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Trichoderma asperellum strains confer tomato protection
and induce its defense-related genes against the Fusarium
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Abstract Fusarium wilt of tomato (FW) caused by Fusarium
oxysporum f. sp. lycopersici (FOL) is a major challenge for
tomato production worldwide. For sustainable management of
FW, the potential of five strains of Trichoderma asperellum
was evaluated under greenhouse conditions. The results indi-
cated that FOL infected plants treated with T. asperellum
strains significantly reduced disease incidence and severity
compared with FOL-only infected plants. The reduction of
wilt disease on plants treated with T. asperellum strains was
accompanied by a significant reduction in FOL populations in
tomato stems and rhizosphere. Moreover, the application of
T. asperellum promoted tomato plant growth irrespective of
the presence or absence of FOL. Two strains of T. asperellum
(TS-12 and TS-39) that showed the best performance in min-
imizing disease development and increases in plant growth
parameters were selected for elucidating their ability in trig-
gering tomato defense mechanisms. The expression levels of
defense-related genes, chitinase (SlChi3), β-1,3-glucanase
(SlGluA) and PR-1 (SlPR-1a) were significantly increased in
the stems and roots of Trichoderma treated, FOL infected

plants, compared with FOL-only infected ones. These results
indicate that the application of T. asperellum strains TS-12 and
TS-39 can be used as an alternative strategy to manage FW
through their antagonistic activities and abilities to induce
systemic resistance.
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Introduction

Fusarium oxysporum f. sp. lycopersici (Sacc.)W. C. Snyder &
H. N. Hans. (FOL) is a soil-borne fungal plant pathogen that
causes vascular wilt of tomato (Solanum lycopersicon L.).
This systemic disease occurs worldwide (including Saudi
Arabia) and causes severe tomato yield losses in both green-
houses and open fields (Abu Yaman and Abu Blan 1972;
Jones et al. 1991; Larkin and Fravel 1998). The pathogen
survives in the soil for long periods of time through the pro-
duction of chlamydospores (Beckman 1987). There are many
management strategies for tomato Fusarium wilt (FW), in-
cluding the use of resistant cultivars, soil fumigation, and fun-
gicides. However, while the use of Fusarium-resistant tomato
cultivars provides some degree of control, the onset of new
strains of the pathogen that overcome host resistance is a chal-
lenge (Larkin and Fravel 1998). Although chemical control is
available for tomato FW, there is a great concern over the rise
of new fungicide-resistant pathogen strains (Dekker 1981).
Additionally, there is considerable concern regarding the risk
of non-target effects of pesticides and the damage caused to
the environment. For these reasons, alternative strategies for
managing FW are needed.
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The use of biological control agents that interfere with plant
pathogens is an ecological and sustainable alternative disease
management strategy to overcome the problems caused by
other control strategies (Chet and Inbar 1994; Papavizas
1985). Species of the genus Trichoderma (Ascomycota,
Hypocreales) are promising fungal agents for the biological
control of many plant diseases, including tomato FW (Harman
2000, 2004, Harman et al. 2004; Kubicek et al. 2001;
Papavizas 1985). These soil-borne, free-living fungi are non-
pathogenic, ubiquitous, relatively easy to isolate, and grow
quickly in the soil and plant rhizosphere. The beneficial effects
of Trichoderma are based on a complex of different mecha-
nisms, including direct mycoparasitism, competition for nutri-
ents and space, and the production of antibiotic and volatile
metabolites (Benítez et al. 2004; Howell 2003; Kubicek et al.
2001). Additionally, Trichoderma strains stimulate plant
growth and induce systemic resistance in plants (Benítez
et al. 2004; Howell 2003).

While numerous Trichoderma strains have been reported to
be successful antagonists at the laboratory experimental level,
few of them have been shown to be effective against plant
pathogens under greenhouse and field conditions (Avis et al.
2001; Larkin and Fravel 1998; Lorito and Woo 2015; Meyer
and Roberts 2002; Nicolás et al. 2014). Understanding the
genetic basis of plant responses to inoculation with these bio-
control agents is essential for developing efficient manage-
ment strategies against target pathogens (Mukherjee et al.
2012).

In this study, the potential use of five strains of
T. asperellum (Samuels Lieckf. & Nirenberg) previously se-
lected on the basis of their in vitro antagonism against FOL
strains (El_Komy et al. 2015) was evaluated to manage toma-
to FWdisease under greenhouse conditions. Subsequently, the
two most efficient strains were investigated at the molecular
level to elucidate their function in triggering tomato defense
reactions.

Materials and methods

Tomato plants

Tomato seeds (S. lycopersicon cv. Farah, susceptible to
FOL, a common greenhouse cultivar in Saudi Arabia)
were surface sterilized for 30 s in 1 % sodium hypochlo-
rite and then rinsed three times with sterile distilled wa-
ter (Khan et al. 2004). The surface-sterilized seeds were
pre-germinated for 3 days in Petri dishes containing ster-
ile distilled water at 28°C. The germinated seeds were
planted in 9-cm pots containing autoclaved potting mix-
ture of soil, peat moss and perlite (2:1:1, v/v/v). Plants
were grown in a growth chamber with a 16 h day (24°C)
and 8 h night (20 °C) cycle at 70 % relative humidity.

The seedlings were irrigated as needed and fertilized
twice a week with a 20-20-20 (N-P-K) soluble fertilizer
(1 g/L). Subsequent experiments were performed on 3-
week-old tomato plants carrying three to five fully ex-
panded leaves (Benhamou and Bélanger 1998).

Fungal strains and inoculum preparation

One aggressive strain of F. oxysporum f.sp. lycopersici
(FOL-04) isolated in 2010 from wilted tomato plants
grown under commercial greenhouse conditions in
Riyadh, Saudi Arabia was used in this study. The
s i n g l e - s p o r e d FOL -04 s t r a i n wa s i d e n t i f i e d
morphologically and microscopically according to the
criteria of Leslie and Summerell (2006) (El_Komy
et al. 2015). To confirm the identity of the FOL-04
strain, the internal transcribed spacers ITS-1 and ITS-2
of nuclear rDNA (ITS-rDNA) and a fragment of the
translation elongation 1 alpha factor gene (TEF-1α) were
PCR-amplified and sequenced. The obtained DNA se-
quences were searched against the GenBank database
using BLAST. Koch’s postulates were fulfilled for the
FOL-04 strain through pathogenicity experiments using
tomato cv. Farah, and the pathogen was re-isolated from
the diseased tissues.

Five strains of T. asperellum were used (TS-9, TS-12, TS-
36, TS-39 and TS-42) to assess their biocontrol efficacy
against the FOL-04 strain. These isolates were recovered from
soil samples of agricultural fields in the Riyadh region, Saudi
Arabia, from 2009 to 2010 using dilution plate methods on
Trichoderma selective medium (TSM) (Elad and Chet 1983).
Trichoderma strains were identified on the basis of their cul-
tural, morphological and microscopic characteristics (Gams
and Bissett 1998; Rifai 1969). Molecular identification of
these strains was performed by adapting the same techniques
used for FOL-04 identification (data not published). The an-
tagonistic potential of T. asperellum strains against FOL was
previously demonstrated by El_Komy et al. (2015). For long-
term preservation, fungal strains were maintained in 15 %
glycerol and frozen at -80 °C.

Conidial suspensions were prepared from 7-day-old
cultures grown on PDA at 28 °C. The cultures were
carefully scraped with a sterile glass rod without
disturbing the agar to dislodge spores into sterile dis-
tilled water. After filtering the resulting spore suspen-
sions through two layers of sterile muslin cloth, the
concentrations of the conidial suspensions were adjusted
to 1 × 107 conidia/mL using a counting chamber
(Webson Lancing) (Miranda et al. 2006). The quantity
of the inoculum to be used was calculated to achieve a
final concentration of 103 conidia/g soil for FOL-04 and
106 conidia/g of soil for the T. asperellum strains
(Barakat and Al-Masri 2009).
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Greenhouse evaluation of antagonists against vascular
wilt

Pot experiments were performed in the greenhouse of the
Plant Protection Department, College of Food and
Agricultural Sciences, King Saud University in a completely
randomized design to evaluate the effect of the T. asperellum
strains against FOL-04. Plastic pots (16-cm in diameter) were
filled with non-autoclaved sandy clay soil (1:1 v/v). The soil
was infested with the pathogen inoculum (103 conidia/g soil)
and left for one week for pathogen establishment. Then, the
inoculum of the antagonistic fungi was applied (106 conidia/g
of soil) in the FOL-04 infested soil and left for one more week
for Trichoderma establishment. Seedlings were transplanted,
one per pot and 20 replicates (pots) were used for each treat-
ment. The treatments were: (a) healthy control (no pathogen);
(b) soil infested with FOL-04; (c) soil infested with
T. asperellum strains; and (d) soil infested with both FOL-04
and T. asperellum strains.

Wilt disease assessment

Disease incidence (%DI) was recorded at 7-day intervals
using the formula: DI= (number of diseased plants/total num-
ber of plants) ×100. Disease severity based on foliar symp-
toms was scored at the end of the experiments using the fol-
lowing scoring system: 1, no infection (healthy plant and all
leaves were green); 2, slight infection at approximately 25 %
of full scale infection (one or two yellow leaves); 3, moderate
infection (three or more yellow leaves); 4, extensive infection
(dead lower leaves, some wilted upper leaves and growth
inhibition); and 5, complete infection (100 % of leaves wilted
and plant death) (Hibar et al. 2006). The basal stems were cut
to evaluate vascular browning, which was rated based on the
following scale: 0, healthy (no vascular discoloration); 1, ≤
33 % (midpoint = 16.5 %); 2, ≥33–67 % (midpoint 50 %); and
3, ≥67–100 % (midpoint=83.5 %) (Horinouchi et al. 2008).
Disease scores were converted to disease severity (DS) using
the following formula: DS = [(A × 1) + (B × 2) + (C × 3) +
(D×4)+ (E×5)]/(total number of plants) ×100, where A, B,
C, D and E are the number of plants corresponding to scores of
1, 2, 3, 4 and 5, respectively.

Plant growth measurements

At the end of the experiments, three plant growth measure-
ments were determined: dry weight (gm) and length (cm) of
both root and shoot systems, and root volume (cm3).

Monitoring of FOL-04 in tomato stems

FOL-04 populations in tomato stems were estimated at 15, 30
and 45 days after transplantation (dat) to the pathogen-infested

soil. Four plants per time interval per treatment were randomly
selected. The stem segments (10-cm long) were weighed and
washed separately with sterile water and then homogenized in
sterile distilled water (1:10 w/v) using a blender at 8000 rpm
for 10 min. Two-hundred microliter aliquots of serial dilutions
were spread evenly onto six replicate Petri dishes of Komada’s
selective medium (Komada 1975) per time interval. The plates
were incubated at 23°C for 7 days and examined for the pres-
ence of Fusarium colonies. The number of colony-forming
units (cfu) of FOL-04 per gram fresh weight of the stems
was recorded.

Monitoring FOL-04 and T. asperellum strains
in the tomato rhizosphere

Rhizosphere populations of FOL-04 and T. asperellum
strains were estimated in pathogen-infested soil at 15,
30 and 45 dat. One gram of the soil sample (four rep-
licates per time interval for each treatment) was
suspended in 9 ml of sterile distilled water. The soil
suspension was shaken for 1 minute on a vortex, and
dilutions and cultures were prepared as described above,
using Komada’s selective medium for Fusarium and
Trichoderma selective medium for T. asperellum as de-
scribed by Elad and Chet (1983).

Systemic effects in split root experiments

The two most promising T. asperellum strains based on the
greenhouse experiments (T-12 and T-39) were selected to
follow-up their ability to induce resistance against FW disease
in the split root system. Five-week old seedlings grown on
sterilized vermiculite were carefully removed from the sub-
strate. The root system was gently divided into approximately
equal portions and transplanted as split root plants into 400-ml
pots filled with an autoclaved mixture of potting soil and sand
(Khan et al. 2004; Zang et al. 1996). Six days after transplan-
tation, the pot on one side of all of the split root seedlings was
inoculated with the Trichoderma strains at a final density of
106 conidia/g of soil. Four days later, the other part was inoc-
ulated with the pathogen at a final density of 106 conidia/g of
soil. Control plants were treated with distilled water. The
plants were kept at 24°C, 70 % relative humidity and a 16
hour photoperiod and watered twice a week with sterilized
tap water. Disease severity was determined as described
above. Root materials from three plants from each treatment
were sampled at 2, 3, 6, 10, 15, 17 and 21 days after inocula-
tion (dai). The sampled roots were washed, briefly dried, im-
mediately frozen in liquid nitrogen, stored separately at -80°C
and analyzed separately to represent three biological
replications.
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RNA extraction and cDNA synthesis

Root tissues were ground with a mortar and pestle in liquid
nitrogen, and total RNA was extracted using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions.
Extracted RNA previously treated with RNase-free DNase
was examined using agarose gel electrophoresis and quanti-
fied spectrophotometrically using the 260/280 nm OD ratio
(Jenway spectrophotometer, Bibby Scientific Limited). The
RNA concentration was adjusted to 50 ng/μL. Subsequently,
cDNA was synthesized using oligo-dT primers with the
ProtoScript First Strand cDNA Synthesis Kit (New England
Biolabs) according to the manufacturer’s protocol.

Quantitative PCR (qPCR)

The expression profiles of pathogenesis-related genes,
chitinase (SlChi3), β-1,3-glucanase (SlGluA) and PR-1
(SlPR-1a), were evaluated using quantitative real-time PCR
(qPCR). The forward and reverse primers for the tested genes
are shown in Table 1 (Aimé et al. 2008). The qPCR reaction
mixture was composed of 25 ng of cDNA, 1 μL of each
primer (10 μM), 10 μL of SYBR green master mix (Quanti
Tech SYBR Green kit, Qiagen) and RNase-free water in a
final volume of 20 μL. RNase-free water was used as the
negative control. Quantitative real-time PCR was performed
using the GeneAmp 7900HT Sequence Detection System
(Applied Biosystems) with the following program conditions:
15 min at 95°C, followed by 40 cycles of denaturation for 15 s
at 95°C, annealing for 30 s at 58°C and extension for 30 s at
72°C. The qPCR reactions were performed twice. The actin
gene was used as a reference gene, and the relative expression
of gene of interest was calculated according to the method of
Pfaffi (2001).

Data analysis

The experiments were arranged in a completely randomized
design, and the statistical analyses of all experiments were

performed using the SAS software system (SAS Institute
Inc., 2003). All experiments were conducted twice. Levene’s
test was used to check the data for homogeneity of variance
and indicated that the data of the two replications could be
combined for the final analysis. Data expressed as percentages
were subjected to arcsine transformation. Fungal cfu counts
were transformed using square-root [sqrt (x+0.5)] prior to
analysis to obtain homogeneity of variance. Analyses of var-
iance (ANOVA) were performed for all data sets. The least
significant difference (LSD) at P<0.05 was applied to detect
differences among different treatments (Gomez and Gomez
1984). For polynomial regression analyses, IBM SPSS soft-
ware was used (version 22; IBM SPSS Statistics, IBM Corp.,
USA).

Results

Incidence and severity of Fusarium wilt disease

The results presented in Table 2 indicate that the application of
T. asperellum strains significantly decreased the disease inci-
dence caused by the wilt pathogen compared with the infected
control plants under greenhouse conditions. Moreover,
T. asperellum strains decreased the internal stem discoloration
and severity of foliar symptoms on tomato plants. Inoculation
with FOL-04 only resulted in a significant reduction in the
length of the root and fewer root tips compared to plants treat-
ed with the T. asperellum strains with or without pathogen
inoculation.

The highest reductions in disease incidence, severe foliar
symptoms and internal stem discoloration were gained with
TS-12 (39.2, 47 % and 40.7, respectively) (Table 2). The next
most effective biocontrol strain was TS-39 (29.6, 45 % and
37.3, respectively) followed by TS-42 strain (24.2, 35 % and
16.8, respectively). The lowest reductions were obtained with
TS-9 and TS-36 strains (Table 2). These results indicated that
treatment of tomato plants with the T. asperellum strains led to
reduction in disease severity compared to the control plants.
Moreover, TS-12 and TS-39 strains can be used as effective
biocontrol agents to reduce the impact of Fusarium wilt on
tomatoes.

Plant growth measurements

The application of T. asperellum strains to healthy to-
mato plants significantly increased plant growth in terms
of root and shoot dry weight, height, root length and
root volume relative to the healthy untreated control
(Table 3). In pathogen infested soil, tomato plants treat-
ed with T-12 and T-39 had the highest increase in
root/shoot dry weight (64.5/58.3 and 68.2/43.6 %, re-
spectively) compared to the infected control plants.

Table 1 Primers used in real-time quantitative RT-PCR analyses of
tomato defense-related genes

Primer Sequence Target gene

Actin-f 5′-AGGCACACAGGTGTTATGGT-3′ Actin

Actin-r 5′-AGCAACTCGAAGCTCATTGT-3′ Actin

LECHI3-F 5′-TGCAGGAACATTCACTGGAG-3′ SlChi3

LECHI3-R 5′-TAACGTTGTGGCATGATGGT-3′ SlChi3

LEGLUCA-F 5′-GGTCTCAACCGCGACATATT-3′ SlGluA

LEGLUCA-R 5′-CACAAGGGCATCGAAAAGAT-3′ SlGluA

LEPR1A-F 5′-TCTTGTGAGGCCCAAAATTC-3′ SlPR-1a

LEPR1A-R 5′-ATAGTCTGGCCTCTCGGACA-3′ SlPR-1a
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Generally, there was significant plant growth enhance-
ment for FOL-04 infected plants t rea ted with
T. asperellum strains compared with FOL-04-only in-
fected (control) plants. The highest values of plant
height, root length and root volume of FOL-04 infected
plants treated with Trichoderma were obtained by T-12
and T-39 strains; 46.9, 48.0, 35.0 % and 35.6, 33.9,
26.9 %, respectively (Table 3). These results indicated
that the application of Trichoderma strains had a posi-
tive impact on tomato plant growth parameters irrespec-
tive of the presence or absence of FOL-04 (Table 3).

Monitoring FOL-04 in tomato stems

Populations of FOL-04 were estimated in tomato stems
at 15, 30 and 45 dat of seedlings into FOL infested soil.
Figure 1 (panel A) shows the polynomial regression
relationship between FOL-04 population densities (cfu/
g fresh weight stem) in tomato stems and the three
different sampling times after transplantation into
pathogen-infested soil and treated with different
T. asperellum strains. All FOL-04 infected tomato plants
treated with biocontrol strains showed significantly

Table 3 Effect of different Trichoderma asperellum strains on the root and shoot lengths of tomato plants irrespective of the presence or absence of the
Fusarium wilt pathogen under greenhouse conditions

Treatments Root dry weight (g) Shoot dry weight (g) Root length (cm) Shoot length (cm) Root volume (cm3)

Mean* Differences **
(%)

Mean Differences
(%)

Mean Differences
(%)

Mean Differences
(%)

Mean Differences
(%)

Control 0.95 bc – 4.43 c – 7.60 bc – 21.6 d – 6.96 d –
TS-9 1.00 b +05.3 4.30 c –02.9 9.25 a 21.7 23.9 c 10.7 8.35 b 19.9
TS-12 1.34 a + 39.0 6.24 a + 40.9 8.30 ab 09.2 28.2 a 30.6 9.77 a 40.4
TS-36 1.25 a + 31.6 5.50 b + 24.2 8.40 ab 10.5 26.4 b 22.2 7.54 c 8.30
TS-39 1.37 a + 44.2 5.50 b + 24.2 9.58 a 26.3 24.3 c 12.5 8.44 b 21.3
TS-42 1.22 a + 28.4 5.41 b + 22.1 8.65 ab 13.8 26.7 b 23.6 7.97 cb 14.5
FOL-04 0.48 f – 1.95 f – 4.60 f – 11.8 g – 4.19 h –
FOL-04 + TS-9 0.68 de + 41.7 2.50 ef 28.2 5.04 f 09.6 14.5 f 22.9 4.86 g 15.9
FOL-04 + TS-12 0.79 cd + 64.5 3.28 d 68.2 6.76 cde 46.9 16.0 e 35.6 5.66 e 35.0
FOL-04 + TS-36 0.59 ef + 22.9 2.38 ef 22.0 5.30 ef 15.2 14.6 f 23.7 4.74 g 13.1
FOL-04 + TS-39 0.76 de + 58.3 2.80 de 43.6 6.81 cd 48.0 15.8 ef 33.9 5.32 ef 26.9
FOL-04 + TS-42 0.60 ef + 25.0 2.80 de 43.6 5.64 ef 22.6 15.4 ef 30.5 4.93 g 17.7

*Each value represents the mean of ten replications with two plants per replication; values in each column followed by the same letter are not
significantly different at P< 0.05 according to the LSD test

**Effect of the different Trichoderma strains on tomato growth parameters irrespective of the absence (values in normal font) or the presence of the
Fusarium wilt (FW) pathogen (values in bold font) compared with the healthy control or FW-only infected control

Table 2 Efficacy of different Trichoderma asperellum strains on wilt incidence, foliar symptoms and discoloration severity caused by Fusarium
oxysporum f.sp. lycopersici (FOL) strain FOL-04 on tomato plants under greenhouse condition

Treatments Wilt incidence (%) Foliar symptoms (%) Discoloration severity (%)

Mean* Protection (%)** Mean Protection (%) Mean Protection (%)

FOL-04 87.2 (69.5) a – 71.3 (57.6) a – 60.0 (50.8) a –

FOL-04+TS-9 74.8 (59.9) b 14.2 62.6 (52.3) b 12.2 48.7 (44.2) b 18.8

FOL-04 +TS-12 53.9 (47.2) e 39.2 42.3 (40.6) e 40.7 31.8 (34.3) d 47.0

FOL-04 +TS-36 67.1 (55.1) c 23.0 59.6 (50.5) c 16.4 49.0 (44.4) b 18.3

FOL-04 +TS-39 61.4 (51.6) d 29.6 44.7 (41.9) d 37.3 33.0 (35.0) d 45.0

FOL-04 +TS-42 66.1 (54.4) cd 24.2 59.3 (50.3) c 16.8 39.0 (38.6) c 35.0

*Mean of ten replications with two plants per replication; numbers in parentheses are arcsine transformed values; analysis based only on the transformed
data; mean values in each column followed by the same letter are not significantly different at P< 0.05 according to the LSD test.

**Calculated according to the following formula: [C – T/C] × 100, where C is the disease measurements of control plants and T is the disease
measurements of plants treated with Trichoderma strains
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lower FOL-04 population densities in the stems com-
pared with FOL-only infected (control) plants (Table 4,
Fig. 1a). The highest reduction in FOL-04 population
wa s a ch i e v ed i n t oma to s t ems t r e a t ed w i t h
T. asperellum TS-12 strain, whereas the lowest FOL-04

population reduction was achieved by TS-9 strain
(Table 4).

Monitoring FOL-04 and Trichoderma in tomato
rhizosphere

The populations of F. oxysporum and T. asperellum (cfu/g
rhizosphere soil) were evaluated in the treated soils at 15,
30 and 45 dat. Figure 1 (panel B) shows the polynomial
regression relationships between FOL-04 population den-
sities in tomato rhizosphere soil (cfu/g fresh weight soil)
and the three different sampling times after transplantation
into pathogen infested soil and treated with different
T. asperellum strains. The FOL-04 population rapidly in-
creased over time in the control treatment (Table 5,
Fig. 1b). However, FOL-04 populations decreased in soils
treated with T. asperellum strains compared to the soil
treated with FOL only (Table 5, Fig. 1b). The average
reductions in FOL-04 populations in tomato rhizosphere
soil treated with TS-36, TS-9, TS-42, TS-12 and TS-39
were 85.8, 88.7, 88.9, 91.7 and 92.9 %, respectively
(Table 5). Figure 2 shows the regression relationship be-
tween population densities of different T. asperellum
strains in tomato plant rhizosphere soil and the three dif-
ferent sampling times after transplantation into pathogen
infested soil. Generally, Trichoderma populations greatly
increased over time in all treated soils (Table 6, Fig. 2).
These results suggested that the reduction in disease inci-
dence and development can be due to the reduction in
FOL-04 population and the increase of Trichoderma
populations.

Systemic effects in split root experiments

Based on the greenhouse evaluations, the T. asperellum strains
T-12 and T-39 showed the best performance in minimizing
wilt incidence and severity, in addition to remarkable in-
creases in plant growth parameters. These strains were

Fig. 1 Polynomial regression relationship between Fusarium oxysporum
f.sp. lycopersici (FOL) strain FOL-04 population densities in either
tomato stems (cfu/g fresh weight of stem) (a) or its rhizosphere soil
(cfu/g fresh weight of soil) (b) and different time points after
transplantation into pathogen-infested soil irrespective of the presence
or absence of different Trichoderma asperellum strains under
greenhouse conditions

Table 4 Effect of different Trichoderma asperellum strains on the reduction of population density of Fusarium oxysporum f.sp. lycopersici (FOL)
strain FOL-04 in tomato stems (cfu/g fresh weight of stem) at different time points after transplantation into pathogen-infested soil

Treatments Population of FOL-04 (cfu)

15 Da 30 D 45 D Average Control %

FOL-04 only 1.23× 102 (11.1) cd 2.85 × 102 (16.9) a 2.12× 102 (14.6) b 2.07 × 102 –

FOL-04+TS-9 0.95× 102 (9.77) efg 1.84 × 102 (13.6) b 1.91× 102 (13.8) b 1.57 × 102 24.0

FOL-04 +TS-12 0.79× 102 (8.94) gh 0.38 × 102 (6.20) i 1.09× 102 (10.4) de 0.75 × 102 63.7

FOL-04 +TS-36 1.06× 102 (10.2) def 1.97 × 102 (14.0) b 1.11 × 102 (10.5) cde 1.38 × 102 33.3

FOL-04 +TS-39 0.60× 102 (7.79) h 1.05 × 102 (10.2) def 0.83× 102 (9.13) fg 0.83 × 102 59.9

FOL-04 +TS-42 0.88× 102 (9.36) efg 0.96 × 102 (9.82) efg 1.36× 102 (11.7) c 1.07 × 102 48.3

a Data were recorded 15, 30 and 45 days after transplantation of tomato seedlings into pathogen-infested soil; data are the means of four replications per
time point; numbers in parentheses are square-root transformed values; analysis based only on the transformed data; values followed by different letters
indicate significant differences at P< 0.05 according to the LSD test
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selected and screened for their ability to induce tomato sys-
temic resistance against Fusarium wilt disease. The defense-
related genes encoding chitinase (SlChi3), β-1,3-glucanase
(SlGluA) and PR-1 (SlPR-1a) were studied. Expression levels
of these genes were determined in tomato plants at seven time
intervals between 2 and 21 dpi with FOL-04. The disease
severity of the seedlings was also assessed.

As shown in Fig. 3, there was no accumulation of SlChi3
transcripts in root and stem tissues of the control plants,
whereas in plants inoculated with FOL-04 only, the SlChi3
transcript increased gradually over time. However, in plants
inoculated with FOL-04 and treated with T. asperellum strains
T-12 and T-39, SlChi3 expression was significantly higher
compared to that of the plants inoculated with FOL-04 only,
at all time points investigated (Fig. 3). For SlGluA, early ex-
pression was detected in FOL-04 inoculated plants and treated

with both the T-12 and T-39 strains in either the root (6 dpi) or
stem (10 dpi) tissues (Fig. 4), and SlGluA expression levels
continued to increase over time. In contrast, no SlGluA expres-
sion was detected in the control healthy plants at all sampling
time points. However, the FOL-04-only inoculated plants
showed a weak accumulation of SlGluA transcripts at 10 and
21 dpi (Fig. 4). The expression of SlPR-1a was observed only
in root and stem tissues of FOL-04 inoculated tomato plants
that were treated with Trichoderma strains (Fig. 5). No SlPR-
1a expression was detected in either the healthy control or
FOL-04-only inoculated plants at all sampling time points
(Fig. 5). The disease severity of tomato plants grown in
FOL-04 infested soil and treated with the T. asperellum strains
TS-12 and TS-39 was 14.7 and 12.8 %, respectively, which
was significantly lower than the plants grown in FOL-04
infested soil (24.6 %) (data not published). Consequently,
the suppression of FW in tomatoes by the biocontrol strains
appears to be accompanied by the enhanced expression of
several defense-related genes.

Discussion

Biological control of the vascular wilt disease caused by
Fusarium oxysporum f. sp. lycopersici (FOL), a major limit-
ing factor of tomato production worldwide, has been consid-
ered as a suitable management strategy (De Cal et al. 1995;
Larkin and Fravel 1998). In the present study, the antagonistic
effectiveness of five T. asperellum strains (TS-9, TS-12, TS-
36, TS-39 and TS-42) previously selected on the basis of
in vitro antagonism against FOL strains (El_Komy et al.
2015) were evaluated for their protective effects under green-
house conditions to manage tomato FW disease. The results
showed that the application of Trichoderma strains signifi-
cantly decreased the disease incidence caused by FOL-04
compared with control plants. The biocontrol strains also de-
creased internal stem discoloration and the severity of foliar

Table 5 Effect of different Trichoderma asperellum strains on the reduction of the population density of Fusarium oxysporum f.sp. lycopersici (FOL)
strain FOL-04 in tomato plant rhizosphere soil (cfu/g fresh weight of soil) at different time points after transplantation into pathogen-infested soil

Treatments Population of FOL-04 (cfu)

15 Da 30 D 45 D Average Control %

FOL-04 only 2.01× 105 (1446.1) c 3.10× 105 (1758.6) b 4.83× 105 (2193.9) a 3.34 × 105 –

FOL-04+TS-9 3.85× 104 (196.2) d-g 4.08× 104 (201.8) def 3.40× 104 (184.4) d-g 3.78 × 104 88.7

FOL-04 +TS-12 3.88× 104 (196.2) d-g 3.05× 104 (174.5) e-h 1.40× 104 (118.2) h 2.78 × 104 91.7

FOL-04 +TS-36 5.95× 104 (243.9) d 4.67× 104 (216.2) de 3.58× 104 (189.1) d-g 4.73 × 104 85.8

FOL-04 +TS-39 3.27× 104 (180.8) d-h 2.00× 104 (141.2) fgh 1.85× 104 (135.8) gh 2.37 × 104 92.9

FOL-04 +TS-42 3.95× 104 (198.7) d-g 4.40× 104 (209.7) de 2.72× 104 (164.8) e-h 3.69 × 104 88.9

a Data were recorded 15, 30 and 45 days after transplantation of tomato seedlings into pathogen-infested soil; data are the means of four replications per
time point; numbers in parentheses are square-root transformed values; analysis based only on the transformed data. Values followed by different letters
indicate significant differences at P< 0.05 according to the LSD test

Fig. 2 Polynomial regression relationship between population densities
of different Trichoderma asperellum strains in tomato plant rhizosphere
soil (cfu/g fresh weight of soil) and different time points after
transplantation into pathogen-infested soil under greenhouse conditions
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symptoms on tomato plants. Furthermore, the Trichoderma
strains improved the performance of FOL-04 inoculated
plants compared with plants inoculated with FOL-04 only,
which showed significantly shorter root systems with fewer
root tips. These results are in agreement with previous studies
that demonstrated the efficacy of Trichoderma strains used as
bio-fungicides to control FW and other soil-borne plant dis-
eases (Barakat and Al-Masri 2009; Cotrarrera et al., Dubey
et al. 2007; Hibar et al. 2006; Moreno and Cotes 2007;
Osuinde et al. 2002).

The mechanism of action of Trichoderma strains for dis-
ease control may be due to the promotion of plant growth and
development (Avis et al. 2001; Harman et al. 2004, 2011,
Harman 2011; Vinale et al. 2008). Trichoderma strains are
considered as plant symbiont, opportunistic, avirulent organ-
isms that are able to colonize plant roots by mechanisms sim-
ilar to those of mycorrhizal fungi and produce compounds that
stimulate growth and plant defense systems (Aleandri et al.
2015; Benítez et al. 2004; Harman 2006; Howell 2003; Huang
et al. 2011; Mukherjee et al. 2012). The enhancement of plant
growth might be associated with increased uptake of nutrients
stimulated by growth-promoting factors such as IAA and
GA3 and decreased level of ethylene owing to root coloniza-
tion by Trichoderma (Benítez et al. 2004; Chen et al. 2007;
Harman 2006, 2011; Gravel et al. 2007). The results obtained
here show that the application of Trichoderma strains had a
positive impact on plant growth in terms of root and shoot dry
weight, height, root length and root volume irrespective of the
presence or absence of the pathogen. Segarra et al. (2010)
found that T. asperellum improved several plant physiological
parameters, enhanced plant height and effectively managed
tomato FW disease. Huang et al. (2011) reported that
T. harzianum combined with bio-organic fertilizers could con-
trol Rhizoctonia solani damping-off disease in cucumber
seedlings, mainly through mycoparasitism. Moreover,
Zahoor et al. (2012) reported that Fusarium root rot of okra
was effectively controlled of by T. harzianum and T. viride
strains.

The strong capacity of Trichoderma strains to colonize the
plant rhizosphere, mobilize and take up soil nutrients is usu-
ally part of a competition strategy involving antagonism,
which explains their mode of action in controlling plant path-
ogens (Benítez et al. 2004; Harman et al. 2004; Hermosa et al.
2013; Lorito and Woo 2015; Vinale et al. 2008). In this study,
tomato plants treated with the selected Trichoderma strains
showed significantly lower FOL-04 population densities in
the stems compared with the pathogen-only control. We also
observed that the FOL-04 population rapidly increased over
time in the tomato rhizosphere where no antagonistic

Fig. 3 Gene expression analysis of the defense-related gene encoding
chitinase (SlChi3) in the stems (a) and roots (b) of tomato plants grown in
soil treated with Trichoderma asperellum strains TS-12 and TS-39 at
different time points after inoculation with the Fusarium wilt pathogen.
Actin was used as the reference gene. Each data point represents the
average for three independent biological replicates ± standard error

Table 6 Population density of
different Trichoderma asperellum
strains in tomato plant
rhizosphere soil (cfu/g fresh
weight soil) at different time
points after transplantation into
pathogen-infested soil

Treatments Population of T. asperellum strains (cfu)

15 Da 30 D 45 D Average

FOL-04 +TS-9 3.80× 105 (615.8) h 5.07 × 105 (711.8) g 7.37× 105 (858.5) cd 5.41× 105

FOL-04 +TS-12 5.87× 105 (766.2) f 6.72 × 105 (819.8) e 8.90× 105 (943.1) ab 7.16× 105

FOL-04 +TS-36 4.97× 105 (705.2) g 6.00 × 105 (774.4) f 8.85× 105 (940.7) b 6.60× 105

FOL-04 +TS-39 4.00× 105 (632.3) h 7.73 × 105 (878.8) c 9.10× 105 (953) ab 6.94× 105

FOL-04 +TS-42 4.65× 105 (681.9) g 6.95 × 105 (833.5) de 9.45× 105 (972.1) a 7.02× 105

a Data were recorded 15, 30 and 45 days after transplantation of tomato seedlings into pathogen-infested soil; data
are the means of four replications per time point; numbers in parentheses are square-root transformed values;
analysis based only on the transformed data. Values followed by different letters indicate significant differences at
P< 0.05 according to the LSD test
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organisms existed. However, FOL-04 population decreased in
the soil treated with Trichoderma strains, whose populations
greatly increased over time. These results showed that the
reduction in disease incidence was accompanied by a reduc-
tion in the FOL-04 population and an increase in the
Trichoderma population, probably due to competition for nu-
trients and space (Barakat et al. 2009).

Treating plants with biocontrol agents can provide systemic
resistance against a broad spectrum of pathogens (Conrath
et al. 2002; Kloepper et al. 2004; Pozo et al. 2005; Vinale
et al. 2008). The induction of defense reactions was reported
to be associated with increased lignification, stimulation of
host-defense enzymes and synthesis of pathogenesis-related
(PR) proteins (Hammerschmidt and Kuc 1995). PR proteins
are produced in plants during pathogen invasion, and their
synthesis and accumulation contribute to increased plant re-
sistance against pathogen infection (Abdallah et al. 2010;
Taheri et al. 2012). Trichoderma strains were reported to in-
duce growth promotion and systemic resistance against many
soil- and seed-borne foliar diseases of various vegetable crops,
including tomatoes (Sid Ahmad et al. 2000; Kloepper et al.
2004; Papavizas 1985; De Palma et al. 2016; Sid Shoresh et al.
2005). We examined the ability of the T. asperellum strains

TS-12 and TS-39 to induce defense responses in tomato
plants. The results showed significant increases in the expres-
sion levels of SlChi3, SlGluA and SlPR-1a genes in both root
and stem tissues of FOL-04 inoculated tomato plants and
treated with T. asperellum strains compared with FOL-04-
only controls. The expression of PR genes in Trichoderma
treated, FOL-04 inoculated plants was induced earlier and
stronger compared with FOL-04 only plants, resulting in high
transcript accumulation. For instance, reduced disease devel-
opment on the Trichoderma inoculated plants was detected
compared with plants inoculated with the wilt pathogen alone.
These results indicated that the biocontrol strains induced the
expression of PR genes in tomatoes that increased their resis-
tance to wilt pathogen infection. Our results are in agreement
to those showing a good correlation between plant protection
and increased levels of PR protein-related genes. For example,
Shoresh et al. (2005) showed that the protective effect con-
ferred by T. harzianum in cucumber plants against infection
by the leaf pathogen Pseudomonas syringae pv. lachrymans
was due to the activation of higher systemic expression of the
PR genes encoding chitinase, β-1,3-glucanase and peroxi-
dase. A study performed byAlizadeh et al. (2013) demonstrat-
ed that T. harzianum induced resistance in cucumbers against

Fig. 5 Gene expression analysis of the defense-related gene encoding the
PR1-protein (SlPR-1a) in the stems (a) and roots (b) of tomato plants
grown in soil treated with Trichoderma asperellum strains TS-12 and TS-
39 at different time points after inoculation with the Fusarium wilt
pathogen. Actin was used as the reference gene. Each data point
represents the average for three independent biological replicates
± standard error

Fig. 4 Gene expression analysis of the defense-related gene encoding β-
1,3-glucanase (SlGluA) in stems (a) and roots (b) of tomato plants grown
in soil treated with Trichoderma asperellum strains TS-12 and TS-39 at
different time points after inoculation with the Fusarium wilt pathogen.
Actin was used as the reference gene. Each data point represents the
average for three independent biological replicates ± standard error
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F. oxysporum f. sp. radicis and significantly reduced the wilt
severity via a mechanism associated with the primed expres-
sion of a set of defense-related genes. Similarly, Chowdappa
et al. (2013) demonstrated that T. harzianum OTPB3 en-
hanced the levels of defense-related enzymes including per-
oxidase, polyphenol oxidase and superoxide dismutase in to-
mato plants.

Based on the present study, we conclude that the
T. asperellum strains TS-12 and TS-39 can be used as effective
biocontrol agents to control FW disease of tomatoes, offering
an alternative strategy for disease management. Further stud-
ies are recommended to test the effectiveness of using the two
T. asperellum strains either separately or in combination in
open fields to develop long-term FW management strategies
for tomato.

Acknowledgments This research was financially supported by the
King Abdulaziz City for Science and Technology (KACST), Riyadh,
Saudi Arabia.

References

Abdallah NA, Shah D, Abbas D, Madkour M (2012) Stable integration
and expression of a plant defensin in tomato confers resistance to
fusarium wilt. GM Crops 1:344–350

Abu Yaman IK, Abu Blan HA (1972) Major diseases of cultivat-
ed crops in the Central Province of Saudi Arabia. 2. diseases
of vegetables. Zeitschrift für Pflanzenkrankheiten und
Pflanzenschatz 79:227–231

Aimé S, Cordier C, Alabouvette C, Olivain C (2008) Comparative anal-
ysis of PR gene expression in tomato inoculated with virulent
Fusarium oxysporum f. sp. lycopersici and the biocontrol strain
F. oxysporum Fo47. Physiol Mol Plant Pathol 73:9–15

Aleandri MP, Chilosi G, Bruni N, Tomassini A, Vettraino AM, Vannini A
(2015) Use of nursery potting mixes amended with local
Trichoderma strains with multiple complementary mechanisms to
control soil-borne diseases. Crop Prot 67:269–278

Alizadeh H, Behboudi K, AhmadzadehM, Javan-NikkhahM, Zamioudis
C, Pieterse CMJ, Bakker PAHM (2013) Induced systemic resistance
in cucumber and Arabidopsis thaliana by the combination of
Trichoderma harzianum Tr6 and Pseudomonas sp. Ps14. Biol
Control 65:14–23

Avis TJ, Hamelin RC, Bélanger RR (2001) Approaches to molecular
characterization of fungal biocontrol agents: some case studies.
Can J Plant Pathol 23:8–12

Barakat RM, Al-Masri MI (2009) Trichoderma harzianum in
combination with sheep manure amendment enhances soil
suppressiveness of Fusarium wilt of tomato. Phytopathol
Mediterr 48:385–395

Beckman CH (1987) The nature of wilt disease of plants. APS Press, St.
Paul

Benhamou N, Bélanger R (1998) Benzothiadiazole-mediated induced
resistance to Fusarium oxysporum f. sp. radicis-lycopersici in toma-
to. Plant Physiol 118:1203–1212

Benítez T, Ana M, Rincón AM, Limón MC, Codón AC (2004)
Biocontrol mechanisms of Trichoderma strains. Int Microbiol 7:
249–260

Chen XH, Koumoutsi A, Scholz R, Eisenreich A, Schneider K,
Heinemeyer I, Morgenstern B, Voss B, Hess WR, Reva O, Junge

H, Voigt B, Jungblut PR, Vater J, Süssmuth R, Liesegang H,
Strittmatter A, Gottschalk G, Borriss R (2007) Comparative analysis
of the complete genome sequence of the plant growth-promoting
bacterium Bacillus amyloliquefaciens FZB42. Nat Biotechnol 25:
1007–1014

Chet I, Inbar J (1994) Biological control of fungal pathogens. Appl
Biochem Biotechnol 48:37–43

Chowdappa P, Mohan Kumar SP, Jyothi Lakshmi M, Upreti KK (2013)
Growth stimulation and induction of systemic resistance in tomato
against early and late blight by Bacillus subtilis OTPB1 or
Trichoderma harzianum OTPB3. Biol Control 65:109–117

Conrath U, Pieterse CMJ, Mauch-Mani B (2002) Priming in plant-
pathogen interactions. Trends Plant Sci 7:209–216

De Cal A, Pascual S, Larena I, Melgarejo P (1995) Biological control of
Fusarium oxysporum f.sp. lycopersici. Plant Pathol 44:909–917

De Palma M, D’Agostino N, Proietti S, Bertini L, Loritoe M, Ruocco M,
Caruso C, Chiusano ML, Tucci M (2016) Suppression subtractive
hybridization analysis provides new insights into the tomato
(Solanum lycopersicum L.) response to the plant probiotic microor-
ganism Trichoderma longibrachiatum MK1. J. Plant Physiol 190:
79–94

Dekker J (1981) Resistance to fungicides in plant pathogens: abstracts of
papers. Neth J Plant Pathol 87:233–255

Dubey SC, SureshM, Singh B (2007) Evaluation of Trichoderma species
against Fusarium oxysporum f.sp. ciceris for integrated manage-
ment of chickpea wilt. Biol Control 40:118–127

El_Komy MH, Saleh AA, Ernthodi A, Molan YY (2015)
Characterization of novel Trichoderma asperellum isolates to select
effective biocontrol agents against tomato Fusarium wilt. Plant
Pathol J 30:50–60

Elad Y, Chet I (1983) Improved selective media for isolation of
Trichoderma spp. or Fusarium spp. Phytoparasitica 11:55–58

GamsW, Bissett J (1998)Morphology and identification of Trichoderma.
In: Kubicek CP, Harman GE (eds) Trichoderma and Gliocladium,
vol. 1. basic biology, taxonomy, and genetics. Taylor and Francis,
London, pp 3–34

Gomez KA, Gomez AA (1984) Statistical procedures for agricultural
research, 2nd edn. Wiley, New York

Gravel V, Antoun H, Tweddell RJ (2007) Growth stimulation and fruit
yield improvement of greenhouse tomato plants by inoculation with
Pseudomonas putida or Trichoderma atroviride: possible role of
indole acetic acid (IAA). Soil Biol Biochem 39:1968–1977

Hammerschmidt R, Kuc JJ (1995) Induced resistance to disease in plants.
Kluwer Academic Publishers, Dordsecht

Harman GE (2000) Myths and dogmas of biocontrol: changes in percep-
tions derived from research on Trichoderma harzianum T-22. Plant
Dis 84:377–393

Harman GE (2006) Overview of mechanisms and uses of Trichoderma
spp. Phytopathology 96:190–194

Harman GE (2011) Multifunctional fungal plant symbionts: new tools to
enhance plant growth and productivity. New Phytol 189:647–649

Harman GE, Howell CR, Viterbo A, Chet I, Lorito M (2004)
Trichoderma species-opportunistic, avirulent plant symbionts. Nat
Rev 2:43–56

Hermosa R, Rubio MB, Cardoza RE, 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

Hibar K, Daami-Remadi M, Hamada W, El Mahjoub M (2006) Bio-
fungicides as an alternative for tomato Fusarium crown and root
rot control. Tunis J Plant Prot 1:19–29

Horinouchi H, Katsuyama N, Taguchi Y, Hyakumachi M (2008) Control
of Fusarium crown and root rot of tomato in a soil system by com-
bination of a plant growth-promoting fungus, Fusarium equiseti,
and biodegradable pots. Crop Prot 27:859–864

286 Trop. plant pathol. (2016) 41:277–287



Howell CR (2003) Mechanisms employed by Trichoderma species in the
biological control of plant diseases, the history and evolution of
current concepts. Plant Dis 87:4–10

Huang X, Chen L, Ran W, Shen Q, Yang X (2011) Trichoderma
harzianum strain SQR-T37 and its bio-organic fertilizer could con-
trol Rhizoctonia solani damping-off disease in cucumber seedlings
mainly by the mycoparasitism. Appl Microbiol Biotechnol 91:741–
755

Jones JB, Jones JP, Stall RE, Zitter TA (1991) Compendium of tomato
diseases. APS Press, St. Paul

Khan J, Ooka JJ, Miller SA, Madden LV, Hoitink HAJ (2004) Systemic
resistance induced by 573 Trichoderma hamatum 382 in cucumber
against Phytophthora crown rot and leaf blight. Plant Dis 88:280–
286

Kloepper JW, Ryu CM, Zhang S (2004) Induced systemic resistance and
promotion of plant growth by Bacillus spp. Phytopathology 94:
1259–1266

Komada H (1975) Development of a selective medium for quantitative
isolation of Fusarium oxysporum from natural soil. Rev Plant Prot
Res 8:114–123

Kubicek CP, Mach RL, Peterbauer CK, Lorito M (2001) Trichoderma:
from genes to biocontrol. J Plant Pathol 83:11–23

Larkin RP, Fravel DR (1998) Efficacy of various fungal and bacterial
biocontrol organisms for control of Fusarium wilt of tomato. Plant
Dis 82:1022–1028

Leslie JF, Summerell BA (2006) The Fusarium laboratory manual.
Blackwell Publishing, Ames

Lorito M,Woo S (2015) Trichoderma: a multi-purpose tool for integrated
pest management. In: Lugtenberg B (ed) Principles of plant-microbe
interactions. Springer International Publishing, Zurich, pp 345–353

Meyer SFM, Roberts DP (2002) Combinations of biocontrol agents for
management of plant-parasitic nematodes and soilborne plant path-
ogenic fungi. J Nematol 34:1–8

Miranda MEA, Estrella HA, Cabriales JJP (2006) Colonization of the
rhizosphere, rhizoplane and endorhiza of garlic (Allium sativum
L.) by strains of Trichoderma harzianum and their capacity to con-
trol allium white-rot under field conditions. Soil Biol Biochem 38:
1823–1830

Moreno CA, Cotes AM (2007) Survival in the phylloplane of
Trichoderma koningii and biocontrol activity against tomato foliar
pathogens. IOBC/WPRS Bull 30:557–561

MukherjeeM,Mukherjee PK, Horwitz BA, Zachow C, Berg G, Zeilinger
S (2012) Trichoderma-plant pathogen interactions: advances in ge-
netics of biological control. Indian J Microbiol 52:522–529

Nicolás C, Hermosa R, Rubio B, Mukherjee P, Monte E (2014)
Trichoderma genes in plants for stress tolerance - status and pros-
pects. Plant Sci 228:71–78

Osuinde M, Aluya E, Emoghene A (2002) Control of Fusarium wilt of
tomato (Lycopersicon esculentum Mill) by Trichoderma species.
Acta Phytopathol Entomol Hung 37:47–55

Papavizas GC (1985) Trichoderma and Gliocladium: biology, ecology,
and potential for biocontrol. Annu Rev Phytopathol 23:23–54

Pfaffi MW (2001) A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res 29:614–645

PozoMJ, Van loon LC, Pieterse CMJ (2005) Jasmonates-signals in plant–
microbe interactions. J Plant Growth Regul 23:211–222

Rifai MA (1969) A revision of the genus Trichoderma. Mycol Papers
116:1–56

SAS Institute Inc (2003) SAS/STATA guide for personal computers ver-
sion 9.1 edition. SAS Institute, Carry NC, USA

Segarra G, Casanova E, Avilés M, Trillas I (2010) Trichoderma
asperellum strain T34 controls Fusarium wilt disease in tomato
plants in soilless culture through competition for iron. Microbial
Ecol 59:141–149

Shoresh M, Yedidia I, Chet I (2005) Involvement of jasmonic
acid/ethylene signaling pathway in the systemic resistance induced
in cucumber by Trichoderma asperellum T203. Phytopathology 95:
76–84

Sid Ahmad A, Sanchez CP, Candela ME (2000) Evaluation of induction
of systemic resistance in pepper plants (Capsicum annuum) to
Phytophthora capsici using Trichoderma harzianum and its relation
with capsidiol accumulation. Eur J Plant Pathol 106:817–824

Taheri P, Tarighi S (2012) The role of pathogenesis-related proteins in the
tomato-Rhizoctonia solani interaction. J Botany. doi:10.1155/2012
/137037

Vinale F, Sivasithamparam K, Ghisalberti EL, Marra R, Woo SL, Lorito
M (2008) Trichoderma-plant pathogen interactions. Soil Biol
Biochem 40:1–10

Zahoor A, Saifulla FR, Hakim K, Muhammad I (2012) Chemical and
biological control of root rot of Okra. Pak J Bot 44:453–457

Zang W, Dick WA, Hoitink HAJ (1996) Compost-induced systemic ac-
quired resistance in cucumber to Pythium root rot and anthracnose.
Phytopathology 86:1066–1070

Trop. plant pathol. (2016) 41:277–287 287

http://dx.doi.org/10.1155/2012/137037
http://dx.doi.org/10.1155/2012/137037

	Trichoderma asperellum strains confer tomato protection and induce its defense-related genes against the Fusarium wilt pathogen
	Abstract
	Introduction
	Materials and methods
	Tomato plants
	Fungal strains and inoculum preparation
	Greenhouse evaluation of antagonists against vascular wilt
	Wilt disease assessment
	Plant growth measurements
	Monitoring of FOL-04 in tomato stems
	Monitoring FOL-04 and T.�asperellum strains in the tomato rhizosphere
	Systemic effects in split root experiments
	RNA extraction and cDNA synthesis
	Quantitative PCR (qPCR)
	Data analysis

	Results
	Incidence and severity of Fusarium wilt disease
	Plant growth measurements
	Monitoring FOL-04 in tomato stems
	Monitoring FOL-04 and Trichoderma in tomato rhizosphere
	Systemic effects in split root experiments

	Discussion
	References


