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Abstract: Drought stress is a serious threat to the germination of plant seeds and the growth of seedlings. Melatonin has been proven to play an important role in alleviating plant stress. However, its effect on seed germination under drought conditions is still poorly understood. Therefore, we studied the effects of melatonin on rice seed germination and physiological characteristics under drought stress. Rice seeds were treated with different concentrations of melatonin (i.e., 0, 20, 100, and 500 μM) and drought stress was simulated with 5% polyethylene glycol 6000 (PEG6000). The results showed that 100 μM melatonin can effectively improve the germination potential, rate and index; the vigor index of rice seeds; and the length of the shoot and root. In addition, that treatment also increased the activity of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), and reduced the content of malondialdehyde (MDA). The grey relational grade between the shoot MDA content and the melatonin seed-soaking treatment was the highest, which could be useful for evaluating the effect of melatonin on drought tolerance. Two-way analysis of variance showed that the effect of single melatonin treatment on rice seeds was more significant than that of single drought stress and interaction treatment of drought and melatonin (p < 0.05). The subordinate function results showed that 100 μM melatonin significantly improved the germination and physiological indexes of rice seeds and effectively alleviated the adverse effects of drought stress on rice seedlings. The results helped to improve the understanding of the morphological and physiological involvement of melatonin in promoting seed germination and seedling development under drought stress.
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1  Introduction

As global temperatures rise, water shortages and drought damage in arid and semi-arid areas have become more and more serious and are affecting the growth and development of plants. Seed germination and seedling growth are sensitive periods at the start of a plant’s life, and drought stress directly affects the field emergence rate of germinating plants, which is related to the success of population establishment.

Drought has become a major limiting factor threatening rice (Oryza sativa L.), one of the world’s most important food crops, in its critical seed germination phase [1]. In China, the problem of seasonal and regional drought and water shortage is very serious, resulting in a reduction of 40 billion kilograms in rice yield [2]. As rising global warming, droughts may become more frequent. It is estimated that approximately 15–20 million hectares of paddy fields may be impacted by drought in major rice-growing countries of worldwide, which may cause up to 40% yield loss [3,4]. High germination ability under drought stress facilitates competition between seedlings and weeds for water and nutrients, and promotes early seedling morphogenesis in direct-seeded rice [5,6]. Therefore, improving the seed germination capacity of rice would enhance productivity under direct-seeded conditions.

Prolonged drought stress leads to the excessive production of reactive oxygen species (ROS) in plants, which leads to oxidative damage and cell death [7]. In response, plants have evolved an efficient antioxidant defense system composed of enzymatic and non-enzymatic components. Enzymatic antioxidants are superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbic acid peroxidase (APX); non enzymatic antioxidants are glutathione, ascorbic acid, as well as polyphenols and vitamins [8].

To improve crop drought resistance, a variety of agronomic strategies have been adopted such as conventional breeding, molecular breeding, improvement of the water supply and irrigation, and improvement of soil [9,10]. It is an important way to protect food security in the future to develop tolerant rice varieties that can be stably produced under drought stress. Conventional breeding strategies aim to find beneficial stress tolerance alleles from traditional local varieties or wild relatives of important crops to improve stress tolerance by crossing and backcrossing. Conventional breeding strategies to improve the drought resistance of rice also has its limitations. Generally, intraspecific hybridization is easy to carry out, but interspecific hybridization is difficult, and it needs more than 5 years of efforts to be successful. With the development of map-based cloning and high-throughput sequencing, more and more drought tolerance genes or quantitative trait loci (QTLs) have been identified and cloned. Molecular breeding can use markers closely linked to drought tolerance genes or developed from actual gene sequences to indirectly select target traits. Drought has been a trait difficult to select through conventional phenotypic identification, so molecular breeding technology is one of the most ideal methods to improve target traits such as molecular marker assisted selection. Identification of drought tolerant genes is a key factor limiting molecular breeding. Improvement of the water supply and irrigation, without a doubt, can significantly reduce drought risk and improve rice productivity. Management strategies to improve water supply and irrigation are either to avoid drought by increasing water input or avoiding drought periods, or to mitigate drought by reducing non-transpirational outflows, so as to leave more water for transpiration. Laborious and cumbersome operation are the key constraints of this strategy. Soil improvement is also an important part of drought management. Drought is directly related to soil nutrients through different growth processes. The uptake of N+, Ca2+, Mg2+ and Na+ in rice is usually controlled by transpiration stream under drought stress. Lower transpiration means lower nutrient uptake so that caused damage to rice growth. Therefore, changing structure, fertility, pH value and oxygen availability of the soil can improve the drought resistance of rice. However, soil improvement is often affected by environmental factors, and it takes many years for the effect to appear. One innovative strategy is to use biological stimulants or plant hormones, which has been found to overcome the effects of drought [11,12].

Melatonin (N-acetyl-5-methoxytryptamine, MT), an indoleamine bioactive molecule, has been shown to enhance tolerance to high and low temperature, drought and salt in maize, wheat, rice, soybean, cotton [13,14]. As little as 300 μM of melatonin increasing SOD activity in wheat variety HG35 thereby alleviating the negative effect of water stress on seed germination [15]. Seed priming with melatonin also improved the germination of waxy maize seeds under chilling stress and protected them from oxidative damage through improving the antioxidant system and starch metabolism [16]. Pretreatment with 50 and 100 μM of melatonin changed the content of endogenous plant hormones and antioxidant enzymes to improve drought resistance in soybean seedlings [17]. Spraying 100 μM of melatonin enhanced the antioxidant enzyme activity of rice seedlings to reduce the effects of drought stress [18]. Exogenous melatonin improved salinity tolerance of rice by blocking the burst of ROS and improving Na+/K+ homeostasis [19]. The foliar application of 100 µM melatonin and soil leaching of 50 µM melatonin alleviate drought damage to maize by maintaining growth, and improving photosynthetic characteristics and antioxidant enzyme activity [20]. Exogenous melatonin could be used to pretreat cucumber seeds to reduce the oxidative damage from salt stress, enhance the gene expression of antioxidants, and reduce the inhibition of salt on seed germination [21]. The germination of cotton seeds can be enhanced by increasing the germination rate, enhancing the activity of antioxidant enzymes, reducing the accumulation of malondialdehyde (MDA) and regulating hormones [22]. Melatonin effectively regulates seminal root length and growth of monocotyledonous rice after germination [23].

While the response mechanism of rice seed germination and seedlings to drought stress have been investigated, information regarding the effects of rice seed priming with melatonin in response to drought stress is limited. Therefore, the effect of melatonin on the germination and physiological characteristics of rice seeds under drought stress was studied by using the rice variety XZX45. XZX45 is widely grown in the rice growing region of southern China and affected by the drought stress. The objectives of this work were (1) to investigate the germination characteristics of rice seeds with melatonin at 0, 20, 100, and 500 μM concentrations under drought stress; (2) to determine the changes in biomass, antioxidant enzyme activity, MDA content and soluble protein content during germination of rice seeds under different melatonin levels; and (3) to evaluate the effective concentration of melatonin in rice. This study provides some novel insights into drought tolerance mechanisms modulated by exogenous melatonin in seed germination.

2  Materials and Methods

2.1 Test Material

The rice variety XZX45 was used in the experiment, and was provided by the Rice Research Institute of Hunan Agricultural University. All chemicals used were of analytical grade. The melatonin and polyethylene glycol (PEG6000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Experimental Design

Rice seeds of the same size were selected and sterilized with 5% sodium hypochlorite solution for 40 min, and then rinsed 4 times with sterilized distilled water. After sterilization, they were soaked for 24 h in different concentrations of melatonin: M0 (0 μM, distilled sterile purified water only), M20 (20 μM), M100 (100 μM), and M500 (500 μM). Polyethylene glycol 6000 (PEG6000) was used to simulate drought stress at concentrations of 0 (T0) and 5% (T5).

The germination of rice seeds refers to the method of Cen et al. [24]. One hundred seeds were sown in each germination box, covered with sterile germinating paper, which has a 7 mL PEG6000 solution of different concentrations: 6 repetitions were set for each treatment. All germination boxes were moved to the light incubator after sowing. The light conditions were as follows: fluorescent light with intensity expressed as a PPFD of 150 mmol m−2s−1 for 14 h/day, and 70% relative humidity (RLD-1000E-4, Ningbo Ledian Instrument Manufacturing Co., Ltd., China). During germination the number of germinated rice seeds was observed and recorded every day. Shoot and root observations were taken after 7 d to determine the relevant indicators.

2.3 Measurement Items and Methods

2.3.1 Determination of Relevant Indicators of Seed Germination

Seed germination was tracked daily. When the total stem length was greater than half the seed length and the root length was greater than the seed length, germination was said to have occurred. The germination potential (GP), germination rate (GR), germination index (GI) and vigor index (VI) of seeds 3 and 7 d after germination were measured according to the assay described by Li et al. [15].

2.3.2 Determination of Growth Indices of Seed Roots and Shoots

The biomass tests refer to the method of Zhu et al. [25]. On day 7 after sowing, 20 randomly selected representative and long-standing germinated seeds from each treatment were cleaned with distilled water and then carefully blotted with filter paper to remove residual surface water. They were divided into 4 replicates to determine shoot and root length. Shoot length was measured from the base to the point of growth and the lengths of the shoot and root were determined. Shoot length was the distance from the base to the growth point, and root length was the length of the primary root. Then, the shoot and root of the germinated rice were separated and weighed with a balance. The fresh weight of the aboveground part and root system were recorded, put into a marked bag and placed in an oven at 105°C for 30 min. They were then dried to a constant weight at 65°C, and the dry weight was recorded with a balance.

2.3.3 Physiological and Biochemical Indexes

SOD activity was determined by the nitrogen blue tetrazole method [26]; POD activity by the guaiacol method [27]; CAT activity by UV absorption [28]; MDA content by the thiobarbituric acid chromogenic method [29]; and soluble protein by the Coomassie brilliant blue G-250 staining method [30].

2.3.4 Statistical Analysis

The data of this research were sorted and calculated utilizing the Microsoft Excel 2017 software. The statistical analysis was conducted by the SPSS window version 20.0 data processing system. The figures were drawn by GraphPad Prism 9.3.1. In addition, the difference test at the level of p < 0.05 was carried out through Duncan’s new complex difference method for mean comparison. All data were expressed as mean ± standard error (SE). The index change percentage (α) was calculated as α (%) = ((treatment value – control value)/control value) × 100. In the formula, treatment value is the mean value of the test sample in different melatonin concentrations treatment, and control value is the mean value of the test sample in the control (M0) melatonin concentration treatment. The grey correlation degree refers to the method of Su et al. [31]. The membership function method was used to evaluate the tolerance of rice seeds to melatonin, drought stress and interactive stress [32].

3  Results

3.1 Germination Characteristics

Under normal treatment (T0) compared with the control (M0), the germination potential, rate, and index and seed vigor index of the M100 concentration increased by 8.87%, 3.19%, 8.57% and 21.32%, respectively (Figs. 1A–1D). Under drought treatment T5, these four criteria were significantly higher in the M20 and M100 concentrations than for M0. The M100 concentration increased by 11.21%, 9.16%, 11.01% and 29.52%, respectively. Compared with the control M0, the germination potential and germination index of M500 treatment significantly increased by 7.75% and 3.13%, respectively, while the seed vigor significantly decreased by 46.82%.
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Figure 1: Germination of rice seeds under drought stress. Means ± SEs with different letters denote significant statistical differences (p < 0.05). (A) Germination potential; (B) Germination rate; (C) Germination index; (D) Vigor index

3.2 Biomass of Rice Seed Shoots and Roots

The length, fresh weight, and dry weight of shoot and root were inhibited under drought stress, but seed soaking with an appropriate concentration of melatonin alleviated the damage (Figs. 2A–2F). Under normal treatment (T0), the M100 concentration significantly increased the six shoot and root categories compared to control (M0) by 13.58%, 15.14%, 31.06%, 61.33%, 22.52% and 22.47%, respectively. Under drought treatment (T5), the increases were 15.66%, 29.67%, 15%, 41.83%, 20.16% and 45.59%, respectively.
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Figure 2: Biomass of rice seeds under drought stress. Means ± SEs with different letters denote significant statistical differences (p < 0.05). (A) Shoot length; (B) Root length; (C) Fresh weight of shoot; (D) Fresh weight of root; (E) Dry weight of shoot; (F) Dry weight of root

3.3 Antioxidant Enzyme Activity in Rice Seed Shoots and Roots

The activities of SOD, POD and CAT of rice seeds under drought stress (T5) were significantly higher than those under normal treatment T0 (Figs. 3A–3G). Under T0, melatonin treatment with M20 and M100 concentration improved SOD, POD and CAT activity of the shoot and root, by 31.87%–52.24%, 19.73%–57.19% and 45.37%–193.32% compared with M0. Under T5, melatonin treatment with M100 concentration increased SOD activity of the shoot, SOD activity of the root, POD activity of the shoot, POD activity of the root, CAT activity of the shoot and CAT activity of the root, by 27.78%, 45.64%, 17.25%, 29.24%, 83.7%, 59.42%, respectively.
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Figure 3: Antioxidant enzyme activity of rice seeds under drought stress. Means ± SEs with different letters denote significant statistical differences (p < 0.05). (A) SOD activity of shoot; (B) SOD activity of root; (C) POD activity of shoot; (D) POD activity of root; (E) CAT activity of shoot; (F) CAT activity of root

3.4 MDA Content in Rice Seed Shoots and Roots

Under normal treatment (T0), compared to control (M0), all the concentrations of melatonin treatment reduced the MDA content of shoot and root. Among them, the M100 concentration was the best, reducing it by 75.16% and 43.46% (Figs. 4A, 4B). Under drought stress treatment T5, all concentrations of melatonin treatment reduced the MDA content of shoot and root by 35.38%–51.6% and 40.02%–61.04%.
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Figure 4: MDA content of rice seeds under drought stress. Means ± SEs with different letters denote significant statistical differences (p < 0.05). (A) MDA content of shoot; (B) MDA content of root

3.5 Soluble Protein Content in Rice Seed Shoots and Roots

Under normal treatment (T0), the M100 concentration increased the soluble protein content of shoots and roots by 17.96% and 17.09% compared with the control M0 (Figs. 5A, 5B). Under drought stress treatment T5, the M20 and M100 concentrations were 8.43%–15.49% and 11.09%–21.38% higher, respectively.
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Figure 5: Soluble protein content of rice seeds under drought stress. Means ± SEs with different letters denote significant statistical differences (p < 0.05). (A) Soluble protein content of shoot; (B) Soluble protein content of root

3.6 Grey Relational Grade and Correlation Analysis of Exogenous Melatonin on Rice Seed Germination and Physiological Indicators under Drought Stress

The analysis of the grey relational grade is a quantitative description and comparison of the development and changes of a system, so it is widely applicable in comprehensive evaluation. It can compare multiple trait indexes as a whole, and can more comprehensively and truly reflect the changes of comprehensive factors [24]. The analysis of the grey relational grade between the 20 rice seed germination evaluation items and melatonin seed-soaking concentrations under high drought stress is shown in Fig. 6. The grey correlation coefficient of the MDA content of shoot, the MDA content of root and the SOD activity of shoot were 0.352, 0.33 and 0.308, respectively, which were higher than other evaluation items. It showed that they were closely related to the concentration of melatonin-soaked seeds, and could be used as an indicator to measure the mitigation effect of melatonin on rice seed germination stage under drought stress. In addition, germination potential, germination rate and germination index also clearly indicated the alleviating effect of melatonin on rice seed germination under drought stress. Among these, the grey correlation coefficient between the MDA content of shoot and melatonin concentration was the largest. Therefore, the MDA content of the shoot can best reflect the alleviating effect of melatonin on drought stress.
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Figure 6: Analysis of the grey relational grade on rice seed germination and physiological indices

Correlation analysis showed that germination potential had a significant positive correlation with the germination rate and index, vigor index, shoot and root length, shoot and root fresh weight, and shoot and root dry weight (p < 0.01). It had a significant negative correlation with MDA content of root (p < 0.01), SOD activity of shoot, and MDA content of shoot (p < 0.05). It did not reach a significant level with POD or CAT activity of shoot, and SOD, POD or CAT activity of root (Fig. 7). The MDA content of shoot negatively correlated with germination potential and index, CAT activity of shoot and root, soluble protein content of shoot and root (p < 0.05).
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Figure 7: Correlation analysis on rice seed germination and physiological indices. **: significant at the 0.01 probability level; *: significant at the 0.05 probability level

3.7 Principal Component Analysis

Principal component analysis (PCA) was used to evaluate 20 indexes of rice seed germination and physiology under drought stress (Fig. 8). The results showed that the cumulative contribution rate of PCA1 and PCA2 was 79.01%, of which PC1 contributed 49.18% and PCA2 contributed 29.83%. Therefore, it reflected most of the information of melatonin soaked seeds under drought stress. The eigenvalue of PCA1 was 9.84 and the contribution rate was 49.18%. Among them, the indexes with the larger positive eigenvalues were germination rate, germination potential, dry weight and soluble protein content. The indexes with large negative eigenvalues were rice SOD and CAT activity. The eigenvalue of PCA2 was 5.97 and the contribution rate was 29.83%. The indexes with large positive eigenvalues were fresh weight, shoot and root length, and MDA content, while other indexes had negative eigenvalues, which correlated negatively.
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Figure 8: PCA analysis on rice seed germination and physiological indices. X1: Germination potential; X2: Germination rate; X3: Germination index; X4: Vigor index; X5: Shoot length; X6: Root length; X7: Fresh weight of shoot; X8: Fresh weight of root; X9: Dry weight of shoot; X10: Dry weight of root; X11: SOD activity of shoot; X12: SOD activity of root; X13: POD activity of shoot; X14: POD activity of root; X15: CAT activity of shoot; X16: CAT activity of root; X17: MDA content of shoot; X18: MDA content of root; X19: Soluble protein content of shoot; X20: Soluble protein content of root

3.8 Comparison of Differences and Comprehensive Evaluation of Tolerance between Drought Stress and Exogenous Melatonin Interaction

The results of a two-way ANOVA on the effects of drought stress and melatonin interaction on rice seed germination parameters and physiological indexes are shown in Table 1. The germination rate, vigor index, shoot and root length, shoots fresh weight, root dry weight, root SOD activity, shoot POD activity and root CAT activity were significantly different under different treatments (p < 0.01).
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The germination potential, shoot POD activity, root fresh weight, shoot dry weight, root POD activity and shoot CAT activity were different under the single factor treatment of drought stress, exogenous melatonin concentration and the two interactive treatments. Among them, the difference of each index under single-factor treatment was extremely significant (p < 0.01). There was no significant difference in each index under interactive treatment.

The SOD activity of shoot was significantly different under the single factor treatment of drought stress (p < 0.01), but there was no significant difference under the single-factor treatment of exogenous melatonin concentration or the two interactive treatments. The content of MDA in the seed roots was different under the single factor treatment of drought stress and the two interactive treatments (p < 0.05), and extremely significant under the single-factor treatment of exogenous melatonin concentration (p < 0.01). The MDA content, soluble protein content in the shoot, and soluble protein content in the root showed an extremely significant difference under the single-factor treatment of exogenous melatonin concentration (p < 0.01), but there was no significant difference under the single-factor treatment of drought stress or the two interactive treatments.

Figs. 9A–9D show that the response degree of different indexes to drought stress and melatonin concentration was different. To reflect the characteristics of rice seed germination, the subordinate function method was used to evaluate the tolerance to PEG6000 and melatonin under single and interactive treatment. The results showed that under a single drought stress treatment, the subordinate function value of the T5M0 treatment was the largest, and 5% PEG6000 was the critical concentration of drought tolerance. Under a single melatonin treatment, the subordinate function value of T0M100 was the largest. Under the interaction of drought stress and melatonin, the effect of T0M100 treatment was prominent, and 100 μM melatonin was the critical concentration for rice to resist drought stress.
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Figure 9: Comprehensive evaluation on rice seed germination and physiological indices

4  Discussion

Drought is one of the main abiotic stresses that can significantly damage plant growth and affect seed germination [33,34]. In this study, the application of 5% PEG6000 inhibited the germination and biomass accumulation of rice seeds, which may be closely related to the inhibition of water absorption of seeds by PEG6000. This was similar to the research results of Zhenyi et al. [35]. In addition, the germination vigor was delayed after 5% and 10% PEG6000 treatments but was completely inhibited after 30%. This suggests that germination varied in response to drought stress. Recently, melatonin has been widely used to treat seeds before sowing, improve its resistance to abiotic stress, and promote seed germination [36–38]. In cotton, melatonin (100 µM) presoaked seeds increased the germination rate and potential, free radical length and fresh weight, SOD, POD, α-amylase activity, and decreased H2O2, superoxide anion radical (O2−) and MDA content under drought stress [39]. The results showed that soaking seeds in melatonin alleviated the inhibitory effects of 5% PEG6000 on seed germination and growth. It mainly showed that the speed of seed germination accelerated, and the shoot and, root lengths, and fresh and dry weights all increased. The best concentration to promote rice seed germination under drought stress was 100 μM melatonin. This suggests that melatonin has certain similarities in promoting germination under drought stress.

After sustained drought stress, plant cells produce a large amount of ROS, which destroys physiological and biochemical processes and reduces productivity [40]. On the other hand, plants have evolved an effective antioxidant defense system against this stress, including enzymatic antioxidants such as SOD, POD, CAT and nonenzymatic antioxidants such as glutathione and proline [41]. Previous studies have proven that melatonin triggers this defense system, enhancing the plant’s ability to scavenge harmful ROS, thereby protecting it from the adverse effects of drought-induced oxidative stress [42]. In wheat, melatonin improved the intracellular ROS balance and enhanced the drought tolerance of seedlings by reducing the inhibitory effect of drought stress on photosynthesis [43].

Additionally, melatonin promoted the activity of ABA degrading enzymes and hydrogen peroxide scavenging enzymes under drought stress, and this enhanced activity of the abovementioned enzymes resulted in the reduction of H2O2 in guard cells, indicating the direct involvement of melatonin in scavenging H2O2 [44]. Melatonin reduced the oxidative damage caused by aging of corn seeds by improving the activity of aging seeds, promoting the growth of germ and free radicals, improving the activity of antioxidant enzymes and reducing membrane lipid peroxidation [45]. These conclusions were consistent with the results in the study, which showed that SOD, POD and CAT activities in melatonin-treated rice seeds increased, while the content of MDA decreased. This indicated that under drought stress, melatonin reduced the degree of membrane lipid peroxidation by enhancing the activity of antioxidant enzymes in young roots and shoots, thereby maintaining normal cell metabolism and alleviating drought stress.

The Grey relational grade is a method to measure the degree of correlation between factors [46]. According to the principle of correlation analysis, a sequence with a high degree of correlation is closely related to the reference sequence, and a sequence with a small correlation degree is distant from the reference sequence. The importance of each factor is expressed by the order of its correlation grade. The results showed that among these indicators, MDA content of shoot was the most closely related to melatonin concentration and the first choice for evaluating the effect of melatonin on the alleviation of drought stress. A correlation analysis showed that rice seed germination potential and index positively correlated with length, fresh weight and dry weight of shoot and root (p < 0.01), and negatively correlated with MDA content of shoot (p < 0.05), and MDA content of root (p < 0.01). It indicated that higher MDA content was more detrimental to the germination of rice seeds. Previous studies had also shown that drought stress can cause membrane lipid peroxidation, damage to cell membrane structure and function, delayed germination, and inhibited seedling growth [47]. Rice seed germination is a complex quantitative trait, which is affected by many factors. In rice breeding practice, the role of various influencing factors is of great concern and we should focus on selecting traits according to breeding objectives. The analysis of the grey relational grade can distinguish other factors according to the correlation coefficient. Therefore, in the evaluation of germplasm resources and the breeding of rice varieties, a selection system based on physiological and biochemical characteristics should be established under drought stress, especially based on MDA content of shoot.

To explore the effects of drought treatment and melatonin treatment on the results of this test, the germination and physiological indexes of rice seeds were analyzed by two-way ANOVA. A single melatonin treatment was found to increase the activities of antioxidant enzymes and improve the adaptation of rice to drought environments. The membership function method converted each index into a value of 0–1 through a dimensionless model, put different indexes at the same order of magnitude, enhanced the comparability between different indexes, and quantitatively evaluated each treatment better [48]. The drought tolerance of rice seeds treated with different concentrations of melatonin was evaluated using an integrated subordinate function analysis. It found that the M100 concentration showed a strong tolerance for drought stress, which was consistent with the previous results of physiological indexes. The physiological mechanism of 100 µM melatonin alleviating drought stress is shown in Fig. 10. This study is the first to explore the mechanism by which melatonin alleviates the effect of drought stress on rice seed germination. This may provide a new use for melatonin in regulating drought tolerance in plants. Furthermore, these results provide a theoretical basis for using melatonin to alleviate drought stress in rice. In future research, we will explore the molecular mechanism by which melatonin regulates rice resistance to drought stress.
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Figure 10: Schematic diagram showing the changes of morphophysiological parameters in response 100 μM melatonin to relieve drought stress in rice seed germination. Symbols such as (↑), (↓), and (|) represent upregulation, downregulation, and no significant changes of various parameters, respectively

5  Conclusions

Plant hormones are one of the important factors affecting the germination of rice seeds. Based on the interaction between specific plant hormones, genes related to rice seed germination are activated. Therefore, phytohormone pretreatment is an effective method to improve the germination ability of rice seeds. In this study, melatonin seed-soaking effectively improved the germination potential, germination rate, germination index and vigor index, increased the activity of SOD, POD and CAT, and reduced the content of MDA to alleviate the inhibitory effect of drought stress on rice growth. These results indicated that the 100 µM melatonin seed-soaking could be a good option for inducing biostimulation. It can provide a simple and effective method to promote rice seed germination and seedling growth under drought stress.
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Appendix

Table S1: Two-factor analysis of variance on rice seed germination and physiological indices
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Table 1: Two-factor analysis of variance on rice seed germination and physiological indices

Indices Drought stress  Melatonin treatment ~ Drought stress treatment x
treatment (Df = 1) (Df=13) Melatonin treatment (Df = 3)
F D F D F p
Germination potential 73.92 <0.001 43.75 <0.001  0.38 0.771
Germination rate 73.63 <0.001 43.77 <0.001  5.46 0.009
Germination index 28.43 <0.001 66.3 <0.001  1.47 0.26
Vigor index 14009.74 <0.001 1937.64 <0.001 252.18 <0.001
Shoot length 522.67  <0.001 92.55 <0.001  16.46 <0.001
Root length 560.22  <0.001 80.97 <0.001 132 <0.001
Fresh weight of shoot 43433  <0.001 63.85 <0.001  8.05 0.002
Fresh weight of root 166.79  <0.001 30.41 <0.001 29 0.067
Dry weight of shoot 82.29 <0.001 57.55 <0.001  0.52 0.673
Dry weight of root 87.39 <0.001 39.93 <0.001  6.08 0.006
SOD activity of shoot 54491  <0.001 2.65 0.084 2.2 0.128
SOD activity of root 340.79  <0.001 35.53 <0.001  16.12 <0.001
POD activity of shoot 173.3 <0.001 19.16 <0.001  23.26 <0.001
POD activity of root 111.73  <0.001 18.62 <0.001 1.19 0.345
CAT activity of shoot 97.98 <0.001 55.88 <0.001 1.04 0.403
CAT activity of root 24799  <0.001 41.16 <0.001  7.27 0.003
MDA content of shoot 0.93 0.349 13.43 <0.001 241 0.105
MDA content of root 4.53 0.049 22.6 <0.001 44 0.019
Soluble protein content of shoot 0.11 0.745 10.42 <0.001  1.01 0.415

Soluble protein content of root  0.01 0.922 11.14 <0.001 2.21 0.127
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