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ABSTRACT 

Mastouri, F., Björkman, T., and Harman, G. E. 2010. Seed treatment with 
Trichoderma harzianum alleviates biotic, abiotic, and physiological 
stresses in germinating seeds and seedlings. Phytopathology 100:1213-
1221. 

Trichoderma spp. are endophytic plant symbionts that are widely used 
as seed treatments to control diseases and to enhance plant growth and 
yield. Although some recent work has been published on their abilities to 
alleviate abiotic stresses, specific knowledge of mechanisms, abilities to 
control multiple plant stress factors, their effects on seed and seedlings is 
lacking. We examined the effects of seed treatment with T. harzianum 
strain T22 on germination of seed exposed to biotic stress (seed and 
seedling disease caused by Pythium ultimum) and abiotic stresses 
(osmotic, salinity, chilling, or heat stress). We also evaluated the ability of 
the beneficial fungus to overcome physiological stress (poor seed quality 
induced by seed aging). If seed were not under any of the stresses noted 
above, T22 generally had little effect upon seedling performance. 
However, under stress, treated seed germinated consistently faster and 

more uniformly than untreated seeds whether the stress was osmotic, salt, 
or suboptimal temperatures. The consistent response to varying stresses 
suggests a common mechanism through which the plant–fungus 
association enhances tolerance to a wide range of abiotic stresses as well 
as biotic stress. A common factor that negatively affects plants under 
these stress conditions is accumulation of toxic reactive oxygen species 
(ROS), and we tested the hypothesis that T22 reduced damages resulting 
from accumulation of ROS in stressed plants. Treatment of seeds reduced 
accumulation of lipid peroxides in seedlings under osmotic stress or in 
aged seeds. In addition, we showed that the effect of exogenous 
application of an antioxidant, glutathione, or application of T22, resulted 
in a similar positive effect on seed germination under osmotic stress or in 
aged seed. This evidence supports the model that T. harzianum strain T22 
increases seedling vigor and ameliorates stress by inducing physiological 
protection in plants against oxidative damage. 

Additional keywords: seedling growth. 

 
Trichoderma spp. have been known as biocontrol agents for the 

control of plant diseases for decades (30,66). However, we now 
understand that biocontrol, in many cases, is not only related to 
their abilities to produce antibiotics, establish parasitic inter-
actions, or otherwise directly affect pathogens (30,38,39,68). 
Instead, it is now clear that, in many cases, the beneficial fungi 
may induce systemic resistance that is mediated by alterations in 
plant gene expression (3,30,35,58,59). 

There also are reports of enhanced plant growth as a result of 
the association of Trichoderma strains with plants but the effects, 
as with other plant-growth-promoting microbes (20), are greater 
when plants are under suboptimal conditions or biotic, abiotic, or 
physiological stresses (6,28,30,45,59,69). Several recent reports 
indicate that the fungi enhances tolerance to abiotic stresses 
during plant growth (6,11,28,69), in part due to improved root 
growth, improvement in water-holding capacity of plants (6,28), 
or enhancement in nutrient uptake (i.e., potassium) (69); whereas, 
in the absence of stress, plant growth may (6) or may not (69) be 
enhanced. Although molecular studies indicate greater expression 
of gene families involved in plant protection against abiotic 
stresses or oxidative damage (2,3,8,9,58) in Trichoderma spp.-
treated plants, no experimental evidence has been presented 
correlating enhanced tolerance of plants colonized with biocontrol 
fungi to these changes in molecular level. 

These fungi are frequently applied as seed treatments, where 
they may improve plant stands and induce long-term improve-
ments in plant quality (28,29). Therefore, seed treatments can 
induce both short-term and long-term improvements in seed and 
subsequent plant performance; however, very little is known 
about the early seed–Trichoderma spp. interactions. These inter-
actions are important because (i) they can provide insights into 
long-term plant performance and (ii) seed–Trichoderma spp. 
interactions, if properly characterized and quantified, can provide 
powerful and rapid systems to examine mechanisms and physio-
logical processes of the plant–Trichoderma spp. interactions. We 
created a series of hypotheses to test in this study in order to 
better understand the nature of the effect that Trichoderma spp. 
have on tolerance to abiotic stresses, as follows. 

(i) Seed respond positively to treatment with Trichoderma 
harzianum when exposed to physiological, biotic, or abiotic 
stresses but the beneficial fungus has little or no effect on seed not 
exposed to these stresses. 

(ii) Treatment of seed with T. harzianum ameliorates a wide 
variety of biotic, abiotic, and physiological stresses to seed and 
seedlings. As far as we are aware, there has been no other 
systemic study focusing on the abilities of this fungus to improve 
seedling or growing plant performance across a variety of stress-
ful conditions. Instead, other studies have focused on only one 
stress factor at a time and, due to the differences in the experi-
mental conditions, including differences in plant species or fungal 
species, comparisons are hard to make. 

(iii) Seed respond to T. harzianum very early in germination 
(i.e., before radicle protrusion). As mentioned, the prevailing 
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hypotheses in this area revolve around the enhanced root growth 
or plant enhanced water-holding capacity due to Trichoderma 
treatment; however, if seed germination under stress is enhanced, 
an alternative explanation is required. 

The goals of this study were to evaluate the ability of T. 
harzianum to improve germination and seedling performance in 
(i) good-quality seeds in the absence of stress and (ii) with 
stresses imposed by seed aging (physiological stress) or 
unfavorable osmotic stress, salinity, or temperature conditions as 
well as biotic stress (attack by the seed and seedling pathogen 
Pythium ultimum); and (iii) to determine whether amelioration of 
toxic effects of reactive oxygen species (ROS) may be involved in 
beneficial effects of the beneficial fungus on seed under stress. 

MATERIALS AND METHODS 

Plant material and seed aging. Seed of tomato (Lycopersicum 
esculentum L.) cv. Jubilee (Harris Seeds, Rochester, NY) were 
used in this study. To produce seed with reduced quality, seed 
were artificially aged (14,22). Briefly, seeds that were equi-
librated to 70% relative humidity were incubated for various 
periods (0, 10, and 20 days) at 38°C in sealed aluminum pouches. 

Fungal isolate. T. harzianum Rifai strain T-22 (American Type 
Culture Collection no. 20847) was used for this study. This strain 
is rhizosphere competent, capable of inducing systemic resistance 
and stimulating plant growth (11,29,35,58). It has been shown to 
induce systemic changes in the transcriptome and proteome of 
maize (34,58,60,68), even though it colonizes only few layers of 
root cortex and epidermis (68). To prepare seed treatment 
inoculants, conidia were coated onto cellulose and encapsulated 
with tapioca dextran (Crystal-Tex, National Starch, NJ). A sus-
pension of conidia in sterile type I water was prepared for seed 
treatment. Seed were treated with the conidial suspension at the 
rate of 20 µl g–1 to deposit 2 × 107 CFU g–1 of seed. Control seed 
were treated with an equal amount of type I sterilized water. 
Treated seed were used for planting without air drying. 

Sporangia of Pythium ultimum were produced according to 
Taylor et al. (23,36,62) and the level of inoculant was adjusted to 
a level that caused 25% mortality. 

Seed germination test and seedling growth. In vitro condi-
tion. Seed were germinated in clear plastic boxes (12 by 12 by  
5 cm) with lids. In all, 100 seeds of each treatment (unaged or 
aged seed of tomato treated with T22 or untreated) were placed 
on two layers of blotter papers moistened with 16 ml of sterile 
type I water for each replicate. Each experiment included four 
replicates and was repeated at least twice. Boxes were incubated 
at 25 ± 1°C with 16 h of light. Germination was measured every  
12 h and seeds counted as germinated when the radicle protruded 
through the seed coat. The percentage of normal seedlings as 
defined in standard germination testing (4) was measured 14 days 
after imbibition. Time to germination of 50% of seed (T50) was 
used as an indicator of average speed of germination (22) and as a 
sensitive measure of seed vigor. 

To quantify the effect of T22 treatment on plant growth and 
fitness in vitro, unaged or rapidly aged seed treated or untreated 
with T22 were planted in sterilized Magenta boxes half filled with 
0.8% water agar. Twenty-five seeds of each treatment were 
planted in each box and incubated at 25 ± 1°C with 16 h of light 
of ≈180 µmol m–2 s–1. Seedlings were harvested 14 days after 
planting (DAP). Radicle and hypocotyl fresh weight (FW) and 
length were measured as indications of seedling vigor. The 
radicles or hypocotyls of normal seedlings from each replicate 
were pooled and dried at 65°C for 48 h. Average dry weight (DW) 
was calculated as a pool of radicles or hypocotyls in each 
replicate divided by the number of normal seedlings in that unit. 

Germination in Pythium spp.-infested soil. To compare the 
effect of T. harzianum on germination in presence or absence of 
diseases, seedling emergence was also studied in soil infested 

with Pythium ultimum strain P4. Small, transparent boxes (15 by 
15 by 5 cm) were filled with either autoclaved Arkport sandy 
loam (as a control) or Pythium spp.-infested sandy loam (infested 
soil). Twenty unaged seeds of Jubilee tomato, either treated with 
T22 or not treated, were planted in each box as a replicate. Each 
treatment was replicated eight times. Boxes were incubated in a 
growth chamber with 16 h of light at 25 ± 1°C. Seedling emer-
gence was measured every 24 h and seedlings that showed 
symptoms of damping off or were dead were counted. Plants were 
harvested at 14 DAP, when FW and length of radicles and 
hypocotyls were determined. Average DW for each replicate was 
determined. 

Effect of Trichoderma treatment on germination under 
abiotic stresses. Osmotic stress. Seed of Jubilee tomato, treated 
with T22 or untreated, were planted in 0.8% water agar (0.15% 
[wt/vol] Difco agar) plates (control). Polyethylene glycol (PEG) 
(MW 8000; Sigma-Aldrich, St Louis) was added at 9.8, 13.8, and 
16.9% (P1, P2, and P3, respectively) to lower water potential to  
–0.1, –0.2, and –0.3 MPa. Five replications of 100 seeds were 
planted. Seed were incubated at 25 ± 1°C with 16 h of light and 
germination was measured every 24 h for up to 14 days to deter-
mine T50. The percentage of normal seedlings was determined 
after 14 days according to the AOSA guidelines (4). Radicle and 
hypocotyl FW and length were determined and then the average 
DW of radicles and hypocotyls of each replicate was determined. 

Salinity stress. Seed of Jubilee tomato, treated with T22 or 
untreated, were planted in 0.8% (wt/vol) water agar with 0, 50, 
100, or 150 mM NaCl (control, S1, S2, or S3, respectively). Seed 
germination tests were carried out as for osmotic stress and T50, 
percentage of normal seedlings, radicle and hypocotyl FW, and 
average DW of radicles and hypocotyls were determined. 

Chilling or heat stress. To expose seed to chilling or heat stress 
during germination, unaged seed of tomato cv. Jubilee, treated 
with T22 or untreated, were placed on blotter paper moistened 
with 16 ml of type I water following the procedure described 
above, except that, after 24 h after the start of imbibition, seed 
were transferred to either 10 ± 0.2°C (chilling stress) or 35 ± 
0.5°C (heat stress) for 24 or 72 h. After exposure to these 
temperatures, seed were returned to the germination chambers. 
Germination was measured every 12 h and each treatment was 
allowed to germinate and grow for up to 14 days in a germination 
chamber. Seedling growth, radicle and hypocotyl FW, and 
average DW were measured after 14 days. 

Measurement of lipid peroxides. Lipid peroxidation is com-
monly used as an indicator of oxidative damage. We measured 
lipid peroxides in tomato seedlings grown in the presence or 
absence of the osmotic stress or seed aging. The two stresses were 
chosen because they represent independent sources of stress to the 
germinating seed. To obtain samples of comparable physiological 
age, all seedlings with radicles measuring 3 mm or longer were 
harvested when ≈50% germination was achieved. Total lipids was 
extracted following Hara and Radin (25), with modifications. 
Briefly, 0.5 g of plant sample, ground in liquid nitrogen, was 
mixed with 7 ml of hexane/isopropanol (3:2) and centrifuged for 
10 min at 5,000 rpm. The supernatant was collected and the pellet 
was centrifuged again with an additional 2 ml of extraction 
media. Supernatant from two steps was combined and lipid 
peroxides were determined using colorimetric assay with the 
PeroxiDetect kit (Sigma-Aldrich) according to the manufacturer’s 
direction. 

Exogenous application of glutathione. To determine whether 
enhancing antioxidant buffer capacity of plants is sufficient to 
enhance germination in a manner similar to T22 treatment, 
glutathione (GSH) was exogenously applied to germinating seed. 
GSH was added to germination media at a final concentration of  
3 mM, according to Borsani and associates (12). Treatments 
included control; lowered water potential media of P1, P2, or P3 
(–0.1, –0.2, or –0.3 MPa, respectively) ± T22 or ± GSH; and seed 
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aged for 20 days ± T22 or ± GSH. Seed were incubated at 25 ± 
1°C with 16 h of light. Germination was monitored and final 
germination percentage was determined 14 days later. 

Statistical analysis. A factorial design was used for all of the 
experiments. Factors tested in each experiment were the main 
effects of T22 (±) and source of stress (i.e., aging, osmotic stress, 
salinity, chilling, or heat), and interactions between T22 and each 
stress factor. Each experiment consisted of four replications and 
was repeated twice. All data were analyzed by the analysis of 
variance using the JMP 7 for Windows (SAS) statistical package. 
Means were compared using a t test at α = 0.05 to determine 
whether the imposed level of stress, T22, or T22–stress inter-
action significantly affected the speed of germination, percentage 
of germination, or root or shoot FW or DW. To compare the 
distribution of seedling sizes, the Shapiro-Wilk test of normality 
was used from JMP7. 

To determine the T50 values, a nonlinear logistic model was 
fitted to germination data. Several models were tested and the 
goodness of fit was compared and a logistic model with three 
predictors was selected to determine T50, as follows: g = θ1/(1 +  
θ2 × eθ3×t), where g is germination at time t; θ1, θ2, and θ3 are 
parameters describing the germination curve; and e = 2.7182. 

This model could be used to predict germination percentage at 
time t or to predict the time t when a specific germination per-
centage occurs. For instance, to determine T50, germination per-
centage g was set as 50 and t was calculated based on the θ1, θ2, 
and θ3 obtained from the model. 

RESULTS 

Effects of T22 treatment on germination and early seedling 
growth. The speed of germination and percentage of seed 
germination were measured, whereby germination percentage is 
commonly used as an indicator of seed viability. However, this 
value is insufficiently sensitive for detecting slow reduction in 
seed quality that affects seed performance under field conditions. 
Speed of germination, on the other hand, better reflects these 
changes in the vigor (22). T22 treatment increased the speed of 
germination (lower T50 values) in unaged and aged seed of Jubilee 
tomato (P = 0.0006). Although the effect of this treatment was 
greater in aged seed than in unaged seed, the interaction effect 
between aging and T22 treatment (aging–T22) was not statis-
tically significant (P = 0.4436). The percentage of germination 
increased in response to T22 treatment in A20 seed but not in 
unaged seed (P = 0.0023) (Table 1). 

Radicle and hypocotyl length (growth) and FW of seedlings 
(biomass accumulation) produced from unaged seed of Jubilee 
tomato 2 weeks after planting in aseptic culture was not affected 
by T22 treatment (P = 0.3564) (Table 2). 

Seedling growth was compromised due to rapid aging in A10 
and A20 compared with unaged seed (P = 0.0001) but T22 
treatment partially restored growth (P < 0.0001, using the 
Shapiro-Wilk’s test), although not always to the level of unaged 
seed (Fig. 1). Seedlings produced from T22-treated aged seed had 
greater growth (hypocotyl length of both A10 and A20 and radicle 
length of A20) and biomass accumulation (shoot FW of A20 and 
root FW of both A10 and A20) (Table 2) than did seedlings from 
untreated seed. 

Seedling emergence in soil infested with P. ultimum. Neither 
seed treatment nor Pythium spp. infestation of soil had an effect 
on speed of germination or percentage of seedlings emerging 1 

 

Fig. 1. Distribution of tomato shoot length as affected by rapid aging and T22 treatment; F and Δ show the shoot length for untreated unaged or 20-day-aged seed, 
respectively; and  and  show the shoot length of seedlings produced from T22-treated unaged or 20-day-aged seed, respectively. Shoot length was measured 
14 days after planting of seed in magenta boxes. Plants were maintained in growth chambers at 25 ± 1°C. 

TABLE 1. Effect of T22 on germination percentage and speed of germination
(T50) of unaged or aged seed of ‘Jubilee’ tomatox  

 Germination (%) T50 (h)z 

Treatmenty –T22 +T22 –T22 +T22 

A0 94.5 ± 0.73 a 94.5 ± 0.65 a 59.7 ± 1.97 ab 56.6 ± 0.89 a 
A10 90.3 ± 0.76 a 91.1 ± 0.85 a 64.8 ± 2.95 b 57.6 ± 1.03 a 
A20 86.6 ± 0.88 b 89.3 ± 0.88 a 70.0 ± 1.85 c 63.1 ± 1.19 b 

x Seed were germinated in aseptic culture on blotter paper and were
maintained at 25 ± 1°C with 16 h of light. Each number is average of eight
replications in two experiments ± standard error of the mean. Averages
followed by the same letter are not statistically different according to the
Student’s t least significant difference test. 

y A0, A10, or A20 stand for unaged seed or seed rapidly aged for 10 or 20
days, respectively. 

z Time to germination of 50% of seed. 

TABLE 2. Effect of T22 on growth of ‘Jubilee’ tomato seedlings produced from unaged or aged seedy  

 Shoot length (cm) Root length (cm) Shoot fresh weight (mg) Root fresh weight (mg) 

Treatmentz –T22 +T22 –T22 +T22 –T22 +T22 –T22 +T22 

A0 4.5 ± 0.2 a 4.4 ± 0.1 a 8.2 ± 0.2 a 7.8 ± 0.3 ab 31.6 ± 0.8 a 31.5 ± 0.6 a 10.4 ± 0.2 a 10.1 ± 0.2 a 
A10 3.9 ± 0.1 c 4.2 ± 0.1 b 7.1 ± 0.3 bc 7.5 ± 0.1 b 28.2 ± 0.9 b 30.0 ± 0.6 ab 9.7 ± 0.2 b 9.9 ± 0.2 a 
A20 3.2 ± 0.1 d 3.7 ± 0.1 c 6.0 ± 0.3 d 6.9 ± 0.2 c 23.0 ± 1.0 c 27.4 ± 1.1 b 8.7 ± 0.2 d 9.1 ± 0.2 c 

y Seed were planted in aseptic media (0.8% WA) and were harvested after 14 days of growth in 25 ± 1ºC with 16 h of light. Averages followed by the same letter 
are not statistically different according to the Student’s t least significant difference test. 

z A0, A10, or A20 stand for unaged seed or seed rapidly aged for 10 or 20 days, respectively. 
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week after planting (data not shown). However, 15% of seedlings 
from untreated seed were lost due to post-emergence damping off, 
whereas there was no seedling mortality in seedlings produced 
from T22-treated seed. Pythium infestation of soil reduced root 
dry mass significantly (P < 0.0001, 1.14 ± 0.17 g/plant in the 
control and 0.58 ± 0.17 g/plant in Pythium-infested soil) but shoot 
dry mass was not affected. The mass of roots from T22-treated 
seed was 46% higher than seedlings without the beneficial 
fungus. 

Trichoderma spp. treatment enhanced germination and 
growth under abiotic stresses. Osmotic stress. To study the 
effect of seed treatment with T22 on germination of seed under 
osmotic stress, seed were planted in water agar plates with 
lowered water potential. Germination of seed was progressively 
reduced by lowering of the water potential of the germination 
media, and final germination, measured 14 days after the start of 
experiment, was severely affected by osmotic stress, especially at 
–0.2 and –0.3 MPa (Fig. 2). However, seed treatment with T22 
enhanced speed of germination (P < 0.0001) and seed treated 
with T22 germinated faster and more uniformly compared with 
untreated seed at all water deficit levels (Fig. 2). Seedling growth 
was also improved by T22 treatment (Table 3). 

Salinity. T22 treatment enhanced speed of germination (data 
not shown) at S1 and S2 and increased percentage of germination 
in S2 (Fig. 3). T22 treatment also partially restored the vigor of 
seedlings under different levels of salinity stress (Table 3). 

Chilling and heat stress. Less than 5% of seeds incubated at 
35°C for 3 days germinated during this treatment and no germi-
nation was observed in seeds imbibed for 1 to 3 days at 10°C or  
1 day at 35°C. After exposure to chilling or heat, imbibed seed 
were then returned to the germination chamber for germination at 
25°C. Both chilling and heat stresses reduced germination speed 
in seed compared with control seed (Fig. 4A and B). Longer 
exposure to low temperature (3 days) reduced germination speed 
more than 1 day of exposure but there was a significant reduction 
in vigor when seed were exposed to heat for 3 days compared 
with 1 day (Fig. 5). T22 enhanced speed of seed germination (P = 
0.0006) and treated seed germinated faster than untreated seed 
under all combinations of heating or chilling stress periods. There 
was not a significant interaction between T22 application and 
chilling or heat stresses. Although T22-treated seed germinated 
significantly faster than untreated seed, the final germination 
percentage was not significantly different. 

T22 treatment reduces lipid peroxidation. Total lipid peroxides 
of tomato seedlings germinated under lowered water potentials or 
that of aged seed was compared between T22-treated or control 
seedlings. To compare the level of lipid peroxides in samples with 
similar physiological age, samples were harvested when ≈50% of 
seedlings in each treatment had radicles ≥3 mm (Table 4). T22 
treatment and osmotic stress significantly affected lipid peroxide 
levels (P = 0.035 and P < 0.0001, respectively) but the effect of 
seed aging was not significant (P = 0.239). Lipid peroxide content 

TABLE 3. Effect of T22 on seedling growth under osmotic stress and salinityy  

 Shoot length (cm) Root length (cm) 

Source of stress, levelz –T22 +T22 –T22 +T22 

Control 4.29 ± 0.16 a 4.12 ± 0.10 a 7.92 ± 0.20 a 7.58 ± 0.16 a 
Water potential     
P1 3.59 ± 0.17 abc 3.89 ± 0.11 ab 7.10 ± 0.22 ab 7.49 ± 0.17 a 
P2 2.91 ± 0.13 c 3.65 ± 0.21 ab 6.50 ± 0.19 c 7.02 ± 0.12 ab 
P3 2.04 ± 0.24 d 3.09 ± 0.18 bc 5.17 ± 0.26 d 6.38 ± 0.17 c 

Salinity     
S1 3.21 ± 0.29 bc 3.62 ± 0.15 ab 6.95 ± 0.13 ab 7.54 ± 0.11 a 
S2 2.05 ± 0.27 d 2.99 ± 0.23 c 5.26 ± 0.24 d 6.95 ± 0.21 ab 
S3 … … … … 

y Each number is average of eight replications in two experiments ± standard error of the mean and comparisons are made only between different levels of each 
stress and control. Averages followed by the same letter are not statistically different according to the Student’s t least significant difference test. 

z P1, P2, and P3 denote germination media with water potentials of –0.1, –0.2, and –0.3 MPa, respectively; and S1, S2, and S3 denote media containing 50, 100,
and 150 mM NaCl, respectively. 

 

Fig. 2. Effect of T22 on germination of unaged seed of ‘Jubilee’ tomato under osmotic stress; relative germination percentage of seed in polyethylene glycol
solutions with water potential of –0.1, –0.2, and –0.3 MPa are shown. Each point is the average of two repetitions, each of which consisted of four replications of
50 seeds. 
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increased eightfold in seedlings grown at –0.2 MPa compared 
with control seedlings. Lipid peroxide content of T22-treated 
seedlings also increased with the reduction in water potential but, 
at –0.2 MPa, concentration of lipid peroxides in T22-treated 
seedlings was significantly lower than that of untreated seedlings 
(Table 4). 

Exogenous GSH application. Exogenous application of 3 mM 
GSH counteracted the negative effect of osmotic stress and seed 
aging on germination of seed under lowered water potential. T22 
treatment and GSH treatment increased seed germination by 
similar amounts (Fig. 5). Exogenous application of GSH gave a 
numerical increase in germination percentage of aged seeds but 
the level was not significant (data not shown). 

DISCUSSION 

A single treatment of seed or plants that could simultaneously 
confer resistance to biotic stresses (disease) and abiotic stresses 
would be of importance to agricultural plant production. This 
report demonstrates that seed treatments with T. harzianum are 
capable of alleviating abiotic and physiological stresses in seed 
and seedlings. Trichoderma spp. are among the most widely used 
organisms for biological disease control and for plant growth 
promotion (30,35). This report also shows that they induce toler-
ance to abiotic stresses and indicate that there is an opportunity to 
improve plant agriculture by fully utilizing their capabilities. 

A few recent reports demonstrated that these fungi alleviate 
abiotic stresses. Field data indicates that they may confer toler-
ance to drought stress at least in part through promotion of deeper 
root penetration into the soil profile (28). In a recent report, T. 
hamatum increased tolerance of cocoa plants to water deficit 
through increasing root growth that provided greater water 
resources to treated plants and delayed the onset of water deficit 
in these plants (6). In another report (69), squash plants treated 
with T22 or other beneficial microorganisms were more tolerant 
of salinity than untreated ones. These data, along with the fre-
quent observation that the greatest advantage of Trichoderma 
treatments to plants occurs when they are under stress, gives 
credence to the concept that these beneficial fungi ameliorate both 
biotic and abiotic plant stresses. 

However, there are almost no reports of the abilities of Tricho-
derma spp. to alleviate stresses that occur in the seed and early in 
germination. An exception was the report by Björkman and 

associates (11) that a seed treatment with T. harzianum could 
confer advantages to maize seed with poor vigor caused by 
genetic manipulations (early varieties of sweet corn with the sh 
gene), increasing both vigor and germination. The present study 
examined effects of Trichoderma treat,emt of tomato seed on 
several physiological and abiotic stresses during imbibition and 
germination. All stresses examined were alleviated by T22 
treatment, including osmotic and salinity stresses, changes in 
temperature, and loss of seed quality due to storage conditions 
that give rise to physiological intrinsic stress. This is of 
substantial importance to plant agriculture because yields and 
productivity of plants usually require high and uniform seed 
germination and strong seedling vigor. 

Despite significant differences between these stresses, signaling 
pathways and cellular responses to them share common features 
(1,6,13,16–19,43,47,52–54). Therefore, even though various 
stresses were alleviated by T22 treatment, there may be similar 
mechanisms induced by the fungus resulting in amelioration of all 
of the stresses applied. One such common mechanism could be 
the control of damage caused by the reactive oxygen species. 
These molecules that play a crucial signaling role during abiotic 
stresses at higher concentration cause cellular and molecular 
damages (46). Most ROS are unstable and are quickly converted 
to H2O2, which is either reduced to water during the ascorbate-
GSH cycle, converted to water and oxygen by catalase enzyme, or 
used as a substrate of peroxidase enzymes (17,18,49). However, 
in the presence of transition metal ions, H2O2 is converted to 
hydroxyl radicals, which start chain reactions leading to the 
peroxidation of membrane lipids (5) that result in loss of mem-
brane integrity and also damage to other macromolecules. Thus, 
measurement of lipid peroxide content serves as a reliable indica-
tor of oxidative damage (46,51) during abiotic stresses. We found 
an increase in level of lipid peroxide content in young seedlings 
under osmotic stress but T22-treated seedlings had significantly 
lower level of lipid peroxides. Seed aging results in lipid 
preoxidation (33), but in this study, although numerical increases 
in peroxide levels were detected and T22 reduced these, neither 
effect was statistically significant. Exogenous application of GSH 
was sufficient to enhance germination of seed under osmotic 
stress, an effect similar to that of T22 treatment. GSH can directly 
react with a range of ROS (50) and is involved in the ascorbate-
GSH cycle, during which H2O2 is reduced to water (49). It is also 
known to induce expression of Cu/Zn superoxide dismutase (37), 

 

Fig. 3. Effect of T22 and salinity on germination of unaged seed of ‘Jubilee’ tomato; relative germination percentages of seed in media with 50, 100, and 150 M 
NaCl are shown. Each point is the average of two repetitions, each of which consisted of four replications of 30 seeds. 
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an important ROS scavenging enzyme. This evidence supports the 
model that T. harzianum strain T22 increases seedling vigor and 
ameliorates stress by inducing plant physiological protection 
against oxidative damage. Interestingly, an increase in the level of 
several families of protective proteins, including GSH-dependent 
enzymes such as glutathione reductase and glutathion S-
transferase, in Trichoderma-treated maize and other seedlings has 
been reported previously (2,3,7,9,58). The mechanisms whereby 
Trichoderma spp. induce such changes are not known; however, 
enhanced ROS level could act as a signal to regulate expression of 
some of the related genes. A transient increase in intracellular 
ROS has been detected 5 to 10 min after treating soybean cell 
culture with culture filtrate of T. atroviride (48). Such signals, 
along with Ca++ signaling (48), can induce plant ROS scavenging 
mechanisms (46). resulting in elevated protection against the 
oxidative damage. 

A question that may arise is whether the fungi can tolerate and 
proliferate in conditions tested in this work. It is known that T22, 
unlike many naturally occurring and selected strains of Tricho-
derma (31,67), is resistant to conditions resulting in oxidative 
damage such as application of fungicides that act by inducing 
lipid peroxidation (31) or application of paraquat at concen-
trations as high as 50 ppm (F. Mastouri, unpublished data). In 
addition, fungal biomass, sporulation, or spore germination is not 
affected in media with water potentials as low as –2.0 MPa (41). 
Therefore, it is likely that the fungi can easily establish in sub-
optimal conditions such as those tested here. However, the results 
may not be extended to other selected or natural strains or other 
cultivars or plants species without further studies. 

In addition to the induction of tolerance to abiotic stresses, 
Trichoderma spp. induce other changes in host plants, including 
induced systemic resistance and increased nitrogen use efficiency 

 

Fig. 4. Effect of T22 on germination of ‘Jubilee’ tomato seed exposed to chilling or heat stress; seed were imbibed for 24 h at 25 ± 1°C and then exposed to either 
A, 10°C for either 1 or 3 days or B, 35°C for 1 or 3 days. Striped columns relate to germination of untreated seed at 72 or 96 h after imbibition (excluding the
period in which seed were incubated at either low or high temperatures) and solid column to that of T22-treated seed. 
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(30,32,59). Similar benefits have been observed as a result of 
association of plants with other beneficial microorganisms, 
including plant-growth-promoting rhizobacteria (PGPR) and Piri-
formaspora indica fungi. Other free-living rhizosphere-competent 
fungi such as nonpathogenic Fusarium spp. and binucleate 
Rhizoctonia spp. (Ceratorhiza spp.) may also affect plants simi-
larly. All of these organisms colonize plants internally (10,15, 
21,26,40,42,44,55,63,64,68,70) and many of them exhibit the 
same ranges of activities as T22, as recently summarized (27,59). 
It is possible that there are only a few mechanisms whereby these 
broad-spectrum activities occur. Systemic disease resistance 
probably occurs primarily by activation of the induced systemic 
resistance pathway in plants (61). However, the amelioration of 
oxidative damage may also be important during plant–pathogen 
interactions (64,65). Evidence presented in this article indicates 
that abiotic stress resistance, at least for osmotic stress, is allevi-
ated through amelioration of damage caused by ROS, similar to 
what was previously observed in plants treated with P. indica 
(10,64) or PGPR (20,24). These effects, along with increased root 
and shoot growth, all are energy requiring, suggesting that both 
photosynthesis levels and efficiency are increased in the presence 
of Trichoderma spp. and similar endophytic fungi, as suggested 
by proteomic studies (57,58) and our ongoing work. Thus, there 

may be only a few basic mechanisms for a wide range of benefits 
in plant production. These results suggest that Trichoderma spp. 
and some other endophytic microbes may alleviate a range of 
biotic, abiotic, and even physiological stresses. All these benefits, 
together with increasing nitrogen use efficiency (32,56) indicate 
substantial commercial potential beyond current uses of these 
organisms. 
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