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Abstract: Paeonia ostii is an economically important oil crop, which has been widely cultivated in the middle and lower reaches of the Yangtze River in China in recent years. Although P. ostii is highly adaptable to the environment, the prolonged high summer temperature in this region severely inhibits its growth, which adversely affects seed yield and quality. In this study, P. ostii plants were subjected to 20°C/15°C (day/night) and 40°C/35°C (day/night) temperatures for 15 days. The changes in physiological and biochemical indicators of P. ostii under high-temperature stress were initially investigated. The results showed that with the deepening of leaf etiolation, chlorophyll a and chlorophyll b concentration, carotenoid concentration, Soil Plant Analysis Development (SPAD) values and leaf relative water content decreased significantly, while both relative electrical conductivity (REC) and free proline concentration showed an upward trend. Meanwhile, the continuous accumulation of reactive oxygen species (ROS) in P. ostii plants, led to an increased activity of antioxidant enzymes including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX). Moreover, with the extension of the high-temperature treatment, the anatomical structures of P. ostii were destroyed, resulting in a decreased photochemical efficiency of the photosystem II (PSII) reaction center and photosynthesis was inhibited. Taken together, these results provide reference values for understanding the physiological response of P. ostii to high-temperature stress and establish a foundation for further research on the relevant underlying molecular mechanisms.
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1  Introduction

The continuous progression of modern human civilization is accompanied by the burning of a large number of fossil fuels, which increases the concentration of greenhouse gas and has led to global warming [1]. In 2011, the US Environmental Protection Agency indicated that global temperatures could rise by 2.23–6.63°C by the 21st century [2]. High temperature has been considered a common abiotic stress, that can adversely affect plant growth and development [3]. Plants can rapidly sense changes in environmental temperature and respond quickly [4]. Plants exposed to high temperatures for long periods of time will develop physiological disorders, leading to an impaired growth and development. Similar to other abiotic stresses, high temperature can cause leaf curling, leaf folding, and dehydration of plants [5]. Additionally, the oxidation of proteins, lipids and nucleic acids under high temperatures leads to cellular damage, which is a direct consequence of excessive production of reactive oxygen species (ROS) [6]. ROS includes free radicals, such as singlet oxygen (1O2·), superoxide anion free radical (O2·−) and hydroxyl radicals (OH·), and non-free radicals, mainly hydrogen peroxide (H2O2), which lead to wilting and scorching of leaves, decreased photosynthesis, reduced biomass, damage to the cell membrane system and, in severe cases, plant death [7,8]. Therefore, high temperature has been the strongest constraint of crop production worldwide [9].

Paeonia ostii, with Yangshan peony as the original cultivar, is a perennial deciduous shrub native to China [10]. As a traditional medicinal plant, P. ostii has been cultivated for more than 1500 years [11]. Paeonol is not only widely used as a nutritional supplement in traditional Chinese medicine, but also effectively reduces neuroinflammation and has antioxidant effects [12]. Additionally, P. ostii has high oil value and was selected as one of the designated important woody oil crop cultivars by the Ministry of Health in 2011. P. ostii seeds yield more than 27% oil, comprising more than 90% unsaturated fatty acids (UFAs), in which the concentration of alpha-linolenic acid (ALA) is more than 40% [13]. These data indicate that peony oil is a nutritious edible oil. P. ostii is heliophilous but thermolabile and suitable for both dry-cold and wet-warm climate conditions [14]. In the middle and lower reaches of the Yangtze River in China, the high light and high temperature in the summer hinder the growth and development of P. ostii and severely reduce the yield of P. ostii seed oil.

Most P. ostii research is devoted only to cultivation techniques and the production of seed oil [12,13,15], while physiological responses of P. ostii to high-temperature stress have rarely been reported. In this experiment, potted seedlings of P. ostii were studied and we evaluated the physiological response of P. ostii to high temperature, including the plant phenotype, chloroplast pigment concentrations, leaf relative water content, accumulation of ROS, relative electrical conductivity (REC), free proline concentration, antioxidant enzyme activities, photosynthetic characteristics, chlorophyll fluorescence parameters and leaf ultrastructure. The aim was to elucidate the physiological response of P. ostii to high-temperature stress and to provide a theoretical basis for P. ostii cultivation and management under high temperatures.

2  Materials and Methods

2.1 Plant Materials and Treatments

In this study, three-year-old potted P. ostii with robust and consistent growth were used as materials, and the cultivation substrate was a mixture of loam, peat and perlite at a ratio of 1:1:1. The P. ostii plants were divided into two groups of 6 pots each and put in growth chambers. As the control, one group was placed in a chamber with a daytime temperature of 20°C and a nighttime temperature of 15°C. The other group was placed in a chamber with a daytime temperature of 40°C and a nighttime temperature of 35°C. The relative humidity in both groups was 60%. The light intensity was 30,000 lx for 14 h (5:00–19:00) during the day, and it was 0 lx for 10 h (19:00–5:00) at night. Water was supplied adequately during treatment. Data measurement and sample collection were carried out at 0, 5, 10 and 15 days after treatment, and three P. ostii plants were randomly selected for each treatment as replicates. After the photosynthetic characteristics and chlorophyll fluorescence parameters were measured, the leaves were frozen immediately in liquid nitrogen, after which the samples were stored at −80°C for measurements of other relevant indicators.

2.2 Chloroplast Pigment Concentrations and SPAD Values

The chloroplast pigment concentrations were measured according to Zou [16]. First, 0.2 g (W) fresh leaves were weighed and 12 mL of 95% ethanol was then added, and the leaves were ground until the tissue turned white. The solution was then filtered through filter paper into a 25 mL brown volumetric flask. The filter paper and residue were rinsed several times until no residue remained. Finally, ethanol was added to stabilize the volume and shaken well. The absorbance values of chloroplast pigment extracts (A665, A649 and A470, corresponding to wavelengths of 665, 649 and 470 nm, respectively) were determined. The concentrations of chlorophyll a (Ca), chlorophyll b (Cb) and carotenoids (CX·c) (mg·L−1) were calculated according to the following formulas: Ca = 13.95A665-6.88A649, Cb = 24.96A649-7.32A665, and CX·c = (1000A470-2.05 Ca-114.8 Cb)/245. Then, the concentration of each pigment in the tissue was expressed as mg·g−1 of fresh weight (FW) and calculated according to the following formulas: chlorophyll a concentration = Ca × V/FW, chlorophyll b concentration = Cb × V/FW, chlorophyll (a + b) concentration = C(a+b) × V/FW, and carotenoid concentration = CX·c × V/FW.

Three P. ostii plants were randomly selected, and the Soil Plant Analysis Development (SPAD) values of the three top leaves were obtained using a SPAD-502 portable chlorophyll sensing instrument (Koinca Minolia Sensing, Japan). Three parts of each leaf were selected to avoid the main vein for measurement. The average value was considered one replicate.

2.3 Leaf Relative Water Content

First, fresh leaves were weighed on an analytical balance (Gandg Testing Instrument Factory, Changshou, China), the results of which were denoted as the fresh weight (FW). Then, the leaves were then placed in an oven (Jinghong Laboratory Instrument Co., Ltd., Shanghai, China) at 105°C for 5 min followed by 65°C until a constant weight was reached. Finally, the leaves were weighed, which was recorded as the dry weight (DW). The leaf relative water content (%) was then calculated as (FW-DW)/FW × 100% [17].

2.4 ROS Measurements

The accumulation of H2O2 was observed by diaminobenzidine (DAB) staining [18]. A 0.1 mg/mL pH 5.0 DAB staining solution was prepared with 50 mM Tris-acetate buffer. Fresh leaves were immersed in the dye solution in the dark for 24 h. Then, the leaves were put into 95% alcohol in a boiling water bath for 15 min, after which, the leaves were removed for imaging.

The accumulation of O2·− was observed by a reagent kit (Shanghai Haling Biotechnology Co., Ltd., China). First, fresh leaves were cut quickly with a double-sided blade, avoiding the main veins, after which the samples were cleaned with distilled water on a slide. Then, 10 μL of dihydroethidium (DHE) fluorescent dye was added. The samples were subsequently incubated at 37°C in the dark for 20 min. Finally, a fluorescence microscope (Axio Imager D2, ZEISS, Germany) was used to observe and image the samples.

2.5 REC

REC was determined according to the methods reported by Xu et al. [19]. Fresh leaves were cleaned with deionized water, and then a hole puncher with a diameter of 1 cm was used to punch holes in the leaves to obtain small leaf discs. The discs (0.1 g) were weighed and placed into a syringe containing deionized water. After vacuuming, the leaves and 20 mL of deionized water were added to a glass tube. The glass tube was incubated for 4 h at room temperature, and thoroughly shaken, and the initial solution conductivity (C1) was measured by using a conductivity meter (DDS–307-A, Ray Magnetic Instrument Co., Ltd., Shanghai, China). Then, the glass tube was heated in a boiling water bath for 30 min to measure the conductivity (C2). The REC (%) was calculated as C1/C2 × 100%. Each treatment was replicated 3 times.

2.6 Free Proline Concentration and Antioxidant Enzyme Activities

The free proline concentration and the activity of 4 antioxidant enzymes, superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX) were measured using reagent kits (Suzhou Comin Biotechnology Co., Ltd., China).

2.7 Photosynthetic Characteristics and Chlorophyll Fluorescence Parameters

Photosynthetic characteristics were determined using a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, USA). Three healthy, actively growing leaves were selected for measurements and marked, and the measurements were performed between 8:00 and 9:00 am local time. The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci) and transpiration rate (Tr) were recorded separately.

A chlorophyll fluorescence spectrometer (Heinz Walz GmbH, Germany) was used to measure chlorophyll fluorescence parameters after the plants were subjected to darkness for more than 2 h. The data processing software PAM Win was used to measure and calculate the maximum quantum yield of photosystem II (PSII) photochemistry (variable fluorescence from dark-adapted leaf (Fv)/maximum fluorescence from dark-adapted leaf (Fm)), the effective quantum yield of PSII photochemistry (Y (II)), the nonphotochemical quenching coefficient (qN) and the quantum yield of nonregulated energy dissipation (Y(NO)) [20,21].

2.8 Observation of Anatomy

Anatomical observation referred to our previous studies [17,22]. Fresh leaves were cut into sections of 3 × 3 cm with a blade and then fixed in 2.5% glutaraldehyde solution at 4°C for at least 4 h. Then, the fixed leaves were washed three times with 0.1 mol/L phosphate buffer for 15 min each and were then sequentially dehydrated in a gradient of ethanol solutions (30%, 50%, 70%, 80%, 90%, 95%, and 100% solutions) for 15 min each. The cells were then transferred to ethanol that included anhydrous sodium sulfate. After drying (CPD-300, Leica, Germany) and spraying gold (SCD 500, Leica, Germany), the epidermis and stomata were observed and imaged via environmental scanning electron microscopy (SEM) (Philips XL-30 ESEM, Holland).

Additionally, fresh leaves were cut into sections of 1 × 1 cm with a blade and fixed in 2.5% glutaraldehyde solution at 4°C for at least 4 h. Then the fixed leaves were washed three times with 0.1 mol/L phosphate buffer for 15 min each and fixed with 1% osmium tetroxide for 4 h. Afterwards, the leaves were washed three times with 0.1 mol/L phosphate buffer for 15 min each and dehydrated sequentially in a gradient of ethanol solutions (30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol solutions) for 15 min each. Afterwards, the leaves were transferred to 100% acetone for 15 min and then transferred to acetone that included anhydrous sodium sulfate for 15 min. After the samples were embedded in Spurr resin, sections were cut and double-stained with uranyl acetate and lead citrate. Finally, the mesophyll cells and chloroplasts were observed and imaged via transmission electron microscopy (TEM) (Tecnai 12, Philips, Holland).

2.9 Statistical Analysis

All the data are the averages of 3 replications. Analysis of variance was performed with the SAS/STAT statistical analysis package (version 6.12, SAS Institute, Cary, NC, USA), and figures were constructed with SigmaPlot14.0 software.

3  Results

3.1 Effect of High-Temperature Stress on the Plant Phenotype

The phenotype of P. ostii was affected by high-temperature stress (Fig. 1). After 5 days, the high-temperature-treated leaves sagged slightly, the colour of the leaves became lighter, the tips of the leaves lost their green colour, and the colour of the leaves changed from green to yellow, and a few leaves even displayed scorched spots on day 15. However, the leaves of the control plants remained dark green after 15 days of treatment.
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Figure 1: Phenotypic changes of High-temperature-treated P. ostii and control

3.2 Effect of High-Temperature Stress on Chloroplast Pigment Concentrations and Leaf Relative Water Content

The chloroplast pigment concentrations and leaf relative water content caused a significant reduction at either duration of high temperature (Fig. 2). The chlorophyll (a + b) concentration of the high-temperature-treated leaves decreased to 34.50% on day 15; specifically, the chlorophyll a and chlorophyll b concentrations decreased to 32.05% and 39.91%, respectively, and showed significant differences in each period. Correspondingly, the SPAD values also decreased significantly with the development of high-temperature stress, and the values decreased to 72.02% and 42.47% of the initial value on day 5 and day 15, respectively. A similar tendency was observed for carotenoids; in comparison with those of the control, the carotenoid concentration in the high-temperature-treated leaves was 46.05% lower on day 15. Additionally, the leaf relative water content decreased during the high-temperature treatment; the results were significantly different from those of the control, especially on day 15, the value of which was only 39.53% that of the control.
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Figure 2: Physiological changes of high-temperature-treated P. ostii and control. (A) Chlorophyll a concentration; (B) Chlorophyll b concentration; (C) Chlorophyll (a + b) concentration; (D) Carotenoid concentration; (E) SPAD values; (F) Leaf water content. Values represent mean ± standard deviation (SD), and different letters indicate significant differences at each sampling date between the control and the high-temperature stress according to Duncan’s multiple range test (p < 0.05)

3.3 Effect of High-Temperature Stress on ROS Concentrations

High-temperature stress can cause oxidative damage to plants, and H2O2 and O2·− are important indicators that reflect the accumulation of ROS. First, the accumulation of H2O2 was determined by DAB staining. The colour of leaves can reflect the degree of membrane lipid peroxidation. The darker the leaf colour, the more severe the high-temperature damage of leaves is, and the greater the degree of membrane lipid peroxidation or plasma membrane damage. H2O2 accumulated dramatically in high temperature treated leaves, especially on day 15, as the leaf staining was significantly more intense than it was on other days after treatment (Fig. 3). Thereafter, the accumulation of O2·− was determined by DHE fluorescent probes. The stronger the red fluorescence signal is, the more O2·− in mesophyll cells. We found that the change trend of O2·− accumulation in leaves was consistent with that of H2O2. On day 5, the fluorescence signal began to become stronger, and the signal peaked on day 15, while the fluorescence intensity of the control was still weak. These results indicated that high-temperature stress significantly increased the accumulation of ROS in the leaves of P. ostii.
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Figure 3: ROS concentrations change of high-temperature-treated P. ostii and control. (A) H2O2 accumulation was detected by diaminobenzidine (DAB) staining; (B) O2·− accumulation was detected by fluorescence prob

3.4 Effect of High-Temperature Stress on REC and Free Proline Concentration

REC can reflect membrane lipid peroxidation. On day 0, the REC remained at a low level, and increased with the development of high-temperature stress until the maximum value was reached on day 15, which was 2.47 times that of the control (Fig. 4). The accumulation of proline in leaves can effectively reflect the stress resistance level of plants. The proline concentration of high-temperature-treated leaves significantly increased, and was always higher than that of the control, especially on day 15, and the proline concentration of the high-temperature-treated leaves was 3.13 times that of the control. In contrast, the REC and proline concentration in the control did not change much in each period.
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Figure 4: Relative electrical conductivity (A) And free proline concentration (B) Change of high-temperature-treated P. ostii and control. Values represent mean ± standard deviation (SD), and different letters indicate significant differences at each sampling date between the control and the high-temperature stress according to Duncan’s multiple range test (p < 0.05)

3.5 Effect of High-Temperature Stress on Antioxidant Enzyme Activities

Owing to high temperature stress, the activities of major antioxidant enzymes changed including SOD, POD, CAT and APX (Fig. 5).
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Figure 5: Antioxidant enzyme activities change of high-temperature-treated P. ostii and control. Values represent mean ± standard deviation (SD), and different letters indicate significant differences at each sampling date between the control and the high-temperature stress according to Duncan’s multiple range test (p < 0.05)

The activity of antioxidant enzymes increased significantly when P. ostii was subjected to continuous high temperature. The largest variation occurred for APX activity; the APX activity of the treated leaves was 2.92 and 6.32 times that of the control on day 5 and day 15, respectively. Correspondingly, the smallest variation occurred for SOD activity, which was 1.18 and 1.67 times that of the control on day 5 and day 15, respectively. Similarly, the POD and CAT activities were 3.69 and 3.56 times that of the control on day 15, respectively. Additionally, the SOD and POD activities increased the most from day 10 to day 15, while the CAT and APX activities increased the most from day 5 to day 10.

3.6 Effect of High-Temperature Stress on Photosynthetic Characteristics

The photosynthetic characteristics of P. ostii leaves were significantly affected by high-temperature stress (Fig. 6). The Pn, Gs, Ci and Tr decreased with the development of high temperature stress, but the magnitude of the decrease varied for each parameter. The Pn and Ci decreased significantly at the beginning of the stress treatment and were 66.37% and 84.96%, respectively, of the control on day 5. However, the Gs and Tr decreased slightly at the initial stage of stress. On day 15, they were significantly lower than those of the control and decreased to 41.67% and 12.80%, respectively, compared to day 0. Correspondingly, there were no significant changes on the control for Pn, Gs, Ci or Tr.
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Figure 6: Photosynthetic characteristics change of high-temperature-treated P. ostii and control. Values represent mean ± standard deviation (SD), and different letters indicate significant differences at each sampling date between the control and the high-temperature stress according to Duncan’s multiple range test (p < 0.05)

3.7 Effect of High-Temperature Stress on Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters also changed significantly under high-temperature stress (Fig. 7). Both Fv/Fm and Y(II) decreased significantly under high-temperature stress. Compared to the control, the Fv/Fm and Y(II) of high-temperature-treated leaves decreased to 55.82% and 25.65% on day 15, respectively. However, the qN and Y(NO) showed the exact opposite trend. With the development of high-temperature stress, both qN and Y(NO) increased significantly. On day 15, they were 1.68 and 1.73 times of day 0, respectively. In short, the Fv/Fm and Y(II) were significantly lower than the control, whereas the qN and Y(NO) were significantly higher than the control under high temperature stress.
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Figure 7: Chlorophyll fluorescence parameters change of High-temperature-treated P. ostii and control. Values represent mean ± standard deviation (SD), and different letters indicate significant differences at each sampling date between the control and the high-temperature stress according to Duncan’s multiple range test (p < 0.05)

3.8 Effect of High-Temperature Stress on Leaf Ultrastructure

First, we observed the lower epidermis of leaves via SEM (Fig. 8). The surface of the leaves was smooth, and stomata were open under both the control and high-temperature treatments on day 0. With the development of high-temperature stress, the degree of leaf shrinkage increased and stomata opening decreased. On day 15, 22 stomata were observed in the field of view of both sets of leaves. More than half of the stomata in the control remained completely open, while 54.5% of the stomata in the high-temperature-treated leaves were fully closed, and the opening degree of the remaining stomata was less than 30%.
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Figure 8: Leaf surface and stomata changes of high-temperature-treated P. ostii and the control. (A) SEM image of the leaf surface of Control on day 0. (B) SEM image of the leaf surface of high-temperature-treated on day 0. (C) SEM image of the leaf surface of Control on day 15. (D) SEM image of the leaf surface of high-temperature-treated on day15. (E) Stomata of control on day 0. (F) Stomata of high-temperature-treated leaf on day 0. (G) Stomata of control on day 15. (H) Stomata of high-temperature-treated on day 15

Then, we observed mesophyll cells and chloroplasts of P. ostii leaves via TEM (Fig. 9). There was no difference between the control and high-temperature-treated leaves on day 0; the cells were in an intact state, and most of the chloroplasts were arranged in a long oval shape close to the cell membrane. On day 15, the cells were compressed and deformed, and the chloroplasts expanded and disintegrated gradually, while the mesophyll cells in the control remained essentially unchanged.
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Figure 9: Mesophyll cells and chloroplasts changes of high-temperature-treated P. ostii and the control. A: TEM image of mesophyll cells of Control on day 0. B: TEM image of mesophyll cells of high-temperature-treated on day 0. C: TEM image of mesophyll cells of Control on day 15. D: TEM image of mesophyll cells of High-temperature-treated on day 15. E: Chloroplasts of control on day 0. F: Chloroplasts of high-temperature-treated on day 0. G: Chloroplasts of control on day 15. H: Chloroplasts of High-temperature-treated on day 15

4  Discussion

High-temperature stress is a phenomenon that inhibits plant growth and development under exposure to temperatures above the optimum for a long time [23]. The damage to plants caused by high temperature is irreversible and is exacerbated as the duration increases. Leaves play an important role in the physiological activities of plants, and their morphological structural changes are closely related to plant growth and development [24]. In this study, we subjected P. ostii to high-temperature treatment and found that the leaves wilted and turned yellow, and their tips were scorched on day 15. Moreover, the water content of high-temperature-treated leaves gradually decreased from day 0 to day 15. This may be because plant evaporative demand and water consumption increase following an increase with temperature, leading to a severe leaf water loss. Water content reflects the vigour of plant biological activity. Reduction in leaf water content represents a loss of turgor with limited water availability for cell expansion [25]. These phenomena are described in depth in studies on lentil [26] and grapevine [27]. Taken together, the findings suggest that, on the basis of leaf water content, P. ostii can respond to different degrees of stress, similar to other plant species.

High-temperature stress causes plants to produce excess excitation energy, which induces the accumulation of ROS such as H2O2 and O2·−, leading to membrane peroxidation and cell membrane damage, thus inhibiting plant growth and development [28–30]. In this study, we found that the concentrations of H2O2 and O2·− increased with the development of high-temperature stress, which is consistent with previous results for peony [31] and wheat [32]. The fluidity of the plasma membrane is closely related to temperature stress, and high-temperature stress can enhance such fluidity [33,34]. ROS damage cell membranes by degrading phospholipids, while REC can reflect the degree of cell membrane damage [35]. The more severe is the damage to the cell membrane, the higher the REC value. The results of the present study showed that the REC of P. ostii gradually increased under high-temperature stress. This confirms that high-temperature stress caused lipid membrane peroxidation and increased membrane permeability, which resulted in lipid membrane damage. These results are the same as those of Zhao et al. [36]. Free proline in plants can serve as a cytoplasmic osmotic regulator [31]. Under high temperature, the proline content of strawberry leaves was shown to be significantly higher than that of the control [25], and this result was also observed in P. ostii. Taken together, these results indicated that P. ostii could maintain a proper balance of cell osmosis by increasing the concentration of proline, so as to resist stress injury.

The antioxidant enzyme system is one of the important mechanisms through which plants scavenge excess ROS under adverse stress conditions [37]. SOD, POD, CAT and APX are the key enzymes that make up the antioxidant enzyme system. Under high temperature, plants increase the activity of antioxidant enzymes to resist environmental stress to maintain the stability of the cell membrane [38]. Talbi et al. [39] found that SOD can break down O2·− to H2O2, which reduces excess H2O2 to H2O by increasing the activity of POD and CAT. At the same time, APX also scavenges ROS under the synergistic action of other antioxidants [40]. Previous studies have shown that under high-temperature stress, the increased amplitude of antioxidant enzyme activities in heat-resistant mulberry leaves is higher than that in heat-sensitive varieties [41]. In the present study, we found that high-temperature stress significantly increased the activities of SOD, POD, CAT and APX, which was consistent with the trend in the accumulation of ROS such as H2O2 and O2·−. Similar results were also found in lily [42] and cucumber [43]; as such, P. ostii can remove ROS produced under high-temperature stress by inducing the activity of antioxidant enzymes and reducing damage to the structure of the cell membrane, thus becoming better adapted to the external environment. However, studies on lettuce [44] showed that the peroxidase activity decreased with the development of high-temperature stress to varying degrees. This phenomenon may be due to inconsistent changes in antioxidant enzyme activities caused by the use of different plant materials, temperatures and durations of the high-temperature treatment.

Photosynthesis is the source of energy for the growth and development of plants. The photosynthetic rate of leaves decreases to different degrees under different stresses, but previous studies on the mechanism underlying the decrease in photosynthetic rate revealed different findings. Crafts-Brandner [45] suggested that the decline in the photosynthetic rate was caused by a decrease in stomatal conductance. Under high temperature, some stomata of plants were closed, resulting in a decrease in the intercellular CO2 concentration in chloroplasts. Monneveux et al. [46], on the other hand, suggested that the photosynthetic rate was the result of the combined effect of stomatal conductance and mesophyll conductance. We found that the Pn and Gs of P. ostii decreased significantly at 5 days after high-temperature stress and continued to decrease thereafter. It is possible that the decrease in Gs caused a decrease in the Tr and Ci. Moreover, the results of SEM on P. ostii leaves showed that prolonged high-temperature stress increased leaf shrinkage and reduced the length and width of stomata, and most stomata were closed. It suggests that the stomata of P. ostii rapidly closed under high-temperature conditions to reduce water dissipation throughout the plant, preventing the absorption of CO2 by mesophyll cells and further decreasing the Pn. Additionally, compared with the control, the P. ostii chloroplast pigment concentrations and SPAD values significantly decreased under high-temperature stress. In addition, the results of TEM showed that the chloroplasts expanded and disintegrated. Therefore, high-temperature stress disrupts the integrity of the chloroplast structure and causes irreversible damage to the photosynthetic mechanism, which severely affected the photosynthesis of the plants, and is another reason for the decrease of Pn. These phenomena were consistent with findings in cherry radish [47].

High-temperature stress not only affects photosynthetic electron transfer and photophosphorylation but also damages the thylakoid lamellae and chloroplast matrix housing the photosynthetic apparatus [48]. PSII is considered to be the main site experiencing high-temperature damage, and high-temperature stress drastically affects the absorption efficiency of light energy by PSII and even inactivates the PSII reaction centre [49]. Fv/Fm is an important indicator of the photochemical efficiency of PSII, and is the most commonly used chlorophyll fluorescence kinetics parameter; changes in fluorescence are effective responses of the photochemical activity of the photosynthetic apparatus [50]. Measurements of chlorophyll fluorescence dissipation include the photochemical quenching coefficient (qP) and nonphotochemical quenching coefficient (qN), and qN can protect the photosynthetic apparatus from damage by high light. The higher the qN, the higher the capacity of plants to consume excess light energy, which can better protect the photosynthetic system. Y(NO) reflects the degree of light damage, and an increase in Y(NO) indicates that the accumulation of excess light energy in plants increases [51]. Zhao et al. [36] found that damage to the PSII reaction centre under high-temperature stress led to an increase in excess light energy, which further caused a decrease in photochemical efficiency, as evidenced by a decrease in Fv/Fm, a decrease in Y(II), and an increase in Y(NO). In the present study, Fv/Fm and Y(II) decreased with the development of high temperature stress, while qN and Y(NO) increased, which is consistent with the results of previous studies [31,52]. This shows that PSII damage in P. ostii increases under high-temperature stress, while the plant mobilizes photoprotection mechanisms to reduce high-temperature damage.

5  Conclusions

Overall, this study revealed the relationship between heat tolerance of P. ostii and changes of physiological indicators before and after high-temperature stress. On the one hand, phenotypic changes directly reflected the effect of high-temperature on the leaves of P. ostii. On the other hand, physiological experiments and leaf ultrastructure had further elucidated the growth status of P. ostii, including increased ROS accumulation and osmotic adjustment substances, damage chloroplast structure and PSII activity and decreased photosynthesis. At the same time, P. ostii reduced oxidative damage and osmotic stress by increasing the activity of antioxidant enzymes and the accumulation of proline, thus providing some protection. In the middle and lower reaches of the Yangtze River, the temperature rises rapidly after the plum rain season. In order to prevent P. ostii plants from withering and death, reasonable and effective measures should be taken as soon as possible, such as covering shading nets and interacting with economic trees to effectively reduce the stimulation of strong light, or applying some exogenous substances to improve the heat tolerance of P. ostii, so as to ensure the yield and quality of P. ostii seeds.
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