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ABSTRACT 
A simple detached leaf-droplet inoculation bioassay was devised in order to investigate the potential for biological control of Botrytis 
cinerea by indigenous Trichoderma harzianum isolates. Following preliminary in vitro screening of the antagonistic capacity of four local 
isolates of Trichoderma harzianum (T1-T4) against B. cinerea, T3 spore suspensions were then tested for their ability to control infection 
development of B. cinerea on T3 pre-inoculated lettuce and broad bean leaves, using different nutrient concentrations in B. cinerea 
infection inocula. Again, T3 proved to significantly control infection development in all but one of the treatments, as long as T3 spores 
were introduced in a nutrient solution. This bioassay provides a rapid and simple method of assessing biocontrol efficacy under in vivo 
conditions. T3 was also tested for its ability to induce plant defense mechanisms in the form of phytoalexin production after inoculation of 
broad bean cotyledons with T3 spore suspension. Thin layer chromatography indicated that T3 lead to the induction of relatively high 
phytoalexin yields, suggesting that this could be another potential ‘indirect’ mechanism of protection from pathogens by T. harzianum 
strain T3. 
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INTRODUCTION 
 
Botrytis cinerea Pers. Ex Fr. (teleomorph Botryotinia fuc-
keliana (de Bary) Whetz.) is the causal agent of grey mould 
disease, parasitising well over 200 hosts including field and 
glasshouse vegetables, soft fruit, ornamentals, bulb and 
corm-producing monocotyledons, and forest tree seedlings. 
B. cinerea is a pathogen of major economic importance 
(Jarvis 1980). Saprophytic soil fungi belonging to Tricho-
derma spp. are potent mycoparasites of several economic-
ally important plant pathogenic fungi and especially B. 
cinerea, and have therefore been tested for biocontrol 
potential in many field and greenhouse trials (Elad 2000). 
Examples for control of pathogens other than Botrytis 
include Sclerotinia sclerotiorum (Li et al. 2005), Fusarium 
spp. (Wang et al. 2005), Colletotrichum acutatum (Freeman 
et al. 2004), and Bipolaris oryzae (Abdel-Fattah et al. 2007). 

Biocontrol of B. cinerea by Trichoderma spp. can be 
mediated by mechanisms that either directly or indirectly 
affect B. cinerea development. Direct modes of action in-
clude mycoparasitism (Labudova and Gogorova 1988) and 
production of inhibitory compounds (Ferreira 1990). Exam-
ples of indirect mechanisms are competition for nutrients 
(Zimand et al. 1995) and space (Dubos et al. 1982) because 
the presence of Trichoderma changes the microenvironment 
for B. cinerea development. For example, it has been shown 
that Trichoderma is a pioneer coloniser of senescing floral 
caps on developing grapes, thus preventing the saprophytic 
colonisation by Botrytis (Elad 1994). These different stra-
tegies are not mutually exclusive since T. harzianum T39 
competes for nutrients (Zimand et al. 1995) and interferes 
with pathogenicity enzymes to control B. cinerea (Zimand 

et al. 1996). Some studies have demonstrated that Tricho-
derma spp. can also affect the host plant. Addition of T. 
viride cellulase to grapevine cell cultures induced plant de-
fense reactions such as the hypersensitive response and 
phytoalexin production (Calderon et al. 1993), while a simi-
lar induction of plant defense reactions by T. longibrachi-
atum in tobacco plants was linked to an increased resistance 
to Phytophthora parasitica var. nicotianae (Chang et al. 
1997). de Meyer et al. (1998) demonstrated that application 
of T. harzianum T39 at sites spatially separated from B. 
cinerea inoculation resulted in a 25-100% reduction of grey 
mould symptoms, caused by a delay or suppression of 
spreading lesion formation. Given the spatial separation of 
both microorganisms, this effect was attributed to the induc-
tion of systemic resistance by T. harzianum T39. More re-
cent findings by Howell and Puckhaber (2005) demons-
trated the induction of phytoalexins in cotton roots fol-
lowing application of T. virens. These findings suggest an 
indirect biocontrol effect of Trichoderma through the induc-
tion of plant defense mechanisms. 

The aim of the present study was to observe the antago-
nistic effects of locally isolated strains of a known success-
ful biocontrol agent (T. harzianum) against B. cinerea under 
in vivo conditions, using a simple detached leaf-based bio-
assay. This study also demonstrates the direct induction of 
phytoalexins in plant cotyledons following inoculation with 
a T. harzianum spore suspension. 
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MATERIALS AND METHODS 
 
Plant material 
 
Lactuca sativa L. cv. ‘Diana’ and Vicia faba L. cv. ‘Aquadulce’ 
plants were used. They were obtained from stock plants grown in 
ShamrockTM Irish moss peat in Imperial College at Wye green-
houses at 22-28°C. Cotyledons were obtained from V. faba seeds 
that had been allowed to imbibe for four days, before emergence 
of the radicle. Leaves were obtained from approximately two-
month-old plants. 
 
Fungal material 
 
An isolate of Botrytis cinerea (Bc) was used from stocks originally 
isolated from lettuce and maintained at Imperial College at Wye. 
Cultures were grown and maintained on standard potato dextrose 
agar (PDA; Sigma, St. Louis) medium at 20°C. Cultures were sup-
plied with 16 h photoperiodic ultraviolet and white light to en-
courage fungal growth. 

The four Trichoderma harzianum strains (T1, T2, T3 and T4) 
were provided by Prof. J. Mansfield from colonies isolated from 
mushroom compost and maintained at Imperial College at Wye. 
All potential control agents were maintained on PDA medium at 
20°C. 
 
In vitro experiments 
 
The four T. harzianum strains were assessed as growth antagonists 
by pairing them with B. cinerea on PDA plates. Plugs (0.5 cm dia-
meter) from the growing edge of potential biocontrol agents and 
Botrytis colonies were placed on opposite sides of the Petri dishes. 
PDA plates inoculated with Botrytis only served as controls. Four 
plates were prepared for each of the pathogen/potential biocontrol 
agent combinations (see Fig. 1). The plates were incubated at 
20°C. Growth of Botrytis was measured from the centre of the 
mycelial plug to the edge of inhibited growth formed between the 
potential biocontrol agent and Botrytis. Measurement started the 
day after inoculation took place (day 2) and proceeded daily until 
two days after the control plates became fully covered by Botrytis 

mycelial growth (at day 6). The experiment was carried out twice, 
and the results shown are typical of each repetition. 
 
In vivo experiments 
 
All leaves used in the detached leaf infection assays were kept 
inside sterile sandwich boxes. Leaves were placed on a plastic 
mesh, which in turn was placed on top of sterile distilled water 
(SDW)-saturated blotting paper. Excess sterile water was removed 
at initial preparation to avoid waterlogged conditions and conse-
quently reduce rotting risks. Abaxial leaf surfaces were used for all 
inoculations, so as to facilitate penetration of the pathogen (Ver-
hoeff 1980). 

For the purposes of in vivo spore suspension assays, approxi-
mately 5-10 ml of SDW was added to a one-week-old uncontami-
nated agar plate of either B. cinerea or T. harzianum isolate T3, 
and the surface of the culture was then scraped with a sterile loop 
to release spores. The water and suspended spores were filtered 
through fine muslin, and centrifuged at 3000 × g for 3 min. Excess 
water and nutrients were removed and replaced by clean SDW. 
Spore concentration was determined with a haemocytometer, and 
adjusted to the appropriate concentration (5 × 105 spores/ml for B. 
cinerea (Bc), 108 spores/ml for T. harzianum isolate T3). Two ex-
periments were performed, in which one set of leaves was pre-
coated with a T3 spore suspension with no additional nutrients, 
while the second included 1% (v/v) of ‘Tesco’ pure grape juice 
(Tesco Supermarkets, UK) in the T3 inoculum. Control samples 
were pre-coated with SDW or 1% (v/v) ‘Tesco’ pure grape juice, 
respectively. An example of the experimental setup is demons-
trated in Fig. 2. Pre-coated samples were left on laboratory ben-
ches for three days, and subsequently inoculated with Bc spore 
suspensions containing various concentrations (0, 1, 5 and 10% 
v/v) of ‘Tesco’ pure grape juice. A total of twenty lettuce leaves 
and an equal number of broad bean leaves were inoculated with 
each of the pathogen/nutrient source combinations in replicate ex-
periments. 
 
Assessment of B. cinerea conidial infections 
 
B. cinerea infections were assessed based on a four grade system, 
adopted as a simplified version of the key described by Rossall 
(1978): 0 = no lesion, 1 = flecked lesion, 2 = limited lesion, 3 = 
spreading lesion. 
 
Identification of phytoalexins by Thin Layer 
Chromatography (TLC) 
 
Vicia faba L. ‘Aquadulce’ seeds were left to germinate for three 
days in the dark. The testas from imbibed seeds were removed and 
the upper surface of the cotyledons was inoculated with 20 �l 
droplets of spore suspensions of Bc (5×105 spores/ml) and T3 (108 
spores/ml), as well as SDW. These were kept in the dark for four 
days at room temperature, after which the surface layer of the 
cotyledons (where infection lesions were limited) was scraped off 
using a razor blade, weighed, and placed in McCartney bottles. 
Solvent (15 ml) containing 1:1 (v/v) ethanol and ethyl acetate was 
added to all specimens, which were incubated for five days in the 
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Fig. 1 In vitro antagonism assays. (A) Agar plates with T. harzianum 
isolates (T1-T4) and B. cinerea (Bc) six days after introduction of inocula. 
(B) Distance covered by Bc on agar plates in the presence or absence of 
potential biocontrol agents. Bc only: control; T1-T4: isolates of T. harzi-
anum. Bars = � SEM (n = 4). N.B.: Growth of Botrytis levels after day 6 
because the pathogen colonised the whole plate. 

Fig. 2 Broad bean sample representing setup of detached leaf-droplet 
inoculation bioassay. ‘T’= Trichoderma-pretreated leaf, ‘W’= SDW-pre-
treated leaf. ‘A’ indicates area where Bc inoculum + 0% nutrient solution 
was introduced, while ‘B’ indicates area inoculated with Bc + 1% nutrient 
solution. 
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dark. After homogenisation of the tissue, extracts were recovered 
by centrifugation at 3000 × g, evaporated, and the residues of eva-
poration were dissolved with 5 ml of absolute ethanol. 

The extracts were subsequently applied on ‘Whatman’ silica 
gel pre-coated TLC plates (20 × 20 cm, 250 mm thick; silica gel 
K6F, 60 Å). Thin layer chromatography was carried out, in order 
to isolate phytoalexins from the solution (as described by Har-
greaves et al. 1977). Samples were analyzed under a UV absorp-
tion spectrophotometer using a Pye Unicam SP8-100 UV/VIS 
Spectrophotometer. 

Identification of phytoalexins (PA) was achieved through a 
combination of maximum wavelength (�) absorbance values re-
corded by UV spectrophotometry and calculation of retention fac-
tor (RF) values for each compound. RF equals to the fraction of the 
distance moved on the TLC plate by the compound and the dis-
tance moved by the solvent front. The total yield of each identified 
phytoalexin was calculated using the following formula (adapted 
from Hargreaves 1976): 

Total yield (�g) = Absorbance at � max. × Conversion factor 
× Volume of solution (ml). Conversion factor values were also 
taken from Hargreaves (1976). Finally, yield per g of bean tissue 
was calculated by dividing total yield by weight of bean tissue ex-
tracted. 
 
Statistical analysis 
 
Statistical analysis, when required, was completed using SPSS 
v.11 for Windows (SPSS Inc., Chicago, USA). Results of experi-
ments were subjected to one-way analyses of variance (ANOVA) 
and where the F-value showed significant difference, Tukey’s pair-
wise comparison test was applied to treatment means (at P=0.05). 

All graphs were displayed showing standard error mean (SEM) 
bars. It should be noted that as the dependent variable scale in Figs. 
3 and 4 has only four distinct values, the assumption of normal 
distribution in groups of ANOVA may likely be violated and any 
conclusions from ANOVA should therefore be treated as approxi-
mate. 
 
RESULTS 
 
In vitro antagonism assays of potential biocontrol 
agents against B. cinerea 
 
The four potential biocontrol agents (T1-T4) were tested for 
their antagonistic properties against B. cinerea on PDA 
plates. All T. harzianum strains lead to inhibition of Botrytis 
growth, while strains T3 and T2 appeared to be most effec-
tive (Fig. 1). Subsequent calculation of the mean daily 
growth rate (DGR) of Botrytis confirmed the superiority of 
T3 and T2 in inhibiting Botrytis growth when compared to 
the other treatments (data not shown). Furthermore, T3 was 
the only agent that showed potential antibiotic production, 
as inhibition bands were produced (data not shown). 
 
In vivo spore suspension assays of T. harzianum 
strain T3 against B. cinerea on lettuce and broad 
bean leaves 
 
Having established the increased biocontrol efficiency of 
agent T3 under in vitro conditions, more detailed assays 
were carried out in order to further elucidate its biocontrol 
potential. For the purposes of these experiments, spore 
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Fig. 3 Infection development by B. cinerea on (A) lettuce and (B) 
broad bean leaves in the presence or absence of T. harzianum isolate 
T3 spores (no nutrients). Clear bars indicate control (SDW-treated) 
leaves, and solid bars indicate T3-treated leaves. Infection was recorded 
one week after pathogen inoculation using a scale of 0-3 as adopted by 
Rossall, (1978). Bars = � SEM (n = 20). Asterisk indicates significant 
difference between T3-treated and corresponding control (SDW-treated) 
leaves according to the Tukey’s test (P = 0.05). 
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Fig. 4 Infection development by B. cinerea on (A) lettuce and (B) 
broad bean leaves in the presence or absence of T. harzianum isolate 
T3 spores (T3 spore suspension including 1% nutrient source). Clear 
bars indicate control (1% grape juice-treated) leaves, and solid bars indi-
cate T3-treated leaves. Infection was recorded one week after pathogen 
inoculation using a scale of 0-3 as adopted by Rossall, (1978). Bars = � 
SEM (n=20). Asterisk indicates significant difference between T3-treated 
and corresponding control leaves according to the Tukey’s test (P = 0.05).
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suspension inocula of T3 were used, since these are easier 
to produce in large quantities and have better potential of 
mass commercial production. B. cinerea infection inocula 
were supplemented with various concentrations of grape 
juice as nutrient source, as indicated in materials and me-
thods. 
 
No nutrients on T3 spore suspension inocula 
 
Examination of the results in Fig. 3 indicates that T3 does 
not significantly control B. cinerea on either lettuce or 
broad bean leaves, although it did actually slightly reduce 
the growth of the pathogen, when the latter was introduced 
with a source of nutrients. This inability of T3 to control B. 
cinerea is supported by the fact that T3-treated leaves did 
not differ significantly compared to SDW-treated (control) 
leaves in both lettuce and broad beans. 
 
Use of nutrient source on T3 spore suspension 
inocula 
 
The same experiment was repeated using a nutrient source 
(1% v/v grape juice) in the T3 spore suspension as well. 
The purpose of this experiment was to examine whether the 
presence of nutrients would enhance the survival of T3 on 
the phylloplane, as well as its overall biocontrol ability. 
Examination of the results in Fig. 4 shows that the presence 
of a nutrient source in T3-treated leaves lead to significant 
suppression (at P=0.05) of the pathogen in both lettuce and 
broad bean leaves, with the exception of the 0% nutrient 
treatment on lettuce. 
 
Phytoalexin production in Vicia faba L. following 
inoculation with T. harzianum T3 
 
Four phytoalexins (PAs) were recognised following inocu-
lation of V. faba cotyledons with T. harzianum and B. cine-
rea: wyerone, wyerone epoxide, dihydrodihydroxyketowye-
rone and a fourth PA which could not be identified. Only 
wyerone was produced in the case of SDW treatment. Di-
hydrodihydroxyketowyerone and the unknown PA did not 
produce quantitative data. Results obtained are summarised 
in Table 1. 
 
DISCUSSION 
 
Successful inhibition of B. cinerea growth both in vitro and 
on detached lettuce and broad bean leaves was achieved 
with a locally isolated T. harzianum strain (T3). Induction 
of relatively high phytoalexin yields was also recorded fol-
lowing inoculation of broad bean cotyledons with a T3 
spore suspension, therefore concluding that this could be 
another potential ‘indirect’ mechanism of protection from 
pathogens by T. harzianum strain T3. 

Initial screening of the four potential biocontrol agents 
for their antagonistic properties against B. cinerea under in 
vitro conditions showed that all agents had a suppressive 
effect on the pathogen, leading to inhibition of mycelial 
growth (Fig. 1). In all treatments apart from the control, 
daily growth rates for B. cinerea produced negative values 
from as early as 4d post-inoculation (data not shown), indi-
cating that the potential biocontrol agents were starting to 
outgrow the pathogen, rapidly colonising and utilising the 
available medium. Strain T3 demonstrated the greatest 

capacity for competition for nutrients and space, since they 
lead to highest B. cinerea growth inhibition levels. In ad-
dition, T3 was the only agent that showed signs of potential 
antibiotic production, as inhibition bands were produced. 
Such a finding would be in general accordance with the 
conclusions of Prokkola (1992), who reported that the most 
promising isolates of T. harzianum for biocontrol purposes 
are those producing non-volatile antibiotics. 

Having established the increased antagonism efficiency 
of agent T3 under in vitro conditions, more detailed assays 
were carried out in order to further elucidate its biocontrol 
potential. An in vivo spore suspension assay was devised 
and carried out, in which various concentrations of grape 
juice were included in the inocula as a nutrient source. 
Spore suspension inocula of T3 were preferred, since these 
are easier to produce in large quantities and have better 
potential of mass commercial production. 

Observations made in control leaves (treated with SDW 
and grape juice; Figs. 3 and 4, respectively) suggest a cor-
relation between grape juice concentration and disease de-
velopment, thus indicating the importance of a nutrient 
source for successful establishment and colonisation by the 
pathogen (Blakeman 1980). However, a more interesting 
finding was that of the inability of T3 to efficiently inhibit 
pathogen growth when introduced without a nutrient source, 
while the presence of a nutrient source in the Trichoderma 
spore suspension greatly improved its level of protection 
against Botrytis, achieving statistically significant control of 
infection development in all but one of the treatments. This 
is likely the result of better survival of Trichoderma on the 
phylloplane (see Elad and Zimand 1991). According to work 
carried out by Tronsmo (1986) and Gullino et al. (1989) on 
strawberry and grape respectively, Trichoderma was more 
efficient against grey mould if the conidial suspension 
sprayed contained soluble cellulose. Furthermore, high rela-
tive humidity levels (which are easily reached within the 
sandwich boxes) proved to have a negative effect on disease 
control levels achieved by Trichoderma (see Elad et al. 
1992). In general, poor activity often shown by Tricho-
derma against grey mould under severe disease pressure 
can be partly explained by its poor survival on the phyl-
loplane under in vivo conditions (McKenzie et al. 1991). 
Future experiments could be carried out focusing on the 
evaluation of alternate nutrient sources (at various concen-
trations) for optimal performance. 

T3 was then tested for its ability to induce plant defense 
mechanisms in the form of phytoalexin production fol-
lowing inoculation with a spore suspension on cotyledons 
of Vicia faba. Previous reports have demonstrated phytoale-
xin production in grapevine cells in response to inoculation 
with a T. viride elicitor (Calderon et al. 1993), in cucumber 
plants following application of T. asperellum to the root 
system (Yedidia et al. 2003), as well as in stems of pepper 
plants following similar root drenching with T. harzianum 
spores (Ahmed et al. 2000) Examination of the results pre-
sented in Table 1 shows that all three treatments induced 
production of phytoalexins, including treatment with SDW. 
Mansfield et al. (1980) showed that traces of wyerone, 
wyerol and their dihydro analogues were even found in un-
inoculated broad bean cotyledons. High levels of phytoale-
xin production and accumulation after inoculation with 
Botrytis were also expected (Mansfield 1980). However, T3 
also induced a noticeable although less significant yield of 
phytoalexins. Such an induction might act as one of the 
contributing factors, but not necessarily the main factor, in 
delaying lesion development in the leaves of infected plants, 
by rendering the plant more sensitive to future pathogenic 
infections, leading to faster and greater production and ac-
cumulation of PAs. In every case, the accumulation of phy-
toalexins demonstrates the potential of using T3 as a ‘cross 
protection’ agent against Botrytis, combining Trichoderma’s 
modes of antagonism with induced resistance. 

However, it should be noted that the same induction of 
phytoalexin production might be one of the factors that lead 
to very low survival rates of Trichoderma on the phyllo-

Table 1 Yield/g of bean tissue (�g/g) of phytoalexins detected in SDW, B. 
cinerea (Bc) and T3-treated broad bean cotyledons. ‘n.d.’ indicates yield 
below detection levels. 

Treatment Compound 
SDW Bc T3 

Wyerone 21.3 6532.2 1941.4 
Wyerone epoxide - 165.1 52.46 
Dihydrodihydroxyketowyerone - n.d. n.d. 
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plane for a prolonged period, since phytoalexins are toxic to 
microorganisms (Hahlbrock and Scheel 1987). Additional 
tests could be carried out following phytoalexin production 
after inoculation with T3, so as to prove whether or not 
these compounds have an actual antifungal effect on T3 and 
to which degree; such an investigation could lead to a pos-
sible explanation of one of the reasons causing low survival 
rates of Trichoderma on the phylloplane. Pacher et al. 
(2001) carried out a similar study, in which he identified 
various phytoalexins in leaves of Glycosmis parviflora and 
G. pentaphylla following infection with B. cinerea, and 
went on to verify their strong antifungal activity by bioauto-
graphic tests with Cladosporium herbarum. 

There is a great potential for the future of biocontrol of 
Botrytis cinerea, with continuing research (e.g. the produc-
tion of a genetically marked strain of T. harzianum to study 
soil population dynamics, Thrane et al. 1995; GUS transfor-
mants of T. harzianum isolate T39 for studying interactions 
on leaf surfaces, Freeman et al. 2002) allowing a greater 
understanding of the differences between in vitro and in 
vivo conditions and consequently producing more efficient 
antagonists in the field. Advances in molecular biology and 
biotechnology could also lead to the bioengineering of 
agents with enhanced biocontrol activity (e.g. Mendoza-
Mendoza et al. 2003). Several ‘biofungicides’ have already 
been registered for commercial use in a number of countries 
(for examples see Batta 2004), and a number of other bio-
preparations should obtain registration for the control of B. 
cinerea in the near future, demonstrating the increasing 
interest towards biological control as people are becoming 
more aware of the need for an agriculture system which is 
economical and more respectful to the environment. 
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