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Abstract: Fusarium solani is a plant pathogenic fungus that causes tomato root rot disease and yield
losses in tomato production. The current study’s main goal is testing the antibacterial efficacy of
chitosan nanoparticles loaded with Thyme vulgaris essential oil (ThE-CsNPs) against F. solani in vitro
and in vivo. GC-MS analysis was used to determine the chemical constituents of thyme EO. ThE-
CsNPs were investigated using transmission electron microscopy before being physicochemically
characterized using FT-IR. ThE-CsNPs were tested for antifungal activity against F. solani mycelial
growth in vitro. A pot trial was conducted to determine the most effective dose of ThE-CsNPs on
the morph/physiological characteristics of Solanum lycopersicum, as well as the severity of fusarium
root rot. The relative gene expression of WRKY transcript factors and defense-associated genes were
quantified in root tissues under all treatment conditions. In vitro results revealed that ThE-CsNPs
(1%) had potent antifungal efficacy against F. solani radial mycelium growth. The expression of three
WRKY transcription factors and three tomato defense-related genes was upregulated. Total phenolic,
flavonoid content, and antioxidant enzyme activity were all increased. The outfindings of this study
strongly suggested the use of ThE-CsNPs in controlling fusarium root rot on tomatoes; however,
other experiments remain necessary before they are recommended.

Keywords: WRKY transcription factor; defense-related genes; biotic stress; fusarium root rot; antioxidant
enzymes; antifungal activity

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely cultivated vegetable crops
worldwide. For those participating in its value chains, the tomato industry provides a
significant source of revenue since it is represent a superior source of vitamins, potassium,
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other minerals, antioxidants and fibers [1-3]. A number of biotic and abiotic stress condi-
tions severely limit the growth and economic productivity of tomatoes [4,5]. Numerous
soil-borne pathogens of various horticultural and food crops, including Fusarium pathogens,
cause lethal vascular wilts, rots, and damping-off diseases [6]. Some Fusarium species can
produce mycotoxins in food and agricultural products, in addition to the losses caused by
pre/postharvest losses [7]. Fusarium oxysporum f. sp. lycopersici (Fol) and F. solani (Fol) are
two of the most important causes contributing to economic loss in tomato production [8].

Fusarium root rot disease has been found in numerous regions and is rather frequent
(25-55%) in tomatoes [9,10]. Under favorable fungal infection weather conditions, the
potential economic losses in tomatoes could be enhanced by up to 80% [11]. According to
the literature, fungal mycotoxins have a substantial phytotoxic effect, cause pathogenicity,
and are required for root rot disease [12]. According to El-Saadony et al. [13,14], the
exposure to mycotoxin metabolites may have a moderately damaging effect on animal cells
and opportunistic infections in humans.

Nanotechnology is one of the most active fields of research being an effective an-
timicrobial activity tool [15-19]. Additionally, chitosan treatment controls the number of
defense genes in plants, particularly the activation of signaling pathways, which results in
the acquisition of plant antitoxin and pathogenesis-related (PR) proteins [20]. Chitosan has
been studied to control several pre- and postharvest diseases [21]. Thymus sp., belonging
to the Lamiaceae family, contains over 300 evergreen species that are naturally grown in
Southern Europe and Asia. Much research has supported the therapeutic potential of
thyme EO in the treatment of cancer, immune deficiency syndrome, infection, and retinal
neovascularization [22-24].

Gene expression changes cause and occupy these alterations, according to Saijo
et al. [25]. It has been proposed that plant transcription factors, which belong to sev-
eral families, take part in stress reduction or other coping mechanisms when exposed to
stress by altering the gene expression patterns. According to Vives-Peris et al. [26], the
WRKY transcription factors (Tfs) are a group of plant-specific zinc finger-type regulatory
proteins playing a critical role in plant development and the defense response to various
abiotic and biotic stresses. The WRKY proteins modulate downstream target genes, other
genes (encoding Tfs), or their own expression in order to control the expression of the
genes either directly or indirectly [27]. WRKY TFs are essential for controlling a wide
range of biological functions, but they are particularly important for controlling how plants
react to biotic and abiotic stresses in tomatoes [28-30]. Dynamic changes in the quantities
of accumulated WRKY transcripts inside the cell can be used to establish how the plant
defense regulation involving WRKY proteins is regulated [31]. The main objective of the
current research was to determine the most efficient doses of ThE-CsNPs able to inhibit the
growth of F. solani, causing root rot disease for S. lycopersicum. There may be alterations in
total phenols, certain antioxidant enzyme activity, and seedling germination investigating
the function and mechanism of WRKY family members and their responses to fusarium
root rot disease resistance. It will be estimated by examining the expression levels of
defense-related genes in tomato roots, such as glucanase A, defensin, and chitinase, as well
as transcript factors WRKY4, WRKY31, and WRKY37.

2. Results
2.1. GC-MS Composition of T. vulgaris EO

The GC-MS analysis results of T. vulgaris EO showed bioactive compounds, as listed
below in Table 1. In particular, the main constituents are: thymol, x-Pinene, camphene, car-
vacrol, caryophyllen, carvacrol, myrcene, x-terpineol (Figure S1). The highest percentages
of constituents presented in T. vulgaris EO were camphene (35.97%), cyclohexane (10.1%),
myrcene (7.6%), and o-pinene (6.5%).
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Table 1. The list of main constituents present in T. vulgaris EO using GC-MS analysis.

Quantitative ID  Component Identified  Retention Time (min)  Retention Index (RI)  Area (%) Identification
1 Cyclohexane 4.11 1215 10.12 RI, MS *
2 Myrcene 5.13 106 7.55 RI, MS
3 Caryophyllene 9.14 974 3.25 RI, MS
4 a-Pinene 12.39 993 6.49 RI, MS
5 Camphene 16.81 1429 35.97 RI, MS
6 3-Myrcene 17.74 974 2.77 RI, MS
7 Carene 18.56 1042 2.86 RI, MS
8 p-Cymene 20.35 938 2.19 RI, MS
9 y-Terpinene 21.16 1062 2.68 RI, MS
10 a-Terpineol 21.53 1138 2.92 RI, MS
11 Linalool 26.13 1126 2.84 RI, MS
12 Thymol 27.85 1074 2.31 RI, MS
13 a-Thymol 29.14 1261 517 RI, MS
14 Carvacrol 29.38 1062 2.21 RI, MS
15 Caryophyllen 32.75 1211 491 RI, MS
16 Total - - 94.24 -

(*) RL retention index, MS: mass spectroscopy.

2.2. Characterization of ThE-CsNPs
2.2.1. Transmission Electron Microscope

A vital characterization method for obtaining quantitative estimates of particle size,
size distribution, and morphology of nanomaterials is transmission electron microscopy
(TEM). The generated ThE-CsNPs by using TEM was illustrated in Figure 1, where the
majority of the particles were spherical and irregular. ThE-CsNPs had an average size
ranging between 20 and 80 (£0.84) nm.

Figure 1. TEM microphotography of ThE-CsNPs.

2.2.2. Fourier Transform Infrared Spectroscopy

The chemical structure of the components involved in ThE-CsNPs was characterized
using the Fourier transform infrared (FT-IR) technology, as illustrated in Figure S2, which
demonstrates the presence of numerous functional groups in its structure.

2.3. In Vitro Antifungal Activity

In vitro antifungal activities of different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0%) of
ThE-CsNPs were assessed against the F. solani pathogen. The average reduction in F. solani
radial growth in response to treatment is illustrated in Figure 2. All tested concentrations
exhibited varied inhibitory activity as compared with the positive control fungicide nystatin
(0.05%) and the untreated experimental control. Inhibition of mycelium growth increased
with time. After 7 days of incubation at 28 & 2 °C, the highest growth reduction percentage
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(89.6 £ 0.0) was observed at ThE-CsNPs (1%) solution treatment, followed by (69.0 £ 0.0
and 31.0 & 0.0) at 0.8 and 0.6% ThE-CsNPs, respectively, as compared with (62.1 £ 0.1)
reduction by using nystatin (0.05%). The minimum growth inhibition (20.8 £ 0.0) was
obtained at 0.2% ThE-CsNPs treatment.

Different Concentrations of ThE-CsNPs
. N

R

Control

Figure 2. The antifungal activity of ThE-CsNPs at different concentrations against F. solani. Where
(A)0.2,(B) 0.4, (C) 0.6, (D) 0.8, (E) ThE-CsNPs (1%), (F) nystatin (0.05%), and (G) negative control.

2.4. In Vivo Trial
2.4.1. Pathogenicity Assay

The first signs of the root rot disease of fusarium appeared 18 days after infection
(DAF) (Figure 3). In particular, the highest disease severity (DS) was recorded as 92.4% in

case of positive disease control. In contrast, the lowest DS (4.3%) was observed in case of
ThE-CsNPs infected seedlings compared to ThE-CsNPs primed seedlings (2.3%) (Figure 4).

ThE-CsNPs ThE-CsNPs +Fs

Figure 3. Effect of ThE-CsNPs (1%) on S. lycopersicum seedling growth under fusarium root rot
disease (20 DAF).
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Figure 4. Effects of ThE-CsNPs on disease severity and eco-physiological parameters of S. lycopersicum
seedlings. Bars with different letters indicate significant differences between treatments at p < 0.05.
Data are expressed as mean values of three replicates (+SDs).

2.4.2. Eco-Physiological Parameters

It was found that the priming of tomato seedlings with ThE-CsNPs (1%) resulted
in the profuse growth of the tomato plants. Morphological characters differed by using
ThE-CsNPs treatment after 20 days; plant height was increased after ThE-CsNPs with a
value of 28.6 cm. Shoot dry weights were also increased after ThE-CsNPs treatment to
18.18 g. Root fresh and root dry weights were 2.6 and 0.3 g, respectively after treatment as
presented in Figure 4.

2.4.3. Physiological and Biochemical Characteristics

Total chlorophyll recorded the highest value at 55.2 and 57.2 pug/g FW in case of using
ThE-CsNPs after 48 and 96 h, respectively. Anthocyanin content was 1.3 and 1.4 Ug/g FW
after 48 and 96 h, respectively, in case of using ThE-CsNPs. The highest malondialdehyde
(MDA) contents (92.4, 106.4) were observed after 48 h and 96 h, respectively, of F. solani
inoculation under P+Th-CsNPs primed. The total phenolic contents (TPC) were recorded
for control, and ThE-CsNPs primed tomato plant under F. solani (E.s) infestation condition,
and the results showed a gradual increase in TPC level at 48 h and significant elevations at
96 h post inoculation with values 42.6 and 52.9 pmol/g FW, respectively, under P+Th-CsNPs
primed. The total flavonoid contents (TFC) were determined in the control and ThE-CsNPs-
primed tomato plant under F. solani infestation condition, and the results showed significant
elevations at 96 h of infestation as compared with control and gradually increased at 48
h post infestation. The highest TFC content was 136.1 umol/g FW observed after 96 h of
F. solani inoculation under P+Th-CsNPs primed and at 48 h of F. solani inoculation under
P+Th-CsNPs primed was 121.1 pmol/g FW. Protein content (PC) in tomato plants was
increased under P+Th-CsNPs at 48 and 96 h with values of 19.7 and 21.7 nmol/g FW,
respectively, as presented in Figure 5.



Plants 2022, 11, 3129 60f17

180 - m Control m Th-CsNPs m Pathogen (P) P+Th-CsNPs
= 150 a
-
5
< 120
|9
S
@3
T E 90 -
52
= ©
o <
.Eb 60 -
2
8
12
= 30 A !
~ '!
badc badc
0 4
48h 96 h 96 h 48h 96 h 48h 96 h 48h 96 h 96 h
Total Chll (pg/g FW) Anthocyamne (Ug/g FW) MDA (nmol/g FW) TPC (pmol/g FW) TFC (pmol/g FW) Protein (nmol/g FW)

Figure 5. Effects of ThE-CsNPs on total chlorophyll, anthocyanin, MDA, TPC, TFC, and PC level in S.
lycopersicum seedling under fusarium root rot disease infection. Bars with different letters indicate
significant differences between treatments at p < 0.05. Data are expressed as mean values of three
replicates (+SDs).

2.4.4. Antioxidant Enzymes Activities

Data presented in Figure 6 represent the effects of ThE-CsNPs priming on tomato
superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) antioxidant
enzymes under F. solani inoculation at different times intervals (48 and 96 h post fungal
inoculation). Data obtained indicated that infection of tomato plants with F. solani to an
induction in the activities of all studied enzymes when compared with ThE-CsNPs primed
and untreated control plants at 48 and 96 h. The highest SOD enzyme activity was 67.1
and 70.2 U/mg protein observed after 48 and 96 h, respectively, under P+ThE-CsNPs
primed tomato seedlings. The maximum CAT enzyme activity values 88.3 and 92.5 U/mg
were observed after 48 and 96 h of F.s inoculation under P+ThE-CsNPs primed and tomato
seedling. The maximum APX enzyme activity values were 28.4 and 36.1 U/mg protein after
48 and 96 h, respectively, of F.s inoculation under P+ThE-CsNPs primed tomato seedlings
as compared with the control.

120 ® Control ®Th-CsNPs ® Pathogen (P) 1 P+Th-CsNPs
b a
90 A L
2 a a
>
5 b I b I
< 60
£ L
2 a
[g 304 a4 € d ¢ -
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SOD (U/mg protein) CAT (U/mg protein) AXP (U/mg protein)

Figure 6. Effects of ThE-CsNPs on SOD, CAT, and AXP enzyme activity in S. lycopersicum seedling
under fusarium root rot disease infection. Bars with different letters indicate significant differences
between treatments at p < 0.05. Data are expressed as mean values of three replicates (+SDs).

2.5. Molecular Analysis

With the help of mRNA, gRT-PCR was used to measure the expression levels of the
several WRKY transcription factors, which are crucial for both biotic and abiotic tolerance
and include WRKY4, WRKY31, WRKY31, and WRKY37. Additionally, chitinase (PR3) and
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defensin (PR12) genes were represented by qRT-PCR as the relative expression levels of
defense-related proteins in tomato plant roots two weeks after Fusarium inoculation and
after the application of ThE-CsNPs. Hierarchical clustering heat map of transcriptional
expression of the investigated WRKYs transcripts factors (WRKY4, WRKY31, and WRKY37)
and defense-related (3-1,3-glucanase, defensin, chitinase) genes in tomato roots (Figure 7).
As represented from the heat map, all tested treatments are grouped into two main clusters,
the first one represents the untreated control plants, and ThE-CsNPs primed plants at 48
and 96 h post F. solani inoculation, while the other represents the Fs infected plants that
primed with ThE-CsNPs solution or not at 48 and 96 h.

]
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Figure 7. Hierarchical clustering heat map of transcriptional expression of three WRKY transcription
factors and some defense-related genes in tomato plant infected with F. solani and/or primed with
ThE-CsNPs (1%) after 2 and 4 days post F. solani inoculation. Where, C: untreated control, Fs:
infected with F. solani, ThE-CsNPs: thyme extract loaded chitosan nanoparticles solution at 1.0%, and
ThE-CsNPs+ Fs: infected tomato plants with F. solani and primed with ThE-CsNPs (1%).

In our study, the highest expression mRNA level (28.9 and 54.4) at 48 and 96 h post
inoculation with ThE-CsNPs priming, respectively, was recorded in the WRKY31 gene in
roots, followed by (27.8 and 46.3) at 48 and 96 h post inoculation with ThE-CsNPs priming,
respectively recorded in WRKY37 gene in roots. Overall, the WRKY TFs genes (WRKY]1,
WRKY4, WRKY31, and WRKY53) in roots showed positive expression levels (upregulation)
under infection.

3. Discussion

Producing crops, especially vegetables, can be severely hampered by soil-borne ill-
nesses brought on by a variety of fungi, including F. solani. On the remains of the host
plant, in the organic matter of the soil, or as free-living organisms, soil-borne infections
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frequently persist for protracted durations. Even with standard methods, they are fre-
quently challenging to control. In addition, these soil-borne fungi developed resistance
to chemical fungicides. Crop productivity can be significantly hampered by soil-borne
illnesses brought on by a variety of fungi, including F. solani, especially for vegetable crops.
On the remains of the host plant, in the soil’s organic matter, or as free-living organisms,
soil-borne infections frequently last for a very long time. Even when using traditional
techniques, they are frequently challenging to be managed. Therefore, finding innovative,
safe, and efficient fungicide solutions to manage plant infections such as tomato root rot is
a serious challenge. Since the focus is now on creating non-toxic, safe nanoparticles, the
idea of using nanoparticles as an antibacterial agent is relatively new [32].

The thought of using nanoparticles as antifungal agents is relatively new, as the
emphasis has since changed toward creating secure, non-toxic nanoparticles [33]. Root rot
disease in tomato crops can be controlled in many ways by utilizing chemical and biological
approaches [34]. The latest management trend for reducing the negative effects of chemicals
(fungicides) is a biological control for pathogenic fungi [35,36]. Microorganisms, semi-
chemical products, naturally derived goods derived from plants, and living microorganisms
are the four different forms of biocontrol management [37-40].

Additionally, plants essential oils are efficient biocontrol agents against a range of
pathogenic bacteria and fungi. Plant EOs are much potential because of their diverse origins
and abilities to prevent mycelial growth and spore germination and regulate the vitality of
conidia. In comparison to traditional pesticides, nano-emulsions created from these plant
EOs may be more effective in controlling pathogens [41—44]. Researchers assessing the
potential phytotoxicity of plant extracts have demonstrated that systemic administration
has an impact on Fol [45].

The mode of action of any control agents is crucial and aids in enhancing their efficacy
when we encounter efficacy problems. The current study demonstrated in vitro and in vivo
effects ThE-CsNPs against root rot disease of tomato infected with F. solani. Results of
in vitro assay showed that ThE-CsNPs (1%) has greatly inhibited the linear growth of the
tested pathogenic fungi. Chitosan changes the rhizosphere’s balance, favoring helpful
microbes, including Bacillus, Pseudomonas fluorescens, Actinomycetes, Mycorrhiza, and Rhi-
zobacteria, while disadvantages microbiological pathogens [46,47]. It has been demonstrated
that treating soil with chitin and/or chitosan reduced the rate of nematode infection of
plant roots [46,47] and increased the suppressiveness against soil-borne diseases.

In fact, chitosan/microbe interaction causes a variety of changes in cell permeability
as follows: (1) bringing electronegative charges on the outer surface of fungal membrane;
(2) addition of polycationic character on the chitosan amino group, interfering with home-
ostasis ions (K+, Ca2+) and, hence, enhancing the outflow of small molecules that interfere
with fungal respiration [48]; (3) microbial starvation due to the chelation process between
chitosan-metals-vital nutrients; (4) inhibition of the synthesis of mMRNA and proteins, which
is related to their capacity to pass through the microbe cell membrane and subsequently
bind to DNA [48]. The efficiency of chitosan is most frequently attributed to changes in the
composition and/or the activity of soil microbiota [49].

Generally, the antimicrobial activity of plant EOs has been verified by several re-
searchers all over the world, where they explained that EOs are able to disrupt the cel-
lular enzyme system and causing the stiffness loss of the hyphal cell wall [50]. Further-
more, the presence of terpenes, alcohols, and phenolic compounds in the composition of
EOs are important to improve the physiological and biochemical parameters of tomato
seedlings [51,52].

The obtained results confirmed that thyme EO has antifungal effect against fusarium
infection at all tested concentrations. In particular, the highest tested concentration (1%)
was the lethal dose increased the mycelium growth reduction up to 89.7%. On the other
hand, thyme EO has significantly reduced Botrytis cinerea colonization on pretreatment
detached leaves and significantly decreased the severity of fusarium wilt up to 30.8%
particularly 7 days after treatment [53].



Plants 2022, 11, 3129

90f17

According to the chemical analysis, the obtained results showed that the studied
thyme EO is a thymol chemotype in agreement with Al-Asmari et al. [54]. In particular, the
current study also explicated that the main constituents of thyme EO are camphene (36.1%)
and cyclohexane (10.12%). Consequently, Micucci et al. [55] reported that thyme EO is of
the thymol type, where carvacrol and p-cymene are the main components. Terpenoids such
as thymol and carvacrol are frequently present in the EO and play a significant role in its
biological activity [56,57]. The Food and Drug Administration (FDA) has approved them
for use in food [57]. Thymol and carvacrol are extremely efficient against foodborne bacteria
such as Salmonella spp. and Staphylococcus aureus [58,59]. The same authors reported that
the mechanism of antimicrobial action of this EO could be due to the synergic effect between
thymol, citral, and carvacrol, which can transport across microbe membranes [60,61]. In a
different study, Isham et al. [62] showed that linalool had an antifungal effect on Candida
albicans inhibiting the development of germ tubes and biofilm.

Diverse regulatory mechanisms are present in members of the WRKY family. Through
the cis-acting mechanism, their protein can be effectively coupled with W-box elements and
bind to acting regions to activate or inhibit the transcription of downstream target genes [63].
Thus, WRKY as a transcription factor contributes significantly to plant defense against
various pathogen attacks. This reaction either directly or indirectly activates the expression
of resistance genes. According to literature review, WRKY DNA binding proteins bind to
the promoter region of the plant defense system-activating Arabidopsis natriuretic peptide
receptor 1 (NPR1) [64].

The current findings also showed that overexpression of chitinase, defensin, and
WRKY transcripts contributing the plant resistance against F. solani and reduce its severity.
Additionally, pathogen infection substantially elevated WRKY transcripts and PR3 and
PR12 genes, which are already regarded as markers for the plant-microbe interaction. Our
findings are in agreement with our previous research, which concluded that WRKY3 and
WRKY4 encode two structurally related WRKY proteins and that both of these proteins’
expressions were sensitive to stressful environments. Pathogen infection further increased
the expression of WRKY4, which was induced by stress but not WRKY3. These findings im-
ply that WRKY4 regulates crosstalk between SA and JA /ET-mediated signaling pathways
and, hence, its role in resistance to F. solani root rots disease. It is interesting to underline
that some WRKY genes, including WRKY4, WRKY33, redundant WRKY18, WRKY40, and
WRKY60, contribute to plant resistance to necrotrophic diseases [65,66].

4. Materials and Methods
4.1. Sample Collection, Identification, and Preparation

The Department of Plant Protection and Biomolecular Diagnosis, Arid Lands Culti-
vation Research Institute, Egypt, provided the single spore culture (monosporic culture)
of F. solani (K]J831188) isolate. The F. solani isolate was cultivated on potato dextrose agar
(PDA) media in plate and slant at 28 °C for 10 days, followed by microscopic analysis with
lactophenol cotton blue stain. Up to the next bioassay, the fungus was kept at 4 °C. Tomato
seeds (Dania commercial hybrid) variety with suitable appearance and uniform size were
purchased from the Egyptian Ministry of Agriculture.

4.2. Medicinal Plant Material

On the basis of their ethno-medicinal importance and literature, the T. vulgaris plant
was collected from an aromatic ornamental garden at Al Nubaria, Egypt (longitudes
30°10" E and latitudes 30°52" N) in May 2022. The collected plants were identified and
authenticated by the Department of Botany, Faculty of Science—Mansoura University,
Egypt, using standard references.

4.2.1. Extractions of Essential Oils

T. vulgaris fresh leaves had been previously harvested and sterilized for 30 min with
sodium hypochlorite (2%) [67], then were rinsed with sterile distilled water. Fresh leaves
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had been air-dried, ground, and kept in sealed vials under darkness until use. Hydro-
distillation of leaf powders has been conducted for 3 h using a Clevenger-style device.Ltd.,
India’s New Delhi [68].

4.2.2. GC-MS of Essential Oils

The volatile components of thyme EO have been screened using GC-MS-QP2010
Ultra analysis equipment. The oven temperature schedule started at 50 °C, held for 3 min,
then rose by 8 °C/min to 250 °C, holding for 10 min. In electron impact mode, the
spectrophotometer was used. The injector, interface, and ion source were maintained at
250, 250, and 220 °C, respectively. Helium served as the carrier gas for the split injection,
which used a split ratio of 1:20 and a column flow rate of 1.5 mL/min to inject a 1 pL
diluted sample in n.hexane (1:1, v/v). The main single components were identified using
WILEY and National Institute of Standards and Technology (NIST08) libraries based on
their relative indices and mass spectra.

4.2.3. Preparation of ThE-CsNPs

ThE-CsNPs have been prepared using the ionic gelation process and sodium tripolyphos-
phate (TPP) as a crosslinking agent as follows. Low molecular weight (LMW) chitosan (0.2 g)
at 5% was dissolved in 40 mL of acetic acid (1% v/v) by stirring at 1000 rpm overnight at room
temperature. The pH was then raised to 4.6 by adding 1M NaOH. A 0.45 um syringe filter
was then used to filter the chitosan solution. About 200 puL of T. vulgaris EO was added to
the CS solution. After that, 8 mL of TPP (2 mg/mL) was added dropwise (1 mL/min) and
adjusted to pH = 4.0, with stirring, at 900 rpm for 1 h, then centrifuged at 10,000 x g rpm for
10 min. The precipitate was collected and oven-dried at 40 °C and kept at room temperature.

4.2 4. Fourier Transform Infrared Analysis

The functional groups of ThE-CsNPs were characterized using FT-IR analysis in order
to confirm their synthesis. ThE-CsNPs powder was mixed with potassium bromide (KBr)
in a 1:100 ratio, and a Shimadzu FT-IR (Shimadzu 8400S, Kyoto, Japan) apparatus was used
to record the spectra.

4.2.5. Transmission Electron Microscopy

The form and size of ThE-CsNPs nanoparticles were investigated using transmission
electron microscopy (JEOL JEM-2100 equipment, JEOL Ltd., Tokyo, Japan). The sample
was prepared by placing a drop on a copper grid, coating it with carbon, and drying it
under a lamp.

4.3. In Vitro Antifungal Activity of ThE-CsNPs

The in vitro antifungal efficacy of ThE-CsNPs was carried out in the Bacteriology-
Phytopathology Laboratory in the School of Agricultural, Forestry, Food and Environmental
Sciences (SAFE), University of Basilicata, Potenza, Italy. The radial mycelia growth of F.
solani was assessed using the incorporation method [69]. Different concentrations of ThE-
CsNPs were used as 0.2, 0.4, 0.6, 0.8 and 1.0% were prepared to determine the most
efficient dose with the highest antifungal effect. Nystatin (0.05%) was used as a synthetic
(8 uL/150 mL PDA Petri). Sterile distilled water was used as a negative control. About
0.5 cm O of F. solani fresh culture was inoculated in the center of Petri dishes. The Petri
dishes were incubated at 24 °C, then the diameter of mycelium was measured in cm, and
the growth reduction percentage (GR %) was calculated using Formula (1). The whole
experiment was carried out twice with triplicates.

_ Diameter of mycelium in treated plates (cm)

GR (%) % 100 )

~ Diameter of myclium in contraol plates (cm)
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4.4. In Vivo Greenhouse Trial
4.4.1. Seeds Treatments

Tomato seeds were surface sterilized in sodium hypochlorite for 30 min, followed by
five sterile water washes. In the first experiment, tomato seeds were treated by soaking on
1.0% ThE-CsNPs as a priming solution for 5 h prior to germination in peat moss, while the
control treatment was steeped in dH,O. Hoagland solution at 1/4 strength was frequently
applied to the peat moss.

4.4.2. Pathogenicity Assay

Fungal suspension of F. solani (10°-10° spores/mL), from 7 days fresh culture, was
used for the pathogenicity test for root rot disease. Fresh tomato seedlings (20 d age) were
uprooted either from control and ThE-CsNPs-treated ones, washed, surface sterilized with
0.1% mercuric chloride, and immersed in the prepared F. solani spore suspension for 60 min.
Plants were grown in greenhouses (12 h light/dark and temperature from 18 to 30 °C)
and were irrigated daily. The symptoms of root rot disease were first noticed 2-3 weeks
after inoculation.

4.4.3. Pot Trials

Four pot groups were arranged in a randomized complete block design with five
replications and regularly irrigated with 1/4 strength Hoagland solution as necessary
and kept under natural daylight and humidity at 65% until the end of the experiment.
The four groups were: (1) tomato seedlings were grown under controlled conditions
(control, C); (2) inoculated tomato seedlings only with F. solani (pathogen, P); (3) the control
tomato seedlings foliar-treated with ThE-CsNPs (1%) contains one drop of tween-40 in the
surrounding areas of plant stems (C+ ThE-CsNPs); (4) the infected seedlings (15 days after
infection) were foliar-treated with ThE-CsNPs (1%) solution (P+ThE-CsNPs). All seedlings
were irrigated regularly for 20 days.

4.4.4. Disease Assessments

Disease severity (DS) of fusarium root rot was assessed, 15 days after infection, using
the scale described by Filion et al. [70] (Formula (2)).

. o oy 2ab
Disease severity (%) = =K = 100 2)
where: (a) number of diseased plants with the same infection degree; (b) infection degree;

(A) total number of the assessed plants; and (K) the greatest infection degree.

4.4.5. Eco-Physiological Parameters

Sampling was performed 10 to 20 days of treatment with ThE-CsNPs (1%). Morpho-
logical traits for both treated and untreated plants were measured. Three plants of each
experiment were harvested and transferred to the laboratory and carefully uprooted and
were measured for plant height, leaf number, and leaf area. After that, the plants were
measured for shoot and root fresh weight and shoot and root dry weight after oven drying
at 40 °C for 48 h.

4.4.6. Biochemical Assessment

Malondialdehyde content (MDA) in fresh tomato leaves from treated seedlings with
ThE-CsNPs (1%) and control ones were measured following the method described by
Heath and Packer [71]. Briefly, 0.5 g fresh tomato leaf was homogenized with 10 mL ethanol
and centrifuged at 12,000 x g for 15 min. After that, 1 mL of supernatant was added to
2 mL of thiobarbituric acid (0.65%) and trichloroacetic acid (20%) mixture. This mixture
was boiled for 30 min, cooled rapidly, and centrifuged at 12,000x g for 10 min. The MDA
content was determined in the supernatant at an absorbance of 532 and 600 nm using a
UV-VIS spectrometer (Jenway, Essex, UK). Total phenolic content (TPC) for all treatments
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was determined by dissolving 5 mg of air-dried powder of leaf in 10 mL methanol using the
Folin—Ciocalteu reagent protocol [72]. The total flavonoid content (TFC) for all treatments
was measured using the aluminum chloride colorimetry method [73]. The content of
soluble protein was estimated for all treatments following Bradford [74].

For total chlorophyll analysis, extracts were produced in triplicate by adding 2 mL
of 90% MeOH containing 10% water (v/v) to 20 mg of each sample, sonicated for 1 h
at 4 °C. The crude extract was centrifuged for 20 min at 4000x g rpm/4 °C to separate
plant debris and supernatant. After that, the supernatant was filtered using a 0.45 m filter,
and then 1.5 mL of filtrate was collected for the measurement of functional components.
About 1.5 mL of a 10 diluted solution and 150 puL of the 1.5 mL filtered supernatant were
combined with 90% MeOH containing 10% H;O for analysis. Using a spectrophotometer
(Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA), the absorbance of the
diluted sample solution was measured at 665.2, 652.4, and 470.0 nm wavelengths, as
described previously [75]. The spectrophotometer’s specifications include a Xenon Flash
Lamp (80 Hz) as a light source, measuring wavelengths ranging from 190 to 1100 nm with
a resolution of 1.5 nm. Total chlorophyll a (Chla) and total chlorophyll b (Chlb) were
calculated using absorbance (A) at each wavelength (Formulas (3) and (4)).

Chla (yg mL’1> — 16.82 A665.2 — 9.28 A652.4 3)

Chlb (yg mL—l) — 36.92 A652.4 — 16.54 A665.2 )

The total anthocyanin analysis has been carried out following the method described
by Yang et al. [76] with some minor modifications. The sample extracts were made in
triplicate. Briefly, 20 mg of the sample was sonicated for 1 h at 60 °C in 2 mL of acidic
MeOH containing 1% HCl (v/v). The crude extract was centrifuged and filtered in the same
manner as samples were pre-processed for total chlorophylls. Then, 300 uL of the 1.5 mL
filtered supernatant was diluted with MeOH containing 1% HCI, yielding a 5 diluted
solution of 1.5 mL volume. The solution’s absorbance was measured at 530 and 600 nm
wavelengths, and the results were used to compute the total anthocyanin concentrations
using Formula (5) [76].

Vxnx Mw

-1

= (A530 — A _—

y (ugg ") = (A530— A600)— " ©
where A530 is the absorbance at 530 nm; A600 is the absorbance at 600 nm; V is the total vol-
ume of the extracted solution; 7 is the dilution ratio; Mw is the molecular weight of cyanidin-
3-glucoside (i.e., 449.4); ¢ is the anthocyanin molar extinction coefficient (29.60 M~!-cm~1);
and m is the sample mass.

4.47. Assay of Antioxidant Enzymes

Antioxidant enzymes were extracted by homogenizing 1 g fresh tomato leaf tissue in
chilled 50 mM phosphate buffer (pH 7.0) supplemented with 1% polyvinyl pyrolidine and
1 mM EDTA using a prechilled pestle and mortar. Centrifuging at 18,000 x g for 30 min at
4 °C, the supernatant was used for enzyme assay.

The activity of superoxide dismutase (SOD, EC 1.15.1.1) and NBT photochemical
reductions were recorded at 560 nm in a 1.5 mL assay mixture containing sodium phosphate
buffer (50 mM, pH 7.5), 100 uL EDTA, L-methionine, 75 uM NBT, riboflavin, and 100 pL
enzyme extract. After 15 min of incubation, the light was switched off, and the activity was
expressed as EU mg ™! protein.

The catalase activity assay (CAT, EC1.11.1.6) was carried out according to Luck [77],
where the change in absorbance was monitored at 240 nm for 2 min, and the extinction
coefficient of 39.4 mM~!.cm~! was used for the calculation.

Ascorbate peroxidase activity assay (APX, EC 1.11.1.11) was carried out by monitoring
absorption change at 290 nm for 3 min in 1 mL reaction mixture containing potassium
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phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, hydrogen peroxide, and enzyme extract.
The calculation of the extinction coefficient of 2.8 mM/cm was used.

4.5. Molecular Analysis
4.5.1. RNA Extraction and cDNA Synthesis

The relative expression of distinctly upregulated WRKY transcripts factors and defense-
related genes under each treated condition was carried out in the central lab of the Faculty
of Science, Arish University (August 2022) and measured quantitatively in root tissues at
different time intervals (24 and 48 h) after Fs infestation. Total RNA was isolated from 0.5 g
from fresh leaves of tomato plants for each treatment after 10 days from infestation by using
the TRIZOL reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
protocol. The purified RNA was analyzed on 1% agarose gel. For each sample, to obtain
cDNA, 10 pL total RNA was treated with DNAse RN Ase-free (Fermentas, Waltham, MA,
USA), 5 uL of which was reverse transcribed in a reaction mixture consisting of oligo dT
primer (10 pml/uL), 2.5 uL 5x buffer, 2.5 uL MgCl,, 2.5 uL 2.5 mM dNTPs, 4 pL from
oligo (dT), 0.2 uL (5 unit/puL) reverse transcriptase (Promega, Germany) and 2.5 uL RNA.
RT-PCR amplification was performed in a thermal cycler PCR at 42 °C for 1 h and 80 °C for
15 min.

4.5.2. Real-Time Quantitative PCR Analysis

The quantitative study was performed to evaluate the temporal expression of accu-
mulated WRKY transcripts factors and other defense-related genes in all four treatment
conditions. Quantitative real-time PCR was carried out on 1 puL diluted cDNA by triplicate
using the real-time analysis using (Rotor-Gene 6000, Germany) system, and the primer
sequences used in qRT-PCR were given in Table S1. Primers of three defense-related genes
(chitinase, defensin, and 3-1,3-Glucanase) and three WRKY TFs genes (WRKY4, WRKY31,
WRKY37) and housekeeping gene (reference gene) as listed in Table S1 were used for gene
expression. Analysis used an SYBR® Green-based method; a total reaction volume of 20 pL
was used. The reactions mixture consists of 2 pL of template, 10 uL of SYBR Green Master
Mix, 2 uL of reverse primer, 2 pL of forward primer, and sterile distilled water for a total
volume of 20 uL. PCR assays were performed using the following conditions: 95 °C for
15 min followed by 40 cycles of 95 °C for 30 s and 58 °C for 30 s. The CT of each sample
was used to calculate ACT values (target gene CT subtracted from 3-Actin gene CT). The
relative gene expression was determined using the 2~44¢T method [78].

4.6. Statistical Analysis

The obtained data were expressed as the mean + standard deviation. Statistical
analysis was performed using the statistical package SPSS for social sciences (SPSS) 16.
All outfindings were analyzed using a one-way ANOVA analysis of variance performed
for the significant difference at the p < 0.05 level. In contrast, the heatmap was created to
compare and contrast the examined treatment responses against different used genes using
the TB tools software [79].

5. Conclusions

This study concluded that ThE-CsNPs explicated a potential antifungal activity against
F. solani, the causal agent of root rot disease infecting tomato plants. Additionally, the use
of EO showed a promising growth promotion effect for tomato seedlings by enhancing
their physiological, biochemical, and antioxidant activities. The three transcription factors:
WRKY4, WRKY31, and WRKY37, as well as the other three defense-related genes glucanase
A, defensin, and chitinase, have been upregulated due to the effect of ThE-CsNPs (1%).
As an overall conclusion, the use of biological fungicides based on T. vulgaris EOs with
chitosan nanoparticles might be used as a natural alternative to promote tomato growth
and control serious phytopathogens.



Plants 2022, 11, 3129 14 of 17

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11223129 /51, Figure S1: GC-MS profile of T. vulgaris EO; Figure S2: FT-IR
spectrum of ThE-CsNPs; Table S1: Oligonucleaotide primers used in qRT-PCR analysis.

Author Contributions: Conceptualization, A.A.I. and ES.A.R,; data curation, A.AL, ES.AR, SS.AK,
and S.M.A; formal analysis, S.A.-E. and A.AL; investigation, A.AI, FAS,S.A.,, A AA, MMB,SMA.,,
and H.S.E.; methodology, S.A.-E., ES.A.R.,, MM.B,, and H.S.E,; resources, ES.AR, S.A. and A.AA,;
supervision, H.S.E.; validation, S.5.A K ; visualization, S.A-E. and FA.S; writing—original draft, A.A.L,
ESAR,SSAK,SMA, AAA,MMB, SA, and HS.E,; writing—review and editing, FA.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Relevant data applicable to this research are within the paper.

Acknowledgments: The authors extend their appreciation to City of Scientific Research and Tech-
nology Applications (Alexandria, Egypt), and Arish University (Al-Arish, Egypt) for providing
all facilities of the practical work. Authors also acknowledge Princess Nourah bint Abdulrahman
University Researchers Supporting, Riyadh, Saudi Arabia. The authors are also grateful to the School
of Agricultural, Forestry, Food and Environmental Sciences, University of Basilicata (Potenza, Italy)
for the collaboration and scientific support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Bihon, W.; Ognakossan, K.E.; Tignegre, ].-B.; Hanson, P.; Ndiaye, K.; Srinivasan, R. Evaluation of Different Tomato (Solanum
Iycopersicum L.) Entries and Varieties for Performance and Adaptation in Mali, West Africa. Horticulturae 2022, 8, 579. [CrossRef]
EL-Mansy, A.B.; Abd El-Moneim, D.; ALshamrani, S.M.; Safhi, FA.; Abdein, M.A.; Ibrahim, A.A. Genetic Diversity Analysis of
Tomato (Solanum lycopersicum L.) with Morphological, Cytological, and Molecular Markers under Heat Stress. Horticulturae 2021,
7,65. [CrossRef]

Fufa, F.; Hanson, P; Dagnoko, S.; Dhaliwal, M. AVRDC—The world vegetable center tomato breeding in Sub-Saharan
Africa:Lessons from the past, present work, and future prospects. Acta Hortic. 2011, 911, 87-98. [CrossRef]

Ayenan, M.A.T.; Danquah, A.; Hanson, P.; Asante, .K.; Danquah, E.Y. Tomato (Solanum lycopersicum L.) Genotypes Respond
Differently to Long-Term Dry and Humid Heat Stress. Horticulturae 2022, 8, 118. [CrossRef]

Soliman, S.A.; Hafez, E.E.; Al-Kolaibe, A.M.G.; Abdel Razik, E.-S.S.; Abd-Ellatif, S.; Ibrahim, A.A.; Kabeil, S.S.A.; Elshafie, H.S.
Biochemical Characterization, Antifungal Activity, and Relative Gene Expression of Two Mentha Essential Oils Controlling
Fusarium oxysporum, the Causal Agent of Lycopersicon esculentum Root Rot. Plants 2022, 11, 189. [CrossRef]

Bodah, E.T. Root rot diseases in plants: A review of common causal agents and management strategies. Agri. Res. Tech. 2017,
5, 555661.

Srinivas, C.; Devi, D.N.; Murthy, K.N.; Mohan, C.D.; Lakshmeesha, T.R; Singh, B.; Srivastava, R.K.; Niranjana, S.R.; Hashem, A.
Fusarium oxysporum f. sp. lycopersici causal agent of vascular wilt disease of tomato: Biology to diversity—A review. Saudi |. Biol.
Sci. 2019, 26, 1315-1324.

Kabas, A.; Fidan, H.; Batuhan, D.M. Identification of new sources of resistance to resistance-breaking isolates of tomato spotted
wilt virus. Saudi J. Biol. Sci. 2021, 28, 3094-3099. [CrossRef]

Arora, H.; Sharma, A.; Poczai, P; Sharma, S.; Haron, EE; Gafur, A.; Sayyed, R.Z. Plant-Derived Protectants in Combating
Soil-Borne Fungal Infections in Tomato and Chilli. J. Fungi. 2022, 8, 213. [CrossRef]

Hagq, I.U.; Sarwar, M.K.; Faraz, A.; Latif, M.Z. Synthetic chemicals: Major component of plant disease management. In Plant
Disease Management Strategies for Sustainable Agriculture through Traditional and Modern Approaches; Haq, 1.U., Jjaz, S., Eds.; Springer:
Berlin/Heidelberg, Germany, 2020; pp. 53-81.

Aamir, M,; Singh, VK,; Dubey, M.K.; Kashyap, S.P.; Zehra, A.; Upadhyay, R.S.; Singh, S. Structural and functional dissection
of differentially expressed tomato WRKY transcripts in host defense response against the vascular wilt pathogen (Fusarium
oxysporum f. sp. lycopersici. PLoS ONE 2018, 13, e0193922. [CrossRef]

Singh, P.; Shekhar, S.; Rustagi, A.; Sharma, V.; Kumar, D. Insights into the Role of WRKY Superfamily of Protein Transcription
Factor in Defense Response. In Molecular Aspects of Plant-Pathogen Interaction; Singh, A., Singh, 1., Eds.; Springer: Singapore, 2018;
pp. 185-202. [CrossRef]

El-Saadony, M.T.; Alkhatib, EM.; Alzahrani, S.O.; Shafi, M.E.; Abdel-Hamid, S.E.; Taha, T.F.; Aboelenin, S.M.; Soliman, M.M.;
Ahmed, N.H. Impact of mycogenic zinc nanoparticles on performance, behavior, immune response, and microbial load in
Oreochromis niloticus. Saudi |. Biol. Sci. 2021, 28, 4592-4604. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants11223129/s1
https://www.mdpi.com/article/10.3390/plants11223129/s1
http://doi.org/10.3390/horticulturae8070579
http://doi.org/10.3390/horticulturae7040065
http://doi.org/10.17660/ActaHortic.2011.911.10
http://doi.org/10.3390/horticulturae8020118
http://doi.org/10.3390/plants11020189
http://doi.org/10.1016/j.sjbs.2021.02.053
http://doi.org/10.3390/jof8020213
http://doi.org/10.1371/journal.pone.0193922
http://doi.org/10.1007/978-981-10-7371-7_8
http://doi.org/10.1016/j.sjbs.2021.04.066
http://www.ncbi.nlm.nih.gov/pubmed/34354445

Plants 2022, 11, 3129 15 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

El-Saadony, M.T.; Desoky, E.S.M.; Saad, A.M.; Eid, R.S.; Selem, E; Elrys, A.S. Biological silicon nanoparticles improve Phaseolus
vulgaris L. yield and minimize its contaminant contents on a heavy metals-contaminated saline soil. J. Environ. Sci. 2021, 106, 1-14.
[CrossRef] [PubMed]

El-Saadony, M.T.; Saad, A.M.; Najjar, A.A.; Alzahrani, S.O.; Alkhatib, EM.; Shafi, M.E.; Selem, E.; Desoky, E.S.; Fouda, S.E.E,;
El-Tahan, A.M.; et al. The use of biological selenium nanoparticles to suppress Triticum aestivum L. crown and root rot diseases
induced by Fusarium species and improve yield under drought and heat stress. Saudi J. Biol. Sci. 2021, 28, 4461-4471. [CrossRef]
El-Saadony, M.T.; Saad, A.M.; Taha, T.F,; Najjar, A.A.; Zabermawi, N.M.; Nader, M.M. Selenium nanoparticles from Lactobacillus
paracasei HM1 capable of antagonizing animal pathogenic fungi as a new source from human breast milk. Saudi . Biol. Sci. 2021,
28, 6782-6794. [CrossRef]

Elizabath, A.; Babychan, M.; Mathew, A.M.; Syriac, G.M. Application of nanotechnology in agriculture. Int. ]. Pure Appl. Biosci.
2019, 7, 131-139. [CrossRef]

Elieh-Ali-Komi, D.; Hamblin, M.R. Chitin and chitosan: Production and application of versatile biomedical nanomaterials. Int. J.
Adv. Res. 2016, 4, 411-427.

Abd El-Hack, M.E.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Abd El-Hakim, Y.M.;
Al-Sagheer, A.A. Antimicrobial and antioxidant properties of chitosan and its derivatives and their applications: A review. Int. |.
Biol. Macromol. 2020, 164, 2726-2744. [CrossRef]

Pichyangkura, R.; Chadchawan, S. Biostimulant activity of chitosan in horticulture. Sci. Hortic. 2015, 196, 49-65. [CrossRef]
Hassan, O.; Chang, T. Chitosan for eco-friendly control of plant disease. Asian J. Plant Pathol. 2017, 11, 53-70. [CrossRef]

Ocana, A.; Reglero, G. Effects of Thyme Extract Oils (from Thymus vulgaris, Thymus zygis, and Thymus hyemalis) on Cytokine
Production and Gene Expression of oxLDL-Stimulated THP-1-Macrophages. . Obes. 2012, 2012, 104706. [CrossRef]
Ramachandran, L.; Nair, C.K. Therapeutic potentials of silver nanoparticle complex of a-lipoic acid. Nanomater. Nanotechnol. 2011,
1,17-24. [CrossRef]

Tohidi, B.; Rahimmalek, M.; Arzani, A. Essential oil composition, total phenolic, flavonoid contents, and antioxidant activity of
Thymus species collected from different regions of Iran. Food Chem. 2017, 220, 153-161. [CrossRef] [PubMed]

Saijo, Y.; Loo, E.P; Yasuda, S. Pattern recognition receptors and signaling in plant-microbe interactions. Plant ]. 2018, 93, 592-613.
[CrossRef] [PubMed]

Vives-Peris, V.; Marmaneu, D.; Gémez-Cadenas, A.; Pérez-Clemente, R.M. Characterization of Citrus WRKY transcription factors
and their responses to phytohormones and abiotic stresses. Biol. Plant 2018, 62, 33—44. [CrossRef]

Shankar, A.; Pandey, A.; Pandey, G.K. WRKY transcription factor: Role in abiotic and biotic stress. Plant Stress 2013, 7, 26-34.
Bai, Y.; Sunarti, S.; Kissoudis, C.; Visser, R.G.F,; van der Linden, C.G. The role of tomato WRKY genes in plant responses to
combined abiotic and biotic stresses. Front. Plant Sci. 2018, 9, 801. [CrossRef]

Huang, S.; Gao, Y; Liu, J.; Peng, X.; Niu, X.; Fei, Z. Genome-wide analysis of WRKY transcription factors in Solanum lycopersicum.
Mol. Genet. Genomics 2012, 287, 495-513. [CrossRef]

Karkute, 5.G.; Gujjar, R.S; Rai, A.; Akhtar, M.; Singh, M. Genome wide expression analysis of WRKY genes in tomato (Solanum
Iycopersicum) under drought stress. Plant Gene 2018, 13, 8-17. [CrossRef]

Chi, Y;; Yang, Y.; Zhou, Y.; Zhou, J.; Fan, B.; Yu, J.Q. Protein—Protein interactions in the regulation of WRKY transcription factors.
Mol. Plant 2013, 6, 287-300. [CrossRef]

Shenashen, M.; Derbalah, A.; Hamza, A.; Mohamed, A.; El Safty, S. Recent trend in controlling root rot disease of tomato caused
by Fusarium Solani using aluminasilica nanoparticles. Int. . Adv. Res. Biol. Sci. 2017, 4, 105-119.

Wani, A.H.; Shah, M.A. A unique and profound effect of MgO and ZnO nanoparticles on some plant pathogenic fungi. J. Appl.
Pharm. Sci. 2012, 2, 40—44.

Ozbay, N.; Newman, S.E. Fusarium crown and root rot of tomato and control methods. Plant Pathol. ]. 2004, 3, 9-18. [CrossRef]
Cosentino, C.; Labella, C.; Elshafie, H.S.; Camele, I.; Musto, M.; Paolino, R.; Freschi, P. Effects of different heat treatments on
lysozyme quantity and antimicrobial activity of jenny milk. J. Dairy Sci. 2016, 99, 5173-5179. [CrossRef] [PubMed]

Elshafie, H.S.; Viggiani, L.; Mostafa, M.S.; El-Hashash, M.A.; Bufo, S.A.; Camele, I. Biological activity and chemical identification
of ornithine lipid produced by Burkholderia gladioli pv. agaricicola ICMP 11096 using LC-MS and NMR analyses. J. Biol. Res. 2017,
90, 96-103. [CrossRef]

Elshafie, H.S.; Devescovi, G.; Venturi, V.; Camele, I.; Bufo, S.A. Study of the regulatory role of N-acyl homoserine lactones
mediated quorum sensing in the biological activity of Burkholderia gladioli pv. agaricicola causing soft rot of Agaricus spp. Front.
Microbiol. 2019, 10, 2695. [CrossRef]

Sofo, A.; Elshafie, H.S.; Scopa, A.; Mang, S.M.; Camele, I. Impact of airborne zinc pollution on the antimicrobial activity of
olive oil and the microbial metabolic profiles of Zn-contaminated soils in an Italian olive orchard. J. Trace Elem. Med. Biol. 2018,
49, 276-284. [CrossRef]

Elshafie, H.S.; Racioppi, R.; Bufo, S.A.; Camele, I. In vitro study of biological activity of four strains of Burkholderia gladioli pv.
agaricicola and identification of their bioactive metabolites using GC-MS. Saudi . Biol. Sci. 2017, 24, 295-301. [CrossRef]
Al-Harbi, N.A.; Al Attar, N.M.; Hikal, D.M.; Mohamed, S.E.; Abdel Latef, A.A.H.; Ibrahim, A.A.; Abdein, M.A. Evaluation of
Insecticidal Effects of Plants Essential Oils Extracted from Basil, Black Seeds and Lavender against Sitophilus oryzae. Plants 2021,
10, 829. [CrossRef]


http://doi.org/10.1016/j.jes.2021.01.012
http://www.ncbi.nlm.nih.gov/pubmed/34210425
http://doi.org/10.1016/j.sjbs.2021.04.043
http://doi.org/10.1016/j.sjbs.2021.07.059
http://doi.org/10.18782/2320-7051.6493
http://doi.org/10.1016/j.ijbiomac.2020.08.153
http://doi.org/10.1016/j.scienta.2015.09.031
http://doi.org/10.3923/ajppaj.2017.53.70
http://doi.org/10.1155/2012/104706
http://doi.org/10.5772/50956
http://doi.org/10.1016/j.foodchem.2016.09.203
http://www.ncbi.nlm.nih.gov/pubmed/27855883
http://doi.org/10.1111/tpj.13808
http://www.ncbi.nlm.nih.gov/pubmed/29266555
http://doi.org/10.1007/s10535-017-0737-4
http://doi.org/10.3389/fpls.2018.00801
http://doi.org/10.1007/s00438-012-0696-6
http://doi.org/10.1016/j.plgene.2017.11.002
http://doi.org/10.1093/mp/sst026
http://doi.org/10.3923/ppj.2004.9.18
http://doi.org/10.3168/jds.2015-10702
http://www.ncbi.nlm.nih.gov/pubmed/27157571
http://doi.org/10.4081/jbr.2017.6534
http://doi.org/10.3389/fmicb.2019.02695
http://doi.org/10.1016/j.jtemb.2018.02.017
http://doi.org/10.1016/j.sjbs.2016.04.014
http://doi.org/10.3390/plants10050829

Plants 2022, 11, 3129 16 of 17

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Raveau, R.; Fontaine, J.; Lounes-Hadj Sahraoui, A. Essential oils as potential alternative biocontrol products against plant
pathogens and weeds: A Review. Foods 2020, 9, 365. [CrossRef]

Elshafie, H.S.; Caputo, L.; De Martino, L.; Grul'ova, D.; Zheljazkov, V.D.; De Feo, V.; Camele, 1. Biological investigations of
essential oils extracted from three Juniperus species and evaluation of their antimicrobial, antioxidant and cytotoxic activities. J.
Appl. Microbiol. 2020, 129, 1261-1271. [CrossRef]

Camele, I.; Grul’ova, D.; Elshafie, H.S. Chemical composition and antimicrobial properties of Mentha piperita cv. ‘Kristinka’
essential oil. Plants 2021, 10, 1567. [CrossRef] [PubMed]

Ali, HM.; Elgat, W.,; El-Hefny, M.; Salem, M.Z.M.; Taha, A.S.; Al Farraj, D.A.; Elshikh, M.S.; Hatamleh, A.A.; Abdel-Salam, E.M.
New Approach for Using of Mentha longifolia L. and Citrus reticulata L. Essential Oils as Wood-Biofungicides: GC-MS, SEM, and
MNDO Quantum Chemical Studies. Materials 2021, 14, 1361. [CrossRef] [PubMed]

Werrie, P.Y.; Durenne, B.; Delaplace, P.; Fauconnier, M.L. Phytotoxicity of Essential Oils: Opportunities and Constraints for the
Development of Biopesticides. A Review. Foods 2020, 9, 1291. [CrossRef]

Hjort, K.; Bergstrom, M.; Adesina, M.E,; Jansson, ].K.; Smalla, K.; Sjoling, S. Chitinase genes revealed and compared in bacterial
isolates, DNA extracts and a metagenomic library from a phytopathogen-suppressive soil. FEMS Microbiol. Ecol. 2010, 71, 197-207.
[CrossRef] [PubMed]

Bell, A.A.; Hubbard, J.C.; Liu, L.; Davis, R.M.; Subbarao, K.V. Effects of chitin and chitosan on the incidence and severity of
Fusarium yellows in celery. Plant Dis. 1998, 82, 322-328. [CrossRef]

Hosseinnejad, M.; Jafari, S.M. Evaluation of different factors affecting antimicrobial properties of chitosan. Int. J. Biol. Macromol.
2016, 85, 467—-475. [CrossRef]

Cretoiu, M.S.; Korthals, G.W.; Visser, ]. H.M.; van Elsas, ].D. Chitin amendment increases soil suppressiveness toward plant
pathogens and modulates the actinobacterial and oxalobacteraceal communities in an experimental agricultural field. Appl.
Environ. Microbiol. 2013, 79, 5291-5301. [CrossRef]

Sharma, N.; Tripathi, A. Effects of Citrus sinensis (L.) Osbeck epicarp essential oil on growth and morphogenesis of Aspergillus
niger Van Tieghem. Microbiol. Res. 2008, 163, 337-344. [CrossRef]

Elshafie, H.S.; Ghanney, N.; Mang, S.M.; Ferchichi, A.; Camele, I. An in vitro attempt for controlling severe phytopathogens and
human pathogens using essential oils from Mediterranean plants of genus Schinus. |. Med. Food 2016, 19, 266-273. [CrossRef]
Elshafie, H.S.; Sakr, S.; Mang, S.M.; De Feo, V.; Camele, I. Antimicrobial activity and chemical composition of three essential oils
extracted from Mediterranean aromatic plants. J. Med. Food 2016, 19, 1096-1103. [CrossRef]

Ben-Jabeur, M.; Ghabri, E.; Myriam, M.; Hamada, W. Thyme essential oil as a defense inducer of tomato against gray mold and
Fusarium wilt. Plant Physiol. Biochem. 2015, 94, 35-40. [CrossRef] [PubMed]

Al-Asmari, A.K.; Athar, M.T.; Al-Faraidy, A.A.; Almuhaiza, M.S. Chemical Composition of Essential Oil of Thymus vulgaris
Collected from Saudi Arabian Market. Asian Pac. J. Trop. Biomed. 2017, 7, 147-150. [CrossRef]

Micucci, M.; Protti, M.; Aldini, R.; Frosini, M.; Corazza, I.; Marzetti, C.; Mattioli, L.B.; Tocci, G.; Chiarini, A.; Mercolini, L.; et al.
Thymus vulgaris L. Essential Oil Solid Formulation: Chemical Profile and Spasmolytic and Antimicrobial Effects. Biomolecules
2020, 10, 860. [CrossRef] [PubMed]

Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential Oils in Food Preservation: Mode of Action, Synergies, and Interactions with
Food Matrix Components. Front. Microbiol. 2012, 3, 12. [CrossRef] [PubMed]

Igoe, R.S.; Hui, Y.H. Substances for use in foods: Listing under Title 21 of the Code of Federal Regulations. In Dictionary of Food
Ingredients; Igoe, R.S., Hui, Y.H., Eds.; Springer: Boston, MA, USA, 1996; pp. 159-185. ISBN 978-1-4615-6838-4.

Casarin, L.S.; Casarin, ED.O.; Brandelli, A.; Novello, J.; Ferreira, S.O.; Tondo, E.C. Influence of Free Energy on the Attachment of
Salmonella Enteritidis and Listeria Monocytogenes on Stainless Steels AISI 304 and AISI 316. LWT-Food Sci. Technol. 2016, 69, 131-138.
[CrossRef]

Kostaki, M.; Chorianopoulos, N.; Braxou, E.; Nychas, G.-].; Giaouris, E. Differential Biofilm Formation and Chemical Disinfection
Resistance of Sessile Cells of Listeria Monocytogenes Strains under Monospecies and Dual-Species (with Salmonella enterica)
Conditions. Appl. Environ. Microbiol. 2012, 78, 2586-2595. [CrossRef]

Nguefack, J.; Tamgue, O.; Dongmo, J.L.; Dakole, C.; Leth, V.; Vismer, H.; Zollo, P.A.; Nkengfack, A. Synergistic action between
fractions of essential oils from Cymbopogon citratus, Ocimum gratissimum and Thymus vulgaris against Penicillium expansum. Food
Control. 2012, 23, 377-383. [CrossRef]

Arnal-Schnebelen, B.; Hadji-Minaglou, E; Peroteau, ].F; Ribeyre, F.; de Billerbeck, V.G. Essential oils in infectious gynaecological
disease: A statistical study of 658 cases. Int. |. Aromatherapy. 2004, 14, 192-197. [CrossRef]

Isham, C.R; Bossou, A.R.; Negron, V.; Fisher, K.E.; Kumar, R.; Marlow, L.; Bible, K.C. Pazopanib enhances paclitaxel-induced
mitotic catastrophe in anaplastic thyroid cancer. Sci. Transl. Med. 2013, 5, 166ra3. [CrossRef]

Phukan, U]; Jeena, G.S.; Shukla, R.K. WRKY transcription factors: Molecular regulation and stress responses in plants. Front.
Plant Sci. 2016, 7, 760. [CrossRef]

Després, C.; Chubak, C.; Rochon, A.; Clark, R.; Bethune, T.; Desveaux, D.; Fobert, P. The Arabidopsis NPR1 disease resistance
protein is a novel cofactor that confers redox regulation of DNA binding activity to the basic domain/leucine zipper transcription
factor TGAL. Plant Cell 2003, 15, 2181-2191. [CrossRef] [PubMed]

Park, C.Y.; Lee, ].H.; Yoo, ].H.; Moon, B.C.; Choi, M.S.; Kang, Y.H.; Lee, SM.; Kim, H.S.; Kang, K.Y.; Chung, W.S. WRKY group IId
transcription factors interact with calmodulin. FEBS Lett. 2005, 579, 1545-1550. [CrossRef] [PubMed]


http://doi.org/10.3390/foods9030365
http://doi.org/10.1111/jam.14723
http://doi.org/10.3390/plants10081567
http://www.ncbi.nlm.nih.gov/pubmed/34451612
http://doi.org/10.3390/ma14061361
http://www.ncbi.nlm.nih.gov/pubmed/33799760
http://doi.org/10.3390/foods9091291
http://doi.org/10.1111/j.1574-6941.2009.00801.x
http://www.ncbi.nlm.nih.gov/pubmed/19922433
http://doi.org/10.1094/PDIS.1998.82.3.322
http://doi.org/10.1016/j.ijbiomac.2016.01.022
http://doi.org/10.1128/AEM.01361-13
http://doi.org/10.1016/j.micres.2006.06.009
http://doi.org/10.1089/jmf.2015.0093
http://doi.org/10.1089/jmf.2016.0066
http://doi.org/10.1016/j.plaphy.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26002413
http://doi.org/10.1016/j.apjtb.2016.11.023
http://doi.org/10.3390/biom10060860
http://www.ncbi.nlm.nih.gov/pubmed/32512899
http://doi.org/10.3389/fmicb.2012.00012
http://www.ncbi.nlm.nih.gov/pubmed/22291693
http://doi.org/10.1016/j.lwt.2016.01.035
http://doi.org/10.1128/AEM.07099-11
http://doi.org/10.1016/j.foodcont.2011.08.002
http://doi.org/10.1016/j.ijat.2004.09.003
http://doi.org/10.1126/scitranslmed.3004358
http://doi.org/10.3389/fpls.2016.00760
http://doi.org/10.1105/tpc.012849
http://www.ncbi.nlm.nih.gov/pubmed/12953119
http://doi.org/10.1016/j.febslet.2005.01.057
http://www.ncbi.nlm.nih.gov/pubmed/15733871

Plants 2022, 11, 3129 17 of 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Xu, X.; Chen, C.; Fan, B.; Chen, Z. Physical and Functional Interactions between Pathogen-Induced Arabidopsis WRKY18, WRKY40,
and WRKY60 Transcription Factors. Plant Cell 2006, 18, 1310-1326. [CrossRef] [PubMed]

Parnes, C.A. Efficacy of sodium hypochlorite bleach and “alternative” products in preventing transfer of bacteria to and from
inanimate surfaces. Environ. Health 1997, 59, 14-20.

Périno, S.; Chemat-Djenni, Z.; Petitcolas, E.; Ginies, C.; Chemat, F. Downscaling of industrial turbo-distillation to laboratory
turbo-clevenger for extraction of essential oils. Application of concepts of green analytical chemistry. Molecules 2019, 24, 2734.
[CrossRef]

Elshafie, H.S.; Sakr, S.H.; Sadeek, S.A.; Camele, I. Biological investigations and spectroscopic studies of new Moxifloxacin/Glycine-
Metal complexes. Chem. Biodiver. 2019, 16, e1800633. [CrossRef]

Filion, M.; St-Arnaud, M.; Jabaji-Hare, S.H. Quantification of F. solani f. sp. phaseoli in mycorrhizal bean plants and surrounding
mycorrhizosphere soil using realtime polymerase chain reaction and direct isolations on selective media. Phytopathology 2003,
93, 229-235. [CrossRef]

Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts. Arch. Biochem. Biophys. 1968, 125, 189-198. [CrossRef]
Slinkard, K.; Singleton, V.L. Total phenol analysis: Automation and comparison with manual methods. Am. J. Enol. Vitic. 1977,
28, 49-55.

Chavan, J.J.; Gaikwad, N.B.; Kshirsagar, P. Total phenolics, flavonoids and antioxidant properties of three Ceropegia species from
Western Ghats of India. S. Afr. ]. Bot. 2013, 88, 273-277. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Lichtenthaler, H.K.; Buschmann, C. Chlorophylls and carotenoids: Measurement and characterization by UV-VIS spectroscopy.
Curr. Protoc. Food Anal. Chem. 2001, 1, F4.3.1-F4.3.8. [CrossRef]

Yang, Y.C; Sun, D.W,; Pu, H.; Wang, N.N.; Zhu, Z. Rapid detection of anthocyanin content in lychee pericarp during storage
using hyperspectral imaging coupled with model fusion. Postharvest. Biol. Technol. 2015, 103, 55-65. [CrossRef]

Luck, H. Catalase in Methods of Enzymatic Analysis; Bergmeyer, J., Grabi, M., Eds.; Academic Press: New York, NY, USA, 1974;
Volume II.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-DDCT Method.
Methods 2001, 25, 402-408. [CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Mol. Plant 2020, 13, 1194-1202. [CrossRef]


http://doi.org/10.1105/tpc.105.037523
http://www.ncbi.nlm.nih.gov/pubmed/16603654
http://doi.org/10.3390/molecules24152734
http://doi.org/10.1002/cbdv.201800633
http://doi.org/10.1094/PHYTO.2003.93.2.229
http://doi.org/10.1016/0003-9861(68)90654-1
http://doi.org/10.1016/j.sajb.2013.08.007
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1002/0471142913.faf0403s01
http://doi.org/10.1016/j.postharvbio.2015.02.008
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1016/j.molp.2020.06.009

	Introduction 
	Results 
	GC-MS Composition of T. vulgaris EO 
	Characterization of ThE-CsNPs 
	Transmission Electron Microscope 
	Fourier Transform Infrared Spectroscopy 

	In Vitro Antifungal Activity 
	In Vivo Trial 
	Pathogenicity Assay 
	Eco-Physiological Parameters 
	Physiological and Biochemical Characteristics 
	Antioxidant Enzymes Activities 

	Molecular Analysis 

	Discussion 
	Materials and Methods 
	Sample Collection, Identification, and Preparation 
	Medicinal Plant Material 
	Extractions of Essential Oils 
	GC-MS of Essential Oils 
	Preparation of ThE-CsNPs 
	Fourier Transform Infrared Analysis 
	Transmission Electron Microscopy 

	In Vitro Antifungal Activity of ThE-CsNPs 
	In Vivo Greenhouse Trial 
	Seeds Treatments 
	Pathogenicity Assay 
	Pot Trials 
	Disease Assessments 
	Eco-Physiological Parameters 
	Biochemical Assessment 
	Assay of Antioxidant Enzymes 

	Molecular Analysis 
	RNA Extraction and cDNA Synthesis 
	Real-Time Quantitative PCR Analysis 

	Statistical Analysis 

	Conclusions 
	References

