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Melatonin alleviates cadmium toxicity in eggplant

Abstract

Cadmium (Cd) is one of the most injurious heavy metals, affecting plant growth and development.
Melatonin (MEL), as a plant growth regulator, has been used to alleviate Cd toxicity in many plant
species; however, the underlying molecular mechanisms responsible for Cd toxicity in eggplant are
still poorly understood. Our results showed that MEL (100 mM), led to positive effects on Cd tolerance,
including a significant increase in growth, photosynthetic pigments, and proline content. Exogenous
MEL could improve photosynthetic assimilation rate in Cd-treated plants, probably through an increase
in proline. Further, MEL led to a decrease in Cd translocation to the shoots. Based on the results, MEL
considerably increased antioxidant enzymes (SOD, POD, CAT, APX, GR, GST) activities as well as
the production of anthocyanin, total phenols, and flavonoids. The increased activity of antioxidant
enzymes led to a decrease in electrolyte leakage (EL), malonaldehyde (MDA), superoxide ion (O2")
and hydrogen peroxide (H20:) content in the plants exposed to Cd stress. Furthermore, MEL
application efficiently increased the mineral nutrient accumulation in plants. In conclusion, the results
showed that the use of MEL could reduce oxidative stress and improve biomass in the plants exposed
to Cd. These results may be used to develop novel techniques for enhancing agricultural yield
sustainably, especially in metal-contaminated soils.
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1. Introduction

generation and scavenging. This would cause lipid peroxidation and oxidative
damage, destroy cell membranes, and disturb the function of chlorophyll,

Heavy metal pollution has become one of the most serious environmental
problems worldwide with the development of industries, agriculture, and
urbanization, including China (Li et al., 2022). Cadmium (Cd), a toxic
element of heavy metal pollutants, is widely distributed in the soil, and its
accumulation in plants threatens human health through the food chains (Wang
et al., 2021). Excess Cd accumulation in plants can induce excessive reactive
oxygen species (ROS) generation, resulting in an imbalance between ROS

consequently, eventually reducing crop yields (Gallego et al., 2012; Haider et
al., 2021). Therefore, it is imperative to reduce Cd accumulation and
minimize the entry of Cd into the food chain. Plants have evolved complex
biochemical and molecular mechanisms for detoxification of Cd toxicity,
including the transportation, sequestration, detoxification of Cd ions, and the
synthesis of antioxidants, signaling molecules, stress-related proteins, and
hormones (Hasan et al., 2015; Tousi et al., 2020; Xu et al., 2020). It has been
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reported that plant hormones, including MEL, salicylic acid, strigolactone,
and jasmonic acid, play crucial roles in response to Cd toxicity by regulating
the synthesis of antioxidants, signaling molecules, and others in different
plant species (Kaya et al., 2019; Imran et al., 2021; Shah et al., 2023).

Melatonin (MEL) is a well-known master plant growth regulator and has
antioxidant properties. It regulates physiological roles, including inhibition of
seedling growth, modified root growth pattern, increased metabolites
production, protected photosynthetic apparatus, balanced mineral
homeostasis, and improved tolerance to heavy metal stress of plants (Yang et
al., 2023; Altaf et al., 2023). Several reported suggested that MEL increases
the plant tolerance to various abiotic stresses, such as salinity (Zhang et al.,
2024), drought (Liu et al., 2015), low and high temperature (Jahan et al., 2019;
Qari et al., 2022), UV-radiation (Wei et al., 2019), and heavy metals (Parwez
etal.,2023; Rizwan et al., 2024). MEL induces Cd stress tolerance in Brassica
napus L., Solanum nigrum L., and Cucumis sativus L. by increasing the
strength of the antioxidant defense system and reducing the Cd content which
was attributed to Cd stress tolerance (Shah et al., 2020; Teng et al., 2022). In
this way, MEL may play a critical function in reducing stress-induced
damage. Another report showed an active role of MEL to enhance secondary
metabolites accumulation and maintain mineral homeostasis in tomato under
Cd cadmium toxicity (Altaf et al., 2022a). Foliar application of MEL in
leaves of tobacco enhanced Cd tolerance by promoting cell wall and vacuolar
sequestration of Cd, and regulating the expression of Cd-related genes in roots
(Wang et al., 2019). Hasan et al. (2015) reported that MEL application
remarkably improved seedling growth, photosynthetic system and antioxidant
enzyme system and inhibited Cd accumulation from root to shoot in tomato
seedlings. Wang et al. (2021) reported that exogenously applied MEL
alleviated Cd stress in Chinese cabbage seedlings by inhibiting Cd
accumulation.

The major constituent of the human diet is vegetables, which are believed
to be a vital source of important vitamins, nutrients, fibers, metabolites, and
antioxidants (Zhou et al., 2023). Among these vegetables, eggplant (Solanum
melongena L.) belong to the family Solanaceae, is produced all over the world
(Kaur and Das, 2023). It is commonly known as brinjal and is among the most
widely consumed vegetables in tropical and sub-tropical areas. The present
study focused on the effect of MEL application, used as a foliar application,
on redox homeostasis, photosynthesis, antioxidant enzymes, and growth of
eggplant under Cd stress. Consequently, the objective of the research study
was to enhance the eggplant’s capacity to endure Cd stress with the least
number of adverse impacts.

2. Materials and Methods

2.1. Experimental Setup

The seeds of the eggplant cultivar Purple Shine were sown in seedling trays
filled with nutrient-rich soil. After 25 days of sowing, the transplantation of
eggplant seedlings was done at three true leaves stage into black plastic pots
filled with nutrient-rich soil. The seedlings were pre-cultivated for seven days
to allow the adaptation to new conditions. Then, concentrations of MEL (100
mM) were applied directly into the soil for ten days. After MEL pretreatment,
seedlings were irrigated with 50 pM CdCl. Control plants were irrigated with
distilled water without the addition of Cd or MEL. After seven days of Cd
treatment, Quick freezing of all leaf samples was done by adding liquid
nitrogen and storing the samples at a low temperature of -80 OC. The
treatments were as follows: (1) CK (control); (2) MEL (melatonin); (3) Cd
(cadmium); (4) MEL + Cd (melatonin + cadmium). The whole experiment
was conducted under controlled condition.

2.2. Determination of Plant Biomass, Mineral and Cd Content

The biomass of eggplant plants was assessed by determining the fresh and
dry weight. Electric balance was used to measure the fresh weight of the plant.
Plants were oven-dried (80 °C for 72 h) for dry weight records. Cd contents
in the oven-dried eggplant roots and leaves were quantified following the
procedure described by Altaf et al. (2023). Cao et al. (2019) previously
reported the measurement of mineral nutrient (Nitrogen, Phosphorus, and

potassium) content in eggplant leaves and roots.
2.3. Determination of Gas Exchange Parameters

After seven days of Cd treatments, the net photosynthetic rate (Pn),
stomatal conductance (Gs), intercellular CO. concentration (Ci), and
transpiration rate (Tr) of the fully expanded leaf were determined using an
infrared gas analyzer portable photosynthesis system (Nawaz et al., 2018).

2.4. Measurement of photosynthetic pigments

100 mg of leaf samples from each set was chopped and extracted with 80%
acetone. The levels of chlorophyll a, chlorophyll b, and total Chlorophyll, and
carotenoids in the freshly harvested leaves were spectrophotometrically
quantified according to the formula reported by Lichtenthaler and Wellburn
(1983).
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Fig. 1. Influence of melatonin on plant growth performance and growth traits
in eggplant seedlings under cadmium toxicity. Means + SE, n = 3, lowercase
letter showed a significant difference among treatments, according to Fisher
LSD test.
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Fig. 2. Influence of melatonin on leaf gas exchange parameters in eggplant
seedlings under cadmium toxicity. Means + SE, n = 3, lowercase letter showed
a significant difference among treatments, according to Fisher LSD test.
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Fig. 3. Influence of melatonin on photosynthetic pigment content in eggplant
seedlings under cadmium toxicity. Means + SE, n = 3, lowercase letter showed
a significant difference among treatments, according to Fisher LSD test.
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Fig. 4. Influence of melatonin on chlorophyll fluorescence characteristics in
eggplant seedlings under cadmium toxicity. Means + SE, n = 3, lowercase
letter showed a significant difference among treatments, according to Fisher
LSD test.
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Fig. 5. Influence of melatonin on proline and secondary metabolites
production in eggplant seedlings under cadmium toxicity. Means + SE, n =3,
lowercase letter showed a significant difference among treatments, according
to Fisher LSD test.

2.5. Chlorophyll Fluorescence Parameters

To measure chlorophyll fluorescence (CF), fully formed leaves were
utilized, and leaf data were obtained between 9:00 and 11:00 a.m. using an
IMAGING-PAM Chlorophyll fluorescence analyzer (Heinz Walz, Effeltrich,
Germany) after 30 min of dark adaptation. The Fv/Fm (maximum
photochemical efficiency) value was determined in accordance with (Altaf et
al., 2022b).

2.6. Proline and Secondary Metabolites Analysis

Bates et al. (1973) described a method for determining the proline content.
A 0.5 g leaf sample was homogenized in 5 mL sulfosalicylic acid (3% m/v)
and centrifuged at 12,000 g for 20 min at 4 °C. The content of the proline was
measured at 520 nm. Leaf samples (0.2 g) were crushed using cold methanol
(70% v/v) having formic acid (2% v/v) and ethanol (28% v/v), for measuring
the secondary metabolites. Anthocyanin, flavonoids, and total phenols were
measured according to the procedure quoted by Jahan et al., (2020).

2.7. Oxidative Stress Biomarkers and Antioxidant Enzymes Analysis

The ground tissue (leaf) samples were homogenized in 900 mL of 100 mM
phosphate buffer (pH 7.4), as prescribed in the kit. Each homogenized sample
was centrifuged at 12,000_ g for 15 min at 4 °C. After that, the supernatant
was added to a new Falcon tube for further analysis. SOD, CAT, APX, GR,
POD, and GST were measured according to the method quoted by (Nawaz et
al., 2018; Yin et al., 2019; Jahan et al., 2020). H202 and O2" were determined
using the method proposed by Ibrahim and Jaafar (2012); Zhang et al. (2019).
Integrity of membrane and lipid peroxidation was detected by measuring the
MDA levels through the TBA (thiobarbituric acid) reaction (Wang et al.,
2010). The EL (electrolyte leakage) ratio was estimated in the previously
reported procedure (Gong et al., 1998).

2.8. Statistical Analysis

The statistical analysis was carried out using the Statistics 10.1 software.
Different letters indicate a significant difference among treatments (p<0.05).
The values in the figures are always expressed as the mean standard error of
four independent replicates. Fisher’s least significant difference (LSD)
(p<0.05) test was used to determine the differences among treatments.

3. Results
3.1. Plant Growth

Cd treatment showed a significant decline in the growth of eggplant
seedlings compared with CK treatment (Fig. 1A). The eggplant seedlings,
when exposed to Cd toxicity, significantly reduced in plant fresh weight
(35.97%) and plant dry weight (49.85%), compared with CK plants (Fig. 1B-
C). This decline in the growth of eggplant seedlings was alleviated by the
exogenous application of MEL (Fig. 1A-C). After pretreatment with MEL,
growth limitations caused by Cd stress were improved, and less reduction in
plant fresh weight (32.07%) and plant dry weight (21.06%) was observed (Fig.
1). Further, no difference was seen in seedlings without ME pretreatment
(control) and seedlings treated with 100 mM MEL under no stress conditions.

3.2. Photosynthesis Related Parameters

Under Cd stress, Pn, Gs, Ci, and Tr were decreased by 53.18%, 49.44%,
44.54%, and 50.41%, respectively, compared with CK seedlings (Fig. 2A-D).
Conversely, when seedlings were treated with MEL, the reductions of these
leaf gas exchange parameters were only 27.66%, 34.71%, 19.01%, and
36.84%, respectively, as compared to the CK plants (Fig. 2A-D).

A similar trend of reduction in the pigment system was observed under the
Cd stress condition. Chlorophyll a, chlorophyll b, carotenoid, and total
chlorophyll content in the leaves of eggplants were reported to be sharply
reduced by 38.88%, 41.01%, 47.26%, and 39.53%, respectively, under Cd
stress (Fig. 3A-D). Per contra, MEL-treated eggplant seedlings, when
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subjected to Cd treatment, these pigments’ content significantly increased—
by 32.32%, 29.26%, 35.65%, and 31.65%, respectively—when compared
with only Cd-stressed seedlings (Fig. 3A-D).

As shown in Fig. 4A-D, Cd treatment considerably decreased the Fv/Fm,
PSII (Y(II)), and qP, and increased the NPQ value in eggplant seedlings. On
the other hand, the values of Fv/Fm, PSII (Y (II)), and qP increased while the
values of NPQ reduced with MEL application in eggplant seedlings exposed
to Cd stress (Fig. 4A-D).

3.3. Proline And Secondary Metabolites

Proline, anthocyanin, flavonoids, and total phenolic content were
remarkably increased (19.95%, 27.46%, 45.72% and 73.70%, respectively)
under the Cd stress compared with CK plants. Per contra, MEL treatment
further increased the proline content (15.98%), anthocyanin (20.99%),
flavonoids (10.26%), and total phenolic content (21.68%) compared with Cd-
stressed seedlings (Fig. SA-D).

3.4. Oxidative Stress Biomarkers

After seven days of Cd treatment, the H2O2, 02", MDA, and EL levels were
measured in the leaves of eggplant seedlings (Fig. 6). For instance, in the
eggplant seedlings under the Cd toxicity, the H202, 02", MDA, and EL levels
significantly increased by 2.11-, 0.86-, 0.68-, and 1.96-fold, respectively,
compared with CK seedlings. Importantly, MEL-pretreated plants subjected
to Cd-stress reduced this content only by 0.27-, 0.12-, 0.22-, and 0.21-fold,
respectively, compared with the Cd treatment (Fig. 6).

3.5. Antioxidant Enzyme Activity

The antioxidant enzymes’ (SOD, CAT, POD, APX, GST, and GR)
activities were measured in the leaves of eggplant (Fig. 7). By exposure to Cd
stress, the SOD, CAT, POD, APX, GST, and GR enzymes activity was
enhanced by 66.32%, 62.85%, 23.44%, 68.01%-, 38.07%%, and 28.57%,
respectively compared to CK seedlings. It is noteworthy that when MEL-
treated seedlings were subjected to Cd-treatment, this further elevated these
antioxidant enzymes by 34.29%, 44.56%, 19.19%, 38.15%, 23.16%, and
28.35%, respectively, compared with the Cd-stress group (Fig. 7A-F).

3.6. Ion Analysis

The mineral nutrient contents of roots and leaves are determined for
elucidating the role of MEL applied exogenously in nutrients’ homeostasis
under Cd stress conditions, and the findings showed a decline in mineral
nutrient contents of roots and leaves by Cd-stress in pepper (Fig. 8). The
reduction in N, P, and K content can be seen in both leaves and roots of Cd-
treated seedlings. Contrarily, the detrimental effects of Cd stress were
positively retrieved by the exogenous supplementation of MEL, which
remarkably increases the N, P, and K concentrations of leaves and roots, thus
highlighting the role of MEL in eggplant as a key player in sustaining the
mineral nutrients pool (Fig. 8). To elucidate the alleviating effect of Cd
through inhibition of Cd uptake under Cd-stress conditions, the Cd
accumulation of metal-stressed plants in both roots and leaves was estimated.
The results revealed a tremendous increase in Cd concentration in both roots
and leaves of Cd -treated seedlings plants, and the leaves showed substantially
higher uptake level of Cd than the roots (Fig. 9). Nevertheless, compared to
Cd-stressed plants only, the concentrations of Cd in both roots and leaves of
pepper plants were markedly declined by the exogenous supplementation of
MEL.

4. Discussion

Global agricultural environmental research is primarily focused on
reducing heavy metal contamination in agricultural soils and heavy metal
toxicity in agricultural soils, both of which are serious problems. Cd is a non-
essential and highly toxic metal that reduces plant growth (Gallego et al.,
2012). According to recent research, MEL may effectively enhance heavy
metal stress tolerance in crops, providing a novel approach for reducing heavy

metal toxicity in crops (Zhou et al., 2023; Yang et al., 2023). In this study, we
observed that Cd impaired the plant growth traits. Conversely, Cd-induced
growth inhibition was progressively limited by MEL pre-treatment (Fig. 1).
In the last decade, several researchers have been concerned about MEL role
in boosting plant growth and stress tolerance (Kaya et al., 2019; Tousi et al.,
2020; Hoque et al., 2021). Under metal toxicity in wheat and tomato, growth
traits’ improvement mediated by MEL is in line with existing literature (Li et
al., 2022; Umapathi et al., 2022). Under nickel toxicity, MEL application
promoted Trigonella foenum-graecum seedling growth (Parwez et al., 2023).
As a result, exogenous MEL supplementation may be a highly promising
approach for dealing with the negative impacts of heavy metal toxicity on
plants.

45 1.5

o T A B

§ 35 §
B30 &
= =
g E
s :
e2) o

z 25
=
o 20
é':‘; 15 :}
é 10
5
0
CK MEL Cd MEL+Cd CK MEL Cd MEL+Cd

Fig. 6. Influence of melatonin on oxidative stress biomarkers in eggplant
seedlings under cadmium toxicity. Means + SE, n = 3, lowercase letter showed
a significant difference among treatments, according to Fisher LSD test.
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Fig. 7. Influence of melatonin on antioxidant enzyme activity in eggplant
seedlings under cadmium toxicity. Means + SE, n = 3, lowercase letter showed
a significant difference among treatments, according to Fisher LSD test.

Heavy metal toxicity impairs leaf photosynthesis (Altaf et al., 2023). The
capacity of plants to survive negative environmental conditions is associated
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with the ability to enhance their photosynthetic capacity. Inhibition of
photosynthesis by heavy metals leads to the impairment of the photosynthetic
apparatus (Yang et al., 2023). Increased Cd ion concentration in leaf tissue
might be the primary source of chloroplast and leaf function inhibition in
cotton plants subjected to Cd toxicity (Khan et al., 2023). The current results
exhibited that only Cd treatment dramatically reduced leaf gas exchange and
photosynthetic pigments content. In contrast, MEL supplementation clearly
activated the photosynthesis mechanism (Fig. 2 and Fig. 3). Similarly, Nawaz
et al. (2018) reported that V received watermelon seedlings showed
considerable reduction in leaf gas exchange parameters. But the MEL
application effectively retrieved the value of these parameters under vanadium
toxicity. Further, Ahammed et al. (2020) revealed that iron supply, at both low
and high levels, caused a considerable reduction in chlorophyll a and
chlorophyll b content compared with CK. Interestingly, cucumber seedling
pretreatment with MEL conspicuously improved the chlorophyll a and
chlorophyll b contents under low and high iron supply compared with only
iron treatments. Numerous research has shown that exogenous MEL
supplementation recovers leaf photosynthesis in Chinese cabbage (Wang et
al., 2021), radish (Xu et al., 2020), and Brassica napus L. (Sami et al., 2020)
under Cd toxicity. Chlorophyll fluorescence has become an important
technique for studying the photosynthetic parameters of plants under adverse
environmental conditions (Jahan et al., 2021). The present study revealed that
Cd treatment caused significant damage to the photosynthetic apparatus in
eggplant seedlings, which was then recovered by MEL supplementation (Fig.
4). The current study also confirms the results of previous studies, which
showed that MEL might protect photosynthetic efficiency (Saqib et al., 2023).
Furthermore, the results of the current study are also in line with the existing
literature on strawberry (Wu et al., 2021), Spinach (Asif et al., 2020), and
mallow (Tousi et al., 2020).

Under stressed conditions, proline, a principal metabolite, is produced in
the cells of plants. The research findings of present study revealed that Cd
treatment enhanced the proline concentration, whereas application of MEL in
seedlings of eggplant under Cd stress further enhanced the proline level (Fig.
5A). Identically, application of MT increased the proline in tomato, pepper
and eggplant leaves (Jahan et al., 2020; Altaf et al., 2023; Zhang et al., 2024)
under environmental stress. In addition, anthocyanins, flavonoids, and total
phenolics have great potential to protect plants against stress (Rizwan et al.,
2024). In comparison to other treatments, MT application enhanced the total
phenolics, flavonoids, and anthocyanins in seedlings of eggplant under Cd
stress (Fig. 5D-F). Our research findings are further confirmed by findings
that the application of MT in tomato has the same impact under nickel toxicity
(Jahan et al., 2020). Farouk and Al-Amri (2019) indicate that higher
production of anthocyanin can increase antioxidant capacity and decrease
H20: level. Similarly, Zhang et al. (2016) reported that ME supplementation
sharply enhanced anthocyanin concentration in cabbage and therefore showed
decreased ROS accumulation as well as an increased antioxidant enzyme
system.

Plants can be protected from oxidative stress by MEL, which directly
enhances the activity of antioxidative enzymes and scavenges free radicals
and excess ROS (Hoque et al., 2021). Our results show that the elevations of
EL and MDA were consistent with the accumulation of H>O» and O2" induced
by Cd stress, which indicates possible Cd-induced damage of the membrane
due to excess ROS (Fig. 6). In contrast, MEL application significantly reduced
these oxidative stress biomarkers. These results are in accordance with
previous studies that MEL application decreased the accumulation of ROS
and ROS-induced lipid peroxidation in wheat (Li et al., 2022), tobacco (Teng
et al., 2022), and Chinese cabbage (Wang et al., 2021) under Cd toxicity. In
addition, MEL application considerably decreased the H.0» and MDA
accumulation in watermelon seedlings under vanadium toxicity (Nawaz et al.,
2018). Additionally, our results are in line with several previous studies on
wheat, mallow, and seedlings that were exposed to heavy metal toxicity (Tousi
et al. 2020; Imran et al., 2021; Li et al., 2022).

Redox homeostasis and are crucial in limiting excessive production of ROS
and the duration of cellular membrane damage in plants under environmental
stresses (Qin et al., 2024). MEL is a dynamic molecule having antioxidant

properties (Chrustek et al., 2021). MEL effectively up-regulated antioxidant
enzyme activity and decreased oxidative damage in plants (Fig. 7). In tobacco
plants, MEL efficiently improved the antioxidant activity by decreasing ROS
production, primarily related to enhancing tobacco manganese tolerance (Gao
etal., 2022). Jahan et al. (2020) reported that under Ni stress, MEL application
increased antioxidant enzyme activity in the roots and leaves of tomato
seedlings. MEL application notably enhanced enzyme activity in safflower
(Amjadi et al. 2021), pearl millet (Awan et al. 2023), and Spinach (Asif et al.,
2020) under cadmium toxicity.

The current study exhibited greater Cd accumulation in Cd-stressed seedlings,
whereas less Cd was absorbed by MEL pretreated seedlings, with a relatively
higher Cd concentration in roots than in leaves (Fig. 8). Excessive Cd
interferes nutrients uptake and inhibits root growth (Saqib et al., 2023).
Similarly, MEL application considerably decreased Cd accumulation in
strawberry seedlings (Wu et al., 2021) and tomato (Song et al., 2024). An
accentuated decline in N, P, and K was observed under Cd toxicity, whereas
robust improvements were observed in these nutrient elements by MEL
supplementation under Cd stress, thus implying MEL as an essential ion
homeostasis booster in plants (Fig. 9). Similar results were reported in
cucumber under copper toxicity (Cao et al., 2019). These research results are
in agreement with previous findings that the application of MEL enhanced
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mineral homeostasis (NPK) in watermelon (Nawaz et al., 2018), wheat (Li et
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al., 2022), radish (Xu et al., 2020), and pepper (Rizwan et al., 2024) subjected
to heavy metal stress conditions. Our results also endorsed that MEL assisted
in enhancing the tolerance against Cd stress through conserving ion
homeostasis in seedlings of eggplants. MEL is a powerful antioxidant
molecule and significantly increases heavy metals stress tolerance in plant
species.

5. Conclusion

The current study exhibited that Cd stress causes significant declines in
growth, interruptions in the photosynthetic apparatus, imbalances ion
homeostasis, as well as excess accumulation of ROS, which all together
reduce the tolerance of eggplant seedlings against Cd-toxicity. Conversely,
MEL proficiently mitigated the Cd-induced phytotoxicity by restoring growth
attributes, increasing leaf photosynthetic capacity, balancing ion
accumulation (decreasing the Cd accumulation in seedlings), and decreasing
oxidative damage (hindering the ROS accumulation and increasing
antioxidant defense mechanism). Additionally, MEL-treated eggplant
seedlings had higher levels of secondary metabolites, which primarily take
part in Cd chelation and reduce ROS generation, relieving the Cd-induced
growth suppression. To sum up, the MEL application effectively alleviated
Cd-induced phytotoxicity and enhanced eggplant seedlings’ resilience to Cd
toxicity. Given the results of this study, further research is needed to determine
the function of MEL in protecting plants against various environmental
pollutants such as arsenic, lead, and selenium.
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