

  horticulturae-10-00089




horticulturae-10-00089







Horticulturae 2024, 10(1), 89; doi:10.3390/horticulturae10010089




Article



Effects of Exogenous Melatonin on the Growth and Physiological Characteristics of Ginkgo biloba L. under Salinity Stress Conditions



Dan Zhou 1,2,†, Meng Li 1,3,†, Xiujun Wang 1,2, Haiyan Li 1,4, Zihang Li 1,2 and Qingwei Li 1,2,*





1



School of Landscape Architecture, Beijing Forestry University, Beijing 100083, China






2



State Key Laboratory of Efficient Production of Forest Resources, Beijing 100083, China






3



Henan Zhoukou Meiyuan Ecological Environment Technology Co., Ltd., Zhoukou, 466000, China






4



Guangdong Academy of Forestry, Guangzhou 510520, China









*



Correspondence: lqw6809@bjfu.edu.cn






†



These authors contributed equally to this paper.









Citation: Zhou, D.; Li, M.; Wang, X.; Li, H.; Li, Z.; Li, Q. Effects of Exogenous Melatonin on the Growth and Physiological Characteristics of Ginkgo biloba L. under Salinity Stress Conditions. Horticulturae 2024, 10, 89. https://doi.org/10.3390/horticulturae10010089



Academic Editor: Haijun Gong



Received: 6 December 2023 / Revised: 30 December 2023 / Accepted: 5 January 2024 / Published: 17 January 2024



Abstract

:

Ginkgo (Ginkgo biloba L.) is a cherished relic among plants, commonly planted as a street tree. However, it faces cultivation challenges due to escalating soil salinization and widespread snowmelt application. Therefore, this study used 4-year-old Ginkgo seedlings to investigate how exogenous melatonin at varying concentrations affects seedling growth and physiology under salinity stress. The results revealed that appropriate melatonin concentrations (0.02, 0.1 mmol·L−1) significantly mitigated leaf yellowing under different NaCl stress levels. Furthermore, they increased ground diameter, current-year branch growth, relative water concentration, free proline, and soluble sugars in leaves. Melatonin also reduced electrolyte exudation rates, flavonoids, and malonic dialdehyde concentration, while enhancing peroxidase and superoxide dismutase activities. This led to reduced chlorophyll content, photosynthetic rate, stomatal conductance, and transpiration rate, stabilizing intercellular CO2 concentration, preserving photosynthetic structures, and enhancing photosynthetic rates. Additionally, the decline in the photosynthetic electron transport rate, the effective photochemical quantum yield of PSII, and the potential efficiency of primary conversion of light energy of PSII was alleviated. Minimal fluorescence and the non-photochemical quenching coefficient also improved. However, high melatonin concentration (0.5 mmol·L−1) exacerbated salinity stress. After analyzing composite scores, the 0.02 mmol·L−1 melatonin treatment was most effective in alleviating NaCl stress, while the 0.5 mmol·L−1 treatment intensified physiological stress under 200 mmol·L−1 NaCl stress. Principal component analysis and correlation analysis identified seven physiological indicators (photosynthetic rate, transpiration rate, photosynthetic electron transport rate, minimal fluorescence, superoxide dismutase, free proline, and chlorophyll a) and three growth indicators (ground diameter, branch length, and current-year branch thickness) as key markers for rapid salinity stress assessment in Ginkgo. These findings are crucial for addressing challenges associated with snowmelt’s impact on roadside Ginkgo trees, expanding planting areas, and breeding exceptional salt-tolerant Ginkgo varieties.
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1. Introduction


Soil salinization covers approximately 9.51 million square kilometers, accounting for 7.23% of the world’s land area [1]. This growing global concern threatens ecological balance and hinders global agriculture and forestry. Ginkgo (Ginkgo biloba L.), a member of the Ginkgoaceae family, is often referred to as the “golden living fossil” [2], and ranks among the top five street trees worldwide. Unfortunately, the environments in which Ginkgo trees thrive are increasingly affected by salinity stress, which can impede their growth [3,4]. Excessive salinity adversely affects plant life, hindering seed germination [5,6,7,8] and overall growth and development [9,10], and disrupting photosynthesis [11]. This results in issues such as compromised dry matter accumulation [12], osmotic stress [13], ionic toxicity [14], and oxidative stress [15,16], potentially leading to metabolic disruptions or plant mortality [17,18,19]. Research conducted by Bernstein et al. [20] has shown that exposure to 100 mmol/L NaCl stress results in a reduction in the growth zone in sorghum (Sorghum bicolor) leaves and a decrease in the maximal cell growth rate within this area. Similarly, investigations by Grieve et al. [21] have found that salt stress leads to a significant shortening in the developmental period of the main stem in wheat (Triticum aestivum) by 18 days, along with a reduction in the frequency of leaf primordia formation and a decrease in leaf count. Additionally, studies by Parida et al. [22] have revealed that the mangrove (Bruguiera parviflora) species exhibits its highest growth rate under 100 mM NaCl stress, but experiences a marked decline in chlorophyll content (Chlt) at 400 mM NaCl. Furthermore, Chen’s research on Ginkgo biloba suspension cells has demonstrated that within a salinity range of 5 mM to 50 mM NaCl, an increase in salt concentration enhances cell growth and flavonoid accumulation, with a peak in dry and fresh cell weight; Chlt, Chla, and Chlb content; and parameters such as Fv/Fm, ΦPSII, qP, and qN at 25 mM NaCl. However, at higher concentrations of 150–175 mM NaCl, the cellular structure is compromised due to osmotic stress caused by high levels of Na+ and low levels of K+ [11].



Ginkgo, a versatile and valuable plant species known for its edibility [23], medicinal properties [24], timber resources [25], environmental greening [26], and ornamental appeal [27] holds economic significance [28], traditional medicinal value [29], and ecological benefits [30]. However, as soil salinization and snow-melting agent use increase, Ginkgo’s role as a street tree faces threats. Consequently, there is a growing interest in understanding Ginkgo’s salinity tolerance mechanisms, especially regarding salinity stress. Current research, primarily on young Ginkgo trees, has explored aspects such as chlorophyll and chloroplast protein changes [11], osmoregulation [31], and alterations in antioxidant enzyme systems [32]. While some studies delve into Ginkgo’s molecular-level salinity resistance mechanisms, there is a notable scarcity of research into the potential of exogenous hormones like melatonin in alleviating salinity stress in Ginkgo. Notably, exogenous melatonin has proven effective in enhancing salinity tolerance in various plant species [33].



Melatonin, recognized as a potent endogenous free radical scavenger, is present in various plant parts, including seeds, roots, stems, leaves, and fruits [34,35,36], primarily serving as an antioxidant protector against cellular oxidative damage. Whether synthesized within the plant or applied externally, it enhances plant adaptability to diverse adverse stresses [15,37], including drought [38], low temperatures [39], and high temperatures [40]. While melatonin’s potential to improve salinity tolerance in plants is well studied, most research has centered on cash crops, with limited attention given to alleviating salinity stress in ornamental plants through melatonin treatment. Furthermore, no studies have explored exogenous melatonin application to Ginkgo seedlings under salinity stress conditions. This experiment, conducted on 4-year-old Ginkgo seedlings, simulates salinity stress using NaCl and administers melatonin through spraying and watering. The objective is to investigate how different exogenous melatonin treatments impact Ginkgo seedling growth and physiology, elucidating the underlying mechanisms to mitigate salinity damage. Additionally, this study aims to address the impact of snow-melting agents on roadside Ginkgo trees and provide theoretical support for global planting initiatives.




2. Materials and Methods


2.1. Materials and Experimental Design


The experimental material consisted of uniform four-year-old Ginkgo (Ginkgo biloba L.) seedlings. The soil used for the experiment was a soil mixture composed of peat, perlite, and vermiculite in a ratio of 3:2:1, which was air-dried and passed through a 5 mm sieve. The soil’s organic carbon content was 10.53 mg·g−1, total nitrogen content was 0.64 mg·g−1, and total phosphorus content was 0.53 mg·g−1. The field water-holding capacity of this soil stood at 28.6%, and its bulk density was measured to be 1.04 g·cm−3. In March 2020, Ginkgo seedlings with uniform specifications, featuring a ground diameter of 1.8~2 cm and a height of approximately 180 cm, were selected and transplanted into 15 L polyethylene plastic pots. The potting soil consisted of uncontaminated river sand mixed with soil at a 4:1 (v/v) ratio to ensure consistent soil weight across all pots. These potted seedlings were placed within a well-ventilated and light-permeable glasshouse at Beijing Forestry University’s teaching practice nursery (40°01′ N, 116°35′ E), and diligently maintained for four months. The experimental design followed a completely randomized approach for stress combinations, involving 13 unique treatment combinations. These combinations included varying salinity concentrations and different melatonin concentrations, as shown in Table 1, with each treatment group consisting of five pot replicates. Commencing on 8 July 2020, the NaCl concentration was incrementally increased by 50 mmol·L−1 daily until reaching the desired level. Subsequently, the treatment group received saline water (0.5 L per pot) weekly, while the control group (CK) received an equivalent volume of fresh water. To minimize salinity loss, runoff was collected in trays beneath the pots. During the experimental period, soil salinity levels were regularly monitored by periodically sampling and measuring the soil’s electrical conductivity to monitor and adjust the salt concentration in the soil, thereby ensuring consistent salinity levels throughout the course of the experiment. After 35 days of salinity stress exposure, melatonin was applied through foliar spraying and soil watering, in four applications at 7-day intervals. The melatonin solution was sprayed to saturation on the foliage, and each pot received 200 mL of water during each treatment. Physiological and photosynthetic measurements were taken before the initial treatment and three days after each subsequent treatment to monitor the response.




2.2. Growth Parameters


Before and after melatonin application, measurements were taken for the ground diameter of young Ginkgo trees at a position 5 cm from the tree’s trunk, measured from the pot surface. The thickness and length of the branches from the current year were also assessed using a tape measure and vernier calipers, with five replications for each treatment. To assess the relative growth during the treatment period, the following formula was applied:


Relative growth = G1 − G0



(1)




where G1 corresponds to the measured values of the ground diameter, thickness, and length of the current year’s branches at the treatment’s conclusion; G0 corresponds to the measured values of the ground diameter, thickness, and length of the current year’s branches taken one day before the treatment commenced.




2.3. Physio-Biochemical Attributes


The determination of leaf malonic dialdehyde concentration (MDA) was conducted following the barbituric acid method outlined by Li [41]. Firstly, 0.2 g of leaves was ground with liquid nitrogen and homogenized using a 5% trichloroacetic acid (TCA) solution. After centrifugation, the resulting supernatant served as the assay solution. In separate test tubes, samples and a blank were prepared, and thiobarbituric acid (TBA) solution was added. Following heating in a boiling water bath and subsequent cooling, the absorbance values of the supernatant were measured at specific wavelengths (450 nm, 532 nm, and 600 nm). The MDA content was calculated according to the following formula:


MDA concentration (mg·g−1) = ((A532 − A600) − 0.56 × A450) × VT/(W × VS)



(2)




where A532, A600, and A450 represent absorbance values, VT represents the total volume of the extract (mL), VS represents the volume of enzyme liquid used (mL), and W represents the sample’s mass in grams.



The electrolyte extravasation rate (EL) was assessed using the conductivity meter method as outlined by Li [41]. Ginkgo leaves from the same location were selected and thoroughly rinsed with distilled water. Then, 0.1 g of the leaves was accurately weighed, before being cut into small pieces and placed into a centrifuge tube containing 20 mL of ultrapure water, ensuring the material was completely submerged. The initial conductivity (C1) was measured using a conductivity meter after allowing the mixture to rest for 3 h. The centrifuge tube was then placed in a boiling water bath and heated for 15 min. After cooling, the final conductivity (C2) was determined. Then, the relative conductivity was calculated according to the following equation:


EL (%) = (C1 − C0)/(C2 − C0)



(3)




where C1 represents the initial conductivity (%), C2 represents the final conductivity (%), and C0 represents the conductivity of ultrapure water.



The leaf relative water content (RWC) was determined using the drying and weighing method described by Li [41]. Following each stress treatment, the RWC of the leaves from all four plants was measured. The procedure involved removing the leaves from the seedlings in each treatment, thoroughly washing them with deionized water, and then recording their fresh weight (FW). Fresh samples collected were immersed in distilled water for 24 h to achieve full saturation, reaching a turgid state. Subsequently, the samples were removed, superficial moisture was gently blotted off using absorbent paper, and their turgid weight (TW) was measured. This process is critical for assessing the water status of plant samples in physiological studies. Subsequently, the leaves were placed in an oven set to 105 °C for 15 min, after which the oven temperature was adjusted to a consistent 85 °C for complete drying until a constant weight was achieved. Once cool, the leaves were weighed again to obtain their dry weight (DW). The RWC of the plant leaves was calculated using the following formula:


RWC(%) = (FW − DW)/(TW − DW) × 100%



(4)




where FW represents the fresh weight of the leaves, and DW represents the dry weight of the leaves.



The leaf flavonoid (Fla) concentration was determined using the method described by Li [41]. First, 0.2 g of Ginkgo leaf samples was weighed and ground into a fine powder. Next, the powdered samples were extracted using a suitable solvent like ethanol to extract Fla. Standard solutions of Fla were prepared to create a standard curve. Using a spectrophotometer, the absorbance of both the sample extracts and standard solutions was measured at a specific wavelength. The Fla content in the samples was then calculated based on the standard curve, taking into account the absorbance values, concentration of fla, and the sample’s mass. The Fla of the plant leaves was calculated using the following formula:


Fla (mg·g−1) = (A − B) × C × D/W



(5)




where A represents the absorbance of the sample or standard solution, B represents the absorbance of the blank cuvette, C represents the concentration of Fla from the standard curve (mg·mL−1), D represents the multiplication factor for the total volume, and W represents the mass of the sample (g).



The determination of leaf superoxide dismutase (SOD) antioxidant enzyme activity followed the nitrogen blue tetrazolium photochemical reduction method described by Gao [42]. First, 0.2 g of Ginkgo was weighed in a mortar, followed by the addition of 5 mL of 0.05 mol/L phosphate-buffered solution (PBS) with a pH of 7.8. The mixture was ground into a homogenate and then transferred into a centrifuge tube and centrifuged at 10,000× g for 12 min. The resulting supernatant was used as the enzyme extract for further analysis. After thorough mixing, one control tube was placed in the dark, while the other control tube and a test tube from the measurement group were placed in an artificial climatic chamber with a light intensity of 4000 lx and a temperature of 25 °C for 10 min. Subsequently, the test tubes were removed from the chamber and were immediately covered with a black cloth to terminate the reaction. The control tube kept in the dark served as a blank control, and the absorbance value was measured at 560 nm for each treatment, with each treatment being repeated three times. The change in SOD activity was calculated using the following equation:


SOD activity (U·g−1·min−1) = (ACK − AE) × VT/(0.5 × ACK × W × VS)



(6)




where ACK represents the absorbance value of the illuminated control tube, AE represents the absorbance value of the assay tube, VT represents the total volume of the extract (mL), VS represents the volume of enzyme solution used (mL), and W represents the fresh weight of the leaf (g).



Leaf POD activity was determined following the guaiacol method as described by Li [41]. In a beaker, 50 mL of 0.1 mol/L PBS with a pH of 6.0 was added, along with 28 μL of guaiacol and 19 μL of 30% H2O2. The mixture was stirred well to create the reaction preparation solution. Next, 3 mL of the reaction preparation solution was pipetted into a 190 cuvette, immediately followed by the addition of 0.1 mL of the enzyme solution, and mixed. PBS was used as a control. The absorbance value was measured at 470 nm every 30 s for 3 min, and the Δ470 slope value was recorded. This process was repeated three times for each treatment. The change in POD activity per minute was calculated using the following equation:


POD activity (µmol·g−1) = (Δ470 × VT)/(W × VS × t × 0.01)



(7)




where ΔA470 represents the change in absorbance value over 3 min, VT represents the total volume of the extract (mL), VS represents the volume of enzyme solution used (mL), t represents the reaction time (min), and W represents the fresh weight of the sample (g).



The determination of leaf free proline (Pro) followed the acidic ninhydrin colorimetry method described by Li [41]. First, 0.2 g of Ginkgo leaves was weighed and placed in a test tube; 5 mL of 3% sulfosalicylic acid solution was then added to the test tube. The tube was placed in a boiling water bath for 30 min. After heating, the solution was cooled and 2 mL of the extract was transferred to another test tube. Subsequently, 2 mL of glacial acetic acid was added to the test tube with the extract, followed by 2 mL of acid ninhydrin. The mixture was thoroughly shaken and the tube was placed back in a boiling water bath for an additional 30 min. After cooling, 4 mL of toluene was added to the test tube, which was then shaken to facilitate extraction. The mixture was allowed to settle, whereby the upper layer of the toluene solution turned red due to the presence of Pro. This upper layer was aspirated and transferred to a cuvette; toluene was used as a blank control and its absorbance value was measured at 520 nm. The Pro content was calculated using the following formula:


Pro concentration (mg·g−1) = (C × VT)/(VS × W × 1000)



(8)




where VT represents the total volume of the extract (mL), VS represents the volume of enzyme liquid used (mL), W represents the fresh weight of the sample (g), and C represents the proline content obtained from a standardized curve (μg).



Leaf soluble sugar (SS) was determined using the anthrone colorimetric method as described by Li [41]. A volume of 0.1 mL of the enzyme solution was placed into a test tube, while a control was set up using 0.1 mL of PBS. To each test tube, 5 mL of Khao Maas Brilliant Blue G-250 solution was added; the solutions were then thoroughly mixed and allowed to stand for 5 min. The absorbance value of each solution was measured at 595 nm. The SP content was calculated using the following formula:


SS concentration (mg·g−1) = (C × VT)/(VS × W × 1000)



(9)




where VT represents the total volume of the extract (mL), VS represents the volume of enzyme liquid used (mL), W represents the fresh weight of leaves (g), and C represents the SP content (μg) obtained from a standard curve.



The method used for determining leaf soluble protein (SP) was readopted from the Thomas Brilliant Blue G-250 staining method as outlined by Li [41]. A volume of 0.1 mL of the enzyme solution was placed into a test tube, while a control was set up using 0.1 mL of PBS. To each test tube, 5 mL of Khao Maas Brilliant Blue G-250 solution was added; the solutions were then thoroughly mixed and allowed to stand for 5 min. The absorbance value of each solution was measured at 595 nm. The SP content was calculated using the following formula:


SP concentration (mg·g−1) = (C × VT)/(W × VS × 1000)



(10)




where VT represents the total volume of the extract (mL), VS represents the volume of enzyme liquid used (mL), W represents the fresh weight of leaves (g), and C represents the SP content (μg) obtained from a standard curve.




2.4. Photosynthesis Attributes


The total chlorophyll concentration (Chla + Chlb) of the leaves was determined using the acetone–ethanol method as outlined by Li [41]. To start, 0.2 g of Ginkgo leaves was cut into test tubes, before adding 5 mL of 80% acetone and 5 mL of 95% ethanol, and sealing the test tubes. The samples were then placed in a shaded area for 24 h, allowing the leaves to leach until they turned completely white. Using the mixture as a blank control, the absorbance values were determined at wavelengths of 663 nm and 645 nm. The Chlt was calculated using the following formula:


Chla + Chlb (mg·g−1) = (20.21A645 + 8.02A663) × VT/1000W



(11)




where VT represents the total volume of extract/mL and W represents the fresh weight of the leaf (g).



The photosynthetic parameters of the Ginkgo leaves were assessed using a Li-6400 portable photosynthesizer (Li-Cor, Lincoln, NE, USA) and a fluorescent leaf chamber (6400-40). The measurements were conducted with the following parameter settings: leaf temperature (Tleaf) = 25 °C; block temperature (Tblock) = 25 °C; and photosynthetically active radiation (PAR) = 1000 umol·m−2·s−1. The photosynthetic parameters, including the net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr), were determined on days 0, 10, 20, 30, and 40, from 8:00 to 12:00. Each measurement was replicated nine times for each treatment.



Chlorophyll-fluorescence-related parameters, such as minimal fluorescence (Fo) and maximum fluorescence (Fm), were assessed using a German PAM2500 chlorophyll fluorometer. Measurements were taken on days 0, 10, 20, 30, and 40, from 14:00 to 19:00, respectively. Fully functional leaves located at the tips of plant branches were measured. Prior to measurement, a dark treatment with leaf clips was applied for 20 min. The results were averaged, with each measurement replicated three times for each plant.




2.5. Statistical Analysis


Data processing utilized Microsoft Excel 2016, and plot creation was accomplished with Origin 2018 software. One-way ANOVA and canonical correlation analysis (CCA) were conducted using SPSS 26 software, while multiple comparisons were performed using Duncan’s complex polar deviation method. All graphs display data as mean ± standard deviation (mean ± SD) from five replicates. Adobe Illustrator 2021 was used for graph enhancement and integration.





3. Results


3.1. Effect of Exogenous Melatonin on the Growth of Ginkgo Seedlings under Salinity Stress


Relative to CK, as the NaCl concentration increased, the extent of leaf damage became more pronounced. When compared to the effects of NaCl stress alone, low and medium concentrations of melatonin significantly alleviated the symptoms of leaf yellowing induced by NaCl stress. However, the treatment with a high concentration of melatonin exacerbated leaf damage in the presence of medium and high NaCl concentrations, leading to symptoms such as leaf yellowing and apical dryness (Figure 1).



Varying NaCl stress levels inhibited Ginkgo seedling growth, leading to reduced ground diameter, shorter current-year branches, and thinner branches. External melatonin application positively influenced growth parameters, increasing ground diameter, length of current-year branches, and branch coarseness under NaCl stress (Table 2). However, melatonin’s overall mitigating effect decreased with higher NaCl stress concentrations, with M1 treatment being the most effective at alleviating these effects.




3.2. Effects of Exogenous Melatonin on the Physiological and Biochemical Characteristics of Ginkgo under Salinity Stress


NaCl treatment significantly increased MDA concentration in Ginkgo compared to CK. In the CK group, MDA concentration initially increased and then decreased during treatment. However, in both the NaCl stress treatment and NaCl + melatonin treatment groups, there was an initial decrease in MDA concentration, followed by an increase. Under different NaCl stress concentrations, M2 significantly reduced MDA accumulation compared to N1 on the 28th day of treatment, indicating the efficiency of M2 in mitigating MDA accumulation. Conversely, M3 treatment increased MDA accumulation and exacerbated membrane lipid peroxidation, particularly under high NaCl concentrations (Figure 2a).



The EL exhibited an upward trend with increasing salinity stress concentration and followed a pattern of initial decrease and subsequent increase after melatonin treatment. When applying melatonin under low NaCl stress concentration, represented by M1, M2, and M3, a significant reduction in EL was observed. Specifically, under medium NaCl stress concentration, M1 significantly reduced the rate of electrolyte exudation. In the case of high NaCl stress concentration, at the 28th day of treatment, N3 experienced a 23.76% reduction in electrolyte leakage, while M1, M2, and M3 exhibited reductions of 18.55%, 12.52%, and 7.03%, respectively (Figure 2b).



The RWC of leaves in NaCl stress treatments showed a consistent decline with the duration of treatment. Under low and medium NaCl stress concentrations, M1 treatment resulted in leaf RWC values that were 6.22% and 6.23% higher than CK and 4.97% and 4.23% higher than N1 at 21 days of treatment, respectively. Conversely, under high NaCl stress concentration, N3 experienced an 11.33% decrease in leaf RWC at the 28th day of treatment, while the reductions in leaf RWC for the M1, M2, and M3 treatments were 8.27%, 3.16%, and 3.62%, respectively, which were significantly lower than the decrease observed in N3 (Figure 2c).



The Fla concentration in the leaves exhibited a pattern of initial increase and subsequent decrease over the course of treatment, with NaCl treatment promoting the accumulation of Fla in the leaves. Under low NaCl stress concentration, both the M1 and M2 treatments resulted in significantly lower Fla concentration compared to NaCl stress alone (p < 0.05). In the case of medium NaCl stress concentration, N2 treatment showed a 14.11% increase in Fla concentration at 28 days of treatment, with only M2 treatment exhibiting a lower increase of 8.58% compared to N2 treatment. Under high NaCl stress concentration, N3 treatment demonstrated a 2.28% increase in Fla concentration at the 28th day of treatment, whereas the M1, M2, and M3 treatments exhibited substantial increases of 75.18%, 12.99%, and 70.03%, respectively. These increases were significantly higher than the increase in the Fla concentration of N3 (Figure 2d).



Exogenous melatonin significantly stimulated the initial increase in SOD activity, which showed a stage-wise increase followed by a decrease as the treatment duration extended. Under low NaCl stress, at the 28th day of treatment, the SOD activities of the N1, M2, and M3 treatments decreased by 44.56%, 78.06%, and 76.71%, respectively, while the SOD activity of the M1 treatment increased by 8.01%. The decreases in the SOD activity of the M2 and M3 treatments were notably greater than that of the N1 treatment. The M1 treatment promoted the elevation of SOD activities under low NaCl stress, and the promoting effects of M2 and M3 significantly weakened as the treatment duration extended. Under medium NaCl stress, the SOD activities of the M1 and M2 treatments were significantly higher than that of N2 (p < 0.05) from day 7 to day 21, peaking at day 21 with elevations of 10.15% and 40.46%, respectively, whereas the SOD activities of the N2 and M3 treatments decreased by 61.89% and 16.67%, respectively. For high NaCl stress, M1 and M2 effectively promoted SOD activity during the pre-treatment period, while M3 effectively mitigated the decrease in SOD activity during the later treatment period (Figure 2e).



POD activity showed an increase with the rising NaCl stress concentration, followed by a decrease as the stress duration extended. Under low and medium NaCl stress, externally applied melatonin had a modest promotional effect on POD activity, although this effect significantly diminished over time. Under high NaCl stress, neither the M1 or M2 treatments had a substantial alleviating effect on the decline in POD activity. Only the M3 treatment significantly boosted POD activity at the 21st day of treatment, resulting in a 2.81-fold increase, slightly higher than the 2.24-fold increase observed in the N3 treatment compared to the initial POD (Figure 2f).



Pro concentration exhibited an increase corresponding to the rising NaCl stress concentration. When exposed to low NaCl stress levels, the Pro concentration for both the N1 and M3 treatments increased over time, while the M1 and M2 treatments resulted in decreased Pro concentration, with no significant difference (p < 0.05) compared to the CK treatment at 28 days. Meanwhile, under medium NaCl stress, the Pro concentration of the N2 and M1 treatments decreased by 73.32% and 26.97%, respectively, while that of the M2 and M3 treatments increased by 38.95% and 11.38%, respectively, by the 28th day of treatment. At high NaCl stress levels, Pro concentration initially increased, then decreased, and ultimately spiked. By the 28th day of treatment, the Pro concentration for the N3, M1, M2, and M3 treatments had increased by 2.35-fold, 20.92-fold, 3.05-fold, and 5.38-fold, respectively (Figure 3a), with M1 displaying the most significant effect on Pro increase under high NaCl stress levels (Figure 2g).



Relative to CK, NaCl treatment increased SP concentration initially but decreased with prolonged stress. Under low NaCl stress, at day 28, the N1, M1, M2, and M3 treatments increased SP concentration 2.51, 1.76, 3.61, and 3.09 times, respectively. Similarly, under medium NaCl stress, the N2, M1, M2, and M3 treatments increased SP concentration by 3.59-fold, 3.30-fold, 2.43-fold, and 2.76-fold, respectively, by day 28. Exogenous melatonin mitigated the SP increase induced by medium-concentration NaCl stress. Under high NaCl stress, melatonin had no significant impact on SS concentration until day 28 when the N3 treatment increased it by 9.53%, while the M1, M2, and M3 treatments increased it by 32.82%, 17.53%, and 57.94%, respectively, significantly higher than the N3 treatment (Figure 2h).



Compared to CK, the SS concentration decreased in all NaCl concentrations, showing an initial increase followed by a decrease with higher stress levels and longer duration. Under low NaCl stress, both the M1 and M2 treatments significantly increased SS concentration, whereas the M3 treatment did not. Under medium NaCl stress, melatonin treatment suppressed the initial rise in SS concentration in the early stages and promoted its increase in the later stages. Conversely, under high NaCl stress, exogenous melatonin did not significantly increase SS concentration until the 28th day of treatment, mitigating the decline observed In the N3 treatment during this period (Figure 2i).




3.3. Effect of Exogenous Melatonin on Photosynthesis of Ginkgo Leaves under Salinity Stress


Chla, Chlb, and Chla + Chlb initially decreased and then increased during treatment, with no significant effect of NaCl concentration on Chl. Under low NaCl stress, the N1 treatment reduced Chla, Chlb, and Chla + Chlb at day 28, while the M1, M2, and M3 treatments increased these parameters and mitigated the decrease in Chla + Chlb. Medium NaCl stress saw melatonin significantly boost Chlt in later treatment stages, with the M1 treatment having the most pronounced effect, particularly on Chla. However, at high NaCl stress levels, exogenous melatonin inhibited the reduction in Chla, Chlb, and Chla + Chlb starting at day 14, with the most significant effect at day 21 (Figure 3).



Under low NaCl stress, the N1 treatment showed significant decreases in Pn, Tr, Gs, and Ci with prolonged treatment time. The M1 and M2 treatments effectively alleviated these reductions in each photosynthetic parameter. Exogenous melatonin reduced the decline in Pn, Tr, and Ci at 21 days of treatment, with Gs being notably enhanced at 14 days of treatment. Ci and Gs changes paralleled those of Pn and Tr, with exogenous melatonin application significantly curtailing the decrease in Ci, increasing Gs values, and mitigating the reduction in Pn and Tr. With medium NaCl stress, during the pre-treatment period, the trend in Tr over time mirrored that of Ci and Gs, while Pn continued to decline. In the later treatment phase, Ci and Gs began to rise, but Pn continued to decrease. Exogenous melatonin’s capacity to alleviate the decrease in Gs was effective only in the first 21 days of treatment, beyond which it accelerated the decrease in Gs. Compared to N2, exogenous melatonin significantly mitigated the reduction in Pn, with Pn values for N2, M1, M2, and M3, decreasing by 56.46%, 39.25%, 39.33%, and 74.38% at 28 days of treatment, respectively. Under high NaCl stress, Pn, Tr, and Gs decreased over time, while Ci initially decreased and then increased. Within a specific timeframe, the M1 and M2 treatments significantly reduced the decrease in Pn and Tr values, whereas M3 exacerbated the reduction in Tr values, causing Pn to reach zero earlier. At 28 days, Ci values for N3, M1, M2, and M3 increased by 4.21%, 11.24%, 1.98%, and 27.93%, respectively. M1 and M3 significantly amplified the increase in Ci values, although Pn and Tr values reached zero (Figure 4).



At low and medium NaCl stress levels, there was a modest increase in the photosynthetic electron transport rate (ETR), the effective photochemical quantum yield of PSII (Y(II)), the photochemical quenching coefficient (qP), and the potential efficiency of primary conversion of light energy of PSII (Fv/Fm) during the pre-treatment period. However, at high NaCl stress levels, these parameters declined, while Fo and the non-photochemical quenching coefficient (NPQ) increased. Under low NaCl stress, both the M1 and M2 treatments significantly boosted ETR, Y(II), qP, and Fv/Fm, and mitigated the increase in Fo and NPQ to some extent. Meanwhile, the M3 treatment did not show significant alleviation effects. Under medium NaCl stress, the M1 and M2 treatments significantly increased Y(II), qP, and Fv/Fm, curbing the rise in ETR to some extent, and reducing NPQ. However, the M3 treatment notably decreased ETR and Fv/Fm while increasing NPQ and Fo. In the presence of high NaCl stress, the M1 and M2 treatments significantly attenuated the decline in Y(II) and Fv/Fm, lowered ETR, and decreased Fo. They also somewhat mitigated the increase in NPQ and the decline in qP, while the M3 treatment significantly counteracted the decline in ETR, Y(II), qP, and Fv/Fm, but significantly increased NPQ (Figure 5).




3.4. Comprehensive Analysis


The CCA results revealed significant (p < 0.05) or highly significant positive correlations (p < 0.01) between antioxidant activity, osmoregulatory substances, and photosynthetic parameters across low- concentration, mid-concentration, and high-concentration stresses (Figure 6a–c). However, notably, Tr showed a highly significant positive correlation (p < 0.001) with Pn, Ci, Gs, SOD, and RWC. Similar correlations were observed between ERT, YII, and qP, as well as SP and Fla, under low concentrations of salinity stress. Conversely, highly significant negative correlations (p < 0.01) were detected between NPQ and YII, Fv/Fm, and EL; EL and RWC, SOD, Chla, and Chlb; and Fla and Chla + Chlb (Figure 6d). Under medium-concentration salinity stress, Tr exhibited significant positive correlations with Pn, Ci, and Gs (p < 0.01), while YII and qP displayed consistent correlations as observed under low-concentration stress. However, the correlations of Tr with SOD and RWC decreased. SS demonstrated significant (p < 0.05) or highly significant negative (p < 0.01) correlations with Pn and Tr, SP with Tr and Ci, NPQ with YII and Fv/Fm, and Fv/Fm with Fla. Notably, the negative correlation of SOD with Chla and Chlb decreased, but the highly significant negative correlation between Fla and Chla + Chlb persisted (p < 0.001) (Figure 6e). Under high salinity stress, Pn exhibited a highly significant positive correlation (p < 0.001) with Tr, and ETR with YII, Chla and Chlb. Tr displayed significant positive correlations (p < 0.01) with Gs, ETR, YII, and Fv/Fm. Intriguingly, the negative correlation of SOD with Chla and Chlb was consistent with that observed under low-concentration stress, and POD, SS, and SP also showed significant negative correlations with SOD (p < 0.01). A significant negative correlation (p < 0.05) persisted between Fla and Chla + Chlb (Figure 6f).



Principal component analysis (PCA) results indicated that the eigenvalues of the first six principal components were all greater than 1 under low, medium, and high salinity stress conditions, with cumulative contribution rates of 83.77%, 83.30%, and 86.68%, respectively. This suggests that these initial six principal components effectively capture the fundamental characteristics of growth and physiological parameters influenced by exogenous melatonin under varying salinity stress levels. Under low salinity stress, the first principal component, contributing 24.27%, primarily reflected the impact of exogenous melatonin on the photosynthetic parameters and the antioxidant system of Ginkgo leaves. It was characterized by larger absolute values of the eigenvectors associated with Tr, RWC, Ci, Gs, and SOD. In contrast, the second principal component (21.33%) under low salinity stress was marked by higher absolute eigenvector values of Chla + Chlb, Pn, Chla, and Chlb, signifying its focus on the influence of exogenous melatonin on Chlt and photosynthetic parameters in Ginkgo leaves (Table S1). Under medium and high salinity stress conditions, the first principal component made contributions of 24.49% and 28.44%, respectively. In both cases, it emphasized the effects of exogenous melatonin on Chlt and photosynthetic parameters, as evidenced by larger absolute eigenvector values of Chla + Chlb, Chlb, Chla, Pn, and ETR. The second principal component, contributing 21.22% and 22.01%, under medium and high NaCl stress, respectively, was characterized by larger absolute eigenvector values of Pn and Tr. Additionally, at high salinity concentrations, POD and SOD exhibited notable contributions to this component (Tables S2 and S3). Combining the correlation analysis results, seven physiological indicators (Pn, Tr, ETR, Fo, SOD, Pro, and Chla) and three growth indicators (ground diameter, length of current year’s branches, and coarseness) were identified as key parameters for assessing the impact of exogenous melatonin on the growth and physiology of Ginkgo seedlings under NaCl stress.





4. Discussion


4.1. Relationship between Exogenous Melatonin and Growth of Ginkgo Plants under Salinity Stress


Salt stress is a significant abiotic stressor that impedes the normal growth of plant seedlings, while exogenous melatonin can substantially alleviate the inhibition of plant biomass accumulation caused by salt stress [19,43]. In this study, the application of NaCl stress alone significantly reduced the ground diameter and length of current-year branches of Ginkgo biloba seedlings. Exogenous application of melatonin (MT) at low (0.02 mmol·L−1) and medium (0.1 mmol·L−1) concentrations resulted in improved growth of Ginkgo biloba seedlings, with the combination of 50 mmol·L−1 NaCl and 0.02 mmol·L−1 MT exhibiting the most pronounced alleviating effect. This indicates that MT treatment can effectively mitigate the inhibitory impact of salt stress on the growth of Ginkgo seedlings. The underlying mechanism may involve MT-mediated modulation of cell wall composition, promoting cell wall extensibility under salt stress, thereby stimulating root system development. As the rhizospheric environment improves, the enhanced water absorption capacity of the roots further facilitates overall plant growth and development [44].However, exogenous application of a high concentration of melatonin (0.5 mmol·L−1) notably reduced the growth of Ginkgo biloba seedlings under 200 mmol·L−1 NaCl stress, indicating that high-concentration MT treatment exacerbates the inhibitory effects of salt stress, suggesting a dosage effect similar to findings in maize seedlings [45].




4.2. Relationship between Exogenous Melatonin and Osmoregulation in Ginkgo under Salinity Stress


Salinity stress initially induces osmotic stress, which subsequently leads to ionic toxicity and oxidative stress [46,47]. Contrastingly, melatonin alleviates osmotic stress primarily by regulating cellular osmotic substances like Pro, SS, and SP [48,49]. Existing research has demonstrated that melatonin treatment can regulate the osmotic protection of proline homeostasis at both enzymatic (P5CS) and gene (P5CS, P5CR) expression levels, thereby enhancing the plant’s tolerance to stress [50]. In this study, Pro and SP concentrations increased with higher NaCl treatment concentrations, while SS concentration firstly increased before decreasing with rising treatment concentration, in line with previous findings [51]. Following the exogenous application of melatonin, the impact of externally applied melatonin on SS, SP, and Pro concentrations in Ginkgo seedlings under NaCl stress depended on both melatonin and NaCl concentrations. Specifically, low (0.02 mmol·L−1) and medium (0.1 mmol·L−1) melatonin treatments promoted SS concentration under various NaCl treatments, while high-concentration (0.5 mmol·L−1) melatonin did not enhance SS concentration under low (50 mmol·L−1) NaCl stress. Additionally, all three melatonin concentrations significantly increased SS concentration under low (50 mmol·L−1) NaCl treatment, with a stronger effect at higher melatonin concentrations, but the effect diminished with prolonged treatment time. Conversely, melatonin did not promote SP concentration in medium (100 mmol·L−1) and high (200 mmol·L−1) NaCl treatments. Low (0.02 mmol·L−1) melatonin significantly increased Pro concentration under high (200 mmol·L−1) NaCl treatment, while low and medium (0.1 mmol·L−1) melatonin decreased Pro concentration under low (50 mmol·L−1) NaCl treatment, approximating control levels. This concentration-dependent pattern aligns with previous research on SP concentration by Bano [52], and on SS concentration and Pro concentration by Cheng [53] in camphor pine. This may be due to melatonin’s role as a signaling molecule influencing the synthesis of SP and SS [54], which is affected by NaCl stress concentration. Conversely, Ginkgo synthesizes substantial Pro only when NaCl stress reaches a certain level to enhance osmotic tolerance [55]. In this study, low melatonin treatment partly alleviated osmotic stress from low NaCl stress in Ginkgo seedlings, negating the need to increase Pro concentration.




4.3. Relationship between Exogenous Melatonin and Oxidative Stress and Antioxidant System of Ginkgo under NaCl Stress


Under normal conditions, plants maintain a dynamic equilibrium between the production and scavenging of reactive oxygen species (ROS). However, salt stress disrupts this balance. In response, plants activate their ROS scavenging mechanisms, enhancing the activity of antioxidant enzymes, thereby neutralizing excess ROS and mitigating the oxidative damage caused by salt stress to the plants [56]. Recent research has made significant progress in elucidating how melatonin enhances plants’ resistance to oxidative stress. Studies have shown that exogenous melatonin can reduce electrolyte exudation rates either by directly affecting plant cell osmoregulation or by employing its antioxidant capacity to eliminate endogenous ROS, thereby impeding membrane lipid peroxidation [57]. Research conducted by Tan et al. [58] has shown that melatonin serves as the primary line of defense against external environmental stressors. Melatonin not only directly interacts with ROS but also enhances the activity of endogenous antioxidant enzymes in plants [59]. In this study, applying an appropriate melatonin concentration under NaCl stress alleviated oxidative stress but was concentration-sensitive. Specifically, high-dose (0.5 mmol·L−1) melatonin treatment exacerbated membrane lipid peroxidation induced by NaCl stress. Moreover, under a high NaCl concentration (200 mmol·L−1), melatonin application no longer enhanced POD and SOD activities and increased electrolyte exudation, disrupting cell membrane integrity. This phenomenon is consistent with the findings in grape studies [60]. Melatonin’s mechanism of action involves inducing antioxidant enzyme synthesis, such as POD, SOD, and non-enzymatic antioxidants including ASA and GSH, and up-regulating resistance genes [61]. However, high melatonin and NaCl concentrations hinder oxidative stress signaling, delaying the response to saline and alkaline stress [60]. Consequently, selecting the appropriate melatonin concentration is crucial for different crops facing varying adversity conditions [62]. Additionally, melatonin treatment’s impact on NaCl stress was time-sensitive. During the initial 7 days, exogenous melatonin minimally affected MDA accumulation but altered electrolyte exudation by directly modifying plant cell osmoregulation. In later stages, melatonin primarily hindered membrane lipid peroxidation using its antioxidant capacity. However, melatonin’s promotion of POD and SOD activities weakened with prolonged treatment. After 21 days, only low-concentration (0.02 mmol·L−1) melatonin treatment continued to enhance POD activity under low (50 mmol·L−1) and medium (100 mmol·L−1) NaCl stress, aligning with the temporal protective effect observed in Brassica napus seedlings [63].




4.4. Relationship between Exogenous Melatonin and Photosynthesis in Ginkgo under Salinity Stress


Photosynthetic pigments are fundamental substances in plant photosynthesis, with their concentration directly affecting the plant’s capability to capture, transport, and convert light energy during the photosynthetic process. Salinity stress reduces Chlt in plants through two main pathways: by decreasing chlorophyll synthase activity and inhibiting chlorophyll synthesis, and by promoting chlorophyll decomposition through plasma peroxidation-induced membrane structure damage [64]. In this study, an appropriate melatonin concentration significantly mitigated Chlt reduction under NaCl stress, with the effect being dose-dependent. Specifically, a low melatonin concentration (0.02 mmol·L−1) effectively alleviated Chlt reduction caused by NaCl stress, especially under low NaCl stress. In contrast, medium (0.1 mmol·L−1) and high (0.5 mmol·L−1) melatonin concentrations minimized the decline in Chlt primarily under high NaCl stress conditions (200 mmol·L−1). This suggests that high melatonin concentrations could exacerbate photosynthetic damage in Ginkgo seedlings under high NaCl stress. The reason behind this might be that low melatonin concentrations alleviate chlorophyll synthesis inhibition by enhancing chlorophyll synthase activity under low and medium NaCl stress, while high melatonin concentrations exacerbate chlorophyll decomposition by increasing membrane lipid peroxidation under high NaCl stress [65]. However, the precise mechanisms underlying these effects require further investigation.



The reduction in photosynthetic rate in plant leaves results from stomatal limitation, caused by partial stomatal, and non-stomatal limitation, due to decreased photosynthetic activity in chloroplasts. Stomatal limitation leads to a decrease in the Ci value, while non-stomatal limitation increases it. The change in Ci depends on the predominant factor when both factors coexist [66,67]. In this study, stomatal limitation was observed under low NaCl concentration (50 mmol·L−1) stress. For the medium NaCl concentration (100 mmol·L−1) stress treatment, stomatal limitation was observed in the early stage, while non-stomatal limitation was observed in the later stage. High NaCl concentration (200 mmol·L−1) stress resulted in non-stomatal limitation, consistent with the findings by Zhao et al. [68]. The external application of all three melatonin concentrations significantly mitigated Ci reduction under low NaCl concentration (50 mmol·L−1) stress. This effect enhanced reactant supply, increased Gs values, alleviated stomatal limitation, inhibited Pn and Tr reduction, and improved leaf photosynthesis. This aligns with results from Wang [38] and Ahmad [54]. Melatonin’s ability to alleviate the photoinhibition of PSI and PSII under low salinity stress and promote stomatal opening likely contributed to this improvement. Furthermore, the enhancement of leaf photosynthetic performance under medium (100 mmol·L−1) and high (200 mmol·L−1) NaCl stress by externally applied low (0.02 mmol·L−1) and medium (0.1 mmol·L−1) melatonin treatments exhibited some time sensitivity, with the mitigation effect significantly weakening after treatments exceeded 21 days, similar to observations in wheat [69].



Chlorophyll fluorescence parameters serve as sensitive indicators reflecting various aspects of light energy absorption, transformation, transfer, and distribution in plants. Also, they can unveil the underlying reasons for changes in gas exchange parameters [70]. In this study, Ginkgo seedlings exhibited elevated levels of ETR, Y(II), qP, Fv/Fm, Fo, and NPQ under NaCl treatment, which aligns with previous findings in Lycium ruthenicum [71] and okra [72], indicating that NaCl stress hampers the photosynthetic electron transfer process in Ginkgo leaves. It reduces the efficiency of photosynthetic pigments in converting light energy into chemical energy, causing damage to photosynthetic organs due to excess light energy. Ultimately, this inhibition results in reduced photosynthesis in the leaves [73]. External application of melatonin under NaCl stress mitigated the decrease in ETR, Y(II), qP, and Fv/Fm in Ginkgo seedling leaves. This favored the conversion of captured light energy into chemical energy by photosynthetic pigments, maintained higher photochemical activity of PSII, supplied more energy for carbon assimilation, and effectively alleviated the inhibitory effect of NaCl stress on Ginkgo seedling photosynthesis. These findings are consistent with Xie et al.’s study [74]. However, the effectiveness of melatonin treatment is dependent on its concentration, the NaCl treatment concentration, and treatment duration. Notably, the most significant improvement in ETR, Y(II), qP, and Fv/Fm with externally applied melatonin was observed in response to 200 mmol-L−1 NaCl treatment, with better alleviation in the late treatment stage compared to the pre-treatment period. This late-stage enhancement may result from melatonin accumulation, leading to increased concentration and enhanced alleviating capabilities.




4.5. Correlation Analysis among Physiological Indicators of Young Ginkgo Trees


Salinity tolerance in young Ginkgo trees results from various mechanisms, including tissue morphology, osmoregulation, antioxidant systems, and anatomical adaptations. Chlorophyll parameters and photosynthetic efficiency have been identified as reliable indicators of salinity tolerance in previous research, such as Tsai et al.’s analysis of eight rice (Oryza sativa) cultivars [75]. Likewise, He et al. [76] found a strong correlation between photosynthetic rate and salinity tolerance in soybeans (Glycine max). In the current study, a significant positive correlation was observed between the oxidative and photosynthetic systems, whereby SOD showed highly significant negative correlations with Chla and Chlb, while Fla exhibited a similar relationship with Chla + Chlb under both low and high salinity stress conditions, consistent with Chavez et al.’s findings [77]. This suggests that salinity stress may indirectly affect Ginkgo’s photosynthetic capacity by inducing oxidative stress. Furthermore, among the photosynthetic parameters, Pn directly reflects a plant’s photosynthetic capacity and serves as an effective physiological indicator for evaluating its response to salinity stress and characterizing salinity tolerance [78]. In this study, Tr exhibited a significant positive correlation with Pn and Gs, aligning with the results of Harris et al. [79]. This implies that transpiration rate can also serve as a physiological indicator for assessing Ginkgo’s salinity tolerance in saline environments.





5. Conclusions


In summary, NaCl stress significantly inhibits the normal growth and development of Ginkgo biloba seedlings, while the exogenous application of melatonin at suitable concentrations can alleviate the growth inhibition caused by salt stress. Exogenous melatonin treatment increased leaf water concentration, raised Pro and SS levels to maintain osmotic balance, boosted SOD and POD enzyme activity for better antioxidant defense, reduced cellular oxidative stress to maintain cell membrane integrity, protected the photosynthetic structure, and enhanced PSII’s photochemical activity, ultimately increasing photosynthesis rates, and ultimately enhancing the salt tolerance of Ginkgo biloba seedlings. This study indicated that 0.02 mmol·L−1 melatonin is most effective in mitigating the damage to Ginkgo biloba seedlings under NaCl stress, whereas a concentration of 0.5 mmol·L−1 melatonin exacerbated physiological damage under 200 mmol·L−1 NaCl stress. Key indicators for rapidly assessing salinity stress in Ginkgo include Pn, Tr, ETR, Fo, SOD, Pro, and Chla. This research provided a theoretical basis for the role of melatonin in enhancing plant salt tolerance and offered technical support for addressing the impact of de-icing agents on the growth of Ginkgo biloba street trees and for expanding the planting area of Ginkgo biloba.
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Figure 1. Comparative analysis of Ginkgo leaf characteristics following 28 days of treatment. Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively. 
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Figure 2. Effects of exogenous melatonin on the physiological and biochemical characteristics of Ginkgo under salinity stress: (a) malonic dialdehyde (MDA); (b) electrolyte leakage (EL); (c) relative water concentration (RWC); (d) flavonoid concentration (Fla); (e) peroxidase activity (POD); (f) superoxide dismutase activity (SOD); (g) free proline (Pro); (h) soluble protein concentration (SP); (i) soluble sugar concentration (SS). Values represent mean ± SD (n = 3). Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively. 
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Figure 3. Effects of exogenous melatonin on chlorophyll concentration of Ginkgo under salinity stress: (a) chlorophyll-a concentration (Chla); (b) chlorophyll-b concentration (Chlb); (c) total chlorophyll concentration (Chla + Chlb). Values represent mean ± SD (n = 3). Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively. 
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Figure 4. Effects of exogenous melatonin on photosynthetic parameters of Ginkgo under salinity stress: (a) photosynthetic rate (Pn); (b) transpiration rate (Tr); (c) stomatal conductance (Gs); (d) intercellular CO2 concentration (Ci). Values represent mean ± SD (n = 3). Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively. 
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Figure 5. Effects of exogenous melatonin on chlorophyll fluorescence parameters of Ginkgo under salinity stress: (a) photosynthetic electron transport rate (ETR); (b) non-photochemical quenching coefficient (NPQ); (c) effective photochemical quantum yield of PSII (Y(II)); (d) photochemical quenching coefficient (qP); (e) potential efficiency of primary conversion of light energy of PSII (Fv/Fm); (f) minimal fluorescence (Fo). Values represent mean ± SD (n = 3). Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively. 
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Figure 6. The a-c represent the typical correlation analysis among oxidative, osmotic, and photosynthetic indicators at low (a),medium (b), and high (c) concentrations. The (d–f), on the other hand, depict the correlation analysis among various indicators at low (d), medium (e), and high (f) concentrations. In these figures, A–C respectively denote oxidative, osmotic, and photosynthetic indicators. An asterisk (*) denotes statistically significant differences at p < 0.05. Two asterisks (**) denotes statistically significant differences at p < 0.01. Three asterisks (***) denotes statistically significant differences at p < 0.001. MDA = malonic dialdehyde; EL = electrolyte leakage; RWC = relative water concentration; Fla = flavonoid concentration; SOD = superoxide dismutase; POD = peroxidase; Pro = free proline; SP = soluble protein concentration; SS = soluble sugar concentration; Chla = chlorophyll-a concentration; Chlb = chlorophyll-b concentration; Chla + Chlb = total chlorophyll concentration; ETR = photosynthetic electron transport rate; NPQ = non-photochemical quenching coefficient; Y(II) = effective photochemical quantum yield of PSII; qP = photochemical quenching coefficient; Fv/Fm = maximum quantum yield of photosystem II (PSII) photochemistry; Fo = minimal fluorescence; Pn = photosynthetic rate; Tr = transpiration rate; Gs = stomatal conductance; Ci = intercellular CO2 concentration. 
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Table 1. Composition and concentration of each treatment.
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	Treatment
	Salinity (mmol·L−1)
	Exogenous Melatonin (mmol·L−1)





	CK
	0
	0



	N1
	50
	0



	N1M1
	50
	0.02



	N1M2
	50
	0.1



	N1M3
	50
	0.5



	N2
	100
	0



	N2M1
	100
	0.02



	N2M2
	100
	0.1



	N2M3
	100
	0.5



	N3
	200
	0



	N3M1
	200
	0.02



	N3M2
	200
	0.1



	N3M3
	200
	0.5







Note: N1, N2 and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 exogenous melatonin, respectively.













 





Table 2. Effects of exogenous melatonin on the growth of Ginkgo seedlings under salinity stress.
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Level of Stress

	
Treatments

	
Soil Salinity Content (mmol·L−1)

	
Ground Diameter

(cm)

	
Branch Length

(cm)

	
Branch Thickness (cm)






	
Low

	
CK

	
(13.587 ± 0.277)

	
(0.094 ± 0.029)

	
(0.424 ± 0.153)

	
(0.028 ± 0.012)




	
N1

	
(59.742 ± 6.525)

	
(0.069 ± 0.012)

	
(0.302 ± 0.100)

	
(0.024 ± 0.004)




	
N1M1

	
(57.336 ± 2.322)

	
(0.168 ± 0.048)

	
(0.900 ± 0.094)

	
(0.067 ± 0.020)




	
N1M2

	
(66.216 ± 10.378)

	
(0.121 ± 0.027)

	
(0.792 ± 0.036)

	
(0.059 ± 0.006)




	
N1M3

	
(47.131 ± 0.714)

	
(0.078 ± 0.031)

	
(0.398 ± 0.047)

	
(0.024 ± 0.008)




	
Medium

	
CK

	
(13.587 ± 0.277)

	
(0.094 ± 0.029)

	
(0.424 ± 0.153)

	
(0.028 ± 0.012)




	
N2

	
(103.479 ± 1.459)

	
(0.040 ± 0.016)

	
(0.212 ± 0.076)

	
(0.016 ± 0.003)




	
N2M1

	
(110.275 ± 3.896)

	
(0.076 ± 0.018)

	
(0.886 ± 0.159)

	
(0.044 ± 0.011)




	
N2M2

	
(89.000 ± 2.031)

	
(0.080 ± 0.016)

	
(0.516 ± 0.073)

	
(0.042 ± 0.006)




	
N2M3

	
(81.385 ± 3.502)

	
(0.053 ± 0.007)

	
(0.432 ± 0.099)

	
(0.024 ± 0.009)




	
High

	
CK

	
(13.587 ± 0.277)

	
(0.094 ± 0.029)

	
(0.424 ± 0.153)

	
(0.028 ± 0.012)




	
N3

	
(159.577 ± 6.661)

	
(0.028 ± 0.013)

	
(0.268 ± 0.078)

	
(0.021 ± 0.004)




	
N3M1

	
(205.015 ± 1.679)

	
(0.050 ± 0.025)

	
(0.748 ± 0.119)

	
(0.045 ± 0.010)




	
N3M2

	
(168.673 ± 8.82)

	
(0.058 ± 0.028)

	
(0.568 ± 0.073)

	
(0.035 ± 0.007)




	
N3M3

	
(134.034 ± 4.653)

	
(0.018 ± 0.008)

	
(0.216 ± 0.050)

	
(0.012 ± 0.003)








Note: N1, N2, and N3 were treated with 50, 100, and 200 mmol·L−1 salinity stress, respectively; M1, M2, and M3 were treated with 0.02, 0.1, and 0.5 mmol·L−1 melatonin, respectively.
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