential and
intertidal sites to the Southern Malaysia coastline, and includes a local
sewage treatment plant (STP), a mangrove catchment, and other
anthropogenic activities.
Sampling was conducted between April and June 2018, over two
independent sampling campaigns during dry weather condition at eight
sampling sites selected on the basis of varying land use (including
human activities) around the river (Fig. 1 and Table 1), and accessibility
for sampling. Both samplings were done at low tide for consistency, and
the two sampling occasions corresponded to the neap tide, when dif
ferences between high and low tide are moderate. In-situ measurements
for temperature, pH, dissolved oxygen (DO) and conductivity were
conducted at each sampling point using a Hach HQ40D portable multi
metre with Intellical smart probes (Hach Company, CO, USA). Grab
samples were collected in pre-sterilised 0.5-L Schott bottles, in triplicate,
for each sampling site. All samples were kept on ice in a cooler, shielded
from light and were transported back to the laboratory for processing
and analysis within 24 h (APHA, 1998).
2.2. Chemical water quality analysis
Triplicate samples from each site were assessed for a range of
physicochemical parameters as follows in technical duplicate: Total
chemical oxygen demand (CODTotal) and soluble COD (CODSoluble) were
measured in duplicate using Hach COD (HR; range 20–1500 mg/L)
calorimetric test kits digested with a DRB200 laboratory heat block
(Hach Company, CO, USA) and the DR6000 (Hach Company, CO, USA).
Ammoniacal nitrogen and total nitrogen were quantified using the Hach
salicylate method (NH3–N (HR); range 0.40–50.0 mg/L) and Hach per
sulfate digestion (N (HR); 2–50 mg/L) methods, respectively. Samples
were measured in Hach sample cells for nitrite (NO2-N; Ferrous sulphate
method; range 2–250 mg/L) and Hach nitrate (NO3-N; Cadmium
reduction method; range 0.3–30.0 mg/L). All samples were filtered
using acrodisc syringe filters with 0.2-μm Polythersulfone (PES) mem
brane filters (Pall Life Sciences, Pall Corp., NY, USA) prior to analysis,
except for CODTotal. Summary of water quality data is provided in
Table 2.
2.3. Genomic DNA extraction, MinION library preparation and
sequencing
Water samples (0.5-L per sampling site) were filtered through sterile
0.2 µm PES membrane disc filters (Pall Corporation, NY, USA), followed
by genomic DNA extraction using the FastDNA SPIN Kit for Soil and a
FastPrep-24 Homogeniser (MP Biomedicals, California, USA). PCR
amplification of 16S rRNA genes in the samples was conducted using the
16S Barcoding kit (SQK-RAB204) from Oxford Nanopore Technologies
(ONT, Oxford, UK). The DNA (20 ng from each sample) were mixed with
a LongAmp 2X Master Mix (New England Biolab, Herts, UK) and bar
coded 16S primers were used to build the 16S rRNA gene sequencing
library as per manufacturer’s instructions. A ZymoBIOMICS Microbial
Community DNA Standard (Zymo Research Corp., Irvine, USA) with
defined composition was included as a mock microbial community
reference material (Acharya et al., 2019) as shown in Tables S1 and S2,
Supplementary information. Amplification was performed using
Eppendorf Mastercycler X50s (Eppendorf, Hamburg, Germany) ac
cording to the following PCR conditions: 1 cycle of initial denaturation
for 1 min at 95 ◦ C, 30 cycles of denaturation for 20 s at 95 ◦ C, annealing
for 30 s at 55 ◦ C and extension for 2 min at 65 ◦ C, followed by 1 cycle of
2
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Fig. 1. The River Melayu in Johor, Malaysia. Eight sampling stations, M1 – M8, are indicated in red dots. Areas highlighted with colours indicating land use around
the river are as follows: green colour indicates forest or plantation (mainly palm oil), gold colour indicates mangrove, light green colour indicates golf course, red
colour indicates residential estate, orange indicates recreational fishing pond, and purple indicates a college. STP is an oxidation pond sewage treatment plant design
for 5050 PE (coordinate: 1.46998366, 103.66398) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

16S workflow was used with a minimum quality score of 7 for taxonomic
assignment for 16S amplicons using the NCBI reference database (NCBI
Bacterial 16S).

Table 1
Sampling sites and descriptions.
Sampling
stations

Descriptions

M1

Upstream; residential area connected to centralised wastewater
treatment
Recreational fishing spot within the tidal reach, light mangrove
vegetation
~ 500 m downstream of a STP discharge outlet (oxidation pond,
5050P.E)
Mangrove tributary’s joint with river
Mangrove tributary
Jetty for local fishermen and ecotourism
The River Melayu’s estuary
Green mussels mariculture

M2
M3
M4
M5
M6
M7
M8

2.4. Real time PCR assays (qPCR)
Microbial contents of water samples from the eight sampling sites
were quantified using qPCR assays of the DNA extracts. An array of
targeted genes including 16S rRNA, human E. coli, and total E. coli, were
measured in duplicates by conventional real time PCR (qPCR) as pre
viously described (Acharya et al., 2019). The details of the primers,
annealing temperature and amplicon size is shown in Table S3, Sup
plementary information.
2.5. Aquatic bacteria and ARB enumeration

final extension for 5 min at 65 ◦ C.
Subsequently, the amplified library was loaded onto the MinION
sequencing apparatus flow cell (R9.4.1, FLO-MIN106) and placed into
the MinION sequencing device. The device is controlled by the Min
KNOW software and the sequencing was performed. The sequencing run
was performed in duplicates and average reads were obtained. The .fast5
files containing raw data were base-called with Guppy (v3.2.2) to pro
duce.fastq files. The base called data (.fastq files) were then uploaded to
EPI2ME, a cloud-based platform to perform data analysis. The FASTQ

In parallel, water samples were analysed for both gram-negative
Enterobacteriaceae, and gram-positive Staphylococcus spp. and Entero
coccus spp. using classical selective plate count techniques and mem
brane filtration in duplicates. Details of procedures are summarised in
Supplementary information. Briefly, concentrations of bacteria, e.g.,
colony forming units (CFU), were determined in triplicate using the
following agar media: (i) HiCrome™ Coliform agar (Sigma Aldrich, UK)
to select for total coliforms, including Escherichia coli (E. coli) and
Chromobacterium violaceum (C. violaceum); (ii) Mannitol salt phenol red
3
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Table 2
Water quality across sampling locations along the River Melayu.
Parametera

M1

M2

M3

M4

M5

M6

M7

M8

CODTotalb

52.50 ± 7.50
26.00 ± 6.00
2.17 ± 0.73
0.01 ± 0.00
1.20 ± 0.20
3.30 ± 0.85
0.29 ± 0.00

94.50 ± 1.00
59.50 ± 6.00
1.76 ± 1.12
0.07 ± 0.06
2.55 ± 0.45
4.4 ± 1.65
0.66 ± 0.06

229.75 ± 19.25
70.75 ± 0.75
5.32 ± 4.03
0.09 ± 0.07
1.36 ± 0.26
5.93 ± 3.53
0.57 ± 0.01

714.00 ± 12.50
161.75 ± 1.75
0.96 ± 0.22
0.09 ± 0.08
1.28 ± 0.08
2.18 ± 0.23
0.40 ± 0.11

708.75 ± 6.25
157.00 ± 3.00
1.22 ± 0.13
0.06 ± 0.05
1.00 ± 0.00
2.35 ± 0.25
0.10 ± 0.03

1479.50 ± 473.50
183.25 ± 1.25
0.94 ± 0.57
0.10 ± 0.08
1.45 ± 0.05
2.40 ± 0.60
0.28 ± 0.06

772.25 ± 39.75
175.50 ± 3.00
2.43 ± 1.62
0.10 ± 0.06
1.24 ± 0.06
3.70 ± 1.55
1.03 ± 0.33

981.50 ± 43.00
170.25 ± 0.75
1.85 ± 1.17
0.07 ± 0.05
1.62 ± 0.12
3.55 ± 1.35
0.61 ± 0.18

7.24 ± 0.26

5.23 ± 0.74

4.08 ± 1.13

10.31 ± 5.17

10.38 ± 5.23

9.67 ± 4.84

12.32 ± 5.80

12.24 ± 6.08

7.09 ± 0.75
29.00 ± 0.40
0.09 ± 0.00
58 ± 3.10

6.55 ± 0.03
30.60 ± 1.30
19.40 ± 8.61
12,400 ± 5500

6.14 ± 0.36
29.50 ± 0.00
24.91 ± 7.50
15,900 ± 4800

7.11 ± 0.55
31.80 ± 2.20
29.70 ± 3.00
19,000 ± 1900

7.27 ± 0.52
30.90 ± 1.40
26.85 ± 0.95
17,200 ± 600

7.94 ± 0.60
31.20 ± 1.00
31.95 ± 3.05
20,450 ± 1950

7.84 ± 0.82
31.60 ± 1.30
35.20 ± 4.40
22,500 ± 2800

8.08 ± 0.76
31.30 ± 1.30
35.20 ± 7.00
22,500 ± 4500

–

1:1.2

1:2.4

1:5.4

1:3.2

1:9.8

–

–

(mg/L)
CODSolubleb (mg/L)
Ammonia (mg/L)
Nitrite (mg/L)
Nitrate (mg/L)
Total Nitrogen (mg/L)
Total Phosphorus (mg/
L)
Dissolved Oxygen (mg/
L)
pH
Temperature
Conductivity (mS/cm)
Total Dissolved Solids
(ppm)
Blending ratio
freshwater:straits
water
a

Values for all parameters represent the mean average (n = 2) and standard deviation over the two sampling campaigns in April and June 2018.
COD indicates the quality of the water and influence its capacity to oxidises organic pollutants, sub-divided into soluble chemical oxygen demand (sCOD) and
particulate chemical oxygen demand (pCOD).
b

agar (Sigma Aldrich, UK) to select for Staphylococcus spp.; (iii) Entero
coccus faecium ChromoSelect agar base (Sigma Aldrich, UK) to select for
Enterococcus spp., and (iv) HiCrome™ Coliform agar amended with
appropriate antibiotics to select for ESBL-producing Enterobacteriaceae.
Here, the concentration of antibiotics supplemented in the agar was
determined according to EUCAST epidemiological cut-off values
(ECOFFs) for Enterobacteriaceae (European Commitee on Antimicrobial
Susceptibility Testing). Presumptive bacteria on respective selective
agar plates were randomly isolated from Enterococcus faecium agar and
HiCrome™ Coliform agar supplemented with antibiotics of each sam
pling location for further antimicrobial susceptibility testing. Pure iso
lates were stored in 20% glycerol at − 80 ◦ C for subsequent
antimicrobial susceptibility testing, minimum inhibitory concentration,
and bacterial identification. The isolation and purification of
ESBL-producing gram-negative bacteria and Enterococcus bacteria was
dependent on the colony colour indication.

vancomycin (V), cefotaxime (CTX), meropenem (ME), tetracycline (TE)
and ciprofloxacin (CIP) were determined by using the predefined
ETEST® (bioMérieux, Basingstoke, UK) antibiotic gradient strips, in µg/
mL, according to the manufacturer’s guidelines (Table S5, Supplemen
tary information) in duplicates. Briefly, presumptive bacteria were
cultured using Müller Hinton broth (Oxoid, Basingstoke, UK) and evenly
inoculated on Müller Hinton agar (Oxoid, Basingstoke, UK). Escherichia
coli ATCC® 25922 and Staphylococcus aureus ATCC® 25923 (American
Type Culture Collection, ATCC®, VA, USA) were used as quality control
for the MIC tests. The quality control strains were susceptible to all
antibiotics tested. The MIC against each antibiotic was determined ac
cording to CLSI guidelines (Clinical and Laboratory Standards Institute,
2016) as shown in Tables S6, S7 and S8, Supplementary information.
2.8. DNA extraction and bacterial identification of isolates
Genomic DNA were extracted from presumptive ARB isolates using
the Wizard Genomic DNA Purification Kit (Promega Corporation, WI,
USA) according to manufacturer’s protocol. Extracted DNA were sub
jected to 16S rRNA gene PCR amplification using the 27F (5′ -AGA GTT
TGA TCM TGG CTC AG-3′ ) and 1492R (5′ -TAC GGY TAC CTT GTT ACG
ACT T-3′ ) universal 16S rRNA primers using previously described con
ditions (Stanley, 2002; Yang et al., 2016). PCR products were purified
and submitted to a commercial laboratory (1st Base Laboratories,
Malaysia) for Sanger sequencing. Sequences were queried against the
National Centre for Biotechnology Information (NCBI) 16S rRNA gene
database for archaea and bacteria, using the BLASTN
2.8.1 + programme.

2.6. Antimicrobial susceptibility testing (AST) – disk test
Antimicrobial susceptibility testing (AST) towards a range of anti
biotics (Table S4, Supplementary information) was performed in du
plicates using the Kirby-Bauer disk diffusion test. Pure bacterial isolates
were cultured at OD600 of 0.01 or 0.1 (approximate concen
tration = 1 ×105 CFU/mL) in Müeller-Hinton medium (Merck KGaA,
Darmstadt, Germany) to a final concentration of approximately 1 × 108
CFU/mL at OD600 in a shaking incubator at 37 ◦ C. Pure bacterial isolate
cultures were evenly inoculated on Müeller Hinton agar (Oxoid,
Basingstoke, UK) and two commercially prepared, fixed concentration
antibiotics discs (ThermoFisher Scientific, UK) were placed on each
inoculated agar plate, with no less than 24 mm separation, centre to
centre. Escherichia coli ATCC® 25922 and Staphylococcus aureus ATCC®
25923 (American Type Culture Collection, ATCC®, VA, USA) were used
as quality control for disc diffusion test. The quality control strains were
susceptible to all antibiotics tested. The diameter for zone of growth
inhibition was measured after 16–24 h incubation at 37 ◦ C. The sus
ceptibility of the bacteria was interpreted based on Clinical and Labo
ratory Standards Institute (CLSI) guidelines (Clinical and Laboratory
Standards Institute, 2016) as shown in Tables S6, S7 and S8, Supple
mentary information.

2.9. Characterisation of vancomycin, ESBL and carbapenemase-encoding
genes
Further identification of vancomycin, β-lactamase and carbapen
emase genotypes for presumptive resistant isolates was carried out by
PCR or multiplex PCR using specific primers (Table S9, Supplementary
information) targeting vancomycin resistant genes vanA, vanB, vanC1,
vanC2/C3, TEM variants, SHV variants, β-lactamase CTX-M groups 1, 2,
8/25 and 9, GES and OXA-48-like, and carbapenamase (IMP, VIM, KPC
and NDM), as previously described. Control strains obtained from the
ATCC and NCTC were included as quality control in all PCR experiments
(Table S9, Supplementary information). PCR information and protocols
are shown in Table S10, Supplementary information.

2.7. Minimum inhibitory concentration (MICs)
Following the AST analysis, the MICs of presumptive ARBs for
4
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2.10. Data analysis, principal component analysis (PCA), cluster analysis
and ANOSIM

defined river water usage according to the National Water Quality
Standards for Malaysia (ANNEX) (Department of Environment). The
high COD and ammonia level at location M3, where the water quality is
classified as class IV and V, probably results from the STP discharge
(Ratola et al., 2012; Weber et al., 2006). A principal component analysis
(Fig. 2A) clearly separated the three most upstream sampling locations
M1 – M3 from those located further downstream along principal
component 1 in terms of their water chemistry. River water from the
three upstream sampling locations was characterised by higher total
nitrogen and ammonia, and lower COD, dissolved oxygen, conductivity
and pH. Cluster analysis (Fig. 2B) accordingly grouped samples from M1
– M3 away from a cluster comprising the sampling locations M4 – M8,
which are all nearer to the coast.

Multivariate data analysis was performed with Matlab scripts as
previously described (Acharya et al., 2020). Briefly, NGS reads above
the quality threshold were rarefied at 60,000 reads, and square-root
transformed, relative abundance data (Hellinger transformation) of
reads classified to at least genus-level, and grouped at that level, was
used for PCA, cluster analysis and ANOSIM with Matlab© and the
Fathom Toolbox for Matlab© developed by the Marine Resource
Assessment Program at the University of South Florida’s College of
Marine Science (Jones, 2015). For the multivariate data analysis of
physicochemical metadata, z score transformed data was used to ac
count for the distinct units of different parameters.
Raw data from bacterial counting as well as a Pearson correlation
analysis between different microbial water quality indicators using three
different approaches (plate counting method, qPCR, MinION
sequencing) were computed in R statistical software 3.5.0. Targeted
gene markers abundance and the relative abundance of pathogenic
strains were checked for normality prior to statistical analysis. One-way
analysis of variance (ANOVA) sample tests were performed to compare
the differences in gene abundance levels between sampling sites. Given
the resulting data distributions were not consistently normal, KruskalWallis was used as non-parametric alternatives for the ANOVA. To
determine the percentage of antimicrobial isolates, we used the x/y×
100 equation, where x is defined as number of isolates resistant to an
tibiotics, and y is total number of isolates tested.

3.2. River water microbiomes
In agreement with the chemistry data, the microbiomes of the three
most upstream sites, i.e., M1 – M3, comprised of distinct microbial
communities, as compared to the five downstream sites nearer to the
coast (Fig. 2C & D). PCA suggests that the genera Polynucleobacter,
Arcobacter, Achromobacter, Acinetobacter, Novosphingobium, Acidovorax
and Phenylobacterium were present in high relative abundance at M2 and
M3 near to the discharge point of STP, which caused the dissimilarity of
microbial communities in these locations with the other river water
samples. The cluster analysis (Fig. 2D) also showed a distinct separation
of microbial communities into a cluster of the upstream sites (M1 – M3),
and downstream sites (M4 – M8). Within the upstream river cluster (M1
– M3), sampling points M2 and M3, which are in proximity with the STP
discharge point, formed a separate cluster with a distinct microbiome
indicating a specific local microbial community alteration. Sampling
location was a significant factor in sample dissimilarity across two
sampling campaigns (ANOSIM, R = 0.9978, p-value = 0.001). It was
evident that the outcome of both physicochemical data and MinION NGS
multivariate data analysis showed that the river is fragmented into up
stream (M1 – M3) and M4 – M8 downstream clusters, with an additional
local influence of the STP discharge to form a sub-cluster at M2 and M3.
The relative abundance of bacterial genera that were of special interest,
because their members include putative human pathogens and gut
bacteria, are shown in Tables S12–S15, in Supplementary information.
The highest relative and absolute abundance of bacterial genera con
taining putative human pathogens and gut bacteria was observed at M2
and M3 near the STP discharge. A more detailed discussion of the
MinION NGS data is provided in Supplementary information.

3. Results and discussions
3.1. Physicochemical river water quality
The physicochemical river water quality varied across sampling sites
due to the influence of different land use and activities, and tidal
seawater intrusion (Fig. 1 and Table 2). When the mixing of freshwater
with more saline water from the Straits of Johor was investigated based
on conductivity measurements, it was found that sampling locations M2
to M6 were within the tidal reach, where the river flow can be in
opposite directions, depending on the tidal conditions. The blending
ratio of freshwater from upstream with more saline water from the
Straits of Johor (estimated from the conductivity for each of the sam
pling points (Supplementary information), changed from an about equal
mixture at M2 (with a ratio of 1:1.2) to predominantly water from the
Straits of Johor at M6 (with a ratio of 1:9.8, Table 2 and Fig. S1, Sup
plementary information). It should be noted, that where pollutant con
centrations peak at locations in between the freshwater (M1) and Straits
of Johor water (M7 & M8) sampling locations, such an intermittent peak
cannot be explained by the blending of freshwater with water from the
Straits of Johor, but instead indicates a local pollution source contri
bution. For example, the CODTotal (particulate and soluble COD)
increased from < 100 mg/L to > 200 mg/L at M3, immediately after
discharge point of the oxidation pond STP, with a corresponding
decrease in the dissolved oxygen (DO) concentration. Interestingly, DO
levels then increased again downstream, which could be due to the tidal
mixing effect as the river approaches the estuary. Slightly higher
ammonia concentration was also observed at M3 (5.32 ± 4.03 mg/L),
which is closer to the STP discharge outlet, while other organic nutrients
such as total nitrogen, total phosphorus and anions were generally low
along the length of the river. The high level of ammonia or ammoniacal
nitrogen is a significant problem in Malaysian rivers primarily caused by
the discharge of poorly treated or even untreated wastewater (Depart
ment of Environment, 2018; Hasan et al. 2011). Based on the physico
chemical parameters enlisted in the Malaysia national river standard
(Department of Environment), which excludes microbial content other
than coliforms, the general water quality across the study sites falls
under class IV (Table S11, Supplementary information), which is the

3.3. Abundance of total and faecal bacteria marker genes
Bacterial levels quantified as 16S rRNA gene copy numbers varied
along the river (Fig. 3A), ranging from 1.3 × 108 to 1.3 × 109 16S
copies/100 mL. Greater bacterial abundance was seen in the upstream,
at locations M2 and M3 in proximity to STP discharge point (5.6 × 108
to 1.3 × 109 16 S copies/100 mL). At M6, slightly higher microbial
levels (2.9 × 108 copies/100 mL) were apparent compared to M5
(2.1 × 108 copies/100 mL), possibly due to proximity to the jetty for
local fishermen and ecotourism activities. M7 and M8 in the Straits of
Johor had reduced overall bacterial content levels as compared to M6.
Quantitative PCR (qPCR) was also performed to determine the abun
dance of water quality-indicating marker genes for total and human
E. coli. The three targeted genes, namely 16S, rodA (for total E. coli) and
Hu100 (for human E. coli) were having similar pattern along the river,
where M2 and M3 (in proximity to STP discharge point) had a higher
absolute abundance of these markers. Human E. coli was not detected at
M1 and M5, indicating that these bacteria are introduced into the river
from the STP discharge point in proximity to M2 and M3. On the other
hand, abundance of the human E. coli marker gene was slightly elevated
at M7 (3.8 × 108 copies/100 mL), located near to a village school at the
river mouth.
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Fig. 2. A principal component analysis (PCA) and dendogram generated with z-score transformed physicochemical data is shown in plots (A) and (B), respectively.
An overall microbial community analysis using 60,000 rarefied reads and square root transformed relative abundance data is presented as PCA plot (C) and den
dogram (D). R1 and R2 indicate replicates of samples 1 (R1) and 2 (R2).
Fig. 3. Microbial absolute abundances. (A)
Gene abundances quantified across sampling
sites via real-time PCR (qPCR) targeting bacte
rial levels as 16S rRNA (dark blue colour bar)
and total E. coli marker gene, rodA (cyan colour
bar), and human E. coli marker gene, Hu100
(grey colour bar). Data points are an average of
technical duplicate samples and error bars
indicate the standard deviation. (B) Box and
whisker plots of bacterial counts at each sam
pling station. The red box indicates Chromo
bacterium violaceum, the yellow box indicates
Escherichia coli, the light cyan box indicated
other aquatic gram-negative bacteria, the blue
box indicates total Enterococcus spp. and the
purple box indicates total Staphylococcus spp
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article).
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3.4. Abundance of culturable bacteria

sampling station M1 showed the highest number of counts. There were
no ESBL-producing E. coli and C. violaceum present at the downstream
sampling stations M6, M7 and M8. Fig. 5A shows that the difference
between non-resistant gram-negative bacteria (All) and ESBL-producing
bacteria (AMR) species varied across sampling sites (Wald χ27 = 37.65;
p < 0.001). Whilst no significant difference was detected among sites
within the M4 to M8 reach of the river (the downstream spatial
grouping), log mean concentrations of All bacterial levels in the up
stream, especially at sites M2 and M3, were significantly higher than all
downstream sites (p < 0.05) where bacterial levels in the downstream
grouping were on average two- to three log units lower. A similar
observation was seen for AMR bacteria where sites M1 – M3 had higher
log mean counts compared to downstream sites (M4 – M8). Overall,
downstream sites had significantly lower mean bacterial counts
compared with upstream sites for both All and AMR groups as shown in
Fig. 5B, which aligns with the river fragmentation observed in the
physicochemical and MinION NGS data (Fig. 2).
In Malaysia, ESBL-producing bacteria have been reported to be iso
lated from surface water (Tissera and Lee, 2013) as well as hospitals
(Lim et al., 2009; Loh et al., 2007; Sekawi et al., 2008). The prevalence
of ESBL-producing gram negative bacteria and multidrug-resistant
E. coli around Matang mangrove estuaries possibly due to anthropo
genic activities in Malaysia has been previously reported (Ghaderpour
et al., 2015). A recent systematic, meta-regression based study reports
prevalence of overall population with ESBL-associated infection from
available surveillance data in SEA and Western Pacific countries
including Malaysia, and suggest 14.5% prevalence of ESBL-associated
infection in Malaysia (Hu et al., 2019). Overall, bacterial marker
genes and culture-dependent quantification performed in this study
demonstrated that an elevated microbial burden in the river is most
likely caused by local sewage effluent discharge, which means effective
treatment option can minimise such pollution (Massoud et al., 2009;
Parkinson and Tayler, 2003).

The culturable microbial abundance of total gram-negative bacteria
and other key water quality indicators of the river were determined
using bacterial plate count methods. Fig. 3B shows the bacterial counts
at the eight sampling stations (M1 – M8) along the river. The total
number of gram-negative bacteria across all the eight sampling sites
ranged from 4.45 × 103 to 2.19 × 105 CFU/100 mL, whereas con
centrations of Enterococcus spp. and Staphylococcus spp. ranged from
1.25 × 102 to 3.88 × 103 CFU/100 mL and 1.67 × 103 to 1.00 × 104
CFU/mL, respectively. Interestingly, the average total number of these
bacteria peaked at sampling station M2 (2.07 × 105 CFU/100 mL) and
M3 (2.29 × 105 CFU/100 mL) in proximity to the STP discharge point,
concordant with the 16S rRNA, rodA and Hu100 gene copies detected by
qPCR (Fig. 3A), and MinION NGS data (Tables S14–S15, Supplementary
information). Occurrence of high bacterial level at M2 being upstream of
the STP shows how pollution can migrate both upstream (as shown in
this study) and downstream (Jin et al., 2017; Quintela-Baluja et al.,
2019), with the incoming and outgoing tide, respectively. Conductivity
data (Table 2) showed that M2 is located within the tidal reach of the
river. The highest concentration of E. coli of 4.67 × 103 CFU/100 mL
was detected at the point after the STP discharge point (M3).
C. violaceum bacteria, a common inhabitant of soil and water in tropical
and subtropical regions, was detected at low concentration (< 2000
CFU/100 mL) along the river.
3.5. Abundances of antibiotic resistant, ESBL-producing gram-negative
bacteria
A comparison of proportions for non-resistant and ESBL-producing
C. violaceum, E. coli and other gram-negative bacteria is shown in
Fig. 4A and B. Similar to previous observations, the total number of
culturable ESBL-producing bacteria (C. violaceum, E. coli and other
gram-negative) coincide with non-resistant culturable bacteria where
higher abundance of bacteria was detected in the upstream of the river
(M1 – M3). Concurrent with non-resistant E. coli, there are higher
abundance of ESBL-producing E. coli in the upstream of river (M2 – M3)
in proximity with the STP. Non-resistant and resistant C. violaceum
shared the same pattern of distribution along the river with higher
concentration in upstream sampling locations (M1 – M3), but in this case

3.6. Antimicrobial susceptibility of isolates from the river
The identity of the presumptive resistant gram-negative bacteria,
and non-resistant Enterococci were determined using 16S rRNA-based
Sanger sequencing (Table S16, Supplementary information). Subse
quently, most of these strains were examined on their susceptibility

Fig. 4. Comparison of absolute abundance for (A) total gram-negative bacteria and (B) ESBL-producing gram-negative bacteria counts on agar supplemented with
antibiotics. The red bar indicates Chromobacterium violaceum, the light orange bar indicates Escherichia coli, and the dark grey bar indicates other aquatic gramnegative bacteria. The data points are average of technical duplicate samples (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 5. Estimated marginal means for
the interaction terms in our statistical
model. Upper panels: non-resistant
gram-negative bacteria (data set: All)
and lower panels: ESBL-producing
gram-negative bacteria counts on agar
supplemented with antibiotics (data set:
AMR) for (A) each sampling station and
(B) location defined as upstream (U)
and downstream (D). The 95% confi
dence intervals for the marginal means
are shown in blue. Non-overlapping red
arrows indicate significant differences
between groups (p < 0.05) (For inter
pretation of the references to colour in
this figure legend, the reader is referred
to the web version of this article).

against nine different types of antibiotic discs, cefoxitin (FOX), cefo
taxime (CTX), ciprofloxacin (CIP), erythromycin (E), gentamicin (GM),
meropenem (MEM), sulfamethoxazole-trimethoprim (SXT), tetracycline
(TE) and vancomycin (V) based on the CLSI guidelines (Table 3) where
intermediate resistant and resistant are termed as resistant here. Three
quarter of the E. coli isolates were resistant to FOX and MEM and all of
them were resistant to the CTX, CIP, GM, SXT and TE. All of the
K. pneumoniae were resistant to all of the antibiotics tested. E. cloacae
were not resistant to GM, but 50% of them were resistant to MEM and
TE, and all of them were resistant to FOX, CTX, CIP and SXT. Among 14
isolates of E. faecalis tested, TE was effective on 50% of them while none
of them were susceptible to CIP, E and V. The detailed results for each
isolate are presented in Supplementary Table S1. For the strains that lack
zone diameter interpretive guidelines, the susceptibility was determined
using MIC and A. woluwensis, B. cereus, B. licheniformis, C. gleum, and
P. cineris were not tested. The highest usage of antibiotics in the hospitals

are cephalosporin, carbapenem and penicillin/β-lactamase inhibitor
(Ministry of Health, 2019). Limited research has been carried out on
occurrence of pharmaceuticals in Southeast Asian WWTPs (Menon et al.,
2020b) and rivers. Research carried out by Yacob et al. detected linco
mycin, trimethoprim, sulfamethazine, sulfamethoxazole, clarithromycin
and carbamazepine in the wastewater effluent in Johor (Yacob et al.
2017). Sulfamethoxazole (Shimizu et al. 2013) and amoxicillin (Omar
et al. 2018) have also been detected in Malaysian rivers, but not in
Johor.
3.7. Minimum inhibitory concentration (MIC) of selected antibiotics
The MIC of all 52 isolates, for which the identity was confirmed using
Sanger Sequencing (Table S16, Supplementary information), was
determined, except S. maltophilia, B. cepacia, B. cereus, B. licheniformis,
C. gleum, A. woluwensis and P. cineris due to the unavailability of

Table 3
Table showing percentage of each species of isolates resistant to each antibiotic.
Antibiotics
Cefoxitin (FOX)
Cefotaxime (CTX)
Ciprofloxacin (CIP)
Erythromycin (E)
Gentamicin (GM)
Meropenem (MEM)
Sulfamethoxazole trimethoprim (SXT)
Tetracycline (TE)
Vancomycin (VAN)

Percentage of resistant isolates (%)
C. violaceum (n = 4)

E. coli (n = 4)

E. cloacae (n = 2)

K. pneumonia (n = 2)

S. maltophilia (n = 2)

E. faecalis (n = 14)

75
100
75
NT
100
100
100
75
NT

75
100
100
NT
100
75
100
100
NT

100
100
100
NT
0
50
100
50
NT

100
100
100
NT
100
100
100
100
NT

NT
IR
NT
NT
NT
IR
100
IR
NT

NT
NT
100
100
NT
NT
NT
50
100

Notes: NT – Not tested, IR – intrinsic resistant.
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from the river as multidrug-resistant highlighting the need for regular
monitoring and management of the river water microbial quality.

guidelines to interpret their susceptibility. The detailed results of each
isolate are presented in Supplementary Table S1. Large numbers of
E. coli isolates (75%) exhibited resistance to the fluoroquinolone class of
antibiotic, ciprofloxacin. A MIC of ≥ 2 µg/mL for Enterobacteriaceae
whereas ≥ 8 µg/mL for Pseudomonas spp. (other than P. aeruginosa) is
considered as resistant or intermediate resistant to meropenem. Based
on this, a total of 25% of E. coli and 44.4% of P. monteilli showed
resistance to meropenem. All E. coli and K. pneumoniae, 50% of
E. cloacae, 33.3% of P. monteilli and 66.7% of P. pseudoalcaligenes dis
played resistance to tetracycline with a MIC of ≥ 16 µg/mL, while 14.2%
of E. faecalis were only intermediate resistant (MIC of 6 – 8 µg/mL).
In the context of vancomycin resistance, none of the E. faecalis
showed vancomycin-resistant Enterococci (VRE), which is not consistent
with antibiotic disc-based susceptibility testing results. Only 14.2% of
E. faecalis showed intermediate resistance (12 µg/mL) and 85.7% were
susceptible to vancomycin (Table 4). The discrepancies between the
disc-diffusion and MIC data may be due to differences in sensitivity of
the techniques (Lehtopolku et al. 2012, Vessal et al. 2010).
To clarify the possible contradictions in susceptibility results, we
performed systematic category agreement evaluation studies that
eliminates false-positive and over-interpretation of the results (Patel
et al., 2013). The cefotaxime resistance isolates show absolute concor
dance between the antibiotic disc test and MIC whereas highest
discrepancy is observed in vancomycin resistant isolates (Tables S17 and
S18, Supplementary information) based on different category errors
(Table S19, Supplementary information). Thus, the comprehensive
characterisation of the antibiotic resistant isolates from the river in
dicates the diversity of the microbial resistome community, which lead
us to analyse the MDR bacterial content of the river.

3.9. Determination of antibiotic-resistant genes
To further characterise the genetic mechanisms involved in the
antibiotic resistance development, we studied the occurrence of a panel
of antibiotic resistance mediating genes using PCR or multiplex PCR
analysis in isolates obtained from the river (Tables S9 and S10, Sup
plementary information). When 26 of the isolates (all gram-negative
bacteria except S. maltophilia) were tested for the presence of ESBLexpressing genes, 30.8% of the gram-negative isolates harboured TEM,
7.7% of them carried SHV, CTX-M group 1 and group 9. The blaTEM was
identified in E. coli, C. violaceum, K. pneumoniae and P. monteilii. SHV and
CTX-M group 1 genes were only present in E. coli and K. pneumoniae
while CTX-M group 9 gene was detected in E. coli. Interestingly, 77.8%
of the isolates with ESBL-producing genes detected were from sampling
point M3, after the STP discharge point. Detailed results for each isolate
are shown in Table 5. In agreement with the MIC results, vancomycinresistant genes vanA, vanB, vanC1 and vanC2/3 were not detected in
any Enterococcus spp. isolates. The detailed results for each isolate are
presented in Supplementary Table S2.
The genetic environments surrounding the ESBL genes have become
very complicated and diverse due to rapid and recurrent rearrangement
of genetic elements. In our study, we identified TEM/SHV-derived CTXM-variant ESBLs but no carbapenemase-producing genes (GES, OXA-48,
IMP, VIM, KPC and NDM) in any of the gram-negative isolates. Although
there are resistant isolates present according to the MIC testing, the
Table 5
PCR results for each resistant isolate on ESBL-producing genes.

3.8. Multidrug-resistant (MDR) bacteria
MDR was defined as acquired non-susceptibility to at least one agent
in three or more antimicrobial categories (Magiorakos et al., 2012).
Based on the antibiotic susceptibility of bacteria using MIC testing
(Table 4), it was found that 85.7% of E. faecalis was MDR, with only low
levels of intermediate resistance (14.3%) shown towards tetracycline
and vancomycin, while 100% of E. cloacae, E. coli, K. pneumoniae, P.
monteilli, P. pseudoalcaligenes were MDR. Collectively, ESBL-producing
Enterobacteriaceae (E. cloacae, E. coli, K. pneumoniae) showed a high
level of resistance (100%) towards tetracycline as well as cefotaxime.
Almost 62.5% of Enterobacteriaceae were resistant to ciprofloxacin,
while 25% of them were resistant to meropenem. The extensive MDR
profiling reported in our study identifies almost all the isolates tested

Species

Name

TEM

SHV

CTX-M1

CTX-M9

Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Chromobacterium
violaceum
Pseudomonas monteilii

Cef/M2/B1
Cef/M2/B2
Cef/M3/B1
Cef/M3/B2
Cef/M3/V1

+
–
+
+
+

–
–
–
+
–

+
–
–
–
–

–
+
+
–
–

Cef/M3/
W1
Cef/M3/
W2
Cef/M3/P1
Cef/M3/P2

+

–

–

–

+

–

–

–

+
+

+
–

+
–

–
–

Pseudomonas monteilii
Klebsiella pneumoniae
Klebsiella pneumoniae

Table 4
Table showing percentage of isolates and minimum inhibitory concentration (MIC) for each antibiotic.
Antibiotics

CTX
CIP
MEM

TE

V

MIC (µg/
mL)

Percentage of isolates (%)
C. violaceum
(n = 4)

E. coli
(n = 4)

E. cloacae
(n = 2)

K. pneumonia
(n = 2)

P. monteilli
(n = 9)

P. pseudoalcaligenes
(n = 3)

E. faecalis
(n = 14)

≥ 32
≤1
2
≥4
≤1
2
6
8
≥ 16
≤4
6
8
12
≥ 16
≤4
12

100
75
0
25
50
0
0
0
50
75
0
0
0
25
NT

100
25
0
75
50
25
0
0
25
0
0
0
0
100

100
50
0
50
100
0
0
0
0
0
0
0
50
50

100
50
50
0
100
0
0
0
0
0
0
0
0
100

100
88.9
0
11.1
0
44.4
11.1
0
44.4
22.2
11.1
33.3
0
33.3

100
66.7
0
33.3
66.7
33.3
0
0
0
0
0
0
33.3
66.7

NT
21.4
50
28.6
NT

Notes: NT – Not tested.
9

85.7
7.1
7.1
0
0
85.7
14.2

J.Y. Ho et al.

Journal of Hazardous Materials 405 (2021) 124687

carbapenemase-producing genes (GES, OXA-48, IMP, VIM, KPC and
NDM) were not detected in any of the gram-negative isolates indicating
other possible resistance mechanisms. OXA-type of ESBL was found to be
more commonly present in P. aeruginosa, while CTX-M-2 gene was
present in S. enterica (Bradford, 2001). On the other hand, Dallenne et al.
(2010) reported no carbapenemase genes GES, IMP, VIM and KPC in
ESBL resistant isolates.
From our analysis, it is interesting to note that the Chromobacterium
violaceum, a gram-negative, anaerobic β-proteobacterium detected at
relatively low concentrations (1.75 × 103 per 100 mL) in the study sites
exhibited high levels of drug resistance i.e., up to 88% and 100% at M2
and M1, respectively (Fig. S4, supplementary information). As sum
marised in Table 3 and Table 4, all of the C. violaceum isolates were
resistant to CTX, GM, and SXT, 75% of the C. violaceum isolates were
resistant to FOX, 50% were resistant to MEM, 25% were resistant to CIP
and TE. A TEM ESBL-producing gene was also detected in one of the
C. violaceum isolates. These high levels of drug resistance in C. violaceum
is possibly due to the large number of open reading frames that facilitate
multidrug resistance (Fantinatti-Garboggini et al., 2004). Although
C. violaceum is generally considered as non-pathogenic, it has been
associated with variety of infectious diseases including pneumonia,
gastrointestinal and urinary tract infections (Baker et al., 2008;
Berebichez-Fridman et al., 2018). Other than that, there is a case re
ported that C. violaceum resembling melioidosis which caused sepsis and
multiorgan dysfunction (Khadanga et al., 2017). Our study highlights
the protean nature of C. violaceum and the emerging multidrug-resistant
risks on animals and human via contact with river water.

correlation between MinION derived faecal pollution indicator data
with total and human E. coli by qPCR, E. coli and total coliform bacteria
by plate count, and ESBL-producing bacteria plate counts (Fig. 6). The
estimated absolute abundance of Bacteroides and Prevotella appear to be
good faecal pollution indicators derived from MinION 16S amplicon
NGS data and 16S gene copy numbers by qPCR, whereas probe rodA
(total E. coli) appears to be a good qPCR marker, as these indicators
correlated well with others across a wide range of methods (MinION
NGS, qPCR and viable plate counts). In addition, Bacteroides, Prevotella
and E. coli qPCR (probe rodA) also significantly correlated with ESBLproducing E. coli (E_coli_AMR), suggesting them as useful surrogate
markers for AMR. Bacteroides and Prevotella prevalence studied with
Illumina NGS were also found to be good faecal pollution indicators in a
previous study of surface water quality in South Asia (Mrozik et al.,
2019) and are abundant in the human gut microbiome of South Asian
populations (Vangay et al., 2018). Furthermore, a significant negative
correlation was shown between dissolved oxygen (DO) with most of the
parameters except Enterococcus (data derived from MinION NGS and
plate counts) as well as ESBL-producing C. violaceum. Conversely, Bac
teroides, Prevotella (from MinION NGS) as well as E. coli qPCR (probe
rodA) had significant positive correlation with nitrate content in the
river. A more detailed discussion of the Pearson correlation analysis was
included in Supplementary information.
4. Water quality and fragmented waste management:
conclusion
The River Melayu sustains diverse and extensive residential and
commercial activity, but water quality along the river is varied due to
inconsistent waste management along its length and tidal mixing with
water from the Straits of Johor. This is important because many depend
upon the river for their livelihood and, depending on where one works
and lives, different exposure risks exist. To assess sub-reaches of greater

3.10. Correlation analysis for microbial water quality parameters
When data derived from MinION NGS, qPCR, and E. coli, total coli
form as well as ESBL-producing bacteria plate counts were investigated
using systematic correlation analysis, there were significant Pearson

Fig. 6. Correlation analysis between different
microbial water quality indicators determined
with MinION NGS, qPCR and plate count of E.
coli, total coliform, Enterococcus, Staphylo
coccus and ESBL-producing (AMR) E. coli, C.
violaceum and other gram-negative bacteria as
well as dissolved oxygen (DO), ammonia and
nitrate. The colour intensities of squares are
proportional to the correlation coefficients
(Pearson correlation, p < 0.05, n = 8), the
number in the circle represents statistically
significant coefficients and squares with colour
shading indicate a correlation is significant.
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and lesser water quality (and implicitly health risk), we comprehen
sively characterised water quality with complementing methods and
showed that upstream sampling sites, especially M2 to M3, which were
primarily in residential areas, but also have STP discharge, clustered
together and had higher microbial abundances and MDR resistome
profiles, than downstream sites nearer the coast (M4 – M8). Despite
having no physical fragmentating agents, such as barrages, culverts and
physical barriers, waste releases with limited treatment, had function
ally broken the river into segments and presented dissimilar river
microbiomes and resistomes with differential exposure risks along the
river.
Although the net flow of the water was towards the coast, upstream
water quality was found to locally deteriorated due to waste releases
near the location of STP, and was improved downstream, likely because
of dilution with marine water from tidal activity in the estuary zone.
Whilst tidal mixing influences the hydrodynamics of the river, it appears
to dilute and shift microbial and AMR-related pollutants along the river
within the tidal reach, but local water quality deterioration in the up
stream seems more dominated by STP effluent. When there is consistent
waste management, the water quality more often declines at the
downstream of the river but the data from various methods here clearly
show the cleaner water quality in the downstream of the river than the
upstream. Thus, our data show how the STP discharge and tidal dilution
together create spatial variation in microbial and AMR-related expo
sures and identify locations for waste and AMR management improve
ment, possibly using faecal pollution and physiochemical indicators,
such as Bacteroides, Prevotella and E. coli (probe rod A) and dissolved
oxygen as surrogate water quality markers for AMR pollution.
Overall, work on this sub-urban river shows that the river pollution
does not monotonically vary from the upstream to the downstream but
creates highly variable water quality with points of greater and lesser
exposure risk emphasising the need to assess “the whole river” on local
scales to holistically determine water-associated health risks.
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