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Abstract: Tree peony (Paeonia suffruticosa Andr.) is a traditional Chinese flower, which prefers cool weather. However, high temperature in summer in the middle and lower reaches of the Yangtze River restricts its growth and development. In this study, osmotic regulation, antioxidant enzyme activities, and photosynthetic characteristics of tree peony in response to high-temperature stress were investigated. The results showed that high-temperature stress had destroyed the cell membrane, manifested as the increased relative electrical conductivity and malondialdehyde content. Moreover, high-temperature stress led to excessive accumulation of reactive oxygen species, thereby, activating antioxidant enzyme activities. Also, photosynthetic parameters and chlorophyll fluorescence parameters directly reflected the damage to the photosystem II reflection center under high-temperature stress. In addition, high-temperature stress led to stomatal closure and chloroplast damage. This study revealed the physiological responses of tree peony to high-temperature stress, laying a foundation for the promotion of tree peony in high-temperature areas and the improvement of high-temperature resistance.
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1  Introduction

Plants are affected by various environmental factors during growth and development, such as temperature, water, and light [1]. In recent years, with the global warming caused by greenhouse gas emissions, high-temperature stress has become an important factor limiting plant growth and productivity [2,3]. Studies have shown that plants can perceive high-temperature stress when 5°C higher than the optimum growth temperature, obvious symptoms of high-temperature stress can destroy of cell homeostasis [4] and thylakoid photochemical reactions in the soma sheet [5]. When the temperature increases by 10°C, carbon metabolism in the chloroplast stroma is impaired [6]. Plants are directly or indirectly damaged by high temperature. The former directly affects the composition of the cytoplasm and reacts in a short time, mainly including the increase in reactive oxygen species (ROS) [7], and damage to the cell membrane structure. The latter mainly refers to the abnormal metabolism of plants under high-temperature stress, including photosynthesis inhibition, enhanced respiration, and accumulation of toxic substances [8]. Plants first mobilize their regulatory mechanisms to adapt to high temperature when it occurs [9]. When the temperature exceeds the maximum the plant can tolerate, it may cause irreversible damage to the plant, and this damage continues throughout the life cycle.

Tree peony (Paeonia suffruticosa Andr.) is a deciduous subshrub of the Paeonia family, which is cultivated and originated in China as a traditional famous flower [10]. Tree peony is a kind of flower with highly ornamental value for varied colors and graceful appearance. In addition, it also has medicinal properties, which can be used as medicine [11]. Tree peony like cool and moderately shaded environments in summer, and the suitable temperature for growth is 17°C–20°C [12], excessive temperature will hinder its growth and development [13]. However, high temperature summer in most of the middle and lower reaches of the Yangtze River in China, which is extremely unfavorable for tree peony to grow and develop, because it can cause burns to the stems and leaves, yellow leaves, scorched edges, and even lead to early leaf wilt, affecting the next year’s flowering. Therefore, it is particularly important to study the physiological response of tree peony to high-temperature stress to improve high-temperature resistance.

Up to now, the studies on tree peony mainly have focused on the flower color [14–16], tissue culture [17], and cultivation [18]. As to the high-temperature stress, only the photosynthetic characteristic response of tree peony was reported [19]. In this study, 3-year-old potted tree peony ‘Huawang’ were used as the materials to investigate the physiological response to high-temperature stress. Firstly, we observed the changes in relative electrical conductivity (REC) and malondialdehyde (MDA) content to judge the damage to the osmotic regulation system. Secondly, ROS accumulation and protective enzyme activity were determined to measure the damage to the redox system. Photosynthetic characteristics and chlorophyll fluorescence parameters were used to evaluate the photosynthetic capacity. Finally, scanning electron microscope (SEM) and transmission electron microscope (TEM) was used to observe the opening and closing state of stomata and the degree of chloroplast damage. These results revealed the physiological responses of tree peony to high-temperature stress, which is of great significance to further popularize the planting of tree peony in the middle and lower reaches of the Yangtze River and southern regions.

2  Materials and Methods

2.1 Plant Materials and Treatment

3-year-old potted tree peony ‘Huawang’ were used as plant materials and planted in a 1:1:1 mixture of loam, peat, and perlite. Plants were divided into 3 groups with 3 pots in each group, and 3 treatments were set. One treatment was set as a control (CK-treated) that placed with a daytime temperature of 20°C and nocturnal temperature of 15°C. The second treatment was set as medium temperature treatment (MT-treated) placed with a daytime temperature of 30°C and nocturnal temperature of 25°C. The third treatment was set as high-temperature treatment (HT-treated) placed with a daytime temperature of 40°C and nocturnal temperature of 35°C. Each group was given 60% humidity, 14 h (5:00–19:00) in the daytime, and 10 h (19:00–5:00) at night. Samples were collected at the time heat injury symptoms occurred. The photosynthetic characteristics that were measured from 8 a.m. to 9 a.m., chlorophyll fluorescence parameters, REC, and other physiological indicators of the 3 groups were measured first. 2.5% glutaraldehyde solution was used to fix a small number of samples, and the remaining samples were stored at −80°C.

2.2 Determination of SPAD Value and Chlorophyll Content

Avoided the main leaf veins, the leaves at the third node from top to bottom were selected. The determination of Soil Plant Analysis Development (SPAD) value was recorded by SPAD-502 portable chlorophyll sensing instrument (Konica Minolta Sensing, Japan). Each plant in each group was measured 3–6 times.

We weighed 0.1 g tree peony tissue sample into a mortar, added a small amount of quartz sand, calcium carbonate powder, and 2–3 mL 95% ethanol (or 80% acetone), and then ground it thoroughly. 10 mL ethanol was added and ground until the tissue turns white, then let it stand for 5 min. Placing the filter paper in the funnel, we poured the extract along the glass rod into the funnel and filtered it into the brown volumetric flask. Using ethanol to absorb all the chlorophyll on the filter paper into the volumetric flask until there is no green residue. Finally, we used ethanol to a constant volume of 25 mL and shook it well. The absorbance of chlorophyll extract was measured at 665, 649, and 470 nm.

2.3 Determination of REC and MDA Content

REC was determined according to the method reported by Xu et al. [20]. After rinsing the leaves with distilled water, a 1 cm hole punch was used to punch holes in the leaves, then a 0.1 g sample will be weighed into a syringe containing a small amount of deionized water. The sample was transferred to a glass tube filled with 20 mL of deionized water for 4 h after vacuuming. The initial solution conductivity (C1) and deionized water conductivity (C0) were measured with a conductivity meter (DDS-307, China Lei Magnetic Instrument Co., Ltd., China). The glass tube was heated in boiling water for 30 min, cooled to room temperature, and the conductivity (C2) was measured. REC is calculated according to the following formula: REC (%) = (C1–C0)/(C2–C0) × 100%.

Reference Kit for MDA content determination (Beijing Solarbio Biotechnology Co., Ltd., China).

2.4  ROS Measurements

The accumulation of H2O2 was observed by diamino aniline (DAB) staining. DAB was prepared with 50 mM Tris-acetate buffer at pH 5.0 and 0.1 mg/mL. The fresh leaves were soaked in DAB dye and treated with darkness for 24 h. The leaves were then bathed in boiling water with 95% ethyl alcohol for 15 min before being removed and photographed by fluorescence microscope (Axio Imager D2, ZEISS, Germany). Reference Kit for determination of H2O2 content (Beijing Solarbio Biotechnology Co., Ltd., China).

The accumulation of O2·− was determined using a kit (Shanghai Haling Biotechnology Co., Ltd., China). Avoiding the main veins, fresh leaves were quickly cut with a double-sided blade and placed cut samples were on glass slides and rinsed with cleaning solution, then blotted dry with absorbent paper. 10 μL of fluorescent dye ethidium bromide (DHE) was added dropwise to the surface of the sample and incubated in the dark at 37°C for 20 min. Reference Kit for determination of O2·− content (Beijing Solarbio Biotechnology Co., Ltd., China).

2.5 Determination of Antioxidant Enzyme Activities

Antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), were determined by spectrophotometry (BioPhotometer, Eppendorf, Germany) according to the instructions of the corresponding kits (Suzhou Corning Biotechnology Co., Ltd., China).

2.6 Photosynthetic Characteristics

Photosynthetic characteristics were determined with a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, USA). The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) were recorded separately by measurements taken from 8 a.m. to 9 a.m.

2.7 Chlorophyll Fluorescence Parameters

Plants should be allowed to stand in a dark environment for not less than 4 h before assaying. A chlorophyll fluorescence spectrometer (Heinz Walz GmbH, Germany) was used to measure chlorophyll fluorescence parameters. Using the built-in data processing software PAM Win, we measured and calculated the minimal fluorescence yield of the dark-adapted state (Fo), the maximal quantum yield of PSII (Fv/Fm), the effective quantum yield of PSII photochemistry (Y(II)) and the nonphotochemical quenching coefficient (qN) of chl fluorescence parameters.

2.8 Observation of Anatomy

The surface of the leaves was observed by SEM. To avoiding leaf veins, we cut fresh leaf samples into small pieces with a razor blade according to the standard of 3 mm × 3 mm and placed them in 2.5% glutaraldehyde solution for more than 2 h. The samples were washed three times with 0.1 mol/L PBS buffer for 15 min each time. The gradients of 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethyl alcohol were used to dehydrate samples for 15 min. The dehydrated samples were then transferred to ethanol containing anhydrous sodium sulfate. After being dried and sprayed with gold (EIKO IB-3, Hitachi, Japan), samples were observed by SEM (Philips XL-30, ESEM, Holland).

Moreover, the anatomical details of leaves were observed by TEM. Similarly, the samples were cut into small pieces of 1 mm × 1 mm with a blade avoiding the veins and fixed in 2.5% glutaraldehyde solution for more than 2 h. Samples were processed before observation. First, the samples were washed 3 times with 0.1 mol/L PBS buffer for 15 min each time. 1% osmic acid was used to fix the samples for 4 h and then washed with 0.1 mol/L PBS buffer three times for 15 min each time. The samples were dehydrated with the above-graded alcohol for 15 min each. The dehydrated samples were treated with anhydrous sodium sulfate in acetone for 15 min and then embedded in resin. Finally, the samples were cut into slices around 70 nm using Leica EM UC6 ultramicrotome (EM UC6, Leica, Germany). Finally, the mesophyll cells and chloroplasts were observed and imaged via TEM (Tecnai 12, Philips, Holland).

2.9 Statistical Analysis

All data were repeated 3 times and expressed as mean ± standard deviation. Statistical analysis software package SAS/STAT (version 6.12, SAS Institute, Cary, NC, USA) was used for variance analysis, and GraphPad Prism7 software was used to draw figures.

3  Results

3.1 Effect of High-Temperature Stress on Plant Phenotype

The phenotypes of tree peony varied under different growth temperatures (Fig. 1). On the 12th day of high-temperature stress, we found that the leaves of HT-treated tree peony turned yellow, and scorched spots appeared on the leaf edge. While the morphological difference between CK and MT is not obvious, the color of MT-treated leaves fades from the edges and the CK-treated still maintain healthy growth, and the leaves remain green.
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Figure 1: Effect of high-temperature stress on tree peony phenotype. CK: control, 20/15°C; MT: medium-temperature treatment, 30/25°C; HT: high-temperature treatment, 40/35°C

3.2 Effect of High-Temperature Stress on SPAD Value and Chlorophyll Contents

With the increase in temperature, the SPAD value also decreased significantly (Fig. 2A). Compared with the CK-treated tree peony, the SPAD value of the MT-treated tree peony decreased by about 10%, while the SPAD value of the HT-treated tree peony changed the most obviously, with a reduction of about 50%.
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Figure 2: Effect of high-temperature stress on SPAD value and chlorophyll contents of tree peony. (A): SPAD value. (B): Chlorophyll a content. (C): Chlorophyll b content. (D): Chlorophyll (a + b) content. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

Similarly, chlorophyll contents of the tree peony were significantly reduced under high-temperature treatment, and chlorophyll a, chlorophyll b, and chlorophyll (a + b) respectively decreased by 87%, 73%, and 27% compared with the tree peony under CK treatment (Figs. 2B–2D).

3.3 Effect of High-Temperature Stress on REC and MDA Content

Membrane lipid peroxidation often occurs when plants were damaged, which eventually led to MDA production [21]. Compared with the CK-treated tree peony, MDA content in the MT-treated tree peony was significantly up-regulated. In addition, MDA content in HT-treated tree peony was also significantly up-regulated that about 5 times that of the CK-treated tree peony (Fig. 3A).
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Figure 3: Effect of high-temperature stress on osmotic regulation system of tree peony. (A): MDA content. (B): REC. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

The REC can characterize the degree of damage to plant cell membranes. There was no significant difference between CK-treated and MT-treated tree peony in REC, while high-temperature treatment led to the greatest degree of damage to the plant cell membrane of tree peony, and the corresponding REC was also the largest, which reached 32.7% (Fig. 3B).

3.4 Effect of High-Temperature Stress on ROS Accumulation

The fluorescent probe and DAB staining were used to observe the accumulation of O2·− and H2O2 content in leaves. In the leaves of the CK-treated tree peony, we did not observe the appearance of red fluorescence, and the staining of the leaves was light yellow. However, In MT-treated and HT-treated leaves, the red fluorescence signal was enhanced, especially in HT-treated leaves, the fluorescence signal was the strongest and the staining showed dark brown (Figs. 4A, 4B). In particular, the staining of the upper part of the leaves was significantly deepened, which might be related to the scorch of the edges, indicating that HT-treated leaves were the most seriously damaged.
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Figure 4: Effect of high-temperature stress on ROS accumulation of tree peony. (A): Observation of O2·− accumulation by DHE fluorescent probe. (B): Observation of H2O2 accumulation by DAB staining. (C): O2·− content and production rate. (D): H2O2 content. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

The contents of O2·− and H2O2 in leaves also reflected the above results. The O2·− content and production rate of HT-treated tree peony both increased 10 times that of CK-treated tree peony (Fig. 4C). The H2O2 content of HT-treated tree peony also increased 2 times that of CK-treated tree peony (Fig. 4D).

3.5 Effects of High-Temperature Stress on Antioxidant Enzyme Activity

The activities of antioxidant enzymes of tree peony were positively correlated with increased temperature (Fig. 5). Compared with CK-treated tree peony, MT-treated tree peony had higher activity of SOD, POD, and CAT, and the activity of APX also increased to a certain extent, while the degree of it is not significant as that of CK-treated. By comparison, the antioxidant enzyme activity changed more significantly under high-temperature treatment, and SOD, POD, CAT, and APX activities increased by 53.6%, 71%, 58.0%, and 73.5%, respectively.
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Figure 5: Effect of high-temperature stress on antioxidant enzyme activity changes of tree peony. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

3.6 Effects of High-Temperature Stress on Photosynthetic Parameters

The photosynthetic parameters of tree peony changed significantly with the increase in temperature (Fig. 6). Compared with CK, the Gs, Tr, Ci, and Pn all decreased significantly under HT-treated tree peony. The Gs value was only 51.9% of CK-treated tree peony under high-temperature stress, Tr was only 40.9% of CK, its Ci value decreased by 38.6% compared with that of CK, and Pn was only half of CK. The photosynthetic parameters of leaves under MT also showed a downward trend, but not significantly. The decrease in photosynthetic parameters indicated that high-temperature stress inhibited the photosynthesis of tree peony.
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Figure 6: Effects of high-temperature stress on photosynthetic characteristics of tree peony. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

3.7 Effects of High-Temperature Stress on Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters of tree peony also changed with the increase in temperature (Fig. 7). Compared with CK-treated tree peony, the values of Fv/Fm and Y(II) in tree peony under medium-temperature treatment showed a decreasing trend, while the values of qN and Y(NO) increased. When high temperature occurred, the values of Fv/Fm and Y(II) were only 58.4% and 14.5% of CK, while the values of qN and Y(NO) were 80.3% and 68.4% higher than those of CK. Significant changes in chlorophyll fluorescence parameters indicated that high-temperature stress damages the PSII reflection center.
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Figure 7: Effects of high-temperature stress on chlorophyll fluorescence parameters. Values represent the mean ± standard deviation (SD) and different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05)

3.8 Effect of High-Temperature Stress on Leaf Ultrastructure

It was observed by SEM that the stomata of tree peony leaf gradually contracted, and the number gradually decreased with the increase in temperature (Fig. 8). A total of about 26 stomata were observed in the CK-treated tree peony, and about 77% were open. With the increase in the temperature, under MT-treated tree peony, the stomata gradually shrunk and closed in a small amount, the open stomata accounted for only 42 of the total. However, under HT-treated tree peony, nearly half of the stomata were closed, and the remaining stomata shrunk to varying degrees. It can be observed that the stomata gradually open, shrink, and finally close with the increase in temperature through the enlarged image.
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Figure 8: Effects of high-temperature stress on epidermis and stomata of tree peony. (A): SEM of CK-treated tree peony leaf. (B): SEM of MT-treated tree peony leaf. (C): SEM of HT-treated tree peony leaf. (D): SEM of partial enlargement of (A). (E): SEM of partial enlargement of (B). (F): SEM of partial enlargement of (C)

Then, TEM was used to observe the state of mesophyll cells and chloroplasts in tree peony leaves (Fig. 9). Compared with CK-treated tree peony, the mesophyll cells of MT-treated tree peony were gradually compressed and deformed, and the chloroplasts tended to disintegrate. The observation results of HT-treated showed that under high-temperature stress, the mesophyll cells of tree peony leaves were completely deformed, and the chloroplasts were also completely disintegrated.
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Figure 9: Effects of high-temperature stress on mesophyll cells and chloroplasts of tree peony. (A): TEM of CK-treated tree peony leaf. (B): TEM of MT-treated tree peony leaf. (C): TEM of HT-treated tree peony leaf. (D): Chloroplasts of CK-treated tree peony leaf. (E): Chloroplasts of MT-treated tree peony leaf. (F): Chloroplasts of HT-treated tree peony leaf. CH-chloroplast

4  Discussion

High-temperature stress is one of the most common abiotic stresses, which results in a large amount of water loss and enhances transpiration in plants. The leaf is the main vegetative organ for the photosynthesis and transpiration of plants. In this study, CK, MT, and HT-treated tree peony were set, and tree peony leaves under high-temperature stress showed a large area of yellowing, accompanied symptoms of high-temperature stress, such as scorch spots. This phenotype was also observed in peonies used in the same family of Paeonia ostii [22], under high-temperature stress. In addition to the two treatments included in Wang’s study [22], we added a medium-temperature treatment to our study to gain a more comprehensive understanding of the effects of temperature rise on the physiological characteristics of the materials. This allowed us to better identify which indicators are sensitive to temperature rise and which show significant differences only under high-temperature treatment, thus enabling us to take the necessary measures to optimize and improve the phenotype of materials in different environments and ensure their commercial value. Moreover, her object is P. ostii, focusing on the response of plant growth and development under high temperature to the yield and quality of seed oil after flowering and fruiting. In our study, tree peony was used as plant material, which paid more attention to ornamental value.

Cell membrane is the most sensitive part of the leaf to respond to high temperature. High-temperature stress will lead to the accumulation of a large number of O2·− and H2O2 in the plant [23], causing protein and nucleic acid denaturation, further leading to cell membrane damage and lipid peroxidation, expressing by excessive accumulation of ROS [24]. DAB staining was used to observe the color of the stained leaves, and the red fluorescence signal was detected by O2·−. Zhang et al. [21] reported that DAB staining of herbaceous peony leaves was significantly deepened and browned under high-temperature stress, and the observation of O2·− showed that the red fluorescence signal was significantly stronger than CK. The results were consistent with those in our study, and it could be seen that the accumulation of ROS in tree peony showed a progressive trend with the increase in temperature. High-temperature stress resulted in ROS accumulation, which may be an important reason for the damage to chloroplast membrane structure and grana lamella. While high-temperature stress destroys the lipid structure of the cell membrane, the membrane-dependent signal transmission system and metabolic system are disturbed, which eventually leads to the loss of the ability of selective absorption of the inner membrane system, the extravasation of cell fluid, and the increase in electrolyte permeability [25]. REC is an index to measure the stability of the cell membrane, and the higher the REC value, the worse the cell membrane homeostasis [26,27]. The values of REC of HT-treated tree peony increased, indicating that high-temperature stress could lead to plasma membrane damage and decreased osmotic regulation ability, and our results were consistent with those of Wang et al. [22] and Zhang et al. [28]. MDA is the final product of membrane lipid peroxidation and can cause severe damage to biofilms. MDA can undergo a chain polymerization reaction with the enzyme protein, and the enzyme protein is therefore inactivated that causing plant damage. Similarly, the MDA content of tree peony leaves also increased significantly under HT-treated. MDA content was promoted by high-temperature stress. This was consistent with the report of P. ostii [29] under high-temperature stress, and other abiotic stresses, such as drought stress [30,31] and chilling stress [32].

Plants can spontaneously induce osmotic regulation and catalyze a series of antioxidant enzymes under high-temperature stress, thus removing excess ROS and alleviating the damage of high-temperature stress [33]. Antioxidative enzymes mainly include SOD, POD, CAT, and APX, which act synergistically against oxidative damage induced by stress [34]. The activity of antioxidant enzymes will increase when plants are under stress. In this study, the activities of SOD, POD, CAT, and APX all increased with the increase in treated temperature, and the activities of the 4 enzymes were the highest at 40°C, indicating that tree peony could reduce the damage caused by high temperature by enhancing the activity of antioxidant enzymes, and improve the ability to scavenge ROS, and this result was consistent with that of Amaranthus tricolor [35], lily [36] and cucumber [37]. Although the APX enzyme activity under MT was higher than that of CK, it was not statistically significant, which might be caused by the differences between samples. When the temperature rose to 40°C, the antioxidant enzyme activities of the 6 chrysanthemum varieties all dropped significantly to varying degrees, indicating that the high temperature at this time had exceeded the maximum that the practical chrysanthemum could withstand [38]. When the degree of stress reaches a certain level, the activity of antioxidant enzymes in plants will reach saturation, and continued stress will lead to a decrease in their activity. Similar conclusions have also been reported in honeysuckle [39] and marigold [40].

Photosynthesis is the basis of plant growth and development, and temperature changes often lead to changes in the ability of photosynthesis [41], and plant photosynthesis is inhibited by high-temperature stress [42]. Photosynthesis can be measured by the level of chlorophyll content. Under high-temperature stress, the chlorophyll content in the HT-treated leaf was significantly lower than that of CK and MT-treated. The chlorophyll content is not the only indicator for measuring photosynthesis. Photosynthetic parameters and chlorophyll fluorescence parameters also can be used to measure plants’ photosynthesis ability more intuitively. The physiological indices of the 3 groups of tree peony were significantly different on the 12th day of treatment. The photosynthesis of plants is mainly measured by the values of Pn, Ci, Gs, and Tr. Studies show that the photosynthesis of plants will change with the degree and time of stress [21,29,30]. The Pn, Ci, Gs, and Tr of tree peony were significantly decreased under HT-treated. This indicated that plants activated their defense mechanism by closing stomata under high-temperature stress, resulting in a downward trend in Pn and other indices. Chlorophyll fluorescence parameters are a set of variables or constant values used to describe the photosynthesis mechanism and photosynthetic physiological status of plants, which reflect the characteristics of plant ‘intrinsic’ and are regarded as intrinsic probes for studying the relationship between plant photosynthesis and the environment [43]. Fv/Fm is a parameter to measure the maximum light and efficiency of photosystem II, and Y(II) represents the actual light and efficiency of photosystem II. When plants are stressed, Fv/Fm decreases, and the decrease in Fv/Fm is an important indicator of photoinhibition [44]. qN and Y(NO) can reflect the strength of plant photoprotection to a certain extent. The result showed that Fv/Fm and Y(II) of tree peony decreased significantly when high-temperature stress occurred, then the light energy conversion efficiency of PSII of tree peony decreased significantly, which induced the imbalance between electron transport and photochemical activity, and finally seriously damaged chloroplasts, so the light energy conversion efficiency of peony decreased. The increase in Y (NO) and qN indicates the damage caused by excessive or strong light [45], which may be caused by the intense light accompanying the process of high-temperature stress on tree peony. Our study revealed the effect of high-temperature stress on photosynthesis in tree peony, which was consistent with previous studies [46–48].

5  Conclusion

In conclusion, this study revealed the response of tree peony to high-temperature stress through morphological observation, physiological index measurement, and ultrastructure observation. The changes in plant surface shape under high temperature directly reflect the damage of high-temperature stress on tree peony. The measurement of physiological indices and observation of ultrastructure also proved that high-temperature stress harms the osmotic regulation, ROS accumulation, and photosynthesis of tree peony. However, the increased activity of antioxidant enzymes also reflected the spontaneous protective effect of plants. In the middle and lower reaches of the Yangtze River and the southern region, protective measures should be taken as soon as possible, such as spraying exogenous substances and application of facilities, to reduce the damage caused by high temperature to tree peony to improve the yield and quality, even accelerating the promotion in the southern region, and laying a foundation for the improvement of high-temperature tolerance of tree peony.
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