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Abstract 

One way to counteract the effects of environmental stresses, including drought, is to use products 

with growth-promoting properties for plants. Such agents include quercetin, which is known for its 

antioxidant and photosynthesis-enhancing properties. In the conducted experiment, the influence of 

the quercetin-copper complex (Q-Cu (II)) treatment, characterized by strong high solubility in water 

and strong antioxidant properties, was investigated. The pot experiment demonstrated the effect of 

spraying with Q-Cu (II) solutions (0.01, 0.05 and 0.1%) on wheat plants growing under drought stress 

conditions. Two treatments of Q-Cu (II) solutions were applied, and chlorophyll content and 

chlorophyll fluorescence (the maximum quantum yield of photosystem II (PSII) photochemistry 

(Fv/Fm), the maximum quantum yield of primary photochemistry (Fv/F0), and the photosynthetic 

efficiency index (PI)), as well as gas exchange (photosynthetic network intensity (PN), transpiration 

rate (E), stomatal conductance (gs) and in-tercellular CO2 concentration (Ci)), were measured 1 and 7 

days after each treatment. In addition, antioxidant enzyme activity (catalase (CAT), peroxidase (SOD) 

and guaiacol peroxidase (GPOX)) and reactive oxygen species (ROS) levels were determined. 

Drought stress caused a decrease in chlorophyll content, and values of parameters Fv/Fm, Fv/F0, PI and 

PN, E, gs, Ci, as well as an increase in ROS levels and antioxidant enzyme activity. The study showed 

that exogenous ap-plication of Q-Cu(II), especially at a concentration of 0.1%, had a stimulating effect 

on plants, causing an increase in the tested physiological parameters and enzymatic activity. The 

conducted research indicates the possibility of using Q-Cu(II) as a product to enhance the efficiency 

of the photosynthetic process under drought stress. 

Keywords: drought; Triticum aestivum L.; copper-quercetin complex; antioxidant enzymes; relative 

chlorophyll content; chlorophyll fluorescence; gas exchange 

 

1. Introduction 

Environmental stresses significantly affect the food security of the ever-growing human 

population. Water is an essential factor for the sustainable life of all living organisms. [1]. The most 

important consequence of climate change is drought stress, considered a significant and dangerous 

abiotic stress affecting plants [2,3]. Drought is a physiological form of water deficiency in which the 

amount of soil water accessible to plants is deficient, and unfavorable effects on plant metabolism [4]. 

This negatively affects cell proliferation, elongation and specialization, therefore limiting plant 

growth and development. Drought stress affects the physiological state of plants through a decrease 

in nutrient supply and cellular toxicity. The effect of drought is loss of turgor, disorganization of 
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enzyme activity and reduced energy transfer from photosynthesis [5–7]. Water deficiency, therefore, 

poses a serious threat to crop production [8] and can cause a quantitative and qualitative decrease in 

yield by up to 50-70%, which affects crop productivity and reduces the economic viability of the crop 

[9–12]. Under drought stress conditions, oxidative stress develops because of elevated levels of 

reactive oxygen species (ROS) [13]. Normally, ROS produced in plants is in balance with the 

scavenging mechanism. In the presence of stressful situations, ROS production and removal are 

disrupted. Increased ROS production results in their accumulation and oxidative damage. Excessive 

amounts of ROS cause deleterious effects in cells, such as lipid peroxidation in the cell membrane, 

denaturation of proteins, DNA strand breakage and blocking of photosynthesis [13,14]. Plants in 

stressful situations in response to biotic and abiotic stresses have evolved a complex set of 

mechanisms that include morphological and structural changes, drought-resistant gene expression, 

synthesis of hormones and osmotic regulatory substances, which mitigate the effects of drought stress 

[4,7,15]. The antioxidant system and osmotic regulation are the major protective systems that ensure 

plant tolerance to water shortage stress situations. Catalase (CAT), peroxidase (POD), superoxide 

dismutase (SOD), glutathione reductase (GR), ascorbate peroxidase (APX), and glutathione 

peroxidase (GPX) are classified as enzymatic antioxidants, while non-enzymatic antioxidants 

include, for example, vitamins, carotenoids, and phenolic compounds [16,17].  

Wheat is exposed to the adverse effects of drought stress. This species is of strategic importance 

worldwide due to its extensive cultivated area of 220.4 million hectares [18], high production and 

consumption levels, and important nutritional properties. There are possibilities to cultivate wheat 

under a wide range of climatic conditions and different agricultural production systems [19]. Wheat 

grain is an important agricultural raw material in terms of energy, carbohydrate, protein, lipid, 

mineral salts and fiber [20]. Therefore, aiming for its sustainable production on a global scale is of 

great importance, while taking into account the need to protect the environment and climate [21]. 

Although plants have evolved many mechanisms to cope with water stress, their activation often 

does not prevent the negative impact of drought on yield. Sustainable crop production aims to use 

safe, environmentally friendly products to help mitigate the effects of drought stress [7]. In recent 

years, research has been conducted on chemical compounds found in plants that include 

phytohormones, antioxidants, organic acids and other plant-based secondary metabolites that have 

phytoprotective and yield-enhancing properties. Phenolic compounds, especially those derived from 

the shikimate-phenylpropanoid biosynthetic pathway, also enhance plant growth under 

unfavourable environmental conditions [22]. The application of phytoprotectants such as quercetin 

is promising compared to traditional farming methods. Quercetin is a natural bioactive substance 

with antioxidant properties that can potentially modulate physiological processes in plants [23,24]. 

This compound is a secondary metabolite belonging to a special class of bioactive flavonoids and a 

subclass of flavonols. Quercetin is found in various plant species (e.g. tea, onion) and plays a key role 

in stimulating certain physiological processes, such as seed germination, plant growth, and 

photosynthesis, in both healthy and stressed plants [25,26]. In addition, this flavonoid plays a 

significant role in balancing levels of ROS and strengthening physiological functions to increase 

tolerance to environmental stress [24]. However, its use is difficult due to its limited water solubility. 

Previous studies have confirmed the role of quercetin-metal derivatives in stimulating physiological 

processes in wheat [27] and maize [28] seedlings growing under optimal conditions and wheat under 

salt stress [29]. 

This study aimed to determine the effect of spraying quercetin-copper complex (Q-Cu (II)) 

solutions on wheat plants exposed to drought stress. The efficiency of the photosynthetic machinery 

and antioxidant capacity were evaluated. It is hypothesized that the application of quercetin-copper 

complex, characterized by high antioxidant properties, will improve the tested parameters, which 

will allow the choice of the optimal concentration for use in wheat cultivation. 

2. Results 
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2.1. Gas Exchange 

The average PN values of the wheat plants showed significant differences between different 

experimental variants (Figure 1A). In plants grown under stress conditions associated with water 

deficiency, significantly lower values of the PN were observed in comparison to the control group. On 

each measurement date, these values were significantly lower compared to the control group and 

other variants, confirming the negative effect of water deficiency on photosynthetic activity. The 

application of the Q-Cu(II) at a concentration of 0.01% resulted in an increase in PN compared to the 

control group, but the increase was not statistically significant on all measurement dates. In the case 

of a concentration of 0.05%, the PN values were significantly higher compared to the control group, 

suggesting greater effectiveness of this concentration. A significant connection was observed between 

the lower concentration and the control group. The highest PN values were observed in plants in 

which the 0.01% concentration was applied. Statistical analysis confirmed the significance of the 

increase in PN compared to the control group and the lower concentrations of the Q-Cu(II). The 

application of the Q-Cu(II) in the case of plants grown under stress conditions associated with water 

deficiency yielded varied results. Analyzing the values obtained for the concentration of 0.01%, it 

was found that the PN values were higher than those in water stress alone; however, the differences 

between the terms indicate a stabilization of the effect of the Q-Cu(II) during the experiment. In the 

case of the 0.05% concentration, the mean PN values were significantly higher than those under water 

stress conditions, and the differences between the terms suggest a stabilization of the effect of the Q-

Cu(II) over time. Water stress causes a significant decrease in PN compared to the control group, while 

application of the Q-Cu(II) leads to a significant increase in PN, with the highest values observed in 

the case of the 0.1% concentration. The highest PN values were found in plants grown under water 

stress and exposed to a concentration of 0.01%. Statistically, these values differ significantly from 

those of the control group and the other concentrations of the Q-Cu(II) used.  

The applied analyses showed analogous relationships in the context of the data obtained for the 

E values (Fig.1B). The studies found significant differences depending on the experimental conditions 

used. The drought stress variant had significantly lower E values compared to the control group. 

Statistical analysis confirmed that the reduction in transpiration was significant on all measurement 

dates. The application of the Q-Cu (II) at a concentration of 0.01% did not show significant changes 

compared to the control group, suggesting a lack of a significant effect of this concentration on 

transpiration. However, in the case of the application of a concentration of 0.05%, the E values showed 

an increase compared to the control and these differences were statistically significant. The highest E 

values were recorded for the concentration of 0.1%, suggesting that this concentration stimulated the 

transpiration processes the most. The results obtained for plants grown under drought stress and 

subjected to the application of the Q-Cu (II) were varied. After applying the 0.01% concentration, the 

E values were higher than under drought stress alone, although still significantly lower compared to 

the control group, suggesting partial restoration of transpiration activity. The mean E values indicate 

that the application of the Q-Cu (II) at a concentration of 0.05% resulted in a significant increase in 

transpiration compared to the variant of drought stress. The highest values were recorded among 

combinations of drought stress and Q-Cu (II) application for a concentration of 0.1%. Drought stress 

resulted in a decrease in E values compared to the control, while application of the Q-Cu (II) at 

different concentrations increased transpiration, especially at higher concentrations (0.1%).  

Water stress significantly decreased the gs values, which may indicate a defense mechanism of 

the plant under water-limited conditions. The application of the Q-Cu (II) increased the gs values, 

with the highest increase observed at the concentration of 0.1%, both under optimal conditions and 

during water stress (Fig.1C). Water stress led to a significant decrease in gs compared to the control. 

The application of the Q-Cu (II) at a concentration of 0.01% did not cause significant changes 

compared to the control, suggesting that this concentration had no significant effect on the stomatal 

conductance. A significant increase in gs was observed at a concentration of 0.05%, indicating that the 

Q-Cu (II) complex at this concentration stimulates the opening of the stomata. The highest gs values 

were recorded at 0.1% concentration, which confirms the stronger effect of the Q-Cu (II)  on the 
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increasing stomatal conductance. Analyzing the results of the interaction of drought stress and 

application of the Q-Cu (II), a slight increase in gs was found compared to the control variant under 

drought stress conditions at a concentration of 0.1%, but the values of the parameters analyzed 

remain significantly lower than in the control sample. The average gs values obtained at a 

concentration of 0.05% indicate a moderate effect of the Q-Cu(II)  on the opening of the stomata 

under water deficit conditions. The highest increase observed in the combination of drought stress 

and the application of Q-Cu (II) occurred at a concentration of 0.1%, suggesting that Q-Cu(II) at this 

concentration may improve the ability of plants to maintain higher stomatal conductance under stress 

conditions. 
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Figure 1. Effect of the concentrations of the Q-Cu (II) solutions on (A) net photosynthetic rate (PN), (B) transpiration rate (E), (C) stomatal conductance (gs), (D) 

intercellular CO2 concentration (Ci) in wheat leaves grown under draught stress conditions; Term 1 – the day after the first spray application, Term 2 – seven days 

after the first spray, Term 3 – the day before the second spray, Term 4 – seven days after the second spray. Statistical data are expressed as mean ± SD values. 

Uppercase letters indicate significant differences among averages on consecutive dates of measurement; lowercase letters represent differences among variants 

on a specific date of measurement (n=9; p≤0.05). 
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The results obtained for wheat plants showed significant differences in the Ci value depending 

on the experimental variant (Figure 1D). In drought stress conditions, the Ci value was significantly 

lower compared to the control group, suggesting limited diffusion of CO2 to the leaves, which is a 

consequence of stomatal closure. The use of the Q-Cu (II), especially at higher concentrations, 

significantly increased the Ci value, which could contribute to an improvement in photosynthetic 

efficiency. The mentioned complex applied at a concentration of 0.01% led to a moderate increase in 

the Ci value, suggesting partial opening of the stomata and improved availability of CO2. In the case 

of the 0.05% concentration, a significant increase in the Ci value was observed, which may indicate 

an improvement in the intensity of gas exchange. The highest Ci values were recorded at the 

concentration of 0.1%, suggesting that the Q-Cu (II) at this concentration significantly increases the 

availability of CO2 in the leaves. Statistically, these values differ significantly from those of the control 

group and other applied concentrations of the Q-Cu (II). Drought stress resulted in a significant 

decrease in Ci values compared to the control group, while application of the Q-Cu (II) led to a 

significant increase in Ci, with the highest values observed at a concentration of 0.1%. In drought 

stress conditions with the addition of Q-Cu (II), a partial restoration of the Ci values to the control 

level was observed. The results indicate that the application of Q-Cu (II) at a concentration of 0.01% 

partially alleviated the negative effects associated with drought, but this effect was limited. The 

moderate increase in Ci at a concentration of 0.05% suggests an improvement in CO₂ availability, but 

it should be noted that these values were still lower than under optimal conditions. The highest 

increase in Ci was observed in the context of the combination of drought stress and the application of 

the Q-Cu (II) for the 0.1% concentration, suggesting that higher concentrations of Q-Cu (II) may 

compensate for the negative effects of the water deficit.  

2.2. Chlorophyll Content Index (CCI) 

The mean CCI values showed significant differences between the different experimental 

variants (Figure 2). Stress from the water deficit led to a significant reduction in the CCI values 

compared to the control group. Under control conditions, the CCI values ranged from 30.5 to 31.0, 

while under drought stress conditions, they dropped from 23.5 to 25.9, which was statistically 

significant. Application of the Q-Cu (II) at a concentration of 0.01% led to a moderate increase in CCI 

values compared to the control group, suggesting a partial improvement in chloroplast metabolism. 

In the case of a concentration of 0.05%, a significant increase in CCI values was observed. The highest 

CCI values were observed at a concentration of 0.1%, suggesting that this level of the Q-Cu (II) had a 

significant effect on leaf chlorophyll content. The interaction of drought stress and the Q-Cu (II) 

applied at different concentrations significantly mitigated the negative effects of water shortage in 

plants. For a concentration of 0.01%, the CCI values indicate that the application of the Q-Cu (II) 

partially mitigated the negative effects associated with drought, but this effect was limited. A 

moderate increase in CCI was observed at 0.05% concentration, suggesting an improvement in 

chlorophyll content, but still lower than under optimal conditions. The highest increase in CCI was 

observed between combinations of drought stress and the application of the Q-Cu (II) after the 

application of a concentration of 0.1%.  

The application of the Q-Cu (II) led to an increase in CCI values, especially at higher 

concentrations (0.05% and 0.1%). The highest CCI values were observed at the 0.1% concentration, 

both under optimal and stress conditions. Under drought stress conditions, the application of the Q-

Cu (II) at a concentration of 0.1% significantly mitigated the negative effect of the water deficit on the 

chlorophyll content.  
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Figure 2. Effect of the concentrations of the Q-Cu (II) solutions on the relative chlorophyll content (CCI) in the leaves of wheat grown under draught stress 

conditions; Term 1 – the day after the first spray application, Term 2 – seven days after the first spray, Term 3 – the day before the second spray, Term 4 – seven 

days after the second spray. Statistical data are expressed as mean ± SD values. Uppercase letters indicate significant differences among averages on consecutive 

dates of measurement; lowercase letters represent differences among variants on a specific date of measurement (n=30; p≤0.05). 
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2.3. Chlorophyll Fluorescence 

Drought stress significantly reduced the Fv/Fm index value, indicating a deterioration in the 

efficiency of the photosynthetic apparatus. Application of the Q-Cu (II) led to an improvement in the 

value of Fv/Fm in a concentration-dependent manner, both under optimal and stress conditions 

(Figure 3A). Under control conditions, the Fv/Fm values ranged from 0.801 to 0.804, confirming the 

correct and undisturbed activity of photosystem II. Under the influence of drought stress, Fv/Fm 

values decreased significantly, and these differences showed statistical significance in comparison to 

the control. At the same time, the lack of significant differences between subsequent measurement 

dates within the stress variant indicates a permanent and stable reduction in the photochemical 

efficiency of photosystem II. The decrease in Fv/Fm values compared to the control by approximately 

0.02 to 0.03 suggests the appearance of damage or disorders in the Photosystem II reaction centre. 

Under optimal conditions, in which there was no water stress, the use of quercetin contributed to the 

increase in the Fv/Fm values compared to the control, both for concentrations of 0.01%, 0.05% and 

0.1%. The Fv/Fm values gradually increased with an increase in the concentration of the Q-Cu (II). The 

highest values were recorded for the concentration of 0.1%, which is a statistically significant increase 

and shows the highest efficiency of this concentration. All three concentrations of the Q-Cu (II) 

differed statistically significantly from the control values, with the effect clearly concentration 

dependent. Application of the Q-Cu (II) under water stress conditions contributed to partial or full 

compensation of the negative effect of drought on the Fv/Fm value. Similarly to the application of the 

Q-Cu (II) alone, the Fv/Fm values gradually increased with increasing concentration of this complex, 

and the highest values were recorded for the 0.1% concentration. Statistically significant differences 

between variants suggest that the effectiveness of the Q-Cu (II) in mitigating the effects of stress was 

clearly dependent on the applied concentration. The values for the 0.1% concentration did not differ 

significantly from the values under optimal conditions (control), indicating the very high protective 

efficiency of this concentration. Application of this concentration allowed compensation not only for 

the negative effect of drought, but also for the exceeding of the control values.  

The Fv/F0 parameter is a highly sensitive indicator of the efficiency of primary photochemical 

processes and the electron transport efficiency in Photosystem II. Data analysis showed that the 

average values of the Fv/F0 index in four measurement dates for eight experimental variants differed 

significantly depending on the variant used (Figure 3B). Under control conditions, the Fv/F0 values 

were 4.08-4.10. Drought stress has resulted in a significant decrease in the value of Fv/F0, which was 

confirmed by statistical analysis. The decrease in the Fv/F0 value compared to the control indicates a 

significant reduction in the efficiency of the photosynthetic process. The lack of differences between 

the measurement dates suggests that the stress effect was stable and maintained regardless of the 

duration of the experiment. The use of the Q-Cu(II) in the absence of water stress led to a noticeable 

increase in the Fv/F0 value compared to the control. The application of the Q-Cu(II) at a concentration 

of 0.01% resulted in a moderate increase in the value of Fv/F0, while a significant increase in this 

parameter was also observed after the application of a concentration of 0.05%. The highest Fv/F0 

values were observed for the 0.1% concentration. All differences were statistically significant 

compared to those of the control, which proves that the Q-Cu(II) can increase the efficiency of electron 

transport even under optimal conditions. It should be noted that this effect was concentration 

dependent: higher concentrations of the Q-Cu(II) resulted in higher Fv/F0 values. In drought-stressed 

conditions, the application of the Q-Cu(II) complex compensated for the negative effect of water 

deficiency to varying degrees. For the concentration of 0.01%, an increase in the value of the analyzed 

parameter was observed compared to stress alone, although it was still lower than under the control 

conditions. Concentrations of 0.05% and 0.1% differed significantly from the values observed under 

stress and control conditions, indicating an effective protective effect of the Q-Cu(II), which was also 

statistically confirmed. After application of the 0.05% concentration, the results of the Fv/F0 values 

were similar to the control, while for the 0.1% concentration, the values obtained exceeded the control 

values, suggesting that the highest concentration of the Q-Cu(II) fully compensated for the effects of 
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drought stress and improved photosystem II functioning. Drought stress significantly reduced the 

efficiency of primary photochemical processes (Fv/F0), leading to a decrease of more than 0.5 units 

compared to control conditions. The application of the Q-Cu(II) under optimal conditions 

significantly increased Fv/F0 values in a concentration-dependent manner. The highest Fv/F0 values 

were recorded for the 0.1% concentration, both under no stress and under drought conditions, 

demonstrating the very high effectiveness of this concentration. The Q-Cu(II) at a concentration of 

0.1% not only neutralized the effects of stress but also improved the functioning of the photosynthetic 

apparatus compared to optimal conditions.  

The PI index reflects the integrated efficiency of Photosystem II, taking into account the 

efficiency of primary photochemistry, electron transport, and the ability to use them. The values of 

this index were observed to be different depending on the variants used in the experiment (Figure 

3C). Compared to the control sample, stress associated with water deficiency significantly reduced 

the PI value. Under control conditions, the PI values ranged from 8.61 to 8.92, while under drought 

stress conditions, they dropped to the range of 6.18 to 6.29, which was statistically significant. 

Statistical analysis did not show significant differences between terms within the stress variant. The 

application of the Q-Cu (II)  at a concentration of 0.01% resulted in an increase in the PI value in 

comparision to the control sample. In the case of the 0.05% concentration, an even more pronounced 

enhancement of the PSII energy efficiency was observed in the presence of the Q-Cu (II). The highest 

PI values were achieved for the 0.1% concentration. These differences were statistically significant, 

which confirms the highest effectiveness of this concentration. The application of the Q-Cu (II), 

especially at concentrations of 0.05% and 0.1%, led to a significant growth in the PI value in 

comparision to the control sample. Analysing the PI values obtained for the interaction of drought 

stress and the application of the Q-Cu (II) at different concentrations, it was found that the 

concentration of 0.01% indicates a moderate improvement concerning stress, although it is still lower 

than the value in the control sample. In the case of the 0.05% concentration, the PI values increased 

significantly compared to the stress situation and approached the level of the control samples. The 

highest values were observed after the application of the 0.1% concentration.  
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Figure 3. Effect of concentrations of Q-Cu (II) solutions on: (A) the photochemical efficiency of PS II (Fv/Fm); (B) the maximum quantum yield of primary 

photochemistry (Fv/F0); and (C) the performance index of PS II (PI) in leaves of wheat grown under draught stress conditions; Term 1 – the day after the first spray 

application, Term 2 – seven days after the first spray, Term 3 – the day before the second spray, Term 4 – seven days after the second spray. Statistical data are 

expressed as mean ± SD values. Uppercase letters indicate significant differences among averages on consecutive dates of measurement; lowercase letters represent 

differences among variants on a specific date of measurement (n=30; p <0.05). 
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2.4. ROS Level 

The ROS level varied and depended on the experimental factors used (Figure 4). Compared to 

the control group, exposure to drought stress significantly reduced the level of ROS, indicating a 

negative effect of this factor on the oxidative state of the plant. In turn, drought stress contributed to 

an increase in ROS level, suggesting a stronger activation of the defence mechanisms of the body in 

response to unfavourable environmental conditions. The study of the use of the Q-Cu(II) derivative 

at different concentrations showed different effects. The use of concentrations of 0.001% and 0.05% 

led to a decrease in ROS level, suggesting that this substance may have a protective and antioxidant 

effect. Application of the derivative at low concentrations reduces the ROS level, with the 0.05% 

concentration proving to be the most effective. In turn, a high concentration (0.1%) of the Q-Cu(II) 

derivative increases the ROS level compared to the control group. The combination of drought stress 

with the Q-Cu(II) derivative at concentrations of 0.01% and 0.05% does not show a significant effect 

on ROS levels compared to drought stress alone. However, the combination of drought stress with 

the highest concentration of the derivative (0.1%) leads to a significant increase in ROS levels, 

suggesting a potentially harmful synergistic effect.  

 

Figure 4. Effect of concentrations of Q-Cu (II) solutions on the level of reactive oxygen species (ROS) in the leaves 

of wheat grown under drought stress conditions. Statistical data are expressed as mean ± SD values. Different 

letters denote significant differences between the different variants of the experiment (n=3; p≤0.05). 

2.5. Activity of Enzymes 

Drought stress induces an increase in the activity of antioxidant enzymes as a defence response 

of plants. Compared to the control group, drought stress leads to an increase in CAT activity, 

suggesting that plants respond to oxidative stress by intensifying the activity of antioxidant enzymes 

(Figure 5A). The introduction of the Q-Cu derivative (II) shows different effects that depend on the 

applied concentration, regardless of the presence of drought stress. The lowest concentration (0.01%) 

caused a decrease in CAT activity, while the concentration of 0.05% slightly increased the value of 

this parameter, suggesting that in these concentration ranges, Q-Cu (II) has no significant effect on 

enzyme activity. In turn, the highest concentration of Q-Cu (II) (0.1%) resulted in a significant increase 

in CAT activity, which may indicate a strong effect inducing the antioxidant response. Under drought 

stress conditions, Q-Cu (II) supplementation also affected changes in CAT activity. In the case of the 

combination of drought stress with Q-Cu (II) at a concentration of 0.01%, an increase in CAT activity 

was observed compared to the variant in which only drought stress occurred. The combination of 
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drought stress with Q-Cu (II) at a concentration of 0.05% further increased CAT activity. The most 

significant effect was observed when drought stress was combined with the highest concentration of 

Q-Cu (II) (0.1%), where CAT activity reached the highest level among all groups tested. Drought 

stress induces an increase in CAT activity as a defence mechanism against oxidative stress. 

Administration of low concentrations of Q-Cu (II) does not significantly affect enzyme activity, while 

high concentrations (0.1%) significantly increase it.  

Similarly, relationships were observed in the context of SOD activity (Figure 5B). In this case, 

drought stress leads to a significant increase in SOD activity compared to the control group. The 

application of the Q-Cu (II) at concentrations of 0.01% and 0.05% does not generate significant 

changes in the activity of this enzyme compared to the control group. However, the highest 

concentration of 0.1% results in a significant increase in SOD activity. In drought stress conditions, in 

combination with different concentrations of Q-Cu (II), various effects were observed. At 

concentrations of 0.01% and 0.05%, the SOD activity was higher than the control value. The highest 

concentration of 0.1% in the context of drought stress leads to a significant increase in SOD activity, 

suggesting an intensified enzymatic response in the presence of stress and high levels of Q-Cu (II).  
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Figure 5. Effect of concentrations of Q-Cu (II) solutions on (A) catalase (CAT), (B) superoxide dismutase (SOD), 

and (C) guaiacol peroxidase (GPOX) activity in leaves of wheat grown under drought stress conditions. 

Statistical data are expressed as mean ± SD values. Different letters denote significant differences between the 

different variants of the experiment (n=3; p≤0.05). 

The study of GPOX activity (Figure 5C) indicates that drought stress results in increased activity 

of this enzyme. Drought stress significantly increased enzyme activity. The application of the Q-Cu 

(II) complex at concentrations of 0.01%, 0.05%, and 0.1% shows a varied effect on GPOX activity. The 

lowest concentration (0.01%) leads to a decrease in GPOX activity, while the 0.05% concentration 

causes an even greater reduction, suggesting a potential antioxidant effect of Q-Cu (II) at low 

concentrations. In turn, a 0.1% concentration results in an increase in activity, which may indicate a 

concentration-dependent effect. Under conditions of drought stress and cooperation of the Q-Cu (II), 

the activity of GPOX shows clear differences, depending on the applied concentration. In the presence 

of drought stress, low concentrations of Q do not contribute to reducing the oxidative response of the 

organism. The highest GPOX activity was observed in the case of a combination of drought stress 

with a concentration of 0.1%, suggesting that higher concentrations of Q may enhance the defence 

mechanisms associated with GPOX activity. 

3. Discussion 

Drought resulting from very low rainfall is one of the most common abiotic stresses hampering 

agricultural activities worldwide. Due to climate change, drought will become a major problem for 

agriculture, as the frequency of water shortages is predicted to increase [30–32]. Drought results in a 

decrease in water potential and turgor pressure, as well as disturbances in physiological processes 

[33], including photosynthesis [7,34].  

The conducted studies demonstrated the influence of drought stress on the limitation of 

physiological processes by obtaining unfavorable properties of chlorophyll content and fluorescence 

parameters, as well as gas exchange. The experiment also determined the level of ROS and the activity 

of CAT, SOD and GPOX enzymes. 

Chloroplasts are organelles of cells crucial for photosynthesis. Due to the metabolites 

synthesized through photosynthesis, and also key proteins involved in metabolic processes, 

chloroplasts ensure resistance to different abiotic stresses, including drought. The change and 

deterioration of chloroplast structure due to drought adversely affect chlorophyll synthesis [33,35]. 

Chlorophyll is one of the main components of chloroplasts and is continuously metabolized in plants. 

This most important pigment in photosynthesis can reflect the state of plant growth and the degree 

of stress. Under drought stress, its content tends to decrease [36]. The conducted experiment 
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demonstrated a significant decrease in chlorophyll content in comparision to the control sample. The 

obtained results demonstrate that water deficit limits chlorophyll biosynthesis, resulting in a decrease 

in green pigment content in leaves. The reduction in chlorophyll content may also result from damage 

to the membrane and structure of chloroplasts, photooxidation of chlorophyll, increased 

chlorophyllase activity and inhibition of chlorophyll biosynthesis [37]. Ashraf et al. [38] and Faisal et 

al. [35] also showed that the reduction in the concentration of photo-synthetic pigments, including 

chlorophyll, caused by stress factors can directly limit photosynthetic activity. In addition, the studies 

of Bhusal et al. [39] demonstrated that the decrease in chlorophyll content in the plant can cause an 

impairment in the physiological efficiency of plants. 

Photosynthesis is a key physiological process involved in the growth and yield of all plants 

[38,39]. Net photosynthesis directly affects the production of material productivity per leaf area. The 

rate of photosynthesis and transpiration reduces as the relative water content of the soil decreases 

[40]. Drought-induced inhibition of photosynthesis affects the decrease in photosynthetic activity, 

which depends on the type of plant and its developmental stage [34]. 

The chlorophyll a fluorescence method is a widely used technique to monitor the level of stress 

caused by damage to the photosynthetic apparatus in various crop species [41,42]. The conducted 

study showed a decrease in the values of the analyzed chlorophyll fluorescence parameters Fv/Fm, 

Fv/F0 and PI compared to the control. The Fv/Fm index is considered one of the most stable and 

sensitive parameters for assessing environmental stress. As a result of the drought stress in our study, 

the values of this indicator were significantly reduced compared to the control. Also, studies by other 

authors conducted on various plant species confirm the reduction of Fv/Fm values as a result of 

drought stress [43–45]. Shin et al. [46] in a study on lettuce seedlings showed differential effects of 

drought on chlorophyll fluorescence parameters, the value of which depended on the time of 

exposure to this stress. The Fv/Fm value, which is an important parameter defining the maximum 

quantum yield of PSII, showed a significant decrease only at the final stage of the experiment, 

confirming that the PSII reaction centre was deactivated as a result of photoinhibition when the 

drought stress reached an extreme stage. However, our study showed no significant differences 

between measurement dates, indicating a permanent and stable decrease in the photochemical yield 

of PSII. These differences may be due to species-specific characteristics or the severity of the stress 

factor [38]. In comparison, a study by Barboričová et al. [47] points to the role of another chlorophyll 

fluorescence parameter, PI, as more sensitive to a decrease in soil water deficit., The PI index reflects 

the integrated performance of PS II, considering the efficiency of primary photochemistry, electron 

transport and the ability to utilize them. The reduction in the value of the PI index shown in our study 

is accompanied by a significant deterioration in the efficiency of the total photosynthetic system due 

to water deficit. The Fv/F0 coefficient used to measure the condition and productivity of the electron 

transport chain in photosynthesis is a method to check how drought stress affects the condition of 

the plant's photosynthetic machinery. The Fv/F0 parameter is a highly sensitive indicator of the 

efficiency of primary photochemical processes and the efficiency of electron transport in PS II. In the 

control conditions, the Fv/F0 values were 4.08–4.10, which suggests high efficiency of primary 

photochemical reactions and proper electron transport in PSII. As a result of drought stress, the 

values of this parameter decreased significantly and ranged from 3.51 to 3.60. The decrease in the 

Fv/F0 value may indicate an incorrect method of electron transport during photosynthesis and a 

reduction in the efficiency of this process [48]. The lack of differences between measurement dates 

suggests that the stress effect was stable and persisted regardless of the experimental duration. The 

first physiological reaction of plants to drought stress is a decrease in transpiration through stomata 

closure and a decrease in water loss by the plant. Closure of stomata due to drought results in a 

decrease in CO2 uptake by plants, which affects their photosynthetic activity. Due to the closure of 

stomata, transpiration also decreases, which limits the adsorption of nutrients from the soil by the 

roots and their transfer to the higher parts of the plant [48–52]. Water deficiency affects the synthesis 

of abscisic acid (ABA), leading to stomatal closure, thereby contributing to reduced intracellular CO2 

concentration and impaired photosynthesis [40]. In the studies of Souza et al. [53], Flexas et al. [40], 
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Deeba et al. [54] and Islam [55], the PN, E and gs decreased with increasing drought severity. This 

confirms the strong stomatal response to drought stress also reported by Helm et al. [56]. The closure 

of the stomata caused by water stress decreases the influx of CO2, limiting photosynthesis. As a result, 

the concentration of CO2 in the chloroplast stroma decreases, which causes pho-torespiration [52]. 

The decrease in CO2 concentration due to stomatal closure reduces the activity of enzymes involved 

in several dark reactions. A decrease in the light-independent reaction activity may cause a 

disproportion between light and dark reactions. This leads to the accumulation of ROS in plastids, 

thus damaging the photosynthetic apparatus [57,58]. Studies by Mathobo et al. [59] and Saeidi et al. 

[60] showed that drought affected the decrease in stomatal conductance and transpiration, which 

ultimately reduces plant metabolism and productivity. The activity of ribulose-1,5-bisphosphate 

(RuBP) enzyme plays an important role in the photosynthetic assimilation process. There is a 

relationship between photosynthetic rate and RuBP, which indicates that the decrease in 

photosynthetic rate is limited by the content of RuBP. Dastborhan and Ghassemi-Golezani [61] also 

found that drought in wheat reduced stomatal conductance, photosynthetic rate and transpiration 

rate. Another important enzyme for plant photosynthesis is ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCo), which converts CO2 into high-energy substances. In the case of 

drought, the activity of this enzyme is reduced. In this situation, changes in photochemical and 

biochemical processes were also observed, such as a decrease in the rate of electron transfer and 

photophosphorylation. The results of this study confirm that stress caused by water deficiency leads 

to a reduction in the photosynthetic activity of plants by reducing CO2 uptake and transpiration, 

which is manifested in the deterioration of the analyzed gas exchange parameters PN, gs, E and Ci. 

These results suggest that the limitation of water availability leads to a decrease in the intensity of 

transpiration, probably due to the closure of stomata. This may also indicate a defense mechanism of 

the plant in drought conditions. 

As a result of environmental stresses, plants rapidly accumulate ROS as the first layer of defense 

[62]. Exposure to stress factors causes overproduction of ROS in plants [63]. In the conducted 

experiment, a significant increase in ROS level was observed concerning the control. At low 

concentrations, ROS molecules are not harmful and can act as intracellular signalling agents, 

triggering plant defense responses. However, in excessive amounts, they can damage 

macromolecules, including proteins, lipids and nucleic acids, which leads to cell death [64]. In 

response to excessive ROS accumulation, plants have developed antioxidant enzymatic mechanisms. 

The conducted research showed a significant increase in the activity of the analyzed CAT, SOD and 

GPOX enzymes under salt stress conditions compared to the control sample, which proves the plant's 

defense reaction. SOD is the first defense line in the presence of ROS, which causes the dismutation 

of O2ˉ radicals to H2O2. CAT and APX detoxify ROS, help prevent their accumulation in cells and 

tissues [65,66]. In the case of rice, Harb et al. [67] reported that total SOD activity increased with 

increasing water deficit. Similarly, increased SOD, CAT, and GPOX activities were shown in barley 

under drought stress. The antioxidant enzyme SOD plays a role in mitigating drought-induced 

oxidative stress in crop plants. Previous studies have demonstrated the role of SOD in various crops 

under drought stress [66,68]. CAT contributes to the decomposition of H2O2 into oxygen and water, 

reducing the concentration of this potentially harmful molecule. Previous studies have shown the 

role of CAT in different crops in response to drought stress. Drought-induced H2O2 accumulation 

was associated with reduced soil water content (SWC) in wheat plants. Leaf CAT activity and CO2 

were only noticeably increased in reaction to the acute drought when SWC fell below 20% [69].  

To improve the tolerance of plants to environmental stresses, various approaches are used in 

practice, including breeding and biotechnological strategies [70]. However, it is necessary to develop 

simpler and cheaper, environmentally friendly technologies. Because drought stress has become 

increasingly common, one of the solutions to increase tolerance in crop plants is the use of 

environmentally friendly products that affect plant metabolism. Such products include phenolic 

compounds produced by the phenylpropanoid pathway or the shikimic acid pathway as secondary 

metabolites [24,71,72]. It has been shown that phenolic compounds of plant origin can be externally 
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applied to plants under abiotic stress conditions, which increases their stress tolerance [78]. Phenolic 

compounds have multiple molecular and biochemical roles in plants, such as antioxidant activity, 

free radical scavenging, signalling, mediating auxin transport, and plant defense [68]. In plants under 

abiotic stress, the synthesis and accumulation of phenolic compounds increase [17,24,74]. Phenolic 

compounds that function as signalling molecules in the regulation of metabolic activity can control 

water and mineral uptake from roots [75]. Quercetin, a phenolic compound, is a flavonol that has 

antioxidant and ROS scavenging properties [76]. Previous studies have shown a stimulating effect of 

this compound on wheat plants [27], maize [28], okra [23] and also under salinity stress conditions in 

tomato [77] and wheat [29]. Moreover, as a result of the formation of a complex with copper, this 

compound is characterized by higher antioxidant activity compared to pure quercetin [29,78,79]. In 

the conducted studies, exogenous application of the Q-Cu(II) showed a positive effect on the 

analyzed chlorophyll fluorescence parameters, improving the efficiency of PS II in both control and 

stress conditions. Similar relationships were obtained by Jańczak-Pieniążek et al. [29] in studies on 

spraying solutions of the Q-Cu(II) on wheat seedlings growing under salt stress conditions. The 

obtained results proved that concentrations of 0.05% and 0.1% are the most effective in counteracting 

the effects of salinity. In the conducted studies, the highest values of photosynthesis indices were 

obtained at a concentration of 0.1%, which suggests its high effectiveness in protecting against water 

stress. The effect of the complex was concentration dependent, with the highest values achieved at a 

concentration of 0.1%. These results confirm the effectiveness of the Q-Cu (II) as a factor supporting 

the functioning of PSII, improving its functioning, and also increasing the efficiency of electron 

transport, both in optimal and stressful conditions. The effect of the Q-Cu (II) indicates its ability to 

increase photosynthetic activity, which is achieved by improving stomatal conductance and 

increasing the availability of CO2. The obtained data suggest that the application of the Q-Cu (II), 

especially at a concentration of 0.1%, can effectively alleviate the negative effects of water deficit on 

plants. Previously conducted by Arikan et al. [73] research showed the significant role of exogenous 

application of quercetin on wheat seedlings growing under arsenic stress. In their studies, quercetin 

increased photosynthetic efficiency and protected photochemical reactions in chloroplasts. This can 

be explained by reducing oxidative damage by stimulating both enzymatic and non-enzymatic 

antioxidant activity. Also, studies conducted by Singh et al. [23] showed the effect of quercetin on the 

antioxidant and photosynthetic apparatus of plants. Increased production of assimilates in plants due 

to high photosynthetic activity triggers the Krebs cycle. High accumulation of nutrients causes the 

stomatal opening to enlarge, which increases gas exchange and supports photosynthesis. A 

significant increase in photosynthesis results in an improved level of assimilates and ultimately 

contributes to better plant growth, which affects the plant's achievement of higher yields [23]. In this 

study, the application of the Q-Cu(II) at the lowest concentration of 0.01% caused a decrease in the 

activity of CAT, SOD and GPOX enzymes in plants growing in drought conditions. This proves that 

ROS production is limited due to the action of quercetin. This flavonoid is known for its strong 

scavenging properties, which result in a decrease in the activity of antioxidant enzymes. Such a 

connection was also shown in earlier studies by Parvin et al. [82] and Jańczak-Pieniążek et al. [29]. 

The increase in Q-Cu (II) concentrations, on the other hand, increased the activity of these enzymes, 

which may indicate a strong effect, inducing an antioxidant response. Strong antioxidant properties 

of the Q-Cu (II) were also described by Bukhari et al. [78] and Pękal et al. [79]. In drought stress 

conditions, higher concentrations of Q-Cu (II) strengthened the antioxidant response, which resulted 

in higher activities of the tested enzymes. The effect of the Q-Cu (II) depends on its concentration. 

Low concentrations may have a protective effect, reducing enzyme activity, while high 

concentrations may stimulate enzymatic activity, especially in drought conditions. 

4. Materials and Methods 

4.1. Synthesis of the Quercetin-Copper (II) Complex (Q-Cu (II))  
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The Q-Cu (II) was prepared according to the method presented by Bukhari et al. [30], with a 

modification consisting of increasing the amount of solvent used. 0.001 mol of quercetin was 

dissolved in 300 ml of methanol. Then, 0.002 mol of solid CuSO4 was added to the system, and the 

solution was stirred vigorously using a magnetic stirrer for 1.5 h. The formation of the complex was 

confirmed by analysis of the changes in the UV-VIS spectrum of the reaction mixture. The 

characteristic yellow-brown solution was filtered, then concentrated and dried using a vacuum 

evaporator operating at 50°C and 300 mbar.  

4.2. Experimental Design 

The pot experiment was conducted at the University of Rzeszów (Poland). Plastic containers 

(dimensions 11×11×15 cm, with 3 kg of soil per container) were filled with soil characterised by a 

grain size of loamy sand and pH KCl= 6.35 and pH H2O = 6.52. The experiments were performed in 

four repetitions, using ten pots for each treatment, in a growth chamber where the temperature was 

maintained at 22±2°C, relative air humidity at 60±3%, photoperiod of 16/8 hours (day/night) and 

maximum light intensity of about 300 µE m 2∙s 1. In the experiment, the soil in the pots was kept at 

a moisture level of 70% (control conditions) and 30% (drought stress conditions) of the maximum 

water capacity (WHC). Pot positions in the experiment were chosen randomly every week. When the 

plants reached BBCH stage 14 (four unfolded leaves), the spraying procedures were started. The 

plants were sprayed twice (on the 1st and 10th day) with a solution containing Q-Cu (II) at 

concentrations of 0.01% (Q1), 0.05% (Q2), and 0.1% (Q3), with a dose of 20 ml for each pot. The 

preparation was applied using a handheld sprayer. The quercetin derivative solution was diluted in 

ethanol. A uniform spraying methodology was used: An equal amount of solution was introduced 

into each pot until the point of complete exhaustion of the spray material. A control sample was also 

filled with deionised water in an equal amount at the same time. The spray was conducted using a 

manual laboratory sprayer with adjustable flow, where the dose volume was 1.2 ml ± 0.1 during one 

pressure, and the outlet diameter was 0.6 mm. The physiological parameters of wheat leaves, 

including gas exchange, relative chlorophyll content, and chlorophyll fluorescence, were monitored 

at four time points: the day after the first spray application (day two of the experiment – Term 1), 

seven days after the first spray (day nine of the experiment – Term 2), the day before the second spray 

(day ten of the experiment – Term 3) and seven days after the second spray (day seventeen of the 

experiment – Term 4). After taking physiological measurements, the above-ground parts of the plants 

were harvested, allowing the determination of biochemical parameters, including the level of reactive 

oxygen species (ROS) and enzyme activity. 

4.3. Determination of Gas Exchange 

The measurement of gas exchange parameters, photosynthetic network intensity (PN), 

transpiration rate (E), stomatal conductance (gs) and intercellular CO2 concentration (Ci) was 

determined using the LC pro-SD photosynthesis measurement system (ADC Bio-scientific Ltd., 

Herts, UK) equipped according to Jańczak-Pieniążek et al. [29]. The light intensity in the 

measurement chamber was 1500 mol m 2 s 1 and the temperature was 28°C. Measurements were 

carried out in three replicates per pot.  

4.4. Determination of Chlorophyll Content Index (CCI) 

The CCI was performed in leaves with a CCM 200 metre (Opti-Sciences Inc., Hudson, NH, USA). 

Measurements were carried out on three fully expanded leaves in ten replicates per pot. 

4.5. Determination of Chlorophyll Fluorescence 

The determination of selected chlorophyll fluorescence parameters (the maximum quantum 

yield of photosystem II (PSII) photochemistry (Fv/Fm), the maximum quantum yield of primary 

photochemistry (Fv/F0), and the photosynthetic efficiency index (PI)) was conducted according to the 
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methodology described in the study by Jańczak-Pieniażek et al [29]. Measurements were taken in 10 

replicates per pot. 

4.6. Measurement of Biochemical Parameters 

4.6.1. Determination of ROS Level 

The fluorometric method using 2′,7′-dichlorodihydrofluorescein diacetate (H₂DCF-DA) was 

employed to determine the level of reactive oxygen species (ROS) in the extracts [31]. 

Briefly, frozen tissue (1 g) was homogenised in 4 ml of ice-cold 50 mM phosphate buffer (pH 

7.4), and the homogenate was centrifuged at 10,000 × g for 30 minutes at 4°C. Then, 100 µl of the 

resulting supernatant was blended with 1000 µl of phosphate buffer and 50 µl of 2 mM H₂DCF-DA. 

After a 30-minute incubation at 37 °C, fluorescence was measured at 529 nm (excitation at 504 nm). 

The results were expressed as the increase in fluorescence per gram of tissue per minute. 

4.6.2. Determination of Antioxidant Enzyme Activity  

Frozen plant tissue (1 g) was homogenised in 4 ml of chilled 0.9% NaCl solution containing 2% 

polyvinylpyrrolidone, 0.05% Triton X-100, and a protease inhibitor cocktail to identify the activity of 

superoxide dismutase (SOD), catalase (CAT) and guaiacol peroxidase (GPOX). The next process was 

to centrifuge the homogenates at 10,000 × g for 30 min at 4°C. The resulting supernatant was collected 

for further analysis. The SOD activity was measured using the adrenaline method described by 

Piechowiak and Balawejder [80], with minor modifications. Briefly, 10 µl of extract was mixed with 

95 µl of carbonate buffer (pH 10.2) and 5 µl of 10 mM adrenaline. The increase in absorbance was 

measured over 5 minutes at 490 nm. One unit of SOD activity was defined as the amount of enzyme 

required to inhibit adrenaline oxidation by 50% [80]. The CAT activity was determined using a 

method based on the measurement of residual H₂O₂ after an enzymatic reaction with ammonium 

metavanadate [81]. For this purpose, 10 µl of extract was added to the wells of a microplate, followed 

by 40 μl of 50 mM phosphate buffer (pH 7.0) and 100 μl of 10 mM H₂O₂ (prepared in phosphate 

buffer). After 5 minutes of incubation at 37 °C, the reaction was stopped by adding 100 µl of 10 mM 

ammonium metavanadate (in 0.5 M H₂SO₄). Following a 10-minute incubation, the absorbance of the 

solution was measured at 452 nm. One unit of CAT activity was defined as the amount of enzyme 

that decreases the absorbance of the reaction mixture by 0.01 units within 1 minute of incubation. To 

determine the GPOX activity, 5 µl of enzyme extract was mixed with 100 µl of a reaction mixture 

containing 50 mM phosphate buffer (pH 7.0), 19.95 mM H₂O₂, and 9.45 mM guaiacol. The kinetics of 

absorbance changes were measured immediately after the addition of the reaction buffer for 5 

minutes at 470 nm [82]. One unit of GPOX activity was defined as the amount of enzyme that 

increases the absorbance by 0.01 units within 1 minute. Enzyme activity was normalized to mg of 

protein, the amount of which was determined by the Bradford method [83]. 

4.7. Statistical Analysis 

The results were analysed statistically using the Statistica 13.3.0 package (TIBCO Software Inc., 

Palo Alto, California, USA). Two-way analysis of variance (ANOVA) with repeated measures with 

time as a factor was used to assess the significance of the effects of drought stress and spraying of the 

Q-Cu (II) solution on physiological properties. The relationships between ROS levels and enzyme 

activity were also evaluated using one-way analysis of variance (ANOVA). Differences between 

control values were determined using the Tukey HSD post hoc test, with a level of significance p≤0.05. 

5. Conclusions 

This study has shown that drought stress has resulted in the deterioration of physiological 

parameters, indicating a decrease in the efficiency of the photosynthesis process. As a result of this 

stress, an increase in the level of ROS and the activity of CAT, SOD and GPOX enzymes was also 
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noted. Exogenous application of Q-Cu (II) solutions enhanced the parameters’ values in plants 

growing in optimal conditions as well as those subjected to drought stress (Figure 6). The highest 

values of the studied indicators were obtained at a concentration of 0.1%, which suggests high 

effectiveness in protection against water stress. In drought conditions, the Q-Cu (II) not only 

compensated for the negative effects of drought but also improved the functioning of the 

photosynthetic apparatus, exceeding the control values at higher concentrations. 

The conducted studies indicate the possibility of using the Q-Cu (II) as a product to support the 

efficiency of the photosynthesis process under stress conditions. The use of such products in the 

cultivation of plants increases their productivity, especially in environments exposed to water deficit, 

which will reduce the threat to global food security. The results of the studies will be useful in 

particular for farmers interested in developing environmentally friendly products of increasing plant 

resistance to environmental stresses, including drought stress.  

 

Figure 6. A schematic illustration of the stimulatory action of Q-Cu (II) application in improving morphological, 

physiological and biochemical responses under drought conditions. 
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The following abbreviations are used in this manuscript: 

Q-Cu (II) quercetin-copper complex  

ROS Reactive Oxygen Species 

Fv/Fm The maximum quantum yield of photosystem II (PSII) photochemistry 

Fv/F0 The maximum quantum yield of primary photochemistry 

PI Photosynthetic efficiency index 

PN photosynthetic network intensity  

gs stomatal conductance  

E transpiration rate  

Ci intercellular CO2 concentration  

CAT catalase  

SOD peroxidase  

GPOX guaiacol peroxidase  
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