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Abstract

:

Melatonin (MT) is a growth regulator and antioxidant that can resist peroxidation damage on plants caused by environmental stresses. In this study, the alleviation effects of melatonin on alfalfa under salt stress were investigated in terms of photosynthesis, antioxidant enzymes, and osmoregulation. The alfalfa seedlings were cultured in 200 mM NaCl Hoagland solution. Five levels of MT (0, 0.1, 0.2, 0.3, and 0.4 mM) were applied as a foliar spray. Generally, the foliar spray of MT increased root length, root surface area, height, leaf length and width, aerial and root biomass, SPAD readings, the content of proline and soluble protein, and the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). Malonaldehyde (MDA) content was decreased by MT foliar spray. The beneficial effects of MT on alfalfa under salt stress were dosage-dependent, and excessive MT levels inhibited alfalfa growth. The alleviating effects of MT on salt stress were more pronounced at 0.3 mM MT. This study suggested that exogenous MT foliar spray at appropriate levels can ameliorate the adverse effects of salt stress on alfalfa seedlings.
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1. Introduction


Alfalfa (Medicago sativa L.) is one of the most vital leguminous forage crops planted in the world due to its strong nitrogen fixation capacity and high protein content [1]. At present, alfalfa is the forage crop with the biggest acreage in China, reaching about 3.77 million ha−1 [2]. It is a moderate salt-tolerant plant among the legume family. However, its production declines when the salt level in the soil exceeds a certain threshold [3,4]. Since several alfalfa-planting regions are affected by high salinity, the sensitivity of alfalfa crops to salinity is an issue attaching the attention of alfalfa producers and scientists [5].



Soil salinity is a major factor restricting crop productivity and quality [6]. Salinity inhibits cell division and expansion of plant growing points of the salt-stressed plants, resulting in stunted leaves and stems [7]. The number of leaves, leaf area, height, and dry weight of roots, leaves, and stems of salt-stressed alfalfa plants are significantly reduced, resulting in reduced crop yield [8]. In addition, salinity stress leads to the imbalances of water and ions and enhances oxidative stress by producing reactive oxygen species (ROS), which negatively affect hormonal and antioxidant balances and photosynthesis, causing a decline in plant growth [9]. Due to the importance of alfalfa and the increasing incidence of salinity stress, it is urgent to improve the salt tolerance of alfalfa plants for better and sustainable production.



Melatonin (MT, N-acetyl-5-methoxytryptamine) is a natural antioxidant produced by all living species, including animals, plants, and microbes [10,11]. It plays multiple roles in plant growth and resistance to abiotic stress [12]. Many studies have indicated that as a plant growth regulator, MT regulates germination, root development, floral transition, fruit formation and maturation, and leaf senescence [13,14,15,16,17]. MT also mitigates the damages caused by abiotic stresses, such as salinity, drought, heavy metals, cold, ultraviolet radiation, alkali ions, and biotic stresses on higher plants [18]. Under high salt stress, exogenous melatonin allows plants to maintain robust roots, ameliorate growth inhibition, and enhance photosynthetic ability [19]. Hence, the application of exogenous melatonin to plants is considered an effective strategy for alleviating salt stress. However, there are few reports on the effects of MT on alfalfa under salinity stress.



The responses of plants to salinity, as well as to melatonin, varied in species types, genotypes, and growth stages [20]. “Chifeng” is an improved local alfalfa cultivar in the Chifeng area of Inner Mongolia and is one of the varieties widely planted in China. In a previous study, the effects of salinity on alfalfa “Chifeng” were investigated, and 200 mM was found to be a threshold salinity level for its growth and development. Based on this, the objectives of this study were to evaluate the mitigative effects of exogenous MT on alfalfa “Chifeng” seedlings under salinity stress and to identify the appropriate MT level for this alfalfa cultivar if the mitigating effects of MT are proved.




2. Materials and Methods


2.1. Study Site and Plant Materials


A controlled study was conducted in the incubator and the greenhouse of the Joint International Research Laboratory of Agriculture and Agri-Product Safety of the Ministry of Education of China, Yangzhou University, in 2021. The tested alfalfa cultivar is “Chifeng”, which is an improved cultivar widely planted in China.




2.2. Experimental Design


The plump seeds of alfalfa with uniform size were selected and sterilized using 70% ethanol solution for 10 min. The sterilized seeds were placed incubated in Petri dishes with distilled water and germinated in an incubator (RX-1000GT, Changzhou, China) at 20 °C with a photoperiod of 8 h. After seven days of germination, the seedlings were wrapped in a sponge and fixed in the holes of foam plates, and then incubated in plastic pots with Hoagland nutrient solution (NSP1020, Beijing Coolaber Science and Technology Co., Ltd., Beijing, China) [21]. All the plastic pots were placed in the greenhouse for further growth. During the whole study, the plastic pots and foam plates were wrapped in tin foil to avoid light. The greenhouse was maintained at a temperature of 30/25 °C (day/night) with a photoperiod of 16 h, and the relative humidity was 45%.



On the 14th day after transplantation, all seedlings were directly subjected to 200 mM salinity treatment (200 mM mixed salt solution was prepared with NaCl and Hoagland nutrient solution; NaCl: A501218, Sangon Biotech Shanghai Co., Ltd., Shanghai, China). At 24 h after salt stress treatment, five levels of melatonin (CM7111, Beijing Coolaber Science and Technology Co., Ltd., Beijing, China), T1 (0.1 mM MT), T2 (0.2 mM MT), T3 (0.3 mM MT), T4 (0.4 mM MT), and CK (distilled water), were sprayed on seedlings respectively. The leaves were sprayed with melatonin every 12 h for a total of three times. Each treatment was repeated three times. During the whole study, the Hoagland solution was changed every seven days, and the electromagnetic air pump was used to ventilate so as to prevent roots from rotting.




2.3. Observations and Measurements


On the 7th, 14th, and 21st days after foliar spraying (DAF), six seedlings were randomly selected to measure plant height from each pot, and six leaves were randomly selected from all the intact leaves of these six seedlings to measure leaf length and leaf width, respectively. Then the seedlings were divided into two parts, the aerial part, and the root, to determine fresh weight. Root-related indexes were determined by a root analyzer. Subsequently, all the samples were dried in the oven at 180 °C for 30 min and then dried at 60 °C for 48 h to determine dry weight.



The SPAD readings were recorded using a hand-held chlorophyll meter (SPAD-502, Konica-Minolta, Tokyo, Japan) at the top, middle, and base of each leaf, and the average of SPAD readings of each pot was calculated. The intact leaves of ten seedlings were collected and soaked in liquid nitrogen for 15 min and stored in the fridge (−80 °C) for the determination of the activities of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD), and the contents of malonaldehyde (MDA), soluble protein and proline. The SOD activity was determined according to the method of Gao [22]. The CAT activity was determined using the method of Zou [23]. The POD activity was determined as described by Zhang and Zhai [24]. The MDA content was determined according to the method of Gao [22]. The content of soluble protein was determined using the method of Liu and Zhang [25]. The proline content was determined as described by Li [26].




2.4. Statistical Analyses


This study was arranged in a completely randomized design with three replications. Data were subjected to Microsoft Excel 2021 to calculate the average values. DPS 9.0 was used for a one-way analysis of variance, and the LSD test was used for multiple comparisons between different treatments (p ≤ 0.05). Graphing function and Pearson correlation analysis were performed using Origin 2022b.





3. Results


Spraying melatonin significantly increased the root length of alfalfa seedlings, but root length was inhibited by the highest melatonin level (0.4 mM). The T3 (0.3 mM MT) treatment provided better beneficial effects on root length over three sampling dates than other treatments. The average root diameter under melatonin treatment was almost the same as that of the control group. On 21 DAF, the T3 treatment increased root length and average root diameter by 30.8% and 2.0%, respectively. The root surface area generally enhanced from 0 to 0.3 mM MT level and then declined at 0.4 mM MT level, despite there being a fluctuation on 7 DAF. The low MT level had no significant effect on the root surface area, while the root surface area at the T1 (0.1 mM MT) treatment was always higher than that of the control. Conversely, the root surface area at the highest MT level was always significantly lower than the control’s (p < 0.05). The root surface area at T3 treatment remained at the highest level over the three growth stages of alfalfa (p < 0.05) (increased by 10.1%, 62.2%, and 37.4%, respectively) (Table 1).



The application of MT generally and significantly increased seedlings’ fresh weight and dry weight. Although T1 had no significant effect on fresh aerial weight on 7 DAF, it did significantly enhance the aerial dry weight. Similar results also occurred with other MT treatments. All the biomass parameters reached the maximum readings at the T3 treatment over three sampling dates, and they were increased by 62.9%, 77.8%, 47.5%, and 86.7%, respectively, at T3 as compared with the control on 21 DAF. Despite the fact that the aerial weight and dry weight both significantly increased with the application of MT, the ratio of root to shoot also showed the same trend. This result indicated that the promotion of MT on the roots was greater than on the aerial part (Figure 1).



The application of MT had various effects on morphological characteristics (Table 2). The leaf width of alfalfa seedlings applied with MT was significantly higher than the control, but there was no significant difference among these four MT levels. Except for T1, the other three MT treatments remarkably increased leaf length to varied degrees. Conversely, only the T3 treatment significantly increased plant height at three sampling dates (36.0% on 7 DAF, 30.8% on 14 DAF, and 24.5% on 21 DAF, respectively). During 21 days after MT application, the growth of leaf width was faster than the other two parameters from 7 to 14 DAF, while from 14 to 21 DAF, the growth rate was affected by the application of MT.



MT had a significant effect on the SPAD value of alfalfa seedlings (Table 3). SPAD readings were enhanced with the increase in MT level, reached the maximum at the T3, and then decreased. The highest MT level (T4) had lower SPAD reading but was still higher than the control. Although the T1, T2 (0.2 mM MT), and T4 (0.4 mM MT) all significantly increased SPAD value on 21 DAF, there was no remarkable difference among these three treatments. Compared with the control, the T3 treatment enhanced SPAD value by 27.2% on 7 DAF, 23.8% on 14 DAF, and 24.2% on 21 DAF, respectively. Over three sampling dates, SPAD readings did not change significantly with the growth of alfalfa seedlings.



The content of MDA was significantly affected by MT treatment (Table 3). With the application of MT, the MDA content showed a trend of decrease before the increase. The T3 treatment had the lowest MDA content at three sampling dates (17.5, 31.8, and 31.3 nmol mg−1 on 7, 14, and 21 DAF, respectively), followed by the T2 treatment. Although the MDA content at the T4 level was lower than that at the T2 level on 14 DAF, this reduction was not statistically significant. A similar situation was also observed between the T1 and the T2 treatments on 21 DAF.



MT treatment had significant and positive effects on the content of proline and soluble protein (Table 4). The highest proline and soluble protein content were found during the T3 treatment. These two parameters treated with T2 were a close second. On 7 DAF, there was no significant difference between T2 and T4 in promoting proline and soluble protein. Compared with CK, T3 increased proline and soluble protein by 24.9% and 55.3%, respectively, on 21 DAF. MT treatments showed a better beneficial effect on proline than on soluble protein on 14 DAF, which was supported by the higher percentage increase, while the reverse situation was observed on 21 DAF.



According to Figure 2, the application of MT generally significantly improved SOD, POD, and CAT activities over three sampling dates. Although CAT activity showed an increasing trend with increasing MT level on 7 DAF, the beneficial effects of MT on CAT were not statistically significant. Interestingly, the effects of MT on CAT increased with the passage of time. Among three antioxidant enzymes, the MT treatment affected SOD activity to the highest degree. On 21 DAF, T3 enhanced SOD activity by 11.3%, POD activity by 21.6%, and CAT activity by 26.1%.



The Pearson correlation analysis showed that MDA was negatively correlated with all other parameters, whether significantly or insignificantly, while positive correlations were observed within other parameters (Figure 3). Interestingly, leaf length had negative correlations with root length and root surface area, although these correlations were not significant. Except for root surface area and leaf width, aerial dry weight was significantly correlated with other parameters. Among all the measured physiological and biochemical parameters, the largest correlation coefficient (0.84) was obtained between aerial dry weight and SOD, followed by proline. Similar situations were also observed for root dry weight. All these results implied that the salt tolerance of alfalfa was strongly related to the antioxidant capacity and osmotic regulation.




4. Discussion


Given that high salinity stress leads to osmotic stress, ion toxicity, and the production of ROS [27], it is essential to improve plant salt tolerance for sustainable agriculture. Melatonin treatment was reported to enhance the salt tolerance of different crops [28,29,30]. In this study, the effects of melatonin on alfalfa were evaluated in terms of photosynthesis, antioxidant enzymes, and osmoregulation, and the hypothesis that exogenous MT could ameliorate the adverse effects of salt stress on alfalfa seedlings was proved.



In the present study, the application of MT increased root, shoot, and leaf attributes of alfalfa seedlings under salinity stress resulting in increased biomass (both fresh and dry weight). The promotions of MT treatments on alfalfa seedlings were dosage-dependent. However, the highest MT level inhibited root growth. Similar results were obtained by Kamiab, who reported that all the MT treatments except higher levels (125 and 150 μM) remarkably promoted growth characteristics under different salinity levels [31]. Among these measured morphological parameters, aerial dry weight had no significant correlation with leaf width, and a similar correlation was observed between root dry weight and root diameter. These results indicated that the increases in plant height, leaf length, and root length were the direct reason for the enhancement of aerial and root biomass. In this study, leaf and shoot attributes at the highest MT level (T4) were higher than those of the control, while root parameters had the reverse situation, suggesting that the root was more sensitive to MT than the leaf and shoot. This was also confirmed by the higher ratio of root to shoot, with more increase in root dry weight than in aerial dry weight.



Chlorophyll is a vital photosynthetic pigment. It can preliminarily judge leaf function under adverse conditions [32]. The results of this study showed that leaf SPAD readings of alfalfa seedlings treated with MT (especially at the T3 level) were higher than those of the control. On the one hand, melatonin can prevent chlorophyll from being degraded by enzymes such as chlorophyllase, peroxidase, and phenophytinase, and regulates pheophorbide a oxygenase [33]. On the other hand, melatonin can stimulate pigment synthesis by improving the genes participating in the biosynthesis pathway of carotenoids and chlorophylls [33,34,35]. The changes in photosynthetic pigments directly affect the photosynthesis rates in plants [36]. Increased leaf SPAD readings suggested that melatonin ameliorated the adverse effects of salt stress on photosynthesis.



The accumulation of osmotic substances plays a vital role in maintaining cell stability and protecting cells from being damaged by salinity stress [37]. In the present study, melatonin treatment enhanced the content of proline and soluble protein. The increase in soluble protein content could be due to the fact that melatonin can act as a scavenger of reactive oxygen species to decrease excess intracellular ROS and inhibit protein degradation or promote the synthesis of new proteins under salt stress [38]. It is well known that proline provides protection against salinity in plants by playing the roles of compatible osmolytes, enzyme protectant, free radical scavenger, cell redox balancer, cytosolic pH buffer, and subcellular structure stabilizer [39,40]. The increase in proline content might result from increased osmotic regulation and salt tolerance [37]. The additive effect of melatonin on these characteristics under stress conditions depended on the concentration, and an appropriate concentration of melatonin could mitigate the peroxidation damage to membrane lipids.



Lipid peroxidation is an indicator of cell membrane damage under stress conditions. The change in MDA content is generally considered a suitable indicator of oxidative damage, reflecting the stability of cell membranes [41]. Pearson correlation analyses showed that MDA was negatively correlated with all the other measured characteristics. The MDA content in this study was lower in the MT treatments than in the non-MT treatment, suggesting that MT application ameliorated the harmful effects of salt stress on alfalfa seedlings. These findings confirmed the previous reports of Wei et al., who reported that banana seedlings applied with 60 mM NaCl and 100 µM MT showed lower MDA content and membrane permeability than plants applied with only 60 mM NaCl [42].



Compared with normal growth conditions, the contents of free radicals and reactive oxygen species are usually enhanced under stress conditions [43]. SOD, in the antioxidant defense systems, is the first line of defense against oxidative stress, which reduces O2− to H2O2. CAT can then convert H2O2 to H2O in plant cells [12]. The foliar spray of MT increased the activities of SOD, POD, and CAT in this study. Combined with MDA content, these results suggested that melatonin could eliminate ROS by inducing the activities of antioxidant enzymes, which helps to maintain the stability and integrity of cell membranes, reduce cell membrane damage, and recover from salt stress. However, CAT activity was not remarkably affected by lower MT level (T1), and all the MT levels had no significant effects on CAT activity on 7 DAF. This revealed that CAT activity was less sensitive to MT than SOD and POD. Pearson correlation analyses that among these three antioxidant enzymes, the coefficient between SOD and dry biomass was the largest also partially confirmed it.



The Pearson correlation analysis showed that the growth attributes of alfalfa were positively correlated with the contents of proline and soluble protein, as well as the activities of CAT, POD, and SOD. This indicated that the foliar spray of MT alleviated the adverse effects induced by salt on alfalfa by improving osmotic regulation and enhancing antioxidant ability so as to reduce the accumulation of ROS, maintain the permeability and integrity of cells, and reduce the decomposition of chlorophyll. The decrease in MDA content and the increase in SPAD readings of alfalfa treated with MT also confirmed this.




5. Conclusions


This study implied that the MT foliar application (particularly 0.3 mM) ameliorated the damage of salinity stress on alfalfa. The alleviation may be attributed to increased antioxidant capacity, osmotic regulation, photosynthesis, and decreased MDA content. These positive changes in the physiological and biochemical parameters of alfalfa resulted in increased morphological characteristics and ultimately showed an increase in biomass.
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Figure 1. Effects of melatonin on fresh and dry biomass of alfalfa plants under salt stress. (A) Aerial fresh weight; (B) fresh root weight; (C) aerial dry weight; (D) root dry weight; (E) ratio of root to shoot. DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level. 
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Figure 2. Effects of melatonin on SOD, POD, and CAT activities of alfalfa plants under salt stress. (A): SOD; (B): POD; (C): CAT. DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level. 
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Figure 3. Correlation between measured parameters of alfalfa plants under salt stress. ADW: aerial dry weight; RDW: root dry weight; RL: root length; RSA: root surface area; PH: plant height; LL: leaf length; LW: leaf width; Pro: proline; SP: soluble protein. * Significant difference at p ≤ 0.05. The numbers are correlation coefficients between the parameters. 
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Table 1. Effects of melatonin on root length, diameter and surface area of alfalfa plants under salt stress.
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	Days
	Melatonin
	Root Length

(cm plant−1)
	Root Average Diameter (mm plant−1)
	Root Surface Area (cm2 plant−1)





	7 DAF
	CK
	24.3 b
	0.184 a
	4.17 bc



	
	T1
	24.5 b
	0.193 a
	4.23 b



	
	T2
	26.6 a
	0.197 a
	3.95 cd



	
	T3
	27.3 a
	0.193 a
	4.59 a



	
	T4
	21.2 c
	0.189 a
	3.79 d



	14 DAF
	CK
	25.0 c
	0.240 a
	7.4 c



	
	T1
	25.9 c
	0.230 a
	8.1 bc



	
	T2
	27.8 b
	0.233 a
	9.7 b



	
	T3
	29.9 a
	0.238 a
	12.0 a



	
	T4
	23.2 d
	0.232 a
	5.1 d



	21 DAF
	CK
	25.3 d
	0.256 ab
	10.7 bc



	
	T1
	26.8 c
	0.236 ab
	12.2 b



	
	T2
	29.8 b
	0.220 b
	12.5 ab



	
	T3
	33.1 a
	0.261 a
	14.7 a



	□
	T4
	23.3 e
	0.229 ab
	8.6 c







DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level.
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Table 2. Effects of melatonin on height, leaf length, and width of alfalfa plants under salt stress.
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	Days
	Melatonin
	Height (cm)
	Leaf Length (cm)
	Leaf Width (cm)





	7 DAF
	CK
	11.4 b
	1.08 b
	0.80 b



	
	T1
	12.2 b
	1.10 b
	0.85 ab



	
	T2
	12.6 b
	1.12 ab
	0.90 ab



	
	T3
	15.5 a
	1.22 a
	0.95 a



	
	T4
	12.0 b
	1.08 b
	0.93 a



	14 DAF
	CK
	14.3 c
	1.18 c
	1.08 b



	
	T1
	14.1 c
	1.22 c
	1.15 ab



	
	T2
	15.1 b
	1.37 ab
	1.28 a



	
	T3
	18.7 a
	1.38 a
	1.22 ab



	
	T4
	14.8 bc
	1.30 b
	1.18 ab



	21 DAF
	CK
	15.9 b
	1.22 b
	1.10 b



	
	T1
	14.2 c
	1.23 b
	1.23 a



	
	T2
	15.7 b
	1.38 a
	1.30 a



	
	T3
	19.8 a
	1.38 a
	1.28 a



	□
	T4
	16.1 b
	1.48 a
	1.22 a







DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level.
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Table 3. Effects of melatonin on SPAD readings and MDA content of alfalfa plants under salt stress.
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Melatonin

	
SPAD Readings

	
MDA (nmol mg−1)




	
7 DAF

	
14 DAF

	
21 DAF

	
7 DAF

	
14 DAF

	
21 DAF






	
CK

	
33.8 b

	
36.6 d

	
37.6 c

	
49.1 a

	
73.3 a

	
65.8 a




	
T1

	
34.6 b

	
39.6 c

	
41.2 b

	
34.2 b

	
52.8 b

	
43.4 c




	
T2

	
35.7 b

	
41.3 b

	
41.8 b

	
19.7 d

	
42.1 c

	
41.1 c




	
T3

	
43.0 a

	
45.3 a

	
46.7 a

	
17.5 e

	
31.8 d

	
31.3 d




	
T4

	
40.2 a

	
40.5 bc

	
40.7 b

	
24.1 c

	
39.5 c

	
52.5 b








DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level.
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Table 4. Effects of melatonin on proline and soluble protein content of alfalfa plants under salt stress.
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Melatonin

	
Proline (μg g−1)

	
Soluble Protein (mg g−1)




	
7 DAF

	
14 DAF

	
21 DAF

	
7 DAF

	
14 DAF

	
21 DAF






	
CK

	
159.9 d

	
217.0 d

	
367.7 d

	
9.7 d

	
13.0 d

	
14.1 d




	
T1

	
210.0 c

	
358.8 b

	
402.3 c

	
11.7 c

	
16.1 b

	
17.0 bc




	
T2

	
240.4 b

	
384.0 a

	
431.9 b

	
13.6 b

	
16.0 b

	
18.1 b




	
T3

	
258.4 a

	
382.7 a

	
459.1 a

	
18.2 a

	
19.6 a

	
21.9 a




	
T4

	
228.7 b

	
255.8 c

	
413.4 c

	
14.1 b

	
14.5 c

	
16.3 c








DAF: Days after foliar spraying. CK: distilled water, T1: 0.1 mM MT, T2: 0.2 mM MT, T3: 0.3 mM MT, T4: 0.4 mM MT. Within each sampling date, the data followed with different letters are statistically different at the 0.05 probability level.
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