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ABSTRACT

ELECTRO-ASSISTED PHYTOREMEDIATION (EAPR) OF HEAVY
METALS IN SYNTHETIC WASTEWATER USING Pistia stratiotes:
PHYSIOLOGICAL AND TRANSCRIPTOMIC ANALYSES

Chan Mun Yee

Landfilling is the most common solid waste disposal approach, yet leachate
treatment remains challenging due to the presence of toxic heavy metals (HMs) that
pose long-term environmental and health risks. Electro-Assisted Phytoremediation
(EAPR) is an electrical enhancement of phytoremediation designed to improve
leachate remediation. EAPR overcomes mass-transfer limitations by driving
mobilization of dissolved metals and charged contaminants toward the rhizosphere.
The primary aim of this study was to evaluate the HM removal from synthetic
leachate between EAPR and non-EAPR, alongside changes in leachate
physicochemical parameters, P. stratiotes’s physiological responses, and Pb-

induced molecular responses.

EAPR significantly reduced Biochemical Oxygen Demand, colour and
turbidity (p < 0.05) with minimal impact on growth. HMs accumulated more in
roots, with Pb and Fe displaying the highest Bioconcentration Factor and removal
efficiency, while translocation factor values less than one implied restricted root

transport. Antioxidative enzyme assays revealed increased activity of superoxide



dismutase, ascorbate peroxidase, and glutathione reductase in leaves and root

peroxidase, suggesting enhanced reactive oxygen species scavenging.

RNA-Sequencing revealed Pb stress upregulated root differentially
expressed genes (DEGs), but downregulated leaf DEGs, while EAPR reversed this
trend. Functional enrichment analysis revealed distinct tissue-specific expression
profiles, with Pb stress upregulated DEGs enriched in the Mitogen Activated
Protein Kinase (MAPK)-plant, Ras and cyclic adenosine monophosphate (cAMP)
signalling pathwayin root, which EAPR suppressed. Ten key regulatory genes were
identified through which EAPR reverses Pb-induced transcription across MAPK,
hormone and metal-homeostasis signaling networks. Quantitative Reverse
Transcription-Polymerase  Chain  Reaction confirmed MAPK pathway

involvement.

Overall, EAPR enhanced leachate remediation by improving HM removal
and water quality, while maintaining plant growth. Electro-assisted increased root
accumulation and antioxidant defenses, while transcriptomic regulation alleviated
Pb-induced stress. These findings demonstrate that EAPR is an effective,
mechanistically driven strategy for accelerating phytoremediation and support its

practical application for leachate treatment.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

The overcrowding of solid waste systems is a persistent challenge
worldwide. Human activities, such as household, commercial and industrial
contribute to the generation of solid waste (Zulkipli, et al., 2020). Nearly 60 tonnes
of domestic waste are generated globally per second, which amounts to
approximately 2 billion tonnes/annum (Cheng, et al., 2022). By 2050, global waste
production is projected to reach 3.40 billion metric tonnes. In Malaysia, the
continuous population growth has caused tremendous solid waste (40,000
tonnes/day), of which approximately 95 percent will end up in landfills (Taib, et

al., 2021; Bernama, 2022).

Effective solid waste management is essential for environmental protection
and the sustainability of community life (Zulkipli, et al., 2020). Proper waste
treatment is crucial for environmental protection, public health, resource
conservation (Abubakar, et al., 2022), prevention of pollution (Abdullah, Salleh
and Ismail, 2017) and disease outbreaks (Choon, Tan and Chong, 2017). In

developing countries, besides open burning of waste, open dumping (Yukalang,



Clarke and Ross, 2017; Vaccari, Vinti and Tudor, 2018) and incineration, the most
common alternative for waste disposal is landfilling (Siddiqua, et al., 2022).
Numerous gas emissions and ash residues are released during open burning, which
could endanger both the environment and humans (Powrie, et al., 2021). This
practice is usually undertaken with open dumping on the water surface or open
ground (Reyna-Bensusan, et al., 2019). Incineration involves burning waste in a
furnace to recover energy released during combustion, while substantially reducing
the amount of solid waste generated. This approach can significantly reduce waste

volume (Traven, 2023; Maphuhla and Oyedeji, 2025).

On the other hand, a landfill is where the final-stage waste is disposed of,
from collection to transportation and finally disposal (Abidin, et al., 2024). It is a
standard method adopted by lower and upper-middle-income countries to curb
waste disposal problems (Aziz and Ariffin, 2024). Three classes of landfills are
class I (municipal solid waste), Il (industrial waste) and Il (hazardous waste
landfills) (Butti, Peres and Lops, 2018; Siddiqua, et al., 2022). Microorganisms
present in the land will decompose the organic contents of the dumped materials
(YYaashikaa, et al., 2022), producing greenhouse gases and liquid (leachate) as by-
products (Angi, et al., 2020). Landfill leachate often contains high amounts of
organic pollution [e.g. BODs (Biochemical Oxygen Demand 5) and Chemical
oxygen demand (COD)], along with variable pH (often mildly acidic to
neutral/alkaline), high ammoniacal nitrogen and total dissolved solids (TDS).

Studies report BODs can range from hundreds to over 20 000 mg/L and COD from



several thousand to tens of thousands mg/L (Saghi, et al., 2024; Sharma, et al.,
2026). Notorious contaminants, such as heavy metals (HMs), organic carbons and
microplastics are also present in leachate (Gunarathne, et al., 2024). According to
Yusof, et al. (2009) and Hussein, et al. (2021), at a leachate discharge flow rate of

400 mm/year, HMs can persist in landfill sites for as long as 150 years.

HMs in landfills are from industrial wastes, mining wastes, incinerator
ashes and domestic hazardous items (Erses and Onay, 2003). These include co-
disposed batteries, paints and dyes (Erses and Onay, 2003). HMs, such as lead (Pb),
are commonly found in batteries, cans and paint. Cadmium (Cd), ferum (Fe), and
cuprum (Cu) are elements present in iron-based and electric waste tools (Santoso,
et al., 2016). In addition, HMs in landfills are likely created via leaching from
natural soils under certain circumstances (Hussein, et al., 2021). As these
ubiquitous metals do not decompose, they pose a severe environmental and human
health hazard due to their toxicity and carcinogenicity properties (Abu-Rukah and
Abu-Aljarayesh, 2002). They are well known for their long-term existence in the
environment and ability to accumulate within living organisms (Oladimeji, et al.,

2024).

It is critical to handle waste appropriately, as HMs pose serious hazards,
inflicting harm to human health, disrupting aquatic habitats, and disturbing the

delicate biological balance of natural systems (Gworek, et al., 2016; Oladimeji, et



al., 2024). There are many ways to remediate landfill leachate, which generally can
be categorized into biological, physical and chemical methods (Mojiri, et al., 2021;
Hussein, et al., 2021). Malaysia has employed biological techniques, such as
anaerobic-aerobic treatment (Er, et al., 2017) and biofilter system (Nik Daud, et al.,
2015), as well as physical and chemical methods (electrocoagulation, coagulation-
flocculation) (Taib, et al., 2021). Er, et al. (2017) study employed Brevibacillus
panacihumi strain ZB1 in a 42-day combined anaerobic-aerobic process to treat
leachate. This technique reduced approximately 40% of COD, 50% of ammonia
nitrogen and varying contents of HMs. On the other hand, Taib et al. (2021)
demonstrated that via utilizing aluminium electrodes, electrocoagulation is able to
moderately reduce total suspended solids (44.38%), COD (42.88%), BOD:s
(25.88%), ammonia-nitrogen (13.54%) and colour (31.21%). This highlights the
potential of electrochemical method as an enhancement treatment for landfill

leachate.

Under many controlled laboratory conditions, synthetic wastewater is
commonly adopted to simulate contaminated wastewater. Researchers can control
physicochemical parameters, including ionic and pollutant concentrations. This
enables the reproducible evaluation of treatment technologies before their
application to complex environmental matrices. The formulation of synthetic
wastewater often resembles real effluents for the mechanistic study of contaminant
removal processes (Grossule, et al., 2022; Xiang, et al., 2025). However, real

leachate exhibits much greater chemical complexity than synthetic systems, thereby



affecting treatment efficacy. Nevertheless, results from the synthetic wastewater
treatment ought to be cautiously interpreted when applied to real leachate
environments, despite the preliminary insights provided (Sossou, et al., 2024). In
this context, while preserving experimental control, synthetic leachate formulations
are often used to mimic the composition of landfill leachate. Such an approach
enables remediation strategies to be systematically evaluated prior to field-scale
testing. However, leachate treatment efficiency may decline in aging landfills due
to the presence of stabilized, refractory compounds that challenge conventional
purification technologies (Teng, et al., 2021). Hence, new techniques are needed to
effectively remediate the hazardous environmental impact of landfill leachates

(Putra and Hastika, 2018).

Although primary biological and physicochemical treatments effectively
remove bulk organic load and suspended solids in landfill leachate, the presence of
persistent HMs and residual nutrients often exceeds permissible discharge limits.
These recalcitrant contaminants present continuous environmental threats, which
include increasing amounts of COD, ammonia and HM content (Xiang, et al., 2025).
Phytoremediation offers an economical and sustainable tertiary treatment to further
eradicate such residual pollutants from wastewater. However, its efficacy is
restricted by factors such as slow mass transfer and HM uptake rates. Thus, in this
study, electro-assisted phytoremediation (EAPR) was adopted to improve pollutant
transport toward the rhizosphere and enhance plant accumulation. EAPR increases

the feasibility of phytoremediation as a secondary or tertiary leachate treatment



strategy (Putra and Hastika, 2018; Bayuo, et al., 2024). In phytoremediation,
researchers have explored many plant species such as Typha angustifolia, Acorus
calamus (Bhagwat, Boralkar and Chavhan, 2018), Alcea rosea (hollyhock),
Cynodon dactylon (Bermuda grass), Melilotus officinalis (yellow melilot) (Erdogan
and Zaimoglu, 2015) and Pistia stratiotes for potential leachate remediation.
Among these plant species, P. stratiotes, also known as water lettuce or water
cabbage, from the Araceae family, has great potential for phytoremediation.
According to Quattrocchi (2017), it is primarily found in lakes, streams, and ponds.
This plant is well recognized for its capability to eliminate HMs from the
contaminated environment based on high bioconcentration and translocation
capacities (Wibowo, Nugraha and Rohman, 2023). Nevertheless, there are
numerous setbacks to phytoremediation (Schwitzguébel, 2017), such as the need
for an adequate site size for the application of farming techniques, and particularly,
the requirement that contaminants be within the root zones of plants used for

phytoremediation (Tripathi, et al., 2020).

Electro-assisted phytoremediation, also known as EAPR, is a method used
to overcome the shortcomings of phytoremediation with the addition of electrical
input (Putra, Annisa and Budiarjo, 2022). The electric field applies a direct or
alternating current to electrodes inserted into polluted sources. This method
mobilizes metal ions from a polluted source and improve uptake by the plant roots
(Akemoto, Tanaka and Putra, 2022). Proton is then produced around the anode via

the effect of water electrolysis. Therefore, more metals and metaloids can be



demobilized around the anode electrode under an acidic condition (Thangavel and
Subbhuraam, 2004), which are subsequently transported to the cathode (Dermont,
et al.,, 2008). The HM ions will then be transported to the shoot of plants via
adsorption process (Putra, Ohkawa and Tanaka, 2013; Putra and Hastika, 2018) and
subsequenly extracted through phytoremediation (O‘Connor, et al., 2003).
Phytoremediation alone is often limited by slow mass transfer in water
environments. Hence, EAPR enables greater uptake and removal of HMs (eg. Fe,
Cu, Cd, and Pb), increases dissolved oxygen and further supports plant growth. The
application of an electrical field can enhance pollutant removal, while concurrently
maintaining the physiological stability of aquatic macrophytes (Putra and Hastika,
2018). Floating aquatic plants, such as P. stratiotes is able to eradicate organic and
inorganic pollutants such as HMs, TDS, BOD and COD. This plant is pertinent as
a biofilter in water treatment due to its extensive root systems, large biomass and
easy to harvest (Pang, et al., 2023). The combination of these characteristics makes
EAPR a polishing method for phytoremediation alone in the remediation of aquatic

systems, such as residual leachate contaminants.

An increase in HM concentrations in plants can lead to increased plant
stress, decreased plant growth and alterations in nutrient uptake (Bibi, et al.,
2024). In response to HM stress, plants employ changes in gene expression (Li, et
al., 2017a; Cong, et al., 2019) involved in regulating transporters or metal chelators
that favour the detoxification or exclusion of HMs (Gulli, et al., 2018; Zhang, et al.,

2019). These responses include the activation of metal transporter genes [e.g.
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heavy-metal ATPases (HMA family), natural resistance-associated macrophage
protein (NRAMP), Zinc-regulated/Iron-regulated transporter-like Protein (ZIP)
(Zhu, et al.,, 2022)], chelation and vacuolar sequestration systems (e.g.
phytochelatin synthase and metallothioneins) (Raza, et al., 2022), antioxidant
defense genes [e.g. superoxide dismutase (SOD), catalase (CAT) and ascorbate
peroxidase (APX)] (Tyagi, et al., 2024) and stress-signaling pathways that are
controlled by transcription factors, such as WRKY (Wang, et al., 2023), NAC,
MYB, and bZIP (Jamla, et al.,, 2021). Transcriptome analysis enables the
identification of genes that are differentially expressed under various conditions.
The study of gene expression via sequencing technology offers a rapid and efficient
way to understand genes or metabolic pathways associated with tolerance or

hyperaccumulation of HMs in plants (Ge, et al., 2022).

1.2 Project Rationale

Poorly managed landfills are waste disposal sites with insufficient
engineering controls, including liners, leachate collection systems and improper
waste containment. For example, municipal landfills with inadequate leachate
containment can cause toxic pollutants (e.g. organic compounds, HMs, and
microplastics) to migrate into the surrounding surface and groundwater
(Gunarathne, 2024). This can negatively impact the environment, humans and
aquatic ecosystem (Siddiqua, Hahladakis and Al-Attiya, 2022). Leachate generated

from these landfills contains harmful contaminants threatening human and aquatic



ecosystems (Essein, et al., 2022). Landfill leachate can be classified as young,
intermediate and old based on age. The HM content in the young leachate is the
highest among the three mentioned groups (Tejera, et al., 2019). The treatment of
leachate is crucial to ensure future safety and sustainability. Remediation of
leachate with current technologies, such as nanofiltration and reverse osmosis
(Wang and Qiao, 2024) to overcome the adversity of leachate is often costly, has
limited potential and requires subsequent treatment (Younas, et al., 2021; Siddiqi,

etal., 2022).

The sole phytoremediation method is ineffective. Hence, EAPR may
overcome this setback (Mao, et al., 2016; Bu, et al., 2024). Based on the
effectiveness of the EAPR-water lettuce approach to remediate HM-contaminated
waterways (Putra, Cahyana and Novarita, 2015; Putra, Novarita and Cahyana,
2016), this strategy is applied to treat HM-abundant synthetic leachate. This study
aimed to evaluate the potential of P. stratiotes to remove HMs from synthetic young
leachate via EAPR. Nonetheless, the efficacy of HM removal alone is insufficient
for assessing EAPR performance. This is because the physiological responses of
plants under electro-assisted conditions determine their tolerance, survival, and
sustainability of the remediation process. EAPR offers an environmentally friendly
approach (Putra, Ohkawa and Tanaka, 2013) that can be established to remediate
HMs from leachate. Moreover, there is limited information on P. stratiotes'
molecular response to HM stress, which hinders a better understanding of its stress

signals. Hence, the transcriptomic study of P. stratiotes in this model may help



enhance our understanding of the molecular response of these HM
hyperaccumulators, which is crucial for the future development of
phytoremediation applications. Data from transcriptomic analysis of this plant
allows the identification of key regulatory differentially expressed genes (DEGS)
(e.g. stress signaling, metal transport and detoxification processes) involved in
phytoremediation processes (El-Sappah, et al., 2024; Razalli, et al., 2025). This
information provides guidance to select genetically improved plant species with
enhanced HM accumulation capability. Hence, systems such as EAPR could
benefit from integrating phytoremediation strategies with transcriptomic

knowledge.

1.3 Research Objectives

The purpose of this study is to evaluate the potential of EAPR using P.
stratiotes for treating HM-contaminated synthetic young leachate and to understand
the associated physiological and molecular responses of the plant under metal
stress. The aim of this study is to:

¢ evaluate the removal efficiencies of heavy metals from synthetic young

leachate by P. stratiotes via EAPR.

¢ determine the physiological changes of P. stratiotes in response to EAPR

in synthetic young leachate.

¢ elucidate the transcriptomic responses and cellular pathways involved in

Pb stress response in P. stratiotes roots and leaves.
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CHAPTER 2

LITERATURE REVIEW

2.1 The Global Crisis of Waste Management: Impacts and Sustainable
Solutions

Globalization, rapid urbanization and population growth have caused the
rise of municipal solid waste (MSW) generation. Open burning, terrestrial dumping,
and informal recycling sector activities are the dominant contributors to the rapid
increase in waste statistics (Kaza, et al., 2018). As these processes are challenging
to handle, approximately 93% of waste in developing nations is burned or dumped
openly, while a minority, 3%, is landfilled (Lei, et al., 2023). As many countries
rise to high-income levels, urbanization and population expansion make solid waste
management even more challenging (Kumar, et al., 2023). Close to 3.5 billion of
the 7.6 billion world’s population are without basic waste collection services

(Aslam, et al., 2022).

MSW management's primary objective is to manage garbage to support
sustainability, while protecting the environment and public health (Munguia-Lopez,
et al., 2020). Trash is divided into four categories: recyclables, inorganic materials,

organic materials and other miscellaneous items. According to Ozmen and Ozsoy
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(2020), MSW management entails transporting, processing, recycling and
disposing of solid waste produced by metropolitan populations. Over the years, the
management of MSW has shifted to sustainable and environmentally friendly
treatment, recovery and recycling methods. Most developed countries practice
advanced technologies, such as thermal and biological treatment, as well as sanitary
landfills for appropriate treatment of MSW (Kumar, et al., 2023). Waste-to-energy
technologies can produce heat and electricity through the conversion of waste via
biochemical or thermochemical processes. Recently, they have received increased
attention to reduce environmental pressures, enhance resource efficiency and
produce impactful economic benefits (Liang, et al., 2022). Typical examples
include sanitary landfills, comprehensive resource treatment, biodegradation
(aerobic composting and anaerobic fermentation) and heat treatment (pyrolysis,
gasification, incineration and preparation of waste-derived fuel). Among them,
composting, sanitary landfill and incineration power generation are usually adopted

to dispose of urban domestic waste (Zhao, 2021).

In developing nations like Malaysia, landfilling is the most common and
broadly accepted way to dispose of MSW. This is primarily due to its innate ability
to save costs and more straightforward operating mechanisms (Kamaruddin, et al.,
2017). In contrast, burning waste, incineration [(Rawang (Selangor), Sungai Udang
(Melaka), Jedok (Kelantan)] (Yusof, 2024) and dumpsites can cause air pollution,
the release of harmful toxins and long-term health problems for organisms living

near these sites (Rosenberg and Hoover, 2021; Vinti, et al., 2021).
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2.2 Landfill Types and Challenges in Urbanisation

The landfill is a pit specifically constructed to hold compacted solid waste
with a covering to dispose of waste. It has a lining at the bottom to prevent waste
from contaminating underground water. Siddiqua, Hahladakis and Al-Attiya (2022)
stated that there are three customary landfills, namely municipal, industrial and
hazardous waste. A new type of landfill, known as a "green waste landfill," is
occasionally utilized. Municipal waste (garbage or trash) refers to all solid or semi-
solid state waste, mostly household or domestic. Municipal landfills are
recommended strategies to address the rapidly expanding solid waste problem
(Krémar, et al., 2018). An industrial waste landfill is a facility designed for the
disposal of industrial waste. These landfills typically dispose of construction and
demolition waste, such as concrete, bricks, asphalt and gypsum (United States

Environmental Protection Agency, 2011).

Hazardous waste landfills are specifically engineered to contain hazardous
waste by precluding the possibility of it being leached or released into the
environment. Dual leachate collection and removal approaches, dual liners, leak
detection systems and dispersal controls are some design criteria for hazardous
waste landfills. Hazardous waste dumps are inspected numerous times a year to
ensure that the facility meets the latest high standards (Hazardous Waste Experts,
2019; United States Environmental Protection Agency, 2022). Green waste landfills

are used to store organic waste for decomposition. Composting sites are becoming
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increasingly popular as conventional landfills and transfer stations are unable to
accept organic waste, such as vegetables and fruits. Examples of green waste
include leaves, weeds, flowers, tree branches, grass trimmings and biodegradable

food waste (Siddiqua, Hahladakis and Al-Attiya, 2022).

According to Siddiqua, Hahladakis and Al-Attiya, (2022), all the landfills
mentioned earlier should be sanitary. Within the sanitary landfills, four layers are
critical for the whole waste decomposition process (Figure 2.1). The landfill's base
layer is compacted dense clay, preventing waste seepage and underground pollution
(Rajaeifar, et al., 2015). The drainage system, the second landfill layer, shields
against decomposition of waste-generated liquids by removing toxins from waste,
rain and snow to protect the liner system. Perforated pipes in the upper section
collect leachate, preventing liquids from seeping into the landfill bottom
(Adamcova, et al., 2017). The third layer of sanitary landfills is the gas collection
system, where natural gases such as methane, are produced. The fourth and largest
waste storage layer is collected by various companies and compacted daily. Finally,
a compacted soil layer covers the surface to minimize odor and harmful

microorganism growth (Siddiqua, Hahladakis and Al-Attiya, 2022).
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Figure 2.1: Layout of a typical waste landfill (adopted from Siddiqua,
Hahladakis and Al-Attiya, 2022).

Landfilling is the standard method practiced in Malaysia to dispose of
municipal solid waste (Kamaruddin, et al., 2017). Of 165 operating landfills in
Malaysia, only eight [Pulau Burung (Pulau Pinang), Selong (Johor), Bukit Tagar
(Selangor), Jeram (Selangor), Kuching, Miri (Sarawak), Kota Kinabalu (Sabah)
(Malek and Shaban, 2008), Tanjung Duabelas — Kuala Langat, (Selangor), Sabak
Bernam (Selangor) (Worldwide Environment, n.d.) are considered sanitary landfills
provided with a leachate treatment system (Taib, et al., 2021). Several existing
landfills, such as Taman Beringin Landfill (Kuala Lumpur) (Chin, et al., 2020) and
Kayu Madang Landfill (Selangor) (Manaf, Samah and Zukki, 2009), have reached
their maximum design capacity more quickly than anticipated due to rapid
urbanization. Hence, the construction of new landfill sites has become increasingly
challenging due to land scarcity, urban expansion and public opposition (The

Malaysian Reserve, 2024).
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In addition to disposal availability, the focus has increasingly shifted to the
environmental by-products generated during landfill operations. The
decomposition of municipal solid waste in landfills generates numerous waste
products that adversely affect the environment and pose management challenges
(Virdi, Sharma and Devi, 2021; Kafle, et al., 2025). Landfills generate a complex
mixture of wastes, including liquid (leachate), gases (e.g. methane and carbon
dioxide) (Angqi, et al., 2020), and solids/residuals that remain after biological and

chemical transformations (Gunarathne, 2024).

2.2.1 Characteristics of Young, Intermediate and Old Leachates

Landfill leachate is an intensely black coloured liquid generated through the
percolation of precipitation through solid waste in landfills (Taib, et al., 2021). It is
produced from liquids in the waste and outside water, including rainwater
(Jayawardhana, et al., 2017). Leachates are comprised of numerous chemicals,
which are affected by factors such as weather conditions, landfill design,
operational procedures and waste decomposition (Singh, et al., 2016a; Naveen, et
al.,2017). The production of leachates also relies on the water balance at the landfill
site. The water balance effect of leachate in a landfill refers to the accounting of
water inputs (precipitation, waste moisture and high rate of rainfall) and outputs
(leachate, runoff and evapotranspiration) to determine leachate generation and

potential groundwater contamination (Bengtsson, et al., 1994; Taib, et al., 2021).
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Landfill leachate can be categorized into three key groups based on its age,
namely young (0-5 years old), intermediate (5-10 years old) and old (more than 10
years old) (Table 2.1). Young landfills (acetogenic) have been observed to produce
leachate from the fresh waste discarded there, which contributes to the waste's rapid
degradation. The leachate is distinguished by low pH, high load of volatile acids
and degraded organic matter. The Biochemical Oxygen Demand over 5 days
(BODsy/Chemical Oxygen Demand (COD) ratio is highest compared to
intermediate and old landfills because of a readily biodegradable organic matter
abundance, leading to a rapid decrease in BOD levels compared to COD
(Lindamulla, et al., 2022). In contrast, a significant level of biodegradable organic
materials in the intermediate landfills actively participates in the anaerobic

digestion of waste.

Leachate from an intermediate landfill (acetogenic) is identified by a pH
between 6.5 and 7.5, a lower COD value (5,000-10,000 mg/L) than young leachate,
a BODs/COD ratio of 0.1-0.5 and reduction in volatile fatty acids (Tejera, et al.
2019). As for old landfills from the methanogenic phase, both pH and leachate
methane production are high, and the primary organic materials present are humic
and fulvic fractions (Aziz, et al., 2012; Tejera, et al., 2019). Leachate generated
from these landfills contains high ammonia nitrogen levels from hydrolysis and
fermentation of biodegradable materials with nitrogenous compounds (Lindamulla,

et al., 2022).
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Table 2.1: Leachate characteristics based on the landfill age (adopted from
Aziz, et al., 2012; Yadav and Dikshit, 2017; Tejera, et al., 2019; Arat, et al.,

2024)
Young Intermediate Old

Age (years) 0-5 5-10 >10
pH <6.5 6.5-75 7.5
Biological Oxygen
Demand  (BODs) >4000 1000-4000 <400
(mg/L)
Chemical Oxygen >10,000 5,000-10,000 <5,000
Demand (COD)
(mg/L)
BODs/COD 05-1.0 0.1-05 >0.1
Total Organic >2500 1000-2500 <1000
Carbon (mg/L)
NHs—N (mg/L) <400 - > 400
HMs levels Medium to low Low Low
Volatile Fatty Acids VFA (80%) VFA (5-30%) + HFA (80%)
(VFA)/ Humic and HFA
Fluvic Acids (HFA)
Biodegradability High Medium Low
Microplastics High Medium Low

18



2.2.2 Heavy Metals (HMs) in Landfill Leachate: Toxicity and Environmental
Risks

Pollutants, such as HMs, plastics, organic and inorganic compounds,
inorganic salts, nitrogenous components and xenobiotic pollutants are present in
the leachate (Dagwar and Dutta, 2024). Before disposal in a landfill, separating
non-hazardous from hazardous waste is uncommon for most developing countries.
Hence, failure to properly segregate waste in landfills leads to severe environmental
and public health consequences. Some of the key impacts include the leaching of
HMs from mixed-waste landfills (Dagwar and Dutta, 2024), soil and groundwater
pollution (Zhang, et al., 2023) and higher toxicity threat to human health (causing
cancer, organ damage and weakening immune systems) (Radfard, et al., 2023) and

ecosystems (Rahman and Singh, 2019).

The continuous percolation of landfill leachate to the surrounding aquatic
and soil area is a hazardous contamination source of various pollutants (Hussein, et
al., 2021; Hredoy, et al., 2022; Beinabaj, et al., 2023). HMs are one of the most
noxious pollutants found in landfill leachate (Edokpayi, et al., 2018). The most
common HMs found in landfill leachate are lead (Pb), cadmium (Cd), manganese
(Mn), zinc (Zn), nickel (N1) and iron (Fe). Non-threshold HM pollutants, such as
Pb, Cd, chromium (Cr), arsenic (As) and mercury (Hg) can be harmful even at very

low concentrations (Jayanthi, et al., 2016; Rahman and Singh, 2019). It was
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reported that the metal contents in young (acetogenic) leachate are comparatively

higher than those found in old leachate (Dan, et al., 2017).

2.2.2.1 Lead

Pb appears to be a silvery-white and highly malleable metal. In nature, it is
rarely found in its native form but in combination with other elements, forming
interesting minerals (Johnson, 1998). Pb has been widely applied in numerous
anthropogenic activities, such as leaded paints, fossil fuels, molten Pb as a coolant,
and vehicle batteries (as lead oxide) (Pinho and Ladeiro, 2012). Humans can be
exposed to Pb (release to the environment via mining, industrial processes and
fossil fuel combustion) (Abdulaziz, et al., 2022; Ghosh, et al., 2023) through
inhalation or by consuming polluted water and soil (Jyothi, 2021). Pb toxicity was
reported in pregnant women (Forsyth, et al., 2018) and children (Dong, Taylor and
Gulson, 2020). Pb produces reactive oxygen species (ROS) that inhibit crucial
metabolic processes in plants (Aslam, et al. 2021; Khaliq, et al., 2021). Additionally,
Pb inhibits enzyme activity by reacting with the enzyme—SH groups of numerous
plant enzymes, such as those involved in chlorophyll biosynthesis and a-amino

levulinate dehydrogenase (Konuk, Cigerci, and Korcan, 2010; Kumar, et al., 2020).
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2.2.2.2 Cadmium

Cd is widely distributed as a non-essential trace element in the environment.
It is usually incorporated into phosphorites, sulphides and carbonates in soils and
rocks (Kubier, Willkin and Pichler, 2019). Cd exposure increases in the
environment due to mining activities, waste burning, combustion of fossil fuels,
and recycling of electronic waste, in addition to the use of Cd-containing colourant
in paints, Cd-containing stabilizers in plastics and Ni-Cd batteries (Genchi, et al.,

2020).

Cd can be easily absorbed by crops, which increases the probability of Cd
toxicity in humans and livestock after consuming the crops (Cai, et al., 2019; Hou
et al., 2023a). In the human body, Cd stimulates the production of ROS and
metallothionein, subsequently causing oxidative damage to cells and lipid
peroxidation (Patra, Rautray and Swarup, 2011). On the other hand, a high level of
Cd inhibits plant nutrient absorption and translocation, increases oxidative damage
and disrupts growth and metabolism (Haider, et al., 2021). Further Cd toxicity leads
to chlorosis, stunted growth, reduced chlorophyll content, compromised carbon
fixation and subsequent necrosis. Besides, Cd is also known to induce osmotic
stress, reducing stomatal conductance, water content and transpiration rate in plants

(Soni, et al., 2024).
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2.2.2.3 Ferum

Fe is the fourth-most prevalent element in the Earth's crust, widely utilized
in life and industry. Regarding the number, density and atomic weight, Fe is
considered a HM. It is present in landfill waste, usually from metal containers,
construction debris, household appliances and natural soil beneath the landfill. This
HMs has the potential to mobilize and leach into the leachate (Li, et al., 2011). Fe
is an element required for photosynthesis and chlorophyll synthesis in plants,

besides being important for human body building.

In plants, Fe deficiency will lead to chlorosis and slow growth (Santos, et
al., 2015). However, excessive use of iron fertilizer in soil might generate pollution
and cell toxicity in plants. For example, damage to biomolecules occurs when
excessive Fe in cells reacts with hydrogen peroxide (H>02) (Schmidt, Thomine and
Buckhout, 2020), which will form hydroxyl radicals through Fenton chemistry.
Plant toxicity is visible in stunted root systems and leaf bronzing (Li, Kronzucker,

and Shi, 2016).
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2.2.2.4 Zinc

Zn is one of the most abundant elements in the environment and an essential
trace element for all living organisms (Guarino, et al., 2020a). Its occurrence on
Earth is due to the weathering of rocks (Hussain, et al., 2022), while through mining,
its concentration increases (International Lead and Zinc Study Group, 2020). Most
of the Zn in landfill waste originates mainly from industrial activities, such as
mining, smelting and waste disposal, which are the primary industrial sources. Zn
is also found in everyday home objects that wind up in landfills, such as paints,

musical instruments and several types of plastics (Ng, et al., 2016).

Typically found in nature as divalent cations, Zn is involved in nucleic acid
metabolism, chromatin structure, gene expression, regulation and enzyme activity
(Meng, et al., 2023). Hence, it is an essential trace element that plants need for
various metabolic and regulatory functions (Ganie, et al., 2020). Factors such as
external bioavailable concentration, plant species and exposure time determine the
toxic effects of Zn. For instance, excessive Zn in most vascular plants is toxic and
negatively impacts their development and growth (Kaur and Garg, 2021). This
results from cytostructural disturbance, nitrogen metabolism imbalance and
alterations in enzyme function brought on by Zn (Meng, et al., 2023). The most

apparent Zn toxicity symptoms in plants are growth inhibition, young leaves
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chlorosis (due to lower uptake of Fe** and Fe**) and even cell death (Sturikova, et

al., 2018).

2.2.2.5 Manganese

Mn is crucial for carbohydrate, lipid and protein metabolism in humans and
animals. It functions as an enzyme cofactor and is embodied in several
metalloenzymes (Horning, et al., 2015; Balachandran, et al., 2020). Mn is well
known for its application in steel production (Marsidi, Hasan and Abdullah, 2018),
textile dyeing mills (Mamun, et al., 2022), entrainment of soils containing Mn and
combustion of fossil fuels (Men, et al., 2021). Wastes such as insecticides, paint,
pigments, bottle caps and blades are examples of the source of Mn in landfill

leachate (Kanmani and Gandhimathi, 2013).

Exposure to excessive amounts (more than 150 mg per kg dry weight)
(Millaleo, et al., 2010; Li, et al., 2019a) of Mn in plants can decrease photosynthetic
rate (Alejandro, et al., 2020), production and quality of crops worldwide (Liu, Li
and Xu, 2019). Being a toxic metal, excessive Mn can generate ROS, trigger
oxidative stress and finally poison plants. ROS could lead to lipid peroxidation and
damage photosynthetic pigments if not well scavenged (L1, et al., 2019a). In general,
the most apparent effects of plant exposure to high soil Mn concentration are brown

spots, chlorosis and leaf necrosis, which can reduce the photosynthetic efficiency
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(Faria, et al., 2020; Garcia, et al., 2020). Hence, addressing Mn pollution is vital to
safeguard plant/agricultural productivity and ecosystem health, focusing on
pollution control measures and sustainable waste management (Singh, Chakraborty

and Sehgal, 2023).

2.2.2.6 Nickel

Ni, along with Cd and As, is known to impede deoxyribonucleic acid (DNA)
repair mechanisms in plants (Briffa, Sinagra and Blundell, 2020). Hence, it is a
well-known carcinogenic toxic metal (Haque, 2016). Ni is a transition element
widely distributed in the environment. The environment can acquire it through
anthropogenic activities, such as the use of liquid and solid fuels, as well as the
disposal of municipal and industrial waste. Ni can also originate from natural
sources (Genchi, et al., 2020). Approximately half of the Ni used in the global
production of Ni-Cd batteries, colour ceramics and electroplating is discarded in
landfills and other waste disposal sites (Agency for Toxic Substances and Disease

Registry, 2024).

While Ni is an essential micronutrient for some plants, high concentrations
(more than 10 mg per kg for sensitive plants, more than 50 mg per kg for tolerant
plants) (Gerendas and Sattelmacher, 1999) can disrupt metabolic processes, impair

nutrient uptake and cause oxidative stress (Hassan, et al., 2019). High Ni levels
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suppressing enzymatic activity, chlorophyll biosynthesis and photosynthetic
electron transport (Sreekanth, et al., 2013). Elevated levels of Ni can lead to
alterations in the activities of plant enzymes, such as catalase (CAT) and superoxide

dismutase (SOD) (Gupta, et al., 2017).

2.3  Type of Landfill Leachate Treatments

Leachate from landfills has a high potential for pollution due to its significant
levels of inorganic and organic pollutants. Hence, reducing environmental hazards
and public health in landfills is a significant concern (Xaypanya, et al., 2018). Three
main approaches frequently used to treat landfill leachate are physical (e.g. physical
separation or filtration) (Renou, et al., 2008), chemical (e.g. coagulation-
flocculation, precipitation) (Sengupta and Pal, 2021) and biological (e.g.

microorganism treatments and phytoremediation (Mojiri, et al., 2021).

2.3.1 Chemical Methods

Chemical approaches for treating landfill leachate entail adding chemical
reagents or agents to help pollutants in the leachate to precipitate, coagulate,
flocculate, oxidize or neutralize (Aziz, et al.,, 2022). These techniques aim to
improve the eradication of organic compounds, dissolved metals and other

contaminants via chemical reactions that change them into insoluble aggregates or
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precipitates that can be removed from the liquid phase (El-Saadony, et al., 2023;
Chen, et al., 2024). Standard chemical treatment methods include advanced
oxidation processes (AOPs), coagulation-flocculation, oxidation-reduction and
precipitation (Sengupta and Pal, 2021). Precipitation and coagulation-flocculation
directly remove metals, whereas oxidation-reduction and AOPs primarily alter
metal speciation or organic complexation to facilitate subsequent removal. They
are frequently used in hybrid systems to enhance the removal efficiencies of
organics and HMs by integrating radical oxidation with particle destabilization and

precipitation processes (Zazouli, et al., 2024; Wang and Qiao, 2024).

AOPs employ powerful oxidants to combine with catalysts or ultraviolet
(UV) radiation, producing highly reactive hydroxyl radicals which can mineralize
organic pollutants into less harmful and simpler compounds (Pandis, et al., 2022).
In coagulation-flocculation, flocculants (e.g. cationic polymer flocculants, natural
polymer flocculants and polyelectrolytes) (Ahmadli and Mammadova, 2024;
Tsoutsa, et al., 2024) are added after coagulants (e.g. aluminum sulfate or ferric
chloride) to enhance the aggregation of colloidal particles and suspended solids into
bigger flocs for easier separation from the leachate (Abujazar, et al., 2022).
Oxidation-reduction methods, such as chlorination or ozonation, involve the
addition of oxidizing agents to reduce organic contaminants or lessen the number
of toxic compounds (Wang and Chen, 2020). The main purpose of chlorination is
microbiological disinfection. However, chlorine also functions as an oxidant and

can eliminate or aid in the chemical conversion of certain chemicals, such as
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oxidation of manganese (II) to insoluble products that can be eliminated by further
filtration (World Health Organization, 2022). Precipitation methods involve adding
chemicals that react with dissolved pollutants to form insoluble precipitates, which

can be removed by sedimentation or filtration (Pohl, 2020).

Chemical treatment processes can attain significant removal efficiency for
organic compounds, dissolved metals and recalcitrant contaminants that might not
be adequately addressed by biological or physical techniques alone (Nidheesh, et
al., 2022). Besides, by adjusting dosage and type of chemical additives, these
processes are often tailored to specific treatment objectives and leachate
compositions (Khoo, et al., 2020). Sludge generation is a key drawback of chemical
treatments like precipitation and coagulation-flocculation. It contains excess
chemical reagents and aggregated pollutants, posing major disposal challenges
(Sharma, et al., 2022). In addition to increasing operating expenses, the improper
use of chemical reagents can pose a risk to operators' health and safety if not
handled correctly. Chemical sludge typically requires dewatering and often requires
additional treatment/stabilization before disposal in landfills/utilisation in other

applications (Hou, et al., 2023b).
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2.3.2 Physical Methods

Physical techniques for treating landfill leachate involve physical separation
or filtration processes to remove particulate matter and suspended solids (Renou, et
al., 2008). Sedimentation and filtration are the commonly applied physical methods
(Bashir, et al., 2016). Sedimentation allows suspended solids to sink to the bottom
under the influence of gravity, which facilitates the removal of the solids from the
leachate (Wang, et al., 2021). Simultaneously, HM concentrations are reduced by
settling particle-bound metals formed via adsorption (Bakhtiyari-Ramezani, et al.,
2025) and co-precipitation processes (Kowalik-Klimczak, 2025). Filtration
methods, including activated carbon or sand filtration, use porous material to trap
organic compounds and suspended solids as the leachate flows through the filter
bed (Loh, et al., 2021). For instance, sand filtration prior to adsorbent columns (e.g.
activated carbon or calcined materials) can enhance HM removal by reducing
particulates, that might otherwise obstruct adsorption (Jaradat, Telfah and Ismail,

2024).

Membrane technologies, such as microfiltration, nanofiltration,
ultrafiltration and reverse osmosis, employ semi-permeable membranes to
eradicate pollutants based on charge selectively and molecular size (Rai and
Shrivastav, 2022). These methods are often investigated for HM removal in

wastewater treatment (Castro and Abejon, 2024). Air stripping is another physical
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process that eliminates volatile pollutants, such as ammonia and volatile organic
compounds from leachate. This is done via the passing of air through the liquid (De,
Hazra and Dutta, 2019; 2022). It is routinely used as a pretreatment step preceding
processes able to target non-volatile pollutants, including HMs (Wang and Qiao,

2024).

The main benefit of physical treatment techniques is their capacity to
remove contaminants at high levels, especially for larger organic molecules and
suspended particles (Saravanan, et al., 2021). The treated leachate's visual clarity
and general quality are improved by these techniques, which are frequently
successful in lowering turbidity and eliminating colloidal particles (Zakaria, et al.,
2023). Physical treatment processes typically require comparatively low energy
inputs and few chemical additions (Nyabadza, et al., 2023). Nevertheless, in
membrane-based processes, membrane fouling or blockage can reduce treatment
effectiveness and increase operating costs (Asif and Zhang, 2021). While simple
physical separation processes (eg. sedimentation, air stripping) (Verma and Kuila,
2019) are ineffective for dissolved HMs, advanced physical techniques (e.g.
membrane filtration and adsorption) require high energy input, frequent
maintenance (Mannaf, et al., 2025) and generate secondary pollutants (Shofia, et
al., 2025), necessitating further treatment stages (Saleh, Mustageem and Khaled,
2022). Moreover, in areas with low financial resources, membrane technologies
may not be widely adopted due to their high operating and capital costs (Othman,

et al., 2022).
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2.3.3 Biological Methods or Bioremediation

According to Moris, et al. (2018), bioremediation eliminates environmental
pollutants by biological means. Its advantages include environmentally friendly
techniques and cost-effectiveness. In general, biological treatment methods for
landfill leachate can be grouped into two main categories, namely microorganism

treatments and phytoremediation (Mojiri, et al., 2021).

2.3.3.1 Microorganism Treatments

Landfill leachate can be remediated using various bacteria, microalgae and
fungi (Moris, et al., 2018; Spina, et al., 2018). Microorganism treatments employ
the metabolic activity of microbes to break down organic contaminants and
eliminate nutrients from leachate (Wu, et al., 2015). These techniques, which use
various environmental conditions and microbial communities to promote the
leachate's biodegradation and transformation of toxins, usually include aerobic
treatment, anaerobic treatment and constructed wetlands (Kurniawan, et al., 2010).
Aerobic bacteria, such as Brevibacillus panacihumi strain ZB1 and Pseudomonas
putida (Michalska, et al., 2020; Mojiri, et al., 2021) can break down organic
compounds and oxidize them into less toxic, simpler forms by subjecting the

leachate to oxygen-rich environments (Bhambore and Suresh Kumar, 2022). On the
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other hand, anaerobic bacteria, such as Syntrophomonas, Syntrophobacter and
Smithella (Hori, et al., 2011), break down organic matter through fermentation and
methanogenesis in anaerobic treatment methods, which perform without oxygen

and produce methane as a byproduct (Zamri, et al., 2021).

Utilizing wetland microbial communities, plants and soil, constructed
wetlands are engineered systems that replicate natural wetland ecosystems. These
systems use biological, physical and chemical processes to extract pollutants from
the leachate (Hassan, et al., 2021). Bakhshoodeh, et al. (2020) stated that these
systems foster wetland plants and microorganisms, which enhance leachate quality
by adsorbing, absorbing and metabolizing contaminants. In addition, constructed
wetlands can improve nutrient removal and groundwater recharge via retention in

the soil and facilitating water infiltration (Chand, Kumar and Suthar, 2022).

2.3.3.2 Phytoremediation

Phytoremediation is a plant-based approach to inactivate and degrade
potential toxic contaminants in leachate (Table 2.2) (Song, et al., 2018). It is an
effective and economical alternative to remove elemental pollutants or lower their
bioavailability (Eid, et al., 2020). Phytoremediation plants are classified as
terrestrial plants and aquatic macrophytes. Terrestrial plants are effective in soil

remediation via phytoextraction and phytostabilization. Aquatic macrophytes are
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well-suited to aquatic and sediment environments due to their extensive root
systems and high uptake capacities. Recently, numerous studies have highlighted
that aquatic macrophytes are effective HM removal, thus making them potentially
useful in wastewater and wetland remediation applications (EI-Amier, et al., 2021;

Bayuo et al., 2024).

Macrophyte plants are classified into four categories, namely free-floating,
submerged, emergent and floating-leaved (Kochi, et al., 2020). Free-floating and
submerged macrophytes are effective for rhizofiltration and direct uptake of
dissolved HMs from water, whereas emergent and rooted species enhance metal
stabilization and sediment interaction (Nadi, et al., 2025). They have been
employed to treat leachate (Song, et al., 2018) and eutrophic rivers in stormwater
detention ponds (Saha, et al., 2022). Plants with an exceptional capacity to
accumulate metals are known as hyperaccumulators (Tangahu, et al., 2011). This
ability is crucial for phytoremediation to be successful (Alaboudi, Ahmed and
Brodie, 2018). At low HM levels, these hyperaccumulators can sequester metal ions
via metallothioneins and phytochelatins. The complex procedure of metal
sequestration include transportation across plasma membrane, translocation, xylem
loading and detoxification process by the plant (Rascio and Navari-Izzo, 2011)

(Figure 2.2).
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Table 2.2: Summary of plant species used in phytoremediation (adopted from

Sharma, et al., 2023a)
Mechanism Plant HMs BCF/TF
Phytoextraction Brassica juncea, Zn,Cu,Ni BCF>1,;
Sinapis arvensis, TF>1
Brassica
campestris
Phytoextraction Tagetes erecta Cd, Zn High BCF
(Cd, Zn); TF
varies by
metal
Rhizofiltration Eichhornia Pb, Ni BCF
crassipes, Typha variable;
angustifolia TF>1
Phytostabilization Brachiaria Cr BCF>1;TF
mutica, <1
Leptochloa fusca
Phytovolatilization/  Pteridium As BCF>1;TF
phytoextraction aquilinum (fern <1
species)

Hyperaccumulators are plants with a Translocation Factor (TF) value of

more than one or a Bioconcentration Factor (BCF) value greater than two (Mellem,

Baijnath and Odhav, 2009). The BCF and TF values are the indicators used to

identify the hyperaccumulator plants. The plant's ability to translocate metals from

its root to shoot is indicated by TF (Ndimele, et al., 2014), while BCF illustrates the

buildup of metals in plant tissues. Ornamental plants, which include Helianthus

annus (sunflower) and Impatiens glandulifera have been demonstrated with

elevated BCF values for Cd, indicating significant root accumulation (Deepika and

Haritash, 2023). Besides, Atractylis gummifera has shown remarkably increased

(eg. TF > 9 for Pb and Zn) (Chafik, et al., 2026), implying its phytoextraction

capability. In addition, several aquatic and wetland flora, such as FEichornia
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crassipes (Hidayati and Rini, 2020) and P. stratiotes have demonstrated elevated
BCF under field and lab applications, respectively. This enables them as promising

candidates for water-based remediation systems.
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Figure 2.2: Mechanisms of HM resistance to stress in non-
hyperaccumulators and hyperaccumulators plants (adopted from
Tyagi, et al., 2024).

Phytoextraction, phytostabilization, phytodegradation, phytovolatilization
and rhizofiltration or phytofiltration are among the various phytoremediation
techniques (Wei, et al., 2021). Phytoextraction involves the uptake and transfer of

toxins from plant roots into shoots. Roots and shoots will be harvested to eradicate
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soil toxins (Ali, Khan and Sajad, 2013). This method is preferred because harmful
components may be extracted from plant shoots (Jeyasundar, et al., 2021). During
phytoremediation of specific metals, some plant species are better adapted for
phytoextraction (Kafle, et al., 2022), such as Nicotiana tabacum for Cd (Yang, et
al., 2019), Sedum alfredii for Pb (Ning, et al., 2019) and Arundo donax for As

(Guarino, et al., 2020b).

In phytostabilization, plants such as Eupatorium cannabinum
(Gonzélez, et al., 2019), Salix spp. (Yang, etal., 2019) and Solanum nigrum
(Li, etal., 2019b) are employed to lessen the mobility and bioavailability of
pollutants. This strategy prevents their spread into the ecosystem and reduces the
chances of metals from entering the food chain (Marques, Rangel and Castro, 2009;
Yan, et al., 2020). However, its application is limited since metals are only confined
and immobilized momentarily (Radziemska, 2018). Phytodegradation is frequently
used against organic contaminants, but is rarely used and less effective against
inorganic contaminants (Alsafran, et al., 2022). Phytodegradation is like
phytostabilization, in which plant enzyme activities and rhizosphere bacteria
transform contaminants metabolically into inactive forms. Phragmites australis
(He, et al., 2017), Pontederia crassipes (Gong, Chen and Pu, 2019) and Spirodela
polyrhiza (Singh, Pandey and Suthar, 2019) are examples of plants applied in

phytodegradation.

36


https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0103
https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0295
https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0160
https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0117
https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0102
https://www.sciencedirect.com/science/article/pii/S2666765722000394#bib0252

Phytovolatilization  plants, including  Polypogon  monspeliensis
(Ruppert, et al., 2013) and Juncus effusus (Wiessner, et al., 2013) convert metal
pollutants into a gaseous form, which is subsequently released into the air (Aweng,
et al., 2018). However, pollutants are only shifted to different areas of the
environment and they may still return to the soil after precipitation. Hence,
phytovolatilization is less popular compared to phytofiltration and phytoextraction
(Bisht, Chanyal and Srivastava, 2020). In rhizofiltration strategies, plant roots are
utilized to absorb pollutants, particularly metals, from contaminated water and soil
(Mahajan and Kaushal, 2018). Sunflower, tobacco, Indian mustard, spinach and rye
are a few examples of plants employed for rhizofiltration (Suriya, et al., 2015).
Phytofiltration involves the active absorption and adsorption of contaminants by
the roots, shoots or seedling plants (Mesjasz-Przybylowicz, et al., 2004).
Phytofiltration plants, such as Phragmites australis, Spartina alterniflora and water
hyacinth have a high rate of pollutant absorption (Park and Oh, 2023). However,
both rhizofiltration and phytofiltration need to be used alongside suitable biomass

disposal options (Yadav, Siebel and van Bruggen, 2011).

2.3.4 Emerging of Hybrid Methods for Leachate Remediation

Hybrid methods are frequently employed to treat landfill leachate to tackle
the high levels of pollutants and limited biodegradability (Mojiri, et al., 2021). The

hybrid methods include chemical and physical methods (Xiang, et al., 2019), such
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as AOPs combined with membranes that indirectly remove HMs. AOPs degrade
organic matter, whereas the membrane component separates the dissolved metal
ions (Castro and Abejon, 2024; Shulin, et al., 2026). While effectively reducing the
membrane-fouling problems and improving overall separation performance (Pan,
et al., 2019), the potential drawbacks include degradation of membrane structure
and reduction of photocatalytic activity in nanoparticles during operation (Regmi,
Kshetri and Wickramasinghe, 2025). On the other hand, combining membrane
filtration with coagulation improves HM removal (Kowalik-Klimczak, 2025), can
also present challenges like increased chemical costs (Das, et al., 2023), the
potential for membrane fouling (Wu, et al., 2009) and adverse effects on the
environment and human health and due to aluminium (Al) residues (Ragio, et al.,

2022).

Researchers have proposed the integration of biological, chemical and
physical techniques to enhance biodegradability ratios and improve the biological
method’s performance (Wu, et al., 2010; Mojiri, et al., 2016). Biological methods
have been integrated with membrane, AOP and coagulation methods (Mojiri, et al.,
2021). The membrane bioreactor is a significant advancement in wastewater
treatment, offering advantages over the traditional activated sludge process
(Iorhemen, Hamza and Tay, 2016). Abuabdou, et al. (2020), however, mentioned
that this integration caused a reduction in biomass growth, thereby affecting a

longer time for stabilization.
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AQP techniques are integrated as a pre-treatment (He, Ma and Liu, 2020),
while coagulation can either be applied as pre- or post-treatment with biological
treatment techniques (Niazi, 2018; Giiven¢ and Giiven, 2019). Both integrations
offer the generation of more easily biodegradable intermediates, with the latter
integration lessening the colour, COD and metals in leachate. Hybrid methods may
be longer and more costly due to chemical and energy demands (Qian, Sun and Liu,

2013; Aravind, et al., 2016), with additional toxicity risks from breakdown products.

2.4  Electro-assisted Phytoremediation (EAPR): Concepts and Applications

Phytoremediation utilizes various plant species to remove, remediate or
transform contaminants from water and soil (Tejeda and Mallarino, 2022). However,
phytoremediation has numerous drawbacks (Schwitzguébel, 2017), including the
requirement for pollutants to be present in the root zones of the plants used for
phytoremediation and the site must be sufficiently large to accommodate the use of

farming methods (Tripathi, et al., 2020).

This study discussed electro—phytoremediation techniques under two
configurations: (i) electrokinetic remediation combined with phytoremediation
(EKR-PR) and (ii) EAPR (Figure 2.3). Both systems operate in soil or aquatic
environments and use external electric fields to enhance pollutant mobility,

bioavailability, and subsequent plant uptake. EKR—PR focuses on electrokinetic
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transport mechanisms, which include electromigration, electroosmosis and
electrophoresis. These processes mobilize contaminants and enhance plant uptake
by modifying pollutant speciation and solubility in electric fields. In ryegrass and
other plants, EKR—PR increased bioavailability and phytoextraction of HMs and
organic pollutants from soils and mining tailings (Mulati, et al., 2023; Fan, et al.,
2024). In contrast, EAPR employs milder electrochemical stimulation to enhance
rhizosphere environments and the effectiveness of plant-based extraction in both
soil and aquatic environments (Putra, Ohkawa and Tanaka, 2013; Putra and Hastika,
2018). Recent studies indicate that EAPR can markedly enhance the removal
efficiencies of HMs and other pollutants when integrated with plant uptake,

exemplified by Pb and Fe in synthetic leachate treated with P. stratiotes.
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Figure 2.3: Schematic diagram of the comparison between (a) EKR-PR and
EAPR (b)
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Furthermore, EAPR combines an electrochemical process with
phytoremediation [Figure 2.3 (b)] to enhance the effectiveness of phytoremediation.
In this system, a direct current electric field of low intensity is applied to the
contaminated source (Putra and Hastika, 2018). In the process of water electrolysis,
H' ions are produced around the anode electrode when a low-intensity electric field
is applied. More metalloids and metals are demobilized around the anode electrode
under an acidic environment (Thangavel and Subbhuraam, 2004), and eventually,
these metals are transferred to the cathode electrode (Dermont, et al., 2008). The
mobilization of HM ions increases their uptake by the root zones of the plants via
the electromigration process (O‘Connor, et al., 2003). Subsequently, the HM 1ons
might be deposited into the shoot system through various transportation pathways
(Putra, Ohkawa and Tanaka, 2013; Putra and Hastika, 2018) and then extracted by

harvesting the plants (O'Connor, et al., 2003).

EAPR was first introduced to overcome the shortcomings of
phytoremediation by Hodko, et al. (2000) and Bedmar, et al. (2009). Since then,
numerous studies have been proposed to improve plant HM uptake from soil (Luo,
et al., 2018; Chang, Dong and Shen, 2019) and wastewaters (Adams, Raman and
Hodgkins, 2012; Akemoto, Putra and Tanaka; 2022). Putra and Hastika (2018)
evaluated the efficiency of EAPR in removing HMs from leachate and the uptake
of HMs (Cd, Cu, Fe and Pb) by Eichornia crassipes was studied on a laboratory
scale. In another study, Putra, et al. (2017) configured a colony system of four

EAPR cells connected by a single circulation wastewater treatment using E.
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crassipes. Their results demonstrated that EAPR could reduce BOD, COD and the

HMs (Cu and Pb particularly) in four hours.

Numerous variables demonstrated a significant effect on the EAPR for
remediation of polluted soil: (i) Direct Current (DC) or alternate current (AC)
current type (ii) continuous or periodical application of voltage (iii) current or
voltage level (iv) electrode configuration (v) electrolyte solution (vi) soil pH (vii)
facilitating agents (Cameselle, Chirakkara and Reddy, 2013; Akemoto, Putra and
Tanaka; 2022). For example, O’Connor, et al. (2003) used a one-dimensional
horizontal setup with Lolium perenne to treat Cu/Cd/As metal-polluted soils,
observing metal redistribution from anode to cathode. Whereas a two-dimensional
electrode configuration resulted in elevated Pb and Cu concentrations in the roots
of Pistia stratiotes (Putra, Cahyana and Novarita, 2015), and Cu was highly
absorbed in the roots of water hyacinth (E. crassipes) (Putra, Novarita and Cahyana,
2016). The electric current density was unfettered by the position of electrodes in a
one-dimensional electrode configuration. In contrast, the electric field's strength
and electric current density increased directly with the distance from the anode to

the cathode (Kim, et al., 2014).

While these studies demonstrate the efficacy of EAPR, its application to
landfill leachate and the underlying molecular responses in plants remain

underexplored, particularly for P. stratiotes. Due to the complex and dynamic
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composition of landfill leachate, an assessment of the viability and efficacy of

EAPR in this context is necessary.

2.5  Pistia stratiotes Morphology and Its Application in Phytoremediation

Free-floating species, which include Lemna minor (duckweed) and Salvinia
spp. have been reported to effectively decrease the nutrient loads and sequester
HMs via bioaccumulation and rhizofiltration processes. Other emergent plants,
such as Centella asiatica and Ipomoea aquatica demonstrate significant metal
uptake and tolerance characteristics in polluted aquatic environments. In addition,
aquatic macrophyte species such as P. stratiotes and E. crassipes are able to
effectively remove water contaminants (Mohd Nizam, et al., 2020; Pang, et al.,
2023). Both plants possess extensive root systems, rapid biomass growth and great
HM accumulation capability (Ergoniil, Nassouhi and Atasagun, 2020; Alam,

Ahmad and Naaz, 2025).

Despite their physical and physiological similarities, P. stratiotes was
selected in this study as a potential candidate for EAPR application. Comparative
studies reveal varying metal uptake efficiencies, with E. crassipes demonstrating
higher Cr removal in particular controlled solutions. Whereas, P. stratiotes
exhibited improved copper uptake and overall HM accumulation in roots,

emphasizing species-specific advantages in performance under numerous pollutant
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conditions (Tabinda, et al., 2020; Maurya, et al., 2025). Moreover, P. stratiotes
frequently exhibits greater accumulation of specific HMs, including Cd and Pb
(Maurya, et al., 2025), as compared with E. crassipes, thereby reinforcing its
significant remediation capability in aquatic environments. The compact rosette
shape, short root and lower biomass density of P. stratiotes, compared to dense mat
and strong vegetative reproduction propagation of E. crassipes (Eid and Shaltout,
2017; Degaga, 2019), makes P. stratiotes easier to handle and allow exposure to
low-intensity electric fields evenly. Furthermore, the significant biomass amount
and shading effects of E. crassipes (Ceschin, et al., 2019) could potentially result
in irregular current distribution and experimental variability. Hence, P. stratiotes
offers a more stable and reproducible experimental model for assessing the

effectiveness of EAPR in controlled soil and water environments.

Pistia is a genus of aquatic flora belonging to the Araceae family (Matyas,
1994). 1t 1s also known as water lettuce, Nile cabbage, water cabbage, shellflower
or jalkhumbhi. It is commonly discovered in ponds, streams and lakes (Quattrocchi,
2017). This plant grows in most tropical regions (Masiyambiri, et al., 2023),
spreading rapidly in nutrient-polluted water. The compact arrangement of its
succulent leaves, which resemble a lettuce head, makes this plant easy to identify
(Figure 2.4). The appearance of water lettuce is characterized by a circular
arrangement of leaves with a dense layer of water-repellent hairs that prevent
waterlogging and aid in buoyancy. The leaves also have a porous, pale green texture,

allowing the plant to stay afloat on the water's surface easily.
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At the same time, the roots enable effective nutrient absorption because of
their feathery form and capacity to grow up to 20 cm long. Water lettuce can
reproduce asexually as well as sexually. It uses stolons, which are horizontal stems
that produce new plants at their nodes for asexual reproduction. Water lettuce
produces tiny, discrete blossoms when it reproduces. Nevertheless, its sexual

reproduction is less common than vegetative proliferation (Alj, et al., 2020).

(€)) (b)

Figure 2.4: Morphological characterization of P. stratiotes (a) leaf and (b) root
structures

P. stratiotes has unique characteristics, such as a rapid growth rate within a
few months from vegetative to flowering (Greg, 2024), a wide root system and the

ability to thrive in nutrient-rich environments, making it an excellent choice for
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phytoremediation. One of P. stratiotes key advantages is its remarkable rate of
growth, which allows the plant to quickly establish itself in polluted environments,
spreading over large areas and providing a significant surface area for absorbing
contaminants. The biomass's rapid growth increases its capacity to remove
pollutants from the environment and permits regular harvesting, which is required

to remove accumulated contaminants (Ergoniil, Nassouhi and Atasagun, 2020).

The roots provide a significant surface area for absorbing contaminants
since they are suspended in the water (Samal and Dash, 2024). This plant's root
system is highly effective in absorbing nutrients, organic pollutants, and HMs from
water, which makes it a flexible way to treat many types of contamination (Mustafa
and Hayder, 2021). According to research by Ergoniil, Nassouhi and Atasagun
(2020), P. stratiotes’s fibrous roots can accumulate significant amounts of HMs.
The plant's physiological and biochemical processes, such as storing metals in
vacuoles and generating metal-binding proteins, are linked to its ability to withstand

and accumulate these metals.

According to Nahar and Hoque (2021), this plant can tolerate a wide range
of water pH levels and thrive in environments with high nutritional content (Henry-
Silva, Camargo and Pezzato, 2008). It thrives in neither basic nor acidic water, and
is commonly found in areas with high nutrient levels, typically due to wastewater

discharge or agricultural runoff. Its efficient antioxidant system and the production
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of phytochelatins, which bind to HMs, are the reasons it may flourish in
contaminated environments (Ergoniil, Nassouhi and Atasagun, 2020). P. stratiotes
is a noteworthy asset for extensive phytoremediation endeavors because it is
exceptionally adaptable to cultivation and management. It may produce new plants
rapidly by asexual propagation. The simplicity of cultivating P. stratiotes ensures

the continuous provision of this plant for phytoremediation endeavors.

P. stratiotes is widely used in treating industrial, household and
agricultural wastewater due to its availability, bioaccumulation capability,
resilience in toxic environments and invasive characteristics (Table 2.3) (Mustafa
and Hayder, 2021). P. stratiotes is well known for its capacity to absorb and retain
large concentrations of HMs (Ali, et al., 2020). Due to these characteristics, it is a
suitable option for the EAPR system. In earlier research, this plant effectively
eliminated HMs from contaminated water sources. However, the combined benefits
of water lettuce and electrical enhancement in landfill leachate remediation have

not been well investigated.
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Table 2.3: HM removal of P. stratiotes from different wastewater sources

Type of pH range Removal Key remarks
wastewater performance
Industrial effluent ~6-8 86% colour High tolerance to
(dyeing removal; 77% complex industrial
wastewater) COD; 66% TDS; contaminants; strong
(Ahilaetal., 2021) 61.33% chloride  biomass growth

Sugar mill effluent Neutralto Upto 75% HM  Roots act as primary HM
(Kumar, Singh slightly (Cd, Cu, Pb, Zn) accumulation site
and Chopra, 2018) alkaline removal

Industrial Not Significant Effective bioagent for
wastewater specified  reduction of phytoremediation of
(Mustafa and colour, BOD and domestic wastewater,
Hayder, 2021) COD. particularly at 12 and 24-
hour retention times
Synthetic HM- ~6-7 Enhanced HM Electro-assisted
contaminated (Pb, Cu) uptake  phytoremediation
water (Putra, improved removal
Cahyana and efficiency

Novarita, 2015)

2.6  Defense Strategies by Plants to Overcome HM Stress

The increasing generation of waste and associated leachate poses
significant environmental risks due to the release of toxic pollutants, including HMs,
into ecosystems (Kumar, et al., 2022). Phytoremediation, a cost-effective and
sustainable plant-based method, has unfolded as a promising alternative for
leachate remediation by employing plants to uptake, contain and detoxify pollutants

(Yan, et al., 2020). HM stress, however, can impair plant growth (Ubando, et al.,
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2020) and remediation efficiency (Li, et al., 2019c), necessitating strategies to

enhance metal tolerance and accumulation.

Two major groups of HMs are characterized based on physicochemical
properties and interference with biological activities: redox-active and non-redox-
active HMs. Redox-active HMs, such as Cu, Mn and Fe can cause oxidative injuries,
leading to further DNA damage, degradation of protein and even cell death in plants.
Whereas Ni, Cd, Hg and Zn, which are examples of non-redox-active HMs,
notoriously result in oxidative stress via depletion of glutathione, binding to
sulthydryl, inactivation of antioxidants or activation of ROS enzymes (Singh, et al.,
2016b; Yap, et al., 2021). HMs can influence chlorosis and cause inhibition of
growth, seedling germination and root (Basu, et al., 2018). Plants have developed
specific transport channels to absorb essential metals for normal cell functions.
Nevertheless, no special channels are available for nonessential and toxic metals
uptake into the plant system (Tyagi, et al., 2024). Plants adopt morphological or
physiological changes, plant biochemical response and changes at the genomic
level defense strategies to mitigate the adverse effects of HMs (Srivastava, et al.,

2017).

Freshwater and marine plants, including Canadian waterweed (Elodea
canadensis), Posidonia oceanica, Eelgrass (Zostera marina) and duckweed have

been studied for their species-specific and shared tolerance mechanism (Wang,
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2024). Some of their adapted key strategies in mitigating HM toxicity include
chelation, sequestration, antioxidant enzymes, phytochelatins and metallothioneins.
Understanding these mechanisms is vital for improving phytoremediation methods,

which might then be used in environmental management.

2.6.1 Morphological and Physiological Changes

In plants, physical barriers, such as cell walls, trichomes and cuticles are the
first line of defence that alleviate the deleterious effects of HMs via the storage of
HMs or the secretion of secondary metabolites (Emamverdian, et al., 2015). It has
been observed that plant roots mitigate the passage of HMs into the aerial sections
by adsorbing, absorbing and trapping them in the root tissues. In plant roots, the
effects of HM stress include decreased root length, browning of the root, enlarged
root diameter and enlargement of the parenchymatic as well as cortical tissues
(Singh, et al., 2022). For instance, nitric oxide treatment under Cd-stressed
circumstances in Arabidopsis thaliana reduced the auxin level in primary roots,
significantly impacting the root meristem (Yuan and Huang, 2016). Alterations in
root system architecture in response to metal stress are directly linked to a plant's

capacity to build tolerance to HM stress (Khan, Gemenet and Villordon, 2016).

Besides, hyperaccumulation (accumulation of 0.1 to 1% of HMs in plant

dry weight) is a strategy employed by certain plants to tolerate elevated levels of
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toxic metals. The tolerance of plants is contingent upon the species, the type of soil
and the defence mechanisms they employ. Hyperaccumulators can sequester metal
ions via phytochelatins and metallothioneins under low HMs exposure (Tyagi, et
al., 2024). Plant metal sequestration involves transportation across the plasma
membrane, translocation, xylem loading and detoxification (Rascio and Navari-

Izzo, 2011).

Examples of hyperaccumulators include Biscutella laevigata, which
hyperaccumulates more than 1% thallium (Babst-Kostecka, et al., 2016),
Psychotria gabriellae which can accumulate over 4% Ni (Reeves, et al., 2021) and
8.5-75.5% of Cd accumulation in the cell wall of soybean (Wang, et al.,
2018a). Nonetheless, the reaction of hyperaccumulators differs markedly from that
of non-hyperaccumulators. However, once the first line of defense is breached with
HMs being absorbed/entered into the plant cell/tissue, a complex cascade will be
activated via biochemical and genomic defense strategies to overcome the negative

impacts of HMs (Tyagi et al., 2024).

2.6.2 Biochemical Defense System of Plants against HM

Plants have well-developed mechanisms of protection and adaptation
systems to various environmental stress factors (Dumanovié, et al., 2021). Cellular

redox reactions are employed as the first biochemical alterations by plants to
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counter imbalanced physiological challenges caused by HMs (Nagajyoti, Lee and
Sreekanth, 2010; Munir, et al., 2022). HMs, such as Fe and Cu at +1, +2 or +3
oxidation states affect Fenton/Haber—Weiss reactions in a redox-active reaction that
generates OH radicals at neutral pH from hydrogen peroxide. Other metals (such
as As, Cd, Hg, Pb, Zn and Ni) utilise redox inactive reaction to inactivate enzyme
activity via reacting with -SH groups of enzymes in a single covalent bond, sharing

electrons between HMs and -SH groups (Riyazuddin, et al., 2022).

Sies and Jones (2020) define ROS as a cluster of derivatives from molecular
oxygen that occur due to typical signs of aerobic life. The generation of ROS
includes singlet oxygen ('0), hydroxyl radicals (OH®), superoxide anion free
radical (O2*"), H2O2 and reactive nitrogen species. Intracellular ROS is produced
as metabolic by-products of plants in numerous cellular compartments, such as
chloroplasts, mitochondria (Waszczak, Carmody and Kangasjirvi, 2018) and
peroxisomes (Sandalio and Romero-Puertas, 2015). The increased accumulation of
HM ions in plants' cytoplasm triggers ROS production, which may result in
oxidative stress (DalCorso, et al., 2019). This occurs as ROS reacts with other
biomolecules (e.g. DNA, protein and lipids) to stabilize itself (Singh, et al., 2016b;

Mittler, 2017).

The balancing mechanisms and generation of ROS in mitochondria through

the reduction of the electron transport chain will determine ROS accumulation
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(Tyagi, et al., 2024). Thus, all living organisms must balance ROS generation and
ROS quenching. Plants employ ROS as signalling molecules in various biological
processes, which include abiotic and biotic stress reactions (Dietz, Turkan and
Krieger-Liszkay, 2016; Huang, et al., 2019), which depend on the involvement of
the plant’s antioxidant system (Singh, et al., 2016b). The plant's antioxidant defense
system, which prevents ROS buildup, determines whether ROS functions as a

stressor or signalling molecule (Figure 2.5) (Tyagi, et al., 2024).
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Figure 2.5: ROS's destiny in oxidative bursts caused by HM stress and natural
[Hydrogen peroxide (H202), glutathione reductase (GR), reduced glutathione
(GSH), glutathione disulfide (GSSG) and glutathione peroxidase (GPOX),
ascorbate peroxidase (APX), hydrogen ascorbate, catalase (HAC), oxygen
(02), superoxide dismutase enzyme (SOD), ferrous (Fe?*) and cupric (Cu?*)]
(adopted from Tyagi, et al., 2024)
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This system consists of two components: the first utilizes numerous
antioxidant enzymes, such as superoxide dismutase, peroxidase, ascorbate
peroxidase and catalase. Antioxidant enzymes are found in multiple forms of
isoenzymes in different cell organelles, primarily in their aqueous phases (Asada,
1999). The second component utilizes nonenzymatic substances, such as
glutathione, flavonoids, carotenoids, ascorbate and tocopherols (Rudenko, et al.,
2023; Tyagi, et al., 2024). Non-enzymatic antioxidants, like antioxidant enzymes,
work in various cell compartments, including the membrane phases (isoprenoids
and flavonoids) and the aqueous phase (ascorbic acid, flavonoids and glutathione).
In contrast to antioxidant enzymes, low-molecular-weight antioxidants can interact
with multiple forms of ROS. Besides, tocopherols and isoprenoids are crucial for

the protection of vital electron transport chains (Rudenko, et al., 2023).

2.6.2.1 Superoxide Dismutase (SOD, EC 1.15.1.1)

SOD are metalloenzymes that catalyse the conversion of superoxide anion
free radical ("O7") to oxygen (O2) and H>O> (Rosa, et al., 2021). Based on the metal
binding in the catalytic active site in plants, three SOD classes were recognized:
manganese SOD (Mn-SOD), iron SOD (Fe-SOD) and copper/zinc SOD (Cu/Zn-
SOD) (Abreu and Cabelli, 2010; Miller, 2012). Cu/Zn-SOD is the most abundant

SOD form found in numerous plant cell compartments (Leonowicz, et al., 2018),

while FeSOD is most found active in the chloroplastic enzyme (Asada, 2006; Pilon,
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Ravet and Tapken, 2011). Lastly, MnSOD is found in the matrix of the plant’s

mitochondria (Candas and Li, 2018).

The primary function of SOD is to shield plant cells from the effects of
oxidative damage and transform superoxide radicals into H>O> and O; (Su, et al.,
2021). This occurs via transition metal ions at the enzyme's active site (Zelko,
Mariani and Folz, 2002). SOD needs cofactors (such as Fe, Mn, Cu and Zn) for
maximum catalytic activity as it metabolizes toxic intermediates in the elimination
of free radicals. The metal binding site is present between two SOD domains, with
side chains such as histamine, aspartate and histidine (Paksi, et al., 2008). These
cofactors tend to give away electrons to superoxide and then regenerate via a
catalytic mechanism (Zheng, et al., 2023). After transformation, the resulting H>O»
acts as a second messenger for signal transduction in various physiological
processes, influencing the expression of multiple genes. In addition, H,O, diffuses
across the cell membrane through aquaporin aqueous channels and transposes

redox signals to the target site (Bienert, et al., 2007).

The induction of SOD activity has been observed in HMs-treated plants,
reflecting the involvement of the cellular antioxidant system as a response to HMs
(Ahmad, et al., 2010). Kisa's (2018) study showed an increase in leaves of Solanum
lycopersicum treated with Cd, Cu and Pb (10, 20 and 50 ppm). However, in roots,

Cd enhanced SOD activity, while increasing Cu concentrations reduced it. Pb
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decreased SOD activity at 10 ppm but increased it at 20 and 50 ppm. Hence, this
shows metal-specific and concentration-dependent effects on SOD enzyme activity
in roots. Meanwhile, Hg exposure in Clitoria ternatea L increased the activities of
SOD, indicating the plant's antioxidant defence system was activated to mitigate
oxidative stress caused by Hg (Priya, et al., 2014). Kebert, et al. (2022) reported
that at a Cd concentration of nine ppm, the activities of SOD in Populus deltoides

were significantly higher in leaves than in the roots.

2.6.2.2 Peroxidase (POX, EC 1.11.1.7)

POX can be classified as haem or non-haem enzymes. They are widely
distributed in both lower and higher plants. Their fundamental function is to
promote the detoxification of ROS, particularly H>O> and O» (Freitas, et al., 2024).
This process that involves intermediates and multiple reactions is known as Poulos—
Kraut mechanism (Derat and Shaik, 2006). It involves three distinct steps and is a
common reaction of two-electron oxidation-reduction. Plant POXs are reported in
the plasmalemma and tonoplast, the interior and exterior of the cellular wall as
soluble and ionically bound forms (Chen, Shin and Liu, 2002). They can mediate
the synthesis and decomposition of hormones, cell wall maintenance and synthesis,
fruit growth and defence due to their common catalytic reaction (Pandey, et al.,

2017; Kidwai, Ahmad, and Chakrabarty, 2020).
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In the presence of H>O», POX catalyses the oxidation of various organic and
inorganic substrates. In higher plants, class III peroxidases are classical peroxidases
or defined as secretory peroxidases that act as a biomarker of metal stress (Jouili,
Bouazizi and Ferjani, 2011; Freitas, et al., 2024). Plants subjected to abiotic
stressors, such as HMs, may experience altered ROS metabolism and cell oxidative
burst induction (Mittler, et al., 2022), which may increase peroxidase expression
levels. Based on this basis, POX expression levels may be enhanced to remove
such toxic substances and avoid the inhibition of protein synthesis, degradation of
DNA and membrane disruption (Rajput, et al., 2021). POX was significantly
upregulated in Gossypium hirsutum L. seedlings after co-exposure of zinc oxide
nanoparticles with Cd and Pb treatments (Priyanka, et al., 2021), while Clitoria
ternatea L. treated with mercuric chloride showed an increase in H2O: level and
POX activity (Priya, et al., 2014). Exposure of Solanum lycopersicum to Cd, Cu
and Pb showed increased POX activity in leaves and decreased roots across all

doses of the HMs (Kisa, 2018).

2.6.2.3 Ascorbate Peroxidases (APX, EC 1.11.1.11)

APX belongs to the class I haem peroxidase superfamily and is a haem-
containing enzyme (Jouili, Bouazizi and El Ferjani, 2011). APX eliminates ROS by
converting H>O> into water (Rajput, et al., 2021). The reduction of H>O» is carried

out via the ascorbate-glutathione pathway, where ascorbate acts as an electron
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donor (Shigeoka, et al., 2002). In plant stroma, monodehydroascorbate (MDASA)
may either spontaneously change into dehydroascorbate (DAsA) or be reduced
back to ascorbate by MDASA reductase, whereas DAsA will also be reduced to
ascorbate utilizing DAsA reductase with glutathione as a substrate (Smirnoft, 2018;

Dell'Aglio and Mhamdi, 2020).

APX works effectively with Fe-SOD and Cu/Zn-SOD to eliminate
ROS (Chagas, et al. 2008). The duration of exposure, treatment option, species and
organs involved will affect the antioxidant enzyme activity (del Carmen, et al.,
2002). According to a study by Kisa (2018), APX activity in tomato leaves was
induced by Pb, Cd and Cu treatments. The same study found that Cd boosted APX
activity in the roots while Cu decreased it. Yilmaz, et al. (2017) revealed that APX
enzymes showed varying activity levels in response to HMs. It fluctuated between
two to 32 ppm for Al, then peaked at 16 ppm, while the highest activities were
observed for Cr and Pb at eight ppm and four ppm, respectively. As for the root, Al
exposure caused APX activity to increase continuously up to 16 ppm before
decreasing at higher concentrations. Both Cromium (Cr) and Pb treatments resulted
in the highest activity at 16 ppm. APX activity was generally higher in roots than

leaves, indicating a stronger antioxidative response in roots to eliminate ROS.
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2.6.2.4 Glutathione reductase (GR, EC 1.8.1.7)

GR is present in both prokaryotic and eukaryotic organisms, belonging to
the family of NADPH-dependent oxidoreductases. Besides being found in the
cytosol, chloroplasts, and mitochondria of photosynthetic tissues, 80% of GR
activity was revealed to be of the chloroplast isoform (Edwards, et al., 1990; Ashraf,
2009). It is essential in regulating cellular redox homeostasis and maintaining
supply of reduced glutathione (Couto, Wood and Barber, 2016). Glutathione
disulfide (GSSG) is rapidly converted to reduced glutathione (GSH) by GR to

maintain the correct ratio of GSH/GSSG (Kumar, Prasad and Sytar, 2012).

Singh, et al. (2015) investigated the roles of the ascorbate-glutathione (AsA-
GSH) cycle and thiol metabolism in regulating arsenate [ As(V)]-induced oxidative
stress and tolerance in Luffa seedlings. As the ascorbate concentration increased,
the AsA-GSH cycle was discovered to have a minor role as compared to thiol
metabolism. The activity of GR and GSH was upregulated, while APX,
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR)
and reduced ascorbate (AsA) activities were downregulated. Thus, GR plays an

essential function in cell defence against notorious reactive oxygen metabolites

(Upadhyay and Panda, 2009).
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2.6.3 Genomic Level Defense Systems of Plants against HMs

Plants have developed complicated defense strategies to create either
resistance or tolerance towards HMs (Figure 2.6). Biosynthesis of biomolecules,
such as chelators, metallothioneins and proton ion pumps occurs to nullify HM
toxicity (Singh, et al., 2016b). Nevertheless, excessive HM concentration and
failure of the strategies above may trigger ROS formation, which interferes with
the cellular redox system. This leads to activating the antioxidant defense system
(antioxidant enzymes and compounds will be produced) to scavenge the ROS.
Metal-chelating compounds, such as metallothioneins, phytochelatins, organic
acids and amino acids, provide homeostasis balance in cells. They are capable of
detoxing, proliferating and regulating their cycle or causing apoptosis in the cells

(Clemens, 2019).

Once the first line of defense is breached, plants will activate their defence
response to HMs stress, such as MAPK cascades (Tyagi, et al., 2024), RAS-related
GTP-binding proteins (Liu, et al., 2014) and Cyclic AMP (cAMP) (Blanco, et al.,

2020).
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Figure 2.6: Crosstalk across signalling pathways and their ultimate reaction
in HM stress [abscisic acid (ABA), gibberellins (GA), jasmonic acid (JA),
transcription factors (TFs), metal transporters (MT), phytochellatins (PC),
MiRNA genes (MIR genes)] (adopted from Jalmi, et al., 2018)

2.6.3.1 Mitogen-Activated Protein Kinase (MAPK) Signalling Pathway

HM stress, among other known abiotic stresses, profoundly affects the
MAPK signalling pathways. An essential signalling event linked to almost every
aspect of plant growth, yield, development and response to abiotic and biotic stress
is the MAPK pathway. It has been documented that MAPK signalling interacts with
ROS and abscisic acid (ABA) signalling processes to help plants respond to abiotic
stress (Manna, Rengasamy and Sinha, 2023). Although plant MAPKs can
occasionally move from the cytoplasm to the nucleus, they are typically found in

the cytoplasm and/or nucleus. MAPK cascade is made of three-tier components,
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namely Mitogen-Activated Protein Kinase Kinase Kinase (MAPKKK), Mitogen-
Activated Protein Kinase Kinase (MAPKK) and MAPK that mediate
phosphorylation responses from the upstream receptor to the downstream target

(Bigeard and Hirt, 2018).

In the final step of the three-tier cascade, MAPK signalling mediates the
direct transmission of HM stress signals to the nucleus via transcription factors (TFs)
(Keyster, et al., 2020). TFs are crucial in controlling how plants react to HMs and
enhancing their ability to withstand and accumulate them. TFs, such as WRKY,
myeloblastosis protein, heat shock TF, ethylene-responsive TF and basic leucine
zipper, control the expression of stress-related genes, in particular, genes associated
with metal responses (Li, et al., 2022). A transcriptomic study by Karanja, et al.
(2017) revealed that 20 RsWRKY transcripts in Raphanus sativus L displayed
significant increases after Pb treatments. Antioxidant genes, metal transporters,
metallothionine phytochellatins and miRNA genes represent most stress-related
genes (Jalmi, et al., 2018). The kinetics of MAPK activation vary and rely on
upstream signalling events that lead to the activation and deactivation of the

MAPKSs (Bigeard and Hirt, 2018).

Liu, et al. (2019) explored the relationship between MAPK cascades and
ROS in Zea mays roots under cadmium chloride stress. The key finding includes

that Cd induces ROS production, which activates extracellular signal-regulated

kinase (ERK)-like MAPKs, namely ZmMPK3-1 (43 kDa) and ZmMPK®6-1 (45
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kDa). ROS production occurs before MAPK activation, suggesting ROS acts
upstream in the signalling pathway. Li, et al. (2017b) demonstrated that ABA-
insensitive protein kinase 1 (AIKI1), a MAPKKK, is a key regulator of ABA
signalling in Arabidopsis thaliana. The AIK1-MKK5-MPK6 cascade is identified
as a critical pathway in ABA-regulated root growth and stomatal responses. ABA
activates AIK1, which is localized in cytoplasm and phosphorylates MKKS5

(MAPK kinase) in an ABA-dependent manner.

2.6.3.2 RAS Signalling Pathway

The RAS pathway, like MAPK, is a signalling pathway that transduces
external stimuli into cellular responses. The RAS superfamily of GTPases
comprises small (2040 kDa) monomeric GTPases that are involved in controlling
various cellular processes. When attached to a GTP nucleotide, these proteins
function as molecular switches that initiate various actions; upon hydrolysis of GTP
to GDP, they cease to function. Therefore, the activation and inactivation cycle are
completed, and small G proteins act as molecular switches, transducing an upstream

signal to a downstream effector(s) (Figure 2.7) (Takai, Sasaki and Matozaki, 2001).

Although the two nucleotide states of RAS superfamily GTPases possess
similar conformations, the switch I (Ras residues 30-38) and switch II (59-67)

domains exhibit distinct alterations (Wennerberg, Rossman and Der, 2005).
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Specific interaction between regulators and effectors is obtained via changes
induced by these nucleotides. All eukaryotic creatures have these GTPases (Sermo,
et al., 2006). The five primary functional families of GTPases that comprise the
RAS superfamily are Ras, Rab, Ran, Rho and Arf/Sar. However, neither the Ras
family nor Rho sub-family members are found in plants. All members of the RAS
superfamily share a structurally conserved G domain that interacts with GTPase
regulatory proteins to promote nucleotide binding and hydrolysis (Wennerberg,

Rossman and Der, 2005).
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Figure 2.7: Regulation of small G protein activity [Guanine nucleotide
exchange factors (GEFs) and Guanine nucleotide dissociation inhibitors
(GDIs)] (adopted from Takai, Sasaki and Matozaki, 2001)

It has been demonstrated that the RAS-related small GTP-binding protein,

RabElc can attach to an ABA receptor in the plasma membrane of Arabidopsis
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thaliana, therefore favorably controlling ABA signalling (Chen, et al., 2021). The
primary function of this protein is to regulate cellular processes involving the actin
cytoskeleton, including determining cell shape and polarity. While the specific roles
of RAS proteins in response to other HMs are less extensively studied, they likely
contribute to the broader plant stress response, including ROS management and
detoxifications (Niekerk, et al., 2024). HM stress triggers various signalling
cascades, including calcium/calmodulin-dependent and ROS-mediated pathways,
which activate MAPK. These cascades ultimately lead to the phosphorylation of
specific genes. G-proteins, such as Ras, are involved in these signalling pathways,

helping plants adapt and cope with HM toxicity (Locato and De Gara, 2018).

2.6.3.3 cAMP Signalling Pathway

Cyclic nucleotide cAMP (3',5'-cyclic adenosine monophosphate) plays a

significant role in various physiological processes in plants (Blanco, et al., 2020),
such as ion homeostasis (Trewavas, 1997), cell cycle progression and division
(Ehsan, et al., 1999), seed germination, stomatal opening (Jin and Wu, 1999) and
heavy metal toxicity tolerance (Ma, et al., 2009). cAMP reactions are complicated,
as cAMP signalling pathways are highly compartmentalized in cells. Different
stimuli that alter cAMP levels may have distinct physiological effects (Gancedo,

2013; Arora, et al., 2013).
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Transmembrane ACs (TmAC) and soluble ACs (sAC) convert ATP to
cAMP (Figure 2.8). G proteins activate TmAC upon external signalling. Elevated
cAMP levels activate protein kinase A (PKA) through the release of the two
catalytic subunits (Cs) from the two regulatory subunits (Rs), leading to
phosphorylation of downstream targets like cAMP response element binding
protein (CREB). Cyclic nucleotide phosphodiesterases (PDEs) hydrolyze cAMP to
AMP, terminating signalling. Balance between ACs and PDEs determines the
cAMP level and signalling activity. cAMP can directly activate the cyclic
nucleotide-gated channels (CNGCs), exchange protein Epac and Popeye domains
(Popdcs). A-kinase anchoring proteins (AKAPs) frequently bind Acs, PKA, PDEs
and other downstream effectors at different subcellular sites within a single cAMP

cascade (Zhang, et al., 2016).

Zhang, Ryan and Tyerman, (2021) studied Al**-activated malate efflux and
cation channel activity in wheat root apices, comparing between Al**-tolerant (ETS)
and Al**-sensitive (ES8) genotypes. Al**-tolerant wheat releases malate from root
apices, which chelates toxic AI** in the rhizosphere, forming non-toxic complexes.
Besides, the Al**-activated anion channel is highly permeable to malate. AI**
inhibits outward K* currents in both genotypes, but in ET8 protoplasts, cAMP
reactivates outward K* currents. cAMP may modulate the activity of outward K*
channels through direct interaction with channel proteins or via cAMP-dependent

protein kinases (Labarca, et al., 1996). Hence, cAMP could act as a secondary
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messenger, transducing environmental signals into cellular responses that regulate

ion flux (Assmann, 1995).
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Figure 2.8: Mitochondrial cAMP signalling in general [transmembrane AC
(TmAC), soluble AC (sAC), protein Kinase A (PKA), catalytic subunits (Cs),
regulatory subunits (Rs), CAMP response element binding protein (CREB),
phosphodiesterases (PDES), exchange protein (Epac), cyclic nucleotide-gated
channels (CNGCs), Popeye domain-containing proteins (Popdcs), A-kinase
anchoring proteins (AKAPs)] (adopted from Zhang, et al., 2016)

2.7 Transcriptomic Study on Plant Defense Systems Towards HM

Development in “omics” approaches, which include transcriptomics,
proteomics and metabolomics, has contributed valuable insights into the molecular
pathways that underpin a plant’s HM stress response. For example, transcriptomic
analyses have displayed the genes that regulate metal chelation (e.g. phytochelatins

and metallothioneins) and transporters that compartmentalize HMs within a plant
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cell. Integration of multiple “omics” has further elucidated the complicated
regulatory networks and signalling cascades that govern plant HM stress adaptation

(Raza, et al., 2022).

Transcriptome is a comprehensive record of all ribonucleic acid (RNA),
which includes messenger RNA, small interfering RNA and long non-coding RNA.
Over the decades, this analysis holds the key to unraveling the complexities of gene
regulation, cellular function and disease pathogenesis (Wu, et al., 2014). The field
of transcriptomics has undergone a remarkable transformation, driven by
continuous technological advancements. Two key contemporary techniques in this
field are microarrays which measure a collection of predetermined sequences, and
RNA sequencing (RNA-Seq) which utilizes high-throughput sequencing to catch
all sequences (Lowe, et al., 2017). RNA-Seq can provide an overview of a cell
transcriptome. It enables the identification of novel transcripts, discloses gene
expression profiles, detects allele-specific expression and identifies unusual,

spliced genes (Raghavachari and Garci-Reyero, 2018; Peymani, Farzeen and

Prokisch, 2022).

Transcriptome analysis has revealed the differentially expressed genes
(DEGs) involved in metal chelation, sequestration into vacuoles, antioxidant
defense, signal transduction and various metabolic pathways (Chrestensen, Starke
and Mieyal, 2000; Shahid, et al., 2015). Hierarchical clustering provides a visual

representation of gene expression patterns, enabling the formulation of hypotheses
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about gene function and regulation (Smet, Opdebeeck and Vandepoele, 2023).
Hierarchical clustering assists in identifying related stress-responsive gene modules
and elucidating the signalling pathways that may trigger their activation (Shiri, et
al., 2019). This method enables the identification of co-expressed gene clusters
involved in the same biological pathways or processes, thereby providing valuable
insights into the molecular mechanisms governing plant stress, response
development and physiological adaptations (Gasch and Eisen, 2002). Exposure to
HMs can trigger a wide range of biochemical and physiological responses in plants,
stemming from the transcriptomic regulatory factors and activation of numerous
genes. These early signals of metal toxicity often resemble the plant's response to
other abiotic stresses, such as osmotic stress, drought and nutrient imbalances,
suggesting an interconnected and shared regulatory network (Table 2.4)

(Mashabela, Masamba and Kappo, 2023).

Gene expression analysis further suggests that proteins such as metal ion-
binding proteins and ATP-binding cassettes play essential functions in the
accumulation of CuO-NP by plant leaves (Xiong, et al., 2021). Furthermore, the
study of Pb stress response in the roots of Pogonatherum crinitum revealed
upregulation of key genes related to transportation, antioxidation and transcription
functions (Zhu, et al., 2022). In their study, DEGs were significantly enriched in
Gene Ontology (GO) related to metabolic processes, catalytic activity and
transporter activity. A total of 17 Pb-tolerant genes were identified, involved in

antioxidation, Pb transport and stress-response regulation. Key Kyoto
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Encyclopedia of Genes and Genomes (KEGG) pathways included the ascorbic acid

(ASA)-GSH cycle, heavy metal transporters (ABC transporters, Nramp) and signal

transduction (MAPK signalling, plant hormone pathways).

Table 2.4: Gene expression responses involved in plant HM stress tolerance
and accumulation

Plant Stress Key DEGs / Enriched Major Key remarks
type proteins GO terms KEGG
pathways
Leaves Copper Metal ion- Cell wall Photosynthe Various
of lettuce Oxide binding organization sis, plant transporters
(Lactuca Nano- proteins; , auxin hormone and
sativa particles  ATP-binding transport, signal antioxidant
L.) cassette stress transduction mechanisms
(Xiong et (ABC) response, , ABC that help
al., 2021) transporters ~ hormone transporters  mitigate the
levels and phytotoxic
metabolic effects of
processes CuO-NPs
related to
ROS
Roots of  Pb stress 17 Pb- Metabolic Phenylprop  Metabolic
Pogonat tolerant genes processes, anoid processes,
herum (transporters,  regulation,  biosynthesis catalytic
crinitum antioxidation  binding, , MAPK activity and
(Zhu et enzymes, and catalytic signaling transport as
al., 2022) transcription  activity and pathway —  key response
factors) transporter  plant and mechanism
activity Plant of P.
hormone crinitum’s
signal root

transduction
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Despite being known as a hyperaccumulator (Rai, et al., 2024), the
molecular basis of HMs tolerance in P stratiotes is poorly understood.
Identification of the genes involved will provide an insight into the active defense
responses which are regulated through a complex and interconnected network of
signalling pathways (Di, Gomila and Takken, 2017; Yuan, et al., 2019). Chan, et
al., (2022)’s study showed a high accumulation of Pb in the root of P. stratiotes
grown in EAPR and non-EAPR systems. The study of Pb stress responses at the
transcriptional level can be further explored to gain a deeper understanding of the
Pb-induced stress response pathways. This may enable better field application of

EAPR to maximize HM uptake.

Identifying key genes involved in HMs responses could provide
fundamental insights into plant adaptation mechanisms. This knowledge may
enhance our ability to address other environmental HM contaminants and pave the
way for innovative phytoremediation strategies, enabling more effective waste
management in the future. A deeper molecular understanding of these processes
could drive the development of bioengineered plants or microbial systems tailored
for HM detoxification, offering sustainable solutions for environmental cleanup.
This highlights the power of transcriptomics in deciphering plant metal stress
responses. However, such comprehensive molecular analyses have not yet been

applied to P. stratiotes under the combined stress of leachate and an electric field.
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CHAPTER 3

METHODOLOGY

3.1 Experimental Set Up

Part 1:Leachate and Plant Physiological Analyses
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Part 2: Transcriptomic Analyses
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Figure 3.1: Overall research flowchart

3.1.1 Plant Preparation and Growth Conditions

P. stratiotes plants were obtained from Rawang (3°19'02.6"N
101°35'46.9"E) (ambient temperature, natural lightning), Selangor and they were

propagated under similar conditions for approximately 3 weeks in Kampar
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(4°20'05.5"N 101°09'26.7"E) using tap water (Figure 3.2). The selected plants used
in this study had a fresh weight range of 70-80 g, with a well-developed root system
and approximately 10 to 15 leaves, indicating a uniform vegetative growth stage.
In the absence of chronological age measurements for the plants, morphological
criteria were used to ensure consistent growth stages across all experimental units
(Tan, et al., 2023; Acharya, et al., 2025). The plants were initially washed with
distilled water, subsequently transferred to half-strength Hoagland solution pH 6.5
(one liter of solution containing 0.253 g of KNO3, 0.0676 g of KH2PO4, 0.20 g of
MgCl..6H20 and 0.59 g of Ca(NOs3)2.4H20) to acclimatize for three days before

they were used in the subsequent studies (Putra and Hastika, 2018).

Figure 3.2: Morphological features of water lettuce grown in aquatic medium,
displaying buoyant rosettes

73



3.1.2 Preparation of Synthetic Leachate

Two experimental aquariums were set up, each filled with synthetic
leachate: one for the EAPR treatment and one for the non-EAPR treatment.
Synthetic leachate with HMs (before treatment) was used as a control. Based on the
preparation for a liter of synthetic leachate [0.005 g CsHsNaO2 (sodium
propionate), 0.1 g C>HsNaO. (sodium acetate), 0.05 g CoHsgNa>O4 (disodium
salicylate), 0.382 g NH4Cl (ammonium chloride), 0.084 g MgCl2.2H.O
(magnesium chloride dihydrate), 0.11 g CaCl».2H20 (calcium chloride dihydrate),
0.012 g NiCl2-6H20 (nickel(ll) chloride hexahydrate), 0.006 g CdCl.-2.5H,0
(cadmium chloride hemipentahydrate), 0.011 g MnCl2:4H,O (manganese(ll)
chloride tetrahydrate), 0.013 g ZnSQO4-7H20 (zinc sulfate heptahydrate), 0.007 g
Pb(NO3), (lead(ll) nitrate) and 0.015 g FeClz-6HO (iron(lll) chloride

hexahydrate)], 10 L of synthetic wastewater were prepared (Dan, et al., 2017).

The prepared synthetic leachate consisted of low-molecular-weight volatile
fatty acids (propionate and acetate), ammonium, humic substances and selected
HMs. This simulation resembles the major organic, nitrogenous and metal

components commonly found in landfill leachate.
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3.1.3 EAPR System Set Up

Ten liters of synthetic leachate were filled into aquariums for EAPR and
non-EAPR treatments. The aquariums, with dimensions Length (60 cm), Width (30
cm), and Height (30 cm), were used in this study. Five P. stratiotes plants (each
with similar fresh weights and growth stage to ensure comparable plant mass—to—
leachate ratio across treatments while avoiding overcrowding) were transferred to
each aquarium. The effects of the treatments were evaluated for 7 days to balance
effective HM uptake and plant survival. Light source was provided by fluorescent
tubes (40 W, Philip, positioned approximately 25 cm from the water surface to
deliver about 60 — 90 umol m2 s! of photosynthetic photon flux density),
controlled by a timer to give 12/12 h (light/dark cycle) at a temperature of 26°C.
Titanium electrode and stainless steel were applied as anode and cathode,

respectively in the EAPR aquarium (Figure 3.3).

The system operated at a constant voltage of 2 V via DC regulated power
supply. The non-EAPR aquarium, which without electrodes, was used to compare
the effects of electro-assistance on the metal-removal ability and survival of P.

stratiotes.
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+| l_

Figure 3.3: The EAPR setup consisted of a titanium electrode (anode) and a
stainless steel electrode (cathode)

3.2 Synthetic Leachate Characterization

The leachate analyses, as outlined in Sections 3.2.1to 3.2.7, were performed
according to the Standard Methods for Water and Wastewater Analysis, with
modifications (Baird, et al., 2017). All tests under section 3.2. were performed in

triplicate.
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3.2.1 pH Measurement

The pH meter (Mettler-Toledo) was calibrated with pH 4, pH 7 and pH 10

buffers before use. The probe was immersed in the samples to obtain the pH values.

3.2.2 Colour Determination

One mL of the leachate sample was diluted with 9 mL of distilled water to
create a 10-fold dilution. The absorbance of the diluted sample was measured using
a DR6000 UV-VIS spectrophotometer at a wavelength of 465 nm. Distilled water

was used as a blank (Azmi, et al., 2014).

3.2.3 Conductivity

The conductivity meter (Mettler-Toledo, Five EasyTM30) was calibrated
using the standard solution HI 7031L, which yields a conductivity of 1413 puS/cm
at 25°C. The leachate sample was transferred into a beaker, and the conductivity

meter probe was immersed in it for analysis.
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3.2.4 Turbidity

Leachate samples' turbidity was measured at 860 nm using a turbidimeter
(HANNA instruments, HI 98703). Two-point calibration was performed with
standard cuvettes of less than 0.1 NTU, 15 NTU and 100 NTU. Next, the standard
cuvettes containing the sample were placed into the instrument holder to record the

turbidity reading.

3.2.5 Measurement of the Oxidation-Reduction Potential (ORP), Dissolved
Oxygen (DO) and Total Dissolved Solids (TDS)

ORP, DO, and TDS of the leachate sample were measured using a portable
meter that can measure multiple parameters (EUTECH PCD650). ORP calibration
was performed using ORP standard solutions (470 mV), DO calibration utilized
100% saturation calibration and TDS calibration was via conductivity standard
solution (1413 pS/cm KCI). The samples were poured into a 50 mL beaker, and the

reading was taken after the probe was immersed in them.
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3.2.6 Biochemical Oxygen Demand (BODs)

Leachate samples were sent to MY CO2 (KL) Sdn. Bhd. for BOD analyses
using an Eutech DO 2700 BOD meter (15th to 24th May 2019). Three replicates of
each sample were collected in 500 mL bottles and sealed in a polystyrene box with
ice packs before being sent to the company. Briefly, the procedure involves filling
an airtight bottle of the appropriate size with a sample that overflows and then
incubating it for five days at the designated temperature. DO measurements are
made both before and after incubation, and the difference between the two is used
to calculate the BOD, as showin in equation [1] (MRC Laboratory Instruments,

n.d.).

BODs (mg/L) = DOy — DOs [1]

DOo = DO on day 0 (initial DO)
DOs = DO on day 5 (final DO)
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3.2.7 Chemical Oxygen Demand (COD)

The leachate samples were diluted 10 times with deionized water and 200
pL of these samples were transferred into COD vials. A blank was prepared by
adding 1 mL of deionized water into an empty COD vial. The sample vials and
blank were gently inverted and closed tightly. After preheating to 150°C, the blank
and sample vials were placed into the COD digital reactor (HACH, DRB 200) and
digested for two hours. After that, the vials were allowed to cool to ambient
temperature before absorbance measurements were performed with a DR6000 UV-

VIS spectrophotometer at 430 nm.

3.2.8 Total Ammonia Determination

A 50 ppm ammonia stock solution was used to prepare a set of five standard
solutions in the range of one ppm, two ppm, three ppm, four ppm and five ppm,
each with a volume of 5 mL. Next, each standard solution was added with 100 pL
of Rochelle Salt solution and 100 pL of Nessler Reagent. The steps were then
repeated by replacing the standard solution with a five mL leachate sample. The
absorbances of the standards and the leachate samples were measured at 425 nm
with a spectrophotometer (GENESYS 10S UV-Vis). Deionized water was used as
a blank. A standard curve was plotted to determine ammonia concentration in the

leachate samples (Azmi, et al., 2014).
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33 Comparative Effects of EAPR and Non-EAPR Treatments on Plant
Growth Performance and Heavy Metal (HM) Analyses

3.3.1 Measurement of Plant Total Biomass and Total Chlorophyll Content

The initial biomass of P. stratiotes was recorded prior to exposure to
synthetic leachate and used as the control reference for calculating biomass
reduction after the 7-day treatment period. The plants were rinsed with tap water
and patted dry with tissues to ensure accuracy during the weighing process using
an electronic analytical balance. By using the equation [2] below, the percentage

drop in total biomass was determined:

Percentage drop in total biomass = Bpo- Bp7 (@) x 100% [2]

Boo (9)

Boo is the total biomass (g) at day 0
Bpv is the total biomass (g) at day 7

As for the measurement of chlorophyll content, 0.2 g of plant leaves (from
the pooling of leaves from five P. stratiotes plants within each aquarium to form
one replicate per treatment) were cut into 0.5 cm x 0.5 cm segments and
subsequently incubated in acetone at 4°C for 24 h in darkness. The absorbance of
the solutions was measured using a spectrophotometer (GENESYS 10S UV-Vis)

at Aeas and Ase3 NM (Moran and Porath, 1980). Acetone was used as blank. Based on
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the equations [3] to [5] below, the chlorophyll concentrations (mg/mL) were

determined in triplicate:

[Chla] =[12.7 x Absorbance at Aes3 Nnm] — [2.69 x Absorbance at Agss Nm] [3]
[Chl b] =[22.9 x Absorbance at kess nm] — [4.68 x Absorbance at Age3 Nm] [4]
[Total Chl] =[8.02 x Absorbance at Age3nm] + [20.2 x Absorbance at Aeasnm]  [5]

34 Comparative Effects of EAPR and Non-EAPR Treatments on Heavy
Metals (HMs) Analyses in Synthetic Leachate and Plants

3.4.1 Sample Preparation via Digestion of Synthetic Leachate

In a 250 mL beaker, 5 mL of synthetic leachate sample was digested using
2 mL of 30% (v/v) hydrogen peroxide and 5 mL of nitric acid (70%). All leachate
and plant samples were subjected to acid digestion prior to analysis for accurate
and reliable quantification of HM by flame atomic adsorption spectrophotometer
(FAAS). Leachate contains complex organic matter, colloids and metal-organic
complexes. Digestion of leachate eliminates matrix interference and converts
metals into measurable ionic forms. In contrast, plant tissues require complete
digestion to demolish the solid biological matrix and release intracellular/ cell-wall-
bound HMs into solutions. This is a critical step in trace metal analysis, ensuring
complete matrix destruction and minimizing FAAS analytical error (Rawat, et al.,
2024). The samples were then completely digested on a hot plate. The solutions
were allowed to cool down to room temperature and transferred to a calibrated flask

before being diluted with deionized water to a final volume of 10 mL. The amounts
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of metals in the final solution were measured by FAAS (Figure 3.4) (Bezerra, et al.,
2015). Five standard solutions for each HM tested were prepared in different

concentrations to calibrate the FAAS (Appendix 1 and 2).

Figure 3.4: Single-beam flame atomic absorption spectrophotometer (FAAS)

3.4.1.1 Evaluation of Heavy Metals Through Removal Efficiency

Results obtained from FAAS were used to calculate the removal efficiency
of EAPR and non-EAPR-treated leachate. HM removal efficiency of a treatment

was determined using the equation [6] below (Naghipour, et al., 2018):

Removal efficiency (%) = Co — Ct x 100% [6]
Co

Ct = concentration (mg/L) at the end of adsorption
Co = initial concentration (mg/L) of heavy metals
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3.4.2 Sample Preparation via Digestion of Plant Samples

After seven days of incubation, the plants were harvested from the
aquariums (control, EAPR and non-EAPR). Leaves and roots were weighed,
separated and washed thoroughly with running tap water. The plant parts were cut
separately into small pieces and subsequently dried at 80°C for 2 days.
Approximately 0.1 g of each dried part was then digested with 5 mL of 68% HNO3
overnight. The digested samples were then made up to 50 mL using deionized water

(Putra and Hastika, 2018) and analysed using a FAAS.

3.4.2.1 Evaluation of Heavy Metals (HMs) Through Bioconcentration Factor
(BCF) and Translocation Factor (TF)

The data obtained from FAAS were then used to get both BCF and TF
values. BCF was determined by using the equation [7] of Ndimele, et al. (2014):

BCF =_Cplant [7]

Csolution

Cpiant = Metal concentration in plant tissue (mg/kg)
Csolution = Initial metal concentration in solution (mg/L)

TF is an indicator of the ability of a plant to translocate a specific heavy
metal from its root to shoot. Equation [8] was applied to calculate TF (Das, et al.,

2016):
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TF = Cleaf [8]
CrOOt

Cieat = Metal in leaf (mg/kg)
Croot = Metal in root (mg/kg)

3.5 Comparative Effects of EAPR and Non-EAPR Treatments on Plant
Antioxidative Enzyme Assays
3.5.1 Enzyme Extraction Procedures

Three different enzyme extraction buffers were prepared for (a) peroxidase
(POX) and Superoxide Dismutase (SOD): 1% (w/v) polyvinylpolypyrrolidone
(PVPP), 1 mM phenylmethylsulphonyl fluoride (PMSF), 0.1 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1 M of pH 6.8 potassium phosphate
buffer, (b) ascorbate peroxidase (APX): 1% (w/v) PVPP, 2 mM dithiothreitol
(DTT), 1 mM ascorbic acid, 1 mM PMSF, 1 mM EDTA and 50 mM of pH 7.0
potassium phosphate buffer (Peixoto, et al., 1999) and (c) glutathione reductase
(GR): 1% (w/v) PVPP, 1 mM PMSF, 2 mM DTT, 0.02% (w/v) triton X-100, 1 mM
EDTA and 0.1 M potassium phosphate buffer (pH 7.0) (Carlberg and Mannervik,

1985).

Enzyme extracts were prepared as follows: one gram of either shoot or root
samples was cut into small pieces and ground with liquid nitrogen. The samples
were then homogenized in 10 mL of an appropriate enzyme extraction buffer and

filtered through two layers of cheesecloth. Subsequently, the filtrate was
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centrifuged at 12,000 x g for 15 minutes at 4°C. The resulting supernatant, which
contained the crude enzyme extract, was collected and stored at -20°C until further

analyses (Vestina, et al., 2011).

3.5.2 Enzyme Assays Preparation

Five different enzyme reaction solutions were prepared for each particular
assay: (a) POX: 20 mM pyrogallol, 20 mM H20>, and 0.1 M of pH 6.8 potassium
phosphate buffer; (b) APX: 1 mM H202, 0.8 mM ascorbic acid and 50 mM of pH
6.0 potassium phosphate buffer (Cakmak and Horst, 1991); (c) SOD: 60 uM
riboflavin, 2.25 mM nitroblue tetrazolium (NBT), 0.1 mM EDTA, 13 mM
methionine and 0.1 M potassium phosphate buffer at pH 7.8 (Malar, et al., 2016);
(d) GR: 0.1 mM NADPH, 1 mM oxidized glutathione (GSSG) and 50 mM tris-HCI

buffer at pH 7.5 (Carlberg and Mannervik, 1985).

3.5.3 [Enzyme Assays for POX, APX and GR

The activities of POX and APX were assayed as follows: 0.1 mL of the
extracted crude enzyme was mixed with 2.9 mL of the respective POX and APX
reaction solution (Section 3.5.2). The mixture was incubated at 30°C, and the

absorbance for the first minute of the reaction was measured at 420 nm and 290 nm
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for POX and APX, respectively. Enzyme activities were calculated by applying the

following molar extinction coefficients: POX (e: 2.47 mM™* cm™) and APX (e: 2.8

mM-* cm™). The experiments were conducted in triplicate. GR activity was assayed

as follows: 0.1 mL of extracted GR crude enzyme was mixed with 0.9 mL of GR

reaction solution (Section 3.5.2) (Carlberg and Mannervik, 1985). This mixture was

incubated at 30°C, and the absorbances for the first minute of the reaction were

measured and recorded at 340 nm. Enzyme activity was performed in triplicate and

calculated with the molar extinction coefficient, € = 6.22 mM™ cm™,

The enzyme activity for POX, APX and GR were calculated using the

formula [9] as shown below (Kohler, et al., 2017):

Enzyme activity (U/g fw ) = AA x Viotal

At X € x | X VEnzyme

AA = change of absorbance
A t = incubation time (minutes)
€ =molar extinction coefficient
[ = path length of the cuvette
Viotal = total assay volume (mL)
VEnzyme = €NZYMe extract volume (mL)

3.5.4 Enzyme Assay for SOD

[9]

SOD enzyme activity was assessed by adding 10 pL of the extracted crude

enzyme to 190 pL of the substrate-containing reaction medium (as described in
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Section 3.5.2). The resulting mixture was then pipetted into two sets of 96-well
microplates. One of the microplates was exposed to a 15 W fluorescent bulb and
allowed to react for 5 minutes at 25°C. The other microplate was incubated in
darkness. The absorbance of samples in each of the microplates was measured using
a microplate reader (560 nm) (Malar, et al., 2016). SOD enzyme activity was

performed in triplicates.

The amount of enzyme required for a 50% inhibition of the rate of NBT

reduction is defined as one unit of SOD activity (Weydert and Cullen, 2010).

Inhibition (%) = (A - B) X 100% [10]
A
SOD Unit = Inhibition (%) X 20 [11]
SOD activity (U/g fw) = SOD Unit [12]
100

A = corrected absorbance of the control
B = corrected absorbance of the sample

3.6 Transcriptomic Analyses of P. stratiotes Leaves and Roots in
Responses to Pb and EAPR

Transcriptomic analysis was performed to further elucidate the molecular
mechanism underlying the HM removal efficiency, antioxidant enzyme activities

and growth responses in P. stratiotes under EAPR treatment. Based on the observed
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physiological results that indicated significant Pb accumulation and oxidative stress
responses, Pb was selected as the target metal for RNA-seq analysis. This approach
aims to identify DEGs associated with P. stratiotes stress responses, thereby linking
molecular mechanisms to phenotypic and biochemical findings (sections 3.3 —3.5).
Besides, Pb was selected as the target HM for transcriptomic analysis because it is
a priority pollutant frequently found in landfill leachate. Besides, it induces strong
and well-characterized stress responses in plants (Zhu et al., 2022; Hosseini
Beinabaj, et al., 2023). Focusing on Pb enables clear elucidation of EAPR-mediated
transcriptional mechanisms while minimizing the complexity of mixed-metal

interactions (Zhu et al., 2022).

3.6.1 Preparation of Plant Materials

Aquariums with sizes of Length (30 cm) x Width (30 cm) x Height (30 cm)
were filled with 10 L of synthetic leachate as described earlier in Section 3.1.2
[page 74, with only 0.007 g Pb(NO3)2] added. Other HMs were removed from the
synthetic leachate to study the effect of only Pb. Three aquariums, where two were
filled with synthetic leachate containing Pb, one equipped with an EAPR system
and one for non-EAPR, respectively. At the same time, the third aquarium was
filled with synthetic leachate in the absence of both Pb and the EAPR system, which
served as a control. Four P. stratiotes plants were then transferred to each of the
aquariums for 5 days to evaluate the effects of the said treatments. Temperature

was regulated at 26°C while other experimental conditions, including temperature,
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light source, photoperiod, electrode configuration and voltage, were described

earlier on page 75 (Section 3.1.3).

3.6.2 Total RNA Extraction, Library Construction and Sequencing

Total RNA was extracted from the plant leaf and root samples using an
RNA extraction kit (EURX, Poland) according to the manufacturer's instructions.
The quality and quantity of mRNA were analysed using a NanoDrop 2000
spectrophotometer (NanoDrop, Wilmington, DE) and 1% (w/v) agarose gel
electrophoresis. A volume of 0.2 - 0.4 ug of total RNA was applied to prepare a
eukaryotic mRNA transcriptome library as per the protocol of NEBNext Ultra
RNA Library Prep Kit for lllumina (Cat. No. 7530). Then pair-end sequencing was
performed by the service provider on lllumina Novaseq6000 at the NovogeneAIT

(Singapore), assigned by Apical Scientific Sdn. Bhd. (Selangor) Malaysia.

3.6.3 Processing and Transcript Assembly

The raw data from RNA-Seq went through three quality control steps (error
rate distribution, GC content distribution and data filtering). Raw reads were
filtered by removing adapter sequences, reads with more than 10% ambiguous

bases (N) and reads where more than 50% of bases had low quality (Q score less

90



than 5) (Li and Dewey, 2011). The resulting high-quality clean reads were then
used for downstream analysis. By using Trinity software, the clean reads were de
novo assembled into contigs and transcripts. Subsequently, Corset (Davidson and
Oshlack, 2014) was employed for clustering contigs based on shared reads. Contigs
were separated based on observed differences in expression patterns between

samples.

3.6.4 Unigene Functional Annotation and Reference Alignment

Seven databases were used to gain comprehensive gene functional
annotation, namely NCBI non-redundant protein sequences (Nr), NCBI nucleotide
sequences (Nt), Protein family (PFAM), euKaryotic Orthologous Groups
(KOG)/Cluster of Orthologous Groups of proteins (COG), Swiss-Prot, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG). Genes
were functionally annotated using the following tools and database/-s (e-value
threshold value): National Center for Biotechnology Information (NCBI) blast
against Nucleotide database (NT) (1 X 10°), Diamond for non-redundant (NR),
SwissProt and euKaryotic Orthologous Groups (KOG) (1 X 107°), HMMER
(hmmscan) against Protein Families Database (PFAM) (0.01), Blast2GO (Gotz, et
al., 2008) for GO annotation (based on NR and PFAM results) (1 X 10) and KAAS
(KEGG Automatic Annotation Server) for KEGG pathways (1 X 10°) (Dormatey,

etal., 2022).
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The de novo transcriptome, which served as a reference, was filtered by
Corset. Reads were mapped back to the transcriptome, and gene expression was
quantified using RNA-Seq by Expectation-Maximization (RSEM) (Li and Dewey,
2011). RSEM analyses the mapping results of Bowtie, and the read counts obtained
for each gene of each sample were converted into fragments per kilobase of
transcript per million mapped reads (FPKM) values to compute the gene expression
levels. Differentially expressed genes (DEGs) were recruited according to log2
(fold change) > 1 and corrected p < 0.005 by applying edgeR software (Robinson,

McCarthy and Smyth, 2010).

3.6.5 Cluster Analysis of DEGs

The DEGs were screened and grouped based on their expression using
hierarchical clustering. This was performed using both the built-in R package and
a heatmap. The results were shown as a dendrogram, which depicts relationships
between the clusters. Additionally, a heatmap was used to visualize gene expression
patterns within each cluster. The color gradient of the generated heat map from red
to green corresponds to a value range of 2 to -2. This representation is generated by
the R package pheatmap, which uses z-score normalization (Andreassen, Ezra and

Scheibye-Knudsen, 2019).
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3.6.6 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genome
(KEGG) Pathway Enrichment Analyses

GO enrichment analysis of the DEGs was performed using GOseq package
(Young, et al., 2010; Kudapa, et al., 2018) and the topGO package in R software
(Li, et al., 2023). The GO term with p < 0.05 was deemed significantly enriched.
KOBAS software was used to evaluate the statistical enrichment of DEGs in KEGG

pathways (p < 0.05).

3.6.7 qRT-PCR analyses of DEGs

Quantitative Reverse Transcription-Polymerase Chain Reaction (gRT-
PCR) was performed to test the expression of selected genes using HiScript ®II
One Step gRT-PCR SYBR Green Kit (Vazyme). B-actin was chosen as the
housekeeping gene in this study. It is widely used as an internal control that
normalizes gene and protein expression (Zhang, et al., 2019). Six selected candidate
unigenes, which were upregulated in the MAPK signalling pathway in plants were
selected for a qRT-PCR. These genes may encode important components of the
MAPK cascade, such as MAPKKKs, MAPKKs, MAPKs or downstream
transcription factors regulating stress responses (Jalmi, et al., 2018). Briefly, 20 uL
of the reaction mixture was prepared according to the manufacturer’s instructions.

The qPCR was performed on the Real-Time PCR Machine Biorad C1000 Touch.
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The melting curve for each amplification product was analysed to ensure specificity
at the end of the PCR reaction. Primers for the selected genes were designed by
Primer-BLAST. Table 3.1 shows the primers used in this study. The experiments

were performed in triplicate.

Table 3.1: Primers designed for gRT-PCR

Primer name Primer sequence (5'->3")
CAForward GACAACAGCGGAACCATCGAA
CAReverse TCACCCAAACTGCTCATCATGG
CA5Forward CGTGCCTTAACTCAGCAGCA
CA5Reverse GCTGATGGAAATGGGACAATCG
CALForward CATCAGCATCTGGAGGAGCACT
CALReverse GCTCTACCCAAGTGGTGACA
GTForward TGGTGGGTTTGGAAGCGAGA
GTReverse GGTCGCTTACGAGGAGGGTG
GUAForward TGGGTCGTCCAATCAAGACCT
GUAReverse GCATAGGCATCGCAACCACC
RABForward AGCCTCGGCTGATTCCACTT
RABReverse TGCAGCAGCCATTGTTGTGT
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3.7 Statistical Analyses

Data analysis was carried out using IBM SPSS Version 27.0. The significant
difference of leachate parameter analysis between control, non-EAPR and EAPR
systems was assessed using one-way ANOVA and Tukey’s HSD post-hoc test.
Similarly, one-way ANOVA and Tukey’s HSD were used to evaluate the significant
difference in percentage drop in total biomass, total chlorophyll and chlorophyll
ratio (a/b) among the control, non-EAPR and EAPR treatments. Two-way ANOVA
were applied to determine the significant difference in the BCF of metals in root
and leaf, removal efficiency, TF and antioxidative enzyme activities between the

EAPR and non-EAPR systems.

Gene expression changes in the qRT-PCR were normalized to a reference
gene and quantified using the 2724¢T method (Livak and Schmittgen, 2001). The
experiment results were collected in triplicate and presented as mean + standard
error. Statistical differences between the gene expression levels were assessed via
one-way ANOVA and HSD post-hoc test (Ng and Ngeow, 2022; Wetthasinghe, et

al., 2024). The significance level of all statistical tests was set at a p-value < 0.05.
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CHAPTER 4

RESULTS

4.1 Synthetic Leachate Characterization

The prepared synthetic leachate consisted of propionate, acetate,
ammonium, humate and heavy metals (HMs). It was prepared according to Dan, et
al. (2017), and the treated synthetic leachate samples were measured for numerous
parameters to evaluate the efficacy of EAPR treatment in removing HMs. The
parameters investigated include the potential of hydrogen (pH), biochemical
oxygen demand (BOD), chemical oxygen demand (COD), colour, dissolved
oxygen (DO), oxidation-reduction potential (ORP), conductivity, turbidity, total
dissolved solids and ammonia. Analysis of variance conducted showed the
difference in the mean for EAPR and non-EAPR treatments did not reach

conventional levels of statistical significance (p > 0.05).

However, BOD, colour and turbidity were significantly reduced in the
EAPR samples compared to the control (p < 0.05) (Table 4.1). For example, the
reduction percentage for BOD, colour and turbidity from the EAPR-treated samples
were 69.35%, 43.75% and 68.10%, respectively, compared to the control. The

synthetic leachate under non-EAPR and EAPR treatments exhibited elevated pH
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and DO compared to the control (p < 0.05). For both pH and DO, increments of

approximately one unit and 10%, respectively, were observed.

Table 4.1: Characteristics of synthetic leachate treated with EAPR and non-

EAPR systems as compared to the control

Parameters Control EAPR non-EAPR

pH 5.78 +0.16*2 6.75 + 0.12*P 6.74 + 0.10*Pc

BOD (mg/L) 30.57 +2.16*2 9.37 + 2.36*P 11.13 + 0.98*Pc

Colour 213.33 + 23.33*¢ 120.00 + 5.77*P 103.33 + 12.02*bc
(PtCo)

COD (mg/L) 170.00 + 25.172 153.33 + 37.562 216.67 + 58.40?
DO (mg/L) 3.08 + 0.46*2 3.45+ 0.19*P 3.45 + 0.19*bc
ORP (mV) 2.50 +0.978 4,13 +0.032 4.16 +0.03?

Conductivity 1593.67 + 48.222 1649.33 + 47.912 1648.33 + 46.052

(uS/cm)
Turbidity 79.93 +£0.87* 25.50 + 11.96*P 30.27 + 3.07*bc
(NTU)
TDS (ppt) 1.43 +0.012 1.46 +0.012 1.45+0.012
Total 98.73 £5.492 98.00 + 2.562 95.20 £5.102
ammonia
(mg/L)

Data are presented as mean + standard error of the mean (n=3). Different

superscript letters (3, °, ©) and asterisks (*) indicate statistically significant
differences (p < 0.05) between the control [synthetic leachate with HMs (before
treatment], EAPR and non-EAPR treatments as determined by one-way ANOVA
with Tukey’s HSD post-hoc test.
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4.2 Plant Growth and Chlorophyll Contents

In both EAPR and non-EAPR treatments, the plants visibly showed signs
of phytotoxicity (such as discoloration, yellowing and withering), as shown in
Figure 4.1 after 7 days of incubation. Plants grown in both EAPR (31.85%) and
non-EAPR (28.56%) treatments showed a greater reduction in total biomass as
compared to the control (4.97%) (p < 0.05) (Figure 4.2). Significant differences
were observed in the decline of total biomass between EAPR and control, as well
as between non-EAPR and control. The percentage drop in total biomass was 6.41-
fold for plants incubated with the EAPR system, whereas for plants grown in the

non-EAPR system, the reduction was 5.75-fold compared to the control.

Figure 4.1: P. stratiotes discoloration and yellowing leaves after the EAPR
treatment
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Figure 4.2: Analysis of percentage drop in total biomass (%) of P. stratiotes
plants after 7 days of treatment relative to the initial biomass (Day 0 control)
[Data are presented as mean + standard error of the mean (n=3). Different
superscript letters (3, ®, ©) indicate statistically significant differences (p < 0.05)
between the control, EAPR and non-EAPR treatments as determined by one-
way ANOVA with Tukey’s HSD post-hoc test]

Figure 4.3 illustrates a significant decline in total chlorophyll of P. stratiotes
from the control and non-EAPR treatments. The total chlorophyll content of the
plants in the non-EAPR treatment decreased by up to 26.27% compared to the
control, whereas the plants placed in the EAPR system showed a decline of 16.21%.
However, there was no significant difference in the total chlorophyll between
EAPR and non-EAPR. Additionally, a significantly higher chlorophyll a/b ratio
was observed in EAPR compared to the control (Figure 4.4), with the chlorophyll
a/b ratio increasing by approximately 18.12% to 2.87 (mg/mL). Nevertheless, there
was no significant difference in the chlorophyll a/b ratio between EAPR and non-

EAPR (p > 0.05).
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Figure 4.3: Analysis of total chlorophyll of P. stratiotes plants after 7 days of
treatment relative to the initial total chlorophyll (Day 0 control) [Data are
presented as mean + standard error of the mean (n=3). Different superscript
letters (3, ©, ©) indicate statistically significant differences (p < 0.05) between the
control, EAPR and non-EAPR treatments as determined by one-way ANOVA
with Tukey’s HSD post-hoc test]
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Figure 4.4: Analysis of chlorophyll ratio (a/b) of P. stratiotes plants after 7 days
of treatment relative to the initial chlorophyll ratio (a/b) (Day 0 control) [Data
are presented as mean + standard error of the mean (n=3). Different
superscript letters (2, ®, ) indicate statistically significant differences (p < 0.05)
between the control, EAPR and non-EAPR treatments as determined by one-
way ANOVA with Tukey’s HSD post-hoc test]
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4.3 Bioconcentration Factor (BCF) of Leaf and Root

The BCF values were obtained using Equation 7 and measured to study the
ability of P. stratiotes to accumulate HMs in the leaf and root. Generally, the BCF
of the leaf showed a very low value (< 300) as compared to the high value for the
root (> 1000) in this study. The BCF values of HMs for the leaf of P. stratiotes after
EAPR and non-EAPR treatments are shown in Figure 4.5. Results of two-way
ANOVA analysis showed that variations in the BCF leaf were primarily driven by
metal type. The absence of a significant interaction between treatments and metals
suggests that the treatments did not differentially affect BCF leaf values among the
tested HMs. Based on BCF leaf values for both treatments, HMs such as Mn, Cd,
Ni and Zn displayed higher levels of accumulation in P. stratiotes plants under both
systems. Mn, Ni, and Zn are micronutrients essential for plant growth and
development, while Cd has an unknown biological function (Gaur and Adholeya,

2004).

Similarly, analysis via two-way ANOVA analysis indicated that metals
exerted main effect on BCF root, with no interaction between treatments and metals
investigated (Figure 4.6). Metal accumulation in the roots in descending order was
Pb >Fe > Zn > Ni > Cd > Mn in both the EAPR and non-EAPR systems. The BCF
of the root for Pb and Fe in the EAPR was 1.9 and 1.7 times higher than the non-

EAPR system, respectively. This showed that both HMs were highly accumulated
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in the root of P. stratiotes of EAPR treatment. The migration of metal ions is
accelerated toward the root area of the plant by the electrode configuration in the

EAPR system.

350
300 I
250

200

150 I | m EAPR
100 [ non-EAPR
50 i
0
Mn  Cd Fe Ni Pb Z

n

BCF leaf

Heavy metal

Figure 4.5: BCF of metals in P. stratiotes’s leaf samples [analysis of between
EAPR and non-EAPR treatments via two-way ANOVA; data are presented as
mean + standard error of the mean (n=3)]
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Figure 4.6: BCF of metals in P. stratiotes’s root samples [analysis of between
EAPR and non-EAPR treatments via two-way ANOVA; data are presented as
mean = standard error of the mean (n=3)]
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4.4 Translocation Factor (TF)

TF values were used to evaluate the ability of the HM to be translocated in
the plants. It was obtained using Equation 8. TF value, which is less than one,
indicates the restriction of root-to-shoot transfer (Ahmadpour, et al., 2015). In this
study, metal was found as the main effect on TF via two-way ANOVA analysis.
However, there was no interaction between treatments and metals, hence the
influence of treatments on TF did not vary between metals (Table 4.2). HMs are
predominantly absorbed through roots and initially retained in root tissues, with
relatively limited transfer to leaves (Yan, et al., 2020), resulting in low and similar

TF values irrespective of treatment conditions.

Table 4.2: TF values of HMs for P. stratiotes

Translocation factor

Metals EAPR non-EAPR
Mn 0.62+0.21 0.73+0.19
Cd 0.18 = 0.07 0.17 £ 0.04
Fe 0.01+0.00 0.01+0.00
Ni 0.08+ 0.01 0.08 £0.01
Pb 0.00 +0.00 0.01+0.00
Zn 0.06 +0.00 0.12+0.01

[Data are presented as mean * standard error of the mean (n=3); analysis
between EAPR and non-EAPR treatments via two-way ANOVA]
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As treatment was not the main effect on TF, hence this indicated that the
EAPR did not affect P. stratiotes ability to translocate most of the tested HMs. All
the HMs measured in this study were primarily stored in the roots (TF < 1),
regardless of whether the system was EAPR or non-EAPR. Besides, the results also
show that Mn achieved the highest TF value in both the EAPR and non-EAPR
systems, indicating Mn was primarily stored in the leaf while Pb and Fe were
accumulated mainly in the root for both EAPR and non-EAPR. This result was
correlated with the low BCF values in the shoots and high BCF values in the roots

of P. stratiotes.

4.5 HM Removal Efficiency of EAPR

To evaluate the efficiency of EAPR, the concentration of HMs in synthetic
leachate was measured before and after the treatments. Figure 4.7 shows that the
HM removal in the EAPR system was higher than in the non-EAPR system, except
for Zn. Metals was the main effect on HM removal efficiency using two-way
ANOVA analysis, with no interaction detected between treatments and metals. Of
all the metals tested, Pb and Fe displayed the highest removal efficiency in both the
EAPR (59.86 £ 9.98% for Pb and 56.56 + 18.08% for Fe) and non-EAPR (53.26 +
1.84% for Pb and 51.30 % 12.82% for Fe) systems. In contrast, Mn had the lowest

removal efficiency for EAPR (11.92 + 4.98%) and non-EAPR (9.11 + 5.35%)
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systems. These results correlated with the root BCF values obtained, where the root

absorbed more Fe and Pb than Mn.
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Figure 4.7: HM removal efficiency from the synthetic leachate by P. stratiotes
[Analysis between EAPR and non-EAPR treatments via two-way ANOVA,
data are presented as mean + standard error of the mean (n=3)]

4.6  Antioxidative Enzyme Activities of P. stratiotes Under Different
Treatments

Enzymatic activities of superoxide dismutase (SOD), ascorbate peroxidase
(APX), peroxidase (POX) and glutathione reductase (GR) were evaluated to
compare the antioxidative enzyme responses of P. stratiotes under different
conditions: EAPR and non-EAPR systems. Although two-way ANOVA analysis

showed there was an interaction between treatments and tissue types, neither the
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treatments nor the tissue types were the main effects on SOD. This is even though, as
shown in Figure 4.8(a), the SOD enzyme activity in the leaf was 37.15% higher in
the EAPR treatment (2.74 + 0.41 U/g fw) than in the non-EAPR treatment (1.72 +
0.56 U/g fw). Conversely, SOD enzyme activity in the root was 73.75% greater in
the non-EAPR (2.71 + 0.40 U/g fw) compared to the EAPR treatment (0.71 + 0.68

U/g fw).

The two-way ANOVA analysis revealed that neither treatment nor tissue type
had a significant main effect on APX and POX enzyme activities. Furthermore, there
was no interaction between treatments and tissue types, indicating that the influence of
treatments on both the enzymes was consistent across roots and leaves. The APX
activity [Figure 4.8 (b)] follows the trend of SOD activity, exhibiting relatively
increase of 12.18% APX activity in the leaves of the EAPR (0.56 + 0.04 U/g fw)
than non-EAPR treatment (0.49 + 0.08 U/g fw). In the root samples, non-EAPR
(0.72 £ 0.16 U/g fw) displayed an increase of 34.16% in its APX activity as
compared to EAPR treatment (0.48 = 0.06 U/g fw). POX activity [Figure 4.8 (c)]
showed a different profile from SOD and APX activity for both P. stratiotes leaf
and root samples. The enzyme activity in the leaf samples was relatively higher
(13.44%) in the non-EAPR (10.15 + 0.34 U/g fw) compared to the EAPR treatment
(8.79 £ 2.21 U/g fw). However, in the root samples, POX activity increased 17.25%
in the EAPR (11.48 + 1.41 U/g fw) to the non-EAPR treatment (9.50 + 0.44 U/g
fw). As for GR activity [Figure 4.8 (d)], it was only detected in the leaf samples,

with higher activity (22.18%) in leaf samples under EAPR (0.13 U/g fw) than in
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non-EAPR treatment (0.10 £ 0.02 U/g fw). GR activity was absent from both EAPR

and non-EAPR-treated root samples.
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Figure 4.8: Antioxidative enzymes activities of (a) SOD (b) APX (c) POX (d)
GR of P. stratiotes plants [Analysis of SOD, APX and POX activities between
EAPR and non-EAPR treatments via two-way ANOVA; data are presented as
mean + standard error of the mean (n=3)]
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4.7 Analyses of RNA-Seq Data

4.7.1 Throughput and Quality of Strand-specific RNA-seq of P. stratiotes
Libraries

RNA sequencing was conducted to investigate variations in gene expression
and regulation in response to Pb and EAPR stresses (Sections 4.2 - 4.6). Total RNA
extracted from the leaf and root of the control, EAPR and non-EAPR treatments
was used to construct cDNA libraries. The EAPR-treated leaf sample yielded the
most raw reads (59,910,117), followed by the non-EAPR sample (51,819,487) and
the control sample (51,380,833) (Table 4.3). Similarly, the highest clean reads for
the leaf sample were observed to be in the same order: EAPR (59,250,906) > non-
EAPR (51,297,444) > control (50,315,699). However, in an opposite trend, the root
sample from the control (56,795,785) displayed the highest number of raw reads,
followed by the non-EAPR (49,850,872) and EAPR (45,674,321) treatments. The
clean reads obtained for root samples of the control were 56,102,540, non-EAPR
was 49,327,780 and EAPR was 45,191,136. The average raw reads and clean reads

were higher in the leaf than root samples, respectively.

Uniform GC contents were obtained across reads for leaf and root samples
from control, EAPR and non-EAPR treatments. The sample GC content for leaves
(average 51.95%) and roots (average 51.54%) was within the optimum range for
consistent results. Besides, the higher Q20 (98.04% and 97.94% in leaves and roots,

respectively) and Q30 values (94.31% and 94.14% for both leaf and root samples)

108



indicated the high quality of the transcriptome sequencing. In the leaf and root

samples, Q20 values were higher than Q30 for control, EAPR and non-EAPR,

respectively.

Table 4.3: Summary of the RNA-Seq data from the Trinity de novo assembly

programme
Sample Raw reads Clean_reads Q20 (%) Q30 (%) GC (%)
Leaf 51,380,833 50,315,699 98.16 94.58 51.40
(control)
Leaf 59,910,117 59,250,906 97.94 94.02 52.24
(EAPR)
Leaf (non- 51,819,487 51,297,444 98.01 94.32 52.21
EAPR)
Subtotal 54,370,146 53,621,350 98.04 94.31 51.95
average
Root 56,795,785 56,102,540 97.94 94.18 51.92
(control)
Root 45,674,321 45,191,136 97.94 94.14 51.96
(EAPR)
Root (non- 49,850,872 49,327,780 97.93 94.09 50.73
EAPR)
Subtotal 50,773,659 50,207,152 97.94 94.14 51.54
average

By using the Trinity assembler, a total of 318,319 transcripts, comprising

386,922,411 nucleotides, were further obtained, with a mean length of 1,159 bp,

and N50 and N90 values of 2,136 bp and 426 bp, respectively (Table 4.4). From

these transcripts, a total of 204,252 unigenes with 164,929,136 nucleotides were

assembled with an average length of 807 bp, N50 of 986 bp and N90 of 377 bp.

Both the transcript and unigenes exhibited an identical maximum length of 18,644

bp.
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Table 4.4: Overview of the number and length distribution of transcripts and
unigenes

Total Mean Max
Type number length length N50 N90 Total nucleotides
(bp) (bp) (bp)  (bp)
Transcript 318,319 1,159 18,644 2,136 426 368,922,411
Unigene 204,252 807 18,644 986 377 164,929,136

4.7.2 Differential Expression Analysis

P. stratiotes had distinct expression patterns for leaf and root samples. This
study examined the effect of EAPR and Pb on the gene expression profiles of leaf
and root samples. For the root samples under EAPR and Pb stress, a total of 17,531
and 40,101 differentially expressed unigenes (DEGs) were found, as shown in
Figure 4.9 and Figure 4.10, respectively. It was interesting to note that under Pb
stress, it caused a significantly higher number of upregulated DEGs (29,878) in the
root (Figure 4.10), which is 91.58% greater in comparison to the number of
upregulated DEGs (2,516) in the root after EAPR treatment (Figure 4.9). In
contrast, a different pattern was observed with 31.91% more downregulated DEGs
in EAPR-treated root (Figure 4.9) than Pb-treated (Figure 4.10), with the number

of DEGs of 15,015 and 10,223, respectively.
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Figure 4.9: Volcano plot of DEGs obtained from the sequenced-transcript
samples of P. stratiotes root samples (EAPR vs non-EAPR) [The dashed line in
each volcano plot indicates an adjusted padj < 0.005, log2FoldChange > 1. Red
dots indicate upregulated DEGs, green dots indicate downregulated DEGs and
blue dots indicate filtered unigenes that are insignificantly regulated. Note:
EAPR vs non-EAPR= Effect of EAPR treatment]
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Figure 4.10: Volcano plot of DEGs obtained from the sequenced-transcript
samples of P. stratiotes root samples (non-EAPR vs control). The dashed line
in each volcano plot indicates an adjusted padj < 0.005, log2FoldChange > 1.
Red dots indicate upregulated DEGs, green dots indicate downregulated
DEGs and blue dots indicate filtered unigenes that are insignificantly
regulated. Note: non-EAPR vs control= Effect of Pb stress
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Meanwhile, a relatively smaller number of unigenes were differentially
expressed in the leaf samples of the plants under EAPR (5,258) and Pb (3,441)
treatments, as shown in Figure 4.11 and 4.12, respectively. For the leaf samples,
EAPR treatment induced a 64.67% higher number of upregulated DEGs (3,433)
(Figure 4.11) compared to Pb stress (1,213) (Figure 4.12). In contrast, Pb stress
(2,228) caused greater (18.09%) downregulated DEGs (Figure 4.12) than EAPR
treatment (1,825) (Fig. 4.11). In general, it was found that distinct expression
profiles of DEGs were observed under EAPR treatment and Pb stress, which
strongly supports that the different strategies might be triggered in the leaf and root

samples to cope with EAPR and Pb stress.

]
1o up: 3433

daown: 1825

logz(fold change)

Figure 4.11: Volcano plot of DEGs obtained from the sequenced-transcript
samples of P. stratiotes leaf samples (EAPR vs non-EAPR) [The dashed line in
each volcano plot indicates an adjusted padj < 0.005, log2FoldChange > 1. Red
dots indicate upregulated DEGs, green dots indicate downregulated DEGs and
blue dots indicate filtered unigenes that are insignificantly regulated. Note:
EAPR vs non-EAPR= Effect of EAPR treatment]
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Figure 4.12: Volcano plot of DEGs obtained from the sequenced-transcript
samples of P. stratiotes leaf samples (non-EAPR vs control) [The dashed line
in each volcano plot indicates an adjusted padj < 0.005, log2FoldChange > 1.
Red dots indicate upregulated DEGs, green dots indicate downregulated
DEGs and blue dots indicate filtered unigenes that are insignificantly
regulated. Note: non-EAPR vs control= Effect of Pb stress]

4.8 Cluster Analysis of Gene Expression Profiles

4.8.1 Cluster Analysis of DEGs Differences

Normalized FPKM (fragments per kilobase of transcript sequence per
million base pairs sequenced) was used to assess each constructed unigenes'
abundance and differentiate mMRNA levels. The resulting DEGs from various
treatments were clustered using the built-in R package, pheatmap. The relationships
between Pb and EAPR treatments, which induced changes in gene expression in
leaf and root samples, were illustrated using Java Treeview (Figure 4.13). The

branch lengths on the tree indicate the degree of similarity among the three
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conditions for the leaf and root samples’ DEGs. The treatment’s gradient sample is
presented as Z-scores in the hierarchical heatmaps. The heat-map colours range
from red (high gene expression) to green (low gene expression). DEGs obtained
from the leaf and root samples of control, EAPR and non-EAPR were clustered and
separated based on hierarchical clustering. Each thin column indicates one gene and

its expression level in all three treatments (EAPR, non-EAPR and control).

From Figure 4.13, it was evident that the leaf and root groups exhibited
contrasting expression patterns by tissue type. All DEGs obtained were clustered
into two major groups (leaf and root), suggesting the main source of variation
across treatments was organ-specific transcriptional regulation. Most of the DEGs
were upregulated in the leaf clusters, with the sample from the EAPR treatment
showing a predominance of red signals compared to the non-EAPR and control
treatments. In contrast, minimal differences were observed in the gene expression
profiles between control and non-EAPR groups. Hence, under the experimental
conditions in leaf tissues, Pb exposure alone is indicated to induce limited

transcriptional divergence.

Conversely, the root clusters showed evident gene downregulation, with
the root sample from non-EAPR (affected by Pb) exhibiting the greatest number of
downregulated genes. The expression patterns of the EAPR-treated root sample

were more comparable to the control than the non-EAPR treatment. Overall, tissue-
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specific expression profiles primarily contributed to the variation in transcriptional
patterns, whereas treatment-related differences were secondary. Additionally, in the

leaf tissues, EAPR appears to differentially modulate their gene expression.
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Figure 4:13 The cluster analysis of DEGs of the effect of EAPR and Pb-induced
changes in gene expression of P. stratiotes leaf and root samples under different
conditions (EAPR, non-EAPR and control)
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4.9 Gene Ontology (GO) Functional Enrichment

Additional investigations were conducted using GO enrichment analyses
to categorize the functions of P. stratiotes DEG into the biological process (BP),
cellular component (CC), and molecular function (MF) categories. In the threshold
range of padj < 0.05, the results showed the terms significantly upregulated and

downregulated as a result of EAPR and Pb effects.

4.9.1 GO Analysis of Root Samples

4.9.1.1 GO Analyses of Root Samples for EAPR versus non-EAPR (Effects of
EAPR)

GO enrichment analysis of the root samples of EAPR versus non-EAPR
treatment revealed that most DEGs were upregulated in 12 terms (Figure 4.14) and
downregulated in 14 terms (Figure 4.15) differently, probably due to the effects of
EAPR. These terms are grouped into three categories: biological process (BP
group), cellular component (CC group) and molecular function (MF group). After
EAPR treatment, the most upregulated genes [-log(pad]j) > 10] mainly belonged to
the five terms, namely ribosome biogenesis and translation from the BP group,
ribosome from the CC group, and structural constituents of the ribosome and

structural molecule activity from the MF group (Figure 4.14).
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Figure 4.14: GO enrichment analysis of the upregulated DEGs (root) under
EAPR versus non-EAPR condition [Category: biological process (BP), cellular
component (CC) and molecular function (MF)]

Meanwhile, the most obvious downregulated terms belonged to the
cellular protein modification process, which was part of the BP group, for which
the -log(padj) value was greater than five (Figure 4.15). However, it was also
noteworthy that other downregulated genes in different terms, such as
nucleocytoplasmic transport, membrane organisation, vesicle-mediated transport,
signal transduction and transport from the BP group, might play an essential role in
cell functions and diseases. On the other hand, the cytoskeleton term (CC group)
and kinase activity and GTPase activity, both terms belonging to the MF group,
displayed a -log(padj) value of more than two. The upregulated DEG terms (Figure

4.14) achieved higher -log(padj) values than the downregulated DEG (Figure 4.15).
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Figure 4.15: GO enrichment analysis of the downregulated DEGs (root) under
EAPR versus non-EAPR condition [Category: biological process (BP), cellular
component (CC), and molecular function (MF)]

4.9.1.2 GO Analyses of Root Samples for Non-EAPR versus Control (Effects
of Pb Stress)

In this study, a total of 19 terms were identified as enriched in both the
upregulated (Figure 4.16) and downregulated DEGs (Figure 4.17). All the
upregulated genes achieved a lower -log(padj) value of less than three, except for
GTPase activity (MF group). The terms enriched in the BP group [-log (pad)) > 2]
including cellular protein modification process, transport, vesicle-mediated
transport, cellular component assembly, nucleocytoplasmic transport, membrane

organization, cellular amino acid metabolic process and signal transduction. Other
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enriched terms that were upregulated included endosome and cytoplasmic vesicle

(CC group), as well as kinase and phosphatase activity from the MF group.
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Figure 4.16: GO enrichment analysis of the upregulated DEGs (root) under
non-EAPR versus control condition [Category: biological process (BP),
cellular component (CC), and molecular function (MF)]

According to Figure 4.17, Pb stress might cause the downregulation of
genes enriched in terms such as ribosome biogenesis, translation (BP group),
ribosome (CC group), and structural constituents of ribosome and structural
molecule activity (MF group). The -log(padj) values for downregulated DEGs were

observed to be much higher than those for upregulated DEG genes.
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Figure 4.17: GO enrichment analysis of the downregulated DEGs (root) under
non-EAPR versus control condition [Category: biological process (BP),
cellular component (CC), and molecular function (MF)]

4.9.2 GO Analysis of Leaf Samples

4.9.2.1 GO Analyses of Leaf Samples for EAPR versus non-EAPR (Effects of
EAPR)

Via GO analysis, it was observed that EAPR treatment likely caused
enrichment of upregulated and downregulated genes in 12 (Figure 4.18) and 10
terms (Figure 4.19), respectively. Some similar terms were observed in both figures
due to the introduction of the electric field. These terms include translation,
ribosome biogenesis, biosynthetic process (BP group), ribosome, cytoplasm,

protein-containing complex, organelle (CC group), structural constituent of
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ribosome and structural molecule activity (MF group). Three additional GO terms
enriched with the upregulated genes were cellular nitrogen compound metabolic
process (BP group), oxidoreductase activity and RNA binding (MF group), as
shown in Figure 4.18. In contrast, only additional hydrolase activity, acting on
glycosyl bonds term was enriched with downregulated genes, as shown in Figure

4.19.
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Figure 4.18: GO enrichment analysis of the upregulated DEGs (leaf) under
EAPR versus non-EAPR condition [Category: biological process (BP), cellular
component (CC), and molecular function (MF)]
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Figure 4.19: GO enrichment analysis of the downregulated DEGs (leaf) under
EAPR versus non-EAPR condition [Category: biological process (BP), cellular
component (CC), and molecular function (MF)]

4.9.2.2 GO Analyses of Leaf Samples for Non-EAPR versus Control (Effects
of Pb Stress)

As shown in Figures 4.20 and 4.21, both upregulated and downregulated
DEGs were mainly enriched in the same terms. These terms include translation,
ribosome biogenesis, biosynthetic process, cellular nitrogen compound metabolic
process from the BP group, ribosome, cytoplasm, protein-containing complex,
organelle, intracellular from the CC group, structural constituent of ribosome and
structural molecule activity derived from the MF group. In addition, GO enrichment
analyses of the downregulated DEGs revealed two additional terms from the MF

group: enzyme regulator activity and rRNA binding (Figure 4.21).
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Figure 4.20: GO enrichment analysis of the upregulated DEGs (leaf) under
non-EAPR versus control condition [Category: biological process (BP),
cellular component (CC), and molecular function (MF)]
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Figure 4.21: GO enrichment analysis of the downregulated DEGs (leaf) under
non-EAPR versus control condition [Category: biological process (BP),
cellular component (CC), and molecular function (MF)]
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4.10 Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment
Analyses

4.10.1 KEGG Enrichment Analyses of Root Samples for EAPR versus non-
EAPR (Effects of EAPR)

The KEGG pathway enrichment was assessed to identify specific
biological pathways associated with these DEGs, and the significantly enriched
pathways were filtered based on -log(padj) < 0.05. As shown in the KEGG
enrichment analysis, six KEGG pathways were identified because of EAPR
treatment (Table 4.5). Based on the -log(padj) values, upregulated DEGs were
significantly enriched in ribosome (14.76). In contrast, downregulated DEGs were
most significantly enriched in the MAPK signaling pathway-plant (7.00), followed
by Ras signaling pathway (2.72), Rap1 signaling pathway (1.88), CAMP signaling

pathway (1.77) and the calcium signaling pathway (1.60).

Table 4.5: Comparative KEGG pathway enrichment analysis of root DEGs
due to EAPR treatment

EAPR versus ID Description -log(padj)

non-EAPR

Upregulated ko03010 Ribosome (n = 242) 14.76

Downregulated ko04016 MAPK signaling pathway - plant 7.00
ko04014 Ras signaling pathway 2.72
ko04015 Rapl signaling pathway 1.88
ko04024 CAMP signaling pathway 1.77
k004020 Calcium signaling pathway 1.60
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4.10.2 KEGG Enrichment Analyses of Root Samples for non-EAPR versus
control (Effects of Pb stress)

Additionally, the effects of Pb stress may impact eight KEGG pathways,
as determined by KEGG enrichment analysis (Table 4.6). In contrast to the impact
of EAPR, MAPK signalling pathway- plant, Ras signalling pathway and cAMP
signalling pathway were found to be under the upregulated DEGs group, which
could be under the influence of Pb stress. Among all, the MAPK signalling
pathway- plant was the most significant upregulated pathway, with a -log(padj)
score of 3.07 compared to the rest, which are below 2.0. The downregulated DEGs
were significantly enriched in the ribosome pathway, with a -log(padj) value of
89.80. Other pathways enriched include oxidative phosphorylation (7.96),
photosynthesis-antenna proteins (6.33), necroptosis (3.60), apoptosis (3.57),

cGMP- PKG signalling pathway (2.15) and mineral absorption (1.68).
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Table 4.6: Comparative KEGG pathway enrichment analysis of root DEGs

due to Pb stress

Non-EAPR versus ID Description -log (padj)

control

Upregulated ko04016 MAPK signaling pathway - plant 3.07
ko04014 Ras signaling pathway 1.66
ko04024 CAMP signaling pathway 1.66

Downregulated ko03010 Ribosome 89.80
ko00190 Oxidative phosphorylation 7.96
ko00196 Photosynthesis - antenna proteins 6.33
ko04217 Necroptosis 3.60
ko04210 Apoptosis 3.57
ko04022 cGMP-PKG signaling pathway 2.15
ko04978 Mineral absorption 1.68

4.11 KEGG Enrichment Analyses of Leaf DEGs

4.11.1 KEGG Enrichment Analyses of Leaf Samples for EAPR versus non-

EAPR (Effects of EAPR)

Seven KEGG enrichment pathways were identified as the effect of EAPR

treatment (Table 4.7). The ribosome, biosynthesis of secondary metabolite,

metabolic pathways, biosynthesis of amino acids, arginine biosynthesis and carbon

metabolism pathways were significantly enriched in upregulated DEGs. The -

log(padj) score by ribosome was the highest (14.80), while the rest of the pathways

were in the range of 1.73 to 2.19.
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Table 4.7: Comparative KEGG pathway enrichment analysis of leaf DEGs due
to EAPR treatment

EAPR versus ID Description -log (padj)
non-EAPR
Upregulated ko03010 Ribosome 14.80
ko01110 Biosynthesis of secondary 2.19
metabolites
ko01100 Metabolic pathways 2.19
ko01230 Biosynthesis of amino acids 1.93
k000220 Arginine biosynthesis 1.73
ko01200 Carbon metabolism 1.73
Downregulated ko03010 Ribosome 31.47

4.11.2 KEGG Enrichment Analyses of Leaf Samples for non-EAPR versus
control (Effects of Pb stress)

Nine KEGG enrichment pathways were obtained that could be as the
result of the influence of Pb stress. Most of the DEGs were downregulated in six
pathways, which include ribosome (72.76), flavonoid biosynthesis (4.28),
stilbenoid, diarylheptanoid and gingerol biosynthesis (3.82), phenylpropanoid
biosynthesis (2.62), alpha-linolenic acid metabolism (1.54) and linoleic acid
metabolism (1.37). Upregulated DEGs were significantly enriched in ribosome
(31.77), plant hormone signal transduction (5.46) and fatty acid elongation

pathways (1.47) as shown in Table 4.8.
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Table 4.8: Comparative KEGG pathway enrichment analysis of leaf DEGs due
to non-EAPR treatment

Non-EAPR ID Description -log (padj)
versus negative
control.
Upregulated ko03010  Ribosome 31.77
ko04075  Plant hormone signal 5.46
transduction
ko00062  Fatty acid elongation 1.47
Downregulated ko03010  Ribosome 72.76
ko00941  Flavonoid biosynthesis 4.28
ko00945  Stilbenoid, diarylheptanoid and 3.82
gingerol biosynthesis
ko00940  Phenylpropanoid biosynthesis 2.62
ko00592  alpha-Linolenic acid metabolism 1.54
ko00591  Linoleic acid metabolism 1.37

4.12 Key Genes in P. stratiotes Adaptation under Combined Electrochemical
Stress Revealed by EAPR

The discovery that EAPR reverses the gene expression trends induced by
Pb stress prompted an investigation of ten key genes that exhibit these trends (Table
4.9). They were key regulators (not effectors) within stress-signaling networks,

such as MAPK, hormone signaling and metal homeostasis.
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Table 4.9: Key Pb-Responsive Regulatory Hub Genes Modulated by EAPR

Treatment

Rank GenelD

Annotation (from

NR /KO / GO)

Functional class

Putative regulatory
function

1 Cluster-
3093.0
D) Cluster-
2906.0
3 Cluster-
18206.0
4 Cluster-
18765.0
5 Cluster-
12402.0
6 Cluster-
32326.0
7 Cluster-
11998.0
g Cluster-
13607.0

Mitogen-Activated
Protein Kinase
kinase (MAPKK /
MAP2K)

NAPI1-related
protein 2

Stress-induced
regulatory protein
(Populus ortholog)

14-3-3 protein
epsilon

Heterotrimeric G-
protein o subunit

ABC-F transporter

Glutathione
transferase /
prostaglandin-H2
isomerase

Ribosomal stress-
response protein

MAPK core
kinase

MAPK scaffold

Stress signaling
adaptor

Hormone and
MAPK integrator

Hormone / ROS
signal transducer

Metal/oxidative
detox regulator

ROS detox hub

Stress-activated
translational
control

Central amplifier of Pb-
stress signals that
activates WRKY, NAC,
ROS genes

Organizes MAPK
modules; controls
intensity & duration of
stress signaling

Links oxidative & metal
stress to transcriptional
responses

Master switch for ABA,
ethylene, ROS and
MAPK phosphorylation
cascades

Controls Ca?", ROS
bursts and MAPK
activation under heavy
metal stress

Regulates translation
and stress tolerance;
induced by Pb and
suppressed by EAPR

Controls redox balance
downstream of MAPK
and WRKY

Activated by MAPK
and Pb-stress to
reprogram proteome
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Annotation (from Putative regulator
( Functional class £ y

Rank GenelD NR /KO / GO) function

Couples Pb-induced
Cluster- Redox-responsive  ROS—signaling oupies Th-Incuce

R tot ipti |
? 17353.0 regulatory protein  node O.S (.) ranseriptiona
activation
Stress-induced cell- . . Controls ion fluxes and
10 Cluster- 11/ membran Stress signaling Pb sensine at cell
152750 "¢ 'm rbrane interface Sensing at ce
protein surface

4.13. Upregulation of Genes Involved in MAPK Signaling Pathway in
Plants (ko04016) due to Pb stress

Three clusters of genes involved in the regulation of the MAPK signalling
pathway- plant due to Pb stress were identified (Appendix 15). The first cluster is
MKK3-MPKG6 with four and eight DEGs (Appendix 16), respectively, triggered by
jasmonic acid (JA). The second MEKK1-MKK2-MPK4/6 cluster shows 24, 12,
and one/eight DEGs upregulated, respectively due to cold salt stress. The final
cluster is the MKK1-MPKG& cluster, actuated by ABA (salt/drought/osmotic stress),

with one and eight DEGs upregulated, respectively.

4.14 Gene Expression Analyses by Quantitative Real-time PCR (qRT-PCR)

To analyse the RNA-Seq data (Section 4.7), gRT-PCR was performed on

six upregulated genes potentially associated with Pb stress from the root samples
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(Appendix 17). These genes were selected from the MAPK signaling pathway
(ko04016), a significantly enriched pathway under Pb stress, and were found to be
upregulated in both non-EAPR and EAPR treatments (Figure 4.22). Among the
tested genes, GTP-binding protein rhoA-like (GT), guanine nucleotide-binding
protein subunit beta-like (GUA), and calcium-binding protein NCS-1-like (CAL)
showed statistically significant differences (p < 0.05). Notably, calmodulin (CA),
GT, and GUA exhibited high relative expression levels (> 10) in EAPR treatment.
In contrast, calmodulin 5 (CAb), calcium-binding protein NCS-1-like (CAL) and

Rab5b rab family GTPase (RAB) displayed lower expression values (< 6).

This gRT-PCR analysis confirmed the RNA-seq findings, highlighting
key genes in the MAPK signaling pathway that may play a role in plant responses

to Pb stress.
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Figure 4.22: Gene expression patterns root samples of P. stratiotes [Data are
presented as mean + standard error of the mean (n=3) [y-axis: Relative
expression level; different superscript letters letters (2, °, ©) indicate statistically
significant differences (p < 0.05) between the control, EAPR and non-EAPR
treatments as determined by one-way ANOVA with Tukey’s HSD post-hoc

test]
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CHAPTER 5

DISCUSSIONS

5.1 Leachate Characterization of Synthetic Young Leachate

The pH of both EAPR and non-EAPR leachate samples displayed
significant increase compared to the control. However, no significant difference in
pH was observed between EAPR and non-EAPR treatments (p > 0.05). Although
hydroxyl ions are continuously generated at the cathode via water reduction in the
EAPR system (Putra and Hastika, 2018), the buffering capacity of the leachate and
mass transfer limitations likely mitigated substantial changes in bulk pH (Arhoun,
et al., 2023; Zheng, et al., 2024). In a study by Mulati, et al. (2023), the pH values
of the treatment groups, which consisted of electro-assisted, wheat and tall fescue
varied from 7.45 to 7.71. Similarly, Putra, et al. (2022) observed a pH increase of
approximately 6.65- 6.75 in an electro-enhanced phytoremediation system spiked
with 500 mg/L of lead (I1), which was triggered by the hydrolysis of lead (Il) ions

in the water.

Some aquatic plants perform photosynthesis during daylight, eradicating

carbon dioxide (CO2) from the medium and causing the pH to rise (Ryplova,
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Pokorny and Baxa, 2023). The increased pH in non-EAPR treatment might be, at
least in part, due to P. stratiotes’ absorption of dissolved carbon dioxide (CO.) from
the synthetic leachate for photosynthesis (Jiang, Liao and Li, 2023). This
absorption can alter the equilibrium of the CO2/HCO3™ buffer system, potentially
leading to the exhaustion of protons (H*), which leads to an increase in the pH
(Novita, Moersidik and Priadi, 2019). In this study, the plants were illuminated with
a 40 W Philips fluorescent lamp, positioned approximately 20 - 30 cm above the
water surface. This corresponds to an estimated photosynthetic photon flux density
(PPFD) of approximately 60 - 90 umol m2 s™!. Although PPFD was not directly
measured, the estimated range is consistent with reported values for comparable
fluorescent-light environments (Acevedo-Siaca and McAusland, 2025) and is

sufficient to trigger net photosynthesis in floating aquatic macrophytes.

Synthetic leachate treated with EAPR showed a significant reduction (p <
0.05) in biochemical oxygen demand (BOD), colour and turbidity as compared to
the control after 7 days (Table 4.1). An oxidation reaction occurred at the anode,
contributing to the increasing DO content (Putra and Hastika, 2018), which may be
the reason for the increase in DO value observed in this study. In the EAPR and
non-EAPR systems studied, aquatic plants utilize photosynthesis to convert carbon
dioxide and water into glucose and oxygen during the day, releasing oxygen into
the water. The DO levels in the aquatic environment rise due to this process
(Ryplova, Pokorny and Baxa, 2023). In addition, this could be due to the higher

oxygen content as aerobic conditions are created within the wastewater that favours
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the aerobic bacterial activity to decrease BOD and COD (Mir, et al., 2017). BOD
is defined as the amount of dissolved oxygen required by microorganisms to break
down organic matter in a solution over a given period and temperature. High BOD
can cause oxygen depletion and harm aquatic organisms (lber and Kasan, 2021). In
this study, BOD was reduced significantly more in the EAPR system supplemented
with DC than in the control system over the 7-day experiment period. BOD and
COD reductions are generally slower and more variable in real landfill leachate
applications. This is due to the presence of refractory and humic fractions that are
hard to biodegrade. Hence, the combination of -electrochemical-biological

approaches outperforms a single phytoremediation treatment.

This is supported by Kumar, et al. (2019)’s study, where a significant
removal of BOD (83.78%) and COD (93.64%) from sugar mill effluent by E.
crassipes was obtained by using the Continuous Stirred Tank Reactor (CSTR)
assisted with low-level DC. Nevertheless, the higher BOD in the non-EAPR than
EAPR system might be resulted from the higher oxygen demand required by

microbes to break down organic matter (Dolhan, Arbaan and Bain, 2024).

Similarly, the enhanced reduction in turbidity of synthetic leachate treated
with EAPR may be due to the current flow in the system. The synthetic young
leachate treated with the EAPR system exhibited a significant reduction in turbidity

compared to control. According to Raghab, Abd El Meguid and Hegazi (2013),
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turbidity reduction refers to the decrease in suspended solids in leachate. Turbidity
reduction suggests removal or aggregation of particulate matter, although
suspended solids were not directly measured in this study (Jo, et al., 2024; Behera,
Poddar and Byun, 2025). These results are in agreement to those of Foong (2019),
which investigated EAPR and non-EAPR (phytoremediation) systems for treating
leachate using E. crassipes. Their analysis showed that reduced turbidity in the
EAPR system (58.13 £ 0.84 NTU) was greater than that in the non-EAPR system
(66.20 + 1.20 NTU). Besides, quantitative UV-VIS analysis at 465 nm showed that
the colour intensity of both leachate samples from EAPR (120.00 + 5.77 PtCo) and
non-EAPR (103.33 £ 12.02 PtCo) showed a significant drop compared to the
control (213.33 £ 23.33 PtCo). Similarly, Nahar and Hoque (2021) also found that
water lettuce effectively treated lake waters, increasing their physical and chemical

properties.

Although the EAPR and non-EAPR treatments showed numerical
differences in COD, TDS and total ammonia compared with the control, these
differences were not statistically significant (p > 0.05). Hence, this suggests that
electrochemical assistance did not markedly improve the removal of these
constituents. Recent research on landfill leachate treatment indicates that refractory
organics (COD) and dissolved ions (TDS, ammonia) are more difficult to remove
by a sole electrochemical process. The complex composition and high buffering
capacity of leachate limit the effectiveness of coagulation and direct oxidation

(Rookesh et al., 2022). Factors that enhance the efficiency of electrochemical
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processes, such as COD or ammonia removal, include combination with other
advanced treatments, sufficient operating time, and current densities (Rookesh, et

al., 2022; Kashani et al., 2023).

Despite the applied electric field, the lack of significant differences in ORP
among treatments implied that the bulk redox environment remained relatively
constant. Competing redox reactions and the buffering effects of complex leachate
constituents could contribute to the local anodic and cathodic reactions without
significantly altering the ORP of the bulk solution. Recent studies highlight that
electrochemical enhancements do not cause quantifiable net ORP changes at the
bulk scale in complicated wastewater treatment (Shah, Walia, and Kazemian,

2024).

This finding demonstrated that both EAPR and non-EAPR methods can
treat leachate. While EAPR displayed greater numerical enhancement in pH, BOD,
colour, DO and turbidity compared to non-EAPR treatment, the differences
between both treatments were not statistically significant. Additionally, the EAPR
system did not significantly enhance the removal of COD, TDS or total ammonia,
nor alter ORP as compared to control (p > 0.05). The applied electric field had a
limited effect on dissolved organics, ionic constituents and bulk redox conditions
within the experimental duration. Therefore, the initial hypothesis was not

statistically supported under the experimental conditions applied. Enhanced aerobic
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bacterial activity and suspended solids removal in EAPR further contributed to

more efficient pollutant degradation.

5.1.1 Comparison with Real Landfill Leachate Characteristics and Treatment
Responses

Real landfill leachate contains large amounts humic/ fulvic acids, elevated
amounts of ammoniacal nitrogen, bicarbonate, organic acids (Lindamulla, et al.,
2022; Costa, Pinedo and Riascos, 2025), heavy metals (Al-Yaqout and Hamoda,
2020), diverse cations and TDS. All these characteristics contribute to the strong
buffering capability, causing biological and direct electrochemical oxidation
reaction less effective than synthetic leachate. Real leachate treatment remains
challenging as it contains complex organic fractions and recalcitrant constituents
are difficult to biodegrade. Besides, they resist direct electrochemical removal

(Sossou, et al., 2024; Xiang, et al., 2025).

Additionally, real landfill leachate exhibits a strong buffering capacity that
resists pH shifts, even under electrochemical treatment. In comparison between
EAPR and non-EAPR treatment (p > 0.05), the observed modest pH changes in
synthetic leachate were consistent with real leachate. Even under oxidation or

electrochemical forcing, real leachates typically maintain a pH in the range from
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near-neutral to slightly alkaline. Thus, it is more difficult to significantly control or

change pH and ORP as they resist change (Xiang, et al., 2025).

Furthermore, COD and BOD reductions in real leachate are slower and less
substantial due to the presence of refractory organic compounds. The reductions in
both parameters in this study might not reflect the high strength of real leachate
(Sossou, et al., 2024). It is of crucial importance to consider real leachate
components in the interpretation of treatment effectiveness and up scaling of

laboratory results.

5.2 Plant Growth and Physiological Parameters

Plant growth is affected by different factors, including nutrients, water,
light, temperature (Craker, 2021) and environmental stressors such as HMs
(Chaitanya, Pavani and Shasthree, 2023). In addition, electrical stimulation
modulates plant cellular behaviors, with effects that highly rely on intensity,
frequency and duration applied. While moderate electrical stimulation promotes
healing and metabolic activity, excessive intensity can cause tissue damage and
dysfunction (Ma, et al., 2024). Plant biomass is a key indicator for assessing the

health and productivity (Robertson, Schmid and Lundgren, 2023) of P. stratiotes.
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The initial biomass of P. stratiotes measured before exposure to synthetic
leachate (Day 0) serves as the control in this study. Therefore, after seven days of
exposure, the biomass values for the EAPR and non-EAPR treatments indicated the
percentage decrease in plant biomass relative to the baseline. Based on Figure 4.2,
the percentage drop in total plant biomass in the control group (4.97 + 1.66 %) was
significantly lower than that observed under EAPR (31.85 £ 5.93 %) and non-
EAPR (28.56 + 2.85 %) treatments. The greater biomass reduction observed under
EAPR and non-EAPR treatments induces physiological stress in P. stratiotes.
Similarly, Singh, et al. (2023) reported that leachate-induced changes include the
reduction in growth and vyield of crop-based mustard plants. HM can disrupt
membrane permeability, plant metabolic processes and decrease enzymatic
activity. Eventually, all these can lower plant growth and biomass output (Soni, et

al., 2024; Yadav, et al., 2021).

These results agreed with the observation of P. stratiotes’ physical
appearance, which was grown in synthetic young leachate with HMs under both
EAPR and non-EAPR treatments that showed phytotoxic symptoms (discoloration,
pigmentation, yellowing and withering) (Agarwal, et al., 2022; Kazmi et al., 2025),
which are consistent with HM—induced stress. On the other hand, the control's
minimal biomass reduction indicated the plants' initial physiological state before
treatment. Incorporating detailed quantitative morphological measurements (e.g.
root length analysis or systematic photographic documentation) in future studies

would enable further understanding of plant responses to leachate exposure.
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Although insignificant, the loss of total biomass was slightly higher in the
EAPR system than in the non-EAPR system, indicating stronger physiological
interaction between the plants and pollutants during the remediation process.
Hence, the electro-assisted system showed a minor effect on the growth of the
plants. It was suggested that the plants had lower tolerance to the HMs (Putra,
Novarita and Cahyana, 2016; Putra, et al., 2017) present in the leachate. The fresh
biomass, growth development and tolerance index of leaves, roots and shoots were
adversely affected by increased concentrations of Pb in Pisum Sativum, Zea mays
(Cimrin, Turan, and Kapur, 2007) and tomato seedlings (Nas and Ali, 2018). The
extreme level of Pb alters the reaction of the sulphydryl groups with cations, cell
membrane permeability, and the possibility of reaction with active groups of ADP/
ATP and phosphate groups (Chugh and Sawhney, 1999). Cd has been reported to
cause stunted growth, chlorosis, osmotic stress and water content (Soni, et al., 2024),
while plants exhibiting Fe toxicity display leaf bronzing and stunted root systems
(Li, Kronzucker, and Shi, 2016). Sturikova, et al. (2018) reported that excessive
levels of Zn could inhibit plant growth and cause chlorosis of young leaves.
Symptoms of Mn toxicity include chlorosis, brown spots, and leaf necrosis (Faria,
et al., 2020; Garcia, et al., 2020). Reduction in biomass production (Yadav, et al.,
2021), germination and plant growth (Leskova, et al., 2020) have been associated

with excess Ni in plants.

Besides, the growth of a plant can be closely related to the changes in total

chlorophyll content in a plant (Li, et al., 2006a; Putra and Hastika, 2018). Total
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chlorophyll content has been employed to measure the photosynthetic capacity of
a plant. A plant in active growth or a healthy plant will have a high chlorophyll
content (L1, et al., 2018). Chlorophyll content in leaves may be a good indicator of
environmental stress, pollutant exposure, as well as changes in temperature and
humidity because it exhibits a greater sensitivity to changes in external conditions
than do other pigments in foliage, such as carotenoids (Talebzadeh and Valeo,

2022).

In this study, P. stratiotes showed a lower amount of total chlorophyll
content under HM stress in both EAPR (5.93 + 0.33 mg/mL) and non-EAPR (5.22
+ 0.39 mg/mL) compared to the control (7.08 £ 0.33 mg/mL) (Figure 4.3). This
showed that the presence of HMs in synthetic young leachate could have badly
affected P. stratiotes growth. Although statistically insignificant, the total
chlorophyll in the EAPR was higher than in the non-EAPR. Thus, EAPR probably
would have less effect on the development of P. stratiotes. Nevertheless, the
application of an enhanced phytoremediation system caused significantly higher
total chlorophyll (60-70 mg/mL) in Kentucky bluegrass (Poa pratensis L.) as
compared to conventional hydroponic phytoremediation (Putra, et al., 2022).
However, E. crassipes grown in EAPR cells maintained normal levels of total
chlorophyll content compared to the control, without signs of phytotoxicity (Putra,
et al.,, 2017). Hence, plant species may react differently to enhanced
phytoremediation systems, with some showing improved physiological traits while

others remain unaffected.
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EAPR treatment displayed relatively higher total chlorophyll content, while
simultaneously caused greater reduction in total biomass, as compared to non-
EAPR. The electrical field may induce physiological changes that increase
metabolic costs associated with ion balance and repair (Ma, et al., 2025). This shifts
stress-induced resources toward defense and maintenance at the expense of growth.
Plants commonly redirect carbon and nitrogen away from growth into protective
pathways and maintenance of photosynthetic apparatus under abiotic stress (Xu and
Fu, 2022). Hence, biomass accumulation is reduced while simultaneously
preserving photosynthetic activity, resulting in a growth—defence trade-off (Jiao, et

al., 2024).

Transcriptomic results revealed a leaf-specific upregulation pattern,
suggesting activation of photosynthesis-related and leaf protection pathways.
Despite whole plant stress, such responses may stabilize chloroplast function or
increase chlorophyll synthesis. Additionally, leaves often upregulate genes related
to antioxidative responses to maintain carbon assimilation under stress (Rosas-
Ramirez, et al., 2024; Zhang, et al., 2025). This contributed to the increase in

chlorophyll concentration, despite total biomass decline

Conversely, the gene-downregulation pattern was predominantly observed
in root tissues, contributing to reduced biomass accumulation and whole-plant

growth. These genes (such as Cyclin-dependent kinases, NRT1 / NRT2) are likely
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to impair growth, nutrient uptake and root functions. Transcriptional suppression
of root tissues under HM or abiotic stress often causes inhibition of root elongation
and impaired uptake capability, which leads to a reduction in total biomass (Li, et
al., 2025; Mohamed, et al., 2025). These results imply that EAPR shifted energy
allocation from growth to stress adaptation by enhancing chlorophyll content while

decreasing biomass accumulation.

Like total chlorophyll, chlorophyll a/b has been employed to indicate
photosynthetic activity and plant stress. This parameter has been used to detect and
assess plants’ exposure to environmental contaminants, such as metals, herbicides
and organic pollutants (Marwood, Solomon and Greenberg, 2001; Chantachon, et
al., 2004). The chlorophyll a/b ratio displayed a significant difference between the
control and EAPR (Figure 4.4). In addition, the chlorophyll a/b ratio in EAPR was
slightly higher than in plants under non-EAPR treatment, although insignificant (p
> (0.05). Similar results were reported by Jayanthi-Rao (2019), who found that by
using E. crassipes, compared to the phytoremediation system (non-EAPR),
chlorophyll a/b in EAPR was higher. A high chlorophyll a/b ratio implies that the
plants were exposed to stressful toxic chemicals (Huang, et al., 2004; Putra and
Hastika, 2018). Thus, EAPR is unlikely to affect the growth of P. stratiotes

significantly.
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Elevated HM concentrations harm plants' photosynthetic pigment content
and negatively impact photosynthesis (Ahmad, et al., 2022). This is due to the HMs'
replacement of Mg?* in the porphyrin ring in chlorophyll and suppression of the
enzymes that produce it (Rastgoo and Alemzadeh, 2011; Sumalan, et al., 2023).
Chlorophyll a is the main pigment in Photosystem | (PSI) that is involved in light
absorption. In contrast, both chlorophylls a and b are present in Photosystem
I1 (PSII) (Farnese, et. al., 2014). Chlorophyll a is relatively more sensitive to HM
stress than chlorophyll b (Zhang, et al., 2020), resulting in a 47.6% increase in the
chlorophyll a/b ratio at the highest arsenic concentration (Farnese, et al., 2014). The
increased chlorophyll a/b ratio suggests a higher PSI/PSII ratio, likely due to stress
adaptation, which may lead to improved cyclic electron transport and mitigate PSII
damage (Takabayashi, et al., 2005; Li, et al., 2006b). The concentration of HMs
generally has a negative correlation with the chlorophyll a/b ratio (Pari¢, et al.,
2025). A greater chlorophyll a/b ratio in plants exposed to toxic chemical stress
typically indicates that the plant has adapted to the stress conditions (Putra, Annisa

and Budiarjo, 2020; Uka, Belford and Elebe, 2021).

Results on chlorophyll a/b ratios and growth show no significant difference
between EAPR and non-EAPR groups. This suggests that the decline in chl a/b
ratios and growth in the HM-stressed plants can be attributed primarily to the
presence of HMs themselves, not to EAPR. Importantly, the application of the
EAPR electrical field did not further exacerbate plant growth or photosynthetic

activity in HM-stressed plants. It is noted that EAPR did not restore these two
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parameters to their control levels. However, this observation does not detract from
the utility of EAPR technology, as its primary goal is to phytoremediate HM from
the environment rather than promote plant growth. By modulating metal mobility
and rhizosphere conditions (Kafle, et al., 2022), EAPR may also prolong plant
physiological function and survival in toxic environments, thereby supporting

sustained remediation activity.

5.3 BCF of Leaf and Root

To determine if the absorbed HMs are accumulated in specific parts of a
plant, the BCF is calculated to assess the ability of a plant organ to accumulate HMs
from contaminated samples. This study examined Mn, Cd, Fe, Ni, Pb and Zn in P.
stratiotes as these HMs were present in landfill leachate (Urase, et al., 1997; Dan,
etal., 2017). P. stratiotes possesses a simplified vascular structure instead of a true
shoot system (Dipu, Kumar and Thanga, 2011; Ali, et al., 2020) to assist in direct
HM uptake and translocation from root to leaf. Under limited intermediate
redistribution, the HM-specific variation in leaf accumulation is reduced under

different treatments.

In the EAPR system, higher amounts of Cd (183.64 + 5.69), Fe (138.99 +
53.12) and Ni (181.39 + 1.12) were found accumulated in the leaf, as shown in

Figure 4.5. Similarly, Foong (2019) discovered higher BCF values for Cd (2,
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718.31 + 13.17), Fe (2, 070.14 + 48.66) and Ni (3, 035.12 + 48.24) in the shoot of
E. crassipes in the EAPR system. Although Cd is a non-essential metal, it is
chemically similar to Zn and could be taken up via Zn transporters (Tavarez, Macri
and Sankaran, 2015). Besides, although no BCF value was mentioned, Bi, et al.
(2010) observed that transportation or accumulation of Cd to the lettuce (Lactuca
sativa) plant shoot was increased by about 20% when a 50 Hz AC field was
introduced as compared to without an electrical treatment. As for Fe, despite being
an essential metal, redox interactions can cause it to accumulate excessively
(Wairich, et al., 2024). In a study by Putra and Hastika (2018), Fe uptake was
mainly accumulated in the shoot part of water hyacinth in the EAPR system.
Conversely, Ni is absorbed and frequently accumulates in the tolerant species

through Mg/Fe transporters (Pinto and Ferreira, 2015).

Variations in HM speciation and translocation behavior could have
contributed to the increase in BCFs of Zn, Pb, and Mn in leaves treated under non-
EAPR conditions. Xylem can carry more easily some of the soluble or organically
bound forms to shoots (Alghamdi and El-Zohri, 2024; Ur Rahman, et al., 2024). In
contrast, electric field in EAPR can alter pH and drive redox reactions near
electrodes. This results in processes of metal desorption, precipitation or
electromigration. Consequently, the rhizosphere's metal bioavailability and spatial
distribution will be affected (Zheng et al., 2024). Thus, the absorption of other

HMs, such as Cd, Fe, and Ni increased. These HMs are generally less stable and
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readily migrate toward the roots under electric field influence (Cai, et al., 2022;

Zheng, et al., 2024).

Elevated BCF leaf values for Cd, Fe, and Ni in the EAPR treatment could
be driven by electroassisted mobilization and plant uptake. Cationic metals,
particularly loosely-bound Cd?* and Ni2,* are desorbed by an anodic acid front near
the anode generated from the application of a low DC field. Electromigration and
electroosmotic flow then move the dissolved cation metals and pore water towards
the rhizosphere, increasing the short-term bioavailability (Cai, et al., 2022; Mulati,
et al., 2023). Both Cd and Ni maintain their solubility and are ready for uptake,
while Fe’s movement relies heavily on complexation and redox reactions. Hence,
EAPR changes metal speciation via the local pH and redox gradients it creates
(Zhang, et al., 2024b; Zheng, et al., 2024). Besides, HM flux into roots and
translocation to leaves were increased by altering root membrane permeability and
rhizosphere chemistry. Both electrochemical and physiological effects lead to HM-

type variability (Priya, et al., 2023).

Regardless of EAPR or non-EAPR treatments, the BCF values for the leaf
ranged between 59.26 + 44.03 to 273.49 £ 28.68, while the BCF for roots ranged
from 428.12 + 120.67 to 18,999.06 + 8,321.76, as shown in Figure 4.6. Similar to
the BCF leaf, metals were found to have the main effect on the BCF root, in the

absence of interaction between treatments and metals (two-way ANOVA). Plant
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roots can function as a barrier against HM translocation, serving as a potential
tolerance mechanism that operates within the root (Ernst, Verkleij and Schat, 1992).
In this study, by comparing the BCF values of the leaf and root, it was found that
the absorbed HMs were accumulated mainly in the root. The translocation of the
absorbed HMs might not occur or be inefficient. Considering that the absorbed
HMs were inadequate to be transported to the leaf, the BCF values for the EAPR
system in the root indicated that EAPR might enhance the absorption of these HMs
by the plants (particularly for Pb and Fe), albeit treatments were not the main effect

(two-way ANOVA).

The electric field applied may increase the bioavailability of metal ions
through electromigration into roots (Yeung, 2011; Akemoto, Putra and Tanaka,
2022). The BCF values for Pb and Fe were relatively higher in the root samples for
both treatments (Chan, et al., 2022), possibly indicating antagonist effects on Mn,
Cd, Ni, and Zn. This could be due to metals and metalloids competing for plant
uptake, resulting in synergistic or antagonistic interactive effects (Kanu, et
al., 2019; Saleem, et al., 2023). Additionally, plant metal transporters exhibit
different affinities towards various metal elements (Williams, Pittman and Hall,
2000). This could eventually affect plants' ability to uptake certain elements more
effectively, including essential elements (Gautam, et al., 2023). These might
explain why the BCFs of Pb and Fe were higher than those of the other HMs.
Additionally, the plant species used can affect the types of HM absorbed, which

depends on the plant species' preference. For example, Sedum alfredii plants were
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reported to hyperaccumulate more than two elements, Zn, Pb and Cd (Xv, et al.,
2020). Several species of the Brassicaceae family's Thlaspi genus are well known
for their ability to accumulate numerous HMs, such as Ni and Zn, which can be
hyperaccumulated by T. caerulescens and T. ochroleucum (Prasad and Freitas,

2003).

BCF value of Pb was highest at 18,999.06 + 8,321.76 (1.9 times) in the root
of P. stratiotes. Besides possibly due to the supply of low electric current in the
EAPR system that enhanced the accumulation of Pb, it could also be a result of
most of the absorbed Pb being stored in the roots due to Casparian strips (Kumar,
Smita, and Flores, 2017; Usman, et al., 2020). The Casparian strip in the
endodermis precipitates Pb, which moves through the symplastic pathway,
breaking down as the plant detoxifies. It restricts the transportation of Pb
into vascular tissue from endodermis tissues (Usman, et al., 2020), thereby
localizing Pb in the roots. Pb binds to the carboxyl group of mucilage uronic acids
or directly to the rhizoderm cell surface polysaccharides (Ashraf, et al., 2021).
Therefore, the higher BCF value was recorded in the root. In a study, the findings
using E. crassipes plants grown in EAPR conditions (Putra and Hastika, 2018)
showed that Pb was the most accumulated in roots, followed by Cd, Fe and Cu.
Similarly, the total deposition of Pb concentration and absorption in the roots of
Kentucky bluegrass (Poa pratensis L.) was higher in the EAPR system than in the

phytoremediation process (Putra, Ohkawa and Tanaka, 2013).
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Fe tends to precipitate in the oxidized zone of the root surface, forming iron
plaque (IP). According to Zandi, et al. (2023), IP forms on rice roots due to the
oxidation of soluble ferrous iron (Fe**) to ferric iron (Fe*") in anaerobic conditions,
driven by radial oxygen loss from the roots. IP consists of iron oxyhydroxides, such
as ferrihydrite and goethite (Hansel, et al., 2001), which may co-precipitate with
Mn and other elements. These plaques store Fe on the root surface, making it
readily available for plant uptake. Under certain conditions, such as root decay and
the decomposition of organic matter, Fe*" stored in IP can be released into the

surrounding soil or water, increasing its availability for absorption by rice roots.

The high oxygen content in the water accelerates the breakdown of Fe
plaques, thereby improving the HMs uptake process (Suriyagoda, Dittert, and
Lambers, 2018). IP can also act as a protective layer, reducing the uptake and
translocation of toxic metals, such as Cd, Cr, As and Pb into plant tissues. Hence,
their bioavailability and toxicity in plants are further reduced. However, its
effectiveness varies based on factors (Zandi, et al., 2023), including soil conditions
(Zandi, et al., 2020) and plant genotype (Syu, et al., 2014). Similarly, E. crassipes
displayed the highest accumulation of Fe when treated with synthetic leachate using
the EAPR system, with a BCF value for roots of 56,568.88 + 2267.13 (Foong,
2019). Fe in plant roots is essential for controlling root development and reducing
toxicity during metal stress. Fe affects root architecture, scavenges ROS and limits

metal uptake (Li, et al., 2024a).
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54 Translocation Factor (TF)

In this study, the TF value was less than one for all the HMs measured in
EAPR and non-EAPR treatments (Chan, et al., 2022) (Table 4.2), which correlated
with the high BCF in roots of P. stratiotes. These results showed that P. stratiotes
plants were unable to translocate the absorbed HMs to their leaves. The TF values
in descending order of EAPR treatment are Mn > Cd > Ni > Zn > Fe > Pb (Chan,
et al., 2022), which is also consistent with the BCF of root values, which showed
that Fe and Pb were highly accumulated in the roots. In a study using E. crassipes
plants, the descending sequence of TF values (Cu > Fe > Cd > Pb) obtained using
EAPR to treat leachate differed, which could be attributed to the varying types of

plant species and leachate samples used (Putra and Hastika, 2018).

HMs, particularly Pb and Fe, were accumulated in the roots for both EAPR
and non-EAPR, as indicated by BCF > 1 and TF < 1 values. The low TF values
suggest restricted translocation from roots to shoots (Aziz, et al., 2023), although
microscopic localization analysis (e.g. SEM-EDX) was not conducted. This pattern
is consistent with studies on plant protective mechanisms that limit the transfer of
HMs to other parts of plants (Yan, et al., 2020). Many studies using other plants
have supported these findings. For example, E. crassipes accumulates a higher
concentration of metal in its roots than in its shoots (Eid, et al., 2021). In addition,

Foong's (2019) study using E. crassipes also showed that in both EAPR and
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phytoremediation treatments, the absorbed HMs were accumulated in the roots as
the translocation factor of Pb, Cr, Cd, Fe, Ni, Zn and Mn were less than 1 (TF <1).
Direct current increases the metal ion uptake but does not enhance the translocation
of metal ions to the aerial parts of the plant. An increase in voltage strengthens the
electric field, thus enhancing root accumulation via HM mobilisation (Yuan, et al.,
2021; Zeng, et al., 2024). Nevertheless, higher voltages can intensify electrode
reactions, formation of insoluble precipitates near electrodes and phytotoxicity that
limit translocation to shoots (Cameselle, Gouveia and Urréjola, 2019; Ma, et al.,
2024). In contrast, lowering the voltage can prevent electrochemical stress but also
reduce electric-field mobilisation, which potentially leads to a drop in absorption

(Abou-Shady and Yu, 2023; Bu, et al., 2024).

In this study, treatment did not have a main effect on TF, as revealed by a
two-way ANOVA. Hence, EAPR at 2V did not affect P. stratiotes' capacity to
translocate metals. Previous studies have shown that electric-field parameters (e.g.
voltage/field strength and exposure time) can affect electroosmotic and
electromigration transport of ions (Abou-Shady and Yu, 2023). These can change
metal bioavailability and plant accumulation patterns (Yuan, et al., 2021). Thus TF
can be sensitive to the chosen electrical parameters. Regardless of the presence of
electrical current, P. stratiotes absorbed the HMs from the synthetic young leachate
and stored the majority of them in its root system. The highest TF in the EAPR and
non-EAPR systems was observed for Mn, while Pb displayed the lowest TF. This

indicated that, compared to Mn, there was little transport of Pb to the leaves. The
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TF values for Pb in both electro-enhanced phytoremediation and sole
phytoremediation systems were low (0.06-0.16) in Kentucky bluegrass (Poa
pratensis L.) grown in contaminated water, suggesting translocation to shoots was
low (Putra, et al., 2022). In E. crassipes, TF for Pb was lowest (0.48), as compared
to Fe (1.76), Cu (4.79) and Cd (0.92), showing that Pb is primarily retained in the
root part of the plant rather than being translocated to the shoot (Putra and Hastika,
2018). Thus, this difference in TF values reflects that different plants employ

varying abilities to translocate HMs.

5.5 Removal Efficiency

The ability of the EAPR system to remove heavy metals and the resulting
decrease in their concentration in the synthetic young leachate were evaluated using
P. stratiotes. Based on the calculated removal efficiency, the EAPR system
demonstrated a higher ability to remove most of the HMs from the leachate samples
compared to the non-EAPR system (Figure 4.7). EAPR system enhanced the
strength of phytoremediation in HM uptake by P. stratiotes (Chan, et al., 2022). In
a study conducted by Putra, Cahyana and Novarita (2015) using P. stratiotes,
approximately 99% of Pb concentration was removed from contaminated Pb and
Cu water by the EAPR system as compared to the sole phytoremediation system.
Ferniza-Garcia, et al. (2017) also reported a similar result in a study on the effect

of a coupled electrocoagulation-phytoremediation treatment for the reduction of
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Cu, Cd, Pb and Zn present in aqueous solution. The results showed that removal
efficiencies were up to 98.3% for Cu, 78.7% for Cd, 100% for Zn, and 96.9% for
Pb in the electric-assisted system. Nevertheless, E. crassipes was least able to
remove Pb (19.65 = 2.17%) but effectively removed Ni (62.52 £ 0.61%) from
synthetic leachate via EAPR (Foong, 2019). This showed that the coupled process
of EAPR may have different removal efficiency capabilities on different plants or

HMs.

In addition, the removal efficiency of Pb in synthetic young leachate
samples was the highest in both the EAPR (59.86 + 9.98%) and non-EAPR (53.26
+ 1.84%) systems in this study, followed by Fe (EAPR: 56.56 + 18.08%; non-
EAPR: 51.30 + 12.82%). This further supports two-way ANOVA analysis,
whereby metal was the main effect on removal efficiency. These results were
consistent with the obtained BCF values, in which Pb and Fe also achieved very
high BCF root values, reflecting that the removed metals were probably
accumulated in the root systems. Pb and Fe seemed to be removed more efficiently
than other HMs in this study. Putra and Hastika (2018) study showed that E.
crassipes was able to remove heavy metals efficiently from leachate via EAPR in
the order of Fe (77.8%) > Cd (22%) > Pb (31.6%) > Cu (30.0%). While using
Kentucky bluegrass, 98% of Pb?* was removed from contaminated water in electro-

enhanced phytoremediation (Akemoto, Putra and Tanaka, 2022).
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The observed enhancement in removal efficiency in EAPR treatment can
be due to the application of direct current, which causes an electrochemical
mechanism. Water electrolysis produces H* at the anode and OH™ at the cathode,
thereby generating strong pH gradients. These gradients promote either metal
dissolution (in acidic regions) or precipitation (in alkaline zones), altering HM
speciation (Zheng, et al., 2024). The electric field simultaneously moves the
positively charged metal ions (e.g. Pb*", Cd?**, Zn?*, Ni**) toward the cathode via
electromigration. This enhances ion mobility and redistributes HMs within the
rhizosphere. Whereas, electroosmotic flow assists in the transport of dissolved HM
species in synthetic leachate, further improving the contact between pollutants and

roots (Bai, et al., 2025).

Based on the BCF values for certain HMs, EAPR increased the uptake and
accumulation in P. stratiotes. Nevertheless, excessive accumulation or pH may
reduce uptake and cause phytotoxicity. Hence, the removal efficiency was metal-
specific and voltage-dependent (Zheng, et al., 2024; Jiang, et al., 2025). This
contributed to a balance between improved metal mobilization and plant uptake
(Mulati, et al., 2023), as seen in the EAPR treatment. The unexpectedly higher
removal of Zn in non-EAPR could be explained by the presence of electrochemical
effects introduced by EAPR treatment. An electric field generated strong electrode
reactions and pH gradients, causing Zn precipitation/immobilisation near the
electrode (Gidudu and Chirwa, 2022). Subsequently, the

electromigration/electroosmotic process moves dissolved Zn away from the root
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zone of P. stratiotes, reducing plant uptake (Abou-Shady and Yu, 2023). Besides,
electric field parameters (e.g. voltages and durations) can cause plant stress that
further reduces phytoextraction (Zhang, et al., 2024a; Bu, et al., 2024). Hence,

EAPR under the single voltage applied here did not improve Zn removal.

Thus, the different removal efficiency among other types of HMs could
depend on the type of plant used, besides other factors such as electrode material,
applied voltage/field strength, exposure time and electrolyte composition (Abou-
Shady and Yu, 2023; Zhang, et al., 2024a). These influences alter HMs speciation,
bioavailability and the subsequent uptake capacity (Zhang, et al., 2024a). The
ability of plants to absorb and accumulate HMs could be due to activation of
biological feedback mechanisms that could change biotic ligand binding properties
in the plants and other factors, such as trace elements competition, might also

contribute to it (Fortin, 2024).

5.6  Antioxidative Enzymes

Biotic and abiotic stresses can induce an overproduction of ROS, leading to
oxidative stress that damages cellular structures and functions in plants or results
in cell (Dannehl, 2018). Dannehl, et al. (2012) reported that the application of direct
electric current (DC) can stimulate the production of ROS, which triggers the

metabolite synthesis pathway to synthesize proteins, thioglucosides, polyphenols
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and carotenoids (Dannehl, et al., 2012; Su, et al., 2024). Furthermore, DC
treatments can increase membrane permeability, allowing for a rapid influx of
calcium ions (Ca®") through cation channels (Sanders, et al., 2002; De Vriese, et
al., 2018). The Ca?* signals in plants selectively inhibit or activate the activities of
downstream targets, such as signal transducers or specific antioxidative enzymes to
regulate biochemical reactions (Lenzoni, Liu and Knight, 2018; Liang, Zhang and
Ren, 2021). The antioxidant enzymes, including superoxide dismutase (SOD),
ascorbate peroxidase (APX), and monodehydroascorbate reductase are synthesized

to regulate ROS toxicity during stress situations (Dannehl, 2018).

SOD is regarded as the frontline defence in plants against increased levels
of ROS. It catalyses the conversion of oxygen radicals into oxygen and hydrogen
peroxide (Bernard, et al., 2014; Wang, et al., 2018b). Depending on factors such as
plant tissue, species, stage of development and exposure time to the metal, SOD's
response to HM stress varies (Gratdo, et al., 2005). Figure 4.8 (a) shows that the
calculated SOD enzyme activity in the leaf was relatively 37.15% higher in EAPR
than in the non-EAPR treatment. According to He, Xi and Liu, (2017), low-
frequency electric fields (e.g. 1-10 V/m) can upregulate SOD expression, as they
could generate small amounts of ROS (Wang, et al., 2024a) through electrolysis
(Rajagopalan, et al., 2024) and alter membrane electron transport (Onukwufor,
Berry and Wojtovich, 2019). ROS act as secondary messengers, upregulating the
expression of SOD and other antioxidants to counteract oxidative stress (Wang, et

al., 2024a). Additionally, DC alters the membrane potential, activating Ca**
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channels and MAPK pathways, which trigger SOD gene expression (Ikram, et al.,
2025). Ewe (2024) study similarly showed that P. stratiotes’ leaves exposed to Pb

and Ni in synthetic leachate exhibited induced SOD activity in the EAPR treatment.

In contrast, non-EAPR treatment for roots exhibited numerically higher
SOD enzyme activity (73.75%) compared to EAPR treatment. Upon electrode
application, HM accumulation increases, especially in the plant root area. Hence,
the plant may not be able to tolerate HM toxicity and the oxidative stress induced
(Yan, et al., 2015). The overproduction of ROS derivatives and H2O, serves as
inhibitors of SOD (Farnese, et al., 2014). This may explain the lower SOD activity
in roots for EAPR treatment compared to non-EAPR, as EAPR tends to accumulate
high concentrations of HM ions in plants, which can adversely inhibit SOD activity.
In addition, BCF in roots (Figure 4.6) was reported to be higher than in leaves
because HMs favour amassing in the roots (Chan, et al., 2022). Lower root BCF
and removal efficiency values (Figure 4.7) were observed for most tested metals in
non-EAPR compared to EAPR. This reflects a lower amount of HMs present in the
non-EAPR, sufficient to induce the expression of SOD enzymes and overcome
oxidative stress (Wang, et al., 2024b). Therefore, higher SOD activity was observed

in roots harvested from the non-EAPR compared to the EAPR treatment.

The APX enzyme activity [Figure 4.8 (b)] showed a similar trend as the

SOD activity, whereby the APX activity was analytically higher (12.18%) in the
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EAPR than in the non-EAPR for the leaf samples. The elevated APX activity may
indicate enhanced oxidative stress responses under EAPR treatment.
Electrochemical processes can change the redox status, pH gradients and ion
distribution in the rhizosphere (Gidudu and Chirwa, 2022). The ROS signalling
pathways are then stimulated. ROS act as signalling molecules, upregulating APX
and detoxifying H20: using ascorbate (Qin, Hu and Zhu, 2008). However, the
observed increase in APX implied an associated physiological response
(Hasanuzzaman, et al., 2020) under the EAPR conditions due to the absence of
variation in DC intensity. A study by Ali, Sensoy and Bitik (2022) has shown that
specific DC applications (e.g. 8V) can increase APX enzyme activities in spinach.
The application of electricity can stimulate the production of secondary
metabolites, such as phenolic compounds and carotenoids, which contribute to
higher antioxidant activity (Dannehl, 2018). The increased antioxidant capacity
may be due to higher APX activity, as APX is a key enzyme in the plant's
antioxidant defence system (Rao, et al., 2025). Moreover, increased APX activity
also further enhanced plant growth and development (as indicated by improved
germination rates, fresh weight of leaves and roots) in sunflower and pea (Maffei,

2014).

Meanwhile, in the roots, APX activity was relatively higher (34.16%) in the
non-EAPR than in the EAPR treatment. HMs can disrupt plant cell metabolism,
leading to the overproduction of ROS. With the increase in the accumulation of

HM ions in the EAPR-treated roots of P. stratiotes (Figure 4.6), greater ROS
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accumulation could overwhelm the plant's natural defence mechanisms, including
reducing APX enzyme, which is essential for neutralizing ROS and mitigating
oxidative stress (Babli, Singh and Srivastava, 2022). Additionally, the application
of DC electric fields may disrupt the APX enzyme's structure and stability through
conformational change. This potentially leads to denaturation, where the protein
loses its functional shape (Cadena-Ramirez, Alonso-Vargas and Cesar-Rios-
Guzman, 2024). The conformational changes induced by electric fields could alter
APX's ability in its catalysing reactions, binding to its substrates and potentially
influence the chaperone activity during its expression (Kaur, et al., 2021), which
further reduces its functionality. For instance, tobacco cells exposed to a magnetic
field, which shares specific characteristics with DC fields, led to a decrease in APX

expression (Sahebjamei, Abdolmaleki and Ghanati, 2007).

On the other hand, POX plays a variety of roles in the growth and
development of plants. This family of enzymes is engaged in cell wall loosening,
cell wall cross-linking, suberization, lignification and auxin catabolism. By
employing H20, as an electron acceptor to catalyze the oxidation of phenolic
substrates, the POX enzyme scavenges the H20». Figure 4.8 (c) shows that in the
leaves of P. stratiotes, non-EAPR treatment had relatively higher (13.44%) POX
activity than EAPR treatment. However, the POX activity of roots for EAPR was
analytically higher (17.25%) than that of non-EAPR. The enzymatic pattern
observed here was opposite to the SOD and APX enzyme activities. Regardless of

leaves or roots, the POX activity was relatively higher (11.48 + 1.41 U/g fw), as
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compared to SOD (2.74 + 0.40 U/g fw) and APX (0.72 + 0.16 U/g fw). POX could
function as the central enzyme in eliminating H2O> after SOD. According to
Mansoor, et al. (2023), the accumulation of HM ions in plants can increase ROS,

which then enhances POX expression and enzyme activity.

The DC electric field can increase POX activity in roots but not in leaves
due to various factors, including differential sensitivity to the field. Roots and
leaves may exhibit different sensitivities to the applied DC electric field due to the
presence of specific ion channels (Karcz and Burdach, 2022), variations in cellular
structure (Wawrecki and Zagorska-Marek, 2007) and membrane composition
(Kessouri, et al., 2019). Electric current can alter root metabolism (Saktioto, et al.,
2023), potentially impacting the production and activity of POX in P. stratiotes.
This indicates that under certain conditions, POX activity in roots can be enhanced,
whereas in leaves, it may not be significantly affected or may even be inhibited.
Saktioto, et al. (2023) study on the variation of electric field effects on oil palm
seed roots showed that while controlled electric field exposure (e.g. 100 VV/m) can
enhance root germination and growth, a high intensity of 1000 VV/m has inhibitory
effects. In addition, POX plays numerous roles in various root processes, including
root meristem development and root cap function (Cheniany, et al., 2010). The
electric field may influence these processes, leading to changes in POX activity in
the roots. Hence, the intensity of the electric field, the duration of exposure
(Saktioto, et al., 2023) and the specific plant species (Rajput, et al., 2021), can also

influence the POX activity.
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Applying a direct electric current (DC) to a plant leaf can stimulate the
activity of antioxidant enzymes, including GR, through various mechanisms. This
stimulation can enhance plant tolerance to stress and improve overall plant health
(Wang, 2022). The GR activity in the leaf samples shown in Figure 4.8 (d) exhibits
a similar trend with the SOD [Figure 4.8 (a)] and APX activities [Figure 4.8 (b)],
with GR activity relatively higher (22.18%) in EAPR than in non-EAPR. The
application of DC increases GR expression and activity, as an electric field can alter
plant membrane permeability, potentially enhancing the physiological processes
that lead to the accumulation of antioxidants (Dannehl, 2018), such as glutathione
(GSH), which GR utilizes to reduce oxidative damage (Espinosa-Diez, et al., 2015).
Other antioxidants accumulated include ascorbate and secondary metabolites, such
as carotenoids and phenolic compounds (Dannehl, et al., 2012), which further
strengthen the plant's antioxidant defences. Under HM stress, the GR enzyme
activity can be inhibited or depleted in plant roots. This is because HMs can disrupt
the normal function of antioxidant enzymes, including GR, which is crucial for
maintaining the balance of reduced glutathione (GSH) and oxidized
glutathione (GSSG). The depletion of GSH, a key player in the antioxidant system,
can lead to increased oxidative stress, plants' inability to detox ROS and damage to

plant cells (Oestreicher and Morgan, 2019).

In this study, differential antioxidant enzyme activities observed between
EAPR and non-EAPR treatments suggest a close relationship with plant growth and

HM removal efficiency. HM stress increased ROS production, impairing cellular
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processes and reducing plant growth. Nevertheless, the enhancement of antioxidant
enzyme activities reduces oxidative damage, sustained leaf physiology/growth and
continuous HM uptake (Jarin, et al., 2025). Increased SOD, APX, and GR activities
in the leaves under EAPR may have contributed to maintaining photosynthetic
activity by reducing HM-induced oxidative stress. Although chlorophyll content
and biomass were reduced under HM stress, enhancement of antioxidant activity
likely preserves redox balance and avoids further damage to photosynthesis
capacity (Yan, et al., 2023; Asiminicesei, Fertu and Gavrilescu, 2024) in EAPR
treatment. In contrast, the reduction of SOD and APX activities in EAPR-treated
roots (despite higher BCF values) may imply overwhelming of the root antioxidant
defence system. HM uptake by the root may be limited despite enhanced metal
mobilization, thereby influencing overall removal performance (Mahdavian, 2025).
The relatively higher root POX activity indicates a compensatory mechanism for
H-0: detoxification when SOD and APX activities are reduced. POX enzymes are
important for cell wall modification and lignification (Kidwai, Ahmad and
Chakrabarty, 2020). Thus, an increase in this enzyme influences structural

adaptation that alters HM binding capacity and sequestration in the roots.

In general, under EAPR treatment, the direct current caused an increase and
a reduction in the SOD and APX activities of P. stratiotes leaf and root,
respectively. There was interaction observed between treatments and plant parts for
SOD enzyme. Similarly, a higher GR activity was only detected in the leaf part of

this plant under EAPR treatment. However, an opposite trend was observed for both
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leaf and root samples in terms of POX activity. POX activity in the leaves and roots
of both treatments was relatively higher than that of other enzymes. Hence, P.
stratiotes could adapt to HM stress by activating specific antioxidant defense
mechanisms, such as increasing the expression/activity of SOD and POX enzymes.
Although antioxidant activation does not necessarily increase biomass under HM

stress, it does support the maintenance of physiological activity for HM uptake.

5.7 Transcriptome Analyses of RNA-Seq Data

5.7.1 Illumina Sequencing and de novo Transcriptome Assembly of P.
stratiotes

RNA-Seq offers a wide range of applications, including gene/transcript
quantification, the discovery of novel genes, functional and differential expression
analysis (Pereira, Imada and Guedes, 2017). Hence, a transcriptomic study can be
carried out to enhance knowledge of gene expression profiles, which can also serve
as a tool to investigate the molecular mechanisms involved in P. stratiotes in
response to stresses, particularly Pb stress and EAPR treatment in this study. To
date, there is a lack of information on P. stratiotes' molecular response, which
hinders a better understanding of stress signals in cellular processes. de novo
assembly was performed using the Trinity software to construct transcripts from
clean reads (RNA-Seq data), as no P. stratiotes genomic sequences were available.
Total RNA extracted from the leaf and root samples of P. stratiotes that underwent

EAPR and non-EAPR treatments were used to construct a set of cDNA libraries.
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This study aims to investigate the gene expression profiles in response to
EAPR treatment and Pb stress. The Illumina HiSeq 2000 platform was used to
sequence the libraries. As shown in Table 4.3, the raw reads for the leaf samples
fell within a range of 51 to 60 million, while the raw reads for root samples from
the range of 45 to 57 million. Raw reads often contain reads with adapters or low-
quality sequences that can impact downstream analysis. Thus, to obtain the clean

reads, it is imperative to filter the raw reads (Raghavan, et al., 2022).

The average GC content for all samples obtained was approximately 51%
(Table 4.3). The coverage of a gene region is affected by its GC content, with
regions having 50 - 60% GC content obtaining the highest coverage, while regions
with 70 - 80% (high) or 30 - 40% (low) GC content are indicated to have the least
coverage (Gnirke, et al., 2009). Sufficient coverage of GC - rich regions is crucial
for achieving high analytical sensitivity in a targeted gene panel (Amr and Funke,
2015). These regions usually exist in the first exon and the promoters of many genes
(Antequera and Bird, 1993). The coverage bias observed in the GC-rich regions is
partly attributed to the suboptimal hybridization of baits in these regions. Other
reasons include the PCR amplification steps of the library construction and the
introduction of compression artifacts by GC stretches (Amr and Funke, 2015). GC
content bias refers to the relationship between GC content and fragment count (read
coverage) observed in Illumina sequencing data. This bias can impact the
measurement of fragment abundance found within a genome by influencing the

targeted signal of interest for analyses, for example, the estimated copy number
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(DNA sequencing). Nevertheless, no consensus is available on the best options to
eradicate bias in a sample, as there is inconsistency between samples (Benjamini

and Speed, 2012).

Q20 is the percentage of the bases with a g-score greater than 20 (an error
rate of one in 100), while Q30 is the percentage of the bases with a g-score greater
than 30 (an error rate of one in 1000). The average Q20 and Q30 (leaf:
approximately 98% and 94%, respectively) of all samples in this study (Table 4.3),
which were higher than the average of 70 - 80% Q30 data, indicated high quality
of the data obtained from the transcriptome sequencing. The emergence of various
computational tools has enabled NGS analyses based on sequence reads alignment
to a reference, base calling, de novo assembly of final variant detection and genome
annotation. Base calling accuracy is the common standard applied for sequencer
precision. This method indicates the probability of the sequencing platform
incorrectly calling (Massingham and Goldman, 2012), which can be transformed
into a Phred quality score (Q). The Phred score is utilised in DNA sequencing to
measure base quality. Greater values of Phred suggest the high consistency of a
sequenced base. The accuracy of the base calling is 99% when the probability of
locating one error base calling among 100 bases, with a Phred Score of 20

(Goswami and Sanan-Mishra, 2022).

The data highlight differences in sequence redundancy and assembly

quality between transcripts (raw or longer sequences) and unigenes (processed,
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shorter, non-redundant sequences) (Table 4.4). Transcript length is a key parameter
in NGS studies, reflecting transcriptome diversity and complexity, and influencing
RNA stability, processing and gene expression levels. It correlates with regulatory
process (Veneziano, et al., 2016; Cipriano and Ballarino, 2018), which includes
coding capacity, RNA translation, localization and stability (Wang, et al., 2019.
Analysing transcript length helps understand genetic variations (Geisert and
Williams, 2020) and splicing events, with longer transcripts more prone to
alternative splicing. On the other hand, unigene length indicated the efficacy of
assembling sequence fragments, such as expressed sequence tags (ESTs) (Bouck
and Vision, 2007), into a full-length transcript. The length of a unigene reflects the
depth and quality of the transcriptome assembly and sequencing process (Xiao, et

al., 2015).

Mean length is defined as the average length of the sequences in nucleotides
(Yang, et al., 2023). Transcripts have a higher mean length than unigenes (1,159 bp
versus 807 bp), and larger total nucleotides (368,922,411 versus 164,929,136)
(Table 4.4), indicating they include more extensive or redundant sequences
(Therkildsen and Baumann, 2020). The unigene dataset is smaller in total number
(204,252 versus 318,319), likely due to redundancy removal during clustering
(Yuan, et al., 2020). Max length is the length of the most extended sequence (in
nucleotides) (Novichkov, Gelfand and Mironov, 2001) whereby both transcripts

and unigenes have the same maximum length of 18,644 bp, suggesting the most
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extended sequence is shared between the two categories that occur possibly due to

a highly expressed or conserved gene (Honaas, et al., 2016).

Besides, N50 represents the length associated with the transcript added last
when transcripts are arranged in descending order by length, gathering the lengths
of transcripts that constitute at least 50% of the overall length (Yang, et al., 2023).
Higher N50 indicates better assembly continuity. The higher N50 (2,136 bp) for
transcripts obtained in this study suggests they are less fragmented, while unigenes
(986 bp) provide a more concise representation of the transcriptome (Makinen,
Salmela and Ylinen, 2012). Similarly, the N90 (426 bp) for transcripts is higher
than that for unigenes (377 bp). N50 and N90 are higher for transcripts, reflecting
better assembly continuity compared to unigenes, which are typically clustered or
non-redundant versions of transcripts (Yuan, et al., 2020). Transcriptome
sequencing is advantageous for acquiring numerous unigenes from species lacking
a reference sequence (Guo, et al., 2021). The N50 (986 bp) and mean length (807
bp) of unigenes derived from this investigation indicate that the sequence assembly
was precise and efficient (Ge, et al., 2019). The N50 and mean lengths were
superior to those recorded for other species, specifically Bletilla striata (957 and

612 bp) (Xu, et al., 2018) and sweet potato (765 and 481 bp) (Wang, et al., 2010).
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5.7.2 Distribution of Differentially Expressed Genes (DEGs) Visualized by
Volcano Plot

Subsequently, volcano plots were used to infer the overall distribution of
DEGs obtained. The upregulated DEGs in response to Pb stress (91.58% more than
due to EAPR treatment) are likely due to the plant's initial defence mechanisms to
mitigate Pb toxicity, which involve activating specific pathways and processes in
the roots. This upregulation is primarily driven by the plant’s need to activate genes
involved in defence mechanisms, including those related to defence against
oxidative stress, cell wall modifications (Zheng, et al., 2021), glutathione
metabolism (Cui, et al., 2021) and metal transportation (Clemens, 2019) or
detoxification (Wang, et al., 2020a). Moreover, increased DEGs may encompass
signal transduction, including signalling protein kinases and transcription factors
(WEei, et al., 2025), which may play a role in orchestrating the plant's response to
Pb stress. In the roots of Hirschfeldia incana L. subjected to Pb stress, among the
577 DEGs, 508 transcripts were upregulated and 69 were downregulated

(Hasnaouli, et al., 2022).

In plant roots exposed to a DC electric field, the observed predominance of
downregulated DEGs (31.91% more than Pb alone) is likely due to a variety of
factors, including changes in gene regulatory networks. DC electric fields can
directly influence gene expression by affecting DNA replication, transcription

factors and other regulatory processes that are dynamically regulated in root tips
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(Reynoso, et al., 2022). In addition, DC field can interfere with signalling pathways
that regulate root growth, development and stress responses (Rowe, et al., 2016).
The electric field can influence intracellular ion fluxes and membrane potential
(Karcz and Burdach, 2022), potentially leading to downregulation of genes
involved in these pathways. In some cases, DC fields can cause altered cellular
damages (Saktioto, et al., 2023), leading to a shift in gene expression towards a
stress response, often involving downregulation of genes related to normal cell
function. DC electric fields can inhibit root growth and development, potentially
leading to the downregulation of genes involved in cell elongation and division
(Karcz and Burdach, 2022). Other than that, DC fields can also influence the
activity of root apical meristems, the regions responsible for root development,
potentially causing downregulation of genes related to meristematic functions

(Wawrecki and Zagorska-Marek, 2007).

The dominance of downregulated root genes in the EAPR vs non-EAPR
(Figure 4.9) transcriptome reflects a major suppression of Pb-induced stress genes
rather than general transcriptional repression. Under non-EAPR vs control (Figure
4.10; Pb-stress), plants typically maintain a critical stress state characterized by
sustained activation of MAPK cascades, ROS-amplifying loops, stress-responsive
transcription factors (e.g. WRKY and bZIP), metal transporters and defense-related
metabolic pathways (Jarin, et al., 2025). Many of the genes repressed under EAPR
vs non-EAPR are associated with mitochondrial activity (Mansoor, et al., 2023),

protein synthesis, and stress-responsive signaling networks (Niekerk, et al., 2023)
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that are normally upregulated during Pb toxicity. Their coordinated downregulation
indicates that EAPR does not merely activate protective genes, but actively silences
maladaptive Pb-activated regulatory and metabolic networks, thereby restoring

cellular homeostasis (Basharat, et al., 2025).

The volcano plot further reveals a transcriptomic shift from a Pb-induced
“emergency” state toward a more controlled and efficient physiological mode. As
the need for persistent stress compensation was reduced, consequently, thousands
of genes previously induced to cope with Pb toxicity became unnecessary and were
transcriptionally suppressed. This includes key regulatory hubs such as MAPK
cascades (Basharat, et al., 2025) and hormone signaling pathways [e.g. ABA
(Niekerk, et al., 2023), ethylene, jasmonate (Sabagh, et al., 2022)], leading to a

coordinated shutdown of large downstream gene networks.

The large-scale downregulation may reflect a reallocation of energy away
from costly detoxification and damage-response programs, such as ROS
scavenging, toward a more balanced metabolic state (Basharat, et al., 2025). EAPR
therefore appears to reduce the energetic burden imposed by Pb stress, allowing P.
stratiotes to suppress energy-intensive stress programs while selectively
upregulating a smaller set of high-impact genes related to electro-responsive
transport, metal sequestration and compartmentalization. Together, these

transcriptional patterns indicate that the overwhelming downregulation observed in
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the volcano plot signifies mitigation of Pb-induced stress and establishment of a
metabolically optimized phytoremediation phenotype, rather than increased

toxicity.

As for the leaf, electro-assisted process that occur in EAPR treatment
(Figure 4.11) leads to higher total amount of DEG’s than the effect of Pb stress
(Figure 4.12). The upregulated DEGs resulting from EAPR were found to be higher
(64.67%) than those caused by Pb stress. Exposure of plant leaves to a DC electric
field can result in more upregulated DEGs that could be due to the physiological
and biochemical responses triggered by the direct current (DC) field. These changes
can manifest in various aspects of the plant's response, including stomatal opening,
water stress and metabolic adjustments (Zvitov, et al., 2003; Collin, et al., 2025).
Transcriptomic study of rapeseed (Brassica napus), a member of the Brassicaceae
family, indicated that upregulated DEGs were associated with responses to water
scarcity, osmotic stress, ABA signalling, fatty acid degradation, cutin, suberin,
metabolic pathways and secondary metabolites biosynthesis (Fang, et al., 2022).
DC electric fields can modify the equilibrium of numerous metabolites, including
those associated with photosynthesis and lipid metabolism (Collin, et al., 2025).
This may be linked to modifications in the expression of genes, leading to specific
metabolic pathways or defence against various stresses, increasing the quantity of
upregulated DEGs. The specific genes and pathways that are upregulated can vary

depending on the intensity (Afrasiyab, Zafar and Muhmmad, 2020), duration and
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type of DC electric field used (Jovani¢, Belca, and Kasalica, 2001), as well as the

plant species and developmental stage (Zvitov, et al., 2003).

Contradicting to this, down regulated DEGs owing to the effect of Pb stress
was 18.09% more as compared to EAPR. The higher number of downregulated
than upregulated DEGs observed was similar to the transcriptomic study of
Fagopyrum tataricum leaves in response to Pb stress (Wang, et al., 2020b). In plant
leaves subjected to HMs, a higher quantity of DEGs are downregulated relative to
those that are upregulated, presumably as a result of the plant's early attempts to
inhibit or diminish the activity of particular metabolic pathways and stress
responses (Seregin and Kozhevnikova, 2025). This downregulation conserves
energy and resources as the plant commences detoxifying processes and adjusts to
stress (Singroha and Sharma, 2019). Concurrently, the plant activates detoxification
processes to eliminate or sequester HMs from its tissues. This entails the
upregulation of genes associated with metal transport, detoxifying enzymes (such
as metallothioneins and phytochelatins) and antioxidants (Khanam, et al., 2020).
HM exposure triggers chemical reactions in plants, leading to differential gene
expression in leaves through a complex process initiated by the detection of metal

ions. This perception then triggers signalling pathways, which lead to the activation

of transcription factors that subsequently bind to the promoter regions of target
genes, thereby upregulating their expression (Ovecka and Takac, 2013). The signal

transduction pathways involved are diverse and may include mitogen-activated
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protein kinase cascades, calcium and phytohormone signalling (Singh, et al.,

2016D).

5.7.3 Cluster Analysis of Gene Expression Differences

Hierarchical clustering of DEGs (Figure 4.13) showed that leaf and root
samples formed two distinct clusters, indicating a primary partition by tissue origin.
This pattern is consistent with current comparative transcriptome studies in plants
under stress, in which leaves and roots often display distinct DEG profiles. The
organ-specific transcriptome divergence implied fundamental differences between
tissues in the regulation and adaptation responses (Chen, et al., 2025). In particular,
the leaf clusters under EAPR treatment showed a larger set of upregulated DEGs,
mostly in red, compared to the non-EAPR and control groups. Under abiotic stress
or treatment, leaves often exhibited greater diversity and a greater magnitude of
DEGs. Factors such as their central role in photosynthesis, signaling, and stress

perception may contribute to this observation.

The development of leaves in P. stratiotes could possibly result from a
complex interplay of regulatory pathways (Kalve, Vos and Beemster, 2014; Chen,
etal., 2025). Besides, electrical treatment can induce a cascade of effects within the
leaf, initiating alterations in membrane potential and ion channel activity. This

subsequently influences downstream signaling pathways and possibly upregulates
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gene expression patterns (Adams and Levin, 2012). Duration of the treatments and
voltage can differentially modulate the plant's response, leading to distinct

clustering patterns (Grzelka, Matkowski and Slusarczyk, 2023).

However, most of the DEGs in the root cluster, particularly those from the
non-EAPR treatment, exhibited predominantly downregulated gene expression
patterns, which appeared green. The process of down-regulation via the suppression
of particular genes is crucial for the adaptation of root systems to environmental
stimuli (Kul, et al., 2021). The decrease in the expression of specific genes that
might be involved in processes that worsen the toxic effects of lead makes this a
crucial part of the plant's adaptation to HM stress (Zamani, Yaftian and
Parizanganeh, 2012; Wang, et al., 2024c). Other plants may evade metal absorption
and neutralize metals through unique processes, such as symbiosis with microbes
and may reduce gene expression for metal transport (Skuza, et al., 2022). Plants
exposed to HMs trigger various mechanisms, which include signal transduction and
modulation of molecular, biochemical and physiological processes to overcome

stress effects (Singh, et al., 2016b).

It was noticeable that the DEGs in the leaf and root groups under EAPR
treatment exhibited contrasting expression profiles. These results strongly affirm
that multiple gene modulation strategies, adapted by P. stratiotes, enable it to cope

with Pb stress and EAPR treatment. Overall, the hierarchical clustering indicates
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that tissue type exerts a stronger influence on the transcriptomic profiles than
treatment effects. Leaf and root transcriptomes can respond differently to the same

stressor, with similar observations documented across numerous plant systems.

5.7.4 Gene Ontology (GO) Analyses

Identifying the enriched GO terms and DEGs linked to a particular
biological process is essential to comprehending the molecular mechanisms

underlying that process (Yao, et al., 2020; Liu, n.d.).

5.7.4.1 GO Analyses of Root Samples for EAPR versus non-EAPR (Effects of
EAPR)

There is a vast difference in terms found in the Biological Process (BP),
Cellular Component (CC) and Molecular Function (MF) groups for the root
samples. After EAPR treatment, the upregulated genes were mainly enriched in
terms such as ribosome biogenesis and translation (BP group), ribosome (CC
group), structural constituents of ribosome and structural molecule activity (MF
group) (Figure 4.14). This indicated that the P. stratiotes’ machinery of ribosome
synthesis is markedly enhanced for the translation of mRNA into proteins.

Ribosomes are composed of ribosomal RNA (rRNA) (Ni and Buszczak, 2023) and
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ribosomal proteins (RPs) with rRNA (Fromont-Racine, et al., 2003). Ribosome
biogenesis is the cellular process of synthesizing new ribosomes (Ni and Buszczak,
2023). The electric field could have stimulated an enhancement in ribosome
synthesis. In addition, the upregulation of translation suggests the plant is actively
producing more proteins (Raabe, Honys and Michailidis, 2019) in response to

EAPR.

Structural constituent of ribosome and structural molecule activity (MF
group) refers to the components that form the ribosome, such as rRNAs and r-
proteins (Catalanotto, et al., 2023). Upregulation of these genes ensures that the
ribosome is assembled correctly and can function efficiently. Electric fields can be
used in plant biology as a stressor, or as a tool to promote specific biological
processes (Ma, et al., 2024). The upregulation of ribosome-related genes after an
electric field could be a sign that the plant is initiating a response to the stimulus
(Mclintosh and Bonham-Smith, 2006), such as repairing cellular damage and
synthesizing new proteins for defense mechanisms (Fabbrini, et al., 2017) in

response to the electric field.

As indicated by the results from GO analysis, the downregulated genes
were mainly enriched in terms such as nucleocytoplasmic transport, membrane
organisation, vesicle-mediated transport, signal transduction and transport from the

BP group, as well as kinase activity and GTPase activity from the MF group (Figure

178



4.15). Dominant up- or downregulation of genes, which are due to the effect of
EAPR, will be influenced by plant species. Different plant species may respond
differently to the same electric field, as similar conditions can enhance the growth
of certain plants, while inhibiting others (Xu, et al., 2020). Nucleocytoplasmic
transport is one of the terms (BF group) that was downregulated under the influence
of EAPR. It suggests that electric fields may influence nucleocytoplasmic transport,
a process that involves the movement of molecules between the nucleus and
cytoplasm through modulation of gene expression (Sukhova and Sukhov, 2021).
Nuclear pore complex embedded in the nuclear envelope functions as the
gatekeeper for this transport via modulation of the bidirectional flow of
macromolecules (Tamura and Hara-Nishimura, 2014; Yang, et al., 2017). The
presence of electric field can disrupt. can disrupt the normal function of the nuclear
pore complex, leading to the downregulation of nucleocytoplasmic transport (Gul
and Mumtaz, 2025). Disruptions of nucleocytoplasmic transport can have a
significant impact on gene expression, as the transport of mRNA, transcription
factors and other regulatory molecules is crucial for proper gene regulation (Parry,
2015; Bishop, et al., 2021). Thus, the application of electric field in EAPR treatment
can downregulate nucleocytoplasmic transport, which may disrupt nuclear pore
complex function and impair the bidirectional flow of macromolecules, ultimately

affecting gene expression modulation.

In Figure 4.15, the term membrane organization (BP group) was observed

to be downregulated. Electric fields have a significant impact on membrane

179



organization, which is essential for the regulation of numerous cellular processes
and maintaining cellular integrity (Ranjha, et al., 2021). Electric fields can change
the transmembrane potential, membrane permeability, and the electroactivity of
membrane ligands or receptors (Abasi, et al., 2023). The flow of ions via ionic
pumping proteins within the cell membrane, which in turn activates specific
intracellular signaling pathways, can be stimulated by external electric stimuli
(Johns, et al., 2021). Electric fields can destabilize lipid bilayers by altering
membrane fluidity and lipid composition, which in turn disrupts membrane
organization (Hemmerlé, et al., 2016). Electroporation studies suggest that electric
fields can induce the formation and expansion of small pores in the membrane,
facilitating the transport of molecules and ions (Kotnik, et al., 2019). Thus, EAPR
treatment can disrupt membrane organization by altering transmembrane potential,
permeability, and lipid bilayer stability, potentially leading to pore formation and

impaired cellular signalling.

Another term from the BP group that was downregulated is vesicle-
mediated transport. It is responsible for molecular movement between various
membrane-enclosed compartments (Cooper, 2000). EAPR can interfere with the
production, trafficking, and fusion of vesicles, resulting in a downregulation of
vesicle-mediated transport (Dimova, et al., 2009; Tokarev, Alfonso, and Segev,
2013). Specifically, the application of a strong electric field can modify the
characteristics of membranes, encompassing the shape and function of vesicles,

which are crucial for the transfer of materials within and between plant cells. This
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includes increasing the permeability and formation of pores (electroporation) (Fan,
et al., 2015; Delsart, 2016). Changes in vesicle-mediated transport can disrupt the
normal flow of proteins, lipids, and other molecules within the cell, affecting
various cellular processes (Kumar, et al., 2024). The altered membrane properties
and vesicle dysfunction can lead to a reduction or downregulation of vesicle-
mediated transport processes (Delsart, 2016). Hence, EAPR can inhibit vesicle-
mediated transport by interfering with vesicle production, trafficking, and
membrane integrity, further compromising intracellular molecular transport and
cellular functions. Factors influencing the effects of electric fields include field

strength, exposure duration (Pliquett, et al., 2007) and cell type (Fan, et al., 2015).

Based on Figure 4.15, EAPR affects the downregulation of signal
transduction terms from the BP group. Cells can respond to their surrounding
environment through ion channels and receptors embedded in their cell membranes.
This further transmits mechanical, chemical and electrical signals inside-out and
outside-in the cells. Signal transduction pathways, which mediate the cellular
response to external stimuli, are also vulnerable to electric field interference
(Taghian, Narmoneva and Kogan, 2015). Plant defense responses are triggered as
a result of the interaction of many signalling substances at the cellular level. In this
way, disrupted or damaged membranes are sensors of environmental changes. In
contrast, secondary messengers (e.g. Ca?* and ROS) and phytohormones (e.g.
jasmonic acid (JA), ABA and ethylene are transducers of information from

membranes to metabolism (Gaspar, et al., 2002). As a result, electric currents could
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have indirectly activated protein kinases and phosphatases, thereby disrupting the
normal flow of information within the cell (Taghian, Narmoneva and Kogan, 2015;
Dannehl, 2018). The interference of electric fields with signal transduction
pathways can have a wide range of effects on plant cells, including altered growth,
development and stress responses (Dannehl, 2018). In this way, electric fields in
EAPR can disrupt plant cell signal transduction pathways by interfering with ion
channels, receptors and secondary messengers, ultimately altering cellular

responses, growth and stress adaptation.

The transport term from the BP group was observed to be downregulated
as electric fields can influence the transport of nutrients, ions and other molecules
across cell membranes (Szechynska-Hebda, Lewandowska and Karpinski, 2017).
Electrochemical gradients induce the transport of charged molecules across
membranes, influenced by the electrical potential difference across the membrane.
Electric fields can alter electrochemical gradients, influencing transport rate and
direction. The application of pulsed electric fields can change membrane structure
(Drézdz, et al., 2021). When cells are subjected to an external electric field, charge
accumulation on the membrane's surface might cause high transmembrane potential
(Ranjha, et al., 2021). This can disrupt cellular uptake of nutrients, ions and other
essential chemicals, subsequently affecting plant development and growth
(Ladeynova et al., 2023). EAPR-induced electric fields disrupt membrane transport

by altering electrochemical gradients and transmembrane potential, resulting in
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impaired nutrient and ion uptake, which negatively impacts plant growth and

development.

Furthermore, in the GO analysis, terms related to kinase activity and GTP
activity were also downregulated due to the influence of EAPR. In plants, kinases
catalyse the addition of phosphate groups to target proteins (Cheng, et al., 2011),
while GTPases hydrolyse GTP to GDP (Zhou, Herbst-Robinson and Zhang, 2012).
Both enzymes are key components of the signalling cascades that control diverse
cellular processes and stress responses. Considered as an abiotic stress elicitor, the
application of electric fields to plants leads to the activation of numerous defence
responses (Szechynska-Hebda, Lewandowska and Karpinskiet, 2017; Dannehl,
2018). Electric current may trigger a cascade of events in plants that ultimately
leads to the downregulation of specific kinases and GTPases. This down-regulation
could occur via numerous mechanisms, such as alteration of gene expression,

protein degradation or protein activity.

5.7.4.2 GO Analyses of Root Samples for Non-EAPR versus Control (Effects
of Pb Stress)

Figure 4.16 shows the influence of Pb stress which might cause the
upregulated genes that were enriched in terms including transport, vesicle-mediated

transport, nucleocytoplasmic transport, membrane organisation and signal
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transduction from the BP group, as well as GTPase and kinase activity from the MF
group. Similarly, root DEGs of Pogonatherum crinitum under Pb stress were
considerably enriched in functional terms related to transport. Due to Pb exposure,
plants might adapt to stress via transport of the HM ions to detox Pb (Zhu, et al.,
2022). Intracellular vesicle trafficking plays a crucial role in eukaryotic cells,
facilitating the transport of membranes and the delivery of substances to their
respective destinations. A significant endocytic pathway in plants, involving
vesicle transport to the vacuole, has been reported to be crucial for plant salt
tolerance (Leshem, et al., 2006). Vesicle-mediated transport was shown to be
enriched up to 4-fold in Arabidopsis thaliana roots' response towards uranium
stress (Przybyla-Toscano, et al., in press). Cytoplasmic vesicle was significantly
enriched in Oryza sativa's response towards iron and aluminum exposure (Azad, et

al., 2024).

The role of nuclear pore complex components in plant stress responses is
attributed chiefly to various processes, including transcriptional gene regulation
and control of mMRNA or protein nucleocytoplasmic trafficking (Yang, et al., 2017).
Enrichment of DEGs related to nucleocytoplasmic transport was observed in
Gracilariopsis lemaneiformis as a response to Cu stress (Tang, et al., 2023). Pb
stress also caused damage in root membrane lipidation (Zhu, et al., 2022) as
membrane organization/integrity was disrupted (Devi and Prasad, 1999).
Regulation of genes involved in signal transduction, transporters, antioxidants, and

transcription factors is part of a plant’s response to heavy metal exposure (Auguy,
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et al., 2013). ROS can directly affect signaling cascades via protein interactions or
indirectly by altering the  phenolic compounds synthesis, which are crucial
phytochemicals in plant defense mechanisms. Plants may produce these chemicals
in response to stress as a component of their defense mechanisms

(Sankaranarayanan, Ju and Kessler, 2020).

The upregulation of plant GTPase and kinase activity in response to Pb
stress is a complex phenomenon that occurs as the plant attempts to mitigate the
toxic effects and restore cellular homeostasis (Ovecka and Takac, 2013). GTPases
from the Rho family have been implicated in plant responses to HM stress. These
proteins are involved in vesicle trafficking, cytoskeletal rearrangements and other
cellular processes that are crucial to combat stress (Nagawa, Xu and Yang,
2010; Manara, 2012). Exposure to heavy metals, such as Pb (Huang and Huang,
2008), Cu and Cd (Jonak, Nakagami and Hirt, 2004) significantly increased MAP
kinase activity in plants. The activation of kinases can induce downstream signaling
processes, leading to the expression of genes that encode antioxidant enzymes,

metal transporters and other stress-related proteins (Jalmi, et al., 2018).

As shown in Figure 4.17, ribosome biogenesis and translation (BP group),
ribosome (CC group), structural constitute of ribosome and structural molecule
activity (MF group) were significantly downregulated after Pb exposure, with -

log(padj) values ranging from 70 to 100. Pb stress significantly reduces ribosome
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biogenesis and translation (BP group) as the assembly of ribosomes is
compromised, resulting in diminished ribosome synthesis. This is mainly
attributable to reduced transcription of rRNA genes (Ni and Buszczak, 2023),
processing of pre-rRNA (S&ez-Vasquez and Delseny, 2019) and the assembly of
ribosomal proteins (RPs) with rRNA (Fromont-Racine, et al., 2003). The
downregulation of these processes results in a reduced protein synthesis capacity
(Rahman, Shamsuzzaman and Lindahl, 2020) as the translation of mRNA into
proteins is affected due to fewer ribosomes being available to bind to mRNA
(Norris, Hopes and Aspden, 2021; Fedry, et al., 2024). Furthermore, ribosomes
undergo inactivation through a mechanism known as ribosome hibernation that
occurs within chloroplasts to diminish protein synthesis under stressful conditions

(Trésch and Willmund, 2019).

Downregulated genes were also enriched in the ribosome term (CC
group), as well as structural constituents of ribosome and structural molecule
activity (MF group) affected by Pb stress. The structure and function of ribosomes
are compromised under stress, potentially due to altered interactions between
ribosomal proteins and rRNA (Ddrner, et al., 2023). The diminished abundance of
ribosomal proteins (RPs) was typically associated with the compromised stability
of the ribosome and its degraded structural integrity (He, et al., 2018). It
fundamentally impairs the intricate mechanisms governing protein synthesis in
plants by adversely affecting the rRNA synthesis and ribosome biogenesis in the

nucleolus (Jiao, et al., 2023). This may have substantial implications for plant
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growth and development, as protein synthesis is crucial for numerous cellular
activities (Sugiyama and Machida, 2018). Hence, Pb stress impacts the assembly
and activity of these components, disrupting ribosome function (Lafontaine, et al.,

2021).

5.7.4.3 GO Analyses of Leaf Samples for EAPR versus non-EAPR (Effects of
EAPR)

For EAPR treatment, upregulated (Figure 4.18) and downregulated
(Figure 4.19) genes were enriched almost within similar terms, such as translation,
ribosome biogenesis, biosynthetic process from the BP group, ribosome,
cytoplasm, protein-containing complex and organelle from the CC group as well as
structural constituent of ribosome and structural molecule activity from the MF
group. However, upregulated genes were enriched in additional terms, such as
cellular nitrogen compound metabolic process (BP group), oxidoreductase activity
and RNA binding (MF group). HMs disrupt the nitrogen metabolism, which

regulates plant growth and development (Singh, et al., 2016b).

The observed upregulation of genes involved in cellular nitrogen
compound metabolic processes in this study may reflect an adaptive response aimed
at maintaining nitrogen homeostasis (Hossain, et al., 2012) after electric exposure.
Nitrogen is a crucial ingredient for the synthesis of several compounds involved in

the plant defense responses, such as enzymes, proteins and phytoalexins. The
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overexpression of genes associated with cellular nitrogen compound metabolic
process in bean (Phaseolus vulgaris L) leaf samples indicates a transformation in
nitrogen metabolism, potentially linked to increased synthesis of proteins, amino
acids and secondary metabolites (Sun, et al., 2020). Hence, this suggests that EAPR
might stimulate or enhance the plant's cellular metabolism of nitrogen-containing
compounds. The specific mechanism by which the electric field influences nitrogen
metabolism is complicated and may involve changes in gene expression, signal

transduction pathways or other cellular processes (Osogo, et al., n.d.).

Upregulated genes in the leaves of P. stratiotes under the EAPR
treatment were also enriched in the oxidoreductase activity term. Exposure to
electric fields can affect plant physiology and metabolism, including
oxidoreductase activity. The effects range from stimulation to inhibition that
depend on the field type, intensity and duration of exposure (Ma, et al., 2024). The
enrichment of the oxidoreductase activity term under EAPR treatment correlates
with the observed elevated SOD [Figure 4.8(a)] and APX [Figure 4.8(b)] activities,
as compared to non-EAPR-treated leaves. The coordinated transcriptomic response
and antioxidative enzyme activities enabled P. stratiotes to sustain both
photosynthesis and growth. Plant exposure to HMs results in the excessive
generation of ROS due to alterations in mitochondrial membrane permeability and
the inhibition of ROS detoxifying enzymes within the cellular antioxidant system
(Mansoor, et al., 2023). Hence, the electric field may enable the plant to enhance

its ability to detoxify ROS and mitigate the adverse effects of oxidative stress by
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upregulating oxidoreductase enzymes (Osogo, et al., n.d.). Besides, Huang, et al.
(2020a) reveal that at lower concentrations of Pb-Zn, activities of CAT, SOD and
peroxidase (POD) were increased in Ligustrum lucidum and Melia azedarach as a

stress response.

Similarly, upregulated genes enriched in the RNA binding term within P.
stratiotes leaves in response to electric fields might imply a role for these genes in
influencing RNA metabolism, such as export, stability, splicing and translation
(Manavella, et al., 2023). This can impact the cellular environment and indirectly
influence RNA-binding protein activity (Yan, et al., 2022), potentially affecting
various aspects of plant physiology, including processes related to Pb stress. The
electric field can potentially affect membrane permeability and the movement of
molecules within the cell (Hart and Palisano, 2018). It can affect plant
photosynthesis (LI, et al., 2024b), development, nutrient absorption, and stress
responses (Ma, et al., 2024), potentially altering plant management strategies in

response to electric field.

Downregulated genes were enriched in hydrolase activity, acting on
glycosyl bonds (Figure 4.19). Plant glycosyl hydrolases are crucial for selectively
breaking down carbohydrates and glycoconjugates throughout numerous cellular
functions, such as reserve mobilization, signalling pathways and cell wall

modification/disassembly (Kfoury, et al., 2024). These enzymes are crucial in
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breaking down complex carbohydrates into simpler monosaccharides, which serve
as vital sources of energy and building blocks for various cellular components
(Valliyodan and Nguyen, 2006). Thus, the downregulation of hydrolase activity-
related genes after EAPR treatment could be a mechanism by which P. stratiotes
might adjust its carbohydrate metabolism, cell wall composition, or defense

mechanisms in response to numerous developmental cues or stressors.

5.7.4.4 GO Analyses of Leaf Samples for Non-EAPR versus Control (Effects
of Pb Stress)

For P. stratiotes plants under Pb stress, upregulated (Figure 4.20) and
downregulated (Figure 4.21) genes were enriched in 11 similar terms. These
include translation, ribosome biogenesis, biosynthetic process, cellular nitrogen
compound metabolic process (BP group), ribosome, cytoplasm, protein-containing
complex, organelle, intracellular (CC group), structural constituent of ribosome and
structural molecule activity (MF group). GO enrichment analyses of the
downregulated DEGs revealed an additional two terms, specifically enzyme
regulator activity and rRNA binding, from the MF group. The enzyme regulator
activity is significantly impacted in plants after Pb exposure, which causes the
downregulation of specific DEGs that participate in numerous regulatory functions
(Riyazuddin, et al., 2022). This may entail altered control of enzyme activity,

affecting multiple pathways, such as phenylpropanoid production. Zinati and
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Delavari (2019)’s study on rice aroma demonstrated the downregulation of genes
involved in phenylpropanoid biosynthesis, such as phenylalanine ammonia-lyase,
4-coumarate:CoA ligase and laccase. This further suggests alternative pathways for
phenylpropanoid production. The electric field could be triggering stress responses
or influencing signal transduction, potentially leading to changes in gene

expression and enzyme regulation (Bakshi, et al., 2019).

Pb stress might be able to cause the downregulation of rRNA binding term
in P. stratiotes leaves by many processes, including modifications to the nucleolus,
alterations in RNA metabolism (Lee, et al., 2024) and impacting protein synthesis.
Pb stress can diminish the quantity of translation-related proteins and impede
protein synthesis (Xia, et al., 2019), potentially affecting cell proliferation and cell
cycle progression (Lee, et al., 2024). Furthermore, the nucleolus, an essential locus
for ribosome biogenesis (S&ez-Vasquez and Delsenymay, 2019), experiences
structural modifications and regulates rRNA production and processing in response
to Pb stress. Moreover, RNA-binding proteins, integral to RNA metabolism, might
be impacted by Pb stress, hence affecting the expression of stress-response genes
(Xia, et al., 2019). Pb can disrupt the alteration of rRNAs, such as
pseudouridylation, which is essential for chloroplast ribosome functionality and

cold tolerance in plants (Wang and Botella, 2022).
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5.7.5 Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment
Analyses

Plants are continuously subjected to multiple biotic and abiotic stresses
due to their sessile nature. This can adversely affect their development, growth, and
overall productivity. To avoid such challenges, plants have developed intricate
mechanisms to overcome these stresses, which involve a complex interplay of

transcriptional and post-transcriptional gene regulations (Kumar, 2016).

5.7.5.1 KEGG Enrichment Analyses of Root Samples for EAPR versus non-
EAPR (Effects of EAPR)

Based on Table 4.5, the ribosome pathway (n = 242) was significantly
enriched with upregulated DEGs affected by EAPR treatment. Similarly, Figure
4.14 reveals that GO enrichment analysis of upregulated DEGs in roots under
EAPR treatment highlighted enrichment in terms related to ribosome biogenesis,
translation, ribosome assembly and structural constituents of the ribosome. An
electric field may augment ribosome activity in plants, potentially alleviating Pb
stress by boosting protein synthesis (Mori, et al., 2021) associated with stress
response and defense mechanisms (Zhang, Zhao and Zhu, 2020). Under EAPR,
ribosomes facilitate protein synthesis and an elevated rate of ribosomal activity may
result in enhanced production of proteins that assist plants in managing stress. The

recovery sustains cellular metabolism and improves plant physiology. A relatively
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higher total chlorophyll (Figure 4.3) under EAPR treatment supports this finding,

despite the greater reduction in total biomass (Figure 4.2).

This can be accomplished by altering the expression of stress-related
genes (Liu, etal., 2021a) or by affecting the total rate of protein synthesis (Koyama,
et al., 2021). In addition, the increased production of antioxidant proteins could
help neutralize ROS generated by Pb stress (Mazaheri-Tirani, et al., 2024). Upon
exposure to an electrical field in the root, MAPK signalling pathway - plant was
the most significantly enriched with downregulated DEGs (Table 4.5). To adapt to
HM stresses, plants have developed signalling mechanisms to regulate and respond
appropriately (Keyster, et al., 2020). MAPK signalling is the most predominant in
plants and exhibits tolerance mechanisms against abiotic and biotic stressors
(Mondal, 2023). EAPR might enhance the antioxidant effects and reduce the
bioavailability of ROS. Under less stressful conditions, it may lead to the
downregulation of MAPK (Shirahata, et al., 1997; Yoshiaka, et al., 2023). The
reduction of oxidative stress and DNA damage affects the decrease of cAMP
signalling (Das, et al., 2015), Rapl signalling, calcium signalling (Kosuru and
Chrzanowska, 2020) and reduction of Ras/Raf and MPK3/4 expression regulation

in MAPK (Gonzélez Besteiro and Ulm, 2013; Bigeard and Hirt, 2018).

Besides MAPK, Ras signalling pathway, Rapl signalling pathway,

cAMP signalling pathway and calcium signalling pathway were also enriched with
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downregulated DEGs. Ras and Rap proteins are closely associated small GTPases.
While Ras is recognized for its function in cell proliferation and survival, Rapl
primarily participates in cell adhesion and the development of cell junctions
(Raaijmakers and Bos, 2009). In reaction to Pb stress, these pathways may be
activated. However, the introduction of electric fields alleviates the stress-induced
condition, resulting in a reduction of their activity. On the other hand, cCAMP is
involved in numerous biological activities, including stress reactions. The
activation can initiate downstream signalling cascades, resulting in alterations in
gene expression (Blanco, et al., 2020). Electric fields may attenuate cAMP
signalling, hence diminishing the total stress response. Furthermore, transcriptomic
analyses in this study revealed the downregulation of Ras and cAMP-related

proteins, including MPK3/4/6, under EAPR treatment.

Calcium ions are vital for plant growth and stress responses, with their
signalling being integral to numerous activities (Ghosh, et al., 2022). Electric fields
may affect calcium signalling via altering calcium influx, efflux (Yadav, et al.,
2022) and the function of calcium-binding proteins (Negi, et al., 2023). The
downregulation may involve modulating the activity of ion channels (Guo, Liu and
Chong, 2018) and impacting signalling pathways related to stress responses (Tyagi,
et al., 2024). By influencing these signalling pathways, electric fields could help

plants mitigate the adverse effects of Pb toxicity.
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5.7.5.2 KEGG Enrichment Analyses of Root Samples for non-EAPR versus
control (Effects of Pb stress)

In contrast, under Pb stress, upregulated DEGs were mainly enriched in
MAPK signalling pathway- plant, Ras signalling pathway and cAMP signalling
pathway (Table 4.6). High MAPK expression might be due to exposure to
extracellular stimuli, such as Pb, in this study. MAPK signaling pathways are
crucial in the defense response of Cladophora rupestris to Pb stress (Liu, et al.,
2022a). They are essential for regulating crosstalk between various plant signaling
systems (Smekalova, et al., 2014). Similar defense mechanisms may occur in P.
stratiotes, as a higher upregulation, with a -log(padj) value of 3.067, was observed
in the KEGG analysis under Pb stress. Calmodulin, the principal eukaryotic
calcium-binding protein, detects and reacts to variations in intracellular Ca?*
concentrations (Bergey, et al., 2014). Calmodulin could modulate the MAPK
signaling pathway (Tebar, Llad6 and Enrich, 2002) and this defines their interplay
probability in regulating heavy metal stress responses (Jalmi, et al., 2018).
Calcium/calmodulin is involved in the reaction due to toxicity mediated by heavy
metals such as Pb, Ni and Cd (Ahmad, Hadi and Ali, 2015). In this study,
calmodulin (CAL) expression was upregulated in P. stratiotes roots exposed to Pb,

which could indicate an increase in binding of Ca?* in roots (Table 4.9).

The upregulated DEGs were also enriched in the Ras signalling pathway.

Ras-related proteins play key roles in detoxifying, transporting, and
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compartmentalizing heavy metals in vacuoles (Goodwin and Sutter, 2009). Rho-
like GTPases from Plants (ROPs) are functional analogs of mammalian Ras
GTPases (Vernoud, et al., 2003) and play key roles in stress responses, cytoskeleton
organization (Burridge and Wennerberg, 2004) and ROS signalling (Baxter-
Burrell, et al., 2002). Ras-related GTP-binding proteins and a small G-protein that
were responsive towards copper stress in Elsholtzia splendens root cell walls (Liu,
et al., 2014). Ras were significantly enriched in seedlings supplemented with plant
hormones under Cr(V1) stress (Mumtaz, et al., 2022). Pb stress induces oxidative
stress, leading to the activation of ROP GTPases to regulate NADPH oxidase
(RBOH)-mediated ROS production (Wong, et al., 2007), actin cytoskeleton

reorganization and cell wall remodelling (Feiguelman, Fu and Yalovsky, 2018).

Pb exposure may increase cAMP levels due to disturbances in Ca** influx,
leading to compensatory signalling. Metals begin signalling cascades upon being
perceived by receptors via changes in CAMP positioned downstream to ROS signal
(Singh, et al., 2016b). A decrease in calcium content in Pb-exposed plants has been
documented in various species, including maize, tomato and mustard (White and
Broadley, 2003; Sharma and Dubey, 2005). This phenomenon may arise from the
inhibition of calcium transporters by Pb ions (Wojas, et al., 2007) and/or the
substitution of Ca?* with Pb*" due to Pb's strong affinity for calcium binding sites
on biological structures (Habermann, et al., 1983). Besides, the elevation of cCAMP
levels is predominantly associated with the activation of adenylyl cyclases (ACs),

which catalyse the conversion of ATP to cAMP (Yang, et al., 2021). The increase
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in CAMP can facilitate numerous downstream effects, including the modulation of
ion channels and the activation of protein kinase A (PKA) (Beavo and Brunton,

2002).

Crosstalk among MAPK, Ras-like small GTPases, and cAMP signaling in
plants functions distinctly compared to animals. There is a possibility of ROS and
MAPK crosstalk, as oxidative stress can modulate cCAMP-dependent pathways.
CAMP can interact with cyclic nucleotide-gated ion channels (CNGCs), which play
a role in the regulation of ion homeostasis during stress responses (Ordonez, et al.,
2014; Lu, et al., 2016). cCAMP targets Ca?* flux, which is crucial for modulating
Ca?" signalling in plants (Xu, et al., 2021). Under Pb?* stress, cAMP-dependent
protein kinase (complex and regulator) activity was significantly affected in
Cladophora rupestris (Liu, et al., 2022a). Besides, Pb may indirectly activate ROPs
by altering Ca?* signalling or through MAPK cascades, which are known to interact
with ROP pathways (Enders, Frick and Strader, 2017). Li, Chen and Li (2023)
demonstrate how ROP GTPases like OsRacl integrate with MAPK signaling
pathways to coordinate rice grain development processes. In addition, Pb stress also
likely caused crosstalk between Ras and cAMP pathways as cAMP-dependent
processes, such as PKA (Beavo and Brunton, 2002) could modulate ROP activity,
forming a feedback loop. ROP GTPases may indirectly influence adenylate cyclase

activity via regulation of calcium levels (Gu, et al., 2005), increasing CAMP.
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In this study, downregulated DEGs under Pb stress were enriched in
numerous pathways, including ribosome, oxidative phosphorylation, necroptosis,
apoptosis and mineral absorption pathways. Pb stress can impede the normal
function of plant root mitochondria and the generation of ATP through oxidative
phosphorylation (Ghifari, Saha and Murcha, 2023). Numerous studies indicate that
Pb stress can impair plant root oxidative phosphorylation, resulting in the
downregulation of associated genes (Zhao, et al., 2024). The downregulation may
lead to diminished ATP generation and elevated levels of ROS, thereby causing
more damage to root cells and intensifying the stress response (Zhang, et al., 2017).
The strong activation of MAPK cascades, calcium signaling and detoxification
transporters under Pb stress alone (non-EAPR) indicates that P. stratiotes was in a
high-stress defense mode. This led to an energy cost, which was supported by the
downregulation of pathways for ribosome biogenesis and oxidative
phosphorylation. The metabolic repression is consistent with the depletion of plant
biomass and phytotoxicity. By disrupting oxidative phosphorylation, plants can
alter their energy metabolism and potentially enhance their resistance to Pb stress.
Similarly, it was found that Pb exposure in Solanum lycopersicum L. caused
disordered oxidative phosphorylation and respiration (Irfan, Sermin and

Kadir, 2010).

The downregulation of genes associated with necroptosis and apoptosis
pathways, as observed in the KEGG analysis of P. stratiotes (Table 4.6). This may

signify the plant's effort to inhibit unnecessary cell death and conserve energy for
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survival, as excessive cell death can be detrimental to the plant (Petrov, et al., 2015).
Alternatively, if these genes are repressed, it could imply that Pb toxicity is
overwhelming normal programmed cell death pathways, resulting in uncontrolled
necrosis instead. Besides, plants may prioritize other defense mechanisms, such as
metal detoxification and sequestration over programmed cell death (Manara, 2012).
In Arabidopsis, the overproduction of ROS triggered by biotic or abiotic stresses is
shown to slow down the progression of cell death via the expression of Bax

Inhibitor-1 (Watanabe and Lam, 2006).

Pb-induced oxidative stress elevates radical generation, resulting in damage
to cell membranes, cellular processes (Ur Rahman, et al., 2024) and DNA (Khalig,
et al., 2021). The initial response to high Pb amount is the overproduction of ROS
in the plant that causes the irreversible lipid oxidation (Yang, et al., 2020). Plant
cells eventually may not be able to maintain themselves due to disruptions in
metabolic pathways that may cause cell death (Sychta, Stomka and Kuta, 2021).
Programmed cell death is a fundamental component of plant development and a
crucial response to abiotic stressors or pathogens. It allows the exact termination of
faulty cells (Chlubek and Baranowska-Bosiacka, 2024). Although ‘apoptosis' is yet
to be justified in plants, two distinct classes of programmed cell death can be

identified in plants: vacuolar cell death and necrosis (van Doorn, et al., 2011).
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Necrosis is a category of rapid cellular death that occurs in response to
pathogen invasion or abiotic stress (Minina, et al., 2013). Necrosis is usually caused
by the overwhelming impact of external forces (Pb, UV radiation, and extreme
temperatures) (Kanduc, et al., 2002; Renu, et al., 2021), which results in mechanical
damage to the lipid bilayers of the cell membrane (Vanden Berghe, et al., 2006).
On the other hand, apoptosis necessitates active engagement of expression of
multiple genes, cellular machinery and expenditure of energy (Chlubek and
Baranowska-Bosiacka, 2024). In this study, P. stratiotes exposure to HMs in
synthetic young leachate under both EAPR and non-EAPR treatments displayed
pigmentation, discoloration, yellowing and withering physical appearances. These
phytotoxic symptoms suggest the onset of necrosis and apoptosis, triggered by
severe oxidative stress and membrane damage from HM toxicity (Sychta, Stomka

and Kuta, 2021).

On the other hand, it was observed that the downregulated DEGs under
Pb stress were enriched in the mineral absorption pathway. Pb is shown to inhibit
plant growth by reducing the uptake and movement of nutrients such as Ca, Mg and
Zn. Hence, the entry or binding of the ions to ion-carriers is restricted, rendering
them unavailable for transportation from roots to leaves (Munzuroglu and Geckil,
2002). Pb disrupts nutrient uptake via competition with essential minerals (e.g.
Ca?, Fe**, Mg*", Zn*") for transporters (e.g. ZIP, IRT, NRAMP families) (Kim,
Yang and Lee, 2002). The downregulation of mineral absorption genes suggests an

avoidance strategy by P. stratiotes to reduce the non-essential metal uptake to
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prevent Pb entry (Mehes-Smith, Nkongolo and Cholew, 2013). Additionally, Pb
may directly inhibit transporter expression or function through toxicity-induced
repression. The elimination of the analogous Arabidopsis CNGC1 gene (cyclic
nucleotide-gated ion channel) conferred tolerance to lead toxicity. NtCBP4 and
AtCNGC1 are essential components of a transport pathway that facilitates the entry
of Pb?* into plant cells (Sunkar, et al., 2000). Hence, the disruption of these genes
may serve as a significant strategy for enhancing HM stress tolerance in plants by
restricting the absorption of these heavy metals within the cells. Plants may perform
energy reallocation to suspend non-essential processes, such as nutrient absorption,
to prioritize detoxifying mechanisms, including phytochelatins and antioxidants

(Noor, et al., 2022).

5.7.5.3 KEGG Enrichment Analyses of Leaf Samples for EAPR versus non-
EAPR (Effects of EAPR)

Under EAPR treatment, it was found that the upregulated DEGs were
significantly enriched ribosome, secondary metabolite biosynthesis, metabolic
pathways, amino acid biosynthesis, arginine biosynthesis and carbon metabolism
pathways (Table 4.7). Electrical signalling regulates biochemical processes (such
as the synthesis of hormones, proteins and secondary metabolites) and gene
expression of enzymes (related to ribosome proteins and carbon metabolism) in
plants (Li, Gou and Li, 2019). The upregulation of the ribosomal pathway in plant

leaves, in response to an electric field, likely indicates an enhanced ability for
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protein synthesis to facilitate cellular repair, stress responses and possibly growth
stimulation. Electric fields may enhance translational activity to meet the demand

for new proteins involved in stress adaptation or signalling.

Upregulation of genes related to secondary metabolite biosynthesis in P.
stratiotes leaves after EAPR treatment indicates an increased production of these
compounds, often in response to environmental stressors or developmental cues
(Liu, et al., 2022b). Secondary metabolites, such as phenolics, flavonoids and
alkaloids are crucial for stress defense and antioxidant production (Ranner, et al.,
2023). An electric field may act as an elicitor, triggering defense mechanisms and
boosting the synthesis of protective compounds. Gene regulation of plant secondary
metabolism typically involves the assembly of multiprotein complexes through
combinatorial interactions between the MY B and bHLH protein families, or among
distinct subgroups of bHLH proteins (Chezem and Clay, 2016). In addition, histone
modifications, such as acetylation, methylation and phosphorylation, serve as
essential components in the epigenetic regulation of secondary metabolite synthesis
in plants. Most plants exhibit active transcription by enhancing histone acetylation,
decreasing chromatin compactness, and facilitating the binding of transcription
factors to regulatory areas of genes essential for secondary metabolite biosynthesis

(Peng, et al., 2020; Zhao, et al., 2022).
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EAPR might upregulate the genes related to metabolic and carbon
metabolism pathways (Table 4.7). The use of electric fields mitigates the Pb stress-
induced state, leading to an increase in their activity. The upregulation reflects
shifts in energy demand as Pb disrupts mitochondrial function (Chlubek and
Baranowska-Bosiacka, 2024), forcing the use of alternative metabolic routes.
Electric field may enhance ATP production via stimulation of electron transport
(Ahmad, Wolberg and Kahwaji, 2023). Wang, et al. (2022)’s study showed that
pulsed electric fields can affect photosynthesis in lettuce leaves, with some
evidence suggesting increased ATP generation due to enhanced electron transfer.
The cytochrome b6f complex (Simkin, et al., 2017), ferredoxin-NADP* reductase
(Hajirezael, et al., 2002) and the proton gradient across the thylakoid membrane
(Yamori and Shikanai, 2016) are essential elements of photosynthetic electron
transport and ATP production that may be influenced by electrical stimulation. The
enhanced synthesis of NADPH and ATP during the light reactions provides
additional reducing power and energy for the Calvin cycle. Consequently,
improved electron transport can result in heightened carbon fixation and total
carbon metabolism in the plant (Dusenge, Duarte and Way, 2019), which may

further enhance plant tolerance to toxic compounds.

Electric field might potentially enhance the biosynthesis of amino acids,
including arginine biosynthesis pathways, in P. stratiotes leaves. This is because
electric fields can influence various metabolic pathways, including those related to

amino acid synthesis (Cadena-Ramirez, Alonso-Vargas, and Cesar-Rios-Guzman,
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2024). Amino acids are essential building blocks for proteins and play crucial roles
in plant growth, development, and responses to stress, such as Pb toxicity
(Hildebrandt, et al., 2015). Electric fields can function as an abiotic elicitor, a stress
factor that stimulates the synthesis of certain chemicals associated with plant stress
response (Jan, et al., 2021). Enrichment of the arginine biosynthesis pathway
enables P. stratiotes to produce vital signaling chemicals in its defensive responses.
This pathway is required for nitrogen metabolism, polyamine synthesis, and the
formation of nitric oxide (Winter, et al., 2015). Arginine is a crucial amino acid that
participates in numerous metabolic processes, encompassing nitrogen metabolism
and stress responses (Cheng, et al., 2023). Abiotic stress, such as Pb exposure, can
adversely affect the arginine biosynthesis pathway. The biosynthesis of arginine
entails the transformation of ornithine into citrulline and subsequently into arginine,
facilitated by specialized enzymes such as ornithine transcarbamoylase,

argininosuccinate synthetase and argininosuccinate lyase (Llebrés, et al., 2018).

Hence, electric fields may enhance the activity of these enzymes or alter
the availability of precursors, thereby facilitating the production of arginine. EAPR
may also affect the activity of enzymes associated with these pathways, either
directly or indirectly by altering cellular ion concentrations or membrane potential
(Xu, et al., 2016). Electric fields may help plants manage Pb stress by promoting
the synthesis of compounds that detoxify Pb or mitigate its detrimental effects

(Moradbeygi, et al., 2020).
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5.7.5.4 KEGG Enrichment Analyses of Leaf Samples for non-EAPR versus
control (Effects of Pb)

Under Pb stress, plant leaves frequently exhibit activation of genes
associated with the ribosomal pathway (Meng, et al., 2018), signifying a response
to the stress and possible participation in tolerance mechanisms. This increase may
entail alterations in ribosomal protein gene expression, influencing ribosome
production and perhaps affecting translational efficiency (Stepinski, 2025), to
compensate for the adverse effects of Pb. Certain studies indicate that ribosomal
proteins may include extra ribosomal roles, including participation in signal
transduction pathways under stress conditions (Kwashiak-Owczarek, et al., 2019).
The plant nucleolus, responsible for ribosome assembly, may function as a stress
sensor, with alterations in ribosome biogenesis potentially contributing to the
plant's response to many stresses (Ohbayashi and Sugiyama, 2018), including those

associated with Pb.

Upregulation of genes related to plant hormone signal transduction in P.
stratiotes leaves in this study indicated that Pb might upregulate DEGs involved in
plant hormone signal transduction (Table 4.8). In plants, a complex network of
signaling pathways is orchestrated by hormones such as auxin, ABA, ethylene and
JA, which are crucial for plant stress responses regulation (Gray, 2004). The
upregulated DEGs enriched in terms such as plant hormone signal transduction

pathways in this study suggested Pb stress might lead to modulation of hormonal
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signaling to activate subsequent defensive mechanisms (Auguy, et al., 2016). This
indicates that the plant produces a higher quantity of essential hormones and

signaling molecules to manage stress (Ang, et al., 2024).

Besides, the upregulation of fatty acid elongation genes under Pb stress
in this study indicated that plants might modify their lipid metabolism in response
to Pb stress, as an attempt to enhance cell membranes, lipid barriers, or create
signaling molecules (Singh, et al., 2016b; Sharma, et al., 2023b). Abiotic stressors,
such as cold, salt, hypoxia, and exposure to HMs have been shown to raise the
levels of very- long- chain fatty acids in many plant species (De Bigault Du Granrut
and Cacas, 2016). The fatty acid elongation process incorporates two-carbon units
into a fatty acid chain, hence increasing its length with enzymes such as KAS | and
KAS Il (Li, et al., 2017c). By enhancing the expression of genes associated with
fatty acid elongation, transcription factors, such as PfbZIP85 in tobacco (Huang, et
al., 2024), and WRI1 (Liu, et al., 2024) in Akebia trifoliata, can elevate the
synthesis of longer-chain fatty acids (Ji, et al., 2018). Alterations in fatty acid
composition and concentrations can influence the total oil content in plant tissues

as an energy reserve for growth (Zhou, et al., 2024).

Under Pb stress, P. stratiotes leaves demonstrated greater downregulation
(-log padj = 72.76) than upregulation (-log padj = 31.77) of genes associated with

the ribosomal pathway. This indicates that the expression of genes related to
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ribosome synthesis and function is diminished relative to normal conditions. This
downregulation may serve as a physiological response to Pb stress, presumably
aimed at conserving energy or modulating protein production in reaction to the
stressor (Horiguchi, et al., 2012; Fakih, Plourde and Germain, 2023).
Downregulation may transpire via multiple processes, such as diminished
transcription of ribosome-associated genes, mRNA degradation or modified
splicing efficiency (Petibon, et al., 2021). The downregulation of ribosomal genes
can impact multiple cellular functions, including cell proliferation, division, and
overall protein synthesis. This may also be associated with additional stress
responses, such as nucleolar stress, which can potentially result in cell cycle arrest
or other cellular alterations (Ohbayashi and Sugiyama, 2018). Besides, the genes
associated with ribosome biogenesis, including those that encode ribosomal

proteins (Moin, et al., 2016) might be downregulated in response to Pb stress.

The phenylpropanoid biosynthesis pathway initiates the production of
many secondary metabolites, such as flavonoids, stilbenoids and diarylheptanoids.
The downregulation of this biosynthesis pathway in P. stratiotes was observed in
this study. The downregulation of this pathway markedly affects the synthesis of
certain beneficial compounds (Liu, et al., 2021b). Both flavonoids (Wan, et al.,
2025) and stilbenoids (Deng, et al., 2017) are significant phenolic antioxidants in
plants, aiding in their defense against diverse stressors. Their downregulation
during Pb stress signifies a diminished ability of the plant to counteract oxidative

stress (Bian, et al., 2020). Diarylheptanoids are a class of secondary metabolites
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exhibiting a variety of biological roles, including antibacterial properties (Jahng
and Park, 2018). Their reduced output under Pb stress indicates a disturbance in the
plant's defence mechanisms. Other than that, alpha-linolenic acid and linoleic acid
are fatty acids that are essential constituents of cell membranes and contribute to
stress responses (L1, et al., 2016). Their downregulated metabolism under Pb stress

may compromise membrane integrity and influence further cellular processes.

5.7.6 Key Genesin P. stratiotes Adaptation under Combined Electrochemical
Stress Revealed by EAPR

The transcriptomic analysis in this study shows the intersection response
mechanisms of P. stratiotes within an EAPR system for synthetic leachate
treatment. The most significant observation is that EAPR reverses the gene
expression trends induced by Pb stress in plant roots, further underscoring the
central role of key signaling pathway. This discovery provides fundamental new
insights into plants'’ molecular defence responses under the combined
electrochemical stress. Ten genes investigated were those reversed by EAPR,
particularly key regulators (not effectors), namely MAPK, hormone signaling, and

metal homeostasis within the stress-signaling networks (Table 4.9).
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Cluster 3093.0 (a MAPK Kkinase) is a prominent candidate for EAPR-
reversal. MAPK kinases are crucial signaling modules that amplify important
abiotic stress signals in plants. They rely on upstream ROS and Ca?" signals to
transcription factors, such as WRKY and bZIP (Jarin, et al., 2025). The expression
of this gene in response to Pb stress is consistent with prior studies that showed
heavy metals activate MAPK cascades to control antioxidant and detoxification
mechanisms (Li, et al., 2022; Ur Rahman, et al., 2024). The concurrent
downregulation of this MAPKK under EAPR versus non-EAPR treatment suggests
that the electric field disrupts the initial phase of Pb detection and signaling. Thus,

further hinders the subsequent development of stress responses.

Likewise, NAP1-related protein 2 (Cluster-2906.0), which is involved in
chromatin regulation and histone chaperoning to affect gene expression (Wang, et
al., 2022), exhibits a comparable reversal pattern. NAPI-like proteins might
stabilize MAPK complexes and regulate the duration of signal transduction (Kim,
et al., 2022). Hence, their suppression suggests that EAPR may not soley reduces
MAPK activation, but also disrupts the structural organization of the MAPK
module (Wu and Wang, 2024). This potentially destabilize the the Pb-induced
phosphorylation mechanism. Therefore, EAPR is suggested to act as a signal-
dampening agent, subsequently inhibiting the stress cascade before the complete

establishment of transcriptional reprogramming.
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The 14-3-3 protein (Cluster-18765.0) and the heterotrimeric G-protein o
subunit (Cluster-12402.0) constitute the second tier of EAPR-reversed hubs. These
proteins are vital signal integrators, connecting the MAPK activity (Bhardwaj, et
al., 2025) with hormonal and oxidative responses (Sewelam, Kazan and Schenk,
2016). In plant, the 14-3-3 proteins regulate phosphorylation-dependent
interactions between MAPKSs and transcription factors, further influencing ABA,
ethylene and ROS-mediated gene expression (Camoni, et al., 2018). As a result, the
downregulation of this 14-3-3 protein following EAPR treatment indicates broader

extensive suppression of stress-hormone communication pathways.

The G-protein o subunit also regulates initial oxidative bursts and Ca*
influx when exposed to metal stress (Wang and Botella, 2022). Its reversal under
EAPR versus non-EAPR treatment implies that electric field might modulate the
signal transduction at plasma membrane, thereby inhibiting the activation of ROS-
dependent defense signaling. This discovery indicates that instead of activating
detoxification pathways to cope with Pb exposure, EAPR diminishes the need for

these responses by inhibiting their upstream initiators.
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EAPR treatment partially reverted these Pb-induced transcriptional
patterns. The downregulation of MAPKKSs, 14-3-3 proteins and G-protein o
subunits indicates a reduction of the ROS-dependent signaling. Reduction of these
stress-amplifying hubs reduces the need for excessive detoxification mechanisms.
This is consistent with observed enhanced HM removal (Figure 4.7) and elevated
BCF values (Figure 4.6) for specific metals. Hence, electrochemical reaction in
EAPR simultaneously promotes the mobilization of HMs in the rhizosphere and

mitigates intracellular stress.

Heavy-metal stress generally triggers the expression of detoxification
enzymes and transporters that alleviate metal toxicity (Mohamed, et al., 2025). In
this study, ABC-F transporter (Cluster-32326.0) and a glutathione transferase—like
protein (Cluster-11998.0) are significantly upregulated by Pb exposure, yet
downregulated following EAPR treatment. ABC transporters are knowm to
function in HM sequestration and vacuolar compartmentalization (Marques and
Mason, 2025). Conversely, glutathione transferases control cellular redox balance
via conjugation of the reactive metabolites (Morgenstern, 2024). The observed
downregulation of these proteins in response to EAPR suggests that this treatment
reduces intracellular Pb accumulation and oxidative damage, hence lessening the

requirement for intense detoxification processes.
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Besides, the identification of other EAPR-reversed genes, such as redox-
responsive regulatory proteins (Cluster-17353.0) and membrane or cell-wall
associated stress proteins (Cluster-15275.0), further supports this interpretation.
These genes function in mediating ion transport, ROS signaling and structural
defense modifications in response to heavy metal stress (Sandalio, et al., 2023).
Their suppression implies that EAPR could be restoring cellular homeostasis, in an
attempt to shift the root transcriptome away from a defense-dominated state toward

a maintenance-dominated state.

Collectively, the transcriptional reversal of these ten regulatory hubs
demonstrates that EAPR’s protective effect operates at the systems level of stress
perception, signal integration and response execution. Pb stress alone initiates a
cascade that begins with MAPKK and scaffold proteins, subsequently involving
hormone and ROS signaling integrators, eventually resulting in detoxification and
metabolic reprogramming. Under EAPR versus non-EAPR treatment, this entire
cascade is suppressed, indicating that EAPR acts as a transcriptional and signaling
“switch-off” mechanism, rather than a simple detoxification enhancer. The
suppression of MAPK, Ras and cCAMP signaling pathways in roots under EAPR
suggests that the electric field alleviated Pb-induced stress at the signaling level
(Bigeard and Hirt, 2018; Keyster, et al., 2020). This molecular dampening
corresponds to the observed reduction in oxidative stress burden, as reflected in
lower antioxidative enzyme activity (SOD and APX) compared to the non-EAPR

system.
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This systemic repression is noteworthy because it suggests that EAPR
mitigates excessive activation of energy-demanding stress pathways. If unchecked,
could hinder root development and metabolic equilibrium. Consequently, even in
the presence of Pb, EAPR appears to enable P. stratiotes to sustain more stable
physiological processes while concurrently increasing HM mobilization via
electrochemical processes. The transcriptomic results suggest that EAPR
reprogrammes the stress-signalling network to reduce the energetic cost of
detoxification, possibly by silencing MAPK-mediated stress signalling, restoring
redox and hormonal homeostasis. This integrated physiological-molecular
response explains the observed enhancement in phytoremediation performance

under the EAPR system.

5.7.7 Upregulation of Genes Involved in MAPK Signaling Pathway in
Plants under Pb stress

In this study, there are three cascades in which the upregulation of genes
involved in the MAPK signalling pathway (Appendix 15) under Pb stress were
identified using RNA-Seq in P. stratiotes roots (Appendix 16). The three cascades
are MKK3-MPK6, MEKK1-MKK2-MPK4/6 and MKK1-MPK®6. According to
Kumar, Raina and Sultan (2020), the MAPK signalling pathways' three kinases are
activated via sequential phosphorylation. The primary function of the MAPK
signalling pathway is to phosphorylate associated transcriptional factors. The

subsequent binding of transcriptional factors to cis-regulatory regions can then
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trigger the expression of metal response genes. Along the biosynthesis path, a small
gene family encodes each tier of the MAPK cascade, and several members of the

gene family may perform redundant functions (Zhang and Zhang, 2022).

The activation of such cascades often leads to the phosphorylation of
downstream targets, thereby influencing gene expression and various cellular
processes associated with stress responses. Numerous studies have documented the
symptoms and responses of plants to exposure to toxic metals (Clemens, 2006).
The activation or modification of plant metabolism is essential for the effective
functioning of metabolic pathways and the rapid repair of damaged cellular

structures (Chandra and Kang, 2015).

In the MKK3-MPKG6 cascade, 4 DEGs for MKK3 and 8 DEGs for MPK6
were upregulated. MKK3-MPKS6, constituents of the MAPK signaling pathway, are
essential in plant stress responses. MKK3, a MAPK kinase, phosphorylates and
activates MPK6, a MAPK. The activation of MPK6 by MKK3 leads to the
phosphorylation of downstream targets. Takahashi, et al. (2007) reported that JA
acid activated MPK®6, which was primarily dependent on the MKK3 pathway in
Arabidopsis thaliana. This cascade inhibits root growth and is involved in the
negative regulation of ATMYC2/JIN1 expression, which is a central positive
regulator of JA-inducible gene expression. Hence, the MKK3-MPK®6 cascade is

pivotal in the JA signaling pathway of P. stratiotes to mediate Pb stress. Identifying
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and characterizing stress- responsive genes is essential for enhancing plant
tolerance to stress. Recent advancements across multiple fields have enabled the
identification of metabolites, transcription factors and stress- inducible proteins
associated with HM tolerance (Singh, et al., 2016b). Consequently, this study
examines the function of MKK3-MPK®6 in lead stress response is crucial for

elucidating the molecular processes that govern plant tolerance to Pb.

The second cascade of MAPK signaling pathway, MEKK1-MKK2-
MPK4/6 was also upregulated under Pb, in which 24 (MEKK1), 12 (MKK2) and 1
(MPK4)/8 (MPK6) DEGs were identified. The MEKK1-MKK2-MPK6 cascade
represents a well- characterized MAPK pathway in Arabidopsis thaliana, a model
plant extensively employed in plant stress physiology research (Kumar, Raina and
Sultan, 2020). The upregulation of MEKK1, MKK2 and MPK6 under lead
exposure suggests a critical role for this specific MAPK cascade in mediating Pb
stress responses in plants. MEKK1, a MAPKKK, functions as a primary sensor and
transducer of stress signals, integrating upstream cues and relaying them to
downstream components of the MAPK cascade (Virk, etal., 2015). Upon activation
by lead-induced stress signals, MEKK1 phosphorylates and activates MKK2, a
MAPKK, which in turn phosphorylates and activates MPK6, a MAPK (He, et al.,
2020). The activation of MPKG® triggers a cascade of downstream events, including
the phosphorylation of transcription factors involved in stress-responsive gene
expression. The induction of stress-responsive genes, such as those encoding

detoxification enzymes, metal transporters, and antioxidant proteins, facilitates the
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alleviation of lead toxicity and the restoration of cellular homeostasis (Haak, et al.,
2017). Thus, this study showed that the upregulation of MEKK1, MKK2 and MPK6
under Pb exposure and it might involve a combination of transcriptional and post-
translational regulatory mechanisms. Activation of transcription factors initiates the

transcription of defense genes (He, et al., 2023).

Last but not least, MKK1-MPKG6 cascade was upregulated by one
(MKK1) and eight (MPK6) DEGs, respectively. MKK1-MPK6 modules mediate
the ABA signal transduction to mitigate the toxicity and accumulation of metalloids
and HMs (Hu, et al., 2020). AtMKK1 and AtMPKG6 play crucial roles in regulating
seed germination in Arabidopsis through ABA- and sugar-related seed signaling
pathways. P. stratiotes likely employs this pathway, which Pb triggers to mitigate
the toxic effects. Under Pb stress, plants perceive the stress and initiate ABA
biosynthesis. ABA is perceived by PYR/PYL/RCAR receptors, which then inhibit
PP2C phosphatases, leading to the activation of SnRK2 kinases (Fidler, et al.,
2022). The SnRK2 kinases can phosphorylate and activate various downstream
targets, including transcription factors and other kinases. Ultimately, this leads to
the regulation of gene expression and other cellular processes that enable the plant
to cope with stress. In the context of Pb stress, the MKK1-MPKG6 cascade is
activated, possibly through upstream MAPKKKSs that are responsive to ABA or
oxidative stress signals (Fabregas, Yoshida and Fernie, 2020). Pb stress may alter
cell wall composition (Ronzan, et al., 2018), limiting Pb uptake and the MKK1-

MPKG6 pathway may be involved in controlling these changes.
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The MKK3-MPK6, MEKK1-MKK2-MPK4/6, and MKK1-MPK6
cascades are crucial yet unique in their functions in mediating Pb stress responses
in P. stratiotes. MKK3-MPKG6 is primarily associated with JA signaling, regulating
stress-responsive genes, inhibiting root growth, and modulating JA-dependent
defense mechanisms. Other than that, MEKK1-MKK2-MPK4/6 functions as a
pivotal stress-signaling hub, assimilating Pb-induced signals to activate
downstream transcription factors and genes associated with detoxification, hence
augmenting metal tolerance. MKK1-MPK®6 is associated with ABA signaling,
affecting seed germination, cell wall alterations, and oxidative stress reduction in
response to Pb exposure. Collectively, these MAPK pathways orchestrate hormonal
signaling, transcriptional reprogramming and cellular detoxification, allowing P.
stratiotes to mitigate Pb toxicity and sustain homeostasis. Comprehending their
interaction yields insights into plant adaptation to heavy metal stress, presenting

prospective targets for enhancing phytoremediation and stress tolerance.

5.7.8 Expression testing of DEGs by Quantitative Real-time (qRT)-PCR

Plants possess sophisticated defence mechanisms against HMs (Clemens,
2006). The most straightforward tactic is to avoid metal from entering shoots by
preventing or excluding metal uptake. Basal HM tolerance in plants consists of
uptake/efflux, transport/sequestration and chelation processes. Hence, plants can be

divided into (hyper)accumulator and non-accumulator groups (Viehweger, 2014)
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when they are used as tools to remove contaminants. Besides, plants have
developed signalling systems as an effort to control and react appropriately to full
stresses (Keyster, et al., 2020). This includes signal molecules, such as ROS, nitric
oxide and plant hormones that can trigger the MAPK cascade via DEGs,
antioxidant mechanisms and synergistic crosstalk that occurs between numerous

signalling systems.

The activation of the MAPK cascade by these signaling molecules
involves a complex interplay of upstream components, ultimately leading to the
phosphorylation and activation of downstream transcription factors that modulate
gene expression (Ahmad, et al., 2016). Similarly, in this study, MAPK pathway
was upregulated in response to Pb. The stress responses, cell cycle, differentiation,
growth and death are known to be regulated by conserved MAPK signalling
pathways (LI, et al., 2022). Three protein kinases make up the three-phase MAPK
cascade: MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and MAPK
(Ma, et al., 2022). MAPK in plants under stress circumstances may select and
modulate transcription factors (Andreasson and Ellis, 2010) to elicit a multitude of

cellular, transcriptomic and physiological responses (Samajova, et al., 2013).

Thus, six genes were chosen from the most significantly enriched MAPK
signaling pathway- plant (ko04016) due to Pb stress to study their expression using

gRT-PCR (Figure 4.22). gqRT-PCR and RNA-seq results (Appendix 17) showed
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that all six selected genes from the MAPK signalling pathway- plant (ko04016)
were upregulated in response to both non-EAPR and EAPR treatments. The genes
for calcium-binding protein NCS-1-like (CAL), GTP-binding protein rhoA-like
(GT) and Guanine nucleotide-binding protein subunit beta-like (GUA) were
expressed, with significant differences observed between EAPR and non-EAPR,
which implies the effect of EAPR treatment. However, the expression among the
genes for Calmodulin (CA), Calmodulin 5 (CA5) and Rab5b rab family GTPase

(RAB) was not significantly different.

The plant's adaptive response to Pb may lead to alterations in the
expression of calcium-binding proteins such as CAL (Kour, et al., 2023). Under Pb
stress, EAPR can increase ion mobility (Cameselle, et al., 2013) and further
enhance expression of calcium-dependent signalling pathways and upregulate CAL
gene expression. Additionally, EAPR may also reduce Pb-induced oxidative stress,
thereby indirectly stabilizing calcium signalling and enhancing CAL expression.
The stability of Ca?* channels happens during the exposure to excess HMs,
resulting in the flow of calcium into the cell. A temporal increase in the cytosolic
calcium level is recognized by sensitive proteins, which cause the alteration of this
chemical signal into biological responses. Intracellular free Ca** serves as a second
messenger to convey stress reactions triggered by HMs, which in turn regulate the
expression of downstream genes involved in HM metabolism, tolerance and
transportation (Hasanzadeh and Hazrati, 2021). Via competing with Ca** for

binding sites or altering calcium channel activity, Pb can disturb calcium
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homeostasis. EAPR might mitigates Pb stress by enhancing calcium ion mobility,
stabilizing calcium signalling pathways, and upregulating CAL gene expression,

thereby counteracting Pb-induced disruptions in calcium homeostasis.

Pb stress can induce oxidative stress and mechanical damage (Gupta, et
al., 2024), leading to changes in cytoskeletal dynamics (Horiunova, et al., 2016). It
may result in altered expression of GT proteins, helping the plant cope with Pb-
induced damage. GT proteins, such as RhoA-like GTPases, regulate cytoskeletal
organization, vesicular trafficking and stress signalling in plants (Nagawa, Xu and
Yang, 2010). The electric field may induce mechanical stress, leading to the
activation of GT genes (Lessey, Guilluy and Burridge, 2012) to maintain cellular
structure and function. Proteins implicated in HM responses have been identified
in Camelina sativa seeds, suggesting a role for the Gy gene (AGG3) in HM
tolerance (Wu and Urano, 2018). Thus, the electric field (EAPR) might reduce Pb-

induced stress and enhance GTP-binding protein-mediated signalling.

Guanine nucleotide-binding protein (G-protein) plays a crucial role as
one of the primary signalling molecules that transmits environmental cues to the
interior of the plant. They consist of a-, B-, and y-subunits, which are modulated by
the nucleotide-binding status. Activation or inactivation of the complex happens
through the GTP/GDP binding mechanism (Oliveira, et al., 2022). These signalling

cascades are activated to trigger appropriate responses to multiple abiotic stresses,
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including HM toxicity (Wang and Botella, 2022). G-protein signalling can lead to
the activation of pathways, such as ROS burst (Tuteja and Sopory, 2008), stress-
responsive kinases (Bhardwaj, et al., 2025) and cell death (Karimian, Trusov and
Botella, 2024). EAPR alleviates stress and interfaces with G-proteins via
depolarization or hyperpolarization (Hagenfeld, et al., 2010) which triggers the
opening of voltage-gated calcium ion (Ca?") channels in the plasma membrane
(Berridge, Bootman and Roderick, 2003). This leads to a rapid, controlled influx of
Ca?" into the cytoplasm that modulates G-protein activity or activation of specific
proteins like Calcium-Dependent Protein Kinases (CDPKs) (Bredow and

Monaghan, 2019).

Although the expression of calmodulin (CA), calmodulin 5 (CA5) and
Rab5b rab family GTPase (RAB) genes was insignificant between EAPR and non-
EAPR, the expression of these genes was significantly higher in the EAPR than in
the control. This implies that EAPR might influence the expression of these genes.
Calmodulin is a calcium-binding messenger protein that plays a critical role in
calcium signalling pathways (Kasri, et al.,, 2004). Calmodulin regulates
downstream stress-responsive genes (Liu, Qiao and Liao, 2025) and antioxidant
enzyme activities (Forman and Zhang, 2021). Pb exposure exacerbates oxidative
stress by increasing the formation of ROS in plants (Sinha, Srivastava and Mishra,
1998). This further disrupts calcium homeostasis (Shabbir, et al., 2022), as Pb can
mimic Ca?* (Wojas, et al., 2007) and interfere with Ca?"-dependent signalling

pathways.
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To counteract this, under the influence of an electric field, P. stratiotes
might upregulate calmodulin and its isoforms, such as CA5, in an attempt to
reinstate calcium signalling and sustain cellular functions. The CA gene expression
is upregulated to maintain Ca?" buffering and signalling. The electric field amplifies
ROS and Ca?" spikes, which activate stress-responsive transcription factors (TFs)
(Haberkorn, et al., 2021), subsequently phosphorylated by Ca?*-dependent protein
kinases (CDPKs) (Kawamoto, et al., 2015), further possibly increasing CA5
transcription. This study demonstrates that EAPR enhances the expression of Ca**-
binding proteins in response to Pb stress. Pb stress alone elevates CA and CA5, but

EAPR amplifies this response by augmenting Ca** and ROS signalling.

Rab5b is a member of the Rab family of small GTPases, which are
involved in vesicle trafficking and endocytosis (Parray, 2025). Rab5b upregulation
may subsequently facilitate the sequestration of Pb?* (Keyster, et al., 2020) and
mitigate its toxic effects. While there is limited specific research on Pb-induced
Rab5b upregulation in plants, studies on vesicle trafficking and HM stress support
this mechanism (Singh, et al., 2016b). An external electric field modifies the
transmembrane potential of root cells, affecting ion fluxes (e.g. Ca?*, H*, K*) (Zuo,
et al., 2025). ROS act as secondary messengers, activating transcription factors,
such as WRKY (Wang, et al., 2023), which bind to Rab5 promoters, thereby
enhancing their expression (Li, et al., 2021). Electric fields influence auxin (IAA)
and JA distribution (Saniewski, Ueda and Miyamoto, 2002; Lee and Oh, 2025),

both of which regulate Rab GTPases. Pb stress disrupts auxin transport
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(Matkowski, et al., 2020), but an electric field may restore polar IAA (Kral, Hanna
Ougolnikova and Sena, 2016) and JA flow indirectly upregulating Rab5 to repair

vesicular trafficking (Lu, et al., 2024).

The RNA-seq analysis pointed to the potential involvement of these
specific genes. Hence, the high expression levels of these genes, as determined by

RNA-seq, strongly supported the gRT-PCR analysis.

5.8 Future studies

The study’s results demonstrated that EAPR may improve the ability of P.
stratiotes to remove HMs, including Pb, from contaminated environments, while
also elucidating essential molecular responses, which include MAPK signaling
pathways that govern stress responses. The following are research directions that
can be prioritized in future:

1. Technological optimization

Variation in the electrode configuration, intensity and duration of electric
current could display different patterns of HM mobilization, providing
optimal intensity to balance maximum HM removal and minimum plant
damage. This may not have been fully observed with the constant 2 V

applied in this 7-day study.
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2. Field performance

EAPR can be evaluated in field-scale applications to test for scalability and
efficiency. In the real-leachate-contaminated environments, challenges such
as fluctuating pH, temperature, competing ions and organic matter may
influence the EAPR treatment efficiency.

3. Comparative phytoremediation

To optimize contaminant-specific remediation strategies, comparative
studies should evaluate P. stratiotes alongside other hyperaccumulator
species under EAPR conditions. Such investigations would enable
identification of the most effective plant species for various contaminant
types and the concurrent assessment of their synergistic interactions with
EAPR. Comparing phytoremediation performance with and without EAPR
application across different plant species is essential for quantitatively
determining the enhancement effects of EAPR on metal uptake and removal
efficiency.

4. Molecular Mechanisms

MAPK signaling pathways (MKK3-MPK6, MEKK1-MKK2-MPK4/6,
MKK1-MPK6) in Pb stress responses can be validated via functional
studies, such as gene knockout or overexpression. Such functional
characterization would precisely delineate each cascade's contribution to Pb
detoxification mechanisms and the stress signaling networks involved. To
elucidate the molecular mechanisms underlying plant stress responses,

future studies should investigate the crosstalk between MAPK signaling
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pathways and phytohormonal networks, particularly JA and ABA under
combined Pb stress and EAPR treatment. This exploration would provide
crucial mechanistic insights into how electric field stimulation modulates
stress signaling pathways. Furthermore, an integrated multi-omics approach
combining RNA-seq with proteomic and metabolomic analyses could
systematically identify the key regulatory proteins and metabolic
biomarkers associated with Pb detoxification and EAPR-enhanced
tolerance.

5. Transporter genes

To enhance the understanding of metal transport and localization, studies
on the transporter genes, such as HMAs and NRAMPs that function in root-
to-shoot metal translocation and their regulation under EAPR treatment can
be done. Such insights might enhance phytoremediation efforts by focusing
on specific transport channels to increase metal exclusion or accumulation.

6. Role of root-zone microbes

Furthermore, high-throughput sequencing, such as 6S rRNA should be
employed to evaluate microbial-plant interactions under EAPR. This allows
the assessment of its impact on rhizosphere microbiome function and
composition, particularly concerning metal mobilization or immobilization

processes.
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The future directions above may enhance EAPR-assisted phytoremediation,
elucidate molecular pathways and enable practical implementation for HM

remediation.
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CHAPTER 6

CONCLUSION

In this study, EAPR was implemented as an additional strategy to enhance
phytoremediation performance in synthetic young leachate. Nevertheless,
statistical analysis showed that types of treatment setup did not significantly affaect
HM removal efficiency. In this study, EAPR was applied to overcome the
limitations of the sole phytoremediation method, which is ineffective, particularly
in the remediation of synthetic young leachate. The level of BOD, colour and
turbidity of synthetic young leachate were significantly reduced in the EAPR
system as compared to the control. The percentage reductions in BOD, color and
turbidity for the EAPR-treated samples compared to the control were 69.35%,
43.75% and 68.10%, respectively. This suggests that EAPR is effective in treating

synthetic leachate.

Plants cultivated under both EAPR (31.85%) and non-EAPR (28.56%)
treatments, respectively, exhibited a more significant decrease in total biomass
relative to the control (4.97%) (p < 0.05). However, a comparison between EAPR
and non-EAPR treatments showed that there was no significant difference in the
percentage drop in total biomass, total chlorophyll and chlorophyll a/b ratio (p >

0.05). EAPR appears to support the continued physiological functioning of P.
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stratiotes under toxic conditions, rather than negatively affecting plant growth.
Compared with the non-EAPR treatment, EAPR may extend plant survival and

sustain phytoremediation activity.

Based on two-way ANOVA analysis, metals were the main effect on BCF
leaf, BCF root, TF and removal efficiencies. An obvious root-mediated
accumulation of HMs in P, stratiotes by elevated bioconcentration factor (BCF)
values in roots (> 1000) relative to leaves (< 300) for Mn, Cd, Fe, Ni, Pb and Zn.
This suggests that the root system functions as the main reservoir for HM
sequestration, restricting translocation to aerial tissues. Although EAPR treatment
marginally increased root BCFs, the treatments were not the primary factor
affecting the BCF root, indicating that electro-assisted treatment can enhance the
bioavailability of HMs to plant roots. However, the absorption ability of a plant is
dependent on the kind of species of aquatic plant that is used in the studies. In
leaves, only Mn, Pb and Zn exhibited elevated BCFs in non-EAPR plants, with Zn
displaying a notable decrease under EAPR, suggesting that the electric field may

modify metal distribution patterns in leaves.

Moreover, TF values for all HMs remained under 1, highlighting that P
stratiotes mostly sequesters them in its roots rather than transferring them to its
leaves. Pb and Fe exhibited the highest removal efficiency, underscoring the plant's

pronounced affinity for these metals in phytoremediation applications. The notably
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low TF values, coupled with insignificant differences between EAPR and non-
EAPR treatments, indicate that metal immobilization in roots is a critical
detoxifying mechanism in P. stratiotes. These data underline the plant's potential

for rhizofiltration, especially for Pb and Fe.

P. stratiotes adapted to HM stress by relatively upregulated SOD, APX and
GR activities in the leaves of EAPR, highlighting its function in ROS scavenging.
Besides, POX activity in the leaves and roots of EAPR and non-EAPR,
respectively, were relatively higher than SOD, APX and GR. This tissue-specific
antioxidant regulation indicates that leaves could be the principal site for electro-
stimulated detoxification, whereas roots may depend on different defensive
mechanisms. These findings offer essential insights into redox homeostasis during
electro-assisted phytoremediation, emphasizing SOD as a pivotal enzymatic factor

in alleviating HM-induced oxidative damage.

RNA-Seq demonstrated unique transcriptional responses to non-EAPR (Pb
stress) and EAPR treatment in P. stratiotes. In this study, high-quality
transcriptome sequencing and uniform GC content for the control, non-EAPR and
EAPR samples were obtained. Pb stress elevated DEGs in roots but downregulated
leaf DEGs, whereas EAPR reversed this pattern. GO enrichment analyses revealed
that Pb stress mostly upregulated DEGs associated with transport, signal

transduction, membrane dynamics and GTPase/kinase functions terms, while
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concurrently downregulating ribosomal genes related to assembly, translation and
structural roles, indicating impaired protein synthesis. In contrast, EAPR
downregulated the Pb-induced terms, including transport, signal transduction,
membrane dynamics, and GTPase/kinase-related functions, suggesting that EAPR
mitigates Pb toxicity by restoring cellular homeostasis and reducing stress-
responsive signalling. EAPR treatment concurrently upregulated ribosome-related

terms—indicating a potential shift towards repair processes.

EAPR-treated leaves exhibited an enhancement in additional terms related
to metabolic (cellular nitrogen compounds, oxidoreductase activity) and post-
transcriptional (RNA binding) activities, indicating involvement in redox
regulation and RNA metabolism. Whereas, only additional hydrolase activity
targeting glycosyl bonds was enriched with downregulated genes. Under Pb stress
alone, both upregulated and downregulated DEGs were predominantly enriched in
identical terms. Downregulated DEGs were particularly enriched in enzyme
regulatory activity and rRNA binding terms, indicating specific disturbances to
enzymatic and ribosomal activities. These results collectively suggest that EAPR
regulates Pb-induced stress by modifying ribosomal function and cellular

homeostasis pathways.

KEGG enrichment analyses of leaf samples showed that EAPR treatment

significantly upregulated metabolic pathways, including secondary metabolite
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biosynthesis, amino acid biosynthesis and carbon metabolism, while
downregulating the ribosome pathway, suggesting enhanced detoxification and
energy metabolism alongside reduced protein synthesis. Pb stress predominantly
downregulated  metabolic  pathways, including  ribosome  function,
flavonoid/stilbenoid biosynthesis, and lipid metabolism, while upregulated
ribosome, plant hormone signalling, and fatty acid elongation, indicating a
disruption in secondary metabolism and protein synthesis alongside activation of

stress-response signalling.

KEGG pathways of root samples subjected Pb stress revealed that
upregulated DEGs were predominantly enriched in MAPK signalling-plant, Ras
signalling and cAMP signalling pathways. Notably, DEGs downregulated by
EAPR treatment were linked to similar pathways, suggesting regulatory interplay
in response to Pb toxicity and its alleviation. The shortlisted ten genes reveal that
EAPR suppresses the MAPK signaling core, hormone-ROS integrators and
detoxification regulators that are activated by Pb stress, confirming that EAPR
reverses Pb-induced transcriptional trends at the level of major signaling hubs. This
provides strong molecular evidence that EAPR functions as a stress-network
modulator, reshaping root responses to Pb toxicity and promoting physiological
stability under adverse conditions. Subsequent RNA-Seq analysis identified three
MAPK signalling cascades—MKK3-MPK6, MEKK1-MKK2-MPK4/6 and
MKK1-MPKG®6 that were significantly upregulated in response to Pb stress. These

cascades are crucial in regulating hormonal signalling, transcriptional

231



reprogramming and cellular detoxification, hence improving P. stratiotes' ability to
mitigate Pb toxicity and maintain cellular homeostasis. gRT-PCR showed the
elevation of six chosen MAPK pathway genes in response to both Pb stress and
EAPR treatment, hence supporting the RNA-Seq results. The results underscore the
essential role of MAPK-mediated signaling in the adaptive defense mechanisms of
P. stratiotes against heavy metal stress, offering valuable insights for future

phytoremediation research.

In conclusion, this study sheds light on potential molecular response
mechanisms of P, stratiotes under Pb stress and EAPR treatment, contributing to a
better understanding of its adaptive strategies at the transcriptomic level. The
findings offer insights into HM remediation of synthetic leachate, and may serve as
a basis for further research into genetic engineering or bioremediation approaches
in aquatic plants. The identification of stress-signaling pathways under combined
Pb and EAPR treatments may enable possible Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-based genome editing. This further enhances
metal hyperaccumulation traits and reduces growth inhibition. Such targeted
modification could help develop new phytoremediation platforms for future

systems that treat landfill leachate.
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APPENDICES

APPENDIX 1

Standard solution for Flame Atomic Absorption Spectrometer (FAAS)

Preparation of standard solution of Manganese

Standard (mg/L) 1.0 | 1.5 [2.0]25|3.0
Volume of 10 mg/L metal stock solution (mL) 10 | 15 |20 | 25 | 30
Volume of 0.5M HNO3; (mL) 90 | 85 |80 | 75| 70

Preparation of standard solution of Cadmium

Standard (mg/L) 0406 |08]101.2
Volume of 2 mg/L metal stock solution (mL) 20 | 30 |40 | 50 | 60
Volume of 0.5M HNO3 (mL) 80 | 70 | 60 | 50 | 40

Preparation of standard solution of Ferum

Standard (mg/L) 2 3 4 15 6
Volume of 10 mg/L metal stock solution (mL) 20 | 30 | 40 | 50 | 60
Volume of 0.5M HNO; (mL) 80 | 70 | 60 | 50 | 40
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Preparation of standard solution of Nickel

Standard (mg/L) 2 3 4 15 6
Volume of 10 mg/L metal stock solution (mL) 20 | 30 | 40 | 50 | 60
Volume of 0.5M HNO3 (mL) 80 | 70 | 60 | 50 | 40
Preparation of standard solution of Lead
Standard (mg/L) 4 8 |12 |16 | 20
Volume of 20 mg/L metal stock solution (mL) | 20 | 40 | 60 | 80 | 100
Volume of 0.5M HNO;3; (mL) 80 | 60 [ 40 | 20| O
Preparation of standard solution of Zinc
Standard (mg/L) 02104 |06|08]|1.0
Volume of 2 mg/L metal stock solution (mL) 10 | 20 | 30 | 40 | 50
Volume of 0.5M HNO;3 (mL) 90 | 80 | 70 | 60 | 50
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APPENDIX 2

Agilent Flame Atomic Absorption Spectrometer 280FSAA Cookbook

Summary of recommended setting
: Cone Effative Cong
el Waveleagth | Siit imgdl) Lamp Range \mg/l) | Yoot G Racibris
wml | (o) ':;:'2 intensity | 0.1ABS | 0.848S
Al Default Setting
396.2 05 a0 100 4n 320
o A7/C2H2 | Default setting
326.1 05 240 100 120 960 AiefC2H2
Ca Default Setting
Ar/CaH2 | Default Setting |
co 304.4 05 40 40 20 160 AirfCIH2
AirfCIH2
Air/C2H2 | Default Setting
AurfCIH2
AI/C2H2 | Default Setting
AlrfCZH2
AIrfCZH2
Air/CZH2 | Default Setting
AirfC2H2
A Alr/CZH2 | Default Setting
s Air/C2K2
_AIrfC2K2 | Default Setting |
Air/C2H2 | Default Setting
Aif/CIN2
Air/C2H2 | Default Setting |
Alr/C2H2
Air/C2HZ | Default Setting
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APPENDIX 4

BOD analyses

MY COZ SON BHD | 74443641 GET Mo, 00 452 401 536

Ml’ CO:‘|PGP§HN BHD (125E244-F) | GET Mo OO0 45E 1503232 EAMM M= 384
EHOK KKK 1, TAMAW INCERAWASIH, 13600 FERAI, PENANG, MALEYSIA

F ‘l'\-i IBIEIEZ  Faw +604 - 550 AZE0

MY CO2 IKL} EOM BHD T42M) | GET Mo 000 682 047 (40 SANM Mo, B84

A0 JALAN SEPADL B2EE, 4 U ALOM, SELAMNGOR MALAYSLA

Tel: #6032 - 5122 3366 Fan: +603- 5122 336 L .

MY COZ [JB) SDN BHD (11551024} [E3T M. 090 252 465 152 SAKA Mo, 752 mYCO'z 1»

15 JALAN WOLEK 175, TARAN MOLEK, 51100 JOHOR BAHRL, JOHOR §

Tel: #6007 - IBR 351 Fax: +507 - 355 1508

enquiry@mycod.com.my WwW,mIycod,om,my The Compliance Catatyst

Certificate of Analysis
Lab Ref No.: AL1905-B20074 SN: RS8301938839086320 Page 1/1

Siti Zaleha Ahmad
Chemist

IKM Mo.: Mi£2B0T 117115
AN1: RATTIE006573711250

UNIVERSITI TUNKU ABDUL RAHMAN Date of Issue: 2018-05-23
FACULTY OF SCIENCE Date of Received: 2019-05-18
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2018-05-23
JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Description: CMY 15.5.19 Pre-1

Test Description Unit Result(s) Method or Equipment Used

BOD-5 days { 20°C mg'L 321 APHA 5210 B & APHA 4500 - O G (2005)

— END OF REPORT -
This Test Report is prepared according to our standard testing requirements and based solely on the samples submitted by you. We have made every
reasonable effort to ensure the accuracy and reliabiity of the information provided herein. However, we shall not be deemed to have wamanted or
guaranteed the acouracy and refiabiity of the results contained in the Test Report under whatsoever cincumstances. Neither shall we be liable and
responsible for any loss or damage of whatever nature (direct, indirect, ncdental, economical, punifve and consequential) caused or alleged to be caused
by or in connection with and arsing out of the use of or reliance on this Test Report.
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MY COZ SDN BHD (7444361 GST Wo. 000 362 401 535

MY GOJ [PG) SON BHD [1256204-F) | GET Mo OO0 456 150332 SRR Mo 384
18 LEWGKDK RIKK 1, TAMSHN INCERAWASIH, 13600 PERAl PENANG, MALAYSIA

Tel #604 - JB0 5762 Fan +B04 - 550 R280

MY co? |KLb!DN BHD V661420 | GET Mo 000 655 047 040 SAKIK Mo, BE4
4 JALAN SEPADLIBIRE, 40800 SHAH ALAM, SELANGOR: MALEYSLA

Tel: #6030 - G122 33686 Fa: +BO3 - 5122 38 L ’
MY €C2 [JB) SDN BHD (115502-4) | G3T No. 00 252 465 152 AN N, 752 I'T'IYCOE ‘I»
15 JALAN WOLEK 1/ TAWAN MOLEK, 81100 JOHOR BAHRL. JOHOR ’

Tl +07 - IS5 35N Fax 4607 - 355 2606
enquiry@mycod com.my WWW.mycod.oom,my

The Compliance Catalyst

Certificate of Analysis
Lab Ref No.: AL1905-B20359 SN: RS1081049886757305 Page 1/1

Siti Zaleha Ahmad
Chemist

I Mo: M250T 11715
ANY: RABE21421037214208

UNIVERSITI TUNKU ABDUL RAHMAN Date of Issue: 2018-05-27
FACULTY OF SCIENCE Date of Received: 2018-05-17
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2018-05-27
JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Descripticn: CMY Pre-Synthetic 2 16/6/19

Remark: ND = Mot Detected

Test Description Unit Results) Method or Equipment Used

BOD-5 days @ 20°C mgiL 333 APHA 5210 B & APHA 4500 - O G (2005)

- END OF REPORT -
This Test Report is prepared according to our standand testng requirements and based solely on the samples submitied by you. We have made every
reasonable effort to ensure the accuracy and reliabifty of the information provided herein. Howewer, we shall not be desmed o have wamanted or
puaranteed the accuracy and refiability of the results contained in the Test Report under whatsoever cicumstances. Neither shall we be liable and
responsble for any loss or damage of whatever nature (direct, indirect, incidental, economical, punitve and onsequential) causad or alleged fo be caused
by or in connection with and arnsing out of the use of or reliance on this Test Report.
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MY COZ SDN BHD (T44436-M) | GST No 000 462 401 538

MY GOZ [PQ) SON BHD (1256264-7) | (GET Ma 000456 150232 EAMM Mz 334 ‘\lﬁ ,
16 LENGKOK RIKE 1 Tabiah INCERAWASIH, 13600 FERA PENANG, MALAYSI '@ @

Tel #6014 - IR0 SIR2 Fan +604 - 350 A2R0

WY GO LNL} EON BHD(17651420) | GST No. CU00 85 047 040 SR No. o4

=
=

41 JALAN SEPADLIDIEE, 40830 SHAH ALAM, SELANGOR, MALAYSIA e i 5
Tef: 603 . 6122 3366 Fa +603.- 5122 3388 yc(-'-) : ’
MY CC2 [JB) SDN BHD (7155302-A) | GSThn (00252465152 | 3ANM No 752 § ;
15 JALAN !-UL:IEI( 18 '#.'A'El J\ELtﬁlﬂa'- ]\1\.I"_,rr,:tn|:l#.-|lifl Jr:\n(ﬁ? e m 2 1 nnoit Eﬂ} F' l’s FA
Tel +607 - 355851 Fasr +R07 - 355 7608 .' it /1131608
wnqulryBmyced.com.my WRTYEOL oMY The Compliance Catafyst "
Certificate of Analysis
Lab Ref No.: AL1905-B20471 SN: RSAT89778007260969 Page1/1
Siti Zaleha Ahmad
Chemist
KM Mo.; MI42507 1715
ANT: RA15G1274604004250
UNIVERSITI TUNKU ABDUL RAHMAN Date of Issue: 2018-05-28
FACULTY OF SCIENCE Date of Recsived: 2018-05-21
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2018-05-28
JALAN UNIVERSITY BANDAR BARAT,
KAMPAR PERAK
MALAYSIA
Sample Description: CHY Pre-Synthetic 3 17/5/19
Test Description Unit Resulf(s) Method or Equipment Used
BOD-5 days @ 20°C mg/L 263 APHAS2I0B & APHA4500-0G [2[HZI5H
—END OF REPORT -

This Test Report is prepaned acconding to our standand testng requirements and based solely on the samples submitied by you. We have mads every
reasonable effort to ensure the accuracy and reliabiity of the information provided herein. Howewer, we shall not be desmed o have wamanted or
guarantzed the accuracy and refiabilfy of the results contsined in the Test Report under whatsosver cimumstances. Nedther shall we be liable and
responshble for any loss or damage of whatever nature (direct, indirect, incidental, economical, punifive and consequential) caused or alleged to be caused
by or in connecsion with and arsing out of the wse of or reliance on this Test Report.

370



MY COZ SDN BHD (7444354 GET Mo 000 462 401 53

MY COF (PG) SON BHD (255344-F) | GETM: DOD4SETE0Z3] | SAMMM: 334
161 LENGHOHK KKK 1, TAMAN INCERAWASTH, 13800 FERAI, PENANG, MALAYSIA

Tel #604 - JBDBIE2 Fav +6D4- 380 A2B0

MIY COF (KL) SDN BHD |1ISE142H) | CSTHo 00055047040 | SABINY o, 564
L) JALAN SEPADL B2RE, 40400 SHAH ALAM, SELANGOR, MALAYSLA

Tel: #603 - G422 3386 Faw +B03 - 5122 3358

MY €Q2 [JB) SON BHD (1155302-8) | CBT Mo, 000 252 465 152 SAMA Ny, TR
15 JALAN WOLEK 148 TARAN MOLEK, 81100 JOROR BAHRL JOHOR

Tel: #6007 - J55 8511 Fax: 4507 - 355 %605

enquiry@mycod.com.my wirwmycod.com,my

mwCO: (... 4% FuskA

The Compliance Catafyst iy et

Certificate of Analysis
Lab Ref No.: AL1805-B20751 SN: RS1567467260443771 Page 1/1

Siti Zaleha Ahmad
Chemist

M No.: Mi2507 11715
ANT: RAID35044T 2543047

UNIVERSITI TUNKU ABDUL RAHMAN
FACULTY OF SCIENCE
DEPARTMENT OF CHEMICAL SCIENCE

JALAN UNIVERSITY BANDAR BARAT,
KAMPAR PERAK
MALAYSIA

Sample Description: EAPR 15/5/19 CMY

Remark: ND = Not Detected

Date of Issue: 2018-05-31
Date of Recaived: 2018-05-23
Date of Completion: 2018-05-31

Test Description Unit

Result{s) Method or Equipment Used

BOD-5 days @ 20°C mgiL

48 APHA 5210 B & APHA 4500 - O G (2005)

- END OF REPORT -
“This Test Repart is prepared accarding to cur standard testing requirements and based solely on the samples submitied by you. We have made every
rezsonable effort fo ensure the accuracy and reliability of the information provided herein. However, we shall not be desmed to have wamranted or
puaranteed the aceuracy and reliabiity of the results contained in the Test Report under whatsosver ciumstances. Nedther shall we be liable and
responsble for any loss o damage of whatever nature (direct, indirect, incidental, ecanomical, punitive and consequential) caused or alleged fo be caused
by or in connechion with and ansing out of the use of or reliance on this Test Report.
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WY COZ SDN BHD (7444354 G3T Mo, 000 462 401 536

MY €02 (PG} SDN BHD (1256244-F) | GET Mo 00D 458 150232 EAMM M= 284
18 LENGRDK RIKE 1, TAMAN INDERAWASIH, 13600 FERAI PEMANG, MALAYSIA

Tel #60d - J60 3362 Fr +B04 - 350 0280

MY €02 (KL) SON BHD (11881420 | GST o 000 655047 G40 | Sabii bo. 54
&) JALAN SEFADL D2RE, 40800 SHAH ALAM, SELANGOR: MALAYSIA
Tel: +603 - G122 3360 Faw +603 - 5122 3358

MY CO2 [JB) SON BHD (1155002-4) | CET No, 00 252 465 152 SAMR Ho, T2

15 JALAN WILEK 175, TAWAN WMOLEK, 81900 JOHOR BAHRL, JDHOR
Tel #6007 - 155 5511 Fas: 4507 - 355 8608

myCO: (.. s FSFA

Calbeg gy L)
P =

erquiry @mycod com.my ww.mycod.com.my

The Complionce Catalyst

Certificate of Analysis
Lab Ref No.: AL1905-B20971 SN: RS1893441841687776 Page 1/1

Siti Zaleha Ahmad
Chemist

[KM MNo.: Mi2507 117115
AN1: RAI254340455470 214

UNIVERSITI TUNKU ABDUL RAHMAN Date of lssue: 2019-08-07
FACULTY OF SCIENCE Date of Received: 2019-05-25
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2019-08-07
JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Description: CMY EAPR 23/5/19

Remark: ND = Not Detected
BOD analyzed on sample receiving date and incubated for 5 days (@ 20 Deg C.

Test Description Unit Result{s) Method or Equipment Used

BOD-5 days @ 20°C mgiL 108 AFHA 5210 B & APHA 4500 - O G (2005)

—END OF REPORT -
This Test Report is prepared according to our standand testing requirements and based solely on the samples submified by you. We have made every
reasonable effort to ensure the accuracy and reliability of the information provided herein. However, we shall not be deemed to have wamanted or
puaranteed the accuracy and refiability of the results contained in the Test Report under whatsosver cimumstances. Neither shall we be liabke and
responsible for any loss or damage of whatever nature (direct, indirect, incidental, economical, punitive and consequential) caused or alleged to be caused
by or in connection with and arsing out of the wse of o relianze on this Test Report.
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MY COZ SDN BHD 74443641 GST No. 00 462 401 536

MY COZ [PG) SON BHD (1756244-7) | GETMa DOD4SE150232 | SAMMM: 384
18, LENGBKOK KK 1, TAMAN INDERAWASIH, 13600 PERA], PENANG, MALAYSIA

Tel +604 . JRIGIRD  Fan +R04 - 30 B2A0

MY COZ [KL) SOM BHD (11651420 | GST No. 000 655 047 04 SihiM Mo, B4
&) JALAN BEFADU BB, a0830 SHAH ALAM, SELANGTR, MALAYSIA
Tel: #6030 . 5127 1366 Fau +B03 - 5122 338

MY COZ [JB) SDN BHD (11550024} | CET N, 000 252 485 152 SAk No, 752
15, JALAN WIILERK 18 TARAN MOLER, 51100 JOHOR BAHRL. JOHOR
Tel #607 - 55 351 Fasr +507 - 355 B608

UL
A
L =g .

sl i

mycoil . 2  FwSFA

il el N pu—— The Compliance Catatyst e
Certificate of Analysis
Lab Ref No.: AL1905-B21000 SN RS2007317330847937 Page 1/1

Siti Zaleha Ahmad
Chemist

KM No.: M42507 11715
AN1: RATB4E34134701171

UNIVERSITI TUNKU AEDUL RAHMAN Date of Issue: 2019-06-07
FACULTY OF SCIENCE Date of Recsived: 2018-05-27
DEPARTMEMNT OF CHEMICAL SCIENCE Date of Completion: 2019-08-07
JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Description: CMY EAPR 24/5/19

BOD analyzed on sample receiving date and incubated for 5 days (@ 20 Deg C

Test Description Unit Result{s) Method or Equipment Used
BOD-5 days @ 20°C mglL 127 APHA 5210 B & APHA 4500 - O G (2005)
- END OF REPORT -

This Test Report is prepared according to our standand testng requirements and based solely on the samples submitted by you. We have made every
reasonable effort to ensure the accuracy and reliabiity of the information provided herein. However, we shall not be desmed to have wamanted or
puarantzed fhe accuracy and refabiiity of the results contsined in the Test Report under whatsoever cioumstances. Neither shall we be liable and
responshble for any loss or damage of whatever nature (direct, indirect, incdental, economical, punitive and consequential) caused or alleged fo be caused
by or in connection with and arising cut of the use of or reliance on this Test Report.

373



WY COZ 3ON BHD (7444354 GET Mo, 000 462 401 535

MY €02 PG} SOM BHD (1256247 | GETho CODSEMS0231 | GAMMMe 384
18 LENGKOK KIKE 1, TAMAN INCERSWASIH, 19600 FERAI, PENANG, MALAYSIA

Tel +04 - IBIBIED Far +R04 - 350 280

MY €OZ (KL) SON BHD (115616500 | 5T o (U655 047 G40 | SAbiid Ho 564
4 JALAN BEPADLBIRE, 40400 SHAH ALAM, SELAMGCR, MALAYELL

Ted: +603 - 61 Fani: +603 - 5122 3358 yCO 8 ’ i
R R . MPAAS2 e, B2 FOISFA
Tel #6007 - 355 3511 Fas 4607 - 355 9808 : a4 £ 41 e
enguiry mycoa.commy WAWTIyCoE.Com.my The Compiliance Catalyst "
Certificate of Analysis
Lab Ref No.: AL1905-B20750 SN: RS6755086756957801 Page 1/1

Siti Zaleha Ahmad
Chemist

[KM Mo WE250T 11715
AN1: RA144071007305120

UNIVERSITI TUNKU ABDUL RAHMAN Date of Issue: 2018-05-31
FACULTY OF SCIENCE Date of Received: 2018-05-23
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2018-05-31
JALAN UNIVERSITY BANDAR BARAT,
KAMPAR PERAK
MALAY SIA
Sample Description: Plant 15/5/19 CHY

Test Description Unit Result{s) Methad or Equipment Used

BOD-5 days @ 20°C mg'L 04 APHA 5210 B & APHA 4500 - O G (2005)

— END OF REPORT -

This Test Report is prepared acconding o our standard testing requirements and based solely on the samples submitied by you. We have made every
reasonable effort to ensure the accuracy and refiability of the information provided herein. However, we shall not be desmed fo have wamanted or
puaranteed fhe accuracy and refiabiity of the results contsined in the Test Report under whatsoewer cimumstances. Meither shall we be liable and
responsble for any loss or damage of whatever nature (direct, indirect, incidental, economical, punitive and consequential) caused or alleged to be caused
by or in connection with and artsing out of the use of or reliance on this Test Report.
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MY COZ SDN BHD 74443511 GET Mo 000 462 401 53

MY COZ (PG) SON BHD [356244-%) | GETMa DO04SE150231 | EAMMM: 384
18 LEMGK DK KKE 1, TAbaN INDERAWASIH, 13600 FERA PENAKG, MALAYSIA

Tel #6004 - B0 B35 Faw +604 - 350 R280

MY €O (KL) SDN BHO (11661420 | GET No. 000 685 047 048 SARMM Mo, B4
) JALAK SEPALL BIGE, a0l SHAH ALAM SELANGER MALAYSLL

Ted: #6003 . G122 3366 Fa: +603 - 5122 3338

MY €02 [JB) SDN BHD (1552024 CET i, 090 262 465 152 SN No. 752 YC § } E
15 JALAN luJLJhc V5. AN 'I\ELEK_Aa--Ja\lu-r,:enua-ntf- JE,H(I:? e m Oz | | - W.h”'ﬁ F.'SFA
Tel +607 - J55 B6M izt 4607 - 355 9606 : Bl 161141 61
snquiry BmycaZ.com.my WO oMy The Compliance Catalyst
Certificate of Analysis

Lab Ref No.: AL1905-B20972 SN: RS1152694400251083 Page1/1

Siti Zaleha Ahmad

Chemist

[EM No.; M42E0T 117115

AN1: RAZTET115079703483

UNIVERSITI TUNKU ABDUL RAHMAN Date of Issue:; 2018-08-07

FACULTY OF SCIENCE Date of Received: 2018-05-25

DEPARTMENT OF CHEMICAL SCIENCE Date of Completion: 2018-068-07

JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Description: CMY Plant 23/5/19

Remark: ND = Mot Detected
BOD analyzed on sample receiving date and incubated for 5 days @ 20 Deg C.

Test Description Unit Resultis) Method or Equipment Used
BOD-5 days @ 20°C mglL 128 APHA 5210 B & APHA 4500 - O G (2005)
- END OF REPORT -

This Test Repert is prepared according to our standand testing requirements and based solely on the samples submitted by you. We have made every
reasonabie effort o ensure the accuracy and reliabiity of the information provided herein. However, we shall nat be deemed fo have wamanted or
guaranteed the acouracy and relfiabiity of the results contained in fhe Test Report under whatsoever cimumstances. Meither shall we be liabie and
responshle for any loss or damage of whatever nature (direct, indinect, incidental, economical, punitive and consequential) caused or alleged to be caused
by orin connection with and arising out of the wse of o reliance on this Test Report.
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WY COZ DN BHD [744435-1 GET o 00462 407 538

MY GIONFGHHN BHD (12562447 | GETMa 000456150232 EAMM M2 384
16, LENCHDK RIKE 1, TAMAHN INDERAWASIH, 13600 PERAI PENANG, MALAYSIA

Tel #8604 - IR ATR2  Faw +B04 - 30 RZAD

MY CO2 LKLL SON BHD (116E142-0) | GST Mo. 000 865 (47 (40 AR Mo, B84
&) JALEK SERRDUBARE 40800 SHAH ALAM SELANGOR MALAYSIA

Ted: #603 . 5122 3366 Faw +B03. 5122 338

WY COZ [JB) SON BHD (115500-4) | ST o, 000 252 465 152 SAM No. 752
15, JALAN MOLEK 143 TAMAN MOLEK, B1100 JOROR BAHRL, JOHOR

Tel #6807 - 155 5511 Fax +607 - 355 H508

engquiry @mycod.com.my winemycod.commy

Certificate of Analysis
Lab Ref No.: AL1905-B21001 SN: RSBET4423321919374

Siti Zaleha Ahmad
Chemist

[KM Mo MA4250T 117115
ANT: RA4TI2080673536507

UNIVERSITI TUNKU ABDUL RAHMAN Date of ssue:
FACULTY OF SCIENCE Date of Received:
DEPARTMENT OF CHEMICAL SCIENCE Date of Completion:

JALAN UNIVERSITY BANDAR BARAT,

KAMPAR PERAK

MALAYSIA

Sample Deseription: CMY Plant 24/5/1%

BOD analyzed on sample receiving date and incubated for 5§ days @ 20 Deg C

The Compliance Catalyst

oy a4
Pl yard

Page 1/1

2018-06-04
2018-05-27
2019-08-04

Test Description Unit Result{s)

Methed or Equipment Used

BOD-5 days @ 20°C mglL 1.2

- END OF REPORT -

APHA 5210 B & APHA 4500 - O G (2005)

This Test Report is prepared according fo our standard testng requirements and based solely on the samples submitied by you. We have made every
reasonable effort o ensure the accuracy and reliabiity of the information provided herein. However, we shall not be desmed to have wamanied or
guaranteed fhe accuracy and refiabiity of the results contained in the Test Report under whatsoever cimumstances. Neither shall we be liable and
responsile for any loss or damage of whatever nature (direct, indirect, incdental, economical, punifive and consequential) caused or allaged o be caused
by erin connection with and arising out of the use of or reliance on this Test Report.
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APPENDIX 5

SPSS statistical analysis report for synthetic leachate characterization (one-way
ANOVA and Tukey’s HSD post-hoc test)

ANOVA
Sum of
Squares df Mean Square F Sig.
pH Between Groups 1.863 2 831 19.335 002
Within Groups 2849 i} 048
Total 2152 8
BOD Between Groups 830216 2 415108 37.008 .000
Within Groups 67.300 fi 11.217
Total 857 516 a8
Colour Between Groups 21088.889 2 10544 444 14 600 005
Within Groups 4333333 B 722222
Total 25422222 a
CoD Between Groups G466.667 2 3233333 5493 582
Within Groups 32733.333 G 5455.556
Total 35200.000 g
oo Between Groups 20.608 2 10.304 13.327 006
Within Groups 4,639 i T73
Total 25.247 8
ORP Between Groups 5.447 2 2723 2.880 133
Within Groups 5.673 i 946
Total 11.120 8
Conductivity Between Groups 6088.222 2 3044111 A52 G657
Within Groups 40444000 i 6740.667
Total 46532.222 a8
Turbidity Between Groups 5452 487 2 27T26.243 17.782 003
Within Groups 519913 f 153.318
Total 6372400 a
TDS Between Groups 002 2 001 3429 102
Within Groups 001 G .0oo
Total 003 g
Armmaonia Between Groups 200777 2 10.389 66 851
Within Groups 375,630 i 62.605
Total 356.407 g
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Multiple Comparisons

Tukey HSD
~ Mean 95% Canfidence Interval
Difference (-

Dependent Variable () Treatment  (J) Treatment J) Std. Error Sig. Lower Bound | Upper Bound
pH Control EAPR -.97000 17920 .004 -1.5198 -4202
non- -96000° 17920 004 -1.5098 -4102
EAPR Control 87000 17920 004 4202 151498
nan- .01000 17920 bag -.5398 5508
non- Cantrol 86000 17920 004 4102 1.5098
EAPR -.01000 17920 8498 -.5598 H398
BOD Control EAPR 21.20000 273455 .om 12,8096 29,5904
non- 19.4333% 273455 .om 11.0430 27.8237
EAPR Control -21.20000 273455 om -28.5904 -12.8086
nan- -1.76667 273455 B -10.1570 6.6237
non- Cantrol -19.43333 273455 .om -27.8237 -11.0430
EAPR 1.76667 273455 B -6.6237 101570
Calour Cantrol EAPR §93.33333 | 21.94269 013 26.0071 1606595
non- 110.00000° | 21.94269 0086 426738 177.3262
EAPR Contral -93.33333 | 21.94268 013 -160.6595 -26.0071
non- 16.66667 | 21.94269 734 -50.6595 83.9929
non- Control -110.00000 | 21.94269 0086 -177.3262 -42 6738
EAPR -16.66667 | 21.94269 739 -83.9929 50,6595
CoD Cantrol EAPR 16.66667 | 60.30785 L] -168.3744 201.7077
non- -46. 66667 | 60.30785 N -231.7077 1383744
EAPR Contral -16.66667 | 60.30785 59 -201.7077 168.3744
non- -63.33333 | 60.30785 ETE -248.3744 121.7077
non- Contral 4666667 | 60.30785 an -138.3744 231.7077
EAPR 63.33333 | 60.30785 ETE -121.7077 2483744
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Do Control EAPR 3.21333 71795 010 1.0105 5.4162
non- 320667 71795 010 1.0038 5.4095

EAFR Control -3.21333 71785 010 -5.4162 -1.0104

naon- -.00667 71785 1.000 -2.2095 2.1962

non- Control -3.20667 71795 010 -5.4095 -1.0038

EAPR 00667 71795 1.000 -2.1962 2.2095

ORP Caontrol EAPR -1.63333 79396 A78 -4.0694 8027
non- -1.66667 79396 A70 -4.1027 7694

EAPR Contral 1.63333 79396 A79 -.8027 4.0694

non- -.03333 79396 499 -2.4694 2.4027

nan- Control 1.66667 79396 A70 - TE34 41027

EAPR 03333 79396 .agg -2.4027 2.4694

Conductivity Control EAFPR -55.66667 | 67.03565 700 -261.3504 150.0171
non- -54.66667 | 67.03565 708 -260.3504 151.0171

EAPR Control 55.66667 | 67.03565 700 -1580.0171 261.3504

non- 1.00000 | 67.03565 1.000 -204.6838 206.6838

nan- Control 54 GEEET | 67.03565 708 -1581.0171 260.3504

EAFPR -1.00000 | 67.03565 1.000 -206.6838 2046838

Turbidity Control EAPR 54.43333 | 1011002 004 23.4130 85.4537
naon- 49.66667 | 1011002 .006 18.6463 B0.6870

EAPR Control -54.43333 | 1011002 .004 -85.4537 -23.4130

non- -4.76667 | 1011002 .aa7 -35.7870 26.2537

non- Control -49.66667 | 10.11002 006 -80.6870 -18.6463

EAPR 476667 | 1011002 887 -26.2537 35.7870

TDS Control EAPR -.03000 01238 113 -.0680 .0080
non- -.02567 01238 176 -.0637 0123

EAPR Control .03000 01238 13 -.0080 0680

non- .00433 01238 435 -.0337 0423

naon- Contral 02567 01238 A76 -0123 0637

EAPR -.00433 01238 435 -.0423 0337

Ammaonia Control EAPR 72333 6.46040 493 -19.0989 20.5456
non- 3.62333 6.46040 853 -16.2989 23.3456

EAPR Control -72333 6.46040 993 -20.5456 19.0989

non- 2.80000 6.46040 403 -17.0223 22,6223

nan- Contral -3.52333 6.46040 853 -23.3456 16.2989

EAPR -2.80000 6.46040 403 -22.6223 17.0223

*. The mean difference is significant at the 0.05 level.
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APPENDIX 6

SPSS statistical analysis report for plant growth and chlorophyll contents
(one-way ANOVA and Tukey’s HSD post-hoc test)

ANOVA
Sum of
Squares df Mean Square F Sig.
Percentage_drop_weight  Between Groups 1285921 2 644961 14.011 005
Within Groups 276,194 g 45.032
Total 1566.115 ]
Total_chlorophyll Between Groups 5266 2 2.633 7.098 026
Within Groups 222 6 3T
Total 7.491 8
Ratio_ah Between Groups 443 2 221 6.416 032
Within Groups 207 5] 035
Total 650 a
Post Hoc Tests
Muttiple Comparisons
Tukey HSD
Mean 95% Confidence Interval
Difference (-
Dependent Variable (1) Treatment__(J) Treatment J) Std. Eror | Sig. | LowerBound | Upper Bound
Percentage_drop_weight ~ Control EAPR -26.88178 | 5.539649 o7 -43.8791 -9.8845
Phyto -2358020° | 5.53969 013 -40 5865 -6.6919
EAPR Control 2683178 | 553069 007 08845 438791
Phyto 320258 | 5.53969 828 -13.7047 20.2899
Phyto Control 2358020 | 553969 013 6.5919 40.5865
EAPR -3.20258 | 5.53869 828 -20.2899 137047
Tatal_chlarophyll Control EAPR 1.14709 49726 13 - 3786 26728
Phiyto 185648 | 49726 023 3307 33822
EAPR Caontral -1.14709 49726 13 -2.6728 3788
Phito 70939 49726 387 -8164 22351
Phito Control -1.85648 49726 023 -313822 -.3307
EAPR -70539 49726 387 -2.2351 B164
Ratio_ab Control EAPR 51820 | 15166 033 -.4835 -0529
Phyto -40038 15166 085 -.B65T 0650
EAPR Control 51820 | 15166 033 0529 5835
Phyto 11782 15166 730 -.3475 5832
Phyto Control 40038 15166 085 -.0650 8657
EAPR - 11782 15166 730 -.5832 3475

* The mean diffierence is significant atthe 0.05 level.
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APPENDIX 7

SPSS statistical analysis report for Bioconcentration Factor (BCF) of leaf and root
(two-way ANOVA)

Tests of Between-Subjects Effects

DependentVariable: BCF_leaves

Type ll Sum Partial Eta
Saurce of Squares df Mean Square F Sig. Squared
Corrected Model 160490.541% 11 14590.076 5.000 .0oo 696
Intercept 1020295.276 1 | 1020295.276 | 349.684 000 436
Metal 133842313 5 26768.463 5174 .0oo Ba7
Treatment 1974.025 1 1974.025 77 419 027
Metal * Treatment 24674.503 5 4934.901 1.601 A75 261
Errar 70026.386 24 2917.766
Total 1250812.503 36
Carrected Total 230517.227 35

a. R Squared = 696 (Adjusted R Squared = 557)

Tests of Between-Subjects Effects

DependentVariable: BOF_root

Type Il Sum Partial Eta
Source of Squares df Mean Square F Sig. Squared
Corrected Model 1357314123% 11 123382183.0 4.483 00 673
Intercept 1147657304 1 11476574904 41.699 .00o 635
Metal 1168309823 5 | 233661964.7 8.480 000 639
Treatment 6805584516 1 6805584516 2473 128 093
Metal * Treatment | 120948454 .5 5 1 241896909 .ara 510 155
Errar 6605453821 24 | 2752272425
Total 3165517410 36
Caorrected Total 2017859505 35

a. R Squared = 673 (Adjusted R Squared = 523)
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APPENDIX 8

Tests of Between-Subjects Effects

DependentVariable: TF

SPSS statistical analysis report for Translocation Factor (TF) (two-way ANOVA)

Type I Sum Fartial Eta
Source of Squares df Mean Square F Sig. Squared
Carrected Model 1.964° 11 79 B.012 .0o0 .TBE
Intercept 1.069 1 1.069 47.970 .0o0 GET
Metal 1.943 5 389 17.433 .0oa 784
Treatment 006 1 .006 273 G606 011
Metal * Treatment 016 5 .003 139 981 028
Errar 535 24 022
Total 3.568 36
Corrected Total 2.489 35

a. R Squared = 786 (Adjusted R Squared = .688)

Dependent Variable: Percentageremaoval

APPENDIX 9

Tests of Between-Subjects Effects

SPSS statistical analysis report for heavy metal removal (two-way ANOVA)

Type Il Sum Partial Eta
Source of Sguares df Mean Square F Sig. Squared
Corrected Model 137588.3047 1 1253.482 5.344 .0oo 744
Intercept 30909.742 1 30009.742 | 156.445 .noo 867
Metal 13615.252 5 2723.050 13.782 .ooo 742
Treatment 41.024 1 41.024 .208 653 .00g
Metal * Treatment 132.028 5 26.406 134 583 027
Error 4741.806 24 197.575
Total 45439.852 36
Corracted Total 18530110 35

a. R Squared = .744 (Adjusted R Squared = .627)
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SPSS statistical analysis report for antioxidative enzyme activities of P. stratiotes

(two-way ANOVA)

APPENDIX 10

Tests of Between-Subjects Effects

DependentVariable: 500

Type lll Sum Partial Eta
Source of Squaras df Mean Sguare F Sig. Squared
Correctad Modal B211# 3 273 3.350 076 Aa7
Intercept 47.045 1 47045 | &7.587 oo A78
Tissue_type 770 1 170 843 360 104
Group 91 1 691 Bda 388 096
Tissue_type * Group 6.750 1 6750 B.263 021 08
Errar 6435 a v
Total fi1.792 12
Carracted Total 14747 1

a. R Squared = 557 (Adjusted B Squared = .3491)
Tests of Between-Subjects Fffects

Dependent Variahle: APX

Type Il Sum Partial Eta
Source of Squares df Mean Square F Sig. Squared
Corrected Model 1128 3 037 1.397 Kl Ki 344
Intercept 3774 1 3774 | 140.749 .000 946
Tissue_type o7 1 o7 6248 451 073
Group 023 1 023 873 377 098
Tissue_type * Group 072 1 072 2.688 140 251
Error 215 B 027
Total 4.1 12
Corrected Total 327 11

a. R Squared = 344 (Adjusted R Squared = .098)
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Tests of Between-Subjects Effects

Dependent Variahle: POX

Type Il Sum Partial Eta
Source of Squares df Mean Square F 8ig. Squarad
Corrected Model 11.770% 3 3823 26 Rilild 4
Intercept 1185145 1 1185145 | 221.048 000 965
Tigsue_type 3.008 1 3008 A73 471 (67
Group 284 1 284 042 825 007
Tissue_type * Group 0388 1 g.388 1.551 243 162
Error 43254 8 5407
Total 1260168 12
Corrected Total 55024 "

a.R Squared =214 (Adjusted R Squared=-.081)
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10000 bp

3000 bp
2500 bp
2000 bp
1500 bp

1000 bp
750 bp

500 bp

250 bp

APPENDIX 11

Gel electrophoresis for total RNA

stratiotes (EAPR)

Line Label A260/280 Concentration

(ng/ul)

1 kb DNA ladder - -

Total RNA of leaf sample P, 2.170 33.00

stratiotes (control)

Total RNA of root sample P. 2.211 42.00

stratiotes (control)

Total RNA of leaf sample P, 2.255 24.00

stratiotes (non-EAPR)

Total RNA of root sample P. 2.187 22.00

stratiotes (non-EAPR)

Total RNA of leaf sample P, 2.263 32.00

stratiotes (EAPR)

Total RNA of root sample P. 2.175 30.00
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APPENDIX 12

qRT-PCR single reaction mixture

Component Volume
(uh
2 X One Step SYBR Green mix 10.00
One Step SYBR Green Enzyme mix 1.00
Forward primer (10 uM) 0.40
Reverse primer (10 uM) 0.40
Distilled water 7.20
Total RNA (1 pg—1 pug) ~1.00
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APPENDIX 13

qRT-PCR reaction condition

420 C for 5:00

850 C for 3:00

95.0 C for 0:03

o | LD [Py | —2

600 C for 030

+ Plate Read

en

GOTO 3, 3% moretimes

Melt Curve 650 to 950 C,increment

05 C,

for 0:05 + Plate Read

40 C Farever

END
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APPENDIX 14

qRT-PCR results
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APPENDIX 15

The MAPK signaling pathway — plant
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[ % sign corresponds to the encoded enzymes from the KEGG database ko04016
(adopted from KEGG BRITE Database, 2025)]
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List of MKK3 enzymes

APPENDIX 16

No GeneD  (With Pb_root_readcount No Ph root readcount | log2FoldChange|  pval padj  |Gene Length
| Chter 1092340 1743404371 0.110459206 3046187334 | 64SE-00 | LDET| 713
1 |Chster-1471152335) 084704418 0 8161725386 | B0E-08 | 127TE-06 | M7
3| Chster-201340 0.539028113 0 7512524626 | 127E-05 |0000107| 1111
4 | Closter-208810 0.539028113 0 7512524626 | 127E-05 (0000107 588
List of MPK6 enzymes
No GeneD  With Ph root readcount No Pb root readcount | logFoldChange| ~pval | pad |Gene Length
1| Cluster- 1420410 105238824 0.220918413 1236889874 | 0.000518548 | 0.00291808| 1159
2 Cluster-37226.0 215611245 0.022051841 0420001443 | 8813 | MBEIL | 116
] Cluster-100412.0 487692037 0.243010054 anady | LYED | SELD | 1k
4 Cluster-16681.0 0.308016065 0 6.J1108328 | 0.00085757 | 0.00442168| 408
5| Cluster-12463.0 2977438633 (.088367363 S0810% | LMEL | 68212 | 1560
b Cluster-73563.0 0.821376175 0.022091841 30397842 | L30E06 | L8E05 i
1 Cluster-7414.0 0.513360109 0.044183683 345289981 | 0.000739306 | 0.00406026| 659
§ Cluster-49763.0 372186071 .352056032 LA | LAEDT | 2106 | 1L
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List of MEKK 1enzymes

No GeneD  |{With Pb root readcount No Pb root readcount| log2FoldChange| ~ pval pad)  |Gene Length
1 Cluster-13494.2 6904693458 0 1118436697 | 29284 | 54562 1N
2| Cluster-147115.2334 3644856775 0 10.26320607 245818 | L04E-16 Ml
3 Cluster-13494.1 3080160855 0 10.02036473 fIE-17 | 42E15 1042
4 Cluster-21412.1 3054492649 0 10.00830359 §35E17 | 360E-15 683
] Cluster-8665.0 1617064344 0 9092210188 | 78IE12 | 239E10 738
b Cluster-13402.0 1540080327 0 5.021953019 LGIELL | 476E-10 688
7 Cluster-25375.0 1001052213 0 BA01938214 | TBOE03 | LAGE(7 602
§ Cluster-14516.0 1001052213 0 BA01938214 | TBOE03 | LAGE(7 633
9 Cluster-113740 0667368142 0 7819126707 | LOSE-05 | L34E-(5 668
10 Cluster-13487.0 0.616032131 0 TT041BIMT | 361E05 | 3.99E-(5 i
1 Cluster-19179.0 0616032131 0 7704181747 36106 | 3.99E-05 44
n Cluster-14336.0 0616032131 0 7704181747 36106 | 3.99E-05 k1
JE] Cluster-27772.0 0590364123 0 1642081957 | 3A3E08 | BT7ES 2l
U Cluster-17888.0 0535028113 0 75154626 | L2705 | 000002071 49
15 Cluster-25178.2 0535028115 0 75154626 | L27E05 | 000002071 413
16 Cluster-20567.0 0535028115 0 75154626 | L2705 | 0.00002071 397
n Cluster-4834.0 0487692104 0 73689660156 | 303505 | 000026007, 499
18 Cluster-27424.0 0383020082 0 7.030254722 | 0000153974 | 0.0012831 369
1 Cluster-24208.0 0383020082 0 7.030254722 | 0.000183974 | 0.0012831 669
i Cluster-20932.0 0383020082 0 7.030254722 | 0.000183974 | 0.0012831 k1
A Cluster-22759.0 0.359352076 0 6.931307201 | 0.000315208 | 0.00093211| 3%
2 Cluster-28789.0 0.333684071 0 6.82330087 | 0000517265 | 0.00291222| 479
4 Cluster-16698.0 0308016085 0 671108328 | 0.00085757 |Q.00442168| 377
Pl Cluster-3009.0 0308016085 0 671108328 | 0.00085757 |0.00442168| 418
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List of MKK2 enzymes

No GenelD  |With Pb root readcount| No Ph root readcount| log2FoldChange|  pval padj | Gene Length
1 Cluster-109234.1 1155060246 0.088367363 3.66434935 357607 | 7.33E-06 1053
1 Cluster-116901.0 1540080327 0419744984 1868032284 | 0.000851639 | 000442168 1420
1 Cluster-5296.0 0513360109 0 74805309 | L9%E-05 | 0.00007638) 537
4 Cluster-83348.0 0436336093 0.022091841 4131820627 | 0.000575412 | 0.00321408| 3%
] Cluster-72543.0 4235709 0.662733238 21670452993 L26E07 | 1.33E-06 1480
b Cluster-18642.0 163408836 0 5.139204228 18612 | LEEW 1029
1 Cluster-26083.0 1617084344 0 .092210088 | T781E12 | 239610 738
§ Cluster-1397520 3336840709 0.633489968 1587088533 642605 | 0.00051007 1501
§ Cluster-89921.0 1978340846 0044183683 6.199854508 | B27E18 | 6.3E16 1438
10 Cluster-6346.2 4337892922 0 1051405082 | 68/E20 | 7113 1369
1 Cluster-156182.0 1478477124 1.259234933 3.550385425 L0613 | 756612 5n
V] Cluster-66562.0 1798864807 1082500222 1808377336 | 0.000178085 | 0.00123237, 1666
List of MEK1, MKK1 enzyme
No Genell) With_ Ph_root_readcount) No Ph_root_readcount | log2FoldChange|  pval padj |Gene Length
1 Cluster-3350.0 5903641255 0 10.95843977 9.186-23 | LAIE2 1038
List of MPK4 enzyme
No GeneD | With Pb root readcount| No Pb root readcount| log2FoldChange| pval padj | Gene Length
1 Cluster-18695.0 12.2436386 0 12.01047971 6.09-30 | 2086-27 1369
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APPENDIX 17

Read count for genes in the root samples of EAPR and non-EAPR

Gene Read count
Control Non-EAPR EAPR
CA 0.40 6.03 1.65
CAS5 1.09 25.87 0.11
CAL 0.13 3.77 0.94
GT 4.02 20.64 8.29
GUA 1.44 23.02 7.13
RAB 0.91 9.37 2.70
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