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ABSTRACT

Powdery mildew disease of peppers (Capsicum annuum L.) caused by Oidiopsis sicula is the most damaging disease in the field
and greenhouse. Chemical control has been widely used for the control of powdery mildew. To minimize the deleterious
impacts of fungicides, the present study aimed to evaluate the antifungal effect of different concentrations (100, 150 and 200
mg/L) of MgONPs and ZnONPs against powdery mildew in comparison with the conventional fungicide penconazole (0.25 ml/L)
under greenhouse conditions. The synthesis and characterization of MgO and ZnONPs were carried out. Dynamic light
scattering (DLS) analysis revealed the presence of MgONPs and ZnONPs at the nanoscale level with a size average of 52.97 nm
+ 1.43 S.D and 79.45 nm + 1.74 S.D, respectively. Two foliar sprays were applied at two-week intervals on pepper plants cv.
Dolma, naturally infected with powdery mildew in the three greenhouses of El -Dokki (GH-1), Toukh (GH-2) and El-Haram (GH-
3). Both MgONPs and ZnONPs markedly reduced disease severity (DS) and area under the disease progress curve (AUDPC) at a
concentration of 200 mg/L. Statistical analysis showed a significant (p<0.05) difference between treatments in the three
greenhouses as well as between means of combined treatments. Scanning electron micrographs confirmed that MgONPs and
ZnONPs caused inhibition and alterations in the treated fungal structures. Pepper plants treated with penconazole displayed
the highest peroxidase activity and recorded 1.229 AA422/10 sec/g FW. While, the highest polypheneloxidase activitiy was
obtained by MgONPs with value reached 0.283 AA495/10 sec/g FW . Out of all treatments, MgONPs were the superior in
increasing total chlorophyll at the three applied concentrations, with values of 74.81, 82.94, and 91.19 mg/g FW, respectively.
Cytotoxic investigations exhibited the clastogenic nature of MgONPs, ZnONPs, and penconazole. The obtained results are
encouraging and emphasize the recognition of MgONPs and ZnONPs as a viable alternatives to conventional strategies.
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INTRODUCTION
Powdery mildew disease of pepper is the most damaging diseases in the field and greenhouse caused by Oidiopsis sicula Scalia
(Syn. Oidiopsis taurica E. S. Salmon; telemorph Leveillula taurica (Lev.) G. Arnaud). However, cleistothecia of the telemorph L.
taurica have been found on other host plants, but have not been reported on peppers (Pernezny et al., 2003). In terms of
pepper production, the disease is becoming a major issue, since it causes large losses in producing regions (Guigdn-Lopez et
al., 2020). Powdery mildew has been treated with chemical control due to its efficiency. The use of fungicides on a regular basis
exposes the environment to chemicals, which can have harmful effects on ecosystems and wildlife (Wightwick et al., 2010).
Different genera of bacteria and fungi as biocontrol agents have also been used for controlling the disease (Guigdon-Lépez et
al., 2018; Abdel-Kader et al., 2012). However, biocontrol agents are not highly effective and require to be combined with other
alternatives in integrated management strategies for strong and stable control of pepper powdery mildew (Guigdn-Lépez et
al., 2020). Therefore, nanomaterials as new alternatives are sought in the area of nanobiotechnology applications.

The nanoparticles (NPs) represent a new approach for the development of alternatives to fungicides due to their
unique physical and chemical properties, which often differ significantly from their bulk form (Kohler et al, 2008).
Nanoparticles of metal oxides such as MgO and ZnO, which have recently attracted significant interest due to their strong
antimicrobial characteristics and minimal toxicity towards mammalian cells, are now being utilised to treat bacterial and fungal
plant pathogens that cause some diseases in plants (Alghuthaymi et al., 2021; Kalia et al., 2020; EImer and White, 2018;
Gunalana et al., 2012). According to the U.S. Food and Drug Administration, magnesium oxide nanoparticles (MgO) and Zinc
oxide (ZnO) were recognized as safe substances and can be used as disinfection agents and promising in medical therapeutics
at nanoscale (FDA 2016; Krishnamoorthy et al., 2012). In agriculture, MgONPs have also the potential as antibacterial agents
against Ralestonia solanacearum (Cai et al., 2018b; Imada et al., 2016), soil-borne fungal pathogens (Chen et al., 2020; Parizi
et al., 2014), and foodborne pathogens (Jin and He, 2011). The antifungal potency of ZnONPs has been well recognized against
phytopathogenic fungi such as Peronospora tabacina (Wagner et al., 2016), Alternaria alternata and Colletotrichum
gloeosporioides (Malandrakis et al., 2019). The antifungal potency of MgONPs and ZnONPs against powdery mildew diseases
is still in its infancy with very little literature and proven mechanistic details. As a result, the current study was carried out
during the season of 2020-2021 to synthesise, characterise, and investigate the significant potential of MgONPs and ZnONPs
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as alternative disease management strategies against powdery mildew in comparison to a conventional fungicide, as well as
to determine their cytotoxic effect on treated pepper plants.

MATERIALS AND METHODS
Preparation and Characterization of MgONPs and ZnONPs:

To produce ZnO and MgO NPs, magnesium and zinc nitrate hexahydrates were employed as precursors. The coprecipitation
technique employed sodium hydroxide (NaOH) as a precipitating agent. ZnO and MgO were co-precipitated using the technique
of Tamilselvi et al. (2013). A PerkinElmer Lambada 950 UV/Vis spectrometer was employed for UV-vis spectroscopy of the
produced MgO and ZnO NPs, with wavelength ranges between 300 and 600 nm. High-resolution transmission electron
microscopy (HR-TEM) on carbon-coated copper grids using a JEOL instrument 1200 EX equipment operated at an appropriate
accelerating voltage was used to investigate the morphology of MgO and ZnO NPs (kV). The Gatan Digital Micrograph was used
to measure the lattice fringes in the fast-Fourier transform of HRTEM pictures. A Malvern Zetasizer Nano ZS 90 system was
used to measure the size distribution and zeta potential (Malvern Inc., UK).
Greenhouse Experiments:
Three trials were carried out under greenhouse conditions during the seasons of 2020-2021 to evaluate the antifungal effects
of MgONPs and ZnONPs in comparison with penconazole against powdery mildew of pepper caused by O. sicula. The locations
of the greenhouses were in Giza; Eldokki (GH-1) and Elharam (GH-3), and (Kaliobyia), Toukh (GH-2). The trials were carried out
on two-month-old pepper cv. Dolma, naturally infected with O. sicula. Plants were sprayed with MgONPs and ZnONPs at three
concentrations of 100, 150, and 200 mg/L. The conventional fungicide (Topas100 EC; Syngenta), active ingredient penconazole,
was included for comparison and used at the recommended rate (0.250ml/L). Each greenhouse received the same treatments
mentioned above. Plants were sprayed two times at 2-week intervals. Control plants were sprayed with only tap water. All the
recommended agricultural practises were applied in each greenhouse. Trials were carried out using randomized complete block
design with three replicates. Ten plants were used for each replicate. Plants were grown on both sides of a soil ridge 0.5 m
wide, and the distance between plants was 30 cm.
Disease Severity Assessment:
Disease severity was determined before spray (zero time) and 4 times with 7-days intervals. Severity was estimated by visual
estimation of sporulating mildew colonies on fully expanded leaves from the middle part of each plant. Disease Severity (DS)
% was visually recorded using the scale (0 to 6) as described by Spencer, (1977); whereas: 0 = No visible infection; 1 =1 % or
less; 2 = 2-5 %; 3 = 6-20 %, 4 = 21-40 % 5= > 40 %, and 6 = 100 % infected area of leaf. DS was calculated according to the
equation described by Descalzo et al. (1990) as follow:

R =[5 (a xb)/Nx K] x100.
Where: R =disease severity %, a =number of infected leaves rated, b = numerical value of each grade, N =total number of
examined plants, K = the highest degree of infection in the scale.
Area Under Disease Progress Curve (AUDPC) was calculated to compare amounts of disease among different treatments using
the following equation of Pandey et al. (1989);
AUDPC = D [1/2(Y1 + YK) + Y2 +Y3 +..+ Y (k-1)]
Where: D = days between readings, Y1 = first disease record, and YK = last disease record.
The Activity of Defence-Related Enzymes:
After 72 hours, the leaves of treated pepper plants were harvested and examined for peroxidase and polyphenoloxidase
activity. The activity of polyphenoloxidase was determined using the method published by Matta and Dimond (1963). The
peroxidase test (based on pyrogallol oxidation to purpyrogallin in the presence of H202) was performed using the method
reported by Allam and Hollis (1972).
Estimation of Chlorophyll:
The amount of cholorphyll in each sample was measured at the end of the research. Cutting fresh leaves into little pieces, the
pigments were removed by grinding the tissues in 80 percent acetone, then filtering to eliminate any debris, according to Porra
(2005). Ten millilitres of acetone have been refilled. The optical density at 663 and 645 nm was measured using a Unico-2000
UV spectrophotometer to estimate the total chloroplast pigments (Unico Scientific, Hong Kong, China). Arnon's formula was
used for determining chlorophyll concentration (Arnon, 1949).
Scanning Electron Microscopy (SEM):
SEM was used to observe the morphological changes of hyphae and spores of O. sicula in response to foliar spray with MgONPs
and ZnONPs. Treated pepper leaves were collected 48 h after the first treatment. Samples were cut into sections (5 mm) and
fixed to stubs using double-sided sticky tape, and sputter coated with gold-palladium. SEM micrographs were done using JEOL
GM 5200 SEM microscope at Applied Center for Entomonematodes (ACE), Faculty of Agriculture, Cairo University, Giza, Egypt.
Cytological studies:
The seeds of treated and control pepper plants were germinated on moistened filter paper in Petri-dishes at room
temperature. Root-tips (1-2 cm long) were collected and pretreated by fixing them in ethanol-glacial acetic acid (3:1). After 24
h, root tips were transferred to 70% ethyl alcohol and stored. The aceto-orcein staining method was used to stain the root tip
cells as described by Sayed-Ahmed (1985). The fixed root-tips were washed thoroughly with distilled water, then squashed on
dry clean slides and stained with a small drop of aceto-orcein stain. Scoring of the cytological criteria was carried out from at
least five prepared slides, 400 cells of each. The prepared slides were used to determine the mitotic index and chromosomal
aberrations (CA). The CA were visualized using vertical fluorescence microscope (Leica DM4 B) (Leica Microsystems, Germany)
equipped with a cooled digital color camera (Leica DFC450C).
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The mitotic index represented the percentage of divided cells to the total cells examined. Each mitotic phase's percentage is
determined by dividing the number of cells in that phase by the total number of dividing cells. In dividing cells, the total number
of CA was calculated. Cells having micronuclei (compact and non-compact), fragments, sticky binucleate cells, and laggards
were among the abnormalities (Jacobs,1997).

Data Analysis:

The data of DS, AUDPC, Ml and CA were subjected to analysis of variance (ANOVA) and treatment means were separated by
Fisher's protected least significant difference (LSD). Data were analysed using statistics software SPSS 8-0 (SPSS).

RESULTS
Physicochemical Characterization of MgONPs and ZnONPs:

The HR-TEM representative image exhibited slight irregularly faceted particles with a predominantly cubic shape of MgONPs
(Fig. 1A). The MgONPs showed aggregates connected in chains with a grape-like shape. The corresponding selected area
electron diffraction (SAED) pattern showed visible lattice fringes correspond to the MgO in its surface through a high
magnification view of single-particle (Fig. 1B, C). The synthesis of MgONPs was confirmed by UV visible spectroscopy technique
in which the absorption spectra exhibited a peak at 325 nm for MgONPs (Fig. 1D). The results of DLS analysis revealed the
presence of MgONPs at nanoscale level with a size average of 52.97 nm £ 1.43 S.D (Fig. 1E). The surface charge of the MgONPs
showed a value of + 4.55 mv (Fig. 1F). The HR-TEM image reported in Fig (2A) showed that the synthesized ZnONPs appeared
to be monodispersed as well as in aggregated form. The prevalent morphology was rod-shaped and occasional non-
homogenous shape (Fig. 2A). SAED image obtained for ZnONPs has clear diffraction rings of ZnO (Fig. 2B), and distinct lattice
fringes observed in HRTEM images of rod-like particles (Fig. 2C). The spectral analysis results indicated that maximum peak
absorption was found at 355 nm confirming the synthesis of ZnONPs (Fig. 2D). The results of DSL revealed that ZnONPs were
heterogeneously distributed with an average size of 79.45 nm + 1.74 S.D (Fig. 2E) and recorded zeta potential of + 6.12 mv (Fig.
2F), indicating dispersion and moderate stability of ZnONPs in solution.
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Figure 1. Characteristics of MgONPs synthesized by the reduction of MgONPs. (A) Representative image of transmission electron
microscopy (TEM), (B) selected area electron diffraction (SAED) patterns in the inset (C), High-magnification view of MgONPs shows a
lattice inter-planar spacing, (D) UV-vis spectra, (E) Size distribution, (F) Zeta potential measured by DLS.
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Figure 2. Characteristics of ZnONPs synthesized by the reduction of ZnONPs. (A) Representative image of transmission electron
microscopy (TEM), (B) selected area electron diffraction (SAED) patterns (C), High-magnification view of ZnONPs shows a lattice inter-
planar spacing, (D) UV-vis spectra, (E) Size distribution, (F) Zeta potential measured by DLS.

Antifungal Activity of MgONPs and ZnONPs Against Powdery Mildew on Pepper Under Greenhouse Conditions:

Data presented in Table (1) indicates that all treatments exhibited a reduction of final disease severity (FDS) compared to the
control plants. The greatest reduction was obtained with treatment of MgONPs at 200 mg/L which significantly (p<0.05)
reduced FDS (Table.1), and disease progress AUDPC (Table. 2) in the three greenhouses over other concentrations as well as
control. Similarly, in the three greenhouses, treatment with ZnONPs was also effective in reducing FDS and disease progress
AUDPC at concentration 200 mg/L in relative to other concentrations and control plants. The fungicide penconazole displayed
the magnitude antifungal effect by recording the lowest values of FDS and AUDPC when compared with treatments of MgONPs,
ZnONPs and control in all greenhouses (Table. 1 and 2). The LSD test at (p<0.05) revealed low significant difference in means
of greenhouses, however, displayed a high significant difference between means of treatments as well as the interaction
between treatments and the results of greenhouses.
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Table 1. Final disease severity % (FDS) of powdery mildew in response to foliar treatments of MgONPs and ZnONPs in
comparison with fungicide under greenhouse conditions

Treatment Concentration FDS %
(mg/ L)
GH-1 GH-2 GH-3 Mean of treatments
MgONPs 100 16.13 18.55 15.61 16.76
150 12.53 17.62 14.44 14.86
200 11.72 12.25 11.73 11.90
ZnONPs 100 18.66 20.40 19.86 19.64
150 16.47 18.48 16.36 17.10
200 14.68 13.65 12.50 13.61
Penconazole 0.250 ml/L 10.26 10.51 10.06 10.28
Control 68.24 77.61 65.73 70.53
Mean of greenhouses 21.09 23.63 20.79
LSD at0.05 Treatments = 1.120; Greenhouse = 0.686; Interaction = 1.941

Table 2. Area under disease progress curve (AUDPC) of powdery mildew in response to foliar treatments of MgONPs and
ZnONPs in comparison with fungicide under greenhouse conditions

Treatment Concentration AUDPC %
(mg/ L)
GH-1 GH-2 GH-3 Mean of treatments

MgONPs 100 668.92 741.97 688.98 699.96

150 642.71 689.64 633.22 655.19

200 552.48 609.14 574.63 578.75
ZnONPs 100 728.42 813.51 791.07 777.67

150 688.70 737.80 733.64 720.05

200 614.08 673.75 663.74 650.52
Penconazole 0.250 ml/L 470.19 543.13 513.66 508.99
Control 1397.52 1727.57 1356.78 1493.96
Mean of greenhouses 720.38 817.06 744.47

LSD 4t 0.05 Treatments = 10.590; Greenhouse = 6.485; Interaction = 18.342

Morphological Structures of Fungi Using SEM:

The disruption of cell integrity, especially the vegetative parts, could be observed on fungal structures of O. sicula. Also,
deformation, shrinking and collapsing in fungal conidiophores and conidia with partially damaged cell walls were observed
upon exposure to nanomaterials (Fig. 3A, B) over control (Fig. 3C, D). The conidia were predominantly dwindling in size and
sometimes appeared swollen and lost its well-defined cylindrical to pyriform shape (white arrows) (Fig. 3A). The treatment
with ZnONPs exhibited distinct inhibition of germinated conidia to make a new infection (white arrow) (Fig. 3B).

The Activity of Defence-Related Enzymes:

Data illustrated in Fig. (4) reveal that the activity of enzymes in pepper plants cv. Dolma was greatly increased in response to
all treatments when compared to the control. Generally, pepper plants treated with MgONPs at the highest concentration of
200 mg/L exhibited the lowest peroxidase activities 0.541 AA422/10 sec/g FW in relation to control plants (Fig .4 A). Unlike,
plants treated with ZnONPs at 200 mg/L displayed the highest peroxidase activities reached 1.016 AA422/10 sec/g FW over
control (Fig .4 A, B). Out of all treatments, MgONPs at the highest concentration of 200 mg/L displayed the greatest activity of
polyphenol oxidase with value reached 0.283 AA495/10 sec/g FW. While plants treated with penconazole showed the highest
peroxidase activity among all treatments and recorded 1.229 AA422/10 sec/g FW (Fig. 3A).

Biochemical Assays:

All treatments resulted in a considerable increase in total chlorophyll when compared with the control plants (Fig. 5). There
was no great variation among treatments in increasing total chlorophyll. Out of all treatments, MgONPs was superior in
increasing total chlorophyll at the three concentrations with values 74.81, 82.94 and 91.19 mg/g FW, respectively (Fig .5).
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Figure 3. Scanning electron microscopy (SEM) observations of fungal structures of O. sicula sprayed with MgONPs (A), and
ZnONPs (B) at 200 mg/L, 48 h after treatment and control (C and D).
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Figure 4. Enzyme activity of Peroxidase (A) and Polyphenol oxidase (B) in pepper plants 72 h. pretreatment with MgONPs,
ZnONPs and penconazole under greenhouse conditions. Data represent the mean of 6 readings * standar deviation at 10 sec

intervals expressed as AA/10 sec/g FW.
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Figure 5. Total chlorophyll estimated in pepper leaves in response to foliar treatments with MgONPs, ZnONPs and penconazole
under greenhouse conditions.

Cytotoxic Effect of MgONPs, ZnONPs and Penconazole Fungicide:

The cytotoxic effects were assessed based on M| and chromosomal aberration (CA) assay in meristematic cells of pepper. The
Ml values, frequency of mitotic phases, CA types and percentage, micronuclei types and numbers are given in Tables (4 and 5).
The estimated score of Ml of the pepper plants treated with MgONPs, ZnONPs and control are similar. According to the LSD
test (Table 6), the combined data of the three greenhouses revealed a significant variation among treatments and control in
terms of MI. Control plants exhibited the highest values of Ml (17.54, 17.34 and 17.88) in GH-1, GH-2 and GH-3, respectively
(Table 4). While, the lowest estimate in M|l was obtained by the fungicide treatment in the three grenhouses (12.35, 13.36 and
12.67), respectively (Table 4). The frequency of each mitotic division phase was also studied, and no remarkable difference was
observed in cell division phase at any concentration of MgONPs and ZnONPs (Table 4). However, penconazole fungicide
illustrated a significant reduction in Ml (Table 6) and frequency (%) of mitotic phases (Table 4).

Table 4. Mitotic index (Ml) and frequency of mitotic phases in treated and control pepper plants

Locations Treatments | Concentration No. of No. of mi Frequency of mitotic phases %

(mg/ L) studied divided Prophase Metaphase Ana-telophase

cells cells No. % No. % No. %
GH-1 MgONPs 100 1400 229 16.36 80 5.71 71 5.07 78 5.57
150 1410 235 16.67 79 5.60 69 4.89 87 6.17
200 1350 226 16.74 78 5.78 70 5.19 78 5.78
ZnONPs 100 1325 222 16.75 78 5.89 64 4.83 80 6.04
150 1350 223 16.52 77 5.70 65 4.81 81 6.00
200 1350 228 16.89 78 5.78 66 4.89 84 6.22
Penconazole 0.250 ml/I 1320 163 12.35 61 4.62 48 3.64 54 4.09
Control 1300 228 17.54 80 6.15 69 5.31 79 6.08
GH-2 MgONPs 100 1420 241 16.97 87 6.13 67 4.72 87 6.13
150 1420 238 16.76 86 6.06 66 4.65 86 6.06
200 1454 242 16.64 88 6.05 70 4.81 84 5.78
ZnONPs 100 1450 240 16.55 84 5.79 68 4.69 88 6.07
150 1470 248 16.87 89 6.05 70 4.76 89 6.05
200 1450 245 16.90 88 6.07 72 4.97 85 5.86
Penconazole 0.250 ml/I 1350 171 12.67 61 452 50 3.70 60 4.44
Control 1398 250 17.88 81 5.79 80 5.72 89 6.37
GH-3 MgONPs 100 1440 240 16.67 79 5.49 77 5.35 84 5.83
150 1450 235 16.21 81 5.59 74 5.10 80 5.52
200 1405 236 16.80 80 5.69 76 5.41 80 5.69
ZnONPs 100 1470 239 16.26 81 5.51 70 4.76 88 5.99
150 1440 240 16.67 82 5.69 71 4.93 87 6.04
200 1460 245 16.78 80 5.48 75 5.14 90 6.16
Penconazole 0.250 ml/I 1400 187 13.36 60 4.29 58 4.14 69 4.93
Control 1401 243 17.34 85 6.07 71 5.07 87 6.21
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The estimated score of micronuclei and CA in response to foliar spray with MgONPs and ZnONPs, over control and fungicide
are mainly similar (Table 5). All treatments induced CA at all tested concentrations. Abeerations, such as compact micronuclei
(Fig. 6A), non-compact micronuclei (Fig. 6B), laggard chromosome (Fig. 6C), stickiness chromosome (Fig. 6D), binucleate cells
(Fig. 6E), and fragment chromosome (Fig. 6F) were observed. There were differences among treatments in terms of CA %,
ranged from the highest score of CA obtained by penconazole treatment which reached 12.80, to the lowest estimate in control
plants with value 1.33. On the other hand, plants treated with ZnONPs reported low values 7.38 and 7.95 % of CA, followed by
MgONPs, which recorded values ranged between 8.33 and 8.91 %. The statistical analysis of the combined data of the three
greenhouses (Table 6), resulted in a significant variation among treatements in terms of number of CA and percentage.
According to the LSD test, the penconazole treatment significantly increased number and percentage of CA over other
treatments as well as control (Table .6).

Table 5. Frequency of micronuclei and CA in meristematic root-tips in treated and control pepper plants

Locations Treatments Concentration | Total | Types of micronuclei No. of Types of chromosomal aberration Chromosomal
(me/ L) s:l?dlc;fd Compact Non- micronuclel | ments | Stickiness | Binucleate | Laggard aberration
olle Compact cells
No. No. No. No. No. No. No. No. %
GH-1 MgONPs 100 300 4 3 7 5 5 4 4 25 8.33
150 321 4 4 8 5 6 5 4 28 8.72
200 300 5 4 9 6 4 4 3 26 8.67
ZnONPs 100 320 4 4 8 5 3 4 5 25 7.81
150 335 5 3 8 5 4 4 5 26 7.76
200 335 4 4 8 6 3 5 4 26 7.76
Penconazole | 0.250 ml/I 289 5 6 11 7 6 5 8 37 | 12.80
Control 302 1 2 3 1 0 0 1 5 1.66
GH-2 MgONPs 100 321 4 5 9 4 5 4 5 27 8.41
150 298 4 4 8 5 4 5 4 26 8.72
200 258 3 4 7 5 4 4 3 23 8.91
ZnONPs 100 288 3 4 7 4 3 4 4 22 7.64
150 298 4 3 7 4 4 4 3 22 7.38
200 302 4 4 8 5 3 4 4 24 7.95
Penconazole | 0.250 ml/I 294 5 5 10 7 6 6 8 37 | 12.59
Control 300 1 1 2 0 0 1 1 4 1.33
GH-3 MgONPs 100 300 4 4 8 4 5 4 5 26 8.67
150 290 3 4 7 5 4 4 5 25 8.62
200 264 4 4 8 5 4 3 3 23 8.71
ZnONPs 100 284 3 3 6 4 4 3 4 21 7.39
150 265 4 3 7 3 3 4 4 21 7.92
200 266 3 4 7 4 4 3 3 21 7.89
Penconazole | 0.250 ml/I 250 4 3 7 6 5 5 7 30 | 12.00
Control 278 0 1 1 1 1 0 1 4 1.44
Table 6. Statistical analysis of MI and CA of the combined data of three greenhouses
Treatments Concentration Mean of (GH-1, GH-2 and GH-3)
(mg/ 1)
Ml No. of CA CA %
MgONPs 100 16.67 26.00 8.47
150 16.55 26.33 8.69
200 16.73 24.00 8.76
ZnONPs 100 16.52 22.67 7.61
150 16.69 23.00 7.69
200 16.86 23.67 7.87
Penconazole 0.250 mi/L 12.79 34.67 12.46
Control 17.59 4.33 1.48
LSD at 0.05 0.50 2.87 0.41

428



Ismail and Abd El-Gawad Egypt. J. Agric. Res., (2021) 4, 421-434

Figure 6. Microscopic analysis of CA in pepper root meristem cells; (A) Compact micronuclei, (B) Non-Compact micronuclei, (C)
Laggard chromosome, (D) Stickiness chromosome, (E) Binucleate cells, (F) Fragment chromosome. All images were taken at
100X magpnification.

DISCUSSION

The synthesis of ZNONPs was confirmed by UV absorption spectrum which exhibited a strong absorption band at 355 nm. This
finding was supported by previous report of Talam et al. (2012) and was similar to the obtained results reported by Shamhari
et al. (2018). Additionally, the UV spectrum exhibited an absorption peak at 325 nm to approve the formation of MgONPs.
Previous studies reported that MgO exhibit a broad absorption peak between 260-330 nm (Rastogi et al.,, 2015). The TEM
results exhibited unsatisfactory dispensability of MgONPs due to agglomeration state, and the selected area electron
diffraction (SAED) pattern confirmed crystalline nature and cubic shape of MgONPs. These findings were also reported in the
study of Chen et al. (2020).

Considering the obtained results, the tested MgONPs and ZnONPs at the concentrations (100, 150 and 200 mg/L)
significantly (p<0.05) reduced disease severity (DS) and calculated AUDPC in the three greenhouses over control. However,
plants sprayed with MgONPs at higher dose exhibited results similar to penconazole fungicide. Hence, the antifungal effect of
MgONPs could match the fungicide effect. More importantly, Imada et al. (2016), figured out that tomato plants treated before
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infection with 350 pug/mL MgONPs showed a significant reduction in disease incidence caused by Ralstonia solanacearum.
Whereas, the in vitro study of Cai et al. (2018b) MgONPs were shown to be considerably deadly to R. solanacearum at a
concentration of 250 mg/L. Furthermore, Liao et al. (2019) found in a field experiment that treatment of MgONPs at 200 (g/mL
greatly decreased disease severity of bacterial leaf spot on tomato. Furthermore, Parizi et al. (2014) demonstrated that
MgONPs at 2% reduced the mycelial development of Fusarium oxysporum f. sp. lycopersici, the causative agent of tomato wilt,
in the laboratory. In addition, Chen et al. (2020), demonstrated that application of MgONPs at 500 pg/mL significantly (p<0.05)
reduced black shank and black root rot disease symptoms of tobacco caused by Phytopthora nicotianae and Thielaviopsis
basicola. The study of Derbalah et al. (2013), indicated that foliar application of ZnONPs at 500 pg/mL reduced disease severity
of Cercospora leaf blight of sugar beet.

The mode of MgONPs and ZnONPs action was not investigated in this study. However, earlier studies have attributed
antifungal and bactericidal mechanisms to many theories (Xue et al., 2014). Because of the arrangement of carboxyl and
phosphate groups on the cell walls, the outer surface of the fungal mycelium is negatively charged at biological pH (Lee et al.,
2004). MgONPs might be antifungal by directly acting on fungal cells, according to Chen et al. (2020). As a result, it's possible
that positively charged MgONPs and ZnONPs have a close physical connection with fungus cells due to direct electrostatic
adsorption. Cell membrane breakdown and cellular internalisation were encouraged as a result. Furthermore, we have shown
that MgONPs produced lysis and cuts in the conidia and conidiophores cell wall due to sharp edges of NPs in high magnification
SEM pictures, as corroborated by Xie et al. (2016) and Cai et al. (2018b). Instead, ZnONP penetration may cause greater internal
ZnO-induced oxidative damage than outside the cells (Xue et al., 2014). This was in contrast to SEM micrograph, which
suggested that ZnONPs' inhibitory action was due to cell death caused by NPs' penetration and deposition into cells without
causing any physical damage. Additionally, ZnONPs suppressed germinated conidia to make new infection by forming
aggregates on conidia surface through van der Waals forces as reported by Wang et al. (2014). Collectively, the effectiveness
of ZnONPs as an antifungal is probably associated with translaminar movement.

Physiological and biochemical responses of pepper plants to treatments with MgONPs, ZnONPs and fungicides were
estimated. According to Ruttkay-Nedecky et al. (2017), the chlorophyll contents are considered a critical parameter to analyze
phytotoxicity. However, no toxicity was observed on pepper plants after two foliar sprays. Out of all treatments, only MgONPs
resulted in a notable increase in total chlorophyll in pepper plants at 150 and 200 mg/L. Similarly, Cai et al. (2018a), found out
that MgONPs increased the chlorophyll a and b contents in tobacco plants remarkably from 0.21 and 0.12 pg/g to 1.21 and
0.67 ug/g, respectively, after 30 days of treatment. Moreover, Raliya et al. (2014), demonstrated that biosynthesized MgONPs
improved chlorophyll photosynthetic pigment with a value of 76.1% in cluster beans. By contrast, the results of Adjei et al.
(2021), suggested that the low concentration of MgONPs increased the biosynthesis of chlorophyll in leaves whiles the high
concentration decreased it. Unlike, treatments with ZnONPs had a lower effect on chlorophyll content in pepper plants than
MgONPs, but still higher over fungicide and control. A relevant increase in chlorophyll content was obtained at a high
concentration of 200 mg/L. On the contrary, Hussain et al., (2021), found out that ZnONPs at higher concentrations (20 mg L™1)
decreased total chlorophyll content in leaves of Persicaria hydropiper. Also, Del Buono et al. (2021), proved that excessive dose
of ZnONPs at 200 mg L~ inhibited chlorophyll formation in Maize. The reduction in chlorophyll contents in metal-treated plants
might be due to oxidation of photosynthetic pigments (Ma et al., 2015).

The current results revealed that the higher concentrations (200 mg/L) of MgONPs negatively affected peroxidase
activity. These results are supported with previously reported by Ramadan et al. (2020), who found that soybean plants sprayed
with a higher concentration of 40 mg L1 MgONPs, exhibited a low value of peroxidase activity. Conversely, Cai et al. (2018a),
found that exposure of tobacco plants to 250 ug/mL of MgONPs enhanced the activity of peroxidase. While, the low
concentrations of 50 and 150 pg/mL revealed lower activity. Whereas, our results exhibited the contrary, of which the low
concentrations revealed higher activity and high concentrations revealed lower activity. Our results endorsed by previous
findings of Farghaly et al. (2020), who stated that treatments of pomegranate callus tissues with ZnONPs at 150 ug mL™?
decreased the activity of peroxidase. On the other hand, the findings of Hussain et al. (2021) indicated that ZnONPs at a
moderate concentration of 10 mg L1 resulted in the optimum activity of peroxidase in P. hydropiper leaves. However, a
concentration of 20 mg L™! caused a decline in peroxidase activity. These results were similar with previous research that
discovered negative effects of ZnONPs treatments on peroxidase activity in purslane roots (Iziy et al., 2019). Low activities in
antioxidant enzymes at the highest ZnONPs concentration could be attributed to the accumulation of free radicals in stressed
plant tissues (Malar et al., 2016). It was clear from our results that high levels of ZNONPs did not increase the activity of
polyphenoloxidase. Conversely, the result of Farghaly et al. (2020), indicated that a high level of ZnONPs significantly stimulated
the polyphenoloxidase activity in pomegranate callus tissues. Hence, ZnONPs displayed a dose-dependent response of
antioxidant activity.

According to Hu et al. (2017), Ml is a good indicator of cytotoxicity. The cytotoxicity of penconazole was evidenced
in this work through a reduction in MI. Similarly, Bernardes et al. (2015) observed that difenoconazole-based
formulation reduced the Ml and increased the frequency of condensed nuclei. Furthermore, Kalefetoglu Macar et al., (2021),
stated also, that the triazole fungicide diniconazole declined the Ml and increased amount of CA. This was also consistent with
previous research indicating that triazoles are mitotic division suppressors (Dubey et al., 2015). The types observed in mitotic
division were stickiness, fragments, laggards and binucleate cells. The same trend of our results was also reported by Seyhan
et al. (2019), upon treatment of Capsicum annuum L. with Captan fungicide. Increased frequency of CA, (laggards and
fragments), reduction of number of divided cells was highly induced by penconazole. Similar CA were reported by Aragdo et al.
(2019). Binucleus cell is another type of CA that was also observed as a result of penconazole treatment. Our result agreed with
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those obtained by Demirtas et al. (2015), who showed that binucleus cell is formed in meristematic roots of Allium cepa L.
treated with diniconazole.

The recorded frequency of CA illustrated in Tables (4,5) and Fig (6), demonstrated that MgONPs and ZnONPs have
cytotoxic effects on pepper. The treatments with MgONPs and ZnONPs at all concentrations had no great effect on Ml when
compared to control treatment. However, Kumari et al. (2011), reported that ZnONPs reduced the Ml in meristematic tissue
of Allium cepa. Likewise, EI-Ghamery et al. (2016), found out that ZnO at bulk and nanoparticles form caused reduction in Ml
of Allium cepa and induced different types of CA. All tested concentrations induced CA with slight differences. An earlier study
of chromosomal morphology discovered a link between increasing the number of abnormalities and increasing the
concentration of NPs (Arruda et al., 2015). Bilal et al. (2017), supported this investigation and observed a substantial decrease
in the Ml from 60.30% to 27.62% with increasing concentration of the NPs. Mangalampalli et al. (2017) discovered the sole
study in the literature that highlighted the cytotoxic impact of MgONPs on Allium cepa root cells. The decrease and rise in CA
were shown to be directly related to the concentration and indirectly proportional to the size of MgO particles. On the contrary,

alterations observed in this study were not proportional to the concentration of the tested nanomaterials.
CONCLUSION

In the current work, MgONPs and ZnONPs were shown to be viable alternatives to fungicides for controlling powdery mildew
in peppers grown in greenhouses. MgONPs, at greater doses, produced outcomes that were similar to penconazole fungicide.
Fortunately, none of the nanomaterials tested on pepper plants showed phytotoxicity throughout the testing. MgONPs and
ZnONPs had no negative impacts on pepper plants, such as leaf deformation, curling, chlorosis, or necrosis. The antifungal
toxicity characteristics can be related mostly to nanoparticle—cell direct contact, which has traditionally been detected utilising
SEM technologies, as well as oxidative stress. Future research is needed to determine the effects of MgONPs and ZnONPs at
various concentrations on edible plants, as well as their bioaccumulation in edible parts.
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