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ABSTRACT

The intensive use of antibiotics due to their broad applications and incessant release into the environment
has led to the widespread emergence of antibiotic resistant bacteria (ARB) and antibiotic resistance genes
(ARGS). Antibiotic resistance has turned into a genuine threat to human health. Wastewater treatment plants
(WWTPs) have been identified as one of the major sources of ARGs and biocide-metal resistance genes
(BMRGSs), known to provide numerous environmental conditions potentially supporting the selection of
ARGs and their dissemination into the environment mostly via horizontal gene transfer (HGT). Even though
the distribution of antibiotic- and biocide-metal resistome (the ensemble of resistance genes) in WWTPs
has been profoundly investigated, in-depth knowledge of the prevalence and abundance of mobilome
(transposable elements and integrative and conjugative elements) and their association to ARGs is still
lacking. Moreover, little is known regarding the pool of antibiotic- and biocide-metal resistome along with
the mobilome in the chromosomal and plasmid metagenome. In this study, using IHlumina high-throughput
sequencing based metagenomic approach, we investigated the prevalence and abundance of antibiotic- and
biocide-metal resistome and mobilome in the influent, effluent, upstream and downstream samples of three
different WWTPs located at Seoul, Gwangju, and Jangseong city of South Korea. Our results showed that
21 out of 24 ARG types were detected in all the WWTPs. Moreover, BMRG abundance was found to be
approximately 2 times higher than that of ARGs. Genes conferring resistance to multi-drug and rifampicin
were detected high in all the samples. Additionally, our results suggested that mobile MCR-5 colistin
resistance gene may be present on a plasmid in the influent sample of Gwangju WWTP. Metal resistance
gene abundance was found to be higher than that of the biocide resistance gene, while genes conferring
resistance to both biocides and metals were a few. The influent samples showed higher antibiotic and
biocide-metal resistome abundance than those of the effluent (10 times and 5-7 times, respectively),
suggesting the successful elimination of antibiotic- and biocide-metal resistome by the WWTPs. Similar

trends were observed for the mobilome abundance in all the WWTPs. Nevertheless, the downstream

Vi



showed a higher abundance of antibiotic- and biocide-metal resistome and mobilome than the upstream in

the two WWTPs.

On the other hand, we detected a higher abundance of integrative and conjugative elements (ICE) than that
of the transposable elements in all the samples. Furthermore, a large number of mobile ARGs were
associated with ICE and located on the chromosomes, while several mobilizable and conjugative plasmids
were found to carry mobile ARGs along with BMRGs and virulence genes. It has been reported that
plasmids carrying mobile ARGs were designated to various human pathogenic bacteria such as Vibrio
cholerae, Salmonella enterica subsp. enterica serovar Heidelberg, Klebsiella pneumoniae, Salmonella
enterica subsp. enterica serovar Corvallis, and Pseudomonas syringae. Therefore, regardless the
abundance, those plasmids should be monitored with caution. Our results showed that the plasmids can
persist the treatment processes in the WWTPs, depending on the total abundance of plasmids. On analyzing
the microbial community, the phylum Proteobacteria dominated all the WWTP samples. At the genus level,
there was a substantial difference between the influent and effluent samples although the downstream and
upstream samples did not show any significant difference in microbial community composition. Moreover,
various potentially pathogenic species belonging to genera Pseudomonas and Acinetobacter were detected

in all the WWTPs.

Overall, our results suggest that the WWTPs may serve as a potential hotspot for antibiotic- and biocides-
metal resistome and mobilome, although a substantial amount of resistome was successfully removed. Yet,
WWTPs likely contribute to the dissemination of these genes into the surrounding environment, thus

resistome near WWTPs should be monitored continuously and intensively.
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CHAPTER 1

INTRODUCTION

Antibiotics are an important group of pharmaceuticals that are either natural or artificial compounds. While
the first antibiotics were of natural origin, most of them are synthesized chemically nowadays. They belong
to several classes such as aminoglycosides, beta-lactams, tetracyclines, macrolides, sulfonamides and
others. Because of their diverse applications, they are used extensively in treating human, animal and plant
infections, enhancement of growth rate of animals as well as prophylaxis in aguaculture. From the past few
decades, the usage of antibiotics has tremendously increased across the globe. A recent report on antibiotic
use, covering 76 countries between 2000 to 2015 showed that the antibiotic consumption, expressed in
defined daily doses (DDD), increased 65% (21.1-34.8 billion DDDs), and the antibiotic consumption rate
increased 39% (11.3-15.7 DDDs per 1,000 inhabitants per day) [1]. A similar study conducted in South
Korea between 2007 to 2014 reported that DDD increased from 23.5 to 27.7 which is still much higher than
the average for Organization for Economic Co-operation and Development (OECD) countries (18 DDD)

as of 2012 [2].

Following administration of antibiotics, a large amount of antibiotics gets excreted out either unaltered or
as active metabolites depending on pharmacokinetic and pharmacodynamic parameters in the organism [3].
Therefore, an intensive use of antibiotics in various above-mentioned fields often leads to the massive
accumulation of residual antibiotics into the environment. Upon entering the ecosystems, its presence may
induce the selection of antibiotic resistance genes (ARGS) and thus leading to the emergence of antibiotic-
resistant bacteria (ARB), which may pose serious threats to humans and animals. The development and
proliferation of resistance were seen immediately, even for the very first antibiotics developed during the

1940s, including penicillin (beta-lactam) and the clinical impact was detectable within a couple of years



[4]. These rapidly emerging resistant bacteria debilitate the phenomenal medical advantages that have been

accomplished with antibiotics.

Antibiotic resistance is expanding around the globe at an alarming rate and moreover, antibiotic-resistant
infections correlate with the level of antibiotic consumption [5]. This increased antibiotic resistance in
pathogenic bacteria may lead to untreatable nosocomial infections due to their reduced susceptibility to
antibiotics [6]. Thus, antibiotic resistance can have a potential impact on global population health, Gross
Domestic Product and increased economic burden mainly due to reduced treatment options [7, 8].
Furthermore, this continued antibiotic resistance among pathogenic bacteria by the year 2050 could result
into a post-antibiotic era where even trivial injuries or diseases might become difficult to cure and therefore
may lead to high human mortality rates [9]. Several pathogens, such as Acinetobacter baumannii and multi-
drug resistant (MDR) Klebsiella pneumoniae, are almost untreatable with the currently available antibiotics
[10, 11]. Every year around 25,000 people die because of drug-resistant tuberculosis as reported by the
World Health Organization (WHOQ) [12]. Additionally, WHO launched Global Antimicrobial Resistance
Surveillance System (GLASS) in 2015 and has recently focused on antibiotic resistance as one of the most
serious human health challenges and heralded the need for a global strategy to overcome ARB, and also
suggested a list of critically important antimicrobials, such as carbapenems, quinolones, cephalosporins

[13].

The spread of ARB and ARGs is a globally epidemiological challenge, being focused by several
international institutions. Even though researches on antibiotic resistance have been concentrated on clinical
uses, understanding the resistance genes and its dissemination in the environment has been considered to
be essential for the management and prevention of health issues. In the environment, ARGs have been
suggested to be ubiquitous and, in particular, the aquatic environment such as lakes, rivers, streams and
even coastlines can act as a reservoir of ARGs and ARB. These aquatic bodies receive effluent coming

from wastewater treatment plants (WWTPs) which have been suggested to play an important role in
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disinfection of wastewater originating from hospitals, households, agriculture or livestock, therefore
WWTPs serve as a unique interface between anthropogenic activity and both the aquatic and soil
environment. The conditions in WWTPs have been reported to be favourable for the development of ARB
[14]. In WWTPs, microbes are repeatedly mixed with sub-inhibitory concentrations of antibiotics during
biological treatment process in WWTPs, providing an environment potentially appropriate for ARG and
ARB emergence and their spread between pathogenic and enteric bacteria [15]. Not to mention that the

emergence of multidrug-resistant pathogenic microbes is even more troublesome.

A WWTP usually receives several million tons of sewage every day and constantly operates a huge variety
of pollutants. They are mainly aimed at reducing physical and chemical pollutants but they are not tailored
specifically to remove biological contaminants such are ARGs and ARB [16]. Reports have shown that
WWTPs can significantly lessen the threat of water-borne diseases [17] but antibiotics residues and ARGs
in disinfected effluents can still be discharged to the environment [18]. Fortunately, recent studies have

reported the advanced disinfection processes in WWTPs to reduce ARGs in effluents [19].

WWTPs role in disseminating ARGs and ARB in rivers is an active field of research [20]. The addition of
ARGs and ARB in rivers by WWTP becomes more problematic, especially if it is reused for cattle,
irrigation, or drinking water production. A recent study reported that higher antibiotic resistance level was
observed in the river receiving effluent discharge as compared to upstream [20]. Therefore, there is a dire

need for clean and safe water, free from antibiotic residues, ARGs and ARB.

With the advancement of high-throughput sequencing (HTS) technology such as 454 pyrosequencing and
Illumina sequencing, analyzing metagenome obtained from complex environments such as human guts,
WWTPs, fresh water, sea water, and soil has become more precise, time-saving and cost-effective. The
HTS methods have an advantage over culture-dependent methods as it can be used for unculturable or yet-
to-be cultured bacteria with its unprecedented sequencing depth [21]. While the culture-independent PCR-

based methods do not allow enough resolution to grasp quantification of most of the genes and microbes
3



due to the limitation of dedicated primers [22], HTS methods offer a far more extensive comprehension

about the prevalence and abundance of a wide range of genes and organisms within a complex sample.

In addition to ARGs, various studies revealed the prevalence of biocide/metal resistance genes (BMRGS)
and mobilome (Integrons, transposases, insertion sequences or integrative and conjugative elements) in
WWTPs [23, 24]. Scientific Committee on Emerging and Newly Identified Health Risks suggested that the
stresses such as metals and antibacterial biocides have the tendency to co-select for ARB [25]. This usually
takes place when biocide/metal and antibiotic share a common resistance mechanism, or if the genes for
the resistance of these types are carried by a bacterium [26, 27]. Several reports have suggested that the
certain concentrations of heavy metals in WWTP effluents might promote antibiotic resistance via co-
selection among pathogenic and clinical bacteria [28]. Studies found that the burden of toxic heavy metals
such as Zn, Hg, Pb, Cd and Cu, etc. applied a strong selection pressure as a complementary factor for ARG
abundance [28, 29]. The discharge of antibiotics together with heavy metals from various sources such as
agricultural runoff and animal farms into the WWTP can provide a much favourable condition for the
selection of ARGs in bacteria. And the other concern regarding the heavy metals is that they can persist in
the environment for periods [30]. Ahemad et al. reported that the samples from the agricultural soil where
wastewater was re-used for irrigation purposes were a rich source of resistant bacteria to both antibiotics

and heavy metals [31].

Furthermore, the mechanism of co-selection of resistant genes is highly favoured when various resistance
genes are carried by the same mobilome [24]. If both biocide/metals and antibiotic resistance genes are
physically located on the same plasmid, biocide/metal exposure can promote horizontal gene transfer (HGT)
of antibiotic resistance [24]. Studies have suggested WWTP as hotspots for HGT, allowing even wider
propagation of ARGs [32]. HGT is a process of exchanging of genetic material among bacteria at different
taxonomies. This can be achieved by transformation where a cell directly uptake exogenous DNA from

surroundings, transduction by bacteriophages which can transfer DNA from one bacterium to another, or
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conjugation through the cell to cell contact. Plasmid-mediated conjugation is the most efficient method for
HGT and therefore, the frequent presence of ARGs on plasmids leads to their dissemination. The plasmid-
borne ARGs receiving bacteria can persist in the environments, facilitating their propagation [33]. In 2017,
carbapenem resistance gene, NDM-9, a variant of New Delhi metallo-p-lactamases, was detected from
Klebsiella variicola in the river of South Korea, incorporating eight antibiotic resistance genes. It indicated
that NDM-9 located on the mobilome has been spreading in the environment. [34]. Studies reported that
the plasmids could play a crucial role in the ARG dissemination as they could be quite persistent in the

environment [35].

Of significance, bacteria may be intrinsically resistant to few antibiotics or acquire resistance through HGT
(through plasmids) but antibiotic resistance can also be chromosomally acquired through mutations [36].
Moreover, all bacteria have MDR efflux pumps encoding genes located on chromosomes, few of them have
been mobilized; that is, they have been deployed onto plasmids that can spread between bacteria [36]. And
the question arises as for how the resistance genes located on chromosomes get transferred to the plasmids.
This can be done by mobilome which includes transposable elements comprising of insertion sequences,
transposases and integrons that promote intracellular DNA mobility i.e. between plasmids or from
chromosome to a plasmid as shown in Figure 1. The insertion sequences and transposases facilitate the
movement, assembly and rearrangement of associated resistance genes haphazardly to new locations in the
same or different DNA segment within a cell. While an integron is a genetic element which uses site-
specific recombination to move antibiotic resistance genes (gene cassettes) between defined sites with a
cell. These type of mobilome are often available in multiple copies in various locations in a genome and
can facilitate homologous recombination. Therefore, resistance genes located on chromosomes along with
the mobilome, can be easily transmitted to plasmids and further to other bacterial cells depending on the
mobility or conjugation ability of plasmids. And an evidence from a study reveals that plasmids carrying

mobile ARGs (ARGs associated with mobilome) are frequently maobilizable [37]. This arises a stronger



need to check whether a plasmid is mobile or can conjugate with other bacteria because the evidence
provided by studies revealed that plasmid mobility plays a crucial role in the evolution and dissemination
of ARGs in bacteria found in the various environment [38]. And moreover, the highest degree of risk arises
if the plasmids carrying mobile ARGs can be transmitted to other bacteria due to their conjugation ability,

thereby introducing ARGs to clinically important bacteria.
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Figure 1: A schematic of antibiotic resistance gene transfer with integrons and transposons.



Some other evidence proves that there are widespread specific mobile DNA elements which are integrated
into chromosomes and can get transferred independently and are neither plasmid nor phage [39]. One of
these is integrative and conjugative elements (ICE) which can transmit both horizontally and vertically as
they can remain in two states, either integrated to chromosomes or in the conjugative state [40]. These
elements contain genes for integration, excision, regulation and conjugation and in addition, the cargo genes
of ICEs can code for the antibiotic resistance determinants and virulence factor (VF) thus acting as a vital
driving force for transfer of ARGs located on chromosomes directly to between bacterial cells [40] as shown
in Figure 2. Furthermore, interactions between different sorts of mobilome support the quick development
of assorted MDR pathogens in the face of antimicrobial chemotherapy [41]. The emergence of MDR
pathogens is even more problematic. Due to increasing antibiotic intervention, the problem of antibiotic
resistance is becoming more challenging, hence it might be possible that there be no defence against
infections in the future [42]. Although various independent studies have been performed to investigate the
distribution and abundance of antibiotic- and biocide-metal resistome and mobilome (ICE and transposable
elements), still a more combined comprehensive study is required to provide a fundamental understanding
in this field. In the present study, we investigated the prevalence and abundance of resistome i.e. ARGs and
BMRGs and mobilome comprising of transposable elements and integrative conjugative elements in the
three WWTPs located at the Gwangju, Jangseong, and Seoul city of South Korea. Based on the sequence
annotation, we analyzed the presence of mobile ARGs, estimated the mobility or conjugation ability, and
pathogenicity of plasmids as they pose the highest risk to human beings. The persistence of plasmids in
WWTPs samples was also investigated to see whether plasmids in downstream were originated from
WWTP. Lastly, we investigated the microbial community composition to investigate if WWTPs selectively
discharge specific bacteria. Our study should provide a comprehensive understanding of the prevalence and

abundance of antibiotic- and biocide-metal resistome and mobilome in WWTP.
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Figure 2: Examples of mobilome and processes involved in intracellular mobility or
intercellular transfer of antibiotic resistance genes.

Two cells of different strains or species are represented, with one acting as a donor (envelope and chromosome
shown in blue; contains two plasmids) and the other as the recipient (shown in red). Various mobilomes are
shown, with the functions of the genes they carry colour-coded as shown in the key. Different resistance genes
associated with different mobile are represented by small arrows of various colours. Thin black arrows indicate
intracellular processes, with those mediated by a transposase protein, labelled Tnp and those mediated by a site-
specific recombinase protein labelled Ssr. Thick green arrows represent intercellular (horizontal) transfer.
Successive insertions of the same IS on both sides of a resistance gene may allow it to be captured and moved
to another DNA molecule (e.g., from the chromosome to a plasmid) as part of a composite Tn (A). A unit Tn
carrying a resistance gene may transpose between plasmids (B) or from a plasmid to the chromosome or vice
versa. A gene cassette may move between In (a class 1 In/Tn structure is represented here) via a circular
intermediate (C). An ICE can be integrated into the chromosome or excised as a circular element that can then
conjugate into a recipient cell and integrate (reversibly) into the chromosome at a specific recombination site
(D). A plasmid may be able to mediate its own intercellular transfer by conjugation or, if it lacks a conjugation
region, be mobilized by another plasmid (or, alternatively, move horizontally by phage transduction or
transformation). Tn and/or In and associated resistance genes on an incoming plasmid may move into the
chromosome or other plasmid(s) in the recipient cell (E), as illustrated here for class 1 In/Tn, which are known
to target unit Tn. (Source: Partridge, S. R., Kwong, S. M., Firth, N., & Jensen, S. O. (2018). Mobile genetic
elements associated with antimicrobial resistance. Clinical Microbiology Reviews)



CHAPTER 2
MATERIALS AND METHODS

2.1 Site description

Water samples (i.e. influent, effluent, upstream and downstream) were obtained from the three WWTPs
located at the Gwangju, Seoul, and Jangseong city of South Korea (Figure 3). The Gwangju (GJ) WWTP
(35.091126° N, 126.79789° E) collects wastes from a population coverage of 198,991 people and 306
hospitals/pharmacies while the Jangseong (JS) WWTP (35.279124° N, 126.761090° E) gets influent from
a population coverage of 17,808 people and 45 hospitals/pharmacies. On the other hand, the Jungrang (JR)
WWTP (37.560307° N, 127.062753° E) located at the Seoul city receives wastewater from 2,808,966
people and 6,361 hospitals/pharmacies. The water samples collected from all the four sites included 4 litres
wastewater from the influent, 20 litres from the effluent and 6 litres each from upstream and downstream.
The water samples were collected in sterile 4-litre packs and placed at 4 °C for transport to the laboratory

within 6 hours.

2.2 DNA extraction and sequencing

Prior to extraction, the water samples were vacuum filtered through 10 pm pore-size membranes and further
through 0.22 pm pore-size membranes (ADVANTEC). DNA was extracted using the PowerWater DNA
Isolation Kit (MOBIO Laboratories) according to the manufacturer's instruction. Spectrophotometer
(NanoDrop ND-200, BIOAND) was used to determine the concentration of DNA isolated from the samples.
The DNA samples for all the WWTPs were sent to Macrogen Inc. (South Korea) for high-throughput
sequencing using Illumina Hiseq 4000 platform (2 x 150 bp). Paired-end high-throughput sequencing of all

the metagenomic DNA samples was performed using TruSeq Nano DNA kit.

10



WARYONG-AI
a8el

Figure 3: Location of water sampling sites belonging to Gwangju (GJ) WWTP (A), Jungrang
(JR) WWTP (B), and JangSeong (JS) WWTP (C).
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2.3 Sequencing data analysis

The metagenomic datasets received from Macrogen Inc. were used to remove the duplicate reads by
using BBmap tool [43]. Further, the reads were quality trimmed and filtered before the downstream
processing. This was performed by FastQ Quality Control Software (FaQCs) [44] with the following
parameters: (1) removal of reads with 3 or more ambiguous nucleotide ‘N’: (2) trimming the reads
containing Illumina adapters/primers: (3) average quality cutoff for filtering the reads was set at 30: (4)
removal of trimmed reads shorter than 50 bp: (5) cutoff 0.85 as maximum fraction of mono-/di-nucleotide
sequence. The number of clean reads in all the samples are shown in Table 1 and were used for further

analysis.

After quality filtering, the recovered clean reads can either be passed directly for further annotations or
can be assembled. Therefore, both unassembled reads or assembled contigs can be utilized for the
functional annotation depending on the research question. However, due to the large data size of short
reads and they may lack resolution for functional annotations, the usage of assembled contigs is more
suitable [45]. Assembly is the computational process of connecting reads to retrieve long contiguous
contigs. MEGAHIT, a de novo assembler was used to assemble the clean reads into contigs with default

parameters [46]. Contigs with a minimum size of at least 200 bp were used for further analysis.

12



Table 1: Amount of DNA and number of metagenomic sequences and number of assembled contigs used in this study

DNA . Number of Number of Number of Number of
. amount Number of  Duplicate Number of . e
WWTP Site Clean . plasmids  chromosomes unclassified
used for raw reads removal contigs . : .
. Reads contigs contigs contigs
HiSeq (ug)

Influent 0.06 137,941,884 119,149,634 118,638,902 1,261,290 53,664 76,335 84,806
Effluent 1.49 118,122,276 114,472,260 111,391,512 905,013 52,391 65,359 79,815

GJ
Upstream 0.96 121,745,268 117,629,360 113,224,810 1,533,570 57,098 81,686 102,190
Downstream 0.42 128,111,680 123,247,504 118,907,452 1,052,633 41,387 67,448 75,744
Influent 3.34 125,602,606 121,677,604 116,745,852 848,469 35,688 50,768 56,414
Effluent 0.29 136,941,826 133,718,384 131,519,676 1,089,338 60,976 68,402 93,329

JS
Upstream 0.85 115,040,328 110,969,652 107,087,648 1,302,657 57,263 61,811 88,207
Downstream 3.45 144,536,146 138,983,846 133,771,888 1,616,951 65,433 88,335 110,201
Influent 0.70 93,774,628 88,123,904 86,075,316 1,095,598 52,474 71,409 83,115
Effluent 1.01 96,094,846 91,179,932 88,861,820 697,850 35,490 44,102 51,425

JR
Upstream 0.84 173,994,668 164,391,344 161,018,870 1,744,132 85,213 80,421 115,074
Downstream 0.82 155,217,456 146,963,212 143,472,124 1,576,972 94,783 90,121 124,803
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Open reading frames (ORFs) were predicted from contigs using Prodigal with the option “-p meta” for
metagenomic samples and -c option for closed ends of ORFs [47]. Both, nucleotide and translated ORFs
were predicted from contigs. Regarding ARGs annotation, ARG sequences (2241) (amino acid sequences)
were downloaded from Comprehensive Antibiotic Resistance Database (CARD) (version 2.0.3) and
categorized into 24 types such as aminocoumarin, aminoglycoside, sulfonamide, multi-drug , etc. [48]. For
BMRGs identification, a local database of BMRGs (amino acid sequences) was created by downloading
experimentally confirmed biocide/metal resistance gene sequences (753) from BacMet database (version
2.0) [49]. These genes were further classified into three types — biocide resistance genes, metal resistance

genes and biocide/metal resistance genes (genes conferring resistance to both biocide and metal).

For determining mobilome, sequences from a recently developed Mobile Genetic Elements database were
downloaded from https://github.com/KatariinaParnanen/MobileGeneticElementDatabase [50]. The
nucleotide sequences of the genes encoding transposable elements (transposases, insertion sequences and
integrons) were used for making the local database. Another database, namely ICEberg for ICE annotation
was used to download all the experimentally confirmed ICEs with intact sequences which were 7493 amino
acid sequences (version 2.0) [51]. All the translated ORFs predicted from the contigs in this study were
aligned to CARD, BacMet, and ICEberg database using local BLAST (BLASTp) with an E value threshold
of 1™, bit score > 50, and sequence similarity cutoff > 70% [22]. While the nucleotide ORFs retrieved
from the contigs were used to blast (BLASTn) against Mobile Genetic Elements database with an E value
cutoff 1e™'°, bit score > 50, and a cutoff threshold greater than 70% sequence identity [52] to identify

transposable elements in our metagenomic datasets.

Plasmid-mediated dissemination of ARGs is broadly perceived to occur in numerous ecological
compartments yet stays difficult to study because of the absence of exhaustive tools and the complexity of
the environmental matrices. Moreover, the high-throughput sequencing provides substantially more

information in a more rapid manner at a lower cost compared to the traditional methods and makes it
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feasible to survey the plasmid metagenomes with culture-independent approaches [53]. Therefore, the
contigs belonging to the whole metagenome samples were classified into plasmid- and chromosome-like
contigs using recently developed PlasFlow tool (version 1.1) which uses a neural network approach to
recover plasmids sequences from assembled metagenomes [54]. As PlasFlow recommends using contigs
greater than 1000 bp in length thus these contigs (>1000 bp) were retrieved from whole metagenome
samples using a python script and were then used for the prediction of chromosome and plasmids with
default parameters. Similarly, nucleotide and translated ORFs were predicted using Prodigal for the
chromosome and plasmid-like contigs and were aligned against CARD, BacMet, Mobile Genetic Elements,
and ICE database using the same BLAST parameters as discussed previously. As ICEs are present either
on chromosomes or independently within a cell, therefore, we considered whole metagenome and

chromosomes for their presence.

Additionally, we checked the prevalence of mobile ARGs (ARGs associated with transposable elements or
ICE) in our metagenomic datasets. To evaluate mobile ARGs, we manually checked the contigs where the
antibiotic-resistant ORFs and the transposable element or ICE ORFs were detected concurrently on the
same contig [55]. Moreover, estimation of mobility or conjugation ability of plasmids was also performed
for the plasmids carrying mobile ARGs using a recently developed MOB-suite tool having a MOB-typer
method which can predict the plasmids as conjugative, mobilizable or non-mobilizable [56]. As the
plasmid-contigs predicted from the whole metagenome using PlasFlow were usually not full-length
plasmids but merely a fragment of large-sized plasmids, therefore, we aligned the plasmid-contigs against
NCBI RefSeq plasmids database (ftp:/ftp.ncbi.nlm.nih.gov/genomes/refsea/plasmid/) using BLAST
(BLASTN) with an E value cutoff 1e™°, bit score > 50, and a strict cutoff threshold greater than 80%
sequence identity. The retrieved full-length plasmids from RefSeq plasmids database were used by MOB-
suite. Moreover, we checked for the presence of VFs on the plasmids carrying mobile ARGs as bacteria
can induce various diseases by the expression of different combinations of VVFs which is often mediated by

the plasmids. For investigating the VFs, amino acid sequences were downloaded from the PATRIC
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database which has curated sequences from Virulence Factor and Victor database [57, 58, 59]. Translated
ORFs predicted from the plasmid contigs were aligned using BLAST (BLASTp) with E-value < 1™ and
60% coverage and similarity [60]. Additionally, to check the taxonomic profile of the plasmid contigs
carrying mobile ARGs we used Kaiju, which can also classify contigs based on the alignment against the
NCBI BLAST nr database and uses the Burrows-Wheeler transform (BWT) of the protein database,

which enables exact string matching [61].

A recently published study reported that lessening antibiotic usage alone is likely inadequate for reversing
resistance as many resistance genes can persist for long periods in the absence of antibiotics and showed
that common conjugal plasmids can persist by transferring at higher rates of HGT [62]. Therefore, we
further checked the persistence of plasmids in WWTPs. For investigating the persistent plasmids, we
aligned the plasmid contigs belonging to all sites in a WWTP using psi-cd-hit which works similar to the
CD-HIT tool but it uses BLASTn to cluster the DNA sequences [63, 64]. The clustering cutoff used was
90% nucleotide identity and alignment coverage along with global sequence identity parameter. A plasmid-
contig present both in effluent/influent and downstream and absent in upstream was counted as a persistent
plasmid. Furthermore, the abundance of microbial composition and taxonomic profiling for the whole
metagenome was investigated using Metagenomic Phylogenetic Analysis (MetaPhlan; version 2.0) [65]
which detects bacterial composition based on unique clade-specific marker genes identified from reference

genomes.
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2.4 Statistical analysis

To determine the abundance of all assembled contigs, metagenomic reads were mapped to assembled
contigs using Burrows-Wheeler transform (BWA) with default cutoff parameters [66]. The abundance was
normalized based on the length of the gene (kb) per one million reads along with the amount of water
sampled from each site. The abundance (Hits per million per ml) of each contig was computed using the

following formula —

Number of reads mapped to contig 1
Total number of reads Length of contig(kb)

Abundance = ( X 1,000, 000)/Amount of water sampled (ml)

All the graphs and line plots were prepared by using Origin 9.0 while the heatmap was prepared by using

R packages such as ggplot, ggplot2 and Rcolorbrewer.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Prevalence and abundance of the antibiotic- and biocide-metal resistome in WWTPs

3.1.1 Antibiotic- and biocide-metal resistome analysis in the whole metagenomes

To investigate the profile of ARGs and BMRGs in the collected metagenomic samples, we conducted
BLAST analysis of the metagenomic datasets against the CARD and BacMet database, respectively.

The analysis clearly revealed the prevalence of ARGs in the WWTPs, as 21 out of 24 antibiotic resistance
genes types were detected in all the three WWTPs. Furthermore, genes conferring resistance to multi-drugs
were most abundant in the influent, effluent, upstream, and downstream samples followed by other
prominent resistance genes belonging to rifampicins, MLS (Macrolide-Lincosamide-Streptogramin),
aminocoumarins, peptides and aminoglycosides as shown in Figure 4,5,6.

In the influent samples, several types of ARGs with varied abundance were detected, although the genes
conferring resistance to multi-drug, peptide, MLS, rifampicin, and aminoglycosides were found to be most
abundant in all the three WWTP influents. The reason for detecting various kinds of ARGs may rely upon
the collection of wastes from the different sources (domestic, industries, hospitals, etc.) to the WWTP
influent which is also supported by previous studies as they also detected a diverse range of ARGs in the
WWTP influent [67, 68]. Interestingly, all the other water samples (effluent, upstream and downstream)
from three WWTPs showed a similar pattern with respect to the top two most abundant ARGs detected in
these samples - multi-drug and rifampicin resistance genes, although the downstream of GJ WWTP was an
exception to this. These two most abundant ARGs accounted for approximately 56 % (average) of the total
ARG abundance in these samples. The abundance of MDR genes was due to the efflux pumps and moreover,
these pumps are mostly encoded by the chromosomes. Our results seem to be consistent with the previous

studies which showed a significant increase in the genes conferring resistance to rifampicin and multi-drug
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in a diverse environmental samples (aquaculture farm and river sediments, activated sludge, biofilm,
anaerobic digestion sludge, and river water) [22, 69]. Moreover, a recent finding showed that the
aminocoumarin and rifampicin antibiotics can be used for plasmid curing (the process by which plasmids
are removed from the bacterial population) and may be useful in reducing plasmid-mediated ARG
dissemination [70]. Although, the high abundance of rifampicin and aminocoumarin resistance genes may
prove to cause hindrance in plasmid curing and thus limiting the use of these compounds in plasmid curing
processes [70].

The total abundance (HPM/mI) of the antibiotic resistome in the influent samples was found to be much
higher as compared to the effluent samples in all the three WWTPs. Moreover, the trend of decreasing
ARGs abundance from the effluent to influent showed a 10-fold decline in ARGs abundance in all WWTPs.
This clearly suggests that the WWTPs were able to eliminate large amounts of dissolved ARGs during the
treatment process. Nevertheless, the total abundance of ARGs in downstream samples was found to be
elevated as compared to the upstream samples. On comparing the WWTPs, it was clearly observed that the
samples from JS WWTP carried a higher abundance of antibiotic resistome than the other WWTP samples
(Figure 5). In the case of GJ WWTP, the total abundance of antibiotic resistome in the downstream depicted
similar abundance with that of influent and moreover it showed a higher abundance as compared to
upstream (Figure 4). While the downstream of JR and JS WWTPs depicted an approximately similar
abundance of antibiotic resistome as compared to the upstream (Figure 5 and 6).

Furthermore, the higher abundance of antibiotic resistome in the downstream of GJ and JS WWTPs than
that of the upstream samples may delineate the possible role of WWTPs effluent in upraising the antibiotic
resistome in downstream either through the introduction of genes or by altering the chemical environment
as supported by a past study [22]. Moreover, a recent study conducted in the Netherlands reported that the
WWTP effluent significantly increased the prevalence of ARGs in the receiving river as compared to the

upstream [20]. Although, a more comprehensive statistical study is required to reach to this conclusion
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along with the analysis of sediment samples as the distribution of antibiotic resistome in sediments may
provide a better insight into the role of WWTP effluents on the downstream rivers.

We also checked the resistance genes at the subtype level (i.e., gene names) as shown in Figure 7 and found
that the rpob2 (rifampicin resistance), novA (aminocoumarin resistance), msbA, mexK (MDR) genes were
the most abundant resistant genes in all the samples. The high abundance of rpob2 and novA resistance
genes in all the samples is also supported by a previous study which revealed the high abundance of these
genes in a diverse sample [69].

Additionally, we investigated the abundance of BMRGs in all the samples and the analysis showed that the
metal resistance genes were more significant in all the three WWTPs followed by biocide resistance genes
while genes conferring resistance to both biocide and metal resistance genes were least abundant as shown
in Figure 4, 5 and 6.

Furthermore, we found that the BMRGs were more abundant as compared to the ARGs and their total
abundance was approximately 2 times higher than the total ARGs abundance. Like the observations in the
case of ARGs, the BMRGs too decreased from influent to effluent (5-10 folds) while a further increase in
their abundance was seen in the downstream samples as compared to the upstream samples. Moreover, the
distribution pattern of ARG and BMRG abundance in all the samples was much alike. The possible reason
could be the co-resistance mechanism (both ARGs and BMRGs co-located together in the same cell) which
has been previously reported by several studies [35, 71]. A previous study revealed the significant
correlation between ARG and metal resistance gene composition [72]. As several studies revealed the
potential of metal and biocide resistance genes in the spread of ARGs, therefore, detecting higher abundance
antibiotic- and biocide-metal resistome in our study may suggest the risk that the ARGs and BMRGs
selected in the treatment processes may further get disseminated into the aquatic or soil environments [27,
73, 74]. Therefore, this may express the need to pay more attention to study their co-occurrence distribution

and further dissemination in WWTPs.
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3.1.2 Antibiotic- and biocide-metal resistome analysis in the chromosomal and plasmid
metagenomes

To investigate the distribution of antibiotic- and biocide-metal resistome in the chromosomal and plasmid
metagenome, we used recently developed tool PlasFlow to predict plasmid and chromosome contigs from
the assembled contigs in the metagenomic samples. Because of the selected default cut-off (0.7), many
contigs remained unclassified while the others were classified either chromosome or plasmid depending on
the genomic signatures as shown in Table 1. ORFs predicted from chromosome and plasmid-contigs using
Prodigal were aligned against the CARD and BacMet databases for detecting ARGs and BMRGs,
respectively. Surprisingly, we observed that the abundance of ARGs was higher on chromosomes as
compared to the plasmids although the plasmids are known to encode more ARGs. One of the possible
reasons for this may be the greater number of chromosome-contigs retrieved as compared to plasmids-
contigs by PlasFlow as shown in Table 1 and this can be supported by the fact that the total DNA was
extracted from all the samples and no plasmid-safe DNA kit was used so probably the metagenome DNA
carried more chromosomes. Furthermore, a similar pattern in the abundance of antibiotic- and biocide-
metal resistome was observed in the chromosomal and plasmid metagenomes to that of whole metagenome
samples with influent having more antibiotic- and biocide-metal resistome abundance and decreased
abundance in effluent and additionally higher abundance of antibiotic- and biocide-metal resistome in the
downstream than that of upstream in all the WWTPs. Moreover, the distribution of BMRGs and ARGs
total abundance in chromosomes and plasmids was also seen to follow the same trend as previously
discussed with BMRGs having a higher abundance (approximately 2 times) as compared to the total
abundance of ARGs. The likely explanation could be the bifurcation of the whole metagenome antibiotic-
and biocide-metal resistome into chromosomes and plasmids carrying resistance genes.

On further analysis, we observed that the abundance of plasmids carrying resistance genes in GJ WWTP
showed the different pattern as compared to whole metagenome and chromosomes carrying resistance

genes. We found that the plasmids carrying resistance genes were more abundant in influent as compared
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to the effluent and downstream although chromosomes (similar to the whole metagenome) showed a higher
proportion of antibiotic- and biocide-metal resistome abundance in the downstream of GJ WWTP.
Additionally, we observed that genes conferring resistance to Streptothricin antibiotic were only detected
on chromosomes and were totally absent on plasmids. Although Streptothricin resistance genes (SAT-3 and
SAT-4) are usually encoded on plasmids, their absence in our study may be due to the limitation of detecting
ARGs with negligible abundance or absence of plasmids carrying these genes in our metagenome samples.
Notably, BMRGs were highly abundant on the chromosomes which is supported by a previous study
revealing chromosomes may carry more BMRGs as compared to the plasmids [24]. A previous study
revealed a strong correlation between ARGs diversity and plasmids diversity [69]. Studies revealed that the
occurrence of ARGs and BMRGs on the plasmids pose a more serious risk of disseminating these resistance
genes into a different environment with the help of HGT especially through conjugation [35]. Therefore,

we further conducted a more comprehensive analysis of plasmids carrying ARGs in our study.

3.2 Prevalence and abundance of the mobilome (transposable elements and integrative conjugative
elements) in WWTPs

3.2.1 Mobilome analysis in the whole metagenomes

The mobility of ARGs depends on whether these genes are either located on the plasmids or carried by
another mobilome, such as transposable elements (integrons, transposases, insertion sequences) and the
integrative and conjugative elements. In this study, we analyzed the metagenomic samples to investigate
the prevalence and abundance of these mobilomes. We used Mobile Genetic Elements and ICEberg
database for the detection of transposable elements and ICEs, respectively. The analysis results clearly
showed the prevalence and abundance of mobilome in WWTPs as shown in Figure 8. In the case of
transposable elements, genes encoding transposases were the most abundant in all the samples followed by
insertion sequences and integrons. On an average, approximately 65% of total abundance of transposable

elements was contributed by the transposases. On further examining at the gene level, we found that the
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three genes namely tnpA (transposase), 1S91 and istA (insertion sequence) were the most abundant genes
encoding transposable elements. The high abundance of tnpA has been previously reported by a study on
landfills in China [75] and samples of urban park soil with reclaimed water irrigation [76]. A previous study
suggested a significant positive correlation between transposases and ARGs indicating the importance of
transposase in the propagation of ARGs [76]. Furthermore, genes encoding ICE were found to be in much
higher abundance than the transposable elements in all the samples. Previous studies also revealed that the
ICEs were the most abundant conjugative elements in almost all the prokaryotes and therefore they can
even outnumber the plasmids present in a cell [77]. Although limited studies have been performed on the
occurrence of ICE in the WWTPs whereas various reports have suggested the high abundance of
transposable elements in the WWTPs [78, 79]. The high abundance of ICE in our samples may require
further supervision and more understanding of their dissemination in the WWTPs. Collectively, the
distribution of ICE and transposable elements was found to be similar in the metagenome samples of all
three WWTPs. Moreover, the pattern of total abundance of mobilome was much alike to that of antibiotic-
and biocide-metal resistome abundance (previously discussed) in all the samples as influent showed the
higher abundance of the mobilome with a much-decreased abundance in effluent samples, thereby
suggesting that the WWTPs were also able to successfully get rid of a large amount of mobilome.
Additionally, the downstream samples too exhibited a similar trend as previously discussed with an elevated
abundance of mobilome as compared to the upstream in all the WWTPs. A culture-independent shotgun
metagenomics study performed by Kristiansson et al. showed a much higher levels of transposases and
integrons (class 1) in the downstream sediments as compared to the upstream samples [80]. Thus, similar
results from our study may suggest that the mobilome may get added up by the effluent of WWTPs to the

receiving downstream.
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Figure 8: Relative abundance of mobilome (transposases, integrons, insertional sequences and
integrative and conjugative elements) in WWTPs.
(A), (C) and (E) shows the relative abundance of mobilome in whole metagenome samples of GJ, JS and JR
WWTP, respectively. (B), (D) and (F) shows the relative abundance of mobilome in chromosomal and plasmid

metagenome of GJ, JS, and JR WWTP, respectively.
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3.2.2  Mobilome analysis in the chromosomal and plasmid metagenomes

As the transposable elements can be located either on the chromosomes or plasmids, therefore we further
checked the distribution and abundance of the mobilome on them. As seen in the case of the whole
metagenome, we detected a high abundance of genes encoding transposases followed by insertion
sequences and integrons on the chromosomes and plasmids. Further, we observed a higher abundance of
transposable elements on the plasmids (average of 7.5 times) as compared to the chromosomes and in the
case of the effluent of JR WWTP, the abundance of plasmids carrying transposable elements was 40 times
higher than the abundance of transposable elements on chromosomes. Moreover, various insertion
sequences and integrons (intl, int2 and int3) were also detected on the chromosomes and plasmids. Higher
abundance of transposable elements on the plasmids was supported by a previous study which also revealed

a higher density of these elements in plasmid metagenomes [79].

Additionally, ICEs can be found integrated to chromosomes or exist independently in a bacterium, therefore,
we uncovered their abundance on chromosomes. Although the pattern of distribution of chromosomes
carrying ICE was much alike to that of ICEs found in the whole metagenome but the total abundance of
ICEs carried by chromosomes was lower as compared to total ICEs abundance in the whole metagenome,
therefore this may be suggested that the remaining ICEs possibly existed independently (not integrated to
chromosomes) in the microbes. Also, the abundance of chromosomes carrying ICE was much higher than

the abundance of chromosomes carrying transposable elements on them.

29



3.3 Percentage of Mobile ARGs in the WWTPs

3.3.1 Percentage of mobile ARGs in the whole metagenomes

To take advantage of the maximum capacity of metagenomic datasets and infer information eventually
essential to evaluate the real hazards by the ARGs to the environment and human beings, detecting
antibiotic resistome and mobilome is not enough, thus, we further identified the mobile ARGs (ARGs
associated with mobilome) in our samples as they can be transferred within the chromosomes and plasmids
and ultimately to human pathogens from their original hosts. To evaluate mobile ARGs in our samples, we
checked the presence of the genes belonging to antibiotic resistance and mobilome simultaneously on the
same contig. In our study, we observed a fair proportion of mobile ARGs in our samples, ranging from 26%
to 35 % of the total identified ARGs in metagenome samples as shown in Figure 9, 10 and 11. No significant
variation in the percentage of mobile ARGs among different WWTPs was observed in this study as all the
WWTPs showed a similar range. Interestingly, the effluent samples coming from GJ and JS WWTP showed
a higher percentage of mobile ARGs as compared to other samples although the abundance was still lower
than the influent as shown in Figure 9 and 10. Furthermore, the abundance of mobile ARGs in the
downstream of GJ and JS WWTP was higher than that of upstream samples although they witnessed a
similar percentage of mobile ARGs. On further analysis, we observed that mobile ARGs were greatly
contributed by the ICEs as compared to the transposable elements as their contribution ranged from 350-
750 mobile ARGs in all the samples whereas the mobile ARGs contributed by the transposable elements
ranged from 5-15 in each sample. This may suggest that the greater number of ARGs are associated with
ICE rather than transposable elements although a more comprehensive statistical analysis is required to
confirm this evidence. These findings may be alarming as the ARGs associated to ICEs can be directly
transferred between bacteria via conjugation, however, the transposable elements (except conjugative types)

only allows the movement of ARGs within a cell. Additionally, we found that the mobile ARGs mostly
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belonged to multi-drug, aminocoumarin, MLS and tetracyclines types, although this is supported by the
findings of most abundant antibiotic resistome in our study (MDR, rifampicin and MLS), surprisingly
rifampicin resistance genes were not detected in high number as the mobile ARGs. This may be suggested
that the mobility of a particular ARG (association to mobilome) does not totally depend on their total
abundance. Collectively, our study suggests that the mobile ARGs can be prevalent in WWTPs as favored
by a recent study [22] and as far as the correlation of mobile ARGs and ARGs abundance is concerned, it
is difficult to withdraw any conclusion without any statistical analysis. Although greater association of

ARGs to ICE should be monitored with caution.
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Figure 9: Percentage and abundance of mobile ARGs in the whole metagenome (A),
chromosomal (B), and plasmid metagenome (C) of GJ WWTP
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3.3.2 Percentage of mobile ARGs in the chromosomal and plasmid metagenomes

Furthermore, we analyzed the chromosomes and plasmid sequences to check their contribution to the
mobile ARGs in the samples. We calculated the percentage of mobile ARGs on the chromosomes and
plasmids with respect to the total ARGs carried by the chromosomes and plasmids, respectively. Our results
clearly showed that the plasmids exhibited a much lower abundance of mobile ARGs as compared to the
abundance of mobile ARGs on chromosomes. The possible reason may be the presence of a large number
of ICEs on the chromosomes, while in the case of plasmids, the mobile ARGs were only contributed by
transposable elements. On further analysis, we found that the number of ARGs associated with transposable
elements was almost negligible on the chromosomes while on the plasmids it was much higher. Therefore,
a high number of mobile ARGs on the chromosomes were found to be solely due to the presence of ICEs

on them while the transposable elements were the reason for mobile ARGs on the plasmids.

The mobile ARGs contributed by the ICEs located on the chromosomes can exhibit intercellular mobility
by excising themselves as circular elements and conjugating to the recipient cells, but the mobile ARGs
contributed by the transposable elements on the chromosomes can just move within the cell i.e. between
chromosomes and plasmids. However, plasmids can serve this purpose of transferring these mobile ARGs
from the chromosomes of the host cell to the other cells. Therefore, we performed further analysis on the
plasmids carrying these mobile ARGs and checked their conjugation ability as it may empower the plasmids
to disseminate the ARGs to other bacterial cells. Moreover, the mobile ARGs on the plasmids can be easily
transferred to the chromosomes of recipient cell and may subsist for an extended period in bacteria without
the risk of elimination due to the burden of fitness cost and application of various plasmid curing strategies

[70].
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3.4 Estimation of mobility or conjugation ability of the plasmids carrying mobile ARGs

We used MOB-suite tool having a MOB-typer method which can classify the plasmids as conjugative,
mobilizable or non-mobilizable. Therefore, we analyzed the 23, 16 and 28 plasmids carrying mobile ARGs
detected in GJ, JS, and JR WWTP, respectively as shown in Table 2, 3 and 4. The results showed that out
of the 23 plasmids carrying mobile ARGs in GJ WWTP, 15 plasmids were either conjugative (10) or
mobilizable (5) as shown in Table 2. In the case of JS WWTP, we detected 10 conjugative, 3 mobilizable
and 3 non-mobilizable plasmids carrying mobile ARGs (Table 3). While 14 conjugative, 5 mobilizable and
9 non-mobilizable plasmids were retrieved in the JR WWTP as shown in Table 4. Moreover, we conducted
this study only on the plasmids carrying mobile ARGs which covers a small share of total plasmids carrying
ARGs. Therefore, these results may suggest that many mobilizable or conjugative resistance plasmids may
be found in WWTPs which may encourage substantial dissemination of ARGs within microbial
communities. Studies reported that if an ARG is located on a conjugative or mobilizable plasmid then this
ARG has the potential to be transferred among bacteria and can eventually spread in a given ecosystem [81,
82]. Furthermore, the genes conferring resistance to tetracyclines were found to be higher in number
followed by aminoglycosides, beta-lactams and fluorogquinolones on these plasmids which is supported by
a past study (urban WTP) which also detected conjugative and mobilizable plasmids carrying genes coding
resistance to tetracycline, beta-lactams [37]. Additionally, several plasmids were found carrying multiple
mobile ARGs on them, mostly belonging to fluoroquinolones, sulfonamides and aminoglycosides.
Although MDR genes were found to be highly abundant in our samples, only three plasmids were found to

carry mobile MDR genes.

Interestingly, a recently discovered colistin resistance gene (MCR-5) belonging to peptide antibiotic type
was also found in the influent of GI WWTP. The MCR-5 colistin resistance gene was found to be associated

with transposase tnpA2, tnpA on a plasmid and this finding is supported by the recent identification of
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transposon-associated phosphoethanolamine transferase gene, MCR-5, conferring colistin resistance in d-
tartrate fermenting Salmonella enterica subsp. enterica serovar Paratyphi B [83]. In our study, the mobile
MCR-5 gene was found on the plasmid although it might have been transferred from chromosome to
plasmid as suggested by a previous study [83]. As colistin is considered one of the last-resort antibiotics
against the infections caused by multi-drug gram-negative bacteria including Acinetobacter
baumannii, carbapenemase-producing Enterobacteriaceae and Pseudomonas aeruginosa, therefore
occurrence of the mobile-colistin resistance gene in the WWTPs may pose serious threats to the connecting
environments. This is the first case to report the detection of the mobile MCR-5 resistance gene ina WWTP.
Furthermore, we carried a more extensive study and checked these plasmids for the presence of BMRGs
along with the mobile ARGs as the presence of BMRGs may help in the co-selection of ARGs under biocide
or metal burden [24]. Several plasmids were found to carry genes conferring resistance to biocides
especially belonging to Quaternary Ammonium Compounds (QACs) as shown in Table 2, 3 and 4. Other
biocide resistance genes belonging to hydrogen peroxide, ethidium bromide and several dyes were also
found on the plasmids along with mobile ARGs. A previous WWTP study also found several mobilizable
and conjugative plasmids carrying mobile ARGs along with QACs and heavy metals [37]. Additionally,
we checked the presence of VFs on the plasmids along with mobile ARGs as bacteria are able to induce
various diseases by expression of different combinations of VFs which is often mediated by plasmids. We
found few plasmids carrying various VFs such as hupA, htpB (adherence), ibeB (invasion), lysR
(transcriptional regulator), etc. as shown in Table 2, 3 and 4. However, these VFs encoded a range of
products, not all of which are exclusively pathogenic (e.g., those related to host association), therefore we
further investigated the taxonomy of these plasmids to investigate whether or not these plasmids belonged

to some pathogenic bacteria.

For taxonomy classification, we used Kaiju, a metagenomic profiling tool which can be used to classify
metagenomic contigs. Although Kaiju was able to classify the plasmid contigs, most of the classifications

remained up to domain level (bacteria) while some plasmids were designated to species level as shown in
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Table 2, 3 and 4. These plasmids mainly belonged to the phylum Protecbacteria and further to Gamma
proteobacteria at the class level. We observed that the plasmids carrying mobile ARGs were assigned to
various pathogenic bacteria taxon. Various human pathogenic bacteria species such as Vibrio cholerae,
Salmonella enterica subsp. enterica serovar Heidelberg, Klebsiella pneumoniae, Salmonella enterica subsp.
enterica serovar Corvallis, and Pseudomonas syringae (plant pathogen) were detected and many bacteria
were classified up to genus level namely Pseudomonas, Achromobacter (opportunistic pathogens). A
conjugative plasmid carrying mobile beta-lactamase gene, PDC-7 conferring resistance to cephalosporin,
monobactam, carbapenem along with tellurium resistance genes and two virulence factor genes (hupA, recA)
and designated to Pseudomonas saponiphila (xenobiotic degrading strain) was found in the influent of the
JR WWTP [84]. A conjugative plasmid belonging to Vibrio cholerae was found to carry genes resistant to
fluoroguinolone, sulfonamide and QACSs on it. Moreover, all the plasmids belonging to Salmonella enterica
subsp. enterica serovar Corvallis were found to carry sulfonamide resistance genes on them. Pseudomonas
syringae, a plant pathogen was found to carry a plasmid conferring resistance to multi-drug (OprM)
associated with transposase along with ethidium bromide resistance genes and a virulence factor (ibeB)
encoding a protein for invasion. Collectively, in this study, the plasmids carrying mobile ARGs were
classified to various pathogenic bacteria and moreover, many plasmids carried various BMRGs along with
mobile ARG which was supported by a previous study on the WWTP [37]. This requires urgent mitigation
efforts as the cumulative potential for mobile ARGs to occur on plasmids and in pathogens poses the real

hazard to human beings and the associated environment [85].
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Table 2: Prediction of BMRGs, VFs and taxonomy of plasmids carrying mobile ARGs in GJ WWTP

Site Trélr; Srﬁ(e)?\isle Antibiotic Resistance Typing (gm gG(';’f\r/]Ez) Taxa
tnpA Tetracycline tetC Conjugative - Bacteria
tnpA Beta-lactam CfxA6 Non-mobilizable - Bacteria
tniB Phenicol cmx Mobilizable - Bacteria
tnpA Beta-lactam OXA-58 Mobilizable - Gamma proteobacteria
tnpAcp2 Aminoglycoside AAC (3)-lla Conjugative - Gamma proteobacteria
Influent tnpA Beta-lactam TEM-1, CTX-M-3 Conjugative - Bacteria
tnpA2, tnpA Peptide MCR-5 Non-mobilizable - Proteobacteria
tnpA-3, tnpA Beta-lactam AER-1 Mobilizable - Bacteria
Tn916-orf9 Tetracycline tetM Conjugative - Bacteria
tnpA Aminoglycoside  AAC (6')-le-APH (2")-la Mobilizable - Firmicutes
tnpA4 Beta-lactam NPS-1 Mobilizable - Bacteria
tnpAN, thpA  Aminoglycoside  APH (6)-1d, APH (3")-1b Non-mobilizable - Proteobacteria
gacEdelta Fluoroquinolone gacH, sull Conjugative (gg(;ggzlg Bacteria
Effluent intll Aminoglycoside AAC (6")-1b7 Conjugative xerD (VF) Vibrio cholerae
tnpA Tetracycline tetC Conjugative - Bacteria
tpA Tetracycline tetC Conjugative i subsp. esnatl(laTigges!(le?oevn;? rIll(iaaildel berg
gacEdelta Fluoroquinolone gacH Non-mobilizable gacF (Biocide) Bacteria
gacEdelta Tetracycline tet(G) Conjugative - Proteobacteria
Sownstream tggé‘l‘zég; g ' Flgiﬁ?grl:;r;?ilgge, sull, gacH Con Jugfalt-lve ?g?ggizlg Bacteria
tnpA Tetracycline tetC Non-mobilizable - Pseudomonas
tnpA Multi-drug OprM Non-mobilizable em?bceéB(l\c;g)de), Pseudomonas syringae
tnpA, tnpAN  Aminoglycoside  APH (3")-1b, APH (6)-Id Non-mobilizable - Achromobacter
Upstream tnpA Aminoglycoside APH (3")-1b Non-mobilizable - Proteobacteria
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Table 3: Prediction of BMRGs, VFs and taxonomy of plasmids carrying mobile ARGs in JS WWTP

Transposable

Other Genes

Site Elements Antibiotic Resistance Typing (BMRGs/\V/Fs) Taxa
Xis-Tn916, Tn916-orf8 Tetracycline tetM Non-mobilizable - Bacteria
intl1, 1S91, gacEdelta Tetracycline tet(G) Conjugative htpB (VF) Bacteria
. Fluoroquinolone, Lo gacEdelta .
gacEdelta, tniB, tnpA Sulfonamide gacH, sull, sul2 Conjugative (Biocide) Bacteria
1S91 Sulfonamide sul2 Conjugative glmM (VF) Salmqnella enterica SUbSP'
enterica serovar Corvallis
Influent tnpA Multi-drug abeM Mobilizable (Bait())ili\ge) Acinetobacter sp. LCT-H3
tnpA Aminoglycoside AAC (6')-1e-APH (2")-1a Conjugative - Bacilli
tnpA Tetracycline tetC Conjugative - Bacteria
tnpA-3, tnpA Beta-lactam AER-1 Mobilizable - Klebsiella pneumoniae
tnpA Aminoglycoside  APH (3")-1b, APH (6)-1d  Non-mobilizable - Bacteria
tnpAB, tnpA Tetracycline tetC Conjugative - Bacteria
Effluent . . . kexD .
tnpA Multi-drug MexB Conjugative (Biocide) Bacteria
gacEdelta Tetracycline tet(G) Conjugative - Proteobacteria
Downstream Aminoglycoside, N qacEdelta _
gacEdelta Fluoroquinolone, aadA, gacH, sull Non-mobilizable (Biocide) Bacteria
Sulfonamide
intll Aminoglycoside aadA3 Conjugative - Gamma proteobacteria
. Fluoroquinolone, - gacEdelta .
gacEdelta, tniB Sulfonamide gacH, sull Mobilizable (Biocide) Bacteria
Upstream
oxyRkp
gacEdelta Tetracycline tet(G) Conjugative (Biocide), lysR Bacteria
(VF)
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Table 4: Prediction of BMRGs, VFs and taxonomy of plasmids carrying mobile ARGs in JR WWTP

. Transposable —_— . . Other Genes
Site Elements Antibiotic Resistance Typing (BMRGs/VFs) Taxa
gacEdelta Tetracycline tet(G) Conjugative - Bacteria
tnpA Ammoglycomde, AAC (6")-1b7, gacH  Non-mobilizable  gacF (Biocide) Bacteria
Fluoroguinolone
tnpA Beta-lactam TEM-1 Conjugative - Enterobacteriaceae
tnpA MLS InuF Conjugative - Bacteria
1S91 Sulfonamide sul2 Conjugative glmM (VF) Salmqnella enterica subsp.
enterica serovar Corvallis
tnpA Aminoglycoside APH (3Y-la Conjugative - Bacteria
Influent tnpA, tnpA-3 Beta-lactam AER-1 Mobilizable - Klebsiella pneumoniae
gacEdelta Fluoroquinolone QnrVC4, qacH Non-mobilizable  gacF (Biocide) Gammaproteobacteria
XIS_TnilrféTngm_ Tetracycline tetM Non-mobilizable - Firmicutes
. A terC (Metal), hupA, _—
tniA, thpA Beta-lactam PDC-7 Conjugative recA (VF) Pseudomonas saponiphila
tnpA MLS ErmB Mobilizable - Bacilli
Tn916-orfl4 Aminoglycoside  ANT (9)-la, ANT (6)-la  Mobilizable - Anaerobium acetethylicum
tnpA Tetracycline tetC Conjugative - Bacteria
tnpA Beta-lactam AER-1 Mobilizable - Klebsiella pneumoniae
Effluent tnpA Tetracycline tetC Conjugative - Proteobacteria
tnpAN, tnpA Aminoglycoside  APH (6)-1d, APH (3")-Ib  Conjugative - Achromobacter
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tnpA Aminoglycoside  APH (3")-1b, APH (6)-1d Non-mobilizable Proteobacteria
gacEdelta Fluoroquinolone gacH Non-mobilizable  gacF (Biocide) Bacteria
gacEdelta Phenlco_l ’ floR, tetG Non-mobilizable Proteobacteria
Tetracycline
Downstream .
1S91 Sulfonamide sul2 Conjugative  (Biocides/Metals), Salmqnella enterica subs_p.
enterica serovar Corvallis
guaA, gimM (VF)
tnpA Tetracycline tetC Conjugative Bacteria
tnpA Beta-lactam AER-1 Mobilizable Klebsiella pneumoniae
. L . Polynucleobacter sp.
gacEdelta Fluoroquinolone gacH Conjugative gacE (Biocide) GWA2_45 21
tnpA Phenicol floR Conjugative Proteobacteria
Upstream gacEdelta Tetracycline tet(G) Non-mobilizable Proteobacteria
tnpA Tetracycline tet(G) Non-mobilizable Rhodobacter sp. LPB0142
gacEdelta Fluoroquinolone gacH Non-mobilizable  gacF (Biocide) Bacteria
tnpA Tetracycline tetC Conjugative Bacteria
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3.5 Investigating the persistence of plasmids in WWTPs

To investigate the potentially persistent plasmids in the WWTP samples, psi-cd-hit was used to cluster the
plasmid-contigs detected in the influent, effluent, downstream and upstream samples of each WWTP. The
plasmids contigs which were shared by all the samples excluding upstream were considered to be persistent.
Moreover, we also investigated the persistence of plasmids carrying ARGs for all the samples. Table 5
summarizes the total number of plasmids and plasmids carrying ARGs in each sample along with their
abundance. Interestingly, many plasmids persisted in all the WWTPs. In GJ WWTP, 449 persistent
plasmids were detected while 2,564 and 3,028 persistent plasmid contigs were witnessed in the JS and JR

WWTPs, respectively.

Table 5: Number of potentially persistent plasmids in each WWTP

Number of plasmids (HPM/ml) in

WWTP Plasmid type -
Influent Effluent Downstream  Persistent
GJ All Plasmids 54,060 (10.72) 51,718 (1.61) 40,429 (5.59) 449
Plasmids carrying ARGs 229 (0.09) 155 (0.01) 149 (0.03) 3
IS All Plasmids 33,824 (10.64) 58,513 (2.00) 61,478 (7.34) 2,564
Plasmids carrying ARGs 164 (0.05) 209 (0.01) 162 (0.02) 8
IR All Plasmids 52,036 (10.59) 32,586 (1.46) 89,431 (10.67) 3,038
Plasmids carrying ARGs 253 (0.09) 69 (0.004) 143 (0.02) 13
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Furthermore, we checked the persistence of plasmids carrying ARGs as reports suggested that plasmids
carrying ARGs tend to persist in the environment [62]. We found that only 3 plasmids carrying ARGs
persisted in the GJ WWTP while JS and JS WWTPs showed the persistence of 8 and 13 plasmids carrying

ARGs, respectively as shown in Table 5.

We also investigated the abundance of total and potentially persistent plasmids in all the samples. Results
in Figure 12 showed that the abundance of total and potentially persistent plasmids followed similar pattern
between influent, effluent and downstream, except for the abundance of potentially persistent plasmids in
the influent of JR WWTP. Likewise, the abundance of total and potentially persistent plasmids carrying
ARGs showed a similar trend between influent, effluent and downstream of all the WWTPs. Additionally,
the abundance of all plasmids affiliated to the influent in all WWTPs was found to be similar with an
average of 10.6 HPM/mI and likewise, the effluent of all WWTPs also showed comparable abundances
within a range of 1.4 — 2. It can be suggested that the plasmids can persist depending on the abundance of

plasmids.

A previous study reported that plasmids associated with ARGs were seen to persist in soil following
application of sewage sludge [86]. Moreover, studies suggested that the plasmids could persist in the
environment without continued antibiotic selection and additionally, even if they bear fitness cost still they
can be maintained with higher conjugation rates [37, 62]. Collectively, the results in our study showed that
the plasmids may persist the treatment process of the WWTPs and may further be added to the downstream
rivers or other aquatic environments. Moreover, even subtle persistent plasmids carrying ARGs may

contribute dissemination of ARB in the environment.
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Figure 12: Abundance of persistent and total plasmids in the WWTPs.
(A), (C) and (E) shows the abundance of total and persistent plasmids in the GJ, JS, and JR WWTP, respectively. (B), (D), and (F) shows the abundance
of total and persistent plasmids carrying ARGs on them in the GJ, JS, and JR WWTP, respectively.
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3.6 Bacterial Composition Analysis

We next explored the bacterial community structure, derived from the genetic composition of the
metagenomic samples in all the WWTPs. The taxonomic profiling was investigated using MetaPhlan2. The
bacterial composition at the Phylum level in the samples showed that Proteobacteria were dominant in all
the samples followed by Actinobacteria, Bacteroidetes, Firmicutes, etc. as shown in Figure 13. The
abundance of Proteobacteria varied in between the range of 55% to 97%. The high abundance of
Proteobacteria is supported by many previous studies on the WWTPs [22, 87]. A previous study revealed
that the ARGs are more inclined to subsist in phylum Proteobacteria [88]. In the case of effluent samples
belonging to JS WWTP, we observed that the phylum Chloroflexi accounted for approximately 40%,
although they were not detected in the influent samples. A study conducted in a WWTP located in South
Korea reported a high abundance of Chloroflexi in the WWTP receiving hospital waste than the domestic
water receiving WWTP [89]. Although, previous studies revealed that the Chloroflexi are highly abundant
in the activated sludge samples and their abundance get reduced in the effluent but in our study, it was
abundant in one effluent sample [90]. The probable reason could be the problem of sludge bulking in the
JS WWTP as the filamentous bacteria belonging to Chloroflexi are known to promote operational problem

of impaired sludge settle ability known as bulking [91].

The results of bacterial composition at the genus level clearly showed the difference between the samples
of all WWTPs as shown in Figure 14 (A). The influent sample of the GJ WWTP carried highly abundant
Arcobacter (45%), followed by Acinetobacter (15%), Bacteroidetes (3%), Bifidobacterium (3%) and
Prevotella (3%). While in the effluent sample, genus Methyloversatilis accounted for 73% followed by
Thiomonas (4%) and Caulobacter (3%). Arcobacter spp. are reported to be high in abundance in untreated
(raw) sewage water in the WWTPs and are an indicator of human fecal pollution as suggested by the
previous studies [92]. Although 41% of Arcobacter spp. remained unclassified but the remaining 4% of

them were classified as Arcobacter butzleri which is a reported as an enteropathogen and caused an
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outbreak of recurrent abdominal cramps in Italy [93]. Moreover, Arcobacter was not detected in the effluent,
upstream and downstream of this WWTP, suggesting the successful elimination of this genus by the GJ
WWTP. On the other hand, Pseudomonas accounted for 86% and 50% in the downstream and upstream
samples, respectively. Most of the Pseudomonas found in the downstream (59%) and upstream (34%) were
not taxonomically classified at the species level as shown in Figure 14 (B). Furthermore, we detected many
pathogenic species of genus Pseudomonas such as P. syringae (plant pathogen), P. putida, P. monteii
(human pathogens), P. tolaasii (mushroom pathogen) in the downstream and upstream samples. Similarly,
various pathogenic Acinetobacter species were also detected in the GJ WWTP including A. pittii, A.
nosocomialis, A. johnsonii, A. iwoffii, A. soli, and A. junii. Moreover, a previous study suggested that

WWTPs may selectively add ARGs to Acinetobacter spp. [94].

The taxonomy profiling of the JS WWTP samples also witnessed substantial variation at the genus level.
In the influent, the most abundant genus detected was Pseudomonas (83%) followed by Acinetobacter (10%)
and Sphingomonas (2%). Although in the effluent sample, genus Pseudomonas and Acinetobacter
accounted merely 7% and 0.05% as the most abundant genera in the effluent were Herpetosiphon (40%)
and Methyloversatilis (26%). Similar multiple pathogenic Pseudomonas spp. and Acinetobacter spp. were
detected in the JS WWTP samples as that of GJ WWTP, although most prevalent human pathogen in the
Acinetobacter genus, Acinetobacter baumannii were detected in the influent and downstream samples
which are reported to cause serious nosocomial infections [95]. Other less pathogenic Acinetobacter species
included Acinetobacter ursingii, and Acinetobacter schindleri [96]. The downstream and upstream samples
in this WWTP showed a similar pattern in the bacterial composition although with different relative
abundances. In downstream, most abundant genera Polynucleobacter, Pseudomonas and Acinetobacter
accounted for 35%, 27% and 8%, respectively, whereas upstream witnessed Sphingomonas (20%) followed

by Rhodococcus (16%), Polynucleobacter (14%) and Actinobacteria unclassified (14%).
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In the case of JR WWTP, the influent sample showed higher abundance of Pseudomonas (28%)
accompanied by Arcobacter (15%) and Caulobacter (12%) while the abundant genera belonged to
Limnohabitans (32%), Polynucleobacter (30%), and Rhodococcus (20%) in the effluent samples. Genera
belonging to Limnohabitans, Candidatus Saccharimonas and Polynucleobacter accounted for 31%, 19%
and 17% in the downstream sample, respectively and moreover genera Limnohabitans (76%) and
Polynucleobacter (14%) were also found to be abundant in upstream samples. Therefore, we observed that
Genera Limnohabitans dominated in the JR WWTP except in its influent sample. Unfortunately, the species
level of genus Limnohabitans was not identified in any of the samples and remained unclassified although
species Polynucleobacter necessaries were designated to the second most abundant genus
Polynucleobacter in all the samples. Similar to the above results, various pathogenic Acinetobacter species
were detected such as A. pittii, A. nosocomialis, A. johnsonii, A. juni, and A. ursingii in all the samples

except the upstream.

In all the samples, we detected more than 50 types of different genera, however, due to the low abundance
of several genera, we grouped them into “others” group. Moreover, we focused our investigation mainly
on the abundant bacterial communities in our samples. Collectively, we witnessed a broad range of genera
in our samples along with various types of pathogenic bacterial species. Although we observed differences
in the relative abundance of some genera (JR WWTP) between the effluent, downstream and upstream
samples, it is difficult to conclude from these relative abundances alone that WWTP influenced the bacterial
composition in the downstream samples. However, previous studies suggested the possible influence of
WWTPs on the prevalence of bacterial community composition in a receiving river as compared to the
upstream [90, 97]. Moreover, a research suggested that some WWTPs processes may sustain microbial
communities that productively bolster the spread of the plasmids carrying multiple ARGs [98]. Additionally,
evidence from previous research proves that the transfer of ARGs to the enteric bacteria could be witnessed
in the WWTPs [15]. Therefore, WWTPs may have the potential to spread the pathogenic antibiotic-resistant

bacteria and may have an impact on the microbial composition of the receiving aquatic environment.
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CHAPTER 4
CONCLUSION

In this study, we investigated the prevalence and abundance of antibiotic- and biocide-metal resistome and
mobilome in three WWTPs using metagenomics. Additionally, we also revealed the occurrence of mobile
ARGs, persistent plasmids and determined bacterial community composition. The results clearly revealed
the prevalence of ARGs and BMRGs in the WWTPs along with the genes encoding mobilome (transposable
elements and integrative conjugative elements). The abundance of antibiotic- and biocide-metal resistome
and mobilome got immensely reduced in the effluent samples as compared to the influent suggesting the
successful elimination of these genes by the treatment processes. Nevertheless, the higher abundance of
resistome and mobilome in the downstream samples as compared to their upstream may delineate the
possible role of WWTPs effluent in upraising these genes in downstream either by altering the chemical
environment or through the introduction of genes. Moreover, the high abundance of BMRGs along with
ARGs and their similar distribution pattern in our study may require additional supervision as it may suggest
the possibility of co-resistance mechanism in the microbial communities. Therefore, this arises the
requirement of a more comprehensive study to get insight into their co-occurrence distribution. Additionally,
the occurrence and high abundance of mobile ARGs may advocate the probability of higher chances of
their dissemination to other bacterial communities through HGT. As far as mobilome is concerned, the high
abundance of integrative and conjugative elements may need to be studied more comprehensively in the
WWTPs as their substantial association with ARGs may pose a serious threat like those of conjugative
resistance plasmids. Furthermore, the occurrence of mobilizable or conjugative resistance plasmids along
with BMRGs on them and moreover belonging to various human pathogenic bacteria may earnestly require
mitigation efforts, as the aggregate potential for mobile ARGs to occur on plasmids and in pathogens

represent the genuine risk to human beings and associated environment. The study also revealed that the
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plasmids with higher abundance may persist the treatment process of WWTPs and may further be added to
the receiving downstream. Similarly, the plasmids carrying ARGs may also persist and can be disseminated

to pathogenic bacteria from their host cells.

Overall, the detection of several human pathogenic bacteria and prevalence and persistence of antibiotic-
and biocide-metal resistome and mobilome in all the examined WWTPs highlights the fact that WWTPs
may serve as a potential hotspot for antibiotic- and biocide-metal resistome and mobilome. Although the
effective elimination of mobilome and resistome was witnessed in the WWTPs yet the subtle persistent
resistome or off plasmids may pose a risk of the dissemination of these genes between the environmental
bacteria and human enteric bacteria. However, the recent advancement in treatment processes may have
potential to remove a larger section of resistome, mobilome and bacterial pathogens but it is evident from
our study that the plasmids carrying ARGs may persist the treatment process. Our result suggests that a
more comprehensive research should be performed on the mobile ARGs and persistent plasmids in addition

to the development of novel disinfection system to reduce these emerging pollutants.
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