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Abstract: ZnO-based nanomaterials have high antifungal effects, such as inhibition of growth and
reproduction of some pathogenic fungi, such as Fusarium sp., Rhizoctonia solani and Macrophomina
phaseolina. Therefore, we report the extracellular synthesis of ZnONPs using a potential fungal
antagonist (Trichoderma harzianum). ZnONPs were then characterized for their size, shape, charge
and composition by visual analysis, UV–visible spectrometry, X-ray diffraction (XRD), Zeta potential,
transmission electron microscopy (TEM), scanning electron microscopy (SEM) and energy-dispersive
X-ray analysis (EDX). The TEM test confirmed that the size of the produced ZnONPs was 8–23 nm.
The green synthesized ZnONPs were characterized by Fourier transform infrared spectroscopy (FTIR)
studies to reveal the functional group attributed to the formation of ZnONPs. For the first time,
trichogenic ZnONPs were shown to have fungicidal action against three soil–cotton pathogenic fungi
in the laboratory and greenhouse. An antifungal examination was used to evaluate the bioactivity
of the mycogenic ZnONPs in addition to two chemical fungicides (Moncut and Maxim XL) against
three soil-borne pathogens, including Fusarium sp., Rhizoctonia solani and Macrophomina phaseolina.
The findings of this study show a novel fungicidal activity in in vitro assay for complete inhibition of
fungal growth of tested plant pathogenic fungi, as well as a considerable reduction in cotton seedling
disease symptoms under greenhouse conditions. The formulation of a trichogenic ZnONPs form
was found to increase its antifungal effect significantly. Finally, the utilization of biocontrol agents,
such as T. harzianum, could be a safe strategy for the synthesis of a medium-scale of ZnONPs and
employ it for fungal disease control in cotton.

Keywords: zinc oxide nanoparticles; Gossypium barbadense; Fusarium sp.; Rhizoctonia solani;
Macrophomina phaseolina

1. Introduction

Cotton (Gossypium barbadense L.) is a globally important crop that is extensively pro-
duced and traded, as well as one of Egypt’s most valuable export crops [1]. Diseases of
cotton seedlings are a worldwide problem caused by pathogenic soil-borne fungi. Fusar-
ium spp. and Rhizoctonia solani are among the most pathogenic fungi present in cotton-
producing regions in Egypt [2]. R. solani Kuhn, an anamorph of Thanatephorus cucumeris
(Frank.) Donk [3], can cause pre-or post-emergence damping-off, seedling blight and root
rot in cotton seedlings. Fusarium spp. are frequently obtained from infected cotton roots
and classified as cotton seedling root pathogens [4]. M. phaseolina (Tassi) Goid infects over
100 families and 500 plant species all over the world [5,6]. M. phaseolina can cause charcoal
rot in an abroad range of crops, such as sorghum, soybean, cotton, bean and corn, when
conditions are favorable [7].
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Bio-based NP synthesis has received a lot of interest in the last five years. It has elimi-
nated difficult procedures necessary for NPs production utilizing microorganisms, such
as fungi, bacteria and yeast, such as microbial cell culture upkeep, prolonged incubation
time, several purification steps and so on [8]. Mycogenic nanoparticles offer advantages,
including the formation of a capping from fungal biomolecules, which provides stability
and can contribute to various biological activities [9]. ZnONPs were synthesized from
fungal secondary metabolites of three monocultures of Trichoderma species including,
T. harzianum and T. reesei. ZnONPs were biogenically produced using a cell filtrate of a
strain of T. harzianum as a reducer and stabilizer agent [10]. Nevertheless, the microbial
synthesis of ZnNPs remains unexplored [11]. Monoascus purpureus-mediated zinc oxide
nanoparticles showed potent antifungal activity against six species of the most common
food spoilage fungi [12].

Sustainable nanomaterials have become a promising option to control plant pathogenic
fungi that are responsible for diseases in different crops. Crops treated with safe nano-
fungicides will acquire additional value because they are free of chemicals and effective at
low doses [9]. They reduce food and feed spoilage and fungal pathogens and help protect
human health and sustain the universal demand for high product quality [13,14]. Because
of the broad range of uses of zinc oxide nanoparticles (ZnONPs), such as smart UV sensors,
they have piqued researchers’ attention [15], targeted drug delivery [16], antioxidant
activity [17] biosensors [18], environmental remediation [19] and as a drought-tolerant
agent as well as nutrient supply of crops [20]. Moreover, ZnONPs are characterized to
be efficient against pathogenic fungi, mostly by their antimicrobial properties according
to their photo-oxidizing and photocatalytic effects and considering infection control for
the plant host [21]. Recently detailed reviews introduced the preparation methods and
antifungal properties of ZnONPs and their possible antifungal mechanisms for plant
diseases management and to improve food quality [22,23]. Under in vitro conditions,
the biosynthesis of ZnONPs produced from Trichodermas spp. was used to suppress the
development of Xanthomonas oryzae pv. oryzae [10]. An interactive protective impact of
ZnONPs on seedling spray/seed soak followed by seedling and biocontrol treatments,
T. harzianum, enhanced plant resistance to R. solani, the causal organisms of sunflower
seedlings damping-off [24].

Antibacterial, antifungal, antiviral and anti-toxigenic activities against a range of
phytopathogens may be achieved using zinc-based nanomaterials, which have targeted
antimicrobial capabilities and low to negligible phytotoxic activities (Khan et al., 2021) [25].
Several applications methods may be used to employ these formulations in open fields
or under greenhouse environments [22–24]. The use of fungi in the biogenic synthe-
sis of ZnONPs has several benefits, including the production of a capping from fungal
biomolecules, which provides stability and can contribute to different biological activities,
such as the development of safe nanofungicides. Limited reports have used a T. harzianum
cell filtrate for the production of ZnONPs as only a reducer and stabilizer agent [26]. There-
fore, the main aims of the present study were to (1) synthesis a novel trichogenic-ZnONPs
using an easy, eco-friendly, environmentally safe and costless approach, employing fungal
metabolites from T. harzianum strains as a reducing agent and stabilizer to synthesize
ZnONPs; (2) characterize the synthesized ZnONPs to confirm synthesis, structure, size
and NPs morphology; (3) investigate the in vitro and in vivo antifungal activity of myco-
genic ZnONPs against soil-borne pathogenic fungi including R. solani, Fusarium sp. and
M. phaseolina isolated from infected soil in cotton-growing areas.

2. Materials and Methods
2.1. Preparation of Trichoderma Isolates Culture

Trichoderma sp. isolates were isolated from healthy cotton root rhizosphere soils.
Various soil dilutions were cultivated on Rose Bengal Medium (Sigma–Aldrich, St. Louis,
MO, USA) [27]. After 48 h, Trichoderma colonies were collected and cultivated on potato
dextrose agar (PDA) (Sigma–Aldrich, St., Louis, MO, USA) media. Single spore isolation
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was used to isolate putative Trichoderma colonies [28]. To obtain a pure isolate, a single
spore was transferred to a PDA medium. Trichoderma species were identified based on
morphology technique in Assiut University Mycology Center (AUMC), Assuit, Egypt.

2.2. Preparation of Cultural Extract

The fungi were allowed to grow aerobically in a liquid medium containing KH2PO4
(7 g/L); K2HPO4 (2 g/L); MgSO4·7H2O (0.1 g/L); (NH2)SO4 (1 g/L);yeast extract (0.6 g/L);
glucose (10 g/L), to prepare the biomass for biosynthesis experiments. The growing
cultures were incubated in an orbital shaker and agitated at 150 rpm at 27 ◦C. The produced
biomass was collected by sieving through a plastic sieve after 72 h of growth. After that, the
biomass was thoroughly washed with sterile distilled water to remove any remaining broth
medium components. At 28 ◦C for 48 h, Trichoderma biomass (20 g) was transferred to an
Erlenmeyer flask containing 100 mL sterile deionized water. The biomass was agitated after
incubation and the filtrate was obtained by filtering it using Whatman (Sigma–Aldrich, St.,
Louis, MO, USA) filter paper #1 [29].

2.3. Synthesis of Zinc Oxide Nanoparticles

Fifty millilitres Zn(CH3COO)2.2H2O salt (Molecular Biology Grade, Merck, Kenil-
worth, NJ, USA) was applied to 50mL fungal filtrate and incubated for 72 h at 150 rpm
in an orbital shaker. A fungal biomass filtrate without the zinc acetate dihydrate solution
served as a positive control, while the zinc acetate dihydrate with cell-free filtrate served as
a negative control. After centrifugation at 10,000 rpm for 10 min, the pellet aggregated at
the bottom of the flask was removed from the filtrate and lyophilized [30]. ZnONPs were
dried overnight at 60 ◦C in an oven and used for further research to evaluate fungicidal
activity. For NPs characterization, the developed ZnONPs were subjected to a variety of
instrumental analytical techniques to describe physico-chemical proporties.

2.4. Characterization of Nanoparticles
2.4.1. Ultraviolet-Visible Spectrophotometer Analysis

A UV-vis spectrophotometer (T80 UV/vis spectrophotometer, PG Instruments Limited,
Lutterworth, UK) was used to test the formation of reduced nanoparticles in colloidal
solution. The supernatants’ absorption spectra were measured between 200 and 800 nm.
The formation of ZnONPs was detected by periodic sampling of aliquots (1 mL) of the
aqueous portion in the range of 0 to 1100 nm using an ultraviolet-visible spectrophotometer
after 2, 4 and 7 days. Distilled water was used as a blank.

2.4.2. Transmission Electron Microscopy (TEM)

Powder samples were put into a mortar before being mounted on a 200-mesh copper
specimen grid with a film coating. At an accelerating voltage of 80 kV, TEM micrographs
were taken on a Carl Zeiss Leo 912 AB OMEGA electron microscope (Carl Zeiss AG, Jena,
Germany). After a drop of liquid ZnONPs was dried on the carbon-coated copper grids, a
sample for analysis was prepared. Until loading onto a specimen holder, desiccators were
used to dry TEM grid samples and keep them under vacuum. Image J 1.45 s software was
used to assess the particle size distribution of nanoparticles.

2.4.3. Zeta Potential

A sample was prepared by dissolving ZnONPs powder in deionized water, then
the sample was sonicated for 10 min using the Q500 sonicator. The zeta potential of an
aqueous solution of ZnONPs was measured in Folded Capillary cell (DTS1070) with pH
ranging from 2 to 11 by applying ±65 V across the electrodes by Zetatrac equipped with
Mic rotrac FLEX Operating Software on Mansettingnano (Malvern Instruments, South
borough, MA, USA).



J. Fungi 2021, 7, 952 4 of 20

2.4.4. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) analysis was used to examine the structure of powder nanopar-
ticles. Cu Kα radiation (λ = 1.54 Å) was used in the scattering range(2θ) of 0 to 80◦ at a
scan rate of 0.03S1 on a D8-A25-Advance diffractometer (Bruker, Karlsruhe, Germany). As
an internal standard for calibration, a standard silicon sample was used.

2.4.5. Scanning Electron Microscope (SEM)

Scanning electron microscopical analysis was made using a Tescan SEM (Tescanvega
3 SBU, Czech Republic) at an accelerating voltage of 20 kV. Samples were mounted on
aluminium microscopy stubs using carbon tape, then coated with gold (Au) for 120 s using
a Quorum Techniques Ltd. sputter coater (Q150t, Lewes, UK).

2.4.6. Energy Dispersive X-ray (EDX) Spectroscopy

On a JEOL(JEM-1230) electron microscope (Jeol, Tokyo, Japan), a drop of ZnONPs
was put on carbon-coated copper grids and allowed to sit for 2 min and the excess solution
was extracted with blotting paper and allowed to dry at room temperature.

2.4.7. Fourier TransformInfrared Spectroscopy (FTIR)

FTIR spectra were performed on a JASCO-4700 FTIR Spectrometer (Laser Spectroscopy
Labs, UCI, Irvine, CA, USA) to detect the possible functional groups in biomolecules present
in the fungal extract.

2.5. In Vitro Antifungal Activity of Synthesized Nanoparticles

To evaluate the antifungal effect of nanoparticles in vitro, R. solani (Rs9), Fusarium sp.
(F10) and M. phaseolina isolate (M4) were grown in PDA medium at 35 ◦C for 7 days. Then,
freshly prepared PDA containing different concentrations of synthesized ZnONPs (20, 40
and 100 µg/mL) were added. ZnONPs solutions were put in an ultrasonic bath for 15 min
at a sonicating frequency of 37 kHz (Elmasonic S60, Elma, Singen, Germany) to disrupt
nanoparticle aggregations. After the fungal media cooled to about 45 ◦C, the sonicated
NPs were inoculated into the media, then the fungal culture medium was poured into Petri
dishes. Five-millimetre disks of fungal inoculum were cut with a cork borer and inoculated
at the center of the 9-cm-diameter Petri dish, incubated at 35 ◦C for 5–7 days. PDA plates
free from ZnONPs cultured under the same conditions were used as controls. The linear
growth of the fungi was measured [31].

2.6. Antifungal Activity under Greenhouse Conditions

In a greenhouse experiment, the effects of synthesized ZnONPs were evaluated
against R. solani (RS9), Fusarium sp. (F10) and M. phaseolina (M4) on cotton cultivars Giza90
and Giza94. The pots, containing the autoclaved soil, were infested with two-week-old
pathogen-sorghum cultures of R. solani (RS9), Fusarium sp. (F10) and M. phaseolina (M4)
at a rate of 1, 5 and 50 g/kg soil, respectively. Cotton cultivars Giza90 and Giza94 seeds
were surfaces sterilized with 10% sodium hypochlorite for 2 min before being washed
in four changes of sterilized water. The sterilized seeds were subsequently immersed
in a suspension of ZnONPs at 100 and 200 µg/mL concentrations for 12 h under static
circumstances. The tested fungicides (Moncut (2 g/kg seeds) and Maxim XL (2 mL/L))
were added to slightly moist seeds of cotton cultivars Giza90 and Giza94. Table 1. Infested
soil was poured into 15-cm pots, with 10 seeds sown in each pot. Sterilized sorghum grains
were mixed fully with soil cotton seeds only in the control treatments. In infested control,
infested soil at the rate of 1 g/kg of soil R. solani (RS9) and 50 g/kg of soil for Fusarium
sp. (F10) and M. phaseolina (M4) with cotton seeds without any treatment was applied. At
28 ◦C, pots were dispersed on greenhouse benches randomly in a complete block design.
There were three replicates (pots) for each treatment. Forty-five days after planting, plant
height (cm/plant), dry weight (g/plant) and survival percentages were all measured [32].
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Table 1. Fungicides and Trichogenic-ZnONPs applied in controlling damping-off of cotton seedlings under greenhouse conditions.

Treatment Application
Methods Active Ingredients Rate of Application

1-autoclaved soil Seed dressing Untreated 1 g for R. solani and 50 g for Fusaruim and M. phaseolina
sterilized sorghum/kg soil

2-infested soil Seed dressing Untreated 1 g for R. solani and 50 g for Fusaruim and M. phaseolina
infested sorghum/kg soil

3-Moncut Seed dressing Flutolanil 2 g/kg seeds
4-Maxim XL Seed dressing Fludioxonil, Mefanoxam 2 mL/L
5-ZnONPs Seed dressing Zinc Oxide 100 µg/mL
6-ZnONPs Seed dressing Zinc Oxide 200 µg/mL

2.7. Statistical Analysis

Data were subjected to statistical analysis of variance (ANOVA) via MSTAT-C software.
The mean differences were compared by the least significant difference (LSD) test at
p ≤ 0.05.

3. Results
3.1. Trichoderma Isolates

A total of 50 Trichoderma strains (TC1–T50) were obtained from 22 soil samples. On the
PDA medium, the colony’s growth speed, conidiospore color, wheel pattern and pigment
secretion were all studied. Then, they were identified by morphological methods, which
identified 6 Trichoderma species.

3.2. Trichogenic Nanoparticles Synthesis

The synthesis of ZnONPs was detected by UV-vis and from all the strains screened,
only four had the aptitude to synthesize ZnONPs. Three Trichoderma species (Tvivi, TC34
and TC28) were used for the biosynthesis of stable ZnONPs. Filtrates from each fungal
strain were incubated with zinc acetate dihydrate for 72 h under dark conditions at 28 ◦C
with agitation.

3.3. Physiochemical Characterization
3.3.1. UV-Vis Spectrophotometer

Figure 1 shows the UV-vis absorption spectrum of zinc oxide nanoparticles. The
absorption spectrum was recorded for the synthesized ZnONPs sample by Tvivi, TC 34
and TC 28 after 2, 4 and 7 days after synthesis in the range of 0 to 1100 nm. The absorbance
peak at 300 nm, which corresponded to the distinctive band of ZnONPs, was visible in the
spectrum, for all tested Trichoderma isolates at all tested days (Figure 1). ZnONPs produced
by Tvivi strain was chosen for further characterization.

3.3.2. Zeta Potential Analysis

The surface charges gained by ZnONPs were detected using zeta potential analysis,
which may be used to learn more about the stability of the colloidal ZnONPs.In the present
assay, we used a concentration of 40 µg/mL to measure zeta potential. As a result of
this propensity, certain nanoparticles tended to agglomerate, reducing their surface area.
ZnONPs must undergo prolonged ultrasonication in a water bath for at least 15 min to
fix this problem. The result also signifies the presence of repulsive electrostatic forces
among the synthesized ZnONPs, which leads to the monodispersity of the particles. In the
present study, the zeta potential of ZnONPs was measured and was recorded as −24.0 mV
(Figure 2A).
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3.3.3. X-ray Powder Diffractometer (XRD)

The XRD pattern of synthesized ZnONPs gave the diffraction peaks at (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004) and (202) planes, respectively, with the
highest peak being the (101) plane (Figure 2B). The observed XRD peaks in the X-ray
diffraction patterns of the ZnO samples were categorized by the hexagonal wurtzite
structure of ZnO (JCPDS card 36-1451 data).

3.3.4. Transmission Electron Microscopy (TEM)

TEM was applied to know the actual size and shape of ZnONPs. The TEM image
in the present study showed a mixture of hexagonal, spherical and rod-shaped a very
small particles with a crystalline structure for the ZnONPs with an average size of 8–25 nm
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(Figure 3A). The ZnONPs were individuals and agglomerated in clusters. Diffraction
rings could be allocated as (100), (002) and (101) planes from the selected area diffraction
(SAED) pattern of ZnONPs (Figure 3B), representing hexagonal structure coupled with the
wurtzite-like structure of ZnONPs as shown in the XRD pattern.

J. Fungi 2021, 7, x FOR PEER REVIEW 7 of 21 
 

 

3.3.3. X-ray Powder Diffractometer (XRD) 
The XRD pattern of synthesized ZnONPs gave the diffraction peaks at (100), (002), 

(101), (102), (110), (103), (200), (112), (201) (004), and (202) planes, respectively, with the 
highest peak being the (101) plane (Figure 2B). The observed XRD peaks in the X-ray dif-
fraction patterns of the ZnO samples were categorized by the hexagonal wurtzite struc-
ture of ZnO (JCPDS card 36-1451 data). 

3.3.4. Transmission Electron Microscopy (TEM) 
TEM was applied to know the actual size and shape of ZnONPs. The TEM image in 

the present study showed a mixture of hexagonal, spherical, and rod-shaped a very small 
particles with a crystalline structure for the ZnONPs with an average size of 8–25 nm (Fig-
ure 3A). The ZnONPs were individuals and agglomerated in clusters. Diffraction rings 
could be allocated as (100), (002), and (101) planes from the selected area diffraction 
(SAED) pattern of ZnONPs (Figure 3B), representing hexagonal structure coupled with 
the wurtzite-like structure of ZnONPs as shown in the XRD pattern. 

 
Figure 3. (A) Transmission electron microscopy (TEM) image of synthesized ZnO-NPs; the inset shows the corresponding 
particle size distribution and shape. (B): Selected Area Electron Diffraction (SAED) of Trichogenic-ZnONPs. 

3.3.5. Scanning Electron Microscopy (SEM) 
SEM is a high-resolution surface imaging approach that uses an electron beam to 

obtain information on nanostructures and other materials at the microscopic level. SEM 
analysis of synthesized ZnONPs exhibited clear spherical, rod, and hexagonal shapes with 
and well-distributed ZnONPs with aggregation. Figure 4 presents a microscopic image of 
the obtained ZnONPs shown at different magnifications. The studies of the nanomaterial 
showed different sizes of the particles in a range comprising 24 to 50 nm. The 
microstructure of nanocrystalline ZnO had a skeletal form resulting from the process of 
coagulation (Figure 4A,B). The ZnONPs (Figure 4C,D). 

Figure 3. (A) Transmission electron microscopy (TEM) image of synthesized ZnO-NPs; the inset shows the corresponding
particle size distribution and shape. (B): Selected Area Electron Diffraction (SAED) of Trichogenic-ZnONPs.

3.3.5. Scanning Electron Microscopy (SEM)

SEM is a high-resolution surface imaging approach that uses an electron beam to
obtain information on nanostructures and other materials at the microscopic level. SEM
analysis of synthesized ZnONPs exhibited clear spherical, rod and hexagonal shapes
with and well-distributed ZnONPs with aggregation. Figure 4 presents a microscopic
image of the obtained ZnONPs shown at different magnifications. The studies of the
nanomaterial showed different sizes of the particles in a range comprising 24 to 50 nm. The
microstructure of nanocrystalline ZnO had a skeletal form resulting from the process of
coagulation (Figure 4A,B). The ZnONPs (Figure 4C,D).

3.3.6. Energy Dispersive X-ray Analysis (EDX)

An EDX spectrum was used on the ZnONPs to determine the amount of metal and
oxides in the sample. The EDX spectrum of the produced NPs was recorded in the spot-
profile mode from one of the densely populated ZnONPs areas, as shown in Figure 5. The
synthesis of ZnONPs is represented by distinct peaks observed for zinc and oxygen and
carbon atoms. The atomic percentages of the elements inset of Figure 5 indicated zinc
as the dominant element, representing more than 72.49% of the entire composition, with
oxygen representing 27.51%, indicating that the ZnONPs were extremely pure.

3.3.7. Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

The interfaces between zinc oxide and bioactive components of fungal extract were
discovered using FTIR on green synthesized ZnONPs. It was carried out to discover the
organic functional groups or potential biomolecules involved in the production of ZnONPs.
In the present results, FTIR spectrum showed 3398, 3233, 2912, 1640, 1629, 1561, 1461,
1018, 576 and 533 cm−1 (Table 2). In FTIR spectrum, the peak observed at 3398 cm−1

corresponded to OH stretching vibrations and 3233, peak observed at 3323 responding
to C-H stretch of alkenyl and 1640 corresponded to C=O stretching 1629 responding to
–C=C– aromatic stretching of fungal biomass and 1561 responding to C=C stretch in the
aromatic ring and C=O stretch in polyphenols and 1461 corresponded to C-N stretch of
amide-I in protein and 1018 responding to C-O stretching in amino acid, while 576 and 533
corresponded Zn-O stretching and hexagonal phase ZnO respectively.
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Table 2. Functional Group present in the Trichogenic ZnONPs analyzed by FTIR.

Frequency (cm) −1 Abs Possible Assignment

1 3398.9229 96.32 OH stretching vibrations
2 3233.0747 97.1775 C-H stretch of alkanyle
3 2912.9492 97.6787 The C-H stretch in alkanes
4 2854.1311 97.3885 O-H stretch in a carboxylic acid
5 1640.1611 99.027 C=O stretching
6 1629.5546 99.0942 –C=C– aromatic stretching of fungal biomass
7 1613.1626 98.9696 H-O-H binding vibration
8 1561.094 98.5039 C=C stretch in the aromatic ring and C=O stretch in polyphenols
9 1556.2728 98.4978 C=C/amine—NH stretching

10 1461.778 98.8046 C-N stretch of amide-I in protein
11 1382.7108 99.117 Acetate group stretching
12 1034.6226 96.4734 O-H Asymmetric stretching
13 1018.2305 96.3747 C-O stretching in amino acid
14 929.5211 97.4376 C-N stretching amine
15 773.3152 98.6183 C-N stretching amine
16 576.6116 95.2955 Zn-O stretching
17 533.2211 88.8474 hexagonal phase ZnO

3.4. In Vitro Antifungal Activity of Synthesized ZnONPs

The potentiality of ZnONPs for controlling R. solani (RS9), Fusarium sp. (F10) and M.
phaseolina (M4) was tested by plating the fungal culture media supplemented with (control),
20, 40 and 100 µg/mL of ZnONPs and the diameter of the mycelium growth was measured
after 7 days. ZnONPs caused a significant reduction in the mycelia growth of R. solani (RS9),
Fusarium sp. (F10) and M. phaseolina (M4) by all concentrations. As shown in (Figure 6), under
the effect of ZnONPs treatments, the mycelial diameter of R. solani (RS9), Fusarium sp. (F10)
and M. phaseolina (M4) was reduced by 100% at all the tested concentrations.
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Figure 6. The inhibitory effect of mycelia growth on F10 (A), Rs9 (B), M4 (C) on potato dextrose agar medium containing
ZnONPs at concentrations: Control, (C1) 20, (C2) 40 and (C3) 100 µg/mL after 7 days.

3.5. Effect of ZnONPs against Cotton Damping-Off Disease under Greenhouse Conditions

The effects of ZnONPs on the cotton seedling disease were studied in a greenhouse
experiment. In a greenhouse, four treatments were tested for their ability to reduce cotton
seedling disease produced by three pathogenic isolates (F10, Rs9 and M4). The number
of surviving seedlings increased. Analysis of variance (ANOVA) (Table 3) showed that
the treatment was a very highly significant source of variation (p = 0.00) of all the tested
variables. Fungus × treatment interaction was a very highly significant source of variation
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(p = 0.00) only in the case of plant height. The effect of fungus was a non-significant source
of variation in all the tested variables.

Table 3. Analysis of variance of the effect of some fungi, treatments and their interaction on some growth variables of cotton
seedlings of Giza90 grown in soil infested under greenhouse conditions.

Growth Variables and Sources of Variation D.F Mean Square F Value p ≥ F

Survival
Replicates 2 118.51 0.51 0.61
Fungi (F) 2 78.65 0.34 0.72

Treatments (T) 5 3944.66 16.91 0.00
F × T 10 127.82 0.55 0.84
Error 34 23.22

Plant height
Replicates 2 3.72 0.31 0.74
Fungi (F) 2 17.95 1.49 0.24

Treatments (T) 5 244.83 20.25 0.00
F × T 10 50.89 4.21 0.00
Error 34 12.09

Dry weight 2
Replicates 2 0.22 0.90 0.42
Fungi (F) 5 0.32 1.30 0.29

Treatments (T) 10 4.13 16.7 0.00
F × T 34 0.23 0.94 0.51
Error 2 0.25

Since there was no fungus × treatment interaction on survival (Table 4), the general
mean was used to compare treatment means. Seeds of Giza90 treated with ZnONPs
(200 µg/mL) showed the maximum efficiency in controlling disease regardless of fungus
(91.111% survival). The difference between the general means of the tested fungi was
non-significant.

Table 4. Effect of some fungi, treatments and their interaction on survival percentage of cotton seedlings of Giza90 grown in
infested soil under greenhouse conditions.

ZnO/Survival/Giza90 (%)

Treatment
F10 Rs9 M4 Mean

% Transformed a % Transformed a % Transformed a % Transformed a

ZnONPs (µg/mL) 76.667 61.910 80.000 63.440 53.333 46.910 70.000 57.420
ZnONPs (µg/mL) 96.667 83.853 93.333 81.147 83.333 70.077 91.111 78.359
Maxim XL (2 mL) 86.667 72.293 86.667 72.783 90.000 75.000 87.778 73.359

Moncut (2 g) 86.667 72.783 83.333 70.763 83.333 66.147 84.444 69.898
Infested soil 30.000 28.077 16.667 15.000 26.667 30.293 24.445 24.457

Autoclaved soil 30.000 28.077 16.667 15.000 26.667 30.293 24.445 24.457
Mean 77.778 65.653 76.111 64.498 71.667 61.596 75.185 63.916

LSD (p ≤ 0.05) (transformed data) for treatments = 14.25. LSD (p ≤ 0.05) for fungus is non-significant. a Percentage of data were transformed
into arcsine angles before carrying out the analysis of variance to produce an approximately constant variance.

Because cultivar × treatment interaction was significant on plant height (Table 5), an
interaction LSD was calculated to compare treatment means within each tested fungus.
All treatments were effective in controlling disease compared to the infested control. The
high concentrations of ZnONPs showed the maximum efficiency in controlling the disease
for all tested fungi (25.193, 26.433 and 24.767 cm) for F10, Rs9 and M4, respectively. Since
there was no fungus × treatment interaction on dry weight (Table 6), the general mean
was used to compare treatment means. Seeds of Giza90 treated with ZnONPs (200 µg/mL)
showed the maximum efficiency in controlling disease regardless of fungus (2.200 g). The
difference between the general means of the tested fungi was non-significant.
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Table 5. Effect of some fungi, treatments and their interaction on plant height of cotton seedlings of Giza90 grown in
infested soil under greenhouse conditions.

ZnO/Plant Height (cm)/Giza90

Treatment F10 Rs9 M4 Mean

ZnONPs (100 µg/mL) 17.267 21.797 18.387 19.150
ZnONPs (200 µg/mL) 25.193 26.433 24.767 25.464

Maxim XL (2 mL) 18.573 21.843 15.917 18.778
Moncut (2 g) 20.147 16.627 21.137 19.304
Infested soil 7.150 4.800 20.303 10.751

Autoclaved soil 24.307 24.833 23.847 24.329
Mean 18.773 19.389 20.726 19.629

LSD (p ≤ 0.05) for fungus ×treatment = 5.62.

Table 6. Effect of some fungi, treatments and their interaction on the dry weight of cotton seedlings of Giza90 grown in soil
infested under greenhouse conditions.

ZnO/Dry Weight (g)/Giza90

Treatment F10 Rs9 M4 Mean

ZnONPs (100 µg/mL) 1.700 1.493 1.370 1.521
ZnONPs (200 µg/mL) 2.250 2.377 1.973 2.200

Maxim XL (2 mL) 2.073 1.527 1.137 1.579
Moncut (2 g) 1.660 1.833 1.137 1.543
Infested soil 0.187 0.133 0.377 0.232

Autoclaved soil 1.660 2.050 2.090 1.933
Mean 1.588 1.569 1.347 1.501

LSD (p ≤ 0.05) for treatments = 0.47. LSD (p ≤ 0.05) for fungus is non-significant.

Analysis of variance (ANOVA) of Table 7 showed that treatment was a very highly
significant source of variation (p = 0.00) of all the tested variables. Fungus and fungus ×
treatment interaction was non-significant sources of variation of all the tested variables.

Table 7. Analysis of variance of the effect of some fungi, treatments and their interaction on some growth variables of cotton
seedlings of Giza94 grown in soil infested under greenhouse conditions.

Growth Variables and Sources of Variation D.F. Mean Square F. Value p ≥ F

Survival
Replicates 2 556.02 2.79 0.08
Fungi (F) 2 19.16 0.10 0.91

Treatments (T) 5 4674.53 23.45 0.00
F × T 10 215.36 1.08 0.40
Error 34 199.32

Plant height
Replicates 2 38.05 1.37 0.27
Fungi (F) 2 23.36 0.84 0.44

Treatments (T) 5 320.18 11.52 0.00
F × T 10 36.91 1.33 0.26
Error 34 27.80

Dry weight 2
Replicates 2 0.42 1.32 0.28
Fungi (F) 5 0.14 0.46 0.64

Treatments (T) 10 4.99 15.77 0.00
F × T 34 0.33 1.04 0.43
Error 2 0.32

Since there were no effects of fungus × treatment interaction on survival (Table 8), the
general mean was used to compare treatment means. Seeds of Giza94 treated with Moncut
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(2 g) showed the maximum efficiency in controlling disease regardless of fungus (88.889%
survival) followed by Maxim XL (2 mL) and ZnONPs (200 µg/mL). The difference between
the general means of the tested fungi was non-significant (Figure 7).

Table 8. Effect of some fungi, treatments and their interaction on survival percentage of cotton seedlings of Giza94 grown in
soil infested under greenhouse conditions.

ZnO/Survival/Giza94 (%)

Treatment
F10 Rs9 M4 Mean

% Transformed a % Transformed a % Transformed a % Transformed a

ZnONPs (100 µg/mL) 36.667 36.930 10.000 11.070 43.333 41.057 30.000 29.686
ZnONPs (200 µg/mL) 73.333 59.693 73.333 59.693 76.667 61.223 74.444 60.203

Maxim XL (2 mL) 80.000 67.860 76.667 65.840 76.667 61.910 77.778 65.203
Moncut (2 g) 83.333 70.077 93.333 77.707 90.000 75.000 88.889 74.261
Infested soil 16.667 19.223 30.000 28.077 6.667 12.293 17.778 19.864

Autoclaved soil 86.667 72.783 86.667 72.293 83.333 66.147 85.556 70.408
Mean 62.778 54.428 61.667 52.447 62.778 52.938 62.408 53.271

LSD (p ≤ 0.05) (transformed data) for treatments = 13.18. LSD (p ≤ 0.05) for fungus is non-significant. a Percentage data were transformed
into arcsine angles before carrying out the analysis of variance to produce an approximately constant variance.

Since there was no fungus × treatment interaction on plant height and dry weight
(Tables 9 and 10), the general mean was used to compare treatment means. Seeds of Giza94
treated with ZnONPs (200 µg/mL) showed the maximum efficiency in controlling disease
regardless of fungus (24.300 cm and 2.094 g). The difference between the general means of
the tested fungi was non-significant.

Table 9. Effect of some fungi, treatments and their interaction on plant height of cotton seedlings of Giza94 grown in
infested soil under greenhouse conditions.

ZnO/Plant Height (cm)/Giza94

Treatment F10 Rs9 M4 Mean

ZnONPs (100 µg/mL) 19.527 4.887 14.830 13.081
ZnONPs (200 µg/mL) 25.377 22.557 24.967 24.300

Maxim XL (2 mL) 19.113 22.713 18.997 20.274
Moncut (2 g) 21.333 22.653 17.973 20.653
Infested soil 11.917 11.533 11.000 11.483

Autoclaved soil 26.730 26.950 25.507 26.396
Mean 20.666 18.549 18.879 19.365

LSD (p ≤ 0.05) for treatments = 4.92., LSD (p ≤ 0.05) for fungus is non-significant.

Table 10. Effect of some fungi, treatments and their interaction on the dry weight of cotton seedlings of Giza94 grown in
infested soil under greenhouse conditions.

ZnO/Dry Weight (g)/Giza94

Treatment F10 Rs9 M4 Mean

ZnONPs (100 µg/mL) 1.427 0.507 1.563 1.166
ZnONPs (200 µg/mL) 2.253 2.170 1.860 2.094

Maxim XL(2 mL) 1.537 1.753 1.490 1.593
Moncut (2 g) 1.697 1.497 1.360 1.518
Infested soil 0.403 0.707 0.537 0.549

Autoclaved soil 2.837 3.020 2.270 2.709
Mean 1.692 1.609 1.513 1.605

LSD (p ≤ 0.05) for treatments = 0.53. LSD (p ≤ 0.05) for fungus is non-significant.



J. Fungi 2021, 7, 952 13 of 20

J. Fungi 2021, 7, x FOR PEER REVIEW  14  of  21 
 

 

         

Control, infested control, 

Giza90 
Maxim XL, Moncut 

Fusarium (F10) 

ZnONPs 100, 200 μg/mL 

Rhizoctonia (RS9) 

ZnONPs 100, 200 μg/mL 

Macrophomina (M4) 

ZnONPs 100, 200 μg/mL 

         

Control, infested control,   

Giza 93 
Maxim XL, Moncut 

Fusarium (F10) 

ZnONPs 100, 200 μg/mL 

Rhizoctonia (RS9) 

ZnONPs 100, 200 μg/mL 

Macrophomina (M4) 

ZnONPs 100, 200 μg/mL 

Figure 7. Cotton Seedlings cultivars Giza90 and Giza 93 obtained by sowing uncoated cotton seeds in sterilized soil infested with three fungal pathogens including, 

Fusarium, R. solani, and M. phaseolina as a negative control, uncoated seeds sown in sterilized soil as a positive control, treated seeds with two fungicides (Maxim 

XL, Moncut) sown  in  infested soil, and coated seeds with ZnONPs  (100, 200 μg/mL)  in  infested soil. Photos were  taken after 45 days under standard growth 

conditions in greenhouse conditions. 

Figure 7. Cotton Seedlings cultivars Giza90 and Giza 93 obtained by sowing uncoated cotton seeds in sterilized soil infested with three fungal pathogens including, Fusarium, R. solani and
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4. Discussion

Nanoparticles derived from Trichoderma are still in the early stages of research. Myco-
genic ZnONPs utilizing Trichoderma sp. are more compelling and less harmful to the environ-
ment than other methods. Therefore, ZnONPs produced utilizing a cell-free aqueous filtrate of
T. harzianum were shown to have strong antifungal efficacy against the soil-borne pathogen
complexes in cotton in this investigation. To confirm whether the synthesized nanoparticles
were still stable for one week or changed in the UV results, the absorption spectrum was
recorded for the synthesized ZnO sample by Tvivi, T34 and T28 after 2, 4 and 7 days after
synthesis. The UV-visible spectrum showed the absorbance peak at 300 nm corresponding
to the characteristic band of zinc oxide nanoparticles for all screened Trichoderma isolates at
all tested periods. The obtained UV-vis spectrophotometer results were in agreement with
Dobrucka et al. [33], who reported that the maximum absorption of about 310 nm, which
is a characteristic band of pure ZnO, verified the presence of ZnONPs biologically with the
use of the extract of Chelidonium majus. Furthermore, there was no additional peak in the
spectrum, confirming that the produced products were pure ZnO [34,35]. In addition, Per-
veen et al. [36] reported that UV-visible spectroscopy investigation showed a peak at 300 nm,
which corresponded to the wavelength of ZnO quantum dots’ surface plasmon resonance. The
UV-vis spectra of ZnONPs synthesized by A. niger show that at 390 nm, ZnONPs have a high
absorption spectra [37]. Jamdagni et al. [38] found that the UV spectrum range of ZnONPs is
320–390 nm, which is a similar result.

The XRD diffraction peaks were 31.84◦, 34.52◦, 36.33◦, 47.63◦, 56.71◦, 62.96◦, 68.13◦,
69.18◦, 70.16◦, 73.21◦ and 78.56◦, which agreed with Sadatzadeh et al., Yedurkar et al. and
Malaikozhundanet al. [39–41]. The peaks showed the characteristic hexagonal wurtzite
structure of ZnO (JCPDS card no. 36–1451) [42]. The Wurtzite structure was prevalent
because it is stable in ambient conditions. It also revealed that the synthesized nanopowder
was impurity-free because it lacked any XRD peaks other than zinc oxide peaks. The XRD
diffraction peaks matched well with Wurtzite ZnO of the Joint Committee on Powder
Diffraction Standards (JCPDS) Card number 36–1451 and were in good accord with the
reported literature [43].

The magnitude of the Zeta potential (−30 mV to +30 mV) indicates the potential
stability of the colloidal system [44–46]. The Zeta potential is related to the nanoparticles’
stability in the solution. The larger zeta potential values represent a lower degree of
aggregation that leads to a higher degree of stability of nanoparticles and a smaller z-
averaged hydrodynamic diameter. At lower zeta values, the nanoparticles flocculate early
and the stability of the nano-suspension reduces [44]. The Zeta potential of ZnONPsin the
present study was –24.0 mV, which provided evidence that the fabricated nanoparticles
were moderately stable, which led to the monodispersity of the particles. The result was in
agreement with Divya et al. [45], who showed a zeta potential of −5.36 mV. Furthermore,
Zakharova [46] reported a zeta potential of 9 mV of ZnONPs had high antimicrobial efficacy
and increased ZnONPs toxicity. It has been proven that some nanoparticles have a tendency
to aggregate and that this process of aggregation reduces the surface area of nanoparticles.
To solve this problem, ZnONPs require extensive ultrasonication in the water bath for a
minimum of 15 min.

The results were in agreement with González et al. [47], who reported that TEM analy-
sis of the synthesized ZnONPs showed spherical, hexagonal and rod shapes.
Pillai et al. [48] reported that the synthesized ZnONPs from an aqueous extract of Beta
vulgaris were spherical with a size of nearly 20 ± 2 nm. Morphology of bio nanoparticles
produced from Cinnamomum tamala was rod-shaped, the particles size within the range
30 ± 3 nm.

TEM results of biosynthesized ZnONPs by Anacardium occidentale leaf extract con-
firmed the hexagonal structure with an average particle size of 33 nm [49]. Our results are
in harmony with Ruddaraju et al. [50]. The results were in agreement with Ruddaraju et al.
and Javed et al. [50,51]. The SEM images described surface topological details of different
nano-objects based on the electron density of the surface due to their higher resolution
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and bigger field depth [52]. The agglomeration of ZnONPs might be attributed either
due to its polarity and electrostatic attraction between ZnONPs or due to the high surface
energy of ZnONPs. The high surface energy of ZnONPs could be originated from an
aqueous synthetic medium [53–55]. TEM is used to magnify an image by using electromag-
netic lenses to magnify an electron beam that travels through thin specimens in a nearly
parallel manner. The objective lens is the principal electromagnetic lens. For example,
an SEM picture generally shows bigger agglomerated particles, but TEM images have
a greater resolution. This means that TEM is superior to SEM in terms of its ability to
measure the nanoparticles’ size and has a greater resolution than SEM [54]. EDX analysis
is a chemical microanalysis technique that is used in conjunction with SEM to evaluate
elemental composition by detecting X-rays released from the sample during electron beam
bombardment [55]. EDX analysis was in good agreement with XRD results. The EDX
results of the present study were in agreement with several reports [36,39,40]. The FTIR
spectrum revealed 3398, 3233, 2912, 1640, 1629, 1561, 1461, 1018, 576 and 533 cm−1 in the
current study. The peak at 1640 corresponded to C=O stretching of the functional group.
The peak in the range 1556 corresponded to C=C/amine—NH stretching of the aromatic
compound [55].

The wide peak at 3233 cm−1 may be attributed to an alkenyl group’s C-H stretch,
whereas 2104 cm−1 was moved to –C≡C– stretching vibrations [40]. Secondary metabolites
found in C. roseus have been linked to the conversion of zinc acetate dihydrate to zinc
oxide nanoparticles. The FTIR spectrum showed peaks at 3233, 2104, 1640, 1556, 1399,
1086, 926, 773, 849, 715, 1035, 482, 410 cm−1 [56]. Due to stretching alkenyl groups formed
by zinc acetate salts and their reduction in ZnONPs, the FTIR spectra peak showed high-
intensity broadband of 3233 cm−1 [37,56]. According to the results of our FTIR analysis,
Trichoderma-mediated ZnONPs were synthesized using two distinct processes: reduction
and capping. On the surfaces of both the biosynthesized ZnONPs that function as reducing
and stabilizing agents, FTIR examination indicated the presence of proteins, amino acids,
polyphenols, carboxyl and hydroxyl groups. ZnONPs are characterized by their strong
aromatic ring and carboxylic acid appearance in the FTIR bands. According to the results of
the FTIR analysis described various mycochemicals such as phenolic, proteins, amino acids,
aldehydes, ketone and other functional groups were involved in the reduction, capping
and stabilization of zinc oxide NPs (Figure 8).
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In in vitro assay, in addition to inhibiting the vegetative mycelial growth of phy-
topathogenic fungi, zinc-mediated nanoparticles or composites can kill spores or inhibit
spore germination (sporostatic/sporicidal activities) at low concentrations, such as a signif-
icant decrease in fungal growth of B. cinerea and P. expansum shown on ZnONPs (3 mM/L
concentration) treatment [57]. Yehia and Ahmed [58] reported the antifungal efficiency of
ZnONPs investigated against F. oxysporum. The maximum inhibition of mycelial growth
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was seen at (12 mg/L) when F. oxysporum growth was inhibited by 77 percent. HPLC
quantification was used to study the influence of ZnONPs on the mycotoxin fusaric acid.
The amount of fusaric acid was lowered from 39.0 to 0.20 mg/g. Scanning electron mi-
croscopy showed evident deformation in mycelia that had been treated with ZnONPs in
F. oxysporum, which may cause growth inhibition.

In the present work, in vitro assay, zero fungal growth was investigated with concen-
trations starting from 20 µg/mL of ZnONPs. Fungicidal properties against three pathogenic
fungi were explored in our study. Due to the current dearth of understanding of differ-
ent aspects of fungal disease biology, these antifungal properties are currently restricted.
Lahuf et al. [24] found that a concentration of 15 mg/mL led to complete inhibition (100%)
of R. solani; however, lower doses of ZnONPs (10, 5 and 2.5 mg/mL) resulted in lower levels
of inhibition of R. solani, by 83.21, 71.03 and 57 percent inhibition, respectively. Furthermore,
it was discovered that ZnONPs have fungistatic rather than deadly fungicidal effects on
R. solani. The ZnONPs fungicidal properties revealed that they were diffusible via the grow-
ing media [59]. Shen et al. and Raghupathi et al. [60,61] documented the antifungal effects
of ZnONPs on microbial populations. It was suggested that zero-valent metal nanoparticles
might successfully permeate pathogenic microorganism cell membranes through the lipid
bilayer because of their reduced hydrophobicity due to the absence of surface charge [62].
ZnO showed obvious destruction of the cell walls and plasmolysis of the internal organs of
the tested fungi [63]. In vitro studies against F. oxysporum, R. solani and Sclerotium rolfsii
revealed that a mixture of Trichoderma asperellum and chitosan nanoparticles was better than
Trichoderma alone and carbendazim 0.1% in suppressing pathogen mycelial growth [64].

In the current study, under greenhouse conditions, the results of the disease manage-
ment studies of zinc oxide NPs, at two different concentrations (100 and 200 µg/mL), seed
treatments for efficacy in the control of damping-off in cotton, compared to Maxim XL and
Moncut chemical fungicides, indicated that ZnONPs (200 µg/mL), gave the maximum effi-
ciency in disease control, compared to other treatments in Giza90 for all growth parameters
(survival, plant height and dry weight). However, in the case of Giza94 cultivars, ZnONPs
(200 µg/mL) NPs were not the best treatment in disease control in the case of survival
only. However, it increased the survival significantly compared to infested control, but it
was the best treatment in the case of plant height and dry weight. These results indicated
that ZnONPs behavior was affected by the cultivar and it may need to be used at differ-
ent optimum concentrations according to cotton cultivars to give the maximum survival
during further future studies. The ZnONPs may form an antifungal layer around cotton
seeds that protects cotton seedlings from the three pathogenic fungi. When ZnONPswas
used as an antifungal agent against R. solani at concentrations of 30, 60 and 90 g mL−1,
the second and the third concentration raised the percentages of Giza90 seedlings that
survived to 85 and 86%, respectively, compared to 43.5 percent persisted seedlings at
the concentration of 30 g m−1 [65]. González-Merino et al. [66] evaluated the antifungal
activity of ZnONPs against F.oxysporum on tomato plants under greenhouse conditions.
ZnONPs from 1500 to 3000 g/mL achieved the best plant height with a range of 166.0 to
175.40 cm, a severity of 0.40–0.80 and a disease incidence of 20–40%. In a pot experiment,
foliar spraying of ZnONPs was more successful than seed priming in enhancing plant dry
weight and controlling the Pectobacterium betavasculorum, Meloidogyne incognita and R. solani,
causal disease complex of beetroot (Beta Vulgaris L.) [67]. Nevertheless, most ZnONPs may
have accumulated on the seed’s exterior surface, with only a few particles moving into
the stele and available for biodistribution and bioaccumulation, making seed priming less
effective than foliar spray [68]. ZnONPs are believed to interact with pathogens through
mechanical enfolding, which could be one of the main mechanisms of ZnONPs toxicity
against R. solani [69].

5. Conclusions

This study used the biological control agent T. harzianum as a stabilizing agent for the
green synthesis of biogenic ZnONPs with a relatively small size of 8–23 nm. UV-visible



J. Fungi 2021, 7, 952 17 of 20

spectroscopy, XRD, zeta potential, TEM, SEM and EDX were used to validate the synthesis
and structure, as well as to characterize size distribution, zeta potential, morphology
and so on. Moreover, their antifungal activity against soil-borne pathogens like R. solani
(RS9), Fusarium sp. (F10) and M. phaseolina (M4) were demonstrated in vitro and under
greenhouse conditions. Trichogenic-mediated ZnONPs inhibited hyphal development in
three cotton seedlings, indicating that they are effective against fungal infections. As a
consequence of the aforementioned findings, it may be inferred that some T. harzianum
strains produce a variety of proteins and enzymes, obviating the need for chemical reducers
and stabilizers. As a result, the biological method for the production of ZnONPs utilizing
T. harzianum has been presented in this work. The application of ZnONPs in the form of
nanofungicides in agroecosystems has yet to be completely investigated and further study
on risk assessment is still needed.
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