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ABSTRACT 

Abiotic stresses, including drought, detrimentally affect the growth and productivity of many 

economically important crop plants, leading to significant yield losses, which can result in food 

shortages and threaten the sustainability of agriculture. Balancing between plant growth and 

stress responses is one of the most important characters for agricultural application to maximize 

plant production. In this study, we initially report that copper nanoparticle priming positively 

regulates drought stress responses in maize. The copper nanoparticle priming plants displayed 

enhanced drought tolerance indicated by their higher leaf water content and plant biomass under 

drought as compared with water-treated plants. Moreover, our data showed that the treatment of 

copper nanoparticle on plants increased anthocyanin, chlorophyll and carotenoid contents 

compared to water-treated plants under drought stress conditions. Additionally, histochemical 

analyses with nitro blue tetrazolium and 3,3’-diaminobenzidine revealed that reactive oxygen 

species accumulation of priming plants was decreased as a result of enhancement of reactive 

oxygen species scavenging enzyme activities under drought. Furthermore, our comparative yield 

analysis data indicated applying copper nanoparticle to plant increased total seed number and 

grain yield under drought stress conditions. Our data provided the evidences that copper 

nanoparticle regulates plant protective mechanisms associated with drought tolerance, which is a 

promising approach for the production of drought tolerant crop plants. 

 

Keywords: Antioxidant; copper (Cu); drought; maize; nanoparticles; reactive oxygen species 

(ROS). 
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INTRODUCTION 

Global climate changes are resulting in an increasing of extreme environmental stresses, such 

as drought, heat, cold, salt, flooding, which could lead to significant yield losses of agricultural 

production (Stevanovic et al. 2016; Wheeler and von Braun 2013). In addition to that, the world 

population is increasing rapidly, setting a food security for sustainable human life (Myers et al. 

2017; Wheeler and von Braun 2013). Maize (Zea mays), also known as corn, is one of the most 

important crops world-wide to provide not only food and feed but bio-fuel resources. Maize was 

originated from Mexico about 8700 years ago (Piperno et al. 2009). The United States is largest 

maize producer that supplies more than 30% of global maize production 

(https://www.statista.com). However, maize production is also detrimentally affected by 

environmental stresses, including drought (Webber et al. 2018). Therefore, development of 

drought-tolerant maize varieties as well as methodologies are considered as the most economical 

and effective for the sustainable maize production.  

Recent studies have revealed that the chemical compounds such as hormones, reactive 

oxygen-nitrogen-sulfur species, amino acids, ascorbic acid, polyethylene glycol solution and 

organic compounds could help plants to improve abiotic stress tolerances (Ha et al. 2014b; 

Hossain et al. 2015; Nguyen et al. 2017; Nguyen et al. 2018a; Salemi 2019; Savvides et al. 2016; 

Utsumi et al. 2019). Various chemicals have potential applications for agricultural 

biotechnology, and chemical application, including nanotechnology application, would be one of 

the most promising methods for enhancing the abiotic stress tolerance in the fields. In recent 

decades, nanobiotechnology is prominent chemical application. Nanobiotechnology is an 

integration of physical sciences, molecular engineering, biology, chemistry and biotechnology, 

which holds considerable promise of advances in pharmaceuticals and healthcare (Singh et al. 
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2017b; Thangavelu et al. 2018). In plants, recent studies reported that nanoparticles involved in 

various physiological and biochemical processes controlling plant growth and development as 

well as plant environmental stress responses (Arora et al. 2012; Regier et al. 2015). Application 

of nanoparticles showed effect on plant growth, yield and crop product quality (Burke et al. 

2015; Ngo et al. 2014), suggesting that nanotechnology is being a promising application 

approach for sustainable agriculture. 

Copper (Cu) is known as an essential component, which functions in regulating plant growth 

and development, including chlorophyll formation and seed production  (Viera et al. 2019; Xue 

et al. 2014). Cu is one of the micronutrients needed in very small quantities by plants (Printz et 

al. 2016). Several important crops, including maize, are sensitive to Cu deficiency (Karamanos et 

al. 2004). Cu also involves in several enzyme systems that regulate the rate of many biochemical 

reactions in plant (Drazkiewicz et al. 2004; Singh et al. 2017a). It is also required in the process 

of photosynthesis, which is essential for plant respiration and assists in plant metabolism of 

carbohydrates and proteins (Ambrosini et al. 2018; Casimiro and Arrabaça 2015; Din et al. 2017; 

Regier et al. 2015; Singh et al. 2017a). Application of free metal Cu nanoparticles (nano-Cuo) 

showed effect on seed yield and quality in soybean (Ngo et al. 2014). However, the function of 

nano-Cuo in maize under drought condition is still remain unknown. 

In the present study, we evaluate the role of the nano-Cuo in controlling maize growth and 

development as well as drought stress responses. We show that nano-Cuo priming maintains leaf 

water status, and chlorophyll and carotenoid content, which could contribute to enhance plant 

growth and biomass in maize under drought and recovery. We also reveal that nano-Cuo priming 

increases the superoxide dismutase (SOD) and ascorbate peroxidase (APX) enzyme activities, 

and anthocyanin content under drought stress conditions, which could result in reduced the 
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excessive of reactive oxygen species (ROS) productions and therefore increased the adaptation to 

drought stress conditions in maize. These findings could be useful for agricultural application by 

the use of nano-Cuo to enhance plant biomass as well as productivity in maize. 

 

MATERIALS AND METHODS 

Plant growth and treatments 

For Cu nanoparticle concentration screening assay: seeds of the Vietnamese maize elite 

(namely LVN10, provided by Maize Research Institute, Vietnam) were sterilized and treated 

with 52 (3.333 mg/L) , 69.4 (4.444 mg/L) and 86.8 µM (5.556 mg/L) nano-Cuo (free metal nano-

Cuo were provided by Institute of Materials Science, Vietnam Academy of Science and 

Technology, Vietnam, has 30 to 40 nm in size) or water (control) for 8 hours. 10 treated seeds 

were sown on 6-litter pot containing super mix soil. Maize plants were grown under normal 

conditions (800 µmol m-2 s-1 photon flux intensity, photoperiod of 12 h light/12 h dark cycle, 

temperature of 32oC during the light period and 24oC during the dark period, 60 % relative room 

humidity), and measured the plant height at 7, 14 and 21 days after sowing. Ten biological 

replicates were performed. After that, the aerial portion was cut and dried for 72 h at 65oC, and 

then measured the shoot dried weight (DW) at 7, 14 and 21 days after sowing. Five biological 

replicates were collected for each experiment. 

For drought tolerant assay: 6 seeds were sterilized and sown on 6-litter pot containing super 

mix soil for 12 days under normal conditions (800 µmol m-2 s-1 photon flux intensity, 

photoperiod of 12 h light/12 h dark cycle, temperature of 32oC during the light period and 24oC 

during the dark period, 60 % relative room humidity). Twelve-day-old plants were treated with 
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450 mL each pot of 69.4 µM nano-Cuo or water (control) for 2 days, and exposed to drought 

treatment for 7, 14 and 21 days, then collected samples for measuring plant biomass (shoot DW). 

Five biological replicates were collected for each experiment.  

For plant recovery assay: Maize plants were treated and exposed to drought stress for 21 

days as described above, then re-watered and continuously grown under normal condition (800 

µmol m-2 s-1 photon flux intensity, photoperiod of 12 h light/12 h dark cycle, temperature of 

32oC during the light period and 24oC during the dark period, 60 % relative room humidity) for 7 

days and measured shoot DW. Five biological replicates were collected for each experiment. 

Grain yield assay in maize under drought 

Six maize seeds were sterilized and sown on 6-litter pot containing super mix soil for 12 days 

under normal conditions (800 µmol m-2 s-1 photon flux intensity, photoperiod of 12 h light/12 h 

dark cycle, temperature of 32oC during the light period and 24oC during the dark period, 60 % 

relative room humidity). Plants were treated with 450 mL of 69.4 µM nano-Cuo or water control 

for 2 days, and exposed to drought for 21 days. Then plants were re-watered and removed plants 

each pot. Two plants were continuously grown under normal condition to harvest seeds. 

Collected ears were dried for 72 h at 65oC and then measured the seed number and dry weight. 

Six biological replicates were performed for each experiment. 

Determination of anthocyanin, chlorophyll and carotenoid contents, and relative water 

contents 

Plants were grown and treated with 450 mL of 69.4 µM nano-Cuo or water control as 

described in drought tolerant assay. At 7, 14 and 21 days after drought stress, the fourth leaf of 

stressed and non-stressed maize plants were separately collected for measuring anthocyanin as 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 25, 2020. ; https://doi.org/10.1101/2020.02.24.963132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.24.963132


previously described (Nguyen et al. 2016), and chlorophyll and carotenoid contents as described 

before (Mostofa et al. 2015). An amount of 0.5 g leaf sample of maize plants under control or 

nano-Cuo treatment conditions were extracted by shaking (200 rpm) in dark in 20 mL of 

extraction solution (acetone 80%) overnight at room temperature. After the extraction, 1 mL of 

extraction solution was used for measuring the absorbance at 470, 645 and 663 nm using the 

spectrophotometry (Thermo Scientific Gensys 20, USA). Chlorophyll (a and b and total) and 

carotenoid contents were calculated as described in (Mostofa et al. 2015). The relative leaf water 

content (RWC) of the fifth leaf of maize plants during drought were measured according to 

previously described methods (Ha et al. 2013b). Five biological replicates were measured for 

each experiment. 

ROS histochemical staining detection of maize leaf 

Plants were grown and treated as described in drought tolerant assay. To determine the ROS 

accumulation during drought treatments, the fifth leaf was collected for staining assays. Samples 

were stained with nitro blue tetrazolium (NBT) to detect superoxide and 3,3’-diaminobenzidine 

(DAB) to detect hydrogen peroxide as previous described methods (Mostofa et al. 2015). Three 

biological replicates each experiment was performed. 

Protein extraction and enzyme activity assay 

Twelve-day-old plants were treated with 450 mL of 69.4 µM nano-Cuo or water control for 2 

days. Plants were then exposed to drought treatment for 7 days and collected samples for protein 

extraction. 0.2 g of the fifth leaf was collected and extracted total soluble protein as previously 

described (Bradford 1976). The bovine serum albumin was used as a standard reference. Five 

biological replicates were performed. For enzyme activity assays: the APX and SOD activity was 
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measured as described in (Mostofa et al. 2015). Three biological replicates each experiment was 

performed.  

Statistical analysis 

Data were analyzed by using analysis of variance (ANOVA) or Student’s t-test. Different 

superscripted letters within the column indicate statistically significant differences among the 

treatments examined according to Duncan’s multiple range test (P < 0.05) (using IBM SPSS 

software package 21.0), and asterisks indicate significant differences as determined by Student’s 

t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 

 

RESULTS 

Improvement of plant growth and drought response by nano-Cuo treatment in maize  

To elucidate the function of nano-Cuo in plant growth and drought stress response, the maize 

plants were grown and treated with nano-Cuo under drought or normal conditions. The effect of 

copper nanoparticles on the growth parameters of maize under normal and drought stress 

conditions were investigated in terms of shoot height and biomass (shoot DW).  

First, we tested the effect of nano-Cuo on maize growth using seed priming method under 

normal growth conditions. As showed in Supplementary Figure 1, the shoot height of 14 days 

after sowing and shoot biomass of 14 and 21 days after sowing of nano-Cuo priming plants 

(69.4 µM nano-Cuo concentration) showed greater than that of water-treated plants. The data 

indicate that nano-Cuo promotes maize growth, at least at 69.4 µM concentration. There are no 

significant differences between other tested nano-Cuo concentrations as compared with control 
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plants (Supplementary Figure 1). Based on that data, we designed to use 69.4 µM of nano-Cuo 

for all further analyzed experiments.  

Second, we conducted a drought tolerant assay to investigate the role of nano-Cuo on maize 

drought responses. Under non-stressed conditions, we found that the shoot biomass was 

increased by nano-Cuo-treated plants as compared to water-treated plants at 7 and 14 days after 

treatment (equal to 21 and 28 days after sowing) (Figure 1A-C). Under drought stressed 

conditions, there were significant differences of shoot biomass between nano-Cuo-treated and 

water-treated groups (Figure 1A-C). The nano-Cuo-treated plants showed less wilting and 

rolling leaves as compared with water-treated plants after 7 days of drought treatment (Figure 

1B). The nano-Cuo-treated plants exhibited less effect by drought indicated by greater shoot 

biomass in comparison with water-treated plants (Figure 1C). As compared with non-stressed 

plants, shoot biomass showed reduced 78 and 87% of nano-Cuo-treated and water-treated plants, 

respectively (Figure 1D). These results indicated that nano-Cuo priming in maize reduced 

negative impact of drought, which may result in recusing plant productivity under drought stress 

conditions.  

Third, to test how nano-Cuo affects plant drought recovery, the shoot biomass was measured 

at 7 days of re-watering. As showed in Figure 1E, nano-Cuo-treated plants showed greater shoot 

biomass than water-treated plants after drought treatment followed by re-watering. Similarly, the 

shoot biomass reduction was lower in nano-Cuo-treated plants than water-treated plants after 

drought recovery as compared with non-stressed plants (Figure 1F). Collectively, these results 

indicated that application of nano-Cuo increased drought tolerance in maize, suggesting that 

nano-Cuo has a positive effect on drought responses. 

Cu nanoparticle priming maintains maize grain yield under drought 
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Cu plays an important role in plant growth and development, which can be effect on plant 

productivity (Karamanos et al. 2004; Xue et al. 2014). We next investigate the roles of nano-Cuo 

in plant productivity by conducting a yield test assay of maize under non-stressed and drought 

condition. As showed in Figure 2A, total seed number per plants was similar in both nano-Cuo- 

and water-treated plants under non-stressed conditions. However, the average seed dried weight 

per plant of nano-Cuo-treated plants showed higher than that in water-treated plants under non-

stressed conditions (Figure 2B). This data revealed the positive effect on plant productivity of 

nano-Cuo in maize. Under drought conditions, number of seed and average yield per plant of 

nano-Cuo -treated plants showed significantly higher than water-treated plants (Figure 2). These 

data collectively indicated that priming with nano-Cuo could rescue the negative effect of 

drought on maize productivity. 

Nano-Cuo priming retains relative leaf water status, chlorophyll and carotenoid, and 

increases anthocyanin contents in maize under drought     

We next investigated the effect of nano-Cuo priming on the physiological mechanisms in 

maize. We found that under non-stress conditions, the levels of RWC of leaf unchanged in 

nano-Cuo-treated group in comparison with the water-treated group (Figure 3A). Nevertheless, 

compared with water-treated plant, the nano-Cuo-treated plants revealed higher RWC under 

drought conditions (Figure 3A). In detail, at 7 days of drought stress, the RWC reduced 7.6 and 

11.4 % of nano-Cuo- and water-treated groups, respectively (Figure 3A). At 14 days of drought 

stress, the RWC significantly declined of 17.3 and 28 % of nano-Cuo- and water-treated plants, 

respectively (Figure 3A). At 21 days of drought stress, the RWC reduced 30% of nano-Cuo-

treated plant and 41.3% of water-treated plants, respectively (Figure 3A). These data indicated 

that nano-Cuo priming could maintain the water status of maize leaves, therefore reduces 
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negative impact of drought on plant growth, which correlated with greater shoot biomass during 

drought stress and recovery condition (Figure 1C-F). Additionally, Cu is essential to the growth 

of plants, which functions in several enzyme processes, and play as a key component in 

chlorophyll formation (Viera et al. 2019). We next investigate chlorophyll and carotenoid 

content of maize leaf under nano-Cuo application. Our data showed that there were no significant 

differences of chlorophyll contents between nano-Cuo-treated and water-treated plants under 

non-stress conditions (Table 1). In contrast, at 7, 14 and 21 days after drought, respectively, 

drought caused a sharp decline in the levels of Chl a (31, 41 and 61%), Chl b (53, 44 and 

54%), total Chl (36, 42 and 59%) and carotenoids (19, 36 and 47%) of water-treated plants in 

drought stress groups, compared with water-treated non-stressed groups (Figure 3B; Table 1). 

Whereas, nano-Cuo-treated plants in drought stress groups showed reduced the level of 

Chl a (23, 21 and 28%), Chl b (26, 29 and 15%), total Chl (23, 23 and 25%) and carotenoids 

(19, 21 and 36%), compared with nano-Cuo-treated non-stressed plants at 7, 14 and 21 days 

after drought, respectively (Figure 3B; Table 1). Besides, under drought stress condition, as 

compared with their respective water-treated plants the levels of Chl a, Chl b, total Chl, and 

carotenoids showed higher in nano-Cuo-treated plants than that in water-treated plants (Figure 

3B; Table 1). These data indicated that negative effects of drought on the photosynthetic 

pigments and carotenoids were substantially minimized by exogenous nano-Cuo application. 

These findings collectively indicated the nano-Cuo priming could mediate recovery on the 

losses of photosynthetic pigments in drought adaptation in maize (Figure 3B).  

Several reports have indicated that abiotic stresses, including drought, stimulate anthocyanin 

production in plants (Li et al. 2017; Nakabayashi et al. 2014; Nguyen et al. 2016). We next 

investigate the effect of nano-Cuo on anthocyanin accumulation in drought response in maize. 
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We found the anthocyanin content was higher in nano-Cuo-treated plants than water-treated 

plants (Figure 3C). In detail, anthocyanin content significantly increased in both nano-Cuo- 

and water-treated plants under drought conditions in comparison with non-stressed plants 

(Figure 3C). Interestingly, greater anthocyanin content was found in nano-Cuo-treated plants 

relative to water-treated plants at 21 days of drought stress (Figure 3C). These data indicated 

that nano-Cuo priming could increase antioxidant contents, which infer an activating of ROS-

detoxifying mechanism for drought adaptation in maize.  

Nano-Cuo priming decreases ROS accumulation in maize under drought 

In general, to adapt to stresses, plants activate series physiological and biochemical responses 

that are operated by complex signaling networks (Ha et al. 2014a; Ha et al. 2013a; Mochida et al. 

2015; Osakabe et al. 2014; Yamaguchi-Shinozaki and Shinozaki 2006). Under drought stress, 

plants increase guard cell closure to maintain water status, and enhance activity of antioxidant 

enzymes to maintain ROS levels in plant cells (Luo et al. 2016; Nguyen et al. 2018b). To 

determine the potential role of nano-Cuo in ROS homeostasis, we examined the ROS production 

such as O2
•− and H2O2 in the maize leaf of nano-Cuo-treated and control plants under normal and 

drought stress conditions. We observed that O2
•− and H2O2 were accumulated in the leaf of both 

nano-Cuo-treated and water-treated plants subjected to drought (Figure 4A). However, the 

accumulation of O2
•− and H2O2 nano-Cuo-treated plants were lower levels relative to WT plants 

(Figure 4A). These results were supported by increased ROS-scavenging enzyme activities such 

as SOD and APX in nano-Cuo treated plants higher than water-treated under both normal and 

drought stress conditions, respectively (Figure 4B). In comparison with water-treated plants, 

activities of SOD and APX were strongly induced in nano-Cuo-treated plants, especially under 

drought conditions (Figure 4B). In addition, the total soluble protein of leaf of nano-Cuo-treated 
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plants were also higher than that of water-treated plants under drought stress condition (Figure 

4B). Collectively, this study indicates that nano-Cuo priming regulates drought response through 

repression of ROS accumulation in maize plants.  

  

DISCUSSION 

The world population will reach to about 10 billion in 2050, setting a food security for 

feeding (https://population.un.org/wpp/). However, environmental stresses, particularly drought, 

negatively affect plant growth and productivity worldwide, caused significant yield losses of 

crops, including maize (Gong et al. 2014; Hossain et al. 2015; Webber et al. 2018). To cope with 

environmental stimuli, plants activate multiple adaptive mechanisms from plant growth and 

development to stress responses (Mochida et al. 2015). Therefore, investigation of agricultural 

application technology to improve crop productivity is very essential for sustainable human life. 

In the current study, we provided direct evidences that nano-Cuo priming could enhance drought 

tolerance in maize, indicated by greater leaf water status (Figure 3A), chlorophyll and carotenoid 

contents (Figure 3B; Table 1), increased anthocyanin accumulation (Figure 3C) and SOD and 

APX activities to detoxify the exceed ROS (Figure 4), which may contribute to maintain the 

photosynthesis and protective mechanism, leading to a growth balancing and drought stress 

response, could finally contribute to affect plant biomass (Figure 1) and grain productivity 

(Figure 2) in maize under drought stress condition.  

In detail, the positive effect of nano-Cuo priming found in enhancing plant biomass in maize 

under normal and drought conditions (Figure 1; Supplementary S1). These results were 

supported by previous studies that Cu plays an important role in plant growth and development, 

and plant productivity (Karamanos et al. 2004; Ngo et al. 2014; Tamez et al. 2019; Xue et al. 
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2014). In the present study, the higher plant biomass found in nano-Cuo priming plants indicated 

the reduction of drought effect on maize, which was associated with the higher water status of 

leaf in nano-Cuo group (Figure 1C-D and 3A; Supplementary Figure 1). The higher leaf water 

status of  nano-Cuo priming plants could result in maintaining of photosynthesis under drought 

(Regier et al. 2015; Utsumi et al. 2019), therefore might affect the plant recover and 

productivity (Figure 1E-F and 2). Support to this hypothesis, our data showed higher chlorophyll 

contents in nano-Cuo priming plants than those in water-treated plants during drought stress 

condition (Table 1). Chlorophylls located in chloroplasts have crucial function in photosynthesis 

system, which highly correlate with plant biomass and recover (Figure 1) and productivity 

(Figure 2) (Karamanos et al. 2004; Regier et al. 2015; Tamez et al. 2019; Yamauchi 2018). 

Under drought stress condition, plants accumulate high levels of oxidative stress molecules, 

including ROS (Farooq et al. 2019), which could directly damage chloroplasts known as the 

most susceptible organelles to oxidative stress condition (Yamauchi 2018). Our results indicated 

that the reduction of chlorophyll contents found in both nano-Cuo priming and water-treated 

groups during drought (Table 1), which may help plants allocating energy and maintain ROS 

production resulted from photosynthesis to adapt to drought (Casimiro and Arrabaça 2015; 

Gururani et al. 2015; Huang et al. 2019; Regier et al. 2015; Wang et al. 2018). In plant 

carotenoid acts as an antioxidant to protect chlorophyll against oxidative stress, therefore 

maintain chlorophyll content under stress condition (Demmig-Adams and W.Adams III 1996; 

Emiliani et al. 2018; Latowski et al. 2011). Our results showed that nano-Cuo priming increased 

carotenoid content during drought in maize (Figure 3B), which could help plant against 

chlorophyll degradation process, leading to maintain higher chlorophyll contents in nano-Cuo 

priming plants as compared with water-treated plants (Table 1). Therefore, greater carotenoid 
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content affected by nano-Cuo priming contributed to enhance drought tolerance in maize in this 

study. 

In general, ROS accumulation is increased under stress, which functions in plant defense 

responses through specific signal transduction pathways (Huang et al. 2019; Xie et al. 2019). 

Exceed ROS concentrations will increase in cells and cause oxidative damage to membranes, 

proteins, RNA and DNA molecules, and can even lead to the oxidative destruction of the cell in 

a process termed oxidative stress (Mittler 2002; Xie et al. 2019). The major sources of ROS 

during abiotic stress including ROS produced as a consequence of disruptions in metabolic 

activity and ROS produced for the purpose of signaling as part of the abiotic stress response 

signal transduction network (Choudhury et al. 2017; Liu and He 2016). Producing high 

concentration of ROS is harmful to cell, yet they are greatly essential signaling molecules to 

control stomatal movement at low concentrations to adapt to water deficit (Pei et al. 2000; Wang 

and Song 2008). In this study, we found that nano-Cuo priming reduced ROS accumulation under 

drought, which supported to increase drought tolerance in maize via ROS-detoxification 

mechanism (Figure 4). The steady state of ROS accumulation is crucial for many mechanisms in 

plant cells, and it is regulated by the balancing between their scavenger activities (Choudhury et 

al. 2017; Huang et al. 2019). The current study indicated that lower ROS accumulation in nano-

Cuo priming plants resulted from increasing activity of SOD and APX enzyme, which helps 

plants detoxify the exceed ROS, under drought stress condition (Figure 4). These data were 

supported by previous studies, which reported that applied copper compound nanoparticles 

increased of the antioxidant systems, including SOD and peroxidase (POD) activities, and total 

antioxidant levels (Regier et al. 2015; Singh et al. 2017a; Tamez et al. 2019). Signaling ROS 

directly changes the redox status of multiple regulatory proteins, and alter transcription and 
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translation resulting in the activation of an acclimation response that would mitigate plant stress 

effects on metabolisms and reduce the level of metabolically produced ROS (Gururani et al. 

2015; Liu and He 2016; Xie et al. 2019). In addition, nano-Cuo priming increased anthocyanin 

content in maize during drought stress (Figure 3C), suggesting that nano-Cuo priming not only 

affects the ROS-scavenging enzyme activity but also elevates the antioxidant biosynthesis in 

drought response in maize. Previous studies showed that anthocyanin accumulates during 

drought, which could help detoxifying exceed ROS for plant stress adaptation (Huang et al. 

2019; Li et al. 2017; Nakabayashi et al. 2014). Therefore, greater anthocyanin content affected 

by nano-Cuo priming contributed to enhance drought tolerance in maize in this study. 

Consequently, nano-Cuo priming in maize increased both ROS-scavenging enzyme activity and 

antioxidants to detoxifying exceed ROS molecules in response to drought, leading to a protection 

of chlorophyll pigments, which could finally maintain grain yield in maize (Figure 2).  

 

CONCLUSION 

Our comparative analyses demonstrated valuable insights into the roles of the nano-Cuo that 

regulate the plant growth and development as well as drought stress response in maize (Figure 

5). Nano-Cuo positively affects plant biomass under both normal and drought condition. 

Additionally, application of nano-Cuo retains leaf water status, chlorophyll and carotenoid 

content under drought stress condition. Nano-Cuo priming has a major role in controlling ROS 

level in maize in response to water stress through increasing both ROS-scavenging enzyme 

activity and antioxidants. Taken together, nano-Cuo priming has the ability to positively regulate 

multiple protective mechanisms associated with drought tolerance (Figure 5). Importantly, we 
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provide evidence for maintain maize productivity under drought (Figure 2), which could 

potentially use for sustainable agriculture application. 
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FIGURES AND TABLE 

  

 
Figure 1. Drought tolerant phenotype of the copper nanoparticle priming in maize. (A) 

Representative of 12-day-old copper nanoparticle- and water-treated plants were grown under 

normal conditions. Bar = 2 cm. (B) Representative of copper nanoparticle- and water-treated plants 

were exposed to drying soil treatment for 7 days. Bar = 3 cm. (C) Shoot dry weight of copper 

nanoparticle- and water-treated plants at 7, 14 and 21 days after drought stress. (D) Biomass 

reduction of copper nanoparticle- and water-treated plants at 21 days after drought stress relative 

to respective well-watered plants. (E) Shoot dry weight of copper nanoparticle- and water-treated 

plants were exposed to drought for 21 days after drought stress and then re-watered for 7 days. (F) 

Biomass reduction of copper nanoparticle- and water-treated plants at 7 days after recover relative 

to respective well-watered plants. Data represent the mean and standard errors (n = 5). The 

different letters (a, b, c, d, e, f, g and h) indicate significant differences between treatments, which 

was calculated by the multiple Duncan’s test (P < 0.05). DAS, days after drought stress; W_C, 

water-treated control conditions; W_D, water-treated drought conditions; Cuo_C, copper 

nanoparticle-treated control conditions; Cuo_D, copper nanoparticle-treated drought conditions; 

W_DR, water-treated drought recovery conditions; Cuo_D, copper nanoparticle-treated drought 

recovery conditions. 
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Figure 2. Grain yield of copper nanoparticle-treated and water-treated maize plants under 

well-watered and drought conditions. Twelve-day-old plants were treated with copper 

nanoparticle or water for 2 days, then exposed to drought treatment for 21 days. Plants were re-

watered and continuously grown under normal condition till the harvesting. (A) Total seed number 

and (B) seed yield (dried weight) per plant of maize plants treated as described in (A). The seeds 

were dried for 72 h at 65 oC and measured the dried weight. Data represent the mean and standard 

errors (n = 6). The different letters (a, b and c) indicate significant differences between treatments, 

which was calculated by the multiple Duncan’s test (P < 0.05). W_C, water-treated non-stressed 

conditions; W_D, water-treated drought conditions; Cuo_C, copper nanoparticle-treated non-

stressed conditions; Cuo_D, copper nanoparticle-treated drought conditions. 
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Figure 3. Relative leaf water content, carotenoid and anthocyanin contents of copper 

nanoparticle-treated and water-treated maize plants under well-watered and drought 

conditions. (A) Relative water content of the fifth maize leaf under well-watered and drought 

conditions. Data represent the mean and standard errors (n = 5). (B) Carotenoid content of the fifth 

leaf of maize under well-watered and drought conditions. Data represent the mean and standard 

errors (n = 5). (C) Anthocyanin content of the fifth leaf of maize under well-watered and drought 

conditions. Data represent the mean and standard errors (n = 6). The anthocyanin contents per leaf 

dry weight were calculated using the ratios of fresh and dry weights of collected leaf parts. The 

different letters (a, b, c, d, e and f) indicate significant differences between treatments, which was 

calculated by the multiple Duncan’s test (P < 0.05). DAS, days after drought stress; W_C, water-

treated non-stressed conditions; W_D, water-treated drought conditions; Cuo_C, copper 

nanoparticle-treated non-stressed conditions; Cuo_D, copper nanoparticle-treated drought 

conditions; Cuo, copper nanoparticle. 
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Figure 4. ROS accumulation and ROS-scavenging enzyme activities of copper nanoparticle-

treated and water-treated maize plants under well-watered and drought conditions. (A) 

Histochemical detection of ROS accumulation of the fifth maize leaf under well-watered and at 7 

days of drought stress. The nitro blue tetrazolium (NBT) staining detected superoxide and 3,3’-

diaminobenzidine (DAB) staining detected hydrogen peroxide. Bar = 1 cm. (B) The total protein, 

and SOD and APX enzyme activity of the fifth leaf of maize under well-watered and at 7 days 

after drought stress. Data represent the mean and standard errors (n = 5). The different letters (a, 

b, c and d) indicate significant differences between treatments, which was calculated by the 

multiple range Duncan’s test (P < 0.05). Cuo, copper nanoparticle; FW, fresh weight. 
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Figure 5. Model for positive regulatory role of copper nanoparticles in response of maize to 

drought. Copper nanoparticle priming in maize results in changes in various physiological and 

biochemical processes, including maintained water status of leaves and photosynthesis pigments, 

and improvement of ROS detoxification through increasing both enzymatic and non-enzymatic 

antioxidants, which finally increased plant productivity under drought. 
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Table 1. Chlorophyll a, chlorophyll b and total chlorophyll contents of the fifth leaf of 

copper nanoparticle-treated and water-treated maize plants under well-watered and 

drought conditions. Data represent the mean and standard errors (n = 5). The different letters (a, 

b and c) indicate significant differences between groups of the same plant age, which was 

calculated by the multiple Duncan’s test (P < 0.05). Chl, chlorophyll; DAS, days after drought 

stress; DW, dry weight; Cuo, copper nanoparticles. 

 

Group Condition 
Chl a 

(mg/gDW) 

Chl b 

(mg/gDW) 

Total Chl 

(mg/gDW) 

Age of 

plants 

Water 

Well-

watered 
22.405 ± 1.13ab 6.033 ± 1.427ac 32.451 ± 1.995ab 

21 day-old 
7 DAS 15.493 ± 1.123c 2.84 ± 0.206c 20.893 ± 1.462c 

Cuo  

Well-

watered 
25.426 ± 0.931a 6.093 ± 0.762a 35.952 ± 0.832a 

7 DAS 19.577 ± 0.843b 4.521 ± 0.033ab 27.484 ± 0.988b 

Water 

Well-

watered 
20.893 ± 0.446a 5.718 ± 0.195a 30.369 ± 0.713a 

28 day-old 
14 DAS 12.226 ± 0.644c 3.219 ± 0.122b 17.623 ± 0.855c 

Cuo 

Well-

watered 
23.17 ± 1.078a 6.238 ± 0.397a 33.559 ± 1.682a 

14 DAS 18.317 ± 0.282b 4.461 ± 0.271ab 25.984 ± 0.461b 

Water 

Well-

watered 
23.637 ± 0.809a 5.749 ± 0.222a 33.521 ± 1.147a 

35 day-old 
21 DAS 9.303 ± 0.354c 2.627 ± 0.23b 13.616 ± 0.494c 

Cuo 

Well-

watered 
24.200 ± 0.72a 5.802 ± 0.397a 34.221 ± 1.204a 

21 DAS 17.529 ± 0.827b 4.953 ± 0.756ab 25.66 ± 1.629b 
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