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Abstract

Extensive and uncontrolled use of plastics have caused
accumulation of considerable plastic waste in aquatic
environments, which is adding a new dimension to
environmental pollution, since synthetic plastics, which are
very difficult to degrade. Degradation of plastics by microbial
species has gained attention as a potential eco-friendly
countermeasures due to their special metabolic capabilities. In
the present study we employed shotgun metagenomic
sequencing for comprehensive profiling of plastic degrading
genes identified in sediments of Brahmaputra River, India.
Forty numbers of unique elements of plastic degrading genes
were observed in the collected sediment samples. The results
showed the presence of potential genes that is associated with
biodegradation of different types of plastics such as
polyethylene terephthalate (PET), polyethylene (PE), polyvinyl
alcohol (PVA) and polystyrene (PS). Among the microbes,
Pseudomonas pseudoalcaligenes bacteria dominated at all
sampling sites. Further mapping predicted enrichment of plastic
degrading enzymes such as polyesterase, esterase,
depolymerase and dehydrogenase. The plastic degrading

enzymes suggested variations between the sampling sites
indicating impact of anthropogenic activities in the stretches of
River Brahmaputra. The study provided baseline information
for future considerations for detailed characterization of novel
genes/enzymes and discovery of metabolic pathways in
degrading plastic waste, which can help in cleaning of
freshwater ecosystems.

Keywords: River Brahmaputra, metagenomics, sediments,
plastic degrading genes, microbial community

Introduction

Plastic are inexpensive, highly durable and lightweight
synthetic or semi-synthetic polymers that are used to create
various products of numerous societal and economic benefits
(Andrade et al. 2016; Purohit et al. 2020; Napper and
Thompson 2023). It is one of the greatest finding in the
millennium, which is now omnipresent part of our environment
covering households, packaging, health care, construction, etc.
Plastic are mainly non-biodegradable, petroleum derived
materials with unique polymeric structure that provides low
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specific weight, low thermal and electrical conductivity,
excellent mechanical properties and high durability (fishing line
last for 600 years, plastic bottles 450 years and plastic bags 20
years), etc. (Eagle et al. 2016; Mazhandu et al. 2020). Plastic
are of many variants and most common plastics are the high
molecular weight polymers such as polyethylene (PE),
polypropylene  (PP), polyethylene terephthalate (PET),
polyvinylchloride (PVC), polyamine (PA), polystyrene (PS),
and polyurethane (PU) contributing 80% of the annual plastic
generation (PlasticsEurope 2019; Purohit et al. 2020).

The predominant plastic are the single use plastic having
short life-cycle which is less than a month, leading to increase
in accumulation in the environment (Panda et al. 2010). The
biodegradation of plastic is extremely slow ranging from 100 to
1000 years, often burns in the open air leading to release of CO,
and poisonous chemical polluting the air (Welden 2020; Purohit
et al. 2020; Pilapitiya and Ratnayake 2024). The annual global
plastic production in 2016 was estimated around 322 million
tonnes, increasing by 10% each year with half of all plastic
produced are designed for single-use purpose (Crew et al. 2020;
UNEP 2024). Popularity of plastic increased drastically with
changing lifestyle and increasing population. Thus, massive
plastic production covers the major share in global industry, due
to low cost and multiple applications (Emmerik and Schwarz
2019; Sofi et al. 2020). Consequently, these materials generates
about 350 to 400 million tonnes of plastic waste annually on
global scale and 19-20 million tonnes of the plastic waste leaks
into the aquatic ecosystem polluting rivers, lakes and seas
(Ritchie and Roser 2020; UNEP 2024).

Plastic waste is ubiquitous present in air, soil and water.
Plastic waste ranging from large debris to microplastics,
continues to accumulate in aquatic environments, posing a
severe threat to the ecosystems. The amount of plastic waste
entering the aquatic ecosystems could nearly triple from 9-14
million tonnes per year in 2016 to a projection of nearly triple
by 2040. The freshwater lakes and rivers are often the first
receiver of plastic waste from urban and industrial pollution
(Alimi et al. 2018; UNEP, 2023). It is estimated that 1000 rivers
are accountable for nearly 80% of global annual riverine plastic
emissions into the ocean with small urban rivers amongst the
most polluting (Meijer et al. 2021; UNEP, 2024). Several
studies showed that plastic pollution in river water and
sediments have numerous consequences for freshwater
biodiversity, environments and ecosystem services (Ballent et
al. 2016; Fischer et al. 2016; Ebere et al. 2019; Gongalves et
al. 2020; Azevedo-Santos et al. 2021). Variety of plastic from
macro- to microplastic are unknowingly consumed by fishes,
aquatic animals, birds, turtles, etc causing blockage of intestine
resulting in death due to starvation. They may also act as vectors
in transferring plastic materials across food web. Another
concerns are entangling of animals in plastic residues, fishing
nets, effects on aquatic algae and plants, production of toxic
chemicals and gases, causing several ecological damages
(Reddy, 2018; Ryan 2018; Andrade et al. 2019; Blettler and
Wantzen 2019; Parker 2019; Wu et al. 2019; Urbanski et
al. 2020).
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Several methods have been adopted for plastic waste
management such as recycling, incineration and
biodegradation. The focus of technological innovation in the
management of plastic waste is currently on economical and
environmentally friendly techniques. Consequently, with the
use of biodegradable plastic, there has been a surge in the use
of microbial resources for biodegradation of synthetic plastic
wastes (Kumar et al. 2021). Thus, researchers have been
actively exploring and identifying potential microbes having
the ability to degrade the plastics and hunt the novel genes and
enzymes from the microbes for the purpose. But due to
difficulty in isolation and culturing of the microbes, very few
microbial agents have been characterized for plastic
degradation (Purohit et al. 2020; Shilpa et al. 2022).
Metagenomics approach serves as a great tool by mining non-
cultivable microbial communities from environment samples
by exploring the potential plastic degrading microbes, novel
genes and enzymes involved in the pathways (Ranjan et al.
2021; Hussein 2021). Therefore, the present study focused on
exploring plastic degrading genes from Brahmaputra River
sediments, one of the largest trans-boundary river of
international importance, using metagenomics approach.

Materials and methods
Study area and sample collection

Sediment samples were collected from eight locations along
the Brahmaputra River in Assam, India, covering the major
landing centres of its upper, middle and lower stretches of the
River during March-April 2022. The sampling locations were
Sadiya (Code: S1; 27° 49.14" N 95°40.52" E), Dibrugarh
(Code:S2; 27°29.9" N 94° 54.13" E), Tezpur (Code: S3;
26°36.58" N 92°47.27" E), Morigaon (Code: S4; 26°17.20" N
92°06.40" E), Guwahati (Code: S5; 26°11.43" N 91°45.20" E),
Dhubri (Code: S6; 26°1.20" N 89°59.41" E), Tinsukia (Code:
S7; 27°57.80" N 95°32.54" E) and Palasbari (Code: S8;
26°12.68" N 91°54.11" E). Sediment samples of 100 g (approx.)
were collected from a depth of 15-20 cm at five locations within
each sampling site. These samples were then combined to
create a 500 g composite sample, increasing the probability of
capturing microbial diversity. During transportation, the
samples were stored in a sterile container in an icebox and
preserved at -80°C for subsequent laboratory examination.
DNA extraction and high throughput sequencing
Total DNA was isolated using the Power soil DNA isolation kit
™ (Qiagen, Germany) following the manufacturer’s
instructions. The purity and quality of the extracted DNA were
assessed by Qubit™ (Thermofisher, USA) Fluorometer. DNA
libraries were prepared using Truseq Nano library preparation
kit™ (lllumina, USA). Subsequently, all libraries were
quantified using a Qubit fluorometer (Thermofisher, USA) and
a DNA HS assay kit (Thermofisher, USA). The insert size of
the library was determined using high-sensitivity D1000
screentapes (Agilent) on Tapestation 4150 (Agilent). The
libraries were index-coded and clustered using a cBot Cluster
Generation System. Following cluster generation, paired-end
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reads were generated by sequencing the librarieson an lllumina
NovaSeq 6000 platform.

Quality control, de novo assembly of reads and taxonomic
assignment

Sequence reads were pre-processed to remove adaptors,
poor-quality bases (QV<20 Phred Score) and short reads using
the fastP tool (version 0.23.2). Therefore, high-quality reads
were assembled de novo using Megahit version 1.1.3 to
generate assembled metagenomes for downstream analysis.
The resulting assembled contigs were subjected to taxonomic
assignment using the Kraken2 tool (version 2.1.1) to identify
operational taxonomic units. Kraken2 assigns taxonomic labels
to contigs based on their k-mer content, comparing them to
reference genome sequences. The Kraken genomic library,
which includes the SILVA database, was used for microbial
classification with a k-mer length of 35 and a minimizer length
of 31. The Kraken-mpa-report tools were used to estimate
microbial abundance across all taxonomic ranks for the
classified reads.

Functional annotation

The bioinformatics database KEGG (Kyoto Encyclopedia
of Genes and Genomes) was used to annotate and interpret
functional genes and metabolic pathways in metagenomic data
using best hit with a known reference sequence (Kanehisa et al.
2017). With over 13,000 nodes, KEGG classification is
represented as rooted tree, the leaves of which stand for several
routes. The analysis has been carried out using Megan 6 (Huson
etal., 2007).

Detection of plastic degrading genes (PDGs) from the
metagenome

PlasticDB database was used to predict the plastic
degrading enzymes (Gambarini et al. 2022). PlasticDB contains
information on proteins and microorganism linked to plastic
biodegradation, including data reported in scientific literatures.
The metagenome assembled sequences were aligned using
BLAST 2.10.1 against the plastic degrading enzyme database
with a percent identity cutoff of 50. The hits with percentage
identity > 50% identity itself were designated as the plastic
degrading enzyme.

Heatmap for PDGs was generated using average clustering
method in R. It displays correlationsin both row and column
clustes, with colors representing the correlation distances. The
heatmap visualization allows for identification of patterns and
relationships among PDGs. It represents presence or absence of
genes in various samples. Each row corresponds to specific
gene and each column represents a different sample site.
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Results and Discussion

Data generation and quality control of sediment
metagenome

To determine the microbial communities from the sediment
metagenomic data of River Brahmaputra, Illumina NovaSeq
6000 platform was used. Total number of reads from 35.15
million to 49.67 million were generated from all the sampling
sites with an average reads of 40.82 million per sample.
Average contig length of about 275,712 bp to 200 bp with
almost 99.13% of high quality reads Q20 and Q30 were
generated. Shotgun metagenomics is increasingly employed to
identify microbial communities associated with plastic
degrading genes in various environmental samples (Pinnell and
Turner 2019; Kumar et al. 2021) reported an average of 40
million sequence reads per sample using shotgun metagenomic
sequencing. Similarly, using the Illumina HiSeq platform,
Gaytan et al. 2020; Kumar et al. 2021 and Saleem et al. 2023
observed more than 35 million reads from landfill waste,
respectively.

Microbial taxonomic and functional annotation

Metagenomic data comprises of bacterial (98.58%),
archaeal (1.24%), eukaryotes (0.15%) and viral (0.03%)
microbial diversity. The bacterial diversity comprises of 37
phyla with 1558 genera and 6200 species. Among the bacterial
phyla, Proteobacteria (67.27%) dominates in all the sampling
sites followed by Actinobacteria (18.30%), Firmicutes (4.79%),
Bacteroidetes (4.65%), Planctomycetes (1.62%) and others
(0.7-0.001%), respectively. Among the bacterial genera,
Acinetobacter (8.0%) dominates followed by Aeromonas
(6.26%), Streptomyces (3.8%), Pseudomonas (3.63%),
Novosphingobium (2.30%) and others (2.02- 0.001%),
respectively (Figure 1). Among the bacterial species,
Aeromonas veronii dominates followed by Acinetobacter
johnsonii in the population, mostly observed in upper stretches
of the River near the city area sampling sites. The present
investigations showed presence of mostly gram negative
bacteria in metagenome sediments of River Brahamputra
corroborates with River Ganga and Yamuna River metagenome
data (Samson et al. 2019; Reddy et al. 2019; Behera et al. 2020;
Das et al. 2020). The phylum level profiling shares similarity to
other river sediments, indicating the presence of Proteobacteria.
The proteobacteria is a diverse phylum, playing key role in
several biogeochemical cycles (carbon, nitrogen and sulphur),
reservoir of CO, fixation, photo- and chemo- autotrophy
enzymes (Badger and Bek 2008; Hicks et al. 2018; Liu et al.
2021). The complex organic materials in the river sediments
support other microbes, collectively forming a complex
biological niche in the sediment ecosystem under conditions of
variable oxygen availability (Thoetkiattilkul et al. 2016;
Srivastava and Verma 2022). The abundance of Acinetobacter
genera in the samples showed anthropogenic pressure in the
area of the River. Acinetobacter forms biofilm on abiotic and
biotic surfaces as an effective strategy to increases their
probability of survival under exposure to environmental stress,
harbour pathways for degradation of various long-chain
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aromatic and dicarboxylic acids compounds (Jung and Park
2015; Bardbari et al., 2017; Hubeny et al. 2022). Aeromonas
veronii was reported as fish pathogen and an opportunistic
pathogen to humans (Li et al. 2020; Brar et al. 2023) and also
been isolated from sediments of River and wetland (Behera et

2024 Niti Sharma/ Basanta Kumar

al. 2020; Kumar et al. 2023). In the present study, the
abundance of bacterial diversity showed that the River may be
under environmental stress due to increase in anthropogenic
activities.

Figure 1: Abundance of top twenty genera of bacterial community in sediments of River Brahmaputra
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The functional annotation of metagenomic sequences using
KEGG database revealed 36 different pathways. A total of
1,70,88,172 ORFs were assigned to KEGG pathway genes.
Analysis of KEGG predicted genes in sediment samples
showed distinct pattern of functional gene abundance in each
metagenome sample. Majority of the pathways were associated
with carbohydrate metabolism, lipid metabolism, energy
metabolism, amino acids metabolism, nucleic acid metabolism,
glycan biosynthesis and metabolism, xenobiotic biodegradation
and metabolism, translation, folding sorting and degradation
and some unclassified functions (Figure 2). As the present
study focused on degrading pathways, the major pathways

associated with xenobiotics biodegradation and metabolism,
xylene degradation, caprolactam degradation, polycyclic
aromatic hydrocarbon degradation, chlorocyclohexane and
chlorobenzene degradation. Similar observation was reported
by (Qiu et al., 2020; Kumar et al. 2021; Yadav et al. 2021; Brar
et al. 2023). Qiu et al. 2020 identified 46 small metabolic
pathways from sediment of River, where carbohydrate, amino
acid metabolism and energy were the major pathways. Yadav
et al. 2021, determined xenobiotic bidegradation and
metabolism using KEEG database, where the result prediction
more than 350 pollutant degrading enzymes involved in plastic,
hydrocarbon and dye degradation.
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Figure 2: KEGG functional annotation showing major pathways from the sediment metagenome
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Identification of PDGs from the sediment metagenome of R.
Brahmaputra

From the metagenome data, plastic degrading genes (PDGs)
were identified using PlasticDB database. A total of 100
elements with 40 unique elements were identified for PDGs
(Figure 3). Highest number of PDGs elements were determined
from S6 (37) followed by S2 (17) and S4 (17), respectively.
These are the sampling sites of river passing through city areas
where anthropogenic activities are increasing day-by-day.
Plastic degrading microbes are mostly found in landfills, debris
sites, marine and freshwater ecosystem. They can survive in
harsh environments, besides having the capacity to synthesize
secondary metabolites of industrial and clinical importance
(Saleem et al. 2023). Zrimec et al. 2021 identified 11,906
enzyme homologues on soil and ocean data sets and 17 unique

plastic types were recovered from the data sets. Plastic
degrading genes for polymer such as polyethylene terephthalate
(PET), polyethylene (PE), polyvinyl alcohol (PVA),
polystyrene (PS), Polyhydroxyalkanoates (PHA) were mined
from the datasets. A heatmap was developed showing
abundance of PDGs in relation to sampling sites (Figure 4).
The colour of each group scaled from red (2) to grey (-1) based
on the relative abundance within the samples. Maximum
number of PDGs were present in S6 followed by S2, S4, S1, S5
and S3, respectively. Similar observation was reported by
Kumar et al., 2021 from landfills of Gujarat, where landfill
microbes are linked to degradation of plastic such as PE, PET
and PS. Putman et al. 2023 also identified plastic degrading
genes from metagenome dataset for degradation of HDPE, PET
and PC plastics containing abundant of aliphatic hydrocarbon
and aromatic degradation genes.
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Figure 3: Presence of total and unique elements of PDGs in sampling sites
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Figure 4: Heatmap showing the abundance of PDGs within the sampling sites
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Figure 5: Abundance of plastic degrading microbial species from R. Brahmaputra
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Table 1: List of major plastic degrading enzymes associated with microbial species

Polymer name Plastic degrading microbial species Degrading enzymes
P3HV_PHBV_PHA Paracoccus_denitrificans 3HV_dehydrogenase
PHA PHB Cupriavidus_necator PHA_depolymerase
LDPE Paenibacillus_sp. Alkane_monooxygenase
PBAT Pseudomonas_pseudoalcaligenes Polyesterase

LDPE Rhodopseudomonas_palustris Hydrolase

PHA Pseudomonas_putida PHA_depolymerase

PLA PHA_PES PCL Pseudomonas_chlororaphis Lipase

PLA Uncultured_bacterium Esterase

PBAT Carboxylesterase

PS Acinetobacter_johnsonii Alkane-1_monooxygenase
PEG Streptomyces_sp. PEG_aldehyde_dehydrogenase
PLA Lederbergia_lenta Protease

PVA Stenotrophomonas_rhizophila PVA_dehydrogenase

PET Thermobifida_halotolerans PETase

Microbial Community Structure and novel enzymes
associated with Plastic Degradation

In the present study, river sediment metagenome showed
abundance of several enzymes and microbes involved in plastic
degradation (Figure 5). The abundance analysis showed
dominance of Pseudomonas pseudoalcaligenes in all the
sampling sites having the capacity of PET degradation followed
by Paracoccus denitrificans and Cupriavidus nectar for PHA

degradation. For PE biodegradation, microbes uses
dioxygenase and monooxygenase enzymes to add one or two
oxygen atoms to form aldehydes ketones, alcohols and
carboxylic groups through a free radical reaction. Through
oxidation process, the extracellular enzymes contribute to
mineralization of PE, making the polymers more hydrophilic
and open up the surface for microbial adhesion (Jacquin et al.
2019; Kumar et al. 2021; Raoufi et al. 2023). In this study,
sediment metagenme dataset showed abundance of degrading
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enzymes like alkane-monooxygenase, alkane-1-
monooxygenase, hydrolase for PE degradation associated with
microbial species Paenibacillus sp., Acinetobacter johnsonii,
Rhodopseudomonas palustris. Similarly enzymes for PET
degradation identified were polyethylene terephthalate
hydrolase ~ (PET  hydrolase) and PETase, Lipase,
Carboxylesterase, etc. linked with Thermobifida halotolerans,
Pseudomonas chlororaphis, other uncultured bacterial species.
A list of all the degrading enzymes with the associated microbes
are mentioned in Table 1. Hydrolytic enzymes act on PET ester
bonds and break them into simple monomers (Soong et al.
2022; Temporiti et al. 2022). Similarly, Kumar et al. 2021
observed enzymes such as PET hydrolase that hydrolyzes PET
to mono-(2-hydroxyethyl) terephthalate, bis (2-hydroxyethyl)
terephthalate and terephthalic acid, involved in biodegradation
of PET. Soong et al. 2022 reported polyester hydrolases linked
to bacterial species such as Thermobifida fusca,
Thermomonospora curvata, and Ideonella sakaiensis (Soong et
al., 2022). It has been reported that thermophilic Pseudomonas
sp. are capable of biosynthesis and biodegradation of PHA and
other synthetic plastic (Mozejko-Ciesielska et al., 2019; Saleem
et al. 2023) which corroborates with our study. Since many
Pseudomonas species such as Pseudomonas pseudoalcaligenes,
Pseudomonas putida, and Pseudomonas chlororaphis were
observed in the river sediment metagenome, capable of plastic
degrading.

Conclusions

The present study employed high-throughput metagenomic
approach to deliver insight into the abundance of plastic
degrading genes and microbial community structures present in
sediments of River Brahamputra. The microbial diversity
revealed high microbial richness comprising of highest
bacterial species in S2 (polluted area) and lowest in S8 (pristine
area) sampling sites. Bacterial isolates Pseudomonas
pseudoalcaligenes, Paracoccus denitrificans, Cupriavidus
nectar, Thermobifida halotolerans, Streptomyces sp.,
Acinetobacter johnsonii were present in the metagenomics data
which is being explored for plastic degradation. Functional
analysis showed the abundance of potential enzymes involved
in metabolism, xenobiotic and plastic degradation. Potential
degrading enzymes alkane monooxygenase, hydrolase,
PETase, carboxylesterase, lipase, esterase, etc were mostly
present in the sampling areas. These plastic degrading enzymes
were associated with the bacterial species for degradation of
plastic such as PET, PE PS, PBA and PHA. Thus, these findings
provide a baseline information and technique for development
of metagenomics approach for the degradation of plastic waste
from freshwater ecosystem. Further studies are required for
detailed characterization of enzymes, determining common
gene cluster at higher taxonomic level. These efforts may result
in identification of novel metabolic pathways for degradation
of plastics waste.
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