3 Biotech (2021) 11:40
https://doi.org/10.1007/5s13205-020-02617-3

ORIGINAL ARTICLE q

Check for
updates

Bacterial and eukaryotic microbial communities in urban water
systems profiled via lllumina MiSeq platform

Adeline Su Yien Ting'*® - Muhammad Zarul Hanifah Md Zoqratt'?® - Hock Siew Tan'
Andreas Aditya Hermawan®® - Amin Talei*® . Soon Thiam Khu3

Received: 8 September 2020 / Accepted: 26 December 2020 / Published online: 9 January 2021
© King Abdulaziz City for Science and Technology 2021

Abstract

Microbial communities from a lake and river flowing through a highly dense urbanized township in Malaysia were profiled by
sequencing amplicons of the 16S V3—V4 and 18S V9 hypervariable rRNA gene regions via [llumina MiSeq. Results revealed
that Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes were the dominant prokaryotic phyla; whereas, eukaryotic
communities were predominantly of the SAR clade and Opisthokonta. The abundance of Pseudomonas and Flavobacterium
in all sites suggested the possible presence of pathogens in the urban water systems, supported by the most probable number
(MPN) values of more than 1600 per 100 mL. Urbanization could have impacted the microbial communities as transient
communities (clinical, water-borne and opportunistic pathogens) coexisted with common indigenous aquatic communities
(Cyanobacteria). It was concluded that in urban water systems, microbial communities vary in their abundance of microbial
phyla detected along the water systems. The influences of urban land use and anthropogenic activities influenced the phys-
icochemical properties and the microbial dynamics in the water systems.
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Introduction

Accession numbers: All Fastq raw data can be accessed through

NCBI BioProject accession ID PRINA624028. Aquatic microbes are natural inhabitants of water systems.

Common microbial communities in freshwater environ-
ments include members of Proteobacteria, Bacteroidetes,
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Actinobacteria, Cyanobacteria, Verrucomicrobia and
Planctomycetes (Zwart et al. 2002). They have major roles
in various biochemical cycles; in nitrogen fixation, carbon
recycling, and degradation of organic compounds in the
aquatic ecosystem. In urban settings, the aquatic microbiome
is speculated to be influenced by the urbanization process.
Water pollution in urban water systems (e.g., lakes, rivers)
is attributed to wastewater and industrial effluents (Sinang
et al. 2015). Residential and industrial pollution flowing into
freshwater ecosystems like artificial lakes can trigger the
toxic cyanobacterial blooms (Sinang et al. 2015). Run-offs
from agricultural sectors impede water quality as well, as the
nutrient-rich input pollutes the water systems (Hafsi et al.
2016). This affects the aquatic ecosystem, decreasing water
quality and possibly increasing risks of water-borne diseases
that are hazardous to humans and other living organisms
(Wang et al. 2011; Rashid et al. 2018). The change to water
quality is expected to cause shifts in microbial communities
(Ininbergs et al. 2015; Mittal et al. 2019), which may include
the presence or possible proliferation of pathogenic strains
(Noor et al. 2017). Microbial diversity changes as microbes
adapt to the change in water quality. Microbes with deter-
minative roles in various cycles are, therefore, influenced
by the level of nutrients present in the aquatic system (Inin-
bergs et al. 2015). As such, river and lake water samples in
urban areas are often used for the evaluation on the impact
of anthropological activities to the environment (Cai et al.
2018; Jin et al. 2018).

In recent years, microbial communities have been char-
acterized via molecular approaches, with the next-genera-
tion sequencing (NGS) technique emerging as a powerful
tool for environmental microbiome research (Sogin et al.
2006; Jones et al. 2009; Mueller-Spitz et al. 2009). With
NGS technology, based on either the whole-genome or 16S
rRNA microbial sequences, various microbial communi-
ties have been successfully characterized (Ghai et al. 2011;
Sunagawa et al. 2015). These microbial analyses have been
extremely helpful in providing a greater insight in under-
standing aquatic communities. To date, the aquatic micro-
biome of pristine natural landscapes has been characterized
more often than water systems in urban landscapes. Staley
et al. (2013) detailed species richness along the Upper Mis-
sissippi river; whereas, Nakatsu et al. (2019) reported dis-
tinct microbial communities found in various sites in Lake
Michigan. Medeiros et al. (2016) used whole-genome and
amplicon sequence analyses to highlight that urbanized areas
in Sao Pedro stream (Juiz de Fora, Brazil) were abundant in
human pathogenic bacteria, contrasting with the ubiquitous
environmental microbes found in non-urbanized areas. In
South Africa, bacterial diversity of the water and sediment
samples from the Apies River was affected by the settle-
ments along the river (Abia et al. 2018). A similar observa-
tion was reported in China, whereby microbial communities
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from the middle and downstream river revealed the domi-
nance of Cyanobacteria and Thaumarchaeota, which were
attributed to the input of untreated effluents (Bai et al. 2014).
In all these reports, aquatic microbiome is observed to be
evidently influenced by anthropogenic activities (i.e., set-
tlements, effluents) although these sites are not exclusively
from highly populated urban areas. These studies also
revealed that point and non-point sources of pollution origi-
nating from municipal waste, agricultural runoff, industrial
effluents, or fecal contamination, are known to contribute
significantly in altering the microbial communities in the
water systems. These changes are contributed by the nutri-
ents, chemicals, pesticides, heavy metals, and presence of
fecal coliforms, which flows into the water systems (Staley
et al. 2013; Nakatsu et al. 2019). It is, therefore, evident that
inputs from surrounding areas into the water systems influ-
ence the composition of the microbial communities.

In urban settings, lakes and rivers do exist and are often in
close proximity to urban populations and inevitably receive
inputs from neighboring sources as a consequence of land
use. These aquatic water systems are, therefore, ideal for
water analysis to determine the impact of anthropogenic
influences and urbanization. In this study, the microbial
communities of various urban water systems present in
Bandar Sunway were profiled using the NGS technology.
The urban water systems included in the analysis were the
Kelana Jaya Lake, inlets into Kelana Jaya Lake and the out-
let water from the lake, as well as multiple points from the
Bandar Sunway river which flows through the various resi-
dential, industrial, commercial, recreational and construc-
tion areas in Bandar Sunway. It is postulated that the water
quality and microbial composition differs in response to the
anthropogenic activities and land use of the respective sites.
Inputs such as those from commercial areas, construction
sites, residential areas and golf courses, may influence the
bacterial and eukaryotic communities due to the various
levels of organic matter, suspended solids, nutrients, and
dissolved oxygen, channeled into the sites. High numbers
of coliforms, algae, cyanobacteria, or protists may then be
found as a response to the inputs and activities in each site.
The bacterial and eukaryotic communities found in the urban
water systems and the association with physicochemical
properties and site activities are, therefore, used to describe
the impact of urbanization on the urban water systems.

The aim of this study is to characterize both prokaryotes
and eukaryotes in urban water systems, so the impact of
urbanization on the microbial communities can be under-
stood. To achieve this, the water quality of all samples col-
lected in this study was assessed using the Most Probable
Number (MPN) test. Subsequently, microbial community
analyses were performed using sequencing data gener-
ated from the Illumina MiSeq platform. The sequencing
was carried out via amplification of the V3—-V4 and V9
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hypervariable region in the 16S and 18S rRNA genes to
characterize the prokaryotic and eukaryotic communities,
respectively. Results collected in this study provide valu-
able insights on the impact of urbanization on water sys-
tems in a highly urbanized setting (i.e., Bandar Sunway).
This study is significant as it documents the bacterial and
prokaryotic communities in urban water systems, which
has not been fully explored. It also profiled the eukaryotic
aquatic communities using MiSeq Illumina, which are not
extensively studied compared to bacterial communities.

Fig. 1 Map of the sampling
locations for 16S and 18S
rRNA-based microbiome
analysis. Information of these
sampling sites are tabulated in
Table 1

/
[\§
\

|

LiLg

ILILICT

Tl

B ‘Suban%ma P’!k‘Wetland

I=— | " =
= R |

(@ N T

Materials and methods
Sampling sites

This study was carried out in an urbanized metropolitan city,
Bandar Sunway, Selangor, Malaysia. This city is one of the
largest population hubs in Malaysia, known as a center for
education, tourism, high-quality living, and commercial
activities. Several sites representing the water systems in
Bandar Sunway were selected for this study (Fig. 1). The pri-
mary study site was Kelana Jaya Lake, which is bordered by
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a commercial area and a recreational park. The samples were
collected from the two inlets into the lake (Site 1, 2), the lake
itself (Site A), and the outlet of the lake (Site 3) where the
water from the lake flows downstream along the Bandar Sun-
way river before joining the Klang River. The first inlet into
the lake (Site 1) receives wastewater from commercial areas,
which flows into the lake; whereas, the second inlet (Site 2)
carries wastewater originating from residential areas and a
nearby golf course. Sampling point B (Site B) was located
300 m downstream from Kelana Jaya Lake, surrounded by
residential area and the Subang National Golf Club. Site
C was from a downstream point located between industrial
and commercial areas. Sites D, E and F represent down-
stream rivers flowing through the Subang Ria Wetland Park
and industrial area, residential area, and a construction site,
respectively. The specific information of the sample sites
is tabulated in Table 1. These nine sites were selected as
they are accessible and the surrounding areas have different
development and land use activities, reflecting the degree of
anthropogenic influence to the water systems.

Sample collection and analytical methods

The water samples from the above-mentioned sites were
collected twice, between May and June 2018. For each col-
lection site, triplicates were collected in 1-L plastic bottles.
The plastic bottles were washed and cleaned with detergent
prior to collection of water samples. Water samples were
then processed in the laboratory in which 150 mL were
filtered using a glass filter funnel connected to a vacuum
pump. The water samples were then measured for physi-
cal, chemical, and biological assessment according to the
United States Environmental Protection Agency (USEPA)
(US EPA 2018). The physicochemical profiles of the water
samples collected were also determined based on pH (digi-
tal probe sensor, HACH SensION + PH31), total nitrogen
(TN) content (HACH method 10071, HACH DR-6000
UV-Vis), total phosphorus (TP) content (HACH method
8190, HACH DR-6000 UV-Vis), chemical oxygen demand

(COD) (HACH method 8000, HACH DR-6000 UV-Vis),
biochemical oxygen demand (BOD) (YSI-5000 DO instru-
ment), and total suspended solids (TSS) (HACH method
8006, HACH DR-6000 UV-Vis). Readings for each param-
eter were recorded in triplicates. The Most Probable Num-
ber (MPN) technique was performed to determine the total
coliform count in the water samples (Bartram and Pedley
1996). Samples were prepared in triplicates and coliform
count were determined. The results were then compared with
the MPN index (Malathy et al. 2017).

Microbial community analysis

The collected water samples from all nine sites were sub-
jected to microbial community analysis. For this purpose, fil-
tration was carried out by placing 0.22-um membrane filters
(Merck Millipore) in the filter funnel and filtering through
150 mL of the water samples. Once water samples were
filtered, the membrane filter was collected and transferred
into a centrifuge tube containing 30-mL absolute ethanol
(C,HsOH), while the filtrate was discarded. After an over-
night storage, the membrane filter was then transferred into
a 2-mL PowerWater bead tube (Qiagen DNeasy PowerWater
kit) containing 567 pL. of ATL tissue lysis buffer and 63 uL
of Proteinase K. DNA extraction from the membrane filter
was carried out using Qiagen DNeasy Blood and Tissue kit
(Qiagen, Germany) as per manufacturer’s recommendation.
The procedures were conducted using sterilized apparatus,
either via autoclaving or UV rays, and in aseptic conditions
where relevant.

Library preparation and lllumina MiSeq sequencing

Approximately 10 ng of DNA (measured with Nanodrop
2000 spectrophotometer) was used for PCR amplification and
barcode incorporation as described previously (Watts et al.
2017). The hypervariable V3—V4 region of the 16S rRNA
gene was amplified using forward primer and reverse primer
as described by Klindworth et al. (2013). Amplification of

Table 1 GPS coordinates and

GPS coordinate

o . . Site Area

description of the nine sampling

sites downstream of Kelana Jaya 1

lake along the Bandar Sunway 2

river
A Kelana Jaya Lake
3 Kelana Jaya Lake outlet
B
C
D
E

(residential area)

ss]

Kelana Jaya Lake Inlet 1 (commercial area, shops, eateries)

Kelana Jaya Lake Inlet 2 (residential area, golf course)

River near housing area and Subang National Golf Club

River between Subang Ria Park Wetland and Industrial Area

River channel between Taman Wangsa Baiduri and Taman Subang Indah

River near Sunway Construction stockyard (construction site)

N03.09405° E101.59554°
N03.09339° E101.59637°
N03.09647° E101.59753°
N03.09296° E101.59907°
N03.09187° E101.60129°

River between Epson and Mentari Court (commercial and industrial area) N03.08515° E101.60588°

N03.07637° E101.60093°
N03.07876° E101.59735°

N03.06774° E101.59885°
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the hypervariable V9 region of the 18S rRNA gene was also
carried out using the 1391f forward primer and EukBr reverse
primer as described by Amaral-Zettler et al. (2009) and Stoeck
et al. (2010). Primers were obtained from Integrated DNA
Technologies Inc. Both sets of primers were incorporated with
Illumina Nextera 5" overhang adapter sequence. Successful
PCR reaction was assessed using gel electrophoresis on 1%
agarose gel, indicated by the presence of a single amplicon
band for each sample and a positive control, and absence of
that band in a negative control (deionised water). The con-
structed library of DNA samples were sent for 2 X250 bp
INlumina MiSeq sequencing platform (Illumina, San Diego,
CA, USA) in Monash University Malaysia Genomics Facil-
ity. Sequence data can be accessed from NCBI database
under BioProject PRINA624028. The library preparation and
sequencing procedures were carried out using sterilized appa-
ratus, either via autoclaving or UV rays, and in aseptic condi-
tions where relevant.

Bioinformatics analyses

The MiSeq sequencing data for 16S and 18S rRNA from
all nine samples were pre-processed by trimming primer
sequences using Cutadapt (Martin 2011) and merging paired-
end reads using USearch (Edgar 2010) as described by Md
Zogratt et al. (2018). Sequence dereplication and denoising
were done on DADA?2 software using default parameters (Cal-
lahan et al. 2016). This is followed with taxonomic classifi-
cation (using q2-classifier trained on SILVA 132 database),
feature table normalization, alpha and beta diversity analyses,
and principal coordinate analyses (PCoA), all which were per-
formed with QIIME2 (Prusse et al. 2007; Bolyen et al. 2018).
In this study, QIIME?2 analysis for both 16S and 18S were
performed in a similar manner with slight modifications for
16S analysis. SILVA 132 reference sequences were used to
train the classifier, while the 18S reference sequences were left
untrimmed. The chloroplast and mitochondrial contaminant
sequences were filtered using QIIME2 (Bolyen et al. 2018).

The alpha diversity analyses based on Observed Features
and Shannon indices were performed on the normalized fea-
ture table. For beta diversity, both 16S rRNA and 18S rRNA
scatter plots were evaluated based on phylogenetic-based
Unweighted UniFrac (Lozupone et al. 2010) and non-phylo-
genetic-based Jaccard diversity metrics (Baselga and Orme
2012).

Results and discussion

Physical, chemical and biological water quality
indicators

A summary of the physical and chemical properties of the
water samples, taken during May—June 2018, along with
their statistical parameters are tabulated in Table 2. As it can
be seen, the pH level was between 7 and 8 for all samples.
The TN content was between 0.20 and 15.63 mg/L, with
major contributors from samples from sites 2 (9.72 mg/L)
and E (15.63 mg/L). Similarly, the TP content for samples
from site 2 was found to be relatively higher (3 mg/L). This
may be attributed to the nearby golf course area that utilizes
fertilizer for their turf grass, resulting in the high phosphorus
content. The 5-day biochemical oxygen demand (BODs) was
higher for samples from site 1 (17.34 mg/L); whereas, COD
levels were moderate throughout all sampling sites (mean
of 42.32 mg/L), with the exception for samples from site F
(255.67 mg/L). The TSS among all sampling points were
considered low (6.33-69.67 mg/L). To better understand
the impact of land use on water quality in the study site, an
investigation was conducted to identify the land-use compo-
sition in the contributing catchment of each sampling point.
Table 3 summarizes the results of this investigation and links
them to the observed physical and chemical characteristics
of water samples. As it can be seen, only a high percentage
of industrial land use (site F, moderate for physical pollu-
tion) may cause an increase in physical pollution in water,
while chemical pollution is mainly linked to high commer-
cial or residential land uses (sites 1, 2, D and F, with 100,
26, 100 and 70% of commercial and residential land use,
respectively) (Table 3).

All collected water samples produced MPN values
exceeding the permissible safe levels, with MPN index val-
ues > 1600 (Table 4). This indicated that each water sam-
ple contained an estimated > 1600 coliforms per 100 mL.
The water quality for all sites was reported as unsatisfac-
tory with the high presence of coliforms. This observation

Table 2 Summary of statistical parameters for the physical and chem-
ical water quality data

Parameters Min Max Average SD
pH* 7.03 7.85 7.42 0.19
TN (mg/L) 0.20 15.63 6.46 4.39
TP (mg/L) 0.64 5.62 2.11 1.25
TSS (mg/L) 6.33 69.67 18.52 10.82
COD (mg/L) 14.00 255.67 42.32 40.48
BOD; 1.26 18.83 7.59 4.98
*No unit
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Table 3 Land use and pollutant

" i . . Sampling Land use Physical pollution Chemical pollution Catchment
condition at each sampling point point area (km?)
1 70% commercial Low High COD 0.41
30% residential High BOD5
2 14% commercial Low High TN 0.54
12% residential High TP
74% golf course
3 Lake outlet Low Moderate -
A Lake Very high Very high -
B 10% construction Low Moderate 0.11
20% commercial
25% residential
45% open area
C 10% construction Low Moderate 1.10
35% residential
55% golf course
D 100% residential Low High overall 0.21
E 20% commercial Low Moderate -
80% residential
F 60% commercial Moderate High overall 1.05
10% residential
30% industrial

Table 4 Summary result of total coliform tests performed from May
to June 2018 for the nine sites

Month  MPNindex  Grade
per 100 mL
Coliform test ~May > 1600 Class IV Unsatisfactory
June > 1600 Class IV Unsatisfactory

was consistent for all water samples tested throughout the
sampling intervals from May to June 2018. This strongly
indicated that water samples from the various sites in the
urban water system in Bandar Sunway were of poor quality
and may contain pathogens and fecal matter.

Relative abundance of microbial communities

The Amplicon Sequence Variant (ASV) for 16S rRNA
microbiome analysis was constructed using an estimate of
26,249 merged mean reads per replicate. Rarefaction curve
analysis indicated that approximately 10,000 reads were
sufficient to capture the bacterial community structure
(Fig. S1). Using the merged reads, an average of 428 ASVs
per replicate for the nine samples were generated (Table 5).
The mean numbers of ASVs for samples from sites 1, 2,
A, 3,B,C,D,E and F were 415+ 79, 526 +97,198 + 145,
620 =241, 416 54, 38577, 505+ 136, 422 + 215,
and 366 + 169, respectively, with samples from sites 1
(415+79), 2 (526 £97), 3 (620+241), B (416 +54), D
(505 +136) and E (422 +215) having higher ASV counts.
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Based on the standard deviations, the ASV counts for all
sampling points did not vary much during the different
collection period except for samples from sites 3 and E.
There were several ASV counts that were outliers (unu-
sually high or low) when compared among the sampling
time. For example, the outlier for samples from site A was
during the second sampling (ASV 365), for samples from
sites 3 (ASV 857) and E (670), the outliers were detected
during the third sampling, and samples from site F (ASV
171) have an outlier during the first sampling (Table 5).
For the 18S rRNA microbiome analysis, the average
merged reads were 35,924 that were used to generate an
average of 438 ASVs per replicate. Similarly, the rarefac-
tion curve analysis indicated that approximately 10,000
reads were sufficient to capture the eukaryotic community
structure of Bandar Sunway freshwater environment (Fig.
S2). The ASVs constructed for each site were as follows;
303 +£256 (Site 1), 452 + 181 (Site 2), 358 +77 (Site A),
571 £351 (Site 3), 333 + 144 (Site B), 457 + 87 (Site C),
803 +559 (Site D), 399 +264 (Site E), and 268 + 108 (Site
F) (Table 5). The lowest and highest ASVs recorded were
for samples for sites F and D, respectively. For 18S rRNA-
based microbiome analysis, several sampling sites had
high variability among different sampling periods such as
for sites 1, 3, D, and E with standard deviation values 256,
351, 559 and 264, respectively. There were more outliers
in the ASV counts detected when compared to 16S rRNA.
These include samples in site A (ASV 599) in the third
sampling, site 2 (ASV 656) for the second sampling, and
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Table 5 Illumina MiSeq

. - Sample 16S rRNA 18S rRNA

sequencing data obtained for

each replicate of the three Reads Merged reads ASVs Reads Merged reads ASVs

sampling periods for the nine

sites downstream of Kelana Jaya 1 34,594 29,374 376 31,196 25,119 147

lake along the Bandar Sunway 1 27,225 22,825 363 45217 42,196 163

river 1 37,503 32,108 506 36,979 30,315 599
2 36,052 27,311 609 38,507 34,937 310
2 36,110 28,582 419 40,241 36,302 656
2 38,167 29,166 550 29,733 24,609 389
A 37,051 31,458 124 27,866 22,301 273
A 26,375 20,045 365 35,658 32,030 375
A 24,509 19,189 105 56,055 49,694 425
3 33,541 28,114 628 36,390 33,086 907
3 27,879 21,989 375 35,492 31,509 206
3 86,860 68,040 857 26,825 20,922 601
B 30,354 23,045 404 36,184 32,651 492
B 30,952 24,098 369 50,898 45,925 297
B 27,441 22,977 475 39,009 35,255 212
C 29,239 20,848 313 53,815 49,236 554
C 35,002 26,373 467 51,169 47,544 385
C 30,663 23,977 376 121,349 115,373 432
D 27,468 23,645 561 36,780 32,299 1449
D 33,617 26,204 605 38,407 35,655 476
D 28,958 22,418 350 25,624 18,879 485
E 25,872 20,363 304 60,856 57,331 702
E 29,390 22,742 292 31,467 25,924 214
E 24,544 19,228 670 25,197 19,758 282
F 29,730 25,784 171 34,668 27,241 148
F 31,848 27,058 475 18,064 16,170 359
F 28,328 21,773 451 34,568 27,697 296
Total 889,272 708,734 11,560 109,821 969,958 11,834

sites 3 (ASV 907), D (ASV 1449), and E (ASV 702) for
the first sampling (Table 5).

Prokaryotic communities of the urban water
systems (16S rRNA analysis)

There were four predominant bacterial phyla present in all
samples from the sites, namely the Proteobacteria, Bacte-
roidetes, Actinobacteria, and Firmicutes (Fig. 2, Table S1).
Proteobacteria was the most dominant phylum, present in
reasonably high abundance in all sampled sites. The abun-
dance of Proteobacteria was most evident in samples from
sites F (river near construction site), D (river near wetland
and industrial area) and 1 (Lake inlet from commercial area),
and of a lesser degree in site A (Kelana Jaya Lake). The
observations were suggestive that downstream river sites
with neighboring commercial, industrial or construction
activities contributed to the abundance of Proteobacteria.
For Bacteroidetes, their relative abundance was generally
higher in samples from sites C (river from industrial and

commercial area), 2 (lake inlet 2 from residential area and
golf course) and 3 (lake outlet), and lesser from sites 1 (inlet
from commercial area), A (Kelana Jaya Lake) and F (river
near construction site). The relative abundance of Actino-
bacteria was similar for samples in sites C, 3, B and 2, but
the least in site 1 (lake inlet from commercial area). For
Cyanobacteria, the relative abundance was highest in sam-
ples from site A (Kelana Jaya Lake), while samples from
site 1 (Lake inlet 1 from commercial area), 2 (Lake inlet 2
from residential and golf course), D (site nearby wetland
and industrial area) and F (nearby construction site) have
the least abundance. This suggested that Cyanobacteria
were more abundant in water systems that have slower flow
rates (lake) when compared to inlet, outlet and downstream
points. For samples from sites 1 and 2 (inlet sources to the
Kelana Jaya Lake), where flow rate is greater, Cyanobacteria
were found to be the least abundant. The other phyla such
as Epsilonbacteraeota, Verrucomicrobia, Planctomycetes,
Chloroflexi, and Patescibacteria, were present in the vari-
ous samples, albeit with lower relative abundance (Fig. 2).
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The microbiome analysis has, therefore, revealed that the
16S prokaryotic communities in the urban water systems of
Bandar Sunway consisted primarily of Proteobacteria, Bac-
teroidetes, Actinobacteria, Cyanobacteria, and Firmicutes.
Other groups such as Epsilonbacteraeota, Verrucomicro-
bia, Planctomycetes, Chloroflexi and Patescibacteria were
detected only in certain sites such as in samples from sites
1 and F for Epsilonbacteraeota; sites A, 3, B, C and E for
Planctomycetes; and sites 3, B, C, D and E for Chloroflexi.

The prevalence of bacterial genera in the 16S rRNA com-
munities was further examined. Upon analysis, the preva-
lent bacterial genera were identified as Flavobacterium and
Pseudomonas (more than 90% prevalence). Flavobacterium
and Pseudomonas are members of the phylum Bacteroidetes
and Proteobacteria, respectively (Fig. 3). Other relatively
dominant genera are close to 90% prevalence include Novo-
sphingobium, Aeromonas, and Acinetobacter, which all
belong to the phylum Proteobacteria.
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As observed in this study, the dynamics of the bacterial
communities in the urban water systems differed along the
sampling sites but were predominated by Proteobacteria.
This did not come as a surprise as Proteobacteria is a large
phylum that comprises of the coliforms (Escherichia, Salmo-
nella, Vibrio, Shigella, Pseudomonas), food pathogens (Hel-
icobacter, Campylobacter), and natural soil and environ-
mental bacteria (Rhizobium, Nitrosomonas, Agrobacterium,
Desulfovibrio, Geobacter, and Acidithiobacillus). Results
here were consistent with the MPN results observed, con-
firming that total coliform count exceeding the safety level
suggests the presence of fecal matter and possible pathogens.
In this study, the ubiquity and abundance of Proteobacteria
are evident in all samples, especially from samples in areas
with high human activities (i.e., construction site, Subang
wetland Park and industrial area, lake inlet from commer-
cial areas). This suggested that urban water systems harbour
both environmental bacteria as well as pathogens (coliforms,
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food pathogens), presumably from the input of untreated
wastewater or polluted water into the natural water system.
This observation is again aligned to the MPN results derived
from the tested water samples, validating that the likelihood
of pathogens in the water systems is high, as a consequence
of the inputs from various sites. In addition, the prevalence
of Proteobacteria is highly suggestive of the impact of
human activities on the aquatic microbiome as Proteobac-
teria was notably less abundant in water samples from sites
less exposed to human activities (i.e., lake, residential area).
The negative impact of human activities and urbanization
on the lakes and river sites was further evidenced by the
prevalence of Pseudomonas, Aeromonas, Aquabacterium,
and Sphaerotilus in the water samples. Their detection (from
construction sites, eateries in commercial areas, industrial
sites) indicated the possible presence of pathogens (Noor
et al. 2017) or sludge (Suzuki et al. 2002), and especially
with Aeromonas and Aquabacterium as causal agents of gas-
troenteritis (Janda and Abbott 1998; Dong et al. 2011). It is
also possible that pathogens may originate from fecal matter

of animals (e.g., aquatic animals, terrestrial animals, birds)
as animals are present in these areas (lakes, industrial sites,
residential areas). Nevertheless, these are proposed theories
as there are no published records on animal populations in
sampled sites.

Other phyla indicative of the presence of possible patho-
gens include the detection of Bacteroidetes with high preva-
lence of Flavobacteria, Bacteroides, Fluvicola, Cloacibac-
terium, and Sediminibacterium. Flavobacterium is the most
prevalent genus and is commonly present in soils and water.
It is also a possible pathogen of freshwater fish diseases (Jin
et al. 2018). The Bacteroides maintain beneficial relation-
ships with the host when retained in the gut, but when in the
environment, they can cause significant pathology, including
bacteraemia and abscess formation (Zafar and Saier 2018).
The Actinobacteria is another phylum, consisting of natural
decomposers and nitrogen fixers, but some are pathogenic
such as Mycobacterium tuberculosis (Ventura et al. 2007).
The prevalence of Mycobacterium in the samples highlights
the possible presence of pathogenic microbes in the water
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systems. Firmicutes is another abundant phylum and this
may be attributed to their resistance to desiccation (Galperin
2013). As expected, Cyanobacteria was the most abundant
in the lake itself (site A), thriving in the lake where water
is stagnant. This is commonly observed in urbanized lakes
as there are higher levels of sediments or nutrients (Bai
et al. 2014; Saleem et al. 2018; Lau et al. 2019). Continu-
ous detection of Cyanobacteria at sites downstream from
the lake, but in low abundance probably implied that the
population of cyanobacteria decreases from enclosed water
bodies to flowing water systems. Microcystis, the most abun-
dant Cyanobacteria found in this study, grows well at higher
temperatures and may out-compete diatoms and green algae,
possibly leading to increased dominance and potential toxic
blooming in aquatic environments (Almanza et al. 2016). In
this study, Cyanobacteria were detected, but results did not
discriminate if these were symbionts, free-living, or toxic
cyanobacteria.

To summarize, the bacterial communities in urban waters
systems were primarily from the phyla Proteobacteria, Bac-
teroidetes, Actinobacteria, and Cyanobacteria, which were
also typically observed in various water sources: rivers,
lakes, and streams (Staley et al. 2013; Medeiros et al. 2016;
Noor et al. 2017; Cai et al. 2018; Lau et al. 2019; Mittal et al.
2019). These phyla are regularly clustered as ubiquitous bac-
terial communities in river and lake samples, and the origin
of some of the bacteria from gut and feces may indicate
contamination from human and urbanization activities. The
poor water quality and possible contamination with feces is
further strengthened with the detection of Verrucomicro-
bia, which is also present in human feces (Cai et al. 2018).
In short, the association of multiple phyla with microbiota
from both human and farm animal feces is a concern (Lee
et al. 2011; Moon et al. 2018). Their higher abundance in
downstream sites may imply that the increase in abundance
of these groups result from urbanization activities along the
river. These are evidence that downstream river points with
neighboring commercial, industrial or construction activi-
ties, contribute to the abundance of Proteobacteria. As such,
it is suggestive that the prevalence of Proteobacteria in the
Bandar Sunway water system may be attributed to human
and industrial activities. Although the prevalence of Proteo-
bacteria is generally understood to expand and persist in var-
ious ecological niches (Zavarzin et al. 1991), results here are
suggestive that Proteobacteria may form the core bacteria
community which are consistent and prevalent throughout
all sites in the water systems evaluated in Bandar Sunway.
Observations here further strengthen the global richness of
Proteobacteria as observed in other studies as well (Zavar-
zin et al. 1991; Louca et al. 2019). This finding contributes
immensely to the understanding of aquatic microbiome, par-
ticularly from urban water systems. This may be one of the
first few studies in Malaysia to document the microbiome
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analysis from urban aquatic system in Malaysia as previ-
ous studies were more on freshwater lakes such as from the
photic and aphotic zones of Temenggor Lake (Lau et al.
2019) and aquaculture farms in Temenggor Lake (Noor
et al. 2017).

Eukaryotic communities of the urban water systems
(18S rRNA analysis)

The eukaryotic communities were primarily of the phyla
SAR and Opisthokonta (Fig. 4, Table S2). All the three SAR
clades can be found in all the samples (Fig. S3). The rela-
tive abundance of SAR was evident in samples from sites
E, C, F, 2, while lower abundance was found in sites 1 and
D. This observation noted that most water samples from the
downstream rivers (sites E, C, F) have more members from
SAR, with the exception of site 2 (inlet from residential and
golf course). The other dominant phylum, Opisthokonta, had
higher relative abundance in samples from sites 3, B, C,
and A, while the lowest relative abundance was from site
1. This observation suggested that Opisthokonta was most
likely introduced from inlet 2 (site 2) into the Kelana Jaya
Lake (site A), and gradually flowed downstream (sites 3, B,
C). Other eukaryotic communities found in the water sys-
tems include Cryptophyceae, Excavata, Amoebozoa, Centro-
helida, and Archaeplastida. Of these, Excavata was observed
to be present in abundance in samples from sites B and 3,
but extremely low in abundance in sites 1 and F. Amoe-
bozoa was recovered from site A (Kelana Jaya Lake) but
were negligible in other samples. It was also observed that
a large proportion of the 18S rRNA amplicon sequencing
reads were unassigned (Fig. 4, Table S2). This occurred in
all nine samples where the unassigned group was relatively
dominant in sites 1, D, F, 2 and E. Overall, the eukaryotic
microbiome analysis has revealed that sites A (Kelana Jaya
Lake) and 3 (outlet) were most diverse whereas site 1 (inlet
from commercial area) was the least diverse.

The eukaryotic community analysis revealed that the
largest taxa is the unassigned 18S rRNA, from commercial,
industrial and construction sites. This is highly suggestive
that water samples from these sites may have been contami-
nated with wastes or effluents of eukaryotic organisms or
their debris/remnants. The lack of references in the database
led to non-identification and the proposal that the taxa may
not originate from microbes. There is therefore a need for
the 18S rRNA reference database for microbiome analysis
to be updated through future experiments prioritizing these
communities (Santamaria et al. 2012). The next two preva-
lent taxa were SAR and Opisthokonta. The abundance of the
SAR group may be attributed to the presence of algae, dia-
toms, planktons, dinoflagellates, and ciliates (Ortiz—Alvarez
et al. 2018). Their high abundance in sites such as residen-
tial areas, golf course, commercial and construction sites,
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did not reveal any particular trend, except for the shared
presence of human activities. For Opisthokonta, their rela-
tive abundance in lake outlet, lake, housing and golf course,
and commercial area, may be attributed to the fact that both
fungi-like Holomycota and animal-like Holozoa were pro-
filed (Torruella et al. 2012). The abundance of Opisthokonta
may be attributed to the various aquatic organisms such as
chytrids and microsporidia, which may be naturally pre-
sent in the water systems (Del Campo et al. 2015). Other
eukaryotic phyla such as Cryptophyceae (e.g., algae Cryp-
tomonas, Rhodomonas), Excavata (e.g., Euglena), Amoebo-
zoa (e.g., Amoeboa), Centrohelida and Archaeplastida were
also present in the water systems. They are typical aquatic
eukaryotes, observed to be present in freshwater systems
(Burki 2014; Simon et al. 2015; Wirth et al. 2019). This
suggests that the urban water systems such as in Bandar
Sunway have eukaryotic communities similar to freshwater
systems, which comprise algae, aquatic fungi, protozoans,
amoebozoans, planktons and aquatic parasites.

Diversity analyses of microbial communities
in Bandar Sunway water systems

The diversity analyses of both the prokaryotic and eukary-
otic microbiome were performed based on alpha and beta
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diversity. The alpha diversity analyses, based on Observed
Features and Shannon indices, revealed no statistical differ-
ences observed for both communities. The alpha diversity
for 16S rRNA showed p values of p=0.269 and p=0.316
for Observed Features and Shannon Index, respectively. For
18S rRNA analysis, p=0.450 and p =0.507 was recorded for
Observed Features and Shannon Index, respectively (Fig. 5,
Table S3). This was observed for both prokaryotic (16S
rRNA) and eukaryotic (18S rRNA) communities. For beta
diversity, the phylogenetic-based (unweighted UniFrac) and
non-phylogenetic-based (Jaccard) methods were employed.
Both 16S rRNA and 18 s rRNA scatter plots for Unweighted
UniFrac and Jaccard revealed no clustering among samples
(Fig. 6). As such, there were no significant differences in the
species richness between different sampling sites from the
various water systems, for both prokaryotic and eukaryotic
communities (Fig. 6). This indicated that species richness
of samples from different sites were similar to each other.
The alpha diversity analysis for prokaryotes confirmed
that each site at different collection periods had similar bac-
terial diversity. This is presumably due to the fact that in
urban settings, the driving pressure for change is rather sub-
tle, because there are no monsoon seasons or drastic changes
in weather. The bacterial communities were revealed to be
relatively similar among all sample sites as no significant
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Fig.5 Alpha diversity boxplots for 16S rRNA and 18S rRNA

differences were observed in the beta diversity analysis.
Despite the lack of differences in the richness of species
between the sites, the relative abundance of the same phyla,
i.e., Proteobacteria, Bacteroidetes, Actinobacteria and Firmi-
cutes, were observed and includes some other unique phyla
(i.e., Planctomycetes and Chlorofexi). Similarly, the alpha
diversity analysis of the eukaryotic community revealed that
the samples collected at different sampling periods did not
influence the overall eukaryotic diversity across all loca-
tions. Notably, earlier ASV counts indicated high variability
between sampling periods for many sites. The beta diversity
analysis also confirmed that across the different sampling
sites, the species richness of the eukaryotic community
remains the same. It, therefore, appears that eukaryotic
communities in urban water systems are relatively consistent
and the urbanization process did not cause any significant
changes to the communities.

In short, this study has revealed the microbial commu-
nities in an urban (Bandar Sunway) water system, and the
possible impact of human activities on the relative abun-
dance of the various phyla. Combined with the land use and
physicochemical parameters obtained, it is clear that neigh-
boring commercial areas, residential, industrial areas and
construction sites have somewhat a degree of influence on
the quality of water that flows through the water system. The
Kelana Jaya lake is a recreational area with human activities.
But the discharge from inlet 1 and 2 carries possible wastes
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that may affect the community structure in the lake. Inlet 1
and 2, with 26-100% of land use in commercial and resi-
dential purpose, may have channeled polluted water into the
lake as high BODS, COD, TN and TP were detected in the
water samples. With high levels of TN and TP, it may have
caused a bloom in the aquatic assemblages (Cyanobacte-
ria, SAR, Opisthokonta and Amoebozoa). The contributing
sedimentation of nutrients or other wastes has been known
to contribute to eutrophic condition in the lakes (Menci6 and
Mas-Pla 2010). Therefore, the prevalence of Cyanobacteria
and Archaeplastida in the lake, which has very high levels
of physical and chemical pollution, exemplifies the occur-
rence of eutrophication. Clearly, the land use and activities
surrounding inlets 1 and 2 may have subsequently influenced
the physicochemical characteristics and microbial commu-
nities in the lake as well (site A). As the water from the
lake flows out from the outlet (site 3) to the river, the same
community prevails as the water source carries with it the
core bacterial communities (Proteobacteria, Bacteroidetes,
Firmicutes). These core communities are consistent in their
prevalence in water samples from sites with typical land use
as residential or commercial purpose (sites B, C, D, E, F),
suggesting that discharge from home, workplaces, shops,
eateries, and industries, are often high in Proteobacteria,
Bacteroidetes as well as SAR. This is often accompanied
with moderate to high levels of chemical pollution detected
in the water samples from the sites. The relative abundance,
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Fig.6 Beta diversity plots for 16S rRNA and 18S rRNA

however, may change due to gradual changes with input
from neighboring sources, with clear evidence that high
chemical pollution (TN, TP, COD, BODS5) would usually
lead to higher Proteobacteria, Bacteroidetes, and SAR. Over-
all, the microbial community analysis of this study has high-
lighted the presence of both natural aquatic microbes as well
as pathogenic contaminants due to urbanization in Bandar
Sunway water systems. The land use influences the pollution
levels in each site, and this has been shown to subsequently
impact the microbial communities in the water system.

Conclusion

The 16S and 18S rRNA-based amplicon sequencing
approach has successfully characterized the microbial
communities of the urban water system in Bandar Sunway,
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Malaysia. The abundant prokaryotic communities are Pro-
teobacteria, Bacteroidetes, Actinobacteria and Firmicutes;
whereas, the abundant eukaryotic communities are SAR
group and Opisthokonta. The alpha diversity analysis has
confirmed that microbial diversity in the urban water system
is not influenced by different sampling periods. The beta
diversity analysis has also concluded that the overall micro-
bial community from inlets to lakes and rivers are similar
regardless of surrounding activities. The neighboring land
use and activities however, influenced the relative abundance
of the various phyla. These activities determine the level
of pollution (physicochemical), which gradually impacted
the abundance of typical aquatic microbial communities, by
causing algae and phytoplankton blooms (Cyanobacteria,
SAR), potentially harboring common bacteria due to high
total coliform counts (from MPN and community analysis of
Proteobacteria, Bacteroidetes), or extraordinary recoveries
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of Unassigned 18S rRNA taxa. The presence or increased
abundance of potential harmful pathogens and toxic bloom
in the water systems corresponds to the water quality and the
possible deterioration of water quality due to urbanization
in Bandar Sunway.
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