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Abstract

Seven isolates of Trichoderma spp. (T1 to T7) from Egypt were evaluated in vitro by bioassay for their potential to antago-
nize Fusarium oxysporum f.sp. lycopersici (FOL, the causal pathogen of tomato wilt disease). The highest percentage of
inhibition against the tested pathogenic isolate were obtained with Trichoderma isolate (T7) followed by Trichoderma isolate
(T3). In greenhouse experiments, the application of the highly antagonistic isolates of Trichoderma spp. (T3 and T7) led
to a significant decrease of disease severity compared to the untreated control treatment. The lowest severity was achieved
with the T3 isolate (24.8%) followed by isolate T7 (34.6%) compared with the other tested isolates. To understand the abil-
ity of Trichoderma isolates to protect against wilt disease, its induced systemic resistance in tomato plants has been studied.
The expression of a defense-related gene (B-1,3-glucanase gene) was assessed by real-time RT-PCR in tomato plants to test
the accumulation kinetics of transcripts encoding PR proteins in the roots of tomato in control (only with the pathogen),
T3&FOL, and T7&FOL treatments. The highest degree of gene expression was found in tomato plants which were treated
with T3&FOL compared with control (pathogen only). Two species of antagonistic Trichoderma (T3& T7) were character-
ized based on molecular tools using internal transcribed spacers (ITS1 and ITS4). The results of genetic characterization
identified two different species of Trichoderma (7. atroviride and T. longibrachiatum).
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Introduction to control soil-borne diseases, however, it has a potential

risk to human health and increases environmental pollution,

Tomato (Lycopersicon esculentum Mill.) is one of the most
important vegetable crops worldwide [1]. Several serious
pathogens attack tomato plants and cause a significant reduc-
tion in tomato production and productivity. One of these
main pathogens of both greenhouse and field grown toma-
toes is the soil-borne and host-specific pathogen Fusarium
oxysporum f.sp. lycopersici (FOL) [2]. Fusarium wilt of
tomato is a very difficult disease to treat because the patho-
gen spreads within the vascular tissues causing the plant to
die. It also causes a high loss in yield in many tomato grow-
ing regions worldwide [3, 4]. There are two main approaches
to control the disease; chemical application and biocontrol
agents. Chemical application is a widely applied method
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such as affecting the beneficial functions of microorgan-
isms living in the soil and root ecosystem [5, 6]. Biocontrol
agents (BCAs) have been used as an eco-friendly alterna-
tive method to control the disease instead of synthetic fun-
gicides. Trichoderma spp. such as T. longibrachiatum and
T. atroviride are common saprophytic fungi inhabitants in
the soil with no inverse effect on the environment and non-
toxic to human health [3, 7-9]. Many earlier studies focused
on the ability of Trichoderma to reduce the incidence of
Fusarium wilt disease of tomato [4, 10—12]. It can enhance
plant growth, crop productivity, and induce both systemic
and localized resistance to several plant pathogens [8]. Root
colonization with Trichoderma strains can increase levels
of defense-related plant enzymes and pathogenesis-related
proteins (PR) [13, 14]. B 1,3-glucanase (PR-2) is one of the
most important PR proteins which causes a direct inhibi-
tion of growth of several plants pathogens [15, 16]. Due
to the ecological importance of Trichoderma spp. and its
application as a biocontrol agent in the field, it is important
to identify strains of Trichoderma spp. that can be used for
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controlling many plant diseases. The molecular and identi-
fication tools based on sequence analysis of multiple genes
can be useful to identify each Trichoderma isolate and char-
acterize it as a putative new species [17—-19]. The internal
transcribed spacer (ITS) regions of the rDNA are the most
widely sequenced DNA regions in fungi. It has typically
been used for molecular systematic study among and within
species [19-22]. The objectives of this study were to (1)
evaluate the efficacy of various isolates of Trichoderma spe-
cies as a biocontrol agent against Fusarium oxysporum f.sp.
lycopersici (FOL) for control of tomato wilt disease in vitro
and under greenhouse conditions, (2) quantify the effect of
Trichoderma isolates on the expression of genes controlling
Pr-proteins production as a defense mechanism in plants
using a qRT-PCR technique and (3) identify and character-
ize the most effective Trichoderma isolates using ITS.

Materials and methods
Plant material and pathogenic isolates

Seeds from Super Marmande tomato cultivar were procured
from the Department of Vegetables, Faculty of Agriculture,
Assiut Uni., Egypt and used in this study. This tomato culti-
var is a susceptible to Fusarium wilt disease [23].

The virulent isolate of Fusarium oxysporum f. sp. lyco-
persici (FOL) was obtained from the Department of Plant
Pathology, Faculty of Agriculture, Assiut University, Egypt.

Isolation and purification of Trichoderma isolates

Seven different isolates of Trichoderma spp. were isolated
from the soil rhizosphere of a tomato field in Egypt. For the
isolation of Trichoderma spp., soil samples were diluted into
different concentrations and well vortexed. The supernatant
was poured into plates of PDA (potato dextrose agar, with a
10 mg/ml stock solution of chloramphenicol which is used
to prevent bacterial growth in the medium) and incubated
at 28 °C + 1 °C for 4 days. After incubation period colonies
appearing on the plates were transferred into a new plate
containing PDA media for 7 days at 28 °C+1 °C. Then,
the single spore colonies were obtained by subculturing at
28 °C+1 °C to get a homogenous fungal culture. Isolates
were maintained on PDA medium at 4 °C.

Effect of Trichoderma isolates against FOL pathogen
in vitro

The antagonistic capability of the seven fungal isolates of

Trichoderma spp. was tested in vitro against FOL by a dual
culture technique. Isolates of Trichoderma spp. and FOL were
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grown on PDA medium for 6 days and used as an inoculum.
Disks from each isolate of Trichoderma spp. (5 mm in diam-
eter) were inoculated on PDA medium on one side in the
Petri plate and the opposite side was plated by FOL inoculum
(5 mm in diameter). Three replicates were used for each treat-
ment and inoculated plates with FOL only were used as a con-
trol treatment. After a five days incubation period at 28 °C+ 1,
the linear growth of the tested pathogen was recorded. Percent-
age of growth inhibition was calculated using the following
formula [24]:

% reduction of growth = (growth in control

— growth in treatment/growth in control) * 100

Effect of Trichoderma spp. against FOL pathogen
under greenhouse conditions

Preparation of FOL inocula and soil infestation

Inocula of the FOL isolate was prepared by growing it 15 days
on a Barley grain medium which consisted of 100 g of barley
grains and 80 ml water. Then, the media was autoclaved at
121 °C for 20 min two times (two consecutive days). Steri-
lized pots (20 cm.) filled with three kg sterilized sandy loam
soil (soil: sand w/w) were used in this experiment. The soil
was infested with the FOL (2% w/w) and kept for 7 days with
regular irrigation. Then, tomato plants were transplanted to
the infested soil. The highest antagonistic isolates of Tricho-
derma spp. (T7 and T3) were selected from the in vitro test
to be used in further genetic analyses. The inoculums of the
selected antagonistic isolates were multiplied by transferring
the disc of each isolate (5 cm diameter culture) into Erlen-
meyer flasks containing100 ml of moist wheat bran. Then,
the inoculated substrates were incubated at 28 °C + 1 for
2 weeks (until all substrates were covered by Trichoderma
isolates) [25]. Twenty-eight days old tomato seedlings were
transplanted into pots after 7 days from soil infestation with
the pathogen. Each pot contained three tomato seedlings [23].
The antagonistic isolates were added to the infested soil (at the
rate of 1% w/w) at the time of transplanting tomato plants to
the pots. Pots without the Trichoderma spp. were used as con-
trol (only pathogen). Three replicates (three pots) were used
in each treatment. Three tomato seedlings (1-month old) were
transplanted in each pot

Measurement of disease severity Wilt severity from tomato
seedlings was scored after 60 days using a scale suggested
by [26]. This was based on the wilt severity rated as follows;
(% of shoot wilted, using a scale of 0-5 where, 0=no symp-
toms, 1=one leaf wilted (1-25%), 2=2 or 3 leaves wilted
(26-49%), 3 =half plant wilted (50-74%), 4 =all leaves wilted
(75-100%), 5 =dead plan).
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. . Table 1 Details of pri d in PCR i t

Dlsease severlty (%) — Z [(Il x \])/5 x N] x 100 anle €talls Ol primer sequences used 1n experiments
Primer name  Sequence T,(CC) GC

where n refers to the number of plants with in each infection content

category, V is the numerical values of infection categories, (%)

N is total number of plants examined, and 5 is a constantand ~ {g_; TCTGTAGGTGAACCTGCGG 53 58

the highest numerical value. ITS-4 TCCTCCGCTTATTGATATGC 50 45

Expression analysis of the PR gene by RT-PCR in tomato
roots

Roots samples (2 g) were collected 15 days after inocula-
tion from each treatment (the infested plants with FOL only,
FOL& T3 and FOL& T7) at greenhouse experiment, washed,
and briefly dried. Harvested plant tissue were immediately
chilled in liquid nitrogen, crushed with a glass rod, then stored
in liquid nitrogen until buffer was added. RNA was extracted
following a protocol adapted from the Extract-A-Plant RNA
Isolation kit (Agilent Plant RNA Mini Protocol, Agilent Tech-
nologies, USA). Total cellular RNA was extracted for (QRT-
PCR) by removal of genomic DNA from RNA preparations
and generation of cDNA were performed using a modified
protocol from Thermo Scientific Revert Aid, First Strand
cDNA Synthesis Kit. The gene-specific PCR primers used
in this study were designed for the -1,3-glucanase gene of
tomato. Tomato actin gene (LOC100147713) was used as a
constitutive control in all gene expression experiments. The
reaction included an initial 5 min denaturation at 95°C, fol-
lowed by 39 cycles of PCR (95 °C, 15 s 58 °C, 30 s, and 72
°C, 45 s) and a final extension period at 65 °C, 0.05 s and 95
°C, 5 s. PCR products were separated on 1% agarose gels and
stained with ethidium bromide to determine the size of the
PCR products. Primer sequences were checked with GenEx
software from multi D analyses.

Molecular characterization of different Trichoderma
isolates

DNA extraction and amplification

For DNA extraction, each tested isolate of Trichoderma spp.
was grown on potato dextrose agar. Fresh mycelia samples
were collected from three days old cultures. Mycelia were
kept in the refrigerator before genomic DNA isolation. The
extraction of total genomic DNA of each isolate of Tricho-
derma spp. was made according to [27].

Amplification of isolated DNA using ITS

The internal transcribed spacer (ITS) regions of the rDNA
were amplified using the two primers, ITS-1 (TCC GTA
GGT GAA CCT GCG G) and ITS4 (TCC TCC GCT TAT
TGA TAT GC) (Table 1) which were synthesized on the
basis of conserved regions of the eukaryotic rRNA gene

[28]. The PCR-amplification reactions were performed in a
total volume of 50 ul with extraction kit using a protocol of
PCR amplification by PEQGOLD Cycle-Pure Kit (PEQLAB
Biotechnologie GmbH, Erlangen) and sequenced with the
forward primers (Source Bioscience, Berlin). The cycle start
step of 30 s at 98 °C, followed by 35 cycles of denaturation
for 10 s at 98 °C, annealing for 20 s at 54 °C, and elonga-
tion for 35 s at 72 °C, and then a finishing step of 10 min
at 72 °C. Amplified products were separated on 1.2% aga-
rose gel in TAE buffer, pre-stained with ethidium bromide
(1 pg/ml) and electrophoresis was carried out at 60 V for
3 hin TAE buffer. GeneRuler 1 kb DNA ladder was used as
a marker. The gel was observed in a transilluminator over
ultraviolet light. The desired bands were cut from the gel
with a minimum quantity of gel portion using the QIAGEN
gel extraction kit. A pair of universal ITS primers ITS-1
(forward) and ITS-4 (reverse) was used for sequencing of the
amplified product and this step was carried out at the Source
Bioscience Sequencing (Berlin, Germany). The band size
was determined in the gel using GenAlEx 6.5 software [29].

Statistical analysis

Data was analyzed by statistical variance (ANOVA) using
MSTAT-C program version 2.10 (1991). The mean values
of tested treatments were compared according to the pro-
cedures described by [30]. The least significant differences
(LSD) at P<0.05 were used to test the significance of the
differences among the mean values of tested treatments.

Results

Effect of Trichoderma antagonists against FOL
pathogen in vitro

The percentage of inhibition for the different Trichoderma
isolates against FOL pathogen is presented in Table 2. The
results indicated that the tested isolates of Trichoderma
spp. had different percentages of inhibition against the
tested pathogenic isolate with a range extended from 51.83
(T6) to 66.80% (T7). The tested isolates of Trichoderma
spp. No.7 followed by No. 3 had the greatest percentage
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Table 2 Percentage of
inhibition of 7 Trichoderma
isolates against FOL pathogen
in vitro

No. of Tricho- % of inhibition

derma isolates

Control -
T1 54.67cd
T2 57.00bc
T3 59.33b
T4 55.00bcd
T5 51.67d
T6 46.67¢
T7 67.8a
Means in column designated by
the same letter(s) are not sig-
nificantly different according
to Duncan’s multiple range test
(P=0.05)
90 a
80
>
= 70
%)
Z 60
2 50
2
= 40 b
s
< 30 c
20
10
0
control F& T3 F& T7

No. of isolates

Fig.1 Effect of Trichoderma antagonists against FOL pathogen in
greenhouse experiment. Means in each column designated by the
same letter(s) are not significantly different at 5% probability accord-
ing to Duncan’s multiple range test (p=0.05)

of inhibition. Therefore, these two isolates were used for
further experiments.

Effect of Trichoderma spp. against FOL pathogen
under greenhouse experiment

The effect of selected highly antagonistic isolates of Tricho-
derma spp. (No. T3 and T7) soil on the pathogenic fungi
(Fig. 1) was found effective in suppressing wilt disease inci-
dence of tomato compared with control (80.7%). Notably, the
application of the isolate T3 to infested soil caused the highest
reduction in disease severity percentage (24.8%) followed by
isolate T7 (34.6%).
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Fig.2 Real-time RT-PCR analysis of PR gene expression in tomato
roots upon a treatment with either a pathogenic only (control (F))
or FOL (F) with Trichoderma spp. (T). Means in each column des-
ignated by the same letter(s) are not significantly different at 0.01%
probability according to Duncan’s multiple range test

Table 3 Analysis of variance for amount of PR protein expressed
under control (infected plants with FOL), FOL&T3, and FOL&T7

Source of Vari- df SS MS F P value

ation

Among treatments 2 3096.36 1548.18 311.85%* 2.57226E—08
Within treatments 8  39.7160 4.96
Total 10 3136.07

**Significant level at 0.01

Expression analysis of the PR gene by RT-PCR
in tomato roots

The expression profile of the defense-related p-1,3-
glucanase gene was tested in the control (infected with FOL)
and treated plants (FOL&T3 and FOL&T7) using RT-PCR
(Fig. 2). The gene was expressed in the three different treat-
ments. As expected, the gene expression was higher in the
treated plants with FOL&T3 and FOL&T?7 than in control
plants. Noticeably, the gene expression in FOL&T3 was
much higher than in FOL&T7. The analysis of variance for
the amount of gene expression among the three treatments
was tested (Table 3). High significant differences in the
amount of gene expression (P>0.01) among the different
treatments were observed.

Molecular characterization among different
Trichoderma isolates

The internal transcribed spacer (ITS) regions for ITS1 and
ITS4 have been successfully used in this study to test and
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Fig.3 The results of ITS amplification in T3 and T7 isolates

Table 4 Identification of different Trichoderma isolates by Internal
Transcribed Spacer (ITS)

No. of isolates Expected band Identification of Trichoderma spp.

size (pb)
T3 657 Trichoderma longibrachiatum
T7 636 Trichoderma atroviride

identify Trichoderma spp. (T3 and T7). Specific primers
can differentiate closely related fungal species. The PCR
results of T3 and T7 are presented in Fig. 3. A band size
of 636 was amplified in T7, while, a band size of 657 was
amplified in T3. The result of molecular characterization
indicated that the candidate isolates for T3 and T7 were
Trichoderma longibrachiatum and Trichoderma atroviride,
respectively (Table 4).

Discussion

Seven unidentified isolates of Trichoderma spp., col-
lected from Egypt were tested for their ability to inhibit
the growth of FOL. This effect was tested by a dual culture
experiment. The dual culture experiment as described by
many earlier studies has been widely used in antagonis-
tic activity experiments [31-33]. The results of this study
revealed that all tested fungal isolates varied in inhibiting
FOL growth due to the different mycoparasitic capacity of
the various isolates. The diversity observed in vitro might
be due to the variability of fungal genotypes with differ-
ences in growth, sporulation, and gene-environment inter-
action possibly explaining differences in their capacity for
FOL inhibition. The growth rate of the seven Trichoderma
isolates was faster than the FOL in culture tests, and a
quick overpowering of the pathogen was observed. The
same observation was also reported by [34]. Of the seven
isolates, T3 and T7 displayed the greatest percentage of
inhibition. The inhibitory effect of these bioagents against
the tested pathogen may be due to the direct effect of
antagonistic fungi against the pathogens through the clon-
ing of their hyphae around the hyphae of the pathogens
to prevent their continued growth [35] and/or produce an
antagonistic substance which can have an important role
in lysis of cell wall components of the pathogenic fungi to
help the antagonists to penetrate the host hyphae and grow
on it as a hyperparasite [36].

Under greenhouse conditions, we applied the two most
antagonistic fungi (T3 and T7), as selected from in vitro
tests, to soil infested with FOL and observed a reduction
of disease severity percentage. Trichoderma isolate T3 had
the lowest disease severity percentage. The greenhouse
experiment was very useful for evaluating the efficiency
of different isolates of Trichoderma species in suppress-
ing fusarium wilt disease and improving plant health.
Moreover, the ability of Trichoderma to induce systemic
resistance in plants has been extensively studied [4, 37].
Occasionally, the antifungal activity of Trichoderma seen
in vitro assay may be different from in vivo in control-
ling the diseases caused by pathogenic fungi due to many
other factors. The factors that affect the antifungal activity
of Trichoderma in vivo are plant species, soil type, soil
temperature, moisture and nutrient availability [37, 38].
Trichoderma spp. is a nonpathogenic microorganism that
provides protection to many crops against fungal diseases
caused by the Fusarium genera [39]. Using biocontrol
agents may prove to be a convenient alternative method to
control plant disease, avoiding the adverse effects accom-
panying chemical control [8]. They have been commer-
cialized as biopesticides, biofertilizers, and soil enhancers
[39].
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The expression of the PR (f-1,3-glucanase) gene was
tested by RT-PCR in tomato roots (plants infested with FOL
only, FOL&T3 and FOL&T7). PR proteins were found to
be highly expressed under biotic stress conditions because
they have direct antifungal activity [40]. Moreover, these
proteins can induce host resistance by letting out oligom-
ers from microbial cell walls, which work as elicitors for
a defense response [41]. Therefore, they play a vital role
in the biological control of soil-borne diseases [42]. Com-
pared to control (plants infected with FOL), treatment of
infected plants with Trichoderma increased the expres-
sion of PR proteins. Significant differences were found in
the expression of PR proteins in the roots of plants treated
with the two Trichoderma isolates. The expression of the
PR gene was higher in FOL&T3 than those in FOL&T7.
The results of gene expression are in full agreement with
the percentage of disease severity. FOL&T3 had the lowest
percentage of disease severity because this treatment had
increased the expression of pB-1,3-glucanase gene, leading
to a high amount of PR protein accumulation. On the other
hand, plants treated with FOL&T7 had a higher percentage
of disease severity with a corresponding lower expression
of the pB-1,3-glucanase gene.

The efficacy of the induced resistance varied according to
the biocontrol strains [5]. The degree of resistance depended
not only on the qualitative differences in the activated
defense genes but also on differences in the timing and mag-
nitude of their expression [43]. Induction of PR genes plays
an essential and indispensable role in the protection against
root pathogens [44]. p-1,3-glucanases are considered key
plant defense enzymes acting on fungal cell wall degradation
and constitute several of the PR gene families (PR2, PR3,
PR4, PR8, and PR11). The difference in PR gene expression
between FOL&T3 and FOL&T7 could be due to different
isolates of Trichoderma. To investigate this assumption, we
conducted further experiments to genetically distinguish and
characterize the two isolates. DNA markers have been used
for species identification because culture and disease score
data did not discriminate Trichoderma species isolates [45].

In this study, we used a PCR assay to identify the spe-
cies of the antagonistic Trichoderma isolates using primers
amplifying the ITS region of ribosomal genes. The inter-
nal transcribed spacer (ITS) is one of the most reliable loci
to generate specific primers that can differentiate closely
related fungal species [21]. According to amplification of
the rDNA region in both isolates (T3 and T7), two poly-
morphic bands appeared at 636 and 657 bp in T7 and T3.
The results of the molecular characterization of these two
bands revealed that T7 and T3 are different isolates and were
identified as Trichoderma atroviride (636 bp) and Tricho-
derma longibrachiatum (657 bp), respectively. Trichoderma
longibrachiatum was identified using ITS1 and ITS4 by [46].
They found an amplified PCR product with band size at 700
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bp which is close to the band size found in this study for
the same Trichoderma longibrachiatum. Species identifica-
tion using molecular characterization tools is very useful
for answering the question of whether a particular taxon is
present on particular hosts or plants [47]. This will result
in reducing the severity of wilt disease on tomato plants by
using the appropriate bioagent.

In conclusion, plants interact with bioagents which induce
resistance to serious fungal diseases. Trichoderma has been
considered as an internationally important biocontrol fungus
due to its significant effect on wilt disease in plants. Among
the seven Trichoderma isolated in this study, we identified
and characterized Trichoderma longibrachiatum as a very
useful bioagent that can reduce the severity of wilt disease to
24.8%. Moreover, the expression of PR genes is very impor-
tant and useful to support morphological and culture data.
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