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Summary. Antifungal properties of nanoparticles (NPs) of copper oxide (CuO), titani-
um dioxide (TiO,), and silica dioxide (SiO,) were compared to the fungicide thiophan-
ate-methyl for controlling root rot and wilt of chickpea, caused by, respectively, Rhizoc-
tonia solani and Fusarium oxysporum f. sp. ciceris. Different concentrations (10, 20, or
40 ppm) of the NPs were assessed for their ability to inhibit fungal growth in vitro.
All the nanoparticles had antifungal activity, with greatest effects at 40 ppm. CuO NPs
at 40 ppm gave 61% reduction for Rhizoctonia rot and 65% reduction for Fusarium
wilt. Alterations in the ultrastructure of the fungal mycelia were observed in response
to treating with CuO NPs. No differences in in vivo tests were observed between CuO
NPs and thiophanate-methyl for reducing root rot or wilt. Applications of CuO NPs
also enhanced growth and yield of chickpea plants. CuO NPs had antifungal proper-
ties, increased activities of peroxidase and polyphenol oxidase in chickpea plants, and
increased plant phenol contents. These results indicate that CuO NPs have potential as
effective, eco-friendly alternatives to conventional fungicides for controlling of root rot
and wilt of chickpea.

Keywords. Rhizoctonia solani, Fusarium oxysporum f. sp. ciceris.

INTRODUCTION

Chickpea (Cicer arietinum L.) is a highly nutritious legume, which is
grown in more than fifty countries and is as a major source of proteins and
carbohydrates for human and animal consumption. Through biological nitro-
gen fixation, chickpea plants also improve soil fertility (Jukanti et al., 2012).

Chickpea plants are susceptible to wilt, caused by Fusarium oxysporum
Schlecht emend. Snyd. & Hans. f. sp. ciceris (Padwick) Snyd. & Hans., and
root rot caused by Rhizoctonia solani J.G. Kithn (Choudhary et al., 2013; Zian
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et al., 2023). These diseases may adversely affect chickpea
growth metrics and crop productivity.

Using fungicides for control of fungal diseases offers
several benefits, including availability, effectiveness, and
fast action. However, the compounds have disadvantag-
es, including potential harmful impacts on human and
animal health, and development of fungicide resistant
pathogen races (Yadav et al., 2020). Environmental haz-
ards resulting from fungicide use have also been dem-
onstrated, and recent studies have been conducted to
find alternative treatments (Al-Askar et al., 2014; Rashad
et al., 2018; Rashad et al., 2020a; Rashad et al., 2022;
Zian et al., 2024). Novel approaches have therefore been
assessed to managed fungal diseases, and safeguard and
fortifty worldwide food security while mitigating finan-
cial setbacks, by seeking methods to limit the use of fun-
gicide compounds.

Nanotechnology can enhance crop production by
boosting input efficiency and reducing losses. The most
important benefit of using active nanomaterials is the
large specific surface area they provide to fertilizers
and pesticides. Furthermore, nanomaterials are can be
carriers of agrochemicals, providing precise and tar-
geted delivery of nutrients, leading to enhanced plant
protection. Gogos et al. (2012) indicated that nano-
technology can alleviate issues related to food produc-
tion as well as climate change by benefiting the envi-
ronment and aiding in disease management (Worrall
et al., 2018). Nanoparticle materials have unique phys-
icochemical features, including surface and quan-
tum effects, that distinguish them from bulk materi-
als. These effects enhance their ability to interact with
fungi and perform therapeutic functions (Boxi et al.,
2016). Nanoparticles have minute diameters (1 to 100
nm). They adhere to fungal surfaces and penetrate
and deposit into fungal cells, and have been shown to
exhibit antifungal properties. These features include
capacity to mechanically and physically harm cell
walls and membranes, and to alter cellular signals by
dephosphorylating potential integral peptide substrates
that are essential for cell survival and division. Perme-
ability of membranes is also increased, water channels
are obstructed, and microbial enzymes are deactivated,
reactive oxygen species effectively produced, respiration
is halted, and other metabolic pathways are modified.
All of these actions contribute to inhibition of fungal
growth (Allahverdiyev et al., 2011; Wang et al., 2014).
Nanoparticles can stimulate cell division, host callus
development, enhance root structure, increase shoot
length, leaf numbers, and overall biomass in many
plant species under stress and also in normal condi-
tions (Gohari et al., 2020).
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Silicon (Si) NPs can prevent pathogen infections by
enhancing host plant disease resistance. Because plants
transpire less, those with nanosilicon coatings have pro-
tection from high temperatures (Rastogi et al., 2019;
Rashad et al., 2021). Plant growth and yield can be also
be enhanced by Si NPs (Siddiqui and Al-Whaibi 2014;
Suriyaprabha et al., 2014). White rot was shown to be
less common in garlic and onion plants when exogenous
Si and silicate salts enhanced the action of host systemic
defense enzymes (Elshahawy et al., 2021). Silica treat-
ment triggered potato resistance against late blight by
improving the ethylene and jasmonic acid metabolism in
separated foliage and in whole plants (Xue et al., 2021).

Due to their photocatalytic and antibacterial char-
acteristics, nanoparticles of titanium dioxide (TiO, NPs)
and of other metal oxides have promise as agricultural
additives. TiO, NPs increased photosynthetic activ-
ity of cucumber and reduced infections caused by Pseu-
domonas syringae pv. lachrymans and Pseudoperono-
spora cubensis in field research conducted by Cui et al.
(2009). Servin et al. (2015) demonstrated how systemic
acquired resistance or direct suppression of disease-
causing organisms by nanoparticles of TiO,, CuO, and
ZnO could enhance in disease control programs.

Studies have demonstrated antifungal action of cop-
per oxide nanoparticles (CuO NPs) on F. oxysporum that
causes tomato wilt (Kanhed et al., 2014), and R. solani
(El-Shewy et al., 2019; Ismail, 2021). Abou-Salem et al.
(2022) also tested CuO NPs against F. oxysporum, Mac-
rophomina phaseolina, and Pectobacterium carotovorum,
which cause root rot in sugar beet. That study showed
that CuO NPs at 150 ug mL! was an effective treatment,
reducing disease incidence while enhancing vegetative
growth, improving physiological traits, and boosting
antioxidant enzyme activity. Elmer and White (2016)
found when eggplant and tomato plants were cultivated
in soil inoculated with F. oxysporum f. sp. lycopersici and
Verticillium dahliae, CuO was more effective than other
tested nanomaterials, including MnO, ZnO, NiO, TiO,
FeO, and AlO.

Systemic resistance induced by abiotic agents has
been extensively studied, since it enhances plant defense
against a wide range of phytopathogens. Triggered sys-
temic resistance involves several processes, including
generation of salicylic acid and antibiotics, and expres-
sion of the antioxidant enzymes peroxidase (POD), poly-
phenol oxidase (PPO), and other phenolic compounds.
Copper has many functions in plant physiological and
biochemical processes as an enzyme activator, and is
integral to numerous enzymes. Copper is also essen-
tial for plant growth and nutrition (Bowler et al., 1992;
Kasana and AliNiazee, 1997). Previous studies Nair and
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Chung (2014) showed that treatments with copper oxide
nanoparticles (CuO NPs) enhanced activities of ascor-
bate peroxidase (APX) and peroxidase (POD). Sarkar et
al. (2020) demonstrated that lentil plants treated with
CuO NPs had high activity of APX and superoxide dis-
mutase (SOD). Potato plants treated with CuO NPs had
enhanced PPO and POD activities (Ismail, 2021).

The present study aimed to investigate the efficacy
of nanoparticles of CuO, TiO,, and SiO, nanoparticles
in comparison with the fungicide thiophanate-methyl,
for suppressing R. solani and F. oxysporum f. sp. ciceris,
enhancing chickpea defense responses, affecting plant
growth parameters. Effects of CuO NPs on chickpea
ultrastructure were also assessed.

MATERIALS AND METHODS
Chickpea seeds

Chickpea seeds (cv. Giza-2) were obtained from the
Legume Research Department, Field Crops Research
Institute, ARC, Giza, Egypt.

Nanoparticles and fungicide

The three tested nanomaterials were purchased from
Nanotechnology & Advanced Nano-Materials Laborato-
ry (NANML), Plant Pathology Research Institute (PPRI),
Giza, Egypt. These were: CuO NP (25 + 5 nm particle
size (Supplementary data), and previously characterized
by Ismail (2021); Ti,O NP (45 £ 5 nm particle size (Sup-
plementary data); and SiO, NP (50 + 23 nm particle size)
(Supplementary data). Sterilized distilled water was used
to produce all stock solutions. A Transonic 420 sonica-
tor (Elma) was used to sonicate nanoparticle suspen-
sions for 30 min before they were applied as seed soak-
ings or included in sterilized plant growth medium. The
chemical fungicide (thiophanate-methyl (Topsin-M70
70% WP, Cairo Chemical Company, Egypt) was used for
comparisons with the three nanomaterials.

Chickpea root rot and wilt pathogens

Two virulent isolates (Zian et al., 2023), one of
R. solani (accession No. OR074128) and the other of
F. oxysporum f. sp. ciceris (accession No. OR074126),
were used in this study. These isolates were previously
obtained from chickpea fields in the Ismailia governo-
rate, Egypt, where they had caused symptoms of wilt
and root rot.
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Screening the tested nanoparticles for antifungal activity

CuO NP, TiO, NP, and SiO, NP were each assessed
at 10, 20, and 40 ppm against R. solani and F. oxyspo-
rum f. sp. ciceris and compared to thiophanate-methyl.
Initial stock solutions of nanoparticles were prepared
at concentrations of 1000 ppm, and were diluted with
sterile deionized water to obtain these concentrations.
Before being utilized in experiments, the solutions were
maintained at 4°C. The agar dilution procedure reported
by Fraternale et al. (2003) was used for in vitro assays.
The prepared concentrations of nanoparticles and thi-
ophanate-methyl at 200 ppm were added to sterilized
potato dextrose agar (PDA) before solidification, and the
amended agar was poured into Petri dishes (9 cm diam.).
Agar discs (5 mm diam.) were taken from the margins
of 7-d-old cultures of the test fungi and placed individu-
ally in the center of each plate. PDA plates without nan-
oparticle or fungicide amended media and inoculated
with the assessed fungi served as experimental controls.
The plates were then incubated at 25 + 2°C for 7 d, and
radial growth of the fungi was measured after 4 and 7
d of incubation. Each treatment was applied in four rep-
licates, and the assay was repeated twice. Inhibition of
mycelium growth of the two tested fungi was calculated
using the procedure of Kaur et al. (2012).

The equation used for calculating inhibition percent-
age of the fungi was:

Inhibition % =

x 100

where C = radial growth in control plates, and T = radi-
al growth in the treatment.

Transmission electron microscopy studies

Effects of CuO NP on the ultrastructure of the R.
solani and F. oxysporum f. sp. ciceris were assessed by
taking samples from cultures used in the nanoparti-
cle antifungal assessments (above), after 3 d incubation.
Morphological modifications in the hyphal cell struc-
tures of the two fungi were assessed using transmission
electron microscopy (TEM). Specimens (1 mm? each)
were taken from each treated colony. The samples were
added to phosphate buffer and then washed in a 3%
glutaraldehyde solution, and then fixed in potassium
permanganate solution for 5 min. The specimens were
then dehydrated for 30 min using absolute ethanol, with
immersion in nine ethanol concentrations (10 to 90%),
for 15 min in each concentration. The samples were then
treated in a graded epoxy resin and acetone series, fol-
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lowed by immersion in pure wax, then loaded onto cop-
per grids, followed by staining in uranyl acetate and lead
citrate. A JEOL JEM 1010 transmission electron micro-
scope running at 70 kV was used to observe the stained
sections (Amin, 2016; Amin et al., 2020; Amin et al.,
2022).

Cytotoxicity bioassay

Cytotoxicity bioassays were carried out using the
cell line WI-38, ATCC" CCL-75 (normal human fetal
lung fibroblasts). For preparation of the cell monolayer,
the cells were grown on fetal bovine serum (FBS) medi-
um and adjusted at 5 x 10° cell mL™. In a 96 well plate,
200 pL of cell culture was added to each well, except the
peripheral wells which were used as blanks. The plate
was then incubated at 37°C for 24 h. To investigate CuO
NP cytotoxicity, the nanoparticles were serially diluted
in culture medium. The test was carried out in three
replicates, with three plates (media only) as experimental
controls. After 24 h, the plate was assessed using MTT
assay on a microplate ELISA reader (M965 Mate 2.0).
Inhibition percentages were calculated for each nanopar-
ticle each concentration (Rashad et al., 2021). The half-
maximum inhibitory concentrations (ICs,s) were deter-
mined using the Graph Pad Prism program.

Hemolytic activity assay

This assay was carried out using 2 mL capacity tubes,
and the procedure of Farias et al. (2013), with minor
adjustments. CuO NP was serially diluted in 0.9% NaCl
solution. 100 pL of 1% rabbit red blood cell solution was
combined with 900 uL of the each nanoparticle dilution
in each microtube, and the microtubes were incubated
at 37°C for 1 h and then centrifuged for 5 min at 3000
rpm. Supernatant was then poured into a 96-well plate
(200 pL per well), and the absorbance of the supernatant
was determined (at 540 nm) using a spectrophotometer.
Experimental controls each used 900 pL of 0.9% NaCl
combined with 100 pL of the red blood cell suspension.
The CuO NP concentration required to achieve a 50%
inhibition of red blood cell hemolysis was used to obtain
the IC;, value for the tested nanoparticles.

Pot experiments
For inoculum preparation, Inoculum of the two fun-

gal pathogens (F. oxysporum and R. solani) was prepared
after the fungi were cultured on sorghum/sand (2:1 v/v)
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medium. This sterilized at 121°C and 1.5 air pressure for
20 min. Agar discs (5 mm diam.) from 4-d-old R. sola-
ni culture (mycelium) or 7-d-old F. oxysporum culture
(mycelium and spores) were used to inoculate the steri-
lized media. The bottles containing the inoculated media
for soil inoculation in pot tests were then incubated at
25+ 2°C for 15 d.

Pot experiments were carried out under natural con-
ditions to compare effects of CuO, TiO,, or SiO, NPs
with thiophanate-methyl for effects on root rot and wilt
of chickpea. The two pathogens were separately cultured
in glass bottles on sorghum/sand (3:1 w/w) medium for
15 d at 25 + 2°C. Each plastic pot (approx. 30 cm diam.)
was filled with 6 kg of soil (clay plus sand, 1:1 v/v) which
had been disinfected with formalin. Fungal inoculum
(mycelium and sclerotia of R. solani, mycelium and
conidia of F. oxysporum) was added at 2% of the soil
weight, as by Papavizas and Devey (1962). Inoculated
soil was watered and then allowed to rest for 1 week to
allow proliferation of the fungi. The Nanoparticles of
CuO, TiO, or SiO, were prepared at 40 ppm, along with
0.2% Tween 80, and were each used as chickpea seed
soaks for 2 h before planting. The fungicide thiophanate-
methyl was applied at 3 g kg™! seeds. The treated seeds
were then planted in the pots (five seeds per pot), and
the pots were regularly watered and fertilized. Each
experimental treatment was applied to four replicate
pots, and additional pots, seeded in sterile soil, were
used as non-inoculated controls for comparisons with
the treated pots containing the pathogens. The pots were
arranged in completely randomize experimental design,
and the experiment was repeated twice.

Assessments of damping-off and root rot of the
chickpea plants were carried out at 30 and 90 d after
planting. Numbers of plants affected were assessed as
percentages, respectively, of early and late wilt, in a simi-
lar manner, at 30 an 90 days using the following equa-
tions:

No. of un-germinated seeds after 15 days +
no.of dead seedlings after 30 days

Damping-off % = x 100
Total No. of sown seeds
No. of rotted seedlings after 90 days
Root rotted plants % = x 100
Total No. of sown seeds
No. of wilted plants after 30 days
Early wilt % = x 100
Total No. of sown seed
No. of wilted plants after 90 days
Late wilt % = x 100

Total No. of sown seed
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No. of survival plants after 90 days
Survived plants % = x 100
Total No. of sown seeds

The percentage that was reduced or increased above the
infested control was also determined using the subse-
quent calculation:

DI of Control - DI of treatment
Reduction or Increasing % = x 100
DI of Control

Effects of nanoparticles on the antioxidant enzymes and
total phenol contents

Fresh leaves were picked from chickpea plants 15
d after seed sowing, and extracts were made from the
leaves. The peroxidase (POD) and total phenol contents
(PPO) in these extracts were assessed (four replicates
each). POD activity in the chickpea leaf extracts was
assayed using the procedure of Chakraborty and Chat-
terjee (2007). PPO was extracted and assayed based on
the protocol of Sadasivam and Manickam (1996), and
total phenol content in the plants was determined as
described by Zilesin and Ben-Zaken (1993).

Field experiments

Field experiments were carried out at the Sers El-Lay-
ian and Etai El-Baroud farms of the Agricultural Research
Station during 2021/2022, assess the efficacy of CuO, TiO,
and SiO, nanoparticles for managing chickpea root rot
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and wilt. Three replicates of each treatment were used a
randomized block design field trial. Each replicate com-
prised four rows (each 3 m long and 50 cm wide, cover-
ing 6 m? (2 x 3 m). Before planting, chickpea seeds were
soaked for 2 h in the same nanoparticle treatments used
in the pot experiment (described above). In each plot, one
seed per hill was planted on either side of the row ridge,
25 cm between each seed. The experimental control treat-
ment comprised soaking seeds in distilled water for 2 h..
At both sites, all normal agricultural practices were fol-
lowed during the trials. Proportions of damping-off, rot-
ten seedlings, wilted plants, and surviving plants were
recorded. At harvest, measurements of plant height, num-
ber of branches, number of capsules, seed weight, weights
of 100 seeds and total seed yield were determined.

Statistical analyses

The statistical program COSTAT version 6.4 was
used for statistical analyses of data. Mean values from
different treatments were compared using Duncan’s mul-
tiple-range test, and significance standards for compari-
sons of means were indicated as P <0.01 and P <0.05.

RESULTS
Effects of nanoparticles on the fungal growth
As indicated in Table 1, all the assessed nanopar-

ticles (CuO, TiO, and SiO,) at all tested concentrations
decreased mycelium growth of the two fungi. CuO NPs

Table 1. Mean colony diameters of Rhizoctonia solani and Fusarium oxysporum f. sp ciceris in agar amended with different concentrations of

three nanoparticles, or the fungicide thiophanate-methyl.

Concentration R. solani E oxysporum f. sp. ciceris
Treatment
(ppm) Mean fungal growth (mm) % reduction Mean fungal growth (mm) % reduction

Control - 9000 *® 0.0 9000 * 0.0
CuO-NPs 10 71.0 £ 1.0 ¢ 21.2 70.2 £ 0.2 ¢ 22.0

20 56.1+1.2 f 37.6 544 +0.7F 39.6

40 354+0.5h 60.7 31.1+0.91 65.3
TiO,-NPs 10 81.8+12° 09.0 75.8 +£0.8° 15.7

20 61.4+0.6° 31.7 59.1+£09¢ 34.4

40 40.8+0.78 54.6 383+0.7¢ 57.3
SiO,-NPs 10 748 £0.7 16.8 72.7 £0.6 19.1

20 57.8+0.71 35.7 55.1+0.81 38.8

40 39.5+13¢8 56.2 364+ 0.5 59.4
Thiophanate-methyl 200 00.0+0! 100.0 00.0+0 100.0

Means in each column accompanied by different letters are different (P < 0.01), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated.
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at 40 ppm gave the greatest antifungal effects, by 61.7%
for R. solani and 65.3% for F. oxysporum f. sp. ciceris.
SiO, and TiO, NPs at 40 ppm also reduced growth of
these fungi. TiO,-NP at 10 ppm gave the least suppres-
sion of mycelium growth for both fungi. Inhibition of
fungal growth decreased with reductions in nanoparticle
concentrations, and F. oxysporum was less sensitive to
nanoparticles than R. solani. The fungicide thiophanate-
methyl completely suppressed growth of both fungi.

TEM observations

Figure 1 contains transmission electron micrographs
of transverse sections of R. solani hyphae. A normal and
organized cell (Figure 1a) is enclosed by a thin electron-
dense cell wall and a thin electron-lucent plasma mem-
brane. The cytoplasm contains a normal nucleus, vacu-
oles, and electron-lucent glycogen granules. In contrast,
R. solani hyphae treated with CuO NPs (Figure 1b) had
abnormal disorganized cells with cytoplasmic granula-
tion, numerous mitochondria and electron-dense bodies
that were enclosed by electron-dense cell walls.

Figure 2 a shows a normal untreated cell of F.
oxysporum f. sp. ciceris. The cell has a thin cell wall, a
thin plasma membrane, a normal nucleus, and mito-
chondria in the cytoplasm. Numerous electron-lucent
glycogen bodies were also present. Mycelium of F.
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oxysporum, treated with CuO NPs had many ultrastruc-
tural alterations (Figure 2b). The treated cell was irreg-
ular with thickening of the cell wall and plasma mem-
brane. Cytoplasmic granulation, an irregular large vacu-
ole and many electron-dense particles were also present.

Cytotoxicity of CuO-NPs

The CuO NPs had toxic effects on human lung fibro-
blast cells (WI-38), particularly at high concentrations.
Cytotoxicity of CuO NPs increased with increasing con-
centration, reaching complete mortality at 255 ppm (Fig-
ure 3a). At 40 ppm, the CuO NPs gave 80% cytotoxicity,
while its IC;, was 25.2 ppm. In contrast, the hemolytic
activity assay showed that CuO NPs did not have substan-
tial adverse effects on red blood cells (no toxicity at 100
ppm; Figure 3b). At 40 ppm, the CuO NPs gave 8% hemo-
lytic activity of red blood cells, and the IC, for the CuO
NPs was 440.1 ppm.

Pot experiments

All the treatments (nanoparticles or thiophanate-
methyl) reduced damping-off, root rot and wilt diseases
(Table 2). Thiophanate-methyl exhibited the greatest effi-
cacy. Least occurrences of root rot and wilt were record-
ed after treatments with CuO NPs. Plants treated with

Figure 1. Transmission electron micrographs transverse section of hyphae of Rhizoctonia solani. a) An untreated hypha has a thin electron-
dense cell wall (W) and a thin electron-lucent plasma membrane (P). The cytoplasm (Cy) has a normal nucleus (N), vacuoles (V), and
electron-lucent glycogen granules (arrowheads). b) A hypha of R. solani which was treated with CuO NPs has granulated cytoplasm (Gcy),
many mitochondria (M), and electron-dense bodies (arrows) that are enclosed by an electron-dense cell wall (W).
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Figure 2. Transmission electron micrographs of transverse sections of hyphae of Fusarium oxysporum f. sp. ciceris. a) An untreated hypha with
a thin cell wall (W), a thin plasma membrane (P), a normal nucleus (N), and mitochondria (M) in the cytoplasm (Cy). Numerous electron-
lucent glycogen bodies (G) were also observed. b) A hypha of E oxysporum which was treated with CuO-NPs had a thickened cell wall (W)
and plasma membrane (P). Cytoplasmic granulation (Cy), an irregular large vacuole (V) and many electron-dense particles were also observed.
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Figure 3. Cytotoxicity bioassay of CuO-NPs. Bioassay carried out at exposure time of 24 h on (a) human fetal lung fibroblasts (Vero), plus
(b) lung epithelial cells (BEAS-2B). Each value is the mean of three replicates (+ standard error). IC5y = the half-maximal inhibitory dose. *

= significant at P < 0.05, compared with experimental controls.

SiO, or TiO, NPs also had reductions in these diseases,
but to lesser extents than from CuO NPs. When the
plants were inoculated with either R. solani or F. oxyspo-
rum f. sp. ciceris, greatest plant survival occurred after
treatments with CuO NPs.

Effects of nanoparticles on the antioxidant enzymes and
total phenol contents

Applications of the different nanoparticles increased
oxidative enzyme activity and total phenol contents in

chickpea plants (Table 3). For inoculations with R. solani,
CuO NPs gave the greatest POD activity, followed by TiO,
NPs and thiophanate-methyl. PPO activity also increased
in response to CuO NP treatment, thiophanate-methyl,
or SiO, NP treatments. In the plants inoculated with F.
oxysporum f. sp. ciceris, the CuO NP treatments resulted
in the greatest activity levels of both POD and PPO.

The chickpea plants treated with nanoparticles had
high total phenolic contents. The greatest total phenolic
content was recorded for plants treated with CuO NPs.
Total phenol contents increased after treatments with
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Table 2. Mean disease parameters in pot trials, where chickpea plants were exposed to Rhizoctonia solani (A) or Fusarium oxysporum (B)

after treatments with different nanoparticles, or the fungicide thiophanate-methyl.

(A) Rhizoctonia solani:

Bandar F. Almiman et alii

Damping-off %

Rotted seedlings %

Surviving plants

Treatment ' ' - ) % % increase
Incidence % % reduction Incidence % % reduction °

CuO NPs 5.0+ 10 80.0 10.0 £11.5° 50.0 85.0 + 10 > 54.5
TiO,NPs 150+ 10° 40.0 10.0 £ 11.5° 50.0 750+ 1049 36.3
SiO, NPs 10.0 + 11.5 b 60.0 10.0 +11.5° 50.0 80.0 £ 0<d 45.4
Thiophanate-methyl 50+10¢ 80.0 5.0+ 10 b 75.0 90.0 + 11.5° 63.6
Inoculated control 250+ 10° - 200+0° - 55.0+10°¢ -
Non-inoculated control 0.0+0¢ - 00+0° - 100.0 £ 0% -

(B) Fusarium oxysporum f. sp. ciceris:

Wilted plants %

Surviving plants

Treatment Early wilt Late wilt % % increase
Incidence % % reduction Incidence % % reduction

CuO-NPs 5.0+ 10 b 66.7 50+ 10" 80.0 90.0 £ 11.5 ¢ 50.0
TiO,-NPs 5.0 + 10 b 66.7 10.0 £ 11.5° 60.0 850+ 10 41.7
SiO, -NPs 10.0 £ 11.5 % 33.4 10.0 £ 11.5° 60.0 80.0+0¢ 33.4
Thiophanate-methyl 00+£0°¢ 100.0 50+10° 80.0 95.0 + 10 % 58.4
Inoculated control 150+10° - 25.0+10° - 60.0£0°¢ -
Non-inoculated control 00+0¢ - 0.0+0° - 100.0 £ 0 ® -

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated.

CuO NPs, TiO, NPs, and thiophanate methyl, although
this effect was least for the fungicide. However, in com-
parison to the control, the use of SiO, NP treatments had
the least effects on overall phenol contents.

Field experiments

All the experimental treatments decreased root rot
and wilt of field-grown chickpea plants. Thiophanate-
methyl gave the greatest disease reductions at Etai El-
Baroud (Table 4), followed by treatments with CuO or
TiO, NPs, which also reduced disease incidence. The
SiO, NP treatment gave the least reduction in incidence
of the two diseases. At Sers El-Layian, thiophanate-
methyl was again the most effective treatment, giving
the greatest reduction in disease incidence. CuO and
SiO, NP treatments also had disease reduction efficacy,
but to a lesser extent than thiophanate-methyl. Howev-
er, The TiO, NP treatment was the least effective of the
tested treatments

Effects of nanoparticles on the chickpea growth parameters
in field conditions

After the nanoparticle treatments, chickpea growth
and yields were increased at both field trial sites (Table
5). Applications of thiophanate-methyl or CuO NP
treatments increased plant heights. All the treatments
increased chickpea branch numbers compared to the
experimental control. Thiophanate-methyl was most
effective treatment at Etai El-Baroud experiment, fol-
lowed by CuO NP and TiO, NP treatments. At the Sers
El-Layian Agricultural Research Station, thiophanate-
methyl was again the most effective treatment, followed
by treatments with CuO NPs or SiO, NPs.

In contrast to the control treatment, all yield param-
eters were increased by the different experimental treat-
ments, including 100 seed weights, numbers of capsules
per plant, and plant seed weights. The treatments with thi-
ophanate-methyl or CuO NPs at both trial sites produced
the greatest yield parameters. Thiophanate-methyl gave
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Table 3. Mean peroxidase and polyphenoloxidase activities, and total phenols, in chickpea plants receiving different nanoparticle and fungi-
cide treatments, and inoculations with either Rhizoctonia solani (A) or Fusarium oxysporum f. sp. ciceris (B).

Peroxidase Polyphenoloxidase Total phenols

Treatment (unit/mg protein/min) (unit /mg protein/min) (mg/g fresh leave weight)

Activity % increase Activity % increase Activity % increase
(A) Rhizoctonia solani
CuO-NPs 1.46 £0.03 * 217.3 1.48 £0.02 139.4 4.24£0.03° 100.7
TiO,-NPs 1.12 £ 0.04° 142.6 1.13+£0.03 ¢ 82.4 3.54 +0.02° 67.7
SiO,-NPs 0.83+0.1°¢ 79.8 1.28 £ 0.02° 107.4 2.64+0.01°¢ 24.9
Thiophanate-methyl 1.33 +£0.02* 188.5 1.42 +0.02* 128.9 2.68 £0.02 ¢ 27.1
Inoculated control 0.46 + 0.01 ¢ - 0.62+0.01¢ - 2.11+0.01¢ -
Non-inoculated control 0.36 + 0.01 ¢ - 0.51 +0.01 ¢ - 1.93 +0.02 ¢ -
(B) Fusarium oxysporum f. sp. ciceris
CuO-NPs 1.49 £0.03 ¢ 208.8 1.57 £ 0.02 2 114.8 4.25+0.02* 97.5
TiO,-NPs 1.21 £0.01°¢ 150.1 1.16 £ 0.01 ¢ 58.9 3.78 £0.02° 75.8
SiO,-NPs 0.93 +0.02 ¢ 92.3 1.32+0.02° 79.9 2.88 +0.02 4 34.0
Thiophanate-methyl 1.37 £ 0.01° 182.6 1.52 £ 0.02® 107.5 2.96 £0.01 ¢ 37.6
Inoculated control 0.48 £0.01 ¢ - 0.73+0.02¢ - 2.15+0.02¢ -
Non-inoculated control 0.36 + 0.01 f - 0.51+0.01°¢ - 1.93+£0.02F -

Means in each column accompanied by different letters are different (P < 0.01), as indicated by Duncan’s multiple-range test. Standard
deviations of the means are also indicated.

Table 4. Mean incidences of damped-off, rotted chickpea seedlings, or and wilted plants in two field trials (A and B) carried out during the
2021/2022 growing seasons.

Damping- off Rotted seedlings Wilted plant Surviving %

Treatment - - - X ) - N .
Incidence % % reduction Incidence % % reduction Incidence % % reduction Plants % Increase

(A) Etai El-baroud Agricultural Research Station

CuO-NPs 37+15°0 66.3 40+1.0° 58.7 40+0° 69.2 88.3 £2.5® 33.2
TiO,-NPs 40+20° 63.6 3.7+1.5° 61.8 60+1.0" 53.8 86.3 + 1.5 b 30.1
SiO,-NPs 50+1.0° 54.5 54+ 1.1° 44.3 60+1.0" 53.8 83.6+1.5¢ 26.0
Thiophanate-methyl 27+05° 75.4 30£0° 69.0 40+1.0° 69.2 90.3+0.5* 36.2
Control 11.0+1.0% - 9.7+ 1.5% - 13.0+2.6°2 - 663 +254 -
(B) Sers El-layian Agricultural Research Station

CuO-NPs 27+05¢ 66.2 300 55.2 43 +1.1°% 70.5 90.0 £1.7°2 27.3
TiO,-NPs 50+1.0° 37.5 47 +£05° 29.8 6.7£05° 54.1 83.6 +0.5° 18.2
SiO,-NPs 47 +1.1° 41.2 40+1.0°% 40.3 6.0+17° 58.9 853 +3.7° 20.6
Thiophanate-methyl 24+1.1°¢ 70.0 20+1.0¢ 70.1 26+ 1.1°¢ 82.2 93.0+£1.0* 31.5
Control 80+£1.0° - 6.7+05? - 146+1.1% - 70.7 £0.5¢ -

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard
deviations of the means are also indicated.

the greatest yield increases at Etai El-Baroud, followed by DISCUSSION
treatments with CuO NPs and TiO, NPs. The greatest seed
production obtained at Sers El-Layian was from treatments Plant disease control can be difficult in crop produc-

with thiophanate-methyl, CuO NPs or SiO, NPs. tion, and increases in fungicide resistance in phytopath-
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Table 5. Mean chickpea plant parameters at two field sites after applications of different treatments in two field trials (A and B) in the

2021/2022 growing season.

Trcament Plant height (m) 1, (0D cpenplant scctupn - seads o)
(A) Etai El-baroud Agricultural Research Station

CuO NPs 814 +55¢* 48+13? 266+1.0° 11.7 £ 0.8 " 29.0 + 1.1° 11103 +1.5°
TiO, NPs 81.0+25¢* 43+03% 254 +12°%® 11.3 £ 0.8 27.9+05° 1098.0 £ 23.4°
SiO, NPs 774 +3.0¢° 36+1.0° 23.8+13° 105+0.1°¢ 27.4+05° 1065.0 £ 7.2 ¢
Thiophanate-methyl 823 +59¢* 49+06° 271+1.6°% 127 +0.2° 320+20°% 12043 £ 13.6*
Control 67.0+1.7° 1.8+02¢ 194+08°¢ 7.0+024 185+ 0.7 ¢ 720.0 + 1244
(B) Sers El-layian Agricultural Research Station

CuO-NPs 1043 £ 4.1* 54+ 05° 27.1+14%® 13.4+01° 314+32% 11674 +26.6°
TiO, NPs 89.6 + 4.0 b 40+1.7 ® 255+1.0°¢ 11.7+£0.2 ¢ 27.7+0.6° 1092.0 £ 10.1 ©
SiO, NPs 94.0 +3.4° 4.5 +£1. @ 264 +1.1°% 123+ 0.1°¢ 283+0.7° 1110.7 £ 1.5¢
Thiophanate-methyl 1063 £3.0° 55+13°? 283 +0.8* 145+ 09°* 347 £45°* 12134 £ 189*
Control 81.6 £5.7 ¢ 2.3+0.05° 20.1+0549 8.6+0414 204 £05¢ 780.4 + 5.5 ¢

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated

ogenic fungi have become important. Fungicides are
frequently used to manage fungal infections and protect
crops, and frequent and inappropriate use of these com-
pounds has induced resistance in many economically
important fungi (Goffeau, 2008).

Significant effort has been applied to create non-
hazardous disease management practices. Nanoparticles
have been proposed as possible pesticide substitutes for
managing diseases caused by pathogenic bacteria. Nano-
particles can also have antifungal capabilities, are envi-
ronmentally benign, and are also cost-effective (Gupta
and Gupta, 2005; Nel, et al., 2006).

The present study has demonstrated that nanopar-
ticles of CuO, TiO,, and SiO,, at different concentra-
tions, reduced the fungal growth of F. oxysporum f. sp.
ciceris and R. solani, which are important pathogens of
chickpea. CuO NPs at 40 ppm had the greatest inhibi-
tory effects on these fungi, with growth reduction of
35% for R. solani and 31% for F. oxysporum f. sp. ciceris.
These results are similar to those from previous studies.
Hermida-Montero et al. (2019) showed that CuO NPs
contributed to development of reactive oxygen species
(ROS) and caused membrane damage in F. oxysporum.
They also reported decreases in fungal radial growth
and alterations in hyphal morphology of this fungus.
El-Shewy et al. (2019), using CuO NPs at 200 pL L7,
decreased growth of R. solani by 55%. Oussou-Azo et
al. (2020) noted that Cu NPs at 200 mg mL™! suppressed
growth of Colletotrichum gloeosporoides by 77%. Kanhed
et al. (2014) recorded strong activity of CuO NPs against

E. oxysporum, Alternaria alternata, Phoma distructiva
and Curvularia lunata.

Nanoparticles can physically and mechanically dam-
age fungal cell walls and membranes, give these materi-
als their antifungal properties. They can penetrate and
accumulate within fungal cells, and can influence cellu-
lar signaling at the molecular level by dephosphorylating
peptide substrates that are essential for cell viability and
division. They can also enhance membrane permeability,
block water channels, inhibit enzymes, and increase pro-
duction of reactive oxygen species produced. These activi-
ties can disrupt essential metabolic pathways leading to
the death or inhibition of fungi (Allahverdiyev et al., 2011;
Wang et al., 2014). Perez-de-Luque and Rubiales (2009)
also reported that extracellular enzymes and metabolites
may be released as a result of using nanoparticles.

Transmission electron micrographs of hyphae of F.
oxysporum f. sp. ciceris and R. solani verified the damage
caused by CuO NP treatments. Treating R. solani myceli-
um with CuO NPs gave abnormal and disorganized cells
with cytoplasm granulation, numerous mitochondria,
and electron-dense bodies enclosed by electron-dense cell
walls. Treated cells of F. oxysporum were irregular with
thickened cell walls and plasma membranes. Cytoplas-
mic granulation, irregular large vacuoles and many elec-
tron-dense particles were also observed. El-Shewy et al.
(2019) and Ismail (2021) observed similar effects to those
observed in the present study.

Results from the cytotoxicity assay showed that CuO
NPs were toxic to the test cells (IC5, = 25.2 ppm). At 40
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ppm, CuO NPs were toxic to WI-38 human lung fibro-
blast cells, giving 80% cell mortality. This corroborated
the conclusions of Katsumiti et al. (2018), who reported
high toxicity for CuO NPs towards human lung epithe-
lial cells (TT1 cells), with LCs, of 9.05 ppm. Cytotoxicity
can be caused by generation of reactive oxygen species
which cause oxidative stress to human cells and increas-
es in ROS production as the mechanisms of cytotoxicity
of CuO NPs. However, these cytotoxic effects depend on
numerous factors, including surface functionalization,
type of the tested cells, and concentration, size, shape,
exposure time, and dose of CuO NPs (Naz et al. 2020).
In contrast, no hemolytic effects were recorded from
CuO NPs on red blood cells (IC5, = 440.1 ppm).

The pot and field experiments of the present study
supported the findings from the in vitro experiments,
demonstrating that the nanoparticles reduced develop-
ment of root rot and wilt in chickpea plants. Among the
nanoparticles assessed, CuO NPs had the greatest dis-
ease reduction efficacy. CuO NPs had effects compara-
ble with the commercial fungicide thiophanate -methyl,
with CuO NPs and the fungicide giving the least root rot
and wilt incidences, compared to experimental controls.
This result is similar to those of El-Shewy et al. (2019)
who reported complete elimination of black scurf of
potato in field trials using CuO-NPs. Copper-based nan-
oparticles have also been shown to be efficacious against
fungal diseases, including tomato late blight caused
by Phytophthora infestans (Giannousi et al., 2013), and
Fusarium wilt and Verticillium wilt of tomato (Elm-
er and White, 2016). The study by Servin et al. (2015)
showed that nanoparticles of zinc oxide, titanium diox-
ide, and copper oxide provided effective disease manage-
ment by direct inhibition of pathogens or stimulation of
systemic acquired host resistance.

Previous research has demonstrated the mecha-
nisms of action of nanomaterials towards phytopatho-
gens. The biocidal effects of CuO NPs can be attributed
to their direct impacts, or through release of copper ions.
Because of the extensive surface area of CuO NPs, they
can strongly attach to microbial cells, releasing essential
cellular components and disrupting cell permeability
(Raffi et al., 2010). Oussou-Azo et al. (2020) showed that
copper interacts with microbes through permeabilization
of cell membranes, lipid peroxidation, alteration of pro-
teins, and nucleic acid denaturation, leading to cell death.

The present study has shown that the assessed nan-
oparticles, particularly CuO NPs, have the ability to
activate host plant defense systems against infections
caused by R. solani and F. oxysporum £. sp. ciceris. Activ-
ity levels of POD and PPO enzymes, and total phenols
were enhanced by all experimental nanoparticle treat-
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ments compared to the untreated experimental con-
trols. CuO NPs exhibited greatest stimulation of these
defense mechanisms among the experimental treat-
ments applied. Previous investigations have given simi-
lar results, where copper-based nanoparticles augmented
antioxidant mechanisms in plants, including the actions
of SOD as well as PPO enzymes, and total antioxidant
levels (Regier et al., 2015; Singh et al., 2017). El-Shewy
et al. (2019) reported that potato plants treated with
CuO NPs had increased POD and PPO activity. Nair
and Chung (2014) reported that soybean plants treat-
ed with CuO NPs had increased PPO and lignin lev-
els. They also showed high nanoparticle concentrations
increased enzyme activity. Sarkar et al. (2020) present-
ed results showing that presence of CuO NPs mediated
catalase activation, ascorbate peroxidase, PPO, and SOD
enzymes in tobacco plants.

Phenolic compounds have important roles in the
plant resistance against fungi and plant diseases through
mechanisms including causing hypersensitive cell death
and the lignification of cell walls (Rashad et al., 2020b).
The present study demonstrated that CuO NPs gave the
greatest phenol contents, which is similar to the results
of Sarkar et al. (2020). They reported increased produc-
tion of phenols and flavonoids after application of an
optimum concentration of CuO NPs. Biswas et al. (2012)
also discussed the role of phenols in the disease resist-
ance. Additionally, nanoparticles of ZnO, TiO, and CuO
have been shown to have uses in pathogen control pro-
grams by direct inhibition of disease-causing organ-
isms or induction of systemic acquired resistance in host
plants (Servin et al. 2015).

The present study field trials showed that the test-
ed nanoparticles reduced root rot and wilt of chickpea,
with CuO NPs) having the greatest disease reduction
activity, comparable to that achieved with the fungicide
thiophanate-methyl . The disease reductions from nano-
particle treatments was probably due to the large nano-
particle surface areas, facilitating robust adsorption to
pathogen organisms, compromising cell permeability,
and releasing vital components (Raffi et al., 2010). These
results are similar to those from other studies demon-
strating elimination of black scurf of potato by CuO NPs
(El-Shewy et al., 2019) and efficacy of copper-based nan-
oparticles against several fungal pathogens (Giannousi
et al., 2013; Elmer and White, 2016). Previous research
has also shown the effectiveness of nanoparticles of zinc
oxide titanium dioxide, and CuO for disease control by
either directly inhibiting pathogens or enhancing sys-
temic acquired resistance (Servin et al., 2015).

Applying nanoparticles of CuO, SiO,, or TiO,
through seed soaking increased chickpea growth and
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yield parameters. These enhancements were associated
with reductions in disease incidence, indicating pos-
sible induction of disease resistance in chickpea. Treat-
ment with CuO NPs had the greatest positive impact on
chickpea growth and yield parameters. These results align
with previous studies demonstrating the beneficial role
of copper for promoting plant growth and productivity.
Ngo et al. (2014) reported beneficial effects of copper on
plant growth. Elmer and White (2016) found that CuO
NPs outperformed other metallic oxide nanoparticles
for enhancing growth parameters of tomato and egg-
plant cultivated in soil inoculated with specific patho-
gens. Immersing wheat plants in Cu NPs accelerated their
growth (Yasmeen et al., 2015). Hafeez et al. (2015) demon-
strated that wheat growth was increased in soils amended
with Cu NPs at concentrations between 10 and 30 ppm.
Baskar et al. (2018) showed that treating eggplants with
CuO NP at 100 mg L' increased seedling root and shoot
lengths. Badawy et al. (2021) found that CuO NPs (50
ppm) enhanced growth parameters of wheat plants. The
present study gave similar results, showing that CuO NPs
increased chickpea plant growth and yield parameters in
the field trials. These increased seed yields indicate that
use of CuO NPs is likely to be advantageous for augment-
ing profitability of chickpea farming.

This study assessed nanoparticles of CuO, SiO,
and TiO, for antifungal effects against R. solani and F.
oxysporum f. sp. ciceris. In vitro experiments demon-
strated that increasing the concentrations of these nano-
particles increased inhibition rates of fungal growth and
reduced the fungal populations. In the pot experiments,
the tested nanoparticles, particularly at high concentra-
tions, enhanced the resistance of chickpea plants against
root rot and wilt. This was associated with increased lev-
els of host defense compounds. TEM observations showed
harmful alterations in cellular ultrastructures of R. solani
and F. oxysporum f. sp. ciceris due to exposure to CuO
NPs. These results indicate the potential for incorporat-
ing CuO NPs into management of Rhizoctonia rot and
Fusarium wilt of chickpea plants. The field experiments
further supported the effectiveness of these nanoparticles
for reducing disease incidence and promoting chickpea
growth and yield. CuO NP treatments are therefore rec-
ommended as potential alternative to potentially hazard-
ous fungicides for managing chickpea root rot and wilt.
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