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Abstract

The global agricultural productivity has been significantly impaired due to the extensive use of heavy metal. Cadmium (Cd)
is now recognized as a significant soil and environmental contaminant that is primarily spread by human activity. This study
investigates the possible impact of melatonin (ME) in mitigating the toxicity caused by Cd in pepper (Capsicum annuum
L.) seedlings. There were three groups of plants used in the experiment: control (CK) plants, Cd-stressed plants and ME-
pretreated 4+ Cd-stressed plants. The concentration of ME and Cd was 1 pM and 0.1 mM, respectively, and applied as root
application. The results described that Cd treatment remarkably reduced growth parameters, impaired pigment concentra-
tion, hindered gas exchange traits. In contrast, ME supplementation significantly recovered these parameters by increase in
growth and biomass production of pepper seedlings under Cd toxicity. In addition, ME application considerably increased
osmolyte production and protein level in pepper leaves and roots. Furthermore, ME positively upregulated the antioxidant
enzymes activity and effectively decreased the oxidative damage in pepper leaves and roots. The enhanced antioxidant
enzymes activity performed a significant role in the reduction of H,0, and MDA concentration in plants under Cd stress.
The findings indicated that the application of ME to plants effectively alleviates the stress caused by Cd exposure. Moreover,
ME demonstrates significant efficacy in mitigating the adverse impacts of Cd on pepper plants.
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Introduction

The issue of heavy metal contamination in agricultural
soils has garnered global recognition in recent times owing
to its adverse effects on environmental well-being, crop
integrity, and food safety (Adrees et al. 2015; Qin et al.
2022; Altaf et al. 2022a). Eliminating heavy metal con-
tamination in agricultural soils and heavy metal toxicity
in plants is the aim of worldwide agricultural and envi-
ronmental research. Heavy metal pollution of soil has
increased in recent years as a result of the continuous tran-
sit, deposition, and transformation of heavy metals within
the environment (Altaf et al. 2021a; Zhang et al. 2021;
Ghuge et al. 2023). Cadmium (Cd) is now more widely
recognized as a hazardous heavy metal due to its nega-
tive effects on agricultural yield and the potential health
risks associated with food chain contamination (Benavides
et al. 2005). Cd is well recognized as an environmental
risk due to its extended half-life in soil, elevated solubil-
ity in water, and the escalating levels of human activity on
a global scale (Keltjens and Van Beusichem 1998; Wani
et al. 2007). The presence of an excessive amount of Cd in
the soil system has been shown to impede plant develop-
ment and results in various physiological, morphological,
anatomical, and metabolic issues (Zhu et al. 2021). None-
theless, the adverse impacts of Cd may persist through
successive plant generations, resulting in reduced seed
germination and viability in plants cultivated in soils pol-
luted with Cd (Carvalho et al. 2018). The toxicity of Cd is
often associated with its concentration in plant tissues. It is
plausible to hypothesize that variations in the absorption,
transportation, and accumulation of Cd might contribute
to the diverse levels of tolerance seen across different cul-
tivars of a closely related species when subjected to Cd
exposure (Altaf et al. 2022b).

Plants have evolved effective systems to regulate the
absorption of Cd and alleviate the adverse effects associ-
ated with Cd toxicity (Gallego et al. 2012). The roots are
the main elements subjected to adverse effects heavy met-
als such as Cd (Sigel et al. 2013). The increase of reactive
oxygen species (ROS) induced by Cd stress may serve a
dual role in plant cells, acting both as a detrimental result
of metabolic processes and as significant modulators of
growth, development, and defense mechanisms (Piqueras
et al. 1999; Sharma and Dietz 2009; Li et al. 2022). For
example, the presence of ROS has been seen to induce
lipid peroxidation, leading to oxidative damage of vari-
ous macromolecules and subsequent cellular demise (Foy
et al. 1978; DalCorso et al. 2008). Plant cells possess
enzymatic antioxidant defense systems that are respon-
sible for scavenging ROS to maintain redox equilibrium.
To ameliorate the adverse consequences of Cd toxicity,
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one potentially effective approach might include the use
of phytohormones. These substances have the potential to
enhance the ability of plants to withstand and recover from
detrimental stressors.

Melatonin (ME) is a naturally occurring novel plant
growth regulator (Ahmad et al. 2023). ME regulates seed-
ling growth, photosynthetic apparatus, osmolytes accumula-
tion, root architecture system, balanced redox homeostasis,
mineral nutrient uptake, ripening, decreasing heavy metals
uptake, reducing oxidative damage, and increasing antioxi-
dant defense mechanism (Tiwari et al. 2021; Liang et al.
2018; Altaf et al. 2023). Recent research in plant physiol-
ogy has focused on the physiological role of ME, specifi-
cally in plants grown with synthesized ME molecules or
elevated endogenous melatonin levels (Kaya et al. 2019).
ME has been shown to enhance plant resilience to many
abiotic stressors, such as salinity, drought, cold, heat, heavy
metal toxicity, and (UV) radiation (Nawaz et al. 2018; Devi
et al. 2021; Altaf et al. 2022c). Exogenous ME application
efficiently protected leaf photosynthetic system, biomass
production, and antioxidant profile in tomato plants under
Cd stress (Hasan et al. 2015). In another study, under Cd tox-
icity, ME supplementation increased nutrient accumulation
and modified the root structure of tomato species (Altaf et al.
2022b). Furthermore, ME restricts Cd uptake in the shoot
of tomato, Arabidopsis, and strawberry (Hasan et al. 2015;
Gu et al. 2017; Saqib et al. 2023). Under boron toxicity, ME
application remarkably improved pepper growth, net pho-
tosynthetic rate, photosynthetic pigment concentration, and
ion homeostasis level in pepper leaves (Sarafi et al. 2017).

Pepper (Capsicum annuum L.) is one of the most com-
monly consumed horticultural crop (Korkmaz et al. 2021).
It is considered a worldwide significant cash crop because
of its nutritional and economic significance. The pepper
fruit is an excellent source of several different types of
nutrients, including phenolic compounds, antioxidants,
vitamins, proteins, and carbohydrates. (Howard et al.
2000). Pepper plants have a moderate level of sensitivity
towards metal toxicity such as Cd (Sarafi et al. 2017; Kaya
et al. 2020; Altaf et al. 2021b). A plethora of research
has been performed to investigate the diverse impacts of
melatonin on mitigating environmental stresses in vari-
ous agricultural crops (Gu et al. 2017; Chen et al. 2018;
Cao et al. 2019; Jahan et al. 2020; Park et al. 2021; Saqib
et al. 2023). However, to the best of our knowledge, more
research is necessary to determine how ME affects Cd
stress in pepper. In light of the aforementioned factors,
the primary objective of this study was to investigate the
impact of ME on the growth and photosynthetic efficiency
of pepper seedlings subjected to Cd-induced stress. Addi-
tionally, the study aimed to examine the influence of ME
on the antioxidant enzymatic system in both the leaves and
roots of Cd-stressed pepper seedlings.
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Materials and methods
Experimental setup

Seeds of pepper genotypes (Super Shimla and Ganga) were
sown in seedling trays filled with nutrient-rich soil. After
4 weeks of sowing, identical plants were shifted into the
black plastic pots and filled with nutrient-rich soil. Follow-
ing the transplantation, the seedlings were subjected to a
12-day period of adaptation under standard growth condi-
tions to facilitate adjustment to the new environment. The
application of ME (1 uM; 200 ml per plant) to the root was
conducted at an interval of every 3rd day and persisted for
a duration of 12 days. Following a 12-day period of pre-
treatment with ME, a solution containing CdCl, at a con-
centration of 0.1 mM (with a volume of 200 ml per plant)
was supplied to the plants. The control (CK) seedlings were
subjected to regular irrigation using the Hoagland nutrient
solution (pH 5.5+ 0.1) without the addition of CdCl, or
ME. There were ten plants included in each treatment, and
each treatment was replicated three times. The plants were
subjected to Cd-induced stress for a duration of 4 weeks,
with separate groups receiving either treatment alone or
a combination of Cd application and ME. Following this
period, samples were collected from the plants to assess a
range of growth and physiological parameters. After stress
treatment, the collected samples were promptly subjected
to treatment with liquid nitrogen and then kept at a tem-
perature of —80 °C for further analysis. The level of Cd and
ME used in this experiment was determined based on prior
research (Korkmaz et al. 2021; Kaya et al. 2020). The treat-
ments were as follows: (1) CK (control); (2) Cd stress; (3)
ME treatment 4 Cd stress. This study was carried out under
controlled environmental conditions as previously described
in our study (Saqib et al. 2023).

Plant growth

Different plant growth indicators, such as the fresh and dry
weights of the leaves and roots, were measured 4 weeks
after the application of Cd. The fresh weight of the plants
was promptly measured using an electronic weighing scale
immediately after harvesting. To determine the dry weight,
samples were subjected to oven-drying at a temperature
of 80 °C until a constant weight was achieved (Altaf et al.
2019).

Photosynthesis parameters

The determination of leaf chlorophyll content included the
homogenization of fresh leaves (0.5 g) in a solution of cold

acetone (80%, 10 ml). Afterward, the resulting mixture was
subjected to centrifugation at a speed of 12,000 rpm for a
duration of 10 min. The absorbance of the supernatant was
measured at wavelengths of 645 nm, 663 nm, and 449 nm
using a UV-Vis spectrophotometer (WE, 6000, China)
to quantify the levels of chlorophyll a, chlorophyll b, and
carotenoids, respectively (Lichtenhaler and Wellburn 1983).
The relative chlorophyll content (as measured by the SPAD
index) of fully expanded young leaves was assessed using
a SPAD-502 m (Minolta, Japan). An infrared gas analyzer
(ADC, Bio Scientific Ltd. UK) was used to determine the
gas exchange parameters [net photosynthetic rate (PN), tran-
spiration rate (E), stomatal conductance (gs), and intercel-
lular CO, concentration (ci)]. These gas exchange param-
eters were measured according the procedure of Jahan et al.
(2020).

Determination of total soluble proteins (TSP)
and total phenolic content (TPC)

Total soluble proteins were isolated from pepper leaves and
roots using a technique based on that developed by Sam-
brook and Russell (2006), with some modifications. The
quantification of total soluble protein content was conducted
using the approach described by Bradford (1976). The quan-
tification of the total phenolic content in pepper leaves was
conducted using the methodology outlined by Singleton and
Rossi (1965).

Determination of H,0, and MDA content

The plant sample weighing 0.1 g was subjected to extraction
using a 0.1% TCA solution in a volume of 1 ml. The result-
ing mixture was then centrifuged at a speed of 12,000 rpm
for a duration of 10 min. The determination of H,O, con-
centration in pepper leaves and roots was conducted using
the methods established by Velikova et al. (2000). The
determination of MDA levels in pepper leaves and roots was
conducted using the TBA technique, which was originally
described by Heath and Packer (1968).

Determination of antioxidant enzymes

The sample (leaf or root) 0.3 g was fully pulverized in a
solution of 50-mM sodium phosphate buffer (3 ml) at pH
7.8. The resulting mixture was then transferred to an Eppen-
dorf tube. Subsequently, the samples were subjected to cen-
trifugation at a speed of 12,000 rpm for a duration of 10 min.
SOD, CAT, and POD activity was determined by adopting
the Chance and Maehly’s (1955) methodology.
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Statistical analysis

The program Origin Pro 2021 was used to statistically evalu-
ate the collected data. The significant differences between
the various treatments and cultivars were estimated using
Duncan’s multiple range tests (DMRT). For each treatment,
the means and related standard errors were computed for
biological triplicates.

Results

Plant growth

To investigate the impact of exogenous application of ME on
Cd stress in two pepper genotypes, the roots were watered

CK Cd

ME+Cd
Fig. 1 Investigation of the impact of exogenously applied melatonin
on two pepper genotypes exposed to cadmium toxicity

with a nutrient solution containing ME for a period of 12 d
prior to Cd treatment. The findings shown in Fig. 1 dem-
onstrate a distinct disparity seen in the growth of pepper
seedlings when subjected to Cd toxicity, both with and
without treatment with ME. When compared to CK plants,
it was noticed that Super Shimla’s fresh shoot weight, dry
shoot weight, fresh root weight, and dry root weight were all
decreased by 60.89%, 56.45%, 63.41%, and 62.51%, respec-
tively, while the Ganga seedlings grown under Cd-stress
conditions saw reductions of 56.42%, 55.45%, 59.69%, and
61.27, respectively. In contrast, ME supplementation effi-
ciently increased these growth characteristics in both pepper
species under Cd stress (Fig. 2).

Leaf photosynthesis parameters

The present results described that Cd application considera-
bly reduced photosynthetic pigment concentration in pepper
leaves (Fig. 3A—C). Conversely, ME supplementation pro-
foundly increased the photosynthetic pigment level in both
pepper species under Cd toxicity (Fig. 3A—C). Further, the
relative chlorophyll content (SPAD index) was decreased by
59.64% and 56.51%; whereas ME supplementation increased
the relative chlorophyll content by 64.61% and 55.02%,
respectively, in Super Shimla and Ganga seedlings (Fig. 3D).

The current findings stated that gas exchange character-
istics were dramatically damaged during Cd stress. Com-
pared CK group, the gas exchange elements were reduced
under Cd toxicity in the Super Shimla and Ganga seedlings,
respectively. In contrast, ME 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 decreased
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Fig. 3 Effect of melatonin on
pigment content and SPAD
index in two pepper genotypes
exposed to cadmium stress.
Results are means =+ standard
error for n=3. Furthermore,
small alphabet letters show sig-
nificant differences at P <0.05
(DMRT)

by 75.87%, 55.81%, 75.21%, and 98.22%, respectively, in
Ganga cultivar, compared to only Cd treatment (Fig. 4).

Phenolic and protein content
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toxicity. On the other hand ME supplementation remarkably
increased the protein concentration on leaves and roots of

both pepper species under Cd toxicity, when compared with
only Cd treatment (Fig. 5C, D).

improved the total phenolic content in leaves and roots of

both pepper species. Importantly, ME supplementation
further increased the total phenolic content in both species
under Cd toxicity (Fig. 5A, B). Further, protein concentra-
tion decreased in leaves and roots of both species under Cd
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leaves/roots of Super Shimla and Ganga seedlings. In addi-
tion, it reduced the concentration of MDA 21.16/20.39%
and 25.19/20.97% in the leaves/root of Super Shimla and
Ganga plants, respectively, when compared with Cd treat-
ment (Fig. 6).

Antioxidant enzymes
Cd toxicity remarkably improved the antioxidant enzymes

(SOD, CAT, and POD) activity in both leaves and roots of
pepper species. In contrast, pepper leaves/roots antioxidant

@ Springer
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enzymes activity further increased by the application of ME
under Cd toxicity (Fig. 7). The current results suggested that
ME supplementation enhanced the plant defense system and
reduced the oxidative damage in pepper species.

Discussion

The growth attributes of the pepper plants were significantly
diminished as a result of exposure to Cd treatment. The use
of ME has been shown to significantly enhance the growth
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characteristics of pepper plants. (Figs. 1, 2). The findings
of our study agree with previous research, which confirmed
that the growth characteristics of tomato, cucumber, and
fava bean were significantly impaired by the presence of
hazardous metals such as vanadium, copper, and arsenic,
respectively. On the other hand, the addition of ME greatly
strengthened the growth parameters (Cao et al. 2019; Sid-
diqui et al. 2020). Under iron stress, the growth of cucumber
was increased by the application of ME (Ahammed et al.
2020). In addition, ME increased the growth rate of many
plant species such as wheat, radish, and tomato (Tang et al.
2016; Hasan et al. 2018; Al-Hugqail et al. 2020) under heavy
metals toxicity. ME has been shown to impede the absorp-
tion of Cd in plants and mitigate the adverse effects of Cd
toxicity (Li et al. 2016). These results indicate that the use
of ME, might potentially serve as an effective approach for
mitigating the detrimental impact of heavy metals.
Photosynthetic pigment and relative chlorophyll con-
tent were reduced by Cd treatment, On the other hand, ME
supplementation restored the photosynthetic pigment con-
centration in pepper leaves under stress condition (Fig. 3).
Similarly, ME foliar application significantly improved the

ME+Cd CK Cd

I Ganga

ME+Cd

photosynthetic pigment content in several plant species
under stress environment (Zhang et al. 2017; Chen et al.
2018; Manafi et al. 2021; Altaf et al. 2022c). The findings
of our study align with a previous published work (He et al.
2020). The findings of our study indicate a decrease in
chlorophyll a and chlorophyll b levels in plants subjected to
Cd-induced stress. However, the application of ME showed
noticeable increase in chlorophyll content.Wu et al. (2021)
and Saqib et al. (2023) reported a similar trend in straw-
berry seedlings under Cd toxicity. Previous research has
shown that the decrease in chlorophyll content caused by
stress conditions may be due to the increased accumulation
of H,0, inside the leaf tissues (Liang et al. 2015; Ni et al.
2018). Photosynthesis is regarded as a fundamental meta-
bolic process in plants. Chlorophyll plays an essential role as
the main ingredient in the process of photosynthesis (Jahan
et al. 2021). In this study, ME supplementation profoundly
increased the gas exchange parameters in both pepper spe-
cies under Cd toxicity (Fig. 4A-D). Similarly, under lantha-
num toxicity, net photosynthetic rate was increased by the
application of ME (Siddiqui et al. 2019). Further, ME appli-
cation enhanced gas exchange characteristics in pea plants
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(Ahmad et al. 2023). Nawaz et al. (2018) reported that vana-
dium toxicity effectively damage photosynthetic system in
watermelon seedlings. However, ME application remarkably
protected photosynthetic efficiency of watermelon seedlings
under vanadium stress. Jahan et al. (2020), Ahammed et al.
(2020), and Saqib et al. (2023) also reported similar findings.

Phenols are a class of secondary metabolites with anti-
oxidant characteristics, which function as a supplementary
mechanism in combating the harmful effects of free radicals.
The total TPC in leaves and roots exhibited improvement
under Cd toxicity conditions in both pepper species, par-
ticularly in the control group (CK). The supplementation of
ME under Cd toxicity conditions resulted in an increased
content of TPC in both pepper species (Fig. 5). Sarafi et al.
(2017) confirmed that under boron toxicity, ME application
significantly improved phenolic content in pepper leaves. In
addition, ME supplementation decreased Cd accumulation
in apple and increased phenolic concentration in apple (He
et al. 2020). Under nickel toxicity, the phenolic concentra-
tion was increased in the leaves of tomato by the application
of ME (Jahan et al. 2020). The protein content of plants
is regulated by photosynthetic mechanisms in response to
adverse environmental circumstances (Simkin et al. 2019).
Furthermore, a significant correlation was established
between the net photosynthetic rate and the levels of photo-
synthetic pigments and proteins in pepper plants that were
pre-treated with ME and exposed to Cd toxicity. Altaf et al.
(2022a) also documented similar findings in rice under vana-
dium toxicity.

Plants under stress environment exhibit an overproduction
of ROS, which disrupt crucial metabolic pathways, result-
ing in cellular toxicity and ultimate cell death (Tiwari et al.
2020). In the present study, pepper plants subjected to Cd
treatment exhibited elevated levels of H,O, and MDA in
both their leaves and roots. Higher accumulation of oxida-
tive stress biomarkers caused oxidative damage, whereas
ME application reduced these in pepper seedlings (Fig. 6).
Similarly, these results are also reported in many plant spe-
cies such as pepper, wheat, and strawberry (Altaf et al.
2021a, b; Al-Hugqail et al. 2020; Saqib et al. 2023). Nawaz
et al. (2018) reported that ME application reduced the exces-
sive accumulation of H,0, and MDA in watermelon leaves
and roots under vanadium stress. In another study, Jahan
et al. (2020) and Ahammed et al. (2020) revealed that ME
foliar application considerably decreased the ROS level in
cucumber and tomato under iron and nickel toxicity. A prior
study conducted on mallow shown that the application of
ME effectively mitigates the adverse effects of Cd-induced
phytotoxicity and enhances the growth and development
of plants. In addition, ME significantly improved the pig-
ments contents, increased antioxidant enzymes activity, and
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reduced oxidative damage in plants (Tousi et al. 2020). The
antioxidant system plays a crucial role in plants by effec-
tively reducing ROS and facilitating the development of
metal tolerance (Imtiaz et al. 2015).

ME is a strong antioxidant molecule, and scientific
studies have shown its ability to boost enzyme activity in
several plant species when subjected to stress (Arnao and
Hernandez-Ruiz 2019; Park et al. 2021; Zhao et al. 2021).
The current findings indicate that in pepper plants exposed
to Cd toxicity, there was regulation of ROS overproduction
and an increase in the activity of antioxidant enzymes due
to the application of ME (Fig. 7). The findings presented
in this study are consistent with the results published by
Ahammed et al. (2020) and Nawaz et al. (2018), who simi-
larly observed that the supplementation of ME enhanced the
activity of antioxidant enzymes and mitigated the excessive
generation of ROS in cucumber and watermelon seedlings.
Furthermore, ME application efficiently maintained the
antioxidant enzymes defense system in many plant species
such as Vicia faba, radish, and pepper (Tang et al. 2016;
Sarafi et al. 2017; Siddiqui et al. 2020) under heavy metals
toxicity. Numerous studies have provided evidence for the
significance of ME in the plant’s defense mechanism, and
the application of exogenous ME has been shown to mitigate
oxidative damage caused by stress. In agriculture, exogenous
ME is effective for preventing the decrease of stress-related
crop damage. ME is a cost-effective, chemically stable, eco-
logically sustainable, and readily obtainable compound that
has the potential to safeguard plants against many environ-
mental threats, primarily by mitigating the accessibility of
contaminants, notably heavy metals.

Conclusion

The Cd treatment exhibited significant reductions in growth
and photosynthetic activity, accompanied by an excessive
accumulation of ROS. In contrast, ME application poten-
tially improved seedling growth, photosynthetic pigment
content, photosynthetic assimilation rate, and total phenolic
content (Fig. 8). Further, ME supplementation hindered ROS
accumulation and increased antioxidant enzymes activity in
pepper species. Exogenous ME pretreatment have the poten-
tial to mitigate the Cd toxicity in plant. To optimize plant
performance under Cd stress and promote the production of
nutritious food, it is essential to conduct a comprehensive
investigation of the impact of melatonin on reducing the
translocation of Cd from roots to shoots. In conclusion, the
use of ME treatment effectively mitigated the adverse effects
of Cd-induced phytotoxicity in both pepper genotypes, lead-
ing to enhanced tolerance to Cd-induced stress.
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