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Abstract: Cadmium (Cd) is highly toxic and not easily degradable. It damages plant growth and
results in large-scale economic losses. The present study explored the feasibility of using melatonin to
alleviate Cd toxicity, and to reduce Cd accumulation in tea seedlings cultivated in Cd-contaminated
soil. Exogenous melatonin, especially at 150 µM, promoted tea seedling growth under Cd stress,
and increased the photosynthetic pigment by 16% and soluble protein content by 5%. Furthermore,
melatonin effectively increased the activities of superoxide dismutase (SOD), and peroxidase (POD)
by 21 and 31%, respectively, contributed to a decrease of the malondialdehyde (MDA) by 2% and
the Cd content in leaves by 52%. Furthermore, soil enzyme activities were enhanced, including acid
phosphatase (ACP), urease (UE), soil sucrase (SC), and soil catalase (CAT), by 11, 70, 1, and 18%,
respectively, along with a pH reduction and available Cd content increase, after melatonin application.
Taken together, our results provide evidence that melatonin lessens the adverse Cd effects on tea
seedlings’ physiology, mainly through enhancing the antioxidant capacity of the plants and soils
to scavenge reactive oxygen species (ROS) upon Cd exposure. Therefore, melatonin may be used
as a modulator to alleviate Cd-induced toxicity in tea seedlings, thereby resulting in healthier tea
plant growth.

Keywords: antioxidant enzymes; cadmium content; growth; photosynthetic pigments

1. Introduction

The development of industrial and agricultural production, as well as accelerated
urbanization [1,2], has resulted in serious heavy metal soil pollution [3], leading to tremen-
dous economic loss [4]. Specifically, cadmium (Cd) is one of the most common heavy
metal pollutants, and is extremely toxic and nonbiodegradable. Although Cd is not an
essential element for plant growth and development, it is easily absorbed and accumulated
by plant roots, and accumulates within the human body via the food chain, thereby poi-
soning human organs as well as reproductive and immune systems, and thus threatens
human health [5,6]. Cd accumulation can induce peroxidation and hinders plant growth
processes [7]. Some reports have shown that mild Cd stress leads to some visible symp-
toms in plants, e.g., dry and yellow leaves, shortened rhizomes, and a reduced number
of lateral roots. High Cd dosages tend to disrupt metabolic processes, inhibit antioxidant
enzyme activities, and promote reactive oxygen species accumulation. Furthermore, cell
membrane permeability decreases, resulting in cell damage [8,9]. Ultimately, plant growth
is tremendously inhibited, leading to low productivity [10,11]. Thus, exploring how to
alleviate Cd stress in plants, reduce the Cd content in edible plant organs, and achieve
effective Cd control in the food chain is vital for crop growth and human health.

Tea is well received by many consumers around the world, mainly because of its
pleasant fragrance, unique flavor, and abundance of nutrients [12]. Furthermore, as a
globally important industrial crop, tea has increasingly attracted attention regarding its
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safety for human consumption. Heavy metals have recently been found to pose a serious
tea contamination risk owing to their high uptake by tea plants [13,14]. Consequently,
heavy metal stress severely threatens its growth and yield. Cd pollution has therefore
developed into an important sustainability issue. In some mining areas of the Hunan
Province of China, Cd soil content can be up to 9.5 mg kg−1 [15], which greatly exceeds
the risk screening value of the tea garden (0.2 mg kg−1). Previous studies on tea plants
showed that Cd has a hazardous impact on tea plant growth and physiology [16–19]. Thus,
enhancing tea plant resistance against Cd stress, and reducing its accumulation, are of great
significance to tea yield, safety, and quality.

To our knowledge, melatonin (N-acetyl-5-methoxytryptamine) has been identified
as a multi-beneficial hormone. It plays various roles in humans and animals. Moreover,
melatonin is also involved in many aspects related to plant growth and development,
particularly in plant resistance against biotic and abiotic stress. Melatonin is capable of
strengthening plant tolerance towards drought [20], high temperatures [21], saline-alkali
environments [22], nanoplastics [23], and other adverse conditions. Furthermore, melatonin
exerts an ameliorative effect on heavy metal toxicity [24–27]. For example, melatonin’s
effects on Cd toxicity has been extensively studied in Arabidopsis thaliana [28] and apple
trees [29] via phytochelatin biosynthetic regulation, vacuolar isolation, and antioxidant
capacity. These studies demonstrated that melatonin plays a regulatory role in plants in
response to Cd stress. Therefore, can melatonin also be applied to tea seedlings?

Tea is one of the three most popular drinks in the world, with a huge market demand.
Up to now, the potential threat of Cd has been mainly prevented by reducing chemical
fertilizers, pesticides and other measures, but this will undoubtedly lead to a reduction
in tea production and quality. Previous studies have confirmed that melatonin has the
ability to enhance Cd tolerance in plants. However, little relevant information is currently
available on melatonin’s alleviating effects in tea plants exposed to Cd. Therefore, the
objective of this study was to investigate the effects of melatonin application on tea seedlings
subjected to Cd, and to analyze the detoxifying mechanisms induced by melatonin. Here,
we determined the changes in biomass and physiology, including photosynthetic pigments,
membrane lipid peroxidation degree, antioxidant enzyme activity, etc. Specifically, we
analyzed soil enzyme activity (ACP, UE, SC, and CAT) to provide additional evidence for
melatonin to alleviate Cd-induced stress. This study was intended to provide cultivation
strategies for tea plants, and other horticultural crops, growing in Cd-polluted soils, and to
fill the current research gap.

2. Materials and Methods
2.1. Plant Materials and Soil Samples

One-year-old tea seedlings (Camellia sinensis, cultivar ‘Ziyan’) were obtained from the
Yizhichun Tea Company, Leshan, Sichuan Province (E 103◦53′16.3′′, N 28◦59′24.54′′). A
loam soil was used in the experiment, which was collected from the local environment.
The soil properties were as follows: pH 5.62, organic matter 31.73 g kg−1, total nitrogen
1.05 g kg−1, total phosphorus 0.37 g kg−1, total potassium 25.71 g kg−1, available nitrogen
56.13 mg kg−1, available phosphorus 17.15 mg kg−1, available potassium 56.65 mg kg−1,
and total Cd 0.025 mg kg−1.

2.2. Experimental Design

The experiment was carried out in a greenhouse at the Sichuan Agricultural University.
Nine kilograms of soil was first dried, crushed, and screened, and then treated with
10 mg kg−1 Cd, thereafter it was used to fill plastic pots. All treated pots were kept in the
shade at room temperature for two weeks. During this period, the soil was maintained at
80% field capacity. Our experiment utilized a completely randomized block design. Six tea
plants were transplanted into each pot, thereby totaling 90 seedlings.

After one week, the leaves of the tea seedlings were sprayed every seven days either
with distilled water (control; CK) or different melatonin concentrations (50, 100, 150, or
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200 µM) for a total of four times. For each treatment, three pots with 18 plants were used.
After 60 days of melatonin treatment, the roots, stems, and leaves of each plant, as well
as their respective soils, were collected for further analysis. Three replicates were used to
determine biomass, physiological index, and Cd concentration.

2.3. Determination of Biomass

Tea plants were harvested and divided into several parts, which consisted of main
roots, lateral roots, stems, and leaves. These parts were all first washed with running water,
followed by three rinses of deionized water. Each part’s fresh weight was then recorded
after all surface water evaporated from the respective tissues.

2.4. Determination of Photosynthetic Parameters

The photosynthetic pigments of seedlings were measured after 60 days of treatment.
Approximately 0.2 g of the third fresh leaf from each group was utilized and homogenized
with 3 mL of 95% ethanol. Then, 10 mL of the 95% ethanol mixture was added and
incubated for 5 min to whiten the tissues. The extracts were then filtered into a volumetric
flask and diluted to a volume of 25 mL. An ultraviolet spectrophotometer (UV T5, Shanghai,
China) was used to measure sample absorbances at 470, 649, and 665 nm, respectively, and
calculated according to the methods of Maxwell et al. [30].

2.5. Activity Determination of Antioxidant Enzymes (SOD, POD, and CAT)

For enzyme analyses, a 0.1 g quantity of each fresh sample (i.e., the fourth leaf) was
ground into a 10% homogenate in a pre-chilled mortar and pestle filled with a normal
saline solution (1:9 mass volume ratio). The homogenates were centrifuged at 2500 rpm
for 10 min at 4 ◦C, and the supernatants were tested for enzymatic activities following the
manufacturer’s instructions for each commercial assay kit, which included superoxide dis-
mutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), and peroxidase (POD, EC 1.11.1.7),
all purchased from the Jiancheng Bio-engineering Institute (Jangsu, China). Specifically,
SOD activity was determined by monitoring its ability to inhibit the photochemical reduc-
tion of nitroblue tetrazolium (NBT) at 550 nm [31]. Furthermore, one unit of SOD activity
represented the amount of enzyme corresponding to a fifty percent reduction of NBT. CAT
activity estimation involved monitoring the rate of disappearance of H2O2 at 405 nm [32].
One unit of CAT activity was defined as the amount resulting in a 1 µmol H2O2 per min
decrease. Finally, POD activity was assessed at 420 nm, and one unit was defined as the
amount that catalyzed 1 µg H2O2 per min at 37 ◦C [33].

2.6. Determination of Soluble Protein Content

The Coomassie brilliant blue method was adapted and used for the determination of
soluble protein content, as described by Zoufan et al. [34]. We weighed out 0.2 g of fresh
sample (the fourth leaf) for each treatment, which was ground into a homogenate and
extracted in 10 mL of distilled water. Homogenates were centrifuged at 4000 rpm min−1

for 10 min at 4 ◦C. Afterwards, 0.1 mL of supernatant was thoroughly mixed with 5 mL
of 100 µg mL−1 Coomassie brilliant blue G-250 solution in each tube and allowed to react.
The solution was left to react for 2 min, after which its optical density was measured at
595 nm.

2.7. Determination of Malondialdehyde

MDA content was evaluated as reported earlier [35], with minor modifications. Specifi-
cally, 0.1 g of fresh sample (the fourth leaf) was ground into a homogenate after the addition
of 5 mL 0.1% (w/v) TCA (trichloroacetic acid) solution. Hereafter, the homogenate was
centrifuged at 13,000 rpm for 10 min. A total of 1 mL of supernatant was vacuumed
into 2 mL 0.6% TBA made in 10% TCA. The mixture was incubated in a water bath for
15 min, and then quickly cooled to terminate the reaction. Another centrifugation step was
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performed for 5 min at 13,000 rpm to obtain a supernatant, of which the absorbance was
measured at 450, 532, and 600 nm, respectively.

2.8. Determination of Cd Content

To determine Cd content, tea seedling roots, stems, and leaves were sampled and dried
at 70 ◦C until their weights remained constant according to GB 5009.15-2014. The dried
samples of 0.3 g in weight were powdered and transferred into a polytetrafluoroethylene
digestion tank. Thereafter a 10 mL mixture (a ratio of 4:1 HNO3:HClO4) was added to
digest the samples overnight until they were clear. After filtering, the digested solution
was diluted to 25 mL, and Cd content determined using an atomic absorption spectrometer
(ICP 6300, MA, USA).

2.9. Determination of Soil pH and Available Cd Content

The soil of each treatment was collected, air dried, and screened. The soil pH values
were assayed according to NY/T 1377-2007. Specifically, powdered soil, weight 10.0 g,
was added to 25 mL of deionized water and stirred. After 30 min, an acidimeter (PHSJ-4F,
Shanghai, China) was used to determine pH values.

The available Cd content was analyzed following the GB/T 23739-2009 approach.
Specifically, 10 g of the soil samples were mixed with DTPH and digested at room tempera-
ture for 2 h. Hereafter, the mixtures were filtered to obtain extracts, which were assessed at
288.8 nm using an atomic absorption spectrophotometer (ICP 6300, MA, USA).

2.10. Determination of Soil Enzyme Activities (S-UE, S-SC, S-CAT)

Soil enzyme activities, namely acid phosphatase (ACP, EC 3.1.3.2), urease (UE, EC
3.5.1.5), sucrase (SC, EC 3.2.1.48), and catalase (CAT, EC 1.11.1.6), were measured using a
Shimadzu spectrophotometer (UV-2500, Tokyo, Japan) following the instructions of the
respective commercial assay kits purchased from the Solarbio Science & Technology Co.,
Ltd. (Beijing, China). Samples were weighed: 0.1 g air-dried soil for CAT, ACP and SC
activities assay; 0.25 g for UE. ACP catalyzed the hydrolysis of disodium phenylphosphate
to produce phenol and disodium hydrogen phosphate. At 37 ◦C, one enzyme activity
unit was defined as 1 nmol phenol per gram of soil released per day. Soil UE activity was
measured by detecting the concentration of the product of hydrolysis (NH3-N) using urea
as the substrate. Furthermore, one unit of UE activity was defined as the amount of NH3-N
produced by one gram of soil per day. For SC enzyme analysis, sucrose was catalyzed to
produce a reducing sugar, which was further combined with 3,5-dinitrosalicylic acid to
form a red compound with an absorption peak at 540 nm. The content of the reducing
sugar produced by one gram of soil catalyzed sucrose per day was considered as one unit.
Finally, CAT activity was determined by monitoring its ability to reduce H2O2 at 240 nm,
and one unit was defined as the amount of H2O2 decrease from one gram of soil per day.

2.11. Statistical Analyses

Analysis of variance (ANOVA) was performed to determine the least significant
difference (LSD) between the different treatments (p < 0.05) using the Statistica 25.0 software
(SPSS, Chicago, IL, USA). Duncan’s multiple range test was used to compare the data. Mean
expression and standard deviation (SD) values were calculated based on three biological
replicates. Graphs were generated using OriginPro 2021 software (Origin Lab, Berkeley,
CA, USA).

3. Results
3.1. Tea Seedling Biomass

Changes were observed in the tea seedlings’ roots, stems, and leaf biomasses under
different treatments (Figure 1). Melatonin effectively alleviated Cd stress on tea seedlings’
growth, and also promoted their growth. With an increased melatonin concentration, the
biomass of the main and lateral roots, as well as stem, leaf, and entire seedling biomass, in-
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creased and reached a maximum at 150 µM melatonin. Under this treatment, the main root,
lateral root, stem, leaf, and entire biomass increased by 16, 44, 4, 18, and 10%, respectively.
Melatonin application at a concentration of 200 µM inhibited tea seedling taproot and leaf
growth, but this was not significant.
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Figure 1. Effects of exogenous melatonin on tea seedling biomass under Cd stress. The data represent
means± standard deviations for three replicates. Different letters indicate groups that are significantly
different at p < 0.05.

3.2. Photosynthetic Pigment Content in Tea Seedlings

Only the 150 µM melatonin treatment significantly increased chlorophyll a, chlorophyll
b, total chlorophyll, and carotenoid content in Cd-stressed tea seedling leaves (Figure 2).
When treated with 150 µM melatonin, the chlorophyll a, chlorophyll b, carotenoid, and
total chlorophyll content increased by 10, 25, 5, and 16%, respectively (p < 0.05). However,
the chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll content was the lowest
at an exogenous melatonin concentration of 200 µM, which decreased by 11, 18, 12, and
12%, respectively. Interestingly, only 200 µM melatonin increased chlorophyll a/b, while
the other concentrations contrasted with this.
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3.3. Antioxidant Enzyme Activity, and Soluble Protein and MDA Content of Tea Seedlings

We evaluated the influence of melatonin by investigating changes in the antioxidant
systems, soluble protein, and malondialdehyde (MDA) in melatonin-treated Cd-stressed
tea seedling leaves. The activities of SOD (EC 1.15.1.1) and POD (EC 1.11.1.7) significantly
increased due to different melatonin concentrations, both of which reached a maximum
level at 200 µM melatonin, and increased by 22 and 61%, respectively (p < 0.05, Figure 3).
Furthermore, the highest CAT (EC 1.11.1.6) value was recorded in the 50 µM melatonin
group, which increased significantly by 31% (p < 0.05). Except for the 200 µM melatonin
concentration, the soluble protein content of the other treatments increased (Figure 3A).
Moreover, the highest soluble protein level occurred at 100 µM, and further increased by
16% (Figure 3B). Additionally, melatonin decreased the tea seedling leaf MDA content, and
the lowest value was observed at 100 µM melatonin, which decreased by 12% (Figure 3C).
These results imply that melatonin is effective in adjusting antioxidant enzyme activities
and soluble protein content to alleviate Cd-induced toxicity.
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3.4. Cd Content in Tea Seedings

The tea seedling Cd accumulation trend can be described as follows: lateral roots >
main roots > stems > leaves (Figure 4). Under Cd stress, the plants without melatonin
application exhibited a maximum Cd amount in all parts of the tea seedlings. The Cd
content in the main roots was 4.56 mg kg−1 DW, in lateral roots 92.88 mg kg−1 DW, in
stems 2.22 mg kg−1 DW, and in leaves 1.50 mg kg−1 DW. However, the treatment with
different melatonin levels resulted in a maximum Cd concentration decline of up to 39,
36, 32, and 52%, respectively, in the main roots, lateral roots, stems, and leaves. Therefore,
based on the Cd content of all the treatments, the 150 µM melatonin group considerably
reduced the tea seedlings’ Cd absorption.
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3.5. Soil Enzyme Activities

The effects of tea seedlings treated with different melatonin concentrations on soil
enzyme activities were examined using soil acid phosphatase (S-ACP, EC 3.1.3.2), soil urease
(S-UE, EC 3.5.1.5), soil sucrase (S-SC, EC 3.2.1.48), and soil catalase (S-CAT, EC 1.11.1.6). In
this study, the 100 µM melatonin treatment prominently increased the activities of S-ACP
and S-UE by 30 and 122%, respectively (Figure 5A,B). However, tea seedlings treated with
melatonin had no significant effect on enhancing S-SC activity under Cd stress (Figure 5C).
Moreover, the S-CAT activity significantly increased by 5, 18, and 37%, respectively, at the
three higher melatonin levels (100, 150, and 200 µM; p < 0.05), but decreased at a lower
melatonin concentration (Figure 5D). Overall, these results demonstrate that tea seedlings
treated with melatonin can upregulate soil enzyme effectiveness in Cd-polluted soils to
lessen Cd-induced toxicity.
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3.6. Effects of Exogenous Melatonin on Soil pH and Available Cd Content

To investigate whether melatonin application changes soil properties in Cd contam-
inated soils, we analyzed soil pH and available Cd content for all treatments. Soil pH
continuously declined as the melatonin concentration increased (Figure 6). At 150 and
200 µM melatonin, the index was significantly lower compared to the control (p < 0.05),
which predicted a severe soil acidification, while still being suitable for tea growth. In
contrast, the amount of available soil Cd notably increased with increasing melatonin
concentration. The available soil Cd content was higher (12 and 16%) when supplemented
with melatonin at 150 and 200 µM, respectively (p < 0.05). These results provide evidence
that exogenous melatonin reduces tea seedling Cd uptake, thereby leaving much of the
available Cd in the soil.
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4. Discussion

Cd is a non-essential plant element with a deleterious impact on plant growth and
productivity, which occurs mainly through the irreversible inhibition of proton pumps;
these elements are crucial for maintaining cell division and growth [36,37]. Previous studies
demonstrated that exogenous melatonin relieved Cd stress and promoted the growth and
biomass formation of wheat and tomato plants [38,39]. In this study, we observed that the
biomass of each Cd-stressed tea seedling part increased after melatonin addition. The fresh
weights of the main roots, lateral roots, and leaves significantly increased by 16, 44, and 18%,
respectively, in the presence of 150 µM melatonin, but with a slight reduction seen with
the 200 µM melatonin treatment. This agrees with previous studies which found that Cd-
induced growth damage could be alleviated by exogenous melatonin application [28,29,40].
However, 150 µM melatonin performed well in tea seedlings exposed to Cd, which was
different from that of most plants (less than 100 µM). We speculated the difference might
be caused by different plant species, as well as the exposure duration or even other experi-
mental conditions. Collectively, these findings imply that plant growth inhibition caused
by Cd can be mitigated by exogenous melatonin at an appropriate concentration, but a
dose-dependent manner exists. It was hypothesized that a high melatonin concentration
might inhibit tea plant IAA synthesis, causing the depolymerization of tubulin through
calmodulin, destroying the spindle structure of cells, thus affecting tea seedling growth [41].

Photosynthesis provides material and energy for plant growth and is sensitive to heavy
metal stress. Sami et al. reported that Cd significantly decreased the rate of photosynthesis
and hindered plant growth [42]. Simultaneously, Gil et al. reported that Cd toxicity altered
photosynthetic efficiency by directly destroying chloroplast ultrastructures and inhibiting
enzyme activities related to photosynthesis [43]. Numerous studies have confirmed that
melatonin is one of the most potent endogenous free radical scavengers, and plays a crucial
role in reducing the degradation of chlorophyll in adverse conditions [44,45]. The findings
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of Agami and Mohamed et al. support our results, namely that melatonin treatment
enhanced Cd-stressed tea seedlings’ photosynthetic pigment content, which was consistent
with biomass regulation [46]. The study conducted by Liang et al. showed that chlorophyll
content was associated with ROS levels in the leaves of stressed plants [47]. Moreover,
ROS could react with polyunsaturated fatty acids, thus leading to lipid peroxidation and
triggering the generation of various lipid peroxidation products, such as MDA [48,49]. Our
results showed that melatonin supplementation significantly decreased MDA accumulation
in Cd-stressed tea leaves (Figure 3C). Furthermore, the photosynthetic pigment content
in these treatments was higher compared to the control (Figure 2A). This indicates that
melatonin relieved the plants from Cd-induced oxidative stress, which was consistent with
the results from Sami et al. on Brassica napus L. [42]. Antioxidant enzymes, including SOD,
POD, CAT, and antioxidants, are crucial in a plant’s defense system, and are responsible
for scavenging active oxygen free radicals, thereby maintaining a delicate balance between
their production and elimination. Our results demonstrated that melatonin caused changes
in antioxidant enzyme activities in Cd-stressed tea seedlings (Figure 3A), which agreed
well with previous studies on wheat and apple plants [50,51]. Interestingly, SOD and POD
enzyme activity and MDA content of 150 and 200 µM melatonin treatment were higher
than those of 50 and 100 µM groups, while CAT activity was lower. Combined with other
physiological indicators, we suspected that melatonin probably enhanced the Cd tolerance
of tea seedlings, so that the reaction time was later than other groups. Comparatively
speaking, two treatment groups, 50 and 100 µM, were sensitive to cadmium, which caused
a timely response to this threat, thus leading to a reduction in MDA levels. In addition,
the results of the study only reflected the antioxidant level of Cd treated plants after
60 days, and could not represent the whole response process. Soluble protein, as an
important osmoregulation substance, can improve the water-holding capacity of cells,
protect the normal functions of various enzymes, and cell membrane structures. The
150 µM melatonin treatment promoted an accumulation of soluble protein content, which
reflected a good growth state of tea seedlings exposed to Cd stress [16]. Overall, we
hypothesized that melatonin mediated the Cd-induced damage by enhancing antioxidant
enzyme activities and antioxidant levels, thereby reducing MDA levels and increasing
photosynthetic pigments and growth.

Many studies have confirmed that Cd competes with Ca and Zn for the enzyme
center, and binds to the residues on the constituent amino acids of enzymes, such as
the hydrogen sulfur bond of cysteine, to inhibit enzyme activity, thus hindering plant
growth and development [52]. Susa et al. explored the detoxification mechanism of
melatonin on Cd, and found that alleviation was attributed to the chelation of melatonin
with metal ions [53]. Furthermore, melatonin, as an antioxidant, provided protection for
plants to avoid injury [54]. Generally, Cd accumulation in aboveground plant parts is
lower compared to underground parts, except in some Cd hyperaccumulators [55]. Our
results showed that Cd accumulation was distributed in tea plant lateral roots, main roots,
stems, and leaves. Similar to most plants, a large amount of Cd was trapped within the
lateral roots; this is because the xylem restricts Cd transport [14]. Furthermore, all tea
seedling parts experienced a Cd content decrease after melatonin application, especially
at a concentration of 150 µM (Figure 4). This agreed with previous studies showing that
melatonin markedly alleviated Cd accumulation in mallow (Malva parviflora) and cucumber
(Cucumis sativus) [56,57]. Based on this, we can conclude that melatonin plays a prominent
role in reducing Cd intake, but elucidating a definite mechanism requires further study.

Soil enzymes are indicators for evaluating the degree of heavy metal pollution and
potential ecological risk, and not only participate in the soil nutrient cycle, but also provide
metabolites for maintaining soil health [58,59]. Previous studies focused on the effect of
heavy metals on soil enzyme activities, and showed that heavy metal pollution inhib-
ited such soil enzyme activities, as well as hindering the transformation of soil available
nutrients [60–62]. In our study, application of the melatonin to tea seedlings grown in
Cd-contaminated soils showed that soil enzyme activities were prominently enhanced
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compared to treatments without melatonin, especially S-ACP, S-UE, and S-CAT, thereby
directly reflecting an improvement in soil conditions (Figure 5A,B,D). Combined with the
other results in this paper, tea seedling biomass increased in such improved soils (Figure 1).
Therefore, we hypothesize that tea seedlings treated with melatonin enhances enzyme
activities in Cd-polluted soil, and accelerates the transformation of soil nutrients used
for growth [59]. Additionally, soil enzyme activity is closely related to soil pH [63]. In
this context, soil pH decreased as melatonin concentration increased. We assumed that
melatonin promoted the secretion of acidic substances into the tea seedling rhizospheres,
thus leading to soil acidification and changes in soil enzyme activities [64]. Wyszkowska
et al. proposed that soil acidification exacerbated heavy metal pollution, thereby increasing
the content of available heavy metals, which were then easily absorbed by plants [65]. In
contrast, the results from Yang et al. showed that increased pH led to decreased heavy
metal bioavailability in soil [66]. In our study, the available Cd content in the tea seedlings’
soil gradually increased with increasing melatonin concentration, which means that the
Cd content absorbed and utilized by plants also increased, thus increasing the risk of Cd
pollution in the tea seedlings. Thus, considering the tea seedlings’ Cd content, melatonin
reduced tea seedling Cd accumulation, thereby retaining a large amount of Cd within the
soil; however, the specific mechanism of melatonin alleviation requires further study.

In the past, the absorption of Cd by plants was mainly controlled through physical
and chemical measures, consisting of soil amendments, surfactants, and metal antagonists,
along with fertilizer and pesticide reduction or other technologies, which was not only at
huge expense and difficulty, but also affected the yield and quality of plants, especially
some horticultural crops. Subsequently, biological agents came into being. Melatonin
showed potential to alleviate Cd-induced stress in tea seedlings, as well as other reported
plants, contributing to an effective theoretical basis for crop cultivation and exhibiting the
feasibility of the application. In this paper, the effect of melatonin on alleviating cadmium
stress was studied through a pot experiment. However, the environmental conditions, e.g.,
climate, soil microbial communities, and Cd addition, etc., in the field were more complex,
thus, leading to a limitation of our results. Therefore, it is necessary to conduct tests
multiple times and in multiple areas, so as to achieve similar results in the field. Moreover,
the characteristics of plants are different, and even the concentrations of melatonin that may
have different detoxification effects on heavy metals for different tea varieties. Therefore,
it is of great significance to determine an optimal concentration, or even a concentration
range, so that it promotes healthier growth of different varieties, which is conducive to
developing melatonin into a product for crop cultivation and management.

5. Conclusions

Overall, this study showed that different melatonin concentrations attenuated Cd toxi-
city in tea seedlings. The exogenous application of melatonin strengthened the antioxidant
defense system and enhanced soluble protein content, which lessened MDA accumulation
and increased tea plant biomass under Cd stress, as well as promoting the accumulation
of photosynthetic pigments in leaves. Moreover, the spraying of melatonin regulated soil
enzyme activities and inhibited Cd absorption by tea seedling roots, thereby reducing the
Cd content in the tea seedling organs. Some ambiguity and confusion still remain regarding
melatonin’s effect on the alleviation in tea seedlings growing in Cd-contaminated soil,
especially the link with soil enzymes; therefore, this becomes the focus of future work. In
conclusion, a treatment of 150 µM melatonin concentration is the most effective in reducing
tea seedling Cd toxicity. This inspires us to increase the endogenous melatonin content of
transgenic plants by genetic modification, so as to improve cadmium resistance. There-
fore, our study provides a new strategy for improving the performance of tea seedlings
or horticultural crops exposed to Cd by applying melatonin as a modulator to attenuate
Cd-induced toxicity.
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