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Abstract: Melatonin (MLT) is a hormonal substance found in many organisms
and can improve plant stress resistance. In this study, the japonica rice variety
Y32 and indica rice variety NJ6 were cultivated in hydroponics under different
concentrations of CdCl, at the two-leaf stage. The growth, physiological and
biochemical responses of the seedlings and the expression of cadmium (Cd)-
related genes under exogenous melatonin (MLT) treatment were assessed. The
results indicated that Cd stress destroyed the dynamic balance between reactive
oxygen species (ROS) production and removal, resulting in ROS accumulation,
membrane lipid peroxidation, and impaired growth and development. Following
the application of exogenous MLT to rice seedlings, increases in plant biomass
including both underground and above-ground areas were observed. MLT also
scavenged the inhibition of superoxide dismutase (SOD) and peroxidase (POD)
in a concentration dependent manner in response to Cd stress. Catalase (CAT)
activity and malondialdehyde (MDA) expression also decreased following MLT
treatment. Amongst the six Cd-related genes assessed, five genes were down-
regulated and one was up-regulated in response to MLT treatment. Taken
together, these data demonstrate that MLT improves the resilience of rice
seedlings at the biochemical, physiological, and molecular levels, and diminishes
the damage caused by Cd stress.
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1 Introduction

Cadmium (Cd) is a highly toxic and widely distributed heavy metal. Approximately 30,000 tons of
Cd per year enter the environment due to human factors of which 82%-94% are discharged into the soil
[1]. China’s Central, Southern, and Southwestern regions are contaminated with heavy metals, of which
Cd constitutes > 7.0% and is considered the most prominent pollutant [2]. Approximately 1.13 x 10% hm?
of cultivated land in China is thought to be Cd polluted. Up to 12 million tons of grains are polluted by
heavy metals each year, of which 10 million tons of grains are lost, with economic losses of up to 20
billion Yuan RMB [3,4]. Cd in cultivated soil is easily absorbed by crops, accumulates in the body, and is
biomagnified, seriously afflicting crop yields [5]. Strategies to improve Cd-resistance and plant yields
under Cd stress conditions are therefore highly sought.

Rice (Oryza sativa L.) is globally one of the most important cultivated crops feeding nearly half of the
world’s population [6]. Due to the strong ability of rice plants to absorb Cd, rice Cd pollution is severe [7,8].
The toxicity of Cd in plants leads to photosynthetic damage, a loss of mineral nutrient pathways, and a
disruption of carbohydrate metabolism. Furthermore, Cd toxicity leads to a reduction in plant height,
reduced branch numbers, lower chlorophyll content, and a loss of total biomass [9,10]. Normal growing rice
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has an active protective enzyme system that maintains the homeostasis of active oxygen production and
clearance. Cd contamination disrupts this dynamic balance [11], resulting in increased tissue reactive
oxygen species (ROS), enhanced membrane lipid peroxidation, increased biofilm voids, enhanced
permeability, and disordered cell metabolism, hindering the growth and development of rice seedlings [12].

Melatonin (MLT) is a steroidal tryptamine, a hormonal substance found in many organisms, from
algae to humans. In recent years, MLT has been detected in angiosperms of different countries and
regions [13,14]. In addition to acting as a dark signal and a regulator of plant growth, MLT has
antioxidant activity and can scavenge ROS, protecting plants from internal and environmental oxidative
stress [15,16]. Studies have shown that in response to MLT induction, the root length of seedlings
increases by 20%, and disruption to the cell ultrastructural is reduced [17]. MLT also promotes drought
tolerance in apples through the regulation of ABA metabolism and free radical scavenging [18]. The
combination of these results indicates that MLT improves plant stress resistance. To-date, the synthetic
pathways of MLT synthesis are well understood, but the relationship between MLT and plant gene
expression and the subsequent molecular benefits of its activity, remain poorly understood.

In this study, we assessed the effects of MLT on the growth index, protective enzyme activity,
membrane lipid peroxidation, and other physiological and biochemical indices in rice seedlings under Cd
stress. We reveal novel Cd-related genes the expression of which are regulated by MLT, and likely
contribute to plant Cd resistance. These data provide theoretical support for the cultivation of rice with a
high resistance to Cd stress.

2 Materials and Methods
2.1 Plant Materials and Culture Condition

Rice varieties Y32 (a japonica rice) and NJ6 (an indica rice) were selected as the materials. Rice seeds
were sterilized in 3% H,O, for 10 min, rinsed with deionized water 5 times, soaked in water for 24 h, and
transferred to petri dishes with wet filter paper. Seeds were germinated for 48 h in the dark (temperature
30°C) and transferred into light culture incubator (culture temperature 30°C, relative humidity 70%,
photoperiod 14 h/10 h, photosynthetically active radiation 16000 Ix) in 96-well plates. Rice seedlings were
hydroponically cultured with rice whole nutrient solution [19]. Cd stress and exogenous MLT treatment
were performed when the seedlings had two leaves and one apical bud. A total of 7 groups were tested and
repeated 3 times: (1) CK (0); (2) 10 Cd (10 pM CdCly); (3) 10 Cd + 10 MLT (10 uM CdCl,, 10 pM MLT);
(4) 10 Cd + 50 MLT (10 uM CdCl,, 50 uM MLT); (5) 50 Cd (50 uM CdCl,); (6) 50 Cd + 10 MLT (50 uM
CdCly, 10 pM MLT); (7) 50 Cd + 50 MLT (50 uM CdCl,, 50 uM MLT). Phenotypic and physiological data
were measured one week post-treatment.

2.2 Growth Indicators

Rice plants were separated into roots, stems, and leaves, and washed in deionized water. Plants were
blotted with filter paper to absorb excess liquid, and fresh roots and leaves were independently weighed
and then dried at 80°C for 3 days to constant weight and weighted again.

2.3 Physiological and Biochemical Indicators Determination

For the determination of malondialdehyde (MDA) content, catalase (CAT), superoxide dismutase
(SOD) and peroxidase (POD) activity, the methods described by Zhang et al. were employed [20].

2.3.1 MDA Content

Rice plants flesh tissue (1 g) was homogenized with 5 mL of 10% trichloroacetic acid. The mixture
was then centrifugedat 4000xg for 10 min. 1 mL supernatant was absorbed, and add 4 mL of 10%
trichloroacetic acid containing 0.5% (w/v) thiobarbituric acid. The mixture was then heated at 100°C for
15 min. After rapid cooling, the mixture was centrifugedat 4000xg for 10 min. The absorbance of the
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supernatant was measured at 450 nm and 600 nm. The MDA content was expressed on a fresh weight
basis as nmol-g.

2.3.2 CAT Activity

CAT activity of catalase was determined by ultraviolet absorption method: take 100 plL enzyme
solution, add 2800 pL PBS (25 mM, pH 7.0, +2 mM EDTA), and 100 puL. H>O> (300 mM, 1.53 mL 30%
H,O: constant volume at 50 mL), shake well, and transfer quickly into a cuvette. The absorbance was
measured at 240 nm. The CAT activity was expressed on a fresh weight basis as U-g'FW -min™..

2.3.3 SOD Activity

Reaction solution (3 mL) included: 50 mM pH7.8 phosphate buffer, 13 mM methionine, 75 uM NBT,
10 uM EDTA, 2 mM riboflavin and 200 pL crude enzyme extract. The absorbance at 560 nm was
measured after the reaction solution was exposed to light for 15 min. SOD activity was calculated by
inhibiting 50% of NBT photochemical reduction reaction as an enzyme activity unit. The SOD activity
was expressed on a fresh weight basis as U-g'FW.

2.3.4 POD Activity

The activity of the enzyme was expressed as A470 change per minute. Reaction solution (3 mL)
includes: 2.7 mL 25 mM phosphate buffer (pH 7.0, containing 2 mM EDTA), 100 uL enzyme solution,
100 pL guaiacol (1.5%, v/v) and 100 pL H,O, (300 mM). H,O, was added to start the reaction, and the
absorption value was measured at 470 nm after the oscillator was fully mixed. The POD activity was
expressed on a fresh weight basis as U-g'FW-min™'.

2.4 Analysis of Differentially Expressed Cd-Related Genes
2.4.1 Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from the rice leaves with the reference RNA plant extraction kit
(QIANGEN). DNA contaminants were removed through DNase I treatment (RNase free). Total RNA was
reverse-transcribed to generate cDNA using the TOYOBO®ReverTra Ace qPCR RT Kit. cDNA products
were diluted 5-10 folds and stored at -20°C prior to qRT-PCR analysis.

Table 1: Primers of Cd related genes

Gene Forward primer sequence (5°-3) Reverse primer sequence (3°-5)
OsPCRI AACTGCGTCTACTCCTGCTTCT CCATCCGAGGTTCATGTCGAAG
OsLCD CAAGGCCTCATGACTTGGTGT ACTTCTGCGAGTGTGAGCAA
OsHMA3 GGGTGGAGATGTTCTTGAATCACTTGG CCATTGGGTGGCTTGACTTGCTCT
OsNrampl ~ GGAAACTGGAGGTTGTGGTC TTTGCTGATGCGGGTGTATT
OsIRT?2 TGCATGATGTATAGGTGAAGGTG CGGCAGAAGCTGGTCTTTATTA
OsNAS2 CGTCTGAGTGCGTGCATAGTA GAAGCACAAACACAAACCGATA
OsActin CAGGCCGTCCTCTCTCTGTA AAGGATAGCATGGGGGAGAG
2.4.2 Primer Design

Select six Cd-related genes in Tab. 1, download the target gene sequence from NCBI
(https://www.ncbi.nlm.nih.gov/), and use Primer Premier version 5.0 software to design each gene
quantitative primers according to the real-time fluorescent quantitative PCR primers design principle.

2.4.3 gPCR Analysis

gPCR analysis of each gene was performed using the CFX96 Real-Time PCR Detection System
(Bio-Rad, USA). RT-PCR reactions were as follows: (total volume: 10 puL): 5 uL SYBR Green Fast
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gPCR Master Mix (BBI); 0.8 uL upstream/downstream primer; 1 ul. ¢cDNA; 3.2 uL DDW. The PCR
conditions consisted of denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for
15 s, annealing at 57°C for 25 s. Each sample was repeated 3 times. The relative quantitative method was
used for experimental data analysis. OsActin was selected as reference gene.

2.5 Data Processing

Data were analyzed for significance using SigmaPlot 10.0 and IBM SPSS Statistics 20 statistical
software. The single-sample t-test was used to test significance (p < 0.05 indicates significant difference,
indicated by *; p < 0.01 indicates high significance, indicated by **).

3 Results Analysis
3.1 Effects of MLT on the Biomass of Rice Seedlings Under Cd Stress

Tab. 2 shows that the fresh weight of rice seedlings changed significantly under Cd stress. Compared
to the CK group, the weight of the roots decreased first and then increased in response to exogenous MLT
in the presence of 10 uM CdCl,. After treatment with 50 uM CdCl,, the fresh weight of roots increased
first then decreased with increasing exogenous MLT concentrations. Following CdCl, treatment, the dry
weight of the roots significantly decreased, and then increased in the presence of MLT. The effects of 10
uM MLT were significant. The fresh weight of the stems of the two rice seedlings decreased under Cd
treatment. The NJ6 significantly decreased in the 10 Cd group, reaching 49.4%. The fresh weight of the
stems significantly increased following MLT treatment. Compared to the CK group, the stem weight of
NJ6 in the 10 Cd and 50 Cd groups decreased by 59.6% and 42.3% respectively. The dry weight of the
Y32 stems decreased by 39.5% and 36.8% respectively. Different concentrations of MLT led to varying
levels of recovery on the same varieties of rice. Compared to the fresh weight of roots, the fresh weight of
leaves decreased under Cd stress. Under the same Cd stress, 50 pM MLT increased the fresh weight of
NJ6 leaves, and decreased the fresh weight of Y32 leaves. That indicated that the same concentration of
MLT had different mitigation effects on the different varieties of rice. The variation tendency of the dry
weight of leaves was similar to the fresh weight of leaves. Cd stress reduced the biomass accumulation of
above-ground and root of rice, and after applying the exogenous MLT, Cd stress in rice was effectively
diminished, which proved that MLT is effective in promoting plant growth while harmful in other aspects
and is consistent with the previous research.

Table 2: Biomass of rice seedlings under Cd stress and MLT treatment

Fresh weight (mg) Dry weight (mg)
Treatment (unM)
Root Stem Leaf Root Stem Leaf
CK 36.00 64.33 43.33 6.500 8.667 9.667
NJ6 10 Cd 41.50 27.50" 30.40 4.000 3.500 7.500

10 Cd + 10 MLT 31.33 34.33" 34.00 5.000 4.000 8.000
10 Cd + 50 MLT 40.00 37.67 33.67 4.333 3.333 7.000
50 Cd 25.25 26.00" 27.00" 3.250™ 5.000 6.500
50 Cd + 10 MLT 36.00™ 30.67° 32.33" 6.000 5.333 8.667
50 Cd + 50 MLT 19.67 30.00™ 27.33 4.333" 6.333 6.333
CK 34.00 49.20 16.00 5.800 7.600 2.400
Y32 10 Cd 42.80 38.60" 17.40 4.000" 4.600" 3.800
10 Cd + 10 MLT 32.33 33.00 16.67 5.667 4.667 2.333
10 Cd + 50 MLT 42.67" 41.50 14.17 5.667 5.833" 3.333
50 Cd 26.20 36.80" 16.40 5.000 4.800 3.400
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50 Cd + 10 MLT 31.83 2617 12.00 5.500 5.500 3.333
50 Cd +50 MLT 30.75% 3025 11.00" 5.000 5.000 2.250

*Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level.

3.2 Effects of MLT on the Antioxidant Index of Rice Seedlings Under Cd Stress

As shown in Fig. 1, plants treated with MLT had higher levels of SOD and POD activity and lower
levels of CAT activity than those in the 10 Cd and 50 Cd groups. There were no significant differences in
SOD activity between the two varieties of rice seedlings in the CK group. The activity significantly
decreased under Cd stress. Compared to the 10 Cd group, the SOD activity of Y32 and NJ6 increased by
51.7% and 3.7% in the 10 Cd + 10 MLT group, and 1.63 and 1.46-fold in the 10 Cd + 50 MLT group,
respectively, which showed a significant difference. The SOD activity of Y32 in the 10 Cd + 10 MLT
group increased by 51.7% compared to the 10 Cd and 50 Cd + 10 MLT groups that displayed a 2.49-fold
increase over the 50 Cd group (Fig. 1(A)), which proved that the effects of MLT were impacted by the
Cd*" concentration. When not subjected to Cd stress, the POD activity of Y32 (a japonica rice) was low,
whilst NJ6 (an indica rice) levels were high. From Fig. 1(B), it can be seen that the POD activity of the
two rice plants significantly decreased under Cd stress, indicating damage to the antioxidant system. POD
activity increased significantly following MLT treatment, indicating its ability to enhance antioxidant
enzyme activity in response to Cd stress. Compared to the CK group, CAT activity increased after 7 days
of Cd treatment (Fig. 1(C)). Compared to the 10 Cd and 50 Cd groups, CAT activity in rice significantly
decreased following MLT treatment.
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From Fig. 1(D), it can be seen that the MDA content in rice significantly increased under Cd stress,
indicative of cell membrane damage. Exogenous MLT significantly inhibited the increase in MDA in
response to Cd stress. Compared to the CK group, the MDA content in Y32 and NJ6 increased by 41.6%
and 112% in the 10 Cd group, and increased by 57.7% and 239% in the 50 Cd group, respectively,
indicating cell membrane damage. The MDA content was significantly reduced by MLT, indicating
reduced membrane damage and enhanced stress resistance. MLT diminished oxidative stress in rice under
Cd stress. The effects of MLT were more pronounced in Y32 compared to NJ6, indicating genotype
differences (Fig. 1).

3.3 Effects of MLT on the Expression of Cd-Related Genes in Rice Seedlings Under Cd Stress

Six Cd-related genes were selected and qRT-PCR was used to detect changes in gene expression in the
Y32 and NJ6 treatment groups (CK, 50 Cd, 50 Cd + 50 MLT). Cd treatment influenced the expression of
Cd-related genes in rice, and genotypic differences were observed. Following Cd treatment, the
expression of OsPCRI, OsLCD, OsIRT2 and OsNAS2 in Y32 increased, whilst the expression of
OsNrampl decreased compared to the CK group. The expression of OsHMA3 showed no significant
changes. The expression of all genes in NJ6 in the 50 Cd group were higher than the CK group.
Following MLT treatment, 5 genes in the 50 Cd + 50 MLT were down-regulated compared to the 50 Cd
group, whilst the expression of a single gene was up-regulated and the levels differed according to the
variety of plants. OsNrampl was up-regulated in Y32 in the 50 Cd + 50 MLT group, which was
significantly higher than the 36.0% increase in the 50 Cd group (p < 0.01) (Fig. 2(A)). The reduction in
OsPCRI1, OsIRT2 and OsNAS2 were 52.6%, 51.0%, and 50.6% lower in response to MLT, respectively,
whilst the expression levels of OsLCD and OsHMA3 did significantly differ from the CK group (p > 0.05).
Although the OsPCRI of NJ6 was up-regulated, the difference was not significant (p > 0.05), and the
expression levels of the 5 down-regulated genes were less than those in Y32 (Fig. 2(B)). Interspecies
differences in the expression of genes were also observed. The expression of OsNrampl significantly
changed in Y32, whilst the expression of OsIRT2 was comparable to OsNAS2. The expression of Os/RT2
was high in the 50 Cd group in both rice strains, and the responses of these groups to MLT treatment were
similar (Fig. 2).
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Figure 2: Expression of Cd-related genes in rice seedlings under Cd stress and MLT treatment. (A) Y32.
(B) NJ6. “Correlation is significant at the 0.05 level; *Correlation is significant at the 0.01 level

4 Discussion

Heavy metal ions in the soil, such as Cu and Zn, are crucial to the ability of plants to maintain
normal growth and development. However, if these ions are in excess, the structure and function of plant
proteins are damaged, the dynamic balance of active oxygen production and elimination in plants is
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disrupted, and plant growth is endangered. In recent years, MLT has been shown to regulate antioxidant
enzyme activity and can scavenge ROS in plants under salt, drought, and heavy metal stress [21,22].

An important manifestation of plants suffering from environmental stress is slow growth, leading to a
loss of plant height, decreased stem diameters, and reduced fresh and dry weights of the aerial and
underground plant regions. In this study, when plants under Cd stress were treated with MLT, the fresh
weight of NJ6 initially increased and then decreased, but remained higher than the CK group, reflecting the
beneficial effects of MLT. The fresh and dry weights of the roots, stems and leaves of the rice varied,
indicating that MLT differentially influenced specific plant regions. It should however be noted that the
fresh weights of the roots of NJ6 and Y32 in the Cd treatment group were higher than the CK group. This
may have been due to the rice plants possessing their own protective mechanisms, permitting growth
stimulation in response to low Cd concentrations [23]. Consistent with our findings, it has been shown that
the exogenous application of MLT can range from meaningful improvement to ineffectiveness and toxicity,
dependent on the MLT concentration [24]. In the experimental range assessed, Cd stress led to a reduction
in plant biomass in the shoots and roots of rice, which could be diminished through the addition of
exogenous MLT. Whilst MLT was generally protective to the plant growth, it was harmful in some cases.

SOD can scavenge free radicals, catalyze the conversion of O* into H>O, with weak oxidation, and
synergize with POD and CAT to protect plants from external stress. In this study, in response to 10 uM
CdCl, treatments, the SOD activity of japonica Y32 and indica NJ6 gradually increased with increasing
MLT concentrations. Following 50 pM CdCl, treatment, the SOD activity of both rice strains
significantly increased then decreased. This indicated that MLT has variable mitigating effects under
different degrees of Cd stress. In plants under Cd stress that were treated with MLT, the POD activity of
NJ6 gradually increased, whilst the POD activity of Y32 increased sharply and then decreased. This
indicated that the sensitivity of rice to MLT differed between each species. Shi et al. found that MLT, as
an antioxidant, not only directly removes H,O», but also stimulates the activity of SOD, CAT and POD
[25,26]. MDA can be used as an indicator of the degree of peroxidation to indirectly determine the degree
of damage to the membrane system and stress resistance of the plants [27]. A higher MDA content
indicates higher levels of membrane lipid peroxidation. In this study, MLT significantly reduced the
MDA content in rice seedlings under Cd stress, indicating that the Cd induced toxicity was diminished.
These results were similar to the experimental results of MLT treatment which significantly reduced the
MDA content of peaches [28]. In summary, MLT improves the antioxidant activity of plants under
adverse conditions and promotes plant growth and development, alleviating the toxic effects of Cd stress.

A series of physiological and biochemical responses to Cd stress occur as a result of complex intrinsic
resistance mechanisms. To understand the role of MLT in relieving Cd stress, we investigated their
effects on the expression of Cd-related genes in rice. Previous studies demonstrated a role for MLT in the
regulation of gene expression and antioxidant activity [29,30]. In this study, 6 genes were selected:
OsPCRI1, OsLCD, OsHMA3, OsNrampl, OsIRT2 and OsNAS2. Five genes were down-regulated in the
treatment group supplemented with MLT. OsNRAMP [31,32] and OsHMA families [33] have a strong
Cd transshipment capability. OSHMA3 is located on the tonoplast membrane that pumps Cd** into the
vacuole in the cytoplasm, not only regulating the transport of Cd>* from the root to the aerial regions, but
influencing plant Cd tolerance [34]. OsLCD participates in the accumulation of Cd in rice, which is
expressed in the vascular bundles and phloem companion cells of rice roots [35]. Yeast mutants
expressing OsIRTI and OsIRT2 are more sensitive to Cd and are associated with Cd uptake [36].
Deoxygenated wheat root treatment is beneficial to inhibit Cd uptake of roots. OsNAS2 is an important
enzyme in the synthesis of deoxygenated wheat root precursors, which indirectly regulates Cd uptake [37].

OsNrampl is involved in the uptake and transport of Fe*" and Cd*" in rice, and participates in Cd
transport of roots. Elevated OsNrampl expression contributes to the higher absorption capacity of Cd by
rice roots, and higher Cd accumulation in leaves. Studies on tomatoes have reported that the
overexpression of the Nramp family increases the tolerance to Fe stress [38]. In this experiment, Nramp
expression in the 50 Cd group of Y32 was lower than that in the CK group. The expression in the 50
MLT group was 36.0% higher than the 50 Cd group, indicating that MLT-mediated stress resistance is
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related to OsNrampl. This supports a role for MLT in stimulation of other antioxidant activities. In this
case, the activation of OsNrampl by MLT enhances the ROS-associated antioxidant system to protect
plants from oxidative damage. The Cd resistance family gene OsPCRI is related to plant Cd resistance
and participates in the transfer of Cd** from the inside to the outside of cells [39]. The expression of this
gene increases in NJ6 under Cd treatment, and increased by 9.8% following MLT addition, suggesting
that MLT is an important regulator of genes related to non-biological tolerance. MLT has a variety of
physiological functions, including cytoskeletal effects and membrane receptor regulation, but its influence
on plant cell physiology is less well understood. The up-regulation of OsPCRI in NJ6 by MLT also
suggests a potential role in plant stress signaling. The role of OsPCRI in plant signaling has rarely been
reported and warrants further investigation in future studies.

It is speculated that under different stresses, rice seedling leaves stimulate differential gene
expression to promote Cd transport according to pathway requirements. OsNrampl, OsIRT2 and OsNAS?2
were induced in both Y32 and NJ6, consistent with the findings of Zhou et al., which may be related to
the mechanism of Cd uptake by plants [40]. In the experimental group, all genes excluding OsNrampl
and OsPCRI were down-regulated in Y32 and NJ6. The result showed that MLT could reduce the
accumulation of Cd in seedlings by reducing the transcription of Cd uptake and transport related genes.

In summary, we have preliminarily explored the effects of MLT on the physiological and
biochemical indexes and Cd-related genes in rice. We found that the exogenous application of MLT plays
an important role in protecting rice under Cd stress. The analysis of specific stress response genes
supports the hypothesis that MLT protects plant cells from abiotic stresses. It also provides theoretical
support for the cultivation of rice varieties with excellent stress resistance traits. Whilst the relevant
regulatory mechanisms are complex, further studies on the specific molecular and biochemical pathways
affected by these gene products will provide new information on both the direct and indirect mechanisms
of MLT activity in plants.
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