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Trichoderma has been used as an eco-friendly biocontrol agent for different crop species. Not only 
does it enhance plant resistance, but it also improves plant growth. Therefore, in this study, 
Trichoderma viride and Trichoderma harzianum were used as protective and curative treatments 
to trigger the systemic defense of tomato plants against tomato mosaic virus (ToMV). T. viride 
isolate Tvd44 and T. harzianum isolate ThDA66 were identified and molecularly characterized 
before being used as antiviral agents against ToMV. The HPLC analysis results of Tvd44 and ThDA66 
culture filtrates revealed that the most detected active biomolecules had a range of biological 
activities, including antiviral capabilities. The foliar spraying application of Tvd44 or ThDA66 
filtrates against ToMV-inoculated tomato plants significantly improved plant growth parameters. 
Different Trichoderma treatments improved tomato plants’ chlorophyll content, phenolics, 
flavonoids, and DPPH. Additionally, the antioxidant enzymatic activities of tomato plants that were 
ToMV-inoculated and non-inoculated were enhanced compared to those of untreated plants. 
Moreover, different Trichoderma treatments exhibited a decrease in the oxidative stress markers 
in all treatments compared to plants that were inoculated with ToMV alone. The q-PCR analysis of 
genes from different pathways, including PAL-1, CHS, POD, PR-2, JERF3, and WRKY19, showed 
significant gene expression in all Trichoderma treatments, showing systemic resistance. In 
conclusion, the present investigation proved the effective role of Trichoderma as a biocontrol agent 
against ToMV in tomato plants.  
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INTRODUCTION 

The tomato belongs to the Solanaceae family and is a 
major vegetable crop that has recently gained 
importance and is now farmed worldwide. It is 
considered an important food and the second-largest 
crop after potatoes (Hanssen and Lapidot, 2012; 
Alkowni et al., 2019). Tomato mosaic virus (ToMV) 
belongs to the Virgaviridae family and the 
Tobamovirus genus (Lefkowitz et al., 2018). Although 
it can infect a variety of hosts, in the field, it primarily 
affects vegetable plants in the Solanaceae family (Xu 
et al., 2021). ToMV can cause inhibition of growth, 
mosaic, and distortion in leaves (Broadbent, 1976). 
The serious losses are impacting tomato fruit 
production, size, and quality across the globe 
(Bhandari, 2018). 

The component of the ToMV genome includes single-
stranded positive-sense RNA (ssRNA), which is 
roughly 6.4 kb in length and encodes at least four 
proteins, including the coat protein (CP) (Nishikori et 
al., 2006). These different proteins are the 183 kDa, 
126 kDa, and 30 kDa proteins. The two proteins of 126 
kDa and 183 kDa are expressed from the genomic 
RNA, the latter of which is translated as a read-
through product. Together, they can be responsible 
for the replication of the virus, whereas the 30 kDa 

protein and the CP are individually expressed from a 
different subgenomic RNA. In contrast to the CP, the 
virus’s only structural protein, the 30 kDa protein 
encourages cell-to-cell migration (Li et al., 2005; Xu et 
al., 2021). 

Trichoderma’s mycoparasitic nature and its ability to 
be used as a biocontrol agent for fungi that cause 
plant damage have been recognized for over 60 years 
(Elnhas et al., 2020; Sadik et al., 2022). The benefits of 
utilizing this biocontrol agent in agriculture depend on 
the strain, and the advantages of plant association 
include the following: 1) competence in the 
rhizosphere, which enables rapid establishment of a 
stable microbial community there; 2) pathogen 
suppression through a range of mechanisms; 3) 
general plant health improvement; 4) promotion of 
plant growth; 5) improved nutrient availability and 
uptake; and 6) induction of host resistance identical 
to that induced by beneficial rhizobacteria (Harman et 
al., 2004; Vinale et al., 2012). Trichodermal fungi are 
renowned for producing secondary metabolites with 
multiple biological functions (Ghisalberti et al., 2005; 
Reino et al., 2007; Vinale et al., 2012). 

Reactive oxygen species (ROS) generation is the 
primary defense mechanism used by host plants 
against many illnesses (Vitti et al., 2015; Keswani et 
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al., 2019). Superoxide radicals (O2−), hydrogen 
peroxide (H2O2), and hydroxyl radicals (HO−) are all 
involved in ROS generation, which indicates early 
plant protection against pathogen invasion (Chen et 
al., 2009; Lehmann et al., 2015). Systems heavily rely 
on biological and physiological capabilities (Baxter et 
al., 2014). 

The infected plants can accumulate defensive 
compounds; these compounds are called secondary 
metabolites. Plants have a highly evolved chemical 
defense system that relies on secondary metabolites 
to protect them (Pagare et al., 2015). Trichoderma 
interacts with plants via structural, secretor, and 
secondary metabolite proteins and metabolites that 
support defense responses and activate a network of 
phytohormones that enhance defense responses. 
Besides aiding in growth signaling pathways, this can 
be employed to defend against pathogen assault and 
environmental stress (Carrero-Carrón et al., 2018; 
Morán-Diez et al., 2020; Aldaby et al., 2021). 
Furthermore, in addition to supporting plant growth 
and development, secondary metabolites like 
polyphenolic compounds also act as a buffer against 
biotic and abiotic stressors like viruses (Akyol et al. 
2016). Furthermore, secondary metabolites are 
useful for enhancing plant health (El-Bilawy et al., 
2022). 

Two pathways contribute to plant virus resistance: 
systemic acquired resistance (SAR), which is primarily 
controlled through salicylic acid and induced by 
pathogens in pneumatic parts of plants (Abo-Zaid et 
al., 2020; Vlot et al., 2021). The second mechanism is 
induced systemic resistance (ISR), modulated by 
jasmonic acid and ethylene (Vlot et al., 2021; Pieterse 
et al., 2014). SAR and ISR cause various partially 
overlapping biological reactions, such as activating 
antioxidant enzymes and defense genes (Vlot et al., 
2021; Abo-Zaid et al., 2021; Veselova et al., 2022). 
Pathogenesis-related proteins (PR-2 and POD) are 
examples of SAR pathways. The polyphenol 
metabolism pathways (PAL and CHS) are considered 
polyphenolic substances that are secondary 
metabolites involved in developing, growing, and 
fighting plants against biotic and abiotic stressors 
(Akyol et al. 2016). The jasmonic pathway (JERF3 and 
WRKY19) is also a defense signaling pathway 
implicated in resistance to pathogens and increasing 
secondary metabolite yields (Krisa et al., 1999; Ruan 
et al., 2019). 

The main objective of this research was to evaluate 
the protective and curative activities of Trichoderma 

viride and Trichoderma harzianum filtrates against 
ToMV under greenhouse conditions. This research 
analyzed the impact of T. viride and T. harzianum on 
plant outgrowth parameters, chlorophyll content, 
total phenolic content, flavonoid content, and DPPH. 
Antioxidant enzymes (polyphenol oxidase, 
peroxidase, superoxide, and catalase) that participate 
in a part of the metabolism of ROS and oxidative 
markers (malonaldehyde and hydrogen peroxide) 
were estimated. Transcriptional expression levels of 
six genes—two genes of the polyphenol biosynthetic 
pathway (PAL-1 and CHS), two genes of pathogenesis-
related protein-encoding (PR-2 and POD), two genes 
of the jasmonic pathway (JERF3 and WRKY19)—and 
the accumulation of the ToMV-CP protein were 
evaluated. 

MATERIALS AND METHODS 
Plant material, virus isolation, and identification  

In this study, the tomato (Solanum lycopersicum L.) 
cultivar GSS-12 was used in the greenhouse 
experiments. The virus isolate was obtained from 
samples of tomatoes (Solanum lycopersicum L.) 
naturally infected with ToMV that were collected from 
Borg El-Arab, Alexandria, Egypt, and continuously 
maintained as a source of virus inoculums on tomato 
plants for virus propagation under greenhouse 
conditions (SRTA-City, Alexandria). Furthermore, the 
CP gene was amplified by specific primers to identify 
the isolated ToMV at the molecular level (Table 1). The 
PCR assay reaction included 1 µL of cDNA (30 ng), 1 µL 
from each primer (10 pmol/µL), 12.5 µL of 2x Taq PCR 
Mix, and the dH2O was added to reach the total 
volume of 25 µL. The CP gene was amplified by 
employing the following: 94°C for 3 min, followed by 
35 cycles at 94°C, 60°C, and 72°C for 45 s each, and 
final elongation at 72°C for 5 min (Aseel et al., 2023a). 
The PCR products were separated by agarose gel 
electrophoresis, as described by Shaikhaldein et al. 
(2018). 

Isolation and identification of Trichoderma spp. 

Trichoderma spp. was isolated from soil rhizosphere 
zone samples collected from healthy tomato-growing 
areas in Borg El-Arab, Alexandria, Egypt. The hyphal 
tip isolation technique was applied to purify the 
culture, which was then kept on potato dextrose agar 
(PDA) slants for further identification procedures. 
Their morphological and molecular characteristics 
were used for fungal identification (Heflish et al., 
2021; Samuels et al., 2002). Specific primers for the 
internal transcribed spacer (ITS) gene were used to 
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identify the Trichoderma isolates (Table 1). The 
Trichoderma ITS region was amplified by PCR with 
ITS1 and ITS4 primers (Murugan et al., 2020). The PCR 
reaction mix was done as previously described except 
for annealing at 55°C for 1 min. After PCR 
amplification, the PCR fragments were purified using 
a PCR clean-up column kit (Maxim Biotech Inc., USA) 
according to the manufacturer’s instructions and then 
sequenced by Macrogen Company Ltd. (Korea). 
Nucleotide sequences were compared using the 
NCBI-BLAST tool 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), which is 
available on the GenBank homepage, to compare the 
newly obtained sequences with others in the 
nucleotide databases. The MEGA 11 program was 
employed to construct the phylogenetic tree, which 
was created using the maximum likelihood method 
(Tamura et al., 2021). 

HPLC analysis of active biomolecules in Trichoderma 
spp. filtrates 

HPLC analysis was conducted to detect and determine 
the active biomolecules in fungal filtrates using the 
Agilent 1100 HPLC System (Colorado, USA). The 
system is equipped with a quaternary gradient pump, 
an in-line degasser, an automatic injection, and a 
dual-wavelength UV/Vis detector. Moreover, HPLC is 
accompanied by a Zorbax Eclipse Plus C18 (RP18, ODS, 
Octadecyl) column with a particle size of 5 mm and a 
dimension of 25 × 0.4 cm. A column temperature was 
determined at 40°C, the injection volume was 10 µL, 
and the flow rate was set to 1 ml/min. Each 
chromatogram can be identified according to the 
highest value of similarity. 

Greenhouse experiments and plant growth-
enhancing capacities of Trichoderma spp. 

The four-week-old tomato seedlings (cv. GS-12) were 
developed and grown in plastic pots (15 cm). Each pot 
has been filled with autoclave-sterilized clay and sand 
(1:1). Under greenhouse conditions, at 28°C and 16°C, 
day and night temperatures were used, with a relative 
humidity of 70%, for the incubation of tomato 
seedlings. On the 28th day after planting, each 
tomato seedling’s two uppermost true leaves were 
automatically inoculated with the purified ToMV, 
according to Aseel et al. (2019a). The Tvd44 or Th-
DA66 spraying solution was prepared as described by 
Yedidia et al. (1999) and Aseel et al. (2023a). Eight 
treatments were used in the experiment, and each 
tomato leaf (three leaves per plant) treatment had 
five biological replicates as follows: C: tomato plant  
 

control; V: tomato plants infected with ToMV only; T.v: 
tomato plants treated with T. viride alone; V + T.v: 
tomato plants inoculated with ToMV and after 24 
hours of treatment with T. viride (curative 
application); T.v + V: tomato plants treated with T. 
viride and after 24 hours of inoculation by ToMV 
(protective application); T.h: the tomato plants 
treated by T. harzianum only; V + T.h: tomato plants 
inoculated with ToMV and after 24 hours of treatment 
with T. harzianum (curative application); T.h + V: 
tomato plants which were treated with T. harzianum 
and after 24 hours of inoculation with ToMV 
(protective application). All plants were conserved in 
the greenhouses for three weeks, and the 
development of mosaic symptoms was examined 
daily. Furthermore, plants were washed under water 
to estimate the effect of Trichoderma spp. on the 
following growth parameters: plant length, shoot and 
root lengths (cm), fresh and dry weights of shoot and 
root (g), and leaf number. 

Determination of chlorophyll pigment content 

First, 0.1 g of fresh leaves was ground in a mortar in 5 
mL of 80% acetone in the dark, according to the 
methods of Ahmad et al. (2015) and Arnon (1949). 
The chlorophyll a and b content were estimated using 
a SPECTROstar®Nano (BMG LABTECH, Germany) at 
645 nm and 663 nm. The content was determined as 
follows: 

Chl.a (mg/ml) is equal to 11.64 × (A663) – 2.16 × (A645). 
Chl.b (mg/ml) is equal to 20.97 × (A645) – 3.94 × (A663). 

Total phenolic content estimation 

According to Dewanto et al. (2002), total phenolic 
content was determined using the Folin–Ciocalteu 
reagent (Hamrouni-Sellami et al., 2013). The Folin–
Ciocalteu reagent (0.125 mL) and 0.5 mL of deionized 
water were mixed with an aliquot (0.125 mL) of a 
sufficiently diluted methanolic extract sample. This 
mixture was shaken and left to stand for 6 min before 
adding 1.25 ml of a 7% sodium carbonate (Na2CO3) 
solution. Then, 3 mL of deionized water was added to 
the mixture and mixed. After 90 min of incubation at 
23°C, the absorbance was estimated at 760 nm using 
a SPECTROstar®Nano (BMG LABTECH, Germany). 
Using the standard curve of gallic acid, the total 
phenolic content of dried tomato leaves (three 
replicates for each drying process) was calculated as 
milligrams of gallic acid equivalent per gram of dry 
matter (mg of GAE/g of DM). The standard curve was 
in the range of 50–400 mg /mL (R2 = 0.99). 
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Total flavonoid content estimation 

As described by Dewanto et al. (2002), the total 
flavonoid content was determined. About 250 µl of 
the properly diluted sample was mixed with 75 µL of 
5% NaNO2 (sodium nitrite). Then, after about 6 
minutes, 150 µL of 10% aluminum chloride (AlCl3) and 
500 µL of NaOH (1 M) were added to the mixture. 
Finally, distilled water was utilized to dilute this 
mixture to 2.5 mL. The absorbance was measured at 
510 nm using a SPECTROstar®Nano (BMG LABTECH, 
Germany). 

Free radical scavenging (DPPH) estimation 

Based on the method described by Hamrouni-Sellami 
et al. (2013), the antioxidant ability of methanolic leaf 
extracts was evaluated by bleaching the purple DPPH 
radical solution. Then, 0.5 mL of a 0.2 mmol l/l DPPH 
methanolic solution and 1 mL of various tomato leaf 
extract concentrations. After a vigorous shake, the 
combination was maintained at 20°C for 30 min. After 
that, the absorbance of the solution at 517 nm was 
measured using a SPECTROstar®Nano (BMG 
LABTECH, Germany). The concentration needed to 
block DPPH by 50%, or IC50 (micrograms per milliliter), 
was used to express the antiradical activity. The 
following equation was used to calculate the capacity 
to scavenge DPPH radicals:  

DPPH scavenging (%) = [(A0 - A1) A0] 100. 

A0 refers to the absorbance of the control at 30 min 
and A1 is the absorbance of the sample at 30 min.  

Measurement of antioxidant enzymatic activities 

Enzyme extraction: A fresh leaf sample of about 1 g 
was frozen and homogenized by adding 3 mL of 50 
mM cold phosphate buffer (pH = 7.5). The 
homogenate was centrifuged for 30 min at 12,000 
rpm at 4°C (PrO-Research, UK). The supernatant was 
used as a crude extract for enzymatic assays except 
for the peroxidase enzyme. 

Determination of polyphenol oxidase (PPO) activity: 
Each microplate had 50 µL of a 150 mM catechol or 
guaiacol solution added to 100 µL of a 100 mM 
sodium phosphate buffer (pH = 7). To begin the 
reaction, 50 µL of crude extract was added to each 
well. The change in absorbance was measured using 
a microplate reader (Synergy-HT, BioTek, Winooski, 
VT, USA) at 404 nm and a temperature of 25°C. 

Determination of peroxidase (POX) activity: Leaf 
tissue was ground into a solution containing 125 μL of 
sodium phosphate buffer (100 mM, pH=7), 25 μL of 

guaiacol (24 mM), 25 μL of enzyme extract, and 25 μL 
of 12 mM hydrogen peroxide solution and put in a 
microplate well to start the reaction. The absorbance 
was measured at 465 nm using a microplate reader 
(Synergy-HT, BioTek, Winooski, VT, USA). 

Determination of superoxide dismutase (SOD) 
activity: The reaction was initiated by mixing 3 mL of 
the reaction mixture with 100 µL of crude extract. The 
reaction mixture contained 75 µM NBT, 13 mM 
methionine, 50 mM potassium phosphate buffer (pH 
= 7.8), 2 mM riboflavin, 2 µM riboflavin, and 0.1 mM 
EDTA. The reaction mixture without any NBT or 
enzyme was used to create a blank. The absorbance 
of the solution-filled tubes was immediately 
measured at 560 nm after 15 min of exposure to 400 
W (4x100 W bulbs) (Moattar et al., 2016). Then, using 
the following equation, the percentage of scavenging 
the superoxide radical was determined:  

Scavenging percentage = (1-Ae/A0) / 100, 

where Ae is the leaf extract absorbance of treated 
tomato plants, while A0 is the leaf extract absorbance 
of healthy tomato control. 

Determination of catalase (CAT) activity: The activity 
of CAT was estimated using the adjusted method of 
Aebi (1948). In each well of the microplate, 10 µL of 
crude extract and 250 µL of 50 mM phosphate buffer 
were mixed. Finally, 10 µL of H2O2 was added, the 
container was gently shaken, and then the 
absorbance was measured at 240 nm using a 
microplate reader (Synergy-HT, BioTek, Winooski, VT, 
USA). Furthermore, 10 µL of water was substituted for 
the enzymatic crude extract in the case of the blank. 
Then, 1 nmol of H2O2 dissociated min-1 was the unit of 
enzyme activity according to the following formula:  

The activity of the CAT (mM/g FW) is equal to (activity 
A V/a) = (E × W). 

where activity is the OD value, A is the total assay 
volume, V is the total volume of the buffer solution 
used to extract the enzyme, W is the fresh weight of 
the sample, a is the amount of enzyme extract utilized 
in reaction solution to test, and E is the extinction 
coefficient, i.e., 39.4 mM/cm. 

Evaluation of oxidative stress markers 

Determination of malonaldehyde (MDA): MDA was 
estimated by assaying the content of reactive 
compounds in thiobarbituric acid (TBARS), based on 
the method of Chappell and Cohn (2011), with minor 
modifications. In a prechilled mortar, 0.25 g of tissues 
was ground and then transferred to an Eppendorf 
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tube filled with 2 mL of precold TCA (1%, w/v). The 
samples were homogenized with a vortex and then 
centrifuged at 12.000 rpm for 15 min. Half mL of 
supernatants were mixed with 1 mL of TBA and TCA 
(added 0.01% butylated hydroxyl toluene) solutions in 
a 4 mL Eppendorf tube. The samples were heated at 
95°C for 15 min, followed by putting them 
immediately in an ice bath. Then, it was centrifuged 
at 4800 rpm for 10 min. Finally, 250 μL of 
supernatants was added to each well of a microplate, 
and the change in absorbance was measured at 532 
and 600 nm. The nonspecific turbidity correction was 
conducted by subtracting the absorbance at 600 nm. 
Three practical replicates for each sample and for the 
blank were employed using distilled water. The TBARS 
was evaluated according to this equation: 

TBARS (nmol/g FW) equal to [(OD532-OD600)×A×V]/(a×E×W), 

where A is the total assay volume, V is the total 
volume of phosphate buffer employed for enzyme 
extraction, a is the volume of supernatant utilized, W 
is the fresh weight of the sample, and E is the 
extinction coefficient (1.55×102) 155 Mm-1 cm-1. 

Determination of hydrogen peroxide (H2O2): To 
estimate the concentration of hydrogen peroxide 
(H2O2), 0.2 g of leaf tissues was taken into a prechilled 
mortar and powdered. Then, they were transferred 
into a tube of 5 mL containing 2 mL of precooled TCA 
(0.1% w/v). The sample was vortexed and centrifuged 
for 15 min at 12,000 rpm (Velikova et al., 2000). In 
each well, 50 μL of 10 mM potassium phosphate 
buffer (pH 7.0), 50 μL of supernatant, and 100 μL of 1 
M KI were mixed. The absorbance was recorded at 
390 nm. The H2O2 concentration was calculated using 
a standard curve with known concentrations of H2O2, 
and the quantity of H2O2 was expressed as μmol/g FW. 

Effect of Trichoderma spp. on ToMV using defense-
related gene expression levels 
Extraction of total RNA and cDNA synthesis: The 
total RNA was extracted according to the 
manufacturer’s instructions using the TRIZOL reagent 
kit (Life Technologies Invitrogen, CA, USA). The 
extraction buffer employed in this method includes 
guanidium thiocyanate, and RNA was precipitated 
using isopropanol. RNA concentration was measured 
by UV-Vis spectrophotometer (DU730, Beckman 
Coulter Inc., Brea, CA, USA). The reverse transcription 
reaction (M-MuLV Reverse Transcriptase, Biolabs, 
New England) was used to transform the RNA into 
cDNA in a thermal cycler (Eppendorf, Hamburg, 
Germany). Our prior investigations described the 
cDNA synthesis components and program (Rashad et 

al., 2020; Aseel et al., 2019b). The cDNA was kept at -
20 °C until used in the q-PCR reactions.  

Quantitative PCR (q-PCR): The effect of Trichoderma 
spp. treatment on the expression level of the ToMV-
CP gene and defense-related genes in tomato plants 
was estimated by q-PCR. Specific primer sequences 
utilized in this study are shown in Table 1. The SYBR® 
green kit (Bioloine, Luckenwalde, Germany) was used. 
The q-PCR reaction components and program were as 
described by Aseel et al. (2022), Aseel et al. (2023b), 
and Abdelkhalek et al. (2022). The specific primers for 
tomato defense genes, two polyphenol biosynthetic 
pathway genes (PAL-1 and CHS), two pathogenesis-
related protein-encoding genes (PR-2 and POD), and 
two jasmonic pathway genes (JERF3 and WRKY19), 
were used in this study. Two housekeeping genes (β-
actin) and (EFα-1) were employed to standardize the 
gene transcriptional levels (Table 1). 

Statistical analysis 

Statistical analysis was performed on the data by 
using one-way ANOVA using CoStat software version 
6.311 (Monterey, CA, USA). The standard deviation 
(±SD) is displayed as a column bar after the statistical 
differences in probability at the mean level at p ≤ 0.05 
are determined using the least significant difference 
(LSD) method. Gene expression levels were calculated 
as fold changes using the CT method (2−ΔΔCT) of 
Schmittgen and Livak (2008). 

RESULTS  
ToMV isolation and identification 

ToMV collected from naturally occurring tomato 
plants showed symptoms like mosaic, yellowish, and 
spotty light and dark green leaves (Figure 1A). The 
PCR technique was employed to identify the ToMV 
isolation using the CP gene sequence. The PCR 
fragment of 450 bp separated on the agarose gel 
(Figure 1D) indicates the presence of a plant viral 
infection. 

Isolation and species identification of Trichoderma 
spp. 

T. viride and T. harzianum were isolated from the soil 
rhizosphere zone samples that were collected from 
healthy tomato-growing areas in Borg El-Arab, 
Alexandria, Egypt. Meanwhile, colonies of both T. 
viride and T. harzianum were observed on PDA 
medium after 3-5 days. The colony morphology of T. 
viride is a circular ring, aerial, dark green and white as 
cotton, and powdery, as shown in Figure 1B. The 
morphological analysis of T. harzianum showed that it 
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has a single green and yellowish concentric ring, is 
highly branched, and its main branches produce 
lateral side branches (Figure 1C). The PCR amplicons 
of the ITS gene region were utilized in the detection 
and molecular identification of the isolated 
Trichoderma spp. (Figure 1E). The NCBI-BLAST search 
of nucleotide sequences for an ITS gene sequence 
(~550 bp) displayed 97% homology with T. viride 
(Acc#OL546802.1, Nigeria). Therefore, the isolated 
strain Tvd44 was identified as T. viride. Conversely, the 
isolated strain Th-DA66 was identified as T. harzianum 
and showed 98% homology with T. harzianum 
(Acc#MZ423061.1, Taiwan). The sequences of both 
isolates were submitted to the GenBank (NCBI 
database). The T. viride isolate obtained the accession 
number (OQ991378), while the T. harzianum isolate 
obtained the accession number (PP273158). A 
phylogenetic tree analysis demonstrated that the 
strain Tvd44 was highly connected to other T. viride 
strains and had a similar evolutionary relationship to 
other T. viride strains (supplementary material Figure 
1). Concurrently, the phylogenetic tree analysis 
revealed that strain Th-DA66 was closely related to 
other T. harzianum available in the GenBank 
nucleotide database (supplementary Figure 2). 

HPLC analysis of active biomolecules in Trichoderma 
spp. filtrates 
The HPLC chromatograms of the active biomolecules 
of T. viride isolate Tvd44 and T. harzanium isolate 
ThDA66 filtrate extracts are shown in Supplementary 
Material Figure 3. The characterization of Tvd44 and 
ThDA66 filtrates exhibited the common six chemical 
components: gallic acid, protocatechuic acid, 
catechin, esculetin, vanillic acid, and pyrocatechol, 
but in ThDA66, the other four biomolecules were 
noticed, like coumarin, 4.3-indul butyl acetic acid, 
cinnamic acid, and naphthyl acetic acid. Tvd44 had the 
highest concentration reported by protochateuic acid 
(9.46 µg/mL), while the highest concentration of the 
chemical compounds in ThDA66 extract was 4,3-indul 
butyl acetic acid (8.79 µg/mL), which was the most 
common among 10 different compounds (Table 2). 

Effects of Trichoderma inoculation on the growth 
and development of ToMV-infected tomato plants 
In greenhouse experiments, the result of inoculation 
with ToMV showed characteristic symptoms like 
mosaic, yellowish, and dark green leaves, while 
reduced disease symptoms were observed in 
Trichoderma spp.-treated plants. These results 
suggest that Trichoderma may strengthen plant 
protection against ToMV replication in tomato tissues 

(Figure 2). The results of tomato plant growth 
parameters indicated a significant reduction in plant 
length, shoot and root length, shoot and root dry 
weight, shoot and root fresh weight, and also leaf 
number of tomato plants that were infected with 
ToMV, which recorded 14.33 ± 1.04 cm, 8.16 ± 0.13 
cm, 6.17 ± 0.06 cm, 0.79 ± 0.31 g, 0.18 ± 0.02 g, 0.16 
± 0.01 g, 0.08 ± 0.01 g, and 11.67 ± 2.08, respectively 
(Table 3), compared to the control plants that had 
values of 25.30 ± 1.61cm, 13.70 ± 0.10cm, 11.60 ± 
0.02 cm, 1.93 ± 0.59 g, 0.63 ± 0.06g, 0.33 ± 0.01g, 0.12 
± 0.01g and 22.67 ± 4.51, respectively (Table 3). 
Therefore, it was found that ToMV reduced all growth 
parameters in tomato plants. Conversely, the results 
of treatment with Trichoderma spp. revealed that 
plants treated with T. viride or T. harzianum showed 
significantly higher growth parameters than those 
inoculated with ToMV alone. Moreover, when T.v. or 
T.h. was applied to the tomato plants after or before 
the infection, Trichoderma spp. decreased the disease 
severity and the symptoms of the infection by ToMV. 

Effect of Trichoderma inoculation on chlorophyll 
content 
The final results of both chlorophylls a and b revealed 
that the control tomato plants exhibited the highest 
level of chlorophyll a and b recorded (21.13 mg/g f.wt. 
and 29.79 mg/g f.wt., respectively), followed by plants 
treated with Trichoderma spp., where the plants of 
tomato treated with each T.v and T.h alone reported 
chlorophylls a and b of 19.57 mg/g f.wt. and 28.40 
mg/g f.wt., 13.69 mg/g f.wt., and 21.18 mg/g f.wt., 
respectively (Figure 3). Similarly, tomato plants 
treated by T. v+V and T. h+V recorded 15.03 mg/g f. 
wt. and 14.05 mg/g f. wt. of chlorophyll a and 21.43 
mg/g f.wt. and 16.38 mg/g f.wt. of chlorophyll b, 
respectively. Additionally, the plants subjected to 
treatments V+T.v and V+T.h, after 24 hours of being 
inoculated with ToMV, shows amount of chlorophyll 
lower than those protected first by Trichoderma spp., 
which was recorded at 12.00 mg/g f.wt. and 11.73 
mg/g f.wt., respectively. Conversely, the tomato 
plants infected with ToMV observed the lowest level 
of chlorophyll a (8.72 mg/g f.wt.) (Figure 3). 

Impact of Trichoderma inoculation on total 
phenolic, flavonoid, and DPPH content 
In this study, the control tomato plants revealed the 
highest value of phenolic content (345.39 mg/g d. 
wt.), while tomato plants infected with ToMV and 
then treated with Trichoderma spp. (V+T.h and V+T.v) 
recorded 344.79 mg/g d. wt. and 330.74 mg/g d. wt.,  
respectively (Figure 4).  
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Figure 1. Naturally occurring symptoms of tomato plants infected with ToMV (A); morphology of the isolates used in this study: T. viride (B) and T. 
harzanium (C) on PDA. Agarose gel of PCR products of the ToMV-CP gene: M, 1.5 Kbp DNA ladder marker, Lane 1: Healthy tomato plant (Control), 
Lane 2: Tomato plant infected with ToMV (D); ITS gene: Lane 1: T. viride: Lane 2: T. harzanium (E).  

 

 

Figure 2. Effect of Trichoderma spp. on ToMV-infected tomato plants under greenhouse conditions. A: tomato plants control; B: tomato plants 
inoculated with ToMV only; C: tomato plants treated with T. viride; D: tomato plants inoculated with T. viride 48 h before inoculation with ToMV 
(protective application); E: tomato plants inoculated with ToMV48 h before treated with T. viride (curative application); F: tomato plants treated 
with T. harzanium; G: tomato plants inoculated with T. harzanium 48 h before inoculation with ToMV (protective application); H: tomato plants 
inoculated with ToMV48 h before treated with T. viride (curative application). 
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Figure 3. Effect of treatment with Trichoderma spp. on chlorophyll 
a and chlorophyll b of tomato plants. C: control tomato plants; V: 
tomato plants infected by ToMV; T.v: tomato plants treated with T. 
viride; V+T.v: tomato plants inoculated with ToMV before 24 hours 
from treatment with T. viride; T.v+V: tomato plants treated by 
T.viride before 24 hours from infection by ToMV; T.h: tomato plants 
treated with T. harzianum; V+T.h: tomato plants inoculated with 
ToMV before 24 hours from treatment with T. harzianum; T.h+V: 
tomato plants treated by T. harzianum before 24 hours from 
infection with ToMV. The columns represent the mean values of five 
replicates, and the error bars represent the standard deviations. 
Significant differences were calculated using one-way ANOVA 
according to the least significant difference (LSD) method at a p ≤ 
0.05. The same letters are not significantly different.  

 
There was no significant difference between the 
treatments with both Trichoderma spp., either T.v 
(313.42 mg/g d. wt.) or T.h (307.14 mg/g d. wt.). 
However, the lowest value was observed in the case 
of the treatment with T.v+V (305.10 mg/g d. wt.). The 
tomato plants infected with ToMV were reported at 
274.31 mg/g d. wt., followed by treatment with T.h+V 
(247.12 mg/g d. wt.). 

Regarding the flavonoid content (Figure 4), the 
treatment with T.h+V and T.v+V recorded the highest 
level of flavonoid content (225.73 mg/g d. wt., 216.87 
mg/g d. wt., respectively). It showed a significant 
change in the case of the four treatments: V+T.v, 
213.35 mg/g d. wt.; V+T.h, 211 mg/g d. wt.; T.v, 201.24 
mg/g d. wt.; T.h, 200.17 mg/g d. wt. The tomato plants 
infected with ToMV only reported the lowest 
flavonoid content (195.41 mg/g d. wt.).  

 
 

 

 

 
 

Figure 4. Effect of Trichoderma spp. treatments on phenolic 
content, flavonoids, and DPPH in tomato plants. C: control tomato 
plants; V: tomato plants infected by ToMV; T.v: tomato plants 
treated with T.viride; V+T.v: tomato plants inoculated with ToMV 
before 24 hours from treatment with T.viride; T.v+V: tomato plants 
treated by T.viride before 24 hours from infection by ToMV; T.h: 
tomato plants treated with T.harzianum; V+T.h: tomato plants 
inoculated with ToMV before 24 hours from treatment with 
T.harzianum; T.h+V: tomato plants treated by T.harzianum before 
24 hours from infection with ToMV. The columns represent the 
mean values of five replicates, and the error bars represent the 
standard deviations. Significant differences were calculated using 
one-way ANOVA according to the least significant difference (LSD) 
method at a p ≤ 0.05. The same letters are not significantly 
different. 
 
The DPPH method detected free radical scavenging 
activities in eight tomato plant treatments. The 
results revealed that the Trichoderma spp. treatments 
significantly increased free radical scavenging 
activities (Figure 4). The T.v-treated tomato plants 
alone showed the highest DPPH levels at 83.35 mg/g, 
followed by those treated with T.h. (81.64 mg/g d. 
wt.), T.v+V (80.19 mg/g d. wt.), and T.h+V (79.48 mg/g 
d. wt.). No significant difference was observed 
between V+T.v (78.50 mg/g d. wt.) and V+T.h (75.63 
mg/g d. wt.). Furthermore, the tomato plants infected 
with ToMV only recorded the lowest DPPH level 
(59.37 mg/g d. wt.), as demonstrated in Figure 4. 

Chlorophyll a 

Chlorophyll b 
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Figure 5. Effect of Trichoderma spp. treatments on polyphenol 
oxidase (PPO), peroxidase (POX), superoxide dismutase (SOD), and 
catalase (CAT) activities in tomato plants. C: control tomato plants; 
V: tomato plants infected by ToMV; T.v: tomato plants treated with 
T. viride; V+T.v: tomato plants inoculated with ToMV before 24 
hours from treatment with T. viride; T.v+V: tomato plants treated by 
T. viride before 24 hours from infection by ToMV; T.h: tomato plants 
treated with T. harzianum; V+T.h: tomato plants inoculated with 
ToMV before 24 hours from treatment with T. harzianum; T.h+V: 
tomato plants treated by T. harzianum before 24 hours from 
infection with ToMV. The columns represent the mean values of five 
replicates, and the error bars represent the standard deviations. 
Significant differences were calculated using one-way ANOVA 
according to the least significant difference (LSD) method at a p ≤ 
0.05. The same letters are not significantly different. 

 

 
 

Figure 6. The effects of Trichoderma spp. treatments on 
malondialdehyde (MDA) and hydrogen peroxide (H2O2) in tomato 
plants. C: control tomato plants; V: tomato plants infected by ToMV; 
T.v: tomato plants treated with T. viride; V+T.v: tomato plants 
inoculated with ToMV before 24 hours from treatment with T. 
viride; T.v+V: tomato plants treated by T. viride before 24 hours from 
infection by ToMV; T.h: tomato plants treated with T. harzianum; 
V+T.h: tomato plants inoculated with ToMV before 24 hours from 
treatment with T. harzianum; T.h+V: tomato plants treated by T. 
harzianum before 24 hours from infection with ToMV. The columns 
represent the mean values of five replicates, and the error bars 
represent the standard deviations. Significant differences were 
calculated using one-way ANOVA according to the least significant 
difference (LSD) method at a p ≤ 0.05. The same letters are not 
significantly different.  
 

 
 

Figure 7. Effect of Trichoderma spp. on accumulation level of the 
ToMV-CP gene. C: control tomato plants; V: tomato plants infected 
by ToMV; T.v: tomato plants treated with T. viride; V+T.v: tomato 
plants inoculated with ToMV before 24 hours from treatment with 
T. viride; T.v+V: tomato plants treated by T. viride before 24 hours 
from infection by ToMV; T.h: tomato plants treated with T. 
harzianum; V+T.h: tomato plants inoculated with ToMV before 24 
hours from treatment with T. harzianum; T.h+V: tomato plants 
treated by T. harzianum before 24 hours from infection with ToMV. 
The columns represent the mean values of five replicates, and the 
error bars represent the standard deviations. Significant differences 
were calculated using one-way ANOVA according to the least 
significant difference (LSD) method at a p ≤ 0.05. The same letters 
are not significantly different. 

POX 
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Effect of Trichoderma inoculation on antioxidant 
enzymatic activities 

The evaluated four antioxidant enzyme activities 
(PPO, POX, SOD, and CAT) were variable (Figure 5). 
The results indicate that PPO showed elevated activity 
in tomato plants treated after the infection with 
ToMV, where V+T.v and V+T.h recorded 1.20 mg/g f. 
wt. and 1.21 mg/g f. wt., respectively, followed by the 
T.v+V (1.11 mg/g) and T.h+V (0.99 mg/g) treatments. 
The tomato plants infected with ToMV alone recorded 
0.28 mg/g f. wt. No significant difference was noticed 
between the treatments of T.v. (0.24 mg/g f. wt.) and 
T.h. (0.24 mg/g f. wt.). For POX activity, the tomato 
plants that were infected with ToMV showed the most 
significant degree of peroxidase activity (1.15 mg/g f. 
wt.). In comparison, the treatment of T.h+V recorded 
0.98 mg/g f. wt., followed by V+T.v (0.93 mg/g f. wt.) 
and T.h (0.92 mg/g f. wt.). No significant change was 
found between T.v+V and T.v (0.85 mg/g f. wt. and 
0.84 mg/g f. wt., respectively), as shown in Figure 5.  

In the case of SOD and CAT, it was reported that plants 
treated with T. viride or T. harzianum revealed the 
highest levels of SOD and catalase activity (Figure 5). 
Conversely, in SOD, T.v. and T.h. treatments reported 
29.88 mg/g f. wt. and 26.13 mg/g f. wt., respectively. 
Moreover, the treatments with T.v+V (23.57 mg/g f. 
wt.) and T.h+V (23.50 mg/g f. wt.) recorded higher 
SOD activity than those infected initially with ToMV: 
V+T.v (22.20 mg/g f. wt.) and V+T.h (21.53 mg/g f. wt.) 
and tomato plants infected with ToMV only (20.47 
mg/g f. wt).  

Likewise, in CAT activity, tomato plants treated with 
T.v. or T.h. only showed a significant increase of 162.84 
mg/g f. wt. and 156.01 mg/g f. wt., respectively 
(Figure 5). Moreover, the treatments with V+T.v 
(144.13 mg/g f. wt.) and V+T.h (138.36 mg/g f. wt.) 
resulted in increased levels higher than T.v+V (133.12 
mg/g f. wt.) and T.h+. V (130.14 mg/g f. wt.). In 
contrast, the tomato plants infected with ToMV 
recorded the lowest level of catalase activity (131.35 
mg/g f. wt.).   

Effect of Trichoderma inoculation on oxidative 
stress markers 

The oxidative stress markers, including MDA and 
H2O2, were measured in eight treatments of tomato 
plants (Figure 6). Compared to the Trichoderma 
treatments, tomato plants inoculated with ToMV 
noted a crucial increase in the contents of MDA and 
H2O2. For MDA, the treatment of ToMV alone 
recorded the highest level (177.13 mg/g). 

Additionally, the treatments of V+T.v (82.30 mg/g) 
and V+T.h (81.10 mg/g) showed higher levels of 
increase than T.h+V (76.46 mg/g) and T.v+V (72.43 
mg/g). There was no noticeable difference between 
the treatments of T.v or T.h, which showed the lowest 
levels (79.45 mg/g and 74.99 mg/g, respectively). In 
H2O2, similar to MDA, the treatment of ToMV 
recorded the highest level (4.69 mg/g). Like MDA, the 
treatments with T.v (2.30 mg/g) and T.h (2.19 mg/g) 
resulted in the lowest levels of H2O2 (Figure 6). 

Effect of Trichoderma inoculation on the ToMV-CP 
accumulation level 

In the greenhouse experiment, treatment with T. 
viride or T. harzianum, either before or after 24 hours 
of infection with ToMV in tomato plants, decreased 
the amount of accumulation of ToMV-CP (CP gene 
expression level) when compared with the ToMV-
infected tomato plants alone (166.17-fold). This 
means that the application of T. viride and T. 
harzianum significantly decreased the accumulation 
levels of the viral CP in the Trichoderma-treated 
tomato plants (Figure 7). 

Expression analysis of defense-related genes 
Polyphenol biosynthetic pathway: The expression 
levels, determined using q-PCR, of the two genes 
(PAL-1 and CHS) belonging to the polyphenol 
biosynthetic pathway showed an increase in tomato 
plants treated with T.v, both before and after infection 
with ToMV. In the case of PAL-1, the treatment T.v+V 
recorded a transcriptional level that is 3.33-fold 
higher than that of V+T.v (2.61-fold). Similarly, the 
treatment with T.h+V recorded a transcriptional level 
(2.19-fold) higher than V+T.h (1.19-fold). No 
significant difference was observed between plants 
treated with T.v. (1.27-fold) and those treated with 
T.h. (1.21-fold). However, it is still higher than that 
recorded in ToMV-infected tomato plants (Figure 8). 
In the case of CHS, the treatment with V+T.v gave the 
highest expression level of 59.42-fold, while the T.v 
treatment showed a transcriptional level of 53.82-fold 
greater than that of ToMV-infected plants. In contrast, 
a significant downregulation with treatments (T.h+V, 
V+T.h, T.h, and T.h+V) was recorded at 51.77-, 47.18-, 
46.47-, and 39.04-fold, respectively (Figure 8). 

Pathogenesis-related genes: In this study, the 
expression of two pathogenesis-related genes (POD 
and PR-2) was determined in the treated tomato 
plants (Figure 8). For POD, V+T.h-treated plants 
reported the highest expression level of 32.83-fold, 
while tomato plants treated with T.h. recorded a 
transcriptional level (10.20-fold) more significant than  
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Figure 8. Effect of Trichoderma spp. treatments on expression levels for polyphenol biosynthetic pathway genes (PAL-1 and CHS), pathogenesis-
related protein genes (POD and PR-2), and Jasmonic pathway genes (JERF3 and WRKY19) measured by qRT-PCR in tomato plants. C: control 
tomato plants; V: tomato plants infected by ToMV; T.v: tomato plants treated with T. viride; V+T.v: tomato plants inoculated with ToMV before 
24 hours from treatment with T. viride; T.v+V: tomato plants treated by T.viride before 24 hours from infection by ToMV; T.h: tomato plants 
treated with T. harzianum; V+T.h: tomato plants inoculated with ToMV before 24 hours from treatment with T. harzianum; T.h+V: tomato plants 
treated by T. harzianum before 24 hours from infection with ToMV. The columns represent the mean values of five replicates, and the error bars 
represent the standard deviations. Significant differences were calculated using one-way ANOVA according to the least significant difference 
(LSD) method at a p ≤ 0.05. The same letters are not significantly different.  
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Table 1. Sequences of all primers used in this study. 

Genes name Primers name  Direction Primers Sequence (5`–3`) Related pathway 

Phenylalanine ammonia-lyase 1 PAL-1 Forward 
Reverse 

ACGGGTTGCCATCTAATCTGACA 
CGAGCAATAAGAAGCCATCGCAAT 

 
Phenylpropanoid 
biosynthetic 
 Chalcone synthase CHS Forward 

Reverse 
CACCGTGGAGGAGTATCGTAAGG 
TGATCAACACAGTTGGAAGGCG 

β-1,3-glucanase PR-2 Forward 
Reverse 

TATAGCCGTTGGAAACGAAG 
CAACTTGCCATCACATTCTG Pathogenesis-

related proteins 
Peroxidase POX Forward 

Reverse 
CCTTGTTGGTGGGCACACAA 
GGCCACCAGTGGAGTTGAAA 

Jasmonate and ethylene-response factor 3 JERF3 Forward 
Reverse 

GCCATTTGCCTTCTCTGCTTC 
GCAGCAGCATCCTTGTCTGA 

Jasmonic pathway 
WRKY transcription factor 19 WRKy19 Forward 

Reverse 
CGTGCAGCAGCAAAGCAA 
GTCGCAGGTATGCTCGTTGA 

Beta actin β-actin Forward 
Reverse 

ATGCCATTCTCCGTCTTGACTTG 
GAGTTGTATGTAGTCTCGTGGATT Housekeeping 

gene Elongation factor 1 alpha EFα-1 Forward 
Reverse 

GAACTGGGTGCTTGATAGGC 
AACCAAAATATCCGGAGTAAAAGA 

Internal transcribed spacer ITS Forward 
Reverse 

TCCGTAGGTGAACCTGCGG 
TCCTCCGCTTATTGATATGC 

Eukaryotic 
identification 

ToMV-Coat Protein ToMV-CP Forward 
Reverse 

ACGACTGCCGAAACGTTAGA 
CAAGTTGCAGGACCAGAGGT Viral replication 

 
Table 2. The HPLC analysis for quantification of active biomolecules in Trichoderma extracts. 

No. Compounds 
Trichoderma viride Trichoderma harzanium 

Retention 
time 

Concentration 
(µg/mL) 

Retention 
time 

Concentration 
(µg/mL) 

1 Gallic acid 3.0 8.38 3.0 4.87 
2 Protochateuic acid 3.5 9.46 3.6 7.04 
3 Catechin 3.8 2.74 3.8 1.65 
4 Esculatin 4.4 6.15 4.4 7.08 
5 Vanillic acid 4.9 3.04 4.9 5.17 
6 Pyrochatechol  5.1 4.42 5.4 7.85 
7 Coumarine - - 11.8 3.44 
8 Cinnamic acid - - 12.3 1.32 
9 4.3-indul butyl acetic acid - - 13.4 8.79 
10 Naphthyl acetic acid - - 14.6 7.09 

 
 

Table 3. Effect of treatment with Trichoderma spp. on the growth parameters of tomato plants infected with ToMV. 

*Values of each column followed by the same letter are not significantly different according to Tukey’s multiple range test (p ≤ 0.05), each value 
represents the mean of five replicates± SD. 

 
  

Treatments Plant length ± SD 
Length ± SD Fresh weight 

± SD 
Dry weight 

± SD 
Leaves 

number  
± SD Shoot Root Shoot Root Shoot Root 

C 25.30±1.61b 13.70±0.10a 11.60±0.02f 1.93±0.59a 0.63±0.06d 0.33±0.01b 0.12±0.01f 22.67±4.51c 
V 14.33±1.04c 8.16±0.13f 6.17±0.06g 0.79±0.31b 0.18±0.02e 0.16±0.01e 0.08±0.01g 11.67±2.08d 
T.v 27.07±0.40b 12.57±0.26c 14.50±0.02e 2.07±0.15a 1.00±0.10cd 0.32±0.01b 0.32±0.01a 25.67±2.08abc 
V+T.v 27.17±1.76b 11.67±0.01d 15.50±0.03c 2.26±0.51a 1.45±0.18ab 0.40±0.02a 0.18±0.01cd 31.00±2.65a 
T.v+V 31.67±4.51a 13.00±0.01b 18.67±0.03a 2.02±0.15a 1.38±0.45abc 0.29±0.01c 0.19±0.01c 29.33±1.53ab 
T.h 28.17±0.58b 12.90±0.03b 15.27±0.02d 2.04±0.24a 1.11±0.34bc 0.25±0.01d 0.18±0.01d 25.67±1.53abc 
V+T.h 26.83±0.76b 10.50±0.15e 16.33±0.02b 2.11±0.36a 1.28±0.28abc 0.25±0.02d 0.15±0.01e 24.00±1.00bc 
T.h+V 27.83±0.29b 11.50±0.04d 16.33±0.02b 2.41±0.47a 1.69±0.10a 0.38±0.02a 0.25±0.01b 28.00±6.08abc 
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those treated with T.v. Significantly, the treatment 
with T.v+V and T.h+V showed transcriptional levels of 
15.33 and 7.13-fold, respectively. In the case of 
tomato plants infected with only ToMV, the 
expression level of POD was 17.13-fold. Regarding PR-
2, treatment with T.h. recorded the highest 
transcriptional level (15.66-fold). The plant infected 
with ToMV alone recorded a transcriptional level 
(12.19-fold) higher than the tomato plants treated 
with T.h+V, with a transcriptional level of 11.58-fold, 
while T.v+V recorded 10.26-fold. Tomato plants 
treated with T.v., whether before or following the 
infection with ToMV (T.v+V and V+T.v), recorded 7.05-
fold and 6.89-fold, respectively, while T.h+V resulted 
in an expression level of 11.58-fold (Figure 8). 

Jasmonic biosynthetic pathway: In the case of two 
jasmonic pathway genes (JERF3 and WRKY19) (Figure 
8), the results revealed that JERF3 gene expression 
was downregulated in the three treatments, T.h., 
V+T.h, and T.h+V, which recorded transcriptional 
levels of 4-, 2.55-, and 1.60-fold, respectively. The 
plants treated with T.v. only and V+T.v recorded the 
highest expression levels of 1.58-, 4.44-, and 7.53-
fold, respectively, while T.v+V recorded the lowest 
level of 1.35-fold (Figure 8). For WRKY19, T.v+V 
recorded an expression level of 9.13-fold, which was 
higher than the transcriptional level of V+T.v (2.07-
fold). In contrast, the treatment with V+T.h showed a 
transcriptional level of 1.23-fold, which was more 
significant than the treatment with T.h+V (1.17-fold). 
The tomato plants infected with ToMV recorded a 
downregulation of expression level of 0.57-fold, while 
the treatment with T.h. or T.v. only recorded 
expression levels of 0.66- and 0.50-fold, respectively 
(Figure 8). 

DISCUSSION 
Several pathogens, including ToMV, significantly 
impact the tomato crop, resulting in significant losses 
for the agricultural economy (Alkowni et al., 2019). 
Therefore, early detection is vital for selecting the 
proper treatment and preventing the disease from 
spreading. Trichoderma species are currently 
employed as biofertilizers and biopesticides due to 
their capacity to protect plants, trigger development, 
and regulate phytopathogenic substances in diverse 
agricultural environments (Azarmi et al., 2011). 
Recently, T. harzianum and T. viride were used as 
biocontrol agents as they are good producers of 
secondary metabolites and have efficiently inhibited 
plant pathogens such as Fusarium solani or 
mycotoxin-producing fungi by competition, antibiosis, 

and inducing plant defense responses. Specifically, T. 
harzianum has been proven to degrade its host 
hyphae and compete for space and nutrients against 
a wide range of fungal plant pathogens (Guzmán-
Guzmán et al. 2023). Our study identified T. viride and 
T. harzianum isolates by sequencing of ITS region after 
being amplified by PCR. It has been reported that a 
sequence of PCR amplicons of the ITS gene was used 
to confirm the morphological identification of 
Trichoderma isolates (Abdelkhalek et al., 2022). 
Similarly, Aseel et al. (2023) used specific primers 
from the ITS region for molecular identification of 
Trichoderma isolates based on phylogenetic analysis 
of this sequenced region. 

In this study, the results of HPLC chromatogram 
characterization of Tvd44 and Th-DA66 filtrates 
showed six chemical components in common. Many 
of these detected compounds, including polyphenols 
like catechins and gallic acid, have extreme 
antioxidant activity and can play an important 
therapeutic role in antimicrobial, antiallergenic, and 
anti-inflammatory activities (Mani et al. 2020; 
Shaygannia et al. 2016; Tian et al. 2014). Moreover, 
another study suggested that the compounds of 
polyphenols can work as elicitor molecules and have 
roles in SAR signaling (Abdelkhalek et al. 2021). 
Additionally, coumarins and phenolic acids may be 
employed by inducing rupture of cell membranes, 
inhibition of the synthesis of cell walls, and 
dysfunction of the mitochondria (Raman and 
Muthukathan, 2015). Furthermore, protocatechuic 
acid can also inhibit the growth of pathogens (Zhang 
et al. 2022), and vanillic acid is considered a 
component that may as anti-inflammatory, 
anticancer, antiosteolytic, and anti-Alzheimer 
(Brimson et al. 2019). 

In addition to above-mentioned compounds, some 
growth-regulating compounds have been found in 
Trichoderma filtrates, such as cinnamic acid, which is 
considered one of the constituents that claim growth-
promoting activity (Steenackers et al., 2019); indole-
3-butyric acid (IBA), which is used efficiently in 
developing plant regulators to motivate the 
germination of the plant and the formation of rooting 
in various plants (Dong et al., 2018); and naphthalene 
acetic acid (NAA), which is known as a plant hormone 
in the auxin family. Moreover, NAA is a component in 
commercial postharvest horticultural yields and a 
rooting mediator that can be utilized for vegetative 
propagation of plants from cuttings of stem and leaf 
(Khandaker et al. 2017).   
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In this study, tomato plants treated with T. viride or T. 
harzianum showed significantly increased growth 
parameters, including plant length, dry weight, fresh 
weight, and leaf number, compared to ToMV-infected 
tomato plants only. Additionally, treatment with 
Trichoderma species reduced the ToMV symptoms 
due to the suppression of the accumulation of the 
viral CP in tomato plant leaves. This means that 
Trichoderma spp. acted as a protecting agent before 
or after the infection of tomato plants with ToMV. 
Conversely, the tomato plants exposed only to ToMV 
infection exhibited a decrease in all growth 
parameters. Similarly, diverse reports have 
demonstrated that Trichoderma spp. triggered plant 
growth and induced root and shoot length and dry 
weight (Garnica-Vergara et al., 2016; Mahato et al., 
2018; Sulaiman et al., 2020; Zin and Badaluddin, 
2020). In another instance, plant growth parameters 
were induced by Arbuscular mycorrhizal fungi. It has 
been shown that Arbuscular mycorrhizal colonization 
reduces the passive effects of ToMV infection 
compared to ToMV-uninfected plants (Aseel et al. 
2019b). 

In this study, ToMV-infected plants treated with T. 
viride or T. harzianum contained the highest levels of 
chlorophylls a and b, followed by treatments T.v.+V 
and T.h.+V., compared to those infected only with 
ToMV. These results correspond to many 
investigations, demonstrating that using Trichoderma 
spp. increased chlorophyll content in the treated 
plants paralleled the duration of viral infection, which 
reduced chlorophyll content (Sulaiman et al., 2020; 
Abdelkhalek et al., 2022; Azarmi et al., 2011; Aseel et 
al., 2023). It has been reported that viral infection 
affected the chlorophyll content that controlled the 
photosynthesis process and caused morphological 
and physiological changes (Abdelkhalek et al. 2021; 
Tamandegani et al. 2021). 

In this study, the phenolic levels increased in the case 
of treatments of V+T.h and V+T.v, and then showed 
higher levels in Trichoderma spp. (T. viride or T. 
harzianum) regardless of whether they were 
inoculated with ToMV alone. This result is in 
agreement with Awad-Allah et al. (2022), who used 
both T. viride and T. harzianum treatments on cherry 
tomato plants grown in greenhouse conditions, with 
or without F. solani and found that various 
Trichoderma treatments significantly improved the 
content of total phenol either in presence or absence 
of F. solani infection. Our results are in line with the 
findings of Kumar et al. (2022), who used T. viride 
against A. solani and discovered that the extreme 

creation of total phenolic constituents was in T. viride-
treated plants with A. solani. Polyphenolic chemicals 
such as flavonoids can change the peroxidation 
kinetics by reducing the fluidity of membranes, which 
is another mechanism supporting the antioxidative 
characteristics of phenolics (Karuppanapandian et al., 
2011). Plants with higher concentrations of phenolic 
compounds have been linked to enhanced defense 
responses (Singh et al., 2013a, b). Similarly, our result 
exhibited enhanced flavonoid compounds for both T. 
viride- or T. harzianum-treated plants along with virus 
or alone, where T.h+V and T.v+V recorded the highest 
levels, followed by V+T.h, V+T.v, T.v., and T.h., 
respectively. This is contrary to Sobhy et al. (2022), 
who discovered higher flavonoid content in wheat 
seeds infected by F. graminearum compared to the 
healthy control. 

DPPH is considered an indication of free radical 
scavenging activity. In our study, DPPH recorded 
higher levels in treatments with Trichoderma spp. 
than in the case of ToMV infection alone. In the same 
way, Abdelkhalek et al. (2022) discovered that the 
impact of B. amyloliquefaciens strain TBorg1CF had 
considerably higher DPPH activities than plants 
treated with the tobacco mosaic virus. Another report 
showed that DPPH activity demonstrated that the 
tomato cultivars Matina and Cochoro showed the 
most significant antioxidant activity improvements 
during water stress treatments (Klunklin and Savage, 
2017). Conversely, PPO recorded high levels in the 
treatments of V+T.h and V+T.v, and the infection with 
ToMV showed an increase in PPO compared to 
treatments with T. viride or T. harzianum, which 
recorded the same value (0.24 mg/g f. wt.). In 
contrast, the PPO activity was drastically reduced in 
the T. harzianum-treated plants, or in both, where 
PPO activity was passively affected by all treatments 
of tomato plants with the pathogen T. harzianum 
(Patil et al. 2011; Mahmoud et al. 2021). However, our 
result agrees with that of Mei et al. (2019), who 
revealed an increase in the activity of PPO as a result 
of different Trichoderma spp. treatments. It was 
reported that PPO activity protects plant cells against 
a low level of oxidative stress (Boeckx et al. 2015b). 

A crucial enzyme in cellular resistance against the ROS 
in living things is SOD. Consequently, it is a crucial 
antioxidant capability marker (Alici and Arabaci, 
2016). In our study, CAT and SOD increased in the 
treatments with T. viride or T. harzianum while 
decreasing in ToMV-infected tomato plants compared 
to the untreated tomato plant control. T.v+V and 
T.h+V treatments are considered at the same level of 
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control as before treatment with ToMV. Similarly, an 
increase in catalase and SOD in plants treated with 
Th23 was reduced in plants treated with TMV 
compared to control plants (Abdelkhalek et al. 2022). 
Notably, CAT converts the components of ROS that 
damage plants to less toxic and more stable molecules 
(Abdelkhalek et al. 2021; Dumanović et al. 2021). The 
ROS, also known as oxidative stress, are produced by 
the host plant’s first line of protection against most 
pathogens, and their main associated function is the 
alteration of physiological and biological mechanisms 
(Keswani et al., 2019; Kumar et al., 2022). 
Additionally, T. viride treatment increased total 
phenolics, total flavonoids, and the activities of CAT, 
PPO, and APX enzymes and decreased MDA and H2O2 
contents in tomato seedlings (Metwally and Soliman, 
2023). 

The results of this study also indicated higher levels of 
MDA and H2O2 in the case of tomato plants infected 
with ToMV alone compared to those of plants treated 
with T. viride or T. harzianum. The same findings were 
reported on PVY in potato plants (Aseel et al. 2022) 
and Bean Yellow Mosaic Virus in faba bean plants 
(Yassin et al. 2024) were induced the levels of both 
MDA and H2O2 in only plants infected with viruses. On 
the other hand, ZnO-NPs were noticed as a treatment 
for ToMV and an increase in levels of oxidative 
markers (MDA and H2O2) when infected with ToMV 
(Sofy et al. 2021). 

The pathway of phenylpropanoid plays a vital role in 
the plant defense system, and it showed increased 
expression after the pathogen infection, resulting in 
an increase in enzymatic activity and the building up 
of phenolic compounds (López-Gresa et al., 2012; 
Yadav et al. 2020). Similarly, in this study, PAL-1 
expression was upregulated in T. viride- or T. 
harzianum-treated tomato plants with ToMV. 
Likewise, in potato plants treated with nano-clay, 
higher expression of PAL-1 was recorded compared to 
those inoculated with PVY only (Aseel et al., 2022). 
Moreover, the expression levels of the polyphenol 
biosynthetic pathway, PAL-1, and CHS, were 
upregulated in the Trichoderma spp.-treated plants, 
regardless of whether they were exposed to ToMV or 
not. In a recent study, T. harzianum has been used as 
a biocontrol agent for Rhizoctonia solani, where T. 
harzianum successfully recognizes and invades host 
cells and kills plant pathogens by regulating various 
differentially expressed genes at different culture 
periods. It is also upregulating the expression of 
carbohydrate activity enzyme-related genes, 

improving the activity of hydrolase to hydrolyze the 
host cell wall (Wang et al. 2024).  

In this investigation, two genes of pathogenesis-
related proteins, PR-2 and POD, were studied. For 
POD, the treatment of V+T.h. recorded the highest 
expression level, followed by the ToMV infection. The 
result agrees with that of the study on D. stramonium 
leaves, which showed a higher expression level of 
POD in PEA1-CF-treated plants than that in control 
plants (Abdelkhalek et al., 2020). Regarding PR-2, 
treatment of plants with T. harzianum showed a 
higher expression level than ToMV alone. In contrast, 
using Streptomyces cellulosae Actino 48 as a 
biocontrol agent, the PR-2 gene in ToMV-infected 
tomato plants showed a higher expression level than 
in the treatment with Actino 48 alone (Abo-Zaid et al. 
2020). Based on various studies, Trichoderma spp. 
colonization causes metabolic changes in the root, 
likely the activation of PR-proteins, that strengthen 
the plant’s defense against numerous microbial 
diseases. The synthesis of plant enzymes involved in 
defense, such as chitinases, β-1,3-glucanases, 
different peroxidases, and the lipoxygenase-pathway 
hydroperoxide lyase, can also be generally boosted by 
Trichoderma (Hanson and Howell, 2004; Harman, 
2006). 

In response to various stressors, a transcription factor 
known as jasmonate and ethylene-responsive factor 3 
(JERF3) controls the expression of several genes linked 
to defense via the jasmonate and ethylene pathways 
in the plant (Müller and Munné-Bosch, 2015; Pérez-
Llorca et al. 2023). In this study, the JERF3 gene from 
the jasmonic biosynthetic pathway showed an 
increased expression level in V+T.v. -treated plants, 
followed by Trichoderma (T. viride or T. harzianum)-
treated plants. Furthermore, a reduction was 
observed in plants infected with ToMV alone. 
Similarly, WRKY19 had a higher expression level in 
T.v.+V -treated plants than in V+T.v.- treated plants but 
a lower expression level in ToMV-infected plants. In 
another study, Huang et al. (2016) found that the 
tomato WRKY genes have a unique pattern of spatial 
and temporal gene expression, control a variety of 
developmental processes and are also essential for 
defensive signals produced in response to tomato 
yellow leaf curl virus (TYLCV) infection in tomato. 
Furthermore, signal transduction pathways like 
ethylene (ET), salicylic acid (SA), and jasmonic acid 
(JA) are primarily involved in plant-induced resistance. 
JA, SA, and ET contents increased in varying degrees 
in the interaction between Trichoderma and 
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Arabidopsis, tomato, and cucumber, indirectly 
enhancing plant resistance (Hinterdobler et al., 2021). 

CONCLUSION 
In this current study, the two species T. viride and T. 
harzianum were used as protective and curative 
agents against ToMV infection in tomato plants. 
Additionally, their effects on plant growth 
parameters, chlorophyll content, antioxidant 
enzymes, oxidative stress markers, and viral CP 
protein accumulation were studied. The results 
proved the positive role of Trichoderma spp. in 
enhancing ToMV viral resistance in tomato plants 
through upregulating pathogen-defense-related 
genes in different pathways and increasing 
antioxidant enzyme activities.  

AUTHORS’ CONTRIBUTIONS 
Conceptualization, D.G.A.; methodology, D.G.A. and 
A.A.; software analysis, D.G.A. and A.A.; validation, 
D.G.A. S.E.E. and R.M.G.; data curation, D.G.A and 
A.A.; writing-original draft preparation, D.G.A. and 
A.A.; writing-review, S.E.E. and R.M.G.; writing-review 
and editing, D.G.A. and R.M.G.; visualization and 
supervision, D.G.A., S.E.E., and R.M.G. All authors 
have read and agreed to the publishing of the 
manuscript. 

FUNDING 

This research was not externally funded. 

ACKNOWLEDGMENTS 

The authors express their sincere thanks to the City of 
Scientific Research and Technological Applications 
(SRTA-City), Alexandria, Egypt, and the Faculty of 
Science, Tanta University, for providing the necessary 
research facilities.  

CONFLICTS OF INTEREST 

The authors declare no conflicts of interest. 

REFERENCES 
Abdelkhalek, A., Behiry, S.I., Al-Askar, A.A., 2020. Bacillus 

velezensis pea1 inhibits fusarium oxysporum growth 
and induces systemic resistance to cucumber mosaic 
virus. Agronomy 10. 
https://doi.org/10.3390/agronomy10091312 

Abdelkhalek, A., Al-Askar, A.A., Alsubaie, M.M., Behiry, S.I., 
2021. First Report of Protective Activity of Paronychia 
argentea Extract against Tobacco Mosaic Virus Infection. 
Plants (Basel, Switzerland) 10, 2435. 
https://doi.org/10.3390/PLANTS10112435 

Abdelkhalek, A., Al-Askar, A.A., Arishi, A.A., Behiry, S.I., 

2022a. Trichoderma hamatum Strain Th23 Promotes 
Tomato Growth and Induces Systemic Resistance 
against Tobacco Mosaic Virus. J. Fungi 8. 
https://doi.org/10.3390/jof8030228 

Abdelkhalek, A., Aseel, D.G., Király, L., Künstler, A., Moawad, 
H., Al-Askar, A.A., 2022b. Induction of Systemic 
Resistance to Tobacco mosaic virus in Tomato through 
Foliar Application of Bacillus amyloliquefaciens Strain 
TBorg1 Culture Filtrate. Viruses 14. 
https://doi.org/10.3390/v14081830 

Abo-Zaid, G., Abdelkhalek, A., Matar, S., Darwish, M., Abdel-
Gayed, M., 2021. Application of Bio-Friendly 
Formulations of Chitinase-Producing Streptomyces 
cellulosae Actino 48 for Controlling Peanut Soil-Borne 
Diseases Caused by Sclerotium rolfsii. J. fungi (Basel, 
Switzerland) 7, 1–24. 
https://doi.org/10.3390/JOF7030167 

Abo-zaid Gaber, A., Matar, S.M., Abdelkhalek, A., 2020. 
Induction of Plant Resistance against Tobacco Mosaic 
Virus Using the Biocontrol Agent. Agron. MDPI 10, 
1620–1636. 

Aebi, H., 1984. Catalase in vitro. Methods in 
Enzymology, 105, 121–126. 10.1016/S0076-
6879(84)05016-3 

Ahmad, P., Hashem, A., Abd-Allah, E.F., Alqarawi, A.A., John, 
R., Egamberdieva, D., Gucel, S., 2015. Role of 
Trichoderma harzianum in mitigating NaCl stress in 
Indian mustard (Brassica juncea L) through antioxidative 
defense system. Front. Plant Sci. 6, 1–15. 
https://doi.org/10.3389/fpls.2015.00868 

Akyol, H., Riciputi, Y., Capanoglu, E., Caboni, M.F., Verardo, 
V., 2016. Phenolic Compounds in the Potato and Its 
Byproducts: An Overview. Int. J. Mol. Sci. 17. 
https://doi.org/10.3390/IJMS17060835 

Aldaby, E., Diaf, N., Dawood, M., & Zidan, M. (2021). Primary 
and secondary metabolites of Vicia faba plants 
cultivated under the interactive effect of drought and 
nitric oxide. Egyptian Journal of Botany, 61(1), 177-190. 

Alici, E.H., Arabaci, G., 2016. Determination of SOD, POD, 
PPO and cat enzyme activities in Rumex obtusifolius L. 
Annu. Res. Rev. Biol. 11, 1–7. 
https://doi.org/10.9734/ARRB/2016/29809 

Alkowni, R., Alabdallah, O., Fadda, Z., 2019. Molecular 
identification of tomato brown rugose fruit virus in 
tomato in Palestine. J. Plant Pathol. 101, 719–723. 
https://doi.org/10.1007/s42161-019-00240-7 

André, C.M., Schafleitner, R., Legay, S., Lefèvre, I., Aliaga, 
C.A.A., Nomberto, G., Hoffmann, L., Hausman, J.F., 
Larondelle, Y., Evers, D., 2009. Gene expression changes 
related to the production of phenolic compounds in 
potato tubers grown under drought stress. 
Phytochemistry 70, 1107–1116. 
https://doi.org/10.1016/J.PHYTOCHEM.2009.07.008 

Arena, G.D., Ramos-González, P.L., Nunes, M.A., Ribeiro-
Alves, M., Camargo, L.E.A., Kitajima, E.W., Machado, 
M.A., Freitas-Astúa, J., 2016. Citrus leprosis virus C 
Infection Results in Hypersensitive-Like Response, 
Suppression of the JA/ET Plant Defense Pathway and 



Biocontrol agents of ToMV using some Trichoderma spp. … 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024)  125 

Promotion of the Colonization of Its Mite Vector. Front. 
Plant Sci. 7. https://doi.org/10.3389/FPLS.2016.01757 

Arnon, D.I., 1949. Copper Enzymes in Isolated Chloroplasts. 
Polyphenoloxidase in Beta Vulgaris. Plant Physiol. 24, 1–
15. https://doi.org/10.1104/pp.24.1.1 

Aseel, D.G., Rashad, Y.M., Hammad, S.M., 2019a. Arbuscular 
Mycorrhizal Fungi Trigger Transcriptional Expression of 
Flavonoid and Chlorogenic Acid Biosynthetic Pathways 
Genes in Tomato against Tomato Mosaic Virus. Sci. 
Reports. 91 9, 1–10. https://doi.org/10.1038/s41598-
019-46281-x 

Aseel, D.G., Abd El-Aziz, M.H., Hafez, E.E., 2019b. Detection 
and identification of a new isolate of Grapevine fanleaf 
Virus naturally infecting Grapevine plants in Egypt using 
qReal Time-PCR. Novel Research in Microbiology 
Journal, 3(6): 493-501. https://doi 
10.21608/nrmj.2019.66742  

Aseel, D.G., Abdelkhalek, A., Alotibi, F.O., Samy, M.A., Al-
Askar, A.A., Arishi, A.A., Hafez, E.E., 2022. Foliar 
Application of Nanoclay Promotes Potato (Solanum 
tuberosum L.) Growth and Induces Systemic Resistance 
against Potato Virus Y. Viruses 14. 
https://doi.org/10.3390/v14102151 

Aseel.D.G., Soliman.S.A., Al-Askar.A.A., Elkelish.A, E., 
Elbeaino, T., Abdelkhalek, A., 2023a. Trichoderma viride 
isolate Tvd44 enhances potato growth and stimulates 
the defense system against Potato virus Y. Horticulturae 
9 (6), 716. 
https://doi.org/10.3390/horticulturae9060716 

Aseel, D.G., Sobhy, S., Samy, M.A., Hamdy, E., Behiry, S.I., 
Abdelkhalek, A., 2023b. Comparative Analysis of the 
Expression Profiles of Pathogenesis-Related Genes in 
Tomato Systemically Infected with Tobacco Mosaic and 
Cucumber Mosaic Viruses. Int. J. Plant Biol.  14, 458-
473. https://doi.org/10.3390/ijpb14020035 

Awad-Allah, E.F.A., Shams, A.H.M., Helaly, A.A., Ragheb, 
E.I.M., 2022. Effective Applications of Trichoderma spp. 
as Biofertilizers and Biocontrol Agents Mitigate Tomato 
Fusarium Wilt Disease. Agric. 12. 
https://doi.org/10.3390/agriculture12111950 

Azarmi, R., Hajieghrari, B., Giglou, A., 2011. Effect of 
trichoderma isolates on tomato seedling growth 
response and nutrient uptake. African J. Biotechnol. 10, 
5850–5855. https://doi.org/10.5897/ajb10.1600 

Baxter, A., Mittler, R., Suzuki, N., 2014. ROS as key players in 
plant stress signalling. J. Exp. Bot. 65, 1229–1240. 
https://doi.org/10.1093/jxb/ert375 

Bhandari, D., 2018. Status of host resistance against 
selected viral diseases of tomato crops | Request PDF 
[WWW Document]. Res. J. Agric. For. Sci. 6(5). URL 
https://www.researchgate.net/publication/325441003
_Status_of_host_resistance_against_selected_viral_dis
eases_of_tomato_crops (accessed 5.10.23). 

Boeckx, T., Webster, R., Winters, A.L., Webb, K.J., Gay, A., 
Kingston-Smith, A.H., 2015a. Polyphenol oxidase-
mediated protection against oxidative stress is not 
associated with enhanced photosynthetic efficiency. 
Ann. Bot. 116, 529–540. 

https://doi.org/10.1093/AOB/MCV081 
Boeckx, T., Winters, A.L., Webb, K.J., Kingston-Smith, A.H., 

2015b. Polyphenol oxidase in leaves: Is there any 
significance to the chloroplastic localization? J. Exp. Bot. 
66, 3571–3579. https://doi.org/10.1093/JXB/ERV141 

Brimson, J.M., Onlamoon, N., Tencomnao, T., Thitilertdecha, 
P., 2019. Clerodendrum petasites S. Moore: The 
therapeutic potential of phytochemicals, hispidulin, 
vanillic acid, verbascoside, and apigenin. Biomed. 
Pharmacother. 118. 
https://doi.org/10.1016/J.BIOPHA.2019.109319 

Carrero-Carrón, I., Rubio, M.B., Niño-Sánchez, J., Navas-
Cortés, J.A., Jiménez-Díaz, R.M., Monte, E., Hermosa, R., 
2018. Interactions between Trichoderma harzianum 
and defoliating Verticillium dahliae in resistant and 
susceptible wild olive clones. Plant Pathol. 67, 1758–
1767. https://doi.org/10.1111/PPA.12879 

Chappell, J.H., Cohn, M.A., 2011. Corrections for 
interferences and extraction conditions make a 
difference: Use of the TBARS assay for lipid peroxidation 
of orthodox Spartina pectinata and recalcitrant Spartina 
alterniflora seeds during desiccation. Seed Sci. Res. 21, 
153–158. 
https://doi.org/10.1017/S0960258510000437 

Chen, Y., Azad, M.B., Gibson, S.B., 2009. Superoxide is the 
major reactive oxygen species regulating autophagy. 
Cell Death Differ. 16, 1040–1052. 
https://doi.org/10.1038/cdd.2009.49 

Clé, C., Hill, L.M., Niggeweg, R., Martin, C.R., Guisez, Y., 
Prinsen, E., Jansen, M.A.K., 2008. Modulation of 
chlorogenic acid biosynthesis in Solanum lycopersicum; 
consequences for phenolic accumulation and UV-
tolerance. Phytochemistry 69, 2149–2156. 
https://doi.org/10.1016/J.PHYTOCHEM.2008.04.024 

Dewanto, V., Xianzhong, W., Adom, K.K., Liu, R.H., 2002. 
Thermal processing enhances the nutritional value of 
tomatoes by increasing total antioxidant activity. J. 
Agric. Food Chem. 50, 3010–3014. 
https://doi.org/10.1021/JF0115589 

Dong, H., Guo, M., Liang, Y., Fan, C., Ding, G., Zhang, W., 
Tang, G., Yang, J., Kong, D., Cao, Y., 2018. Preparation 
and characterization of indole-3-butyric acid 
nanospheres for improving its stability and utilization. 
Mater. Sci. Eng. C. Mater. Biol. Appl. 89, 175–181. 
https://doi.org/10.1016/J.MSEC.2018.04.004 

Dumanović, J., Nepovimova, E., Natić, M., Kuča, K., Jaćević, 
V., 2021. The Significance of Reactive Oxygen Species 
and Antioxidant Defense System in Plants: A Concise 
Overview. Front. Plant Sci. 11. 
https://doi.org/10.3389/fpls.2020.552969 

El-Bilawy, E.H., Al-Mansori, A.N.A., Alotibi, F.O., Al-Askar, 
A.A., Arishi, A.A., Teiba, I.I., Sabry, A.E.N., Elsharkawy, 
M.M., Heflish, A.A., Behiry, S.I., Abdelkhalek, A., 2022. 
Antiviral and Antifungal of Ulva fasciata Extract: HPLC 
Analysis of Polyphenolic Compounds. Sustain. 14. 
https://doi.org/10.3390/su141912799 

Elnhas, G. A., Kottb, M. R., Baka, Z. A., & Ibrahim, A. H. 
(2020). Antifungal potentiality and physiological 

https://doi.org/10.1021/JF0115589


Aseel et al., 2024 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024) 126 

characterization of Trichoderma isolates from Port Said 
Governorate. Egyptian Journal of Botany, 60(1), 55-69. 

Garnica-Vergara, A., Barrera-Ortiz, S., Muñoz-Parra, E., 
Raya-González, J., Méndez-Bravo, A., Macías-Rodríguez, 
L., Ruiz-Herrera, L.F., López-Bucio, J., 2016. The volatile 
6-pentyl-2H-pyran-2-one from Trichoderma atroviride 
regulates Arabidopsis thaliana root morphogenesis via 
auxin signaling and ETHYLENE INSENSITIVE 2 
functioning. New Phytol. 209, 1496–1512. 
https://doi.org/10.1111/NPH.13725 

Gechev, T.S., Van Breusegem, F., Stone, J.M., Denev, I., Laloi, 
C., 2006. Reactive oxygen species as signals that 
modulate plant stress responses and programmed cell 
death. Bioessays 28, 1091–1101. 
https://doi.org/10.1002/BIES.20493 

Ghisalberti E.L, 2005. Anti-infective Agents Produced by the 
Hyphomycetes Genera Trichoderma and Gliocladium. 
Curr. Med. Chem. -Anti-Infective Agents 1, 343–374. 
https://doi.org/10.2174/1568012023354695 

Guzmán-Guzmán, P., Kumar, A., de los Santos-Villalobos, S., 
Parra-Cota, F.I., Orozco-Mosqueda, M. del C., Fadiji, A.E., 
Hyder, S., Babalola, O.O., Santoyo, G., 2023. 
Trichoderma Species: Our Best Fungal Allies in the 
Biocontrol of Plant Diseases—A Review. Plants 12, 432. 
https://doi.org/10.3390/PLANTS12030432 

Hamrouni-Sellami, I., Rahali, F.Z., Rebey, I.B., Bourgou, S., 
Limam, F., Marzouk, B., 2013. Total Phenolics, 
Flavonoids, and Antioxidant Activity of Sage (Salvia 
officinalis L.) Plants as Affected by Different Drying 
Methods. Food Bioprocess Technol. 6, 806–817. 
https://doi.org/10.1007/s11947-012-0877-7 

Hanson, L.E., Howell, C.R., 2004. Elicitors of plant defense 
responses from biocontrol strains of Trichoderma 
virens. Phytopathology 94, 171–176. 
https://doi.org/10.1094/PHYTO.2004.94.2.171 

Harman, G.E., 2006. Overview of mechanisms and uses of 
Trichoderma spp. Phytopathology 96, 190–194. 
https://doi.org/10.1094/PHYTO-96-0190 

Harman, G.E., Howell, C.R., Viterbo, A., Chet, I., Lorito, M., 
2004. Trichoderma species--opportunistic, avirulent 
plant symbionts. Nat. Rev. Microbiol. 2, 43–56. 
https://doi.org/10.1038/NRMICRO797 

Heflish, A.A., Abdelkhalek, A., Al-Askar, A.A., Behiry, S.I., 
2021. Protective and curative effects of trichoderma 
asperelloides ta41 on tomato root rot caused by 
rhizoctonia solani rs33. Agronomy 11. 
https://doi.org/10.3390/agronomy11061162 

Hermosa, R., Belén Rubio, M., Cardoza, R.E., Nicolás, C., 
Monte, E., Gutiérrez, S., 2013. The contribution of 
Trichoderma to balancing the costs of plant growth and 
defense. Int. Microbiol. 16, 69–80. 
https://doi.org/10.2436/20.1501.01.181 

Hermosa, R., Viterbo, A., Chet, I., Monte, E., 2012. Plant-
beneficial effects of Trichoderma and of its genes. 
Microbiology 158, 17–25. 
https://doi.org/10.1099/mic.0.052274-0 

Huang, Y., Li, M.Y., Wu, P., Xu, Z.S., Que, F., Wang, F., 2016. 
Members of WRKY group III TFs are important in TYLCV 

defense signaling pathway in tomato (Solanum 
lycopersicum). BMC genomics. 17: 788. 
https://doi.org/10.1186/s12864-016-3123-2 PMID: 
27717312 

Karuppanapandian, T., Moon, J.C., Kim, C., Manoharan, K., 
Kim, W., 2011. Reactive oxygen species in plants: Their 
generation, signal transduction, and scavenging 
mechanisms. Aust. J. Crop Sci. 5, 709–725. 

Kavas, M., Baloǧlu, M.C., Akça, O., Köse, F.S., Gökçay, D., 
2013. Effect of drought stress on oxidative damage and 
antioxidant enzyme activity in melon seedlings. Turkish 
J. Biol. 37, 491–498. https://doi.org/10.3906/biy-1210-
55 

Keswani, C., 2015. Proteomic studies of thermotolerant 
strain of trichoderma spp. 

Keswani, C., Dilnashin, H., Birla, H., Singh, S.P., 2019. 
Unravelling efficient applications of agriculturally 
important microorganisms for alleviation of induced 
inter-cellular oxidative stress in crops. Acta Agric. Slov. 
114, 121–130. 
https://doi.org/10.14720/AAS.2019.114.1.14 

Khalofah, A., Migdadi, H., El-harty, E., 2021. Antioxidant 
Enzymatic Activities and Growth Response of Quinoa 
(Chenopodium quinoa Willd) to Exogenous Selenium 
Application. Plants 10. 
https://doi.org/10.3390/PLANTS10040719 

Khandaker, M.M., Md Rasdi, M.Z., Naeimah, N.N., Mat, N., 
2017. Efeitos do ácido naftaleno acético (Naa) sobre o 
crescimento das plantas e de açúcares sobre flores 
cortadas da orquídea Mokara Chark Kuan. Biosci. J. 33, 
19–30. https://doi.org/10.14393/BJ-v33n1a2017-
34908 

Klunklin, W., Savage, G., 2017. Effect on quality 
characteristics of tomatoes grown under well-watered 
and drought stress conditions. Foods 6, 1–10. 
https://doi.org/10.3390/foods6080056 

Krisa, S., Larronde, F., Budzinski, H., Decendit, A., Deffieux, 
G., Mérillon, J.M., 1999. Stilbene Production by Vitis 
vinifera Cell Suspension Cultures: Methyl Jasmonate 
Induction and 13C Biolabeling. J. Nat. Prod. 62, 1688–
1690. https://doi.org/10.1021/NP990239X 

Kumar, S., Chandra, R., Keswani, C., Minkina, T., 
Mandzhieva, S., Voloshina, M., Meena, M., 2022. 
Trichoderma viride—Mediated Modulation of Oxidative 
Stress Network in Potato Challenged with Alternaria 
solani. J. Plant Growth Regul. 
https://doi.org/10.1007/s00344-022-10669-3 

Lefkowitz, E.J., Dempsey, D.M., Hendrickson, R.C., Orton, 
R.J., Siddell, S.G., Smith, D.B., 2018. Virus taxonomy: the 
database of the International Committee on Taxonomy 
of Viruses (ICTV). Nucleic Acids Res. 46, D708–D717. 
https://doi.org/10.1093/NAR/GKX932 

Lehmann, S., Serrano, M., L’Haridon, F., Tjamos, S.E., 
Metraux, J.P., 2015. Reactive oxygen species and plant 
resistance to fungal pathogens. Phytochemistry 112, 
54–62. 
https://doi.org/10.1016/J.PHYTOCHEM.2014.08.027 

Liang, C., Ju, W., Pei, S., Tang, Y., Xiao, Y., 2017. 

https://doi.org/10.2174/1568012023354695
https://doi.org/10.1099/mic.0.052274-0
https://doi.org/10.3906/biy-1210-55
https://doi.org/10.3906/biy-1210-55
https://doi.org/10.3390/PLANTS10040719
https://doi.org/10.1016/J.PHYTOCHEM.2014.08.027


Biocontrol agents of ToMV using some Trichoderma spp. … 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024)  127 

Pharmacological Activities and Synthesis of Esculetin 
and Its Derivatives: A Mini-Review. Mol. 2017, Vol. 22, 
Page 387 22, 387. 
https://doi.org/10.3390/MOLECULES22030387 

Li, M., MA, G. shu, LIAN, H., SU, X. lin, TIAN, Y., HUANG, W. 
kun, MEI, J., JIANG, X. liang, 2019. The effects of 
Trichoderma on preventing cucumber fusarium wilt and 
regulating cucumber physiology. J. Integr. Agric. 18, 
607–617. https://doi.org/10.1016/S2095-
3119(18)62057-X 

Li, Y., Wu, M.Y., Song, H.H., Hu, X., Qiu, B.S., 2005. 
Identification of a tobacco protein interacting with 
tomato mosaic virus coat protein and facilitating long-
distance movement of virus. Arch. Virol. 150, 1993–
2008. https://doi.org/10.1007/S00705-005-0554-5 

López-Gresa, M.P., Lisón, P., Kim, H.K., Choi, Y.H., Verpoorte, 
R., Rodrigo, I., Conejero, V., Bellés, J.M., 2012. Metabolic 
fingerprinting of Tomato Mosaic Virus infected Solanum 
lycopersicum. J. Plant Physiol. 169, 1586–1596. 
https://doi.org/10.1016/j.jplph.2012.05.021 

Mahato, S., Bhuju, S., Shrestha, J., 2018. Malaysian Journal 
of Sustainable Agriculture ( MJSA ) Effect Of 
Trichoderma Viride As Biofertilizer On Growth 2, 1–5. 

Mahmoud, G.A.E., Abdel-Sater, M.A., Al-Amery, E., Hussein, 
N.A., 2021. Controlling alternaria cerealis mt808477 
tomato phytopathogen by trichoderma harzianum and 
tracking the plant physiological changes. Plants 10. 
https://doi.org/10.3390/PLANTS10091846 

Mani, J.S., Johnson, J.B., Steel, J.C., Broszczak, D.A., Neilsen, 
P.M., Walsh, K.B., Naiker, M., 2020. Natural product-
derived phytochemicals as potential agents against 
coronaviruses: A review. Virus Res. 284. 
https://doi.org/10.1016/J.VIRUSRES.2020.197989 

Metwally, R.A., Soliman, S.A., 2023. Alleviation of the 
adverse effects of NaCl stress on tomato seedlings 
(Solanum lycopersicum L.) by Trichoderma viride 
through the antioxidative defense system. Bot. Stud. 64. 
https://doi.org/10.1186/S40529-023-00368-X 

Moattar, F.S., Sariri, R., Yaghmaee, P., Giahi, M., 2016. 
Enzymatic and non-enzymatic antioxidants of 
Calamintha officinalis moench extracts. J. Appl. 
Biotechnol. Reports 3, 489–494. 

Morán-Diez, M.E., Tranque, E., Bettiol, W., Monte, E., 
Hermosa, R., 2020. Differential response of tomato 
plants to the application of three trichoderma species 
when evaluating the control of pseudomonas syringae 
populations. Plants 9. 
https://doi.org/10.3390/plants9050626 

Morrissey, J.P., 2009. Biological activity of defence-related 
plant secondary metabolites. Plant-derived Nat. Prod. 
Synth. Funct. Appl. 283–299. 
https://doi.org/10.1007/978-0-387-85498-4_13 

Mt, C., Hussein, N.A., Abdel-sater, M.A., Al-amery, E., 2021. 
1,2* , 50, 67–92. 

Müller, M., Munné-Bosch, S., 2015. Ethylene Response 
Factors: A Key Regulatory Hub in Hormone and Stress 
Signaling. Plant Physiol. 169, 32–41. 
https://doi.org/10.1104/PP.15.00677 

Murugan, L., Krishnan, N., Venkataravanappa, V., Saha, S., 
Mishra, A.K., Sharma, B.K., Rai, A.B., 2020. Molecular 
characterization and race identification of Fusarium 
oxysporum f. sp. lycopersici infecting tomato in India. 3 
Biotech 10, 1–12. https://doi.org/10.1007/s13205-020-
02475-z 

Networks, A., Ahmad, P., 2014. Oxidative Damage to Plants, 
Oxidative Damage to Plants. 
https://doi.org/10.1016/c2013-0-06923-x 

Nishikiori, M., Dohi, K., Mori, M., Meshi, T., Naito, S., 
Ishikawa, M., 2006. Membrane-bound tomato mosaic 
virus replication proteins participate in RNA synthesis 
and are associated with host proteins in a pattern 
distinct from those that are not membrane bound. J. 
Virol. 80, 8459–8468. 
https://doi.org/10.1128/jvi.00545-06 

Pagare, Saurabh, Bhatia, M., Tripathi, N., Pagare, Sonal, 
Bansal, Y.K., 2015. Secondary metabolites of plants and 
their role: Overview. Curr. Trends Biotechnol. Pharm. 9, 
293–304. 

Patil, S., Sriram, S., Savitha, M.J., Arulmani, N., 2011. 
Induced systemic resistance in tomato by non-
pathogenic Fusarium species for the management of 
Fusarium wilt. Arch. Phytopathol. Plant Prot. 44, 1621–
1634. https://doi.org/10.1080/03235408.2010.526774 

Pérez-Llorca, M., Pollmann, S., Müller, M., 2023. Ethylene 
and Jasmonates Signaling Network Mediating 
Secondary Metabolites under Abiotic Stress. Int. J. Mol. 
Sci.  24, 5990. https://doi.org/10.3390/ijms24065990 

Pruccoli, L., Morroni, F., Sita, G., Hrelia, P., Tarozzi, A., 2020. 
Esculetin as a Bifunctional Antioxidant Prevents and 
Counteracts the Oxidative Stress and Neuronal Death 
Induced by Amyloid Protein in SH-SY5Y Cells. 
Antioxidants 2020, Vol. 9, Page 551 9, 551. 
https://doi.org/10.3390/ANTIOX9060551 

Pieterse, C.M.J., Zamioudis, C., Berendsen, R.L., Weller, 
D.M., Van Wees, S.C.M., Bakker, P.A.H.M., 2014. Induced 
systemic resistance by beneficial microbes. Annu. Rev. 
Phytopathol. 52, 347–375. 
https://doi.org/10.1146/annurev-phyto-082712-
102340 

Rahimi Tamandegani, P., Sharifnabi, B., Massah, A., Zahravi, 
M., 2021. Induced reprogramming of oxidative stress 
responses in cucumber by Trichoderma asperellum (Iran 
3062C) enhances defense against cucumber mosaic 
virus. Biol. Control 164, 104779. 
https://doi.org/10.1016/j.biocontrol.2021.104779 

Raman, T., Muthukathan, G., 2015. Field suppression of 
Fusarium wilt disease in banana by the combined 
application of native endophytic and rhizospheric 
bacterial isolates possessing multiple functions. 
Phytopathol. Mediterr. 54, 241–252. 
https://doi.org/10.14601/Phytopathol 

Rashad, Y., Aseel, D., Hammad, S., Elkelish, A., 2020. 
Rhizophagus irregularis and Rhizoctonia solani 
Differentially Elicit Systemic Transcriptional Expression 
of Polyphenol Biosynthetic Pathways Genes in 
Sunflower. Biomolecules 10. 

https://doi.org/10.3390/PLANTS10091846
https://doi.org/10.1016/J.VIRUSRES.2020.197989
https://doi.org/10.1128/jvi.00545-06
https://doi.org/10.1080/03235408.2010.526774
https://doi.org/10.1016/j.biocontrol.2021.104779


Aseel et al., 2024 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024) 128 

https://doi.org/10.3390/biom10030379 
Rashad, Y.M., Aseel, D.G., Hafez, E.E., 2018. Antifungal 

potential and defense gene induction in maize against 
Rhizoctonia root rot by seed extract of Ammi visnaga (L.) 
Lam. Phytopathol. Mediterr. 57, 73–88. 
https://doi.org/10.14601/phytopathol_mediterr-21366 

Reino, J.L.., Guerrero, R.F.., Hernández-Galán, R.., Collado, 
I.G., 2007. Sci-Hub | Secondary metabolites from 
species of the biocontrol agent Trichoderma. 
Phytochemistry Reviews, 7(1), 89–123 | 
10.1007/s11101-006-9032-2 [WWW Document]. 
Second. Phytochem. Rev. URL https://sci-
hub.ru/10.1007/s11101-006-9032-2 (accessed 
5.10.23). 

Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., 
Cheng, J., Zhang, K., 2019. Molecular Sciences Jasmonic 
Acid Signaling Pathway in Plants. Mol. Sci. 20, 2479. 
https://doi.org/10.3390/ijms20102479 

Sadik, M. W., Wahaba, Z. H., Attia, Y. A., & Barakat, O. S. 
(2022). Impact of certain local isolated fungi as 
biocontrol agents against tomato wilt disease. Egyptian 
Journal of Botany, 62(2), 399-414. 

Samuels, G.J., Dodd, S.L., Gams, W., Castlebury, L.A., Petrini, 
O., 2002. Trichoderma Species Associated with the 
Green Mold Epidemic of Commercially Grown Agaricus 
bisporus. Mycologia 94, 146. 
https://doi.org/10.2307/3761854 

Schmittgen, T.D.,  Livak, K.J., 2008. Analyzing real-time PCR 
data by the comparative CT method. Nat. Protoc. 3, 
1101–1108, https://doi. org/10.1038/nprot.2008.73 

Shaikhaldein, H.O., Hoffmann, B., Alaraidh, I.A., Aseel, D.G., 
2018. Evaluation of extreme resistance genes of Potato 
virus X (Rx1 and Rx2) in different potato genotypes. J. 
Plant Dis. Prot. 125, 251–257. 
https://doi.org/10.1007/S41348-018-0148-6 

Shaygannia, E., Bahmani, M., Zamanzad, B., Rafieian-
Kopaei, M., 2016. A Review Study on Punica granatum 
L. J. Evidence-Based Complement. Altern. Med. 21, 
221–227. https://doi.org/10.1177/2156587215598039 

Sharma, P., Jha, A.B., Dubey, R.S., Pessarakli, M., 2012. 
Reactive Oxygen Species, Oxidative Damage, and 
Antioxidative Defense Mechanism in Plants under 
Stressful Conditions. J. Bot. 2012, 1–26. 
https://doi.org/10.1155/2012/217037 

Singh, A., Sarma, B.K., Upadhyay, R.S., Singh, H.B., 2013a. 
Compatible rhizosphere microbes mediated alleviation 
of biotic stress in chickpea through enhanced 
antioxidant and phenylpropanoid activities. Microbiol. 
Res. 168, 33–40. 
https://doi.org/10.1016/J.MICRES.2012.07.001 

Singh, S., Singh, H., Singh, D., Chandra, B., Viswa, K., 2013b. 
Trichoderma Harzianum And Pseudomonas Sp. 
Mediated Management of Sclerotium Rolfsii Rot in 
Tomato (Lycopersicon Esculentum Mill.). 

Sobhy, S., Allah, K., Kassem, E., Hafez, E., Sewelam, N., 2019. 
Seed priming in natural weed extracts represents a 
promising practice for alleviating lead stress toxicity. 
Egypt. J. Exp. Biol. 15, 453. 

https://doi.org/10.5455/egyjebb.20191223054507 
Sobhy, S.E., Abo-Kassem, E.E.M., Sewelam, N.A., Hafez, E.E., 

Aseel, D.G., Saad-Allah, K.M., 2022. Pre-soaking in Weed 
Extracts is a Reasonable Approach to Mitigate Fusarium 
graminearum Infection in Wheat. J. Plant Growth Regul. 
41, 2261–2278. https://doi.org/10.1007/S00344-021-
10442-Y 

Sofy, A.R., Sofy, M.R., Hmed, A.A., Dawoud, R.A., Alnaggar, 
A.E.A.M., Soliman, A.M., El-Dougdoug, N.K., 2021. 
Ameliorating the adverse effects of tomato mosaic 
tobamovirus infecting tomato plants in Egypt by 
boosting immunity in tomato plants using zinc oxide 
nanoparticles. Molecules 26, 1–18. 
https://doi.org/10.3390/molecules26051337 

Steenackers, W., El Houari, I., Baekelandt, A., Witvrouw, K., 
Dhondt, S., Leroux, O., Gonzalez, N., Corneillie, S., 
Cesarino, I., Inzé, D., Boerjan, W., Vanholme, B., 2019. 
cis-Cinnamic acid is a natural plant growth-promoting 
compound. J. Exp. Bot. 70, 6293–6304. 
https://doi.org/10.1093/JXB/ERZ392 

Sulaiman, M.M., Tariq, S., Yass, A., Aish, A.A., Yasir, L.B., 
Abdullah, S.J., Youssef, S.A., 2020. Activity Of 
Trichoderma Spp. Against Erwinia carotovora Causal 
Agent Of Potato Tuber Soft Rot. Plant Arch. 20, 115–118. 

Tamura, K., Stecher, G., Kumar, S., 2021. MEGA11: 
Molecular Evolutionary Genetics Analysis Version 11. 
Mol. Biol. Evol. 38, 3022–3027. 
https://doi.org/10.1093/molbev/msab120 

Tian, C., Wang, M., Liu, X., Wang, H., Zhao, C., 2014. HPLC 
quantification of nine chemical constituents from the 
five parts of Abutilon theophrasti Medic. J. Chromatogr. 
Sci. 52, 258–263. 
https://doi.org/10.1093/CHROMSCI/BMT021 

Torres, M.A., Jones, J.D.G., Dangl, J.L., 2006. Reactive oxygen 
species signaling in response to pathogens. Plant 
Physiol. 141, 373–378. 
https://doi.org/10.1104/PP.106.079467 

Velikova, V., Yordanov, I., Edreva, A., 2000. Oxidative stress 
and some antioxidant systems in acid rain-treated bean 
plants protective role of exogenous polyamines. Plant 
Sci. 151, 59–66. https://doi.org/10.1016/S0168-
9452(99)00197-1 

Veselova, S. V., Sorokan, A. V., Burkhanova, G.F., 
Rumyantsev, S.D., Cherepanova, E.A., Alekseev, V.Y., 
Sarvarova, E.R., Kasimova, A.R., Maksimov, I. V., 2022. 
By Modulating the Hormonal Balance and Ribonuclease 
Activity of Tomato Plants Bacillus subtilis Induces 
Defense Response against Potato Virus X and Potato 
Virus Y. Biomolecules 12. 
https://doi.org/10.3390/BIOM12020288 

Vinale, F., Sivasithamparam, K., Ghisalberti, E.L., Ruocco, M., 
Woo, S., Lorito, M., 2012. Trichoderma secondary 
metabolites that affect plant metabolism. Nat. Prod. 
Commun. 7, 1545–1550. 
https://doi.org/10.1177/1934578x1200701133 

Vitti, A., La Monaca, E., Sofo, A., Scopa, A., Cuypers, A., 
Nuzzaci, M., 2015. Beneficial effects of Trichoderma 
harzianum T-22 in tomato seedlings infected by 

https://doi.org/10.2307/3761854
https://doi.org/10.1007/S41348-018-0148-6
https://doi.org/10.3390/molecules26051337
https://doi.org/10.1093/molbev/msab120


Biocontrol agents of ToMV using some Trichoderma spp. … 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024)  129 

Cucumber mosaic virus (CMV). BioControl 60, 135–147. 
https://doi.org/10.1007/s10526-014-9626-3 

Vlot, A.C., Sales, J.H., Lenk, M., Bauer, K., Brambilla, A., 
Sommer, A., Chen, Y., Wenig, M., Nayem, S., 2021. 
Systemic propagation of immunity in plants. New 
Phytol. 229, 1234–1250. 
https://doi.org/10.1111/NPH.16953 

Wang, Y., Wang, J., Zhu, X., Wang, W., 2024. Genome and 
transcriptome sequencing of Trichoderma harzianum 
T4, an important biocontrol fungus of Rhizoctonia solani 
, reveals genes related to mycoparasitism. Can. J. 
Microbiol. 70, 86–101. https://doi.org/10.1139/CJM-
2023-0148 

Wees, S. Van, Ent, S. Van der, plant, C.P.-C. opinion in, 2008,  
undefined, n.d. Plant immune responses triggered by 
beneficial microbes. Elsevier. 

Xu, Y., Zhang, S., Shen, J., Wu, Z., Du, Z., Gao, F., 2021. The 
phylogeographic history of tomato mosaic virus in 
Eurasia. Virology 554, 42–47. 
https://doi.org/10.1016/j.virol.2020.12.009 

Yadav, V., Wang, Z., Wei, C., Amo, A., Ahmed, B., Yang, X., 
Zhang, X., 2020. Phenylpropanoid Pathway Engineering: 
An Emerging Approach towards Plant Defense. 
Pathogens 9. https://doi.org/10.3390/pathogens9040312 

Yassin, Y., Aseel, D., Khalil, A., Abdel-Megeed, A.,  Al-Askar, 

A.,  Elbeaino, T., Moawad, H., Behiry, S., Abdelkhalek, A., 
2024. Foliar Application of Rhizobium leguminosarum 
bv. viciae Strain 33504-Borg201 Promotes Faba Bean 
Growth and Enhances Systemic Resistance Against Bean 
Yellow Mosaic Virus Infection. Current 
Microbiology.81:220.https://doi.org/10.1007/s00284-
024-03733-6 

Yedidia, I., Benhamou, N., Chet, I., 1999. Induction of 
defense responses in cucumber plants (Cucumis sativus 
L.) by the biocontrol agentTrichoderma harzianum. 
Appl. Environ. Microbiol. 65, 1061–1070. 

Zazouli, M.A., Balarak, D., Mahdavi, Y., 2013. Pyrocatechol 
Removal From Aqueous Solutions by Using Azolla 
Filiculoides. Heal. Scope 2, 25–30. 
https://doi.org/10.17795/JHEALTHSCOPE-9630 

Zhang, Q., Li, M., Yang, G., Liu, X., Yu, Z., Peng, S., 2022. 
Protocatechuic acid, ferulic acid and relevant defense 
enzymes correlate closely with walnut resistance 
to Xanthomonas arboricola pv. juglandis. BMC Plant 
Biol. 22, 1–14. https://doi.org/10.1186/S12870-022-
03997-9/FIGURES/15 

Zin, N.A., Badaluddin, N.A., 2020. Biological functions of 
Trichoderma spp. for agriculture applications. Ann. 
Agric. Sci. 65, 168–178. 
https://doi.org/10.1016/j.aoas.2020.09.003.  

 

 

https://doi.org/10.17795/JHEALTHSCOPE-9630

	Zin, N.A., Badaluddin, N.A., 2020. Biological functions of Trichoderma spp. for agriculture applications. Ann. Agric. Sci. 65, 168–178. https://doi.org/10.1016/j.aoas.2020.09.003.



