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Abstract  

Climate change leads to an increase in the frequency and severity of 

droughts, which have a negative impact on agriculture by altering plant 

growth and lowering water availability, placing food production systems at 

risk of sustainability. In order to improve drought resistance and ensure 

food security in the face of growing water shortages, this research was 

conducted to determine the physiological and enzymatic responses of 

tomato plants to drought stress. This study was conducted at Tamil Nadu 

Agricultural University, Coimbatore, involving 3 hybrids, viz., H1: EC169966 × 

LE118, H2: EC177824 × LE118 and H3: Arka Ashish × LE 27, along with their 

parents, P1: EC177824, P2: LE27, P3: EC169966, P4: LE118 and P5: Arka Ashish, 

under 50 % and 100 % field capacity conditions in factorial completely 

randomized design (FCRD) with 3 replications. Results indicated a 

significant change in physiological and enzymactic activities. Here, the 

parent P2 and hybrid H2 showed superior tolerance, with higher relative 

water content, proline, leaf water potential, membrane and chlorophyll 

stability index. Added to that, the response of enzyme activities including 

peroxidase, nitrate reductase, catalase, polyphenol oxidase and superoxide 

dismutase was found to be increase notably in drought-tolerant hybrids 

and parents, which correlated strongly with physiological markers of 

drought resistance. These modifications highlight the capacity of some 

genotypes to preserve photosynthetic efficiency and cellular integrity in 

water-limited environments. The results highlight the significance of 

choosing and developing drought-tolerant cultivars in order to maintain 

agricultural production in areas vulnerable to drought and address issues 

related to global food security. 

Keywords   

climate change; breeding; enzymes; tomato; water stress 

Introduction  

The impact of drought stress on worldwide agricultural production has 

become more apparent in recent times. As water scarcity is exacerbated by 

climate change, the consequences for plant growth and productivity are 

becoming increasingly obvious (1). India's current irrigation programmes 

have an overall water utilisation efficiency of just 40 %. Drought conditions 
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impact approximately 68 % of the net sown area, which 

amounts to 140 million ha. Severe regions, comprising 50 

% of this area are characterised by recurrent drought 

effects (2). Moreover, due to the interdependence of 

ecosystems, crop production affected by drought may 

trigger a series of consequences that impact not only 

social well-being but also economic stability and food 

security. In developing nations where agriculture 

constitutes a substantial sector of the economy, 

diminished agricultural production resulting from drought 

conditions may precipitate food scarcity, escalating food 

costs and financial insecurity among producers (3). Recent 

statistics indicate that drought stress has caused a 

substantial decline in worldwide agricultural production, 

with estimates indicating a reduction of 10-25 % in the 

cultivation of major crops on an international scale. Being 

sessile organisms, plants react physiologically to drought 

stress in a variety of ways to minimise water loss and 

preserve cellular homeostasis. These reactions include 

modifications to leaf morphology, osmolyte accumulation 

and stomatal closure (4). Lower soil moisture content can 

result in reduced water uptake, which can lower the turgor 

pressure inside plant cells. This restricts the amount of 

carbon dioxide that can be absorbed by photosynthesis, 

along with stomatal closure, to lessen transpiration (5). As 

a result, plant growth is hampered and photosynthetic 

rates fall along with biomass production. Drought stress 

also causes the production of reactive oxygen species 

(ROS), which damages molecules and cellular structures 

and results in oxidative stress (6). 

Among the various crops vulnerable to drought 
stress, tomatoes hold significant importance due to their 

widespread cultivation and nutritional significance. The 

tomato, (Solanum lycopersicum L.) originated in Peru, 

serves as one of the best-known and most significant 

warm-season vegetable crops farmed for its versatility (7). 

With an estimated yearly global production of 182.3 

million tonnes, tomatoes rank as the second-highest-

cultivated vegetable in the world next to potato. In 

addition to being a substantial supply of vital nutrients like 

vitamins A and C, tomatoes also play a big role in the 

global supply of food and financial stability in a number of 

regions. Tomato plants are vulnerable to drought stress, 

which puts nutritional security at risk for both quantity 

and quality of yield (8). 

Tomato plants' physiological processes, such as 

photosynthesis, transpiration and enzyme activity are all 

greatly impacted by drought stress. Prolonged drought 

stress can cause altered enzyme kinetics, decreased leaf 

area and poor carbon assimilation (9). The development of 

resilient tomato crop varieties that can endure water 

scarcity without sacrificing quality and yield is critically 

needed, as tomato crops are susceptible to drought stress 

(10). So far in India, Arka Vikas and Arka Meghali released 

from the Indian Institute of Horticultural Research are 

reported to be rainfed varieties. At present, there is no 

released hybrids for drought tolerance in tomato. In order 

to achieve this, it is imperative to develop hybrid cultivars 

that are resistant to drought by acquiring a thorough 

comprehension of the physiological and biochemical 

processes that govern drought tolerance in tomato plants 

(11). 

In order to ascertain the fundamental mechanisms 

underlying drought tolerance, the purpose of this study 

aims to examine the physiological and enzymatic 

responses of tomato plants subjected to drought stress. It 

is expected that tomato plants experiencing drought 

stress will display distinct physiological reactions, such as 

the regulation of stomata and adjustments in enzymes. 

These responses are intended to maintain cellular balance 

and minimise the negative impacts of water scarcity. By 

elucidating these mechanisms, we aim to contribute to the 

development of drought-tolerant tomato hybrids, thereby 

enhancing resilience to water scarcity and ensuring food 

security in drought-prone regions. 

Materials and methods 

2.1. Site Description and treatment details 

The study was conducted at the college orchard of the 

Department of Vegetable Science, at Tamil Nadu 

Agricultural University in Coimbatore. The location is 

situated at 11° 02’ North latitude, 77°03’ East longitude, 

and has an altitude of 426.6 m above mean sea level (Fig. 

1). The experiment was designed in a factorial completely 

randomised design (FCRD) with 3replications and 2 

factors: drought at 50 % field capacity (FC) and control at 

100 % field capacity (FC). The hybrids, viz., H1: EC169966 × 

LE118, H2: EC177824 × LE118 and H3: Arka Ashish × LE27, 

along with their parents, viz., P1: EC177824, P2: LE27, P3: 

EC169966, P4: LE118 and P5: Arka Ashish, were taken for 

this research. Here, the genotypes were collected from 

National Bureau of Plant Genetic Resources (EC 177824 

and EC169966), Indian Institute of Horticultural Research 

(Arka Ashish) and Tamil Nadu Agricultural University (LE27 

and LE118). The genotypes used LE27 and LE118 were 

reported to be drought tolerant (12). Seedlings that were 

25 days old were transplanted into the pots. Drought was 

imposed on the plants 15 days after transplanting. Both 

under control conditions (100 % FC) and drought stress 

conditions (50 % FC), the following observations were 

recorded:  

Fig. 1. Experimental site.  
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2.2. Relative water content (%) 

The relative water content of the leaf was determined by 

taking 20 leaves from each plant and their fresh weight 

was taken immediately. They are then placed in the 

distilled water for 4 h, after which the turgid weight is 

noted. Then the leaves are dried in an oven at 80 °C till a 

concordant dry weight was obtained. The experiment was 

performed by a standard method (13). Relative water 

content was obtained by the formula  

Relative water content (%) = Fresh Weight-Dry weight / 

Turgid Weight-Dry Weight ×100 

2.3. Chlorophyll stability index (%) 

The procedure used to calculate the chlorophyll stability 
index (14). A 250 mg leaf sample was collected and 

homogenised using 80 % acetone. The leaf sample was 

then centrifuged for 10 min at 3000 rpm. The supernatant 

was extracted and brought to a volume of 25 mL. The 

absorbance of the spectrophotometer at 652 nm was 

recorded. 

Chlorophyll stability index (%) = Total chlorophyll content 

(treated) / Total chlorophyll content (control) × 100 

Here, Treated – 50 % field capacity; Control – 100 % field 

capacity 

2.4. Membrane stability index (%) 

The completely expanded leaves were collected. Fifty discs 

of leaves were divided into 2 test tubes, to which 10 mL of 

deionized water was added. The test tubes were then 

chilled at 10 oC for 18 h. After thoroughly washing the 

leaves with deionized water, 15 mL of ionised water was 

introduced. Then, each test tube was maintained in a 

water bath at 25 oC and 45 oC for 1 h. Following a 1 h 

boiling period, a subsequent conductivity measurement of 

the aqueous phase was obtained at 25 oC once the 

samples had chilled. The stability of the leaf membrane 

was assessed using the Blum and Ebercon method (15). 

MTS (%) = [1- (T1/T2)] × 100 

MTS (%) = [1- (C1/C2)] × 100 

Were, T1- Before boiling (at 45 oC), T2 - After boiling, C1- 

Before boiling (at 25 oC), C2 - After boiling 

2.5 Leaf water potential (MPa) 

The leaf water potential was quantified in MPa utilising an 

instrument leaf water potential metre (ARIMAD 3000) (16). 

2.6. Leaf electrolyte leakage (%) 

Liu and his co-workers utilised the electrical conductivity 

metric as a means of evaluating the cell membrane's 

stability (17). After the leaf samples were washed and cut 

into little pieces, 10 mL of distilled water were added. The 

initial electrical conductivity of the leaf samples was 

evaluated following a 24 h incubation period in complete 

darkness and at room temperature. After heating the 

samples in a water bath at 100 °C for 15 min, the final 

conductivity was determined. The formula utilised to 

calculate ion leakage is as follows: 

Electrolyte leakage (%) = Initial electrical conductivity / 

Final electrical conductivity × 100 

2.7. Proline (µ/g fresh weight) 

The leaf sample (250 mg) was taken and homogenised 

using 10 mL of 2 % sulphosalicylic acid. The 2 mL of extract 

was taken separately in the test tube along with 2 mL of 

ninhydrin solution and 2 mL of glacial acetic acid and 

boiled at 100 °C in a water bath for 1 h. The test tube was 

then transferred to an ice bath to terminate the reaction. 

The test tubes were then filled with 4 mL of toluene and 

transferred to the separating funnel, where the pink-

coloured solution was collected from the top layer. The 

spectrophotometer reading of the pink colour solution at 

520 nm was noted. Simultaneously, the blank was also 

maintained without the leaf extract and the proline 

content was estimated by a method (18). 

Proline content = 36.23 × Optical density × Volume of 

aliquot taken / Fresh weight of the sample  

2.8. Peroxidase (changes in OD/min/g leaves) 

A volume of 5 mL of 100 mM phosphate buffer was utilised 

to homogenise the leaf sample (0.5 g). The mixture went 

through a 15 min centrifugation at 13000 rpm and 4 °C. A 

volume of 5 mL is obtained by diluting the surface 

containing the peroxidase enzyme in a solution composed 

of 6.25 µL of 100 mM phosphate buffer, 2.5 µL of 50 µM 

H2SO4, 50 µM pyrogallol and distilled water in a 1:20 ratio. 

After 1 min of incubation at 25 °C, 0.5 mL of 5 % H2SO4 was 

introduced to the reaction mixture in order to terminate it. 

The 445 nm spectrophotometer reading was recorded. The 

absorbance of 1 unit of peroxidase is 0.1 (19). 

2.9. Nitrate reductase (µg NO2 /g/h) 

As per the method suggested by Nicholas, the nitrate 

reductase activity was determined in fully expanded 

functional leaves and expressed in µg NO2/g/h (20). The 

leaf sample (7 g) was grinded by using 20 mM potassium 

phosphate buffer, at pH 7.5 for 90 sec. This solution is then 

added to the charcoal, stirred and centrifuged at 5000 

rpm. The supernatant was used for the assay. Incubate 0.1 

mL of sodium nitrate, 0.2 mL of phosphate buffer, 0.1 mL 

of methyl viologen, a desirable volume of enzyme and 0.8 

mL of water at 30 °C. The reaction was started by adding 

0.2 mL of the dithionite reagent and incubating it for 10 

min. The reaction was stopped by shaking the mixture 

vigorously until the dye colour disappeared and 

diothionite was completely oxidized. Run the blank 

simultaneously, without the enzyme. Follow the nitrate 

reductase assay to measure nitrate in an adequately 

diluted reaction mixture aliquot.  

2.10. Catalase (µg of H2O2 g/min) 

The leaf sample (0.1 g) was homogenized with 0.1 M 

phosphate buffer. The sample was then centrifuged at 

15000 rpm at 4 °C for 30 min. 1 mL of the supernatant was 

used as the enzyme source; along with it 2 mL of hydrogen 

peroxide and 3 mL of phosphate buffer were taken and 

incubated for 1 min at 20 °C. After 1 min the reaction was 

terminated by adding 10 mL of 0.7 N H2SO4. Then the 

reaction mixture was titrated against 0.01 N KMnO4 until 

the light purple colour persisted for at least 15 sec to find 

the residual hydrogen peroxide. The blank is also prepared 

by adding the enzyme extract to an acidified solution of 
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the reaction mixture at zero time. This method was done 

according to the procedure (21).  

2.11. Polyphenol oxidase (change in OD of H2O2/min/g) 

The activity of polyphenol oxidase was measured in 

accordance with the procedure (22). The standard reaction 

mixture comprised 0.5 mL of 0.01 m catechol, 1.5 mL of 0.1 

m phosphate buffer (pH 6.5) and 0.5 mL of enzyme 

preparation. At 495 nanometers, the absorbance was set 

to zero to initiate the enzyme reaction. The variations in 

absorbance were monitored for 3 min at 30 sec intervals 

and the polyphenol oxidase activity was calculated as a 

change in OD minute-1 g-1 of fresh weight. 

2.12. Superoxide Dismutase (SOD) 

Ascertaining SOD activity required by a standard method. 

100 mL of hydroxylamine hydrochloride, 500 mL of nitro 

blue tetrazolium, 1.3 mL of buffer and 70 mL of enzyme 

extract make up the reaction mixture. At 540 nm, the 

absorbance was measured (23). 

2.13. Statistical Analysis 

The physiological and enzyme values for 2 factors (50 % 

and 100 % field capacity) were analysed and then 

Duncan's multiple range test was done using STAR 

software. Differences having a p-value of <0.01 was 

considered statistically significant. The Pearson 

correlation coefficient between the physiological and 

enzyme parameters was determined. The figures were 

generated with Origin and R software. 

Results and Discussion 

3.1. Changes in physiological parameters  

3.1.1. Relative water content (%) 

The capacity of plant tissues to retain water under various 
circumstances is indicated by the relative water content 

(RWC), which is particularly pertinent in situations where 

drought stress is present (24). Upon analyzing the data, it 

becomes apparent that the drought stress situation has a 

considerable influence on the relative water content (RWC) 

of both the parents and hybrids (Fig. 2a). Reductions in RWC 

are detected consistently across all the samples. 

Significantly, among the parents, P2 demonstrates the 

maximum RWC under both conditions, suggesting that it 

possesses a resilient resistance to drought stress. Similarly, 

H2 has superior tolerance in hybrids, as evidenced by its 

highest RWC values. Several adaptation processes may 

account for the tolerant parent/hybrid greater RWC. 

Tolerant parent/hybrid exhibit higher RWC due to their 

capacity to sustain optimal cellular hydration levels even in 

conditions of limited water availability (25). This indicates 

the presence of effective water retention techniques and 

adaptive responses when subjected to drought stress, 

which are critical for ensuring plants' survival and 

productivity in water-scarce environments (24). 

3.1.2. Cholorophyll stability index (per cent) 

The chlorophyll stability index (CSI) is a significant measure 

of plant well-being and capacity to cope with stress, 

especially during periods of drought. It indicates the extent 

to which chlorophyll content is maintained in leaves (26). 

Upon analyzing the data, it is clear that drought stress at 50 

% field capacity (FC) leads to a significant decrease in CSI 

when compared to the control at 100 % FC for all parents/

hybrids (Fig. 2b). This demonstrates the harmful impact of 

water shortage on the stability of chlorophyll. Out of all the 

parental lines, P2 stands out as the most tolerant genotype, 

showing the greatest CSI under both normal and drought 

stress conditions. Similarly, H2 has the greatest CSI values in 

hybrids and shows higher tolerance. There are a number of 

adaptive processes that might be responsible for the 

greater CSI in tolerant hybrid/parent. These may include 

effective antioxidant defense mechanisms, such as the 

buildup of enzymatic and non-enzymatic antioxidants, 

which assist in reducing oxidative stress caused by drought 

(27). In addition, genotypes with high tolerance may have 

improved abilities to retain water, which might decrease the 

extent of damage caused to chlorophyll molecules under 

conditions of water deficiency. Furthermore, the resistance 

that has been seen may be attributed to the overexpression 

of genes related to the production and maintenance of 

chlorophyll, which guarantees the preservation of 

photosynthetic activity even in situations when water is 

scarce (28). 

3.1.3. Membrane stability index (per cent) 

The membrane stability index (MSI) is a vital measure of cell 

membrane integrity, especially in the presence of drought 

stress. It indicates the plant's capacity to sustain cellular 

stability in the face of limited water availability (29). Among 

the parents in the provided data, P2 has the greatest 

resistance to drought stress, as seen by continuously higher 

MSI levels compared to the other parents in both 

conditions. Similarly, H2 is the most drought-tolerant among 

the hybrids, exhibiting higher MSI values in both normal and 

drought stress conditions (Fig. 2c). The observed pattern 

highlights the importance of MSI in selecting hybrid/parent 

that are resilient to drought. Tolerant hybrid/parent have 

higher MSI values, indicating their improved capacity to 

preserve membrane integrity and functioning in settings of 

low water availability. This probably incorporates processes 

that, taken together, contribute to prolonged cellular 

stability and enhanced drought resistance, such as effective 

osmotic adjustment, antioxidant defense systems and 

decreased membrane lipid peroxidation (30). 

3.1.4. Leaf water potential (MPa) 

Leaf water potential (LWP) is an important measure of plant 

water status, especially during periods of drought stress. In 

general, LWP values decrease in response to water stress, 

reflecting the water deficit response of plants (31). Out of all 

the parents, P2 has the greatest ability to withstand drought 

stress, as it consistently has higher negative leaf water 

potential (LWP) values in both normal and stressful 

situations. Similarly, H2 has the greatest resilience to 

drought-induced stress among the hybrids (Fig. 2d). The 

greater LWP found in tolerant parent/hybrid is due to many 

physiological changes, including effective water absorption, 

decreased rates of water loss via transpiration, osmotic 

adjustment and improved water retention techniques 
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including deeper root systems and alterations to the cuticle 

(32). 

3.1.5. Leaf electrolyte leakage (%) 

Leaf electrolyte leakage (LEL) is a reliable indication of 

cellular membrane damage, especially under drought 

stress. When there is a water shortage and increased 

membrane instability, EL values often rise in response to 

drought stress (33). P2 demonstrates the greatest resistance 

to drought stress among the parents, as evidenced by its 

consistently low LEL values under both control and stress 

conditions. In a similar way, H2 shows the greatest 

resistance to drought stress among the hybrids (Fig. 2e). The 

lower reported LEL in tolerant hybrid/parent may be 

ascribed to many biochemical and physiological changes. 

Tolerant hybrid/parent often use strategies such as 

producing osmoprotectants and antioxidants, regulating 

cellular ion balance and strengthening cell membranes by 

accumulating membrane-stabilizing substances such as 

proline and glycine betaine. Tolerant hybrid/parent are able 

to retain cellular integrity and function under extreme 

drought stress conditions by collectively mitigating cellular 

membrane breakdown and electrolyte leakage via 

adaptations (34, 35). 

3.1.6. Proline (µ/g fresh weight) 

Proline, a frequently occurring amino acid, plays a vital role 

as an important osmolyte in plants, especially during 

periods of drought stress. Its buildup assists in adjusting 

osmotic balance and enhancing stress tolerance (36). P2 had 

the greatest resistance to drought stress among the 

parents, whereas H2 showed the highest level of tolerance 

among the hybrids (Fig. 2f). The increased proline 

accumulation in these resistant hybrid/parent under 

drought stress might be attributed to many mechanisms. 

Firstly, proline functions as a compatible solute, which 

helps to maintain cell turgor and osmotic equilibrium. This, 

in turn, prevents water loss and protects cells from injury. 

Secondly, it has been associated with the stability of 

subcellular structures and the removal of reactive oxygen 

species, hence decreasing oxidative stress (37). 

Furthermore, its function in controlling stomatal closure 

aids in reducing water loss via transpiration. Moreover, the 

inherent genetic inclination of tolerant hybrid/parent to 

augment proline production in the presence of stressful 

circumstances adds to their exceptional ability to withstand 

Fig. 2.  Changes in a) Relative water content (%); b) Chlorophyll stability index (%); c) Membrane stability index (%); d) Leaf water potential (MPa); e) 
Leaf electrolyte leakage (%) and f) Proline (µ/g fresh weight) at 100 % field capacity and 50 % field capacity of tomato parents and hybrids (P1: EC177824, P2: 
LE27, P3: EC169966, P4: LE118 and P5: Arka Ashish, H1: EC169966 × LE118, H2: EC177824 × L118 and H3: Arka Ashish × LE 27).  
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drought. Overall, the substantial buildup of proline in the 

identified tolerant hybrid/parent highlights its significance 

as a biochemical indicator for drought tolerance in tomato 

plants (38). 

3.2. Changes in enzyme Activities 

3.2.1. Peroxidase (changes in OD/min/g leaves) 

Peroxidase, an essential enzyme in plant stress responses, 

has a vital function in reducing the effects of drought 

stress by eliminating reactive oxygen species (39). Within 

the group of parents, P2 showed the greatest degree of 

tolerance to drought stress, and among the hybrids, H2 

showed the highest level of tolerance (Fig. 3a). The 

increase in peroxidase activity found in drought-tolerant 

hybrid/parent may be related to their function in 

detoxifying reactive oxygen species, thereby reducing 

cellular damage and preserving cellular homeostasis. 

Tolerant hybrid/parent may exhibit elevated levels of 

peroxidase as part of their adaptive response to drought-

induced oxidative stress, thereby enhancing their 

resilience to water scarcity conditions (40). This 

emphasizes the significance of peroxidase in bestowing 

drought tolerance in tomato plants and its potential as a 

focal point for breeding initiatives aiming at creating 

drought-resistant cultivars. 

3.2.2. Nitrate reductase (µg NO2 /g/h) 

Nitrate reductase, a vital enzyme in nitrogen metabolism, 

plays a critical role in plant adaptation to drought stress 

by regulating nitrogen uptake and stress responses (41). P2 

demonstrated the greatest resistance to drought stress 

among the parents, whereas H2 exhibited the highest 

tolerance among the hybrids (Fig. 3b). The elevated 

activity of nitrate reductase in drought-tolerant hybrid/

parent can be attributed to its function in facilitating 

osmotic adjustment and optimizing nitrogen utilization 

efficiency, both of which are critical mechanisms for 

adapting to water deficit conditions (42). Hybrid/parent 

that are tolerant exhibit an elevated level of nitrate 

reductase activity as a component of their adaptive 

approach to uphold nitrogen homeostasis and support 

essential metabolic pathways necessary for drought 

tolerance. 

3.2.3. Catalase (µg of H2O2/g/min) 

Catalase is a crucial enzyme that plays a vital role in the 
conversion of hydrogen peroxide (H2O2), a potentially toxic 

byproduct of cellular metabolism, into water and oxygen 

via a process known as detoxification. Catalase is of 

paramount importance in the context of drought stress as 

it effectively reduces oxidative harm resulting from the 

buildup of reactive oxygen species (ROS) under conditions 

of water scarcity (43). The data provided clearly indicates 

that catalase activity differs between parental and hybrid 

plants under conditions of control and drought stress. Out 

of the parents, P2 shows the greatest resistance to drought 

stress, whereas among the hybrids, H2 has the maximum 

tolerance (Fig. 3c).  The observed enhancement in catalase 

activity in tolerant hybrid/parent under drought stress 

might be due to many mechanisms. Catalase primarily 

aids in the decomposition of hydrogen peroxide (H2O2), 

which in turn helps to minimise the harm caused by 

oxidative stress to various cellular constituents (44). The 

tolerant hybrid/parent may exhibit effective regulatory 

mechanisms that increase the production of catalase in 

response to drought stress, allowing them to maintain 

cellular balance in adverse situations. Moreover, the 

presence of increased catalase activity in drought-tolerant 

hybrid/parent may suggest a heightened capacity to 

remove reactive oxygen species (ROS), thereby 

maintaining the structural integrity of cells and promoting 

the general well-being of plants during water-deficient 

times (45).  

3.2.4. Polyphenol oxidase (change in OD of H2O2/min/g) 

Polyphenol oxidase (PPO) is an enzyme that catalyses the 

oxidation of phenolic substances, serving as a defensive 

mechanism against stress conditions. The data provided 

shows that there are differences in PPO activity across 

tomato parents and hybrids under both normal and 

drought stress circumstances. P2 has the greatest 

resistance to drought stress among the parents, but H2 

displays the highest level of tolerance among the hybrids 

(Fig. 3d).  The observed elevation in PPO activity in 

drought-tolerant genotypes may be attributed to many 

sources. Firstly, PPO has a role in the production of 

secondary metabolites like flavonoids and lignin. These 

compounds strengthen cell walls and improve a plant's 

ability to withstand water scarcity. Secondly, increased 

PPO activity may promote the browning processes in 

injured tissues, effectively closing off areas of harm and 

decreasing water loss via transpiration (46). In addition, 

the oxidation of phenolic compounds by PPO produces 

quinones, which possess antibacterial characteristics and 

potentially assist in protecting against opportunistic 

infections during periods of drought-induced stress (47). 

3.2.5. Superoxide Dismutase (SOD) 

Superoxide dismutase (SOD) is an essential enzyme that 

plays a critical role in antioxidant defence systems, 

especially in situations of drought stress when reactive 

oxygen species (ROS) build up. Notably, P2 had the 

greatest resilience to drought stress among the parents, 

and H2 showed the highest level of tolerance among the 

hybrids (Fig. 3e). The increased superoxide dismutase 

(SOD) activity found in drought-tolerant genotypes may be 

attributable to many reasons. Firstly, these genotypes may 

have effective regulatory mechanisms for the expression 

of the SOD gene, providing a quick response to stress. 

Furthermore, the heightened SOD activity may augment 

the process of detoxifying reactive oxygen species (ROS), 

consequently diminishing oxidative harm to cellular 

constituents. In addition, hybrid/parent that are tolerant 

may possess a greater capacity to remove superoxide 

radicals, preserving cellular homeostasis even when 

exposed to oxidative stress caused by dehydration (48, 49).  

3.3. Correlation of enzymes with physiological 

parameters under drought stress condition 

The correlation matrix displays many highly significant 

correlations, denoted by 3 asterisks, which indicate strong 

associations under drought conditions in tomatoes (Fig. 
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Fig. 4. Correlation between enzymes and physiological parameters of tomato under drought stress; *, ** and *** indicate a significant  difference at p < 
0.05, p < 0.01 and p < 0.001 respectively. (RWC - Relative Water Content (%); CSI - Chlorophyll Stability Index (%); MSI - Membrane Stability Index (%); LWP Leaf 
Water Potential (MPa); LEL - Leaf Electrolyte Leakage; Proline (µ/g fresh weight); POD- Peroxidase (changes in OD/min/g leaves) (%); NR - Nitrate reductase (µg 
NO2 /g/h); CAT - Catalase (µg of H2O2/g/min); PPO - Polyphenol oxidase (change in OD of H2O2/min/g) (MPa) and SOD - Superoxide dismutase (Units/g of FW)). 

Fig. 3.  Changes in a) Peroxidase (changes in OD/min/g leaves) (%); b) Nitrate reductase (µg NO 2 /g/h); c) Catalase (µg of H2O2/g/min); d) Polyphenol oxidase 
(change in OD of H2O2/min/g) (MPa) and e) Superoxide dismutase (Units/g of FW) at 100 % field capacity and 50 % field capacity of tomato parents and hybrids 
(P1: EC177824, P2: LE27, P3: EC169966, P4: LE118 and P5: Arka Ashish, H1: EC169966 × LE118, H2: EC177824 × LE118 and H3: Arka Ashish × LE27). 
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4). Notably, SOD displays extremely high positive 

correlation with CAT and PPO, indicating that these 

enzymes synergistically enhance their activity to 

counteract oxidative stress generated by drought stress. 

The coordinated activity strengthens the plant's capacity 

to counteract reactive oxygen species, protecting cell 

membranes and maintaining metabolic processes (50). 

The most significant negative correlation is observed 

between LEL and CSI. The observed significant negative 

correlation indicates that when the loss of electrolytes 

from the leaf rises, there is a simultaneous decrease in the 

stability of chlorophyll. LEL is a metric for membrane 

permeability and integrity; higher LEL levels indicate more 

damage to the membranes of cells. The damage to the 

cellular membranes is likely to result in the depletion of 

essential cellular components, such as chlorophyll, which 

is required for the process of photosynthesis. The 

depletion of chlorophyll, therefore, undermines the plant's 

capacity to capture sunlight and carry out photosynthesis 

with efficiency, resulting in a reduction in CSI. These 

interactions emphasise the important balance between 

water conservation systems and oxidative stress control in 

drought-stricken plants, emphasising the significance of 

these physiological and enzymatic features in tomato 

survival and production under water-limited conditions 

(51, 52). 

Conclusion 

In conclusion, our research demonstrates the complicated 

physiological and enzymatic dynamics of tomato plants 

under conditions of drought, exposing the basic reactions 

that drive their response to water limitation. Hybrid H1 and 

parent P2 exhibited remarkable resilience to drought 

indicated by remarkable variations in relative water 

content, chlorophyll stability index, membrane stability 

index and leaf electrolyte leakage under stress conditions. 

These findings suggested that drought tolerance can be 

improved by selective breeding that focuses on these 

traits. The study also highlighted the importance of 

enzyme activity such as peroxidase, nitrate reductase, 

catalase, polyphenol oxidase and superoxide dismutase in 

conferring drought resistance. The potential for these 

enzymes to detoxify reactive oxygen species and support 

cellular homeostasis under situations of water deficit is 

suggested by the reported increase in their activity in 

drought-tolerant hybrid/parent. The correlations observed 

between these enzyme activity and physiological 

indicators highlight the interdependence of these 

responses and provide an improved comprehension of the 

intricate processes plants employ for surviving off drought 

stress. Finally, this study helps to the larger goal of 

assuring food security by increasing the drought tolerance 

of tomato, paving the door for more sustainable farming 

techniques in drought-prone areas. 

Acknowledgements 

The authors are grateful to Department of Vegetable 

Science, Tamil Nadu Agricultural University for their 

support. 

Authors' contributions  

IT carried out the experiment, data collection and analysis. 

PV and AT contributed to conceptualised and supervised 

the research design and experimental planning. YG and VN 

contributed for the writing and reviewing the manuscript. 

SKK and DC helped in statistical analysis. 

Compliance with ethical standards 

Conflict of interest: The authors have no conflict of 

interest. 

Ethical issues: None. 

References  

1. Seleiman MF, Al-Suhaibani N, Ali N, Akmal M, Alotaibi M, et al. 

Drought stress impacts on plants and different approaches to 
alleviate its adverse effects. Plants. 2021;10(2):259. https://

doi.org/10.3390/plants10020259

2. Misra AK. Climate change impact, mitigation and adaptation 
strategies for agricultural and water resources, in Ganga Plain 

(India). Mitigation and Adaptation Strategies for Global Change.
2013;18:673-89. https://doi.org/10.1007/s11027-012-9381-7

3. Lottering S, Mafongoya P, Lottering R. Drought and its impacts on 

small-scale farmers in sub-Saharan Africa: a review. South African 
Geographical Journal. 2021;103(3):319-41. https://

doi.org/10.1080/03736245.2020.1795914

4. Hasanuzzaman M, Nahar K, Gill SS, Fujita M. Drought stress
responses in plants, oxidative stress and antioxidant defense.

Climate Change and Plant Abiotic Stress Tolerance. 2013;209-50. 
https://doi.org/10.1002/9783527675265.ch09

5. Shahzad A, Ullah S, Dar AA, Sardar MF, Mehmood T, et al. Nexus 

on climate change: Agriculture and possible solution to cope 
future climate change stresses. Environmental Science and 

Pollution Research. 2021;28:14211-32. https://doi.org/10.1007/
s11356-021-12649-8

6. Fita A, Rodríguez-Burruezo A, Boscaiu M, Prohens J, Vicente O. 
Breeding and domesticating crops adapted to drought and 
salinity: a new paradigm for increasing food production. Frontiers

in Plant Science. 2015;6:978. https://doi.org/10.3389/
fpls.2015.00978

7. Zhou R, Yu X, Ottosen CO, Rosenqvist E, Zhao L, et al. Drought 
stress had a predominant effect over heat stress on three tomato 
cultivars subjected to combined stress. BMC Plant Biology.

2017;17:1-3. https://doi.org/10.1186/s12870-017-0974-x

8. Ilakiya T, Premalakshmi V, Arumugam T, Sivakumar T. Variability 
analysis in tomato (Solanum lycopersicum L.) crosses under

drought stress. Journal of Applied and Natural Science. 2022;14
(SI):49-52. https://doi.org/10.31018/jans.v14iSI.3564

9. Klunklin W, Savage G. Effect on quality characteristics of
tomatoes grown under well-watered and drought stress
conditions. Foods. 2017;6(8):56. https://doi.org/10.3390/

foods6080056

10. Solankey SS, Singh RK, Baranwal DK, Singh DK. Genetic
expression of tomato for heat and drought stress tolerance: An 

https://plantsciencetoday.online
https://doi.org/10.3390/plants10020259
https://doi.org/10.3390/plants10020259
https://doi.org/10.1007/s11027-012-9381-7
https://doi.org/10.1080/03736245.2020.1795914
https://doi.org/10.1080/03736245.2020.1795914
https://doi.org/10.1002/9783527675265.ch09
https://doi.org/10.1007/s11356-021-12649-8
https://doi.org/10.1007/s11356-021-12649-8
https://doi.org/10.3389/fpls.2015.00978
https://doi.org/10.3389/fpls.2015.00978
https://doi.org/10.1186/s12870-017-0974-x
https://doi.org/10.31018/jans.v14iSI.3564
https://doi.org/10.3390/foods6080056
https://doi.org/10.3390/foods6080056


1164 

Plant Science Today, ISSN 2348-1900 (online) 

overview. International Journal of Vegetable Science. 2015;21

(5):496-515. https://doi.org/10.1080/19315260.2014.902414    

11. Iovieno P, Punzo P, Guida G, Mistretta C, Van Oosten MJ, et al.
Transcriptomic changes drive physiological responses to 
progressive drought stress and rehydration in tomato. Frontiers

in Plant Science. 2016;7:371. https://doi.org/10.3389/

fpls.2016.00371

12. Salvadora B, Arumugam T, Irene Vethamoni P, Manivannan N, 
Jeyakumar P. Effectiveness of drought tolerance indices to 

identify tolerant genotypes with high yielding potential in tomato 
(Solanum lycopersicum L). International Journal of Current 

Microbiology and Applied Sciences. 2017;6(4):2093-103. https://
doi.org/10.20546/ijcmas.2017.604.247

13. Sharp RE. Regulation of plant growth responses to low soil water

potentials. HortScience. 1996;31(1):36-39. https://
doi.org/10.21273/HORTSCI.31.1.36

14. Kaloyereas SA. A new method of determining drought resistance.

Plant Physiology. 1958;33(3):232. https://doi.org/10.1104%
2Fpp.33.3.232

15. Blum A, Ebercon A. Cell membrane stability as a measure of
drought and heat tolerance in wheat 1. Crop Science. 1981;21(1):43-

47.                                                    https://doi.org/10.2135/

cropsci1981.0011183X002100010013x 

16. Meron M, Grimes DW, Phene CJ, Davis KR. Pressure chamber
procedures for leaf water potential measurements of cotton.

Irrigation Science. 1987;8:215-22. https://doi.org/10.2135/
cropsci1981.0011183X002100010013x

17. Liu C, Liu Y, Guo K, Fan D, et al. Effect of drought on pigments,
osmotic adjustment and antioxidant enzymes in six woody plant 

species in karst habitats of southwestern China. Environmental 

and Experimental Botany. 2011;71(2):174-83. https://
doi.org/10.1016/j.envexpbot.2010.11.012

18. Bates LS, Waldren RP, Teare ID. Rapid determination of free 

proline for water-stress studies. Plant and Soil. 1973;39:205-07.
https://doi.org/10.1007/BF00018060

19. Kar M, Mishra D. Catalase, peroxidase and polyphenoloxidase 
activities during rice leaf senescence. Plant Physiology. 1976;57

(2):315-19. https://doi.org/10.1104/pp.57.2.315 

20. Nicholas JC, Harper JE, Hageman RH. Nitrate reductase activity in 
soybeans (Glycine max [L.] Merr.) I. Effects of light and 

temperature. Plant Physiology. 1976;58(6):731-35. https://

doi.org/10.1104/pp.58.6.731 

21. Gopalachari NC. Changes in the activities of certain oxidizing 
enzymes during germination and seedling development of
Phaseolus mungo and Sorghum vulgare. Indian Journal of 

Experimental Biology. 1963. 

22. Srivastava SK. Peroxidase and poly-phenol oxidase in Brassica 
juncea plants infected with Macrophomina phaseolina (Tassai) 

Goid. and their implication in disease resistance. Journal of 

Phytopathology. 1987;120(3):249-54. https://doi.org/10.1111/
j.1439-0434.1987.tb04439.x

23. Kono Y. Generation of superoxide radical during autoxidation of
hydroxylamine and an assay for superoxide dismutase. Archives

of Biochemistry and Biophysics. 1978;186(1):189-95. https://

doi.org/10.1016/0003-9861(78)90479-4

24. Patanè C, Cosentino SL, Romano D, Toscano S. Relative water 
content, proline and antioxidant enzymes in leaves of long shelf-

life tomatoes under drought stress and rewatering. Plants.
2022;11(22):3045. https://doi.org/10.3390/plants11223045

25. Sakya AT, Sulistyaningsih E, Indradewa D, Purwanto BH.
Physiological characters and tomato yield under drought stress.

In: IOP Conference Series: Earth and Environmental Science. IOP

Publishing; 2018. 200(1):012043. https://doi.org/10.1088/1755-
1315/200/1/012043

26. Sousaraei N, Mashayekhi K, Mousavizadeh SJ, Akbarpour V, et al.

Screening of tomato landraces for drought tolerance based on 
growth and chlorophyll fluorescence analyses. Horticulture, 

Environment and Biotechnology. 2021;62:521-35. https://
doi.org/10.1007/s13580-020-00328-5

27. Sivakumar R, Durga Devi D, Chandrasekar CN, Santhi R,

Vijayakumar RM. Impact of drought on gas exchange and 
physiological parameters and yield in contrasting genotypes of

tomato (Solanum lycopersicum). Indian Journal of Plant
Physiology. 2014;19:1-7. https://doi.org/10.1007/s40502-013-0051

-x

28. Mishra KB, Iannacone R, Petrozza A, Mishra A, Armentano N, et al.
Engineered drought tolerance in tomato plants is reflected in 

chlorophyll fluorescence emission. Plant Science. 2012;182:79-86.
https://doi.org/10.1016/j.plantsci.2011.03.022

29. Mushtaq N, Iqbal S, Hayat F, Raziq A, et al. Melatonin in micro-tom 

tomato: Improved drought tolerance via the regulation of the 
photosynthetic apparatus, membrane stability, osmoprotectants

and root system. Life. 2022;12(11):1922. https://doi.org/10.3390/
life12111922

30. Sakya AT, Sulistyaningsih E, Purwanto BH, Indradewa D. Drought 

tolerant indices of lowland tomato cultivars. Indonesian Journal 
of Agricultural Science. 2020;21(2):59-69. http://

dx.doi.org/10.21082/ijas.v21n2.2020.p59-69

31. Zgallaï H, Steppe K, Lemeur R. Effects of different levels of water
stress on leaf water potential, stomatal resistance, protein and 

chlorophyll content and certain anti-oxidative enzymes in tomato 
plants. Journal of Integrative Plant Biology. 2006;48(6):679-85.

https://doi.org/10.1111/j.1744-7909.2006.00272.x

32. Jangid KK, Dwivedi P. Physiological responses of drought stress in 
tomato: a review. International Journal of Agriculture,

Environment and Biotechnology. 2016;9(1):53-61. http://
dx.doi.org/10.5958/2230-732X.2016.00009.7

33. Ors S, Ekinci M, Yildirim E, Sahin U, Turan M, Dursun A. Interactive 
effects of salinity and drought stress on photosynthetic 
characteristics and physiology of tomato (Lycopersicon

esculentum L.) seedlings. South African Journal of Botany. 
2021;137:335-39. https://doi.org/10.1016/j.sajb.2020.10.031 

34. Aghaie P, Tafreshi SA, Ebrahimi MA, Haerinasab M. Tolerance 
evaluation and clustering of fourteen tomato cultivars grown 
under mild and severe drought conditions. Scientia Horticulturae.

2018;232:1-2. https://doi.org/10.1016/j.scienta.2017.12.041

35. Roy R, Agrawal V, Gupta SC. Comparison of drought-induced 
polypeptides and ion leakage in three tomato cultivars. Biologia 

Plantarum. 2009;53:685-90. https://doi.org/10.1007/s10535-009-
0123-y

36. Ahammed GJ, Li X, Wan H, Zhou G, Cheng Y. SlWRKY81 reduces
drought tolerance by attenuating proline biosynthesis in tomato.
Scientia Horticulturae. 2020;270:109444. https://doi.org/10.1016/

j.scienta.2020.109444

37. Gujjar RS, Karkute SG, Rai A, Singh M, Singh B. Proline-rich
proteins may regulate free cellular proline levels during drought 

stress in tomato. Current Science. 2018 Feb 25;915-20. 

38. Montesinos-Pereira D, Barrameda-Medina Y, Romero L, Ruiz JM,
Sánchez-Rodríguez E. Genotype differences in the metabolism of

proline and polyamines under moderate drought in tomato 
plants. Plant Biology. 2014;16(6):1050-57. https://doi.org/10.1111/

plb.12178

39. Rai GK, Parveen A, Jamwal G, Basu U, Kumar RR, et al. Leaf
proteome response to drought stress and antioxidant potential in 

tomato (Solanum lycopersicum L.). Atmosphere. 2021;12(8):1021.
https://doi.org/10.3390/atmos12081021

40. Noori M, Azar AM, Saidi M, Panahandeh J, Haghi DZ. Evaluation of
water deficiency impacts on antioxidant enzymes activity and
lipid peroxidation in some tomato (Solanum lycopersicum L.) 

https://doi.org/10.1080/19315260.2014.902414
https://doi.org/10.3389/fpls.2016.00371
https://doi.org/10.3389/fpls.2016.00371
https://doi.org/10.20546/ijcmas.2017.604.247
https://doi.org/10.20546/ijcmas.2017.604.247
https://doi.org/10.21273/HORTSCI.31.1.36
https://doi.org/10.21273/HORTSCI.31.1.36
https://doi.org/10.1104%2Fpp.33.3.232
https://doi.org/10.1104%2Fpp.33.3.232
https://doi.org/10.2135/cropsci1981.0011183X002100010013x
https://doi.org/10.2135/cropsci1981.0011183X002100010013x
https://doi.org/10.2135/cropsci1981.0011183X002100010013x
https://doi.org/10.2135/cropsci1981.0011183X002100010013x
https://doi.org/10.1016/j.envexpbot.2010.11.012
https://doi.org/10.1016/j.envexpbot.2010.11.012
https://doi.org/10.1007/BF00018060
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.1104/pp.58.6.731
https://doi.org/10.1104/pp.58.6.731
https://doi.org/10.1111/j.1439-0434.1987.tb04439.x
https://doi.org/10.1111/j.1439-0434.1987.tb04439.x
https://doi.org/10.1016/0003-9861(78)90479-4
https://doi.org/10.1016/0003-9861(78)90479-4
https://doi.org/10.3390/plants11223045
https://doi.org/10.1088/1755-1315/200/1/012043
https://doi.org/10.1088/1755-1315/200/1/012043
https://doi.org/10.1007/s13580-020-00328-5
https://doi.org/10.1007/s13580-020-00328-5
https://doi.org/10.1007/s40502-013-0051-x
https://doi.org/10.1007/s40502-013-0051-x
https://doi.org/10.1016/j.plantsci.2011.03.022
https://doi.org/10.3390/life12111922
https://doi.org/10.3390/life12111922
http://dx.doi.org/10.21082/ijas.v21n2.2020.p59-69
http://dx.doi.org/10.21082/ijas.v21n2.2020.p59-69
https://doi.org/10.1111/j.1744-7909.2006.00272.x
http://dx.doi.org/10.5958/2230-732X.2016.00009.7
http://dx.doi.org/10.5958/2230-732X.2016.00009.7
https://doi.org/10.1016/j.sajb.2020.10.031
https://doi.org/10.1016/j.scienta.2017.12.041
https://doi.org/10.1007/s10535-009-0123-y
https://doi.org/10.1007/s10535-009-0123-y
https://doi.org/10.1016/j.scienta.2020.109444
https://doi.org/10.1016/j.scienta.2020.109444
https://doi.org/10.1111/plb.12178
https://doi.org/10.1111/plb.12178
https://doi.org/10.3390/atmos12081021


TAMILSELVAN ET AL  1165  

https://plantsciencetoday.online 

lines. Indian Journal of Agricultural Research. 2018;52(3):228-35. 

http://dx.doi.org/10.18805/IJARe.A-318   

41. Han ML, Lv QY, Zhang J, Wang T, Zhang CX, et al. Decreasing 
nitrogen assimilation under drought stress by suppressing DST-
mediated activation of Nitrate Reductase 1.2 in rice. Molecular

Plant. 2022;15(1):167-78. https://doi.org/10.1016/

j.molp.2021.09.005

42. Zhou H, Zhou Y, Zhang F, Guan W, et al. Persulfidation of nitrate
reductase 2 is involved in l-cysteine desulfhydrase-regulated rice 

drought tolerance. International Journal of Molecular Sciences.
2021;22(22):12119. https://doi.org/10.3390/ijms222212119

43. Sofo A, Scopa A, Nuzzaci M, Vitti A. Ascorbate peroxidase and 
catalase activities and their genetic regulation in plants subjected

to drought and salinity stresses. International Journal of

Molecular Sciences. 2015;16(6):13561-78. https://doi.org/10.3390/
ijms160613561

44. Sarker U, Oba S. Catalase, superoxide dismutase and ascorbate-

glutathione cycle enzymes confer drought tolerance of
Amaranthus tricolor. Scientific Reports. 2018;8(1):16496. https://

doi.org/10.1038/s41598-018-34944-0

45. Liu RN, Jiao TQ, Li J, Wang AY, Li YX, et al. Drought-induced 
increase in catalase activity improves cotton yield when grown 

under water-limiting field conditions. Journal of Agronomy and 
Crop Science. 2022;208(6):853-67. https://doi.org/10.1111/

jac.12533

46. Thipyapong P, Melkonian J, Wolfe DW, Steffens JC. Suppression of
polyphenol oxidases increases stress tolerance in tomato. Plant 

Science. 2004;167(4):693-03. https://doi.org/10.1016/

j.plantsci.2004.04.008  

47. Kaur L, Zhawar VK. Phenolic parameters under exogenous ABA,
water stress, salt stress in two wheat cultivars varying in drought 
tolerance. Indian Journal of Plant Physiology. 2015;20:151-56.

https://doi.org/10.1007/s40502-015-0156-5

48. Zhou R, Kong L, Yu X, Ottosen CO, et al. Oxidative damage and 
antioxidant mechanism in tomatoes responding to drought and 

heat stress. Acta Physiologiae Plantarum. 2019;41:1-1. https://

doi.org/10.1007/s11738-019-2805-1 

49. Çelik Ö, Ayan A, Atak Ç. Enzymatic and non-enzymatic 
comparison of two different industrial tomato (Solanum
lycopersicum) varieties against drought stress. Botanical Studies. 

2017;58:1-3. https://doi.org/10.1186/s40529-017-0186-6

50. Baroowa B, Gogoi N, Farooq M. Changes in physiological,
biochemical and antioxidant enzyme activities of green gram 

(Vigna radiata L.) genotypes under drought. Acta Physiologiae 

Plantarum. 2016;38:1-0. https://doi.org/10.1007/s11738-016-2230
-7

51. Jia X, Sun C, Li G, Li G, Chen G. Effects of progressive drought 
stress on the physiology, antioxidative enzymes and secondary 

metabolites of Radix Astragali. Acta Physiologiae Plantarum.

2015;37:1-4. https://doi.org/10.1007/s11738-015-2015-4 

52. Saglam A, Saruhan N, Terzi RA, Kadioglu A. The relations between 
antioxidant enzymes and chlorophyll fluorescence parameters in 

common bean cultivars differing in sensitivity to drought stress. 
Russian Journal of Plant Physiology. 2011;58:60-68. https://

doi.org/10.1134/S102144371101016X

https://plantsciencetoday.online
http://dx.doi.org/10.18805/IJARe.A-318
https://doi.org/10.1016/j.molp.2021.09.005
https://doi.org/10.1016/j.molp.2021.09.005
https://doi.org/10.3390/ijms222212119
https://doi.org/10.3390/ijms160613561
https://doi.org/10.3390/ijms160613561
https://doi.org/10.1038/s41598-018-34944-0
https://doi.org/10.1038/s41598-018-34944-0
https://doi.org/10.1111/jac.12533
https://doi.org/10.1111/jac.12533
https://doi.org/10.1016/j.plantsci.2004.04.008
https://doi.org/10.1016/j.plantsci.2004.04.008
https://doi.org/10.1007/s40502-015-0156-5
https://doi.org/10.1007/s11738-019-2805-1
https://doi.org/10.1007/s11738-019-2805-1
https://doi.org/10.1186/s40529-017-0186-6
https://doi.org/10.1007/s11738-016-2230-7
https://doi.org/10.1007/s11738-016-2230-7
https://doi.org/10.1007/s11738-015-2015-4
https://doi.org/10.1134/S102144371101016X
https://doi.org/10.1134/S102144371101016X

