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The study aimed to investigate the effects of heat stress on sugar beet 

growth and physiology. Two field tests were conducted at 

temperatures of 42 °C (heat stress) and 23 °C (moderate-temperature) 

in different two seasons. The results showed that sugar beet leaves 

grown under heat stress conditions exhibited higher levels of 

malondialdehyde (MDA) and hydrogen peroxide (H2O2) compared to 

moderate temperature conditions in both seasons. Additionally, the 

activity of antioxidant enzymes, such as superoxide dismutase (SOD) 

and ascorbate peroxidase (APX), significantly increased in response 

to high temperatures. However, catalase (CAT) activity was lower in 

the second season's high-temperature samples compared to moderate-

temperature samples. The polypeptide patterns of the high-

temperature samples showed the presence of new polypeptides 

(M.Wts of 123, 110, 103, 77, 51, 39, and 31 kD), while moderate-

temperature samples did not have these polypeptides. Agronomic 

traits revealed lower values of root weight, top fresh weight, root 

fresh yield, top fresh yield, and sucrose % at high-temperature 

conditions. Furthermore, gross sugar yield was lower, while sugar 

loss% and α-amino-N concentration were higher in the high-

temperature conditions. Multivariate analysis was conducted to 

examine correlations between biochemical and developmental traits 

under heat stress.  
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Global warming and the current unpredictable weather would seriously impair almost 

every stage of a plant's life, including vegetative growth, reproduction, and eventually 

output [1, 2, 3]. Every plant has a specific range of ideal temperatures within which it can 

grow to the fullest extent of its genetic potential [4]. As a result, crops grown in the warm 

season would require a different optimal temperature range than crops grown in the cold 

season [5]. The yields of the majority of important feed, food, and fiber crops would 

decline sharply once the temperature exceeded 30 °C, as previously reported [6], and it 

has been hypothesized that heat stress during the summer would result in a 20 to 36% 

yield decline [7]. As a result, scientists have been paying more attention to heat stress 

recently, and significant efforts have been made to address the problems that high-

temperature stress on many crops presents [8]. Heat stress causes reactive oxygen 

production (ROS), stomatal closure, destruction of photosynthetic pigments, hormone 

and other physiological changes in plant tissues. Heat stress is typically accompanied by 

photooxidative stress [9]. These physiological modifications have detrimental effects on 

water content, photosynthetic efficiency, and other processes [2]. Hydrogen peroxide 

(H2O2), superoxide radicals, and lipid peroxidation all produce more ROS under heat 

stress, which worsens membrane damage [10, 11]. Plants, which are sessile organisms, 

have fascinating molecular, biochemical, and physiological mechanisms for adjusting to 

dramatic environmental changes [1, 12]. The basic physiological functions of plants, such 

as the metabolism of carbohydrates, phytohormones, the antioxidant system, and the 

osmotic adjustment system, are severely impacted by high temperatures [13]. 

Additionally, plants adapt to heat stress by changing a variety of complex molecular 

processes, including non-coding RNAs, changes in regulatory and functional genes, and 

DNA or protein epigenetic modification [14]. Transcription factors resembling heat shock 

factors (HSFs) are critical role in the plant's response to heat stress. The expression of 

heat shock proteins (HSPs) and the heat shock response (HSR) are mostly regulated by 

heat shock transcription factors [14, 15]. Plant HSR is characterized by the quick 

reprogramming of gene expression, which produces a specific class of HSPs [15, 16]. 

According to Jacob et al. [16], the HSPs are the main metabolism enzymes that keep the 

cellular proteome in homeostasis and play a significant role in the signal transduction 

chain facilitating plant response to a variety of stress conditions. Proteins are denaturized 

as a result of heat stress, which causes proteotoxic stress [15]. HSFs typically exist in a 

monomeric state, and inhibitory associations with HSPs like HSP70 suppress their 

activities [17]. According to their molecular weights, HSPs are classified into five 

classes: small heat shock proteins, HSP60, HSP70, HSP90 and HSP100 [3, 12, 18]. HSPs 

serve as molecular chaperones.Exposure to environmental stressors or high metabolic 

load inhibits the production or activation of HSPs and antioxidant proteins [19]. They are 

known as stress proteins and are indicators of cellular stress [20, 21]. An edible plant 

belonging to the Amaranthaceae family is the sugar beet (Beta vulgaris L.). According to 

Ganapati et al. [22], it is found in Asia Minor, the Mediterranean, and Europe. 

Environmental factors such as heat, a lack of water, a lack of nutrients, cold, and salinity 

frequently limit the production of sugar beet. By reducing the rates of photosynthesis and 

canopy expansion, these conditions had a direct impact on plant growth, development, 

and overall crop productivity [23]. Regrettably, global warming has raised the average 

global temperature and altered the climate in many regions, including those with sugar 
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beet plantations, which has a negative impact on the productivity of the crop. Climate 

change will, however, have less of an impact on sugar beet cultivation if some cultivars 

can be demonstrated to be tolerant to heat stress. As a result, sugar beet cultivation during 

the summer and in tropical areas is of interest [24]. Furthermore, the need to breed 

cultivars for high-temperature conditions is urgent due to the maximum temperature in 

semi-arid regions [25]. For sugar beet plants to transpire and photosynthesis to occur 

without stomatal restriction in Uber Egypt (high temperature), there needs to be enough 

moisture available on a daily basis to meet atmospheric demand. These ideal 

circumstances, however, are frequently not met, either as a result of insufficient rainfall 

or limited irrigating options. Heat is frequently present in dry conditions, and in some 

cases, damaging temperatures can result from temperatures that are higher than what is 

ideal for growth and physiological processes. Despite a sizeable portion of sugar beet 

being planted in hot climates around the world, little research and development has 

focused on sugar beet's ability to withstand heat stress. The purpose of the current study 

was to investigate the biochemical and physiological mechanisms underlying sugar beet 

heat tolerance and how they affect crop yield. To do this, we compared the variations in 

MDA and H2O2 content as stress indicators, some antioxidant enzymes activity, including 

SOD, CAT and APX as well as the induction of HSPs in sugar beet leaves grown under 

heat stress and moderate conditions in two consecutive seasons. 

 

2. MATERIALS AND METHODS  

 

2.1. Plant material and Experimental design 

During the 2018/2019 and 2019/2020 growing seasons, two field experiments were 

conducted in two farms at two provinces varying in their average temperatures: Assiut in 

the middle of Upper Egypt and Qena in the Southern part of Upper Egypt. These are the 

Agronomy Department Farm, Faculty of Agriculture, Assiut University, Assiut (moderate 

temperature), and a private farm in Qena (high temperature), Egypt, to examine the 

response of sugar beet to different heat conditions in both regions. This experimental 

design was performed at the soil was treated with 31 kg of P2O5 fed.
-1

 as calcium 

superphosphate (15.5% P2O5) during soil preparation. Nitrogen fertilizer was applied at 

100 kg N fed.
-1

 as ammonium nitrate (33.3% N). The potassium fertilization was applied 

as potassium sulphate (48% K2O) at a rate of 50 kg fed.
-1

 in a single dosage.  

Each plot had an area of 10.5 m
2
 (3.5 m × 3 m length: width) with six ridges spaced 50 cm 

apart and a length of 3.5 m. This design was carried out twice; at 2018/2019 and 

2019/2020. Hence, multi-germ sugar beet seed balls of the commercial cultivar in Egypt 

that is called Gollia were seeded at the beginning of september and at the beginning of 

November at a level of 2-3 balls hill
-1

. The plants were reduced to one plant hill
-1

 (at the 

fourth true leaf stage) after 21 days from seeding. The Upper Egypt cultivated sugar beet 

using the advised cultural practices. In both seasons, the irrigation of sugar beet was 

discontinued two weeks prior to harvest. 

2.2. Analytical methods 
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Three plant leaves from each plot were sampled 190 days after planting. Assiut samples 

were taken in March during the 2018/2019 and 2019/2020 seasons, respectively, when 

the temperature was 23.14 and 23.23. While Qena samples were taken in May during the 

2018/2019 and 2019/2020 seasons, respectively, when the temperature was 42.17 °C and 

42.20 °C. To prepare the leaves for further analysis, they were only briefly rinsed with 

deionized water, gently blotted with filter paper, and then immediately frozen in liquid 

nitrogen and kept at -80 °C. 

2.2.1. Malondialdehyde measurement  

The quantity of lipid peroxidation was assessed using the Narwal et al. [26] method by 

measuring the formation of malondialdehyde (MDA) with thiobarbituric acid (TBA). One 

and a half mL of trichloroacetic acid (0.1%) was used to homogenize 0.1 g of freshly 

sampled leaf tissue. Two milliliters of 20% TCA with 0.5% TBA were added to one 

milliliter of the homogenate that was centrifuged at 10,000 rpm for ten minutes. After 

heating the extract to 95ºC for 30 minutes in a water bath, it was quickly chilled in an ice 

bath. Next, the extract underwent a 10-minute, 10,000 rpm centrifugation.  A UV/Vis 

spectrophotometer was used to measure the absorbance of the supernatant at 600 nm and 

532 nm. 

2.2.2. Hydrogen peroxide measurement  

Mukherjee and Choudhuri [27] used a modified method to assess the hydrogen peroxide 

content of sugar beet leaves. Cold acetone was used to extract 0.1 g of leaf samples. After 

adding 1 ml of 0.1% titanium dioxide to 20% (v:v) H2SO4 in an aliquot of the extracted 

solution (3 ml), the mixture was centrifuged at 6000 rpm for 15 minutes. At a wavelength 

of 415 nm, the yellow color supernatant's intensity was measured. From a standard curve 

plotted with known H2O2 concentrations, the concentration of H2O2 was calculated and 

expressed as mg/g FW. 

2.2.3. Extraction of antioxidant enzymes 

The method of Cakmak and Marschner [28] followed in this study to extract the enzymes. 

In liquid N2, 0.5 g of leaf tissue was pulverized into a finely ground powder. The leaf 

tissue was then dissolved in 5 milliliters of a buffer solution (pH = 7.8) that contained 

100 mM potassium phosphate, 0.1 mM ethylene-diamine tetra-acetic acid, and 0.1 g 

polyvinyl-pyrrolidone. Then, the homogenate was centrifuged at 4 °C (18,000 rpm for 10 

min). Finally, the supernatants were used to test the enzyme activity. 

2.2.4. Activity of superoxide dismutase (SOD, EC 1.15.1.1)  

Cakmak and Marschner [28] method that used epinephrine autoxidation was adopted to 

evaluate the activity of superoxide dismutase. Two milliliters of the reaction media were 

used for this step. This medium included 100 L of enzyme extract, 200 L of 0.5 mM 

EDTA, and 25 mM Na-carbonate buffer at pH = 10.2. 100 L of 15 mM epinephrine 

(dissolved in 10 mM HCl, pH of 2.4) was added to begin the process. With the aid of a 

UV-Vis spectrophotometer, the autoxidation of adrenaline was measured at 480 

nanometers. 
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2.2.5. Activity of catalase (CAT, EC 1.11.1.6)  

By observing the decreased absorbance at 240 nm brought by H2O2, catalase activity was 

spectrophotometrically assessed [29]. Aliquots of 500 µL of enzyme extract and 2.4 mL 

of the 50 mM potassium phosphate buffer (pH 7) made up the reaction medium.  100 mL 

of H2O2 (10 mM) was added to start the reaction.  

2.2.6. Activity of ascorbate peroxidase (APX, EC 1.11.1.11)  

Zhang and Kirkham [29] method was used to estimate the ascorbate peroxidase's 

performance. The rate of H2O2-dependent AsA oxidation was followed using the UV-Vis 

spectrophotometer in a reaction mixture containing 50 mM potassium phosphate buffer 

(pH 7), 0.1 mM Na2
_
ETDA, 5 mM H2O2, 0.5 mM ascorbic acid (AsA), and 50 µL enzyme 

extract. 

2.2.7. Heat shock proteins (SDS-PAGE) 

The proteins from the leaves were separated using SDS-PAGE with the discontinuous 

buffer technique. Electrophoresis was performed at the Molecular Biology Research and 

Studies Institute at Assiut University in Assiut, Egypt. Briefly, leaf polypeptides were 

solubilized using 65 gM Tris-HCI sample buffer (pH 6.8), 1% (v/v) 2-mercaptoethanol, 

10% (v/v) glycerol, and 2% (w/v) SDS. Leaf were homogenized for 1 minute at the 

highest setting in a Brinkman polytron. These homogenates were centrifuged at 7,500 g 

for five minutes at 23 °C. The supernatant was then added to the gel sample wells after 

two minutes of boiling. During electrophoresis, a 35 mAmp continuous current was 

applied. Gels were stained for protein detection for 30 min in a solution that included 20% 

(v/v) methanol and 7% glacial acetic acid, 0.2% (w/v) Coomassie blue, 50% (v/v) 

methanol and 7% (v/v) glacial acetic acid, and 0.2% (w/v) acetic acid. Co-electrophoresis 

was used to determine molecular weights in conjunction with protein standards. 

2.3. Measured yield parameters 

The plants were harvested 200 days after seeding in order to determine the top and root 

yields (ton fed
-1

) for each subplot. Each plot's ten guarded plants were randomly selected 

to collect the fresh weights of the top and roots (g plant
-1

). From each plot, 25 kg of roots 

were chosen at random and submitted to the beet laboratory of the Abo-Korkas sugar 

factory to test for various parameters related to root quality, including sucrose%, sugar 

loss percentage, gross sugar yield percentage, and amino-N concentration (mmol 100 g
-

1
beet paste). 

Using an autoanalyzer, the amounts of sodium (Na), potassium (K), and alpha-amino 

nitrogen (-amino-N) were determined by the guidelines supplied by Horwitz and Latimer 

[30]. The concentrations were calculated in millimoles per 100 grams of beet paste. Fresh 

samples of sugar beet roots were tested for sucrose concentration using the Saccharometer 

and the Le Docte technique [31]. Reinefeld et al. [32] stated that the following calculation 

was used to determine the percentage of sugar loss:  

Sugar loss percentage = 0.29 + 0.343 (K+Na) + 0.094 -amino-N 

Gross sugar yield (ton fed.
-1

) equal root yield (ton fed.
-1

) × Sugar loss %. 
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2.4. Statistical analysis 

The mean and standard error values of each trait were calculated from three replicates (n = 

3) and represented in figures as columns with vertical bars, respectively. The results of the 

current study were subjected to the statistical analysis using statistical software package 

SPSS version 25.0 [33]. The independent sample T-test was the most suitable test for 

estimating the traits differences between the Assiut and Qena samples. The difference 

level at p ≤ 0.05 was considered significant and represented on figures by different letters 

that show a significance in difference between the two temperature conditions. Cluster 

analysis is used to determine the similarity and dissimilarity of variable trends (correlation 

coefficient) using PAST software [34]. 

 

3. RESULTS & DISCUSSIONS 

 

3.1. Physiological traits 

3.1.1. Stress indicators 

Enzymes that are sensitive to varying degrees of high-temperature impact different 

metabolic pathways. According to Asada [35], heat stress may, like other abiotic stresses, 

decouple metabolic pathways and enzymes, which can lead to the accumulation of 

undesirable and dangerous ROS like hydroxyl radical (OH
•
), singlet oxygen (

1
O2), 

superoxide radical (O2
•
), and hydrogen peroxide (H2O2), which are the primary causes of 

oxidative stress. Heat-induced oxidative stress results in protein denaturation, which 

causes membrane lipid peroxidation and disrupts the stability of cell membranes [36, 37]. 

The results of the current study showed marked induction in MDA content in sugar beet 

leaves collected from high-temperature conditions (42 °C) compared to moderate-

temperature conditions (23 °C) samples in both studied seasons (Fig. 1). The 

concentration of MDA in sugar beet leaves collected from high-temperature conditions 

was 18.7 and 29% higher than those of moderate-temperature conditions samples in S1 

and S2, respectively. In the same context, H2O2 concentration in sugar beet leaves 

collected from high-temperature conditions was slightly higher than that in sugar beet 

leaves grown under moderate-temperature conditions in both studied seasons. The H2O2 

concentration of sugar beet leaves in high temperature conditions was 11.9% and 5.4% 

higher than those of moderate-temperature conditions samples in S1 and S2, respectively 

(Fig. 1).  
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Fig. 1 Malondialdehyde (MDA) and Hydrogen peroxide (H2O2) contents in sugar beet 

leaves grown during 2018/2019 (S1) and 2019/2020 (S2) seasons under high (42°C) and 

moderate (23 °C) temperatures. Letters on bars refer to the difference (P < 0.05) or 

similarity (P > 0.05) between two temperatures. 

 

Wheat leaves under heat stress elevated their MDA levels [38]. Rice and tobacco were 

found to exhibit activated membrane lipid peroxidation and membrane damage in 

response to high temperature stress [39, 40]. Oxidative stress was evident in populations 

of Lolium perenne those were subjected to 36 °C (moderate heat stress) and 40 °C (severe 
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heat stress). Higher H2O2 levels served as evidence on this stress that is strongly coupled 

with cell membrane integrity and lipid peroxidation [41].  

3.1.2. Antioxidant Enzymes 

The antioxidant defense mechanism plays a significant role in heat stress tolerance. It was 

found that heat-tolerant cultivars of wheat significantly increased their antioxidant 

enzymatic activities at all stages of growth in response to heat stress, whereas susceptible 

cultivars significantly decreased their antioxidant enzyme activities under the same 

conditions [42]. The current study's findings demonstrated a notable improvement in SOD 

and APX activity in sugar beet leaves in high-temperature conditions samples at both 

seasons in compared with the corresponding moderate-temperature conditions samples 

(Fig. 2). However, no significant differences were recorded between CAT activity in the 

leaves of sugar beet plants grown under high and moderate-temperature conditions in S1.  

SOD activity was 3.3 and 3.7 folds of those in moderate-temperature conditions samples 

in S1 and S2 respectively. CAT activity in leaves of sugar beet collected from high-

temperature conditions plants was 45% lower than that of moderate-temperature 

conditions samples in S2. The most pronounced induction was recorded for APX activity 

in sugar beet leaves of high-temperature conditions samples during both seasons 

compared with moderate-temperature conditions. APX activity was 3.9 and 1.5 folds of 

those in moderate-temperature conditions samples in S1 and S2, respectively (Fig. 2). 
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Fig. 2 Superoxid dismutase (SOD), Catalase (CAT) and Ascorbate peroxidase (APX) 

activity in sugar beet leaves grown during 2018/2019 (S1) and 2019/2020 (S2) seasons 

under high (42 °C) and moderate (23 °C) temperatures. Letters on bars refer to the 

difference (P < 0.05) or similarity (P > 0.05) between two temperatures. 
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Following the results of the present study, Chakraborty and Pradhan [43] observed that 

CAT, SOD, and APX showed increased activity when subjected to 38-40 °C. 

Hasanuzzaman et al. [44] also observed that high-temperature (38 °C) caused a rise in the 

antioxidant enzyme activities, including APX. Different antioxidant enzyme activities are 

temperature sensitive, and stimulation occurs at different temperature ranges, but the 

activities of these enzymes are stimulated with increasing temperature [44]. Although 

differences in enzymatic activity were found for various antioxidant enzymes, wheat 

variety tolerance demonstrated a correlation with the quantity of antioxidants. According 

to Almeselmani et al. [45], in the genotypes of wheat under study, several antioxidant 

enzymes showed a positive correlation with photosynthetic pigment concentrations and a 

negative correlation with the membrane injury index during the growth stages. According 

to Yoshimura et al. [46], plants mostly withstand temperature shocks thanks to ROS-

scavenging processes. 

3.1.3. Induction of heat shock proteins  

Heat shock proteins (HSPs) play a vital role as defense systems against heat stress. Stress-

related proteins are synthesized as a stress-tolerance strategy because of molecular 

changes that occur instantly after exposure to high temperatures and the perception of 

signals. These changes affect gene expression and transcript accumulation [18]. 

According to Key et al. [47], the reported induction temperatures for HSPs synthesis in 

laboratory-grown plants range from 38°C to 41°C. In the current study, the temperature in 

Qena (high-temperature conditions) was warmer in both seasons than in Assiut (moderat- 

temperature conditions). At the time the samples were collected, the temperature in Assiut 

was 23.14 °C, and in Qena it was 42.17 °C and 42.20 °C in S1 and S2, respectively. The 

protein of the sugar beet leaves were raised in high and moderate temperature conditions 

and were separated on one-dimensional SDS-polyacylamide slab gels (Fig. 3). This study 

found that at least seven new polypeptides accumulated in roughly 58.4% of the total 

matrix polypeptides when the polypeptide patterns of high temperature conditions 

samples (42 °C) were compared. The polypeptides' apparent molecular weights (Fig. 3, 

lanes A and B) were 123, 110, 103, 77, 51, 39, and 31 kD. The sugar beet leaves collected 

from moderate temperature conditions (23 °C) in both seasons, however, did not contain 

these polypeptides (Fig. 3, lanes C and D). The apparent M.Wt. and banding pattern of the 

accumulated polypeptides in the high temperature conditions samples strictly resemble the 

M.Wt for HSPs from other plant species that have been reported [48, 49, 50]. The 

production of HSPs enables plants to withstand and adapt to extreme abiotic stress. The 

synthesis of a particular range of molecules contributed to the tolerance to heat or other 

abiotic stress is triggered by this molecular mechanism, which also causes an increase in 

the synthesis of normal structural and functional proteins [51].  
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Fig. 3 SDS-polyacrylamide slab gel of polypeptide banding patterns of sugar beet leaves 

grown during 2018/2019 (S1) and 2019/2020 (S2) seasons under high (42 °C) and 

moderate (23°C) temperatures. Lane A, leaf polypeptides of high temperature plants 

collected in S1; lane B, leaf polypeptides of high temperature plants collected in S2; lane 

C, leaf polypeptides of low temperature plants collected in S1; lane D, leaf polypeptides 

of low temperature plants collected in S2 and lane E, standards M.Wt. Arrows and 

associated numbers in the right margin indicate the M.Wt. of the standards. 

 

Numerous studies have demonstrated that ROSs play a critical role, such as molecular 

signals, relating plant responses to environmental stresses and even developmental 

stimuli, even though ROSs are unquestionably a direct cause of cellular damage on a 

variety of levels [52]. The chloroplast and mitochondria's ROS/redox signaling networks 

play significant roles in how well plants adapt to abiotic stresses. By regulating crucial 

processes like translation, transcription, energy metabolism, and protein phosphorylation, 
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these signals facilitate the intricate interaction between different cellular components and 

the homeostasis of organelles under stress [53]. According to Königshofer et al. [54], the 

production of ROS aids in the heat signal's transmission and the expression of genes that 

control the synthesis of heat shock proteins. The induction of HSPs in this study was 

correlated with a slight induction of H2O2 accumulation in high-temperature conditions 

samples compared with moderate-temperature conditions plants.  

3.2. Agronomy traits 

Elevated temperatures have raised global concerns about crop yields and food security due 

to their severe detrimental impact on crop production. Even a relatively minor increase of 

1.5°C in temperature can significantly and negatively affect crop yields [55]. Higher 

temperatures had an impact on crop yield, mostly through altering phenological 

development processes [56]. The current study's findings showed that, in Qena, the first 

and second seasons of heat stress were characterized by the lowest mean values of root 

weight (845, 862 g plant
-1

), top fresh weight (262, 274 g plant
-1

), root fresh yield (32.67, 

33.24-ton fed.
-1

), top fresh yield (7.79, 9.47-ton fed.
-1

), and sucrose% (17.42, 17.73%). On 

the other hand, the highest mean values of sugar loss (%) were 2.42, 2.51%, and α-amino-

N concentration was 1.73, 1.62 (mmol 100 g
-1

 beet paste), but the lowest mean values of 

gross sugar yield were 0.68, 0.72-ton fed
-1

, Fig. 4. 
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Fig. 4. Effect of heat stress (moderate and high temperature conditions) on yield and its 

traits of sugar beet grown in 2018/2019 (S1) and 2019/2020 (S2) seasons. NS = non-

significant (P > 0.05) and * = significant differences (P ≤ 0.05) 
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In both growth seasons, sugar beet plants exhibit a reduction in the top-root proportion in 

response to heat stress. Growing season conditions can be defined by the limitations 

imposed by stress on the crop at different phases of its development. The production of 

the yield component that is most actively increasing during the stress period is delayed by 

heat stress. In heat stress, reduced assimilatory capacity [57], which is caused by 

decreased photosynthesis by changed membrane stability [58], and increased maintenance 

respiration costs [59] are the main contributors to loss of productivity. According to 

Murakami et al. [60], increased temperature causes photosynthesis to be inhibited, 

particularly PSII activity, through a decrease in electron transport activity. According to 

Mohammadidian et al. [61] and Kumar et al. [62], the quantum efficiency of photosystem 

II (Fv/Fm), which measures the health and nutrient status of plants, is correlated with 

chlorophyll concentration and positively correlated with CO2 fixation and dry matter 

production. Both maize [63] and barely [64] have records of these occurrences.  

High temperatures (33–40 °C) severely impacted light capture, water use efficiency, 

biomass, gain yield, and harvest index in maize, whereas heat at the stage of flowering 

produced a bigger yield loss than at the grain filling period [56]. Crop quality and 

performance are impacted by rising temperatures. Barley's grain quality attributes were 

considerably altered by heat stress. While the concentrations of total non-structural starch, 

carbohydrates, fructose, raffinose, lipids, and aluminum were declined in barley grain, 

several concentrations of the proteinogenic amino acid and maltose content developed 

[65]. Okra exposed to high temperatures showed damage in pod quality indicators like 

fiber content and Ca pectate breakdown [66]. 

3.3. Multivariate analysis 

The PCA biplot provides a providing a useful tool for analyzing and interpreting data. 

Visual representation of the correlations among the different beet root variables and their 

affinities to moderate (Assiut) and high (Qena) temperatures shown in Fig. 5A. The 

positions of the variables in the plot indicate their relationships with each other on the one 

hand and their affinities to heat stress on the other hand. By examining the scatter of 

points in the biplot, it is possible to identify that these variables are closer to each other on 

the plot have a stronger correlation (significant positive correlations). In comparison, 

those that are further apart have a weaker correlation. The positive correlations are shown 

among sucrose contents, growth traits, and yield traits (e.g. fresh and dry plant yields). On 

the other hand, oxidative stress enzymes (APX and SOD) were positively coupled with 

H2O2. However, they collectively are going in opposite direction with the previously 

mentioned growth variables (strong negative correlations). 
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Fig. 5. A. Princible component analysis (PCA) bi-plot computes all possible correlations 

among estimated variables in sugar beet with their temperatures affinities. B. Canonical 

correspondence analysis (CCA) triple-blot illustrate all possible regressions of sugar beet 

variables according to SDS-PAGE bands produced under both temperatures regemes. 

Numbers of each band (in KD) refer to the nearest marker-bands to the accumulated sugar 

beet proteins. RFW = root fresh weight, RFY = root fresh yield, TFW = Top fresh weight, 

TFY = Top fresh yield, SuY = sugar yield, Su = sucrose (%), SuL = sugar loss (%), CAT 

= catalase, SOD = superoxide dismutase, APX = Ascorbate peroxidase, H2O2 = hydrogen 

peroxide, MDA = Malonaldehyde, Amino = α-amino-N. 
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Depending on the particular enzymes involved, the degree and duration of heat stress, as 

well as the physiological and genetic traits of the sugar beet plants, there may be a variety 

of specific mechanisms explaining the negative correlation between sugar beet enzymes 

and growth parameters under heat stress. Under constant stress from a variety of 

environmental factors, including heat, plants fight to survive. A plant may withstand heat 

stress to some degree by internal physiological changes as well as frequently through the 

production of signals that alter metabolism. In order to maintain cell turgor through 

osmotic adjustment, organize proteins and cellular structures, and modify the antioxidant 

system to restore cellular redox balance and homeostasis, plants respond to this stress by 

altering their metabolism in a variety of ways [67]. Heat stress modifies the expression of 

genes that directly defend against heat stress at the molecular level [68]. These comprise 

the genes that express detoxifying enzymes, regulatory proteins, transporters, and 

osmoprotectant expression [69]. Under circumstances like heat stress, alterations in gene 

expression that modify physiological and biochemical functions eventually result in the 

development of heat tolerance as either acclimation or, in the best scenario, adaptation 

[70]. 

A triple-blot graph that depicts every potential association is produced by canonical 

correspondence analysis (CCA, Fig. 5B). Using the multiple regression analysis 

techniques, it was used to demonstrate the correlations between the morpho-agro-

physiological sugar beet variables (dependent variables) and the SDS-PAGE protein 

bands (intermediate variables) created under two temperature regimes (independent 

variables). The scatter plot's data point placements indicate the direction and strength of 

the associations between the protein bands and the sugar beet factors. A positive 

correlation could be suggested by the plot's data points being close to one another, while a 

negative correlation might be suggested by the dots being farther apart. As a result, it is 

making it possible to comprehend how various temperature regimes affect these variables 

better. 

Obtained results revealed a strong associated between APX, SOD enzyme and H2O2 on 

the one hand and unique sugar beet protein bands recorded near to marker bands (37, 50, 

72 and 125 KD) on the other hand. Also, there is good fidelity between α-amino-N and 

MDA with marker bands (31 and 93 KD). Notably, all these regressions were greatly 

influenced by the high temperature (42°C) of the Qena site in Upper Egypt. On the 

contrary, growth indicators (fresh and dry wt.) and protein bands near the 57 KD marker 

were greatly associated together and preferred the lower temperature (23°C) of the Assiut 

site. Also, the CAT enzyme was strongly associated with protein bands near to 15, 18, 24 

and 42 KD and 23°C.  

The activity of the enzymes SOD, APX, and CAT was enhanced in the wheat cultivar and 

showed better tolerance to heat stress and projection against ROS production [71]. 

Chakraborty and Pradhan [43] observed that catalase (CAT), ascorbate peroxidase (APX), 

and superoxide dismutase (SOD) showed an initial increase before declining to 50°C. The 

molecular understanding of heat shock proteins and antioxidant genes linked to heat in 

Lolium perenne [72]. Heat stress increased plant damage and oxidative stress indicators 

like H2O2 and MDA, but it also highly expressed the genes for heat shock proteins like 

HSP70 and antioxidants like SOD, CAT, and APX, which were linked to the 
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detoxification process. The interactome map (a compilation of all molecular interactions 

in cells, especially in relation to protein-protein interactions) was depicted by Rahman et 

al. [72]. This implies that genes and the expected partner functions are strongly correlated. 

Therefore, HSP genes and antioxidants may be important in abiotic stress. 

Plants frequently display alterations in their growth indicators and antioxidant enzyme 

activities under stress (biotic or environmental stressors). These two vital responses 

(antioxidant enzymes and growth) may show an adverse relationship that may be 

explained by the plant's attempt to counteract the negative impacts of stress [73], like heat 

stress. 

Stress can interfere with regular physiological functions, reducing the amount of 

photosynthesis, reducing the absorption of nutrients, and changing the balance of 

hormones. A decrease in the general growth and development of plants can be caused by 

several reasons. However, plants have a defense mechanism that activates their 

antioxidant systems to combat damage caused by stress. Antioxidant enzymes, such as 

APX, CAT, and SOD are essential for scavenging ROS, which are produced because of 

oxidative stress triggered by stress. These enzymes shield plant cells from oxidative 

damage and aid in the maintenance of cellular redox equilibrium. 

 

Fig. 6 All possible relations among assessed morphological and physiological variables 

under heat stress regimes. 

The reason for the inverse relationship between antioxidant enzyme activity and growth 

parameters is that plants devote more of their resources to stress adaptation than to 
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development. To counteract oxidative stress and reduce cellular damage, a stressed plant 

focuses its energy and resources on activating and upregulating its antioxidant enzyme 

systems. This shift in resource allocation from growth-related processes to stress response 

mechanisms can result in reduced growth parameters [74]. 

In comparison to moderate heat, the sugar beet plant's membrane stability index (MDA) 

and stress indicator (H2O2) content slightly increased under heat stress conditions. 

Additionally, remarkable increases in the antioxidant enzyme activity of SOD and APX 

were seen. Low molecular weight polypeptides ranging from 31 to 123 kD were only 

found in Qena samples (high-temperature), suggesting that sugar beet may synthesize 

HSPs in response to elevated leaf temperature. Heat stress had a negative impact on some 

agronomic traits, such as root and top fresh weight and root and top fresh yield. The 

physiological parameters, antioxidant enzyme activities, and product quality parameters 

all showed positive correlations. Whereas sucrose (%), sugar loss (%), gross sugar yield, 

and α-amino-N concentration in sugar beet were the same in both regions, this showed 

that Qena plants’ adaptability (high-temperature samples) to heat stress was augmented 

by the accumulation of heat shock proteins and the improved activity of antioxidant 

enzymes. The experiment's results can aid in a better understanding of the various 

mechanisms relating to sugar beet adaptability to heat stress conditions and aid in the 

development of cultivars with higher heat stress tolerance. Overall, the findings 

demonstrated the adverse effects of heat stress on sugar beet physiology and agronomic 

traits, which shown as possible pathways in Figure 6. 

ABBREVIATIONS 

MDA: Malondialdehyde; H2O2 Hydrogen peroxide; SOD: Superoxide dismutase; CAT: 

Catalase; APX: Ascorbate peroxidase; ROS: Reactive oxygen species; HSPs: Heat shock 

proteins; HSFs: Heat shock factors; HSR: Heat shock response; TBA: Thiobarbituric acid; 

TCA: Trichloroacetic acid. 
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