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Abstract

:

Ginkgo biloba L. leaves are rich in secondary metabolites with important medicinal values; to increase their contents, foliar spraying of micronutrients is a potential strategy. Zinc, a multifunctional element, has a significant impact on the content of secondary metabolites in other plants, but relevant research into ginkgo is still lacking. In our study, different spraying time and concentration strategies were used to investigate the effects of zinc sulfate (ZnSO4) on physiological indicators and secondary metabolites of 2-year-old ginkgo. The results demonstrated that ZnSO4 could increase the contents of hydrogen peroxide, abscisic acid, and free amino acids in ginkgo leaves. It also enhances the antioxidant enzyme activity of ginkgo leaves, decreases the content of plant auxin, and ultimately facilitates the accumulation of ginkgo terpene lactones (TTL). Spraying ZnSO4 in June resulted in a more significant increase in the contents of TTL and flavonoids compared to spraying in August. After spraying 12 mmol/L ZnSO4 in June, the contents of TTL and flavonoids in ginkgo leaves were significantly elevated by 35.95% and 24.30%, respectively, compared to those in the CK (p < 0.05). The contents of ginkgolide A, B, and C were notably increased by 45.93%, 46.56%, and 74.29%, respectively, compared to those in the CK (p < 0.05). Therefore, our study suggests that the optimal timing for spraying ZnSO4 on ginkgo is in June, with a recommended concentration of 12 mmol/L. Our study provides a theoretical basis for the accumulation of secondary metabolites in ginkgo and guides the production of its leaf-utilization plantations.
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1. Introduction


Ginkgo biloba L. is a deciduous tree species belonging to the Ginkgoaceae family and the Ginkgo genus. It is considered one of the oldest relict species among existing gymnosperms and is commonly referred to as a “living fossil” [1]. Ginkgo has high medicinal value, with ginkgo terpene lactones (TTL) and flavonoids being its main active medicinal compounds [2]. TTL can antagonize platelet-activating factor receptor (PAFR) [3] and protect nerves [4]. Flavonoids possess anti-inflammatory, antiviral, and neuroprotective biological properties [5]. These two compounds are widely used to treat cardiovascular and cerebrovascular diseases [6,7], as well as metabolic syndrome (MetS) [8]. They are also commonly used to treat asthma, bronchitis, ischemia, arteriosclerosis, and rheumatism [9]. The chemical components of ginkgo extract are complex, making chemical synthesis challenging. Currently, ginkgo extract is primarily derived from ginkgo leaves. As a result, current research is focused on increasing the concentrations of medicinal components in ginkgo leaves.



Zinc is an essential trace element for plant growth and development. It can bind to proteins and participate in various biological processes—such as transcription, translation, photosynthesis, and reactive oxygen species (ROS) metabolism—in plants [10]. Carbonic anhydrase is a zinc metalloenzyme that plays a crucial role in plant photosynthesis. Zinc deficiency can impair the function of carbonic anhydrase, impacting plant photosynthesis and carbohydrate metabolism regulation [11]. However, high levels of zinc can hinder the synthesis of photosynthetic pigments, leading to the inhibition of photosynthesis [12,13]. Zinc can indirectly impact the regulation of auxin by controlling the synthesis of tryptophan [14]. Additionally, studies have shown that excess zinc can increase the expression of auxin biosynthesis-related genes, resulting in auxin accumulation in the root tips of Arabidopsis thaliana [15]. As a heavy metal, zinc can decrease the activities of enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), and guaiacol peroxidase (GOPX) in plants [16]. This reduction in enzyme activity leads to a decrease in ROS production and oxidative damage [17], ultimately helping to alleviate salt-induced oxidative stress. However, excessive concentrations of zinc can overload the antioxidant defense system of plants, resulting in decreased plant antioxidant activity and lipid peroxidation [11]. Zinc fertilizer has been shown to improve plant protein metabolism and carbohydrate metabolism, promote plant growth and increase plant stress resistance [18,19]. Zinc is widely used in the research and quality improvement of Triticum aestivum L [20], Oryza sativa L. [21], Phaseolus vulgaris L. [18], Camellia sinensis L. [22], Dendrobium nobile L. [23], and other plants.



Plant secondary metabolism is a crucial process through which plants react to stressful environments, the generated metabolites play significant roles in enhancing plant resilience and adaptation to stress [24]. It has been proved that zinc can effectively trigger the biosynthesis of secondary metabolites [25]. Several studies have examined the impact of zinc stress on flavonoid metabolism in tea leaves [22]. Other studies have revealed a significant positive correlation between the zinc content in the soil and the terpene lactone content in ginkgo [26]. Additionally, moderate application of zinc has been found to improve the essential oil composition of Damask rose [27]. However, it has been observed that low concentrations of zinc promote the synthesis of flavonoids in Dendrobium nobile L., while high concentrations inhibit it [23]. These findings highlight the varying tolerances of different plant species to zinc. Currently, there is limited research available on the effects of zinc on the physiology and medicinal content of ginkgo. Several studies have shown that exogenous inducers such as methyl jasmonate [28], salicylic acid [29], and selenium [30] can notably increase the levels of TTL and flavonoids in ginkgo leaves. However, research on the impact of the trace element zinc on ginkgo physiology and secondary metabolites is still relatively limited. Studies have shown that zinc can stimulate the growth and development of ginkgo plants, and enhance the accumulation of flavonoids [31]. However, the impact of zinc on the physiological indicators and terpene lactone content of ginkgo leaves remain unclear, as well as the optimal application time and concentration of zinc. Therefore, our study utilized foliar spraying to treat ginkgo seedlings with varying concentrations of ZnSO4 at different application times. Considering the optimal harvesting time for ginkgo flavonoids and terpene lactones, the leaves were harvested in September [32], and their physiological indicators and secondary metabolite contents were analyzed. The research findings indicated that foliar spraying 12 mmol/L ZnSO4 to ginkgo in June resulted in the greatest increases in flavonoid and TTL. Our study provided initial insights into the impact of zinc on ginkgo plants, specifying the optimal timing and concentration of ZnSO4 for ginkgo seedlings. These results provide a theoretical foundation for enhancing ginkgo leaf production and utilizing zinc fertilizer effectively, while also shedding light on the role of zinc in ginkgo secondary metabolism pathways.




2. Materials and Methods


2.1. Plant Materials and Test Sites


The experiment was conducted from March to October 2022 in a glass greenhouse at Xia Shu Forest Farm, Nanjing Forestry University, located in Jurong City, Jiangsu Province (119°13′ E, 32°7′ N), which has a subtropical monsoon climate. The average annual temperature is 15.4 °C, and there is ample sunshine. Biennial ginkgo seedlings sourced from Xuzhou City, Jiangsu Province, China, were utilized as test subjects. The polyethylene plastic, round cone-shaped pots used for the experiment had an upper inner diameter of 26 cm, a lower inner diameter of 21 cm, and a height of 28 cm, with holes cut out of the bottoms and trays to prevent nutrient drainage. The potting substrate consisted of a mixture of local yellow loam soil from Jurong city and nutrient soil in a 2:1 (v/v) ratio. The organic carbon content of the local yellow loam soil was 21.60 g/kg, total nitrogen content was 1.47 g/kg, and the total phosphorus content was 0.12 g/kg. The nutrient soil, purchased from Huai’an Green Land Base Fertilizer Factory, had a total nutrient content of ≥2% and a total organic matter content of ≥28%. In March, ginkgo plants were transplanted into plastic pots and placed in a glass greenhouse for acclimatization, for approximately 3 months. In June, ginkgo plants showing uniform growth and no signs of disease (with an average plant height of 49.29 cm and average ground diameter of 12.41 mm) were selected for foliar zinc application experiments.




2.2. Treatment


In this experiment, zinc sulfate (chemically pure ZnSO4) was sprayed with 0.01% Tween 80 (m/v, chemically pure) to promote the absorption and utilization of zinc by the leaves. Our study adopted a two-factor, completely randomized experimental design (Table 1). Three time-based treatment groups were set up: group A (June 2), group B (August 2), and group C (both June 2 and August 2). Four concentrations of ZnSO4 solution were prepared: 6 mmol/L (T1), 12 mmol/L (T2), 18 mmol/L (T3), and 24 mmol/L (T4), with 0 mmol/L (CK) as the blank control. A total of 13 treatments were applied, with 15 plants in each treatment. Every 5 plants served as a biological replicate, resulting in a total of 3 biological replicates. Each treatment involved spraying 1 L of ZnSO4 solution on the leaves. Plants for all treatments were placed in the same seedbed and subjected to the same management practices. After measuring the ginkgo, relative chlorophyll content (SPAD values) and photosynthetic parameters were measured on 22 September 2022, when the whole ginkgo leaves were collected. Leaves from the same biological replicate were mixed and divided into two portions. One portion was quickly frozen in a box of dry ice and stored in a −80 °C ultralow temperature freezer for measurement of physiological indicators. The other portion was dried at 105 °C for 30 min, followed by drying at 60 °C to a constant weight. The dried leaves were then ground and passed through a 40-mesh sieve for determination of secondary metabolite content.




2.3. Measurements of Physiological Indicators of Ginkgo Leaves


Each treatment consisted of three biological replicates, with three randomly selected plants per replicate. From each plant, three middle and upper mature leaves of ginkgo plants were chosen for the measurement of SPAD values and photosynthetic parameters. The SPAD values of the leaves was measured using a portable leaf chlorophyll meter (SPAD-502 PLUS, Zhejiang Top Cloud-Agri Technology Co., Ltd., Hangzhou, China). To measure the photosynthetic parameters of ginkgo leaves, including the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci), a CIRAS-3 portable photosynthesis meter (Hansha Scientific Instruments) was used.



The anthrone colorimetric method was used to determine the soluble sugar (SS) and starch contents in ginkgo leaves [33]. The Coomassie Brilliant Blue (G-250) method was used to determine the total protein content [33,34]. Enzyme-linked immunoassays were used to determine the content of endogenous hormones, which included gibberellin (GA3), zeatin (ZR), growth hormone (IAA), and abscisic acid (ABA) [35]. The total flavonoid content of the ginkgo leaves was determined following the method described by Xia et al. [36]. The contents of TTL, which included bilobalide (BB), ginkgolide A (GA), ginkgolide B (GB), and ginkgolide C (GC), were determined using the methods described in the 2020 edition of the “Pharmacopoeia of People’s Republic of China” and by Su et al. [37]. The following physiological indicators were tested using kits from Nanjing Jiancheng Biotechnology Research Institute Co., Ltd., Nanjing, China, following the manufacturer’s instructions. The reduced glutathione (GSH) content was determined using the 2-nitrobenzoic acid (DTNB) method [38] (Kit A006-2-1), while the malondialdehyde (MDA) content was measured using the thiobarbituric acid (TBA) method [39] (Kit A003-1-1). The hydrogen peroxide (H2O2) content was assessed through a molybdic acid reaction (Kit A064-1-1), the peroxidase (POD) activity was determined using the guaiacol method [40] (Kit A084-3-1), and the SOD activity was measured through the hydroxylamine method [41] (Kit A001-1-2). Finally, the free amino acid (FAA) content was calculated through a copper ion complexation reaction (Kit A026-1-1).




2.4. Statistical Analysis


The experimental data were organized using Excel 2019 software and analyzed with IBM SPSS Statistics 26.0 software (IBM Corp., Armonk, NY, USA). ANOVA was conducted on three zinc-treated time groups labeled as A, B, and C. Two-way ANOVA was conducted on zinc application time (with treatment levels A, B, and C) and different zinc spray concentrations (with treatment levels CK, T1, T2, T3, and T4). The Sidak multiple comparison method was employed to test the significance of the differences. The experimental data are presented as means and standard deviations (means ± SDs, n = 3). Graphs were generated, and correlation analysis and principal component analyses were carried out using Origin 2023 software (Origin Lab, Inc., Northampton, MA, USA).





3. Results


3.1. Effects of Different Times and Zinc Concentrations on the Photosynthesis and Gas Exchange in Ginkgo Leaves


From a group perspective, during the T1 and T3, the SPAD values of ginkgo leaves in group B were significantly greater than those in groups A and C. Similarly, during the T2, the SPAD values of ginkgo leaves in group A was significantly greater than that those in groups B and C (p < 0.05) (Figure 1). Within groups, in groups A and C, the SPAD values of ginkgo leaves reached their highest level under the T2, which were significantly greater than those under the other treatments (p < 0.05). In group B, both the T1 and T3 significantly improved the SPAD values of ginkgo leaves (p < 0.05), resulting in increases of 17.46% and 11.79%, respectively, compared to those in the CK.



Between groups, the Pn and gs levels of the plants in zinc-treated group A were significantly greater than those in zinc-treated group B (Figure 2a,c), and the E of the plants in the zinc-treated group C was significantly greater than that of zinc-treated group B (p < 0.05) (Figure 2d). Within groups, in group A, there were no significant differences in the photosynthetic indicators of ginkgo leaves under the different zinc concentrations. However, in group B, the Pn of the ginkgo leaves in the T2 and T3 treatments were significantly lower than that in the CK treatment (p < 0.05) (Figure 2a). In group C, both the Ci and E of ginkgo leaves reached their lowest levels in the T2 as the zinc concentration increased and reached their highest levels in the T3 (Figure 2b,d).




3.2. Effects of Different Times and Zinc Concentrations on the Enzyme Activity and Antioxidant Capacity of Ginkgo Leaves


Between groups, in the T1, T2, and T3, the POD activity levels of group B were significantly greater than those of groups A and C (p < 0.05), reaching 216.18 U g−1 FW, 245.39 U g−1 FW, and 221.32 U g−1 FW, respectively. However, in the T4, the POD activity of group C significantly increased (p < 0.05), showing 38.81% and 49.83% greater POD activity than those of groups A and B, respectively. Within groups, in groups A and C, the POD activity levels of T4 ginkgo leaves were significantly greater than that of CK leaves (p < 0.05). Conversely, in group B, the POD activity levels in the T1, T2, and T3 ginkgo leaves were significantly increased compared with that in the CK leaves (p < 0.05), while POD activity did not significantly differ among the T4 ginkgo leaves (Figure 3a). Between groups, the SOD activity of group A was generally greater than those of groups B and C. Specifically, in the T1, T2, and T4, the SOD activity levels of group A were significantly greater than those of groups B and C (p < 0.05) (Figure 3b). Within groups, the SOD activity in the zinc application group A was significantly greater than that in the CK (p < 0.05) and remained relatively stable. Conversely, the SOD activity levels of groups B and C initially increased as the spray concentration increased, reaching the highest level in the T3, and then decreased.



Between groups, the GSH content of ginkgo plants in the zinc application group C was significantly greater than those in zinc-treated groups, A and B (p < 0.01) (Figure 3c). Within groups, in group B, the GSH content of ginkgo leaves reached its peak during the T3, showing a significant increase of 33.33% compared to that in the CK treatment (p < 0.05). Moreover, the GSH content of ginkgo leaves in the zinc application group C exhibited a consistent upward trend with increasing zinc concentration, significantly surpassing that in the CK (p < 0.05). Between groups, the MDA content of ginkgo plants in zinc application group B was significantly greater than those in zinc application groups A and C (p < 0.05) (Figure 3d). Within groups, zinc-treated group A had significantly lower MDA content than the CK (p < 0.05), with the lowest levels observed in the T3, representing a 54.75% decrease. Conversely, the MDA content of the ginkgo leaves in group B peaked under T2, showing a significant 27.65% increase compared to that in the CK treatment (p < 0.05). Group C exhibited a pattern of initial decrease followed by an increase in the MDA content with increasing zinc concentration, with significantly lower MDA contents in T1 and T2 than in the CK treatment (p < 0.05).



Among groups, the H2O2 content of ginkgo leaves in the zinc-treated group B was significantly greater than those in the zinc-treated groups A and C (p < 0.01) (Figure 4). Within group B, there was an increasing trend in the H2O2 content of ginkgo leaves as the zinc concentration increased. Compared with those in the CK treatment, the H2O2 contents in the ginkgo leaves in T1, T2, T3, and T4 significantly increased by 32.81%, 54.69%, 59.38%, and 59.38%, respectively (p < 0.05).




3.3. Effects of Different Times and Zinc Concentrations on the Endogenous Hormones of Ginkgo Leaves


Among groups, treatment at different times did not significantly affect the contents of GA3, IAA, or ABA in ginkgo leaves (Figure 5a,c,d). However, the ZR content of ginkgo leaves in zinc-treated group B was notably greater than those in zinc-treated groups A and C (Figure 5b) (p < 0.05). From the within-group perspective, zinc application did not significantly impact the GA3 contents of ginkgo leaves in the different time groups (Figure 5a). In T3 and T4 of group A, the ZR contents of ginkgo leaves were significantly lower than those of CK leaves, while the ABA contents were notably greater than those of CK leaves (Figure 5b,d) (p < 0.05). The ZR and ABA contents in the zinc-treated ginkgo leaves of group B were both greater than those in the CK. In group B, the ZR content of ginkgo leaves at T3 increased significantly by 34.62% (p < 0.05), and the ABA content of ginkgo leaves at T4 increased significantly by 63.66% (p < 0.05). The ZR and ABA contents in the ginkgo leaves of group C tended to initially increase and then decrease with increasing zinc concentration. Particularly in group C, the ABA content was significantly greater than those in the other groups at T2 and T3, being 40.90% and 55.71% greater than CK treatment (p < 0.05). At different time groups, the IAA contents of ginkgo leaves tended to decrease with increasing zinc concentration and significantly decreased under T3 and T4 (p < 0.05).




3.4. Effects of Different Times and Zinc Concentrations on the Nascent Metabolites of Ginkgo Leaves


Between the different groups, there was no significant difference in the FAA or SS contents of ginkgo leaves (Figure 6a,c). However, the TP content in ginkgo leaves was significantly greater in the zinc-treated group B than in groups A and C (Figure 6b). Additionally, the starch content in ginkgo leaves was significantly greater in the zinc-supplemented group B (Figure 6d) (p < 0.05). The FAA contents in ginkgo leaves peaked at T3 in all groups, with a notable 34.44% increase in T3 in group A compared to that in the CK (Figure 6a) (p < 0.05). The TP contents in ginkgo leaves showed fluctuating trends, reaching peaks at T2 and T4, particularly in T2 of group B, where it was significantly greater than CK by 46.77% (Figure 6b) (p < 0.05). The SS content of ginkgo leaves in group A decreased significantly at T2 compared to that in the CK treatment, but significantly increased by 15.17% at T4 (Figure 6c) (p < 0.05). In group B, the SS contents of ginkgo leaves in the T2, T3, and T4 treatments were significantly lower than those in the CK treatment by 10.60%, 14.72%, and 15.72%, respectively (p < 0.05). In group A, only the starch content in ginkgo leaves in the T3 treatment was significantly greater than that in the CK (p < 0.05), while there were no significant differences in the other zinc concentrations. In group B, the starch contents under T1, T2, and T3 were significantly lower than those under CK by 22.85%, 19.95%, and 21.77%, respectively (p < 0.05), with no significant difference under T4. Conversely, in group C, compared with that in the CK treatment, the starch content in the ginkgo leaves at T4 was significantly increased by 30.01% (p < 0.05) (Figure 6d).




3.5. Effects of Different Times and Zinc Concentrations on the Flavonoids and TTL Contents of Ginkgo Leaves


In group A, the flavonoid contents of ginkgo leaves initially increased and then decreased as the zinc concentration increased, peaking at 13.71 mg g−1 DW in T2, showing a significant 24.30% increase compared to that in the CK treatment (Figure 7a) (p < 0.05). However, in groups B and C, the effects of different zinc concentrations on ginkgo leaf flavonoids were not significantly different. In group A, the TTL contents of ginkgo leaves in the T2, T3, and T4 treatments significantly increased by 36.31%, 33.76%, and 26.71%, respectively, compared to those in the CK treatment (Figure 7b) (p < 0.05). In groups B and C, the contents of TTL were significantly greater than those of the CK treatment at T1, T2, and T4 (p < 0.05). Specifically, in group B, the TTL content peaked at T4, showing a significant 37.36% increase compared to that in the CK treatment (p < 0.05). In group C, the TTL content peaked at T2, with a significant 43.93% increase compared to that in the CK treatment (p < 0.05).



Among the groups, the BB content of ginkgo leaves in zinc-supplemented group A was significantly greater than that of zinc-supplemented group B (p < 0.05), while the BB content in zinc-supplemented group C was even more significantly greater than that in group B (p < 0.01). Treatment duration did not significantly impact the diterpene lactone content of ginkgo leaves (Figure 8). Within groups, the BB content of ginkgo leaves in group A was 23.65% lower than that in the CK at T1, but increased by 24.30% compared to that in the CK at T3. In group B, ginkgo leaves sprayed with zinc had a significantly lower BB content than did those sprayed with CK (Figure 8a) (p < 0.05). However, in group C, the ginkgo leaves sprayed with zinc had greater BB contents than did those sprayed with CK, with significant increases of 29.35% and 41.33% at T2 and T4, respectively (p < 0.05). For group A (Figure 8b), the GA contents of ginkgo leaves in T2, T3, and T4 were significantly greater than that in the CK, particularly in T2, where it was 45.93% greater than that in the CK (p < 0.05). In groups B and C, ginkgo leaves sprayed with zinc had a significantly greater GA contents than did those sprayed with CK, with group B showing a 66.78% increase in GA content at T4 (p < 0.05). In group A (Figure 8c,d), the GB and GC contents of ginkgo leaves peaked at T2, being 46.56% and 74.29% greater than those in the CK, respectively (p < 0.05). In group B, the GB and GC contents in ginkgo leaves sprayed with zinc were significantly greater than those in the CK leaves (p < 0.05). In group C, the GB and GC contents in ginkgo leaves at T1, T2, and T4 were significantly greater than those in the CK (p < 0.05).




3.6. Correlation Analysis and Principal Component Analysis (PCA) of Various Indicators of Ginkgo at Different Time Groups


In group A (Figure 9a), flavonoids from ginkgo at various zinc concentrations exhibited significant positive correlations with Pn, ZR, GB, and GC; with correlation coefficients of 0.54, 0.67, 0.76, and 0.55, respectively; and were negatively correlated with SS, with a correlation coefficient of −0.66 (p < 0.05). TTL were significantly correlated with SPAD, Pn, FAA, BB, GA, GB, and GC (p < 0.05); with correlation coefficients of 0.54, 0.67, 0.59, 0.71, 0.93, 0.70, and 0.82, respectively. BB exhibited significant positive correlations with Pn, ABA, FAA, and SS, as well as significant negative correlations with ZR, GA, and GSH (p < 0.05). These findings suggest that zinc application in group A impacted the levels of ginkgo flavonoids and TTL by influencing the photosynthetic parameters, endogenous hormones, free amino acids, and soluble sugars in ginkgo leaves. In group B (Figure 9b), the TTL contents of ginkgo plants at different zinc concentrations were significantly correlated with the MDA, H2O2, ZR, ABA, TP, GA, GB, and GC contents (p < 0.05); and the correlation coefficients were 0.54, 0.61, 0.52, 0.70, 0.58, 0.97, 0.57, and 0.92, respectively; while there were significant negative correlations with gs, E, SS, and BB (p < 0.05), with correlation coefficients of −0.65, −0.52, −0.55, and −0.67, respectively. BB showed a significant positive correlation with gs and SS, and a significant negative correlation with GSH, MDA, H2O2, ZR, ABA, TP, GA, GB, and GC. GB was significantly negatively correlated with POD and starch, and GC was significantly negatively correlated with Ci (p < 0.05). The results indicated that zinc application in group B affected the content of TTL by affecting photosynthetic parameters, resistance indicators, and endogenous hormones. In group C (Figure 9c), a significant positive correlation was observed between flavonoids in ginkgo and H2O2 at different zinc concentrations (p < 0.05), with a correlation coefficient of 0.51. Additionally, TTL contents exhibited significant positive correlations with GSH, BB, GA, GB, and GC; with correlation coefficients of 0.60, 0.84, 0.82, 0.75, and 0.87, respectively; and a significant negative correlation with gs (p < 0.05), represented by a correlation coefficient of −0.54. Furthermore, BB displayed significant positive correlations with POD, GSH, starch, GB, and GC but significant negative correlations with Pn and gs (p < 0.05). GA was significantly positively correlated with H2O2, ABA, and GC and significantly negatively correlated with IAA, TP, and SS (p < 0.05). Notably, a significant positive correlation was found between GB and SPAD (p < 0.05). Overall, the results indicate that zinc application in group C influenced the levels of flavonoids and TTL contents by impacting photosynthetic parameters and resistance indicators.



PCA analysis was conducted on 24 indicators of ginkgo plants across the varying zinc levels within three different time groups (Figure 9d–f). Three principal components (PC1, PC2, and PC3) were identified based on eigenvalues exceeding 1, with cumulative contribution rates exceeding 60%. This suggests that the three principal components effectively captured the information from all 24 indicators. The scatter plot distributions corresponding to each zinc concentration treatment were clearly distinct, indicating a significant influence of zinc application levels on various indicators of ginkgo saplings across the three time groups. In group A (Figure 9d), PC1 exhibited strong positive correlations with POD, ABA, FAA, starch, and BB, implying substantial positive effects; while ZR and IAA showed negative correlations. PC2 showed positive correlations with SPAD, flavonoids, and TTL contents. PC3 displayed positive correlations with Pn and TP, and negative correlations with Ci, GSH, and starch. In group B (Figure 9e), PC1 was positively associated with H2O2, ABA, TP, and GA but was negatively correlated with SS and BB. PC2 was positively correlated with Ci, POD, and FAA but was negatively correlated with starch, GA, and GC. PC3 demonstrated positive correlations with MDA, IAA, SS, and GB, and negative correlations with gs, E, and ZR. In group C (Figure 9f), PC1 showed positive correlations with E, FAA, SOD, and H2O2; and negative correlations with TP and IAA. PC2 was positively correlated with POD and TTL contents, but negatively correlated with Pn and gs. PC3 exhibited positive correlations with POD, MDA, SS, and starch but negative correlations with ZR.





4. Discussion


As a crucial trace element in plants, zinc plays a significant role in promoting the synthesis of chlorophyll and enhancing the photosynthetic capacity of leaves [42]. This is consistent with the results of our study, in which the SPAD values of the plants in the zinc-supplemented groups A and B were both greater than those in the CK. Nevertheless, an excess of zinc can hinder the activity of the enzymes responsible for chlorophyll biosynthesis, leading to a reduction in photosynthetic pigments [43]. However, in our study, zinc was applied twice to the ginkgo trees in group C, and the SPAD values of the ginkgo leaves in T4 was greater than that in the CK. This could be attributed to the strong zinc tolerance ability of Ginkgo biloba [44]. Studies have demonstrated that an optimal concentration of zinc enhances CO2 levels in chloroplasts, leading to improved carboxylation by the rubisco enzyme and enhancing the photosynthetic capacity of plants [11]. However, Misra et al. [45] reported that an excess of zinc during their investigation of geraniums could lead to reduced plant water uptake, stomatal closure, and decreased CO2 flow in plant leaves. This obstruction of CO2 diffusion into chloroplasts can negatively impact photosynthetic efficiency and carbon fixation. Notably, in our study, there were no significant differences in the various photosynthetic indicators of ginkgo plants in group A under the different zinc concentrations. Conversely, compared with those in the CK treatment, Pn, gs, and E in the ginkgo plants in the zinc-treated group B all decreased to varying degrees. However, the changes in Pn and Ci were not consistent, suggesting that the Pn response of ginkgo leaves to different Zn concentrations may be influenced by non-stomatal factors. Further research and discussion are necessary to fully understand these findings. The differing outcomes between groups A and B could be attributed to variations in the timing of zinc application and the differential absorption and sequestration of zinc by the plants [46]. In group C, which was treated with zinc twice, varying zinc concentrations did not significantly influence the photosynthetic parameters of the ginkgo plants. This finding contrasts with a study by Lui et al. [47], which suggested that excessive zinc could hinder plant photosynthesis. This discrepancy could be attributed to the possibility that pecans are more susceptible to zinc [48].



In stressful environments, plants experience disruptions in metabolic pathways and electron transport mechanisms, resulting in the overproduction of reactive oxygen species (ROS) and oxidative stress [43]. Our study demonstrated that foliar spraying zinc at various stages can enhance the antioxidant enzyme activity of ginkgo. In plants under stress, zinc acts as a cofactor for Cu-Zn SOD, activating ROS scavenging enzymes such as SOD [49] and POD to maintain the ROS balance and prevent oxidative damage [50]. Goodarzi et al. [51] demonstrated that zinc can enhance lipid peroxidation by increasing MDA and H2O2 levels in safflower seedlings, which is consistent with the findings of group B in our study. The MDA content of ginkgo plants in group C decreased after being treated with zinc twice, while the GSH content increased significantly compared to that in the CK. This could be attributed to the ability of GSH to chelate with zinc and form a complex [52,53], which in turn reduces the toxicity of excess zinc in plants and leads to a decrease in lipid peroxidation.



Endogenous hormones play a crucial role in regulating plant life activities [54]. When plants are exposed to stressful conditions, they can modulate metabolic activities by regulating changes in endogenous hormones, thus influencing the physiological and biochemical processes in plants. Specifically, ABA is a key player in plant responses to adverse conditions. In our study, the ZR and ABA contents of ginkgo increased to varying degrees after zinc application, while the IAA content decreased with increasing zinc application. This finding contradicts the results of Zhang et al. [15]. Dani and Loreto [55] suggested that under external stress, the synthesis of endogenous hormones in plants is initially affected, with a priority given to isoprenoids as synthesis precursors. The significant negative correlation between the IAA and GA contents, as shown in the correlation analysis (Figure 9a,c), further supports this hypothesis.



In our study, it was observed that the FAA content in ginkgo increased to varying degrees with zinc application at different times, which shows that ginkgo plants exhibit a tolerance response to zinc stress [56]. The TP content of ginkgo was significantly increased only in the zinc-supplemented group B. The trend of the TP contents showed an initial increase followed by a decrease with increasing zinc concentration, consistent with findings by Fan et al. [23]. This shows that ginkgo plants respond positively to moderate zinc stress by adjusting osmoregulation through the regulation of the TP content [57]. The SS content of ginkgo saplings after zinc spraying decreased to varying degrees, contrary to previous studies [58]. This difference may be attributed to the diverse osmotic regulatory mechanisms of plants under different heavy metal stresses, which warrants further investigation. In zinc spraying groups A and C, the starch content in ginkgo increased, while in group B it decreased significantly. Additionally, the TP and starch contents exhibited negative correlations across different time groups, indicating that zinc may play a role in regulating protein synthesis through starch metabolism in ginkgo [23].



Recent research has focused on the induction of plant secondary metabolites by heavy metals [59]. Appropriate concentrations of heavy metals have been shown to effectively stimulate the synthesis and accumulation of plant secondary metabolites. However, excessive amounts can be detrimental to plants [60]. In our study, the flavonoid content of ginkgo was significantly increased only in the T2 treatment in the zinc-spraying group A, consistent with findings from previous research [31]. The TTL contents in the ginkgo leaves increased to varying degrees in different zinc spraying groups, suggesting that zinc application can increase the TTL content [61]. According to the growth differentiation balance hypothesis [62], it is hypothesized that under zinc stress, ginkgo plants may allocate more nutrients toward the synthesis of terpenoids by redistributing carbohydrates. Further research is needed to investigate this speculation. Correlation analysis revealed positive correlations between TTL contents and various oxidative defense-related markers in groups B and C. Research indicates that regulating TTL content may be associated with plants’ ability to adapt to potential oxidative stress induced by high zinc levels [63]. Among the TTL components, BB is synthesized through the mevalonic acid (MVA) pathway, while GA, GB, and GC are synthesized as diterpenes through the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway [64]. Our study revealed significant increases in the BB contents in the ginkgo leaves of groups A and C when subjected to high concentrations of zinc (T3 and T4). Early application timing and a high concentration of ZnSO4 may enhance the synthesis of BB through the MVA pathway. Further comprehensive research is needed to validate these findings. The diterpene contents of ginkgo leaves increased to varying degrees when zinc was applied at different times. In particular, the diterpene content reached its peak within group A when ZnSO4 was applied at a concentration of T2. This indicates that spraying 12 mmol/L ZnSO4 in June is advantageous for the accumulation of diterpenes in ginkgo leaves.




5. Conclusions


Based on the analysis of secondary metabolites and economic principles, our study suggested that the optimal timing for foliar spraying ZnSO4 to ginkgo trees is in June, with a recommended concentration of 12 mmol/L. The application of ZnSO4 in June enhanced the accumulation of total flavonoids and TTL contents in ginkgo leaves. In particular, at a concentration of 12 mmol/L, the flavonoids and TTL contents in ginkgo leaves increased by 24.30% and 36.31%, respectively, compared to those in the CK. Foliar spraying appropriate amounts of ZnSO4 at different times can effectively increase the relative chlorophyll content of ginkgo leaves, maintain high levels of POD and SOD activities and H2O2 contents, and reduce the IAA content in ginkgo leaves. Promoting the accumulation of ABA, FAA, TTL, and diterpene lactone content in ginkgo and enhancing its stress resistance. Consequently, foliar spraying of zinc can enhance the medicinal quality of ginkgo leaves. Our study’s findings will offer insights into the utilization of ZnSO4 in ginkgo leaf forest production. In future research, we aim to investigate the dynamic impact of zinc application on ginkgo secondary metabolites and explore the molecular mechanisms through which zinc regulates ginkgo flavonoids and TTL contents. Furthermore, exploring the synthesis and accumulation pathways of zinc secondary metabolites in ginkgo is crucial for improving research related to the chemical synthesis of ginkgo TTL and flavonoids.
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Figure 1. Relative chlorophyll contents (SPAD values) of ginkgo leaves at different times and zinc concentrations. Different capital letters indicate significant differences between different time groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). 
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Figure 2. Photosynthetic parameters of ginkgo leaves at different times and zinc concentrations. The data are expressed as the mean ± standard deviation. The net photosynthetic rate (Pn), intercellular carbon dioxide concentration (Ci), stomatal conductance (gs), and transpiration rate (E) are shown in panels (a), (b), (c), and (d), respectively. Different capital letters indicate significant differences between different time groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). “*” indicates a significant difference between the zinc application time groups (p < 0.05). 
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Figure 3. Antioxidant enzyme activity levels and antioxidant contents of ginkgo leaves at different times and at different zinc concentrations. The data are expressed as the mean ± standard deviation. The peroxidase (POD) activity, superoxide dismutase (SOD) activity, glutathione (GSH) content, and malondialdehyde (MDA) content are shown in panels (a), (b), (c), and (d), respectively. Differ-ent capital letters indicate significant differences between different times groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). “*” indicates significant differences between zinc application time groups (*, p < 0.05; **, p < 0.01). 
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Figure 4. Hydrogen peroxide (H2O2) contents of ginkgo leaves at different times and zinc concentrations. The data are expressed as the mean ± standard deviation. Different capital letters indicate significant differences between different times groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentra-tions at the same time group (p < 0.05). “**” indicates significant differences between zinc application time groups (p < 0.01). 
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Figure 5. Endogenous hormone contents of ginkgo leaves at different times and zinc concentrations. The data are expressed as the mean ± standard deviation. (a) Gibberellin (GA3); (b) Zeatin (ZR); (c) Auxin (IAA); (d) Abscisic acid (ABA). Different capital letters indicate significant differences be-tween different times groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). “*” indicates a significant difference between the zinc application time groups (p < 0.05). 
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Figure 6. Contents of primary metabolites in ginkgo leaves at different times and zinc concentrations. The data are expressed as the mean ± standard deviation. The levels of free amino acids (FAA), total protein (TP), soluble sugar (SS), and starch are shown in panels (a), (b), (c), and (d), respectively. Different capital letters indicate significant differences between different times groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences be-tween different zinc concentrations at the same time group (p < 0.05). “*” indicates a significant difference between zinc application time groups (*, p < 0.05; **, p < 0.01). 
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Figure 7. Contents of secondary metabolites in ginkgo leaves at different times and zinc concentrations. The data are expressed as the mean ± standard deviation. (a) Flavonoids content. (b) Ginkgo terpene lactone (TTL) content. Different capital letters indicate significant differences between dif-ferent time groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). 
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Figure 8. Contents of each component of ginkgo terpene lactones in ginkgo leaves at different times and zinc concentrations. The data are expressed as mean ± standard deviation. The components included bilobalide (BB) (a), ginkgolide A (GA) (b), ginkgolide B (GB) (c), and ginkgolide C (GC) (d). Different capital letters indicate significant differences between different times groups at the same zinc concentration (p < 0.05), while different lowercase letters indicate significant differences between different zinc concentrations at the same time group (p < 0.05). “*” indicates a significant difference between zinc application time groups (*, p < 0.05; **, p < 0.01). 
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Figure 9. Correlation analysis and principal component analysis (PCA) of various physiological pa-rameters of ginkgo leaves under zinc treatment in different time groups. Panels (a–c) correspond to the correlation analysis of indicators in groups A, B, and C. The results were obtained through Pear-son correlation analysis. “*” indicates significant correlation at the 0.05 level. Panels (d–f) corre-spond to PCA of groups A, B, and C, respectively. 
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Table 1. Two-factor completely randomized experimental design.
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Treatment Group

	
Treatment

	
Experimental Treatment Level Combination

	
Sampling Time






	
Control group

	
Treatment 1

	
CK

	
Ginkgo leaves were sampled

from the whole plant on September 22




	
Zinc application group A (sprayed on 2 June)

	
Treatment 2

	
A-T1




	
Treatment 3

	
A-T2




	
Treatment 4

	
A-T3




	
Treatment 5

	
A-T4




	
Zinc application group B (sprayed on 2 August)

	
Treatment 6

	
B-T1




	
Treatment 7

	
B-T2




	
Treatment 8

	
B-T3




	
Treatment 9

	
B-T4




	
Zinc application group C (sprayed on both 2 June and 2 August)

	
Treatment 10

	
C-T1




	
Treatment 11

	
C-T2




	
Treatment 12

	
C-T3




	
Treatment 13

	
C-T4
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