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Abstract: Melatonin and abscisic acid, as major plant hormones, play important roles in the physiological and biochemical activities of crops, but the interaction between the two under salt stress is not yet clear. This study investigated the endogenous levels of melatonin and abscisic acid in rice by using exogenous melatonin, abscisic acid, and their synthetic inhibitors, and examined their interactions under salt stress. The research results indicate that melatonin and abscisic acid can improve rice salt tolerance. Melatonin alleviated the salt sensitivity caused by abscisic acid deficiency, increased antioxidant enzyme activity and antioxidant content in rice treated with abscisic acid synthesis inhibitors, and reduced total reactive oxygen species content and thiobarbituric acid reactive substance accumulation. Melatonin also increased the activity of key photosynthetic enzymes and the content of photosynthetic pigments, maintaining the parameters of photosynthetic gas exchange and chlorophyll fluorescence. In summary, melatonin alleviated the effects of abscisic acid deficiency on photosynthesis and antioxidant systems in rice and improved salt tolerance. This study is beneficial for expanding the understanding of melatonin regulation of crop salt tolerance.
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1  Introduction

With the rapid growth of the global population in the past few decades, food demand has rapidly increased [1]. With expanding agriculture and irrigation, soil salinity poses a significant risk to the efficiency of crop production. At present, around 20% of the world’s cultivable land is impacted by salinity, and soil salinization is exacerbated globally owing to improper irrigation methods, excessive fertilizer use, and increasing industrial pollution [2,3]. Salinization mainly affects crops through ionic, osmotic, and oxidative stresses. When plants experience salt stress, their physiological, biochemical, and molecular processes are impacted. This is evident in the reduction of photosynthesis and respiration, decreased function of associated metabolic enzymes, slowed or halted cell growth and expansion, and the buildup of a significant quantity of reactive oxygen species (ROS) within cells [4,5]. Due to the influence of physiological and biochemical processes, the growth, development, yield, and quality of crops are significantly hindered [6]. Rice is one of the most important food crops. It is estimated that salt affects 30% of rice-growing areas [7]. Rice is a salt-sensitive crop, and the period when it is in the seedling stage is one of the most sensitive growth periods to salt. When rice seedlings are subjected to high salt stress, it is difficult for them to complete the entire growth cycle, and the yield of the surviving rice can decrease by more than 50%. Hence, it is essential to enhance the salt resistance of rice in order to guarantee food safety [8].

The use of exogenous hormones to enhance crop resistance to abiotic stressors has been widely studied. In the year 1958, the hormone melatonin (MT) was initially found within the pineal gland of animals. In 1995, MT was first discovered in plants [9]. In recent years, the regulation and mechanisms of MT in crop stress resistance have become important topics. Through ongoing investigation, MT has been recognized as a widely applicable regulatory factor in the growth, maturation, and response to different forms of stress in crops [10–12]. Melatonin plays an important role in seed germination, seedling growth, and root structure development of crops [13]. Under stress conditions, MT exhibits regulatory functions in crop antioxidant enzyme systems, non-enzymatic antioxidant systems, ion homeostasis, transcription factors, polyamine metabolism, hormone metabolism, and other physiological and biochemical activities [13–15]. The plant hormone abscisic acid (ABA) is derived from isoprene and plays a crucial role in regulating a variety of physiological processes, including stomatal opening and gene expression. It also helps crops adapt to environmental stresses such as cold, salt, and drought. Additionally, ABA acts as a signal mediator and regulates plants’ adaptive responses to different stress conditions [16,17].

Several studies have indicated that the interaction between MT and ABA is crucial for plant regulation during abiotic stress. Their interconnected signaling pathways create a sophisticated regulatory system, which enables plants to withstand challenging environments [18–20]. Studies have shown that MT selectively regulates genes related to ABA synthesis and decomposition, leading to a decrease in ABA levels under drought stress [19]. Similarly, under salt stress, MT regulates ABA metabolism-related genes and key enzymes in cucumber, thereby reducing ABA content [21]. Melatonin alleviates tomato aging and seed germination by antagonizing ABA [22,23]. These results suggest that MT and ABA have opposing effects on the regulation of plant stress resistance genes; however, other research findings indicate the opposite. Several studies under drought conditions have shown that MT promotes ABA-induced stomatal closure, which enhances crop drought resistance [19,24,25]. In the process of crop response to salt stress, MT improves the regulation of ABA-mediated ion channels and transport proteins, leading to enhanced ion homeostasis [21]. Furthermore, MT has an impact on the regulation of genes that respond to ABA [26]. Melatonin has been demonstrated to increase the activity of different ABA-responsive genes and control the ABA signaling pathway [27,28]. Recent research has indicated that ABA promotes the production of MT in plants [29]. In summary, there is a complex and subtle relationship in plants between MT and ABA that includes both synergistic and antagonistic effects. This indicates the complex roles of MT and ABA in the regulation of crop stress resistance. There remains a large gap in the existing understanding of the interaction between MT and ABA, which provides a rich avenue for further exploration.

In this study, we examined the operational network and connection between MT and ABA in controlling rice photosynthesis under saline conditions, and starting from one of the main functions of MT, antioxidant, we elucidated the physiological mechanisms behind the complex relationship between MT and ABA in regulating salt stress in rice. The results of this study contribute to a deeper understanding of the complex relationship between MT and ABA regulation of crop stress and provide new insights and ideas for MT regulation of salt tolerance in rice.

2  Materials and Methods

2.1 Planting of Plant Materials

Japonica rice Ningjing 7 was used as the plant material. After disinfection, rice seeds were sown in a hydroponic box filled with Kimura B nutrient solution [30]. Rice was cultivated in an artificial climate chamber (day/night temperatures: 28°C/25°C, 14 h of light (150 μM/m2/s photosynthetic photon flux density)).

2.2 Melatonin, Abscisic Acid, and Their Synthetic Inhibitorstreatment; Salt Stress Treatment

Chemical reagent treatment was applied to the rice during the three-leaf stage, and chemical reagent spraying was carried out at 17:00 every day for three consecutive days. One day after the final chemical reagent spray, the nutrient solution in the hydroponic box was replaced with a nutrient solution containing 150 mM NaCl to induce salt stress. Samples were collected on days 0 and 5 of salt stress to determine relevant physiological and biochemical indicators. The chemical reagents and NaCl added for each treatment are listed in Table 1. The concentration of chemical reagents is based on our previous research [31,32].
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2.3 Endogenous MT and ABA Content

A plant MT ELISA assay kit (DG91543Q, Dogesce Inc., Beijing, China) was used to measure endogenous MT content, and a plant ABA ELISA assay kit (DG90626Q, Dogesce Inc.) was used to measure endogenous ABA content.

2.4 Fresh Weight, Dry Weight, Water Content and Relative Water Content

Collect rice plants for fresh weight measurement, then soaked the samples in distilled water to obtain turgid weight. After drying the samples to a constant weight, obtain dry weight, and calculate the water content and relative water content (RWC) using conventional methods.

2.5 Sucrose and Starch Content

Samples were dried and extracted three times with 80% ethanol, collect the supernatant after filtration and centrifugation. 2 M NaOH was introduced into the supernatant, and the combination was heated to boiling. Next, the mixture was supplemented with 30% HCl and 0.1% C6H6O2, followed by measuring the absorbance at 480 nm. A standard curve was established using a sucrose standard solution [33]. After extracting sucrose with ethanol, the residue of the plant sample was released starch by boiling water bath for 30 min. After the solution was heated and brought to a boil, 9.2 M of HClO4 was introduced to break down the starch. Following that, Anthrone reagent was used to determine the absorbance of the solution at a wavelength of 620 nm [34]. F A standard curve was generated by utilizing a glucose standard solution.

2.6 Photosynthetic Pigment Content

A ball mill was used to crush the leaves, which were then placed in an extraction solution composed of acetone and anhydrous ethanol at a 1:1 volume ratio. The extraction process was carried out at a temperature of 25°C without exposure to light for a duration of 24 h. After centrifuging the extract, the supernatant was collected and the absorbance was measured at wavelengths of 663, 645, and 470 nm [35,36].

2.7 Leaf Gas Exchange and Chlorophyll Fluorescence Parameters

The leaves were collected on the 5th day following exposure to salt stress for the measurement of photosynthetic gas exchange parameters and chlorophyll fluorescence. The LI-6400 (Li-Cor Inc., Lincoln, NE, USA) was used to measure the photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) 5 h after the start of lighting. Each treatment involved measuring 10 rice plants, with two leaves selected for each plant and three detection points selected for each leaf.

The Hexagon-Imaging-Pam portable chlorophyll fluorescence analyzer (Walz Inc., Effeltrich, Germany) was used to measure chlorophyll fluorescence parameters. The following parameters were recorded: minimum chlorophyll fluorescence yield (F0), maximum chlorophyll fluorescence yield (Fm), maximum photochemical quantum yield of photosystem II (Ymax), effective photochemical quantum yield of photosystem II (Fv/Fm), actual quantum yield (Y), non-photochemical fluorescence quenching (NPQ), coefficient of non-photochemical fluorescence quenching (qN), coefficient of photochemical fluorescence quenching (qP) and fluorescence attenuation rate (Rfd).

2.8 Total Reactive Oxygen Species and Thiobarbituric Acid Reactive Substances

The levels of total reactive oxygen species (T-ROS) were measured using a kit from Bestbio Co., Ltd. (Nanjing, China). For the determination of thiobarbituric acid reactive substances (TBARS), rice samples were homogenized with 10% trichloroacetic acid and the supernatant was collected after centrifugation. The supernatant was then mixed with an equal amount of thiobarbituric acid and heated in water for 15 min. After centrifugation, the absorbance values at 532, 600, and 450 nm were measured [37].

2.9 Rubisco and Rubisco Activase Activity

Rice samples were ground with polyethylene polypyrrolidone, and then homogenized with precooled buffer at 4°C. The buffer consisted of 1 mM EDTA, 50 mM HCl, 10 mM MgCl2, 12% glycerol, 1% polyethylene pyrrolidone 40% and 0.1% b-mercaptoethanol. The supernatant was extracted from the homogenate after low-temperature centrifugation to determine the enzyme activity. The change in absorbance at 340 nm caused by NADH oxidation can be used to determine Rubisco activity [38]. The Rubisco activase (RCA) activity was determined based on changes in the absorbance values of the reaction system at 340 nm after ATP-dependent ADP production [39].

2.10 Antioxidant Enzymes Activities

Rice samples and extracts were homogenized and centrifuged in a precooled phosphate saline buffer (pH 7.5) containing 0.1 mM ethylenediaminetetraacetic acid and 5.0% cross-linked polyvinylpyrrolidone. The supernatant was collected for enzyme activity measurements. Superoxide dismutase (SOD) activity was determined using the nitro blue tetrazolium method [40]. Peroxidase (POD) activity was determined using the guaiacol method [41]. C Catalase (CAT) activity was measured by monitoring the absorbance of CAT-catalyzed hydrogen peroxide decomposition under 240 nm ultraviolet light [42]. Glutathione reductase (GR) activity was measured by detecting the absorption peak of NADPH at 340 nm after the reaction between GSSG and NADPH catalyzed by GR [43]. Ascorbate peroxidase (APX) activity was detected by measuring the absorbance of AsA at 290 nm after its catalytic oxidation by APX [44]. Glutathione peroxidase (GPX) activity was measured based on the increase in absorbance at 436 nm caused by the oxidation of guaiacol at 25°C [45].

2.11 Antioxidants Contents

In order to quantify flavonoids, rice samples were mixed with cold methanol and then spun in a centrifuge to collect the liquid portion. The resulting filtrate was treated with 5% NaNO2, 10% AlCl3, and 1 M NaOH. Absorbance levels were recorded at a wavelength of 510 nm [46]. T Total phenols were assessed by adding 5% sodium carbonate and 10% Folin-Ciocalteu solution to the filtrate, followed by the addition of 20% Na2CO3 after a 5-min reaction period; absorbance was measured at a wavelength of 765 nm. To measure ascorbic acid (AsA), plant samples were blended with cold HClO4 and then separated into supernatant after centrifugation. An equal volume of AsA oxidase was incubated with the supernatant, and absorbance levels were recorded at wavelengths of both before and after incubation [47]. To measure reduced glutathione (GSH), a homogenized mixture containing 3% trichloroacetic acid was added to the rice sample, spun in a centrifuge, and then separated into supernatant. A combination of potassium phosphate (50 mM), DTNB (0.2 mM), NADPH (0.2 mM), and three units of glutathione reductase was added to the supernatant. Changes in absorbance values at a wavelength of 412 nm over 1 min were detected [48].

2.12 Statistical Analysis

The data was presented as mean ± SD (three independent biological replicates, with three technical replicates for each biological replicate). SPSS 22.0 statistical software (SPSS Inc., Chicago, IL, USA) was used for multiple comparisons at the p < 0.05 level (Duncan method) to analyze differences between treatments. GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was utilized to create the figures.

3  Results

Under normal conditions (0d salt stress), the use of p-chlorophenylalanine (CPA; an MT synthesis inhibitor) and fluridone (FLU) resulted in inhibitory effects on fresh weight, dry weight, and RWC. While MT alleviated the inhibitory effect of FLU, ABA did not alleviate the inhibitory effect of CPA on rice growth. Additionally, both CPA and FLU led to reductions in fresh weight, dry weight, water content, and RWC in salt-stressed rice. Melatonin was effective in alleviating the inhibitory effects of both CPA and FLU, while ABA only alleviated the inhibitory effect of FLU (Fig. 1).
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Figure 1: The effects of different treatments on the fresh weight (A), dry weight (B), water content (C), and RWC (D) of rice after 0 and 5 days of salt stress
Note: NT: No salt stress and no chemicals; CK: 150 mM salt stress and no chemicals; CPA: 150 mM salt stress and 50 μM p-chlorophenylalanine; FLU: 150 mM salt stress and 50 μM fluridone; MT: 150 mM salt stress and 200 μM melatonin; ABA: 150 mM salt stress and 100 μM abscisic acid; MT+CPA: 150 mM salt stress and 200 μM melatonin and 50 μM p-chlorophenylalanine; MT+FLU: 150 mM salt stress and 200 μM melatonin and 50 μM fluridone; ABA+CPA: 150 mM salt stress and 100 μM abscisic acid and 50 μM p-chlorophenylalanine; ABA+FLU: 150 mM salt stress and 100 μM abscisic acid and 50 μM fluridone; MT+ABA: 150 mM salt stress and 200 μM melatonin and 100 μM abscisic acid. 0d: 0 days after salt stress; 5d: 5 days after salt stress. Different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05). Data represent means ± SD of three replicate samples.

The levels of endogenous MT and ABA in rice were significantly increased by the treatments of MT and ABA, and their effects remained consistent under both normal and salt stress conditions. It is important to note that, under salt stress, the MT treatment led to a significant increase in ABA content in rice, mitigating the inhibitory impact of FLU on ABA content. This resulted in the restoration of plant ABA content to levels similar to those in the control group (Fig. 2).
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Figure 2: The effects of different treatments on the endogenous MT (A) and endogenous ABA (B) of rice after 0 and 5 days of salt stress
Note: Same as Fig. 1.

Melatonin and ABA alleviate salt stress-induced inhibition of chlorophyll and carotenoid content in rice plants. Fluridone significantly inhibited chlorophyll and carotenoid content, and this inhibitory effect was even stronger under salt stress conditions. Both the ABA and MT treatments alleviated this inhibitory effect (Fig. 3).
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Figure 3: The effects of different treatments on the chlorophyll a content (A), chlorophyll b content (B), chlorophyll a+b content (C) and carotenoid content (D) of rice after 0 and 5 days of salt stress
Note: Same as Fig. 1.

The levels of Pn, Tr, Gs, and Ci were significantly reduced under salt stress, with further exacerbation by CPA and FLU. Melatonin, ABA, and MT+ABA helped alleviate the decrease in photosynthetic gas exchange parameters caused by salt stress. MT also mitigated the negative effects of CPA and FLU on photosynthetic gas exchange parameters (Fig. 4).
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Figure 4: The effects of different treatments on the Pn (A), Tr (B), Gs (C) and Ci (D) of rice after 5 days of salt stress
Note: Same as Fig. 1.

Compared to a non-saline environment, the presence of salt stress resulted in a decrease in the Fv/Fm, Ymax, Fv/Fm, and qP of rice seedlings. The application of melatonin and ABA treatments mitigated the impact of salt stress on these parameters. Additionally, p-chlorophenylalanine and FLU had a combined effect with salt stress on these parameters (Table 2).
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Under normal conditions, the treatment of MT and ABA led to a significant increase in starch levels, while not having a notable impact on sucrose levels. When exposed to salt stress, rice plants experienced a significant decrease in both sucrose and starch content. However, the application of MT and ABA resulted in a significant increase in sucrose levels in rice plants. The use of p-chlorophenylalanine and FLU had a noticeable inhibitory effect on sucrose content in rice plants under salt stress. Although MT and ABA helped alleviate this inhibition, they did not fully restore the levels to those seen under normal conditions (Fig. 5).
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Figure 5: The effects of different treatments on the starch (A) and sucrose (B) contents of rice after 0 and 5 days of salt stress
Note: Same as Fig. 1.

Salt stress inhibited Rubisco and RCA activities, and this inhibitory effect became more severe after treatment with CPA and FLU. Melatonin and ABA alleviated the adverse effects of salt stress on Rubisco and RCA activities. Melatonin alleviated FLU-induced inhibition of Rubisco and RCA activities caused by FLU (Fig. 6).
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Figure 6: The effects of different treatments on the Rubisco (A) and RCA (B) activities of rice after 0 and 5 days of salt stress
Note: Same as Fig. 1.

In normal conditions, the application of CPA and FLU resulted in a notable rise in TBARS and T-ROS levels in rice plants. When exposed to salt stress, there was a significant increase in TBARS and T-ROS content. Melatonin and ABA effectively decreased the accumulation of these substances, with melatonin showing a stronger effect (Fig. 7).
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Figure 7: The effects of different treatments on the TBARS (A) and T-ROS (B) contents of rice after 0 and 5 days of salt stress
Note: Same as Fig. 1.

During exposure to salt stress, rice plants exhibited increased activity of antioxidant enzymes and a significant rise in the level of antioxidants. p-chlorophenylalanine and FLU significantly inhibited antioxidant enzyme activity and antioxidant content, whereas MT and ABA significantly increased these two indicators. Regarding the adverse effects caused by CPA, ABA can restore some indicators to control levels but not others. Similar phenomena were observed in the interactions between FLU and MT (Table 3).
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4  Discussion

4.1 Melatonin and ABA Alleviated the Inhibitory Effect of Salt Stress on Rice Growth

Salt stress can seriously inhibit crop growth, which manifests as a decrease in dry and fresh weights, and in water content, as well as a slowdown or stagnation of development [5]. This phenomenon was also observed in the present study. Melatonin and ABA play important roles in crop stress resistance [49,50]. Our findings suggest that the application of exogenous MT and ABA can enhance the ability of rice to tolerate salt stress, as evidenced by an increase in dry weight, fresh weight, and RWC (see Fig. 1). This result is in line with previous research. Melatonin has been widely documented to enhance salt tolerance, as well as drought and heat resistance in rice, wheat, and corn; ABA has been extensively reported to improve salt and cold tolerance in cucumber, wheat, and barley [14,51]. However, it is worth noting that under non-salt stress conditions, MT exhibited a significant promoting effect on the fresh weight of rice, whereas ABA did not. This may be because of the structural similarity between MT and auxins [52], which promote crop growth. Another interesting finding was that, regardless of salt stress, the use of CPA and FLU to clear MT and ABA inhibited rice growth. Exogenous MT supplementation partially relieved the inhibitory effects of CPA and FLU, while ABA only partially alleviated the inhibitory effects of FLU, as observed in measurements of fresh and dry weight. These findings suggest that MT may act upstream of ABA in regulating salt stress in rice, and that MT may be able to substitute for ABA to some extent. The results for endogenous MT and ABA provide a clear basis for this speculation (Fig. 2). Exogenous MT treatment restored the endogenous ABA in rice treated with FLU to the control level; however, ABA was not able to restore the endogenous MT in rice treated with CPA to the control level. In summary, our research indicates that MT can improve salt tolerance in rice and that this regulatory effect involves the regulation of ABA by MT.

4.2 Melatonin Mediates ABA Regulation of the Antioxidant System to Enhance Photosynthesis in Rice under Salt Stress

Photosynthesis is a fundamental physiological process involved in material accumulation and energy production in plants [53]. Suffering salt stress may result in the closure of stomata, reduction in photosynthetic rate, and inhibition of key photosynthetic enzyme activity as well as the accumulation of photosynthetic products [54]. These effects ultimately result in reduced dry matter accumulation and insufficient energy sources in crops, leading to arrested growth or death [55,56]. It exerts extensive regulatory effects on various processes of photosynthesis [57]. Studies have indicated that the application of MT can enhance the chlorophyll levels in crops experiencing drought and salt stress [58]. Additionally, MT treatment has been found to elevate the Pn and quantum yield of photosystem II, as well as the electron transfer rate and NPQ in plants facing salt, low temperature, and drought stress [57,59,60].

In the present study, we also observed the promoting effects of MT on chlorophyll content (Fig. 3), photosynthetic gas exchange parameters (Fig. 4), accumulation of photosynthetic products (Fig. 5), and chlorophyll fluorescence parameters in rice under salt stress (Table 2). It is worth noting that ABA also exhibits a positive regulatory effect on the above indicators. Previous studies have also shown that ABA can increase photosynthetic pigment content, net photosynthetic rate, and sucrose-converting enzyme activity in rice, wheat, and corn under salt, drought, and heat stresses [61–64]. Our findings also suggested that the addition of exogenous MT can mitigate the inhibition of photosynthesis-related indicators caused by the reduction in endogenous ABA content resulting from FLU. In contrast to growth indicators, exogenous ABA mitigated the decrease in sucrose content and chlorophyll fluorescence parameters caused by insufficient endogenous MT due to CPA (Fig. 5) (Table 2). When plants are under salt stress, their stomatal conductance decreases, leading to a reduction in effective carbon dioxide. Light capture exceeds the requirements for photosynthesis, causing the electron transport chain to become overloaded and generating ROS through the Mehler reaction at the antenna pigment [65]. Reactive oxygen species exhibit strong oxidative activity in the membrane structure and are key photosynthetic enzymes in chloroplasts [66]. Melatonin has the unique advantage of alleviating oxidative stress in crops. It is not only an efficient antioxidant but also enhances the antioxidant capacity of crops by stimulating the upregulation of antioxidant enzyme activity, the AsA-GSH cycle, and antioxidant content [67,68]. The study showed that MT decreased the build-up of T-ROS and TBARS in rice plants when exposed to salt stress (Fig. 7), primarily due to its enhancement of antioxidant enzyme activity and content (Table 3). This is beneficial for clearance of excess ROS and has a protective effect on the membrane system, thereby maintaining stable physiological and biochemical activities. In the present study, it was observed that MT treatment led to an increase in the activity of crucial enzymes involved in photosynthesis under salt stress (see Fig. 6). Additionally, it was noted that MT mitigated the suppressive impact of FLU on antioxidant enzyme activity and content in rice under salt stress. Conversely, ABA did not alleviate the inhibitory effect of CPA on antioxidant enzyme activity and content (refer to Table 3). These findings suggest that MT has the potential to mitigate the inhibitory effects caused by ABA deficiency on rice’s antioxidant systems.

4.3 The Interaction between MT and ABA and Their Effects on Rice Photosynthesis and the Antioxidant System

Extensive research has explored the complex relationship between MT and ABA in different crops, and there is no consistent pattern of increase or decrease in endogenous ABA content after MT treatment [69]. In cucumber seeds, MT downregulates ABA synthesis genes and promotes their metabolism, leading to a decrease in endogenous ABA content [21]. Research has indicated that MT enhances the germination of melon seeds by counteracting the effects of ABA and controlling the equilibrium between ABA and gibberellic acid [23]. In research on heat stress, MT slowed leaf senescence by reducing ABA content [70]. These results indicated that MT and ABA exert antagonistic effects. Our research showed that MT significantly increases ABA content under salt stress (Fig. 2), and the same phenomenon has been observed in studies on watermelon, grape berries, and apples [26,71,72]. Research has shown that MT enhances crop drought resistance by promoting ABA regulation in stomata [73]. Melatonin can also increase ABA and ethylene content to promote fruit ripening [26]. Our findings suggest that MT may mitigate the inhibitory impacts of ABA deficiency (FLU treatment) on rice photosynthesis and antioxidant systems under salt stress. Additionally, ABA can counteract the negative effects of MT deficiency (CPA treatment), indicating a synergistic relationship between MT and ABA. These results reveal a complex interplay between MT and ABA in regulating crop stress responses. We regulated the levels of MT and ABA through various treatments and studied the photosynthetic and antioxidant systems, deepening our understanding of this complex interaction.

5  Conclusions

This study manipulated the endogenous levels of MT and ABA in rice using exogenous MT, ABA, and their synthetic inhibitors and explored their synergistic or antagonistic effects under salt stress. The results indicate that MT alleviates the salt sensitivity caused by ABA deficiency in rice through synergistic effects. This is mainly manifested as MT increasing antioxidant enzyme activity and antioxidant content under ABA deficiency conditions, reducing oxidative damage, and alleviating the inhibition of photosynthesis.
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Table 1: Description of different treatments

Treatment Chemicals
NaCl (mM) MT (uM) ABA (uM) CPA (uM) FLU (uM)

NT 0 0 0 0 0
CK 150 0 0 0 0
CPA 150 0 0 50 0
FLU 150 0 0 0 50
MT 150 200 0 0 0
ABA 150 0 100 0 0
MT+CPA 150 200 0 50 0
MT+FLU 150 200 0 0 50
ABA+CPA 150 0 100 50 0
ABA+FLU 150 0 100 0 50
MT+ABA 150 200 100 0 0

Note: NaCl, Sodium chloride; MT, Melatonin; ABA, Abscisic acid; CPA, p-chlorophenylalanine (an MT synthesis inhibitor); FLU, Fluridone (an
ABA synthesis inhibitor).
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Table 3: The effects of different treatments on the antioxidants contents and antioxidant enzyme activity of
rice after 0 and 5 days of salt stress

Treatment AsA GSH Flavonids Total SOD POD CAT GR APX GPX
content content content phenols activity  activity activity activity activity activity
(umol/g (umol/g (mg/g content (U/g (U/g (U/g Pro) (U/g (U/g (U/g
FW) FW) FW) (mg/g  Pro) Pro) Pro) Pro) Pro)
FW)
0d
NT 1.08+ 216+ 347+ 415+ 23228+ 24693+ 90.77 + 1247+ 634+ 322+
0.08cde 0.13d  0.2labc ~ 0.13cd 21.82 8.54 abc 6.46e 0.92cde 0.05cd 0.15cd
CK 1.03+ 239+ 330+ 420+ 23940+ 236.68 + 87.19 + 1143+ 6.75+ 371+
0.03de 0.17bcd 0.05bc 0.16cd  23.66 8.62¢ 9.26e 0.58ef  0.35¢cd  0.27bc
CPA 1.02+ 254+ 2.65+ 4.00+ 25483+ 27391+ 16522+ 13.82+ 7.17+ 434+
0.02e  0.06abc 0.14d 0.26d  26.18 16.28abc 7.70b 1.02bc  0.54bc  0.34a
FLU 1.04+ 244+ 376=+ 551+« 25138+ 282.66+ 170.11+ 1354+ 859+ 3.78+
0.05de 0.17bc  0.24a 0.37a  26.18 28.55ab 10.91b 1.35bcd 0.48a  0.30abc
MT 1.09+ 245+ 329+ 403+ 221.88+ 25361+ 87.19+ 11.89+ 8.01+ 3.88+
0.01bcd 0.15bc  0.30bc 0.34d  21.73 23.79abc 4.45¢ 0.89def 0.62ab 0.25ab
ABA .13+ 265+ 337+ 460+ 23989+ 24441+ 9224 + 1498+ 898+ 339+
0.02abc 0.20ab  0.10bc 0.35bc  11.73 25.50bc  7.0le 0.89ab 0.67a  0.30bcd
MT + LIS+ 233+ 313+ 370 £ 24945+ 26325+ 10943+ 1400+ 890+ 3.39+
CPA 0.05ab  0.18cd 0.27c 0.09d 18.16 17.44abc 5.54d 1.33bc  0.52a  0.33bcd
MT + .12+ 275+ 3.61 % 4.03+ 241.60+ 28332+ 13451+ 1657+ 859+ 3.05+
FLU 0.03abc 0.11a  0.23ab 0.35d 17.46 14.13a  6.91c 1.29a  0.63a  0.34d
ABA+ 116+ 255+ 322+ 4.03+ 23276+ 273.75+ 178.63 £ 1502+ 701+ 387+
CPA 0.02a  0.1labc 0.25bc 0.34d  26.58 21.20abc 5.04b 1.17ab  0.64c  0.34ab
ABA+ 113+ 248+ 340+ 487+ 25429+ 23990+ 13738+ 11.63+ 867+ 348+
FLU 0.03abc 0.1labc 0.14abc  0.27b  30.09 23.18c  11.12c 0.65ef 0.62a  0.41bcd
MT + .16+ 244+ 337+ 458+ 231.08+ 24520+ 20436+ 1047+ 579+ 319+
ABA 0.02a  0.18bc 0.17bc 0.20bc  26.40 20.43abc 8.4la 1.02f  0.56d  0.34cd
5d
NT 124+ 155+ 3.67+ 4.69+ 26429+ 240.02+ 202.05+ 1397+ 809+ 421+
0.03f  0.13h  0.22¢f 0.22f  27.42f 20.15¢ 16.82d 1.68e  1.01f  0.42e
CK 310 6.194+ 456+ 8.60 = 469.87+ 436.69 + 332.06 £+ 1851+ 16.67+ 10.08
0.14c 0.18d 0.42bc 0.31bc  34.83abc 29.48cd 20.04b 1.72¢cd  0.95¢  0.79¢
CPA 202+ 3.09+ 334+ 7.81 £ 409.83 £ 404.77 + 287.75+ 1621+ 1327+ 7.88+
0.1le  0.25g  0.28f 0.28de 30.68de 30.69d 18.72c 1.30de 0.70e  0.57d
FLU 273+ 351+ 357+ 7.52+ 386.11 £ 390.73 + 314.03+ 1623+ 1396+ 7.56 +
0.10d 0.31g  0.29ef 0.20e 28.75e  22.14d 18.77bc 1.45de 0.70de 0.80d
MT 403+ 877+ 530+ 9.00+ 500.28 £ 616.44 + 409.44 + 2688+ 25.02+ 15.16
0.13b 0.48p 0.27a 0.42ab 27.08ab 35.87a 24.62a 1.06a  1.17ab 0.84a
ABA 444+ 715+ 480+ 856+ 50691+ 50296+ 38237+ 2259+ 2318+ 13.18+
0.22a  0.63c¢  0.37ab 0.26bc  25.25a  23.29b 22.52a 1.89b  0.96b  0.83b
MT + 309+ 5334+ 425+ 817+ 453.13+ 43397+ 34458+ 1957+ 1530+ 10.03 +
CPA 0.12c  0.38¢  0.20cd 0.42cd 21.44bcd 35.10cd 22.02b 1.51c  0.65cde 0.85c
MT + 303+ 436+ 394+ 857+ 421.17+ 40477+ 32085+ 18.66+ 16.17+ 9.73 +
FLU 0.21c  0.39f  0.34de 0.24bc  28.22cde 38.91d 23.41bc 1.70cd  1.38  0.78c
ABA+ 294+ 347+ 370+ 8.02+ 409.83+ 39195+ 31040+ 17.68+ 1459+ 9.78 +
CPA 0.14cd 0.24g  0.19ef 0.17cde 30.68de 21.41d 20.68bc 0.75cd  1.34cde 0.72c
ABA+ 303+ 583+ 377+ 8.06 £+ 40832+ 459.17+ 335.69+ 1939+ 1576+ 10.78 +
FLU 0.15c  0.25de 0.17def  0.42cde 26.26de 29.60bc 22.47b 1.21c 1.22cd 0.94c
MT + 426+ 10.70 £ 5.30 + 930+ 476.76 £ 60532+ 387.83+ 2626+ 2534+ 1530+
ABA 0.25ab 0.83a  0.27a 0.35a  29.55ab 26.06a 16.96a 1.152  1.27a  0.71a

Note: Same as Fig. 1.
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Table 2: The effects of different treatments on the chlorophyll fluorescence parameters of rice after 5 days of
salt stress

Treatment FO Fm Ymax Fv/Fm Y NPQ qN qP Rfd
NT 16.80 + 8139+ 062+ 079+ 023+ 194+ 085+ 024+ 225+
2.08abc  3.66a 0.02a 0.02a 0.02a 0.0lab 0.0lab 0.05abc 0.05a
CK 1486+ 4048+ 059+ 063+ 009+ 188+ 083+ 023+ 154+
1.09¢ 0.46¢ 0.03ab 0.03b 0.01c 0.35abc  0.05ab  0.03bc  0.22cde
CPA 1786 & 4085+ 056+ 056+ 005+ 152+ 079+ 0.18%+ 124+
0.30ab 0.50c 0.01b 0.00c 0.01def 0.19¢cd 0.09bc  0.02d 0.09ef
FLU 10.75+ 2205+ 051+ 051+ 004+ 221+ 090+ 017+ 105+
0.98d 2.29¢ 0.03¢ 0.06d  0.00f 0.29a 0.01a 0.01de  0.15fg
MT 16.12+ 4233+ 062+ 062+ 0.12+ 135+ 077+ 028+ 173+
0.85bc 2.38bc 0.0la 0.00b 0.01b 0.17d 0.03bc  0.03a 0.23bcd
ABA 1557+ 4111+ 0.62+ 062+ 0.11+ 136+ 076+ 027+ 143+

0.79¢ 2.37c 0.0la  0.00b  0.02b 0.19d 0.08bc  0.03ab  0.18de
MT + 1690 + 4395+ 061+ 062+ 0.07+ 171+ 082+ 018+ 191+

CPA 0.6labc  0.52bc  0.02a  0.0lb  0.0lcde 0.21bcd 0.03abc 0.01d 0.23b
MT + 1842+ 3371+ 043+ 045+ 0.05+ 088+ 072+ 013+ 089+
FLU 1.93a 3.43d 0.03d 0.03e  0.0lef 0.1le 0.04c 0.0le 0.10g
ABA + 1690 + 4395+ 061+ 062+ 0.07+ 171+ 082+ 018+ 191+
CPA 0.6labc  0.52bc  0.02a  0.0lb  0.0lcde 0.21bcd 0.03abc 0.01d 0.13b
ABA + 1875+ 4594+ 059+ 059+ 0.07+ 161+ 079+ 020+ 181+
FLU 0.15a 3.43b 0.03ab 0.03bc 0.0led 0.19bcd 0.10bc  0.03cd  0.23bc

MT + 16.81+ 4343+ 061+ 061+ 011+ 131+ 076+ 028+ 1.62+
ABA 1.02abc  1.87bc  0.0la  0.0lb  0.02b 0.23d 0.04bc  0.03ab  0.25bcd

Note: Same as Fig. 1.
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