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Abstract

The present study aimed to investigate the variation in the metal(loid)s composition, phytochemicals, enzymatic and non-
enzymatic antioxidants activity of pot marigold grown in different treatments of soil and fly ash (FA), i.e., control (soil
100% + 0% FA), 20% FA (soil 80% +20% FA), 40% FA (soil 60% +40% FA), 60% FA (soil 40% + 60% FA), 80% FA (soil
20% +80% FA), and 100% FA (soil 0%+ 100% FA). The plant leaves from each treatment were harvested and screened
for various metal(loid)s concentrations (Fe, Cu, Mn, Ni, Co, Zn, Cd, Mg, Ca, and As). Further, the harvested leaf samples
were extracted using three solvents (ethanol, methanol, and water), and their extract yield percentage, total flavonoid, and
phenolic profile, total antioxidants (1,1-Diphenyl-2-picrylhydrazyl (DPPH) assay, ABTS (2,2’-Azinobis-(3-Ethylbenzthi-
azolin-6-Sulfonic Acid), Ferric reducing power assay (FRAP)), and antioxidant enzymatic activity (Superoxide dismutase
(SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT)) were determined. The results revealed that a
high accumulation of Fe, Cu, Ni, Co, Zn, and Cr with bioaccumulation factor (BAF > 1) was detected at 40% FA treatment.
Furthermore, the phenolic and flavonoid content were increased by 35.44 and 160.13% respectively whereas, DPPH and
ABTS activity (with low ICs,)) was decreased by 82.67 and 31.87% in ethanolic leaf extract at 60% FA application compared
to the control. Additionally, at high FA application (100% FA), the parameters such as FRAP value, SOD, CAT, APX, and
POD activity were increased by 42.42%, 313.98%, 388.76%, 415.11%, and 177.54% with respect to control soil. The find-
ings suggested that FA application (up to 60%) in soil induced increased production of secondary metabolites, and total
antioxidant activity compared to control soil.
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Introduction

In today’s scenario, with an increasing population all around
the globe, there is an increasing demand for electricity which
requires coal as a chief source. Combustion of coal produces
massive amounts of fly ash (FA), which, if not properly man-
aged, poses an environmental hazard all over the world. In
India, the generation of FA is about 106.36 million tons, of
which 84.22 million tons are utilized in the year 2020-2021
(CEA, 2020-21). For proper management of FA, its bulk
utilization in various sectors including cement, sanitary,
bricks, roads and embankments, mine filling, concrete indus-
try, etc. has been described (Varshney et al. 2020; Ahmad
et al. 2021). Though numerous FA has already been utilized
in different sectors, the remaining percent has been left out
as toxic waste in the environment resulting in air, water,
and soil pollution. Therefore, there is a necessity for long-
term approaches to increase its potential application in many
industries. Rather than dumping it as waste, methods for its
eco-friendly use in agriculture are presently being explored
(Jambhulkar et al. 2018).

FA has been effectively evaluated for the increase in
growth and antioxidant status of a variety of agricultural
crops such as Oryza nivara, Oryza rufipogon, Vigna mungo,
Ricinus communis, and Beta vulgaris, (Bisoi et al. 2017;
Panda and Bhattacharya 2019; Panda et al. 2020b; Shakeel
et al. 2020). In recent studies, FA has also been shown to be
effective as a soil additive for cultivating high-value medici-
nal plant species (Ahmad et al. 2021; Panda et al. 2021).
Low doses of FA as soil amendment increases the nutrient

availability and plant biomass but high doses of FA in the
soil cause increased production of antioxidant enzymes pre-
sent in the plants (Pandey et al. 2016; Gajic et al. 2018).
The optimum dose of FA-amended soil tends to increase the
physical, biological, and chemical characteristics of the soil.
A low concentration of FA increases the availability of vari-
ous micro and macronutrients such as K, Na, Fe, Mg, and
Ca and causes increased biomass and plant yield (Shakeel
et al. 2021).

FA also contains heavy metals such as Ni, Zn, Cd, Mo,
Pb, and Co other than essential nutrients. Heavy metals
in contaminated soil cause a variety of physiological and
metabolic alterations in plants (Varshney et al. 2020). The
most common symptoms of heavy metal toxicity include
reduction in plant growth, decreased seed germination and
photosynthesis, suppression or activation of the antioxida-
tive defense system with advancing senescence processes,
and plant death. Heavy metal stress also causes the over-
production of reactive oxygen species (ROS) such as H,O,,
02*, 102, and OH" which leads to cellular damage in plants
including membrane damage by lipid peroxidation, cell dis-
integration, and cell death (Upadhyay et al. 2021). When
plants are exposed to heavy metals, the equilibrium between
ROS generation and antioxidative system detoxification is
disturbed, resulting in oxidative stress conditions (Kaya
et al. 2019a, 2019b). The tolerance mechanisms of plants to
mitigate the enhanced production of ROS are a measure of
various plant species. Generally, plants adopted two main
strategies to combat heavy metals stress using antioxidative
machinery-i) including enzymatic and ii) non-enzymatic
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antioxidants (Upadhyay et al. 2021). The enzymatic antioxi-
dant machinery includes superoxide dismutase (SOD), cata-
lase (CAT), ascorbate peroxidase (APX), peroxidase (POD),
guaiacol peroxidase (GPX), glutathione-S-transferase (GST)
whereas non-enzymatic antioxidants include carotenoids,
proline, phenolics, flavonoids, DPPH, FRAP, ABTS, etc.
(Varshney et al. 2020). Plant resistance to metal stress is
frequently linked to enhanced antioxidative defense, or the
ability to scavenge ROS (Varshney et al. 2020). Therefore, a
plant's antioxidant defense's ability to elucidate heavy metal
tolerance mechanisms is critical for understanding the plant
response to heavy metals in the soil environment (Ahmad
et al. 2017). However, few studies have been reported on the
oxidative metabolism in medicinal important plants under
FA stress but no studies have been conducted on the impact
of FA on the phytochemical and antioxidant capacity of
Calendula officinalis in metal stress conditions till now.

Pot marigold (Calendula officinalis L.) is a promising
species used in remediating heavy metals present in con-
taminated sites (Saffari and Saffari 2020). It is an annual,
herbaceous, and ornamental plant of the Asteraceae family
and Genus Calendula. It is an edible and aromatic herb used
for a variety of industrial applications such as dyes, fabrics,
foods, and cosmetics. The richness in flavonoids, terpenoids,
saponins, carotenoids, and minerals makes calendula an effi-
cient source of herbal medicine. This plant possesses a high
concentration of polyphenols that have the potential to act
as an antioxidant, anticancer, antiviral, antimicrobial, anti-
inflammatory activity, and free radical scavenger (Bedoya
et al. 2020). The most important polyphenols (flavonoids
and phenolics) have various biological properties. These
bioactive compounds act against free radicals and reduce
the oxidative stress caused by heavy metals in plants thereby
protecting plant growth (Dominic et al. 2022). Therefore,
the present study was designed to explore the variation in
metal(loid)s composition, phenolic, and flavonoid profile,
and antioxidant potentials of leaf extracts of Calendula offic-
inalis grown in different treatments of soil and FA.

Materials and Methods
Sample Collection and Experimental Design

FA used in this study was collected from National Ther-
mal Power Corporation (NTPC), Dadri, Uttar Pradesh,
India, while soil samples were attained from Organic Farm,
Amity University, Noida, India. Earthen pots having 25 cm
diameter containing a total of 4 kg of air-dried soil-FA mix-
tures were used for the experiment. The pot experimental
study was conducted at an Organic Farm, Amity Institute
of Organic Agriculture, Amity University Uttar Pradesh,
Noida, India. For the study, FA and soil were blended in

@ Springer

different ratios (w/w) and a pre-requisite amount was
employed in each pot. Different combinations of soil and
FA were prepared with six different treatments. A total of
20 pot replicates were maintained for each treatment. The
standardized treatments include-

Treatment 1: 100% soil (control)
Treatment 2: 20% FA + 80% soil
Treatment 3: 40% FA + 60% soil
Treatment 4: 60% FA +40% soil
Treatment 5: 80% FA +20% soil
Treatment 6: 100% FA

AN o S e

Plant Material

The Calendula officinalis seeds were procured and certified
from CSIR- NISCAIR Herbarium and Museum (RHMD),
Pusa Campus, IARI, New Delhi, India. Five seeds of Calen-
dula officinalis were propagated in each pot at a depth of
2 cm at the required distances to avoid germination failure.
Before sowing, a light application of tap water was done
to each pot to maintain the required moisture content. The
plants in each treatment were allowed to grow and were irri-
gated with the same volume of water at regular intervals of
2 days. No additional doses of FA or any other co-appli-
cation were done at any developmental stage of the plant.
After germination, plants were thinned into a single plant
for maintaining one plant in each pot for each treatment.
The plant leaves from all treatments were harvested after the
flowering in the Calendula plants. The leaves were taken to
the lab and cleaned with running water and then with double
distilled water. After that, the leaves were air-dried at ambi-
ent temperature for 7 days before being pulverized with an
electric grinder. The powdered leaf material was packed in
an airtight container for further extraction process.

Metal(loid)s Concentration Analysis

After harvesting, the soil and FA samples from each treat-
ment were air-dried. Air-dried soil samples were grounded
into thin powder and passed through a 2 mm sieve. Plants
were harvested, washed, separated, and oven-dried at 70 °C.
Dried plant leaves from each treatment were ground into
fine particles. For the estimation of metal(loid)s concentra-
tion, the wet digestion method was performed following
the standard protocol (Kotelnikova et al. 2022). 1 g of each
soil and leaf sample was mixed in 10 ml aquaregia solu-
tion (HNO5/HCI 1:3 ratio) (Pandey and Bhattacharya 2019).
Concentrated H,0, (35%) was further added to this solution
for the breakdown of organic matter and then again digested
in a 10 ml aquaregia solution. The solution was kept over-
night and then heated at 120 °C for two hours and 80 °C for
4 h till the solution became colorless (Yu et al. 2019). The
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digested material was cooled, and filtered, and then distilled
water was added to make a final volume of 50 ml. After wet
digestion, the concentration of various metal(loid)s (Fe, Cu,
Mn, Ni, Co, Zn, Cd, Mg, Ca, and As) in different treatments
of soil and FA and the plant leaves grown in the same treat-
ment were determined using Inductively coupled plasma
mass spectrophotometer (ICP-MS, Agilent 7900, Santa
Clara, USA). For ensuring quality control, CL51-014CR was
used as NISSRM-certified reference material. The multiele-
ment standard 2A calibration standards were used for check-
ing the accuracy of results. The analytical variations were
observed within + 10% of the repeated standard samples at a
95% confidence interval with a 2-coverage factor. Blank and
internal standards were maintained for quality assurance of
the elemental analysis. All the samples were calculated as
mean + SD with replicates (n=3).

The bioaccumulation factor (BAF) was evaluated for the
leaf sample of Calendula officinalis according to the equa-
tion of Pandey et al. (2016).

Metal conentration in leaves
Metal concentration in soil

Bioaccumulation factor(BAF) =

Extract Preparation and Extract Yield

The powdered samples were extracted with different solvents
(60-80 °C) by hot percolation technique in soxhlet appara-
tus (Tanco SEE-4 Soxhlet Extraction Unit PLT-175 Series,
Ghitorni, Delhi, India) until the solvent became colorless.
The sequential extraction of plant leaves was carried out in
various batches using three different solvents with increasing
polarity in the soxhlet apparatus. The solvents taken for the
extraction of leaves were ethanol, methanol, and distilled
water. The extraction was performed in order of polariza-
tion of solvents used in the order: ethanol (E) < methanol
(M) < distilled water. 20 g powdered leaf and flower material
were packed, kept in a soxhlet extractor, and extracted with
500 ml of different solvents for 8 h by providing constant
heating. The temperature of soxhlet extraction was main-
tained on a heating mantle with thermostat control. The
extracts in the round bottom flask were then transferred to
another flask and were concentrated by distilling the sol-
vent in the soxhlet apparatus. All the solvents were sepa-
rated from the extract in 4 to 5 h. The concentrated extracts
were transferred to a glass petri plate, oven-dried until the
removal of the remaining solvent, and then stored at 4 °C for
further use (Akhtar et al. 2022). The concentrated extracts
were evaluated for the percentage extractive yield using the
below formula:

_ Weightof dried extract y
"~ Weight of dried leaves

Extractive yield( Al )
w

Phytochemical Analysis
Qualitative Analysis

The ethanol, methanol, and aqueous leaf extracts of Calen-
dula officinalis obtained were subjected to phytochemical
investigation using the qualitative test to unveil the exist-
ence of alkaloids, saponins, steroids, flavonoids, tannins,
carbohydrates, coumarins, anthraquinones, triterpenoids,
phylobatannins, glycosides, and phenols using the method
defined by Roghini and Vijayalakshmi (2018). Wagner's
test was used to confirm the presence of alkaloids in the
crude plant extracts. The presence of carbohydrates and
flavonoids was revealed by Molish’s test and the alkaline
reagent test. A ferric chloride test was used to evaluate the
presence of phenolic compounds and tannins. The existence
of glycosides, steroids, and triterpenoids was assessed by
Keller- Killiani test, Salkowski test, and Horizon test. The
froth formation test was used to detect saponins. The occur-
rence of anthraquinones, phylobatannins, and coumarins in
the crude plant extracts was detected by Borntrager’s test,
HCl test, and NaOH test, respectively.

Quantitative Analysis

Total Phenolic (TPC) and Flavonoid Content (TFC) The total
phenolic content was determined spectrophotometrically
using the method described by Singleton and Rossi (1965).
0.1 ml extract (1 mg/ml) was dissolved in 0.75 ml Folin and
Ciocalteu reagent (1:10) and 1 ml sodium carbonate (8%
w/v) was added after 5 min. The solution was mixed and
agitated for homogenization and the final volume was made
up to 3 ml. The solution was kept for 30 min in dark at room
temperature. The optical density was taken at 765 nm. The
total phenolic content was expressed in mg/g gallic acid
equivalent (GAE) of dry extract. The aluminum chloride
colorimetric method was performed for the determination
of total flavonoid content (Jiao and Wang 2000). In this
method, 1 ml (1 mg/ml stock) leaf extract was dissolved in
3 ml methanol and 0.2 ml of 10% (w/v) aluminum chloride
solution with 0.2 ml of 1 M potassium acetate was further
added to it in a test tube. The final volume was made up
to 5.6 ml. The solution was kept for 30 min at room tem-
perature. The optical density was taken at 415 nm against
solvent as a blank. The values were expressed in mg querce-
tin equivalent (QE)/g of dry extract. The experiments were
performed in triplicates with 3 replicates for each treatment.
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Determination of Free Radical Scavenging
Activity

DPPH free Radical Scavenging Activity

1, 1-Diphenyl-2-picrylhydrazyl (DPPH) assay was deter-
mined to assess the free radical scavenging activity of the
plant extract following the method described by Chhabra
et al. (2021). For this method, 0.15 ml of different concen-
trations of test extract (200, 150, 100, 80, 60, 40, 20, 10 pg/
ml) was added to each test tube. To this, 2.85 ml of 0.1 mM
DPPH in methanol was added to each test tube. All the test
tubes containing the mixture were allowed to shake for a
few seconds for mixing and kept in dark for 30 min at room
temperature. The optical density of all the reaction mixtures
was measured at 517 nm using UV—Visible Spectrophotom-
eter. A control containing 1 ml methanol and 3 ml of 0.1 mM
DPPH was also prepared. The IC5, value was calculated
from the graph plotting concentration versus inhibition per-
centage. DPPH scavenging activity was calculated using the
following formula.

DPPH radical scavenging activity(%) =

absorbance of control — absorbance of sample
x 100

Absorbance of control

Ferric Reducing Antioxidant Power (FRAP) Assay

The total antioxidant capacity of different plant extracts was
evaluated using the FRAP assay by Benzie and Strain (1999)
method. The antioxidant capacity of the extracts converts
ferric (Fe**) ions to ferrous (Fe*) ions, forming the blue
color complex TPTZ (tripyridyl triazine) with an increase
in OD at 593 nm. Before use, FRAP reagent was prepared
by mixing 10:1:1 (v/v/v) ratios of 300 mM sodium acetate
buffer (pH 3.6), 10 mM TPTZ in 40 mM HCI, and 20 mM
FeCl;.6H,0 solution. In a test tube, 100 ul of plant extract
was mixed with 3400 ul of FRAP reagent and mixed thor-
oughly, and incubated at 37°C for half an hour. The absorb-
ance was measured at 593 nm by using a spectrophotometer.
A standard curve was prepared by using different concentra-
tions (100-1000 pM) of FeSO, solution. The FRAP value
was calculated by using the linear calibration curve and
expressed in mM Fe (II)/g of extract. The experiment for
each extract was performed in triplicates.

ABTS (2,2’-Azinobis-(3-Ethylbenzthiazolin-6-Sulfonic
Acid)) Assay

ABTS radical scavenging activity procedure was followed
according to the method of Re et al. (1999). The ABTS stock
solution was prepared by the reaction of a 7 mm ABTS

@ Springer

reagent and 2.4 mm potassium persulphate solution. The
working solution was prepared by using the same stock
mixtures in equal volumes and allowing them to react in
dark at room temperature for 14—16 h. The fresh solution
of ABTS was prepared by further diluting with methanol in
the ratio (1:60) to get an absorbance of 0.705 +£0.01 units
at 734 nm. For the experiment, plant extracts at different
concentrations were added with 1 ml of the freshly prepared
ABTS solution and allowed to react for 7 min in dark. The
absorbance was taken at 734 nm using a spectrophotometer.
ABTS radical scavenging activity was calculated as percent-
age inhibition and the ICs, value was calculated using the
following formula:

ABTS radical scavenging activity(%) =

absorbance of control — absorbance of sample
x 100

Absorbance of control

Antioxidant Enzyme Activity
Superoxide Dismutase (SOD, EC 1.1.5.1.1)

SOD activity was evaluated by the method of Giannopolitis
and Ries (1977). The activity was measured by its ability to
inhibit the photochemical reduction of nitro blue tetrazo-
lium (NBT). The reaction mixture (3 ml) contained 100 mM
methionine, 50 mM phosphate buffer, | mM NBT, 1| mM
Ethylenediamine tetra-acetic acid (EDTA), 1 mM riboflavin,
and 0.1 ml of enzyme extract. The blue formazone produced
by NBT photoreduction was measured with an increase in
absorbance at 560 nm. The SOD activity was expressed as
pmoles/min/mg of protein.

Catalase (CAT,EC1.11.1.6)

CAT activity was estimated by Cakmak and Marschner
(1992). The reaction mixture contained enzyme extract,
20 mM H,0,, 0.1 M phosphate buffer, pH 7.0, and 0.1 mM
EDTA. The decrease in absorbance was measured for 2 min
at 240 nm. The reaction mixture without plant extract was
taken as blank. The CAT activity was designated as pmoles
of H,0, oxidized /min/mg of protein.

Ascorbate Peroxidase (APX, EC 1.11.1.1)

APX activity was calculated by the method of Nakano and
Asada method (1981). The reaction mixture contained
50 mM phosphate buffer (pH 7.8), 1 mM EDTA, 100 Mm
ascorbic acid, 30% hydrogen peroxide (H,0,) and enzyme
extract. The decrease in absorbance was recorded at 290 nm
at a 30-s interval for 2 min. The APX activity was expressed
as umol ascorbate oxidized/min/mg of protein.
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Peroxidase (POD, EC 1.11.1.7)

POD activity was evaluated following the procedure of Kar
and Mishra (1976) by observing an increase in absorbance
at 420 nm for 5 min. The reaction mixture contained 50 mM
phosphate buffer (pH 7.8), 30% H,0,, 5% pyrogallol, and
enzyme extract. Enzyme activity was expressed as umoles/
min/mg of protein. All enzyme assays were performed in
triplicates with 3 replicates for each treatment.

Statistical Analysis

Initially, the Shapiro—Wilk test was used to ensure that all
the experimental data possess normal distribution. All phy-
tochemical parameters, antioxidant, and antimicrobial activ-
ity results were calculated as mean+ S.D., and all experi-
ments were carried out in triplicates. Using SPSS Version
22 software, one-way ANOVA was applied, followed by
Duncan’s Multiple Range Test (DMRT), to determine the
statistical difference between treatment means. Using Origin
Pro 2022 software, a Principal Component Analysis (PCA)
was used to assess the relationship between total phenolic
and flavonoid content, DPPH, FRAP, ABTS, and antioxidant
enzyme activity in the leaves of Calendula officinalis culti-
vated in various soil and FA treatments. In addition to PCA
analysis, Pearson’s correlation analysis plot was determined
using Origin Pro 2022 software between these parameters
to standardize the variables, which are not measured on the
same scale.

Results

Metal(loid)s Concentration in Soil and FA
Treatments and Plant Leaves Grown in the Same
Treatments

The concentration of various elements (Fe, Cu, Mn, Ni, Co,
Zn, Cd, Mg, Ca, and As) was determined in all soil and FA
treatments after harvesting (Table S1). According to one-way
ANOVA at P<0.05, the metal(loid)s concentration showed
significant variation with the treatments of FA in soil. In
the current study, the concentration of all metal(loid)s in
different treatments of soil and FA increased significantly
(P <0.05) with increasing FA concentration (Table S1). The
heavy metals Cu and Zn were detected within the permis-
sible range in all soil and FA combinations while Mn and
As (range 270-525, 6.83-20) (Kabata-Pendias and Pendias
2011) was found lower than the allowable limit with con-
centrations of 210.65 mg/kg, and 4.96 mg/kg respectively
at 100% FA treatment. However, the concentration of Ni
and Co were found toxic at 120.16 mg/kg and 51.08 mg/kg
respectively whereas Mn concentration was found deficient

at 210.65 mg/kg at high (100% FA) application (Range of Ni
1-110 mg/kg, Mn 270-525 mg/kg and Co 11.3-50 mg/kg)
(Kabata-Pendias and Pendias 2011). Hence, FA incorpora-
tion in the soil increases nutrient availability (Ca, Mg, Zn,
Cu, Zn, and Fe) in agricultural soil making it available for
plant growth and development (Panda et al. 2018).

Furthermore, a gradual increase in all metal(loid)s con-
centrations (Fe, Cu, Mn, Ni, Co, Zn, Cd, Mg, Ca, and As)
was observed in plant leaves grown at high FA (100% FA)
application except Mg which was found lower at 100%
FA application compared to garden soil (Table S2). The
results showed that the concentration of Cu (70.01 mg/kg),
Ni (105.63 mg/kg), Zn (128.69 mg/kg), and Cd (5.23 mg/
kg) in the plant leaves grown in 100% FA doses was found
in the phytotoxic range 20-100, 40-246, 100-500, and
5-30 respectively as compared with the reference standard
(Kabata-Pendias, 2011) (Table S2). A comparative study of
each metal(loid)s concentration of all treatments of soil after
harvesting and the plant leaves grown in the same treatments
indicated a gradual increase in the metal(loid)s concentra-
tion with increasing FA application in soil.

Bioaccumulation Factor (BAF) Analysis

In the current study, BAF values of Fe, Cu, Mn, Ni, Co,
Zn, Cr, Cd, Mg, Ca, and As in the plant leaves grown under
different FA treatments were calculated after harvesting
(Table 1). Based on the results obtained, the BAF value of
Cu, Fe, Ni, Co, Zn, Cd, and Cr showed greater than one
(> 1), and Mn, Cd, Mg, Ca, and As were smaller than one
(< 1). In Calendula officinalis, a high accumulation of Fe,
Cu, Ni, Co, Zn, and Cr with BAF (> 1) was detected at 40%
FA treatment. This research indicates that this plant can be
utilized to remediate metals such as Fe, Cu, Ni, Co, Zn, and
Cr from FA, however, the remedial potential was higher in
40% FA treatment. Thus, the increase in growth and devel-
opment of Calendula officinalis was observed at a low dose
of FA application in soil (40%) without showing any toxicity
symptoms.

The Percentage Yield of Leaf Extracts of Calendula
officinalis Grown in FA-Amended Soil

The percentage yield of leaf extracts of Calendula offici-
nalis cultivated in different soil and FA treatments using 3
different solvents is displayed in Fig. 1. Different solvents
displayed significant variations in the total dry weight of
plant leaves and the extract yields. In the extraction of
Calendula officinalis powdered leaves, the aqueous extract
had the maximum percentage of extractive potential fol-
lowed by methanol and ethanol extracts, respectively. The
minimum extractive potential was observed with ethanol
in all soil and FA treatments.
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Table 1 Bioaccumulation factor

. . Elements Control 10% FA 20% FA 40% FA 60% FA 80% FA 100% FA
(BAF) of various metal(loid)
s of Calendula officinalis L. Fe 0.96 0.89 0.94 1.03 1.03 0.97 1.01
grown in different treatments of ¢, 1.03 1.01 1.03 1.05 1.02 1.00 1.03
soil and FA
Mn 0.95 0.91 0.89 0.77 0.79 0.65 0.69
Ni 0.72 0.69 0.91 1.01 1.03 0.93 0.88
Co 0.99 0.97 0.90 1.02 1.01 0.98 0.94
Zn 0.75 0.83 0.83 1.01 1.01 1.01 0.95
Cd 0.13 0.13 0.15 0.12 0.12 0.11 0.11
Mg 0.69 0.61 0.39 0.41 0.30 0.19 0.12
Ca 0.43 0.40 0.34 0.34 0.28 0.24 0.23
As 0.58 0.46 0.58 0.66 0.54 0.48 0.50
significantly at P <0.05 and ranged from 8.48 to 13.02 mg/g
GAE in aqueous extracts, 10.76 to 16.25 mg/g GAE in
" .
100% FA methanol extracts, and 12.95 to 17.54 mg/g GAE in ethanol
R = Aqueous extracts (Fig. 2a). Among the three extracts, the phenolic
80% FA . . .
2 content was increased by 35.44% in the ethanolic extract
= I —— .
2 60%FA Methanol of Calendula officinalis followed by 51.02% in the metha-
2 100 rs [ E—— nolic extract and 53.53% in the aqueous extract at 60% FA
= - compared to control soil. TFC was calculated as mg Querce-
20% FA Lo u Ethanol tin equivalent/g as displayed in Fig. 2b significant increase
c T ————— (P <0.05) in TFC among different leaf extracts of Calendula
ontrol — . . .
officinalis was observed, ranging from, and 9.68 to 20.62 mg
0 20 40 60

Leaf Extract (%)

Fig. 1 Percentage of the total amount of extracted yield of leaf (etha-
nol, methanol and aqueous) extract of Calendula officinalis grown in
different treatments of soil and FA

Phytochemical Analysis

For this study, three different extracts (ethanol, methanol,
and aqueous) from leaves of Calendula officinalis were
evaluated for phytochemical constituents. The results
revealed that the leaf extract of Calendula officinalis is a
rich source of alkaloids, flavonoids, coumarins, flavonoids,
phenols, tannins, glycosides, steroids, and triterpenoids
(Table 2). Saponins and phylobatannins are only present
in methanol and aqueous extract while anthraquinones are
present only in aqueous extract. In this study, methanol
extract showed to be a good solvent system for extract-
ing a wide variety of phytoconstituents from Calendula
officinalis leaves.

Estimation of Total Phenolic Content (TPC)
and Flavonoid Content (TFC)

Results displayed that TPC in extracts, expressed in gallic
acid equivalents (GAE)/g dry weight of the plant, varied
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QE/g for aqueous extracts, 10.51 to 23.75 mg QE/g for meth-
anol extracts, 11.84 to 30.8 mg QE/g for ethanol extracts.
Among three extracts, the flavonoid content was found to
be maximum by 1.6-fold in ethanolic extract followed by
methanol (1.25-fold) and aqueous extract (1.13-fold) at 60%
FA treatment compared to control. However, there was a
decrease in phenolic and flavonoid content at high applica-
tions (80% and 100% FA), which could be attributed to the
increasing concentration of heavy metals (Ni, Cd, Co, Cu,
and Zn). In the current study, ethanol extract was a good
solvent for the phenolics and flavonoid components from
plant leaves.

Data denotes mean + SD (n=3). Significant differences
were observed at P <0.05 as compared to the control (One
way ANOVA followed by Tukey test using SPSS Version
22). Letters marked by different letters above the bar are
significantly different.

DPPH Free Radical Scavenging Activity

The DPPH free radical scavenging activity of three differ-
ent extracts of Calendula officinalis leaves grown in vari-
ous soil and FA treatments was determined in Fig. 3a. In
this study, the DPPH activity was found to be decreased
with increased FA application up to 60% FA treatments but
increased at high FA application (80% and 100% FA). The
ICy, value (the amount of antioxidants required to reduce
the concentration of DPPH by 50%) is inversely associated
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Fig.3 a DPPH (ICs, pg/ml), b FRAP (mm Fe (II)/g of extract),
and ¢) ABTS (ICs, pg/ml) assay of Calendula officinalis leaf (etha-
nol, methanol, and aqueous) extracts grown in different treatments
of soil and FA. Data represent mean+SD (n=3). Significant dif-

with the increased antioxidant compound. The extract pos-
sesses a low ICs, value indicating more antioxidant power.
The aqueous extract demonstrated elevated DPPH inhibition
concentration (ICy,) of plant extract followed by methanol
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ferences were observed at P <0.05 as compared to the control (One
way ANOVA followed by Tukey test using SPSS version 22). Letters
marked by different letters above the bar are significantly different

and ethanol extract. For DPPH inhibition, the ICs, values of
ethanol extract ranged from 10 to 100 pg/ml, 50 to 150 pg/
ml for methanol extract, and 70 to 380 pg/ml for aqueous
extract (Fig. 3a). The lowest ICy, was found in the ethanolic
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extract (82.67%), followed by methanol extract (60.75%),
and aqueous extract (60.75%) of Calendula officinalis at 60%
FA treatment compared to their control plants. The ethanol
extract possesses the lowest ICy, value in all soil and FA
treatments.

Ferric Reducing Antioxidant Power (FRAP) Assay

Three leaf extracts (ethanol, methanol, and aqueous) of
Calendula officinalis cultivated in all FA treatments were
subjected to FRAP assay to evaluate the reducing power
which causes reduction of Fe** to Fe?* form (Fig. 3b). A sig-
nificant difference (P <0.05) in FRAP values was observed
in all leaf extracts of Calendula officinalis cultivated in vari-
ous treatments of soil and FA. From the results obtained, the
ethanol leaf extract of Calendula officinalis grown in 100%
FA treatment produced a maximum FRAP value (0.52-fold)
followed by methanol (0.41-fold) and aqueous extract (0.58-
fold) with respect to their control plants (Fig. 3b).

ABTS or Trolox Equivalent Antioxidant Capacity
(TEAC) Assay

All three-leaf extracts of Calendula officinalis grown in
varied soil and FA treatments were tested for ABTS radi-
cal scavenging activities. (Fig. 3¢). In the present study, the
aqueous extract possesses IC, value ranging between 45 and
90 pg/ml, methanol extract ranged between 25 and 50 pg/
ml and ethanol extract ranges between 25 and 50 pg/ml
(Fig. 3c). The ethanol extract exhibited the maximum ABTS
scavenging activity compared to the other two extracts. The
lowest IC5, was observed in the ethanolic extract (31.87%),
followed by methanol extract (43.74%), and aqueous extract
(44.70%) of Calendula officinalis at 60% FA treatment com-
pared to their control plants.

Antioxidant Enzyme Activity

In the current study, the antioxidant enzyme activities of
leaf (ethanol, methanol, and aqueous) extracts of Calendula
officinalis exhibited significant variations under different
FA treatments compared with control soil. The inflection
of antioxidant enzymes originates from their enhanced
activity to resist oxidative stress produced in plant tissues.
For instance, the ethanol extract of Calendula officinalis
obtained from 100% FA application showed increased SOD
activity by 3.13-fold compared to plants grown in control
soil to detoxify superoxide radicals that were probably
induced by FA exposure. The aqueous extract of Calendula
officinalis obtained from 100% FA treatment showed rela-
tively modest levels of SOD activity compared to ethanol
and methanol extract in all soil and FA treatments (Fig. 4).
APX and POD activity also displayed a similar pattern, the

plants grown in 100% FA showed relatively increased
enzyme activity when compared to plants grown in control
soil, suggesting an increase of 4.14-fold, and 1.77-fold in
APX and POD activity, respectively (Fig. 4). The activity
of enzymes like CAT was significantly increased (P <0.05)
in plants exposed to a high level of FA (100% FA). The
activity of CAT in the ethanolic extract of Calendula offici-
nalis at 100% FA was increased by 3.88-fold compared to
control plants. In contrast, a significant increase in protein
content by 0.93-fold, 0.82-fold, and 2.32-fold respectively in
ethanolic, methanolic and aqueous extract was observed at
60% FA application in comparison to control plants (Fig. 4).
However, a significant drop of 10.77%, 23.24%, and 6.52%
in ethanol, methanol and aqueous extract of Calendula offici-
nalis was seen in the protein content at high FA (100% FA)
application.

Multivariate Statistical Analysis (PCA
and Correlation Analysis)

Pearson's correlation plot was used to evaluate the correla-
tion of phytochemical contents (TPC and TFC), enzymatic
antioxidants (CAT, SOD, APX, POD, Protein content), and
non-enzymatic antioxidants (DPPH, FRAP, and ABTS) with
the concentration of metal(loid) in the leaves of Calendula
officinalis (Fig. 5). For this study, correlation analysis of all
the studied parameters was performed on the ethanol extract
(best solvent). The correlation plot is represented in Fig. 5
and the analysis was executed using the mean value of each
variable. The ICy, values of DPPH and ABTS in different
extracts show a negative correlation with all phytochemicals
(TPC and TFC) present in ethanol extract, indicating a posi-
tive relationship between the non-enzymatic antioxidants
and phytochemicals (as ICs, values are inversely correlated
to antioxidant activity). Total phenolic and flavonoids are
positively correlated with enzymatic antioxidants (SOD,
CAT, POD, APX, and protein content). Additionally, all the
studied parameters (TPC, TFC, DPPH, FRAP, ABTS, APX,
SOD, CAT, POD, and protein) are positively associated with
the majority of metal(loid) concentration in the plant leaves.
This suggests that Calendula officinalis can able to survive
at high FA application and mitigate the oxidative stress
caused by high concentrations of heavy metals in FA.
Further, principal component analysis was executed in
determining the relationship between the above-mentioned
phytochemicals and enzymatic and non-enzymatic antioxi-
dant activity, and loading plots and scores are depicted in
Fig. 6. In the factor plane, the biplot created between PC1
and PC2 signified a clear summary of assembling treat-
ments. PC1 displays 63.16% of the variation in the original
data, while PC2 reveals a 26.19% variance. A strong posi-
tive correlation was observed between FRAP activity and
enzymatic antioxidants (SOD, CAT, POD, and APX). The
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Fig.4 Spider-shaped visual plot of a ethanol, b methanol, and ¢
aqueous extract showing changes in antioxidant enzyme activities in
Calendula officinalis leaf grown in different treatments of soil and
FA. The black circle with a radius of 1 cm represents APX, CAT,

combination of 80% FA and 100% FA treatments and 40%
FA and 60% FA treatments are detached from other treat-
ments and are existed in the identical quarter (Fig. 6). These
FA treatments are effectively isolated from the other treat-
ments, according to the biplot, due to the creation of a group
of positively correlated variables, which include factors such
as SOD, CAT, DPPH, FRAP, APX, Mn, As, Fe, and Co in
the same quarter containing 80% and 100% FA treatment
whereas, TPC, TFC, POD, FRAP, protein, Ni, Al, Zn, Ca,
and Cd present in another quarter containing 40% and 60%
FA treatments. This study discovered that the phytoconstitu-
ent and antioxidant activity of leaves of Calendula officinalis
were increased with increased heavy metal concentration at
high FA application to cope with the metal stress in the soil
environment. The connection between phenolics and anti-
oxidant activities is crucial for grouping factors/ variables
based on correlation and understanding how these variables
contribute to the antioxidant activity of plant extracts grown
under various soil and FA treatments.
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POD, protein, and SOD concentration of leaf extracts of Calendula
officinalis. Data are mean+S.D (n=3). APX Ascorbate peroxidase;
CAT Catalase; SOD Superoxide Dismutase; POD- Peroxidase

Discussion

Fly ash (FA) as a soil ameliorant is a rapidly growing and
promising area used in agricultural soil research since it is
utilized as a fertilizer to increase the growth and productivity
of several important crop species (Ahmad et al. 2017). FA is
a source of essential micronutrients for plants including K,
Mg, Ca, Fe, S, etc. FA produced from the coal combustion
process also releases a huge amount of toxic elements, such
as lead (Pb), nickel (Ni), zinc (Zn), and manganese (Mn).
The degree of toxic elements in FA is dependent upon the
mineralogy, combustion process, particle size distribution,
combustion temperature, and extent of weathering of FA
(Gaji¢ et al. 2018). Generally, plants absorb heavy metals
through their roots and concentrate these metal(loid)s at
different plant parts including stems, leaves, and flowers
(Panda et al. 2018). After the roots, the highest accumula-
tion of metal(loid)s occurs in the leaves of the plant. In the
present study, the metal(loid)s concentration in soil and FA
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Fig.5 Pearson correlation coefficient plot to determine the rela-
tionship of total phenolic and flavonoids, protein, enzymatic anti-
oxidants (SOD, CAT, POD, and APX), and non-enzymatic antioxi-
dants (ABTS, DPPH, and FRAP) with metal(loid)s concentration in
leaves of Calendula officinalis grown under different treatments
of soil and FA. Note: blue color indicates a negative correlation,
orange color indicates a positive correlation. The number represents
the Pearson correlation. The darker color represents the strong cor-
relation between variables. Correlation is significant at *P < =0.05;
**P< =0.01; ***P<=0.001. TPC Total phenolic content; TFC
Total flavonoid content; DPPH (2,2-diphenyl-1-picryl-hydrazyl-
hydrate) free radical scavenging activity; ABTS (2,2’-azino-bis (3-eth-
ylbenzothiazoline-6-sulfonic acid) free radical scavenging activity;
FRAP Ferric reducing antioxidant power; CAT catalase; APX Ascor-
bate peroxidase; SOD Superoxide dismutase; POD Peroxidase

treatments and Calendula leaves grown in different treat-
ments of soil and FA was determined. The results of the pre-
sent study showed that FA incorporation in the soil increases
the nutrient availability (Ca, Mg, Zn, Cu, Zn, and Fe) in agri-
cultural soil making it available for plant growth and devel-
opment (Table S1). However, at high (80% and 100%) FA
application, Calendula leaves showed chlorosis and necrosis
which might be due to the accumulation of metal(loid)s (Ni,
Co, Cd, Cr, Cu, As, and Zn) from FA (Table S2). In this
study, Calendula officinalis survived in FA containing a high
concentration of Mg, Ni, Co, Mn, Zn, Ca, Cu, Cd, As, and
Fe (Table S2). Previously, it was observed that the Calen-
dula officinalis can phytoremediate toxic concentrations of
heavy metals (Ni, Co, Cd, and Zn) in FA and survive in
various environmental conditions (Afrousheh et al. 2015).
Similar findings of increased heavy metal concentration in
plant parts due to various FA amendments in soil have been
reported (Alvarenga et al. 2017). Similarly, the increased
concentration of FA leads to impaired growth and develop-
ment of Sida acuta Burm. f. and Cassia tora (L.) Roxb has
also been reported (Panda et al. 2020a).

Fig.6 Principal Component Analysis (PCA) showing loading plots
demonstrating the relationship between phytochemicals, antioxi-
dant activity, and metal(loid)s concentration of leaves of Calendula
officinalis grown under different treatments of soil and FA. TPC Total
phenolic content; TFC Total flavonoid content; DPPH (2,2-diphenyl-
1-picryl-hydrazyl-hydrate) free radical scavenging activity; ABTS
(2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) free radical
scavenging activity; FRAP Ferric reducing antioxidant power; APX
Ascorbate peroxidase; CAT Catalase; SOD Superoxide dismutase;
POD peroxidase

The bioaccumulation factor (BAF) was observed mainly
to understand the accumulation behavior of heavy metals in
the above-ground plant tissues. The BAF value (> 1) reflects
how effectively plant leaves uptake and absorbs metals from
the soil. In Calendula officinalis, a high accumulation of
Fe, Cu, Ni, Co, Zn, and Cr with BAF (> 1) was detected at
40% FA treatment (Table 1). This research indicates that this
plant can be utilized to remediate metals such as Fe, Cu, Ni,
Co, Zn, and Cr from FA, however, the remedial potential was
higher in 40% FA treatment. Thus, it was demonstrated that
plants can serve as a good tool for phytoremediation in the
vicinity of FA. Similar observations were made by Kumari
et al. (2011) that reported increased bioaccumulation of Fe,
Zn, Al, Si, Cu, Pb, Cr, As, and Ni in the Pteris Vittata L
leaves grown in the vicinity of FA. Upadhyay et al. (2021)
observed that 40% FA supplemented with manure was found
ideal for chickpea growth due to the increased value of BAF
and TF (Zn, Fe, and Mn).

Numerous methods were employed to extract and isolate
various phytochemicals from plant parts. Phytochemical
components typically occurred in a very low concentration
in plants. The extraction yield and quality of herbal extracts
were primarily influenced by extraction techniques, phyto-
chemical nature, particle size, composition, solvent nature,
and the presence of interfering substances (Nile et al. 2017).
In this study, soxhlet extraction was used to extract biologi-
cally important components from the leaves of Calendula
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officinalis by using three different solvent systems such as
ethanol, methanol, and water in the order of their increased
polarity. The results in the present study revealed that
Calendula officinalis leaves had the maximum percentage
of extractive potential in the aqueous extract followed by
methanol and ethanol extracts, respectively (Fig. 1). Similar
results were achieved in accordance with previous studies
in which aqueous solvent was shown to be the most effec-
tive solvent for extracting polar chemical components from
a variety of medicinal plants (Adnan et al. 2020; Bohara
et al. 2020). However, the aqueous extract was commonly
used by various researchers for the phytochemical studies
of Calendula officinalis (Kuntal et al. 2019). The polarity
of the solvents employed in the experiment causes consider-
able differences in the dry weight of the extracts and yield
between different organic solvents (Truong et al. 2019).
Medicinal plants belonging to the Asteraceae family are
a source of phytochemical components mainly phenols and
flavonoids which are responsible for therapeutic and medic-
inal properties. The results revealed that methanolic leaf
extract of Calendula officinalis obtained from all soil and
FA treatments confirmed the presence of alkaloids, flavo-
noids, coumarins, flavonoids, phenols, tannin, glycosides,
steroids, and triterpenoids (Table 2). Prior studies related
to the phytoconstituent analysis of Calendula officinalis
reported similar findings in methanolic extracts (Sagar et al.
2014). Individual phytochemical components present in
this species perform a chief role in biological processes; for
instance, flavonoids are known for antioxidant activity, ster-
oids are involved in anti-inflammatory reactions, alkaloids
are responsible for antimicrobial, antispasmodic and anal-
gesic properties, saponins possess antifungal, antioxidant,
antipyretic, and antimicrobial activity (Chatoui et al. 2016).
The presence of a significant number of phytochemical com-
ponents, therefore, confers the medicinal potential of plant
species including antioxidant and antimicrobial activities.
Antioxidant compounds such as phenolic and flavonoid
compounds are abundant in plants. The natural antioxidants
contain hydroxyl groups and are accountable for scavenging
ROS generation. The total phenolic and flavonoid content is
one of the phytoconstituent assessments to understand the
antioxidative potential of the plants. In the present study,
the quantitative analysis of total phenolics and flavonoids
showed that among the three extracts, the phenolic and
flavonoid content was increased in the ethanolic extract of
Calendula officinalis followed by methanolic extract and
aqueous extract at 60% FA compared to control soil (Fig. 2a,
b). However, there was a decrease in phenolic and flavonoid
content at high FA applications (80% and 100% FA), which
could be attributed to the increasing concentration of heavy
metals (Ni, Cd, Co, Cu, and Zn). At a high FA applica-
tion rate, this could have eventually resulted in the disrup-
tion of plant metabolism. The ability of a plant to resist and

@ Springer

control oxidative stress induced by free radicals is deter-
mined by its overall phenolic and flavonoid content (Saeed
et al. 2020). Phenolic compounds containing hydroxyl
groups give off electrons or hydrogen atoms to combat free
radicals, whereas the hydroxyl atom in flavonoids is criti-
cal for scavenging these free radicals (Kerdsomboon et al.
2020). At 100% FA treatment, heavy metals such as Ni, Cd,
Co, Cu, and Zn were present in larger amounts with con-
centrations of 105.63, 47.91, 128.69, 5.23, and 70.01 mg/
kg respectively, which causes enhanced ROS production
and induced cellular damage, resulting in morphological
alterations in the plant (Shakeel et al. 2020). This leads to
the stimulation of the plant antioxidant systems to neutral-
ize these ROS species triggered by heavy metals (Varsh-
ney et al. 2021). Kisa et al. (2016) observed an increase
in phenolic compounds with increased heavy metals (Cd,
Cu, and Pb) concentration in the Zea mays leaves. Cu stress
increased polyphenol and flavonoid content in leaves and
roots of Lycopersicon esculentum Mill. (Badiaa et al. 2020).
According to Chen et al. 2019, increased Cd and Zn concen-
tration resulted in increased generation of TPC and TFC in
the leaves and roots of Kandelia obovate. In relevance to our
findings, antioxidant production, such as phenolic and flavo-
noid compounds decreased when the toxic concentration of
Cd and Zn in the leaves increased. These occurrences could
be stress-related or the manifestation of a stress-response
mechanism adaptation to Cd and Zn accumulation (Sakurai
et al. 2019).

In the present study, the ethanol extract possesses the low-
est IC5, value of DPPH and ABTS in all soil and FA treat-
ments, indicating that the test extract has a great ability to
serve as a free radical scavenger and detoxify ROS generated
by heavy metals in FA (Sonter et al. 2021). Ethanol extract
of leaves grown in 60% FA treatment was found efficient for
successfully scavenging the ROS species and preventing the
plant from oxidative damage caused by heavy metals from
FA (Fig. 3a, c). This increased antioxidant potential (DPPH
and ABTS) from control to 60% FA treatments in the plant
leaves could be due to the increased concentration of phy-
toconstituents, such as total phenolics, and total flavonoids
(Benslama and Harrar 2016). Our findings are in accord-
ance with previous studies that suggest that the amount of
secondary metabolites (phenolics, flavonoids, and saponins)
corresponds to the medicinal plants’ ability to detoxify free
radicals (Turumtay et al. 2014). Our findings are also con-
sistent with the results of Ibrahim et al. 2017 indicating the
enhanced production of TPC, TFC, total saponins, DPPH,
and FRAP activity under Cd and Cu treatment. Excessive
amounts of Cu and Zn can be harmful owing to the genera-
tion of ROS and disproportion in the cellular redox state,
creating deficiency symptoms. Similarly, Haddadi et al.
(2019), observed that the increased levels of Ni, Cu, Mn, Zn,
Cr, and Fe in maize leaves indicated that the heavy (toxic)



Journal of Plant Growth Regulation (2023) 42:5928-5944

5941

metals in cattle manure amended soil are more readily avail-
able to plants causing an increased level of antioxidant activ-
ity (DPPH, FRAP, and ABTS).

In the current study, it was noticed that reducing power
(FRAP value) increases with increasing FA application in
soil (Fig. 3b). The reducing power of a compound/extract
reveals its ability to donate electrons (Kumar et al. 2013).
The increase in antioxidant activity at 100% FA application
might be due to the plant’s tolerance to high heavy metal
content in FA (Varshney et al. 2021). Because the FRAP
assay only detects nonenzymatic (reductants) antioxidants
in a sample, there is an intriguing link between metal con-
centration and the FRAP value obtained, which is true for
all redox metals studied. Antioxidant systems and their
importance in plant adaptation to heavy metal pollution and
climatic challenges have been extensively studied, with a
focus on leaf responses (Gjorgieva et al. 2013; Ibrahim et al.
2017).

Heavy metals in contaminated soil cause the overproduc-
tion of ROS which causes oxidative stress in plants (Bisoi
et al. 2017). Plants have antioxidant defense systems that use
both enzymatic and non-enzymatic antioxidants to control
and scavenge ROS (Qadir et al. 2020). The mitigation of
oxidative damage and enhanced resistance to heavy (toxic)
metal stress due to FA is directly linked to an efficient anti-
oxidant system, and plants with high antioxidant capacity
show less sensitivity to metal toxicity (Randelovic et al.
2016). Plant tolerance potential to FA is directly associ-
ated with an increase in antioxidants to eliminate toxic ROS
(Bisoi et al. 2017). The antioxidant enzyme activity of the
plant Calendula officinalis was assessed to check whether
the leaf part of this plant possesses free radical scavenging
capability generated under oxidative stress conditions trig-
gered by FA containing heavy metals. The present study
showed that all the enzymatic antioxidants (SOD, CAT,
APX, and POD) in leaves of Calendula officinalis increased
significantly with increased FA application in the soil in
all the test extracts (Fig. 4). This increase in antioxidant
enzyme activity in Calendula officinalis could be a reason
for plant response to toxic ROS caused by increased heavy
metals concentration such as Ni, Cd, Co, Cu, and Zn at high
FA application. Zn is a redox-inactive metal that eases the
stress of ROS while also activating the antioxidant pool and
disrupting metabolic equilibrium (Pramanick et al. 2017).
Whereas Cu is needed for various antioxidant enzymatic
activities in preventing oxidative damage to plants but
chronic Cu toxicity can lead to severe intoxication (Padhy
et al. 2016). Heavy metals in FA can produce oxidative stress
in paddy crops, which causes antioxidant enzyme activity to
increase to offset the detrimental effects of oxidative stress
and prevent phytotoxic damage (Singh and Pandey 2012).
The earlier study of Georgiadou et al. (2018) revealed that
the reduction in antioxidant enzyme activity in plant tissues

exposed to excessive Ni might cause the deficiency of essen-
tial metals for the formation of these enzyme molecules.
Several authors have explored innumerable views on various
facets of antioxidant activities from biosynthesis to stress
defense. The results of this study were in agreement with
the earlier findings which indicated an increased antioxidant
enzyme activity of Oryza nivara and Ricinus communis L. at
high FA application (Bisoi et al. 2017; Panda et al. 2020b).
They noted enhanced levels of SOD, GR, and MDA activ-
ity in the plants with an increase in FA application in soil.
SOD is one of the essential enzymes required by plants as an
antioxidant defense system which provides the first level of
defense against oxidative stress. SOD causes the dismutation
of O, into H,0, with the release of molecular oxygen as
a reaction product, which is thereafter eliminated by APX
and CAT activities (Rajput et al. 2021). In addition to CAT,
APX sequest H,0, and this reaction is a vital process for
the ability of plants to withstand combined stress (Zandali-
nas et al. 2017). The considerable increase in APX activity
induced by FA stress shows that H,0O, can be effectively
scavenged under these circumstances. In addition, ascorbate
(AsA) serves as the electron donor for APX to dismutase
H,0, to H,0, with the consequent generation of monode-
hydroascorbate (MDHA), a univalent oxidant of ascorbate
(AA) (Bisoi et al. 2017).

The present study showed that low application of FA in
soil did not trigger oxidative stress in plants whereas high
FA application resulted in a disturbance in plant metabolic
processes, distortion in the cell membrane, and inhibiting
plant growth. In the current study, the same effect was also
detected under high FA application in the form of decreased
protein content (Fig. 4). The decrease in protein content
was detected at high FA application which might be due to
increased protease activity affecting the plant growth and
increased generation of toxic ROS (Panda et al. 2018). It
was previously reported that treatment with increasing doses
of Zn and Cu resulted in a substantial decrease in total pro-
tein content, presumably owing to the breakdown of several
proteins (Duman and Ozturk 2010). Similar findings were
reported in various crop species such as Triticum aestivum,
Oryza nivara, and Cymbopogon citratus (Wang et al. 2014;
Bisoi et al. 2017; Panda et al. 2018). Moreover, a positive
correlation was observed between all the studied parameters
(TPC, TFC, DPPH, FRAP, ABTS, APX, SOD, CAT, POD,
and protein) and the majority of metal(loid) concentration
in the plant leaves (Fig. 5). This suggests that Calendula
officinalis can able to survive at high FA application and
mitigate the oxidative stress caused by high concentrations
of heavy metals in FA.
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Conclusions

The use of FA in agriculture may provide a viable alter-
native for its proper disposal without causing deleterious
effects on the environment. The current study observed that
Calendula officinalis grown in different treatments of soil
and FA showed a promising result and can be tried further
under different field trials up to 40% FA application. In the
current study, it is reported that the high application of FA
causes increased production of TPC and TFC (up to 60%
FA), enzymatic antioxidants (SOD, CAT, APX, POD), and
non-enzymatic antioxidants (DPPH, FRAP, and ABTS) due
to high metal content (Fe, Cu, Ni, Co, Zn, and Cr) in FA.
The activation of various antioxidative enzymes in Calen-
dula officinalis under high FA application suggests that this
plant can withstand oxidative stress. Based on the higher
BAF value (> 1), this research indicates that Calendula offic-
inalis can be utilized to remediate metals such as Fe, Cu, Ni,
Co, Zn, and Cr from FA, however, the remedial potential was
higher in a low dose of FA (40% FA) amended soil. Calen-
dula officinalis possess a wide variety of medicinal proper-
ties, therefore a future investigation is required to evaluate
the bioactive components under FA treatments. It may be
concluded that there is sufficient scope for the safe utiliza-
tion of FA in the long-term growth of medicinal plants, as
well as its prospective application in the phytoremediation
of heavy metal-polluted soil. However, optimization of FA
doses will need extensive field or pot trials and may vary
depending on soil type, source of FA, and plant species.
Furthermore, the long-term influence of FA treatment on
soil quality and the environment should be carefully studied.
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