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Abstract: Affected by global warming, continuous high temperature has negative impact on plant
growth and development and become a major constraint to crop production. Germplasm resource
identification has become research hotspot in many fields, and it is also necessary to establish
effective identification methods. In this study, twenty Brassica rapa varieties were selected to to
investigate the physiological and biochemical characteristics under heat stress, explore the
relationship between physiological response and the heat resistance mechanism, select some typical
heat-resistant and heat-sensitive varieties. The effects of photosynthetic electron transfer and
antioxidant pathway on heat resistance of Brassica rapa were identified. These findings will
provided important guidance for the physiological regulation and identification method of heat
stress in plants.
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1. Introduction

Brassica rapa is a leafy vegetable which widely cultivated in China. It is a member of the
cruciferous family and its consumption rank first among all vegetables in China [1,2]. Brassica rapa
prefers cold climate, and its most suitable cultivation temperature is 20~25 °C. Heat stress often leads
to drought stress, resulting in reduced yield and quality. Drought, high temperature, salinity and
other abiotic stresses have reduced crop yields worldwide. Among them, the rise of atmospheric
temperature caused by human activities has significantly affected the function of agricultural
ecosystem. It is estimated that if human activities continue to cause global warming in the current
trend, the earth temperature will likely increase by 6.4 °C [3]. At the end of the 21st century, the
melting of glaciers raised the sea level to 59 cm. It is well known that climate change increases the
possibility of different natural disasters, such as floods, droughts, storms, hurricanes and changes in
precipitation patterns. Because agriculture is highly dependent on climate and sensitive to agro
climatic conditions, changes in temperature, humidity and rainfall will adversely affect crop
productivity [4].

Global warming caused frequent occurrences of extreme heat around the world, aggravate its
damage and hindering plant growth, development and metabolism. Heat stress not only leads to
abnormal growth, yellowing and withered of leaves, but also Stem thinning and more sensitive to
infectious disease, which greatly reduces its quality and yield [5]. High temperature stress will
destroy leaf growth and an increase in susceptibility to infectious disease, which negatively impacts
its quality and yield.

Many studies have emphasized the heat resistant gene regulation and other cellular activities at
the transcriptional and metabolic levels, but identification method in agricultural production still
need to be further developed. The summer weather in southern China is characterized by high
temperature and frequent rainfall. Under high temperature condition, Brassica rapa often shows slow
growth, yellow and rotten leaves, increased fiber content, and serious death. Cultivating heat-
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resistant varieties of crops and improving cultivation techniques are two effective ways to reduce
high-temperature damage.

With the rapid development of molecular biology, the heat resistance mechanism in many crops
has been further elaborated. However, understanding the plants’ physiological response to heat
resistance is still an important prerequisite for variety identification. Understanding the physiological
and biochemical reactions of plants and establishing simple and effective identification methods are
still important contents of heat-resistant breeding of horticultural crops. It is worth noting that the
heading character of Chinese cabbage is a good indicator of heat resistance, but the evaluation system
for heat resistance of non heading Chinese cabbage has not yet been established.

In the present study, the HS and HR plants were exposed to high temperature environment
(37 °C) for seven days. Morphological indicators such as plant height, plant width, leaf area, dry and
fresh weight were determined to represent the biomass of these materials under heat stress. Next, the
root activity, root tip number and root area of the plants were measured to compare the effects caused
by heat stress on the root growth among these varieties. The content of Chlorophyll, soluble sugar
(5S), proline, soluble protein (SP), ascorbic acid, Malondialdehyde (MDA) was measured; In addition,
the gas exchange parameters, including photosynthesis, transpiration rate (E), intercellular carbon
dioxide concentration (Ci) and stomatal conductance (Gs), were measured to understand
contribution of the photosynthetic attributes in heat stress tolerance in brassica rapa. In order to
further understand the effects of photosynthetic electron transfer and antioxidant pathway on plant
heat tolerance. We select several typical heat-sensitive and heat-resistant varieties, compare the
differences in antioxidant enzyme activity, including AAO, CAT, SOD and POD . Besides, the
electron transfer rate and efficiency of photosynthetic system were surveyed.

The purpose of this paper is to to utilize physiological and biochemical indicators to establish an
effective method for identifying heat-resistant varieties, which provided some information to explore
roles of other physiological attributes in heat stress tolerance in Brassica rapa.

2. Materials and methods

2.1. Plant material and heat treatment

Twenty Brassica rapa varieties with different heat-tolerance were selected for the experiment.
These accessions were collected and bred by Shanghai Academy of Agricultural Sciences. Full and
healthy seeds were selected for germination and sowing . Seeds of each line were grown in a control
phytotron. The ambient conditions were set as follows: 16/8 h light/dark, 150 mol/m?/s light
intensity, and a 50% relative humidity level. Heat treatment were performed when the plants grow
at three-leaf-stage. The seedlings were exposed to heat stress conditions at 37 °C/27 °C (light/dark)
for 7 days. During heat stress, the seedlings were irrigated daily to avoid drought stress.

2.2. Measurement of morphological and physiological index

Plant height and width were determined by ruler. The dry weight (DW) and fresh weights (FW)
were measured using an electronic analytical balance. The plant root activity was measured by
Methylene blue. The total chlorophyll content was measured using a previously described method
[6]. The root tip number and root area were counted by WinRHIZO Software. Under the heat stress
treatment, leaf samples were collected at 1, 3, 5, 7 days after treatment, frozen in liquid nitrogen, and
stored in -80 ‘Csuper cold refrigerator . The leaf samples were collected at for physiological studies.
Referring to the manufacturer’s instructions, the superoxide dismutase (SOD) activity, catalase (CAT)
activity, ascorbic acid oxidase activity (AAO) activity and peroxidase (POD) activity, the content of
hydrogen, proline and hydroxyl radical scavenging rate were measured by using assay kits (Comin,
Suzhou, China) [7]. The soluble sugar was measured by anthrone. The soluble protein content was
measured according to the Bradford’ procedure [8]. The determining method for the relative
conductance (REC) used in this study was described by Zheng et al [9]. The determining method of
Malondialdehyde (MDA) content was described by Zhou et al. [10].


https://doi.org/10.20944/preprints202305.0627.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2023 doi:10.20944/preprints202305.0627.v1

2.3. Determination of gas exchange parameters

The photosynthetic-related parameters were calculated using the GFS-3000 and DUAL-PAM-
100 measuring systems (Heinz Walz, Effeltrich, Germany). The experiment was conducted according
to the manufacturer's procedures [11]. The gas exchange parameters including photosynthetic rate
(Pn), transpiration rate (E), stomatal conductance (Gs), and intercellular carbon dioxide concentration
(Ci) were measured.

2.4. measurement of Electron transport rate, quantum yield and PQ Pools

Uniformly sized leaves from each plant were used for the measurement of photosynthetic
system (PSII and PSI) efficiency. Before starting measurements, the plants were placed in a dark
environment for 30 min. The CO2 concentration was set at approximately 400 * 10mmol. mol-..
Different intensities of actinic red light were set in this experiment. The light intensity gradient was
0,2, 13,40, 80,114, 157, 213, 279, 358, 592, 956, 1207 and 1537 umol m2 s ' . The RLCs of photosynthetic
parameters were measured, including the photosynthetic electron transport rate [ETR(I), ETR(II)],
the effective quantum yield photochemistry [Y(I),Y(II)]; the quantum yield of PSI non-photochemical
energy dissipation due to the donor-side limitation [Y(ND)], the quantum yield of regulated energy
dissipation in PSII [Y(NPQ)], the quantum yield of PSI nonphotochemical energy due to the acceptor-
side limitation [Y(NA)] and nonregulated heat dissipation as Y(NO) were calculated [12]. The fourth
fully expanded functional leaves from different pots were used for measurements [13]. The
complementary area between the oxidation curve of P700 after ST and MT excitation were used to
calculate the functional pools sizes of intersystem electrons [14].

2.5. Statistical analysis.

One-way analysis of variance (ANOVA) was performed by IBM SPSS25.0 software (Armonk,
NY, USA) . Significant differences were measured by Duncan’s multiple range test (p<0.05). All the
data contain mean values with standard error. The statistically analyzed data are shown with
superscripted letters after the numbers which shows significant difference. All graphs were plotted
by Graghpad prism 8 (San Diego, CA, USA). Cluster analysis was performed by Omicshare tool.

3. Results

3.1. Agronomic traits and heat damage indicators of Brassica rapa under heat stress

In this study, twenty Brassica rapa varieties were treated with heat stress for seven days using an
artificial climate chamber, and the physiological and biochemical indicators were measured to
illuminate the relationship between these indicators and plant heat tolerance, On top of this, the heat-
resistant (HR) and heat-sensitive (HS) Brassica rapa varieties were screened. Under high temperature
treatment, the treated plants exhibited varying degrees of heat damage symptoms. Under 3 day of
high temperature treatment, HR plants showed less damage, while HS plants exhibited multiple
thermal injuries such as leaf shrinkage, dehydration and chlorosis, spindling, and plant growth
stagnation. After 7 day of heat stress treatment, the leaves of HR plants begin to dehydrate and
whiten. while HS plant showed wilt and death symptoms.The overall growth condition of the HR
plant is better than that of HS plants. Heat damage index reflects the degree of heat damage to plants,
which is negatively correlated with heat tolerance of plants. The heat damage index of 20 varieties of
non-heading Chinese cabbage after 7 days of high temperature stress at seedling stage was counted,
which were presented in Table 1. The higher the heat damage index, the higher the degree of damage
to plants under heat stress, The heat damage index was negative correlated with plant heat
tolerance.According to the heat damage index, plants can be divided into HS varieties and HR
varieties. The HR varieties liehuojingang, xinxiaqing, gaohuaqing, Jiaoyang. HS varieties xinlvxiu,
aijinohuang and wuyueman were representative screened from these varieties. These typical HS and
HR varieties can be used as breeding materials for heat resistance breeding.
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Table 1. The dry and fresh weight, Fv/Fm value and heat damage index of Brassica rapa cultivars with

elevated heat tolerance under heat stress conditions.

Serial Heat damage

umber dex Fresh weight Dry weight Fv/Fm
1 51.90 3.77+0.15bcd  0.47+0.03b 0.56+0.03b
2 58.67 4.16+0.06bcd  0.31+0.02bcde  0.40+0.01bc
3 55.38 3.74+0.09bcd  0.37+0.02bcde  0.37+0.00bed
4 4475 4.60+0.07bc 0.46+0.03b 0.46+0.01bc
5 49.52 3.77+0.22bcd  0.37+0.02bcde  0.46+0.01b
6 37.8 5.12+0.16a 0.51+0.03a 0.65+0.01b
7 38.00 4.91+0.34b 0.47+0.01b 0.73+0.00b
8 36.75 4.96x0.16b 0.48+0.04b 0.78+0.01a
9 41.60 4.83+0.09b 0.55+0.03a 0.53+0.24bc
10 48.00 3.73+0.22bcd  0.45+0.03b 0.46+0.01bc
11 37.90 5.36+0.11a 0.54+0.03a 0.75+0.01a
12 46.09 3.57+0.20bcd  0.37+0.02bcde  0.72+0.01a
13 47.57 4.16+0.53bcd  0.35+0.02bcde  0.62+0.00b
14 41.9 4.16+0.14bcd  0.43+0.03bc 0.50+0.01
15 45.71 4.23+0.31bcd  0.42+0.04bc 0.33+0.24bc
16 58.00 3.66+0.20bcd  0.35+0.04bcde  0.35+0.00bed
17 55.33 3.48+0.20bcd  0.33+0.11bcde  0.36+0.00bcd
18 46.67 4.30+0.24bcd  0.34+0.05bcde  0.54+0.00b
19 41.90 4.22+0.14bcd  0.44+0.04bc 0.48+0.00bc
20 50.76 3.91+0.21bed  0.32+0.03bcde  0.46+0.01bc

3.2. Plant growth attributes of Non-heading Chinese cabbage under heat stress

In order to survive under heat stress, plants have evolved many regulatory mechanisms to
acquire heat tolerance. In order to evaluate the difference in plant biomass accumulation among HS
and HR varieties under heat stress, we measured the dry and fresh weight, Plant height, plant width,
leaf area (Table 2).

The dry and fresh weight of plants reflects the biomass accumulation and growth rate of plants.
As shown in Table 1, heat stress considerably reduce the plants growth index such as the fresh and
dry biomass. HR plants exhibited higher dry weight accumulation compared to the HS plants. The
fresh and dry weight are proposed as good indicators for plant heat tolerance. It was observed HR
plants have higher leaf area, higher plant width and height. However, the negative relation between
heat damage index and these indicators are not significant. The root growth index of heat-resistant
and heat-sensitive varieties under heat stress is assessed. Plant roots have multiple important
functions, like absorption, fixation, transportation, synthesis, storage and reproduction. The result
suggested that HR plants have a better-developed root system compared to HS plants. Stronger root
activity (r=0.684) and higher root shoot ratio (r=-0.631) of HR plants helps plants absorb inorganic
salts and water, and synthesize amino acids.
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Table 2. Physiological attributes of Brassica rapa cultivars with elevated heat tolerance under heat
stress conditions.

Serial
umber Variety name Plant height Plant width Leaf area
1 shanghaiqing 18.12+1.47a 24.77+0.61bcd 54.82+0.63bcde
2 wuyueman 19.46+1.52bc 21.37+0.14bcd 43.23+0.63bcde
3 aijiaohuang 18.16+0.27a 25.522+0.29bcd 44.70+0.59bcde
4 baimeigui 19.63+0.30b 26.44+0.34bcd 64.68+1.60a
dongguanme
5 ] 21.11+0.53bc 23.94+0.40bcd 75.35+1.22b
i

6 gaohuaqing 23.87+0.74b 30.85+0.47bcd 82.74+0.49a

7 jlaoyang 22.72+0.40b 33.477+0.34a 84.52+0.07a

8 xinxiaqing 25.39+0.68bc 23.39+0.24bcd 85.13+0.27a

9 Kangre605 22.51+0.66a 25.02+0.42bcd 75.21+0.42bc
10 jinfei 18.21+1.33a 32.95+0.78a 72.73+0.31bc
11 liehuojingang 21.38+0.38a 32.36+0.41a 78.22+1.09bc
12 dongxing 22.97+0.62b 27.28+0.45bcd 66.14+2.38bcde
13 suzhouqing 20.65+0.13a 24.91+0.67bcd 52.88+0.61bcde
14 jinbao 18.86+0.83bc 24.10+0.57bcd 46.80+1.16bcde
15 chibai 18.98+0.29bc 22.54+0.59bcd 49.20+0.94bcde
16 siyueman 21.62+0.81a 28.68+0.45bcd 77.20+0.19bcd
17 xinlvxiu 16.11+0.67bc 25.30+0.31bcd 44.79+0.59bcde
18 xiali 19.05+1.38bc 26.09+0.39bcd 74.39+1.30bc
19 aoxia 20.15+0.54bc 31.18+0.74bcd 74.37+1.43bc
20 hanxiu 20.16+0.80bc 24.11+0.15bcd 53.05+0.53bcde

3.3. The chlorophyll content, soluble sugar and soluble protein and the MDA of Non-heading Chinese
cabbage under heat stress

Higher plants use chlorophyll to absorb light energy for photosynthesis and provide necessary
materials and energy for life activities. Therefore, maintaining stable chlorophyll content is essential
for the normal progress of plant photosynthesis [15]. Heat stress remarkably reduced photosynthetic
pigments. As shown in Table 3, HR plants under heat stress showed a higher chlorophyll level
relative to HS cultivars with different range of chlorophyll a (0.46-1.04 mg/g), chlorophyll b (0.17-0.38
mg/g). Especially, the difference between different varieties is more significant in term of chlorophyll
a content. Previous study found that the HR varieties have a relatively higher chlorophyll content
compared to HS varieties. These may be explained that the HS varieties have damaged chlorophyll
synthesis pathway which lead to a decreased chlorophyll level. It can be seen from Table 4 that the
chlorophyll content of all varieties showed a downward trend under the high temperature treatment
for 7 days. Numerous stresses often trigger the occurrence of photoinhibition in plants, further
degrading chlorophyll and photosynthetic system antenna proteins. Chlorophyll a (r=-0.836) and
Chlorophyll b (r=-0.797) are negatively correlated with the heat damage index, and the negative
correlation between Chlorophyll a and the heat damage index is higher, indicating that Chlorophyll
a content can better reflect the heat damage degree of plants.

The SS and SP content of different Brassica rapa materials under heat stress were determined.
From the Table 4, the SS content in the four varieties of Aoxia, Xinxiaqing, jiaoyang and liehuojingang
were significantly higher, the SS content of HS varieties xinlvxiu, ajjinohuang and wuyueman was lower


https://doi.org/10.20944/preprints202305.0627.v1

d0i:10.20944/preprints202305.0627.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2023

than other varieties. The present studies have reported the accumulation of SS in cell can greatly
enhance the stress tolerance of plants [16]. Furthermore, higher SS content play important role in the
maintenance of proline content and the balance of ROS catabolism.

The higher concentration of SS in HR plants is conducive to maintaining cell homeostasis and
normal metabolism. In this study, The difference of SP content between different varieties is more
obvious. SS and SP are deemed to function as osmotic regulatory substances in vivo, protecting the
integrity of cell membranes, and helping plants maintain osmotic homeostasis under heat stress
[17-;20]. The SP level of HR varieties is twice than that of HS varieties. This may be explained that the
protein degradation rate is lower and the synthesis rate is higher in HR plants compared to HS plants.
Therefore, higher SS and SP level helps protect cell membrane system and further enhance the heat
tolerance. They coordinately maintain osmoregulation and avoid damage to protein structure within
the cell. Our data showed that the heat damage index was highly negatively correlated with the
content of SS (r=-0.86) and SP (r=-0.695) . In addition, a significant negative correlation was proved
between ascorbic acid and the heat damage index of plants, indicating that heat-resistant varieties
have higher levels of ascorbic acid (r=-0.859) and stronger antioxidant abilities. The SS and ascorbic
acid level has been proposed as important indicators to identify the degree of heat damage.

Table 3. The content of MDA, chlorophyll a, chlorophyll b, ascorbic acid of Brassica rapa cultivars
with elevated heat tolerance under heat stress conditions.

Serial number MDA Chlb Chla Ascorbic acid
1 5.50+0.07a 0.18+0.00bcd  0.49+0.02bcde  0.22+0.01bcde
2 5.49+0.04a 0.17+0.08bcd  0.46+0.02bcde  0.20+0.00bcde
3 5.73+0.14a 0.19+0.01bcd  0.42+0.01bcde  0.19+0.00bcde
4 4.49+0.06b 0.24+0.01bc 0.53+0.01bcde  0.25+0.01bcde
5 4.62+0.05b 0.26+0.01b 0.62+0.01bcde 0.31+0.00bc
6 2.85+0.33bcd 0.37+0.01a 0.82+0.01bc 0.34+0.01b
7 2.98+0.09bcd 0.39+0.01a 0.87+0.01b 0.37+0.00a
8 3.62+0.05bc 0.36+0.00a 0.83+0.01bc 0.36+0.00bc
9 3.51+0.00bc 0.32+0.01a 0.72+0.01bcd 0.34+0.00bc
10 5.01+0.00b 0.28+0.00bc 0.55+0.01bc 0.21+0.02bcde
11 3.36+2.89bc 0.38+0.10a 1.04+0.01a 0.38+0.00a
12 3.84+0.33bc 0.29+0.00bc 0.76+0.02bcd 0.24+0.00bcde
13 4.87+0.14b 0.31+0.01b 0.46+0.01bcde  0.24+0.01bcde
14 4.64+0.05b 0.25+0.01bc 0.60+0.02bcde 0.30+0.00bc
15 5.07+0.05b 0.34+0.01b 0.65+0.02bcde 0.31+0.00bc
16 4.05+0.06bc 0.28+0.01bc 0.47+0.01bcde  0.24+0.00bcde
17 3.50+0.01bc 0.22+0.01bc 0.46+0.02bcde  0.20+0.00bcde
18 4.30+0.07bc 0.28+0.01bc 0.59+0.00bcde  0.29+0.00bcde
19 4.32+0.10bc 0.27+0.01bc 0.63+0.01bcde 0.31+0.00bc
20 5.14+0.11a 0.25+0.01bc 0.55+0.02bcde  0.27+0.01bcde

Heat stress initiaHeat sHeat stress initially leads to the injury of the plasma membrane and
rearrangement of the cytoskeleton. A large amount of free radicals in plants will cause membrane
lipid peroxidation and produce malondialdehyde when exposed to high temperature. The membrane
lipid peroxidation. Heat stress often lead to the membrane lipid peroxidation and a increased MDA
level [21].

As shown in the Table 3, the MDA content was significantly accumulated in HS plants
(aijiaohuang, xinlvxiu and wuyueman). On the contrary, HR plants (jiaoyang, lichuojingang, aoxia and
xinxiaqing) showed a low MDA level. It indicated that the the stability of plasma membrane is
damaged in HS plants which are more sensitive to heat stress. In this study, HS plants have a higher
REC level. The correlation between MDA (r=0.628) and heat damage index is not as good as other
indicators.
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3.4. Gas-exchange parameters of different B.rapa cultivars under heat stress

Heat stress destroys the photosynthetic system of plants, with a reduced photosynthetic rate and
stomatal opening and a increase of transpiration rate. In this work, the high temperature treatment
was implement on twenty B.rapa cultivars for 24 h. The gas exchange index were measured,
including photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO: concentration (Gs). The
photosynthetic rate of HR plants was significantly higher compared to HS plants. Among them, the
liehuojingang has the highest Pn (18.76 umol m2 s -1), followed by jiaoyang (16.9279 pmol m=2s 1)
and Xinxiaqing (16.1187pumol m=2 s -1). The Pn of HS plants (xinluxiu, wuyueman, aijisohuang and
shanghaiqing) was approximately 10.5 pumol m=2s 1. Many study revealed that heat stress enhance the
transpiration rate of plants, leading to death due to excessive dehydration [22]. The E of these B.rapa
cultivars under heat stress were measured. According to Table 2, the E of the lichuojingang, jiaoyang,
xinxiaqing and gaohuaqing were relatively higher than other varieties. The E of the liehuojingang
(4.35gm2-h) is almost twice that of the xinlvxiu (2.24 m2-h). The gs of HR plants was significantly
higher than HS varieties. Stomata are the main channels for gas exchange of plant leaves. while HR
plants have a significantly higher level of Ci than that of HS plants. These results suggest that HR
plants under heat stress have a stronger capacity of photosynthetic gas exchange than HS plants. In
summary, the Pn (r=-0.843) are more suitable for plant heat tolerance identification than E (r=-0.679),
Ci (r=-0.682) and Gs (r=-0.673).

Table 4. Photosynthetic rate (A), transpiration rate (E), Intercellular CO2 concentration (Ci), stomatal
conductance (Gs) and pearson coefficient (r) with heat damage index of Brassica rapa seedlings under
heat stress, the data represent mean values +SE from four independent experiments.

Serial number Pn Tr Gs Ci
1 11.57+4.02 2.72+0.06b 254.85+1.51bcde 374.67+1.75bc
2 9.94+0.53bc 2.57+0.07b 241.00+3.26bcde  308.14+1.45bcde
3 10.44+0.40bc 2.79+0.077b  281.04+6.86bcde  334.81+2.08bcde
4 11.33+0.27bc 3.76+0.06b 245.27+4.01bcde  369.811+0.87bcd
5 13.42+0.42bc 2.91+£0.01bc ~ 249.82+3.71bcde  357.97+1.58bcde
6 16.93+0.78b 3.68+0.08bc 395.21+3.99a 365.38+0.73bcde
7 15.36+0.43b 4.15+0.04bcd  344.28+3.01bcde 439.41+0.43bc
8 16.12+0.62b 3.96+0.11bc 372.86+2.82b 361.53+1.01bcde
9 14.61+0.17b 3.74+5.60a 270.18+3.52bcde  369.81+0.87bcd
10 12.15+0.53bc 2.62+0.10bc  237.26+5.94bcde  336.09+2.22bcde
11 18.76+030ac 4.35+0.03bc 365.24+4.79bc 449.77+5.15a
12 15.60+0.26b 3.32+0.13bc ~ 281.91+5.27bcde 376.78+1.50b
13 12.750+0.25bc =~ 2.91+0.03bc ~ 284.66+3.86bcde 384.44+1.60b
14 13.87+0.29bc 3.37+0.05b 328.47+4.84bcde  368.29+3.561bcd
15 12.504+0.40bc  2.46+0.02bc 331.84+5.98bcd 375.511+1.65bc
16 10.47+0.39bc 3.05+0.03b 246.4+3.52bcde  338.16+1.98bcde
17 10.57+0.31b 3.25+0.01b 254.99+3.94bcde  306.54+2.08bcde
18 14.28+0.24bc 3.03+0.03b 266.68+4.16bcde  337.47+4.38bcde
19 12.75+0.25bc 2.76+0.02bc  244.54+3.59bcde  346.96+2.65bcde
20 13.51+0.28bc 3.29+0.17b 323.42+3.67bcde  365.45+2.99bcde

Heat stress considerately harm the yield of photochemistry of PS(II) in the aspect of quantum
yield. The Fv/Fm value of plants can be used as an important indicator to identify the degree of
multiple abiotic stresses. After heat stress treatment, the Fv/Fm values of these 20 B.rapa varieties
were measured. Higher Fv/Fm values in HR plants represented a higher PSII efficacy relative to HS
plants. The Fv/Fm of jiaoyang (0.33) is twice as much as aijiaohuang (0.78). Meanwhile, Fv/Fm is highly
correlated with heat damage index(r=-0.735).

Based on these physiological indicators, cluster analysis was conducted on all non heading
Chinese cabbage (Figure 1). It was found that the heat resistance of Xinxiaging and Gaohuaging, as
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well as [inoyang and liehuojingang, is relatively consistent, while the sensitivity to heat is relatively
consistent for May slow, dwarf yellow, and Xinlvxiu. These materials are divided into 7 heat-resistant
varieties and 13 heat-sensitive varieties in total. The correlation between the heat damage index and
growth physiological indicators of non heading Chinese cabbage under heat stress was also analyzed
(Table 5). intriguingly, correlation analysis shows that SS, ascorbic acid, photosynthetic rate, dry and
fresh weight, and Fv/fm are useful heat tolerance indicators (Table 5).
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Figure 1. Cluster analysis of Non heading Chinese Cabbage varieties based on heat tolerance index.

Table 5. Correlation analysis between various physiological indicators and heat damage index.
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4. Discussion

The rapid increase in population and atmospheric pollution have led to global warming and
become a major limiting factor to crop production due to global temperature rise [23-25].

The high-throughput sequencing technology has rapidly developed in recent decades. RNA
sequencing and transgenic technology have been powerful tools for explore potential molecular
regulation mechanism in abiotic stress. However, using biotechnology to develop new species and
applying it to crop production is still a huge challenge. Therefore, it is essential to elucidate the
mechanism of heat tolerance in Brassica rapa rom the viewpoint of physiology and biochemistry in
order to develop new varieties.

It is notable to understand the heat-resistant mechanism of plants at the physiological and
biochemical level to study combined with molecular biology. On the other hand, it is essential to
establish a simple and effective variety identification methods for variety identification.

In this experiment, we selected twenty B.rapa varieties with different heat tolerance for heat
tolerance identification. Combined analyses of morphological and physiological indicators were
performed to establish a simple and effective identification method. Their heat damage index was
measured, and the relationship between chl content, MDA content, SS and SP content, growth
attribute (including plant height, plant width, leaf area, dry and fresh weight, root-shoot ratio, root
activity, etc.), gas exchange parameters and heat damage index was explored.

We found that heat damage has a greater negative impact on the growth and development of
HS varieties. Secondly, the chl content of HS was lower compared to HR plants, indicating that the
chl degradation activity was more frequent in HS plants. Chlorophyll content directly influence the
photosynthesis of plants, The biomass of HR plants is greater than that of HS, including dry and fresh
weight, plant height, plant width, leaf area, Root-shoot ratio. The result suggested the fixing carbon
capacity is stronger in HR plants. On top of this, there are great differences in root development
between heat-resistant varieties and heat-sensitive varieties under heat stress. Root is the vegetative
organ of plant for plants to absorb water and nutrients. Damaged roots will make plants produce
water deficiency, innutrition, and seriously lead to death. In general, the leaf and root development
of plants affect the source-flow-sink relationship and then determine the yield.

In order to further understand the differences between heat-sensitive varieties and heat-resistant
varieties in the process of photosynthetic electron transfer and oxidation resistance, the antioxidant
system and photosynthetic system of HR and HS varieties were analysed.

4.1. Biochemical analysis of enzymatic activities and Hydroxyl scavenging capacity

Upon exposure to high temperature environment, plants first perceive heat stress signals and
trigger a series of transcriptional responses. It is widely accepted that heat stress disrupts ROS
metabolic balance, resulting in its excessive accumulation and instability of the membrane system.
Plants initiated antioxidant machinery which help to counteract the toxic effect of ROS [26]. Plants
produce a range of antioxidants to scavenge ROS and protect cells from oxidative stress. The
production of antioxidant enzyme, like superoxide catalase (CAT) ,dismutase (SOD) or peroxidase
(POD), is essential for eliminating superoxide radicals. In this study, the differences of antioxidant
system and photosynthetic system between heat-resistant varieties and heat-sensitive varieties under
heat stress were mainly studied. The activity of peroxidase (POD), catalase (CAT), Ascorbic acid
oxidase (AAO) and superoxide dismutase (SOD), the proline (Pro) content, hydrogen peroxide
(H202) content, the scavenging rate of hydroxyl free radicals in HR and HS plants under heat stress
were measured. As shown in figure 2, the trend of CAT and SOD enzyme activities is to increase
gradually, while POD and AAQO enzyme activities increase first and then decrease. This result shows
that POD and AAO enzyme activities can only maintain for a short time in plant heat stress response.
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CAT and SOD enzymes may play a leading role in the enzyme activity system under continuous high
temperature environment. The results showed that the protective enzyme activity of HR varieties
was higher, which prevented the damage to cells by scavenging ROS. Previous findings shown that
the expression of ROS scavenging genes is strongly upregulated in heat-tolerant plants, which was

accordance with our data [27].
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Figure 2. The antioxidant enzyme activity of ascorbic acid oxidase (AAO), catalase (CAT),
Pperoxidase (POD) and superoxide dismutase (SOD) of Brassica rapa. cultivars under heat stress.

In addition, we found that the hydroxyl radical scavenging rate of HR varieties was higher than
that of HS varieties, and the H20: content of HS varieties was significantly higher than that of heat-
resistant varieties, which was in line with the previous enzyme activity assay results (Figure 3). To
our knowledge, higher H20O: content destroy cellular structure, produce active oxygen radicals which
damage cell fate [28].

Proline is an important amino acid which help protect the cell membrane structure and take
part in antioxidant pathways [29,30]. Under heat stress, the accumulation of Pro gradually increased,
and rose very fast after 3 d treatment. Under heat stress, Pro participate in the adjustment of osmotic
pressure balance in vivo. In order to understand the differences in cell membrane permeability, the
relative conductivity of the leaves of heat-resistant and heat-sensitive varieties under heat stress was
also measured. The results showed that the relative conductivity of the leaves of HR and HS varieties
increased continuously in the first five days, and then gradually decreased. Moreover, the relative
conductivity of the leaves of heat sensitive varieties is higher than that of heat resistant varieties,
indicating that HS varieties has a higher level of increase membrane permeability under heat stress.
This also shows that CAT, CAT activity, hydroxyl radical scavenging rate, pro and H20: content were
suitable to identify heat-tolerance in Brassica rapa varieties. ROS accumulation disrupt
photosynthesis, respiration and inactivate the activity of biological macromolecules [31]. The result
suggested that HR plants possesses superior antioxidant system, indicating a stronger tolerance than
HS plants.
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Figure 3. Proline content, hydrogen peroxide H202 content, relative conductivity andhydroxyl radical
scavenging ability of Brassica rapa. cultivars under heat stress.

4.2. The PSII and PSI Activity of Brassica rapa Leaves under heat stress

Chlorophyll fluorescence parameters has been widely used in photosynthetic research. C The
primary reaction processes of photosynthesis and the processes of electron transfer can be assessed
by Chlorophyll fluorescence parameters. Almost all changes in photosynthesis can be reflected by
chlorophyll fluorescence. The quantum yield [Y(I),Y(II)] and electron transport rate [ETR(I), ETR(II)]
of PSI and PSII in these Brassica rapa materials were measured, respectively. The processof the
photosynthetic electron transport can be affected by multiple abiotic stresses, including heat,
drought, cold, salinity and heavy metal. These stresses can reduce the efficiencyof photochemical
reaction, further producing excess absorbed light energy and aggravating photo inhibition [32-35].
The rapid light curves (RLCs) of photosynthetic quantum yields was measured. Heat stress has
destructive impact on the photosystems, especially PSII, and further causing photo inhibition. As
shown in figure 4, ETR (II) and ETR (I) were significantly lower in HS (S1, S2, S3) plants compared to
HR (R1, R2, R3, R4) plants. Our results showed that the activity of the photosynthetic electron
transport was various between HS and HR varieties. HR plants can keep a higher photosynthetic
efficiency and biomass accumulation compared with HS plants. The activity of PSII and PSI from B.
rapa leaves in HR plants was higher than HS plants. The effective quantum yield of PSII
photochemistry [Y(II)] increase initially and then decrease gradually with increasing light intensity.
while Y(II) was significantly lower in HS group compared to HR group at almost all light intensities.
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Figure 4. Energy distribution in photosystems electron transport rate of Brassica rapa under heat
stress.Y(II), efficient quantum yield of PSIL;Y(I), quantum yield of PSI;. ETR(II), electron transport rate
of PSII; ETR(]), electron transport rate of PSI.

It can be seen from Figure 4, the donor-side limitation [Y(ND)] was gradually increased with
increasing light intensity. The trend of the acceptor-side limitation [Y(NA)] is opposite to Y(ND). The
result indicated the HR plants have a higher level in terms of quantum yield of PSI non-
photochemical energy dissipation. These results suggested that HR plants have stronger abilities to
induce non-photochemical quenching of PSII and activate the self-proection of PSI. The energy
utilization mechanism in plants was disturbed under heat stress, resulting in a photoinhibitory effect.
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Figure 5. Non-photochemical quenching (NPQ), Non-photoprotective heat dissipation Y(NO), the
acceptor-side limitation [Y(NA)], donor side limitation of PSI Y(ND) from light curve analysis by
dual-PAM of two Brassica rapa cultivars under heat stress. Data are the means of four replicates with
standard errors shown by vertical bars. *indicates significant difference (P=0.05), and **indicates a
highly significant difference (P=0.01).
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The quantum yield of non-regulated energy dissipation in PSII [Y(NO)] was decreased and then
keep stable with increasing light intensity. R1 and R2 was significantly higher than other groups
before light intensity closed to 1000 pmol m2 s -1. With increasing light intensity, the quantum yield
of regulated energy dissipation in PSII [Y(NPQ)] increased rapidly. The Y(NPQ) of jiaoyang and
xinxiaqing acquired a maximum value. It suggested that HR plants have a stronger capacity to
induce photoprotection of PSII. The quantum yield of PSI photo chemistry [Y(I)] decreased gradually
with increasing light intensity. In addition, the functional PQ pools were significantly reduced in HS
plants compared to the HR plants.

Numerous studies have focused on the mechanism of heat stress in Brassica rapa.However, few
studies established a simple and effective method to identify heat resistant varieties. A large number
of studies have emphasized the molecular mechanism of heat tolerance, including heat shock protein
pathway, ROS pathway, hormone transduction pathway, etc. These results are of great significance
and provide valuable information about the mechanism of heat tolerance in plants. Based on these
funding, we investigated the physiological and biochemical response of Brassica rapa with with
different heat tolerance to high-temperature stress. This paper focuses on the changes of plant
osmoregulation substance catabolism, antioxidant pathway and photosynthetic pathway in adapting
to heat stress. This paper provides a more accurate identification method for heat tolerance, and
explains the importance of light protection and antioxidant mechanism for plant heat tolerance, so as
to provide the key genes for future exploration of related pathways.

Heat stress has multiple devastating effects on the life activities of cells. The specific
physiological reactions that play a decisive role in the mechanism of heat tolerance have not been
clarified. In this study, the HS and HR varieties under heat stress were compared involving in
multiple physiological and biochemical response. The results showed that protective enzymes and
photosynthetic electron transport played important roles in the heat tolerance of Brassica rapa.
Photosynthetic apparatus behaved differently in the different Brassica rapa materials under heat
stress, which may play key roles in causing the differences in the heat resistance of B.rapa materials.

Our study provides valuable information on the physiobiochemical of B. rapa in response to
heat stress. we propose to pay more attention to the gene regulation of antioxidant enzyme synthesis
and photosynthetic electron transport pathway at the molecular level in the future research on the
mechanism of heat tolerance regulation of Brassica rapa, which opens a new door to further reveal the
mechanism of high temperature adaptation of horticultural crops.

Noteworthy, these findings provide us with a new light of the physiological mechanisms of heat
stress on Brassica rapa and could promote the genetic modification of heat tolerance in horticultural
crops.

5. Conclusion

In summary, we conclude that chlorophyll content, photosynthetic rate, the content of soluble
sugar and soluble protein, the dry and fresh weight, the Fv/Fm can be used for rapid screening of
heat-resistant varieties in brassica rapa. Secondly, the heat resistant variety possess a stronger
antioxidant system, which produce the antioxidants to scavenge ROS in B.rapa. On the other hand,
heat-resistant varieties in B.rapa acquired a stronger heat tolerance by protect electron transport
system in photosynthesis and enhance antioxidant enzyme activity in ROS signaling. Our result
provide theoretical basis for the future development of heat-tolerant horticulture crop germplasm
resources.
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