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Abstract

:

Shading is one of the management practices for preventing the damage or injury of plant seedlings during extreme weather and climate events, such as very high temperatures and heat stress. In this study, we investigated the effects of different shading conditions on the photosynthetic characteristics of the endangered plant Horsfieldia hainanensis in Guangxi, China. The H. hainanensis seedlings in this study underwent five shading treatments, including 20% (L1), 40% (L2), 60% (L3), 80% (L4), and 100% (control) of full sunlight. The net growth of their diameter and height, and photosynthetic gas exchange parameters including their photosynthesis rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci), and water use efficiency (WUE) were measured for the examined seedlings. The OJIP curve and 820 nm light absorption curve, and the osmotic substances and products of membrane lipid peroxidation were employed to assess photosynthetic capacity, identify the factors constraining photosynthetic carbon assimilation, and investigate the mechanisms influencing photosystem II (PSII) and photosystem I (PSI) in the seedlings under shade stress. The results showed that the seedlings in the L2 treatments had the highest net growth and Pn, the best photosynthetic performance, and the best coordination between PSII and PSI. The net photosynthesis (Pn) levels exhibited a declining trend in the following order: L2 > L3 > L4 > L1. In the L1 treatment, non-stomatal factors emerged as the primary determinant affecting the Pn of the seedlings. The performance index (potential) of PSII, representing the conservation of absorbed photon energy to intersystem electron acceptor reduction (PIABS and ΔI/I0) of the seedlings, decreased in the order of L2 > L3 > L4 > L1. The photosystem performance and the coordination between PSII and PSI (Φ(PSI/PSII)) of the seedlings decreased in the order of L2 > L1 > L3 > L4. Under the low and moderate shading stresses (L1–L3), more serious damages occurred in PSII than in PSI, including on the donor side of PSII and in the electron transfer from QB to the acceptor side of PSI. In contrast, more considerable injury occurred in PSI than in PSII under the stress of the heavy shading treatment (L4). Considering the alterations in their leaf osmotic regulatory substances and membrane lipid peroxidation products, our findings indicate that the L2 treatment was the most conducive to the growth of the H. hainanensis seedlings. In contrast, the L1 treatment subjected H. hainanensis seedlings to the most significant stress, resulting in substantial damage to their growth and photosynthetic mechanisms. Our research provides a scientific insight into and a practical guide for the selection of an appropriate light intensity for the conservation and cultivation of endangered plant species, such as H. hainanensis.






Keywords:


shading; H. hainanensis; OJIP curve; light absorption curve; photosystem II; photosystem I












1. Introduction


Light is one of the most important environmental factors affecting plant growth and development, regulating plant morphology, and controlling plant physiological and biochemical reactions [1,2,3]. Light intensity can regulate the interactions of the chlorophyll–protein complexes in photosynthesis, and therefore affect the electron transfer between photosystems [4]. However, excessive light energy may damage plant photosystems in plants, leading to reductions in carbon assimilation, and even plant death [4,5]. Thus, the adaptability and sensitivity of plants to different light environments have been a long-term research topic in agriculture and forestry [6,7,8].



Plants can be classified as either shade-tolerant or light-requiring, depending on the physiological traits that determine how much light they need [9,10]. Shade-tolerant species can thrive in the presence of natural competition from other plants. Shade-intolerant species require full sunlight and little or no competition. Intermediate shade-tolerant trees fall somewhere in between these two categories [11,12]. H. hainanensis is a fast-growing evergreen timber tree species and has been widely distributed in southwestern China [13]. The factors contributing to the endangerment of H. hainanensis are complex. This species is primarily restricted by internal factors, such as its own reproductive strategy, and external environmental factors, including light availability. These factors result in a limited number of seedlings and challenges in their development into saplings. Consequently, the natural regeneration of the H. hainanensis population becomes difficult, serving as a crucial factor in its endangerment [14]. Because of serious damage to and disturbance of their habitats, the populations of H. hainanensis have been reduced sharply and this species has been listed as the second-grade endangered plant species in the nation [15]. Several studies have found that the seedling stage is the most vulnerable period for the survival, growth, and development of endangered plants [16,17]. As the main organ of photosynthesis and transpiration, the leaves of endangered plants are extremely sensitive to habitat changes [18]. Although a number of studies have examined changes in the species composition, stand structure and geographical distribution, phenotypic diversity, and chemical composition of H. hainanensis communities under different habitats [16,17], few studies have been conducted to reveal the physiological responses of H. hainanensis to different light intensity environments.



In the present study, H. hainanensis seedlings were exposed to different light–shade environments. The purpose of this study was to investigate the influence of shading on the photosynthetic process of H. hainanensis seedlings. We hypothesized that: (1) the photosynthetic ability of H. hainanensis seedlings could reach its peak only under the optimum shade conditions, (2) excessive light intensity would damage photosynthetic organs, inhibit photosynthetic electron transfer, and cause the carbon assimilation process of plants to decline, and (3) inappropriate light intensity, whether too strong or too weak, can have varying effects on seedling photosystems. To evaluate the above hypotheses, we addressed the following questions: (1) What is the optimum shading intensity for the highest photosynthetic capacity of H. hainanensis seedlings? (2) How do the different shading intensities damage the photosynthetic apparatus of H. hainanensis seedlings? (3) Do the damaged sites in the plant photosystems remain the same under different shading intensities?




2. Materials and Methods


2.1. Study Site


This study was carried out in the Germplasm Conservation Nursery of the Academy of Forestry Sciences of Guangxi, Nanning City, Guangxi Zhuang Autonomous Region, China (N 22°56′, E 108°21′). The annual average temperature was 21.6 °C, with the highest monthly temperature of 39.4 °C in July and the lowest, −1.5 °C, in January. The annual mean rainfall was 1386 mm, with an average relative humidity of 79%. The annual average sunshine duration was 1827 h.




2.2. Plant Materials


The seeds of H. hainanensis were collected from a local seed garden in early May 2020, germinated, and then promptly planted. In June, the H. hainanensis seedlings were transplanted into non-woven seedling containers measuring 20 cm in diameter and 20 cm in height. These containers were filled with rocky mountain soil from the original habitat. Prior to filling, the soil underwent sterilization and air-drying, followed by grinding through a 50-mesh sieve. After transplantation, each seedling was randomly placed in the shaded seedbed, where they received regular daily watering to maintain substrate moisture. Weed removal was performed regularly. The annual seedlings with similar growth potentials were selected for the shading experiments in July 2021.




2.3. Experiment Design


A completely randomized design (CRD) with five shading treatments, which included 0% (as the control), 20% (L1), 40% (L2), 60% (L3), and 80% (L4) of sunlight, was employed in the present study. Each treatment had five replications. Four seedlings were placed in each pot, resulting in a total of 20 seedlings for each treatment level (5 pots × 4 seedlings in each pot). The seedling matrix had a pH of 6.4, organic carbon content of 5.6 g·kg−1, alkali-hydrolyzed nitrogen content of 30.42 mg·kg−1, available phosphorus content of 1.45 mg·kg−1, and available potassium content of 53.85 mg·kg−1. Thus, there were a total of 80 seedlings in the current shading experiment. The shading shed measures 1.5 m in height and 2.0 m in width, with an opening in the east–west direction for ventilation. The 20 seedings in each treatment level were divided into 3 measurement groups. Black shading nets with various light transmittances were used in the shading experiment. Shading was adjusted by adding more layers of the shading nets, and the maximum natural light intensity during the test period was 2000 ± 100.0 μmol·m−2·s−1 when measured with an illuminance meter under full sunlight. All sample seedlings were consistently cared for with timely watering and regular weed removal throughout the entire experiment. Due to the loss of all H. hainanensis seedlings two days after transplantation in the control group, only data from the L1–L4 treatments are presented in the research results. On 1 September 2021, the heights (H) and base diameters (D) of all seedlings were measured after two months of exposure to the different shading treatments. Subsequently, five seedlings were chosen from each treatment based on their average D and H values. In these selected seedlings, three functional leaves from the middle of the shoot were marked and used for the determination of photosynthetic gas exchange parameters, the OJIP curve, and the 820 nm light absorption curve in the H. hainanensis seedlings.




2.4. Measurements


2.4.1. Photosynthetic Gas Exchange Parameters


The measurements were conducted on sunny days between 8:00 and 11:00 am using the Li-6400 portable photosynthetic measurement system (Li-Cor Inc., Lincoln, NE, USA). During the measurements, the light intensity of the Li-Cor 6400 instrument was set to 1000 μmol·m−2·s−1, the CO2 concentration was at 400 μmol·mol−1, and the air temperature and humidity within the leaf chamber were controlled at 25 °C and 45%–65%, respectively. Fully expanded mature leaves from the selected H. hainanensis seedlings were used to measure the net photosynthetic rate (Pn), transpiration intensity (Tr), and intercellular CO2 concentration (Ci). The stomatal conductance (Ls) was calculated using the formula (Ls) = 1 − Ci/Ca, where Ca refers to the atmospheric CO2 concentration. Water use efficiency (WUE) was calculated using the formula (WUE) = Pn/Tr.




2.4.2. Determination of OJIP Curve and 820 nm Light Absorption Curve


The chlorophyll fluorescence induction kinetic curve (OJIP curve) and 820 nm light absorption curve were measured using a continuous excitation fluorescence instrument M-PEA (Hansatech, King’s Lynn, UK). The measurements were carried out on a sunny day between 8:00 and 11:00 a.m. The leaves were initially dark-adapted for 60 min before the measurements. The induction was performed using 5000 μmol·m−2·s−1 red light with a wavelength of 625 nm, and the OJIP curve and the light absorption curve at 820 nm were recorded simultaneously. The fluorescence signal recording started from 10 μs and continued to 2 s, with a total of 128 data points recorded. The relevant parameters were calculated using similar methods [19,20]. The physiological parameters obtained from the recorded fluorescence transient OJIP and the light absorbance at 820 nm are presented in Table 1.




2.4.3. Measurements of Net Seedling Growth


At the start of the experiment on 1 July 2021, and at the end of the experiment on 1 September 2021, vernier calipers and tape measures were used to measure the base diameter and seedling height of the participating seedlings in all treatments [21]. We calculated the net growth of each seedling’s base diameter and height based on the differences between the two measurements taken for each seedling.




2.4.4. Determination of Physiological and Biochemical Indicators Such as Soluble Sugar, Soluble Protein, Proline, and Malondialdehyde Content


After measuring photosynthesis, three leaves were collected from the same position of each seedling. These leaves were mixed and wrapped in tin foil, placed into liquid nitrogen for short-term storage, and then transported to the laboratory for analysis of soluble sugar, soluble protein, proline, and acrylic acid of fresh leaf weight (FW). The dialdehyde content, soluble sugars, soluble proteins, and proline content, which are considered osmotic adjustment substances, were measured using the anthrone method [22], Coomassie brilliant blue method [23] and acid ninhydrin method [24], respectively. Additionally, malondialdehyde, one of the most important products of membrane lipid peroxidation, was determined using the thiobarbituric acid method [25].





2.5. Data Analysis


The experimental data were analyzed using Microsoft Excel 2003 software. Analysis of variance (ANOVA) was employed to statistically assess the overall impact of shading on the net growth of diameter and height, net photosynthetic rate, gas exchange parameters, OJIP curves and 820 nm light absorption curves, osmotic substances, and products of membrane lipid peroxidation. The original data were log-transformed to satisfy the normality and homoscedasticity assumptions of ANOVA. The means of the net growth of diameter and height, net photosynthetic rate, gas exchange parameters, OJIP curves, 820 nm light absorption curves, osmotic substances, and products of membrane lipid peroxidation were compared via Duncan’s new multiple range method. All statistical analyses were conducted using SPSS 20.0.





3. Results


3.1. Effects of Shading on Net Growth of H. hainanensis


With increasing shading intensity, the net increase in the base diameters and tree heights of the H. hainanensis seedlings exhibited a pattern of an initial increase followed by a decrease, ranking as follows: L2 > L3 > L4 > L1. There was no significant difference in the net growth of the seedling ground diameters between the L4 and L1 shading treatments (p > 0.05), but there were significant differences among the other gradients (p < 0.05) (Figure 1A). Furthermore, there were significant differences in the net growth of seedling tree height among the different shading treatments (p < 0.05). Specifically, under the 40% shading treatment (L2), H. hainanensis seedlings displayed the highest net growth in ground diameter and tree height, measuring 0.48 mm and 4.71 cm, respectively (Figure 1B).




3.2. The Effects of Shading on Photosynthetic Gas Exchange Parameters in Leaves


Significant differences in Pn, Ci, Ls, and WUE were observed in the H. hainanensis seedlings among different shading treatments (p < 0.05, Figure 2A–D). The Pn rate significantly decreased in the following order: L2 > L3 > L4 > L1 (Figure 2A). The highest Pn rate occurred in the L2 treatment (3.13 μmol·m−2·s−1). The Ci of the seedlings varied significantly across the shading treatments, exhibiting a decreasing pattern in an L1 > L2 > L4 > L3 order (Figure 2B). Both Ls and WUE significantly increased with the increase in shading levels. The pattern observed for both Ls and WUE was consistent, with the treatments ranked as L3 > L4 > L2 > L1 (as shown in Figure 2C,D).




3.3. The Effects of Shading Treatments on Leaf Quantum Yield and Energy Distribution Ratio


The changes in the maximum photochemical efficiency (φPo) in the dark-adapted leaves of H. hainanensis seedlings followed the order of L2 = L3 > L4 > L1. The effect of shading on φPo was statistically significant among the various shading treatments (p < 0.05, Table 2). Among the excitons captured by the photosystem II (PSII) reaction center, the ratio of excitons used to promote electron transfer to QA downstream acceptors (Ψo), the light energy captured by the PSII reaction center and used to transfer electrons to QA downstream acceptors (φEo), and the electron transfer efficiency from the secondary quinone acceptor (QB) to the PS I acceptor side (δ(Ro)) exhibited the pattern L2 = L3 > L4 > L1 in the treatments. Significant differences were observed between the L1 and L4 treatments for these three indexes (Ψo, φEo, δ(Ro)) (p < 0.05, Table 2). The changes in φDo decreased in the following order: L1 > L4 > L2 = L3, and significant differences were observed between the L1 and L2 treatments as well as between the L1 and L3 treatments (p < 0.05, Table 2).




3.4. The Effects of Shading on Leaf PSII Donor Side/Acceptor Side


The variable fluorescence (Fk) at the K-step, relative to the amplitude FO–FJ (WK), in the various shading treatments are presented in Table 3. These values followed a pattern of L1 > L4 > L2 > L3, with significantly larger values observed in the L1 treatment compared to the others (p < 0.05). The ratio of the variable fluorescence (FJ) to the amplitude FO–FP (VJ) at the J-step and the maximum rate of QA reduction (Mo) in the leaves of H. hainanensis seedlings under different shading treatments exhibited a decrease in the order of L1 > L3 > L2 > L4. A significant difference was observed between the L1 and L4 treatments (p < 0.05 Table 3). In addition, the size (SM) of the plastoquinone (PQ) pool on the PSII acceptor side showed a decrease in the order of L4 > L2 > L3 > L1. A significantly smaller SM was observed in the L1 treatment compared to the other shading treatments (p < 0.05, as shown in Table 3).




3.5. Effects of Shading on the Overall Performance and Coordination of Leaf PSII/PSI


There were significant differences among the treatments in the performance index (PIABS) based on the light energy absorption of the H. hainanensis seedling leaves (p < 0.05); in this regard, the treatments were ranked L2 > L3 > L4 > L1 (Figure 3A). The relative amplitude (ΔI/Io) of 820 nm light absorption in the leaves of the H. hainanensis seedlings decreased as L2 > L3 > L4 > L1, and the most significant difference in ΔI/Io was found between the L1 and L2 treatments (p < 0.05, Figure 3B). The coordination between the two photosystems (Φ(PSI/PSII)) increased with the degree of shading, exhibiting a trend of initially increasing and then decreasing. The value of Φ(PSI/PSII) decreased as L2 > L3 > L1 > L4, and a significant difference in Φ(PSI/PSII) was found in the L1 and L3 treatments (p < 0.05, Figure 3C).




3.6. Effects of Shading on Osmotic Regulatory Substances and Membrane Lipid Peroxidation Products in Leaves of H. hainanensis Seedlings


With increasing shading intensity, the soluble sugar content in H. hainanensis seedling leaves exhibited a trend of initially increasing and then decreasing. Specifically, the trend followed this pattern: L2 > L3 > L4 > L1 (as illustrated in Figure 4A). There were significant differences in the soluble sugar content in the seedling leaves among the various shading treatments (p < 0.05). The soluble protein content followed a similar pattern, increasing initially and then decreasing, with the order being L2 > L3 > L4 > L1. Notably, there was no significant difference between the L3 and L4 treatments (p > 0.05), but significant differences existed between the other treatments (p < 0.05), as shown in Figure 4B. In contrast, the proline content steadily decreased, specifically in the sequence L1 > L2 > L3 > L4, with only the L1 treatment being significantly different from the other three treatments (p < 0.05) (Figure 4C). Finally, the malondialdehyde content initially decreased and then increased, with the pattern being L1 > L4 > L3 > L2. Significant differences were observed among the different treatments (p < 0.05), as depicted in Figure 4D.





4. Discussion


In this study, it was observed that under the 40% shading treatment (L2), the net growth of H. hainanensis seedlings was the most pronounced. This suggested that both excessive light and excessive shading had unfavorable effects on the growth of H. hainanensis seedlings. These findings are consistent with previous research conclusions regarding Baccaurea ramiflora Lour seedlings [26]. Previous studies have demonstrated that a decrease in the net photosynthetic rate (Pn) is associated with a decrease in the intercellular CO2 concentration (Ci) and an increase in the stomatal limitation value (Ls) [27]. These findings suggest that the reduction in Pn is primarily attributable to stomatal limitation. The increase in Ci (intercellular CO2 concentration) and the decrease in Ls (stomatal limitation value) indicated that the decline in Pn (net photosynthetic rate) was primarily attributed to non-stomatal restrictions [28]. The results of our study reveal that the highest Pn in the leaves of H. hainanensis seedlings was observed under the L2 shading treatment. In the present study, the net photosynthetic rate decreased (Pn), intercellular CO2 concentration (Ci) increased, and stomatal limitation value (Ls) decreased in the L1 shading treatment to the greatest extent compared to the other treatments. In contrast, under the L3 and L4 shading treatments, Pn decreased, Ci decreased, and Ls increased. The decline in photosynthetic carbon assimilation capacity under L1 treatments was likely due to non-stomatal factors, while under the L2 and L3 treatments, it was probably due to stomatal limitation. Water use efficiency (WUE) is dependent on both net photosynthesis (Pn) and transpiration (Tr). Light intensity influences the Pn and, consequently, the plant’s WUE. Studies have shown that when light intensity is below the critical value of the light saturation point, there is a positive correlation between the light intensity and WUE. However, when the level of light surpasses the light saturation point, the increase in Pn is smaller than that of Tr, resulting in a decrease in WUE [29]. In this study, WUE decreased significantly under the L1 treatment compared to the other shading treatments (Figure 1). This was due to the damage of leaf photosynthetic mechanism caused by excessive light intensity, in which the decrease in Pn occurred more rapidly than that in Tr [30]. The mechanisms explaining photosynthesis involve the absorption of light energy [31]. It is widely acknowledged that an increase in light intensity leads to a rise in the net photosynthetic rate (Pn) [32]. However, excessive light intensity can hinder the carbon assimilation process, resulting in a reduction of Pn [33]. Consequently, plants do not utilize all absorbed light for photosynthesis. When the absorbed light energy surpasses the photosynthetic capacity, plants dissipate excess energy in the form of heat. Additionally, excessive light intensity can cause damage to plants [34], manifesting in indicators such as tipburn. Furthermore, the photosynthetic capacity of plants is influenced by variety-specific characteristics, including differences in plant architecture, leaf pigment pool, and stomata traits among cultivars [35,36]. For instance, the Pn of green lettuce is typically higher than that of red lettuce [37]. Under the L2 treatment, the Pn was the highest, but the WUE was significantly lower than that in the L3 and L4 treatments, indicating that the increase in Pn was smaller than the increase in the Tr rate. In the L2 shading condition, the light intensity exceeded the light saturation point, and Pn reached its peak, suggesting this shading environment was optimal for plant growth.



Photoinhibition in plants may be associated with the distribution of absorbed light energy by photosystem II (PSII) [38,39]. When plants experience light stress, a portion of PSII reaction centers lose their activity, and heat dissipation (φD0) increases. This increase in heat dissipation serves to protect other PSII reaction centers from light-induced damage [40]. These behaviors, which include a reduction in the efficiency of light energy conversion (φPo), ultimately result in less impact on photosynthesis. However, under severe stress, photosynthetic electron transfer becomes significantly impeded, leading to a substantial reduction in the plant’s photosynthesis rate. In this study, the changes in φPo and φDo under the L1 treatment align with previous research findings. The Ψo, φEo, and δ(Ro) parameters in the electron chain indicated a decreased electron transfer efficiency. This suggests that intense light significantly impacted the photosynthesis of H. hainanensis in the study region. Under the L4 treatment, the changes in φPo and φDo were similar to those observed in the L1 treatment, but the electron transfer was not hindered. Consequently, the photosynthesis of the seedlings was less affected compared to that under the strong light treatment.



The decrease in δ(Ro) not only reflects a reduction in the electron transfer efficiency from QB and other intermediate electron mediators to PSI, but also indicates that the ability of electrons to move from QA− to QB is greater than that from QB to the PSI acceptor side [41]. To reiterate, this means that the degree of electron transfer from QB and other intermediate electron mediators to the PSI acceptor side is more hindered than QA− transferred to QB−. In our study, a significant decrease in δ(Ro) was observed in the L1 treatment, indicating a severe hindrance of electron transfer efficiency from QB to the PSI acceptor side under low shading stress.



The rise of the K-point in the rapid chlorophyll fluorescence OJIP curve has been widely accepted as an indicator of the degree of injury to the PSII donor side (OEC), and Wk is used to reflect the change of the K-point [42,43]. An increase in Wk signifies damage to the PSII donor side. Our results indicated that the L3 treatment had the lowest Wk, suggesting the best performance on the PSII donor side. There were no significant differences in Wk between the L2 and L4 treatments. In this study, a significant increase in Wk was observed only in the L1 treatment, indicating severe injury to the PSII donor side. When comparing the L1 treatment to the L4 treatment, VJ significantly increased, suggesting that excessive shading had a lesser effect on the PSII acceptor side. However, the strong light intensity in the L1 treatment still caused damage to the PSII acceptor side. It is worth noting that studies have shown that when the QA− downward electron transfer is inhibited, QA is reduced at the fastest rate, leading to an increase in Mo [44]. In this study, Mo was significantly greater in the L1 treatment compared to the other shading treatments, indicating that strong light inhibits electron transfer from QA−. downward. Studies have shown that light-induced damage to leaf structures intensifies the degradation of the D1 protein, resulting in reductions in SM [45]. In the L1 treatment, there was a significant reduction in the electron transporter (SM) on the PSII acceptor side, likely due to the intensified degradation of the D1 protein caused by strong light. The reduction of QB is attributed to its detachment from the protein complex, and this phenomenon did not occur as shading intensity increased [46]. PIABS reflects the comprehensive response of both the donor and acceptor sides of PSII to environmental factors, providing a better assessment of the impact of stress on overall performance of PSII [47,48]. By observing the change in PIABS, it becomes evident that the PSII performance was notably better in the L2 treatment compared to the other shading treatments. The significant decrease in PSI activity may be attributed to severe damage on the PSII acceptor side, which hinders electron transfer to PSI, thereby affecting PSI reduction. The decline in PSI activity may also be due to PS1 damage; as evidenced by a significant decrease in ΔI/Io [49], PSI cannot efficiently facilitate electron transfer to the acceptor side, thereby inhibiting the oxidation of PSI [50]. In the L1 treatment, the hindrance of electron transfer from the PSII acceptor to PSI and the significant reduction in ΔI/Io indicated a more substantial decrease in PSII performance, consistent with the change in PIABS. The decrease in PSI activity was primarily due to strong light damage to the PSI itself. Conversely, in the L4 treatment, the electron transfer from the PSII acceptor side to PSI was not hindered, but the ΔI/Io was still significantly reduced compared to the L2 treatment. This suggests that PSII performance decreased less in the L2 shading condition, and PSI activity was higher. A decrease in photosystem coordination can lead to the accumulation of excess excitation energy or reduced substances, increasing the likelihood of the production of reactive oxygen species. This, in turn, can damage photosynthetic organs and reduce the overall photosynthetic activity [51,52,53]. In this study, photosystem coordination was restored in both L2 and L3 treatments, with better recovery in the L2 treatment. The decline in coordination was slightly more significant in the L4 treatment compared to the L1 treatment. Our results suggest that the photosystems’ coordination in electron transfer was optimal in the L2 treatment, while PSI gradually suffered damage with increasing shading stress. In the L4 treatment, characterized by the weakest light intensity, the PSI sustained the most severe damage, while the PSII performance and electron transfer were less affected by weak light, resulting in a greater decrease in coordination.



In adverse conditions, plant cells employ organic osmotic adjustment substances like soluble sugars, soluble proteins, and proline to maintain their cell water potential and uphold the stability of their cell structure and function [54]. The results of this study indicate that changes in soluble sugar content correlate with fluctuations in the net photosynthetic rate, exhibiting an initial increase followed by a decrease. The L1, L3, and L4 treatments induced varying levels of stress on the plants. Studies have suggested that under plant stress, the soluble sugar content tends to decrease due to reduced photosynthesis, which significantly impairs the leaves’ ability to synthesize carbohydrates, causing a shift in the plant’s metabolic pathway from carbon to nitrogen metabolism [55]. Moreover, relevant research has demonstrated that a plant’s soluble protein content gradually decreases as light intensity weakens [56].



This study, in contrast, discovered that the soluble protein content displayed an initial increase followed by a decrease with the increase in shading intensity, reaching its highest value under the L2 treatment. This observation might be attributed to the shade-tolerant nature of H. hainanensis during the seedling stage [57]. Under excessively intense light conditions, its photosynthesis may not be as efficient as when under appropriate shading, resulting in a lower soluble protein content compared to the L2 treatment. However, with excessive shading in the L3 and L4 treatments, the soluble protein content also progressively decreased as the light intensity weakened, which is in line with changes in the net photosynthesis. Furthermore, in this study, an increase in the shading level corresponded to a gradual reduction in proline content, with only the L1 treatment exhibiting a significantly higher proline content compared to the other three treatments. This suggests that the damage caused by excessive light in the L1 treatment was greater than in the other shading treatments. Malondialdehyde, as a product of membrane lipid peroxidation, is a crucial indicator of plant stress, with higher values indicating more severe stress for the plant [58].



In this study, the malondialdehyde content in the leaves of H. hainanensis seedlings exhibited an initial decrease followed by an increase. It reached its lowest point under the L2 treatment, signifying minimal membrane damage. Under the L3 and L4 treatments, as shading intensity continued to rise, malondialdehyde levels showed an upward trajectory. This indicates that excessive shading can also lead to an increase in membrane lipid peroxidation and, subsequently, an escalation in membrane damage. Conversely, in the L1 treatment, intense light raised the leaf temperature, disrupting the balance of active oxygen, and causing an elevation in the membrane lipid peroxidation. This, in turn, led to an increase in the plant’s malondialdehyde content. The degree of membrane damage caused by intense light was greater than that triggered by excessive shading.




5. Conclusions


In this study, it was observed that the 40% shading treatment (L2) was the most conducive to the growth of H. hainanensis seedlings in terms of base diameter and tree height. Under natural conditions, the L2 shading treatment reached the light saturation point of the Pn rate of H. hainanensis seedlings, resulting in the largest photosynthetic capacity among all shading treatments in this study. The mechanisms leading to the reduction in photosynthetic carbon assimilation ability varied under different light stresses. In the case of the low shading stress (L1 treatment), the primary reason for the decline in photosynthetic carbon assimilation ability was non-stomatal limitation. However, under the heavy shading stresses (L3–L4 treatments), the main reason for the decline in photosynthetic carbon assimilation ability was stomatal limitation. A series of photosynthetic parameters indicated that under L2 treatment, the seedlings exhibited optimal photosynthetic performance and coordination between PSII and PSI. The next best performance was observed in the L3 treatment, while the worst performance in the photosynthetic process was found in the L1 and L4 treatments. It is important to note that the seedlings showed similar results in terms of photosynthetic performance in the L1 and L4 treatments. However, the internal damage mechanisms differed between these two shading treatments. Under the L1 treatment, the damage was more severe in PSII than in PSI, specifically affecting the donor side of PSII and hindering electron transfer to PSI. Conversely, in the L4 treatment, the damage was more pronounced in PSI due to the photoprotective regulation of PSII by decreasing φPo and increasing φDo. These findings suggest that H. hainanensis species may employ distinct strategies to adapt to various shading environments. The variations in their soluble sugars, soluble proteins, proline, and other osmotic adjustment substances, as well as membrane lipid peroxidation products (malondialdehyde), align consistently with alterations in plant net photosynthesis. This alignment suggests that the L2 treatment is the most favorable for the growth of H. hainanensis seedlings. Conversely, the growth and photosynthetic mechanisms of H. hainanensis seedlings suffered the most significant damage in the L1 treatment. In this study, we screened suitable shade conditions for H. hainanensis seedling growth and explored the mechanism behind the decline in photosynthetic performance caused by the excessive shading of seedlings. This provides a theoretical basis for selecting the appropriate light intensity for the protection and cultivation of H. hainanensis.
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Figure 1. Effects of different shading treatments on the net growth of diameter (A) and height in seedlings (B). Note: Lowercase letters (a, b, c, d) above the bars indicate significant differences (p < 0.05) among the shading treatments. Bars represent mean values with standard error (±SE) (n = 20). 
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Figure 2. Effects of shading on photosynthetic gas exchange ((A): the net photosynthetic rate (Pn), (B): transpiration intensity (Tr), (C): the stomatal conductance (Ls), (D): Water use efficiency (WUE)) parameters in leaves. Note: Lowercase letters (a, b, c, d) above the bars indicate significant differences (p < 0.05) among the shading treatments. Bars represent mean values with standard error (±SE) (n = 20). 
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Figure 3. Effects of different shading treatments on the overall performance ((A): the performance index (PIABS), (B): 820 nm red light absorbance value (ΔI/Io)) and coordination of leaf PSII/PSI (C). Note: Lowercase letters (a, b, c, d) above the bars indicate significant differences (p < 0.05) among the shading treatments. Bars represent the mean values with standard error (±SE) (n = 20). 
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Figure 4. Effects of different shading treatments on the osmotic substance and products of membrane lipid peroxidation of the leaves ((A): Soluble sugar content, (B): Soluble protein content, (C): Proline content, (D): the malondialdehyde content). Note: Lowercase letters (a, b, c, d) above the bars indicate significant differences (p < 0.05) among the shading treatments. Bars represent the mean values with standard error (±SE) (n = 20). 
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Table 1. The physiological parameters and absorbance at 820 nm of recorded fluorescence transient OJIP.
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Data extracted from recorded fluorescence transient OJIP




	
Ft

	
Fluorescence at time t after onset of actinic illumination




	
F20μs

	
First reliable recording of FL fluorescence in 20 μs




	
F300μs

	
Fluorescence intensity at 300 μs




	
FJ = F2ms

	
Fluorescence intensity at the J-step (2 ms) of OJIP




	
FI = F30ms

	
Fluorescence intensity at the I-step (30 ms) of OJIP




	
FP

	
Maximal recorded FL fluorescence intensity, peak P of OJIP




	
tFM

	
Time to reach maximum value in milliseconds (ms)




	
Area

	
Total complementary area between FL fluorescence induction curve and F = FM




	
Fluorescence parameters derived from the extracted data




	
FO ≌ F20μs

	
Minimal fluorescence when all RCs are on




	
FM

	
Maximum FL fluorescence when all RCs are on




	
FV = FM − FO

	
Maximum variable fluorescence




	
Wk = (Fk − FO)/(FJ − FO)

	
K-step relative variable fluorescence




	
VJ = (FJ − FO)/FM − FO)

	
J-step relative variable fluorescence




	
VI = (FI − FO)/(FM − FO)

	
I-step relative variable fluorescence




	
MO = 4(F300μs − FO)/(FM − FO)

	
Approximated initial slope (in ms−1) of the fluorescence transient normalized at the maximum variable fluorescence FV




	
SM = (Area)/(FM − FO)

	
Normalized area relative variable approximate initial slope of FL fluorescence at time t in ms−1




	
Quantum yields and efficiency/probability




	
φPo = TRO/ABS = [1 − (FO/FM)]

	
Maximum quantum yield of primary photochemistry at t = 0




	
ΨO = ETO/TRO = (1 − VJ)

	
Probability of a captured excitation moving an electron into the electron transport chain outside of QA at t = 0




	
φEo = ETO/ABS = [1 − (FO/FM)] · ΨO

	
Quantum yield of electron transport (at t = 0)




	
δ(Ro) = (1 − VI)/(1 − VJ)

	
Probability of an electron from the reducing-end electron acceptor at the QB to the reducing-end electron acceptor at the PS I acceptor (RE)




	
φDo = 1 − φPo = (FO/FM)

	
Quantum yield of energy dissipation (at t = 0)




	
Performance

	




	
PIABS = (RC/ABS) · [φPo/(1 − φPo)] · [ΨO/(1 − ΨO)]

	
The performance index (potential) of PS II absorbing photon energy conservation to intersystem electron acceptor reduction




	
Calculated data for absorbance at 820 nm




	
I0 = I0.7

	
First reliable recorded fluorescence at 0.7 ms




	
Imin

	
Minimum fluorescence intensity




	
ΔI/I0 = (I0 − Imin)/I0

	
820 nm red light absorbance value




	
Data calculated from the recorded fluorescence transient OJIP and absorbance at 820 nm




	
Φ(PSI/PSII) = (ΔI/Io)/ΨO

	
Coordination of photosystem II (PSII) and photosystem I (PSI)











 





Table 2. Effects of different shading treatments on the leaf quantum yield or energy distribution ratio.
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	Shading

Treatment
	φPo
	Ψo
	φEo
	δ(Ro)
	φDo





	L1
	0.71 ± 0.04 a
	0.37 ± 0.05 a
	0.27 ± 0.03 a
	0.07 ± 0.01 a
	0.29 ± 0.04 a



	L2
	0.81 ± 0.02 b
	0.45 ± 0.05 ab
	0.36 ± 0.03 b
	0.19 ± 0.02 b
	0.19 ± 0.02 b



	L3
	0.81 ± 0.01 b
	0.40 ± 0.02 a
	0.32 ± 0.01 ab
	0.19 ± 0.02 b
	0.19 ± 0.01 b



	L4
	0.75 ± 0.03 ab
	0.54 ± 0.03 b
	0.39 ± 0.02 b
	0.18 ± 0.01 b
	0.25 ± 0.03 ab







Note: Different letters indicate significant differences among the different levels of shading treatments (p < 0.05). Data are presented as the mean ± SE (n = 20) values.













 





Table 3. Effects of different shading treatments on the leaf PSII donor side/acceptor side.
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	Shading

Treatment
	WK
	VJ
	Mo
	SM





	L1
	0.53 ± 0.02 a
	0.63 ± 0.05 a
	1.08 ± 0.05 a
	5.23 ± 0.69 a



	L2
	0.43 ± 0.02 b
	0.55 ± 0.06 ab
	0.83 ± 0.06 bc
	11.92 ± 1.51 b



	L3
	0.39 ± 0.03 b
	0.60 ± 0.01 ab
	0.95 ± 0.02 ab
	11.01 ± 1.25 b



	L4
	0.45 ± 0.02 b
	0.49 ± 0.01 b
	0.76 ± 0.04 c
	12.8 ± 0.74 b







Note: Different letters indicate significant differences among the different levels of shading treatments (p < 0.05). Data are presented as the mean ± SE (n = 20) values.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the 