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Abstract
Early blight disease caused by Alternaria solani fungus is one of the most important diseases attacking tomato
especially in humid regions with high temperatures (24-29°C). Controlling the early blight disease using fungicides
has become unfavorable in the last years due to their environmental and human health concerns. Biotic and abiotic
induction of host plants defense mechanisms could be applied as an alternative management strategy against the
disease. Nowadays, different Trichoderma species could be used as one of promising bio-control agents affecting
development and disease incidence of Alternaria solani on tomato plants. In present study, the direct and indirect
effects of different Trichoderma isolates application on Alternaria solani infection as well as on the gene expression
levels of some related genes to defense mechanisms in tomato plants was investigated. Results indicated that
Trichoderma species reduced either the mycelial growth or the disease incidence of Alternaria solani. Treating
tomato roots with Trichoderma harzianum-T10 isolate affected the relative expression levels of eight different genes
within tomato leaves. Three genes of them i.e., Les.21895, Les.19403 and Les.1097, which involved in auxin,
ethylene and lignin pathway respectively, were up regulated while the other three genes i.e., Les.20348, Les.3129
and Les.9833, which related to pyruvate kinase pathways, were down regulated. In addition, treating tomato plants
with Trichoderma harzianum T10 regulated the expression level of some Pr-protein genes i.e., Pr-1 and Pr-5. These
findings suggested that induction of systemic defense mechanisms using the mutualistic Trichoderma isolates such
as T10 is candidate to be among the mechanisms that can play a crucial role in controlling tomato early blight
disease caused by Alternaria solani.

Keywords: Trichoderma species; Alternaria solani; rt-PCR; Gene
expression; Defense related genes in tomato; Pr-proteins
Introduction
Tomato (Solanum lycopersicum Mill.) is one of the most important
vegetables, ranking first, based on production levels, accounting for
14% of the total fruit and vegetable production worldwide [1]. The
global tomato production area covers approximately 4 million hectares
of arable lands, annually yielding approximately 100 million tons
with an estimated value of 5 to 6 billion US$ [2]. Noteworthy, Egypt
is among the top 10 tomato producing countries worldwide covering
an estimated 181.000 ha and yielding 6, 4 million tons in annual
production [1,2].
The fungus Alternaria solani (Ellis & Martin) Sorauer, the causal
agent of early blight disease, is a major pathogen of tomato [3] causing
considerable yield losses all over the world, particularly in humid
regions with fairly high temperatures (24-29°C). Epidemics can
however also occur in semi-arid climates, like those of Egypt, where
frequent and prolonged nocturnal damp periods occur [4]. Within the
species, Alternaria solani is divided into races, which show significant
variability in morphology. These races can also show variations in
pathogenicity on various crops, like tomato and potato, and their
cultivars [5]. When infecting, all above ground parts, including leaves,
stems collars and fruits, can be attacked resulting in stem lesions on the
adult plant, collar and fruit rot [6]. On leaves, A. solani causes circular
concentric rings with yellow halo, which is known as early blight (EB).
Earlier it was reported that EB infections in tomato, causes up to 79%
of yield losses [7] whereas collar rot only is responsible for about 50%
of these losses on tomato seedlings [8].
Control of early blight disease using chemical fungicides has become
increasingly difficult due to the limited number of effective fungicides,
some of which were recently withdrawn from the market due to the
environmental and human health concerns [9]. Moreover, the use of
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fungicides during fruiting is discouraged, making the chemical control
of A. solani virtually impossible. The search for alternative control
methods is thus quite important and necessary. Although the use of
resistant varieties which may be considered as a good alternative
especially within integrated pest management strategies, unfortunately
has also significant drawbacks due to the lack of suitable resistant
tomato germplasm against A. solani [10,11]. Alternatively, no suitable
biological control agents are available as well [12,13].
Research has characterized several mutualistic endophytic fungi
with biological control activity against fungal pathogens or plant
parasitic nematodes as well [14,15]. These mutualistic bioagents are
considered eco-friendly and have no reported negative effects on
non-targeted organisms, including humans, the useful microflora
and host plants. In such tripartite interactions between the host
plant, fungal pathogen and mutualistic endophyte agent, different
mechanisms of action were reported and considered responsible for
protecting the host plants from pathogens and parasites [16-18]. In
some cases, the endophyte has the ability to trigger systemic resistance
responses in different host plants. Different hormones such as auxin
and ethylene were found to be related to complex defense signaling
pathways against pathogens and parasites [19,20]. Furthermore, the
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studies of Hamberger and Hahlbrock [21] on Arabidopsis thaliana
proved the direct or indirect association of CoA Ligase isoenzymes
in the biosynthesis of lignin and cell wall-bound phenylpropanoid
derivatives. Nicholson and Hammerschmitt [22]; Bhuiyan et al. [23]
mentioned also that lignification process is involved in plant defenses
against pathogen infection. Moreover, pyruvate kinase (PK) enzymes
have been known to affect numerous physiological and biological
processes in plants [24,25]. Different studies suggest that PK activity
can be used as a remarkable physiological indicator of K+, Mg2+, and
Ca2+ contents in plant tissues [26,27].
In this study, the potential of various isolates of Trichoderma species
as promising biocontrol agent against A. solani, the causal pathogen of
early blight disease, was evaluated under in vitro and in vivo conditions.
Moreover, in order to study the influence of Trichoderma
application on eliciting the systemic defenses pathways in tomato, the
relative expression levels of related defense genes which involved in the
auxin biosynthesis, ethylene signaling, lignin biosynthesis, pyruvate
kinase biosynthesis and Pr-proteins production were determined using
qRT-PCR technique.

Materials and Methods
Endophyte and pathogen cultures
Pure culture of 5 bio-agents i.e., Trichoderma hamatum (Th),
T. viride (Tv), T. harzianum (Tz22), Trichoderma species (T32) and
Trichoderma koningii (Tkg) were obtained from Institute of Crop
Science and Resource Conservation (INRES), Bonn University, Lab
of Prof. Dr. Richard Sikora. In addition, Trichoderma harzianum-T10
isolate and the pathogenic isolate of Alternaria solani were obtained
from Plant Pathology Department, Faculty of Agriculture, Menoufiya
University, Egypt. Pure cultures of all fungi were maintained in stored
micro-bank tubes at -80°C. Conidial spores of tested Trichoderma
isolates and Alternaria solani were obtained from pure cultures grown
on PDA plates, supplemented with 150 mg l-1 of chloramphenicol at
25°C in the dark for two weeks. Five ml of ml sterile distilled water
were added to each plate then the spores were scraped far away the
mycelial mat using sterilized glass rod. The spore suspension was
filtered through three layers of fine sterile cheesecloth. The prepared
spore suspensions of tested Trichoderma isolates were adjusted at 1 ×
107 spores/mL and at 2 × 103 spores/ml for the pathogen [28].

Plant growth
Tomato (Solanum lycopersicum) cv. Hellfrucht/Frühstamm that
consider as susceptible cultivar to infection with A. solani, was used
in all experiments of this study. Seeds were surface-sterilized by
submersing them in a 75% ethanol solution for 1 min and 1.5% sodium
hypochloride (NaOCl) solution for 3 min, respectively. The seeds were
then thoroughly rinsed three times with sterile water. The seeds were
then sown in plastic trays containing sandy clay soil (1:1, v/v), which
was previously autoclaved at 121°C for 1 h. The plants were grown
in a growth chamber at 25 ± 3°C with 16 h diurnal light, 60 to 70%
humidity and fertilized weekly with 5 ml of 2 g/l N:P:K: (14:10:14;
Aglukon, Düsseldorf, Germany). After 2 weeks, when reaching 10-15
cm in height, the seedlings were transplanted into separate pots filled
with 300g of a mixture of sand and sandy loam soil in a ratio of 2:1
(v/v), and transferred to a greenhouse, maintained at 27 ± 5°C and 16
h diurnal light.

In vitro antagonism assay
The bio-control activities of tested Trichoderma isolates against the
J Plant Pathol Microb
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tested pathogenic isolate of A. solani was studied in vitro by the dual
culture technique on plate [29]. Five millimeters diameter plugs of both
two weeks old pathogen and biocontrol agent cultures were taken with a
sterile cork borer. These plugs were placed equidistantly (60 mm) apart
on PDA, amended with 150 mg l-1 of chloramphenicol, in a 90 mm
Petri-dish. As a control, a plug with the pathogen was placed on PDA,
amended with 150 mg l-1 of chloramphenicol, alone. Each treatment was
replicated three times. The Petri-dishes were incubated at 23 ± 2°C. The
radial growth of both tested bio-agents and the pathogen were recorded
after 10 days and the relative mycelial growth inhibition was calculated
according to Vincent [30].

In vivo antagonism assay
The antagonistic capabilities of tested Trichoderma isolates against
A. solani were studied in vivo. In this respect, 3 ml of spore suspension
of each individual Trichoderma species was inoculated into soil at
transplanting stage of tomato seedlings to pots (10 cm diameter contains
300 g soil). One week after the inoculation of the Trichoderma isolates,
spores of A. solani was sprayed over the true leaves of tomato plants
[28]. Each treatment was replicated three times. The non-treated plants
with Trichoderma spore suspension were served as control. Potential
influence of the tested Trichoderma spp. on early blight disease severity
was also compared with a Propamocarp HCl (72,2%) fungicide that is
generally recommended (purchased from Syngenta company, Egypt).
Therefore, three plants were sprayed with 2.5 ml/L of this fungicide at
the same time with Trichoderma application. The early blight severity
on each leaf of the sprayed plants was recorded three weeks after
inoculation using disease index described by Vakalounakis [31] based
on a scale of 0 to 5, where 0=no visible lesions on leaf; 1=up to 10%
leaf area affected; 2=11%– 25%; 3=26%–50%; 4=51%–75%; and 5=more
than 75% leaf area affected or leaf abscised. Percentage of disease
severity was calculated according to the following formula [32]:
Disease severity ( % ) =

sum of all ratings
-100
no. of leaves sampled - maximum disease scale

Gene expression analysis by semi-quantitative real-time qRTPCR
The effect of Trichoderma harzianum-T10 isolate on relative
gene expression of eight selected genes coding for IAA6 (Les.21895),
ER69 (Les.271), 4-coumarate--CoA ligase 2 (Les.1097), pyruvate
dehydrogenase kinase (Les.20348) and two pyruvate kinases (Les.3129
and Les.9833) in addition to two pathogen related genes (PR-1 and PR5) which were associated with either development signaling pathways
or defense responses in tomato was assessed using quantitative PCR
(Table 1).
During the transfer of the seedlings to the pots (as described in plant
growth paragraph above), roots of three individual plants were dipinoculated with spore suspension of T. harzianum -T10. Control plants
were treated only with tap water. Four weeks after T10 inoculation,
shoots plus leaves of inoculated and control plants were separately
collected in 50 ml falcon tubes and frozen in liquid nitrogen. The leaves
were ground into a fine powder using liquid nitrogen and a pre-cooled
mortar and pestle. The ground plant tissue powder was kept frozen
using liquid nitrogen, transferred into fresh 50 ml falcon tubes and
stored at -80°C until further use. Total RNA was extracted from 100
mg tissue powder using the Macherey-Nagel total RNA extraction kit
and further purified using the Machey-Nagel RNA clean up kit, both
according to the manufacturer’s recommendations. The RNA integrity
was assessed by gel electrophoresis and the RNA concentration was
measured photometrically at 260 nm using the Nanodrop 2000 C
(Fisher Scientific, Germany). To assess RNA integrity, 6 μl of the total
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Sequence (5- - 3-)

Oligo- Name

Putative function according to NCBI

Forward- primer

Reverse- primer

Les.21895

auxin-regulated (IAA6)

TGGTCAGTGTGCCAGTGATAAGA

AGAACCATTGAGAAGATCCATCAAG

Les.271

Ethylene-responsive methionine synthse (ER69)

GGTATCGGCCCTGGTGTGTA

TTGTTAACTCTGACGGCAATCTCT

Les.1097

4-coumarate--CoA ligase 2

CGTTACACTCGTATTGTTTCGAAAAT

TTCGCCCCGTCGATTAAA

Les.20348

pyruvate dehydrogenase Kinas (PK)

CTCCTGATTGTGTGGGCTATATACA

ATTCGCGCAAGCAAATAGAAC

Les.3129

pyruvate kinase (PK)

CCTGTTTTGACTACAGACTCTTTCGA

CAAGCCCCTATATACCAAACTGTGT

Les.9833

pyruvate kinase (PK)

CAGTTCCCATGAGTCCTTTGG

ACTTCCTCCCCTGGTTAACACA

Les.20078

PR-1 (pathogenesis-related protein 1)

CACTCGTATCATGAGTCTTC

CCCTATATACCCTGGTTA

(PR-5)

PR-5 (pathogenesis-related protein 5)

CCCATGAGTCCTTGTGGGCTA

ACTCTGACGGCATATATACC

Table1: Genes selected for conducting qRT-PCR within inoculated and non-inoculated tomato plants with Trichoderma harzianum -T10.

RNA was mixed with 2 μl 6 x gel loading dye and loaded on a 1%
agarose gel supplemented with 0.5 μg/ml ethidium bromide, (Figure 1).
Of this total RNA sample, 1 μg was used to synthesis complementary
DNA (cDNA) via the reverse transcription kit, according to the
manufacturer’s recommendations. The pipetting scheme and the PCR
program is indicate in the Tables 2 and 3, respectively.
The cDNA was used for qPCR analysis by measuring the relative
accumulation of the eight selected genes. For this, the cDNA was
diluted ten times with DNA/RNA free water and 1 μl transferred into
a well of a 96-well qPCR plate. For each well 19 μl master mix was
added to 1 μl of the sample cDNA (the pipetting scheme is indicated
in Table 4). For each sample, three biological replicates were prepared.
The plate was covered with a qPCR foil, the reaction components were
mixed and the plate was briefly centrifuged for 10 sec at 4000 × g. The
thermal cycling parameters are indicated in Table 5. After qPCR, 6 μl
of the amplification product was mixed with 2 μl 6 x gel loading dye
and loaded on a 1% agarose gel, supplemented with 0.5 μg/ml ethidium
bromide, for a gel electrophoresis at 60 mV to assess amplification. The
accumulation of the genes of interest was normalized to actin transcript
accumulation and the fold change in transcript accumulation relative
to the control sample was calculated via the 2-ΔΔCt – method described
by Livak and Schmittgen [33].

Statistical analysis
The data were analyzed according to the standard analysis of
variance procedure with SPSS 14 for Windows. Differences among
treatments were tested using one way analysis of variance (ANOVA)
followed by the Tukey test for mean comparison in case the F-value
was significant [34].

Results
The antagonistic potentialities of the six tested Trichoderma
isolates viz., Trichoderma hamatum (Th), T. viride (Tv), T. harzianum
(Tz22), T. harzianum (isolate T10), Trichoderma species (T.32) and
Trichoderma koningii (Tkg) were investigated under in vitro conditions
onto PDA plates for determining their abilities in inhibiting the
mycelial growth of Alternaria solani. The results indicate that all tested
bio-agents significantly inhibited the mycelial growth of the pathogen
compared with the control (Figure 2) where the inhibition % were
ranged between 66% with Tz22 to 75% with T10. Conversely, the radial
growth of tested Trichoderma isolates was not impaired by Alternaria
solani. Thus, it could be concluded that T10 was the best performing
tested isolate followed by Tkg with regard to inhibiting the mycelial
growth of Alternaria solani.
The influence of the six tested Trichoderma isolates i.e. Th, Tv,
Tz22, T10, T.32 and Tkg on the incidence and the severity of early
blight disease caused by Alternaria solani in tomato was determined
J Plant Pathol Microb
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under greenhouse conditions. As a reference for efficacy, treatment
with the fungicide (Propamocarp Hcl) was included in the experiment.
Comparing with control treatment (infected plants with Alternaria
solani only), the results indicate that all tested bio-agents significantly
reduced disease severity (Figure 3) which ranged from 50% in case of
using T. harzianum Tz22 to 70% with T. harzianum-T10. The second
best disease reduction was obtained with Trichoderma koningii (Tkg).
On the other hand, T. harzianum-T10 came therefore close to the
disease reduction % obtained with fungicide treatment, which averaged
77.5% (Figure 3).
The indirect reaction of tomato plants against Alternaria solani,
the causal of early blight disease in response to treating the plants with
T. harzianum-T10 as the best performing bio-agent was evaluated
through determining the relative expression of eight different genes, six
genes related to vital and essential bioprocess and two genes involved in
defence mechanisms pathways, in tomato plants. The changes in these
genes expression, Les.21895, Les.271, Les.1097, Les.20348, Les.3129
and Les.9833 in addition to two genes related to Pr-proteins i.e., pr-1
and pr-5, was analyzed through using the real-time PCR analysis. The
obtained results (Figure 4) show that treating tomato plants with T.
harzianum-T10 led to induction and accumulation of three genes
i.e., Les.21895, Les.271 and Les.1097 which involved and related with
synthesis of Indol acetic acid, Ethylene and coumarate Ligase pathways
respectively, where the fold changes in gene expressions of these genes
were increased 2.5, 7.1 and 3.7 folds respectively, comparing to control
plants (un-treated with T10 isolate). Also, the relative expression
levels of the other three genes i.e., Les.20348, Les.3129 and Les.9833
were down regulated up to two fold changes comparing to un-treated
plants with T10. It is remarkable that all these three genes were found
to be related to pyruvate kinase metabolisms. With regard to the two
pathogenesis related proteins genes i.e., Pr-1 and Pr-5, results indicate
that T10 isolate increased the relative expression of Pr-1 while it
down regulated the expression of Pr-5. Moreover, the fold change was
reached up to three times with Pr-1 and two times with Pr-5 (Figure 4).

Discussion
Using mutualistic bio-agents is a natural way to improve
agricultural production and decreasing yield losses either directly,
by mechanisms such as mycoparasitism or indirectly, by competing
with pathogens for nutrients and space, modifying the environmental
conditions, or promoting plant growth and plant defense mechanisms
and antibiosis, [35].
The present investigation aimed to study the direct and indirect
effects of mutualistic Trichoderma application as a promising bioagent against Alternaria solani, the causal pathogen of early blight
disease on tomato. In this respect, six different isolates belonging to
genus Trichoderma i.e., Trichoderma hamatum (Th), T. viride (Tv), T.
harzianum (Tz22), T. harzianum (isolate T10), T. species (T.32) and T.
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Moreover, the potential of the tested biocontrol Trichoderma
isolates on incidence of early blight disease under in vivo conditions
was compared with standard and recommended chemical fungicide,
propamocarp Hcl, as well as with Alternaria solani infected tomato
plants, which were treated with tap water only (control).

Figure 1: RNA isolated from leaves of three biological replicates (T1, T2
and T3) treated with T. harzianum-T10 isolate and three un-treated (control)
replicates (C1, C2 and C3). Ladder is 1kbp ladder.
Components

Volume per reaction

10 x RT buffer

2μ

dNTP mix (10 mM)

2 μl

Random Primers (10 mM)

2 μl

RNAase inhibitor (1 U/μl)

1 μl

Reverse transcriptase (5 U/μl)

1 μl

RNA (1 μg)

x μl

H2Odest

0 - x μl

Total volume

20 μl

Table 2: Pipetting scheme containing reverse transcription reagents.
Step

Time

Temperature

Cycles

Anealling of Random primers

10 min

25°C

Hold

Reverse transcriptase activity

120 min

37°C

Hold

Reaction termination

5 min

85°C Hold

Hold

Table 3: Thermal cycling parameter for the cDNA synthesis/reverse transcription.
Components

Volume per reaction

Fast SYBR®- Green Master Mix

10 μl

Forward primer (10 mM)

0,5 μl

Reverse primer (10 mM)

0,5 μl

DNA (1:10 diluted)

1 μl

H2Odest

8 μl

Total Volume

20 μl

The obtained results from in vitro bioassay revealed that all tested
isolates significantly reduced the mycelia growth of A. solani in dual
cultures under laboratory conditions. The best results were recorded
with Trichoderma harzianum-T10. Similar finding were reported by
Rudresh et al. [36] who noticed that T. harzianum inhibited growth of
Rhizoctonia solani and Fusarium oxysporum under in vitro conditions
with 72.1% and 77.0%, respectively. The in vitro antagonistic activity
of Trichoderma species against six fungal plant pathogens including A.
solani was proved also by Bell et al. [37].
On the other hand, the in vivo bioassay of bio-agents illustrated
that Trichoderma harzianum-T10 was the superior and the most
promising isolate among the six tested bio-control isolates where it
exhibited the maximum reduction % of disease severity comparing
to control treatment. The realized reduction % of Disease severity as
a result of treating tomato plants with Trichoderma harzianum-T10
came close to those obtained with fungicide treatment. These results
are in agreement with those of Elad et al. [38]; Tu and Vartaja [39]
who showed that Trichoderma species affected the growth and
establishment of different plant pathogens including Alternaria
solani on their hosts.
It is remarkable that mode of action in the tri-interaction between
plant pathogen, Trichoderma and host plant still unclear. Several
biocontrol agents are known to produce antimicrobial substances
to achieve control over various plant ailments [40]. Furthermore, it
is known that the genus Trichoderma comprises a great number of
fungal strains exert biocontrol activity against fungal phyto-pathogens
either directly or indirectly. These antagonistic properties are based
on the activation of multiple mechanisms [35,40]. Recently, the ability
of mutualistic bioagents to induce host plant systemic resistance
pathways has been successfully tested. Results showed that some
bio-agents including Trichoderma were capable to trigger host plant
systematic resistance against hazardous plant parasites i.e. Meloidogyne
incognita through altering the gene expression of some involved genes
in different systemic resistance pathway [41].

Step

Time

Temperature

Cycles

Polymerase activation

20 sec

95°C

Hold

Denature

3 sec

95°

40

Anneal/Extend

30 sec

60°C

40

Melt curve

15 sec

95°C

Hold

Melt curve

1h

60°C

Hold

Table 5: Thermal cycling parameter for the semi-quantitative RT-qPCR.

koningii (Tkg) were screened either in vitro or in vivo for this purpose.
Also, the ability of Trichoderma to affect the expression levels of some
related genes to defense mechanisms in tomato was evaluated using
qRT-PCR technique.
The direct and indirect influence of all tested biocontrol isolates
on Alternaria solani the causal of early blight disease was determined
either under in vitro or in vivo conditions.
J Plant Pathol Microb
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inhibition (%)

Table 4: Pipetting scheme containing Real time PCR Fast SYBR®- Green Master
Mix.

78
76
74
72
70
68
66
64
62
60

a
bc

b
cd

d
e

Th

Tv

Tz22

T10

T32

Tkg

Figure 2: In vitro relative radial growth inhibition of Alternaria solani
mycelial growth on PDA plates by the different Trichoderma isolates i.e.,
T. hamatum (Th), T. viride (Tv), T. harzianum (Tz22), T. harzianum-T10,
Trichoderma sp. (T32) and T. koningii (Tkg). The relative growth inhibition
was calculated by subtracting the radial growth of Alternaria solani in the
direction of the biocontrol agent from the radial growth of Alternaria solani
in the absence of a biocontrol agent (control) divided on radial growth of
control , (n=3).
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90

a

% of disease reduction

80
70
60

b
d

e

50

c
f

f

40
30
20
10
0
Th

Tv

Tz22

T10

T32

Tkg

Propamocarp
Hcl

Figure 3: Reduction % of early blight disease recorded on tomato plants treated with the six individual isolates of Trichoderma species i.e., T. hamatum
(Th), T. viride (Tv), T. harzianum (Tz22), T. harzianum- T10, Trichoderma sp. (T32) and T. koningii (Tkg) compared with treated plants with 2.5 ml/L of
fungicide (Propamocarp Hcl).

Figure 4: Relative expression levels of eight different related genes to essential bioprocess and defence mechanisms in tomato plants inoculated with bioagent Trichoderma harzianum-T10. Bars indicating the means of fold changes in gene expression as generated by qRT-PCR. The target gene expression
changes were normalized to the changes of the Actin gene as a reference gene. Data for three biological replicates.

In the present study, the influence of Trichoderma application on
the expression levels of 8 different genes in tomato was investigated
through quantitative real time PCR, qRT-PCR. The results showed
that three genes, Les.21895, Les.271, and Les.1097, which related to
auxin (IAA6), ethylene (ER69) and lignin (CL2) production pathways,
respectively were up regulated. On the other hand, three genes i.e.,
Les.20348, Les.3129 and Les.9833 which coding for pyruvate kinase
(PK) hormone were down regulated. Noteworthy that T10 affected
also the expression levels of two pathogenesis related proteins
including Pr-1 and Pr-5. Results demonstrated that Trichoderma
harzianum-T10, induced the relative gene expression of Pr-1 while
it decreased the relative expression of Pr-5 when compared with untreated control plants. Davies [42] reported that the plant hormone
auxin, typified by indole-3-acetic acid (IAA), regulates a variety of
physiological processes, including apical dominance, tropic responses,
lateral root formation, vascular differentiation, embryo patterning,
and shoot elongation. The central role of the Aux/IAA gene family
members in auxin signaling has been suggested by molecular genetics
and biochemical studies of Woodward and Bartel [43]. Recently,
J Plant Pathol Microb
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studies of Overvoorde et al. [44] suggested that auxin hormone can
regulate various aspects of plant growth and development. Their
investigation showed also that the Aux/IAA proteins regulate auxinmediated gene expression by interacting with members of the auxin
response factor protein family. In the present study, the results showed
that when tomato roots were treated with Trichoderma isolate (T10), there
was an increase in the relative expression of auxin-regulated (IAA6) gene.
This indicates that the tested Trichoderma isolate can trigger systemically
the auxin signaling pathways, which involved in essential physiological
and biological processes important for growth and health of tomato plants.
Furthermore, the results obtained from this present study
illustrated that Trichoderma application increased the expression level
of gene Les.271 which involved in ethylene signaling pathway. The
change in gene expression was greatly high compared to control plants.
Ethylene signaling pathway was found to play a distinct role in the
response of host plant to pathogen infection as reported by Dowd et
al. [45]. They detected differences between healthy and infected cotton
plants with pathogenic F. oxysporum f.sp.vasinfectum in ethylene and
auxin hormons concentrations. Moreover, they confirmed the role of
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those two hormons in disease process by direct measurements of those
hormone levels inside infected and non-infected plants. Nahar et al.
[20] reported also that complex defense signaling pathways were found
to be controlled by different hormones such as auxin and ethylene.
Their results obtained from q-PCR revealed that Ethylene strongly
activates jasmonic acid biosynthesis and signaling genes within roots of
rice plants, which led to stimulate the systemic induced resistance (ISR)
pathway against root knot nematodes. Based on these results, induction
of ethylene pathway using Trichoderma harzianum-T10 is candidate to
be one of the mechanisms that can be involved in management of early
blight disease on tomato plants.
Moreover, the increase in expression level of gene Les.1097 which
coding for 4-coumarate-CoA ligase 2 was observed on inoculated
tomato plants with Trichoderma harzianum-T10 compared to control
plants. According to studies of Hamberger and Hahlbrock [21] on
Arabidopsis thaliana, two classes of CoA Ligase isoenzymes were
identified. They reported that class I has been directly or indirectly
associated with the biosynthesis of lignin and structurally related
soluble or cell wall-bound phenylpropanoid derivatives, whereas
class II isoenzymes have been associated with flavonoid biosynthesis.
Furthermore, Nicholson and Hammerschmitt [22]; Bhuiyan et al.
[23] mentioned that the lignifications, in partial related to CoA ligase
isoforms activity, have the potential to act in several ways in plant
defenses against pathogen infection. It can establish mechanical
barriers to pathogen invasion, chemically modify cell walls to be more
resistant to cell wall-degrading enzymes, increase the resistance of
walls to the diffusion of toxins from the pathogen to the host and of
nutrients from the host to the pathogen, produce toxic precursors and
free radicals, and lignify and entrap the pathogen. According to these
studies, it seems that the ability of isolate T10 to induce lignifications
and/or secondary metabolites like phenylpropanoids in tomato plants
can play a curtail role against A. solani on tomato.
In contrary, results revealed that inoculating tomato plants with
Trichoderma harzianum-T10 reduced the relative expression level of
three genes, Les.20348, Les.3129 and Les.9833. These three genes are
involved in pyruvate kinase biosynthesis (PK). The enzyme pyruvate
kinase (PK) had been shown to play a cretin role in various physiological
processes in plants [24,25]. Different studies suggest that Pk activity
can be used as a remarkable physiological indicator of K+, Mg2+, and
Ca2+ contents in plant tissues [26,27]. Ruiz et al. [46] reported that
increasing Ca2+ concentration in tobacco leaves resulted in decreasing
the activity of pyruvate kinase. Moreover, they illustrated also that PK
activities were inversely proportional to the leaf concentration of the
free forms of K+, Mg2+.
In conclusion, Trichoderma species affected the growth and the
establishment of Alternaria solani, the causal pathogen of tomato early
blight disease, either in vitro or in vivo. Moreover, different mechanisms
of action including stimulation of auxin, ethylene, lignin and pathogen
related proteins can be involved in management of early blight disease
on tomato plants using bio-control elicitors as Trichoderma species.
On the other hand, Trichoderma application inhibited the expression
level of three related genes to pyruvate kinase bio-synthesis pathway
which may point to the role of this hormone in the interaction between
host plants and bio–control elicitors with presence of Alternaria solani
pathogen.
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