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Abstract. The contamination with heavy metals in the whole biosphere, especially in soil, is accountable for
most of the adverse consequences influencing the prosperity of fauna and flora. A pot experiment was
constructed to investigate the effects of Copper (Cu) with and without combinational supplements of organic
amendments (OAs) [cow dung, citric acid and amino acid (L-glutamine)] on various physiological and
biochemical parameters of Withania coagulans. The peat moss soil was treated with two concentrations of Cu
[TCuy and TCu, (10 mM, 15 mM)] alone and/or with organic amendments [cow dung (10 g, 15 g), citric acid
(05 mM, 10 mM), and amino acid (05 mM, 10 mM)]. After four weeks, the results revealed that a higher
concentration of Cu significantly reduced the plant agronomic traits by 31% (Number of leaves), 17% (Shoot
length), 24% (Root length), 19% (Fresh weight), and 35% (Dry weight), whereas photosynthetic pigments by
34% carotenoids, 33% chlorophyll a (chl a), and 16% chlorophyll b (chl b) compared to control. Moreover, it
was noticed that the combination of organic amendments alleviates the negative effects of a higher
concentration of Cu on agronomic traits and photosynthetic pigments of a tested plant. To counteract the
oxidative damage caused by the higher concentration of copper, the additional supplements of organic
amendments improved the physiology of the plant and increased the activities of antioxidant enzymes. Our
findings showed that higher doses of Cu had an impact on the agronomic and biochemical characteristics of
Withania coagulans, whereas the addition of organic amendments alleviated that impact of Cu.
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1. Introduction

Soil health is an essential requirement for agricultural sustainability. Presently, agricultural soil
is subjected to maximum exploitation by various contaminants that have harmful effects on
living organisms and ultimately on human health ©1. Soil contamination refers to the presence
of chemical or harmful substances out of place or present at a higher concentration that
unfavorably affects any living being 2. Among the various pollutants, heavy metals (HMs) are
maximally deteriorating soil health and are posing a serious threat due to their persistent nature
in the e[n]vironment, via flowing through the food chain and causing carcinogenicity to human
beings B,

Within heavy metals (HMs), copper (Cu) is one of the eight micronutrients that are
essential to plant growth and are engaged in a variety of physiological and biochemical
processes in plants. As a cofactor for several enzymes, such as laccase, cytochrome c oxidase,
polyphenol oxidase, amino oxidase, copper/zinc superoxide dismutase (Cu/Zn-SOD), and
phycocyanin, copper (Cu) plays an essential role in adverse settings (. Cu is also linked to
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signal modulation, protein trafficking, oxidative phosphorylation, and the metabolism of iron
and lipids Bl. Therefore, Cu is a nutrient necessary for plants to have a proper metabolism.
Plants grown in surroundings deficient in Cu display several abnormal characteristics, including
stunted growth and reproductive development, twisted young leaves, and insufficient water
transport (61, Cu is necessary for laccase, polyphenol oxidase, Cu/Zn-SOD, ethylene receptor,
and other multicopper oxidases 1. A subset of the copper oxidase family, including cell wall-
attaching amine oxidase enzymes, catalyses the oxidation of putrescine to produce hydrogen
peroxide (H202), an essential compound for lignification, protein cross-linking in cell walls,
and programmed cell death [, H,0 is a signaling molecule involved in many physiological
and biochemical processes. These processes include photosynthesis, senescence delay, cell wall
strengthening, plant growth and development, stress tolerance and resistance, and stomatal
movement 41,

Overly high concentrations of Cu in plants have an adverse effect on their growth, induce
leaf chlorosis, and result in cytotoxicity [**. The acceptable copper level in food crops is 30 mg
kg~*. Additionally, plants that contain too much copper experience oxidative stress due to the
production of reactive oxygen species (ROS) that are detrimental to the plants [*?1. Superoxide
dismutase and peroxidase are essential for scavenging reactive oxygen species (ROS) from
plants and lowering Cu toxicity in those plants [*31. Lipid peroxidation-induced oxidative stress
damages vital macromolecules and disrupts multiple metabolic pathways 4. Cu level and
growth environment are the main determinants of Cu uptake and transport in plants ™I,
However, their concentration in cells must be maintained low since elevated Cu induces
modifications in DNA, photosynthesis, cell membrane integrity, enzyme activity, and
respiration, which reduces growth and affects plant survival [®1. The most common sign of
significant Cu stress in plants is a decrease in plant biomass [“1.

Continuous attempts have been made to build technologies that are easy to use,
sustainable, and economically viable to conserve good soil and water quality and are free from
contamination (71, Presently, phytoremediation has turned into a powerful, naturally effective,
and technical solution used to extract metal contaminants 1. Many soil factors affect the
phytoavailability of metals; among these, organic matter has the greatest impact because it
affects other physical and chemical aspects of the soil **l. Furthermore, organic amendments
enhance the physio-chemical characteristics of soil, promote plant development, and aid in the
re-vegetation of contaminated soils 2. Many plant species have been described and checked
for their characteristics in the processing and accumulation of various heavy metals 21,
Withania somnifera can accumulate 764-944 mg of lindane per acre after 145-days of
cultivation 221, In this study, it was evaluated the negative effects of Cu on Withania coagulans
under the combinational supplements of various organic amendments (cow dung, citric acid,
and amino acid [L- glutamine]).

The medicinal plant W. coagulans, which is a member of the Solanaceae family, has
demonstrated encouraging results in treating several disorders in models of pathological
conditions in humans and animals. The phytochemicals found in W. coagulans seeds are
important for medicine and have a big effect on a lot of different biological processes. One class
of phytochemicals with antibacterial, anti-inflammatory, and anti-allergic qualities is
flavonoids. It may also scavenge lipid peroxy radicals, hydroxyl radicals, and superoxide anions
(231 Like this, alkaloids are beneficial substances since they exhibit plant sensitivity to predators
and parasites.
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These also have the effect of reducing cholesterol. According to published reports,
alkaloids can occasionally cause cancer 4. Glycosides also exhibit hypoglycemia action.
While tannins can scavenge free radicals and can exhibit spasmolytic effects in smooth muscle
cells, glycosides are often hazardous because they lower heart rate, sympathetic activity, and
systemic vascular resistance 231,

2. Materials and Methods

Withania coagulans Dunal, also known as Puneeria coagulans Stocks, was chosen as the
test plant species for this study. W. coagulans seeds that were viable were imported from
Pakistan's Khyber Pakhtunkhwa province and recognized by a taxonomist at King Abdulaziz
University of Jeddah's Department of Biological Sciences, Faculty of Science. Before planting,
the seeds underwent a three-minute immersion in 0.1% mercuric chloride (HgCl.) and were
thoroughly cleaned with double-distilled water (DDW). The pots were designed in a
randomized manner. The pots were filled with 500 g (per pot) of peat moss soil. The viable
seeds (3 seeds per pot) were sown in each pot and were irrigated with 30 ml (per pot) of DDW
daily. The seeds germinated after one week of sowing. The young plants were irrigated with
Hoagland's solution during the study period (28 days).

Copper was chosen as heavy metal in the form of copper sulfate pentahydrate
(CuS0,.5H,0). CuS0,. 5H,0 was dissolved in 1000 ml distilled water to make stock solutions
and given in two concentrations 10 mM and 15 mM. While organic amendments (OAS) i.e.,
citric acid and L-glutamine were given in 05 mM and 10 mM solution, and cow dung was given
in 10 g and 15 g concentrations. Following a 14-day treatment period, every plant in each
treatment group was picked independently and packaged for additional analysis. To create a
composite sample of each treatment, the matching triplicate of each was combined.

2.1 Assessment of the Agronomic Features

The number of leaves, root-shoot lengths, and fresh-dry weights of the plant are all
examples of plant agronomic characteristics [2°1. After using a simple electrical equilibrium
machine to estimate plant new biomass, the plant samples were left to dry at 72 °C for two days
to measure dry weights.

2.2 Estimation of Photosynthetic Pigments

After the fresh leaves were crushed, 0.5 g of the leaves from each treatment were obtained
to determine the quantities of chlorophyll-a, b, and carotenoids. The test materials were
properly crushed using a mortar and pestle. Ten milliliters of 80% acetone were mixed with the
relevant samples, and the mixture was centrifuged at 5,000 g for ten minutes. The absorbance
of the pertinent pigments was determined using a spectrophotometer (UV-1900) at 663, 645,
and 470 nm 271,

2.3 Estimation of Proline Concentration

Using the following method, the proline content was calculated. Ten milliliters of liquid
nitrogen containing three percent sulfosalicylic acid were used to shatter five grams of fresh
leaf samples. For fifteen minutes, the sample was centrifuged at 11,500xg. Two milliliters of
the filtered material were combined with two milliliters of glacial acetic acid and ninhydrin.
Toluene (4 ml) was added after the mixture was incubated for 60 minutes at 100°C. 520 nm
was the OD taken. Proline content was measured as pg/g FW based on a standard curve [281,
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2.4 Estimation of Total Phenol Concentration (TPC)

The TPC was determined by applying the following methodology 2. After blending 100
ul of Folin-Ciocalteu reagent with 850 ul of methanol, 50 pl of the methanolic residue was left
to settle at the proper temperature for five minutes. Subsequently, 500 pl of 20% sodium
carbonate was introduced, and the mixture was left to react for half an hour. The absorbance at
750 nm was computed. To determine the TPC, the ODs of known gallic acid concentrations
were measured and utilized to create a standard curve. The TPC was measured in gallic acid
equivalent (g kg FW).

2.5 Estimation of Total Flavonoids Concentration (TFC)

The following technique was employed to estimate TFC %1, 250 pl of methanolic residue
was mixed with 75 pl of NaNO: (5%) solution and 1.25 ml of deionized water. After being kept
for six minutes, the liquid was mixed with 150 pl of a 10% aluminum chloride solution and 0.5
ml of a 1 M sodium hydroxide. Just five minutes later, the mixture was mixed with 275 pl of
deionized water. The absorbance of the solution was measured at 510 nm. TFC was calculated
using a standard curve with known catechin concentrations, and the flavonoid content was
represented by g kg FW catechin equivalent.

2.6 Estimation of Antioxidant Enzymes in Leaves
2.6.1 Crude extract

To create a combination, two grams of leaf material that had been taken from each
treatment were crushed using buffer for tris—HCI (20 mM, pH 7.2). The mixture was centrifuged
at 10,000 rpm for ten minutes. 4°C was set as the fixed temperature. For the antioxidant enzyme
assay, the supernatant was maintained at -20 °C.

2.6.2 Polyphenol oxidase activity (PPO)

The PPO was estimated using the method described 3. The PPO activity was determined
with catechol serving as the substrate. 0.2 ml of the extract was quickly added to 2.8 ml of the
substrate (20 mM) solution that had been prepared in 0.01 M BPS (pH 6.8). The OD was
measured at 400 nm and recorded for three minutes using a spectrophotometer. The enzyme
activity was expressed as the rate at which the enzyme modifies the OD by 0.1 per minute.

2.6.3 Peroxidase activity (POD)

The POD activity was computed utilizing the following methods 2. 0.08 ml of 0.5 M
guaiacols, 0.25 ml of 0.2 M BPS (pH 5.5), 0.008 ml of 0.97 M H20., and the least amount of
catalyst formed the reaction mixture. The spectrophotometer was used to measure the OD value
fluctuation at 470 nm for one minute. The number of enzymes that altered the OD at a pace of
1.0 nm per minute under standard test conditions was used to describe the activity of the
enzyme.

2.6.4 Catalase activity (CAT)

The methodology used to estimate CAT activity was followed B3I, A 2-milliliter substrate
solution contained 0.5 milliliter of the plant extract and 25 millimeters of H202 in a 75-milliliter
phosphate buffer solution (pH 7.0). A spectrophotometer was used to measure the OD for one
minute at 240 nm. The enzyme activity for the other antioxidant enzymes was ascertained using
prior references.
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2.6.5 Statistical analysis

The experimental data was analyzed in a randomized design with three copies of each
treatment using analysis of variance (ANOVA). The statistical programming tool SAS (SAS
Institute Inc., 2000, Cary, NC, USA) was utilized for this. The Tukey test was applied to
compare the mean values using one-way ANOVA, with a P value of P < 5%.

3. Results
3.1 The Effect of Organic Amendments on the Agronomic Traits of W. Coagulans under Cu-Stress

Higher concentration of copper (TCu,) significantly inhibited the morphological
characteristics of Withania coagulans by 31% (Number of leaves), 17% (Shoot length), 24%
(Root length), 19% (Fresh weight), and 35% (Dry weight) compared to control. On the other
hand, the application of combinational supplements of organic amendments (OAs) reduced the
adverse effects of TCu, on agronomic features and greatly enhanced the morphological
characteristics of Withania coagulans. In contrast to TCu_2 alone, the inclusion of amendments
along TCu: greatly increased the following metrics: 16% (Number of leaves), 9% (Shoot
length), 18% (Root length), 50% (Fresh weight), and 59% (Dry weight). The impact of a lower
concentration of copper (TCuy) has improved the agronomic traits of the tested plant
significantly as compared to the control: 32% (Number of leaves), 18% (Shoot length), 27%
(Root length), 42% (Fresh weight), and 44% (Dry weight). Furthermore, TCu; with OAs
compared to control has more significantly improved the morphological traits by 48-60%
(Number of leaves), 35-53% (Shoot length), 48-66% (Root length), 53-61% (Fresh weight),
and 80-95% (Dry weight) as shown in Fig.1.

3.2 The Effect of Organic Amendments on the Content of the Photosynthetic Pigment in
Leaves of W. Coagulans under Cu-Stress

Comparing TCu to control, photosynthetic pigments showed a significant reduction,
followed by Chl a (33%), Chl b (16%), and carotenoids (34%). In contrast, TCu; showed a
significant improvement in photosynthetic pigments, with Chl a (6%), Chl b (12%), and
carotenoids (41%), showing an increase over control. The significant improvement of
photosynthetic pigments under OAs with TCu,, is as Chl a (6%), Chl b (15%), and Carotenoids
(67%) compared to TCu, alone. Moreover, TCu; with OAs significantly improved Chl a 10-
14%, Chl b 32-41%, and Carotenoids 153-171%. In our study, it was noted that the increase in
the concentration of OAs resulted in the alleviation of copper-induced stress and a significant
increase in the concentration of photosynthetic pigments (Fig. 2).

3.3 The Effect of Organic Amendments on the Proline Content of W. coagulans under Cu-
Stress

TCu, significantly increased the concentration of proline in the tested plant by 209% as
compared to the control, whereas there were no significant between TCu, alone and with
amendments and control. The concentration of proline in the tested plant due to the negative
impact of TCu, was alleviated by combinational supplements of OAs which were followed by
108-98% as compared to TCu, alone (Fig.3).
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Fig. 1. The effect of organic amendments on the agronomic traits of W. coagulans under Cu-stress. (A) The number of
leaves, (B) Shoot length, (C) Root length, (D) Fresh weight per plant, (E) Dry weight per plant. The Tukey test
indicates that values with different letters are substantially different at P < 0.05. Vertical bars show the + SD of
means for three replicates.

Keys; T: Treatment, Cu: Copper, Cd: Cow Dung, Ca: Citric Acid, Aa: Amino Acid, Cua: first conc. of copper (10 mM),
Cuz: second conc. of copper (15 mM), Cdq: first conc. of cow dung (10 g) Cdz: second conc. cow dung (15 g), Cau:
first conc. of citric acid (05 mM), Caz: second conc. citric acid (10 mM), Aau: first conc. of amino acid (05 mM), Aaz:
second conc. of an amino acid (10 mM)

3.4 The Effect of Organic Amendments on the Antioxidant Content of Leaves of W.
Coagulans under Cu-Stress

Total phenol content (TPC) in leaves was significantly higher in the tested plant grown
in TCu, which was as follows: 168% as compared to the control. However, the application of
OAs along TCu, resulted in relatively low values of TPC: 93%, indicating the alleviation of
copper-induced stress (Fig.4). The total flavonoid content (TFC) in leaves was substantially
higher (217%) in Withania coagulans grown in TCu, soil compared to the control (Fig.4). On
the other hand, the addition of OAs mitigates the effect of TCu, and reduced significantly TFC
by 110% compared to TCu,. The increase in flavonoid content of plants grown in the
contamination might be a defense mechanism for plants against abiotic stresses. There was no
significant between TCu, alone, with OAs, and control (Fig.4).

3.5 The Effect of Organic Amendments on the Antioxidant Enzymes Activity of Leaves of W.
Coagulans under Cu-Stress

In contrast, the addition of OAs with TCu. significantly reduced the activities of
antioxidant enzymes by 35%, 158%, and 211%, compared to TCu> alone. This was observed
in our study where the activities of antioxidant enzymes, namely polyphenol oxidase (PPO),
peroxidase (POD), and catalase (CAT), were observed to be significantly increased under TCus,
as compared to control: PPO; 77%, POD; 220%, and CAT; 267%. Furthermore, compared to
control, the activities of antioxidant enzymes were considerably increased by 33-7%, 93-71%,
and 155-123% with TCuz alone and in combination with OAs.



Combinational Supplements of Organic Amendments Alleviate Copper-Induced Stress ... 45

=
=)
7

= g
8.
o ey
S o
g £
& 2
> B
[=% Q
2 e
5 =
= c
G G
3 > ~ 9 ™ v > v
O DY DY DY OV Y O Q > N ™
R I P & A o o
© Y ¥ © T o o o
&P P F PP
I e S L 1 I A L 12
&S IS H &S S
Treatments Treatments
=
w
=2
(=2
E
12}
=
o
c
2
(S
]
(8]
S
< \aliN\s
< < (@) (@)
)
Treatments

Fig. 2. The effect of organic amendments on the content of the photosynthetic pigment in leaves of W. coagulans under

Fig. 3.

Cu-stress. (A) Chlorophyll a, (B) Chlorophyll b, (C) Carotenoids. The Tukey test indicates that values with
different letters are substantially different at P < 0.05. Vertical bars show the + SD of means for three replicates.

Keys; T: Treatment, Cu: Copper, Cd: Cow Dung, Ca: Citric Acid, Aa: Amino Acid, Cua: first conc. of copper (10 mM),
Cuz: second conc. of copper (15 mM), Cdi: first conc. of cow dung (10 g) Cda: second conc. cow dung (15 g), Cau:
first conc. of citric acid (05 mM), Caz: second conc. citric acid (10 mM), Aau: first conc. of amino acid (05 mM), Aaz:
second conc. of an amino acid (10 mM)

1.59

Proline (nmol/g FW)

Treatments

The effect of organic amendments on the proline content of W. coagulans under Cu-stress. The Tukey test
indicates that values with different letters are substantially different at P < 0.05. Vertical bars show the £+ SD of
means for three replicates.

Keys; T: Treatment, Cu: Copper, Cd: Cow Dung, Ca: Citric Acid, Aa: Amino Acid, Cua: first conc. of copper (10 mM),
Cuz: second conc. of copper (15 mM), Cda: first conc. of cow dung (10 g) Cdz: second conc. cow dung (15 g), Cau:
first conc. of citric acid (05 mM), Caz: second conc. citric acid (10 mM), Aau: first conc. of amino acid (05 mM), Aaz:
second conc. of an amino acid (10 mM)
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Fig. 4. The effect of organic amendments on the antioxidant content of leaves of W. coagulans under Cu-stress. (A) Phenol,
(B) Flavanoids. The Tukey test indicates that values with different letters are substantially different at P < 0.05.
Vertical bars show the + SD of means for three replicates.

Keys; T: Treatment, Cu: Copper, Cd: Cow Dung, Ca: Citric Acid, Aa: Amino Acid, Cua: first conc. of copper (10 mM),
Cuz: second conc. of copper (15 mM), Cd1: first conc. of cow dung (10 g) Cd2: second conc. cow dung (15 g), Cau: first
conc. of citric acid (05 mM), Caz: second conc. citric acid (10 mM), Aau: first conc. of amino acid (05 mM), Aaz: second
conc. of an amino acid (10 mM)
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Fig. 5. The effect of organic amendments on the antioxidant enzymes activity of leaves of W. coagulans under Cu-stress.
(A) PPO, (B) POD, (C) CAT. The Tukey test indicates that values with different letters are substantially different
at P < 0.05. Vertical bars show the + SD of means for three replicates.

Keys; T: Treatment, Cu: Copper, Cd: Cow Dung, Ca: Citric Acid, Aa: Amino Acid, Cuu: first conc. of copper (10 mM),
Cuz: second conc. of copper (15 mM), Cdi: first conc. of cow dung (10 g) Cda: second conc. cow dung (15 g), Cau:
first conc. of citric acid (05 mM), Caz : second conc. citric acid (10 mM), Aau: first conc. of amino acid (05 mM), Aaz:
second conc. of an amino acid (10 mM)

4. Discussion

This study determines the efficacy of Withania coagulans in conjunction with organic
amendments (OAs) and assesses the effects of higher copper (Cu) contents. Previous studies
found that heavy metal intake inhibited plant growth by preventing food absorption and
inhibiting all metabolic processes *4. Our study revealed that a high concentration of Cu-
induced stress had a significant effect on the growth of Withania coagulans. Still, the stress
caused by Cu was reduced by the addition of OAs. Spinach exposed to OAs absorbs more
essential nutrients and less heavy metals %, OAs cause spinach's cadmium to become
immobile B8, Citric acid (CA) applied as an organic amendment considerably lessened the
chromium-induced inhibition of plant growth 7381, Other researchers have observed similar
results in Helianthus annus, Brassica napus, Oryza sativa, and Sorghum bicolor, especially in
tall fescue and Kentucky bluegrass, effectively attenuating the adverse effects of heavy metals
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[39-441 Previous research has shown that this boost in plant growth may be the result of plants'
phyto-chelation (PC) of hazardous metals “°l. Numerous components of cells, including
proline, can increase the activity of cellular enzymes and improve their capacity to remove
heavy metals from the body. Additionally, it has been found that organic acids strengthen plants'
defenses against stress from heavy metals 461,

Leaf chlorosis, which is brought on by damage to chlorophyll pigments, is one typical
adverse consequence of heavy metal stress. The examined plant cultivated with lower levels of
contamination had leaf contents that were noticeably higher than those of the plant grown with
higher levels of contamination, according to our findings. The results of earlier research
demonstrated that lower levels of contamination resulted in lower quantities of chlorophyll-a
and chlorophyll-b in leaves are in line with these findings 7%, Moreover, studies have
demonstrated that in contaminated environments, heavy metals decrease plants' photosynthetic
efficiency, which causes the leaves of plants to lose their carotenoids and chlorophyll 3. The
amount of carotenoid in the leaves of a plant cultivated with a greater concentration of Cu was
significantly lower. There was a discernible decrease in carotenoids. The carotenoid content of
leaves was higher at 0.36 mg/g FW and significantly lower in contaminated Uniben Woods
forest at 0.006 mg/g FW 52, Similarly, as compared to contaminated areas, the non-polluted
zone has a higher carotenoid concentration, according to studies by 759 In our experiment,
we found that a rise in OAs concentration was associated with a decrease in stress caused by
copper and an increase in the concentration of photosynthetic pigment (Fig. 2). The addition of
biochar increased the concentration of photosynthetic pigments even in the presence of heavy
metals %1, Adding charcoal and OAs can lessen the stress brought on by metals 41,

The plant under examination has significantly more proline in its leaves due to growing
in a higher proportion of soil contaminated with copper. These results are in line with those of
other researchers 5% who discovered that proline concentrations in Eucalyptus sp. and
Mangifera indica rose due to stress produced by metals. Furthermore, some plant species had
noticeably higher proline concentrations in their leaves, suggesting that these plants have
defense mechanisms in place when they are stressed by heavy metals . OAs enhance plants'
metabolic systems and reduce cadmium absorption 581,

Triticum aestivum exposed to heavy metal stress showed an increase in the concentration
of non-enzymatic antioxidants when coupled with Bacillus sp. and citric acid (CA) chelate 5,
More Cu administered to the plant increased its cellular total phenol content (TPC), which is in
line with research, that indicated test plants growing in metal-contaminated soil had noticeably
higher TPC concentrations 6%, A plant cultivated in soil infused with copper showed a notably
greater total flavonoid content (TFC) in its leaves when compared to the control (Fig. 4).
Increasing TFC content in plants is a result of increased metal concentration in the growing
medium Y. The leaves of the Erica andevalensis species show a much higher TFC content
when grown under cadmium stress 62, Plants grown in polluted areas may increase the amount
of flavonoids in their leaves as a means of defending against abiotic stresses [,

In our study, we found that a plant growing with a greater concentration of Cu had
noticeably more antioxidant enzymes. In the presence of heavy metal toxicity, plants'
antioxidant defense mechanism is activated, and reactive oxygen species (ROS) are generated
[646%  Heavy metals may trigger the expression of genes that code for stress-response proteins
including metallothionein and phytochelatins, as well as the activity of antioxidant enzymes
that scavenge reactive oxygen species [®®l. The current work suggests that comparable tolerance
mechanisms in Withania coagulans might also become activated in response to high Cu
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concentrations. Heavy metal stress affects PPO activity in meadow-fescue and Trifolium leaves
(671, Higher levels of cadmium and mercury stimulate the activity of antioxidant enzymes in the
leaves of Raphanus sp [*?1. According to scientific evidence, plants under heavy metal stress
have much higher catalase activity levels [¢8],

5. Conclusion

High amounts of copper (Cu) significantly diminish the morpho-physiological and
biochemical traits of Withania coagulans. The development of Withania coagulans is regulated
by increasing the activity of antioxidant enzymes when organic amendments (OAs) and Cu are
combined. Higher dosages of Cu had a more detrimental effect than the other treatments.
Furthermore, as shown in Fig. 1, the morphological characteristics of Withania coagulans
considerably enhanced with the addition of OAs. For instance, the addition of amendments
along with a higher concentration of Cu significantly improved the morphology of Withania
coagulans, as evidenced by measurements of 16% (number of leaves), 9% (shoot length), 18%
(root length), 50% (fresh weight), and 59% (dry weight). Enhancing the agronomical and
biochemical condition of this plant is one way that OAs help it adapt to Cu stress. Because OAS
are widely accessible and reasonably priced, they provide a reasonable approach to mitigating
the environmental risks associated with heavy metal-contaminated soils in situations when
money is insufficient for effective remediation efforts. Our findings acknowledge the
advantages of using OAs in the phyto-stabilization approach.
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