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Sustainable food production is necessary to meet the demand of the incessantly growing human population. Phytopathogens pose a major constraint in food production, and the use of conventional fungicides to manage them is under the purview of criticism due to their numerous setbacks. In the present study, essential oil-grafted copper nanoparticles (EGC) were generated, characterized, and evaluated against the maize fungal pathogens, viz., Bipolaris maydis, Rhizoctonia solani f. sp. sasakii, Macrophomina phaseolina, Fusarium verticillioides, and Sclerotium rolfsii. The ED50 for the fungi under study ranged from 43 to 56 μg ml−1, and a significant inhibition was observed at a low dose of 20 μg ml−1 under in vitro conditions. Under net house conditions, seed treatment + foliar spray at 250 and 500 mg L−1 of EGC performed remarkably against maydis leaf blight (MLB), with reduced percent disease index (PDI) by 27.116 and 25.292%, respectively, in two Kharif seasons (May-Sep, 2021, 2022). The activity of enzymatic antioxidants, viz., β-1, 3-glucanase, PAL, POX, and PPO, and a non-enzymatic antioxidant (total phenolics) was increased in treated maize plants, indicating host defense was triggered. The optimum concentrations of EGC (250 mg L−1 and 500 mg L−1) exhibited improved physiological characteristics such as photosynthetic activity, shoot biomass, plant height, germination percentage, vigor index, and root system traits. However, higher concentrations of 1,000 mg L−1 rendered phytotoxicity, reducing growth, biomass, and copper bioaccumulation to high toxic levels, mainly in the foliar-sprayed maize leaves. In addition, EGC and copper nanoparticles (CuNPs) at 1,000 mg L−1 reduced the absorption and concentration of manganese and zinc indicating a negative correlation between Cu and Mn/Zn. Our study proposes that the CuNPs combined with EO (Clove oil) exhibit astounding synergistic efficacy against maize fungal pathogens and optimized concentrations can be used as an alternative to commercial fungicides without any serious impact on environmental health.
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1. Introduction

To meet the demand of the incessantly growing population, which will reach approximately 9.7 billion by 2050 (United Nations, 2023), sustainable agriculture must be prioritized for food and nutritional security. Maize (Zea mays L.) is a wonder cereal crop, serving as a staple food in many countries, and it is endowed with high nutritional value. In addition, maize also contains phytochemicals such as carotenoids and anthocyanins (Siyuan et al., 2018), which have an undeniable role as anti-carcinogenic, antidiabetic, antimicrobial, and anti-inflammatory. Phytosterols, rich in maize, also have myriads of health benefits, such as lowering the absorption of cholesterol (Bae et al., 2022). Furthermore, it also finds its utility in biofuel production, animal feed, forage, and chemical production. Although the versatility and adaptability of maize as a crop are unmatched, fungal diseases are major constraints in its production. Important maize diseases such as maydis leaf blight (MLB), banded leaf sheath blight (BLSB), charcoal rot, Curvularia leaf spot (CLS), Turcicum leaf blight (TLB), Fusarium stalk rot (FSR), downy mildew (DM), and southern corn rust, render yield losses of approximately 80–100% (Bruns, 2017), 11–40%, and even up to 100% under favorable condition (Izhar and Chakraborty, 2013; Gao et al., 2014), 25–32% (Krishna et al., 2013), 10–60% (Akinbode, 2010), 13–50% (Tefferi et al., 1996), 10–42% (Harlapur et al., 2002), 20–30% (Spencer and Dick, 2002), and 80–84% (Reyes, 1953), respectively. In addition to fungal diseases, bacterial stalk rot, maize dwarf mosaic, and maize rough dwarf also cause loss of up to 85% (Thind and Payak, 1985), 90% (Goldberg and Brakke, 1987), and 10–70% (Dovas et al., 2003), respectively.

The application of chemical fungicides in the field is inevitable to relieve crops from pathogenic stress and other pest attacks. However, fungicides have earned their infamy for having severe consequences. They are proven to have adverse effects on non-target organisms and the environment due to their high toxicity, non-biodegradable nature, and long residual activity (Kamal et al., 2020). Moreover, systemic fungicides lead to the development of fungicidal resistance due to their specific site of action. In addition, fungicides take a toll on the farmers due to their high cost. Hence, conventional methods need to be reoriented toward more sustainable disease management.

Nanoscience, a promising and blossoming science, finds applications in various fields, including agriculture (Sharma et al., 2021). Any material would be considered a nanoparticle and would come under the study of nanotechnology if it is within the size range of 0.1 to 100 nanometers (Harish et al., 2022). In the field of agriculture, nanoscience has contributed to the development of varieties of crops by using nanoparticles as mutagens, and the improvement of fertilizer's efficiency by using a slow release of nanomaterial-assisted fertilizers, micronutrients, and bio-fertilizers (Usman et al., 2020; El-Saadony et al., 2021). In crop protection, the delivery of pesticides by the controlled release by encapsulating in nanomaterials and directly using nanoparticles as fungicides or bactericides has found its profound utility (Jampílek and Králová, 2017). Nanoparticles (NPs) such as copper-based NPs have remarkable antimicrobial properties with high efficacy and durability due to the high surface area/volume ratio and many active sites on the surface (Crisan et al., 2021; Ermini and Voliani, 2021). In addition, NPs hold the potential for pathogen detection of various types (Khan et al., 2019; Tomer et al., 2021; Shivashakarappa et al., 2022). Essential oils are another important means of managing phytopathogens that effectively protect plants against pathogens and are considered environmentally benign. Essential oils are fragrant, volatile liquids synthesized by plants through complex metabolic pathways to protect themselves from phytopathogens (Rai et al., 2017). The significant and remarkable biological activities of essential oil against phytopathogens can be attributed to their lipophilic nature and low molecular weight, which render disruption of the cell membrane leading to cell death or inhibiting sporulation (Nazzaro et al., 2017). It contains one or two functional groups (aldehydes, esters, phenols, terpenes, phenol ethers, and alcohols) as key components which act as antimicrobial entities against a wide range of pathogens (Eze, 2016).

The combination of NPs and essential oil has been demonstrated to exhibit synergistic antimicrobial potential which can effectively incapacitate pathogens (Rai et al., 2017). For instance, silver nanoparticles (AgNPs) in combination with cinnamon, citrus, and lavang essential oil exhibited synergistic antifungal and antibacterial against Escherichia coli, Salmonella Typhimurium, Aspergillus niger, Penicillium chrysogenum, and Mucor circinelloides (Begum et al., 2022). Casein NPs combined with eugenol exhibited excellent bactericidal efficacy against Staphylococcus aureus and Bacillus sp. (Wang et al., 2021). AgNPs and oregano essential oil against different gram-positive and gram-negative bacteria showed excellent synergistic efficacy (Scandorieiro et al., 2016). In addition, thyme and cinnamon essential oil encapsulated in chitosan nanoparticles exhibited remarkable antimicrobial properties against Enterococcus sp., E. coli, Klebsiella pneumonia, and Pseudomonas aeruginosa (Barrera-Ruiz et al., 2020). Nevertheless, the efficacy of the combination of CuNPs and clove oil against phytopathogens has not been reported hitherto.

In the present study, our objective was to develop an alternative method for managing phytopathogens, focusing on maize fungal pathogens. We, therefore, developed EO-grafted CuNPs with CuNPs and EO (clove) oil as the key components which exhibited significant antifungal activity in vitro and in vivo. Furthermore, the possible roles of the combination of CuNPs and EO (clove oil), i.e., EGC, CuNPs, and EO, in triggering defense enzymatic and non-enzymatic antioxidants in maize crops were studied. In addition, various phytotoxic impacts on maize plants due to EGC, CuNPs, and EO (clove oil) have been determined.



2. Materials and methods


2.1. Synthesis of CuNPs and preparation of EO-grafted CuNPs

Copper nanoparticles were synthesized by a modified protocol (Dorjee et al., 2023). Analytical grades of copper sulfate (CuSO4), sodium borohydride (NaBH4), ascorbic acid (C6H8O6), and polyethylene glycol 8000 (PEG 8000) were employed. CuSO4 (0.1 M) solution of 100 ml and 20 ml of 0.02M PEG 8000 was mixed and stirred for over 1 h using a magnetic stirrer (Hot stirrer, REXIM RSH-1D, China). An ascorbic acid (0.5 M) of 40 ml was added, allowed to stir at 500 rpm for 30 min with heating at 100°C followed by gradual addition of 80 ml of NaBH4. The pH of the reaction was adjusted to 6.5 to 7 by adding 1N NaOH. The essential oil under study, clove oil (EO), having eugenol as the major component of the premium grade was used (Clove oil extra pure, SRL, Mumbai, India), which was supposedly grafted on synthesized CuNPs by adding 40 ml of EO (10,000 ppm) to the 200 ml of CuNPs with a constant stirring at 500 rpm for 30 min using a magnetic stirrer (Hot stirrer, REXIM RSH-1D, China). The concentration was optimized such that the stock formulation had 2,000 ppm of CuNPs and EO.



2.2. Characterization
 
2.2.1. UV-Vis spectroscopy

The optical absorption spectra of EO-grafted CuNPs were analyzed using an ultraviolet–visible spectrophotometer (Hitachi, U-3900, Version 2J2530004, Japan) with a regular interval of 0.5 nm in the range of 300 to 800 nm wavelength.



2.2.2. X-ray diffraction analysis

For the X-ray diffraction analysis, EO-grafted CuNPs were harvested by centrifuging at 12,000 rpm for 5 min and then allowing them to dry at room temperature. The powdered sample was subjected to XRD (Bruker, D2 phase, Germany) with kα radiation (λ = 1.5406 Å), accelerating voltage/scanning speed of 3° per min, an operating voltage of 30 kV, and scanning speed in the 2θ range of 30 to 80°. Furthermore, the average particle size was evaluated by using the formula given by Scherrer.
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where D is the size of the particle, K is the Scherrer's constant also known as dimensionless shape factor (K = 0.94), λ is the wavelength of the x-ray (1.5406 Å), β is full width at half maximum (FWHM) of the diffraction peak (calculated by using Origin pro, 2023), and θ is the angle of the diffraction or Bragg angle (Patterson, 1939). The d-spacing value was calculated by using Bragg's equation.
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where d is the spacing between diffracting planes, n is an integer, λ is the beam wavelength, and θ is the incident angle. Subsequently, the crystal structure was determined by using Panalytical X'Pert High Score software.



2.2.3. Dynamic light scattering and zeta potential analysis

The hydrodynamic size, particle size distribution, polydispersity index, and zeta potential to ascertain the stability of EGC were determined using the Zetasizer Nano series (Malvern Panalytical, UK). A suspension of EGC was ensured for its homogeneity, and the instrument was adjusted for laser and detector settings as per the manufacturer's instructions. The sample was sonicated for 20 min and transferred to a cuvette or sample cell, ensuring the sample was free of air bubbles and was placed in the instruments keeping the temperature at 25°C and backscatter angle at 173 degrees. The data were collected and further interpreted.



2.2.4. Transmission electron microscopy

To determine the morphology of CuNPs, TEM (Jeol 1011 100 kV, Japan) was employed. A 40-min sonicated sample was placed on a 400-mesh carbon-coated copper grid and then stained with 2% uranyl acetate. Before the observation, the sample was left at room temperature for drying for 1 h. Furthermore, the average particle size was calculated by using “ImageJ and Origin Pro, 2023” software.



2.2.5. Fourier transform infrared spectroscopy

The synthesized EO-grafted CuNPs were subjected to FTIR spectroscopy (Bruker, Tensor 37, Germany) to determine the functional groups present in the formulation. The sample preparation involved the addition of 100 mg of spectral-grade KBr to the sample followed by pressing under the high pressure of 6,000 kg cm−2 for about 2 min resulting in a translucent KBr pellet which was subjected to FTIR analysis. In total, 32 scans were made and the spectra of the sample were collected at a resolution and wave-number accuracy of 4 and 0.01 cm−1, respectively.



2.2.6. Gas chromatography–mass spectrometry of essential oil-grafted CuNPs

The impact of CuNPs on EO (clove oil) was studied using GC-MS (Agilent Technologies, 8010C GC, USA) outfitted with an HP-5MS column (30 m × 0.25 mm; 0.25 mm) (Agilent Co., USA) coupled to a triple axis HED-EM 5975C mass spectrometer. Flow mode in split control was used to inject a volume of 2 μL at a ratio of 1:10. At a head pressure of 7.5 psi, the carrier gas flow was set at 0.75 mL min−1 helium (High purity >99.99%, New Delhi, India). The oven's temperature was initially set at 40°C for 1 min and then was raised with a gradient of 3°C min−1 to reach 60°C and held for 2 min. Furthermore, a 5°C min−1 gradient was used to bring the temperature to 220°C. Finally, the temperature increased to 300°C with an increment of 10°C min−1. The MS acquisition parameters were as follows: transfer line temperature 250°C, ion source 200°C, electron ionization 70 eV, full scan mode (50–550 mass units), and E.M voltage 1,220 V. The scan time was 1 s, and the compounds were identified by matching their respective mass spectra with the reference from the NIST (National Institute of Standards and Technologies) Mass Spectra Library.




2.3. Determination of antifungal activity in vitro

The efficacy of EGC in vitro was evaluated against five important maize fungal pathogens. Bipolaris maydis and Rhizoctonia solani f. sp. sasakii were isolated from the previously grown infected maize plant. Morpho-cultural identification was done and submitted to Indian Type Culture Collection, ICAR-IARI, New Delhi, with accession No. 9243 and 9244, respectively. Macrophomina phaseolina and Fusarium verticillioides were obtained from Maize Pathology Laboratory. Sclerotium rolfsii (Accession No. 8383) was received from Indian Type Culture Collection, ICAR-IARI, New Delhi. The poisoned food technique was used (Nene and Thapliyal, 1979) to evaluate the different concentrations of EGC. Except for B. maydis, potato dextrose agar (PDA) was used as a growth media containing 20% meshed potato, 2% dextrose, and 2% agar (bacterial grade, SRL). For B. maydis, healthy maize leaf extract was used, added with 2% sucrose and 2% agar (Bacterial grade, SRL). The media were sterilized by using an autoclave at 15 psi, 121°C for 20 min. The activity was carried out in a UV-sterilized laminar airflow cabinet. To the media, EGC of different concentrations from 20 to 140 μg ml−1 was added using a pipette. Media was poured into sterilized Petri plates, allowed to solidify, and inoculated with a mycelial disk of 5 mm using a flame-sterilized inoculation loop, and then, the plates were sealed with parafilm strip. Incubation of the fungi under study was done at 28 ± 2°C with a relative humidity of 60 ± 5%. Commercial fungicides (carbendazim 50% WP, hexaconazole 5% EC, and mancozeb 45% WP), CuNPs, and EO (clove oil) at 100 and 200 μg ml−1 were used for comparison. The radial growth was measured after the control plate attained full growth, and the inhibition percentage was calculated using the Vincent (1947) formula.
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where I is the percent inhibition, C is radial growth/diameter in control (cm), and T is radial growth/diameter in treatment (cm).



2.4. Determination of ED50 value

The ED50, i.e., the median effective dose of the EGC, was determined by using a series of different concentrations (20–140 ug ml−1). Percent inhibition was calculated which was further used to calculate “corrected percent inhibition (CPI)” by the formula described by Abbott.
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where IP is the percent inhibition (%), and CF is the correction factor calculated using the equation,

[image: image]

where D is the diameter (cm) of the Petri plates, and CM is the mean diameter (cm) of fungal growth in control. Using the CPI data, probit analysis was carried out for their corresponding test concentrations and ED50 values in terms of μg ml−1 were computed using a statistical package for social sciences (SPSS version 16).



2.5. Determination of antifungal activity in vivo (net house)

The efficacy of the EGC was evaluated during the Kharif season (May–Sep) of 2021 and 2022 against the maydis leaf blight (MLB) disease caused by Bipolaris maydis. A susceptible variety of maize CM-119 was used for the study. A plot size of 14 × 7 m was used following appropriate agronomic practices. The spacing of 0.6 × 0.15 m (row × plant) was maintained with each row sown with eight maize plants. In total, 18 treatments including different combinations of EGC at 250, 500, and 1,000 mg L−1 viz., seed treatment (ST), foliar spray (FS), seed treatment + foliar spray (ST+FS), negative control (only pathogen inoculated), absolute control (water spray), and commercial fungicides (Mancozeb 75% WP @ 2,000 mg L−1) with three replications in randomized block design (RBD) were studied. Sorghum seeds were used to prepare inoculum by overnight soaking, further sterilized for 3 consecutive days at 121°C, 15 lbs for 30 min. Three to four mycelia disks from the actively growing culture plate were dropped in the flasks followed by incubation at 28°C for 8 days. For uniform growth, periodic shaking was given. Completely grown fungus on seeds was subjected to air-drying for 4–5 days at room temperature and then ground to powder using a grinder machine. For the final use, the inoculum was mixed with sorghum seed ground powder in a 1:1 ratio. Whorl Inoculation (Payak and Sharma, 1983) was done on 35-day-old maize plants (stage 5 of maize growth stages) using 5 g of inoculum. Five days after inoculation (DAI), EGC at predetermined concentrations and Mancozeb 75% WP at recommended dose were sprayed on the plants. Disease scoring was performed two times on the 20th and 30th DAI using a modified 1–9 scale (Supplementary Table 1) adopted in the All India Coordinated Maize Improvement Project (AICMIP), 2016. The percent disease index (PDI)/severity was calculated by using the formula given by Mckinney (1923).
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2.6. Biochemical study of enzymatic antioxidant

Maize leave samples were collected at five-time points after spraying (at 0, 24, 48, 72, and 96 h). The leaves were cut with sterilized scissors and froze immediately in liquid nitrogen and preserved at −80°C for further use. All the biochemical studies were carried out at 4°C.


2.6.1. Peroxidase assay

POX activity was determined using guaiacol as a substrate. Standard protocol was followed (Castillo et al., 1984; Sarker and Oba, 2018) with required modifications elaborated in the Supplementary material. Enzyme activity was calculated as per the extinction coefficient from its oxidation product, i.e., tetra-guaiacol (€ = 26.6 mM−1cm−1), and expressed in terms of μM min−1g−1 fresh weight (FW).

[image: image]

where ΔAbs is the change in absorbance, Δt is the time of incubation (min), and € is the extinction coefficient.



2.6.2. Polyphenol oxidase assay

The standard protocol described in the Supplementary material was followed to determine PPO activity (Mayer et al., 1966; Ashajyothi et al., 2020). PPO activity was ascertained by measuring the rate of quinone formation at 420 nm which increases over time. PPO activity was worked out as per the extinction coefficient from its oxidation product, pyrogallol (€ = 2.8 M−1 cm−1), and expressed in μM min−1 g−1 FW and was defined as the amount of enzyme that oxidized 1 μ mol of substrate min−1.
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where ΔAbs is the change in absorbance, Δt is the time of incubation (min), and € is the extinction coefficient.



2.6.3. β-1, 3-glucanase assay

The effect of EGC on β-1, 3-glucanase activity was ascertained by following Abeles and Forrence (1970) method with slight modifications detailed in the Supplementary material. The activity was determined by using an equation derived from the D-glucose standard curve (Supplementary Figure 1) and expressed as μ mol g−1 FW. The equation for the assay is as follows:

[image: image]

where y is the absorbance, and x is the concentration calculated.



2.6.4. Phenylalanine ammonia-lyase assay

To determine the effect of EGC on PAL activity, a standard method proposed by Aebi (1984) with requisite modifications was adopted using L-phenylalanine as a substrate. A detail of the protocol is given in the Supplementary material. The activity of PAL was calculated by using a standard curve of trans-cinnamic (Supplementary Figure 2) and expressed in terms of μg g−1 FW. The derived equation used for the calculation of PAL activity is given below.
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where y is the absorbance, and x is the concentration calculated.




2.7. Determination of total phenolic content (non-enzymatic antioxidant)

The total phenolic content and its change upon treatment were determined following the protocol given by Ainsworth and Gillespie (2007) with requisite modification as described in the Supplementary material. Folin–Ciocalteu (FC) reagent was used for total phenol estimation using gallic acid as a standard (Ainsworth and Gillespie, 2007; Sarker and Oba, 2018). The standard curve graph (Supplementary Figure 3) was prepared using standard gallic acid prepared by mixing it in methanol, and the total phenol concentration was calculated using the regression equation derived from the standard graph. The final result was expressed as μg gallic acid equivalent (GAE) g−1 FW. The total phenol concentration (TPC) was calculated by using the following formula:

[image: image]

where Y is the calibrated TPC (μg ml−1) equivalent to the gallic acid standard. Y was calculated using the following formula:

[image: image]

where TVE is the total volume of enzyme extract, EE is the enzyme extract used for the assay, and x was calculated using the equation derived from the standard curve graph.
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where y and x indicate absorbance and concentration, respectively.



2.8. Phytotoxic studies
 
2.8.1. Determination of physiological parameters of maize under EGC influence

A pot study was carried out to determine the effect of EGC on the maize plants (CM-119). Seeds were treated with different concentrations (six treatments) and each pot (Top radius = 12 cm, Base radius = 9, Height = 37 cm) was sown with seven seeds. A total of three replicated pots were maintained. Shoot length, root length, shoot biomass, root biomass, and the root–shoot ratio were measured as 35 DAS (days after sowing). Germination percentage and vigor index were calculated by using the following formula (Ali et al., 2021):

[image: image]

For the root study, the roots were gently removed from the pots and dipped in running water and washed 2–3 times to achieve clean roots. The roots were stored at 4°C for further root system traits studies. The roots were scanned and analyzed to determine root morphological traits, viz., root length, root volume, and average diameter using WinRHIZO professional software (LA2400, Regent instrument, Quebec, Canada). The roots were then oven-dried at 65 ± 5°C for 72 h and weighed using an electronic balance (Sartorius, Germany) to determine the root biomass. Furthermore, the root length density was calculated by dividing the root length by soil volume (12,903 cm3) (Zhiipao et al., 2023).



2.8.2. Histological observation

To ascertain the effect of EGC on guard cells of stomata, a histological assessment was performed using light microscopy (Olympus microscope connected to CMOS HDMI Truechrome HD, Radical, Japan). Leaf samples were collected 5 days after spraying from those lines which were seed-treated before sowing with different concentrations viz., 250, 500, and 1,000 mg L−1. The leaf was cut into small pieces of 5 × 5 mm and dipped into a solution containing glacial acetic acid and absolute alcohol in a ratio of 1:1 overnight followed by incubation at 25 ± 2°C for 2 days. Furthermore, the leaf samples were observed under the microscope for anomalies or distortions rendered by EGC.



2.8.3. Determination of effects of EO-grafted CuNPs on photosynthetic pigments

The chlorophyll contents (chlorophyll a, b, and total chlorophyll) of maize leaves exposed to EGC in the net house condition were estimated by using the dimethyl sulfoxide (DMSO) method (Hiscox and Israelstam, 1979; Barnes et al., 1992). Fully exposed and matured leaves (5th leaves from the ground) were collected and rinsed with sterile water. A sample of 0.5 g was weighed and immediately immersed in 10 ml of DMSO followed by incubation in a hot air oven (80°C) for 4 h. After the complete digestion, 1 ml of the extract was diluted with 5 ml DMSO, and the absorbance was documented using a spectrophotometer (Hitachi, U-3900, Version 2J2530004, Japan) at 645 and 663 nm wavelengths keeping DMSO as a blank. The chlorophyll content was calculated by using Arnon (1949) formula.
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where OD is the absorbance, V is the volume of DMSO used for the extraction of pigments, DF is the dilution factor, and W is the weight of the sample (g). The chlorophyll content was expressed in terms of mg g−1 FW.

The same extract was used for the estimation of carotenoid content under EGC stress (Kirk and Allen, 1965). The spectrophotometer reading (Hitachi, U-3900, Version 2J2530004, Japan) was recorded at 480 nm, and the carotenoid content was calculated using the following formula and expressed in terms of μg g−1 FW.
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where OD is the absorbance recorded at 480, 663, and 645 nm.



2.8.4. Estimation of bioaccumulation of copper in maize leaves

The di-acid digestion method was used to determine the bioaccumulation of Cu in the maize leaves exposed to different treatments (net house condition) to ascertain whether the accumulation of Cu reaches to a phytotoxic level. The sample was collected 5 days after spraying, properly cleaned with deionized water, and dried to a constant weight. A 0.2 g of sample was immersed in concentrated HNO3 (10 ml) and left for 7–8 h for pre-digestion. Furthermore, in an acid-proof chamber, 10 and 2 ml of HNO3 and HClO4, respectively, were added followed by heating the Erlenmeyer flask on a hot plate for 1 h at 100°C and then raised the temperature to 200°C until the content turned colorless with white dense fumes. After the digestion, 30 ml of double-distilled H2O was added and filtered through Whatman No. 42 filter paper, and the volume was adjusted to 100 ml. The filtrate was subjected to atomic absorption spectroscopy (AAS) (Mortras Scientific, ADS1000 FSX, India), and the concentration of Cu in the maize leaves was calculated using the formula given below (Monni et al., 2000).
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where DF is the dilution factor and W is the plant dry weight in g. The concentration of copper was expressed in terms of mg kg−1 dry weight (DW).




2.9. Statistical analysis

Experiments conducted in the present study were repeated twice. Complete randomized design (CRD) was used for in vitro (lab experiments) and in vivo (net house) experiment which was conducted by following randomized block design (RBD) with three replications. Statistical analysis of the data generated in the experiments was performed by following the procedure of SAS 9.4 (SAS Institute, 2003, Cary, NC). The significant difference between the treatments mean was determined by the Tukey HSD test (p ≤ 0.5) after analysis of variance (ANOVA) (Gomez and Gomez, 1984), and data in percentage were angular-transformed.




3. Result


3.1. Synthesis and characterization of EO-grafted CuNPs

The addition of a reducing agent, ascorbic acid (C6H8O6), and sodium borohydride (NaBH4) led to the color change from blue to green and later to reddish yellow, respectively, indicating a reduction in particle size. For EGC, UV–visible spectra were recorded using the scanning mode in the range of 300–800 nm which revealed an absorption peak at 566 nm (Figure 1A). XRD analysis was carried out to ascertain the crystalline nature and size of synthesized EO-grafted CuNPs (Holder and Schaak, 2019). The X-ray data were recorded in the 2θ values range of 30° to 80°. The diffraction peaks were recorded at 43.299°, 50.437°, and 74.139° which correspond to miller indices (hkl) 111, 200, and 220, respectively, indicating face-cubic structure (FCC) of EGC (Figure 1B). The d-spacing value was found to be 2.039, 1.750, and 1.191 Å, respectively, which was calculated using the 2θ value achieved from the raw data. By employing the Scherrer formula, the average size of crystallite particles was found to be 29.208 nm (Supplementary Table 2). DLS studies revealed an average particle size of 91.28 nm with a polydispersity index of 1 (Figure 1C). The zeta potential, i.e., the surface charge of particles, was found to be −21.5 mV (Figure 1D).


[image: Figure 1]
FIGURE 1
 UV-Vis spectrum (A), X-ray diffraction pattern (B), DLS image exhibiting hydrodynamic size distribution (C), and zeta potential (D) of synthesized essential oil-grafted CuNPs.


TEM analysis was carried out for three different samples, viz., CuNPs, EGC, and CuSO4. TEM analysis measured spherical CuNPs of size 25–90 nm (average size = 30.539 nm) (Figure 2A) on a carbon grid, whereas grafting with essential oil led to some extent of agglomeration with spherical nanoparticles of size ranging from 23 to 85 nm (average size = 38.478 nm) (Figure 2B). For comparison, TEM analysis of the CuSO4 solution was done, which revealed an average particle size of >180 nm (Figure 2C). FTIR spectra showed significant peaks at 3,737, 2,918, 1,417, 1,619, 1,684, 1,753, 1,095, 2,323, and 2,011 cm−1. The IR spectra also revealed a shift of peaks at 3,021, 1,516, and 1,355 cm−1 (Figure 3). Gas chromatography–mass spectrometry (GC-MS) revealed the presence of 69.66% of eugenol in a sample containing CuNPs + EO (Clove oil) (Figure 4B) which was comparable to 72.40% eugenol present in the sample with only EO (Clove oil) (Figure 4A) indicating the main constituents, i.e., eugenol remains intact in the presence of metal nanoparticles. Since DMSO was used to dissolve the EO, its presence was observed in the proportion of 4.23 and 3.95%, respectively. Apart from aforesaid constituents, trans-caryophyllene and α-caryophyllene were also detected (Table 1).
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FIGURE 2
 TEM image and size distribution of CuNPs (A), essential oil-grafted CuNPs (B), and CuSO4 (C) at 50000X magnification.
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FIGURE 3
 Fourier transform infrared spectroscopy spectrum of essential oil-grafted CuNPs.
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FIGURE 4
 Chromatogram of EO (clove oil) (A) and EO+CuNPs (B) at 2,000 μg ml−1 indicating no adverse effect of CuNPs on EO.



TABLE 1 GC-MS analysis of EO and CuNPs+ EO.
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3.2. In vitro efficacy of EO-grafted CuNPs on maize fungal pathogens

Significant inhibition was achieved against the five different fungi at a concentration of 20 μg ml−1, and complete inhibition was observed at 100 μg ml−1 for the fungi under study (p ≤ 0.01) (Figures 5, 6; Supplementary Tables 3, 4). In the case of B. maydis, the result indicated a synergistic effect of EGC (containing CuNPs+EO), and it performed better than mancozeb 75% WP at 100 μg ml−1 (Figures 5A, 6A; Supplementary Table 3). Similarly, for the other three fungi, viz., R. solani. f. sp. sasakii, M. phaseolina, and F. verticillioides, a synergistic effect was also observed and the inhibition at 100 μg ml−1 EGC was significantly higher than that of carbendazim used at the same concentration (p ≤ 0.01). In the case of R. solani. f. sp. sasakii, EGC at 60 μg ml−1 performed better than the 100 μg ml−1 of carbendazim (Figures 5B, 6B; Supplementary Table 3). At higher concentrations (80 μg ml−1), a change in the morphology and color was observed in F. verticillioides (Figures 5C, 6C). Complete inhibition of radial growth was observed at 140 μg ml−1 for S. roflsii. However, an EGC concentration of 120 μg ml−1 was at par with 100 μg ml−1 of hexaconazole (Figures 5E, 6E; Supplementary Table 4). Since DMSO and Tween-80 were used to dissolve the EO, based on the final concentration added to media for bioassay of aforesaid compounds, 1,000 μg ml−1 of each was used to ascertain its effect. Both the compounds did not exhibit an inhibitory effect at the concentration studied against the fungi.
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FIGURE 5
 Concentration-dependent radial growth reduction in Bipolaris maydis (A), Rhizoctonia solani f.sp. sasakii (B), Fusarium verticillioides (C), Macrophomina phaseolina (D), and Sclerotium rolfsii (E) in vitro exposed to essential oil-grafted CuNPs.
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FIGURE 6
 In vitro efficacy of essential oil-grafted CuNPs on Bipolaris maydis (A), Rhizoctonia solani f.sp. sasakii (B), Fusarium verticillioides (C), Macrophomina phaseolina (D), and Sclerotium rolfsii (E) in vitro exposed to EGC. Data (mean ± standard errors) with different letters are significant in each graph (Tukey, HSD, p ≤ 0.01). EGC, essential oil-grafted CuNPs; CuNPs, copper nanoparticles; EO, essential oil (clove oil); fungicides, mancozeb 75% WP against B. maydis, carbendazim 50% WP against R. solani f.sp. sasakii, F. verticillioides, and M. phaseolina, and hexaconazole 5% SC against S. roflsii.




3.3. ED50 value of EO-grafted CuNPs

The probit analysis was performed to determine the effective dose causing 50% inhibition (ED50) by EGC against five different important maize pathogens. For B. maydis and R. solani f.sp. sasakii, ED50 was perceived as 46.900 and 43.208 μg ml−1, respectively. In the case of F. verticillioides, S. roflsii, and M. phaseolina, ED50 was found as 51.003, 55.096, and 56.499 μg ml−1, respectively (Table 2).


TABLE 2 ED50 estimated by probit analysis for essential oil-grafted CuNPs.
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3.4. In vivo efficacy of EO-grafted CuNPs against maydis leaf blight

In vivo data were recorded two times, namely 20 and 30 DAI in two different Kharif seasons (May–September) of 2021 and 2022 (Supplementary Tables 5, 6). All the maize plants were inoculated with B. maydis inoculum 35 DAS except for absolute control. Out of ten seed treatments (ST), five were complemented with foliar spray (FS) five DAI. Among the different treatments under study, ST+FS (EGC) at 1,000 mg L−1 performed best with the least PDI of 20.635 and 23.544% in the 1st and 2nd scoring, respectively (Figure 7; Table 3). However, a concentration of 1,000 mg L−1 either as spray or seed treatment resulted in phytotoxicity. Moreover, the ST of EGC and EO (clove oil) at 1,000 mg L−1 compromised the germination and growth of the plant. Other combinations of EGC also rendered significantly less PDI as compared to the negative control (64.550% and 68.519% in the 1st and 2nd scoring, respectively) (p ≤ 0.05) (Figure 7; Table 3). Seed treatment at 250 and 500 mg L−1 showed satisfactory results with less PDI in both the 1st and 2nd scoring. Nevertheless, ST (EGC) or FS (EGC) at 250 and 500 mg L−1 were at par statistically (p ≤ 0.05). FS of EGC led to slightly higher PDI as compared to the seed-treated lines in both scorings. PDI in maize plants treated with ST+FS (EGC) at 250 and 500 mg L−1 was significantly less, and comparatively, ST+FS (EGC) at 500 mg L−1 performed better. As compared to mancozeb 75% WP sprayed at 2,000 mg L−1, the PDI of plants treated with ST+FS (EGC) at 250, 500, and 1,000 mg L−1, ST (EGC) at 250 and 500 mg L−1, and FS (EGC) at 1,000 mg L−1 was significantly lower proving the better performance over the commercial fungicides (p ≤ 0.05). CuNPs in combination with EO exhibited a synergistic effect, yet EO alone was feeble in reducing the PDI. Nonetheless, the PDI in maize plants treated with EO was comparatively less as compared to the negative (p ≤ 0.05). In all the treatments, the increase in the PDI between two scoring with 10 days gap was only 5–7%, but in the case of negative control, a drastic increase in the PDI was observed (Table 3).
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FIGURE 7
 Maydis leaf blight (MLB) symptoms on artificially inoculated maize plants exposed to different treatments. EGC, essential oil-grafted CuNPs; CuNPs, copper nanoparticles; EO, essential oil (Clove oil); Manc, mancozeb 75% WP; ST, seed treatment; FS, foliar spray; negative control, only pathogen inoculated.



TABLE 3 In vivo efficacy (Net house) of EO-grafted CuNPs against maydis leaf blight of maize.
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3.5. Biochemical responses to EO-grafted CuNPs
 
3.5.1. Enzymatic antioxidants

Considering the high phytotoxicity of EGC and CuNPs at 1,000 mg L−1 and the observed detrimental effect of EO at 1,000 mg L−1 on germination and other growth parameters, the aforesaid treatments were not taken for biochemical studies.

The β-1, 3-glucanase enzyme showed an increase in activity till 48 h, and then, it decreased over the next two time points (Figure 8A; Supplementary Table 7). ST+FS (EGC) at 500 mg L−1 exhibited a significant increase in the activity of 45.250% (p ≤ 0.05) as compared to the control (Figure 8A; Supplementary Table 7). Overall, the foliar spray combined with seed treatment of EGC resulted in the highest activity followed by foliar spray and seed treatment. Unexpectedly, Mancozeb at 2,000 mg L−1 also rendered an increase of 12.014% as compared to the control. The negative control also exhibited an increase, however, statistically, it was at par with the other treatments namely ST (EGC) at 500, FS (EGC) at 250 and 500, and ST+FS (EGC) at 250 mg L−1 (p ≤ 0.05) (Figure 8A; Supplementary Table 7).
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FIGURE 8
 Box plot graphic representations of the effect of different treatments on enzymatic antioxidants viz., β-1, 3-glucanase (A), phenylalanine ammonia-lyase (B), peroxidase (C), polyphenol oxidase (D), and non-enzymatic antioxidant (total phenols) (E) in maize leaves. Horizontal lines within each box denote the median value (diamond within each box represents the average value), the lower and upper edges of the box represent the 25th and 75th percentile, whiskers denote the upper and lower ranges, and dots outside the box represent outliers; EGC, essential oil-grafted CuNPs; CuNPs, copper nanoparticles; EO, essential oil (clove oil); Manc, mancozeb 75% WP; ST, seed treatment; FS, foliar spray; negative control, only pathogen inoculate.


The PAL enzyme did not follow a definite trend over time; however, an increase in the activity at 72 h and an abrupt decrease thereafter was observed (Figure 8B; Supplementary Table 8). The highest PAL activity was observed with ST+FS (EGC) at 250 mg L−1, significantly higher by 67.862% as compared to the control (p ≤ 0.05) (Figure 8B; Supplementary Table 8). At 0 h, ST (EGC) at 250 and 500 mg L−1 resulted in significantly high activity, which decreased thereafter (Figure 8B). As compared to the control, mancozeb at 2,000 mg L−1 had an increment of 22.883% (Supplementary Table 8). In the negative control, the increase in the activity was apparently high as compared to the control; nevertheless, the increase was significantly less as compared to the EGC treatments.

The POX enzyme activity was seen increasing up to 48 h and then followed a decreasing trend (Figure 8C; Supplementary Table 9). Maize plants treated with ST+FS (EGC) at 250 mg L−1 resulted in a significantly high activity of 59.447% (p ≤ 0.05) as compared to the control (0.010) and other treatments (24.929–64.241%) (Figure 8C; Supplementary Table 9). ST+FS (EGC) at 500 mg L−1 resulted in a drastic decrease in the POX activity over time, and the mean decrease was 18.081% compared to the control. It was observed that the lower concentration of 250 mg L−1, either ST or FS or ST+ST, rendered higher activity (Figure 8C). An increase in activity in the negative control was comparatively low as compared to the EGC treatments.

Similar to the β-1, 3-glucanase enzyme, a definite trend in the increase over time was observed in the case of PPO, which increased till 48 h and then decreased thereafter (Figure 8D; Supplementary Table 10). The highest PPO activity was observed with ST (EGC) at 250 mg L−1 with an increase of 22.939% over control (Figure 8D; Supplementary Table 10). However, other treatments of EGC were at par with ST (EGC) at 250 mg L−1, except for FS (EGC) at 500 mg L−1, which was at par with the control. The activity in the negative control was also at par with EGC treatments (Supplementary Table 10).



3.5.2. Non-enzymatic antioxidants

Total phenolics in terms of μg GAE g−1 FW were significantly high in maize leaves treated with ST+FS (EGC) at 250 mg L−1, by an increase of 53.248% as compared to the control (p ≤ 0.05) (Figure 8E; Supplementary Table 11). Overall, the content increased up to 48 h and then declined eventually (Supplementary Table 11). In general, the total phenolic content in the EGC-treated maize leaves was significantly higher than the negative control (p ≤ 0.05) (Figure 8E; Supplementary Table 11).




3.6. Phytotoxic studies
 
3.6.1. Physiological parameters

A pot experiment was conducted to determine the effect of EGC on different physiological parameters (Figure 9A). Germination percentage was significantly reduced due to EO at 1,000 mg L−1 (47.619%) followed by ST (EGC) at 1,000 mg L−1 (66.667%) and CuNPs at 1,000 mg L−1 (80.952%) (p ≤ 0.05). Among the treatments, ST (EGC) at 250 mg L−1 resulted in 100% germination which was significantly higher than the control (95.238%) (p ≤ 0.05) (Figure 9I; Supplementary Table 12).
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FIGURE 9
 Visible effect of different treatments on shoot and root of maize (A) and concentration-dependent effect of different treatments on root length (B), root length density (C), root volume (D), average diameter (E), root biomass (F), shoot biomass (G), root–shoot ratio (H), germination percentage (I), and vigor index (J) exposed to EO-grafted CuNPs and grown in a pot. Data (mean ± standard errors) on the y-axis with different letters are significantly different in each graph (Tukey HSD, p ≤ 0.05). Data documented 35 DAS. Treatment used for 1st, 2nd, 3rd, 4th, 5th, and 6th pots are ST (EGC) @250 mg L−1, ST (EGC) @500 mg L−1, ST (EGC)@ 1,000 mg L−1, ST (CuNPs)@ 1,000 mg L−1, and ST (EO) @ 1,000 mg L−1, respectively. ST, seed treatment; EGC, essential oil-grafted CuNPs; CuNPs, copper nanoparticles; EO, essential (clove oil).


Vigor index was perceived as significantly high in ST (EGC) at 500 mg L−1 (p ≤ 0.05). ST (EGC) at 250 mg L−1 also resulted in a significantly high vigor index (9,690.223) as compared to the control (8,799.206) (p ≤ 0.05). The least significant vigor index (2,366.984) was observed in plants treated with ST (EO) at 1,000 mg L−1. ST (EGC) at 1,000 mg L−1 also caused a reduction in the vigor index (4,787.143) (Figure 9J; Supplementary Table 12).

WinRHIZO professional software (LA2400, Regent instrument, Quebec, Canada) was used to determine the effect of treatments on root length, root length density, root volume, and average diameter of the roots (Supplementary Figure 4). ST (EGC) at 500 mg L−1 resulted in a significant increase in root length (63.896 m), root length density (0.495 cm cm−1), root volume (13.167 cm3), and average diameter (0.524 mm) of the roots (p ≤ 0.05) (Figures 9B–E; Supplementary Table 12). ST (EGC) at 250 mg L−1 also led to a significant increase in all the root parameters under study as compared to the control; however, the increase was insignificant in concern to the average diameter. The treatment ST (EO) at 1,000 mg L−1 rendered a significant decrease in all the root parameters under study viz., root length, root length density, root volume, and average diameter by 15.240, 15.240, 36.824, and 1.576%, respectively.

Dry shoot and root biomass per plant were found significantly the highest in the ST (EGC) at 500 mg L−1, a percentage increase of 27.217 and 37.418%, respectively (p ≤ 0.05). ST (EGC) at 250 mg L−1 rendered an increase in biomass of shoot and root by 22.684 and 34.301%, respectively, as compared to the control (Figures 9F, G; Supplementary Table 12). However, higher concentrations of ST (EGC) at 1,000 mg L−1 led to a reduction in the biomass of shoot and root by 17.535 and 54.749%, respectively. Furthermore, ST (EO) at 1,000 mg L−1 resulted in a significant reduction in the biomass of shoot and root by 51.862 and 79.834%, respectively (p ≤ 0.05). Regarding the root–shoot ratio, ST (EGC) at 250 mg L−1 and ST (EGC) at 500 mg L−1 rendered an increase of 15.657 and 14.165%, respectively, as compared to the control (Figure 9H; Supplementary Table 12). On the contrary, ST (EO) resulted in a drastic decrease in a root–shoot ratio by 58.196% followed by (EGC) at 1,000 mg L−1 and ST (CuNPs) at 1,000 mg L−1, a decrease of 45.164 and 9.774%, respectively.



3.6.2. Histological studies

Histological studies of leave tissues, in particular, the stomata and its guard cell, provided a better insight into the effect of EGC, CuNPs, EO, and mancozeb on the maize plant. Microscopy revealed a slight and high distortion/damage to guard cells at the concentration of 500 and 1,000 mg L−1, respectively, due to EGC used as a seed treatment+foliar spray (Figure 10). Moreover, FS+ST of EGC at 1,000 mg L−1 resulted in a considerable reduction in the size of guard cells to 81 × 62 μm compared to the control (116 × 64 μm). FS+ST (EGC) at 250 mgL−1 did not cause any distortion; also, shape and size remained the same as the control, i.e., 116 × 64 μm. FS+ST of CuNPs at 1,000 mg L−1 also damaged the guard cells to a large extent and reduced the size of guard cells to 96 × 72 μm. No significant damage or shrinkage of guard cells was observed in the case of FS+ST treatments of EO and mancozeb 75% WP at the rate of 1,000 and 2,000 mgL−1, respectively (Figure 10).


[image: Figure 10]
FIGURE 10
 Effect of different treatments on guard cells of stomata of maize 2 days after spray which were seed-treated before sowing, observed under light microscope at 40X and 100X. FS, foliar spray; ST, seed treatment; EGC, essential oil-grafted CuNPs; CuNPs, copper nanoparticles; EO, essential oil (clove oil).




3.6.3. Photosynthetic pigments

Photosynthetic pigments are important indicators of stress (MacFarlane and Burchett, 2001; Chaves et al., 2009). The chlorophyll “a” (Chl a) significantly increased in maize plants treated with ST (EGC) at 250 mg L−1 (2.264 mg g−1 FW) and ST+FS (EGC) at 500 mg L−1 (2.232 mg g−1 FW) as compared to the control (1.930 mg g−1 FW) (p ≤ 0.05) (Figure 11A, Supplementary Table 13). However, a higher concentration of 1,000 mg L−1 of EGC, CuNPs, and EO resulted in a significant reduction in Chl a content, ST+FS (EGC) at 1,000 mg L−1 causing the extreme reduction of 50.722% compared to control. As expected, in the negative control (plant inoculated with pathogen only), the content was less, however, statistically (p ≤ 0.05) at par with the control. In the case of chlorophyll ‘b' (Chl b), ST (EGC), and ST+FS (EGC) at 250 mg L−1 led to an increase of 5.729 and 10.0119%, respectively (Figure 11A, Supplementary Table 13). In addition, ST (CuNPs) at 1,000 mg L−1 resulted in the increase in Chl b content by 2.589%. Intriguingly, ST (EO) at 1,000 mg L−1 and ST+FS (EO) at 1,000 mg L−1 also rendered an increase in Chl b content. The rest of the treatments rendered a decrease in Chl b content, ST+FS (EGC) at 1,000 mg L−1 causing the highest decrease of 81.456%. Total chlorophyll content was found increased in the treatments viz., ST (EGC) at 250 mg L−1 (2.790 mg g−1 FW) and ST+FS at 250 mg L−1 (2.636 mg g−1 FW) by 13.059 and 7.991%, respectively, where the former being significantly high as compared to the control (p ≤ 0.05) (Figure 11A, Supplementary Table 13). Other treatments under study resulted in a significant decrease in total Chlorophyll, and the decrease due to ST+FS (EGC) at 1,000 mg L−1 was the highest. Concerning mancozeb 75% WP treatment at 2,000 mg L−1, an insignificant increase of 4.514 and 0.641% was perceived in Chl b and total chlorophyll content, respectively, and a decrease of 0.386% in Chl a.
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FIGURE 11
 Effect of different treatments and their concentrations on photosynthetic pigments viz., chlorophyll a, b, and total chlorophyll (A) and total carotenoids (B). The data are the mean of four replications. Data (mean ± standard errors) with different letters are significantly different in each graph (Tukey HSD, p ≤ 0.05), and “ns” represents no significant difference between the treatments.


No significant change was observed in total carotenoids due to the treatments. However, a relatively higher carotenoid content of 0.706 μg g−1 FW was discerned in the plant treated with ST (EGC) at 250 mg L−1. The lowest total carotenoid content was found in the plant treated with ST+FS (EGC) at 1,000 mgL−1 (0.345 μg g−1 FW) (Figure 11B, Supplementary Table 13).



3.6.4. Bioaccumulation of copper in maize leaves and its effect on zinc and manganese

The copper concentrations in maize leaves treated with ST+FS (CuNPs), ST+FS (EGC), and FS (EGC) FS (CuNPs) at 1,000 mg L−1 were estimated as high as 399.950, 375.795, 329.430, and 306.430 mg kg−1 DW, respectively, which were significantly higher as compared to control (10.570 mg kg−1) (p < 0.05) (Table 4). The Cu concentration in the maize leaves with seed treatment at different concentrations, i.e., 250, 500, and 1,000 mg L−1 of EGC, was found to be 21.210, 25.690, and 65.110 mg kg−1 and 1,000 mg L−1 of CuNPs resulted in 64.571 mg kg−1 which were also significant as compared to the control (p < 0.05). However, the Cu concentration in the EO-treated plant was at par with the control, and mancozeb-treated plant also had not had much effect on the Cu concentration (Table 4). The concentration of Cu had a negative correlation with two other elements under study, viz., Mn and Zn. In both cases, the concentration was found to be significantly lower (p < 0.05) in the maize leaves treated with a higher concentration of EGC, which was low as 3.187 mg kg−1 in ST (EGC) at 500 mg L−1 for Mn and as low as 8.575 mg kg−1 in ST+FS (EGC) at 500 mg L−1 for Zn (Table 4).


TABLE 4 Bioaccumulation of copper in maize leaves under different treatments and its effect on manganese and zinc concentration.
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4. Discussion

Sustainable agriculture is crucial considering the population explosion, and to support sustainable agriculture, nanoformulations with high efficacy and considerably benign to the environment are produced in the recent past (Fraceto et al., 2016). The main objective of employing nanoparticles in plant protection was to attain a higher efficacy while at the same time reducing pesticide usage to have an environmentally friendly approach. Apart from the excellent antibacterial and antifungal activity, several nanoparticles such as CuNPs are capable of inducing a cascade of defense biochemical and gene responses allowing the plant to mitigate biotic stress (Divya et al., 2020; Kongala et al., 2021). In the recent past, clove oil has been documented to have strong antifungal and antimicrobial activity against a wide range of pathogens (Pinto et al., 2009; Muñoz Castellanos et al., 2020; Purkait et al., 2020).

The characterization is performed to confirm the formation of NPs and to determine the shape, size distribution, surface chemistry, particle charge, and stability (Mourdikoudis et al., 2018). In our study, with the addition of reducing agents and advancement in time, the color gradually changed from blue to yellow-green and to reddish brown indicating a size reduction. Similar observations have been made by Dang et al. (2011), Umer et al. (2014), Khalid et al. (2015), and Markin and Markina (2019) where the final solution of CuNPs assumed reddish brown color. The characteristic absorption band (λmax) for the CuNPs lies between 500 and 600 nm (Rahimi et al., 2010; Dang et al., 2011; Ramyadevi et al., 2011). We observed the characteristic peak at 566 nm when EGC was subjected to UV-vis spectroscopy. The characteristic peak revealed in the UV-Vis absorption spectrum is due to the surface plasmon resonance (SPR) of the synthesized CuNPs (Swarnkar et al., 2011; Jhuang et al., 2021). In concurrence with our work, Rahimi et al. (2010), Dang et al. (2011), Aissa et al. (2015), and Seku et al. (2018) reported plasmon resonance peaks at 558 nm, 576 nm, 562 nm, and 570 nm, respectively, for CuNPs. TEM measured spherical CuNPs with an average size of 30.54 nm. However, EGC was observed to be agglomerated and the average particle size was also increased to 38.48 nm, which could be due to the adsorption of EO (clove oil) around the CuNPs. An agglomeration to a certain extent was also observed in EGC. XRD data revealed that diffraction peaks were in accordance with standard JCPDS database No. 040836 for CuNPs, confirming the face-centered cubic phase of CuNPs in EGC. Our result is in tune with the work reported by Umer et al. (2014), Khan et al. (2016), Dong et al. (2018), and Phul et al. (2018) where they also observed similar diffraction peaks. DLS and zeta potential techniques provide valuable information about the size distribution and surface charge of nanoparticles indicating their stability and aggregation behavior. In our investigation, we obtained a hydrodynamic particle size of 91.28 nm which is greater than the average size measured using TEM and XRD. The reason for the relatively larger size in DLS is the hydrodynamic state of the nanoparticle, i.e., the presence of H2O around the particles (Khlebtsov and Khlebtsov, 2011). The polydispersity index of 1 indicates the particles are monodispersed. The zeta potential of particles of −21.5 mV indicated a relatively stable suspension of CuNPs. The higher charge results in higher stability. The negative charge on the surface can be linked to the hydroxyl groups that form as particles are dispersed in water solvent (Anandhavalli et al., 2015) and may be due to the presence of the OH group of eugenol present in the formulation. Similar to our result, Kruk et al. (2015) recorded a negative zeta potential of −40 mV and an average particle size of 50 nm. In a similar investigation, Chandraker et al. (2020) obtained an average particle size of 80 nm. Manikandan and Sathiyabama (2015) also recorded chitosan-CuNPs of 88.21 nm and negative zeta potential of −29.0 mV and DLS revealed larger particle size than TEM (20–30 nm). FTIR analysis identifies functional groups, polymeric, organic, and inorganic compounds associated with the compound of interest by measuring the infrared intensity vs. wavelength of light. FTIR spectra showed significant peaks at 3,737 cm−1 for hydroxyl groups of alcohol and a broad peak at 2,918 cm−1 for the presence of secondary amines in clove oil (Eugenol). Two peaks at 1,417 and 1,619 cm−1 correspond to the –CH bending of alkanes and –CO stretching, respectively. This is in agreement with previous study reported by Rajesh et al. (2017). Furthermore, IR spectra showed two peaks at 1,684 and 1,753 cm−1 corresponding to CuNPs (Dang et al., 2011). Ester bond was located at wave number 1,095 cm−1 in CuNPs (Dang et al., 2011). As per the IR spectra, B-H stretching was located at 2,323 and 2,011 cm−1 corresponding to NaBH4 (D'Anna et al., 2014). The IR spectra also revealed a shift of peaks at 3,021, 1,516, and 1,355 cm−1 representing hydroxyl band, acidic asymmetric stretching, and –CH deformations, respectively, in ascorbic acid (Umer et al., 2014). GC-MS analysis demonstrated minimum deterioration of EO when combined with CuNPs. There are several reports which advocate the increased efficacy of essential oil when loaded with NPs due to better penetration and increased affinity for targets (Bazana et al., 2019; Ghodrati et al., 2019; Luis et al., 2020).

The EGC exhibited significant antifungal activity at 20 μg ml−1 and complete inhibition at 100 μg ml−1. A synergistic effect was discerned against five different maize pathogens under the study. In all the cases, EGC performed significantly better than the commercial fungicides at the same concentrations (100 μg ml−1). In addition, in our study, the ED50 was achieved between 46 and 56 μg ml−1, a concentration of compound required to arrest or inhibit the biological activity by 50%, thus giving an idea about the antagonistic efficacy of fungicides (Miller and Tainter, 1944). However, antifungal activity varies and depends on the types of pathogens it was used against. Similar to the present study, an excellent antifungal activity of thyme and dill essential oil encapsulated in CuNPs against Colletotrichum nymphaeae with 90% inhibition was reported by Weisany et al. (2019). In addition, chitosan-based nanocomposite loaded with essential oil (thyme-oregano, thyme tea tree, and thyme peppermint) was demonstrated to reduce the growth of post-harvest fungi viz., Aspergillus flavus, A. niger, A. parasiticus, and Penicillium chrysogenum by 51–77% (Hossain et al., 2019). The synergistic antimicrobial effect of a combination of essential oil and NPs has been reported against several pathogens, for instance, silver nanoparticles (AgNPs) in combination with thymol (Taghizadeh and Solgi, 2014), silver nano functionalized with Cymbopogon citratus, Eucalyptus globules, Azadirachta indica, and Ocimum sanctum essential oil (Bansod et al., 2015), a combination of mesoporous silica NP with cinnamon and clove essential oil as nanoencapsulation against various pathogens such as Candida albicans, Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli (Lillie, 2016).

The CuNPs have remarkable antifungal activity. Pariona et al. (2019) reported the antifungal activity of CuNPs against Fusarium solani, Neofusicoccum sp., and Fusarium oxysporum causing 55, 95, and 97% inhibition of radial growth at 0.1, 0.5, and 0.5 mg ml−1, respectively. Similarly, Kamel et al. (2022) reported Cu2O NPs of 100 μg ml−1 could render inhibition percentage to 78.89%. Unlike, the present study's result, Banik and Pérez-de-Luque (2017) reported a high CuNPs concentration (100 and 800 mg L−1) to be effective against Phytophthora cinnamon and Alternaria alternata. Similarly, a high concentration of CuNPs (450 mg L−1) was used to achieve significant inhibition against Fusarium sp. (Viet et al., 2016). As compared to aforesaid reports, in our study, at much lower concentrations (below 100 μg ml−1), better efficacy was observed confirming the contribution of EO toward the antifungal activity. The low polydispersity and extremely small size and high surface-to-volume ratio of CuNPs in EGC are another plausible reason for the enhanced efficacy. CuNPs oxidize and release cupric ions (Cu2+ and Cu+) resulting in toxic hydroxyl-free radicals which degenerate the membrane integrity, damage the enzymes by binding to the sulfhydryl amino and carboxyl groups of amino acids, and disrupt the biochemical processes and the DNA helix of the target pathogens leading to cell death (Wei L. et al., 2010; Wei Y. et al., 2010; Ramyadevi et al., 2012). The mechanism by which essential oil inhibits the pathogens can be attributed to the functional groups present and their interaction with other components (Dorman and Deans, 2000). Essential oil used under the current investigation has eugenol as the main component which has phenol as a functional group containing a hydroxyl, contributing toward its activity. It has been understood that the relative position of hydroxyl is imperative for the activity (Veldhuizen et al., 2006). The eugenol causes damage and disruption, hyperpolarization to the cell membrane increasing the membrane permeability and leading to leakage of ions and important cell contents, eventually rendering cell death (Ulanowska and Olas, 2021).

Maydis leaf blight (MLB) disease caused by Bipolaris maydis is a dreadful foliar maize disease prevalent in the Indian plains, hills, and peninsular regions (Kumar et al., 2016). In vivo evaluation of EGC revealed the better performance of seed treatments than spray treatments, which can be attributed to the activation of defense genes in the maize at an early stage and can be assumed, the role of EGC in priming. However, the combination of seed treatment and foliar spray was remarkable indicating the prophylactic and curative effects of EGC. Among the different treatments, ST+FS (EGC) at 1,000 mg L−1 resulted in the least PDI, but germination and growth were highly compromised and leaf chlorosis was also visible on the plants. ST+FS (EGC) at 500 mg L−1 was considered the best treatments as PDI and phytotoxicity were considerably less and performed significantly better than commercial fungicide. EO alone evinced high PDI, highest in FS (EO) at 1,000 mg L−1. Perhaps, the volatility of EO in an open atmosphere led to its rapid loss before it could act on the pathogen. Nevertheless, the synergistic effect of EO and CuNPs when used in combination was well discerned in the study. In the previous study, it was observed that CuNPs could substantially reduce the PDI of diseases namely BLSB (R. solani f. sp. sasakii) and MLB (B. maydis) when applied as seed treatment supplemented with spray at 300 mg L−1 (Dorjee et al., 2023). Similar to the current study, Lamsal et al. (2011) demonstrated a reduction in PDI of powdery mildew to 20% at 100 ppm of AgNPs spray as compared to the control 82% in cucumber plant and pumpkin in in vivo condition. The efficacy of the EGC in the field condition is conceivably due to the direct effect on the pathogen's membrane and disrupting physiology. The induction of antioxidant defense gene and other biochemical responses (Sathiyabama and Manikandan, 2016; Choudhary et al., 2017; Zhao et al., 2017) against the pathogens due to the oxidative stress of CuNPs is another plausible reason for its excellent efficacy, thus proving EGC as prophylactic and curative.

We investigated biochemical responses in maize leaves under the influence of EGC. Except for β-1, 3-glucanase, a seed treatment, foliar spray, or a combination of foliar spray and seed treatment at 500 mg L−1 caused an insignificant increase, indicating high toxicity at higher concentrations that the maize plant could not overcome. CuNPs being metallic in nature create oxidative stress by generating reactive oxygen species (ROS), and to detoxify, enzymatic and non-enzymatic antioxidants are produced by the plants which further leads to speculated defense mechanisms. In addition, an essential oil such as eugenol (Zhu et al., 2022), tea tree oil (Shao et al., 2013), and thyme oil (Perumal et al., 2017) has been found to enhance the antioxidant enzymatic activities including POX chitinase, PAL, β-1,3-glucanase, catalase, and SOD against oxidative stress.

POX plays a key role in plant defense by cross-linking cell wall components, phytoalexin synthesis, and lignin–suberin formation (Almagro et al., 2009) and induced by biotic agents (Rodriguez and Flores, 1987; Choi et al., 2007; Souza et al., 2010; Lanubile et al., 2015) and abiotic agents (Sasaki et al., 2007). We recorded a significant increase in POX activity of 59.447% in pre-inoculated maize leaves treated with 250 mg L−1 of EGC. In agreement with our result, an increase in POX activity due to CuNPs treatment was observed by Di et al. (2023) in Brassica Chinensis L.; however, they did not find any significant increase due to CuO NPs. Similarly, Hayat et al. (2021) also reported a significantly high activity of POX upon CuNPs treatment in Artemesia absinthium L. In concurrence with our result, Khan et al. (2020) reported the induction of POX in Vicia faba L. using 15 mg L−1 nano-titanium dioxide. Intriguingly, Jurkow et al. (2020) reported that Au-NPs increased the total peroxidase activity; however, AgNPs and Pt-NPs decreased the activity.

PPOs are induced by biotic and abiotic stress and can oxidize catechol and caffeic acid to quinones, which are highly reactive and toxic with a definite role in plant defense (Constabel and Barbehenn, 2008; Zhang and Sun, 2021). In our study, PPO activity was more in seed-treated maize than in spray-treated, which could be the result of better internalization of Cu due to the longer time of exposure, thereby increasing the copper-containing enzyme PPO. A similar effect of CuNPs on PPO activity was reported by Essa et al. (2021), where they observed that higher concentration led to an increase in the activity of PPO and a decrease in the activity of other enzymes like POX and CAT.

β-1, 3-glucanases have broad-spectrum antifungal activity and play an important role in plant developmental processes (Perrot et al., 2022). We observed a higher increase in β-1, 3-glucanase activity in maize leaves inoculated with B. maydis of 675.500 μmol g−1 FW, when exposed to EGC compared to maize treated with B. maydis alone (550.667 μmol g−1 FW). In concurrence with our findings, Sarkar et al. (2020) reported a 2.04-fold change of β-1, 3-glucanases activity in Lens culinaris roots treated with 0.05 mg mL−1 CuO NPs. Similarly, an increase of 29.26% in activity due to chitosan NPs was observed by Chandra et al. (2015).

PAL is involved in the phenylpropanoid pathway and biosynthesis of polyphenol and benzoic acid (Lee et al., 1995), and the latter is responsible for the synthesis of salicylic acid (SA). SA plays a vital role in defense signaling, initiating systemic resistance, and defending plants against pathogens (Rivas-San Vicente and Plasencia, 2011). An increase in PAL activity was well pronounced in the present study, suggesting that EGC could activate SA-mediated defense response (Dempsey et al., 2011). Consistent with our result, an increase in PAL activity due to CuNPs treatment has been reported by Quiterio-Gutiérrez et al. (2019) and Hernández-Hernández et al. (2019) in tomato, Zare et al. (2020) in Purslane leaves, and Lala (2020) in Bacopa monnieri (L.). The increase in PAL could also be attributed to the eugenol present in EGC as well due to its ability to induce PAL activity (Zhu et al., 2022).

We investigated the change in total phenolics due to EGC, a non-enzymatic antioxidant with a vital role in defense. Phenolics are secondary metabolites with a benzene ring and one or more than one hydroxyl group, which plays an imperative role in plant defense by acting as phytoanticipins and phytoalexins against pathogens (Lattanzio et al., 2006). In agreement with previous reports by Quiterio-Gutiérrez et al. (2019) and Sarkar et al. (2022), where they found enhanced total phenolics due to Se/Cu NPs and Chitosan NPs in tomato and chili, respectively, against Alternaria sp., we also observed an increase in the total phenol due to EGC treatments in maize leaves. In agreement with our report, an increase in total phenol due to CuNPs (50 mg kg−1) in wheat was reported by Noman et al. (2020). A similar result has been demonstrated by Lala (2020) for an increase in phenolic content of 116% in Bacopa monnieri when treated with CuNP concentration of 75 mg L−1. Similar to enzymatic antioxidants studied, seed treatment in combination with spray rendered a higher increase in total phenolics as well. Moreover, silver nanoparticles (Chung et al., 2017), nano-titanium dioxide (Ghorbanpour, 2015), AgNPs and Pt-NPs (Jurkow et al., 2020), and ZnO (El-Zohri et al., 2021) also led to an accumulation of total phenolics in Eclipta prostrata leaves, Salvia officinalis, lettuce, and tomato, respectively. In addition to CuNPs, EO oil used must have also contributed either in enhancing or maintaining the phenolic content as reported by Perumal et al. (2017) in Mangifera indica L. using thyme oil.

At higher concentrations of 1,000 mg L−1 of EGC or CuNPs, phytotoxic symptoms on leaves were easily noticeable in the form of chlorosis, and microscopy revealed a reduction in size and damage to guard cells. In contrast, lower concentrations of EGC, i.e., 250 and 500 mg L−1, as a seed treatment resulted in higher chlorophyll and carotenoid content and negligible effect on guard cells, hence increasing the photosynthetic activity which in turn increased the biomass. We also observed a stimulating effect on various maize seedling characters. Cu plays a pivotal role in the electron transport chain, photophosphorylation, and cell wall metabolism and also enhances photosynthetic activity (Pradhan et al., 2015; Mir et al., 2021). Nevertheless, in our study, toxicity at higher concentrations can be attributed to the overabundance of Cu ions that created oxidative stress, interfering with the chloroplast, causing DNA damage and apoptosis, which led to decreased photosynthetic activity and also affecting plant height and stem diameter, germination, and eventually a reduction in the biomass (Marques et al., 2018; Gong et al., 2021). Excess Cu disrupts vital enzymes associated with the biosynthesis of chlorophyll by replacing Zn (Valasata et al., 2018) and alters the composition of protein affecting the photosynthetic membrane (Karimi et al., 2012). Cu stress rendering reduction in chlorophyll content and biomass has been studied in many plants and their species such as Oryza Sativa L. (Yang et al., 2020), lentil (Hossain et al., 2020), Avicennia germinans (González-Mendoza et al., 2013), Brassica pekinensis Rupr. (Xiong et al., 2006), Origanum vulgare subsp. Hirtum (Panou-Filotheou et al., 2001), and Triticum aestivum L. (Singh et al., 2007). Consistent with the current findings, a significant increase in photosynthesis and biomass of Brassica sp. by 10.2–19.6% was recorded when treated with CuO NPs and CuNPs at an optimum concentration (Wang et al., 2022). Similarly, Shende et al. (2017) also documented a remarkable promotion in Cajanus cajan L. growth when treated with optimum CuNPs concentration. Zakharova et al. (2019) also observed a positive effect of CuNPs (0.1 mg L−1) on wheat seed germination and seedling growth. A similar result in support of our study was also obtained by Adhikari et al. (2016), where they observed CuNPs at optimum lower concentrations improved germination and growth in maize, while higher concentrations proved to be detrimental. The increase in biomass and photosynthesis is correlated, and the data of the present study are in consensus. From data generated in the current investigation and earlier reports, it can be concluded that the negative or positive consequences of the nanoparticle are dose-dependent and may also vary from one crop species to another.

The phytotoxicity of essential oil limits its advances in bio formulation. In the pot experiment and in the field, it was observed that the seed treated with EO (Clove oil) exhibited significantly poor germination and poor growth indicating the contribution of EO in the phytotoxicity of EGC as well. Poor germination could be because of an increase in ABA content in treated maize seeds (Hu et al., 2017). Meyer et al. (2008) reported toxicity of clove oil against Solanum lycopersicum, Capsicum annuum, Cucumis sativus, and Cucumis melo at concentrations of 0.2 and 0.3% resulting in 0 to 50% seedling survival. In another study on weeds namely Trifolium incarnatum and Vicia sativa, a reduction in germination by 58.6 and 62.1%, respectively, was observed due to clove oil treatment (Vitalini et al., 2022). It has been established that eugenol acts as a major phytotoxic component of clove oil whereas β-caryophyllene and α-humulene had a minor role (Stokłosa et al., 2012).

Cu is required in trace quantity and the critical deficiency level fall in the range of 1–5 mg kg−1 DW, and the threshold limit for toxicity is over 20–30 mg kg−1 DW of the plant (Marschner, 1995; Nguyen et al., 2017). We observed that the bioaccumulation of Cu in seed treatment with EGC at 250 and 500 mg L−1 was 21.210 and 25.690 mg kg−1 DW, respectively, which is in the optimum range, although significantly high than the control. This indicates the translocation of Cu to aerial parts with growth. However, a higher concentration (spray or seed treatment and spray combined) led to an immoderate accumulation to a toxic level which could be due to residual unabsorbed Cu on leaves along with the bio-accumulated one. Thus, with the increase in dose, bioaccumulation also increased. In agreement with the current study, Zhao et al. (2017) also observed high bioaccumulation of Cu (523 mg kg−1) in maize leaves treated with CuO NPs at 100 mg L−1. Similarly, significant uptake of nano Cu compared to bulk Cu by 250% was also reported by Ogunkunle et al. (2018). In the current investigation, it was also observed that Cu concentration was negatively correlated with Mn and Zn homeostasis. Zinc is an important micronutrient and has a structural role in regulatory proteins (Berg and Shi, 1996), and for normal growth, an optimum concentration of Zn should be between 15 mg kg−1 and 20 mg kg−1 DW (Marschner, 1995). Mn is indispensable as it has an important role as a cofactor of various enzymes such as SOD and catalase and plays an important role in photosynthesis. For most plants, critical deficiency of Mn ranges between 10 and 20 mg Kg−1 DW (Marschner, 1995), and the threshold concentration for acute toxicity is 200 to 5,300 mg kg−1 DW (Edwards and Asher, 1982). In our investigation, it was observed that the maize treated with higher concentrations of EGC (1,000 mg L−1) contained high Cu concentrations (375.795 mg kg−1) and significantly lower concentrations of Zn and Mn (3.78 and 8.645 mg kg−1, respectively), lower than the optimum concentration required by the maize for normal growth. This explains the reduction in photosynthetic pigments and the overall reduction in biomass. Usually, it is seen that a high Cu level reduces the availability of Zn (Mousavi et al., 2012; Prasad et al., 2016). In concurrence with our study, Ivanova et al. (2010) reported that higher concentration of Cu negatively influenced the Zn uptake in rapeseed. A similar negative correlation between Zn and Cu in plants was also observed by Haldar and Mandal (1981) in rice. In agreement with our finding, antagonism between Mn and Cu was observed in Brassica oleracea L. var. Botrytis (Nautiyal and Chatterjee, 2007). Similarly, in a marine diatom (Nitzschia closterium), surface negative interaction of Cu and Mn was observed where Mn at higher concentration was found to alleviate the Cu toxicity (Stauber and Florence, 1985).



5. Conclusion

The present investigation demonstrated the EGC as a potential alternate fungicide to manage phytopathogens, particularly B. maydis at an optimum concentration (500 mg L−1). CuNPs and EO in combination showed synergistic effects against fungal pathogens of maize. The application of EGC led to increase in an enzymatic antioxidant activity and total phenol content in maize plants which strongly suggests that EGC could induce host defense mechanisms, alleviating the biotic stress. Our study also demonstrated the positive impact of EGC on different physiological parameters of maize crops at optimum concentrations of 250 and 500 mg L−1. Moreover, the phytotoxicity of EGC, CuNPs, and EO (Clove oil) at higher concentrations has also been established. Thus, the use of nanoformulations such as EGC at optimized concentration can be a boon in plant disease management with an eco-friendly and sustainable approach. As a future prospect, the transcriptomic analysis would give better insights into how the CuNPs and essential oil act on the pathogens. The study on nanoparticles' fate in the environment can be the next step to understanding their persistence with residual activity. More efforts need to be directed to develop safer nanoformulations and their cautious usage in sustainable agriculture.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

LD carried out the investigation, executed lab and net house experiments, generated data, and wrote the manuscript. RG was involved in the conceptualization, supervision, and writing and reviewing of the final draft. DK helped in data analysis and interpretation. RK supervised the synthesis part. TKM and SP contributed to the manuscript revision. BG helped in the statistical analysis of the data. All authors contributed to the article and approved the submitted version.



Acknowledgments

LD thanks the Post Graduate School, ICAR-Indian Agricultural Research Institute, New Delhi, for the research support. The authors acknowledge the support of the CSIR-NPL, New Delhi, and Jamia Millia Islamia University, New Delhi.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1204512/full#supplementary-material



References

 Abeles, F. B., and Forrence, L. E. (1970). Temporal and hormonal control of β-1, 3-glucanase in Phaseolus vulgaris L. Plant Physio. 45, 395–400. doi: 10.1104/pp.45.4.395

 Adhikari, T., Sarkar, D., Mashayekhi, H., and Xing, B. (2016). Growth and enzymatic activity of maize (Zea mays L.) plant: solution culture test for copper dioxide nanoparticles. J. Plant Nutr. 39, 99–115. doi: 10.1080/01904167.2015.1044012


 Aebi, H. (1984). Catalase in Vitro. Methods Enzymol. 105, 121–126. doi: 10.1016/S0076-6879(84)05016-3

 Ainsworth, E. A., and Gillespie, K. M. (2007). Estimation of total phenolic content and other oxidation substrates in plant tissues using Folin–Ciocalteu reagent. Nat. Protoc. 2, 875–877. doi: 10.1038/nprot.2007.102

 Aissa, M. A. B., Tremblay, B., Andrieux-Ledier, A., Maisonhaute, E., Raouafi, N., and Courty, A. (2015). Copper nanoparticles of well-controlled size and shape: a new advance in synthesis and self-organization. Nanoscale 7, 3189–3195. doi: 10.1039/C4NR06893A

 Akinbode, O. A. (2010). Evaluation of antifungal efficacy of some plant extracts on Curvularia lunata, the causal organism of maize leaf spot. Afr. J. Environ. Sci. Technol. 4, 797–800. doi: 10.4314/ajest.v4i11.71351


 Ali, L., Xiukang, W., Naveed, M., Ashraf, S., Nadeem, S. M., Haider, F. U., et al. (2021). Impact of biochar application on germination behavior and early growth of maize seedlings: insights from a growth room experiment. Appl. Sci. 11, 11666. doi: 10.3390/app112411666


 Almagro, L., Gómez Ros, L. V., Belchi-Navarro, S., Bru, R., Ros Barcel,ó, A., and Pedreño, M. A. (2009). Class III peroxidases in plant defence reactions. J. Exp. Bot. 60, 377–390. doi: 10.1093/jxb/ern277

 Anandhavalli, N., Mol, B., Manikandan, S., Anusha, N., Ponnusami, V., and Rajan, K. S. (2015). Green synthesis of cupric oxide nanoparticles using the water extract of Murrya koenigi and its photocatalytic activity. Asian J. Chem. 27, 2523–2526. doi: 10.14233/ajchem.2015.17966


 Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant physiol. 24, 1. doi: 10.1104/pp.24.1.1

 Ashajyothi, M., Kumar, A., Sheoran, N., Ganesan, P., Gogoi, R., Subbaiyan, G. K., et al. (2020). Black pepper (Piper nigrum L.) associated endophytic Pseudomonas putida BP25 alters root phenotype and induces defense in rice (Oryza sativa L.) against blast disease incited by Magnaporthe oryzae. Bio. Control 143, 104181. doi: 10.1016/j.biocontrol.2019.104181


 Bae, H. H., Ha, J. Y., Go, Y. S., Son, J. H., Son, B. Y., Kim, J. H., et al. (2022). High phytosterol levels in corn cobs point to their sustainable use as a nutritional source. Appl. Biol. Chem. 65, 69. doi: 10.1186/s13765-022-00736-4


 Banik, S., and Pérez-de-Luque, A. (2017). In vitro effects of copper nanoparticles on plant pathogens, beneficial microbes and crop plants. Spanish J. Agric. Res. 15, e1005–e1005. doi: 10.5424/sjar/2017152-10305


 Bansod, S. D., Bawaskar, M. S., Gade, A. K., and Rai, M. K. (2015). Development of shampoo, soap and ointment formulated by green synthesised silver nanoparticles functionalised with antimicrobial plants oils in veterinary dermatology: treatment and prevention strategies. IET Nanobiotechnol. 9, 165–171. doi: 10.1049/iet-nbt.2014.0042

 Barnes, J. D., Balaguer, L., Manrique, E., Elvira, S., and Davison, A. W. (1992). A reappraisal of the use of DMSO for the extraction and determination of chlorophylls a and b in lichens and higher plants. Environ. Exp. Bot. 32, 85–100. doi: 10.1016/0098-8472(92)90034-Y


 Barrera-Ruiz, D. G., Cuestas-Rosas, G. C., Sánchez-Mariñez, R. I., Álvarez-Ainza, M. L., Moreno-Ibarra, G. M., López-Meneses, A. K., et al. (2020). Antibacterial activity of essential oils encapsulated in chitosan nanoparticles. Food Sci. Tech. 40, 568–573. doi: 10.1590/fst.34519


 Bazana, M. T., Codevilla, C. F., and de Menezes, C. R. (2019). Nanoencapsulation of bioactive compounds: Challenges and perspectives. Curr. Opin. Food Sci. 26, 47–56. doi: 10.1016/j.cofs.2019.03.005


 Begum, T., Follett, P. A., Mahmud, J., Moskovchenko, L., Salmieri, S., Allahdad, Z., et al. (2022). Silver nanoparticles-essential oils combined treatments to enhance the antibacterial and antifungal properties against foodborne pathogens and spoilage microorganisms. Microbial. Pathog. 164, 105411. doi: 10.1016/j.micpath.2022.105411

 Berg, J. M., and Shi, Y. (1996). The galvanization of biology: a growing appreciation for the roles of zinc. Science 271, 1081–1085. doi: 10.1126/science.271.5252.1081

 Bruns, H. A. (2017). Southern corn leaf blight: a story worth retelling. Agron. J. 109, 1218–1224. doi: 10.2134/agronj2017.01.0006


 Castillo, F. J., Penel, C., and Greppin, H. (1984). Peroxidase release induced by ozone in sedum album leaves involvement of Ca+. Plant Physiol. 74, 846–851. doi: 10.1104/pp.74.4.846

 Chandra, S., Chakraborty, N., Dasgupta, A., Sarkar, J., Panda, K., and Acharya, K. (2015). Chitosan nanoparticles: a positive modulator of innate immune responses in plants. Sci. Rep. 5, 15195. doi: 10.1038/srep15195

 Chandraker, S. K., Lal, M., Ghosh, M. K., Tiwari, V., Ghorai, T. K., and Shukla, R. (2020). Green synthesis of copper nanoparticles using leaf extract of Ageratum houstonianum Mill. and study of their photocatalytic and antibacterial activities. Nano Express 1, 010033. doi: 10.1088/2632-959X/ab8e99


 Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

 Choi, H. W., Kim, Y. J., Lee, S. C., Hong, J. K., and Hwang, B. K. (2007). Hydrogen peroxide generation by the pepper extracellular peroxidase CaPO2 activates local and systemic cell death and defence response to bacterial pathogens. Plant Physiol.145, 890–904. doi: 10.1104/pp.107.103325

 Choudhary, R. C., Kumaraswamy, R. V., Kumari, S., Sharma, S. S., Pal, A., Raliya, R., et al. (2017). Cu-chitosan nanoparticle boost defense responses and plant growth in maize (Zea mays L.). Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-08571-0

 Chung, I. M., Abdul Rahuman, A., Marimuthu, S., Vishnu Kirthi, A., Anbarasan, K., Padmini, P., et al. (2017). Green synthesis of copper nanoparticles using Eclipta prostrata leaves extract and their antioxidant and cytotoxic activities. Exp. Ther. Med. 14, 18–24. doi: 10.3892/etm.2017.4466

 Constabel, C. P., and Barbehenn, R. (2008). “Defensive roles of polyphenol oxidase in plants,” in Induced Plant Resistance to Herbivory (Springer Science) 253–270. doi: 10.1007/978-1-4020-8182-8_12


 Crisan, M. C., Teodora, M., and Lucian, M. (2021). Copper nanoparticles: Synthesis and characterization, physiology, toxicity and antimicrobial applications. Appl. Sci. 12, 141. doi: 10.3390/app12010141


 Dang, T. M. D., Le, T. T. T., Fribourg-Blanc, E., and Dang, M. C. (2011). Synthesis and optical properties of copper nanoparticles prepared by a chemical reduction method. Adv. Nat. Sci. Nanosci. Nanotechnol. 2, 015009. doi: 10.1088/2043-6262/2/1/015009


 D'Anna, V., Spyratou, A., Sharma, M., and Hagemann, H. (2014). FT-IR spectra of inorganic borohydrides. Spectrochim. Acta A. Mol. Biomol. Spectrosc. 128, 902–906. doi: 10.1016/j.saa.2014.02.130

 Dempsey, D. M. A., Vlot, A. C., Wildermuth, M. C., and Klessig, D. F. (2011). Salicylic acid biosynthesis and metabolism. Arabidop. Book. 9, e0156. doi: 10.1199/tab.0156

 Di, X., Fu, Y., Huang, Q., Xu, Y., Zheng, S., and Sun, Y. (2023). Comparative effects of copper nanoparticles and copper oxide nanoparticles on physiological characteristics and mineral element accumulation in Brassica chinensis L. Plant Physiol. Biochem. 196, 974–981. doi: 10.1016/j.plaphy.2023.03.002

 Divya, K., Thampi, M., Vijayan, S., Varghese, S., and Jisha, M. S. (2020). Induction of defence response in Oryza sativa L. against Rhizoctonia solani (Kuhn) by chitosan nanoparticles. Microb. Pathog. 149, 104525. doi: 10.1016/j.micpath.2020.104525

 Dong, Y., Wang, K., Tan, Y., Wang, Q., Li, J., Mark, H., et al. (2018). Synthesis and characterization of pure copper nanostructures using wood inherent architecture as a natural template. Nanoscale Res. Lett. 13, 1–8. doi: 10.1186/s11671-018-2543-0

 Dorjee, L., Gogoi, R., Kamil, D., Kumar, R., and Verma, A. (2023). Copper nanoparticles hold promise in the effective management of maize diseases without impairing environmental health. Phytoparasitica 51, 593–619. doi: 10.1007/s12600-023-01060-3


 Dorman, H. D., and Deans, S. G. (2000). Antimicrobial agents from plants: antibacterial activity of plant volatile oils. J. Appl. Microbiol. 88, 308–316. doi: 10.1046/j.1365-2672.2000.00969.x

 Dovas, C. I., Eythymiou, K., and Katis, N. I. (2003). First report of Maize rough dwarf virus (MRDV) on maize crops in Greece. New Dis. Rep. 8, 17–17. doi: 10.1111/j.0032-0862.2004.00973.x


 Edwards, D. G., and Asher, C. J. (1982). “Tolerance of crop and pasture species to manganese toxicity,” in Plant nutrition 1982: proceedings of the ninth International Plant Nutrition Colloquium, ed. A. Scaife. (Slough, UK: Commonwealth Agricultural Bureaux) c1982.

 El-Saadony, M. T., ALmoshadak, A. S., Shafi, M. E., Albaqami, N. M., Saad, A. M., El-Tahan, A. M., et al. (2021). Vital roles of sustainable nano-fertilizers in improving plant quality and quantity-an updated review. Saudi J. Biol. Sci. 28, 7349–7359. doi: 10.1016/j.sjbs.2021.08.032

 El-Zohri, M., Al-Wadaani, N. A., and Bafeel, S. O. (2021). Foliar sprayed green zinc oxide nanoparticles mitigate drought-induced oxidative stress in tomato. Plants 10, 2400. doi: 10.3390/plants10112400

 Ermini, M. L., and Voliani, V. (2021). Antimicrobial nano-agents: the copper age. ACS Nano 15, 6008–6029. doi: 10.1021/acsnano.0c10756

 Essa, H. L., Abdelfattah, M. S., Marzouk, A. S., Shedeed, Z., Guirguis, H. A., and El-Sayed, M. M. (2021). Biogenic copper nanoparticles from Avicennia marina leaves: Impact on seed germination, detoxification enzymes, chlorophyll content and uptake by wheat seedlings. PLoS ONE 16, e0249764. doi: 10.1371/journal.pone.0249764

 Eze, U. A. (2016). In vitro antimicrobial activity of essential oils from the lamiaceae and rutaceae plant families against β lactamse-producing clinical isolates of Moraxella Catarrhalis. EC Pharm. Sci. 2, 325–337.

 Fraceto, L. F., Grillo, R., de Medeiros, G. A., Scognamiglio, V., Rea, G., and Bartolucci, C. (2016). Nanotechnology in agriculture: which innovation potential does it have? Front. Environ. Sci. 4, 20. doi: 10.3389/fenvs.2016.00020


 Gao, J., Chen, Z., Luo, M., Peng, H., Lin, H., Qin, C., et al. (2014). Genome expression profile analysis of the maize sheath in response to inoculation to R. solani. Mol. Biol. Rep. 41, 2471–2483. doi: 10.1007/s11033-014-3103-z

 Ghodrati, M., Farahpour, M. R., and Hamishehkar, H. (2019). Encapsulation of Peppermint essential oil in nanostructured lipid carriers: In-vitro antibacterial activity and accelerative effect on infected wound healing. Colloids Surf. A Physicochem. Eng. Asp. 564, 161–169. doi: 10.1016/j.colsurfa.2018.12.043


 Ghorbanpour, M. (2015). Major essential oil constituents, total phenolics and flavonoids content and antioxidant activity of Salvia officinalis plant in response to nano-titanium dioxide. Indian J. Plant Physiol. 20, 249–256. doi: 10.1007/s40502-015-0170-7


 Goldberg, K. B., and Brakke, M. K. (1987). Concentration of maize chlorotic mottle virus increased in mixed infections with maize dwarf mosaic virus, strain B. Phytopathology 77, 162–167. doi: 10.1094/Phyto-77-162


 Gomez, K. A., and Gomez, A. A. (1984). Statistical Procedures for Agricultural Research. New York: John Wiley and Sons.

 Gong, Q., Li, Z. H., Wang, L., Zhou, J. Y., Kang, Q., and Niu, D. D. (2021). Gibberellic acid application on biomass, oxidative stress response, and photosynthesis in spinach (Spinacia oleracea L.) seedlings under copper stress. Environ. Sci. Pollut. Res. 28, 53594– doi: 10.1007/s11356-021-13745-5

 González-Mendoza, D., Gil, F. E., Escoboza-Garcia, F., Santamaría, J. M., and Zapata-Perez, O. (2013). Copper Stress on Photosynthesis of Black Mangle (Avicennia germinans). Ann. Acad. Bras. De Cienc. 85, 665–670. doi: 10.1590/S0001-37652013000200013

 Haldar, M., and Mandal, L. N. (1981). Effect of phosphorus and zinc on the growth and phosphorus, zinc, copper, iron and manganese nutrition of rice. Plant Soil 59,415–425. doi: 10.1007/BF02184546

 Harish, V., Tewari, D., Gaur, M., Yadav, A. B., Swaroop, S., Bechelany, M., et al. (2022). Review on nanoparticles and nanostructured materials: Bioimaging, biosensing, drug delivery, tissue engineering, antimicrobial, and agro-food applications. Nanomaterials 12, 457. doi: 10.3390/nano12030457

 Harlapur, S. I., Wali, M. C., Prashan, M., and Shakuntala, N. M. (2002). Assessment of yield losses in maize due to charcoal rots in Ghataprabha Left Bank Canal (GLBC) Command area of Karnataka. Karnataka J. agric. Sci. 15, 590–599.

 Hayat, K., Ali, S., Ullah, S., Fu, Y., and Hussain, M. (2021). Green synthesized silver and copper nanoparticles induced changes in biomass parameters, secondary metabolites production, and antioxidant activity in callus cultures of Artemisia absinthium L. Green Process. Synth. 10, 61–72. doi: 10.1515/gps-2021-0010


 Hernández-Hernández, H., Quiterio-Gutiérrez, T., Cadenas-Pliego, G., Ortega-Ortiz, H., Hernández-Fuentes, A. D., Cabrera de la Fuente, M., et al. (2019). Impact of selenium and copper nanoparticles on yield, antioxidant system, and fruit quality of tomato plants. Plants 8, 355. doi: 10.3390/plants8100355

 Hiscox, J. D., and Israelstam, G. F. (1979). A method for the extraction of chlorophyll from leaf tissue without maceration. Canad. J. Bot. 57, 1332–1334. doi: 10.1139/b79-163


 Holder, C. F., and Schaak, R. E. (2019). Tutorial on powder X-ray diffraction for characterizing nanoscale materials. Acs Nano 13, 7359–7365. doi: 10.1021/acsnano.9b05157

 Hossain, F., Follett, P., Salmieri, S., Vu, K. D., Fraschini, C., and Lacroix, M. (2019). Antifungal activities of combined treatments of irradiation and essential oils (EOs) encapsulated chitosan nanocomposite films in in vitro and in situ conditions. Int. J. Food Microbiol. 295, 33–40. doi: 10.1016/j.ijfoodmicro.2019.02.009

 Hossain, M. S., Abdelrahman, M., Tran, C. D., Nguyen, K. H., Chu, H. D., Watanabe, Y., et al. (2020). Insights into acetate-mediated copper homeostasis and antioxidant defense in lentil under excessive copper stress. Environ. Pollut. 258, 113544. doi: 10.1016/j.envpol.2019.113544

 Hu, Q., Lin, C., Guan, Y., Sheteiwy, M. S., Hu, W., and Hu, J. (2017). Inhibitory effect of eugenol on seed germination and pre-harvest sprouting of hybrid rice (Oryza sativa L.). Sci. Rep. 7, 1–9. doi: 10.1038/s41598-017-04104-x

 Ivanova, E. M., Kholodova, V. P., and Kuznetsov, V. I. V. (2010). Biological effects of copper concentrations and their interactions in rapeseed plants. Russ. J. Plant Physiol. 57, 806–815. doi: 10.1134/S1021443710060099


 Izhar, T., and Chakraborty, M. (2013). Genetic analysis of banded leaf and sheath blight resistance (Rhizoctonia solani) in maize. J. Pharmacogn. Phytochem. 1, 1–5.

 Jampílek, J., and Králová, K. (2017). “Nanopesticides: preparation, targeting, andcontrolled release,” in New Pesticides and Soil Sensors, ed A. M. Grumezescu (Academic Press) 81–127. doi: 10.1016/B978-0-12-804299-1.00004-7


 Jhuang, L. S., Kumar, G., and Chen, F. C. (2021). Localized surface plasmon resonance of copper nanoparticles improves the performance of quasi-two-dimensional perovskite light-emitting diodes. Dyes Pigments. 188, 109204. doi: 10.1016/j.dyepig.2021.109204


 Jurkow, R., Pokluda, R., Sekara, A., and Kalisz, A. (2020). Impact of foliar application of some metal nanoparticles on antioxidant system in oakleaf lettuce seedlings. BMC Plant Biol. 20, 1–12. doi: 10.1186/s12870-020-02490-5

 Kamal, A., Ahmad, F., and Shafeeque, M. A. (2020). Toxicity of pesticides to plants and non-target organism: A comprehensive review. Iran. J. Plant Physiol. 10, 3299–3313. doi: 10.22034/ijpp.2020.1885628.1183

 Kamel, S. M., Elgobashy, S. F., Omara, R. I., Derbalah, A. S., Abdelfatah, M., El-Shaer, A., et al. (2022). Antifungal Activity of Copper Oxide Nanoparticles against Root Rot Disease in Cucumber. J. Fungi 8, 911. doi: 10.3390/jof8090911

 Karimi, P., Khavari-Nejad, R. A., Niknam, V., Ghahremaninejad, F., and Najafi, F. (2012). The effects of excess copper on antioxidative enzymes, lipid peroxidation, proline, chlorophyll, and concentration of Mn, Fe, and Cu in Astragalus neo-mobayenii. Scientific World J. 2012, 615670. doi: 10.1100/2012/615670

 Khalid, H., Shamaila, S., Zafar, N., and Shahzadi, S. (2015). Synthesis of copper nanoparticles by chemical reduction method. Sci. Int. 27, 3085–3088. doi: 10.13140/RG.2.1.1085.0643

 Khan, A., Rashid, A., Younas, R., and Chong, R. (2016). A chemical reduction approach to the synthesis of copper nanoparticles. Int. Nano Lett. 6, 21–26. doi: 10.1007/s40089-015-0163-6


 Khan, I., Saeed, K., and Khan, I. (2019). Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 12, 908–931. doi: 10.1016/j.arabjc.2017.05.011


 Khan, M. N., AlSolami, M. A., Basahi, R. A., Siddiqui, M. H., Al-Huqail, A. A., Abbas, Z. K., et al. (2020). Nitric oxide is involved in nano-titanium dioxide-induced activation of antioxidant defense system and accumulation of osmolytes under water-deficit stress in Vicia faba L. Ecotoxicol. Environ. Saf. 190, 110152. doi: 10.1016/j.ecoenv.2019.110152

 Khlebtsov, B. N., and Khlebtsov, N. G. (2011). On the measurement of gold nanoparticle sizes by the dynamic light scattering method. Colloid J. 73, 118–127. doi: 10.1134/S1061933X11010078


 Kirk, J. T. O., and Allen, R. L. (1965). Dependence of chloroplast pigment synthesis on protein synthesis: effect of actidione. Biochem. Biophys. Res. Commun. 21, 523–530. doi: 10.1016/0006-291X(65)90516-4

 Kongala, S. I., Nadendla, S. R., and Mamidala, P. (2021). Internalization and induction of defense responses in tobacco by harpinPss conjugated gold nanoparticles as a foliar spray. Colloids Interface Sci. Commu. 43, 100438. doi: 10.1016/j.colcom.2021.100438


 Krishna, K. M., Chikkappa, G. K., and Manjulatha, G. (2013). Components of genetic variation for Macroph-omina phaseolina resistance in maize. J. Res. Angrau 41, 12–15.

 Kruk, T., Szczepanowicz, K., Stefańska, J., Socha, R. P., and Warszyński, P. (2015). Synthesis and antimicrobial activity of monodisperse copper nanoparticles. Colloids Surf. B. 128, 17–22.

 Kumar, B., Hooda, K. S., Gogoi, R., Kumar, V., Kumar, S., Abhishek, A., et al. (2016). Inheritance study and stable sources of maydis leaf blight (Cochliobolus heterostrophus) resistance in tropical maize germplasm. Cereal Res. Commun. 44, 424–434. doi: 10.1556/0806.44.2016.004


 Lala, S. (2020). Enhancement of secondary metabolites in Bacopa monnieri (L.) Pennell plants treated with copper-based nanoparticles in vivo. IET Nanobiotechnol. 14, 78–85. doi: 10.1049/iet-nbt.2019.0124

 Lamsal, K., Kim, S. W., Jung, J. H., Kim, Y. S., Kim, K. S., and Lee, Y. S. (2011). Inhibition effects of silver nanoparticles against powdery mildews on cucumber and pumpkin. Mycobiology 39, 26–32. doi: 10.4489/MYCO.2011.39.1.026

 Lanubile, A., Maschietto, V., De Leonardis, S., Battilani, P., Paciolla, C., and Marocco, A. (2015). Defence responses to mycotoxin-producing fungi Fusarium proliferatum, F. subglutinans, and Aspergillus flavus in kernels of susceptible and resistant maize genotypes. Mol. Plant Microbe Interact. 28, 546–557. doi: 10.1094/MPMI-09-14-0269-R

 Lattanzio, V., Lattanzio, V. M., and Cardinali, A. (2006). Role of phenolics in the resistance mechanisms of plants against fungal pathogens and insects. Phytochem. Adv. Res. 661, 23–67.

 Lee, H. I., Leon, J., and Raskin, I. (1995). Biosynthesis and metabolism of salicylic acid. Proc. Natl. Acad. Sci. 92, 4076–4079. doi: 10.1073/pnas.92.10.4076

 Lillie, J. (2016). Mesoporous silica nanoparticle incorporation of essential oils onto synthetic textiles for tailored antimicrobial activity (Doctoral dissertation, Manchester Metropolitan University).

 Luis, A. I., Campos, E. V., De Oliveira, J. L., Guilger-Casagrande, M., De Lima, R., Castanha, R. F., et al. (2020). Zein nanoparticles impregnated with eugenol and garlic essential oils for treating fish pathogens. ACS Omega 5, 15557–15566. doi: 10.1021/acsomega.0c01716

 MacFarlane, G. R., and Burchett, M. D. (2001). Photosynthetic pigments and peroxidase activity as indicators of heavy metal stress in the Grey mangrove, Avicennia marina (Forsk.) Vierh. Mar. Pollut. Bull. 42, 233–240. doi: 10.1016/S0025-326X(00)00147-8

 Manikandan, A., and Sathiyabama, M. (2015). Green synthesis of copper-chitosan nanoparticles and study of its antibacterial activity. J. Nanomed. Nanotech. 6, 1. doi: 10.4172/2157-7439.1000251


 Markin, A. V., and Markina, N. E. (2019). Experimenting with plasmonic copper nanoparticles to demonstrate color changes and reactivity at the nanoscale. J. Chem. Educ. 96, 1438–1442. doi: 10.1021/acs.jchemed.8b01050


 Marques, D. M., Veroneze Júnior, V., da Silva, A. B., Mantovani, J. R., Magalhães, P. C., and de Souza, T. C. (2018). Copper toxicity on photosynthetic responses and root morphology of Hymenaea courbaril L. (Caesalpinioideae). Wat. Air and Soil Poll. 229, 1–14. doi: 10.1007/s11270-018-3769-2


 Marschner, H. (1995). Mineral Nutrition of Higher Plants. London: Academic Press.

 Mayer, A. M., Harel, E., and Ben-Shaul, R. (1966). Assay of catechol oxidase-a critical comparison of methods. Phytochemistry 5, 783–789. doi: 10.1016/S0031-9422(00)83660-2


 Mckinney, H. H. (1923). Influence of soil temperature and moisture on infection of wheat seedlings by Helminthos poriumsativum. J. Agric. Res. 26,195–217.

 Meyer, S. L., Lakshman, D. K., Zasada, I. A., Vinyard, B. T., and Chitwood, D. J. (2008). Dose–response effects of clove oil from Syzygium aromaticum on the root-knot nematode Meloidogyne incognita. Pest Manag. Sci. 64, 223–229. doi: 10.1002/ps.1502

 Miller, L. C., and Tainter, M. (1944). Estimation of the ED50 and its error by means of logarithmic-probit graph paper. Proc. Soc. Exp. Biol. Med. 57, 261–264. doi: 10.3181/00379727-57-14776


 Mir, A. R., Pichtel, J., and Hayat, S. (2021). Copper: Uptake, toxicity and tolerance in plants and management of Cu-contaminated soil. Biometals 34, 737–759. doi: 10.1007/s10534-021-00306-z

 Monni, S., Salemaa, M., and Millar, N. (2000). The tolerance of Empetrum nigrum to copper and nickel. Environ. Pollut. 109, 221–229. doi: 10.1016/S0269-7491(99)00264-X

 Mourdikoudis, S., Pallares, R. M., and Thanh, N. T. (2018). Characterization techniques for nanoparticles: comparison and complementarity upon studying nanoparticle properties. Nanoscale 10, 12871–12934. doi: 10.1039/C8NR02278J

 Mousavi, S. R., Galavi, M., and Rezaei, M. (2012). The interaction of zinc with other elements in plants: a review. Int. J. Agric. Crop Sci. 4, 1881–1884.

 Muñoz Castellanos, L., Amaya Olivas, N., Ayala-Soto, J., De La O Contreras, C. M., Zermeño Ortega, M., Sandoval Salas, F., et al. (2020). In vitro and in vivo antifungal activity of clove (Eugenia caryophyllata) and pepper (Piper nigrum L.) essential oils and functional extracts against Fusarium oxysporum and Aspergillus niger in tomato (Solanum lycopersicum L.). Int. J. Microbiol. 2020, 1702037. doi: 10.1155/2020/1702037

 Nautiyal, N, and Chatterjee, C. (2007). Copper–manganese interaction in cauliflower. J. Plant Nutr. 25, 1701–1707. doi: 10.1081/PLN-120006052


 Nazzaro, F., Fratianni, F., Coppola, R., and Feo, V. D. (2017). Essential oils and antifungal activity. Pharmaceuticals 10, 86. doi: 10.3390/ph10040086

 Nene, Y. L., and Thapliyal, P. N. (1979). Fungicides in Plant Disease Control. New Delhi, Bombay: Oxford and IBH Publishing Co. 406–425.

 Nguyen, T. X. T., Amyot, M., and Labrecque, M. (2017). Differential effects of plant root systems on nickel, copper and silver bioavailability in contaminated soil. Chemosphere 168, 131–138. doi: 10.1016/j.chemosphere.2016.10.047

 Noman, M., Shahid, M., Ahmed, T., Tahir, M., Naqqash, T., Muhammad, S., et al. (2020). Green copper nanoparticles from a native Klebsiella pneumoniae strain alleviated oxidative stress impairment of wheat plants by reducing the chromium bioavailability and increasing the growth. Ecotoxicol. Environ. Saf. 192, 110303. doi: 10.1016/j.ecoenv.2020.110303

 Ogunkunle, C. O., Jimoh, M. A., Asogwa, N. T., Viswanathan, K., Vishwakarma, V., and Fatoba, P. O. (2018). Effects of manufactured nano-copper on copper uptake, bioaccumulation and enzyme activities in cowpea grown on soil substrate. Ecotoxicol. Environ. Saf. 155, 86–93. doi: 10.1016/j.ecoenv.2018.02.070

 Panou-Filotheou, H., Bosabalidis, A. M., and Karataglis, S. (2001). Effects of copper toxicity on leaves of oregano (Origanum vulgare subsp. hirtum). Ann. Bot. 88, 207–214. doi: 10.1006/anbo.2001.1441


 Pariona, N., Mtz-Enriquez, A. I., Sánchez-Rangel, D., Carrión, G., Paraguay-Delgado, F., and Rosas-Saito, G. (2019). Green-synthesized copper nanoparticles as a potential antifungal against plant pathogens. RSC Adv. 9, 18835–18843. doi: 10.1039/C9RA03110C

 Patterson, A. L. (1939). The Scherrer formula for X-ray particle size determination. Phys. Rev. 56, 978. doi: 10.1103/PhysRev.56.978


 Payak, M. M., and Sharma, R. C. (1983). Disease Rating scales of Maize in India-Techniques of scoring for resistance to important diseases of maize, AICMIP. IARI, New Delhi 1–97.

 Perrot, T., Pauly, M., and Ramírez, V. (2022). Emerging roles of β-glucanases in plant development and adaptative responses. Plants 11, 1119. doi: 10.3390/plants11091119

 Perumal, A. B., Sellamuthu, P. S., Nambiar, R. B., and Sadiku, E. R. (2017). Effects of essential oil vapour treatment on the postharvest disease control and different defence responses in two mango (Mangifera indica L.) cultivars. Food Bioprocess. Technol. 10, 1131–1141. doi: 10.1007/s11947-017-1891-6


 Phul, R., Kaur, C., and Farooq, U. (2018).Ascorbic acid assisted synthesis, characterization and catalytic application of copper nanoparticles. Material Sci. Eng. Int. J. 2, 90–94. doi: 10.15406/mseij.2018.02.00040


 Pinto, E., Vale-Silva, L., Cavaleiro, C., and Salgueiro, L. (2009). Antifungal activity of the clove essential oil from Syzygium aromaticum on Candida, Aspergillus and dermatophyte species. J. Med. Microbiol. 58, 1454–1462. doi: 10.1099/jmm.0.010538-0

 Pradhan, S., Patra, P., Mitra, S., Dey, K. K., Basu, S., Chandra, S., et al. (2015). Copper Nanoparticle (CuNP) Nano chain Arrays with a Reduced Toxicity Response: A Biophysical and Biochemical Outlook on Vigna radiata. J. Agric. Food Chem. 63,2606–2617. doi: 10.1021/jf504614w

 Prasad, R., Shivay, Y. S., and Kumar, D. (2016). Interactions of zinc with other nutrients in soils and plants-A Review. Indian J. Fertil. 12, 16–26.

 Purkait, S., Bhattacharya, A., Bag, A., and Chattopadhyay, R. R. (2020). Synergistic antibacterial, antifungal and antioxidant efficacy of cinnamon and clove essential oils in combination. Arch. Microbiol. 202, 1439–1448. doi: 10.1007/s00203-020-01858-3

 Quiterio-Gutiérrez, T., Ortega-Ortiz, H., Cadenas-Pliego, G., Hernández-Fuentes, A. D., Sandoval-Rangel, A., Benavides-Mendoza, A., et al. (2019). The application of fselenium and copper nanoparticles modifies the biochemical responses of tomato plants under stress by Alternaria solani. Int. J. Mol. Sci. 20, 1950. doi: 10.3390/ijms20081950

 Rahimi, P., Hashemipour, H., Ehtesham Zadeh, M., and Ghader, S. (2010). Experimental investigation on the synthesis and size control of copper nanoparticle via chemical reduction method. Int. J. Nanosci. Nanotechnol. 6, 144–149.

 Rai, M., Paralikar, P., Jogee, P., Agarkar, G., Ingle, A. P., Derita, M., et al. (2017). Synergistic antimicrobial potential of essential oils in combination with nanoparticles: Emerging trends and future perspectives. Int. J. Pharm. 519, 67–78. doi: 10.1016/j.ijpharm.2017.01.013

 Rajesh, K. M., Ajitha, B., Reddy, Y. A. K., Suneetha, Y., and Reddy, P. S. (2017). Assisted green synthesis of copper nanoparticles using Syzygium aromaticum bud extract: Physical, optical and antimicrobial properties. Optik 154, 593–600. doi: 10.1016/j.ijleo.2017.10.074


 Ramyadevi, J., Jeyasubramanian, K., Marikani, A., Rajakumar, G., and Rahuman, A. A. (2012). Synthesis and antimicrobial activity of copper nanoparticles. Mater. Lett. 71, 114–116. doi: 10.1016/j.matlet.2011.12.055


 Ramyadevi, J., Jeyasubramanian, K., Marikani, A., Rajakumar, G., Rahuman, A. A., Santhoshkumar, T., et al. (2011). Copper nanoparticles synthesized by polyol process used to control hematophagous parasites. Parasitol. Res. 109, 1403–1415. doi: 10.1007/s00436-011-2387-3

 Reyes, G. M. (1953). An epidemic outbreak of the maize rust in eastern and central Visayas, Philippines. Philipp. J. Agric. 18, 115–128.

 Rivas-San Vicente, M., and Plasencia, J. (2011). Salicylic acid beyond defence: its role in plant growth and development. J. Exp. Bot. 62, 3321–3338. doi: 10.1093/jxb/err031

 Rodriguez, J. L., and Flores, F. (1987). Effects of Citrus Exocortis Viroid Infection on the Peroxidase/IAA-Oxidase System of Gynura aurantiaca and Lycoperszcon esculentum. Biochem. Physiol. Pflanzen. 182, 449–457. doi: 10.1016/S0015-3796(87)80070-7


 Sarkar, A., Chakraborty, N., and Acharya, K. (2022). Chitosan nanoparticles mitigate Alternaria leaf spot disease of chilli in nitric oxide-dependent way. Plant Physiol. Biochem.180, 64–73. doi: 10.1016/j.plaphy.2022.03.038

 Sarkar, J., Chakraborty, N., Chatterjee, A., Bhattacharjee, A., Dasgupta, D., and Acharya, K. (2020). Green synthesized copper oxide nanoparticles ameliorate defence and antioxidant enzymes in Lens culinaris. Nanomaterials 10, 312. doi: 10.3390/nano10020312

 Sarker, U., and Oba, S. (2018). Drought stress effects on growth, ROS markers, compatible solutes, phenolics, flavonoids, and antioxidant activity in Amaranthus tricolor. Appl. Biochem. Biotechnol. 186, 999–1016. doi: 10.1007/s12010-018-2784-5

 Sasaki, K., Yuichi, O., Hiraga, S., Gotoh, Y., Seo, S., Mitsuhara, I., et al. (2007). Characterization of two rice peroxidase promoters that respond to blast fungus-infection. Mol. Genet. Genomic Med. 278, 709–722. doi: 10.1007/s00438-007-0286-1

 Sathiyabama, M., and Manikandan, A. (2016). Chitosan nanoparticle induced defence responses in finger millet plants against blast disease caused by Pyricularia grisea (Cke.) Sacc. Carbohydr. Polym. 154, 241–246. doi: 10.1016/j.carbpol.2016.06.089

 Scandorieiro, S., De Camargo, L. C., Lancheros, C. A., Yamada-Ogatta, S. F., Nakamura, C. V., De Oliveira, A. G., et al. (2016). Synergistic and additive effect of oregano essential oil and biological silver nanoparticles against multidrug-resistant bacterial strains. Front. Microbial. 7, 760. doi: 10.3389/fmicb.2016.00760

 Seku, K., Ganapuram, B. R., Pejjai, B., Kotu, G. M., and Narasimha, G. (2018). Hydrothermal synthesis of Copper nanoparticles, characterization and their biological applications. Int. J. Nano. Dimens. 9, 7–14.

 Shao, X., Cheng, S., Wang, H., Yu, D., and Mungai, C. (2013). The possible mechanism of antifungal action of tea tree oil on Botrytis cinerea. J. Appl. Microbiol. 114, 1642–1649. doi: 10.1111/jam.12193

 Sharma, P. K., Dorlikar, S., Rawat, P., Malik, V., Vats, N., Sharma, M., et al. (2021). Nanotechnology and its application: a review. Nanotech. Cancer Manage. 2021, 1–33. doi: 10.1016/B978-0-12-818154-6.00010-X


 Shende, S., Rathod, D., Gade, A., and Rai, M. (2017). Biogenic copper nanoparticles promote the growth of pigeon pea (Cajanus cajan L.). IET Nanobiotech. 11, 773–781. doi: 10.1049/iet-nbt.2016.0179


 Shivashakarappa, K., Reddy, V., Tupakula, V. K., Farnian, A., Vuppula, A., and Gunnaiah, R. (2022). Nanotechnology for the detection of plant pathogens. Plant Nano Biol. 2, 100018. doi: 10.1016/j.plana.2022.100018


 Singh, D., Nath, K., and Sharma, Y. K. (2007). Response of wheat seed germination and seedling growth under copper stress. J. Environ. Biol. 28, 409.

 Siyuan, S., Tong, L., and Liu, R. (2018). Corn phytochemicals and their health benefits. Food Sci. Hum. Wellness. 7, 185–195. doi: 10.1016/j.fshw.2018.09.003


 Souza, I. R., Oliveira, E., Peres, M., Oliveira, A., and Purcino, A. Á. (2010). Peroxidase activity in maize inbred lines resistant or susceptible to maize dwarf mosaic virus. Rev. Brasileira de milho e Sorgo 2, 41–51. doi: 10.18512/1980-6477/rbms.v2n1p1-8


 Spencer, M. A., and Dick, M. W. (2002). “Aspects of gramini-colous downy mildew biology: perspectives for tropical plant pathology and Peronosporomyce-tes phylogeny,” in: Tropical Mycology, Micromycetes, eds. R., Watling, J. C., Frankland, A. M., Ainsworth, S., Isaac, C. H., Robinson (Wallingford, UK: CAB International) 63–81. doi: 10.1079/9780851995434.0063


 Stauber, J. L., and Florence, T. M. (1985). Interactions of copper and manganese: a mechanism by which manganese alleviates copper toxicity to the marine diatom, Nitzschia closterium (Ehrenberg) W. Smith. Aquat. Toxicol. 7, 241–254. doi: 10.1016/0166-445X(85)90042-6


 Stokłosa, A., Matraszek, R., Isman, M. B., and Upadhyaya, M. K. (2012). Phytotoxic activity of clove oil, its constituents, and its modification by light intensity in broccoli and common lambsquarters (Chenopodium album). Weed Sci. 60, 607–611. doi: 10.1614/WS-D-11-00210.1


 Swarnkar, R. K., Singh, S. C., and Gopal, R. (2011). Effect of aging on copper nanoparticles synthesized by pulsed laser ablation in water: structural and optical characterizations. Bull. Mater. Sci. 34, 1363–1369. doi: 10.1007/s12034-011-0329-4


 Taghizadeh, M., and Solgi, M. (2014). The application of essential oils and silver nanoparticles for sterilization of bermudagrass explants in in vitro culture. Int. J. Hortic. Sci. 1, 131–140. doi: 10.22059/ijhst.2014.52784


 Tefferi, A., Hulluka, M., and Welz, H. G. (1996). Assessment of damage and grain yield loss in maize caused by northern leaf blight in western Ethiopia. J. Plant Dis. Prot. 103, 353–363.

 Thind, B. S., and Payak, M. M. (1985). A review of bacterial stalk rot of maize in India. Int. J. Pest Manag. 31, 311–316. doi: 10.1080/09670878509371007


 Tomer, A., Singh, R., and Dwivedi, S. A. (2021). “Nanotechnology for detection and diagnosis of plant diseases,” in Biobased Nanotechnology for Green Applications 221–237. doi: 10.1007/978-3-030-61985-5_8

 Ulanowska, M., and Olas, B. (2021). Biological properties and prospects for the application of eugenol-a review. Int. J. Mol. Sci. 22, 3671. doi: 10.3390/ijms22073671

 Umer, A., Naveed, S., Ramzan, N., Rafique, M. S., and Imran, M. (2014). A green method for the synthesis of copper nanoparticles using L-ascorbic acid. Matéria (Rio de janeiro) 19, 197–203. doi: 10.1590/S1517-70762014000300002


 United Nations (2023). Available online at: https://www.un.org/en/global-issues/population (accessed March 23, 2023).

 Usman, M., Farooq, M., Wakeel, A., Nawaz, A., Cheema, S. A., ur Rehman, H., et al. (2020). Nanotechnology in agriculture: current status, challenges and future opportunities. Sci. Total. Environ. 721, 137778. doi: 10.1016/j.scitotenv.2020.137778

 Valasata, I., Rosato, A., Fuhrman, N., Thornton, J. M.„, and Andreini, C. (2018). To what extent do structural changes in catalytic metal sites affect enzyme function? Inorg. Chem. 179,40–53. doi: 10.1016/j.jinorgbio.2017.11.002

 Veldhuizen, E. J., Tjeerdsma-van Bokhoven, J. L., Zweijtzer, C., Burt, S. A., and Haagsman, H. P. (2006). Structural requirements for the antimicrobial activity of carvacrol. J. Agric. Food Chem. 54, 1874–1879. doi: 10.1021/jf052564y

 Viet, P. V., Nguyen, H. T., Cao, T. M., and Hieu, L. V. (2016). Fusarium antifungal activities of copper nanoparticles synthesized by a chemical reduction method. J. Nanomater. 2016, 1957612. doi: 10.1155/2016/1957612

 Vincent, J. M. (1947). Distortion of fungal hyphae in the presence of certain inhibitors. Nature 159, 850. doi: 10.1038/159850b0

 Vitalini, S., Orlando, F., and Iriti, M. (2022). Selective phytotoxic activity of eugenol towards monocot and dicot target species. Nat. Prod. Res. 36, 1659–1662. doi: 10.1080/14786419.2021.1897810

 Wang, S., Fu, Y., Zheng, S., Xu, Y., and Sun, Y. (2022). Phytotoxicity and accumulation of copper-based nanoparticles in brassica under cadmium stress. Nanomaterials 12, 1497. doi: 10.3390/nano12091497

 Wang, Y., Xue, Y., Bi, Q., Qin, D., Du, Q., and Jin, P. (2021). Enhanced antibacterial activity of eugenol-entrapped casein nanoparticles amended with lysozyme against gram-positive pathogens. Food Chem. 360, 130036. doi: 10.1016/j.foodchem.2021.130036

 Wei, L., Tang, J., Zhang, Z., Chen, Y., Zhou, G., and Xi, T. (2010). Investigation of the cytotoxicity mechanism of silver nanoparticles in vitro. Biomed. Mater. 5, 044103. doi: 10.1088/1748-6041/5/4/044103

 Wei, Y., Chen, S., Kowalczyk, B., Huda, S., Gray, T. P., and Grzybowski, B. A. (2010). Synthesis of stable, low-dispersity copper nanoparticles and nanorods and their antifungal and catalytic properties. J. Phys. Chem. C. 114, 15612–15616. doi: 10.1021/jp1055683


 Weisany, W., Samadi, S., Amini, J., Hossaini, S., Yousefi, S., and Maggi, F. (2019). Enhancement of the antifungal activity of thyme and dill essential oils against Colletotrichum nymphaeae by nano-encapsulation with copper NPs. Ind. Crops Prod. 132, 213–225. doi: 10.1016/j.indcrop.2019.02.031


 Xiong, Z. T., Liu, C., and Geng, B. (2006). Phytotoxic effects of copper on nitrogen metabolism and plant growth in Brassica pekinensis Rupr. Ecotoxicol. Environ. Saf. 64, 273–280. doi: 10.1016/j.ecoenv.2006.02.003

 Yang, Z., Xiao, Y., Jiao, T., Zhang, Y., Chen, J., and Gao, Y. (2020). Effects of copper oxide nanoparticles on the growth of rice (Oryza sativa L.) seedlings and the relevant physiological responses. Int. J. Environ Res. Public Health 17, 1260. doi: 10.3390/ijerph17041260

 Zakharova, O., Kolesnikov, E., Shatrova, N., and Gusev, A. (2019). “The effects of CuO nanoparticles on wheat seeds and seedlings and Alternaria solani fungi: in vitro study,” in IOP Conference Series: Earth and Environmental Science (IOP Publishing) 012036. doi: 10.1088/1755-1315/226/1/012036


 Zare, Z., Pishkar, L., Iranbakhsh, A., and Talei, D. (2020). Physiological and molecular effects of silver nanoparticles exposure on purslane (Portulaca oleracea L.). Russ. J. Plant Physiol. 67, 521–528. doi: 10.1134/S1021443720030231


 Zhang, J., and Sun, X. (2021). Recent advances in polyphenol oxidase-mediated plant stress responses. Phytochemistry. 181, 112588. doi: 10.1016/j.phytochem.2020.112588

 Zhao, L., Hu, Q., Huang, Y., and Keller, A. A. (2017). Response at genetic, metabolic, and physiological levels of maize (Zea mays) exposed to a Cu(OH)2 nanopesticide. ACS Sustain. Chem. Eng. 5, 8294–8301. doi: 10.1021/acssuschemeng.7b01968


 Zhiipao, R. R., Pooniya, V., Biswakarma, N., Kumar, D., Shivay, Y. S., Dass, A., et al. (2023). Timely sown maize hybrids improve the post-anthesis dry matter accumulation, nutrient acquisition and crop productivity. Sci. Rep. 13, 1688. doi: 10.1038/s41598-023-28224-9

 Zhu, L., Hu, W., Murtaza, A., Iqbal, A., Li, J., Zhang, J., et al. (2022). Eugenol treatment delays the flesh browning of fresh-cut water chestnut (Eleocharis tuberosa) through regulating the metabolisms of phenolics and reactive oxygen species. Food Chem. X. 14, 100307. doi: 10.1016/j.fochx.2022.100307



OPS/images/fmicb-14-1204512-t002.jpg
Target fungi

egression equa

B. maydis 46.900 23.709 67.924 71.944 ¥ = 2.0 x x+ (=3.600)
R. solani f.sp. sasakii 43.208 32.267 53.265 27.572 y=3.6xx+(—6.143)
F.verticillioides 51.003 26.728 73.843 56.633 y=29xx+(-4714)
S. rolfsii 55.096 19.080 93.846 45.355 y =12 x x4+ (—2.040)
M. phaseolina 56.499 24.197 89.507 110389 =20 x x+ (-3.800)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Essential oil-grafted copper nanoparticles as a potential next-generation fungicide for holistic disease management in maize



		1. Introduction



		2. Materials and methods



		2.1. Synthesis of CuNPs and preparation of EO-grafted CuNPs



		2.2. Characterization



		2.2.1. UV-Vis spectroscopy



		2.2.2. X-ray diffraction analysis



		2.2.3. Dynamic light scattering and zeta potential analysis



		2.2.4. Transmission electron microscopy



		2.2.5. Fourier transform infrared spectroscopy



		2.2.6. Gas chromatography–mass spectrometry of essential oil-grafted CuNPs









		2.3. Determination of antifungal activity in vitro



		2.4. Determination of ED50 value



		2.5. Determination of antifungal activity in vivo (net house)



		2.6. Biochemical study of enzymatic antioxidant



		2.6.1. Peroxidase assay



		2.6.2. Polyphenol oxidase assay



		2.6.3. β-1, 3-glucanase assay



		2.6.4. Phenylalanine ammonia-lyase assay









		2.7. Determination of total phenolic content (non-enzymatic antioxidant)



		2.8. Phytotoxic studies



		2.8.1. Determination of physiological parameters of maize under EGC influence



		2.8.2. Histological observation



		2.8.3. Determination of effects of EO-grafted CuNPs on photosynthetic pigments



		2.8.4. Estimation of bioaccumulation of copper in maize leaves









		2.9. Statistical analysis







		3. Result



		3.1. Synthesis and characterization of EO-grafted CuNPs



		3.2. In vitro efficacy of EO-grafted CuNPs on maize fungal pathogens



		3.3. ED50 value of EO-grafted CuNPs



		3.4. In vivo efficacy of EO-grafted CuNPs against maydis leaf blight



		3.5. Biochemical responses to EO-grafted CuNPs



		3.5.1. Enzymatic antioxidants



		3.5.2. Non-enzymatic antioxidants









		3.6. Phytotoxic studies



		3.6.1. Physiological parameters



		3.6.2. Histological studies



		3.6.3. Photosynthetic pigments



		3.6.4. Bioaccumulation of copper in maize leaves and its effect on zinc and manganese













		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/fmicb-14-1204512-t001.jpg
EO CuNPs+EO
Compounds RT (min)* PA (%)* Compounds RT (min)* PA (%)*
1 Eugenol 29821 7240 Eugenol 29.501 69.66
2 DMSO 7.765 395 DMSO 7.696 403
3 Trans-Caryophyllene 31.648 19.50 Trans-Caryophyllene 31.599 18.48
4 a-caryophyllene 33.001 3.67 a-caryophyllene 33.004 3.82

*Retention time. *Peak area percentage in relation to peak total area.






OPS/images/fmicb-14-1204512-t004.jpg
Treatment Cu concentration (mg ~ Mn concentration (mg Zn concentration (mg

kg~! Dry weight)* kg~! Dry weight)* kg~! Dry weight)*
1 ST (EGC) @250 mg L™ 21.210 # 0.593% 6.407 £ 0.546% 12.390 £ 0.1628"
2 ST (EGC) @500 mg L~ 25.690 % 0.421) 6.687 + 0.748% 11.970 = 0.359M
3 ST (EGC) @1,000mg L ™! 65.110 = 0.4041 3.187 £0.1418 9.850 % 0.203%
4 ST (CuNPs) @1,000mg L™! 64517 £0.619' 5.953 +0.290° 9.625 £ 0.1698
5 ST (EO) @100 mg L™! 9.413 + 0.465' 7.280 + 0.398%¢ 15.225 + 0.398¢
6 FS (EGC) @250 mg L™ 76.687 % 2.067 9.973 % 0.458" 14.595 £ 0.5714
7 FS (EGC) @500 mg L™ 140.777 % 0.566" 6.440 = 0.0814¢ 12,635 = 0.613%"
8 FS (EGC) @1,000mg L™ 329.827 + 4.099¢ 5.543 % 0.242¢0 10.885 =+ 0.429'%
9 FS (CuNPs) @1,000 mg L™" 306.430 & 1.961¢ 8217 £0.217¢ 13.580 = 0.199°%
10 FS (EO) @1,000mg L~! 9.060 & 0.323' 12.493 % 0.604* 14.093 £ 0.088%"
11 ST+FS (EGC) @250 mg L™! 97.380 £ 1.961% 6.965 £ 0.273% 11.270 = 0.076"1
12 ST+FS (EGC) @500 mg L™" 180.640 £ 0.374¢ 3.815 £ 0.264% 8.575 +0.187'
13 ST+FS (EGC) @1,000mg L™ 375795 % 0.177° 3.780 £ 0.210% 8.645 £ 0.193!
14 ST-+FS (CuNPs) @1,000 mg L™" 399.950 + 1.957* 3.500 £ 0.1508 14.595 £ 01074
15 ST+FS (EO) @1,000mg L~! 8.717 £ 0.061" 9.663 = 0.291%¢ 14.595 + 0.1074¢
16 Absolute control (Water Spray) 10.570 % 0.205" 13.300 % 0.153° 23.975 4 0.158"
17 Manc @2,000mg L™ 10.957 % 0.205' 10.535 + 0.247° 17.500 =+ 0.203¢
18 NC (Pathogen only) 11.353 £ 0.267" 12.600 £ 0351 19.425 £ 0.122

*Data are the mean of two different seasons with three replications. Data (mean = standard errors) followed by different letters in each column indicate a significant difference (Tukey HSD, p
<0.05). ST, seed treatment; FS, foliar spray; EGC, EO-grafted CuNPs; EO, essential oil (clove oil); Manc, mancozeb 75% WP; NC, negative control.
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Treatments 1st scoring 2nd scoring
PDI (%)* Score* PDI (%)*

1 ST (EGC) @250 mg L™ 2.762 % 0,024 30.688 (33.626 & 0.164)* % 2.976 £ 0,024 33.069 (35.089 % 0.161)%
2 ST (EGC) @500 mg L™" 2619 £ 0.086¢ 29.101 (32.627  0.599)¢ 2.786 £ 0,071 30.952 (33.787 % 0.490)°
3 ST (EGC) @1,000 mg L™ 2.238 % 0,063 24.868 (29.896 + 0.463)% 2.476 % 0063 27.513 (31.620  0.450)¢
4 ST (CuNPs) @1,000 mg L~! 2,619 % 0.086%¢ 29.100 (32.627 % 0.599)¢ 2810  0.063%% 31.217 (33.951 £ 0.432)¢
5 ST (EO) @100 mg L™* 4500 % 0.082° 50000 (44.982 % 0.525)° 4786 £ 0.109° 53.174 (46.802 % 0.695)°
6 FS (EGC) @250 mg L™" 3.048 £ 0.063 33.862 (35.569 % 0.424)" 32624 0.024° 36.243 (37.000 % 0.158)°
7 ES (EGC) @500 mg L™ 3.000 % 0.041° 33333 (35.249 + 0.278)" 3,119 % 0,024 34,656 (36.050 % 0.159)%
8 ES (EGC) @1,000 mg L™ 2,643 % 0.124% 29365 (32.788 % 0.865)°" 2,857 0.109% 31.746 (34.273 + 0.743)°
9 ES (CuNPs) @1,000 mg L™ 2.857 £ 0.071° 31746 (34.277 % 0.490)% 3.071 40,071 34.126 (35.728 % 0.481)%
10 FS (EO) @1,000 mg L™ 5.071 £ 0.180% 56.349 (48.633 % 1.151)° 5.167 £ 0.156" 57.407 (49.245 % 1.003)"
11 ST+ES (EGC) @250 mg L™ 2.357 % 0,041 26.190 (30.767 % 0.298)f% 2.524 % 0.104%% 28.042 (31.953 % 0.734)'s
12 ST+FS (EGC) @500 mg L™! 2.238 % 0.086%¢ 24.868 (20.892 + 0.635)% 2.429 % 0.082%% 26984 (31277 + 0.591)¢
13 ST-+ES (EGC) @ 1,000 mg L™" 1.857 £ 0.189% 20635 (26952 % 1.476)" 21194 0.145° 23544 (28.990 + 1.091)"
14 ST+FS CuNPs) @1,000 mg L~ 2.238  0.086% 24.867 (29.892 £ 0.635)¢ 2357+ 0.109% 26.190 (30.758 £ 0.785)¢"
15 ST+FS (EO) @1,000 mg L™ 4571 £ 0.041° 50.794 (45.436 % 0.262)° 4714 £0.041° 52.381 (46.346 % 0.263)°
16 Absolute control (Water Spray) 00710041 0.793 (4.115 + 2.147) 0.167 % 0.048" 1.851 (7.618 % 1.255)!

17 Manc @2,000mgL~! 3.199 % 0.145° 34656 (36.039 = 0.970)* 33104 0.063° 36772 (37.313 % 0.415)¢
18 NC (Pathogen only) 5.810  0.063* 64.550 (53.439 % 0.420)* 6167 0.126* 68519 (55.857 = 0.861)*

*Data are the mean of two different seasons with three replications. “Data within the parentheses are angular-transformed values. Data (mean = standard errors) followed by different letters
in each column indicate a significant difference (Tukey HSD, p < 0.05). Disease data scored twice on 20 and 30 DAL ST, seed treatment; FS, foliar spray; PDI, percentage disease index; EGC,
EO-grafted CuNPs; EO, essential oil (clove oil); Manc, mancozeb 75% WP; NC, negative control.
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