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d Luoyang Normal University, Luoyang, China
e Groupe de Recherche en Physiologie Végétale, Earth and Life Institute, Université Catholique de Louvain-UCLouvain, Louvain-la-Neuve, Belgium
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A B S T R A C T

Melatonin (MT) serves as a potent antioxidant in plant organisms, bolstering their resilience to temperature 
stress. In this study, the impact of MT on various buckwheat varieties under high-temperature stress conditions 
(40 ◦C) was investigated. Specifically, five buckwheat seedling varieties, comprising three sweet buckwheat 
variants (Fagopyrum esculentum) and two bitter buckwheat types (Fagopyrum tataricum), were subjected to foliar 
sprays of melatonin at concentrations of 50, 100 and 200 μM, with water at 25 ◦C employed as a control. Results 
demonstrated that exogenous MT at different concentrations improved the growth and physiological parameters 
of buckwheats, ameliorating damage induced by high-temperature stress. Notably, the application of 100 μM MT 
significantly augmented shoot biomasses of buckwheat seedlings under high-temperature conditions. Further
more, the MT significantly increased the levels of osmotic adjustment substances and chlorophyll concentrations, 
enhanced antioxidant enzyme activities, chlorophyll fluorescence parameters, and improved photosynthetic gas 
exchange parameters in five different varieties of buckwheat. This led to the alleviation of damage to buckwheat 
seedlings subjected to high-temperature stress. Subsequently, five advanced statistical analysis methods: Prin
cipal Component Analysis, Grey Relational Analysis, Path Coefficient Analysis, Membership Function Method, 
and Coupling Coordination Analysis were employed to delve deeper into the existing data indicators. To sum
marize, the beneficial effect of exogenous melatonin on seedling growth is primarily achieved through the co
ordination and regulation of the antioxidant enzyme system and osmotic regulatory substances, ensuring the 
growth and development of buckwheat seedlings while also improving their heat tolerance. The treatment with a 
concentration of 100 μM of MT was the most effective.

1. Introduction

Buckwheat is both a valuable food crop and a decorative plant. The 
seeds are gluten-free and high in dietary fiber, rutin, and protein. 
Buckwheat’s amino acid profile is noticeably balanced, with a particu
larly high lysine concentration, which enhances both its nutritional 
value and unique flavor (Christa and Soral-Śmietana, 2008; Halbrecq 
et al., 2005). Buckwheat plays a vital role in environmental conservation 
besides its human health benefits. It safeguards soil from erosion, effi
ciently absorbs nitrogen and phosphorus, displays robust resistance to 

pests and diseases, and flourishes in diverse soil conditions (Kopeć et al., 
2021). However, being a crop that prefers cooler climates, buckwheat is 
highly vulnerable to increased temperatures. The optimum temperature 
for buckwheat growth was 21–25 ◦C (Aubert et al., 2020).

With the escalation of global warming, the heightened frequency and 
severity of extreme weather events present a significant threat (Kumari 
et al., 2020). Heat stress emerges as a critical environmental challenge 
impacting agricultural growth and productivity by disturbing cellular 
balance in crops, leading to impaired growth and potential death under 
severe conditions (Prasad et al., 2023; Sajid et al., 2022; Zhu et al., 
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2022). Studies show that heat stress can hinder leaf expansion, reduce 
photosynthesis, harm cellular and chloroplast structures, diminish 
pollination rates, and trigger oxidative stress responses in buckwheat, 
consequently impacting its growth rate and yield, consequently 
impacting its growth rate and yield (Aubert et al., 2020; Hornyák et al., 
2020; Płażek et al., 2019). These physiological changes significantly 
hinder buckwheat’s growth and productivity, limiting its cultivation in 
various ecological zones due to its thermal sensitivity. Therefore, it is 
imperative to identify strategies to mitigate high-temperature stress.

Melatonin (MT), also known as pineal gland secretion, is an indole 
compound widely distributed in both animals and plants (Arnao, 2014; 
Arnao and Hernández-Ruiz, 2006). In the plant kingdom, melatonin is 
revered as a crucial biological defense molecule, enhancing plant resil
ience against environmental stressors through various mechanisms 
(Bose and Howlader, 2020; Khan et al., 2020). Studies have shown 
melatonin’s ability to effectively counteract hydroxyl radicals (⋅OH), 
peroxynitrite radicals (⋅ONOO− ), and radicals responsible for lipid 
peroxidation, highlighting its role as a potent endogenous antioxidant. 
Additionally, melatonin scavenges other harmful species like lipid per
oxyl radicals (LOO–), superoxide anion radicals (O2

− .), hydrogen 
peroxide (H2O2), and nitric oxide radicals (NO− ) (Zhang and Zhang, 
2014). Research reveals that the application of exogenous melatonin can 
effectively alleviate high-temperature stress by protecting cell mem
branes, enhancing photosynthetic efficiency, preserving the photo
system, and preventing heat-induced disruption of photosynthesis (Hu 
et al., 2023; Sehar et al., 2023). These findings not only elucidate the 
diverse roles of melatonin in regulating plant responses to thermal stress 
but also present a novel approach of utilizing exogenous melatonin as a 
protective agent for plants to mitigate the detrimental effects of 
high-temperature stress.

Although the influence of melatonin on plant growth and develop
ment is well-documented, its specific mode of action in buckwheat 
under high-temperature stress remains elusive. Investigating the effects 
of exogenous melatonin on buckwheat’s growth and development under 
such conditions is poised to enhance our understanding of melatonin’s 
operational mechanisms and may reveal buckwheat’s unique mecha
nisms for heat tolerance. Therefore, this study aims to bridge this gap by 
examining how exogenous melatonin alleviates high-temperature stress 
in buckwheat, comprehensively evaluating the impacts of melatonin 
treatment on growth parameters, photosynthetic efficiency, and anti
oxidant defense systems across five buckwheat varieties exposed to 
thermal stress. By elucidating the growth-inhibitory effects, this 
research seeks to establish a scientific basis for utilizing plant growth 
regulators to improve crop heat tolerance and provide valuable insights 
for studying and implementing heat resistance in other agricultural 
species.

2. Materials and methods

2.1. Plant material and reagents

From October 2022 until June 2023, the experiment was conducted 
at the Laboratory of Plant Physiology and Biochemistry, College of 
Landscape and Tourism, Hebei Agricultural University, located in 
Baoding City, Hebei Province, China (38.827222◦N, 115.453389◦E). 
The testing materials included three common buckwheat varieties: 
Fenghuangtehong (‘Fhth’), Kanbaotianqiao (‘Kbtq’), and ‘Xn9978’, two 
Tartary buckwheat varieties: Zhongku NO. 3 (‘Zk3h’), Chuanqiao NO. 8 
(‘Cq8h’). These buckwheat seeds were obtained from the Buckwheat 
Gene Resources Innovation Research Group at the Institute of Crop 
Science, Chinese Academy of Sciences, a component of China’s agri
culture business. melatonin of 99% purity was received from Sigma 
Company in the United States.

2.2. Experimental setup

This study examined the growth of five buckwheat varieties: ‘Fhth’, 
‘Kbtq’, ‘Zk3h’, ‘Cq8h’, and ‘Xn9978’. Seedlings were grown in plastic 
pots measuring 15 cm in diameter and 12 cm in height. Watering was 
initially performed to establish a soil moisture level of around 80%, 
followed by the planting of disinfected, high-quality seeds. The germi
nation substrate, including ≥45% organic matter, reduced the require
ment for fertilizer application for 20 days after germination. Following 
that, a water-soluble fertilizer high in macronutrients was administered 
biweekly by root soaking.

A subset of consistently growing seedlings was selected for melatonin 
therapy 30 days after germination, when they had established 2 to 3 
leaves. Melatonin concentrations of 0 μM, 50 μM, 100 μM, and 200 μM 
were delivered at 20:00 for five consecutive nights. Spray on both sides 
of the leaves at a time to stop the melatonin drip (Jiang et al., 2021).

Following the last treatment, the seedlings were moved to an artifi
cial climate room set to 40 ◦C for the high-temperature treatment and 
25 ◦C for the control. To achieve consistent light dispersion, the pots’ 
positions within the chamber were frequently modified. The experi
mental design contained three duplicates of each treatment, each con
taining ten plants. The treatments were as follows: W (leaf spraying with 
water at 25 ◦C), W + H (leaf spraying with water at 40 ◦C), MT50+H 
(leaf spraying with 50 μM melatonin at 40 ◦C), MT100+H (leaf spraying 
with 100 μM melatonin at 40 ◦C), and MT200+H. Physiological mea
sures were taken at 0, 12, 24, 48, and 72 h post-treatment to fully 
examine the seedlings’ physiological responses to the treatments.

2.3. Measurement of physiological and biochemical indicators

After 72 h of high-temperature stress, the growth responses of 
buckwheat seedlings were measured. Seedling height was measured 
from the soil surface to the apex with a centimeter ruler, and leaf area 
was calculated using the length-width coefficient technique reported by 
Mao et al. (2014). Seedlings were then divided into stems and roots to 
determine fresh biomass. For dry biomass, the seedlings were dried at 
70 ◦C until a consistent weight was reached, and then weighed.

The approach given by Borna et al. (2019) was slightly modified to 
measure soluble sugars (Ss) concentration. 0.3 g of seed sample was 
added to 9 mL of distilled water in a boiling water bath for 30 min 1 mL 
of the supernatant was combined with 5 mL of sulfuric acid-anthrone 
reagent, heated for 10 min, and then cooled. The absorption value was 
determined using a spectrophotometer at 620 nm.

The proline (Pro) concentration was measured using the approach 
provided by Subramanyam et al. (2019). Specifically, 0.3 g of the ma
terial was homogenized in 3 mL of 3% aqueous sulfosalicylic acid, then 
centrifuged. Then, 2 mL of the supernatant was combined with an equal 
volume of glacial acetic acid and ninhydrin reagent. The mixture was 
cooked in boiling water for 30 min. After cooling, the sample was 
centrifuged at 10,000 rpm for 5 min. The absorbance was measured at 
520 nm using a spectrophotometer.

The soluble protein (Sp) concentration was determined using the 
Coomassie Brilliant Blue technique, as described by Yasmeen et al. 
(2013). To make the Coomassie Brilliant Blue G-250 solution, first 
dissolve 0.1 g of dye in 50 mL of 90% ethanol, then add 100 mL of 85% 
phosphoric acid. The volume was subsequently increased to 1000 mL 
using distilled water, and the solution was kept in an amber glass 
container for one month. In the test process, 0.1 mL of the enzyme so
lution was mixed with 0.9 mL of distilled water, then 5 mL of Coomassie 
Brilliant Blue G-250 reagent was added. The mixture was thoroughly 
homogenized and allowed to stand for 2 min. Absorbance readings were 
then taken at a wavelength of 595 nm.

The relative electrical conductivity (REC) was measured using a 
conductivity meter, as reported by Lim et al. (2022). Fresh ornamental 
buckwheat samples were washed with deionized water and then dried to 
eliminate surface moisture. Following cutting, the samples were 
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properly weighed, and 0.1 g of each was deposited in centrifuge tubes 
(triplicates). The samples were immersed in deionized water for 24 h. 
First, conductivity measurements were obtained (R1), and then the 
samples were cooled in boiling water for 20 min before being measured 
again (R2).

Catalase (CAT) activity was determined using the technique pub
lished by Baureder et al. (2014). For each test, a 50 mL Erlenmeyer flask 
was used (the second as the control). The test flask got 2.5 mL of enzyme 
extract, whereas the control flask had 2.5 mL of boiling enzyme extract. 
Each received 2.5 mL of H2O2.The mixes were then incubated in a 30 ◦C 
water bath for 10 min. The reaction was then terminated by adding 2.5 
mL of 10% H2SO4. Titrated with 0.1 mol/L KMnO4 till pink (30 s 
remaining).

Malonaldehyde (MDA) was measured using the acid ninhydrin 
technique (Landi, 2017). A 0.1g tissue sample was weighed and ho
mogenized with 2 mL of 10% trichloroacetic acid and a little quantity of 
quartz sand. The homogenate was then mixed with an additional 8 mL of 
10% trichloroacetic acid before being transferred to a 10 mL centrifuge 
tube and centrifuged at 2000 rpm for 10 min. The supernatant served as 
the sample extract. In a centrifuge tube, combine 3 mL of 0.5% thio
barbituric acid and 1 mL of enzyme extract. The mixture was then 
incubated in a boiling water bath for 30 min, cooled quickly, then 
centrifuged at 9000 rpm for 15 min. The absorbance of the supernatant 
was measured at 450 nm, 532 nm, and 600 nm wavelengths to deter
mine the absorbance value, with thiobarbituric acid serving as a blank.

Superoxide dismutase (SOD) activity was evaluated using the nitro
blue tetrazolium reduction method (Stephenie et al., 2020). The assay 
involved two sets of test tubes: one for treatment and the other for 
sample analysis. The reaction mixture contained the following: 1.5 mL of 
pH 7.8 phosphate buffer (only for test tubes), 0.05 mL of enzyme solu
tion (only for control), 0.3 mL of methionine, 0.3 mL of nitroblue 
tetrazolium, 20.3 mL of EDTA-Na, 0.25 mL of distilled water, 0.05 mL of 
enzyme solution, 0.3 mL of riboflavin. Two test tubes were used pH 7.8 
phosphate buffer instead of enzyme solution. For the two test tubes, one 
tube was placed in the dark, while the other was reacted in 4000 LX 
(25 ◦C light incubator, level 6 light) sunlight for 20 min. After the re
action was over, they were covered with black plastic bags to terminate 
the reaction. The absorbance of the samples was measured at 560 nm, 
using the unilluminated tube as a blank.

Peroxidase (POD) was measured using the guaiacol technique 
(Stephenie et al., 2020). The reaction mixture included 2.9 mL of 
phosphate buffer, 1 mL of 2% H2O2, 1 mL of guaiacol solution, and 0.1 
mL of enzyme solution (added at the end). The mixture was put in a 
37 ◦C water bath for 15 min before rapidly chilling in an ice bath. To stop 
the process, 2 mL of trichloroacetic acid was added. The absorbance was 
measured at 470 nm with a control of 2.5 mL of heated and boiling 
enzyme solutions.

The net photosynthetic rate (Pn), stomatal conductance (Gs), tran
spiration rate (Tr), and ambient CO2 concentration (Ci) were measured 
using an XT LI-6400 portable photosynthesis system equipped with a 
leaf chamber fluorometer (Li-Cor Inc., Lincoln, NE, USA). The fully 
expanded leaves from each plant’s middle to upper parts were randomly 
selected and measured at 12h. Before measurements, the leaves were 
acclimated for 2 min at each PPFD, including 0, 20, 40, 60, 80, 100, 300, 
500, 800, 1200, 1500, and 2000 μmol mol− 1. The Ci was set up as 380 
μmol mol− 1 and 2.0 ± 0.4 kPa, respectively (Lee et al., 2023).

Fv is calculated by the difference of Fm and Fo, and it reflects the 
reduction of electron acceptors of PSII(QA). The maximal PSII efficiency 
of dark-adapted leaves (Fv/Fm), maximum primary photochemical yield 
(Fv/Fo) of PSII, a crucial indicator for assessing the extent of light in
hibition in plant photosynthesis and directly correlated with photosyn
thetic intensity, was calculated using various formulas and the relative 
variable fluorescence(Vj)index reflects the degree of damage to plant 
leaves in adverse environments and is an important parameter for 
evaluating the ability of plants to cope with stress were calculated 
following Wan et al. (2020).

The chlorophyll content was determined using the method of He 
et al. (2020) with some modification. chlorophyll α (Ca), chlorophyll β 
(Cb), total chlorophyll and carotenoid (Cc) concentrations in the leaves 
after 72h were determined quantitatively. The fresh leaves (0.1 g) of 
P. indicus seedlings were sampled at each time point and placed in a glass 
tube containing 10 mL of 80% acetone. The tube was stored in a 
refrigerator at 4 ◦C for seven days, and the extract was measured at three 
different wavelengths (663, 645, and 480 nm) with a UV spectropho
tometer (Shimadzu UV–160A, Shimadzu Co., Japan).

2.4. Statistical analysis

Data were recorded in Microsoft Excel and analyzed statistically with 
SPSS 26.0. Duncan’s test was employed for comparing average values 
and performing the least significant difference test. Correlation, path, 
and principal component analyses were conducted. Graphs were 
generated using Prism 9.0 statistical software. Additionally, cluster 
analysis was performed using Tbtools (https://www.Tbtools.com)and 
Chiplot (https://www.chiplot.online/) online platforms. 

(1) Correlation analysis (Adler and Parmryd, 2010)

Correlation analysis (Pearson correlation) assesses the degree of 
connection between variables. The value ranges from − 1 to 1. A value of 
1 represents a perfect positive correlation, − 1 shows a complete nega
tive correlation, and zero indicates no linear association.

The relevant calculation formula is: 

R=
∑

(Xi − Xav)× (Yi − Yav) ÷

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
(Xi − Xav)

2
×
∑

(Yi − Yav)
2

√

Where Xi, Yi represents different values of the measurement index, Xav, 
Yav represents the corresponding average number of the measured 
indicators. 

(2) Path analysis (Lu et al., 2022)

The independent variables in this study include SOD, POD, CAT, Sp, 
Ss, Pro, and MDA, with REC serving as the dependent variable (Y). We 
initially performed a Y normalcy test. The linear regression equation was 
then obtained by doing a stepwise regression analysis. The indirect route 
coefficient (n) of each variable to the dependent variable is determined 
using the direct path coefficient and linear regression equation acquired 
through stepwise regression analysis. The relevant calculating formula 
is: 

n= rij × Pjy 

In the formula, rij is the correlation coefficient between Xi and Xj; Pjy is 
the direct path coefficient of Xj; Pi is the direct path coefficient of the 
independent variable. 

(3) Membership function analysis

The method of Schroeter-Zakrzewska and Pradita (2021) was used to 
calculate the membership function value (Um) of each measurement 
indicator. The calculation formula is: 

Um =(Cim − Cimin) ÷ (Cimax − Cimin)

where Cimax represents the maximum value of the mth measurement 
index; Cimin represents the minimum value of the mth measurement 
index; the greater the average value of the membership function, the 
stronger the high temperature resistance of the variety. 

(4) Coupling Coordination Analysis

Coupling coordination analysis adopts the method proposed by Dong 
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et al. (2023). The coupling coordination model involves the calculation 
of three indices, namely, the coupling.

Coordination index T value: 

T= αU + βA 

Coupling coordination D value: degree C value, coordination index T 
value, and coupling coordination D value. Their calculation formulas are 
as follows:

Coupling degree C value: 

C= 2 ×

(
U × A

(U + A)2

)1/2 

D=
̅̅̅̅̅̅̅̅̅̅̅̅
C × T

√

Where C represents the coupling degree of the antioxidant enzyme 
system and osmotic regulating substances, T represents the compre
hensive level of the antioxidant enzyme system and osmotic regulating 
substances, and D represents the coupling coordination of the antioxi
dant enzyme system and osmotic regulating substances; U and A are the 
comprehensive scores of the antioxidant enzyme system and osmotic 
regulating substances, and α and β are the contribution coefficients of 

the antioxidant enzyme system and osmotic regulating substances. It is 
generally considered that the antioxidant enzyme system and osmotic 
regulating substances are equally important, i.e., α = β = 0.5.

The classification standard of coupling coordination levels is shown 
in Table 1.

3. Results

3.1. Effects of exogenous melatonin on biomass accumulation in 
buckwheat seedlings under high temperature stress

The administration of melatonin significantly influenced biomass 
accumulation in buckwheat seedlings, as depicted in Table 2. In com
parison with the W treatment, both the fresh and dry weights of leaves 
and stems of the five buckwheat varieties were notably reduced in the W 
+ H treatment. Notably, among these varieties, the fresh and dry 
weights of leaves of ‘Zk3h’ were most impacted, experiencing a decrease 
of 26.95% and 54.55%, respectively. Additionally, the fresh and dry 
weights of stems of ‘Kbtq’ exhibited the most significant changes, 
decreasing by 37.18% and 36.11%, respectively. Conversely, the 
MT50+H, MT100+H, and MT200+H treatments, when compared with 
the W + H treatment, facilitated seedling growth, with the MT100+H 
treatment demonstrating the most pronounced effect. Specifically, 
under this treatment, both the fresh and dry weights of leaves and stems 
of the five buckwheat varieties increased. Notably, the impact on ‘Zk3h’ 
was most substantial, with fresh weights of leaves and stems increasing 
by 26.70% and 32.74%, and dry weights of leaves and stems increasing 
by 60.00% and 33.33%, respectively.

3.2. Effects of exogenous melatonin on the concentration of chlorophyll in 
buckwheat leaves under high temperature stress

The concentration of chlorophyll α, chlorophyll β, carotenoids, and 
total chlorophyll in the leaves of five kinds of buckwheat seedlings was 
significantly lower than that in the W treatment (Fig. 1). Notably, ‘Cq8h’ 
was the most susceptible to high temperatures, with drops of 27.54%, 

Table 1 
Standard classification of coupling coordination levels.

Coupling Coordination D Value 
Range

Coordination 
Level

Coupling Coordination 
Degree

[0.0–0.1) 1 Extreme Imbalance
[0.1–0.2) 2 Serious Imbalance
[0.2–0.3) 3 Moderate Imbalance
[0.3–0.4) 4 Slight Imbalance
[0.4–0.5) 5 Near Imbalance
[0.5–0.6) 6 Barely Coordinated
[0.6–0.7) 7 Primary Coordination
[0.7–0.8) 8 Intermediate Coordination
[0.8–0.9) 9 Good Coordination
[0.9–1.0] 10 Excellent Coordination

Table 2 
Effect of different concentrations of melatonin and high temperature on the fresh and dry weight of five varieties of buckwheat. Data (means ± SD, n = 3) followed by 
different letters among treatments within the same varieties indicate significant differences at the 5% level. W: leaf spraying with water at 25 ◦C; W + H: leaf spraying 
with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 40 ◦C; MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 
200 μM melatonin at 40 ◦C.

Varieties Treatment Leaf Stem

Fresh weight (g) Dry weight (g) Fresh weight (g) Dry weight (g)

‘Fhth’ W 0.450 ± 0.036 a 0.064 ± 0.002 a 0.837 ± 0.043 a 0.067 ± 0.002 a
W + H 0.384 ± 0.021 b 0.045 ± 0.002 c 0.695 ± 0.087 b 0.046 ± 0.003 c
MT50+H 0.428 ± 0.028 ab 0.051 ± 0.002 b 0.773 ± 0.041 ab 0.051 ± 0.004 bc
MT100+H 0.444 ± 0.016 a 0.058 ± 0.004 a 0.805 ± 0.028 a 0.053 ± 0.003 b
MT200+H 0.410 ± 0.026 ab 0.049 ± 0.004 bc 0.837 ± 0.043 ab 0.048 ± 0.003 bc

‘Kbtq’ W 0.419 ± 0.022 a 0.064 ± 0.003 a 0.694 ± 0.011 a 0.036 ± 0.002 a
W + H 0.354 ± 0.026 c 0.061 ± 0.002 c 0.436 ± 0.020 c 0.023 ± 0.003 c
MT50+H 0.380 ± 0.016 abc 0.040 ± 0.004 bc 0.484 ± 0.034 bc 0.027 ± 0.003 bc
MT100+H 0.410 ± 0.028 ab 0.044 ± 0.004 b 0.504 ± 0.025 b 0.031 ± 0.002 ab
MT200+H 0.364 ± 0.029 bc 0.041 ± 0.002 c 0.452 ± 0.032 c 0.025 ± 0.004 c

‘Zk3h’ W 0.282 ± 0.031 a 0.033 ± 0.002 a 0.304 ± 0.025 a 0.016 ± 0.001 a
W + H 0.206 ± 0.021 b 0.015 ± 0.001 c 0.223 ± 0.013 c 0.012 ± 0.002 b
MT50+H 0.234 ± 0.022 ab 0.020 ± 0.002 b 0.253 ± 0.022 bc 0.015 ± 0.002 ab
MT100+H 0.261 ± 0.036 a 0.024 ± 0.003 b 0.296 ± 0.020 a 0.016 ± 0.001 a
MT200+H 0.247 ± 0.018 ab 0.022 ± 0.002 b 0.276 ± 0.015 ab 0.015 ± 0.002 ab

‘Cq8h’ W 0.377 ± 0.018 a 0.044 ± 0.002 a 0.481 ± 0.012 a 0.028 ± 0.003 a
W + H 0.307 ± 0.029 b 0.034 ± 0.002 c 0.395 ± 0.011 c 0.021 ± 0.001 b
MT50+H 0.340 ± 0.036 ab 0.036 ± 0.002 bc 0.425 ± 0.028 bc 0.024 ± 0.003 ab
MT100+H 0.369 ± 0.015 a 0.039 ± 0.002 b 0.455 ± 0.033 ab 0.027 ± 0.002 a
MT200+H 0.330 ± 0.014 ab 0.034 ± 0.002 c 0.422 ± 0.018 bc 0.022 ± 0.002 b

‘Xn9978’ W 0.402 ± 0.022 a 0.055 ± 0.002 a 0.648 ± 0.024 a 0.044 ± 0.002 a
W + H 0.333 ± 0.035 b 0.045 ± 0.004 c 0.482 ± 0.016 c 0.034 ± 0.002 c
MT50+H 0.363 ± 0.023 ab 0.049 ± 0.002 bc 0.508 ± 0.027 bc 0.037 ± 0.002 bc
MT100+H 0.392 ± 0.014 a 0.051 ± 0.002 ab 0.570 ± 0.046 b 0.042 ± 0.003 ab
MT200+H 0.381 ± 0.018 a 0.047 ± 0.002 bc 0.532 ± 0.049 bc 0.040 ± 0.002 ab

Z. Tian et al.                                                                                                                                                                                                                                     Plant Physiology and Biochemistry 220 (2025) 109487 

4 



Fig. 1. Effect of different concentrations of melatonin and high temperature on the concentrations of chlorophyll α (A), chlorophyll β (B), carotenoids (C), and total 
chlorophyll (D) in leaves of five varieties of buckwheat. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by different letters above the bars 
within the same varieties. W: leaf spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 40 ◦C; 
MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.

Fig. 2. Effect of different concentrations of melatonin and high temperature on the photosynthetic parameters Pn (A), Gs (B), Tr (C), and Ci (D) in leaves of five 
varieties of buckwheat. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by different letters above the bars within the same varieties. W: leaf 
spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 40 ◦C; MT100+H: leaf spraying with 100 μM 
melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.
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Fig. 3. Effect of different concentrations of melatonin and high temperature on the chlorophyll fluorescence parameters Fv/Fm (A1-A5) and Vj (B1-B5) in leaves of 
five varieties of buckwheat at 0, 12, 24, 48 and 72 h post-treatment. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by different letters 
above the bars within the same varieties. W: leaf spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM 
melatonin at 40 ◦C; MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.
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26.75%, 21.85%, and 20.87%, respectively, indicating its increased 
sensitivity to extreme temperatures. In contrast, ‘Kbtq’ showed very 
slight losses, with drops of 18.47%, 26.75%, 21.85%, and 27.96%, 
indicating its strong tolerance to high temperatures.

In compared to the W + H treatment, the MT50+H, MT100+H, and 
MT200+H treatments increased the concentrations of chlorophyll α, 
chlorophyll β, carotenoids, and total chlorophyll in the leaves of five 
buckwheat seedling kinds. Notably, the MT100+H therapy had the 
greatest impact, particularly in ‘Cq8h’, where the concentrations of 

chlorophyll α, chlorophyll β, carotenoids, and total chlorophyll 
increased by 31.63%, 72.64%, 93.94%, and 41.55%, respectively.

3.3. Effect of exogenous melatonin on the photosynthetic performance of 
buckwheat leaves under high temperature stress

Results of the analysis indicated that under W + H circumstances, the 
photosynthetic parameters Pn, Gs, Tr, and Ci of buckwheat seedlings 
were considerably lower than under room temperature treatment (W). 

Fig. 4. Effect of different concentrations of melatonin and high temperature on the activities of SOD (A1-A5), POD (B1-B5) and CAT (C1-C5) in leaves of five 
varieties of buckwheat at 0, 12, 24, 48 and 72 h post-treatment. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by different letters above 
the bars within the same varieties. W: leaf spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 
40 ◦C; MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.
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Notably, ‘Zk3h’ showed the most extreme decline, with decreases of 
40.56%, 62.03%, 33.22%, and 50.91%, indicating that high tempera
tures had the most inhibitory effect on its photosynthesis (Fig. 2).

In contrast to the W + H treatment, the MT50+H, MT100+H, and 
MT200+H treatments significantly improved photosynthetic properties. 
The MT100+H treatment was especially interesting since it showed the 
greatest improvement in Pn, Gs, Tr, and Ci. Notably, ‘Zk3h’ and ‘Kbtq’ 
improved more significantly, with increases of 77.78%, 47.08%, 
14.85%, 30.27% and 46.48%, 50.35%, 19.44%, and 22.97%, respec
tively (Fig. 2).

The Fv/Fm ratio of seedlings from five buckwheat types fell 
considerably when treated with W + H compared to W alone, indicating 
a severe suppression of photosynthesis owing to high temperature 
(Fig. 3A). Notably, the ‘Fhth’ and ‘Kbtq’ types showed particularly sig
nificant drops, with reductions of 36.01% and 22.69% at 72 h, respec
tively. In contrast, throughout varied treatment periods of MT50+H, 
MT100+H, and MT200+H, the Fv/Fm ratio considerably improved for 
all kinds save the ‘Fhth’ variety as compared to the W + H treatment. 
The MT100+H therapy, in particular, significantly improved the re
covery of the Fv/Fm ratio, demonstrating that exogenous melatonin can 
effectively mitigate photoinhibition caused by high temperatures.

The Vj values of leaves from seedlings of the five buckwheat kinds 
were significantly higher under the W + H treatment compared to the W 
treatment (Fig. 3B). Furthermore, as stress duration grew, the rise in Vj 
values became more noticeable, peaking at 72 h, indicating increasing 
leaf damage due to high temperatures. However, the MT50+H, 
MT100+H, and MT200+H treatments successfully reduced Vj levels 
under high temperature stress, with the MT100+H treatment having the 
greatest impact. Except for the ‘Fhth’ variety, it significantly lowered Vj 
values for all other types across all time points.

3.4. Effects of exogenous melatonin on antioxidant enzyme activities in 
buckwheat leaves under high temperature stress

This study found that following the W + H treatment, the SOD ac
tivity of seedlings from five buckwheat types increased initially, but then 
decreased as the stress duration increased. At 24 and 48 h, SOD activity 
in seedlings of the five buckwheat cultivars increased significantly 
compared to the W treatment. Furthermore, the MT50+H, MT100+H, 

and MT200+H treatments showed higher SOD activity than the W + H 
treatment. Notably, the MT100+H treatment had the largest effect on 
seedlings from the five buckwheat kinds at different time periods (12 h, 
24 h, 48 h, and 72 h), particularly on ‘Kbtq’, which increased by 22.11%, 
29.36%, 55.53%, and 76.96%, respectively (Fig. 4A).

Under the W + H treatment, the POD and CAT activities of seedlings 
from the five buckwheat types increased with longer stress duration, in 
contrast to the pattern found for SOD activity. However, the MT50+H, 
MT100+H, and MT200+H treatments significantly increased both POD 
and CAT activities as compared to the W + H therapy. Among these 
treatments, the MT100+H treatment had the greatest significant influ
ence on seedlings from the five buckwheat types at different time points 
(12 h, 24 h, 48 h, and 72 h), however the effects varied between vari
eties. Specifically, at the 24th hour, the POD activity of ‘Cq8h’ increased 
the greatest, by 87.5%, while the CAT activity of ‘Zk3h’ increased by 
28.78%. At 72 h, the POD activity of ‘Kbtq’ increased the greatest, by 
85.71%, while the CAT activity of ‘Fhth’ increased by 39.82% (Fig. 4B, 
C).

3.5. Effects of exogenous melatonin on membrane damage in buckwheat 
leaves under high temperature stress

In comparison to the W treatment, the W + H treatment significantly 
raised MDA concentration in seedlings of the five buckwheat types. In 
particular, ‘Kbtq’ had the highest influence, while ‘Cq8h’ had the least 
impact, rising by 116.29% and 113.03% after 72 h, respectively (Fig. 5). 
However, with the MT50+H, MT100+H, and MT200+H treatments, all 
five types showed significant decreases when compared to the W + H 
treatment. The MDA concentration dropped dramatically with the 
MT100+H therapy. Among these therapies, ‘Kbtq’ had the greatest 
impact, while ‘Zk3h’’ had the smallest, with decreases of 32.56% and 
13.91%, respectively, at 72 h (Fig. 5).

The results showed that under the W + H treatment, the REC of the 
leaves of the five buckwheat seedlings rose considerably over time when 
compared to the W treatment. Notably, ‘Kbtq’ had the most influence, 
increasing by 59.09%, and ‘Zk3h’ increased by just 19.51%. However, 
with the MT50+H, MT100+H, and MT200+H treatments, all five kinds 
had lower relative conductivity than the W + H treatment. Among these 
therapies, the MT100+H therapy had the greatest benefit, reducing 

Fig. 5. Effect of different concentrations of melatonin and high temperature on the MDA concentration (A1-A5) in leaves of five varieties of buckwheat at 0, 12, 24, 
48 and 72 h post-treatment. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by different letters above the bars within the same varieties. W: 
leaf spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 40 ◦C; MT100+H: leaf spraying with 
100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.
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‘Fhth’ by 20.5%. ‘Zk3h’ had the least influence, with a decrease of 
12.19% (Table 3).

3.6. Effects of exogenous melatonin on osmotic adjustment substance 
content in buckwheat leaves under high temperature stress

The study found that the W + H treatment significantly increased the 
concentrations of proline, soluble sugars, and soluble proteins in seed
lings from five different buckwheat kinds over time when compared to 
the W treatment (Fig. 6). Furthermore, seedlings treated with MT50+H, 
MT100+H, and MT200+H had significantly higher levels of proline, 
soluble carbohydrates, and soluble proteins than those treated with W +
H alone. The ‘Xn9978’ variety was especially interesting, with the 
MT100+H treatment showing the greatest increase in proline and sol
uble protein levels. At the 12th, 24th, 48th, and 72 nd h, proline rose by 
39.68%, 37.16%, 42.32%, and 24.88%, respectively, whereas soluble 
protein increased by 20.49%, 22.3%, 22.58%, and 35.09%. Further
more, among the ‘Kbtq’ types, the MT100+H treatment had the greatest 
impact on increasing the content of soluble sugars, with increases of 
33.81%, 46.52%, 31.63%, and 35.85% at 12, 24, 48, and 72 h.

3.7. Comprehensive analysis of exogenous melatonin on physiological 
changes of buckwheat seedlings under high temperature stress

A correlation value of 0.99 was found between CAT and POD. POD 
showed a substantial positive connection with SOD, Cc, Ca, SFW, and 
SDW (p < 0.01). The weakest linkages were found between SOD and 
MDA and CAT and SDW. MDA and PSII photochemistry’s highest 
quantum yield (Fv/Fm) showed a substantial negative correlation (p <
0.01) (Fig. 7).

Principal Component Analysis (PCA) was conducted on growth and 
physiological indicators across all treatments to assess the impact of 
exogenous melatonin under high temperature stress. The PCA extracted 
two main components for both growth and physiological indicators: PC1 
and PC2, with contribution rates of 78.16% and 17.25% for growth 
indicators, and 46.00% and 25.31% for physiological indicators, 
respectively. In the growth indicators, stem fresh weight (SFW) had the 
highest loading on PC1 with a value of 0.176 (Fig. 7), indicating it made 
the most significant contribution to PC1’s composition. On PC2, all in
dicators had lower loadings, suggesting they contributed less 
significantly.

Examine the effect of exogenous melatonin under high temperature 
stress using principal component analysis on all growth and physiolog
ical indications of the therapy. The contributions of PC1 and PC2 to the 
growth and physiological indices recovered by principal component 
analysis were 78.16% and 17.25%, 46.00% and 25.31%, respectively. In 
the seedling growth indicators, the characteristic of stem fresh weight 
(SFW) has the largest load on PC1, with a load value of 0.176 (Fig. 8A), 
suggesting that it makes the most important contribution to the 
composition of PC1. On PC2, all indicators indicate a low workload, 
implying a low contribution rate. In the physiological indicators of 
seedlings, the characteristic of SOD (superoxide dismutase activity) has 

the highest load on PC1, with a load value of − 36.62 (Fig. 8B), sug
gesting that it makes the most important contribution to the composition 
of PC1 and has a negative load. The highest load for REC on PC2 is 6.88, 
suggesting that it makes the most substantial contribution to PC2 and is 
both positive and negative.

Grey correlation degree can be used to analyze the relationship be
tween exogenous melatonin concentration and physiological indicators, 
allowing for an assessment of their degree of correlation. Grey relational 
analysis revealed that the activities of SOD, CAT, and Pro have the 
strongest correlation with exogenous melatonin concentration. This 
implies that these indicators are effective in measuring the alleviating 
effects of exogenous melatonin on buckwheat seedling growth under 
high-temperature stress. Consequently, SOD activity, CAT activity, and 
Pro content are the most reliable indicators for evaluating exogenous 
melatonin’s effectiveness in mitigating high-temperature stress. Addi
tionally, soluble sugar, POD activity, MDA concentration, soluble pro
tein, and the Fv/Fm ratio also indicate that exogenous melatonin 
positively influences buckwheat seedling development under high- 
temperature conditions (Fig. 9).

The size of the path coefficients reflects the extent to which physi
ological markers influence membrane permeability in buckwheat seed
lings, indicating the potential for membrane damage. The study found 
that various physiological variables impact REC to different extents. 
Among these variables, SFW had the greatest influence on REC, with a 
path coefficient of 1.55, while Cb had the smallest impact, with a path 
coefficient of 0.266 (Fig. 10).

3.8. Analysis of heat tolerance in buckwheat seedlings under different 
treatments using the membership function method

The membership function approach is an effective method for 
quantitatively assessing plant stress resistance. In a study on buck
wheat’s heat tolerance, this approach was applied under various treat
ments. The findings revealed that during high-temperature treatment, 
the cultivar ‘Cq8h’ exhibited significantly higher membership function 
values than other types, indicating superior heat tolerance (Fig. 11A1, 
A2). Conversely, ‘Kbtq’ had the lowest membership function values, 
suggesting it was the least heat-tolerant (Fig. 11A1, A2). Additionally, 
exogenous melatonin doses of 50 μM and 200 μM did not influence the 
heat tolerance of the different buckwheat cultivars under high- 
temperature conditions (Fig. 11B1, B2, D1, D2). However, at a con
centration of 100 μM, the cultivar ‘Zk3h’ showed higher membership 
function values than ‘Xn9978’, indicating better heat tolerance 
(Fig. 11C1, C2).

3.9. The coordination of the antioxidant enzyme system with osmotic 
regulating chemicals in five buckwheat types

Coupling coordination analysis is a method used to evaluate and 
analyze the degree of interaction and coordination between the various 
components of a system (Fig. 12).In the examination of coupling coor
dination, the coupling coordination D value are predicted to lie between 

Table 3 
Effect of different concentrations of melatonin and high temperature on the Relative electrical conductivity of five varieties of buckwheat. Data (means ± SD, n = 3) 
followed by different letters among treatments within the same varieties indicate significant differences at the 5% level. W: leaf spraying with water at 25 ◦C; W + H: 
leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 50 μM melatonin at 40 ◦C; MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf 
spraying with 200 μM melatonin at 40 ◦C.

Varieties
Relative electrical conductivity(%)

W W + H MT50+H MT100+H MT200+H

‘Fhth’ 55.1 ± 3.04 c 76.19 ± 1.83 a 68.65 ± 1.26 b 60.59 ± 4.57 c 70.74 ± 3.56 ab
‘Kbtq’ 49.54 ± 1.42 c 78.82 ± 1.09 a 72.38 ± 2.61 b 66.65 ± 2.84 b 69.52 ± 4.98 b
‘Zk3h’ 60.84 ± 4.27 c 72.71 ± 5.21 a 69.78 ± 2.86 ab 63.85 ± 0.87 bc 66.03 ± 4.22 abc
‘Cq8h’ 56.02 ± 2.32 c 71.65 ± 1.48 a 68.42 ± 1.14 a 62.44 ± 2.66 b 69.34 ± 2.23 a
‘Xn9978’ 55.74 ± 3.31 d 71.87 ± 3.43 a 64.19 ± 4.39 bc 59.1 ± 2.89 cd 66.13 ± 3.3 ab
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0 and 1, with higher values suggesting a greater degree of system co
ordination. These parameters are then used to classify the amount and 
degree of coordination.

The coupling coordination index of the antioxidant enzyme system 
and osmotic regulating chemicals in five buckwheat varieties gradually 
increased from 0 to 72 h. Specifically, under normal settings, these 
components in the five buckwheat kinds consistently exhibit an imbal
ance in coordination. However, with high-temperature stress, the al
terations were more significant than in other five treatments. Notably, 
‘Cq8h’ progressed through three stages, from strong coordination at 0h 

to main coordination at 12h and intermediate coordination at later time 
periods. Similarly, after 48 h of exposure to high temperatures, ‘Xn9978’ 
transitioned from mild imbalance to intermediate coordination 
(Fig. 12).

However, treatment with varied amounts of exogenous MT had a 
substantial effect on the coupling coordination index of the buckwheat’s 
antioxidant enzyme system and osmotic regulating chemicals when 
compared to their coordination index under high-temperature stress, 
which occurred in two stages. The coupling coordination indexes of 
‘Fhth’, ‘Kbtq’, and ‘Zk3h’ tended to stabilize at various time intervals. 

Fig. 6. Effect of different concentrations of melatonin and high temperature on the concentrations of proline (A1-A5), soluble sugars (B1-B5) and soluble proteins 
(C1-C5) in leaves of five varieties of buckwheat at 0, 12, 24, 48 and 72 h post-treatment. Data (means ± SD, n = 3) are significantly different (p < 0.05) if followed by 
different letters above the bars within the same varieties. W: leaf spraying with water at 25 ◦C; W + H: leaf spraying with water at 40 ◦C; MT50+H: leaf spraying with 
50 μM melatonin at 40 ◦C; MT100+H: leaf spraying with 100 μM melatonin at 40 ◦C; MT200+H: leaf spraying with 200 μM melatonin at 40 ◦C.
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Notably, the coupling coordination index of ‘Cq8h’ and ‘Xn9978’ 
continuously showed outstanding coordination, with ‘Xn9978’ obtain
ing exceptional coordination after 12 h of 100uM MT treatment 
(Fig. 12).

This demonstrates that only at the ideal MT concentration can the 
coupling coordination between the antioxidant system and osmotic 
regulating chemicals be maximized, resulting in the greatest coordina
tion impact. This coordinated reaction seeks to alleviate the damage 
caused by high temperatures to buckwheat seedlings, reduce cell 
membrane permeability, and lower MDA levels.

4. Discussion

4.1. Differential responses of buckwheat varieties to high-temperature 
stress and the role of exogenous melatonin in enhancing photosynthesis

When crops encounter high-temperature stress during their growth 
stage, they initiate a cascade of physiological and biochemical responses 
that help modify the growth process, enabling plants to acclimatize to 
elevated temperatures and sustain normal survival. However, prolonged 
exposure to high temperatures can cause irreparable harm, ultimately 

Fig. 7. Correlation analysis of the correlation between physiological indicators. LFW: leaf fresh weight; LDW: leaf dry weight; SFW: stem fresh weight; SDW: stem dry 
weight; Ca: chlorophyll α concentration; Cb: chlorophyll β concentration; Cc: carotenoid concentration; REC: relative electrical conductivity; Vj: Relatively variable 
fluorescence; Fv/Fm: the maximal PSII efficiency of dark-adapted leaves; MDA: malonaldehyde; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase; Ss: 
soluble sugars; Sp: soluble proteins; Pro: proline.
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leading to plant mortality (Krasensky and Jonak, 2012; Raza, 2021; 
Raza et al., 2019; Szymańska et al., 2017). In this study, significant 
differences were observed in the regulatory response mechanisms of five 
buckwheat varieties to high-temperature stress. Notably, the ‘Zk3h’ 
variety exhibited the most pronounced effects on fresh weight, dry 
weight, and leaf photosynthesis under high-temperature stress, 
including a marked reduction in the fluorescence parameter Fv/Fm. 
Although the leaf and stem weights of the other three varieties (‘Fhth’, 
‘Cq8h’, and ‘Xn9978’) also showed significant differences compared to 
normal conditions, the extent of variation was smaller than that of 
‘Zk3h’ and ‘Kbtq’. Previous studies have shown that high-temperature 
stress adversely affects plant photosynthesis, reducing the accumula
tion and distribution of dry matter (Mathur et al., 2014; Wang et al., 

2020). This suggests that high temperatures damage the photosynthetic 
tissue, hinder photosynthetic capacity, disrupt the photosynthetic elec
tron transport chain, and consequently reduce the synthesis and accu
mulation of photosynthetic products (Djanaguiraman et al., 2020; Yan 
et al., 2013). Additionally, high-temperature stress may interfere with 
the distribution of dry matter to stems by disrupting the balance of 
various hormones and metabolic pathways in plants (Abdelrahman 
et al., 2020; Impa et al., 2019). For example, in this study, a decrease in 
dry matter allocation to buds was observed in ‘Zk3h’ leaves, indicating 
that ‘Zk3h’ primarily copes with high-temperature stress by adjusting its 
growth strategy and structural model.

Fig. 8. Principal component analysis of morphology and physiological correlation. LFW: leaf fresh weight; LDW: leaf dry weight; SFW: stem fresh weight; SDW: stem 
dry weight; Ca: chlorophyll α concentration; Cb: chlorophyll β concentration; Cc: carotenoid concentration; REC: relative electrical conductivity; Vj: Relatively 
variable fluorescence; Fv/Fm: the maximal PSII efficiency of dark-adapted leaves; MDA: malonaldehyde; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase; 
Ss: soluble sugars; Sp: soluble proteins; Pro: proline. (A: Principal Component Analysis of Growth Indicators in Buckwheat; B: Principal Component Analysis of 
Physiological Indicators in Buckwheat.)

Fig. 9. Analysis of the grey relational grade of exogenous melatonin and high 
temperature stress. LFW: leaf fresh weight; LDW: leaf dry weight; SFW: stem 
fresh weight; SDW: stem dry weight; Ca: chlorophyll α concentration; Cb: 
chlorophyll β concentration; Cc: carotenoid concentration; REC: relative elec
trical conductivity; Vj: Relatively variable fluorescence; Fv/Fm: the maximal 
PSII efficiency of dark-adapted leaves; MDA: malonaldehyde; SOD: superoxide 
dismutase; POD: peroxidase; CAT: catalase; Ss: soluble sugars; Sp: soluble 
proteins; Pro: proline.

Fig. 10. Path analysis of relative conductivity and physiological indices. LFW: 
leaf fresh weight; LDW: leaf dry weight; SFW: stem fresh weight; SDW: stem dry 
weight; Ca: chlorophyll α concentration; Cb: chlorophyll β concentration; Cc: 
carotenoid concentration; REC: relative electrical conductivity; Vj: Relatively 
variable fluorescence; Fv/Fm: the maximal PSII efficiency of dark-adapted 
leaves; MDA: malonaldehyde; SOD: superoxide dismutase; POD: peroxidase; 
CAT: catalase; Ss: soluble sugars; Sp: soluble proteins; Pro: proline.
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Chlorophyll, an essential pigment in green plants, is the primary 
material for photosynthesis in higher crops and a crucial indicator of 
plant vitality (Gräf et al., 2022). Recent studies have found that exoge
nous melatonin can enhance the photosynthetic cycle, increase photo
synthetic efficiency, protect chlorophyll, promote fruit ripening, and 
delay aging, with functions similar to auxin (Jiang et al., 2021). In this 
study, high-temperature stress in buckwheat led to a decrease in 
photosynthetic pigments (chlorophyll-α, chlorophyll-β, carotenoids, and 
total chlorophyll), along with reductions in photosynthetic gas exchange 
parameters (Pn, Gs, Tr, and Ci) and the fluorescence parameter Fv/Fm, 
while Vj increased. Various concentrations of exogenous melatonin were 
found to increase photosynthetic pigment content, improve photosyn
thetic gas exchange parameters, and enhance fluorescence parameters in 
leaves. Consistent with previous studies, these findings suggest that 
exogenous melatonin can mitigate the damage to chloroplasts and thy
lakoids caused by high-temperature stress, regulate the synthesis of 
photosynthetic pigments, improve photosynthetic efficiency, protect PSI 
and PSII reaction centers, reduce photoinhibition, and promote biomass 
accumulation in plants (Jahan et al., 2021).

4.2. Exogenous melatonin activates antioxidant defense in buckwheat to 
mitigate heat stress-induced membrane damage

Plant cells suffer damage from heat stress, and the first impact is on 
the cell membrane. High temperature stress can rupture the membrane 
of leaves, and changes in membrane permeability lead to an increase in 
relative conductivity (Khan et al., 2017). Qi et al. (2021) showed that 
under high temperature stress intensity, spraying a certain concentra
tion of MT would reduce the relative electrical conductivity of leaves to 
a certain extent, which was consistent with the results of this study. 
Melatonin can reduce MDA content by increasing the activity of plant 
antioxidant enzymes (Muhammad et al., 2022). Under high temperature 
stress, peroxidation of plant cell membrane and polymerization of 
membrane proteins will accelerate, resulting in damage to membrane 
system, which is characterized by an increase in intracellular MDA 
content. Three enzymes, SOD, POD and CAT, work together in the plant 
antioxidant oxidase system to clear ROS and maintain its homeostase in 
plants (Yang et al., 2023). In this experiment, five buckwheat leaves 
treated with exogenous melatonin had higher antioxidant enzyme ac
tivity, which could prevent the accumulation of hydrogen peroxide. At 
different times after spraying exogenous MT on the leaves of five 
buckwheat varieties, the relative electrical conductivity and MDA con
tent of leaves were significantly lower than CK, while the activities of 
SOD, POD and CAT in leaves were higher than CK, the most significant 
in ‘Kbtq’, indicating that MT can activate the antioxidant system of 
plants. Reducing or preventing ROS damage in plants effectively alle
viates cell membrane damage in buckwheat leaves, and the results show 
that ‘Kbtq’ mainly counteracts the influence of heat stress by activating 
antioxidant defense mechanisms.

4.3. Exogenous melatonin enhances osmoregulation in buckwheat to 
alleviate heat stress-induced cellular damage

Plants usually accumulate osmoregulatory substances under high 

temperature conditions, thereby reducing the water potential in cells, 
promoting the absorption of water by plant cells, and maintaining the 
osmotic balance of cells to maintain normal physiological functions. 
Studies have shown that intracellular soluble protein content is signifi
cantly positively correlated with stress resistance, that is, exogenous MT 
can increase soluble protein content in leaves under high temperature 
stress, thereby improving plant stress resistance (Wu et al., 2021). The 
results showed that the soluble protein content of buckwheat leaves 
treated with 100 μmol/L MT was significantly higher than that of CK. 
Under high temperature stress, plants can accumulate a large amount of 
soluble sugar, increase the concentration of cell fluid, and delay the high 
temperature damage of cells (Wang et al., 2015). The activities of 
antioxidant enzymes (SOD, POD and CAT) and osmoregulatory sub
stances (proline, soluble sugar and soluble protein) of ‘Fhth’, ‘Cq8h’ and 
‘Xn9978’ were significantly increased. This increase helps to stabilize 
membrane permeability and reduce the damage to photosynthetic tis
sues, thereby ultimately reducing the degree of change in leaf and stem 
dry and fresh weight. This observation further suggests that ‘Fhth’, 
‘Cq8h’ and ‘Xn9978’ respond to high temperature stress mainly by 
regulating antioxidant defense mechanisms and osmoregulatory 
substances.

4.4. Comprehensive analysis of exogenous melatonin’s impact on heat 
stress resistance in different buckwheat varieties

The combined analysis of principal component analysis and grey 
correlation analysis found that exogenous melatonin had the greatest 
effect on SOD activity in the antioxidant oxidase system, indicating that 
melatonin enhanced the overall antioxidant defense mechanism of 
plants mainly by regulating SOD activity. Pathway analysis showed that 
POD activity had the greatest effect on cell membrane permeability 
under exogenous melatonin treatment, indicating that POD activity 
played a key role in regulating cell membrane permeability under 
exogenous melatonin treatment (Ding et al., 2018). Grey correlation 
analysis showed that exogenous melatonin had the strongest correlation 
with the concentration of proline in osmoregulatory substances, indi
cating that melatonin enhanced the overall osmoregulatory mechanism 
of plants mainly by regulating the content of proline. This further proves 
that the application of exogenous melatonin can maintain ROS balance, 
reduce membrane lipid peroxidation, and alleviate oxidative damage 
caused by abiotic stress (Chen et al., 2018; Li et al., 2019; Shi et al., 
2015). The application of exogenous melatonin can also enhance 
osmoregulation and maintain intracellular osmotic pressure, thereby 
maintaining membrane stability (Hassan et al., 2022; Imran et al., 
2021). Therefore, the application of exogenous melatonin plays an 
important role in enhancing cell membrane stability, improving 
photosynthetic efficiency and promoting biomass accumulation under 
high temperature stress.

When the concentration of exogenous melatonin was 100 μM, the 
heat resistance of some buckwheat varieties was improved. This sug
gests that exogenous melatonin can enhance the response of certain 
species to high temperatures by improving their processes and strate
gies, thereby improving their own heat resistance. Additional coupled 
coordination studies show that the coordination index of ‘Cq8h’ is 

Fig. 11. Comprehensive evaluation of exogenous melatonin and high temperature stress on plant growth indexes. H: leaf spraying with water at 40 ◦C; H + MT50: 
leaf spraying with 50 μM melatonin at 40 ◦C; H + MT100: leaf spraying with 100 μM melatonin at 40 ◦C; H + MT200: leaf spraying with 200 μM melatonin at 40 ◦C.F: 
‘Fhth’; K: ‘Kbtq’; Z: ‘Zk3h’; C: ‘Cq8h’; X: ‘Xn9978’. (A1: The membership values of various physiological indicators in the five buckwheat varieties under the 40 ◦C 
treatment condition; A2: The comprehensive evaluation of heat tolerance based on the membership values of physiological indicators in the five buckwheat varieties 
under the 40 ◦C treatment condition; B1: The membership values of various physiological indicators in the five buckwheat varieties under the 40 ◦C and MT50 
treatment condition; B2: The comprehensive evaluation of heat tolerance based on the membership values of physiological indicators in the five buckwheat varieties 
under the 40 ◦C and MT50 treatment condition; C1: The membership values of various physiological indicators in the five buckwheat varieties under the 40 ◦C and 
MT100 treatment condition; C2: The comprehensive evaluation of heat tolerance based on the membership values of physiological indicators in the five buckwheat 
varieties under the 40 ◦C and MT100 treatment condition; D1: The membership values of various physiological indicators in the five buckwheat varieties under the 
40 ◦C and MT200 treatment condition; D2: The comprehensive evaluation of heat tolerance based on the membership values of physiological indicators in the five 
buckwheat varieties under the 40 ◦C and MT200 treatment condition.)
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Fig. 12. Coupling coordination analysis of the antioxidant enzyme system and osmotic regulatory substances (A: normal treatment; B: high-temperature stress 
treatment; C: 50uM MT treatment; D: 100uM MT treatment; E: 200uM MT treatment).
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significantly different between the two stages. Its resistance to high 
temperature stress was enhanced with the enhancement of coordination, 
indicating that exogenous melatonin had a greater effect on ‘Cq8h’. 
However, when exogenous melatonin was administered, the ‘Fhth’ co
ordination index did not change much; This may be attributed to the 
unique qualities of the breed. The effects of melatonin on plant signaling 
pathways, gene expression regulation and stress-related protein activity 
under high temperature stress need to be further studied in order to fully 
understand the molecular processes behind this effect.

Different buckwheat varieties have different response mechanisms to 
high temperature stress, which may be related to variety-specific 
response and genetic background differences among varieties. In this 
study, the heat resistance of 5 different buckwheat varieties was 
compared by membership function method and coupling coordination 
analysis. The results show that the heat resistance of ‘Cq8h’ is the 
highest and that of ‘Kbtq’ is the lowest. This highlights the importance 
and effectiveness of the synergistic action of antioxidant defense systems 
and osmoregulatory chemicals in improving buckwheat’s resistance to 
high temperature stress.

5. Conclusion

High-temperature stress severely limits buckwheat seedling growth, 
but exogenous MT effectively mitigates these effects by regulating the 
antioxidant and osmoregulation systems. MT enhances the activities of 
antioxidant enzymes such as SOD, POD, and CAT, reducing ROS accu
mulation and MDA content, which protects cell membranes and de
creases REC to maintain integrity. Simultaneously, MT promotes the 
accumulation of osmoregulatory substances like proline, soluble sugars, 
and proteins, helping cells maintain water balance and osmotic pressure 
under heat stress. The coordinated regulation of these systems enhances 
the heat tolerance of buckwheat seedlings, leading to a stronger 
photosynthetic system with increased PSII activity and higher levels of 
chlorophyll and carotenoids, ensuring sustained photosynthesis. 
Consequently, MT-treated seedlings show improved growth with 

reduced biomass loss. Comprehensive analysis indicates that 100 μM MT 
provides the most effective enhancement of heat resistance, highlighting 
its potential in improving crop resilience to high temperatures (Fig. 13). 
Meanwhile, exogenous MT enhances the heat tolerance of all five 
buckwheat varieties, though the effects vary. Among them, the 
improvement in the ‘Zk3h’ variety is the most pronounced.
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Szymańska, R., Ślesak, I., Orzechowska, A., Kruk, J., 2017. Physiological and 
biochemical responses to high light and temperature stress in plants. Environ. Exp. 
Bot. 139, 165–177. https://doi.org/10.1016/j.envexpbot.2017.05.002.

Wan, Y., Zhang, Y., Zhang, M., Hong, A., Yang, H., Liu, Y., 2020. Shade effects on growth, 
photosynthesis and chlorophyll fluorescence parameters of three Paeonia species. 
PeerJ 8, e9316. https://doi.org/10.7717/peerj.9316.

Wang, B., Chen, J., Chen, L., Wang, X., Wang, R., Ma, L., Peng, S., Luo, J., Chen, Y., 2015. 
Combined drought and heat stress in camellia oleifera cultivars: leaf characteristics, 

Z. Tian et al.                                                                                                                                                                                                                                     Plant Physiology and Biochemistry 220 (2025) 109487 

17 

https://doi.org/10.1002/cyto.a.20896
https://doi.org/10.1155/2014/815769
https://doi.org/10.4161/psb.1.3.2640
https://doi.org/10.1016/j.jplph.2020.153222
https://doi.org/10.1016/j.jplph.2020.153222
https://doi.org/10.1074/jbc.M114.596148
https://doi.org/10.3329/ptcb.v29i1.41979
https://doi.org/10.1016/j.envexpbot.2020.104063
https://doi.org/10.1111/ppl.12737
https://doi.org/10.17221/1602-CJFS
https://doi.org/10.3390/molecules23112852
https://doi.org/10.3390/molecules23112852
https://doi.org/10.1186/s12870-020-02479-0
https://doi.org/10.1186/s12870-020-02479-0
https://doi.org/10.1016/j.ecolind.2023.110578
https://doi.org/10.1016/j.ecolind.2023.110578
https://doi.org/10.1016/j.scitotenv.2022.155745
https://doi.org/10.1016/j.scitotenv.2022.155745
https://doi.org/10.1016/j.eja.2004.11.006
https://doi.org/10.3390/agronomy12051116
https://doi.org/10.1016/j.scienta.2019.108745
https://doi.org/10.32615/ps.2019.140
https://doi.org/10.32615/ps.2019.140
https://doi.org/10.1016/j.plaphy.2023.107698
https://doi.org/10.1016/j.plaphy.2023.107698
https://doi.org/10.1111/pce.13488
https://doi.org/10.1111/pce.13488
https://doi.org/10.1093/aobpla/plab026
https://doi.org/10.1016/j.plaphy.2021.08.002
https://doi.org/10.1016/j.plaphy.2021.08.002
https://doi.org/10.1186/s12870-021-03082-7
https://doi.org/10.3390/plants9040407
https://doi.org/10.17557/tjfc.315544
https://doi.org/10.3390/ijms22052678
https://doi.org/10.3390/ijms22052678
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1007/s11033-020-05358-x
https://doi.org/10.1007/s11033-020-05358-x
https://doi.org/10.1007/s00425-017-2699-3
https://doi.org/10.1080/15592324.2023.2245625
https://doi.org/10.3390/molecules24091826
https://doi.org/10.3390/molecules24091826
https://doi.org/10.3390/membranes12060556
https://doi.org/10.3389/fpls.2022.1098605
https://doi.org/10.3389/fpls.2022.1098605
https://doi.org/10.1016/j.fcr.2013.09.021
https://doi.org/10.1016/j.fcr.2013.09.021
https://doi.org/10.1016/j.jphotobiol.2014.01.010
https://doi.org/10.1016/j.jphotobiol.2014.01.010
https://doi.org/10.3390/antiox11030512
https://doi.org/10.3390/ijms20071705
https://doi.org/10.1007/978-981-19-7498-4_17
https://doi.org/10.1007/978-981-19-7498-4_17
https://doi.org/10.13287/j.1001-9332.202107.025
https://doi.org/10.1007/s00344-020-10231-z
https://doi.org/10.3390/plants8020034
http://refhub.elsevier.com/S0981-9428(25)00015-4/sref42
http://refhub.elsevier.com/S0981-9428(25)00015-4/sref42
http://refhub.elsevier.com/S0981-9428(25)00015-4/sref42
https://doi.org/10.3390/agriculture11070671
https://doi.org/10.3390/agriculture11070671
https://doi.org/10.1038/s41598-023-34682-y
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1016/j.jff.2020.103917
https://doi.org/10.3389/fpls.2019.00116
https://doi.org/10.1016/j.envexpbot.2017.05.002
https://doi.org/10.7717/peerj.9316


soluble sugar and protein contents, and rubisco gene expression. Trees (Berl.) 29, 
1483–1492. https://doi.org/10.1007/s00468-015-1229-9.

Wang, W., Cai, C., He, J., Gu, J., Zhu, G., Zhang, W., Zhu, J., Liu, G., 2020. Yield, dry 
matter distribution and photosynthetic characteristics of rice under elevated CO2 
and increased temperature conditions. Field Crops Res. 248, 107605. https://doi. 
org/10.1016/j.fcr.2019.107605.

Wu, S., Wang, Yao, Zhang, J., Gong, X., Zhang, Z., Sun, J., Chen, X., Wang, Yanling, 
2021. Exogenous melatonin improves physiological characteristics and promotes 
growth of strawberry seedlings under cadmium stress. Hortic. Plant J. 7, 13–22. 
https://doi.org/10.1016/j.hpj.2020.06.002.

Yan, K., Chen, P., Shao, H., Shao, C., Zhao, S., Brestic, M., 2013. Dissection of 
photosynthetic electron transport process in sweet sorghum under heat stress. PLoS 
One 8, e62100. https://doi.org/10.1371/journal.pone.0062100.

Yang, J.-W., Park, S.-U., Lee, H.-U., Nam, K.J., Lee, K.-L., Lee, J.J., Kim, J.H., Kwak, S.-S., 
Kim, H.S., Kim, Y.-H., 2023. Differential responses of antioxidant enzymes and lignin 
metabolism in susceptible and resistant sweetpotato cultivars during root-knot 
nematode infection. Antioxidants 12, 1164. https://doi.org/10.3390/ 
antiox12061164.

Yasmeen, A., Basra, S.M.A., Farooq, M., Rehman, H. ur, Hussain, N., Athar, H. ur R., 
2013. Exogenous application of moringa leaf extract modulates the antioxidant 
enzyme system to improve wheat performance under saline conditions. Plant 
Growth Regul. 69, 225–233. https://doi.org/10.1007/s10725-012-9764-5.

Zhang, H., Zhang, Y., 2014. Melatonin: a well-documented antioxidant with conditional 
pro-oxidant actions. J. Pineal Res. 57, 131–146. https://doi.org/10.1111/jpi.12162.

Zhu, X., Liu, T., Xu, K., Chen, C., 2022. The impact of high temperature and drought 
stress on the yield of major staple crops in northern China. J. Environ. Manag. 314, 
115092. https://doi.org/10.1016/j.jenvman.2022.115092.

Z. Tian et al.                                                                                                                                                                                                                                     Plant Physiology and Biochemistry 220 (2025) 109487 

18 

https://doi.org/10.1007/s00468-015-1229-9
https://doi.org/10.1016/j.fcr.2019.107605
https://doi.org/10.1016/j.fcr.2019.107605
https://doi.org/10.1016/j.hpj.2020.06.002
https://doi.org/10.1371/journal.pone.0062100
https://doi.org/10.3390/antiox12061164
https://doi.org/10.3390/antiox12061164
https://doi.org/10.1007/s10725-012-9764-5
https://doi.org/10.1111/jpi.12162
https://doi.org/10.1016/j.jenvman.2022.115092

	Exogenous melatonin enhances heat tolerance in buckwheat seedlings by modulating physiological response mechanisms
	1 Introduction
	2 Materials and methods
	2.1 Plant material and reagents
	2.2 Experimental setup
	2.3 Measurement of physiological and biochemical indicators
	2.4 Statistical analysis

	3 Results
	3.1 Effects of exogenous melatonin on biomass accumulation in buckwheat seedlings under high temperature stress
	3.2 Effects of exogenous melatonin on the concentration of chlorophyll in buckwheat leaves under high temperature stress
	3.3 Effect of exogenous melatonin on the photosynthetic performance of buckwheat leaves under high temperature stress
	3.4 Effects of exogenous melatonin on antioxidant enzyme activities in buckwheat leaves under high temperature stress
	3.5 Effects of exogenous melatonin on membrane damage in buckwheat leaves under high temperature stress
	3.6 Effects of exogenous melatonin on osmotic adjustment substance content in buckwheat leaves under high temperature stress
	3.7 Comprehensive analysis of exogenous melatonin on physiological changes of buckwheat seedlings under high temperature stress
	3.8 Analysis of heat tolerance in buckwheat seedlings under different treatments using the membership function method
	3.9 The coordination of the antioxidant enzyme system with osmotic regulating chemicals in five buckwheat types

	4 Discussion
	4.1 Differential responses of buckwheat varieties to high-temperature stress and the role of exogenous melatonin in enhanci ...
	4.2 Exogenous melatonin activates antioxidant defense in buckwheat to mitigate heat stress-induced membrane damage
	4.3 Exogenous melatonin enhances osmoregulation in buckwheat to alleviate heat stress-induced cellular damage
	4.4 Comprehensive analysis of exogenous melatonin’s impact on heat stress resistance in different buckwheat varieties

	5 Conclusion
	Fundings
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


