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Synergistic Plant-Microbe Interaction in Modulating Micro/Nano Plastic Degradation
for Sustainable Ecosystem

MEGHA

ABSTRACT

Contaminated soil is one of today's most difficult environmental issues, posing serious
hazards to human health and the environment. Contaminants, particularly micro-nano
plastics, have become more prevalent around the world, eventually ending up in the soil.
Numerous studies have been conducted to investigate the interactions of micro-nano plastics
in plants and agroecosystems. However, viable remediation of micro-nano plastics in soil
remains limited. A significant amount of leftover plastic from the extensive usage of plastic
film mulch and effluents from surface runoff and industrial activities has accumulated and
ultimately formed microplastics (MPs) in agricultural soils. However, it is uncertain how
crops would be impacted by microplastics from plastic mulch film.

In order to observe the effects of plastic fragments especially microplastics in plant and soil,
the growth, physio-biochemical characteristics, and morphology of Brassica juncea
(mustard plants) exposed to two types of HDPE microplastics — HDPE_MPs and
HDPE_beads, were studied. Upon interaction with MPs and beads, the height, biomass,
chlorophyll content, phenolic content and proline content of Brassica juncea plant were
drastically lowered. This work emphasizes that MPs may have higher detrimental impacts
for terrestrial ecosystems, which warrants additional investigation in future studies, and
offers a fresh insight into the possible effects of MPs with varying biodegradability’s on
soil-plant systems.

Secondly, to observe the impacts of microplastics on wild plants, a simulated dump yard
model was prepared studying impact of two different types of microplastics: high-density
polyethylene (HDPE) and nylon-6,6, on tropical wild plants: Cynodon dactylon (L.) and
Portulaca grandiflora. The effects of microplastics on the two plants were evaluated using
confocal laser scanning microscopy for morphological inspection, antioxidant activity,

chlorophyll content analysis, and biometrical parameters (root and shoot height, biomass




output). The uptake of microplastics by plant parts could be observed through the symplastic
and apoplastic pathways. The morphological studies could confirm the mechanism of uptake
within plant parts. The accumulation of microplastics within the root and aerial parts of
leaves could provide a phytoremediation strategy by phytoextraction of microplastics.
Mechanisms showing the uptake of MNPs by plants is demonstrated by explaining the
apoplastic and symplastic pathways. The major accumulation occurs in the root hairs and
aerial parts of leaves thereby showing a phytoextraction strategy.

Finally, synergistic plant-microbe interaction was studied to determine the capability of soil
microbes in degrading microplastics and also harnessing the plant nutrition and growth. For
this, the isolation of soil microorganisms was carried out using metagenomics sequencing to
identify the bacterial strain that showed the most degradation efficiency. Also, two other
microplastics, PP and PVC, were taken for the research study to ascertain the importance of
bacterial isolate for microplastic degradation. To confirm microplastic degradation by the
isolated bacterial strain, Acinetobacter baumannii, both the microplastics were subjected to
FTIR analysis, thermogravimetric study, weight loss % for a span of 50 days and
morphological characterization to observe the changes in the structure of microplastics post
bacterial inoculation. The results confirmed degradation efficiency in both the microplastics
stating the efficacy of microbes for microplastics elimination for sustainable ecosystem.
These results conclude the effectiveness of isolated bacteria in microplastic degradation and
potentially leading to the development of more effective and sustainable solutions for
managing plastic waste.

This thesis is summarized in five chapters:

e Chapter 1 discusses a brief introduction about agricultural pollution of microplastics
and its remediation technologies. It also talks about the sources and impacts of
microplastics on human health and surrounding ecosystem.

e Chapter 2 outlines the materials and methods involved in carrying out the objectives
of the research study.

e Chapter 3 focuses on results and discussion for the objectives designed for the

research.

Vi




e Chapter 4 focuses on the summary, conclusion and future scope of the research
study.

e Chapter 5 discusses the references that were used in the research study.

To better comprehend the finding of this research, future insights on live imaging of
microplastics within plant parts could provide substantial information on phytoaccumulation
of microplastics. The buildup of microplastics in soil is the last point that needs more
attention. The remediation potential of soil could be determined by analyzing the amount of
microplastics left over after accumulation in plants. Overall, it can help in the sustainable
remediation of soil containing microplastics in nearby groundwater system for cleaner

environment.
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CHAPTER 1

INTRODUCTION & REVIEW OF LITERATURE
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Chapter 1- Introduction & Review of Literature

1.1 Background:

The accumulation of emerging contaminants (ECs) in agricultural ecosystems is one of the
main concerns of environment in today’s scenario (Taheran et al., 2018). The behavior, fate
and ecological impacts of ECs has led to inadequate management and loss of biodiversity
(Lodeiro et al., 2019). The most influential attribute of man-made activities is the discharge
of plastic (Galloway et al., 2017), a polymer used in everyday life. According to reports
from the Centre for Science and Environment (CSE) of India, 79 % of the total plastic
produced enters the environment in the form of waste, of which only around 9 % is recycled
(“Managing Plastic Waste in India,” 2020). Plastics are widely used due to their lightweight,
flexibility, durability, non-rusting nature and high persistency (Lambert and Wagner, 2017).
These properties of plastic that make it suitable for packaging and other engineering
applications make it difficult to degrade. Globally, the production of plastic exceeds around
150 million tonnes every year. In 2015, plastic consumption per capita was highest in the US
at 109kg, followed by Europe, China, Brazil and India with 65kg, 38kg, 32kg, 11kg,
respectively, making a global average of approximately 28kg plastic per capita (Sharma and
Mallubhotla, 2019). The data on plastic production and its fate as of 2018 is described in
Figure 1.1 (cycles and Text, 2018).
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Plastic production and fate (million
metric tonnes)

@ Total plastic production (360 m)

& Volume of plastic municipal solid waste (MSW)
generated (7.2 m)

Global plastic waste volume (35.8 m)

Global amount of macro- and microplastics lostto the
environment (1.06 m) 3%

Figure 1.1: Global plastic production and its fate

The worldwide increase in production, mass consumption and waste management has led to
the ubiquitous accumulation of plastics in oceans and soils (Wang et al., 2019). On entering
the environment, these plastics in the form of microplastic particles pose a significant threat
to human health, causing disorders such as reproductive toxicity, carcinogenicity and
mutagenicity (Gasperi et al., 2018). Moreover, petrochemically derived conventional
plastics are majorly responsible for ecological problems like climate change and loss of
biodiversity. Furthermore, plastics that are biodegradable in laboratory conditions and waste
management and natural conditions merely exist (Briassoulis and Innocenti, 2017).

Pollution with plastic particles first gained attention in the marine ecosystem, including
oceans, sediments, freshwaters and coasts (Alice A. Horton et al., 2017; Windsor et al.,
2019). Nonetheless, only limited knowledge and information exists on sources, sink and
distribution of plastics in agricultural ecosystems. The agricultural ecosystem is affected by
a myriad of plastic contaminants, and it is essential to establish better analytical methods for
monitoring and toxicity assessments of soil. Reports have been published recently to
demonstrate plastics contamination in different agricultural soils (table 1.1).
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Table 1.1: Reports on plastic pollution in various soil samples

Type of soil Sampling Size of Method Reference
depth plastic
Farmland soil 5¢cm 1-5mm FTIR (Piehl et al.,
2018)
Coastal soils 2cm <5mm Microscope (Xu et al.,
and FTIR 2020)
Home garden 10-20 cm 10-20 Stereo- (Huerta
soils pm, > microscopy Lwanga et al.,
50pum 2017)
Agricultural 25cm 0.97 Floatation (Corradini et
soils mm and al., 2019)
Microscope
Woodland 5cm 10-50 Organic (Zhou et al.,
soils mm digestion by 2019)
30%
KOH:NaCl
O, Density
separation
by  ZnCl
and NaCl
Paddy soils 10 cm 0.02- 1 FTIR (Lv et al,
mm 2019)
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Farmland

soils

Greenhouse
field

Forest buffer

zone

Floodplain
soils

Fruit field

Agricultural

soils

5cm

0-20 cm

0-10 cm

5cm

3-6cm

15cm

1-5mm

>1 mm

1-0.05

mm

5 mm —

25cm

>0.1cm

0 -05

mm

25

Attenuated
total
reflection
(ATR)-FTIR

Ultrasonicati
on, GC-MS,
High
throughput

sequencing

Density
extraction

by Nal,
H202
digestion,

microscope

FTIR

Floatation,
Heating and
Microscope

Floatation
and
Metallograp
hic

(Piehl et al.,
2018)

(Sun et al,
2018)

(Zhang and
Liu, 2018)

(Scheurer and
Bigalke,
2018)

(Zhang et al.,
2018)

(Ding et al.,
2020)




Horticultural
soils

Coastal soils

Farmland

soils
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Various reports have claimed that most plastic materials are integrated towards breakdown

compared to degradation (Bansal et al., 2021). These large plastics generate smaller

fragments of size less than 5 mm, referred to as microplastics (Mammo et al., 2020). Further

deterioration of these microplastic fragments results in the formation of eventually smaller

particles of size less than 0.1 um, commonly called nanoplastics (Dahl et al., 2021). Despite

occurrence of microplastics by degradation, they are also incorporated as specific

constituents in many products used in daily life. These microplastics bioaccumulate within

the soil and have adverse effect on plant growth and development (Ding et al., 2020). For
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this reason, concern on impact of microplastics on plant performance, along with soil
microbes and activity in soil has been the study for research (de Souza Machado et al.,
2018).

1.2 Contaminants in the Agricultural Ecosystem:

In general, contamination in agricultural soil occurs due to the build-up of toxic chemical
compounds, salts, radioactive materials, and different types of micro/nano plastic particles
formed by the disintegration and breakdown of plastic products (Weldeslassie et al., 2018).
Herein, plastic contaminants and their effect on soil properties are briefed.

A. Physical Contaminants: Different types of physical pollutants present in agricultural
soils include plastics. Various studies have observed the origin and fate of plastic fragments
in the terrestrial ecosystem (Alice A Horton et al., 2017). Plastic products in the soil can be
categorized as macroplastics, microplastics and nanoplastics. Direct release of plastic
products in soil contains a large proportion of macroplastics of size more than 5mm (Qi et
al., 2018). Most of the macroplastics particles disintegrate into smaller fragments without
undergoing degradation (Scott Lambert, Chris Sinclair, 2014). The breakdown of large
macroplastics into smaller pieces of size less than 5mm is referred to as microplastics
(Mammo et al., 2020). Microplastics originating directly from cosmetic products and
various industries are termed primary microplastics whereas disintegration of large plastic
results in the formation of secondary microplastics (Igbal et al., 2020). Increased exposure
time causes further deterioration of microplastics into smaller fragments of size less than 0.1
um, referred to as nanoplastics (Ng et al., 2018). Different characteristics of plastics,
including size, shape, charge, density and surface properties (Rilling et al., 2019), influence
their transport into the soil. For example, plastic fragments in soil are surrounded by various
microorganisms and other substances, commonly referred to as ecocorona (Galloway et al.,
2017). Thus, the development of ecocorona can have a strong influence on plastic size and
shape and their migration within the soil. Therefore, the effect of plastics on soil biota and

organisms requires greater understanding and transport pathways that facilitate delivery of
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plastics into soil need to be monitored and controlled.

B. Chemical contaminants: Plastic fragments including microplastics and nanoplastics
provide large surface area and hydrophobicity for sorption of various chemical pollutants,
including polychlorinated biphenyls, dioxin-like chemicals, polybrominated diphenyl ethers,
toxic metals, antibiotics and other pharmaceutical compounds (Fred-Ahmadu et al., 2020).
Microplastics also contain various additives, including phthalates, bisphenol A and
nonylphenols (Hermabessiere et al., 2017). Such additives are leached in the agricultural soil
after the degradation of microplastics and have an adverse effect on microorganisms and
plants (Wang et al., 2021). The interaction of microplastics with chemicals has significant
risks to the agricultural ecosystem as compared to plastics alone. Adsorption of nonpolar
and polar organic pollutants and heavy metals is highest on the surface of microplastics that
affects the soil attributes (F. Wang et al., 2020). For example, the sorption rate of
phenanthrene on biodegradable poly (butylene adipate co-terephthalate) microplastics was
higher due to high salinity (Zuo et al., 2019). Interaction of microplastics with toxic metals
such as zinc posed higher desorption of zinc in the intestine of earthworms than its
adsorption in soil (Hodson et al., 2017). Most of the agricultural soil is polluted with
pesticides that have more significant occurrence with microplastics. For example,
glyphosate interaction with low-density polyethylene microplastics altered the volume and
weight of earthworms (L. terrestris) (Yang et al., 2019). Bioaccumulation of dufulin on
interacting with microplastics caused oxidative damage and interference in the metabolic
profile of Eisenia fetida (W. Sun et al., 2021). The release of various additives from
microplastics is one of the sources of toxicity in agricultural soils. For example, the
accumulation of hexabromocyclododecanes (HBCDDs) on interaction with microplastics
reached an abnormally higher concentration in earthworms (E. fetida and M. guillelmi)
found in the soil (B. Li et al.,, 2019). Also, accumulation of hydrophobic organic
contaminants was observed in earthworms of clean soil due to microplastics pre-
contaminated with pollutants like polychlorinated biphenyls and polycyclic aromatic

hydrocarbons (Rodrigues et al., 2019; J. Wang et al., 2020). Not only the adsorption is
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affected by the type of chemical contaminant, but it also relies on various environmental
factors, including temperature, pH and salinity (Zhang et al., 2018). For example, pesticides
adhere to the surface of microplastics because of the presence of sodium ions in the soil.
Also, the morphology of microplastics can be changed by weathering processes resulting in
increased concentration of polar functional groups (Corcoran et al., 2015). Assessment of
toxicity of microplastics with chemicals is essential to determine the ecological risk and

effective management of the agricultural ecosystem.

1.3 Entry pathways for plastic in the Agricultural Ecosystem:

Soils are associated with all environmental sectors and support food production. The
introductory pathway for plastics, including microplastics and nanoplastics, into agricultural
soils, is via different sources, including plastic mulching, municipal solid waste and sewage
sludge, compost, irrigation, littering and atmospheric deposition (figure 1.2) (Alice A.
Horton et al., 2017). Plastics get introduced into the agricultural soils by applying these
sources as mentioned above and cause a global change in soil properties (Kershaw and
Rochman, 2015). Some of the impacts of plastic pollution in soil include structural loss and
reduced soil microbes activity, increased viral diseases and soil pudding (Amare and Desta,
2021).

a) Agricultural plastic mulch: Plastic mulching is the most preferred technique for
receiving greater harvest and crop quality thereby increasing soil temperatures and water
efficiency (Kader et al., 2017). The widely used plastic mulch is high and low-density
polyethylene (PE) (Kasirajan and Ngouajio, 2012). Though plastic mulch helps increase the
productivity of field crops, it also leads to contamination of soil with adverse effects on the
agricultural ecosystem. Moreover, plastic mulches contain harmful additives like phthalates
with concentrations of 50-100 mg phthalates kg™ in soils with plastic mulching (Wang et al.,
2013). A case study by Liu et al., 2014, observed an accumulation of 50-260 kg hm plastic

particles in topsoil, affecting plant growth and altering the food chain.
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b) Sewage Sludge: The highest concentration of microplastics and nanoplastics pollutants in
the soil is via sewage sludge used for fertilization in fields (Corradini et al., 2019). Around
90% of plastic contaminants found in industrial wastewater are retained even after treatment
and concentrate in sludge (Tagg and Labrenz, 2018). Apart from that, sewage sludge also
contains synthetic polymers added by the draining and disposal of cosmetic products
(Mason et al., 2016). A study by Mahon et al., 2017 observed approximately 4000 to 15000
microplastics particles kg™ (dry weight) sludge and neither of the processes such as lime
stabilization, thermal drying, anaerobic digestion could help remove microplastics from the
soil. This makes sewage sludge one of the potent pathways for plastic input in agricultural
soils.

c) Compost: Composted bio-waste application as fertilizer is a relevant entry source of
plastic in agricultural soils (Guo et al., 2020a). Bio-waste of residential households is not
correctly disposed of or separated and contained within plastic bags made of high-density
polyethylene (HDPE) (Blasing and Amelung, 2018). Commercial bio-waste comprising
spoiled food plastic packaging is left untreated and enters the soil (Stubenrauch and Ekardt,
2020). Moreover, the degradability of biodegradable plastics depends on their type (Ohtaki
and Nakasaki, 2000), and most plastics decompose at high temperatures above 50 °C
(Raubenheimer and Mcllgorm, 2018). Thus, biodegradable plastics cannot be used for

domestic waste as an alternative for disposing of waste or packaging for food.

d) Irrigation: The most common practice to provide water to plants is irrigation in
agricultural soils. Mostly groundwater which is formed by infiltration through soil is used
where larger plastics are usually gets separated and only smaller plastics like microplastics
and nanoplastics pass through macropores of soil and reach groundwater (Bol et al., 2016).
Thus, farms irrigated by groundwater can contain concentrations of microplastics and
nanoplastics that accumulate in agricultural soils. Moreover, water scarcity, population
increase and urbanization have caused such irrigation practices where direct use of untreated

or wastewater is seen (Nations), 2009). According to reports, approximate 7% of total
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irrigated land is fed untreated wastewater and the majority of the population consumes food
produced using contaminated wastewater (Mateo-Sagasta et al., 2013). As previously
discussed, untreated wastewater contains high concentrations of microplastic and

nanoplastics contaminants affecting soil properties.
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Figure 1.2: Entry pathways for microplastics in agricultural ecosystem

e) Littering: Irresponsible waste disposal near roads can also input plastic particles into the
soil. Washed away litter from highways, usually caused due to storms and rain, can cause
the deposition of plastic in agricultural soils (Kibblewhite, 2018). Additionally, tire abrasion
on roads may introduce fine plastic particles through wash off and dust which can also harm
the agricultural ecosystem (Kreider et al., 2010). Although, illegal dumping of household
waste and litter accumulation on roads is restricted, yet huge concentrations of these are

washed in soils.
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f) Atmospheric Deposition: A notable contributor of plastic particles in the soil is through
wind, blowing plastic waste from surfaces such as landfills, streets or urban areas (Rillig et
al., 2017). Different microplastics and nanoplastics contaminants are blown by air from
suburban areas into agricultural soils, affecting their biota. A study near Paris (France)
reported an atmospheric fallout of microplastics fragments which was about 29-280 items m-
2 day* (Dris et al., 2015). Also, microplastics can be transported to long distances, including

soils in remote areas, as demonstrated by Free et al., 2014.

1.4 Review of Literature:

1.4.1. MNPs and their sources:

MNPs are divided into fiber, film, pellet, powder, and fragments based on their morphology.
MNPs are composed of polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinyl
chloride (PVC), and polyamide (PA) as chemical ingredients. MNPs are widely classified
into primary and secondary classes based on their commercial applications. Primary MNPs
are manufactured for specialized uses such as cosmetics, medicine delivery carriers,
industrial use, and military aids. Furthermore, synthetic textiles account for roughly 35% of
total primary MNPs emitted in bodies of water (Boucher and Friot, 2017). Secondary MNPs
are formed by the breakdown of large plastics through physical, chemical, and biological
approaches. Mechanical forces, chemical breakdown, or microbial degradation of large
plastic fragments result in the formation of secondary MNPs. Also, fishing, travelling, and
catering contribute a significant proportion of secondary MNPs (Guo et al., 2020b).
Vehicular transport, including tyre wear, brakes, markings is also a major source of
microplastics in the ecosystem (Luo et al., 2021). Apart from major sources of MNPs in the
environment, agricultural practices, recreational activities, sewage sludge application, and
organic fertilizers can also contribute to MNPs pollution (Guo et al., 2020b). So, better
knowledge of the potentially detrimental or deleterious consequences of these contaminants

on agroecosystems is critical.
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1.4.2. Impacts of MNPs to terrestrial and aguatic plants:

Size, thickness, shape, and shade of MNPs control their bioavailability, and subsequently,
their toxicological impact (Haegerbaeumer et al., 2019). MNPs get adsorbed by plants, the
soil rhizosphere, and soil organism thereby affecting soil physio-chemical properties
(Junhao et al., 2021). Likewise, the impacts of MNPs on aquatic plants are crucial to the
well-being of flora and fauna. Recently, airborne MNPs have also gained attention,
suggesting that they are present both in indoor and outdoor air (Enyoh et al., 2019). Effluent
discharge and surface runoff from rivers, lakes, and sediments have a direct impact on
aquatic water bodies and related coastlines (Jeyavani et al., 2021). Also, MNPs particles
aggregate and get ingested by marine species, thereby affecting the food chain (Prata et al.,
2020). Apart from this, agricultural practices, road, and tyre wear discharge also emit MNPs
on land and in the air (Luo et al., 2021). These sediments get infiltrated within the soil or

discharge into water bodies, thereby affecting the ecosystem (figure 1.3).

Terrestrial plants contaminated with :
MNPs : Migration of MNPs in soil
H and aquatic habitat

Figure 1.3: Sources of MNPs, their migration, impact, and structural changes on
terrestrial and aquatic plants
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a) Toxicity to terrestrial plants and soil

MNPs can physically block or clog plant tissues, such as stomata or root hairs, limiting their
ability to carry out essential functions like gas exchange and nutrient uptake (Banerjee et al.,
2019). MNPs contain various additives, such as plasticizers and flame retardants, which can
leach out and affect plants. These chemicals may have toxic effects on plants, disrupting
their metabolism, photosynthesis, and hormonal balance (Tun et al., 2022). MNPs can
adsorb nutrients such as nitrogen and phosphorus, reducing their bioavailability to plants.
This can lead to nutrient deficiencies and affect plant growth and productivity (Dovidat et
al., 2020). MNPs can provide a surface for microbial colonization, forming biofilms. These
biofilms can alter the composition and activity of soil and water microbial communities,
potentially affecting the plant-microbe interactions that are crucial for nutrient uptake and
disease resistance (He et al., 2022). Despite having lower MNPs emphasis than soil, air has a
higher liquidity that allows for more accumulation of MNPs on leaf surfaces by means of
fluid-elevated openings (de Souza Machado et al., 2019). MNPs appended to leaf surfaces
might obstruct daylight and hamper photosynthesis, with comparable outcomes found in
green growth (Wu et al., 2019). Due to the presence of MNPs in soil, a reduction in water-
holding capacity occurs, which negatively causes a decrease in oxygen in soil aggregates
(Liu et al., 2014b). Similarly, micrometer-sized polystyrene (PS) microparticles may also
penetrate inside the crop plants at the site of lateral root emergence, thereby contaminating
the crops (Li et al., 2020a). Seeds may be harmed as a result of plastic leachate mixed with
water, which seeds absorb during germination, or as a consequence of smaller MNPs

altering soil structure (Pflugmacher et al., 2020).

b) Toxicity to aquatic plants

Not only do MNPs have impacts on terrestrial plants, but recent research has found their

potential to deteriorate aquatic flora. The formation of phytoplankton on the surface of water

could encapsulate and entrap MNPs (Prokin et al., 2015). This sorption of MNPs may result

in decreased length of principle outgrowths of established plants, repress root development,
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photosynthetic action, and suitability of freshwater phytoplankton. Considering past works,
microplastics can influence the photosynthesis of green plants through attachment to the
outer layer of xylem and phloem tissues and consequently assemble to repress their
photosynthesis (Dovidat et al., 2020). PS nanoplastics adsorption also slows down green
plant photosynthetic movement while speeding up the formation of responsive oxygen,
which is dependent on the physio-chemical qualities of plastics as well as the morphology
and biochemical properties of green plants (Bhattacharya et al., 2010). Light is crucial for
the photosynthetic process, and decreased light availability can impede plant growth and
productivity (Mateos-Cardenas et al., 2021). MNPs can induce oxidative stress in aquatic
plants. These particles can generate reactive oxygen species (ROS) when interacting with
plant tissues. ROS can cause cellular damage by oxidizing biomolecules, disrupting cellular
processes, and impairing plant growth (van Weert et al., 2019). As higher trophic levels feed
on these plants, the MNPs can be transferred up the food chain through a process called
biomagnification, potentially affecting other organisms as well. The debilitating or even loss
of porousness influences ordinary development and digestion cycle like the migration of

compounds within and outside the cell walls of aquatic plants (Xia et al., 2015).

1.4.3. The drawbacks associated with conventional methodologies to eliminate MNPs:

The aforementioned impact of MNPs on ecosystems necessitates the utilization of various
methodologies to tackle and reduce plastic contamination. Different conventional methods

of eliminating plastic contaminants and their drawbacks are explained below:

a) Adsorption: In this technique, physical, chemical, or biological adsorbents such as
carbon materials, zeolites, metal organic frameworks, and mesoporous materials are used to
eliminate micro-nano plastic pollutants (Reineccius et al., 2021). MNPs can adhere to the
surface of certain materials through physical interactions such as van der Waals forces,
electrostatic interactions, and hydrophobic interactions. For example, a covalent organic
framework like Tpa-H showed high adsorption energy for polyethylene, polyethylene

terephthalate, and nylon-6 via molecular dynamics (Shang et al., 2022). MNPs can
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chemically bind to specific functional groups on the surface of adsorbent materials through
covalent or coordinate bonding (Song et al., 2023). This mechanism is often employed using
modified materials with functional groups such as amino groups, carboxyl groups, or
sulfonic acid groups. For example, sulphate groups of polystyrene nanoplastics were
degraded under UV radiation, thereby decreasing their electrostatic potential (X. Wang et
al., 2020). The major disadvantage of using this technique is the generation of additional
toxic wastes, and the cost of commercial adsorbents used for the treatment of MNPs is still
high (De Gisi et al., 2016).

b) Coagulation: Different types of organic and inorganic coagulants are used for MNPs
removal, including ferric chloride, polyaluminium chloride, ferrous chloride, and polyamine
(Zhou et al., 2021). These coagulants bind to microplastic particles by an uptake-
complexation mechanism, thereby forming strong bonds with pollutants (Xu et al., 2021).
For example, iron and aluminium coagulants were used for the removal of polyethylene
microplastics under high polyacrylamide concentrations (Ariza-Tarazona et al., 2019). Also,
metal hydroxide coagulants like iron and aluminium could help stabilize microplastics
suspended in wastewater, thereby interacting via van der Waals forces to form sludge
blankets (Perren et al., 2018). The major drawback of this method is its low selectivity;

adsorbents are sensitive to pH, and competing ions tend to reduce the efficacy of adsorbents.

c) Membrane filtration: Dynamic membranes are utilized for influent flux and
concentration of respective MNPs on the membrane during the process of filtration to
enhance the removal of contaminants (Liu et al., 2021). For example, wastewater treatment
plants were studied for their efficiency in removing microplastics in terms of shape, color,
and dimensions using filtration processes. The microplastics removal efficiency reached
approximately 90% (Ma et al., 2019). Another study showed that membrane bioreactors in
combination with sand filters or disk filters, showed higher removal efficiency of
microplastics when analyzed by Fourier transform infrared spectroscopy (FTIR) (Talvitie et

al., 2017). The results revealed an abundance of polymers in the influent, with a high
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concentration of polyethylene terephthalate and polyester. The drawback of this technique is

that the initial operational cost is high, and there is a need for post-treatment mineralization.

d) Microbial remediation: The technique of microbial remediation uses microorganisms to
eliminate toxic MNPs from the environment (“Advantages And Disadvantages Of
Bioremediation,” 2018). Microbes produce enzymes, such as esterase, lipases, and
proteases, that can break down the polymer chains of microplastics. These enzymes target
specific chemical bonds present in plastics and initiate the process of degradation (Othman
et al., 2021). Through enzymatic activity, microbes can gradually break down microplastics
into smaller fragments. For example, Phanerochaete chrysosporium, produces an enzyme,
manganese peroxidase, that could help in the degradation of polyethylene (Kang et al.,
2019). Also, ldeonella sakaiensis 201-F6 was able to degrade polyethylene terephthalate by
an enzyme called polyethylene terephthalate-ase (Yoshida et al., 2016). The method of
microbial remediation is restricted to compounds that can easily biodegrade and is also time-

consuming.

1.4.4. Importance of Phytoremediation:

The above-mentioned techniques are associated with drawbacks that facilitates the use of
phytoremediation approaches which are considered eco-friendly and effective for
elimination of pollutants from environment. Conventional methods used for exclusion of
plastic pollutants are energy-dependent, time consuming, and have adverse impact on
ecosystem (Lourenco et al., 2019). Ability of various plants for phytoremediation is
explored by numerous scientists (Rahbar et al., 2016; Rezania et al., 2016). Therefore,
excessive interest is shown by researchers for improving the efficacy of conventionally-used
methods by an environmentally-sound technique called Phytoremediation. It refers to
efficient green technology to dispose contaminants existing in air, water and soil (Sarwar et
al., 2017). Various plants owing to their characteristic property of intake of pollutants and

degradation by various bacteria secreted by plant tissues (Chirakkara et al., 2016).
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1.4.5. Approaches of Phytoremediation for MNPs:

Different approaches, including Phytoextraction, Phytostabilization, Phytodegradation,

Phytovolatilization, and rhizosphere bioremediation, are employed by plants to facilitate the

uptake of organic and inorganic pollutants from soil, thus forming the basis for

Phytoremediation technology. The major plants that are utilized for phytoremediation of
MNPs are described in table 1.2.

Table 1.2: Examples of different plants acting as

Phytoremediation of various contaminants

potential sources for

Plant Species Accumulation Contaminant Reference
Part for remediation
Festuca Shoots or Petroleum (Steliga and
arundinacea S. roots hydrocarbon Kluk, 2020)
Zea mays L. Roots Phenanthrene (Baoune et al.,
2019)
Chrysocoma Roots Petroleum (Anyasi and
Ciliate L. aromatic Atagana, 2018)
hydrocarbons
Lolium Rhizosphere Crude oil (Hussain et al.,
multiflorum L. 2018)
Lolium perenne L. Rhizosphere Petroleum (Igbal et al.,
microbes hydrocarbon 2019)
Suaeda glauca L. Rhizosphere Polycyclic (Chaudhary et al.,
aromatic 2021)
hydrocarbons
Iris dichotoma P. Roots Petroleum (Cheng et al.,
hydrocarbon 2017)
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a) Phytoextraction

Phytoextraction is a method to clean up contaminants from soil by absorption, accretion, and
transfer of contaminants from soil to plant shoots, also referred to as phytomining (Tangahu
et al., 2011). Plants act as hyper accumulators to absorb various pollutants in their shoots
without any toxic effects on soil (Bian et al., 2020). An ideal hyper accumulator plant
possesses the characteristic property of gathering large concentrations of MNPs within its
shoots (Yu et al., 2021). For example, polystyrene microplastics and bisphenol-S showed no
effect on Pistis stratiotes L. due to the accumulation of contaminants within the roots of
plant and less translocation to other parts (L. Zhang et al., 2022). Another study showed
accumulation of polystyrene microplastics within Vicia faba L. roots merely for around 48

hours after being exposed to microplastics (Jiang et al., 2019).

b) Phytostabilization

Phytostabilization, also referred to as phytoimmobilization, is a process of immobilizing
contaminants in soil, roots, or shoots of plants thereby reducing their bioavailability in the
environment (Tangahu et al., 2011). For example, polyethylene microplastics were able to
adhere to aquatic macrophyte L. minor, due to surface stickiness and electrostatic interaction
between MNPs and plant biomass (Rozman et al., 2022). Another study observed the
immobilization of polystyrene microplastics in F. vesiculosus due to release of anionic
polysaccharide on plant surface (Sundbak et al., 2018). Also, microplastics captured within
roots can reduce mobility, interaction with soil microorganisms and act as a potential source
of phytostabilization. In a study by Gao et al. 2021, polyethylene microplastics adhered to
root surface of Lactuca sativa L. without entering inside root hairs or other parts of the plant
(Gao et al., 2021).

c) Phytovolatilization
Phytovolatilization is a method that uses metabolic ability of plants and soil microorganism
to change toxic plastic contaminants into volatile and less toxic forms, thereby releasing

them into the atmosphere (Tangahu et al., 2011). While phytovolatilization is commonly
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associated with the uptake and release of organic compounds, such as volatile organic
compounds (VOCs), there is limited research on its applicability to microplastics. Very few
studies have investigated the potential for microplastic phytovolatilization by examining
their uptake by plants as well as the subsequent release of volatile microplastic-associated
compounds into the atmosphere. For example, laser confocal scanning microscopy and
scanning electron microscopy provided evidence for the translocation of polystyrene
nanoplastics from roots to shoots of Triticum aestivum L. without any effect on seed
germination (Lian et al., 2020). Another study by Li et al., 2020a, observed transport of
polystyrene and polymethylmethacrylate microplastics from roots to shoots of T. aestivum
through crack-entry pathway and transpirational pull (Li et al., 2020a).

d) Phytodegradation

Phytodegradation, also known as phytotransformation, is a method to decompose inorganic
pollutants in soil by the application of enzymes such as oxygenases, nitroreductases, and
dehydrogenases (Ali et al., 2013). The Phytodegradation process occurs through the uptake
of plastic contaminants within metabolic compartment of plants or microbes and their
disintegration in soil. Degradation of pollutants occurs through two mechanisms: internal
and external. In internal degradation mechanism, the MNPs are absorbed by plants that
decompose through catalytic reactions by enzyme molecules, resulting in metabolic products
utilized for plant growth and nutrition (Jeevanantham et al., 2019). In external degradation
process, the plastic contaminants get absorbed by plant metabolic processes and hydrolyzed
into smaller units (Jeevanantham et al., 2019). Formed monomer units are introduced into
plant tissues for their growth and survival. For example, laccase and alkane hydrolase
produced by Staphylococcus epidermis facilitated the depolymerization of polyethylene,
forming monomer and oligomer units (Montazer et al., 2020). Also, the oxidase enzyme
produced from Pseudomonas vesicularis PD could help in the degradation of polyvinyl
chloride by oxidation of serine hydrolase active site present in polyvinyl chloride (Wilkes
and Avristilde, 2017).
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Figure 1.4: Different approaches of Phytoremediation

41




e) Rhizosphere Bioremediation

Rhizosphere bioremediation is a process for eliminating MNPs from soil through their
degradation and breakdown under the action of plant microorganisms (Jeevanantham et al.,
2019). Besides, it is also referred to Phyto stimulation, rhizosphere degradation, and plant-
assisted bioremediation (Kumar et al., 2018). The growth and proliferation of soil
microorganisms occur due to the presence of carbohydrates in the soil. The different
microorganisms employed for remediation of contaminants in soil are listed in table 1.3.
Various soil microorganisms can facilitate degradation of MNPs in soil. For example,
Bacillus cereus and Bacillus gottheilii could change the structural properties of polyethylene
microplastics (Auta et al., 2018). Also, Pseudomonas capeferrum TDAL helped in the
formation of a hydrolase enzyme that played an important role in degradation of
polyurethane (Puiggené et al., 2022). Root exudates also perform as excellent contributors to
improving the degradation of pollutants by increasing their activity in rhizosphere. For
example, MNPs induce stress with a negative influence on the growth of T. aestivum and
genotoxic effects on V. faba (Jiang et al., 2019; Qi et al., 2020). Root exudates could

alleviate the stress response in plants, thereby facilitating phytoremediation of MNPs.

Table 1.3: Different microorganisms employed for remediation of various

contaminants that are present in the soil

Microorganisms Contaminant Reference
Remediation
Penicillium sp. Low-density Polyethylene (Rodrigo et al., 2021)
(LDPE)
Klebsiella pneumoniae High-density (Awasthi et al., 2017)
Polyethylene (HDPE)
Pseudomonas sp. Polypropylene (Habib et al., 2020)
Penicillium sp. Polyurethane (Magnin et al., 2019)
Vibrio sp. Polyvinyl chloride (Khandare et al.,
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2021a)

Ideonella sakaiensis Polyethylene (Azubuike et al., 2016)
Terephthalate
Lysinibacillus sp. Polyethylene (Jeon et al., 2021)
Halomonas sp. Low-density Polyethylene (Khandare et al.,
(LDPE) 2021b)
Cephalosporium sp. UV-treated polystyrene (Chaudhary et al.,
2021)

1.4.6. Factors influencing phytoremediation of MNPs

Phytoremediation, the use of plants to remediate pollutants from the environment, has
gained attention as a potential method for addressing microplastic pollution. While research
on phytoremediation of microplastics is still in its early stages, several factors are thought to
influence the effectiveness of this approach like:

a. Plant species: Different plant species possess varying abilities to take up and accumulate
microplastics (Colzi et al., 2022). Some plants may have higher affinity for microplastics
due to their root structures or physiological characteristics. For example, certain aquatic
plants like water hyacinth (Eichhornia crassipes L.) and duckweed (Lemna spp.) have been
found to effectively accumulate microplastics in water bodies (Christian and Beniah, 2019;
Rozman et al., 2022).

b. Root characteristics: The morphology and structure of plant roots can influence their
ability to uptake microplastics. Plants with extensive root systems, such as those with
fibrous or adventitious roots, have a larger surface area for interaction with microplastics.
Plants with root exudates rich in enzymes and organic compounds may also enhance
microbial activity around the roots, potentially facilitating microplastic degradation (Bosker
et al., 2019). For instance, maize (Zea mays L.) and ryegrass (Lolium perenne L.) have
shown promise in terms of their root characteristics for microplastic phytoremediation
(Ullah et al., 2021a; Wang et al., 2012).
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c. Microplastic characteristics: The properties of microplastics, such as size, shape, and
surface charge, can affect their interaction with plants. Smaller microplastics tend to have a
larger surface area and may be more readily taken up by plants. Furthermore, the surface
properties of microplastics can influence their adsorption to root surfaces and subsequent
translocation within the plant (X. Wang et al., 2020; Xu et al., 2022).

d. Environmental conditions: Factors such as temperature, light intensity, and nutrient
availability can impact the growth and metabolism of plants, which in turn may influence
their ability to remediate microplastics (Gong et al., 2023). Certain environmental conditions
may enhance plant-microplastic interactions or promote the activity of microorganisms

involved in microplastic degradation (Ebere et al., 2019).

Hence, future research is necessitated to focus on phytoremediation techniques that are easy,
inexpensive, and sustainable to environment. The merits and demerits of phytoremediation
approaches are broadly listed in table 1.4. Also, advanced strategies must be framed for

effective phytoremediation of MNPs contaminants.

Table 1.4: Various approaches of phytoremediation highlighting their merits and

demerits

Phytoremediation Merits Demerits

Approach

Phytoextraction i.Cost-effective  method i.Enhanced uptake of

compared to other plastic by roots

strategies ii.Leaches into
ii.Contaminant can be groundwater

reused iii.Phyto mass disposal is
iii.Removal efficiency up difficult

to 95%

Phytovolatilization

i.Economically efficient

method

i.Redeposition of the

contaminant back in
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ii.Contaminant is less

toxic

the soil by

precipitation

Phytostabilization

i.Low cost and efficient
system

ii.Reduction in soil

i.Soil  not rendered
suitable  for  plant
growth

erosion ii.Obligatory checks
iii. Tolerates high necessary for effective
concentration of remediation
pollutants

Phytodegradation i.Financially and i.Dependent on soil

economically  stable
system
Ii.Enzymatic breakdown

of pollutants feasible

abiotic conditions and

plant species
ii.Contaminants may re-

emerge by soil

microorganisms

Rhizosphere

Bioremediation

i.Microbial activity
increases

ii.Self-sustaining method
for removal of
pollutants

iii.Environment  friendly

with low cost

i.Continuous
monitoring of pH to
uptake pollutants

ii.Laboratory scale
studies not stabilized
for commercial and

field purposes

1.4.7.Proposed strategies for progressive phytoremediation of MNPs

Phytoremediation mechanisms offer great potential for the removal of MNPs. However,
advanced strategies can deliver greater potential for phytoremediation to be effective. Thus,

various strategies have been proposed for efficient phytoremediation.
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a) Selection of hyper accumulator plant species

Exploration of various hyper accumulator plant species can revolutionize the technique of
phytoremediation because of their ability to absorb contaminants 100 times more as
compared to natural plants (Kumar Yadav et al., 2018). For example, L. minor commonly
used for phytoremediation of wastewater facilities, experimented with polystyrene
nanoplastics to observe the impacts on accumulation and tolerance in plants. The results
could provide direct evidence of no oxidative damage, unaltered chlorophyll contents,
increased lipid peroxidation, and no growth suppression (Arikan et al., 2022). The
polystyrene nanoplastics could only accumulate to some extent in the leaves of plants but
not be translocated to other parts, thereby showing hyperaccumulation within specific plant
parts (Arikan et al., 2022). Another study showed the accumulation of polystyrene nano- and
microplastics within the root surface and cap cells of A. thaliana and T. aestivum. Laser
confocal scanning microscopy and pyrolysis gas chromatography-mass spectrometry
confirmed that polystyrene spheres accumulated only at root surface of each plant, without

any evidence for internal uptake or accumulation (Taylor et al., 2020).

b) Utilization of plant-growth promoting bacteria for removal of MNPs

Plants contain diverse microbial communities residing in the rhizosphere, phyllosphere, and
endosphere (Feng et al., 2017). These microorganisms participate in essential roles for plant
growth, nutrition, and degradation of contaminants (Kumar Yadav et al., 2018). For
example, endophytic bacteria obtained from Oryza meridionalis L. were found to degrade
phthalates, thereby reducing their accumulation in plants and increasing yield efficiency. A
culture experiment containing various endophytic strains showed that the highest
degradation of di-n-butyl-phthalate occurred using Bacillus amyloliquefaciens. The results
confirmed the ability of endophytic bacterial strain to remove phthalates and promote plant
growth and development (L.-H. Liu et al., 2022). Another study showed the isolation of
Achromobacter xylosoxidans from soil that could degrade high-density polyethylene.
Attenuated total reflectance fourier transform infrared spectroscopy and scanning electron

microscopy revealed degradation of microplastics by approximately 9 % (Kowalczyk et al.,
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2016). Also, Bacillus spp. and Rhodococcus spp. strains isolated from mangrove sediments
could help in degradation of polypropylene. Around 6 % and 4 % weight loss could be
observed after 40 days of incubation in bacterial strains, which was confirmed by Fourier
transform infrared spectroscopy and scanning electron microscopy analysis (Auta et al.,
2018). Thus, various bacterial strains could help in degradation of MNPs and increase plant
growth yield.

c) Omics-based approaches to study MNPs degradation

Plants respond differently to environmental conditions involving a range of routes, starting
with changes in gene expression (transcriptomics), accumulation of protein products that
help in degradation (proteomics), and formation of metabolites (metabolomics) (Forde and
O’Toole, 2013). Metagenomics analysis could help in the identification of MNPs that
degrade microbes and enzymes that could facilitate degradation (Staley and Sadowsky,
2016a). For example, cytochrome P450, esterase, and lipase enzymes were isolated from
Nocardioides spp. and capable of degrading monoalkyl and dialkyl phthalate esters (Qiu et
al., 2020). Apart from the identification of microbes for degradation, metabolic processes,
gene identification, and expression are also essential for MNPs degradation. For example,
transcriptomics was applied to identify the mechanism of degradation of polyethylene by
Rhodococcus ruber C20 strain (Gravouil et al., 2017). Another study showed the expression
of pht and pca genes isolated from Arthrobacter sp. ZJUTW capable of degrading dibutyl
phthalate. This study revealed a combination of metagenomic and metatranscriptomic
studies to ascertain the degradation of phthalate (Liu et al., 2020). Besides transcriptomics
and metagenomics, metaproteomics could also facilitate the mechanisms of protein synthesis
that control metabolism and obtain metabolites (Medi¢ et al., 2019). For example, proteomic
profiling of Pseudomonas pseudoalcaligenes helped in the identification of a PpEst enzyme
that could hydrolyze polybutylene adipate terephthalate (Wallace et al., 2017).

d) Gene Editing tools to increase MNPs degradation

Phytoremediation efficiency of plants can be increased by introducing plastic accumulating
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genetic determinants into the genomes of hyper accumulating species (DalCorso et al.,
2019). Thus, genetic engineering tools can be explored to increase MNPs accumulation by
genes accountable for plastic uptake and their decontamination (Fasani et al., 2018). For
example, ldeonella sakaiensis 201-F6 produces a polyethylene terephthalate degrading
enzyme. The genes of this bacterial strain can be genetically encoded in other bacterial
strains to promote polyethylene terephthalate degradation (Anand et al., 2023). In a study by
Moog et al. 2019, polyethylene terephthalate hydrolyzing enzymes were introduced into
Phaeodactylum tricornutum, thereby showing efficient degradation (Moog et al., 2019).
Apart from these genetic modifications, gene editing tools like clustered regularly
interspaced palindromic repeats (CRISPR)/Cas9 could also promote manipulation of
microbial species for faster degradation of MNPs. For example, Streptomyces albogriseolus
LBX-2 could produce three different types of CRISPR sequences in which the main enzyme
that helped in polyethylene degradation was oxygenase (Shao et al., 2019). Thus, genome
editing could help in incorporating genes encoding MNPs degrading enzymes (figure 1.5).
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1.5 Research Gaps:

This research will highlight several major gaps in our understanding of what happens to
micro/nano plastics after their migration in soil and plants.

> None of present studies have revealed knowledge on the behavior and mechanism of
micro/nano plastics degradation in agroecosystem.

> No detailed methodology has been presented till today on the phytoremediation of
micro/nano plastics in agroecosystem.

> Need to identify mechanisms on the migration and fate of micro/nano plastics in soil and
plants

> ldentification of the uncultured rhizosphere microbes acting on the most dominant

polymers.

1.6. Broad Objectives of the study:

% Understanding the impact of micro/nano plastics on the growth and physiological
parameters of plants.

++ Describing the fate and behavior of micro/nano plastics on the biometry of wild plants.

% Understanding the phytoremediation approaches to remediate soil of micro/nano plastics.
% Synergistic plant-microbe interaction and corresponding metabolic products in

modulating micro/nano plastic degradation.
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CHAPTER 2
MATERIALS & METHODS
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Chapter-2: Materials & Methods

2.1. OBJECTIVE 1: Understanding the impact of micro/nano plastics on the growth and

physiological parameters of plants:

The major aim of present study is understanding uptake, accumulation, and translocation of
high-density polyethylene (HDPE) microplastics along with their adverse effects on
terrestrial plant. HDPE constitutes a large proportion of environmental pollution among all
the microplastics (Awasthi et al., 2017). To facilitate this mechanism, Brassica juncea,
commonly termed as Indian Mustard, was used as a model plant to assess sites of
absorption, uptake, and accumulation within the plant. Brassica juncea is particularly useful
for phytoremediation as it can accumulate high levels of heavy metals (lead, nickel,
cadmium, mercury and selenium) in their tissues, a process called as phytoextraction
(Rathore et al., 2019). Brassica juncea produce compounds called glucosinolates, which are
broken down by enzymes to release toxic isothiocyanates. These isothiocyanates form
complexes with heavy metals in the soil, where they are then absorbed by plant roots and
stored in their tissues. This means they can quickly establish themselves in contaminated
soil and start removing pollutants (Diwan et al., 2008). Brassica juncea has a high biomass,
which means it can accumulate huge quantities of pollutants in tissues (Goswami and Das,
2015). Also, Brassica juncea has a deep root system that allows them to access pollutants
that may be located deep in soil. Overall, the combination of these characteristics makes
Brassica juncea an effective plant for phytoremediation of soil. Therefore, it is considered as
the most ideal plant to study potential for microplastics remediation in soil. To our
knowledge, this study is the first to observe impacts of microplastics not only on roots, but
also on leaves and shoots of plants. Biochemical analysis on roots, shoots and leaves has
been demonstrated to provide further evidence of microplastics intake in plants. Finally,
mechanism of uptake of microplastics by plants highlighting different pathways is briefed to
observe phytoaccumulation and identify the possibilities for soil remediation of

microplastics.
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2.1.1.Experimental design

a) Soil

To study impacts of different size microplastics on Brassica juncea (mustard seeds) in an
open environment, a triplicate study was conducted. Pots containing equal concentrations of
soil and mustard seeds with varying amounts of microplastics was used for the study. We
harvested the mustard seeds after a week to determine the effects of our experiments on
vegetative and reproductive growth. The sandy soil used in this study was obtained from an
agricultural land in Ghaziabad, Uttar Pradesh, India, at 28° 39" 14.1588" N and 77° 26'
42.8784" E. The soil was composed of sand, silt, and clay with moderate amounts of organic

matter. The air-dried soil was sieved with a 2 mm steel sieve before use.

b) Synthesis of microplastics

In this experiment, two forms of microplastics were used: (1) high-density polyethylene
(HDPE) microplastics and (2) high-density polyethylene (HDPE) beads. A method
described by Crespy and Landfester, 2007, was used to prepare the HDPE microplastics
(HDPE_MPs) and beads (HDPE_beads). A solution composed of 1 g of HDPE powder and
20 ml of xylene was mixed using a magnetic stirrer for 1 h until completely dissolved. The
HDPE solution was then gently added to 100 ml of deionized water while maintaining the
sonication at 70% amplitude (Branson W450 Digital sonicator, tip size 6.5 mm) for 30 s
under ice cooling. The resulting solution was centrifuged, rinsed with water and ethanol,

then air-dried before storage.

c) Mustard seeds and pots

Brassica juncea (mustard seeds) was obtained from Indian Institute of Agricultural Research
(IARI), Pusa, New Delhi. The seeds were surface sterilized with 0.02% sodium hypochlorite
(NaOCI) before immersion in 70% ethanol (figure 2.1). After sterilization, the seeds were
rinsed several times with distilled water. The seeds were grown on tissue overnight before
being planted in organic soil in November 2021. Pots were irrigated twice a week at first,

then once every two days during seedling emergence in January and February of 2022.
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Because of the increase in temperature in February, the frequency of irrigation was
increased. NPK was applied to the soil in each pot based on the mustard NPK requirement
of 100, 20, and 60 kg/ha.

The pot used in the experiment was 20 cm long, 10 cm in diameter at the bottom, 13 cm in
diameter at the top and had a volume of 2 . We used a factorial experimental design.
Furthermore, three control treatments with no microplastic residues were investigated. The
experiment included 12 treatments performed in triplicate, as well as four independent pots
containing tagged microplastics for imaging. Each treatment was replicated three times, and
total 36 pots of B. juncea seeds were grown. The mean of three potted plants was used to

describe the study's findings.

Figure 2.1: (A) Brassica juncea (mustard seeds) and (B) Germination done in complete
dark

2.1.2. Experimental set-up and climatic conditions for growth of plant

a) Setting up

Each pot constituted 2.5 kg of sieved soil and various concentrations of microplastics
(except the three control treatments without microplastics) along with 150 ml of water. Prior

to filling each pot with this mixture, a piece of geotextile was placed at the bottom of each
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pot to allow free circulation of air and water. After all the pots were filled, the soil moisture
was uniformly set to 15%, which corresponds to the water capacity of the soil in the field.
Before sowing Brassica juncea (mustard seeds), let sit for a week in each pot. Each
container contained 12 g of litter (12.08 + 0.06 g) and was sprayed with water to keep the

litter moist.

b) Mustard Cultivation

Each pot contained 10-12 seeds, and post 2 weeks, 6-7 seedlings were selected from each
pot for testing. The temperature was set at 15-16 °C during the day and 12 °C at night, with
a photoperiod (14/10 h), a light intensity of 300 umol m2 s and a relative humidity of 70 %
for day and night. The pots were watered weekly with tap water and soil moisture was
adjusted to between 12 % and 18 % by weight. Pots were randomly placed in the climatic
chamber and rotated each after two weeks.

¢) Microplastic tagging with Nile Red

For imaging, HDPE microplastic particles were labeled with Nile red as previously
described (Karakolis et al., 2019). The dried microplastic particles were placed in an
aqueous deionized (DI) solution of 100 pg/ml Nile red at a concentration of 50 mg of plastic
particles per 10 ml of solution. This solution was prepared by dissolving 1 mg of Nile Red in
1 ml of acetone and the resulting solution was added to 10 ml of deionized water. The vials
were left in the dark for two hours, rinsed three times with water, centrifuged and stored in
deionized water for later use. Based on known staining procedures for microplastics, the
Nile Red staining procedure was selected, including concentration of the Nile Red solution
(Maes et al., 2017).

2.1.3. Measurements of growth parameters
a) Biometrical Analysis
Plant heights were measured using a steel tape measure on a regular basis from the 14" day

after seeds were sown until the 90" day. Three months after planting, plants were divided
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into shoots and roots. Biometrical analysis provides the overall growth, biomass, and length
of roots, shoots and leaves of plants after being exposed to different concentrations of a
contaminant (Pricinotto et al., 2019). In this study, different concentrations of MPs were
used as contaminant to observe the growth pattern in plants. At a span of three months from
sowing of seeds, root and shoot height was measured and a mean of all three triplicates were
used to determine the results of study. Similarly, root and shoot biomass was weighed for

each treated sample to determine mean difference with respect to control.

b) Chlorophyll content

To determine photosynthetic pigment in leaves of plant, chlorophyll estimation was done.
Relative chlorophyll content in plant leaves was measured and recorded as per the process
defined by Ren Hong et al., 2012 using UV-Vis spectrophotometer (Biospectrophotometer,
USA). Fresh leaves were obtained from each pot to determine the chlorophyll level. For
each treated and control sample, 0.5 g of leaves were weighed from each pot. 10 ml of 80 %
acetone was added to chopped and homogenized leaves to make them transparent. The
extract was centrifuged at 2500 rpm for five minutes. The resulting supernatant was diluted
with 9 ml of 80 % acetone before being measured with a UV-Vis Spectrophotometer at 663
nm and 644 nm. Total chlorophyll content in microplastic treated and control samples was
evaluated using Mackinney's work and Arnon equations —

Chla=12.7 Az — 2.69 Asss;

Chlp = 22.9 Asss — 4.68 Acs3

Total chlorophyll = Chla + Chly

2.1.4.Biochemical Analysis

a) Phenolic Content

A modified Folin-Ciocalteau test with gallic acid as the standard was used to assess total
phenolic content (Ainsworth and Gillespie, 2007). 1 ml of plant extract was combined with
5 ml of Folin Ciocalteau's reagent after 1.5 ml of 20 % Na.COs3 was added (diluted 1:10 with

distilled water). Color development was accomplished by incubating the test tubes in dark
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for 30 minutes at room temperature, followed by measuring the absorbance at 765 nm. The
total phenolic content of the sample was estimated as mg of dry mass equivalents of gallic
acid (GAE) mg™.

b) Proline Content

Modified ninhydrin chromogenic techniques were used to measure the proline content
(Zhang et al., 2013). A glass tube containing freshly harvested roots (0.2 g) was filled with 5
ml of 3 % sulfosalicylic acid. The glass tube was incubated for 10 minutes in a 100 °C water
bath. 2 ml of the filtrate was digested in another glass tube after 4 ml of chromogenic
solution (2 ml of 2.5 % ninhydrin and 2 ml of glacial acetic acid) was added to the filter. The
glass tube was then immersed for 30 minutes in a 100 °C water bath. Further, to stop the
reaction, glass tube was submerged in an ice bath. 5 ml of toluene were placed in the glass
tube, vortexed, and then allowed to stand. Using a spectrophotometer, the toluene layer's
absorbance was observed at 520 nm.

2.1.5.Morphological Analysis

a) Fluorescence Microscopy

Fresh roots and leaves were removed from Brassica juncea plant and cleansed with
deionized water. The roots were sectioned and placed on a glass slide with a few drops of
clean water. The glass slide was then gently squeezed to flatten the pure water-covered root,
ensuring that no air bubbles formed between the glass slide and cover slip. A fluorescent

microscope was used to view each sample.

b) Confocal Microscopy

Fresh roots and leaves with tagged microplastics were picked out and cleansed with
deionized water. On a glass slide with a few droplets of distilled water, cross-sections of
roots were exhibited. Furthermore, to ensure no air bubbles between glass slide and cover
slip, it was gently pressed to flatten the clean water-covered root. With the use of a confocal

microscope (Nikon Laser Scanning Confocal Microscope), each sample was examined to
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observe the tagged microplastics. Similar observations were performed for leaf cross-

sections of plant.

2.1.6. Statistical analysis

All experiments were done in triplicate. Statistical analysis of experimental data was
performed using Origin2023 software, and analysis of variance (ANOVA) was performed in
SPSS 21.0 with a p-value of 0.05. For triplicate samples (n = 3), all values were expressed as

mean 5 % standard error.

2.2. OBJECTIVE 2: Describing the fate and behavior of micro/nano plastics on the

biometry of wild plants:

It is possible to monitor plant development by establishing a replicated landfill system in
order to determine the effects of microplastics on different types of plants. This method
involves cultivating plants in mixtures or soil contaminated with microplastics or other
contaminants. This framework provides a controlled environment to focus on different
sections and can be used to mimic the effects of microplastic weight on plant development.
It should be feasible to watch how plants grow under different ecological pressure
conditions, such as openness to different concentrations of microplastics, in a simulated
landfill. It is possible to evaluate the implications of varying pressure conditions for plant
development, metabolic cycles, photosynthesis, and ingestion component using this
methodology. In general, a simulated landfill can provide important information regarding
the effects of microplastic weight on plant growth and help to lessen the ecological impact
of contamination. Phytoremediation can be used to clean up contaminated soil and habitats,
and the framework can be used to identify plants resistant to microplastic stress. In light of
the aforementioned information, the purpose of this study is to create a simulated landfill
that is exposed to two distinct groups of two microplastics: HDPE and nylon 6,6. These
microplastics, which are mostly used in corporate and contemporary settings, take a long
time to degrade. Discovering Cyanodon dactylon (L.), commonly known as Scutch grass

(SG) and Portulaca grandiflora (PG), to diverse microplastic convergences was the driving
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force behind the landfill simulation.

2.2.1.Set-up

Modern Agro Forestry provided the seeds for Cyanodon dactylon (L.) and Portulaca
grandiflora. Given their ability to withstand harsh environmental conditions and thrive in
temperatures and humidity levels, these wild plants were chosen for the evaluation. The soil
used in this study was collected from the Shakti Khand landfill in Ghaziabad, Uttar Pradesh,
India, which is located at 30° 39' 14.1588"N and 86° 26' 42.8784"E. In addition to dirt, the
mud contained other elements, such as trash, small pieces, metal components, and other
waste items. The effects of PE and Nylon-6,6 microplastics on the growth of Cyanodon
dactylon (L.) and Portulaca grandiflora were assessed using a landfill simulation. In an
open environment with daylight and sunshine, the pot test was used to determine the effects
of various microplastics on Cyanodon dactylon (L.) and Portulaca grandiflora. In order to
examine the effects of our research on both vegetative and regenerative development, we

simultaneously collected seeds from the two plants after seven days.

2.2.2.Experimental Design

Pots that were 10 cm tall, 15 cm in diameter at the bottom, 13 cm in diameter at the top, and
had a 1liter capacity were used in the experiment. It was decided to use a factorial
experimental design. Three alternative approaches that left no trace of microplastics were
also examined. There were four different pots containing tagged microplastics for imaging
and a total of 28 treatments in triplicate throughout the experiment. There were also three
copies of every treatment. The average of three potted plants was used to describe the
study’s findings. In each pot, 1.5 kg of dump yard soil, different amounts of microplastics
(except from the four control treatments lacking microplastics), and 150 cc of water were
weighed and manually combined. To enable unhindered air and water flow, a piece of
geotextile was positioned at the bottom of each pot prior to the mixture being added. Twelve
seeds were contained in each pot; six to seven seedlings were selected and maintained for

the experiment over the duration of two weeks. The day/night photoperiod (14/10 h) was the
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controlled condition that was used; the set temperatures were 10 °C at night and 15-16 °C
during the day, with a light intensity of 300 umol m2s~! and a relative humidity of 50 %.
According to earlier research by Karakolis et al., 2019, Nile Red was utilized to tag
microplastic particles for imaging. Distilled water was mixed with a 100 pg/ml Nile Red
solution and dried microplastic particles at a concentration of 50 mg per 10 ml. The solution
was prepared by dissolving one milligram of Nile Red in one milliliter of acetone, and then
adding the resulting liquid to ten milliliters of DI water. Vials were maintained in DI water
for later use after being cleaned three times with water and two hours in the dark. We
selected the Nile Red dyeing method according to accepted microplastic dyeing protocols,
which included the concentration of the Nile Red solution (Maes et al., 2017).

2.2.3.Growth Parameters

With the use of a steel tape measure, plant heights were regularly measured starting on the
fourteenth day following seeding and continuing until the sixtieth day. After two months of
seeding, the plants were separated into shoots and roots. Using the mean of the three
triplicates, the study's results were calculated. After seeding, root and shoot height were
measured on a regular basis. Likewise, in order to calculate the mean deviation from the

control, the biomass of the roots and shoots in each treated sample was weighed.

2.2.4.Chlorophyll Content

With a UV-Vis spectrophotometer (Eppendorf, USA) at the tip of three completely
developed leaves on the 60th day for all control and treated plants in each pot, the relative
chlorophyll content of plant leaves was determined and recorded, as per the protocol of (Ren
Hong et al., 2012). To find out the chlorophyll concentration, fresh leaves were taken out of
each pot. The treated and control samples produced 0.5 g of leaves per plant. The chopped
and homogenized leaves were mixed with 10 milliliters of 80 % acetone to create a
translucent texture. Five minutes at 2500 rpm were spent centrifuging the extract. After
diluting the resultant supernatant with nine milliliters of 80 %, one milliliter was measured

at 663 nm and 644 nm using a UV-Vis Spectrophotometer. Mackinney's research and the
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Arnon equations were the sources of the formulas:
Chla = 12.7 Agsz — 2.69 Aess

Chlp = 22.9 Asas — 4.68 Ases

Total chlorophyll = Chla + Chlb

2.2.5. Antioxidant Activity

According to Heath and Packer, 2022, the amount of lipid peroxidation in leaves was
ascertained by measuring their malondialdehyde concentration (MDA). In 10 milliliters of
0.1 % trichloroacetic acid (TCA), the leaf tissue (0.5 g) was crushed. Using an Eppendorf
Centrifuge 5810 R, the homogenate was centrifuged for 15 minutes at 12,000 rpm. 2 ml of
the supernatant was mixed with a 0.5 % thiobarbituric acid (TBA) solution. This
combination was chilled after it had been heated to 95 °C for 30 minutes. The blend
underwent a 10-minute centrifugation at 10,000 rpm. (Eppendorf UV-vis
Spectrophotometer) The absorbance of the supernatant was measured at 532 nm. By

utilizing its extinction coefficient, the MDA content was determined.

To ascertain the level of LOX activity 500 milligrams of leaf samples were homogenized in
0.5 milligrams EDTA-containing ice-cold phosphate buffer (7.5). The homogenate was
centrifuged for fifteen minutes at four degrees Celsius at 12,000 rpm. 50 ul of the extract
was added to 2.95 ml of the substrate, which was generated by mixing 35 pl of linoleic acid
with 5 mL of milli Q water that included 50 pl of tween 20. The total volume was brought to
100 ml using 0.1 M phosphate buffer. The absorbance measurement was made at 234
nanometers (Doderer et al., 1992, p. 199).

2.2.6. Morphological Analysis

Confocal microscopy was used for analyzing the uptake of micro/nano plastics in both the
plants. Fresh roots and leaves that had been micro plastically labelled using Nile red dye
were cleaned using deionized water. On glass slides with a few distilled water drops, root

cross-sections were displayed. The root was also carefully crushed with the glass slide and
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cover slip while it was immersed in clean water to ensure there were no air bubbles left. A
confocal microscope (Nikon Laser Scanning Confocal Microscope) was used to observe
microplastics in each sample. Comparable findings were observed in the cross-sections of
the leaves of both plants (Cyanodon dactylon and Portulaca grandiflora) that had been
marked with distinct microplastics.

2.3. OBJECTIVE 3: Understanding the phytoremediation approaches to remediate soil of

micro/nano plastics:

Plants have the potential to play an important role in mitigating microplastic pollution in
soils by stabilizing, extracting, or enhancing microbial degradation of these pollutants.
Therefore, the uptake mechanism of microplastics within plant parts could play a role in
phytoremediation approaches of microplastics within the plant. The uptake of MNPs by
plants is dependent on their physiological characteristics, demonstrating diverse absorption
and accumulation inside plants and soil. Although very few studies have discussed the
uptake mechanism of MNPs in plants, some evidence can be put forward through them. For
example, one study observed the extracellular entrapment of polystyrene microbeads in the
root caps of plant tissues. Further, microbeads traversed from root to leaf parts through
intercellular spaces via the vascular system following the transpiration stream (L. Li et al.,
2019). Another study showed the absorption of microplastics within the endodermis of plant
tissues through damaged root gaps and their transport to the aerial parts of the plant by
transpiration (Sun et al., 2023). The apoplast and symplast are two pathways for MNPs to go
through tissues once they have entered the plant. In contrast to symplastic transport, which
involves movement of water and other substances between the cytoplasm of adjacent cells
through specialized structures called plasmodesmata and sieve plates, apoplastic transport
occurs outside the plasma membrane through extracellular spaces, the cell walls of adjacent
cells, and xylem vessels (Pérez-de-Luque, 2017). The apoplastic route is crucial for radial
movement inside plant tissues and enables the passage of MNPs to vascular tissues and root
central cylinder for further movement to the aerial portion (Li et al., 2020a). However,

getting to the xylem through the root requires getting past a barrier to apoplastic pathway,
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the Casparian strip, which must be done by taking a symplastic route via endodermal cells.
Using sieve tube components in the phloem, another significant symplastic transport is also
conceivable, allowing distribution to non-photosynthetic tissues and organs (Y. Liu et al.,
2022). Sieve tubes in phloem also provide a passage for MNPs entry into the aerial parts of
plants, as they have a thickness of approximately 0.77 pum to 1 pm, allowing small
microplastics to traverse inside the plant tissues (Bussiéres, 2014).

The uptake mechanisms of micro/nano plastics (MNPs) by plants can share similarities with
the uptake mechanisms of other nanoparticles. While research on the specific uptake
mechanisms of MNPs by plants is still emerging, studies on other nanoparticles provide
insights into potential similarities. Here are a few examples of how the uptake mechanisms
of MNPs may share similarities with the uptake mechanisms of other nanoparticles:

a. Size-dependent uptake: Plants can take up nanoparticles through various pathways,
including root uptake, foliar uptake, and uptake through plant cell walls (Ali et al., 2021).
This size-dependent uptake has been reported for a range of nanoparticles, including metal-
based nanoparticles and carbon-based nanoparticles (Khan et al., 2022), and it may also
apply to MNPs as postulated in different studies (Huang et al., 2022; Y. Liu et al., 2022; H.
Sun et al., 2021).

b. Endocytosis: Some nanoparticles can be taken up by plants through endocytosis, which
involves the internalization of particles by plasma membrane (Palocci et al., 2017). This
mechanism has been reported for various nanoparticles, such as metal-based nanoparticles
and quantum dots (Raven, 2022). It is possible that MNPs can also be internalized by plants
through endocytosis, for example, in rice seedlings exposed to polystyrene microplastics.
The study observed accumulation of polystyrene microplastics in the roots of rice due to
endocytosis (Wu et al., 2021).

c. Passive diffusion: Nanoparticles can also passively diffuse across plant cell membranes.
This process depends on the physicochemical properties of the particles, such as their size,
surface charge, and hydrophobicity (Geisler-Lee et al., 2013). MNPs may exhibit similar
passive diffusion mechanisms as other nanoparticles when entering plant cells (Xu et al.,

2022).
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2.4. OBJECTIVE 4: Synergistic plant-microbe interaction and corresponding metabolic

products in modulating micro/nano plastic degradation:

To study the synergistic interaction between plant and microbes, the second objective was
continued and conducted over a span of 32 weeks, with plant biometrical parameters
recorded at two key intervals: 16 weeks and 32 weeks. These intervals were chosen to assess
both the short-term and long-term effects of microplastic exposure on both the plants,
Cyanodon dactylon and Portulaca grandiflora. By comparing the data from the 16-week
and 32-week intervals, it became possible to assess the progression of microplastic-induced
effects on plant growth and determine whether these impacts were transient or more
sustained. Also, after a prolonged period of time, impacts of microplastics were reversed
stating that there might be certain microbial communities to degrade microplastics,
particularly HDPE and Nylon 6,6. In view of the above facts, the present study was
conducted to determine the long-term effects of microplastics exposure on both wild plants
and also to ascertain the potential of microbial communities capable of microplastic

degradation.

2.4.1.Soil Microbial Isolation and Identification

Following the 32-week observation period, microbial strains were isolated from the soil, and
their ability to degrade microplastics was tested in vitro. The successful degradation of
HDPE and Nylon 6,6, fragments by these isolated strains suggests that similar degradation
processes may have been occurring in the soil during the experiment. The gradual
breakdown of microplastics by these microbes could explain the reduced impact on plant
biometrical parameters. Also, to test the efficacy of isolated microbial strain, another
microplastics namely, Polypropylene (PP) and Poly vinyl Chloride (PVC), were inoculated
into the microbial culture and their degradation studied (figure 2.2).
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Figure 2.2: Workflow of microbial isolation and degradation study

For the purpose of creating the bacterial cultures, 4 g of sediment samples were mixed for 3
hours in an isotonic saline solution, let to settle for 40 minutes, and then the resulting
supernatant was injected into LB broth medium. Following this, 48 hours were spent to
grow the microbial cultures at 30 °C in a rotating incubator spinning at 140 rpm. Using LB
agar plates and the pour plate technique, twelve single colonies were produced from
bacterial cultures. From these bacterial strains, the ones that broke down microplastics were
further selected. Analyzing the bacterial isolates' capacity to use microplastics as their only

carbon source was part of the screening procedure (Staley and Sadowsky, 2016b).

2.4.2. Preparation of microbial inoculum for in vitro microplastics degradation
The present study used a degradation assay with Mineral Salt Medium (MSM) composition
of 0.25 % MgSQs4, 0.025 % CaClz, 1 % KH2POa4, 2.3 % K2HPO4, 1 % NH4CI, 0.05 g FeCls,

and 0.5 % NaCl. Additionally, 1 mL of trace element solution (20 mg L™ CoCl..6H,0, 18
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mg L NiCl,.6H20, 24 mg L CuS04.5H,0, 0.5 g L CaCl,, and 1.62 g L FeClz.6H20) per
liter of distilled water was added, and 0.5 % (w/v) of microplastics were further
supplemented. In order to start the bacterial growth process, the microorganisms were
inoculated into nutritional broth and allowed to reach the stationary phase in a revolving
shaker set to 32 °C and 120 rpm. The growth of the bacterial cultures was monitored by
measuring the absorbance at 600 nm using an Eppendorf UV-VIS spectrophotometer. pH
and bacterial growth were continuously measured throughout the experiment. A 0.22 pum
PTFE Millex filter was employed to filter the bacterial cultures after 50 days, and the filtrate

and residue were then used for additional characterization.

2.4.3.FTIR analysis of microplastics

The chemical structure of microplastics was examined using FTIR spectroscopy operating at
a frequency of between 2000 and 440 cm™. The Perkin Elmer 400 FTIR was employed in
order to investigate the structural alterations in microplastic brought about by the interaction
with microbe. The microplastic samples were dried at temperatures below 100 °C and

pellets were mixed with potassium bromide to scan at a resolution of 4 cm™.

2.4.4. Thermogravimetric analysis (TGA) of microplastics

To investigate the composition and thermal stability of original microplastics and bacterially
degraded microplastics, TGA was utilized. Under regulated settings, the sample had to be
heated from room temperature to 900 °C for the assay. A steady nitrogen flow of 10 mL min

"Lat a heating rate of 10 °C per minute was employed in the experiment.

2.4.5. Microplastics dry weight determination post microbial degradation

The microplastics were extracted from the broth using 0.22 um polytetrafluorethylene
(PTFE) Millex filters following a 50-day incubation period. After being cleaned with 70 %
ethanol, plastic particles were dried for 12 hours at 60 °C in a hot air oven. The amount of
degradation was measured using residual polymer weight. The microplastic that had been

pre-incubated was weighed. The following formula was used to calculate the % weight loss
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associated with the degradation of the plastic polymer:

(Initial weight of polymer — Final weight of polymer) 100
k

0 ight [ =
Yo weight loss Initial weight of polymer

2.4.6.Morphological Analysis

The degradation of micro/nano plastics was examined using scanning electron microscopy.
The bacterial morphology before and after treatment with microplastics was observed. This
was accomplished by analyzing the bacterial cells both before and after the incubation. A
10,000 magnification and 5 kV accelerating voltage were used with a German-made SEM,
the EVO18 Zeiss type. After performing a gold layer sputter-coating at 25 mA in an Ar
environment at 0.3 MPa, the specimens were examined using a SEM. The samples were
prepared by centrifuging the culture media and rinsing them with Milli-Q water prior to
analysis. Lastly, in order to investigate the changes in bacterial morphology brought on by
microplastic degradation, the produced specimens were carefully inspected using SEM.

2.4.7.Experimental Duration and Biometrical Measurements

The experiment was conducted over a total period of 32 weeks, with plant biometrical
parameters recorded at two key intervals: 16 weeks and 32 weeks. At the 16-week mark, the
impact of HDPE and Nylon 6,6 microplastics on the plants was measured. Plant heights
were measured every two weeks using a steel tape measure. The study's findings were
computed using the mean of the three triplicates. Similarly, the biomass of the roots and
shoots in each treated sample was weighed in order to determine the mean deviation from
the control.

At the 32-week mark, the same biometrical parameters were measured after inoculation with
the bacterial isolate. Notably, an upward trend was recorded in plant height including root
and shoot, and biomass, indicating potential adaptation or recovery of the plants from the
initial stress caused by microplastic exposure. By comparing the data from the 16-week and

32-week intervals, it became possible to assess the progression of microplastic-induced
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effects on plant growth and determine whether these impacts were transient or more

sustained.

2.4.8.Chlorophyll content

The method described by Ren Hong et al., 2012 was followed in measuring and recording
the relative chlorophyll content in plant leaves using a UV-Vis spectrophotometer
(Eppendorf, USA) on the 16" week and 32" week for both control and treated plants in each
pot. To determine the chlorophyll concentration, fresh leaves were taken out of each pot. A
weight of 0.5 g of leaves per pot was obtained for each treatment and control sample. Once
the leaves were chopped and homogenized, 10 milliliters of 80 % acetone were added to
make them translucent. The extract was centrifuged for five minutes at 2500 rpm. A UV-Vis
spectrophotometer was used to measure 1 milliliter of the resultant supernatant after it had
been diluted with 9 milliliters of 80 % acetone to be read by a UV-Vis Spectrophotometer at
663 nm and 644 nm. The equations used were based on Mackinney’s work and Arnon
equations —

Chla=12.7 Assz — 2.69 Asss

Chlp =22.9 Asss — 4.68 Acs3

Total chlorophyll = Chla + Chlb

2.4.9. Antioxidant Activity

The malondialdehyde (MDA) concentration of leaves was used to determine the degree of
lipid peroxidation in leaves (Heath and Packer, 2022). 0.5 g of leaf tissue was crushed in 10
milliliters of 0.1% trichloroacetic acid (TCA). Centrifuging the homogenate for 15 minutes
at 12,000 rpm was done with an Eppendorf Centrifuge 5810 R. Twenty percent
thiobarbituric acid (TCA) was dissolved in two milliliters of the supernatant, and 0.5 %
TBA solution was added. After heating this mixture to 95°C for thirty minutes, it was cooled
down. 10,000 rpm centrifugation was applied to the mixture for 10 minutes.
Spectrophotometer made by Eppendorf UV-vis using wavelength of 532 nm absorbance

measurement was made of the supernatant. The MDA content was found using its extinction
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coefficient.

500 milligrams of leaf samples were homogenized in 0.5 milliliters of ice-cold phosphate
buffer (7.5) containing 0.5 milligrams of EDTA in order to measure the amount of LOX
activity. For fifteen minutes, the homogenate was centrifuged at four degrees Celsius and
12,000 rpm. 2.95 ml of the substrate which was made by combining 35 ul of linoleic acid
with 5 mL of milli Q water that included 50 pl of tween 20 were mixed with 50 ul of the
extract. 0.1 M phosphate buffer was used to raise the total volume to 100 ml. A

measurement of absorbance at 234 nanometers was made (Doderer et al., 1992, p. 199).
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Chapter-3: Results & Discussion

3.1. OBJECTIVE 1: Understanding the impact of micro/nano plastics on the growth and

physiological parameters of plants:

3.1.1.Biometrical Parameters
3.1.1.1. Growth Response

On exposure of Brassica juncea to HDPE_MPs and HDPE_beads, significant difference in
shoot and root biomass could be observed compared to the control plants (Figure 3.1 (a)).
Shoot biomass for control was 3.155 + 0.15 g compared to the treated plants showing a
decreasing trend with values for 10 g MPs = 2.39 + 0.11g, 20 g MPs = 1.738 £ 0.08 g, 10 g
beads = 2.249 + 0.11 g and 20 g beads = 1.90 + 0.09 g. The least shoot biomass was
observed for 20 g MPs in contrast to control sample indicating an adverse effect when
exposed to microplastics. Similarly, root biomass also showed a declining trend on being
exposed to HDPE_MPs and HDPE_beads after a span of three months (Fig 3.1 (b)). Root
biomass for control was 0.85 + 0.04 g compared to the treated plants having significant
difference with values for 10 g MPs = 0.67 £ 0.03 g, 20 g MPs = 0.608 £ 0.03 g, 10 g beads
=0.45+0.02 g and 20 g beads = 0.403 + 0.02 g.

The shoot and root height also showed a declining trend on being treated with HDPE_MPs
and HDPE_beads (Fig 3.1 (c) & (d)). The shoot height for control plant was 33.23 £ 1.66 cm
compared to microplastics treated samples showing values with 10 g MPs = 29.8 + 1.49 cm,
20 g MPs = 28.2 + 1.41 cm, 10 g beads = 29.8 + 1.49 cm and 20 g beads = 30.2 + 1.51 cm.
Also, the root height for control sample was 5.6 + 0.28 cm compared to microplastics
exposed samples showing a decreasing trend with values of 10 g MPs = 4.90 £ 0.24 cm, 20
g MPs=3.70 £ 0.18 cm, 10 g beads = 4.30 £ 0.21 cm and 20 g beads = 4.10 £ 0.20 cm.
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Figure 3.1: Influence of HDPE_MPs and HDPE_beads on plant samples by observing
growth parameters: (a) Shoot Biomass; (b) Root Biomass; (c) Shoot Height; (d) Root
Height (The values are mean of three triplicates; Error bars denote 5% standard error)
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3.1.2.Chlorophyll content

The findings demonstrated that chlorophyll a (Chl a) was more readily influenced by
different concentrations of microplastics than chlorophyll b (Chl b). Such significant
difference in content of chl a and chl b imply that the total chlorophyll content in leaves of
treated and control samples sufficiently varied (Fig 3.2 (a) & (b)). Chlorophyll a is the main
pigment involved in process of photosynthesis whereas chlorophyll b is the accessory
pigment that transfers energy to chlorophyll a (Khaleghi et al., 2013). An important metric
for photosynthetic activity is the total chlorophyll content (chl a + chl b), and variations in
this value are a sign of stress in plants. Thus, it could be observed that chlorophyll a was
comparatively less for microplastics treated plant samples indicating that total chlorophyli
content in leaves showed greater inhibitory effect on exposure to microplastics. Hence, the
chlorophyll content in microplastic treated plant samples was eventually less compared to

control.

3.1.3.Biochemical Analysis
3.1.3.1. Phenolic Content

One of the major groups of secondary metabolites found in plants, phenolics includes over
9,000 different chemicals. They serve a variety of biological purposes in plants, including
defense against pathogens, protection from ultraviolet rays, pigmentation to draw
pollinators, and defense against reactive oxygen species (Waskiewicz et al., 2013). On being
exposed to microplastics of different types, phenolic content in plants reduced showing a
decreasing trend as observed in Fig 3.2 (c). Compared to control having phenolic content of
0.998 + 0.04 (GAE) mg, phenolic content in plants treated with microplastics was 10 g
MPs = 0.834 + 0.04 (GAE) mg*, 20 g MPs = 0.687 + 0.03 (GAE) mg*, 10 g beads = 0.497
+ 0.02 (GAE) mg? and 20 g beads = 0.386 + 0.01 (GAE) mg™. The results indicate that
incorporation of microplastics decreases phenolic content in plants thereby inducing stress

as compared to control plants without microplastics.
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3.1.3.2. Proline Content

The current investigation demonstrated that B. juncea plants treated with HDPE_MPs and
HDPE_beads had a lessening proline content (Fig.3.2 (d)). As proline is known to reduce
oxidative stress, maintain osmotic balance, and regulate redox potential, increasing
concentration of microplastics showed an opposite trend. On being exposed to MPs, content
of proline gradually declined with 20 g beads showing lowest value of 0.698 + 0.03 gg™
compared to control with proline content of 0.998 + 0.04 gg . These values are indicative
of the fact that proline is not able to reduce stress in Brassica juncea plants on contaminated

with microplastics.

3.1.4.Morphological Analysis
3.1.4.1. Fluorescence Microscopy

In this study, we demonstrate that Brassica juncea plant roots may absorb individual
microplastic particles with diameters between 5 and 10 um from the surrounding soil (Fig
3.3 (a8) & (b)). We were able to find and see labelled microplastic particles embedded amid
root cell structures using fluorescence microscopy. Along with the tree root's inherent
autofluorescence, fluorescing microplastic was also seen in the root cortex, exodermis, and
vascular tissue of a lateral root, as well as in the root hairs and outer epidermal layer. (Fig
3.3(c) & (d)) provides evidence for microplastics incorporation in leaves of mustard plant as
observed with red tagged MPs. Tagged microplastics could be observed in leaf sections and

also induce structural changes in morphology of leaf.

3.1.4.2. Confocal Microscopy

To decipher more significant findings of the study, confocal microscopy was performed to
visualize tagged microplastics within the root lateral cross-sections and leaf parts. On
visualization under red and green field at 40 X and 100 X magnification, it could be
observed that microplastics were embedded in root hair segments and leaf internal veins at

some points (Fig 3.3 (e), (), (9) & (h)). Because we could observe microplastics particles in
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inner root and leaf structures, our results suggest that micrometer sized microplastic can
easily traverse from soil to root through crack-entry and apoplastic pathway, forming basis
for entry to food chain. These results confirm microplastics uptake by Brassica juncea
plants and also provide future insights for understanding mechanism of action and impact on
plants.

FLUORESCENCE MICROSCOPY CONFOCAL MICROSCOPY

ROOT CROSS-SECTION

LEAF CROSS-SECTION

Figure 3.3: Longitudinal cross-section showing microplastic particles inside a Brassica
juncea lateral root and leaf section in a three months old mustard plant after being exposed
to tagged microplastics. Clockwise from top left shows cross sections using fluorescence
microscopy, (a) & (b) show root cross-sections; (c) & (d) show leaf sections; and confocal
laser scanning microscopy, (e) & (f) show root cross-sections; (g) & (h) show leaf sections.
All images have been taken at a magnification of 40X and 100X.
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The results from overall study provide evidence for microplastics uptake by Brassica juncea
and its impact on growth and development. The biometrical parameters and biochemical
analysis signify that microplastics are transported from root to shoot parts of the plant. Also,
morphological analysis confirm uptake of microplastics from root to leaf sections of plant.
The shoot biomass showed least concentration of 1.75 g on addition of 20 g MPs. Similarly,
root biomass of 0.4 g was observed on addition of 20 g beads, that was least compared to all
other concentrations. Also, the least shoot and root height was observed in plants treated
with 20 g MPs showing shoot height at 27 cm and root height at 3.5 cm. Similar to this, least
chlorophyll concentration was observed in 20 g beads thereby showing least total
chlorophyll content in microplastics exposed plants. Also, the antioxidant activity depicted
by phenolic content and protection of plant against stress represented by proline content was
least for 20 g beads exposed plants. Morphological analysis confirmed the presence of
microplastics uptake in root and leaf sections of plant. Confocal microscopy provides a rapid
approach for visualization of MPs within plant parts (Li et al., 2020b). The fluorescent dyes
can generate stable emission signals that are easy to distinguish from the autofluorescence
generated by plant tissues (Z. Zhang et al., 2022). Thus, it is a rapid and efficient approach
in detection of MPs within plant tissues (Ullah et al., 2021b). The accumulation of tagged
microplastics could also be observed in Fig 3.3 (c) and (d) sections. These results portray
uptake of microplastics not only by root but also by leaf sections of plant. Thus, Brassica
juncea have been found to accumulate microplastics in their tissues, that could have
significant impact on humans when consumed. This study also highlights uptake mechanism
of microplastics from root to leaf sections as confirmed by morphological analysis. All the
results present a significant finding providing evidence on impact on Brassica juncea plant

after being exposed to different concentrations of microplastics.

3.2. OBJECTIVE 2: Describing the fate and behavior of micro/nano plastics on the

biometry of wild plants:
3.2.1. Biometrical Parameters

3.2.1.1. Growth Response
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Cyanodon dactylon (L.) (SG) and Portulaca grandiflora (PG) exposed to different
concentrations of PE and nylon 6,6 showed a substantial change in shoot length and shoot

biomass when compared to control plants.
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Figure 3.4: Influence of HDPE microplastics on Portulaca grandiflora (PG) samples by
observing growth parameters: Shoot length for Portulaca grandiflora (PG) (The values
are mean of three triplicates; Error bars denote 5% standard error)
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Figure 3.5: Influence of HDPE microplastics on Cyanodon dactylon (L.) (SG) plant
samples by observing growth parameters: Shoot length for Cyanodon dactylon (L.)
(SG); (The values are mean of three triplicates; Error bars denote 5% standard error)

The control shoot length for Portulaca grandiflora (PG) plant was 5.55 + 0.27753 cm for 1%
week and gradually increased to 22.23 + 1.1115 cm for 12" week, while treated plants
showed a declining trend for 1%t week with values for PG - PE (2.59) = 6.98 + 0.349 cm, PG
- PE (5g) = 4.25 £ 0.2125 c¢cm, PG - Nylon 6,6 (2.5g) = 4.21 £ 0.2105 cm, and PG - Nylon
6,6 (59) = 3.67 + 0.1835 cm. Similarly, after a span of 12 weeks, in contrast to control, the
treated samples of Portulaca grandiflora (PG) showed less growth exhibiting values for PG
- PE (2.59) = 14.32 + 0.7166 cm, PG - PE (5¢g) = 13.23 + 0.6615 cm, PG - Nylon 6,6 (2.5g)

=12.56 + 0.628 cm, and PG - Nylon 6,6 (5g) = 11.34 + 0.567 cm.
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For microplastics treated to Cyanodon dactylon (L.) (SG) plants, shoot length for the control
sample exhibited values of 2.34 + 0.117 cm for 1% week with increasing trend by 12" week
6.89 = 0.3445 cm. While the microplastics accumulated samples showed a lessening
graphical analysis at 1% week with concentrations for SG - PE (2.5g) = 1.98 + 0.099 cm, SG
- PE (59) = 1.45 £ 0.0725 cm, SG - Nylon 6,6 (2.5g) = 1.78 £ 0.089 cm, and SG - Nylon 6,6
(59) = 1.34 £ 0.067 cm. Similarly, after a span of 12 weeks, in contrast to control, the treated
samples of Cyanodon dactylon (L.) (SG) showed less growth exhibiting values for SG - PE
(2.59) =4.01 £ 0.2005 cm, SG - PE (5g) = 3.21 + 0.1605 cm, SG - Nylon 6,6 (2.5g) = 3.89 +
0.1945 cm, and SG - Nylon 6,6 (5g) = 2.89 + 0.1445 cm.
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Figure 3.6: Influence of HDPE microplastics on Portulaca grandiflora (PG) samples by
observing growth parameters: Shoot Biomass for Portulaca grandiflora (PG) (The
values are mean of three triplicates; Error bars denote 5% standard error)
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With reference to shoot biomass, in contrast to the control sample, microplastics treated
samples had the lowest shoot biomass, demonstrating that exposure to microplastics had a
negative impact. In case of Portulaca grandiflora (PG) plants, control plant displayed values
of 1.85 + 0.0925 g in 1% week followed by 7.41 + 0.3705 g by 12" week. For microplastics
treated samples, in 1% week, Portulaca grandiflora (PG) plants showed values of PG - PE
(2.59) = 1.18667 + 0.05933 g, PG - PE (5g) = 1.18667 + 0.05933 g, PG - Nylon 6,6 (2.5g) =
0.59333 + 0.02967 g, and PG - Nylon 6,6 (5g) = 0.85333 + 0.04267 g. Similarly, after a
span of 12 weeks, in contrast to control, the treated samples of Portulaca grandiflora (PG)
showed less biomass exhibiting values for PG - PE (2.5g) = 4.77333 £ 0.23867 g, PG - PE
(5g) = 4.41 = 0.2205 g, PG - Nylon 6,6 (2.59) = 4.18667 = 0.20933 g, and PG - Nylon 6,6
(59) =3.78 £ 0.189 g.
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Figure 3.7: Influence of HDPE microplastics on Cyanodon dactylon (L.) (SG) plant
samples by observing growth parameters: Shoot Biomass for Cyanodon dactylon (L.)
(SG); (The values are mean of three triplicates; Error bars denote 5% standard error)
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For Cyanodon dactylon (L.) (SG) plants, shoot biomass for control sample at 1% week was
0.78 + 0.039 g and approximately 2.29667 + 0.11483 g observed by 12" week. The plants
treated with microplastics showed a declining trend in 1% week with respect to control
containing shoot biomass of SG - PE (2.5g) = 0.66 + 0.033 g, SG - PE (5g) = 0.48333 £
0.02417 g, SG - Nylon 6,6 (2.5g) = 0.59333 £ 0.02967 g, and SG - Nylon 6,6 (5g) = 0.44667
+ 0.02233 g. Similarly, after a span of 12 weeks, in contrast to control, the treated samples
of Cyanodon dactylon (L.) (SG) showed less growth exhibiting values for SG - PE (2.5g) =
1.33667 + 0.06683 g, SG - PE (5g) = 1.07 £ 0.0535 g, SG - Nylon 6,6 (2.59) = 1.29667 +
0.06483 g, and SG - Nylon 6,6 (5g) = 0.96333 + 0.04817 g.
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Figure 3.8: Influence of HDPE microplastics on Portulaca grandiflora (PG) samples by
observing growth parameters: Root Length for Portulaca grandiflora (PG) (The values
are mean of three triplicates; Error bars denote 5% standard error)
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As the shoot length and biomass showed adverse impact on adding microplastics, a similar
trend was observed for root length and biomass. Cyanodon dactylon (L.) (SG) and Portulaca
grandiflora (PG) exposed to different concentrations of PE and nylon 6,6 showed a
substantial change in root length and root biomass when compared to control plants. The
control root length for Portulaca grandiflora (PG) plant was 2.775 + 0.13875 cm for 1%
week and gradually increased to 11.115 + 0.55575 cm for 12 week, while treated plants
showed a declining trend for 1% week with values for PG - PE (2.5g) = 1.78 + 0.089 cm, PG
- PE (5g) = 1.445 + 0.07225 cm, PG - Nylon 6,6 (2.5g) = 0.89 £ 0.0445 cm, and PG - Nylon
6,6 (50) = 1.28 + 0.064 cm. Similarly, after a span of 12 weeks, in contrast to control, the
treated samples of Portulaca grandiflora (PG) showed less growth exhibiting values for PG
- PE (2.59) = 6.42 £ 0.321 ¢cm, PG - PE (5g) = 6.32 + 0.316 cm, PG - Nylon 6,6 (2.59) =
6.28 £ 0.314 cm, and PG - Nylon 6,6 (5g) = 5.67 £ 0.2835 cm.

For microplastics treated to Cyanodon dactylon (L.) (SG) plants, root length for the control
sample exhibited values of 1.17 + 0.0585 cm for 1% week with increasing trend by 12" week
3.445 + 0.17225 cm. While the microplastics accumulated samples showed a lessening
graphical analysis at 1% week with concentrations for SG - PE (2.5g) = 0.99 + 0.0495 cm,
SG - PE (5g) = 0.725 £ 0.03625 cm, SG - Nylon 6,6 (2.5g) = 0.89 + 0.0445 cm, and SG -
Nylon 6,6 (5g) =0.67  + 0.0335 cm. Similarly, after a span of 12 weeks, in contrast to
control, the treated samples of Cyanodon dactylon (L.) (SG) showed less growth exhibiting
values for SG - PE (2.5g) = 2.005 + 0.10025 cm, SG - PE (5g) = 1.605 + 0.08025 cm, SG -
Nylon 6,6 (2.59) = 1.945 £ 0.09725 cm, and SG - Nylon 6,6 (5g) = 1.445 + 0.07225 cm.
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Figure 3.9: Influence of HDPE microplastics on Cyanodon dactylon (L.) (SG) plant
samples by observing growth parameters: Root Length for Cyanodon dactylon (L.) (SG);
(The values are mean of three triplicates; Error bars denote 5% standard)

With reference to root biomass, in contrast to the control sample, microplastics treated
samples had the lowest root biomass, demonstrating that exposure to microplastics had a
negative impact. In case of Portulaca grandiflora (PG) plants, control plant displayed values
of 0.925 + 0.04625 g in 1% week followed by 3.705 + 0.18525 g by 12" week. For
microplastics treated samples, in 1% week, Portulaca grandiflora (PG) plants showed values
of PG - PE (2.5g) = 0.59333 + 0.02967 g, PG - PE (5g) = 0.48167 + 0.02408 g, PG - Nylon
6,6 (2.5g) = 0.29667 + 0.01483 g, and PG - Nylon 6,6 (5g) = 0.42667 + 0.02133 g.
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Similarly, after a span of 12 weeks, in contrast to control, the treated samples of Portulaca
grandiflora (PG) showed less biomass exhibiting values for PG - PE (2.5g) = 4.77333 £
0.23867 g, PG - PE (5g) = 4.41 £+ 0.2205 g, PG - Nylon 6,6 (2.5g) = 4.18667 + 0.20933 g,

and PG - Nylon 6,6 (59) = 3.78 £ 0.189 g.
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Figure 3.10: Influence of HDPE microplastics on Portulaca grandiflora (PG) samples
by observing growth parameters: Root Biomass for Portulaca grandiflora (PG) (The
values are mean of three triplicates; Error bars denote 5% standard error)

For Cyanodon dactylon (L.) (SG) plants, root biomass for control sample at 1% week was
0.39 + 0.0195 g and approximately 1.14833 + 0.05742 g observed by 12 week. The plants
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treated with microplastics showed a declining trend in 1% week with respect to control
containing root biomass of SG - PE (2.5g) = 0.33 £ 0.0165 g, SG - PE (59) = 0.24167 £
0.01208 g, SG - Nylon 6,6 (2.5g) = 0.29667 + 0.01483 g, and SG - Nylon 6,6 (5g) = 0.22333
+ 0.01117 g. Similarly, after a span of 12 weeks, in contrast to control, the treated samples
of Cyanodon dactylon (L.) (SG) showed less growth exhibiting values for SG - PE (2.5g) =
0.66833 £ 0.03342 g, SG - PE (5g) = 0.535 £ 0.02675 g, SG - Nylon 6,6 (2.59) = 0.64833 +
0.03242 g, and SG - Nylon 6,6 (5g) = 0.48167 + 0.02408.
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Figure 3.11: Influence of HDPE microplastics on Cyanodon dactylon (L.) (SG) plant
samples by observing growth parameters: Root Biomass for Cyanodon dactylon (L.) (SG);
(The values are mean of three triplicates; Error bars denote 5% standard)
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3.2.2.Chlorophyll content

The results showed that varied concentrations of microplastics had a greater effect on
chlorophyll a (Chl a) than on chlorophyll b (Chl b). The considerable variation in chl a and
chl b content indicates that the total chlorophyll content in leaves of treated and control
samples differed sufficiently. Chlorophyll a is the major pigment engaged in photosynthesis,
while chlorophyll b is an accessory pigment that delivers energy to chlorophyll a (Khaleghi
et al., 2013). Total chlorophyll concentration (chl a + chl b) is an important indicator for
photosynthetic activity, and fluctuations in this value indicate plant stress. Thus, chlorophyll
a was found to be significantly lower in microplastics-treated Portulaca grandiflora (PG)
and Cyanodon dactylon (L.) (SG) plant samples, showing that total chlorophyll
concentration in leaves had a larger inhibitory effect on microplastics exposure. The control
plant observed the content of chl a as 4.783 + 0.23915 in Portulaca grandiflora (PG)
whereas 10.654 = 0.5327 was observed in Cyanodon dactylon (L.) (SG). On a contrary,
microplastics treated samples exhibited chl a value of PG-PE (2.59) = 8.267 + 0.41335, PG-
PE (5g) = 8.103 + 0.40515, PG-Nylon 6,6 (2.5g) = 8.234 + 0.4117, PG-Nylon 6,6 (5g) =
7.1654 + 0.35827. Similarly, for Cyanodon dactylon (L.) (SG) treated plants, chl a
concentrations were SG-PE (2.5g) = 9.642 + 0.4821, SG-PE (5g) = 8.203 + 0.41015, SG-
Nylon 6,6 (2.5g) = 7.686 + 0.3843, SG-Nylon 6,6 (5g) = 7.1654 + 0.35827.
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Figure 3.12: Chlorophyll content in leaves of Portulaca grandiflora (PG) plant
samples exposed to HDPE and Nylon 6,6 microplastics: Chlorophyll content in
Portulaca grandiflora (PG); (The values are mean of three triplicates; Error bars
denote 5% standard error)
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Figure 3.13: Chlorophyll content in leaves of Cyanodon dactylon (L.) (SG) plant
samples exposed to HDPE and Nylon 6,6 microplastics: Chlorophyll content in
Cyanodon dactylon (L.) (SG) (The values are mean of three triplicates; Error bars

denote 5% standard error))
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3.2.3. Antioxidant Activity

MDA levels in plants exposed to microplastics provide critical insight into the oxidative
stress response and the extent of lipid peroxidation. Elevated MDA levels after microplastic
treatment confirm the occurrence of stress. Malondialdehyde (MDA) is a biomarker for
oxidative stress and lipid peroxidation in plants, often used to assess damage caused by
environmental stressors, including pollutants like microplastics. When plants are exposed to
microplastic particles, they may experience oxidative stress due to the production of reactive
oxygen species (ROS). Elevated levels of ROS can damage cell membranes by causing lipid

peroxidation, and MDA is one of the end products of this process.
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Figure 3.14: MDA content in leaves of Portulaca grandiflora (PG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: MDA content in Portulaca grandiflora
(PG); (The values are mean of three triplicates; Error bars denote 5% standard error)
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Portulaca grandiflora (PG) showed varied malondialdehyde content with control (0.399 *
0.0454 (nmole gifw); PG - PE (2.5g) (0.591 + 0.0412 nmole g*fw); PG - PE (5g) (0.713 +
0.0342 nmole g*fw); PG - Nylon 6,6 (2.5g) (0.682 + 0.02485 nmole g*fw); PG - Nylon 6,6
(59) (0.789 + 0.017810 nmole g™fw). Cyanodon dactylon (SG) also showed a similar trend
with control (0.321 + 0.04935 nmole g*fw); SG - PE (2.5g) (0.414 + 0.03945 nmole g*fw);
SG - PE (5g) (0.603 + 0.03375 nmole gfw); SG - Nylon 6,6 (2.5g) (0.714 + 0.0248 nmole
gfw); SG - Nylon 6,6 (5g) (0.876 + 0.0195 nmole gfw). The findings suggest that

incorporating microplastics increases MDA content in plants, causing stress.
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Figure 3.15: MDA content in leaves of Cyanodon dactylon (L.) (SG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: MDA content in Cyanodon dactylon (L.)
(SG) (The values are mean of three triplicates; Error bars denote 5% standard error))

Microplastics, especially in nano- and micro-sized forms, can induce stress in plants, leading
to the production of reactive oxygen species (ROS). ROS can damage cellular membranes

and activate enzymatic systems such as LOX, which catalyzes the oxidation of membrane
91




lipids (lipid peroxidation). This process can result in:

a) Cell membrane damage: LOX mediates the breakdown of membrane lipids, causing
further cell damage.

b) Inflammatory signaling: LOX-generated lipid metabolites can act as signaling molecules,
triggering defense responses in plants.

The current study found that Portulaca grandiflora (PG) and Cyanodon dactylon (SG)
plants treated with different concentrations of microplastics have higher LOX content.

After exposure to MPs, the concentration of LOX gradually increased, with PG - Nylon 6,6
(5g) showing the highest value of 0.870 + 0.022 mg "* compared to the control with 0.421 +

0.04915 mg L.
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Figure 3.16: LOX content in leaves of Portulaca grandiflora (PG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: LOX content in Portulaca grandiflora
(PG); (The values are mean of three triplicates; Error bars denote 5% standard error))
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Figure 3.17: LOX content in leaves of Cyanodon dactylon (L.) (SG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: LOX content in Cyanodon dactylon (L.)
(SG) (The values are mean of three triplicates; Error bars denote 5% standard error))

Also, the control for SG treated plants was 0.319 + 0.0488 mg %, and the highest content of
LOX was observed at 0.826 + 0.0216 mg  for SG - Nylon 6,6 (5g). These data indicate that

LOX is not able to decrease stress in Portulaca grandiflora (PG) and Cyanodon dactylon

(SG) plants infected with microplastics.

3.2.4.Confocal Microscopy

Confocal microscopy was used to visualize tagged microplastics within the root lateral

cross-sections and leaf portions in order to comprehend the study's most relevant findings.

At some points, microplastics were embedded in root hair segments and leaf internal veins

when viewed under red and green fields at 40 X and 100 X magnification. Because we
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found microplastic particles in inner root and leaf structures, our findings indicate that
micrometer-sized microplastic can easily go from soil to root via crack-entry and apoplastic
pathways, laying the groundwork for entry into the food chain. These findings corroborate
the uptake of microplastics by Portulaca grandiflora (PG) and Cyanodon dactylon (SG)
plants and provide future insights into the mechanism of action and plant response.

Portulaca grandiflora - PE Portulaca grandiflora - Nylon 6,6
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ROOT CROSS-SECTION
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Figure 3.18: Longitudinal cross-section showing microplastic particles inside Portulaca
grandiflora (PG) and lateral root and leaf section in a two months old plants after being
exposed to tagged microplastics. Clockwise from top left shows cross sections using
confocal microscopy, (a) & (b) show root cross-sections of PG-PE; (c) & (d) show leaf
sections of PG-PE; (e) & (f) show root cross-sections of PG-Nylon 6,6; (g) & (h) show
leaf sections of Nylon 6,6. Arrows point to fluorescing microplastic particles. All images
have been enhanced using a contrast and brightness correction and taken at a
magnification of 40X and 100X. Scales are shown in the bottom left corner of the
respective image.
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Figure 3.19: Longitudinal cross-section showing microplastic particles inside Cyanodon

dactylon (L.) (SG) lateral root and leaf section in a two months old plants after being
exposed to tagged microplastics. Clockwise from top left shows cross sections using

confocal microscopy, (a) & (b) show root cross-sections of SG-PE; (¢) & (d) show leaf

sections of SG-PE; (e) & (f) show root cross-sections of SG-Nylon 6,6; (g) & (h) show
leaf sections of SG-Nylon 6,6. Arrows point to fluorescing microplastic particles. All

images have been enhanced using a contrast and brightness correction and taken at a

magnification of 40X and 100X.
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This study found that microplastics move from root hair sections to upper plant components
such as leaves and shoots. The findings indicate that microplastics may have an effect on
both plants following exposure. However, the process for transporting microplastics from
soil to plant components is still in its early stages and requires further investigation.
Microplastics can pass through the plant from the roots to the leaves via two routes: the
apoplast and symplast (Bansal et al., 2024, 2023).

This study is the first to show microplastic absorption, uptake, and phytotoxicity in wild
plants, Portulaca grandiflora (PG) and Cyanodon dactylon (SG). Physiological and
biochemical investigations show that MPs can be transferred from root to leaf portions.
Morphological investigation confirms the existence of MPs in various plant locations,
including vascular tissues in leaf sections and root hairs. Based on these findings, the
mechanism of MPs transport from roots to leaf sections via apoplast and symplast pathways

appears to be relevant.

3.3. OBJECTIVE 3: Understanding the phytoremediation approaches to remediate soil of

micro/nano plastics:

The uptake of microplastics by plant parts could help in phytoremediation by use of its
different approaches. Through the above study, it could be observed that microplastics
traverse from root hair sections to upper parts of plant like leaves and shoots. The results
signify that microplastics have possible implications on Brassica juncea plant after being
exposed. However, the mechanism of transport of microplastics from soil to plant parts is
still in its infancy and needs more research. The apoplast and symplast routes are two
pathways that microplastics can take to move through the plant from the roots to the leaves
(Su et al., 2019). The apoplast is the space outside the plant cells, consisting of cell walls,
intercellular spaces, and extracellular fluid. Microplastics can move through this space via
diffusion, and uptake into the plant is thought to occur through the root epidermis and
cortex. Once inside the apoplast, microplastics can move laterally along the root cell walls
and through intercellular spaces to reach the xylem vessels (Roberts and Oparka, 2003).

From xylem, they can be transported to the leaves and aerial parts of plant. The apoplast
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route is thought to be the primary pathway for larger microplastics to traverse the plant.

The symplast is the interconnected network of plant cells via plasmodesmata, which are
small channels that allow for direct communication and transport of molecules between
cells. Microplastics can enter the plant cells through endocytosis or other mechanisms and
move through the cytoplasmic continuum from cell to cell via plasmodesmata (Raliya et al.,
2016). This route is thought to be the primary pathway for smaller microplastics or those
with a hydrophilic surface. The probable pathway for microplastic transport within the plant
is described in figure 3.20. Some general mechanisms that are mostly proposed include:

a) Adhesion and penetration: Microplastics may adhere to the root surface and penetrate
into the root tissues through physical and chemical interactions (Nel et al., 2009).

b) Endocytosis: Microplastics can be taken up by plant cells through endocytosis, which
involves the formation of vesicles around the particles (Etxeberria et al., 2006).

c) Translocation: Once inside the root, microplastics may be transported across the root
cortex and into the xylem vessels, which carry water and nutrients up to the leaves. This
transport can occur through diffusion or active transport mechanisms (Schwab et al., 2016).
d) Accumulation in leaves: Once in the xylem vessels, microplastics can be transported to
the leaves, where they can accumulate in the leaf tissues. This accumulation can occur
through transpiration, which is the loss of water through the leaves, and subsequent
concentration of microplastics in the leaf tissues.

The uptake of microplastics by plants can have various effects, including alterations in plant
growth, development, and metabolism. Furthermore, the presence of microplastics in edible
plant tissues could pose potential risks to human health, and further research is needed to
understand their impacts on plants. Hence, the migration of MPs inside plants is really
important as it gives an indication on the accumulation and absorption of MPs on plant
parts. Also, after accumulation and absorption of MPs, the phytoremediation potential can

be determined to provide sustainable solution for environmental cleanup.
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Figure 3.20: Mechanism of transport of microplastics from roots to different parts of
plant

3.4. OBJECTIVE 4: Synergistic plant-microbe interaction and corresponding metabolic

products in modulating micro/nano plastic degradation:

3.4.1.1solation of bacterial strains capable of microplastic degradation

The soil used for the plantation of both the above wild plants was employed to test its
efficacy for microplastic degradation. The comprehensive mechanism for isolation of
bacterial isolates is depicted below (figure 3.34).
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Figure 3.21: Mechanism of isolation of bacteria for microplastic degradation study

The process involved assembling libraries, creating clusters, sequencing, and then
performing bioinformatic analysis once the DNA from the soil community was isolated. The
results of this investigation showed that soil bacteria are distributed according to taxonomic
phylum, as Acinetobacter baumannii (100%) dominated the soil sample when the phylum-
level bacterial diversity was evaluated using a high-throughput 16S rRNA metagenomic
sequencing technique. Acinetobacter sp. PMM5 (99.91%) was the second most numerous
types of bacteria, after Acinetobacter baumannii strain AbCTX5 (99.81%). The soil was
combined with an isotonic saline solution and allowed to settle for three hours.

Following this, the supernatant was collected and added to LB broth for inoculation. The
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ability of twelve bacterial strains specifically to degrade microplastics was assessed after
they were isolated from a soil sample. Following their selective isolation from the LB agar
plates, the bacteria were then injected into a basal medium containing 0.5% (w/v)
microplastics, respectively. After that, every single colony was selected, and its ability to
break down microplastics in the basal media while they were present was evaluated. From
the twelve bacterial isolates, one bacterium had the maximum capacity for microplastic
degradation. To find out how well this distinct culture degraded plastic, it was cultured
under aerobic conditions for 15 days. Nucleotide homology analysis supported the
identification of one of the bacterial cultures as Acinetobacter baumannii through
investigation using 16S rDNA gene sequencing. The strain was labelled as Alone and tested
for microplastics degradation potential for a span of 50 days. To prove the synergistic
interaction of plant-microbe in micro/nano plastic degradation, bacterial isolates were
screened and 16s RNA metagenomic sequencing analysis was performed. One microbial
isolate showed maximum degradation efficiency as shown by the experimental study carried
out for 50 days. The primers used for the sequencing of the bacterial isolate were 16S
Forward - GGATGAGCCCGCGGCCTA and 16S Reverse-
CGGTGTGTACAAGGCCCGG.

Sample: ALONE

e The Microbe was found to be Acinetobacter baumannii strain BCI1 16S ribosomal RNA
gene

e Sequence ID: PP789708.1

e The next closest homologue was found to be Acinetobacter baumannii strain CEMTC
1538/1539 16S ribosomal RNA gene

e Sequence ID: 0Q850120.1/

Phylogenetic Tree
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‘ ? Acinetobacter baumannii strain UC24371 chromosome, complete genome
» Acinetobacter baumannii strain KBN10P04593 chromosome, complete genome
7 Acinetobacter baumannii strain F-1629 chromosome, complete genome
© Acinetobacter baumannii strain A54R chromosome, complete genome
@ Acinetobacter baumannii strain A54S chromosome, complete genome

7 Acinetobacter baumannii strain 17978R chromosome, complete genome

© Acinetobacter baumannii strain 17978S chromosome, complete genome

@ " Acinetobacter baumannii strain NCCP 16006 chromosome, complete genome

9 Alone
Q

? Acinetobacter baumannii strain NCCP 15996 chromosome, complete genome

BLAST Data:

SI. | Organism Name Accession | % Match

No.

1 Acinetobacter baumannii strain BCI1 16 ribosomal RNA gene PP789708.1 100.00%

2 Acinetobacter baumannii strain CEMTC_1538/1539 16S ribosomal

RNA gene 0Q850120.1 99.91%
3 Acinetobacter sp. PMMS 165 ribosomal RNA gene KF732993.1 99.91%
4 Acinetobacter baumannii strain AbCTXS chromosome CP0R0505.1 99.81%
5 Acinetobacter baumannii strain SIMBAOBS chromosome CP162145.1 99.81%
b Acinetobacter baumannii strain SIMBAOG1 chromasome (CP161999.1 99.81%
] Acinetobacter baumannii strain SIMBAO34 chromosome CP161992.1 99.81%
8 Acinetobacter baumannii strain SIMBAOO3 chromosome CP161986.1 99.81%
9 Acinetobacter baumannii strain DETAB-P462 chromosome CP161817.1 99.81%

10 | Acinetobacter baumannii strain BCl 4 165 ribosomal RNA gene PQ012606.1 99.81%

Figure 3.22: Phylogenetic Tree and BLAST Sequence of identified strain
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3.4.2.FTIR analysis of microplastics

Microplastics' FTIR spectra before and after contact with an isolated microbe were shown in
Figure 3.36 and figure 3.37. The primary distinctive absorption bands in PP were identified
as follows: 2960 cm™ (-CH3 stretching), 2856 cm™ (-CHO stretching), 1500 cm™ (C=C
double bond stretching), and 690 cm™ (C=C-H stretching). The FTIR analysis revealed that
the PP_A Bacteria formed new functional groups, including hydroxyl groups (O-H stretch at
3329 cm™), methyl deformation (1493 cm-1), carbonyl groups (conjugated ketone or
aldehyde R-C=0 stretch at 1538 cm™), and 1267 cm™ occurring in the end of methyl groups
indicating the bio-oxidation and polymer chain breakage on the surface of the PP. Similar to
the changes seen in polyethylene spectra analysis, the changes in polypropylene spectra

primarily show a decrease in band intensity at specific wavenumbers (Wrobel et al., 2023).

—— PP_A Bacteria
—— PP_MSM
——PP

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 3.23: FTIR Spectra of Polypropylene Microplastics
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The primary distinctive absorption bands in PVC were identified as follows: 3500 cm™ (-
CH_ stretching), 1656 cm™ (-CHO stretching), 1486 cm™ (C=C double bond stretching), and
1230 cm™ (C=C-H stretching). The FTIR analysis revealed that PVC_A Bacteria formed
new functional groups, including hydroxyl groups (O-H stretch at 3270 cm™ and 3340 cm'Y),
chlorine groups (1613 cmt), carbonyl groups (conjugated ketone or aldehyde R-C=0 stretch
at 1500 cm™ and 1107 cm™) occurring in the end of chlorine groups indicating the bio-
oxidation and polymer chain breakage on the surface of PVC. When damaged PVC films
were subjected to FTIR analysis, changes in bond formation and disappearance were
observed along with variations in peak intensity. Analogously, the FTIR spectrum was
utilized to enhance bacterial breakdown through the stretching and vibrating of functional
groups and chemical bonds in the polymer structure. Oxidation of the polymer occurred as a
result of dissolved oxygen, forming a carbonyl group that converts to carboxylic acid and
travels via B-oxidation to join the citric acid cycle, ultimately producing CO2 and H>O
(Khandare et al., 2021a).

—— PVC_A Bacteria
—— PVC_MSM
——PVC
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Figure 3.24: FTIR Spectra of Poly Vinyl Chloride Microplastics
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3.4.3. Thermogravimetric analysis (TGA) of microplastics

Thermogravimetric analysis, or TGA, studies how polymers react to slow temperature rises.
Mechanical properties including molecular weight and crystallinity, as well as chemical
composition, are the main factors that determine heat stability. Changes in a polymer's
mechanical and chemical properties can therefore be indicated by changes in its heat
resistance. To investigate the composition and thermal stability of original microplastics and
bacterially degraded microplastics, TGA was utilized. The degradation of PP microplastics
begins at a temperature of around 280 °C with a weight loss of 80% after treatment with A
Bacteria. On a contrary, the PP microplastic degrades at a temperature of 450 °C with a
weight loss of 80% without any bacterial treatment. These results support the notion that
some weight of the bacterially destroyed microplastics was maintained, indicating the
possibility for the presence of small molecules that are byproducts of the degradation
process. The findings suggested that the antioxidants might be in charge of a few variations
in heat stability.
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Figure 3.25: TGA of Polypropylene Microplastics
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The degradation of PVC microplastics begins at a temperature of around 100 °C with a
weight loss of 86 % after treatment with A_Bacteria. On a contrary, the PVC microplastic
degrades at a temperature of 270 °C with a weight loss of 80 % without any bacterial
treatment. This suggested that when a bacterial isolate is inoculated in microplastics, their
thermal stability declines. The long chain structure may be broken down by bacteria into low

molecular weight polymers, which are less resistant to temperature changes.
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Figure 3.26: TGA of Poly Vinyl Chloride Microplastics

3.4.4.Microplastics dry weight determination post microbial degradation

Due to their ability to metabolize and break down microplastics, bacteria may be able to
help reduce pollution through biodegradation. During the biodegradation study period, the
negative control sample (MSM_PP) showed no weight loss; in contrast, the positive control
sample (Bacteria_PP) showed a total weight loss of 33.33 %. Also, the positive control
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sample (Bacteria_PVC) showed a total weight loss of 27.10 %. These results unequivocally
demonstrate that variation in weight loss may be the result of microbial metabolism. The
major reason observed for weight loss could be the bacterial enzymes. These enzymes have
the potential for metabolizing and degrading microplastics through biochemical pathways
(Feng et al., 2021). Polymer chains break down into smaller molecules during
biodegradation, producing water, carbon dioxide, and other pollutants. The fragmentation
process breaks down plastic particles into smaller components that microbes can use for
growth and energy, which results in a reduction in the weight of the particles (Dave and Das,
2021). Because they may change their habitat according to what nutrients are available,
microbes are able to adapt. Thus, it appears from the weight loss that microbial cells
efficiently use the carbon in microplastics backbone by breaking down their chain structure
(Auta et al., 2018).

Table 3.1: Weight Loss (%) of microplastics

Organism Initial Final Weight
Weight Weight Loss (%)
(mg) (mg)
Control PP 5 5 0
PP_A 5 3.33 33.3
Control PVC |5 5 0]
PVC_ A 5 3.641 27.1

3.4.5.Morphological Analysis
The microbial interaction and attachment on microplastic surface were observed through
Scanning Electron Microscopy (SEM). In the figure, it could be observed that a) and b) parts

show Acinetobacter baumannii strain in healthy condition. The cells are intact with regular
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morphology showing cocci and rod-shaped structure. However, after the inoculation of
bacterium in MSM media as shown in parts c) and d), the cells shrink and show distortion in
structure due to cell starvation and loss of nutrients leading to cell death. The attachment of
bacteria to both the microplastics, PP and PVC, could be observed in parts e) and f). This
morphology shows the entrapment, adherence and consumption of microplastics as a carbon
source by the bacteria. This confirms that microbial adhesion is a sign of cellular desire for
the carbon that is readily available on plastic surfaces. Analogous investigations have
demonstrated the adherence of microorganisms onto the polymer surface in order to meet

the carbon requirement (Huang et al., 2022).
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Figure 3.27: SEM images of bacterial isolate, adherence of bacteria to PP and PVC
microplastics, and degradation of microplastics
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Finally, parts g) and h) reveal the thinning, cracks and holes on PP and PVC microplastic
surfaces after exposure to bacteria. The morphological analysis reveals the degradation of
microplastics thereby proving the bacteria to have degradation potential.
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3.4.6. Biometrical Parameters
3.4.6.1. Growth Response

Cyanodon dactylon (L.) (SG) and Portulaca grandiflora (PG) exposed to different

concentrations of PE and nylon 6,6 showed a substantial change in shoot length and shoot
biomass when compared to control plants after a span of 32 weeks.
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Figure 3.28: Influence of HDPE and Nylon 6,6 microplastics on Portulaca grandiflora
(PG) plant samples by observing growth parameters: Shoot length for Portulaca
grandiflora (PG) (The values are mean of three triplicates; Error bars denote 5%
standard error)
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The control shoot length for Portulaca grandiflora (PG) plant was 18.56 + 0.27753 cm for
16" week and gradually increased to 22.64 + 1.1115 cm for 321" week, while treated plants
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showed a declining trend for 16" week with values for PG - PE (2.5g) = 10.98 + 0.349 cm,
PG - PE (59) = 9.46 £ 0.2125 cm, PG - Nylon 6,6 (2.5g) = 7.58 + 0.2105 cm, and PG -
Nylon 6,6 (5g) = 7.48 + 0.1835 cm. Similarly, after a span of 32 weeks, in contrast to
control, the treated samples of Portulaca grandiflora (PG) showed high growth exhibiting
values for PG - PE (2.5g) = 12.32 + 0.7166 cm, PG - PE (5g) = 10.23 £ 0.6615 cm, PG -
Nylon 6,6 (2.5g) = 10.56 + 0.628 cm, and PG - Nylon 6,6 (5g) = 09.01 + 0.567 cm. For
microplastics treated to Cyanodon dactylon (L.) (SG) plants, shoot length for the control
sample exhibited values of 6.32 + 0.117 cm for 16" week with increasing trend by 32" week
7.109 £ 0.3445 cm. While the microplastics accumulated samples showed a lessening
graphical analysis at 16" week with concentrations for SG - PE (2.5g) = 2.87 + 0.099 cm,
SG - PE (5g) = 1.982 + 0.0725 c¢cm, SG - Nylon 6,6 (2.5g) = 1.216 + 0.089 cm, and SG -
Nylon 6,6 (5g) = 1.531 + 0.067 cm. Similarly, after a span of 32 weeks, in contrast, the
treated samples of Cyanodon dactylon (L.) (SG) showed high growth exhibiting values for
SG - PE (2.59) = 4.83 £ 0.2005 cm, SG - PE (5g) = 3.33 £ 0.1605 cm, SG - Nylon 6,6 (2.59)
=3.79 £ 0.1945 cm, and SG - Nylon 6,6 (5g) = 2.99 + 0.1445 cm.

109




25

20
__15
E I
-
| el
[=T1]
| =
[+1]
-
455
2
@,* o

\b‘-l- \'.-\Ir\t-

ﬁﬁ&ﬁﬁ&ﬁﬁw&ﬁﬁw&ﬁﬁ

B Control mSG-PE(2.5g) M SG-PE(5g) WSG-Nylon 6,6 (2.5g) M SG-Nylon 6,6 (5g)

Figure 3.29: Influence of HDPE and Nylon 6,6 microplastics on Cyanodon dactylon (L.)
(SG) plant samples by observing growth parameters: Shoot length for Cyanodon
dactylon (L.) (SG); (The values are mean of three triplicates; Error bars denote 5%
standard error)

With reference to shoot biomass, in contrast to the control sample, microplastics treated
samples had the lowest shoot biomass, after a span of eight weeks, demonstrating that
exposure to microplastics had a negative impact. However, in case of Portulaca grandiflora
(PG) plants, control plant displayed values of 6.87 + 0.0925 g in 16" week followed by
8.923 + 0.3705 g by 32" week. For microplastics treated samples, in 16" week, Portulaca
grandiflora (PG) plants showed values of PG - PE (2.5g) = 1.092 + 0.05933 g, PG - PE (50)
=0.724 + 0.05933 g, PG - Nylon 6,6 (2.5g) = 0.738 = 0.02967 g, and PG - Nylon 6,6 (5g) =
0.541 + 0.04267 g. Similarly, after a span of 32 weeks, in contrast, the treated samples of
Portulaca grandiflora (PG) showed high biomass exhibiting values for PG - PE (2.5¢) =
4.333 = 0.23867 g, PG - PE (5g) = 3.54 + 0.2205 g, PG - Nylon 6,6 (2.5g) = 3.588 *

0.20933 g, and PG - Nylon 6,6 (5g) = 3.02 + 0.189 g.
110




=
(=]

Shoot Biomass (g)
O = N W B 0 O =~ 00 W

®
ﬁfﬂ""'_"'

%,
%,
%
%
%,
%

%,

4(:_7!""

o

H Control B PG-PE (2.5g) = PG-PE(5g) ® PG-Nylon 6,6 (2.5g) B PG-Nylon 6,6 (5g)

Figure 3.30: Influence of HDPE and Nylon 6,6 microplastics on Portulaca grandiflora
(PG) plant samples by observing growth parameters: Shoot Biomass for Portulaca
grandiflora (PG) (The values are mean of three triplicates; Error bars denote 5%

standard error)

For Cyanodon dactylon (L.) (SG) plants, shoot biomass for control sample at 16" week was
2.078 + 0.039 g and approximately 2.5667 + 0.11483 g observed by 32" week. The plants
treated with microplastics showed a declining trend in 16" week with respect to control
containing shoot biomass of SG - PE (2.5g) = 0.653 + 0.033 g, SG - PE (5g) = 0.4133 £
0.02417 g, SG - Nylon 6,6 (2.5g) = 0.6533 + 0.02967 g, and SG - Nylon 6,6 (5g) = 0.4667 +
0.02233 g. However, after a span of 32 weeks, in contrast to control, the treated samples of
Cyanodon dactylon (L.) (SG) showed high growth exhibiting values for SG - PE (2.59) =
1.76 £ 0.06683 g, SG - PE (5g) = 0.97 + 0.0535 g, SG - Nylon 6,6 (2.5g) = 0.89 + 0.06483
g, and SG - Nylon 6,6 (5g) = 0.853 + 0.04817 g.
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Figure 3.31: Influence of HDPE and Nylon 6,6 microplastics on Cyanodon dactylon (L.)
(SG) plant samples by observing growth parameters: Shoot Biomass for Cyanodon
dactylon (L.) (SG); (The values are mean of three triplicates; Error bars denote 5%

standard error)

As the shoot length and biomass showed adverse impact on adding microplastics, a similar
trend was observed for root length and biomass. Cyanodon dactylon (L.) (SG) and Portulaca
grandiflora (PG) exposed to different concentrations of PE and nylon 6,6 showed a
substantial change in root length and root biomass when compared to control plants.

The control root length for Portulaca grandiflora (PG) plant was 11.113 + 0.13875 cm for
16" week and gradually increased to 10.115 + 0.55575 cm for 32" week, while treated
plants showed a declining trend for 16" week with values for PG - PE (2.5g) = 3.78 + 0.089
cm, PG - PE (5¢g) = 3.0445 £ 0.07225 cm, PG - Nylon 6,6 (2.5g) = 3.89 + 0.0445 cm, and
PG - Nylon 6,6 (5g) = 3.728 + 0.064 cm. However, after a span of 32 weeks, in contrast, the
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treated samples of Portulaca grandiflora (PG) showed high growth exhibiting values for PG

- PE (2.5g) = 6.782 £ 0.321 cm, PG - PE (5g) = 5.32 + 0.316 cm, PG - Nylon 6,6 (2.5g) =
5.28 £ 0.314 cm, and PG - Nylon 6,6 (5g) = 4.67 £ 0.2835 cm.
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Figure 3.32: Influence of HDPE and Nylon 6,6 microplastics on Portulaca grandiflora
(PG) plant samples by observing growth parameters: Root Length for Portulaca
grandiflora (PG) (The values are mean of three triplicates; Error bars denote 5 %
standard error)

For microplastics treated to Cyanodon dactylon (L.) (SG) plants, root length for the control
sample exhibited values of 1.87 + 0.0585 cm for 16" week with increasing trend by 32 week
3.145 + 0.17225 cm. While the microplastics accumulated samples showed a lessening
graphical analysis at 16™ week with concentrations for SG - PE (2.5g) = 0.95 + 0.0495 cm,
SG - PE (5g) = 0.715 £ 0.03625 cm, SG - Nylon 6,6 (2.5g) = 0.85 + 0.0445 cm, and SG -
Nylon 6,6 (59) =0.74 £ 0.0335 cm. However, after a span of 32 weeks, in contrast, the
treated samples of Cyanodon dactylon (L.) (SG) showed high growth exhibiting values for
SG - PE (2.5g) = 2.005 + 0.10025 cm, SG - PE (5g) = 1.705 + 0.08025 cm, SG - Nylon 6,6
(2.5g) = 2.045 + 0.09725 cm, and SG - Nylon 6,6 (5g) = 1.425 + 0.07225 cm.
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Figure 3.33: Influence of HDPE and Nylon 6,6 microplastics on Cyanodon dactylon (L.)
(SG) plant samples by observing growth parameters: Root length for Cyanodon
dactylon (L.) (SG); (The values are mean of three triplicates; Error bars denote 5 %

standard error)

With reference to root biomass, in contrast to the control sample, microplastics treated
samples had the lowest root biomass, demonstrating that exposure to microplastics had a
negative impact. In case of Portulaca grandiflora (PG) plants, control plant displayed values
of 3.625 + 0.04625 g in 16" week followed by 3.695 + 0.18525 g by 32 weeks. For
microplastics treated samples, in 16™ week, Portulaca grandiflora (PG) plants showed
values of PG - PE (2.5g) = 1.24333 + 0.02967 g, PG - PE (5g) = 1.26167 + 0.02408 g, PG -
Nylon 6,6 (2.5g) = 1.1067 + 0.01483 g, and PG - Nylon 6,6 (5g) = 1.042667 + 0.02133 g.
However, after a span of 32 weeks, in contrast, the treated samples of Portulaca grandiflora

(PG) showed high biomass exhibiting values for PG - PE (2.5g) = 2.27333 £ 0.23867 g, PG
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- PE (5g) = 2.03 + 0.2205 g, PG - Nylon 6,6 (2.5g) = 1.8667 + 0.20933 g, and PG - Nylon
6,6 (5) = 1.48 +0.189 g.
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Figure 3.34: Influence of HDPE and Nylon 6,6 microplastics on Portulaca grandiflora
(PG) plant samples by observing growth parameters: Root Biomass for Portulaca
grandiflora (PG) (The values are mean of three triplicates; Error bars denote 5%

standard error)

For Cyanodon dactylon (L.) (SG) plants, root biomass for control sample at 16" week was
1.039 + 0.0195 g and approximately 1.0833 £ 0.05742 g observed by 32 weeks. The plants
treated with microplastics showed a declining trend in 16" week with respect to control
containing root biomass of SG - PE (2.5g) = 0.31 £ 0.0165 g, SG - PE (5¢g) = 0.25167 £
0.01208 g, SG - Nylon 6,6 (2.5g) = 0.3667 + 0.01483 g, and SG - Nylon 6,6 (5g) = 0.29333
+ 0.01117 g. However, after a span of 32 weeks, in contrast, the treated samples of
Cyanodon dactylon (L.) (SG) showed high growth exhibiting values for SG - PE (2.59) =

0.833 + 0.42 g, SG - PE (5g) = 0.635 * 0.02675 g, SG - Nylon 6,6 (2.5g) = 0.72833 +
0.03242 g, and SG - Nylon 6,6 (5g) = 0.667 % 0.02408.
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Figure 3.35: Influence of HDPE and Nylon 6,6 microplastics on Cyanodon dactylon (L.)
(SG) plant samples by observing growth parameters: Root Biomass for Cyanodon
dactylon (L.) (SG); (The values are mean of three triplicates; Error bars denote 5%
standard error)

3.4.7.Chlorophyll content

Chlorophyll a is the major pigment engaged in photosynthesis, while chlorophyll b is an
accessory pigment that delivers energy to chlorophyll a (Khaleghi et al., 2013). Total
chlorophyll concentration (chl a + chl b) is an important indicator for photosynthetic
activity, and fluctuations in this value indicate plant stress. Thus, chlorophyll a was found to
be significantly lower in microplastics-treated Portulaca grandiflora (PG) and Cyanodon
dactylon (L.) (SG) plant samples, showing that total chlorophyll concentration in leaves had
a larger inhibitory effect on microplastics exposure after 16™ week. The control plant
observed the content of chl a as 3.783 + 0.23915 in Portulaca grandiflora (PG) whereas
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9.654 + 0.5327 was observed in Cyanodon dactylon (L.) (SG). On a contrary, microplastics
treated samples after 32 weeks exhibited chl a value of PG-PE (2.59) = 4.267 + 0.41335,
PG-PE (5g) = 9.103 £ 0.40515, PG-Nylon 6,6 (2.5g) = 9.234 + 0.4117, PG-Nylon 6,6 (5g) =
8.1654 + 0.35827. Similarly, for Cyanodon dactylon (L.) (SG) treated plants, chl a
concentrations were SG-PE (2.5g) = 9.842 * 0.4821, SG-PE (5g) = 9.203 + 0.41015, SG-
Nylon 6,6 (2.5g) = 8.686 + 0.3843, SG-Nylon 6,6 (5g) = 8.1654 + 0.35827.
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Figure 3.36: Chlorophyll content in leaves of Portulaca grandiflora (PG) and Cyanodon
dactylon (L.) (SG) plant samples exposed to HDPE and Nylon 6,6 microplastics: (a)
Chlorophyll content in Portulaca grandiflora (PG); (b) Chlorophyll content in
Cyanodon dactylon (L.) (SG)

3.4.8. Antioxidant Activity

Portulaca grandiflora (PG) showed varied malondialdehyde content with control at 16"
week (0.331 + 0.0454 (nmole gfw); PG - PE (2.5g) (0.498 + 0.0412 nmole g*fw); PG - PE
(5g) (0.567 + 0.0342 nmole g*fw); PG - Nylon 6,6 (2.5g) (0.721 + 0.02485 nmole g*fw);
PG - Nylon 6,6 (5g) (0.791 + 0.017810 nmole g*fw). Cyanodon dactylon (SG) also showed
a similar trend with control (0.231 + 0.04935 nmole g™*fw); SG - PE (2.5g) (0.398 + 0.03945
nmole g*fw); SG - PE (5g) (0.467 + 0.03375 nmole g*fw); SG - Nylon 6,6 (2.5g) (0.621 +
0.0248 nmole g'fw); SG - Nylon 6,6 (5g) (0.691 *+ 0.0195 nmole gfw). The findings

suggest that incorporating microplastics increases MDA content in plants, causing stress.
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Figure 3.37: MDA content in leaves of Portulaca grandiflora (PG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: MDA content in Portulaca grandiflora
(PG); (The values are mean of three triplicates; Error bars denote 5% standard error)

However, after a span of 32 weeks, Portulaca grandiflora (PG) showed varied
malondialdehyde content with control (0.232 + 0.0454 (nmole g‘fw); PG - PE (2.5g) (0.398
+ 0.0412 nmole gfw); PG - PE (5g) (0.487 + 0.0342 nmole g*fw); PG - Nylon 6,6 (2.59)
(0.606 + 0.02485 nmole g*fw); PG - Nylon 6,6 (5g) (0.691 + 0.017810 nmole gfw).
Cyanodon dactylon (SG) also showed a similar trend with control (0.132 £+ 0.04935 nmole g
fw); SG - PE (2.5g) (0.298 + 0.03945 nmole g™fw); SG - PE (5g) (0.387 + 0.03375 nmole
g}fw); SG - Nylon 6,6 (2.5g) (0.496 + 0.0248 nmole gfw); SG - Nylon 6,6 (5g) (0.521 +
0.0195 nmole g™*fw). The findings suggest that impact of microplastics decreased gradually
as shown by MDA content in plants, declining stress.
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Figure 3.38: MDA content in leaves of Cyanodon dactylon (L.) (SG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: MDA content in Cyanodon dactylon (L.)
(SG) (The values are mean of three triplicates; Error bars denote 5% standard error)

After exposure to MPs, the concentration of LOX gradually increased for 16" week, with
PG - Nylon 6,6 (5g) showing the highest value of 0.990 + 0.022 mg ! compared to the
control with 0.491 + 0.04915 mg . Also, the control for SG treated plants was 0.576 +
0.0488 mg 1, and the highest content of LOX was observed at 0.932 + 0.0216 mg " for SG -
Nylon 6,6 (5g). These data indicate that LOX is not able to decrease stress in Portulaca
grandiflora (PG) and Cyanodon dactylon (SG) plants infected with microplastics. However,
after a span of 32 weeks, PG - Nylon 6,6 (5g) showing the highest value of 0.930 + 0.022
mg " compared to the control with 0.481 + 0.04915 mg . Also, the control for SG treated
plants was 0.436 + 0.0488 mg 1, and the highest content of LOX was observed at 0.902 +
0.0216 mg " for SG - Nylon 6,6 (5g).

120




1.2

e
oo

0.

LOX activity ( mg 1)
5 &

0.

[

16th Week 32nd Week

o

B Control ® PG-PE(2.5g) m PG-PE(5g) = PG-Nylon 6,6 (2.5g) M PG-Nylon 6,6 (5g)
Figure 3.39: LOX content in leaves of Portulaca grandiflora (PG) plant samples

exposed to HDPE and Nylon 6,6 microplastics: LOX content in Portulaca grandiflora
(PG); (The values are mean of three triplicates; Error bars denote 5% standard error)
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Figure 3.40: LOX content in leaves of Cyanodon dactylon (L.) (SG) plant samples
exposed to HDPE and Nylon 6,6 microplastics: LOX content in Cyanodon dactylon (L.)
(SG) (The values are mean of three triplicates; Error bars denote 5 % standard error)

Since the biometrical parameters, chlorophyll content, and antioxidant activity showed an

increased content after 32 weeks, there might be a possibility of microplastic degradation

during subsequent period of time. Therefore, to confirm the degradation, soil

microorganisms were tested for their efficacy in microplastic degradation studies.
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Chapter-4: Summary, Conclusion & Future Scope

4.1. Summary

The persistent nature, extensive dispersion, and possible negative impacts on ecosystems of
microplastics, make them significant environmental hazards. Microplastics' small size makes
them readily ingested by a wide range of species, including larger marine creatures and
plankton. This could lead to disturbances in the food chain and the build-up of toxic
materials. To address the growing problem of plastic pollution, unique microorganisms must
be identified and isolated for plastic cleanup. The synergistic action of plants and microbes
can play a vital role in the degradation of microplastics and their elimination from the
ecosystem. By means of enzymatic activity and metabolic processes, microbes exhibit a
unique ability to degrade diverse types of plastics. Through the process of isolating and
characterizing these specialized microbes, their applications for effective plastic remediation
can be tailored to better understand the mechanisms underlying plastic degradation. This
kind of isolation also makes it easier to assess how these bacteria interact with various types
of plastic, how adaptable they are to different conditions, and whether or not they could have
an impact on ecosystems.

A significant amount of leftover plastic from the extensive usage of plastic film mulch and
effluents from surface runoff and industrial activities has accumulated and ultimately formed
microplastics (MPs) in agricultural soils. However, it is uncertain how crops would be
impacted by microplastics from plastic mulch film. In order to observe the effects of plastic
fragments especially microplastics in plant and soil, the growth, physio-biochemical
characteristics, and morphology of Brassica juncea (mustard plants) exposed to two types of
HDPE microplastics — HDPE_MPs and HDPE _beads, were studied. Upon interaction with
MPs and beads, the height, biomass, chlorophyll content, phenolic content and proline
content of Brassica juncea plant were drastically lowered. The photosynthetic content of
plants containing HDPE microplastics was significantly less compared to the control. Also,
the microscopic images confirmed the translocation of microplastics within roots and leaves

of plant thereby confirming its potential for harmful impact on plant. This work emphasizes
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that MPs may have higher detrimental impacts for terrestrial ecosystems, which warrants
additional investigation in future studies, and offers a fresh insight into the possible effects
of MPs with varying biodegradability’s on soil-plant systems.

Secondly, to observe the impacts of microplastics on wild plants, a simulated dump yard
model was prepared studying impact of two different types of microplastics: high-density
polyethylene (HDPE) and nylon-6,6, on tropical wild plants: Cynodon dactylon (L.) and
Portulaca grandiflora. The effects of microplastics on the two plants were evaluated using
confocal laser scanning microscopy for morphological inspection, antioxidant activity,
chlorophyll content analysis, and biometrical parameters (root and shoot height, biomass
output). This study fills in important knowledge gaps regarding the remediation of
microplastic-contaminated soil and is the first to document the harmful effects of
microplastics on tropical wild plants. The uptake of microplastics by plant parts could be
observed through the symplastic and apoplastic pathways. The morphological studies could
confirm the mechanism of uptake within plant parts. The accumulation of microplastics
within the root and aerial parts of leaves could provide a phytoremediation strategy by
phytoextraction of microplastics.

Finally, synergistic plant-microbe interaction was studied to determine the capability of soil
microbes in degrading microplastics and also harnessing the plant nutrition and growth. For
this, the isolation of soil microorganisms was carried out using metagenomics sequencing to
identify the bacterial strain that showed the most degradation efficiency. Also, two other
microplastics, PP and PVC, were taken for the research study to ascertain the importance of
bacterial isolate for microplastic degradation. To confirm microplastic degradation by the
isolated bacterial strain, Acinetobacter baumannii, both the microplastics were subjected to
FTIR analysis, thermogravimetric study, weight loss % for a span of 50 days and
morphological characterization to observe the changes in the structure of microplastics post
bacterial inoculation. The results confirmed degradation efficiency in both the microplastics
stating the efficacy of microbes for microplastics elimination for sustainable ecosystem.

To better comprehend the finding of this research, future insights on live imaging of

microplastics within plant parts could provide substantial information on phytoaccumulation
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of microplastics. The buildup of microplastics in soil is the last point that needs more
attention. The remediation potential of soil could be determined by analyzing the amount of
microplastics left over after accumulation in plants. Overall, it can help in the sustainable
remediation of soil containing microplastics in nearby groundwater system for cleaner

environment.

4.2. Conclusion

Micro-nano plastic pollution has increased dramatically in recent years, posing a threat to
ecosystem diversity. Phytoremediation is a completely natural method for removing MNPs
from agricultural ecosystems and restoring soil productivity and plant health. To determine
the best use of phytoremediation technologies, it is required to investigate the fate of MNPs,
their absorption and migration inside plant parts, trafficking along membranes, tolerance,
and behavior in the rhizosphere under various environmental conditions. Plant species, root
properties, MNPs size, and environmental variables, all influence MNPs uptake and
phytoremediation. Furthermore, advanced phytoremediation tactics concentrating on the use
of hyperaccumulator plant species, the use of plant-growth boosting bacteria, omics-based
investigations, and genetic engineering using CRISPR-Cas9 technology are effective
methodologies for MNPs ecosystem restoration. The use of microbial and enzymatic
substances in the breakdown of MNPs has potential to solve this problem on a broad scale.
As a result, a thorough understanding of these mechanisms is required for MNPs
contaminated soil. Furthermore, the restrictions and future possibilities could be critical in
creating cost-effective and environmentally acceptable ways for comprehensive MNPs
degradation in terrestrial ecosystems. More research on the impact of MNPs on soil and
developing an integrated approach to plant-based technologies for monitoring, assessment,

and remediation of MNPs in terrestrial agroecosystems is needed.

4.3. Future Scope
Despite the cost-effective and eco-friendly approach to phytoremediation, challenges still

continue in its implementation by the government and commercial sector (Saxena et al.,
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2020). Application of phytoremediation towards biotic or climatic factors, food-chain
adulteration, and utilization of MNPs pollutants are some constraints in utilizing
phytoremediation technology (Gunarathne and Lee, 2019). Furthermore, low budgets by
small-scale industries and short-term funds by government agencies limit the application of
phytoremediation approaches on a wide scale. Furthermore, the molecular techniques of
hyper accumulator species are not evidently described and may take a longer time span to
degrade and remove MNPs pollutants. Hence, establishing effective management strategies
and low-cost processing technology for decontamination of MNPs pollutants is essential for

efficient phytoremediation (Anand et al., 2023).

4.3.1. Policies to eliminate MNPs from environment:

Soil inhabits various microorganisms that have proven to degrade MNPs. Bacterial strains
are equipped for biodegrading plastics; however, bacterial consortia or biofilm offer less
proficiency in the biodegradation processes, where a few strains are engaged with the
disintegration and others are responsible for killing harmful metabolites discharged by the
counterparts (Kumar et al., 2018). In spite of the fact that biodegradation by microorganisms
appears to offer minimal expense and an eco-accommodating remediation approach, it
remains a sluggish cycle for all intents and purposes profoundly reliant upon a few factors
(biotic and abiotic):

a. One way to deal with advanced in-situ plastic bioremediation is through bio stimulation
(with the use of development supplements, manures, normal surfactants, and nanoparticles,
alongside the improvement of ecological prerequisites) or potentially bioaugmentation
(Fomina and Gadd, 2014).

b. Another methodology incorporates applying current biotechnological procedures, for
example, protein or chemical design. The advancement of enhanced microbial consortium,
the use of hereditary design, systems science, and the use of hereditarily changed living
beings are likely answers for further developing plastic biodegradation processes (Liu et al.,
2020).
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Notwithstanding, these creative remediation approaches do not tackle plastic contamination
and should be joined by viable moderation methodologies that focus on source reduction.
This could be accomplished by:

Q) fixing plastic decrease strategies underscoring a diminishing use furthermore;

(i) streamlining waste executive frameworks;

(iii)  looking for economical plastics to guarantee their environmental amicability;

(iv)  expanding public awareness on plastic contamination alongside a social shift.
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Abstract

Contaminated soil is one of today’s most difficult environmental issues, posing serious hazards to human health and the
environment. Contaminants, particularly micro-nano plastics, have become more prevalent around the world, eventually
ending up in the soil. Numerous studies have been conducted to investigate the interactions of micro-nano plastics in plants
and agroecosystems. However, viable remediation of micro-nano plastics in soil remains limited. In this review, a powerful
in situ soil remediation technology known as phytoremediation is emphasized for addressing micro-nano-plastic contamina-
tion in soil and plants. It is based on the synergistic effects of plants and the microorganisms that live in their rhizosphere.
As aresult, the purpose of this review is to investigate the mechanism of micro-nano plastic (MNP) uptake by plants as well
as the limitations of existing MNP removal methods. Different phytoremediation options for removing micro-nano plastics
from soil are also described. Phytoremediation improvements (endophytic-bacteria, hyperaccumulator species, omics inves-
tigations, and CRISPR-Cas9) have been proposed to enhance MNP degradation in agroecosystems. Finally, the limitations
and future prospects of phytoremediation strategies have been highlighted in order to provide a better understanding for
effective MNP decontamination from soil.

Keywords Soil remediation - Contaminants - Omics-based - Hyperaccumulator - CRISPR-Cas9

Introduction
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the discharge of plastic (Galloway et al. 2017), a polymer
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of waste, of which only around 9% is recycled (“Manag-
ing Plastic Waste in India,” 2020). Various reports have
claimed that most plastic materials are more integrated
towards breakdown compared to degradation (Bansal et al.
2021). These large plastics generate smaller fragments of
size less than 5 mm, referred to as microplastics (Mammo
et al. 2020). Further deterioration of these microplastic frag-
ments results in the formation of eventually smaller particles
of size less than 0.1 um, commonly called nanoplastics (Ng
et al. 2018). Significant efforts have recently been made in
the detection and analysis of micro-nano plastics (MNPs)
(Tian et al. 2022; Pfohl et al. 2022), the current pollution
study (Gong et al. 2023), and biological toxicity evaluation
(Teng et al. 2022). Although many studies have focused on
understanding the impacts of metal nanoparticles on plants
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and soil, very little evidence exists on understanding the
uptake and effect of MNPs on plants (Yadav et al. 2022;
Kumar et al. 2023; Bansal et al. 2023). For example, the
alleviation of lead toxicity in Brassica juncea by salicylic
acid helped to minimize oxidative damage to the plant
(Agnihotri et al. 2018). Another study showed antioxidant
defense mechanisms in Brassica juncea L. by alleviating
salinity stress through 24-Epibrassinolide (Gupta and Seth
2023). Although source control, such as cutting down on
plastic consumption and developing alternative materials,
is advocated, such processes may not be effective in a short
time. Thus, it is imperative to seek efficient pathways to deal
with the existing MNP pollution. A growing concern about
the ingestion of microplastics and nanoplastics by aquatic
species, some migration to microbial guts and trophic level
transfers, has been reviewed since a long time (Galloway
et al. 2017). However, the terrestrial landmasses are majorly
empty for mapping global plastic distribution and its detri-
mental effects on agro-ecosystems. In the current context,
the global expansion of a small fraction of plastics, namely,
micro-nano plastics (MNPs), is gaining significant consid-
eration from researchers around the globe because of their
critical environmental effects (Wright et al. 2013).

MNPs and their sources

MNPs are divided into fiber, film, pellet, powder, and frag-
ments based on their morphology. MNPs are composed of
polypropylene (PP), polyethylene (PE), polystyrene (PS),
polyvinyl chloride (PVC), and polyamide (PA) as chemi-
cal ingredients. MNPs are widely classified into primary
and secondary classes based on their commercial applica-
tions. Primary MNPs are manufactured for specialized uses
such as cosmetics, medicine delivery carriers, industrial use,
and military aids. Furthermore, synthetic textiles account

Fig.1 Sources of MNPs, their
migration, impact, and struc-
tural changes on terrestrial and
aquatic plants

Aquatic plants contaminated with MNPs

for roughly 35% of total primary MNPs emitted in bodies
of water (Boucher and Friot 2017). Secondary MNPs are
formed by the breakdown of large plastics through physi-
cal, chemical, and biological approaches. Mechanical forces,
chemical breakdown, or microbial degradation of large plas-
tic fragments result in the formation of secondary MNPs.
Also, fishing, travelling, and catering contribute a significant
proportion of secondary MNPs (Guo et al. 2020). Vehicular
transport, including tyre wear, brakes, markings, is also a
major source of microplastics in the ecosystem (Luo et al.
2021). Apart from major sources of MNPs in the environ-
ment, agricultural practices, recreational activities, sewage
sludge application, and organic fertilizers can also contribute
to MNP pollution (Guo et al. 2020). So, better knowledge of
the potentially detrimental or deleterious consequences of
these contaminants on agroecosystems is critical.

Impacts of MNPs to terrestrial and aquatic plants

Size, thickness, shape, and shade of MNPs control their bio-
availability, and, subsequently, their toxicological impact
(Haegerbaeumer et al. 2019). MNPs get adsorbed by plants,
the soil rhizosphere, and soil organism thereby affecting soil
physiochemical properties (Junhao et al. 2021). Likewise,
the impacts of MNPs on aquatic plants are crucial to the
well-being of flora and fauna (Fig. 1). Recently, airborne
MNPs have also gained attention, suggesting that they are
present both in indoor and outdoor air (Enyoh et al. 2019).
Effluent discharge and surface runoff from rivers, lakes, and
sediments have a direct impact on aquatic water bodies and
related coastlines (Jeyavani et al. 2021). Also, MNPs aggre-
gate and get ingested by marine species, thereby affecting the
food chain (Prata et al. 2020). Apart from this, agricultural
practices, road, and tyre wear discharge also emit MNPs
on land and in the air (Luo et al. 2021). These sediments
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get infiltrated within the soil or discharge into water bodies,
thereby affecting the ecosystem.

Toxicity to terrestrial plants and soil

MNPs can physically block or clog plant tissues, such as sto-
mata or root hairs, limiting their ability to carry out essential
functions like gas exchange and nutrient uptake (Banerjee
et al. 2019). MNPs contain various additives, such as plas-
ticizers and flame retardants, which can leach out and affect
plants. These chemicals may have toxic effects on plants,
disrupting their metabolism, photosynthesis, and hormonal
balance (Tun et al. 2022). MNPs can adsorb nutrients such
as nitrogen and phosphorus, reducing their bioavailability to
plants. This can lead to nutrient deficiencies and affect plant
growth and productivity (Dovidat et al. 2020). MNPs can pro-
vide a surface for microbial colonization, forming biofilms.
These biofilms can alter the composition and activity of soil
and water microbial communities, potentially affecting the
plant-microbe interactions that are crucial for nutrient uptake
and disease resistance (He et al. 2022). Despite having lower
MNP emphasis than soil, air has a higher liquidity that allows
for more accumulation of MNPs on leaf surfaces by means
of fluid-elevated openings (de Souza Machado et al. 2019).
MNPs appended to leaf surfaces might obstruct daylight and
hamper photosynthesis, with comparable outcomes found in
green growth (Wu et al. 2019). Due to the presence of MNPs
in soil, a reduction in water-holding capacity occurs, which
negatively causes a decrease in oxygen in soil aggregates (Liu
et al. 2014). Similarly, micrometer-sized polystyrene (PS)
microparticles may also penetrate inside the crop plants at
the site of lateral root emergence, thereby contaminating the
crops (Li et al. 2020a). Seeds may be harmed as a result of
plastic leachate mixed with water, which seeds absorb during
germination, or as a consequence of smaller MNPs altering
soil structure (Pflugmacher et al. 2020).

Toxicity to aquatic plants

Not only do MNPs have impacts on terrestrial plants, but
recent research has found their potential to deteriorate
aquatic flora. The formation of phytoplankton on the sur-
face of water could encapsulate and entrap MNPs (Prokin
et al. 2015). This sorption of MNPs may result in decreased
length of principle outgrowths of established plants, repress
root development, photosynthetic action, and suitability of
freshwater phytoplankton. Considering past works, micro-
plastics can influence the photosynthesis of green plants
through attachment to the outer layer of xylem and phloem
tissues and consequently assemble to repress their photosyn-
thesis (Dovidat et al. 2020). PS nanoplastic adsorption also
slows down green plant photosynthetic movement while
speeding up the formation of responsive oxygen, which is

@ Springer

dependent on the physiochemical qualities of plastics as
well as the morphology and biochemical properties of green
plants (Bhattacharya et al. 2010). Light is crucial for the
photosynthetic process, and decreased light availability can
impede plant growth and productivity (Mateos-Cardenas
et al. 2021). MNPs can induce oxidative stress in aquatic
plants. These particles can generate reactive oxygen species
(ROS) when interacting with plant tissues. ROS can cause
cellular damage by oxidizing biomolecules, disrupting cel-
lular processes, and impairing plant growth (van Weert
et al. 2019). As higher trophic levels feed on these plants,
the MNPs can be transferred up the food chain through a
process called biomagnification, potentially affecting other
organisms as well. The debilitating or even loss of porous-
ness influences ordinary development and digestion cycle
like the migration of compounds within and outside the cell
walls of aquatic plants (Xia et al. 2015).

Keeping in view the above-stated facts and examples,
most of the investigations have intensified on determining
the effects of MNPs on terrestrial and aquatic plant species.
The necessity of phytoremediation of micro-nano plastics
results from the pressing need to address the negative envi-
ronmental effects of plastic pollution, the shortcomings of
current cleanup techniques, and the potential of plants to
provide a viable and efficient response to this new envi-
ronmental problem. The significance of phytoremediation
stems from its capacity to offer environmentally sound, eco-
nomically viable, and long-lasting solutions for waste man-
agement. Many advantages it provides include safeguarding
human health, promote long-term environmental sustain-
ability, and improve the general health of ecosystems. In
light of this, this review is divided into five major objectives
aimed at (i) exploring the importance of phytoremediation
and highlighting the drawbacks associated with conven-
tional methodologies to eliminate MNPs; (ii) examining the
size of MNPs absorbed by plants, the mechanism of MNPs
uptake, and the approaches involved in phytoremediation
of MNPs; (iii) exploring the factors influencing phytore-
mediation of MNPs; (iv) proposing strategies for phytore-
mediation of MNPs in agroecosystems; and (v) policies and
future directions to address the knowledge gaps and provide
substantial inputs on combating MNPs in agroecosystems.

Objectives

Objective: importance of phytoremediation
highlighting the drawbacks associated

with conventional methodologies to eliminate
MNPs

The aforementioned impact of MNPs on ecosystems
necessitates the utilization of various methodologies to
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tackle and reduce plastic contamination. Different con-
ventional methods of eliminating plastic contaminants and
their drawbacks are explained below:

1. Adsorption: In this technique, physical, chemical, or bio-
logical adsorbents such as carbon materials, zeolites,
metal organic frameworks, and mesoporous materi-
als are used to eliminate micro-nano plastic pollutants
(Reineccius et al. 2021). MNPs can adhere to the sur-
face of certain materials through physical interactions
such as van der Waals forces, electrostatic interactions,
and hydrophobic interactions. For example, a covalent
organic framework like Tpa-H showed high adsorption
energy for polyethylene, polyethylene terephthalate, and
nylon-6 via molecular dynamics (Shang et al. 2022).
MNPs can chemically bind to specific functional groups
on the surface of adsorbent materials through covalent or
coordinate bonding (Song et al. 2023). This mechanism
is often employed using modified materials with func-
tional groups such as amino groups, carboxyl groups,
or sulfonic acid groups. For example, sulfate groups
of polystyrene nanoplastics were degraded under UV
radiation, thereby decreasing their electrostatic potential
(Wang et al. 2020). The major disadvantage of using this
technique is the generation of additional toxic wastes,
and the cost of commercial adsorbents used for the treat-
ment of MNPs is still high (De Gisi et al. 2016).

2. Coagulation: Different types of organic and inorganic
coagulants are used for MNP removal, including ferric
chloride, polyaluminum chloride, ferrous chloride, and
polyamine (Zhou et al. 2021). These coagulants bind to
microplastic particles by an uptake-complexation mech-
anism, thereby forming strong bonds with pollutants (Xu
et al. 2021). For example, iron and aluminum coagulants
were used for the removal of polyethylene microplastics
under high polyacrylamide concentrations (Ariza-Tara-
zona et al. 2019). Also, metal hydroxide coagulants like
iron and aluminum could help stabilize microplastics
suspended in wastewater, thereby interacting via van
der Waals forces to form sludge blankets (Perren et al.
2018). The major drawback of this method is its low
selectivity; adsorbents are sensitive to pH, and compet-
ing ions tend to reduce the efficacy of adsorbents.

3. Membrane filtration: Dynamic membranes are utilized
for influent flux and concentration of respective MNPs
on the membrane during the process of filtration to
enhance the removal of contaminants (Liu et al. 2021).
For example, wastewater treatment plants were studied
for their efficiency in removing microplastics in terms of
shape, color, and dimensions using filtration processes.

The microplastic removal efficiency reached approxi-
mately 90% (Ma et al. 2019). Another study showed
that membrane bioreactors in combination with sand
filters or disk filters, showed higher removal efficiency
of microplastics when analyzed by Fourier transform
infrared spectroscopy (FTIR) (Talvitie et al. 2017). The
results revealed an abundance of polymers in the influ-
ent, with a high concentration of polyethylene terephtha-
late and polyester. The drawback of this technique is that
the initial operational cost is high, and there is a need for
post-treatment mineralization.

4. Microbial remediation: The technique of microbial
remediation uses microorganisms to eliminate toxic
MNPs from the environment (2018). Microbes produce
enzymes, such as esterase, lipases, and proteases, which
can break down the polymer chains of microplastics.
These enzymes target specific chemical bonds present in
plastics and initiate the process of degradation (Othman
et al. 2021). Through enzymatic activity, microbes can
gradually break down microplastics into smaller frag-
ments. For example, Phanerochaete chrysosporium pro-
duces an enzyme, manganese peroxidase, which could
help in the degradation of polyethylene (Kang et al.
2019). Also, Ideonella sakaiensis 201-F6 was able to
degrade polyethylene terephthalate by an enzyme called
polyethylene terephthalate-ase (Yoshida et al. 2016).
The method of microbial remediation is restricted to
compounds that can easily biodegrade and is also time-
consuming.

Importance of phytoremediation

The above-mentioned techniques are associated with draw-
backs that facilitate the use of phytoremediation approaches
which are considered eco-friendly and effective for elimina-
tion of pollutants from environment. Conventional methods
used for exclusion of plastic pollutants are energy-depend-
ent, time consuming, expensive, environmentally destruc-
tive and have adverse impact on ecosystem (Lourencgo et al.
2019). Ability of various plants for phytoremediation is
explored by numerous scientists (Rahbar et al. 2016; Reza-
nia et al. 2016). Therefore, excessive interest is shown by
researchers for improving the efficacy of conventionally
used methods by an environmentally sound technique called
phytoremediation. It refers to efficient green technology to
dispose contaminants existing in air, water, and soil (Sarwar
et al. 2017). Various plants act as efficient phytoremediators
owing to their characteristic property of intake of pollutants
and degradation by various bacteria and enzymes secreted
by plant tissues (Chirakkara et al. 2016).
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Objective: size of MNPs absorbed, mechanism
of uptake and different approaches
of phytoremediation for MNPs by plants

Size of MNPs absorbed by plants Plants can accumulate dif-
ferent sizes of MNP pollutants, thus acting as a potential
source for remediation (Ebere et al. 2019). A study reported
that nanoplastics ranging between 0 and 200 nm can be
absorbed by plants internally and externally (Mateos-Carde-
nas et al. 2021). Also, plants can uptake small microplastics
(<1000 pm) internally from xylem to phloem. Similarly,
microplastics ranging in size from 1 to 5 mm can also be
absorbed and transported to the aerial parts of plants from
soil (Mateos-Cardenas et al. 2021). Polystyrene microbeads
(4.8 mm), for instance, were shown to be obstructing pores
on the leaves, especially the root Garden cress (Lepidium
sativum L.) hairs (Bosker et al. 2019). Additionally, there
were microplastics of diameters 1-100 um and 20 pm on the
bladder wrack Fucus vesiculosus L., forming on its surface
(Gutow et al. 2016), and the top layer of mucus (Sundbak
et al. 2018). Moreover, it has been observed that freshwater
plants like Lemna minor L. may absorb < 600 um polyeth-
ylene microbeads on the foliage of plants (Kalcikova et al.
2020). Wheat and lettuce are examples of agricultural plants
that can internalize 200-nm polystyrene nanobeads and 2.0-
pm polymethylmethacrylate microbeads (Li et al. 2020b).
Plastic internalization appears to be influenced by particle
charge. As demonstrated most recently by Wu et al. (2021a,
b), Arabidopsis thaliana L. is capable of internalizing both
positively and negatively charged 200-nm polystyrene beads
in the stele of the root maturation zone. Micro-nanoplastics’
(MNPs) absorption and internalization might have a signifi-
cant impact on the environment.

Mechanisms of MNP uptake by plants The uptake of MNPs
by plants is dependent on their physiological characteristics,
demonstrating diverse absorption and accumulation inside
plants and soil. Although very few studies have discussed the
uptake mechanism of MNPs in plants, some evidence can be
put forward through them. For example, one study observed
the extracellular entrapment of polystyrene microbeads in
the root caps of plant tissues. Furthermore, microbeads tra-
versed from root to leaf parts through intercellular spaces
via the vascular system following the transpiration stream
(Li et al. 2019). Another study showed the absorption of
microplastics within the endodermis of plant tissues through
damaged root gaps and their transport to the aerial parts of
the plant by transpiration (Sun et al. 2023). The apoplast and
symplast are two pathways for MNPs to go through tissues
once they have entered the plant. In contrast to symplastic
transport, which involves movement of water and other sub-
stances between the cytoplasm of adjacent cells through spe-
cialized structures called plasmodesmata and sieve plates,
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apoplastic transport occurs outside the plasma membrane
through extracellular spaces, the cell walls of adjacent cells,
and xylem vessels (Pérez-de-Luque 2017). The apoplastic
route is crucial for radial movement inside plant tissues and
enables the passage of MNPs to vascular tissues and root
central cylinder for further movement to the aerial portion
(Li et al. 2020a). However, getting to the xylem through the
root requires getting past a barrier to apoplastic pathway, the
Casparian strip, which must be done by taking a symplastic
route via endodermal cells. Using sieve tube components in
the phloem, another significant symplastic transport is also
conceivable, allowing distribution to non-photosynthetic tis-
sues and organs (Liu et al. 2022b). Sieve tubes in phloem
also provide a passage for MNP entry into the aerial parts
of plants, as they have a thickness of approximately 0.77 to
1 um, allowing small microplastics to traverse inside the
plant tissues (Bussieres 2014) (Fig. 2).

The uptake mechanisms of micro- and nanoplastics
(MNPs) by plants can share similarities with the uptake
mechanisms of other nanoparticles. While research on
the specific uptake mechanisms of MNPs by plants is still
emerging, studies on other nanoparticles provide insights
into potential similarities. Here are a few examples of how
the uptake mechanisms of MNPs may share similarities with
the uptake mechanisms of other nanoparticles:

a. Size-dependent uptake: Plants can take up nanoparticles
through various pathways, including root uptake, foliar
uptake, and uptake through plant cell walls (Ali et al.
2021). This size-dependent uptake has been reported for
a range of nanoparticles, including metal-based nano-
particles and carbon-based nanoparticles (Khan et al.
2022), and it may also apply to MNPs as postulated
in different studies (Sun et al. 2021; Liu et al. 2022b;
Huang et al. 2022).

b. Endocytosis: Some nanoparticles can be taken up by
plants through endocytosis, which involves the internali-
zation of particles by plasma membrane (Palocci et al.
2017). This mechanism has been reported for various
nanoparticles, such as metal-based nanoparticles and
quantum dots (Raven 2022). It is possible that MNPs
can also be internalized by plants through endocytosis,
for example, in rice seedlings exposed to polystyrene
microplastics. The study observed accumulation of poly-
styrene microplastics in the roots of rice due to endocy-
tosis (Wu et al. 2021a).

c. Passive diffusion: Nanoparticles can also passively dif-
fuse across plant cell membranes. This process depends
on the physicochemical properties of the particles,
such as their size, surface charge, and hydrophobicity
(Geisler-Lee et al. 2013). MNPs may exhibit similar pas-
sive diffusion mechanisms as other nanoparticles when
entering plant cells (Xu et al. 2022).
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It is important to note that the uptake mechanisms of
MNPs by plants are still an active area of research, and more
studies are needed to understand the specific pathways and
processes involved. Hence, the migration of MNPs inside
plants is really important, as it gives an indication of the
accumulation and absorption of MNPs on plant parts. Also,
after the accumulation and absorption of MNPs, the phytore-
mediation potential can be determined to provide a sustain-
able solution for environmental cleanup.

Approaches of phytoremediation for MNPs Different
approaches, including phytoextraction, phytostabilization,
phytodegradation, phytovolatilization, and rhizosphere
bioremediation, are employed by plants to facilitate the
uptake of organic and inorganic pollutants from soil, thus
forming the basis for phytoremediation technology. The

major plants that are utilized for phytoremediation of MNPs
are described in Table 1.

Phytoextraction Phytoextraction is a method to clean up
contaminants from soil by absorption, accretion, and transfer
of contaminants from soil to plant shoots, also referred to
as phytomining (Tangahu et al. 2011). Plants act as hyper
accumulators to absorb various pollutants in their shoots
without any toxic effects on soil (Bian et al. 2020). An ideal
hyper accumulator plant possesses the characteristic prop-
erty of gathering large concentrations of MNPs within its
shoots (Yu et al. 2021). For example, polystyrene microplas-
tics and bisphenol-S showed no effect on Pistis stratiotes L.
due to the accumulation of contaminants within the roots
of plant and less translocation to other parts (Zhang et al.
2022). Another study showed accumulation of polystyrene

Table 1 Examples of different plants acting as potential sources for phytoremediation of various contaminants

Plant species

Accumulation part

Contaminant for remediation

Reference

Festuca arundinacea S
Zea mays L

Chrysocoma
Ciliate L

Lolium multiflorum L
Lolium perenne L.
Suaeda glauca L

Iris dichotoma P

Shoots or roots
Roots
Roots

Rhizosphere
Rhizosphere microbes
Rhizosphere

Roots

Petroleum hydrocarbon
Phenanthrene
Petroleum aromatic hydrocarbons

Crude oil
Petroleum hydrocarbon
Polycyclic aromatic hydrocarbons

Petroleum hydrocarbon

Steliga and Kluk (2020)
Baoune et al. (2019)
Anyasi and Atagana (2018)

Hussain et al. (2018)
Igbal et al. (2019)
Chaudhary et al. (2021a)
Cheng et al. (2017)
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microplastics within Vicia faba L. roots merely for around
48 h after being exposed to microplastics (Jiang et al. 2019).

Phytostabilization Phytostabilization, also referred to as
phytoimmobilization, is a process of immobilizing contami-
nants in soil, roots, or shoots of plants thereby reducing their
bioavailability in the environment (Tangahu et al. 2011). For
example, polyethylene microplastics were able to adhere to
aquatic macrophyte L. minor, due to surface stickiness and
electrostatic interaction between MNPs and plant biomass
(Rozman et al. 2022). Another study observed the immobi-
lization of polystyrene microplastics in F. vesiculosus due to
release of anionic polysaccharide on plant surface (Sundbak
et al. 2018). Also, microplastics captured within roots can
reduce mobility and interaction with soil microorganisms
and act as a potential source of phytostabilization. In a study
by Gao et al. (2021), polyethylene microplastics adhered to
root surface of Lactuca sativa L. without entering inside root
hairs or other parts of the plant (Gao et al. 2021).

Phytovolatilization Phytovolatilization is a method that
uses metabolic ability of plants and soil microorganism to
change toxic plastic contaminants into volatile and less toxic
forms, thereby releasing them into the atmosphere (Tangahu
et al. 2011). While phytovolatilization is commonly asso-
ciated with the uptake and release of organic compounds,
such as volatile organic compounds (VOCs), there is lim-
ited research on its applicability to microplastics. Very few
studies have investigated the potential for microplastic phy-
tovolatilization by examining their uptake by plants as well
as the subsequent release of volatile microplastic-associated
compounds into the atmosphere. For example, laser confo-
cal scanning microscopy and scanning electron microscopy
provided evidence for the translocation of polystyrene nano-
plastics from roots to shoots of Triticum aestivum L. without
any effect on seed germination (Lian et al. 2020). Another
study by Li et al. (2020a) observed transport of polysty-
rene and polymethylmethacrylate microplastics from roots
to shoots of 7. aestivum through crack-entry pathway and
transpirational pull (Li et al. 2020a).

Phytodegradation Phytodegradation, also known as phy-
totransformation, is a method to decompose inorganic pol-
lutants in soil by the application of enzymes such as oxyge-
nases, nitroreductases, and dehydrogenases (Ali et al. 2013).
The phytodegradation process occurs through the uptake
of plastic contaminants within metabolic compartment of
plants or microbes and their disintegration in soil. Degrada-
tion of pollutants occurs through two mechanisms: internal
and external. In internal degradation mechanism, the MNPs
are absorbed by plants that decompose through catalytic
reactions by enzyme molecules, resulting in metabolic prod-
ucts utilized for plant growth and nutrition (Jeevanantham
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et al. 2019). In external degradation process, the plastic con-
taminants get absorbed by plant metabolic processes and
hydrolyzed into smaller units (Jeevanantham et al. 2019).
Formed monomer units are introduced into plant tissues for
their growth and survival. For example, laccase and alkane
hydrolase produced by Staphylococcus epidermis facilitated
the depolymerization of polyethylene, forming monomer and
oligomer units (Montazer et al. 2020). Also, the oxidase
enzyme produced from Pseudomonas vesicularis PD could
help in the degradation of polyvinyl chloride by oxidation
of serine hydrolase active site present in polyvinyl chloride
(Wilkes and Aristilde 2017).

Rhizosphere bioremediation Rhizosphere bioremedia-
tion is a process for eliminating MNPs from soil through
their degradation and breakdown under the action of plant
microorganisms (Jeevanantham et al. 2019). Besides, it is
also referred to phytostimulation, rhizosphere degradation,
and plant-assisted bioremediation (Kumar et al. 2018). The
growth and proliferation of soil microorganisms occur due
to the presence of carbohydrates in the soil. The different
microorganisms employed for remediation of contaminants
in soil are listed in Table 2. Various soil microorganisms can
facilitate degradation of MNPs in soil. For example, Bacillus
cereus and Bacillus gottheilii could change the structural
properties of polyethylene microplastics (Auta et al. 2018).
Also, Pseudomonas capeferrum TDA1 helped in the forma-
tion of a hydrolase enzyme that played an important role in
the degradation of polyurethane (Puiggené et al. 2022). Root
exudates also perform as excellent contributors to improving
the degradation of pollutants by increasing their activity in
rhizosphere. For example, MNPs induce stress with a nega-
tive influence on the growth of 7. aestivum and genotoxic
effects on V. faba (Jiang et al. 2019; Qi et al. 2020). Root
exudates could alleviate the stress response in plants, thereby
facilitating phytoremediation of MNPs.

Objective: factors influencing phytoremediation
of MNPs

Phytoremediation, the use of plants to remediate pollut-
ants from the environment, has gained attention as a poten-
tial method for addressing microplastic pollution. While
research on phytoremediation of microplastics is still in
its early stages, several factors are thought to influence the
effectiveness of this approach like:

1. Plant species: Different plant species possess varying
abilities to take up and accumulate microplastics (Colzi
et al. 2022). Some plants may have higher affinity for
microplastics due to their root structures or physiologi-
cal characteristics. For example, certain aquatic plants
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Table 2 Different

) ; Microorganisms
microorganisms employed

Contaminant Remediation

Reference

for remediation of various
contaminants that are present in
the soil

Penicillium sp.

Klebsiella pneumoniae

Low-density polyethylene (LDPE)
High-density polyethylene (HDPE)

Rodrigo et al. (2021)
Awasthi et al. (2017)

Pseudomonas sp.
Penicillium sp.
Vibrio sp.

Ideonella sakaiensis
Lysinibacillus sp.
Halomonas sp.

Cephalosporium sp.

Habib et al. (2020)
Magnin et al. (2019)
Khandare et al. (2021a)
Azubuike et al. (2016)
Jeon et al. (2021)
Khandare et al. (2021b)

Chaudhary et al.
(2021b)

Polypropylene

Polyurethane

Polyvinyl chloride

Polyethylene terephthalate
Polyethylene

Low-density polyethylene (LDPE)
UV-treated polystyrene

like water hyacinth (Eichhornia crassipes L.) and duck-
weed (Lemna spp.) have been found to effectively accu-
mulate microplastics in water bodies (Christian and
Beniah 2019; Rozman et al. 2022).

Root characteristics: The morphology and structure of
plant roots can influence their ability to uptake micro-
plastics. Plants with extensive root systems, such as
those with fibrous or adventitious roots, have a larger
surface area for interaction with microplastics. Plants
with root exudates rich in enzymes and organic com-
pounds may also enhance microbial activity around the
roots, potentially facilitating microplastic degradation
(Bosker et al. 2019). For instance, maize (Zea mays L.)
and ryegrass (Lolium perenne L.) have shown promise in
terms of their root characteristics for microplastic phy-
toremediation (Wang et al. 2012; Ullah et al. 2021).
Microplastic characteristics: The properties of micro-
plastics, such as size, shape, and surface charge, can
affect their interaction with plants. Smaller microplastics
tend to have a larger surface area and may be more read-
ily taken up by plants. Furthermore, the surface proper-
ties of microplastics can influence their adsorption to

root surfaces and subsequent translocation within the
plant (Wang et al. 2020; Xu et al. 2022).

4. Environmental conditions: Factors such as temperature,
light intensity, and nutrient availability can impact the
growth and metabolism of plants, which in turn may
influence their ability to remediate microplastics (Gong
et al. 2023). Certain environmental conditions may
enhance plant-microplastic interactions or promote the
activity of microorganisms involved in microplastic deg-
radation (Ebere et al. 2019).

Hence, future research is necessitated to focus on phy-
toremediation techniques that are easy, inexpensive, and
sustainable to environment. The merits and demerits of
phytoremediation approaches are broadly listed in Table 3.
Also, advanced strategies must be framed for effective
phytoremediation of MNP contaminants.

Objective: proposed strategies for progressive
phytoremediation of MNPs

Phytoremediation mechanisms offer great potential for
the removal of MNPs. However, advanced strategies can

Table 3 Various approaches of phytoremediation highlighting their merits and demerits

Phytoremediation approach

Merits

Demerits

Phytoextraction

Phytovolatilization

Phytostabilization

Phytodegradation

Rhizosphere bioremediation

ii. Contaminant can be reused

iii. Removal efficiency up to 95%
i. Economically efficient method
ii. Contaminant is less toxic

i. Low cost and efficient system
ii. Reduction in soil erosion

i. Cost-effective method compared to other strategies

i. Enhanced uptake of plastic by roots
ii. Leaches into groundwater
iii. Phyto mass disposal is difficult

i. Redeposition of the contaminant back in the soil by
precipitation

i. Soil not rendered suitable for plant growth

ii. Obligatory checks necessary for effective remediation

iii. Tolerates high concentration of pollutants

i. Microbial activity increases

ii. Self-sustaining method for removal of pollutants

iii. Environment friendly with low cost

i. Financially and economically stable system
ii. Enzymatic breakdown of pollutants feasible

i. Dependent on soil abiotic conditions and plant species
ii. Contaminants may re-emerge by soil microorganisms
i. Continuous monitoring of pH to uptake pollutants

ii. Laboratory scale studies not stabilized for commercial
and field purposes
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deliver greater potential for phytoremediation to be effec-
tive (Fig. 3). Thus, various strategies have been proposed
for efficient phytoremediation.

Selection of hyper accumulator plant species Exploration of
various hyper accumulator plant species can revolutionize
the technique of phytoremediation because of their ability to
absorb contaminants 100 times more as compared to natural
plants (Kumar Yadav et al. 2018). For example, L. minor is
commonly used for phytoremediation of wastewater facili-
ties, experimented with polystyrene nanoplastics to observe
the impacts on accumulation and tolerance in plants. The
results could provide direct evidence of no oxidative damage,
unaltered chlorophyll contents, increased lipid peroxidation,
and no growth suppression (Arikan et al. 2022). The poly-
styrene nanoplastics could only accumulate to some extent
in the leaves of plants but not be translocated to other parts,
thereby showing hyperaccumulation within specific plant
parts (Arikan et al. 2022). Another study showed the accu-
mulation of polystyrene nano- and microplastics within the
root surface and cap cells of A. thaliana and T. aestivum.
Laser confocal scanning microscopy and pyrolysis gas chro-
matography—mass spectrometry confirmed that polystyrene
spheres accumulated only at root surface of each plant, with-
out any evidence for internal uptake or accumulation (Taylor
et al. 2020).

Fig.3 Advanced strategies for

phytoremediation of MNPs: Selection of hyper accumulator
selection of hyperaccumulator species & introgression of
species, Omics-based analy-

endophytic bacteria
sis of plant genome, genetic i
engineering using Crispr-Cas9
technology

Utilization of
plant-growth

..~ bacteria

Hyper accumulator
species
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_promoting endophytic

Utilization of plant growth-promoting bacteria for
removal of MNPs Plants contain diverse microbial com-
munities residing in the rhizosphere, phyllosphere, and
endosphere (Feng et al. 2017). These microorganisms par-
ticipate in essential roles for plant growth, nutrition, and
degradation of contaminants (Kumar Yadav et al. 2018).
For example, endophytic bacteria obtained from Oryza
meridionalis L. were found to degrade phthalates, thereby
reducing their accumulation in plants and increasing yield
efficiency. A culture experiment containing various endo-
phytic strains showed that the highest degradation of di-
n-butyl-phthalate occurred using Bacillus amylolique-
faciens. The results confirmed the ability of endophytic
bacterial strain to remove phthalates and promote plant
growth and development (Liu et al. 2022a). Another study
showed the isolation of Achromobacter xylosoxidans from
soil that could degrade high-density polyethylene. Attenu-
ated total reflectance Fourier transform infrared spectros-
copy and scanning electron microscopy revealed degrada-
tion of microplastics by approximately 9% (Kowalczyk
et al. 2016). Also, Bacillus spp. and Rhodococcus spp.
strains isolated from mangrove sediments could help in
degradation of polypropylene. Around 6% and 4% weight
loss could be observed after 40 days of incubation in bac-
terial strains, which was confirmed by Fourier transform
infrared spectroscopy and scanning electron microscopy
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analysis (Auta et al. 2018). Thus, various bacterial strains
could help in degradation of MNPs and increase plant
growth yield.

Omics-based approaches to study MNPs degradation Plants
respond differently to environmental conditions involving
a range of routes, starting with changes in gene expres-
sion (transcriptomics), accumulation of protein products
that help in degradation (proteomics), and formation of
metabolites (metabolomics) (Forde and O’Toole, 2013).
Metagenomics analysis could help in the identification of
MNPs that degrade microbes and enzymes that could facili-
tate degradation (Staley and Sadowsky 2016). For exam-
ple, cytochrome P450, esterase, and lipase enzymes were
isolated from Nocardioides spp. and capable of degrading
monoalkyl and dialkyl phthalate esters (Qiu et al. 2020).
Apart from the identification of microbes for degradation,
metabolic processes, gene identification, and expression are
also essential for MNP degradation. For example, transcrip-
tomics was applied to identify the mechanism of degradation
of polyethylene by Rhodococcus ruber C20 strain (Gravouil
et al. 2017). Another study showed the expression of pht and
pca genes isolated from Arthrobacter sp. ZJUTW capable
of degrading dibutyl phthalate. This study revealed a com-
bination of metagenomic and metatranscriptomic studies
to ascertain the degradation of phthalate (Liu et al. 2020).
Besides transcriptomics and metagenomics, metaproteom-
ics could also facilitate the mechanisms of protein synthesis
that control metabolism and obtain metabolites (Medi¢ et al.
2019). For example, proteomic profiling of Pseudomonas
pseudoalcaligenes helped in the identification of a PpEst
enzyme that could hydrolyze polybutylene adipate tereph-
thalate (Wallace et al. 2017).

Gene Editing tools to increase MNP degradation Phytoreme-
diation efficiency of plants can be increased by introducing
plastic accumulating genetic determinants into the genomes
of hyper accumulating species (DalCorso et al. 2019). Thus,
genetic engineering tools can be explored to increase MNP
accumulation by genes accountable for plastic uptake and
their decontamination (Fasani et al. 2018). For example, Ide-
onella sakaiensis 201-F6 produces a polyethylene terephtha-
late-degrading enzyme. The genes of this bacterial strain can
be genetically encoded in other bacterial strains to promote
polyethylene terephthalate degradation (Anand et al. 2023).
In a study by Moog et al. (2019), polyethylene terephthalate
hydrolyzing enzymes were introduced into Phaeodactylum
tricornutum, thereby showing efficient degradation (Moog
et al. 2019). Apart from these genetic modifications, gene
editing tools like clustered regularly interspaced palindromic
repeats (CRISPR)/Cas9 could also promote manipulation of
microbial species for faster degradation of MNPs. For exam-
ple, Streptomyces albogriseolus LBX-2 could produce three

different types of CRISPR sequences in which the main
enzyme that helped in polyethylene degradation was oxy-
genase (Shao et al. 2019). Thus, genome editing could help
in incorporating genes encoding MNP-degrading enzymes.

Objective: policies and future directions to address
the knowledge gaps and provide substantial inputs
on combating MNPs

Despite the cost-effective and eco-friendly approach to phy-
toremediation, challenges still continue in its implementa-
tion by the government and commercial sector (Saxena et al.
2020). Application of phytoremediation towards biotic or
climatic factors, food-chain adulteration, and utilization of
MNPs pollutants are some constraints in utilizing phytore-
mediation technology (Gunarathne and Lee 2019). Further-
more, low budgets by small-scale industries and short-term
funds by government agencies limit the application of phy-
toremediation approaches on a wide scale. Furthermore,
the molecular techniques of hyper accumulator species are
not evidently described and may take a longer time span
to degrade and remove MNP pollutants. Hence, establish-
ing effective management strategies and low-cost process-
ing technology for decontamination of MNPs pollutants is
essential for efficient phytoremediation (Anand et al. 2023).

Policies to eliminate MNPs from the environment Soil
inhabits various microorganisms that have proven to degrade
MNPs. Bacterial strains are equipped for biodegrading
plastics; however, bacterial consortia or biofilm offer less
proficiency in the biodegradation processes, where a few
strains are engaged with the disintegration and others are
responsible for killing harmful metabolites discharged by
the counterparts (Kumar et al. 2018). In spite of the fact that
biodegradation by microorganisms appears to offer minimal
expense and an eco-accommodating remediation approach,
it remains a sluggish cycle for all intents and purposes pro-
foundly reliant upon a few factors (biotic and abiotic).

1. One way to deal with advanced in situ plastic bioreme-
diation is through bio stimulation (with the use of devel-
opment supplements, manures, normal surfactants, and
nanoparticles, alongside the improvement of ecological
prerequisites) or potentially bioaugmentation (Fomina
and Gadd 2014).

2. Another methodology incorporates applying current
biotechnological procedures, for example, protein or
chemical design. The advancement of enhanced micro-
bial consortium, the use of hereditary design, systems
science, and the use of hereditarily changed living
beings are likely answers for further developing plastic
biodegradation processes (Liu et al. 2020).
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Notwithstanding, these creative remediation approaches
do not tackle plastic contamination and should be joined
by viable moderation methodologies that focus on source
reduction. This could be accomplished by (I) fixing plastic
decrease strategies underscoring a diminishing use further-
more; (ii) streamlining waste executive frameworks; (iii)
looking for economical plastics to guarantee their environ-
mental amicability; and (iv) expanding public awareness on
plastic contamination alongside a social shift.

Conclusion

Micro-nano plastic pollution has increased dramatically in
recent years, posing a threat to ecosystem diversity. Phy-
toremediation is a completely natural method for remov-
ing MNPs from agricultural ecosystems and restoring soil
productivity and plant health. To determine the best use of
phytoremediation technologies, it is required to investigate
the fate of MNPs, their absorption and migration inside plant
parts, trafficking along membranes, tolerance, and behavior
in the rhizosphere under various environmental conditions.
Plant species, root properties, MNP size, and environmental
variables all influence MNP uptake and phytoremediation.
Furthermore, advanced phytoremediation tactics concentrat-
ing on the use of hyperaccumulator plant species, the use of
plant-growth boosting bacteria, omics-based investigations,
and genetic engineering CRISPR-Cas9 technology are effec-
tive methodologies for MNP ecosystem restoration. The use
of microbial and enzymatic substances in the breakdown of
MNP has the potential to solve this problem on a broad scale.
As aresult, a thorough understanding of these mechanisms
is required for MNP-contaminated soil. Furthermore, the
review’s restrictions and future possibilities could be criti-
cal in creating cost-effective and environmentally acceptable
ways for comprehensive MNP degradation in terrestrial eco-
systems. More research on the impact of MNPs on soil and
developing an integrated approach to plant-based technolo-
gies for monitoring, assessment, and remediation of MNPs
in terrestrial agroecosystems is needed.
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Abstract In today’s world, plastic pollution has
become a big environmental concern. As a result,
smaller plastic pieces, also known as microplastics
(MPs), have received a lot of attention in recent years.
The majority of study has focused on microplastic
pollution in aquatic ecosystems and related shore-
lines. However, influence of microplastics (MPs) in
the soil environment and on agroecosystem is mini-
mal. To investigate the problem, this study is aimed
to observe the effects of MPs in soil using Brassica
Jjuncea as a model plant. Because of its high biomass
capacity, Brassica juncea can store considerable level
of contaminants in its tissues. As a result, B. juncea
was subjected to two microplastics, HDPE_MPs and
HDPE_beads, followed by analysis of biometrical
parameters, physio-biochemical features, and mor-
phological analyses. Plants subjected to 20 g beads
had the lowest concentrations of phenolic content,
chlorophyll content, and proline content compared
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to other treated samples. Furthermore, fluorescence
and confocal microscopy demonstrated the transfer
of microplastics throughout plant roots and leaves,
showing their potential for plant injury. To the best
of our knowledge, this study focuses on the transfer
of MPs from root to leaves of Brassica juncea for
the first time. A method for microplastic uptake from
plant roots to leaves has also been postulated. It mer-
its further examination in future studies and provides
new insight into the phytoaccumulation of MPs in
soil.

Keywords Agroecosystem - Biometrical
parameters - Microscopy - Physio-biochemical
features - Phytoaccumulation

1 Introduction

The accumulation of emerging contaminants (ECs)
in agricultural ecosystems is one of the main concern
in environment in today’s scenario (Taheran et al.,
2018). The behavior, fate and ecological impacts of
ECs has led to inadequate management and loss of
biodiversity (Lodeiro et al., 2019). Plastic materi-
als with small particle sizes, such as microplastics
(MPs) (plastics with size <1000 um) and nanoplas-
tics (NPs) (with particle size less than 1 pum), are of
particular interest because of ecotoxicity and health
hazards (Bermuidez & Swarzenski, 2021). Despite
occurrence of microplastics by degradation, they are
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also incorporated as specific constituents in many
products used in daily life. These microplastics bio-
accumulate within the soil and have adverse effect
on plant growth and development (Xu et al., 2020).
For this reason, concern on impact of microplastics
on plant performance, along with soil microbes and
activity in soil has been the study for research (de
Souza Machado et al., 2019; Ng et al., 2018).

Many recent studies have focused on understand-
ing the impacts of various contaminants in soil and
plants. For example, the leaves of Prunus laurocer-
asus L. obtained from diverse climatic habitats
showed change in morphological characteristics due
to different environmental conditions (Yigit et al.,
2018). Another study observed distinguished charac-
teristics in various plant species exposed to magne-
sium, a major macronutrient for plants. Traffic density
determined variations in magnesium concentrations
in leaves of Ficus bengalensis, Ziziphus mauritiana,
Conocarpus erectus, and Azadirechta indica spe-
cies (Cetin & Jawed, 2021). Accumulation of traffic-
related heavy metals like aluminium, cadmium, iron,
manganese, nickel, lead, and zinc in plants could be
determined by using Rosmarinus officinalis L. (rose-
mary) as a model plant. This plant was mostly used in
slopes and refuge along highway junctions and could
act as a great tool for establishing traffic-related pollu-
tion in urban parts (Bozdogan Sert et al., 2019). Con-
centrations of heavy metals in soil can also increase
on being accumulated with other contaminants like
microplastics. For example, the uptake and inhibi-
tory effects of cadmium on maize plants could be
observed on being treated with HDPE microplastics.
Different doses of microplastics induced phytotoxic-
ity, change cadmium bioavailability and plant perfor-
mance (Wang et al., 2020). Besides metal and other
contaminant pollution in soil, microplastics could also
have direct impacts on agroecosystem. For example,
plastic mulch film significantly impact wheat growth,
bacterial ecology and volatiles in the rhizosphere
(Qi et al., 2020). Polylactic acid (PLA) microplas-
tics severely decreased seedling height and prevented
seed germination (Boots et al., 2019). In addition to
plastic mulch film, scientists discovered that poly-
styrene-beads had effects on growth of plants on the
basis of size, concentration, and that diameter may be
a primary factor in determining whether micro/nano-
plastics may permeate the tissues of plants. Regarding
100 nm polystyrene-beads, in addition to increasing

@ Springer

wheat biomass (Lian et al., 2020), they might concen-
trate in the roots of Vicia faba and obstruct cell wall
pores, which would impede delivery of plant nutrients
(Jiang et al., 2019). According to a study, 10 mg kg™
polystyrene-beads might shorten roots, whereas
100 nm enhanced seedling height (Ren et al., 2021).
These findings demonstrated the buildup and move-
ment of microplastics in the soil-plant system, high-
lighting the potential for microplastics to reach the
food chain (Su et al., 2019). According to Dissanay-
ake et al. (2022), applying agricultural sewage sludge
alone leads to a large proportion of plastic residues
into agricultural soils. Its input is predicted to be
between 63,000 and 430,000 tonnes of microplastics
per year in EU and North American farmlands, and
between 2800 and 19,000 tonnes per year in Austral-
ian agroecosystems (Dissanayake et al., 2022). As per
the study by Tun et al. (2022), 1411 pieces/kg of MPs
were found in the Indian dumping soils which is just
second to the highest pollution reported in Cambodia
(Tun et al., 2022). Most of the microplastics that act
as dominant polymers in soil include polyethylene,
polyethylene terephthalate and polypropylene.

The major aim of present study is understand-
ing uptake, accumulation, and translocation of high-
density polyethylene (HDPE) microplastics along
with their adverse effects on terrestrial plant. HDPE
constitutes a large proportion of environmental pol-
Iution among all the microplastics (Awasthi et al.,
2017). To facilitate this mechanism, Brassica jun-
cea, commonly termed as Indian Mustard, was used
as a model plant to assess sites of absorption, uptake,
and accumulation within the plant. Brassica juncea
is particularly useful for phytoremediation as it can
accumulate high levels of heavy metals (lead, nickel,
cadmium, mercury and selenium) in their tissues,
a process called as phytoextraction (Rathore et al.,
2019). Brassica juncea produce compounds called
glucosinolates, which are broken down by enzymes to
release toxic isothiocyanates. These isothiocyanates
form complexes with heavy metals in the soil, where
they are then absorbed by plant roots and stored in
their tissues. This means they can quickly establish
themselves in contaminated soil and start remov-
ing pollutants (Diwan et al., 2008). Brassica juncea
has a high biomass, which means it can accumulate
huge quantities of pollutants in tissues (Goswami &
Das, 2015). Also, Brassica juncea has a deep root
system that allows them to access pollutants that may
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be located deep in soil. Overall, the combination of
these characteristics makes Brassica juncea an effec-
tive plant for phytoremediation of soil. Therefore, it
is considered as the most ideal plant to study poten-
tial for microplastics remediation in soil. To our
knowledge, this study is the first to observe impacts
of microplastics not only on roots, but also on leaves
and shoots of plants. Biochemical analysis on roots,
shoots and leaves has been demonstrated to provide
further evidence of microplastics intake in plants.
Finally, mechanism of uptake of microplastics by
plants highlighting different pathways is briefed to
observe phytoaccumulation and identify the possibili-
ties for soil remediation of microplastics. Therefore,
current study builds on examining the impacts of two
different kinds of high-density polyethylene (HDPE)
microplastics, namely HDPE_MPs and HDPE_beads,
on Brassica juncea. To study the impact and accumu-
lation of HDPE_MPs and HDPE_beads on the plant,
biometrical parameters such as height and biomass
was observed. Additionally, the amount of chloro-
phyll in leaves was used to determine the photosyn-
thetic pigment. By analyzing the phenolic and proline
concentrations in various plant sections, biochemical
composition was estimated. An examination of the
plant’s morphology using fluorescence and confocal
microscopy was done to see where microplastics were
being absorbed. Finally, the mechanism of accumula-
tion of MPs within plant roots and its translocation to
aerial parts was highlighted to further our understand-
ing of MPs impact in plants and soil.

2 Material And Methods
2.1 Experimental Design
2.1.1 Soil

To study impacts of different size microplastics on
Brassica juncea (mustard seeds) in an open environ-
ment, a triplicate study was conducted. Pots con-
taining equal concentrations of soil and mustard
seeds with varying amounts of microplastics was
used for the study. We harvested the mustard seeds
after a week to determine the effects of our experi-
ments on vegetative and reproductive growth. The
sandy soil used in this study was obtained from an
agricultural land in Ghaziabad, Uttar Pradesh, India,

at 28° 39’ 14.1588" N and 77° 26’ 42.8784" E. The
soil was composed of sand, silt, and clay with moder-
ate amounts of organic matter. The air-dried soil was
sieved with a 2 mm steel sieve before use.

2.1.2 Synthesis of Microplastics

In this experiment, two forms of microplastics were
used: (1) high-density polyethylene (HDPE) micro-
plastics and (2) high-density polyethylene (HDPE)
beads. A method described by Crespy and Landfester,
2007, was used to prepare the HDPE microplastics
(HDPE_MPs) and beads (HDPE_beads). A solu-
tion composed of 1 g of HDPE powder and 20 ml
of xylene was mixed using a magnetic stirrer for 1 h
until completely dissolved. The HDPE solution was
then gently added to 100 ml of deionized water while
maintaining the sonication at 70% amplitude (Bran-
son W450 Digital sonicator, tip size 6.5 mm) for 30 s
under ice cooling. The resulting solution was centri-
fuged, rinsed with water and ethanol, then air-dried
before storage.

2.1.3 Mustard Seeds and Pots

Brassica juncea (mustard seeds) were obtained from
Indian Institute of Agricultural Research (IARI),
Pusa, New Delhi. The seeds were surface sterilized
with 0.02% sodium hypochlorite (NaOCl) before
immersion in 70% ethanol (Fig. 1: (A) Brassica jun-
cea (mustard seeds) and (B) Germination done in
complete dark). After sterilization, the seeds were
rinsed several times with distilled water. The seeds
were grown on tissue overnight before being planted
in organic soil in November 2021. Pots were irrigated
twice a week at first, then once every two days during
seedling emergence in January and February of 2022.
Because of the increase in temperature in February,
the frequency of irrigation was increased. NPK was
applied to the soil in each pot based on the mustard
NPK requirement of 100, 20, and 60 kg/ha.

The pot used in the experiment was 20 cm long,
10 cm in diameter at the bottom, 13 ¢cm in diameter
at the top and had a volume of 2 1. We used a fac-
torial experimental design. Furthermore, three con-
trol treatments with no microplastic residues were
investigated. The experiment included 12 treatments
performed in triplicate, as well as four independent
pots containing tagged microplastics for imaging.
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Fig. 1 (A) Brassica juncea
(Mustard seeds) and (B)
Germination done in com-
plete dark

Each treatment was replicated three times, and total
36 pots of B. juncea seeds were grown. The mean of
three potted plants was used to describe the study’s
findings.

2.2 Experimental Set-up and Climatic Conditions for
Growth of Plant

2.2.1 Setting Up

Each pot constituted 2.5 kg of sieved soil and vari-
ous concentrations of microplastics (except the three
control treatments without microplastics) along with
150 ml of water. Prior to filling each pot with this
mixture, a piece of geotextile was placed at the bot-
tom of each pot to allow free circulation of air and
water. After all the pots were filled, the soil moisture
was uniformly set to 15%, which corresponds to the
water capacity of the soil in the field. Before sowing
Brassica juncea (mustard seeds), let sit for a week
in each pot. Each container contained 12 g of litter
(12.08 £0.06 g) and was sprayed with water to keep
the litter moist.

2.2.2 Mustard Cultivation

Each pot contained 10-12 seeds, and post 2 weeks,
6-7 seedlings were selected from each pot for test-
ing. The temperature was set at 15-16 °C during the
day and 12 °C at night, with a photoperiod (14/10 h),
a light intensity of 300 umol m~2 s~! and a relative
humidity of 70% for day and night. The pots were
watered weekly with tap water and soil moisture was
adjusted to between 12 and 18% by weight. Pots were
randomly placed in the climatic chamber and rotated
each after two weeks.

@ Springer

2.2.3 Microplastic Tagging with Nile Red

For imaging, HDPE microplastic particles were
labeled with Nile red as previously described (Kara-
kolis et al., 2019). The dried microplastic particles
were placed in an aqueous deionized (DI) solution
of 100 pg/ml Nile red at a concentration of 50 mg
of plastic particles per 10 ml of solution. This solu-
tion was prepared by dissolving 1 mg of Nile Red in
1 ml of acetone and the resulting solution was added
to 10 ml of deionized water. The vials were left in the
dark for two hours, rinsed three times with water, cen-
trifuged and stored in deionized water for later use.
Based on known staining procedures for microplas-
tics, the Nile Red staining procedure was selected,
including concentration of the Nile Red solution
(Maes et al., 2017).

2.3 Measurements of Growth Parameters
2.3.1 Biometrical Analysis

Plant heights were measured using a steel tape meas-
ure on a regular basis from the 14th day after seeds
were sown until the 90th day. Three months after
planting, plants were divided into shoots and roots.
Biometrical analysis provides the overall growth, bio-
mass, and length of roots, shoots and leaves of plants
after being exposed to different concentrations of a
contaminant (Pricinotto et al., 2019). In this study,
different concentrations of MPs were used as con-
taminant to observe the growth pattern in plants. At
a span of three months from sowing of seeds, root
and shoot height was measured and a mean of all
three triplicates were used to determine the results of
study. Similarly, root and shoot biomass was weighed
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for each treated sample to determine mean difference
with respect to control.

2.3.2 Chlorophyll Content

To determine photosynthetic pigment in leaves of
plant, chlorophyll estimation was done. Relative chlo-
rophyll content in plant leaves was measured and
recorded as per the process defined by (Hong et al.,
2012) using UV-Vis spectrophotometer (Biospec-
trophotometer, USA). Fresh leaves were obtained
from each pot to determine the chlorophyll level.
For each treated and control sample, 0.5 g of leaves
were weighed from each pot. 10 ml of 80% acetone
was added to chopped and homogenized leaves to
make them transparent. The extract was centrifuged
at 2500 rpm for five minutes. The resulting super-
natant was diluted with 9 ml of 80% acetone before
being measured with a UV-Vis Spectrophotometer
at 663 nm and 644 nm. Total chlorophyll content in
microplastic treated and control samples was evalu-
ated using Mackinney’s work and Arnon equations —

Chl, = 12.7A; — 2.69A4,5:Chl, = 22.9A,,5 — 4.68A;
Total chlorophyll = Chl, + Chl,

2.4 Biochemical Analysis
2.4.1 Phenolic Content

A modified Folin—Ciocalteau test with gallic acid as
the standard was used to assess total phenolic content
(Ainsworth & Gillespie, 2007). 1 ml of plant extract
was combined with 5 ml of Folin Ciocalteau’s reagent
after 1.5 ml of 20% Na,CO; was added (diluted 1:10
with distilled water). Color development was accom-
plished by incubating the test tubes in dark for 30 min
at room temperature, followed by measuring the
absorbance at 765 nm. The total phenolic content of
the sample was estimated as mg of dry mass equiva-
lents of gallic acid. (GAE) mg™".

2.4.2 Proline Content

Modified ninhydrin chromogenic techniques were
used to measure the proline content (Zhang et al.,
2013). A glass tube containing freshly harvested roots
(0.2 g) was filled with 5 ml of 3% sulfosalicylic acid.

The glass tube was incubated for 10 min in a 100 °C
water bath. 2 ml of the filtrate was digested in another
glass tube after 4 ml of chromogenic solution (2 ml of
2.5% ninhydrin and 2 ml of glacial acetic acid) was
added to the filter. The glass tube was then immersed
for 30 min in a 100 °C water bath. Further, to stop
the reaction, glass tube was submerged in an ice bath.
5 ml of toluene were placed in the glass tube, vor-
texed, and then allowed to stand. Using a spectropho-
tometer, the toluene layer’s absorbance was observed
at 520 nm.

2.5 Morphological Analysis
2.5.1 Fluorescence Microscopy

Fresh roots and leaves were removed from Brassica
Jjuncea plant and cleansed with deionized water. The
roots were sectioned and placed on a glass slide with
a few drops of clean water. The glass slide was then
gently squeezed to flatten the pure water-covered root,
ensuring that no air bubbles formed between the glass
slide and cover slip. A fluorescent microscope was
used to view each sample.

2.5.2 Confocal Microscopy

Fresh roots and leaves with tagged microplastics
were picked out and cleansed with deionized water.
On a glass slide with a few droplets of distilled water,
cross-sections of roots were exhibited. Furthermore,
to ensure no air bubbles between glass slide and cover
slip, it was gently pressed to flatten the clean water-
covered root. With the use of a confocal microscope
(Nikon Laser Scanning Confocal Microscope), each
sample was examined to observe the tagged micro-
plastics. Similar observations were performed for leaf
cross-sections of plant.

2.6 Statistical Analysis

All experiments were done in triplicate. Statisti-
cal analysis of experimental data was performed
using Origin2023 software, and analysis of vari-
ance (ANOVA) was performed in SPSS 21.0 with a
p-value of 0.05. For triplicate samples (n=3), all val-
ues were expressed as mean 5% standard error.

@ Springer
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3 Results and Discussion
3.1 Biometrical Parameters
3.1.1 Growth Response

On exposure of Brassica juncea to HDPE_MPs and
HDPE_beads, significant difference in shoot bio-
mass and root biomass could be observed in con-
trast to control plants (Fig. 2 (a)). Shoot biomass for
control was 3.155+0.15 g compared to the treated
plants showing a decreasing trend. The least shoot
biomass was observed for 20 g MPs in contrast to
control sample indicating an adverse effect when
exposed to microplastics. Similarly, root biomass
also showed a declining trend on being exposed to
HDPE_MPs and HDPE_beads after a span of three
months (Fig. 2 (b)). Root biomass for control was
0.85+0.04 g compared to the treated plants having
significant difference in values.

10gMPs 209 MPs  10g Beads 209 Beads
Concentration

10gMPs 209 MPs
Concentration

10g Beads 209 Beads

The shoot and root height also showed a declining
trend on being treated with HDPE_MPs and HDPE_
beads (Fig. 2 (c) & (d)). The shoot height for control
plant was 33.23 4+ 1.66 cm compared to microplastics
treated samples showing declining trend. Also, the
root height for control sample was 5.6 +0.28 cm com-
pared to microplastics exposed samples showing a
decreasing trend. Figure 2: Influence of HDPE_MPs
and HDPE_beads on plant samples by observing
growth parameters: (a) Shoot Biomass; (b) Root Bio-
mass; (c) Shoot Height (The values are mean of three
triplicates; Error bars denote 5% standard error).

3.1.2 Chlorophyll Content

The results showed that chlorophyll a (Chl a) was
more easily impacted by varied microplastic concen-
trations than chlorophyll » (Chl b). Such a consider-
able variation in chl @ and chl b content implies that
total chlorophyll content in leaves of treated and con-
trol samples changed significantly (Fig. 3 (a) & (b)).

(b) 10

084

04 4

Root Biomass (grams)

024

004

Control 109 MPs 209 MPs 109 Beads 209 Beads

Concentration

Control 10gMPs  20gMPs 109 Beads 20g Beads

Concentration

Fig. 2 Influence of HDPE_MPs and HDPE_beads on plant samples by observing growth parameters: (a) Shoot Biomass; (b) Root
Biomass; (¢) Shoot Height; (d) Root Height (The values are mean of three triplicates; Error bars denote 5% standard error)
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Chilorophyll a
Chlorophyll b

e

10gMPs  20gMPs  10g Beads 20g Beads
Concentration

Control 10g MPs 209 MPs 10g Beads 209 Beads
Concentration

Fig. 3 Influence of HDPE_MPs and HDPE_beads on plant
samples by observing growth parameters: (a) Chlorophyll a &
b; (b) Total chlorophyll; (¢) Phenolic content; (d) Proline con-

Chlorophyll a is the primary pigment in the photo-
synthesis process, whereas chlorophyll b is an addi-
tional pigment that delivers energy to chlorophyll a
(Khaleghi et al., 2013). An important metric for pho-
tosynthetic activity is the overall chlorophyll concen-
tration (chl a+chl b), and variations in this value are
a sign of stress in plants. Thus, it could be observed
that chlorophyll a was comparatively less for micro-
plastics treated plant samples indicating that total
chlorophyll content in leaves showed greater inhibi-
tory effect on exposure to microplastics.

3.2 Biochemical Analysis

3.2.1 Phenolic Content

The most common secondary metabolites found in
plants are phenolics that serve as biological aid in

plants, including defense against pathogens, pro-
tection from ultraviolet rays, pigmentation to draw

20 4

10gMPs  20gMPs  10g Beads 20g Beads
Concentration

10gMPs 209 MPs  10g Beads 20g Beads
Concentration

tent (The values are mean of three triplicates; Error bars denote
5% standard error)

pollinators, and defense against reactive oxygen spe-
cies (Waskiewicz et al., 2013). On being exposed
to microplastics of different types, phenolic con-
tent in plants reduced showing a decreasing trend
as observed in Fig. 3 (c). Compared to control hav-
ing phenolic content of 0.998+0.04 (GAE) mg~',
phenolic content in plants treated with microplastics
showed declining trend. The results indicate that
incorporation of microplastics decreases phenolic
content in plants thereby inducing stress. Figure 3:
Influence of HDPE_MPs and HDPE_beads on plant
samples by observing growth parameters: (a) Chlo-
rophyll a & b; (b) Total chlorophyll; (c) Phenolic
content; (d) Proline content (The values are mean of
three triplicates; Error bars denote 5% standard error).

3.2.2 Proline Content

The current investigation demonstrated that B. juncea
plants treated with HDPE_MPs and HDPE_beads had

@ Springer
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a reduced proline content (Fig. 3 (d)). As proline is
known to reduce oxidative stress, maintain osmotic
balance, and regulate redox potential, increasing con-
centration of microplastics showed an opposite trend.
On being exposed to MPs, content of proline gradu-
ally declined with 20 g beads showing lowest value
of 0.698+0.03 gg~' compared to control with pro-
line content of 0.998+0.04 gg ~'. These values are
indicative of the fact that proline is not able to reduce
stress in Brassica juncea plants contaminated with
microplastics.

The results presented in Fig. 2 (a) to (d) and Fig. 3
(a) to (d) are in good agreement and show the impact
of microplastics on Brassica juncea. The decreasing
trend observed in shoot biomass, root biomass, shoot
height and root height ascertain the uptake of micro-
plastics by plants and also provide evidence of plant
contaminated with microplastics. Increasing concen-
tration of microplastics in each of triplicate samples
decreases the biometrical growth of Brassica jun-
cea. Also, in contrast to chlorophyll b, chlorophyll a
showed a major declining concentration on adding
microplastics. Since, the major pigment involved in
photosynthetic energy production is chlorophyll a
(Khaleghi et al., 2013), its low content in microplas-
tics treated samples indicates that total chlorophyll

FLUORESCENCE MICROSCOPY

ROOT CROSS-SECTION

LEAF CROSS-SECTION

¥
®) © £l @
25pm 2Spm 25pm

content gets significantly affected on addition of
microplastics. Similarly, biochemical analysis con-
veys the impact of microplastics on Brassica juncea
plants. As observed in Fig. 3 (c), phenolic content
plays a major role as antioxidant agents that aid in
free radical scavenging (Aryal et al., 2019). Decreas-
ing concentration of phenolic agents on addition
of microplastics justifies that plant have less redox
potential thereby showing less antioxidant activity.
Figure 3 (d) showing proline concentration signifies
that microplastics addition induces stress in plants
(Hayat et al., 2012).

3.3 Morphological Analysis
3.3.1 Fluorescence Microscopy

In this study, we show that Brassica juncea plant
roots may absorb microplastics with sizes ranging
between 5 to 10 um from the surrounding soil (Fig. 4
(a) & (b)). We were able to find and see labelled
microplastic particles embedded amid root cell struc-
tures using fluorescence microscopy. Fluorescing
microplastic was found in exodermis, and vascular
tissues, as well as in root hairs and outer epidermal
layer, in addition to the inherent autofluorescence

CONFOCAL MICROSCOPY

Fig. 4 Longitudinal cross-section of a Brassica juncea lateral
root and leaf section in a three-month-old mustard plant after
being exposed to a tagged microplastics. Clockwise from top
left, flourescence microscopy shows root cross-sections (a)
and (b), leaf sections (c) and (d), and confocal laser scanning
microscopy shows root cross-sections (e) and (f), and leaf sec-

@ Springer

tions (g) and (h). Flourescing microplastic particles are indi-
cated by white circles. All photographs were captured at mag-
nifications of 40X and 100X and enhanced with contrast and
brightness correction. Scales are displayed in the lower left and
right corner of each image
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of tree root. (Fig. 4(c) & (d)) provides evidence for
microplastics incorporation in leaves of mustard plant
as observed with red tagged MPs. Tagged microplas-
tics could be observed in leaf sections and also induce
structural changes in the morphology of leaf which is
in line with our physiological and biochemical analy-
sis (Sections 3.1. and 3.2.).

3.3.2 Confocal Microscopy

To decipher more significant findings of the study,
confocal microscopy was performed to visualize
tagged microplastics within the root lateral cross-
sections and leaf parts. On visualization under red
and green field at 40X and 100X magnification, it
could be observed that microplastics were embedded
in root hair segments and leaf internal veins at some
points (Fig. 4 (e), (f), (g) & (h)). Because we could
observe microplastics particles in inner root and leaf
structures, our results suggest that micrometer sized
microplastic can easily traverse from soil to root
through crack-entry and apoplastic pathway, form-
ing basis for entry to food chain. These results con-
firm microplastics uptake by Brassica juncea plants
and also provide future insights for understanding the
mechanism of action and impact on plants. Figure 4:
Longitudinal cross-section of a Brassica juncea lat-
eral root and leaf section in a three-month-old mus-
tard plant after being exposed to tagged microplastics.
Clockwise from top left, fluorescence microscopy
shows root cross-sections (a) and (b), leaf sections
(c) and (d), and confocal laser scanning microscopy
shows root cross-sections (e) and (f), and leaf sec-
tions (g) and (h). Fluorescing microscopic particles
are indicated by white circles. All photographs were
captured at magnifications of 40X and 100X and
enhanced with contrast and brightness correction.
Scales are displayed in the lower left and right corner
of each image.

To confirm the uptake of microplastics in root
and leaf sections, morphological analysis using
fluorescence and confocal microscopy is presented
that is in line with the previous results. Biometrical
parameters and biochemical analysis convey impact
of microplastics on Brassica juncea. To provide fur-
ther evidence for the same, fluorescence microscopy
observed in Fig. 4 (a) to (d) signifies microplastics
uptake in root and leaf cross-sections. Also, confocal
microscopy shown in Fig. 4 (e) to (h), confirms the

results and is in accordance with fluorescence micros-
copy observations.

3.4 Mechanism of Microplastics Uptake by Plants

Through this study, it could be observed that micro-
plastics traverse from root hair sections to upper parts
of plant like leaves and shoot. The results signify that
microplastics have possible implications on Bras-
sica juncea plant after being exposed. However, the
mechanism of microplastic passage from soil to dif-
ferent plant parts is still in its infancy and needs more
research. The apoplast and symplast routes are two
pathways that microplastics can take to move through
the plant from roots to the leaves (Su et al., 2019).
Apoplast is the space outside plant cells, consisting of
cell walls, intercellular spaces, and extracellular fluid.
Microplastics can move through this space via dif-
fusion, and uptake into the plant is thought to occur
through the root epidermis and cortex as observed
by morphological analysis in Fig. 4 (a), (b), (e) and
(f). Once inside the apoplast, microplastics can move
laterally along the root cell walls and through inter-
cellular spaces to reach the xylem vessels (Roberts
& Oparka, 2003). From xylem, microplastics are
up taken by leaf parts and other tissues of plant as
observed in Fig. 4 (c), (d), (g) and (h). The apoplast
route is thought to be the primary pathway for larger
microplastics to traverse the plant.

The symplast is the interconnected network of
plant cells via plasmodesmata, which are small
channels that allow for direct communication and
transport of molecules between cells. Microplas-
tics can enter the plant cells through endocytosis or
other mechanisms and move through the cytoplas-
mic continuum from cell to cell via plasmodesmata
(Raliya et al., 2016). This route is thought to be the
primary pathway for smaller microplastics or those
with a hydrophilic surface. The probable pathway for
microplastic transport within the plant is described in
Fig. 5: Mechanism of transport of microplastics from
roots to different parts of plant. Some general mecha-
nisms that are mostly proposed include:

a. Adhesion and penetration: Microplastics may
adhere to the surface of roots and enter into
root tissues by physical or chemical interactions
(Nel et al., 2009). Above morphological analy-
sis (Fig. 4) confirms the uptake of microplastics
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Fig. 5 Mechanism of transport of microplastics from roots to different parts of plants

from soil to root hairs and is in good agreement
with the theoretical observations.

b. Endocytosis: Microplastics can traverse to plant
cells through endocytosis, that encompasses for-
mation of vesicles around the particles (Etxeber-
ria et al., 2006). As observed in Fig. 4 (d), leaf
sections show degradation of leaf surface due
to accumulation of tagged microplastics. These
results confirm the inflammation of leaf surface
on being contaminated with microplastics.

c. Translocation: Once inside the root, microplastics
may be transported across the root cortex and into
the xylem vessels, which carry water and nutri-
ents up to the leaves. This transport can cause
microplastics uptake and occur through diffusion
or active transport mechanisms (Schwab et al.,
2016). The morphological analysis observed in
Fig. 4 (a) to (h) shows that microplastics traverse
from root hairs to leaf sections possibly through
nutrients and water.

d. Accumulation in leaf parts: Once in xylem ves-
sels, microplastics can be transported to the

@ Springer

leaves, where they can accumulate in the leaf
tissues. This accumulation can occur through
transpiration, which is the loss of water through
leaves, and subsequent concentration of micro-
plastics in the leaf tissues. As observed in Fig. 4
(e) and (f), the leaf sections present accumulation
of tagged microplastics at the surface and also
degradation of a part due to accumulation.

The uptake of microplastics by plants can have
various effects, including alterations in plant growth,
development, and metabolism. This is well confirmed
with the above findings stating impact of microplas-
tics on biometry, biochemical analysis, and mor-
phology. Furthermore, the presence of microplastics
in edible plant tissues could pose potential risks to
humans, and more research is required to understand
their impacts on plants. Hence, the migration of MPs
inside plants is really important as it gives an evi-
dence on the accumulation and absorption of MPs
on plant parts. Also, after accumulation and absorp-
tion of MPs, the phytoremediation potential can be
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determined to provide sustainable solution for envi-
ronmental cleanup.

4 Salient Findings of the Study

The results from overall study provide evidence
for microplastics uptake by Brassica juncea and its
impact on growth and development. The biometri-
cal parameters and biochemical analysis signify that
microplastics are transported from root to shoot parts
of the plant as depicted by Figs. 2 and 3. Also, mor-
phological analysis confirm uptake of microplastics
from root to leaf sections of plant. The shoot bio-
mass showed least concentration of 1.75 g on addi-
tion of 20 g MPs. Similarly, root biomass of 0.4 g was
observed on addition of 20 g beads, that was least
compared to all other concentrations. Also, the least
shoot and root height was observed in plants treated
with 20 g MPs showing shoot height at 27 cm and
root height at 3.5 cm (Fig. 2). Similar to this, least
chlorophyll concentration was observed in 20 g beads
thereby showing least total chlorophyll content in
microplastics exposed plants. Also, the antioxidant
activity depicted by phenolic content and protection
of plant against stress represented by proline con-
tent was least for 20 g beads exposed plants (Fig. 3).
Morphological analysis confirmed the presence of
microplastics uptake in root and leaf sections of plant.
Confocal microscopy provides a rapid approach for
visualization of MPs within plant parts (Li et al.,
2020). The fluorescent dyes can generate stable emis-
sion signals that are easy to distinguish from the auto-
fluorescence generated by plant tissues (Zhang et al.,
2022). Thus, it is a rapid and efficient approach in
detection of MPs within plant tissues (Ullah et al.,
2021). The accumulation of tagged microplastics
could also be observed in Fig. 4 (c) and (d) sec-
tions. These results portray uptake of microplastics
not only by root but also by leaf sections of plant.
Thus, Brassica juncea have been found to accumulate
microplastics in their tissues, that could have signifi-
cant impact on humans when consumed. This study
also highlights uptake mechanism of microplastics
from root to leaf sections as confirmed by morpho-
logical analysis. All the results present a significant
finding providing evidence on impact on Brassica
Jjuncea plant after being exposed to different concen-
trations of microplastics. Further studies exploring

phytoaccumulation of microplastics and remediation
of soil need to be investigated for providing sustain-
ability to agricultural ecosystem.

5 Conclusion

The inference from this study demonstrates absorp-
tion, uptake and phytotoxicity of microplastics to
Brassica juncea, a vascular terrestrial plant for first
time. Physiological and biochemical analysis reveals
transport of MPs from root to leaf sections. Mor-
phological analysis confirms the existence of MPs in
various parts of plant as observed in vascular tissues
of leaf sections and root hairs. Based on these find-
ings, mechanism of transport of MPs from root to leaf
sections through apoplast and symplast pathway is
proposed. The accumulation of microplastics is evi-
denced in Brassica juncea plants providing a platform
for future studies on remediation of soil in combina-
tion with other approaches to achieve optimal results.
Nonetheless, it holds promise as a sustainable and
environment friendly approach to addressing the issue
of microplastic pollution.
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Abstract Plastic pollution is the biggest threat to
marine ecosystem owing to its high rates of disposal
and low recovery from the environment. Due to inef-
ficiency in degradation, most of plastic is fragmented
into microplastics that are reported as ubiquitous toxi-
cants in marine environment. The abundance of toxic
microplastics in marine ecosystem causes adverse
impacts on aquatic flora and fauna including oceans,
lakes, rivers, coastal areas, and seas. This aggravates
its toxicity and induces genomic instability, oxidative
stress and disruption of marine organisms. Hence, it
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is necessary to understand the potential sources, types
and behaviour of microplastic in marine environment.
In this review, considering the pollution of aquatic
ecosystem, major contributors of microplastics in
marine environment along with their classification are
brought out. Also, behaviour mechanisms of micro-
plastics including physical, chemical and biological
behaviours together with their ecological and toxico-
logical impacts on marine ecosystem are illustrated.
Finally, the remediation measures to combat against
toxic microplastic pollution in aquatic ecosystem are
highlighted to bring out an instant remedy for the
environment.

Keywords Microplastics - Marine ecosystem -
Toxicants - Behaviour - Remediation

1 Introduction

Plastic pollution is considered as major threat to
marine environment affecting large number of aquatic
organisms. The marine ecosystem has ubiquitous
presence of plastic contaminants, prevailing on sur-
face of oceans, on seabed and in water columns
(Ritchie & Roser, 2018). Globally, the production
of plastic has reached around 360 million tonnes of
which a significant proportion is directly thrown into
oceans without proper waste management (Jambeck
et al., 2015). The major contributors to plastic waste
in oceans originate from land-based sources including
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landfill operations, agricultural activities, construc-
tion and waste released from industries (Geyer et al.,
2017). Moreover, various bio solids leached from
wastewater treatment plants also contribute substan-
tial proportion of plastic fragments. The microbeads
in cosmetic products and fibres also cause pollution
of plastics in aquatic ecosystem (Mason et al., 2016).
The pollution due to plastic accumulation in marine
ecosystem is identified as the most prominent con-
taminant owing to its properties of flexibility, dura-
bility, low cost, corrosion resistance and easy han-
dling (Botterell et al., 2019). In spite of wide range of
applications of plastic worldwide, the issues related
to its contamination and adverse impact on marine
environment cannot be overlooked. Among the major
plastic particles present in aquatic ecosystem, smaller
fragments have garnered greater concern because of
their ability to get ingested by marine organisms. The
large plastic particles in marine environment are bro-
ken down into smaller pieces by ultraviolet degrada-
tion, physical abrasion and wave action, eventually
forming microplastics (Dolatabadi & Ahmadzadeh,
2020). Approximately, 90% of plastic waste in oceans
is microplastics owing to their very small size of less
than 5 mm (Auta et al., 2017). The abundance of
microplastics in marine environment poses a poten-
tial threat to aquatic flora and fauna with significant
adverse impacts on oceans, lakes, rivers, coastal areas
and seas.

1.1 Importance to Explore the Behaviour of
Microplastics in Marine Environment

Anthropogenic activities and waste from rivers,
winds, sewage sludge and water runoff cause accumu-
lation of microplastics in marine environment. Also,
tourism and recreational activities at shoreline create
large amounts of waste litter that paves its pathway
into aquatic water bodies (Avio et al., 2017). Military
and research fleets, offshore installations and com-
mercial vessels also cause detrimental effects on sea-
shore (Galgani et al., 2015). Not only they cause dam-
age to water, but they also get dispersed in soil and
air causing threat to biodiversity (Wang et al., 2021).
Plastic waste reach coasts by influence of water cur-
rents and meteorological conditions that cause spatial
distribution of litter at coastline which further enter
in oceans (Ourmieres et al., 2018). On entering the
water column, microplastics having higher density

@ Springer

like polyvinyl chloride tend to sink, whereas lower
density microplastics like polyethylene and polypro-
pylene tend to float in water. Change in density of
particles along water column occurs due to coloni-
zation and biofouling of organisms on microplastic
surface causing them to collapse at sediments (Avio
et al., 2017). Water quality indices including pH, bio-
logical oxygen demand, dissolved oxygen and total
nitrogen content change when exposed to micro-
plastics (Kataoka et al., 2019). These characteristics
of water significantly alter the biological matrix and
cause destruction in environment.

Microplastic pollution in marine ecosystem causes
potential threats and disorders in aquatic species
because of their ingestion and entrapment (Bellasi
et al., 2020; Galloway et al., 2017). Microplastics
offer more surface area-to-volume ratio for accumu-
lation of various contaminants including toxic metals
and polychlorinated biphenyls (PCB) (Ozcan et al.,
2013). These chemicals can bio accumulate in bio-
logical tissue and cause adverse effects in aquatic
food chains. Moreover, added chemicals and addi-
tives in plastic manufacturing and organic pollutants
are real threats to marine organisms (Hong et al.,
2018). Microplastics bioaccumulation in marine envi-
ronment increases with decreasing size and serve
as a surface for proliferation of bacterial pathogens
(Michielssen et al., 2016). Hence, in order to mini-
mize the risks linked with ingestion of microplastic
particles, it becomes essential to identify potential
response and behaviour of microplastics in aquatic
ecosystem.

In this review, major sources for various types of
microplastic fragments in marine ecosystem are high-
lighted. Behavioural characteristics of microplastics
focusing on physical, chemical and biological mech-
anisms are discussed to identify their fate in marine
environment. In addition, potential impacts of micro-
plastics on marine environment along with plausible
remediation measures to overcome microplastic pol-
lution have been provided.

2 Sources of Microplastics in Marine Ecosystem

Prevalence and abundance of microplastic particles
in marine environment can be attributed to various
sources. The major sources of microplastic can be
attributed as primary microplastic that results from
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direct release of pellets or powders and microbeads
from cosmetic formulations, household products and
raw materials from industries, whereas secondary
microplastics arise from fragmentation of large plas-
tic particles by ultraviolet radiation, oxidative stress
and microbial degradation (Thompson, 2015). Also,
evidences suggest the littering of microplastics in
marine environments from plastic product manufac-
turing and waste management industries, from house-
hold activities and other commercial sectors. Thus,
different source sectors provide substantial amount
of microplastics in aquatic ecosystems. A brief sum-
mary of all the sources of microplastics from differ-
ent usage sectors polluting the marine environment is
depicted (Fig. 1).

3 Types of Microplastics in Marine Environment

Microplastics are classified into various types
because of their different size and shapes (Guzzetti
et al., 2018). Additionally, the toxicity and adverse
effects of microplastics in marine ecosystem make it
necessary to identify them. Hence, microplastics are
categorized on the basis of origin, their source and on
basis of properties.

3.1 Primary and Secondary Microplastics
This is the most common method to classify micro-

plastics depending on their initial sizes when they
enter the aquatic ecosystem. Microplastics fragments

Waste
management Producers Consumers Individual
industry
) ) Shipping
Solidwaste Plastic : - :
or . Textile Tourism Terrestrial Foodand
and producers Aquaculture Agriculture . = - =
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Fig. 1 Classification of microplastics in rivers and coastline
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are categorized as primary or secondary microplas-
tics on the basis of their origin. Primary microplastics
include the plastic fragments synthesized by small
size and used in various commercial applications.
For example, microplastics are present in microbeads
used for personal care products, abrasives in tooth-
paste, tiny beads used in exfoliation and pellets used
for grinding and polishing (Fu & Wang, 2019).

Secondary microplastics are formed by fragmenta-
tion and degradation of bigger microplastic fragments
under various atmospheric conditions (Yuan et al.,
2020). Different processes including solar radiation,
thermal oxidation and hydraulic power in rivers and
oceans cause cracking and breakdown of large plas-
tic particles (Liu et al., 2020). Therefore, small frag-
ments with size less than 5 pm are formed commonly
called as secondary microplastics. Different sources
of secondary microplastics are industrial and plastic
goods including plastic bottles, packaged bags, boxes,
agricultural plastic films, marine paints, synthetic
turfs, clothing, instruments and production wastes
(Ammala et al., 2011).

3.2 Industry and Domestic Microplastics

Different industries generate primary or second-
ary microplastic in marine environment and human
activities also add substantial load of microplastic
contaminants in water (Kelly et al., 2019). Textile
industry generates fibres including natural, regener-
ated and synthetic fibres that contain large amounts
of microplastics released into water columns (Prata,
2018). Various researches have reported presence of
microfibres in textile sewage containing microplastic
particles approximately accounting for 35% of pollu-
tion in marine environment. The domestic washing
also contributes to around 700,000 microfibres from
wash load of 6 kg of acrylic fabric resulting in huge
pollution (Napper & Thompson, 2016). Plastic micro-
beads occur in various products including shampoos,
soaps and lotions used widely for domestic purposes
thereby causing contamination when released from
domestic sewage and wastewater treatment plants
(Cheung & Fok, 2017). Different types of monomer
microplastics are produced from automotive tyres.
Most emission of microplastics is from car tyres with
the road runoff (Kole et al., 2017).

Agricultural soils contain various types of micro-
plastics because of utilization of agricultural plastic
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films and compost in soils. Farmers utilize various
compost and plastic mulches for sustaining crops and
ensuring food security (Ding et al., 2020). This indi-
rectly paves the path for proliferation of microplastics
that are released from soils to aquatic systems. Dif-
ferent construction sites and landfill operations along
with domestic sewage from households also generate
microplastics that are considered to be primary in ori-
gin (Galafassi et al., 2019).

3.3 Classification on Molecular Basis

Compared to the above two methods, the classifica-
tion of microplastics at molecular level is achieved
based on qualitative analysis of polymeric plastics.
This classification helps to study the degradation
potential of microplastics as well as recognize their
chemical composition at time of degradation mecha-
nisms (Yuan et al., 2020). The classification of micro-
plastics on molecular basis and their properties are
summarized in Table 1.

4 Behaviour of Microplastics in Marine
Environment

Microplastic bioaccumulation and biomagnifications
can cause potential toxicity in humans and marine
organisms. Thus, it is essential to determine behav-
iour of microplastics fragments and their mecha-
nisms to understand harmful impacts in marine envi-
ronment. The behaviour of microplastics in marine
ecosystem can be classified as physical behaviour,
chemical behaviour and biological behaviours (Wang
et al., 2016). The various mechanisms underlying
these behaviours are discussed further to analyse their
impacts on aquatic system.

4.1 Physical Behaviour
4.1.1 Sedimentation

The residence of floating plastic debris in
aquatic ecosystem causes an increase in the
density of plastic debris (Barboza et al., 2019).
The different microplastics interact with biotic
and abiotic environment to reach high densi-
ties in sediment water (Rodrigues et al., 2018).
Microplastics that reside on surface of water
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Table 1 MiCI‘OplaStiCS Microplastic Chemical Property Physical Property
P Olyme.r s and their Chemical & Structural Crystallinity | Size Glass Melting
properties
Formula (pm) Transition Point
Temperature
(Tg)
Polyethylene C1oHsO4)n Semi-crystalline{100-150 80°C 260 °C
terephthalate 0
(PET) H <<; H
e e —0—g— 0, —0
(Zhao et al. 2018) U/
Polyamide 6 (PA6)| (CsH1INO)» Crystalline |{100-150] 60 °C 223 °C
(Parodi et al. 2017)| H o 1
| H
N—— (CH2); —— C ——
Jn
Polyamide 66 (C12H22N202)q Crystalline |100-150 58°C 260 °C
(PA66) 0 0
(Pellini et al. 2018) ‘ ” H
N (CH— N — € — () — ¢ =~

Polystyrene (PS) (CsHs)a Amorphous 100 100°C 240°C
(Sundbzk et al. e~
| i
2018) k|/ |H
IS <
Polyethylene (PE) (C2Ha)n Semi-crystalling{100-150|  -125°C 130°C
(Peez et al. 2019) - .l,
[N
Polyvinyl Chloride| (C2H3Cl) Amorphous |100-150 87°C 100-200 °C
(PVC) [ .|; N
(Wuetal. 2019) JE S cl c—1
<l
Polypropylene (CsHé)n Amorphous and|100-150 0°C 160 °C
(PP) - a | semi-crystalline
(Khoironi et al. L J | o1
2020) | |
CH; H
Polyurethane (PU) Ci7H16N204 Amorphous |100-200 -20°C 9 C
(Zhang et al. )
2018b) (I \
c—\—<\ /}—(H(ﬂ,}—v—(—(] Gt — 0
‘ Uy

i Ll
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can be drawn down into deep water column
and deposited in sediments. The vertical and
horizontal forces allow sediment particles to
act as carriers of microplastics within rivers
(Horton & Dixon, 2018). Sinking or floating
behaviour of different sediment particles influ-
ence the occurrence of microplastics within
the rivers and tend to have similar dynamics
as clay sediment particles (Chubarenko et al.,
2020). Also, abiotic factors weaken the molec-
ular structure of plastic fragments and enhance
their degradation into small microplastics that
reach sediment zone due to change in sedi-
ment velocities and settling methods (van der
Hal et al., 2017). Subsequently, adsorption
and interaction of microplastics with sediment
particles allows their sedimentation into large
water systems.

4.1.2 Migration

Plastic pollution can quickly transfer from
one site to another within the seawater by
drifter buoys and physical oceanographic
models (Law et al., 2010). Various types of
microplastic monomers including polyethyl-
ene and polypropylene are buoyant and easily
transferred within seawater (Ritchie & Roser,
2018). Underlying oceanic currents help in
transfer of microplastics that are denser than
seawater, for example, polyvinyl chloride
(PVC) and polyethylene terephthalate (PET).
These microplastics potentially sink in water
due to high density and float on the surface
only when they have entrapped air (Engler,
2012). Ocean currents are commonly referred
as migration of water by different forces act-
ing upon it including wind, temperature and
salinity (Mahanty et al., 2016). Moreover,
plastic particles could also get transferred by
wind, and tsunami occurring in oceans (Leb-
reton et al., 2019). The strong wind can help
to accelerate vortexing and redistribute plas-
tic fragments at surface layers of water (Col-
lignon et al., 2012). Additionally, tides and
tsunamis could also offer transfer of plastic
debris from one site to another within the sea-
water (Sadri & Thompson, 2014).
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4.1.3 Accumulation

The migration of microplastics from one
place to another by littering, landfill, dump-
ing, wastewater treatment plants and acciden-
tal inputs causes their accumulation in coastal
areas and aquatic system (Phelan et al., 2020).
Since microplastics are non-degradable in
nature, this allows them to accumulate within
sediments and seabed and reside for prolonged
period of time (Mason et al., 2016). The major
cause of microplastics accumulation in ocean
surface is due to their less density as com-
pared with seawater (Gago et al., 2018). Sea-
bed is also likely a sink for microplastics as
large amounts of microfibres are also present
in deep sea sediments (Sanchez-Vidal et al.,
2018) that cause their accumulation. Fragmen-
tation of plastic particles using different pro-
cesses including physical abrasion, UV radia-
tion and photo degradation could also result in
accumulation of microplastics within the sea-
water (Zettler et al., 2013). The accumulation
of plastic debris within the marine environ-
ment also results in formation of plastisphere
(Zettler et al., 2013). This indirectly helps
various microbial species to grow and prolif-
erate on plastic surface and contribute to con-
tamination (Lobelle & Cunliffe, 2011). Plas-
tisphere acts as a habitat for microorganisms
to survive and contains various microplas-
tic fragments that are obtained from various
sources. Accumulation of plastic debris can
create new environment for organisms which
indirectly increases their abundance and diffu-
sivity (Diepens & Koelmans, 2018).

4.2 Chemical Behaviour

4.2.1 Degradation

A change in various properties of polymer
including tensile strength, colour and shape
of polymer under influence of several envi-
ronmental factors could result in degradation
(Bazli et al., 2020). The process of degrada-
tion could be categorized as thermal degrada-
tion, catalytic degradation, mechano-chemi-
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cal degradation, photo-oxidative degradation,
ozone-induced degradation and biodegrada-
tion (Singh & Sharma, 2008). Different types
of microplastics such as polyethylene (PE),
polypropylene (PP) and polystyrene (PS)
would undergo degradation after exposure to
solar radiation or physical abrasion thereby
polluting marine environment (Andrady,
2011). Degradation plays an important role
in recycling and reusing of microplastics
fragments to reduce environmental pollution
(Karbalaei et al., 2018). However, full con-
version of microplastic particles in to carbon
dioxide, water and inorganic compounds is
extremely slow especially in marine envi-
ronment where primary source of degrada-
tion is solar-UV radiation (Lithner et al.,
2011). Various studies have reported slow
degradation of microplastics by other pro-
cesses as compared to solar radiation (Booth
& Sgrensen, 2020). Besides this, presence
of additives in plastic particles can enhance
the tendency for photo-oxidative degradation
in marine environment (Zou et al., 2020).
Also, oxygen concentrations and temperature
changes would lead to degradation of vari-
ous microplastic monomers (Andrady, 2011;
Lithner et al., 2011).

Researchers are focused on determining the
chemical reactions that result in degrada-
tion of polymers along with potential haz-
ards from chemicals released by degradation.
Degradation of plastic polymers usually fol-
lows abiotic or biotic pathways. Generally
abiotic degradation involves the chemical
breakdown process followed by biotic deg-
radation that is initiated by biodegradation
pathways (Fazey & Ryan, 2016). The various
examples of polymers undergoing chemical
degradation pathways are explained further
in detail (Fig. 2).

Polyethylene (PE) degradation is initiated by
exposing the polymer to ultraviolet radiation for
breaking the main polymer chain to produce a
free radical (Costa et al., 2018). After the ini-
tiation step, propagation phase occurs in which
auto-oxidation process helps to form complex
oxygenated low molecular weight compounds
by reacting with free radicals (Gravouil et al.,

2017). These low molecule weight fragments
include aliphatic carboxylic acids, aldehydes,
alcohols and ketones (Lapointe et al., 2020). In
the auto-oxidation step, oxygen is incorporated
in polymers thus its presence is necessary to ini-
tiate the whole process (Matthews, 2018). After
the propagation phase, termination occurs that
involves random cross-linking of molecules to
generate degradation products including ethane,
ethene, propane, propene, butane and hexane
(Vasile, 2018). The polymer is degraded and
becomes brittle with low molecular compounds
formed as degradation products (Béckstrom
etal., 2017).

Polyvinyl chloride (PVC) is the most sensitive
polymer towards UV radiation (Arnaud et al.,
2017) and hence photo degradation is neces-
sary (Feldman, 2016). When PVC is exposed
to sunlight, it is dechlorinated with formation
of conjugated double bonds in polymer and
hydrochloric acid along with certain traces
of other products (Prociak et al., 2018). The
degradation of PVC is enhanced by photo-
induced dechlorination in aerobic conditions,
presence of HCI, mechanical stress, humid-
ity, presence of other chemicals and high
temperatures (Prociak et al., 2018; Seleem
et al., 2017). The resulting unsaturated double
bonds formed are less stable towards photo-
degradation and are prone towards further
degradation to smaller fragments (Hatakey-
ama-Sato et al., 2019).

Polyethylene terephthalate (PET) degradation in
marine environment occurs through UV radia-
tion, photo-oxidation as well as hydrolytic deg-
radation (Fotopoulou & Karapanagioti, 2019).
As discussed earlier in case of PE, UV radiation
results in formation of free radicals that pro-
duce carboxylic acid end group in case of PVC
(Morgan et al., 2017). The photo-degradation is
followed by photo-oxidation process resulting
in formation of hydrogen peroxide by various
radical reactions (Jia et al., 2020). PET is also
susceptible to hydrolytic degradation in marine
environment. The low temperature degradation
of PET under hydrolysis is the most important
procedure and considered as reverse reaction
of esterification of PET (Qin et al., 2020; Silva
et al., 2018).
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Fig. 2 Chemical reactions
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4.2.2 Adsorption

Adsorption was considered as a physical behaviour
but it also shows significant chemical effects. The
adsorption by physical means was relying on sur-
face area as well as forces that increased adsorption
of pollutants (Zhang et al., 2018a). On a contrary,
chemical adsorption allows higher affinity for vari-
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ous pollutants on hydrophobic microplastic sur-
face, and their sorption is influenced by crystallin-
ity, diffusivity and surface area (Karapanagioti &
Klontza, 2008). The environment is endowed with
various organic polymers that constitute crystalline
and amorphous regions (Sun et al., 2019). Crystal-
line region allows for lattice arrangement of mol-
ecules whereas molecules are randomly arranged
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in amorphous region (Balzano et al., 2019). Thus,
amorphous region exhibits a loose structure that
allows greater sorption of organic pollutants on
microplastic surfaces (Tien et al., 2009).

Also, properties of sorbates, weathering and
residence time conditions, have an influence on
adsorption in marine environment (Ogata et al.,
2009). Moreover, polymer weathering could
effectively increase surface area thereby enhanc-
ing the diffusivity (Losaria & Yim, 2020). Even
photo-oxidation process could alter the plastic
surface by developing cross-links, chain scis-
sions, groups in polymers such as carbon moie-
ties, resulting in cracks on the surface (Grause
et al,, 2020). Besides, weathering of plastic
debris is considered to have long residence
time in marine environments thereby result-
ing in greater sorption of organic pollutants
(Lohmann, 2012). Different foulants attached to
plastic debris also allow for increased sorption
of contaminants including organic pollutants
and metals (Hu et al., 2020). Persistent organic
pollutants including polychlorinated biphe-
nyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs) and dichlorodiphenyltrichloroethane
(DDTs) are major pollutants adsorbed on micro-
plastics (Hirai et al., 2011). Charged or neutral
regions of plastic surfaces could also direct the
adsorption of cations or complexes of metals
(Holmes et al., 2012). Study by Turner & Hol-
mes, 2015 reported greater adsorption of vari-
ous metals including Ag, Cd, Pb, Zn, Ni and Co
to plastics surfaces as pH of the water environ-
ment was increased. Studies have reported that
microplastics make significant contributions
to exposure of various chemical contaminants
(Avio et al., 2017; Murray & Cowie, 2011).
These substances are directly released from gut
of marine species or may leach out in marine
environment on weathering (Ribeiro et al.,
2019).

4.3 Biological Behaviour

4.3.1 Ingestion

Plastic debris has polluted the whole marine
environment with significant harmful effects

on marine ecosystem. Uptake and behaviour of
microplastics has been demonstrated in above
sections that shows various microplastics might
accumulate in marine species, from zooplank-
ton to crabs, including whales, fishes, mussels,
sea reptiles and sea birds (Gallo et al., 2018).
Plastic debris is known to be present in gut con-
tent of fishes globally including estuaries (Dan-
tas et al., 2012), and demersal habitats (Lusher
et al., 2013). Also, wild seafood bivalves have
been a source for ingestion of plastic debris
(Van Cauwenberghe & Janssen, 2014). Micro-
plastics also allow attachment of microalgae
on their surfaces acting as food source for filter
feeders (Kershaw & Rochman, 2015).

The most common microplastic debris prevail-
ing in marine environment is polystyrene (PS)
(Blettler et al., 2017). The ingestion of micro-
plastic by fish majorly occurred through gills
and intestine. Gills provide high surface area
for accumulation of most microplastic debris
and ingestion could also occur through digestive
tract (Ribeiro et al., 2019). These microplastic
contaminants could remain in tissue and organs
of fish thereby inducing toxic effects (Booth
& Sgrensen, 2020). The foraging time indicat-
ing the activity of searching food also reduced
after the accumulation of polymer (Roch et al.,
2020). Polystyrene microplastics exposure also
reduced the swimming speed of fishes suggest-
ing a weak constitution (Foulon et al., 2016).
Different chemicals disrupt the marine ecosys-
tem including endocrine disrupting chemicals
(EDCs) that alter the synthesis of endocrine
hormones (Munn & Goumenou, 2019). Vari-
ous consequences of disrupted endocrine sys-
tems are low birth rates, thyroid functioning,
metabolism and increased hormone-sensitive
cancers (Gore et al., 2015). Chemicals includ-
ing tetrabromobisphenol A present in Danio
rerio cause increased oxidation in fish (Yu
et al., 2020) whereas silver in Lemna minor and
Daphnia magna causes eco-toxicity in diges-
tive system of these species (Kal¢ikova et al.,
2020). Some precursors employed in textile and
paper industry including perfluorooctanesul-
fonic acid (PFOS) and perfluorooctanoic acid
(PFOA) can also cause microplastic ingestion
in marine environment (Schaider et al., 2017).
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The chronic exposure of these harmful chemi-
cals on marine species has been directly linked
to reduced growth and survival of offspring
thereby having negative effect on marine biodi-
versity (Desforges et al., 2015).

4.3.2 Translocation

After ingestion of various microplastics by
marine organisms, they may be retained in
digestive tract, exit in form of feces, absorbed
into epithelial lining of gut or translocated to
other tissues within an organism (Hale et al.,
2020). Various studies have reported the pres-
ence of microplastics in gills and digestive tract
of mussels using polarized light microscopy
(von Moos et al.,, 2012). Also, microplastics
have been found in the ovary, gills and hepato
pancreas of crabs (Farrell & Nelson, 2013).
These microplastics can be easily translocated
from gut to circulatory system (Jovanovic,
2017). Depending on the organs of digestive
system and difference in dimensional charac-
teristics of ingested microplastics, it is easier
to translocate them to other organs (Brennecke
et al., 2015). Microplastics may be broken down
to smaller fragments and enter the lipid-rich
organs of fishes (Anderson et al., 2016). Oxida-
tive stress and transient changes in regulatory
activities could also occur in aquatic organ-
isms (Cassia et al., 2018). Microplastics could
also be transported from lower trophic level
organisms to their predators, for example, from
mytilus edulis to carcinus maenas (Farrell &
Nelson, 2013) and from zooplankton to mysid
shrimp (Setila et al., 2014).

4.3.3 Biodegradation

Different properties of microplastics includ-
ing their hydrophobicity and lack of metabolic
activity to polymerize the plastics make it
difficult to undergo biodegradation (Chowd-
hary et al., 2020). However, biodegradation
is possible by formation of microbial biofilms
on surface of microplastic fragments (Rum-
mel et al., 2017). These biofilms allow for
growth of bacteria and other organisms that
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could potentially help in degradation of plastic
(Lobelle & Cunliffe, 2011). Also, the weight
of various plastic polymers can be reduced by
incubating different microbial strains (Harsh-
vardhan & Jha, 2013). Additionally, surface of
microplastics containing pits could also be an
indicator for bacterial species to degrade the
polymers (Zettler et al., 2013). Enzymes play
an essential role in degradation of plastic poly-
mers after they are subjected to chemical deg-
radation (Adrio & Demain, 2014). The plastic
fragments formed after the chemical (abiotic)
degradation are buried deep in marine envi-
ronment and take years for degradation (Foto-
poulou & Karapanagioti, 2019). The microbial
biofilms attached to the surface of polymer
allow the formation of various enzymes that
induce breakdown of plastic by hydrolysis (Ho
et al., 2018). Various microorganisms have
potential to produce enzymes that result in
degradation of polymers, for example, Ther-
mobifida fusca produces an enzyme, hydrolase,
capable of degrading PET (Barth et al., 2016;
Jabloune et al., 2020).

Strains of Bacillus cereus and Bacillus spheri-
cus produce peroxidase that helps to degrade
PE (Yuan et al., 2020) (Figure 3). The primary
procedure for biodegradation of plastic is initi-
ated by sticking of microbes on polymer sur-
face and their proliferation (Kawai et al., 2019).
These microbes help in excretion of extracellu-
lar enzymes that result in breakdown of plastics
(Alshehrei, 2017). The enzymatic hydrolysis
occurs in two ways: first is oligomers, dimers
and monomers release degradation products that
are converted to carbon-dioxide and water when
enzyme attaches to polymer and hydrolytic
division occurs (Roohi et al., 2017). Secondly,
polymers are degraded by microbes in absence
of air and new enzymes are needed to degrade
the plastic in anaerobic conditions (Pathak and
Navneet, 2017). Thus, biodegradation of poly-
mers results in production of microbial biomass,
carbon-dioxide and water that can be used by
aquatic flora and fauna.

The enzymatic degradation of PET using hydro-
lases, esterases, proteases and cutinases has
shown to hydrolyze PET surfaces. Modification
in enzymes can improve the specificity and effi-
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Fig. 3 Polymer degradation
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ciency of PET degradation. For example, recent
studies have shown that microbial species, Ide-
onella sakaiensis, has the capability to degrade
PET by action of enzyme PETase. A hydrolytic
reaction of PET under the enzyme, PETase,
has efficiency to produce ethylene glycol and
terephthalate that are required for microbial
growth (Vandermaesen et al., 2016). Similarly,
other enzymes are employed for degradation
of microplastics PU, and 6-aminohexanoate
oligomers (PA) (Wei & Zimmermann, 2017)
(Fig. 4).

5 Challenges and Future Prospects

Extensive research studies have focused on the pres-
ence and effects of microplastics in marine envi-
ronment. However, from the above discussions,
knowledge gaps and major research questions in
understanding the dynamics of microplastics in marine
environment need utmost attention. Some broad issues
with possible measures to safeguard aquatic environ-
ment are briefly summarized below.

Microbial Degradation
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. * Water
dero b IC * Other metabolic products
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Strategies to control different sources of micro-
plastic pollutants in marine environment

e Source control of microplastic pollution in marine
environment is commonly achieved by awareness
programs and proper legislation (Picé & Barceld,
2019). Decreasing microplastic release can be
achieved most appropriately by banning utiliza-
tion of microplastic beads in cosmetic products.
Some countries like the USA, Australia and Can-
ada are on the forefront of implementing meas-
ures to combat microplastic in cosmetics. Also,
secondary microplastics obtained from single-use
plastics should be restricted for sale and consump-
tion (Steensgaard et al., 2017). The combinatorial
approach of restricting plastic usage and levy may
attempt to educate public of environmental haz-
ards from microplastics (Pic6 & Barceld, 2019).

Quantify microplastic pollutants in marine ecosys-
tem and assess water quality parameters at field scale
post microplastic contamination.

e Remediation of aquatic environment to eliminate

organic matter is performed since a long time
but quantifying microplastics is essential since
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<« Fig. 4 Enzymatic degradation of PET, PU and PA

they are mistaken for various anthropogenic par-
ticles (Pic6 & Barceld, 2019). Visual analysis of
microplastics is not adequate that makes physi-
cal detection a more reliable approach to quantify
microplastics (Sol et al., 2020). FT-IR, Raman
spectroscopy, pyrolysis—gas  chromatography/
mass spectrometry and thermogravimetry coupled
to differential scanning calorimetry can help to
speculate new insights into microplastics (Gong &
Xie, 2020).

To conquer the problem of water quality analysis
following microplastic contamination, new instru-
mental tools that cater to real-time analysis should
be utilized for effective monitoring of pollutants
(Varotsos et al., 2020). Application of optical
device-making system (ODMS) allows for effi-
cient monitoring of water quality based on detec-
tion of emissions from photometry and ellipsom-
etry (Varotsos et al., 2019).

Possible approaches to reduce the physical-chemi-

cal behavioural mechanisms of microplastics in
marine environment

e The characteristic behaviour of microplastics in

marine environment is a major problem which
raises questions on the interactions between micro-
plastics and chemicals that cause implications
in organisms. Therefore, understanding the sur-
face properties and ecocorona of microplastics is
necessitated to address their environmental impact
(Galloway et al., 2017). The application of atomic
force microscopy, pyrolysis gas-chromatography
mass-spectrometry and optical nanosensors can
facilitate the characterisation of microplastic par-
ticles and explore composition of ecocorona to
provide greater insights into surface methodol-
ogy of microplastics (Burrows et al., 2020). Other
techniques like scanning electron microscopy and
optical profilometry can help to determine the
roughness of microplastic surfaces and enable the
measurement of interactions between chemicals
that have harmful impact on environment (Con-
nors et al., 2017). Also, action towards chemi-
cal management and disposal of polymers from
chemical industries could provide beneficial effect

in reducing microplastic load in aquatic ecosystem
(Hamidian et al., 2021). This can be achieved by
adopting green synthetic methodologies like use
of green solvents in membrane fabrication process
(Xie et al., 2021) and bio-based reagents for man-
ufacturing polymers (Sternberg et al., 2021). Also,
bioplastic as alternative to synthetic polymers
could provide positive environmental benefits and
sustainability to the economy (Pellis et al., 2021).

Control the shortcomings arising from biological

behaviour of microplastics in marine environment

e Microbial remediation is necessary to reduce

the potential biological impact of microplastics
in ecosystem (Tiwari et al., 2020). As discussed
above, biodegradation of microplastics is facili-
tated by microorganisms like Rhodococcus sp.,
Bacillus sp., Clostridium sp., Staphylococcus sp.
and Cladosporium sp. (Shen et al., 2019). Also,
addition of biodegradable additives like starch
and stimulants (Satti et al., 2018) to microplastic
polymer makes the polymer hydrophilic allow-
ing greater efficiency of enzyme to act on micro-
plastic (Zadjelovic et al., 2020). The formation of
biofilms on microplastic surface allows for growth
and proliferation of various microorganisms which
can facilitate degradation of polymer within
aquatic system (Tu et al., 2020).

Sea animals including annelids (sandworms) and
echinoderms (sea cucumber) could be efficient
source of microplastic bioremediation (Masia
et al.,, 2020). Sea grasses like Halophila ovalis,
Halophila beccarii and Zostera japonica can help
in trapping microplastics and mangrove rhizos-
pheres including Avicennia marina and Aegiceras
corniculatum could act as a sink for microplastic
particles (Huang et al., 2021).

Different algae like Anabaena spiroides, Coc-
conis, Navicula, Chlorella fusca and Chla-
mydomonas reinhardtii can colonize on micro-
plastic surfaces and result in their biodegradation
(Chia et al., 2020). Not only does algae help in
biodegradation of microplastics, but it also acts as
a potential source for bioplastic production (Rah-
man & Miller, 2017). Microalgae biomass, biore-
finery processing, genetic engineering tools like
CRISPR technology and intermixing with other
blended materials could help in the production
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Fig. 5 Methods to remedi-
ate and degrade microplas-
tics in marine environment

of algal-based bioplastic that promise non-toxic
effect on environment (Karan et al., 2019).

Futuristic strategies to control microplastic pollu-
tion in marine environment

e To mitigate the effects of microplastic pollution,
futuristic objectives aiming at different bioengi-
neering-based solutions need to be considered
(Coyle et al., 2020). Hence, the following tools
can provide plausible solutions to microplastic
contamination (Fig. 5):

e Strain engineering: This technique relies on using
genetic engineering and recombinant DNA tech-
nology to manipulate microbial cells for increas-
ing their efficiency of microplastic degradation
(Ferreira et al., 2018; Jaiswal et al., 2020). For
example, Bacillus subtilis strain could efficiently
produce PETase enzyme capable of degrading
PET microplastic (Huang et al., 2018). Also,
microalgae, Phaeodactylum tricornutum, gen-
erated a microbial cell factory that produced
PETase from Ideonella sakaiensis for biological
decomposition of PET in seawater (Moog and
Blank 2019).

e Protein engineering: This approach helps to
enhance the activity and efficiency of enzymes
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Strain Engineering

Protein Engineering

Physicochemical-biological
Treatment

for microplastic degradation (Wei et al., 2016).
The protein engineered enzymes help to degrade
the building blocks of microplastic. For example,
the engineered hydrolase were able to degrade and
hydrolyze PET films faster as compared to nor-
mal enzymes (Han et al., 2017; Ma et al., 2018).
Another study by Islam et al., 2019 demonstrated
that cutinases derived from Thermomonospora
curvata could establish faster degradation of pol-
yurethane.

e Metagenomics: This novel approach provides

detailed understanding on classification of micro-
organisms and characterises enzymes capable of
degrading microplastic polymers (Bhatt et al.,
2021; Ufarté et al., 2015). The microbial biofilms
formed on microplastic surfaces can be analysed
using targeted or shotgun metagenomic technique
to reveal distinct microbial profile (Tiwari et al.,
2021) which can be found in the National Cen-
tre for Biotechnology Information (NCBI) portal
(Bryant et al., 2016). Enzymes responsible for
microplastic degradation can be found in biofilms
through shotgun metagenomic sequencing process
(Pinnell & Turner, 2019). Microplastic bioreme-
diation could also be accelerated using in silico
genome mining integrated with metagenomic
datasets (Rai et al., 2021; Ziemert et al., 2016).
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e Combined physicochemical-biological treatment:
Recent studies have reported the use of chemi-
cal and biological methods simultaneously to
improve degradation of microplastics and provide
possible remediation measure in marine environ-
ment (Sanchez, 2020). For example, combination
of chemical and biological methods was assessed
by Tsiota et al., 2018 to degrade secondary micro-
plastics in marine environment. In this study,
polyethylene was exposed to ultraviolet radiation
resulting in microplastics fragments which were
incubated with pelagic microbiomes for increasing
their degradation efficiency (Tsiota et al., 2018).
Similarly, the microbial strain of Penicillium vari-
abile could greatly enhance mineralization of pol-
ystyrene under ozone pre-treatment (Sharma et al.,
2021).

6 Conclusion

Microplastic particles are emerging pollutants in
aquatic ecosystem and also draw attention to other
emerging contaminants. Due to the size and feasibil-
ity of entering the marine environment, microplastics
bioaccumulation is high. The concentration of micro-
plastics from different sources endangers the food
security, biodiversity and marine ecosystem. Plastic
polymers have different additives and stabilizers that
adsorb various toxic pollutants and contaminants
from surrounding environment. Their toxic effects are
closely related with physical, chemical and biological
properties that alter the functioning and characteris-
tics of aquatic flora and fauna. The behavioural mech-
anisms not only demonstrate their fate but also the
response of microplastics to certain environmental
conditions. Based on this review, better understand-
ing on types and behaviour of microplastics in marine
environment along with their potential impacts could
be identified. Development of biodegradable plastic
products could help in combating against plastic pol-
lution in marine ecosystem. The utilization of various
microorganisms for bioremediation of plastic con-
taminants can provide sustainable solutions to plastic
free marine environment. Further research on engi-
neered enzymes and microbial strains could provide
significant insights on degradation and remediation of
microplastics in aquatic ecosystem.
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Abstract

Plastic pollution is a major concern in marine environment as it takes many years to degrade and is one of the greatest threats
to marine life. Plastic surface, referred to as plastisphere, provides habitat for growth and proliferation of various micro-
organisms. The discovery of these microbes is necessary to identify significant genes, enzymes and bioactive compounds
that could help in bioremediation and other commercial applications. Conventional culture techniques have been success-
ful in identifying few microbes from these habitats, leaving majority of them yet to be explored. As such, to recognize the
vivid genetic diversity of microbes residing in plastisphere, their structure and corresponding ecological roles within the
ecosystem, an emerging technique, called metagenomics has been explored. The technique is expected to provide hitherto
unknown information on microbes from the plastisphere. Metagenomics along with next generation sequencing provides
comprehensive knowledge on microbes residing in plastisphere that identifies novel microbes for plastic bioremediation,
bioactive compounds and other potential benefits. The following review summarizes the efficiency of metagenomics and
next generation sequencing technology over conventionally used methods for culturing microbes. It attempts to illustrate the
workflow mechanism of metagenomics to elucidate diverse microbial profiles. Further, importance of integrated multi-omics
techniques has been highlighted in discovering microbial ecology residing on plastisphere for wider applications.

Keywords Plastisphere - Microbes - Metagenomics - Next generation sequencing - Bioremediation - Multi-omics

Introduction
Ocean plastics

Since 2014, usage of plastic materials has been increas-
ing worldwide with over 300 million tons in production
every year (Eriksen et al. 2014). As a result, plastic waste
has become a serious environmental concern in seas and
oceans, posing immense threat to marine life and human
health (Bansal et al. 2021). Despite widespread recognition
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Fig. 1 Global plastic wastes across various ocean surfaces (adapted
from Eriksen et al. 2014)

size greater than 5 mm), micro plastics (size less than
5 mm) and nano plastics (size lower than 1 um) (Gallo-
way et al. 2017). Rivers and lakes also get contaminated
by plastics of various size ranges resulting in transfer of
these wastes to other freshwater ecosystems, ground water
sources like tube wells and ultimately the ocean (Koe-
Imans et al. 2019). The headwaters of major Asian rivers,
longest rivers in different countries and prominent lakes
that get directed towards seas are heavily contaminated
with plastic pollutants. Examples of contaminated river
sites at various locations around the globe are listed below:

1. Lake Geneva (Switzerland) was reported to contain
microplastics in the range of 1-7 particles/L predomi-
nated by polystyrene (Faure et al. 2012).

2. Saint Lawrence River (Canada) was shown to contain
large accumulation of plastic microbeads of 0.5-2 mm
size range (Castafieda et al. 2014). San Gabriel River
(USA) was also found to contain nanoplastic fragments
of size ranging from 0.5 to 0.8 mm (Moore et al. 2011).

3. Australian shorelines were characterized by various
sizes and shape with fragments > 58% and pellets >30%
of plastic particles. Further investigation revealed that
the shoreline microplastics were mostly polyethylene,
polypropylene and polystyrene (Carbery et al. 2020).

4. Various river surfaces such as Deep Bay, Tolo Harbor,
Tsing Yi and Victoria Harbor in Hong Kong were found
to contain microplastics ranging between 51 and 27,909
particles/100 m’ (Tsang et al. 2017).

5. Microplastics and macroplastics were calculated to be
around 11-43 wt% in Saigon river of Vietnam (Lahens
et al. 2018).

@ Springer

6. Many great river surfaces of Tibet Plateau were assessed
for presence of microplastics ranging from 483 to 967
items/m® (Jiang et al. 2016).

7. Lake Victoria in East Africa was recently reported to
contain 0.3-4.9 mm sized microplastics (Egessa et al.
2020).

Oil spills occurring worldwide also contribute heav-
ily towards marine pollution. Petroleum hydrocarbons
are mostly composed of plastics such as polystyrene,
poly(ethylene terephthalate) (PET), and low-density poly-
ethylene (LDPE) (Chen et al. 2020). Toxic chemical com-
position and weathering reactions associated with these oil
spills show adverse effects on aquatic environment (Das and
Chandran 2011; Zhang et al. 2019). Micro-nanoplastics that
accumulate in the environment have been known to be reme-
diated by employing microorganisms. Recently, a general
review on present knowledge and future trends in microbial
remediation of micro-nanoplastics has been published by
Tiwari et al. (2020, 2021).The current review article specifi-
cally explains the efficiency of modern metagenomics and its
work flow mechanisms compared to traditional techniques
in disclosing oceanic plastic environment. Finally, need of
multi-omics techniques to identify a wide range of potential
benefits emerging out of unveiling plastisphere are high-
lighted to direct future research.

Oceanic plastic environment

It has been evaluated that 5.25 trillion micro-nanoplastic
fragments are ingested by marine organisms that aggregate
within their bodies, thereby deteriorating the aquatic eco-
system (Eriksen et al. 2014). Plastic litters aggregate and
get deposited at the centre of the ocean by air and wind.
Thus plastic wastes converge to form floating debris called
“garbage patches” on encountering water currents (Lebreton
et al. 2018). Similarly, this plastic debris also gets accumu-
lated and aggregate at the bottom of the ocean resulting in
the formation of the benthic zone (Eerkes-Medrano et al.
2015). Micro-nanoplastics have large surface area which
provides habitat for growth of diverse microbial communi-
ties (Zalasiewicz et al. 2016; Keswani et al. 2016; VirSek
et al. 2017). Such an ecological niche that supports the
growth of microbial diversity on plastic surfaces is termed
as “plastisphere” (Zettler et al. 2013). Biogeographic origin,
freshwater to marine environmental conditions and polymer
type along with their surface properties and size (Amaral-
Zettler et al. 2015) are essential factors that contribute to
the formation of plastisphere. Microorganisms colonizing
the plastisphere play an important role in bioremediation of
ocean plastics (Chowdhary et al. 2020).

A careful analysis of microbial colonies of plastisphere
is important to resolve various environmental issues related
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to plastic pollutants (Bryant et al. 2016; Jacquin et al. 2019).
Until now, a handful of microbes and their secreted enzymes
have been isolated and characterized from plastisphere for
plastic degradation, but with lower efficiency. Interestingly,
current developments in sequencing technologies and in
silico analysis could enable the rapid screening of metage-
nome at contaminated sites such as detection of hydrocar-
bon degradation genes from black yeast (Radwan and Ruiz
2021a), identification of multiple bacterial species from
biofouled plastic fabric for hydrocarbon degradation (Rad-
wan and Ruiz 2021b) and rapid detection of structural and
molecular basis of enzymes (Skariyachan et al. 2022). This
should lead to the discovery of the whole microbial com-
munity by providing detailed information on novel genes as
well as enzymes (esterase, hydrolase, laccase, etc.) that are
responsible for plastic degradation.

Microbes in plastisphere

The microorganisms inhabiting the plastisphere depend on
their ecosystems for survival. The microbes residing in plas-
tisphere are not only helpful in degradation of plastics but
also act as major source of nutrients (Amaral-Zettler et al.
2015), enzymes and catalysts, and other beneficial com-
pounds formed by a combination of microbes (Caruso 2020).
Numerous techniques have been employed for isolation and
characterization of the diverse microbial species coloniz-
ing the plastisphere for various applications. For example,
photo heterotrophic bacteria, including Erythrobacter and
Roseobacter were identified through bacterial cell mor-
phology analysis (Luo and Moran 2014). Visual analysis of
microbial population structures (VAMPS) revealed presence
of fungal groups, including Malassezzia on the plastisphere
(Amend et al. 2019). Using scanning electron microscopy
(SEM), diverse filamentous cyanobacteria attached to plastic
surface in marine environment has been recognized (Foulon
et al. 2016). The exposure of plastic films to UV light or
other thermal treatment methods help in isolation of meso-
philic Pseudomonas strain that can degrade polyethylene
(MoonGyung et al. 2012). Arctic microorganisms, includ-
ing bacterial strains, Rhodococcus species and Pseudomonas
species, were isolated from the Martin and LB agar plates
medium and showed significant potential for plastic deg-
radation (Urbanek et al. 2018). Processing of plastisphere
and sea foam containing various plastic fragments by advent
culturing methods helped in identification of Sensustricto, a
marine fungi used for the development of natural products
(Overy et al. 2019).

A detailed study was conducted by Pinnell and Turner
(2019), to characterize microbial communities from bio-
films on plastic (polyethylene terephthalate; PET) and bio-
plastic (polyhydroxyalkanoate; PHA) in coastal benthic

habitat using ceramic pellets as a control sample. Initially,
isolation of DNA from plastic samples was carried out by
sodium dodecyl sulphate (SDS) method and was ampli-
fied using Nextera XT DNA Library Preparation Kit. Then
DNA sequencing was carried out by employing [llumina
HiSeq 2500 platform followed by screening of sequencing
reads using SeqPrep. Herein, bioinformatics tools including
QIIME and SILVA helped in assigning operational taxo-
nomic units. Interestingly, such advent analysis of micro-
bial community residing on plastic surfaces revealed distinct
characteristics of microbes with PHA-associated assemblage
facilitating its degradation and sulphate reduction by enrich-
ment of enzymes such as esterases, depolymerases, adeny-
lyl sulphate reductases (aprBA), and dissimilatory sulphite
reductases (dsrAB) (Pinnell and Turner 2019). 16S rRNA
microbiome profiles of surface and sediment plastic-associ-
ated microbial biofilms from the Mediterranean Sea revealed
presence of bacteria (Bacteroidetes and gammaproteobac-
teria) in abundance and their plastic degrading potential
(Delacuvellerie et al. 2019). A comparative study on compo-
sition of prokaryotes in polystyrene (PS) biofilms incubated
in seawater and industrial water released from petrochemi-
cal plant was demonstrated by Tourova et al. (2020). Using
16S rRNA gene sequencing, it was observed that microbial
communities resulting from PS biofilms in industrial water
differed with seawater in PS degradation potential and also
carbohydrate and amino acid metabolism (Tourova et al.
2020). Microbes functioning as styrene-degraders in sea-
water includes bacteria of genera Erythrobacter, Maribac-
ter, and Mycobacterium, whereas Pseudomonas and Areni-
monas were potential degraders in biofilms in industrial
water (Tourova et al. 2020). Recently unidentified plasti-
sphere containing microbes has been found to be a major
source for generation of antibiotic resistance genes that help
in providing antibiotic resistance (Yang et al. 2020a). Ulti-
mately, identification of novel microbes from plastisphere
is expected to serve potential benefits for ecosystem (Malla
et al. 2018). Hence it becomes essential to identify such
novel microbes of oceanic plastic environment. Most impor-
tantly, identification and understanding the function of these
plastisphere microbes for a variety of potential applications
will require more efficient modern techniques.

Traditional culture methods and drawbacks

Traditional culture methods have been considered as stand-
ard procedures for identification and characterization of
environmental samples including plastisphere-related micro-
bial communities till date. In these methods, recognition of
microbial heterogeneity (Vannini et al. 2020), anatomy and
combination of genes present in DNA of a specific microbe
(Kirstein et al. 2019) require culture techniques. Further,
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identification of microbes at species level requires various
molecular level biochemical analyses. A few classic culture-
dependent methods being employed for exploring microbial
diversity on plastics are briefed below:

1. Plating: this is the most common technique employed
till today to culture novel microorganisms from marine
environment (Overy et al. 2019). Plating involves dif-
ferent methods such as pour plate technique in which
molten agar is solidified on plate and colony forming
units help in generating growth curves of microbes
(Jackson et al. 2013). Pour plate technique is usually
employed to count the number of microorganisms in a
mixed sample culture (Kathiresan 2003). Another tech-
nique is spread plate method used for screening and
selection of microorganisms spread uniformly over the
agar plate (Delgado-Viscogliosi et al. 2009). For exam-
ple, isolation of a single bacterial colony can be done by
streaking (Odusanya et al. 2013), which is used to obtain
a pure culture from a mixed culture (Molitor et al. 2020)
provided colony morphology is known (Hamood Alto-
wayti et al. 2020). Besides easy culture, preparation of
pour plate is time consuming, and spread plate technique
might lead to loss of viability of organisms when sample
comes in contact with hot agar. These plating techniques
can also cause reduction in growth rate of obligate aer-
obes and embedded colonies of microbes that are much
smaller as compared to colonies on surface (Tankeshwar
2016).

2. Micromanipulation: micromanipulation helps to obtain
accurate information on single bacterial cell by isolat-
ing it from mixed environmental samples (Kopke et al.
2005; Zhang et al. 2018a, b). Herein, target bacteria
from enrichment cultures are isolated by fluorescent
in situ hybridization (FISH) with fluorescently labelled
probes (Thomsen et al. 2004) that help in visualizing the
bacteria (Ferrari and Gillings 2009) with proper magni-
fication using capillary tube with a bevelled tip (Franco-
Duarte et al. 2019). This method is advantageous over
plating technique in determining the growth pattern of
specific microbes and also risk associated with death
of heat-sensitive cells by hot molten agar is negligible
(Paul et al. 2017). The main limitation of microman-
ipulation method is low recovery rate for the growth of
single bacterial cell in culture medium (Hohnadel et al.
2018). Also, it might cause cell death while picking up
by a tip (Ashida et al. 2010), time consuming process
and not quite economical (Kennady et al. 2019).

3. Differential centrifugation: this technique is useful in
isolation of pure microbial cultures from a sample of
mixed population by varying the centrifugation speed
(Eckert et al. 2018). Crude cell fractions obtained after
differential centrifugation are layered over sucrose gradi-
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ents to obtain target microbial species (Rossmanith and
Wagner 2011; Radhika and Murugesan 2012). Further,
cultures are extracted from the centrifuged medium by
observing the layers at which they are expected to reside
(Suzuki et al. 2018). This method is advantageous in
identifying and subsequent culturing of samples from
environment since it can differentiate the microbial cells
within layers after centrifugation (Puglisi et al. 2019).
The drawback of this technique is longer time required
for culturing microbes and concentration of end-product
is very less (Yu et al. 2018). Moreover, centrifugation
for short duration will sediment fastest particles, leav-
ing slower particles in suspension mixture and therefore
optimum speed to isolate target species remains a major
drawback (Tan et al. 2012).

Since only a small fraction of microorganisms can be suc-
cessfully cultured from a specimen of multiple microbes;
these traditional culture techniques are suitable solely for
fingerprinting microbial communities to elucidate taxonomy,
morphology and diversity. This is due to various factors such
as relatively faster growth requirements for some, non-viable
organisms altering the growth pattern or inhibition of path-
ogenic organisms due to production of various inhibitors
by other microbes such as bacteriocin (Lewis et al. 2020).
Despite various molecular techniques employed currently,
culture methods fail to provide collective information on
DNA sequences of whole microbial communities, insights
into microbial diversity, metabolic pathways in microbial
systems and gene expression associated with metabolic pro-
cesses of microbes (Purohit et al. 2020). Hence, it is difficult
to understand the composition of microbial communities on
the plastisphere and their impact on degradation of plastics
by traditional methods (De Tender et al. 2015; Krueger et al.
2015). To summarize a detailed picture of plastisphere for
potential biotechnological applications, modern techniques
are very much in need. Such approaches offer new platforms
to study the entire nucleic content of the microbial diversity
from plastic environment without any loss or culturing.

Importance of modern techniques

Current estimates demonstrate that around 90% of microorgan-
isms existing in various natural environments are not read-
ily culturable and therefore not available for biotechnology
research and applications (Bgifot et al. 2020). This assessment
suggests the requirement of alternative biotechnological tech-
niques which could provide insights into particularly novel
microbes from various environments with their potential genes
and genomes (Kirubakaran et al. 2020). Plastisphere-specific
communities are useful for exploring beneficial enzymes and
bioactive compounds for various applications (Gacesa et al.
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2018). Thus, disclosing microbial communities inhabiting
plastisphere require high throughput sequencing technology
for better understanding of their profile (Tender et al. 2017).
Moreover, to overcome the limitations posed by conventional
molecular techniques, modern approaches using metagenom-
ics and next generation sequencing are being developed that
should advance our knowledge regarding full-scale charac-
terization of microbial diversity, composition, structure and
activity.

Metagenomics

Metagenomics enables genome-wide analysis of all microbial
species inhabiting an environment that are otherwise difficult
to culture using conventional methods (Nazir 2016). This
technique allows microbiome isolation from a specific sam-
ple followed by DNA sequencing to generate sequence reads
(Abia et al. 2018). These sequence reads are further analyzed
to identify the phylogenetic relationship among microbes and
to compare their genetic makeup with other species present in
the environmental niche (Vijayvargiya et al. 2019). The data
obtained by the metagenomics library can be compared with
bioinformatics tools that provide relevant information on the
species composition, profile and characteristics (Gilbert and
Dupont 2011). Recent identification and analysis of various
microorganisms present on plastic particles in marine envi-
ronment using metagenomics data revealed the existence and
importance of antibiotic and metal resistance genes in influ-
encing the resistome of the microbiota (Yang et al. 2019).
Metagenomics analysis of Oceanospirillales and Alteromo-
nadales helped in degradation of plastics in water (Wright
et al. 2020c). Another metagenomics based study by Pinnell
and Turner (2019) identified novel species including Desul-
fovibrio, Desulfobacteraceae and Desulfobulbaceae capable
of bioplastic degradation and reducing sulphur from various
plastic surfaces of coastal marine environment. In addition,
this technique was also explored to recognize various microbes
that could produce enzymes such as six putative PETase-like
enzymes and four putative MHETase-like enzymes. Such
enzymes promote deterioration of aliphatic-aromatic polymers
from plastics (Meyer et al. 2020). Thus, a complete range of
interesting gene products of plastisphere and their functions
can be elucidated by metagenomics that may unlock valuable
information and provide developments in key areas of ecology
and environment.

Metagenomics process: elucidation
of microbial profile

In this section, two methods namely targeted and shotgun
metagenomics that are widely being used for screening
a metagenomic library from plastisphere (Amaral-Zettler

et al. 2020) has been elucidated. Steps involved in these
methods have been discussed below:

1. DNA isolation from the plastisphere sample though
DNA extraction by cell lyses is a simple procedure,
isolation of DNA from plastic fragments faces certain
hurdles that need to be taken into consideration. To
identify original species, DNA should be extracted
from a wide variety of microorganisms present within
the plastisphere (Kirstein et al. 2019). During extrac-
tion, DNA should not result in the formation of chi-
meric products and should be free of any contaminants
that might interfere in the sequencing procedure (Yang
et al. 2020a, b). Chimeric products are hybrids, formed
between multiple parent sequences that can be misin-
terpreted as new organisms, thus showing novel diver-
sity. To remove any 16s chimeric contaminants, several
computational methods have been utilized such as are
Pintail (Ashelford et al. 2005), Chimera Slayer (CS)
(Haas et al. 2011) and Bellerophon (DeSantis et al.
2006). The sequencing and cloning of DNA requires
DNA to be present in microgram quantities for gen-
erating information on plastic samples. Sequencing
and cloning insufficient DNA quantities may alter the
genomic profile of the specific plastisphere. This is due
to the fact that minimal amount of DNA may not suf-
ficiently provide all relevant information needed from
microbes and their genetic diversity (Davidov et al.
2020).

2. Collection of the non-sequencing dataset from the plas-
tisphere the DNA extract from plastic samples may
also contain certain non-sequencing datasets called
“metadata” (Oberbeckmann and Labrenz 2020). These
datasets help in interpreting the information obtained
from sequence profiles of microbial species within
plastisphere (Kirstein et al. 2019). For example, fresh-
water lake sediments containing plastisphere-specific
community have the potential to mineralize carbon into
greenhouse gases. Thus, identification of microbial spe-
cies having functionality to mineralize carbon can be
obtained by comparing the plastisphere in marine eco-
system to control obtained from any surrounding envi-
ronment (Yakimovich 2017).

3. Cloning methods for constructing metagenomics
library the extracted DNA sample from plastisphere
needs to be cloned to construct a metagenomics
library. Cloning of DNA depends on objective of the
investigation being carried out. Hence, it is essential
to amplify DNA clones so that they can be sequenced
to attain necessary information (Meyer-Dombard
et al. 2020).

4. Techniques for screening DNA library: targeted
metagenomics
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Targeted metagenomics

Focuses on identifying phylogenetic relationship
among species while shotgun metagenomics helps to
elucidate gene function of microbes identified from
plastisphere and their role in the marine environment.
Thus, targeted sequencing technique helps to recognize
complete microbial structure along with distinct species
present in a plastic particle and contamination caused by
pollutant. However, targeted metagenomics has limited
applications in various fields of research as it can dem-
onstrate only the structure, relationship among species,
constituents of microbial diversity and phylogenetic
composition of microorganisms present in plastisphere
(Trindade et al. 2015). For example, targeted metagen-
omics was employed to distinguish between bacterial
community in water and diversity of microbes residing
in free-living amoebae (Delafont et al. 2019). However,
this approach could only analyze the microbiome for
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characterizing bacteria associated with amoebae and
could not provide functional and metabolic potential of
microbes. Hence, the most used method for identifying
microbial profiles in plastisphere relies on using shotgun
metagenomics. Figure 2 provides a schematic represen-
tation of targeted and shotgun metagenomics processes
to screen microbes on plastisphere.

Shotgun metagenomics
Steps involved in Shotgun metagenomics for elucidating
microbial profiles of a given sample are as follows.

1. Sequence reads screening DNA sequences obtained after
microbial isolation from plastisphere are pre-processed
to eliminate low-quality bases that are repeated within
a sequence dataset. For example, metagenomics sample
analysis of plastic debris in Laguna Madre was done
using Nextera XT DNA Library Preparation Kit fol-
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Fig.2 Schematic representation of targeted and shotgun metagenomics processes employed to screen microbes on plastisphere
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lowed by screening of sequence reads using SeqPrep
(Pinnell and Turner 2019).

2. The sequence reads obtained from DNA sequences of
microbial plastisphere combine to form large stretches of
DNA resulting in formation of Contigs (Delacuvellerie
et al. 2019). An example demonstrating the mineraliza-
tion of PBAT-based blend film by marine culture was
observed using metagenomics approach. Metagenomics
library was assembled, binned and sequence reads were
mapped with bins to identify species abundant within
plastic debris (Meyer-Cifuentes et al. 2020).

3. Metagenomics data analysis there are various tools
and software that help in elucidation of information
from metagenomics datasets obtained from plas-
tisphere communities. The software tools used can
determine multifunctional aspects of genes, DNA,
proteins and metabolites within a microbial commu-
nity specific to plastic (Purohit et al. 2020). Some of
the computational tools and bioinformatics software
for metagenomics analysis include QIIME (Tender
et al. 2017), MG-RAST (Fadiji et al. 2020), SRA
(Yang et al. 2019).

The DNA sequencing of microbes in plastisphere tra-
ditionally relied on using conventional sequencing meth-
ods to characterize the whole plastisphere. For example,
Sanger sequencing used for generating DNA profile of
plastisphere communities had limitations of generat-
ing faster sequence datasets (Kriiger et al. 2020). These
problems can be overcome by use of NGS technologies
that have provided great potential for faster analysis of
DNA sequences.

Techniques associated with next generation
sequencing (NGS)

NGS technologies have major advantages including short
duration for analyzing data, low cost of operation and high
accuracy of sequence reads. Due to the capacity for big-
data acquisition, NGS technologies are beneficial for vari-
ous research fields including exploration of microorgan-
isms residing in plastisphere of marine ecosystem (Stitzlein
2018). Profiling of diverse microbial community for identi-
fying important enzymes traditionally relied on using large
computer algorithms and useful computers to generate data
(Ravi et al. 2018). One of the majorly utilized sequencing
techniques is Illumina Next Generation Sequencing. Illu-
mina Next Generation Sequencing stages are fit for paired-
end sequencing. The sequencing that happens from the two
closures of a DNA section, producing excellent sequence
information with inside and out inclusion and big quanti-
ties of reads. Illumina's reversible eliminator innovation,
alongside matched end sequencing, makes it the most reli-
able base-by-base sequencing with a mistake pace of 0.1%

(essentially replacement blunders, seldom inclusions/can-
cellations) (Hu et al. 2021). This technique also ease the
investigation on the interaction between plastic and biofilm
forming microorganisms and a detailed characterization of
microbial gene pool on plastics, which provides an insight
on the degraders of plastics (Bhagwat et al. 2021; Luo et al.
2022). Also, the emergence of other NGS technologies has
the potential to explore genetic diversity of plastisphere-
specific communities (Forde and O’ Toole 2013).

A few NGS methods employed on various plastisphere
samples along with the corresponding outcome are listed
in Table 1.

Multi-omics techniques

Metagenomics helps in analyzing microbial profile and
identifying genes present in a microorganism (Zhang et al.,
2019). Complete profiling of microbial community is
achieved using DNA sequencing. Since presence of genes
does not necessitate protein expression, metaproteomics can
provide precise functional information on expressed pro-
teins (Verberkmoes et al. 2009). Direct measurement of tran-
scripts or proteins is performed using metatranscriptomics
or metaproteomics approaches. Their combination enhances
knowledge of microbial genome assembly and gene iden-
tification along with detection of induced/repressed genes
(Heintz-Buschart et al. 2016). Additionally, active tran-
scription allows for identifying genes from metabolically
active microbes compared to inert or dead microorganisms
(Rastogi and Sani 2011). Metaproteomics can also facili-
tate identification of host-associated microbiomes in-vivo
and quantify host proteins irrespective of their phylogenetic
origin (Zhang et al. 2018a). Profiling metabolic outcomes
of microbes using metabolomics helps to directly identify
metabolites acting as markers for host and microbiome inter-
actions as well as in identifying other bioactive compounds
(Gavin et al. 2018).

Metatranscriptomics

Metatranscriptomics is a study on gene expression of vari-
ous microbes from natural environment (Shi et al. 2018).
It is a powerful tool for analyzing the metabolic functions
(Gosalbes et al. 2011), activities, regulations, taxonomic
composition, predicted open-reading frames and novel sites
of transcription and translation of microbial genomes from
plastics. Metatranscriptomics helps in assessing the genes
that are expressed at different environmental conditions at
time of sampling plastics while encoding specific physio-
logical functions (Moran et al. 2013). Several bioinformat-
ics tools such as BOWTIE (Langmead and Salzberg 2012)
along with high-throughput analysis of datasets (MG-RAST)
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(Glass et al. 2010) are subjected to provide the overall gene
expression profile of mRNA reads within a plastisphere sam-
ple. The transcriptomics study approach enabled the path
to identify genes encoding enzymes involved in the con-
sumption of polymers such as Polyethylene (PE) in R. ruber
(C208) (Gravouil et al. 2017).

Metaproteomics

Metaproteomics provides a qualitative recognition and
quantification of proteins from various microbial commu-
nities thereby providing direct insights into the phenotypic
characteristics of microorganisms (Schneider et al. 2012).
The study of protein expression within the microbial diver-
sity (metaproteome) becomes necessary to understand the
functional profile of microbial components of the various
environmental samples within ecosystems (Li et al. 2019).
Recent literature highlights the significance of metaprot-
eomics and its role in identification of PETase-like enzymes
from sponge microbiome for their potential application in
various biotechnological industries (de Oliveira et al. 2020).
Metaproteomics could also help in analyzing proteins essen-
tial for degradation of poly aromatic hydrocarbons within
groundwater (Herbst et al. 2013). The degradation of tere-
phthalate (TA), a monomer of known plastic (PET) was
revealed through metaproteomics analysis of sludge sample,
in which a total of 482 proteins were identified and showed a
distinct distribution pattern of microbial functions expressed
in situ by Pelotomaculum spp. (Wu et al. 2013).

Metabolomics

Metabolomics enables the study of various endogenous
and exogenous small molecules and intermediates, com-
monly termed as metabolites, that are leached out by the
biological system of an organism during interaction with
its surrounding environment (Liu and Locasale 2017). Thus
metabolomics allows detection of intermediates and end
products of cellular metabolism from environmental pol-
lutants (Deng et al. 2019). Metabolomics approach helped
in identification of two novel marine isolates (Thioclava sp.
BHET!1 and Bacillus sp. BHET2) including PET hydrolytic
intermediates from a plastisphere that could degrade PET
(Wright et al. 2020a). Apart from plastics, plastic addi-
tives which are highly toxic to marine life also contribute
towards pollution of marine environment. The degradation
of plastic additives through various enzymes finds potential
in remediation. These degraded intermediates and related
metabolites can be identified by mass spectrometry through
metabolomics approach (Kumari and Chaudhary 2020).
The study by Wright et al. (2020a, b, c) highlight the poten-
tial of plastisphere-specific communities in degradation of

plasticizers present in marine environment along with inter-
mediate products formed during degradation process.

All of the above techniques demonstrate significant
potential to decipher information on microbial diversity of
plastisphere (Schlundt et al. 2020). Various environmental
samples when tested using metagenomics, metatranscrip-
tomics, and metaproteomics techniques could help in iden-
tification of PET-like enzymes that can promote degradation
of an aromatic-aliphatic copolyester blend (Meyer-Cifuentes
et al. 2020). The integrated data obtained from metaprot-
eomics along with metagenomics and meta-transcriptomics
information promises to provide enhanced knowledge on
microbial functional profiles of plastisphere and their effec-
tive contribution for the functioning of ecosystem (Yang
et al. 2020b) (Fig. 3). However, studies of microbial com-
munity using these techniques are still in its infancy owing
to difficulty in processing environmental samples and their
recovery for novel products. Advancements in metagenom-
ics bioinformatics tools for large-scale analysis of genomic
DNA and understanding microbial ecology using advent
methods including metatranscriptomics, metabolomics and
metaproteomics is necessary to provide genome-wide analy-
sis of plastisphere-specific communities.

Advantages of multi-omics

The emergence of metagenomics technique has enabled
large scale study of diverse microbial diversity utilizing
NGS technology (Abia et al. 2018). Enhancements in DNA
profiling of microbes along with low cost of operation has
allowed metagenomics to emerge at rapid rate. Targeted
metagenomics has provided novel insights into structure
and function of microorganisms (Islam et al. 2019). Many
novel genes, proteins and metabolites utilized for various
applications from microbes have been identified using shot-
gun metagenomics (Pinnell and Turner 2019). Microbes and
their interactions with various substrates can alter the geo-
logical composition, dissolution and deterioration of plas-
tic present in marine ecosystem (Gadd 2010). This helps
to remediate and lessen the toxic effects of pollutants on
aquatic environment. Moreover, plastisphere acts as a novel
substrate in marine ecosystem facilitating microbial dis-
persal and enabling research in microbial ecology through
metagenomics (Amaral-Zettler et al. 2015). Metagenomics
finds novel application in bioremediation of pollutants in
environment by development of enzymes that help in deg-
radation of plastic (Table 2). For example, PETase enzyme
obtained from Ideonella sakiensis is useful for degradation
of PET within marine ecosystem (Huang et al. 2018). Use
of NGS technology could help in detection of pathogenic
species residing on plastisphere. For example, pathogenic
species of Tenacibaculum and Phormidium were observed
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more on plastic surfaces as compared to surrounding water
after 16S rRNA metabarcoding method (Jacquin et al. 2019).
These pathogenic species act as a source of food for vari-
ous aquatic animals and indirectly by humans that consume
the sea food containing pathogenic microbes (Novoslavs-
kij et al. 2016). Metagenomics also helped in identifying
novel enzymes from microbial species, for example, isola-
tion of laccase from Rhodococcus ruber, could facilitate the
degradation of polyethylene (Santo et al. 2013). Process-
ing of plastisphere and sea foam containing various plastic
fragments by advent methods helped in the production of
Sensustricto, marine fungi and used for the development
of natural products (Overy et al. 2019). Isolation of fungal
communities from plastisphere including Fusarium species
and Humicola insolens can also help in degradation of PET
by enzyme cutinase (Ronkvist et al. 2009).

@ Springer

Metagenomics can also help in identification of various
species prevailing in plastic debris for years. For exam-
ple, plastic debris isolated from Mediterranean coast of
Israel were analyzed using Nanopore sequencing, generat-
ing diverse species and also determining plastic-specific
communities (Davidov et al. 2020). Plastisphere possess
distinct microbial communities that have also been found
in sewage generated from wastewater treatment plants,
such as, Arcobacter species found in landfill microbiome
in USA (Stamps et al. 2016). Microbial communities could
also be identified in plastisphere of soil that facilitate plant
protection and provide various metabolic functions. For
example, endophytic microorganisms were observed in
rhizosphere soil that could demonstrate various activities
including anti diabetic, production of phytohormones and
secretion of lytic enzymes (Fadiji and Babalola 2020).
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Therefore, multi-omics are expected to provide significant
insights into the inaccessible and undiscovered microor-
ganisms for research in genomics, evolution and ecology.

Conclusion

Microorganisms are abundant throughout environment
with majority of them being difficult to cultivate by clas-
sical microbiological techniques. The advent of metagen-
omics and next generation sequencing has revolutionized
field of microbial biotechnology. Metagenomics approach
bypasses the requirement for isolation or culturing
microbes by way of direct profiling complex environmen-
tal samples such as plastisphere. With advances in next
generation sequencing technologies, millions of complex
metagenomic datasets can be generated from plastisphere,
which in turn would lead to formulation of various bioin-
formatics tools for efficient analysis of data with respect to
phylogeny and metabolic diversity. Genetic diversity and
metabolic activities of uncultivable microbes are currently
linked to large-scale gene expression studies and proteome
studies of microbial diversity.

Metatranscriptomics, metaproteomics and metabo-
lomics offer significant potential to elucidate activities,
functional characteristics and production capabilities of
microbial consortia. Together with accessibility of these
novel approaches, a prompt metamorphosis is obtained in
understanding the profile of microbial diversity. Applica-
tions of genetic DNA obtained from plastisphere samples
can help in bioremediation, conservation biology, envi-
ronmental assessment, trophic and community ecology.
Integration of multi-omics techniques can help in iden-
tification of genes, proteins and pathways that can be
distinguished from healthy subjects. Taken as a whole,
metagenomics along with NGS technologies can help in
characterization of the plastisphere-specific communities
and ultimately discover hidden microbes with novel genes
and enzymes for plastic degradation and other potential
applications.
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