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SUMMARY

Rhizosphere-competent fungi of the genus Trichoderma are
widely used as biofertilizers and biopesticides in commercial
formulates because of the multiple beneficial effects on plant
growth and disease resistance. In this work, we demonstrate
that genetic variability among wild and cultivated tomato lines
affects the outcome of the interaction with two ‘elite’ biocontrol
strains of T. atroviride and T. harzianum. The beneficial response,
which included enhanced growth and systemic resistance
against Botrytis cinerea, was clearly evident for some, but not all,
the tested lines. At least in one case (line M82), treatment with
the biocontrol agents had no effect or was even detrimental.
Expression studies on defence-related genes suggested that
the fungus is able to trigger, in the responsive lines, a
long-lasting up-regulation of the salicylic acid pathway in the
absence of a pathogen, possibly activating a priming mechanism
in the plant. Consequently, infection with B. cinerea on plants
pretreated with Trichoderma is followed by enhanced activation
of jasmonate-responsive genes, eventually boosting systemic
resistance to the pathogen in a plant genotype-dependent
manner. Our data indicate that, at least in tomato, the Tricho-
derma induced systemic resistance mechanism is much more
complex than considered so far, and the ability of the plant to
benefit from this symbiotic-like interaction can be genetically
improved.

INTRODUCTION

The massive and ever increasing application of synthetic chemi-
cals for plant pest control causes serious problems to both
human health and the environment (Budnik and Baur, 2009;
Debenest et al., 2010). In this context, the use of biological

control agents (BCAs) as an alternative to conventional practices
for disease management is a declared objective of agricultural
politics throughout the world. Many biopesticide and biofertil-
izer products are now available on the market, the majority of
which are based on beneficial symbionts of the genus Tricho-
derma (Woo et al., 2006). These fungi are well known for their
ability to kill plant pathogens (Benitez et al., 2004; Verma et al.,
2007), as well as to promote plant growth and resistance against
biotic and abiotic stresses (Harman et al., 2004a; Shoresh et al.,
2010). It has been reported that some Trichoderma strains can
activate induced systemic resistance (ISR) (Hanson and Howell,
2004; Mandal and Mitra, 2007; Segarra et al., 2007) a mecha-
nism triggered after root colonization by nonpathogenic rhizo-
bacteria or fungi and regulated by a specific signal transduction
cascade (Pieterse et al., 1996; Segarra et al., 2009). In addition,
plants whose roots are colonized by selected Trichoderma iso-
lates are ‘sensitized’ and respond faster and/or more intensely to
pathogen attack, following a mechanism known as priming (Ahn
et al., 2007; Conrath et al., 2006). The molecular cross-talk that
is established between the fungal BCA and the plant provides
benefits to both players, with the latter receiving protection and
more available nutrients and the fungus organic compounds.
Following root penetration by rhizosphere-competent Tricho-
derma strains, which set the stage for the exchange of bioactive
compounds, plants control the endophytic colonization of the
fungus by callose deposition, increased chitinase and peroxidase
activities, and the accumulation of antimicrobial phenolics, in
some cases associated with the expression of phenylalanine
ammonia lyase (PAL), hydroxyperoxide lyase and glucanase
genes (Segarra et al., 2007; Shoresh et al., 2005; Yedidia et al.,
1999, 2003). The current hypothesis is that plants initially per-
ceive root endophytic colonization by Trichoderma as a potential
pathogen attack, and react with the activation of typical local
and systemic defence mechanisms that involve signal transduc-
tion pathways responding to jasmonic acid (JA) and ethylene (Et)
(Shoresh et al., 2005). After successful limitation of fungus
penetration to the first few layers of root cortical cells, the*Correspondence: E-mail: mtucci@unina.it

MOLECULAR PLANT PATHOLOGY (2011) 12 (4) , 341–354 DOI: 10.1111/J .1364-3703.2010.00674.X

MOLECULAR PLANT PATHOLOGY © 2010 BSPP AND BLACKWELL PUBLISHING LTD
NO CLAIM TO ORIGINAL US GOVERNMENT WORKS 341



expression of some defence-related genes and antimicrobial
activity return to pre-infection levels (Shoresh et al., 2005;
Yedidia et al., 1999, 2003). This demonstrates the existence of a
molecular cross-talk between the plant and the fungus involving
Trichoderma-produced elicitors that are recognized by the plant
and stimulate defence responses (Woo et al., 2006). However,
the mechanism by which Trichoderma is then able to remain
within the root system as an avirulent symbiont is still unclear,
and possibly depends on fungal effectors that suppress plant
defences.

Some selected strains of Trichoderma also promote plant
growth and development, and thus increase yields (Harman
et al., 2004a; Lorito et al., 2010).This additional beneficial effect,
which is very popular among bioinoculum users, has been
related to the control of deleterious soil microflora, the degra-
dation of toxic compounds, the direct stimulation of root devel-
opment by the production of hormone-like compounds or effects
on certain plant hormone synthetic pathways, and/or the pro-
motion of water and nutrient uptake (Bae et al., 2009; Contreras-
Cornejo et al., 2009; Verma et al., 2007). An increased
availability of phosphorus and several micronutrients, associated
with enhanced solubility but also other mechanisms, has been
demonstrated in the case of plants treated with strains of Tri-
choderma (Altomare et al., 1999; Gravel et al., 2007; Yedidia
et al., 2001). This ability of some Trichoderma strains to improve
the efficiency of fertilizer use by crops provides the opportunity
to reduce chemical input in agriculture, as well as the pollution
of ground and surface water.

Even in the case of strains such as T. harzianum T22, one of
the most widely used biopesticides, there is still a substantial
lack of knowledge on how the expected beneficial effects of
Trichoderma application depend on the treated plant genotype.
The importance of this concept has been proven already in
maize, to the point that there are varieties for which the use of
T22-based products may be either recommended or counter-
indicated (Harman, 2006; Harman et al., 2004b). Despite the
obvious significance for agriculture, there is still a lack of knowl-
edge on how the plant response to Trichoderma spp., especially
to the strains currently used as biopesticides/biofertilizers, is
influenced by the plant genotype in terms of enhanced systemic
resistance and growth promotion. In order to shed light on this
important issue, we studied the interaction of T. harzianum T22
and T. atroviride P1, two microbes extensively used for agricul-
tural and scientific purposes, with five diverse tomato lines: M82
and TA209, two inbred processing tomato varieties with a deter-
minate growth habit, long used in research and breeding, and
carrying the resistance genes I and Ve, with medium-sized cylin-
drical or square fruits, respectively; one landrace of Corbarino, an
indeterminate, stress (mainly drought)-tolerant Italian Regional
inbred variety with cherry-like fruits, used for both processing
and the fresh market; SM36, an advanced breeding line, tolerant

to high and low temperatures and carrying the resistance genes
I and Ve, with a determinate growth habit and cylindrical fruits,
derived from a cross between Solanum pimpinellifolium and the
traditional processing tomato cultivar San Marzano; and
LA1777, a Peruvian accession of the allogamous wild species S.
habrochaites, characterized by an indeterminate growth habit,
very dense pubescence on all the above-ground parts of the
plant, small green fruits, and resistance to chilling and late
blight.

In this work, we demonstrate that substantial differences in
the response to the symbiotic interaction with two selected
strains of Trichoderma spp. occur when different tomato variet-
ies are tested.The effect of T. harzianum T22 and T. atroviride P1
on the growth and systemic resistance against Botrytis cinerea
was found to be dependent on plant genotype. Finally, we report
data on the induction of defence response pathways that may
help the selection or breeding of tomato lines with enhanced
ability to benefit from the interaction with Trichoderma.

RESULTS

Effects on growth and development

The response of four genetically distant cultivated S. lycopersi-
cum lines and one wild S. habrochaites accession, differing with
regard to their growth habit, to the growth-promoting fungi T.
atroviride strain P1 and T. harzianum strain T22 was assessed.
Plant development was evaluated, for each experiment, on two
sets of 2-month-old plants, one of which was not inoculated with
the pathogen in order to determine the effect of the treatments
on the shoot dry weight. The other set was used for the other
assays (growth promotion, pathogen resistance, gene expres-
sion, etc.).

As expected, the canopy size of all tested lines was generally
stimulated, although to a different extent, by at least one of the
two Trichoderma strains in the assay conditions used (Fig. 1a).
Similarly, shoot dry weight, as tested in parallel experiments, was
found to be increased in almost all plant genotype–Trichoderma
species’ interactions (Table 1). In addition, in terms of stem
length, analysis of variance (ANOVA) and Duncan test revealed
significant differences among genotypes and treatments
(Fig. 1b). When data from the same treatment (T22, P1 or con-
trols) of the five lines tested were combined and averaged, only
T. harzianum T22 was found to stimulate significantly tomato
stem growth (P � 0.05), whereas T. atroviride P1-treated plants
did not differ statistically from untreated controls. However, sta-
tistically significant differences (P � 0.05) were detected among
the five genotypes in their individual responses to either one of
the two Trichoderma strains. More significant stem growth
stimulation was obtained for SM36 and TA209 with T. har-
zianum T22, and for TA209 with T. atroviride P1 (Fig. 1b). Inter-
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estingly, the stem growth of Corbarino, M82 and LA1777 was
inhibited by P1, although the difference was statistically signifi-
cant only for LA1777 (Fig. 1b).

Trichoderma atroviride P1- and T. harzianum T22-treated
plants were also evaluated in terms of root development in
comparison with the untreated controls. The fresh and dry
weights of the roots were collected and subjected to statistical
analysis. The root systems of the various tomato lines responded
differentially to the two Trichoderma species (P � 0.05 for the

interaction plant genotype ¥ treatment). As both dry and fresh
weights were similarly affected, only data on dry weight are
reported. The lines Corbarino and TA209 showed a highly sig-
nificant (P � 0.01) increase in root dry weight caused by T.
atroviride P1 (Fig. 2a). The only significantly negative effect was
detected on TA209 treated with T22, whereas all the other
samples were no different from the controls (Fig. 2a).

The application of either Trichoderma species also produced
remarkable differences on the root system architecture of the
various tomato genotypes. Corbarino, LA1777 and M82 were
found to be highly responsive to strain P1 in terms of increased
root elongation, whereas the same strain significantly reduced
the length of the SM36 root system. Strain T22 enhanced lateral
root development in lines SM36 and Corbarino, and reduced it in
TA209 and M82, but, in most cases, had no effect on root length
(Fig. 2b).

Effects on tolerance to pathogens

Two-month-old plants of the five tomato lines, treated with
either T. atroviride P1 or T. harzianum T22, were artificially
inoculated with the foliar pathogen B. cinerea. The progress of
infection was recorded at regular time intervals, but only results

Fig. 1 Effects of Trichoderma spp. treatments on the growth and development of tomato plants. The canopy size (a) and stem length (b) of 2-month-old
Solanum lycopersicum (Corbarino, TA209, M82 and SM36) and S. habrochaites (LA1777) lines, developed from untreated (Cont), T. atroviride P1-treated (P1) or
T. harzianum T22-treated (T22) seeds, are presented. Values indicated by the same letter are not statistically significantly different for P � 0.01 according to
the Duncan test.

Table 1 Effects of Trichoderma spp. treatments on shoot development of
tomato plants.

Tomato genotype

Shoot dry weight (% of untreated control)

P1 T22

Corbarino 130.7 � 15.4 130.1 � 11.3
LA1777 129.7 � 4.6 83.2 � 0.3
M82 112.6 � 3.9 156.9 � 15.2
SM36 139.5 � 5.9 158.1 � 11.0
TA209 75.6 � 3.7 113.8 � 5.5

Changes in shoot dry weight of 2-month-old Solanum lycopersicum (Cor-
barino,TA209, M82 and SM36) and S. habrochaites (LA1777) lines, developed
from T. atroviride P1-treated (P1) or T. harzianum T22-treated (T22) seeds, are
reported as a percentage of the untreated control � SE.
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Fig. 2 Effects of Trichoderma spp. treatments on the growth and development of tomato roots. The root dry weight (a) and development (b) of 2-month-old
Solanum lycopersicum (Corbarino, TA209, M82 and SM36) and S. habrochaites (LA1777) lines, developed from untreated (Cont), T. atroviride P1-treated (P1) or
T. harzianum T22-treated (T22) seeds, are presented. Values indicated by the same letter are not statistically significantly different for P � 0.01 according to
the Duncan test.

344 M. TUCCI et al .

MOLECULAR PLANT PATHOLOGY (2011) 12(4 ) , 341–354 MOLECULAR PLANT PATHOLOGY © 2010 BSPP AND BLACKWELL PUBLISHING LTD
NO CLAIM TO ORIGINAL US GOVERNMENT WORKS



at 48 and 96 h post-infection (hpi) are shown. In the case of
accession LA1777, the presence of many trichomas caused the
dispersal of the inoculated conidia, and thus only about 17% of
the inoculation points developed into necrotic lesions in both
control and T. harzianum T22-treated plants, whereas no
symptom development was observed for the T. atroviride P1
treatment. The average area of necrotic lesions on T22-treated
plants of this line at 96 hpi was 2 mm2 vs. 28 mm2 in the control
(Fig. 3c). The values at 48 and 96 hpi, as reported in Fig. 3,
indicated that the remaining four tomato genotypes had a dif-
ferent susceptibility to B. cinerea (P � 0.01) and that the
genotype–treatment interaction was statistically significant at
both 48 and 96 hpi (P � 0.05).This result suggests that the plant
genotype is a key determinant of the effect of Trichoderma-
based treatments on plant resistance to pathogens, at least in

tomato. As expected, the interaction at the rhizosphere level
between S. lycopersicum lines and Trichoderma species overall
increased resistance against B. cinerea leaf infection (Fig. 3a,b).
However, remarkable differences were detected among the four
tomato genotypes. In the case of T. harzianum T22, the devel-
opment of B. cinerea lesions was delayed in all tested lines at
48 hpi, although not significantly in Corbarino (Fig. 3a). At
96 hpi, this positive effect was overcome by the pathogen in
lines M82 and SM36, which showed average lesion areas not
significantly different from the control, whereas, in T22-treated
Corbarino, the lesion reduction became highly significant (P �

0.01) (Fig. 3b). Line TA209 demonstrated the most effective
interaction with T. harzianum T22 in terms of systemic resistance
at both 48 and 96 hpi (Fig. 3a,b). As for T. atroviride P1, it was
less effective than T22 against the foliar pathogen. At 48 hpi, P1

Fig. 3 Effects of Trichoderma spp. treatments on
plant resistance to the pathogen Botrytis cinerea.
Two-month-old plants of Solanum lycopersicum
(Corbarino, TA209, M82 and SM36) lines,
developed from untreated (Cont), T. atroviride
P1-treated (P1) or T. harzianum T22-treated
(T22) seeds, were artificially inoculated with a
suspension of B. cinerea spores, and lesion
development was measured at 48 h (a) and 96 h
(b) post-inoculation. Values indicated by the same
letter are not statistically significantly different for
P � 0.01 according to the Duncan test. Average
lesion areas at 96 h post-inoculation on control
and T22-treated plants of the wild S.
habrochaites LA1777 line are reported in the
inset (c).
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reduced the lesion size to a significant extent only in line TA209
(Fig. 3a), but this positive effect was not significant at 96 hpi
(Fig. 3b). Noticeably, B. cinerea necrotic lesions on line M82 were
much larger in P1-treated plants than in the control (Fig. 3a,b).
Thus, our data confirm that, in tomato, the protective effects of
Trichoderma spp. against foliar pathogens are influenced by the
genetic background of the plant.

Effects on the expression of defence-related genes

Many of the most active Trichoderma strains have shown the
ability to enhance systemically plant resistance to microbial
pathogens. To test whether the tomato response to Trichoderma
involves a differential activation of defence-related genes, we
analysed markers of both salicylic acid (SA) (PR1b1 and PR-P2)
and JA (PINI, PINII, TomLoxA and TomLoxC) pathways by relative
quantitative reverse transcription real-time polymerase chain
reaction (qRT-PCR). Changes in gene expression were considered
to be significant only for values twofold or more for
up-regulation and �0.5-fold for down-regulation relatively to
the untreated control (calibrator).

Up-regulated genes included PR1b1 in LA1777, SM36 and
TA209 in response to either T22 or P1, with the wild accession
LA1777 responding to both strains; PR-P2 in both P1- and T22-
treated plants of Corbarino, LA1777 and TA209; PINI in Cor-
barino, LA1777 and SM36, but only in T22-treated plants; PINII
only in Corbarino in response to both strains; TomLoxA in all
genotypes, except SM36, in response to either T22 or P1, with
the wild accession LA1777 responding to both strains; and
TomLoxC only in SM36 with both strains (Fig. 4). Generally, the
most responsive lines to Trichoderma spp. were LA1777, Cor-
barino and TA209 (one wild and two cultivated lines), which also
showed strong symptom reduction following inoculation with B.
cinerea (Fig. 3). With regard to down-regulation, neither the
pathogenesis-related (PR) genes nor TomLoxA was significantly
affected, and the expression levels of PIN genes were frequently
reduced, mainly by strain P1. This fungus also inhibited the

�
Fig. 4 Effects of Trichoderma spp. treatments on the transcription of
defence-related genes in tomato. The relative expression of PR1b1, PR-P2,
PINI, PINII, TomLoxA and TomLoxC was measured by quantitative reverse
transcription real-time polymerase chain reaction (qRT-PCR) in 2-month-old
plants of Solanum lycopersicum (Corbarino, TA209, M82 and SM36) and S.
habrochaites (LA1777) lines, developed from untreated (Cont) or T.
atroviride P1-treated (P1) or T. harzianum T22-treated (T22) seeds.
Expression levels for each gene are reported as the fold increase relative to
those of the untreated control. Values within the dotted lines were not
considered to be statistically significantly different from the control. Data on
PINII expression in the wild tomato line LA1777 are missing as no
amplification of this gene could be obtained with the primer pair used. The
results shown are from one representative experiment out of four.
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transcription of TomLoxC, but only in line LA1777. Line M82 was
confirmed to be the least responsive to the interaction with
Trichoderma, as treatment with the two biocontrol strains did
not induce a substantial variation in the expression of defence-
related genes before B. cinerea infection (Fig. 4) or decrease the
disease symptoms after pathogen challenge (Fig. 3). Although
the five tomato genotypes responded very differently to Tricho-
derma spp., the above results indicate that, in the absence of
pathogen challenge, the SA-mediated defence response is gen-
erally up-regulated by Trichoderma treatment (i.e. PR genes are
stimulated in most cases), whereas JA-related genes are less
responsive, although with a few exceptions (mainly for
TomLoxA) (Fig. 4). This profile changes substantially after patho-
gen inoculation (see below). Notably, the two Trichoderma
strains were able to affect defence-related genes in tomato (a
PR1 and a PR4) for at least 2 months after their application as
seed coating, suggesting a long-lasting effect on the readiness of
the defence machinery.

When untreated control and Trichoderma-treated plants were
challenged with B. cinerea, the transcription rate of the tested
defence genes changed in a peculiar way for each tomato line, as
reported in Fig. 5. Generally, the PR genes, which were pre-
activated in Trichoderma-treated plants before pathogen inocu-
lation (Fig. 4), showed a negative peak at 24 hpi, whereas the
JA-responsive genes were up-regulated (Fig. 5). This indicates
that, in the presence of Trichoderma, the SA pathway is
repressed and the JA pathway is stimulated by B. cinerea infec-
tion at 24 hpi. At the end of the assay (48 hpi), the commercial
biocontrol agent T22 caused a more consistent repression of SA-
and stimulation of JA-dependent genes compared with the
untreated control plants across the five tomato lines (Fig. 5). By
contrast, P1, a strain never developed commercially, showed a
more variable effect (Fig. 5).

In contrast with the results at time zero, the changes in PR
gene expression observed after B. cinerea inoculation did not
correlate with resistance to the pathogen (Figs 3 and 5). For
instance, line TA209 treated with T22 showed reduced transcrip-
tion of both PR1b1 and PR-P2 (Fig. 5), but increased resistance
(Fig. 3), whereas treatment with P1 increased PR expression
(Fig. 5), but had no significant effect on resistance at the end of
the assay (Fig. 3). However, transcriptional activation of the
JA-related genes PINI and PINII matched the increased tolerance
to B. cinerea, as observed for T22-treated SM36 plants (Figs 3a
and 5) and for TA209 treated with both strains (Figs 3a,b and 5).
Accordingly, P1-treated M82 plants were more susceptible to the
pathogen and showed a remarkable decrease in PINI and PINII
expression at 48 hpi. Further, pretreatment of the same tomato
line with T22 induced increased transcription of PIN genes at
48 hpi (Fig. 5), which probably limited the spread of B. cinerea
lesions, although only in an early phase (Fig. 3a). In addition, in
the case of the other two JA-responsive genes, TomLoxA and

TomLoxC, the up-regulation often matched Trichoderma-
mediated tolerance to B. cinerea, whereas the opposite was not
always true (Figs 3 and 5).

These results indicate that the effect of defence gene expres-
sion in Trichoderma-treated tomato plants during B. cinerea
infection is complex and involves both systemic acquired resis-
tance (SAR) and ISR, probably with the SA-responsive genes
contributing to maintain the readiness of the early reaction, and
the JA-responsive genes being more significant and effective at
a later stage.

DISCUSSION

It is known that some Trichoderma strains can stimulate plant
growth, at least in part by increasing the nutrient uptake and
efficiency of nitrogen use (Altomare et al., 1999; Yedidia et al.,
2001). Our data confirm the ability of the commercial biocontrol
agent T. harzianum strain T22 to increase canopy and stem
growth in tomato and indicate that, in this respect, T22 is more
effective than T. atroviride strain P1, a fungus mainly used for
laboratory work and not developed commercially to a significant
extent. Moreover, our findings demonstrate that the extent of
growth stimulation is largely dependent on the tomato geno-
type, suggesting that the response to Trichoderma spp. is under
genetic control. Shoot dry weight was increased in most lines,
except for TA209 with P1 and for the wild accession LA1777 with
T22. Interestingly, P1 was able to reduce the stem length of
LA1777 and had a similar, although not significant, effect on the
other indeterminate line under study, Corbarino (Table 1 and
Fig. 1b). The importance of the plant genetic background has
already been reported for the interaction between maize and T.
harzianum T22 (Harman et al., 2004b). Commercial trials on
several T22-treated hybrids and inbred lines have revealed the
expected yield increases in most genotypes, with a few actually
showing a yield reduction (Harman et al., 2004b). Genetic analy-
sis has demonstrated that the maize response is largely condi-
tioned by dominant genes (Harman, 2006).

The importance of the tomato genotype for the outcome of
the beneficial plant–fungus interaction was also assessed for
root growth promotion, with a significant increase in root dry
weight obtained by treating Corbarino and TA209 with strain P1
and a significant decrease for M82 and TA209 with strain T22
(Fig. 2a). Trichoderma spp. also modified the root architecture of
tomato in a differential way among the five tested lines (Fig. 2b).
In three of the five lines, T. atroviride P1 increased root length
and reduced lateral development (Fig. 2b). By contrast, in most
cases, root length was unaffected by T. harzianum T22, whereas
lateral development was stimulated by this fungus in lines Cor-
barino and SM36 and inhibited in the other three lines (Fig. 2b).
We have not investigated the mechanisms underlying these
differential responses. A recent study on Arabidopsis thaliana
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suggested that two strains of T. atroviride and T. virens stimu-
lated lateral root development and reduced primary root length
by producing indole-3-acetic acid (IAA) and auxin-like com-
pounds (Contreras-Cornejo et al., 2009). Preliminary data indi-
cate that both Trichoderma strains used in this work synthesize
IAA (results not shown), and we have demonstrated previously
their ability to release secondary metabolites with an auxin-like
effect on plants (Vinale et al., 2008a, b). Further, Gravel et al.
(2007) suggested that another strain of T. atroviride stimulates
tomato root growth in a ‘controlled manner’ by balancing
the synthesis and degradation of IAA and/or by limiting Et
synthesis through hydrolysis of its precursor molecule
1-aminocyclopropane-1-carboxylic acid (ACC). However, cytoki-
nins could also be involved, as demonstrated for plant growth-
promoting rhizobacteria (PGPR) (Ortiz-Castro et al., 2009), as
the production of cytokinin-like molecules, e.g. zeatin, and of
GA3 or GA3-related gibberellins has been reported as being
possibly correlated with the biofertilization potential of Tricho-
derma (Benitez et al., 2004). An antagonistic auxin–cytokinin
cross-talk may explain the opposite effects of T. harzianum T22
on the shoot and root development of the tomato lines TA209
and, possibly, M82 (Figs 1b, 2a,b and Table 1). Given that the
ability of Trichoderma to promote a balanced growth of plants
depends on a fine regulation of hormones and hormone-like
compounds in the rhizosphere, our data indicate that other
factors, such as the genotype and the physiological status of the
plant, or the cultural conditions (i.e. hydroponics vs. soil or high
vs. low fertilizer content), are involved.

Beside the well-characterized direct biocontrol activity of Tri-
choderma species on soil pathogens, it has more recently
become clear that root colonization by these microorganisms
induces plant resistance to foliar diseases, in the absence of
direct contact between Trichoderma and the pathogen (Bigiri-
mana et al., 1997; Harman et al., 2004a; Shoresh et al., 2010).
Our results confirm that damage from B. cinerea infection on
tomato leaves can be limited by rhizosphere colonization with
either T. harzianum T22 or T. atroviride P1, although the former
species appears to be more effective. However, major differences
were also detected among the five tested tomato lines with
regard to the Trichoderma-induced tolerance to the pathogen.
Apart from the wild species line LA1777, whose very low sus-

ceptibility to B. cinerea was further boosted by interaction with
either Trichoderma strain, lesion expansion was initially limited
by T22 in all tested lines. At later times, T22 reduced significantly
the average lesion area in only TA209 and Corbarino, i.e. the two
lines which are the least able to defend themselves from the
pathogen in sterilized soil (Fig. 3b). Corbarino and LA1777, being
a local variety selected by farmers in low-input agricultural con-
ditions and a wild species accession, respectively, might be more
ecologically fit and therefore able to benefit the most from
rhizosphere interaction with beneficial microflora. Information
about the pedigree of the seed company-bred line TA209 is too
sparse to confirm or disprove this hypothesis.The susceptible line
TA209 also showed alleviation of disease symptoms with T.
atroviride P1, which was not effective for the other S. lycopersi-
cum lines, and even increased the pathogen susceptibility of
M82, a result that is worthy of further investigation. Notably, the
very limited or negative Trichoderma-induced responses to B.
cinerea of line M82 also extended to the transcription of defence
genes (Figs 4 and 5). The ability of different strains of T. har-
zianum, including T22, to significantly restrict the development
of B. cinerea symptoms on tomato has been reported previously
(De Meyer et al., 1998; Dik and Elad, 1999; O’Neill et al., 1996;
Seaman et al., 2003). However, only one study was performed on
different tomato varieties (two), but the effect of the genotypic
differences was not investigated (Dik and Elad, 1999). In addi-
tion, reports on the genotypic variation of the maize response to
T. harzianum T22 did not address the variability in induced plant
resistance (Harman, 2006; Harman et al., 2004b). Our results
clearly highlight the existence of a genetic component of the
plant response to Trichoderma spp. in terms of the induction of
systemic resistance. This is in agreement with reports demon-
strating that genetic background affects the response of differ-
ent cucumber varieties to PGPR species (Liu et al., 1995), which
actually are considered to share with Trichoderma spp. similar
mechanisms of ISR (Harman et al., 2004a).

In order to further study the Trichoderma-mediated systemic
plant increase in pathogen tolerance, we analysed the transcrip-
tional activation of several defence genes in tomato leaves:
PR1b1, a PR1 gene used as a marker for SAR activation and
SA-mediated responses (Tornero et al., 1997); PR-P2, a PR4 gene
mainly induced by SA in tomato (Bertini et al., 2003; Fiocchetti

Fig. 5 Transcriptional analysis of defence-related genes in tomato plants inoculated with the pathogen Botrytis cinerea and pretreated or not with Trichoderma
spp. The relative expression of PR1b1, PR-P2, PINI, PINII, TomLoxA and TomLoxC was measured by quantitative reverse transcription real-time polymerase chain
reaction (qRT-PCR) at different times after pathogen infection [0, 24 and 48 h post-inoculation (hpi)] in 2-month-old plants of Solanum lycopersicum (Corbarino,
TA209, M82 and SM36) and S. habrochaites (LA1777) lines, developed from untreated (cont), T. atroviride P1-treated (P1) or T. harzianum T22-treated (T22)
seeds. The expression levels for each gene are reported as the fold increase relative to that of the control plants not treated with Trichoderma before infection
with the pathogen (0 hpi), in a semi-logarithmic scale. Values within the dotted lines were not considered to be significantly different from the control. Data on
PINII expression in the wild tomato line LA1777 are missing as no amplification of this gene could be obtained with the primer pair used. The results shown are
from one representative experiment out of four.
�
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et al., 2006; Linthorst et al., 1991;Van Kan et al., 1995); PINI and
PINII, which are induced through the JA signal transduction
pathway (Doares et al., 1995; Fidantsef et al., 1999); and
TomLoxA and TomLoxC, encoding two enzymes of the lipoxyge-
nase (LOX) family, which is involved in JA response and defence
(Feussner and Wasternack, 2002; Porta and Rocha-Sosa, 2002).
Root penetration by Trichoderma is known to increase the
expression of defence-related genes and the production of anti-
microbial compounds, but only transiently (Shoresh et al., 2005;
Yedidia et al., 1999, 2003). However, our results demonstrate
that rhizosphere colonization by Trichoderma can support the
transcription of some defence-related genes at low but signifi-
cant levels for a relatively long period of time (60 days), at least
in some plant genotype–Trichoderma species’ interactions. This
effect was particularly strong for PR1b1 and PR-P2 expression
(Fig. 4), suggesting that the long-term response to Trichoderma
in tomato may involve SA signalling. Similarly, transcriptomic
analysis revealed constitutive PR5 up-regulation in 7-week-old
tomato plants sown in T. hamatum 382-inoculated soil (Alfano
et al., 2007).

When plants are challenged with a pathogen soon after the
establishment of the interaction with Trichoderma, they are
primed to react more strongly, increasing defence gene expres-
sion and the activity of protective enzymes sooner and to higher
levels than in untreated plants (Shoresh et al., 2005; Yedidia
et al., 1999, 2003). Our data demonstrate that this effect lasts
long after the onset of the interaction between Trichoderma and
the plant (60 days), as reduced lesion size (Fig. 3) and higher
expression levels of defence genes in systemic leaves (Fig. 5)
were detected in lines LA1777, TA209 and Corbarino. Generally,
enhanced accumulation of RNA concerned PIN and, to some
extent, lox genes, suggesting the involvement of an ISR response
2 months after treatment with the biocontrol agent. Higher
induction of PR proteins/activities by pathogens in plants treated
with Trichoderma spp. has been reported in cucumber and maize
(Harman et al., 2004b; Shoresh et al., 2005). However, in this
work, the expression levels of PR1b1 and PR-P2 were higher
than in controls on plants treated only with Trichoderma (Fig. 4),
but, in most cases, decreased below the control value after
subsequent inoculation with the pathogen (Fig. 5). These data
are in agreement with those from proteomic analysis of a three-
player interaction (pathogen, plant and Trichoderma) (Marra
et al., 2006), and strongly suggest that the presence of the
biocontrol agent reduces the intensity of some plant responses
to pathogen infection. Concerning the response of lox genes, T.
asperellum was reported to up-regulate lox1 transcription in
roots, but not leaves, of cucumber (Shoresh et al., 2005) and of
lox2 in plants of Arabidopsis thaliana (Segarra et al., 2009) soon
after treatment. Based on these results, the authors proposed
that Trichoderma-enhanced plant defences depend on JA signal-
ling and hence the activation of the phenylpropanoid pathway

(through activation of PAL genes transcription), eventually
leading to induced accumulation of phytoalexins and other anti-
microbial metabolites (Shoresh et al., 2005; Yedidia et al., 2003).
We also found that an increased resistance of the various tomato
lines to B. cinerea corresponded to enhanced expression of lox
genes, although the opposite was not always true (Figs 3 and 5).
In the case of the PINI and PINII genes, their expression was
often induced and maintained at a level higher than that in
controls in Trichoderma-treated and B. cinerea-inoculated
tomato, and generally correlated with increased pathogen
tolerance.

Several lines of evidence indicate that the plant defence reac-
tion mediated by Trichoderma involves the JA pathway and
stimulation of Et-responsive genes (Korolev et al., 2008; Shoresh
et al., 2005). However, the reported activation of Pal1 (Shoresh
et al., 2005; Yedidia et al., 2003) could also increase SA biosyn-
thesis. Indeed, Martinez et al. (2001) proposed that the reduction
of powdery mildew symptoms in melon cotyledons by a cellulase
from T. longibrachiatum occurs through two parallel mecha-
nisms: active cellulase induces an oxidative burst and hence
increases PAL activity and the synthesis of SA and phenolic
compounds; at the same time, it induces LOX activity, JA synthe-
sis and Et accumulation, thus additionally stimulating PAL and
the phenylpropanoid metabolism (Martinez et al., 2001). It has
also been suggested that ISR may be mediated by different
signalling routes, depending on the BCA and challenging patho-
gen (Korolev et al., 2008).

In terms of the activation of different signal transduction
pathways, our gene expression data suggest the following
mechanism for the tomato response: (i) in the absence of patho-
gen infection, a preventative treatment of the plant with Tricho-
derma, as typically used in agriculture, induces an increase in the
expression of some PR genes, such as the SAR markers PR1b1
and PR-P2, indicative of a priming of the defence reaction; (ii)
when plants are challenged by B. cinerea, pretreatment with
Trichoderma might mitigate the SA-dependent gene expression;
(iii) soon after infection, expression of PINI, PINII, TomLoxA and
TomLoxC is enhanced, possibly as a consequence of the priming
effect, which results in an increased systemic resistance, prob-
ably caused by promotion of the JA-mediated response.

Taken together, our data demonstrate that the plant response
to ‘elite’ strains of Trichoderma spp., such as the commercial
biocontrol agent T. harzianum T22 or the widely studied T.
atroviride P1, is affected by plant genetic variability and thus is
under genetic control in Solanum species of section Lycopersi-
con. Genotypic differences in any of the plant components of the
complex cross-talk with Trichoderma can be evoked to explain
this effect, including the genotype ability to attract and sustain
root colonization by the fungus, different sensitivities to the
effectors produced by the BCA, variability in the perception and
signal transduction of any of the hormones whose concentra-
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tions are controlled by Trichoderma spp., and so on. An expla-
nation of the mechanisms that underlie plant genetic control of
the interaction was beyond the scope of this work and will
require a massive research effort. However, our findings hold
promise that studies aimed at the identification of the major
plant genetic determinants involved in the interaction with Tri-
choderma spp. will lead to the selection and breeding of tomato
genotypes with an improved capacity to benefit from rhizo-
sphere colonization by these microorganisms.

EXPERIMENTAL PROCEDURES

Cultivation of Trichoderma spp. and B. cinerea

Trichoderma atroviride strain P1 (ATCC 74058), isolated from
wood chips and selected for its tolerance to the fungicide iprodion
(Tronsmo, 1991), and T. harzianum T22 (ATCC 20847; Stasz et al.,
1988) were used in this study. Pathogen B. cinerea strain 309,
isolated from tobacco, was obtained from the culture collection of
the Department ArBoPaVe of the University of Naples, Italy.

Fungi were grown on potato dextrose agar (PDA) and colonies
were allowed to sporulate at 25 °C in the dark for 7 days. Spores
were collected by washing the plates with sterile distilled water
and brought to a concentration of 106 mL-1.

Culture of tomato plants

Seeds of the cultivated tomato (Solanum lycopersicum L.) lines
Corbarino, M82, SM36 and TA209, and of the wild S. habrochai-
tes accession LA1777, kindly provided by the Tomato Genetic
Resource Center, University of California at Davis, CA, USA (M82,
TA209 and LA1777) and by Professor L. Frusciante, University of
Naples Federico II, Italy (Corbarino and SM36), were sterilized in
2% sodium hypochlorite for 20 min and thoroughly washed in
sterile distilled water. Sterilized seeds were incubated in a
106 mL-1 fresh spore suspension of either T. atroviride P1 or T.
harzianum T22 (coating), or in water (control seeds). Coated and
control seeds were air dried for 24 h and then sown in sterilized
soil in 40-well polystyrene trays maintained in a growth chamber
at 25 °C, 80% relative humidity, with a photoperiod of 16 h light.
After 3 weeks, tomato seedlings were transplanted in 14-cm-
diameter plastic pots in sterilized soil and grown for 5 weeks in
the same controlled environmental conditions.

Botrytis cinerea inoculation and biometric assays

Untreated control and Trichoderma-treated 2-month-old tomato
plants were infected with B. cinerea by inoculating the third true
leaf with 10 mL of a 106 mL-1 spore suspension of the pathogen.
Three replicated plants for each treatment were used for inocu-
lation. Immediately before infection, the fourth leaf of control

and Trichoderma-treated plants of each replicate was collected
at 0 hpi as an uninfected control, immediately frozen in liquid
nitrogen and stored at -80 °C until use in molecular analyses.
Inoculated plants were enveloped in transparent plastic bags to
achieve high relative humidity conditions and incubated in a
growth chamber at 18 °C with a photoperiod of 16 h light.

At 24 and 48 hpi, the fifth or sixth leaf from each replicate
plant was collected, immediately frozen in liquid nitrogen and
stored at -80 °C until use in molecular analyses (24 and 48 hpi
samples).

The disease spread was recorded at 48, 72 and 96 hpi by
measuring necrotic lesions with an electronic calliper and calcu-
lating the area as an ellipse. The disease severity on the different
treatments (control, T. atroviride P1 and T. harzianum T22) was
expressed as the mean area of necrotic lesions.

Inoculation experiments were repeated four times.
At the end of each inoculation experiment, the stimulation of

plant growth was measured in terms of stem height and root
fresh and dry weight of untreated control and Trichoderma-
treated 2-month-old tomato plants. After visual evaluation of
root architecture, roots were cut at the soil line and immediately
weighed (fresh weight). The dry weight was recorded after
drying the roots at 60 °C. As inoculation experiments with B.
cinerea affect the leaf system, shoot dry weight was measured
on a separate set of uninoculated plants.

Data on B. cinerea lesion size and plant growth were analysed
by ANOVA in a split-plot design with three replicates, using plant
genotype and Trichoderma treatment as experimental factors.
Means were separated according to the Duncan test.

RNA isolation from tomato plants

Uninfected and B. cinerea-infected tomato leaves, collected and
stored as described above, were ground in liquid nitrogen and
used for total RNA extraction with the Purelink Micro-to-Midi
Total RNA Purification System (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA quality was
checked by UV visualization after denaturing agarose gel elec-
trophoresis in the presence of ethidium bromide. Total RNA
concentration was measured with a NanoDrop 1000
Spectrophotometer (Thermo Fischer Scientific, Wilmington, DE,
USA) and the purity was estimated by the A260/A280 absorbance
ratio. After RNA purification, RNase-free deoxyribonuclease I
(DNase I) treatment was performed to eliminate residual
genomic DNA in a final volume of 10 mL using 1 U of DNase I
(Invitrogen), 1 mL of 10X DNase I Reaction Buffer (200 mM Tris-
HCl pH 8.4, 20 mM MgCl2, 500 mM KCl) added to 1 mg of total
RNA in DEPC-treated water.The DNA digestion was performed at
room temperature for 15 min, and then DNase I was inactivated
by the addition of 1.2 mL of 25 mM ethylenediaminetetraacetic
acid (EDTA) solution and incubation at 65 °C for 10 min.
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qRT-PCR analysis of gene expression

The expression of selected defence genes was monitored in each
of the four inoculation experiments through qRT-PCR; thus four
biological replicates were analysed.

Following total RNA isolation, RT for first-strand cDNA syn-
thesis was carried out in a final volume of 20 mL by mixing 1 mg
of DNase-treated total RNA and 500 ng of oligo(dT)12–18 primers
(Invitrogen) at 70 °C for 10 min.After 5 min of incubation on ice,
4 mL of 5X First-Strand RT buffer (250 mM Tris-HCl pH 8.3,
375 mM KCl, 15 mM MgCl2), 1 mL of 10 mM of each deoxynucleo-
side triphosphate (dNTP), 2 mL of 100 mM dithiothreitol and
160 U SuperScript II Reverse Transcriptase (Invitrogen) were
added. RT reactions were incubated at 42 °C for 1 h and then
stopped at 70 °C for 10 min. For each RNA sample, a reaction
without RT was performed as a control for contamination by
genomic DNA.

The reference housekeeping gene coding for actin and six
target genes coding for defence proteins were chosen: LOXA and
LOXC (TomLoxA and TomLoxC); proteinase inhibitors I and II
(PINI and PINII); pathogenesis-related 1 and 4 (PR1b1 and
PR-P2, respectively). The corresponding tomato nucleotide
sequences were obtained from the GENBANK database and used
to design gene-specific primer pairs (Table 2) employing Primer3
software (Rozen and Skaletsky, 1998) and checking for self-
annealing by Primer Express 2.0 software (Applied Biosystems,
Foster City, CA, USA). In the set-up step, primers forming
dimers were excluded after testing in control reactions without
cDNA.

Amplifications were performed using the 7900HT Fast Real-
Time PCR System (Applied Biosystems). Reactions were prepared
in a total volume of 20 mL with 10 mL of the 2X Power SYBR
Green PCR Master Mix (Applied Biosystems), 0.2 pmol of target
gene primers or 0.4 pmol of actin primers, and 4 mL of 1:4
diluted cDNA template. Three independent reactions were per-
formed from each cDNA sample and qRT-PCR experiments were
carried out in triplicate. The thermal cycling programme started
with a step of 10 min at 95 °C for Taq polymerase activation and
initial template denaturation, followed by 40 cycles of two steps:
95 °C for 15 s and 60 °C for 1 min. A dissociation kinetics

analysis was performed after each assay in order to check the
specificity of the amplification products. The melting curve
programme was from 60 to 95 °C with a 2% heating rate and a
continuous fluorescence measurement. Reaction products were
also resolved in agarose gel to verify amplicon size. The primer
pairs used and the size of the expected amplicons are shown in
Table 2. The quantification of gene expression relative to the
untreated control sample at 0 hpi (calibrator) was carried out
using the 2-DDCt method (Livak and Schmittgen, 2001), where
DDCt = (Ct of target gene - Ct of reference gene)sample - (Ct of
target gene - Ct of reference gene)calibrator and Ct is the threshold
cycle of each transcript, defined as the point at which the
amount of amplified target reaches a fixed threshold above the
background fluorescence.The actin housekeeping gene was used
as an endogenous reference gene for the normalization of the
expression levels of the target genes, after verifying its constant
expression throughout the time points and the treatments of our
experiments. In order to check PCR efficiency, standard curves
based on Ct values vs. log(cDNA dilution) were constructed using
serial 10-fold dilution of cDNA for each pair of selected primers,
where a 100% PCR efficiency corresponds to a slope of -3.32. In
the present study, all the PCRs displayed efficiencies close to
100%, which allowed normalization and realistic comparisons.
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Table 2 Gene-specific primers used in quantitative reverse transcription real-time polymerase chain reaction (qRT-PCR).

Gene name
Accession
number Forward primer Reverse primer

Amplicon
size (bp)

actin BT013524 CACCACTGCTGAACGGGAA GGAGCTGCTCCTGGCAGTTT 100
PR1b1 Y08804 GCACTAAACCTAAAGAAAAATGGG AAGTTGGCATCCCAAGACATA 177
PR-P2 X58548 GGAACAGGAACACAAGAAACAGTGA CCCAATCCATTAGTGTCCAATCG 104
PINI K03290 TGAAACTCTCATGGCACGAAAAG GGCCACATTTGTTTTCCTTCG 102
PINII K03291 GGCCAAATGCTTGCACCTTT CGTGGTACATCCGGTGGGATA 101
TomLoxA U09026 TGAACCATGGTGGGCTGAAA CTGCCCGAAATTGACTGCTG 106
TomLoxC U37839 TCCGGCAACACCGTTTACTC GTCAATGGCCGGAAAATGTG 102
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