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Ab s t r ac t
Agricultural fields nearby thermal power plant receives air blown fly ash in huge amounts. The fly ash contains heavy metals/metalloids 
along with essential elements for plant growth and productivity. The conventional crops growing in the fly ash-contaminated agrifields 
accumulate toxic metals in different tissues. Thus, there is a need to explore the crop plant of economic importance for Phyto-stabilization 
of fly ash contaminated agrifields and to slow down the rate of metals/metalloids entering the food chain. In the present study, Mentha 
arvensis (var. Kosi) was used to evaluate the physiological and biochemical responses in six concentrations (w/w) of fly ash (0, 15, 30, 
45, 60, and 100%). The morphometric traits, growth, and photosynthetic pigments were analysed in M. arvensis and found maximum 
shoot & root length, biomass, number of leaves, and primary branches at 15% fly ash mixed soil. Chlorophyll a, b, total chlorophyll, 
and carotenoids were elevated with 15% fly ash exposure, while reduced at 100% fly ash. Oxidative stress markers (malondialdehyde & 
hydrogen peroxide) were also significantly (Tukey-HSD post-hoc, p < 0.05) upregulated with rising levels of fly ash. Further, the level of 
Cellular antioxidants (cysteine, TPC, NP-SH) was increased up to 60% fly ash. The study also documented the differential accumulation of 
Iron, Copper, Chromium, Manganese, and Mercury in leaves and stems of M. arvensis at different fly ash concentrations, while reduced 
level of Potassium was observed with increasing fly ash levels. The antioxidative responses and potential of test plant to accumulate 
metal make it suitable for eco-stabilization in fly ash contaminated agrifields.
Keywords: Fly-ash; Phyto-stabilization, Mentha arvensis; Metals/metalloid; Oxidative stress.
Highlights:
•	 FA amendment increased metals (Fe, Cu, Cr and Hg) accumulation in leaves and stems of M. arvensis.
•	 Concentration-dependent upregulation of oxidative stress markers was observed in FA-treated test plants.
•	 High FA amendment also increased cysteine, total phenolic contents and non-protein thiols in leaves of M. arvensis.
•	 Maximum growth of M. arvensis was observed at 15% FA, however, a significant decrease was also observed at higher FA (45- 100%) 

amendments.
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In t r o d u c t i o n

An ever-increasing population has increased the urbanization 
and industrialization for a luxurious livelihood. The surge in 
industrial activities has significantly risen the electricity demand. 
Coal sources have been serving a major role in electricity 
generation across the world. Combustion of coal in the thermal 
power plants (TPP) leads to the generation of huge amount 
of fly-ash (FA) along with electricity. As stated by the Central 
Electricity Authority (CEA), the fly-ash generation in India was 
226.95 mt in 2019-20, which increased to 270.82 mt in the 
year 2021-2022 (CEA, 2022). Fly ash is a fine powder exhibiting 
essential and non-essential, toxic elements. Thermal power 
plants collect the fly-ash using an electrostatic precipitator 
to avoid fly-ash particles entering the atmosphere and dump 
the excess fly-ash at dumping sites. The contamination of 
agricultural fields by air blown fly-ash may impose harmful 
impacts on crop growth, yield, and productivity (Pandey and 
Singh, 2020). Recently, Goswami et al., (2023) documented the 
accumulation of Nickel (Ni), Cobalt (Co), Chromium (Cr) and Lead 
(Pb) in root, shoot and grains of barley on the application of 
fly-ash (0, 15, 30 and 50%). Singh et al., (2023) also documented 

the accumulation of Cadmium (Cd), Lead (Pb), Chromium (Cr), 
Arsenic (As), and Mercury (Hg) in vegetable and staple crops 
(cabbage, Indian spinach, tomato, radish, carrot, onion, wheat 
and rice) grown near Bokaro TPP, Jharkhand, India. Further, the 
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accumulation of Pb and Cd was highly pronounced in all the 
crops studied by them and the concentration of both the metals 
went above the permissible limits suggested by FAO/WHO 
(2011). The presence of hazardous metals in consumable parts of 
various staple and vegetable crops may lead to environmental 
and public health challenges by entering in the food-chain 
(Upadhyay et al., 2021). Several fuel trees, herbaceous species, 
natural grasses etc. have been reported for phytoremediation 
and restoration of FA dumps and agricultural fields in the vicinity 
of thermal power plants (Abhishek et al., 2025; Yadav et al., 2022; 
Ram and Masto, 2014). A few studies have recently suggested the 
use of commercially important essential oil (EO) yielding plants 
as a viable alternative crop in fly-ash degraded agrifields instead 
of conventional staple and food crops to enhance the livelihood 
of marginal farmers in vicinity of coal fired TPP (Kumar et al., 2024; 
Ultra, 2020; Panda et al., 2018). The EO market size is expected to 
grow at 7.6% CAGR from 2024 to 2030, which was 23.74 billion 
USD in 2023 (Baser and Bonello, 2025). Thus, the cultivation of 
essential oil-yielding crop Mentha arvensis in agrifields (highly 
contaminated by air blown fly-ash) may boost the economic 
benefits to the farmers. 

Mentha arvensis L., Lamiaceae, is an aromatic, perennial, 
herbaceous plant, widely cultivated globally (Tiwari, 2016). 
The EO of M. arvensis L., a source of natural menthol used in 
pharmaceuticals, flavouring agent in food and cosmetics (Faisal 
et al., 2023; Kim et al., 2021; Tiwari, 2016). Further, antioxidant, 
antifungal and antibacterial properties of M. arvensis have also 
been documented (Alonso Leite Dos Santos et al., 2024; Sharma 
et al., 2024; Parić et al., 2024). Therefore, M. arvensis may serve 
as an ideal plant for phyto-stabilization and remediation of 
constituent heavy metal/metalloid in fly ash contaminated 
areas. Besides, the commercial cultivation of M. arvensis instead 
of conventional crops in fly ash affected areas, may enhance the 
income and improve the lively hood of marginal farmers.

Hence, the present study was designed to evaluate the 
physiological and biochemical adaptations of M. arvensis L. (var. 
Kosi) in response to constituent heavy metal/metalloids present 
in fly-ash contaminated soils prior to provide economically 
viable, sustainable environmental solution for fly-ash degraded 
agrifields in vicinity of coal based thermal power plants.

Mat e r ia  l s a n d Me t h o d s

Collection of Experimental Soil, Fly-ash and its 
Characterization
The experimental soil was collected from the Department of 
Botany, University of Lucknow (26.8633° N, 80.9360° E). However, 
FA was obtained from Feroze Gandhi Unchahar Thermal Power 
Plant (FGUTPP), Unchahar, Raebareli, Uttar Pradesh, India 
(25o54’50”N & 81o19’50”E). Both the experimental soil and FA 
were evaluated for colour, texture, chemical properties and 
presence of heavy metals. The pH of FA and experimental soil 
was recorded using Thermo-scientific pH meter (Model: Orion 
star A214) and EC was determined by using the soil/fly-ash and 
distilled water in ratios of 1:2.5. Nitrogen, Phosphorus, Potassium, 
and organic contents in FA and experimental soil were also 
analysed (Watanabe and Olsen, 1965; Subbiah and Asija, 1956; 
Merwin and Peech, 1951; Dickman and Bray, 1940; Walkley et al., 

1934). Scanning electron microscopy (SEM; for imaging), energy 
dispersive X-ray analysis (EDX) 

Inductively coupled plasma optical emission spectroscopy 
(ICP-OES, 5110, Agilent, USA) were used for element profiling. 
Briefly, 0.4 g of soil and fly-ash were digested in nitric acid and 
hydrogen peroxide (HNO3:H2O2 in 3:1) using microwave assisted 
acid digestion system (Mars 6TM, CEM Corporation, Matthews, 
NC, US) and diluted to 50 ml. The digestates were used for 
ICP-OES analyses of metals in both samples.

Raising nursery
The suckers of M. arvensis L. (Var. Kosi) were collected from 
CSIR-CIMAP, Lucknow, Uttar Pradesh, India. The suckers were 
washed properly with sterilized double-distilled water. The 
nursery was raised as described by Kumar et al., (2023) in the 
garden, Department of Botany, University of Lucknow. After 25 
days, the plantlets with erratic growth were discarded and the 
plantlets of equal number of leaves and height were transferred 
into earthen pots filled with different treatment soils prepared 
for the present study.

Preparation of Fly-ash treatments
The present study was conducted in six kg earthen pots (12inch 
diameter) in a complete randomised block design (CRBD). 
Initially, the experimental fly-ash and soil was sun dried and 
impurities (pebbles) were removed through sieving. A total of 
six fly-ash and soil mixtures, w/w (M1: Control (soil 100%), M2: 
Fly-ash 15% & Soil 85%, M3: Fly-ash 30% & Soil 70%, M4: Fly-ash 
45% & Soil 55%, M5: Fly-ash 60% & Soil 40% and M6: Fly-ash 
100%) were prepared and filled in earthen pots (six for each 
treatment). All the treatment pots were prepared a day before 
initiation of the experiment and left overnight to set the mixtures 
after irrigation. Twenty-five-day old plantlets were transplanted 
in the treatment pots and irrigated using tap water every day. 
The plastic trays were placed below every experimental pot 
and any leachate released from the pots was poured back to 
prevent metal/metalloid leakage. The plants were harvested 
on 60th day of the experimental period and stored at -20ºC for 
analysing physiological parameters. 

Growth, morphometric traits and phytopigments
The morphometric traits of test plants were recorded on the 
60th day of the experiment. The number of primary branches 
and leaves was counted before harvesting the plants from the 
treatment pots. Whole plant biomass, shoot height and root 
length were recorded after uprooting the plants from all the 
treatments. Further, photosynthetic pigments (total chlorophyll 
(Tchl, chlorophyll a (chl a), chlorophyll b (chl b) and carotenoids) 
were also analysed using 80% acetone (Arnon, 1949; Duxbury 
and Yentsch, 1956). The quantified results of pigments have been 
reported in mg g-1 FW.

Elemental analysis
The leaf and stem samples from all the treatments were dried 
in hot air oven at 70±2ºC for seven days and ground to prepare 
a powder form. The fine powder (0.4 g) was acid digested in a 
microwave digester (Mars 6TM, CEM Corporation, Matthews, NC, 
US) as per Kumar et al., (2025). Thereafter, the digestates were 
diluted to 50 ml and used for elemental analysis using ICP-OES 
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(5110; Agilent, USA). Metal (Fe, Cu, Mn, K, Cr and Hg) in the 
leaves and stems were analysed and reported as µg g-1 DW. The 
detection limits for Fe, Cu, Mn, K, Cr and Hg were 0.05-20, 0.03-
10, 0.02-5.0, 0.5-500.0, 0.03-5.0 and 0.5-1000 mg/L, respectively.

Malondialdehyde, Hydrogen Peroxide and Relative 
Water Analysis
Malondialdehyde (MDA) level in the leaves of M. arvensis was 
analysed as described by Heath and Packer, (1968) and reported 
as µM g-1 FW. Hydrogen Peroxide (H2O2) was also analysed in 
the leaves of experimental plants from all the treatments as per 
Velikova et al., (2000). Relative Water Content (RWC) in leaves 
was also analysed after recording fresh, dry and turgid weights 

of M. arvensis leaves from all the treatments (Kumar et al., 2023).

Cellular antioxidants
Free proline, cysteine, non-protein-thiols (NP-SH) and total 
phenolic content (TPC) was determined in leaves of M. arvensis 
from all the treatments as described by Bates et al., (1973), 
Gaitonde (1967), Ellman (1959) and Ainsworth and Gillespie 
(2007), respectively. All the studied cellular antioxidants were 
quantified using a standard curve. Free proline and cysteine 
have been reported in µmol g-1 FW, while NP-SH and TPC has 
been reported as µg g-1 FW and mg GAE g-1 FW, respectively.

Statistical analysis
All the results reported in the present study as mean ± standard 
deviation (SD). Further, One-way ANOVA and Tukey HSD test 
(p < 0.05) was applied for statistical significance using RStudio 
version 4.4.1. Correlation analysis was also employed in this 
study and the correlation coefficient (r) was calculated for all 
the studied parameters.

Re s u lts a n d Di s c u s s i o n

Characterization of soil and fly ash
Experimental soil used in the present study exhibited low pH 
and EC (pH:7.06, EC:0.412) as compared to fly-ash (pH:8.67, 
EC:0.545). The texture of the soil was sandy loam, while fly-ash 
was silty powder. The organic content (%), available N, K and P 
was higher in soil than fly-ash (Table 1). The availability of N, K 
and P has been represented in kg ha-1 in the experimental soil 
and fly-ash. Further, the results of ICP-OES revealed the Metal 
(Fe, Mn, Cu, Cr and Hg) rich composition of fly-ash in contrast to 
experimental soil (Table 1). The amount of heavy metal (Cu, Cr, 
Hg) was higher in fly-ash than in experimental soil. The SEM and 
SEM-EDAX also confirmed the elemental profile and texture of 
fly ash and soil surface. The SEM micrographs showed the rough 
surface of soil, while fly-ash particles were tiny and smooth at 
1000X magnification (Fig. 1b, d). The peaks of different elements 
(Na, Mg, Al, Si, P, K, Ca, Fe, Cu, and Zn) have been observed in the 
spectra of both soil and fly-ash (Fig. 1a, c). Few peaks for metal 
(Cr, Ni, Hg and Tl) were only visible in fly-ash spectra (Fig. 1). 

Elemental analysis
The metal (Fe, Cu, K, Mn, Cr and Hg) accumulation was analysed 
in leaves and stems of M. arvensis. The Fe level in the leaves of M. 
arvensis significantly (Tukey-HSD post-hoc, p < 0.05) increased 
by 1.61, 2.31, 2.88, 3.22 and 3.61-fold at treatment M2, M3, M4, 
M5, and M6, respectively, compared to control. However, the 
increment observed in Fe level was 1.52, 1.89, 2.31, 3.51 and 
4.72fold in stems of test plant at treatments M2, M3, M4, M5 
and M6, respectively (Fig. 2a). Cu accumulation in leaves of M. 
arvensis was also increased in concentration regulated manner 
(1.24, 1.45, 1.53 and 1.64fold at treatment M3, M4, M5 and M6, 
respectively) but no significant difference (Tukey-HSD post-
hoc, p > 0.05) in Cu level was observed at treatments M1 (100% 
soil) and M2 (15% FA). However, the levels of Cu significantly 
increased (Tukey-HSD post-hoc, p < 0.05) by 1.24, 1.49, 1.63, 1.80 
and 2.12fold at treatment M2, M3, M4, M5 and M6, respectively 
with respect to control (Fig. 2b). The levels of Mn in leaves of M. 

Table:1 Physicochemical specification of experimental FA and soil

Physico-chemical properties Soil Fly-ash

Texture Sandy loam Silt

Colour Yellowish brown Light grey

pH 7.06±0.04 8.67±0.09

Electrical conductivity 
(dS/m)

0.412±0.017 0.545±0.027

Organic content (%) 0.75±0.04 0.15±0.005

Available Nitrogen (Kg/ha) 458.2±18.23 38.91±1.73

Available Phosphorus (Kg/
ha)

69.27±3.43 28.11±1.20

Available Potassium (Kg/
ha)

226.6±22.13 125.43±4.26

Iron (µg g-1 DW) 997.67±34.49 5143.43±216.90

Manganese (µg g-1 DW) 29.90±1.28 164.9±6.06

Copper (µg g-1 DW) 6.13±0.31 13.50±0.60

Chromium (µg g-1 DW) 3.93±0.15 11.83±0.29

Mercury (µg g-1 DW) 0.52±0.02 3.966667±0.15

Values represented as mean±SD.

Fig 1: Scanning electron microscopy of fly-ash and Soil. (a) SEM-EDAX 
spectra of fly-ash, (b) Scanning electron micrograph of fly-ash particles, 
(c) SEM-EDAX spectra of soil, (d) Scanning electron micrograph of soil 

particles
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arvensis increased significantly (Tukey-HSD post-hoc, p < 0.05) 
at >15% fly-ash and found maximum (1.70fold to control) at 
treatment M6 (100% fly-ash) while significant rise (1.33fold) was 
observed in stems of test plant at treatment M2 (15% fly-ash). The 
leaves and stems of M. arvensis exhibit no significant difference 
(Tukey-HSD post-hoc, p > 0.05) in Mn levels at treatment M3, 
M4 and M5 (Fig. 2c). The increased Fe, Cu and Mn levels in the 
leaves of M. arvensis at treatments with higher FA proportion 
may be due to higher levels of these metals in fly-ash than soil 
as evident in this study (Table 1). The accumulation of transition 
metals viz., Fe, Cu and Mn may enhance oxidative stress in 
plants by generating free radicals. The increased Fe and Cu may 
catalyse the Fenton’s reaction, generating hydroxyl radicals by 
mono-electron transfer using hydrogen peroxide as a substrate, 
resulting in physiological abnormalities and ceasing the growth 
of the plant (Michalak, 2006). The reduced growth of the test 
plant with higher fly-ash concentrations (>30%) confirms the 
heavy metal-induced growth reduction in M. arvensis. The results 
of the current study are in agreement with a study reporting 
the accumulation of Fe and Mn and reduced growth in Brassica 
juncea and Spinacea oleracea L. grown at 50 and 100% fly-ash 
(Mashau et al., 2018). Another report also documented the 
more uptake and accumulation of heavy metals (Fe, Cu, Mn) 
in Docus carota with increasing fly-ash concentration (Shakeel 
et al., 2021). In contrast to transition metals, the K levels were 
downregulated in higher fly-ash concentrations. Maximum 
decrease of 1.52 and 1.36fold was observed at treatment M6 in 
stems and leaves, respectively (Fig. 2d). Since the present study 
also reports the oxidative stress induced membrane damage at 
high FA concentrations, thus the phenomenon of ion leakage 
may support the low K with increasing FA concentrations. 
Similarly, Ansari et al., (2022) also reported the downregulation 
of K levels in radish grown in 25, 30 and 35% fly-ash. Further, 
a significant increase in Cr levels was observed in leaves and 
stems of M. arvensis at all the tested concentrations of fly-ash. 
The maximum accumulation of Cr in leaves and stems (2.14 and 
2.56, respectively) of M. arvensis was found at treatment M6 (Fig. 
2e). Cr accumulation in leaf accumulates ROS, inhibits pigment 
synthesis, PSI & PSII and affects metabolic processes (Patra et al., 
2024). It is evident in this study that increased Cr accumulation 
in treatments with high fly-ash concentrations (>30%) resulted 
in reduced photosynthetic pigments and elevated antioxidants. 
Moreover, the levels of Hg increased by 2.0fold in leaves and 
2.23fold in stems at treatment M6 as compared M1 (Fig. 2f). 
İşkil et al., (2022) reported that Hg induced oxidative damage 
in Triticum aestivum  L. and alters the expression of genes for 
abiotic stress response. Thus, the reduced growth of the test 
plant (>30%) in the present study may be a collective response 
of metals accumulation and induced oxidative stress. In contrast, 
no reduction in growth pattern of M. arvensis was observed 
up to 30% FA (Table 2, Fig. 3), instead of accumulated heavy 
metals in leaves and stem tissues. Recently, it has been reported 
that Mentha spp. have high feasibility to grow in metal rich 
environment (Mahdavian, 2026; Dinu et al., 2021). Our results in 
this study also suggest the high potential of M. arvensis to grow 
in metals/metalloid-rich fly-ash contaminated soils. Further, 
a positive correlation between fly-ash levels and all studied 
metals (Fe, Cu, Mn, Cr and Hg) except K was observed (Fig. 6a). 

A negative correlation (Correlation coefficient, r:-0.95 for leaves 
and r:-0.97 for stems at df=4, p<0.05) between K and fly-ash 
concentrations in soil supports our observation that fly-ash 
induce oxidative stress and membrane damage resulting into 
reduced K in M. arvensis.

Growth, morphometric traits and phytopigments
Fig. 3 illustrates the growth pattern in different proportions 
of fly ash in soil. The highest number of leaves and primary 
branches were found in treatment M2, exhibiting 15% FA (Table 
2). The increment of fly-ash in the experimental soil resulted 
in decreased numbers of branches and leaves with respect to 
the control. The minimum number of branches and leaves was 
recorded in 100% fly-ash grown plants (Table 2). Whole plant 
biomass was found elevated by 19.08 and 8.70% in treatments 
M2 (15% FA) and M3 (30% FA), respectively (Table 2). The shoot 
height (14.27%) and root length (33.03%) of M. arvensis were 
also supported by 15% FA (M2) compared to plants grown in soil 

Fig 2: Accumulation of metals in leaves and stems of Mentha arvensis (var. 
Kosi) grown in different fly-ash concentrations (M1: Control, M2:15% FA, 
M3:30% FA, M4:45% FA, M5:60% FA, M6:100% FA). Values represented as 
mean±SD (n=6). One-way ANOVA with Tukey-HSD post-hoc (p < 0.05), 
Different letters on bars represent significance at p < 0.05 and vice versa.

Fig 3: Growth and morphometric traits of Mentha arvensis (var. Kosi) after 
60 d exposure of different fly-ash concentrations (a: Control, b:15% FA, 

c:30% FA, d:45% FA, e:60% FA, f:100% FA)
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(100%). Further, FA alone (treatment M6) reduced 41.1 and 24.68% 
shoot height and root length, respectively (Table 2). The negative 
correlation between fly-ash and morphological traits viz., root 
length (Correlation coefficient, r: -0.67), shoot height (Correlation 
coefficient, r: -0.88), whole plant biomass (Correlation coefficient, 
r: -0.85), no. of leaves (Correlation coefficient, r: -0.91) and primary 
branches (Correlation coefficient, r: -0.91) were also evident 
in this study (Fig. 6b). Further, all the studied morphological 
parameters were significantly positively correlated with each 
other (Fig. 6b). The enhanced growth of M. arvensis at low fly-ash 
concentrations may be due to available N, P and K in added soil 
while treatment with higher concentrations of fly-ash might have 
suffered with N deficiency (Table 1). In a similar vein, few previous 
studies documented the lower doses of fly-ash supporting 
growth of Cymbopogon citratus and Brassica juncea (Shakeel et al., 
2019; Panda et al., 2018). Further, Tchl, chl a, chl b and carotenoids 
were increased by 13.90, 13.60, 16.25 and 21.32% with respect 
to control at treatment M2 (15% FA), respectively. However, the 
plants grown in treatment M6 (100% FA) showed minimum 
chlorophylls (Tchl, chl a, chl b) and carotenoid contents (Table 
2). The FA concentrations dependent decrease in photosynthetic 
pigments of Beta vulgaris has been reported (Shakeel et al., 2020). 
The downregulation of photosynthetic pigments in the test plant 
might be correlated with their lower production or degradation 
induced by reactive oxygen species (Pandey, 2013). Moreover, 
the disruption of the chlorophyll structure (replacement of 
Mg with another heavy metal) might also result in decreased 
chlorophyll at treatments with higher fly-ash concentrations 
(Kupper, 1998). Besides, the inhibition of 5-aminolevulinic acid 
dehydratase (ALA-D), an enzyme for tetrapyrrole precursor 
porphobilinogen (PBG) biosynthesis, by mercury (Hg) have 
been reported in maize leaves (Gupta et al., 2013). Chromium 
(Cr) and Cadmium (Cd) regulated suppression of ALA-D have 
also been observed in Nymphaea alba L. and Pfaffia glomerata 
(Skrebsky et al., 2008; Vajpayee et al., 2000). Hence, the reduced 
photosynthetic pigments at high level of FA might be due to 
elevated heavy metals accumulation in M. arvensis (Table 2, 
Fig. 2).  Moreover, carotenoids (terpenoids; 40 carbon) perform 
a protective role by quenching triplet excited chlorophyll and 
singlet oxygen (Swapnil et al., 2021). In the present study, no 
downregulation of carotenoids was observed up to treatment 
M4, suggesting the active participation of carotenoids in their 
protective role and elimination of reactive oxygen species-
regulated stress. The higher accumulation of heavy metals and 
upregulated oxidative stress markers at treatment M5 and M6 
suggested the overproduction of ROS, which ultimately leads to 
cellular oxidative damage and decreases in carotenoid contents. 
Similar to our study, the heavy metal-induced overproduction of 
ROS, oxidative damage, and compromised carotenoid content 
has been documented in Cd-stressed rice plants (Biswas and 
Pal, 2022). Further, Pearson’s correlation analysis suggests 
a significant (p<0.05, df=4) positive correlation between 
photosynthetic pigments (total chlorophyll, chl a, chlb) and 
morphological parameters with each other. However, there was 
significant (p<0.05, df=4) negative correlation among fly-ash 
levels and total chlorophyll (Correlation coefficient, r: -0.82) 
(Fig. 6b). The negative correlation between total chlorophyll 
and fly-ash levels suggest the adverse impact of fly-ash on 
photosynthetic pigment.
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Fig 4: Levels of malondialdehyde, hydrogen peroxide and relative water 
content in leaves of Mentha arvensis (var. Kosi) after 60 days of exposure 
of different fly-ash concentrations (M1: Control, M2:15% FA, M3:30% FA, 
M4:45% FA, M5:60% FA, M6:100% FA). Values represented as mean±SD 
(n=6). One-way ANOVA with Tukey-HSD post-hoc (p < 0.05), Different 

letters on bars represent significance at p < 0.05 and vice versa.

Fig 5: Cellular antioxidants (cysteine, proline, total phenolic content 
and non-protein thiols) in leaves of Mentha arvensis (var. Kosi) after 60 
d exposure of different fly-ash concentrations (M1: Control, M2:15% FA, 
M3:30% FA, M4:45% FA, M5:60% FA, M6:100% FA). Values represented as 
mean±SD (n=6). One-way ANOVA with Tukey-HSD post-hoc (p < 0.05), 
Different letters on bars represents significance at p < 0.05 and vice versa

Malondialdehyde, Hydrogen Peroxide and Relative 
Water Content
The enhanced levels of MDA and H2O2 in plant tissues reflect 
the presence of oxidative stress in M. arvensis leaves grown in 
FA-contaminated soils. The MDA contents in treatments M2 
(15% FA), M3 (30% FA), M4 (45% FA), M5 (60% FA) and M6 (100% 
FA) were significantly (Tukey-HSD post-hoc, p < 0.05) elevated 
by 1.16, 1.36, 1.38, 1.48, 1.59fold in comparison to control (Fig. 
4b). In this study, no significant difference (Tukey-HSD post-hoc, 
p > 0.05) was observed in H2O2 level at treatment M2 (15% FA) 
with respect to control plants (M1: 100% soil) while significant 
increments (Tukey-HSD post-hoc, p < 0.05)of 1.34, 1.63, 1.97 
and 2.18fold were observed at treatments M3 (30% FA), M4 (45% 
FA), M5 (60% FA) and M6 (100% FA), respectively (Fig. 4a). The 
significant (Tukey-HSD post-hoc, p < 0.05) reduction of 3.04, 

8.05, 14.33, 24.30 and 30.65% in RWC were also observed at 
treatments M2, M3, M4, M5 and M6 respectively, compared to M1 
(Fig. 4c). The results of the present study indicate the enhanced 
oxidative stress and membrane damage with increasing fly-ash 
concentrations. The metals/metalloids present in fly ash may 
have induced the ROS generation, leading to increasing MDA 
and H2O2 in M. arvensis leaves. A study reported the increased 
levels of MDA in Ricinus cummunis, collected from fly-ash 
contaminated sites (Boda et al., 2017). Few studies on oil-yielding 
and medicinal plants (Cymbopogon citratus, Bacopa monnieri 
and Brassica juncea) also reported the induced MDA with high 
fly-ash doses (Panda et al., 2020; Ashfaque et al., 2019; Panda et 
al., 2018). Ansari et al., (2024) also reported increased MDA and 
H2O2 contents at the highest tested fly-ash concentration (25%) 
in the Kushal variety of M. arvensis. Additionally, we observed 
the decreased RWC at M3, M4, M5 and M6, might also be due to 
increased membrane damage. RWC (drought stress indicator) 
is also linked with the protoplasmic permeability and maintains 
physiological homeostasis under abiotic stresses (Qadir et al., 
2019). In our study, the decrease in RWC at a higher level of 
fly-ash (≥30%) suggested the fly-ash induced drought stress-
like conditions to the exposed plants, which ultimately leads 
to a decrease in plant growth. Notably, MDA, H2O2 and RWC 
levels in FA-treated plants were significantly correlated with 
the concentration of FA in treatments (correlation coefficient, 
r:0.94 and r:0.97, r:-0.97 p<0.05, df=4, for MDA, H2O2 and RWC, 
respectively), suggesting the direct relation of fly-ash with 
oxidative markers (MDA and H2O2) while inverse relation with 
RWC (Fig. 6).

Cellular antioxidants
The level of cysteine was upregulated in the leaves of all the 
treatments as compared to the control. Maximum increment in 
cysteine content was observed at treatment M5 by 76.10%, while 
the lowest increase was recorded at treatment M2 (20.72%) with 
respect to the plants grown in 100% soil. Treatment M3 and M4 
showed 41.83% and 62.94% increase in cysteine contents (Fig. 
5b). Notably, the positive correlation (r: 0.793) was observed in 
between fly-ash and cysteine. Non-protein-thiol (NP-SH) was 
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Fig 6: Pearson correlation coefficient ‘r’; [a] between accumulated heavy metals in leaves and stem of Mentha arvensis (var. Kosi) at different 
fly-ash exposure and fly-ash, [b] between morphological, physiological traits of fly-ash exposed Mentha arvensis (var. Kosi) leaves and fly-ash; r 

value =0.81(5%) at df (n-2) =4

found to increase up to 60% fly-ash exposure and was reduced 
significantly in plants grown under 100% fly-ash. The rise in 
NP-SH content was 1.30, 1.95, 2.52, 2.96 and 2.70fold in leaves 
of Mentha arvensis (Fig. 5c). NP-SH and cysteine both were 
showing significant correlation with each other and fly-ash 
(Fig. 6b). Low molecular weight thiols play a vital role in heavy 
metal-induced oxidative stress amelioration. Kumar et al., 
(2025) reported the increased cysteine and NP-SH in Ocimum 
basilicum with increasing concentrations of Cu nanoparticles 
and Cu ions exposure (0.2 and 0.4 µg ml-1). Thus, we propose 
that the increased cellular antioxidants in treatments with 
heavy metals accumulation suggest the active participation 
of low molecular weight thiols against abiotic stress. A few 
studies have suggested the role of thiols in maintaining ROS 
homeostasis (Kumar et al., 2026; Kumar et al., 2025; Kapoor et 
al., 2015). Total phenolic contents (TPC) also serve as cellular 
antioxidants. Results showed no significant (Tukey-HSD post-
hoc, p > 0.05) change in TPC at treatment M2, while increased 
levels were observed at treatments M3, M4, and M5 compared to 
M1 (control). The levels of TPC were elevated by 2.02 and 1.16fold 
at treatment M4 and M5, while downregulated by 0.84fold at 
treatment M6, compared to control plants (Fig. 5d). Similarly, 
the elevated phenolics in Festuca rubra sown on FA deposits 
were documented by Gajic et al., (2016). Being a part of lignin 
biosynthesis in plants, TPC strengthens the cell wall in heavy 
metal stress conditions and build physical barrier as a protective 
strategy (Diaz et al., 2001). Hence, the increased phenolics in 
leaves of M. arvensis is suggestive of adaptive responses of 
the plant for constituent heavy metals under different fly-ash 
exposure. Further, free proline was also increased ≥ 30% fly-ash 
grown plants (Fig. 5a). The proline level was maximum at 
treatment M6 (2.61fold) followed by 2.33, 1.68, 1.37 and 1.08fold 
at treatments M5, M4, M3 and M2 respectively (Fig. 5a). Proline 
also exhibits the positive correlation (Correlation coefficient, r: 
0.96) with fly-ash concentrations (Fig. 6b). The osmo-protectant 
behaviour of proline improves the osmotic balance of the cell 

and the potential of proline to trigger metal chelation may 
be advantageous under constituent heavy metal/metalloid 
toxicity. In the present study, increased proline at higher fly-ash 
treatment suggests the adaptive strategy of M. arvensis under 
different fly-ash exposures. This observation is supported by a 
previous study reporting the highest accumulation of proline 
in Azadirachta indica collected from heavy metal-rich fly-ash 
dump sites compared to a control site (Qadir et al., 2016). Overall, 
increased cellular antioxidants in M. arvensis in response to 
fly-ash suggest the active plant defence response against 
metals/metalloid-induced abiotic stress.

Co n c lu s i o n

The results observed in the present study indicate the potential 
of M. arvensis (var. Kosi) to grow in fly-ash contaminated soils. 
The growth (plant height, root length, whole plant biomass, 
number of leaves and primary branches) and phytopigments of 
test plant were maximally supported by 15% fly-ash; however, 
the decreased growth of the test plant was found ≥45% fly-ash 
in soil. The increased accumulation of metals (Fe, Cu, Mn, Cr 
and Hg) was observed in leaves and stems of the test plant 
with increasing fly-ash proportion in soil. The accumulated 
metals in leaves induced oxidative stress, resulting in membrane 
damage, evident by enhanced MDA and low K levels in leaves. 
The increased levels of cellular antioxidants (cysteine, TPC and 
NP-SH) in leaves are indicative of the adaptive strategy opted 
by M. arvensis (var. Kosi) against stress imposed by constituent 
heavy metals/metalloids of fly-ash. The present study highlights 
the dose-dependent response of M. arvensis (var. Kosi) in fly-ash 
mixed soil and the feasibility of its commercial cultivation in 
mildly degraded agrifields with 15% fly-ash to enhance the 
livelihood of farmers. 
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