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Photosynthetic and
physiological responses of
different peony cultivars
to high temperature

Wen Ji1†, Erman Hong1†, Xia Chen2†, Zhijun Li2, Bangyu Lin2,
Xuanze Xia2, Tianyao Li2, Xinzhang Song1*,
Songheng Jin2* and Xiangtao Zhu1,2*

1State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou, China,
2College of Jiyang, Zhejiang A&F University, Zhuji, China
In order to investigate the causes of the differences in heat tolerance (‘Lu He

Hong’ and ‘Zhi Hong’), we studied the physiological changes, photosynthetic

properties and regulatory mechanism of the two peony cultivars at high

temperature. The results showed that the physiological changed of different

peony cultivars varied significantly under high temperature stress. With the

extension of high temperature stress time, MDA content of 'Lu He Hong'

increased,while 'Zhi Hong' rised first and then decreased, SOD activity of 'Lu

He Hong' rised first and then decreased, that of 'Zhi Hong' kept rising, POD

activity of 'Lu He Hong' kept decreasing, while 'Zhi Hong' rised. The

photosynthetic instrument records the change of peony photosynthesis

parameters at high temperature; the chlorophyll A (Chla) fluorescence

transient is recorded using the plant efficiency analyzer (PEA), analyzed

according to the JIP test (O-J-I-P fluorescence transient analysis), and

several parameters were derived to explain the photosynthetic efficiency

difference between different peony cultivars. The tested cultivars responded

differently to the survey conditions, and the PCA analysis showed that the ‘Zhi

Hong’ was more well tolerated and showed better thermal stability of the PSII.

The reduced efficiency of the ‘Lu He Hong’ PSII antenna leads to higher heat

dissipation values to increase the light energy absorbed by unit reaction center

(ABS/RC), the energy captured by unit reaction center (TR0/RC), and the energy

dissipated by unit reaction center (DI0/RC), which significantly leads to its lower

total photosynthetic performance (PItotal). The light capture complex of the

variety ‘Zhi Hong’ has high connectivity with its reaction center, less damage to

OEC activity, and better stability of the PSII system. The results show that ‘Zhi

Hong’ improves heat resistance by stabilizing the cell membrane, a strong

antioxidant system, as well as a more stable photosynthetic system. The results

of this study provide a theoretical basis for the screening of heat-resistant
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peonies suitable for cultivation in Jiangnan area and for the selection and

breeding of heat-resistant cultivars.
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Introduction

In recent years, with frequent occurrence of extreme

weather, global climate change, mainly characterized by

temperature rise, has become the focus of worldwide concern

(Yu, 2019). High temperature is an important factor affecting

crop productivity and plant growth in many regions of the world

(Lesk et al., 2016). High temperature stress can adversely affect

seed germination and seed viability, leading to thermal damage

or death of seeds (Bita and Gerats, 2013). High temperature lead

to various plant physiological changes such as scorched leaves

and stems, leaf abscission and senescence, stem and root growth

inhibition or reduced numbers, pollen tube growth and pollen

sterility, and fruit damage leading to catastrophic loss of crop

yield resulting in severe loss of productivity (Hemantaranjan

et al., 2014). For example, high temperature can have a

significant negative impact on the reproductive phenological

stages of flowering, silk formation and seed filling in maize

(Tiwari and Yadav, 2019), common bean plants are subjected to

high temperature stress that restricts pollen tube growth and

reduces pollen viability, resulting in low pod and fruit set rates

(Gross and Kigel, 1994), rice tasseling and flowering above 35°C

do not proceed normally and fertilization rates are significantly

reduced (Morita et al., 2005). To counteract the damage caused

by high temperature, plants have developed various defense

mechanisms by regulating a variety of physiochemical

mechanisms such as growth inhibition, leaf senescence, and

basic physiological processes (Fahad et al., 2018), including a

complex metabolic regulatory process called the heat shock

response (Mittler et al., 2012).

Plants subjected to fairly common stresses, such as warmer

summer conditions, respond by small but significant changes

(Strasser and Tsimilli-Michael, 2001). Tests used to study changes

induced by high temperature need to be very sensitive and

informative. A very effective method is the measurement of Chla

fluorescence, which can provide qualitative and quantitative

information about the physiological state of photosynthetic

organs, especially photosystem PSII. Numerous studies have

shown that transient fluorescence kinetics is highly sensitive to

various environmental changes (Kalaji et al., 2014a). Chlorophyll

fluorescence kinetics is widely used in environmental science,

agronomy, and plant science because of its fast, sensitive, and
02
noninvasive properties (Strasser et al., 2004). Typical fast

chlorophyll fluorescence induction kinetic curves have phases O,

J, I, and P (Strasser and Govindjee, 1991), and in addition to these

basic steps, some special stresses have been found under the L-

(~150 ms) and K- (~300 ms) steps, as well as G- andH-steps between
phases I-P (Strasser et al., 2004). The quantitative analysis of the

fluorescence uptake kinetics O-J-I-P curve, called the JIP test based

on the “biofilm energy flux theory” (Strasser and Strasser, 1995),

translates the qualitative changes of the fluorescence uptake kinetics

O-J-I-P curve into quantitative changes of selected

phenomenological and biophysical-structural-functional

parameters. proven to be a powerful and popular tool for

quantifying PSII architecture and behavior (Tsimilli-Michael, 2019).

Peony (Paeonia suffruticosa Andr.) is one of the traditional

flowers of China. It has a broad market prospect because of its

tall, colorful and beautiful flowers. It can be used as potted

flowers, cut flowers and horticultural materials to form a unique

seasonal landscape (Li et al., 2011; Xue et al., 2018). Peony is

suitable for cool climate and does not tolerate high temperature.

In contrast, the summer in Jiangnan is hot and rainy, so peony

growth and cultivation in Jiangnan is more influenced by climate

(Zhang et al., 2015; Zhu et al., 2021). Summer is a critical period

for rapid growth of peony leaves, nutrient accumulation and

flower bud differentiation, but the high temperature in summer

is the main reason that prevents peony from being widely

cultivated in Jiangnan (Wang et al., 2012). Therefore, it is of

great significance to study and master the growth and

development rules of peony under high temperature stress to

solve the problems of breeding of resistant peony cultivars,

adjustment of variety structure and exploration of cultivation

technology. However, recent studies have mainly focused on

peony flower color (Gu et al., 2019; Guo et al., 2019) and seed oil

extraction (Sun et al., 2017; Li et al., 2021). Effective protocols for

micropropagation and the effects of different medium

compositions and exogenous hormones on healing browning

have also been investigated (Wen et al., 2016; Zhou et al., 2016).

Few studies on heat tolerance of peony have been reported,

mainly focusing on the photosynthetic characteristics and

physiological and biochemical changes molecular mechanisms;

the effect of exogenous hormone addition on high temperature

tolerance of peony. It was found that high temperature stress

inhibits the activity of superoxide dismutase, intensifies the
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production of H2O2 and malondialdehyde, inhibits the activity

of PSI and PSII and causes damage to the photosynthetic

machinery (Luo et al., 2011; Liu et al., 2012; Liu, 2019);

exogenous abscisic acid and epilactone can improve the high

temperature tolerance of peony (Wu et al., 2018; Ren et al.,

2018); and heat shock proteins and heat tolerance genes were

identified and verified (Zhang et al., 2015; Liu et al., 2019).

Studies on the mechanisms of photosynthesis inhibition by high

temperature and on the differences in tolerance to high

temperatures in different peony cultivars have been limited so

far. The aim of this study was to investigate the daily responses

of two peony cultivars at the photosynthetic level under high

temperature conditions. We evaluated and analyzed the

photochemical adaptations of the investigated peony cultivars

using photosynthetic parameters and JIP tests. To explore the

causes of heat tolerance differences among different peony

varieties, it provides the selection of heat resistant peony for

suitable cultivation in Jiangnan region and the theoretical basis

for the breeding of heat resistant varieties.
Materials and methods

Plant materials and treatments

In November 2020, four-year-old peony plants (‘Lu He Hong’

and ‘Zhi Hong’) with consistent growth and healthy were selected

and planted in plastic pots with an upper diameter of 28 cm, a

lower diameter of 19 cm and a height of 23 cm. In June 2021, the

experimental material was domesticated using an artificial climate

chamber for 7 days, with a 25°C/20°C day and night cycle, air

humidity set at 70%, light intensity set to 4000lx, and a daily light

time to dark time ratio of 14h/10h. On day 8, the peony plants

were divided into two groups: ‘Lu He Hong’ and ‘Zhi Hong’, and

three plants in each group were treated at 40°C/35°C daily cycle at

high temperature, with environmental conditions consistent with

domestication. In addition, samples were sampled at 0,2,4, and 6

days after treatment. During sampling, photosynthetic and

chlorophyll fluorescence parameters were measured first

measured, then leaves were taken for stress physiological

indicators and protective enzyme activity assays. In addition, all

the leaves were fully expanded, and the upper growth and healthy

functional leaves (the first pair of leaves under the top bud)

were selected.
Determination items and methods

Stress physiological index and antioxidant
enzyme activity measurement

The 0.1g leaves were first ground into fine powder in liquid

nitrogen for subsequent indicator determination. The activities

of malondialdehyde (MDA) content, superoxide dismutase
Frontiers in Plant Science 03
(SOD, EC 1.15.1.1), and peroxidase (POD, EC1.11.1.7) were

evaluated by the kit instructions (Suzhou Keming).

Determination of photosynthetic parameters
Photosynthetic parameters of peony leaves under high

temperature treatment were measured in June 2021. The

healthy functional leaves with similar growth in the middle

and upper periphery of the plant (the first pair of leaves in the

terminal bud) were selected, and LI-6400 portable

photosynthesis instrument (LI-Cor6400XT PSC-4817, The net

photosynthetic rate (Pn), stomatal conductance (Gs),

intercellular CO2 concentration (Ci) and transpiration rate

(Tr) of peony leaves were measured every morning (9:00-11:00

on sunny days), with three leaves per plant were measured in

different cultivars in triplicate. The first determination of

the blades should be numbered and marked for the

next determination.

Stomatal limitation value (Ls)=1-Ci/Ca, where Ci denotes

the intercellular CO2 concentration and Ca denotes the

atmospheric CO2 concentration (CO2a). Water use efficiency

(WUE) reflects the amount of CO2 assimilated per unit of water

content transpired by the plant and is expressed as the ratio of

net photosynthetic rate to transpiration rate: WUE=Pn/Tr.

Chlorophyll fluorescence measurements
The rapid chlorophyll fluorescence induction kinetic

curve (OJIP curve) and related parameters of peony leaves

under high temperature treatment were measured using a

Handy PEA plant efficiency analyzer (Hansatech, UK) from

9:00 to 11:00 am. The dark responses were measured by

clamping the same leaves with dark-adapted clamps for

30 min before the measurement. Three leaves for different

varieties were repeated three times. After the first test, the

leaves should be labeled for continuous determination.

Statistical analysis
Principal component analysis (PCA) is an effective tool for

analyzing parameters and sample clustering, and is used to

study the distribution patterns of OJIP parameters and

treatments. In SPSS 25 software, the default setting is PCA/

exploratory factor analysis using the maximum variance

method. The process is as follows: Analysis ! Dimensionality

Reduction ! Factor Run this process for factors. The rotated

component matrices of the selected “JIP-test parameters” and

the “principal component factor score table” were preformed on

the two-dimensional plane consisting of PC1 and PC2. The

posterior parameter distributions were plotted using the

component matrix table.

SPSS 25 software was used for one-way ANOVA, Excel and

Origin2021 software were used for data processing and

mapping. Fisher’s least significant difference was used for

mean comparison (P<0.05).
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Results

Effects of high temperature stress
on plant morphology of different
peony cultivars

In this study, morphological changes of different peony

cultivars were observed under high temperature treatment at

40°C (Figure 1). The results showed that the growth status of

peony changed significantly under high temperature

treatment. Among them, ‘Lu He Hong’ changed greatly, the

leaves began to wilt after 2 days, and the leaves shrank and

branches drooped on the 4th day. By the 6th day, the leaves are

yellow and dry, the branches droop severely, and the plant was

wilted seriously. The ‘Zhi Hong’ variety showed strong heat

resistance, with the extension of high temperature treatment

time, the leaves kept vitality, only showed a slight droop of

branches and yellow leaf tip morphological changes, until 25

days of high temperature treatment, the plants still maintained

good vitality.

Effects of high temperature stress on oxidative
stress of different peony cultivars

High temperature stress can cause membrane lipid

peroxidation damage in peony (Figure 2). At 40°C, the content

of MDA in Lu He Hong increased significantly and reached the

peak on the 6th day, which was 39.05% higher than that in the

untreated condition. However, MDA content in Zhi Hong leaves
Frontiers in Plant Science 04
increased first and then decreased, reached the maximum on the

second day, and then returned to the untreated level.
Effects of high temperature stress
on antioxidant enzymes of different
peony cultivars

High temperature stress had a significant effect on the activities

of POD and SOD. As shown in Figure 3A, the POD activity of Lu

He Hong showed a downward trend, decreasing by 59.50, 62.49

and 73.03% on day 2, day 4 and day 6. The POD activity of leaves

after high temperature stress was always higher than that of leaves

without high temperature stress, which was 1.94 times higher than

that of leaves without high temperature stress. The SOD activity of

Lu He Hong leaves increased first and then decreased with the

extension of high temperature stress time, while Zhi Hong showed

a trend of decreasing first and then increasing (Figure 3B).
Effects of high temperature stress on
photosynthetic parameters of different peony
cultivars

High temperature effect the photosynthetic characteristics of

leaves of different cultivars of peony (Figures 4, 5). Under high

temperature, the net photosynthetic rate of the two cultivars of

peony decreased to different degrees, among which, the net

photosynthetic rate of ‘Lu He Hong’ decreased seriously, with a

large decrease in 0-2 days, and slowly decreased two days later.
FIGURE 1

Effects of high temperature stress on morphology P. suffruticosa plantsof ‘Lu He Hong’ and ‘Zhi Hong’ cultivars.
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The ‘Zhi Hong’ began to rise after two days and returned to

normal levels of net photosynthetic rate.

Under high temperature treatment, the intercellular CO2

concentration (Ci) and stomatal limit (Ls) of leaves of different

peony cultivars changed significantly (Figures 5A, B). ‘Lu He

Hong’ showed an upward trend first, then a downward trend

and finally an upward trend; ‘Zhi Hong’ showed a trend of first

decline, then rise and finally decline. The stomatal limit value

was opposite to Ci.
Frontiers in Plant Science 05
The ‘Zhi Hong’ first decreased and then increased, and the

stomatal conductance began to increase after the second day. ‘Lu

He Hong’ showed a trend of first decline, then rise and finally

decline (Figure 5C).

Water use efficiency (WUE) is a key physiological

indicator to judge whether plant growth is under stress. In

this study, it was found that high temperature stress had an

impact on water use efficiency of different peony cultivars

(Figure 5D). The water use efficiency of leaves of ‘Lu He Hong’
FIGURE 2

Effects of high temperature stress on oxidative stress in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. Different
letters in the same column indicate signifificant differences at the 0.05 level.
BA

FIGURE 3

Effects of high temperature stress on oxidative stress in P. suffruticosa plants of 'Lu He Hong' (LHH) and 'Zhi Hong' (ZH) cultivars. (A) peroxidase
(POD); (B) Superoxide dismutase(SOD). Different letters in the same column indicate significant differences at the 0.05 level.
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decreased gradually with the extension of high temperature

treatment time. Although the water use efficiency of ‘Zhi

Hong’ fluctuated, it was always higher than that of ‘Lu

He Hong’.
Effects of high temperature stress on
chlorophyll fluorescence of different
peony cultivars

By constructing variable fluorescence curves, the changes

of photosynthetic properties of different peony cultivars

during leaf natural senescence were studied (Figure 6). The

results showed that with the extension of high temperature

treatment time, the fluorescence values of all cultivars of

peony decreased in different degrees. The fluorescence value

of ‘Lu He Hong’ decreased greatly (Figure 6A), while that of

‘Zhi Hong’ did not decrease significantly (Figure 6B).

In measurements, an additional step labeled K and L steps

appeared at 300ms and 150ms of the fluorescence transient,

respectively. The appearance of L and K bands at high

temperature reflects the transient values of these grades,

with significant differences among cultivars in L and K

bands (Figure 7). L-peak can indicate aggregation between

different components of PSII or energy transfer connectivity
Frontiers in Plant Science 06
between antenna pigment and RCs, the active reaction center

of PSII. The L-band of ‘Lu He Hong’ presented a negative

transient value at 0-4 days of high temperature treatment, and

a positive L-band at 6 days of high temperature treatment

(Figure 7A). The L-band of ‘Zhi Hong’ showed a positive

transient value when it was exposed to high temperature for 2

days, and a negative transient value when it was exposed to

high temperature for 4-6 days (Figure 7C). The presence of K-

band indicates the inactivation of OEC on the donor side of

PSII. K-band is often observed in plants exposed to high

temperatures and is an indicator of OEC damage. The K-band

of ‘Lu He Hong’ showed a positive and rising trend

(Figure 7B). After 2 days of high temperature treatment, the

K-band of ‘Zhi Hong’ showed a positive value, and 4-6 days,

the K-band showed a negative transient value (Figure 7D).

Another fluorescence normalized WIP (normalized by I- and

P-step) ascent kinetics, WIP=0.5 can be used to reflect the

reduction rate of the electron receptor at the end of the PSI

receptor side (Figure 8). With the extension of high temperature

time, the WIP of the two peony cultivars changed significantly,

and there were significant differences among the cultivars. The

time of WIP value of 0.5 was gradually decreased. The initial

value of ‘Lu He Hong’ (Figure 8A) is smaller than that of ‘Zhi

Hong’ (Figure 8B), but the variation range of ‘Lu He Hong’ is

smaller than that of ‘Zhi Hong’.
FIGURE 4

Effects of high temperature stress on Pn in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. Different letters in the same
column indicate signifificant differences at the 0.05 level.
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B

C D

A

FIGURE 5

Effects of high temperature stress on gas exchange parameters in leaves in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH)
cultivars. Substomatal CO2 concentration (Ci; A); stomatal limitation value (Ls; B) stomatal conductance (Gs; C) and water use efficiency(WUE;
D) in leaves of P. lactifora under high temperature treatment (HT).
BA

FIGURE 6

Effects of high temperature stress on OJIP curve in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. (A) ‘Lu He Hong’;
(B) ‘Zhi Hong’.
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Significant differences were observed between most JIP test

parameters (fluorescence index (Fo/Fm, Fv/Fm), relative variable

fluorescence (VJ, VI), quantum yield and efficiency (jP0, jR0,
jE0, yE0, and dR0), specific energy fluxes, and phenomenological
Frontiers in Plant Science frontiersin.or08
fluxes (ABS/RC, TR0/RC, ET0/RC, DI0/RC and RE0/RC) and

performance metrics (DFabs and PItotal) were significantly

different (Figure 9; Table S1). At two days of high temperature

treatment, VJ, ABS/RC, TR0/RC of ‘Lu He Hong’ leaves
B

C D

A

FIGURE 7

Effects of high temperature stress on the O-K and O-J phase kinetic curves in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH)
cultivars. (A, C) The O-K phase dynamics curve of ‘Lu He Hong’ and ‘Zhi Hong’ (double normalized by O-step (50 µs) and K-step (300 µs) to
show L-band); (B, D) the O-J phase dynamics curve of ‘Lu He Hong’ and ‘Zhi Hong’ (double normalized by O-step (50 µs) and J-step (2 ms) to
show K-band).
BA

FIGURE 8

Effect of high temperature stress on the kinetic curve of I-P phase in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars.
(A) ‘Lu He Hong’; (B) ‘Zhi Hong’.WIP== (Ft − FI)/(FP− FI), I indicates the I-step at about 30 ms; P indicates the P-step at about 300 ms.
g
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increased significantly; yE0, DFabs and PItotal decreased

significantly; Fo/Fm, Fv/Fm, VI, DI0/RC, ET0/RC, RE0/RC,

jP0, jR0, jE0, dR0 did not change significantly; on day 4,

compared with day 2, DFabs and PItotal increased significantly,

while the remaining parameters did not change significantly; at

6th day, compared with day 4, VJ, ABS/RC, TR0/RC, Fo/Fm, DI0/

RC, RE0/RC, dR0 showed a significant increase; yE0, jP0, jE0, Fv/
Fm, DFabs and PItotal decreased significantly; VI, ET0/RC, and

jR0 did not change significantly (Figure 9A).

‘Zhi Hong’ showed no significant changes in jE0, jR0, dR0,
DFabs and PItotal, significant increases in Fo/Fm, ABS/RC, DI0/

RC, TR0/RC, ET0/RC, RE0/RC, yE0, and significant decreases
Frontiers in Plant Science 09
in Fv/Fm, jP0, Vj, Vi decreased significantly; at day 4,

compared with day 2, Fo/Fm, Fv/Fm, jP0, VJ, VI, yE0, jE0,

jR0, dR0, DFabs, and PItotal did not change significantly; ABS/

RC, DI0/RC, TR0/RC, ET0/RC, RE0/RC occurred a

significant decrease and returned to the non-high

temperature treatment to the same level without high

temperature treatment (Figure 9B).

To further evaluate the results, we conducted PCA analysis

based on the collected JIP test parameters measured for each

leaf during the high temperature treatment (Figure 10). The

cumulative contribution values of PC1 and PC2 for all

parameters analyzed in ‘Lu He Hong’ were 59.78% and
BA

FIGURE 9

Radar plots of leaf structural and functional JIP test parameters of peony cultivars (A) ‘Lu In this manusript, the comments are made. He Hong’,
(B) ‘Zhi Hong’at 0, 2,4 and 6 days after heat treatment. Quantum ratio used for heat dissipation (jDo=1-jPo=(Fo/Fm)); the maximum quantum
yield of the initial photochemical reaction (jPo=≡ TR0/ABS = [1 – (Fo/Fm)] = Fv/Fm)); quantum yields of electron receptors at the end of the
reduced PSI receptor side (jRo== RE0/ABS = jPo (1 – VI)); quantum yield for electron transport (ET)(at t=0) (jEo≡ET0/ABS= [1−(Fo/Fm)]yEo); the
efficiency of electron transfer other than QA driven by a single exciton captured by the active reaction center (at t=0) (YEo= ET0/TR0 = [1 – (FJ/
Fm)] = 1- VJ); Ratio of electrons from the reductive PSI receptor side terminal electron acceptor to electrons from the electron transport chain
(dR0=RE0/ET0=(1-VI)/(1-VJ)); absorption-based driving force expressed from the absorption of photons to the reduction of the electron transfer
chain (DFabs); Performance index (potential) for energy conservation from exciton to the reduction of PSI end acceptors (PItotal≡PIabs[dRo/(1
−dRo)]); absorption flux (of antenna Chls) per RC (ABS/RC=MO (1/VJ)(1/jPo)); trapped energy flux per RC(at t=0) (TR0/RC=MO (1/VJ)); electron
transport flux (further than Q−

A) per RC(at t=0) (ET0/RC=MO (1/VJ)yEo); dissipated energy flux per RC(at t=0) (DI0/RC=(ABS/RC)-(TR0/RC));
specific electron flux per unit PSII active reaction center for reduction of PSI terminal electron acceptor (at t=0) (RE0/RC=(1-VI)(MO/VJ)).
BA

FIGURE 10

PCA of JIP parameters of Peony leaves treated at 40 °C for different time. (A) ‘Lu He Hong’; (B) ‘Zhi Hong’.
frontiersin.org

https://doi.org/10.3389/fpls.2022.969718
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ji et al. 10.3389/fpls.2022.969718
24.13%, with a joint cumulative contribution value of 83.91%;

the cumulative contributions of PC1 and PC2 in ‘Zhi Hong’,

the cumulative contribution values of PC1 and PC2 were

51.14% and 36.73%, respectively, and the joint cumulative

contribution value was 87.86%. This indicates that the two-

component factors obtained from the principal component

analysis have a good separation description of the selected

parameters. Through the principal component analysis, we

found that the selected JIP test parameters formed three well-

separated clusters. Among them, for ‘Lu He Hong’, the

formation of PC1 was mainly due to the difference of PSII

status parameters; the formation of PC2 was due to PSI

parameters jR0, dR0, and PItotal (Figure 10A). While PC1 of

‘Zhi Hong’ corresponds to PSI activity, the higher value

indicates higher PSI performance; PC2 corresponds to PSII

activity, the higher PSII value, the higher PSII performance,

representative parameters include Fv/Fm, DFabs, jEo and ABS/

RC (Figure 10B). Cluster analysis of the experimental results

showed that with the deepening of stress, the location of

clustering also changed. PCA of all peony cultivars showed

that the ellipsoid separation degree of ‘Lu He Hong’ was

higher, indicating the severity of stress damage. The

ellipsoid of ‘Zhi Hong’ has a good overlap area, indicating

that the stress response is not obvious. Among them, the stress

degree of ‘Lu He Hong’ was the most serious, showing high

PSII performance at day 0. The PSII performance was

damaged and PSI performance was improved after two days

high temperature stress, while PSI performance was decreased

after four days of high temperature treatment. On the sixth

day, PSII performance was seriously damaged and PSI

performance was improved. The stress response of ‘Zhi

Hong’ was mild, and the properties of PSI and PSII did not

change significantly.
Discussion

Reduction in plant photosynthesis and inhibition of

photosynthesis are early indicators that plants are in a

stressful environment (Olsovska and Brestic, 2001). In this

study, we followed morphological changes as well as changes in

photosynthetic parameters and OJIP chlorophyll fluorescence

kinetics in two different peony cultivars under high

temperature stress, and the study showed that high

temperatures produced different degrees of damage to

different cultivars of peony. In addition, the physiological

and biochemical characteristics of peony were significantly

affected by high temperature stress. Previous studies have

shown that weather disasters will have a deeper impact on

the photochemical performance of plants as future climate

changes are more intense and longer duration of high

temperatures (Kharshiing and Sinha, 2016).
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Effect of high temperature stress on the
physiological and biochemical indexes of
different peony cultivars

As a form of high temperature stress, oxidative stress also

has adverse effects on plant growth and development. In

addition, excessive ROS accumulation caused peroxidation

damage of membrane lipid in peony, and MDA content

increased significantly with the development of high

temperature stress, which may be due to the decrease of

antioxidant enzyme activity. MDA is the final decomposition

product of membrane lipid peroxidation. Under high

temperature stress, the accumulation of MDA content will

damage the structure and function of plant cell membrane.

Antioxidant systems play an important role in protecting

plants from the negative effects of ROS (Srivalli et al., 2003).

The main antioxidant enzymes to eliminate ROS contain SOD,

POD and so on. In this study, POD and SOD activities in peony

leaves increased under high temperature stress, mainly because

the plants initiated stress response and self-protection

mechanism, adapted to the external environment by regulating

antioxidant enzyme activities, and re-established the balance

between production and removal of reactive oxygen species

(Wang & Li, 2006). Regulation of ROS is the signal of the

reactive oxygen species gene network in plant cells, which then

regulates the activity of antioxidant enzymes. However, in the

process of long-term high temperature stress, when the

adaptation and self-protection capacity of plants is exceeded,

the antioxidant enzyme activities are inhibited (Scalet et al,

1995). The POD activity of ‘Lu He Hong’ showed a decreasing

trend, while the SOD activity increased first and then decreased.

However, the activity of ‘Zhi Hong ’ POD increased

continuously, while SOD decreased first and then increased. It

can be seen that the antioxidant system of ‘Lu He Hong’ is

unstable, and the heat resistance of ‘Zhi Hong’ is strong.
Effect of high temperature stress on
photosynthetic characteristics of
different peony cultivars

Photosynthesis is the main factor affecting plant growth and

development, and is the element most susceptible to high

temperature stress (Lu et al., 2017; Du et al., 2022). When the

ambient temperature is higher than the optimal temperature of

the plant, the chloroplast structure will be damaged, and the

photosynthetic performance will be reduced, and the relevant

photosynthetic parameters will be changed (Chen et al., 2012).

Net photosynthetic rate can directly represent the

photosynthetic capacity of a single leaf (Jiang et al., 2004).

Zhang et al. (2022) showed that under high temperature stress,

the net photosynthetic rate of plants decreased continuously, but
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there were significant differences among different cultivars. This

study showed that the net photosynthetic rate of ‘Lu He Hong’

decreased with the deepening of stress degree, and that of ‘Zhi

Hong’ decreased first and then increased to the normal level

within six days under temperature stress, indicating that high

temperature stress has a negative effect on the photosynthesis of

peony plants, which is consistent with (Zhang et al., 2022). The

research is consistent that ‘Zhi Hong’ has good heat resistance

and can quickly adapt to heat stress. Stomatal restriction and

non-stomatal restriction are one of the important factors leading

to the decline of photosynthetic capacity of plants. Stomatal

restriction and non-stomatal restriction factors causing the

decrease of photosynthetic rate can be judged according to the

change direction of Ci and Ls in leaves (Xu, 2013). In this study,

the Pn decline of ‘Lu He Hong’ was firstly dominated by non-

stomatal limiting factors, then by stomatal factors and finally by

non-stomatal limiting factors, while the Pn decline of ‘Zhi Hong’

was firstly dominated by stomatal limiting factors, then by non-

stomatal limiting factors and finally restored to stomatal limiting

factors. When stomatal limitation factors are dominant,

stomatal conductance of leaves decreases and CO2 entering

stomata decreases, which cannot meet the requirements of

photosynthesis. However, the decrease of Pn not dominated by

stomatal limitation is due to the increase of leaf temperature, the

decrease of chloroplast activity and Rubisoo activity, and the

decrease of RuBP carboxylase regeneration capacity, leading to

the decrease of photosynthetic capacity of leaves (Gao et al.,

2018). Therefore, the reason for the decrease in the net

photosynthetic rate of 'Lu He Hong' in this study may be

mainly due to the irreversible damage of the chloroplast

structure, whereas the high tempeature resistant 'Zhi Hong'

has a more stable chloroplast structure that can adapt to

short-term high temperature stress. Stomata is a channel for

gas exchange between plants and the environment. Stomatal

conductance (Gs) represents the degree of stomatal opening and

is a major factor in photosynthesis, respiration and transpiration

rate of plants (Miner et al., 2017). In this study, Gs of ‘Lu He

Hong’ decreased with the deepening of high temperature stress,

indicating that high temperature stress had a negative impact on

its stomatal conductance, which was consistent with the research

results of Sarwar et al. (2019). ‘Zhi Hong’ results in stomatal

closure during short-term heat treatment to prevent leaf

dehydration, and with the deepening of high temperature

stress, stomatal conductance increases and leaf temperature

decreases to balance the ambient temperature. WUE reflects

the amount of CO2 assimilated by plants per unit water content

of transpiration and is a comprehensive indicator to evaluate the

adaptability of plants to the environment. The larger WUE value

is, the less water consumed by fixed unit mass CO2 (Zhang and

Shan, 2002). Hao et al. (2017) found that water utilization rate of

Peony decreased significantly under high temperature stress. In

this study, ‘Lu He Hong’ decreased significantly with the
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prolongation of high temperature stress, which was consistent

with previous studies. However, the WUE of ‘Zhi Hong’ is

always higher than that of ‘Lu He Hong’, indicating that ‘Zhi

Hong’ has full water utilization, can consume less water content

and produce more nutrients, which is consistent with the

research results, and ‘Zhi Hong’ has the characteristics of

thermal stability.
Effect of high temperature stress on
chlorophyll fluorescence of different
peony cultivars

The rapid chlorophyll fluorescence induction kinetics curve

refers to the fluorescence change process from O point to P

point, which mainly reflects the initial photochemical reaction of

PSII and the changes in the structure and state of photosynthetic

apparatus (Krause and Weis, 1991). When plants are subjected

to high temperature stress, K-band (300ms) will appear. This is
because the donor side of PSII is damaged at high temperature.

After a very short period of time, the chlorophyll fluorescence

intensity increases rapidly, resulting in the transformation of

OJIP curve into OKJIP curve (Chen et al., 2004), and the

emergence of K-band indicates that OEC is damaged (Du

et al., 2011). The positive K-band is caused by the decrease of

the electron transfer rate at the donor side or the increase of the

electron outflow rate at the acceptor side due to the inactivation

of OEC. The balance between electron transfer and further

electron transfer to QA is impaired, resulting in RC damage.

The negative K-band is caused by an increase in the rate of

electron transfer from the donor side or a decrease in the rate of

electron outflow from the acceptor side (electron transfer delay)

(Kalaji et al., 2014b). In this study, the parameter DWOJ was

introduced to analyze the changes of donor side and OEC of PSII

of different peony cultivars, and there were significant

differences among cultivars. The K-Band of ‘Lu He Hong’

increased with the extension of high temperature stress time,

indicating that the stress caused damage to the oxygen release

complex of the variety, and reduced the electron transfer rate of

the PSII donor side. ‘Zhi Hong’ showed significant positive value

of K-Band for two days under high temperature stress,

indicating that the OEC was slightly damaged due to high

temperature stress response during short-term high

temperature treatment. K-band is negative after two days of

high temperature treatment, and negative K-band has been

widely used in recent literature as a marker of tolerance to

various stresses(Mathur et al., 2011), which is consistent with

‘Zhi Hong’ showing good heat resistance. L-band can reflect the

aggregation between different components of PSII or the energy

transfer connectivity between antenna pigment and RCs, the

active reaction center of PSII (Srivastava et al., 1997; Stirbet,

2013). A positive L-band indicates dissociation of the antenna
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pigment complex with greater distance between PSII antennas

and therefore less efficient energy exchange, while a negative L-

band indicates greater grouping and more efficient energy

exchange between neighboring PSII units (Tsimilli-Michael,

2019; Kalaji et al., 2018). L-band was negative within 4 days of

high temperature treatment, indicating that it adapted to the

damage caused by high temperature by increasing energy

exchange under high temperature stress. Meanwhile, L-band

showed a positive value by day 6, indicating that at this time, the

energy exchange of 'Lu He Hong' decreased sharply, which may

be irreversible damage caused by long periods of high

temperature stress. In contrast, the L-band of ‘Zhi Hong’ only

showed positive values at two days under high temperature, after

which the L-band presented negative values, which indicated

that ‘Zhi Hong’ had a better ability to adapt to heat stress and

resist the damage caused by high temperature by increasing

energy exchange. WIP = 0.5 (half time of the rising curve) can be

used to reflect the reduction rate of the electron acceptor pool at

the end of the PSI (Guo et al., 2020) and also the half-life of the

rising curve (Xu et al., 2021). It can be seen that both peony

cultivars in this study were subjected to a significant increase in

the reduction rate of the PSI terminal electron acceptor pool and

a significant reduction in the half-life time under high

temperature treatment.
Effect of high temperature stress on
chlorophyll fluorescence parameters of
different peony cultivars

Analysis using the JIP test parameters allowed us to assess

the effect of different stresses on the efficiency and flux of

electrons as well as the efficiency and flux of energy around

PSI and PSII (Maxwell and Johanson, 2000). To quantify the

changes in light absorption, utilization and chemical energy

conversion and to analyze the fluorescence transients, the JIP

test was performed in this study and the parameters shown on

the radar plot provide a clearer picture of the changes under high

temperature stress in different peony cultivars. The most

significant change in JIP parameters was in the ‘Lu He Hong’,

which is consistent with the change in its OJIP phase and the

early appearance of L-band and K-band changes. ‘Lu He Hong’

on the second day of high temperature treatment only showed

significant changes in Vj, PItotal, DFabs, ABS/RC, TR0/RC, and

yE0 parameters changed significantly, although other indicators

for significant changes, the appearance of L-band and K-band is

an early indicator of impaired photochemical properties

(Viljevac Vuletić and Španić, 2019). Fv/Fm (or jP0) is an

indicator of PSII light energy conversion rate (Cai et al., 2017),

and the decrease of Fv/Fm is an important indicator of

photoinhibition (Strasser et al., 2004). In this study, Fv/Fm of

the two cultivars significantly decreased under high temperature
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stress, indicating that high temperature would produce

photoinhibition on peony and affect photosynthesis. J phase

relatively variable fluorescence (VJ) represents the probability

that a captured exciton moves an electron from the main

acceptor (QA) into the electron transport chain. When QA

reoxidation is restricted, the VJ value increases, resulting in the

accumulation of QA reduction and the reduction of electron

transport. The I step (VI) decreases after high temperature and

excessive light exposure, indicating that electron transport is

lower than QA due to higher levels of QB- non-reduction centers

(Mihaljević et al., 2020). Under high temperature stress, the VJ of

‘Lu He Hong’ showed an increasing trend, while jE0 decreased,
indicating that the PQ pool had poor electron acceptance ability

under high temperature stress, resulting in limited electron

transfer ability of QA from acceptor to QB, thus the electron

transfer from pheo to QA resulted in Q−
A, This eventually leads to

a large accumulation of Q−
A (Kalaji et al., 2014b) and a decrease

in the efficiency of PSII electron transfer (Öquist et al., 1992). VJ

of ‘Zhi Hong’ decreased on the second day and electron transfer

rate increased, and VJ returned to the original level after two

days of stress, indicating that the variety has strong heat

resistance and can better adapt to the environment under

short-term high temperature stress. The relative fluorescence

of I-phase did not change significantly in ‘Lu He Hong’, and ‘Zhi

Hong’ decreased on the second day under high temperature

stress but returned to normal level later. Blockage of electron

transport leads to leakage of electrons in the electron transport

chain, which attack intracellular O2 and generate ROS, especially

singlet reactive oxygen species, which play an important role in

membrane lipid peroxidation (Chalanika et al., 2017). Therefore,

the leaves of peony under high temperature stress will inevitably

lead to the accumulation of ROS and damage to cell membrane

structure, which is consistent with the significant increase of

MDA in our results. Among them, the increase of MDA of ‘Lu

He Hong’ is more significant than that of ‘Zhi Hong’, which is

positively correlated with the electron transport efficiency.

DFabs and PItotal can be found to be the parameters with

significant changes in the pre-tolerant ‘Lu He Hong’. The total

performance index (PItotal) is the most prevalent and sensitive

parameter in JIP testing, as it reflects changes in photosynthetic

electron transport activity outside PSII, intersystem electron

transport and PSI processes (Stefanov et al., 2011). A

reduction in PItotal has been found in apple cultivars under

high temperature stress (Mihaljević et al., 2020), indicating that

high temperature stress negatively affects PSI in peony. In this

experiment, with the deepening of high temperature stress, the

DFabs and PItotal of ‘Lu He Hong’ decreased significantly, while

‘Zhi Hong’ did not change significantly, which means that the

PSI of ‘Lu He Hong’ was unstable under high temperature stress.

Performance indicators of the reduced overall energy flow from

the excitons to the reduced PSI-terminal receptors coincide with

the reduced electron acceptor state (R0) at the lateral end of the
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PSI receptors. The fast chlorophyll fluorescence induction

kinetic curve than activity parameters, including light energy

absorbed per reaction center (ABS/RC), energy captured per

reaction center for QA reduction (TR0/RC), energy captured per

reaction center for electron transfer (ET0/RC), and energy

dissipated per reaction center (DI0/RC), can accurately reflect

the plant photosynthetic organ absorption, conversion and

dissipation of light energy by plant photosynthetic organs

(Strasser et al., 2001; VanHeerden et al., 2004). In this study,

the ABS/RC, TR0/RC and DI0/RC of ‘Lu He Hong’ and ‘Zhi

Hong’ were significantly increased, but the specific activity

parameters of ‘Zhi Hong’ returned to normal level after two

days of high temperature treatment, which indicated that after

the inactivation or cleavage of some reaction centers per unit

area of the leaves triggered by high temperature stress, the

efficiency of the remaining active reaction centers could be

promoted to better dissipate the energy in the electron

transport chain, which might be a self-protection mechanism

of peony leaves.ABS/RC represents the effective antenna size of

the active RC, which is influenced by the proportion of active

and inactive reactive centers, and when the number of inactive

centers increases, so does the proportion of ABS/RC (Mathur

et al., 2011). This parameter value was higher in two peony

cultivars, suggesting that PSII may have more efficiency of

energy capture and a higher increase in inactive centers

compared to ‘Zhi Hong’. The increase in ABS/RC may be due

to a reduced ratio of active RCs and an increase in absorbed light

energy, which may be related to the deactivation of RCs or an

increase in antenna size. Previous studies (Tao et al., 2022)

showed that in general, RCs inactivation of plants is related to

photoinhibition, that is, when the amount of light absorbed by

plants exceeds the amount of light that can be utilized by

their own photosystem, the photosynthetic function of plants

decreases. Derks et al. (2015) found that when photoinhibition

occurs in plants, the plants actively shut down some of the RCs

and release the excess absorbed light energy through heat. The

increase in this parameter was greater in ‘Lu He Hong’ than in

‘Zhi Hong’, suggesting that high temperature is more damaging

to ‘Lu He Hong’ RCs. The increase in ABS/RC values is

accompanied by an increase in the parameter TR0/RC, which

represents the maximum speed at which RC can trap excitons

(Stirbet and Strasser, 1996). TR0/RC and DI0/RC in the ‘Lu He

Hong’ had a significant rise in RC, Fv/Fm significantly reduced,

that all Q−
A were reduced, can no longer oxidation. When Q−

A

reoxidation was suppressed, electron transfer to Q−
A cannot

effectively QB, because the active center can’t capture a large

number of photons, so the excess photon is known as the

dissipation energy (Mathur et al., 2013). It was also observed

that the efficiency of individual electrons from the

interphotosystem electron transport chain to the terminal

electron acceptor on the PSI acceptor side (dR0) of the more

heat-tolerant ‘Zhi Hong’ did not change under high temperature

treatment, whereas there was a significant increase in the less
Frontiers in Plant Science 13
heat-tolerant ‘Lu He Hong’. It may be due to the flow of

electrons between the two photosystems, the flow of PSI

terminal receptors are slightly accelerated and PSI activity is

increased (Blankenship, 2014).

PCA was used to evaluate the PSI and PSII activities of

peony leaves by multi-parameter analysis with more

systematic and comprehensive effects. The results showed

that several parameters related to PSI and PSII activities

were influenced by temperature. In this study, we used a

new method and idea to analyze the differences in

photosynthetic and fluorescence-related parameters of leaves

of two peony cultivars with different heat tolerance, and

made a comprehensive evaluation of the photosynthetic

performance of peony leaves to explore the reasons for the

differences in heat tolerance among different peony cultivars.

The results of this study provide a theoretical basis for the

screening of heat-resistant peonies suitable for cultivation in

Jiangnan area and for the selection and breeding of high

temperature resistant varieties.
Conclusion

Peony has a long history of cultivation in China and has high

ornamental value. However, due to the high temperature and

rainy summer in southern China and global warming, it is

difficult for peony to move southward. Different peony

cultivars in order to understand the heat photosynthetic

performance and physiological and biochemical changes,

photosynthesis of two cultivars of peony and chlorophyll

fluorescence, physiological and biochemical indexes were

analyzed, and discussed the causes of differences in heat

resistance between different cultivars of peony, for screening

suitable for cultivation in the south of the Jiangnan the heat

resistance of peony, as to provide theoretical basis for the

breeding of heat resistant cultivars. Studies have shown that

the more heat-resistant ‘Zhi Hong’ has a more stable cell

membrane, which is not easy to be oxidized, and the

antioxidant system is also more stable. In addition, ‘Zhi Hong’

with strong heat tolerance has stable green cell activity, has

higher water utilization rate and can produce more nutrients,

and can maintain high photosynthetic performance under high

temperature stress, while ‘Lu He Hong’ photosynthetic capacity

decreases continuously under high temperature stress, and the

photosynthetic mechanism is unstable and vulnerable to

damage. JIP-test analysis showed that OEC, PSI and PSII

reaction centers and RCs of ‘Zhi Hong’ during high

temperature stress are slightly damaged to adapt to the high

temperature stress environment by increasing greater grouping

and more efficient energy exchange between adjacent PSII units

and maintaining the balance between electron transport, and ‘Lu

He Hong’ performs poorly in these aspects, consistent with its

poor heat resistance.
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