
Page 1/23

Melatonin alleviates cadmium phytotoxicity through
regulation of growth, photosynthesis and
antioxidant potential in two pepper genotypes
Muhammad Saqib 

Bahauddin Zakariya University Sub-Campus Layyah
Umbreen Shahzad 

Bahauddin Zakariya University Sub-Campus Layyah
Sa�na Naz 

Bahauddin Zakariya University
Azhar Abbas 

Bahauddin Zakariya University Sub-Campus Layyah
Shah Jahan 

Bahauddin Zakariya University Sub-Campus Layyah
Rabia Shahid 

Hainan University
Muhammad Mohsin Altaf 

Hainan University
Zakia Abid 

Bahauddin Zakariya University Sub-Campus Layyah
Rahul Kumar Tiwari 

ICAR-CPRI: Central Potato Research Institute
Milan Kumar Lal 

ICAR-CPRI: Central Potato Research Institute
Muhammad Ahsan Altaf  (  ahsanaltaf@hainan.edu.cn )

Hainan University

Research Article

Keywords: pepper growth, melatonin, photosynthesis, antioxidant, chlorophyll content

Posted Date: June 2nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1651489/v1

https://doi.org/10.21203/rs.3.rs-1651489/v1
mailto:ahsanaltaf@hainan.edu.cn
https://doi.org/10.21203/rs.3.rs-1651489/v1


Page 2/23

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://creativecommons.org/licenses/by/4.0/


Page 3/23

Abstract
Heavy metal contamination has severely hampered worldwide crop productivity. Cadmium (Cd) pollution
is one of the most important environmental and agricultural soil challenges facing the world today, and it
is mostly caused by human activity. The current research examines the potential effect of melatonin (ME)
in alleviating Cd toxicity in pepper (Capsicum annuum L) seedlings. Cd stress reduced the growth traits,
pigments molecules, and gas exchange elements, but increased phenolic content, hydrogen peroxide
(H2O2), malondialdehyde (MDA) content and activities of superoxide dismutase (SOD), catalase (CAT)
and peroxidase (POD). Conversely, exogenously applied ME promoted growth characteristics, chlorophyll
content, and leaf gas exchange parameters in treated seedlings. Furthermore, ME supplementation
further enhanced protein, total phenolics, and antioxidant enzyme activity. The increased activity of
antioxidant scavengers played a central role in reducing H2O2 and MDA content in seedlings under Cd
toxicity. According to the present research, seedlings pretreatment with ME decreases Cd-toxicity and
allows pepper to grow in Cd-contaminated environments. Future research may aid in the understanding
of the ME-assisted stress reduction mechanism in pepper crops. In addition, study into the potential of
melatonin for stress relief in various horticultural and agronomic crops would aid in agricultural
production development.

Introduction
The anthropogenic activities in recent times have increased the matter of concern toward the
enhancement of heavy metals in soil and water bodies (Altaf et al., 2022a). The goal of global
agricultural and environmental research is to eliminate heavy metal pollution in agricultural soil and
heavy metal toxicity in plants. In recent years, the area of soil polluted by heavy metals has grown due to
the continual transportation, accumulation, and transformation of heavy metals within the environment
(Li and Yan, 2021; Altaf et al., 2021a). Cadmium (Cd) has become more well-identi�ed as a hazardous
heavy metal because of its adverse effects on agricultural yield and the possible health risks connected
with food chain contamination (Xiang et al., 2019). Cd is a ubiquitous environmental hazard because of
its prolonged half-life in soil, higher solubility in water, and increasing human activity worldwide (Lin et al.,
2012). Excess Cd in the soil system restricts growth, physiological, morphological, anatomical, and
metabolic abnormalities in plants (Lin and Aarts, 2012). However, the detrimental effects of Cd might be
prolonged to subsequent plant generations, decreasing the germination and viability of seeds from plants
growing in Cd-contaminated soils (Carvalho et al., 2018). Cd toxicity is commonly related to its
concentration in plant tissues, it is tempting to speculate that differences in Cd absorption, transportation,
and accumulation may account for the varying tolerance level of various cultivars of a similar species
when exposed to Cd (Altaf et al., 2022b).

Plants have developed e�cient mechanisms for regulating Cd uptake and mitigating the damage caused
by Cd toxicity (Gallego et al., 2012). The roots are the �rst organs to be harmed by Cd toxicity (Sigel et al.,
2013). The reactive oxygen species (ROS) accumulation caused by Cd stress might have a dual purpose
in plant cells, functioning as a harmful byproduct of metabolism and as important regulators of growth,
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development, and protection mechanisms (Piqueras et al., 1999; Sharma and Dietz, 2009). For instance,
ROS may cause lipid peroxidation and oxidative damage to other macromolecules and cell death (Foy et
al., 1978; DalCorso et al., 2008). Plant cells have enzymatic antioxidant defense mechanisms responsible
for ROS scavenging to maintain redox balance. To mitigate the negative effects of Cd toxicity, a
promising way may be to employ phytohormones, which may successfully boost plant resilience to
damaging stresses.

Melatonin (ME) is known as a bio-promoter due to its multiple physiological effects on plants, which
include the suppression of leaf senescence, improved seed germination, increased root and shoot
development, enhanced mineral homeostasis, and increased tolerance to abiotic stress (Tiwari et al.,
2021; Nawaz et al., 2016; Liang et al., 2018). Plant scientists have recently examined the physiological
function of ME in plants employing synthetic ME molecules or plants with increased endogenous
melatonin levels (Kaya et al., 2019). ME has also been discovered to improve plant tolerance to a plethora
of abiotic stresses, including salinity, temperature (low and high), drought, heavy metals (vanadium,
nickel, boron, Cd), and UV radiation (Nawaz et al., 2018, Devi et al., 2021; Altaf et al., 2022c). Hasan et al.
(2015) reported that ME supplementation mitigates Cd toxicity by recovering biomass production leaf
photosynthesis and antioxidant machinery in tomato seedlings. In a recent study, Altaf et al., (2022b)
observed that ME application signi�cantly enhanced root system architecture and mineral nutrient
homeostasis in tomato genotypes under Cd toxicity. In addition, ME application e�ciently reduced Cd
transportation from root to shoot in tomato. ME increased Cd tolerance in Arabidopsis seedlings via
reducing Cd content in root tissue and maintaining redox balance (Gu et al., 2017). Furthermore, ME
pretreated pepper seedlings subjected to boron toxicity showed signi�cant enhancement in growth, gas
exchange elements, pigment molecules, and mineral nutrient homeostasis (Sara� et al., 2017).

Pepper (Capsicum annuum L.) is one of the most widely consumed vegetables in the solanaceous family
(Korkmaz et al., 2021). Due to its nutritional and economic signi�cance, it is regarded as a globally
important cash crop. In terms of nutrients, pepper fruit is a rich source of antioxidants, vitamins, proteins,
carbs, lipids, and phenolic compounds (Howard et al., 2000). Pepper plants are moderately sensitive
toward metal stress such as vanadium, boron, and Cd (Sara� et al., 2017; Kaya et al., 2020; Altaf et al.,
2021b). Numerous studies have been conducted on the multifaceted effects of melatonin on the
reduction of environmental stressors in a wide range of agricultural crops. However, to the best of our
knowledge, the impact of ME in alleviating Cd stress in pepper still has to be investigated. As a result of
the above considerations, the present study was intended to see whether ME might increase Cd tolerance
and its responses in pepper plants by modulating the antioxidant system.

Material And Methods
Experimental setup

The seeds of pepper cultivars (Super Shimla and Ganga) were collected from a seed store located in the
vegetable seed market in Multan, Pakistan. Melatonin (ME) and cadmium (CdCl2)were purchased from
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Dua enterprises, Multan, Punjab, Pakistan.

The present study was conducted in the Bahauddin Zakariya University (Bahauddar sub-campus Layyah)
Multan, Pakistan. Seeds of pepper genotypes were sown in seedling trays �lled with vermiculite. After
thirty days of sowing, uniform-sized seedlings were removed from seedling trays and transferred into the
black plastic pot with a top diameter of 12 cm, a height of 8.5 cm, and a bottom diameter of 10 cm). Pots
were �lled with vermiculite (80 g). After the transplant, seedlings were raised under normal growth
conditions for twelve days to adapt to new conditions. This study was carried out under a controlled-
conditioned greenhouse having (average day/night temperatures of 24/13 °C, with relative humidity of
65-85 %, and PPFD 350 µmol m-2 s-1 and a 15-h photoperiod). Then root application of ME (1 µM; 200 ml
per plant) was done after every third day and continued for 12 days. After 12 days of ME pretreatment,
the solution of 0.1 mM CdCl2 (200 ml per plant) was applied to seedlings. Control (CK) plants were
irrigated normally with Hoagland nutrient solution (pH 5.5±0.1) without adding CdCl2 or ME. Each
treatment contained ten plants, and each treatment was reproduced three times. The plants were treated
with cadmium for four weeks, and then they were sampled to determine various growth and physiological
factors. After harvesting, samples were immediately treated with liquid nitrogen and stored at -80 °C for
analysis. The dose of Cd and ME was selected for this experiment from previous literature (Korkmaz et
al., 2021; Kaya et al., 2020). The treatments were as follows: (1) CK (control); (2) Cd stress; (3) ME
treatment + Cd stress.

Plant Growth

After four weeks of Cd application, various plant growth determinants, including fresh and dry weights of
leaves and roots, were determined. Fresh weight was immediately taken after uprooting the plants using
an electronic weighing balance, and for dry weight, samples were oven-dried at 80 °C up to the constant
weight (Altaf et al. 2019).  

Photosynthesis parameters

Leaf chlorophyll content was determined by homogenizing fresh leaves (0.5 g) in cold acetone (80%, 10
ml) followed by centrifugation at 12000 rpm for 10 minutes. To measure chlorophyll a, chlorophyll b, and
carotenoid content, absorbance of the supernatant was taken at 645, 663, and 449, respectively at UV-Vis
spectrophotometer (WE, 6000, China) (Lichtenhaler and Wellburn, 1983). Relative leaf chlorophyll content
of fully opened new leaves was determined using SPAD-502 meter (Minolta, Japan). To determine the net
photosynthetic rate (PN), transpiration rate (E), stomatal conductance (gs), and intercellular CO2

concentration (ci) of fully expanded leaves, an infrared gas analyzer (ADC, Bio Scienti�c Ltd. UK) was
used. These photosynthetic measurements were carried out under leaf temperature of 25 ± 2 °C, a RH of
65 ± 5 %, a PPFD of 800 μmol m-2 s-1, and a CO2 level of 360 μmol mol-1 (Jahan et al., 2020).

Determination of total soluble proteins (TSP) and total phenolic content (TPC)
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A modi�ed method by Sambrook and Russell (2001) was adopted to extract total soluble proteins from
pepper leaves and roots. Whereas TSP content was measured using the methodology of Bradford (1976).
extracted sample (200 µL) was added in Coomassie blue dye (20 µL) and deionized water (780 µL). The
absorbance of this 1 mL aliquot was checked at 595 nm in a UV-Vis spectrophotometer (WE, 6000,
China). The unit to express total soluble proteins (TSP) and total phenolic content (TPC) was mg mL-1.    
 

Total phenolic content of pepper leaves was estimated using the procedure of Singleton and Rossi's
(1965). 0.5 g of plant material was extracted in a 70:29:1 mixture of ethanol, deionized water, and glacial
acetic acid. After �ltration, the extract (1 mL) was mixed with Folin–Ciocalteu's reagent (1 mL) and
distilled water (20 mL). The resultant mixture was kept at room temperature for 10 minutes before adding
7.5% sodium carbonate (10 mL) solution. After adding this, tubes were placed in dark conditions for 2 h
and then absorbance was measured at 750 nm. Different concentrations of Gallic acid were used as the
standard to estimate the actual value of total phenolic content in pepper samples.      

Determination of H2O2 and MDA content

H2O2 content in pepper leaves and roots was determined using the methodology of Velikova et al. (2000).
The plant sample (0.1 g) was extracted in 0.1% TCA solution (1 mL) followed by centrifugation at 12000
rpm for 10 minutes. The supernatant (500 µL) was mixed with 1 M KI (1000 µL) and 10mM potassium
phosphate buffer (500 µL). A UV-Vis spectrophotometer (WE, 6000, China) was used to measure
absorbance at 390 nm. Commercial H2O2 was used as a standard to compare values of absorbance

values of samples, and H2O2 content was expressed as µmol g−1             

The MDA content in pepper leaves and roots was determined using Thiobarbituric acid (TBA) test
developed by (Heath and Packer 1968). The previously extracted sample for H2O2 measurement was
used for MDA content determination. An amount of (500 µL) supernatant was added in 1 mL of 0.5%
(w/v) thiobarbituric acid (TBA) in 20% TCA. The tubes were placed in a water bath maintained at 100 °C
for 30 minutes and then immediately placed in the ice bath to stop the reaction followed by
centrifugation at 12000 rpm for 5 minutes. The absorbance was then checked at 600 and 532 nm
separately in a UV-Vis spectrophotometer (WE, 6000, China). To calculate the MDA content, absorbance
taken at 600nm was subtracted from absorbance taken at 532 nm, and results were expressed as
reactive substances of thiobarbituric acid (RSTBA), which represent malondialdehyde equivalents as
µmol g−1 DW.              

Determination of Antioxidant enzymes

Antioxidant enzymes were determined from freshly harvested pepper leaves and roots. After harvesting,
plant samples were immediately crushed in liquid nitrogen to stop the enzymatic activity. For analysis
purposes, the crushed sample (0.3 g) either leaf or root was completely homogenized in 50-mM sodium
phosphate buffer (3 mL) with pH 7.8 and transferred to an Eppendorf tube. After that, these were
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centrifuged at 12000 rpm for 10 minutes. The supernatant was further used to determine enzymatic
antioxidant activities.

For SOD measurements, a reaction mixture was prepared by adding 0.5 mL ethylenediaminetetraacetic
acid (EDTA) (75 mM), 1-mL nitroblue tetrazolium (NBT) (50 mM), 950-µL sodium phosphate buffer (50
mM), 1-mL ribo�avin (1.3 µM), and 0.5-mL methionine (13 mM). This mixture was reacted with sample
extract (50 µL), and tubes were placed under a �uorescent lamp for 5 minutes. Afterwards, a UV-Vis
spectrophotometer was taken at 560 nm (WE, 6000, China).    

CAT activity was determined by adopting the (Chance and Maehly 1955) methodology. A reaction mixture
was formulated by mixing 900 µL of H2O2 (5.9 mM) into 50 mM phosphate buffer (2 mL) in a glass tube.
The supernatant of the plant extract (100 µL) was added to the reaction mixture and the absorbance of
the aliquot was taken at 240 nm every 30 s for up to 5 minutes. 

POD activity was checked using the modi�ed method of (Chance and Maehly 1955). The reaction mixture
contained 20 mM guaiacol (0.4 mL), 50 mM sodium phosphate buffer (2-mL), and 40mM H2O2 (0.5 mL).
The enzyme extract (0.1 mL) was added to this mixture The absorbance of the resultant aliquot was
taken at 470 nm every 20 s up to 5 minutes. The variation in absorbance was used to determine the POD
activity.

Statistical analysis

Collected data were statistically analyzed using Origin Pro 2021 software. Duncan's multiple range tests
(DMRT) were used to estimate the signi�cant differences among treatments and cultivars. Means were
also compared by applying the DMR test. Mean values with the corresponding standard error were
calculated for biological triplicate per treatment.

Results
Plant Growth

To examine the effects of exogenous supplementation of ME on Cd stress in two pepper genotypes, the
nutrient solution with ME supplementation was irrigated to roots for 12 days before Cd treatment. The
results (Fig. 1) show a clear difference is visualized among pepper seedlings under Cd, with and without
ME pretreatment. It was noted that fresh shoot weight, dry shoot weight, fresh root weight, and dry root
weight were reduced by 60.89%, 56.45%, 63.41%, and 62.51%, respectively, in Super Shimla and
decreased by 56.42%, 55.45%, 59.69%, and 61.27, respectively, in the Ganga seedlings grown under Cd-
stress conditions, when compared with CK plants. Conversely, ME application enhanced the fresh shoot
weight (64.66% and 50.38%), dry shoot weight (66.20% and 57.41%), fresh root weight (72.23% and
63.51%), and dry root weight (66.66% and 58.94%), in Super Shimla and Ganga seedlings, respectively,
compared to the plants grown under Cd-stress environment (Fig. 2).
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Leaf Photosynthesis parameters

The results of leaf photosynthetic related elements (Chlorophyll a, Chlorophyll b. Carotenoids, SPAD
index, net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 (Ci), and transpiration
(Tr) compared are indicated in Fig. 3 and Fig. 4. The current �ndings revealed that Cd treatment
dramatically decreased the pigments content of pepper genotypes (Super Shimla and Ganga) (Fig. 3A-C).
Surprisingly, ME supplementation combined with Cd (ME+Cd) noticeably improved the chlorophyll an
(81.71% and 59.26%), chlorophyll b (69.55% and 64.37%), and carotenoids (63.63% and 39.81%), in the
Super Shimla and Ganga seedlings, respectively, compared to the plants grown under Cd treatment (Fig.
3A-C). As shown in Fig. 3D, after four weeks of Cd treatment, leaves of pepper genotypes signi�cantly
reduced SPAD index (relative chlorophyll content). The SPAD index was reduced by 59.64% and 56.51%;
whereas ME application enhanced the SPAD index by 64.61% and 55.02%, respectively, in Super Shimla
and Ganga seedlings (Fig. 3D).

The Pn, Gs, Ci, and Tr results are shown in Fig. 4. The present results revealed that gas exchange
elements were considerably affected due to Cd toxicity. The Pn (65.56% and 62.55%), Gs (54.59% and
53.38%), Ci (53.46% and 64.51%), and Tr (59.17% and 67.11%) were decreased under Cd stress in the
Super Shimla and Ganga plants, respectively, compared CK group. Nonetheless, ME (1 µmol L−1)
application enhanced the Pn, Gs, Ci, and Tr by 95.81%, 64.01%, 49.68%, and 89.31%, respectively, in the
Super Shimla cultivar and reduced by 75.87%, 55.81%, 75.21%, and 98.22%, respectively, in Ganga variety,
compared to the seedlings grown in the Cd environment (Fig. 4).

Phenolic and protein content

The TPC effectively increased in the leaves/roots of Super Shimla and Ganga seedlings, respectively,
when compared with CK group. Conversely, ME application and Cd treatment e�ciently enhanced the
level of phenols 25.46/224.51% in the leaves/root of Super shimla seedlings and increased by
22.35/31.41% in the leaves/root of Ganga plants, respectively, compared with Cd group. (Fig. 5A-B). Cd-
treated plants showed a signi�cant reduction in protein content 46.53/38.69% and 45.49/34.44% in the
leaves/roots of super Shimla and Ganga, respectively, compared to CK seedlings. On the other hand, ME
pretreatment enhanced the protein content of leaves/roots of pepper plants compared to Cd-treated
pepper seedlings (Fig. 5C-D).

H2O2 and MDA content

The current results revealed that Cd-treated pepper seedlings considerably increased H2O2 and MDA
content in pepper genotypes' tissues (leaves and root) (Fig. 6). The �ndings also indicated that ME
application reduced H2O2 and MDA content in the leaves/root of pepper cultivars. In detail, under Cd
toxicity, the level of H2O2 (46.01/23.08% and 54.79/48.26%) and MDA (70.14/79.71% and
48.19/40.71%) were increased in the leaves/roots of Super Shimla and Ganga seedlings, respectively, as
compared to Cd-treated seedlings (Fig. 6). Conversely, Under Cd toxicity, ME application effectively
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reduced the content of H2O2 11.88/17.21% and 19.37/18.93% in the leaves and roots of Super Shimla
and Ganga plants. Also, it decreased the level of MDA 21.16/20.39% and 25.19/20.97% in the leaves/root
of Super Shimla and Ganga seedlings, respectively, compared to Cd treatment (Fig. 6).

Antioxidant enzymes

The activities SOD, CAT, and POD were also measured under Cd medium with or without the application
of ME to the two pepper genotypes, as shown in Fig. 7. Antioxidant enzymes activities increased when
plants were grown under Cd toxicity, with maximum increases in the activities of SOD, CAT, and POD of
53.04/42.21 %, 63.15/36.33 %, and 42.28/22.01 % in the leaves and roots of Super Shimla plants, and
76.95/35.16 %, 66.51/28.26 %, and 37.11/17.02 % in the leaves and roots of Ganga plants, Nonetheless,
it was also observed that ME application further increased the activities of SOD, CAT, and POD by
47.09/45.36%, 39.75/26.09%, and 34.61/33.45%, respectively, in the leaves/roots of Super Shimla plants
and also by 38.53/45.11%, 35.85/16.21%, and 24.52/33.81%, respectively, in the leaves/roots of Ganga
seedlings, compared to Cd treatment.

Discussion
Environmental research on heavy metals in agriculture has been focused on reducing heavy metal
pollution in agricultural soils and its toxicity in plants. Several recent studies on agricultural soil pollution
have revealed that these contaminants are heavy metals (vanadium, lead, nickel, and Cd). Cd is a non-
essential and hazardous element that hinders plant growth and development amongst heavy metals
(Altaf et al., 2022). Earlier research revealed that heavy metal stresses tolerance in many plant species
might be enhanced by ME, which provides a novel method for eliminating heavy metal toxicity in plants
(Nawaz et al., 2016; Jahan et al., 2020; Ahammed et al., 2020). However, ME has only been con�rmed in a
few investigations to prevent plant growth against Cd stress. ME was reported to reduce Cd toxicity in
tomato, strawberry, and rose seedlings. (Hasan et al., 2015; Tang et al., 2015; Nabaei et al., 2019; Wu et
al., 2021). In our study, the potential of ME in decreasing Cd toxicity in pepper seedlings was investigated.
Melatonin's effect on growth, photosynthesis and antioxidant pool in Cd-stressed pepper seedlings was
examined.

The pepper plants exposed to Cd treatment considerably reduced growth traits. However, ME application
e�ciently improved the growth characteristics of pepper (Fig. 1). Our results were concordant with the
earlier research where it was validated that growth attributes were remarkably hampered by metal toxicity,
including vanadium, copper, and arsenic in tomato, cucumber, and fava bean, respectively. Conversely, the
growth elements were effectively reinforced by ME supplementation (Cao et al., 2019; Nawaz et al., 2016;
Siddiqui et al., 2020). Exogenous application ME e�ciently enhanced growth traits of cucumber under
low and high iron stress (Ahammed et al., 2020). Furthermore, ME improved growth of wheat (Al-Huqail et
al., 2020), radish (Tang et al., 2016) and tomato (Hasan et al., 2018), under boron, aluminum, and low-
sulfur stress. An earlier report by Li et al., 2016 suggested that both selenium (Se) and melatonin inhibit
cadmium (Cd) absorption in plants and ameliorate Cd toxicity. In addition, Se and melatonin supplements
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dramatically enhanced Cd tolerance in plants, as shown by lower growth inhibition, photoinhibition, and
electrolyte leakage (EL). Moreover, pretreatment with various forms of Se greatly stimulated the
manufacture of melatonin and its precursors (tryptophan, tryptamine, and serotonin), with selenocysteine
having the greatest impact on melatonin biosynthesis (Li et al., 2016). These studies suggest that ME
and the combination of other nutrients might be used as an effect strategy to reduce the toxic effect of
heavy metals.

One of the most important metabolic processes in plants is photosynthesis. Chlorophyll is the most
important component of photosynthesis (Jahan et al., 2021). In this work, Cd-treated pepper seedlings
dramatically reduced gas exchange elements (Pn, Ci, Gs, and Tr) of both pepper genotypes (Super Shimla
and Ganga). Nonetheless, ME pretreated pepper seedlings signi�cantly enhanced these characteristics
under Cd toxicity (Fig. 4A-D). Siddiqui et al. (2019) revealed that ME supplementation enhanced the
growth and photosynthesis of tomato plants under lanthanum toxicity. Similar, in another study,
application of ME increased the photosynthetic assimilation rate of pear (Liu et al. 2019). In addition, ME
e�ciently recovered leaf photosynthesis in watermelon under vanadium toxicity, in tomato under nickel
toxicity, and in cucumber under iron toxicity (Nawaz et al., 2018; Jahan et al., 2020; Ahammed et al.,
2020). Furthermore, pigments molecules and SPAD index were decreased under Cd-toxicity. Conversely,
pepper plants subjected to Cd toxicity, ME-pretreated plants revealed an enhancement in pigments
content and SPAD index, compared with Cd-treated plants (Fig. 3). Previous literature revealed that ME
pretreatment effectively enhanced pigments content of many crops under abiotic stress (Zhang et al.
2017; Chen et al., 2018; Mana� et al., 2021; Altaf et al., 2022c). Our results were concordant with the
recent report that revealed that the Cd treatment decreased foliar photosynthetic pigment concentrations
in both Cd-exposed apple rootstocks but to a higher extent in the Cd-sensitive M. micromalus
'qingzhoulinqin'. Exogenous melatonin ameliorated the deleterious effects of Cd. These characteristics
were more prominent in M. micromalus 'qingzhoulinqin' (Cd-susceptible) than in M. baccata (Cd-tolerant)
(He et al., 2020). Cd-treatment signi�cantly reduced chlorophyll a and chlorophyll b content in strawberry
seedlings. However, ME supplementation e�ciently enhanced chlorophyll a and chlorophyll b in the
leaves of strawberries under Cd toxicity (Wu et al., 2021). Similarly, Siddiqui et al. (2020) observed that
arsenic toxicity considerably reduced gas exchange elements and chlorophyll content in Vicia faba. But,
ME application improved leaf gas exchange parameters and the photosynthesis process.

Phenols are secondary metabolites with antioxidant properties that serve as a second line of defense
against free radicals. The TPC in leaves and roots under Cd toxicity was improved the CK group in both
genotypes (Super Shimla and Ganga) (Fig. 5). ME application along under Cd toxicity further enhanced
the concentration of TPC in both the cultivars. ME in pepper plants exposed to boron toxicity has been
found to have similar properties, which con�rm to our �ndings (Sara� et al., 2017). The exogenous
melatonin reduces the absorption and toxicity of cadmium in apple rootstocks by enhancing soluble
phenolics in the roots, which has a higher concentration of glutathione in both root and leaves (He et al.,
2020). Furthermore, Jahan et al. (2020) reported that ME e�ciently enhanced the phenolic content in the
leaves of tomato seedlings under nickel toxicity. Plants' protein content is also controlled by
photosynthetic processes when they are exposed to stressful conditions (Simkin et al. 2019). Additionally,
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we observed a positive connection between net photosynthetic rate and photosynthetic pigments and
protein in pepper plants pretreated with ME and subjected to Cd toxicity. Similar results were also reported
in rice under vanadium toxicity (Altaf et al., 2022a).

The plants were subjected to environmental stresses, resulting in excessive ROS production, interfering
with the metabolic processes. Excessive ROS production, which is toxic to cell parts like, protein and
lipids, can cause membrane damage and cell death in plants (Tiwari et al., 2020). Cd caused an increase
in ROS production by disrupting the balance between ROS generation and detoxi�cation in plants. Cd-
treated pepper plants accumulated high H2O2 and MDA content in leaves and roots. These compounds
accumulated excessively in pepper seedlings, causing oxidative damage, which was line with the �ndings
in pepper (Altaf et al., 2021b) and wheat (Al-Huqail et al., 2020). However, ME application in Cd-stressed
plants considerably reduced H2O2 and MDA content in leaves and roots. Similarly, ME helped to decrease
the H2O2 and MDA content have been identi�ed in watermelon under vanadium toxicity (Nawaz et al.,
2018), cucumber under low and high iron stress (Ahammed et al., 2020), and tomato under nickel toxicity
(Jahan et al., 2020). A previous report on mallow (Malva parvi�ora) also showed that exogenous
melatonin ameliorates cadmium-induced phytotoxicity and promotes plant development. Cd was applied
to mallow plants that had been pretreated with 15, 50, and 100 M of melatonin. Melatonin, particularly at
concentrations of 15 and 50 M, had positive effects on Cd tolerance, including a considerable increase in
growth, photosynthetic pigments, and soluble protein content. Additionally, reduced melatonin
concentrations decreased Cd translocation to the shoots. Melatonin signi�cantly boosted the activities of
catalase (CAT), superoxide dismutase (SOD), and guaiacol peroxidase (GPX), as well as the formation of
phenols (Tousi et al., 2020). The antioxidant system in plants is critical in the reduction of ROS and the
induction of metal tolerance (Imtiaz et al., 2015).

ME is well known powerful antioxidant (Arnao and Hernández-Ruiz et al., 2019). ME has been reported to
enhance enzyme activity in a wide range of plant species when they are exposed to metals (Park et al.,
2021; Debnath et al., 2021; Tiwari et al., 2020; Zhao et al., 2021). Yadu et al. (2018) observed that ME
remarkably promoted activity of antioxidant enzymes and decreased ROS production. Under nickel
toxicity, exogenous ME supplementation further enhanced antioxidant enzymes in the leaves and roots of
tomato plants (Jahan et al., 2020). Furthermore, Ahammed et al. (2020) and Nawaz et al. (2018) also
reported that ME application boosted antioxidant enzymes system and reduced overproduction of ROS in
cucumber and watermelon seedlings. The present results noticed that in pepper plants under Cd toxicity,
ROS overproduction was controlled and activity of antioxidant enzymes was increased by ME (Fig. 7). In
addition, ME supplementation markedly improved activity of antioxidant enzymes under boron toxicity
(Sara� et al., 2017), under aluminum toxicity (Tang et al., 2016), and under arsenic toxicity (Siddiqui et al.
(2020) in pepper, radish and Vicia faba, respectively. Many studies have demonstrated the importance of
ME in the plant defense system, and exogenous ME can ameliorate any stress-induced oxidative stress.
Exogenous ME is useful in agriculture, for impeding the decline of stress-induced crop damage. ME is a
low-cost, stable, environmentally friendly, and easily accessible molecule that can protect plants from
environmental hazards by reducing contaminant availability, particularly heavy metals.
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Conclusion
The goal of this study was to demonstrate the devastating effects of Cd toxicity on pepper plants and the
protective role of ME in promoting plant growth. Cd application noticed severe declines in growth,
photosynthesis, and excessive ROS accumulation. However, ME supplementation effectively
circumvented the Cd-induced phytotoxicity via increased growth traits, improved pigments molecules,
enhanced leaf gas exchange elements and promoted phenolics content. Melatonin-induced metabolic
alterations in response to Cd stress are likely responsible for the improvement in growth and chlorophyll
content. Furthermore, ME application impaired ROS production and enhanced the antioxidant pro�le of
both pepper genotypes (Super Shimla and Ganga). Under Cd stress, however, exogenous melatonin had
complicated and signi�cant impacts on plant development, ROS scavenging, and antioxidant capacity.
The exogenous melatonin treatments may minimize the intake risk of Cd-contaminated plants. In order to
enhance the performance of plants under Cd stress and produce nutritious food, it appears vital to
investigate the effect of melatonin on lower Cd root-to-shoot translocation in greater depth. To
summarise, ME application e�ciently alleviated Cd-induced phytotoxicity in pepper genotypes, resulting
in increased Cd stress tolerance. According to the �ndings of this study, the protective effects of ME
against other environmental contaminants such as chromium, nickel, vanadium, and copper must be
investigated in various plant species.
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Figures

Figure 1

The effect of exogenous melatonin application on pepper genotypes subjected to cadmium toxicity
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Figure 2

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on growth
characteristics. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit signi�cant
differences at P < 0.05 (DMRT).
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Figure 3

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on Pigments
content and SPAD index. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit
signi�cant differences at P < 0.05 (DMRT).
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Figure 4

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on leaf gas
exchange elements. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit
signi�cant differences at P < 0.05 (DMRT).
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Figure 5

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on total phenols
and protein content. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit
signi�cant differences at P < 0.05 (DMRT).
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Figure 6

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on H2O2 and MDA
content. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit signi�cant
differences at P < 0.05 (DMRT).
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Figure 7

Effect of cadmium, alone or in combination with melatonin, in two pepper genotypes on SOD, CAT, and
POD content. Results are means ± standard error for n=3. Moreover, lowercase letters exhibit signi�cant
differences at P < 0.05 (DMRT).


